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Powdery mildew infection of wheat (Triticum aestivum L.), caused by Blumeria graminis
f. sp. tritici (Bgt), is a destructive disease that threatens yield and quality worldwide.
The most effective and preferred means for the control of the disease is to identify
broad-spectrum resistance genes for breeding, especially the genes derived from
elite cultivars that exhibit desirable agronomic traits. Jimai 23 is a Chinese wheat
cultivar with superior agronomic performance, high-quality characteristics, and effective
resistance to powdery mildew at all growth stages. Genetic analysis indicated that
powdery mildew resistance in Jimai 23 was mediated by a single dominant gene,
tentatively designated PmJM23. Using bulked segregant RNA-Seq (BSR-Seq), a series
of markers was developed and used to map PmJM23. PmJM23 was then located at the
Pm2 locus on the short arm of chromosome 5D (5DS). Resistance spectrum analysis
demonstrated that PmJM23 provided a broad resistance spectrum different from that
of the documented Pm2 alleles, indicating that PmJM23 is most likely a new allele of
Pm2. In view of these combined agronomic, quality, and resistance findings, PmJM23 is
expected to be a valuable resistance gene in wheat breeding. To efficiently use PmJM23
in breeding, the closely linked markers of PmJM23 were evaluated and confirmed to
be applicable for marker-assisted selection (MAS). Using these markers, a series of
resistant breeding lines with high resistance and desirable agronomic performance was
selected from the crosses involving PmJM23, resulting in improved powdery mildew
resistance of these lines.
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INTRODUCTION

Common wheat (Triticum aestivum L.) is one of the three
major grain crops worldwide, and its high and stable yield plays
an important role in food security. However, various diseases,
including powdery mildew, rusts, and fusarium head blight,
can have devastating impacts on yield (Huang and Pang, 2017;
Ingvardsen et al., 2019; Li et al., 2019b). Powdery mildew caused
by Blumeria graminis f. sp. tritici (Bgt) is one of the most
damaging diseases, typically decreasing wheat yield by 10–15%
and up to 50% in severe cases (Morgounov et al., 2012; Xu et al.,
2015). In China alone, the area of winter wheat affected annually
by powdery mildew has exceeded 6 m ha in recent decades,
causing 300,000 tons of crop loss each year1.

Although the pesticides are commonly used for powdery
mildew control, resistance to drugs and environmental pollution
have become increasingly prominent (de Waard et al., 1986;
Felsenstein et al., 2010). Improved host resistance provides
an attractive opportunity for the development of an effective
and environmentally acceptable means to control this disease
(Ma et al., 2015a, 2018, 2019). In wheat production, the
powdery mildew resistance (Pm) genes exhibit mainly race-
specific resistance, which was often short lived, as they were
defeated by the fast-evolving virulent pathogen (Xiao et al., 2013;
El-Shamy et al., 2016). The ratio of broad-spectrum resistance in
Chinese wheat cultivars/breeding lines is not yet satisfactory in
wheat production (Li et al., 2011). Therefore, there is an urgent
need to mine and utilize more effective resistance sources to
increase the genetic diversity of Pm genes.

To date, more than 70 Pm genes/alleles (Pm1–Pm65, Pm8 is
allelic to Pm17, Pm18 = Pm1c, Pm22 = Pm1e, Pm23 = Pm4c,
Pm31 = Pm21) have been identified in 60 loci from common
wheat and its relatives (Li et al., 2019a; McIntosh et al., 2019).
However, not all the genes can be directly used in resistance
breeding. Many Pm genes have adverse pleiotropism, linkage
drag, or competition lag due to their genetic characteristics.
For example, the gene Pm16 has broad-spectrum resistance to
wheat powdery mildew, but the linkage drag associated with
Pm16 leads to a 15% yield loss (Summers and Brown, 2013).
The gene Pm8 derived from the 1RS chromosome of rye made a
significant contribution to the control of wheat powdery mildew
in 1990s, but the linked secalin glycopeptide in 1RS resulted
in a decline in flour quality (Friebe et al., 1989; Lee et al.,
1995). Additionally, the Pm genes derived from landraces usually
have poor agronomic performance and need multigeneration
backcrossing before acceptance by breeders (Xu et al., 2015; Li
et al., 2020). Clearly, the value to breeding of a specific Pm gene
depends not only on its effectiveness for disease control but also
on the agronomic performance of its donor (Zhao et al., 2013; Ma
et al., 2018). The discovery of new genes or new allelic variations
from elite wheat cultivars offers an attractive prospect for the
rapid genetic improvement of resistance.

While conventional wheat breeding has been remarkably
successful in many respects, it is usually subjective, inefficient,
and unable to achieve stable improvement (Gupta et al., 2010).

1http://cb.natesc.gov.cn

Molecular breeding programs worldwide can successfully
provide a valuable complement to conventional breeding
(Kuchel et al., 2007; Gupta et al., 2010). With the development
of molecular markers, marker-assisted selection (MAS) can
facilitate the exclusion of adverse genes in fewer generations
and accelerate breeding progress (Jiang et al., 2017). Techniques
including high-throughput single-nucleotide polymorphism
(SNP) arrays, specific-locus amplified fragment sequencing
(SLAF-Seq), and bulked segregant RNA-Seq (BSR-Seq) especially
have been widely used for genetic mapping, thereby accelerating
the cloning and utilization of superior wheat genes (Liu
et al., 2018; Wu et al., 2018; Shi et al., 2019; Tan et al., 2019).
Furthermore, advances continue to be made in whole genome
sequencing of wheat. Common wheat (AABBDD) and its diploid
(AA and DD genomes) and tetraploid (AABB) ancestors all
have relatively perfect genome sequences (Avni et al., 2017;
Luo et al., 2017; The International Wheat Genome Sequencing
Consortium, 2018; Ling et al., 2018), which will greatly facilitate
the effectiveness of SNP chip, BSR, and SLAF data in cloning of
resistance genes and their utilization in breeding.

Jimai 23 is an elite wheat cultivar developed by the Shandong
Academy of Agricultural Sciences (China) derived from Jimai
22, which is the most widely grown wheat cultivar in China
during the last decade. Previous reports using a single Bgt isolate
demonstrated that the powdery mildew resistance in Jimai 22 is
controlled by a single dominant gene, Pm52 (Yin et al., 2009; Qu
et al., 2019). In recent years, Jimai 23 also showed highly effective
resistance to powdery mildew, indicating that it is an attractive
source for controlling wheat powdery mildew. To clarify the
relationship between the Pm genes in Jimai 23 and 22 and to
better use the powdery mildew resistance in Jimai 23, we report,
in this work, the identification and dissection of the Pm gene(s)
in Jimai 23, development of molecular markers for, and breeding
with, the Pm gene(s) in Jimai 23.

MATERIALS AND METHODS

Plant Materials
The wheat cultivar Jimai 23 was bred from the cross of Jimai
22 and Yumai 34 by the Crop Research Institute, Shandong
Academy of Agricultural Sciences, and used as the donor of
resistant gene(s) against powdery mildew in this research. The
wheat cultivar Tainong 18 was used as a susceptible parent
and crossed with Jimai 23 to obtain an F2 population and F2:3
families for genetic analysis of powdery mildew resistance in
Jimai 23. Wheat cultivars Huixianhong and Mingxian 169, which
were susceptible to all the Bgt isolates tested, were used as the
susceptible controls for phenotypic assessment. Eight resistant
donors with documented Pm genes (Supplementary Table S1)
were used to compare their phenotypic responses to different Bgt
isolates with those of Jimai 23 and to evaluate the breeding value
of Pm gene(s) in Jimai 23 through resistance spectrum analysis.
Jimai 22, one of the parents of Jimai 23, is a super-high yield
and medium gluten wheat cultivar showing good resistance to
wheat powdery mildew and stripe rust (Yin et al., 2009; Chen
et al., 2016; Qu et al., 2019). In this study, Jimai 22 was also used
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as the control for evaluation of comprehensive traits of Jimai 23.
Liangxing 99 with documented Pm52 (Zhao et al., 2013) was used
for comparing the relationship of its Bgt resistance gene with that
in Jimai 22. Twenty-six susceptible wheat cultivars from different
ecological regions of China were used to evaluate the availability
of closely linked markers for MAS, five of which (Gaoyou 5766,
SH4300, Tainong 2419, 125574, and Daimai 1503) had been
crossed with Jimai 23 for MAS (Supplementary Table S2).

Evaluation of Comprehensive Traits
From 2012 to 2016, Jimai 23 and 22 were planted in the field at
the Crop Research Institute, Shandong Academy of Agricultural
Sciences (Jinan, China), for a comprehensive evaluation of their
traits. Sowing and assessment were based on the methods of Xu
et al. (2014). Seeds of Jimai 23 and 22 were sown in six rows
(3.0 m in length and inter-row distance of 20 cm) with two rows
of susceptible controls as guard rows on each side of the plot.
Spike numbers per mu (SNM) (1 ha = 15 mu), kernel numbers
per spike (KNS), thousand kernel weight (TKW), yield per mu
(YM) (1 ha = 15 mu), bulk density (BD), gluten index (GI),
sedimentation value (SV), and stable time of dough (STD) were
analyzed to evaluate comprehensive traits of Jimai 23 using Jimai
22 as control. The method for assessing agronomic and yield
traits, such as SNM, KNS, YM, and BD, are described in Teich
(1984) and Xu et al. (2014), and grain quality traits, such as GI, SV,
and STD, are described in Studnicki et al. (2018) and Kuchel et al.
(2006). In each year, three replicates were sampled using the same
procedure to confirm the phenotypic data. Analysis of variance
(ANOVA) of each trait was performed using SPSS 16.0 software
(SPSS Inc., Chicago, IL, United States), with a significance level
of p ≤ 0.05.

Phenotypic Evaluation of Reactions to
Different Bgt Isolates
From 2017 to 2019, Jimai 23 and eight resistant donors with
documented Pm genes (Supplementary Table S1) were planted
in the greenhouse at Yantai University (Yantai, China) for disease
assessment at the adult stage. They were planted in a plot with
30 rows (1.2 m in length and inter-row distance of 20 cm).
Thirty seeds per row and four rows per cultivar/line were sown.
Huixianhong and Mingxian 169 were used as a susceptible
control and border plants and were sown in every 10th row
and around the plot. In spring, the seedlings of Huixianhong
and Mingxian 169 were inoculated with a mixture of the 20 Bgt
isolates collected from major wheat production regions of China.
At full heading and milk stages, infection types (ITs) were rated
using a 0–9 scale, where 0–4 was resistant, and 5–9 susceptible
(Ma et al., 2018).

At the seedling stage, Jimai 23 and eight resistant donors
with documented Pm genes (Supplementary Table S1) were
tested for their reaction patterns to 42 Bgt isolates with different
avirulence/virulence patterns. They were collected from major
wheat production regions of China and isolated into single spore
for virulence evaluation by Prof. Hongxing Xu (Supplementary
Table S1). Each isolate was put in an independent transparent
glass tube with layer of gauze to prevent cross-contamination

among isolates. Five seeds of each genotype were sown in 128-
cell rectangular trays in a growth chamber. The susceptible
controls Huixianhong and Mingxian 169 were planted randomly
in each tray. At the one leaf stage, the seedlings were inoculated
with fresh conidiospores multiplied on Huixianhong seedlings,
which were raised earlier and inoculated to provide a source of
conidiophores for experimental inoculation. Then, the inoculated
seedlings were incubated in a dark and independent chamber
with high humidity at 18◦C for 24 h. The trays were then placed
in a climate incubator, set at a daily cycle of 14 h light at 22◦C
and 10 h of darkness at 18◦C. ITs were surveyed when the spores
were fully developed on the susceptible controls after about
10–14 days of inoculation using the 0–4 scale described by An
et al. (2013), in which ITs 0, 0, 1, and 2 were regarded as resistant
and ITs 3 and 4 as susceptible. Three repeats were tested using
the same procedure.

To determine the inheritance of powdery mildew resistance
in Jimai 23 and 22, all the Bgt isolates apart from those virulent
to both Jimai 23 and 22 (Supplementary Table S1) were used to
inoculate one-leaf seedlings of Jimai 23, Jimai 22, Tainong 18,
and the F1, F2, and F2:3 progenies of Jimai 23 × Tainong 18
and Jimai 22 × Tainong 18 for genetic analysis. For the disease
assessment of parents and F1 hybrids, 10 seeds were sown for
inoculation with these isolates. For each F2:3 family, 30 plants
were tested against these isolates. Goodness of fit was analyzed
using a Chi-squared (χ2) test to assess deviations of the observed
phenotypic data from theoretically expected segregation ratios
using SPSS 16.0 software (SPSS Inc., Chicago, IL, United States)
with a p-value level of 0.05.

Preliminary Confirmation of Pm Gene(s)
in Jimai 23
After genetic analysis, F2:3 families that were consistent with
the ratio of monogenic segregation were selected for genotyping.
Total genomic DNAs (gDNAs) of Jimai 23, Jimai 22, Tainong18,
and the F2:3 families selected above were isolated from leaves
after phenotypic evaluation using the TE-boiling method (He
et al., 2017). Resistant and susceptible DNA bulks were
constructed. For each, equal amounts of gDNA from either
10 homozygous-resistant or 10 homozygous-susceptible F2:3
families were pooled. Then, 50 simple sequence repeat (SSR)
markers linked to documented Pm genes/alleles (Ma et al.,
2016) were tested for polymorphisms between the parents and
bulks. The polymorphic markers were then used to genotype the
corresponding F2:3 families.

Development of New Markers Using
BSR-Seq
Total messenger RNA (mRNA) of Jimai 23, Tainong 18,
and their F2:3 families inoculated with Bgt isolate YT01
(avirulent to Jimai 23) were extracted using the mirVana
miRNA Isolation Kit (Ambion, Thermo Fisher Scientific Inc.,
Waltham, MA, United States) following the manufacturer’s
protocol. The RNA integrity was assessed using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States), and the samples with RNA integrity number
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(RIN) ≥ 7 were subjected to the subsequent construction of
complementary DNA (cDNA) libraries. The cDNA libraries
were constructed using TruSeq Stranded mRNA LTSample Prep
Kit (Illumina, San Diego, CA, United States) according to
the manufacturer’s instructions. After quality control of the
cDNA libraries using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, United States), the cDNA libraries
were sequenced on the Illumina HiSeq sequencing platform
(HiSeqTM 2500) by Biomarker Technologies Corporation
(Beijing, China). After sequence assembly of the clean data
with the reference genome of Chinese Spring (v1.0), SNP and
small InDels in the targeted interval were obtained and used for
marker development in BMK Cloud (developed by Biomarker
Technologies Corporation).

Genotyping of the Mapping Population
and Map Construction
The developed markers were tested for polymorphisms between
the parents and bulks. The resulting markers were genotyped
on the F2:3 population of Jimai 23 × Tainong 18. Chi-squared
(χ2) test was then used to assess deviations of the observed
phenotypic data of the F2:3 families from theoretically expected
segregation ratios for goodness of fit. The linkage map of the
powdery mildew resistance gene(s) was constructed based on
Lincoln et al. (1993) and Kosambi (1943) using the MAPMAKER
3.0 and the Kosambi function.

Allelism Test
After the Pm gene in Jimai 23 was assigned to the Pm2 interval,
Jimai 23 was crossed with Wennong 14 and Liangxing 66,
with documented Pm2 alleles, to obtain F2 populations. The
isolate YT01, that was avirulent to Jimai 23, Wennong 14, and
Liangxing 66, was used to inoculate the F2 populations using
Mingxian 169 and Huixianhong as susceptible controls. After
the spores were fully developed on the susceptible controls, the
number of resistant and susceptible plants of the F2 populations
were counted to evaluate the allelic relationships between the
Pm gene(s) in Jimai 23 and documented Pm genes on the
same interval based on the ratio of resistant and susceptible
F2 plants.

Screening of Markers Available for MAS
To evaluate the utility of the markers of Pm gene(s) in Jimai
23 for MAS, the closely linked SSR markers were used to test
the polymorphisms between Jimai 23 and 26 susceptible wheat
cultivars from China (Supplementary Table S2). The markers
that stably amplified polymorphic bands between Jimai 23 and
the susceptible cultivars were regarded to be effective for MAS in
these genetic backgrounds.

Jimai 23 was then crossed with some of the susceptible
cultivars evaluated above to construct breeding populations. In
the earlier generations, the resistant plants were selected for
further self-pollination using the markers available for MAS.
Meanwhile, the plants with poor agronomic performance in the
field were eliminated. When homozygous-resistant plants were
confirmed, they were mainly selected by agronomic performance
in field. In the F3 or F4 generation, homozygous-resistant plants
with suitable agronomic performance were planted in head rows.
In the F5 generation, the best head rows were carried on to plot
sowing. Finally, the stability of the breeding lines with superior
agronomic and yield performance was confirmed once more by
the markers and infection experiments.

RESULTS

Comprehensive Traits of Jimai 23 in the
Field
Compared with Jimai 22, Jimai 23 has comprehensively excellent
traits. The GY of Jimai 23 was routinely higher than that of Jimai
22 although not significantly. More profoundly, the GI, SV, and
STD of Jimai 23, which relate to flour quality, were significantly
superior to those of Jimai 22, indicating that Jimai 23 has better
processing quality than Jimai 22 (Table 1). This suggested that
Jimai 23 has improved quality traits while still kept high yield
potential of Jimai 22, making Jimai 23 an attractive wheat cultivar
for both yield and quality.

Evaluation of Powdery Mildew
Resistance in Jimai 23
In the past three consecutive growing seasons (2017–2019), Jimai
23 showed high resistance to Bgt at the adult stage in the

TABLE 1 | Agronomic, yield, and quality traits of wheat cultivars Jimai 23 and its parent Jimai 22.

Years Cultivars SNM (×104) KNS TKW (g) YM (kg) BD (g/l) GI SV (ml) STD (min)

2012–2013 Jimai 23 49.2 ± 0.9a 29.4 ± 0.4a 44.2 ± 1.2a 543.3 ± 9.8a 783.5 ± 20.3a 76.3 ± 2.3a 93.0 ± 2.1a 8.0 ± 0.3a

Jimai 22 44.2 ± 1.1b 33.2 ± 1.1b 38.1 ± 1.4b 523.2 ± 15.1a 753.4 ± 22.3b 42.1 ± 1.8b 80.0 ± 1.3b 2.6 ± 0.1b

2013–2014 Jimai 23 45.5 ± 1.5a 33.1 ± 1.5a 49.0 ± 1.2a 618.3 ± 10.8a 811.0 ± 15.3a 64.0 ± 1.6a 37.2 ± 0.5a 4.6 ± 0.2a

Jimai 22 45.5 ± 0.7a 35.6 ± 0.6b 44.6 ± 0.5b 597.2 ± 18.3b 800.3 ± 21.3a 30.0 ± 0.9b 26.7 ± 0.6b 3.1 ± 0.1b

2014–2015 Jimai 23 46.7 ± 2.1a 32.9 ± 1.2a 46.9 ± 1.9a 599.2 ± 10.3a 815.7 ± 12.2a 63.0 ± 1.3a 36.2 ± 0.9a 4.9 ± 0.2a

Jimai 22 44.8 ± 2.3a 35.8 ± 1.3b 41.6 ± 1.5b 564.3 ± 7.8b 795.5 ± 10.3a 17.1 ± 0.5b 26.6 ± 0.2b 4.2 ± 0.0b

2015–2016 Jimai 23 43.4 ± 0.9a 33.4 ± 0.5a 49.0 ± 1.3a 617.7 ± 17.7a 798.8 ± 25.3a 62.0 ± 1.6a 37.0 ± 1.1a 8.5 ± 0.3a

Jimai 22 41.3 ± 1.3a 36.0 ± 0.2b 45.7 ± 2.1b 597.5 ± 14.5b 788.4 ± 21.6a 40.3 ± 1.2b 32.0 ± 1.4b 3.1 ± 0.2b

a,bValues in the same column followed by the same letter were not significantly different based on the test of least significant difference (LSD) at (p < 0.05). SNM, spike
numbers per mu (1 ha = 15 mu); KNS, kernel numbers per spike; TKW, thousand kernel weight; YM, yield per mu (1 ha = 15 mu); BD, bulk density; GI, gluten index; SV,
sedimentation value; STD, stable time of dough.
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field, with an IT rating of 0–2, while Huixianhong was highly
susceptible with an IT rating of 8–9. Compared with other
resistance donors (Supplementary Table S1), Jimai 23 showed
more satisfactory disease resistance. At the seedling stage, Jimai
23 was resistant to 39 of 42 Bgt isolates (92.9%) with diverse
virulence profiles (Supplementary Table S1) and has a broader
resistance spectrum than most of the documented resistant
germplasms. This suggests that Jimai 23 is an elite resource for
resistance breeding.

Inheritance of Powdery Mildew
Resistance in Jimai 23 and Its
Genealogical Relationship With Its
Parent Jimai 22
When inoculated with isolate YT01 that was avirulent to both
Jimai 23 and Liangxing 99 (Pm52), the F1 plants of Jimai
23 × Tainong 18 and Jimai 22 × Tainong 18 were all resistant
with an IT rating of 0, indicating the dominant nature of the
resistance gene(s). The segregation ratio of Jimai 23 × Tainong
18 population was consistent with the ratio for monogenic
segregation of a dominant gene, while the segregation ratio
of Jimai 22 × Tainong 18 population was consistent with the
independent separation of Mendelian law for two dominant
genes (Table 2). While using isolates YT20 that was avirulent on
Jimai 23 and virulent to Liangxing 99 (Pm52), the segregation
ratios of Jimai 23 × Tainong 18 and Jimai 22 × Tainong 18
populations were both consistent with the ratio for monogenic
segregation of a dominant gene (Table 2). Furthermore, using
isolate YT03 that was avirulent to Liangxing 99 (Pm52) and
virulent to Jimai 23, the segregation ratio of Jimai 22 × Tainong
18 population was consistent with the ratio for monogenic
segregation of a dominant gene, while the while that of Jimai
23 × Tainong 18 population were all susceptible (Table 2).
To confirm the segregation ratios of the populations when
inoculated with other Bgt isolates that were avirulent to both
Jimai 23 and Liangxing 99 (Pm52), three isolates YT05, YT23,
and YT35, were selected to inoculate the F2 and F2:3 populations
of Jimai 22× Tainong 18 and Jimai 23× Tainong 18. The results
were consistent with those of YT01. These results suggested that
the powdery mildew resistance in Jimai 23 may be controlled by
a single dominant gene, whereas powdery mildew resistance in
Jimai 22 is controlled by two dominant genes that fit independent
separation of Mendelian law and that Jimai 23 most likely
inherited one of the two Pm genes of Jimai 22.

Genetic Mapping of PmJM23 and Its
Genealogical Relationship With Its
Parent Jimai 22
When inoculated with isolate YT20 that was virulent to Liangxing
99 (Pm52) and avirulent to Jimai 23, we detected a Pm2-
linked marker polymorphism in both Jimai 23 × Tainong
18 and Jimai 22 × Tainong 18 populations using Pm2-
linked marker Cfd81. When inoculated with isolate YT03
that was virulent to Jimai 23 and avirulent to Liangxing 99
(Pm52), we detected a Pm52-linked marker polymorphism
in Jimai 22 × Tainong 18 population using Pm52-linked TA
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TABLE 3 | New polymorphic markers developed using BSR-Seq for the powdery mildew resistance gene PmJM23.

Markers Forward primer (5′–3′) Reverse primer (5′–3′) SSR_START SSR_END Product size (bp) Marker type

YTU201 GAATTCTGTTGCACCCCTGG GGAGCTACCCGACAATCACT Unknown Unknown 272 Co-dominant

YTU3004 GACATGCCACCACACCATAC TGAGCTACCTAACCCAACCG 41091652 41091661 290 Co-dominant

YTU3023 GGGACTGCAGGTTGAATAATGG CATGTGCTTTCCAACAATGCA 41797078 41797152 242 Co-dominant

YTU3025 TGGCGAAGTTCCATATTTTGC GAGTGGGTTAGTAGGCAGGG 41870024 41870034 330 Co-dominant

YTU3038 AGCACTTGTATTCGAGCCCT GGCATGGGTTCGTACTAGGT 42356673 42356688 390 Co-dominant

YTU3042 AACACATGTAGGCCCCGAAG GCGACCCCATTTATTACCAGG 42602783 42602792 235 Co-dominant

YTU3049 GAGATTGTGTTTTCCATTGCGG CAGGACACATCATCGCATCA 42914312 42914323 245 Co-dominant

FIGURE 1 | Amplification patterns of the selected markers Bwm20 (A) and YTU3004 (B) in genotyping Jimai 23, Tainong 18, and random selected F2 :3 families of
Jimai 23 × Tainong 18. Lanes M, pUC18 MspI; lanes 1–2: parents Jimai 23 and Tainong 18; lanes 3–7: homozygous-resistant F2 :3 families; lanes 8–12,
heterozygous F2 :3 families; lanes 13–17, homozygous susceptible F2 :3 families. The white arrows indicate the 295 bp (A) and 290 bp (B) polymorphic bands in
Jimai 23.

markers Icssl326 and Icssl795, and when inoculated with isolate
YT01 that was avirulent to both Jimai 23 and Liangxing
99 (Pm52), we detected Pm2-linked marker polymorphisms
using five Pm2-linked markers (Cfd81, Swgi069, Bwm20,
Bwm21, and Bwm25; Ma et al., 2018) and no Pm52-linked
marker polymorphism using Pm52-linked markers Icssl326
and Icssl795 in Jimai 23 × Tainong 18 population. By
combining the genealogical relationship between Jimai 22
and 23 with the marker detection results, we confirmed
that Jimai 23 has a Pm gene nearby or in the Pm2
interval, which we tentatively designate as PmJM23. We
suggest that Jimai 22 has two Pm genes, one of which is
PmJM23 and another is the reported Pm52 (Yin et al., 2009;
Qu et al., 2019).

To saturate the linkage map of the PmJM23 interval, BSR-
Seq was used to develop new markers linked to PmJM23. Using
the SNPs and indels that distinguished or differed between
resistant and susceptible parents and bulks in the targeted
interval, 108 pairs of primers (Supplementary Table S3) were
designed to screen polymorphic markers of PmJM23 based
on the SSR screening results in the interval (Supplementary
Table S4). As a result, seven SSR markers (YTU201, YTU3004,
YTU3023, YTU3025, YTU3038, YTU3042, and YTU3049)
showed consistent polymorphisms between the parents and
the resistant and susceptible bulks (Table 3). The markers
were also linked with PmJM23 after genotyping the F2:3
population of Jimai 23 and Tainong 18 (Figure 1 and Table 3).
A linkage map was then constructed using newly developed
markers and also combining the documented Pm2 markers

Cfd81, Swgi068, Bwm20, Bwm21, and Bwm25 (Ma et al.,
2018; Figure 2). PmJM23 cosegregated with the markers
YTU201, Bwm21, and Cfd81 and was flanked by the markers
YTU3004 and Swgi068/Bwm20 at genetic distances of 0.7 and
0.3 cm, respectively.

Allelic Test Between PmJM23 and the
Documented Pm2 Alleles
Because PmJM23 was assigned to the Pm2 interval, the allelic
relationship between PmJM23 and documented Pm2 alleles
needed to be clarified using an allelic test. The phenotyping
reactions of the 6,304 F2 plants between Jimai 23 and Liangxing
66 (PmLX66, allelic to Pm2), and 5,869 F2 plants between Jimai
23 and Wenong 14 (PmW14, allelic to Pm2) were surveyed.
No susceptible plants were within all the tested F2 populations,
suggesting that the PmJM23 locus is most likely allelic to the
Pm2 locus.

Comparisons of PmJM23 and the
Documented Pm Genes/Alleles at the
Pm2 Interval
When tested against 42 Bgt isolates, Jimai 23 showed a different
response spectrum from other genotypes with documented
Pm genes on chromosome arm 5DS, and especially from
those of commercial cultivars (Supplementary Table S1). This
information, combined with the allelic relationship between
PmJM23 and Pm2, demonstrated that PmJM23 is most likely a
new Pm2 allele.
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FIGURE 2 | Linkage map of PmJM23 using the F2 :3 families of Jimai
23 × Tainong 18. Genetic distances in cm are shown to the left. PmJM23
locus was set as the zero point. The black arrow points to the centromere.

Evaluation of Closely Linked Markers for
MAS and Their Application in Breeding
Combined with comprehensive agronomic traits of Jimai 23,
PmJM23 is a valuable gene for Pm breeding. To transfer PmJM23
to susceptible cultivars using MAS, the closely linked markers
of PmJM23 (YTU201, YTU3004, YTU3038, YTU3049, Cfd81,
Swgi068, Bwm20, Bwm21, and Bwm25) were first tested for their
suitability for MAS through detecting 26 susceptible cultivars.
The results indicated that all the tested markers can amplify
polymorphic bands between Jimai 23 and these tested cultivars,
suggesting that once PmJM23 is transferred into these genetic
backgrounds through hybridization, these markers can be used
to detect PmJM23 (Figure 3 and Supplementary Table S2). In
other words, these markers could be used in MAS for PmJM23 in
those genetic backgrounds.

To check the effectiveness of the markers available for
MAS, Jimai 23 was crossed with a series of susceptible
cultivars/breeding lines, including Gaoyou 5766, SH4300,
Tainong 2419, 125574, Daimai 1503, Jimai 20, Hanmai 13,
Yannong 19, and Luyuan 502. The F2 and F3 plants with linked
marker alleles were selected using the corresponding markers.
Combined with selecting for agronomic performance in field,
head rows were planted in F4 generations. From the head rows,
the hybridized combinations 19P084 (Jimai 23 × Daimai 1503),
19P085 (Jimai 23 × Gaoyou 5766), 19P086 (125574 × Jimai 23),
19P088 (Jimai 23× SH4300), and 19P091 (Tainong 2419× Jimai
23) with the best agronomic performance in the field were carried
on to a field plot experiment. After comprehensive evaluation,
two wheat breeding lines with superior agronomic performance
in the field was selected. They were highly resistant to powdery
mildew at both seedling and adult stages and have superior field
performance (Figure 4). In the future, we expect these two lines
to be evaluated in trials at both the provincial and national levels.

DISCUSSION

Jimai 23 is an elite wheat cultivar showing high resistance to
powdery mildew during the whole growing season. The powdery
mildew resistance in Jimai 23 is controlled by a single dominant
gene, PmJM23. Using BSR-Seq, a series of new markers was
developed and used to map PmJM23 to a genetic interval,
corresponding to the Pm2 locus on chromosome arm 5DS.
Resistance spectrum analysis demonstrated that PmJM23 is a
broad-spectrum Pm gene and hence is valuable for resistance
breeding. A series of Pm2 alleles have been identified in different
wheat genotypes. Further genealogy tracing indicated that the
Pm2 alleles in landraces or breeding lines, such as Pm2a (Qiu
et al., 2006), Pm2b (Ma et al., 2015a), and Pm2c (Xu et al., 2015),
have unclear genealogy and that several wheat cultivars having
the Pm2 alleles, such as Liangxing 66 (genealogy: Ji91102/Jimai
19) with PmLX66 (Sun Y.L. et al., 2015), Wennong 14 (genealogy:
84139//9215/876161) with PmW14 (Sun Y.L. et al., 2015), Yingbo
700 (genealogy: Taigu sterility line/Jimai 19) with PmYB (Ma
et al., 2015b), and Zhongmai 155 (genealogy: Jimai 19/Lumai 21)
with PmZ155 (Sun H.G. et al., 2015), have different genealogy
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FIGURE 3 | Amplification patterns of PmJM23-linked markers YTU3025 (A) and YTU3049 (B) in Jimai 23, Tainong 18, and selected wheat cultivars/breeding lines.
M, DNA marker pUC18 MspI; lanes 1 and 2, Jimai 23 and Tainong 18; lanes 3–15, wheat cultivars with sequential order of Huixianhong, Hanmai 13, Huaimai 0226,
Xinong 979, Luchen 185, Jimai 268, Tainong 1014, Jinan 17, Liangxing 619, Shimai 15, Jimai 21, Jimai 20, and Shixin 633. The white arrows indicate the 330 bp (A)
and 245 bp (B) polymorphic bands in Jimai 23.

with Jimai 23 (Jimai 22/Yumai 13) and Jimai 22 (genealogy:
935024/935106). Even resistance genes from the same original
donor may also have variations diversified under selective
pressure. Thus, these genotypes exhibited significantly different
resistance spectra (Ma et al., 2018). However, whether a resistance
gene can be used efficiently and rapidly in resistance breeding
depends not only on the breadth of the resistance spectrum
but also the comprehensive agronomic and quality characters of
the donor. Wheat genotypes that exhibit resistance but which
have poor or defective agronomic traits will slow down the
breeding cycle because of the number of backcrosses required,
which is not acceptable to breeders (Summers and Brown,
2013). Although many Pm genes, including Pm2 alleles, have
been identified, relatively few genes have been successfully used
in modern breeding because of an imperfect balance between
resistance and the agronomic traits of the resistance donors (Bie
et al., 2015; Shah et al., 2018). In this study, Jimai 23 exhibited
broader resistant spectrum than four of the six currently grown
cultivars, and with isolate resistance similar to one cultivar
(Supplementary Table S1). We found excellent correspondence
between resistance and agronomic traits in Jimai 23. Moreover,
PmJM23 has a broader resistance spectrum than most of the
resistant genes currently in production. We propose that Jimai
23 is an ideal resistance resource for wheat breeding.

In this study, PmJM23 was mapped to the Pm2 locus.
Although this locus has been cloned by mutant chromosome
sequencing (Sánchez-Martín et al., 2016) and analysis of the
annotated genes in the mapping interval using the reference
genome of Chinese Spring (Chen et al., 2019), no transgenic
evidence was provided to confirm that the cloned sequence
is the unique functional element conferring resistance to
powdery mildew. Additionally, other reports showed that all
the homologous sequences in different Pm2 allele donors have
the exactly the same sequence, yet these Pm2 alleles exhibit
significantly different resistance spectra that cannot be explained
by the background differences of the resistant germplasms (Jin
et al., 2018; Ma et al., 2018). In this study, the marker order
across the PmJM23 interval showed inversion and recombination

phenomena (Figure 2 and Table 3). We speculate that the
Pm2 locus is most likely a complex locus that contains
multiple elements conferring resistance to powdery mildew. To
identify this resistance locus, map-based cloning using genomic
information of the donor itself is imperative. In this study, we
developed additional markers based on BSR-Seq that are located
in the Pm2 interval. These markers will accelerate map-based
cloning of this locus and leading to the identification of the
element(s) responding to powdery mildew.

Obviously, the complex Pm2 locus has not been fully
characterized, but this does not affect MAS of PmJM23. Using
the markers newly developed in this work, the PmJM23 locus as
a breeding module can be efficiently transferred into susceptible
cultivars. We showed that the newly developed markers are very
suitable for MAS in different genetic backgrounds. Using these
markers, we efficiently selected more than 20 breeding lines
with greatly shortened breeding cycles and increased breeding
efficiency. Five of these lines have superior agronomic traits and
high resistance to powdery mildew. Thus, our study provides a
successful model starting with evaluating the gene by resistance
spectrum analysis, identifying the gene by genetic analysis,
mapping the gene using closely linked markers and, finally,
successfully transferring the gene by MAS.

FIGURE 4 | Field performance of Jimai 23 derived breeding line 19P084 (A)
(Jimai 23 × Daimai 1503), 19P085 (Jimai 23 × Gaoyou 5766) (B), that
contained PmJM23. The left bottom in each figure are the susceptible
controls Daimai 1503 and Gaoyou 5766.
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CONCLUSION

In this study, we identified and characterized a broad-spectrum
Pm gene, PmJM23, in the elite cultivar Jimai 23 and successfully
used it in MAS. This work is valuable as it provides the means of
accelerating the utilization of PmJM23 in breeding programs to
control powdery mildew in wheat.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

PM and HH conceived the research. MJ, WD, WW, XZ, LW, and
XL performed the experiments. HX, CL, and JS analyzed the data.
RM, HL, JL, RH, and XW performed the MAS. PM wrote the
manuscript. All authors read and approved the final manuscript.

FUNDING

This research was financially supported by the Shandong
Agricultural Seed Improvement Project (2019LZGC016),

Key Research and Development Program of Yantai City
(2019YT06000470), Taishan Scholars Project (tsqn201812123),
National Natural Science Foundation of China (31971874),
Jiangsu Agricultural Science and Technology Innovation Fund
(CX(19)2042), and Priority Academic Program Development
of Jiangsu Higher Education Institutions and Natural Science
Foundation of China (31671771).

ACKNOWLEDGMENTS

We are grateful to Prof. John Clemens and Prof. Paula
Jameson at University of Canterbury, New Zealand,
for constructive comments and English editing of the
manuscript. Prof. Jameson is also the team leader of
the Shandong Provincial “Double-Hundred Foreign Talent
Plan” and is currently employed at Yantai University as
distinguished professor.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2020.00241/full#supplementary-material

REFERENCES
An, D. G., Zheng, Q., Zhou, Y. L., Ma, P. T., Lv, Z. L., Li, L. H., et al. (2013).

Molecular cytogenetic characterization of a new wheat-rye 4R chromosome
translocation line resistant to powdery mildew. Chromosome Res. 21, 419–432.
doi: 10.1007/s10577-013-9366-8

Avni, R., Nave, M., Barad, O., Baruch, K., Twardziok, S. O., Gundlach, H.,
et al. (2017). Wild emmer genome architecture and diversity elucidate wheat
evolution and domestication. Science 357, 93–97. doi: 10.1126/science.aan0032

Bie, T. D., Zhao, R. H., Zhu, S. Y., Chen, S. L., Cen, B., Zhang, B. Q., et al. (2015).
Development and characterization of marker MBH1 simultaneously tagging
genes Pm21 and PmV conferring resistance to powdery mildew in wheat. Mol.
Breeding 35:189. doi: 10.1007/s11032-015-0385-3

Chen, C., He, Z. H., Lu, J. L., Li, J., Ren, Y., Ma, C. X., et al. (2016). Molecular
mapping of stripe rust resistance gene YrJ22 in Chinese wheat cultivar Jimai 22.
Mol. Breeding 36:118. doi: 10.1007/s11032-016-0540-5

Chen, F., Jia, H. Y., Zhang, X. J., Qiao, L. Y., Li, X., Zheng, J., et al. (2019).
Positional cloning of PmCH1357 reveals the origin and allelic variation of
the Pm2 gene for powdery mildew resistance in wheat. Crop J. 6, 771–783.
doi: 10.1016/j.cj.2019.08.004

de Waard, M. A., Kipp, E. M. C., Horn, N. M., and van Nistelrooy, J. G. M. (1986).
Variation in sensitivity to fungicides which inhibit ergosterol biosynthesis
in wheat powdery mildew. Neth. J. Plant Pathol. 92, 21–32. doi: 10.1007/
bf01976373

El-Shamy, M. M., Emara, H. M., and Mohamed, M. E. (2016). Virulence analysis
of wheat powdery mildew (Blumeria graminis f. sp. tritici) and effective genes
in middle Delta. Egypt. Plant Dis. 100, 1927–1930. doi: 10.1094/PDIS-01-16-
0130-RE

Felsenstein, F., Semar, M., and Stammler, G. (2010). Sensitivity of wheat powdery
mildew (Blumeria graminis f.sp. tritici) towards metrafenone. Gesunde Pflanz.
62, 29–33. doi: 10.1007/s10343-010-0214-x

Friebe, B., Heun, M., and Bushuk, W. (1989). Cytological characterization,
powdery mildew resistance and storage protein composition of tetraploid
and hexaploid 1BL/1RS wheat-rye translocation lines. Theor. Appl. Genet. 78,
425–432. doi: 10.1007/BF00265307

Gupta, P. K., Langridge, P., and Mir, R. R. (2010). Marker-assisted wheat breeding:
present status and future possibilities. Mol. Breeding 261, 145–161. doi: 10.1007/
s11032-009-9359-7

He, H. G., Ji, Y. Y., Zhu, S. Y., Li, B., Zhao, R. H., Jiang, Z. Z., et al. (2017).
Genetic, physical and comparative mapping of the powdery mildew resistance
gene Pm21 originating from Dasypyrum villosum. Front. Plant Sci. 8:1914.
doi: 10.3389/fpls.2017.01914

Huang, S., and Pang, F. (2017). “Biocontrol agents for controlling wheat rust,” in
Wheat rust diseases. Methods in Molecular Biology, Vol. 1659, ed. S. Periyannan
(New York, NY: Humana Press).

Ingvardsen, C. R., Massange-Sánchez, J. A., Borum, F., Uauy, C., and Gregersen,
P. L. (2019). Development of mlo-based resistance in tetraploid wheat against
wheat powdery mildew. Theor. Appl. Genet. 132, 3009–3022. doi: 10.1007/
s00122-019-03402-4

Jiang, Y., Schulthess, A. W., Rodemann, B., Ling, J., Plieske, J., Kollers, S., et al.
(2017). Validating the prediction accuracies of marker-assisted and genomic
selection of Fusarium head blight resistance in wheat using an independent
sample. Theor. Appl. Genet. 130, 471–482. doi: 10.1007/s00122-016-2827-7

Jin, Y. L., Xu, H. X., Ma, P. T., Fu, X. Y., Song, L. P., Xu, Y. F., et al. (2018).
Characterization of a new Pm2 allele associated with broad-spectrum powdery
mildew resistance in wheat line Subtil. Sci. Rep. 8:475. doi: 10.1038/s41598-017-
18827-4

Kosambi, D. D. (1943). The estimation of map distance from recombination values.
Ann. Eugen. 12, 172–175. doi: 10.1111/j.1469-1809.1943.tb02321.x

Kuchel, H., Fox, R., Reinheimer, J., Mosionek, L., Willey, N., Bariana, H., et al.
(2007). The successful application of a marker-assisted wheat breeding strategy.
Mol. Breeding 20, 295–308. doi: 10.1007/s11032-007-9092-z

Kuchel, H., Langridge, P., Mosionek, L., Williams, K., and Jefferies, S. P. (2006). The
genetic control of milling yield, dough rheology and baking quality of wheat.
Theor. Appl. Genet. 112:1487. doi: 10.1007/s00122-006-0252-z

Lee, J. H., Graybosch, R. A., and Peterson, C. J. (1995). Quality and biochemical
effects of a 1BL/1RS wheat-rye translocation in wheat. Theor. Appl. Genet. 1995,
105–112. doi: 10.1007/BF00221002

Li, G. Q., Cowger, C., Wang, X. W., Carver, B. F., and Xu, X. Y. (2019a).
Characterization of Pm65, a new powdery mildew resistance gene on

Frontiers in Genetics | www.frontiersin.org 9 April 2020 | Volume 11 | Article 241

https://www.frontiersin.org/articles/10.3389/fgene.2020.00241/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.00241/full#supplementary-material
https://doi.org/10.1007/s10577-013-9366-8
https://doi.org/10.1126/science.aan0032
https://doi.org/10.1007/s11032-015-0385-3
https://doi.org/10.1007/s11032-016-0540-5
https://doi.org/10.1016/j.cj.2019.08.004
https://doi.org/10.1007/bf01976373
https://doi.org/10.1007/bf01976373
https://doi.org/10.1094/PDIS-01-16-0130-RE
https://doi.org/10.1094/PDIS-01-16-0130-RE
https://doi.org/10.1007/s10343-010-0214-x
https://doi.org/10.1007/BF00265307
https://doi.org/10.1007/s11032-009-9359-7
https://doi.org/10.1007/s11032-009-9359-7
https://doi.org/10.3389/fpls.2017.01914
https://doi.org/10.1007/s00122-019-03402-4
https://doi.org/10.1007/s00122-019-03402-4
https://doi.org/10.1007/s00122-016-2827-7
https://doi.org/10.1038/s41598-017-18827-4
https://doi.org/10.1038/s41598-017-18827-4
https://doi.org/10.1111/j.1469-1809.1943.tb02321.x
https://doi.org/10.1007/s11032-007-9092-z
https://doi.org/10.1007/s00122-006-0252-z
https://doi.org/10.1007/BF00221002
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00241 March 31, 2020 Time: 18:9 # 10

Jia et al. PmJM23 for Powdery Mildew

chromosome 2AL of a facultative wheat cultivar. Theor. Appl. Genet. 132,
2625–2632. doi: 10.1007/s00122-019-03377-2

Li, G. Q., Zhou, J. Y., Jia, H. Y., Gao, Z. X., Fan, M., Luo, Y. J., et al. (2019b).
Mutation of a histidine-rich calcium-binding-protein gene in wheat confers
resistance to Fusarium head blight. Nat Genet 51, 1106–1112. doi: 10.1038/
s41588-019-0426-7

Li, Y. H., Shi, X. H., Hu, J. H., Wu, P. P., Qiu, D., Qu, Y. F., et al. (2020).
Identification of a recessive gene PmQ conferring resistance to powdery mildew
in wheat landrace Qingxinmai using BSR-Seq analysis. Plant Dis. 104, 743–751.
doi: 10.1094/PDIS-08-19-1745-RE

Li, H. J., Wang, X. M., Song, F. J., Wu, C. P., Wu, X. F., Zhang, N., et al.
(2011). Response to powdery mildew and detection of resistance genes in
wheat cultivars from China. Acta Agron. Sin. 37, 943–954. doi: 10.1016/S1875-
2780(11)60026-6

Lincoln, S., Daly, M., and Lander, E. (1993). Constructing Genetic Maps With
Mapmaker/EXP3.0 Whitehead Institute Techn Rep, 3rd Edn. Cambridge, MA:
Whitehead Institute.

Ling, H. Q., Ma, B., Shi, X., Liu, H., Dong, L. L., Sun, H., et al. (2018). Genome
sequence of the progenitor of wheat A subgenome Triticum urartu. Nature 557,
424–428. doi: 10.1038/s41586-018-0108-0

Liu, L. Q., Luo, Q. L., Li, H. W., Li, B., Li, Z. S., and Zheng, Q. (2018). Physical
mapping of the blue-grained gene from Thinopyrum ponticum chromosome
4Ag and development of blue-grain-related molecular markers and a FISH
probe based on SLAF-seq technology. Theor. Appl. Genet. 131, 2359–2370.
doi: 10.1007/s00122-018-3158-7

Luo, M., Gu, Y., Puiu, D., Wang, H., Twardziok, S. O., Deal, K. R., et al. (2017).
Genome sequence of the progenitor of the wheat D genome Aegilopst auschii.
Nature 551, 498–502. doi: 10.1038/nature24486

Ma, P. T., Han, G. H., Zheng, Q., Liu, S. Y., Han, F. P., Wang, J., et al.
(2019). Development of novel wheat-rye chromosome 4R translocations and
assignment of their powdery mildew resistance. Plant Dis. 104, 260–268. doi:
10.1094/PDIS-01-19-0160-RE

Ma, P. T., Xu, H. X., Li, L. H., Zhang, H. X., Han, G. H., Xu, Y. F., et al. (2016).
Characterization of a new Pm2 allele conferring powdery mildew resistance in
the wheat germplasm line FG-1. Front. Plant Sci. 7:546. doi: 10.3389/fpls.2016.
00546

Ma, P. T., Xu, H. X., Xu, Y. F., Li, L. H., Qie, Y. M., Luo, Q. L., et al. (2015a).
Molecular mapping of a new powdery mildew resistance gene Pm2b in Chinese
breeding line KM2939. Theor. Appl. Genet. 128, 613–622. doi: 10.1007/s00122-
015-2457-5

Ma, P. T., Xu, H. X., Xu, Y. F., Song, L. P., Liang, S. S., Sheng, Y., et al. (2018).
Characterization of a powdery mildew resistance gene in wheat breeding line
10V-2 and its application in marker-assisted selection. Plant Dis. 102, 925–931.
doi: 10.1094/PDIS-02-17-0199-RE

Ma, P. T., Zhang, H. X., Xu, H. X., Xu, Y. F., Cao, Y. W., Zhang, X. T., et al.
(2015b). The gene PmYB confers broad-spectrum powdery mildew resistance in
the multi-allelic Pm2 chromosome region of the Chinese wheat cultivar YingBo
700. Mol. Breeding 35:124. doi: 10.1007/s11032-015-0320-7

McIntosh, R. A., Dubcovsky, J., Rogers, W. J., Xia, X. C., and Raupp, W. J. (2019).
“Catalogue2 of gene symbols for wheat: 2019 supplement,” in Annual Wheat
Newsletter, ed. W. J. Raupp (Manhattan, NY: The Wheat Genetic and Genomic
Resources at Kansas State University), 98–113.

Morgounov, A., Tufan, H. A., Sharma, R., Akin, B., Bagci, A., Braun, H. J., et al.
(2012). Global incidence of wheat rusts and powdery mildew during 1969-2010
and durability of resistance of winter wheat variety Bezostaya 1. Eur. J. Plant
Pathol. 132, 323–340. doi: 10.1007/s10658-011-9879-y

Qiu, Y. C., Sun, X. L., Zhou, R. H., Kong, X. Y., Zhang, S. S., and Jia, J. Z. (2006).
Identification of microsatellite markers linked to powdery mildew resistance
gene Pm2 in wheat. Cereal Res. Commun. 34, 1267–1273. doi: 10.1556/CRC.34.
2006.4.268

Qu, Y. F., Wu, P. P., Hu, J. H., Chen, Y. X., Shi, Z. L., Qiu, D., et al. (2019).
Molecular detection of the powdery mildew resistance genes in winter wheats
DH51302 and Shimai 26. J. Integr. Agr. 18, 2–11. doi: 10.1016/S2095-3119(19)
62644-4

Sánchez-Martín, J., Steuernagel, B., Ghosh, S., Herren, G., Hurni, S., Adamski,
N., et al. (2016). Rapid gene isolation in barley and wheat by mutant
chromosome sequencing. Genome Biol. 17:221. doi: 10.1186/s13059-016-
1082-1

Shah, L., Rehman, S., Ali, A., Yahya, M., Riaz, M. W., Si, H. Q., et al. (2018).
Genes responsible for powdery mildew resistance and improvement in wheat
using molecular marker-assisted selection. J. Plant Dis. Protect. 125, 145–158.
doi: 10.1007/s41348-017-0132-6

Shi, L. J., Jiang, C. C., He, Q., Habeku, A., Ordon, F., Luan, H. Y., et al. (2019).
Bulked segregant RNA-sequencing (BSR-seq) identified a novel rare allele of
eIF4E effective against multiple isolates of BaYMV/BaMMV. Theor. Appl Genet.
132, 1777–1788. doi: 10.1007/s00122-019-03314-3
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