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ABSTRACT

Genetic diversity in modern sunflower (Helianthus annuus L.) cultivars (elite oilseed inbred lines) has
been shaped by domestication and breeding bottlenecks and wild and exotic allele introgression—the
former narrowing and the latter broadening genetic diversity. To assess single nucleotide polymorphism
(SNP) frequencies, nucleotide diversity, and linkage disequilibrium (LD) in modern cultivars, alleles were
resequenced from 81 genic loci distributed throughout the sunflower genome. DNA polymorphisms were
abundant; 1078 SNPs (1/45.7 bp) and 178 insertions-deletions (INDELs) (1/277.0 bp) were identified in
49.4 kbp of DNA/genotype. SNPs were twofold more frequent in noncoding (1/32.1 bp) than coding (1/
62.8 bp) sequences. Nucleotide diversity was only slightly lower in inbred lines (6 = 0.0094) than wild
populations (6 = 0.0128). Mean haplotype diversity was 0.74. When extraploted across the genome
(~3500 Mbp), sunflower was predicted to harbor at least 76.4 million common SNPs among modern
cultivar alleles. LD decayed more slowly in inbred lines than wild populations (mean LD declined to 0.32
by 5.5 kbp in the former, the maximum physical distance surveyed), a difference attributed to domes-
tication and breeding bottlenecks. SNP frequencies and LD decay are sufficient in modern sunflower

cultivars for very high-density genetic mapping and high-resolution association mapping.

ECHNOLOGICAL advances in DNA sequencing
have facilitated direct analyses of nucleotide di-
versity and large-scale single nucleotide polymorphism
(SNP) discovery in diverse eukaryotes, as well as the de-
velopment of highly parallel SNP genotyping methods
and high-resolution linkage disequilibrium (LD)-based
association mapping approaches for identifying func-
tionally important nucleotide polymorphisms (JORDE
1995, 2000; LinpBLAD-TOH et al. 2000; RiscH 2000;
SyvANEN 2001, 2005; BucKLER and THORNSBERRY 2002;
NORDBORG and TAVARE 2002; FLINT-GARCIA et al. 2003;
WEIGEL and NORDBORG 2005; Kim et al. 2006). Very
high DNA marker densities are needed for identifying
DNA polymorphisms linked to phenotypic and quan-
titative trait loci through whole-genome association
mapping approaches and can only be achieved using
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SNPs, the most abundant class of DNA polymorphisms
(CoLLINS et al. 1998; AQUADRO et al. 2001; WILTSHIRE
et al. 2003). While simple sequence repeat (SSR) and
insertion-deletion (INDEL) markers are versatile and
highly portable, and have been mainstays in molecular
breeding and genomics applications (TARAMINO and
TINGEY 1996; BHATTRAMAKKI ¢t al. 2002), SNPs are sig-
nificantly more common than either and critical for mas-
sively parallel array-facilitated genotyping (LINDBLAD-
Ton et al. 2000; SyvaNeN 2001, 2005; BUCKLER and
THORNSBERRY 2002; RaFAaLsKI 2002a,b).

SNP abundance and LD decay are highly variable in
eukaryotic genomes and affected by natural, domesti-
cation, and breeding history, mating systems, mutation,
migration, genomic rearrangements, recombination, and
other factors (CHAPMAN and THoMmPsoN 2001; HupsoN
2001; BuckLER and THORNSBERRY 2002; STumprr 2002;
GREENWOOD ¢t al. 2004; RAFALSKI and MORGANTE
2004). Typically, SNPs are less abundant, and LD de-
cays more slowly in autogamous than allogamous spe-
cies, domesticated than wild genotypes, and inbred
than outbred genotypes (CHING ¢t al. 2002; NORDBERG
et al. 2002; NORDBERG and TAVARE 2002; FLINT-GARCIA
et al. 2003; RAFALSKI and MORGANTE 2004; SHIFMAN et al.
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2003; INGvARrssoN 2005). For example, SNPs are sig-
nificantly more frequent in maize (Zea mays L.; 1 SNP/
61 bp), a predominantly allogamous species, than soy-
bean (Glycine maxL.; 1 SNP/273 bp to 1 SNP/343 bp), a
predominantly autogamous species (REMINGTON et al.
2001; TENAILLON et al. 2001, 2002; CHING et al. 2002; ZHU
et al. 2003; VAN et al. 2005). Moreover, LD decays more
slowly (persists over much longer tracts of DNA) in
soybean (>50 kbp) than maize (400-1500 bp). LD de-
cayed more rapidly in exotic outbred germplasm than
elite inbred lines in maize, a difference attributed to the
effects inbreeding and selection (CHING et al. 2002;
RAFALSKI and MORGANTE 2004). The persistence of LD
decreases the density of DNA marker loci needed for
identifying phenotypic—genotypic associations, but de-
creases resolution (CArRDON and BreLL 2001; CARDON
and ABECASIS 2003; RaArAaLsKI and MORGANTE 2004).

Sunflower (Helianthus annuus L.), a predominantly
allogamous species, should display patterns of nucleo-
tide diversity and LD similar to maize and other allog-
amous species. Genetic diversity in modern sunflower
cultivars (elite oilseed inbred lines and hybrids) has
been shaped by domestication and breeding, as well as
the introgression of alleles from wild and exotic germ-
plasm (migration) (CHERES and KNAPP 1998; TANG and
Knaprp 2003; HARTER et al. 2004; BURKE et al. 2005).
Domestication and breeding create population bottle-
necks, decrease genetic diversity, and increase LD, whereas
migration increases genetic diversity and decreases LD
(CHING et al. 2002; RAFALSKI and MORGANTE 2004). The
abundance and distribution of SNPs in elite oilseed
inbred line alleles has only been reported for a few genic
loci in sunflower (KOLKMAN et al. 2004; Hass et al. 2006;
SCHUPPERT ef al. 2006; TANG et al. 2006b), and LD has
only been surveyed in Native American land races and
other exotic cultivars and wild populations (Liu and
BURKE 2006). KOLKMAN et al. (2004) found significant
differences in SNP frequencies among acetohydroxya-
cid synthase alleles resequenced from inbred lines and
wild populations, a pattern predicted from analyses of
SSR diversity (TANG and Knapp 2003). Liu and BURKE
(2006) surveyed nucleotide diversity and LD in nine
genic loci in wild populations and exotic germplasm ac-
cessions (Native American land races and prehybrid era
open-pollinated confectionery and oilseed cultivars);
only one elite inbred line allele (HA89) was resequenced.
SNPs were twofold more abundant in wild populations
(1 SNP/19.9 bp) than exotic germplasm accessions
(1 SNP/38.8 bp), exotic alleles harbored half of the nu-
cleotide diversity found in wild alleles, and LD decayed
within ~200 bp in wild alleles and ~1100 bp in exotic
alleles. Here, we report SNP frequencies, nucleotide di-
versity, and LD in elite sunflower inbred lines alleles rese-
quenced from 82 previously mapped restriction fragment
length polymorphism (RFLP) marker loci distributed
throughout the sunflower genome (2n= 2x= 34) (BERRY
et al. 1995; GEDIL et al. 2001; YU et al. 2002, 2003).

MATERIALS AND METHODS

Plant materials and allele resequencing: DNA polymor-
phisms were surveyed in two wild (ANN1238 and ANN1811)
and 10 elite inbred line alleles resequenced from 82 previously
mapped RFLP marker loci (ZVG1-ZVG17, ZVG19-ZVG8l,
ZVG152, and ZVG668) (Tables 1 and 2; supplemental Table
1 at http:/www.genetics.org/supplemental/) (BERRY et al
1994, 1995). We sequenced a single phase known allele/
resequenced amplicon (RSA) from each genotype by cloning
genomic DNA amplicons and randomly selecting and se-
quencing a single clone/RSA/genotype; one or two DNA
fragments (amplicons) were resequenced per RFLP locus.
Leaves were harvested from 10 4- to 6-wk-old plants from each
germplasm accession and bulked. Genomic DNA samples
were isolated from each bulk using a modified CTAB method
(MurraYy and THompsoN 1980). Of the 82 RFLP probes,
78 were cDNA clones developed from RNAs isolated from
etiolated seedlings and 4 were Psid-digested genomic DNA
clones (ZVGY, ZVG16, ZVG19, and ZVGH1) (BERRY et al
1994). The probe inserts were sequenced, and BLASTX
analyses of the sequences were performed against the National
Center for Biotechnology Information (NCBI) Protein Data-
base (http:/www.ncbi.nlm.nih.gov) to identify putative func-
tions using a probability threshold of =¢ ' (ALTSCHUL et al.
1990; ALtscHUL and GisH 1996; McGINNIS and MADDEN
2004). The probe insert sequences were used as templates
for designing resequencing primers using Primer3 (http:/
frodo.wi.mit.edu) and manual selection. Forward and re-
verse primer sites were chosen as close as possible to opposite
ends of the reference allele sequences so as to amplify the
longest DNA fragments possible from each locus (supplemen-
tal Table 1). Genomic DNA fragments were amplified using
long-distance PCR (LD-PCR) (BARNES 1994) in most cases and
PCR in a few cases. PCRs and LD-PCRs were performed by
adding 30-60 ng of genomic DNA to a 20-pl PCR mix con-
taining 1X buffer, 2 mm MgSOy, 0.3 mM dNTPs, 0.3 pm of
forward and reverse primers, 0.5 U of Platinum 7aq DNA Poly-
merase High Fidelity (Invitrogen, Carlsbad, CA), and dH5O to
a final volume of 20 pl. For LD-PCR, genomic DNAs were
amplified using one cycle at 94° for 4 min, followed by 10 cycles
at 94° for 10 sec, 58° for 1 min, and 68° for up to 12 min (1 min
per kb), 25 cycles at 94° for 10 sec, 58° for 1 min, and 68° for up
to 12 min plus 10 sec per cycle, and one cycle at 72° for 20 min;
annealing temperatures ranged from 55° to 62°, and extension
times ranged from 2 to 12 min. Genomic DNA amplicons were
cloned using the Invitrogen TOPO TA-cloning method. We
selected and single-pass sequenced a single clone for each
genotype by amplicon combination from one or both ends at
the University of Nevada, Reno Genomics Center on an Ap-
plied Biosystems Prism 3730 DNA Sequencer (Foster City, CA).
By sequencing a single cloned amplicon, we acquired a single
phase known allele from each genotype.

DNA sequence analyses: DNA sequences were aligned using
Contig Express and AlignX (Vector NTI; Invitrogen), low
quality base calls (<PHRED 20) were trimmed using PHRED
(EwiNnG and GREEN 1998; EWING ef al. 1998), and trimmed
allele sequence alignments were used for nucleotide diversity
analyses. Polymorphic sites and synonymous and nonsynon-
ymous SNPs were identified and counted using DnaSP (Rozas
and Rozas 1999; Rozas et al. 2003) (http:/www.ub.es/dnasp/).
DNA sequence alignments were visually inspected to identify
and count polymorphisms. Nucleotide diversity statistics (m
and 6) were estimated for synonymous, nonsynonymous, and
silent (synonymous and noncoding) sites, where 7 is the mean
number of nucleotide differences per site between two allele
sequences (NET1987), and 6 is the mean number of segregating
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sites (WATTERSON 1975; HALUSHKA ¢t al. 1999). Haplotype
diversity was estimated as described by N1 (1987).

LD analyses were performed on RSAs >1 kbp in length
harboring at least 10 polymorphic sites. The physical distances
separating pairs of polymorphic sites between independent
RSAs amplified from opposite ends of a locus were estimated
from DNA fragment length estimates (supplemental Table 1
at http:/www.genetics.org/supplemental /). Using DnaSP, we
estimated the minimum number of recombination events
(RM) in inbred line alleles using the four-gamete test (HubsoN
and KarraN 1985), proportion of adjacent polymorphisms in
perfect disequilibrium (B) (WaLL 1999), and strength of LD
between pairs of polymorphic sites (estimated as the squared
allele frequency correlation, 7*) (WEIR 1996). The decay of LD
against physical distance was modeled using nonlinear regres-
sion methods described by REMINGTON et al. (2001). Briefly, SAS
PROC NLIN (Cary, NC) was used to fit »* estimates (pooled
across loci) to a model of the expected level of +* at drift-
recombination equilibrium, allowing for a low level of mutation
and finite sample size (see Appendix 2 of HiLL and WEIR 1988).
Although factors such as the nonindependence of linked sites
and nonequilibrium populations can reduce the precision of
such analyses and introduce bias, they are still useful for inves-
tigating the overall rate of decay of LD (see INGvARssON 2005).

RESULTS

Allele resequencing and putative functions of the
resequenced loci: The inserts of 4 genomic DNA and 78
cDNA clones previously used as RFLP probes (BERRY
et al. 1994, 1995; GEDIL et al. 2001) were sequenced and
ranged in length from 97 to 3025 bp (supplemental Table
1 at http:/www.genetics.org/supplemental /; GenBank
accession nos. EF469860-EF469941). The putative func-
tions of 48 of the 82 loci were inferred from BLASTX
searches (Table 1). For the other 34 loci, BLASTX
searches either failed to identify proteins (probabilities
were >¢ ') or identified unknown proteins.

The 82 RFLP markers were known to be low-copy and
polymorphic among elite inbred lines (BERRY et al.
1994, 1995). The primer pairs selected for allele rese-
quencing produced amplicons ranging in length from
97 to ~10,000 bp across loci (Figure 1; supplemental
Table 1 at http:/www.genetics.org/supplemental/). Of
the 82 primer pairs, 77 produced paralog-specific am-
plicons and 31 of the 77 spanned introns, INDELs, or
both (amplicon lengths are shown in supplemental
Table 1). By sequencing cloned amplicons, a single
phase-known allele was resequenced from each geno-
type (Table 2). Collectively, 1312 RSAs and 129 DNA
sequence alignments were produced for 81 of the 82
loci; allele sequences could not be produced for the
ZVG46 locus (GenBank accession nos. EF469941-—
EF462190; allele sequence alignments are displayed in
supplemental Figure 1). Nucleotide polymorphisms
were surveyed in 84 to 100 DNA sequences/genotype
and 49.4 kbp of DNA sequence/genotype (Table 3).
Nucleotide diversity analyses were performed on 107
DNA sequence alignments comprised of 6 to 10 inbred
line allele sequences each from 71 of the 81 rese-

quenced loci. The other 22 DNA sequence alignments
were either comprised of 6 or fewer inbred line allele
sequences, paralogous RSAs, or both specific and non-
specific RSAs.

Nucleotide diversity: SNPs were identified in every
locus, although two RSAs (ZVG5-F and ZVG33) only had
one SNP each, and one RSA (ZVG64) lacked DNA
polymorphisms among inbred line alleles (supplemen-
tal Figure 1 at http://www.genetics.org/supplemental/).
DNA polymorphisms were abundant among inbred
line alleles; 1078 SNPs (1/45.7 bp) and 178 INDELs
(1/277.0 bp) were identified in the 49.4 kbp of DNA
sequence surveyed (Table 3). Of the 1078 SNPs, 55.9%
were transitions and 44.1% were transversions. SNPs
were twofold more frequent in noncoding (1/32.1 bp)
than coding (1/62.8 bp) sequences, most frequent in
introns (1/29.2 bp), and second most frequent in UTRs
(1/37.5 to 1/42.3 bp). Synonymous SNPs (1/139.5 bp)
were sixfold more frequent than nonsynonymous SNPs
(1/22.5 bp).

The mean number of segregating sites was 6 = 0.0094,
and the mean number of pairwise sequence differences
was m = 0.0107 among RSAs (Table 3). Nucleotide
diversity was twofold greater in noncoding than coding
sequences, sixfold greater for SNPs (7 = 0.0092) than
INDELs (m = 0.0016), and greatest in introns (m =
0.01480). Nonsynonymous substitutions (Thonsyn =
0.0028) were sixfold less prevalent than synonymous
substitutions (g, = 0.0176), suggesting variability
among loci has primarily been produced by purifying
selection (Figure 2; Table 3). 7y, oneyn ranged from 0.0 to
0.055, and 7, ranged from 0.0 to 0.109 among RSAs
(nucleotide diversity statistics for individual RSAs are
shown in supplemental Table 2 at http:/www.genetics.
org/supplemental/). Only two RSAs had Tonsyn/Teyn
ratios >1.0 (Tnonsyn/ Tsyn = 1.12 for ZVG47 and 1.10 for
ZVG80-R) (supplemental Table 2).

Ositent Tanged from 0.0008 to 0.109 among RSAs, a
136-fold difference (Figure 3; supplemental Table 2 at
http://www.genetics.org/supplemental /). RSAs on two
linkage groups (6 and 15), as a whole, had significantly
fewer silent substitutions than RSAs on the other 15
linkage groups. Ogjen ranged from 0.0029 for ZVG28-F
to 0.0113 for ZVG27 on linkage group (LG) 6 and from
0.0022 for ZVG69-R to 0.0147 for ZVG70-R on LG 15.

SNP allele frequencies, heterozygosities, and haplo-
type diversity: The mean frequency of the less common
SNP allele ( /) was 0.31 amongst 1078 SNPs, and the SNP
heterozygosity (h;) mean was 0.41 amongst the 10 in-
bred lines, only 0.09 less than the theoretical maximum
(0.50) for a biallelic DNA marker (Figure 4). f ranged
from 0.17 to 0.50, A ranged from 0.28 to 0.50, and the f;
and h; distributions were nearly uniform. Both distribu-
tions were left truncated because singleton SNPs ( f; =
0.125) were not counted so as to minimize false positives
(sequencing errors) and avoid upwardly biasing SNP fre-
quencies and downwardly biased SNP heterozygosities.
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TABLE 1

Putative functions of resequenced sunflower loci inferred by BLASTX

RFLP marker Probe sequence GenBank

locus*® length (bp) accession no. Putative function

ZVGl1 600 EF469860 Betacyclase

ZVG2 1142 EF469861 Oxidoreductase

ZVG3 332 EF469862 Ubiquinol-cytochrome-c reductase

VG4 917 EF469863 Elongation factor

ZVGH 2194 EF469864 —

ZVG6 1134 EF469865 S-adenosylmethionine synthetase

ZVGT7 1671 EF469866 Lipoxygenase

ZVG8 1510 EF469867 —

ZVGY 524 EF469868 —

ZVG10 805 EF469869 1-Deoxy-D-xylulose-5-phosphate synthase

ZVGl11 1037 EF469870 40S Ribosomal protein S3A

ZVG12 1425 EF469871 Phosphate transporter

ZVG13 1465 EF469872 DNA binding/transcription factor

ZVGl4 1751 EF469873 RelA-SpoT like protein

ZVG15 2368 EF469874 Protein-binding/transcription regulator

ZVG16 1677 EF469875 —

ZVG17 611 EF469876 —

ZVG668 760 EF469877 —

ZVG19 603 EF469878 —

ZVG20 1615 EF469879 Beta-tubulin

ZVG21 229 EF469880 —

7VG22 596 EF469881 —

ZVG23 2464 EF469882 Peroxisomal targeting signal 1 receptor

ZVG24 1402 EF469883 Ribosomal protein L3

ZVG25 637 EF469884 —

ZVG26 716 EF469885 Shaggy-related protein kinase

ZVNG27 963 EF469886 DNA binding/transcription factor

ZVG28 1599 EF469887 Ca**/H+ exchanger

ZVG29 172 EF469888 —

ZVG30 1578 EF469889 Protein kinase

ZVG31 688 EF469890 Heat shock protein

ZVNG32 721 EF469891 NAD-dependent sorbitol dehydrogenase

ZVG33 97 EF469892 —

7ZVG34 1963 EF469893 Gibberellin response modulator

ZVG35 435 EF469894 ABC transporter

ZVG36 818 EF469895 Photosystem I subunit

ZVG37 2120 EF469896 Heat shock protein hsp70

ZVG38 661 EF469897 —

ZVG39 2762 EF469898 Beta-galactosidase

ZVG40 672 EF469899 Ribosomal protein S19

ZVG41 1542 EF469900 —

ZVG42 664 EF469901 Developmental protein

ZVG43 1442 EF469902 UDP-GIcNAc:dolichol phosphate
N-acetylglucosamine-1-phosphate transferase

ZVG44 873 EF469903 Ribosomal protein

ZVG4H5 517 EF469904 Ribosomal protein

ZVG46 1164 EF469905 Ribulose bisphosphate carboxylase/oxygenase
activase (RuBisCO activase)

7ZVG4T 585 EF469906 Protein kinase

ZVG48 2367 EF469907 —

7ZVG49 1021 EF469908 Hydrolase

ZVG50 352 EF469909 Ribulose bisphosphate carboxylase
small chain chloroplast precursor

ZVG51 778 EF469910 —

ZVGH2 1982 EF469911 —

ZVGH3 918 EF469912 Tonoplast intrinsic protein

ZVGhH4 431 EF469913 Initiation factor elF4A-15

(continued)
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TABLE 1
(Continued)
RFLP marker Probe sequence GenBank
locus® length (bp) accession no. Putative function
ZVG55 2576 EF469914 F-box protein
ZVG56 1819 EF469915 Fiddlehead-like protein
ZVG57 643 EF469916 —
ZVG58 191 EF469917 —
ZVGH9 1456 EF469918 —
ZVG60 1271 EF469919 —
ZVG61 367 EF469920 GTP-binding protein
ZVG62 1855 EF469921 Calcium ion binding/peptidase
ZVG63 1681 EF469922 —
ZVG64 701 EF469923 CDC-48-like protein
ZVG65 784 EF469924 —
ZVG66 509 EF469925 Ribosomal protein S4
ZVG67 375 EF469926 —
ZVG68 1003 EF469927 —
ZVG69 3025 EF469928 —
ZVG70 328 EF469929 Ribulose-1,5-bisphosphate
carboxylase/oxygenase activase
ZVGT71 904 EF469930 —
ZVGT2 695 EF469931 —
ZVGT73 546 EF469932 —
IVG74 1936 EF469933 —
ZVGT5 1286 EF469934 Glutamine synthetase
ZVG76 404 EF469935 —
ZNGT77 1042 EF469936 Beta-amylase
ZVG78 817 EF469937 —
ZVGT79 934 EF469938 Subunit of oxygen evolving
system of photosystem II
ZVG80 1232 EF469939 —
ZVG81 1540 EF469940 Protein kinase
7ZVG152 491 EF469941 —

“The RFLP marker loci were previously mapped using 4 genomic DNA and 78 cDNA probes (BERRY e al.

1994, 1995; GEDIL et al. 2001).

Haplotype diversities (hq) ranged from 0.36 to 1.00,
and mean haplotype diversity was 0.74 among inbred
line and wild alleles (Figure 3; supplemental Figure 2 at
http:/www.genetics.org/supplemental/). The proba-
bility of observing one or more SNPs between two elite
inbred line alleles drawn at random with replacement
from the resequenced inbred line alleles (p,) was 0.448
among cytoplasmic-genic (CMS) fertility maintainer (B)
lines, 0.449 among CMS fertility restorer (R) lines, and
0.569 among B-and R lines. The number of haplotypes/
locus ranged from 1 to 9 among 10 inbred line alleles

Z\VG68 ZNG75

and 2 to 11 among 12 inbred line and wild alleles (Table
2; numerical haplotypes are diplayed for each RSA in
supplemental Figure 2). The mean number of haplo-
types/locus was 2.3 among R-, 2.4 among B-, and 3.7
among B- and R-line alleles. The percentage of unique
haplotypes ranged from 10.9 for ZENB13 to 27.4 for
RHA373 among inbred line alleles and from 68.4 to 70.8
for the 2 wild alleles (Figure 5).

LD: LD statistics were estimated for 30 loci satisfying
the criteria necessary for inclusion in our analyses
(Figure 6). While LD varied across loci, with B (WALL

10.0 kbp —

4.5 kbp —
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FIGURE 1.—Genomic DNA fragments for two
genic loci (ZVG68 and ZVG75) amplified from
10 elite inbred lines and two wild populations
(ANNI1811 and AN1238).
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TABLE 2

Sunflower inbred lines and wild populations selected
for allele resequencing

Germplasm Plant introduction

accession® number Germplasm type’
RHA280 PI 552943 Confectionery R-line
RHAS801 PI 599768 Oilseed R-line

RHAS373 PI 560141 Oilseed R-line

ZENA16 — Oilseed R-line

ZENA17 — Oilseed R-line

HAS89 PI 599773 Oilseed B-line

HA383 PI 578872 Oilseed B-line

SD PI 413039 Oilseed B-line

ZENBS — Oilseed B-line

ZENBI13 — Oilseed B-line

ANN1811 PI 494567 Wild population (Texas)
ANN1238 — Wild population (Nebraska)

“Seeds of public inbred lines, identified by plant introduc-
tion (PI) numbers, were supplied by the United States Depart-
ment of Agriculture (USDA) Agricultural Research Service
(ARS) National Plant Germplasm System (http:/www.ars-grin.
gov/npgs/) or the USDA-ARS Northern Crop Science Re-
search Laboratory. Seeds of proprietary inbred lines (ZENAI6,
ZENA17, ZENBS, and ZENBI13) were supplied by Advanta
Semillas, Balcarce, Argentina.

’B lines are cytoplasmic-genic male-sterility (CMS) sterility
maintainer inbred lines. R lines are CMS fertility restorer
inbred lines.

1999) ranging from 0.14 to 0.89 (mean = 0.50) and the
minimum number of recombination events ranging
from 0 to 9 (mean = 2.9), nonlinear regression revealed
relatively slow LD decay in modern cultivars. LD
(quantified by #*) was still in the neighborhood of
0.30-0.40 at a distance of 5.5 kbp among inbred line
alleles. Predictably, recombination estimates increased
and LD decreased when wild alleles were included in
the analysis (data not shown).

DISCUSSION

Nucleotide diversity in elite and exotic sunflower:
Domestication and breeding create population bottle-
necks and erode genetic diversity (BUCKLER et al. 2001;
TENAILLON ef al. 2001, 2002; YAMASAKI et al. 2005;
DOEBLEY et al. 2006). While genetic diversity has been
narrowed by both processes in sunflower (TANG and
Knapp 2003; HARTER et al. 2004; Liu and Burke 2006),
diverse and complex parentage and migration (CHERES
and Knapp 1998) have apparently partially counter-
acted the effects of domestication and other diversity-
reducing processes in modern oilseed sunflower inbred
lines. Significant nucleotide diversity was discovered
across inbred lines despite the effects of genetic drift
and the winnowing of unfavorable alleles through
intense selection and inbreeding in single-cross hybrid
sunflower breeding programs. The inbred lines sur-
veyed here retained more than 70% of the nucleotide
diversity found in wild progenitors, 6 = 0.0094 in elite
inbred lines vs. 6 = 0.0128 in wild progenitors (Table 3)
(Lru and BURKE 2006). Surprisingly, nucleotide diver-
sity was estimated to be 1.7-fold greater in elite inbred
lines than primitive and early open-pollinated (OP)
cultivars (6 = 0.0056) (Tables 2 and 3) (Liu and BURKE
2006). While the latter estimate was based on data from
asmaller number of genes, this finding suggests that the
land races and early OP cultivars supplied only a fraction
of the genetic diversity found in elite inbred lines.

The germplasm underlying modern oilseed sun-
flower cultivars was not founded by direct selection in
primitive and early OP cultivars alone, but through
breeding in elite and exotic germplasm (CHERES and
Knapp 1998). Although the early history of sunflower
breeding is incomplete, our data support the notion
that genetic diversity in modern cultivars has been
supplemented by the introgression of wild and exotic

TABLE 3

Nucleotide diversity among 10 sunflower inbred line alleles resequenced from 71 genic loci

Nucleotides No. of DNA Mean no. of Mean no. of
sequenced/genotype polymorphic  polymorphism segregating pairwise dequence

Source (kbp) sites (s) frequency (bp/s) sites (0) differences (1)
Nucleotide polymorphisms 49.4 1256 39.3 0.0094 = 0.0043  0.0107 = 0.0058
INDEL polymorphisms 494 178 277.0 0.0013 = 0.0006  0.0016 * 0.0009
SNPs 49.4 1078 45.7 0.0081 = 0.0037  0.0092 = 0.0049
Coding sequences 26.4 420 62.8 0.0059 = 0.0027  0.0063 = 0.0034
Synonymous substitutions 6.2 275 22.5 0.0164 = 0.0075 0.0176 = 0.0095
Nonsynonymous substitutions 20.2 145 139.4 0.0026 = 0.0012  0.0028 * 0.0016
Noncoding sequences 20.2 628 32.1 0.0115 * 0.0052  0.0135 * 0.0073
5" UTR sequences 1.3 30 42.3 0.0087 = 0.0043  0.0111 = 0.0062
Intron sequences 12.3 422 29.2 0.0126 = 0.0058  0.0148 = 0.0080
3’ UTR sequences 6.6 176 37.5 0.0098 = 0.0045 0.0116 = 0.0063

Nucleotide diversity was surveyed in 107 resequenced amplicons (RSAs) amplified from 71 RFLP marker loci genotyped using
67 cDNA and 4 genomic DNA probes. The number of inbred line allele sequences/locus ranged from 6 to 10. Statistics for coding
and noncoding sequences were estimated from 103 RSAs amplified from the 67 cDNA-RFLP marker loci.
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FIGURE 2.—Nucleotide diversities for synonymous ()
and nonsynonymous (Tonsyn) SNPs among sunflower 10 in-
bred line alleles (107 RSAs), resequenced from 71 genic loci
distributed among the 17 linkage groups of sunflower (2n =
2x = 34).

alleles. Because the sunflower domestication syndrome
is complex, the number of loci under selection in wide
hybrids in contemporary oilseed sunflower breeding
programs is predicted to be large; at least 14 of the 17
chromosomes are known to harbor phenotypic and
quantitative trait loci for domestication and confection-
ery traits and should be under strong selection in
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0.08 —
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oilseed sunflower breeding programs (BURKE ef al.
2002, 2005; GANDHI et al. 2005; TANG et al. 2006a). The
introgression of wild alleles into modern oilseed sun-
flower inbred lines has produced a patchwork of elite
and wild alleles. Unique haplotypes were found in one
or more inbred lines for several of the loci sampled (Fig-
ure 5; supplemental Figure 1 at http:/www.genetics.
org/supplemental/). As noted earlier, sampling may
partly underlie differences between the present analysis
and the work of Liu and BURKE (2006). Here, we rese-
quenced alleles from a sample of 81 previously mapped
genic loci and performed analyses on 107 fragments
amplified from 71 loci (BERRY ef al. 1995; GEDIL el al.
2001), whereas L1u and BURkE (2006) resequenced al-
leles from a random sample of nine genic loci. More-
over, because RFLP markers for the former were known
to be polymorphic among oilseed inbred lines (BERRY
et al. 1994, 1995), the resequenced loci could be more
polymorphic, as a whole, than a random sample of loci.
Asapoint of comparison, SSRs revealed greater diversity
in land races than oilseed inbred lines (TANGand KnapP
2003; HARTER et al. 2004).

Nucleotide diversity in autogamous and allogamous
plant species: Nucleotide diversity in sunflower is
slightly lower than maize (REMINGTON et al. 2001;
TENAILLON et al. 2001, 2002; CHING et al. 2002; Liu
and BURKE 2006; BUCKLER et al. 2006), two- to fivefold
greater than other domesticated grasses (BUCKLER et al.
2001), eight- to 10-fold greater than soybean (ZHU et al.
2003; VAN et al. 2005), and several-fold greater than
other autogamous plant species (KANAZIN et al. 2002;
GARRIS et al. 2003; HAMBLIN et al. 2004). Observed SNP
frequencies seem to be comparable in sunflower and

FIGURE 3.—8jen, and haplo-
type diversity statistics among 10
inbred line and two wild alleles
amplified from 71 genic loci
(107 RSAs) distributed among
the 17 linkage groups of sun-
flower (2n = 2x = 34). Loci are
displayed in the order found on
each linkage group from 1 (top)
to 17 (bottom).
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Frcure 4.—SNP allele frequency (least common allele) and
heterozygosity distributions for 1078 SNPs identified in 10 in-
bred line alleles resequenced from 71 genic loci (107 RSAs).

maize inbred lines. SNP frequencies were 1/32 bp in
noncoding and 1/63 bp in coding sequences in sun-
flower inbred lines (Table 3) and 1/31 bp in noncoding
and 1/124 bp in coding sequences in maize inbred lines
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FIGURE 5.—Percentage of unique haplotypes identified
among inbred line and wild alleles resequenced from 71
genic loci (107 RSAs).

(CHING et al. 2002). SNP frequencies, however, are
sensitive to the number of genotypes sampled (larger
samples have a greater likelihood of capturing rare
SNPs), and the studies referenced above differed widely
in terms of sampling strategies. However, because 0 is
roughly proportional to heterozygosity, the expected
number of nucleotide differences between a randomly
selected pair of alleles can be estimated. For sunflower,
a randomly selected pair of elite alleles is expected to
differ at 1 out of every 106 nucleotides (z.e., 1/0.0094 =
106.4), whereas corn is expected to differ at 1 out of
every 105 nucleotides (TENAILLON et al 2001), and
soybean is expected to differ at 1 out of every 1,030
nucleotides (ZHU et al. 2003). Hence, SNP frequencies
seem to be sufficient in the modern sunflower cultivars
for the development of SNP genotyping assays for most
loci and for very high density genetic mapping using
highly parallel SNP genotyping methods (BoRreviTz
et al. 2003; HazeN and Kay 2003; WINZELER et al. 2003;
WERNER ¢ al. 2005; GUNDERSON et al. 2006; SYVANEN
2001, 2005).

SNP abundance in sunflower and other plant
genomes: The genic loci we sampled supply an estimate
of the number of common SNPs in the sunflower
genome. With 3500 Mbp of DNA in the nuclear genome
(BAACK et al. 2005) and 1078 SNPs in the 49.4 kbp
sample of DNA surveyed in the present study (Table 3),
modern sunflower cultivars are predicted to harbor at
least 76.4 million SNPs (3,500,000,000 bp/49,400 bp X
1078 SNPs). When translated into genetic distance,
modern cultivars are predicted to harbor at least 54,571
SNPs/cM, assuming 1400 cM in the sunflower genome
(TANG et al. 2002; YU et al. 2002, 2003). These estimates
assume the loci sampled are typical of DNA as awhole in
sunflower and do not account for rare SNPs below the
threshold of detection in our study ( £ < 0.125). If the
inbred lines we selected under represent allelic diversity
in modern cultivars, and the protein coding loci we
selected are less polymorphic than noncoding DNA in
sunflower, the number of common SNPs will be >76.4
million. Conversely, if the loci selected for resequencing
are more polymorphic than the balance of the genome,
76.4 million may overestimate the number of common
SNPs in modern cultivars. Cultivated soybean, which is
significantly less polymorphic than cultivated sunflower,
is predicted to harbor 4-5 million SNPs in 1115 Mbp of
DNA (Zuvu et al. 2003; YOON et al. 2007), whereas maize
inbred lines, with 114 SNPs in 6935 bp of DNA (CHING
et al. 2002), is predicted to harbor 41 million SNPs in
2500 Mbp of DNA. The number of SNPs in sunflower,
per Mbp of DNA (21,800/Mbp), is estimated to be five-
to sixfold greater than soybean (3587-4484/Mbp) and
1.3-fold greater than maize (16,400/Mbp). Hence, the
predicted number of SNPs in cultivated and wild sun-
flower is on par with the most polymorphic plant spe-
cies surveyed so far (BUCKLER et al. 2001; REMINGTON
et al. 2001; TENAILLON ¢t al. 2001, 2002; CHING ¢t al. 2002;



Nucleotide Diversity in Sunflower 465

17 * comme

0.9
0.8
0.7 H

007 Sl = T hmmma., =
CREsERENEN ¢

FIGURE 6.—Squared allele frequency correla-
tions (7*) as a function of physical distance (bp)
among polymorphic sites identified in alleles re-
sequenced from 10 inbred lines. The predicted

rz 05— L] - e e
0.4 — m—sﬂ" i s wtle
WD T e —— =
03— ..O.. ...‘..m ': L] -
02 E e et NI

- - Poe W & o esme @
0.1 : — oy
r > que © eme wene
o Y e e %o o.

decline in LD (solid line) was found by nonlin-
ear regression of #* on bp using the mutation-
recombination-drift model of HiLL and WEIR
(1988). See text for details.

[
0 1000 2000

Distance (bp)

KANAZIN et al. 2002; GARRIS et al. 2003; HAMBLIN et al.
2004; Zuu et al. 2003; BUCKLER et al. 2006; Liu and
BURKE 2006; VAN et al. 2005).

Nucleotide and haplotype diversity within and
between heterotic groups: Two wild alleles (ANN1238
and ANN1811) were resequenced to supply a bench-
mark for assessing differences in haplotype structure,
SNP frequencies, and nucleotide and haplotype di-
versities between elite and wild sunflower alleles. Similar
to maize (CHING et al. 2002), we identified a small num-
ber of distinct haplotypes (one to nine) among inbred
line alleles, where intralocus SNPs comprising haplo-
types were in LD (supplemental Figure 1 at http://www.
genetics.org/supplemental/). Selection for seed yield
and hybrid seed production traits has created broad
female (B) and male (R) heterotic groups in sunflower
(BERRY et al. 1994; GENTZBITTEL et al. 1994; HONGTRAKUL
et al. 1997; CHERES and KNaPP 1998). Significant genetic
diversity has apparently been preserved in a small number
of highly divergent B- and R-line haplotypes in sun-
flower, where haplotype divergence is greater between
than within heterotic groups (supplemental Figure 1).
While heterotic groups seem to be much less sharply
differentiated in sunflower than maize, patterns of ge-
netic diversity and haplotype divergence seem to be sim-
ilar within and between heterotic groups in both species
(TENAILLON et al. 2001, 2002; YU et al. 2002, 2003; Liu
et al. 2003; REIF et al. 2003; JUNG et al. 2004; CHING et al.
2002). By contrast, haplotypes seem to be unstructured
in the wild progenitor of maize (WHITE and DOEBLEY
1999; Liu et al. 2003) and wild sunflower (SLABAUGH
et al. 2003; TANG and Knapp 2003; KOLKMAN et al. 2004;
Liu and Burke 2006). While we only sampled two wild
alleles/locus, wild haplotypes for two-thirds of the loci
were unique (Figure 5; supplemental Figure 1).

Heterozygosity and haplotype diversity: SNPs and
other biallelic DNA markers are, as a whole, less infor-
mative than mulitallelic RFLP and SSR markers; however,
when multiple SNPs in haplotype blocks are genotyped,
the informativeness of SNP haplotypes should be com-

T
3000 4000 5000

parable to RFLP and SSR markers (CHING et al. 2002).
The inbred lines selected for allele resequencing (Table
2) were predicted from pedigree and RFLP, AFLP, and
SSR marker diversity analyses to broadly sample genetic
diversity, capture a significant percentage of the nucle-
otide diversity in elite inbred lines, and to be minimally
redundant (BERRY et al. 1994; GENTZBITTEL ef al. 1994;
CHERES and KNAPP 1998; GEDIL et al. 2001; YU et al. 2002,
2003; Tanc and Knaprp 2003). SNP heterozygosities
and haplotype diversities were therefore expected to be
greater among the resequenced inbred line alleles than
among arandom sample of inbred line alleles (Figures 3
and 4; supplemental Figure 1 at http:/www.genetics.
org/supplemental/). The probability of observing RFLP
or SSR polymorphisms between two inbred lines (/)
has been in the 0.32-0.53 range in several inbred line
surveys in sunflower (BERRY ef al. 1994; GENTZBITTEL
et al. 1994; YU et al. 2002a,b; TANG and KNaprp 2003). The
probability of observing different SNP haplotypes (p)
between two inbred lines was 0.57 in the present study
and thus slightly greater than A, for RFLP and SSR
markers (supplemental Figure 1). The difference could
be an artifact of sampling differences; we selected in-
bred lines to minimize redundancy and maximize
uniqueness, whereas several inbred lines within heter-
otic groups were sampled in previous RFLP and SSR
diversity surveys, thereby increasing redundancy and
decreasing heterozygosity. With deeper sampling, hap-
lotype diversity should decrease, whereas the number
of haplotypes should not substantially increase (CHING
et al. 2002; ZHu et al. 2003; VAN et al. 2005); deeper
sampling is predicted to identify less common alleles
introgressed into elite inbred lines from exotic germ-
plasm sources.

LD: The rate of decay of LD affects the resolution of
association mapping analyses and the density of DNA
markers needed for identifying phenotype—genotype as-
sociations (JORDE 1995, 2000; BUCKLER and THORNSBERRY
2002; NORDBORG et al. 2002; CHING et al. 2002; RAFALSKI
and MORGANTE 2004; BUCKLER et al. 2006). The rapid
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decay of LD in wild sunflower and maize alleles (CHING
et al. 2002; Liv and BURkE 2006) facilitates very high-
resolution association mapping; however, concomitantly
high DNA marker densities are needed for discovering as-
sociations (RiscH 2000; CARDON and BeLL 2001; JOHNSON
et al. 2001; StumpF 2002; GREENWOOD et al. 2004; WEIGEL
and NORDBORG 2005; KiMm et al. 2006). Lower DNA marker
densities are needed for association mapping in species
where LD persists over greater physical distances, although
resolution decreases (CARDON and ABrcasts 2003). Our
results indicate that LD persists over longer tracts of
DNA in inbred lines than primitive and early open-
pollinated cultivars and wild populations in sunflower
(Lru and BUrkE 2006). LD decayed to #* = 0.1 by 200 bp
in wild populations and 1100 bp in OP cultivars (L1u
and BURKE 2006), but only decayed to 0.32 by 5500 bp
in inbred lines in our study, the longest physical distance
surveyed (Figure 6); analyses of longer tracts of DNA are
needed to more thoroughly assess LD decay in inbred
lines. While there was significant LD variability among
loci, the slower decay in sunflower inbred lines can be
attributed to population bottlenecks produced by in-
breeding and artificial selection, a common phenome-
non in domesticated species where intense selection has
been practiced for many generations (BUCKLER e al.
2001; CHING et al. 2002; DOEBLEY et al. 2006). Whether
analyses are done in domesticated or wild germplasm,
very high DNA marker densities are needed for associ-
ation mapping in sunflower, a species with ample diver-
sity to support such analyses.
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