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Abstract

Knowledge of genetic diversity and genes conferring disease resistance is essential for the effective use of wheat germplasm
resistant to powdery mildew in breeding programs in southwest China. In this study, a collection of 140 common wheat
varieties was evaluated for their resistance to powdery mildew in four different environments. Thirty-six varieties (25.71%)
showed resistance in all four environments, and most of these varieties originated from the Guizhou Province. This collection
was also scanned for molecular markers closely linked to the powdery mildew resistance genes. Most of the wheat varieties
(79.86%) carried the resistance Pm30 gene locus. Genotyping by sequencing (GBS) was used to screen our collection against
the whole genome. Finally, 6864 informative SNP markers were used to construct a consensus tree with 1000 bootstraps,
which showed two groups based on their origins and the presence of the Pm21 gene locus. Our results provide useful infor-
mation for breeding wheat resistant to powdery mildew in China, and they will likely contribute to the identification of new
resistance genes in the future.

Keywords Common wheat - Powdery mildew - Resistance genes - Genetics diversity - Genotyping by sequencing (GBS)

Introduction source of inoculation and newly emerging virulences of the

pathogen. Although fungicides controlling powdery mildew

Powdery mildew, caused by the obligate fungus Blumeria
graminis f. sp. tritici (Bgt), is a destructive foliar wheat dis-
ease (Triticum aestivum L.). This disease can lead to severe
yield losses in many wheat-growing regions of the world,
especially in areas with humid and cool climates (Bennett
1984), such as southwest China. These climates provide a
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are available, development of resistant cultivars is the most
efficient and environmentally friendly approach for control-
ling this disease (Hulbert et al. 2001). Resistance genes are
abundant in plant genomes, and pyramiding these genes is a
common breeding strategy to control powdery mildew. As
a result, information on the distribution of powdery mildew
(Pm) genes in resistant wheat germplasm will be a key factor
for marker-assisted selection.

To date, more than 78 Pm resistance genes have been
formally identified in 50 loci in the genomes of wheat and its
wild relatives (Mclntosh et al. 2014; Xiao et al. 2013; Ouy-
ang et al. 2014; Zhan et al. 2014; Hao et al. 2015; Petersen
et al. 2015), including 18 provisionally designated powdery
mildew resistance genes. However, many genes have lost
resistance because of rapid mutation of the Bgt pathogen.
Currently, only a few of these resistance genes, including
Pm4, Pmi16, Pm21, Pm24 and Pm30, have been used in
production in China (Zeller and Hsam 1996; Szunics et al.
2001; Reader and Miller 1991; Cao et al. 2011).

Due to the complexity of genetic characteristics in com-
mon wheat, including allo-hexaploidy (2n=42), and its
large genome (17 Gb) containing more than 80% repeat
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sequences, the major challenge is the high cost associ-
ated with the discovery, development and genotyping of a
large number of SNPs (Belova et al. 2013). This challenge
severely hampers the application of SNPs in wheat genet-
ics research. Decreasing cost, along with rapid progress in
next-generation sequencing (NGS) and the associated bioin-
formatics analyses have facilitated large-scale discovery of
SNPs in crops. Genotyping by sequencing (GBS) methods,
which combine reduced genome complexity using restric-
tion enzymes with sequencing using NGS techniques, offer
a greatly simplified library generation procedure that is more
amenable for use with a large number of individuals or lines
(Elshire et al. 2011). In common wheat, a genome-wide set
of 1536 SNPs was used to evaluate linkage disequilibrium
and population structure in a panel of 478 spring and win-
ter wheat cultivars from 17 populations across the United
States and Mexico (Chao et al. 2010). Nine thousand SNPs
were also used in a worldwide sample of 2994 accessions of
hexaploid wheat, including landraces and modern cultivars,
to identify multiple targets of selection for crop improvement
(Cavanagh et al. 2013).

The purpose of this study was to assess the prevalence
of several known powdery mildew resistance gene locus in
a collection of resistant germplasm from southwest China.
In addition, genome-wide SNP markers were used to assess
genetic variation in powdery mildew resistance in the germ-
plasm collection and to identify new sources of powdery
mildew resistance. Breeders will be able to use this informa-
tion to design crosses generating new and potentially dura-
ble combinations of powdery mildew resistance in Chinese
wheat.

Materials and methods
Plant materials

A set of 140 common wheat cultivars and breeding lines was
selected to represent the germplasm used in the Sichuan and
Guizhou Provinces during the last decade. The names and
origins of the cultivars and breeding lines are presented in
(Table S1%).

In this study, cultivars were evaluated from three regions
during two periods: Guiyang (Guizhou province), Hezhang
(Guizhou province) and Mianyang (Sichuan province) dur-
ing 2012-2013 and Guiyang (Guizhou province) during
2013-2014. The scores representing the highest disease
severity of the powdery mildew reaction were used in the
analysis. The host response (infection types) to powdery
mildew was scored on a 0—4 scale, in which 0, 0, 1, 2, 3
and 4 represented immune, nearly immune, highly resist-
ant, moderately resistant, moderately susceptible and highly
susceptible, respectively (Mains and Dietz 1930).
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*Further details about the Electronic Supplementary Mate-
rial (ESM) can be found at the end of the article.

DNA extraction and identification of Pm gene locus

DNA was extracted from fresh leaf tissue from a single plant
of each genotype using the protocol recommended by Triti-
carte Pty. Ltd. (http://www.triticarte.com.au). The primers
used in this study are presented in (Table S2). SSR-PCR reac-
tions were carried out according to Zhang et al. (2011).

DArT-seq genotyping

Genotyping was conducted by Diversity Arrays Technology
Pty Ltd. (DArT P/L, Kirinari st., Bruce, Australia) using the
DArT-seq method (Jaccoud et al. 2001). Marker positions on
the contigs were identified using the best alignment of the
marker or tag to an existing model genome. Call rates were
measured for all SNP markers, and those markers with call
rates < 80% were discarded. The allele frequencies of the
remaining markers were then calculated, and those markers
for which the frequency of the minor allele was <2.5% were
discarded.

Statistical analyses

Polymorphism information content (PIC) values were calcu-
lated for each SNP marker using the formula PIC=1—Z(P1')2,
where Pi is the proportion of the population carrying the ith
allele. Using the Statistical Package for Social Sciences soft-
ware, version 13, Pearson correlation coefficients () were
calculated to determine the relationships between Pm genes
carried by the cultivars and the type of powdery mildew infec-
tion, using Student’s ¢ test with two levels of significance:
a=0.05 and a=0.01. A binary matrix was produced from
the SNP data by scoring fragments as 1 or O for the presence
or absence of a specific marker allele, respectively. Consistent
0/1 data matrices were used as input for genetic diversity. The
DARwin analysis software, version 6.0.10, was used to calcu-
late a genetic distance matrix. We also constructed a weighted
neighbour-joining (NJ) method dendrogram. The reliability
and goodness of fit of the dendrograms obtained from the SNP
data were evaluated by bootstrapping based on 1000 samples
(Felsenstein 1985). The DARwin analysis software was used
to perform principal component analysis.
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Results

Resistance of wheat varieties to Bgt at the adult
plant stage

On average, 52% of the varieties showed resistance in all
four different growing conditions. The majority of the culti-
vars (72.9%) exhibited resistance to the disease in Guiyang
in 2014, while nearly half were resistant at the other three
sites in 2013. Overall, 36 varieties (25.71%) showed resist-
ance at all four different growing conditions, including 31
registered varieties from Guizhou and 5 from Sichuan prov-
inces (Table S3).

Distribution of Pm gene locus

To determine the distribution of powdery mildew resistance
gene loci in wheat in southwest China, molecular makers
closely associated with six Pm gene loci were scanned
against a panel of 140 accessions. Fragments of all mark-
ers were clearly amplified and all showed polymorphisms
(Table S4). Most cultivars (79.9%) carried Pm30, while the
Pml6 gene locus had the lowest frequency (<20%) in our
collection.

The frequencies of Pm gene loci carried by resistant and
susceptible cultivars varied widely (Table S5). The frequen-
cies of Pm4, Pm24 or Pm30 were not significantly different
between resistant and susceptible cultivars. However, the
frequencies of Pm8, Pml6 and Pm21 were significantly dif-
ferent among varieties with different disease reaction types.
The resistant cultivars carried Pm8 and Pmi16 at a lower
frequency than did the susceptible cultivars. Pm4 and Pm21
were present at higher frequencies in the resistant than the
susceptible cultivars. Especially for Pm21, the frequency
differed by almost tenfold between the resistant and suscep-
tible cultivars.

Correlation between Pm gene locus and resistance
to powdery mildew

To reveal the effects of the Pm gene loci on resistance to
powdery mildew in wheat cultivars in southwest China,
correlations between each Pm gene locus and resistance in
the corresponding cultivar among the four different envi-
ronments were calculated (Table S6). Eleven significant
correlations were observed. Among them, four resistance
genes locus (Pm4, Pm8, Pm16 and Pm21) were significantly
associated with disease resistance in one, two, three or four
of the environments. Specifically, Pm21 was significantly
positively associated with disease resistance at a level of
0.01 in all environments, with an r-value ranging from 0.53

to 0.81. Pm16 showed significant positive correlations with
resistance to powdery mildew at three sites, with r-values
ranging from 0.18 to 0.20, while Pm4 was significantly
associated with resistance at only a single site. Pm8 showed
significant negative correlations at three sites, with r-values
ranging from —0.31 to —0.39. The correlation coefficients
of the number of Pm genes pyramided in cultivars and their
resistance in each environment were also calculated. The
r-values associated with the significant positive correlations
observed at the 0.01 level ranged from 0.21 to 0.31.

Genome-wide genotyping using SNP markers

A total of 6486 SNPs were used to examine genetic diversity.
The average heterozygosity, calculated from the SNP mark-
ers, was low (1.2%), as expected for loci from autogamous
plants. The average PIC value for the SNPs was 0.28, and
the median was 0.26.

The Dice genetic distance was calculated using genotyp-
ing data from 6486 informative markers between all possible
accession pairs, and it ranged from 0.01 to 0.33, with a mean
value of 0.25. The consensus tree obtained showed that the
accessions were clustered together primarily based on their
origins, forming two distinct groups (Figure S1). The boot-
strapped values >70% are also indicated. The first group
(G1), composed of two subgroups, contained 87 cultivars.
The first subgroup was composed of 37 cultivars primar-
ily from the Sichuan region. The second subgroup (SG2)
included 50 cultivars from Sichuan, Guizhou and other
regions of China. The second group (G2) contained 54 culti-
vars, primarily from Guizhou. Moreover, three clusters were
identified in SG2, and these cultivars clustered primarily
based on their origin or pedigree. For example, accessions
from Sichuan and Guizhou were grouped together in the
first cluster (from TX43 to YP1 and from JYP2 to CA9722).
G2 represents two major clusters, one of which corresponds
to accessions from Guizhou derived primarily from a cross
between common wheat and its wild relatives. The major-
ity (70.4%) of Pm21-carrying cultivars were located in G2,
while few were found in G1.

Discussion
The discrepancy in resistance performance

The unique mountainous terrain, cropping systems, land-
scape and favourable environmental conditions of southwest
China (Cao et al. 2015a) allow powdery mildew pathogens
to survive the summers in these areas (Lu et al. 2015; Liu
et al. 2012). In our study, we found that adult-stage cultivars
from different regions exhibited different levels of resistance
to powdery mildew. Guizhou and Sichuan cultivars showed
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high resistance to Bgt, and 36 varieties presented resistance
in all four environments evaluated, 31 of which were from
Guizhou and 5 from Sichuan. In addition, the frequencies
of resistant varieties in the different environments were
similar, except in the Guiyang site in 2014, which may be a
result of dry weather that year. This suggested that the path-
ogenicity conferred by Bgt was similar between Guizhou
and Sichuan. Southwest China, therefore, is particularly at
risk, but also very suitable for breeding wheat resistant to
powdery mildew.

The distribution of Pm gene locus

For utilization of resistant germplasm in southwest China,
it is necessary to understand the distribution of Pm gene
loci. In this study, the frequencies of Pm21 gene locus car-
riers in Guizhou, Sichuan and other regions were 60.0%,
22.0% and 8.7%, respectively. On average 38.1%, 12.9% and
56.8% of lines carried the Pm8, Pm16 and Pm24 gene locus,
respectively. Similar results were reported in other studies.
In an investigation of Pm2] distribution in Chinese win-
ter wheat and breeding lines, Jiang et al. (2014) found that
34.4% of the lines carried this gene in the southwestern win-
ter wheat region and 3.3% in other regions of China. Among
145 wheat cultivars from 11 main production provinces in
China, the frequency of the Pm8 gene was 52.4%, while
the frequencies of Pmi16, Pm21 and Pm24 were lower than
10% (Lei et al. 2015). Among 908 wheat cultivars from the
Henan province, 63.9% carried the Pm8 gene, while fewer
carried Pm4 or Pm21 (2/518 cultivars for each gene) (Cao
et al. 2015b). Breeders in southwest China have a tendency
to breed varieties resistant to the disease because of envi-
ronmental pressures, while those in northern China prefer
wheat cultivars producing high yields. This is one of the rea-
sons the Pm8 gene, which was detected at a high frequency
in wheat cultivars, no longer confers resistance to powdery
mildew in China, especially in northern China.

Correlation between Pm genes and powdery mildew
resistance

Some of the Pm genes, including Pm24 and Pm30, no longer
confer resistance to powdery mildew in southwest China.
Although Pm24 still confers resistance to current Bgt strains
in some regions of China (Chen et al. 2013), there was no
correlation between Pm24 and infection type at any of the
four environments evaluated, suggesting that Pm24 is inef-
fective against powdery mildew in southwest China. Some
studies have shown that the virulence frequency of Pm30 is
higher in major wheat regions of China (Cao et al. 2010).
In this study, Pm8 was not correlated with infection type at
any of the four growing conditions, indicating that this gene
no longer provides resistance to the Bgr pathogen in these
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regions. Moreover, Pm4, which has been used in breeding
programs since the early 1990s, still displays robust resist-
ance to this disease in major wheat-growing regions of
China (Lei et al. 2015). Our results are in agreement with
other reports on Pm4. This gene was significantly associated
with resistance at three of the four growing conditions in
our study, demonstrating that the gene also has an effect in
southwest China. More importantly, the Pm21 gene showed
a significant association with disease infection type in all
environments, with a mean r-value of -0.66, suggesting that
this gene currently plays an important role in wheat resist-
ance to powdery mildew in southwest China. Other research-
ers have also shown that Pm21 exhibits a low virulence fre-
quency and may display an immune response to pathogenic
challenge in all populations in Sichuan province (Bie et al.
2015; Liu et al. 2015). Pm21 is present at high frequency
in wheat cultivars of the Guizhou and Sichuan provinces,
which may result in pathogen directional selection in these
regions in the future.

Genome-wide genotyping using SNP markers

Genetic information is a prerequisite for improving resist-
ance, maintaining yield stability and increasing yield in the
wheat industry. Based on genotyping data using 8764 SNPs
at the whole genome level, NJ cluster analysis showed that
all cultivars evaluated fell into two groups (G1 and G2)
based on their origin or pedigree. The majority of cultivars
from Sichuan and other regions, as well as a few Guizhou
cultivars, were clustered in G1. This clustering may be
explained by the presence of certain important develop-
mental genes, possibly involved in selection or adaptation
to local environments (Zhang et al. 2011). G2 consisted pri-
marily of Guizhou cultivars, indicating that these cultivars
are heterogeneous compared with the cultivars in G1. Pairs
of cultivars were closely related according to the pedigree-
based analysis, but markedly less so according to the cluster
analysis using molecular marker data. This is likely because
we did not obtain accurate pedigree information for all cul-
tivars, and some cultivars with high similarities in SNP loci
were placed in a group.

Regions exhibiting differential selection could be asso-
ciated with specific chromosomal loci representing candi-
date targets for intensive breeding (Crossa et al. 2007) and
could also have an impact on the separation of population
subgroups. For example, it was reported that markers on
chromosome 2D near the RAt8 locus had a major impact
on the population structure of European hexaploid bread
wheat, and different RAzS alleles were found between Group
I (GrI) and Group II (GrII) (Nielsen et al. 2014). Zhang et al.
(2011) reported that two groups (1RS/1BL translocation and
non-1RS/1BL translocation groups) were apparent in prin-
cipal-coordinates analysis (PCoA) and DArTs analyses of
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population structure among 118 wheat cultivars from north-
ern China. In this study, 140 cultivars formed two groups
based primarily on the presence of the Pm21 locus. Except
for a few cultivars, most Pm21 carriers were clustered in
G2. Considering that Pm21 is derived from the T6VS/6AL
lines, and that a low frequency of pairing and recombination
occurs between chromosome 6VS from H. villosa and 6AS
from cultivated wheat species (Cao et al. 2011), it is very
possible that cultivars in G2 are T6VS/6AL lines. While
several cultivars were scattered in G1, these lines may carry
6VS segments of different sizes.

Host resistance is likely to be more permanent when
several resistance genes are pyramided in a single wheat
variety. Therefore, information about the distribution of Pm
genes and genetic diversity in a collection of wheat varie-
ties from southwest China will be important for pyramiding
resistance genes. Because of unique climate characteristics,
the Guizhou province is particularly suitable for resistance
evaluation and wheat breeding. Based on the results of this
study, breeding in these regions in the future could improve
the generation of cultivars resistant to powdery mildew by
means of marker-assisted selection.
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