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Abstract A partially dominant nuclear gene conferring
resistance to the imidazolinone herbicides was previously
identified in the cultivated sunflower (Helianthus annuus
L.) line CLHA-Plus developed by seed mutagenesis. The
objective of this study was to characterize this resistant
gene at the phenotypic, biochemical and molecular levels.
CLHA-Plus showed a complete susceptibility to sulfonyl-
ureas (metsulfuron, tribenuron and chlorsulfuron) but, on
the other hand, it showed a complete resistance to imi-
dazolinones (imazamox, imazapyr and imazapic) at two
rates of herbicide application. This pattern was in close
association with the AHAS-inhibition kinetics of protein
extracts of CLHA-Plus challenged with different doses of
imazamox and chlorsulfuron. Nucleotide and deduced
amino acid sequence comparisons between resistant and
susceptible lines indicated that the imidazolinone-resistant
AHAS of CLHA-Plus has a threonine codon (ACG) at
position 122 (relative to the Arabidopsis thaliana AHAS
sequence), whereas the herbicide-susceptible enzyme from
BTKA47 has an alanine residue (GCG) at this position. Since
the resistance genes to AHAS-inhibiting herbicides so far
characterized in sunflower code for the catalytic (large)
subunit of AHAS, we propose to redesignate the wild type
allele as ahasll and the incomplete dominant resistant
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alleles as Ahasli-1 (previously Imrl or Ar,.), Ahasll-2
(previously Ary,,) and Ahasli-3 (for the allele present in
CLHA-Plus). The higher tolerance level to imidazolinones
and the lack of cross-resistance to other AHAS-inhibiting
herbicides of AhaslI-3 indicate that this induced mutation
can be used to develop commercial hybrids with superior
levels of tolerance and, at the same time, to assist weed
management where control of weedy common sunflower is
necessary.

Introduction

Acetohydroxyacid synthase (AHAS; EC 4.1.3.18), also
known as acetolactate synthase (ALS) (Duggleby and Pang
2000), is a key enzyme in the biosynthesis of the branched
chain amino acids such as valine, leucine and isoleucine in
eukaryotes and prokaryotes (Umbarger 1978; Singh 1999;
McCourt and Duggleby 2006). The AHAS enzyme from
plants is thought to be an assembly consisting of four
catalytic and four regulatory subunits (Lee and Duggleby
2001, 2002; Duggleby et al. 2008).

Five structurally diverse herbicide families including the
sulfonylureas (Ray 1984), imidazolinones (Shaner et al.
1984), triazolopyrimidines (Subramanian and Gerwick
1989), pyrimidinyloxybenzoates (Subramanian et al. 1990)
and sulfonylaminocarbonyl-triazolinones (Santel et al.
1999) are effective in killing susceptible plants by inhib-
iting AHAS. Inhibition of AHAS leads to plant death
primarily because of amino acid starvation, even though
other secondary effects of AHAS inhibition such as build
up of 2-ketobutyrate, disruption of protein synthesis and
disruption of photosynthate transport, have also been
implicated in the mechanism of plant death (Shaner 1991).
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A variety of crops including corn (Zea mays L.), canola
(Brassica napus L.), sugar beet (Beta vulgaris L.), rice
(Oryza sativa L.), cotton (Gossypium hirsutum L.), sun-
flower (H. annuus), flax (Linum usitatissimum L.), soybean
[Glycine max (L.) Merr.] and wheat (Triticum aestivum L.),
which are resistant to AHAS-inhibiting herbicides, have
been developed by a variety of approaches including
somatic cell selection, mutation breeding, plant transfor-
mation and interspecific hybridization (Anderson and
Georgeson 1989; Croughan 1996; D’Halluin et al. 1992;
Newhouse et al. 1991, 1992; Hart et al. 1992; Wright and
Penner 1998; Swanson et al. 1989; Subramanian et al.
1990; Rajasekaran et al. 1996; Sebastian et al. 1989; Poz-
niak and Hucl 2004; Al-Khatib and Miller 2002; Mallory-
Smith et al. 1990; McHughen 1989). In most of these cases,
resistance is due to a form of AHAS that is less sensitive to
herbicide inhibition because of reduced herbicide binding
caused by mutations in the genes coding for the catalytic
subunit of AHAS. Several authors have reviewed known
mutations of the AHAS genes that confer resistance to
AHAS-inhibiting herbicides in plants (Preston and Mal-
lory-Smith 2001; Tranel and Wright 2002; Tan et al. 2005).
No known amino acid substitutions in the regulatory sub-
unit have been reported to confer herbicide resistance.

Wild sunflower (H. annuus) populations resistant to
imidazolinones (IMIs) or sulfonylureas (SUs) have been
discovered (Al-Khatib et al. 1998; White et al. 2002). The
herbicide resistant trait was introgressed into elite inbred
lines of sunflower by conventional breeding methods for
the purpose of developing and deploying IMI-resistant and
SU-resistant cultivars (Al-Khatib and Miller 2002; Miller
and Al-Khatib 2002, 2004). Based on molecular studies,
Kolkman et al. (2004) identified and characterized three
genes coding for the AHAS catalytic subunits in sunflower
(AHASI, AHAS2 and AHAS3) and demonstrated that the
IMI-resistant and SU-resistant genes (A7, and Aryg,
respectively) were allelic variants of the same locus
(AHASI). Moreover, they showed that Ar,,, harbored a C-
to-T mutation in codon 205 (Arabidopsis thaliana
nomenclature), whereas Ary,, inbreds harbored a C-to-T
mutation in codon 197 (Kolkman et al. 2004). Point
mutations resulting in proline (Pro) 197 substitutions con-
fer high levels of sulfonylurea resistance with only small
increases in resistance to the imidazolinones and the
triazolopyrimidines (Haughn et al. 1988; Lee et al. 1988;
Guttieri et al. 1992, 1995; Harms et al. 1992; Mourad and
King 1992; Wright et al. 1998). On the other hand, alanine
(Ala) 205 substitutions confer moderate resistance to all
AHAS inhibitors (Bernasconi et al. 1995; Jander et al.
2003).

Recently, an IMl-resistant sunflower line designated
CLHA-Plus was developed through EMS mutagenesis and
selection with imazapyr (Sala et al. 2008). Inheritance
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studies indicated that resistance in CLHA-Plus is conferred
by a single nuclear partially dominant gene allelic to the
previously described mutant alleles. The objective of this
study was to characterize the resistant gene present in
CLHA-Plus at the phenotypic, biochemical and molecular
levels.

Materials and methods
Plant materials

Four sunflower lines were used: CLHA-Plus, BTK47,
BTSu-R1 and RHA426. CLHA-Plus is a mutant IMI-
resistant line (Sala et al. 2008), BTK47 is a conventional
oilseed line used to develop CLHA-Plus by EMS treat-
ment. BTSu-R1 is a SU-resistant line derived from ANN-
Kan that was obtained after three generations of selfing and
selection for tribenuron methyl [methyl 2-[4-methoxy-6-
methyl-1,3,5-triazin-2-yl(methyl)carbamoylsulfamoyl]ben-
zoate] resistance from the genetic stock SURES-2
developed by Miller and Al-Khatib (2004); and RHA426 is
an IMl-resistant public line developed by Miller and Al-
Khatib (2002) derived from ANN-Pur.

Greenhouse characterization of herbicide tolerance

Comparisons of CLHA-Plus, BTK47, BTSu-R1 and
RHAA426 for their relative tolerance level to different her-
bicides and doses were conducted as separate experiments
for each herbicide treatment. Eight seeds of the four lines
were sown in 20 x 20 x 30 cm pots. After emergence,
plantlets were thinned by hand to leave four plantlets per
pot (replication). Five pots of each line were treated with a
different herbicide or dose, and an untreated control pot of
each line was included in each experiment. Plants were
grown in a greenhouse under natural light conditions sup-
plemented with 400 W halide lamps to provide a 14 h day
length. Day/night temperatures were 25 and 20°C,
respectively. At V4 stage of development (Schneiter and
Miller 1981), plants were sprayed with either a single dose
of one of three sulfonylurea herbicides (3.6 g a.i. ha~' of
metsulfuron methyl [methyl 2-(4-methoxy-6-methyl-1,3,5-
triazin-2-ylcarbamoylsulfamoyl)benzoate]; 15 g a.i. ha™'
tribenuron methyl; and 12.5 g a.i. ha™' chlorsulfuron [1-(2-
chlorophenylsulfonyl)-3-(4-methoxy-6-methyl-1,3,5-triazin-
2-ylurea]), or either of two different doses of one of three
imidazolinones (50 and 100 g a.i. ha™' of imazamox [2- [(RS)-
4-isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl]-5-methoxym
ethylnicotinic acid]; 80 and 160 g a.i. ha~' of imazapyr
[2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imid-
azol-2-yl]-3-pyridinecarboxylic acid]; and 50 and 100 g a.i.
ha~! of imazapic [2-[(RS)-4-isopropyl-4-methyl-5-0xo-
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2-imidazolin-2-yl]-5-methylnicotinic acid]). Fourteen days
after treatment, plants were scored phenotypically using a
Phytotoxicity Index (PI). PI is a phenotypic scale from O to 9
that was assessed for each pot by visual inspection. Plants
without any symptoms were recorded as “0”, increasing
levels of stunting and yellowing with respect to the untreated
control plants were recorded as “1” to “4”; increasing levels
of leaf abnormalities and leaf necrosis were recorded from “5”
to “8”; dead plants with total necrosis of the apex were
recorded as “9”.

Enzyme assay for AHAS activity

An assay for inhibition of AHAS activity was performed on
actively growing young leaves approximately 4 weeks
after planting. The extraction was performed as follows.
Leaves were ground under liquid N, and extracted with a
buffer composed of 100 mM pyruvate, 200 mM KH,PO,,
20 mM MgCl,, 2 mM thiamine pyrophosphate and 20 uM
flavin adenine dinucleotide. Homogenate was filtered
through two layers of Miracloth (Calbiochem) into a 50 ml
conical polypropylene tube. Next, a step to remove leaf
polyphenols was added. Briefly, 4-5 ml homogenate was
added to a pre-chilled and equilibrated Zeba Desalting Spin
column. Columns were then centrifuged cold for 2 min at
1,000 x g to obtain flowthrough. Flowthrough samples were
assayed immediately. Protein quantitation was determined
by using known amounts of bovine serum albumin (BSA)
and were used to estimate the amount of protein added to
each reaction by the Bradford protein assay (Bradford
1976). The inhibition assay was performed essentially as
described in Singh et al. (1988). Briefly, assays were per-
formed in a 96-well format with 50 pl of inhibitor per well
to 50 pl of soluble protein extract to give final concentra-
tions of 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50 and 100 pM
imazamox or 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50 and 100
nM chlorosulfuron. For negative control wells, 20 pl of 5%
H,SO, was added. To stop the reaction, samples were
placed at 37°C for 2 h and 20 pl of 5% H,SO, was added
to each well and the plate was incubated at 60°C for
15 min. For color development, 200 pl of a solution con-
taining creatine (2.5 mg/ml) and y-naphthol (25 mg/ml)
were added to each well. Plates were incubated at 60°C for
15 min then removed and cooled for approximately
5-10 min. Absorbance was measured at 530 nm. Absor-
bance values for each treatment were expressed as AHAS
activity (as estimated by absorbance) as a percentage of the
mean of the zero-herbicide controls. Six experiments with
three replications of each were conducted for imazamox
and one experiment with three replications in the case of
chlorsulfuron. Data from each line were fit to a nonlinear
regression model by PROC NLIN of SAS (SAS Institute
Inc, Cary NC, USA). The nonlinear regression was based

on a logistic function mathematically described by Seefeldt
et al. 1995.

AHAS activity(% of the mean of the zero
herbicide controls) = S, + (8, — Bo)/[1 + (dose/I5o)]"

where [, represents the lower asymptote of AHAS activity
(%); p; represents the mean AHAS activity (%) in the zero-
herbicide controls (i.e., upper asymptote); /5o represents the
dose corresponding to AHAS activity midway between the
upper and lower asymptotes (50% response); and f3;
[AHAS activity (%) per dose] represents the slope of the
curve around the Iso. Dose represents the concentration of
inhibitor used in the enzyme assay. The means of each
treatment were estimated by PROC GLM of SAS and
plotted on the logistic dose response curves.

PCR amplification and direct sequencing of the gene
coding for the AHASI catalytic subunit from BTK47
and CLHA-Plus genomic DNA

Genomic DNA was extracted from sunflower leaf tissue
using Qiagen DNeasy 96 Plant Kit (Qiagen Inc., USA).
The AHASLI gene was PCR amplified in two overlapped
fragments and direct-sequenced by DNA LandMarks Inc.
(Quebec, Canada). PCR amplification was accomplished
with Qiagen HotStart Taq DNA Polymerase and its
associated reagents. PCR primers were developed based
on the AHASLI sunflower sequence (Kolkman et al. 2004;
GenBank accession no. AY541451) and they are as fol-
lows: HA1U254 (5'-CAGACGTGTTGGTGGAAGC-3');
HAI1L1195 (5-CTGTAACGCGACCTTAATATC-3); HA
1U1149 (5'-TGCTGAAATTGGGAAGAATAAG-3'); and
HAI1L1944 (5-TTTCGTTCTGCCATCACCC-3’). The
primer combination HA1U254/HA1L1195 produced a
963 bp fragment, whereas the primer combination
HA1U1149/HA1L1944 produced an 814 bp fragment.
The two PCR fragments cover the majority of mutation
sites, which are known to confer resistance to the imidaz-
olinone herbicides (Tranel and Wright 2002). Alignment of
the obtained nucleotide sequences was performed and the
resulting chromatographs were examined for polymor-
phisms between the wildtype line, BTK47 and the
mutagenized line CLHA-Plus. The AHASLI nucleotide
sequences of the sunflower line HA89 (GenBank accession
no. AY541451; Kolkman et al. 2004) and another Com-
positae Xanthium strumarium L. (XSU16280; Bernasconi
et al. 1995) were used as references. Nucleotide and amino
acid multiple sequences alignments were generated using
ClustalW (http://www.ebi.ac.uk/clustalw), and the output
was edited and annotated using GeneDoc software (http://
www.psc.edu/biomed/genedoc). Numbering of amino acids
followed that of the precursor AHAS from A. thaliana
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(GenBank accession no. AY124092; Jander et al. 2003).
Gene sequences reported herein have been deposited in
GenBank with accession numbers EU342348 and
EU342349.

Results

Sensitivity of CLHA-Plus to different AHAS inhibiting
herbicides

Sunflower is normally sensitive to all the six herbicides
used in this study. The susceptible inbred BTK47 was
killed 15 days after spraying with all the herbicides tested
(Table 1). CLHA-Plus exhibited a complete susceptibility
(PI = 9) to metsulfuron, tribenuron and chlorsulfuron and
a complete resistance (PI = 0) to imazamox, imazapyr and
imazapic at both rates of herbicide application (Table 1).
Line BTSu-R1, on the other hand, showed a PI value of
zero, when sprayed with the sulfonylurea herbicides met-
sulfuron methyl, tribenuron methyl and chlorsulfuron, but
showed a complete susceptibility (PI = 9) when sprayed
with the imidazolinone herbicides imazamox, imazapyr
and imazapic at all the assayed doses. Line RHA426
exhibited a variable response depending on the type of
herbicide and dose applied (Table 1). It had an average PI
score of 5 and 4, when it was sprayed with metsulfuron and
tribenuron, respectively; and a score of zero, when it was
sprayed with chlorsulfuron. RHA426 showed no symptoms
or only a slight chlorosis when sprayed with either im-
azamox, imazapyr or imazapic in the lower dose (50, 80
and 80 g a.i. ha ', respectively). However, when the dose
of these herbicides increased to 100, 160 and 100 g a.i.
ha™', respectively, RHA426 developed more chlorosis (PI
of 3 with imazamox), chlorosis and necrosis (PI = 5 for
imazapyr) and even necrosis of the apex (PI =9 for
imazapic).

Biochemical characterization of resistant enzyme

In vitro assays of AHAS were conducted on CLHA-Plus
and the susceptible line BTK47 to determine the sensi-
tivity of both lines at the AHAS level, when challenged
with imazamox or chlorsulfuron. Specific activities of
AHAS in the absence of herbicide ranged from 1.96 +
0.017 nmol mg~" min~! acetoin for CLHA-Plus to
1.93 + 0.034 nmol mg™~" min~" acetoin for the suscepti-
ble inbred BTK47. No significant differences in specific
activity were detected between CLHA-Plus and the sus-
ceptible material in the absence of herbicides (P < 0.084),
which indicate that resistance in CLHA-Plus was not due
to the overexpression of AHAS.

In vitro inhibition curves of AHAS activity at different
doses of imazamox in resistant line CLHA-Plus and sus-
ceptible line BTK47 are shown in Fig. 1. The log-logistic
model accurately described the specific activities of AHAS
for the susceptible and the resistant lines. The estimates of
the lower asymptote of the logistic regression equation
represent the mean activities of AHAS at 100 uM of
imazamox (parameter f3;, Fig. la). The average value
of AHAS activity from extracts of CLHA-Plus was
67.8 £ 4.6%, significantly higher (P < 0.002) than the
value of 12.3 & 2.1% for BTK47. This indicates that much
of the AHAS activity from CLHA-Plus was insensitive to
imazamox when compared with the inhibition curve for the
normal enzyme from BTK47. Average estimated values for
f1 were almost the same for both lines and were not dif-
ferent from 100%. The values for the parameter sy, which
represents the dose corresponding to AHAS activity mid-
way between the upper and lower asymptotes, were also
different between both lines (P < 0.005). Since the lower
asymptote of AHAS activity inhibition curves were dif-
ferent in CLHA-Plus and BTK47, the estimates of I5o for
both the lines representing the doses which correspond to
different AHAS activities (84 and 56% of the untreated

Table 1 Average phytotoxicity index of four sunflower lines after spraying with different sulfonylureas and imidazolinones herbicides

Line Sulfonylureas (g i.a. ha™") Imidazolinones (g i.a. ha !

Metsulfuron ~ Tribenuron  Chlorsulfuron  Imazamox Imazapyr Imazapic

6.0 5.0 12.5 50.0 100.0 80.0 160.0 50.0 100 g
BTK47 9.0 £ 0.0 9.0 £0.0 8.8 £ 0.4 90+00 9000 90£00 90£00 90+00 90+£00
RHA426 48 £04 42+ 04 02 +04 00£00 28+04 02£04 5204 86+05 90x£00
BTSu-R1 02+04 0.0 £ 0.0 0.0 £ 0.0 88+04 90+00 9000 90+£00 90£00 90£00
CLHA-Plus 8.8 £ 0.4 9.0 £ 0.0 9.0 £ 0.0 00+00 00+00 00£00 00£00 004+00 00+£0.0

Plants without any symptoms were recorded as “0”, increasing levels of stunting and yellowing with respect to the untreated control plants were
recorded as “1” to “4”; increasing levels of leaf abnormalities and leaf necrosis were recorded from “5” to “8”; dead plants with total necrosis

of the apex were recorded as “9”
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BO Bl 50 BS x 150
A CIHA-Plus 67.8+46 999+01 16+04 -0.8+0.3 BTK47 e . FAYPG GASMEIHQAL TRSSTIRNVL PRHEQGGVFA
CLHA-PIus  .......... ..... FAYPG GTSMEIHQAL TRSSTIRNVL PRHEQGGVFA
BTK47 123£21 998+04 39£08 -1.0£02 HA89 DVLVEALERE GVTDVFAYPG GASMEIHQAL TRSSTIRNVL PRHEQGGVFA
Xanthium DVLVEALERE GVTDVFAYPG GASMEIHQAL TRSTTIRNVL PRHEQGGVFA
100 Arabidopsis DILVEALERQ GVETVFAYPG GASMEIHQAL TRSSSIRNVL PRHEQGGVFA
©° 901 200
b BTK47 AEGYARASGL PGVCIATSGP GATNLVSGLA DALLDSVPMV AITGQVPRRM
c 80 A CLHA-Plus AEGYARASGL PGVCIATSGP GATNLVSGLA DALLDSVPMV AITGQVPRRM
8 HA89 AEGYARASGL PGVCIATSGP GATNLVSGLA DALLDSVPMV AITGQVPRRM
—— 70 Xanthium AEGYARASGL PGVCIATSGP GATNLVSGLA DALLDSVPMV AITGQVPRRM
[e] 60 Arabidopsis AEGYARSSGK PGICIATSGP GATNLVSGLA DALLDSVPLV AITGQVPRRM
&\0’ Y 250
> 50 A . BTK47 IGTDAFQETP IVEVTRSITK HNYLVLDVED IPRIVREAFY LASSGRPGPV
- os CLHA-Plus IGTDAFQETP IVEVTRSITK HNYLVLDVED IPRIVREAFY LASSGRPGPV
.; 40 1 ~ HA89 IGTDAFQETP IVEVTRSITK HNYLVLDVED IPRIVREAFY LASSGRPGPV
- ‘Q Xanthium IGTDAFQETP IVEVTRSITK HNYLVLDVED IPRIVREAFY LASSGRPGPV
8 30 A ~ N Arabidopsis IGTDAFQETP IVEVTRSITK HNYLVMDVED IPRIIEEAFF LATSGRPGPV
]
) 20 s
; e Fig. 2 Partial alignment of deduced amino acid sequences of AHAS
< 107 catalytic subunit of sunflower, cocklebur and arabidopsis. Sunflower
0 T T T sequences are represented as EU342348 (BTK47, susceptible),
01 ! 10 100 EU342349 (CLHA-Plus, resistant), and AY541451 (USDA line
Imazamox concentration (uM) HA89, wildtype; Kolkman et al. 2004). Genbank accession no.
XSU16280 refers to Xanthium (cocklebur, Bernasconi et al. 1995) and
X B, [ 8, AY124092 refers to Arabidopsis (Jander et al. 2003). The nucleotide
B CIHA-Plus  10.3+3.4 998£0.1 74%17 -08£03 alteration generating the codon 122 substitution is denoted in bold-
BTK47 95+£08 99.9+0.7 42+x0.1 -1.0£03 . . .
face type with an asterisk above the mutation
100
_
© 901 . . .
g Nucleotide sequence comparisons between resistant
c 80 . .
8 and susceptible lines
- 70
60 -
X PCR products were sequenced to produce the AHASLI
o
> 07 sequences for CLHA-Plus and BTK47. The alignment of
2 407 these nucleotide sequences and the nucleotide sequences of
133 4 . . : . .
g ¥ the inbred line HA89, Xanthium and Arabidopsis AHAS
@ 27 genes revealed that the AHASLI gene from CLHA-Plus has
E 101 a G-to-A transition relative to the AHASLI of BTK47 and
0 : o 0 the other sequences.

Chlorsulfuron concentration (nM)

Fig. 1 In vitro inhibition of AHAS activity in resistant line CLHA-
Plus (solid line) and susceptible line BTK47 (dashed line) by
imazamox (a) and chlorsulfuron (b). Data points represent the mean
at each concentration of herbicide and lines represent the fitted non-
linear regression. The regression equation is of the following form:
AHAS activity(% of the mean of the zero herbicide controls) = f,+
(Br—=Bo)/[1 + (dose/150)][j 3 where f, represents the lower asymptote
of AHAS activity (%); f3; represents the upper asymptote; Isy represents
the dose corresponding to AHAS activity midway between the upper
and lower asymptotes; and f}; represents the slope of the curve around
Iso. Average values and their standard deviations of each of the four
parameters of the equations are provided

control plants for CLHA-Plus and BTK47, respectively). In
fact, the concentration of imazamox needed to obtain 50%
of inhibition of AHAS activity of the untreated control
plants for BTK47 was about 6 pM, whereas for CLHA-
Plus this percentage of inhibition was not observed even at
the highest herbicide concentration (100 uM). No differ-
ences were observed in the AHAS-inhibition kinetics of
BTK47 and CLHA-Plus when using chlorsulfuron
(Fig. 1b).

An alignment of the predicted amino acid sequences of
the AHASLI nucleotide sequences of CLHA-Plus, BTK47,
Xanthium, sunflower and A. thaliana is provided in Fig. 2.
In relative to the AHASL1 amino acid sequence of BTK47,
the AHASL1 amino acid sequence of CLHA-Plus has an
alanine-to-threonine substitution at amino acid position
122 relative to the A. thaliana sequence.

Discussion

Biochemical mechanisms endowing herbicide resistance in
plants can include increased metabolism, sequestration,
reduced uptake and/or translocation and modification of the
herbicide target site (Powles and Holtum 1994). For
AHAS-inhibiting herbicides, both target site and non target
site resistance mechanisms have been reported (Saari et al.
1994). The results obtained in this study with respect to
AHAS activity inhibition kinetics indicated that IMI-
resistance in CLHA-Plus is target site based and that is not
the result of AHAS overexpression (Fig. 1).

The whole plant response pattern of tolerance of CLHA-
Plus to several sulfonylurea and imidazolinone herbicides
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differed with respect to the other tolerant lines tested. It has
a high tolerance level to imidazolinones but it is suscep-
tible to all the sulfonylureas used. This pattern is in close
association with the AHAS-inhibition kinetics of protein
extracts of CLHA-Plus. The enzyme is resistant to imi-
dazolinone herbicides as shown by the high f, value for
imazamox when compared with BTK47, but it is suscep-
tible to sulfonylureas as shown by the low Isy value for
chlorsulfuron (Fig. 1).

Sequencing results indicate that the imidazolinone-
resistant AHAS of CLHA-Plus has a threonine residue
(ACG) at position 122, whereas the herbicide-susceptible
enzyme from BTK47 has an alanine residue (GCG) at this
position (Fig. 2). This mutation (A122T) has been identi-
fied as the basis for AHAS-inhibition resistance in several
species: X. strumarium (Bernasconi et al. 1995), Solanum
ptycanthum Dun. (Milliman et al. 2003), Amaranthus ret-
roflexus (McNaughton et al. 2005), A. hybridus L. (Trucco
et al. 2006), Nicotiana tabacum L. (Chong and Choi 2000),
maize (Zea mays L., Bernasconi et al. 1995), sugarbeet (B.
vulgaris, Wright and Penner 1998) and A. thaliana (Jander
et al. 2003).

Several AHAS substitutions will result in resistance to
AHAS inhibitors; however, the magnitude of resistance to
different AHAS inhibiting herbicides varies widely among
substitutions (Saari et al. 1994; Tranel and Wright 2002).
Although exceptions exist, resistance caused by an altered
AHAS can be generally classified into three types on the
basis of cross resistance: (1) SU-specific resistance, (2)
IMI-specific resistance, and (3) broad cross resistance.
Substitutions of Pro 197 usually result in SU- but not IMI-
resistance, whereas substitutions of Ala 122 result in IMI-
but not SU-resistance. On the other hand, substitutions of
Ala 205 display broad cross resistance; however, the levels
of resistance are moderate (Saari et al. 1994; Tranel and
Wright 2002). Our results were in close agreement with
this generalization. Line BTSu-R1 (P197L) was resistant to
all the sulfonylureas assayed; RHA426 (A205 V) was
moderately resistant to both SU and IMI herbicides; and
CLHA-Plus (A122T) was highly resistant solely to imi-
dazolinones. Both SU and IMI herbicides, which have
partially overlapping binding sites, inhibit AHAS by
binding within and obstructing the channel leading to the
active site of the enzyme. A122T substitution makes
important hydrophobic contacts to the isopropyl and
methyl substituents of the dihydroimidazolone ring of the
IMI molecule, and the mutation to a larger polar residue
such as threonine would tend to preclude the herbicide
from its binding site. On the other hand, this threonine
substitution would not seriously compromise sulfonylurea
binding (McCourt et al. 2006).

Resistance genes to AHAS-inhibiting herbicides in
sunflower have received different names. Imrl was
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proposed by Bruniard and Miller (2001) while studying the
inheritance of the imidazolinone resistance. AHASI as the
locus name was proposed by Kolkman et al. (2004),
together with Ary,, and Ar,,, for the SU- and IMI-resis-
tance alleles, respectively. Since the resistant genes so far
characterized code for the catalytic (large) subunit of
AHAS and to distinguish these genes from the regulatory
(small) subunit genes, we propose to redesignate the sus-
ceptible wild type allele as ahasll and the incomplete
dominant resistant alleles as AhaslI-1 (previously Imrl or
Afpyy), Ahasll-2 (previously Ary,,) and Ahasli-3 (for the
allele present in CLHA-Plus).

CLHA-Plus was the only resistant plant that could be
recovered after imazapyr selection from a population of ca.
590,000 M, plants (Sala et al. 2008). Seed mutagenesis of
BTK47 with EMS has been effective in generating a single
base pair mutation in the gene coding for the AHASI
catalytic subunit in sunflower. Most EMS induced muta-
tions result in a single base pair GC — AT transition
(Ashburner 1990), most likely the results of O-6-ethyl-
guanine adducts that mispair with thymine during DNA
replication (Snow et al. 1984) and occur at a 5'-purine-
guanine-3’ motif (Bently et al. 2000; Inukai et al. 2000).
Jander et al. (2003) isolated 12 EMS induced mutations in
A. thaliana resulting in imidazolinone resistance and noted
that all identified mutations were single GC — AT tran-
sitions in the genes coding for the catalytic subunit of
AHAS. The EMS induced mutation identified in AHASLI
of CLHA-Plus also follows this general pattern.

Apart from the fact that it is the only member of the
family of AHAS genes in sunflower where all the induced
and natural mutations for herbicide resistance where
described thus far, AHASLI is also the most polymorphic
(Kolkman et al. 2004) and the most preponderant in the
sunflower EST database (Kozik et al. 2002). This suggest
that the AHASLI gene is the gene family member that
encodes the AHAS enzyme with essential housekeeping
functions in sunflower and that it is predominantly
expressed in tissues affected by herbicide treatment.
Divergent patterns of expression of different members of
the AHAS multigene family were also demonstrated in
other species like Brassica napus (Ouellet et al. 1992) and
Gossypium hirsutum (Grula et al. 1995).

The possibility of gene flow from IMI-resistant domes-
ticated sunflower to wild relatives (Faure et al. 2002;
Massinga et al. 2003) and the lack of a competitive penalty
associated with the Ahasll-1 mutation in common sun-
flower (Marshall et al. 2001) suggests that widespread use
of the hybrids could result in emergence of new herbicide-
resistant weedy sunflower biotypes by both selection and
gene flow. As was argued by Kolkman et al. (2004), the
discovery and careful management of different resistance
genes, especially mutations that lack cross-resistance to
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different classes of AHAS-inhibiting herbicides, is needed
for better management of domesticated sunflower and
other crops where control of weedy common sunflower is
necessary. Phenotypic, biochemical and molecular char-
acterization of Ahasll-3 from CLHA-Plus provided here
indicate that this induced mutation would fulfill these
requirements.
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