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length of 3,791 bp per individual. A total of 187 polymor-
phic sites were detected for all candidate gene sequences, 
149 of which were single nucleotide polymorphisms 
(SNPs) and 38 were insertions/deletions. Eight SNPs in the 
coding regions led to changes in amino acid codons. Link-
age disequilibrium decay throughout the candidate gene 
regions declined on average to an r2 = 0.2 for genetic inter-
vals of 120 bp, but extended up to 350 bp with r2 =  0.1. 
A general linear model with modification to account for 
population structure was found the best fitting model for 
this population and was used for association mapping. Both 
HaCOI1-1 and HaCOI1-2 were found to be strongly asso-
ciated with Sclerotinia stalk rot resistance and explained 
7.4  % of phenotypic variation in this population. These 
SNP markers associated with Sclerotinia stalk rot resist-
ance can potentially be applied to the selection of favorable 
genotypes, which will significantly improve the efficiency 
of MAS during the development of stalk rot resistant 
cultivars.

Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is an Ascomycete, 
necrotrophic pathogen with a host range of more than 400 
plant species, including sunflower (Boland and Hall 1994). 
This fungus has been a significant agricultural problem, 
and causes crop losses of up to $200 million annually in 
the United States alone (Bolton et al. 2006). S. sclerotiorum 
causes the most damage to sunflower in cool and humid 
production regions, and it has been reported in all impor-
tant sunflower producing regions of the world (Masirevic 
and Gulya 1992). Unlike other hosts, sunflower is vulner-
able to infection by S. sclerotiorum both via floral and root 
infection. The fungus overwinters as sclerotia in the soil 
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or in plant debris. If the sclerotia germinate myceliogeni-
cally, it can infect nearby sunflower roots leading to a basal 
stalk rot and wilt, a disease unique to sunflower. Head rot 
occurs when sclerotia germinate carpogenically to produce 
apothecia, and the subsequent airborne ascospores infect 
senescing florets, similar to other susceptible crops.

The genetics of resistance to head and stalk rot are rea-
soned to be different based on lack of correlation between 
stalk rot and head rot resistance in field experiments sur-
veying germplasm collections (Gulya et  al. 1989), and 
each disease is under polygenic control (Castaño et  al. 
1993; Gentzbittel et al. 1998; Bert et al. 2002, 2004; Fusari 
et al. 2012). No vertical resistance against S. sclerotiorum 
is known in cultivated sunflower, and all heritable resist-
ance is horizontal or quantitatively inherited (Hahn 2002; 
Rönicke et al. 2005). A number of Sclerotinia resistant sun-
flower inbred lines were released in the past decade from 
the US Department of Agriculture-Agricultural Research 
Service (USDA-ARS), exploiting this quantitative varia-
tion (Miller and Gulya 1999, 2006; Miller et al. 2006). In 
France, substantial increases in Sclerotinia head rot resist-
ance were reported from a long-term recurrent selection 
program (Vear et al. 2007).

The advent of high-throughput DNA marker technol-
ogy greatly facilitates the mapping of quantitative trait loci 
(QTLs) associated with quantitative disease resistance. 
Linkage analysis-based QTL mapping has been demon-
strated as a successful tool to dissect the genetic bases of 
complex traits in several important crops since the 1990s 
(Bernardo 2008; Kearsey and Farquhar 1998). QTL map-
ping of Sclerotinia head and stalk rot resistance has been 
reported in several bi-parental sunflower mapping popu-
lations in the past decade (Bert et  al. 2002, 2004; Gentz-
bittel et  al. 1998; Mestries et  al. 1998; Davar et  al. 2010; 
Micic et  al. 2004, 2005a, b; Yue et  al. 2008). In these 
studies, the co-segregation of genetic markers and pheno-
type is identified within families generated by controlled 
crosses with known ancestry. There are few opportunities 
for recombination to occur within families and pedigrees, 
resulting in low mapping resolution (Hall et al. 2010; Zhu 
et  al. 2008). Only QTLs that differ between two parental 
lines could be detected in each mapping population. In con-
trast, linkage disequilibrium (LD)-based association map-
ping (AM) overcomes these limitations, and has received 
increased attention by plant geneticists as an alternative 
tool to resolve the genetics of complex traits. Examples 
include mapping resistance genes for soybean cyst nema-
tode in soybean (Li et al. 2009), late blight in potato (Geb-
hardt et al. 2004), powdery mildew in barley (Ivandic et al. 
2003), Verticillium wilt in potato (Simko et  al. 2004a, 
b), and dieback in lettuce (Simko et  al. 2009); as well as 
flowering time in maize (Thornsberry et al. 2001), in bar-
ley (Stracke et al. 2009), and in pearl millet (Saïdou et al. 

2009); starch-related traits in maize (Wilson et  al. 2004); 
and anthocyanin biosynthesis in maize (Szalma et  al. 
2005). AM, initially developed for human linkage studies, 
exploits historical and evolutionary recombination events at 
the population level (Mackay and Powell 2007; Nordborg 
and Tavare 2002), therefore, effectively mining QTL from 
a greater portion of the variation that exists within a spe-
cies. Mapping resolution of AM populations composed of 
a diverse set of germplasm is expected to be higher than bi-
parental mapping populations of the same size, because the 
many recombination events have an effect of shrinking LD 
(Hall et  al. 2010). Mutation, mating system, genetic drift, 
population admixture, and selection also affect resolution 
as well (Flint-Garcia et al. 2003).

In contrast to linkage mapping, AM has an advantage 
that existing germplasm resources, such as germplasm col-
lections and breeding programs, can be used directly. How-
ever, linkage mapping has a significant advantage over AM 
in that population structure and kinship may exist in an AM 
population, generating spurious marker-trait associations, 
while this is not a factor in linkage analysis (Speed et  al. 
2012; Myles et  al. 2009; Wang et  al. 2005). The impor-
tance of population structure or kinship to an AM model is 
a function of the germplasm included in the study popula-
tion, and can differ by population within species. Popula-
tion model generating software, such as STRUCTURE, and 
genetic distance measures have been applied as covariates 
to reduce the number of false positive associations due to 
population structure (Pritchard et al. 2000b). The STRUC-
TURE method estimates the population structure using a 
Bayesian clustering method and members of the population 
are assigned to subpopulations on the basis of multilocus 
genotype data (Falush et al. 2003; Pritchard et al. 2000a). 
Accounting for shared common ancestry or kinship among 
the members of the association mapping population may 
also be required, particularly for populations derived from 
breeding programs. Yu et  al. (2006) developed a unified 
mixed AM model and accommodated both the population 
structure and kinship to control the sources of Type I error 
in a marker-trait association study in maize.

In AM, a whole genome may be scanned with thousands 
of markers to identify QTL that are associated with a par-
ticular phenotype, or alleles at a few selected functional 
candidate genes already suspected of being involved in 
the trait of interest may be tested for association (Rafalski 
2002a, b; Zhu et al. 2008). One of the simplest methods of 
identifying candidate gene markers relies on the resequenc-
ing of amplicons from several genetically distinct individu-
als of an association population (Rafalski 2002b; Zhu et al. 
2008). Functional analysis of defense signal pathways in 
the model species Arabidopsis thaliana provides a poten-
tial source of candidate genes for studying disease resist-
ance in sunflower and other crops (Guo and Stotz 2007; 
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Hernandez-Blanco et  al. 2007; Tang et  al. 2007; Zhou 
et  al. 1999). Recently, 21 candidate genes homologous 
with Arabidopsis and Brassica napus genes identified in 
a plant-Sclerotinia transcript profiling study were evalu-
ated for association with Sclerotinia head rot resistance 
in sunflower, with some success (Fusari et  al. 2012). In 
their study, a collection of 94 sunflower inbred lines was 
evaluated and one highly significant association was found 
between the HaRIC_B gene and head rot incidence. While 
the work of Fusari et al. (2012) deals with Sclerotinia head 
rot, it does provide us with some certainty that similar 
methods could be successful for the Sclerotinia stalk rot 
disease in sunflower, our disease of interest.

In the present study, we have resequenced functional 
candidate genes in cultivated sunflower that may be associ-
ated with resistance to stalk rot caused by S. sclerotiorum. 
Our goal is to identify DNA sequence variation within the 
candidate genes in the form of SNPs and InDels and find 
association of these markers with the disease phenotype 
in sunflower to develop marker-based selection tools for 
breeding.

Materials and methods

Plant materials and DNA extraction

The candidate gene association mapping (CG-AM) popu-
lation consists of 260 cultivated sunflower lines. Eleven 
genotypes of the CG-AM population are USDA-ARS 
inbred lines developed specifically for Sclerotinia resist-
ance, while the rest of the genotypes are USDA Plant 
Introductions (PIs) previously untested for Sclerotinia 
reaction and obtained from the USDA-ARS North Cen-
tral Regional Plant Introduction Station, Ames, Iowa, USA 
(USDA 2013). The PI accessions originated from Eastern 
Europe (n = 27), Western Europe (n = 25), North America 
(n = 19), South America (n = 10), Africa (n = 10), Asia 
(n  =  4), and one with uncertain origin. Young sunflower 
leaves from 3-week-old seedlings were collected from 
replicated field trials, lyophilized, and stored in a −80 °C 
freezer. Total genomic DNA was extracted from frozen 
leaf tissue in duplicate with DNeasy 96 Plant Extraction 
kits (Qiagen, Valencia, USA). A few sunflower PIs did not 
yield good quality DNA even with repeated extraction, so a 
modified Qiagen protocol (Horne et al. 2004) was used to 
obtain good quality DNA.

Assessment of stalk rot resistance

The CG-AM population was evaluated for Sclerotinia 
stalk rot resistance for two years at three locations. Field 
trials were conducted at Davenport, North Dakota, and 

Crookston, Minnesota, USA, in 2008, and in 2009 at Gran-
din, North Dakota, and Crookston, Minnesota, USA. The 
CG-AM population was planted in a sets-within-replica-
tions experimental design (Hallauer and Miranda 1988) 
with two replications as complete blocks in each location. 
Commercial hybrids ‘Croplan 305’ and ‘Cargill 270’ were 
used as resistant and susceptible controls, respectively, in 
all sets in all stalk rot phenotyping experiments. The seeds 
were planted in 6 m long, single-row plots with 75 cm row 
spacing, yielding approximately 25 plants per row. Each 
trial was artificially inoculated 5–6  weeks after planting 
when the plants were approximately at the V-6 growth 
stage, or no more than 45  cm tall. Inoculum consisting 
of mycelium on millet was produced and applied by the 
method of Gulya (2004). Plots were evaluated for disease 
incidence at least twice, with the first evaluation 7–9 weeks 
after inoculation, and the second evaluation 2 weeks later. 
Disease incidence was expressed as the percent of plants 
showing wilting and/or basal stem rot lesions. All plants 
(maximum 25) were scored to get the disease incidence 
data for each accession in each replication.

All statistical analyses of the phenotypic data were car-
ried out using SAS 9.2 (SAS Institute 2008). The analy-
sis of variance (ANOVA) was conducted using PROC 
MIXED. Environments, genotypes, sets, replications, and 
their interactions were considered random effects. The rela-
tive efficiency of the sets-in-replications design over the 
randomized complete block design (RCBD) was estimated 
for each of the environments individually. The raw pheno-
typic trait values of individual genotypes were adjusted for 
variation among sets within replications following Schutz 
and Cockerham (1966) and adjusted means were used in 
the AM analysis.

Candidate gene selection and primer design

Eight Arabidopsis genes, COI1 (Coronatine Insensitive 
1), NPR1 (Nonexpresser of PR genes 1), EIN2 (Ethyl-
ene Insensitive 2), ABI1 (ABA Insensitive 1), ABI2 (ABA 
Insensitive 2), DET3 (De-Etiolated 3), PAD3 (Phytoalexin 
Deficient 3), and LACS2 (Long-Chain Acyl-CoA Syn-
thetase 2), were selected based on a defense response study 
in Arabidopsis against Sclerotinia sclerotiorum (Guimarães 
and Stotz 2004; Guo and Stotz 2007; Stotz, personal com-
munication, 2008).

Nucleotide sequences of the selected Arabidopsis 
thaliana defense genes were retrieved from the TAIR 
(Arabidopsis Information Resource) database. Each gene 
sequence was searched against the NCBI sunflower EST 
database using the nucleotide–nucleotide BLAST (blastn) 
algorithm (Altschul et  al. 1997). Sunflower ESTs with a 
e-value no greater than 10−06 were then selected for each 
gene. No significant hit was found for Arabidopsis genes 
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NPR1 and PAD3 in the sunflower EST database. The ABI2 
protein shows 80 % amino acid sequence identity to ABI1 
in Arabidopsis and, as expected, common sunflower EST 
sequences represented both ABI genes. The GenBank 
accession numbers were then cross-referenced with con-
tig assembly sequences in the Compositae Genome Project 
database (http://cgpdb.ucdavis.edu/). The selected contig 
sequences for each gene were compared against Genbank 
Arabidopsis sequence using pairwise sequence alignment 
to visualize gene identity and remove contigs with poor 
alignments. Phylogenic relationships (orthology, paral-
ogy) of the Arabidopsis candidate genes to the sunflower 
cDNAs were determined using the procedure described by 
Fusari et al. (2012). The sunflower and Arabidopsis genes, 
together with GenBank EST data of 50 additional plant 
species, were translated into logical open reading frames 
and aligned using the MAFFT routine L-INS-I (Katoh et al. 
2002). Phylogenetic relationships were obtained by fitting 
a Maximum Parsimony model to the protein alignments 
using the software TNT (Goloboff et  al. 2008). Heuristic 
searches started from 20 Wagner trees and were subjected 
to tree bisection reconnection (TBR) branch swapping. 
Node support values were calculated using 100 jackknife 
replicates. After construction, the gene tree was compared 
to the known species tree generated through the NCBI 
Common Taxonomy Tree tool (http://www.ncbi.nlm.nih.
gov/Taxonomy/CommonTree/wwwcmt.cgi). Orthologous 
relationships were inferred for those genes which followed 
known speciation events, and genes were considered par-
alogous if they did not follow speciation.

Amplification of candidate genes, DNA sequencing, 
and SNP discovery

Overlapping primer pairs were designed from con-
tig sequences using the Primer3 software (http://frodo.
wi.mit.edu/primer3/) with an average length of 20 nucleo-
tides, and a melting temperature around 60  °C. A list of 
primers used for amplification of each candidate gene along 
with corresponding sunflower contig sequence names are 
presented in Table 1. Primers were used to amplify a por-
tion of the candidate gene genomic regions within a subset 
of 104 sunflower genotypes from our CG-AM population. 
Half of these 104 genotypes were selected from genotypes 
that exhibited the best resistance response in our two year 
multi-location trials, while the remaining half of the geno-
types consisted of the most susceptible lines. The poly-
merase chain reaction (PCR) amplification was performed 
using Applied Biosystems® GeneAmp PCR System 9700 
(Perkin-Elmer, Norwalk, CT, USA) and a touchdown pro-
tocol under the following conditions: initial denaturation of 
the template DNA at 95 °C for 5 min, 12 cycles of 95 °C 
for 45 s, annealing at 64–59 °C for 45 s (0.5 °C decrease 

in each cycle) and 72  °C for 1  min, followed by another 
30 cycles of 95 °C for 45 s, 59 °C for 45 s and 72 °C for 
1  min, with a final extension of 10  min. PCR was per-
formed in 15 μl volumes containing 10 ng genomic DNA, 
1 × PCR buffer, 0.2 mM each dNTP, 0.5 μM of both for-
ward and reverse primers, 2.0 mM MgCl2, 0.5 U JumpStart 
Taq DNA polymerase (Sigma), and 0.6× PVP 40 (Sigma). 
PCR products were analyzed in 1.5  % agarose gels buff-
ered in 1 ×  TBE (90  mM Trisborate, 2  mM EDTA) and 
visualized under UV-light after staining with ethidium bro-
mide (1 μg/ml). PCR products were purified with ExoSAP-
IT (USB Corporation, Cleveland, USA) according to the 
manufacturer’s instructions. All DNA fragments were 
sequenced in both directions using the Applied Biosystems 
ABI Prism 3730XL DNA sequencer with Big Dye Ter-
minator v3.1 chemistry (Rosenblum et  al. 1997). Primers 
used to amplify PCR fragments were also employed for the 
sequencing reactions. We aligned bidirectional sequences 
for each individual separately and visually inspected the 
chromatograms using BioEdit version 7.0.9 (Hall 1999). 
Heterozygotes were evident by the presence of a dou-
ble peak at the SNP site in the sequence chromatogram. 
Consensus sequences for all lines were aligned using the 
ClustalW (Thompson et al. 1994) alignment option in the 
BioEdit program. Polymorphisms appearing in only one or 
two lines were rechecked on chromatograms to distinguish 
true polymorphisms from probable polymerase or scoring 
errors. Direct comparison of assembled cDNA sequence 
and its corresponding genomic DNA sequences was used to 
predict exon and intron regions. Sequence polymorphisms 
were deduced from comparisons of the alignments with 
each other and the assembled cDNA from the Compositae 
Genome Project using BioEdit (Hall 1999) and SNiPlay 
(Dereeper et al. 2011).

Population structure and kinship

Analyses of the population structure and kinship were per-
formed with all 260 genotypes of the CG-AM mapping 
panel. For structure analysis, we used 136 SNP markers 
that originate from all 17 linkage groups of the sunflower 
genome with a minimum of 5 cM separation, which were 
selected from a panel of more than 8700 SNP markers 
developed by National Sunflower Association (NSA) SNP 
Consortium (Mandan, North Dakota, USA). The software 
STRUCTURE version 2.3.3 (Pritchard et  al. 2000a) was 
used to determine the presence of population structure and 
assign sunflower lines to subpopulations. STRUCTURE 
was run for K  =  1–10 clusters using the ancestry model 
that allows population admixture with no information a 
priori. Five replications were performed for each K value. 
Each run consisted of a burn-in period of 100,000 iterations 
followed by 200,000 Markov Chain Monte Carlo iterations, 

http://cgpdb.ucdavis.edu/
http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
http://frodo.wi.mit.edu/primer3/
http://frodo.wi.mit.edu/primer3/
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assuming that allele frequencies are correlated across clus-
ters (Falush et  al. 2003). To determine the most probable 
K, three factors were considered. The ΔK statistic (Evanno 
et al. 2005) a genetic distance dendrogram, and germplasm 
passport data, and breeding records (USDA 2013) were 
compared to determine a sensible number of K. The result-
ing Q matrix was visualized with the software DISTRUCT 
version 1.1 (Rosenberg 2002). The relative kinship matrix 
(K) (Loiselle et  al. 1995) was estimated in the SPAGeDi 
version 1.3a software (Hardy and Vekemans 2002) using 
5,244 highly polymorphic SNP markers with <5 % missing 
data from NSA-SNP Consortium panel. Negative kinship 
values between individuals were set to 0, as this indicates 
there was less relationship than that expected between two 
random individuals (Hardy and Vekemans 2002). Both the 
Q matrix from structure analysis and K matrix from kinship 
analysis were considered for inclusion as covariates in the 
AM analyses.

Linkage disequilibrium and SNP marker complexity 
reduction

Linkage disequilibrium (LD) between all SNPs and InDels 
within each candidate gene was measured in terms of 
r2 (Weir 1996) in HaploView version 4.2 (Barrett et  al. 
2005). The decay of LD with physical distance was esti-
mated using a nonlinear regression analysis of LD between 
polymorphic sites (r2) versus the genetic distance between 
sites in base pairs as suggested by Kolkman et  al. (2007) 
for sunflower (Remington et  al. 2001). The expected 
value of r2 under drift–recombination equilibrium is 
E
(

r
2
)

= 1
/

(1 + C), where C = 4Nc, N is the effective 
population size and c is the recombination fraction between 
sites (Hill and Weir 1988). Under the assumption of a low 
level of mutation and an adjustment of sample size n, the 
expectation (Hill and Weir 1988) becomes:

We pooled our data across candidate genes and fit this 
equation into a nonlinear regression model using the statis-
tical package R version 2.13.1 (R Development Core Team 
2011). We also measured the rate of LD decay individually 
for six candidate genes.

Before AM analysis, the number of independent markers 
was determined based on the output of the Tagger function 
within HaploView, with a threshold of r2  <  0.8 for inde-
pendence. Complexity of correlated markers was reduced 
by selecting one marker from each group that directly 
caused a change to the putative protein sequence, when it 
was possible to do so. AM analyses were then carried out 
with TASSEL software version 3.0 (Bradbury et al. 2007). 

E

(

r
2
)

=

[

10 + C

(2 + C)(11 + C)

]

[

1 +
(3 + C)(12 + 12C + C

2

n(2 + C)(11 + C)

]

·

We employed four different models for AM analysis. First, 
the AM analysis was performed using the general linear 
model (GLM) function in TASSEL with and without the 
Q matrix as a covariate. Next, two mixed linear model 
(MLM) analyses were performed (Yu et  al. 2006). One 
method included the K matrix as a random effect, and a 
second included both the K matrix as a random effect and 
the Q matrix as a fixed effect. Quantile–quantile plots of 
the raw P values were constructed using the R statistical 
package to determine the best fitting model (R Develop-
ment Core Team 2011). The P values were corrected for 
multiple tests using the permutation algorithm within TAS-
SEL, which was performed for 10,000 iterations. Based 
on these results, we selected ten SNP markers that showed 
association in at least one test at a relaxed P ≤ 0.40 thresh-
old in our 104 accession subset.

SNP genotyping assay and association mapping analysis

Genotyping of the remaining 156 sunflower lines with the 
ten selected markers from the preliminary analysis was per-
formed using the KASP (KBiosciences Competitive Allele‐
Specific PCR, KBiosciences, UK) genotyping system. 
Allele specific primers were designed from flanking SNP 
sequences for each selected SNP using proprietary pro-
tocols. The full dataset of ten selected markers in all 260 
lines were combined and tested using the best fitting AM 
model, GLM + Q. The P values were corrected for multi-
ple tests using the permutation algorithm within TASSEL, 
which was performed for 10,000 iterations.

Results

Sclerotinia stalk rot resistance of 260 Plant Introductions 
and inbred lines

Stalk rot in sunflower is a complex trait controlled by both 
genetic and environmental factors requiring extensive phe-
notypic scoring. Therefore, each entry was scored for stalk 
rot incidence in four environments in replicated field trials. 
As expected with entries of diverse origin, the analysis of 
variance (ANOVA) revealed significant variation among 
genotypes for stalk rot resistance in all environments (data 
not shown). The error variance of the Davenport location 
data was high and not comparable to the other three loca-
tions. We kept Davenport data separate, while the data for 
the other three environments were combined in a multi-envi-
ronment analysis. This combined analysis showed that the 
effect of individual environment was non-significant. How-
ever, there was a significant genotype by environment inter-
action effect (P ≤ 0.05). Much of this may be explained by 
differences in the broadness of the phenotypic distribution 
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between locations and its effect on relative performance 
among the genotypes, but changes in rank are also present, 
indicating the importance of multienvironment data.

In general, the stalk rot incidence for the AM popu-
lation was higher in 2008 than in 2009 (USDA 2013). In 
2008, the stalk rot incidence ranged from 3 to 100  % in 
the Crookston location with an average of 57 %, while for 
the Davenport location, the mean was 50 %, and the range 
ran from 0 to 100 %. In contrast, the stalk rot incidence in 
Crookston during 2009 season ranged from 0 to 84 % with 
an average of 23  %, while the average disease incidence 
was 32 % in Grandin in 2009 and ranged from 1 to 88 %.

Sequence polymorphism, SNPs and InDels for candidate 
genes

A total of seven sunflower candidate genes homologous 
to one of six A. thaliana defense response genes and one 
5` UTR region were sequenced in a set of 104 cultivated 
PIs and inbred lines (Table 2). Half the genotypes of this 
set (52) were sampled from the best resistant lines (aver-
age disease incidence ranges from 4.7 to 14.5 %) based on 
the phenotypic evaluation in our field study, while the other 
half of this set were sampled from the most susceptible 
lines (average disease incidence ranges from 45 to 83 %) 
(USDA 2013). The candidate gene sequence regions ana-
lyzed covered a concatenated length of 3,791 bp per indi-
vidual. The fragment size of each gene ranged from 189 to 
808 bp, having 3–85 polymorphic sites. Three of the candi-
date gene sequences possessed only exon sequence, while 
the remainder included both exon and intron sequence. All 
of the candidate genes were given unique names with an 
Ha prefix and a numeric suffix indicating different Helian-
thus homologs of the original Arabidopsis gene.

A total of 187 polymorphisms were detected for eight 
candidate gene sequences, an average of one polymorphism 
in every 20  bp sequence. Among the polymorphic sites, 
149 were SNPs and 38 were InDels. The InDels varied in 
length from 1 to 34  bp, and were located in non-coding 
regions. Coding regions of the candidate genes included 54 
SNPs with a frequency of 1 SNP per 43 bp, while the non-
coding regions included 95 SNPs with a frequency of 1 
SNP per 15 bp. Eight of the 54 SNPs in the coding regions 
led to changes in the putative amino acid sequence. We fil-
tered out highly correlated SNPs from each candidate gene 
using the Tagger function implemented within HaploView. 
A total of 61 tag SNPs explained most of the variation in 
polymorphic sites identified for all candidate genes.

Linkage disequilibrium

We investigated LD between pairs of segregating sites to 
better understand LD in sunflower genes and the probabil-
ity of correlation of CG-SNPs with other adjacent genes. 
Three strong LD blocks were observed in the eight can-
didate gene loci sequenced, one in HaABI1-1 and two in 
HaDET3-1 (Supplemental Figure 1). The strong LD block 
in HaABI1-1 was in the interval from SNP ‘HaABI1-
1_141’ to SNP ‘HaABI1-1_159’ spanning 19 bp (mean r2 
within LD block  =  0.85). In HaDET3-1, two strong LD 
blocks were in the interval from SNP ‘HaDET3-1_227’ to 
SNP ‘HaDET3-1_244’ spanning 18 bp (mean r2 within LD 
block = 1.0), and one from SNP ‘HaDET3-1_292’ to SNP 
‘HaDET3-1_317i’, spanning 30  bp (mean r2 within LD 
block = 1.0).

Data from all eight candidate gene loci were pooled to 
estimate the overall decay of LD which is shown by plots 
of r2 as a function of physical distance in bp between the 

Table 2   Sequence length, number and distribution of polymorphic sites, SNPs, InDels and SNP frequency throughout coding, non-coding and 
overall entire sequenced regions of eight sunflower candidate genes

Candidate 
genes

Total sequence Coding region Non-coding region

Length (bp) Polymorphic 
site

SNPs InDels Length/total 
predicted 
exon length 
(bp)

SNPs Synonymous 
substitution

Non-syn-
onymous 
substitution

InDels Length  
(bp)

SNPs InDels

HaABI1-1 279 16 12 4 171/1,065 1 1 0 0 108 11 4

HaABI1-2 189 5 5 0 189/639 5 1 4 0 0 – –

HaCOI1-1 668 24 23 1 512/678 18 17 1 0 156 5 1

HaCOI1-2 660 12 12 0 660/660 12 11 1 0 0 – –

HaDET3-1 808 85 61 24 0/771 – – – – 808 61 24

HaEIN2-1 483 18 15 3 403/513 13 11 2 0 80 2 3

HaEIN2-2 239 3 3 0 239/1,158 3 3 0 0 0 – –

HaLACS2-1 465 24 18 6 174/1,044 2 2 0 0 291 16 6

Total 3,791 187 149 38 2,348/6,528 54 46 8 0 1,443 95 38
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SNPs (Fig.  1). The average LD throughout the candidate 
gene loci decayed to r2 =  0.2 at 120  bp and r2 =  0.1 at 
350 bp.

Population structure and kinship

In our association mapping panel, population structure 
was assessed using a model-based Bayesian clustering 
method for determining the number of clusters, K. Analy-
sis revealed a steadily increasing curve for Ln P(D) with-
out showing any clear plateau, although a slight tendency 
of plateauing was observed between runs K  =  4 and 5 
(Fig. 2a). Thus, it was difficult to deduce the optimal num-
ber of clusters based on the values of Ln P(D) probabil-
ity. Pritchard et al. (2000a) state “the problem of inferring 
the number of clusters, K, present in a data set is notori-
ously difficult,” and further, “clusters may not necessarily 
correspond to ‘real’ populations”, so “there are biological 
reasons to be careful interpreting K”. Evanno et al. (2005) 
suggested the summary statistic ΔK based on the rate of 
change of the estimated likelihood between successive K 

Fig. 1   Linkage disequilibrium (LD) decay of sunflower stalk rot 
resistance candidate genes. LD was measured by squared correla-
tions of allele frequency (r2) values against genetic distance (bp) 
between pairs of polymorphic sites within candidate gene sequences. 
The trendline is the expected decline in linkage disequilibrium based 
on a nonlinear regression of r2 against distance, using a mutation–
recombination–drift model (Hill and Weir 1988), which explained 
R2 = 0.058 or 5.8 % of the total variation
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Fig. 2   Estimation of number of subpopulations in the candidate gene 
association mapping population. a The log probability, Ln P(D) for 
each value of K (K = 1–10) averaged over 5 runs of STRUCTURE 
analysis with 100,000 burn-in steps and 200,000 simulation steps is 
plotted with the ΔK values for each of the successive K runs. b Bar 

plot of the STRUCTURE analysis. Each of the 260 genotypes is rep-
resented by a vertical bar, which is partitioned into K colored seg-
ments that represent the individual’s estimated membership to the K 
clusters. The separation of cluster 1 and cluster 2 was done by the 
threshold for membership coefficient, Q ≥ 0.75
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values provided by STRUCTURE to find a salient break 
in the slope of the distribution of the Ln P(D) probability 
function at the true value K. When plotted against respec-
tive K values, the ΔK attained a clear maximum at K = 2 
(Fig.  2a), suggesting that a true subdivision was found 
at K =  2 (Fig.  2b). Since there was some indication that 
K = 3 and K = 4 might be valid as well, we compared a 
genetic distance dendrogram of the association popula-
tion to their subdivisions based on K = 2, 3, and 4 clusters. 
Clusters were clearly separated by genetic distance on the 
dendrogram for K = 2, but pure individuals of the K = 3 
and 4 clusters were scattered across the dendrogram and 
did not follow a genetic distance trend (data not shown). 
Some of the USDA released inbred lines were shown to be 
pure individuals in the K = 3 and 4 models, and the oth-
ers admixed, but these designations did not make sense 
in terms of the pedigrees of these lines. The non-sensical 
splitting of clusters is a symptom of model overfitting, as 
described by Pritchard et  al. (2000a) in their examples. 
Therefore, we determined that K = 2 is the correct number 
K for our Q matrix.

Pairwise kinship coefficients were calculated following 
the procedures of Loiselle et al. (1995). The kinship analy-
sis indicates complex ancestral relationships among the 
260 sunflower lines. The distribution of the relative kinship 
estimates showed that 58.4 % of the pairwise kinship esti-
mates were equal to or less than 0, indicating that the lines 
were unrelated. The remaining kinship estimates ranged 
from 0.05 to 0.5, with a continuously decreasing number of 
pairs falling in higher estimate categories (data not shown). 
Sunflower genotypes in cluster 2 of the STRUCTURE 
results, which is comprises 19 Spanish lines, have a high 
mean relative kinship value of 0.467, while the 11 USDA-
ARS released inbred lines have only a mean relative kin-
ship value of 0.175.

Association mapping

AM analysis was performed in two stages. First, we ana-
lyzed the marker-trait association with SNP/InDels identi-
fied directly from resequenced genes in the subset of 104 
lines. Liberal thresholds (P ≤ 0.40 after multiple test cor-
rections) and use of the GLM model without covariates 
were chosen to decrease the likelihood of Type II error dur-
ing marker number reduction (Bernardo 2010). This pre-
liminary analysis revealed a total of 27 SNP/InDel markers 
of the six candidate genes HaCOI1-1, HaCOI1-2, HaABI1-
2, HaEIN2-1, HaEIN2-2, and HaDET3-1 significantly asso-
ciated with stalk rot resistance, which ultimately reduced 
down to 10 independent or tag SNPs. Among them, three 
were from HaABI1-2, two each were from HaCOI1-1 and 
HaCOI1-2, and one each were from HaEIN2-1, HaEIN2-2 
and HaDET3-1 candidate genes. To identify the best fitting 

AM analysis model for this population, quantile–quantile 
plots of estimated −log10 (P) were constructed from the 
four AM models (Fig.  3). The observed P values from 
the GLM and MLM + K model greatly deviated from the 
expected P value, assuming a normal distribution for P. 
The observed P values from the GLM + Q model and the 
MLM + Q + K model were close to the expected P val-
ues indicating a clear influence of population structure on 
the association analysis. To further analyze model fit of the 
GLM + Q and the MLM + Q + K models, we examined 
two competing model comparison statistics: the Bayesian 
Information Criterion (BIC) in Proc Mixed (SAS Institute 
2008), and posterior predictive loss using the method of 
Waldmann et al. (2008) and Gelfand and Ghosh (1998) in 
Proc MCMC (SAS Institute 2008). Both of these statistics 
suggested that the MLM + Q + K model overfit the data 
and that GLM +  Q is the preferred, parsimonious model 
for our final analysis.

Second, primers were designed for the 10 tag SNPs to 
genotype the remaining 156 germplasm lines of the AM 
population and to analyze the complete set of 260 lines 
with the GLM + Q AM model. The most significant pol-
ymorphism was found at SNP position HaCOI1-1_251 
(Table 3). This SNP caused an amino acid substitution of 
Asparagine to Lysine, which could be a functional poly-
morphism associated with the resistance mechanism, 
because it is predicted to result in a change of the charge, 
pH, size, and hydrophobicity at that amino acid site. All of 
the other SNPs in high LD with HaCOI1-1_251 are syn-
onymous or beyond the translated region. The other signifi-
cant marker, HaCOI1-2_408 of the HaCOI1-2 candidate 
gene, did not result in an amino acid change, but may be in 
LD with a nearby mutation that does result in an important 
amino acid change or may have a regulatory effect on the 
gene. Phylogenetic analysis indicated that the HaCOI1-1 
gene is orthologous to COI1 in Arabidopsis thaliana, while 
HaCOI1-2 is paralogous to the Arabidopsis gene (Supple-
mental Figure  3). The consensus DNA sequence around 
both SNPs is available in Supplemental Table 1. 

Discussion

Candidate gene selection

Candidate gene AM is a hypothesis-driven approach for 
dissecting complex traits that directly tests individual genes 
for association with a phenotype (Neale and Savolainen 
2004). The gene can be either a positional candidate that 
results from a prior linkage study, or a functional candi-
date that is based on homology with a gene of known func-
tion in a model species (Balding 2006; Zhu et  al. 2008). 
In the present study, we selected S. sclerotiorum disease 
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resistance candidate genes from well-characterized meta-
bolic pathways and prior evidence in the control of the 
phenotype. A comprehensive study involving Arabidopsis 

thaliana mutants showed that jasmonic acid (JA), salicylic 
acid (SA), and ethylene (ET) hormone signaling pathways 
are involved in defense against S. sclerotiorum (Guo and 

Fig. 3   Quantile–quantile plots of estimated −log10 (p) from four dif-
ferent association analysis models, GLM, GLM + Q, MLM + K and 
MLM + Q + K involving 104 sunflower genotypes. The upper panel 
is for 3 locations combined data and the lower panel is for the Dav-

enport 2008 data. The red lines represent the expected values under 
the null distribution and the blue dots represent the observed P values 
(color figure online)

Table 3   Association of candidate gene SNP markers and stalk rot resistance in a sunflower AM population (260 genotypes) using a GLM + Q 
statistical model

a  P value adjusted for multiple comparisons using the permutation method in TASSEL with 10,000 replications
b  Marker R2, percent phenotypic variation explained by the marker in the population
c  Effect of major allele assuming minor allele is assigned a value of zero
d  The raw P values for HACOI1-1_251 and HACOI1-2_408 were 0.00091 and 0.0105, respectively

Candidate 
gene

Tag SNP Alleles Amino acid 3 Environment 
mean

Effectc 
estimate

Davenport 2008 Effectc 
estimate

Major Minor Major Minor P-valuea R2b P-valuea R2b

HaABI1-2 HaABI1-2_32 G C Glycine Alanine 0.999 0.36 −1.26 1.000 0.38 0.42

HaABI1-2_155 C G Alanine Glycine 0.746 0.70 −3.65 1.000 0.07 1.44

HaABI1-2_ 163 G A Glycine Arginine 0.658 1.40 −1.27 0.900 1.06 −1.75

HaCOI1-1 HaCOI1-1_251 C A Asparagine Lysine 0.009d 4.52 −7.20 0.495 2.00 −6.37

HaCOI1-1_312 A C Synonymous (Arginine) 0.998 0.43 −2.23 0.379 2.30 −4.12

HaCOI1-2 HaCOI1-2_72 G A Synonymous (Alanine) 0.995 0.57 −1.81 0.999 0.49 −2.03

HaCOI1-2_408 T C Synonymous (Serine) 0.102d 2.87 −3.20 0.774 1.39 −1.76

HaDET3-1 HaDET3-1_25 G A 5′ UTR 1.000 0.02 −0.27 0.972 0.80 −0.84

HaEIN2-1 HaEIN2-1_250 T G Serine Alanine 0.999 0.46 −1.67 0.876 1.33 −3.36

HaEIN2-2 HaEIN2-2_208 C T Synonymous (Leucine) 0.999 0.34 0.99 0.979 0.78 −1.37



203Theor Appl Genet (2014) 127:193–209	

1 3

Stotz 2007). Knockout mutants of the jasmonate receptor 
coi1, and central regulators of SA and ET signaling, npr1 
and ein2, respectively, were all hypersusceptible to S. scle-
rotiorum. Thus, defense against S. sclerotiorum in Arabi-
dopsis is implicated by the activation of these three defense 
pathways (Guo and Stotz 2007). ABI genes are involved in 
abscisic acid (ABA) biosynthesis, a regulator of stomatal 
opening apparently required for optimal fungal coloniza-
tion during infection. The ABA-insensitive abi1 and abi2 
Arabidopsis mutants consistently showed more susceptibil-
ity to oxalate deficient S. sclerotiorum than wild-type plants 
(Guimarães and Stotz 2004). Arabidopsis LACS2 gene 
encodes a long-chain acyl-CoA synthetase that is involved 
in the pathway to cutin biosynthesis (Schnurr et al. 2004). 
Tang et al. (2007) showed that mutations of LACS2 make 
Arabidopsis more resistant to a virulent strain of the necro-
trophic fungus Botrytis cinerea.

Lignin biosynthesis is not only important for plant sup-
port and water transport, but also for plant defense (Ham-
mond-Kosack and Jones 1996).The Arabidopsis DET3 
gene encodes the C-subunit of the vacuolar H+-ATPase 
(V-ATPase) that controls cell elongation and regulation of 
meristem activity (Schumacher et al. 1999). The det3 muta-
tion resulted in dark grown seedlings with morphological 
characteristics of light-grown seedlings (Cabrera y Poch 
et  al. 1993). Later it was found that the DET3 knockout 
leads to ectopical lignin synthesis (lignin deposited in cells 
other than xylem vessels and sclerified parenchyma) and 
defense-related gene expression (Caño-Delgado et al. 2003; 
Newman et al. 2004). The Arabidopsis gene PAD3 encodes 
an enzyme required for biosynthesis of camalexin, a low 
molecular weight phytoalexin involved in resistance to fun-
gal pathogens (Schuhegger et al. 2006; Zhou et al. 1999). 
Arabidopsis mutant lines deficient in camalexin, indole, or 
aliphatic glucosinolate biosynthesis showed hypersuscepti-
bility to S. sclerotiorum (Stotz et al. 2011a).

While several candidate genes were addressed in this 
paper, our work does not take into consideration all of 
the possible candidate genes that have been proposed for 
resistance to necrotrophic pathogens, any of which may be 
appropriate candidate genes for Sclerotinia stalk or head 
rot resistance (reviewed in Laluk and Mengiste 2010). Not 
surprisingly, a recent paper by Fusari et al. (2012) on Scle-
rotinia head rot resistance mapping studied a completely 
different list of candidate genes than our study, in a com-
pletely different population of sunflower genotypes derived 
from their breeding program, at the same time our work 
was being conducted on the US sunflower germplasm col-
lection. Although sunflower line reactions to head rot and 
stalk rot have been shown to be different, suggesting differ-
ent underlying genetics (Gulya et al. 1989), it is impossible 
to determine whether or not resistance genes are mutually 
exclusive for the two diseases until additional candidate 

gene work is conducted by the sunflower community, 
with the goal of testing most or all logical candidate genes 
against both stalk rot and head rot data sets. Complete 
elucidation of all resistance genes involved in one or both 
of these diseases is a long-term goal, and will require the 
attention of multiple investigators.

Linkage disequilibrium

The pattern of LD within a species is critically important 
to the design and success of association mapping stud-
ies. The number of marker-trait association tests may be 
reduced considerably using a minimal set of SNPs (tag-
SNPs) that are not in high LD to each other. Levels of LD 
decay varied between loci, persisting further along the 
resequenced portions of HaABI1-1, HaCOI1-1, HaCOI1-
2, and HaLACS2-1 than was observed in the HaDET3-1 
and HaEIN2-1 loci (Supplemental Figure 2). Varying lev-
els of nucleotide diversity and LD decay have previously 
been observed between maize genes (Andersen et al. 2008) 
which could reflect different levels of selection pressure put 
on individual loci during domestication. The trendline of 
LD across these eight candidate loci and the overall popula-
tion decayed to r2 = 0.1 at about 350 bp (Fig. 1). Previous 
studies in sunflower observed the LD decayed to r2 = 0.1 
within 200  bp in wild populations and about 1,100  bp in 
exotic OP cultivars (Liu and Burke 2006). However, a 
much slower LD decay was reported for elite inbred sun-
flower lines, to r2 = 0.32 within 550 kbp (Kolkman et al. 
2007) and r2 = 0.1 within 100 kbp (Fusari et al. 2008). The 
discrepancy of LD decay reports in earlier studies in sun-
flower with our study could be explained by the size and 
population history of the study materials used, as well as 
the genes selected for study. LD decay is only valid rela-
tive to the germplasm in which it is investigated, and rates 
of LD decay decrease as the germplasm diversity broadens 
(Caldwell et al. 2006; Morrell et al. 2005). All the previous 
studies involved only a few sunflower genotypes. Smaller 
sample sizes tend to show increased LD distance and, 
therefore, require caution while declaring LD decay (Yan 
et al. 2009).

Association mapping

In our CG-AM population, the stalk rot disease scores 
showed a distribution that shows some correlation to the 
underlying population structure. A model consisting of 
population structure alone explains about 22 % of the phe-
notypic variation. The genotypes in cluster 1 include many 
resistant lines (mean disease score is 33, n =  148 lines), 
while cluster 2 contains more susceptible lines (mean dis-
ease score is 53, n = 34 lines). Again, the kinship estimate 
of the nineteen Spanish lines in cluster 2 was found to be 
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relatively high, but this was not generally so in cluster 1, 
indicating that there was more relatedness among lines in 
the small second cluster than the general population. Use 
of a mixed model strategy (Kang et al. 2008; Yu et al. 2006; 
Zhao et  al. 2007) allowed us to consider different levels 
of relatedness in the AM analysis. Although this approach 
effectively decreases Type I error, it can mask true associa-
tions that are strongly correlated with population structure 
and kinship, increasing Type II error, so model fit must be 
carefully considered (Zhao et  al. 2007, 2011). In the pre-
sent study, we explored the impact of population struc-
ture (GLM +  Q model), kinship coefficients (MLM +  K 
model), or both (MLM + Q + K model) in the association 
models. Addition of the Q matrix resulted in a reduction of 
the number of marker-trait associations in both GLM + Q 
and MLM  +  Q  +  K models, indicating that covariates 
were necessary to reduce false positive associations. This 
was confirmed by quantile–quantile plots depicted for the 
four AM analysis models (Fig. 3). Further analysis of the 
GLM + Q and MLM + Q + K models suggested that addi-
tion of K actually overfits the model, resulting in greater 
deviation of the posterior predictive loss and BIC statistics 
from zero. These results indicate a low level of kinship 
effect on association analysis in this population, which is 
likely due to the broad range of origin of the materials. 
The GLM  +  Q model appears to be the best fit for this 
population.

Jasmonic acid (JA) and its derivates have long been 
known to have a crucial role in plant defense against biotic 
and abiotic challenges (Guo and Stotz 2007; Ralhan et al. 
2012; Stotz et al. 2011b; Xu et al. 2002). The Arabidopsis 
thaliana COI1 gene encodes a protein containing leucine-
rich repeats and a degenerate F-box motif which physically 
associates with AtCUL1, AtRbx1, and either of the Arabi-
dopsis Skp1-like proteins ASK1 or ASK2 to assemble ubiq-
uitin-ligase complexes, SCF(COI1) (Xu et  al. 2002). The 
SCF(COI1) complex is essential for the JA-signaling path-
way. Functional mutants of COI1 are insensitive or have 
reduced sensitivity to JA (Xie et al. 1998). A single amino 
acid substitution in the F-box motif of COI1 abolishes 
the formation of the SCF(COI1) complexes and results 
in loss of the JA response (Xu et  al. 2002). One specific 
mutant, coi1-1 in Arabidopsis, results in inviable pollen, as 
well as reduced defense against insect and pathogens (Xie 
et  al. 1998). This result was repeated in the work of Guo 
and Stotz (2007) with the Sclerotinia-Arabidopsis patho-
system. The HaCOI1-1 and HaCOI1-2 candidate genes in 
sunflower are orthologous and paralogous, respectively, to 
the Arabidopsis thaliana COI1 gene and have been geneti-
cally mapped at 50.9 and 7.0 cM distance, respectively, in 
linkage group 14 of the Tang et  al. (2002) reference map 
(Bowers et  al. 2012). The significant SNP at HaCOI1-
1_251 is interesting because it results in a major amino 

acid change just beyond the final conserved leucine-rich 
repeat, as defined by Xie et  al. (1998). This leucine-rich 
repeat in Arabidopsis is the only one abolished by the coi1-
1 mutant for Sclerotinia susceptibility analyzed by Guo and 
Stotz (2007), underlining the importance of this region to 
resistance (Fig. 4). The substitution to asparagine due to the 
HaCOI1-1_251 mutation results in greater Sclerotinia stalk 
rot resistance (Table 3) and is a functionally different resi-
due in size, pH, charge, and hydrophobicity than either the 
lysine residue in the minor sunflower allele or the arginine 
residue of the COI1 predicted protein in Arabidopsis from 
cDNA AF036340 (Fig. 4; Xie et al. 1998). This, combined 
with the observation that asparagine is present at that posi-
tion only in Helianthus annuus (based on our phylogeny 
data of 52 plant species) suggests that this mutation may be 
an enhancement of function from the ancestral gene.

Our study reveals that the two significant candidate 
genes explain a total of 7.4 % of the phenotypic variation 
in this population, which is only a part of the total quanti-
tative variation for basal stalk rot resistance. The strength 
and magnitude of associations with these genes robustly 
support their role in Sclerotinia stalk rot resistance in sun-
flower. We expect that stalk rot resistance in sunflower is 
influenced by many additional, yet still unknown genes 
each contributing a small part to the expression of the phe-
notype, as observed in the case of many other quantitative 
traits (Haseneyer et  al. 2010; Ghavami et  al. 2011). Very 
few comparisons of our results can be made to previous 
mapping studies because of the lack of published informa-
tion for Sclerotinia stalk rot resistance QTL in sunflower. 
Micic et al. (2004) performed QTL mapping of Sclerotinia 
midstalk rot resistance in F2/F3 families developed from a 
cross between sunflower lines, NDBLOSsel × CM625 and 
identified stem lesion and speed of fungal growth QTLs 
in linkage group 16. Using selective genotyping of F2/F3 
families developed from a cross between CM625 × TUB-
5-3234, Micic et al. (2005b) then identified QTLs for stem 
lesion, leaf lesion, and speed of fungal growth in linkage 
group 10. Davar et  al. (2010) identified basal stem rot 
resistance QTLs in linkage groups 1, 2, 4, 6, 8, 14, and 
17 using a recombinant inbred population developed from 
the cross between the sunflower parental lines PAC2 and 
RHA266. Although interesting correlations were detected 
between the position of the HaCOI1 candidate genes and 
the Davar et  al. (2010) QTLs, it is difficult to be certain 
that our candidate genes are the same as the QTLs found 
in that study because of the lack of complete precision in 
QTL maps.

The candidate gene associations reported here repre-
sent an important first step toward identifying the genes 
underlying quantitative resistance to Sclerotinia stalk rot 
in sunflower, and more importantly, to a more stream-
lined and cost-effective approach to breeding for yield and 
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Fig. 4   Predicted protein 
sequence alignment for COI1, 
HaCOI1-1, and HaCOI1-2. The 
two alleles of COI1-1_251 are 
included as separate lines. The 
final line includes annotation of 
the functional portions of the 
protein, the F-box and Leucine-
Rich Regions, as well as the 
stop codon that is the result of 
the coi1-1 mutant in Arabidop-
sis (indicated by asterisk) and 
site of the amino acid residue 
change due to HaCOI1-1_251 
(indicated by ‘O’). Conserved 
Leucine-Rich Repeat sequences 
as defined by Xie et al. (1998) 
for COI1 are shown as ‘xLxx-
axxxCxxLxxaxa’ where ‘L’ and 
‘C’ are leucine and cysteine, 
respectively, ‘x’ is any amino 
acid, and ‘a’ is any hydrophobic 
amino acid
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Sclerotinia resistance simultaneously. Owing to the quan-
titative nature of the target trait, genome-wide association 
mapping with sufficiently dense marker coverage could 
provide a more comprehensive picture of loci involved in 
the regulation of stalk rot resistance. Studies designed to 
test this hypothesis are currently underway. Nevertheless, 
the significant markers in this study may be immediately 
applied in marker-assisted selection (MAS) breeding for 
rapid pre-screening of sunflower lines for the potential to 
express stalk rot resistance before further advancement or 
field evaluation.
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