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 Table 1. Parameters of the simulation process  
Parameter Low linkage 

disequilibrium 
High linkage 

disequilibrium 
Historical population 
No. of generations (population size) in phase 1 1000 (2100) 1000 (2100) 
No. of generations (population size) in phase 2 - 100 (210) 
No. of generation (population size) in phase 3 - 90 (2100) 
Recent population 
No. of founder sires (dams) 30 (2070) 
No. of generations 10 (until 1200) 
No. of offspring per dam 1 
Mating system Random 
Replacement ratio for males (females) 0.8 (0.2) 
Criteria for selection/culling EBV/age 
Sex probability for offspring 0.5 
Genome 
No. of chromosomes 30 
Total length of chromosomes (cM) 3000 
Marker distribution Evenly spaced 
No. of QTL alleles Random (2, 3, or 4) 
Effects of QTL alleles Gamma (0.4) 
Marker and QTL mutation rate 0.000025 
Position of marker and QTL Random 
No. of QTL 100 or 500 
No. of markers 9990 
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Table 2. Heritability (diagonal) and genetic (above diagonal) and phenotypic (below diagonal) correlations between 

different environments 
Environment 1 (h2=0.1) 2 (h2=0.25) 3 (h2=0.5) 
1 (h2=0.1) 0.1 0.56 0.47 
2 (h2=0.25) 0.23 0.25 0.83 
3 (h2=0.5) 0.21 0.46 0.5 

 D'� �� XR �^'��.
�
  �)� ��X�  6�)4 ���K)�(    _'�G�. �G4

]9 �.�!A* �)� �� 
)�( 6�)4 �K��   �)G� 
  .)� X�'�B�

]9 �.�!A* X�� XR )� p%7 ���K  
!R
   
   !G1!� E��

OAC�    �)G� E�%G4 .)J�G�� 6�K ]' ��!J# X4 F"�0� E��

���K ]9�      XG� �)G� �G4 ��4�G-� I�AGY%7 $ �)� 
��d�� 

  E�%G4 64�M %M� ]' XR I$��9 D'� �4 )� X�7%& %o. 
  ���K

 OAGC� � %R N0-�     6G7%& 
�%G[ �)G� 
  FG"�0� E�G� .

XGG'a^9E�GG�   XGG��.%4 �GG4 ��!GG.HAIREMLF90  	�GG^.�)GG� 

)Misztal et al., 2002  ��'
!GG,k� �� XGG��.%4 DGG'� 
  XGGR (

) O�!�� I�#+e�AI6�
  %uR�)* =$
 
  (  $)C� �'��.

) 
)�REML 
 ����� ()�  . 

`AGG3 E�%GG4  %GG/��
 $  E�%GG4 ��!GG.H w�GG0�.� 6CGGK �GGJA4

    DAGk$� 
  .)G� XG�7%& %o. 
  �tA9!J7  
!R
 �$)4 I�.�!A*

   # XG4 	$  $ �$� OAGC� $  
   !G1!� I�.�!A* � %/��
  ��!GJ

 6AU�1 $ ).).�� �[�4 
 �  L'�7 
  i1%�  �)G� �� 
 ����� �4

$  �.�!A*���K     OAGC� �tA9!GJ7 E�G� 
!R
 �� 
 ����� �4)

    
!GR
 �$)G4) 	!� OAC� 
  XR �9�.�!A* E�%4 �(	$  $ �$�

   aGA. )J�G��  
�%[ (�tA9!J7 GEBV  )G�  
$(%G4.   DAG�$  
 

 � %/��
25 �50  �'75 E�� 
!R
 �� )K
   �tA9!GJ7    !G1!�

 E�G� 
!R
 aA. $ 	!� OAC� 
   �tA9!GJ7  
   !G1!�   %'�G�

OAC�$ ).).�� �[�4 
 �  L'�7 
  ��  �)� �� 
 ����� �4 st�

 X�����K     ��tA9!GJ7  
!GR
 E�
�  I�G.�!A* %4 
$+#  E�%G4

�tA9!J7  
!R
 �$)4 I�.�!A* 
     	!G� OAGC�  aGA.GEBV 

 
$(%4 .)� 3 6CKA`4AJ� ��E �!.H� 4 X,��/�� I
!K� 

4AD *+K� =�
��  GU[�$�  *+GK� =�
� $�  �!G.H�  %G4( 
$ 

* 
)�AI�.�!   %U9  !GR
 �$)G4 G'F   X/G��C� $ G�) ��G�9 .� 

/� L*�%�AX���E 10 � $ 
�%Z9 
�4 GA,.�AD  U� ?�%GC.� $ GA
� 

 �B�'% CK6 �%4E 10  =
�a& 
�%Z9�).  

0�� � 1'���  

2�3 �����
�� ���� ����� ���  .4� � ����   ���4�

 (�6��
4�7 ��
-� 89# :���):   �$)G13   DA,.�GA�  6CGK

`A3�JA4  
   !G1!� I�G.�!A* ��!.H E��   OAGC� XG�  �G4 �
 

�)� �� 
 �����  �.�!A* E��F"�0� )D'� p%7 �4     
!GR
 XGR

OAC� 
  I�.�!A* �' $ 6�K ]' ��!J# X4 F"�0� E�� )J�

6�K ).!� X�7%& %o. 
  F"�0�(  ��-.��  )G�  �)G� 
  .-

��K )J� $ ]9 �.�!A* E���`A3 6CK �    �G4 ��!G.H �GJA4

6M�
$ `'�a7� $ E%'>3LD �� $     �)GU9 `��GR DAJ�QTL 

�)� %�-A4 4 XE
!e  E!'
�J� �XR!� �4) �$� OAC� 
  	LD 

 Ef�4 �R�%9 $ DA'�3QTL   �G4) 	!G� OAC� 
  �$� !'
�J� $ (

LD  DA'�3  �)U9 $ f�4QTL�R {A9%9 X4 (`A4 $ D'%9  D'%G9

`A3 6CK ��aA�  .)G. �  ��Gv�d�  !d X4 �
 �JA4   DG'� 
 

 =$
 �� XR XUk�W�REML  ̀ AG3 6CK �)� 
 ����� �GJA4-

     �)GU9 �G4 E��!'
�JG� DA4 �.��Z' ���/�. ��!.H E��100  $

500 QTL  E
��U� %M�  
!� 
  E �'� I�Uk�W� .)� 
)��-�

`A3 6CK %4 I��K �ZA�.H�JA4  	�G^.� ��!.H E��  $ 
)G�

  �)U9 XR 
)� =�� %3 QTL�JU� %M�   ��!G.H 6CK %4 E
� 

=$
  E�GG�GBLUP  aGGA4 $R )  
�)GG.Daetwyler et al., 

2010.(  I
!K 
  XR ). %R =
�a& I�Uk�W� �d%4 DAJg��

 =$
 �� 
 ���GG��GBLUP�GGJU� %AMyGG9 � 6CGGK DAGG4 E
� 

`A3  �)U9 �� LK�* ��!.H �JA4QTL  
)��-� I$���� E��

��.  �)U9 XR �.��� ���u� ��!J# X4 . !�QTL   �G4 %4�%4100 

 $1000 `A3 6CK � !4  )#  �G4 %4�%4 {A9%9 X4 ��!.H �JA4

37/0 $38/0 ) )�  
$(%4Clark et al., 2011.( 
  ��* D'� �4 

) %GG,'  I�GGBABC9Wientjes et al., 2015 Hayashi and 

Iwata, 2013; 
 �  ��G-. (       s.�G'
�$ �)G� iG'�!9 XGR )G�

  �'�  �)U9 %4 �ZA�.HQTL ��).�!9 `A3 6CK ��!.H �JA4

=$
 
  �
.)�  `��R EaA4 E�� 

  



6                                         E
 �. F�!' :4�
%� �)� 6CK ��E ]9 ��K� ��K )J� $� �!.H� 9!.H L4�B�� %M� 
!n* 
 AP $ OAC�  
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Table 3. Accuracy (standard deviation) of genomic predictions in three different environments using single and 

multiple trait animal models 

Scenarios 
Single trait animal model  Multiple trait animal model 
Environment (heritability)  Environment (heritability) 

1 (0.10) 2 (0.25) 3 (0.50)  1 (0.10) 2 (0.25) 3 (0.50) 
1(HLD_100QTL) 0.493 (0.031) 0.541 (0.040) 0.585 (0.021)  0.531 (0.037) 0.579 (0.021) 0.614 (0.026) 
2(HLD_500QTL) 0.467 (0.048) 0.527 (0.041) 0.573 (0.036)  0.512 (0.046) 0.564 (0.031) 0.602 (0.035) 
3(LLD_100QTL) 0.443 (0.062) 0.511 (0.043) 0.544 (0.029)  0.506 (0.027) 0.558 (0.035) 0.586 (0.022) 
4(LLD_500QTL) 0.420 (0.051) 0.474 (0.040) 0.539 (0.036)  0.479 (0.040) 0.528 (0.042) 0.580 (0.038) 
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Table 4. Accuracy and standard deviation (in parenthesis) of genomic predictions for animals with non, 25%, 50% 
and 75% phenotype records in environment 3, using the information of their relatives in the other environments via 

multiple-trait animal models. 

Scenarios 

Training 
set 

Environment 1 Environment 2   Environments 1 and 2 

Validation 
set 

Environment 3 without 
phenotype records 

  Environment 3 
with 25% 
phenotype 

records 

Environment 3 
with 50% 
phenotype 

records 

Environment 3 
with 75% 
phenotype 

records 
1(HLD_100QTL)  0.252 

(0.034) 
0.422 

(0.051) 
  0.449 

(0.048) 
0.522 

(0.051) 
0.591 

(0.033) 
2(HLD_500QTL)  0.230 

(0.091) 
0.402 

(0.065) 
  0.440 

(0.061) 
0.519 

(0.043) 
0.577 

(0.035) 
3(LLD_100QTL)  0.207 

(0.085) 
0.382 

(0.072) 
  0.371 

(0.037) 
0.486 

(0.045) 
0.521 

(0.029) 
4(LLD_500QTL)  0.202 

(0.062) 
0.385 

(0.049) 
  0.308 

(0.080) 
0.410 

(0.092) 
0.4290 
(0.078) 
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Abstract 

The objective of this study was to evaluate different animal models in different genomic scenarios to estimate the 
breeding values and to detect genotype × environment (G × E) interaction. Genomic data were simulated to reflect 
variations in number of QTL (100 and 500) and linkage disequilibrium (low and high) using 10K SNP panel for 30 
chromosomes. On this genome, the trait simulated in three different environments with heritabilities 0.10, 0.25 and 
0.50, respectively. In the next phase, low (0.47) and high (0.83) genetic correlations were assigned between third 
environment (h2=0.50) with first (h2=0.10) and second (h2=0.25) environments. The results indicated that the 
accuracy of genomic prediction increased with increasing the heritability, linkage disequilibrium and the genetic 
correlation between the traits. Comparing to single trait animal model, multiple trait animal model increased 
accuracy of genomic prediction. Accuracies of genomic predictions were generally high when the genomic breeding 
values of third environment were estimated using information of their relatives in the second environment, and the 
highest accuracy (0.422) obtained from the scenario with high linkage disequilibrium and low QTL. Also, 
accuracies of genomic prediction increased with increasing percentage of animals from 25 to 75. Generally, the level 
of LD, type of animals in training set, number of phenotypic records in validation set and genetic correlation across 
environments play important roles if G × E interaction exists. In conclusion, considering the G × E interaction 
contributes to understanding variations of quantitative trait and increasing accuracy of genomic prediction. 
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