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Abstract The identification of genes underlying the
phenotypic transitions that took place during crop evolu-
tion, as well as the genomic extent of resultant selective
sweeps, is of great interest to both evolutionary biologists
and applied plant scientists. In this study, we report the
results of a molecular evolutionary analysis of 11 genes
that underlie fatty acid biosynthesis and metabolism in wild
and cultivated sunflower (Helianthus annuus). Seven of
these 11 genes showed evidence of selection at the nucle-
otide level, with 1 (FAD7) having experienced selection
prior to domestication, 2 (FAD2-3 and FAD3) having
experienced selection during domestication, and 4 (FABI,
FAD2-1, FAD6, and FATB) having experienced selection
during the subsequent period of improvement. Sequencing
of a subset of these genes from an extended panel of
sunflower cultivars revealed little additional variation, and
an analysis of the genomic region surrounding one of these
genes (FAD2-1) revealed the occurrence of an extensive
selective sweep affecting a region spanning at least ca. 100
kb. Given that previous population genetic analyses have

Communicated by M. Frisch.

Electronic supplementary material The online version of this
article (doi:10.1007/s00122-012-1881-z) contains supplementary
material, which is available to authorized users.

M. A. Chapman - J. M. Burke (D<)

Department of Plant Biology, University of Georgia,
Miller Plant Sciences Bldg., Athens, GA 30602, USA
e-mail: jmburke @uga.edu

M. A. Chapman
e-mail: mark.chapman@plants.ox.ac.uk

M. A. Chapman
Department of Plant Sciences, University of Oxford,
Oxford OX1 3RB, UK

revealed a relatively rapid decay of linkage disequilibrium
in sunflower, this finding indicates the occurrence of strong
selection and a rapid sweep.

Introduction

Going back at least as far as Darwin (1859, 1868), it has
been argued that the evolution of crop plants provides a
useful model for studying phenotypic evolution in response
to strong directional selection (see also Heiser 1988;
Pickersgill 2010; Zohary 2004). At a genetic level, such
selection can also have a profound impact on patterns and
levels of genetic diversity across the genome, with the end
result typically being a dramatic loss of variation in genes
targeted by selection, as well as at linked loci (e.g., Clark
et al. 2004; Olsen et al. 2006; Palaisa et al. 2004). In crops,
these so-called “selective sweeps” are typically superim-
posed on a genome-wide loss of genetic diversity resulting
from the genetic bottleneck associated with domestication
(e.g., Eyre-Walker et al. 1998; Wright et al. 2005). The
genomic extent of these sweeps is largely determined by
the strength of selection and local recombination rates
(e.g., Braverman et al. 1995; Durrett and Schweinsberg
2004; Kaplan et al. 1989), with stronger selection and/or
reduced recombination resulting in more extensive sweeps.
While the theory underlying this process has been well
understood for over 30 years (e.g., Maynard-Smith and
Haigh 1974), only recently have detailed analyses of the
extent of such sweeps been carried out.

In cereal crops such as rice, maize, and sorghum, it has
been shown that selection at a single locus can result
in sweeps spanning relatively large genomic regions. For
example, in temperate japonica varieties of rice (Oryza
sativa L.), selection for glutinous grains has resulted in a

@ Springer


http://dx.doi.org/10.1007/s00122-012-1881-z

898

Theor Appl Genet (2012) 125:897-907

sweep spanning ca. 250 kb around the Waxy (Wx) gene
(Olsen et al. 2006). In maize (Zea mays spp. mays),
selection for increased apical dominance resulted in a
selective sweep reaching 60-90 kb upstream of the tb/
gene (Clark et al. 2004), and selection favoring yellow
kernel color, presumably due to its increased nutritional
value, has resulted in a sweep spanning ca. 800 kb sur-
rounding the Y/ locus (Palaisa et al. 2004). Similarly,
selection on one or more genes has produced a selective
sweep spanning 1.1 Mb on maize chromosome 10 (Tian
et al. 2009). Finally, in sorghum, Casa et al. (2006) docu-
mented an apparent selective sweep spanning 99 kb along
chromosome 1, with patterns of diversity and haplotype
structure suggesting that selection may have targeted a
protein phosphatase gene in this region. Interestingly, in all
three species, these selective sweeps were more extensive
than might have been expected based on background levels
of linkage disequilibrium (LD), suggesting the occurrence of
strong selection and rapid sweeps (Kim and Nielsen 2004).

In the present study, we investigate the genomic effects
of selection on the fatty acid (FA) biosynthetic pathway
during the evolution of cultivated sunflower (Helianthus
annuus L.). Cultivated sunflower, which is one of the
world’s most important oilseed crops as well as a major
source of confectionery seeds and ornamental flowers, was
domesticated from wild H. annuus in eastern North
America over 4,000 years ago (Heiser 1978; Rieseberg and
Seiler 1990). Although sunflower was originally domesti-
cated as a source of edible seeds, pigments, and medicine
(Heiser 1951), a subset of the cultivated sunflower gene
pool has more recently (i.e., within the past 100 years) been
subjected to intense selection for increased seed oil content
and altered oil composition (Burke et al. 2005; Putt 1997).
It thus seems likely that, at least in a certain segment of the
sunflower gene pool, genes involved in FA biosynthesis
have been targeted by selection. Most recently, lines with
oil that is rich in oleic acid have been developed, and the
causal mutation for this shift in oil composition has been
identified (i.e., a tandem duplication of the oleate desat-
urase FAD2-1 that results in a loss of expression; Schup-
pert et al. 2006).

The genetic basis of oil biosynthesis in plants is gener-
ally well known (e.g., Gibson et al. 1994; Harwood 2005;
Ohlrogge and Jaworski 1997). The most common fatty
acids have chain lengths of 16 or 18 with up to three double
bonds, and the chemical structure of these fatty acids is
often expressed as a numerical shorthand (e.g., 16:0, 18:1,
etc.). Sunflower oil is naturally rich in linoleic acid (18:2)
and, as noted above, a number of high oleic (18:1) lines
have been developed. The balance of the sunflower fatty
acid profile is largely composed of palmitic acid (16:0) and
stearic acid (18:0), which typically combine to account for
ca. 10-12 % of the fatty acids present (Burke et al. 2005;
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Schuppert et al. 2006). Five minor fatty acids (myristic,
linolenic, arachidic, behenic, and lignoceric) collectively
account for <2 % of the oil composition. In plant cells,
palmitic acid (16:0) is the first FA produced during fatty
acid synthesis, and is initially bound to an acyl carrier
protein (ACP) within the chloroplast. While still in the
plastid, the synthase FABI can convert 16:0-ACP to 18:0-
ACP and the desaturase FAB2 can convert 18:0-ACP to
18:1-ACP (Shanklin and Cahoon 1998; Wallis and Browse
2002). Thioesterases (FATA and FATB) are responsible for
releasing the fatty acids from the ACP, thereby allowing
them to be exported. Further, desaturation can occur in
the chloroplast by FAD6, FAD7, and/or FADS, or in the
endoplasmic reticulum (ER) by FAD2 and/or FAD3. The
primary lipid substrates in the plastid and the ER are
monogalactosyldiacylglycerol (MGDG) and phosphatidyl-
choline, respectively (Wallis and Browse 2002).

Previous population genetic analyses have suggested
that LD decays relatively rapidly—within several kilobase
pairs—in cultivated sunflower (Liu and Burke 2006;
Kolkman et al. 2007), though the extent of LD in genomic
regions targeted by selection remains unknown. In a prior
study, we utilized a genome scan approach to identify a
number of candidates for genes that were under selection
during sunflower domestication and improvement (Chap-
man et al. 2008). In the current investigation, we used a
candidate gene approach, isolating 11 homologs of the FA
genes described above, including three different copies of
FAD2, and performing DNA sequencing and molecular
evolutionary analyses aimed at identifying genes that
experienced selection during sunflower evolution. Through
the use of a stratified sampling strategy involving wild
sunflower, primitive landraces, and improved cultivars, we
were further able to investigate the timing of selection (i.e.,
initial domestication vs. subsequent improvement). For one
of the genes that showed strong evidence of recent selec-
tion, we used sequence information from a bacterial arti-
ficial chromosome (BAC) clone to facilitate an extended
investigation of the distribution of sequence variation in the
surrounding genomic region and to determine the extent of
the sweep.

Materials and methods
Locus selection and sequencing

Polymerase chain reaction (PCR) primers for 11 sunflower
FA biosynthetic genes were designed using primer3 (Rozen
and Skaletsky 2000) based on either published or unpub-
lished sequences from Genbank or expressed sequence tags
(ESTs) from Helianthus that showed orthology to Ara-
bidopsis homologs of genes of interest (Table 1). These
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Table 1 Loci sequenced from sunflower Helianthus annuus. Watterson’s 0 for the wild, primitive, and improved sunflower populations, and the
level of significance of the ML-HKA tests for non-neutral evolution are given

Locus Source® Length 0 0 0 0 HKA" HKA HKA
(bp) Wild Primitive ~ Improved  Improved2®  wild primitive  improved

c25 Chapman et al. (2008) 1011 0.0239  0.0150 0.0138

cllll Chapman et al. (2008) 530 0.0094  0.0006 0.0019

c1351 Chapman et al. (2008) 499 0.0138  0.0190 0.0111

c2016 Chapman et al. (2008) 474 0.0301  0.0189 0.0162

c2307 Chapman et al. (2008) 444 0.0050  0.0055 0.0062

c5369 Chapman et al. (2008) 389 0.0111  0.0097 0.0052

c5456 Chapman et al. (2008) 440 0.0185  0.0101 0.0054

MeanNEUT 0.0160  0.0111 0.0086

FABI1 Schuppert et al. 456 0.0079  0.0093 0.0016 0.0011 *

(unpublished); Blast
searches against
Compositae Genome
Project EST database

FAB2° Blast searches against 988¢ 0.0089  0.0047 0.0030
Compositae Genome
Project EST database

FAD2-1¢ Schuppert et al. (2006); 1041 0.0156  0.0054 0.0000 0.0000 ok
Martinez-Rivas et al.
(2001)

FAD2-2¢ Schuppert et al. 986 0.0171  0.0081 0.0067
(unpublished);
Martinez-Rivas et al.
(2001)

FAD2-3° Schuppert et al. 1048 0.0029  0.0010 0.0000 * *k
(unpublished);
Martinez-Rivas et al.
(2001)

FAD3 Blast searches against 471 0.0059  0.0008 0.0000 * ok
Compositae Genome
Project EST database

FAD6 Blast searches against 705 0.0114  0.0096 0.0000 ok
Compositae Genome
Project EST database

FAD7 Blast searches against 1132 0.0040  0.0031 0.0041 * * *
Compositae Genome
Project EST database

FADS Blast searches against 640° 0.0279  0.0377 0.0249
Compositae Genome
Project EST database

FATA Schuppert et al. 1030" 0.0165 0.0184 0.0108
(unpublished)

FATB Schuppert et al. 1251 0.0092  0.0074 0.0000 0.0050 *
(unpublished)

MeanFA 0.0116  0.0096 0.0046

* Sequence information was obtained from the following references

® Two copies of FAB2 exist in sunflower; however, we were unable to reliably amplify one of these
Three paralogs of FAD2 exist in sunflower

Excluding the intervening intron for which alignment was unreliable

¢ Excluding a 844-bp indel and region for which alignment was unreliable

f Excluding a 374-bp insertion only present in the outgroup

For three loci, extended sequencing of up to 12 more improved cultivars was carried out

" Results of ML-HKA test for selection: * significant at the 0.05 level; ** significant at the 0.01 level
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genes were PCR-amplified from genomic DNA and
sequenced from a panel of wild H. annuus individuals,
primitive landraces, and improved lines, plus H. petiolaris,
which was included as an outgroup (Supplemental Table 1)
using standard protocols (e.g., Chapman et al. 2008). The
wild, primitive, and improved classes are hereafter referred
to as populations. The improved population included both
confectionery and oilseed lines; as such, we did not restrict
our analysis to a specific market class within the improved
sunflower gene pool. In addition, seven genes that previ-
ously showed no evidence of selection (Chapman et al.
2008; Table 1) were included as putatively neutral control
genes for the evolutionary analyses. Each PCR contained
10 ng of template DNA, 30 mM Tricine pH 8.4-KOH,
50 mM KCIl, 2 mM MgCl,, 100 mM of each dNTP,
0.1 mM of each primer, and 1 unit of Tag DNA poly-
merase. Primer sequences are listed in Supplemental
Table 2, and PCR cycling conditions, preparation of tem-
plates for sequencing, and cycle sequencing parameters
followed previously established protocols (Chapman et al.
2008). Following examination of the sequencing electro-
pherograms, PCR products that showed evidence of length
heterozygosity due to insertions/deletions (indels) were
reamplified, gel-purified using a QIAquick Gel Extraction
Kit (Qiagen, Valencia, CA), and cloned into pGEM-T
vectors (Promega, Madison, WI). Vectors were trans-
formed into competent Escherichia coli, grown overnight,
and PCR-screened for the presence of an insert. Four
positive colonies were then sequenced for each gene/indi-
vidual as detailed above, except that vector primers (T7
and SP6) were used.

To explore the extent to which our results apply to the
cultivated sunflower gene pool as a whole, three of the
genes that showed evidence of selection (see “Results”)
were sequenced from an expanded diversity panel com-
posed of 12 additional improved sunflower lines (Supple-
mental Table 1). These lines, known as the ‘Core 12,” were
selected from an initial collection of >400 cultivars to
capture as much of the allelic diversity present in the
cultivated sunflower gene pool as possible (Mandel et al.
2011).

Tests for selection

Watterson’s 0 (a measure of genetic diversity; Watterson
1975) was estimated using DnaSP ver. 5.10 (Librado and
Rozas 2009) for each of the FA genes separately in the
wild, primitive, and improved populations. Selection tests
were then carried out as described previously (Chapman
et al. 2008) using the same seven putatively neutral genes
and the HKA (Hudson et al. 1987) test in a maximum
likelihood framework (Wright and Charlesworth 2004).
Briefly, the data were partitioned into wild versus
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outgroup, primitive versus outgroup, and improved versus
outgroup comparisons. For each comparison, each of the
FA biosynthetic genes was tested against the seven neutral
genes. To do this, a strictly neutral model was first run,
followed by a model in which the one candidate gene was
deemed under selection while the other seven genes were
assumed to be evolving neutrally. All models were evalu-
ated based on 100,000 replicates, and the level of signifi-
cance was calculated as twice the difference in likelihoods
of the two models (i.e., neutral vs. selected) for a given
comparison and compared to a y* distribution with 1
degree of freedom.

Analysis of genetic polymorphism surrounding
a selection candidate

The region surrounding one of the genes confirmed as having
been under selection (FAD2-1; see “Results”) was analyzed
for DNA polymorphism. A BAC containing this gene was
isolated using radioactively labeled overgo probes from the
sunflower BAC library (available from Clemson University
Genomics Institute; http://www.genome.clemson.edu/). This
BAC (P396122; Genbank Number FJ269356) was sequenced
at the Joint Genome Institute using a Sanger shotgun approach
with automatic and manual finishing (Staton et al., submitted).
The resulting BAC sequence was subjected to analysis using
the programs LTR_Finder (Xu and Wang 2007) to identify
putative transposons, and BLASTn (Altschul et al. 1997) and
FGENESH (Salamov and Solovyev 2000) to identify putative
genes by comparing to Arabidopsis and Vitis genome
sequences, as well as to ESTs from members of the Asteraceae
(Staton et al., submitted).

Three putative genes (in addition to FAD2-1) were
identified in the BAC sequence (Table 2), and portions of
these genes were sequenced from the same panel of wild,
primitive, and improved sunflowers as above. Primer
sequences are listed is Supplemental Table 2. A region ca.
2 kb downstream of the FAD2-I was included in this
analysis, because variation had previously been reported
(Schuppert et al. 2006). This region comprises two exons
of the U-box-like gene, although it had not been previously
annotated as a coding region (Schuppert et al. 2006). Taken
together, these gene sequences allowed us to investigate
sequence diversity across a ca. 48-kb region surrounding
FAD2-1. To further extend our knowledge of sequence
variation surrounding this gene, primers flanking two
putatively non-coding, single-copy regions of the BAC
located further from FAD2-1 (Fig. 2) were designed and
used to sequence the same panel of sunflowers (Table 2),
thereby extending the size of total region analyzed to ca.
94 kb. Sequences from these six additional regions were all
analyzed and tested for selection as outlined above for the
FA genes.
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Table 2 The seven regions in the BAC that were sequenced

Locus Position® Function Length (bp)® 0 Wild 0 Primitive 0 Improved

F2bacL1 527-1092 Non-coding 566 0.1141 0.0025 0.0005

F2bacL2 26859-27395 Non-coding 537 0.0254 0.0166 0.0000

COG 49048-49713 COG5125-like protein 666 0.0351 0.0230 0.0000

FAD2-1 79111-80151 Fatty acid desaturase 1041 0.0156 0.0054 0.0000

U-box1 82205-83013 U-box domain-containing 810 0.0184 0.0082 0.0041
protein®

U-box2 87329-86722 U-box domain-containing 608 0.0097 0.0016 0.0000
protein

RPAI 94186-94523 Replication protein Al 338 0.0084 0.0038 0.0000

Portions of the four genes in the BAC were sequenced (including two regions of the U-box gene) as well as two non-coding regions. The length
of the region sequenced as well as values of Watterson’s 6 in the wild, primitive, and improved populations are given

? Based on BAC sequence in Genbank (accession number FJ269356)

® Including gaps

¢ This was annotated as an intergenic region in the Genbank file; however, we predict it to be a portion of coding region of the U-box domain-

containing protein (see text for details)

Phylogenetic analysis of sunflower domestication

The sequences of (1) all 11 FA genes, and (2) all loci from
throughout the BAC were concatenated for each of the
sunflower individuals. The concatenations totaled ca. 9.5
and 4 kb per individual, respectively. Alleles within an
individual were then collapsed and heterozygous bases
were coded using standard IUPAC code. Indels were coded
as nucleotides such that heterozygous individuals could be
coded using IUPAC codes, though indels with more than
two allelic states across the dataset (e.g., microsatellite-like
regions) were excluded from the analysis. Maximum
likelihood (ML) phylogenetic analysis was then carried out
using PHYML (Guindon and Gascuel 2003) with default
parameters, and the resulting trees were visualized in
TreeView (Page 1996).

Results

Eleven homologs of nine genes involved in FA metabolism
in Arabidopsis were identified and sequenced from sun-
flower, including three FAD2 paralogs. All sequences are
deposited in Genbank under accession numbers JQ974402-
JQ974815. Table 1 lists basic information about each gene,
and Fig. 1 shows the levels of polymorphism (Watterson’s
0) for each gene/population along with the results of the
tests for selection. Polymorphism was generally highest in
the wild population, lower in the primitive population, and
lowest in the improved population. On average, the FA
biosynthetic genes exhibited somewhat lower levels of
polymorphism in all three populations as compared to the
neutral genes, though none of the differences were signif-
icant overall. Five of the FA biosynthetic genes (FAD2-1,

FAD2-3, FAD3, FAD6, and FATB) were completely
monomorphic in the improved population despite exhibit-
ing variation in both the wild and primitive populations.

Of the 11 genes analyzed, 7 showed evidence of selec-
tion. FAD7 exhibited a significant departure from neutrality
(0.01 <P <0.05) in all three tests (i.e., in the wild,
primitive, and improved vs. outgroup comparisons); hence,
this gene was likely targeted by natural selection prior to
domestication. In contrast, FAD2-3 and FAD3 showed
evidence of selection in both the primitive—outgroup and
improved—outgroup comparisons, indicating that selection
occurred during sunflower domestication (i.e., since the
split between wild and primitive populations). Finally,
FABI, FAD2-1, FAD6, and FATB showed selection in the
improved—outgroup comparison only; hence, selection in
these cases must have occurred more recently (i.e., during
the subsequent period of improvement).

Of the three genes that were subsequently sequenced in
the expanded set of improved lines (i.e., the Core 12), FABI
exhibited two haplotypes in the initial sequencing set of
improved lines, whereas both FAD2-1 and FATB were
monomorphic in the original lines. In the expanded
sequencing panel, an additional haplotype was discovered in
both FABI (present in three individuals) and FATB (present
in one individual). For FAD2-1, no additional haplotypes
were found. Thus, FAD2-1 appears to be completely devoid
of variation in the improved sunflower gene pool (at least in
the portion sequenced) despite this gene exhibiting compa-
rable levels of variation in the wild gene pool as compared to
the neutral genes (Fig. 1; Table 1).

Because FAD2-1 showed a complete loss of sequence
variation, we analyzed the surrounding genomic region for
polymorphism. The BAC that served as the basis for this
analysis (Genbank FJ269356) was 107,161 bp in length and
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Fig. 1 Sequence polymorphism (measured as Watterson’s ) for seven neutral genes (with error bars) and the 11 fatty acid loci. Significant
evidence for selection based on HKA tests is indicated above the relevant populations/loci. *P < 0.05; **P < 0.01

contained three genes in addition to FAD2-1. These addi-
tional genes code for a COG5125-like protein, a U-box
domain-containing protein, and an RPAl-like protein. Six
regions, including portions of these three genes (two por-
tions of the U-box gene) and two non-coding, single-copy
sequences, were sequenced in the original panel of wild,
primitive, and improved sunflowers. Levels of DNA poly-
morphism for each of these loci are listed in Table 2. These
sequences were almost completely monomorphic in the
improved population, whereas polymorphism was similar
between these BAC-derived loci and the neutral loci for both
the primitive and wild populations (Tables 1, 2). The sole
exception was RHA280, which had one SNP at F2bacLl
and also harbored a divergent haplotype in the U-boxI
region. Tests of selection for all of these BAC-derived loci
were, like FAD2-1, significant for the improved—outgroup
comparison. The second U-box-like region also showed
evidence of selection in the primitive—outgroup comparison.
As such, it appears that selection in this region has resulted
in a selective sweep spanning a minimum of ca. 94 kb.
The maximum likelihood phylogenetic analysis of the
concatenated fatty acid genes (9,589 bp; Fig. 3a) revealed
that primitive and improved sunflower form a monophy-
letic group with the exception of the Hopi landrace. For the
combined BAC loci (i.e., the ca. 100 kb surrounding
FAD2-1; total 4,037 bp; Fig. 3b), ML analysis revealed
that primitive and improved sunflower form a monophy-
letic group with the exception of the Havasupai sunflower.
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Discussion

Theory predicts that strong directional selection will reduce
genetic diversity at both the target locus and at linked,
neutral loci (e.g., Kaplan et al. 1989; Maynard-Smith and
Haigh 1974); reviewed in (Nielsen 2005). While popula-
tion genetic bottlenecks, such as those that occur during
domestication (e.g., Eyre-Walker et al. 1998), are known to
produce a genome-wide reduction in diversity, selected loci
are expected to exhibit an even greater reduction in
diversity (Burger et al. 2008). The locus-specific nature of
this diversity loss makes it possible to identify selectively
important regions of the genome (Burke et al. 2007). While
we previously used a genome scan approach to identify loci
that showed evidence of selection during sunflower
domestication and/or improvement (Chapman et al. 2008),
the present study reflects a more targeted approach in
which we investigated the genes comprising an important
biochemical pathway underlying a key aspect of the
evolution of cultivated sunflower.

Reduced genetic diversity and evidence for selection
in genes associated with FA metabolism

As has previously been found in sunflower (Chapman et al.
2008; Liu and Burke 2006; Tang and Knapp 2003) and
other crops (e.g., Caicedo et al. 2007; Casa et al. 2005;
Vigouroux et al. 2002; Zhu et al. 2007), genetic diversity
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was highest in the wild population and lowest in the
improved cultivars (Fig. 1), presumably due to the occur-
rence of one or more genetic bottlenecks associated
with the domestication and subsequent improvement
of sunflower. Moreover, for the three genes that were
re-sequenced from the expanded panel of cultivars, very little
additional variation was found. As compared to the neutral
genes, the 11 FA genes had slightly lower genetic diversity
in all three populations (Table 1), and just over half of the
FA biosynthetic genes (7 of 11) showed evidence of
selection. While we did not sequence the full coding region
of each of these loci, the presence of polymorphism in the
wild (and primitive) sunflower lines indicates that these are
not simply invariant genomic regions; rather, these regions
exhibit unexpectedly low levels of diversity, presumably
due to the effects of selection.

Because our sampling of sunflowers included wild,
primitive, and improved individuals, we can further
investigate the timing of selection. One gene, FAD7,
showed a significant departure from neutrality in all three
populations; hence, we can only say that it experienced
selection sometime since the split between H. annuus and
H. petiolaris. For the other six genes, however, we can
infer the timing based on the results of the selection tests.
Two genes (FAD2-3 and FAD3) showed significant evi-
dence for selection in both the primitive—outgroup and
improved—outgroup comparisons, and thus appear to have
experienced selection during the initial domestication of
sunflower. The remaining four (FABI, FAD2-1, FAD6, and
FATB) were significant in the improved—outgroup com-
parison only, and thus appear to have experienced selection
during the post-domestication era, presumably during the
transformation of sunflower from a primitive domesticated
species into a commercially viable crop plant.

The two domestication genes (FAD2-3 and FAD3) both
code for desaturases that act in the endoplasmic reticulum,
and which are thought to be active in a wide variety of
tissues (Martinez-Rivas et al. 2001). Interestingly, these
two genes act consecutively, converting oleic acid (18:1) to
linoleic acid (18:2) and linoleic acid (18:2) to linolenic acid
(18:3), respectively. Because sunflower was initially
domesticated for its edible seeds (Heiser 1951; Putt 1997),
as opposed to having been explicitly selected for oil con-
tent and/or composition, the selection acting on these genes
may have been related to palatability. Alternatively, the
degree of oil saturation/desaturation is known to influence
the conditions under which seeds will germinate (Linder
2000), so it is may be that one or both of these genes
experienced selection during domestication due to possible
indirect effects on germinability.

The molecular signature of selection during sunflower
improvement is evident for four genes. These genes are
FABI, encoding a synthase that converts 16:0-ACP to

18:0-ACP, FATB encoding a thioesterase responsible for
releasing FAs from ACP allowing them to be exported, and
two desaturase genes (FAD2-1 and FADG6) that convert
oleic (18:1) to linoleic (18:2) acid. FABI is important in
controlling the amount of 18 carbon (18C) FAs relative to
16C FAs (e.g., Pidkowich et al. 2007); as such, selection on
FABI may have played a role in increasing the total
amount of 18:0-ACP available as a substrate for the pro-
duction of oleic and linoleic acid. Similarly, differential
regulation of FATB, a gene responsible for freeing up fatty
acids for export from the plastids, and which is known to be
expressed during sunflower seed formation (Bonaventure
et al. 2003; Martinez-Force et al. 2000), could increase the
total amount of FA substrate in the seeds. Given that the
improved population contained both oilseed and confec-
tionery lines, it appears that these selective events were not
limited to the oilseed segment of the gene pool. Rather,
these genes may have experienced selection prior to the
divergence between the modern oilseed and confectionery
types. This conclusion is underscored by the results from
the sequencing of the Core 12, which is likewise composed
of a mix of oilseed and confectionery lines.

It is interesting that FAD2-1 and FAD6 both encode
oleoyl-specific desaturases, but the former is expressed in
the endoplasmic reticulum (ER) in a seed-specific manner
(Martinez-Rivas et al. 2001), whereas the latter is expres-
sed solely in the chloroplast and in a wider variety of tis-
sues (Browse et al. 1989). Given the known effect of this
gene on elevated oleic acid content in high oleic lines
(Schuppert et al. 2006), evidence for selection on FAD2-1
is perfectly understandable. It is less clear why the analo-
gous plastidial desaturase (FAD6) would have been under
selection, though it has been suggested that flux through the
plastid and ER FA modification pathways can compensate
for each other and that, although the ER pathway is the
major contributor to seed FAs, some flux through the
plastid pathway also plays a role (Browse and Somerville
1991). Therefore, selection on the oleic/linoleic step in the
sunflower oil biosynthetic pathway may have resulted in
parallel selection on both FAD2-1 and FAD6, even though
expression of the latter is primarily restricted to the
chloroplast.

The genomic extent of the FAD2-1 selective sweep

Our investigation of patterns of polymorphism in the region
surrounding FAD2-1 revealed evidence of an extensive
selective sweep—far more extensive than expected based on
what was previously known about the structure of LD across
the sunflower genome (Liu and Burke 2006; Kolkman et al.
2007). Very little DNA polymorphism was detected in the
improved population in a nearly 100-kb genomic window
surrounding this gene. In contrast, the wild and primitive
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populations exhibited levels of variation across this region
similar to those exhibited by the neutral loci (Tables 1, 2),
and the tests of selection in the improved—outgroup com-
parison were significant across this entire region. As such, we
can conclude that the sweep targeting this region spanned at
least 94 kb (Fig. 2), though the full size of this swept region
remains unknown due to a lack of genomic resources for
exploring diversity beyond the boundaries of the BAC. With
the forthcoming sequence of the sunflower genome (Kane
et al. 2011), however, it should soon be possible to explore
such issues in much greater detail. Given this finding of
dramatically elevated LD in selectively important genomic
regions, it is important to note that candidate genes showing
evidence of selection may not have been targeted by selec-
tion themselves; rather, they may have hitchhiked along with
the actual targets of selection. In the case of FAD2-1, our
conclusion are backed up by functional evidence that this
gene plays an important role in determining seed oil com-
position (Schuppert et al. 2006) and the fact that the other
genes in the swept region have no known role in FA bio-
synthesis. In other cases, it remains possible that selection at
a nearby gene has produced the observed pattern.

Five of the six improved sunflower individuals shared
the same haplotype throughout the entire region. The sixth
accession (RHA280, a confectionery cultivar) contained a
single SNP in locus F2bacL1, the most distant locus rela-
tive to FAD2-1, and a single SNP and a 568-bp deletion
(relative to the other improved sunflowers) in the U-boxI
locus, ca. 2 kb downstream of FAD2-1 (Fig. 2). This
deletion spans all of exon 8, such that the ‘short’ allele
(present in RHA280) misses an entire exon from the coding
region. Despite this anomaly, the tests for selection across

Fig. 2 Sequence 0.12 1
polymorphism (measured as
Watterson’s 0) for seven loci
across a ca. 100-kb window 2
surrounding FAD2-1. Below the
graph are indicated the positions 0.03 A
of genes, inverted repeats (IRs),

and putative transposable

this entire 100-kb region are significant. Interestingly, the
deleted region is bracketed by a pair of inverted repeats
with 90 % homology over 112 bp. While inverted repeats
are a hallmark of Class II transposons (Kumar and
Bennetzen 1999), neither these repeats nor the intervening
sequence show homology to known transposons. Similar
inverted repeats can, however, be found in other sunflower
genes (e.g., ZVG77, a putative f-amylase and ZVG32, a
putative NAD-dependent sorbitol dehydrogenase; Kolk-
man et al. 2007).

It is noteworthy that one of the Native American land-
races (Seneca) and all of the wild sunflowers surveyed
herein exhibited the ‘short’ allele of U-boxl, whereas the
remaining five primitive lines shared the ‘long’ allele with
the five improved cultivars, not including RHA280. A
previous PCR screen of 16 wild sunflowers (Schuppert
et al. 2006) revealed that the long allele was present at low
frequency in the wild and was present in all 16 oilseed
cultivars tested, suggesting that fixation of the long allele
occurred during the evolution of cultivated sunflower. We
note that the FAD2-1 coding region is identical in sequence
across all improved lines (i.e., RHA280 is identical to the
other cultivars despite this difference downstream of the
FAD2-1 coding region). As such, it may be that exon 8§ of
the U-box locus was independently lost in RHA280 (or a
related line) subsequent to the selective sweep affecting
that region.

The origin of cultivated sunflower

It has been suggested that the analysis of domestication
(and improvement) genes in the wild progenitors of crops
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could be the best way to discern where crops originated
(Gross and Olsen 2010). Although our sampling of wild
sunflower was limited to only eight individuals, we did
include wild samples from throughout the geographic
range. In the phylogenetic analysis of both the concate-
nated fatty acid genes and the BAC loci from the swept
FAD2-1 region (Fig. 3), the bulk of the primitive and
improved sunflower lines formed a monophyletic group, as
one might expect based on prior evidence that cultivated
sunflower is a product of a single domestication (Blackman
et al. 2011; Harter et al. 2004; Wills and Burke 2006). The
two exceptions were the Hopi landrace, which fell outside
the primary group in the analysis of the concatenated FA
genes, and the Havasupai landrace, which fell outside the
primary group in the analysis of the BAC-derived
sequences surrounding FAD2-]. Notably, the Hopi and
Havasupai sunflowers have previously been shown to be
quite divergent from the balance of the cultivated sun-
flower gene pool (e.g., Chapman et al. 2008; Harter et al.
2004; Tang and Knapp 2003), and these lines may have not

been major contributors to the modern sunflower gene
pool. The analyses presented here also add to the evidence
that sunflower was domesticated in east-central North
America (Harter et al. 2004; Heiser 1978), as the most
closely related wild populations came from this general
region.

Conclusions

As noted above, prior analyses of the extent of selective
sweeps in cereal crops have revealed the occurrence of
sweeps affecting large genomic regions in the order of
100-1,000 kb (Casa et al. 2006; Clark et al. 2004; Olsen
et al. 2006; Palaisa et al. 2004; Tian et al. 2009). Our
results extend this general pattern of extensive selective
sweeps, even in species with otherwise relatively low
levels of background linkage disequilibrium (Liu and
Burke 2006; Tanksley and McCouch 1997; Yamasaki et al.
2005) to non-cereal crops.
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Fig. 3 Maximum likelihood phylogenetic trees for the wild (closed
circles), primitive (open circles), and improved (open diamonds)
sunflower individuals, rooted with H. petiolaris (PET). a Based on

concatenation of fatty acid genes, b based on concatenation of loci
throughout the BAC. Individual acronyms are given in Supplemen-
tary Table 1. Bootstrap values >50 % are indicated
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The dramatic reduction in diversity in and around genes
targeted by selection also has important implications for
ongoing efforts aimed at the continued improvement of
sunflower (Tanksley and McCouch 1997; Yamasaki et al.
2005). Response to selection on oil-related traits in sun-
flower is likely to be hampered by the absence of segre-
gating variation at a number of the loci analyzed here. Five
of the 11 candidate genes were completely devoid of var-
iation across the improved lines, and even when a larger
number of lines were sequenced, little additional variation
was uncovered. Moreover, 9 of the 11 loci had less genetic
variation in the primitive lines than the average neutral
gene. These findings suggest that future efforts aimed at the
continued improvement of sunflower as an oilseed crop
will require the exploitation of wild germplasm as a source
of novel alleles.
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