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ABSTRACT
Pariyar, S. R., Dababat, A. A., Sannemann, W., Erginbas-Orakci, G.,
Elashry, A., Siddique, S., Morgounov, A., Leon, J., and Grundler, F. M. W.
2016. Genome-wide association study in wheat identifies resistance to the
cereal cyst nematode Heterodera filipjevi. Phytopathology 106:1128-1138.
The cyst nematode Heterodera filipjevi is a plant parasite causing
substantial yield loss in wheat. Resistant cultivars are the preferred
method of controlling cyst nematodes. Association mapping is a powerful
approach to detect associations between phenotypic variation and genetic polymorphisms; in this way favorable traits such as resistance to
pathogens can be located. Therefore, a genome-wide association study
of 161 winter wheat accessions was performed with a 90K iSelect single

Bread wheat (Triticum aestivum L.) is a major staple food for the
world’s population. It was one of the first domesticated cereals
composed of three closely related and independently maintained
genomes. The hexaploid genome (AABBDD) was formed by
multiple hybridization events among the three different progenitor
species. The ancestral progenitor genomes of Triticum urartu (AA)
and most probably Aegilops speltoides (BB) hybridized to produce tetraploid emmer wheat Triticum turgidum ssp. dicoccoides
(AABB, 2n = 28), which again hybridized with goat grass
A. tauschii (DD, 2n = 14) to produce modern bread wheat (Huang
et al. 2002). Bread wheat production is limited by many biotic and
abiotic factors, especially in rain-fed regions (Dababat et al. 2015).
Cereal cyst nematodes (CCN) are an important group of plantparasitic nematodes attacking cereals. CCN consist of several closely
related nematode species such as Heterodera avenae, H. latipons,
H. filipjevi, H. hordecalis, H. zeae, H. mani, H. bifenestra,
H. pakistanensis, H. arenaria, and H. pratensis are referred as CCN
complex (Nicol and Rivoal 2008). H. filipjevi, H. avenae, and
H. latipons are the three important Heterodera spp. reported to
cause economic losses in small grain crops (Rivoal and Cook 1993).
H. avenae is reported from all over the continents, while H. latipons
is reported from Asia, Europe, Africa, and North America (Scholz and
Sikora 2004; Sikora 1988). H. filipjevi is one of the most damaging
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nucleotide polymorphism (SNP) chip. Population structure analysis
grouped into two major subgroups and first principal component accounted
6.16% for phenotypic diversity. The genome-wide linkage disequilibrium across wheat was 3 cM. Eleven quantitative trait loci (QTLs) on
chromosomes 1AL, 2AS, 2BL, 3AL, 3BL, 4AS, 4AL, 5BL, and 7BL
were identified using a mixed linear model false discovery rate of P <
0.01 that explained 43% of total genetic variation. This is the first report
of QTLs conferring resistance to H. filipjevi in wheat. Eight QTLs on
chromosomes 1AL, 2AS, 2BL, 3AL, 4AL, and 5BL were linked to putative
genes known to be involved in plant_pathogen interactions. Two other
QTLs on 3BL and one QTL on 7BL linked to putative genes known to be
involved in abiotic stress.

species with yield losses that locally may reach 50% (Rivoal and
Nicol 2009).
Cyst nematodes of the genus Heterodera are biotrophic sedentary
endoparasites that rely on the formation of specific hypertrophic
and hypermetabolic nurse cell system (syncytium) close to the
vasculature of the root. For development and reproduction, a female
has to feed from a single syncytium for several weeks (Hussey and
Grundler 1998). Nematode resistance in plants is characterized by
limiting or preventing female development (Williamson and Kumar
2006), so the nematode population density eventually is decreased.
Reduced female development may be caused by diminished nematode
attraction, pronounced formation of structural barriers, increase of
defense responses to nematode invasion, and failure or limitation of
feeding site formation and therefore nematode development. Wheat
landraces and domesticated accessions possess genetic variation
including resistance to biotic and abiotic stresses (Kimber and
Feldman 1987). Resistance sources to CCN include germplasm
of A. tauschii (Coss.) (syn. Triticum tauschii (Coss.) Schmal; syn.
A. squarrosa auct. non L.) and T. turgidum ssp. dicoccoides (Loureiro
et al. 2009; McDonald et al. 2005; Nicol and Rivoal 2008; Rivoal et al.
2001; van Slageren 1994). Resistance to H. avenae was described in
barley and in bread wheat (Holm Nielsen 1966; Nilsox-Ehle 1920).
Nine single dominant genes known as Cre were found in wild
relatives of wheat and successfully used to manage H. avenae, e.g.,
in Australia, France, India and Sweden (Ogbonnaya et al. 2009).
Host resistance is preferred to manage nematodes in wheat since it
is effective and safe (McIntosh 1997). However, only a few resistance
genes to CCN have been genetically mapped in wheat (Mokabli et al.
2002; Rivoal et al. 2001). Understanding the genetic background
through mapping traits provides a baseline for breeding and gene
cloning. Historically, quantitative trait loci (QTL) detection started

with linkage mapping in biparental populations to exploit unadapted
germplasm (Würschum 2012). However, the detection of closely
linked markers in parental populations are limited by relatively few
recombination events in linkage mapping (Riedelsheimer et al.
2012). Association mapping (AM) is an approach based on linkage
disequilibrium (LD) between molecular markers and functional
loci. Its high resolution makes it possible to detect historical recombinations in accumulated natural populations, landraces, breeding
materials and varieties (Soto-Cerda and Cloutier 2012). Phenotype
and genotype of a large set of unrelated accessions are determined
and correlated to identify the alleles at gene regions (Flint-Garcia
et al. 2003; Rafalski 2002). AM was used to identify QTLs and
characterize candidate genes in several crops, such as rice, maize,
barley, and wheat (Agrama et al. 2007; Cockram et al. 2010; Kump
et al. 2011; Massman et al. 2011; Mulki et al. 2013; Neumann et al.
2011; Tommasini et al. 2007; Wang et al. 2001; William et al. 2003;
Zou et al. 2000). Molecular markers such as restriction fragment
length polymorphism, amplified fragment length polymorphisms,
simple sequence repeats, diversity arrays technology or genomespecific sequence tagged sites were utilized in wheat for identifying
QTLs, including yield, grain quality (Tadesse et al. 2015), and
resistance to Stagonospora nodorum blotch (Tommasini et al. 2007;
Yao et al. 2009) and H. avenae (Mulki et al. 2013). However, an
uneven distribution and low reproducibility across the wheat genome
has limited the application of these markers. The availability of a
dense single nucleotide polymorphism (SNP) marker chip allows an
efficient detection of target genes to uncover multiple targets in wheat
because of its wide distribution in genomes and adaptation to high
multiplex detection systems (Akhunov et al. 2009; Wang et al. 2014;
Xu and Crouch 2008). As we tested wheat accessions for resistance
to H. filipjevi and found differences in the resistance response, we
hypothesized that the relevant genes/QTLs can be detected by
association mapping. Therefore, the main objective of this study was
to investigate the QTLs/genes conferring resistance to H. filipjevi in
161 diverse winter wheat accessions using genome-wide association
study (GWAS).
MATERIALS AND METHODS
Wheat accessions screening assay. One hundred sixty-one
winter wheat accessions (101 breeding lines, 58 cultivars, and 2
landraces) from the International Winter Wheat Improvement
Program (IWWIP) were tested for CCN H. filipjevi levels
(Supplementary Table S1). The accessions were selected based on
diverse genetic background. Seven seeds from each spike were
germinated on moistened tissue placed in Petri dishes for 3 days
at 22°C. After germination, five seedlings of similar size and
development were selected. A sterilized potting mixture of sand,
field soil and organic matter (70:29:1, vol/vol/vol) was filled in
RLC4-pine tubes (25 mm in diameter by 160 mm in height, Ray
Leach Cone-tainer, Stuewe & Sons, Inc.). Each plant was inoculated
with 250 freshly hatched J2s of H. filipjevi 7 days after transplanting and set in completely randomized design. The nematode
inoculum used in these experiments was obtained from a pure
culture (Pariyar et al. 2016). Plants were grown at 23 ± 2°C, 16 h of
artificial light and 65% relative humidity. Twenty-five days after
planting, plants were fertilized with water-soluble Nitrophoska
Solub/Hakaphos (20:19:19 NPK including micro-elements such as
P2O5, K2O, B, Cu, Fe, Mn, Mo, and Zn, COMPO GmbH and Co.
KG, Germany) at 1 g liter_1 of tap water. Plants were harvested at
63 days postinfection and cyst from both the soil and the roots were
extracted. The soil from each tube was poured into a 2-liter beaker
filled with water and the soil mixture was stirred, and then left for
about 30 s to allow the heavy sand and soil debris to settle down.
Roots were washed very gently on the upper sieve to free any
females and cysts left attached to the root system. The soil mixture
was poured through 850 and 250 µm sieves. This process
was repeated three times to ensure all females and cysts were

successfully collected. Females and cysts from both roots and soil
were captured on the 250 µm sieve and counted under a dissecting
microscope. The roots were further checked for females and cysts
that had not been dislodged during the washing process. The
response of the tested wheat accessions was determined and
categorized into five groups based on mean number of females and
cysts recorded per plant. The experiment was repeated twice. The
following ranking was used: resistant (R) = <5 females and cysts/
plant; moderately resistant (MR) = 5 to 10 females and cysts/plant;
moderately susceptible (MS) = 11 to 15 females and cysts/plant;
susceptible (S) = 16 to 19 females and cysts/plant; and highly
susceptible (HS) = >20 females and cysts/plants (Pariyar et al.
2016). The widely grown winter wheat cultivar Bezostaya 1 in
Turkey was used as the susceptible control. The phenotypic data
were analyzed using a mixed linear model implemented in Proc
mixed procedure in SAS 9.2. Variance components were estimated
according to the following model:
Yijk = µ + yeari + blockk ðyeari Þ + accessionj + accessionj by yeari + eijk

where Yij is response variable, µ is overall mean, year is the random
effect of year, accessionsj is the fixed effect of the accession, blockk is
the random effect of the block with year, and eijk is the random error.
The data were analyzed by restricted maximum likelihood to fit a
mixed model. To analyze total genetic variance to total phenotypic
variance, heritability (H2) was estimated by using PROC VARCOMP
in SAS 9.2 (SAS Institute Inc., Cary, NC). Broad-sense heritability was
calculated using H2 = s2g/(s2g + s2e/n), where s2g is the genotypic
variance, s2e is the environment variance, and n is the number of
environments (Holland et al. 2003).
SNP Genotyping and molecular data. Genomic DNA was
isolated from 7-day-old wheat seedling leaf tissue using the cetyl
trimethyl ammonium bromide (CTAB) method (Sharp et al. 1988).
The quality of DNA was evaluated on a 0.8% agarose gel and
normalized to 50 ng/µl. A DNA aliquot of 2 µl from each sample was
used for genotyping by 90K Illumina iSelect Wheat Bead Chip,
TraitGenetics GmbH, Gatersleben, Germany. To avoid monomorphic and low-quality SNPs, data were analyzed by Genome Studio
software and transcribed into binary matrix software (Cavanagh et al.
2013). We defined minor allele (less frequent) as zero, major allele
(more frequent) as one, and heterozygous scores as missing data. All
monomorphic markers, the number of missing data greater than 5%
and SNP markers with a minor allele frequency (MAF) less than 5%
were removed to reduce false positive QTLs (Myles et al. 2009).
Linkage disequilibrium. Pair-wise measures of LD were
performed to analyze the squared correlation coefficient (r2) between
two loci and summarize both mutational and recombination history.
The extent of LD across the wheat genome was estimated by 11,680
markers with known chromosomal positions based on the International
Triticeae Mapping Initiative map using a SAS 9.2 (Cavanagh et al.
2013). The values were plotted for each linkage group by genetic
distance using a SAS/LD heatmap (Breseghello and Sorrells 2006).
The LD decay to 0.1 was considered as the critical distance up to which
a QTL region extends. LD heat maps for significant markers were
created by using Haploview software (Barrett et al. 2005).
Population structure and kinship. Genetic subpopulations were
analyzed using a model-based Bayesian clustering method implemented software STRUCTURE 2.3.4 with 961 polymorphic
markers. The 961 markers were selected based on their 5 centimorgan
(cM) grid distances from the total 11,680 markers with known
chromosomal positions. Twenty independent runs were performed
setting the hypothetical number of expected populations (K) range
from 1 to 20. The data were processed by an admixture model using a
burn-in period of 10,000 and run length of 100,000 (Evanno et al.
2005). K value was determined by estimated normal logarithm of the
probability of fit (LnP(D)) provided in the STRUCTURE output and
an ad hoc statistic 4K based on the rate of change in LnP(D) between
successive K values (Earl 2012). The estimated log probability
Vol. 106, No. 10, 2016
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LnP(D) increased continuously with increasing K and 4K, and was
plotted against the number of subpopulations K (Evanno et al. 2005).
Results were analyzed to interpret the origin and geographic
distribution of the populations. Further, the principal components
(PC) were estimated using the Princomp procedure in SAS 9.2 to
clarify the population structure in the populations (Price et al. 2006).
Principal component analysis (PCA) was analyzed by TASSEL v.3.0
(http://www.maizegenetics.net) with a total of 22,364 polymorphic
SNP markers using as covariance matrix and analyzed for GWAS
(Bradbury et al. 2007). The data were further analyzed by (P matrix
and P+K) (Price et al. 2006). PCs were treated as fixed effects and
kinship (K matrix) was used to analyze the variance and covariance
structure of random individual effects (Yu and Buckler 2006).

Marker-trait associations. To identify significant QTLs conferring resistance to H. filipjevi, a multiple QTL model that corrected
for both population structure and familial relatedness was developed using a mixed linear model (MLM) approach (promixed,
SAS 9.2) (Bauer et al. 2009). The phenotypic variation (R2) was
calculated using a simple regression equation implemented in the
program. Association between SNPs and nematode resistance was
considered significant at P £ 0.01 (Malosetti et al. 2007). The
threshold LOD scores were calculated using 1,000 permutations. The
least squares means of significant marker alleles were estimated and
a stepwise regression forward/backward diministic process SAS
promixed procedure was used to estimate the combined variation
explained by the markers. A single-locus analysis was conducted and

Fig. 1. Distribution of single nucleotide polymorphism (SNP) markers across wheat chromosomes.

Fig. 2. Estimation of number of subpopulations (K) in winter wheat based on 961 single nucleotide polymorphism (SNP) markers. A, Estimation of number of
subpopulations (K) in winter wheat using DK values. B, The log probability of data as a function of K for 961 SNP markers. Means log probability of data LnP(D)
for each value of K were calculated from 20 independent runs of structure. C, Two subgroups inferred from STRUCTURE analysis. The vertical coordinate of each
subgroup indicates the membership coefficients for each individual represented by a colored line where each color reflects the cultivar in one of the K clusters. The
proportion of the colored segment red and green indicates the proportion of the genome drawn from the K clusters and represents the geographic eco-type
information of wheat accessions.
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the most significant marker based on P value was chosen as fixed
cofactor in the model. In addition, a multilocus analysis with cross
validation was used to reduce false discovery rate of QTL by
controlling FDR at P £ 0.05 (Bauer et al. 2009; Benjamini and
Yekutieli 2005).
Functional annotation of putative genes linked to SNP
marker associated to CCN resistance. To analyze the putative
biological functions of genes associated to CCN resistance, we
performed an in-silico functional annotation of significant SNP
markers. The flanking sequences of the significant SNP markers
were blasted against gene models of Brachypodium distachyon,
Oryza sativa, and Sorghum bicolor available in the International
wheat genome sequencing consortium (IWGSC), the Institute for
Genomic Research (TIGR) Wheat genome annotation, and National
Center for Biotechnology Information (NCBI). The genes/proteins
were selected based on significant hit and lowest expected (e)-value,
and putative functions were analyzed. To identify the full open
reading frame (ORF) at significant marker locations, we downloaded
the available wheat transcriptome assemblies from the MAS Wheat
dataset (Krasileva et al. 2013). All datasets were imported in the CLC
genomic workbench and blast database sequences lower than e-value

0.0e-15 were considered positive. Further, the putative genes were
blasted in The Arabidopsis Information Resource (TAIR), and similar
predicted proteins/genes homologs were described as annotated
functions. If the significant marker was in a coding region, the
substitution was designated as synonymous (no change in amino
acid) or nonsynonymous substitution (change in amino acid).
RESULTS
Wheat accessions screening assay. Screening of 161 modern
winter wheat accessions revealed variability in response to nematode
infection. The results revealed 1% of the studied wheat accessions to
be resistant, 26% moderately resistant, 26% moderately susceptible,
22% susceptible, and 24% highly susceptible to H. filipjevi.
Density of polymorphic SNP markers differs between the
A, B, and D genomes. 23,364 polymorphic SNPs were obtained after
removing all monomorphic markers, markers with a MAF <5% and
missing data >5%. Fifty percent (11,680) of SNPs with known chromosomal locations were recorded and used for LD analysis. A total
genomic size of 2956.5 cM was measured with the 11,680 markers
across 21 chromosomes of the 161 wheat accessions (Fig. 1). The results

Fig. 3. Principal components analysis based on correlation matrix recorded on 161 winter wheat accessions. A scatter plot of principal component 1 (PC1) plotted
against principal component 2 (PC2). Each symbol represents a wheat accession in mapping panel. BL = breeding line; C = cultivar, LRACE = landrace.
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showed an uneven distribution of mapped markers across wheat
genomes A, B, and D. A high density of SNPs was located on genomes
A (38.43%) and B (51.71%), while a relatively low number of SNPs
were detected on genome D (9.85%). The highest number of
polymorphic markers was located on chromosome 2B (1,281
SNPs, 11%) with a SNP marker each 0.11 cM on average. The lowest
number of polymorphic markers was distributed on chromosome 4D
(73 SNPs, 0.63%) with a SNP marker each 1.55 cM. On average, one
marker was mapped each 0.25 cM over all chromosomes.
Population structure and kinship. The ad hoc quantity based
on the second order rate of change in the log probability (DK) showed

a clear peak at K= 2 (Fig. 2A), indicating two genetic subpopulations.
The logarithm of the data likelihood (LnP(D)) on average continued
to increase with increasing numbers of assumed subpopulations (K)
from 2 to 20 with exception of the depression at K10, K13 and K16
(Fig. 2B). The first group consisted of 89 winter wheat accessions
mostly originating from South Africa (5), and Iran (2), including the
United States (1), whereas the second group was composed of 72
wheat accessions mainly originated from Russia (8), Bulgaria (2),
Moldova (2), including Turkey-CIMMYT ICARDA (3) (Fig. 2C).
Population structure was further analyzed by conventional F-statistic
(Fst) analysis. The average fixation index between subpopulations

TABLE 1. A genetic linkage map, single nucleotide polymorphism (SNP) marker, and linkage disequilibrium decay in wheat 161 wheat accessionsa
Chromosome

Number of SNP

SNP %

Length (cM)

cM/SNP

LD decay r2/(cM)

646
600
687
578
599
689
690
885
1,281
930
540
1,005
583
816
140
264
168
73
182
158
166
11,680

5.53
5.14
5.88
4.95
5.13
5.90
5.91
7.58
10.97
7.96
4.62
8.60
4.99
6.99
1.20
2.26
1.44
0.63
1.56
1.35
1.42
100

111.7
120.5
169.6
161.8
117.7
122.2
167.5
117.7
145.0
137.0
107.0
179.0
110.4
142.0
143.6
141.6
164.1
112.9
167.8
122.3
195.1
2,956.5

0.17
0.20
0.25
0.28
0.20
0.18
0.24
0.13
0.11
0.15
0.20
0.18
0.19
0.17
1.03
0.54
0.98
1.55
0.92
0.77
1.18
0.25

4
1
2
4
2
3
1
1
2
2
2
3
2
2
10
2
6
4
2
2
4
2.9

1A
2A
3A
4A
5A
6A
7A
1B
2B
3B
4B
5B
6B
7B
1D
2D
3D
4D
5D
6D
7D
Total
a

cM, centimorgan; LD, linkage disequilibrium; and r2, pair-wise measures of LD.

Fig. 4. Manhattan plots of P values indicating genomic regions associated with cereal cyst nematode Heterodera filipjevi resistance in winter wheat using the
mixed linear model (MLM) (P+K). x axis shows single nucleotide polymorphism markers along each wheat chromosome; y axis is the _log10 (P value).

TABLE 2. Significant markers associated with QTLs conferring resistance to Heterodera filipjevi in 161 winter wheat accessionsa
SN

Marker

CHR

POS (cM)

1
2
3
4
5
6
7
8
9
10
11

wsnp_BE443588A_Ta_2_1
RAC875_c13116_943
Excalibur_c18966_804
wsnp_BE426418A_Ta_2_1
Bobwhite_rep_c66630_331
Tdurum_contig10380_87
Tdurum_contig12008_803
Excalibur_c20277_483
wsnp_Ex_c55245_57821389
Tdurum_contig82236_117
Excalibur_c78724_434

1AL
2AS
2BL
3AL
7BL
2BL
3BL
3BL
4AS
4AL
5BL

97.10
64.30
113.60
20.00
79.10
74.90
6.14
6.14
53.30
155.50
158.70

a

Genetic interval
94.0_97.1
64.30
113.60
20.0_26.4
68.6–79.1
74.90
0.0_6.14
0.0_6.15
53.30
155.50
158.70

P-LOD

P-FDR

P value

Allele

4.24
3.35
2.91
3.01
2.81
4.26
3.61
3.64
2.98
2.82
3.06

0.00055
0.00164
0.00164
0.00164
0.00164
0.00056
0.00024
0.00164
0.00164
0.00164
0.00164

0.00092
0.00045
0.00122
0.00096
0.00154
0.00006
0.00025
0.00100
0.00104
0.00152
0.00087

A/C
A/C
G/A
T/C
T/C
G/A
T/C
G/A
T/C
G/A
G/A

Allelic effect
_4.30
_3.04
_2.80
_4.36
_3.31
4.36
3.11
3.40
2.77
3.35
3.65

R2 (%)
10.29
8.50
6.90
8.00
7.50
12.10
8.90
7.40
7.50
7.60
8.10

CHR, chromosome; cM, centimorgan; FDR, false discovery rate; P, probability; POS, position; LOD, maximum likelihood; QTL, quantitative trait loci; R2, effect
due to genetic variation; and SNP, single nucleotide polymorphism.
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ranged from 0.011 and 0.155, while mean 0.034 Fst revealed a very
low population differentiation due to genetic structure. In addition,
PCA was used to visualize the genotyping data (Fig. 3). The first,
second, and third principal components explained 6.19, 1.35, and
1.0% of the variation, respectively. The low genetic variation exhibited
by first PC (6.19%) indicated no significant principal components in
the mapping population (Franklin et al. 1995).

Linkage disequilibrium. The analysis of LD decay with 11,680
markers showed that the genome-wide LD across wheat was 3 cM
(Table 1). The r2 values were plotted against the genetic distance.
Beyond 3cM, LD became constant at a value of r2 = 0.1, which
allowed a precise genetic analysis. The low intrachromosomal
linkages of all chromosomes were calculated (Table 1; Supplementary
Fig. S1). The lowest LD decay was observed in chromosome 1D at

Fig. 5. The genetic map of significant single nucleotide polymorphism (SNP) markers associated with resistance to cereal cyst nematode based on International
Triticeae Mapping Initiative consensus map. A, Genetic map of significant markers on chromosomes 1A, 2A, and 3A; B, genetic map of significant markers on
chromosomes 4A, 2B, and 3B; and C, genetic map of significant markers on chromosomes 5 and 7B. A and B indicate wheat chromosomes, while * indicates
significant marker in marker trait association. Map drawn using MapChart 2.2 (Voorrips 2002).
Vol. 106, No. 10, 2016
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10 cM. The LD heat maps for 11 significant markers were created
using Haploview software (Supplementary Fig. S2A to G).
Marker-trait associations. Eleven SNP markers were significantly associated with response to H. filipjevi detected on chromosomes
1A, 2A, 3A, 4A, 2B, 3B, 5B, and 7B (Fig. 4). The phenotypic variation
(R2) of individual SNPs ranged from 6.9 to 12.1% (Table 2). The total
genetic variation explained by all significant markers was 43%. In five
cases of the 11 SNP markers (wsnp_BE443588A_Ta_2_1 (1A, 97.1 cM),
RAC875_c13116_943 (2A, 64.3 cM), Excalibur_c18966_804
(2B, 113.6 cM), wsnp_BE426418A_Ta_2_1 (3A, 20 cM), and
Bobwhite_rep_c66630_331 (7B, 79.1 cM)), the alleles with higher
frequency in the panel were related to resistance. In the six remaining
cases the alleles with higher frequency (Tdurum_contig10380_87
(2B, 74.9 cM), Tdurum_contig1208_803 (3B, 74.9 cM), Excalibur_
c20277_483 (3B, 6.14 cM), wsnp_Ex_c55245_57821389 (4A, 53.3 cM),
Tdurum_contig82236_117 (4A, 155.5 cM), and Excalibur_c78724_434
(5B, 158.7 cM) were related to susceptibility (Table 2). The genetic
maps of significant markers were generated according to Voorrips
(2002) and shown in Figure 5A to C. The highest effect was recorded
by the marker Tdurum_contig10380_87 (2B, 74.9 cM) while the
lowest recorded for Excalibur_c18966_804 (2B, 113.6 cM).
Functional annotation of genes linked to SNP markers
associated with CCN resistance. Based on the eleven significant
markers, we were able to identify full ORFs associated to the QTLs
(Table 3). To analyze their putative biological functions, we
performed an in-silico annotation which led to the identification
of intrachromosomal locations of SNPs co-localized with genes
that could be involved in biotic and abiotic stress (Table 4).
Further, the flanking sequences of significant SNPs were blasted
against amino acid sequences from rice, sorghum, and Brachypodium (Supplementary Table S2). Eight QTLs on chromosome
1AL, 2AS, 2BL, 3AL, 4AL, and 5BL were linked to putative genes
known to be involved in plant pathogen interactions (Table 4). The
QTL on chromosome 1AL linked to a putative methyl transferase
1-associated protein 1 (DMAP1) gene, which contains the SANT/
Myb domain (IPR032563) known to be involved in cell death and
disease resistance. The QTL on chromosome 2AS linked to a
putative a RING/FYVE/PHD-type Zinc finger gene known to
regulate a superoxide-dependent signal and involved in cell death
and disease resistance. The QTL on chromosome 2BL linked to a
putative aarF domain-containing protein kinase 3 known to be
involved in phosphorylating respiratory chain plastoquinoneNADPH and oxidative stress. The QTL on chromosome 3AL
linked to a putative NADPH-quinone oxidoreductase subunit
0 genes, suggested to be involved in NADPH oxidation-reduction
process. Another QTL on chromosome 2BL linked to a putative
amino acid transporter (AAT) gene. AATs have been reported to be
involved in active amino acid transport across cellular membranes

in higher plants during various processes of plant growth, development, and nematode parasitism. The QTL on chromosome 4AL was
associated with a putative Calmodulin-binding protein-like gene (BCL2-associated athanogene 7) known to be involved in cell proliferation,
growth arrest, and cell death. The QTL on chromosome 4AS linked
to a putative gene coding for a retinoblastoma-binding protein 5
known to be involved in stress response. The QTL on chromosome
7BL linked to a putative elongation factor EF-2-like protein known
to be induced in response to cold stress. The QTL on chromosome
5BL linked to a putative gene coding for a cell division protein;
however, it is not yet functionally annotated. The other two QTLs on
chromosome 3BL linked to a putative RNA polymerase II-associated
and Paf1 superfamily, respectively, known to be involved in early
flowering.
DISCUSSION
Breeding for resistance to CCN in wheat was initiated in the early
1970s (Brown and Ellis 1976). Later, Kimber and Feldman (1987)
identified novel resistance sources in cultivated and wild wheat
relatives. However, broad-spectrum resistance to CCNs in wheat is
still limited.
In general, high density SNP genotyping and genome mapping
enabled the performance of association studies to identify putative
QTLs linked to disease resistance (Cavanagh et al. 2013). However,
false associations caused by heterogeneous populations hamper the
analyses (Matthies et al. 2012; Pritchard et al. 2000). A multiple
QTL model which corrected for both population structure and
relatedness MLM (P+K) was used in this study and helped in
separating the true functional signal from false positives. Further, a
multilocus analysis with cross validation controlled the high bias of
explained variance and ensures reproducible results (Bauer et al.
2009; Benjamini and Yekutieli 2005). Five QTLs identified in
this study on chromosomes 1AS, 2AS, 2BL, 3BL, and 5BL were
previously linked to H. avenae resistance. Candidate genes underlying
resistance to some of these QTLs, such as Cre5/CreX on chromosome
2A, Cre1 on chromosome 2BL, and CreY on chromosome 3B were
described previously (Barloy et al. 2007; Bekal et al. 1998; Jahier et al.
2001). However, genes associated to other QTLs on chromosomes
1AL and 5BL have not been reported before (Mulki et al. 2013; Singh
et al. 2010). A recent GWAS study identified a QTL IWB66494 linked
to marker Tdurum_contig10380_87 on chromosome 2BL conferring
resistance to Fusarium graminearum (head blight) in spring wheat
thus indicating the chromosomal region 2BL to be a hotspot for
resistance alleles linked to multiple wheat diseases (Jansen 2015).
However, at this stage, we cannot state if this QTL is linked to one or
more resistance genes. The variation in chromosome and chromosomal location of significant QTLs identified different novel alleles at

TABLE 3. In silico annotation of significant markers and identified contigsa
90K iSelect
SNP bead
chip index

NCBI

IWGSC

SNP ID

Marker name

E-value

Accession

Identity %

E-value

Identity %

Wheat contigs ID

75423
53663

IWA135
IWB53663

wsnp_BE443588A_Ta_2_1
RAC875_c13116_943

7.96E-43
6.98E-31

AK332961
XM_003559795

100
92.31

3.5E-45
2.37E-44

100
99.01

23232
75392
5616
66494
67389
23457
78435
73556

IWB23232
IWA94
IWB5616
IWB66494
IWB67389
IWB23457
IWA4260
IWB73556

Excalibur_c18966_804
wsnp_BE426418A_Ta_2_1
BobWhite_rep_c66630_331
Tdurum_contig10380_87
Tdurum_contig12008_803
Excalibur_c20277_483
wsnp_Ex_c55245_57821389
Tdurum_contig82236_117

9.69E-42
1.35E-52
6.12E-38
3.17E-16
9.69E-42
2.28E-43
5.35E-83
1.35E-33

AK360630
HQ389836
AK250157
XM_004963496
AK375083
FN645450
AK363634
AK331337

99.01
99.17
96.04
100
100
100
97.51
95.83

2.89E-43
9.82E-19
1.49E-40
5.57E-46
2.37E-44
5.57E-46
6.67E-100
5.57E-46

100
100
100
100
100
100
100
100

28883

IWB28883

Excalibur_c78724_434

1.87E-06

XM_003559125

100

2.89E-43

100

UCW_Tu-k25_contig_5434
UCW_Tu-k35_contig_173;
tuk21_contig_105
UCW_Tu-k51_contig_8215
UCW_Tu-k55_contig_20701
UCW_Tu-5_contig_768
UCW_Tu-k31_contig_15495
UCW_Tu-k21_contig_14859
UCW_Tu-k41_contig_8030
UCW_Tu-k41_contig_14865
UCW_Tu-k45_contig_4305;
tuk35_contig_3982;
tuk55_contig_3852
UCW_Tu-k35_contig_37987

a

E, expected value; ID, identification; IWGSC, International wheat genome sequencing consortium; and NCBI, National Center for Biotechnology Information.
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TABLE 4. Functional annotation of putative genes linked to Heterodera filipjevi resistancea

Allele

Amino
acid
change

Amino
acid
change

Type of
change (I)

Type of
change (II)

Marker

CHR

Putative gene

wsnp_BE443588A_Ta_2_1

1AL

DNA methyltransferase
1-associated protein 1
(DMAP1)
(IPR032563)

A/C

no_hit

no_hit

Transversion

RAC875_c13116_943

2AS

Zinc finger, RING/
FYVE/PHD-type
(IPR013083)

A/C

N->K

N->K

Transversion

Excalibur_c18966_804

2BL

aarF domaincontaining protein
kinase 3
(AK360630.1)

G/A

R->R

R->R

Transition

wsnp_BE426418A_Ta_2_1

3AL

NAD(P)H-quinone
oxidoreductase
subunit O
(IPR020905)

T/C

no_hit

no_hit

Transition

Synonymous

Bobwhite_rep_c66630_331

7BL

Elongation factor
(EF)-2-like protein
(XM_003574994)

T/C

R->R

R->R

Transition

Synonymous

Tdurum_contig10380_87

2BL

Amino acid
transporter (AAT)
transmembrane
family protein
(IPR013057,
IPR002422)

G/A

I->T

I->T

Transition

Nonsynonymous

Tdurum_contig12008_803

3BL

RNA polymerase IIassociated, Paf
(IPR007133)

T/C

I->T

I->T

Transition

Nonsynonymous

Excalibur_c20277_483

3BL

Paf1 superfamily,
cl20260
(IPR007133)

G/A

R->R

R->R

Transition

Synonymous

wsnp_Ex_c55245_57821389

4AS

T/C

I->V

I->V

Transition

Nonsynonymous

Tdurum_contig82236_117

4AL

Retinoblastomabinding protein
5-like/WD40-repeatcontaining domain
(IPR017986)
Calmodulin-binding
protein-like, BCL-2associated athanogene
7 (no hit)

G/A

no_hit

no_hit

Transition

a

Nonsynonymous

Putative function
MYB family of transcription
factors suggested to code in
controlling development,
secondary metabolism,
hormonal regulation and
response to biotic and
abiotic stress
DNA binding and zinc ion
binding; involves in
regulation of transcription,
DNA-dependent, negative
regulation of cell death and
disease resistance, zincfinger motifs- negative
regulation of cell death,
programmed cell death
Phosphorylating respiratory
chain, ubiquinone,
plastoquinone-NADPH,
electron transport associated
with the plan response to
oxidative stress
NADH dehydrogenase
complex (plastoquinone)
assembly, oxidation
reduction process,
photosynthesis, light
reaction, protein
autophosphorylation,
regulation of proton
transport, oxidoreductase
activity, acting on NAD(P)H,
quinone
Encodes a translation
elongation factor 2-like
protein, involves in coldinduced translation.
AATs supposed to involve in
amino acids transport across
cellular membranes in higher
plants, involves in plant
growth and development,
and response to pathogen
and abiotic stress
Encodes a PAF1 homolog
which involves in the
control of flowering time
and vernalization
Members of this family are
components of the RNA
polymerase II associated
Paf1 complex, involves in
the control of flowering time
Involves in tumor suppressor
protein RB1 gene and
WD40-repeat gene involves
in stress tolerant
Involves in cell proliferation to
growth arrest, cell death in
yeast, mammals and plants,
encodes calmodulin-binding
proteins response to bacterial
pathogens and inducers of
defense responses

CHR, chromosome; DNA, deoxyribonucleic acid; I, isoleucine; IPR, interpro; K, lysine; MYB, myeloblastosis; N, asparagine; PAF1, polymerase-associated
factor 1; R, arginine; RB1, retinoblastoma 1; RNA, ribonucleic acid; T, threonine; and V, valine.
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different loci (Table 2). Further, the moderate broad-sense heritability
(46%) suggested a potential transmission of resistance alleles to
successive generations. These novel QTLs could be used for
pyramiding resistance through marker-assisted backcrossing.
Genotyping analysis revealed that the polymorphic SNPs on A,
B, and D genomes were highly variable, indicating that recombination rates differ in the different regions of the wheat genome.
Significant QTLs linked to H. filipjevi resistance were identified only
in the A and B genome. The process of domestication might have
resulted in a high number of effective recombination events in A and
B genomes (Chao et al. 2009; Dubcovsky and Dvorak 2007). The
low density SNPs in D genome could represent the historical development of hexaploid wheat (van Ginkel and Ogbonnaya 2007).
Würschum et al. (2013) reported similar results with few SNPs
located on the D genome in 172 European winter wheat cultivars.
Population structure and relatedness among individuals can lead
to spurious associations between a candidate marker and a phenotype
(Yu and Buckler 2006). Our analysis of both methods (structure (Q)
and PCA (P)) yielded in very low genetic differentiation in the
mapping population. We therefore conclude that the variability
within the mapping panel is very low and therefore needed no further
correction. As the result of structure (Q) and PCA (P) was nearly
equivalent, the data were analyzed by PCA (P and P+K model) as
most published analyses now concentrate on P and not Q to avoid the
computationally demanding Q matrix in structure analysis (Price
et al. 2006). In other studies two subpopulations were identified, e.g.,
with 96 wheat accessions and 81 diversified A. tauschii populations
(Neumann et al. 2011; Sohail et al. 2012). Many other studies
suggested that subpopulations existed within different mapping
populations. Moreover, high marker allele frequency and low
population structure justify the selection of our mapping population
to perform GWAS (Myles et al. 2009).
LD is the basis of genetic association analysis discovering and
mapping genes in natural populations (Wilson et al. 2004). Genetic
association determines correlations between genetic variants and
phenotypic differences within a population (Flint-Garcia et al.
2003). LD depends on the process of domestication, population
subdivision, founding events, and selection (Rafalski and Morgante
2004). LD across wheat genome was <3 cM, a smaller distance
compared with previously reported 5 cM (Crossa et al. 2007). Our
finding supports the high LD in self-pollinating plants and could
be explained by the different levels of historical recombination,
effective recombination rate and recombination distance between
the loci. However, it is reported that the extent of LD vary
throughout the genome and introduction of new haplotypes from
divergent population can increase the LD (Pritchard and Przeworski
2001). Neumann et al. (2011) reported that LD is not consistent
across either whole genomes or single chromosomes. LD facilitates
predicting marker density required for effective marker trait
association. Dense marker coverage provides detailed insights into
LD decay between two loci in close proximity and helps to identify
regions influenced by a short, intense breeding history (Benson
et al. 2012). The high density of SNP markers on genome A (<3 cM)
and B (2 cM) implies more accuracy in genome wide and region
specific LD compared with the D genome (>5 cM). High LD found
in the A and B genome could be explained by various levels of

historical recombination in the accessions and might result from
favorable selection for phenotypes during breeding history by
IWWIP. LD decay of <5 cM for 157 wheat landraces and 189
Canadian bread wheat accessions, and 5 to 10 cM for 93 Chinese
bread wheat were reported (Belzile et al. 2007).
Our analysis revealed that pyramiding two or more QTLs would
enhance the performance of resistance considerably (Fig. 6). The
combination of two (1AL+7BL), three (1AL+3AL+7BL), four
(1AL+2AS+2BL+3AL), or five (1AL+3AL+2BL+3AL+7B) QTLs
in wheat accessions was predicted to increase the resistance response
up to 74, 76, 85, and 86%, respectively. The three moderately resistant
wheat accessions Olifants, Lantian 12, and T04/17 originating from
different region possess the highest marker allele frequency (Table 5).
Therefore, these lines are good candidates to be included into breeding
strategies to develop durable resistance through marker-assisted
backcrossing. Similarly, pyramiding resistance alleles to stripe rust
has been utilized successfully in barley (Sun et al. 1997). In the same
way, leaf rust resistance genes Lr41, Lr42, and Lr43 and powdery
mildew resistance gene Pm1 and Pm2 were successfully pyramided in
wheat (Cox et al. 1994; Liu et al. 2000). Moreover, the additive effect
of combining QTLs linked to resistance against H. avenae on
chromosomes 1B and 6B in Trident/Molineux DH wheat population
was reported (Williams et al. 2006).
Among the 11 identified putative ORFs, the functions of two
candidates are well supported statistically and biologically. Annotation
of the sequences flanking the QTL on chromosome on 2BL revealed an
amino acid transporter (AAT), transmembrane family protein in rice
(IPR013057, Os05g0586500, NP_001056462, Table 4). AATs are
integral membrane proteins that transport amino acid across cellular
membranes in higher plants. An amino acid permease (AtAAP6)
ortholog in A. thaliana was found to be highly expressed in syncytia
induced by H. schachtii (Szakasits et al. 2009). It was also reported
to be involved in supplying amino acids to feeding structures
induced by Meloidogyne incognita in Arabidopsis roots and was
shown to be expressed in other sink tissues (Hammes et al. 2006;
Marella et al. 2013; Puthoff et al. 2003). The other candidate is
linked to the QTL on chromosome 2AS. It is a putative protein

Fig. 6. Effect of quantitative trait loci (QTL) combinations on Heterodera
filipjevi reduction in wheat accessions. Number of abscissa indicates the
number of QTL allele combinations.

TABLE 5. Selection of wheat accessions based on significant markers frequency, host status, and origina
Common
name
Bezostaya
T04/17
Olifants
Lantian 12
a

Origin

Pedigree

Russia
South Africa
South Africa
China

LUT17/SRS2
_
_
Qingnong
4/Xiannong-4 Pedigree

Experiment 1

Experiment 2

Accessions
status

Cyst/plant

SD

SE

Cyst/plant

SD

SE

Host status to
Heterodera filipjevi

MAF (%)

Cultivar
Breeding
Cultivar
Cultivar

35.0
4.3
5.5
6.0

2.5
2.1
4.6
1.5

1.2
1.0
2.3
0.8

25.1
5.0
8.3
7.5

3.9
2.7
2.4
2.3

1.3
0.9
0.8
0.8

HS
MR
MR
MR

83
92
75
83

HS, highly susceptible; MAF, marker allele frequency; MR, moderately resistance; SD, standard deviation; and SE, standard error.
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(LOC100822072/Brachypodium distachyon: XP_003559843) with
a Zinc finger, RING/FYVE/PHD-type (IPR013083) and DDT
superfamily domain (IPR018501, Table 4). Zinc finger family
proteins are reported to be involved in superoxide-dependent
signaling and negative regulation of cell death in A. thaliana
(Dietrich et al. 1997; Kang 2013). Currently, the functions of the
identified gene candidates are analyzed experimentally to study
their role in the interaction with H. filipjevi in more detail. However,
even without knowing their detailed function, the identified QTLs
can already be used for novel approaches to achieve resistance
against H. filipjevi through marker-assisted breeding.
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