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Abstract
More than 67,000 expressed sequence tags (ESTs) have recently been generated for sunflower
(Helianthus), including 44,000 from cultivated confectionery (RHA280) and oilseed (RHA801) lines
of Helianthus annuus and 23,000 from droughtand salt-tolerant wild sunflowers, H. argophyllus and
H. paradoxus, respectively. To create a transcript map for sunflower, we identified 605 ESTs that
displayed small insertion–deletion polymorphism (SNP) variation in silico, had apparent tissue-
specific expression patterns, and/or were ESTs with candidate functions in traits such as
development, cell transport, metabolism, plant defense, and tolerance to abiotic stress. Primer pairs
for 535 of the loci were designed from the ESTs and screened for polymorphism in recombinant
inbred lines derived from a cross between the same cultivars (RHA280 × RHA801) employed for
sequencing. In total, 273 of the loci amplified polymorphic products, of which 243 mapped to the
17 linkage groups previously identified for sunflower. Comparisons with previously mapped QTL
revealed some cases where ESTs with putatively related functions mapped near QTLs identified in
other crosses for salt tolerance and for domestication traits such as stem diameter, shattering,
flowering time, and achene size.
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Introduction
The identification and characterization of genes underlying important traits is a major goal of
plant functional genomics. This goal has been significantly aided by the explosive growth of
large-scale expressed sequence tag (EST) sequencing projects (e.g., Lunde et al. 2003; Ronning
et al. 2003). EST libraries generated by these projects have proven to be excellent resources
for gene discovery, molecular marker development, analysis of gene expression at the level of
the whole genome, and identification of candidate genes for phenotypes of interest (Andersen
and Lubberstedt 2003; Clarke et al. 2003; Gupta and Rustgi 2004). The EST approach has been
particularly useful in taxa whose whole genome sequences remain unavailable or are otherwise
limited in their genetic resources, e.g., the Compositae. In the present paper, we describe
progress towards a transcript map for sunflower, the most prominent member of the
Compositae, based on the mapping of expressed genes using denaturing high-performance
liquid chromatography (DHPLC) assays (Xiao and Oefner 2001).

The Compositae comprise a genetically diverse and ecologically successful plant family
comprising onetenth of all known flowering species (Heywood 1978) including more than 40
domesticated plants and many of the world’s worst weeds. Predominant within the Compositae
is the cultivated sunflower (Helianthus annuus L.), the only major crop plant native to North
America (Harter et al. 2004) and one of the world’s most important oilseed crops (FAOSTAT
data 2004). In addition to oilseed production, sunflowers have become increasingly popular in
recent years as a confectionery (snack food) and an ornamental crop. Apart from this
commercial importance, the sunflowers have also recently moved to the center of the ecological
and evolutionary stage (Burke and Rieseberg 2003; Rieseberg et al. 2003; Snow et al. 2003;
Lexer et al. 2004) alongside more well-studied organisms such as fruit flies (Drosophila
spp.), Darwin’s finches (Geospiza spp.), and mouse-ear cress (Arabidopsis thaliana).

The advances in our understanding of both domesticated and wild sunflowers have been
facilitated by the availability of high-density genetic maps. The first genetic linkage map for
sunflower was actually developed for a wild hybrid species, H. anomalus (Rieseberg et al.
1993), which is divergent chromosomally from the domesticated sunflower (Rieseberg et al.
1995). However, shortly thereafter several restriction fragment length polymorphism maps
were published for the domesticated sunflower (Berry et al. 1995; Gentzbittel et al. 1995,
1999; Jan et al. 1998), establishing a standard nomenclature for sunflower linkage groups and
providing framework markers for comparisons among maps (Gedil et al. 2001). More recently,
high-resolution linkage maps based on more than 1,000 simple sequence repeat (SSR) and
other sequence-tagged-site markers have been developed for the cultivated sunflower (Tang
et al. 2002; Yu et al. 2003) and several wild species (Rieseberg et al. 2003; Burke et al.
2004; Lai et al. 2005).

Despite the availability of high-density genetic maps and bacteria artificial chromosome
(Gentzbittel et al. 2002; Knapp SJ, unpublished) and EST libraries (http://cgpdb.ucdavis.edu;
Fernandez et al. 2003; Tamborindeguy et al. 2004), progress towards identification of genes
underlying traits of interest in sunflower has been hampered by the laborious nature of map-
based cloning. Sunflower would benefit greatly from a systematic effort to map functionally
important genes in order to search for associations between candidate genes and QTLs
underlying agriculturally or evolutionarily important traits (e.g., Gentzbittel et al. 1999;
Slabaugh et al. 2003; Lexer et al. 2004).

The EST sequencing projects promise an easier bridge between phenotype and gene by using
known expressed sequences to create assays for functional genetic variants. This process allows
for simultaneous genetic mapping and suggestion of candidate functions and phenotypes for
the loci via homology (e.g., Perez-Vich et al. 2002; Lexer et al. 2004). Genome sequencing
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projects have shown that single base substitutions and/or small insertion–deletion
polymorphisms (SNPs) are the most abundant type of DNA variation, e.g., occurring every
100–300 bases in the human genome. SNPs occur frequently in or near coding sequences (Cho
et al. 1999) and may be the causes of functional differences between alleles. Moreover, the
development of EST sequencing projects now makes it possible to discover putative SNPs in
silico with subsequent experimental verification. Combined with increasing sophistication in
technical aspects of assaying SNPs, we now have the ability to generate markers specific for
many individual loci with known expression. Since SNPs have many advantages in abundance,
identification, stability, and ease of genotyping (Wang et al. 1998; Giordano et al. 1999), they
are the most obvious targets for high throughput genotyping, making discovery of SNPs and
the development of assays for allelic discrimination a crucial step in making the promise of
genomics a reality.

As part of the Compositae Genome Project, a comprehensive annotated EST database has been
developed for sunflower and lettuce, the other major Compositae crop
(http://cgpdb.ucdavis.edu). For sunflower, 44,000 ESTs were derived from domesticated
confectionery (RHA280) and oilseed (RHA801) sunflower lines, two representatives from the
diverse array of highly selfing germplasm available for cultivated sunflower research (Seiler
1991), and 23,000 ESTs were derived from drought- and salt-tolerant wild sunflowers, H.
argophyllus and H. paradoxus, respectively. The 67,000 ESTs represent approximately 18,000
unigenes. In this article we describe our use of this EST resource to generate and map 243 new
genetic markers for sunflower using DHPLC for SNP detection. Such a transcript map provides
the starting framework for the dissection of quantitative traits and represents a first step toward
identifying and characterizing genes underlying important agricultural and/or ecological traits
in sunflower.

Materials and methods
Plant material and mapping population

One population of F7 recombinant inbred lines (RILs) was used for mapping of ESTs. The
RILs were developed by single-seed descent from the same two cultivars (RHA280 and
RHA801) employed for the majority of EST sequencing. A dense map of anonymous markers
already exists for this population (Tang et al. 2002; Yu et al. 2003); consequently, it has become
the primary reference population for molecular breeding and comparative genomics research
in sunflower (e.g., Burke et al. 2004; Lai et al. 2005). Ninety-four RILs from this cross were
employed for population screening and map construction.

EST database searches and primer design
The EST sequences were used in two distinct strategies to find genetic markers. The first
methodology was an in silico approach utilizing the EMBOSS suite (Rice et al. 2000), ClustalW
(Thompson et al. 1994), and Perl scripts (available upon request). The CAP3 (Huang and
Madan 1999) assembled contigs were searched for unigenes containing EST sequences from
both the RHA280 and RHA801 source materials. The parameters used for CAP3 assembly
were overlaps with a minimum of 80% identity and 40 bases in length for inclusion in a contig.
The component ESTs from these unigenes were then split into two groups containing sequences
only from one genotype. For each genotype, an alignment was obtained for all sequences using
the EMBOSS “Emma” program as an interface to ClustalW. A consensus sequence for each
genotype was constructed from the alignments using the EMBOSS program “Cons”, and then
the “Diffseq” program of EMBOSS was used to find single nucleotide differences between the
aligned consensus sequences for each genotype.
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A prerequisite for the first SNP discovery method was the availability of sequences from both
genotypes for a gene. We wished, however, to identify and map other genes in the database
that could be candidates underlying QTL previously identified in sunflower. To identify these
genes, a second methodology used a table in the Compositae Genome Project database
(http://cgpdb.ucdavis.edu) containing the top BLAST hits for each unigene. These putative
functions for the unigenes inferred from homology were queried via a keyword search focused
on the following aspects of plant growth and development: meristem function, plant defense,
senescence, signaling, carbohydrate metabolism, cellular metabolism, amino acid biosynthesis
and metabolism, floral development, abiotic stress tolerance, fatty acid biosynthesis, cellular
transport, and other phenotypes assayed in sunflower population studies previously conducted
in the lab. Finally, we also identified ESTs with tissue-specific expression patterns, both to
broaden the study and because tissue-specific expression also provides a clue regarding
possible function.

Primers were designed for all EST markers using a representative EST from each contig and
the Primer3 software (Rozen and Skaletsky 2000). Primers were designed to have an average
length of 20 nucleotides, melting temperatures of 58 or 60°C, and theoretical PCR amplicons
of 200–500 bp.

PCR amplification
Touchdown PCR was used to reduce non-specific amplification. Briefly, a hot start of 94°C
for 2 min was followed by 1 cycle of 94°C for10 s, 59°C for 30 s, and 72°C for 30 s, then 9
cycles during which the annealing temperature dropped by 0.5°C per cycle, then 25 cycles of
94°C 10 s, 54°C 30 s, and 72°C 30 s, and a 10 min final extension at 72°C. Reactions were run
in 50 μl volumes with 50 ng template genomic DNA, 50 pmol of the forward and reverse
primers, and a final concentration of 2 mM MgCl2, 30 mM Tricine, 50 mM KCl, 100 μM of
each dNTP, and 2 U of Taq polymerase. After amplification, the presence of amplification
products was tested by agarose gel electrophoresis. Primer pairs that failed to amplify RHA280
and RHA801 alleles under these conditions were not considered further. The successful PCR
products were assayed by DHPLC (see below).

Assay of gene polymorphism using DHPLC
DHPLC analysis was carried out on an automated WAVE nucleic acid fragment analyzer
(Transgenomic Inc., Omaha, NE, USA) using a DNASep HT column. An initial screen for
length differences was carried out by analyzing pure parental and mixes of parental PCR
products in equimolar concentrations. The presence of an additional peak in the
chromatographic profile of the mixtures compared to the pure parental PCR products under
non-denaturing conditions was interpreted as due to length polymorphism (Xiao and Oefner
2001). For primers showing length polymorphisms, PCR products from each RIL were mixed
with one of the parental PCR products and run under non-denaturing conditions. The
chromatographic profile of the RIL mixture was then compared to the parental mixture profiles
to determine the RIL genotype.

Primer pairs not showing length polymorphism were screened for sequence differences under
partially denaturing conditions. Polymorphism between the parental lines was detected by
mixing parental PCR products in roughly equimolar proportions and subjecting the mixture to
a denaturing step of 5 min at 94°C followed by gradual reannealing to room temperature to
create homo- and heteroduplexes prior to analysis. The reannealed products were injected into
the DNASep HT column and eluted with a linear acetonitrile gradient in 0.1 TEAA buffer, pH
7.0, at a constant flow rate of 0.9 ml/min. The start and end points of the gradient was
automatically calculated using an algorithm provided by the WAVE MAKER software
(Transgenomic Inc.). Likewise, the melting temperature (Tm) required for successful resolution
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of heteroduplex molecules was determined by a DHPLC algorithm (Transgenomic Inc.) and
the online DHPLC Melt program (http://insertion.stanford.edu/melt.html). Both pure parental
and equimolar mixes of parental PCR products were analyzed, and the presence of additional
peaks in the mixed compared to pure parental assays was interpreted as being due to
heteroduplex formation because of sequence polymorphism.

Once the melting temperature was optimized for primer pairs showing polymorphism, the
entire population was screened at the optimal temperature. For population screening, PCR
product from the RHA280 parent was added in equimolar concentration to PCR products from
each RIL so that lines carrying RHA801 alleles could be visualized as heteroduplex molecules.
Additional peaks observed in any of the RIL/RHA280 mixtures was due to the presence of the
allele derived from the RHA801 parent and was scored accordingly.

Genetic mapping and comparisons with QTL positions
EST-based markers found to be polymorphic by DHPLC were added to the RHA280 ×
RHA801 reference map for H. annuus (Tang et al. 2002; Yu et al. 2003) using the program
MAPMAKER/EXP 3.0b (Lander et al. 1987) under the “RI Self” model. Because the RHA280
× RHA801 map contains 459 SSRs (Tang et al. 2002), a subset of 196 evenly spaced markers
was chosen to establish a framework for each linkage group (LG), then tested for a unique best
order via the “ripple” command (parameters five marker windows and reporting alternative
orders with LOD <3). The EST markers were assigned to these chromosomes, then placed
within the LGs by the following process: markers were tested for position within an LG by the
“try” command, then markers showing one position with LOD >3 compared to all other
positions were incorporated into the framework order and tested via the “ripple” command as
above, and then the unplaced markers were retested, until no markers had a single best position.
The remaining markers for an LG were then classified as either closely linked to an existing
framework marker (<0.7 cM), significance for the best location at 3> LOD >2, or linked with
unsure placement (LOD <2 between best and alternative placements, but showing a high LOD
and low recombination values with all markers in the region). The marker data were tested for
deviations from expected Mendelian ratios. All final map orders were then confirmed to have
no likely alternative orders via the “ripple” command as above and recombination fractions
were translated into centimorgan (cM) distances using the Kosambi mapping function.

The ESTs found via keyword searches were classified into functional categories. The positions
of the ESTs with putative functions relating to previously analyzed phenotypes were compared
to mapped QTLs for more than 70 morphological, physiological, and life history traits across
three different mapping populations: wild × domesticated H. annuus (cultivated F3; Burke et
al. 2002), H. annuus × H. petiolaris raised in the greenhouse (BC2-greenhouse; Rieseberg et
al. 2003), and H. annuus × H. petiolaris grown in a natural salt marsh habitat (BC2-field; Lexer
et al. 2003). EST positions in the QTL populations were inferred on the basis of shared SSR
loci. The positions of these ESTs were compared to the 1-LOD support intervals for the QTL
mapped previously. To ensure this was justified, we genotyped the Burke et al. (2002)
population with eight markers (HT040, HT087, HT149, HT160, HT172, HT173, HT185, and
HT189). All of these mapped to the same relative positions as in the RHA280 × RHA801
population employed here (data not shown). Similar results were obtained for the BC2-field
QTL population (Lexer et al. 2003, 2004). Thus, we can have reasonable confidence in the
inferred location of ESTs across the three QTL populations.
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Results
Primer design and genetic mapping of EST-based markers

There were 288 ESTs identified in silico with potential SNPs, from which primer pairs were
developed for 218 loci. Additionally 317 primer pairs were designed from ESTs of sunflower
homologous to functionally important genes characterized in other taxa, but with no a priori
evidence for polymorphism. Unambiguous PCR products were produced by 426 primer pairs
(80%). An additional 31 primer pairs (6%) generated multiple PCR products and 78 (14%)
failed to amplify. These latter two groups of primer pairs were excluded from further study.
Introns were present in 107/535 (20%) of PCR products, ranging in size from a few base pairs
to a few kilobases (data not shown). Because optimal sensitivity of DHPLC is achieved with
fragments <500 bp in length, larger introns in 44 PCR products (8%) hampered our ability to
detect sequence or length polymorphisms (Xiao and Oefner 2001).

In all, length and/or sequence polymorphisms were clearly detected for 273 EST markers
(Supplementary Table S1). The 218 primer pairs designed from ESTs showing variation in
silico yielded 156 viable assays (72%), while from the 317 ESTs with no a priori evidence for
variation only 117 assays (37%) were functional. The majority of successful assays (84%)
detected sequence polymorphisms, while 44 of them (16%) exhibited length polymorphism.
The dataset generated contained very few missing genotypes (1.25%).

Only 30 (11.0%) of the marker data had χ2>3.84 when tested for deviations from expected
Mendelian ratios. Of the 273 markers, 122 were incorporated at LOD >3 into the linkage group
frameworks, 52 were mapped to positions with 3> LOD >2, and 17 were closely linked (<0.7
cM) to a framework marker (Fig. 1). An additional 52 markers showed obvious signs of linkage,
but could not be placed definitively (LOD <2; Fig. 1). Twenty-four markers showed weak
linkage and/or aberrant behavior (e.g., doubling the size of an interval when incorporated) and
six markers were unlinked to any of the chromosome framework markers. The EST markers
showing deviations from Mendelian ratios mapped close to the SSR markers showing similar
patterns of inheritance (Tang et al. 2002).

The total map distance of the combined SSR and EST marker map was 1,349.3 cM (Fig. 1;
Table 1). Although this is very close to the previously published map length of 1,368.3 cM of
the Tang et al. (2002) map, there were some differences between the two maps. Linkage groups
(LGs) 1, 5, 7, 8, 9, 11, 16, and 17 had EST markers that extended the previous maps at the
upper end of the chromosomes shown in Fig. 1 and LGs 5, 6, 15, and 16 had similar increases
at the lower ends. These increases are not unexpected and hopefully take this map closer to the
complete genomic coverage from the estimated 93% coverage achieved earlier (Yu et al.
2003). The SSR frameworks used for adding in the EST markers were shortened for some of
the LGs because no marker orders containing terminal markers with LOD >3 compared to
other orders could be found (LG2, −3 cM from lower end; LG3, −3.1 cM from lower; LG4,
−4 cM from upper; LG7, −8.7 cM from upper; LG9, −13 cM from lower; LG16, −15 cM from
lower). For LG13, smaller units corresponding to the upper and lower parts for the LG from
Tang et al. (2002) could be constructed; however, no best order with LOD >3 over an alternative
could be found that reconstructed the entire LG. Consequently, both parts are shown separately
in Fig. 1, leading to an overall loss of 28.8 cM for this LG.

The EST markers were mapped to all 17 linkage groups in sunflower. They were, however,
unevenly distributed across the LGs (Fig. 1; Table 1), ranging from 2 (LG2) to 37 (LG10).
When using either LG length from the Tang et al. (2002) maps or number of SSRs per LG from
these same maps to generate expected numbers of ESTs mapped to LGs (Table 2), χ2 test
statistics were significant (P<0.001 and P<0.005, respectively). Most of the deviation in both
cases was due to a dearth of markers mapped to LG2 and an excess for LG10. Large gaps (>20
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cM) present in the Tang et al. maps remain for LGs 2, 7, 9, 11, 13, 14; however, the addition
of EST markers closed some of these large gaps on LGs 6, 8, 9, 10, and 12, and one marker
was placed in the large gap on LG4 at 3> LOD >2.

Comparisons between ESTs and QTL positions
Of the ESTs found via keyword searches that could be mapped (Supplementary Table S1), 1
encodes a putative protein related to seed dormancy, 4 encode products potentially involved
in branching and meristem determination, 2 may be involved in self-incompatibility, 5 are
related to plant defense and senescence genes, and 12 are similar to genes functioning in
signaling pathways. Other functional categories include genes potentially involved in
carbohydrate metabolism (4), 2 in nutrient reserves, 16 in cellular metabolism, 14 in amino
acid biosynthesis and metabolism, and 4 in floral development. Another 17 candidate genes
likely contribute to abiotic stress tolerance, 5 encode proteins with functions in cellular
transport, and 2 are involved in fatty acid biosynthesis, which is one of the most important
traits in the cultivated sunflower. In addition, eight of the mapped ESTs show evidence of
tissue-specific expression patterns, including shoot specific, root/shoot-specific,
developmental kernel specific and germinating seed-specific expression.

Although numerous ESTs mapped in the vicinity of QTLs, in most instances there was no
obvious match between the phenotype and the putative function of the EST. Thus, here we
report only those instances (13 in all) in which the predicted function of an EST that mapped
coincident with a QTL (within the 1-LOD support interval) could conceivably provide a
functional link (Table 2). Six of these (HT089, HT175, HT185, HT215, HT216, and HT227)
are ion channel or transport proteins that may regulate mineral ion uptake: all six map to the
same genomic location as QTLs underlying variation in the mineral ion content of leaves. The
other seven genes (HT008, HT087, HT103, HT160, HT179, HT189, and HT200) map
coincident with QTLs for traits associated with morphology and development. Three of these,
HT087, HT160, and HT179, are putative transcription factors and two (HT008 and HT200)
encode homologs of auxin-regulated proteins. HT189 may regulate cell division and HT103
encodes a COP1 homolog.

Discussion
Prospects for SNP discovery and EST mapping

This study reports the mapping of 243 ESTs via DHPLC genotyping of SNP and length
polymorphisms, including genes potentially involved in traits such as plant growth and
development, in the cultivated sunflower, H. annuus. These markers were derived from an
extensive EST database (>67,000 ESTs and 18,000 unigenes) for sunflower
(http://cgpdb.ucdavis.edu), which is proving to be a rich source for gene discovery. The EST
sequencing strategy and database were specifically designed to allow for the identification of
potential polymorphisms by computational approaches. Of 535 primer pairs developed from
the database, 80% amplified clear PCR products and 51% were shown to be polymorphic in
our mapping population. These values are comparable to those reported for two species of
Pinus, where 67– 86% of 90 ESTs were successfully amplified and 40–52% of those that
amplified were polymorphic in mapping populations when analyzed by denaturing gradient
gel electrophoresis and/or single-strand conformational polymorphism analysis (Komulainen
et al. 2003). In contrast, only 28 (18.6%) of 150 ESTs sequenced in two parental lines of
soybean were polymorphic (Zhang et al. 2004). The disparity in these results could be due to
sampling strategies or inherent differences in levels of polymorphism between these taxa, with
sunflower (Sanitagne and Rieseberg, unpublished) and pines (Brown et al. 2004) having more
diversity than soybean (Shoemaker and Specht 1995; Zhu et al. 2003).
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Our assays for genes identified in silico as being polymorphic had a much higher success
percentage (72 vs. 37%) than assays designed from EST sequences with no a priori evidence
for polymorphism. Sequencing more diverse EST libraries within cultivated sunflower or from
wild relatives could, therefore, enhance the number of polymorphisms discovered. It is
questionable, however, whether all these polymorphisms would also be segregating in the
available mapping populations. As shown in recent studies in maize and its wild relative
teosinte (Wright et al. 2005), cultivated maize harbors much less polymorphism than teosinte.
Consequently, matching of SNP discovery with methods for SNP mapping seems advisable.

There are currently several SNP genotyping methods available (Kwok 2001). The recently
developed DHPLC technique has a reported sensitivity and specificity of consistently greater
than 96%, surpassing other mutation detection methods such as single-strand conformation
analysis and denaturing gradient gel electrophoresis (Spiegelman et al. 2000). Moreover,
DHPLC allows for automation through sample set up in 96-well format, loading crude PCR
products directly without further purification (Xiao and Oefner 2001). As shown by this study,
directed sequencing strategies in conjunction with DHPLC can provide accurate, automated,
rapid, and economical genotypes that contribute to the analysis of DNA sequence variation.

The markers mapped to all 17 of the sunflower linkage groups. As expected, EST markers
showing deviations from Mendelian ratios mapped close to SSR markers that showed the same
inheritance. These EST markers will increase the overall map length and density of markers
available to sunflower researchers, and as they are used with larger populations, the precise
local ordering of loci will allow for fixing the positions of the loci mapped at 3> LOD >2. In
retrospect, no overall reason for map imprecision or unlinked status can be assigned to the 82
markers in these categories. In general, these markers do not have higher missing data or more
extreme deviations from 1:1 segregation ratios. One possibility is that the initial contigs
contained orthologs and paralogs, a problem that could be circumvented by more stringent
parameter choice in the CAP3 assembly. The number of markers mapped for each LG was
close to expected for the majority of LGs; however, some LGs showed greater (e.g., LG10) or
fewer (e.g., LG2) markers than expected. While it is tempting to think this may reflect an
uneven distribution of expressed genes across LGs in the sunflower genome, these patterns
must be considered tentative at this point.

Possible functions of ESTs
Colocalization of ESTs and QTLs provides clues regarding the possible function of the former
and represents a possible strategy for the identification of genes underlying ecologically and/
or agriculturally important traits (Pflieger et al. 2001; Wright et al. 2005). These studies are by
nature suggestive rather than definitive, intending to provide plausible functional links between
genes and their function from two different experimental approaches. Thus, all of the
associations seen in this and other studies will need to be confirmed experimentally. While
some of the associations will undoubtedly prove spurious, the merging of these data should
provide an overall more rapid advance in our understanding compared to other methods.

In the present study, we identified six genes (HT089, HT175, HT185, HT215, HT216, and
HT227) that may contribute to the regulation of mineral ion uptake (Table 2) and possibly to
salt tolerance. We have previously shown that salt tolerance in sunflowers is achieved through
the exclusion of toxic mineral ions such as Na, B, Mg, and Mn and the preferential uptake of
Ca (Lexer et al. 2003). HT089, e.g., encodes a putative transmembrane G-protein-coupled
receptor and maps coincident with QTLs controlling leaf Ca, Mg, and Mn uptake. HT175 is
homologous to a cyclic nucleotide and calmodulin- regulated ion channel protein and maps
coincident with QTLs controlling leaf Mg and Mn uptake. The homolog in Arabidopsis has
been implicated in K+ transport (Kohler et al. 1999), which may have pleiotropic effects on
Mg and Mn uptake (White 1997). Likewise, HT185 appears to encode an ER-type Ca pump
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protein and represents an excellent functional match for the Ca uptake QTL that maps with it.
HT215, HT216, and HT227 are potentially involved in membrane or cation transport, functions
which are consistent with the role in ion uptake suggested by the QTLs associated with them
(Table 2).

Several other mapped genes may contribute to variation in morphology and development. For
instance, an APETALA2 (AP2)-like protein (HT160) maps coincident with QTLs controlling
flowering time and achene size (Table 2). AP2 is a floral homeotic gene, and AP2 and AP2-
like proteins play important roles in the control of flower and seed development (Okamuro et
al. 1997;Maes et al. 2001;Aukerman and Sakai 2003;Faris et al. 2003). Likewise, a putative
cell division control protein (HT189) colocalizes with QTLs affecting relative growth rate, leaf
area, stem diameter, and height, whereas the bZIP transcription factors HT087 and HT179 are
associated with stem and leaf size, and achene and disk size QTLs, respectively (Table 2).
HT103 encodes a protein like COP1, which plays a key role on photomorphogenesis regulation
(Ma et al. 2002) and maps coincident with QTLs for relative growth rate, leaf area, stem
diameter, and initial seed weight. Finally, the putative auxin-repressed protein HT008 and
auxin-regulated protein HT200 colocalize with QTLs underlying variation in relative growth
rate and stem and leaf size, respectively, functions which are consistent with auxin’s important
role in plant growth (Catala et al. 2000).

Caveats
Although several interesting associations were detected between ESTs and QTLs (above), the
apparent match in position and function between ESTs and QTLs may be spurious. For example
there are likely to be numerous genes within each 1-LOD QTL region, there is a lack of
complete precision in both the marker and QTL maps, and there may be issues with gene
duplicates. The situation is further complicated by the fact that some trait differences could be
caused by types of genes that are not anticipated (e.g., mineral ion uptake; Table 2) and some
genes have numerous possible phenotypic effects. For instance, locus HT218 encodes a
putative acyl-CoA synthetase, which is known to be highly pleiotropic in Arabidopsis, causing
reduced leaf size and plant growth, reduced seed production, and flower rates of seedling
germination and establishment (Schnurr et al. 2004).

Despite these challenges, the EST/QTL associations reported here represent an important first
step toward identifying the genes underlying ecologically and agriculturally important traits
in sunflower. Studies designed to test these hypotheses currently underway include fine
mapping of QTLs, microarray analyses of variation in RNA expression, and molecular
evolutionary analyses of candidate genes (Church et al., unpublished), which may be an
important way of identifying genes under selection in domestication (Wright et al. 2005).
Verification of function will ultimately require transgenic complementation, RNA
interference-mediated gene silencing, and/or mutational analyses. The positional information
for ESTs provided here is thus a valuable starting resource for functional genomic studies in
sunflower.
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Fig. 1.
Sunflower linkage map derived from (RHA280 × RHA801) F7RILs. The following marker
nomenclature is employed: ORS microsatellite markers (Tang et al. 2002), HT Helianthus
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transcribed (i.e., EST) markers. Linkage group designations above each map follow Tang et
al. (2002), and map distances are given to the left and marker names to the right of each linkage
group. Markers shown in bold are ordered at LOD >3, markers in plain type are either ordered
at 3> LOD >2 or closely linked to framework markers, and markers in italics are strongly
linked to markers in the regions and shown at their most likely position LOD <2. Markers
placed o. the end of the frameworks established by Tang et al. (2002) have the cM distance
between them and the terminal markers given
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