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Abstract Several independent molecular genetic linkage
maps of varying density and completeness have been
constructed for cultivated sunflower (Helianthus annuus
L.). Because of the dearth of sequence and probe-specif-
ic DNA markers in the public domain, the various genet-
ic maps of sunflower have not been integrated and a sin-
gle reference map has not emerged. Moreover, compari-
sons between maps have been confounded by multiple
linkage group nomenclatures and the lack of common
DNA markers. The goal of the present research was to
construct a dense molecular genetic linkage map for sun-
flower using simple sequence repeat (SSR) markers.
First, 879 SSR markers were developed by identifying
1,093 unique SSR sequences in the DNA sequences of
2,033 clones isolated from genomic DNA libraries en-
riched for (AC), or (AG), and screening 1,000 SSR
primer pairs; 579 of the newly developed SSR markers
(65.9% of the total) were polymorphic among four elite
inbred lines (RHA280, RHA801, PHA and PHB). The
genetic map was constructed using 94 RHA280 x
RHAB801 F; recombinant inbred lines (RILs) and 408
polymorphic SSR markers (462 SSR marker loci segre-
gated in the mapping population). Of the latter, 459 co-
alesced into 17 linkage groups presumably correspond-
ing to the 17 chromosomes in the haploid sunflower ge-
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nome (x = 17). The map was 1,368.3-cM long and had a
mean density of 3.1 cM per locus. The SSR markers de-
scribed herein supply a critical mass of DNA markers for
constructing genetic maps of sunflower and create the
basis for unifying and cross-referencing the multitude of
genetic maps developed for wild and cultivated sunflow-
ers.

Keywords Microsatellite - Simple sequence repeat -
Helianthus - Sunflower

Introduction

Cultivated sunflower (Helianthus annuus L.), a diploid
(x = 17) annual, is a globally important source of edible
oil, a universally known and widely grown ornamental,
and one of 48 species of Helianthus (subtribe Heliant-
hae, subfamily Asteroideae, family Compositae) indige-
nous to and distributed throughout North America
(Heiser and Smith 1955; Heiser 1976; Seiler and Riese-
berg 1997). Globally, sunflower ranks fourth or fifth
among oilseed crops in land area under production and
seed production (Food and Agricultural Organization
of the United Nations Statistical Databases 2001;
http://www.fao.org). Between 1996 and 2000, about 21.1
million hectares of oilseed sunflower were produced per
annuum. Because of the economic and ecological impor-
tance of wild and cultivated sunflowers, H. annuus has
been one of the primary models for genetics and geno-
mics research in the Compositae (Knapp et al. 2001), a
family comprised of approximately 2,000 genera and ap-
proximately 20,000 species (Stebbins 1974; Cronquist
1977; Jansen et al. 1991).

The key genetic maps of sunflower are anchored
by three sets of proprietary restriction fragment length
polymorphism (RFLP) markers (Berry et al. 1994;
Gentzbittel et al. 1994; Jan et al. 1998). Conservatively,
18 genetic maps of varying density and completeness
have been constructed in wild and cultivated sunflowers
using about 1,100 RFLP markers (Berry et al. 1995,
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1996, 1997; Gentzbittel et al. 1995, 1999; Jan et al.
1998) and several hundred random amplified polymor-
phic DNA (RAPD) and amplified fragment length poly-
morphism (AFLP) markers (Rieseberg et al. 1993; Peer-
bolte and Peleman 1996; Gedil et al. 2001). Despite the
wealth of DNA markers and mapping resources in sun-
flower, a dense genetic map comprised of openly shared,
single- or low-copy DNA markers has not been devel-
oped, and a single reference map has not emerged. More-
over, the autonomy of the maps has produced a multi-
tude of complete and partial linkage-group assemblages
and four linkage-group nomenclatures (68 linkage-group
codes), and confounded comparisons between maps
(Knapp et al. 2001). The development of a molecular ge-
netic linkage map comprised of openly shared, single- or
low-copy DNA markers is crucial for unifying and cross-
referencing maps, establishing a universal linkage group
nomenclature, and rapidly and efficiently identifying
DNA markers for constructing new maps.

The goal of the present research was to construct a
dense molecular genetic-linkage map for sunflower
based on simple sequence repeat (SSR) markers. The
abundance, molecular diversity, and genotyping charac-
teristics of SSRs in plant and animal genomes have
been well chronicled (Hamada et al. 1982; Tautz and
Renz 1984; Weber and May 1989; Akkaya et al. 1992;
Lagercrantz et al. 1993; Morgante and Olivieri 1993;
Wang et al. 1994; Roder et al. 1995; Liu et al. 1996;
Powell et al. 1996a, b; Taramino and Tingey 1996;
Milbourne et al. 1998; Cho et al. 2000). Most important-
ly, SSR markers form the backbone of second-generation
molecular genetic-linkage maps in rice (Oryza sativa L.)
(Temnykh et al. 2000), barley (Hordeum vulgare L.)
(Ramsay et al. 2000), soybean (Glycine max L.) (Cregan
et al. 1999b) and other crop plants. The supply of SSR
markers has heretofore been insufficient in sunflower for
constructing complete or saturated genetic maps. Using
unenriched and enriched genomic DNA libraries, 210
SSR markers have been developed thus far (Brunel
1994; Whitton et al. 1997; Hongtrakul et al. 1998; Gedil
1999; Yu et al. 2002). Of the total, less than half are
known to be polymorphic among elite inbred lines
(Gedil 1999; Yu et al. 2002). Because the genetic map of
sunflower is long (about 1,650 cM or longer) and DNA
marker polymorphism rates typically range from 10 to
36% per cross (Berry et al. 1994; Gentzbittel et al. 1994;
Yu et al. 2002), several hundred additional SSR markers
are needed to saturate the genetic map of sunflower. The
development of 879 new SSR markers and a molecular
genetic-linkage map for sunflower are described herein.
The map was constructed using 459 SSR marker loci.

Materials and methods

SSR discovery, DNA sequence analysis, and primer design

Genomic DNA libraries enriched for AC- or AG-repeats were
constructed by Genetic Identification Services (Chatsworth, Calif.,
USA) using DNA isolated from leaves harvested from 4-week old
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seedlings of the sunflower inbred line HA370 (Miller and Gulya
1990). DNA was isolated using a modified CTAB method (Webb
and Knapp 1990) and enriched using the procedures described by
Karagyozov et al. (1993) and Edwards et al. (1996).

Fifty to 100 ul of the genomic DNA library stock solutions
were spread onto Bluo-Gal/IPTG/ampicillin (75 wg/ml)-LB agar
plates. White clones were isolated and inoculated on ampicillin-
LB agar medium in 96-well format plates. The plates were incu-
bated at 37 °C overnight. Clone scrapes were used as templates for
colony PCR. The sunflower inserts were amplified using universal
M13 forward and reverse primers. Clone insert lengths and num-
bers were checked on 1.5% agarose gels loaded with 5 ul of PCR
solution. Clones with single inserts ranging in length from 350 to
800 bp were selected for sequencing. The amplicons were purified
using QIAquick PCR purification kits (Qiagen, Valencia, Calif.,
USA) processed on a Qiagen BioRobot 3000 (Qiagen, Valencia,
Calif., USA). Roughly 25 to 50 ng of each purified amplicon was
used as a template for DNA sequencing. We single-pass se-
quenced 2,033 genomic DNA clone inserts from one end using 1.5
to 3.0 pmol of the universal M13 forward primer. Half of the se-
quences were produced on an ABI377 Sequencer (Applied Bio-
system, Perkin Elmer, Foster City, Calif., USA) in the Oregon
State University Center for Gene Research and Biotechnology
Central Services Laboratory, and the other half were produced on
an ABI3700 Sequencer (Applied Biosystem, Perkin Elmer, Foster
City, Calif., USA) in the University of Nevada, Reno, Department
of Biochemistry, Genomics Laboratory.

Plasmid sequences were trimmed and the edited DNA se-
quences were screened for the presence of SSRs. The PILEUP
function of the Genetics Computing Group software (Madison,
Wis., USA) was used to align sequences harboring common mo-
tifs to identify redundant and unique sequences. SSR genotyping
primers were designed using PRIMER 3.0 (http://www-ge-
nome.wi.mit.edu/cgi-bin/primer/ primer3_www.cgi). Target ampl-
icon lengths, based on the length of repeat and flanking sequences
in the reference allele sequence, were systematically varied to cre-
ate a uniform series of SSR marker-length bins from 130 to 530 bp
to facilitate multiplexing.

SSR marker genotyping

SSR primers were screened for utility, functionality, and length
polymorphisms on agarose and polyacrylamide gels using two
public inbred lines (RHA280 and RHAS801) (Fick et al. 1974;
Roath et al. 1981) and two proprietary inbred lines (PHA and
PHB) developed by Pioneer Hi-Bred International Inc. (Johnston,
Iowa). RHA280 is a confectionery fertility restorer line, and
RHAS801, PHA and PHB are oilseed fertility restorer lines.

SSR genotyping primers were synthesized by MWG Biotech
(High Point, N.C., USA) and Perkin Elmer (Foster City, Calif.,
USA). Forward primers were modified by adding fluorophores
(6FAM, HEX, TET or NED) to the 5’ ends. Fluorophores were
uniformly distributed among length bins to facilitate multiplexing.
SSR genotyping assays were performed using ABI Prism 377
DNA sequencing (polyacrylamide) gels and GeneScan 2.1 and
Genotyper 2.0 software (Applied Biosystems, Foster City, Calif.,
USA). PCRs were performed by using 15 ul of reaction mixture
containing 1x PCR buffer, 2.5 mM Mg*+, 0.2 uM each of dNTPs,
0.1% Tween-20, 5 to 7.5 pmol of each primer, 0.5-0.75 units of
Taq polymerase (Qiagen, Valencia, Calif., USA) and 10 to 20 ng
of genomic DNA. ‘Touchdown’ PCR (Don et al. 1991) was used
to reduce spurious amplification. The initial denaturation step was
performed at 95 °C for 3 min, followed by 1 cycle of 94 °C for
30 s, 64 °C for 30 s and 72 °C for 30 s. The annealing temperature
was decreased 1 °C per cycle in subsequent cycles until reaching
58 °C (the base annealing temperature varied from 54 to 60 °C de-
pending on the primer pair). Products were subsequently amplified
for 32 cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s
with a final extension for 20 min.

SSR markers were screened for polymorphisms using three-
color multiplexes; amplicons labelled with 6FAM, HEX or TET,
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or 6FAM, HEX or NED, were separately produced, diluted 15- to
25-fold, and pooled. Samples were prepared for analysis by com-
bining 0.5 ul of diluted amplicon, 0.5 ul of a GeneScan 500 inter-
nal-lane standard labelled with TAMRA or ROX, and 50% form-
amide. Samples were heated to 92 °C for 5 min, chilled on ice for
5 to 10 min, and loaded into 48- or 96-well format gels. GeneScan
Filter Set C and the TAMRA 500 internal-lane standard were used
for analyses of amplicons labeled with 6FAM, HEX or TET.
GeneScan Filter Set D and the ROX 500 internal-lane standard
were used for analyses of amplicons labeled with 6FAM, HEX or
NED. Genotyper 2.0 was used for allele scoring. Heterozygosities
were estimated for each SSR marker as described by Ott (1991).

Genetic mapping

The genetic map was constructed using 94 RHA280 x RHA801 F;
recombinant inbred lines (RILs). RHA280 was manually emascu-
lated to produce the F,. The RILs were developed by single-seed
descent in summer and winter nurseries, and greenhouses, in Cor-
vallis, Oregon, and Balcarce, Argentina, between 1995 and 1998.
SSR genotyping assays were performed, as described earlier, by
multiplexing six to 14 SSR markers per lane.

Statistical analyses were performed and the map was construct-
ed using Mapmaker 3.0 (Lander et al. 1987) and G-MENDEL 3.0
(Holloway and Knapp 1993). Chi-square-tests for segregation dis-
tortion were performed for each locus using log-likelihood ratio
statistics (G). Loci were assembled into groups using likelihood
odds (LOD) ratios with a LOD threshold of 3.0 and a maximum
recombination frequency threshold of 0.4. Multiple locus-order es-
timates were produced for each linkage group using Mapmaker
(Lander et al. 1987) and G-MENDEL (Holloway and Knapp
1993). The likelihoods of different locus orders were compared
and the locus-order estimate with the highest likelihood was se-
lected for each linkage group. Map distances (cM) were calculated

Table 1 Throughput in the process of developing and screening
simple sequence repeat markers for sunflower from (AC),-
and (AG),-enriched genomic DNA libraries

Development stage AC- AG- Total
Library  Library
Clones sequenced 967 1,066 2,033
Clone sequences harboring SSRs 829 980 1,809
Unique SSR sequences 457 636 1,093
Primer pairs designed and tested 417 583 1,000
SSR markers developed 368 511 879
Polymorphic SSR markers 238 341 579

Table 2 The number of simple sequence repeat (SSR) primers
tested, the number and percentage of functional and polymorphic
SSR markers, mean heterozygosities (H) of SSR markers among
four inbred lines (RHA280, RHA801, PHA, and PHB), and mean

from recombination frequency estimates using the Kosambi
(1944) mapping function. Recombination frequency estimates in
the RIL mapping population were corrected for multiple meioses
under selfing using r = R/(2 — 2R), where R = n/(n, + n,) is the
uncorrected recombination frequency and 7, and n,, are the number
of recombinant and non-recombinant genotypes, respectively
(Haldane and Waddington 1931).

Results
SSR marker development

The inserts from 2,394 genomic DNA clones enriched
for (AC), or (AG), were amplified by colony PCR. Of
the total, 344 had multiple inserts or were too short (less
than 350 bp) or long (greater than 800 bp) for marker de-

Motif

0 10 20 30 40 50
Number of Repeats

Fig. 1 Spectrum and number of simple sequence repeats other
than (AC), and (AG),, identified in the DNA sequences of genom-
ic DNA clones enriched for (AC), and (AG),, in sunflower

repeat numbers (1) in reference allele sequences for different re-
peat types and motifs for 879 SSR markers developed from (AC),-
and (AG),-enriched genomic DNA libraries in sunflower

Class Primers tested SSR markers developed Polymorphic SSR markers H ()
Number % Number %

Compound 117 103 88.0 78 75.7 0.51 15.9
Imperfect 265 222 83.8 129 58.1 0.49 14.5
Perfect 618 554 89.6 372 67.1 0.53 124
(AO), 371 327 88.1 203 62.1 0.51 11.7
(AG), 539 472 87.6 327 69.3 0.52 14.6
Mononucleotide 8 6 75.0 5 83.3 0.53 10.7
Dinucleotide 918 807 87.9 534 66.2 0.52 13.4
Trinucleotide 50 47 94.0 23 48.9 0.44 8.0
Tetranucleotide or longer 24 19 79.2 17 89.5 0.57 249
Total 1,000 879 87.9 579 65.9 0.52 133




1127

Fig. 2 Molecular genetic link- 1 2 3
age map of sunflower based 0.0 ORS1211A
on 459 simple sequence repeat 0.0 ORS8228 1.7 ORS423
marker loci and 94 RHA280 x 1.1 ORS598A 5.3 82218;2 8221%‘?\ 0.0\ ,ORS1040B
- : 2.8\, ORS222 2. ORS202
RHA801 IjECQIIlbl.Ilal’lt inbred \ V| ORS610 ORS474 ORS1061B ORS1154 53 | V. ORs545
lines. Loci with distorted segre- 3.4 ~10Rs605 5.9 ORS486 ORS886 85 ORS1112
gation ratios are highlighted ~\iORS462 ORS1285B : ORS1145 ORS4538 10.0 [} ORS683
with asterisks 4.07\lorsso3A ORS730A ORS1038B 10.7 \| I, ORS372
6.0/H\ ORS1128 ORS1045 12.4 1, ORS820
7.3/| \ ORs718A ORS925 ORS658 17.7\\f; ORS134
10.1 ORS543 6.5/ [\|ORS708A ORS1113 18.3\| | ORS1021
ORS1011A ORS919 )
ORs 18.8 ORS1130C
9.5 1065 19.9\, ORS718B
A0 15.171 \ ORS1282 20.4 - ORS752
20.9 ORS965 15.7 ORS1264 N\ ORS1080 ORS433B
23,511 ORS728" 17.4 M\ ORS447 2157 11 oRss55B
18.0 ORS1029 275 ORS1222
26.8 -+ ORS509* 20.7 ORS653 )
- 30.3\]{; ORS976B
29.8 ~- ORS606* 22.77| |'ORS1187 30.8~_ ORS898B
305 -|-L|ORSE62 ORS675 32.0 N4 ORS432 ORS338
ORS716 33.7 -+ ORS229 32.6 /] N ORS477
a75-LL orsess 37.14| |/ ORS124
g 38.2\{ ORS924
38.6 ORS970 38.7 -7~ ORS949
N
43.7~_| ORs425 2(1)'3 gggggg
442/ [N ORS371 ’
48.0 - ORS552
53.6 1 ORS488
60.2 1 ORS1114
65.0 - ORS342
68.0 —-ORS1152B
69.0 1 ORS822A

velopment or one-pass sequencing, respectively. We pu-
rified and sequenced 2,050 clone inserts, 977 from the
AC- and 1,073 from the AG-enriched library (Table 1).
Complete DNA sequences were produced for 2,033
clone inserts, 967 from the AC- and 1,066 from the AG-
enriched library. Of the total, 829 clones from the AC li-
brary (85.7%) and 980 clones from the AG library
(91.9%) harbored (AC),, (AG),, or other SSRs. We iden-
tified 1,093 unique SSR sequences (60.4%) (Table 1);
61.8% were perfect, 11.7% were compound, and 26.5%
were imperfect repeats (Weber 1990) (Table 2). Predict-
ably, the most prevalent repeats were (AC), and (AG),,
the motifs used to enrich the genomic DNA libraries (Ta-
ble 2). We identified 226 non-target repeats (Fig. 1). The
most prevelant non-target dinucleotide and trinucleotide
repeats were (AT), and (ACC),, respectively (Fig. 1).
Four of the 51 (AT), repeats were perfect. The others
were associated with (AC), and (AG), in compound re-
peats, motif combinations commonly found in other
plant genomes, e.g., rice (O. sativa L.) (Temnykh et al.
2000), maize (Zea mays L.) (Taramino and Tingey 1996)
and potato (Solanum tuberosum L.) (Milbourne et al.
1998). (AT), is one of the most prevalent repeats in plant
genomes (Lagercrantz et al. 1993; Morgante and Olivieri
1993; Wang et al. 1994); however, because poly-AT
probes self-anneal, enrichment methods have not been
developed for (AT),, and (AT), repeats have not been
specifically targeted in SSR marker development.

The mean number of repeat units (7) was 13.4 for
dinculeotide repeats, 8.0 for trinucleotide repeats, and

72.1 ———ORS525

24.9 for tetranucleotide, pentanucleotide and hexanucle-
otide repeats (Table 2). The number of repeat units (7)
ranged from 5 to 95, excluding four short dinucleotide
repeats (2 < n < 4) found in compound repeats, e.g.,
(GT)4(AT),(GT),,(AT), (GT),, (ORS338). The longest
perfect dinucleotide, trinucleotide and tetranucleotide
repeats were (CT)gg (ORS1250), (ACC),, (ORS1062),
and (GTAT)ys (ORS908), respectively. The longest re-
peat (485 bp) was a compound pentanucleotide repeat,
(GTAGT)g((GTCGT)7(ORS921).

Primer pairs were designed for 1,000 of 1,093 unique
SSRs (49.2% of the original clone sequences and 91.5%
of the unique SSR sequences); primers could not be de-
signed for 93 unique SSRs because of short flanking se-
quences. The 1,000 primer pairs yielded 879 SSR mark-
ers; 121 primer pairs produced complex or messy ampl-
icons or failed to produce amplicons of the predicted
lengths (Table 2). Of the SSR markers, 120 (13.7%) pro-
duced null alleles in one or more of the four lines, 351
(39.9%) amplified two or more loci, and 579 (65.9%)
were polymorphic among the four inbred lines (Table 1).
Mean heterozygosities ranged from 0.44 for trinucleotide
to 0.57 for tetranucleotide and longer repeats (Table 2).
Mean heterozygosities for dinucleotide, (AG),, (AC),,
perfect, imperfect and compound repeats ranged from
0.49 to 0.53. While these estimates were based on only
four inbred lines (the parents of two RIL mapping popu-
lations), they were nearly identical to the mean hetero-
zygosities reported by Yu et al. (2002) for 130 SSR
markers among 16 inbred lines (2,080 SSR marker-in-
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Fig. 2 (continued) 4
Legend see page 1127
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bred line combinations). Because of the multilocus na-
ture of many of the SSRs, 100% of the null alleles could
not be unequivocally identified from inbred line finger-
prints, e.g., non-allelic bands produced by two inbreds
can appear to be allelic (codominant) on fingerprinting
gels and segregate as dominant SSR marker loci in map-
ping populations (see below). Of 3,516 SSR marker-in-
bred line combinations (4 x 879), 228 produced no
bands; thus, assuming complete homozygosity of the
inbreds, the frequency of null alleles based on the ‘no
band’ count was 228/3,516 = 0.065.

The genetic linkage map

Of the newly developed SSR markers, 362 (41.2%) were
polymorphic in RHA280 x RHA801. When combined
with 46 polymorphic SSR markers from the sets devel-
oped by Gedil (1999) and Yu et al. (2002), a total of 408
out of 1,089 SSR markers were polymorphic in RHA280
x RHAS801. The polymorphic SSR markers produced

462 segregating SSR marker loci. The genetic linkage
map was constructed using 459 SSR marker loci (Fig. 2);
three loci were unlinked (ORS467A, ORS512B and
ORS601). The 459 loci coalesced into 17 linkage groups
ranging in length from 48.0 to 106.1 cM (Fig. 2 and Ta-
ble 3). The map was 1,368.3-cM long and had a mean
density of 3.1 cM/locus. Linkage group 6 (LG6) was the
least dense (5.7 cM/locus), while LG17 was the most
dense (1.6 cM/locus). The number of SSR marker loci
per linkage group ranged from 12 on LG6 to 47 on
LGI10. The longest gap (36.9 cM) flanked ORS963 and
ORS721 on LG4 (Fig. 2). The next widest gaps, and the
only gaps longer than 30 cM, were between ORS229 and
ORS342 on LG2 (31.3 cM), ORS1193 and ORS1229 on
LG6 (34.7 cM), and ORS976A and ORS215 on LGI13
(30.7 cM). The other pronounced gaps or sparse regions
spanned ORS331, ORS966 and ORS328A on LG7,
ORS328B and ORS762 on LG8 and ORS782, ORS694
and ORS1086 on LG14.

The 17 linkage groups on the RHA280 x RHAS801
map (Fig. 2) correspond to 17 linkage groups on the
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RFLP-SSR map described by Yu (2001) and RFLP maps
described by Berry et al. (1996, 1997) and Gedil et al.
(2001). The RFLP-SSR map of Yu (2001) was used to
cross-reference linkage groups on the present map and
the reference RFLP map of Berry et al. (1996, 1997).
Presumably, each linkage group corresponds to one of
the 17 chromosomes in the haploid sunflower genome
(x = 17). The probability that the same linkage group or
groups are missing on every one of the aforementioned
maps or that two or more of the linkage groups belong to
one chromosome seems infinitesimally small, particular-
ly since the RHA280 x RHA801 SSR and composite
RFLP (Berry et al. 1997) maps alone are based on a total
of 1,094 RFLP and SSR marker loci.

Of the SSR markers genotyped in RHA280 x RHAS801,
360 amplified a single polymorphic locus and 48 SSR
markers amplified two or three polymorphic loci. Of the
462 SSR marker loci genotyped, 263 were codominantly
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scored and 199 SSR marker loci were dominantly
scored. Many of the dominant SSR marker loci were
produced by multilocus SSR markers that produced
bands in both parents. Once mapped, the bands were
identified as being non-allelic and dominant. By using
the number of segregating null alleles (199) and an esti-
mate of the minimum number of alleles produced by the
complete set of SSR markers (2 x 1,089), the frequency
of null alleles in the mapping population was estimated
to be 199/2,178 = 0.091. This slightly overestimates the
frequency of null alleles because the actual number of al-
leles produced by the SSR markers was greater than
2,178. SSR markers typically cannot be strictly classified
as dominant or codominant because many are multiallel-
ic and, when one of the alleles is a null, are dominant in
some crosses and codominant in others. Many of the
SSR markers mapped as dominant markers in RHA280 x
RHASOI1 can be codominantly mapped in other crosses.
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The mean frequency of heterozygotes (0.0183) was
not significantly different from the predicted frequency
for F; RILs (0.0156). The mean segregation ratio for
SSR marker loci across the genome (43,146 datapoints)
was 0.99 AA: 1.01 aa, where AA is the RHA280 homo-
zygote and aa is the RHA801 homozygote. The mean
segregation ratios for SSR marker loci on individual
linkage groups ranged from 0.86 AA: 1.14 aa on LG2, to
1.18 AA: 0.82 aa on LG11 (Fig. 3). The segregation ra-
tios for 58 SSR marker loci (12.6% of the total) were
significantly distorted; 14 produced an excess of
RHAS801 homozygotes and 44 produced an excess of
RHA?280 homozygotes. The distorted loci are identified
on the genetic linkage map by asterisks appended to the
locus names (Fig. 2). LG2, 3, 6, 8, 12, 16 and 17 had no
SSR marker loci with significantly distorted segregation
ratios (Figs. 2 and 3). Of the 58 distorted SSR marker lo-
ci, 49 were clustered on LG1, 4, 5, 10, 11 and 14 (Figs. 3
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and 4). The other distorted loci (9 out of 58) were un-
linked (ORS467A and ORS512B) or dispersed singly or
in tightly linked pairs among other linkage groups. LG7,
9 and 13 had one and LG9 and 15 had two, significantly
distorted SSR marker loci each (Fig. 2). The nine dis-
persed or unlinked loci constituted less than 2% of the
mapped markers (less than the probability of Type I er-
rors); thus, the distorted segregation ratios seem to have
been predominantly caused by selection operating
against one genome or the other in six genomic regions.
RHA280 genotype frequency (f,,) means (boxes in
Fig. 3) were less than 0.5 for SSR marker loci on ten
linkage groups, greater than 0.5 for SSR marker loci on
five linkage groups, and equal or nearly equal to 0.5 for
SSR marker loci on two linkage groups (Fig. 3).
RHAZ280 genotype frequencies for the two most-distort-
ed SSR marker loci on each linkage group, in both direc-
tions (upper and lower whisker points), are shown in
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Fig. 2 (continued) 13 14 15
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Fig. 3. The segregation ratio extremes were narrowest on
LG3, 6, 8,9, 12 and 17, chromosomes with no or mini-
mal segregation distortion, and greatest on LG4 and 10,
chromosomes with significant segregation distortion in
both directions. The segregation ratios for linked groups
of distorted loci on LG1, 4, 5, 10, 11 and 14 were distort-
ed in one direction and systematically decreased as dis-
tances from the most-strongly selected loci increased
(Fig. 4). Such patterns are commonplace in plants and
the hallmark of differential transmission of gametes, e.g.,
see Faris et al. (1998) and Konduri et al. (2000). The
long gaps on both ends of LG4, the upper end of LG10,
and the lower end of LG14 were bordered by genomic
regions where the segregation ratios of the SSR marker
loci were distorted in opposite directions (Fig. 4). Spe-
cifically, on LG4, selection operated against RHA280
homozygotes in upper and lower telomeric regions, and
against RHA801 homozygotes in the putative centromer-
ic region. On LGI10, selection produced an excess of
RHA?280 genotypes in the putative centromeric region
(bordered on the upper end by ORS930) and a deficiency
of RHA280 genotypes in the upper telomeric region en-
compassing ORS1209. On LGI14, selection operated
against RHA280 homozygotes in the lower telomeric re-
gion (ORS1260) and against RHA801 homozygotes in

85.3 ———0RS1260

the upstream region bordering the 23.2-cM gap between
ORS1260 and ORS391. The patterns of segregation dis-
tortion on LG4, 10 and 11 suggest the presence of
strongly selected or “segregation distorter” loci (Lyttle
1991; Faris et al. 1998) flanking regions of high recom-
bination (Fig. 4). Theoretically, the segregation distor-
tion caused by such loci does not adversely affect the es-
timation of recombination frequencies or locus orders in
backcross, doubled-haploid, or RIL progeny. Bailey
(1961) showed that the maximum-likelihood estimators
of recombination frequency (ry; ) were identical for like-
lihoods based on the differential transmission of gametes
(segregation distortion) and the equal transmission of ga-
metes (no segregation distortion) in backcross progeny,
and, consequently, doubled-haploids and RILs.

Discussion

The SSR markers described herein supply a critical mass
of sequence-based DNA markers for constructing and
cross-referencing genetic maps in sunflower, and increase
the total number of SSR markers in the public domain to
1,089. Clone and primer sequences, allele lengths, hetero-
zygosities, and other supplemental data for the SSR
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Table 3 Linkage-group length and simple sequence repeat (SSR)
marker number and density for each linkage group on the
RHA280 x RHA801 genetic linkage map of sunflower

Linkage Number Length Density
group of loci (cM) (cM/locus)
1 24 48.0 2.0
2 31 68.0 2.2
3 30 72.1 2.4
4 30 97.7 33
5 30 62.1 2.1
6 12 68.4 5.7
7 19 81.0 4.3
8 22 88.9 4.0
9 32 106.1 33
10 47 102.2 2.2
1 19 104.0 5.5
12 21 72.7 3.5
13 28 75.4 2.7
14 18 85.3 4.7
15 26 74.8 2.9
16 27 94.2 3.5
17 43 67.4 1.6
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Fig. 3 RHA280 genotype (AA) frequency means (boxes)
and ranges (whiskers) for SSR marker loci on the RHA280 x
RHAS801 molecular genetic linkage map of sunflower. The upper
end of the range is the AA genotype frequency for the SSR marker
locus with the greatest excess of RHA280 homozygotes, whereas
the lower end of the range is the AA genotype frequency
for the SSR marker locus with the greatest excess of RHA801 ho-
mozygotes

markers have been deposited in two public databases:
http://www.compositdb.ucdavis.edu (the Compositae Ge-
nome Database) and http://www.css.orst.edu/knapp-lab.
Using 100% of the polymorphic SSR markers between
RHA280 and RHAS801 (408 SSR markers and 459 SSR
marker loci), we constructed a dense and nearly com-
plete molecular genetic linkage map for sunflower
(Fig. 2).

Several factors played important roles in the develop-
ment of the SSR map. First, the polymorphism rate for
the RHA280 x RHAR801 cross was near the upper end of
the range for crosses between elite inbred lines. RHA280
and RHAS801 were selected for producing the RILs on
the basis of pedigree (Cheres and Knapp 1998) and mar-
ket class (confectionery and oilseed) differences. Based
on subsequent analyses of SSR allelic diversity, RHA280
x RHAS801 was found to be one of the most-polymorphic
elite x elite crosses in sunflower (Yu et al. 2002; unpub-
lished data). Presumably, the polymorphism rates are
comparable for several other confectionery x oilseed
crosses. Oilseed x oilseed crosses tend to be less poly-
morphic than the RHA280 x RHA801 cross; however,
some are only slightly less polymorphic. The polymor-
phism rate for PHA x PHB, a cross between oilseed fer-
tility restorer lines, was 33.2% (362 out of the 1,089 of
the SSR markers were polymorphic). Similarly, 285 of
the SSR markers (26.1%) were polymorphic in HA370 x
HA372 (Yu 2001), a cross between oilseed sterility
maintainer lines. Second, the sheer number of SSR
markers in the public collection created the critical mass
needed to coalesce 17 linkage groups, fill gaps, and pro-
duce a dense map (one SSR marker locus per 3.1 cM).
Third, the process of genotyping and mapping dominant
SSR marker loci (40% of the segregating loci) was facil-
itated and simplified by using RILs, and potential geno-
typing errors caused by mistyping of heterozygotes were
reduced. The RILs create a permanent, perpetual map-
ping resource for sunflower. Fourth, genotyping through-
put was maximized (by present day standards) by using a
multicolor assay system and designing the SSR primers
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to facilitiate ‘pooled amplicon multiplexing’ by length.
Genotyping assays of mapping population progeny were
performed using pools of 6 to 14 SSR markers per lane.

RFLP and SSR markers are rarely dominant in crop
plants (Akkaya et al. 1992; Kleinhofs et al. 1993; Morgante
and Olivieri 1993; Rdder et al. 1995; Liu et al. 1996;
Powell et al. 19964, b; Taramino and Tingey 1996; Smith
et al. 1997; Milbourne et al. 1998; Cregan et al. 1999a,
b; Ramsay et al. 2000). Sunflower, however, is an oddity
in that a significant percentage of RFLP and SSR mark-
ers produce null alleles; 9.0% of the SSR markers de-
scribed by Yu et al. (2002) and 11 to 30% of the RFLP
markers described by Berry et al. (1994), Gentzbittel et
al. (1994) and Jan et al. (1998) produced null alleles
among elite inbred lines. The 11% estimate was for a se-
lected sample of RFLP markers (Berry et al. 1994),
whereas the 30% estimate was for a random sample of
RFLP markers (Gentzbittel et al. 1994; Jan et al. 1998);
therefore, roughly one-third of the randomly selected
single- and low-copy RFLP markers were ‘dominant’ in
some sunflower crosses. Dominant SSRs, while rare, are
not isolated to sunflower, e.g., 9.0% of the rice (O. sativa
L.) SSR markers described by Cho et al. (2000) pro-
duced null alleles. Null alleles are presumably caused by
DNA polymorphisms in primer sites. DNA sequences
flanking SSRs in non-coding regions are extraordinarily
polymorphic in maize (Z. mays L.) (Mogg et al. 2002).
We speculate that sequences flanking SSRs in non-cod-
ing regions are similarly hypervariable in sunflower and
that the null alleles (primer annealing failures) in the
present study were primarily caused by primer-site DNA
polymorphisms.
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Based on length comparisons to dense RFLP maps
and a direct comparison between the RHA280 x
RHAS801 SSR map (Fig. 2), and the HA370 x HA372
RFLP-SSR and PHA x PHB SSR maps described by Yu
(2001), the density and distribution of loci supplied by
the public SSR markers should be sufficient to assign
virtually any new locus to the genetic linkage map of
sunflower. The RHA280 x RHA801 map is the densest
single-public RFLP or SSR map developed thus far for
sunflower and is similar in length (1,368.3 cM) to the
densest RFLP maps (Berry et al. 1995, 1996, 1997;
Gentzbittel et al. 1995, 1999; Jan et al. 1998). Of the pre-
viously developed RFLP maps, the longest (1,573 cM)
was the composite map produced by merging seven F,
maps comprised of 238 RFLP loci (Gentzbittel et al.
1999). The densest and next longest (1,472 cM) was the
composite map produced by merging nine F, maps com-
prised of 632 RFLP marker loci (Berry et al. 1996). Of
the 16 individual F, maps used to construct the two com-
posite RFLP maps, the 234-locus ZENB8 x HAS89 F,
RFLP map of Berry et al. (1995) is the longest
(1,380 cM).

Using the reference RFLP map of Berry et al. (1997)
as the basis for comparison, two telomeric regions on the
RHA280 x RHA801 map seem to lack SSR marker loci,
an approximately 20-cM region distal to ORS552 on
LGl and an approximately 36-cM region distal to
ORS899 on LG16 (Fig. 2 and Yu 2001). RFLP markers
from the public reference map (Berry et al. 1997; Gedil
et al. 2001) flank the missing telomeric segments
(ZVG4-1 on LG1 and ZVG71-16 on LG16). Conversely,
RFLP markers are lacking in an approximately 32-cM
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telomeric region on LG3 distal to ORS432 and ORS898
on the RHA280 x RHA801 SSR map (Fig. 2), and
ZVGY-3 on the RFLP and RFLP-SSR maps (Berry et al.
1997; Yu 2001). The other gaps in the SSR map (de-
scribed earlier) spanned internal map segments. Based
on the predicted length of the genetic linkage map of
sunflower (1,650 cM) (Gentzbittel et al. 1995; Berry et
al. 1996), the three unlinked SSR markers and the afore-
mentioned gaps, we speculate that the RHA280 x
RHAS801 SSR map spans 82% or more of the sunflower
genome (Fig. 2). Collectively, RFLPs and SSRs un-
doubtedly span more than 90% of the sunflower genome.
With a dense framework of SSR marker loci in place, the
focus needs to shift towards the targeted development of
DNA markers to close gaps, and increase marker densi-
ties in regions flanking biologically and economically
important-trait loci (Cregan et al. 1999b; Cardle et al.
2000).

The non-random physical distribution of SSRs in
plant genomes (Ramsay et al. 1999; Elsik and Williams
2001) reduced recombination in centromeric regions
(Areshechenkova and Ganal 1999; Kiinzel et al. 2000;
Ramsay et al. 2000), and the genomic origin of DNA se-
quences used for SSR marker development affect the
distribution of SSRs on genetic linkage maps. SSRs iso-
lated from genomic DNA libraries (enriched and unen-
riched) tend to be concentrated in retrotransposon and
dispersed repetitive-element DNA (Ramsay et al. 1999),
a phenomena manifested by dense clustering of SSR
marker loci in some species (Paglia et al. 1998; Ramsay
et al. 2000) but not others (Cregan et al. 1999b; Tem-
nykh et al. 2000).

SSR clustering was minimal in sunflower and did not
hinder the development of a ‘complete’ genetic linkage
map. LG4, 10 and 17 had dense clusters, LG2, 3, 5, 13
and 15 had moderately dense clusters, and the other nine
linkage groups had no appreciable clusters of SSR mark-
er loci (Fig. 2). Temnykh et al. (2000) found virtually no
clustering of SSR marker loci in rice. Conversely, SSR
marker loci were densely clustered on every linkage
group on the genetic map of barley (Ramsay et al. 2000).
The clustering phenomena was attributed to the frequent
association of SSRs with “retrotransposons and other
dispersed repetitive elements”, a high density of such el-
ements in centromeric regions, and the phenomena of re-
duced recombination in centromeric regions (Cuadrado
and Schwarzacher 1998; Areshechenkova and Ganal
1999; Ramsay et al. 1999, 2000; Kiinzel et al. 2000).
Similar non-random associations have been described in
conifers and have hindered the coalescence of linkage
groups into numbers corresponding to the haploid chro-
mosome number (Paglia et al. 1998; Elsik and Williams
2001). The clustering phenomena were substantially less
dramatic in sunflower. Moreover, centromeric clustering
of DNA markers is not restricted to SSRs in sunflower.
Dense, presumably centromeric, clusters of RFLP mark-
er loci (based on 582 cDNA and 30 genomic DNA
probes) were present in several linkage groups on the ge-
netic map described by Berry et al. (1996). The parallel

patterns of clustering of SSRs and RFLPs in the sun-
flower genome (the SSRs sampled 459 non-coding re-
gions and the RFLPs sampled about 600 coding regions)
starkly contrasted with the patterns reported in barley
(Ramsay et al. 2000). Perhaps the forces underlying ge-
nomic rearrangements in sunflower have been more dy-
namic.

The scarcity of colinearly arranged tracts of duplicat-
ed genes in sunflower, an ancient polyploid (Heiser and
Smith 1955; Rieseberg 1991; Gentzbittel et al. 1994,
1995; Zhang et al. 1995; Berry et al. 1996; Seiler and
Rieseberg 1997; Sossey-Alaoui et al. 1998; Bert et al.
2001), suggests that the genome has undergone substan-
tial reorganization since hybridization. Using 133 dupli-
cated RFLP marker loci, Berry et al. (1996) found “no
apparent conservation of linkage blocks between ho-
moeologous chromosomes” in sunflower. They proposed
two possible mechanisms to account for the absence of
conserved linkage blocks, the loss of the progenitor
genomes through diploidization (Zhu et al. 1994) and the
formation of pseudogenes (Gentzbittel et al. 1995)
through the activity of copia-like retrotransposons. Pre-
dictably, we found no syntenic linkage blocks of dupli-
cated SSR marker loci either (48 SSR primers amplified
two or more segregating loci in RHA280 x RHA801);
however, ORS536A and B mapped to the duplicated re-
gions on LG8 and 13 described by Bert et al. (2001). Fi-
nally, we identified about 600 single-copy SSR markers
(40% of the SSR primers amplified multiple loci). The
single-copy SSRs supply a critical mass of sequence-
based DNA markers for unequivocally identifying and
mapping homologous loci across populations, establish-
ing a universal linkage-group nomenclature, and unify-
ing and integrating the multitude of independent genetic
maps developed for wild and cultivated sunflowers.
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