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Comprehensive abstract

Introduction

Leaf rust caused by the fungal pathogen Puccinia hordei, is a major disease in barley that can cause
significant damage to barley yield and quality. The use of genetic resistance is the most sustainable
strategy for controlling this disease. Genetic resistance to barley leaf rust is divided into two general
categories: Seedling resistance or all-stage resistance (ASR) and adult plant resistance (APR). Due to
the dynamics of the pathogen population, most ASR genes have become ineffective, and there is
limited diversity in APR genes. This highlights the importance of searching and identifying new
sources of resistance to this disease. Local genetic resources (landraces) of barley are considered a rich
source of disease resistance genes. In this regard, the present study was conducted to screen local
germplasm in the barley collection of the National Plant Gene Bank of Iran and to find sources of
resistance to barley leaf rust disease.

Materials and methods

A total of 220 accessions from the barley collection of the National Plant Gene Bank of Iran,
originating from different regions of the country, were evaluated under natural infection conditions for
three consecutive cropping years from 2021-2022 to 2023-2024 in the field of Iraqi-Mahalleh
Research Station of Gorgan as the hotspot of leaf rust disease. To determine the resistance of barley
accessions, infection type, disease severity, and infection coefficient were evaluated. The relationship
between resistance components was examined through correlation analysis. A significant difference in
the variance of the infection coefficient was observed among the ten defined groups. The studied
accessions were separated in a biplot based on their resistance rank and stability of response rank.
Classification of the acccessions based on the infection coefficient and stability of resistance response
was performed using K-means clustering with K set to 5. The resulting clusters were distinguished
from one another in a multidimensional scaling (MDS) plot. All statistical analyses and visualizations
were conducted using custom scripts in R software, version 4.3.2, within the RStudio environment,
version 2023.9.1.494.

Research findings

The results of the frequency of infection type in the studied germplasm showed that in the first
year, seven accessions (3.18%) showed infection type O (immunity reaction), six accessions (2.73%)
showed infection type R (resistance), and 11 accessions (5%) showed infection type MR (moderate
resistance). In the second year, 22 accessions (10%) had an immunity reaction and 10 (4.55%) and 22
(10%) accessions had infection types R and MR, respectively. In the third year, three (1.36%) and
eight (3.46%) accessions showed infection types R and MR, respectively. The average disease severity
in the third year was significantly higher than in the first and second years. The accessions located at
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the two extreme limits of the coefficient of infection had more stable reactions than the accessions
with an intermediate coefficient of infection. The studied germplasm were differentiated into five
groups based on the amount and changes in resistance reaction, and the results of statistical analyzes
confirmed their proper separation and differentiation.

Conclusion

The results of different methods of data analysis of the research showed evidence of changes in
pathogenicity in different years, which indicates the dynamics of the pathogen population in this
disease hotspot and the need for continuous search to identify sources with effective resistance. The
accessions KC18607, KC70044, KC18653, KC20636, KC19610, KC20924, KC18761, KC18394,
KC20560, KC70441 and KC20806 showed stable resistance. Identifying resistant accessions in these
landraces indicates their valuable capacity as sources of resistance to leaf rust disease. This resistant
germplasm can be used in breeding programs as well as in genetic studies to identify resistance genes
and develop markers.
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Table 1. Local barley accessions of the National Plant Gene Bank of Iran evaluated for resistance to leaf rust
disease in this study

No. Accession Origin No. Accession Origin
1 KC18030 West Azarbaijan 56 KC19610 Fars
2 KC18031 West Azarbaijan 57 KC19613 Fars
3 KC18032 West Azarbaijan 58 KC20019 Yazd
4 KC18033 West Azarbaijan 59 KC20037 Bushehr
5 KC18034 West Azarbaijan 60 KC20137 Bushehr
6 KC18035 West Azarbaijan 61 KC20142 Bushehr
7 KC18040 Yazd 62 KC20143 Bushehr
8 KC18042 Yazd 63 KC20150 West Azarbaijan
9 KC1839%4 Khuzestan 64 KC20155 Bushehr
10 KC18396 Yazd 65 KC20160 Bushehr
11 KC18410 Kerman 66 KC20177 East Azarbaijan
12 KC18411 West Azarbaijan 67 KC20178 East Azarbaijan
13 KC18412 West Azarbaijan 68 KC20179 East Azarbaijan
14 KC18414 Kerman 69 KC20181 East Azarbaijan
15 KC18415 West Azarbaijan 70 KC20182 East Azarbaijan
16 KC18429 East Azarbaijan 71 KC20183 East Azarbaijan
17 KC18458 Yazd 72 KC20184 East Azarbaijan
18 KC18501 North Khorasan 73 KC20185 East Azarbaijan
19 KC18504 North Khorasan 74 KC20186 East Azarbaijan
20 KC18505 North Khorasan 75 KC20187 East Azarbaijan
21 KC18506 North Khorasan 76 KC20188 East Azarbaijan
22 KC18509 North Khorasan 71 KC20189 East Azarbaijan
23 KC18513 Yazd 78 KC20190 East Azarbaijan
24 KC18514 Yazd 79 KC20191 East Azarbaijan
25 KC18515 Yazd 80 KC20192 East Azarbaijan
26 KC18517 Yazd 81 KC20193 East Azarbaijan
27 KC18543 North Khorasan 82 KC20194 East Azarbaijan
28 KC18544 North Khorasan 83 KC20195 East Azarbaijan
29 KC18555 Yazd 84 KC20196 East Azarbaijan
30 KC18603 West Azarbaijan 85 KC20197 East Azarbaijan
31 KC18604 West Azarbaijan 86 KC20198 East Azarbaijan
32 KC18605 West Azarbaijan 87 KC20199 East Azarbaijan
33 KC18607 Ilam 88 KC20200 East Azarbaijan
34 KC18608 Ilam 89 KC20203 East Azarbaijan
35 KC18631 South Khorasan 90 KC20204 East Azarbaijan
36 KC18652 West Azarbaijan 91 KC20205 East Azarbaijan
37 KC18653 West Azarbaijan 92 KC20206 East Azarbaijan
38 KC18654 West Azarbaijan 93 KC20210 East Azarbaijan
39 KC18655 West Azarbaijan 94 KC20212 East Azarbaijan
40 KC18656 West Azarbaijan 95 KC20213 East Azarbaijan
41 KC18657 West Azarbaijan 96 KC20215 East Azarbaijan
42 KC18723 Lorestan 97 KC20216 East Azarbaijan
43 KC18725 West Azarbaijan 98 KC20218 East Azarbaijan
44 KC18726 West Azarbaijan 99 KC20219 East Azarbaijan
45 KC18734 Kerman 100 KC20220 East Azarbaijan
46 KC18739 Kerman 101 KC20221 East Azarbaijan
47 KC18743 Kerman 102 KC20222 East Azarbaijan
48 KC18746 Kerman 103 KC20224 East Azarbaijan
49 KC18759 Khorasan razavi 104 KC20225 East Azarbaijan
50 KC18761 South Khorasan 105 KC20227 East Azarbaijan
51 KC18771 Khorasan razavi 106 KC20228 East Azarbaijan
52 KC18774 Khorasan razavi 107 KC20238 West Azarbaijan
53 KC18913 Fars 108 KC20239 West Azarbaijan
54 KC19013 Fars 109 KC20240 West Azarbaijan
55 KC19593 Fars 110 KC20395 Yazd
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Table 1. Continued dalol =Y Jgux
No. Accession Origin No. Accession Origin
111 KC20410 Yazd 166 KC70068 Ilam
112 KC20411 Yazd 167 KC70102 West Azarbaijan
113 KC20418 Yazd 168 KC70103 West Azarbaijan
114 KC20455 West Azarbaijan 169 KC70104 West Azarbaijan
115 KC20456 West Azarbaijan 170 KC70105 West Azarbaijan
116 KC20457 West Azarbaijan 171 KC70106 West Azarbaijan
117 KC20458 West Azarbaijan 172 KC70107 West Azarbaijan
118 KC20551 East Azarbaijan 173 KC70108 West Azarbaijan
119 KC20558 East Azarbaijan 174 KC70109 West Azarbaijan
120 KC20559 East Azarbaijan 175 KC70110 West Azarbaijan
121 KC20560 East Azarbaijan 176 KC70111 West Azarbaijan
122 KC20561 East Azarbaijan 177 KC70113 West Azarbaijan
123 KC20623 Khuzestan 178 KC70114 West Azarbaijan
124 KC20624 Khuzestan 179 KC70115 West Azarbaijan
125 KC20625 Khuzestan 180 KC70116 West Azarbaijan
126 KC20627 Khuzestan 181 KC70117 West Azarbaijan
127 KC20628 Khuzestan 182 KC70118 West Azarbaijan
128 KC20629 Khuzestan 183 KC70119 West Azarbaijan
129 KC20630 Khuzestan 184 KC70121 West Azarbaijan
130 KC20631 Khuzestan 185 KC70122 West Azarbaijan
131 KC20632 Khuzestan 186 KC70123 West Azarbaijan
132 KC20633 Khuzestan 187 KC70124 East Azarbaijan
133 KC20634 Khuzestan 188 KC70125 East Azarbaijan
134 KC20635 Khuzestan 189 KC70126 East Azarbaijan
135 KC20636 Khuzestan 190 KC70134 East Azarbaijan
136 KC20637 Khuzestan 191 KC70135 East Azarbaijan
137 KC20806 North Khorasan 192 KC70138 East Azarbaijan
138 KC20882 Khuzestan 193 KC70139 East Azarbaijan
139 KC20883 Khuzestan 194 KC70140 East Azarbaijan
140 KC20884 Khuzestan 195 KC70141 East Azarbaijan
141 KC20885 Khuzestan 196 KC70142 North Khorasan
142 KC20912 North Khorasan 197 KC70143 North Khorasan
143 KC20913 North Khorasan 198 KC70144 North Khorasan
144 KC20914 North Khorasan 199 KC70150 Khorasan razavi
145 KC20920 West Azarbaijan 200 KC70152 Khorasan razavi
146 KC20924 North Khorasan 201 KC70159 Khorasan razavi
147 KC20929 West Azarbaijan 202 KC70210 North Khorasan
148 KC20932 West Azarbaijan 203 KC70211 North Khorasan
149 KC20951 Khuzestan 204 KC70212 North Khorasan
150 KC20954 East Azarbaijan 205 KC70213 North Khorasan
151 KC20966 Khuzestan 206 KC70229 Esfahan
152 KC20968 East Azarbaijan 207 KC70233 Esfahan
153 KC20969 East Azarbaijan 208 KC70235 Esfahan
154 KC20970 Khuzestan 209 KC70335 North Khorasan
155 KC20971 East Azarbaijan 210 KC70343 North Khorasan
156 KC20972 East Azarbaijan 211 KC70344 North Khorasan
157 KC20975 East Azarbaijan 212 KC70345 North Khorasan
158 KC20981 West Azarbaijan 213 KC70346 North Khorasan
159 KC20982 West Azarbaijan 214 KC70347 North Khorasan
160 KC70012 Kerman 215 KC70348 North Khorasan
161 KC70019 Sistan and Baluchestanan 216 KC70352 North Khorasan
162 KC70023 Sistan and Baluchestanan 217 KC70441 Khuzestan
163 KC70031 Markazi 218 KC70443 Lorestan
164 KC70044 Markazi 219 KC70485 East Azarbaijan
165 KC70066 Ilam 220 KC70491 East Azarbaijan
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Figure 1. Frequency distribution of leaf rust infection types in barley landraces at the Aragi-Mahalleh Research

Station, Gorgan, Iran, during three growing seasons (from 2021-2022 to 2023-2024). S, susceptible; MS,
moderately susceptible; MR, moderately resistance; R, resistance; O, immune.
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Table 2. Descriptive statistics for leaf rust disease severity in barley landraces at the Aragi-Mahalleh Research
Station, Gorgan, Iran, during three growing seasons (from 2021-2022 to 2023-2024)
Growing season Minimum Maximum Range Mean  Standard deviation Skewness  Kurtosis

2021-2022 0 100 100 38.50 23.10 0.70 -0.05

2022-2023 0 100 100 32.11 25.85 0.72 -0.49

2023-2024 5 100 95 70.75 27.80 -0.68 -0.64
Year 2021-2022 Year 2022-2023 Year 2023-2024

Disease Severity
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Figure 2. Distribution of leaf rust disease severity in barley landraces using box plots at the Aragimahalleh
Research Station, Gorgan, Iran, during three growing seasons (from 2021-2022 to 2023-2024)
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Table 3. Descriptive statistics for infection coefficient of leaf rust disease in barley landraces at the Araqi-
Mabhalleh Research Station, Gorgan, Iran, during three growing seasons (from 2021-2022 to 2023-2024)
Growing season Minimum Maximum Range Mean  Standard deviation Skewness  Kurtosis

2021-2022 0 1.0 1.0 0.35 0.25 0.79 -0.10
2022-2023 0 1.0 1.0 0.29 0.27 0.80 -0.50
2023-2024 0.01 1.0 0.99 0.69 0.30 -0.74 -0.60
Year 2021-2022 Year 2022-2023 Year 2023-2024
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Figure 3. Frequency distribution of coefficient infection of leaf rust disease in barley landraces at the Araqi
Mabhalleh Research Station, Gorgan, Iran, during three growing seasons (from 2021-2022 to 2023-2024)
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Figure 4. Correlation Coefficient between infection type (IT) and disease severity (DS) of leaf rust disease in

barley landraces at the Araqi-Mahalleh Research Station, Gorgan, Iran, during three growing seasons (from
2021-2022 to 2023-2024)
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Figure 5. Frequency distribution of Lin & Binns (1988) stability index based on infection coefficient of leaf rust

disease in barley landraces at the Araqi-Mahalleh Research Station, Gorgan, Iran, during three growing seasons
(from 2021-2022 to 2023-2024)
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Table 4. Results of analysis of variance among ten groups of barley accessions based on infection coefficient

(IC) to leaf rust disease at the Araghi-Mahalleh Research Station, Gorgan, Iran, during three growing seasons
(from 2021-2022 to 2023-2024)

Source of variation df Mean square
IC groups 9 1.933™
Error 214 0.06

** Significant at 1% probability level.
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Figure 6. Comparison of the mean variance among ten groups of barley landraces based on infection coefficient

(IC) to leaf rust disease at the Araghi-Mahalleh Research Station, Gorgan, Iran, during three cropping seasons
(from 2021-22 to 2023-24)
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Figure 7. Separation of barley landraces using biplot diagram based on resistance rank and reaction stability rank

to leaf rust disease at the Araghi-Mahalleh Research Station, Gorgan, Iran, during three cropping seasons (from
2021-22 to 2023-24)
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Table 5. Characteristics of the groups derived from K-means clustering of barley landraces based on mean and
variance of infection coefficient (IC) to leaf rust disease at the Araghi-Mahalleh Research Station, Gorgan, Iran,
during three cropping seasons (from 2021-22 to 2023-24)

Group

Accession

1

KC18414, KC18415, KC18501, KC18544, KC18603,
KC18655, KC18656, KC18657, KC18774, KC20215,
KC20219, KC20220, KC20411, KC70031, KC70134,
KC70141, KC70142, KC70210, KC70233, KC70344,
KC70345

KC18031, KC18458, KC18505, KC18509, KC18543,
KC18608, KC18654, KC18723, KC18743, KC18913,
KC19613, KC20155, KC20160, KC20178, KC20179,
KC20192, KC20193, KC20194, KC20196, KC20198,
KC20218, KC20225, KC20228, KC20457, KC20458,
KC20558, KC20623, KC20628, KC20630, KC20632,
KC20633, KC20634, KC20884, KC20885, KC20912,
KC20929, KC20932, KC20981, KC20982, KC70012,
KC70068, KC70110, KC70111, KC70117, KC70121,
KC70122, KC70124, KC70126, KC70140, KC70150,
KC70211, KC70235, KC70343, KC70346, KC70347

KC18030, KC18032, KC18033, KC18034, KC18035,
KC18040, KC18042, KC18410, KC18513, KC18515,
KC18604, KC18725, KC18726, KC18734, KC18759,
KC19013, KC20143, KC20150, KC20183, KC20184,
KC20185, KC20188, KC20189, KC20203, KC20216,
KC20222, KC20224, KC20410, KC20456, KC20551,
KC20920, KC20951, KC20954, KC20966, KC20968,
KC20972, KC20975, KC70019, KC70102, KC70103,
KC70105, KC70106, KC70107, KC70108, KC70109,
KC70116, KC70138, KC70485, KC70491, Afzal

KC18394, KC18429, KC18504, KC18506, KC18605,
KC18607, KC18652, KC18653, KC18761, KC18771,
KC19593, KC19610, KC20019, KC20037, KC20137,
KC20142, KC20177, KC20181, KC20195, KC20197,
KC20199, KC20204, KC20205, KC20213, KC20227,
KC20240, KC20418, KC20559, KC20560, KC20561,
KC20624, KC20625, KC20627, KC20629, KC20631,
KC20635, KC20636, KC20637, KC20806, KC20882,
KC20883, KC20924, KC70044, KC70066, KC70104,
KC70119, KC70143, KC70212, KC70213, KC70335,
KC70348, KC70352, KC70441, KC70443, Bahman,
Behrokh, Makoei

KC18396, KC18411, KC18412, KC18514, KC18517,
KC18555, KC18631, KC18739, KC18746, KC20182,
KC20186, KC20187, KC20190, KC20191, KC20200,
KC20206, KC20210, KC20212, KC20221, KC20238,
KC20239, KC20395, KC20455, KC20913, KC20914,
KC20969, KC20970, KC20971, KC70023, KC70113,
KC70114, KC70115, KC70118, KC70123, KC70125,
KC70135, KC70139, KC70144, KC70152, KC70159,
KC70229

Mean of IC Variance

First Second Third

of IC
year year year
0.27 0.11 0.97 0.25
0.26 0.20 0.69 0.11
0.60 0.50 0.84 0.05
0.17 0.10 0.28 0.02
0.45 0.45 0.92 0.15
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Table 6. Euclidean distances among the groups derived from K-means clustering of barley landraces based on
value and stability of the resistance reaction to leaf rust disease at the Araghi-Mahalleh Research Station,

Gorgan, Iran, during three cropping seasons (from 2021-2022 to 2023-2024)

Group 1 2 3 4
2 1.59
3 2.50 1.33
4 2.73 1.21 1.78
5 1.28 0.94 1.25 2.09

MDS (Multidimensional Scaling) for Clusters
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Figure 8. Visualization of the groups obtained from K-means clustering of barley landraces using
multidimensional scaling plot
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