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Molecular DNA markers have become widely used in all areas of genetic

research. The objectives of this thesis were to develop polymorphic markers in sunflower

and utilize the markers for genetic and candidate gene analyses. Amplified fragment

length polymorphism (AFLP) markers were used to estimate genetic similarities and

assess the genetic diversity among 24 public oilseed inbred lines of sunflower

(Helianthus annuus L.). A total of 359 AFLP markers were scored by using six AFLP

primer combinations. Genetic similarities ranged from 0.70 to 0.91, polymorphism rate

ranged from 7 to 24%, and polymorphic information contents (PICs) ranged from 0.0 to

0.5. Principal coordinate and cluster analysis separated the lines into two groups, B-lines

and R-lines, illustrating breeding history, basic heterotic pattern and the widespread

practice of using each group to develop new lines.

A9 stearoyl-ACP desaturase (SAD) and Al2 oleate desaturase (OLD) cDNAs

were cloned and sequenced. DNA fragment length polymorphism (DFLP), single strand

conformational polymorphism (SSCP), and simple sequence repeat (SSR) markers were

developed for the SAD6 and SAD17 genes among eight elite inbred lines. PICs for
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DFLP, SSCP, and SSR markers were 0.18, 0.37, and 0.30, respectively. Length variants 

were due to long monomeric repeats, insertions, and deletions in intron sequences, 

thereby producing polymorphic markers. 

OLD desaturates 18:1-PC (oleoyl phosphatidylcholine) to 18:2-PC, thereby 

converting oleic to linoleic acid. It is a likely candidate gene to be causing the high oleic 

phenotype in mutant sunflower. The expression of OLD7 in developing seeds was 

greatly reduced in mutant as opposed to wildtype backcross-derived lines. The restriction 

fragment length polymorphism (RFLP) patterns suggest that OLD7 is duplicated and 

rearranged in mutant lines. 

Utilizing sunflower SAD gene sequences and 27 inbred lines, intron fragment 

length polymorphism (IFLP) markers were developed for automated genotyping. These 

IFLP markers with 470 to 850 by in length had a mean PIC score of 0.414, versus 

0.336 for DFLP markers, and 0.582 for SSCP markers. One and two nucleotide length 

polymorphisms were reliably detected in PCR fragments up to 150 and 680 bp, 

respectively. 
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THE DEVELOPMENT AND ANALYSIS OF SEQUENCE-BASED DNA
 
MARKERS IN SUNFLOWER FOR DNA FINGERPRINTING AND CANDIDATE
 

GENE ANALYSIS 

Chapter 1 

INTRODUCTION 

Molecular DNA markers offer numerous advantages in plant mapping and 

selective breeding. The markers are widely used for DNA fingerprinting, paternity 

analysis, variety identification, phylogenetic and ancestral analysis, genetic mapping, 

quantitative trait loci (QTL) analysis, map-based cloning, candidate gene analysis, point 

mutation analysis, and marker-assisted breeding. 

Many kinds of markers are available and have different advantages and 

disadvantages. Markers can be developed for a specific gene sequence (gene-specific 

markers) or they can be non-specific for any gene sequence (non-specific DNA markers). 

Random amplified polymorphic DNA (RAPD) and amplified fragment length 

polymorphism (AFLP) markers are non-specific DNA markers in which specific 

sequence information of the markers is not necessary. RAPD markers are rapid, 

inexpensive and technically the most simple way to produce non-specific DNA markers. 

They are dominant markers and tend to have low reproducibility. AFLP markers are the 

most recently-developed non-specific DNA markers. They are visually dominant, 

biallelic and throughput is extremely high. 
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Restriction fragment length polymorphism (RFLP) markers generated with 

random genomic or unsequenced cDNA clones are another type of non-specific DNA 

marker. They are reliable and well established, but are tedious to produce. They are 

codominant, often multiallelic and still highly useful for some applications, for example 

synteny mapping and comparing results to previous RFLP-based mapping experiments. 

Simple sequence repeat (SSR) markers are another type of non-specific DNA 

marker in which specific sequence information is necessary in order to develop primers 

for the markers. They are costly and difficult to develop, but are still one of the most 

polymorphic classes of markers. SSR markers are codominant and often multiallelic. 

RFLP and SSR markers can be gene-specific markers if they are generated with 

sequenced cDNA or genomic clones, or SSRs residing in genes. 

Sequence-based markers for specific genes, for example single strand 

conformational polymorphisms (SSCPs), are difficult and costly to develop, unless 

sequences are already available. However, a lot of gene sequences are rapidly 

accumulating for many commercially and scientifically important crops. These are 

sources of information that can be used to readily develop sequence-based markers for 

both mapping and tracking candidate genes of interest. 

The new goal of marker technology is automated high throughput genotyping 

with reduced manual handling and decreased processing error due to the use of 

genotyping software. DNA marker analysis using fluorescent dyes and the automated 

DNA Sequencer with internal lane standards has become more popular for human genetic 

research (Boutin et al., 1997; Cawkwell et al., 1993; Magnusson et al., 1996; Mayrand et 
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al., 1992) and recently, this technique has been widely used in plants (Mitchell et al., 

1997). 

Standard cultivated sunflower ( Helianthus annuus L., 2n=2x=34) seed produces 

an oil with 3-10% of palmitic acid (16:0), 1-10% of stearic acid (18:0), 14-35% of oleic 

acid (18:1) and 55-75% of linoleic acid (18:2) (Luhs and Friedt, 1994) (the first 

nomenclature refers to the number of carbons in the chain and the second number refers 

to the number of double bonds). The proportions of these fatty acids can typically be 

modified by natural or chemical induced mutation, or genetic engineering. Osorio et al. 

(1995) reported chemically induced mutants, CAS-3, CAS-4, and CAS-8, producing two 

to six times the stearic acid content normally found in wild-type cultivated sunflower. 

The other major mutant class reported for sunflower were high oleic acid mutants, also 

produced by chemical mutagenesis (Fick, 1984; Miller and Zimmerman, 1983; Miller et 

al., 1987a, b; Urie, 1985). Modifications of fatty acid profiles in sunflower oil strengthen 

present markets and open new markets for sunflower. 

Sunflower has been regenerated from several tissues (Albert et al., 1994), but still 

has been difficult to transform. Malone-Schoneberg et al. (1994) produced transgenic 

shoots in only 0.8-1.4% of sunflower embryo explants. The transformation is not yet 

highly efficient and no seed oil engineering has been reported in sunflower. 

The initial reactions of fatty acid synthesis are catalyzed by a series of dissociable 

enzymes within plant plastids (reviewed by Browse and Sommerville, 1991; Ohlrogge 

and Browse, 1995; Stumpf, 1987). A 13-ketoacyl-acyl carrier protein synthase catalyzes 

the sequential addition of two carbon units from malonyl-acyl carrier protein (ACP) to an 

acyl chain which is also esterified to ACP. The resultant f3-keto acyl-ACP undergoes a 
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cycle of reduction, dehydration, and reduction prior to additional condensation reactions. 

Most fatty acyl-ACP chains are elongated to 16 or 18 carbons in length. The majority of 

the stearoyl-ACP (18:0-ACP) is desaturated to oleoyl-ACP (18:1-ACP) by a soluble A9 

stearoyl-ACP desaturase (SAD). Because palmitoyl-ACP (16:0-ACP) is not a substrate 

for SAD, 16:0 and 18:1 are the major products of plastidial fatty acid synthesis. 

Within the plastid, acyl groups may be transferred from ACP to glycerol -3

phosphate or to monoacylglycerol-3-phosphate, which are then incorporated into 

plastidial membranes. Alternatively, acyl groups may be hydrolyzed from ACP by an 

acyl-ACP thioesterase. Free fatty acids exit the plastid by an unknown mechanism and 

are esterified to CoA on the outer membrane of the plastid envelope. The resultant acyl-

CoAs are the primary substrates for subsequent reaction in the endoplasmic reticulum 

(ER). The acyl-CoAs are used for the synthesis of phosphatidyl choline (PC), which is 

the major substrate for 18:1 and presumably 18:2 desaturation by microsomal enzymes. 

In a developing sunflower seed, two enzymes are the major determinants of the fatty acid 

composition of sunflower seed oil. The first enzyme is SAD. It is nuclear encoded, like 

the other desaturases, but is located in the stroma of the plastids. It introduces the first 

double bond in fatty acid (C18) chain leading to oleoyl-ACP (18:1-ACP) (Browse and 

Sommerville, 1991; Harwood, 1980; Ohlrogge and Browse, 1995; Stumpf, 1987). The 

second enzyme is Al2 oleate desaturase (OLD) of ER. It is an integral membrane protein 

and is responsible for the desaturation of 18:1-PC to produce 18:2-PC. 

Based on the knowledge of biochemical control of fatty acid composition, these 

SAD and OLD genes are targets for genetic engineering of seed oils, for example, by 
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antisense, overexpression, and cosuppression experiments, and are logical candidate 

enzymes for mutants affecting seed oil fatty acid composition in sunflower. 

This thesis consists of four manuscripts as chapters. The first chapter describes 

DNA fingerprinting of sunflower germplasm using AFLP markers. The second chapter 

describes marker development for A9 stearoyl-ACP desaturases of sunflower. The third 

chapter describes a candidate gene analysis for high oleic acid phenotype of sunflower. 

The fourth chapter describes development of intron fragment length polymorphism 

(IFLP) markers as a source of highly polymorphic sequence-based markers suitable for 

automated genotyping. 
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Chapter 2 

AMPLIFIED FRAGMENT LENGTH POLYMORPHISMS AS A TOOL FOR DNA
 
FINGERPRINTING SUNFLOWER GERMPLASM: GENETIC DIVERSITY AMONG
 

OILSEED INBRED LINES
 

Vipa Hongtrakul, Gordon M. Huestis, and Steven J. Knapp 
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ABSTRACT
 

Amplified fragment length polymorphism (AFLP) analysis is a rapid and efficient 

method for producing DNA fingerprints. The AFLP diversity of sunflower has not been 

described, and much of the public germplasm of sunflower has not been fingerprinted. 

Our objectives were to (i) estimate genetic similarities, polymorphism rates, and 

polymorphic information contents (PICs) for AFLP markers among elite public oilseed 

inbred lines and (ii) assess the genetic diversity of inbred lines using genetic similarities 

estimated from AFLP fingerprints. We produced fingerprints for 24 public inbred lines 

of sunflower (Helianthus annuus L.) using 6 AFLP primer combinations. These primers 

produced a total of 359 AFLP markers or 60 markers per primer combination. Genetic 

similarities ranged from 0.70 to 0.91, polymorphism rates ranged from 7 to 24%, and 

PICs ranged from 0.0 to 0.5. Genetic similarities were lower overall for maintainer (B) x 

restorer (R) crosses than for B x B or R x R crosses. Principal coordinate and cluster 

analyses separated lines into two groups, one for B-lines and another for R-lines. These 

groupings illustrate the breeding history and basic heterotic pattern (B x R) of sunflower 

and the widespread practice of using B x B and R x R crosses to develop new lines. 

There were, nevertheless, distinct subgroups within these groups. These subgroups may 

represent unique heterotic groups and create a basis for formally describing unique 

heterotic patterns in sunflower. 
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INTRODUCTION 

The genetic diversity of germplasm collections can be assessed through the 

analysis of pedigree records and DNA fingerprints. Both methods have been widely used 

in crop plants to identify breeding bottlenecks, reconstruct breeding histories, classify 

germplasm, and describe heterotic groups and patterns (Arias and Rieseberg, 1995; 

Mumm and Dudley, 1994; Mumm et al., 1994; Smith and Smith, 1992; Smith et al., 

1990, 1991, 1993; Sneller, 1994). Pedigree or coancestry analysis has been a powerful 

tool for describing the genetic diversity of elite soybean (Glycine max L.) (Sneller, 1994), 

barley (Hordeum vulgare L.) (Graner et al., 1994; Melchinger et al., 1994; Tinker et al., 

1993), maize (Zea mays L.) (Mumm et al.,1994; Smith and Smith, 1992; Smith et al., 

1990) germplasm. The aim of such an analysis is to discover patterns of genetic diversity 

obscured by the complexities of the pedigree records themselves. The pattern of diversity 

underlying the germplasm of cultivated sunflower is obscured by pedigree record 

complexities, as is clearly illustrated by the "pedigree map" of cultivated sunflower 

(Korell et al., 1992). 

The ancestral relationships between sunflower (Helianthus annuus L.) inbred 

lines, wild populations, and land races have been studied using random amplified 

polymorphic DNAs (RAPDs) (Arias and Rieseberg, 1995) and restriction fragment 

length polymorphisms (RFLPs) (Berry et al., 1995; Genztbittel et al., 1995). Using two 

sets of elite oilseed inbred lines, Berry et al. (1995) and Genztbittel et al. (1995) found 

lines to be strongly separated into maintainer (B) and restorer (R) groups. These groups 

reflect the breeding history of sunflower. Elite sunflower germplasm has been funneled 
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through at least three major breeding bottlenecks, one for oilseed traits (e.g., achene 

morphology and kernel oil percentage), one for self-compatibility and self-pollination, 

and another for hybrid seed production traits (e.g., fertility restoration and maintenance 

and branching) (Korell et al., 1992; Miller, 1987). New inbred lines are most often 

produced from R x R or B x B crosses, as opposed to B x R or elite x exotic crosses, to 

maintain heterosis and traits essential for hybrid seed production (Miller, 1987). 

One of the practical uses of genetic diversity analysis in maize has been to 

describe heterotic groups and patterns (Bernardo, 1992; Dudley et al., 1991; Lee et al., 

1989; Melchinger et al., 1990; Messmer et al., 1992; Smith et al., 1990, 1991). A 

heterotic group is a collection of closely related inbred lines. The coancestries within a 

heterotic group are usually high, whereas the coancestries between two heterotic groups 

comprising a heterotic pattern are usually low. The classification of heterotic groups and 

patterns in maize has been done using DNA fingerprint and pedigree analysis, 

experience, and single-cross hybrid performance. Formal heterotic groups, apart from 

maintainer and restorer groups per se (Berry et al., 1995; Genztbittel et al., 1995), have 

not been described in sunflower. 

Genetic markers and maps have, until recently, been lacking in sunflower. Berry 

et al. (1994) and Gentzbittel et al. (1994) were the first to describe RFLP markers for 

sunflower. They reported polymorphism rates ranging from 20 to 45% among 41 H. 

annuus inbred lines. These lines were mostly elite B- and R-lines. This work laid the 

foundation for the first RFLP map of cultivated sunflower (Berry et al., 1995). 

Amplified fragment length polymorphisms (AFLPs) have emerged as a powerful 

tool for DNA fingerprinting and genetic mapping (Zabeau, 1993). AFLP marker 
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polymorphisms are produced when restriction site differences exist between two DNA 

sources. One of the strengths of AFLPs is the sheer number of markers produced per 

assay (Thomas et al., 1995; Vos et al., 1995). The complexity (number of fragments) of 

AFLP fingerprints can be manipulated by increasing or decreasing the number of 

selective bases and changing base composition (Zabeau, 1993). The AFLP diversity of 

sunflower has not been described. We completed a DNA fingerprinting study in 

sunflower using a random sample of AFLP markers. Our objectives were to (i) estimate 

genetic similarities, polymorphism rates, and polymorphic information contents for 

AFLP markers among inbred lines and (ii) assess the genetic diversity of inbred lines 

using genetic similarities estimated from AFLP fingerprints. 

MATERIALS AND METHODS 

Plant Materials, DNA Extraction, and AFLP Assays 

Twelve restorer (R) and 10 maintainer (B) inbred lines, one genetic stock (P21), 

and one cytoplasmic-genic male-sterile (A) line cmsHA822 were used in this study 

(Table 2.1). Young leaves were harvested from greenhouse grown plants and frozen at 

80°C. Leaf tissue was ground by hand to a fine powder in liquid nitrogen using quartz 

sand as an abrasive. Total DNA was extracted using a modified CTAB procedure (Webb 

and Knapp, 1990). 
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Table 2.1 Types, pedigrees, and sources of cytoplasmic-genic male-sterile (A), 
maintainer (B), and restorer (R) inbred lines and genetic stocks (G) of sunflower 
(Helianthus annuus L.) used in the AFLP fingerprinting study. 

Line Type 

RHA265 R 
RHA271 R 

RHA273 R 
RHA274 R 
RHA294 R 
RHA358 R 
RHA365 R 
RHA373 R 
RHA374 R 
RHA377 R 
RHA801 R 
RHA858 R 
HA89 
HA124 B 
HA234 B 
HA369 B 
HA370 B 
HA371 B 
HA372 B 
HA821 B 
HA822 B 
cmsHA822 A 
P21 

Pedigree 

2*Peredovik/Texas Wild (953-102-1-1-41) 
P1343765/HA119//HA62-4-5/2/T-66006-2 
-1-31-1 
P1343765/HA119//HA62-4-5/2/T-66006-2 
P1343765/HA119//HA62-4-5/2/T-66006-2 
Multiple Source Open-Pollinated Population 
RHA274*3/DDR 
Select 
RHA274/82-ROM-R31 
ARG-R43 
RHA299//SOREM-HT-58/RHA801 
Multiple Source R-Line Population 
P1161/RHA298 
VNIIMK 8931 
VNIIMK 8883 
2 * SMENA//HA6/HA8 
ARG-8018 
RK-74-198 
H-52 
H -5 5 

HA300 
HA400 
HA400 
2*Peredovick/CMS953-102-1-1-41 

Source 

Korell et al. (1992) 

Korell et al. (1992) 
Fick et al. (1975) 
Fick et al. (1975) 
Miller et al. (1983) 
Miller and Gulya (1989) 
Miller and Gulya (1990) 
Miller (1992) 
Miller (1992) 
Miller (1992) 
Roath et al. (1981) 
Roath et al. (1987) 
Korell et al. (1992) 
Korell et al. (1992) 
Korell et al. (1992) 
Miller and Gulya (1990) 
Miller and Gulya (1990) 
Miller and Gulya (1990) 
Miller and Gulya (1990) 
Roath et al. (1986) 
Roath et al. (1986) 
Roath et al. (1986) 
Korell et al. (1992) 



12 

AFLP fingerprints were produced for each line using protocols described by 

Zabeau (1993) and Vos et al. (1995). One-half ),Ig of genomic DNA was digested with 

EcoRI and MseI in One-Phor-All buffer (10 mM Tris-acetate, pH 7.5, 10 mM Mg acetate, 

50 mM K acetate, and 5 mM DTT) (Pharmacia, Upsala, Sweden). EcoRI and MseI 

adapters were subsequently ligated to the digested DNA fragments (the EcoRI adapter 

was 5' biotinylated). Fragments containing EcoRI biotinylated ends were subtracted from 

the reaction mixture using streptavidin beads, thereby reducing the number of fragments. 

Sequences of the adapters and adjacent restriction sites served as primer binding sites for 

amplifying the selected fragments. 

A specific population of fragments was amplified from the reaction mixture by 

adding nucleotides to the 3' ends of the primers in two steps (Zabeau, 1993). One 

nucleotide (+1 primers) was added for the first amplification step, while three nucleotides 

(+3 primers) were added for the second amplification step. DNA was PCR amplified for 

30 cycles using 5p,1 of template DNA and +1 primers (EcoRI +1 and MseI +1) (Table 

2.2). The 30 cycles were run at 94°C for 30 sec., 60°C for 30 sec., and 72°C for 60 sec. 

The second amplification step used +3 primers (EcoRI +3 and MseI +3) (Table 2.2). The 

DNA template for this step was the PCR product produced by the first step. The EcoRI 

+3 primers were end-labeled with y33P using T4 polynucleotide kinase. The MseI +3 

primers were unlabelled. DNA was amplified for one cycle at 94°C for 30 sec., 65°C for 

30 sec., and 72°C for 60 sec., then for 12 cycles with a 0.7°C annealing temperature 

decrease per cycle, and finally for 24 cycles at 94°C for 30 sec., 56°C for 30 sec., and 

72°C for 60 sec. (Vos et al., 1995; Zabeau, 1993). 
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Table 2.2 Oligonucleotide adapter and primer names and sequences for six selective 
amplified fragment length polymorphism primer combinations (marker assays). 

Name Sequence 

EcoRI Adapter 5 ' -B I 0- C T CGTAGAC T GCGTACC 

CTGACGCATGGT TAA- 5 ' 

MseI Adapter 5 ' GAC GAT GAGT CC T GAG 

TAC T CAG GAC T CAT 5 ' 

EcoRI +1 5'-AGACTGCGTACCAATTC/C-3' 
MseI +1 5T-GACGATGAGTCCTGAGTAA/A-3' 
EcoRI +3 5'-GACTGCGTACCAATTC/CAG-3' 
MseI +3-AAG 5 ' GAT GAG T CC T GAG TAA/AAG- 3 ' 

MseI +3-AAT 5 ' GAT GAGT CC T GAG TAA/AAT 3 ' 

MseI +3-ACG 5 ' GAT GAGT CC T GAG TAA/ACG- 3 ' 

MseI +3-AGA 5 ' GAT GAG T CC T GAG TAA/AGA- 3 ' 

MseI +3-AGG 5 ' GAT GAG T CC T GAG TAA/AGG- 3 ' 

MseI +3-ATA 5 ' GAT GAGT CC T GAGTAA/A1A- 3 ' 

The PCR products produced by the second amplification step were mixed with an 

equal volume of loading buffer (98% formamide, 10 mM EDTA, 0.025% xylene cyanol, 

and 0.025% bromophenol blue) and heated for 5 min. at 90°C. Eight p1 samples were 

loaded into prewarmed 4.5% acrylamide gels with 7.5 M urea (standard sequencing gel) 

and 0.5X TBE running buffer (0.045 M Iris borate and 0.001 M EDTA, pH 8.0). Gels 

were run at 50 V/cm using constant watts until the forward running dye (bromophenol 

blue) reached the end of the gel. The gels were dried and exposed to X-ray film for about 

10 days. AFLP bands ranging in length from 50 to 350 bases were scored as present (1) 

or absent (0). 

The reproducibility of AFLP fingerprints was assessed by comparing the marker 

phenotypes from duplicate and replicate assays of all 24 lines based on the MseI +3-AAG 



14 

primer (Table 2.2). Duplicate AFLP fingerprints were produced using two aliquots of 

one AFLP-PCR product (running separate lanes of the same AFLP-PCR product). 

Replicate AFLP fingerprints were produced by repeating the assays using separate 

aliquots of the original DNA samples 

Statistical Analyses 

Polymorphism rates were estimated for all possible pairs of lines by dividing the 

number of polymorphic bands by the total number of bands. Matches between missing 

bands were included in the total. The probability of a polymorphism between two 

randomly drawn lines (the polymorphic information content or PIC) was estimated using 

E pp2)+ (1- ',Alt 
PIC = k=1 , where pp is the frequency of lines in which the kth


b
 

fragment was present (frequency of the amplified allele), pA is the frequency of lines in 

which the kth fragment was absent (frequency of the null allele), k = 1, 2, b, and 

b = 359 is the total number of AFLP bands scored. This parameter is sometimes called 

heterozygosity. 

The genetic similarity between two inbreds was estimated using Gower's 

coefficient of similarity (Gower, 1971). The genetic similarity between inbred i and j 

was estimated using S = E (w ijks ) I E w where Ivo, is a weight for inbred i and ju 
k=1 k=-1 

and AFLP fragment k, suk is the marker phenotype or score (present or absent) for inbred 

i and j and fragment k, i = j = 1, 2, n, and n = 23 is the number of inbreds. The 

similiarity between two inbreds was estimated by ignoring null matches: (i) if inbred i 
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and j shared a band, then su = 1; (ii) if inbred i and j did not share a band, then s, = 0; 

(iii) if inbred i or j or i and j shared a band, then w = 1; and (iv) if inbred i and j lacked a 

band, then w, = 0 . 

Principal coordinate analysis was done using the PROC PRINCOMP procedure of 

SAS (1992) and the genetic similarity matrix. Cluster analysis was done using the 

average linkage algorithm of PHYLIP (Felsenstein, 1993) and the genetic distance matrix 

(Du =1/1 ). A phenogram was produced from the output of PHYLIP using 

TREETOOL (Maciukenas et al., 1991). 

RESULTS 

Six AFLP primer combinations (Table 2.2) produced 359 scoreable AFLP 

markers (fragments) (Fig. 2.1). Each primer combination produced 60 strongly 

amplified and scoreable fragments between 50 and 350 by (Fig. 2.1). There were no 

scoring discrepancies between duplicate and replicate AFLP fingerprints produced using 

one primer combination (+3-AAG primer) (Table 2.2) or between AFLP fingerprints for 

a pair of isogenic lines (HA822 and cmsHA822). 
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Figure 2.1 AFLP fingerprints produced by primer pairs EcoRI +3 /MseI +3-ATA 
for 24 inbred lines of sunflower. There is one lane per inbred line. 
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The number of polymorphic fragments per fingerprint (primer combination) 

ranged from 4.2 for RHA274 x RHA358 to 14.3 for HA124 x RHA801 (Table 2.3). 

Polymorphism rates ranged from 7.0% for RHA274 x RHA358 to 23.8% for HA124 x 

RHA801. B x B and R x R crosses had similar minimum and maximum polymorphism 

rates. B x R crosses had greater minimum and maximum polymorphism rates than B x B 

and R x R crosses. 

Table 2.3 Minimum and maximum polymorphism rates (rate) and number of 
polymorphic markers per AFLP primer combination (number) for 359 AFLP markers 
among 22 maintainer (B) or restorer (R) inbred lines of sunflower. 

Group Statistic Cross Rate (%) Number 

B x B Minimum HA89 x HA852 7.5 9.5 
Maximum HA234 x HA369 21.8 13.1 

R x R Minimum RHA274 x RHA358 7.0 4.2 
Maximum RHA358 x RHA365 19.8 11.8 

B x R Minimum HA370 x RHA265 13.4 7.8 
Maximum HA124 x RHA801 23.8 14.3 

Roughly half (47.9%) of the AFLP fragments were polymorphic in at least one 

pair of lines (187 AFLP fragments were monomorphic) (Fig. 2.2). The PIC scores for 

AFLPs ranged from 0.0 to 0.5 (Fig. 2.2). Mean PIC scores were 0.115 for R-lines, 0.151 

for B-lines, and 0.14 overall. The distribution of PIC scores was nearly uniform 

(random) for the 172 polymorphic AFLP markers (Fig. 2.2). PIC scores were maximum 

(0.5) for 5.6% of the AFLP markers. 
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Figure 2.2 Distribution of polymorphic information content (PIC) scores for 359 
AFLP markers among 23 inbred lines of sunflower. 

Genetic similarities between lines ranged from 0.70 to 0.91 (Fig. 2.3). The 

similarities between B x R crosses tended to be lower than between B x B and R x R 

crosses. Principal coordinate and cluster analyses separated lines into two major groups, 

one comprised of B-lines and one comprised of R-lines (Fig. 2.4-2.6). The first three 

principal coordinates accounted for 34% of the genetic similarity variance. The 

phenogram (Fig. 2.4) and principal coordinate maps (Fig. 2.5-2.6) show the groups found 

with both methods. 
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Figure 2.3 Distribution of genetic similarities among 23 inbred lines of sunflower 
estimated from 359 AFLP markers. 
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Figure 2.4 Phenogram produced by cluster analysis of the genetic distance matrix 
estimated using 359 AFLP markers and 23 inbred lines of sunflower. 
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Figure 2.5 Principal coordinate map for the first and second principal coordinates 
estimated for 359 AFLP markers using the genetic similarity matrix for 23 inbred 
lines of sunflower. 

4 

3 1-1A370 

03 
2- Ft HA274	 A HA234O FtHA358 FtA852 

HA890 cRHA374 A. P21RHA373 RHA377 c>8 0-	 CD

> 

FLHA388 A HA822 
F41-1A265 HA369 ca	 HAl 24RHA801--1 HA3714,i A 

Ft HA271 HA8211-1A372RHA294 
FRHA273 

cD
 

RHA888 
4-4 -3	 22 - 1 0 1 2 

Principal Coordinate 1 

Figure 2.6 Principal coordinate map for the first and third principal coordinates 
estimated for 359 AFLP markers using the genetic similarity matrix for 23 inbred 
lines of sunflower. 
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Lines within these two groups were not completely homogeneous (Fig. 2.4-2.6). 

There were at least two distinct B-line subgroups. HA852 and HA89 formed one 

subgroup (Subgroup B1), while the remaining B-lines formed a second more dispersed 

subgroup (Subgroup B2). There were four distinct R-line subgroups: (i) RHA858, 

RHA271, RHA273, RHA801, RHA265, RHA374, RHA377, and RHA858 (Subgroup 

RI); (ii) RHA274, RHA373; and RHA358 (Subgroup R2); (iii) RHA294 (Subgroup R3); 

and (iv) RHA365 (Subgroup R4). RHA365 was more similar to certain B-lines (e.g., 

HA369 and HA372), than to most of the other R-lines (Fig. 2.5- 2.6). Subgroups R1, R2, 

and R3 were nearly equally separated. The greatest separation was between Subgroups 

R1 and R4 (Fig. 2.5-2.6). 

RHA274 ranked as the first or second most polymorphic line for 70% of the B-

lines, while RHA365 was the first or second most polymorphic line for 40% of the B-

lines (Table 2.4). RHA274 was most polymorphic with HA234, HA371, HA372, and 

HA822, while RHA365 was most polymorphic with HA89, HA369, and HA852 (Table 

2.4). RHA377 was most polymorphic with HA821, while RHA801 was most 

polymorphic with HA124 (Table 2.4). HA370 was unusual among B-lines: three B-lines 

(HA369, HA372, and HA124) were most polymorphic with this line (Table 2.4). 
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Table 2.4 The five most polymorphic crosses and number of polymorphic fragments 
(shown in parentheses) per cross for 359 AFLP markers and 10 B-lines of sunflower. 

Rank of Cross 

Line 1 2 3 4 5 

HA89 RHA365 RHA274 RHA373 RHA294 RHA358 
(72) (69) (66) (64) (64) 

HA124 RHA801 RHA274 RHA373 RHA377 RHA358 
(86) (84) (81) (78) (77) 

HA234 RHA274 RHA365 HA369 RHA373 RHA273 
(83) (79) (79) (77) (76) 

HA370 HA369 HA372 HA124 RHA294 RHA365 
(73) (72) (71) (70) (70) 

HA371 RHA274 RHA373 RHA377 HA369 RHA801 
(67) (65) (65) (64) (64) 

HA372 RHA274 HA370 RHA374 HA852 HA369 
(74) (72) (72) (71) (69) 

HA369 RHA365 RHA377 HA234 RHA801 HA370 
(85) (82) (79) (74) (73) 

HA821 RHA377 RHA274 RHA358 RHA801 RHA365 
(79) (74) (68) (68) (67) 

HA822 RHA274 HA369 RHA377 RHA373 RHA801 
(73) (72) (71) (71) (66) 

HA852 RHA365 HA124 HA372 RHA274 RHA373 
(77) (72) (71) (70) (67) 

DISCUSSION 

AFLPs are a powerful tool for fingerprinting inbred lines, producing genetic 

maps, and marker-assisted selection in crop plants (Vos et al., 1995). They have virtually 

eliminated the DNA marker bottleneck in sunflower. This bottleneck persisted for many 

years, impeded the use of markers in sunflower breeding, and impeded the development 

of the genetic map of sunflower. The percentage of polymorphic AFLP fragments in our 
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study was similar to the percentage of polymorphic RFLP probes reported by Berry et al. 

(1994) and Gentzbittel et al. (1994). Fourteen percent of the genomic clones and 61.1% 

of the cDNA clones tested by Gentzbittel et al. (1994) and 48.1% of the genomic clones 

(ignoring redundant clones) and 47.2% of the cDNA clones tested by Berry et al. (1994) 

were polymorphic in at least one pair of lines, whereas 47.9% of the AFLP fragments 

were polymorphic in at least one pair of lines in our study (Fig. 2.2). AFLPs, however, 

had lower PIC scores than RFLPs. Berry et al. (1994) reported a mean PIC of 0.49 for a 

selected set of 57 RFLP probes (185 RFLP bands). This is significantly greater than the 

mean PIC we estimated for AFLPs (0.14) (Fig. 2.2). 

PIC score differences between AFLPs and RFLPs have two primary causes (both 

markers detect DNA polymorphisms caused by restriction site mutations, insertions, or 

deletions). The maximum PIC score for an AFLP marker (or any biallelic marker) is 0.5, 

whereas the maximum PIC score for an RFLP marker is 1.0. When an AFLP fragment is 

present in half and missing in half of the lines, the PIC score is 0.5. Roughly 5% of the 

AFLP fragments in our study had maximum PIC scores. When each line has a unique 

RFLP allele, the PIC score is 1.0. PIC scores this high have not been reported for RFLP 

markers in sunflower. The PIC score for an RFLP marker can often be increased by 

testing additional restriction enzymes (increasing the number of probe-enzyme 

combinations). 

Although AFLPs have lower PIC scores than RFLPs in sunflower, they produce 

more polymorphic markers per assay than RFLPs and other genetic markers, require 

limited prescreening, no prior development, and are sufficiently polymorphic and 

abundant to produce genetic maps using virtually any cross between elite inbred lines 
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(Tables 2.1 and 2.3). AFLPs are dominant when visually scored. This is a drawback for 

some applications; however, densitometry can be used to estimated allele doses and the 

densitometric differences between one or two doses are often great enough to distinguish 

between homozygotes and heterozygotes (Vos et al., 1995). AFLP fragments of a 

specific length do not necessarily represent specific loci across genetic backgrounds, but 

many do. This affects some applications, but is offset by the sheer number of DNA 

targets accessed by AFLP technology (Vos et al., 1995). 

Three genetic diversity studies have been done in sunflower using 62 elite oilseed 

B- or R-lines and RFLPs (Berry et al., 1995; Gentzbittel et al., 1995) or AFLPs (Fig. 2.4

2.6). B- and R-lines were strongly separated into groups in each study. These groups, as 

previously stated, reflect the fundamental heterotic pattern of sunflower (B x R) and the 

widespread practice of producing new lines using B x B or R x R crosses. The more 

important question raised by these analyses is whether or not they highlight unique 

heterotic groups of sunflower and whether or not these groups reflect more than one 

heterotic pattern. The work on this problem in sunflower has been insufficient. Novel 

heterotic groups and patterns undoubtedly exist in sunflower, but have not been 

described. 

Miller and Gulya (1990) and Miller (1992) introgressed diversity from unique 

germplasm sources into elite genetic backgrounds. RHA365, which is an outlier among 

R-lines (Fig. 2.4-2.6), formed a unique R-line subgroup, presumably because this line 

was developed from a Romanian single-cross hybrid (Select) (Miller and Gulya, 1990). 

The genetic background of this hybrid seems to be unique (Fig. 2.4-2.6). Some lines 

developed using apparently unique germplasm sources, however, fell into groups with 
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other widely used inbreds. RHA373 was developed from RHA274/82ROM-R31 and fell 

in the RHA274 subgroup (R2), whereas RHA377 was developed from 

RHA299//Sorem/RHA801 and fell in the RHA801 subgroup (R1) (Miller, 1992). 

The B2 subgroup may be too diverse to be classified as a single heterotic group. 

Some of the members of the B2 subgroup (e.g., HA370, HA371 and HA372) were 

developed from crosses between other members of the group and elite South African 

germplasm (RK-74-198, H-52, and H-55, respectively) (Miller and Gulya, 1990) and 

may represent unique heterotic groups. HA371 and H-52 seem to be closely related to 

HA821 (Fig. 2.4-2.6). HA372 and H-55 also seem to be closely related to HA821, but 

less so than HA371 and H-52. HA370 and HA369, a line developed from Argentinian 

germplasm (ARG-8018) (Miller and Gulya, 1992), seem to be unique among these lines 

(Fig. 2.4-2.6). Both were on the fringes of the B2 subgroup (Fig. 2.4-2.6). 

CANP3 (a B-line) was clearly separated from other B-lines in the Gentzbittel et 

al. (1994) study, while HA89 and HA852 (Subgroup BO were clearly separated from the 

bulk of the other B-lines in our study (Fig. 2.4-2.6). Gentzbittel et al. (1994) found that 

PAT4 (an R-line) was clearly separated from the other R-lines they tested. 

The six subgroups we proposed (B1, B2, R1, R2, R3, and R4) create a working 

model for describing heterotic groups in sunflower analogous to those found in maize 

(Bernardo, 1992; Dudley et al., 1991; Lee et al., 1989; Melchinger et al., 1990; Messmer 

et al., 1992; Smith et al., 1990). The proposed subgroups can be used as a basis for 

relating single-cross hybrid performance to genetic similarities within and between 

groups, e.g., (i) are all the lines in a proposed heterotic group closely related, (ii) are 

some B x R heterotic patterns (B1 x R1, B2 x R1, B1 x R2, ...) superior to others or unique 
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in some important way, and (iii) are the lines between representing a heterotic pattern 

distantly related or unrelated? Sunflower breeders can undoubtedly describe heterotic 

patterns from experience; however, associations between genetic similarities and hybrid 

performance warrants study and should shed light on heterotic groups and patterns in 

sunflower. 
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DFLP, SSCP, AND SSR MARKERS FOR A9 STEAROYL-ACYL CARRIER
 
PROTEIN DESATURASES STRONGLY EXPRESSED IN DEVELOPING SEEDS OF
 

SUNFLOWER: INTRON LENGTHS ARE HYPERVARIABLE AMONG ELITE
 
INBRED LINES
 

Vipa Hongtrakul, Mary B. Slabaugh, and Steven J. Knapp 



31 

ABSTRACT
 

Stearoyl-acyl carrier protein desaturase (SAD, EC 1.14.99.6) produces oleic acid 

(18:1 A9) by desaturating 18:0. SAD genes have been targets for breeding and 

engineering oilseed crops with increased stearic acid (18:0). Our aim was to clone, 

describe, and develop genetic markers for the SAD genes of sunflower (Helianthus 

annuus L.). Nineteen SAD cDNA clones were restriction digested and partially 

sequenced and found to belong to two groups. Full length cDNAs from each group 

(SAD6 and SAD17) were completely sequenced. The amino acid identity of the SAD6 

and SAD17 was 89%. Both genes were strongly expressed in developing seeds, 

moderately expressed in leaves and flowers, and weakly expressed in cotyledons, roots, 

and stems. One intron was found in SAD6 and two introns were found in SAD17. The 

SAD introns from two inbred lines (HA370 and HA372) were sequenced and found to 

vary in length and nucleotide sequence. The length variants were caused by monomeric 

repeat length differences, insertions, and deletions. Three long poly-T repeats (T9 to T37) 

were found in one of the SAD17 introns. Three short adjacent CA repeats were found in 

the 5' untranslated region of SAD6. DNA fragment length polymorphism (DFLP), 

single-strand conformational polymorphism (SSCP), and simple sequence repeat (SSR) 

markers were developed for SAD6 and SAD17 by developing primers to flank introns or 

the CA repeats. Two of six DFLP, four of six SSCP, and one of two SSR markers were 

polymorphic among eight elite inbred lines. The polymorphic information contents for 

DFLP, SSCP, SSR markers were 0.18, 0.37, and 0.30, respectively. Most of the 

polymorphisms were caused by intron fragment length polymorphisms. Introns may be 

an excellent source of hypervariable markers in sunflower and other crop plants. 
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INTRODUCTION
 

Stearic acid (18:0) is found in low concentration in the seed oils of many 

economically important crops. This fatty acid is desaturated to oleic acid (18:1 49) by 

stearoyl-acyl carrier protein desaturase (SAD, EC 1.14.99.6) (Ohlrogge and Browse, 

1995). Wildtype sunflower typically produces 5% 18:0. Osorio et al. (1995) described 

three induced mutations (CAS-3, CAS-4, and CAS-8) with increased 18:0. The stearic 

acid contents of lines fixed for these mutations ranged from 10 to 26%. SAD gene 

mutations could cause an increase in 18:0 by reducing or eliminating SAD gene activity 

and may underlie the phenotypes of high stearate mutants of sunflower. 

SAD enzymes were first purified from avocado (Persea americana Mill.) 

mesocarp (Shanklin and Somerville, 1991) and safflower (Carthamus tinctorius L.) 

embryos (Thompson et al., 1991). Shanklin and Somerville (1991) used SAD polyclonal 

antibodies to clone castor (Ricinus communis L.) and cucumber (Cucumis sativus L.) 

cDNAs encoding SAD enzymes. Thompson et al. (1991) used partially sequenced SAD 

protein purified from safflower to clone safflower cDNAs encoding SAD enzymes. Most 

SAD genes are strongly expressed in developing seeds and weakly expressed in other 

tissues and temporally regulated in developing seeds (Shanklin and Somerville, 1991; 

Slocombe et al., 1992; Yukawa et al., 1996). 

The cloning of SAD genes led to some of the first seed oil engineering 

experiments in plants and to the cloning of SAD genes from numerous species (Ohlrogge, 

1994). Knutzon et al. (1992) developed rapeseed (Brassica napus L.) lines with 

increased 18:0 using antisense gene constructs in which a cloned cDNA of B. rapa was 
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combined with an embryo-specific promoter. The wildtype had 1% 18:0, whereas 

transgenic plants had up to 40% stearic acid (Knutzon et al., 1992). 

We describe two sunflower SAD cDNAs and a variety of genetic markers for 

sunflower SAD genes in this paper. Our specific objectives were to (i) clone and 

sequence SAD cDNAs from a developing seed cDNA library, (ii) assay the expression of 

SAD genes in developing seeds and a variety of tissues, (iii) develop gene-specific SAD 

gene markers, and (iv) screen SAD gene markers for polymorphisms among a sample of 

elite inbred lines. This research lays the groundwork for mapping and engineering SAD 

genes in sunflower. 

MATERIALS AND METHODS 

Cloning and Sequencing 

Developing seeds were collected from inflorescences of greenhouse grown plants 

of the sunflower cultivar "Mammoth". Samples were collected across entire 

inflorescences two to three weeks post-anthesis. Because outer achenes develop sooner 

than inner achenes in sunflower inflorescences, the milky to early solid stages were 

sampled. 

Two grams of developing seed was ground in liquid nitrogen with 2 g of 

polyvinyl polypyrrolidone. Total RNA was isolated using methods described by Prescott 

and Martin (1987). This protocol yielded 2.3 mg RNA g-1 fresh weight. Poly (A)+ RNA 

was purified by passing total RNA through an oligo-dT cellulose column prior to cDNA 

synthesis. cDNAs were length-selected using a Sephacryl S-400 spin column 
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(Stratagene, La Jolla, CA) and material shorter than 1 kb was discarded. The selected 

cDNAs were cloned into the EcoRI and Athol sites of the Uni-ZAP XR vector 

(Stratagene). cDNAs were packaged into phage particles using the Stratagene Zap

cDNA synthesis kit protocol. 

Fifteen plant SAD cDNA sequences from GenBank were aligned using the 

PILEUP function of the Genetics Computer Group (GCG) Software (Madison, WI): 

Brassica napus L. (X63364), Brassica rapa L. (X60978), Carthamus tinctorius L. 

(M61109), Cucumis sativus L. (M59858), Glycine max L. (L34346), Linum usitatissimum 

L. (X70962), Oryza sativa L. (D38753), Ricinus communis L. (M59857), Sesamum 

indicum L. (D42086), Simmonsia chinensis Link. (M83199), Solanum commersonii 

Dunal ex Poir. (X78935), Solanum tuberosum L. (M91238), Spinacia oleracea L. 

(X62898), and Thunbergia alata Bojer ex Sims. (U07597 and U07605). We selected two 

near-consensus sequences flanking 500 by of the SAD gene and developed degenerate 

oligonucleotide primers (screening primers), 5'

T(TC)TGGAC(TA)AGGGC(TA)TGGAC-3' and 5'

ATGTC(GAT)GC(GA)TA(GA)TC(TC)TT(GT)GC-3', to PCR-amplify cDNA fragments 

from copy DNA template. An Applied Biosystems DNA Synthesizer 394 (Foster City, 

CA) was used to synthesize the primers. A Perkin-Elmer Cetus 9600 Thermal Cycler 

(Norwalk, CT) was used to perform the PCRs (35 cycles at 94°C for 30 sec., 55°C for 30 

sec., and 72°C for 60 sec.). PCR products were labelled with [a-32P]dCTP (NEN 

Dupont, 3000 Ci/mmol, 10 mCi /ml) as described by Mertz and Rashtchian (1992). 

Approximately 200,000 plaques were blotted onto MagnaLift nylon membranes 

(MSI Inc., Westborough, MA) and screened with the labeled probe. The membranes 
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were pre-hybridized at 65°C and hybridized at 55°C in 6X SSC, 5X Denhardt's solution, 

0.5% SDS, and 50 p.g m1-1 denatured salmon sperm DNA. Membranes were washed 

three times for 5 min. at room temperature in 2X SSC and 0.1% SDS and washed at 55°C 

with gentle shaking in 1X SSC and 0.1% SDS for 90 min. 

Twenty-four plaques that hybridized with the SAD probe were cored and 

rescreened using the same protocol. Cored plaques from the secondary screen were 

added to 1 ml SM buffer (0.1 M NaCl, 8 mM MgSO4, 50 mM Tris-HC1 [pH 7.5], 0.01% 

gelatin [w/v]) and 20 p1 chloroform). The presence of SAD cDNA inserts was assessed 

by amplifying inserts from phage using SAD-screening primers and PCR (35 cycles of 

94°C for 30 sec., 55°C for 30 sec., and 72°C for 90 sec.). We added 0.2 p1 of SM buffer 

containing eluted phage to 25 ml of the PCR reaction mixture (20 mM Tris-HC1 [pH 8.4], 

50 mM KC1, 2 mM MgC12 100 µM dNTPs, 1U of Taq polymerase, 1% Tween 20, and 

0.5 uM primers). PCR products were assayed on 1% agarose gels stained with ethidium 

bromide. Nineteen clones with 1 kb PCR products were selected for further analysis. 

The cDNA inserts from these clones were PCR-amplified using T3 and T7 primers. 

SAD cDNA inserts were grouped into two classes using restriction digests (Alul, 

Haelll, Msel, Mspl, and Rsal) and partial DNA sequences. One cDNA clonewas 

selected from each class (SAD6 and SAD17) for complete sequencing. The cDNA 

sequences were aligned and nucleotide identities were computed using the BESTFIT 

function of GCG. 
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Gene-Specific Primers 

Six pairs of gene-specific primers were developed for RT-PCR and marker assays 

(Table 3.1). Four primer pairs (one per intron per gene) were chosen to check for and 

amplify introns in the sunflower genes. The intron splicing sites of sesame (D49832) and 

rapeseed (X74782) SAD genes were used to choose these primers. The p-SAD6-1 and p

SAD6-2 primer pairs were chosen to flank putative sites for two introns in SAD6, 

whereas the p-SAD17-1 and p-SAD17-2 primer pairs were chosen to flank putative sites 

for the two introns in SAD17. PCR products were produced using each primer pair and 

template DNA from the sunflower inbred lines HA370 and HA372. The eight PCR 

products were sequenced, and the sequences for the two alleles for each fragment were 

aligned using the BESTFIT function of GCG. 

Primers were developed for simple sequence repeats (SSRs) found in each gene. 

The p-SAD6-3 primer pair flanked three CA repeats found in the 5' untranslated region 

of SAD6. The p-SAD17-3 primer pair flanked three poly-T repeats in the first intron of 

SAD17 (Appendix 1). 



37 

Table 3.1 Oligonucleotide primer names and sequences for DFLP, SSCP, and SSR 
markers for the SAD6 and SAD17 genes of sunflower. 

Marker Primer Name Primer Sequence 

SAD6-1 p-SAD6-1U 5 ' -TGACGCTTCAACGGGAGATATATCC-3 ' 
p-SAD6-1D 5'-CATGGAGTGTGTCACCTGAAGGTGT-3' 

SAD6-2 p-SAD6-2U 5'-GATCACAGAGGAAGCCTTACCTACC-3' 
p-SAD6-2D 5 ' -CAAAATGTCCGCATAGTCTTTCGCG-3 ' 

SAD6-3 p-SAD6-3U 5'-AATCTGAACAACTGCCGACTGC-3' 
p-SAD6-3D 5'-GAAGGATATATCTCCCGTTGAAG-3' 

SAD17-1 p-SAD17-1U 5' -CAATCAGACCTGTACCGTTCATTCG-3 ' 
p-SAD17-1D 5'-CATTGAGTGTAGCACCTGTTGGTGA-3' 

SAD17-2 p-SAD17-2U 5'-GGGAGATATGATTACTGAAGAAGCAC-3' 
p-SAD17-2D 5'-AATGTCTGCATAGTCCTTCGCAGTG-3' 

SAD17-3 p-SAD17-3U 5'-GCTGGCAATTTCTGATACACGAT-3' 
p-SAD17-3D 5 ' -C ATCTAGAC AAC GACAGAAGATG-3 ' 

RT-PCR and Northern Analyses 

Total RNA was isolated from leaves, developing seeds, mature seeds, five-day

old cotyledons, flower buds, roots, and stems of sunflower inbred line HA89 using the 

protocol described earlier. Two p.g of total RNA was combined with 500 ng oligo-dTis 

and mRNA was reverse transcribed by SuperScriptTM II RNase If Reverse Transcriptase 

(Gibco BRL Life Technoligies, Grand Island, NY) using the manufacturer's protocol. 

PCR products were produced from 2 ml of the first-strand cDNA reaction (20 ml) using 

the p-SAD6-2 and p-SAD17-2 primer pairs (0.1 [NI) and 35 cycles at 94°C for 30 sec., 

54°C for 30 sec., and 72°C for 90 sec. RT-PCR products were assayed on 1% agarose 

gels stained with ethidium bromide. A control was produced by omitting reverse 

transcriptase from the first-strand cDNA synthesis reaction. 
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Northern analyses were done using SAD6 and SAD17 probes and 15 pg samples 

of total RNA (Sambrook et al., 1989). The SAD6 probe was an oligonucleotide selected 

from the 3' untranslated region (5'

ACCTCTATCCATGGAAAGCAACAGAACCTTAAAACTTGTTTTTTC-3'). This 

probe was end-labeled using [y- 32P]ATP (3000 Ci/mmol, 10 mCi /ml) and T4 

polynucleotide kinase (Biolabs, Beverly, MA). The SAD17 probe was a 159 by DNA 

fragment amplified from the 3' untranslated region of SAD17 using SAD17 specific 

primers (5'-GAAAGTTGCGATAGTAAGTTG-3' and 5'

CATCAAAACTGGCATAACAAG-3'). This probe was labeled with [a-32P]dCTP using 

a random priming method (Ready To Go Kit, Pharmacia Biotech, Piscataway, NJ). The 

probes were hybridized to the membranes as previously described. 

DNA Marker Assays 

Three primer pairs specific for SAD6 and three primer pairs specific for SAD17 

(Table 3.1) were used to produce PCR products from 50 ng genomic DNA samples of 

eight inbred lines of sunflower (HA89, HA821, HA370, HA372, RHA801, RHA280, 

RHA282, and P21). DNA fragment length polymorphism (DFLP) and single-strand 

conformational polymorphism (SSCP) analyses were done using the PCR products 

produced by all six primer pairs. SSR marker analyses were done using the PCR 

products produced by the SAD6-3 and SAD17-3 primer pairs. Samples were prepared 

for PCR analysis as previously described with one difference for radio-labeled SSR 

marker assays: dCTP concentrations were reduced from 100 pM to 50 pM and 0.1 pi 
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[a- 32P]dCTP was added each tube. The thermocycler protocols were 35 cycles at 94°C 

for 30 sec., 60°C for 30 sec., and 72°C for 30 sec. for SAD6-1 and SAD6-3 markers, 35 

cycles at 94°C for 30 sec., 59°C for 30 sec., and 72°C for 2 min. for SAD17-1 markers, 

35 cycles at 94°C for 30 sec., 54°C for 30 sec., and 72°C for 90 sec. for SAD6-2 and 

SAD17-2 markers, and 35 cycles at 94°C for 30 sec., 62°C for 30 sec., and 72°C for 60 

sec. for SAD17-3 markers. 

We used the acronym DFLP to describe PCR product (DNA fragment) length 

differences on agarose gels stained with ethidium bromide. One percent agarose (Gibco 

BRL) was used for fragments longer than 500 bp, while 1% agarose with 2% Nu Sieve 

(FMC Bioproducts, Rockland, ME) was used for fragments shorter than 500 bp. One kb 

ladders (Gibco BRL) were run in separate lanes on each gel. Length polymorphisms 

were scored. 

PCR products were prepared for SSCP electrophoresis by combining 2µl of the 

PCR reaction with 9 ml of denaturing solution (95% formamide, 0.01 M NaOH, 0.05% 

xylene cyanol, 0.05% bromophenol blue), heating this mixture to 94°C for 3 min., and 

immediately chilling the denatured products in an ice water slurry. Samples were run at 

room temperature on nondenaturing SSCP gels (0.7 mm x 16 cm x 14 cm 0.5X Mutation 

Detection Enhancement Gels) (AT Biochem, Malvern, PA) using 0.6X TBE running 

buffer and 2 watts constant power for 8 to 24 hr. Single-stranded DNA bands were 

stained with silver nitrate (Sanguinetti et al., 1994) and scored. 

SSR marker assays were done by radio-labeling PCR products with oc-32P and 

using 6% polyacrylamide gels containing 8M urea (34.5 cm x 44.5 cm). The PCR 

products produced by the SAD6-3 or SAD17-3 primer pairs were mixed with an equal 
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volume of loading dye (95% formamide, 20 mM EDTA, 0.05% xylene cyanol, 0.05% 

bromophenol blue) and denatured at 95°C for 5 min. prior to electrophoresis using 0.6X 

TBE running buffer and 60 watts constant power. Gels were dried and exposed to X-ray 

film for 3-6 hr. before scoring SSR alleles. 

Polymorphic information contents (PICs) were estimated for each marker 

using 1 Ek1 2 
, where p, is the frequency of the ith allele and k is the number of alleles 

(Ott, 1991). PIC ranges from 0 to 1 and estimates the probability of observing a 

polymorphism between two entries (inbred lines in our study) drawn at random from the 

sample of fingerprinted entries. Ott (1991) called this parameter heterozygosity (H) and 

used PIC for a similar parameter; however, PIC is often used synonymously for H 

because the meaning of the latter is often confused with the primary genetic meaning of 

heterozygosity and PIC more accurately describes what is being estimated by 1 E,k_ip,2 . 

RESULTS AND DISCUSSION 

Stearoyl-ACP Desaturase cDNA Clones from a Developing Seed Library Belong to 
Two Classes 

Nineteen clones were selected from primary and secondary screens using radio-

labelled probes. Clones varied in length from 1 to 2 kb and, using restriction enzyme 

digests and partial nucleotide sequences, were found to belong to two groups. The 

longest clone from each group (SAD6 and SAD17) was fully sequenced. Both clones 

contained full length cDNAs. SAD17 (U91340) was 1426 by long with an open reading 

frame from by 59 to 1246, a 58 by 5' untranslated region, and a 180 by 3' untranslated 
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region with an ATAAAA polyadenylation signal beginning at by 1380. SAD6 (U91339) 

was 1335 by long with an open reading frame from by 84 to 1271, an 83 by 5' 

untranslated region, and a 64 by 3' untranslated region. A polyadenylation signal could 

not be identified in this sequence. The sequence flanking the first methionine codon of 

SAD17 was identical to the proposed consensus sequence (AACAATGGC) for 

translation initiation in plants (Latcke et al., 1987). The sequence flanking the first 

methionine codon of SAD6 differed by one base pair from this sequence 

(AACGATGGC). 

The open-reading frames of both cDNAs encoded 396 amino acid proteins. 

Transit peptides 32 amino acids in length were predicted from the transit peptide 

cleavage site of a safflower SAD gene (Thompson et al., 1991). The nucleotide and 

deduced amino acid sequence identities of the SAD6 and SAD17 open reading frames 

were 84.1% and 89.0%, respectively. The amino acid sequence identities of these two 

genes with several other SAD genes from plants ranged from 76% (flax) to 90% 

(safflower). 

The positions and lengths of introns in the sunflower SAD genes were ascertained 

by sequencing the PCR products produced by the SAD6-1, SAD6-2, SAD17-1, and 

SAD17-2 primer pairs (Table 3.2). The exonic sequences of the PCR products perfectly 

matched the target exonic sequences and showed that the primer pairs were gene-specific. 

SAD17 was found to have introns between nucleotides 128 and 129 and 630 and 631 of 

the ORF. SAD6 was found to have one intron between nucleotides 630 and 631 of the 

ORF, but lacked the other intron. The positions of the three introns precisely matched 

those found in rapeseed and sesame genes. 
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Table 3.2 DNA sequence lengths and nucleotide identities for HA-370 and HA-372 
alleles for four gene fragments (two per gene) amplified from two stearoyl-ACP 
desaturase genes (SAD6 and SAD17) of sunflower using PCR. 

Sequence Length 

Marker Exon Intron Identity 

Marker HA370 HA372 HA370 HA372 HA370 HA372 Exon Intron 

0/0by 
SAD6-1 173 173 173 173 100.0 
SAD6-2 1380 1382 598 598 782 784 99.2 98.1 
SAD17-1 1655 1620 165 165 1490 1455 99.4 97.4 
SAD17-2 1219 1316 604 604 615 712 99.5 96.5 

The exonic nucleotide sequence identities of HA370 and HA372 alleles were 99.2 

to 100%, whereas the three intronic nucleotide identities of the HA370 and HA372 alleles 

varied from 96.5 to 98.1% (Table 3.2). The lengths of the intron sequences from HA370 

and HA372 varied (Appendix 1, 2, and 3). These variants were caused by monomeric 

repeat length differences, insertions, and deletions. The length variants in one intron (the 

first intron in SAD17) were caused by three long poly-T repeats, in addition to small 

insertions and deletions (Appendix 1). We encountered two poly-T runs when 

sequencing from the 5' end and one poly-T run when sequencing from the 3' end of the 

intron. These poly-T runs (T9...T37...T13 in HA370 versus T10...T16...T30 in HA372) 

prevented us from cleanly sequencing several hundred by between the second and third 

runs. Additional homonucleotide runs may be present in this intron. Short poly-T and 

poly-A repeats were found in the other two introns along with small insertions and 

deletions (Appendix 2 and 3). The lengths of the monomeric repeats in the HA370 and 
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HA372 sequences of these two introns varied slightly (Appendix 2 and 3). Three CA 

repeats, (CA)5A(CA)3CTCAAT(CA)5, were found in the 5' untranslated region of SAD6. 

Since the cloning of SAD6 and SAD17, the sequence for a SAD cDNA from 

sunflower was submitted to GENBANK (U70374). This sequence has 99% nucleotide 

identity to SAD17 and 84% nucleotide identity to SAD6. U70374 and SAD17 seem to 

be the same gene. We aligned the nucleotide sequences of U70374 and SAD17 and 

found that U70374 contained a single nucleotide deletion and a single nucleotide 

insertion relative to SAD17. This resulted in a 17-nucleotide frameshift and a six amino 

acid difference in U70374 when compared to SAD17 and other GenBank SAD 

sequences. 

SAD6 and SAD17 are Strongly Expressed in Developing Seeds 

SAD6 and SAD17 were strongly expressed in developing seeds, less strongly 

expressed in leaves, cotyledons, flowers, roots, and stems, and apparently not expressed 

in mature seeds, as assessed by RT-PCR analyses (Fig. 3.1). The cDNA template 

concentration had to be increased three-fold to detect SAD17 transcripts in cotyledons, 

roots, and stems (data not shown). The expression patterns for SAD6 and SAD17 were 

confirmed with Northern analyses (Fig. 3.1); however, both probes produced faint signals 

on Northern blots in tissues other than developing seeds. Because the RT-PCR primers 

flanked introns, genomic DNA contaminants were ruled out by the absence of longer 

products. Control RT-PCR assays (no reverse transcriptase) produced no PCR products. 

The expression patterns for the two sunflower genes were similar to those reported from 

castor (Shanklin and Somerville, 1991), rapeseed (Slocombe et al., 1992, 1994) and 
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sesame (Yukawa et al., 1996). Although most of these genes have been shown to be 

strongly expressed in developing seeds, only one was seed-specific (Yukawa et al., 

1996). 

RT-PCR 

SAD6 SAD17 

PLDMCFRS PLDMCFRS
 
500bp500bp 

Northern 

LDMC F R S
 
28s
 

28s 

18s 
Control28s 

Figure 3.1 RT-PCR (upper) and Northern (lower) analyses of SAD6 and SAD17 
transcripts in leaves (L), developing seeds (D), mature seeds (M), five-day-old 
cotyledons (C), flower buds (F), roots (R), and stems (S) of the sunflower inbred line 
HA89. A plasmid control (P) and 1 kb ladders were used in the RT-PCR assays. 
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DNA Markers for SAD6 and SAD17 

Analyses of the intron sequences of HA370 and HA372 alleles showed that they 

might be excellent targets for marker developmentintron lengths varied from 2 to 97 by 

and intron nucleotide sequence identities varied from 2 to 4% (Table 3.2). Two of six 

DFLP markers (SAD17-2 and SAD17-3) were polymorphic (Fig. 3.2-3.3 and Table 3.3). 

Sequences of alleles from HA370 and HA372 for four markers showed that alleles (DNA 

fragments) for two of the monomorphic DFLP markers varied in length: SAD6-2 DNA 

fragments differed by 2 by and SAD17-1 DNA fragments differed by 35 by in HA370 

and HA372. DFLP markers for these two primer pairs were monomorphic because these 

length differences could not be detected on 1% agarose gels. SSCP markers for the same 

primer pairs were polymorphic (SAD6-2 had three and SAD17-1 had four SSCP alleles), 

and four of six SSCP markers were polymorphic (Fig. 3.2 and Table 3.3). The four 

polymorphic SSCP markers had two to four alleles and PIC scores ranging from 0.41 to 

0.72 (Table 3.3). SAD6-1 and the CA repeats in the SAD6 gene (SAD6-3) were not 

polymorphic (data not shown), whereas the poly-T repeats in the SAD17 intron (SAD17

3) were polymorphic (Fig. 3.3 and Table 3.3). The latter had 3 alleles and a PIC score of 

0.59 (Table 3.3). SSCP and SSR markers had mean PIC scores of 0.37 and 0.30, 

respectively, versus 0.18 for DFLP markers. 
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Figure 3.3 DFLP, SSCP and SSR marker polymorphisms for the SAD17-3 primer pair 
among eight elite inbred lines of sunflower. The upper panel shows the SSR analysis 
on an agarose gel stained with ethydium bromide. The middle panel shows the SSCP 
analysis on a Mutation Detection Enhancement (AT Biochem) gel stained with silver 
nitrate. The lower panel shows a 32P autoradiograph developed from PCR-labeled 
products on a 6% polyacrylamide gel. Alleles are shown for HA89 (lane 1), HA821 
(lane 2), HA370 (lane 3), HA372 (lane 4), RHA801 (lane 5), RHA280 (lane 6), 
RHA282 (lane 7), and P21 (lane 8). A one kb ladder was run in the first lane of the 
agarose gel. 
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Table 3.3 Allele numbers and polymorphic information contents (PICs) for DFLP, 
SSCP and SSR markers for two stearoyl-ACP desaturase genes (SAD6 and SAD17) 
among eight inbred lines of sunflower. 

DFLP SSCP SSR 

Number of Number of Number of 
Marker Alleles PIC Alleles PIC Alleles PIC 

SAD6-1 1 0.0 1 0.0 
SAD6-2 1 0.0 3 0.41 
SAD6-3 1 0.0 1 0.0 1 0.0 
SAD17-1 1 0.0 4 0.72 
SAD17-2 2 0.5 2 0.5 
SAD17-3 3 0.59 3 0.59 3 0.59 

Mean 1.5 0.18 2.3 0.37 2.0 0.30 

All of the DFLP and SSR, and most of the SSCP marker polymorphisms were 

caused by intron fragment length polymorphisms (IFLPs). One of the IFLPs seems to 

have been caused by small insertions and deletions and three poly-T repeats, whereas the 

other two IFLPs seem to have been primarily caused by insertions and deletions. Short 

homonucleotide runs were, nevertheless, present in these introns. Although SSRs are a 

well known and widely studied source of hypervariable genetic markers, insertions and 

deletions in introns could be another rich source of hypervariable markers with the same 

advantages of SSRs without the disadvantage of stutteringthe phenomena whereby PCR 

products (bands) shorter and longer than the target fragment are produced when the allele 

is PCR amplified (Jeffreys et al., 1988; Kelly et al., 1991; Levison and Gutman, 1987; 

Wierdl et al., 1996). Stutter bands often cause scoring difficulties (Smith et al., 1997). 

These difficulties may be partly alleviated with automated methods (Perlin et al., 1995). 
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Homonucleotide runs are a powerful mechanism for generating frameshift 

mutations and are highly susceptible to replication slippage (Eschelman and Markowitz, 

1995; Eschelman et al., 1996; Levison and Gutman, 1987; Tran et al., 1997). Mutation 

(polymorphism) rates are strongly affected by the length of the homonucleotide run and 

tend to increase as run length increases (Eschelman et al., 1996; Tran et al., 1997). The 

poly-T runs we found in the SAD17-1 intron were long and should be highly mutable. 

Monomeric repeats merit further study as a source of hypervariable genetic 

markers in sunflower. Biallelic markers (e.g., RAPDs and AFLPs) in sunflower and most 

multiallelic markers (e.g., RFLPs) typically have lower PICs than the SAD17 SSR (Arias 

and Rieseberg, 1995; Berry et al., 1994, 1995; Hongtrakul et al., 1997). The primary 

problem with this SSR, and presumably with any monomeric SSR, is stuttering. 

Stuttering is usually more severe for monomeric than for dimeric or for dimeric than for 

trimeric repeats. When SSR length variants differ by a small number of repeats, the 

alleles often cannot be unequivocally scored and must be assigned to bins. The presence 

of several stutter bands produced wide and muddled signals on the SAD17 S SR 

autoradiograph, so the presence of more than one length variant among the apparently 

monomorphic bands cannot be completely ruled out. Distinguishing between alleles 

differing by one to three repeats can be problematic; however, many of the allelic 

differences were large enough to unequivocally score this SSR in mapping and marker-

assisted breeding experiments. 

SSCP analysis of the SAD17-3 PCR product produced a much cleaner result than 

SSR analysis (Fig. 3.3). SSCP analysis might be used for the analysis of SSR 

polymorphisms which are difficult to score using SSR analysis per se, particularly since 
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SSCP assays are no more difficult or costly to perform than SSR assays on 

polyacrylamide gels. SSCPs could make enough of a difference to cleanly score and map 

some SSRs. 

Because the nucleotide sequences of HA370 and HA372 introns varied, we 

cannot completely rule out sequence variants as an underlying cause of some of the SSCP 

marker polymorphisms. The only case where SSCPs could not be unequivocally traced 

to length variants was for the SAD17-1 primer pair (Tables 3.2-3.3 and Fig. 3.2-3.3). We 

suspect that SAD17-1 SSCP alelles were caused by length variants which were not great 

enough to be separated on agarose gels (distinguished using DFLP markers) (Fig. 3.2). 

Single base pair differences can produce SSCPs in short PCR products (100 to 300 bp) 

(Lee et al., 1992; Liu and Sommer, 1995; Michaud et al., 1992; Slabaugh et al., 1997; 

Spinardi et al., 1991). The PCR products for the SAD6-2, SAD17-1, and SAD17-2 SSCP 

markers were all longer than 1 kb. These fragments are much longer than those normally 

used for SSCP analysis (100 to 300 by fragments are typically used) and show that highly 

polymorphic SSCP markers can be developed for long fragments spanning introns. 

Introns may be an excellent source of hypervariable markers in sunflower and other crop 

plants. 
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ABSTRACT 

The oleic acid (18:1) content of wildtype sunflower (Helianthus annuus L.) seed 

oils typically vary from 14 to 35%. Germplasm with 80 to 95% 18:1 has been developed 

using an induced mutation originating from the cultivar `Pervenets'. Although the 

genetic basis for the high oleic acid phenotype varies across genetic backgrounds, a 

single mutation (0/) with a pronounced effect on 18:1 content has segregated in every 

cross between low and high oleic acid lines. Delta 12 oleate desaturase (OLD) is a strong 

candidate for the gene affected by 0/. We used an Arabidopsis thaliana L. OLD (At 

OLD) cDNA probe to isolate 36 cDNA clones from an immature embryo library of 

sunflower. These clones were classified using restriction digests and partial sequences 

and shown to belong to one group. The clone with the longest insert (OLD7) was 

completely sequenced and found to span the entire open reading frame (the coding region 

was 378 amino acids long). The amino acid similarity between the sunflower and 

Arabidopsis genes was 70.3%. OLD7 was only expressed in developing seeds. The 

nucleotide sequences for OLD7 ORFs from a pair of low and high oleic acid backcross

derived lines (HA89 and HA341) were 100% identical. The expression of OLD7 was 

measured among three pairs of low and high oleic acid backcross-derived lines using RT

PCR with OLD7 specific oligonucleotide primers. OLD7 transcripts were greatly 

reduced in mutant as opposed to wildtype lines. Mutant lines were homozygous for 0/ 

and donor OLD7-Hinc/III RFLP fragments and heterozygous for donor and recurrent 

parent OLD7-EcoRI fragments; thus, OLD7 seems to be duplicated and rearranged in 
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mutant lines. These changes may have disrupted OLD7 regulatory sequences, thereby 

reducing the expression of OLD7 and increasing oleic acid content. 

INTRODUCTION 

Sunflower (Helianthus annuus L.) seed oil is a rich source of oleic (18:1) and 

linoleic (18:2) acid. These two fatty acids comprise 85 to 95% of the total in sunflower. 

Linoleic acid contents typically range from 64 to 72%, while 18:1 contents typically 

range from 14 to 35% among wildtype lines grown at high latitudes in the US (44 to 

48°N) (Luhs and Friedt, 1994; Robertson et al., 1979). The 18:2 content of sunflower 

seed oil is strongly affected by temperature and can drop as low as 30% in wildtype lines 

grown at low latitudes (29 to 39°N) in the US (Robertson et al., 1979). Canvin (1965) 

showed that 18:1 content tends to increase and 18:2 content tends to decrease in 

sunflower oil when temperatures are elevated during seed development. 

Soldatov (1976) developed high oleic acid sunflower germplasm by treating seeds 

of a self-incompatible population (VNIIMK 8931) with dimethyl sulfate and selecting 

among the open-pollinated progeny for changes in the chemical composition of the oil. 

M3 progeny with elevated oleic acid contents were selected and pooled to create the 

open-pollinated cultivar Pervenets'. This cultivar had a mean 18:1 content of 75% in 

North Dakota field tests with plant to plant contents ranging from 50 to 80% (Miller and 

Zimmerman, 1983) and seed to seed contents ranging from 19 to 94% (Urie, 1985). Urie 

(1985) developed true breeding open-pollinated germplasm with an 18:1 content 

consistently greater than 83%. This germplasm was nearly insensitive to temperature 

change. 
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The genetic basis for the high oleic acid phenotype in sunflower has been widely 

studied using crosses between high oleic stocks originating from Pervenets and low oleic 

stocks originating from various sources. Although results have varied in different genetic 

backgrounds, a dominant mutation (01) with a pronounced effect on oleic acid content 

segregated in every genetic background (Fernandez-Martinez et al., 1989; Fick, 1984; 

Miller et al., 1987; Urie, 1985). This mutation alone was reported to segregate in some 

crosses (Fick, 1984; Urie, 1985), whereas one or two additional genes with smaller 

effects were reported to segregate in other genetic backgrounds (Fernandez-Martinez et 

al., 1989; Miller et al., 1987). Heterozygotes (0/o/) and homozygotes (0101) produced 

80 to more than 90% oleic acid in most genetic backgrounds. 

The strongest candidate for the gene affected by the 01 mutation is Al2 oleate 

desaturase (OLD). The cloning, mapping, and analysis of this gene should shed some 

light on the somewhat murky genetic story surrounding the high oleic acid phenotype of 

sunflower. OLD desaturates 18:1-PC (oleoyl phosphatidylcholine) to 18:2-PC, thereby 

converting oleic to linoleic acid in seed storage lipids (Harwood and Page, 1994). The 

cloning of the first OLD gene from a plant was a significant breakthrough, particularly 

since the OLD protein is membrane bound and difficult to solubilize ( Okuley et al., 

1994). Okuley et al. (1994) cloned an OLD gene from Arabidopsis thaliana L. using a t-

DNA tagged mutation which led to increased 18:1 in seeds, roots, and leaves. The 

Arabidopsis OLD gene was constitutively expressed. Two OLD cDNAs were 

subsequently isolated from soybean (Glycine max L.) using the Arabidopsis OLD gene as 

a heterologous probe (Heppard et al., 1996). One of the genes was strictly expressed in 
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developing seeds, whereas the other gene was expressed in several tissues (leaves, roots, 

stems) and developing seeds. 

An OLD gene mutation may underlie the high oleic acid phenotype of sunflower. 

Our aim was to test this by (i) cloning and sequencing OLD cDNAs from a developing 

seed cDNA library, (ii) assessing the expression of OLD genes in developing seeds and 

other tissues, (iii) developing genetic markers for OLD genes and screening for OLD 

gene polymorphisms among pairs of low and high oleic acid backcross-derived (BC

derived) lines, (iv) sequencing the OLD alleles from a pair of BC-derived lines, and (v) 

assessing the expression of OLD genes in developing seeds among three pairs of BC-

derived lines. The work reported lays the groundwork for mapping and engineering the 

OLD gene in sunflower. 

MATERIALS AND METHODS 

Library Screening and Clone Isolation 

A cDNA library was constructed using total RNA from developing seeds 2 to 3 

weeks post-anthesis as previously described (Hongtrakul et al., 1997). An Arabidopsis 

OLD cDNA fragment from the plasmid pF2b (Okuley et al., 1994) was purified and 

labeled with [oc- 32P]dCTP (NEN Dupont, 3000 Ci/mmol, 10 mCi/m1) using a random-

priming kit (Pharmacia Biotech, Piscataway, NJ) according to the instructions of the 

manufacturer. Approximately 200,000 plaques were blotted onto nylon membranes 

(MagnaLift, Micron Separations Inc., Westborough, MA). Hybridization was carried out 

overnight at 55°C as described by Hongtrakul et al. (1997). Thirty-six plaques 
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hybridized to the Arabidopsis OLD cDNA probe at medium stringency. These were 

selected and screened a second time using the same protocol. The cloned inserts were 

amplified directly from plagues using vector-based primers (T3 and T7) and grouped 

using restriction analyses (Alul, Hael II, Msel, Mspl, and RsaI) and partial sequences. 

The largest cDNA was selected from each class (OLD7) and fully sequenced using an 

Applied Biosystems 373A Automated DNA Sequencer (Foster City, CA). DNA 

sequence analyses were performed using the GCG suite of computer programs (Genetics 

Computer Group Software, Madison, WI). The GCG function BESTFIT was used to 

align pairs of DNA sequences and compute identity scores. 

Expression Analyses 

RNAs were isolated from leaves, developing seeds, mature seeds, five-day-old 

cotyledons, flower buds, roots, and stems of the sunflower inbred line HA89 as 

previously described (Hongtrakul et al., 1997). A pair of OLD7 specific primers (p

OLD1-U and p-OLD1-D) were developed from the OLD7 sequences (Table 4.1). The 

primers were synthesized at OSU on an Applied Biosystems 394 DNA Synthesizer 

(Foster City, CA). 

Reverse transcriptase reactions were done using 2 lig of total RNA mixed with 

500 ng oligo-dT18 and heated to 72°C for 10 min. First strand cDNA synthesis was done 

by reverse transcribing mRNA in a 20 p.1 reaction (50 mM Tris-HCl [pH 8.3], 75 mM 

KC1, 3 mM MgC12, 10 mM dithiothreitol, 50011M dNTPs) using 200 U of SuperScriptTM 

II RNase IT Reverse Transcriptase (Gibco BRL Life Technologies, Grand Island, NY) for 

60 min. at 42°C. The reaction was heated to 80°C for 10 min. to inactivate the reverse 
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Table 4.1 Oligonucleotide primer names and sequences for the analysis of DFLP, SSCP, 
and SSR markers for an oleate desaturase gene (OLD7) and RT-PCR analyses of an 
oleate desaturase (OLD7) and a stearoyl-ACP desaturase (SAD17) gene of sunflower. 

Name Sequence 

p-OLD1-U 5'-GAAAACAACCCACTCGATCGAGTCC-3' 
p-OLD1-D 5'-CATTCCTTCATCTCTCTCCACATGG-3' 
p-OLD2-U 5'-GAAAAGTCTGGTCAAACAGTCAACAT-3' 
p-OLD2-D 5'-CCAGAACCAGGACAAGACCCATTGTC-3' 
p-OLD3-U 5'-GAAAGGAGGTGTGTTTTGGTACAAG-3' 
p-OLD3-D 5'-ACACCCAACACGGCAACACATACTG-3' 
p-SAD17-2-U 5'-GGGAGATATGATTACTGAAGAAGCAC-3' 
p-SAD17-2-D 5'-AATGTCTGCATAGTCCTTCGCAGTG-3' 

transcriptase. PCR products were produced using a Perkin-Elmer Cetus 9600 Thermal 

Cycler (Norwalk, CT). The PCR reaction mixture contained 25 p1 (final volume) of 20 

mM Tris-HC1 (pH 8.4), 50 mM KC1, 2 mM MgC12 10011M dNTPs, 0.1 p,M of p-OLD1

U and p-OLD1-D primers, 1U of Taq polymerase, and 2 pl of the first-strand reaction as 

DNA template. The PCR analyses were done starting with 95°C for 3 min., completing 

35 cycles of 94°C for 30 sec., 54°C for 30 sec., and 72°C for 1.5 min., and finishing with 

72°C for 10 min. The PCR product (1037 bp) was subjected to electrophoresis in 1% 

agarose. The gel was stained with ethidium bromide. A control was produced by 

omitting reverse transcriptase from the RT-PCR protocol. 

Northern analyses of OLD7 expression were done using standard methods 

(Sambrook et al., 1989). Total RNA (15 .1g) was electrophoresed in a 1% agarose gel 

containing 0.66 M formaldehyde. The gel was photographed to demonstrate loading and 

washed in 10X SSC buffer to remove the formaldehyde. The samples were downward 

capillary blotted onto a positively charged nylon membrane (Maximum Strength Nytran 
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Plus, Schleicher and Schuell, Keene, NH) using 10X SSC buffer as described by 

Chomczynski (1992). The membrane was probed with a 1037 by PCR product produced 

from OLD7 coding sequence. The DNA was labeled with [cc-32P]dCTP using the 

random-priming method (Pharmacia Biotech). Hybridization protocols were the same as 

described by Hongtrakul et al. (1997). 

Analysis of OLD Gene Sequences, RFLPs, and Expression Among Wildtype and 
Backcross-Derived Mutant Lines 

Analyses were done on three wildtype inbred lines (HA89, RHA274, and HA292) 

and three BC1F4 mutant lines (HA341, RHA345, and HA349) developed by selecting for 

high oleic acid content among HA89*2/Pervenets, RHA274*2/Pervenets, and 

HA292*2/Pervenets progeny, respectively (Miller et al., 1987b). HA89, RHA274, and 

HA292 have low (wildtype) oleic acid contents and are homozygous for the o/ allele. 

HA341, RHA345, and HA349 have high (mutant) oleic acid contents and are 

homozygous the 01 allele. 

Genomic DNAs were amplified from HA89 and HA341 using the p-OLD2 primer 

pair (Table 4.1). This pair borders the 5' and 3' untranslated regions of OLD7. PCRs 

were done using 50 ng of genomic DNA running one cycle at 95°C for 3 min., 35 cycles 

at 94°C for 30 sec., 54°C for 30 sec., and 72°C for 1.5 min., and one cycle at 72°C for 10 

min. The PCR products were purified using the GELaseTM agarose gel-digesting protocol 

(Epicentre Technologies, Madison, WI). The digested solution was passed through a spin 

column (Centrex OF -0.5, 30 K MWCO, Schleicher and Schuell, Keene, NH) and washed 

twice with TE buffer (10 mM Tris-HC1, pH 8.0, 0.1 mM EDTA). Both strands of the 

concentrated-purified products were sequenced on an Applied Biosystems 377 
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Automated DNA Sequencer using a series of sequencing primers. The GCG function 

BESTFIT was used to align HA89 and HA341 OLD7 nucleotide sequences and compute 

identity scores. 

Developing seeds were collected from several developmental stages (milky to full 

solid) from the wildtype (HA89, RHA274, and HA292) and backcross-derived mutant 

(HA341, RHA345, and HA349) lines. Total RNA was prepared from each sample. Two 

RT-PCR analyses of the mRNAs were done: one with 0.1 pM of the p-OLD2 primer pair 

only and another with 0.1 p.M of a steoryl-ACP desaturase gene (p-SAD17-2) primer pair 

(Hongtrakul et al., 1997), in addition to 0.1 pM of the p-OLD2 primer pair. The latter 

was used as a positive control. The same PCR conditions were used for both analyses. A 

negative control was produced by omitting reverse transcriptase. 

Southern analyses were done by Biogenetic Services, Inc. (Brookings, SD) using 

HA89, HA341, RHA274, RHA345, HA292, and HA349 DNA digested with EcoRI, 

EcoRV or HindlIl (Gibco BRL Life Technologies). The fragments were separated on 

0.7% agarose (Gibco BRL) gel and transferred onto Biodyne-B membrane (Life 

Technologies). The blots were probed by hybridization with OLD7 cDNA at 65°C 

overnight in BRL hybridization solution (0.155 M NaH2PO4, 1.55 mM EDTA, pH 7.4, 

10.36% polyethylene glycol, 7.25% SDS, 0.233 M NaC1, 0.02% sodium azide, 250 ptg 

m11 Herring sperm DNA). Membranes were washed at room temperature in 0.2X SSPE 

for 10 min. and exposed to X-ray film overnight. 
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Development and Screening of Sequence-Based Genetic Markers for OLD7 

DNA fragment length polymorphism (DFLP) and single strand conformational 

polymorphism (SSCP) markers were developed using two primer pairs (p-OLD1 and p

OLD2) and a simple sequence repeat (SSR) marker was developed using another primer 

pair (p-OLD3) (Table 4.1). These markers were screened among seven public wildtype 

inbred lines (HA821, HA370, HA372, RHA801, RHA280, RHA282, and P21), in 

addition to HA89, HA341, RHA274, RHA345, HA292, and HA349. Two primer pairs 

(p-OLD1 and p-OLD2) spanned the ORF. The p-OLD1 primer pair amplified the 

fragment from base 34 to base 1191 of the ORF. The p-OLD2 primer pair amplified the 

fragment from base 26 of the start codon (AUG) to base 63 after the stop codon (UAA). 

One primer pair (p-OLD3) flanked a pair of GT repeats, (GT)4GGTTA(GT)4TGT, found 

in the 3' untranslated region. PCR conditions for the p-OLD1 and p-OLD2 primer pairs 

were the same as before. PCRs for the p-OLD3 primer were done using 50 ng of 

genomic DNA with one cycle at 95°C for 3 min., 35 cycles at 94°C for 30 sec., 60°C for 

30 sec., and 72°C for 45 sec., and one cycle at 72°C for 10 min. The PCR products and a 

1 kb ladder (Gibco BRL) were run on 1% agarose gels, stained with ethidium bromide, 

and exposed to UV light for scoring. DNA fragment length polymorphisms (DFLPs) 

were recorded from these gels. 

The PCR products produced by each primer pair were subjected to single-strand 

conformational polymorphism (SSCP) electrophoresis. Two µl of each PCR reaction 

was mixed with 9 pi of denaturing solution (95% formamide, 0.01 M NaOH, 0.05% 

xylene cyanol, and 0.05% bromophenol blue), heated to 94°C for 3 min., and finally 

chilled in an ice water slurry. Samples were run at room temperature on non-denaturing 



65 

SSCP gels (0.7 mm x 16 cm x 14 cm 0.5X MDE gel) (AT Biochem, Malvern, PA) using 

0.6X TBE running buffer and 2 watts constant power for 8 to 20 hr. Single-stranded 

DNA bands were stained with silver nitrate (Sanguinetti et al., 1994). 

SSR marker assays were performed using polyacrylamide gel electrophoresis and 

autoradiography. The dCTP concentration was reduced from 100 pM to 50 µM and 0.1 

[Gc-32PNCTP was added to the PCR reaction mixture, otherwise the PCR analyses 

were performed the same as previously described. The radiolabeled products were mixed 

with an equal volume of loading dye (95% formamide, 20 mM EDTA, 0.05% xylene 

cyanol, and 0.05% bromophenol blue). Samples were denatured at 95°C for 5 min. and 

run for 2-3 hr. on 6% polyacrylamide gel with 8 M urea using 0.6X TBE running buffer 

and 60 watts constant power. Gels (34.5 cm x 44.5 cm) were dried and exposed 

overnight to X-ray films. SSCP and SSR alleles were recorded. 

RESULTS AND DISCUSSION 

Oleate Desaturase cDNA Clones from an Immature Embryo Library Belong to One 
Class 

We selected 36 cDNA clones that hybridized to a radio-labeled Arabidopsis OLD 

probe. Analyses of restriction digests and partial sequences showed that these cDNAs 

belonged to one class. The longest clone (OLD7) was selected and fully sequenced 

(GenBank Acc. U91341). This clone contained a full length cDNA (1492 bp) with an 

open reading frame from by 122 to 1258, a 121 by 5' untranslated region, and a 234 by 3' 

untranslated region (U91341). The sequence flanking the first methionine codon differed 
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by two base pairs (AACATATGGG) from the proposed consensus sequence 

(AACAATGGC) for translation initiation in plants (Latcke et al., 1987). The 1137 by 

open-reading frame of OLD7 encodes a 378 amino acid sequence, which is five amino 

acids shorter than Arabidopsis sequence (Okuley et al., 1994). The nucleotide and 

deduced amino acid sequence identities of OLD7 and the Arabidopsis OLD gene, from 

start to stop codons, were 68.8% and 70.3%, respectively. The amino acid identities 

between the sunflower gene (OLD7) and other plant OLD genes were 68.4% for Brassica 

juncea L., 70.4% and 71.3% for Glycine max L., and 72.7% for Solanum commersonii L. 

No introns were found in the OLD7 coding region. 

The OLD7 Gene is Seed Specific 

The expression of OLD7 in leaves, developing seeds, mature seeds, five-day-old 

cotyledons, flower buds, roots, and stems was assessed using RT-PCR and Northern 

analyses. OLD7 was strongly expressed in developing seeds, but not in several other 

tissues (Fig. 4.1). Control RT-PCR assays performed without reverse transcriptase 

produced no PCR products (data not shown). Although this gene is seed specific and 

Southern analyses with the OLD7 cDNA detected only one gene (Fig. 4.3), there 

undoubtedly are one or more additional OLD genes in sunflower associated with the 

synthesis of lipids for cellular membranes (Browse and Somerville, 1991). Oleic and 

linoleic acid comprise more than 70% of the fatty acids in leaf cells and 55 to 70% of the 

fatty acids in roots and other non-photosynthetic tissues in sunflower and most higher 

plants (Harwood, 1980). 
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P LD MCF RS
 

1.6 kb

1.0 kb-

Northern
LDMC F RS
 

28s- OLD7 

18s

Control
28s

Figure 4.1 RT-PCR (upper) and Northern (lower) analyses of OLD7 transcripts (1037 
bp) in leaves (L), developing seeds (D), mature seeds (M), five-day-old cotyledons 
(C), flower buds (F), roots (R), and stems (S) of the sunflower inbred line HA89. A 
plasmid control (P) and 1 kb ladders were used in the RT-PCR assays. 

Sequence and Expression Analyses Among Wildtype and Backcross-Derived 
Mutant Lines 

The coding regions of HA89 and HA341 were sequenced and found to be 100% 

identical; thus, the high oleic acid phenotype of sunflower is not associated with a change 

in the OLD7 coding region. RT-PCR analyses of three pairs of wildtype and mutant lines 

showed that mutant (high oleic acid) lines had significantly lower transcript 

concentrations than wildtype (low oleic acid) lines (Fig. 4.2). This result was observed in 
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analyses with and without the stearoyl-ACP desaturase control. The control analyses 

were done to check initial RNA concentrations and monitor PCR efficiencies. The signal 

for one of the mutant lines (HA341) was slightly greater than the signals for the other 

mutant lines (RHA345 and HA349) in both RT-PCR assays (Fig. 4.2). 

P 1 2 3 4 5 6 C 

1.6kb
1.0kb- -OLD7 
0.5kb

2.0kb
-OLD71.0kb
-SAD170.5kb

Figure 4.2 RT-PCR analysis of OLD7 transcripts (1226 bp) among three low oleic 
acid (wildtype) inbred lines, HA89 (1), RHA274 (3), HA292 (5), and three high 
oleic acid (mutant) BC1F4 lines, HA341 (2), RHA345 (4), HA349 (6), developed 
from HA89*2/Pervenets, RHA274*2/Pervenets, and HA292*2/Pervenets, 
respectively. The upper plate shows the analysis done with the oleate desaturase 
primers alone (p-OLD2), while the lower plate shows the analysis done with the 
oleate desaturase and stearoyl-ACP desaturase primers combined. The stearoyl-ACP 
desaturase transcript is 604 bp. A 1 kb ladder is shown in the first lane (unmarked). 
The second lane shows a plasmid control (P). The last lane shows a control with no 
reverse transcriptase (C). 

Mutant and wildtype lines were homozygous for contrasting 0/ (Miller et al., 

1987) and OLD7 RFLP alleles (Fig. 4.3). Mutant lines were homozygous for donor 

(Pervenets) RFLP and 0/ alleles, whereas wildtype lines were homozygous for recurrent 
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parent RFLP and o/ alleles. The probability of three BC1F4 progeny inheriting the same 

allele for an unselected locus from three independent crosses is 0.253 = 0.0156. EcoRI 

RFLP alleles in mutant lines were comprised of two bands, one the same length as the 

recurrent parent band (5.3 kb) and another longer than the recurrent parent band (7.2 kb). 

HindIll RFLP alleles in mutant lines, by contrast, were comprised of a single band longer 

than the wildtype band (14.3 kb versus 7.3 kb). These restriction fragment patterns 

suggest that OLD7 is duplicated and rearranged in donor and mutant lines. The 

explanation for the dominant mutation (0/) with this genome rearrangement is still 

unclear. Further study will be required to understand how the mutant allele transregulates 

expression of the normal allele in heterozygotes. 

1 2 3 4 5 6 1 2 3 4 5 6 

-7.2 kb 

-5.3 kb 

EcoRI Hind!!! 

Figure 4.3 Southern analysis of the radio-labeled OLD7 probe hybridized to EcoRI (left 
panel) or HindIII (right panel) digested DNA from three low oleic acid (wildtype) 
inbred lines, HA89 (1), RHA274 (3), HA292 (5), and three high oleic acid (mutant) 
BC1F4 lines, HA341 (2), RHA345 (4), HA349 (6), developed from 
HA89*2/Pervenets, RHA274*2/Pervenets, and HA292*2/Pervenets, respectively. 
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DFLP, SSCP, and SSR markers were assayed for polymorphisms among a diverse 

set of inbred lines. All of the markers were monomorphic (data not shown); thus, there 

seems to be limited or no divergence in the coding regions of the OLD7 alleles among 

these lines. RFLPs can be used to map OLD7 and for marker-assisted selection in high 

oleic acid breeding programs; however, marker-assisted selection may only be useful if 

genes controlling other important traits reside near 0/ because oleic acid content can be 

rapidly and inexpensively assayed using gas chromatography. OLD7 markers could be 

used to speed backcross breeding and line development by distinguishing between 0/o/ 

and 0/0/ progeny when developing high oleic inbred lines in crosses between mutant 

(0/0/) and wildtype (olol) lines. 
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ABSTRACT
 

DNA marker technology is moving toward automated genotyping, reducing 

manual handling, and using genotyping software to score and manipulate data. We 

developed intron fragment length polymorphism (IFLP) markers as a source of highly 

polymorphic sequence-based markers suitable for automated genotyping. The markers 

developed were specific for the two stearoyl-ACP desaturase (SAD) genes that we have 

cloned from sunflower. The first marker spanned the intron of the SAD6 gene. The 

second marker encompassed the first intron region of the SAD17 gene and included three 

long poly-T repeats. The third marker spanned the second introns of the SAD17 gene. 

The upstream primers were end-labeled with a fluorescent tag. Each primer pair was 

used to produce PCR (polymerase chain reaction) products from genomic DNAs of 27 

inbred lines of sunflower using parameters promoting allele+A formation. Precision in 

fragment-length calling was sufficient to distinguish intron fragment-length differences 

of one and two nucleotides in 150 and 680 by PCR products, respectively. Base 

differing by only one nucleotide was difficult to assert with any reliability in the marker 

containing poly-T repeats due to the wide and stuttering peaks obtained. However, from 

the precision study, we should be able to distinguish fragment-length of 470 by by 4.5 

nucleotides. IFLP markers had a mean polymorphic information content (PIC) score of 

0.414, versus 0.336 for DNA fragment length polymorphism (DFLP) markers and 0.582 

for single strand conformational polymorphism (SSCP) markers. 
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INTRODUCTION
 

Automated high-throughput genotyping has been achieved by running multiple 

fluorescently labeled PCR products and internal standards in each lane of a gel, and by 

detecting and sizing the products with an automated DNA sequencer equipped with 

GENESCANTM and GENOTYPERTM software. However, several sources of error create 

problems in unambiguous allele-identification during genotyping. For example, slippage 

of Taq during PCR can cause stutter patterns, and Taq polymerase frequently adds a non

templated single nucleotide, predominantly deoxyadenosine, to the 3' end of the 

fluorescently labeled strand (Brownstein et al., 1996; Clark, 1988; Hu, 1993; Magnuson 

et al., 1996). The degree to which a marker is subject to "+A" is affected by several 

factors : whether the terminal nucleotide is A,T,G,or C, time at 72°C during each cycle or 

during a final extension, and time at room temperature after amplification (Brownstein et 

al., 1996; Smith et al., 1996). A two-step thermocycling protocol which cycles between 

denaturing and annealing temperatures, diminishing extension and final extension steps at 

72°C, has been used to minimize the degree of non-templated nucleotide addition, 

whereas a three-step protocol which lengthens the final extension period to 60-90 min. 

maximizes the ability of Taq polymerase to catalyze non-templated nucleotide addition. 

Certain terminal nucleotides can either inhibit or enhance deoxyadenosine addition by 

Taq. Thus, PCR primers can be designed to modulate this activity to facilitate accurate 

genotyping. C and T are good terminators for promoting "A" addition, whereas A and G 

are the inhibitory nucleotides (Brownstein et al., 1996; Magnuson et al., 1996). Extended 

time at 4°C or room temperature is enough to allow some PCR products to proceed 

further towards allele+A (Magnuson et al., 1996). 
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Although the GENOTYPERTM software package (Perkin Elmer/Applied 

Biosystems Division [PE /ABI], Foster City, CA) can detect and label the highest peak in 

a given pattern of bands including stutter bands and allele+A, the labeling and filtering 

algorithm used in GENOTYPERTM is most successful when PCRs result in mostly allele 

only or allele+A only. 

We report here intron fragment length polymorphism (IFLP) of two sunflower 

SAD genes that we have cloned and sequenced. These results demonstrate the high 

potential of length variation in intron sizes as a source of DNA markers that can be 

analyzed using automated genotyping. Introns of both SAD genes have been sequenced 

in two inbred lines, HA370 and HA372, and were found to contain insertions, deletions 

and three long poly-T repeats (T9 to T37) (Appendix 1, 2, and 3). The utility of these 

introns as markers was assessed using 27 elite inbred lines of sunflower. PCR parameters 

were designed to promote allele+A formation during amplification; thus overnight PCR 

runs or storage at 4°C will have no effect on alleles. PCR products over 800 by long 

were digested with restriction enzyme to produce digestion IFLP (dIFLP) markers. 

Machine and technique precision was tested by running the same sample ten times. The 

PCR products were also subjected to DNA fragment length polymorphism (DFLP) and 

single strand conformational polymorphism (SSCP) assays and the three assays were 

compared for their polymorphic information contents (PICs). 
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MATERIALS AND METHODS
 

Primer Design and PCR Amplification 

Three primer pairs flanking intron regions were designed specific to SAD6 and 

SAD17 of sunflower, in order to produce three gene specific markers, SAD6-4, SAD17

4, and SAD17-5. Primers p-SAD6-4U and D (Table 5.1) were located in the SAD6 

coding sequence next to the intron boundaries and produced PCR products >800 by in 

length. Primers p-SAD17-4U and D (Table 5.1) flanked the first intron of SAD17 and 

produced PCR products of >400 by that contained poly-T repeats. Primers p-SAD17-5U 

and D (Table 5.1), located in the SAD17 coding sequence next to the second intron 

boundaries, produced PCR products >650 by in length. The three upstream primers were 

fluorescently labeled at their 5' end (GENSET Corporation, La Jolla, CA): p-SAD6-4U 

was labeled with FAM (blue), p-SAD17-4U was labeled with TAMRA (yellow), and p

SAD17-5U was labeled with HEX (green). The downstream primers (p-SAD6-4D, p

SAD17-4D, p-SAD17-5D) (Table 5.1) were synthesized using an Applied Biosystems 

DNA Synthesizer 394 (Foster City, CA). The 5' ends of the downstream primers were 

designed to have the nucleotides promoting mostly allele+A formation in the 

complementary strand. 

PCR reactions were performed in a Perkin-Elmer Cetus 9600 Thermal cycler 

(Norwalk, CT). The 50 pl reaction mixture contained 20 mM Tris-HC1(pH8.4), 50 mM 

KC1, 2 mM MgC12, 100 p,M dNTPs, 0.111M of each primer pair, 2U Taq polymerase, and 

50 ng of genomic DNA template. Genomic DNA samples of 27 inbred lines of 

sunflower (RHA265, RHA271, RHA273, RHA274, RHA294, RHA358, RHA365, 
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Table 5.1 Oligonucleotide primer names and sequences for IFLP, DFLP, and SSCP 
markers for the SAD6 and SAD17 genes of sunflower. 

Marker Primer Name Primer Sequence 

SAD6-4 *p-SAD6-4U 5'-AATTCAGAAAACCATTCAATATCTC-3' 
p-SAD6-4D 5'-ACGGACTGTTTTCGGTTCGTG-3' 

SAD17-4 *p-SAD17-4U 5'-GCTGGCAATTTCTGATACACGAT-3' 
p-SAD17-4D 5'-ACATCTAGACAACGACAGAAGAT-3' 

SAD17-5 *p-SAD17-5U 5'-GATTCAGAAGACAATTCAGTAC-3' 
p-SAD17-5D 5'-GTAAGGACTGTTTTCGGTCCGG-3' 

*end label with fluorescence 
underlined nucleotides = nucleotides promote allele+A of the fluorescently labeled 

strand. 

RHA373, RHA374, RHA377, RHA801, RHA858, HA89, HA124, HA234, HA370, 

HA371, HA372, HA369, HA821, HA822, HA852, cmsHA822, P21, RHA280, RHA282, 

and HA292) were prepared from young leaves. The PCR parameters were three-step 

PCR and conditions varied slightly by marker. SAD6-4 and SAD17-4 marker assays 

were done starting with 95°C for 5 min., completing 37 cycles of 94°C for 30 sec., 60°C 

for 30 sec., and 72°C for 1 min., followed by 90 min. extension at 72°C and hold at 4°C 

until electrophoresis analysis. SAD17-5 marker assays were done under the same 

conditions, except the annealing was changed to 56°C. 

Electrophoresis Assays 

DFLP marker assays utilized electrophoresis of PCR products (10 ill each) on 1% 

agarose (Gibco BRL). DNA bands were detected by ethidium bromide staining. 
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SSCP marker assays were done by combining 2 pi of PCR product with 9 pl 

denaturing solution (95% formamide, 0.01 M NaOH, 0.05% xylene cyanol, 0.05% 

bromophenol blue), heating this mixture to 94°C for 3 min., and chilling in an ice water 

slurry. Samples were run at room temperature on non-denaturing gels (0.7 mm x 16 cm x 

14 cm 0.5X MDE Gel, AT Biochem, Malvern, PA) using 0.6X TBE running buffer. 

Gels were run at 1.7 watts for 18 hr. and stained with silver nitrate (Sanguinetti et al., 

1994) to score single strand DNA bands. 

IFLP marker assays were done after purifying the remaining PCR product through 

QIAquickTM spin columns (QlAquick PCR purification kit, QIAGEN Inc., Chatsworth, 

CA). For the SAD6-4 marker, half of the PCR product was digested with EcoRI to 

produce dIFLP and then the products were purified again through QIAquickTM spin 

columns. Six fmol of each DNA sample (0.25 pl each), 0.25 pl standard GENESCAN 

(GS)-1000 ROX (8 nM) (Perkin-Elmer, Foster City, CA), 0.3 pi of 2X loading buffer 

provided by the company (Perkin-Elmer) (Ficoll 400-DL, 50mg mr1; dextran sulfate, 

MW 5000, 1.7 mg mr1; and blue dextran, 8.3 mg m1-1; buffer with 2X TBE [178 mM 

Tris-borate, 4 mM EDTA]), and 0.9 ul formamide were mixed, heated at 90°C for 3 min. 

to denature the DNA, and immediately chilled in an ice water slurry. The samples were 

applied to a prewarmed 0.2-mm denaturing gel containing 5% Long Ranger (acrylamide) 

gel (FMC Bioproducts, Rockland, ME) containing 7 M urea. The gel was run for 4 hr. at 

30 watts using an Applied Biosystems 377 DNA Sequencer (Foster City, CA). 
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Analysis of Intron Fragment-Length and Bin 

While the samples were undergoing electrophoresis, the fluorescence detected in 

the laser scanning region (36 cm from the well) was collected and stored using the 

GENESCANTM collection software (Applied Biosystems, Foster City, CA). The 

fluorescent gel data collected during the run was automatically analyzed by the 

GENESCAN Analysis 2.0.2 program at the end of the run. Each fluorescent peak was 

quantitated in terms of size (in bp), peak height and peak area. The length of each PCR 

product was determined by comparison with an internal calibration curve created from 

standards run in the same lane in which the PCR product was electrophoresed. We 

selected two size calling methods (Local Southern and 2nd Order Least Square) from 

GENESCANTM to calculate the length of PCR products. The Local Southern method 

used the four standard fragments closest in size to the unknown fragment to determine a 

best fit line value. A curve was first created by using two standard points below and one 

standard point above to determine the fragment size of the unknown fragment. Then 

another curve was created by using one standard point below and two standard points 

above to determine another value. The two size values were averaged to determine the 

unknown fragment-length. With this method, only four size markers near the unknown 

were analyzed. The 2nd Order Least Square method used regression analysis to build a 

best-fit size calling curve. This curve compensated for any fragments that might run 

anomalously. With this method, all size markers were analyzed. The standard GS-1000 

ROX contained 17 fluorescent fragment standard sizes of 47, 51, 55, 82, 85, 93, 99, 126, 

136, 262, 293, 317, 439, 557, 692, 695, and 946 bp. The data from the GENESCAN TM 
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were imported into the ABI GENOTYPERTM Software 1.1.1 (PE/ABI) to adjust length-

calling and assign bins to each IFLP marker. 

The precision of DNA fragment-length calling was evaluated by running ten 

separate lanes containing aliquots of the same PCR product. This evaluation was done 

using DNA samples from RHA274 and SAD6-4/EcoRI, SAD6-4, SAD17-4, and 

SAD17-5 markers. Standard deviations (SD) from each set were used to assign 

fragment-lengths to bins using the formula pt ± 4 SD for 99.99% confidence interval, 

where IA = mean fragment-length in a putative group and SD = standard deviation from 

the precision study. All observations between the boundary values were assigned to be 

same bin. 

Analysis of polymorphic information contents (PICs) 

The bins of IFLP and the band patterns produced by DFLP and SSCP markers 

were used to estimate PICs (1 X-'k where p, is the frequency of the ith DNA 

(PCR) fragment or SSCP alleles or IFLP bins, and k is the number of fragments or alleles 

or bins. 

RESULTS AND DISCUSSION 

ABI 377 DNA Sequencer Precision 

The precision of PCR fragment-length calling by GENESCANTM and 

GENOTYPERTM on the ABI 377 DNA Sequencer was evaluated by performing ten 

duplicate analysis of RHA274 in all markers (Table 5.2). The peak height values (data 
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not shown), indicating the intensity of fluorescence or amount of DNA loaded, were in 

the range recommended by the company (PE/ABI) (150-3000 fluorescence units, FU). 

Too much fluorescent intensity may produce broad peaks causing inaccurate fragment-

length sizing by GENESCANTM 

Table 5.2 Fragment-length ranges (bp) based on Local Southern sizing method, means, 
and standard deviations (SD) in ten duplicate analysis of RHA274 in SAD6-4/EcoRI, 
SAD6-4, SAD17-4, and SAD17-5 markers. 

Marker 

SAD6-41EcoRI SAD6-4 SAD17-4 SAD17-5 

Range 154.53 154.90 807.85 814.66 472.56 474.39 681.30 682.04 
Mean 154.77 811.68 473.57 681.67 
SD 0.13 2.25 0.56 0.25 
±4 SD ±0.52 ±9.0 ±2.24 + 1.0 

Fragment-length sizing was very reproducible in short PCR products. The 

precision of length-calling was reduced with longer fragment-lengths (Table 5.2). The 

variation in sizing the SAD17-5 marker (-680 bp), based on the Local Southern sizing 

method, was higher than the SAD6-4/EcoRI marker (-150 bp) as indicated by the higher 

standard deviation value (Table 5.2). These results indicate that this technique can 

reliably distinguish (99.99% confidence interval) fragment-length differences of one and 

two nucleotides in PCR products of 150 by and 680 bp, respectively. The 150-680 by 

range was located in the middle of standard GS-1000 ROX, containing 17 fluorescent 

fragments. This led to more accurate size determination due to having several standard 

sizes below and above the unknown fragment. 
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The variation in length-calling for the RHA274 SAD17-4 marker (-470 bp) was 

higher than for the SAD17-5 marker (-680 bp). We attributed this to the presence of 

three poly-T repeats (Appendix 1), which may have caused Taq stuttering. Nevertheless, 

at 99.99% confidence interval, alleles differing by 4.5 nucleotides could be assigned to 

bins (Table 5.2). We are not certain of the accuracy of the fragment-length of the SAD6

4 marker (>800 bp) for several reasons. The marker migrated in a large interval between 

standards of 695 and 946 bp, with only one standard above the unknown fragment. 

However, alleles differing by 18 nucleotides should be distinguished at the 99.99% 

confidence interval (Table 5.2). 

Comparisons of fragment-lengths from sequencing and length-calling by 

GENESCANTM and GENOTYPERTM based on Local Southern and 2nd order sizing 

methods is shown in Table 5.3. The Local Southern method appeared to give values 

closest to sequencing with fragments up to 680 bp, whereas the 2nd order method 

appeared to give values closest to sequencing with fragments >800 bp. A greater number 

of standard fragment sizes (i.e. at 100-200 by intervals) would improve the accuracy of 

estimating unknown values. 
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Table 5.3 Fragment-lengths (bp) of HA370 and HA372 by sequencing and by using 
GENESCANTM and GENOTYPERTM software with Local Southern and 2nd Order 
Least Square sizing methods in SAD6-4/EcoRI, SAD6-4, and SAD17-5 markers. 

Marker Line Sequencing Local Southern 2nd Order 

SAD6-4/EcoRI HA370 153 154.59 154.75
 
SAD6- 4 /EcoRI HA372 846 814.62 849.11
 
SAD6-4 HA370 844 813.40 853.77
 
SAD6-4 HA372 846 814.82 854.94
 
SAD17-5 HA370 681 681.75 695.94
 
SAD17-5 HA372 778 749.56 794.39
 

Fragment-Length and Bin Assignment 

The fragment-lengths (bp) of each marker in 27 inbred lines of sunflower, 

determined by GENESCANTM and GENOTYPERTM software are summarized in Table 

5.4. Bins were assigned for each marker by GENOTYPERTM based on the category set 

for each marker (Table 5.5). Statistically, approximately 99.99% of all observations 

should fall between these boundary values. One bin was assigned to the SAD6-4 marker 

with fragment-lengths ranging from 806.19 to 819.99 by (Table 5.4). After these PCR 

products were digested with EcoRI, two bins were obtained with fragment-lengths 

ranging from 154.53 to 154.84 by and 811.79 to 817.57 by for bin numbers 1 and 2, 

respectively (Table 5.4). These two bins were clearly distinguished. Four bins were 

assigned for the SAD17-4 marker, which contained three poly-T repeats. The fragment-

lengths were assigned from 432.26 to 434.53 bp, 448.74 to 449.26 bp, 473.06 to 477.14 

bp, and 753.96 by for bin numbers 1,2,3, and 4, respectively (Table 5.4). Three bins were 

assigned to the SAD17-5 marker with fragment-lengths ranging from 670.34 to 671.11 
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bp, 681.48 to 681.97 bp, and 747.31 to 750.00 by for bin numbers 1,2, and 3, respectively 

(Table 5.4). We concluded that a precision analysis should be done in every length 

interval of 100-200 by to determine the accuracy of different fragment-length calling. 

Table 5.4 Fragment-lengths (bp) of 27 inbred lines of sunflower based on Local 
Southern sizing method and bin numbers of IFLP markers. 

Marker 

SAD6-4/ SAD6-4 SAD17-4 SAD17-5 
EcoRI 

Line Length Bin # Length Bin # Length Bin # Length Bin # 
(bp) (bp) (bp) (bp) 

1 RHA265 154.64 1 813.16 1 476.05 3 681.61 2 
2 RHA271 154.64 1 813.87 1 433.56 1 749.23 3 

3 RHA273 154.68 1 810.38 1 473.96 3 671.11 1 

4 RHA274 154.53 1 814.52 1 474.11 3 681.89 2 
5 RHA294 154.72 1 810.36 1 433.52 1 747.31 3 

16 RHA358 154.84 812.72 1 474.00 3 681.65 2 
7 RHA365 154.56 1 812.29 474.08 3 681.72 2 
8 RHA373 815.69 2 814.27 1 474.14 3 681.65 2 
9 RHA374 154.70 1 812.47 1 477.11 3 681.72 2 

10 RHA377 154.67 1 811.19 1 449.18 2 748.72 3 

11 RHA801 154.75 1 810.82 1 475.07 3 681.62 2 
12 RHA858 154.67 1 806.19 1 473.06 3 670.34 1 

13 HA89 154.81 1 812.30 1 449.23 2 749.83 3 

1 

14 HA124 154.84 1 813.22 476.25 3 681.68 21 

15 HA234 154.78 808.38 1 474.99 3 681.48 2 
16 HA370 154.59 1 813.40 1 477.14 3 681.75 2 
17 HA371 812.95 2 812.10 1 433.44 1 747.37 3 

18 HA372 814.62 2 814.82 1 434.53 1 749.56 3 

19 HA369 817.57 2 819.99 1 476.08 3 670.36 1 

20 HA821 154.67 1 811.43 1 433.30 1 748.27 3 

21 HA822 154.72 1 811.68 1 448.74 2 749.34 3 

22 HA852 154.69 1 812.91 1 449.25 2 750.00 3 
23 cmsHA822 154.76 1 810.70 1 449.26 2 748.13 3 
24 P21 154.69 1 813.37 1 432.26 1 749.58 3 
25 RHA280 154.76 1 813.34 1 474.00 3 670.86 1 

26 RHA282 811.79 2 817.57 1 476.96 3 681.97 2 
27 HA292 814.12 2 813.09 1 753.96 4 671.11 1 

1 
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Table 5.5 Category set for GENOTYPERTM to determine bin numbers in each IFLP 
marker. 

Marker Bin # 

SAD6-4/EcoRI 1 

2 

SAD6-4 1 

SAD17-4 1 

2 
3 

4 
SAD17-5 1 

2 
3 

Category 

Highest peak at 154.70 ± 0.52 
Highest peak at 814.46 ± 9 
Highest peak at 812.61 ± 9 
Highest peak at 433.44 ± 2.24 
Highest peak at 449.13 ± 2.24 
Highest peak at 475.13 ± 2.24 
Highest peak at 753.96 ± 9 
Highest peak at 670.76 ± 1 
Highest peak at 681.70 + 1 
Highest peak at 748.85 ± 9 

Comparison of Allele Numbers and Polymorphic Information Contents (PICs) of 
IFLP, DFLP, and SSCP markers 

Length polymorphisms on agarose gels (DFLP markers) (Fig. 5.1), single-strand 

conformational polymorphisms on non-denaturing acrylamide gels (SSCP markers) (Fig. 

5.1), and bin numbers of IFLP markers were scored and used to calculate PICs for the 

SAD6-4, SAD17-4 and SAD17-5 markers (Table 5.6). SSCP markers were more 

polymorphic than IFLP and DFLP markers (Table 5.6). The mean PIC score for IFLP 

markers was 0.414 versus 0.336 for DFLP and 0.582 for SSCP markers (Table 5.6). 

Polymorphisms produced by IFLP and DFLP were mainly fragment-length differences, 

whereas polymorphisms produced by SSCP were based on both length and sequence of 

the PCR products. SSCP analysis is based on the principle that a single-stranded DNA 

molecule has its own specific sequence-based secondary structures in a non-denaturing 

gel matrix (Orita et al., 1989a, b). A single base modification might form different 
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Figure 5.1 DFLP and SSCP marker polymorphisms for the SAD6-4, SAD17-4, and 
SAD17-5 primer pairs among 27 inbred lines of sunflower. The upper panel shows 
the DFLP analysis on an agarose gel stained with ethydium bromide. The lower 
panel shows the SSCP analysis on a Mutation Detection Enhancement (AT Biochem) 
gel stained with silver nitrate. Alleles are shown for RHA265 (lane 1), RHA271 (lane 
2), RHA273 (lane 3), RHA274 (lane 4), RHA294 (lane 5), RHA358 (lane 6), 
RHA365 (lane 7), RHA373 (lane 8), RHA374 (lane 9), RHA377 (lane 10), RHA801 
(lane 11), RHA858 (lane 12), HA89 (lane 13), HA124 (lane 14), HA234 (lane 15), 
HA370 (lane 16), HA371 (lane 17), HA372 (lane 18), HA369 (lane 19), HA821 (lane 
20), HA822 (lane 21), HA852 (lane 22), cmsHA822 (lane 23), P21 (lane 24), 
RHA280 (lane 25), RHA282 (lane 26), HA292 (lane 27). A one kb ladder was run in 
the first lane of the agarose (DFLP) gel. 
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Table 5.6 Allele or bin numbers and polymorphic information contents (PICs) for IFLP, 
DFLP, and SSCP markers among 27 inbred lines of sunflower. 

IFLP DFLP SSCP
 

Marker Bin # PICs Allele # PICs Allele # PICs
 

SAD6-4 1 0 1 0 4 0.370
 
SAD17-4 4 0.607 3 0.524 5 0.743 
SAD17-5 3 0.634 2 0.483 3 0.634 

Mean 2.7 0.414 2 0.336 4 0.582 

conformers and migrate differently under non-denaturing conditions. However, IFLP 

analysis with fluorescence was more rapid than SSCP analysis. Digestion of PCR 

products before gel electrophoreses allowed us to improve the IFLP polymorphism rate 

due to mutation at the EcoRI restriction site in SAD6-4. However, with fluorescent end-

labeling, only one fragment from this digest could be detected on a gel. Internal-labeling 

of PCR fragments with fluorescent dUTP may have improve the polymorphism rate 

because every DNA fragment would be observed after digestion. 

The fluorescent technology is well-suited for modern genetic analyses. We found 

many advantages in this technique: accurate sizing of PCR products, rapid generation of 

results as compared to radioactive analyses, the possibility of assaying several markers 

simultaneously by multiplex PCR or multiple loading, the requirement for very little 

DNA, and high sample throughput. We were able to analyze 36 lanes simultaneously. 

Once the sample is loaded onto the gel, no further manipulation of the gel or data is 

necessary, and the result is obtained in a permanent computer or hard copy record. We 

used only six fmol of PCR product for gel electrophoresis. The cost of the PCR reagents 
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used can be reduced by a reduction in total PCR volume. Ricciardone et al. (1997) 

produced reliable PCR products from as little as two ng template DNA. We were able to 

distinguish intron fragment-lengths of 150 by and 680 by differing by only one 

nucleotide and two nucleotides, respectively. With the fragment-length of 470 by 

containing long simple sequence repeats, we were able to distinguish alleles differing by 

4.5 nucleotides. Cawkwell et al. (1993) was able to distinguish (CA). containing 

fragments of less than 200 by as little as two nucleotides apart. We found intron variants 

in sunflower due to monomeric repeats, insertions, and deletions (Appendixl, 2, and 3). 

Introns may be an excellent target for developing highly polymorphic markers not only in 

sunflower but also in other crop plants. 
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Chapter 6 

CONCLUSION 

The objectives of this research were to develop DNA markers in sunflower and 

utilize the markers for genetic and candidate gene analysis. We started by using 

amplified fragment length polymorphism (AFLP), a non-specific DNA marker, to 

estimate the genetic similarities among 24 elite public oil seed lines of sunflower (chapter 

2). The AFLP analysis has proven to be a very efficient method for producing 

fingerprints. A total of 359 AFLP markers were produced using six AFLP primer 

combinations (-60 markers per assay). The genetic similarities ranged from 0.70 to 0.91, 

polymorphism rates ranged from 7 to 24%, and polymorphic information contents (PICs) 

ranged from 0.0 to 0.5. By using principal coordinate and cluster analyses, we could 

separate lines into two groups, one for B-lines and another for R-lines, illustrating the 

breeding history, basic heterotic pattern and the wide-spread practice of using BxB and 

RxR crosses to develop new lines in sunflower. The subgroups within the two groups 

may represent unique heterotic groups in sunflower. AFLPs are a powerful tool for 

fingerprinting inbred lines and for producing genetic maps. AFLPs have virtually 

eliminated the DNA marker bottleneck in sunflower. 

We developed a sunflower cDNA library from developing seeds of the sunflower 

cultivar "Mammoth" and cloned two desaturase gene families, A9 stearoyl-ACP 

desaturase (SAD) and Al2 oleate desaturase (OLD), which have been important targets in 

oil breeding and engineering (Chapters 3 and 4). The SAD genes were cloned by using 
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as probe a PCR product obtained from using degenerate primers developed by aligning 

SAD sequences from different species with sunflower cDNA (Chapter 3). Two complete 

SAD sequences of 396 amino acids (SAD6 and SAD17) had 89% identity. The SAD 

sequences among plant species were highly conserved. The amino acid sequence 

identities with other SAD genes ranged from 76% (flax) to 90% (safflower). Both SAD 

genes were strongly expressed in developing seeds, moderately expressed in leaves and 

flowers, and weakly expressed in cotyledons, roots and stems. The expression pattern of 

SAD genes was the same as reported in other plants (Shanklin and Somerville, 1991; 

Slocombe et al., 1992; Yukawa et al., 1996). 

We developed DNA fragment length polymorphism (DFLP), single strand 

conformational polymorphism (SSCP), and simple sequence repeat (SSR) markers 

among eight inbred lines of sunflower. The markers spanned introns in SAD6, three long 

poly-T repeats (T9-T37) in the first intron of SAD17, the second intron of SAD17, and 

three short CA repeats in the SAD6 5' untranslated region. The PICs for DFLP, SSCP, 

and SSR markers were 0.18, 0.37, and 0.30, respectively. Comparison of intron 

sequences between HA370 and HA372 allowed us to conclude that polymorphisms were 

due to monomeric repeats, insertions, and deletions in the introns. Monomeric repeats 

are a powerful mechanism for generating frameshift mutations and are highly susceptible 

to replication slippage (Eschelman and Markowitz, 1995; Eschelman et al., 1996; 

Levison and Gutman, 1987; Tran et al., 1997). Polymorphisms tend to increase as the 

length of the repeat increases (Eschelman et al., 1996; Tran et al., 1997). We speculated 

these kinds of intron variation should occur in other genes and other crop plants and 

introns should be an excellent source for hypervariable markers. 
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The OLD gene (OLD7) was cloned by using an Arabidopsis thaliana L. OLD 

cDNA clone (Oku ley et al., 1994) as a heterologous probe (Chapter 4). We hypothesized 

that this OLD gene is the strongest candidate gene affecting the high oleic acid (18:1) 

phenotype in mutant sunflower due to its ability to convert 18:1-PC to 18:2-PC. OLD7 

was strongly expressed only in developing seeds and had 70.3% amino acid identity to 

the Arabidopsis protein. DFLP, SSCP, and SSR markers were developed based on the 

OLD7 sequence and a pair of GT repeats in the 3' untranslated region. No introns were 

found inside the coding sequence of OLD7 and no polymorphism was found in any 

DFLP, SSCP, or SSR marker tested among seven elite inbred lines and three pairs of low 

and high oleic acid backcross-derived lines, three wildtype (HA89, RHA274, HA292) 

and three BC1F4 mutant lines (HA341, RHA345, HA349). 

The nucleotide sequences for the OLD7 open reading frames (ORFs) from a pair 

of mutant and wildtype lines were 100% identical; therefore the high oleic phenotype was 

not associated with a structural change in the OLD7 coding sequence. However, the 

expression of OLD7 among three pairs of wildtype and mutant lines using RT-PCR with 

OLD7 specific oligonucleotide primers was significantly lower in the mutant as opposed 

to wildtype lines. Southern blot analysis using three pairs of mutant and wildtype lines 

with OLD7 as probe, showed polymorphism between wildtype and mutant in all three 

pairs. Mutant lines were homozygous for 0/ and donor OLD7-HindIII RFLP alleles. 

Donor and recurrent parent OLD7-EcoRI alleles were observed in mutant lines (Fig. 4.3); 

thus OLD7 seems to be duplicated and reinserted in mutant lines. These changes may 

have disrupted OLD7 regulatory sequences, thereby decreasing OLD7 expression and 

increasing oleic acid content. 
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Intron fragment length polymorphism (IFLP) markers were developed suitable for 

automated genotyping (Chapter 5). The markers were developed based on the knowledge 

of intron variants observed in SAD genes. One primer of each of three primer pairs was 

end-labeled with a different fluorescent dye and each primer pair was used to produce 

PCR products from genomic DNA samples of 27 inbred lines of sunflower using 

parameters promoting allele+A formation. GENESCANTM and GENOTYPERTM 

software were used to calculate fragment-lengths (bp) based on internal standards 

provided in each lane. Fragment lengths of 150 by and 680 by could be distinguished 

when they differed by one and two nucleotides, respectively. With a 470 by marker 

containing three long monomeric repeats (T9 to T37), the precision was reduced to 4.5 by 

due to the wide and stuttering peaks obtained. PICs of IFLP, SSCP and DFLP markers 

were 0.414, 0.582, and 0.336, respectively. IFLP and DFLP polymorphisms were mainly 

the result of fragment-length differences, whereas SSCPs were based on both length and 

sequence differences. However, generating IFLP markers with automated genotyping is 

more rapid than using SSCP analysis. We recommend that precision studies should be 

done in every length interval of 100-200 by and standards for sizing should be more 

frequent in order to obtain more accurate sizing of unknown products. 
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Appendix 1 Comparison of the first intron sequences in SAD17 gene from HA370 and 
HA372 

HA370 1 GTATCATCATTTCTCTTTCACTTTTCATTCAATCGATTTCTTAATTTCAC 50
 
1111111111111111111111111111111111111111111111111I
 

HA372 1 GTATCATCATTTCTCTTTCACTTTTCATTCAATCGATTTCTTAATTTCAC 50
 

51 GTTTTATGTGTTTTTATGCCGCGAAATCAGTTATTCTGTTGCTAATTTCA 100
 
1111111111 11111111111111111 11111111111 1111111111
 

51 GTTTTATGTG.TTTTATGCCGCGAAATCTGTTATTCTGTTGCTAATTTCA 99
 

101 TTCCAACACGTATCGGTTTCGTGTCGTAGGAGTTAGATTATTAGTAGATT 150
 
III 1111111111111111111111111111111111111111111111
 

100 TTCAAACACGTATCGGTTTCGTGTCGTAGGAGTTAGATTATTAGTAGATT 149
 

151 TGAAGTTGTAGATACGATAATGAGATGTTGTGATTGTGATAGAGCGATTC 200
 
11111111111111111111111111 11111111111111111111111
 

150 TGAAGTTGTAGATACGATAATGAGATTTTGTGATTGTGATAGAGCGATTC 199
 

201 GTGTTTATATTCATGTTTTTAATCTGTTTTGTATTTGTGTTTATGTTTAT 250
 
111111111111 11111111111111111 11111111111111111111
 

200 GTGTTTATATTCTTGTTTTTAATCTGTTTTGTATTTGTGTTTATGTTTAT 249
 

251 GGATTATATGTAGGGCTGGCAATTTCTGATACACGATAAACTTGTTTAAG 300
 
11111111111111111111111111111111111111111111111111
 

250 GGATTATATGTAGGGCTGGCAATTTCTGATACACGATAAACTTGTTTAAG 299
 

301 .AAAATACATTGTGTAATTTTATACTTTTTTTTTATAAATAACTAAAATT 349
 
11111111111111111111111111111111
 

300 AAAAATACATTGTGTAATTTTATACTTTTTTTT 332
 

350 AGTAGTTAAACGAAGTGTATTCATGTTTGATACTTGTGTTAATTGTGTTG 399
 
II 11111111111111 111111
 

333 TTGGATACTTGTGTTAACCGTGTTG 357
 

400 TCTCTGTCCTGTTAAGCACGATAAGCCTATCTGGTGAAGATCTGTGATTA 449
 
111111111111111 111 111111111111111111 11111111111
 

358 TCTCTGTCCTGTTAAACACAATAAGCCTATCTGGTGAAAATCTGTGATTA 407
 

450 AATTATATACTACTGAATTGAGAATTGTTAGTTTCTAAACTTTTAGTTTT 499
 
11111111111111111111111111111 111111111111111111111
 

408 AATTATATACTACTGAATTGAGAATTGTTAGTTTCTAAACTTTTAGTTTT 457
 

500 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 537
 

111111111111
 
458 TTTTTTTTTTTT TTTTTTTT 498
 

538 TTTTTTTTTTTTTAAGTTTATAGATTATTTTTGTCTTACTT 587
 
11111111111111111111111111111111111111111
 

499 TTTTTTTTTTTTTTTTTTTTTTAAGTTTATAGATTATTTTTGTCTTACTT 539
 

588 AGCTGTAATGTCATCTTCTGTCGTTGTCTAGATGTGTTATTCATGTATAG 637
 
1111111111 111111111111111111111111111111111111111
 

540 AGCTGTAATGCCATCTTCTGTCGTTGTCTAGATGTGTTATTCATGTATAG 589
 

638 GTAGCCAATCTGGCTATATAAATGGTTTCCTCATTAGATAAATAATTAAG 687
 
11111111111111 111111111111111 1111111111111111111
 

590 GTAGCCAATCTGGC..TATAAATGGTTTCCTCATTAGATAAATAATTAAG 637
 

688 TAGGTTATCTATTTTGCTTCTTATGTATTTTCTCTTTATGAAATGTGTAA 737
 
1111111111111111111111111111111111111111111111111I
 

638 TAGGTTATCTATTTTGCTTCTTATGTATTTTCTCTTTATGAAATGTGTAA 687
 

738 TCTGTTAATTTGTTCTTCATCTACATGTTTAAGATGTTGTATGTGGCATT 787
 
1111111111111111111111111111111111111111111111 III
 

688 TCTGTTAATTTGTTCTTCATCTACATGTTTAAGATGTTGTATGTGGTATT 737
 



106 

788 TGTTAATTCTTTTGATGAAATGTATAGTGTCTTCATCTACATAACCTCCC 837
 
1111111111111111 111111111111111111111111111 111111
 

738 TGTTAATTCTTTTGATGAAATGTATAGTGTCTTCATCTACATAGCCTCCC 787
 

838 TTGTTTAGGTAGGTGATGTAAGTTTGGACTTTTTGTAGATTGTTTGTCTT 887
 
111111111 11111111111111111111111111111111111111111
 

788 TTGTTTAGGTAGGTGATGTAAGTTTGGACTTTTTGTAGATTGTTTGTCTT 837
 

888 GGGGGTTATATATCAGCTAGCTACTCAAGAAATCTCAACCAAGACAAATT 936
 
111111 111111111111111111111111111111111111111111
 

838 GGGGGT..TATATCAGCTAGCTACTCAAGAAATCTCAACCAAGACAAATT 885
 

937 GTTGATAAGCCTATCAAATAATTGATTTTATTTACGTTTTACTT....AC 982
 
111111111 1 111111111111111111111111111111111 II
 

886 GTTGATAAGCTTATCAAATAATTGATTTTATTTACGTTTTACTTATCGAC 935
 

983 TCATCGACT GTTGCGTGCCGCTTTTCGTACGTCGA.GGA 1020
 
1111111 11 11111111111111111 II
I
 

936 AGATCGACTTAGTTTTAAAAAGTGAGAAGCGCTTTTCGTACGTCGATGGC 985
 

1021 GTAAATAATTATATATTTACCAATGGTTTCTAGCATCATTTACCTGGTAT 1070
 
111111 111111111 1111111111111111111111111 11111
 

986 GCAAATAACTATATATTTCCCAATGGTTTCTAGCATCATTTACCCGGTAT 1035
 

1071 TCAGACGCAAATAAGCGTTATATATGTTTTAATATTGAAATTACATACAT 1120
 
1111111111111111111111111111111111111111111111111I
 

1036 TCAGACGCAAATAAGCGTTATATATGTTTTAATATTGAAATTACATACAT 1085
 

1121 GCACAACCAGAAAAGCATGCTGTGCAACAATCTGCCACACAAAAATGTTG 1170
 
11111111111111111111111111111111111111111111111111
 

1086 GCACAACCAGAAAAGCATGCTGTGCAACAATCTGCCACACAAAAATGTTG 1135
 

1171 GAAATACATGAGGCGCGCGCCTAAGGGTTTACTTTTTGCCAAAAGAACAC 1220
 
1111111111111111111111 1111 111111111111111111111
1
 

1136 GAAATACATGAGGCGCGCGCCTCAGGGTATACTTTTTGCCAAAAGAACAC 1185
 

1221 GCCTCATGTGCGCGTCTTGTAAAACACATGCTTTGTGTAGCCTAAAGCAC 1270
 
1111111111111 111111111111111111111111111111111111
 

1186 GCCTCATGTGCGCTTCTTGTAAAACACATGCTTTGTGTAGCCTAAAGCAC 1235
 

1271 TGAGGCCTGCGCATGCGCGCTTTGTTAAACCAAGCTCATCGATCCTTAAT 1320
 
11111111111111111111111111111111111111111111111111
 

1236 TGAGGCCTGCGCATGCGCGCTTTGTTAAACCAAGCTCATCGATCCTTAAT 1285
 

1321 TTTTGCTTTTCACTTGCCTATTGCCTGATTGTATTTATTATATTTTGGTT 1370
 
111 11 111111111111111111111111111111111 1111111
I
 

1286 TTTCG.TTCTCACTTGCCTATTGCCTGATTGTATTTATTATA.TTTGGTT 1333
 

1371 TACATTGGTTCTATTCTGTTCTTAAGTCACTGTTTACGAGTAAATTCCCG 1420
 
1111111111111111111111111 1111111111 111111111111
 

1334 TACATTGGTTCTATTCTGTTCTTAAATCACTGTTTATGAGTAAATTCCCC 1383
 

1421 GTTTACATAAATCGACATTACTCTTAATTGGGTCTATCTCTAAGCAACAG 1470
 
1111 III 11111111111111111111111111111111111111111
 

1384 GTTTGCATGAATCGACATTACTCTTAATTGGGTCTATCTCTAAGCAACAG 1433
 

1471 TTCTGAATCTGATTATAACAG 1491
 
111111111111111111111
 

1434 TTCTGAATCTGATTATAACAG 1454
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Appendix 2 Comparison of the second intron sequences in SAD17 gene from HA370 
and HA372 

HA370 1 GTAAGTTCATCTTATTCGTCTTATTTTTTTTTTTACTTTAACTAATTTTG 50
 
11111111111111111111111 111111111111111111 111111
 

HA372 1 GTAAGTTCATCTTATTCGTCTTA_ATTTTTTTTACTTTAACTAATTTTG 48
 

51 ATTTCTTTGTCTACCATGTTGGGTAACGGGTCATTGATCATATCGGGTAA 100
 
1111111111111 111111111111111111111 III 11111111111
 

49 ATTTCTTTGTCTAGCATGTTGGGTAACGGGTCATTAATCATATCGGGTAA 98
 

101 AATCTTCGTATGGGTCTACCAT.ATTTGTCTAATTTATTGTAATTTTTCC 149
 
11111111111111111 III 11111111111111111111111111
 

99 GATCTTCGTATGGGTCTAGCATAATTTGTCTAATTTATTGTAATTTTTC. 147
 

150 ATAAAAAACATTTTTGCTAAATATTAATATTAAATGCAGGCAATGTTTCA 199
 
11111111 11111111111111111 11111111111111 III
1
 

148 .ATAAAAACATGTGTGCTAAATATTAATATT.AATGCAGGCAATGTATCA 195
 

200 TTACCATTATAATAATCTGACTTTATTGAATAATTCCAAATAGTAGGTTG 249
 
1111111111111111111111111111111111 11111111111111 1
 

196 TTACCATTATAATAATCTGACTTTATTGAATAATGCCAAATAGTAGGTTG 245
 

250 TTTGGATTAAAAAGGCACTTTGGGCAACTTTCGACACATACTTCTCTAAC 299
 
111111111111111111 III III 111111111111111111111111
 

246 TTTGGATTAAAAAGGCACGTTGGGCGACTTTCGACACATACTTCTCTAAC 295
 

300 TTACTTTTAGCTAGTG.TTTTTTTAATCATATTCATAACAT...GACCCA 345
 
1111111111111111 111111111111 111111 1111 111111
 

296 TTACTTTTAGCTAGTGTTTTTTTTAATCACATTCATGACATGACGACCCA 345
 

346 TTGGAAAAAAAAACATTTTCTATTAGTTAGTT TTTTT 382
 

1111 1111111111 111111111111111 11111
 
346 TTGG-AAAAAAACATATTCTATTAGTTAGTTTTCCTTTTCCATCTTTIT 393
 

383 TTTTTGTCACGAGTTATATTAGGAAAAAAAACATATTCTTGTGTTGATTT 432
 
111111111111111111111111111111111111111 1111111111
 

394 TTTTTGTCACGAGTTATATTAGGAAAAAAAACATATTCTCGTGTTGATTT 443
 

433 AATAGTT 439
 

1111111
 
444 AATAGTTTTTTCTTTCATATTATTTTTTTATGAATGATGTATGTGTTACA 493
 

440 TTTAATC 446
 
I I I
 1111
 

494 TATGATGTACAAAATATATATTGTTATAAACTTATAATAGTAATTTAATC 543
 

447 TGAATAAAATGATCAAGTAGGTTGTTTGCATGAAAGTACAATTTGGAAGC 496
 
1111111111111111111111111111111111111111 111111111
 

544 TGAATAAAATGATCAAGTAGGTTGTTTGCATGAAAGTACACTTTGGAAGC 593
 

497 CTTTTGAGTTTCGACCCATTGATCCATTCAAACTGTTTAGCTATTACATA 546
 
1111111111111111111111111 11111 111111111111111
 I I
 

594 CTTTTGAGTTTCGACCCATTGATCCGTTCAAACTGTTTAGCTATTATACA 643
 

547 TATTTTATCCGTTTGAGCTGTTAGAAATTAATTTCATCCCATGTTGACCC 596
 
11111111111111111111111111111111111111111111111111
 

644 TATTTTATCCGTTTGAGCTGTTAGAAATTAATTTCATCCCATGTTGACCC 693
 

597 ATTTATAAATAACTTTCAG 615
 
1111111111111111111
 

694 ATTTATAAATAACTTTCAG 712
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Appendix 3 Comparison of the intron sequences in SAD6 gene from HA370 and HA372
 

HA370 1 GTAATTTTTTTCTTTTTCATATTTTTATTATTATGAAATTTTTCCTTTTG 50
 

111111111111111111111111 11111111111111111111111
 
HA372 1 GTAATTTTTTTCTTTTTCATATTT...TTATTATGAAATTTTTCCTTTTG 47
 

51 ..TTGTTTTCATCTAGTATCAGTAGTTGGTCTTATGGGTTGGAAAAAGTG 98
 
11 1111111111 11111111111111111111111111111111111
 

48 TATTTTTTTCATCTAGTATCAGTAGTTGGTCTTATGGGTTGGAAAAAGTG 97
 

99 AGTGGGTTTGGTAAGAATTCGTAATGCTCATATATCCATGCATAGGGCTG 148
 
1
111111111111 1 11111111111111111111111111111111111
 

98 AGTGGGTTTGGTAACAATTCGTAATGCTCATATATCCATGCATAGGGCTG 147
 

149 TAAACAAACCGAACGAATGCGAACAAGGCCTTGTTCGTGTTCGTTTATTA 198
 
1111111111111 1111111111111111111111 1111111111111
 

148 TAAACAAACCGAAAGAATGCGAACAAGGCCTTGTTCATGTTCGTTTATTA 197
 

199 AGGAATGAGCATGTTTATGAATTGTTCACGAACGCTTACCGAACGAGATT 248
 
1111111111 11111111111111111 111111111111111111111
 

198 AGGAATGAGCATGTTTATGAATTGTTCAAGAACGCTTACCGAACGAGATT 247
 

249 TCTTGTTCGTGTTCGTTCATTAAGGAAATGAATGAATTCATGAACTGTTC 298
 
I
11111111111111111111111111111111 111111111111111
 

248 TCTTGTTCGTGTTCGTTCATTAAGGAAATGAACGTATTCATGAACTGTTC 297
 

299 ACGAACGCTTAGCGAACGAGATTTCTTGTTTGTGTTTGTTCATTAAGGAA 348
 

1
 1111111111111111111111111111 11111 1111111 111111
 
298 ATGAACGCTTAGCGAACGAGATTTCTTGTTCGTGTTCGTTCATTAAGGAA 347
 

349 ACGAACGTGTTCATAAACTGTTCACGAACA.TTACCAAATGCGAACTCAA 397
 

1
1 111111111111111111111111111 1111111111111111111
 
348 ACGAACGTGTTCATAAACTGTTCACGAAGATTTACCAAATGCGAACTCAA 397
 

398 ACAAATGTTCATGAACATAAATGAACACAAACAACGTTTATGAACACAAA 447
 

11111111111111111111111111111111111111111111111111
 
398 ACAAATGTTCATGAACATAAATGAACACAAACAACGTTTATGAACACAAA 447
 

448 TGAATACACACGAACATGTATTCATTATAGAATAAAATCTACATTTTTCA 497
 
11111111111111111111111111111111111111111111111111
 

448 TGAATACACACGAACATGTATTCATTATAGAATAAAATCTACATTTTTCA 497
 

498 TCACAAAGATTACGAAGAATCCACCAAAAAATAAATAAGCACTTAGCATA 547
 
11111111111111111111111111111111111111111111111111
 

498 TCACAAAGATTACGAAGAATCCACCAAAAAATAAATAAGCACTTAGCATA 547
 

548 ATTATCTGAACACAATTGACATAAGTATCAGAAACATGGGTTTTACTAGA 597
 

111111111111111111111111 II 1111111111111111111111
 
548 ATTATCTGAACACAATTGACATAATTAGCAGAAACATGGGTTTTACTAGA 597
 

598 CGTTGTTGACGTGAAACACTTTTTTATCCATTATTTTAGAACTTTTCATA 647
 
11111111111111111111111111111111111111111111111111
 

598 CGTTGTTGACGTGAAACACTTTTTTATCCATTATTTTAGAACTTTTCATA 647
 

648 TTAG..TTTTTTTAAATACGATTACAGATAACGTATCTGTTAAGAGTATT 695
 
1111 11111111111111111111111111111111111111111111
 

648 TTAGTTTTTTTTTAAATACGATTACAGATAACGTATCTGTTAAGAGTATT 697
 

696 AGGAGCGATTTAGTAGGTTCTTTGCAGTAGATATACACTTTGGGCGACTT 745
 

1111111111111 111111111111 III11111111111 111111111
 
698 AGCAGCGATTTAGTAGGTTCTTTGCGGTAGATATACACTTAGGGCGACTT 747
 

746 ATTTAATGCTACTTTTACATGCACCTTGATCTTTCAG 782
 
1111111111111111111111111111111111111
 

748 ATTTAATGCTACTTTTACATGCACCTTGATCTTTCAG 784
 




