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Single nucleotide polymorphisms (SNPs) are the most common DNA

polymorphisms in plant and animal genomes. SNPs were identified in the allele

sequences of up to 12 sunflower (Helianthus annuus L.) genotypes for a genome-

wide sample of 81 loci originally mapped using restriction fragment length

polymorphism (RFLP) markers. The RFLP loci anchor a dense RFLP linkage

map and second-generation linkage maps constructed using simple sequence

repeats and other high-throughput DNA markers. The goal of this study was to

develop high-throughput SNP markers for the cDNA-RFLP loci for linkage

mapping, diversity analysis, and molecular breeding and genomics research. The

specific objectives were to: (i) develop FP-TDI or fluorescent primer-extension

SNP assays for the cDNA-RFLP loci; (ii) validate the SNP markers by screening

12 sequenced (reference) genotypes; and (iii) assess the utility and polymorphism

rate of the SNP markers across a genetically diverse panel of unsequenced wild

and domesticated sunflower genotypes.
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SNP markers were successfully developed for 44 of the targeted 49 cDNA-

RFLP loci. Thirty-one of the SNP markers were further selected for a diversity

analysis across a genetically diverse panel of wild and domesticated sunflower

genotypes. The mean heterozygosity (I]) score for the loci was 0.41, which nears

the maximum H score of 0.5 for biallelic markers. SNPs in this study exhibited

polymorphism rates close to those of RFLP and SSR markers in inbred sunflower

lines.
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Single Nucleotide Polymorphism Diversity in Domesticated and Wild Sunflowers

Introduction

Single nucleotide polymorphisms (SNPs), or single base pair differences

between homologous DNA fragments, are the most common type of sequence

polymorphisms (Rafaiski 2002a). No other molecular marker class [e.g.

microsatellites (SSRs), amplified fragment length polymorphisms (AFLPs), or

restriction fragment length polymorphisms (RFLPs)] has been observed to have the

same level of sequence diversity as SNPs (Rafalski 2002b). SNP abundance creates

the basis for building dense molecular marker maps and provides a powerful tool for

linkage and association studies (Wang et al. 1998; Rafalski 2002b). High SNP

frequencies also make these markers well suited for large-scale, automated genotyping

(Wang et al. 1998; Lindblad-Toh etal. 2000).

SNP frequencies in plants seem to be equal to or greater than SNP frequencies

in animals. SNPs have been estimated to occur 1 in every 1000 base pairs (bp) in the

human genome (Wang etal. 1998; Kruglyak etal. 2001; Salisbury etal. 2003), 1 in

every 850 bp in Caenorhabditis elegans (Wicks et al. 2001; Swan et al. 2002), and 1

in every 200 bp in mice (Mus musculus domesticus) (Lindblad-Toh et al. 2000) and

Drosophi!ia me!anogaster (Berger et al. 2001). SNPs were reported 1 in every 272 bp

in soybean (G!ycine max) (Zhu et al. 2003), 1 in every 104 bp in maize (Zea mays ssp.

mays L.) (Tenaillon et al. 2001), and 1 in every 61 bp in tomato (Lycopersicon



esculentum) (Suliman-Pollatschek et al. 2002). Sunflower (Helianthus annuus L.) has

high SNP frequencies of 1 polymorphism every 46 bp (Kolkman, unpublished data).

SNP frequencies seem to correlate with the generally accepted polymorphism levels

between species (i.e. corn is very polymorphic, while other species, such as soybean

and melon are much less polymorphic) (Rafalski 2002b).

SNP frequencies can be distorted depending on the genotypes screened and

whether coding or non-coding regions are analyzed (Rafaiski 2002a; Rafalski 2002b;

Zhu et al. 2003). In maize, SNP frequencies can vary from 1 in every 48 bp in non-

coding regions to 1 in every 130 bp in coding regions (Rafalski 2002a). An even

greater difference is observed in soybean where SNPs were reported 1 in every 152 bp

in non-coding regions and 1 in every 531 bp in coding regions (Zhu et al. 2003).

Selecting amplicons in the non-coding regions (e.g. introns and 3'-untranslated

regions) increases the frequency of polymorphisms found (Rafaiski 2002a). It is

difficult to compare studies estimating genome wide SNP frequencies that are based

on different sampling strategies (i.e. genotypes and genomic regions sampled)

(Tenaillon et al. 2001). An ideal survey of SNP frequencies should be based on loci

sampled over a common set of genotypes and both coding and non-coding regions

(Tenaillon et al. 2001).

SNPs create the basis for greatly increasing the density of genetic linkage maps

and for mapping candidate genes. For example, SNPs can fill in gaps where no SSR

markers could be developed, thereby increasing the marker density around a candidate

gene to a level unattainable by other markers (Forsstrom et al. 2003). SNP markers



are also useful for converting RFLP markers to sequence tagged site (STS) markers

(Wang etal. 1998; Lindblad-Toh etal. 2000; Forsstrom etal. 2003). Additionally,

SNP markers are ideal for candidate gene mapping as they eliminate the need to rely

on traditional phenotypic markers for linkage mapping of mutations (Berger et al.

2001; Swan etal. 2002). Although SNPs, which are biallelic, are less informative

than multiallelic markers, they occur at greater frequencies and have a higher potential

for automation (Wang et al. 1998).

The advent of the polymerase chain reaction (PCR) assay allowed all types of

mapping landmarks to be translated into a common language (STS markers) (Olson et

al. 1989). These markers promised ease in transferability of data across labs and the

ability to generate genetic maps without maintaining huge collections of cloned

genomic sequences (Olson et al. 1989). STS markers amplify short, single-copy DNA

sequences that correlate to distinct positions on a physical map. Conversion of

existing DNA clones to STS markers would allow the integration of mapping projects

across the scientific community. A wealth of information could be gained from

simple sequencing for polymorphism detection in existing clones (Kwok et al. 1996).

RFLP markers are an ideal target for STS marker development. Previously,

RFLP markers were not integrated into breeding programs because of their high cost

and low levels of detectable polymorphisms within domesticated germplasm

(Forsstrom et al. 2003). Converting RFLP markers into STS markers would avoid the

need to use radioactivity and could also cut down on the assay time and costs

depending on the selected SNP genotyping method. Furthermore, conversion to STS



markers is very attractive because researchers can benefit from the wealth of data

generated by extensive past RFLP mapping experiments and the ease of newer,

simpler PCR-based assays (Forsstrom et al. 2003). STS markers in plants have been

successfully designed for wheat (Asakura et al. 2001; Forsstrom et al. 2003) and

barley (Collins et al. 2001; Kanazin etal. 2002). Both Forsstrom et al. (2003) and

Collins et al. (2001) designed STS markers from RFLP probes thereby exploiting pre-

existing RFLP mapping information.

Previously, Kolkman (unpublished data) performed an analysis of DNA

polymorphisms in 81 genes of cultivated sunflower that were originally mapped using

RFLP markers. The 81 RFLP markers were selected from a larger set of 612 RFLP

markers for their single copy and highly polymorphic properties and even dispersion

over the sunflower genome (Berry et al. 1997). The latter form the backbone of a

dense RFLP map (Berry et al. 1996) and anchor second-generation genetic linkage

maps constructed using SSR and other high-throughput DNA markers (Gedil et al.

2001; Tang et al. 2002; Yu etal. 2002b).

The allele sequences for up to 12 genotypes from 131 DNA fragments in 81

genes were aligned and screened for SNPs (Kolkman, unpublished data). The mean

number of allele sequences per DNA fragment was 10. The sequences were produced

from cloned DNA fragments amplified from genomic DNA by long-distance PCR

using primer pairs complementary to end sequences in the original cDNAs. The goal

was to amplify and clone coding and non-coding regions spanned by the cDNA clones

to increase the probability of identifying hypervariable simple or compound INDELs



(insertionldeletions) in intronic sequences, in addition to identifying SNPs flanked by

highly conserved exonic sequences. The cDNA clone sequences ranged in length

from 97 to 2464 bp, the amplified genomic products ranged from 95 bp to 40, 000

bp, while the sequenced fragments ranged in length from 95 to 1480 bp.

SNPs were identified in the allele sequence alignments of 78 of the original 81

cDNA-RFLP loci and JNDELs were identified in the allele sequence alignments of 63

of the original 81 cDNA-RFLP loci (Kolkman, unpublished data). We screened

742,950 bp of DNA sequence for SNPs: 388,720 bp in coding and 354,230 bp in non-

coding regions. The mean length of sequence screened per genotype per locus was

565 bp per sequence pass or fragment, and 914 bp per cDNA sequence or locus. On

the basis of nucleotide identities among allele sequences, three of 81 genomic DNA

fragments amplified by long-distance PCR were paralogous. We tested additional

primer pairs (one pair per locus) but could not produce orthologous amplicons for the

three loci (ZVG17, ZVG34, and ZVG63). SNPs were not amenable to marker

development in four of the 81 cDNA-RFLP loci, either because the alleles were

monomorphic or because the quality of the DNA sequence was insufficient for calling

SNPs.

SNPs are most commonly discovered by mining contigs in expressed sequence

tag (EST) databases (Wang et al. 1998; Lindblad-Toh et al. 2000; Rafaiski 2002b) or

direct sequencing of DNA segments (Kolkman, unpublished data; Berger et al. 2001;

Tenaillon et al. 2001; Rafalski 2002b; Zhu et al. 2003). Detection of SNPs includes

identifying polymorphisms (allele discrimination) in DNA sequence and screening



individuals for these polymorphisms (Kwok 2001; Gut 2001; Chen et al. 2003; Kwok

et al. 2003). Detection methods rely on one of the following principles:

oligonucleotide hybridization, primer extension, oligonucleotide ligation, and nuclease

cleavage of mismatches (Kwok 2001; Gut 2001; Rafaiski 2002b; Chen etal. 2003;

Kwok et al. 2003). Once polymorphisms are identified the products can be screened

to determine genotypes. SNP genotyping methods can be divided into two detection

categories: homogeneous detection and solid-phase-mediated detection (Chen et al.

2003). SNP genotyping technologies are constantly being improved as technologies

evolve and needs change. With the right technology there is the ability for massively

parallel and high-throughput analyses. In the past few years the number of new SNP

genotyping technologies has increased dramatically as SNP markers have gained

popularity.

For this study the fluorescence polarization-template directed dye terminator

incorporation (FP-TDI) allele discrimination and detection technology was selected.

This method discriminates between alleles through primer extension by a single,

fluorescently labeled base pair and calls genotypes by homogeneous or fluorescence

polarization detection (Chen et al. 1999; Hsu et al. 2001; Chen 2003). The protocol is

straightforward, can be automated, and there is no need for modified primers or

product separation after the primer extension assay. These attributes make the assay

extremely well suited for an individual laboratory, as opposed to a high-throughput,

stream-lined industrial laboratory.



Sunflower is native to North America and occurs from the Pacific to Atlantic

oceans and from Canada to Northern Mexico. It is grown commercially in the central

United States as an oil seed and confectionary crop, while hybrid seed production

occurs predominately in California. The three main breeding objectives of sunflower

are: seed and oil yield (including oil content and quality), crop stability (disease

resistance, cold and drought tolerance), and new cytoplasmic male sterility (CMS)

sources.

Nucleotide diversity in domesticated sunflower has been shaped by multiple

domestication and breeding bottlenecks. Selection in sunflower has been

predominately for thin-hulled oil rich achenes and new CMS sources. Strong selection

practices are a major force in decreasing nucleotide diversity in plant species (Buckler

et al. 2002). The sunflower gene pool has been shaped by dispersion of sunflower

achenes by bison (Bison bison L.), Native Americans, and intercontinental trade,

outcrossing between domesticated and wild species, intraspecific and interspecific

hybridization, and domestication by Native Americans and professional plant breeders

(Seiler etal. 1997; Tang et al. 2003). Tang etal. (2003) observed a narrowing of

allelic diversity from wild populations to elite inbred sunflower lines after successive

cycles of domestication and breeding.

Genetic distance analyses in sunflower have been performed with many of the

available genetic markers, including RAPDs (Lawson et al. 1994; Arias etal. 1995;

Popov etal. 2002), RFLPs (Gentzbittel etal. 1992; Berry etal. 1997), allozymes

(Cronn et al. 1997), and SSRs (Tang et al. 2003). Early studies in patterns of genetic



diversity in domesticated and wild sunflowers with RAPDs concluded that the western

and eastern Native American land races were members of a single monophyletic group

(Arias et al. 1995). Tang et al. (2003) challenged this conclusion when their study

with SSRs reported western and eastern Native American land races formed two

distinct clades, those domesticated by Native Americans of the western United States

and those by Native Americans of the Great Plains and eastern United States. Cronn

etal. (1997) concluded that wild species from the western United States and the Great

Plains were partitioned by geography and formed two discrete clusters. Although an

analysis by Tang et al. (2003) supported these conclusions, a more in depth study with

SSRs would be necessary to more fully assess patterns of genetic diversity in wild

sunflowers.

The goal of this study was to develop high-throughput SNP markers (STS

markers) for a genome-wide framework of RFLP loci on the genetic linkage map of

sunflower. Our specific objectives were to: (i) develop FP-TDI or fluorescent primer-

extension SNP assays for the 81 cDNA-RFLP loci; (ii) validate the SNP markers by

screening 12 sequenced (reference) genotypes; and (iii) assess the utility and

polymorphisms of the SNP markers across a genetically diverse panel of unsequenced

wild and domesticated sunflower genotypes.



Materials and Methods

DNA Extraction

Seed samples for the experiment were acquired from the USDA-ARS (North

Central Regional Plant Introduction Station, Ames, IA), Loren Rieseberg (Indiana

University, Bloomington, IN), Jerry Miller (USDA-ARS, Fargo, ND), and Seeds of

Change (Albuquerque, NM) (Table 1.1). Leaf tissue was generously supplied by

Loren Rieseberg (Indiana University, Bloomington, IN) for Helianthus debilis ssp.

deb ills and Advanta Semillas SAIC (Balcarce Research Station, Balcarce, Argentina)

for the ZEN R16, R17, B8, and B13 elite inbred lines (Table 1.1). Genomic DNA was

isolated from one individual per germplasm accession of the elite inbred lines and one

to three individuals per germplasm accession for the Native American land races and

wild species. Genomic DNA was isolated from fresh leaf tissue harvested from 8-

week old plants with a modified CTAB method (Yu et al. 2002b). Initially genomic

DNA from the Native American land races and wild species was isolated using the

Wizard Magnetic 96 DNA Plant System (Promega, Madison, WI) but these DNA

samples were incompatible with the SNP assay (Perkin Elmer, Wellesley, MA). Many

blanks were observed in the SNP assay presumably due to a high concentration of

secondary metabolites or poor DNA quality.



Table 1.1. Germplasm. List of 57 sunflower accessions used in the diversity analysis. The shading divides the germplasm
into six different classes: reference lines, elite inbred lines, western Native American land races, Native American land races,
eastern Native American landraces, and wild populations.

Common Name Abbreviation PT Number Germplasm Class Origin
RHA28O P1552943 Confectionery R Line- Reference USDA-
,RHA8O1 P1599768 Oilseed R Line- Reference USDA-ARS
HAS9 P1599773 Oliseed B Line- Reference USDA-ARS
HA383 PI578872. Oilseed B Line- Reference USDA-

373 P1560141 Oilseed R Line- Reference USDA-ARS
SD Reference USDA-ARS
ZENR17 - Reference Advanta
ZENR16 - Reference Advanta
ZENBS Reference Advanta
ZENB13 - Reference Advanta

181 1-TX P1494567 Wild Population- Reference Texas
ANN123 8-NE Rieseberg Wild Population- Reference Nebraska
RHA274 P15 99759 Oilseed R Line USDA-ARS
RHA377 P1560 145 Oilseed R Line USDA-ARS
RHA4 17 P1600000 Oilseed R Line USDA-ARS
HA292 P1552937 Confectionery B Line USDA-ARS
HA369 P1534655 Oilseed B Line USDA-ARS
HA370 P1534656 Oilseed B Line USDA-ARS
HA371 P1534657 Oilseed B Line USDA-ARS



Table 1.1 continued.

Common Name Abbreviation P1 Number Germplasm Class Origin
HA372 P1534658 Oilseed B Line USDA-ARS
HA407 P1597371
HA821 P1599984
RHA392 P1603988
RHA4O9 P1603 990

Havasupai P1369358 Havasupal P1369358
P1369359 Hopi P1369359

'$Iiuágopavi-Hopi P1432504Hopi ' P1432504

Htevi1la-Hopi P1432505 Hopi :;P1432505

Lwer Moenkopi-Hopi PJ432SO9Hopt - P1432509
avsupat P1432512 Havasuj,ai P1432512

o P1432515
Jemez-Pueblo P14325t6

Pueblo PI432521
Launa-PuebIo :pI432522

te-Pueblo P1432524
Maiz de Tejas Ames 6859
Maiz Negro Ames 19070
Apache Brown Stripe -

Yokut Ames 23170

Oilseed B Line USDA-ARS
Oilseed B Line USDA-ARS
Oilseed R Line USDA-ARS
Oilseed R Line USDA-ARS
Western Native American Race Arizona
Western Native American Arizéna
Western Native American Land Arizona
Western Native American Race Arizona
Western Native American Race Arizona
Western Native American Land Race Arizbña
Western NatIve American Land Race New Mexico
Western Native Amenfan' New Mexico
Western Native American Ládiace NMexico
Western Native American Race New Mexico
Western Native Anterican Land Race New Mexico
Native American Land Race Mexico
Native American Land Race
Native American Land Race Arizona
Native American Land Race California



Table 1.1 continued.

Common Name Abbreviation P1 Number Germplasm Class Origin
Mkani. P1369357 Eastern Native American Race North Dakota

Seneca P1369360 Eastern Native American Race New York

Mandan P1600717 Mandan P1600717 Eastern Native American Land Race

Mandan P1600718 Mandan P1600718 Eastern Native American Race

Mãndàx. P1600719 Mandá P1600719 Eastern Native American Raôe

Hi P1600720 flidatsa P1600720 Eastern Native American Lajd Raèe

Hi ; P1600721 Hidatsa P1600721 Eastern Native American Land Race

H deserticola DES Ames26094 Wild Population Utah
H. argophyllus ARG P1494582 Wild Population Texas
H paradoxus PAR Rieseberg 1299 Wild Population New Mexico
H anomalus ANOM Ames 26095 Wild Population Utah
H tuberosus TUB A22229 Jerusalem Artichoke North Dakota
H petiolaris PET P1613765 Wild Population Texas
H neglectus NEG P1435765 Wild Population New Mexico
H bolanderii BOL Rieseberg Wild Population California
H debilis ssp. debilis DEB P1597909 Wild Population Eastern USA
H praecox ssp. runyonii PRA P1468860 Wild Population Texas
H niveus ssp. niveus NIV Arias 164 Wild Population Texas
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FP-TDI SNP Detection

There are three sequential steps that comprise FP-TDI SNP genotyping. The

initial step is a target amplification that amplifies an 80 350 bp sequence around the

target site (Figure 1). Genomic DNA (10 ng) was amplified in a 10 p1 reaction

mixture containing 1 tl 1 Ox PCR buffer (Qiagen, Valencia, CA), 0.4 p1 2.5 mM

MgC12 (Qiagen, Valencia, CA), 0.05 p.! 10 mM dNTPs (total mixture of dATP, dGTP,

dCTP, dTTP), 0.125 p.1 (each) 10 pmol PCR primers, and 0.35 U Taq polymerase

(Qiagen, Valencia, CA). The amplification reaction took place in a MWG Primus

3 84HPL thermocycler with a PCR program consisting of (i) an initial denaturation

step at 94°C for 4 minutes, followed by 1 cycle of 94°C for 20 seconds, 63°C for 30

seconds, and 72°C for 45 seconds. (ii) Next the annealing temperature was decreased

by 1°C each cycle until a temperature of 58°C was reached (from 63°C to 58°C or 5

cycles). (iii) The amplification reaction was continued for 35 cycles at 94°C for 20

seconds, 58°C for 30 seconds and 72°C for 45 seconds. The reaction mixtures were

then incubated at 72°C for 10 minutes for final primer extension and then held at 4°C

until further use. It is important to optimize the target amplification reaction so that

minimal dNTP and primer amounts are used without drastically compromising

product yield. This ensures a more efficient and successful PCR clean-up reaction.

The second step in FP-TDI SNP genotyping consists of excess PCR primer and

dNTP degradation or PCR clean-up. The enzymatic reagent supplied in the Perkin

Elmer Acycloprime-FP SNP detection kit (Perkin Elmer, Wellesley, MA) consists of
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Figure 1. Primer design for the FP-TDI SNP assay. Target primers are designed to
amplify an 80 350 bp genomic sequence containing the SNP of interest. A SNP
primer is then designed to lay directly upstream of the SNP of interest so that the next
nucleotide added is at the location of the SNP.

5' Target Primer SNP Primer SNP 3'

3' SNP Primer Target Primer 5'

80-350bp
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shrimp alkaline phosphatase and Escherichia coil exonuclease I. The PCR clean-up

reagent (Perkin Elmer, Wellesley, MA) was diluted 10-fold with the PCR clean-up

dilution buffer (Perkin Elmer, Wellesley, MA), and 2 p.1 of the PCR clean-up reaction

mixture was added to 5 p.1 of the target amplification reaction. The residual 5 p.1 from

the target amplification reaction was run on a 1.5% agarose gel to check for PCR

product. The PCR clean-up and target amplification reaction mixture was incubated at

37°C for 60 minutes followed by an enzyme inactivation step for 15 minutes at 80°C

on a MWG Primus 384HPL thermocycler. The reaction mixture was held at 4°C until

further use.

The third step in the FP SNP genotyping assay consists of a single base

extension step using a fluorescently labeled ddNTP. The single base extension

reaction was carried out in a 20 p.1 mixture containing the 7 p.1 of enzymatically treated

PCR product, 2 p.1 1 Ox reaction buffer (Perkin Elmer, Wellesley, MA), 1 p.1

AcycloTerminatorTM mix (Perkin Elmer, Wellesley, MA), 0.5 p.110 p.M SNP primer

(Figure 1), and 0.05 p.1 AcycloPolTM (Perkin Elmer, Wellesley, MA). The reaction

mixture was run in a black skirted 384 well plate on a MWG Primus 38411PL

thermocycler. The extension protocol consisted of an incubation step at 95°C for 2

minutes, followed by 25 cycles of 95°C for 15 seconds and 55°C for 30 seconds. The

reaction mixture was held at 4°C until further use.
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Primer Design

Target and SNP primers were designed from aligned sequence data for the 81

ZVG RFLP loci (Kolkman, unpublished data). Target primers were designed to

amplify an 80 350 bp sequence containing the SNP of interest using Primer 3.0

software (http://www-genome.wi.mit.edu/genome_software/) (Figure 1). The target

primers were specifically designed to be 20 26 bp long (optimum 23 bp) with G-C

content between 20 and 50% and a melting temperature of approximately 58°C (56-

60°C), while the rest of the primer design parameter values were unchanged from the

Primer 3.0 software default values.

SNP primers were designed such that the next base added to the primer would

be complementary to the base at the location of the SNP (Figure 1). Primers were

designed on both the forward and reverse strands to increase the chances of a

successful FP-TDI SNP genotyping assay. SNP primers were designed to be 20 30

bp long with approximately 50% G-C content and an annealing temperature around

55°C (55-60°C). Given the inherent sequence specificity of these SNP primers there

was little that could be done to control the primer design parameter values besides

changing the primer length. MWG Biotech Inc. (High Point, NC) synthesized all the

primers.

FP Measurement

Fluorescence polarization (FP) measurement was performed on a Wallac 1420

VICTOR3TM fluorescence reader (Perkin Elmer, Wellesley, MA). FP is a quantitative
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measurement based on the concept that fluorescent molecules that have been linked to

a larger molecule (i.e. PCR product) will have a different rotational speed than

fluorescent molecules that are linked to a smaller molecule (i.e. ddNTP). For each

FP-TDI SNP genotyping reaction two fluorescently labeled ddNTPs were used (i.e.

G/C, CIT, GIA, A/T, C/A, or GIT). The two labels emit polarized light at different

wavelengths (Ri 10 at 535 nm and TAMRA at 595 nm), thus the total polarization of a

sample is the sum of FP from the product in solution emitting at that wavelength. The

Wallac 1420 VICTOR3TM records emission values and calculates the FP values using

the following equation in the instrument software: mP = 1000 * [I IvhJ/[ Ivy + ivh]

where is the emission intensity when the excitation and emission polarizers are

parallel and 'yh is the emission intensity when the excitation and emission polarizers

are perpendicular. The mP values are then exported to an Excel (Microsoft Corp.,

Redmond, WA) macro designed by Perkin Elmer that generates a table of allele calls.

Statistical Analysis

Heterozygosity (II) scores were estimated using the following equation: H = 1

(p)2 (q)2 where p and q are the individual allele frequencies (Ott 1991). Pairwise

genetic distances among the 57 germplasm accessions were estimated using MEGA

(Kumar et al. 2001) by calculating the proportion (p-distance) of nucleotide sites at

which the two sequences compared were different. MEGA was additionally used to

perform a cluster analysis of the p-distance estimates with the Unweighted Paired
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Group Method using Averages (UPGMA) option. Tests of statistical significance (t-

test) were performed using the software S PLUS 2000 (Insightful Corp., Seattle, WA).



Results

SNP Marker Development

SNP marker development was undertaken for 49 of the 78 SNP-containing loci by

designing and testing FP-TDI assays on a reference panel of 12 sunflower genotypes

(Figure 2 and Table 1.1) (Chen et al. 1999; Hsu etal. 2001; Chen 2003). The 49

cDNA-RFLP loci were selected for their telomeric locations and lack of INDELs. We

designed a single pair of target primers for each of the 49 loci (one DNA fragment was

targeted per cDNA-RFLP locus). Target primer sites were selected to produce

amplicons of optimum lengths (80 to 350 bp) for the FP-TDI genotyping assay (Chen

etal. 1999; Hsu etal. 2001; Chen 2003). Several additional criteria were used to

select SNPs and target sequences for SNP marker development. First, sequences

selected for target primers had to be conserved among genotypes. Second, target

SNPs had to be flanked by a minimum of 16 bp of monomorphic sequence upstream

and downstream for optimal SNP primer annealing. Whenever possible, SNPs with

monomorphic stretches on both sides were selected for maximum flexibility in

selecting and testing SNP primers. Third, the quality of the target (amplicon) DNA

sequence had to be high, as concluded by a manual analysis of allele sequence

alignments. Fourth, amplicons harboring a minimum of two dispersed SNPs were

selected to increase the probability of developing robust SNP assays for each of the

original cDNA-RFLP loci without designing additional target primer pairs. Finally,

primers were designed to perform optimally under stringent PCR conditions, e.g., a
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Figure 2. Sunflower RFLP map. RFLP map of the 81 single copy, highly
polymorphic, and evenly dispersed ZVG genes. Bold loci have working SNP markers.
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Figure 2 continued.
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minimum annealing temperature of 5 5°C, so as to maximize locus specificity and

assay robustness.

Target primers were initially tested by screening amplicons from the 12 reference

H annuus genotypes on agarose. Amplicons of the predicted length were produced by

each of the 49 target primer pairs from each of the 12 reference genotypes. The target

primer pair for ZVG3 8 amplified multiple bands, whereas target primer pairs for the

other cDNA-RFLP loci amplified a single band from each of the 22 inbred lines.

Sequence data for locus ZVG38 contained many evenly dispersed SNPs making

primer design especially challenging. Both the target primers and SNP primer for this

locus were degenerative in order to work around the high SNP frequency. Presumably

the degenerative target primer amplified multiple loci and the SNP primer was not

able to incorporate fluorescently labeled ddNTPs at the location of the target SNP.

Target primers amplified multiple bands from 5 of 22 non-reference, non-elite H

annuus genotypes (exotic genotypes). Multiple bands were amplified by only one

target primer pair in one H annuus genotype (ZVG6O- Havasupai P13 69358, Hopi,

ZVG7O- Anzac Pueblo, and ZVG1 52- Shungopavi-Hopi, Apache Brown Stripe).

Similarly, multiple bands were amplified from 4 of 10 wild diploid species (ZVG 15-

H anomalus, H petiolaris, H praecox ssp. runyonii, ZVG25- H anomalus, and

ZVG1 52- H deserticola). These bands are presumed to be artifacts as they were only

observed once. H tuberosus, a hexaploid, amplified 3 bands from 4 target primer

pairs (ZVG12, ZVG15, ZVG9, and ZVG152), which is the expected number for a

triplicated locus.



27

SNP primers were designed and tested on amplicons produced by each of the 49

target primer pairs from the 12 reference genotypes. SNP primers were designed and

tested in two stages. First, sense and antisense SNP primers (when available) were

designed and tested for a single SNP in each of the 49 cDNA-RFLP loci. Robust FP-

TDI genotyping assays were developed for 67.4% of the first set of SNP primers

tested (60/89) and 79.6% of the cDNA-RFLP marker loci targeted (39/49). When

neither of the SNP primers yielded a functional assay for the first SNP, sense and

antisense SNP primers were designed and tested for a second SNP in the same target

sequence. SNP primers had to be tested for a second SNP in 20.4% of the cDNA-

RFLP loci (10/49). Hence, a minimum of two and maximum of four SNP primers

were tested per cDNA-RFLP locus by targeting one or two SNP loci, respectively, in

each target amplicon. Robust FP-TDI genotyping assays were developed for 67.6% of

the SNP primers tested (69/102) and 89.8% of the cDNA-RFLP marker loci targeted

(44/49). Genotyping assays could not be developed for ZVG1 6, ZVG28, ZVG32,

ZVG38, and ZVG5O.

Predictably, the orientation of the SNP primer was unimportant; 49.3% (34/69) of

the sense and 50.7% (35/69) of the antisense SNP primers yielded functional

genotyping assays. If more than one SNP primer yielded a functional genotyping

assay (among the reference genotypes), then, on the basis of genotyping quality

(tightness of genotype clusters and degree of separation between genotype clusters),

one SNP marker was chosen for subsequent testing on reference and non-reference

genotypes. Genotyping error rates for the FP-TDI SNP assays were calculated by
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comparing SNP marker and DNA sequence allele calls among the 10 reference elite

inbred lines. Nine discordant molecular data points (MDPs) were observed among

440 MDPs (10 genotypes x 44 SNP markers), for a genotyping error rate of 2.0%.

A comparison between genotypes identified by one SNP marker (per target

sequence) and the total number of haplotypes in the target sequence indicates that in

some instances additional SNP markers within a DNA fragment would provide more

information for distinguishing among germplasm accessions. In our target sequences

3 8.6% of the amplified DNA sequences have two or three haplotypes while the

designed SNP marker only identifies one haplotype, indicating an instance where

additional SNP markers could be useful (17/44). Conversely 61.4% of our amplified

DNA fragments either contained only one SNP or multiple SNPs but only one

haplotype (2 7/44).

SNP Diversity in Elite and Exotic Germplasm of Cultivated Sunflower

The rare SNP allele frequency among reference elite inbred lines was an important

criteria in selecting SNPs for marker development. Whenever possible, we targeted

SNP loci with equally or nearly equally frequent alleles randomly distributed among

the 10 elite inbred lines. The selection criteria were chosen to maximize the utility of

the SNP markers across a broader sample of (non-reference) elite inbred lines. The

efficacy of the strategy here and in any SNP discovery program hinges on the

correlation between SNP allele frequencies in reference and non-reference genotype

samples. We assessed the utility of SNPs discovered in reference genotype DNA
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sequences (the 10 elite inbred lines only) across a broader sample of non-reference

genotypes (12 elite inbred lines, 22 Native American land races, and 11 wild

Helianthus species commonly used in sunflower breeding) by calculating H for

germplasm groups (Tables 1.2-1.3).

Mean Hwere 0.42 among the reference elite inbred lines, 0.37 among non-

reference elite inbred lines, 0.34 among Eastern Native American land races, 0.35

among Western Native American land races, and 0.21 among wild species (Table 1.3).

Mean H between groups were 0.41 among reference elite inbred lines x non-reference

elite inbred lines, 0.42 among reference elite inbred lines x eastern Native American

land races, 0.43 among reference elite inbred lines x western Native American land

races, 0.39 among reference elite inbred lines x wild species, and 0.37 among eastern

Native American land races x western Native American land races (Table 1.3). H for

individual SNP marker loci ranged from 0.18 to 0.5 among reference elite inbred lines,

0.15 to 0.5 among non-reference elite inbred lines, and 0.0 to 0.5 among land races

and wild species (Table 1.3). Mean Hwere significantly higher in the reference elite

inbred lines when compared to the land races and wild species (p < 0.01 for all three

germplasm groups). The difference in meanH between the reference and non-

reference elite inbred lines was not significantly different. When comparing the

reference germplasm to all other germplasm groups (non-reference elite inbreds, land

races, and wild species) there was no evidence of a difference in mean H (p = 0.28).

Between group Hwere equal to or greater than theH of the non-reference elite inbred

lines and reference elite inbred lines. The distribution of allele frequencies among the
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Table 1.2. Hfor each ZVG locus marker set. Hamong elite reference lines (HRef),

elite inbred lines (HE), eastern Native American land races (HE.N.A.), western Native
American land races (HWNA), wild species (Hw) and across groups (HT).

Marker HRef HE HENA HWNA Hw HT

zvg2a-3 0.42 0.28 0.24 0.40 0.17 0.29

zvg4a-5 0.42 0.49 0.24 0.26 0.46 0.46

zvg6a-3 0.42 0.49 0.50 0.40 0.00 0.50

zvg8a-5 0.32 0.38 0.49 0.28 0.50 0.50

zvg9a-3 0.42 0.44 0.13 0.48 0.00 0.47

zvgl2a-5 0.42 0.50 0.49 0.35 0.09 0.32

zvgl5c-5 0.48 0.38 0.00 0.43 0.47 0.41

zvgl9a-3 0.42 0.44 0.50 0.35 0.48 0.50

zvg24a-3 0.50 0.49 0.46 0.50 0.00 0.48

zvg25b-5 0.48 0.38 0.34 0.40 0.22 0.50

zvg27a-5 0.42 0.28 0.13 0.00 0.50 0.34

zvg29a-5 0.42 0.38 0.49 0.20 0.00 0.35

zvg3la-5 0.48 0.49 0.50 0.43 0.00 0.46

zvg33a-3 0.48 0.49 0.49 0.24 0.10 0.44

zvg37a-3 0.42 0.28 0.46 0.42 0.00 0.49

zvg42a-3 0.18 0.28 0.24 0.43 0.09 0.27

zvg43a-3 0.26 0.49 0.24 0.09 0.10 0.22

zvg48a-3 0.48 0.49 0.24 0.40 0.22 0.43

zvg49b-3 0.48 0.49 0.24 0.50 0.00 0.48

zvg53a-5 0.48 0.44 0.49 0.50 0.17 0.46

zvg54a-3 0.42 0.44 0.41 0.46 0.24 0.49

zvg57a-5 0.48 0.38 0.46 0.46 0.30 0.49

zvg6Ob-5 0.48 0.15 0.13 0.30 0.00 0.23

zvg65d-3 0.50 0.38 0.50 0.32 0.43 0.49

zvg66a-5 0.18 0.38 0.13 0.00 0.00 0.18

zvg7Oa-5 0.48 0.38 0.41 0.50 0.50 0.49

zvg7lb-3 0.48 0.49 0.49 0.43 0.46 0.49

zvg75a-3 0.48 0.15 0.13 0.40 0.32 0.36

zvg76b-5 0.42 0.15 0.46 0.38 0.30 0.50

zvgl52b-3 0.50 0.15 0.00 0.17 0.09 0.25

zvg668a-5 0.32 0.15 0.34 0.48 0.00 0.50
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Table 1.3. Summary statistics for H. Minimum, mean, and maximum H for SNP
marker loci genotyped on 10 elite reference lines, 12 elite inbred lines, 7 eastern
Native American land races, 11 western Native American land races, and 11 wild
species.

Group Mm
H

Mean Max
Elite Reference lines 0.18 0.42 ± 0.09 0.50
Elite Inbred Lines 0.15 0.37 ± 0.12 0.50
Eastern Native American land races 0.00 0.34 ± 0.16 0.50
Western Native American land races 0.00 0.35 ± 0.14 0.50
Wild species 0.00 0.20 ± 0.19 0.50
Elite Reference x Elite Inbred 0.24 0.41 ± 0.08 0.50
Elite Reference x Eastern Native American 0.16 0.42 ± 0.09 0.50
Elite Reference x Western Native American 0.16 0.43 ± 0.09 0.50
Elite Reference x Wild species 0.12 0.39 ± 0.11 0.50
Eastern Native American x Western Native American 0.05 0.37 ± 0.13 0.50
Total 0.18 0.41±0.10 0.50
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SNPs targeted for marker development was skewed towards SNP loci with equal or

nearly equal allele frequencies (maximum II) among the reference genotypes (Figure

3).

The H distributions varied among germplasm groups (Figure 4). The

histogram for the reference elite inbred lines was right-skewed. Similarly the

histograms for the non-reference elite inbred lines and land races were also right-

skewed, but to a lesser extent than the reference elite inbred lines indicating decreased

polymorphism levels. The histogram for the wild species was evenly distributed with

a slight left-skew indicating a more severe drop in polymorphism levels. The

histogram for the total groups was right-skewed. The H distributions measure how

efficiently SNPs in reference genotypes predict SNPs in non-reference genotypes. We

concentrated on identifying SNPs among elite inbred lines because DNA

polymorphisms are significantly greater in exotic germplasm than elite inbred lines in

sunflower (Tang et al. 2003; unpublished data). Because SNP frequencies tend to be

greater in exotic than elite genotypes, we reasoned that SNP discovery should be

based on the latter to maximize the utility of SNP genotyping assays across genes

pools and, more specifically, for genetic mapping and marker-assisted selection in

elite x elite crosses. The frequency of the rare SNP allele (J) ranged from 0.01 to 0.5

in genes targeted for SNP marker development (Figure 3). Six of the 44 SNPs had

equally frequent alleles and 15 had nearly equally frequent alleles. We selected SNPs

so as to maximizefR and H. fR was greater than 0.25 (H was greater than 0.375 among

reference genotypes) for 22 of the 44 SNPs targeted (Figure 3).
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Figure 3. Reference SNP Allele Distribution. The rare SNP allele frequencies
among the 10 inbred reference lines are plotted for each cDNA-RFLP locus.
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Figure 4. H Distributions. H distributions varied among germplasm groups
(Reference elite inbred lines, non-reference elite inbred lines, western and eastern
Native American land races, and wild species).
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Figure 4 continued.
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Patterns of Genetic Diversity

Genotypic data from 31 SNP markers was used to estimate pairwise genetic

distance (G) among the 57 germplasm accessions. The 31 SNP markers were selected

from the 44 working SNP markers for their dispersion across the 17 linkage groups of

sunflower. The G was based on the proportion of shared alleles. G ranged from 0.09

(H bolanderii - H petiolaris) to 0.74 (Hopi P1369359 - SD) with a mean of 0.4. The

G among the inbred lines ranged from 0.13 (HA407 - HA89) to 0.66 (RHA417 -

RHA8O1) with a mean G of 0.41. The G among western Native American land races

ranged from 0.12 (Havasupai P14325 12 - Havasupai P1369359) to 0.74 (Havasupai

P1369358 Laguna Pueblo), with a mean G of 0.35. G among Eastern Native

American land races ranged from 0.1 (Mandan P1600719 Mandan P1600717) to 0.42

(Ankara - Mandan P1600718) with a mean of 0.29. G ranged from 0.09 (H bolanderii

- H petiolaris) to 0.403 (ANN 1811 - H argophyllus) among wild species, with a

mean of 0.2.

The trend here parallels the trend we observed among H distributions for each

group. These data show that SNPs identified in elite inbred lines tend to be less

polymorphic in exotic H annuus germplasm and wild Helianthus species. There was

a slight drop off in polymorphisms between reference and non-reference elite inbred

lines, but much less so than in other groups (Table 1.3 and Figure 4). Hence, SNPs

identified in elite inbred lines are biased towards elite inbred lines and produce biased

measures of genetic diversity in exotic and wild germplasm, e.g., the H and G patterns

observed in the present study run counter to patterns observed in analyses of SSRs in
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sunflower (Tang et al. 2003). Moreover, SNP frequencies were found to be

significantly greater in the wild genotypes sequenced by Kolkman (unpublished data).

Most SNPs identified in wild genotypes, however, were monomorphic in elite

genotypes. Reversing the strategy presented here (selecting SNPs on the basis of

polymorphisms in exotic and wild germplasm) would most likely yield SNP markers

with limited utility in elite germplasm.

This was further substantiated by cluster analyses of the genetic distance matrix

(Figure 5). SNP haplotypes did not cleanly separate elite inbred lines into fertility

restorer (R) and sterility maintainer (B) groups (Figure 5). The tree, however,

accurately portrays genetic diversity as assessed by SNP markers based on high

heterozygosities among elite inbred lines. The two confectionery inbred lines

(RHA28O and HA292) grouped separately from oilseed inbred lines, apart from

ZENR1 7, a proprietary oilseed R-line. Several land races, many with confectionery

characteristics, grouped with RHA28O and HA292.

The western Native American land race group included several variants of Hopi

and Havasupai, land races originally described by Heiser (1945), in addition to several

germplasm accessions of uncertain historical origin aside from the geographic

locations of the collections (http ://www.ars-grin. gov/npgs/rephomepgs.html). The

group seems to be heterogeneous. Genotypes from two Hopi and two Havasupai land

races grouped tightly together, whereas two other Hopi genotypes (P1432505 Hopi and

P1432509 Hopi) and several assorted western land race genotypes (e.g., Paguate

Pueblo, Zuni Pueblo, Apache Brown Stripe, Laguna Pueblo, and Anzac Pueblo) were



Figure 5. Molecular Phylogenetic Tree. Phylogenetic tree constructed from the
genetic distance matrix estimated from 57 sunflower germplasm accessions.
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dispersed in other groups (Figure 5). We observed a similar pattern among eastern

Native American land races. Four were tightly grouped (three Mandan and one

Hidatsa land races), whereas several others were dispersed in other groups. Wild

Helianthus species and wild H annuus genotypes formed a narrow group (Figure 5),

as predicted by lower genetic diversity in the wild sunflower group among the SNPs

surveyed. Paguate Pueblo was the only domesticated genotype in the wild sunflower

group.
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Discussion

Target primers were successfully developed for all of the targeted 49 cDNA-

RFLP loci, while SNP markers were successfully developed for 44 of the targeted 49

cDNA-RFLP loci. For four of the five loci (ZVG16, ZVG28, ZVG32, and ZVG5O)

that failed in the SNP marker development stage, fluorescently labeled ddNTPs were

incorporated onto the amplicon either in a monomorphic or random manner. The

results indicate that the SNP primer could have annealed to another complementary

region in the target DNA sequence (where no SNP exists), the primer randomly

incorporated fluorescently labeled ddNTPs, the targeted SNP was not a real SNP, the

SNP primer failed for inherent reasons (as discussed below), or a combination of the

above (Hsu et al. 2001; Chen 2003). We observed multiple amplicons in the target

amplification reaction for locus ZVG38, the fifth failed locus. Similar results were

observed in a study with soybean when the failure to convert EST primer sets into STS

markers was the result of the amplification of multiple sites (Zhu et al. 2003). The

low frequency of paralog amplification (multiple amplicons) was the result of careful

selection of single-locus RFLP probes (Berry et al. 1997). The ability to amplify a

single locus was transferred to the SNP markers (STS markers) developed from these

cDNA-RFLP loci.

The nature of SNP primers makes amplification failure more likely than for

target primers. SNP primers are designed from the sequence directly before or after a

SNP and variation in their placement is minimal when compared to target primers
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(Chen etal. 1999; Hsu etal. 2001; Chen 2003). Therefore SNP primer failures may

result from a number of inherent reasons including high GC content and hairpin

formation within the primer. The observed FP-TDI assay success rate of 67.6% was

comparable to the 70% success rate recorded by Hsu et al. (2001) in humans,

indicating that the FP-TDI assay is similarly successful across organisms.

We observed a genotyping error rate of 2%. Another study using the FP-TDI

assay recorded an error rate of 1% or less (Chen 2003). These error rates are small

compared to a 20% genotyping error rate observed when calling alleles by

hybridization to DNA microarrays (Kwok 2001). Acceptable error rate values vary

depending upon the application. The FP-TDI assay is generally regarded as a

sensitive and robust assay for genotyping (Kwok et al. 2003).

The results show that haplotype and polymorphism frequencies are transferable

between the reference germplasm and sunflower germplasm as a whole (p = 0.28), but

not necessarily among individual germplasm groups (i.e. land races, and wild species)

(p <0.01). This indicates that the individual groups could be too evolutionarily

similar for there to be the same level of polymorphism as the reference germplasm,

while on the other hand the total group is equally as evolutionarily diverse as the

reference germplasm. Secondly, the targeted SNPs were selected because they were

highly polymorphic in the reference elite inbred lines. This was done in order to

maximize the utility of the markers in elite x elite crosses. The high H in the reference

germplasm reflect this. TheH do not translate to the more exotic germplasm because

the hypervariablity does not translate at that one spot (Rafalski 2002a). Conversely if
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we were to look at the how the SNPs vary in the whole sequence (haplotypes), the

wild species would be predicted to have H equal to or higher than those in the elite

inbred lines (Rafalski 2002a; Rafalski 2002b). An analysis of SNP haplotypes, rather

than individual SNPs, could be more effective at measuring genetic diversity and

performing association studies (Rafalski 2002a).

As H increase so does the discriminatory power of the marker in its ability to

differentiate between genotypes (Schneider et al. 2001). Mean H for the reference

lines and total sunflower accessions studied (0.42 and 0.41 respectively) neared the

maximum H for biallelic markers (0.5) (Ott 1991). These scores indicate that the SNP

markers are able to differentiate between sunflower accessions near to the best ability

of SNP markers. The lower mean H observed in the land races and wild species

indicate decreased polymorphism rates and thus a diminished ability to differentiate

between sunflower accessions. In this case distinctions made with a greater number of

SNP markers, or multiallelic markers, would be more powerful in estimating genetic

diversity. In a study with sugar beet (Beta vulgaris) H of up to 0.78 were observed

when multiple SNPs in a DNA sequence (sequence haplotypes) were used for an

analysis of 8 different lines (Schneider et al. 2001). This value exceeds the observed

H for SSRs in soybean indicating that analyses with haplotypes, or molecular markers

with high H values, are particularly useful in distinguishing between plant accessions

(Schneider et al. 2001).

When compared to RFLP and SSR markers, SNP markers are usually less

polymorphic and therefore not as informative (Rafalski 2002a). In this study we
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specifically targeted SNPs that were highly polymorphic between our reference elite

inbred lines. By carefully selecting our target SNPs, the H for our markers (0.42)

were almost as polymorphic as RFLP and SSR markers among elite inbred lines in

sunflower. The mean H estimated by RFLP probes in inbred sunflower lines was 0.54

(Berry et al. 1997). Similarly the mean H estimated by SSR markers was 0.52 among

inbred sunflower lines (Tang et al. 2003). SSR and RFLP markers were equally

polymorphic among elite inbred lines in sunflower (Tang et al. 2003). As the H for

SNP markers nears those of RFLP and SSR markers, their ability to distinguish

between different germplasm groups also nears those of RFLP and SSR markers.

Mean H for SNP markers in the present study are nearly four-fold greater than has

been reported for allozymes (0.15) (Cronn et al. 1997) among inbred sunflower lines.

An analysis of morphological data by Schilling et al. (1981) established three

subgroups of Helianthus species. Subgroup one included H bolanderi and H

argophyllus. Subgroup two included H. petiolaris, H debilis, H praecox, and H

neglectus. Subgroup three included H anomalus, H deserticola, H niveus, and H

paradoxus. Similar subgroups were observed in our phylogenetic analysis (Figure 5).

The members of subgroup two clustered together as did those in subgroup three. The

two members of subgroup one were dispersed among the wild species cluster as a

whole in the phylogenetic tree. Gentzbittel et al. (1992) also observed similar

clustering in a molecular phylogenetic tree established using RFLP markers. Our

results also showed similar trends with the groupings of the eastern and western

Native American land races. We observed several members of each group clustering
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together, while others were dispersed. We were able to identify several logical

subgroups, but macro groupings in the UPGMA tree were inconsistent with macro

groupings reported from earlier RFLP, AFLP, and SSR marker analyses (Berry et al.

1995; Gentzbittel etal. 1995; Hongtrakul et al. 1997; Yu etal. 2002a).

As a result of identifying SNPs in elite inbred lines, these SNPs are biased

towards elite inbred lines, and produce biased measure of genetic diversity in exotic

and wild germplasm. This primer design criterion was reflected in our phylogenetic

tree and is predicted to continue to effect future diversity studies using these SNP

markers. The arrangements of germplasm accessions in our tree are approximate

because of a lack of intrapopulation sampling and thus the scope of inference is

restricted to the individuals that were sampled. Our goal was to broadly assess how

well SNPs transferred across diverse sunflower gene poois, not to accurately estimate

genetic distances between non-inbred populations. In order to fully evaluate

clustering in our phylogenetic tree, additional inbred lines should be included in the

analysis, SNP markers for the rest of the cDNA-RFLP loci need to be designed and

analyzed, and bulk samples (20 individuals per line) need to be evaluated.

A combination of factors, including high SNP frequency and straightforward

STS marker development, make SNP markers attractive for development in sunflower.

Genetic linkage maps based on SSR and other high-throughput markers are reaching a

point of maximum development while regions with no markers remain (Gedil et al.

2001; Tang et al. 2002; Yu et al. 2002b). SNPs are powerful tools for mapping

expressed sequences and identifying gene rich regions in plant genomes. In this study,
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SNP markers were developed for 44 ZVG RFLP loci (Berry et al. 1997) and validated

on 12 sequenced (reference) genotypes. Thirty-one of these markers were selected for

assessing the utility and polymorphisms of the markers across a diverse panel of

sunflower genotypes.

Successful SNP assays were developed for 89.8% of the cDNA-RFLP loci

targeted for marker development indicating that SNP markers provide a cost and time

effective alternative to RFLP markers. SNP STS markers can benefit from the

immense amount of work previously generated by RFLPs and their high frequency

opens the door for development of high density genetic linkage maps. SNPs in this

study exhibited polymorphism rates close to those of RFLP and SSR markers in

inbred sunflower lines. As more markers are developed SNPs will be able to

distinguish between different germplasm accessions at rates comparable to those of

multiallelic markers. Although no concrete conclusions could be drawn from our

molecular phylogenetic tree, we were able to generate a snapshot of genetic diversity

in domesticated and wild sunflowers. The results presented here will be fortified in

the future as additional SNP markers are developed and genetic distances are

estimated from a germplasm panel that includes more inbred lines. Additionally

genetic mapping with the SNP markers generated in this study should be performed in

order to confirm that the markers map to their corresponding RFLP locations. If

successful, SNP markers could be used to augment current genetic maps for trait

mapping and marker-assisted selection.



50

In conclusion, this study successfully developed SNP assays for 44 cDNA-

RFLP loci. These markers were validated on a panel of reference genotypes, and then

a genetic diversity analysis on 57 sunflower species was performed. Although there

were not enough SNP markers to accurately estimate genetic distances, the high H of

the developed markers indicates that future diversity studies will be able to more

reliably distinguish among sunflower accessions. SNPs will almost certainly become

popular in STS marker development and enhancement of current genetic linkage

maps.
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