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Abstract

Evolutionary analyses aimed at detecting the molecular signature of selection during crop domestication and/or
improvement can be used to identify genes or genomic regions of likely agronomic importance. Here, we describe the DNA
sequence-based characterization of a pool of candidate genes for crop-related traits in sunflower. These genes, which were
identified based on homology to genes of known effect in other study systems, were initially sequenced from a panel of
improved lines. All genes that exhibited a paucity of sequence diversity, consistent with the possible effects of selection
during the evolution of cultivated sunflower, were then sequenced from a panel of wild sunflower accessions an outgroup.
These data enabled formal tests for the effects of selection in shaping sequence diversity at these loci. When selection was
detected, we further sequenced these genes from a panel of primitive landraces, thereby allowing us to investigate the
likely timing of selection (i.e., domestication vs. improvement). We ultimately identified seven genes that exhibited the
signature of positive selection during either domestication or improvement. Genetic mapping of a subset of these genes
revealed co-localization between candidates for genes involved in the determination of flowering time, seed germination,
plant growth/development, and branching and QTL that were previously identified for these traits in cultivated x wild
sunflower mapping populations.
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Introduction to a lack of segregating variation within the crop lineage. Here, we
describe molecular evolutionary analyses aimed at identifying
genes that were targeted by selection during the evolution of
cultivated sunflower (Helianthus annuus 1.) from amongst a pool of
candidates identified based on homology to genes of known effect
from other study systems.

Cultivated sunflower was domesticated from wild sunflower
(both H. annuus) approximately 4,000 years ago by Native
Americans as a source of edible seeds and as well as for non-
food purposes (e.g., as a source of dyes for textiles; [16]). More
recently, sunflower has been the subject of intensive breeding as it
has been transformed into a globally-important oilseed crop [17].
Wild sunflower exhibits seed dormancy, variable flowering time,
extensive and variable branching, and it also produces relatively
small seeds that are dispersed upon maturity (i.e., the mature
heads ‘‘shatter”). In contrast, cultivated sunflower typically
exhibits a loss of seed dormancy, more rapid/consistent flowering,
strong apical dominance (i.e., a loss of branching), and consider-
ably larger seeds that are retained in the head until harvest.
Previous studies have primarily employed map-based approaches
to identify genomic regions involved in the evolution of cultivated
sunflower (e.g., [18-21]), though evolutionary analyses have also
shown great promise [22-24].

In the present study, we mined the literature for genes from

Strong directional selection is thought to be responsible for the
dramatic phenotypic differences between domesticated lineages
and their wild progenitors [1,2]. Genetic map-based approaches,
including both QTL and association analyses, have been used to
identify numerous genomic regions and, in some cases, genes
underlying these phenotypic transitions (e.g., fw2.2, [3]; fw3.2 [4,5]
1, [6]; sh4, [7]). An alternative to mapping studies is the use of
molecular population genetic methods to identify genes or
genomic regions that may have experienced past selection. These
efforts typically involve statistical tests to determine if the observed
pattern of genetic diversity in a particular gene or genomic region
can be explained by the standard neutral model (e.g., [8-13]).
Rejection of the null hypothesis of neutrality provides evidence of
past selection.

Overall, crop lineages are expected to exhibit a genome-wide
loss of genetic diversity relative to their wild progenitors due to the
occurrence of population bottlenecks during domestication and/or
improvement [2,14]. But because selection influences genetic
diversity in a locus-specific manner, genes targeted by positive
selection will exhibit a greater than expected loss of diversity as
compared to the genome-wide, neutral expectation [12,13,15].
Importantly, this provides a means for identifying genes, or at least
genomic regions, that are likely to be of agronomic importance
even though they may be recalcitrant to map-based analyses due other species that are known to influence traits related to the
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evolution of cultivated sunflower. These included genes with
known effects on floral development and flowering time, seed/fruit
development, germination, plant growth/development, and
branching. We then identified homologs of these genes in
sunflower and sequenced them from panels of wild, primitive,
and improved sunflowers. These data allowed us to test for
evidence of positive selection during the domestication and/or
improvement of sunflower. When possible, we also genetically
mapped genes showing evidence of selection and compared their
positions to those of QTL that had previously been mapped in
cultivated x wild sunflower mapping populations. We found strong
evidence for positive selection in a number of these genes as well as
evidence of QTL co-localization in several cases. As such, these
genes are excellent candidates for future functional studies aimed
at understanding the molecular mechanisms underlying the
evolution of cultivated sunflower.

Materials And Methods

Gene identification and primer design

To identify candidates for genes underlying traits related to
sunflower domestication and improvement, we searched the
literature for genes influencing relevant aspects of floral develop-
ment and flowering time, seed/fruit development, seed germina-
tion, plant growth/development, and branching. We then
performed BLAST searches of these genes against sunflower
expressed sequence tags (ESTs) from the Compositae Genome
Project EST Database (http://compgenomics.ucdavis.edu/) as
well as the reference transcriptome assembly from Bachlava et al.
[25]. Reciprocal best BLAST hits with an E-value of less than
10E-10 were identified as putative sunflower homologs and
retained for further analysis (Table S1). Primers specific to a
portion of each sunflower unigene identified via BLAST were then
designed using either PrimerPlus 3.0 (http://www.bioinformatics.
nl/) or PrimerQuest (http://www.idtdna.com/). To help avoid
designing primers across splice sites, we used a tblastx-based intron
finding Perl script (http://www.citrusgenome.ucr.edu/usa/ucr/
Files.php) with Arabidopsis genome sequence information (v. 10)
available from TAIR (http://www.arabidopsis.org/) to identify
putative intron positions in sunflower unigenes. The resulting
primer sequences can be found in Table $S2. We also included a set
of 11 presumptively neutral control genes that were previously

identified by Chapman et al. [22] (Table S2).

Plant materials and DNA sequencing

The focus of this study was a collection of 28 H. annuus
individuals including 8 wild sunflowers, 6 primitive domesticates
(i.e., Native American landraces which represent an intermediate
stage between wild sunflower and modern cultivars), and 14
improved lines (Table 1). Achenes for these individuals were
obtained, with permissions, from the USDA North Central
Regional Plant Introduction Station (NCRPIS) and French
National Institute for Agricultural Research (INRA). The
mmproved lines included the parents of a well-characterized
sunflower recombinant inbred line (RIL) mapping population
(RHA 280 and RHA 801) as well as the “Core 12" from Mandel
et al. [26], which includes 12 inbred lines that capture ca. 50% of
the allelic diversity present within the cultivated sunflower gene
pool. We also included two outgroups: H. argophyllus, which is sister
to H. annuus, and H. petiolaris, another closely related species that is
sister to the H. annuus/ H. argophyllus clade. A single individual from
each of the 28 genotypes was grown to the seedling stage, and total
DNA was extracted from each using a CTAB extraction protocol
[27] and quantified using Picogreen (Applied Biosystems). The
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quantity/quality of DNA was also evaluated using a Nanodrop
1000 spectrophotometer. For candidate gene sequencing, we
employed a tiered approach, as follows: (1) we first sequenced all
candidate genes in the improved panel; (2) following the
recommendations of Yamasaki et al. [28] and Chapman et al.
[29], those candidates that had no or very low nucleotide diversity
(m<<0.01) in the improved panel were retained for sequencing in
the wild panel and the outgroups, thereby enabling tests for
selection; and (3) when a gene showed evidence for selection in the
improved panel, it was also sequenced in the panel of primitive
accessions. This last piece of data allowed us to further infer the
likely timing of selection (i.e., domestication vs. improvement by
investigating these genes in a panel containing primitive sunflower
varieties vs. recently improved sunflower varieties).

PCR was performed in a total volume of 20 pL containing 5 ng
of template DNA, 30 mM Tricine pH 8.4-KOH, 50 mM KCI,
2 mM MgCl,, 125 uM of each dNTP, 0.2 uM reverse primer,
0.2 uM forward primer and 2 units of 7ag polymerase. The PCR
conditions involved a ‘touchdown’ protocol, as follows: 3 min at
95C; 10 cycles of 30 s at 94C, 30 s at 65C and 45 s at 72C,
annealing temperature decreasing to 55C by 1C per cycle,
followed by 30 cycles of 30 s at 94C, 30 s at 55C, 45 s at 72C,
followed by 20 min at 72C. PCR products were checked for
single-banded amplification via electrophoresis on 1% agarose
gels. Amplification conditions were modified for loci that exhibited
weak or non-specific amplification (i.e., faint or multiple bands,
respectively) by either decreasing (l.e., starting at 60C and
descending to 50C) or increasing (i.e., starting at 70C and
descending to 60C) the annealing temperature.

PCR products were treated with 4 units Exonuclease I and 0.8
units Shrimp Alkaline Phosphatase (USB) at 37C for 45 min
followed by enzyme denaturation at 80C for 15 min to prepare for
sequencing using BigDye v3.1 (Applied Biosystems). The sequenc-
ing reactions were cleaned using Sephadex (Amersham) before
being run on an ABI 3730xl (Applied Biosystems). In cases where
direct sequencing results were unclear due to unresolvable
heterozygous bases, indels, or short repeats, PCR products were
TA-cloned into pGEM-T vectors (Promega), transformed into
competent FEscherichia coli (JM109; Promega), and screened for the
presence of an insert. At least five positive colonies per individual
were then sequenced as above except that vector primers [T7 and
SP6] were used. Sequences have been deposited in the National
Center for Biotechnology Information (NCBI) as BioProject
PRJNA248055.

Sequence analyses and tests for selection

For all genes, sequences were aligned using Sequencher version
4.10 (GeneCodes), and FASTA files were generated for each.
These FASTA files were then imported into DnaSP version 4.50.2
[30] for analysis. Where possible, individuals exhibiting heterozy-
gous bases were resolved into haplotypes using the PHASE
algorithm in DnaSP (or they were cloned and re-sequenced; see
above). We then used DnaSP to compute the number of
synonymous segregating sites (S), synonymous nucleotide diversity
(1), Watterson’s [31] estimate of synonymous diversity (), number
of segregating indels, and the synonymous genetic distance from
the outgroup for each gene. The distance (D), from the outgroup
was determined by calculating the number of synonymous
segregating sites in all pairwise comparisons among sequenced
individuals within each panel and the outgroup and then
averaging to obtain D (the authors of the program recommend
using one sequence from each species; we used all individuals
within a panel in order to provide a more robust value for D). We
also compared levels of genetic diversity amongst the three panels:

June 2014 | Volume 9 | Issue 6 | €99620


http://compgenomics.ucdavis.edu/
http://www.bioinformatics.nl/
http://www.bioinformatics.nl/
http://www.idtdna.com/
http://www.citrusgenome.ucr.edu/usa/ucr/Files.php
http://www.citrusgenome.ucr.edu/usa/ucr/Files.php
http://www.arabidopsis.org/

Table 1. List of sunflower accessions analyzed in this study.
Panel Name USDA Accession Number
Wild Ames 14400 Pl 649851
Ann-1114 Pl 613727
Ames 1473 Pl 413027
Ames 1455 Pl 413011
Ames 1516 Pl 413067
Ames 23238 Pl 649853
Ames 23940 Pl 649854
Ann-646 Pl 435552
Primitive Havasupai Pl 369358
Hidatsa Pl 600721
Hopi Pl 432504
Mandan Pl 600717
Maiz Negro Pl 650761
Seneca Pl 369360
Improved Mammoth Pl 476853
HA 234 Pl 599778
HA 316 NSL 208764
HA 404 Pl 597368
HA 821 Pl 599984
RHA 280 Pl 552943
RHA 328 NSL 202284
RHA 358 Pl 531071
VIR 847 Pl 386230
RHA 408 Pl 603989
RHA 426 Pl 617099
RHA 801 Pl 599768
SF 33* =
SF 230* -
*Accessions from the French National Institute for Agricultural Research.
doi:10.1371/journal.pone.0099620.t001

wild, primitive (for those genes with preliminary evidence of
selection), and improved. For these comparisons, S and the
angular transformation of 7 and 6 values were analyzed. For all
genes that were sequenced in all three panels, two-factor ANOVAs
(panel and locus) were performed using JMP version 9 (SAS
Institute, Cary, NC) and posterior Tukey-Kramer tests were used
to test for significant differences amongst means.

For the selection analyses, we used the maximum likelihood
(ML) version [32] of the Hudson-Kreitman-Aguade (HKA) test
[33], which allows for an explicit test of selection at individual loci
in a multilocus framework. The neutral theory of molecular
evolution [34] predicts that the amount of within-species
polymorphism should be correlated with levels of between-species
divergence. The ML-HKA test evaluates this prediction in a locus-
specific fashion, thereby allowing for the identification of
individual genes showing evidence of selection. It does this by
comparing the fit of two models to the observed data. In one
model, all loci (a set of neutral controls +a locus of interest) are
assumed to be evolving neutrally. In the second model, the locus of
interest is deemed to be under selection. Significance is then
evaluated by comparing twice the difference in the likelihoods of
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the two models against a chi-square distribution with one degree of
freedom [35].

We first confirmed that the collection of neutral genes utilized
herein were not themselves under selection. To do this, we
performed a “round-robin” test of all 11 putative neutral genes
against each other to confirm selective neutrality (i.e., that
selection has not influenced their pattern of nucleotide polymor-
phism). For each gene, this entailed using the ML-HKA test to
compare two models, one model in which all 11 genes were
assumed to be neutral, and one in which 10 genes are neutral and
one is selected. This process was repeated with five different seed
numbers for each of the 11 putatively neutral genes in each of the
panels and none exhibited evidence of selection.

Following confirmation that our control loci were indeed
behaving in a neutral fashion, we performed the ML-HKA test
for each of the candidate genes of interest. This initially involved
comparing the levels of polymorphism and divergence in the wild
panel and the improved panel. As noted above, when a gene
showed significant evidence of positive selection in the improved
lines, we also sequenced it in the primitive panel and tested for
selection at that stage. All ML-HKA tests were performed with five
different seed numbers and a chain length of 100,000 as
recommended by the authors. The resulting maximum likelihoods
were averaged across the five replicates and used to perform a
likelihood-ratio test.

Genetic mapping of candidate genes

Candidate genes that demonstrated evidence of positive
selection during domestication and/or improvement were
screened for polymorphism in eight arbitrarily chosen individuals
of one of two recombinant inbred line (RIL) mapping populations
via Sanger sequencing: an improved x wild sunflower cross (HA89
x ANNI1238; [18,36]) for domestication candidates and an
improved x primitive sunflower cross (NMS373 x Hopi; [37]) for
improvement candidates. When a mappable polymorphism was
identified, the locus was amplified from a larger set of 96 RILs
from the appropriate cross and scored as either a length variant or
via PCR-restriction fragment length polymorphism (PCR-RFLP).
Loci were added to previously published linkage maps using either
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Figure 1. Nucleotide diversity in wild, primitive, and improved
sunflower for the genes shown to be under positive selection
during the evolution of cultivated sunflower. Error bars indicate
standard deviations. Note that we were unable to obtain sequence
information for the IPT5 gene in the primitive panel.
doi:10.1371/journal.pone.0099620.g001
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primitive, | = improved; N = number of genes sequenced; S= number of segregating synonymous sites; 1= nucleotide diversity for synonymous sites; 0

of posterior Tukey-Kramer test with different letters representing significantly different values. ANOVA results: Neutral genes: 0 (F,, 20

= wild, P=

Panel: W

8.58, p<<0.0001), T (F5, 20=8.73, p<<0.0001), S (F;, 20=4.89, p=

0.03).

TANOVA for candidate genes performed on the six candidate genes that were sequenced in all three panels.

doi:10.1371/journal.pone.0099620.t002
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the data and methods of Baack et al. [36] for the HA89 x
ANNI1238 RILs or Bowers et al. [37] for the NMS373 x Hopi
RILs. If no polymorphism in the amplified region was readily
identified, we used BLAST similarity of the selected candidate
genes to the consensus genetic map of Bowers et al. [37] or to an
existing sequence-based map [38] to locate the genomic position of
the locus. When possible, we also compared the genetic map
positions of genes under selection to those of previously mapped
QTL for the phenotypes of interest. This was done by projecting
QTL from several previous studies [18,19,39,40] onto the
sunflower consensus map [37] based on shared markers. For the
QTL mapping populations of Burke et al. [18] and Wills et al.
[19], we used the sunflower CMap database (http://sunflower.
uga.edu/cmap/) to identify markers that flanked the QTL of
interest (1.e, those located near candidate genes for the same trait)
and were also present on the sunflower consensus map [37]. We
then used the genetic positions from the consensus map to display
the QTL relative to the positions of the candidate genes (see
below; note: when available, we used the 2-LOD interval for
marking QTL regions as presented in the studies). The studies of
Dechaine et al. [39] and Brunick [40] were not included in the
CMap database, so the shared flanking markers were identified
from the original source documents and projected as above.

Results And Discussion

As expected, we observed an overall, progressive loss of genetic
diversity in the primitive and improved sunflower lines as
compared to their wild progenitor (Table 2). Of the 76 candidate
genes that we sequenced, 24 exhibited little or no nucleotide
variation in a panel of 14 improved sunflower lines (1<<0.0202,
though most of these 24 were much lower than this value; see
Table 3 and Table S3 for additional statistics), consistent with the
possibility that they experienced positive selection during domes-
tication and/or improvement. We then sequenced these 24 genes
in a geographically diverse panel of eight wild sunflower
individuals as well as outgroups and used the resulting data to
test for selection. Seven of these genes exhibited significant
departures from neutrality in the ML-HKA tests (Table 3;
Figure 1), thereby providing strong evidence of past selection.
Note also that some of the candidate genes harbored low genetic
diversity in the wild panel as compared to the neutral genes. In
fact, two candidate genes for branching (IPT5 and MAX2) were
shown to be under selection in the wild. After sequencing these
genes in the primitive landraces, we found that LATERAL
SUPPRESSOR (LAS) showed evidence for selection in both the
primitive and improved lines. Five other genes, including LOW
PHOSPHATE ROOT (LPR), MORE AXILLARY GROWTH 2
(MAX2), PHENYLALANINE AMMONIA-LYASE 1 (PALI), PHY-
TOCHROME B (PHYB), and RGA-LIKE 2 (RGL2), showed
evidence of selection in the improved lines only. We thus conclude
that LAS likely experienced selection during the initial phase of
sunflower domestication, whereas selection on the remainder was
likely restricted to the subsequent period of improvement. Note
that a reliable PCR product was not obtained for ISOPENTENTL-
TRANSFERASE 5 in the primitive lines. We were thus unable to
investigate the timing of selection for this gene.

One of the selected genes, PHYB, is a photoperiod response
gene that is thought to play a role in the transition from vegetative
to reproductive growth (e.g., [41,42]). This gene also has a possible
role in seed germination [43] (see discussion of germination and
seed dormancy in sunflower below). The control of flowering is an
important agricultural trait, and the evolution of flowering time is
known to have played a critical role in the success of many crop

June 2014 | Volume 9 | Issue 6 | €99620


http://sunflower.uga.edu/cmap/
http://sunflower.uga.edu/cmap/

Molecular Evolution of Sunflower Candidate Genes

V/N V/N V/N V/N VY/N VY/N d
* 80L00°0 L0L0OO°0 L (4141 98t M ymouab jueld $ ISVHIISNVYLTANILNIJOS/I
su 865000 L6€00°0 4 86'S8 £9¢€ |
- - - - - - d gz ISYNIX-€/-9
su S8€0°0 699200 LL L1198 £9€ M Buiypueig J1YHdSOHdATOd TOLISONI
su 0 0 0 £9°8€ LEL |
- - - - - - d
su 0 0 0 £9°8€ LEL M Bunamol4 9 31vd SNIQYIH
su 0 0 0 8506 S79 |
_ _ - - - - d juswdolaasp jued HO1VYINaow
su 0 0 0 7006 ST9 M Bundaye uoisinp/aey (19D NOISSTYdXF-ZvHav1D
su ¥0C10°0 2100 14 68 6€9 |
- - - - - - d
su €6¥720°0 €6¥20°0LE8C0°0 L L€'88 6€9 M wawdojanap pass Z v49v1o
su 0 0 0 LIEY SEY |
- - - - - - d
su 89200 8/620°0 0 LL'EY SEY M WwawdoaAsp uniy (CEI/DYZ]
su 0 0 0 8¢ 08¢ |
- - - - - - d gl 31IS DNIANIZ
su £8510°0 £7600°0 [4 86'LE 08¢ M ymolb ueld HO1DV4 NOILYONOTT
su 0 0 0 £9'88 SLE |
- - - - - - d L ISYNIO04JAHIA
su 9€10°0 sLoLoo € £9'88 SLE M ymmoib jue|d /ASYAIXO NINIXOLAD
su 616000 815000 4 LLpLL 3:14 |
- - - - - - d
su £8.T0°0 €12€00 6 LLYLL 3214 M Bunamol4 SNVLSNOD
su 0 0 0 L9°0Y oLE |
- - - - - - d uixne jo
su 0 0 0 L8'0v oLE M uone|nbas yimoib jueld JISVYHINAS INODTVHD
su 0 0 0 L1el €8¢ |
- - - - - - d
su 0 0 0 L1l €8¢ M Buiyduesg anrg
su 0 0 0 £L9°8Y 6¥S |
- - - - - - d juswdolansp jueld
su S8510°0 19/10°0 [4 £9'8Y 67 M uo 5103949 didonois|d £ NI310Yd @3LV134-NILOY
*Bis 0 u S / 1 |sued ety ausp

*UOI1D3|3s dAIUSOd JO SDUIPIAS 1) Pa1sal sauab JueleAULl DY) 10§ SD1IsIIelS AISI9AIp d1lauab uonejndod € ajqeL

June 2014 | Volume 9 | Issue 6 | €99620

PLOS ONE | www.plosone.org



Molecular Evolution of Sunflower Candidate Genes

su L6TZL°0 LLpLL'0 L€ 568 LLg Mm uopeuiwizn Z UIT-VoH
su 115000 1+800°0 L €€°05 9vT I
- - - - - - d
su 16/10°0 16/10°095£10°0 3 LE0S 9tz M Bupamoy4 LH- JOI43dOLOHd
su 05000 £€900°0 z £€6°10L Ly I
- - - - - - d
su £62€0°0 €7£20°0 Ll Z6°101 Lb M aWdo|aA3p 100Ys/100Y | aIWY04-NId
su 192100 620100 S ol LSt I
- - - - - - d
su ¥STHO'0 6.£0°0 Pl 8t'e0L LSt M Bupamol4 3 IWOYHDOLAHI
** 0 0 0 £8'99L €89 I
su 26600°0 80600°0 S £8'991 €89 d
su 6£920°0 8920°0 €L £8'091 €89 m Bupamold g IWOHHIOLAHA
su 0 0 0 SOy Lty I
- - - - - - d
su vZrL0'0 $8020°0 z 5oy vy M Buriamol4 ¥ IWOYHDOLAHI
* ()} 0 0 s'solL €Ly I
su ¥1£00°0 85100°0 L S'soL €LY d L ISYAT-VINOWWY
su LTYED'0 8£1Z0°0 zL ¥S'soL €Ly M ymoib juelg ININVTYTANIH
su 70200 70200 % LTS szT I
- - - - - - d
su SE90°0 L6€S0'0 Ll sz'Ts Yidd M Buiydouesg 6 DNIANIG DdD-TAHLIN
- - - - 0 0l I
- - - - - - d
- - - - 0 ol M Buiyoueig ¥ HLMOYD AYYTTIXY JHOW
*x ()} ()} ()} 598 89v I
su ZESLO'O ¥££00°0 v vi'o8 89y d
* ¥9£00°0 $9100°0 L 598 89¥ m Buiypueig Z HIMOHD AHVTIIXY FHOW
#ox () 0 0 86 €Ly I
su SLLEO'O 89810°0 LL 90'86 {17 d
su L6£E0°0 vLL20°0 oL SL'L6 {17 m juswdojarsp/yamo.b 300y 100Y ILVHdSOHd MOT
. ()} ()} ()} L9'E0L zes I
* () () ()} L9E0L zes d
su S£020°0 ¥2Z0°0 L L9E0L zes m Buiyoueig HOSSIHIdNS TVHILYT
. () () 0 os'oLL o8t |
‘BIS 0 x s / 1 |sued yesy susp

0D *g d|qel

June 2014 | Volume 9 | Issue 6 | €99620

PLOS ONE | www.plosone.org



£y
gc

S o

v =

=) * tg
2w % S v
nw| e & N
3

S %

=8

g

o 5

3 5o
® L=
< B w
Q w3
> © o 3 ©
o c

g5

2y

o9

g;

n v

o 2

€y

20

G Z

= .

:5

'-a._

o > 5
© - 2
(<] =

N °
=) 95

B O © 58
c c

g

&S

$l1)

0 o
wil - o| 55
)

ER=

o'c

gD

Estn

el

o m| 2090
S % =3

o

~|® ®o| 237
£«

©

oS

53

N N o8
N N %<
I B R
2

55

1 >
2 c o
Ela -] a3
-l ng

wo

QU *

L

b=

wn

59

o ©

eV

> 0

F

ok

>

695

5§

Qa

g °

S %

C %

([Tl

£33

©

-3

3 a

8=

c

x c ©
[ .
S L =
- 5 S
c .2

EV’

-

=2 0

S <

gn

282

v

g

=38

TE

c

=y

= wn

£<

Ex

T

[

o=

2

-

‘s

Q
. g
c o s
A
8 8 5=
=3 0
. 2 e
m I > o
=
[} = o
I o = 5a
2 c v R=
© 7] %,_w
- (Y] a s

doi:10.1371/journal.pone.0099620.t003

PLOS ONE | www.plosone.org

Molecular Evolution of Sunflower Candidate Genes

species, including sunflower [17,23,44,45]. Wild sunflower exhibits
extensive variation in flowering time [46,47], whereas the
primitive sunflowers typically flower later in the season [48], and
modern varieties have been selected for relatively early flowering
[44,49] making it possible to produce sunflower across a broader
range of environments [17].

Interestingly, Blackman et al. [23] included PHYB in their
analysis of the role of flowering time genes in the evolution of
cultivated sunflower and found marginally significant evidence for
selection during improvement (P= 0.07). Though PHYB was found
to have identical predicted protein sequences in the parents of an
improved x wild sunflower mapping population that exhibits
extensive variation in flowering time, this gene was consistently
expressed at higher levels in the cultivar parent. We also found
that PHYB co-localized with a previously identified QTL in an
mmproved x wild sunflower mapping study ([39]; Figure 2). These
results suggest that post-domestication selection may have targeted
a cis-regulatory element that influences PHTB expression and that
the diversity loss within PHYB itself is a byproduct of this selection.

Like flowering time, plant architecture changed dramatically
during the evolution of cultivated sunflower. Initially, selection for
increased apical dominance is thought to have resulted in a
complete loss of branching [48,50,51]. In the mid-20" century,
however, apical branching was re-introduced in a subset of
cultivated sunflower lines as part of a transition to hybrid breeding
and a concomitant desire to produce male lines with indeterminate
flowering [52]. Consequently, branching is polymorphic within the
cultivated sunflower gene pool. This re-introduction of branching
is, however, due to the effects of a recessive allele at a single locus
that maps to the upper third of linkage group (LG) 10 [53]. As
such, other branching-related genes that were targeted by selection
during sunflower domestication or improvement would still be
expected to harbor low diversity. In fact, homologs of three genes
known to influence branching in other species exhibited evidence
of positive selection in sunflower, including one during domesti-
cation (LAS), one during improvement (MAXZ), and one with
unknown timing (IP75) (Figure 1). LAS is a transcription factor and
a positive regulator of bud, or branch, initiation [54-56], MAX? is
an F-box protein that is thought to influence lateral shoot growth
[57], and IPT5 is known to be involved in cytokinin biosynthesis
[58]. The genomic locations of LAS and IP75 could not be
determined in this study, but AAX2 (which also showed evidence
of selection in wild sunflower) co-localized with a previously
identified QTL for branching on LG 17.

Of the genes selected for analysis due to their potential role in
other aspects of plant growth and development, two (LPR and
PALI) showed evidence of positive selection during improvement.
LPR is a multicopper oxidase affecting root growth/development
in  Arabidopsis [59], whereas PALI is a component of the
phenylpropanoid pathway having broad effects on plant growth/
development [60]. These genes co-localized with previously
known QTL for numerous plant growth traits in sunflower
including inflorescence size, plant architecture, leaf shape, and
seed size [18,19,36] (Figure 2), though a better understanding of
the likely phenotypic effects of variation at these genes awaits
further study. Finally, RGL2, which is a DELLA protein that
represses germination in Arabidopsis [61], exhibited evidence of
selection during improvement. Wild sunflower exhibits strong seed
dormancy whereas the primitive and improved varieties have little
or no dormancy [40]. Interestingly, RGLZ2 co-localized with a QTL
for seed dormancy in an improved x wild sunflower cross [40]
(Figure 2). These findings make this genomic region, and the RGL2
gene in particular, a promising target for functional studies
mvolving seed dormancy and germination.
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Figure 2. Co-localization of candidates for genes under selection and QTL for flowering time, branching, germination., and a number
of plant growth and development traits that were previously identified in an improved x wild (shown in blue) or in both an improved x wild and a
primitive x wild (shown in purple) sunflower QTL mapping population. QTL presented as 1-LOD are marker with an asterisk. All QTL and candidate
gene positions are presented in the context of the sunflower consensus map (Bowers et al. 2012).

doi:10.1371/journal.pone.0099620.g002

Of course, it is always possible that genes bearing the signature
of selection such as those identified above were not themselves
targeted by selection. Rather, these genes may simply be linked to
the actual targets of selection (i.e., genetic hitchhiking). Though
early studies of linkage disequilibrium (LD) in sunflower found that
it decayed relatively rapidly (e.g., [62,63]), more recent analyses
have revealed the presence of extended islands of LD within the
genome [21]. Importantly, none of our mapped genes that exhibit
evidence of selection fall within regions that exhibit elevated LD in
the sunflower genome. This pattern of selected genes falling in
genomic regions with lower overall LD, along with multiple
instances of co-localization with QTL for crop-related traits
supports the notion that they were indeed targeted by selection.

PLOS ONE | www.plosone.org

Through the joint application of molecular population genetic
analyses and trait-based mapping approaches, we have thus
identified a set of promising loci for future functional studies aimed
at understanding the molecular basis of sunflower evolution.
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