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Wheat powdery mildew (PM) causes significant yield losses worldwide. None of
the Egyptian wheat cultivars was detected to be highly resistant to such a severe
disease. Therefore, a diverse spring wheat panel was evaluated for PM seedling
resistance using different Bgt conidiospores collected from Egyptian fields in two
growing seasons. The evaluation was done in two separate experiments. Highly
significant differences were found between the two experiments suggesting the
presence of different isolates populations. Highly significant differences were
found among the tested genotypes confirming the ability to improve PM
resistance using the recent panel. Genome-wide association study (GWAS) was
done for each experiment separately and a total of 71 significant markers located
within 36 gene models were identified. The majority of these markers are located
on chromosome 5B. Haplotype block analysis identified seven blocks containing
the significant markers on chromosome 5B. Five gene models were identified on
the short arm of the chromosome. Gene enrichment analysis identified five and
seven pathways based on the biological process and molecular functions
respectively for the detected gene models. All these pathways are associated
with disease resistance in wheat. The genomic regions on 5B seem to be novel
regions that are associated with PM resistance under Egyptian conditions.
Selection of superior genotypes was done and Grecian genotypes seem to be
a good source for improving PM resistance under Egyptian conditions.

KEYWORDS

genome-wide association study, gene enrichment, biological process pathway,
functional annotation pathway, gene network

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1160657/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1160657/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1160657/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1160657/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1160657/full
https://orcid.org/0000-0001-6879-2559
https://orcid.org/0000-0002-3917-648X
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1160657&domain=pdf&date_stamp=2023-05-10
mailto:mourad@ipk-gatersleben
mailto:amira_mourad@aun.edu.eg
https://doi.org/10.3389/fpls.2023.1160657
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1160657
https://www.frontiersin.org/journals/plant-science

Mourad et al.

1 Introduction

Wheat is the most important cereal crop all over the world. It
provides food for almost 35% of the world’s population (Paux et al.,
2008; Mondal et al, 2021). One of the major devasting foliar
diseases that reduce wheat crop and quality is powdery mildew
(PM) caused by Blumeria graminis f.sp tritici (Bgt) (Singh et al.,
20165 Figureueroa et al., 2018). In favorable conditions, PM
infection could cause yield losses of up to 62% in many wheat
planting areas (Costamilan, 2005; Maxwell et al., 2009; El-Shamy
etal, 2012; Huang et al., 2013). Recently, PM was reported to occur
annually in Egyptian fields and is considered more dangerous than
rusts that have been effectively controlled (El-Shamy and
Mohamed, 2022). Few efforts have been made to control such a
serious disease in Egyptian fields. Some studies tested the presence
of specific Pm genes in the Egyptian wheat germplasm (Emara et al.,
2016; Elsayed and Elkot, 2020; Draz et al.,, 2022). Others figured out
the different Bgt isolates exist in the Egyptian Bgt populations (El-
Shamy et al, 2012; El-Shamy and Mohamed, 2022). However, a
deep understanding of the genetic control of PM resistance will help
wheat breeders to produce highly resistant genotypes.

Like wheat rust diseases, wheat resistance to PM could be
classified into two types: seedling resistance (also known as race-
specific resistance), and adult plant resistance (also known as race-
non-specific resistance). Race-specific resistance is controlled by
one gene that has a single effect. Thus resistance could be overcome
if a new Bgt race appears (Cheng et al., 2022). Therefore,
pyramiding many seedling resistance genes in the same genotype
could provide a broad-spectrum resistance to such a serious disease.
Several Pm resistance genes have been identified in wheat. Out of
these genes, only 68 genes have been identified and mapped on
specific chromosomes of the wheat genome (He et al, 2021).
However, some of these genes were found to be associated with
deleterious traits (Hurni et al., 2014). Therefore, few of these genes
were used widely to improve PM resistance and could be found in
modern wheat cultivars. Looking for other resistance genes/
genomic regions is required to overcome PM in wheat.

Association mapping (AM) is one of the most effective ways to
detect genomic regions controlling specific traits. To perform AM,
genome-wide association study (GWAS) could be done using
diverse populations. In the recent study, a diverse panel was used
to identify other sources of PM resistance. This panel was collected
from 22 different countries hence it is appropriate for GWAS.
Diverse populations are always helpful in detecting new sources of
improving targeted traits (Sallam et al., 2018; Mourad et al., 2021b;
Amro et al, 2022). In wheat, GWAS is used widely in detecting
marker-trait associations (MTAs) for different biotic and abiotic
traits (Noubissié et al., 2017 ; Daba et al., 2018; Liu et al., 2018;
Alqudaha et al., 2019; Ward et al., 2019; Kumar et al., 2020; Eltaher
et al., 2022; Hasseb et al., 2022; Mourad et al., 2022b). Due to the
rapid development of state-of-art DNA sequencing techniques,
candidate genes of the wheat genome have been identified.
Therefore, identifying gene models harboring significant markers
associated with specific traits could be easily detected. Many
databases for functional annotation, expression of wheat genes,
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gene enrichment, and different plant pathways became available
online. Some of these databases are WheatExp (Pearce et al., 2015),
Knetminer (Hassani-Pak et al., 2021), EnsemblePlants (Kersey et al.,
2016), and ShinyGo (Ge and Jung, 2018). Combining the
information obtained from these databases with the GWAS study
will facilitate improving wheat cultivars for different conditions.
The objectives of this study are: (1) understanding the genetic
control of PM resistance under Egyptian conditions using a diverse
wheat panel, (2) identifying MTAs associated with different Bgt race
populations collected from the Egyptian fields, and (3) selecting the
most promising genotypes that could be used in future breeding
programs to improve PM resistance in Egyptian wheat germplasm.

2 Materials and methods
2.1 Plant materials

In the current study, two sets of plant materials were evaluated
for their PM seedling resistance, namely the tested set and
differential lines set. The tested set consists of 198 spring wheat
genotypes that represent old and new cultivars collected from 22
different countries around the world (Table S1). The majority of
these tested genotypes are from Egypt. Seeds of the non-Egyptian
cultivars were obtained from the USDA-ARS, Aberdeen, ID, United
States. However, seeds of the Egyptian cultivars were obtained from
the Egyptian governorate. The differential lines set consists of 21
different isolines (IL) that carry 20 different PM resistance genes in
addition to one susceptible genotype (Table S2). Seeds of the
differential lines were obtained from Dr. Abdelrazek Abdelrhim,
Minia University, and were used in a previous study (Abdelrhim
et al., 2018).

2.2 Experimental design, powdery mildew
inoculation, and evaluation

All the plant materials were evaluated for their PM seedling
resistance in two different experiments, Exp. I and Exp. II. Both
experiments were conducted in the greenhouses of the Wheat
Disease Research Department, Agriculture Research Station,
Egypt. In each experiment, different Bgt populations were used as
follows: Bgtl population was collected from the Egyptian field
growing season 2021 and was used in Exp. I., while Bgt2
population was collected from the Egyptian field growing season
2022 and was used in Exp. II. In each experiment, the experimental
design was a randomized complete block design (RCBD) with three
replications. In each replication, each tested genotype was sown in
plastic pots (10 cm diameter) with 10 kernels/pot. Planting was
done in clay soils and the irrigation was applied as recommended.

PM inoculation was artificially done in each experiment by
collecting naturally infected plants during the mentioned growing
seasons from different commercial wheat fields at different locations
in Egypt. The inoculum was multiplied on the susceptible check
(Jagalene) by shaking conidia collected from infected plants over the
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8-day seedling leaves of healthy plants (Browder, 1971; Leath and
Bowen, 1989). The inoculated seedlings were maintained in the
greenhouse at 20 + 2°C, 70-90% relative humidity under a 16 h
photoperiod with a light intensity of approximately 14,000 lux
meter. To inoculate the tested genotypes, 8 days of seedlings of each
genotype were inoculated with 10-days Jagalene infected seedlings
using rubbing technique. The inoculated seedlings were maintained
in the greenhouse for 12 days until scoring. Infection type (IT) was
recorded using MQ et al. (1987)” scale ranging from 0-4. In this
scale, genotypes with ITs ranging from 0-2 were considered as ‘R’
(resistant), while genotypes with ITs ranging from 3-4 were
considered as ‘S’ (susceptible).

2.3 Statistical analysis of powdery mildew
seedling resistance

The recorded ITs were converted from MQ et al. (1987) scale to
a linear IT (LIT) to convert the phenotypic data from a qualitative
to a quantitative scale for analyses. The LIT was the same used by
Mourad et al. (2018). In the LIT, genotypes with scores ranging
from 0-5 were considered resistant, while genotypes with scores
ranging from 6 to 9 were considered susceptible.

Two different ANOVA models were used to analyze PM
seedling resistance using PLABSTAT software (Utz, 1997) as
follows:

Yig = p+g+ 1+ Ex+ g + e 1)

where, Y is an observation of genotype i in replication j which was
planted in experiment k, t is the general mean; g;, r;, and Ey are the
main effects of genotypes (fixed effects), replications and
experiments (random effects), respectively; e is the error. This
model was used to identify the differences between the two
experiments Exp. I. and Exp. IL

Yi= pt+r+ g+ grij+ e (2)

where Yj; is an observation of genotype i in replication j, [t is the
general mean; g;, rj are the main effects of genotypes and
replications, respectively; e is the error. This model was used for
each experiment separately to identify the differences between the
tested genotypes under each experiment.

Broad-sense heritability was calculated using the following
formula:

2
H = 62/(c2 OGRr
= GG/(O'G+—T )

where 6% and o} are the variance of the lines and the residuals,
respectively. r is the number of replicates.
2.4 Genotyping of the tested materials

All the tested plant materials (198 genotypes) were genotyped

using a 25K Infinium iSelect array (25K-SNPs). This marker set was
generated by SGS Institute Fresenius GmbH TraitGenetics Section
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(Gatersleben, Germany) as described previously in (Aleksandrov
et al., 2021; Mourad et al., 2022b). In addition, 103 genotypes from
the tested materials were genotyped using genotyping-by-
sequencing (GBS) as described in (Mourad et al, 2020; Abou-
Zeid and Mourad, 2021; Mourad et al., 2022a). Both marker sets
were filtered for minor allele frequency (MAF >0.05), maximum
missing sites/SNP<20%, and maximum missing sites/
genotypes<20%. A total of 21,093 and 11,362 markers were
obtained for 25K-SNPs and GBS, respectively. Both marker sets
were reported to cover different parts of the wheat genome (Mourad
et al., 2022a; Esmail et al., 2023).

2.5 Genome-wide association study
(GWAS) for powdery mildew
seedling resistance

To identify the genomic regions controlling PM seedling
resistance, the best linear unbiased predictors for LIT (BLUPs)
were used to conduct GWAS. BLUPs values were calculated for
each experiment separately using lme4 R package (Bates et al,
2015). Three different models were used for GWAS analyses;
Generalized linear model (GLM), Mixed Linear Model (MLM),
and Fixed and random model Circulating Probability Unification
(FarmCPU) using rMVP R package (Yin et al., 2021). Furthermore,
PCA, kinship (Kin), and PCA+Kin were included and tested in each
model. The best model was detected for each evaluation based on
the distribution of the expected p-values and observed p-values in
the QQ-plot. The significant markers were identified using p-
value<0.001 (-log;o>3.00). The target allele marker was the one
that decreased the LIT. The phenotypic variation explained by each
marker was calculated using TASSEL 5.0 software (Bradbury
et al., 2007).

2.6 Haplotype block analysis

For the significant markers located on the same chromosome,
haplotype block analysis was performed using Haploview 4.2
software (Barrett et al., 2005). A cutoff value of 1% was used as
described by (Mourad et al., 2018). The four-gamete method was
used to construct haplotype blocks. In this method, block
boundaries are created where evidence of recombination between
adjacent SNPs based on the presence of all four gametic types exists
(Wang et al., 2002).

2.7 Gene models harboring the significant
markers, gene enrichment analysis,
and network

To provide more understanding of the genetic control of PM
seedling resistance, high-confidence gene models that harbor
significant markers were identified. To identify these gene models,
the position of the significant markers in base pair (bp) was
investigated for the gene models that they were located within
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using EnsemblePlants database (https://plants.ensembl.org/
Triticum_aestivum/Info/Index.). Furthermore, the functional
annotation of the identified gene models was detected using the
genome annotation provided by International Wheat Genome
Sequence Consortium (IWGSC) v.1.0. The relationship between
the functional annotation and disease resistance in wheat was
examined using KnetMiner database (Hassani-Pak et al., 2021).
The gene enrichment of the identified gene models based on
biological process, molecular function, and cellular component
was investigated using ShinyGo 0.76 database (Ge and Jung,
2018) with a p-value<0.10 and visualized using SRPLOT database
(http://www.bioinformatics.com.cn/srplot).

3 Results

3.1 Evaluation of powdery mildew isogenic
lines and susceptible checks

To investigate the possible resistant Pm genes that are effective
against the Egyptian Bgt isolates, a set of 20 isogenic lines (IL)
carrying 20 different genes were evaluated in both experiments
(Exp. I and Exp. II). Out of the 20 IL, four (NCA6, NACG13, Pm1b,
and Pm37) were very resistant in both evaluations (Table S2). Four
IL; MIAGI12, Pm3b, Pm34, and Pm36 were found to be resistant
(0<IT<2) in both experiments. Only one IL carrying Pm8 gene was
found to be susceptible in both experiments. However, the
remaining eleven IL were resistant in Exp. I. and susceptible in
Exp. II. To investigate the successes of the artificial infection,
Jagalene (susceptible check) was found to be highly susceptible
(IT=4) in both experiments (Exp. I. and Exp. II.).

3.2 Genetic variation of powdery mildew
seedling resistance to the different
populations of Bgt isolates in the tested
spring wheat panel

Based on the analysis of variance results, highly significant
differences were found between the two experiments (Exp. L. and
Exp. II.) (Table 1). Furthermore, a highly significant genotype x
experiment interaction was found. The tested genotypes revealed
highly significant differences in their resistance to each population
of Bgt isolates (Table S3). High broad-sense heritability estimates
(H?) of PM resistance were found in both experiments with a value
of 0.99 and 0.93 for Exp. I. and Exp. II., respectively.

The majority of the tested genotypes were found to be
susceptible (LIT>5) to PM with a number of 109 and
155 genotypes in Exp. I. and Exp. IL, respectively (Figure 1A).
Few genotypes were found to be immune with a number of 14 and
seven genotypes in Exp. I. and Exp. IL, respectively. Moreover, a
number of 73 and 34 genotypes showed degrees of resistance with
O<LIT < 5 in Exp. L. and Exp. II, respectively. None of the tested
genotypes was found to be immune in both experiments. However,
19 genotypes were found to be common resistant genotypes (O<LIT
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< 5) in both experiments (Figure 1B). The list of these common
resistant genotypes, their country of origin, and their reaction in
each experiment are presented in Table 2, S4. Notably, these
genotypes belonged to nine different countries.

3.3 Association mapping of PM
seedling resistance

3.3.1 GWAS for PM seedling resistance in
each experiment

Due to the presence of highly significant differences between the
two experiments based on the ANOVA results, GWAS was
conducted for each experiment separately. For each experiment,
three different GWAS models were used for each genotypic data set
separately. The tested population was reported to contain three
different subpopulations (Figure S1) (Mourad et al., 2020).
Therefore, for each model, PCA, Kin, or PCA+Kin were included
to correct the effect of this population structure. A summary of all
the identified significant markers for each experiment using each
marker set is presented in Table 3 while the detailed results are
presented in Table S5.

In Exp. I, the best GWAS model for the 25K-SNP array was
FarmCPU+Kin+PCA, while the best model for the GBS-SNP was
FarmCPU+Kin (Figures S2A, B). These two models identified a
total of 52 significant markers in all with a number of 37 and 15
25K-SNP markers and GBS-SNPs, respectively (Table 3 and
Figures 2A, B). All the significant markers identified in this
experiment using the 25K-SNP set were found to have minor
effects on PM seedling resistance and explained 0.82-7.31% of the
phenotypic variations (R?). These markers were found to be
distributed among 11 different chromosomes. For the GBS-SNPs,
nine markers were found to have a major effect on the resistance
while the remaining six markers had minor effects (Table S5).

In Exp. IL, the best GWAS models were FarmCPU+PCA+Kin
and MLM+kin for the 25K-SNPs array, respectively (Figures S2C,
D). These two models identified 19 markers significantly associated
with the resistance in this experiment with a number of 14 and five
significant markers using 25K-SNPs and GBS-SNPs, respectively
(Figures 2C, D). Most of the 25K-SNPs significant markers were
found to have minor effects on the resistance with a number of ten

TABLE 1 Mean square of powdery mildew seedling resistance in 198-
spring wheat genotypes among the two experiments (Exp.l. and Exp.Il.).

Source of variance df MS
Experiments (E) 1 300.03**
Replications (R) 2 0.93
Genotypes (G) 195 23.10%*
GE 195 23.02%*
GER 782 0.59
Total 1175 -
Heritability 0.97

*P<0.05 **P<0.01.
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FIGURE 1
(A) Histogram represents the different genotypes' responses to PM infection in experiment | and Il. Genotypes with a linear scale rangingfrom 0 to 5
are resistant.While genotypes with a score ranging from 6 to 9 are susceptible genotypes. (B) number of resistant genotypes in both experiments
and the number of common resistant genotypes in both experiments.

minor and four major markers (Table S5). While all the GBS-SNPs
significant markers were found to have minor effects on the
resistance except one marker “S6A_58591217” on chromosome
6A which had a major effect with an R* value of 13.42%.

Combining the GWAS results of the two experiments, a total of
71 significant markers were identified to be significantly associated
with the seedling resistance of the Egyptian isolates of Bgt. These
markers were found to be distributed among 16 chromosomes of
the wheat genome. None of these markers were found to be
common between the two experiments (Figure 3A). Out of these
16 chromosomes, chromosome 5B was found to carry the highest
number of significant markers with a total of 16 significant
markers (Figure 3B).

3.3.2 Gene models harboring the SNP markers
associated with PM seedling resistance

To provide more understanding of the genetic control of PM
seedling resistance in the studied materials, gene models harboring
the significant markers in each experiment were investigated. In
total, 28 and eight gene models were found to harbor the significant
markers identified in Exp. . and Exp. IL, respectively (Table 3). The
chromosomal position (bp) and the functional annotation of each
gene model were presented in detail in Table S5. Furthermore,
networks represent the relationship between the functional
annotation of each gene and disease resistance is presented in
Figure S3. Almost all the identified gene models in both
experiments have a relationship with disease resistance in wheat

TABLE 2 Summary of common resistant genotypes in Exp.l. and Exp.ll, their country of origin, and their average IT in each experiment.

Genotype country

Number of genotypes

Average seedling reaction to powdery mildew

Exp.l. Exp.Il.
Canada 1 1 1.33
Egypt 7 1.25 117
Germany 1 2 1
Greece 3 1.75 1.25
Iran 1 2 1.67
Morocco 2 1 1.33
Oman 1 2 1.33
Tunisia 1 1 1.33
United Kingdom 1 1 1
Unknown 1 2 0
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TABLE 3 Summary of significant markers identified in each experiment based on genome-wide association study using 25K-SNP array and GBS-SNPs
and the high confidence genes that they are located within.

. No. of
Marker Total no. of sig . No. of Number
Experiment Chrom
set markers markers of genes
1 0.82 7.19E-06 (-1.66) FarmCPU
25K-SNP array 37 ' ’ ) 25 +Kin
7.31% 0.001 (-0.79) pCA
Exp.l 52 *
GBS.SNPs s 6 4.68 - 1.29E-05 - (-2.02) - s FarmCPU
18.27% 0.001 (-125) +Kin

such as stripe rust. Moreover, some gene models have a relationship
with increasing plant immunity, innate immune response,
controlling the response to biotic stimulus, and controlling the
defense response.

In total 36 gene models were identified based on both
evaluations. None of these gene models was found to commonly
control the resistance in both experiments. Chromosome 5B was
found to carry the highest number of significant markers and was
found also to contain most of the gene models with a total of seven
genes. Therefore, we will focus deeply on the genomic regions on
this chromosome and give more concern to its role in controlling
PM resistance in the current study.

3.4 Putative genomic regions on
chromosome 5B

Chromosome 5B was found to carry 16 significant markers
associated with the resistance in both experiments (Table S5). These

markers were found to be located within seven different gene
models. Therefore, more analyses were performed on these
genomic regions.

3.4.1 Haplotype block analysis of
chromosome 5B

Haplotype block analysis detected the presence of 512 blocks on
chromosome 5B (Figure S4A). The significant markers identified in
the current study were distributed across seven blocks (blocks
number 5, 6, 7, 8, 13, 459, and 460) (Figure 4, S4B). Remarkably,
all the significant 25K-SNPs were located on the short arm of the
chromosome and located within five blocks. While the significant
GBS-SNPs were located on the long arm of the chromosome within
two blocks. Block numbers 7 and 8 were found to contain seven
significant markers located within three gene models. Three
significant markers, BS00079166_51, BS00024993_51, and
RAC875_¢c79649 197, were found to be located on blocks 5, 6,
and 13.
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FIGURE 2

Manhattan plot represents the significant markers associated with powde

25K-SNP markers associated with the resistance in Exp.l. using FarmCPU+Kin+PCA model. (B) Significant GBS-SNP markers associated with the
resistance in Exp.l. using FarmCPU+Kin.(C) Significant 25K-SNP associated with the resistance in Exp.Il. using FarmCPU+Kin+PCA model.

(D) Significant GBS-SNP markers associated with the resistance in Exp. Il.

ry mildew resistance in the 198-spring wheat genotypes. (A) Significant

using MLM+Kin model.
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FIGURE 3

(A) Number of common significant markers between the two powdery mildew seedling experiments (Exp.l. and Exp.ll). (B) Chord diagram represents
number of significant markers on each wheat chromosome associated with powdery mildew seedling resistance in both experiments (Exp.l. and Exp.ll).

3.4.2 Gene enrichment analysis of gene models
harboring significant markers on chromosome 5B
Gene enrichment for all the identified gene models located on
5B chr. was investigated. Using a cutoff 1% false discovery rate, five
and ten pathways were identified based on the biological process
(BP) and molecular function (MC) pathways (Figure 5A and Table
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5. : 8 : 3 0 38383338 o .
8 &3 8 E8EEEE o & 8 & -5-§
8 2l 2 2 2822 28 2 g 8 3B 8 05
=R EE R R EE: $ 288 ¢4
28 ° 2848 38 2 8 4 8 22 88
g g e 3 S '? 3 8 S =
8 8 8 3 8 Ll - 8 g 3
k5 (163 kb) |Blm:k 6 (2kh) Block 13 (151 kb)|
’ 18 21 22 a9 50
4
3
8
2 2 8 & 2
|m Ir'n Im lm vm
53222
s 288
[Block 45 (448 k) Block 460 (0 kb)
IS CR e
FIGURE 4
Chromosomal location (bp) of known powdery mildew resistant
genes (Pm30, Pm36 and Pm53) on chromosome 58, and the
position of the identified significant markers on the same
chromosome, gene models that they are located within, and
haplotype block analysis. Highlighted SNP marker was reported
previously to associated with fusarium head blight resistance in
winter wheat (Aviles et al., 2020).
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56). No significant pathways were identified for the studied gene
models based on the cellular components.

The five BP pathways were found to be controlled by one gene
model, TRAESCS5B02G006500, and working together in one
network (Figure 5B). This network mainly controls the oxidative
metabolism of polyunsaturated fatty acids. While the ten MF
pathways performed four different networks (Figure 5C). Network
1 was found to mainly control the catalysis of an oxidation-
reduction (redox) in the plant cell and was controlled by
TRAESCS5B02G006500 gene model. The same function was
found to be controlled by Network 2, however, it was controlled
by two different gene models, TRAESCS5B02G007100 and
TRAESCS5B02G007200, that seem to work separately from
TRAESCS5B02G006500 gene model. Network 3 was found to be
controlled by one gene model, TRAESCS5B02G006600, and mainly
controlled the catalysis reaction of polypeptide chain elongation.
Network 4, controlled by TRAESCS5B02G007800 gene model, was
found to mainly control the hydrolysis of any phosphoric
ester bond.

3.4.3 Gene network of the seven identified gene
models harboring significant markers on
chromosome 5B

To provide more information on the identified putative
genomic region, the function of the identified gene models
harboring this region with disease resistance was investigated and
presented in Figure 6. Remarkably, two gene models were directly
associated with disease resistance in the plant such as
TraesCS5B02G006500 (known as 2CPA gene) that controls
disease resistance in wheat, and TraesCS5B02G006600 (known as
HAT3.1 gene) that controls wheat stripe rust resistance (Figures 6A,
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Gene enrichment analysis of the identified gene models on chromosome SB. (A) the identified pathways based on the biological process and cellular
components, (B) gene network identified based on the biological process, and (C) the different networks identified based on the cellular components.

B). Three other gene models, TraesCS5B02G007100,
TraesCS5B02G007200, and TraesCS5B02G008100, were found to
control wheat defense against bacteria, fungus, viruses, and other
organisms, as well as induce the systematic resistance in wheat
(Figures 6C-E). No direct relation between disease resistance and
the remaining two gene models was found. However,
TraesCS5B02G007800 was found to control the slow growth of
wheat plants in response to osmotic stress, a response that produces
a hypersensitive reaction to the stress (Figure 6F). Moreover,
TraesCS5B02G011400 was found to control the response of wheat
cells to DNA damage in response to environmental insults or any
error occurring during metabolism (Figure 6G).

3.5 Selection of the most promising
superior resistant genotypes

The total number of target alleles of significant markers was
investigated in the resistant genotypes (Figure 7). Out of the 52
significant markers associated with the resistance in Exp. L, 40
alleles were found in the genotype “1137” from Morocco. While the
lowest number of the target alleles was found in the Egyptian
genotype “Gizal52”. The highest number of target alleles associated
with the resistance in Exp. II. was found in “MG27973” and “Rusty”
genotypes which contain 13 alleles out of the 19 significant alleles
identified in Exp. II. On the other hand, the “MG27967” genotype
contained the lowest number of significant alleles associated with
the resistance in this experiment. Combining the number of
significant alleles associated with the resistance in both
experiments, “MG27973” genotypes from Greece contained the
highest number of target alleles followed by “1137” with a
number of 46 and 44 alleles, respectively. The number of the
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target alleles in the Egyptian genotypes ranged from 15 alleles in
“Gizal52” to 36 alleles in “QADRY007” breeding line.

The genetic distance among the 19 common resistant genotypes
was calculated and presents in Figure 7B and Table S7. Based on the
genetic distance, the 19 genotypes were clustered in four different
clusters. The three Greek genotypes, including “MG27973”
genotype, were clustered together in one group. Furthermore,
“MG27973” genotype had a high genetic distance with values
ranging from 0.3509 between it and “MG27967” to 0.4792
between it and the Egyptian genotype BeniSwief-6 (Table S7).
The Moroccan genotype “1137” was clustered in the same group
as most of the Egyptian genotypes Figure 7B.

4 Discussion

Wheat powdery mildew (PM) caused by Blumeria graminis f.sp.
tritici is a serious disease that causes huge damage to wheat yield.
Most Egyptian bread wheat cultivars were reported to be moderately
resistant or susceptible to PM (El-Shamy et al., 2016; Abdelrhim et al,,
2018; Draz et al.,, 2019; El-Shamy and Mohamed, 2022). Therefore,
looking for new sources of resistance is urgently needed. In the
current study, a highly diverse wheat panel collected from 22 different
countries around the world was evaluated for their resistance to the
recent Bgt Egyptian populations. This panel was reported to be
genetically highly diverse and adapted to Egyptian field conditions
(Mourad et al., 2020; Abou-Zeid and Mourad, 2021; Hasseb et al.,
2022; Mourad et al,, 2022a; Mourad et al., 2022b). Such highly diverse
plant materials will be very helpful in detecting the possible genetic
resources for improving PM resistance in Egyptian wheat. The
evaluation was done in two different experiments (Exp. I. and Exp.
I1.) using two isolate populations (Bgt1 and Bgt2) that were collected
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from the Egyptian fields in the last two growing seasons (2020 and
2021). These populations were reported to contain different isolates
(Dr. Samar Esmail, personal communications). Recent studies
reported the existence of different Bgt isolate in each growing
season in the Egyptian fields (El-Shamy and Mohamed, 2022).
Therefore, diverse Bgt isolates were supposed to be used in the
current evaluations. The susceptible check “Jagalene” had a high
susceptible IT (IT=4) on both evaluations which confirms the
efficiency of the artificial inoculation in both experiments.

4.1 Effective PM resistance genes against
Bgt Egyptian isolate

The evaluation of the 20 isolines was done in each experiment
separately to investigate the changes in the genetic control of PM
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resistance under Egyptian conditions. Such changes in the
resistance shed light on the changes that occurred in Bgt isolates
during the different growing seasons. The eight immune/resistant
isolines were reported previously to be resistant under Egyptian
conditions (El-Shamy et al., 2016; Abdelrhim et al., 2018; El-Shamy
and Mohamed, 2022). Some isolines showed different resistant
responses in the two experiments confirming the presence of
different Bgt isolates in each evaluation. Interestingly, Pm35,
Pm3a, Pm4b, were found to be effective against the Bgt isolates
used in Exp.I. and ineffective in Exp. II. These genes were reported
as effective genes against the Egyptian Bgt isolates collected from
difterent fields including Kafrelsheikh (Abdelrhim et al., 2018). The
changes in the efficiency of these isolines in Exp. II. confirming the
appearance of highly aggressive Bgt isolates that increase the need
for improving PM resistance in the Egyptian wheat germplasm.
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(A) Number of target alleles in each of the 19 common resistant genotypes in both evaluations (Exp. (I) and Exp.Il.). (B) The genetic distance between

each pair of these common resistant genotypes.

4.2 Genetic variation in PM seedling
resistance in the studied spring
wheat panel

The presence of highly significant differences between the two
experiments concluded the significant differences between the two
populations of Bgt isolates used in this study (Table 1).
Furthermore, the presence of highly significant differences among
the tested genotypes in each experiment confirmed the high genetic
variation in the tested panel. Thus, the selection of highly resistant
genotypes could be done using the currently evaluated panel. The
high degree of broad-sense heritability in both experiments
indicated that the phenotypic variation observed in each
experiment is mainly based on genetic variation. Therefore, the
selected genotypes based on the current evaluations will be
promising due to their stable response. High degrees of
heritability for PM seedling resistance were reported previously
(Hoseinzadeh et al., 2019; Hinterberger et al., 2022). Such high
degrees of heritability concluded the promising genetic
improvement for PM seedling resistance using the current panel.

Notably, most of the tested genotypes were found to be
susceptible to PM suggesting that improving PM resistance in the
bread wheat germplasm under the Egyptian conditions is required.
Moreover, most of the Egyptian genotypes were found to be
moderately resistant or susceptible. The absence of immune
Egyptian wheat genotypes was reported previously in most of the
commercial cultivars (Emara et al., 2016; Draz et al., 2019; Elsayed
and Elkot, 2020; Draz et al, 2022). The 19 common resistant
genotypes in both experiments were found to be moderately
resistant to the studied Bgt isolates. All these common genotypes
had almost similar resistance responses to the Egyptian genotypes.
However, crossing among these genotypes could help obtain broad-
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spectrum resistance against different Egyptian Bgt isolates as they
belong to different genetic backgrounds.

4.3 Association mapping of PM
seedling resistance

Unlike rust diseases in Egyptian wheat, little concern was drawn
into the genetic control of PM resistance under Egyptian
conditions. Some previous studies tested the presence of specific
PM resistance genes in the Egyptian wheat germplasm without
knocking into the new sources of genetic control (Emara et al., 2016;
Elsayed and Elkot, 2020; Draz et al, 2022). In this study, the
association mapping of PM resistance was studied for the first
time under Egyptian conditions. Two types of genetic markers
(GBS-SNPs and 25K i-select SNP array) were used in conducting
GWAS analysis. Both marker sets were reported to be effective and
cover different parts of the wheat genome (Liu et al., 2020; Mourad
et al., 2022b; Esmail et al., 2023). The GWAS models used in the
current study were reported to be effective in correcting the effect of
population structure and detecting the significant markers
(Turuspekov et al., 2016; Kaler et al., 2020; Muhammad et al,
2020, Muhammad et al., 2021; Mourad et al., 2022b; Esmail et al.,
2023). The best model differs based on the phenotypic evaluation
and the marker set. Therefore, testing the three GWAS models in
each study is reccommended. A similar conclusion was obtained in a
previous study (Mourad et al., 2022a). The results of this study shed
light on genomic regions controlling PM resistance under
Egyptian conditions.

Different significant markers were found to control the
resistance in each experiment. This further supports that the
genotypes were exposed to different Bgt races in the two growing
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seasons due to the fungus’s ability to mutate and produce new
pathotypes. Hence, more effort should be done to improve PM
resistance in the Egyptian fields. Combining the GWAS results of
both experiments, 71 MTAs across 16 difterent chromosomes were
detected. The presence of many MTAs controlling PM resistance
across different chromosomes was reported previously in different
wheat backgrounds such as American wheat, Russian wheat, winter
wheat, and other backgrounds (Liu et al., 2017; Kang et al., 2019;
Leonova, 2019; Alemu et al.,, 2021; Du et al., 2021). Most of the
identified significant markers were located within gene models that
functionally annotated to directly or indirectly control wheat
resistance to different organisms. Moreover, “Kukri_c6266_260"
marker on chromosome 5A was reported to control PM in many
regions in Europe such as Lithuania, Sweden, and Denmark (Alemu
etal, 2021). In our study, this marker was found to minorly control
the resistance in Exp. L. It was located within TraesCS5A02G421600
gene that was annotated to produce S-Adenosyl-l-methionine
methyltransferase (SAMT) protein. This protein was reported to
be involved in the plant defense process (Ross et al., 1999). Based on
our findings and the previous findings, we conclude that this
marker could provide broad-spectrum resistance against many
Bgt pathotypes. The marker-trait association identified in this
study is accurate and precise.

4.4 Insights into the putative genomic
regions on chromosome 5B

The majority of the significant markers identified in this study
are located on chromosome 5B. Previous studies concluded the
presence of QTLs controlling fungal disease resistance in wheat on
this chromosome (Salina et al,, 2018). Moreover, some of the
significant markers detected in the recent study were reported to
be associated with disease resistance in wheat such as;
“BS00079166_51" which was previously reported to be associated
with fusarium head blight (FHB) resistance in winter wheat (Aviles
et al,, 2020), and “tplb0060p09_735”, “BS00024993_51”, and
“BS00102828_51” markers that were developed for KASP markers
for Lr52 and Yr47 rust genes (Qureshi et al., 2017). These four
validated SNP markers could be used in MAS for resistance to
various wheat diseases after further validation in a different genetic
background (Sallam et al., 2023). More understanding of the role of
these regions in PM resistance is required.

All the 5B-significant markers were located in seven blocks
based on the haplotype block analysis. Significant markers located
in the same block are most likely controlling the same QTL. The
significant marker identified in Exp.Il. was located separately in
block 13 and far from the blocks controlling the resistance in Exp.I.
This confirms that the genetic control of PM in both experiments is
different due to the presence of different Bgt populations. It was
reported that selecting blocks that are rich in significant markers are
better than selecting individual SNPs in MAS (Mokry et al., 2014;
Mourad et al., 2018). Therefore, the recently identified blocks could
be used in MAS for PM seedling resistance. The identified
significant markers and their harboring blocks were found to
contain a total of seven genes all located on the short arm of the
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chromosome. All these genes had a relationship with disease
resistance in wheat which confirms our results. Gene enrichment
decreased the number of these genes to five genes that significantly
control biological processes and/or molecular function pathways in
the wheat genome. All the pathways identified based on the
biological processes were found in one network and controlled by
TraesCS5B02G006500 gene. These pathways mainly control the
metabolism of some important hormones that are involved in
plant defense. For example, oxylipin hormone was reported as a
major hormone produced by jasmonic acid (JA) that is very
important in controlling the plant defense system (Wang et al,
2021; Esmail et al., 2023). Furthermore, carboxylic acid and oxylipin
hormone was found as a major component of the glycerol-induced
powdery mildew resistance in wheat (Li et al., 2020). Recent studies
reported that oxoacid metabolic processes and carboxylic acid
pathways are involved in the resistance of wheat genotypes to leaf
rust (Dorostkar et al., 2022). Furthermore, the same gene model was
found to control two molecular function pathways that are
important in the catalysis of an oxidation-reduction (redox)
reaction in wheat. The regulation of redox changes in plant cells
is a preliminary response to the infection that includes the
hypersensitive response in the resistance genotypes (Matika and
Loake, 2014). Three other networks were identified based on the
molecular function process that was also involved in disease
resistance/susceptibility in the plant. For example, network 2
controlling the activity of monooxygenase and iron binding
processes was reported to negatively regulate the resistance of
wheat diseases such as fusarium head blight (Herlihy et al., 2020;
Ma et al, 2022). Network 3, controlled by TraesCS5B02G006600
gene model, was found to contain four different pathways that
control the activity of serine hydrolase in wheat. The regulation of
serine/threonine was involved in wheat resistance to Septoria blotch
disease (Benbow et al, 2020; Zhou et al., 2020). Furthermore,
Serine/threonine kinase gene was reported as a key member of
Pm21 powdery mildew resistance gene (Cao et al., 2011). Network 4
controls the phosphoric ester hydrolase activity, a process that
involved in the plant-pathogen interaction during wheat stem
rust infection (Kataria and Kaundal, 2022). The presence of
different networks based on the molecular functions pathways
suggests that the identified genomic region contains more than
one gene. All the genes present in the identified genomic regions on
the short arm of 5B have a significant role in fungal disease
resistance in wheat.

To provide more understanding of these gene models and PM
resistance, we figured out the known Pm genes that were located on
chromosome 5B. Five genes were previously mapped on this
chromosome; Pm30 (Liu et al., 2002), Pm36 (Blanco et al., 2008),
Pm53 (Petersen et al., 2015), PmAS846 (Xue et al., 2012), and Pm16
(Chen et al., 2005). Out of these five genes, two were located on the
short arm of the chromosome (Pm30 and Pml16). While the
remaining three genes were located on the long arm of
the chromosome. Recent studies linked Pm30 with three
90K-SNPs markers namely “wsnp_Ex_c13496_21243167",
“Kukri_c18702_1327, and “wsnp_Ex_c20988_30107609” (Liu
et al., 2017). Comparing the chromosomal position of these three
SNPs and the position of the significant markers identified in the
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current study, Pm30 was located far from the genomic region
identified on the short arm of the chromosome (Figure 4).
Furthermore, one of the three mentioned markers in Liu et al.
(2017)’study was included in our 25K-SNP array marker data and
was not significantly associated with the resistance in both
experiments (Figure S5). Unfortunately, there is no available SNP
marker for Pml6 gene. Therefore, it was hard to compare its
position with the identified genomic region. However, Pm16 was
identified as an effective gene that controls PM resistance under the
Egyptian conditions (El-Shamy et al., 2016). Due to the lack in the
seed of Pml6 isoline, we could not identify its reaction to the
studied Bgt populations. However, due to the presence of seven gene
models on the short arm of the chromosome, we can conclude that
Pm16 could be one of these genes.

Moreover, the chromosomal location of Pm53 and Pm36 genes
located on the long arm of the chromosome was investigated. Pm53
was reported to be flanked by IWA2698 and IWA6024 SNP markers
(Petersen et al., 2015). Based on the EnsemblePlants database, these
markers are located between 478,305,518bp and 478,305,718bp and are
located within TraesCS5B02G292800 gene model. Based on this
location, Pm53 is far from the genomic regions identified in our
recent study (Figure 4). Moreover, in our marker data sets five SNP
markers were found to have the same chromosomal location of Prn53.
All these markers were located in block 194 and were not significantly
associated with the resistance which confirms that the identified
genomic region is different from Pm53 gene. Following the same
method, Pm36 gene was mapped near to “IWB22904” SNP marker
that was located within 540,266,445 and 541,343,146bp (Nigro et al,
2022). The chromosomal location of this gene was far from the
significant marker detected in our study (Figure 4). Furthermore, we
found four SNP markers in our marker data set that were located in the
same position. Based on the haplotype block analysis, these markers
were located in block 261 and block 262 and were not significantly
associated with PM resistance (Figure S5). Furthermore, Pm36 and
Pmb53 isolines were found to be resistant in at least one experiment
(Table S2). Based on the chromosomal location of Pm36 and Pm53, it
seems that the identified genomic region is novel and differs from these
two genes.

Undoubtedly, more studies are required to provide more
understanding of these putative genomic regions in controlling
PM seedling resistance. However, based on our preliminary study,
we can conclude that these regions seem to contain more than one
PM resistance gene. Pm16 could be one of these genes in addition to
other unknown genes. Moreover, other disease-resistance genes
such as FHB and rusts might contribute to PM resistance.
Therefore, genes located in the identified genomic regions could
have pleiotropic effects against many wheat diseases.

4.5 Selection of genotypes with broad-
spectrum resistance to Egyptian
Bgt populations

Gene pyramiding is preferred to produce genotypes with broad-
spectrum resistance to PM. It requires crossing between resistant
genotypes that carry different genes/MTAs controlling the
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resistance. Despite the approximately similar response of the 19
common genotypes, different numbers of target alleles of the
significant markers were found in each one of these genotypes.
Therefore, gene pyramiding could be possible using the current
common genotype. The Grecian genotype “MG27973” and the
Moroccan genotype “1137” contained a higher number of target
alleles than all the Egyptian genotypes. Furthermore, the Egyptian
breeding line Qadry_007 contains a higher number of targeted
alleles among Egyptian genotypes. Crossing Qadry_007 with both
the Moroccan and Grecian genotypes seems to be helpful in gene
pyramiding for PM resistance. However, “MG27973” was found to
be genetically distinct from all the Egyptian genotypes. On the other
hand, “1137” was found to be located in the same group as most of
the Egyptian genotypes. It was concluded that the best parents to be
crossed to improve specific traits are those that are highly
genetically distant (Bertan et al., 2007; Mourad et al,, 2020;
Mourad et al., 2022a). Therefore, using “MG27973” as a parent in
future breeding programs for PM resistance will accelerate the
Egyptian wheat germplasm. It is highly recommended to combine
phenotypic selection with genetic analysis to identify the most
promising genotypes (Eltaher et al., 2018). Using such a
combined selection method will avoid human errors that could
lead to misleading in the phenotypic selection process (Sallam et al.,
2019). Many previous studies used this approach in selecting
promising genotypes for different abiotic and biotic stresses
(Abou-Zeid and Mourad, 2021; Eltaher et al., 2021; Mourad et al.,
2021a; Abo-elyousr et al., 2022; Eltaher et al., 2022; Mourad
et al., 2022b).

5 Conclusion

In conclusion, the high variation in the tested wheat panel suggests
the possibility of selecting broad-spectrum resistant genotypes. A low
number of immune genotypes were found confirming that more
concern should be given to improving PM resistance under Egyptian
conditions. This study is the first AM study that unlocked the genetic
control of such a serious disease in the Egyptian fields. Novel genomic
regions were found on chromosome 5B that differ from the known Pm
genes mapped on this chromosome, except Pml16. The identified
genomic regions were found to contain five different gene models,
forming four molecular function networks, and located in five
different haplotype blocks. Therefore, these genomic regions seem to
contain more than one resistant gene. Some other disease-resistance
genes were found in the same region suggesting that pleiotropic effects
genes could be present in these regions. The Grecian selected genotype
provides a good source for PM broad-spectrum resistance due to the
high distance between it and Egyptian genotypes and its resistance to
the different isolates of Bgt.
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