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Abstract

Wheat stripe rust can cause considerable yield losses, and genetic resistance is the most effective approach for controlling the
disease. To identify the genomic regions responsible for Puccinia striiformis f. sp. tritici (Pst) resistance in a set of winter wheat
strains mainly from southwestern China, and to identify DNA markers in these regions, we carried out a genome-wide association
study (GWAS) of 120 China winter wheat accessions using single nucleotide polymorphism (SNP) markers from 90K wheat
SNP arrays. In total, 16 SNP loci were significantly associated with wheat stripe rust in field and greenhouse trials. Of these, three
distinctive SNPs on chromosomes 1B, 4A, and 6 A were identified at a site in Mianyang in 2014, where the most prevalent wheat
stripe rust races since 2009 have been V26 (G22-9, G22-14). This suggests that the three SNP loci were linked to the new
quantitative trait loci (QTL)/genes resistant to the V26 races. Germplasm with immunity to Pst is a good source of stripe rust
resistance for breeding, and after further validation, SNPs closely linked to resistance QTLs/genes could be converted into user-

friendly markers and facilitate marker-assisted selection to improve wheat stripe rust resistance.
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Introduction

Stripe rust, caused by Puccinia striiformis f. sp. tritici (Pst), is
one of the most destructive fungal diseases, causing signifi-
cant grain yield losses under severe infections in wheat fields
where high levels of moisture (Solh et al. 2012). It seems a big
challenge to increase wheat yields to satisfy the growing glob-
al populations, because the denser plant canopies of wheat
cultivars under high nitrogen fertilizer supply favor the devel-
opment of stripe rust. China is one of the severest epidemic
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areas in the world. The disease frequently occurs in winter
wheat growing areas in the Northwest, Southwest, and
North China (Wan et al. 2004; Wellings 2011). Using resistant
varieties is an effective way to control wheat stripe rust.

Wheat stripe rust resistance is affected by both race-specific
and non-race-specific resistance genes. Until now, approximate-
ly 83 officially designed (Yr/—78) and 47 temporarily named
stripe rust resistance genes have been identified in wheat and its
wild relatives (Mclntosh et al. 2014; Maccaferri et al. 2015;
MclIntosh et al. 2017). These resistance genes have been mapped
to various chromosomes. However, many genes no longer show
disease resistance due to the rapid mutation of the Pst pathogen.
Currently, only a few of these genes have been used in actual
production in China, such as Y79, Yr10, Yri8, Yr26, etc. In 2009,
a new pathogen of wheat stripe rust was identified in Sichuan,
called V26 (or G22 pathogens) because it is virulent in wheat
cultivars carrying the Y26 gene. A recent study found that V26
is also highly virulent to the majority of Yr genes, except for Y3,
Yri5, and Yr61 (Zeng et al. 2015). The V26 pathogen has now
spread to several major wheat-producing areas and constitutes a
great threat to wheat production in China. Therefore, it is essen-
tial to discover new genes for stripe rust resistance and incorpo-
rate them into elite wheat germplasms to protect them against
this devastating disease.
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As a supplement to traditional quantitative trait loci (QTL)
mapping, genome-wide association studies (GWAS) detect
statistical associations between phenotypic and genetic varia-
tions throughout the genome. With the development of the
wheat 9K and 90K single nucleotide polymorphism (SNP)
iSelect array technique, GWAS has been used increasingly
to identify and dissect resistance genes or QTLs in common
wheat. Using the 9K SNP iSelect array, Zegeye et al. (2014)
identified 27 and 38 SNPs associated with resistance to Pst at
the seedling and adult plant stage in 181 synthetic hexaploid
wheat, respectively; Maccaferri et al. (2015) analyzed a world-
wide collection of 1000 spring wheat accessions and
identified 97 loci that are significantly associated with Yr
resistance in at least three environments, of which 3 likely
represent new resistance loci. Naruoka et al. (2015) discov-
ered potentially novel QTLs associated with race-specific
seedlings and adult plant responses on chromosomes 1B, 1D
and 2A, 2B, 3B, 4A, and 4B, respectively. Jighly et al. (2015)
used a strategy, combining Diversity Arrays Technology
(DArT®) with 9K SNP assays in 200 ICARDA wheat geno-
types, 12 DArT and 29 SNP markers were identified to sig-
nificantly associate with Pst-resistance genes. Liu et al. (2017)
identified 68 SNP loci that are associated with seedling resis-
tance to one or more races in 182 durum wheat landraces from
Ethiopia. Muleta et al. (2017a) found that 15 SNP loci in
Ethiopian germplasm are significantly associated with seed-
ling and adult plant resistance (APR) to stripe rust, where 3
loci on chromosomes 5A and 7B may be novel. In 959 spring
wheat varieties, the same researchers found 11 and 7 chromo-
some regions that significantly associated with stripe rust re-
sistance at the adult plant and seedling stages, respectively
(Muleta et al. 2017b).

In this study, we analyzed a set of 120 common wheat
landraces mainly from Southwest China to evaluate their seed-
ling stage and adult plant responses to stripe rust infection in
multiple environments. We carried out GWAS based on the
90K SNP iSelect array. Our objectives were (1) to determine
which genes or loci are associated with stripe rust resistance in
this panel and (2) to identify SNP loci awaiting further exploi-
tation in marker-assisted selection.

Materials and methods
Plant materials

The 120 wheat (Triticum aestivum L.) cultivars (lines) includ-
ed in our study represent diverse cultivars that are cultivated in
winter wheat regions of Southwest China (Supplementary
Table S1). Among these, 63 accessions were derived from
Guizhou province, 34 from Sichuan Province, and 23 from
other regions in China.
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DNA extraction, genotyping, and known Yr gene
detection

Genomic DNA was extracted using the cetyl trimethyl ammo-
nium bromide method (Saghai-Maroof et al. 1984). Wheat
accessions were genotyped using the wheat 90K SNP
iSelect assay developed by a consortium of laboratories from
the USA, UK, and Australia and published in Wang et al.
(2014). The assay was conducted by Compass
Biotechnology Co., Ltd. (Beijing, China). SNP genotypes
were called using GenomeStudio v2011.1 software (Illumina
Inc.). The Illumina 90K SNP array yielded 81,587 SNPs; of
these, 164 (0.2%) could not be assigned to known map posi-
tions. SNPs with minor allele frequencies of less than 5% or
with more than 20% of data missing were removed.

According to the chromosomes of significant SNP identi-
fied in our GWAS, seven markers were selected to scan
known Yr gene loci in our collection (Supplementary
Table S2), in order to investigate the correlation among these
gene loci and significant SNPs. The PCR reaction was carried
out in an ABI Thermal Cycler in a volume of 20 pl containing
1.0 U Taq DNA polymerase, 5 mM KCI, 1 mM Tris-HCI,
0.15 mM MgCl,, 200 uM of each dNTP, 0.5 uM of each
primer, and 80—100 ng of template DNA. The PCR reactions
were as follows: denaturation at 94 °C for 4 min, followed by
35 cycles of 94 °C for 1 min, 50-60 °C (depending on
primers) for 1 min, 72 °C for 1 min, and a final extension
for 10 min at 72 °C. PCR products were mixed with 4 ul of
the formamide loading buffer (98% formamide, 10 mM
EDTA, 0.25% bromophenol blue, 0.25% xylene cynol,
pH 8.0) and heated at 94 °C for 5 min. Each sample of 5 ul
was loaded on 6% denaturing polyacrylamide gels and run at
100 W for about 2 h and then resolved by the silver staining
method as described by Bassam et al. (1991).

Disease evaluations

Stripe rust response in the fields A total of 120 accessions
were evaluated under natural pathogen infestation conditions
in four field trials, which were carried out at three locations
(Guiyang and Hezhang in 2013, Guiyang and Mianyang in
2014). The wheat lines Avocet S and Mingxian 169 were used
as the susceptible control. Eighty seeds of each line were sown
in 60-cm-wide paired-row plots, 1.2 m in length, with 30-cm
row spacing and a 50-cm pathway between plots. Disease
severity (DS) was classified as 0, 1%, 5%, 10%, 25%, 40%,
65%, and 100% throughout the season. We evaluated the adult
plant stage, which is when the stripe rust reaction of the sus-
ceptible Mingxian169 cultivar was most severe. Infection
types (ITs) 0-0, 1, 2, 3, and 4 were characterized as immune
(IM), nearly immune (NIM), highly resistant (HR), moderate-
ly resistant (MR), moderately susceptible (MS), and highly
susceptible (HS), respectively. Cultivars with the ITs of 0-0,
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1, or 2 were classified as resistant, while those with the ITs 3 or
4 were classified as susceptible.

Stripe rust tests in the greenhouse Seedlings of the 120 ac-
cessions were evaluated for IT response to Pst races (CRY32,
CRY33) under controlled greenhouse conditions. The Pst
races were maintained at the State Key Laboratory of Crop
Stress Biology for Arid Areas, Northwest Agriculture &
Forestry University (China). Ten seeds of each accession were
planted in a plastic seedling-raising plate (540 x 280 x 80 mm,
72 holes) and grown in a growth chamber. Seedlings at the
two-leaf stage (14 days after planting) were inoculated sepa-
rately with urediniospores of each Pst. The inoculations were
carried out by brushing conidia of isolates onto the seedlings
to be tested, when the first leaf was fully expanded. Inoculated
seedlings were then placed in plastic-covered cages and incu-
bated at a temperature of 10 °C and relative humidity (RH) of
100% for 24 h. The seedlings were then transferred into a
growth chamber under identical conditions, a daily day/night
regime of 14 h light (22,000 Ix) at 17 °C and 10 h of darkness
at 10 °C with 70% RH. The host responses to the stripe rust
were recorded at least twice, approximately 18-21 days after
inoculation, when the rust had fully developed on the suscep-
tible control Mingxian 169. The disease resistance response
was recorded by IT using the methods described above for
adult plants (Li and Zeng 2002).

Data analysis

The population structure (Q matrix) was analyzed using
STRUCTURE software (version 2.3.4), with a burn-in length
of 10,000 and 10,000 Markov chain Monte Carlo iterations
for each k. Ten independent runs were carried out for each
value of k. The maximum likelihood of each k value, the
variance between the 10 runs, and the pedigree information
of each line were weighted so that we could determine the
optimal number of groups. The relative kinship (K) matrix
was calculated using TASSEL 5.0.

Linkage disequilibrium (LD) was identified using TASSEL
5.0 software. The allele frequency correlations (+*) were cal-
culated using the LD function according to Weir (1996). The
significance of pair-wise LDs (P values) was computed using
1000 permutations. The LDs were calculated separately for
loci on the same chromosome (intra-chromosomal pairs) and
unlinked loci (inter-chromosomal pairs).

GWAS was carried out separately for two Pst races and
four field environments to identify regions of chromosomes
containing Pst-resistance genes, by using a mixed linear mod-
el (MLM), including both a Q matrix for fixed effects and a K
matrix for random effects. The observed and expected P
values for each trait (Q-Q plot) were used to compare the
models and select the best model. Associations between

SNP markers and stripe rust severity were evaluated using
FarmCPU (fixed and random model circulating probability
unification), an R package for GWAS, and genome prediction
(http://zzlab.net/FarmCPU/index.html) (Liu et al. 2016). A
threshold for significant associations between SNP markers
and traits was set at 4.69 (—Log(0.5/total marker number)).
The genetic positions (cM) of the SNP markers on the chro-
mosomes were determined based on the 2015 wheat consen-
sus map (Wang et al. 2014). The marker-trait associations
were cross-referenced against all reported QTLs in the litera-
ture and the GrainGenes database (https://wheat.pw.usda.gov/
GG3/) (Chao et al. 2007). The correlation between named Yr
genes and significant SNP markers is analyzed using the
Pearson method in SPSS v20.

Results

Evaluation of stripe rust resistance of wheat
accessions

According to natural disease infestation, 120 wheat acces-
sions were evaluated for stripe rust resistance over 2 years
in four different environments. The percentage of acces-
sions with resistance differed among the environments
(Fig. 1, Supplementary Table S1). The highest percentage
of accessions (50.9%) that were immune or nearly im-
mune to stripe rust was located in Hezhang in 2013, while
the lowest (8.6%) was observed in Mianyang in 2014.
Overall, the highest percentage of accessions (80.0%)
with resistance to stripe rust was observed in Guiyang in
2014, while the lowest occurred in Mianyang in 2014
(56.8%) and Guiyang in 2013 (54%). More accessions
were resistant to CRY33 (80.0%) during the seedling
stage than to CRY32 (52.2%).

SNP statistics, LD, and structure matrix

In total, 120 wheat accessions were genotyped using a 90K
SNP iSelect assay. Finally, 42,001 SNPs with a call rate of >
0.8 and minor allele frequency (MAF) > 0.05 were selected
and used for principal component analysis (PCA), linkage
disequilibrium (LD), and GWAS (Table 1). The SNPs were
not evenly distributed, with most markers being distributed on
the B genome (16,669) and the least on the D genome
(11,573). There were seven homologous groups; the largest
number of SNPs was in group 2 (8081), and the fewest in
group 4 (4076). Of the 21 chromosomes, 2B harbored the
most markers (3329) while 4D contained the fewest markers
(961). On average, there were 2000 SNPs on each
chromosome.

We carried out LD analysis to study the wheat Q ma-
trix in more detail and lay the foundations for GWAS.
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Fig. 1 Evaluation of stripe rust resistance in 120 wheat accessions at
different trials. 2013 GY and 2013 HZ indicate the sites of Guiyang and
Hezhang in 2013, respectively, and 2014 GY and 2014 MY indicate the

Intra-chromosomal LD was estimated using the squared
allele frequency correlations (). For the whole genome,
the average #? was 0.22. For each chromosome, the
highest value of * (0.32) was on chromosome 4D, while
the lowest (0.13) was on chromosome 6D. At the intra-
chromosomal level, the LD decay based on the nonlinear
regression of 7> with respect to genetic distance was ap-
proximately 12 c¢cM in our population (Fig. 2).

According to our structure analysis, the largest value of AK
was observed at K =6, which indicates that 6 is a suitable
number of sub-populations (SP) (SP1-SP6) (Fig. 3).
Accessions in SP1 (20), SP2 (27), and SP4 (20) were mainly
derived from Guizhou and Sichuan, while those in SP3 (13)
and SP5 (20) were mainly from Guizhou; 20 accessions in
SP6 were from other regions.
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sites of Guiyang and Mianyang in 2014, respectively. CYR32 and
CYR33 are two stripe rust races which are epidemical in Southwest
China at the seedling stage

GWAS for resistance to wheat stripe rust

When the threshold —lg(p) was 4.69, a total of 16 SNPs were
found to be significantly associated with the Ps? resistance and
were mapped to 11 regions of six chromosomes (Table 2,
Fig. 4).

SNPs on chromosomes 1BL and 2BS were found to be sig-
nificantly associated with Pst resistance in at least two experi-
ments. The other nine chromosome regions were significantly
associated with Pst resistance in only one experiment. On chro-
mosome 1BL, a SNP (Excalibur_c18876 334) mapping on
64.89 cM was significant in the greenhouse experiment
(CRY32) and the three field trials (2013GY, 2013HZ, 014GY).
One SNP (RACS875 ¢5227 1385, 66.07 cM) was significant in
a greenhouse experiment (CRY33) and two SNPs



J Appl Genetics (2020) 61:37-50 4

Table 1 Distribution of single

nucleotide polymorphisms Genome  Group 1 Group2  Group 3 Group 4  Group 5 Group 6 Group 7 Total

(SNPs) on the whole wheat

genome A 1931 2443 1704 1698 1756 2145 2083 13,760
B 2111 3329 2644 1417 3156 2165 1847 16,669
D 1731 2309 1318 961 1733 1753 1767 11,572

Total 5773 8081 5666 4076 6645 6063 5697 42,001
(BS00067586_51, 60.62 cM, and wsnp_CAP11_c631_419930, SNPs, BS00079942_51 (71.24 cM) and

69.30 cM) were significant in the 2014GY field trial. The three
SNPs were located within 5 ¢cM of the SNP
(Excalibur c18876 334) and were most likely associated with
a gene that was predicted to significantly affect Pst resistance in
all experiments, except for that at the 2014MY site. A SNP on
chromosome 2BS (Kukri ¢55951 97) was found to be signifi-
cant in two field trials (2014GY and 2014MY) and was mapped
to the chromosome position of 19.6 cM.

Of the other nine chromosome regions that were signifi-
cantly associated with Ps¢ resistance in a single experiment,
two SNPs, Tdurum_ contig29087 628 and
Tdurum_contig29087 757, which were mapped to
135.96 cM on chromosome 1BL, were significant in the
2014MY field trial. Another significant SNP
(Excalibur_¢25640 110, 173.62 cM) was mapped 28 cM
away from the two SNPs mentioned above on the same chro-
mosome. Three significant SNPs, BS00086365 51
(47.2 cM), RAC875 rep c69619 78 (130.89 cM) and
TAAV7287 (151.45 cM), were detected on chromosome 2A
in two trials (2013GY and 2014GY) and in the greenhouse
experiment (CRY32). On chromosome 2B, one SNP
(BobWhite ¢32319 313), mapped to position 134.46 cM,
was significant in the 2013GY field trial. One significant
SNP (BS00009637 51) was detected on chromosome 2D at
the seedling stage with CRY32 inoculation, while another
significant SNP (TA002369-0369) was identified on chromo-
some 4A in the 2014MY trial. On chromosome 6A, two

0.6 1

y = -0.078In(x) + 0.3954
R? = 0.8873

05 {¢
04

0.3 1

LD(?)

0.2 1

0.1 1

LD decay with given physical distance (cM)

Fig.2 LD (+*) decay plot of marker pairs on all seven chromosomes as a
function of genetic distance (in cM) for the 120 wheat accessions. The
curve illustrates LD decay based on the nonlinear regression of /> on
genetic distance

wsnp Ex ¢965 1846161 (100.12 cM), were found to be sig-
nificant in the 2013HZ and 2014MY field trials.

Alignments of significant resistance loci to known Yr
genes

Correlation coefficients were calculated among the significant
SNP loci obtained in above GWAS and the molecular markers
of the known Y7 genes. For the correlation among the signif-
icant SNP loci, several significant correlations were observed,
of which two SNPs on chromosome 1B
(Tdurum_contig29087 628 and Tdurum_contig29087 757)
were significant positive correlations with » value of 0.97,
and two SNPs on different chromosomes (BS00086365 51
on 2A and Kukri ¢55951 97 on 2B) were significant negative
correlations with 7 value of 0.93. For the correlation among
the significant SNPs and the markers closely linked to known
Yr genes, markers linked to Yr/5 (Barc8) and Yr26 (Wel73)
were significantly associated with SNPs
(wsnp CAP11 c631 419930, Excalibur c18876 334, and
RACR875 ¢5227 1385); of which, markers (Wel73) linked
to Y726 and Excalibur_c18876 334 were significant positive
correlations, with » value of 0.80 (Table 3).

Discussion
Evaluation of stripe rust and resistance materials

For the virulence and frequency of wheat stripe rust races in
Southwest China, the previous research showed that Sichuan
region had the highest virulence, while Guizhou region had
the lowest virulence (Zheng 2009). We observed similar re-
sults in this study. There were 31.7%, 49.3%, and 50.9% cul-
tivars immune to local stripe rust races in the three environ-
ments in Guizhou (Guiyang in 2013 and 2014, Hezhang in
2013), but only 8.6% of the total cultivars exhibited immunity
in Sichuan (Mianyang in 2014). The reason for this could be
that a new Pst pathogen (V26) was first identified in Sichuan
province in 2009, because it was virulent to wheat cultivars
carrying the Y726 gene (Liu et al. 2012, 2015; Zhao et al.
2017). This race became the main virulent race in the epidem-
ic in Mianyang, Sichuan, in 2014, while the prevailing races in

@ Springer
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Fig. 3 The population structure K=3 K=4 K=5 K=6
of 120 wheat accessions. Delta K
is the function of & from the
structure run, and the plateau at " SP1
k= 6 indicates the number of sub-
populations in our collection,
clustering of wheat set genotypes
into six sub-groups (SP1, SP2, ‘ Sp2
SP3, SP4, SP5, and SP6). Six pie
charts represent the proportion of
varieties from different regions;
red indicates Guizhou wheat
varieties, green indicates SP3
Sichun’s, and blue indicates those
in other regions
‘ SP5
SP6
s I Guizhou
" [ Sichuan
~ [ Other regions
0_‘3 60
[}
0
) \
. =
3 5 ? 7 8 9
K

Guizhou province at that time were still CRY32 and CRY33
(Chen et al. 2016a). In our collection, six lines (0308,
Guinong18, Guinong19, Guinong28, TP3, and Guixie3) were
bred in Guizhou province, which exhibited immunity to Ps?
races in all trials. As the V26 strain continues to spread, it is
necessary to accelerate the use of these resistance sources in
future breeding programs.

Q matrix and LD analysis

According to the results of our analysis of the O matrix, the
optimal model was selected based on the observed and expect-
ed P values for each trait (Q-Q plots). The MLM model,
which is based on O and K matrices, proved to be a better fit
and thus was selected for further association analysis
(Supplementary Fig.S2). We divided the 120 accessions into
six sub-groups. However, the O matrix can be subdivided into
nine groups according to the K matrix heat map, or into three
sub-groups on the basis of geo-relationships (Supplementary
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Fig.S1). This may be explained as follows: (1) The original
sources of these materials are not clear, nor are they strictly
classified according to their geography, and could not be per-
fectly divided into three groups. (2) Most of these materials
are characterized by similar genetics to those of the outer
margin substances, such as the 6AS/6VL chromosome con-
taining the Pm2] gene, which is widespread in wheat in
Southwest China, and existing stripe rust resistance genes,
leading to unclear taxa.

The rate of decline of LD with distance depends strongly
on mating patterns and populations. Because wheat is a
strictly self-pollinating plant, LD decay is higher in wheat
than in maize. The extent of LD in different wheat
germplasms ranges from 1 to 40 ¢cM, while those in maize
(an outcrossing species) are within a few hundred bp to a
few hundred kb (Tenaillon et al. 2001; Palaisa et al. 2004;
Jung et al. 2004). In our germplasm, the genome-wide LD
decay was estimated to be approximately 12 cM at 7> values
of 0.2. Similar results have been reported in previous
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Fig. 4 Genome-wide association study of wheat stripe rust resistance. a,
b, ¢ and d indicate Manhattan plots for adult plant resistance to stripe rust
at sites of Guiyang and Hezhang in 2013, as well as Guiyang and

studies. For 482 wheat cultivars from the Australian Grains
Genebank, the LD estimates ranged from 19.4 ¢cM to
27.2 ¢cM at an #* value of 0.16 for cultivars from different
periods (Joukhadar et al. 2017). Genome-wide #* values
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Mianyang in 2014, respectively. e and f indicate Manhattan plots for
seeding stage resistance to Pst races of CRY32 and CRY33, respectively

declined rapidly to 0.2 within 10 cM among 43 US elite
wheat cultivars and breeding lines (Chao et al. 2007).
Owing to the low genetic diversity of populations, slow
LD decay has been reported in several studies. For 200
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Fig. 4 (continued)

ICARDA wheat genotypes, the LD started to decay at
values below 0.2, after 40 cM (Jighly et al. 2015). LDs with
r*=0.2 extended to distances of up to 35 ¢cM in 120 elite
facultative/winter wheat genotypes from ICARDA
(Tadesse et al. 2015). For 170 wheat lines derived from five
CIMMYT elite spring wheat, LD declines by approximately
40 cM at * values of 0.2 (Crossa et al. 2007).

f

Comparison between previous mapping genes/QTLs
for stripe rust resistance

In this study, we identified a total of 16 SNPs associated with
stripe rust resistance in our wheat accessions. These markers
were located on eleven regions of chromosomes 1B, 2A, 2B,
2D, 4A, and 6A. All six chromosomes had been previously
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Table 3 (continued)
Kukri 55951 97(2B)

0.36%*

-0.10
—0.20%*
2

0.01
0.08
—0.01

-0.12
-0.03

0.03
—-0.01

846161(6A) —0.22%

STS9/10(Yr5/2BL)
AF1/AF4 (Y79/1BL)
SC200 (Yr10/1BS)

9 313(2B)
Barc8 (Yr15/1BS)

2D)
4A)
6A)

— = = —

TA002369-0369

BobWhite ¢323
BS00009637 51
BS00079942 51
wsnp_Ex ¢965

0.24%%

-0.16
-0.07
0.10

-0.18

0.02
0.06

0.12

0.17

—0.09
-0.10

0.11

=0.17 —0.24%*
-0.06 —0.04

—0.49%%
~0.14

—0.04
0.10

0.19%*
0.04

—0.22%
0.02

0.17

-0.04
0.30%*

—-0.05
0.28%*

0.41%+

SC-372(Yr17/2AS)

0.

8**

0.2

— 0345
-0.07

Wel73 (Yr26/1BL)

0.11

0.11

Wmed4 (Y29/1BL)

*Significantly correlated at the 0.05 level

**Significantly correlated at the 0.01 level

identified as containing stripe rust resistance genes
(Maccaferri et al. 2015; Mclntosh et al. 2017). Compared with
the significant genes/QTLs identified in the current study to
those reported in the literature, we found that several signifi-
cant SNP loci have been mapped to similar positions of
known Pst-resistance genes (Wang et al. 2008; Sun et al.
2010; Quan et al. 2013; Ren et al. 2012; Rosewarne et al.
2012; Maccaferri et al. 2015; Chen et al. 2016b).

One region (at about 65 cM) on chromosome 1BL was
significantly associated with Ps? resistance in greenhouse tests
of the two Pst races (CRY32, CRY33) as well as natural in-
festation in three field trials (2013GY, 2014GY, 2013HZ). The
SNP (Excalibur_c18876 334, 64.89 cM) was significant in
the greenhouse experiment (CRY32) and the three environ-
ments, with an 7 value from 0.48 to 0.54. At present, two
ASR genes have been reported on 1BL (YrExpl and Yr26)
(Lin and Chen 2008; Wang et al. 2008), and only Y726 ex-
hibits high resistance to races CRY32 and CRY33 (Zeng et al.
2015). The correlation analysis results showed that Pearson’s
coefficient » value was 0.80 (at the significant level of 0.01)
between the Yr26 linked marker wel73 (1.4 ¢cM) and the
Excalibur c18876 334, and we concluded that the SNP loci
are most likely to closely link to gene Yr26. Another SNP
(RACS875 _¢5227 1385) in this region also showed significant
correlated with wel 73 at r value of 0.48 and suggested that it
may be linked to Y726 gene loci. In Mianyang, Sichuan prov-
ince (2014MY), the prevailing Pst races were CRY32,
CRY33, and V26; the two SNPs mentioned above were not
detected because varieties carrying gene Yr26 has lost resis-
tance to the V26 race. However, another region on chromo-
some 1BL, including two SNPs (Tdurum_contig29087 628,
Tdurum_contig29087 757) at the same position (135.96 cM),
was significantly associated with Ps¢ resistance in the
2014MY field trials. Two genes (Y729 and YrExp2) were re-
ported on chromosome 1BL and confer APR to Pst races
(William et al. 2003; Chen et al. 2014). Y729 is susceptible
to race V26, while YrExp! exhibits resistance to V26 when
combined with gene YrExp2 (Zeng et al. 2015). Thus, the two
SNPs may be linked to YrExpI. As this gene/QTL was detect-
ed in Mianyang in 2014, this result is highly relevant to wheat-
resistant breeding in Southwestern China. This should be in-
vestigated in more detail in the future.

Yr10 and Yr15 were both mapped to chromosome 1BS in
previous studies (Wang et al. 2002; Sun et al. 2010). However,
Yr10 and Yri5 are rarely used in China. In 1980, only two
lines of Chinese wheat landraces and foreign germplasms car-
ried Y710 and none carried Yr15 (Han et al. 2012). Yr/0 and
Yr15 were not detected in 75 Chinese commercial wheat cul-
tivars (Zhang et al. 2014). Only 8% and 0% from
Southwestern China carried Y710 and Yrl5, respectively
(Chen et al. 2016a). In our study, one SNP
(BS00067586 51, 60.62 cM) on chromosome 1BS was found
to be significantly associated with Pst resistance at Guiyang in
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2014, which was in the vicinity of a SNP
(Excalibur c18876 334, 64.89 cM) closely linked to Y726.
According to the results of correlation analysis, SNP
(BS00067586_51) was not linked to genes Yr/0 and Yri5,
so it could be associated with a QTL for Pst resistance report-
ed in this region (Quan et al. 2013; Ren et al. 2012; Rosewarne
etal. 2012).

In this study, one SNP on chromosome 2A and two SNPs
on chromosome 2B were significant at three sites (2013GY,
2013HZ, 2014GY). One very significant SNP
(Kukri_¢55951 97, 19.16 ¢cM) on chromosome 2BS was
identified at two sites (2013HZ, 2014GY), while SNP
(BS00086365 51, 2A) was significant at the site 2013GY.
Strangely, correlation analysis showed the two SNPs showed
significantly negative association at  value of 0.93, so it was
very likely that they were located at the same site. The known
ASR Yr genes on chromosome 2BS had lost resistance to
CYR32 and CYR33, and the two SNPs might be significantly
associated with the QTLs for Pst resistance on this chromo-
some region (Rosewarne et al. 2008; Guo et al. 2008;
Dedryver et al. 2009; Dolores et al. 2012). Another SNP
(BobWhite ¢32319 313, 134.46 cM) on chromosome 2BL
was significant at Guiyang in 2013. On this chromosome,
previous studies have shown that Y75 from 7. spelta still ex-
hibited high resistance against CYR32 and CRY33 (Macer
1966; Sun et al. 2002). However, Y75 was rarely used and
almost undetectable in wheat cultivars and germplasms in
China (Han et al. 2012; Zhang et al. 2014), and our correlation
analysis also confirmed that SNP (BobWhite ¢32319 313)
did not show significant correlation with marker linked to
Yr5 gene. Moreover, Yr3a was also reported in the distal re-
gion of chromosome 2BL (Chen et al. 1996; Maccaferri et al.
2015), and exhibits resistance to the races CRY32, CRY33,
and V26 when pyramiding with other Y genes (Zeng et al.
2015). Therefore, SNP (BobWhite ¢32319 313) is likely to
be associated with gene Y73, but further allelism tests will be
required to confirm these results.

Yr51 and some QTLs have previously been mapped to the
long arm of chromosome 4A (Chen et al. 2012; Ramburan
et al. 2004). In a similar region, SNP (TA002369-0369) was
significantly associated with Pst resistance at 2014MY in this
study, which could mean that it is linked to the genes or QTLs
mentioned above. Additional allelism tests will be required to
confirm these results.

Until now, no Yr genes were previously mapped onto
chromosome 6AL, but some QTLs for Pst resistance were
identified in this region (Lillemo et al. 2008; Prins et al.
2010; Lan et al. 2014). In this study, two SNPs on chro-
mosome 6AL were significant at trials in Guiyang and
Mianyang in 2014. SNP (BS00079942 51) was located
at the position 71.24 cM at 2014GY, while SNP
(wsnp_Ex ¢c965 1846161) was at the position of
100.12 ¢cM at 2014MY. One of the two SNPs was

@ Springer

significantly associated with a QTL for Pst resistance,
which might correspond to the QTLs mentioned above.

The epidemic Pst races at three sites (2013GY,
2014GY, 2013HZ) were basically the same prior to
2009, mainly comprising CYR32 and CYR33, but those
in Mianyang in Sichuan province have mostly included
CRY32, CRY33, and V26 since 2010 (Liu et al. 2012,
2015; Chen et al. 2016a). Therefore, the loci detected in
Mianyang were different from those detected at the other
three sites in Guizhou province. In this study, four SNPs
on three chromosomal regions were significantly associat-
ed with Pst resistance at Mianyang in 2014; these were
located on chromosomes 1BL, 4AL, and 6AL. The four
SNPs were likely to be associated with new QTLs/genes
that confer resistance to race V26. Further studies will be
required to confirm this hypothesis. Y76/ on chromosome
7AS exhibited high ASR to currently prevalent Ps¢ races
in China (Zhou et al. 2014; Zeng et al. 2015), but none of
the SNPs was detected on chromosome 7A in our germ-
plasm. As the V26 race continues to spread, it is necessary
to accelerate the use of effective genes (Yr/0, Yrl5, and
Yr61) by using marker-assisted selection (MAS) in breed-
ing programs. We also need to discover more resistance
genes by transferring new genes from wild wheat
relatives.

Our study demonstrates that most of Guizhou winter wheat
accessions have high levels of stripe rust resistance, which
could help to broaden the genetic resistance base of winter
wheat breeding programs in southwestern China. For the ac-
cessions that we identified as carrying resistance to rust path-
ogens, further work is required to develop bi-parental popula-
tions of accessions to validate the resistance loci and develop
user-friendly, tightly linked markers that can be employed to
accelerate the incorporation of novel resistance into elite
breeding wheat lines.

Acknowledgments We greatly appreciate Dr. WU Xun for his help in the
analysis of data.

Author contribution statement Cheng Bin analyzed data and wrote the
manuscript. Chen Tianqging and Gao Xu performed resistance evaluation.
Cao Ning, Ding Yanqing, and Gao Yu scanned molecular marker. Zhang
Liyi and Xin Zhihai conceived, designed the experiments, and revised the
manuscript.

Funding information This work was funded by grants from the National
Natural Science Foundation of China (31660393), Youth Science
Foundation of Guizhou Academy of Agricultural Sciences ([2018]02),
Natural Science Foundation of Guizhou Province ([2016]1147), and
Construction of Innovation Platform for Germplasm Resources of
Upland Food Crops in Guizhou Province (QKZYD [2018]4003).

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.



J Appl Genetics (2020) 61:37-50

49

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bassam BJ, Caetano-Anollés G, Gresshoff PM (1991) Fast and sensitive
silver staining of DNA in polyacrylamide gels. Anal Biochem 196:
80-83

Chao S, Zhang W, Dubcovsky J, Sorrells M (2007) Evaluation of genetic
diversity and genome-wide linkage disequilibrium among US wheat
(Triticum aestivum L.) germplasm representing different market
classes. Crop Sci 47:1018-1030

Chen JL, Souza EJ, Guttieri MJ, Chen XM, Xu S, Hole D, Zemetra R
(2012) Genome-wide identification of QTL conferring high-
temperature adult-plant (HTAP) resistance to stripe rust (Puccinia
striiformis f. sp. tritici) in wheat. Mol Breed 29:791-800

Chen TQ, Huang F, Li WZ, Wang W, Zhang AM, Zhang LY (2016a)
Diversity of stripe rust resistance genes in wheat cultivars from
southwestern China. J Plant Protec 43:184—192 (in Chinese)

Chen W, Wu SP, Zhan GG, Wang W, He QC (2016b) Identification and
analysis of physiological races of wheat stripe rust in Guizhou.
Jiangsu Agric Sci 44(9):155-157 (in Chinese)

Chen X, Jones SS, Line RF (1996) Chromosomal location of genes for
resistance to Puccinia striiformis in seven wheat cultivars with resis-
tance genes at the Yr3 and Yr4 loci. Phytopathology 86:1228-1233

Crossa J, Burgueio J, Dreisigacker S, Vargas M, Herrerafoessel SA,
Lillemo M, Singh RP, Trethowan R, Warburton M, Franco J,
Reynolds M, Crouch JH, Ortiz R (2007) Association analysis of
historical bread wheat germplasm using additive genetic covariance
of relatives and population structure. Genetics 177:1889-1913

Dedryver F, Paillard S, Mallard S, Robert O, Trottet M, Negre S,
Verplancke G, Jahier J (2009) Characterization of genetic compo-
nents involved in durable resistance to stripe rust in the bread wheat
‘Renan’. Phytopathology 99:968-973

Dolores VM, James PC, Rieralizarazu O, Chen X, Heesacker A, Ammar
K, Crossa J, Mundt CC (2012) Genetic analysis of adult plant, quan-
titative resistance to stripe rust in wheat cultivar ‘Stephens’ in multi-
environment trials. Theor Appl Gen 124:1-11

Guo Q, Zhang ZJ, Xu YB, Li GH, Feng J, Zhou Y (2008) Quantitative
trait loci for high-temperature adult-plant and slow-rusting resis-
tance to Puccinia striiformis f. sp. tritici in wheat cultivars.
Phytopathology 98:803-809

Han DJ, Zhang PY, Wang QL, Zeng QD, Wu JH, Zhou XL, Wang X1,
Huang LL, Kang ZS (2012) Identification and evaluation of resis-
tance to stripe rust in 1980 wheat landraces and abroad germplasm.
Sci Agric Sin 45:5013-5023 (in Chinese)

Jighly A, Oyiga BC, Makdis F, Nazari K, Youssef O, Tadesse W, Abdalla
0O, Ogbonnaya FC (2015) Genome-wide DArT and SNP scan for
QTL associated with resistance to stripe rust (Puccinia striiformis f.
sp. tritici) in elite ICARDA wheat (Triticum aestivum L.) germ-
plasm. Theor Appl Gen 128:1277-1295

Jung M, Ching A, Bhattramakki D, Dolan M, Tingey S, Morgante M,
Rafalski A (2004) Linkage disequilibrium and sequence diversity in
a 500-kbp region around the adh1 locus in elite maize germplasm.
Theor Appl Genet 109:681-689

Joukhadar R, Daetwyler HD, Bansal UK, Gendall AR, Hayden MJ
(2017) Genetic diversity, population structure and ancestral origin
of Australian wheat. Front Plant Sci 8:2115

Lan C, Rosewarne GM, Singh RP, Herrerafoessel SA, Huertaespino J,
Basnet BR, Zhang Y, Yang E (2014) QTL characterization of resis-
tance to leaf rust and stripe rust in the spring wheat line Francolin#1.
Mol Breed 34:789-803

Li ZQ, Zeng SM (2002) Wheat rust in China (in Chinese). China
Agriculture Press, Beijing

Lillemo M, Asalf B, Singh RP, Huerta-Espino J, Chen XM, He ZH,
Bjomstad A (2008) The adult plant rust resistance loci Lr34/Yri8
and Lr46/Yr29 are important determinants of partial resistance to
powdery mildew in bread wheat line Saar. Theor Appl Gen 116:
1155-1166

Lin F, Chen XM (2008) Molecular mapping of genes for race-specific
overall resistance to stripe rust in wheat cultivar express. Theor Appl
Gen 116:797-806

Liu TG, Wang BT, Jia QZ, Zhang ZY, Li Q, Cao SQ, Peng YL, Jin SL, Li
MJ, Liu B, Gao L, Hu XP, Chen WQ (2012) Physiologic speciali-
zation of Puccinia striiformis f.sp.tritici in China during 2010-2011.
J Triticeae Crop 32:574-578 (in Chinese)

Liu TG, Zhang ZY, Liu B, Gao L, Peng YL, Chen WQ (2015) Detection
of virulence to Y726 and pathogenicity to Chinese commercial win-
ter wheat cultivars at seedling stage. Acta Phytopathol Sin 45:41-47
(in Chinese)

Liu X, Huang M, Fan B, Buckler ES, Zhang Z (2016) Iterative usage of
fixed and random effect models for powerful and efficient genome-
wide association studies. PLoS Genet 12:¢1005767

Liu W, Maccaferri M, Rynearson S, Letta T, Zegeye H, Tuberosa R, Chen
X, Pumphrey M (2017) Novel sources of stripe rust resistance iden-
tified by genome-wide association mapping in Ethiopian durum
wheat (Triticum turgidum ssp. durum). Front Plant Sci 8:774

Maccaferri M, Zhang J, Bulli P, Abate Z, Chao S, Cantu D, Bossolini E,
Chen X, Pumphrey M, Dubcovsky J (2015) A genome-wide asso-
ciation study of resistance to stripe rust (Puccinia striiformis f. sp.
tritici) in a worldwide collection of hexaploid spring wheat (7riticum
aestivum L.). G3 Gen Gen 5:449-465

Macer RCF (1966) The formal and monosomic genetic analysis of stripe
rust (Puccinia striiformis) resistance in wheat. In: Machey J(ed)
Proceedings of the 2™ international wheat genetics symposium,
Lund, Sweden 1963. Hereditas Suppl 2, pp127-142

Mclntosh RA, Dubcovsky J, Rogers WJ, Morris C, Appels R, Xia XC
(2014) Catalogue of gene symbols for wheat 2013-2014 supple-
ment. https://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/
supplement2013.pdf

MclIntosh RA, Dubcovsky J, Rogers WJ, Morris C, Xia XC (2017)
Catalogue of gene symbols for wheat: 2017 supplement. https://
www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/
supplement2017.pdf

Muleta KT, Rouse MN, Rynearson S, Chen X, Buta BG, Pumphrey MO
(2017a) Characterization of molecular diversity and genome-wide
mapping of loci associated with resistance to stripe rust and stem rust
in Ethiopian bread wheat accessions. BMC Plant Biol 17:134

Muleta KT, Bulli P, Rynearson S, Chen X, Pumphrey M (2017b) Loci
associated with resistance to stripe rust (Puccinia striiformis f. sp.
tritici) in a core collection of spring wheat (7riticum aestivum). Plos
One 12:¢0179087

Naruoka Y, Garland-Campbell KA, Carter AH (2015) Genome-wide as-
sociation mapping for stripe rust (Puccinia striiformis f. sp. tritici) in
US Pacific Northwest winter wheat (7riticum aestivum L.). Theor
Appl Gen 128:1083-1101

@ Springer


https://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2013.pdf
https://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2013.pdf
https://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2017.pdf
https://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2017.pdf
https://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2017.pdf

50

J Appl Genetics (2020) 61:37-50

Palaisa K, Morgante M, Tingey S, Rafalski A (2004) Long-range patterns
of diversity and linkage disequilibrium surrounding the maize Y/
gene are indicative of an asymmetric selective sweep. Proc Natl
Acad Sci U S A 101:9885-9890

Prins R, Pretorius ZA, Bender CM, Lehmensiek A (2010) QTL mapping
of stripe, leaf and stem rust resistance genes in a KariegaxAvocet S
doubled haploid wheat population. Mol Breed 27:259-270

Quan W, Hou G, Chen J, Du Z, Lin F, Guo Y, Liu S, Zhang Z (2013)
Mapping of QTL lengthening the latent period of Puccinia
striiformis in winter wheat at the tillering growth stage. Eur J Plant
Pathol 136:715-727

Ramburan VP, Pretorius ZA, Louw JH, Boyd LA, Smith PH, Boshoff
WH, Prins R (2004) A genetic analysis of adult plant resistance to
stripe rust in the wheat cultivar Kariega. Theor Appl Gen 108:1426—
1433

Ren Y, He ZH, LiJ, Lillemo M, Wu L, Bai B, Lu QX, Zhu HZ, Zhou G,
DuJY (2012) QTL mapping of adult-plant resistance to stripe rust in
a population derived from common wheat cultivars Naxos and
Shanghai 3/Catbird. Theor Appl Gen 125:1211-1221

Rosewarne GM, Singh RP, Huerta-Espino J, Rebetzke GJ (2008)
Quantitative trait loci for slow-rusting resistance in wheat to leaf rust
and stripe rust identified with multi-environment analysis. Theor
Appl Gen 116:1027-1034

Rosewarne GM, Singh RP, Huerta-Espino J, Herrera-Foessel SA, Forrest
KL, Hayden MJ, Rebetzke GJ (2012) Analysis of leaf and stripe rust
severities reveals pathotype changes and multiple minor QTLs as-
sociated with resistance in an Avocet x Pastor wheat population.
Theor Appl Gen 124:1283-1294

Saghai-Maroof M, Soliman K, Jorgensen RA, Allard R (1984)
Ribosomal DNA spacer-length polymorphisms in barley:
Mendelian inheritance, chromosomal location, and population dy-
namics. Proc Natl Acad Sci U S A 81:8014-8018

Solh MNK, Tadesse W, Wellings CR (2012) The growing threat of stripe
rust worldwide. Borlaug Global Rust Initiative (BGRI) Technical
Workshop, Beijing, pp 1-4

Sun Q, Wei Y, Ni Z, Xie C, Yang T (2002) Microsatellite marker for
yellow rust resistance gene Yr5 in wheat from spelt wheat. Plant
Breeding 121:539-541

Sun Q, Wei Y, Ni Z, Xie C, Yang T (2010) Microsatellite marker for
yellow rust resistance gene Y75 in wheat introgressed from spelt
wheat. Plant Breed 121:539-541

Tadesse W, Ogbonnaya FC, Jighly A, Sanchezgarcia M, Sohail Q,
Rajaram S, Baum M (2015) Genome-wide association mapping of
yield and grain quality traits in winter wheat genotypes. PLoS One
10:¢0141339

Tenaillon MI, Sawkins MC, Long AD, Gaut RL, Doebley JF, Gaut BS
(2001) Patterns of DNA sequence polymorphism along chromo-
some 1 of maize (Zea mays ssp. mays L.). Proc Natl Acad Sci U S
A 98:9161-9166

@ Springer

Wan A, Zhao Z, Chen X, He Z, Jin S, Jia Q, Yao G, Yang J, Wang B, Li G
(2004) Wheat stripe rust epidemic and virulence of Puccinia
striiformis f. sp. tritici in China in 2002. Plant Dis 88:896-904

Wang L, Ma J, Zhou R, Wang X, Jia J (2002) Molecular tagging of the
yellow rust resistance gene Y10 in common wheat, P.1.178383
(Triticum aestivum L.). Euphytica 124:71-73

Wang C, Zhang Y, Han D, Kang Z, Li G, Cao A, Chen P (2008) SSR and
STS markers for wheat stripe rust resistance gene Y726. Euphytica
159:359-366

Wang S, Wong D, Forrest K, Allen A, Chao S, Huang BE, Maccaferri M,
Salvi S, Milner SG, Cattivelli L (2014) Characterization of poly-
ploid wheat genomic diversity using a high-density 90,000 single
nucleotide polymorphism array. Plant Biotechnol J 12:787-796

Weir BS (1996) Genetic data analysis II Sinauer. Sunderland,
Massachusetts

Wellings CR (2011) Global status of stripe rust: a review of historical and
current threats. Euphytica 179:129-141

William M, Singh RP, Huerta-Espino J, Islas SO, Hoisington D (2003)
Molecular marker mapping of leaf rust resistance gene Lr46 and its
association with stripe rust resistance gene Yr29 in wheat.
Phytopathology 93:153-159

Zegeye H, Rasheed A, Makdis F, Badebo A, Ogbonnaya FC (2014)
Genome-wide association mapping for seedling and adult plant re-
sistance to stripe rust in synthetic hexaploid wheat. PLoS One 9:
e105593

Zeng QD, Shen C, Yuan FP, Wang QL, Wu JH, Xue WB, Zhan GM, Yao
S, Chen W, Huang LL, Han DJ, Kang ZS (2015) The resistance
evaluation of the Yr genes to the main prevalent pathotypes of
Puccini a striiformis f. sp. tritici in China. Acta Phytopathol Sin
45:641-650

Zhang YW, Liu TG, Liu B, Gao L, Chen WQ (2014) Gene postulation of
stripe rust resistance genes of 75 Chinese commercial wheat culti-
vars. Acta Phytopathol Sin 41:45-53 (in Chinese)

Zhao YY, Zheng D, Zuo SX, Zhao J, Huang LL, Kang ZS (2017)
Surveillance of pathogenic group of Puccinia striiformis f. sp. tritici
virulent to Gui-nong 22 in western Central Shaanxi. Acta
Phytopathol Sin 47:122-127 (in Chinese)

Zheng DY (2009) Virulence analysis of wheat stripe rust population
southwest of China. Master Thesis. Chengdu: Sichuan
Agricultural University (in Chinese)

Zhou XL, Han DJ, Chen XM, Gou HL, Guo SJ, Rong L, Wang QL,
Huang LL, Kang ZS (2014) Characterization and molecular map-
ping of stripe rust resistance gene Y61 in winter wheat cultivar
Pindong 34. Theor Appl Gen 127:2349-2358

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Genome-wide association analysis of stripe rust resistance loci in wheat accessions from southwestern China
	Abstract
	Introduction
	Materials and methods
	Plant materials
	DNA extraction, genotyping, and known Yr gene detection
	Disease evaluations

	Data analysis
	Results
	Evaluation of stripe rust resistance of wheat accessions
	SNP statistics, LD, and structure matrix
	GWAS for resistance to wheat stripe rust
	Alignments of significant resistance loci to known Yr genes

	Discussion
	Evaluation of stripe rust and resistance materials
	Q matrix and LD analysis
	Comparison between previous mapping genes/QTLs for stripe rust resistance

	References


