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Abstract Wild biotypes of cultivated sunflower (He-
lianthus annuus L.) are weeds in corn (Zea mays L.),
soybean (Glycine max L.), and other crops in North
America, and are commonly controlled by applying
acetohydroxyacid synthase (AHAS)-inhibiting herbicides.
Biotypes resistant to two classes of AHAS-inhibiting
herbicides—imidazolinones (IMIs) or sulfonylureas (SUs)
—have been discovered in wild sunflower populations
(ANN-PUR and ANN-KAN) treated with imazethapyr or
chlorsulfuron, respectively. The goals of the present study
were to isolate AHAS genes from sunflower, identify
mutations in AHAS genes conferring herbicide resistance
in ANN-PUR and ANN-KAN, and develop tools for
marker-assisted selection (MAS) of herbicide resistance
genes in sunflower. Three AHAS genes (AHASI, AHAS2,
and AHAS3) were identified, cloned, and sequenced from
herbicide-resistant (mutant) and -susceptible (wild type)
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genotypes. We identified 48 single-nucleotide polymorph-
isms (SNPs) in AHASI, a single six-base pair insertion-
deletion in AHAS2, and a single SNP in AHAS3. No DNA
polymorphisms were found in AHAS2 among elite inbred
lines. AHASI from imazethapyr-resistant inbreds harbored
a C-to-T mutation in codon 205 (A4rabidopsis thaliana
codon nomenclature), conferring resistance to IMI herbi-
cides, whereas AHASI from chlorsulfuron-resistant in-
breds harbored a C-to-T mutation in codon 197, conferring
resistance to SU herbicides. SNP and single-strand
conformational polymorphism markers for AHASI,
AHAS2, and AHAS3 were developed and genetically
mapped. AHASI, AHAS2, and AHAS3 mapped to linkage
groups 2 (AHAS3), 6 (AHAS2), and 9 (AHASI). The C/T
SNP in codon 205 of AHAS1 cosegregated with a partially
dominant gene for resistance to IMI herbicides in two
mutant x wild-type populations. The molecular breeding
tools described herein create the basis for rapidly
identifying new mutations in AHAS and performing
MAS for herbicide resistance genes in sunflower.

Introduction

Wild biotypes of cultivated sunflower (Helianthus annuus
L.), a species native to North America (Rogers et al.
1982), are weeds in corn (Zea mays L.), soybean (Glycine
max L.), and other crops (Schweizer and Bridge 1982;
Geier et al. 1996). Controlling sunflowers in corn and
soybean was difficult before sulfonylurea (SU) and
imidazolinone (IMI) herbicides were introduced (Al-
Khatib et al. 1998). Such herbicides have since been
widely used to control sunflowers in corn, soybean, and
other crop rotations and have selected for herbicide
resistance in wild sunflowers (Al-Khatib et al. 1998,
1999; White et al. 2002, 2003; Heap 2003).

SU and IMI herbicides are specific and potent inhibitors
of acetohydroxyacid synthase (AHAS, EC 2.2.1.6), also
known as acetolactate synthase (ALS), the enzyme that
catalyzes the first step in branched-chain amino acid
biosynthesis (Umbarger 1978; Duggleby and Pang 2000).
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AHAS-inhibiting herbicides impair the synthesis of
branched-chain amino acids, thereby severely or fatally
disrupting metabolism in herbicide-susceptible genotypes
(Shaner 1991; Tranel and Wright 2002; Pang et al. 2003).
Species differ in herbicide susceptibility and can develop
resistance to different classes of AHAS inhibitors. With
few exceptions (Christopher et al. 1992), resistances to
AHAS-inhibiting herbicides, in otherwise susceptible
species, are caused by point mutations in genes encoding
AHAS that reduce the sensitivity of the enzyme to
herbicide inhibition (Umbarger 1978; Saari et al. 1989;
Subramanian et al. 1990; Jander et al. 2003). In plants, five
highly conserved amino acids (Alajss, Projgs, Alasgs,
Trpss4, and Sergs;) have been identified that, when
mutated, confer resistance or cross-resistance to one or
more AHAS-inhibiting herbicides (Tranel and Wright
2002; Jander et al. 2003). Other than Sergs; (Bernasconi et
al. 1995; Patzoldt et al. 2001), the five amino acids are
conserved among wild types (herbicide-susceptible geno-
types) across genera.

Spontaneous mutations conferring resistance to AHAS-
inhibiting herbicides can rapidly increase in frequency in
wild populations under strong herbicide selection (Tranel
and Wright 2002). The first weed biotype resistant to
AHAS-inhibiting herbicides was discovered in prickly
lettuce (Lactuca serriola L.) after five generations of
chlorsulfuron treatment (Mallory-Smith et al. 1990). Weed
biotypes resistant to AHAS-inhibiting herbicides have
since been identified in more than 80 species, more than
any other herbicide group (Gressel and Segel 1978; Tranel
and Wright 2002; Heap 2003;). Typically, resistant
biotypes are selected in populations chronically exposed
to specific AHAS-inhibiting herbicides (Mallory-Smith et
al. 1990; Primiani et al. 1990). Common sunflower
populations with cross-resistance to both SU and IMI
herbicides were first discovered in 1996 in Kansas (Al-
Khatib et al. 1998) and South Dakota (White et al. 2002)
in fields that had been repetitiously treated with herbicides
for 7-8 years. Presently, AHAS resistance has been
confirmed in common sunflower from Kansas, South
Dakota, Missouri, and Iowa (Heap 2003). White et al.
(2003) recently described an Ala205Val mutation in an
AHAS gene from common sunflower R biotypes from
South Dakota.

Genes for resistance to AHAS-inhibiting herbicides in
sunflower have been introgressed from resistant wild
populations (ANN-PUR and ANN-KAN) into elite inbred
lines for the purpose of developing and deploying
herbicide resistant cultivars and hybrids (Al-Khatib and
Miller 2000; Miller and Al-Khatib 2002, 2004). Tradi-
tionally, sunflower producers have had few herbicides for
controlling broadleaf weeds. Resistance to AHAS-inhibit-
ing herbicides has greatly increased the spectrum of
herbicides for controlling broadleaf weeds in sunflower.
While herbicide resistances in the ANN-PUR and ANN-
KAN populations are probably caused by mutations in
AHAS, the specific mutations have not been identified.

Typically, R genes for AHAS-inhibiting herbicides
show partial or complete dominance (Sebastian et al.

1989; Newhouse et al. 1991; Hart et al. 1993; Wright and
Penner 1998; Foes et al. 1999). The R gene identified by
Bruniard and Miller (2001) from ANN-PUR showed
partial dominance. The degree of resistance was affected
by a second gene in some genetic backgrounds. While
resistance to AHAS-inhibiting herbicides is highly herita-
ble, the phenotypic effects of 4AHAS mutations are often
affected by other factors, e.g., herbicide absorption,
metabolism, and the rate of translocation of the herbicide
to the active site (Newhouse et al. 1991, 1992). The goals
of the present study were to identify genes for resistance to
SU and IMI herbicides in sunflower and develop tools for
marker-assisted breeding of herbicide resistance genes in
cultivated sunflower by: (1) characterizing the AHAS gene
family, (2) identifying single-nucleotide polymorphisms
(SNPs) and other DNA polymorphisms in AHAS genes in
wild-type and mutant lines, (3) identifying AHAS muta-
tions that confer resistance to SU and IMI herbicides in
ANN-PUR and ANN-KAN; (4) developing SNP and other
high-throughput sequence-tagged-site (STS) markers for
genotyping AHAS genes and distinguishing mutant from
wild-type AHAS alleles, and (5) genetically mapping
members of the AHAS gene family and phenotypic loci for
herbicide resistance.

Materials and methods
Plant materials and DNA isolation

Fully expanded leaves were harvested from herbicide-

resistant (IMISUN-1, IMISUN-2, HA425, 29023,
SURES-1, and SURES-2) and -susceptible (HAS89,
RHA409, HA370, HA372, RHA280, RHA266,

RHAS801, NMS373, ZENB9, ZENB13, ZENR1, ZENR7,
ZENRI13, ZENR16, ZENR17, 24311, 32450, CAS3, and
ANNI1811) genotypes of cultivated sunflower for DNA
isolation. The herbicide R gene donor for IMISUN-1,
IMISUN-2, 29023, and HA425 was ANN-PUR (Al-
Khatib et al. 1998). IMISUN-1 and IMISUN-2 are IMI-
resistant F, bulks isolated from HA89*3/ANN-PUR and
RHA409//RHA376*2/ANN-PUR, respectively (Al-Khatib
and Miller 2000). IMISUN-1 and IMISUN-2 are homo-
zygous for resistance. HA425 is an F¢ oilseed maintainer
isolated from HA89*3/ANN-PUR (Miller and Al-Khatib
2002). 29023 is a BCsF; proprietary inbred line obtained
by the introgression of resistance from IMISUN-1 into the
susceptible ZENBO line, using marker-assisted selection
(MAS). The herbicide R gene donor for SURES-1 and
SURES-2 was ANN-KAN (Al-Khatib et al. 1999).
SURES-1 is an SU-resistant, Fz-derived F, oilseed
maintainer isolated from HA424/3/HA406//HA89/ANN-
KAN and SURES-2 is an SU-resistant, F;-derived F4
oilseed restorer isolated from RHA377/3/RHA392//
RHA376/ANN-KAN (Miller and Al-Khatib 2004). Be-
sides screening parents in the pedigrees of IMISUN-1 and
IMISUN-2, HA425, and SURES-1 and SURES-2, the
parents of three genetic mapping populations were
screened to identify DNA polymorphisms in AHAS



genes (HA370 and HA372, RHA280 and RHA801, and
NMS373 and ANNI1811, Tang et al. 2002; Yu et al. 2003;
unpublished data). Seed of ANN1811, a wild H. annuus
population (PI 494567), was acquired from the USDA—
ARS National Plant Germplasm System, North Central
Plant Introduction Station, Ames, Iowa. ZENB9,
ZENB13, ZENRI1, ZENR7, ZENRI3, ZENRI16,
ZENR17, 24311, and 32450 are proprietary inbred lines.
The other genetic stocks or inbred lines have been publicly
released (Fick et al. 1974; Roath et al. 1981; Miller 1992;
Miller and Gulya 1999). Leaf tissue was frozen at —=70°C,
lyophilized, and ground to fine powder. Total genomic
DNA was isolated from the powdered samples as
described by Tang et al. (2002).

AHAS gene discovery

DNA sequences from several sources were used to design
oligonucleotide primers for amplifying AHAS gene frag-
ments and isolating AHAS genes from sunflower. First, a
cDNA probe (ZVG437) for a restriction fragment length
polymorphism (RFLP) marker isolated by Berry et al.
(1995) was sequenced and, through BlastN and BlastX
analyses, was found to be homologous to the 3’ end of
AHAS genes isolated from common cocklebur (Xanthium
stromarium L., U16279 and U16280, Bernasconi et al.
1995). Three forward primers (p-AHAS1, p-AHAS2, and
p-AHAS3) from the 5’ end of the cocklebur AHAS cDNA
and two reverse primers (p-AHAS4 and p-AHASS)
complementary to the sunflower ZVG437 cDNA probe
were designed (Fig. 1; Table 1). In a second strategy, the
nucleotide sequences of the cocklebur and lettuce (Lactuca
sp.) AHAS genes (Mallory-Smith et al. 1990) were aligned.
The lettuce DNA sequences were kindly supplied by Dr.
Carol Mallory-Smith (Oregon State University, Corvallis,
Ore., USA). We designed moderately degenerate forward
(p-AHAS6, p-AHAS7) and reverse primers (p-AHASS, p-
AHAS9) based on conserved sequences in the cocklebur-
lettuce AHAS alignment.

Unless otherwise noted, PCR reaction conditions were
the following: 1x buffer, 2.5 mM MgCl,, 0.2 mM dNTPs,
0.2 uM each primer, 1.25 U Tag DNA polymerase, and

ZVG437 cDNA
ATG TGA

AHAS
AHAS? I

2 VR O F—
> > <> <
p-AHAS4 p-AHAS3

p-AHAS p-AHAS2 p-AHASS5
> > < <
p-AHASE p-AHAS7 p-AHASS p-AHAS9

Fig. 1 AHASI, AHAS2, and AHAS3 coding regions in sunflower
(1,959-1,977 nucleotides in AHASI, 1,941-1,947 nucleotides in
AHAS2, 1,941 nucleotides in AHAS3). The positions of insertion-
deletions (INDELS) that distinguish the three genes are indicated by
gaps. The positions of primers used in gene discovery are indicated
below the aligned genes. The AHASI ¢cDNA ZVG437 is aligned
above AHASI
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2 ng genomic sunflower DNA in a total volume of 25 pl.
After an initial denaturation step at 94°C for 1 min, a
program of 40 cycles was used, consisting of 10 cycles of
touch-down PCR (94°C for 30 s, 67 to 58°C for 30 s, 72°C
for 30 s), followed by 30 cycles of the same cycling
regime, but with a fixed annealing temperature of 58°C,
and a final elongation step of 72°C for 10 min. PCR
products were purified using the Concert Rapid PCR
Purification System (Invitrogen Life Technologies, Carls-
bad, Calif,, USA) or the QiaQuick PCR Purification
System (Qiagen, Valencia, Calif., USA), and directly
sequenced on an ABI 3700 DNA Analyzer (Applied
Biosystems, Foster City, Calif., USA) or cloned prior to
sequencing using the PCR-Script Amp Cloning Kit
(Stratagene, La Jolla, Calif., USA) or Topo-TA Cloning
Kit (Invitrogen Life Technologies). When cloned prior to
sequencing, PCR products were produced using a proof-
reading polymerase (Platinum 7ag DNA Polymerase,
High Fidelity, Invitrogen Life Technologies).

AHAS gene fragments were amplified using various
combinations of the aforementioned primers. Internal
coding sequences were completed by primer walking,
using gene-specific primers. The 5’ and 3’ ends of the
coding sequences were completed by genome walking
(Universal Genomewalker kit, BD Biosciences, Palo Alto,
Calf., USA). Briefly, genomic DNA was digested with six
restriction enzymes (Dral, EcoRV, Mscl, Pvull, Scal, Ssp,
and Stul) and ligated to adaptors to create six fragment
libraries according to the manufacturer’s instructions. The
5" ends of AHASI and AHAS2 were completed using Dral
and Scal libraries; the 5’ end of AHAS3 was completed
using EcoRV, Stul, and Sspl libraries; the 3" end of AHAS?2
was completed using Dral, Pvul, and Scal libraries; and
the 3’ end of AHAS3 was completed using Stul and Mscl
libraries. Nucleotide and amino acid multiple sequence
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 Arabidopsis thaliana
(GenBank accession no. X51514, Sathasivan et al. 1990).
Gene sequences reported herein have been deposited in
GenBank, with accession numbers AY541451—
AY541458.

DNA marker development and genetic mapping

AHAS alleles were sequenced from herbicide-resistant and
-susceptible lines for polymorphism discovery, DNA
marker development, and genetic mapping of AHAS
genes. Homologous DNA sequences were aligned and
searched for SNPs and insertion-deletions (INDELs). SNP
or INDEL markers for the three 4HAS genes were
developed and genotyped in one of two segregating
populations for which dense reference genetic linkage
maps have been developed, RHA280 x RHA801 (Tang et
al. 2002; Yu et al. 2003) and NMS373 x ANNI1811
(unpublished data). Genetic mapping analyses were
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Table 1 Primers for sunflower AHAS

Primer name Purpose

Sequence (5'-3")

Sequence source

p-AHAS1 Gene discovery TTCCATCACCACCAAACCAC Xanthium AHAS
p-AHAS2 Gene discovery GGAGCTACGAACCTAGTAAG Xanthium AHAS
p-AHAS3 Gene discovery TTTGATGATCGTGTGACGGG Xanthium AHAS
p-AHAS4 Gene discovery CCATGCATCCCAAGCATATG Helianthus cDNA
p-AHASS Gene discovery CGGTGATCACATCCGAGAAA Helianthus cDNA
p-AHAS6 Gene discovery CTGGTCTTCCCGGCGTMTGT Xanthium/Lactuca AHAS
p-AHAS7 Gene discovery GGRACNGTTTATGCGAATTATGC Xanthium/Lactuca AHAS
p-AHASS Gene discovery TGAGCAGCCCACATCTGATG Xanthium/Lactuca AHAS
p-AHAS9 Gene discovery AATATTTMATTCTGCCRTCGCC Xanthium/Lactuca AHAS
p-AHAS10 Gene expression, AHASI RT-PCR TTGGAGGAAAAGAATTCGGTGACT Helianthus AHAS1
p-AHASI1 Gene expression, AHASI RT-PCR CGCCCGTTAACTCATCAAGAACT Helianthus AHAS1
p-AHASI2 Gene expression, AHAS2 RT-PCR CAAGATTTTGGAGGAGAAAAATTCTC  Helianthus AHAS2
p-AHASI13 Gene expression, AHAS2 RT-PCR CCCGTTAACTCATCGAGCACA Helianthus AHAS?2
p-AHAS14 Gene expression, AHAS3 RT-PCR TGCGATCCAAGTGCTGAATGAAG Helianthus AHAS3
p-AHASIS Gene expression, AHAS3 RT-PCR CGATGTCAACCACGACTGCATCT Helianthus AHAS3
p-AHASI16 Genotyping, AHASI alleles CCCCGTTTCGCATTACCCATCACT Helianthus AHAS]
p-AHAS17 Genotyping, AHASI alleles ACCAACACGTCTGCGCCTTTTCTC Helianthus AHAS1
p-AHASI18 Genotyping, AHASI alleles TTCCTCCCCCGTTTCGCATTAC Helianthus AHASI
p-AHASI9 Genotyping, AHASI alleles CGCCGCCCTGTTCGTGAC Helianthus AHAS1
p-AHAS1c205F Mapping, AHASI target F primer CAAGTTCCCCGGAGAATGAT Helianthus AHAS1
p-AHASI1c205R Mapping, AHAS! target R primer CGAAAAATCAAGATTAGTCACCGAAT  Helianthus AHASI
p-AHAS1c205SNP  AHASI codon 205 SNP primer (rev)  CCTCAACAATTGGGGTTTCTTGAAAC  Helianthus AHAS1
p-AHAS1c281SNP  AHASI codon 281 SNP primer (fwd) CGGGTTATTTGTCTAGAATGCC Helianthus AHAS1
p-AHAS2indelF Mapping, AHAS?2 target F primer CTTCCATCACCGCCAAACCAC Helianthus AHAS2
p-AHAS2indelR Mapping, 4HAS?2 target R primer GTACCGGGAGACGAATGGC Helianthus AHAS?2
p-AHAS3c581F Mapping, AHAS3 target F primer CTTCCTGTTAAAATGATGGTGCTT Helianthus AHAS3
p-AHAS3c581R Mapping, AHAS3 target R primer CAACATATTTGGGAATATACCCGAT Helianthus AHAS3
p-AHAS3c581SNP  AHAS3 codon 581 SNP primer (rev) AAGTAGGTGTGCGCGCGGTT Helianthus AHAS3

performed using MAPMAKER (Lander et al. 1987),
essentially as described by Tang et al. (2002).
Genotyping assays were developed for SNPs in codons
205 and 281 of AHASI (AHASI-c205C/T and AHASI-
c281G/A, respectively) and in codon 581 of AHAS3
(AHAS3-c581G/A). SNPs were scored using the fluores-
cence polarization-template-directed incorporation assay
(Chen et al. 1999; Kwok and Chen 2003) and commercial
kits (AcycloPrime-FP SNP Detection Kit, PerkinElmer
Life Sciences, Boston, Mass., USA). Target amplification
and terminator incorporation reactions were performed as
recommended by the kit manufacturer. Briefly, a region of
the genome containing the SNP was amplified using
standard PCR. The AHASI target fragment was 732 bp in
length and encompassed codons 205 and 281. The AHAS3
target fragment was 141 bp in length. Excess primers and
dNTPs were removed by addition of shrimp alkaline
phosphatase and Escherichia coli exonuclease (ExoSAP-
IT, USB, Cleveland, Ohio, USA) supplied with the
AcycloPrime kit. The single-base extension reaction was
performed using SNP detection primers that terminated
adjacent to the SNP sites and acylclo-dideoxynucleotide
triphosphate terminators supplied in the kit. SNP geno-
types were read on a Wallac 1420 VICTORS3 fluorescence
polarization plate reader (PerkinElmer), and alleles were

called using an EXCEL macro supplied by PerkinElmer
for AcycloPrime SNP genotyping. Sequences of the target
amplification and SNP detection primers are provided in
Table 1.

AHASI and AHAS3 were integrated into the genetic
linkage map of sunflower by genotyping the AHASI-
c281G/A and AHAS3-c581G/A markers on 94 RHA280 x
RHAR801 recombinant inbred lines (RILs). AHAS2 was
integrated into the genetic linkage map of sunflower by
genotyping a single-strand conformational polymorphism
(SSCP) marker for AHAS2 on 94 [(NMS373 x ANN1811)
x NMS373] BC, progeny. The positions of AHAS2 and
DNA markers linked to AHAS2 on the NMS373 x
ANNI1811 genetic linkage map are reported in the present
paper. The complete NMS373 x ANNI1811 genetic
linkage map is to be reported elsewhere. DNA markers
from previously published genetic linkage maps (Tang et
al. 2002; Yu et al. 2003) were used to group and order
AHAS?2 on the NMS373 x ANN1811 genetic linkage map.
The AHAS2 SSCP primer pair (p-AHAS3indelF and p-
AHAS3indelR) flanked a 6-bp insertional polymorphism
in ANNI1811. The DNA fragment amplified by these
primers was 185 bp long in NMS373 and 191 bp long in
ANNI1811. SSCP analyses was performed on a 50-cm
wide by 20-cm high polyacrylamide gel apparatus (CBS



Scientific Products, Del Mar, Calif., USA), essentially as
described by Slabaugh et al. (1997), except that one of the
glass plates was treated with y-methacryloxypropyltri-
methoxysilane (Sigma Chemical, St. Louis, Mo., USA) so
that the gel remained attached during silver staining.

To facilitate breeding and MAS, a PCR-based assay was
developed to detect allelic length variants in the simple
sequence repeat (SSR) in AHAS. Primers p-AHAS16 and
p-AHAS18 are AHASI-specific primers upstream of the
SSR, and p-AHASI17 and p-AHASI9 are downstream
primers (Table 1). Primers p-AHAS16 and p-AHAS17
produced 176—191-bp fragments, and primers p-AHAS18
and p-AHAS19 produced 313-328-bp fragments from
genomic DNA. PCR products were amplified in a 10-ul
reaction containing 10x buffer, 2 mM MgCl,, 0.2 mM
dNTPs, 0.2 uM primers, 2 ng genomic DNA, and 0.5 U
Platinum 7ag DNA polymerase (5 U/ul, Invitrogen Life
Technologies). The PCR program utilized an annealing
temperature of 60°C. Products were analyzed on agarose
or acrylamide gels.

Candidate gene analyses

Candidate gene analyses were performed on [(HA425x%-
HA89)xHA89] BC; (Bruniard and Miller 2001) and
(IMISUN-2xZENB9) F, progeny segregating for the
incompletely dominant herbicide resistance gene from
ANN-PUR (4rpyr). The AHAS-inhibiting herbicide re-
sistance (4r) locus was scored in both segregating
populations by inferring Ar genotypes from herbicide
resistance phenotypes. Eighty [(HA425 x HA89)xHARg9]
BC; progeny that were previously phenotyped for resis-
tance to imazamox (Raptor, BASF, Mt. Olive, N.J., USA;
Bruniard and Miller 2001) were genotyped for the AHASI-
¢205 SNP. Imazamox was applied at a rate of 33.2 g ai/ha
to greenhouse-grown plants at the six-leaf stage, and
plants were visually phenotyped for herbicide injury and
scored as susceptible (arar) or moderately resistant
(Arpyrar) 1 week after herbicide treatment. In a separate
experiment, 200 (IMISUN2 x ZENB9) F, progeny were
phenotyped for resistance to imazamox (Sweeper, BASF).
Imazamox was applied at a rate of 100 g ai/ha to field
grown plants (Balcarce, Argentina) at the four to six true-
leaf stage. Plants were rated visually on a scale of 1-4 for
herbicide injury 2 weeks after treatment. Plants in which
the apex had died were rated 1, plants with severe injury
(yellowing and leaf deformation) were rated 2, plants with
one or two leaves showing a mosaic of yellowing were
rated 3, and plants with no apparent herbicide injury were
rated 4. Eighty-three randomly chosen plants from this F,
population were genotyped by sequencing the codon 205
region of AHASI. The fit of observed to expected
segregation ratios for the 4r and 4HAS1 loci were tested
using Xz—statistics (1:1 for Ar and AHAS! in the BC; and
3:1 for Ar and 1:2:1 for AHAS! in the F;). The effect of the
AHASI locus on herbicide tolerance was estimated in the
IMISUN-2xZENB9 F, population by performing an
analysis of variance on AHASI-c205 SNP marker

1151

genotypes, using SAS PROC GLM (Littel et al. 1996).
The additive () and dominance (d) effects and degree of
dominance (d/a) of the AHASI locus were estimated as
described by Falconer and Mackay (1996). The proportion
of the phenotypic variance explained by the AHAS! locus
was estimated by SS\/SSt, where SSy; is the sum of
squares for the SNP marker, and SSt is the total sum of
squares.

AHAS gene expression analyses

The presence of AHASI, AHAS2, and AHAS3 transcripts
was determined in 28-day-old IMISUN-1, IMISUN-2,
HAR®89, and RHA409 seedlings, using RT-PCR. Harvested
tissue was immediately placed in liquid nitrogen, ground
to a powder with a mortar and pestle, and total RNA was
extracted using Trizol reagent (Invitrogen Life Technolo-
gies) as recommended by the manufacturer. RNA was
quantified with a spectrophotometer and RNA integrity
was assessed on a 1% denaturing agarose gel (Sambrook
et al. 1989). Reverse transcription was carried out using
MMLYV reverse transcriptase (Invitrogen Life Technolo-
gies) with an oligo (dT);,.;3 primer according to the
protocol of the manufacturer. One-tenth of the reverse
transcription mix was used as template for cDNA
amplification. AHASI cDNA was amplified using primers
p-AHAS10 and p-AHASI11; AHAS2 cDNA was amplified
using primers p-AHAS12 and p-AHASI13; and AHAS3
cDNA was amplified using primers p-AHAS14 and p-
AHASIS (Table 1). The PCR products were sequenced to
confirm gene-specific amplification.

Results
The AHAS gene family in cultivated sunflower

BlastN analysis on a proprietary cDNA sequence database
(Advanta Seeds) identified a ¢cDNA clone (ZVG437) as
highly homologous to the catalytic subunit of AHAS genes
cloned from other plant genera. The highest homologies
were to cDNAs isolated from wild-type and herbicide-
resistant cocklebur (X. stromarium L., GenBank accession
nos. U16279 and U16280). The cocklebur AHAS cDNAs
are 2,156 bp long and encode proteins 648 amino acid
residues long. The first 77 amino acids have been
tentatively identified as chloroplast targeting signals
(Bernasconi et al. 1995). By aligning the ZVG437 and
cocklebur cDNA sequences, the former was identified to
be a 1,262-bp fragment from the 3’ end of AHAS.
Subsequently, a sunflower EST database was searched
(http://compgenomics.ucdavis.edu; Kozik et al. 2002), and
11 sunflower AHAS ESTs were identified (QHF14PO1,
QHAS8GI1, QHBI10A23, QHB23124, QHIIF03,
QHE14F03, QHI10G24, QHE20B02, QHI4BI16,
QHE20P09, and QHI15 N13).

Genomic sequences of sunflower 4AHAS genes were
isolated by designing forward primers complementary to



1152

conserved nucleotide sequences in the 5’ ends of the
cocklebur cDNAs (p-AHASI, 2, and 3) and reverse
primers complementary to ZVG437 (p-AHAS4 and 5), in
addition to moderately degenerate forward and reverse
primers complementary to highly conserved sequences
between cocklebur and lettuce AHAS cDNAs (p-AHAS6,
7, 8, and 9, Table 1; Fig. 1). Various combinations of
forward and reverse primers were used to amplify genomic
DNA from IMI-resistant (IMISUN-1, IMISUN-2, HA425)
and -susceptible (RHA409, HA89, RHA280, and
RHAS801) inbred lines, the former originating from
ANN-PUR, an imazethapyr-resistant wild biotype (Al-
Khatib et al. 1998; Al-Khatib and Miller 2000; Miller and
Al-Khatib 2002). When the DNA sequences of various
amplicons were aligned, we discovered that three para-
logous AHAS genes, designated AHASI, AHAS2, and
AHAS3, had been amplified from resistant and susceptible
genotypes. Whereas both AHASI and AHAS2 were
amplified by most primer pairs, AHAS3 was only
amplified by degenerate primers p-AHAS7 and p-
AHAS9. The discovery of multiple AHAS genes was
expected because ZVG437 hybridized to several frag-

ments when used as an RFLP probe on Southern blots
(unpublished data).

Complete coding sequences were obtained for the three
genes by using paralogue-specific primers and genome
walking to sequence the 5" and 3’ ends. No introns were
found in any of the sunflower genes, as is the case in other
plant AHAS genes (Tranel and Wright 2002). The deduced
amino acid sequences of the sunflower AHAS genes were
aligned with catalytic subunits of Arabidopsis and
cocklebur AHAS genes (Fig. 2) and numbered in reference
to the Arabidopsis sequence (Sathasivan et al. 1990).

Two of the three sunflower 4HAS genes were highly
homologous. The nucleotide sequences of AHASI and
AHAS2 were 92% identical, whereas AHAS3 was 72%
identical to AHASI and 73% identical to AHAS2.
Excluding multiple differences in the putative chloroplast
targeting sequence, AHAS2 was distinguished from
AHASI by a nine-base pair deletion in frame of codons
435-437. Similarly, AHAS3 was distinguished from
AHASI and AHAS2 by a three base pair deletion in the
same location, in addition to a nine-base pair in-frame
insertion between codons 268-269 (Fig. 2).

. : . HaAHAS1 -PENE-- - -- SFKP! SPAAALPPRSAE' EAEET TR R - - SKST ;61
Fig. 2 Deduced amino ac}d HaAHAS2 pp ----- 'rmcp PESARA- - -VALEPHEAFSE H ------------ s--‘r . 58
sequences of AHAS proteins XsRHAS : MARIPHENES----- TKPBSEPPRP- - - - TFNANEIFPI TS KRR - - - - - - - - - - - -WHISHVLENS - - - - - KPT : 54

HaRHAS3 : MAV P E‘ ------- scxp F TPS----QLT'I‘N PLTLLPIIPSK-----------~ IIT ----- NAI ;51
goﬁl—izlégowefj (Il-ilaﬁll-_llﬁssg)’ ACAHAS THSSSISFSTKPSPESSKS- - - PLEf FS]Z..NPNISSSSSRRRGIKSSSPSSISA.LNTT Tnvilite : 76
a , and Ha
aligned with the amino acid VAHAS2Z INDEL marker 1al22
. . . HaAHAS] : LEVQP PDQPR VLVEALEREGVEBVFAY PGGASME THOALTRSEH I RNVLPRHEQGGVFAREGYAR : 141
sequences of Arabidopsis thali- s, :ip---p PDQPRK VLVEALEREGVEDVFAYPGGASMEIHOALTRSNEIRNVLPRHEQGGVFAREGYAR : 135
ana (AtAHAS) and Xanthium XSAHAS LETKS| PDQPRKGADVLVEALEREGVEDVFAY PGGASME I HOALTRSEI IRNVLPRHEQGGVFAAEGYAR : 134
stromarium (XsAHAS). The HaAHAS3 : AK.HSHSHKAFWSRFGPDEPRKGSDVLVEALEREG FAYPGGATLEIHQALTRSTIIRNILPRHEQGGVFAREGYAR : 131
N . . ataHAS : EPTKETKPETEISRFEPDOPRKGEDILVEALERQGVETVFAYPGGASMEIHQALTRSSEIRNVLPRHEQGGVFAREGYAR : 156
mutations in AHAS that have _putative mature protein
been shown to confer herbicide 1P197  |A205
: : Y HaAHAS1 : Hs VeI TSGPGATNLVSGLADALLDSVPMVAITGQVP IGTDAFQETPIVEVTRSITKHNYLVLDVEDIPRIVE : 221
resistance in plants are indicated HaRAHASZ : @S VCT TSGPGATNLVSGLADALLDSVPMUAITGQVP%IGTDAFQETPIVEVTRSITK_I-INYLVLDVEDIPRIa . 215
by arrows and are numbered XsRHAS S VCIATSGPGATNLVSGLADALLDSVEMVAITGOVE! IGTDAFQETPIVEVTRS ITKHNYLVLDVEDIPRI : 214
according to A. thaliana HaAHAS3 : VCISTSGPGATNLVSGLADALLDSVPIVAITGQVPRNMIGTDAFQETPIVEVSRSITKHNYLVLNVQDIPRIVH : 211
. ) ACAHAS ssaﬂcIcIITSGPGATNLVSGLADALLDSVPLVAITGQVPR!MIGTDAFQETPIVEVTRSITKHNYLVHDVEDIPRIIE ;236
(Sathasivan et al. 1990). The
positions of markers for genes VAHAS1 SNP marker
: _ HaAHAS1 : EAFYLASSGRPGPVLIDVPKDIQQQ E--- MR YLS KRPVLYVGGGCLNS : 298
encoding HaAHASI, HaA. HaAHAS2 : EAFYLASSGRPGPVLIDVPKDIQQQ E—— YLS “% &Ivaampvnwcsscms ;292
HAS2, and HaAHAS3 are in- XSAHAS : EAFYLASSGRPGPVLIDVPKDIQQQ YLSRFPK IVREVSEMKRPVLYVGGGCLNS : 291
dicated by solid triangles HaAHASI : EAFFLASSGRPGPVLIDIPKDIQQQ EQQ MRLDGYIS PNE LRQIVRFIKESKRPVLYVGGGCMNS : 291
ACAHAS EAFFLATSGRPGPVLVDVPKDIQQQLAIPNWEQ———AMRLIGYMS pe[ LEQIVREISESKKPVLYVGGGCLNS : 313
HaAHAS1 : DDE RFVELTGIPV LMGL LSLHMLGMHGTVYANYA DLLLAFGVRFDDRVTGKLEAFASRAKIVH : 378
HaAHAS2 : DDE RFUELTGIPV LMGL LSLHMLGMHGTVYANYA DLLLAFGVRFDDRVTGKLEAFASRAKIVH : 372
XsAHAS : GDELERFVELTGIPVASTLMGL LSLHMLGMHGTVYANYA DLLLAFGVRFDDRVTGKLEAFASRAKIVH : 371
HaAHAS3 : SDELGRFVELTGIPVANTLMGLGTYP LSLHMLGMHGTVYANYATDKSDLLLAFGVRFDDRVTGKIEAFASRAKIVH : 371
AtAHAS : SDELGRFVELTGIPVASTLMGLGSYPCDDELSLHMLGMHGTVYANYAVEHSDLLLAFGVRFDDRVIGKLEAFASRAKIVH : 393
HaAHAS1 : IDIDBAEIGKN SICGDI LQGLNKILEE PLSFKTFGEAIPPQYAI[JVLDE : 458
HaAHASZ : IDIDBAEIGKN SICGDI LQGLNKILEEKN- - -S DF w PLSFKTFGEAIPPQYATIHVLDE : 449
XsAHAS : IDIDSAEIGKN SICGDI LOGLNKIL.E PLSFKTF IPPQYAI LDE ;451
HaAHAS3 : IDIDEAEIGKN PHFSICGDIKAALQGLNKILERGED— PWKEEVMNQKASNPLSYKTFGDAIPPQYAI : 450
AtAHAS : IDIDSAEIGKNKTPHESVCGDVKEALQGMNKVLENRAEEL! DFGWRNELIVQKQ.PLSFKTFGIMPPQYAIKVLDE ;473
HaAHAS1 : L IISTGVGQHQ KPRQWLT LGAMGFGLPAAIG PDAVVVDIDGDGSFMMNVQELATIRV : 538
HaRAHAS2 : L IISTGVGQHOM KPRQWLT LGAMGFGLPAAIG PDAVVVDIDGDGSFMMNVQELATIRV : 529
XSRHAS : L IISTGVGQHQ KPROWLTSEGLGAMGFGLPAAIG v PDAVVVDIDGDGSFIMNVQELATIRV : 531
HaAHAS3 : IITTGVGQHQMWSAQF RPROWLTSAGLGAMGFGLPAAIGARVARPDAVVVDIDGDGSFMMNVQELATIRY : 530
AtAHAS : LTDGKAIISTGVGQHOMWBAQFYNYKKPROWLSSBGLGAMGFGLPAAIGASVANPDAIVVDIDGDGSFIMNVQELATIRYV : 553
IW574 ¥AHAS3 SNP marker
HaAHAS1 : ENLPVKILLLNNQHLGMVVQWEDRFYKANRAHTYLGN IFPNM IPAARVTQK'])L IQ LDTEG : 618
HaAHASZ : ENLPVKILLLNNQHLGMVVQWEDRFYKANRAHTYLGNPSHESEIFPNML F IPAARVTRKGDL) LDTPG : 609
XsAHAS : ENLPVKILLLNNQHLGMVVQWEDRFYKANRAHTYLGN IFPNMLEKF IPAAR iclm. IQ LDTPG : 611
HaAHAS3 : ENLPVKMMVLNNQHLGMVVQWEDRFYKANRAHTYLGNP! IFPNMLEF IPAARVTKKGDVRTAIQKMLDTRG : 610
AtAHAS : ENLPVKVLLLNNQHLGMVMQWQDRFYKANRAHTFLGDPAQEDEIFPNMLLFAAACGIPAARVTKKEDLREAIQTMLDTRG : 633
18653
HaAHAS1 : PYLLDVIJPHQEHVLPMIP) FSDVI DGR 655
HaAHASZ : PYLLDVIMPHQEHVLPMIP anv:r 646
XsAHAS : PYLLDVIMPHOEHVLPMIP FMDVI 648
HaAHAS3 : PYLLDVIMPHQEHVLPMIP) FNDIITDGDGRTQ : 646
AtAHAS : PYLLDVICPHQEHVLPMIPSGGTFNDVITEGDGREEY : 670



DNA polymorphisms in AHAS genes

Subsequent to identifying the three AHAS paralogues,
AHASI, AHAS2, and AHAS3 alleles were sequenced from
additional herbicide-resistant and susceptible sunflower
genotypes. The resistant genotypes included SURES-1
and SURES-2, SU-resistant lines developed from ANN-
KAN, an herbicide resistant population of common
sunflower (Al-Khatib et al. 1999; Miller and Al-Khatib
2004; Table 2). Among AHAS! allele sequences from 23
elite inbred lines, we identified 48 SNPs and an [ACC],
repeat comprising five haplotypes (Fig. 3). In contrast, no
DNA polymorphisms were identified among 4AHAS? allele
sequences from a nearly identical set of elite inbred lines
(Table 2). We subsequently sequenced AHAS2 from
ANN1811, the wild parent in an elite x wild (NMS373
x ANNI1811) mapping population, and identified a six-
base pair insertion in the transit peptide-encoding region of
the AHAS? allele (Fig. 3). DNA polymorphisms were also
rare in AHAS3. We identified a single DNA polymor-
phism, a synonymous G-to-A SNP in codon 581, among
AHAS3 allele sequences from 12 elite inbred lines (Fig. 3).
The probability of observing a SNP or INDEL among elite
inbred lines, calculated from haplotype frequencies
reported in Table 2, was 0.77 for AHASI, 0.00 for
AHAS?2, and 0.44 for AHAS3.

Herbicide resistance is correlated with mutations in
AHAS1

Resistance to IMI herbicides in IMISUN-1, IMISUN-2,
and HA425 (originating from ANN-PUR) correlated with
AHASI haplotype 5, whereas resistance to SU herbicides
in SURES-1 and SURES-2 (originating from ANN-KAN)
correlated with AHASI haplotype 3 (Table 2). Susceptible
genotypes had 4HAS1 haplotypes 1, 2, or 4. Thus, AHAS1
was identified as the prime candidate gene for herbicide-
resistant phenotypes originating in the two wild popula-
tions (ANN-PUR and ANN-KAN, Al-Khatib et al. 1998,
1999). Only six of the 48 SNPs discovered in AHASI

1153

would cause amino acid substitutions. Two of these, Pro;9;
and Alayps, have previously been shown to confer
resistance to AHAS-inhibiting herbicides in other plant
genera (Tranel and Wright 2002). The ANN-PUR AHAS1
allele, as identified from IMISUN-1, IMISUN-2, and
HA425 AHASI alleles, harbored an alanine (GCG)-to-
valine (GTG) mutation in codon 205, whereas the ANN-
KAN AHASI allele, as identified from SURES-1 and
SURES-2 AHASI alleles, harbored a proline (CCC) to
leucine (CTC) mutation in codon 197. Recently, White et
al. (2003) reported an independent AHAS Ala205Val
mutation in a South Dakota common sunflower population
that was cross-resistant to imazethapyr and chlorimuron
ethyl.

Marker development and genetic mapping of
sunflower AHAS genes

SNP markers were developed for the SNPs in codon 205
of AHASI (AHASI1-c205C/T), codon 281 of AHASI
(AHAS1-c281G/A), and codon 581 of AHAS3 (AHAS3-
c581G/A, Fig. 4). SSCP markers were developed for the
six-base pair INDEL in AHAS2 (AHAS2-INDEL) and the
G/A SNP in AHAS3 (AHAS3-INDEL, Fig. 5). To facilitate
MAS based on AHAS1 haplotypes, we developed an SSR
marker based on the poly-Thr (JACC],) repeat (Fig. 2) in
the putative transit peptide of AHAS1 (not shown).
AHASI and AHAS3 were genotyped and genetically
mapped in RHA280 x RHAS801, using the AHASI-c281
and AHAS3-c581 SNP markers, respectively (Fig. 4).
AHAS2 was genotyped and genetically mapped in
NMS373 x ANNI1811, using the AHAS2 SSCP marker
(Fig. 5). The three loci mapped to linkage groups 2
(AHAS3), 6 (4HAS2), and 9 (4HASI) of the public
sunflower map and were flanked by previously mapped
SSR or INDEL markers (Tang et al. 2002; Yu et al. 2003;
Fig. 6).

Table 2 AHAS1, AHAS2, and AHAS3 haplotypes of cultivated and wild sunflower germplasm

Gene Haplotype Germplasm Herbicide resistance
AHASI 1 HA89, RHA409, RHA801, HA370, ZENBY, ZENR1 S
AHASI 2 HA372, ZENBI13, ZENR13, ZENR16, ZENR17, 32450, 24311 S
AHAS1 3 SURES-1, SURES-2 R?
AHASI 4 RHA280, RHA266, CAS3, ZENR7 S
AHASI 5 IMISUN-1, IMISUN-2, HA425, 29023 R®
AHAS2 1 HA89, RHA409, RHA801, RHA280, RHA266, NMS373, HA370, HA372, S and R*®
SURES-1, SURES-2, IMISUN-1, IMISUN-2, ZENB9, ZENR1, ZENB13,
ZENRI13, ZENR16, ZENR17, ZENR7, CAS3, 32450, 24311, 29023
AHAS?2 2 ANNI1811 Unknown
AHAS3 1 HA89, RHA409, RHA801, SURES-2, IMISUN-1, IMISUN-2 S and R™®
AHAS3 2 RHA280, RHA266, SURES-1 S and R*

Resistant to sulfonylurea herbicides
Resistant to imidazolinone herbicides
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Fig. 3 Nucleotide alignment of
five AHAS1 haplotypes, two
AHAS?2 haplotypes, and two
AHAS3 haplotypes from sun-
flower. INDELs and single-nu-
cleotide polymorphisms (SNPs)
used to map the three AHAS
genes and AHAS mutations
putatively conferring herbicide
resistance (codons 197 and 205)
are underlined and labeled

AHAS1hapl :
AHAS1hapl :
AHAS1hap2
AHAS1hap4
AHAS1haps
AHASZhapl :
AHASZhap2
AHAS3hapl :
AHAS3hap2
AHAS1hapl :
AHAS1hapl
AHAS1hapZ :
AHAS1hapd
AHASlhaps :
AHASZhapl
AHASZhapZ
AHAS3hapl :
AHAS3hap2 :
AHAS1hapl :
AHAS1hapd
AHAS1hapZ :
AHAS1hap4 A TGGARGCHICTRGARC
AHASlhapS : T TCGAMGCECT "GEGAR
AHASZhapl TRCTCGTGEARG G
AHASZhapZ TRCTCGTGGARGC] CGEGAR
AHAS3hapl 1051L=1LL1AGTGGMGCACI‘E$CG:GM :
T oy ey M :
400
AHASlhapl : TR CGTCTT TAECC] TCCACCARGCECTEACECGETCARG TECGC cerecclicclicrBe -
AHAS1hap3 : TEA CCTCTTECCRTARCCRA! TGAAGATCOACCARGCRCTRAL T TECG GCTCCCACCRCABG
AHAS1hap2 TRA CGTCTTRGCETARCC "G TCCACCARGCECTRACECGET TRCGC) TCOCACGICARG
AHAS1hap4 T} CGTCTT TRECC CG! TCCACCARGCECTEACECGET TRCGC] TCCCACGECA
AHAS1haps TRA CGTCTT TRECC G GATCCACCARGCECTEACEBCGETC TECGC TRCTCCCRCGECA G :
AHASZhapl : TR CGTCTT TAECC 30 TCCACCARGCECTRACECGET TECG TRCTCCORCGICRES
AHASZhap2 TRA CGTCTTRGCRTARCCRGGRGGOG TGGAGATCCACCAAGCICTRACECOGRT TRCGC TCCORCGECARS
AHAS3hapl : GGGGTAACGAACGTCTTTGCGTATCCAGGTGGOGCCACCTTGGAGATCCACCARGCGCTARCACGATCAACCA' TACGCMC}\T*TCCC 'CGCCATG
AHASIHAPZ § === s m e e e e e e = e N N N N M A e NS s AESEsEEEEssssEsEsmssssss ]
= 00
aHAS1hapl : AfcABGecGeBGTGTTRSCRGOY mcscs CCGGCE 13 crTecseTecl cTACrACETEGTEAG :
AHAS1hap3d : Al TGTTEGO .nrr‘ (CCGG0GE A CTTCOGGETCCT CTA TAGTEAG :
AHAS1hap2 : Al cmmn cach -nrm* coaaes 1y CCGGTC cTACRAACETRCTRAG :
AHAS1lhapd : ARCAGGGCGGEGTGTTEGCEGCR u-r‘f'r‘f' COGGE0G n COGGTCCRS TR CETAGTEAG
AHAS1hapS : Al LH'J‘ GGRGTGTTRGCRGCA IHCG (CCGGOG £ CTTCOGGTCORG CTACEARCETAGTIAG
AHASZhapl : A TCTTRCC il .nrr CCGECGTCTGEA' CTTCCGETCORG! CTACAARCETAGTIAL
AHASZhap2 : A C TGTTEGCRGOR -~FfF.PFTGCC CCGGCGTCTGRA CCGETC CTACAAACETRGTEAG :
AHAS3hapl : MCMGGCGGTGT‘GTTT‘GCTGCMMGGTPRCG CCTCTGGTI'TMCCGGCGTHT‘GCATRTCTHC’ITCCGGT‘CC AGGCGCTACARACTTGGTCAG
AHASIHAPZ § == == e e e e e N N A N R R EEEEEEE SR s —————
AHAS1-c197 SNP AHAS1-c205 SNP
AHAS1hapl : TGGECTTGCEGACS ! TCC TEGT TEACEGGECAN ACEGA CARGAAACECC
AHAS1hap3d : TGGECTTSCEGACS Gl lLL\_Tl :A;gl-ﬂl SGECAR CARGAARCECC
AHAS1hap2 : TGGECTTGCEGACS T TCC TRACEGGECAA CARGRARCECC
AHAS1hapd : TGGECTTGCEGACS T N*:-'TCC T G‘IFa; SGRCARN CARGARAACECT
AHAS1haps : TGGECTTGCEGACS ! GEGTCCCRAT .u.ut.lp-'--ﬂ SGECAR CAAGAAACECC
AHASZhapl : TGGECTTSCEGACS TCO T TRACEGGECAA CARGARMCECT
AHASZhap2 : TGGECTTGCEGACG AGIGTCCCEAT) 4‘IEEI: TEACEGGRCAA TGA ACBGA CARGRARCECCHE -
AHAS3hapl : TGGCCTTGCCGACS TTGMTAGCGTCCWTCGTCGCCATH\CTG‘GACMGTC CGTAACATGATTGGTACTGA CARGAAACACCC
AHASIHAPZ § === e e e e e e R R e RN EEEEE e e ———————
_ _ 700
AHAS1hapl : ATTGTTGAGS CGITCRATCACTAAACATAARETAR CTEG TR T TGEAATGT TATHC TG CTTG :
AHAS1hap3 : ATTGTTGAGG CGITCEATHACTARACATAARTATCTRGTETTGEATGT TATHC TG CTTG
AHAS1hap2 : ATTGTTGAGS CCETCEATCACTARACATARETARCTRCTETT TGT TATHC! TG’ CTTG
AHAS1lhapd : ATTGTTGAGG CGITCEATRACTAANCATARETAS TETTGEATG GATATHC TEG' CTTG
AHAS1haps : ATTGTTGAGG CGRITC CTAAACATAARTARCTEGTETTGEATGT SATATHC! TG CTTG
AHASZhapl : ATTGTTGAGS! CCETCAATRACTARACATAARTATCTIIGTETTGEATCT ATATIC TG c-rm
AHASZhap2 : ATTGTTGAGS CCETCRA CTARACATAARTANCTEGTETT TGT ATATEC TEG :
AHAS3hapl : ATTGTTGAGGTTTCACGCTC CTmTMCTMC'TAGI'H'TG\MTGTACMGHTHTLCCRCGTRTRG L'I"I'TC'I'ICCCTCGT :
AHASIHAPZ : === == m e e e e e e N N A N NN EEEEEEEEEEEEEm - :
AHAS1hapl : cliesTCofccceccodfeTTTIRA T
AHAS1hap3 : CEGGTCG CCCGLLCURGTTTT T TACAGCARCAGTT I
AHAS1hap2 : CBGGTCG CCOGGCCORGTTTT TRGA InTACARBCAACARGTTRGT CRAR
AHASlhap4 : CBGGTCOGHCCCGECO TTTTEATAGH! ATACABCAACRGTTRCGTECTEC MR
AHAS1haps : CBRGGTOGRCCCGGCCCRGTTTTRAT IATACABCARCAGTTRGTRGTRCCAAM
AHASZhapl : CEGGTCGECCCGGCCCAGTTTTEAT ATACABCAACAGTTAGT CRAR
AHASZhap2 : O TCGRCCOGGCCCAGTTTTEA ATACABCAACARCTTRCTECTEC AR
AHAS3hapl : CTGGTCGGCCCGGCCCEGTTTT CATACAACARCAGTTGGTTGTTCCCAA
AHAS3bAp2 : ------=---=----m-omee- CATACAACARCAGTTGGTTGTTCCCARTTGGGATGAN
AHAS1-c281 SNP
AHAS1hapl : BGGTT i AGCCTE CAGATT! ﬁ ARGAGS! TTTTGTATGTGEGT
AHAS1hap3 : @GGTTI {CCRARGCCT CABATT! 4 AAGAGE TTTTIGTATGTGGGT :
AHAS1hapz : BGGTTI JCCRAAGCCTCRARA CABATT & BAGAGG TTTTGTATGTGGGT :
AHAS1hap4 : BGGTTI {CCARAGCCT CABATT! & AAGAGECH TTTTGTATGTGGCT :
AHASlhaps : @BGGTT CCARAGCCTC CAGATT E ARARGGCCBGTTTTGTATGTGGGT
AHASZhapl : @GGTT. iccfanGooTe CABATT 4 ARAGAGGCCOGTTTTIGTATGTGGGT
AHASZhapz : BGGTTI jC GCCTCRARA CABATT! G G ARAGAGGCCCGTTTTGTATGTGGGT :
AHAS3hapl : TGGTTACATCTCCAGGTTACC hl\ﬁCCTC_A\ALG}\G}\GGCRTTT}\CGACRAT‘TG‘TRCGCTTCATMRGGMT GAGGC TTTTGTATGTGGCT :
AHAS3hap2 : TGGTTACATCTCCAGGTTACCAAAGCCTCCARACGAGACGCATTTACGACAAATTGTACGCTTCATARRGGAAT AGG TTTTGTATGTGGGT
1000
AHASlhapl : 3 TGTET G T CGETTTCT CTTA 3GATTCC TlcccrBTACTTTeATECEECcTCGGABCETACCCT t
AHAS1hapd G*u TGTET TGRGEC CTTACBGGGATTCCRGTRGCGABTACTTTGA vy [elerd TACC
AHAS1hapZ : T TGTHET T¢ GETTTGTEGAGCTTACRGGGATTCCRGTRGCGARTACTTTGAT TCGGA TACC
AHAS1hap4 GGIGGETCTET T GETTTGTRCAGCTTACBGGGATTCCRGTRGCGAS AaLlu\..nlu_.u'_nu (CETACC
AHAS1lhaps TGTRT T CCETTTGT CTTACBGGGATTCC TECCARETACTTTGAT GGABCETACCCT
Pl : G*u TGTETG TGRGEC CTTACBGGGATTCCRGTRGCGABTACTTTGA T TACC
t : uu'uu TGTHET T¢ GETTTGTRCAGCTTACRGGGATTCCRCTEGCGABTACTTTGATGGCACTRGCARCETACT :
AHAS3hapl GTATGRACTCGR GTCETTTTGTAGAGCTTACCGGCGATTCCAGTGECGAATACTTTCGATGCOACTRGOAACATACCCCGEGET ¢«
AHAS3hapZ : GGGGGTTGTATG&ACTCGAG CTGGGTCGTTTTGTAGAGCTTACCGGGATTCCAGTGGCGAATACTTTGATGGGACT JGERACATACCCCGEGT
1100
AHAS1hapl : TTTGTCECTTCATATGCTRGGCATGCATGGTA ATGCGAATTATGCGETTGATI i TTGTTGETRGCETTT TECGETT
AHASlhap3 : TTTGTCGCTTCATATGCTRGGGATGCATGSTA ATGCGAATTATSCGETTGATARS N*A T‘!‘G‘n‘a‘IEOG {CGGTT :
AHMAS1hap2 : TTTGTCGCTTCATATGCTRGGGATGCATGGTA ATGCGAATTATG TTGAT G TTGTTGETRGCGTT TG TGCGGTT
AHAS1hap4 TTTGTCGCTTCATATGCTHGGGATGCATGGGACTGTCTATGCGAATTATGCGETTGATAR) (AGIGATTTGTT CGTTT TECGGTT
AHASlhap5 : TeATTTGTCGCTTCATATGCTRCGEATGCATGGCACTGTCTATGCGARTTATGCGETTCATI TTGTTGETRGCGTTT TECGGTT
AHASZhapl : TCGCTTCATATGCTIIGGGATGCA TR TATGCGANTTATGOGRTTGATAN) ;am TRGCGTTTGGTGTRCGTT
AHASZhapZ : TTTGTCGCTTCATATGCTRGGGATGCA' CEG" ATGCGAATTATGCGETTGAT TTGTTGETRGCGTTTGGTGTRCGGTT
AHAS3hapl : CGCATGATTTGTCGCTTCATATGCTAGGGATGCA CBG’ }\TGCGN\TTATGCGATTGRTMMGCGACTTGTTGTTGGCGTTTGGCGTCCGGH :
AHAS3hap2 : COCATGATTTGTCGCTTCATATGCTAGGGATGCA CEG ATGCCGAATTATGCGATTGATARARGCGACTTGTTGTTGECETTTGGCGTCCGETT
1200
AHAS1hapl : mmn'rcc-'rc-'rmgmcm%mmnmm@mmrmmmrmcmn :
AHAS1hap3 : TeATcAllCGTGTGA CGTTTG TTGTTCATA' TATTGATCCTGH TarficaceeT
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Fig. 3 (continued)
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AHAS1hap2 : TGATG TGTGACGGERA rreaBceeTTroclAGT Eﬂs\mxu.u TCATATIIGATATTGATC E' ““E“T GARGAATI CCT @ 1173
AHASlhap4 : TGN TGTGACG A ITGABGCETTTGCEAGT =HAGATTCT'TCJ\TAT IGATATTGATCC JCECEGARAT AGRATA AGCCT @ 1167
AHASlhapS : TGN TGTGACS AAGETTCABGCCTTTGCHAGT GATTCGTTCATATRGATATTGATC: CRCAAATEGECAAGAATA AGCCG : 1167
1 : TGATGATCGTGTGACG AAGETTGARGCGTTTGCEAGT ARGATTGTTCATATRGATATTGATCCQGC] "B!B'I‘ SGGAAGAATA AGCCT : 1158
AHASZhapZ : TGATGATCGTGTGACG ARGETTGARGCGTTTGCEAGT BAAGATTGTTCATAT TATTGATCCORG! ARATEGGGANGAATI AGCCT @ 1164
AHAS3hapl : TGATGI GTGTGACGGGAAAGATTGAAGCGTTTGCGAGTCGAGCAAAGATTGTTCATATCGATATTGATCCTGCCGAGATAGGGAAGRATARGCAGCCT + 1155
AHAS3hap2 : TGATGI TGTGACGGEARAAGAT TGARGCGTTTGCGAGTCGAGCAAAGATTGTTCATATCGATATTGATCCTGCOGAGATAGGGAAGAATAAGCAGCCT « 464
1300
AHAS1hapl : CATEBTETCGATTTGTGGTGATA T} GA : 1276
AHASlhap3 : CATHTHTCGATTTGTGGHGATA T} GA : 1285
AHAS1hapZ : CATETETCGATTTGTGGCGATA 7] + 1273
AHAS1hapd : CATETET GATTTGTGGTGATA T} + 1287
AHAS1lhapS : CATETETCGATTTGT TAT TRT r 1267
AHASZhapl : CATETETCGATTTGT TATCAAGGRECCETTACABCCIETRAACAACGATTTTCCASERCRRARATEG - - - - - - - - - T + 1249
AHASZhap2 : CATETETCGATTTG TA' === T + 12585
AHAS3hapl : CATTTTTCGATTTG TATCAAGGCGGC' TT}\CMGGACTMACAM}\TTTT‘G TGARGAT T + 1282
AHAS3hap2 : CATTTTTCGATTTG TATCAAGGCGGCTTTACAAGGACTARACARGA’ TGARGAT 561
1400
AHAS1hapl : jcABAARN cocaTTeAGE TR TAAAACGTTT carTeclicclicasTaTed mim mi_; : 1376
AHASlhap3 : (CRARAR CCCGTTGAGETETARAACGTTT GATTCCECCRCAGTATGCEAT {GTRCT + 1385
AHASlhap2 : (CRARAR CCCGTTGAGETETARARCGTTT GATTCCRECCRCAGTATGC ATECARCTRCT + 1373
AHAS1hap4 [cABR AR CCCGTTGAGETETARARCGTTTG, ARGCGATTCCRCCACAGTATGCEATR BRGCT TG, : 1387
AHAS1haps : C AR COTTGAGETETAAAACGTTT GATTCCECCRCAGCATGCEAT G TG, + 1387
AHASZhapl : {C AR CCCGTTGAGRTETAAAACGTTT GATTCCRCCRCAGTATGC] RﬁTGTGC TG, + 1349
AHASZhap2 rECARAR COCGTTGAGETETAAAACGTTT GATTCCRCCRCAGTATGCRA TGTGC TG : 1355
AHAS3hapl : AGGAGGAAGTAATGAATCAGARAAGCGAGTAACCCGTTGAGTTATARAACGTTTCGGEACGCEATTCCACCTCAGTATGCGAT TGCTGAATGAAGT : 1352
AHAS3hap2 : AGGAGGRAGTAATGAATCAGAAAGCGAGTAACCCGTTGAGTTATARAACGTTTGGEAACGCCATTCCACCTCAGTATGCOATC TGCTGAATEGAAGT : 661
- 500
AHASlhapl : InTRAT CEceTGTEGGGCANCATCABATGTGGECHIGCJCAGTTTTAC AC] M'DGGC CBTCG : 1476
AHMAS1hapl ATRAT MWGT .ml.a. ATCARATGTGGRC CRCR TTTTAC. AC] CEBTCG : 1485
AHAS1lhap2 : ATRATHEA e - A’TCn.nu.un« CEGCRCR TTTTAC A CBTCG @ 1473
AHASlhap4 : ATEAT 11 ARCATCABATGTGERC GTTTTAC ‘AC mc'.c CBTCG @ 1467
AHASlhapS : ATEAT I RCATC. TGTGGEC TTTTAC. 'AC TGGEC CBTCG @ 1467
1 AT 'f‘ l& T) %JLRGC}\TC%AUA“‘ CRGCCCAGTTTTAC 'AC 'DGGC CBTCG : 1449
AHASZhapz : ACGGGTGGGP"- CAAT O TGT GCAGCATC] TGTGGECEGCCCAGTTTTAL, AC CETCG : 1455
AHAS3hapl G.RCGGG'IGGGMCGCGA’TCHTMCGHC’l’giTGGGGC.RGCJ\TCWTGT‘GGTCHGCCCNGTTTTRCWTRCMTRGGC T‘GGCTMCT'TOG ¢ 1452
AHAS3hap2 : GACGGGTGGEAACGCGATCATAACGACT TGGGGCAGCATCARATGTGETCAGCCCAGTTTTACAAGTACARTAGGC! TGGCTAACTTCOG @ 761
1600
AHAS1hapl : CTAGCECCEATCGCETTlcccCTGCCRGClGCTATCGEGECCECRGTTGCARGACCGATG CRG TG TRG TTGABATCGACGET GARGET : 1576
AHAS1hapl : CTAGGEGCAATGGGETTRGGCCTGCCRGORGCTATCGGGGCGGCRGTTGCARGAC TGORGTRGTAGTTGARBATCGACGGT! T : 1585
AMAS1hap2 : CTAGGRGCRATGGGET TTGERC TG CRGCRGC TATCGGEGOGGCRGTTGCARGAL TGC TAGTAGTTGABATCGACGGT T : 1573
AHAS1lhapd : CTAGGEGCAATGGGRTTTGGRC TGO CTATCGGGGCGGORGTTGCARGAC TGC T TRGT u,n\'.uTCG\lCGGT GET : 1587
AHAS1lhapsS : CTAGG A TGCGETTTC TGCCRGCRGCTATCGEECCCECRGTTGCARGAC TG TRCTRAGTTGARBATCGACGET GET : 1587
AHASZhapl CTAGGEGCRATGCGET -E TGCCRGCRGCTATCGEECCGECRGTTGCARGACCCGATSL TAGTAGTTGATATCGACGETGATGGARGET + 1549
AHASZhap2 : CTAGGEGCRAT TT TGCCRGORGCTATCGGEGOGECRGT TEGCARCACCCEATGORCTRCTRCTTGATATCGACSGTGATSGAAGET « 1555
AHAS3hapl : GCTGGGCTAGGTGCTA CTGCCTGCAGCTATCGGGECGECTGTTGCACGACCAGATGCAGTOGTGGET TG TCGACGGTGATGGAAGTT : 1552
AHAS3hap2 : GCTGGGCTAGGTGCTA CTGCCTGCAGCTATCGGEGCGECTCTTECACGACCAGATGCAGTOGTGE TCGACGGTGATGGAAGTT : 861
1700
AHAS1hapl : TTATGA TTCAAGRETTRGCEACAAT TGT ILATCTY TT. {CTT ITTGGGTATGGTGGTTCAGTG : 1676
AHAS1hap3 : TTATGATG TTCAAGAGTTRGCRACRATECGTG ATCT] TT, {CTTi TCi ITTGGGTATGGTGGTTCAGTG : 1685
AHAS1lhapZ : TTATGA TTCAAGAGT TRGCRACRATRECGTG' TCT) TT. {CT! T CiJ (TTGGGTATGGTGGTTCAGTG : 1673
AHAS1lhapd4 : TTATGA TTCARGABTTRAGCEACAAT T TCTY TT, {CT T ITTGGGTATGGTGGTTCAGTS + 1667
AHAS1hapS : TTATGA TTCARGABTTRGCRACRATRECGTG ATCT] TT. (CTTARTAATC) ITTGGGTATGEGTGETTCAGTS :+ 1667
AHASZhapl : TTATGATGAACGTTCARGAGTT ACAAT ATCTEC T‘T (CTT ITTGEGGTATGETGETTCAGTE : 1649
AHASZhap2 : TTATGATGAACGTTCARGAETTRGCEAC T TGTEGARAATCTEC )CTT ITTGGGTATGGTGGTTCAGTG : 1655
AHAS3hapl : TTATGA TTCAAGAATTGGOGACCATTOGTGTAGAGRATCTTCCTGT 1MM1UH1WA GCTTAATI ARCACTTGGGTATGGTGGTTCAGTG @ 1652
AHAS3hap2 : TTATGATG TTCAAGAATTGGCGACCATTCGTGT ATCTTCCTGTTAARATGATGGTGCTTAATI AARCACTTGGGTATGGTGGTTCAGTG @ 961
HAS3-c581 SNP 1800
AHASlhapl : BccBTTTT AGGOGARECGEGCECARACCTACTTAGGAAACCOGECAR C TATTCC TEETGARGTTTCCTCARG! + 1776
AHASlhap3 : ".a!(\ TTTT AGGCGAARCGEGCECARACCTACTTAGGAARCCCGECAR CH TATTCC TGETGARGTTTGCTGARG! + 1785
AHASlhap2 : GGA ARCGETTTT AGGCGARECK CECARACCTACTTAGGAAACCCGECARA CH TATTCC TolTGARGTTTGCCGAAG + 1773
AHASlhap4 : GGA ARCGETTTT AGGCGAMICGEGCECARACCTACTTAGGRAACCCGECAR CH TATTCC TGGTGAAGTTTGCTGAAG! + 1767
AHAS1haps BCGETTTT AGG CARACCTACTT AARCCCGECAR TC TATTCC TGGTGAAGTTTGCTGAAG! + 1767
AHASZhapl : ECGETTTTARBAGGCGAAECGRGCECARACCTACTTAGGAANCCCGRCA n, TATTCCC GARGTTTGCTGAAGCT : 1749
AHASZhap2 : BCGETTTT A AATCE CRCABACCTACTT ARCCOGEICARN Cl TATTCCC GARGTTTGCTGARGCT : 1755
AHAS3hapl : GGRAGACCGTTTTTATAAGGCGAACCGCGCGCACACCTACTTAGGRAACCCGACARACGAATCGOGTATATTCCCARATA GARGTTTGCTGARGCE : 1752
AHAS3hap2 : GGRAGACCGTTTTTATAAGGCAAACCGCGCGCACACCTACTTAGGRAACCCGACAAACGAATCGGGTATATTCCCARATA 'GAAGTTTGCTGARGCG : 1061
1200
AHAS1hapl : TGTGA .ruil,l— GCTG! ala CRATTCAGAABATGTTGGATACACCRGGGCCTTALC TG TEG : 1876
AHAS1hapl : TGTGA] INTECCRGCTG (ala CEATTCAGAABATGTTGEATACACCRGGGCCTTAC TG TEG : 1885
AHAS1hap2 : TGTGA] INTECCRGCTG cq CEATTCACA TGTTEEATACACCRGEECCTTAC TC TG : 1873
AHASlhap4 : TGTGARATECO _ﬂ_l\.-L Ci CEATTCACGAABATGTTGEATACACCEGEECCTTAC TG TEG : 1867
AHASlhap5 : TGTGAEATECCRGCTG! CCl A CEATTCAGAABATGTTGGATACACCRGGGCCTTAC TG TEG : 1867
AHASZhapl : TGTGABATTCC GC'PGCGNGNGTMC T GGH GGCEATTCAGAABATGTTGGATACACCGGGGCCTTAC TGTCATEG : 1849
AHASZhapZ : TGTGAEATTCCAGCTGOGAGAGTAACCRGAAMGGGEGA GGCEATTCS TGTTGGATACACCGGGGCCTTALC TGTCATEG : 1855
AHAS3hapl : TGTGACHK CCGCTG GTARC! TGTTAGAARCCGCGATTCAGAARATETTGEATACAC CCTTACTTATTGGATSTTATCOG : 1852
AHAS3hap2 : TGTGACHK CCGCTE G'I‘MCmﬁﬂhmcCCC’GA‘I‘TCAGMMTGT‘TGGATACACmCCT‘TACT‘TAm’I‘GT‘TATCG + 1161
AHAS1hapl : T TCARGARACARGTETTECCCATGATCCCEGT TEAT TGGCAGA T + 1968
AHMAS1hapd : T TCAMGAACARGTERTTECCCATGATCCK TEATEA TGGCAG) Ti : 1977
AHAS1hapZ : T TCARGAACABGTRTTBCCCATGATCC! TEAT TGGCAGHA T 1 1985
AHAS1lhap4 : TRC TCARGARCARGTRTTBCCCATGATCCCBGE TRATEAL TGGECR T : 1959
AHASlhapS : Tf TCARGARCABGTETTECCCATGATCCCBGE TEATER TGGCA T : 18959
AHASZhapl : TTCCACATCAAGAACABCTETTECCCATGATCCCEGO TEATEACECABGE ATGGCAGAR T + 1941
AHASZhap2Z : TTCCACATCAAGAACABGTETTECCCATGATCCCEG! TEATEAC e TGGCAGARN T + 1947
AHAS3hapl : TTCCACATCAAGAACATGTTTTACCCATGATCCCAGCC GGRGGGGGTTTTMCGATHTCATMCIGHCGG'GA’!‘GGCRGAB.}\CMTBG- -- : 1941
AHAS3hapZ : TTCCACATCAAGAACATGTTTTACCCATGATCCCAGCCGGAGGGGGTTTTAACGATATCATARCTGAC - - -~~~ -~ -~~~ -~~~ -----—-- 1 1229

The AHASI mutation in codon 205 cosegregated with wild-type AHASI allele (C/C), whereas moderately resis-

resistance to IMI herbicides

tant progeny (Arpyrar) were heterozygous for wild-type
and mutant AHAS! alleles (C/T) in [(HA425 x HA89) x

The AHAS1-c205 SNP marker was genotyped on 80 HAS9] BC;.

[(HA425 x HA89) x HA89] BC, progeny segregating for The cosegregation of herbicide resistance phenotypes
the ANN-PUR IMI resistance gene (Arpyr), previously and AHASI genotypes was further assessed among 83
phenotyped for resistance to imazamox (33.2 g ai/ha, herbicide-resistant X susceptible (IMISUN-2 x ZENB9) F,
Bruniard and Miller 2001). The observed segregation ratio progeny phenotyped for resistance to a higher rate of
for the Ar locus was not significantly different (P<0.73) imazamox (100 g ai/ha) and genotyped for AHASI
from the expected segregation ratio for a single partially polymorphisms by allele sequencing (Table 3). IMISUN-
dominant gene segregating in a BC; (1 Arpyrar :1 arar). 2 x ZENB9 F, progeny homozygous for the AHAS1-c205
AHAS1-c205 SNP genotypes (Fig. 4) completely cose- mutation (T/T) were either uninjured or partially injured,
gregated with herbicide resistance phenotypes, 41 C/C-39 whereas wild-type homozygotes (C/C) were killed by
C/T. Susceptible progeny (arar) were homozygous for the herbicide treatment (Table 3). The heterozygous class (T/
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Fig. 4 SNP genotyping assays for a G/A SNP in codon 281 of
AHASI (upper left), a C/T SNP in codon 205 of AHASI (upper
right), and a G/A SNP in codon 581 of AHAS3 (bottom) in
sunflower. The AHAS1-c281 and AHAS3-c581 SNP markers were
genotyped on 96 RHA280 x RHA801 F, recombinant inbred lines
and the AHAS-c205 SNP marker was genotyped on 80 [(HA425 x
HAS89) x HAS89] BC, progeny. Data points marked x were not
assigned a genotype

C) was more variable. Three heterozygotes were killed by
the high rate of herbicide treatment and, solely on the basis
of phenotypic analysis, were classified as arar. These
individuals, however, were found to be heterozygous for
the C/T SNP and inferred to be heterozygous for the
resistance gene (Arpyrar). The additive effect of the C/T
SNP (a=1.41) was highly significant (<0.0001), whereas
the dominant effect (d=0.25) effect was nonsignificant
(P<0.11). The degree of dominance (d/a) was 0.18; hence,
the effect of Arpyr was nearly additive in IMISUN-2 x
ZENBY (Table 3). The C/T SNP (Arpyr locus) explained
66.5% of the phenotypic variance for herbicide resistance.

Expression analysis of AHAS genes

ESTs encoding AHASI and AHAS2 were identified in the
sunflower EST database; however, no ESTs encoding
AHAS3 were identified (Kozik et al. 2002). Ten AHASI
ESTs (QHA8GI11, QHB10A23, QHB23124, QHIIF03,
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Fig. 5 Single-strand conformational polymorphism markers for
AHAS2 and AHAS3 genotyped on 94 [(NMS373 x ANNI811) x
NMS373] BC progeny and 96 RHA280 x RHAS801 F; recombinant
inbred lines, respectively. Upper panel lanes containing markers
produced from NMS373 and a bulk of 20 BC; progeny are labeled,
and remaining lanes show genotyping data from a subset of the
segregating BC; population. Lower panel lanes containing markers
produced from RHA280 and RHARO0!1 are labeled, and remaining
lanes show genotyping data from a subset of the segregating
recombinant inbred line population. NMS383 and ANNI1811
AHAS?2 fragments were 185 bp and 191 bp in length, respectively.
RHA280 and RHA801 4HAS3 fragments were 141 bp in length,
and the alleles differed at a single G/A SNP site
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Fig. 6 Location of the AHAS3, AHAS2, and AHASI genes on the
public map of the sunflower genome relative to simple sequence
repeat (ORS and CRT) and INDEL (ZVG) marker loci on linkage
groups 2, 6, and 9, respectively

Table 3 Herbicide resistance phenotypes and ratings for IMISUN-2
x ZENBO F, progeny segregating for the AHAS-c205C/T SNP and
Arpyr resistance gene

Phenotype Phenotypic rating Number of F, progeny
T/T T/C C/C

Dead 1 3 23

Severely damaged 2 20

Mildly damaged 3 3 10

Undamaged 4 13 11

Mean 3.81 2.66 1.00

QHE14F03, QHI10G24, QHE20B02, QHI4BI6,

QHE20P09, and QHI15 NI13) and one AHAS2 EST
(QHF14PO1) were identified from 44,061 ESTs (0.03%)
isolated from diverse tissues and development stages;
hence, AHASI seems to be more strongly expressed than
AHAS2. However, using RT-PCR analysis with gene-
specific primers, we detected mRNA transcripts from all



three genes in seedling apical meristems and leaves.
Transcript levels of the three genes did not significantly
differ between herbicide-resistant sunflower lines and their
recurrent parents (data not shown). Because the three sets
of gene-specific primers supported unequal amplification
efficiencies, we were unable to accurately quantify relative
transcript levels of the three AHAS genes.

Discussion

This study identified two mutations in the sunflower
AHASI gene that likely confer resistance to AHAS-
inhibiting herbicides. We discovered an Ala205Val muta-
tion in sunflower lines developed by introgressing Arpyr
(Al-Khatib et al. 1998) into elite inbred lines (Al-Khatib
and Miller 2000; Miller and Al-Khatib 2002) and a
Pro197Leu mutation in sunflower lines developed by
introgressing Ar an into elite inbred lines (Al-Khatib et al.
1999; Miller and Al-Khatib 2004).

Whereas both Arpyr and Argan originated in common
sunflower from Kansas, a presumably independent muta-
tion was recently described in an herbicide-resistant
common sunflower population from South Dakota
(White et al. 2002, 2003). The South Dakota mutation
also occurred in the AHASI gene, based on the deduced
amino acid sequence (White et al. 2003).

Prior to these studies, mutation of Ala205 in AHAS
inhibitor-resistant plants had only been reported in
cocklebur and Arabidopsis (Woodworth et al. 1996;
Jander et al. 2003). In sunflower and cocklebur, Ala205Val
confers moderately high resistance (>tenfold relative to
susceptible genotypes) to IMIs and partial resistance
(<tenfold relative to susceptible genotypes) to SUs
(Woodworth et al. 1996; White et al. 2003).

Mutation of Prol197 is one of the most common
mutations found in plants resistant to AHAS-inhibiting
herbicides. Substitution of Pro197 with at least eight
different amino acids has produced SU resistance in
Lactuca, Kochia, Brassica, Sisymbrium, Amaranthus, and
Arabidopsis species (Tranel and Wright 2002; Jander et al.
2003). The Prol197Leu mutation was associated with high
resistance (>tenfold relative to susceptible biotypes) to
both SU and IMI herbicides in Amaranthus (Sibony et al.
2001), but high resistance to SU and moderately low
resistance to IMI in Kochia (Guttieri et al. 1995). The
same mutation in sunflower was associated with a
resistance pattern similar to that of Amaranthus (Fabie
and Miller 2002).

Pro197 and Ala205 are conserved amino acids in
AHAS enzymes in numerous species (Tranel and Wright
2002). The crystal structure of yeast AHAS in complex
with chlorimuron ethyl, an SU herbicide, revealed that
both Pro197 and Ala205 make hydrophobic contact with
the inhibitor, which binds in the substrate access channel
and blocks entry of substrate into the active site of the
enzyme (Pang et al. 2003). Indeed, nine of the ten
mutations that confer resistance to AHAS-targeted herbi-
cides in yeast involve amino acids that make direct, mainly
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hydrophobic contacts with bound chlorimuron. These nine
amino acids include Pro197, Ala205, and three additional
amino acids that when mutated, confer resistance to
AHAS-targeted herbicides in plants (Tranel and Wright
2002). Thus, the structurally divergent classes of AHAS-
inhibiting herbicides apparently all bind in the same
channel, with each herbicide making a unique set of
contacts with several amino acid side chains. This model
provides a rational basis for the observed variations in
cross-resistance to different herbicide classes conferred by
AHAS mutations in a variety of plant species.

Sequence polymorphisms among different members of
the sunflower 4HAS gene family varied markedly. Within
the 23 lines and accessions we sequenced, five AHAS!
haplotypes were detected. Two haplotypes were associated
with introgressed herbicide resistance genes. Overall,
AHASI alleles varied at 48 nucleotides within the coding
sequence (2.4%), a rate somewhat greater than the overall
average (1.6%) observed in exonic sequences in a study of
SNPs in a panel of 12 domesticated and wild sunflower
germplasms (unpublished data). AHAS! alleles were also
distinguished by differing lengths of an [ACC], repeat
(encoding poly-Thr) in the transit peptide-encoding part of
the gene. Excluding the two SNPs that created the
Pro197Leu and Ala205Val mutations, only four of the
48 SNPs caused amino acid changes. Two SNP sites and
the [ACC],, repeat were exploited to develop robust DNA
markers for AHASI genotypes.

In contrast to AHAS1, extremely low sequence diversity
was found in AHAS2 and AHAS3. Only two alleles were
identified for each of these genes, and the polymorphisms
detected were a single six-base pair in-frame insertion
(AHAS?2) and a single synchronous SNP (AHAS3). AHAS2
was completely conserved in elite inbred lines; the
insertion was found in a wild sunflower, ANNI18I1.
Whether unequal polymorphism rates in the AHAS gene
family are attributable to selection pressures operating
independently on the three genes or to selection events
during domestication of sunflower that preserved genomic
regions linked to the AHAS2 and AHAS3 genes cannot be
determined from the present study. However, a marker that
maps within 5 cM of AHASI on LG9, ZVG41, was found
to be hyperpolymorphic in the aforementioned study
(unpublished data), suggesting that this genomic region is
highly variable in domesticated sunflower. Conversely,
LG6, to which AHAS2 maps, has historically been one of
the sparsest linkage groups in maps produced from crosses
between elite inbred lines (Berry et al. 1995; Perez-Vich et
al. 2002; Tang et al. 2002; Yu et al. 2003).

The AHAS1 Ala205Val mutation was partially dominant
and did not confer complete resistance to IMI herbicides
(Bruniard and Miller 2001; this study). Genes for resis-
tance to AHAS-inhibiting herbicides are partially domi-
nant in several genera (Sebastian et al. 1989; Newhouse et
al. 1991; Hart et al. 1993; Wright and Penner 1998; Foes et
al. 1999), with mutant homozygotes often being more
resistant than heterozygotes. Because AHAS7-c205 mutant
homozygotes (T/T) were more strongly resistant to
herbicides than heterozygotes (C/T) in the IMISUN-2 x
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ZENBO F, family, the introgression of resistant alleles (T)
into wild-type (C/C) male and female inbred lines is
necessary to produce T/T hybrids and maximize herbicide
resistance in hybrids.

Do other genetic factors affect resistance to AHAS-
inhibiting herbicides in sunflower populations segregating
for the Ala205Val AHASI resistance gene? Line 29023
was developed by introgressing the Ala205Val AHASI
mutation from IMISUN-1 line into ZENB9, using MAS to
recover both the mutant gene and the ZENB9 genetic
background. The resulting line (29023) was less tolerant to
IMI herbicides than IMISUN-1 (unpublished data),
suggesting that more than one gene may be necessary to
achieve high levels of resistance. Bruniard and Miller
(2001) studied the inheritance of resistance to imazamox
in a sunflower line derived from ANN-PUR carrying the
Ala205Val mutation and concluded that resistance was
controlled by two genes, Arpyr and a modifier. Maximum
resistance could only be achieved with homozygosity of
both genes in inbred lines and hybrids.

In the present study, DNA polymorphisms were not
identified between herbicide-susceptible and -resistant
inbred lines in the AHAS2 or AHAS3 coding sequences,
and steady-state levels of AHAS2 and AHAS3 mRNAs
were not significantly different in resistant and susceptible
lines. Thus, AHAS2 and AHAS3 seem to be unlikely
candidates for quantitative trait loci affecting the degree of
resistance in certain genetic backgrounds. Additional
genetic determinants such as the efficiency of herbicide
uptake, rate of transport, and mode of metabolism are
candidates for factors that may affect herbicide resistance
phenotypes.

The AHASI gene has provided all of the herbicide-
resistant mutations characterized thus far in sunflower.
This suggests that either AHAS1 activity is required for
branched chain amino acid synthesis in sunflower, or that
AHASI is the gene family member that is predominantly
expressed in tissues affected by herbicide treatment. The
preponderance of 4AHASI ¢cDNA sequences in the sun-
flower EST database suggests that the AHASI gene is the
most highly expressed member of the family. However,
evidence has been presented that isoforms of AHAS are
differentially regulated in Brassica napus (Ouellet et al.
1992), tobacco (Keeler et al. 1993), and cotton (Grula et
al. 1995).

Sunflower has the dual role of a weed and crop in North
America. The discovery of resistance to AHAS-inhibiting
herbicides in wild sunflowers has created the basis for
deploying herbicide resistant hybrids. The AHAS allele
sequences and DNA markers described herein create tools
for monitoring resistance genes in natural populations and
commercial production, rapidly developing and deploying
herbicide resistant hybrids through MAS, and identifying
new AHAS point mutations in sunflower. The demonstra-
tion of gene flow from IMI-resistant domesticated sun-
flower to wild relatives (Massinga et al. 2003) and the lack
of a competitive penalty associated with the Ala205Val
mutation in common sunflower (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. The discovery
and careful management of different resistance genes,
especially mutations that lack cross-resistance to 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.
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