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Comprehensive abstract 

Introduction 
Drought is one of the most destructive stresses affecting the growth and development of plants. The 

increase in global population and wheat demand as well as drought period has increased the 
importance of breeding for drought tolerance in bread wheat. The use of selection indices for drought 
tolerance is an effective strategy to screen and identify wheat tolerant genotypes in wheat breeding 
programs. The objective of the current study was to investigate the relationships between tolerance 
indices, to determine the efficiency of indices in separating genotypes, and finally to select drought 
tolerant genotypes in bread wheat cultivars and landraces. 

Materials and methods 

To investigate the effect of drought stress on grain yield of bread wheat, an experiment was 
conducted in a simple alpha lattice design under normal irrigation and drought stress conditions in the 
research field of Dryland Agricultural Research Institute, Maragheh, Iran, in two consecutive years, 
2017-2018 and 2018-2019. The plant materials were 300 bread wheat genotypes, including 210 
landraces and 90 commercial cultivars (15 dryland and 75 irrigated cultivars; 64 spring, 15 winter, and 
11 facultative cultivars). To evaluate sensitivity or tolerance of genotypes to drought stress and identify 
drought-tolerant genotypes, various indices such as tolerance index (TOL), mean productivity (MP), 
stress sensitivity index (SSI), stress tolerance index (STI), geometric mean productivity (GMP), 
harmonic mean (HM), drought tolerance index (DI), abiotic tolerance index (ATI), and modified stress 
tolerance index (MSTI) were calculated using grain yield under normal and stress conditions for all 
genotypes. Also, to increase the selection efficiency and screen drought tolerant genotypes, the SIIG 
index was calculated based on the integration of 12 studied indices. The analysis of variance was 
performed using Agricolae package, heirarchical clustering of bread wheat genotypes using heatmap3, 
RColorBrewer, dendextend, gplots and colorspace packages, bi-plot diagrams using factoextra 
package, and heatmap diagram of correlation among grain yield under normal irrigation and drought 
stress conditions and stress tolerance indices using corrplot package in R4.2.2 software.   

Research findings 
The results of analysis of variance for grain yield showed that the environment, genotype, and 

genotype×environment interaction effects were significant (P<0.001). The significance of the effect of 
genotype indicates the appropriate diversity among the genotypes, and the significance of the 
interaction between genotype and environment indicates different responses of genotypes to changes 
in environmental conditions. Cluster analysis based on the data of each year and the average of two 
years classified the genotypes into three clusters. The results of principal component analysis (PCA) 

University of Guilan 
Faculty of Agricultural Sciences 

61 



showed that cultivars Shanghai, Naz, Falat, Bam and landraces 626358, 623109 and 621908 in the 
first year, as well as cultivars Shanghai, Koohdasht, Karim, Pishgam, and landraces 628189, 627460, 
and 627616 in the second year were drought tolerant genotypes, while based on the average data of 
two years, cultivars Koohdasht, Karim, Pishgam, Adl, Naz, and landraces 628189, 627460, 624944, 
and 627299 were identified as drought tolerant genotypes. The estimation of correlation coefficients 
showed that grain yield had a negative and significant correlation with SSI and TOL indices and a 
positive and significant correlation with other indices, especially MP, GMP, HM, STI and K2STI.   

Conclusion 
The results of drought tolerance indices as well as the SIIG index, the old spring and irrigated 

cultivars Adl, Naz, and Shanghai and the new spring and dryland cultivars Karim and Koohdasht, as 
well as the landraces 626358 (originating from Isfahan) and 621908 (originating from Arak) were 
drought tolerant and high performance under two normal and drought stress conditions. The results 
obtained from this study provided valuable information on the selection of drought tolerant genotypes, 
which can be used to produce new cultivars with high yield potential in wheat breeding programs. The 
tolerant genotypes identified in this experiment can also be used as parents for genetic analysis, gene 
mapping, and improvement of drought stress tolerance in wheat. 
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Figure 1. Average monthly rainfall and temperature during two experimental years (2018-2020)  
 

66  



� �5 F3G� �5�"����	
� � A�R�� �	 ���/ 0' ���� 
5 A�'� !�                           �	 /`h7 `�C�CG� ����;v ���34 /Q�	*��/ ��;5 1403 

 

 

9��5 8;<�  �!�> F3G� �5 ��/� �
��J�22� 	�
22  �

�=��N � I/�4 wY�.  ��� F3G�� 229�(M�8  �� 0'22� �225

fR22�F I/�224 F223G� )TOL(�  22����1 ��22;5��� )MP�( 

9�(M I/�4�8 0'� �5 )SSI�( I/�4 F223G�  0'22� �225

��222��? )STI( � 222����1 2229�'�� )GMP( � 222����1 


 ����� )HM�( ) ��22�/ �5 F3G� I/�4DI I/�224 �(

) ��("� ��7 0'� F3G�ATI F223G� ��?�" ���e� I/�4 � (

0'� )STIiK l�9� �5 (	��Y3E ��	 822G� ��224"O  � *�22 �

 0'�5 �� �	�P�9� � O5���)1(  ��)9( �f9�G  ��4:  

) F3G� I/�4TOL; Tolerance Index) (Rosielle 

& Hamblin,1981:(  

)1(                                               TOL = Y� − Y� 
1����  �;5���� )MP; Mean Productivity( 

)Rosielle & Hamblin,1981:(  

)2(                                                 MP = �� ��
�  

I/�4 8�9�(M �5  0'�)SSI; Stress 

Susceptibility Index ( )Fischer & Maurer, 1978:(  

)3(                                                 SSI =  ���
��

�� ��
���

  

I/�4  F3G�0'� )STI; Stress Tolerance Index (

)Fernandez, 1992:(  

)4                        (                       STI =  ��×�
�������� 

1����  �9�'� ��;5) ���GMP; Geometric Mean 

Productivity) (Fernandez, 1992:(  

)5(                                         GMP =  �Y� × Y� 

1����  ) ��
 ���HM; Harmonic Mean (

)Schneider et al., 1997:(  

)6(                                             HM =  �!�"×�#
�"�� 

 I/�2224s2229�d ) ��222�/ �2225DI; Drought 

Response Index) (Lan, 1998(:  

)7(                                                   DI =  ��
���×�� 

��7 0'� F3G� I/�4 ) ��("�ATI; Abiotic 

Tolerance Index( )Moosavi et al., 2008:(  

)8(                              ATI = �"��
!��

��� #  × �Y� × Y� 

�e� I/�4) 0'� F3G� ��?�"��MSTI; Modified 

ndexIolerance Ttress S   �" STIiK( ) &Farshadfar 

Stuka, 2002:(  

)9(                 K'STI ∙ K�S = �"�
��"�

   ,    K�STI = ��
���

 

O225��� 122"� �	� Y) �  Y� �225 O"��224 �	 	�22�Y3E X����

*� � � 0'� �/� �� Y��  �Y��  �5 X���� 	�22�Y3E 1���22� 

 0'� � *� � O"��4 �	 ��22�/�	�	 �22">�� .�'�22(� �225 �22�

 g�22�d �� �	�P�229�Agricolae A�22 �	 ��>22?�R  .�224 A�22��

�4
/J��
� �f���  �Y(Y9 ��'5 l�229� �225 !�22 A�'� ���

I/�4 0'� F3G� ����225 � �229��YR� �Yn�? l�9� �5 q��

) 	���Wardg�2222�d �� �	�P�22229� �22225 ( ��2222�heatmap3 �

RColorBrewer �dendextend �gplots  �colorspace� 

��5 �����	
3`hd �� �	�P�9� �5 �d�i factoextra  ��	
223 �

I/�224 � `�P22n 1�225 ���22(f3� g�22�d �� �	�P�229� �225 �22�

corrplot �RColorBrewer  �PerformanceAnalytics 

A�222 �	 ��>222?�R4.2.2 �) ��2224 Q�2229�http://www.R-

project.org .( �1�'@3�A�22 �� �	�P�229� �225 ��>22?�Excel  �225

A�2227	� 12 F �2224 I/�2224 PY �Ys �TOL �MP �GMP �

STI �ATI �SSI �DI �HM �S1STI.KiK  �STI2K   �	

�M�� I/�4 �"� I/�4 ��22"� J22��
� -�22.��*U )SIIG (

�f229�G   .�224��225� � �f229�G 22"1 ���22  ��22�5� I/�224"S 

�	�	�22�� I/�224 �225 �
225� �22�� ��225 0'22� �225 F223G�� 

�
��J��� 9��5 	�
 � ����F � *� � �� Sd��9� �	�	 �22�

���  �	"S �<"� ��5�  �Yn�? �8Pn �� J22��
� �22�T ��22"1 

�"��*U )+
id (T �"1 =B�w )-id (�22522����X �225 O225��� )10(  �

)11( �4  �f9�G : 

)10(            d'� = +∑ �r'. − r.���/.0�          i = 1. … . n  

)11(             d'� = +∑ �r'. − r.���/.0�        i = 1. … . n  

�	  122"�O225���� ijr I/�224 ��224 *�22 � ���22C  i A�   

)i = 1, 2, … n (T �	22"1j A� )j = 1, 2, … n (� r.� 

� r.� �22522����X T ��224 *�22 � ���22C 22"1 �22"��*U T �22"1 

=22B�w ��225� I/�224 iA� )i = 1, 2, … n  (8229� 

)Zali et al., 2015S�229 .(  -�22.�� I/�224 J22��
�

�"��*U (SIIG)   �	�P�9� �5 ��N5�� �)12( �4 �f9�G :  

)12(     SIIG = 678
679�678

    i = 1. 2 … . m   �   0 ≤ SIIG ≤ 1  

67 



1�(Mg�5 �
d        !����3� � 	�5U                                                               ��C�CG /`h7 `Q�	��;v ���	/  ���34*��/ ��;5 1403 

���22C  SIIG 225�1  �22� �P22n22"� e�22���  ���22'  �22� �

>� �22v"�22' T �225 �22[ 	�
22 22"1 �22"��*U 	>22"���  �224�5

 ���22C SIIG  	�22E �225 !U22"� 	>22"���  �225 .	
225 �22��
/

� l�229�22"1 �22�;5 �q��"1 T22"�1 	>22"���"1 T22"1  �225

T22"1 )��22�( �22"��*U �22���	 �"1 T ��22"1 )�22��( =22B�w 

) 8229�Zali et al., 2015(.  ��22=5 �229 ��	
223 822"�; �	

 O9
�� A� ��>?Statgraphics  �.(16 .�4 Q9� 

  

O�� � A6�+;  

����""gg   S�"��� �">�� S�"��� �">��*��<)*��<)  11((  �� 	�	 !���� 	�	 !��  22G  �6�G   �6����O�O  

�
��
���JJ   � �0'�3��50'�3��5  �
��
���JJ   × ×22G G  ��OO  ��225��5��   	�22�Y3E 8P22n 	�� Y3E 8Pn

 ��	 ��	'= '= ����	��	  ))p<0.001 ( (
5
5.	.	  �22  !�� ���� 1"��  !�� ���� 1"��22� �22�	��  �� 	  

�	�	  1�51�5  �	
��	
� k
22'� �22��"� !�22 A�22'� �E��� A�R�� � � 
5 ��� k
' � � ��"� !�  A�' � �E��� A�R�� � � 
5 ���

  �22��� 1�'v .	��	 	
<� ��	 	��Y3E ���5 �5
YN�� �� 1�'v .	��	 	
<� ��	 	��Y3E ���5 �5
YN 0�22d �� 0�d  ��

�
3 ���5 1"� ���
3 ���5 1"� ������!��"� Z�'  �5 A�'� �!��"� Z�'  �5 A�'� � 8229� ��224 q��>�  

))Alipour et al., 2021; Shabannejad et al., 2022.(.( 

J��
� � �3� �	 �� ��	 	��Y3E ���/ 0'� .	�	 0��22� ��

�229 �	 0'22� � *�22 � O"��224 �	 ��	 	��Y3E 1����  *�� *

�5X����  �5 �5��5707/1  �93/0 	 A�22� A�	 *�229 �	 � �22�
5 �

�5�� �5 �5��5 X��703/1  �934/0 	 A�� �1"��5�22'5 .	
225 �22�
5 �

 *�� *�229 �	 ���/ 0'� O"��4 8G� ��	 	��Y3E 1���� 

48/54  A�	 *�9 �	 � �n�	84/54 Q� �22n�	 O"��224 �� �22�

s9�d 0��� 1"� .	
5 *� � ����5U���  !�22���� ��22[�� F225�R

 ���/ 0'� �5 �E���89� )Dietz et al., 202122d � �( 0�

) 8229� ��224 q��>� !� A�'� �	 1"� ��Eftekhari et al., 

2020; Chowdhury et al., 2021; Abou-Elwafa & 
Shehzad, 2021; Rabieyan et al., 2022.(  

I/�224 1���22�  �22("�C  w22Y�.  ��22� *��22<) 0'22�

2 ( x5�22N � ��22[� *�22 � O"��224 �	 	�22�Y3E �22� 	�	 !�22�

0�5 	�22�Y3E 1�22'@3� � 0'22� O"��224 �� �22�QR���22� 

�	
22� �225 �22("�C  �	 �22E���0�5 � 
225 ��22� �22�	
225 �	 .

���22�5U *�22 � O"��224� QR���22� Q� 	�22�Y3E Q22"	 �� �22�

QR���22� �224�	 �225U�'�  	�22�Y3E 0'22� O"��224 �	 �22��

QR���22� 0�5 Q22"	 �22�	
225�"�229 ���225 . I/�224 �22�>22� 

QR���� �225U �225 8f22( Q"	� 0�5 �"	�22C I/�224 �22� ��22�

SY� MP �GMP �STI �DI� HM  �STI2K 22222222C  ��	"� 

Q� �2222222�I/�22222224 ��2222222�pY �TOL �ATI �SSI  �

S1STI.KiK �'�224�	 �� !�22� �22�0�5 F223G� ��22'�	 �22�

Q� 8�9�(M � ��QR����  �5U �5 8f( Q"		
5.  

�224
/ �22">�� g"�22� l�229� �225 ��I/�224 122"� �22�

 �	 1���22�  1�22'@3� � *�229 �	 �22� �	 �22� 	�	 !�22�

J22��
� �*�229��229	 �224
/ �229 �	 �22� �	 .��224 ��22'5

0"�22 �U ���22<� *�� *�229 F�224) 2 F �224 *�� �224
/ �(

61 J22��
� )5/20 F22� �22n�	 J22��
��22�(  	
225 �22�19 

!U �22n�	 �	
22� � � 
225 ��22�5/24 �22n�	 QR�� ��22� �22E��

	
5.�22 �	 R� 1�225Q��22�  ��22E���23 �22n�	 QR���22�  �225U

 �23 �22n�	 QR���222�  Q22"	� ��2224� J22�� �222[ ����4 � J� � �[  ���� 22 

�222n�	  ����222;5 ����; 52727  �222n�	�n �	   � 1�5�222'�5 � 1�5�' �53333   �>�"�222d �222n�	 �>�"�d  �n �	

	
5	
5 �A�	 �2224
/ .�222 �A�	 �4 
/ .�7575  ) J222��
�) J� �
�2525  �222n�	�n �	  ��
���
�JJ222���� ( (

82224�	84 �	  �222���  1717  �222n�	�n �	  �	
222� � � 
2225 ��222�42 �222n�	 

QR���22� 	
5 �22E���.�22 QR���22� F �224 	
22/ �22E��� 43 

�22n�	  � �225U40 �22n�	  Q22"	� ��224� J22�� �22[ ����4 � J� � �[  ����  45 

�222n�	  ����222;5 ����; 52727  �222n�	�n �	   � 1�5�222'�5 � 1�5�' �54040   �>�"�222d �222n�	 �>�"�d  �n �	

	
5	
5 .�222 .� A
2229 �2224
/>222� F �2224 162 J222��
� )5/54 

�n�	 J22��
��22�( 	
225 �22� 63 �22n�	 !U �	
22� � 
225 ��22�

 �5/33 �222n�	 QR���222� 222	
5 �222E���.� �1�222'@3� 34 

�� �22n�	 QR���22� �22E����  � �225U27 �22n�	  Q22"	 � �22[ ��

��224� J22�� >22� 33 ����22;5 �22n�	 �46  � 1�5�22'�5 �22n�	

27  �n�	 �>�"�d �>�"�d	
5	
5.�.�    
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�  
Table 1. Analysis of variance of 298 bread wheat genotypes for grain yield 

Mean square  df Sources of variation  
118.8520641*** 3 Environment  

0.0110137 4 Replication / Environment  
0.5435181*** 297 Genotype  
0.0682458*** 891 Environment × Genotype  

 1188 Error 
*** Significant at  0.1% probability level. 
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Table 2. Comparison of means of different stress indices in each experimental year 

Wheat Year Yp Ys TOL MP GMP STI ATI SSI DI HM KiSTI.K1S K2STI 

 
First year 1.624 0.889 0.735 1.257 1.194 0.508 1.645 0.976 0.549 1.136 0.944 0.963 

Landrace Second year 1.632 0.889 0.743 1.261 1.197 0.512 1.667 0.985 0.545 1.138 0.956 0.963 

 
Average two years 1.628 0.889 0.739 1.259 1.196 0.510 1.656 0.983 0.544 1.138 0.948 0.961 

 
First year 1.901 1.036 0.865 1.469 1.396 0.688 2.241 0.989 0.632 1.328 1.279 1.295 

Cultivar Second year 1.879 1.038 0.842 1.458 1.388 0.680 2.162 0.971 0.643 1.322 1.251 1.295 

 
Average of 2 years 1.890 1.037 0.853 1.464 1.393 0.684 2.201 0.983 0.634 1.327 1.262 1.291 

 
First year 1.894 1.088 0.806 1.491 1.427 0.723 2.064 0.947 0.700 1.367 1.251 1.459 

Dryland Second year 1.888 1.084 0.804 1.486 1.424 0.722 2.098 0.942 0.691 1.365 1.257 1.433 

 
Average two years 1.891 1.086 0.805 1.488 1.427 0.723 2.080 0.948 0.691 1.368 1.251 1.443 

 
First year 1.903 1.026 0.877 1.464 1.390 0.682 2.277 0.997 0.618 1.320 1.285 1.262 

Wateriness Second year 1.877 1.028 0.849 1.453 1.381 0.672 2.175 0.977 0.634 1.314 1.249 1.267 

 
Average two years 1.890 1.027 0.863 1.459 1.386 0.677 2.225 0.990 0.623 1.318 1.264 1.261 

 
First year 1.913 1.052 0.861 1.483 1.412 0.705 2.268 0.977 0.646 1.345 1.300 1.335 

Spring Second year 1.888 1.061 0.827 1.474 1.407 0.701 2.172 0.946 0.668 1.344 1.269 1.351 

 
Average two years 1.901 1.057 0.844 1.479 1.411 0.703 2.220 0.965 0.653 1.347 1.282 1.339 

 
First year 1.869 1.046 0.823 1.458 1.389 0.675 2.088 0.953 0.661 1.326 1.222 1.312 

Facultative Second year 1.807 1.014 0.793 1.410 1.343 0.630 1.911 0.952 0.649 1.280 1.136 1.242 

 
Average two years 1.838 1.030 0.808 1.434 1.367 0.652 1.995 0.954 0.653 1.304 1.176 1.274 

 
First year 1.874 0.960 0.914 1.417 1.334 0.626 2.239 1.067 0.551 1.257 1.234 1.114 

Winter Second year 1.894 0.954 0.940 1.424 1.338 0.629 2.305 1.093 0.534 1.259 1.255 1.091 

 
Average two years 1.884 0.957 0.927 1.421 1.336 0.627 2.271 1.081 0.541 1.259 1.242 1.099 

Yp, grain yield under normal conditions; Ys, grain yield under drought stress conditions; TOL, tolerance index; MP, mean productivity; GMP, geometric mean 
productivity; STI, stress tolerance index; ATI, abiotic tolerance index; SSI, stress susceptibility index; DI, drought response index; HM, harmonic mean; KiSTI.K1S and 
K2STI, modified stress tolerance index. 
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Figure 2. Cluster analysis of wheat genotypes based on grian yield in normal and drought stress conditions and stress 
tolerance indices in the first year (2017-18) 
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Figure 3. Cluster analysis of wheat genotypes based on grian yield in normal and drought stress conditions and stress 

tolerance indices in the second year (2018-19) 
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Figure 4. Cluster analysis of wheat genotypes based on grian yield in normal and drought stress conditions and 

stress tolerance indices using average two years 
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Figure 5. Principal component analysis based on grain yield under normal irrigation and drought stress 
conditions and stress indices in the first (A and B), second (C and D), and average two years (E and F) 
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Figure 6. Correlation between grain yieldand stress tolerance indices under normal irrigation and drought stress 

conditions in the first (A), second (B), and average two years (C) 
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Table 2. Ideal genotype selection index (SIIG) and ranking 10% of the best bread wheat genotypes based on 

grain yield  

First year (2017-18) Second year (2018-19) Average two years 

Genotype SIIG 
Grain 
yield 

Yield 
rank 

Genotype SIIG 
Grain 
yield 

Yield 
rank 

Genotype SIIG 
Grain 
yield 

Yield 
rank 

Naz 0.63256 1.965 3 Karim 0.73687 2.092 1 Karim 0.73687 2.01 1 

Adl 0.62958 1.955 4 Adl 0.69257 1.907 8 Adl 0.69257 1.931 5 

626358 0.62723 1.935 5 Naz 0.69093 1.780 14 Naz 0.69093 1.872 9 

Shanghai 0.62687 2.005 1 Shanghai 0.67460 1.932 6 Shanghai 0.67460 1.969 3 

Karim 0.62166 1.927 6 626358 0.66995 1.940 5 626358 0.66995 1.937 4 

621908 0.61942 1.970 2 Chamran2 0.66690 1.765 15 Chamran2 0.66690 1.814 11 

Chamran2 0.61084 1.862 10 Koohdasht 0.66248 1.830 10 Koohdasht 0.66248 1.829 10 

Bam 0.60491 1.867 9 628189 0.65628 1.832 9 628189 0.65628 1.802 13 

Koohdasht 0.60258 1.827 12 627460 0.65496 1.785 13 627460 0.65496 1.792 14 

623109 0.60164 1.842 11 Bam 0.64393 1.942 4 Bam 0.64393 1.905 6 

Falat 0.60141 1.880 7 621908 0.64043 2.032 2 621908 0.64043 2.001 2 

Panjamo62 0.59920 1.802 15 624944 0.63289 1.745 17 624944 0.63290 1.727 20 

623417 0.59907 1.805 14 Bayat 0.62361 1.702 19 Bayat 0.62361 1.731 18 

627460 0.59590 1.800 16 623417 0.62263 1.815 11 623417 0.62263 1.810 12 

Parsi 0.58950 1.880 8 Sabalan 0.61907 1.740 18 Sabalan 0.61907 1.691 22 

628189 0.58936 1.772 18 Dez 0.61621 1.662 23 Dez 0.61621 1.657 26 

Bayat 0.58738 1.760 19 Panjamo62 0.61393 1.680 20 Panjamo62 0.61393 1.741 17 

Sistan 0.58358 1.825 13 Sistan 0.61220 1.982 3 Sistan 0.61220 1.904 7 

Azar2 0.57756 1.720 21 Zagros 0.61090 1.650 25 Zagros 0.61089 1.650 27 

624944 0.57482 1.710 22 628012 0.61050 1.762 16 628012 0.61050 1.666 25 

623344 0.56594 1.707 23 Azar2 0.59298 1.647 26 Azar2 0.59298 1.684 23 

Rayhani 0.56590 1.795 17 627356 0.57988 1.787 12 627356 0.57988 1.729 19 

627299 0.56436 1.700 24 Parsi 0.57957 1.922 7 Parsi 0.579568 1.901 8 

627356 0.56194 1.670 25 623109 0.57777 1.675 21 623109 0.57777 1.759 15 

626978 0.56073 1.657 26 Falat 0.57453 1.625 27 Falat 0.57453 1.752 16 

Zagros 0.55931 1.650 28 623008 0.57150 1.487 29 623008 0.57150 1.534 29 

Dez 0.55778 1.652 27 627299 0.56223 1.660 24 627299 0.56223 1.680 24 

Sabalan 0.55750 1.642 29 Pishgam 0.56006 1.675 22 Pishgam 0.56006 1.692 21 

Khazar1 0.55701 1.730 20 621706 0.55845 1.560 28 621706 0.55845 1.535 28 

Pishgam 0.55551 1.710 30 Karaj1 0.55414 1.412 30 Karaj1 0.55414 1.497 30 
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Figure 7. Three dimentional diagram of SIIG index and grain yield of the studied genotypes in the first (2017-
18), second (2018-19) and average two years 
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