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ABSTRACT: Barley (Hordeum vulgare L.) is a significant global crop that thrives in various climatic and drought-stress
conditions. Furthermore, increased drought intervals and more significant weather variability resulting from climate
change can affect the severity of plant diseases. Therefore, two primary objectives of integrated disease management
regarding climate change are identifying cultivars resistant to foliar diseases and understanding disease progression
under abiotic stress. In the current study, we assessed the quantitative foliar disease resistance of 17 commercial barley
cultivars under both normal and water stress conditions over two growing seasons (from 2020/21 to 2021/22). The
findings demonstrated a reduced incidence of foliar fungal diseases (leaf rust, net blotch, and powdery mildew) under
severe drought stress relative to standard irrigated field conditions. The barley cultivars (Giza 130, Giza 131, and Giza 133)
demonstrated significant differences across all disease resistance indices. In addition, the study aimed to molecularly
characterize 17 commercial barley varieties using single-cell DNA testing (SCoT) to identify genetic polymorphism
and specific markers for each genotype. Eight SCoT primers were employed to investigate the genetic polymorphism
among 17 barley varieties. Furthermore, these cultivars exhibited optimal performance for the majority of agricultural
attributes examined, both under normal and water-stressed conditions.
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1 Introduction

Barley (Hordeum vulgare L.) ranks as the fourth-most significant cereal crop globally, primarily due
to its resilience and ability to adapt to various challenging conditions [1]. Due to its high nutritional fiber
content, it serves as animal feed and a staple diet for numerous populations worldwide [2-4]. According to
FAOSTAT [5], global barley cultivation spanned 46.9 million hectares, yielding approximately 141 million
tons in the 2019-2020 period. Barley constitutes a significant winter crop in Egypt. It thrives under various
climatic and drought-stress conditions [6,7]. It is cultivated in both traditional and newly reclaimed lands,
often affected by limited irrigation and salinity issues [8]. However, drought stress reduces barley grain
yield, which is significantly affected by rain-fed region conditions [9]. Furthermore, barley can be harvested
following a brief vegetative period and demonstrates significant output potential across various climate zones
and growth conditions. Therefore, due to a changing climate, barley’s significance is expected to grow under
increasingly challenging environmental conditions [10]. The development of barley genotypes for irrigation
agriculture represents a cost-effective and efficient strategy to enhance irrigated farming with poor-quality
water, given barley’s tolerance to saline conditions and improved water use efficiency [7].

Barley is a crop frequently affected by various diseases, leading to significant economic losses and yield
reductions. In Egypt, three primary fungal diseases pose a significant threat to barley crops: powdery mildew
caused by Blumeria graminis f.sp. hordei Em. Marchal; net blotch, caused by Pyrenophora teres; and leaf
rust, caused by Puccinia hordei [11,12]. These pathogenic agents present substantial barriers to yield and
grain quality, demonstrating significant genomic plasticity, with various strains or pathotypes enhancing
their virulence. It is widely recognized that the simultaneous effects of drought and pathogen stress can
alter physiological and morphological characteristics, including photosynthesis, stomatal conductance,
and transpiration rate [13,14]. Furthermore, significant diseases in cereal crops, such as cereal rust, are
exacerbated by climate change [15].

Fungal diseases, such as powdery mildew, net blotch, and leaf rust, pose significant threats to barley
production globally. These diseases can significantly reduce yield and quality, influenced by environmental
conditions, agricultural practices, and host plant genetic resistance. A multifaceted approach involving
resistant cultivars, fungicide application, and agronomic practices is needed to manage these diseases.
Advancements in plant breeding and molecular biology could enhance resistance, but sustainable control
remains a challenge. Developing integrated disease management strategies is crucial for barley production
stability and profitability, especially given its role in the food, feed, and brewing industries [16-18].

Changes in climate-related conditions, such as droughts, excessive precipitation, or high temperatures,
can both directly and indirectly affect the seasonal phenology, population dynamics, geographic distribution,
and dispersion of diseases and pests [19-21]. Drought can have a dual impact on plant diseases. This can
inhibit the transmission of pathogens that flourish in humid environments [22]. Additionally, drought can
establish conditions conducive to the proliferation of particular pathogens. Plants experiencing water stress
may exhibit increased susceptibility to these diseases [23]. Considering the complex interactions between
multiple stresses, including drought, and their effects on crop yields is essential. Further research is needed
to fully understand the dynamics of these stress interactions and their impact on crop performance. These
pathogenic agents, along with climate stress factors such as drought, extreme temperatures, and irregular
rainfall, constitute significant impediments to both yield and grain quality. The interplay between disease
prevalence and climate stress exacerbates the challenges faced by barley cultivation, as adverse weather
conditions can weaken plant defences and enhance the virulence of pathogens. Moreover, these pathogens
exhibit considerable genomic plasticity, with multiple strains or pathotypes contributing to their virulence.
Addressing barley crop resilience requires an integrated approach that simultaneously manages disease
pressures and mitigates the impacts of climate stress, ensuring sustainable agricultural productivity and
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economic stability [24]. Prolonged drought conditions correlate with a significant reduction in foliar diseases,
as evidenced by field observations of fungal spore production. This insight highlights the potential to breed
barley cultivars that are resistant to foliar diseases, demonstrating significant variations in susceptibility
among different barley cultivars.

Barley breeders aim to develop cultivars that are well-suited to various environments. One approach
involves identifying genotypes that can thrive under diverse environmental conditions, as reported by Kumar
et al. [2]. Understanding the genetic diversity among barley varieties is crucial for detecting the genetic
variability that can be utilized in breeding programs. This knowledge can help breeders develop more resilient
and productive barley cultivars that can adapt to different environments.

The current body of research on fungal diseases affecting barley, particularly in drought-prone envi-
ronments, reveals a significant gap in understanding the complex interactions between water stress and
pathogen development. While drought conditions are known to alter plant physiology and exacerbate
susceptibility to diseases such as powdery mildew, net blotch, and leaf rust, the specific mechanisms by
which water scarcity influences fungal pathogen life cycles, virulence, and host resistance remain poorly
understood [25]. Additionally, the development of resistant cultivars has largely focused on managing
diseases under optimal moisture conditions, leaving their efficacy under drought stress uncertain. This
knowledge gap is critical, as climate change is expected to increase the frequency and severity of droughts
in major barley-growing regions, intensifying the threat of fungal outbreaks [20]. More comprehensive
studies integrating plant physiology, fungal biology, and environmental stressors are needed to develop
effective, sustainable disease management strategies in drought-affected areas, thereby securing future barley
production and food security.

Therefore, this study involved field trials at multiple research stations across diverse agro-climatic
regions of Egypt during the 2020/21 and 2021/22 periods to assess the resistance of 17 Egyptian barley cultivars
to foliar fungal diseases (powdery mildew, net blotch, and leaf rust) under both normal and varying degrees of
drought stress (mild, moderate, and severe). The study also aimed to molecularly characterize 17 commercial
barley varieties using single-cell DNA testing (SCoT) to identify genetic polymorphism and specific markers
for each genotype and determine the most tolerant variety. High biological and grain yields can be achieved
under water-stress conditions.

2 Materials and Methods
2.1 Plant Material and Field Experimental Design

Eighteen Egyptian barley cultivars were used to determine their resistance to natural infection of fungal
foliar diseases (leaf rust, stem rust, yellow rust powdery mildew, and net blotch) under four locations during
two growing seasons (2020/21 and 2021/22). Pedigree, type, area, and year of variety release are presented
in Table 1 and Fig. 1. The experiments were established in four research stations belonging to the Agricultural
Research Center (ARC) in Sakha (Permanent irrigation—31.11164° N, 30.94460° E) Sakha (L1) experiences a
semi-arid desert climate, characterized by high temperatures and minimal rainfall. The region typically sees
temperatures ranging from 20°C in the cooler months. Annual precipitation is scarce, averaging less than
20 mm, which underscores the necessity of irrigation for any form of agriculture. Sedie Brany (L2) (Rain
irrigation—31.607912 N, 25.93047 E). In a semi-arid region where rain irrigation is a crucial component of
local agricultural practices. This area experiences a hot desert climate, characterized by high temperatures,
low and irregular rainfall, and significant evaporation rates, which pose challenges for water management.
The soil in Sedie Brany is primarily sandy and less fertile, requiring careful irrigation techniques to optimize
water usage and enhance soil moisture retention, El-Owainat (L3) (Pivot irrigation—23.50537° N, 26.56580°
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E) in Egypts Western Desert, relies heavily on pivot irrigation to sustain its agricultural activities in an
arid and harsh climate. This region experiences extremely high temperatures, minimal and unpredictable

rainfall, and high evaporation rates, making efficient water management essential for successful farming.
Pivot irrigation systems in El-Owainat are designed to maximize water distribution across expansive fields,
reducing water waste and ensuring uniform moisture levels for crops. The soil here is predominantly
sandy and saline, necessitating precise irrigation techniques and soil amendments to enhance fertility
and retention and El-Kharga (L4) (Sprinkler irrigation—30.54440° N, 25.44305°E) in Egypt’s expansive
Western Desert, utilizes sprinkler irrigation to support its agricultural endeavors in an extremely arid and
challenging environment.

Table 1: Pedigree of eighteen Egyptian barley cultivars and their year release

No. Barley Type Pedigree Area Year of
cultivars release
1 Giza 123 Six rowed Giza 117/FAO 86 Irrigated & 1988
Rainfed
2 Giza 124 Six rowed Giza 117//Bahteem 52//Giza 118/FAO 86 Irrigated & 1988
Rainfed
3 Giza 125 Six rowed Sisterr line to Giza 124 Rainfed 1995
4 Giza 126 Six rowed Baladi Bahteem/SD 729-Por 12762-BC Rainfed 1995
5 Gizal27  Two rowed “W122917/“Bags”//“Harmal-02” Irrigated 1995
6  Gizal28  Two rowed “W122917/4/11012-27/“70- Irrigated 1995
224257/3/“Apm”/“1B65’//A116°
7 Gizal29 Six rowed Deir Alla 106/Cel//As46/Aths*2 Irrigated 2001
8 Giza 130 Six rowed Comp.cross 229//Bce Mr/DZ 02391/3/Deir Irrigated 2001
Alla 106
9 Giza 131 Six rowed COME-B/5/FALCON-BAR/6/LINO-CM Rainfed 2001
67-B/CENT E NO/CAM-B/ROW
906.73/4/GLORIA-BAR
10  Gizal32 Six rowed Rihane-05//As 46/Aths*2 Aths/Lignee 686 Rainfed 2006
11 Gizal33 Six rowed Carbo/Gustoe New Lands 2011
12 Gizal34 Sixrowed  Alanda-01/4/W12291/3Api/CM67//12966-69 New Lands 2011
13 Giza 135 Six rowed = BAR/COPAL/3/SEN/5/AYAROSAZARZALB Irrigated & 2011
ERME]O/4/DS4931//GLORIA Rainfed
14 Gizal36 Six rowed PLAISANT/7/CLN-B/LIGEE640/3/S. P Irrigated & 2011
B//GL ORIAA R/COME-B/5/FALCON- Rainfed
BAR/6/LINOCLN-B/A/S.P LIGNEE640/3/S
-/. P-B//GLORIA-BAR/COME B/5/FA
LCONBAR/6/LINO
15  Gizal37 Six rowed (Giza Irrigated & 2017
118/4/Rhn-03/3Mr25-// Att//Mari/ Aths*3-02) Rainfed
16 Gizal38 Sixrowed  Deir Alla 106//Sv. Asa/Attiki/4/Cen/Bglo. “S”  Irrigated & 2017

Acsad 1164/3/Mari/Aths*2//M-Att-73-337 Rainfed
1/5/Aths/Lignee 68 6/3/

(Continued)
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Table 1 (continued)

No. Barley Type Pedigree Area Year of
cultivars release
17 Giza2000  Six rowed Cr366-13-1/Gizal2l Irrigated & 2007
Rainfed

The four experiments were carried out in a randomized complete block design (RCBD) with three
replicates. Each replicate was 3 m x 3.5 m = 10.5 m* plot size consisting of 6 rows/plots for each variety. All
plants were surrounded by a highly foliar disease susceptible spreader. Crop stand/vitality was preserved in
the early stages of the dough stage per standard agricultural methods, which included the necessary rates of
fertilizer treatment and watering schedules (rain irrigation was not used during drought stress).

N\
| 1. Sakha (Permanent irrigation -
7 31.11164° N, 30.94460° E) (L1).

3 2. Sedie Brany (L2) (Rain irrigation -
31.60'912 N, 25.93047 E) (L2).

3. El-Owainat (L3) (Pivot irrigation -
23.50537° N, 26.56580° E) (L3).

4. El-Kharga (L4) (Sprinkler irrigation
- 30.54440°"N, 25.44305°E) (L4).

Figure 1: A map of Egypt showing the four agro-ecological areas where barley cultivars were evaluated for fungal foliar
diseases during the 2020/21 and 2021/22 growing seasons. (1) Sedie Brany (2) Sakha (3) El-Kharga (4) El-Owainat

2.2 Collected Data

The data collected for the study were from controlled plots and infected plots, continuously irrigated
once a week, under drought stress (rain irrigation, pivot irrigation, and sprinkler irrigation) and natural
infection. The plants were evaluated by two diagnostic tools on samples from the four different locations.
They diagnosed different symptoms of infestation on plants (visual evaluation) in parallel to visual assess-
ment. Collected leaf samples used to determine the infected leaf area using a microscope and study the
occurrence of foliar diseases, under different climatic conditions.

2.3 Disease Assessment

The percentage of leaves covered with rust pustules for the three rust reactions (leaf, stem, and
yellow) was determined using the method outlined by [32]. Meanwhile, Singh [33] was used to score the
host response to infection. This score was subsequently converted to the coefficient of infection scale by
multiplying the disease severity by the constant values of infection types, as Van der-Plank [34] described.
The constant values for infection types were used based on the following: R = 0.2, MR = 0.4, MRMS = 0.6, MS
=0.8,and S = 1.0, respectively. The type of rust was determined according to [26-31]. Disease severity (%) was
recorded weekly from the first rust appearance on each test cultivar, along with the stage of the growth season.
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Final rust severity (ER.S). The rate of the three rusts increase (r-value) was estimated by Van der-Plank [34],
and the area under the disease progress curve (AUDPC) was estimated by Pandey et al. [35] The powdery
mildew disease was determined according to [26], and their disease severity (%) was recorded as outlined by
Saari et al. [36]. The net blotch disease was determined according to [27-29], and their disease severity (%)
was recorded as outlined by Large [37]. Detailed information on the causal agents for each disease, including
their species, common names, risk factors, sources of inoculum, and relevant remarks, is provided in Table 2.

Table 2: Fungal pathogens of barley, with risk factors for epidemic development, and sources of pathogen inoculum

Species Common name Risk factors Sources of inoculum Remarks
Blumeria graminis Powdery Humidityis  Airborne conidia
f.sp. hordei® mildew warm and and mycelium on
high infected plants
Airborne conidia Exists in two forms
Drechslera teres® Net blotch Warm and wet and mycelium on of net blotch
infected plants (Helminthosporium

teres f.sp. teres)
(Drechslera. teres
f.sp maculata)

Puccinia hordei® Leaf rust Warm and Airborne Brown rust
humid uredospores
Puccinia striiformis Yellow rust Cool and Airborne
hordei! wet uredospores
Puccinia graminis f.sp Stem rust Warm and Airborne
tritici® humid uredospores

Note: a-Parry et al. [26] b-Liu et al. [27]; Rau et al. [28] Smedegard-Petersen et al. [29] c-Parry et al. [26] d-Brown
et al. [30] and e-Roelfs et al. [31].

2.4 Partial Resistance
1. Final rust severity (FRS%)

Rust severity was assessed for each cultivar at 7-day intervals from the initial infection until the early
dough stage. The modified Cobb’s scale [32] was used to record the severity of rust adult plant responses were
evaluated as a percentage of rust severity from the initial appearance of rust until the early dough stage [37].

2. Rate of disease (r-value)
The ability of cultivars to slow down the rate of rust diseases in which an epidemic was increased under

field conditions was estimated. The rate of rust increase (r-value) was calculated according to [34]:

X
~log,
1-X;

)

1 X
r — value = (log, ——
t,—t 1- X,

where X; = the percentage of susceptible (disease severity) at date t;; X, = the percentage of susceptible
(disease severity) at date t,; f,—t; = the number of days that separate these dates.
3. Area under disease progress curve (AUDPC)

Area under disease progress curve was estimated to compare different responses of the test barley
cultivars and to characterize more accurately partial resistance (PR) in these cultivars. It was calculated
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according to Pandey et al. [35].
AUDPC = D[1/2(Y; + Yk) + Y2 + Y3 + .Y (1) ]

where
D = Intervals of time (days between recordings of consecutive diseases)
Y, + Yy = The total of the initial and final disease scores.
Y, + Y3 +....+Y (xk—1) = Sum of all in between disease scores.
4. Assessment of yield components and agronomic traits

Yield components, i.e., grain yield per plot (GY/P), as well as an agronomic trait; number of spikes per
m? (NS/m?), Spike Length (SL), and Plant Height (PH) were evaluated at harvest maturity for each of the
tested cultivars [38-40].

5. DNA extraction and purification

Total DNA was extracted from seventeen barley cultivars by DNeasy Plant Kit (QIAGEN, Germany).
The concentration and quality of the isolated DNA were assessed by using nano drops.

SCoT “Start Codon Target”
a. 1DNA extraction

The high-quality genomic DNA was isolated [40] from the fresh eighteen barely leaf genotypes (100
mg) using the CTAB method Spectrophotometer analysis was used to measure the DNA concentrations
(260/280). The gel electrophoresis (1% agarose gel) was used for PCR analysis at the final 25 ng/uL
concentration. A 100 bp DNA ladder was used as a DNA marker.

b. SCoT-PCR reactions

To find polymorphism, eight SCoT primers were employed (Table 3). By [41] the amplification process
was conducted in a 20 L reaction volume with 10 yL of Master Mix (Sigma), 2 yL primer (10 pcmol), 2 uL
template DNA (10 ng), and 6 L d H,O; The amplification of PCR was programmed at 94°C for 3 min, 36
cycles of 94°C for 50°C for 1 min and 72°C for 2 min and the final step at 72°C was held for 5 min. All the
PCR amplification products were separated by electrophoresis on 1.5% agarose gels.

Table 3: Sequences of primers were used in this study

No. Name Primer sequence (5/-3/)

1 SCoT-1 ACGACATGGCGACCACGC
2 SCoT-2 ACCATGGCTACCACCGGC
3 SCoT-3 ACGACATGGCGACCCACA
4 SCoT-4 ACCATGGCTACCACCGCA
5 SCoT-5 CAATGGCTACCACTAGCG
6 SCoT-6 CAATGGCTACCACTACAG
7 SCoT-7 ACAATGGCTACCACTGCC
8 SCoT-8 ACAATGGCTACCACCAGC

c. Thermocycling profile and detection of the PCR products

PCR amplification was performed using a PerkinElmer/GeneAmp PCR System 9700 (PE Applied
Biosystems). The program consisted [42,43] of an initial denaturation cycle at 94°C for 5 min, followed by
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40 cycles of denaturation at 94°C for 45 s, annealing at 50°C for 50 s, and elongation at 72°C for 1 min. The
final cycle included a 7-min primer extension phase at 72°C.

d.  Electrophoresis and visualization of PCR product

The amplification products were resolved by electrophoresis in a 1.5% Agarose gel containing 0.5 ug/mL
of ethidium bromide in 1X TBE buffer at 95 volts. PCR results were exposed to UV light for visualization
using the Gel Documentation System (BIO-RAD 2000) [43].

e. Data analysis for SCoT-PCR reactions

The presence (1) or absence (0) of distinct and unambiguous bands was visually assessed in all samples.
The final dataset involved both monomorphic and polymorphic bands. After a binary statistic matrix
was generated, the unweighted pair-group technique with arithmetic averages (UPGMA) was employed
to calculate the similarity matrix coefficients between genotypes. A phylogenetic tree (dendrogram) was
constructed using the Euclidean similarity index, as implemented in the PAST program version 1.91 [44].

3 Statistical Analysis

The collected data of final rust severity (FRS%), area under disease progress curve (AUDPC), and rate of
disease (r-value) were statistically analyzed to investigate differences between genotypes and their response
to barely foliar diseases. The data of the studied traits in the 2020/21 and 2021/22 seasons were subjected
to a combined analysis of variance (ANOVA) across four locations to test the significance of differences
among genotypes (G), locations (L), years (Y) and their four interaction types. The mean performance of
all collected data was analyzed using the least significant difference (LSD) test at 5% and 1% probability
levels using the procedure and phenotypic correlation between the three studied group traits as described by
Gomez et al. [45]. All graphs were drawn with MS Excel.

4 Results
4.1 Field Evaluation of the Three Wheat Rust Diseases

Eighteen Egyptian barely varieties were evaluated for barely foliar diseases under different four locations
during two growing seasons 2020/21 and 2021/22 using different irrigation methods. The results of the com-
bined analysis of variance for five barely foliar diseases showed significant or highly significant differences
between genotypes, locations, and their four different interactions between Genotypes, years, and locations
(GxL GxY,YxL,and Y x L x G) during the two growing seasons as shown in Table 4. These results
showed highly significant differences between genotypes, locations, and their four interactions (G x L, G x
Y, L x Y, and G x L x Y) for the five barely foliar diseases. These results showed variability between studied
barely varieties to their response to barely foliar diseases.

1. Assessment of disease resistance under a permanent irrigation system:

Resistance of seventeen commercial barley cultivars to two types of rust diseases (stem rust and yellow
rust), was evaluated under irrigated agriculture. This is the first evaluation of twelve cultivars against yellow
rust and stem rust, while the five commercial barley cultivars, i.e., (Giza 123, Giza 124, Giza 125, Giza 126, and
Giza 2000) have previously been evaluated against stem rust and leaf rust diseases. The highest mean of final
rust severity (FRS%) was 73.33% for (Giza 2000) while the lowest recorded mean was 20% for (Giza 133) and
Giza 130 when compared to the control that recorded 80% (Table 4 and Fig. 2).
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Table 4: Combined analysis of variance for the five studied traits on eighteen barely genotypes under four locations
during two winter growing seasons (2020/21 and 2021/22)

Mean squares

SOV d.f Leaf rust Stem rust Yellow rust

FRS! AUDPC? r-valué’ FRS AUDPC r-value FRS AUDPC  r-value

Replications 2 6.825 11.984 0.000 0.009 0.064 0.000 0.064 0.226 0.006
Years 1 45.37*%  2404.321** 0.000**  233.348** 1.255** 0.000 0.757** 0.646** 0.089**
Locations 3 34578.95** 2736124** 0.459** 414.886** 67512.12** 0.008 340.916** 46765.52** 421.637**
Genotypes 17 2040.121**  216917.8%*  0.035%* 3282.969** 233703.5** 0.022 1269.238** 123062.6** 424.91**
YxL 3 0.736%* 1291.819**  0.006**  211.236** 0.234** 0.000 0.084** 0.09* 0.089**
YxG 17 1.851** 2180.39**  0.002%* 233.348** 1.255** 0.000 0.757** 0.646** 0.089**
LxG 51 277.058  46437.92* 0.008** 414.886** 67512.12*F 0.008 340.916** 46765.52** 421.637**
YxLxG 51 0.673** 2344.01**  0.004**  211.236** 0.234** 0.000 0.084** 0.09** 0.089**
Error 286 0.796 0.718 0.000 0.031 0.062 0.000 0.026 0.039 0.015
Coefficient of variation % 6.055 0.627 2.632 6.400 1.073 0.045 9.368 1.164 12.509
SOV d.f Powdery mildew Net blotch
FRS AUDPC r-value FRS AUDPC r-value
Replications 2 0.229 2173 0.000 7.088 11.461 0.000
Years 1 84.916**  495.346** 0.000** 151.159**  45.099** 0.000**
Locations 3 56112.52** 5036799** 0.777 34034.62** 2538471** 0.497**
Genotypes 17 2357.5%*  479702.9** 0.040** 4566.922** 780389** 0.081**
YxL 3 14.102** 299.374* 0.000 12.425%* 154.84**  0.000**
YxG 17 3.395%* 204.701**  0.000 7.187** 235.467** 0.000%*
LxG 51 455.514**  176763.8** 0.003**  457.62** 137319.6** 0.008**
YxLxG 51 0.595** 212.327**  0.000 3.61%* 226.73**  0.000%*
Error 286 1.271 0.537 0.000 1.088 0.611 0.000
Coefficient of variation %  7.401 0.510 0.040 5.740 0.453 0.013

Note: 1. Final rust severity, 2. The area under disease progress curve, 3. The rate of disease increase. * and ** significant
and highly significant at 0.05 and 0.01 probability levels.

Final rust severity
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Figure 2: Final rust severity (FRS%) of leaf rust on barley cultivars under different irrigation systems (permanent-rain-
pivot-sprinkler) during the 2020/21 and 2021/22 growing seasons at different agriculture research stations
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The results showed a general increase in powdery mildew and net blotch disease between spike
emergence and full ripening stage over two consecutive years. The mean severity of the final infection for
powdery mildew was 70% on (Giza 2000) and (Giza 123) cultivars, while it was more than 60% on (Giza
124, Giza 125, Giza 127, and Giza 136) cultivars with a percentage of 66.67%, 63.33%, 60.00% and 64.06%,
respectively. The cultivars (Giza 131 and Giza 135) showed a high degree of resistance percent (20%), while the
control percentage was 90% (Table 4 and Fig. 3). Net blotch was most common under-irrigated agriculture
(Sakha), where the highest mean of final disease severity was 80% on (Giza 2000) cultivar, while (Giza 129,
Giza 130, Giza 132, Giza 137, Giza 133, Giza 135, Giza 136 and Giza 138) recorded a rate of infection between
20% to 30%, while the control percentage is 90% (Table 4 and Fig. 4).
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Figure 3: Average of powdery mildew disease severity on barley cultivars under different irrigation systems
(permanent-rain-pivot-sprinkler) during 2020/21 and 2021/22 growing seasons at different agriculture research stations
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Figure 4: Average of net blotch disease severity on barley cultivars under different irrigation systems (permanent-rain-
pivot-sprinkler) during 2020/21 and 2021/22 growing seasons at different agriculture research stations

There is a significant correlation between FRS% x AUDPC, FRS% x r- V,and AUDPC x r- V. (AUDPC)
of leaf rust disease, the results revealed that (Giza 133) cultivar recorded the lowest area under the disease
progress curve which registered 187.85. while (Giza 2000) registered the largest area under the disease
progress curve which recorded 648.97 when compared to the control treatment which recorded 1075.65 in
the irrigated plots (Table 4 and Fig. 5). Also, the cultivars (Giza 133, Giza 135, and Giza 132) recorded the
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lowest rate of disease increase (r-value) of leaf rust, powdery mildew, and net blotch diseases with percentages
of 0.13545, 0.13645, and 0.13675, respectively (Table 4 and Figs. 5-7).
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Figure5: Average of the area under disease progress curve (AUDPC) of leaf rust on barley cultivars under different irri-
gation systems (permanent-rain-pivot-sprinkler) during 2020/21 and 2021/22 growing seasons at different agriculture

research stations
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Figure 6: Average of area under disease progress curve (AUDPC) of powdery mildew on barley cultivars under different
irrigation system (permanent-rain-pivot-sprinkler) during 2020/21 and 2021/22 growing seasons at different agriculture

research stations
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Figure 7: Average of the area under disease progress curve (AUDPC) of net blotch on barley cultivars under
different irrigation systems (permanent-rain-pivot-sprinkler) during 2020/21 and 2021/22 growing seasons at different
agriculture research stations

2. Assessment of disease resistance under rain irrigation system:

Our results confirmed the hypothesis that extended periods of dryness provide unfavorable conditions
for the disease and the degree and duration of leaf wetness play a critical role in the spread of foliar diseases.
Only 12 out of the 17 cultivars showed signs of leaf rust sporulation when subjected to drought stress. The
highest mean of final rust severity (FRS%) was 20.0% for Giza 123 and Giza 2000 cultivars. The lowest
recorded mean (FRS%) was 5.0% for (Giza 124, Giza 125, Giza 127, Giza 128, Giza 129, Giza 136 and Giza 138)
cultivars. The mean of final rust severity registered at 8.33% for the (Giza 126) cultivar and 12.50% for the
(Giza 137) cultivar while the control percentage is 40.0% under drought conditions (Table 5 and Fig. 2).

Table 5: Mean performance of leaf rust disease on the studied eighteen barely genotypes under four locations during
two winter growing seasons (2020/21 and 2021/22)

Genotypes Traits
FRS'% AUDPC r-value’
L1 L2* L3* L4* L1 L2* L3* L4* L1* L2* L3* L4*
Giza 123 21.25 60.50 1211 10.65  190.08 400.64 149.55 12548 0.13746  0.19850  0.09536  0.06936
Giza 124 5.75 30.60 0.00 0.00 64.94  286.79  0.00 0.00 0.05737  0.16013  0.00000  0.00000
Giza 125 6.25 45.75 5.65 9.07 61.93 32758 49.68 109.38 0.04336  0.18992  0.04327  0.06751
Giza 126 7.52 53.97 0.00 0.00  104.06 52942  0.00 0.00 0.07351  0.19251  0.00000  0.00000
Giza 127 4.75 25.75 9.00 8.84 59.03 19944 10938 100.68 0.05836  0.07358  0.06126  0.06952
Giza 128 6.30 30.75 5.75 5.75 4428  289.67 50.58 49.58  0.04426  0.15016  0.03936  0.04937
Giza 129 5.75 50.80 8.57 5.90 50.59 49709 114.43 52.11 0.06737  0.19050  0.07077  0.04536
Giza 130 0.00 20.85 0.00 0.00 0.00 190.03 0.00 0.00 0.00000 0.13947  0.00000 0.00000
Giza 131 0.00 35.75 0.00 0.00 0.00 34737 0.00 0.00 0.00000 0.17944  0.00000 0.00000

(Continued)
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Table 5 (continued)

Genotypes Traits
FRS'% AUDPC r-value’
L1* L2* L3* L4* L1* L2* L3* L4* L1* L2* L3* L4*

Giza 132 0.00 30.75 0.00 0.00 0.00  294.64  0.00 0.00 0.00000  0.15513  0.00000  0.00000
Giza 133 0.00 19.80 0.00 0.00 0.00 188.63  0.00 0.00  0.00000  0.13544  0.00000  0.00000
Giza 134 0.00 2715 0.00 0.00 0.00  290.73  0.00 0.00  0.00000  0.14916  0.00000  0.00000
Giza 135 10.75 39.90 0.00 0.00 64.18 27768  0.00 0.00  0.07936  0.17521  0.00000  0.00000
Giza 136 4.75 30.75 6.00 5.70 56.10 29249 5103 4878  0.04526 010071  0.21988  0.04737
Giza 137 13.05 43.00 0.00 0.00 13942 31470  0.00 0.00  0.08736  0.18092  0.00000  0.00000
Giza 138 5.50 40.80 0.00 0.00  68.00 259.63  0.00 0.00  0.05136 017316  0.00000  0.00000
Giza2000 20.50 74.02 1050  10.55 170.28 649.84 130.43 120.43 013577 024790  0.07227  0.07326
Control 40.50 80.80 2050 2050 298.65 1076.58 179.23 199.63 017521  0.29787  0.11926  0.11577
Mean 8.48 4120 434 428 7619 37294 4635 44.78 0.05867 0.17165 0.04008 0.02986

LSD at 5% probability level

Y 0.168 0.16 0.000

L 0.238 0.226 0.001

G 0.505 0.479 0.001
YxL 0.337 0.32 0.001
YxG 0.714 0.678 0.002
LxG 1.01 0.959 0.002
YxLxG 1.428 1.356 0.003

LSD at 1% probability level

Y 0.221 0.21 0.000

L 0.313 0.297 0.001

G 0.663 0.63 0.001
YxL 0.442 0.42 0.001
YxG 0.938 0.891 0.002
LxG 1.327 1.26 0.003
YxLxG 1.877 1.782 0.004

Note: 1. Final rust severity, 2. The area under disease progress curve, 3. The rate of disease increase*(L1): Sakha, (L2):
Sedie Brany (L3): El-Owainat, and (L4) El-Kharga.

The results showed that, the largest area under the disease progress curve (AUDPC) under drought
stress conditions, with leaf rust, powdery mildew, and net blotch diseases for the cultivars (Giza 124, Giza
2000 and Giza 2000) with percentages 189.65%, 263.67% and 273.67%, respectively. The cultivars, (Giza 128,
Giza 124, and Giza 128) recorded the lowest AUDPC with leaf rust, powdery mildew, and net blotch diseases
with percentages of 43.75%, 125.35% and 123.35%, respectively, while the control percentage are 297.50% for
leaf rust, 307.53% for powdery mildew and 578.33% for net blotch disease (Table 5 and Figs. 5-7). Also, (Giza
125, Giza 125, and Giza 133) cultivars recorded the lowest rate of disease increase (r-value) with leaf rust,
powdery mildew and net blotch diseases with percentages 0.04335%, 0.07935% and 0.07995%, respectively,
while the control percentages were 0.17520, 0.18991, and 0.21249, respectively (Table 5).

3. Assessment of disease resistance under pivot and sprinkler irrigation system:

Our findings suggested that, under pivot irrigation conditions, we detected leaf rust sporulation only
on 7 out of 17 barley cultivars %, i.e., (Giza 123, Giza 125, Giza 127, Giza 128, Giza 129, Giza 136 and Giza
2000), with percentages (FRS) not exceeding 10%. In the sprinkler-irrigated plots, the results were close to
the results of pivot irrigation for the same cultivars.
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The evaluates yellow rust and stem rust various genotypes across multiple traits FRS%, AUDPC, and
r-values—measured at four locations: Sakha, Sedie Brany, El-Owainat, and El-Kharga. While the data
compilation offers valuable insights. Resistance of seventeen commercial barley cultivars to two types of
rust diseases (stem rust and yellow rust), was evaluated under irrigated agriculture. Notably, all genotypes
except the “Control” and “Mean” rows display zero values across all measured traits, which suggests a lack of
variation that warrants explanation. This could be due to inherent resistance in the genotypes, or it is due to
the unsuitable field conditions in the different regions for the experiments, which are not conducive to the
occurrence of infection.

This is the first evaluation of twelve cultivars against yellow rust and stem rust, while the five commercial
barley cultivars, i.e., (Giza 123, Giza 124, Giza 125, Giza 126, and Giza 2000) have previously been evaluated
against stem rust and leaf rust diseases. The highest mean of final rust severity (FRS%) was 73.33% for (Giza
2000) while the lowest recorded mean was 20% for Giza 133 and Giza 130 when compared to the control that
recorded 80% (Tables 6 and 7).

Table 6: Mean performance of stem rust disease on the studied eighteen barely genotypes under four locations during
two winter barely growing seasons (2020/21 and 2021/22)

Genotypes Traits
FRS'% AUDPC? r-value’
L1* L2* L3* L4* L1* L2* L3* L4* L1* L2* L3* L4*

Giza 123 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 124 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Giza 125 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Giza 126 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Giza 127 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Giza 128 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 129 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 130 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 131 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 132 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 133 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 134 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 135 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 136 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00000 0.00000 0.00000 0.00000
Giza 137 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Giza 138 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Giza2000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00000 0.00000 0.00000 0.00000
Control 51.00 81.05 0.00 66.25 4976 101759  0.00  159.30  0.19251  0.31786  0.00000  0.00000
Mean 2.83 4.50 0.00 3.68 2765  56.53 0.00 8.85  0.00000 0.00000 0.00000 0.00000

LSD at 5% probability level

Y 0.033 0.047 0.000

L 0.047 0.067 0.000

G 0.1 0.141 0.000
YxL 0.067 0.094 0.000
YxG 0.141 0.2 0.000
LxG 0.2 0.282 0.000
YxLxG 0.282 0.399 0.000

(Continued)
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Table 6 (continued)

Genotypes Traits
FRS'% AUDPC? r-value’
L1* L2* L3* L4* L1* L2* L3* L4* L1 L2* L3* L4*
LSD at 1% probability level

Y 0.044 0.062 0.000
L 0.062 0.087 0.000
G 0.131 0.186 0.000
YxL 0.087 0.124 0.000
YxG 0.186 0.262 0.000
LxG 0.262 0.371 0.000
YxLxG 0.371 0.525 0.000

Note: 1. Final rust severity, 2. The area under disease progress curve, 3. The rate of disease increase*(L1): Sakha, (L2):
Sedie Brany (L3): El-Owainat, and (L4) El-Kharga.

Table 7: Mean performance of barley yellow rust disease on the studied eighteen barely genotypes under four locations
during two winter growing seasons (2020/21 and 2021/22)

Genotypes Traits
FRS% AUDPC r-value
L1* L2* L3* L4* L1* L2* L3* L4* L1 L2* L3* L4*
Giza 123 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 124 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 125 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 126 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 127 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 128 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 129 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 130 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 131 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 132 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 133 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 134 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 135 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 136 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 137 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza 138 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Giza2000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.0000
Control 41.05 71.05 0.00 11.05 238,55 846.25  0.00 130.38 0.1394 71.1000 0.0000 0.0674
Mean 2.28 3.95 0.00 0.61 13.25 47.01 0.00 7.24 0.0077 3.9500 0.0000 0.0037
LSD at 5% probability level
Y 0.030 0.037 0.023
L 0.043 0.052 0.033
G 0.091 0.111 0.07
YxL 0.061 0.074 0.047
YxG 0.128 0.157 0.099
LxG 0.182 0.222 0.14
YxLxG 0.257 0.314 0.199

(Continued)
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Table 7 (continued)

Genotypes Traits
FRS% AUDPC r-value
L1* L2* L3* L4* L1* L2* L3* L4* L1* L2* L3* L4*

LSD at 1% probability level

Y 0.04 0.049 0.031

L 0.056 0.069 0.043

G 0.119 0.146 0.092

YxL 0.08 0.097 0.062
YxG 0.169 0.207 0.13
LxG 0.239 0.292 0.185
YxLxG 0.338 0.413 0.261

Note: 1. Final rust severity, 2. The area under disease progress curve, 3. The rate of disease increase*(L1): Sakha, (L2):
Sedie Brany (L3): El-Owainat, and (L4) El-Kharga.

Giza 2000 cultivar showed the highest final severity of powdery mildew (30.0%), while the lowest
recorded mean is 10.0% for (Giza 123, Giza 124, Giza 125, Giza 135, and Giza 136) cultivars. No infection with
powdery mildew was recorded on (Giza 126, Giza 127, Giza 128, Giza 129, Giza 130, Giza 131, Giza 132, Giza
133, Giza 134, Giza 137 and Giza 138) cultivars (Table 8 and Fig. 3). The percentage of final disease severity
for powdery mildew infection on the two cultivars (Giza 123 and Giza 2000) in pivot and sprinkler irrigation
plots did not differ significantly. The percentage ranged between 6.66% and 10% in both locations, while the
infection was not recorded on (Giza 124, Giza 125, Giza 126, Giza 127, Giza 128, Giza 129, Giza 130, Giza 131,
Giza 132, Giza 133, Giza 134, Giza 135, Giza 136, Giza 137 and Giza 138) cultivars. While the control percentage
is 20% in pivot and sprinkler irrigation (Table 8 and Fig. 3). Also, the final disease severity of the net blotch
did not exceed 30.0% for Giza 2000 cultivar. The lowest mean recorded (FBS%) was 10.0% on the cultivars
(Giza 128, Giza 129, Giza 132, and Giza 133) while the final mean of disease severity was 20.0% for (Giza 123,
Giza 124, and Giza 125) cultivars. No infection with net blotch disease was recorded on the nine cultivars, i.e.,
(Giza 126, Giza 127, Giza 130, Giza 131, Giza 134, Giza 135, Giza 136, Giza 137, and Giza 138) while the control
percentage is 50.0% (Table 9 and Fig. 4).

Table 8: Mean performance of barely powdery mildew disease on the studied eighteen barely genotypes under four
locations during two winter growing seasons (2020/21 and 2021/22)

Genotypes Traits
FRS% AUDPC r-value
LI* L2* L3* L4* L1I* L2* L3* L4* L1* L2* L3* L4*
Giza 123 1116 71.55 11.30 155 129.38 122650 120.29 12030  0.08537  0.22190  0.06925  0.06927
Giza 124 10.63 67.65 0.00 0.00 12679 91070  0.00 0.00  0.08836  0.21591  0.00000 0.00000
Giza 125 11.62 64.27 0.00 0.00 130.00  446.50 0.00 0.00 0.07935  0.20146  0.00000  0.00000
Giza 126 0.00 54.28 0.00 0.00 0.00 303.69 0.00 0.00 0.00000  0.19250  0.00000 0.00000
Giza 127 0.00 61.07 0.00 0.00 0.00 323.79 0.00 0.00 0.00000  0.19847  0.00000 0.00000
Giza 128 0.00 4745 0.00 0.00 0.00 289.72 0.00 0.00 0.00000 0.18992  0.00000 0.00000
Giza 129 0.00 51.16 0.00 0.00 0.00  300.56  0.00 0.00  0.00000 0.19046  0.00000 0.00000
Giza130 0.00 37.62 0.00 0.00 0.00 25758  0.00 0.00  0.00000 017946  0.00000 0.00000
Giza 131 0.00 2111 0.00 0.00 0.00 12434  0.00 0.00  0.00000 0.13747  0.00000 0.00000
Giza 132 0.00 30.63 0.00 0.00 0.00 280.76  0.00 0.00  0.00000  0.15316  0.00000 0.00000
Giza 133 0.00 34.28 0.00 0.00 0.00 25050  0.00 0.00  0.00000 015915  0.00000 0.00000

(Continued)
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Table 8 (continued)
Genotypes Traits
FRS% AUDPC r-value
L1* L2* L3* L4* L1* L2* L3* L4* L1 L2* L3* L4*
Giza 134 0.00 24.47 0.00 0.00 0.00 154.70 0.00 0.00 0.00000  0.14316  0.00000 0.00000
Giza 135 10.77 20.63 0.00 0.00 12832 12118 0.00 0.00 0.08337  0.13646  0.00000 0.00000
Giza 136 11.61 65.29 0.00 0.00 130.30  453.20 0.00 0.00 0.08977  0.20850  0.00000 0.00000
Giza 137 0.00 3119 0.00 0.00 0.00 233.25 0.00 0.00 0.00000  0.15636  0.00000  0.00000
Giza 138 0.00 40.70 0.00 0.00 0.00 27746 0.00 0.00 0.00000  0.18316  0.00000  0.00000
Giza2000 31.18 71.33 7.54 11.10 264.52 1036.76 5934 130.30  0.16516  0.22790  0.04377  0.08236
Control 41.13 90.70 21.55 21.20  308.08 139145 176.25 133.66  0.18992  0.31320 0.11237 0.13627
Mean 7.12 49.19 2.24 2.44 67.63 465.70 19.77 21.35 0.04340 0.18936 0.01252  0.01599
LSD at 5% probability level
Y 0.213 0.138 0.000
L 0.301 0.195 0.000
G 0.638 0.415 0.000
YxL 0.425 0.276 0.000
YxG 0.902 0.586 0.000
LxG 1.276 0.829 0.000
YxLxG 1.804 1173 0.000
LSD at 1% probability level
Y 0.279 0.182 0.000
L 0.395 0.257 0.000
G 0.838 0.545 0.000
YxL 0.559 0.363 0.000
YxG 1.186 0.771 0.000
LxG 1.677 1.09 0.000
YxLxG 2.371 1.541 0.000

Note: 1. Final rust severity, 2. The area under disease progress curve, 3. The rate of disease increase*(L1): Sakha, (L2):
Sedie Brany (L3): El-Owainat, and (L4) El-Kharga.

Table 9: Mean performance of barely net blotch disease on the studied eighteen barely genotypes under four locations
during two winter growing seasons (2020/21 and 2021/22)

Genotypes Traits
FRS% AUDPC r-value
L1* L2* L3* L4* L1* L2* L3* L4* L1* L2* L3* L4*
Giza 123 20.61 74.42 10.79 3123 200.28 1126.38 128.78 300.44 0.14346  0.24990 0.06727  0.17615
Giza 124 21.16 61.18 6.13 20.80 180.19 34954  0.00  204.56 0.14146  0.20246  0.00000  0.15576
Giza 125 21.76 57.59 0.00 3128 189.95  333.63 0.00  290.44 0.13947  0.19250 0.00000  0.19615
Giza 126 0.00 40.63 0.00 0.00 0.00  276.40  0.00 0.00 0.00000  0.18426  0.00000  0.00000
Giza 127 0.00 61.34 0.00 0.00 0.00  346.85  0.00 0.00 0.00000  0.19847  0.00000  0.00000
Giza 128 1118 34.60 6.06 10.79 12449 25719 0.00 180.05  0.08936  0.14306  0.00000  0.09326
Giza 129 10.68 21.37 1L16 11.33 12914 12733 160.36  160.95 0.09537  0.13757  0.07826  0.08126
Giza 130 0.00 20.93 0.00 0.00 0.00 129.33 0.00 0.00 0.00000  0.13747  0.00000 0.00000
Giza 131 0.00 34.98 0.00 0.00 0.00 246.69 0.00 0.00 0.00000  0.14316  0.00000 0.03764
Giza 132 11.63 21.33 0.00 11.83 130.44 128.64 0.00 149.75  0.08736  0.13677  0.00000  0.07526
Giza 133 10.93 30.88 0.00 11.32 126.86  226.73 0.00 160.90 0.07997  0.15165  0.00000 0.07977
Giza 134 0.00 40.83 0.00 0.00 0.00 274.61 0.00 0.00 0.00000  0.18327  0.00000  0.00000

(Continued)
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Table 9 (continued)

Genotypes Traits
FRS% AUDPC r-value
L1* L2* L3* L4* L1* L2* L3* L4* L1* L2* L3* L4*

Giza 135 0.00 31.33 0.00 5.00 0.00 240.29 0.00 136.80  0.00000  0.15466  0.00000 0.07096
Giza 136 0.00 31.49 0.00 0.00 0.00 23555  0.00 0.00  0.00000  0.15373  0.00000  0.00000
Giza 137 0.00 27.20 0.00 21.34 0.00 12513  0.00  200.72 0.00000 0.14324  0.00000 0.13977
Giza 138 0.00 30.83 0.00 0.00 0.00 186.89  0.00 0.00  0.00000 015333  0.00000  0.00000
Giza2000 30.64 81.37 1118 4135 27454 1074.43 160.83 308.00 015916  0.29586  0.07997  0.19521
Control 51.20 91.38 3127  50.89 579.54 1378.42 27991 599.46 021250  0.32321 0.18626  0.23150
Mean 10.54  44.09 425 13.73 10752 392.44 40.55 149.56 0.06378 0.18247 0.02288 0.08515

LSD at 5% probability level

Y 0.197 0.147 0.000

L 0.278 0.209 0.000

G 0.59 0.442 0.000
YxL 0.393 0.295 0.000
YxG 0.835 0.626 0.000
LxG 1.18 0.885 0.000
YxLxG 1.669 1.251 0.000

LSD at 1% probability level

Y 0.259 0.194 0.000

L 0.366 0.274 0.000

G 0.776 0.581 0.000
YxL 0.517 0.388 0.000
YxG 1.097 0.822 0.000
LxG 1.551 1163 0.000
YxLxG 2.194 1.644 0.000

Note: 1. Final rust severity, 2. The area under disease progress curve, 3. The rate of disease increase*(L1): Sakha, (L2):
Sedie Brany (L3): El-Owainat, and (L4) El-Kharga.

4. SCoT polymorphism among the barley genotypes:

To investigate the genetic variation between the seventeen different barley genotypes, eight SCoT
primers were used. These SCoT primers produced an amplification profile and reproducible patterns were
screened for the presence of polymorphism (Table 10 and Figs. 8 and 9). A total of 106 amplified bands were
generated by the 8 primers with an average of 13.3 band/primer. The lowest number of product bands was 10
primers (SCoT-8), while the highest number of product bands was 17 primers (SCoT-2). The total of number
amplified polymorphic bands was 39 averaging 4.9 band/primer. The lowest number of polymorphic bands
was 2 primers (SCoT-8), while the highest number of polymorphic bands was 8 primers (ScoT-2 and ScoT-3).
In this study, the polymorphism percentage ranged from 20% (SCoT-8) to 50% (SCoT-3). The average level of
polymorphism was 35.3%, and the frequency ranged from 0.63 to 0.87 for SCoT-6 and SCoT-8, respectively.

Table 10: The list of primers’ sequence amplicon size range, total number of bands (TNB), polymorphic bands (PB),
percentage of polymorphism (P%), frequency (F%), and polymorphism information content (PIC) as revealed by SCoT
analysis of 17 barley cultivars

No. Name Size TNB PB P% F% PIC
1 SCoT-1 210-1200 13 4 31 0.83 0.32
2 SCoT-2 190-1250 17 8 47 0.66 0.32

(Continued)



Phyton-Int ] Exp Bot. 2025;94(2) 365

Table 10 (continued)

No. Name Size TNB PB P% F% PIC
3 SCoT-3 230-1150 16 8 50 0.75 0.35
4 SCoT-4 150-630 13 5 38 0.70 0.34
5 SCoT-5 210-730 11 3 27 0.84 0.31
6 SCoT-6 210-970 1 4 36 0.63 0.33
7 SCoT-7 190-980 15 5 33 0.78 0.31
8 SCoT-8 200-690 10 2 20 0.87 0.25
Total - - 106 39 - - -
Mean 13.3 4.9 35.3 0.75 0.32
SCoT-1 SCoT-)
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Figure 8: SCoT profiles of the seventeen barley genotypes using the four SCoT primers; SCoT-1, SCoT-2, SCoT-3, and
SCoT-4. M: 100bp DNA ladder (Fermentas, Germany)
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Figure 9: SCoT profiles of the seventeen barley genotypes using the four SCoT primers; SCoT-5, SCoT-6, SCoT-7, and
SCoT-8. M: 100 bp DNA ladder (Fermentas, Germany)

The polymorphism Information Content (PIC) values of the primers employed were obtained to
measure the effectiveness of SCoT markers in differentiating the genotypes under this study. PIC values
varied from 0.25 (SCoT-8) to 0.35 (SCoT-3) with an average of 0.32. To investigate the genetic similarity
and cluster analysis among the seventeen-barley genotyping based on SCoT markers, a similarity matrix
was computed according to Dice’s coefficient (Table 11). The estimated genetic similarities ranged from 0.79
to 0.93 revealing high levels of genetic similarity among the studied barley genotyping. The highest genetic
similarity (0.93) was detected between 12 for (Giza 134) and 5 for (Giza 127). This explains the reason for the
high resistance of these cultivars to leaf rust disease, also 11 for (Giza 133) and 8 for (Giza 130). It has a high
degree of resistance to the group of diseases under test, while the lowest genetic similarity (0.79) was detected
between 10 for (Giza 132) and 3 for (Giza 125). The dendrogram comprised two main clusters; the first cluster
grouped three barley genotypes (Giza 129, Giza 123, and Giza 2000) which derived from the same genetic
source, these are cultivars with a high degree of susceptibility to the tested diseases. The second cluster is
divided into two sub-clusters; the first sub-cluster contains three barley cultivars (Giza 137, Giza 124, and Giza
125) while the other sub-cluster contains eleven barley genotypes (Fig. 10).
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Figure 10: Dendrogram for the seventeen barley genotypes constructed from SCoT data and a similarity matrix
computed according to the dice coefficient

4.2 Assessment of Yield Components and Agronomic Traits

Our results revealed that Giza 126, Giza 2000, Giza 134, Giza 137, and Giza 138 cultivars showed
consistent performance across diverse environments from different irrigation systems and weather con-
ditions (Figs. 11-13), indicating their stability and adaptability. This suggests that these cultivars could be
good choices for farmers in various growing conditions. On the other hand, the IBYT line, which had the
lowest grain yield, may not be as well-suited for different environments. This highlights representative the
importance of genetic diversity in breeding programmers to ensure that the new varieties can adapt to
changing environmental conditions.
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Figure 11: Effect of different environments on Grains yield (ardab/feddan) of barley cultivars grown in three locations
during the 2020/21 to 2021/22 growing season
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Figure 12: Effect of different environments on spike length of barley cultivars grown in three locations during the
2020/21 to 2021/22 growing season
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Figure 13: Effect of different environments on plant height of barley cultivars grown in three locations during the
2020/21 to 2021/22 growing season

Overall, this study emphasizes the importance of considering both genetic variation and environmental
factors when evaluating crop performance. By identifying and selecting varieties with high genetic diversity
and stability across different environments, breeders can develop more resilient and productive crops that can
better withstand the challenges of a changing climate. The effectiveness of genotypes is a complex interplay
between genetic variation, environmental factors, and the specific traits and characteristics of the genotypes
themselves. Understanding these factors can help in the selection and breeding of genotypes that are well-
suited to specific environments and production goals. Also influenced by factors such as pest and disease
resistance, yield potential, and overall performance in specific growing conditions. Selecting and breeding
genotypes with desirable traits can help improve their effectiveness in agricultural production.

5 Discussion

Fungi infect the leaves, stems, and flowers of wheat and barley, leading to diseases that result in
losses due to direct damage to the commercial product or reduced yield from impaired photosynthesis
and diminished photo assimilates. High photosynthetic activity is associated with delayed senescence
and increased yield [46,47]. Early detection and identification of these pathogens during the infection
process is crucial for minimizing their distribution, virulence, occurrence, and severity [48]. Climate change
has numerous repercussions, notably influencing the frequency and intensity of plant diseases [19]. The
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development of stress-resistant barley cultivars in the context of climate change necessitates an analysis of the
impact of irrigation methods and environmental variables on crop resistance and the occurrence of disease
epidemics. This may facilitate future cultivar selection by farmers. However, resistance exerts significant
selection pressure on pathogen populations, potentially leading to the emergence of new virulent variants
of the disease, thereby rendering resistance temporary [49,50]. This study aimed to evaluate the resistance
of specific barley cultivars to different foliar fungal diseases in field conditions, incorporating both regular
irrigation and drought stress scenarios. This study examined the overall effects of regular irrigation, drought,
and pathogen stress on plant growth, yield losses, and the differentiation of quantitative resistance in various
barley cultivar genotypes.

The combined Analysis of Variance (ANOVA) presented in this study reveals that genetic factors,
environmental conditions, and their interactionssssssss significantly influence five disease-related traits in
eighteen barley genotypes across four locations over two winter growing seasons (p < 0.01). The highly
significant genotypic effects underscore the importance of genetic diversity in enhancing disease resistance,
aligning with findings by [51,52]. Additionally, the substantial impacts of year and location highlight
the critical role of environmental variability in disease manifestation, corroborating studies [53,54]. The
significant Genotype by Environment (G x E) interactions indicate that genotype performance is highly
dependent on specific environmental contexts, emphasizing the necessity for multi-environment trials in
breeding programs [55]. Furthermore, the low coefficients of variation across most traits demonstrate the
reliability and precision of the experimental data, supporting the robustness of the ANOVA results [56].
Collectively, these findings suggest that effective barley breeding strategies should prioritize both genetic
diversity and environmental adaptability to develop varieties with robust and stable disease resistance,
thereby enhancing sustainable agricultural productivity.

Partial resistance is broadly distributed and less distinctly defined by gene-for-gene interactions involv-
ing genetic interactions between the pathogen and the host. The level of partial resistance is significantly
influenced by site and season, as demonstrated by genotype by environment interactions [57]. The resistance
degrees of the tested cultivars were evaluated in this study using partial resistance equations FRS%, AUDPC,
and r-value, which yielded favourable results. Data revealed that irrigation methods significantly influence
the rate of plant disease infection and dissemination. Additionally, an interaction exists between drought
and airborne pathogens, specifically foliar diseases, under natural conditions. Under standard irrigation
conditions, the severity of leaf rust disease increases due to elevated humidity and the availability of foliar
moisture, which facilitates spore germination. Switching irrigation from pivot and sprinkler systems to
rain-fed methods significantly reduces the disease’s infection and severity. The findings indicated that all 17
barley cultivars examined exhibited a high level of resistance (0) to yellow rust and stem rust diseases [58].
However, the present study demonstrated variability among the 17 barley cultivars concerning all examined
pathological parameters. The maximum severity of leaf rust reached 20% in all barley cultivars under rain
irrigation and 10% under pivot and sprinkler irrigation conditions, whereas it increased to 73.33% under
permanent irrigation. These modifications were associated with substantial decreases in foliar moisture
periods, resulting in decreased spore germination and dispersion. Conversely, the intensity of Powdery
mildew disease on plant leaves reached 70% for particular cultivars under permanent irrigation, whereas in
pivot or sprinkler irrigation, the percentage did not exceed 10%. The development may rise to a maximum
of 80% relative humidity, as reported for Uncinula necator in grapevine [59,60]. Ruppel et al. [61] observed
that sugar beet farms utilizing spray irrigation exhibited a reduced incidence of powdery mildew compared
to those employing furrow irrigation. Reference [62] investigated the effect of free water on the conidia of
Oidium anacardii by immersing infected leaves in water for four hours. The findings indicated a significant
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reduction in spore germination. This interaction with conidia is only visible before germination; after that,
leaf moisture has no further impact on the colonization of host tissue.

The obtained results are in agreement with the findings of [63] for anthracnose (Colletotrichum
acutatum) in strawberries, where drip irrigation postpones the onset of the disease and subsequently reduces
losses due to minimal disease incidence. Furthermore, Cabral et al. [64] examined sweet pepper anthracnose
caused by Colletotrichum spp. and Septoria lycopersici in tomatoes. Bakhoum et al. [65] reported similar
trends, indicating that increased drought levels resulted in a reduction of Cercospora leaf spot (CLS) disease
in groundnut plants. Furthermore, Leveillula taurica in tomatoes shows a significant increase in incidence
under drip irrigation due to the absence of free water on the leaves. This illustrates the impact of irrigation
on powdery mildew [66]. The application of more significant water volumes through traditional overhead
sprinkler irrigation has been shown to gradually reduce powdery mildew on pumpkins [66,67]. The farmer
can more fundamentally affect the growing conditions of his crop by applying water through irrigation,
which provides the necessary moisture that many diseases demand. This is what makes the topic of irrigation
so fascinating to studying the crops and their diseases. Nonetheless, several studies have shown that the
increased frequency of sprinkle irrigations raises the risk of many foliar diseases [68,69]. High humidity and
frequent irrigation typically foster conditions that promote disease development [44]. Nevertheless, heavy
rainfall may not always be advantageous for certain diseases, as it tends to remove pathogen spores from the
air and plants.

Both low temperatures (typically <10°C) and high temperatures (typically >30°C) can impede or reduce
the pathogen’s capacity to reproduce and infect the host, thereby restricting further disease progression.
Moderate temperatures (15°C-25°C) in the Sakha location create conditions conducive to rapid disease
development. Our results indicate an increase in the severity of infections caused by leaf rust, powdery
mildew, and net blotch diseases. In the Al-Kharga-Owainat region, the incidence of the disease decreases
during trials due to elevated temperatures and prevailing dry conditions. In contrast to soil-dwelling
pathogens, these pathogens must exhibit resistance to a range of harmful physical, chemical, and biological
factors. Conditions encompass dryness, elevated temperatures, and nutritional deficiencies during the
epiphytic phase [70].

Field conditions demonstrated that disease infection adversely impacted and diminished the grain yield
components of the evaluated wheat cultivars. Estimating yield loss (%) due to leaf, yellow, stem rust, and
net blotch diseases is essential for formulating an effective pathogen control strategy. This is particularly
relevant for breeding disease-resistant varieties or introducing new barley cultivars with sustainable host
genetic resistance [40,41]. In April 2021, the World Meteorological Organization issued a warning regarding
an “unprecedented drought” and rainfall levels markedly below long-term averages, significantly lower than
those of the previous year [71]. In recent years, severe droughts have become increasingly prevalent. The
study’s results suggest that it was significantly impacted by the characteristics we evaluated, such as spike
length, number of spike pear m?, and grain yield. This trait is particularly significant in a crop like barley,
primarily grown for animal feed and likely to be influenced by plant height [41,71]. The relationship between
the quantity of straw, plant height, and the potential for mechanical harvesting becomes more complex when
the crop is too short due to drought, rendering plant height a critical factor. However, the minor variations
in plant height, despite their significance, would be difficult to legitimize [71,72].

Molecular markers are crucial for the identification of genetic diversity across various species and
are valuable for germplasm preservation and cultivar identification. This study aimed to characterize
seventeen barley genotypes using various molecular markers. Eight SCoT primers were utilized to uncover
genetic polymorphism and identify unique markers for each genotype. A total of 106 polymorphic loci
were generated, with an average of 13.3 band/primer. Additionally, the polymorphism information content
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(PIC) values of the employed primers effectively assessed the capability of SCoT markers to differentiate
between the studied genotypes. The PIC values ranged from SCoT-8 (0.25) to SCoT-3 (0.35). In this
respect, [40-42,73] used thirty SCoT primers for the genetic diversity of wheat, generating a total of
156 polymorphic loci with an average of 13 amplicons per primer. The PIC values varied from 0.09 to
0.91, averaging 0.24. Principal coordinate analysis and clustering revealed significant genetic relatedness or
similarities among the cultivars examined. The findings align with those of [74], who illustrated that SCoT
markers exhibit high polymorphism, making them valuable for genetic studies of functional variability and
genotypic relationships.

The high resolution of the dendrogram and the methodological approach using SCoT markers and the
Dice coeflicient provide a detailed perspective on the genetic diversity and relationships among the barley
genotypes. This study’s findings align with the current literature, which emphasizes the importance of genetic
markers in assessing plant genetic diversity and informing conservation strategies [75,76]. These results
underscore the value of employing molecular markers to understand genetic diversity in crop species, as
emphasized by recent studies focusing on the application of SCoT markers for genetic differentiation [43].

Furthermore, the dendrogram illustrates that certain genotypes are closer to each other than to others,
suggesting that they might share common ancestry or have been subjected to similar selection pressures.
The clear differentiation among clusters also indicates that the genetic variation present within this set of
barley genotypes could potentially contribute to enhancing barley’s adaptability to various environmental
conditions. This diversity is crucial in the context of climate change, where resilient crop varieties are needed
to sustain production [77,78].

In conclusion, the PIC values highlight the effectiveness of SCoT markers in distinguishing between
barley genotypes and provide valuable information for future breeding and conservation efforts. The
observed clustering can serve as a guide for breeders to select genetically diverse parents, thereby enhancing
the genetic base of barley crops. Future research should consider expanding the analysis to include more
genotypes and markers to further refine our understanding of the genetic structure within and across barley
populations, ultimately contributing to more resilient and productive barley varieties.

In conclusion, this study provides clear evidence that certain Giza genotypes possess strong inherent
resistance to rust, powdery mildew, and net blotch disease, while others are notably susceptible. The adoption
and further development of resistant varieties are recommended to improve crop health, ensure yield
stability, and promote sustainable agricultural practices.

6 Conclusion

This study highlights the significant potential of Egyptian barley cultivars to adapt to various environ-
mental conditions, emphasizing their resistance to critical foliar fungal diseases under different irrigation
systems and drought stress levels. Notably, cultivars such as Giza 130, Giza 131, and Giza 133 demonstrated
superior resistance across multiple disease indices, indicating their suitability for challenging agricultural
environments. The integration of molecular markers, particularly SCoT primers, effectively revealed genetic
polymorphisms and enabled the identification of cultivars with desirable traits for resilience and productivity.
The findings also underscore the importance of understanding genotype-by-environment interactions in
developing sustainable disease management strategies. Reduced disease severity under rain-fed, pivot, and
sprinkler irrigation systems compared to permanent irrigation emphasizes the role of irrigation practices
in mitigating foliar diseases. Additionally, the use of molecular techniques like SCoT-PCR to assess genetic
diversity offers valuable insights for barley breeding programs aiming to enhance yield stability and disease
resistance in the context of climate variability.
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Nomenclature

FRS% Final Rust Severity Percentage
AUDPC Area Under Disease Progress Curve
r-value Rate of Disease Increase

RCBD Randomized Complete Block Design
SCoT Start Codon Targeted markers
DNA Deoxyribonucleic Acid

CTAB Cetyltrimethylammonium Bromide
PCR Polymerase Chain Reaction
ANOVA Analysis of Variance

LSD Least Significant Difference

ARC Agricultural Research Center

GxL Genotype by Location Interaction
GxY Genotype by Year Interaction

YxL Year by Location Interaction

Ccv Coeflicient of Variation

PAST Paleontological Statistics Software

UPGMA Unweighted Pair Group Method with Arithmetic Mean
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PIC Polymorphism Information Content

MR Moderately Resistant

MR Moderately Susceptible

R Resistant

S Susceptible
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