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Comprehensive abstract 

Introduction  
Maize as a tropical cereal is a main source of food for humans and livestock, as well as biofuels 

and fiber in some regions of the world. Increasing maize production is one of the main priorities of the 

country, Iran. One of the elements of increasing production is development of new high-yielding 

cultivars. To improve a complex trait such as grain yield that has low heritability, indirect selection by 

other traits or developing a suitable index based on several traits can be used. The objective of the 

present study was to prepare appropriate selection indices in maize to improve grain yield. In this 

regad, linear phenotypic selection index (LPSI) and linear molecular selection index (LMSI) were 

calculated using the combination of morphological traits and informative ISSR molecular markers.  

Materials and methods  

The plant materials of this research were 97 maize genotypes that were cultivated in a randomized 

complete block design with six replications in the research field of the Faculty of Agriculture, Urmia 

University, Urmia, Iran. Morphological traits were measured from the tasseling stage to the 

physiological maturity. Sixty ISSR primer combinations were used to prepare the molecular profile of 

the studied maize genotypes. To select the suitable genotypes, two indices including linear phenotypic 

selection index and linear molecular selection index were used, and the efficiency of the indices was 

compared with the estimation of different ceriteria such as the rate of genetic gain and response to 

selection.  

Research findings  

The results of the linear phenotypic selection index showed that the highest rate of genetic gain 

based on the index (∆G) was observed for chlorophyll content (99.15) and the lowest one for number 

of ears per plant (0.01). The expected genetic gain for all studied traits (∆H) and response to selection 

was estimated at 163.2234 and 0.774, respectively. Based on the linear molecular selection index, the 

highest rate of genetic gain (∆G) was observed for leaf area (99.31) and the lowest one was observed 

for number of ears per plant (0.02). The expected genetic gain for all studied traits (∆H) and response 

to selection was also estimated at 50.972 and 0.774, respectively. The results showed that the 

correlation between index and breeding value (rHI) in the LPSI index was relatively favorable (less 

than one), and in the LMSI index was optimal (one), but both correlations were significant at 0.05 

probability level according to the t-test. However, the efficiency of selection based on the index (ΔH) 

was 163.22 for the LPSI index and 50.97 for the LMSI index. On the other hand, the degree of genetic 

gain of trait (∆G) was different depending on the type of index. For example, the ratio of genetic gain 
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(∆G) derived from molecular to phenotypic index for the number of ears per plant and grain yield 

(2.00 and 1.28, respectively) was higher than the other traits. Also, the best genotype based on both 

indices was genotype number of 61. 

Conclusion  
According to the results obtained from the present study and the review of sources in this field, it 

seems that it is possible to benefit from the advantages of development of the LMSI index in the 

breeding programs in early generations, but in advanced generations, it is better to select genotypes 

using the LPSI index, in which case the cost of molecular evaluations will be reduced. 
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 0�P= ]	��� T@� #!�
�F�� 0�1  �
��
�� ����$���� �
ISSR ����� �U: ��	��! BF��	M "�G	� � �	@� � i&�M

 �:�-#G�  �����: �@�� �� e=�[�J �,#�E� T��: � .Y�� 

 �	@� �O
�\� �� �F�O� �V��J �� ]&�-� �-#G� ���
.��: ���� ���23Q ��?@: ���&�� �� 0�1  

 

I�  �*6)�� 

#:�	6;< #��0+�*  #���L �*6) 

 ���;: ���_M <#���� 97  *��4) 0�1 b	���!1 �(
 ���� �,& 0�E	EI���� �;: � *�@� �	@� � c5=�G��� � 

� ��Z� "�&��� �O	?8 >:�-� � ������� 0�E	EI� 
J �	@� ������� ���� �$������ �^	��-F �-��� .�  # 

b	���! ��d�2: c�8 ]
�N �� ��O
�\� ���� ����� ��� e�
 �J �: �F��K� ������ ���E	EI� �Q�G� �� �����

�#��� ���� ����2� S#��J �� �	���� �$���� ������� �:
.BF�� ���N ���� 0�P=-   #!�
�F��� �O
�\� ���� e��J

���: �� ���� "�� (9��) ����: p�P��� ����&) �(��� p�P���
 *5: �� ���:����&) �(��� *�8 y�Q � r�:����&) �(���

r�: z\& �V��J r�: z\&� *5: ���O� ���: �� � "�G	�
 e	F��2�) V��JSPAD �( *5: H�W "�� �(9��) �\N

 *5: H�W ����:�����&) �(��� *5: H�W S&� �\N
����&) �(��� *5: H�W *�8����&) �(���  �� "��

 ���: �(9��) �� e� ��@� i#��� � (���): ��@� i#��� *5
 *�� (���) �� ����:�� 97 b	���! 0�1 ���� �J �� ��� 

�������	� ���J.   # ���[ "��2� �� �#���� <#� ��
.�J ��F�� �o� �� �����  # �
G-� �: ���:  

#:�	62M #��0+�* 

 ��16  ����6� ]	���ISSR  e	F��M �	@� ���:
b	���! �
��
��J ��P�&� 0�1 ��� �� ��o-� <#�: .�

���3� ����: ��@W �2[�� �� �����:r�:���3� � 9�f�� �� ��
 ���� �: �G#�F �:80-  �4��J eE�-� X�	,2& .���

DNA  ����! s�� �:CTAB )Cetyl Trimethyl 

Ammonium Bromide �(B-4 �: 7:�\�B&��  �
"����3� )Jannatdoust et al., 2014 ( ���U�&��J .

B	P	� �f-& DNA *! ���F����
� 7#�8 �� � �����  #
 �:�#��� � �=���$�&� �: "� B{	3�  ������F���^&�

)BioPhotometer Eppendorf( �� ��� *�8 ���260 �
280  �230  �������J 9�f���	f�� �-��� .��2M ��  ����

)Polymerase chain reaction; PCR�������6� �: ( 
�$����  �
��
��ISSR  *��4)2���P6 �: 7:�\� �(�1�  �

"����3� )Ghaffari Azar et al., 2018.�J 9�f�� ( 
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 *��41 - b	���!�Z�[ 7	EI� �� ��P�&����� 0�1 ��� 

Table 1. Maize genotypes used in the current research  

Code Genotype Code Genotype Code Genotype Code Genotype 

1 Tenptato (White- First 

class) 

26 20*1399 51 P3L2 76 K12264/ 5-1 

2 K1263-1388 27 S2/QPM/SUKMA 

(Indonesia) 

52 P14L1 Kahia 77 R=59 

3 36-N/M-K3653/2 28 K19/1 53 P19l3 78 K615/1 

4 89-4* 29 K166 B/89 54 P9L3 Kahia 79 B73 

5 9/K1911 30 163*/6/15 55 P15 L16 Kahia 80 OH43/1042 

(Paternal) 

6 74*/1388 31 KE70012/ 1-12 -1388 56 P11L7 81 R59 (Paternal) 

7 8/K1911 32 A679/420N89 57 P14L2 82 Super sweet-1387 

Basin 

8 25*/89 33 K18-B /1392 (Indonesia-

Colombia) 

58 P14L2 83 Challenged 1389/st 

9 K1264 /1 34 66*1388 59 P10L5 84 Sweet white/ 1390 

10 48*1390 35 70*1388 60 P16L6 Kahia 85 52*Sweet 

11 13/K19/1 36 14*/89 61 P16L4 Kahia 86 Popcorn-53 or 54 

(Line) 

12 11K1910 37 6*/88 62 P15L4 87 W37a 

13 5/K1911 38 3K19/1 63 P1L4 (Dialell- 

Karaj) 

88 KS13 

14 4/K1911 39 K1263/1 (Sterilized) 64 P11L6 89 R319 

15 7/K1911 40 1387/193/ Chase* 65 P9L6 90 R59 (Paternal) 

16 6/K19/1 41 K615/1 66 P13L3 91 W153R 

17 2K1911 42 39*89(Sibcer) 67 P3L11 92 K1533 Popcorn 

18 55-N- K3640/S 43 16*/89 68 P3L1 93 R59*R (Double 

cross- maternal) 

19 43*89 (Red cob corn) 44 115*13981(White cob 

corn) 

69 P10L7 94 B73(RFC or CMS) 

20 172*/89 45 138*/89 70 P16L12 Kahia 95 1264/ 1 

21 67*/88 46 K19*/1392 (Isolate) 71 P1L15 Kahia 96 MO17 

22 23*89 47 P13L2 72 P19L5 Kahia 97 ZK472221 

23 10/K 19/1 48 P19L17 Kahia 73 P10L9   

24 1*/89 (Red cob corn) 49 P15L16 74 K615/1   

25 34*/1399 50 P6L1 75 OH43/1-42   

 
 

./��  =�>�2*#:�	6;< #Q/ )LPSI(  

) �\� �^	��-F H�U��� V��JLPSI( �?	��� �
 ����� e:�N � �-	@: "�� �: BP= <#�-W ���E� �� �\�

 "���� �� B&� BP=  # �� �� �F�Z� �$�,#�J "��GF�
�: "��?4 ��o-�VE� �� T���F �$#� BP= �� �~G4 �-�
)Hazel, 1943; Cerón-Rojas and Crossa, 2018; 

Juliana et al., 2022B��& .( LPSI  0�P= X�&� �:
����-   #!�
�F���9�� �� �O
�\� ������GF�RIndSel  

)Index Selection with R) BF�� 9�f�� (Pacheco et 

al., 2017� *G	� .( s�
 )Hazel and Lush, 1942 � (
B	3&� � "����3� )Smith et al., 1981( �� BR����#;M �
0�P= �# e=�[BR��� H�Z��#;M  ���K�N� "�� ��P=� 0

�:]#��Z "��-Q LPSI ) ����� ��P�&�Cerón-Rojas 

and Crossa, 2018 � eE�,� 0�P= �� ����� �<#��:�-: .(
"����-J�: VU�� ���K�N� ���LPSI  �� �� "���

�:�� �����: �#� 0��=) ��\:�� 1:(  
)1                                        (I =  ∑ w�h�y�����  

"�� �� ��N� ����-�,� ����-J�� ���K�N� ���� 
LPSI �� �� "����:) B��& �#� 0��=�\:�� 2:(  

)2                                            (I =  ∑ h�y�����  
 S:��� <#� ��w� �h�  � iy �:���K�N� "�� ]	���� 

BR��� ��#;M�  BP= �^	��-F ���E�iL�9 �-�,� )Cerón-

Rojas and Crossa, 2018.(  
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Table 2. Characteristics of the ISSR primers used in the development of selection indices in maize genotypes  

Band size (Minimum- 

Maximum)(bp) 

Polymorphic 

bands 

Multiplied 

bands 

Annealing 

Temperature (°C) 

Primer sequence 

(3’→5’) 
Primer  

600- 1700 7 7 56 VHV(GT)7 UBC890 

500- 1000 3 4 35 (GGT)2CAAG B9 

600- 1700 5 5 42 (GA)6CC A12 

300- 2500 3 5 46 (AG)8T UBC807 

750-1000 2 2 48 (GA)8 UBC811 

600-1700 7 7 42 (GA)8A UBC812 

500-1500 6 6 52 (GT)8C UBC820 

300-2000 3 3 52 (AC)7T UBC825 

750-2200 7 7 54 (AC)8G UBC827 

750-2500 3 3 52 (AG)8YC UBC835 

350-1000 6 6 41 (GA)8YC UBC841 

450-1600 7 7 55 (CA)8RG UBC 848 

500-1000 3 3 40 (GGC)6 UBC867 

550-650 3 3 40 HBH(AG)7 UBC884 

500-1000 4 4 40 (AC)8YT UBC885 

500-1000 4 4 52 (AG)10T A7 

  

 �#�o� �O&�� ���: �2=� 0�Z��P�LPSI  �#� c�J �:
) B&�Smith, 1936 �^	���! �#��E� ����: :(g  <	$��	�)

S	I� (r�G:) B	O34 �� �^	��-F �#��E� �����& �# ���
�: �� (*�2& �# T,	�����  # ��	��! 0��R� �� e��� ��8

"! ��#�GF� �[5=� s��� �<#��:�-: � B&� �J e	��� ��
 � B&� "��	[ �# �	�H )The net genetic merit e� �(

) ���F �^	���! s���Total individual genotypic 

value) B&� (qg′w = qH) (; 1942Lush,  andHazel 

Kempthorne and Nordskog, 1959; Cerón-Rojas 

and Crossa, 2022"�	&��� .( H  ���y   B&� �\�
)Kempthorne and Nordskog, 1959; Cerón-

Rojas and Crossa, 2022 � �(���#��E� "��� H � y  ��
]
�N �� # �� �� �BJ�� �����-W �\� "�	&��� *��  

"� H � y �: �� �� � eE�,� � ��,:�� ����	w�� ]	���
 �F��K� �-�,�)Cerón-Rojas and Crossa, 2022 .(

�	M ���: �-	:H"�	&��� ]#��Z �#��E� �#�: � LPSI   ��
�#��E� �� ��� �����: LPSI  <#��@: �: �� �� ����F� �4�

�#��E� <#��k�: ����� H -� VU�� ��-�,� �
)Smith,1936; Cerón-Rojas and Crossa, 2022.(  

./�� =�>�2* #(63(6) #Q/ )LMSI:(  �: V��J
 0�P= ]	��� X�&�����-   #!�
�F��� ����$���� �:

����� �
��
��9�� �� �U: ��GF�RIndSel  )Index 

Selection with R () �J ����&Pacheco et al., 

2017 e#�F B,U� ���o-� <#� ���: .(QTL-Score  �	@�

J����� ����$���� �e#�F <#� �	@� ���: .� �U:
)Informative markers9�� �� �8�?��� �#Gf� �: ( ��GF�

TASSEL3.0  �#�&�-J *��-� ���: .���J �#�&�-J
 �����& �#Gf� ��8�?��� �#Gf� �� <	6��� ����$����

�: ������#�� �#Gf� � B	O349�� �: ]	��� ��GF�
Structure  �TASSEL  e#�F .BF�� 9�f��QTL-Score 

 �: ��\� �
��
�� H�U��� V��J B��& �� ��P�&� ����
�: BP= �� ���: "�	&��� �#Gf�0��=  �� �: � ������4

����� ����$���� <�F�� �o�"! �: ��&�	M ��U: ���
*��-��: BP= x�--� �	w�� "��-Qx  �^	��-F <	$��	� �

�: BP= �	w�� "��-Qy 9�� �: ��&�	M �	w�� �# ��GF�
SPSS16.0 J �	@�.� ��� �� ��P�&� �: ����� �� ���

��� e	F��M ��^	��-F 0�P= ���K�N� "�� ��
��
�� ���
 �� e=�[ 0�Q58� �(���J ��F�� �o� ��  # �:��: �$3�)

 e#�F) "�	&��� �#Gf� � �8�?��� �#Gf�QTL-Score �(
Y�� >N�� �� .�J ����& �\� �
��
�� H�U��� V��J 

LMSI �	M � ��F �� V
�� ��	��! �$�,#�J �-	:
�! �$�,#�J <#��k�: ����� ���F� H�U��� ���: V
�� ��	�

B&� <#���: c5=� �-	�� �� .LMSI ��	��! �$�,#�J �
�� �� V
���: "���) BJ�� �#� 0��=�\:�� 3:(  

 )3( H = w�g + w� s = �w� w� � �g
s� = a�z 

�� �"� �� g� = �g� … g��  s��� ����:
��[5=� w� = �w� … w�� "�� ����: ���

 �: S?��� ���K�N�g�  w� = �0� … 0��  #  ����:
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 �����	��� ����: �: �� �P=$���� �s� = �s� … s�� 
B&� S?���� is i L�<	� �$���� ��	��� .B&�  a� =
�w′ w� �  �z = �g� s��  S&�� �J �~��� 0�Q58�

�� �� �$���� ��	��������: �� "��� ���: �[5=� ���
�	M BN� �#�GF� ���F� V
�� ��	��! �$�,#�J �-	:

 .��� ��P�&� H�U��� BI�LMSI � �^	��-F 0���	��� �
�	M ���: �� �$�����-	: H  ]	��� H�U��� ���W �� ��

��-��� � ��: �����:��J ��J�� �#� 0��=  

)4         (I� = β!� y + β"� s = �β!� β"� � ��
#� = β�t  

�� �"� �� B!�  �B"� �:"�� �������: ]	��� ��	��� ���
�$���� � �^	��-F �]ty…  1y= [′y  �#��E� ����: �^	��-F

BP=� β� = �β!�    β"� � � t′ = [y′   s′]  �s  ���\:�� )3( 
B&� �J h#�O�.  

��o��� ���� ��	��! ��& LMSI  BP= �� �� 7?8
) �\:��5 (�J �?&�I� "� �� �� �Ik  H�U��� e	,���P#�

�������&� LMSI� �P S
S S�= �y

s� = Var MT  �  

= Var�g
s�= �C S

S S� Z� )P �C  �S  }#���� ]	��� �:

(�
��
�� � �^	���! ��^	��-F }��#���� }��#��� ���J�:.   

)5(                                         *+,� = k. /012+3
45016+350

    

RIndSel BF�� 9�f�� "� �: V��J 0�?&�I� ��� 
9��  # �-3���N ��GF�"�:� �: ������ t5��� R  ���4 BI�

�: �� B&� X��&� �� "�$#�� 0��=���J�:  �
V��J �\� �^	��-F H�U��� V��J �-��� �P2�U� ���

�#�M )Base linear phenotypic selection index; 

BLPSI�\� �^	��-F H�U��� V��J �( )LPSI �(
) �\� ����! H�U��� V��JLinear genomic 

selection index; LGSI � (�	6 �: �� ������ � ��[��
�� �?&�I��: ����#���� H�U��� ���: �� �-� <#�
�� "��-Q

) �-�,� �	P� H�U��� ��O: ���W ���:Cerón-Rojas 

and Crossa, 20229�� <#� .( ���������M j#��� ��GF�
�:) e,�� e#�F �� �� �� �J �� <	3U� V��J "��-Q

��3�  �alloutSmith.csv  �outSmith.csv �� �
"Smith" "������- LPSI  � �#Gf� ���: ��P�&� ����

) �-�� e#�F  # � (B&� e	2I�outextSmith.txt(  �~���
��.��� e#�F "alloutSmith.csv"  V��J s��� ���[

<	$��	� � b	���! 0�P=�
�[ �� �B&� ��e#�F �� 
"outSmith.csv" <	$��	� � V��J s��� ���[  0�P=

b	���!�: ]U�-� ��� ��& ��3� �� ��o��� ���� ��	��!

) B&� BP=Cerón-Rojas and Crossa, 2022e#�F .( 
"outextSmith.txt"  }#���� e��J 0�Q58� 9�3� ���[

}��#��� -  V��J }��#���� ���	��! � �^	��-F }��#����
 �: i&�M ��[5=� s��� }��#��� ��[5=� s��� �:

) B&� �	6 � V��J �� 0�P= ]#��Z �H�U���Cerón-

Rojas and Crossa, 2022.(  ��3-��� e3O
����&�
�:��� "���  X���

https://data.cimmyt.org/dataset.xhtml?persisten

tId=hdl:11529/10854 .B&� X��&� e:�N   
  

R��  S0��2  

#Q/ #:�	6;< =�>�2* ./�� 

�� e=�[ j#��� V��J LPSI  �� ��� "���P=� 0
 r�: z\& V��J *5: H�W ����:� �\N ��: ]	���

��k�:#< �Z�#]  B?|�� P-�� ���� �� ����:  *��4)3( .
��: B?|� #!�
�F��� BP= �� ]#��Z B�5Q "  ��

 "� "��: �P-� � BP= "� �-#�GF� �R� �: e	
� �V��J
���� BP= ����� �R� �: e	
�  V��J �� �o�B&� 

)Tahmasbali et al., 2021( .]#��Z B?|� � �P-� �: 
�4�� �: �\:�� �����: ]#��Z �� V��J  �\� �^	��-F

 .B,� �	4�� e:�N���: �����:  ]#��ZB@4  B��& <#�
V��J� }#���� }��#��� - }��#���� �^	��-F � }#���� 
}��#���- }��#���� ��	��! �: 0�P= ���K�N� s��� ��3�

�� ��P�&���J 0�P= <	: r�G: }��#���� .�� B�5Q 
]#��Z �R�� B&�0�?&�I� ��� . 0��= �: ��o� ���: �� 

BP= 9�f�� �J�� <#� �
�,� �:.B&� ���-�&� e:�N ��[�� 
"�G	� <#��k�: BF��	M ��	��! �: ��-?� ) V��J∆ (

���: BP= ����I� F��2�e	 )15/99T� � ( <#�� ���:
 BP= *5: ���O�)01/0 .�J ����� ("�G	� �@: ���� 
��o��� �� V��J ���: p�3f�  ���� 0�P= i&�M � �O
�\�

�: H�U��� �: ]	���2234/163  �774/0  .�J �����:
 V��J ��-?� �: ���F� <#��@:LPSI�  ��3J �: ���F�28 

)Smith index = 1094.70 �(76 )Smith index = 

991.68 �(65 )Smith index = 936.50 �(61 )Smith 

index = 933.73 � (62 )Smith index = 936.03 ����: (
*��4) 4 .(2� "�G	� BP= �� SEF ���F� <	$��	� �e	F��

T� �#G��: ���F� e� <	$��	� �� ����: .���� V��J 
�2��e	F  �����F� ]U�-�  tk�3�[�������� �:B2Q �#�GF� 

z\& �:r � ����� �2&*  ����� T���� �2��e	F  ��
z\& �J�: r�: .  
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 *��43 - V��J �� 0�P= ]#��Z H�U��� LPSI (Smith) 0�1 ��  
Table 3. Traits coefficients in LPSI selection index (Smith) in maize 

Trait coefficient (bi) †  

r8. σ8  
K 

(i=10%) 
ΔH RS 

GWP PH PHE LL LA LAI EPP Ch CDW CDBP CDMP CL DFEE  

0.61 0.21 3.50 0.38 -20.88 64778.32 -28.62 -0.24 1.78 -80.24 32.03 2.79 3.29  0.857* 11710.559 1.76 163.2234 0.774 
* Significant at the 5% probability level. 
† GWP, Grain weight per plant; PH, Plant height; PHE, Plant height up to ear; LL, Leaf length; LA, Leaf area; LAI, Leaf area index; EPP, No. of ear per plant; Ch, Chlorophyll content; 

CDW, Cob wood weight; CDBP, Wood diameter in the beginning of cob; CDMP, Wood diameter in the middle of cob; CL, Cob length; DFEE, Appearance date of the first ear; r8., 
Correlation between index and additive value; σ8 , Variance of breeding value; K, Standard selection differential; ∆H = Kr8.δ8, Amount of expected gain from the index for the total of 

traits; RS, Response to selection; i=Selection intensity.  

 

 

 *��44 -  H�U��� V��JLPSI (Smith) b	���! ���:) 0�1 ���Zea mays L. ( �:�&��P�  ���$����  �
��
��ISSR  
Table 4. LPSI selection index (Smith) for maize genotypes (Zea mays L.) with ISSR molecular marker 

 Trait 
†  

Individual GWP PH PHE LL LA LAI EPP Ch CDW CDBP CDMP CL DFEE Smith index 

28 20.34 209.79 123.8 80.83 518.08 0.17 2 37.07 11.79 2.86 2.35 13.8 85.21 1094.70 

76 60.29 185.43 79.28 60.94 426.87 0.15 2 39.07 19.09 2.77 2.35 14.32 83.33 991.68 

65 61.17 179.07 75 62.93 369.90 0.13 1.99 36.13 20.20 2.72 2.48 16.12 77.98 936.50 

61 73.73 203.83 84.15 72.56 543.74 0.18 2 43.75 29.01 3.32 2.85 17.53 76 933.73 

62 82.17 182.32 70.3 63.06 459.56 0.16 2.17 41.32 21.73 2.93 2.62 16.5 81 932.03 

Mean of selected individuals 59.54 192.09 86.51 68.06 463.63 0.16 2.03 39.47 20.36 2.92 2.53 15.65 80.70  

Mean of all individuals 44.63 149.30 59.88 57.10 317.26 0.11 1.79 50.81 14.62 2.59 2.32 13.12 77.99  

Selection differential 14.91 42.79 26.63 10.97 146.37 0.05 0.24 -11.35 5.74 0.33 0.21 2.53 2.71  

Expected genetic gain based on index 

for each trait (5%) 
16.52 32.51 22.69 9.15 91.34 0.03 0.01 99.15 4.18 0.25 0.25 2.26 3.49  

† GWP, Grain weight per plant; PH, Plant height; PHE, Plant height up to ear; LL, Leaf length; LA, Leaf area; LAI, Leaf area index; EPP, No. of ear per plant; Ch, Chlorophyll content; 

CDW, Cob wood weight; CDBP, Wood diameter in the beginning of cob; CDMP, Wood diameter in the middle of cob; CL, Cob length; DFEE, Appearance date of the first ear. 
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) #Q/ #(63(6) =�>�2* ./��LMSI ( 

�: �#Gf� �$���� "�	&���- BP= ����$����)  �#�&�-J
�: �J BP= �^	��-F s��� � �$�	M �		w�� "��-Q

�:"��-Q ����� ����$���� ]#��Z �(i&�M �		w�� ��U:
 �: �J �#�&�-JJ �����: D�2U� �\� *�� ���#�� �

*��4) 5.( 0�Q58� �#��� �J �� *��4 5 )QTL-Score (
��� ��-� ����� � �^	��-F ��� �P= }#����) �$���� ���

b	���!  # � -  ���: 0�P= ���K�N� s��� � (�$����
 <#��k�: .B&� ����Z �
��
�� H�U��� V��J B��&

"�G	� BF��	M ��	��! �: ��-?� ) V��J∆���: (  B?,�
z\&  r�:)31/99T� � ( ���E� <#�� ���: *5: ���O�

)02/0 .�J ����� ("�G	� �@: ���� ��o��� �� V��J 
���: p�3f� �: H�U��� �: i&�M � 0�P= ]	���972/50  �
774/0  V��J ��-?� �: ���F� <#��@: .�J �����:LMSI� 

 ��3J �: ���F�88 )LMSI index = 1304.58 �(16 
)LMSI index = 1203.16 �(56 )LMSI index = 

1161.12 �(61 )LMSI index = 1083.91 � (102 
)LMSI index = 1079.1 ����: ( *��4)6.(  

 �� ���� ���23Q ��?@: � B&� �{3� BP=  # ����23Q
"��� T	E�,� H�U��� 7#�8�: �: T	E�,��	6 H�U��� .B&� �

V��J�--�����	�� H�U��� ���) B&� ��Modarresi, 

et al., 2004 .(V��J�: B&� <�3� H�U��� ��� "��-Q
�#�M  # �� �	: "��G3� ��?@: ���: ��BP=  ���: �#

  # ���: H�U��� ��U:�R� �#�GF�BP=  ]	��� �:
 �-W �#  # ��� 0�Q58�BP=  ���J ��P�&� �#���R

)Pesek and Baker, 1970V��J .( >:��� �H�U��� ���
 � �-�,� h2�U� 0�P= �� �\�<	#�M �# ����: "��: ��

b	���! �?,��: 0�P= �3� ���: �� �� "��� "��G3� ��8
��) �-��Bernardo, 2010; Smiderle et al., 2019(. 

s�� <#��@: �� H�U��� V��J ��?@: ���: �[5=� ���
�: BP= <#�-W ��	��! �Q��� "���	� �� "��G3� ��8

) B&�Mahdy et al., 2022 .(3� � ����3�Q "����
)Emrani et al., 2008 �( �� �� �� �� ����� "���

<#k H�U��� �"!���	� �-� � *�3O� S#��J���  ����
 BJ���: V��J � BJ���: V��J X�&� �: �O
�\�

�: ]?& ���k�: "!���	�<#k �-#G� ���LM*�KI�� 
�� S#��J �� �J� BQ�& ]#�Z "��#� �O
�\� �� .��J

B	3&� V��J �� �� �� �-� � *�3O� -  ,M � *G	�- 
.��: �P-� ��	:  �������@� � ���&���) ��MKhavari 

Khorasani and Mahdi Poor, 2018 �&��: �� �(

V��J �� ���� ���23Q ��	��! ��?@: ���: H�U��� ���
 0�1�� ��J#S :�	��� H�2\�  �-� �T�:� j-M �� ��

B	3&�) �-	@: H�U��� V��J -  V��J  # � (*G	�
 ,M) �#�M H�U��� - ) ��	:Pesk-Baker ��$
�:�6 ���: (

b	���! �@�� �O
�\� �� .����� ��P�&� 0�1 ��� V��J
3&�	B �	*G �� �� �� I�	S 6	� �-� � ��-� B?,� �: 
�&#� V��J ���	: <#���-���&� ?,�� �� "��� ���. 

) "����3� � ���Htwe et al., 2020j��: �� (  95Q�
�� ����� LM ���� �=�� ��f-M ���O� �� �A2?-& ���O� � �

�-O� � B?|� ��	��! �$�,?3� �J�� � ���23Q �: ����
G	�  <	-A3� .�-�J�� ���� ���23Q �: B?|� T	E�,� �R�

��� �=�� ��f-M ���O� ]	��� X�&� �: H�U��� V��J �
 ����: �� ���� ���23Q � �J�� �� �A2?-& ���O� ��LM

�	:�: �� �?,� �#���� � ��	��! BF��	M <#�� ��3�
 .BJ��V��J �:�#��� ��"��& S&�� H�U��� ��� -
X�4�� "����3� � )Cerón-Rojas et al., 2023( � i&�M

�: 9�-� � 0�1 �� H�U��� �: ]	���13/1567  �5/1291 
�
�[ �� ���:�$�,?3� ���: �� ]	���87/0  �85/0 

�J �����:"�� �#�& ���: .i&�M ����K�N� ���  H�U��� �:
79/0  �67/2 �
�[ �� ���:�$�,?3� ���: �� ]	���58/0 
 �82/0 ��:�� .>:�� �@�� ��& ��  <		O� ���: �?&�-� �-#G�

�: �� ���K�N� "�����	� ���_�  "��-Q�����.   
� *G	� s�
 )Hazel and Lush, 1942( � "�	:

 ���O� �#�GF� �: V��J X�&� �: H�U��� ����: �� �����
) 0�P=Characters�� �#�GF� H�U��� BI� ( .�:�#

 "�,-	:�� "����3� �)Robinson et al., 1951 �� �(
V��J �#���� �� �f#��� �#�GF� 0�1 �: �� H�U��� ���

 "���f-���_#���� V��J *���F �� �F�Z��  B?R
T#�: .����� "����3� � )Brim et al., 1959 ��#�& �� (

"�,-	:��  �"����3� )Robinson et al., 1951 � (
"���������& "����3� � )Suwantaradon et al., 1975( �

 B	3&� "����3� �)Smith et al., 1981( 0�1 ���  e$#�
) ��F �Eagles and Frey, 1974(  �� �4) Yk�#

(�&���  � � }#����) �	�Gravois and McNew, 

1993(� �O	:� "����3� � )Rabiei et al., 2004(  �
) "����3� � ���?=Sabouri et al., 2008( j��: �� � 

 �E�Q "����3� �)Esheghi et al., 2011�J � (  �
"����3� )Shah et al., 2016(  �9�-� �� �� ��P�&� �:
 H�U���i&�M �V��J �	: ��o��� ����0�P= ���: ��� 

.����� s��G� T	E�,� H�U��� �: �,#�E� ��   
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 *��45 -  ]#��ZQTL  ��  # �� ���: �J �#�&�-J 0�P= ���� �&��: 0�1 ��  
Table 5. The coefficients of identified QTLs for each of the studied traits in maize 

GWP  PH  PHE  LL  LA  LAI  EPP  

Marker ß Marker ß Marker ß Marker ß Marker ß Marker ß Marker ß 

820(1200) 9.21 B9(700) -14.35 B9(700) -7.92 890(900) -4.31 B9(700) -38.34 B9(700) -0.01 890(1000) -0.19 

825(1000) 3.88 812(1000) -26.44 812(1000) -18.95 884(650) 4.21 884(650) 15.79 884(650) 0 825(1000) 0.38 

841(350) -18.94   848(750) 7.2 884(550) 5.17 884(550) 50.36 884(550) 0.02   

885(600) 18     812(1400) -2.41 812(1300) -14.04 812(1300) 0   

      812(1300) 0.48       

Ch  CDW  CDBP  CDMP  CL  DFEE    

Marker ß Marker ß Marker ß Marker ß Marker ß Marker ß   

B9 (700) 16.22 812(600) 2.83 812(1000) -0.34 890(1300) 0.08 812(1400) 2.3 807(460) -2.65   

848(550) -8.49 885(600) 4.03 885(600) 0.14 812(1000) -0.36 825(1000) 1.4 812(1500) 2.18   

A7(600) 64.01 885(500) -2.78   812(600) 0.07 827(1700) -1.74 841(350) 4.16   

        867(750) -2.35 A7(600) 2.38   

        885(600) 1.81     

        885(500) -1.53     

GWP, Grain weight per plant; PH, Plant height; PHE, Plant height up to ear; LL, Leaf length; LA, Leaf area; LAI, Leaf area index; EPP, No. of ear per plant; Ch, Chlorophyll content; CDW, Cob 

wood weight; CDBP, Wood diameter in the beginning of cob; CDMP, Wood diameter in the middle of cob; CL, Cob length; DFEE, Appearance date of the first ear. 
 

 *��46 -  H�U��� V��JLMSI b	���! ���:) 0�1 ���Zea mays L. �
��
�� �$���� �: (ISSR  
Table 6. LMSI selection index for maize (Zea mays L.) genotypes with ISSR molecular marker 

Individual GWP PH PHE LL LA LAI EPP Ch CDW CDBP CDMP CL DFEE LMSI index 

88 30.89 58.65 28.6 59.69 344.80 0.11 1.32 36.25 12.39 2.27 2.28 12.5 79.64 1304.58 

16 46.24 128 45.45 42.59 256.61 0.09 2 34.57 13.54 2.28 2.15 11.73 83 1203.16 

56 59.87 160.87 55.42 50.83 261.98 0.09 1 37.39 20.83 2.85 2.35 16.37 80.17 1161.12 

61 73.73 203.83 84.15 72.56 543.74 0.18 2 43.75 29.01 3.32 2.85 17.53 76 1083.91 

102 12.20 166.71 58.8 53.70 290.95 0.10 1.99 46.28 13.25 2.25 2.07 14.5 80.49 1079.1 

MSI 44.59 143.61 54.48 55.87 339.62 0.11 1.66 39.65 17.80 2.59 2.34 14.53 79.86  

MAI 44.63 149.30 59.88 57.10 317.26 0.11 1.79 50.81 14.62 2.59 2.32 13.12 77.99  

SD -0.04 -5.68 -5.39 -1.22 22.36 0.01 -0.13 -11.17 3.18 0.01 0.02 1.40 1.87  

∆G 21.13 34.32 23.70 9.26 99.31 0.03 0.02 43.12 2.90 0.27 0.05 1.66 2.79  

Index parameter rHI δ8  K ∆H RS         

Value 1.0 838.743 1.76 50.972 0.774         
GWP, Grain weight per plant; PH, Plant height; PHE, Plant height up to ear; LL, Leaf length; LA, Leaf area; LAI, Leaf area index; EPP, No. of ear per plant; Ch, Chlorophyll content; CDW, Cob 

wood weight; CDBP, Wood diameter in the beginning of cob; CDMP, Wood diameter in the middle of cob; CL, Cob length; DFEE, Appearance date of the first ear.MSI, Mean of selected 

individuals; MAI, Mean of all individuals; SD, Selection differential; ∆G, Expected genetic gain based on index for each trait (5%); rHI, Correlation between index with additive value; δ8 , 

Variance of breeding value; K, Selection differential in standard unit; ∆H, Expected genetic gain from the index for all traits; RS, Response to selection. 
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) �#��:�: � ����	�	���� �O
�\� ��Karthikeya 

Reddy and Babariya, 2020( � H�U��� V��J �O&��
 ���� ���23Q BP= ��@W �: "�� 9�-� ���23Q ��?@: ���:
 �2?-& �� ���� "�� ��2=� �2?-& �� ���� ���O� ����: ��

 ���23Q � �2=���,#�  �� �#k�: �?,� �#���� ���: ��
) �?&�3@8 .��� "���Tahmasbali et al., 2021 �� �(

 �N�J "����"��� ��� ���� H�U��� �: �� ��-?� V��J  
Smith–Hazel  �Brim�: � <�J�� <#��k�: �: �$�,?3� 

s��� �[5=� � <�J�� ��-���& �?,� �k�: ��-#G� 
 .B&� ���-���&) 7EI� <#�-WZhang and Smith, 

1992, 1993; Gimelfarb and Lande, 1994, 1995; 

Cerón-Rojas and Crossa, 2022 "��: �	P� �: �(
 �O&��LMSI  B	O34 ������� �: ��?-#� ��� ���

BR��� �: 0�P= � r�G: B	O34<	#�M ��#;M � �� �����
 �o� �� "� �: S?��� �
��
�� �3�  � BP=  # �@-�

�� ��F����� ��J� ���J.���  
) �[5=� s��� � V��J �$�,?3� ���E�HIr �� (

 V��JLPSI (Smith)T�) H�2\� t��?,� � � ( # �� ��
 V��J ��LMSI  ���[ H�2\� )#  (��: �� �� .

 "���� X�&� �: �$�,?3�t  z\& ��j-M �-O� �=�� ���
��:��� ��� �����# �8 �� H�U���#7 ��JV )ΔH(  ���:

V��JLPSI  �22/163  V��J ���: �LMSI �97/50 
.��:  <#� ����#���� �O
�\� ���� B	O34 <#k ���

V
�� ��:. �� B	O34 <#k�: V
�� ��� �-����� B2Q

 ���F� v�P�� B	?
�6 0��R� e	2E� � ��! 0��R� B	?|� ����
�: tk�3�[� .B&� 7#�8 �� H�U��� �#���� e	
� <#�LMSI 

<	#�M�� �� LPSI   .B&� ����) "����3� �Moreau et 

al., 2000, 2007�� �-�F�#�� (  V��JLMSI SEF  ��
�#������ �	
�� e,� ���LPSI  � B&� ���R�� LMSI 

�:e	
�  �F�Z� �-#G� ����� �
��
�� ����$���� �: �:�#���
) B&�Cerón-Rojas and Crossa, 2022 �: �4�� �: .(
 j#����#���� <#�  ����� �� >:�-� "����f	����� ��	� 
 �� ������:�e,� �� �[5=� ��� �	
�� v�P� *�[ �� ���

�� B&� ��@:  V��J ��#�G�LMSI �@: �� � �J �-�
e,���F��	M ����� �O&�� �: �� �-#G� �LPSI   ��� 9�f��

�:�#��� �-#G� 0��= <#� �� ��� T� �
��
�� ������ 
 �����BF�# . �F�8 ��"�G	� BF��	M ��	��!  ��,: 0�P=

�: .��: 0��P�� V��J p�� �:BF��	M B?,� ���3� "��-Q 

 �^	��-F �: �
��
�� V��J 7#�8 �� ��	��! 0�P= ���:
 ���23Q � ���: �� *5: ���O��	: � 0�P= �	E: �� ��

�: �:��: ]	���00/2  �28/1 �: *��4) �7 ���: <#��:�-: .(
 �	A	M  	��! �: 0�P= �R� � S	I� �	R�� BI� t��#�J ��

 b	���! e:�E�� ×�� ���N S	I����	��  7#�8 �� ��?@:
H�2\� �
��
�� V��J �: tk�3�[� H�U��� �^	��-F �� ��

 �F��K� �� �$���� p�� �		w� �: �{�[ �
�,� <#� .�J�: ��)
 �(�J ��P�&� �#���� <#� �� ����23Q ����$���� �:

�-��� SNP ��� ������	: ��3 ��	M ����-�.  

  
 *��47 -  B?,�"�G	� BF��	M ��	��! �� BP= )ΔG(  ��@: ���� ��o��� ���: p�3f� 0�P= )ΔH( ��P�&� �:  V��J �� H�U���

 �
��
�� B?,� V��J �: H�U��� �^	��-F0�1 ��  
Table 7. The ratio of the genetic gain for each trait (ΔG) and the expected gain for all traits (ΔH) using the 

molecular index to phenotypic index in maize 

Trait 
† GWP PH PHE LL LA LAI EPP Ch CDW CDBP CDMP CL DFEE 

∆H=�>.
∆H=?>.

 

∆G=�>. 
∆G=?>.

 1.28 1.06 1.04 1.01 1.09 1.00 2.00 0.43 0.69 1.08 0.20 0.73 0.80 0.31 

† GWP, Grain weight per plant; PH, Plant height; PHE, Plant height up to ear; LL, Leaf length; LA, Leaf area; LAI, 

Leaf area index; EPP, No. of ear per plant; Ch, Chlorophyll content; CDW, Cob wood weight; CDBP, Wood diameter 

in the beginning of cob; CDMP, Wood diameter in the middle of cob; CL, Cob length; DFEE, Appearance date of the 

first ear. 

  
'K��2#4N 9-�L 

�\� �^	��-F H�U��� V��J �� �O
�\� <#� �� 
)LPSI; Smith(  � V��J�\� �
��
�� H�U��� 
)LMSI(  �� e���� 0�1 B	O34  # ���97  �: b	���!

 X�&� �
��
�� ����$���� �  #!�
�F��� 0�P=ISSR 

 X�&� �: � �	@���	O���� ���J �,#�E� T��: h2�U� .

��� "��� j#��� �� �$�,?3�  �[5=� s��� � V��J
)HIr V��J �� (LPSI � t��?,� T�) H�2\� �� ��#  � ( ��

 V��JLMSI  ���[ H�2\� )# ��: (� ��� �����# 
�8 �� H�U���#7 ��JV )ΔH( V��J ���:LPSI  �

22/163 V��J ���: �LMSI �97/50 �� .��:  �F�8
"�G	� BF��	M ��	��! �,: 0�P=� �: V��J p�� ��P��0 
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