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����  

 6� <�� G�3/ )� L�� ��*- �� <-�1 <T[ %9 ��Q��

 \90] 8&� )3&+0� R&*S ����H� M� 
 M���- )7&��'

)- M�T1 )� L��.� � )� L��  ��0=� A8&-F 0Y� �

� h0��- ([ ���� (�
��9 i M)- � [
(9F (Falconer 

and Mackay, 1996) .jk �2- M-��0���� I�L��� M+ <K[ 

� 3K� 
 <=0�&C )7&��' G�T$ ,���l�d� )H�04 
 �7� 

M�=01 )-(� � M� D&E� 6� R&� R�= DEF��� )i0� 

G��� &H ��&*��B1 
 R&*m�� `�� )7&��' )=��l� � 

<&2�[��� M��� n/�� `��+ o *� )7&��' 
 `9�8=� 

)� L�� � 	���� )-(� �  ,���7�� 
  .L&�)1390( .

`��+ � o *� 
 � M!&�� `9�8=� )� :96 �� R7�- 

<�� \3� `��+ � �07.�/ �� &H p lL� � G�T$ 

�(&E � 
 ).q-(&E � � � M+ <=� )��� 6� )� L�� �(&-�� 

)-.� � � ��&- 6
0� 0� �B10&Y�� _.�L- D-� /  <=�

 ,)� L�� 6� )���DEF r� � � � [ - I .J- ���

 �(9(C R9� o d
 ��8&- 
 G(� � )9�8�� `P� <&2�[

 .��� 596 ��6� �-�� DEF��I .s-�� I .J- �  	 �' R&� �

��&*� G��� &H)- �B1 ��8&- )*:���� M� 0!*- (�� � <=�

� )� L�� 6� )��� ��1�� � �K�F  � �(Gulisija et al., 

2006) . )� L�� 6� )��� <=� � G
�T� ,0:9� G�3/ M�

��� ��i M� O.2�- ��0=� R&� �)- ,_.�L- ��� )��� (�� �

 ��(2� 6�DEF G
�T�- G��� &H 6� �(&� r� M� I .J- ���

��&*� �B1 �K�F M�(��� (Quilicot, 2009) . R&*m�� �

M+ )s9�0�  I .J- DEF ��
(Q- ��(2�0Y� b8�  <./

����H� ,(*��� )� L�� 6� )��� <=� o d
 ).$�  `��+

DEF R9� tBH �9 
 )��
�0= (*9F0= )4 <&2�[ � ��

 )=��l� `�� �9 I�L��� 0��&�)-� � . R9�0��*� G
�T�

R9k R&� � I�L��� ��= 6� D$�H �����&*� G��� &H-

�B1 8&� _.�L- 6� 0e� t0$ ,�6� � ):� :S DEF 596 �-

��&*� G��� &H <&2�[ � I .J- ���)- ,�B1 n/�� (�� �

 )*:���� ��!9� )� L�� 6� )��� <=�� � (Gulisija et 

al., 2006). <9� )� L�� \90]١ M�G $ ��0��1�� 

 �6� )��� <=� �
F0�  )� L��� 	�� ���l�d� G�T$ ��

 �0d ���T��� � -.<�� M�=01 � [
 R9� ��,  R9� 6� ���T���

,)� L�� 6� )��� <=� �
F0� � \90] u&� M� 1

 � - � )��/#4���&*� �� &H 0� <+��- ��8&- � �B1

                                                           

1 . Wright inbreeding coefficient 

 6� )��� <=� )� L��M^�� )��(�� (Casellas et al., 

2008).  )*:����)- � )� L�� 6� )��� <=� �(P- �� �

6� �� 0] M3��Q- �9 )^8[ )� L�� \9 )� L�� \90]

DEF �� v3�0- DP�*- �����&*� �� &H %9 6� �(� �B1

 ,wL�- �0d )�0� � -���. ��� � �� 0&i� ���

 )*:���� ,A
 R9� 6� ���T���0&Y��  )� L�� 6� )���

��&*� G��� &H _.�L- �B1 ��Z� ���
�1 �(&E � G�T$ �

 ,)�0[ 
 R9���.� ,�8E x9 (*T� 1 (E � �6
 �07.�/

h i ).q-(&E �\�� �07.�/ 
 U(*E 
 (&T� ��� ���

 A�81 �0�
0��(� <�� (Miglior et al., 1994; 

Gulisija et al., 2006; Man et al., 2006; Casselas et 
al., 2009; Kock et al.,2009; Todd et al., 2018). 

)- )� L�� 6� )��� <=� )*:���� � [
 )�K- 0&Y�� (�� �

 0��07.�/ M-��0� 
 I�L��� ��� R&*m��M-��0� yTH ���

 .(��� M���� )7&��' 09�iz ��8&- �
F0� 0� <+��-

��&*� �� &H)� L�� 6� )��� <=� � �B1,  I�L��� ��7-�

	��R9k 6� 0�0� ��� 6� )��� <=� ��8&- R90��+ M+ )9��

)- 6
0� � )� L��)- ���0= (*���
F (Man et al., 

2006).  R&*m�� 0&Y�� �
F0� � \9� 6� �0&1 .[ <K[

 ,)� L��(9�� )� L�� 6� )��� <=� )*:���� �(- � -

	�� )7&��' )��96� ����0&1 �0d 0e�(- �� (Gulisija et 

al., 2006; Casselas et al., 2009). t(�  O&PQ� 6�

0]�H, T$ 0� <9� )� L�� 0&Y�� �
F0��G  (E � �6
 


�6
 6�  �0&10&���Z� (*T� 1  )*:���� )�0� 
 )S .�

 )� L�� 6� )��� <=� ���&*� G��� &H R&� <&2�[ �B1

� � .  

9�% � ��
���  

���� 
 �0!� G�/#4� 6� O&PQ� R9� � ��� M� { �0-

T$� (E � �6
 G�6
 
 6�  �0&10&� ��(*T� 1 )S .� M+

��� R&� ���1368  ��1395  ��Z� "#$� 8+0- �

U�3/ � 5d�
 )S .� (*T� 1 (K�- ���F<3Y � � �(�, 

 <K[�
F0� ��8&- )� L��  <9�
 <=� )��� 6� �F  �

T$ G�� -  )�0�
 R&*m�� )*:���� <=� )��� 6� 

)� L�� R&� G��� &H ��&*��B1 �� <&2�[� ���T(�.   

 �
F0� 
 �0!� <&T&+ )�0� \90])� L�� <9�: 

|s� D-�+ �� � �0!� 0&Y�� )�&P��- 0� �
F0� �0]9\ 

)� L�� <&2�[ ���, �0S M+ �� `9�8=� |s� D-�+ 

�� � �0!�, ����H� R�=�9 ([ h0��- ��0� D�� 0]�H 

0��&� )-� � .�
F0� <K[ |s� D-�+ �� � �0!� 6� 
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wi��  �0!� �� � D-�+U��� 0� Ms�� 096 ���T��� (� 
)MacCluer et al., 1983(:  

PCI������ = 2C���C���
C��� + C���

 

� � M+,Ms�� R9 Csire  
Cdam  vi <+��- \&�0� M�

 �
F0� 096 Ms�� 6� 
 �� � �� &H ���- 
 �(C)-� �:  

C = 1
� � ��

�

���
 

�F � M+, ai  D�� � 	 .2- ��([� <3��i 
 �� � 	�d 

D�� ��(2� wi�� M3��Q- � �(� M�=01 0e� � ���

 �0!� �� � D-�+<��	�� �0!� �� � D-�+ wi�� . ��

 ��0�c*C  �8=� 	0� 6� ���T��� �� D��EVA ML��1.3.09 

 �
F0�(� (Berg et al., 2006) .0]�\9 )� L��  <9�

G��� &H �� ���T��� 6� 	0� �8=� CFC   ML��1.0  

(Sargolzaei et al., 2005) �
F0� (� .� �
F0� 0&Y�� 

<=� )��� 6� )� L�� 0� G�T$ � - ,)�0� �K*� 

)���� &H M+ wi�� D-�+ �� � �0!� �K�F 0��0� �9 0�18� 

6� 6/0 � � M� �� */ <&2�[ 5[0- � 0e� M�=01 (�(� .

6� }C � 0e� R�=01 R9� ,<9�
(Q-  �6
 ���� + 6�

 (E � 
�0&10&� 6� �6
  M� { �0-4032  <K[ �� &H

 ���T��� G�T$ R9� 0� )� L�� 0&Y�� )�0�(�,  ��0� )E


	�� )� L�� �
F0� D-�+ �0!� D9�= 6� ���
�H  G�/#4�

- M� { �013454  U� ���T��� �� &H(�.   

�
F0� 0]�\9 )� L�� )^8[:  )� L�� \90] <9� 0�

)- �0= G��� &H 6� D$�H )^8[ )� L�� \9�0] M� (�� �

��&*� �B1<&2�[  M98!�� � .0:9� G�3/ M�, � - � 

%9 �0= p�i ,o �!- \9�0] )� L�� )^8[  6� D$�H

��0=� ��&*��B1 <&2�[ 0��0� �� \90] )� L��  <9��F 

�0= <��. \90] )� L�� )^8[ G�3/ <�� 6� ����H� 

M7*9� %9 DEF M� r� �(&� 6� %9 �� &H ��&*��B1 

wL�- ,� %9 �0= M�G $  �0d �� �*+ � G :96 ��

 .�0&1��&*� �� &H ,_902� O34u&� M+ <�� ��0= �B1 -

 ,�0!� � � [ - ��0=� 0:9� �� )7&��' Ms�� M� 1M� 8[

)- ~0= R9�0��*� 
 M���(� � i ��(�60= �� M+ � �

<�� � L��0&� (Rodrigáñez et al., 1998). G��� &H 

��&*��B1 <&2�[ 5[0- �9 � MG�3/ 0:9�, ��([� 

<&2�[ 5[0- M+ � D9�= �0!� � [
 (*���� 
 
 (C 

���- ��0� �F�� <3Y �(�� � � �� <�16�� 0&�- �0!� 

M� \P/ M.&�
 M� 	0� �8=� CFC )9���*� (�(�. }x� 

)� L�� <9�  6� ���T��� �� 5[0- <&2�[ � L�� ��0=�

 G��� &H 6� D$�H )^8[ )� L�� \9�0] M� 096 Ms��

��&*� M98!� <&2�[ �B1(�:   

F� = � F��

�

���
 

�F � M+, Fij  �� &H 6� D$�H )^8[ )� L�� \90]

��&*� �B1j   
f ��&*� G��� &H ��(2�<+��- �B1 �(**+

 �� &H )� L�� �i <��. )� L��  6� D$�H )^8[

��&*� G��� &H6� ���T��� �� �B1 	0� �8=� Grain ML�� 

2.0  A
 6� ���T��� �� 
�' �*&C��١  �
F0�(� 

(Baumung et al., 2015). �� ���T��� 6� R9� A
 )-�� � 

596 � )��
�0= DEF��� ���([�  <&2�[
 ����H� ~�0P�� 

DEF � D�� � 4 ��� )��96� � �� (Yamashita et al., 

2010). � R9� O&PQ�, ��(2� �07� ��� )�' <K[ 

�
F0� \9�0] )� L�� )^8[ �� 0��0� 106 � 0e� M�=01 

.(�  

 )*:���� )�0� ��0�0&Y��  )� L�� 6� D$�H G��� &H

��&*��B1, ��&*� �0= 0� 6� D$�H )^8[ )� L�� �B1

 %9 �� */ M� (9��)7�+ 0&J�-  ��
 ��-F �(- �� � .

��&*� G��� &H ,��-F D&.Q� 
 M98!� 	�!�� 6� D3d ��B1

 M+�K�F 6� D$�H )^8[ )� L�� \9�0] ����  <&.��d

 � ���T���)�0�  )*:���� )� L�� 6� )��� <=�(�� � 

 )9���*� 096 v9�0� M� M[ � ��(�(� (Gulisija et al., 

2006; Casselas et al., 2009).  ,0]�H O&PQ� �

��&*� G��� &H ��B1� M98!�  )*:���� )�0� ���T���

(�(�  6� `&� )� L�� ��!9� � M+2000  �� &H

(*���� <+��- 5[0- <&2�[ (Fij>0) . ,0:9� � � 6�

 ,� &�01 D&.Q� 
 M98!� � 0&J�- �6� �-�� 596 �

0&J�- �� */ M� M+ ).P��-  )7�+ �(- ��
)- � �)M�-

(��� M���� ):E S <�� %9 M� �F 596 � M+ )� $( 

 � &�01 ��(����� ��3��� R�= k�� n/���(� �
F0� 

 (�� i(� 0:9� G�3/ M� .0]�H O&PQ� �, ��(2� � [
 

R&9�C 09��P- 6� ���96  � )^8[ )� L�� \90] %9

R&2- ��
(Q-,  ���
F0� �k�� ��(����� ��3��� M� 0!*-

)-� �D7�- R9� 5= <K[ .,  8&� 0:9� {0� %9 �

��&*� G��� &H I�L��� �B1 ���/�(�,  M+ G $ R9(�

                                                           

1. Gene dropping 
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��&*� G��� &H 6� D$�H )^8[ )� L�� 0Y� )*:���� 0� �B1...�0&10&� 6� �6
 
 (E � �6
 G�T$   

 

�� &H ��&*� )^8[ )� L�� \90] �� (9�� 0e�(- �B1

 ($� %9 �k�� Dd�(H )� L�� ��!9� �100  6� U�

`��1�� � (��� M���� <+��- (Fij>1%) . 6� }C

��&*� G��� &H )9���*� v9�0� 8^�H �B1k�� , o �!-

 6� )��� )^8[ )� L�� \9�0]09�� ��&*� G��� &H�B1 

<+��- �0= 0� )� L�� � �(**+ 096 Ms�� 6� ���T��� ��

 M3��Q-(�:  

F������ = F� − F�� − F�� − F�� − ⋯ 

�F � M+, FiRemain  6� )��� )^8[ )� L�� \90]09�� 

��&*� G��� &H 
 �B1FiA ,FiB ,FiC  )� L�� \9�0] ... 


��&*� G��� &H 6� D$�H )^8[ <K[ \L�*- �B1M98!� 

 )*:����<��(Gulisija et al., 2006; Casselas et al., 

2009).   

 
 �0!� ��i�� M� M[ � ������03��  )�8&-F ���T���

�(�  6� D$�H )^8[ )� L�� \9�0] ,<&2�[ �

��&*� G��� &H)- _.�L- �B1 6� )�
�T�- G�[� (*�� �

��)si M��1(*S (*��� M���� �� �� (Gulisija et al., 

2006; Casselas et al., 2009)�� R9� � [
 <./ . )si

 h0��- ([ M+ <�� M�TK� M.f�- R9� ��(**+ ��!9� 

)- )� L�� 6� �0��&� ��(2� �9 
� ��1�� � 6� (�� �

��&*� G��� &H)- M.f�- R9� .(��� <&2�[ �B1 (�� �

\3� 0&� ����
F0�  �(9�C�� 
 )2d�
 ��0� � &�01

 6� D$�H )^8[ )� L�� \9�0] 6� ��07.�/ G�T$

��&*� G��� &H �B1� ��� � [
 )�0� <K[ .)si 

M��1(*S ��&*� G��� &H R&� � ):��3�� ,)��L��� �B1

��&*� G��� &H 6� )��� )^8[ )� L�� \9�0] R&� �B1�� 

 M9
Corr  �8=� 	0�SAS (SAS version 9.1, 2003) 

�
F0� (� )� L�� \9�0] R&� ):��3�� ,R&*m�� .

��&*� G��� &H 6� )��� )^8[ )� L�� \90] 
 �B1<9� 

 0� �
F0� 8&� �0=(� .  

��-F �(-: �YF <��Y �B10&Y�� 0� G�T$ � - )�0� �� 

���T��� 6� M9
 �(-��� )si )- �/ )GLM (	0� �8=� 

SAS ML�� 1/9 )�0� (�(� .).-� /  0� �K�F 0&Y�� M+

 G�T$� - )*2- )�0� ��0� )9�K� �(- � � � ��

M98!� .(�(� ��
 )7&��' `� �(- 	�� %��0&J�- 096 

M+ 6� ��QE � 0e� R�=01 �YF )s&Q- )�^�� ��- 
 0Y� 

)7&��' ���- 
 R&*m�� }��9�
 + R&� 0Y� )7&��' 

�&P��- 
 ���-  `L� ��YF  �(- )=��l��� �� 

G
�T�- (�� � ,<K[ M98!� 
 D&.Q�  )7&��'� - 

���T��� �0d (*�=01:   

1)  # = $% + &'� + ( 
2)  # = $% + &'� + &)*+( + ( 

3)  # = $% + &'� + &-. + (    /012�, .) = 0 
4)  # = $% + &'� + &-. + (  /012�, .) = 67'- 
5)  # = $% + &'� + &-. + &)*+( + (   /012�, .) = 0 

6)  # = $% + &'� + &-. + &)*+( + (   /012�, .)
= 67'- 
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Y: ��0� G�(���- T$�G )�0� � -, b: ��0� �YF <��Y 

D-�� D-� / [}* �0� ,��� - Dl= `9�6 ,�&� (E � )%� 
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 M�  .d ,(R� ��- M� 	�:*� `9�6 
 R&*m�� 

0&J�- )7�+ \90] )� L��  <9��� &H, a:  0Y� ��0�

 ,�� &H )�9�8=� )7&��' )=��l�m: 0Y� ��0� )=��l� 

)7&��'  ,���-pe: ��0� 0Y� )=��l� v&Q- )�^��  ,��-

X: }90��- "04 �YF  ,<��YZa: }90��- "04 0Y� )=��l� 

)7&��'  ,)�9�8=�Zm:  )7&��' )=��l� 0Y� "04 }90��-

 ,���-Zpe: }90��- "04 0Y� )=��l� )s&Q- )�^�� 
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�8=� WOMBAT ML��1.0  ���T��� (� (Meyer, 

2007).  

:4�;� <�� �  

6� ��(2� 13454 �� &H � [ - � D9�= �0!�, 6005 
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56/3  .� � ($�k�� �� � D-�+ |s� M� M[ � ��� 

*m�� 
 �0!�&�0] � � [ - o *� R9� L�� \) 	��-

��5[0- <&2�[ �� ,9���� R�0� <K[ ��) Y��& 0

� L��)  G�T$ 0�� - �0�)  \��*-.(�� � ��(2�  D+

G��� &H ��&*��B1 <&2�[ 5[0- 255 U�  <K[ .� �
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Fig. 1. Frequency distribution of inbreeding coefficients of animals in the reference population 

 D7�1 - 5[0- <&2�[ ��0=� )� L�� \9�0] )��
�0= 596 � 
 

 �
([1 - �
01 � G��� &H )��
�0= 596 �5[0- <&2�[ G��� &H 
 �0!� D9�= D+ � )� L�� _.�L- ��� 

Table 1. Frequency distribution of animals in different classes of inbreeding for the whole pedigree file and 
animals in the reference population 

Inbreeding class 
Number of animals (%) 

Whole population Animals with PCI ≥ 0.6 
F = 0 6654 (52.56) 125 (3.10) 

0<F<5 4638(36.63) 
3151 (78.14) 

 
5<F<10 871 (6.88) 567 (14.06) 
F≥10 451(3.56) 189 (4.68) 
All animals 12659 4032 
PCI: Pedigree completeness index 
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([ 2 -  )T&$ � �-F��&*� G��� &H <+��- ��8&-5[0- <&2�[ )� L�� � �B1  
Table 2. Summary statistics of the contribution of founders to the inbreeding of the reference population 

Founder ( j) 
Number of 

inbred lambs 
Average >� (%) Average >�? (%) 

Standard deviation 
of >�? (%) 

Animal with >�? > 0       
A 3250 2.56 0.50 0.59 
B 2534 3.04 0.48 0.61 
C 2452 3.14 0.39 0.61 
D 2670 2.65 0.33 0.40 
E 3762 3.67 2.44 2.57 
Animal with >�? > 1       
A 317 9.27 1.82 1.10 
B 256 8.76 1.94 0.93 
C 208 8.18 1.89 1.15 
D 134 11.57 1.70 0.65 
E 2816 4.55 3.07 2.68 
>�: Inbreeding coefficient  
>�?: Partial inbreeding coefficient 

 �
([3 -  6� )��� )^8[ )� L�� R&� ):��3�� \9�0]��&*� G��� &H �B1A  ��E  <9� )� L�� 
2�[ �<& 5[0- 

Table 3. Correlation coefficients between partial inbreeding coefficients due to founder animals A-E and Wright 
inbreeding coefficient in the reference population 

Wright F  E  D  C  B  A  Founders 
0.60 0.46  0.40  -0.12  0.40  -  A 
0.49 0.26  0.72  -0.09  -  0.40  B 
0.38 0.31  0.33  -  -0.09  -0.12  C 
0.53 0.26  -  0.33  0.72  0.40  D 
0.94 -  0.26  0.31  0.26  0.46  E 

- 0.94  0.53  0.38  0.49  0.60  Wright F  
 

  

 �
([4 - 09��P- G�/#4� �&2- %&^�+F D$�H 6� A6�0� �(-��� _.�L- 0��� G�T$ � - )�0� 

Table 4. Akaike information criterion values obtained from fitting different models on the studied traits  

Model 6  Model 5  Model 4  Model 3  Model 2  Model 1  Trait 

-337.98 -338.15 -301.29 -302.01 -318.24 -137.37 Birth weight  

17234.79 17232.79 17252.51 17250.63 17243.82 17321.59 Weaning weight  
The best model is indicated as bold-faced 

G�/#4� %&^�+F �(- ���,_.�L-  �(- 5 D-�� �YF 
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Fig. 2. Regression coefficients of birth weight on Wright and partial inbreeding coefficients of founder animals. 

Error bars represent the standard error of estimates 
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Fig. 3. Regression coefficients of weaning weight on Wright and partial inbreeding coefficients of founder 
animals. Error bars represent the standard error of estimates 
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Abstract 

Uneven distribution of recessive alleles among founder animals genomes leads to the heterogeneity of 
inbreeding depression among their descendants. In this study, pedigree information, birth weight, and weaning 
weight records of 4032 Baluchi sheep collected between 1989 to 2017 at the Baluchi sheep breeding station 
were used to assess the heterogeneity of inbreeding depression between founders of the population. The Wright 
inbreeding coefficient of the inbred animals was decomposed to the partial inbreeding of the four founder 
animals with the greatest contribution to the inbreeding of the population. Wright inbreeding coefficients and 
partial inbreeding coefficients of the founder animals were included as a covariate in the animal model, in two 
separate analyses. The regression coefficients of birth weight and weaning weight from Wright inbreeding were 
estimated to be -6.4 and -61.9 g, respectively. The effect of partial inbreeding from different founders on the 
studied traits was heterogeneous. The regression coefficient of birth weight on partial inbreeding of founder B 
was -79 g, while partial inbreeding from founder D caused an increase of 121 g in this trait. In weaning weight, 
partial inbreeding of founder D caused an increase of 83 g in this trait, while partial inbreeding of other 
founders did not affect this trait. The observed heterogeneity in the effects of partial inbreeding of the different 
animals can confirm the hypothesis that a few recessive alleles with major effects are contributing to the 
inbreeding depression of these traits. According to the results of this study, the heterogeneity of the effect of 
inbreeding of the founder animals should be considered in the genetic evaluation model of this breed. 
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