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Comprehensive abstract 

Introduction 

The main goal of genome-wide association study (GWAS) is to identify genes associated with a 

specific trait. In this mapping method, researchers compare the whole genomic DNA sequence of 

people in the community to find single nucleotide differences between them. Identifying and mapping 

effective genes in response to drought stress, in addition to understanding the molecular and 

physiological mechanisms, can provide breeders with a better understanding of the genetic structure of 

population and the genetic control of stress and it’s breeding in the studied population. In this 

experiment, the mapping genes controlling important agronomic traits of bread wheat under two non-

stress and drought stress conditions using genome wide association analysis method was performed. 

The objective of the experiment was to analyze QTLs related to the response to water deficit and to 

identify markers related to some important and effective traits in bread wheat. 

Materials and methods 

The plant materials of this experiment were 121 spring bread wheat genotypes, including 111 lines 

obtained from local spring bread wheat varieties originating from 28 countries from five different 

continents and 10 spring bread wheat genotypes from Iran and Pakistan, which were evaluated under 

two non-stress and water deficit stress conditions in the field. Genotyping for the samples was done 

using SNP markers (15 K SNP array) at TraitGenetic Company in Germany, and each genotype was 

evaluated using a set of SNPs. To determine the population structure, 147 SNP markers with no 

missing data and with suitable distribution on 21 homologous chromosome pairs of bread wheat 

(seven markers per chromosome) were used. To determine the possible sub-populations and studying 

the population structure, Bayesian method and Structure software V 2.3.4 were used, and then the 

average fixation index (Fst) and membership matrix (Q) were calculated with the same software. 

Genome-wide association analysis with the general linear model (Q+PCA) method was used to 

identify the markers related to the studied traits under non-stress and drought stress conditions with 

average data in TASSEL 5.0 software. 
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Research findings 
The results of analysis of variance showed that there was an acceptable genetic diversity in terms of 

all the studied traits between the genotypes and reaction of the genotypes to water deficit stress was 

different. Based on genome-wide association mapping, in total, 511 and 469 significant marker-trait 

relationships were identified under non-stress and water deficit stress conditions, respectively. The 

most significant marker-trait association under water deficit stress was revealed for plant height, flag 

leaf area, peduncle length, and spike yield on chromosomes 1A, 2A, 3B, and 2A, respectively. Also, 

five SNP markers at positions of 113.30, 25.02, 13.90, 43.10, and 71.97 cM on chromosomes 2A, 2A, 

5A, 6A, and 6B, respectively, showed the highest significant associations with flag leaf length and 

area, plant height, peduncle length, and spike yield under water deficit stress conditions, respectively. 

Multi-trait loci were also identified on chromosome 2A for flag leaf length, width and area, plant 

height and spike yield under water stress conditions. Finally, 21, 12, 14, 44, 92 and 14 significant 

marker-trait associations (QTLs) were found for flag leaf length, width and area, plant height, 

peduncle length and spike yield under water deficit stress conditions, respectively, using genome-wide 

association study. 

Conclusion 

The results of this study provided valuable information on the genetic basis of the studied traits 

under water deficit stress conditions, which can be used in bread wheat breeding programs, including 

marker assisted selection (MAS). 

Keywords: General linear model, Genome, Marker, QTL, SNP 

 
 

Received: February 16, 2022                                                                              Accepted: May 18, 2022 
 

 

 

Cite this article: 

Majidi-Mehr, A., Pahlavani, M.H., Zaynali Nezhad, Kh., Karimizadeh, R. and Borner, A. 2022. Genome-

wide association study for agronomic traits in spring bread wheat under different water conditions. Cereal 

Research 12 (1): 1-19. 

   

2 



��� ������	  

 
��� 
��� �
��� 
������� �
��1401 )19 -1(  

 

doi: 10.22124/CR.2022.22814.1737 

 

            � ��!" #$��%                                                                                                                                       ����& �'()' 

 

 ��*+ ,-./ �()01 
� 2�3	
� 4�5�	 �6�
� �
��� 7�. ,891 
� :;�(� <�	�& ���*)%�  

 

=8�>% 8�?�(�%1�.�-5�" =��� 8��% 
2*�59;� 4�5B 
��!.3<�?
 
D E���;(����4 � F�;
8.& �((.5  

  

1- ����� ��	
�
 ��	
�
 ��
�� ��	�� � ����	�� ���� �	�� �! ��"�#��$%�
� � &	%	�  '()� ���
 ���*�! ��+� �!  

2- �	
� �! � ��	
�
 ��	
�
 ��
�� ��	�� � ����	�� ���� �	�� �! ��"�#��$%�
� � &	%	�  '()� ���
) �����*  :0�12� �3�2�� 

hpahlavani@yahoo.com(  

3- �	�!	*6��  ��	
�
 ��	
�
 ��
�� ��	�� � ����	�� ���� �	�� �! ��"�#��$%�
� � &	%	�  '()� ���
�����  

4- �	�!	*6� ���8�9: �
�� ��	�� � ����	�� ;���< � &	=
=>% ?��� ����� @�! ����	�� &	=
=>% A26B� �3CD����� � A���
�E� �

���	2F
 �����	�� G���% � ;���< �&	=
=>% �	��	6 ������  

5- !	*6� � ��" I 	� ���
����� �	8	

 � �8	

 I
* " &	=
=>% A26B� ?
���J �(.��.�:.�<) ?
���J� �	C#<   

  

�8�HI J%�K  

 :#%8�% ��)� L38 ��*2
 �! M	�%�� N
�>% �� ")GWAS(�  ��	6	�O�"�	8  P	Q RS) I� 	� T�%�� ;�� U�� �! .R6�

A�= ��	�� U
==>� �#��% DNA !��V� ��� " N� �� A��	W  U*V	� L38 	�&�	S%I% �	8�< U
� �3
%�1��� 	8  A2�	=� !���

�� ���X.3�8!  ��	6	�O�	$� ��" ��	�	8� �YB�  A� Z���� �!@��<�� � RQ	�O �� ��(�@2
 	$��?
V � �#�$#�� �	8�I�"�# 

�� �	*Q	6 �� ��*E� [�! 3 ��% R
�CW �$
* " �< '()� ��>  � Z�% �$
* " 0�*�� � A�#	\� !��� R
�CW �! �� �	
*Q� �!

A�38! ���X �
!�9  ?
  Z�	��< U�� �! .A�= �" ��	��	8 0�*���3���  &	S)@E�  ����� �	  �3�
 R>% �! T���O � Z�% ��3�

 Z�%@��<� � �!	S*6� 	�.3O �	+ � �� " ��*2
 ��	�%�� N
�>% ;�� �  �� L38�Z�	��<  N
�>%QTL A� Z���� 	� T�%�� �	8

@��< � @E� &	S) �Q�� 	� T�%�� �	8�� 	�  ��	6	�O  � ��YB� �3�
 �!  �	 !��.  

M�
 � ��-%:�� �8	

 !���  U��Z�	��<� 121  ��	E� �	  �3�
 ]
%� "N�	O 111 �!�% �� N)	D U�J�	8  �	  �3�
 ��>�

 	� ��	E�^��� 28  ������  � `�*a� ��	X G�:10 ���� �� ��	E� �	  �3�
 ]
%� "�	8 ����� �	*2�	: � R>% A� !��  �!T���O 

��3�  Z�%  � Z�%@��< �A��?� T���O �! 3�*V�
 ���X ��	���� !��� .A �C  ���� ]
%� " U

�% �	8�� 	�  �� �!	S*6� 	� 	8

SNP )15 K SNP array R��O �! (TraitGenetic  �	C#< ���� � �	+ �A��C+� �� �!	S*6� 	� ]
%� " �8 �� ��SNP 	8

 ��	����3O. U

�% ����  �R
�CW �	*Q	6 ��147  �� 	� SNP  �!�! 3X	V@
�3O �  d6	�� ����% 	���� 21 �������� RSW 

�	  �3�
 e�#�C8 �������� �8) �� 	�  RS8( �!	S*6� 3O. �A���
��� U

�% ��f�� �� R
�CW �	*Q	6 �6��� � �#	C*D� �	8

��  � U�?
� ;�� ��?V�Structure V 2.3.4  �!	S*6�gh6 � U

�% 	� !�3�% A�
E� ���
����	8 ) R
�i% jQ	O U
� 	
�Fst � (

) R��k� @E6 g��%	�Q��  U
C8 	� (.3O A�6	>� ��?V� A� A��!� �!	8�� 	�  ��	6	�O ��f��!��� &	S) 	� T�%�� �  A�#	\�

@� Z�% � Z�% �3� T���O �! �� ��<	� �� " ��*2
 �! ��	�%�� N
�>%  ���C� �\Q 03� ;��)Q+PCA (��  �! ��?V�

TASSEL 5.0 ���� �	� �!�! U
� 	
� 	8 �!	S*6�3O.  

#)N�;:O���	 =��  A� !�! �	�  g 	���� A�?+% G�	*  �$
* " l��% �#��X N�	X  �� &	S) A
�� �f A�#	\� !���]
%� " U
� 	8

 !�W�Z���� � RO�! ]
%� " 	8 �!	� AEW��� @� Z�%�<�  &�	S*�!�� . m	6� ��A�= �� " n\6 �! ��	�%�� ��	��  l�C+� �!

3 

  
 ا�ش�ده ع�وم 	شاورزی د



 Z�% � Z�% �3� T���O �!@��<A� � d
%�%511  �469 ���� M	�%���� 	�  ��!- 3O ��	6	�O RS). Z
� M	�%�� U��%

������ 	�  ��! - RS)  Z�% �!@��< � N$ �3: 0�� �@q�: e�� n\6 �A%�� l	S%�� &	S) ���� �A���6 !�$�C� A� ��� d
%�%

�������� �	81A �2A �3B � 2A 3O �38	��. �U
�FC8  �� 	�  G�:SNP A� �! d
%�%	W�	�� �	830/113 �02/25 �

90/13 �10/43  �97/71 �* 	6������ ��� �	
����� �	82A �2A �5A �6A  �6B   ����!���� M	�%�� U��%J	� &	S) 	� ��!

 A���6 !�$�C� � N$ �3: 0�� �A%�� l	S%�� �@q�: e�� n\6 � 0��R>%  Z�% T���O@��< �.3 !�� �U�� �� ��(� �	$� �	8

 �*S) 3�q ?
  �������� ���2A  ����0�� &	S)�  s��� � � A%�� l	S%�� �@q�: e�� n\6 A���6 !�$�CR>%  Z�% T���O

@�3O ��	6	�O ��< . R�	E  �!�>% m	6� ��
N �	�%��� �� " ��*2
� A�
%�%d 21 �12 �14 �44 �92  �14 ��� M	�%�����! 

�� 	� - ) RS)QTLs��� (� ��O R>% A���6 !�$�C� � N$ �3: 0�� �A%�� l	S%�� �@q�: e�� n\6 � s�� �0�� &	S)�T 

@� Z�%�<� 	6	�O�� .3O  

#>�).:=(�1  N)	D G�	*  Z�% T
>� �! A�#	\� !��� &	S) �$
* " �	��� A�
�� �! �� �3�CO��� &	�(�� �A�#	\� U�� ��

@��<���� � A!�!  A������% 	E < �� A�	 �� �!A� �	8 A�CW �� �	  �3�
 �!�9 ?
A� Z���� 	�  IC� )MAS( �� �!	S*6�.!   

�/��:=8�5D =�� 3� ��� "����C� �\Q 0 �� 	�  �SNP �QTL   

  

 

 :RV	��! t��	%27/11/1400                                                                                                   :;��u: t��	%28/02/1401  

  

   

 :#$��% P;� #� ��9)'� �-�.  

8�?� 
(�% =8�>% 
.�-5�" 
��59;� 
=��� 8��%��!.��;(D 
4�5B 
����
 <�?
 #$�� 
(.(� F�;
8.& .1401.  �! M	�%�� N
�>%

 &	S) �� " ��*2
 ����� ��	E� �	  �3�
 �! T���O R>%�< &�	S*�� .��� ������	 12 )1 :(19-1.  

   

4 



 &	S) �� " ��*2
 �! M	�%�� N
�>% ����� �3�
 �!�	                                   % /&(v &	=
=>@8!���! ���!/  ��	CO0��/ �	E� 1140 

#%8�%  

@E� �� �$� �	  �3�
�%U�  &J�w>� � ����	��

�!	w*X� � �	CO A� 	
 ! �!�.!��  �x	V �	�< y�� 0	6 �!

2020 )FAO, 2022�=% ( z	��03/766  U% ��
�
��3�
 

3O 3
#�% �	EW ��	X G�: �!R6� �. L�w� U�� �	
3���

�w>�0  �!90  !�3D �! A� ����40  R
�CW �� 3)�!

� N
$�% �� �	EW�3�8! �� �
3 �) 3���Cook et al., 

2018.(  T6�*� 	� �����240 ���
 ���� �! �
3 �	� �*�

Q y�	�� I�  �AC
 A�	 �	�< y�� .!��! ���X �	EW I�Q

����� &J�w>�  !�3D �! @�! �3�
 3
#�% ��?
� ����� �!

5/5  !�3D ��3=� U�� A� R6� U% ��
�
�5/71  �� 3)�!

 N
$�% �� @�! ����� &J�w>� 3
#�% ��?
� N��� .38!

 @�! �3�
 3
#�%z	%3C� ) �	*6!�� �	*6� G�: �!8/15% �(

) �	*2�
6/12%) �X�O �	+�	��|< �(9%) �	� 	��� �(7% (

) ���v �	+�	��|< �8/6% &��)  (�� !�



)Agricultural Statistics, 2018.(   

 A� Z����@��< A� R6� �}C� � �3
F
: RS) �

 0�*�� �" �!	�� !�3�% T6�%�� � !�O�� �U� RQ	�O ��

@2
 	$� �	8V�"�#��?
I  A� NC>% �#�$#�� �@��< �

�O!) R6� ��Senapati et al., 2019 �� A��v REW .(

 N$��RY���u: A� NC>% U
�	: ���@��< d�v� 3� 	C8 �

 �#�$#�� �	8�� 	�  �� �����8�9: ��C� &	S)DNA 

�!�� ��E�A*V	� � 3 � A� NC>% !��E� �! ����\� �	8@��< �

�!��< R6! A� &(v �!) 3 �Sukumaran et al., 2018 .(

�f�� U�3�;�� �� � �S�*a� �	83� 	� �	$� ��	�QTL 

)Quantitative Trait Loci N� A�?+% �M	�%�� A�?+% �(

�" ��	6	�O L38 	� �" �	
� ���#� A�?+% � �� " �	8

 	� &	S) 	� T�%��QTL �$�Q A� NC>% �! N
Q! �	8

� �!	S*6��) !�OHu and Xiong, 2014.(  

 �	8�� 	� SNP  " l��% ��	���� ���� �! !�W�� �$
*

R
�CW 3
S� �	
2� 	83�*28 l�  U�� � ����V ���� �

 ��	���� � �!�� !	�� �	
2� 	8�� 	�  ���! A� R�2  	8�� 	� 

@� �	�� A� �� 	�  l�  U�� 	� R
�CW !��V� .!��! �	
  ��%

A�A� ��(� �	8�� 	�  A� R�2  ZEW U
�	: ~�  N
#!

 �����8	�?��SNP � A�#	\� ���� 	8 N�	$% �� ��q �6���

� 3
S� �	
2� �� "�) 3�O	�Varsheny et al., 2007( .

�� 	�  U�� �	8!���	� �� �$�	8 �< �� �!	S*6� U

�% �! 	8

 �	*Q	6 U

�% ��	�< &�3X .R6� R
�CW �	*Q	6

 !��! @
=*2� M	�%�� A*V� �	� A� �� 	�  !�3�% 	� R
�CW

)Kalinowski, 2002 .(������� A���<	8 ]
%� " U

�% �

SNP A� �J	� @���% 	��!�*2
 ��� �	8��#� A�#	\� ���� ��

 ��	6	�O � �3 �	���Q T���� �	*�*6� � l��% ��� "

�� 	�  T����- ��" �! RS)�!	S*6� @6(: �� 3 �O

)Wang et al., 2014.(  

�	$� �� l(���	8  �!�� �3
: ?
  � �C� &	S) � "

�< �Y� ��3=�	S) ��� 	8 ����� R>% �i>�� �! �C� &

A�= ) �C� RS) � " �	$� ��	�QTL�� '�\� ( .!�O

�	$� � ��	6	�O ���� G��� ;�� �!�	��	W ��	� ��

0�*���3��� A�=  ��C� &	S)A�=  � ��*6�
: ��	� ��	�

) 3�*28 ��	�%��Flint–Garcia et al., 2005 .( �� �$�

;�� U*V	� REW �! 3
S� �	8QTL�� �	8 NC>% 	� T�%

A�=  &	�#	\� �� �!	S*6� ��$�Q Z�% A� ��	�%�� ��	�

)Association mappingA�=  .R6� ( ��	�%�� ��	�

A�R
�CW �! !�W�� l��% �� U*2W ��E� A\6�� �	8

�	C% �!�� �	># � ��
���  �! N�	$% 0�� �! A� ���	X�

�< �� "~� A �
 R6� �!�!�  � �h
%��V l��% U
� M	�%��

�� ��	6	�O �� �� " �! !�W�� ��$O3�q) 3��Zhu et 

al., 2008(�  	� ��	8�� 	�  �� �!	S*6� 	� U
�FC8 �

�!�*2
 ����% � � ����V ;�� A� R�2  ��%QTL 

mapping ) R6� ��!��Q�� ��%J	� RX! ��Elshire et 

al., 2011; Wang et al., 2014.( 

A�=  &	�#	\� ������ �! ���	�%�� ��	� ;A� �	 	8 �

�" ��	�%�� N
�>% � �� " ��*2
 �! M	�%�� N
�>% �	8

) !��! !�W� 3�3 	�Darvishzadeh et al., 2017 .(

 �� " ��*2
 �! M	�%�� N
�>%)GWAS: Genome 

Wide Association StudyA� �3�
 �! (e�?� N�J! �%

��: � �� " jX	  �#��% ��� " �!����:�Z#	q �!�� 3
 

� ���?
 .R6� �U� N���� 
�%
U 	8�� 	�  ���� ��������	8� 

 e�#�C8 �� A�	�� �	
2�!� ���O���3� )Sukumaran 

and Yu, 2014(.  	� ��� "	*� !�$��� I� U����	��

?+% �� �!	S*6�A� � N
�>% A2�	=� � &(v �� N
�>%

 �� " ��*2
 �! ��	�%��)GWAS �*)�V R6� U$C� (

�	6	�O �! ���2% �����" �	8� 0�*�� �C� &	S) �3���

) 3�� @8��V �� �3�
 �!Quraishi et al., 2011.(  

;�� ;�*2
�	$� �� ��*�� �	8 ��	�%�� ��	�A�� �9�

;�� GWAS  dW�� �	8	

 �! Z��?V� ��<�	� ��	6	�O

�" �	80�*���3���  &	S)�C�  �3O `�*a� �	8	

 �!

) R6�Liu et al., 2003�	  �3�
 �! (�  A���<?��SNP 

 0!	�% ��3� � R
�CW �	*Q	6 �6��� �! � �D���

Z
: A� �"	$�
#A�=  �	+ � �	
  ��	�%�� ��	��R6�  !���

5 



  ���	$C8 � �E� �3
+�                                                                        % /&(v &	=
=>@8!���! ���!/  ��	CO0��/ �	E� 1401 

A*V�
 ���X �!	S*6�3 � )Gahlaut et al., 2019; 

Qaseem et al., 2019; Rabbi et al., 2021; 

Gahlaut et al., 2021; Ahmed et al., 2022.( 

 U
� T���� �6��� �!3�*� �	8!���	� `�*a� �	8�� 	� 

�� A� !��!N#< ��	6	�O A� ���% �! ���\� &	S) �	8

A��C+� �$
* " N
2 	*: ��	���� �	$�� ��Y���% ��	Q| �	8

]
%� "�	$�� �P	Q �	8�	$� �+�6N#< y
X! ��	� �	8

�" 3
�	% � �C� &	S) &	S) 	� T�%�� ��3�3 	� �	8

) !�C  ��	O� �C�Sonmezoglu and Terzi., 2018 .(

 �3�
 �! �$�Q Z�% T���O �! 	8�� 	�  	� &	S) M	�%��

) R6� �3O ;��?
 �S�*a� �����8�9: T6�% �	 Liu et 

al., 2015; Liu et al., 2017; Qaseem et al., 2018; 

Beyer et al., 2019; Ahmed et al., 2021; Rabbi 

et al., 2021 .(  

 ��	6	�O A� ��	+ < �� ��	$��" ��	�	8� �YB�  �!

 A� Z����@��<�� � RQ	�O �� ��(�@2
 	$ �#�$#�� �	8

�I�"�#��?
V � �� 0�*�� � �	*Q	6 �� ��*E� [�! 3 ��%

A� �	
*Q� �! �< '()� ��>  � Z�% �$
* " ���X �
!�9 

38!O ��W� � �D��� A�#	\� U�� �3 �< �� L38 A� )1 (

 N
�>%QTLZ���� 	� T�%�� �	8  A�@��<)  � �2 (

 � @E� &	S) �Q�� 	� T�%�� �	8�� 	�  ��	6	�O�YB�  �!

�3�
  �	 !��.  

  

M�
 � ��-%��  

 ��
�� ��	�� � ����	�� ���� �	�� �! �! Z8�9: U��

 �D��� �	
�
� ]
%� " ��	���� � R�� �! 	8 A��?�

&	=
=>% g�!�: ��8�9:  �! ����	�� ;���< �

��% �� ���	2F
 �	*6�EO 3CD����� � A���
�E� �	*6� ��

 ����� 0	6 �!1400 -1399  �	+ �3O N>� l	S%�� .

 	��! n\6 �� Z�	��<710  ��*���	
V���W 0�� �< 50 

 � AW�!50  ��	
V���W s�� � �X�O A=
X!30  � AW�!

17 �� �#	CO A=
X! Z�	��< ���W� N>� @
�X� .3O	�

�< ����!��8�� A ��*�3���
 �	*2�	% 	� ��  �	*2�� �

.R6� @�(� � ����� z	*�2   A��?� [	Q ���	��< l�  ��

[	Q��EX �	8 ��	� �� �*�
6 �6� ���# RV	� ���� .3O	�

 �� �!	S*6� 	� RO	� NwV �3
6� �� N�X Z�	��< ���W�

 � [	Q �!�� ��  � @aO A� R�2  I2�! � U8<�	


&�� �! �	X�� R����	
C
O !�� .3O ��3X� ���	��< �	8 

 �	��� ��100  � ��
 ��< &	S2V ��
��
�75  ��
��
�

 	� I2�! � U8<�	
 	� @aO N)	V 3D �! �	*$8 �! ����

�a� [	QO M� .3�� N
C$% ���� ��	

 �	
  !��� &�� �!

A%�� U*V� AX	6 A� �� N�X �	�3�S6� ��! AC
  �! �	8

A=\�� �! �
3 �	� �� 3�� A�)	V(� ��3�
 &��*
  !�� �� �

��< ��
 A�&��) O �!	S*6� [�6 .30	6 U�� �!�  ��?
�

 ���	2F
 �	�*2�� �! �
3 �	�5/591 ��
� �! A� !�� �*�

&3�3��� U
� 	
� 	� A2�	=�� 3/166 ��
� A� R�2  � �*�

A*Ou
 ����� 0	6� 91/35  Z����: .RO�! Z��?V� 3)�!

 ?
�	: �! �
3 �	�2/437 �	*2�� �! �3/154  �	E� �! �

�
� �S)�A� .!�� �*� ����! &�	��91/73 ;�	� 3)�! 	8

?
�	: �! � 08/26 A� �	*2�� �! 3)�! � R6�
: l�X��! 

�	E� 3�  �	+ � �O�	�. �!�! &���D AW�! �	8 ?
  �	� 

��8! �
Q� ����� 0	6 �	�! T6�*� A� 35/18  AW�!

m�
2�6  0	6 � &3�3��� U
� 	
� A� R�2  A� !��

 A*Ou
 �����7/0 W�! Am�
2�6  .RO�! Z8	� !�3�%

����	8  ��3��a� ?
  A� !�� ��� �! �
Q� ����� 0	6 �!

3��� U
� 	
� 	� A2�	=� �!&3�  I� A*Ou
 ����� 0	6 �

 Z8	� ����� �	� 38! .  

#	X �! Z�	��< �!	6 g
%J '�� d11×11  	�121 

 ]
%� "O ��W� .3 0�3W) Z�	��< �8	

 !���1N�	O �( 

111  N)	D U�J�!�% �� 	� ��	E� �	  �3�
 ��>� �	8

^���  �� `�*a�28  ���� �	EW �	:��� �	
6< ��	X G�: �!

<	$����  A
6� 	
X� � ����W � �#	CO!�� A� A���f�� 

[��� �!�� N�	� jX	  �	8 ��10  ��	E� �	  �3�
 ]
%� "

���� ���	8 ����� �	*2�	: � ?
   ���� .3O �!	S*6�

 ��	6	�O �! R#�E6 "]
%�	8�  	% I� !�3�� ��121  ����

�	 ���u
 	E <  �3O �!	S*6�	��  � A�?+%�>%N
 �	8

 ��� �#�$#��111  ]
%� "��)� 3O �	+ � . ��	C% �u�

 U��]
%� "	8  I
* " &	=
=>% A26�� �� � �8	

 �	8	



) �	C#< ���� �����IPK-Gatersleben �! � 3O A
E% (

 ���� �	�� �! �3�
 �" I 	� ��
�� ��	�� � ����	��

�� ���3E�  �	
�
 ���$% �! N�	O Z�	��< .!�O !�� A�

A����  Z�%) @�! Z�	��< T���O �! �! A 	
�3W@��< � (�

<O ��W� (Z�% �3�) ��
C$% ��	
� �	8�u� ���$% �8 �! .3

 �S�3� �3O �121  �	  �3�
 ]
%� " 	� ��	E� 3O� ]
%

 N�	O ���	��< &�� �8 .3 3O R��A� TQ I� I� 0��

 !�� �*�� �u�	8  A�)	V 	�G�: �* 	6 �*� � !�3D yC� �!

�* 	6 G�: �#� A6 ��*�[	Q  �! U
� A�)	V .3 3O R��

 (&��) TQ25 �* 	6�*��  U�� �! jX	  [��� �8 0��

Z�	��< 5/2  �*� �[��� U
� A�)	V jX	  �	8 A�A������ 

3O A*V�
 �f  �! ��8��  ?
 5/1  �*���!  �! � [��� �8

6 



 &	S) �� " ��*2
 �! M	�%�� N
�>% ����� �3�
 �!�	                                   % /&(v &	=
=>��!@8!���! �/  ��	CO0��/ �	E� 1140 

 jX	 11  �	  �3�
 ]
%� "R��  0�� �	8���$% U
� ..3O

 TQ G�: ��! �A�&��) ) RO	$ 25/1  .3O A*O�u
 (�*�  

`�� 	� ���	�� �! �*6! U
W� ;�� 	� ��8 �	8

 �8 ���� R���� U
�^% ���� .RV�
 &��) A�D�� U�3�q

@�! Z�	��< �\
>� T���O �!  ��	
�< � (Z�% T���O)

�
C$% 	% � ��	� ��	
�< � � 	C6< &J�?  �(��< T���O) �

 �$�"�#��V A�D�� �� N�X�	v<  �83�
 	��!�
 	�V� �

 m	
=�)61 g��!��) !�� (Zadocs et al., 1974 �\X .(

 (@�! T���O) Z�% T
>� �! ��	
�< l��O A�D�� �!

 �83�
 	�� �RO�! ���3% RO�!�� A�D�� 	% A� 3O 0	C��

 �! T
>���3� �%(��< T���O) Z�  ��	
�< R��  �! �!

A%�� A� � 	�� ND��� ������ A�D�� N���� A� �3�
 �	8

 A �! �3O �: l��O � �83�
 � A �! ��
CQ A�D��

 m	
=�)61  �#�83 3 3
6� (g��!���  &	S) .3O �	+ �

 e�� s�� � 0�� N�	O Z8�9: U�� �! A�#	\� !���

�* 	6) @q�: @q�: e�� L(v 0�� �(�*��* 	6) �(�*�

) ���	$C8 � ��6�� ;�� A� e�� n\6Rawson et al., 

1988�* 	6 �(�* 	6) A%�� l	S%�� �(���� �*� 0�� �(�*�

 N$ �3:)�* 	6 � A%�� l	S%�� A� N$ �3: 0�� R�2  �(�*�

.!�� (��
) A���6 !�$�C�  

A�]
%� " �#�$#�� ��	���� ��f���A�#	\� !��� �	8  �8

*6� 	� ]
%� "A��C+� �� �!	S �� ��SNP ��	���� !��� 	8

 .RV�
 ���X �	8�� 	�  �� �!	S*6� 	� ]
%� " U

�%SNP 

)15 K SNP array R��O �! (TraitGenetic  ����

�!�! .RV�
 &��) �	C#< �	8SNP A� �f  �� �3�< R6!

jQ	O�	8 MAF )Minor Allele Frequency � (

�!�!) A*V� R6! �� �	8Missing data less than 

10%.3 3O �*�
V (  �� I� �8 ��21 �������� RSW 

 �� 	�  RS8 ��	  �3�
 e�#�C8SNP  �!�! 3X	V@
�3O 

�  d6	�� ����% 	��������� ��� 	8) l�C+� �!147 

 (�� 	�  �	a* � 3O�	E < �	��� �� �  R
�CW �	*Q	6

 g��%	�)Q �� �!	S*6� 	� (�� ��?V� STRUCTURE 2.3 

�% � !�3R
�CW���	8 )K �*E� �� R
�CW �	*Q	6 A� (

�� �	� 3�8!� ��  T6�% ��?V�Structure Harvester 

 U

�% �! RQ���$� ����% 	8�� 	�  U�� �	a* � �	
�� .3O

 �!�! U*O�3  � �������� �6��6@
�3O  �!�! �

�!�! .!�� &������*8 �	8147  �� 	� A�&��)  I�

D ��3�) �S) � (��kD) (��k*�� N)	D g��%	� � �8!�	


 .3O �!	S*6� R
�CW �	*Q	6 ����A� U

�% ��f��

���
��� ;�� �� R
�CW �	*Q	6 �6��� � �#	C*D� �	8

��  � U�?
� ��?V�Structure V 2.3.4 )Pritchard et al., 

2000 and Falush et al., 2003 U�� .3O �!	S*6� (

 ��� ?
#	 <111 E� �	  �3�
 ]
%� " 	� ��	100000  �	�

Burn-in  � (��#< 0(=*6�)100000  ���$%MCMC 

)Marker Chain Momte Carlo ( `�*a� ��!	=� �!K 

 ��)1  	%10  �5  �8 ���� ���$%K!3� � RV�
 �	+ � ( K 

 ;�� m	6� �� A�
E�delta K  �! .3O U

�% � A�6	>�

 U

�% 	� R�	E K Z
� A� M���� A� A�
E� ��3=� U��%

delta K A�R6!) R
�i% jQ	O U
� 	
� �!�� �3�<Fst (

) R��k� @E6 g��%	� �Q��  U
C8 	� ( A�6	>� ��?V�

 .3O�!�! �� �!	S*6� 	� gh6�!�! ��h
%��V �	8 �	8

 �R
�CW �	*Q	6 &	�(�� � �h
%� "SNP 	� T�%�� �	8

 Z�% A� NC>%@��< .3 3O ��	6	�O �  

�� " ��*2
 �! ��	�%�� N
�>% ��  �� �!	S*6� 	� ��?V�

��	�<TASSEL  ;�� � ) ���C� �\Q 03�GLM (

 g��%	� 	� ���C8Q  A� A�?+% �AS#B�	8 A
W�% 	� ��)� �

 �� Z
�80 ) 3)�!PCA(   	�52 O �!	S*6� AS#�� ���� .3

N#< �� T=V �� " ��*2
 �! ��	�%�� N
�>% � ����V 	� �	8

.3O �!	S*6� 3)�! ��: �� Z
� !� �!A� A�� ��f��

!��� &	S) 	� T�%�� �	8�� 	�  ��	6	�O  �! A�#	\�

@� Z�% � Z�% �3� T���O �� ��< �! ��	�%�� N
�>%

	� �� " ��*2
  ���C� �\Q 03� ;��)Q+PCA 	� (

�!�! U
� 	
� 	8��  �! ��?V�TASSEL 5.0 3O �!	S*6�. 

��	8�� 	�  T=V ��	�%�� N
�>% ���  �� Z
� � ����V 	��! 

��!	=� � RV�
 ���X �!	S*6� !��� 3)�! ��	�<P-value 

@� �� �%001/0  	�1000 .3O !��<�� R���	W  

  

R�� � S;�).  

m	6� ��  '�� �	��� �� g 	���� A�?+% �� N)	D G�	* 

�� AfD(� �!	6 g
%J '�� U�� ��2  R�?� A� !�O

[��� '�� A� R�2  &	S) �i�� ���� �V!	w% N�	� �	8

 �8 �!@� Z�% � Z�% �3�  T���O �! &	S) ���� ��<

 �!�� (3) �� �*C�) @� �6��� !������U��� !��<�� 

g 	����	8 �� �3
 ���	� �U
� 	
 '�� m	6� �� &	���� 

[���N�	� �	8 �V!	w% &��)  0�3W) RV�
2 G�	*  .(

 0�3W y�� g 	���� A�?+% 0�3W �� N)	D2  !�! �	� 

]
%� " U
� A�f  �� 	8&	S) A
�� � ��O �! �8 �!T� �3� 

 Z�% � Z�%@��<� L(*Q� �������! �! n\6 0	C*D� 

I� 3)�! !�W� RO�! A� U�� l���� �� 	
� !�W� l��% 

]
%� "	8  !�W� 0	C*D� � A�#	\� !��� &	S) �f  ��

7 



  ���	$C8 � �E� �3
+�                                                                        %&	=
=>  /&(v@8!���! ���!/  ��	CO0��/ �	E� 1401 

	8�	���	6� � `�*a�U
 �<@� Z�% A� Z���� �! 	8��< 

%< &	�#	\� �! A� R6�� ��� ���%U�� �  L�38� �! &	S)

!�9�E�� ��E�3��  .3O �! �$
* " l��% !�W� R=
=D �!

]
%� " �	a* � REW &	S) T���O �! J	� !�$�C� 	� �	8

@� [�! � ��<E� Z�% A� NC>% 	� T�%�� �	8�	���	6 A�


@� �3�
 �! ��<�YB�  U
�FC8 �$
* " l��% �38	�� .R6�

�� A�#	\� !��� A��	W d6	�% �� 	
� �! ��	�%�� N
�>% ��

.!�� �� " ��*2
  

  

 0�3W1 -  � 3�]
%� " ^����	8  �! �3O �!	S*6� U��Z�	��<  
Table 1. Codes and origin of the studied genotypes in this experiment 

Code Genotype Origin† Code Genotype Origin Code Genotype Origin 

1 TRI 403 USA 42 TRI 4116 ITA 83 TRI 6129 IRN 

2 TRI 2513 CHN 43 TRI 4117 ITA 84 TRI 6148 IRN 

3 TRI 2619 NPL 44 TRI 4118 ITA 85 TRI 10296 MEX 

4 TRI 2656 IND 45 TRI 4126 ITA 86 TRI 10297 BRA 

5 TRI 2679 IND 46 TRI 4130 ITA 87 TRI 10311 JPN 

6 TRI 2835 AFG 47 TRI 4141 ITA 88 TRI 10336 CHN 

7 TRI 2889 NPL 48 TRI 4144 ITA 89 TRI 10338 CHN 

8 TRI 3126 PRT 49 TRI 4545 AUT 90 TRI 10340 CHN 

9 TRI 3242 USA 50 TRI 4145 ITA 91 TRI 10591 CYP 

10 TRI 3438 GER 51 TRI 4148 ITA 92 TRI 10593 CYP 

11 TRI 3477 NZL 52 TRI 4149 ITA 93 TRI 10620 CYP 

12 TRI 3492 NPL 53 TRI 4171 ITA 94 TRI 10625 CYP 

13 TRI 3511 PRT 54 TRI 4540 USSR 95 TRI 10654 CYP 

14 TRI 3513 GBR 55 TRI 4547 CHL 96 TRI 10688 GRC 

15 TRI 3526 PRT 56 TRI 4549 CHL 97 TRI 10692 GRC 

16 TRI 3564 PRT 57 TRI 4551 CHL 98 TRI 10693 GRC 

17 TRI 3569 URY 58 TRI 4563 ITA 99 TRI 10697 GRC 

18 TRI 3570 IND 59 TRI 4919 AUT 100 TRI 10702 GRC 

19 TRI 3631 CAN 60 TRI 4940 USA 101 TRI 10703 GRC 

20 TRI 3633 CAN 61 TRI 4942 USA 102 TRI 10704 UNM 

21 TRI 3664 GER 62 TRI 4943 SWE 103 TRI 10705 GRC 

22 TRI 3831 PRT 63 TRI 5262 EST 104 TRI 10707 GRC 

23 TRI 3839 FRA 64 TRI 5304 SWE 105 TRI 10709 GRC 

24 TRI 3842 PRT 65 TRI 5310 FRA 106 TRI 10710 UNM 

25 TRI 3874 ITA 66 TRI 5315 ARG 107 TRI 10780 GRC 

26 TRI 3881 ITA 67 TRI 5325 ARG 108 TRI 10781 GRC 

27 TRI 3895 FRA 68 TRI 5332 USA 109 TRI 10785 GRC 

28 TRI 3925 URY 69 TRI 5333 ESP 110 TRI 11020 USA 

29 TRI 3929 CHN 70 TRI 5342 GER 111 TRI 11082 GER 

30 TRI 3926 URY 71 TRI 5357 GBR 112 Bam IRN 

31 TRI 3931 CHN 72 TRI 5386 BGR 113 Kavir IRN 

32 TRI 3955 NPL 73 TRI 5425 ESP 114 Sardari IRN 

33 TRI 3964 NPL 74 TRI 5426 SWE 115 Chamran 2 IRN 

34 TRI 3981 NPL 75 TRI 5438 USA 116 Gonbad IRN 

35 TRI 4013 ITA 76 TRI 6503 IRN 117 SARC-3 PAK 

36 TRI 4041 CAN 77 TRI 5645 IRN 118 SARC-1 PAK 

37 TRI 4042 CHN 78 TRI 5653 IRN 119 Arg IRN 

38 TRI 4056 IND 79 TRI 5692 IRN 120 SARC-4R PAK 

39 TRI 4081 PRT 80 TRI 5984 IRN 121 SARC-4W PAK 

40 TRI 4112 AFG 81 TRI 6094 IRN    

41 TRI 4113 AFG 82 TRI 6108 IRN    
† USA, United States of America; CHN, China; NPL, Nepal; IND, India; AFG, Afghanistan; PRT, Portugal; GER, 

Germany; NZL, New Zealand; GBR, Great Britain; URY, Uruguay; CAN, Canada; FRA, France; ITA, Italia; IRN, 

Iran; Mex, Mexico; AUT, Australia; Pak, Pakistan; USSR, Union of Soviet Socialist Republics; CHL, Chile; SWE, 

Sweden; EST, Estonia; ARG, Argentina; ESP, Espania; BGR, Bulgaria; BRA, Brazil; JPN, Japan; CYP, Cyprus; 

GRC, Greece; UNM, unnonymous. 
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Table 2. Mean squares of the agronomic traits in analysis of variance of the spring bread wheat genotypes under 

non-stress and water-deficit stress conditions 

Trait 

Source of variation 

Coefficient of 

variation (%) 

Replication Genotype Error 

Nermal Stress Normal Stress Normal Stress 

Flag leaf length 15.11* 0.0003 ns 40.12** 16.07** 0.94 2.69 8.10 6.43 

Flag leaf width 0.007 ns 0.006 ns 0.13** 0.11** 0.009 0.01 8.39 8.56 

Flag leaf sheath length 34.86 ns 0.24 ns 30.12** 17.41** 0.60 18.65 20.34 3.68 

Area flag leaf 10.45 ns 0.50 ns 105.81** 41.68** 1.88 6.05 13.49 10.95 

Peduncle length 0.006 ns 1.43 ns 63.80** 68.34** 4.14 1.39 3.81 7.73 

Plant height 20.64* 45.89** 201.15** 158.04** 5.80 3.16 2.41 3.67 

Peduncle length to plant 

height ratio 
0.0002 ns 0.001 ns 0.005** 0.008** 0.0003 0.001 4.22 8.43 

Spike yield 0.02 ns 0.43** 0.35** 0.27** 0.02 0.02 9.01 12.69 
ns, * and **: Not-significant and significant at 5% and 1% probability levels, respectively.  
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Figure 1. Delta K values in population structure 

analysis by Structure Harvester software based on 147 

SNP markers. The number of sub-population is 2. 
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Figure 2. Log-likelihood values for population structure 

analysis by Structure Harvester software based on 147 

SNP markers.  The number of sub-populations is 2. 
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Figure 3. Population structure analysis based on continental distribution of spring wheat genotypes using 147 

SNP markers. Each color represents a subpopulation (K = 2). The white vertical lines indicate the separation 

between continents. 
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Table 2. Genome-wide association study for the agronomic traits in the spring wheat genotypes using GLM 

method under Normal condition 

Trait 
No. of significant 

marker-trait  
Range of p-value Range of R2 (%) 

Flag leaf length 52 1.03E-06-9.98E-04 9.67-20.42 
Flag leaf width 24 7.60E-06-9.38E-04 9.73-17.44 

Flag leaf sheath length 24 1.17E-04-9.02E-04 9.98-13.08 

Flag leaf area 43 1.52E-06-9.92E-04 9.60-19.85 

Plant height 42 4.42E-05-1.85E-02 9.61-14.75 

Peduncle length 150 7.45E-06-9.78E-04 9.57-17.54 
Peduncle length to plant height ratio 153 5.08E-07-9.99E-04 9.58-21.27 

Spike yield  23 1.56E-05-9.65E-04 10.06-17.10 
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Table 3. Genome-wide association study for the agronomic traits in the spring wheat genotypes using GLM 

method under water-deficit condition. 

Trait 
No. of significant 

marker-trait  
Range of p-value Range of R2 (%) 

Flag leaf length 21 1.72E-04-9.36E-04 9.86-12.41 
Flag leaf width 12 9.51E-05-8.92E-04 9.85-13.10 

Flag leaf sheath length 188 1.91E-06-9.94E-04 9.59-19.09 
Flag leaf area 14 1.49E-04-8.62E-04 9.81-12.74 
Plant height 44 6.35E-07-9.90E-04 9.60-20.60 

Peduncle length 92 7.52E-06-9.62E-04 9.73-17.31 
Peduncle length to plant height ratio 84 2.42E-06-9.80E-04 9.73-18.84 

Spike yield 14 2.78E-06-9.33E-04 10.33-19.29 
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Table 5. The results of genome-wide association study based on GLM under non-stress conditions 

Trait / SNP Chr P-value R2 (%) Position 

(cM) 

SNP 

alleles 

Desirable 

allele 

SNP 

effect 

Flag leaf length        

IAAV5776 1B 1.03E-06 20.41 159.87 A/G A 4.34 

BS00094057_51 3A 8.79E-06 17.38 20.74 A/C A 4.70 

RFL_Contig5277_1141 2D 8.97E-06 16.62 96.52 T/C T 3.78 

BobWhite_c17385_55 6A 5.44E-05 14.60 99.04 C/T C 3.84 

wsnp_Ex_c831_1625061 5B 6.53E-05 13.78 11.23 C/A C 3.55 

Flag leaf width        

wsnp_Ex_c1319_2522992 6B 7.60E-06 17.44 64.57 C/T C 0.22 

Kukri_rep_c73612_444 7B 1.92E-05 15.49 71.66 G/A A -2.63 

Excalibur_rep_c77166_95 6B 1.94E-05 15.61 58.20 G/A G 0.22 

wsnp_Ex_c1319_2522682 6B 3.52E-05 14.97 64.57 A/G G -2.06 

BS00040743_51 1B 5.91E-05 14.05 92.39 C/T T -3.92 

Flag leaf sheath length        

Kukri_rep_c73612_444 7B 1.17E-04 12.78 71.66 G/A A -3.34 

RAC875_rep_c71350_1712 2A 1.40E-04 13.08 101.97 G/A G 3.37 

Ra_c18658_1048 6B 2.12E-04 12.19 85.22 G/A A -3.66 

RAC875_c1962_1517 7B 2.41E-04 11.89 71.66 C/T T -3.01 

BS00091891_51 7A 4.42E-04 11.35 107.01 A/G A 2.67 

Flag leaf area        

wsnp_Ex_c1319_2522992 6B 1.52E-06 19.85 64.57 C/T C 6.41 

wsnp_Ra_c16476_25132652 4A 1.32E-05 16.32 97.60 G/T T -7.99 

Kukri_rep_c73612_444 7B 2.30E-05 15.23 71.66 G/A A -7.26 

BS00094057_51 3A 3.09E-05 15.44 20.74 A/C A 6.86 

BobWhite_c10956_71 5B 3.44E-05 15.27 182.15 A/G A 6.11 

Plant height        

wsnp_Ex_c12341_19693090 3A 4.42E-05 14.75 123.05 G/A G -8.45  

Kukri_c8211_159 1D 4.99E-05 14.07 28.13 C/T T 9.92  

RFL_Contig4626_873 6D 5.23E-05 14.12 82.14 A/G G 11.87  

RAC875_c4609_1756 2A 7.28E-05 14.10 147.99 T/C T -8.31  

Kukri_c49170_655 1A 7.35E-05 13.84 88.02 G/A G -7.10  

Peduncle length        

Excalibur_rep_c102994_1003 6B 7.45E-06 17.03 36.69 T/C T -4.62  

wsnp_Ex_rep_c67786_66472676 3A 8.37E-06 16.86 109.95 G/A G -5.94  

Kukri_c62142_683 2A 9.28E-06 17.29 116.19 T/G T -4.78  

Excalibur_rep_c108030_260 4D 1.01E-05 16.87 83.84 C/T C -4.51  

Kukri_c1308_2782 3A 1.18E-05 17.54 110.55 C/T C -6.49  

Peduncle length to plant height ratio        

Kukri_c7539_1065 6B 5.08E-07 21.27 64.82 C/A A 0.05 

BS00090277_51 6B 1.40E-06 19.80 66.40 C/T T 0.05 

BS00032490_51 2B 9.03E-06 17.18 179.37 T/C T -8.50 

wsnp_Ex_c33813_42239400 6B 1.34E-05 16.44 64.08 G/A A 0.04 

RAC875_rep_c107515_508 6B 1.48E-05 16.44 66.40 A/G G 0.04 

Spike yield        

Jagger_c1423_102 6A 1.56E-05 17.10 140.87 G/A A -0.56 

BobWhite_c2022_245 2A 5.36E-05 14.85 53.18 A/G G -0.39 

RAC875_c11652_544 2A 6.81E-05 14.60 53.18 C/T T -0.38 

BobWhite_c26259_248 2A 7.48E-05 14.32 101.97 C/T C 0.41 

Tdurum _contig30569_579 2A 9.80E-05 13.64 101.97 A/G A 0.40 
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Table 6. The results of genome-wide association study based on GLM under water-deficit stress conditions 

Trait/SNP Chr P-value 
R2 

(%) 

Position 

(cM) 
Alleles 

Desirable 

allele 

SNP 

effect 

Flag leaf length        

Excalibur_c34964_326 2A 1.72E-04 12.41 113.30 G/A A -2.06  

IAAV6288 2B 1.98E-04 12.19 129.47 T/G T 2.11  

GENE_0136_82 1B 3.59E-04 11.47 68.75 T/G T 1.88  

RAC875_c51455_182 5D 4.60E-04 10.98 67.49 A/G A 2.76  

BS00022377_51 2A 4.79E-04 10.92 113.30 T/C C -1.89  

Flag leaf width        

wsnp_RFL_Contig3790_4082085 2A 9.51E-05 13.10 25.97 G/A A -2.29  

wsnp_BF201235A_Ta_2_4 2A 1.49E-04 12.75 25.02 G/A A -2.01  

BS00094057_51 3A 1.54E-04 12.92 20.74 A/C A 0.23  

IACX8294 7B 1.57E-04 12.44 118.67 C/T C 0.20  

RAC875_rep_c88665_52 2A 3.44E-04 11.14 47.22 T/C C -1.88  

Flag leaf sheath length        

RAC875_c46194_201 3B 1.91E-06 19.02 59.78 A/C A 4.24  

wsnp_Ex_c14087_21997101 6A 4.21E-06 17.87 85.07 G/A G 2.57  

wsnp_Ku_c2700_5121383 6A 7.68E-06 16.99 85.07 C/A C 2.54  

RAC875_c25375_236 3B 8.43E-06 17.14 62.31 C/A C 3.10  

wsnp_Ex_c30264_39202224 6A 9.92E-06 16.75 85.07 T/G T 2.49  

Flag leaf area        

wsnp_BF201235A_Ta_2_4 2A 1.49E-04 12.74 25.02 G/A A -3.78  

Excalibur_c34964_326 2A 1.93E-04 12.23 113.30 G/A A -3.50  

RAC875_c24895_311 1B 2.98E-04 11.36 79.77 C/A A -4.93  

wsnp_RFL_Contig3790_4082085 2A 3.04E-04 11.33 25.97 G/A G -3.41 

GENE_1792_560 2A 3.74E-04 11.41 113.30 T/C C -3.34  

Plant height        

RAC875_rep_c74170_236 5A 6.35E-07 20.60 13.90 C/T T 13.58  

wsnp_Ku_c23012_32893918 1A 4.42E-05 14.50 88.84 A/G G 7.84  

wsnp_Ex_c19556_28530231 2A 4.76E-05 14.26 73.95 C/T T 14.30  

BS00022698_51 1A 5.63E-05 13.89 77.78 C/T T 10.71  

Kukri_c49170_655 1A 6.37E-05 14.06 88.02 G/A A -6.83  

Peduncle length        

IACX7895 6A 7.52E-06 17.31 43.10 C/T T -4.94  

Kukri_c1308_2782 3A 1.94E-05 16.75 110.55 C/T T -6.59  

Excalibur_c25630_537 7A 2.50E-05 15.36 165.96 T/C C -9.95  

BS00076772_51 3A 2.85E-05 15.16 148.03 A/C C 4.71  

wsnp_Ex_c8303_14001708 2D 2.98E-05 15.23 55.80 C/T T -5.44  

Peduncle length to plant height ratio        

RAC875_c29598_336 1D 2.42E-06 18.84 129.66 G/A G -9.71  

Excalibur_c25630_537 7A 4.59E-06 17.89 165.96 T/C T -1.20  

BS00063512_51 1B 8.17E-06 17.04 160.90 T/C T -1.09  

wsnp_Ex_c7528_12868250 4A 1.18E-05 16.49 51.15 G/A G -6.65  

Kukri_c855_908 7A 2.03E-05 15.54 212.59 G/T G -1.04  

Spike yield        

RAC875_c57261_265 6B 2.78E-06 19.29 71.97 G/A A -0.237 

wsnp_Ku_c11690_19042937 6B 6.04E-05 14.40 71.97 T/C C -0.184 

Jagger_c1423_102 6A 8.60E-05 14.36 140.87 A/G A -0.128 

CAP7_c4827_53 2B 9.01E-05 14.02 157.21 T/C C -0.138 

wsnp_Ex_c31256_40071875 6B 2.42E-04 12.32 71.97 G/A A -0.145 
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