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Stripe rust (caused by Puccinia striiformis f. sp. tritici) is one of the most severe
diseases affecting wheat production. The disease is best controlled by developing
and growing resistant cultivars. Chinese wheat (Triticum aestivum) landraces have
excellent resistance to stripe rust. The objectives of this study were to identify wheat
landraces with stable resistance and map quantitative trait loci (QTL) for resistance to
stripe rust from 271 Chinese wheat landraces using a genome-wide association study
(GWAS) approach. The landraces were phenotyped for stripe rust responses at the
seedling stage with two predominant Chinese races of P. striiformis f. sp. tritici in a
greenhouse and the adult-plant stage in four field environments and genotyped using the
660K wheat single-nucleotide polymorphism (SNP) array. Thirteen landraces with stable
resistance were identified, and 17 QTL, including eight associated to all-stage resistance
and nine to adult-plant resistance, were mapped on chromosomes 1A, 1B, 2A, 2D, 3A,
3B, 5A, 5B, 6D, and 7A. These QTL explained 6.06–16.46% of the phenotypic variation.
Five of the QTL, QYrCL.sicau-3AL, QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, QYrCL.sicau-
5AL.1 and QYrCL.sicau-7AL, were likely new. Five Kompetitive allele specific PCR
(KASP) markers for four of the QTL were converted from the significant SNP markers.
The identified wheat landraces with stable resistance to stripe rust, significant QTL, and
KASP markers should be useful for breeding wheat cultivars with durable resistance to
stripe rust.

Keywords: wheat landraces, resistance, stripe rust, GWAS, KASP markers

INTRODUCTION

Stripe rust (also called yellow rust), caused by Puccinia striiformis f. sp. tritici (Pst), is a serious
disease of wheat worldwide. The fungal pathogen produces yellow to orange-colored uredinia
mainly on leaf blades, but also on leaf sheaths, stems, glumes, awns and young kernels of susceptible
plants (Chen et al., 2014). After seedling stage, uredinia tend to form in stripes, but whole leaves
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can be covered by uredinia. When leaves are covered by uredinia,
photosynthesis is seriously reduced and the continual production
of urediniospores sucks water and nutrients from host plants,
reducing plant growth, the numbers of tillers and grains per spike
and test weight. The disease can cause up to 100% loss of grain
yield in fields planted with highly susceptible cultivars under
extremely stripe rust favorable weather conditions (Chen, 2005).
As Pst urediniospores are capable of long-distance dispersal by
wind, stripe rust can cause large-scale epidemics. The fungal
pathogen evolves fast through mutation, somatic hybridization
and even sexual recombination in some regions of the world
(Chen and Kang, 2017), producing new races that may overcome
race-specific resistance genes deployed in wheat cultivars. Thus,
stripe rust is a continual threat to wheat production in all wheat-
growing regions of the world (Stubbs, 1985; Chen, 2005; Wang
and Chen, 2015; Cheng et al., 2016). Planting resistant cultivars
and timely applying fungicides are two major methods for control
of stripe rust. However, the former is more economical, easier for
farmers and more friendly for the environment (Chen, 2005).

In China, 34 formally named Pst races (CYR1 - CYR34) and
several dozens of informally named races, so-called “pathotypes”
(e.g., Luo-10, Luo-13, Hybrid, Gui-22, and Su-ll), have been
identified since the 1950s (Zhan et al., 2011). On average, a
new Pst race appears in about 1.6 years, while developing a new
wheat cultivar needs eight or more years. Since 1950, major
wheat cultivars have been replaced eight times in China, mainly
because their stripe rust resistances were overcome by new Pst
races (Liu et al., 2017). Due to the long-term use of a limited
number of major genetic stocks in breeding programs, the recent
cultivars have a low level of genetic diversity because of their
narrow genetic background. The small number of race-specific
resistance genes in the current cultivars quickly puts selection
pressure on Pst for developing new races. For example, wheat
cultivar Fan-6 and its derivative cultivars have been widely used
in breeding and production in Sichuan province for 30 years,
and the emergence of Pst race CYR32 and related “pathotypes”
have overcome the resistance in the Fan-6 series, leading to
several outbreaks of stripe rust. More than 90% of the cultivars
with Fan-6 in their pedigrees became susceptible to stripe rust,
resulting in yield losses of 120 million kg wheat grain (Li, 2015).
More recently, the increase of race CYR34 in the Pst population
in China, especially in Sichuan province, has circumvented
the Yr26 resistance in many cultivars (Liu et al., 2017). It is
urgent to identify new resistance resources and use them in
breeding programs for developing resistant cultivars with diverse
resistance for sustainable control of stripe rust.

In recent years, genome-wide association studies (GWAS)
have been successfully used to provide insights into genetic
architecture for phenotypes and to identify quantitative trait loci
(QTL) that are significantly associated with stripe rust (Zegeye
et al., 2014; Bulli et al., 2016; Zhou et al., 2017; Yao et al., 2019;
Liu et al., 2020). Compared to the traditional QTL mapping using
bi-parental populations, GWAS can analyze allelic diversity and
recombination events present in diverse population panels and
identify and map trait-associated QTL in a relatively effective
way. To get accurate association loci of interested traits, like stripe
rust resistance, using the GWAS approach, it is important to

genotype the population using a high-density and high-coverage
marker array, as well as to obtain multiple sets of accurate
phenotypic data.

Simple sequence repeat (SSR), diversity array technology
(DArT) and single-nucleotide polymorphism (SNP) are the main
marker technologies commonly used for genotyping (Boukhatem
et al., 2002; Chen, 2005; Lan et al., 2010; Zhou et al., 2017; Yao
et al., 2020). Compared to other types of markers, SNP markers
have relatively high density, capability for high-throughput and
commercialization and flexibility, and relatively low cost as they
can be easily arranged into arrays or platforms (Sun et al.,
2020). To date, the widely used wheat SNP arrays include
the Illumina 9K iSelect array (Cavanagh et al., 2013), Illumina
90K iSelect array (Wang et al., 2014), 15K array (Boeven
et al., 2016), Axiom 660K array, 55K array, Axiom HD 820K
array (Winfield et al., 2016), Breeders’ 35K Axiom array (Allen
et al., 2017) and 50K Triticum Trait Breed array (Rasheed
and Xia, 2019). In comparison of the seven widely used wheat
SNP arrays (excluding the 50K array) in terms of their SNP
number, distribution, density, associated genes, heterozygosity
and application, Sun et al. (2020) reported that the 660K SNP
array contains the highest percentage (99.05%) of genome-
specific SNPs with reliable physical positions. The 660K SNP
array has been widely used in GWAS and QTL mapping (Wu
et al., 2018; Zhou et al., 2018). Thus, we used this array in
the present study.

The objectives of this study were to (1) screen Chinese wheat
landraces for resistance to stripe rust, (2) map QTL significantly
associated with stripe rust resistance using the GWAS approach
and the Wheat 660K SNP array and (3) develop KASP markers
that can be used for marker-assistant selection (MAS).

MATERIALS AND METHODS

Plant Materials
The wheat panel used in this study consisted of 271 Chinese
landrace accessions obtained from the Chinese Academy of
Agricultural Sciences. The accessions were originally from 10
wheat production zones of China, as shown in Supplementary
Figure 1. The information on name, identification and origin of
province and wheat production zones for the landraces, as well
as their subpopulations and stripe rust response data obtained
in this study, is provided in Supplementary Table 1. Two
susceptible lines, Avocet S and SY95-71, from Triticeae Research
Institute, Sichuan Agricultural University, were included as
susceptible checks in both greenhouse and field tests and also as
stripe rust spreaders in the field experiments.

Field Evaluation of Stripe Rust
Resistance at the Adult-Plant Stage
To evaluate the stripe rust response of the wheat landrace
panel at the adult-plant stage, field experiments were conducted
under artificial inoculation in the 2015–2016 (16CZ), 2016–2017
(17CZ), and 2017–2018 (18CZ) growing seasons in Chongzhou
(CZ, 30◦32′N, 103◦39′E) and in the 2015–2016 (16MY) growing
season in Mianyang (MY, 31◦48′N, 104◦73′E), Sichuan province.
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TABLE 1 | The stripe rust response summary of the 271 Chinese wheat landraces at the adult plant stagea.

Trait Environment Min Max Mean STDEV CV H2

Seedling IT CYR32 0 9 7.42 1.32 0.18 –

CYR34 0 9 7.67 1.32 0.17 –

AUDPC 16CZ 0 14.00 3.42 3.05 0.89

16MY 0 14.00 3.51 3.50 1.00

17CZ 0 13.30 3.19 3.40 1.06 0.66

18CZ 0 13.58 3.01 2.95 0.98

BLUE 0 12.50 2.96 2.55 0.86

DS (%) 16CZ 0 100 46.15 34.27 0.74

16MY 0 100 36.50 32.65 0.89

17CZ 0 100 31.77 33.00 1.04 0.90

18CZ 0 100 42.40 32.76 0.77

BLUE 0 100 34.70 25.02 0.72

IT 16CZ 0 9 6.45 2.45 0.38

16MY 0 9 6.20 2.12 0.34

17CZ 0 9 5.54 2.71 0.49 0.74

18CZ 0 9 6.80 2.13 0.31

19CZ 0 9 6.28 2.19 0.35

BLUE 1 9 6.08 1.94 0.32

aMin, minimum; Max, maximum; STDEV, standard deviation; H2, broad-sense heritability; –, not applicable as the test did not have repeats.

All 271 accessions were planted in a randomized block design
with three replications at each environment. About 20 seeds were
sown in rows of 2.0 m long and 0.3 m apart. Avocet S and
SY95-71 were planted every 20 rows as susceptible checks and
surrounding the nursery for increasing stripe rust pressure. The
mixture of eight Pst isolates representing races CYR34, CYR33,
CYR32, CYR31, G22-14, Sull-4, Sull-5, and Sull-7 each with an
equal quantity of urediniospores was used for inoculating the
fields when the plants grew to the fourth leaf stage (Zadoks
growth stage 23) (Zadoks et al., 1974). The avirulence/virulence
formulae of the isolates are provided in Supplementary Table 2.
Disease severity (DS) were recorded three times starting at the
boot stage (Zadoks 45) with 7-day intervals as described in our
previous study (Yao et al., 2020). Stripe rust infection type (IT)
was estimated using the 0–9 scale (Line and Qayoum, 1992). DS
was assessed as the percentage of infected leaf, and the final DS at
the milk stage (Zadoks 11) was used for various analyses. The area
under the disease progress curve (AUDPC) value was calculated
for each accession using the three sets of DS data according to the
formula: AUDPC = 6i[(xi + xi+1)/2]ti, where xi is the severity
value on date i and ti the time in days between dates i and i + 1
(Lin and Chen, 2007). The IT data of the greenhouse seedling
tests and the final IT and DS data together with the AUDPC data
calculated from the three sets of DS data of adult-plant stages in
the field tests for the 271 Chinese wheat landraces were provided
in Supplementary Table 1.

Greenhouse Evaluation of Stripe Rust
Response at the Seedling Stage
The evaluation of the seedling response to stripe rust was carried
out in the Gansu Academy of Agriculture Sciences. Two Pst races,
CYR32 and CYR34, were used in the seedling tests. For each
accession, 10–15 seeds were planted in plastic pots of 10 cm in

diameter and 10 cm in height and grown in a rust-free growth
chamber. After 10–14 days, plants were inoculated with fresh
urediniospores mixed with 2% Tween 20 (Sigma-Aldrich, St.
Louis, MO, United States) water solution and put in a dew
chamber in darkness for 24 h and then transferred to a growth
chamber at 14± 3◦C with 10–14 h of light (660 µmol/m2/s) daily.
After 18–22 days when Pst was fully sporulating on susceptible
checks, IT was recorded using the same method as described for
the field tests. The resistant accessions with IT 0–3 were re-tested
with the same isolate to validate the responses.

Phenotypic Data Analysis
To display the distribution of stripe rust responses (DS, IT, and
AUDPC), violin plots were drawn using the ggplot2 package in
the R program V3.6.2 (Wickham et al., 2016). The maximum
(Max), minimum (Min), mean, standard deviation (Stdev)
and coefficient of variation (CV) values were calculated for
each environment. The best linear unbiased estimator (BLUE)
value for each trait was calculated using the data across all
environments when genotype was considered as a fixed effect in
the model using QTL IciMapping (Meng et al., 2015). Pearson
correlation coefficients for DS, IT and AUDPC between and
across environments were calculated and graphed using the
corrplot package in the R program (Wei et al., 2017). The
broad-sense heritability (H2) values of stripe rust responses were
estimated for all environments using PROC MIXED COVTEST
in SAS V8.0 (SAS Institute Inc., Cary, NC, United States)
and formula: H2 = σ2

G/[σ2
G + σ2

E×G/n + σ2
e/rn], where

σ2
G is the variance of genotypes, σ2

G×E the variance of the
interaction between genotype and environment, σ2

e the variance
of residuals, n the number of environments and r the number
of replicates per environment. Genotype, environment and the
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FIGURE 1 | Phenotypic distribution of the 271 Chinese wheat landraces. (A) Disease severity (DS, %), (B) infection type (IT), and (C) area under the disease
progress curve (AUDPC). For the environments combined with years and locations, 16 = 2016, 17 = 2017, 18 = 2018; CZ, Chongzhou; MY, Mianyang; and BLUE,
best linear unbiased estimator using the data of all environments. CYR32 and CYR34 are races used in the seedling tests.

genotype × environment interaction were treated as random
factors (Piepho and Möhring, 2007).

DNA Extraction and Genotyping
Genomic DNA of the 271 accessions were extracted from
seedlings using a modified cetyltrimethylammonium bromide
method as described in our previous study (Yao et al., 2019).
Genotypic characterization used the Axiom R Wheat 660K SNP
array (Affymetrix, Santa Clara, CA, United States). A total of
630,517 probes from the Wheat 660 SNP array (Winfield et al.,
2016) were used for genotyping. Markers with 10% missing value
were excluded, and only those with minor allele frequencies
(MAF) ≥ 0.05 were used for further analyses (Zhou et al., 2017,
2018).

Population Structure and Linkage
Disequilibrium Analyses
The population structure of the wheat panel was analyzed using
the compressed mixed linear model as described in the previous
study (Zhou et al., 2018), K-values ranging from 1 to 10 with a
burn-in of 50,000 iterations and 100,000 Monte Carlo Markov
chain (MCMC) replicates for the 271 accessions with the selected
SNP markers and the Bayesian clustering algorithm in program
STRUCTURE V2.3.4 (Pritchard et al., 2000; Falush et al., 2003;
Hubisz et al., 2009). The optimal alignment was calculated

from Delta K (1K) statistics using STRUCTURE HARVESTER1

(Earl and VonHoldt, 2012). A neighbor-joining tree (NJ-tree)
was constructed using software Tassel V3.0 and MEGA7 and
visualized using the iTOL website2.

After quality control, one marker of every 100 SNP markers
were used for LD analysis. LD was measured as squared allele
frequency correlations (r2) among pairs of SNP markers using
software TASSEL 3.03 (Bradbury et al., 2007). The pattern of LD
decay was then visualized by plotting pairwise r2 values against
the genetic distance (Mb) across the whole genome. Locally
weighted polynomial regression curves were fitted into the scatter
plot. The physical distance at which the LD decay curve intersects
with the critical r2 value (the point at which the regression
curve turns) was used as a threshold to determine the confidence
interval of significant QTL (Bulli et al., 2016; Yao et al., 2019).

Identification of Stripe Rust Resistance
Quantitative Trait Loci Using
Genome-Wide Association Study
Genome-wide association studies were conducted between the
SNP markers and seedling response (IT) and adult-plant response
(DS, IT, and AUDPC) of the 271 Chinese wheat landraces. To

1http://taylor0.biology.ucla.edu/structureHarvester/
2https://itol.embl.de/
3http://www.maizegenetics.net
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FIGURE 2 | Heatmap of Pearson correlation coefficients among stripe rust response. Positive to negative correlations are displayed in blue to red colors. Color
intensity and the scale of the pie chart are proportional to the correlation coefficients. For the environments combined with years and locations, 16 = 2016,
17 = 2017, 18 = 2018; and CZ, Chongzhou; MY, Mianyang; BLUE, best linear unbiased estimator using the data of all environments. IT, infection type; DS, disease
severity; and AUDPC, area under the disease progress curve. The IT data were from the seedling tests with races CYR32 and CYR34 of Puccinia striiformis f. sp.
tritici. The P-values of the Pearson’s correlation coefficients among the adult-plant stage and between the seeding stage are smaller than 0.001 (P < 0.001), while
the P-values among the seeding stage and adult-plant stage are smaller than 0.05 (P < 0.05).

reduce false-positive associations, a unified mixed linear model
(Q + K, MLM) with the Q matrix as the fixed factor and the K
matrix as the random factor was implemented in TASSEL 3.0. The
exploratory threshold−log10(P)≥ 4.00 (P≤ 0.0001) was used to
identify significant marker-trait associations (MTAs) (Zhu et al.,
2019). Only MTAs significant in at least three environments were
considered for further analyses. MTAs positioned with LD ≥ 0.3
were considered in the same QTL region. Manhattan plots were
drawn using the CMplot package in the R program4.

Comparison of Quantitative Trait Loci
With Previously Reported Genes and
Quantitative Trait Loci for Resistance to
Stripe Rust
The physical positions of the QTL detected in the present study
were compared with the previously reported Yr genes and QTL

4https://github.com/YinLiLin/CMplot

for resistance to stripe rust using their markers. Their marker
positions were referred to the ‘Chinese Spring’ physical map in
IWGSC RefSeq V1.0.

Development and Evaluation of
Kompetitive Allele Specific PCR Markers
To make the stripe rust resistance QTL identified in this study
more useful in wheat breeding programs, primers for KASP
markers representing the significant SNP markers associated with
the stable or novel QTL were designed using the PolyMarker
software (Ramirez-Gonzalez et al., 2015) and synthesized by
TSINGKE Biology Co., Ltd. (Chengdu, China). The KASP
markers were validated by testing with 188 accessions selected
from the 271 landraces based on their stripe rust phenotypes
and presence/absence of the associated SNP marker favorable
alleles. The PCR amplification was conducted in a BIO-RAD
CFX96 qPCR system using the procedure described in Long
et al. (2021). Data analysis was performed manually using
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FIGURE 3 | The Neighbor-joining phylogenetic tree showing the phylogenetic
relationships of 271 Chinese wheat landraces. Colors of branches
corresponding to the five sub-populations: blue (sub-1), purple (sub-2),
orange (sub-3), green (sub-4), and red (sub-5). The circle of the colored
gradients outside the tree presents the stripe rust response data (BLUE_IT,
BLUE_AUDPC, and BLUE_DS). R, resistance and S, susceptible to stripe rust.

the inbuilt BIO-RAD CFX96 Manager v3.1. To determine the
polymorphisms of the KASP markers in contemporary cultivars,
94 wheat cultivars from Sichuan province were tested using
the same procedure.

RESULTS

Seedling and Adult-Plant Resistance of
Stripe Rust in the Wheat Landraces
All phenotypic data are provided in Supplementary Table 1 and
summarized in Table 1 while the distributions of the seedling
and adult-plant responses are shown in Figure 1. At the seedling
stage, the stripe rust response (IT) ranged from 0 to 9 in both tests
with races CYR32 and CYR34 in the greenhouse. At the adult-
plant stage, the DS values of the 271 Chinese wheat landraces
ranged from 0 to 100%, IT 0 to 9 and AUDPC 0 to 14.00, with
the mean DS 34.70%, IT 6.08 and AUDPC 2.96. These data
indicated significant differences in stripe rust response among the
271 Chinese wheat landraces. The H2 of final DS (0.90) in the five
environments was higher than both IT (0.74) and AUDPC (0.66)
(Table 1), indicating the final DS values were relatively stable
across environments compared to the IT and AUDPC values.

The correlation coefficients among stripe rust responses (DS,
IT and AUDPC) for different environments were calculated.
The correlation coefficients between seedling and adult-plant
stages were low (0.19) as the majority accessions were
susceptible in the seedling stage but resistant in the field tests,
indicating that the majority landraces have adult-plant resistance.

A mean correlation (0.64) between different field environments
indicated the relatively consistent stripe rust data across the
different growing seasons and locations (Figure 2). Thirteen
landraces (Pushanbamai, Liangganbai, Pushanba, Lushanmai,
Huayangxiaomai, Zimai, Hongxumai, Qianqianmai, Tiekemai,
Huakemai, Mangmai, Laobaimai, and Baichunmai) with stable
resistance (IT ≤ 3 and DS ≤ 40%) were identified from the field
tests across the five environments (Supplementary Table 1).

Population Structure and Linkage
Disequilibrium of the Landrace Panel
After selection, 178,803 SNP markers with MAF ≥ 5% and a
missing rate ≤ 10% were obtained (Supplementary Table 35).
The highest number of markers distributed on the B genome
(88,293), the lowest number of markers on the D genome
(15,229), and the A genome (75,281) in between (Supplementary
Table 4). All 178,803 SNP markers were used for the NJ-tree
construction and GWAS.

The 271 landraces were grouped into five sub-populations:
Sub-1 (92), Sub-2 (59), Sub-3 (53), Sub-4 (45), and Sub-5 (23).
Sub-1 mainly included landraces from Zone II (55.4%) and
Zone I (33.7%). Sub-2 mainly included landraces from Zone III
(64.4%), Zone IV (18.6%), and Zone II (10.2%). Sub-3 mainly
included landraces from Zone V (44.2%), Zone III (28.8%),
and Zone II (17.3%). Sub-4 mainly included landraces from
Zone IX (68.9%), Zone VIII (13.3%), and Zone V (11.1%).
Sub-5 mainly included landraces from Zone II (26.1%), Zone I
(21.7%), Zone V (21.7%), Zone III (13.0%), and Zone IX (13.0%)
(Supplementary Table 1). A similar grouping was obtained in the
NJ-tree (Figure 3).

In total, 1,795 markers (one marker from every 100 markers
covering all chromosomes) were selected for the LD analysis.
The pairwise measure of LD was estimated based on the squared
allele frequency correlations (r2) between every two markers
on the same chromosome with their physical distances. At the
whole genome level, the LD decay below the critical r2 = 0.30
was estimated for distances greater than 6.11 Mb (Figure 4),
which was used as the confidence intervals to identify significant
marker-trait associations. Therefore, the map distance at which
LD fell below the LD threshold (r2

≥ 0.30) was used to define
the confidence intervals of QTL detected in the GWAS analysis,
similar to the thresholds reported in previous studies (Bulli et al.,
2016; Yao et al., 2019).

Quantitative Trait Loci for Resistance to
Stripe Rust
With the threshold −log10(P) ≥ 4.00, a total of 354 significant
MTAs were identified for stripe rust resistance, of which 155
MTAs were detected in more than two environments or located
within the LD decay distance (6.11 Mb) (Supplementary
Table 5). The 155 MTAs were mapped in 17 genomic regions
that were named as 17 QTL: QYrCL.sicau-1AL, QYrCL.sicau-
1BL, QYrCL.sicau-2AL, QYrCL.sicau-2DS, QYrCL.sicau-3AL,
QYrCL.sicau-3BS.1, QYrCL.sicau-3BS.2, QYrCL.sicau-3BS.3,

5https://doi.org/10.6084/m9.figshare.16934572
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FIGURE 4 | Linkage disequilibrium decay in the Chinese wheat landrace panel. The red curve represents the model fitting the LD decay. The horizontal blue dashed
line indicates the standard critical r2 = value (0.30).

QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, QYrCL.sicau-3BL.6,
QYrCL.sicau-5AL.1, QYrCL.sicau-5AL.2, QYrCL.sicau-5AL.3,
QYrCL.sicau-5BL, QYrCL.sicau-6DL, and QYrCL.sicau-7AL. The
17 QTL were located on 10 chromosomes (1A, 1B, 2A, 2D, 3A,
3B, 5A, 5B, 6D, and 7A) and explained phenotypic variation
from 6.06 to 16.46% for DS, IT, or AUDPC. The 17 QTL were
detected with three to 36 MTAs. To simplify, only two (at the
ends of intervals) or three (at both ends plus one at the middle
of the interval) significant markers are presented for each QTL
in Table 2. Among the 17 QTL, eight were detected in both
seedling and adult-plant stages, and thus considered for all-stage
resistance (ASR). The other nine QTL were detected only in
the field tests and thus considered for adult-plant resistance
(APR). The Manhattan plots in Figure 5 show the significant
loci detected in the adult-plant stage BLUE_DS (A), BLUE_IT
(B), BLIE_AUDPC (C) and the seedling stage CYR32_IT (E)
and CYR34_IT (F).

Comparison With the Previously
Reported Yr Genes and Quantitative Trait
Loci
Through comparing with the previously reported Yr genes
and QTL in physical position, five QTL (QYrCL.sicau-3AL,
QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, QYrCL.sicau-5AL.1, and
QYrCL.sicau-7AL) were presumably determined to be novel
loci for stripe rust resistance (Supplementary Table 5). The
remaining twelve were likely the same or tightly linked to
previously reported genes or QTL for resistance to stripe rust.

Distributions of Favorable Alleles of
Identified Quantitative Trait Loci in the
271 Chinese Wheat Landraces
We detected 2–14 favorable alleles for stripe rust response (DS,
IT, and AUDPC) at the adult-plant stage distributing in the 271
entries (Figure 6 and Supplementary Table 6). With the increase
of the favorable allele numbers, the DS, IT, and AUDPC values
decreased, indicating that pyramiding more resistance alleles
could increase resistance to stripe rust (Figure 6). The 13 stably

resistant landraces each had a high number of favorable alleles
(7–14) (Supplementary Table 6).

Kompetitive Allele Specific PCR Markers
for Stable and Novel Quantitative Trait
Loci
Five SNP markers (AX-109477203, AX-108747357, AX-
109409794, AX-95168494, and AX-111108248) associated
with four stable QTL (QYrCL.sicau-3AL, QYrCL.sicau-3BS.1,
QYrCL.sicau-5AL.1, and QYrCL.sicau-7AL), all of which were
presumably new except the first one, were successfully converted
to KASP markers (Table 3) and used to test 188 landraces
from the GWAS panel and 94 cultivars grown in Sichuan
province. The genotyping data are provided in Supplementary
Table 7. In the 188 landraces, 90.32–97.33% of the 540 KASP
marker data points were consistent to the corresponding SNP
data points, indicating that these KASP markers were highly
reliable. The frequencies of resistant alleles (60.43 and 76.47%)
of AX-109477203 and AX-108747357 were higher than those
of the susceptible alleles (8.56 and 5.88%, respectively) in the
tested landraces. In contrast, AX-109409794, AX-95168494, and
AX-111108248 had low resistant allele frequencies (5.88, 6.42,
and 14.97%, respectively). When the 94 Sichuan cultivars were
tested with these five KASP markers, the frequencies of the
resistant alleles for QTL on chromosome 3A, 3B, and 5A were
very low (1.06–9.57%). These results showed that the resistance
QTL were largely absent in the currently grown cultivars and
the markers were highly polymorphic, indicating that the KASP
markers could be used in MAS for incorporating the QTL into
elite wheat cultivars.

DISCUSSION

Stripe rust occurs throughout the wheat growing regions of
the world. In China, the climatic conditions in northwestern
Sichuan province and southeastern Gansu province are highly
suitable for infection, growth and survival of Pst. Because
of high stripe rust pressure, stripe rust resistance is a top
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TABLE 2 | Stripe rust resistance QTL identified in the 271 Chinese wheat landraces at seedling and adult-plant stages.

QTL Number of
MTAs

Marker Position
(Mb)

Stage Trait Marker R2

(%)
−log10(P) Favorable

allele
Effect References

QYrCL.sicau-1AL 4 AX-109862603 587.93 Adult 16MY_AUDPC 10.37 5.43 C −6.10 Bulli et al., 2016

AX-109864002 593.76 Seedling CYR32_IT 15.23 8.14 G 7.47

QYrCL.sicau-1BL 3 AX-109429172 664.08 Seedling CYR32_IT 13.00 7.03 A 7.46 Bansal et al., 2014; Ye et al., 2019

AX-111009273 665.31 Adult BLUE_AUDPC 7.52 4.21 G −5.01

QYrCL.sicau-2AL 13 AX-108867793 755.56 Seedling CYR32_IT 7.68 4.22 A 2.21 Boukhatem et al., 2002

AX-109067160 761.41 Adult 17CZ_DS 9.38 5.08 C 1.11

AX-108886459 767.51 Adult 17CZ_AUDPC 9.16 4.48 A −2.95

QYrCL.sicau-2DS 5 AX-110390887 16.85 Adult 17CZ_AUDPC 8.56 4.49 C −4.23 Lu et al., 2009; Naruoka et al., 2015

AX-110737036 24.32 Adult BLUE_AUDPC 7.32 4.07 G −2.05

QYrCL.sicau-3AL 3 AX-109477203 719.95 Adult 17CZ_AUDPC 9.14 4.82 C −5.69 New

AX-110970789 724.47 Seedling CYR34_IT 7.98 4.22 T 2.04

QYrCL.sicau-3BS.1 36 AX-109977908 0.34 Adult BLUE_IT 7.87 4.37 A −1.89 Khlestkina et al., 2007; Dedryver et al., 2009; Zhao
et al., 2012; Yang et al., 2013; Basnet et al., 2014;
Case et al., 2014; Lan et al., 2014; Randhawa et al.,
2015; Zhou et al., 2015a,b

AX-108747357 0.93 Adult 17CZ_AUDPC 8.05 4.36 C −1.33

QYrCL.sicau-3BS.2 10 AX-109818815 8.80 Adult 16MY_DS 7.67 4.06 A −40.25 Hao et al., 2011; Lowe et al., 2011;Chen et al., 2012;
Lan et al., 2014; Zhou et al., 2015b; Jia et al., 2020;

AX-109833897 11.66 Adult BLUE_AUDPC 8.62 4.77 G 0.96

QYrCL.sicau-3BS.3 3 AX-109969055 40.91 Adult 18CZ_DS 8.49 4.37 C −22.85 Yao et al., 2019

AX-110956592 43.09 Seedling CYR34_IT 11.34 6.21 A 6.08

QYrCL.sicau-3B.4 3 AX-110412110 256.78 Seedling CYR32_IT 16.46 8.76 A 5.84 New

AX-109532001 257.82 Adult 18CZ_AUDPC 9.80 5.42 G −6.48

QYrCL.sicau-3B.5 6 AX-111760388 357.24 Adult 18CZ_AUDPC 10.08 5.41 T 2.17 New

AX-108920914 361.45 Adult 18CZ_DS 8.57 4.36 A 25.43

QYrCL.sicau-3BL.6 24 AX-110532776 573.40 Adult BLUE_AUDPC 7.47 4.15 G 1.07 Jighly et al., 2015

AX-109826941 576.05 Seedling CYR32_IT 13.82 7.42 T 7.46

AX-111667495 578.59 Adult 16MY_DS 7.53 4.05 A −56.30

QYrCL.sicau-5AL.1 4 AX-111070530 622.55 Adult 18CZ_IT 6.39 4.35 T 0 New

AX-108874798 622.56 Adult 18CZ_IT 6.57 4.29 C 0

QYrCL.sicau-5AL.2 6 AX-110925235 663.07 Adult 18CZ_DS 8.43 4.14 T 0.30 Ren et al., 2012

AX-109533142 666.35 Adult 16CZ_AUDPC 11.44 4.95 C 0.33

AX-110673818 671.19 Adult BLUE_IT 8.20 4.43 A 0.14

QYrCL.sicau-5AL.3 9 AX-89474079 680.86 Adult 16MY_AUDPC 13.59 7.11 A −6.19 Lan et al., 2010

AX-111582891 680.88 Adult BLUE_DS 9.10 4.91 T −5.66

QYrCL.sicau-5BL 10 AX-110387113 545.94 Seedling CYR34_IT 7.54 4.17 T 2.51 Ye et al., 2019

AX-109584506 551.54 Adult BLUE_AUDPC 6.70 4.50 C −3.71

QYrCL.sicau-6DL 3 AX-108822201 467.03 Adult 16MY_AUDPC 7.52 4.09 G 0.84 Zegeye et al., 2014

AX-110991388 467.04 Adult 17CZ_DS 8.04 4.35 A 0.08

QYrCL.sicau-7AL 13 AX-110935797 693.58 Adult 17CZ_DS 7.89 4.34 C −2.24 New

AX-111108248 693.84 Adult 17CZ_IT 8.44 4.51 C −2.78
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FIGURE 5 | Manhattan plots of –log10(P) values for markers associated with
stripe rust resistance response detected in multiple field experiments. The red
dash line had the threshold –log10(P) value of 4.0 (P = 0.0001). Significant
associated markers are shown above the lines. (A) BLUE_DS, (B) BLUE_IT,
(C) BLUE_AUDPC, (D) CYR32_IT, and (E) CYR34_IT.

priority of wheat breeding programs and wheat cultivars
developed and grown in these regions are generally resistant
to stripe rust at least when released. Due to the long-term
selection under the high stripe rust pressure, more wheat
landraces from these regions are resistant to the disease than
other regions as demonstrated in this study. Among the 13
landraces with stable resistance, 10 originated from Sichuan,
Gansu, Shaanxi, Guizhou, and Yunnan, where stripe rust
occurs more frequently than in most of the other provinces
(Liu et al., 2017).

As the primary gene pool, wheat landraces have high genetic
diversity and are rich sources of useful traits including stripe
rust resistance. Wheat landraces may have undesirable traits,
especially low yield potential and low quality. However, landraces
are much easier to use than alien species as they can be easily
crossed with elite wheat cultivars. The breeding process can be
accelerated by MAS or genomic selection. The 13 landraces with
resistance to stripe rust identified in the present study and the
markers, especially the KASP markers, can be used to incorporate
or pyramid the resistance QTL into new wheat cultivars.

With the high-confidence threshold of −log10(P) ≥ 4.00, 17
QTL were identified on chromosomes 1A, 1B, 2A, 2D, 3A, 3B, 5A,
5B, 6D, and 7A associated with ASR or APR to stripe rust. These
QTL explained a mean of 8.60% of the phenotypic variation.
Compared with the previously reported Yr genes and QTL, five
QTL on chromosomes 3A, 3B, 5A, and 7A were presumably
identified as novel loci. The uniqueness or relationships of these
QTL with previously reported genes or QTL for stripe rust
resistance are discussed below.

QYrCL.sicau-1AL was identified as an ASR QTL as it
was detected in both the seedling test with race CYR32
(CYR32_IT) and field tests at the adult-plant stage
(16CZ/16MY/BLUE_AUDPC). This QTL was mapped between
587.93 and 593.76 Mb on the long arm of chromosome 1A. Bulli
et al. (2016) reported a QTL (QYr.wsu-1A.2) associated with SNP
marker IWA3215 at the 593.30 Mb position of chromosome 1A,
overlapping with the confidence intervals of QYrCL.sicau-1AL.
Therefore, these two QTL are likely the same. QYrCL.sicau-1BL
was also identified as an ASR QTL, mapped between 664.08 and
665.31 Mb on chromosome 1B, overlapping with Qyrsicau-1BL.1
(670.37–670.59 Mb) and QYr.sun-1B with marker wPt-1770 at
the 671.74 Mb position. As Qyrsicau-1BL.1 and QYr.sun-1B were
considered to be Yr29 for APR (Bansal et al., 2014; Ye et al.,
2019), whereas QYrCL.sicau-1BL conferred ASR in the present
study, the latter should be different from Yr29. As many genes
conferring ASR to stripe rust have been mapped to chromosome
1B (Wang and Chen, 2017), the relationships to previously
reported genes/QTL on 1BL need further studies.

QYrCL.sicau-2AL was identified as an ASR QTL and mapped
between 755.56 and 767.51 Mb on chromosome 2A, overlapping
with QYR2 close to the SSR Xgwm356 marker locus (753.5 Mb)
(Boukhatem et al., 2002). QYrCL.sicau-2DS was associated with
17CZ/BLUE_AUDPC and 16MY/18CZ_IT and mapped at 16.85-
24.32 Mb on the short arm of chromosome 2D in the present
study. QYr.caas-2DS was reported in the SSR marker interval
Xcfd51-Xgwm261 on chromosome 2DS (Lu et al., 2009) and
QYr.wpg-2D.1 identified with SNP marker IWA1939 (Naruoka
et al., 2015), both on chromosome 2D. Based on the map
locations using the reference sequence of Chinese Spring
(IWGSC RefSeq v1.0), QYrCL.sicau-2DS is likely the same as
QYr.caas-2DS (12.40–19.62 Mb) and QYr.wpg-2D.1 (20.77 Mb).

QYrCL.sicau-3AL was identified as an ASR QTL associated
with 17CZ_DS/AUDPC and CYR34_IT and mapped to 719.9–
724.5 Mb on chromosome 3AL. Few QTL have been reported
on the long arm of chromosome 3A, and they are far away
from QYrCL.sicau-3AL. QYrCL.sicau-3AL is likely a new locus
for resistance to stripe rust. Considering the LD decay distance
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FIGURE 6 | Regression of best linear unbiased estimator (BLUE) using the response to stripe rust in all environments against the number of favorable alleles in 271
Chinese wheat landraces. (A) Disease severity (DS), (B) infection type (IT), and (C) area under the disease progress curve (AUDPC).

TABLE 3 | Primer squences of KASP markers developed from SNP markers significant associated with stable and novel QTL detected in this study.

KASP QTL Primer sequence (5′–3′)

AX-109477203A QYrCL.sicau-3AL GAAGGTGACCAAGTTCATGCTTGCCTCTCAATGTACATTGCATAG

AX-109477203B QYrCL.sicau-3AL GAAGGTCGGAGTCAACGGATTTGCCTCTCAATGTACATTGCATAC

AX-109477203C QYrCL.sicau-3AL CCGTCGGCACTCGTGTATAT

AX-108747357A QYrCL.sicau-3BS.1 GAAGGTGACCAAGTTCATGCTACTTGTGAAACGTTGGGCTTTC

AX-108747357B QYrCL.sicau-3BS.1 GAAGGTCGGAGTCAACGGATTACTTGTGAAACGTTGGGCTTTT

AX-108747357C QYrCL.sicau-3BS.1 GCTTTCCTTTATTGTCCAAGCA

AX-109409794A QYrCL.sicau-5AL.1 GAAGGTGACCAAGTTCATGCTTCATACATTTGAGCCCTGTATTGA

AX-109409794B QYrCL.sicau-5AL.1 GAAGGTCGGAGTCAACGGATTTCATACATTTGAGCCCTGTATTGG

AX-109409794C QYrCL.sicau-5AL.1 CTTCCAATTTCTTCTCTTGAGCC

AX-95168494A QYrCL.sicau-5AL.1 GAAGGTGACCAAGTTCATGCTGGCTGGGTTTCTTTCTCCC

AX-95168494B QYrCL.sicau-5AL.1 GAAGGTCGGAGTCAACGGATTGGCTGGGTTTCTTTCTCCA

AX-95168494C QYrCL.sicau-5AL.1 TCTAGAAGAGCAGAAACCAAGATG

AX-111108248A QYrCL.sicau-7AL GAAGGTGACCAAGTTCATGCTCTCCTCTATCTGCTCCATCCC

AX-111108248B QYrCL.sicau-7AL GAAGGTCGGAGTCAACGGATTCTCCTCTATCTGCTCCATCCT

AX-111108248C QYrCL.sicau-7AL GACCGATGAGACGATGTGCT

of 6.11 Mb, six QTL were identified on chromosome 3B,
namely QYrCL.sicau-3BS.1, QYrCL.sicau-3BS.2, QYrCL.sicau-
3BS.3, QYrCL.sicau-3B.4, QYrCL.sicau-3B.5, and QYrCL.sicau-
3BL.6. These six QTL were mapped at the 0.34–0.93, 8.80–
11.66, 40.91–43.09, 256.78–257.82, 357.24–361.45, and 573.40–
578.59 Mb intervals of chromosome 3B, respectively. Previous
studies reported several Yr genes and several QTL for resistance
to stripe rust on chromosome 3B (Wang and Chen, 2017).
SSR marker Xgwm389 positioned at 0.81 Mb on the distal of
chromosome 3B was reported to be linked to QYrAlt.syau-3BS,

QYr-3B and Yr57 on the short arm of chromosome 3BS (Zhao
et al., 2012; Randhawa et al., 2015). XIWA195 (2.89 Mb on
3BS) was reported to be associated to QYrbr.wpg-3BS.1 (Case
et al., 2014). Xgwm533 (6.67 Mb on 3BS) is linked to QYr.cim-
3BS, QYr.nafu-3BS, QYr.inra-3BS, QYr.tam-3B, QYr.nafu-3BS,
QYr.cim-3BS.2 and Yrns-B1 (Khlestkina et al., 2007; Dedryver
et al., 2009; Yang et al., 2013; Basnet et al., 2014; Lan et al.,
2014; Zhou et al., 2015a,b). Xbarc133 (7.61 Mb on 3BS) is linked
to QYr.nafu-3BS, QYr.cim-3BS.2, QYr.ucw-3BS, and QYr.uga-
3BS.1 (Hao et al., 2011; Lowe et al., 2011; Lan et al., 2014;
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Zhou et al., 2015b). IWB12253 (9.1 Mb on 3BS) was reported
as a significantly associated marker for QYr.hbaas-3BS (Jia et al.,
2020), and XwPt-3921 (13.97 Mb on 3BS) for QYrrb.ui-3B.1
(Chen et al., 2012). Based on the marker positions, these QTL are
all close to QYrCL.sicau-3BS.1 and QYrCL.sicau-3BS.2, making it
hard to distinguish among them. Further studies are needed to
determine their relationships. QYrCL.sicau-3BS.3 appeared close
to QYrcl.sicau-3B.5 at position 35.52 Mb on the chromosome 3BS
(Yao et al., 2020). QYrCL.sicau-3B.4 for ASR and QYrCL.sicau-
3B.5 for APR were mapped far away from the previously reported
Yr genes and QTL on chromosome 3B, and they are likely new
loci for resistance to stripe rust. QYrCL.sicau-3BL.6 was identified
as an ASR QTL but overlapped with QRYr3B.2 for APR (Jighly
et al., 2015), and their relationship needs a further study.

Three QTL (QYrCL.sicau-5AL.1, QYrCL.sicau-5AL.2,
and QYrCL.sicau-5AL.3) were mapped on the long arm
of chromosome 5A. QYrCL.sicau-5AL.1 was detected at
622.55–622.56 Mb with four markers (AX-111070530, AX-
109409794, AX-95168494, and AX-108874798) in the 2017–2018
field test at Chongzhou. QYrCL.sicau-5AL.2 was associated
with 16CZ_AUDPC, 18CZ_AUDPC/DS, and BLUE_IT and
was located at 663.07–671.19 Mb. QYrCL.sicau-5AL.3 was
detected with AX-89474079 (680.86 Mb) and AX-111582891
(680.88 Mb) in five environments and explained the highest
phenotype variation (13.59%) at the adult-plant stage among
the QTL identified in the present study. The distance between
QYrCL.sicau-5AL.2 and QYrCL.sicau-5AL.3 were greater than
the LD decay distance of 6.11 Mb, and thus were designed
as different loci. Several Yr genes and QTL were reported on
chromosome 5AL. QYr.caas-5AL.2 was located between XwPt-
1903 and XwPt-3334 (Ren et al., 2012). QYr.caas-5AL was a stable
QTL located between Xwmc410 and Xbarc261 on chromosome
5AL (Lan et al., 2010). When comparing the physical positions
of the markers of the previously reported QTL and the three
QTL on the chromosome 5A identified in the present study, we
found that wPt-1903 (666.69 Mb) and wPt-3334 (666.70 Mb)
were close or within the interval of QYrCL.sicau-5AL.2 (663.07–
671.19 Mb) and Xwmc410 (678.29 Mb) was close to the interval
of QYrCL.sicau-5AL.3 (680.86–680.88 Mb). These results
indicate that QYrCL.sicau-5AL.2 is likely the same as QYr.caas-
5AL.2 and QYrCL.sicau-5AL.3 the same as QYr.caas-5AL. As
QYrCL.sicau-5AL.1 is far away from the previously reported
QTL and Yr genes, it is likely a new locus. QYrCL.sicau-5BL
was detected in multiple environments (CYR34_IT, 17CZ_DS,
16MY_AUDPC, and BLUE_AUDPC/DS), identified as an ASR
QTL and mapped to 545.94–551.54 Mb on chromosome 5B. Ye
et al. (2019) reported an APR QTL, Qyrsicau-5BL.1, at 554.58 Mb
on the long arm of chromosome 5B in some Chinese landraces.
As this QTL is close to the interval of QYrCL.sicau-5BL within
the LD decay threshold of 6.1 Mb, these two QTL are very
likely the same.

QYrCL.sicau-6DL was identified with markers AX-108822201
(16MY_AUDPC) and AX-110991388 (17CZ_DS/AUDPC)
between 467.03 and 467.04 Mb of chromosome 6DL.
Zegeye et al. (2014) reported a QTL associated with marker
wsnp_Ex_c62371_62036044 on chromosome 6D at 462.63 Mb

less than 5 Mb away from QYrCL.sicau-6DL. Therefore, these
QTL are likely the same.

QYrCL.sicau-7AL was identified with 13 MTAs in the 2017
field test at the Chongzhou location. After comparing its
position with the previously reported QTL on 7AL referring
to the “Chinese Spring” physical map (IWGSC Refseq V1.0),
we concluded that QYrCL.sicau-7AL is a novel QTL for
resistance to stripe rust.

As shown in Figure 6, the landraces with low numbers of
resistance QTL had high levels of stripe rust (DS, IT, and AUDPC)
while the landraces with high numbers of resistance QTL had
low levels of stripe rust. This indicates that pyramiding multiple
loci is necessary to achieve a high level of resistance (Jia et al.,
2020). One of the challenges in breeding for stripe rust resistance
is the lack of diverse effective resistance genes. In the present
study, we identified 13 Chinese wheat landraces carrying known
and unknown QTL for resistance to stripe rust. These landraces
can be used in breeding programs for improving stripe rust
resistance in modern high-yielding cultivars. As reported in the
previous studies, the combination of multiple resistance genes
with minor or intermediate effects in a cultivar may provide
a higher level of resistance to stripe rust (Basnet et al., 2014;
Bulli et al., 2016; Liu et al., 2018, 2019, 2020; Mu et al., 2020).
This is also confirmed by the present study. Wheat landraces
Pushanbamai (S115), Liangganbai (S112), Pushanba (S96),
Lushanmai (S104), Hongxumai (S14), Huayangxiaomai (S67),
Zimai (S85), Qianqianmai (S66), Tiekemai (S126), Huakemai
(S159), Mangmai (S189), Laobaimai (S201), and Baichunmai
(S251) showed stable resistance to stripe rust in all field
environments. These landraces were found to have most of the
favorable alleles.

As usually at high level and often controlled by single
major genes, ASR is easy to use in breeding programs, while
APR is relatively difficult to use as it is often controlled
by QTL with small effects and provides partial resistance.
However, APR is more durable than ASR (Chen, 2005).
Combining the ASR and APR QTL detected in the present
study should be a good approach for developing wheat cultivars
with adequate and durable resistance to minimize the damage
caused by current and new races of Pst. The stable QTL,
such as QYrCL.sicau-2AL, QYrCL.sicau-3BS.1, QYrCL.sicau-
3BS.2, QYrCL.sicau-3BL.6, QYrCL.sicau-5BL, and QYrCL.sicau-
7AL, identified in the present study can be used in the
breeding programs. The markers for these QTL could be used
in MSA. To develop easy-to-use markers, we converted the
significantly associated SNP markers of QYrCL.sicau-3AL (AX-
109477203), QYrCL.sicau-3BS.1 (AX-108747357), QYrCL.sicau-
5AL (AX-109409794 and AX-95168494), and QYrCL.sicau-7AL
(AX-111108248) to KASP markers. These KASP markers were
found to be highly polymorphic in the modern wheat cultivars,
making the markers useful in breeding programs. KASP markers
can be developed for the other QTL in further studies. With
more flexibility than the original SNP markers, the KASP
markers can be more easily used in MAS for incorporating
and pyramiding genes into new wheat cultivars with durable
resistance to stripe rust.
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CONCLUSION

In this study, wheat landraces from ten wheat production zones in
China were tested to identify stripe rust resistance loci using the
GWAS approach. From the 271 landraces tested, 13 with stable
resistance were identified in all field experiments inoculated with
a mixture of multiple races at the adult-plant stage. The resistant
responses of the 13 landraces in the field environments contrast
to the generally susceptible reactions in the greenhouse seedling
tests with two predominant races indicate APR, which is usually
durable. Combing the high throughput 660K SNP array with
the stripe rust phenotypes, we identified 17 QTL associated with
stripe rust resistance. Five of them are potentially new. Five
KASP markers for four of the QTL were developed by converting
from their significant SNP markers. The KASP markers were
validated by testing a subset of the landrace panel and showed
high polymorphisms among modern wheat cultivars. This study
provides wheat breeding programs with diverse resistant stocks
and user-friendly markers, which should facilitate the transfer of
multiple genes for stripe rust resistance into elite breeding lines
for developing new cultivars with durable resistance to achieve
sustainable control of the devastating disease.
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