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Net blotch (NB) and powdery mildew (PM) are major barley diseases with the potential to cause a dramatic loss
in grain yield. Breeding for resistant barley genotypes in combination with identifying candidate resistant genes
will accelerate the genetic improvement for resistance to NB and PM. To address this challenge, a set of 122
Net blotch highly diverse barley genotypes from 34 countries were evaluated for NB and PM resistance under natural
GWAS infection for in two growing seasons. Moreover, four yield traits; plant height (Ph), spike length (SL), spike
LD weight (SW), and the number of spikelets per spike (NOS) were recorded. High genetic variation was found
among genotypes in all traits scored in this study. No significant phenotypic correlation was found in the
resistance between PM and NB. Immune genotypes for NB and PM were identified. A total of 21 genotypes were
immune to both diseases. Of the 21 genotypes, the German genotype HOR_9570 was selected as the most
promising genotype that can be used for future breeding programs. Furthermore, a genome-wide association
study (GWAS) was used to identify resistant alleles to PM and NB. The results of GWAS revealed a set of 14 and
25 significant SNPs that were associated with increased resistance to PM and NB, respectively. This study pro-
vided very important genetic resources that are highly resistant to the Egyptian PM and NB pathotypes and

Disease resistance

revealed SNP markers that can be utilized to genetically improve resistance to PM and NB.

1. Introduction

Barley is an important cereal crop that is used for human nutrition
and animal feed [1]. Fungal infection is one of the most important biotic
stresses affecting Barley’s production and proactivity. Net blotch (NB) is
a serious plant disease that is caused by Drechslera teres f. sp. teres [2].
The symptoms of NB spread quickly causing a significant loss in grain
yield [2]. Another serious disease that is an important threat to barley
production is powdery mildew (PM) which is caused by the pathogen
Erysiphe graminis DC. f. sp. hordei Em Marchal (synamorph Blumeria gra-
minis (DC.) Golovin ex Speer f. sp. hordei). Both diseases are wide-spread
in Middle and Northern Egypt, while, PM disease is always observed in
Upper Egypt [3,4]. Climate change will have a great impact on
increasing the spread of NB and PM. Moreover, climate change may help
to produce new PM and NB pathotypes [5-7].

Treatment with fungicides to control the spread of PM and NB is a
common practice to minimize the severity of both diseases on cereal

crops [8-11]. The high cost of fungicides and environmental concerns
associated with the use of fungicides may lead to a gradual limitation of
their use to control both diseases. Breeding for resistant genotypes to NB
and PM is an alternative environmental-friendly solution to control the
spread of NB and PM pathotypes. However, the resistance to the diseases
in barley cultivars could be broken over time. Therefore, the continuous
evaluation of the barley germplasms having highly diverse genotypes
will help to select the most promising resistant genotypes to NB and/or
PM pathotypes. Phenotypic screening for PM and NB resistance in large
barley germplasm is necessary to have promising resistant genotypes for
different pathotypes of PM and NB. Disease resistance is normally per-
formed using a visual score which may be prone to human errors; hence,
selection only based on the phenotypic variation could be misleading [8,
12].

The recent advances in DNA sequence technology led to the newborn
of different DNA sequencing methods by which a lot of single-nucleotide
polymorphisms (SNPs) can be detected [13,14]. These SNPs are
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normally located within important genes. The SNPs can be utilized to
identify genes associated with target traits (e.g. resistance to NB and PM)
through a genome-wide association study (GWAS) [15]. GWAS provides
very useful information in allele or/and gene identification. The iden-
tification of new genes and SNP markers will undoubtedly accelerate the
breeding program and enhance marker-assisted selection (MAS) to
genetically improve the resistance to PM and NB pathotypes. Many
studies have successfully identified resistance genes associated with PM
and NB in barley [16-24]. However, all the genes identified in the
previous studies were resistant to pathotypes originating from Europe,
Switzerland, Ethiopia, and the USA. To the best of our knowledge, there
is no study on GWAS for resistance to the Egyptian NB and PM pathotype
(s), and hence no information on the resistance genes to the Egyptian
pathotypes.

Therefore, the objectives of this study were to (1) screen 122 highly
diverse barley genotypes from different countries for resistance against
Egyptian NB and PM pathotypes, (2) identify candidate genes associated
with resistance to NP and PM, and (3) identify the most promising
resistant genotypes to NB and PM combined with high-yielding traits to
be integrated in future barley molecular breeding programs.

2. Material and methods
2.1. Plant material

A set of 122 highly diverse barley genotypes from 34 different
countries was used in this study. All information on the population is
presented in Supplementary Table 1. The plant materials were obtained
from the gene bank at the Leibniz Institute of Plant Genetics and Crop
Plant Research, Germany.

2.2. Eyaluation of PM and NB resistance

Twenty seeds from each genotype were sown in a row 100 cm long
and the distance between rows was 30 cm. The experimental layout was
a randomized complete block design with three replications/year. All
recommended cultural practices for barley crops in the commercial
fields i.e., fertilization, irrigation, and other management were applied.
Phenotyping of NB and PM resistance was carried out under a naturally
infested unheated greenhouse which is located in the middle of Sakha
Agriculture Research Station (31.094059° N, 30.933899°E), Plant Pa-
thology Research Institute (PPRI), Agricultural Research Center (ARC),
Egypt for two successive seasons, 2021 and 2022. The Sakha Agriculture
Station is an infested open field with PM and NB diseases. For net blotch,
a set of 12 Egyptian Pyrenophora teres f. sp. hordei pathotypes were
characterized by Abdel-Fattah [25], while the pathotypes of Blumeria
graminis f. sp. hordei (syn. Erysiphe graminis f. sp. Hordei which causes PM
disease have not been characterized yet. The conditions of the unheated
greenhouse were a temperature of ~20-23 + 5°C and relative humidity
of ~80-90% during the experiment (Supplementary Figure 1 and 2).
According to Manadhar et al. [26], the infection of powdery mildew and
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net blotch were recorded on the whole plant and hinges on the value of 5
which has been defined as the midpoint. The scoring of adult plant
infection was done when the powdery mildew and net blotch symptoms
fully developed (around GS-75). A double-digit (D1D2) scale measured
adult plant infection was used. The symptoms for each disease were
visually scored on the plants (20 plants/accession) using a scale ranging
from 0 to 9 [27]. The scale is based on infection types (ITs) as follows
(Fig. 1):

0 = free from in (0).

1 = resistant: A few isolated lesions on only the lowest leaves (R).

2 = resistant: Scattered lesions on the second set of leaves (R).

3 = resistant: Light infection of the lower third of the plant (R, MR).

4 = moderately resistant: Moderate infection of lower leaves (MR).

5 = moderately susceptible: Severe infection of lower leaves; Mod-
erate to light infection (MR, MS).

6 = moderately susceptible: Severe infection on the lower third of
plant; Moderate on middle leaves (MS).

7 = susceptible: lesions Severe on lower and middle leaves (MS, S).

8 = susceptible: lesions Severe on lower and middle leaves; Moder-
ate to Severe infection of the upper third of the plant, flag Leaf infected
in amounts more than a trace (S).

9 = highly susceptible: Severe infection on all leaves; spike also
infected to some degree (VS).

Four important yield traits were recorded on each genotype; plant
height (Ph, cm), spike length (SPL, cm), spike weight (SW, g). and
number of spikelets per spike (NOS, number).

Statistical analysis.

The analysis of variance (ANOVA) for all traits was performed using
PLABSTAT software [28] according to the following statistical model,

Yig = W+ git rj + Yk + gyir + €k (error)

where Yjj is the observation of a genotype i in a replication j tested in a
year k. u is the general average; g, Yk, and rj, refer to the effects of ge-
notypes, years, and replications, respectively. gy is genotype x year
interaction. g is genotype X replications x year interaction (error).
Genotypes, years, and replications were considered random effects.
Also, interactions were also considered random effects.

The variance-covariance analysis was carried out using GENOT-
command with PLABSTAT software to estimate the genetic correlation
coefficient among the traits. The broad-sense heritability (H?) was
estimated using HERTI command in PLABSTAT using the following
equation

2
0-3

2
o+ (i’“) + (%‘Z',)

where g, r, and y are the number of genotypes, replications, and years,
respectively. c§ and o2 are components of variance for genotypes and
error, respectively.

H? =

Symptoms of Net Blotch

Fig. 1. Symptoms of powder mildew (a) and net blotch (b) appeared on barley leaves during the experiment.
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2.3. Genome-wide association study (GWAS)

All genotypes used in this study were previously genotyped using the
genotyping-by-sequencing method by Milner et al. [29]. The SNP calling
was performed against the reference genome sequence of the barley
cultivar Morex [29]. The SNP data of 122 genotypes extracted from
Milner et al. [29] were used for the GWAS study. The SNP markers
generated from the genotyping were filtered based on minor allele fre-
quency (MAF) of > = 5% and a missing rate of < = 10%. As a result, a
set of 18,525 SNPs were generated and used for GWAS.

Principal component analysis (PCA) was performed among geno-
types using the 18,525 SNPs to examine the population structure. The
GWAS analysis was carried out using nine models; MLM + kinship,
GLM-+kinship, FarmCPU-+kinship, GLM-+PCA, MLM+ PCA, Farm-
CPU+4PCA, MLM+PCA+kinship, GLM-+PCA+kinship, and Farm-
CPU+PCA-+kinship by TASSEL v5.0 [30] and Genomic Association and
Prediction Integrated Tool (GAPIT) in the R environment [31]. Five
PCAs were included in the GWAS to account for the population.
Marker-trait associations were detected a threshold P-value 0.001 equal
to —loglo(P)z 3 [33,34]. The markers were finally selected if they were
significant in at least five models. The best model for GWAS was
determined based on the quantile-quantile (q-q) plot. For each signifi-
cant marker, target alleles (resistant allele) were determined based on
the allele effects. The gene annotation for all significant markers was
performed against the recently released genome assembly: MorexV3_-
pseudomolecules_assembly using the ensemble plants genomic database
(https://plants.ensembl.org/info/about/collaborations/barley.html).
The candidate gene was selected if the significant SNP fell within the
exon regions of that gene. Linkage disequilibrium was performed among
markers located on the same chromosome using TASSEL 5.0 [30].

In this study, the population structure analysis for the set of 122
highly diverse barley genotypes from 34 countries and the 19 K set of
molecular markers was performed. The analyses were conducted with
ADMIXTURE v1.22 (Alexander et al., 2009). ADMIXTURE is a model-
based clustering algorithm allowing the identification of the number
of genetic clusters K. It assigns to each individual a membership prob-
ability to each one of the prespecified clusters under consideration.
Here, successive values for the number of clusters K from 2 to 20 were
considered. And for each K-value a ten-fold cross-validation was con-
ducted with 30 replicates for each K-value thus a total of (19-values x 30
replicates) 570 unique combinations were considered. The most prob-
ably K-value is chosen based on the ADMIXTURE cross-validation trying
to select the smallest number of clusters and the lowest cross-validation
error. At each K-value, the CLUMPP software (Jakobsson and Rosenberg,
2007) was implemented to combine and align the results from the 30
replicates. And the membership proportions were averaged across runs
using the permutation with the greatest similarity coefficient. At the
end, the output from CLUMPP for the optimum K-value is considered to
elaborate plots using the cluster visualization in R.

3. Results
3.1. Genetic variation in the NB resistance, PM resistance, and yield traits

The minimum, maximum, and average of all genotypes for all traits
are presented in Table 1. The main average of all genotypes in PM and
NB was approximately the same with a little bit higher in 2022 than in
2021. In addition, The average of all yield traits was higher in 2022 than
in 2021.

The analysis of variance for the net blotch resistance, powdery
mildew resistance, and yield traits is presented in Table 2 and supple-
mentary Table 2. High significant differences were found between the
two years for all traits scored in this study. The differences among rep-
lications were significant in NB, PM, SL, and NOS. High significant ge-
netic variation was found among genotypes for all traits. The G x Y was
highly significant in Ph and SW.
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Table 1
Minimum, maximum, and average in each trait scored in the two growing sea-
sons of 2021 and 2022.

Season Minimum Maximum Average
2020-2021

PM 0 9 3.71
NB 0 8.66 2.21
Ph 60 110 90.03
SwW 0.22 5.32 2.02
SL 4 15.67 8.92
NOS 7.33 19 12.46
2021-2022

PM 0 8.66 3.21
NB 0 9 2.24
Ph 61.33 111.67 91.48
SwW 0.75 5.72 2.42
SL 5.33 16 9.65
NOS 8 19.33 13.23

PM, powdery mildew resistance; NB, bet blotch resistance; Ph, plant height; SW,
seed weight; SL, spike length; NOS, number of spikelets

The distribution of all genotypes in PM and NB across the two years is
presented in Fig. 2a and b. Most of the genotypes were immune to PM
and NB and a wide range of resistance for each disease was observed. A
highly significant positive correlation was found in PM between the two
years with r = 0.99 * * (Fig. 2c). Likewise, the correlation in NB be-
tween the two years was highly and positively significant (r = 0.99 **).
No significant correlation was found between NB and PM (r = 0.12). The
phenotypic correlation among yield traits in each year and between the
two years is presented in Supplementary Figure 3. No significant cor-
relation was found among the four yield traits in each year. However, for
each trait, highly significant correlations were found between the two
years. The genetic correlation among all traits is presented in Supple-
mentary Table 3. Significant genetic correlation was found between PM
and NB.

In each disease, all immune genotypes with O infections were
selected (supplementary Table 4, Fig. 2d). Moreover, the susceptible
genotypes with a visual score ranging from 7 to 9 in each disease were
determined (Fig. 2d). A total of 28 and 47 genotypes were found to be
immune to PM and NB resistance, respectively (Fig. 2d). A set of 21
genotypes were found to be immune to both diseases. Eight genotypes
were resistant to NB and susceptible to PM, and vice versa for three
genotypes. No common genotypes were susceptible in both diseases.
Eight genotypes were immune to NB and susceptible to PM, while, three
genotypes were immune to PM and susceptible to NB (Fig. 2b). The 21
immune genotypes were from 13 different countries. The highest num-
ber of immune genotypes (five) were from Egypt. The yield traits (Ph,
SW, SL, and NOS) for the 21 genotypes are presented in Table 3, while,
the yield traits for all immune genotypes to both diseases are presented
in Supplementary Table 4. A wide range was found in all yield traits
among the immune genotypes of PM and NB. The Ph ranged from 71
(HOR_14100) to 105.4 (HOR_4023) cm. The SW extended from 0.785
(HOR_2252) to 4.79 (HOR_9570) g. Spike length (SL) ranged from 6.33 (
HOR_16102) to 15.33 (HOR_1938) cm. The NOS extended from 9.835
(HOR_16102) to 19.165 (HOR_1938).

3.2. Genome-wide association mapping

The PCA based on genetic distance was performed among all geno-
types using 18, 525 SNP markers (Fig. 3a). A clear population structure
can be observed from the analysis of the genotypes. Therefore, popu-
lation structure correction was considered in the GWAS analysis. The
SNP markers were distributed on all chromosomes. The 4 H chromo-
some had the lowest number of markers (1918), while the highest
number of SNPs was found on the 2 H chromosome (Fig. 3b). The results
of ADMIXTURE divided the population into five subpopulations (Fig. 3d,
supplementary Figure 4). The number of subpopulations or clusters was
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Table 2

F-values from analysis of variance (ANOVA) for all traits scored in the two growing seasons of 2021 and 2022.
S.0.V PM NB Ph SW SL NOS
Years 159.95 * * 55.93 * * 322.99 * * 239.56 * * 542.95 * * 449.64 * *
Replications 7.49 * * 6.35 * * 1.25 0.37 8.46 * * 14.03 * *
Genotypes 204.28 * * 463.46 * * 636.28 * * 49.32 % * 123.43 * * 121.60 * *
GxY 0.80 0.48 2.52 % * 1.88 * * 0.37 0.21

* * refers tot he significant level at p > 0.01. PM, powdery mildew resistance; NB, bet blotch resistance; Ph, plant height; SW, seed weight; SL, spike length; NOS,

number of spikelets
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Fig. 2. Genotypes distribution for powdery mildew (PM) (a), genotype net blotch (NB) (b), phenotypic correlation in PM and NB between the two years (c), Venn
diagram for the immune and susceptible genotypes to PM and NB (d). PM_R refers to the resistant genotypes in PM, NB_R refers to the resistant genotypes in NB, PM_S
refers to PM_S refers to the susceptible genotypes in PM, and NB_S refers to PM_S refers to the susceptible genotypes in NB. In Fig. 2c: some circles (PM) and squares

(NB) represent many genotypes having the same phenotypic score.

Table 3
The LD (%) structure between e SNP-marker pair located on the same
chromosome.

Chro. ~? No. sig. Average Sig. No. of non- Average non-
LD LD sig. LD sig. LD
1H 0.025965 55,949 0.280547 2208,615 0.0195156
2H 0.026534 107,148 0.266738 5223,133 0.0216067
3H 0.034789  6,7277 0.2787828 1721,590 0.0252542
4H 0.025813  8,0271 0.26629 4059,505 0.0210577
5H 0.02621 87241 0.2837086 4822,135 0.0215513
6 H 0.023678 16,7096 0.2762896 12,975,253 0.0204249

determined to be 5 based on the cross-validation error and the computed
delta value between successive number of subpopulations.

The structure of LD is presented in Table 3. The mean of r? between
SNP pairs located on the same chromosome ranged from 0.0223 (1 H) to
0.347 (3 H). Chromosome 3 H had the highest percentage (3.77%) of
significance with an average of r of 0.278, while, chromone 6 H had the
lowest percentage (1.27%) of the significant SNPs with an r? average of
0.278. The r? between each pair of markers was plotted against the
physical distance (bp) in order to determine LD decay (Fig. 3c). The LD
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declined below r? = 0.2 at about 31,959 pb.

3.2.1. GWAS for PM and NB resistance

Due to the non-significant Y x G interaction, the GWAS for PM and
NB was performed using the average of the two years for each genotype.
The analysis of GWAS is presented in Supplementary Table 5.

A total of 12 SNP markers were found to be significantly associated
with decreased NB symptoms in barley. These SNPs were located on 2 H,
3H, 5H, and 7H (Fig. 4). The phenotypic variation explained by
markers (R2) ranged from 9.03 (chr2H:625802290:C:T) to 13.93%
(SNP6H-30133310). Of the 12 SNP markers, eight had major effects
with R? > 10%. The target (resistant) allele effects extended from
— 2.0412 (SNP5H-483460389) to — 4.091 (chr2H:625802290:C:T).
Chromosome 3 H had 7 markers, while, only two significant SNP
markers were found on 2 H. Significant SNP clusters were noted for NB
resistance. The seven significant SNPs on the 3 H chromosome were
found in two clusters representing two genomic regions. A cluster of two
significant markers was observed on the 6 H chromosome (Fig. 4). The
linkage disequilibrium (r?) was calculated among the significant
markers located on the same chromosome. two high LD genomic regions
distributed on 3 H (two), 5H (one), and 7 H (two) were identified
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Fig. 3. the distribution of SNP markers on barley chromosome (a) principle component analysis (PCA) based on the genetic distance among the genotypes (b),
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Fig. 4. The position of significant SNPs associated with PM (green) and NB (red) on barley chromosomes and the LD among SNPs located on the same chromosome.

(Fig. 4). The analysis of gene annotation revealed that nine significant
markers were found to be located within eight gene models that encode
six proteins. Out of the 12 SNP markers, two (3 H and 6 H) were located
within ~ HORVU.MOREX.r3.3HG0295830 and = HORVU.MOREX.
r3.6HG0546030 gene models that encode leucine-rich repeat domain
superfamily.

For PM resistance, the GWAS highlighted nine significant markers
associated with decreased PM symptoms. The R? ranged from 9.649
(chr5H:566275755:G:C & chr5H:566275753:T:C) to 11.97% (SNP7H-

588256863). Of the nine significant markers, seven had major effects
(R? > 10%). The resistant allele effect extended from — 1.99 (G, SNP5H-
19353755) to — 3.57 (T, SNP7H-589537963). The nine markers were
located on 5 H (three), and 7 H (six) (Fig. 4). Three high LD genomic
regions were found with one on chromosome 5 H and two on chromo-
some 7 H. Seven significant markers were located within five gene
models that encode three proteins. three markers on 7 H; SNP7H-
589537804, SNP7H-589537934, and SNP7H-589537963 were located
within HORVU.MOREX.r3.7HG0734260 gene model that encodes P-loop
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containing nucleoside triphosphate hydrolase.

3.2.2. GWAS for yield traits scored under NP and PM diseases

The GWAS was performed using the mean average of each genotype
for SL and NOS due to the non-significant Y x G interaction, while the
GWAS was performed for each year for SW and Ph. The analysis of
GWAS for yield traits is presented in Supplementary Table 6.

For NOS, the GWAS revealed five significant markers with R? ranging
from 6.38% to 8.72%. A total of 23 significant SNPs were found to be
significantly associated with SL. The majority of these SNPs were located
on the 3 H chromosome (12 SNPs). Out of the 23 SNPs, six had R?
> 10%. For SW, 23 and 21 significant SNP markers were detected in
2021 and 2022, respectively. Interestingly, 14 SNPs were significantly
associated with SW in both years (supplementary Figure 4). Six markers
(chr3H:531671175:T:A, chr3H:531873168:T:, chr3H:532237118:C:T,
chr3H:532439487:C:T, chr3H:532439628:G:A, and chr6H:536036292:
T:G) had major effects on increasing spike weight. One marker
chr2H:24431549:C:T (2 H) was found to be associated with Ph in 2021
and 2022. This marker had R? of 12.434% in both years.

3.3. Number of different resistance alleles and genetic diversity among the
immune genotypes to PM and NB

The number of target alleles associated with the resistance to PM
(supplementary Table 7) and NB (Supplementary Table 8) were exam-
ined in each immune genotype (Fig. 5a). In PM resistance, the number of
resistant alleles ranged from 4 (two genotypes) to nine (nine genotypes).
For NB resistance, the number of resistant alleles extended from six (one
genotype) to 22 (12 genotypes). HOR 85 did not have any resistant
allele. Given the 21 resistant genotypes to PM and NB (Fig. 5a), the
number of resistant alleles to both diseases ranged from 14 in HOR_9570
to 21 in BCC_809 (Brazil), HOR_1556 (Cyprus), HOR_2252 (Egypt), and
HOR_14100 (Syria).

It is worth investigating the genetic distance among the immune
genotypes to both diseases (21 genotypes) based on the resistance target
allele (Fig. 5a&b, Supplementary Table 9a). HOR_9570 from Germany
has separated away from all immune genotypes in a specific cluster. The
genetic distance ranged from 0 to 0.69 between HOR_9570 (Germany)
and HOR_899 (Chile). It was noted that six genotypes’ pairs were found
to share the same resistant alleles. The HOR 9570 had high genetic
distance based on resistant allele with genotype with a range extended
from 0.48 to 0.69. The genetic distance based on all markers used for
GWAS among the 21 genotypes is presented in supplementary Table 9b.
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4. Discussion
4.1. Genetic variation in NB and PM resistance

The high genetic variation found among all genotypes in NB and PM
allows barley breeders to select the most promising resistant genotypes
to PM and NB pathotypes under Egyptian conditions. Such high genetic
variation was expected as the tested genotypes represented 34 different
countries. Using highly diverse germplasm is very useful to capture the
possible genetic variation in the target traits [9,35-37]. The G x Y
interaction was non-significant indicating that the performance of ge-
notypes for NB and PM was approximately the same in the two years.
This result was supported by the high correlation found between the two
years in each trait. No phenotypic significant correlation was found
between NB and PM, but both traits had a low significant genotypic
correlation. The negative association between the NB resistance and PM
resistance was previously reported [38].

The 122 genotypes were evaluated under unheated greenhouse
conditions in which humidity ranged from 80% to 90% at the Sakha
Experimental Field Station, a disease-infested research station. It was
reported that the optimum temperature and humidity for NB and PM are
20-25 °C and 80-100%, respectively [1]. The temperature and humidity
records from January to April across the two growing seasons are pre-
sented in supplementary Figures 1 and 2. Therefore, all genotypes in the
two years were exposed to the natural infection with PM and NB races.
Natural infection evaluation was used also in earlier studies to assess the
variation in PM and NB resistance [39-41]. A set of nine and 15 geno-
types were found to be very susceptible (IT score of 7-9) to NB and PM.
The presence of highly susceptible genotypes indicated the success of
natural infection for all genotypes. No common genotypes were sus-
ceptible to both diseases. HOR_3737, HOR_97, and BCC_1550 genotypes
can be used as susceptible checks for PM, while HOR_ 8212 and
BCC_1710 can be used as susceptible checks for NB in resistance eval-
uation for NB and PM Egyptian populations.

For PM resistance, a total of 32 (26%) genotypes were found to be
immune to the Egyptian PM populations. These genotypes were from 18
countries with six genotypes from Egypt. Pogoda et al. [1] examined the
genetic variation in the severity of powdery mildew infection at the
seedlings stage of 267 barley accessions against the Blumeria graminis
(DC.) E. O. Speer f. sp. hordei (Bgh) isolates (European pathotypes). Seven
genotypes HOR_8658 and HOR 8212 (Egypt), BCC_1468 and BCC_1469
(Kazakhstan), HOR_2589 and HOR_3045 (Sudan), and BCC_1467 (Ber-
laus) were common between our study and the study of Pogoda et al. [1]

HOR_9570
HOR_4023
HOR_84
HOR_1938
HOR_11513
HOR_7510
HOR_11514
HOR_4427
HOR_4444
BCC_899
HOR_19308
HOR_16102
HOR_13969
HOR_2716
HOR_8266
HOR_20609
HOR_13594
HOR_2252
HOR_14100
BCC_1556
BCC_809

Fig. 5. Number of resistant allele to PM and NB in each immune genotype (a) and genetic distance among the immune genotypes calculated based on the resistant

allele of NB and PM (b).
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(Supplementary Table 10). Interestingly, HOR_3045 (Sudan) had a score
of 0.3% disease severity () at the seedling stage and an IT value of 0 at
the adult growth stage in this study. Moreover, BCC_1469 (Kazakhstan)
had a score of 20% disease severity (9) at the seedling stage and an IT
value of 2.3 at the adult growth stage in this study. BCC_1468
(Kazakhstan) was susceptible to PM in the current study (IT=6) and also
in the study of Pogoda et al. [1] (@= 60.2). Bearing in mind that the
seven genotypes were exposed to the different origins of PM populations
and at two different growth stages. Therefore, HOR_3045 (Sudan) could
be a good resistant genotype to broad PM populations at different
growth stages.

For net blotch resistance, 56 (46%) immune genotypes were found in
the two years, while, nine genotypes were very susceptible to NB (IT
=8-9) and can be used for susceptible checks to the Egyptian NB pop-
ulations in future experiments.

A set of 21 accessions was found to be immune (no symptoms) for
both NB and PM and had a high variation among yield traits. Therefore,
this study provided very useful new immune genotypes to the Egyptian
NB and PM populations individually or in combination. Such immune
genotypes are very useful for future breeding programs not only to
produce new barley cultivars having high resistance to a wide range of
the Egyptian NB and PM pathotype(s) combined with high-yielding at-
tributes. Selection to improve target traits should be combined with
high-yielding attributes [42-44]. The resistance of 21 genotypes was
deeply investigated in more detail in the genetic analyses to select the
best candidate genotypes for future crossing in molecular breeding
programs.

4.2. SNP markers and candidate genes for NB and PM resistance revealed
by GWAS

The analysis of GBS results using a set of 18,525 SNP markers that
were distributed on the seven barley chromosomes allowing the detec-
tion of candidate genes associated with PM and NB resistance. The PCA
and kinship analyses were included in GWAS to correct the effect of
population structure which could cause spurious associations [13,14,33,
45]. The result of g-q plot indicated that the best GWAS model for most
of traits was GLM+PCA. High significant LDs were found among sig-
nificant markers located on the same chromosome indicating that these
markers tend to be co-inherited. Such high LD genomic regions that are
associated with NB and PM resistance could be useful for
marker-assisted selection and further genetic validation [8,46]. From
each high LD genomic region, one marker can be selected and converted
to Kompetitive allele-specific PCR (KASP) marker for further validation
in a different genetic background [47-49].

4.2.1. GWAS for NB resistance

12 significant markers were found to be associated with decreased
NB symptoms in barley. These markers were located on chromosomes
2 H, 3 H, 5H, and 6 H. Most of the identified SNPs were located on the
3 H chromosome a total of seven markers. Three net blotch resistance
genes were mapped in cM on 3 H (Pt,a) and 6 H (rpt.k and rpt.r) chro-
mosomes [50]. The GWAS results highlighted that 3 H could carry
important genes against the Egyptian NB pathotype(s). Different LD
degrees were observed among the 13 markers that clustered in two
groups on the 3 H chromosome. Some of these 12 markers had complete
LD and tend to be co-inherited, while the rest of the markers represented
individual and independent QTLs (e.g. NB-4, NB-5, NB-9, NB10, NB-11
and NB-12).

A set of 22 SNP markers associated with NB resistance were detected
in 234 diverse barley genotypes that were evaluated in Ethiopia and USA
[51]. The SNPs were distributed on all barley chromosomes. Seven SNPs
were located on 6 H chromosomes. The physical positions of the 22 SNPs
were completely different from those reported in this study. Maurer
et al. [52] reported 24 QTL for resistance against net blotch (German
pathotypes) in a barley population HEB-25 comprising 1420 lines. The
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24 QTL were distributed on all barley chromosomes. Many earlier
studies reported significant SNPs associated with a net blotch in barley.
Moreover, most of these studies shared the evaluation of the same NB
pathotypes and successfully reported the same significant SNPs [16-20,
51,53-57]. However, all SNPs detected in this study were in physical
positions that were not previously reported, indicating that resistance to
the Egyptian NB pathotypes is controlled by different genes. Unfortu-
nately, no GWAS experiment was conducted to identify alleles and/or
genes against the Egyptian NB pathotype(s). In the current study, a set of
eight gene models were identified from GWAS that encodes eight
different proteins. Notably, two different gene models HORVU.MOREX.
r3.3HG0295830 (3 H) and HORVU.MOREX.r3.6HG0546030 (6 H) were
found to encode the same protein leucine-rich repeat domain super-
family. Leucine-rich repeat protein is a resistance protein encoded by the
nucleotide-binding leucine-rich repeat sequence (NBS-LRR) gene in
plants which plays a vital role in plant defense against the invasion of
many various pathogens. Specifically, the LRR protein was found to be
involved in the barley defense mechanism to spot blot resistance [58].
Therefore, the two makers that were located within the two genes could
be useful for marker-assisted selection after further validation in a
different genetic background. Also, other proteins that play a vital role
in disease resistance in crops were reported in this study such as
BTB/POZ and MATH domain-containing protein 1-6 [60], protein egg
apparatus-1  [61], Osmotin/thaumatin-like  superfamily [62],
metal-dependent hydrolase [63], and amino acid/polyamine transporter
I [64]. The analysis of gene annotation confirmed the power of GWAS
conducted in this study to identify alleles associated with NB resistance.

4.2.2. GWAS for PM resistance

The GWAS revealed a set of nine significant resistant SNP markers to
the Egyptian PM pathotype(s) under natural field conditions. Unfortu-
nately, very few studies reported significant markers for PM resistance in
barley. The nine significant markers were located on chromosomes 5 H,
and 7 H. Pogoda et al. [24] performed GWAS for PM resistance against
the European pathotypes in a set of 267 barley accessions at the seeding
stage and they reported 214 significantly associated SNPs. The positions
of already known significant markers associated with NBwere compared
with those detected in this study and no common significant markers
were found. However, strong peaks of the significant markers were
found on the 5 H chromosome [24]. In the current study, a cluster of five
significant markers associated with PM was located on the same chro-
mosome. A mapping population was evaluated against the Swiss pow-
dery mildew field isolate CH4.8 by Hoseinzadeh et al. [22]. These
authors mapped a dominant resistance locus (MIhb.A42) on the 2 H
chromosome. In our study, no significant markers associated with PM
resistance were found on 2 H. Four QTLs on 4 H (one) and 6 H (three)
were identified using GWAS in 169 highly diverse barley genotypes at
natural field conditions [23]. The position of these SNPs was in ¢cM
which is different from the position of SNP markers reported in this
study. Gupta et al. [21] reported associated markers with PM at the adult
growth stage on chromosome 5 H and these markers are located be-
tween 619.7 and 627.3 Mbp on the reference sequence of Morex. In this
regard, the marker cluster located on 5 H in this study was located be-
tween 514.8 and 566.2Mbp which was far from those that were previ-
ously published. This result indicated that our GWAS identified putative
novel markers and genomic regions resistant to the Egyptian PM path-
otype(s). Moreover, the promising novel seven significant markers with
major effects were located on the 7 H chromosome. The gene annotation
for the significant SNPs revealed seven gene models. Interestingly, two
gene models HORVU.MOREX.r3.5HG0427780 (5H) and HORVU.
MOREX.r3.7HG0734260 (7 H) encode to P-loop containing nucleoside
triphosphate hydrolase which was highly expressed under PM infection
[66]. These results further supported the importance of these two
chromosomes for carrying very valuable genes that control PM
resistance.

Interestingly, no common significant SNP was found between PM
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and NB resistance. This indicates that the genetic control of the two
disease resistances is different. The non-significant correlation between
NB and PM resistance further supported the absence of the common
markers controlling both diseases. Moreover, none of the significant
markers for PM and NB detected in this study were previously reported
in earlier studies. This could be due to the races that may differ by
graphical region [67]. Also, race for the same region could differ by year
due to the emergence of new races by mutations [67]. As each race is
probably controlled by different genes, it is expected that the genes that
are resistant to the Egyptian races of NB and PM could be different from
those that were resistant to other races reported in earlier studies.
Therefore, marker-assisted selection should be performed for each dis-
ease resistance individually. In wheat and barley, many makers were
found to be associated with resistance to many plant diseases [8,68,69].

4.3. Genetic selection for the most promising and highly resistant
genotypes to NB and PM resistance for the future breeding program

To genetically improve the resistance to NB and PM in barley,
candidate genotypes should be selected to produce barley cultivars with
high resistance to the NB and PM populations. Here, we utilized the
features of the GWAS that identified resistant alleles and then we
examined the number of resistant alleles in the immune genotypes for
PM (supplementary Table 7) and NB (Supplementary Table 8). It was
reported that phenotypic selection alone can be misleading due to
human errors [43,70,71]. Selecting the promising genotypes based on
the phenotype and number of target alleles will help to accurately
produce cultivars with target traits (e.g. disease resistance) and make
the results of crossing in breeding programs fruitful. In this study, we
identified several resistant alleles in each immune genotype to NB (55
genotypes) and PM (32 genotypes). We focused on the 21 immune ge-
notypes for both diseases to improve the resistance to PM and NB in
parallel through molecular barley breeding programs.

The 21 immune genotypes to NB and PM resistance provide very
useful genetic resources for breeding to create cultivars that have
resistance to both diseases. The number of resistance alleles for NB and
PM diseases varied among the immune genotypes. However, the resis-
tance alleles could be similar when two parents are selected for crossing,
hence improvement will not be fruitful and the F; of this crossing will
inherit the same resistance allele [42,47,72]. Therefore, the genetic
distance among immune genotypes using only the resistance alleles was
estimated to investigate the number of different resistance alleles be-
tween each two gentoypes. This will help to precisely select the highly
divergent genotypes having different resistance alleles. For example,
HOR_2252 (Egypt) and HOR_1566 (Cyprus) had the same resistance
alleles for NB and PM with 21 resistance alleles in each genotype.
Therefore, crossing between these two genotypes may be not the most
useful crossing and the same 21 alleles will be passed to the F;. Bearing
in mind that both genotypes are from different countries, therefore the
diversity among these genotypes is expected and could be useful for the
breeding of other target traits. Notably, the German genotype
HOR_9570, which had the lowest number of resistant genes to NB and
PM, had a high genetic distance with all genotypes with a range
extended from 0.487 to 0.690 (BCC_899, Chile), indicating that this
genotype had specific resistance alleles that did not exist in the other
genotypes. The German genotype HOR_9570 (German) had eight resis-
tance alleles for NB, while, BCC_899 (Chile) had 11 resistance alleles.
The number of different alleles between these two genotypes was five
resistance alleles. For PM, HOR_9570 had six resistance alleles, while
BCC_899 had seven resistance alleles. The number of different alleles
was five. So, crossing between these two genotypes will result in
inheriting 9 resistance alleles to PM (same four alleles and five different
alleles) and 12 resistance alleles to NB (same seven alleles and five
different alleles). In total, the F; will have the same 11 alleles that are
common and 10 different alleles between the two parents (HOR_9570
and BCC_899). As the immune genotypes were resistant to the Egyptian
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NB and PM pathotype(s), it is worth investigating the genetic distance
between the German genotype HOR_ 9570 and the immune Egyptian
genotypes. High genetic distance was also found. Crossing between
HOR_9570 with the Egyptian genotypes should be considered to pro-
duce cultivars with high adaptability to Egyptian conditions. Another
important selection criterion that HOR_9570 had the highest SW, high
NOS, high Ph, and high SL. Therefore, including this genotype will un-
doubtedly improve the yield attributes combined with high resistance to
NB and PM.

The GWAS analysis is still the most powerful statistical method for
identifying the resistant alleles to plant diseases [16,18,73,74]. It results
in identifying the number of target alleles in the highly resistant geno-
types, leading to the precise selection of the candidate genotypes that
can be used as parents in molecular breeding programs.

In conclusion, potential genes and SNP markers associated with the
Egyptian PM and NB resistance were reported in this study for the first
time. The germplasm used in this study was very useful for selection and
breeding to improve NB and PM resistance. Among all immune geno-
types for NB and PM, the German HOR_9570 genotype had a high ge-
netic distance based on resistance alleles with all genotypes and it was
also characterized as a high-yielding genotype. Important candidate
parents for future crossing were highlighted in this study and it is highly
recommended to include the HOR_9570 in future breeding programs to
improve NB and PM resistance and yield traits. All markers detected in
this study can be converted to KASP markers for validation in different
genetic backgrounds before using them in MAS. Finally, the 21 immune
genotypes are very important genetic resources not only for improving
NB and PM resistance but also for increasing the circle of genetic di-
versity of barley genotypes grown in Egypt.
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