
�

��
���� ��

�

���	
��������
����
�
�
�������	����������
�����������

�

�

�

�

�

�

�



�
�

���� ��

��	

�� ��	

�
�� �

� ��� �� ���� ��
���� ��

��� ���
����� ��

��

�

�
�

�
�
���� � �

�
� � � �

�
�
�
�
�



�



���� �� �
�

�
�
�

�
�

�������������������������������������������������������������������������������������������������
�

���� �� �
��������������������������������������������������������������������������������������������������������

������������������������������������������������������������������
��	 ������������������������������������������������������������������

��	 ������������������������������������������������������������������
���� �� ��������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������
��	 �

��	 ����������������������������
��	 ��	 �

��	 �������������������������������
��������������

��	 ���������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������������

�
�



����������������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������������
�

����������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������������

�



�





���� ���	
�� 

 

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

*+&��,�-./0123�4567�%8�9:�;<�=>67?��@A�BC

 %!"DE���F�GH67?��I7JK�&L�MNOP�QRE��$%SNT

!"U#VW�@A���!"#���X� '(Y)Z+S[&J9\�]^_`a�b

c�d%����e%Sf!"gh�;iYjk�bl�DNAmnon�	pqr�st6

7!"uvI7%�!"DwxQTLy��:z{|Y}��~�&J:z{|YbL��DNA

mnon���� S�������� &!"DE�'(67� %��W���Y��

�[7JC&�DNAmnon���� &!"�����!"D���������n��

�f}��~7J 

� �Y���5�����K+�� S��� �¡¢�£¤¥�¦§¨~©[ZLSª 

%«§¬�®�¯°±£²r°��/0~³+�~0~%´µ�I7JK�&L���5

¶·����I7¸¹��º����»¼#�)8?�Y½¾�IA�¿À�� %��¶

·����Áj�ÂV67½ÃYI�&J?�@8~´µ/0�ÄÅ¤5Æ��Ç�f���

È�ÉÊËÌÍÎÏxÐyÑ�ËÌ±�5ÒÓÍ�ÔÕ{�ÖS�È�ÉÊËÌÍ��5Ò

Ó�×�Øi�@A�xÙy�5¶·ÚÍÛÜÝÞ!"`aßY��*+7?��~�&J 

� 1992xài 4yáâ/0�ã*+&`a�äåæç�¯��èé��êëé�ì_���

/0ãCA�!"���� DNA íîW���ïðrñ	pqr�]^_{|º�ò1óô

*+S[&J��êëé�ì_�����õö� DNA mnon���±!"gh¿º�÷

øù³�)%�?+0�mnon��ú'û67?��@A���êëïüDý�Yþ�¿

��~��[7?���0/� &J��êë�VW���ð�¯�n�	�ì
���6

7��#~¶·�f~�S%7J!"�����������������������

�0+&T 10��!"����!"D��� S����� DNAíîW��� &J!"

����{|��K���èéÑ]^_�{�x2009áy/0ãC7 SNP�þ�°ïèé

!"D���{�~©�bc�@A�k*+S%7J 

� 1994 áâ/0	pqr�{|YãC�&Y�?������ !��5`a"s�ãC

�&#$`a��R%�&7C�'(*+�)`aß�`abc���S*}+~É,�

~�S%7J	pqr�{|���-.-/ï0ð12�st67õö� QTL �÷ø$³

xP<0.01y�3 QTL�»4�X��5l�QTL�!"DK�f��$�66�7��(³S

%7J	pqr�{|�e%Sf�Ñ]^_�{��d88n��9:�@�S{|VWK

�f�f�;{|/0]^_<�=s:{|º�c S%7J 

� >?� 1992áâ@ÕAB 2C�`a? 2C�T 4C/0�D �`a�bc±óô��

f�ò1E? �9F� 30CGH�~�S%&Y�ÐI´µ�J°�@AK?LM7�Ö~



�~�&J2011áâN��ßO�PQ@ÕAB 3C�`aAB 11Cx`a? 6C�`aR

Ø? 5Cy�~�&x1áâ 4S/0�T�UK S 7C��¡�~7yJ 
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�V�� 2011xài 23yáâ�Ý[ 

 

�W`aXb�´µ 

�yèé]^_`a�e³7�X#~ÝY 

x� 20Z[ÞÝÞ]^_UÍ�\�±��]
^_�2012á 1S�É`�y 

èé]^_ab.c�;i�123énd��n�ef�@A�?�öá,�gâ/0

£gâ�3� SNPhiä���Y)Z+�?+��j� S\���k��]^_��lm

�Y)Z+S%7Jno�~�S%&pq¼�¬�r%Sf�]^_'(��%&ô2�

æç^��ä]n��{|��s��]^_�énd�é���@�S�K�!"#Ã�Y

�0/�*+@8� S%7J9\�ð��e%Sf�]^_'(���â�Y¿��� 

S��s��]^_�énd�é���0ðqr�sZ7tuvw�$�Y)Z+rrI7J

èé]^_`a��{|�8n����/0]^_'(W���ïx�qr�tuvw�y

z�%81�{|�}�&~YI7J 

 

x�yèé SNPhiä 

xèé LD SNPhiä�����£gâ SNPhiä HD� BOS1���y 

èé SNPhiä������Ù/0 50Kx2007á 12S���ãy�HDx2010á 7Sy�

3Kx2010á 7Sy� 3��Y���
�¯���Ù/0 Axiom BOS1���x2011á 1

SyY��*+S%7JLDhiä������Ù 3Khiä��¹��IA�k��e%S

50Kæç^��ä�X��@A£%��â�)�7@8� 50Khiä¿� SNP�'Ï~e

 &f��I7J6,909�� SNPY��*+S%7J 

9\�Rincon 0xo������ôy����������æ�næn���%S�HD

x]^_¿�ñ,�� SNP�.ø67@8�'û & 77� 8��� SNP���y� BOS1

x3²��e³7:z*à�â���!"#o�n¼Y�ô�~7@8�'û & 64 � 8

��� SNP���y��� �:z*à�â�£% SNPxr
2
�0.9ye@ÏõE��~% SNP

�����HD�� 22� 4���BOS1�� 24� 1�������L7� 35� 4���

SNPOP�Ö0+7?��P� &J®�nöõExCNVy�r%S��������[7

f��HD ��l�I7%��BOS1 ��l���[7f�YI7J &Y�S�����

� ����!"DE�X�67?��@A�ô�OP2�Ö7?�Y�[7J 

 

xVy]^_'(��1,000�s�]^_äåæç�¯� 

� ]^_'(����s�ö���r%S�!"DE� l��l���s���3 SNP�

!"DE��®��ù³Se[��s�¡R�����!"DE�@7�®�� l �'

(67�%8f��I7J\����2009á 1S/0��������æ�næn��r%

S�8 S��¢£è������r%Sf]^_��l�¤¥~Q¦Y~*+S%7JK�

��gâ SNPhiäx2010á 3Khiä�2011á LDhiäy����@7®�¯¬

e@Ï§��gâ SNPæç^��ä�PL7?��@7����Y¿Yh0+S[&J 



]^_'(W���3����6S��3�i¨�Ö7C��F,ï®�¯�ô©�ªK

�[7�%8��i¯YI7Y�9����â�Ö7&L���a«G¬� Sö����

s�Y½Ã~&L�\����ï®�²��e%S]^_'(W���67��¯ /�

&JHayes0x°n�¯£��y��2011á�50K SNPæç^��ä/0 800K SNPæç

^��ä�£%��â�X��[7?��800K SNPæç^��ä��%7?��@�S]

^_'(���â�¿±�C&�w~7²��f���[7}���I7?��¦ &JK

 S�800Kæç^��ä/0Ñ]^_.cx66S� SNPæç^��äyYX��[7@

8��3`aßY�s��]^_.c]n��²³´#x �]^_.cX��&L�a«G

¬� Sµ��[7�1,000�s�]^_��¶�²· &J?+C�� 151�s�� 1§

�x����������i�	n��æ�næn���i=����������¸��y

�]^_.cY]n�¹n���x*+SeAxhttp://1000bullgenomes.comy�s:{|ï

]^_��lm���%0+S%7J 

ð��e%Sf]^_��lm�Y5l0+S%7Y���¸���s� 3,570 ���%

&f����â��0.38x§��º»¼y/0 0.85x1¼F�£y�I�&xSaatchi et al., 

Genetics Selection Evolution, 2011yJ\��e%S����¸����fõ��²�Yð

�� S½¾*+S%7?��ðrï½¿»¼���ÀÁ�~©�1Ãqr�r%S�QE

ÂY�nh�����*+S%~%?�/0�]^_��l�m����â�¿±7&L�

��K�qr�tuvw�$�66[Ã��ÄÅY~*+S%7J���¸�]^_äåæç

�¯����6�� 11���s��]^_�énd�é��Y)Z+�4F�1 QTL�t

uvw$�Y5l0+S%7J 

 

xÆyx�qr�tuvwï!"#*¹�D�$� 

� �Ç� 1á,�e³7èé]^_{|�bc��ÈC %J50K SNPhiä�mi���

 �miä &ö Mb uv�123énd��n��n]i¯�énd�é��67?��

9É�tuvwºÊË S%7J / ~Y0�)`aßY)�S[&^�Ìn_{|VW

�5l0+S%~%J2011áÍ� Agilent/0èé^�Ì���äh�n�i¯Y�Î*+

&���Ï��Ð�*+7ÃÑ8J 

 

xÆyÒ�WÓÔ�ÕÖ×��pq¼x�������±æ�næn�±¢£è�����y 

� VanRaden 0xUSDA-ARSy��]^_'(�&L�ØG & 10 ��¿������

��� SNP!"DEOP��%SÙäå��ä�{| �G¬�e³7�Ú�Ùäå��ä

ÛâY��*+7Ûâ@AxÜ�%f��yz &J¿÷ 3rx� 5ÝÞß�-HH1�� 1

ÝÞß�-HH2�� 8 ÝÞß�-HH3y�ÓÔ�I7?�Ym¶*+&J?+0�Ûâ�

2.25-2.35%�%���'(�»4YI7/©8/àZ %�áâ S%7J$ã�æ�n

æn�x� 15ÝÞß�-JH1y�¢£è�����x� 7ÝÞß�-BH1y�K+ä+ 1rÓ

Ô��Ùäå��äY��*+�Ûâ� 11.7%� 7.0%�I�&J 

� HH1 ���s��]^_�énd�é���Ùäå��äå�i�@A�APAF1



xApoptotic peptidase activating factor 1y!"D���æ��vw�I7?�YZ/�&

xAPAF1^i��è¯mè��q4ÓÔ�¦6yJAPAF1�4�çèï�é¯né�¡è�

sê67�*+S%7J 

 

xÆyÒVWBrachyspinax�������y 

� Charlier 0x¹�ën��^næìôy�����������0+7í�!"���

BrachyspinaxBYy�r%S�6���î��� 15��ïð�� 50Khiä�æç^��

��� �� 21ÝÞß�¿�¢ 2.5Mb�uv�mi��� &J1���î�� 3��ñ

Mòïð���énd�é���@A�����FANCIxFanconi anemia group I proteiny

!"D�^�Ì� 25-27��)67 3.3kb�+ó�I7?���� &Jô~���I7�

f//Z0õ�����ÛâY 7.4%�£/�&?�/0��Ú+ó���qöÔ�}���

÷6&�?Ñ������$ø�-.��º»*i��ÛâY¢ 5%£�~�S%&J 

� BY�!"Díî��Y��fþù*+7J 

 

xÆyÒÆWColor sidednessx¹�æ��¢�n��¢£è�����y 

Color sidednessxúû���ü%Y�ý���ßYI7y��%�r/�²��l0+�

¸�!"ã¥�¦6JDurkin0x¹�ën��^næìôþNature,2012y��¹�æ��

¢�n��Color sidedness�� 29ÝÞß�¿�� 6ÝÞß��KIT!"Dw�PQ 480kb

�1�Y�w &?��@7?��¢£è������ Color sidedness�� 29ÝÞß��

�w & KIT !"DwY� 6 ÝÞß�� KIT !"Dw�Ç��åÏ�w &?��@7?

���0/� &J?+0���´�É,��� S�w67 FoSTeS/NMBIR �o��_

xZhang et al., Nature Genetics, 2009y�@7�«�0+&J 

 

xÆyÒ�WWeaverî¡�x¢£è�����y 

� ¢£è�������0+7í�!"��b)�		v��
�I7 Weaver î¡���

1993 á�èé� 4 ÝÞß��mi���*+S%&f����!"D�*��I�&J

McClure0xUSDA-ARSy��20�������� 51��ïð�� HDhiä�æç^�

����67?��@A�¢ 4Mb �uv�����mi��� &J10 ��������

10��ïð��]^_ DNA�K+ä+än� S�énd�é���)%����~7¢

250kb�Ùäå��ä��0/� &J 

 

xÆyÒ�WK�® 

s:{|�^i��è¯mè���%&{|�@A RIPK2xreceptor-interacting 

serine-threonine kinase 2yY� 14ÝÞß�¿��ÀÁ� QTL�tu!"D�«�0+

7?�xPortoNeto0�CSIRO�°n�¯£��y�2E Scursxwð�yî¡����v

w� S� 4ÝÞß�� TWIST1xtwist-related protein 1y!"DF���n_é�¯vw



��� &?�xCapitan0�INRA��£��y���¸��½¿»¼�r%S¯£���

�ä¯n_e@Ï^�æç^_{|�)�&?�xMcKay0���n�ô�\�yñ�P�

YI�&J 

C&�\����èé����î¡��r%S�íîW����!"#�¹���� &

ôEäåæç�¯xwww.brdcomplex.orgyY�ã*+7����YI�&J 

 

x�yÏ��bL\ 

x�yÒ�WSNPæç^��ä��H 

� USDA-ARS ���xÆyÒ�W�À6&@8��k��e³7�Ô��f&06ÓÔ#v

w� 5�ß�� �K�F 1�ß���vw�$� &J?�`a��ÓÔ#vw�PQ]

^_uvxÙäå��äy��ìå���*+7Y��Ú���% ~%�%8«�\��

�S%7JK�&L�1��¿� 50K SNPx5��yæç^��ä� 10��GH� LD SNP

x7,000 �yæç^��ä��%SÙäå��ä�å�i �K+ä+��Ú±�ìå�Û

â�÷6S%7J?�VW�������67��Ô����vw��0/��[7}�

�YI7J 

� ?+C�����	pqr�s:{|�ö��GH� 50K SNP æç^��ä��H 

S%7Y�Ï�fT�#�Eï S%�J 

 

x�yÒVWSNPæç^��ä����ìnì�é�� 

� 50K SNPæç^��ä�Eï6��®�¯Y//7J�l~ LD SNP��%Sæç^�

�ä�Ö�50K SNPæç^��äï HD SNPx70��yæç^��ä�U�G¬� S�

LD SNPæç^��ä� 50K SNPæç^��ä� Sm�67ximputey?�Y1Ã�~

7JÇ%���U�G¬� âYY¿6+��SNPæç^��ä/0]^_.c�¹��O

PYÖ0+7/f +~%J 

 

Vyèé!"���� DNAíîW��� 

x�y`aá1!1997áÒ2011áxài 9áÒài 23áy 

 

xVy`a�#���*+7i4 

� èé�!"����õ��"#í�!"��IA��î67�qöÔïD��$%�~A�

	p#~$ó�ô[%J�&<���?+0����r%S�DNA���� &���n�

��VW���67�$F��*0�b'�!"�����!"D�"(±���)8J?

�@8~�#YËi*++��!"D�vw���67 DNA íî�@�S�������

�n���Y�[7&L�!"�����î�¡è rr������!"#������

4/6?�Y�[7J2011 áâC�� 10 ��!"������vw��0/� �!"D

íîW��� &xQ 1yJ 



Q 1W!"����!"D{|� 2011áâC��C�L 

í�!"�C ²� ��!"D vw��� 

!"D 

íîW 

�) 

�ån]
�-16 

+$î 

��� 
Claudin-16 

x�Gy 
37kb�+$ IA pÕ 

Ú�¢]�R*+ 

+$î 

��� 
MCSU 

x�Gy 
3,�+$ IA pÕ 

Chediak-Higashi 

î¡� 
��� CHS-1 1,�ø- IA pÕ 

�ån]
�-16 

+$î��ä 2 

��� Claudin-16 56kb�+$ IA pÕ 

./wqi� 

01�2î 

���� 
LIMBIN 

x�Gy 

1,�ø- 

1/0 2,�ø- 

IA pÕ 

3�4ûî 

�����

�� 
HSP70 11kb�+$ IA pÕ 

56qi*Ñî ��� WFDC1 1,�7} IA ����

m����î¡� 

x¸�y 

��� FBN1 

���	
�� 

��1����� 

IA ����

89:ûwðî ��� GFRA1 1,�ø- IA ;<É

1ED�=>î¡� ��� IARS 1,�ø- IA ;<É

 

xÆyèé!"��
�{| 

� ���e@Ï��������4� 6?SC��D�$%¼�¢ 15%�Ë SeA�	

p#~$ó�@A�[~%JD�ÔB�e³7!"#Ã��{|67&L�2009 áâ/0�

4� 3C,F�ÔB &qö´�4D���ä��ØG S[&J?+C������D�

=>î¡����ä�� 163 ��e@Ï�ÔBD��DE 490 ��ä��ØG &JC&�

��������D�$%�s S�76,000îF]n�� 4,040��DE��ä��ØG 

&JîFÉ�õö��D�=>î¡��ï�GH�~©Y�0+����e@Ï����

����D�$%¼X���l��s��@7I%YJL0+&J 

 

xÆyÒ�W89:ûwðîxKLôU��#$`ay 

� �����0+789:ûwðîxFMA:Forelimb-girdle Muscular Anomalyy�{|

�)�&JM\U[N8Ã%�;x3���s��PQy�Ü67 26���î��GL�258

��m��å�ì£�¯mnon��%S�î��s:��÷6&�?Ñ�èé� 26ÝÞß

��ìå��ý�I7mnon�Y�î�xÜ�:z S%7?�YZ/�&JK?��?

�uv�*0�mnon�O� Ùäå��ä��P &á4�2007áâC�� FMA¡R

uv� 3MbC�Q�&Y�RS� Sõö�¡R!"DY�%67xMasoudi et al., Animal 



Genetics, 2008yJK?�123énd��n��%S�U[N8Ã%sê�I7 FMA��

�����ð��]^_�TU�?�uv� DNA.c�{�67?��ãL�2009áâ�

FMAuv� DNA.c{��VW &J 

� �������)Xuv��T 6,194�,�ø-Y�% �K�8Y� 4��)Xuv�

�%67"�#!"D�"��st S%7?�YZ� &JK?��?+0�vw�r%

S��î���������ð������n����)�&á4�¿[�,�ø-�8Y�

GFRA1!"D�,�ø-��9\��������*+õ��î��e@Ï������

w#�I�&JGFRA1 !"D�		]^�iO�D�I7���]^_�		iO�D

xGDNFy�p`�!"D�IA�		]^�iO�a°�1Ã~bc�4&6?�Yd0

+S%7J$�*+&,�ø-� 144Ý��®=��Ve®=��/�7��æ��vw�

IA��!"D�"��ô[~fg�t�7vw�I7�«�0+&J?�,�ø-�¡h

*+MwoI��%& PCR-RFLPW�@Aíî�[7J 
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CW-1 FJX_PLAPROTRI 28.4 4.1E-14 75.4 

CW-2 NCAPG c.1326T>G 35.2 5.4E-12 20.0 

CW-3 SNP5xGene3y 46.3 7.9E-17 9.3 
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4 

�Q�!1Å¥> 1��L� � 1�?@AD 1�à÷� ) 2�£¾È<D 2�EF+9 1�5�6

7 2��� �4 1
 

ßÜ!1ij!�5`�2�¶Ú±ÝÞ!"` 

Ã�!��#�Setoguchi0�P� &0ð12 QTL�I7 CW-2���!����s�

�U[N8Ã%�;�e%Sf0ð12~©�E�i¨�ä£��»4Y��*+&?��

°á��UÍ�P�� &JCW-2�0ð12ïån���H�E��å¬-.#¬�d

8?�YP�*+S%7?�/0�-.-/ï-.3¯�T67m���»4�x67eK

+YI7JK?�ÏZ�!F�9\G¬�TU��CW-2�E��T67ä£��»4��

J67�#��CW-2�ån����]n��¦6-.�H�-.-/�q´����I7�

?M �ö�I0*�ö�ÎÏån��F-.��iº�fg�÷6&J 

�\W�������xîï�461�y� DNA��ä���%&JCW-2�¸¹!"DE

Z���NCAPG c.1326T>G���67 PCR-RFLPW�þù &J 

�á4�NCAPG3!"DE��ö��GGE!14�x3.2%y�GTE!190�x42.9%y�

TTE!239�x53.9%y�I�&x!"DÛâ G���!0.25�T���!0.75yJNCAPG

!"DE�0ð�ùi¨�,���0ð12�ån���H�å¬-.#�e%S G���

�x�@AK�i¨YxÜ�¿Î &Jån����]n����ån���H�� G��

��@AY¿»4Y�0+&Y�®���]n��I7��ån��-.�H�?M �ö�

I0*�ö�*0�ån��F-.��i��fgY�0+~/�&J¿�á4/0�

NCAPG�0ð12�¿Î*L7Y�-.��iï-.-/�q´�fg�t�~%?�Y

�0/�~A�E���¹�x»~!"Dmnon�I7?�Y¦*+&J 
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o�!È�¦���0ðqr� NCAPG!"DõEYÎ�6fg 



�Q�!ÇNO9 1�\QRST 1�à÷� ) 2�É÷� X��Y*¶� 1�ö��� 1��WX

O 1�£¾È<D 2�Y*Z9�
 

ßÜ!1[VÄ`æ�`�2�¶Ú±ÝÞ!"`��n�ô�Ä 

Ã�!��#�Non-SMC Condensin I Complex,Subunit G�NCAPG�!"D�����

M\U[N8Ã%�;�@7 QTL{|���*+&0ð12 QTLxCW-2y�¡R!"D�

IA�^�Ì� 9�÷ø67 442Ý���Ìå�é���h°���ø-67 SNPY�0

ð12�gx��s67?�YP�*+S%7J / �È�¦���� NCAPG!"Dõ

E�s67P��@%JÈ�¦������¹�� NCAPG!"DEOP�x����P6

7&L�!"DÛâ�»4�÷¾ &J 

�\W�ª¿�[V!F� 2r��Ï/0 2005áe@Ï 2006á�� *+&�� S�

30oS²Ð�0ð12 300kg¿�I7 769��È�¦�������%&JNCAPG 

c.1326T>G!"DE��ª¿��]^_ DNA��%& PCR-RFLPW�@AZ� &J0

ðqr�!"DE�s:{|������g�� áe@Ï!"DE�ðö»4� �� 

S��#v2� &#aka|�@A)�&J 

�á4�!"DEÛâ� TTE 0.897x690�y�TGE 0.101x78�y�GGE 0.001x1�y

�I�&JGGE���� 1��I�&&LQEÂ�{|/0�� �TTE� TGE�r%

S�P &J0ð12xkgy��1,¡àÛÂ� TTE 410.2�TGE 420.7�IA�P<0.05

�xÜ�I�&JC&�ån���Hxcm
2y��1,¡àÛÂ� TTE 48.6�TGE 50.6

�IA�P<0.01�xÜ�I�&J�£�#*�å¬-.#�BMS���n�xÜÚ�JL

0+~/�&JGGE���]n�GH�{|Yþo�I7Y����,�9��fgYJ

L0+&�� NCAPG!"DE�È�¦���0ðqr��¹mnon� Sµ��[7�

ýZ+&J 
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o�!»¼#~�s��i�&L��!"DEZ�\W��P 

�Q�!ÏHIH 1��q�� 2�?HJ_ 1�È£ï\ 1�?1�T 4�à÷� ) 3�K¿� L

1
 

ßÜ!1Mµ ¶`�¶æ�2Mµ ¶`�3�¶Ú±ÝÞ!"`�4Mµ!�A�5&Ñß 

Ã�!��#�Mµ!��!"#���£%�s���þ��i67&L���p ��a(

�/0¡R�s��p ¢�ån���;� ���ån�����þù S%7JÏZ��

ån���!"DEZ��)8?��@A���{|�¡R�s��!"OP�ÒÖ67¶

·��P &J 

�\W��y�ð�-.�s:!"D�I7 SCD�FASN�SREBP� 3!"D�f¸¹E

�¡R�s�;��5l&JSCDe@Ï FASN!"D�¸¹ExSCD; AA,FASN;TW/TW, 

SREBP;LSy�§�/0	Ó©¢ �3!"D�f¸¹ExSCD;AA,FASN;TW/TW,SREBP; 

SSy�s ·���p �þù &Jp � 5È��]^Ô(W��/0]^ö��©� �



,©[��ån���;� &J9A��ån����;��=�n�� S�� �K�

®�v��fPLS!"DEZ����ä�� &JVyCL-16 type-1+$î��§�/0

� CL-16+$îÕ�5D�;��5l&J	Ó©¢��CL-16+$îÕ��s ·���p

  ����y�$ã�þù &J�y�Vy�Ö&��ä�� PVP}A PBS-�Ö× �

�Ø¤��f� 2-4μl©� &J$2� 0.05N-NaOH·�¬� �ÙÚ� 15aÛø��95°C

� 15a�¤ �Tris-HclxpH8.0y�É� &f�� DNAº�·� &J3!"DE�

KOD-FXxTOYOBOy� PCRE© &5Þ� 3%�¸ån�ÜÉÝÝ�@�SZ� &J 

�á4��y�� 11��ä���%�6]^�â��Z�*��8]^¿�Z�}��I

�&J¸¹EZ�� 4��©[ �2�Ypq �4 &JVy�� 8]^²Ð� 6��ä

���%�ÑSZ�}��I�&JÕ�Z���l©[ �1�Ypq �4 &J�y�Vy

�f�4��!"DEZ�á4�Â¶8íîá4�9Ó &J¿�á4��ån����

%&Â¶8íî�)8?�����{|�¡R�s��!"OP�ÒÖ�[�p �/0�

]^©��,©[¶·��%&»¼#~�s��iY}��I7��J�[&J 
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o�!�n]i¯�énd�é���@7èé� 8 ÝÞß�¿�0ð12 QTLxCW-3y�

tuvw�yz 

�Q�!£¾È<D 1�1w¥¦ 2�N=Ëx 2�É9y9 3�Y*<4 4�KA� z 5�={9
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ßÜ!1�¶Ú´ÝÞ!"`�2ôa!Ä¤`æ�3µÂ!�¶æ�4ÃÄ!5¶æ�5OÅ!ð

�æ�6Æ�!Ä `�5�7ÇÈ!�5 

Ã�!��#�?+C������s��M\U[N8Ã%�;��%& QTL {|�@�

S�7 ���s���� 8 ÝÞß�¿�0ð12 QTLxCW-3y��� �C&����

9\G¬��%&]^_<�=s:{|�e%Sf�$uv�0ð12��¶%s:���

 S%7J�`a���CW-3 �tuvw�$�67&L��n]i¯�énd�é���

)%�¡R�~7vw�yz &J 

�\W�á4�CW-3 QTL��� & 7���s���#�ÉÊ_��¸¹EÙäå��ä

�#x S%&&L�Ùäå��ä�"Ë�÷67?��@A�tuuv� 11Mb �h� 

&J?�uv���äh�n����xNimbleGeny�;i �Illumina GAIIx��%S�

CW-3�ìå�s� 3��¸¹E�Ú� 1��ñ¸¹E�Ú� 3���n]i¯�énd�

é���)�&xPaired-end run:2�40basesyJCASAVA1.7��%Sèé]^_�æ�¢�

UMD3.1 ��£����¯ �vw���)�&�?Ñ�CW-3 �tu¡R� S 1,434 �

� SNP� 112�� IndelYº�*+�8Y 15�� SNP����^�ø-�4Ì7f��

I�&J?+0�8Y 6�� SNP��CW-3�ìå�s� 7�66S��ìå�IA�K�

8Y 5�x3!"Dy��9\G¬x0ð12¿÷�¬÷�T 287�y�e%S0ð12�

¶%s:�¦ &xP<10
-6yJ &Y�S�?+0� CW-3 mnon� S���µ��[�



C&�tuvw�x�~¡R�I7�«�0+&J 
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o�!èé-.]^�e%S SYPL1� SLC16A12�Eï �à���AÒl�áb67J 

�Q�!3F� o 1�ÍL�s 2�Çr*+, 1�5�67 1
 

ßÜ!1�¶Ú±ÝÞ!"`�2ÐÑÄ ¶æ±�AÄ¶æ 

Ã�!��#�ûðF-.��H��l�67-.-/�����K�¸+&ðr�¶�s:

 S%7JÞ&Y��-.-/�sZ7 QTL�èéÞß� 4Ý�mi��� xYokouchi et 

al., Animal Genetics, 2009y�:z*à�mi����!"D�R{|�@AK�uv�÷ø

67 SYPL1xsynaptophysin-like protein 1y�x�~¡R!"D� S[&J��Q���

ß¾èé-.]^�;� SYPL1�-.-/�s:��¦6á4�P�67J 

�\W�n�ôà4@Aat*+&èéûðF-.8Õ�]^[Bovine intramuscular 

preadipocytexBIPycells]��%S�-.]^a°8�a°��e³7I%�÷6&Jèé

SYPL1 cDNA � pCAG vectorxNiwa et al., Gene, 1991y��^i�è���#.c

x585-603bpy� pSilencer vectorxAmbiony�}+&ä£��=�÷9 �� �R�^

i�è�þ��Ð�&J¯£���ç�é���� Lipofectamine 2000xPromegayC&

� Nucleofector 2xLonzay��%&J 

�á4�èéSYPL1����r�a°8e@Ïa°��BIP]^�]^4�Ü% S%&J

èé�Ó��ûðF-.�Ü% �·¸�ûð�Ó���0+~/�&Jèé�-.�i�

ß+ ���®n�@Aá0à�~���SYPL1 �à��AÒl�e³7»4�÷6&J

SYPL1 �� �R*L7�a° & BIP ]^�e³7à���AÒl�E� �^i�

è�*L7�KØ &Jæçè�Ð�&þ��BIP]^�à�¯£��én�n�SLC16A1

�Z� �SYPL1 ��RE��Tâ S SLC16A1 2YE� &JSYPL1 ��RE��@

ASLC16A1�RYE� �à��AÒlYE�7?��-.-/Yãb67�«�0+7J 
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o�!Cortactin binding protein 2 N-terminal-like�èépq¼�st67 

�Q�!5�¹_T 1�5�67 2
 

ßÜ!1���¹æ��n�2�¶Ú±ÝÞ!"` 

Ã�!��#�Çá�k���äk���!"�¹�@Aøù#�Y¿ &9\�pq¼�

¬YÁÂ�I7JK����&L�pq¼�st67!"D�$��5l&J 

�\W�á4�4,362��������§��r%S�pq¼��lY 42 %¬��� 192

�ÎÏ 51%¿��� 192��'( �èé 50K SNPhiä��%S{| &JK�á4�

pq¼�st67 SNP��� 3ÝÞß�� 2oß�� 5�13�18�28ÝÞß��K+ä+

1 oßõr�% &xP<1E-06yJ?�8Y�� 3 ÝÞß�æ�¯å��ý��% & SNP



� Cortactin binding protein 2 N-terminal-likexCTTNBP2NLy� 22bp¬Ù�÷ø �£

pq¼����� G��pq¼����� A�x67?�Yõ/�&JCTTNBP2NL�

ÑS�^�Ì��e%S®� SNP ��% ~/�&&L�1,531 ��èé�r%S G+22A

�EZ��)�&�?Ñ�G/G �àÛpq¼±�¥åÚ� 47.3±0.2%�G/A � 46.5±0.1%�

A/A � 45.5±0.2%�xÜ~ÚY�0+xP=2E-09y�K�òt¼� 3.5%�I�&JK?��

?� SNP�PQ.c� Luciferase vector�7} �K������ &�?Ñ�A�PQ

.c� G�PQ.c@A 2.2Ô��Y¶%?�Ya/�&xP=0.01yJCTTNBP2NL� PP2A

� catalytic subunit �á�67?�YP�*+S%7&L�CTTNBP2NL �� �R*L

&]^�e%S PP2A ����� &�?Ñ�xÜ����áb67?�Ya/�&

xP=3E-05yJPP2A� Connexin 43�æ���°�ç8?�Yd0+S%7JConnexin 43

� gap junction��i67èü�IA�gap junction�¢^�éê4]^,�Þr"Ëñº

»i��e%Sf1Ã~ë[�ç�S%7JCTTNBP2NL � Connexin 43�æ���°�

÷��� S�pq�fg�Î� S%7�/f +~%J 
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o�!�n]i¯�énd�é���@7èé� 14ÝÞß�¿�0ð12 QTLxCW-1y�

tuvw�$� 

�Q�!1£¾È<D�189:;�11234�2�¬���3�=� ï�15�67 

ßÜ!1�¶Ú±ÝÞ!"`�2´öµð�`�3ÐÑÄ ¶æ 

Ã�!��#�Þ&Y��8������U[N8Ã%�;��%& QTL{|�@�S�

�ö��;�� 14 ÝÞß�¿�0ð12 QTLx CW-1y��� �#É�

xidentical-by-descenty~0Ï�:z*à�mi����@�Stuuv� 1.1Mb�³L&J

K������9\G¬ 1,156���%& 50K SNP hiä�@7]^_<�=s:{|

��0ð12���f¶%s:�� 14ÝÞß�¿��%Ã &Y�?� SNPxP=1.03E-12y

��¿[�³L&tuuv@A¢ 1Mbæ�¯å��ý��% &&L�åâ{|�)%�t

uvw�$� &J 

�\W±á4��f¶%s:�¦ & SNP·¸�r%SÙäå��ä���:z*à�mi

����)%�8��� &uv��� &á4�CW-1 �)X SNP �PQ¢ 1Mb�u

v�û�*+&J?�uv�r%S�CW-1 �ìå�s� 3 ��ñ¸¹E�Ú� 1 ��¸¹

E�Ú�s� 3 ���%S�n]i¯�énd�é���)%��� &vw�8Y���

^�ø- SNP1���4Þ�,�.c�����£%uv��%67vw 8�xPhastCons

�ÂY 0.9 ¿y�r%S�0ð12��s:�÷6&JK�á4��fs:Y¶/�&�

��Karim 0xNature Genetics,2011yY�£ QTL �tuvw� S$� &

PLAG1-CHCHD7!"D,�vw�IA�?+YCW-1�tuvw�«�0+&J���

�¸¹EÙäå��ä��ì0��%&�������æ�næn� F1 �s��¸¹E�

ñ¸¹EÙäå��ä�Út���~�SeA����¸¹E����tuvw�lY9Ó



 S%&J 
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o�!���±§��pq¼�¬*L7!"#Ã��{� 
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ßÜ!1�¶Ú±ÝÞ!"`�2Kô�3ij�`�4´öµð�` 

Ã�!��#�pq¼��§��45»¼�fg�t�7Ä~Ã��I7Y�����e%

Sár¬67�Y�I7JK?���`a�����±§��pq¼�¬*L7!"

#Ã��yz�)�&J 

�\W�����§�¢ 1��� 45�C��pq[��ØG �pq¼¿÷�¬÷ 15%

�PC+7 439 �/0 DNA �º� �50K 	n������% SNP EZ��)�&��

s:{|� EMMAXäå�£_�)�&J 

�á4�� 2ÝÞß�� 2oßxÜ~ SNP��� &xP=1E-06�OR=1.9yJ2r� SNP

� 200kb � LD ¢åi��qi �LD ¢åi�F��Vr�!"DxCR4-1�CR4-2yY

�% &JK?��2r� SNP� LD�I7õE�yz &á4�CR4-1�m¶���ãõ

/0¹186bp � 3 ,�+$�¹162bp � SNP Y��*+&Jñ¸¹E�¸¹E�T S�¢

3.7%pq¼�¬*L7»4YIA�Ñ!"ak�yL7c��¢ 10%�I�&JK?��

CR4-1 ��ã®=�/0?+0 2 r�õE�PQ¹800bp ��én�nä£��=��lÒ

l�én�n{|�)�&á4�ñ¸¹EÙäå��ä�¸¹EÙäå��ä��6�¢ 0.85

Ô�én�n��Y/�&J?+0�á4/0�����e³7 CR4-1�äåÚn�n

uv�õEY�CR4-1 !"D��R2�¬�í[w? �pq¼�¬*L7�«�0+

&J 
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o�!���Ö×§��Ö×i¨�T67 GRIA1!"D�!"DE�»4 

�Q�!1?@AD�25�¹_T�3Çr*+,�11Å¥>�3à÷� )�1EF+9�35�

67�1�� �4! 

ßÜ!1ij�`�2���¹æ��n�3�¶Ú±ÝÞ!"` 

Ã�!��#�§��Ö×i¨�D�ï�k�45»¼�fg�t�71Ã~qrÃY�Çá

��pq¼�¬ïa	,��îOYP�*+�T�Yþo�~�S%7J5�0xPLoS 

ONE, 2010y����Å¢ö�fg67!"D� S������p`�xGRIA1y�$�

 �^�Ì� 7���*+& SNPxG62483696Ay�tu SNP�$� &JGRIA1�ïF

�		"ËÞrp`��»�r��Å¢ö�E�*L7 GRIA1 � G E��ðñò��Ú�

�542fE�*L7?�/0�Ö×���£LS%7}��Y«�0+&JK?��`a

���§��Ö×i¨9\��s:�÷6&J 



�\W�ij!F�Ö×Ä��ó¾*+S%7���Ö×§� 770��Ö×i¨�M·�

ØG �DNA�º� S��¸nW�@7énd�é���!"DE�Z� &J 

�á4�GRIA1�!"DEÛâ� AAE 0.097�GAE 0.506�GGE 0.396Ã�&J�5S

�xAAE>GGE�P<0.01y�àÛa	,�xAAE>GGE�P<0.05y�D�45�öxGG

E>GAE�P<0.001y�!"DE,�ÚYJL0+&JGGE� AAE��6�5S�� 1.0

oSÁ��àÛa	,�� 13È¦��D�45�ö� 0.15�a£/�&J¿@A�%�

r/�Ö×qr� GRIA1�!"DE�s:YI7}��Y¦*+&J 
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o�!���]^_�énd�é��]n�/0º� &��^�ñ$�ø-� l 

�Q�!1234�à÷)�£¾È<D�5�67 

ßÜ!�¶Ú±ÝÞ!"` 

Ã�!��#��r���� 52��]^_ DNA/0�¢ 1,708ô,�x¢ 60Ô]^_2y

��énd�é��]n��Ö�èé]^_.c�miä67?�� 459 ��� SNP ¡R

�Ö&xà÷0�È��5UÍ� 114ZôÍyJ?�8Y��^�ñ$�ø-�d8f��r

%S� lÌ�¯èç��@A����r�"��t�7�næ�äc#� l �	p

qrñ� QTLvwe@Ïõ%#~!"����vw�¡R�Ö7?��5l&J 

�\W�UMD3.1¿�miä*+&èé RefSeq���^�®n=uv��%67 SNP�8

Yñ$�ø-� PolyPhen-2 �@A l �����r�"��t�7�næ�}���

a� &J 

�á4�RefSeq17,960 §�8Y�]^_¿�,�O� RefSeq ��^�O��ö÷YI7

2,035§��%&uA15,925§���^�®n=uv��%67SNP�55,694��I�&J

K�8Yñ$�ø-� 26,039�IA�øe®=�º�vw 306��øe®=�/0��^�

º�vw 58���%& 25,726�� PolyPhen-2� l &�?Ñ��¹��19,760���

�næ�}��IA�2,375 ����næ�}��ô�2,142 �e@Ï� l*��1,449

��I�&J�næ�}��Y£%vw�9A�r%S��¸nW�@Avw��J�)

�&��K�á4�r%SP�67J 
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o�!�����0+7D�=>î¡��^�Ìn_{| 
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ßÜ!1�¶Ú±ÝÞ!"`�2ij!�5` 

Ã�!��#�4� 3?SF�D�ÔBïÄ�xD�$%y���F�ð���k���s

Z0õ�4Õ8%�Ûâ��4 �ô[~$ó�~�S%7JD�=>î¡�������

D�$%���¢ 20%�yL7�«�0+�!"#úzfàZ+S%7J�r��M\U[



N8Ã%�;��%S��Úx�mi����)%�D�=>î¡����uv�� 8Þß

���� &x� 12ZÝÞ!"��UÍyJÏZ�r��?�uv/0��vw�$�67

&L��^�Ìn_{|�5l&J 

�\W�èé�^�Ìn_{|�)8&L��174,377��^�Ì���n]i¯� &�

èé^�Ì���äh�n���xNimbleGeny�;i &J=>� 2�e@Ï�ð� 2�

�r%S�^�Ìn_énd�é���£�¢£�n�;i �Genome Analyzer IIxx�

���Ùy��%S�40bases�2� Paired-endénd�é���)�&J��*+&��

^�ø-vw�����"�º�fg��PolyPhen-2e@Ï SIFT��%Sm� &J 
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SHORT COMMUNICATION doi:10.1111/j.1365-2052.2011.02196.x

The SNP c.1326T>G in the non-SMC condensin I complex,
subunit G (NCAPG) gene encoding a p.Ile442Met variant is
associated with an increase in body frame size at puberty in cattle

K. Setoguchi*, T. Watanabe†, R. Weikard‡, E. Albrecht§, C. Kühn‡, A. Kinoshita*, Y. Sugimoto†

and A. Takasuga†

*Cattle Breeding Development Institute of Kagoshima Prefecture, Osumi, So, Kagoshima 899-8212, Japan. †Shirakawa Institute of Animal

Genetics, Japan Livestock Technology Association, Odakura, Nishigo, Fukushima 961-8061, Japan. ‡Research Unit Molecular Biology,

Leibniz Institute for Farm Animal Biology (FBN), 18196 Dummerstorf, Germany. §Research Unit Muscle Biology and Growth, Leibniz

Institute for Farm Animal Biology (FBN), 18196 Dummerstorf, Germany

Summary Recently, we had located a bovine carcass weight QTL, CW-2, to a 591-kb interval on BTA6

and have identified the SNP c.1326T>G in the NCAPG (non-SMC condensin I complex,

subunit G) gene that leads to the amino acid change p.Ile442Met in the NCAPG protein,

which is a candidate causative variation. Here, we examined the association of the

NCAPG:c.1326T>G locus with linear skeletal measurements of growth-associated traits

during adolescence, which is a period of intensive growth, using two historically and

geographically distant cattle populations: 792 Japanese Black steers and 161 F2 bulls of an

experimental cross from Charolais and German Holstein. In both populations, the SNP

NCAPG:c.1326T>G was associated with each component of body frame size: height, length

and width at puberty. The associations of CW-2 with height- and length-associated traits

were observed at an earlier growth period compared to the associations with thickness- and

width-associated traits, indicating that the primary effect of the CW-2 QTL may possibly be

exerted on skeletal growth. The significant associations of the NCAPG:c.1326T>G locus

with growth-associated skeletal measurements are similar to the effects of the syntenic

region on human chromosome 4 that are associated with adult height in humans, sup-

porting the hypothesis that CW-2 is analogous to the human locus and pointing to a

conserved growth-associated locus or chromosomal region present in both species.

Keywords body frame, carcass weight, growth, LCORL, NCAPG.

Carcass meat weight is an economically important trait in

livestock. QTL mapping studies have detected many loci for

carcass weight or growth-associated traits in livestock (e.g.

Cattle QTLdb, http://www.animalgenome.org/cgi-bin/

QTLdb/BT/index), while only a few SNPs causal for the loci

(quantitative trait nucleotides, QTNs) have been success-

fully identified. Those SNPs were within genes with well-

known functions in muscle cell growth across species, such

as myostatin (Clop et al. 2006) and IGF2 (Van Laere et al.

2003).

Recently, we located a QTL for body or carcass weight in

cattle, CW-2, to a 591-kb interval on bovine chromosome 6

(BTA6) and identified a variant in the NCAPG (non-SMC

condensin I complex, subunit G) gene, NCAPG:c.1326T>G,

which causes the amino acid change p.Ile442 as a candi-

date causative variation (Setoguchi et al. 2009). Additional

support for the relevance of the bovine NCAPG gene region

was obtained from a powerful whole-genome association

study in cattle, which reported a highly significant associ-

ation of a chromosomal haplotype comprising the NCAPG

gene on body weight at different time points (Snelling et al.

2010). Furthermore, in another population, significant QTL

for birth weight, body length at birth and total bone pro-

portion estimated after commercial carcass dissection was

detected in the same chromosomal region (Gutiérrez-Gil

et al. 2009). Finally, in a further cattle population, an

association of the mutation NCAPG:c.1326T>G with birth

weight and body weight (Eberlein et al. 2009; Weikard et al.

2010) added further evidence that the NCAPG:c.1326T>G

mutation may underpin the CW-2 QTL.
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Powerful genome-wide association studies (Gudbjartsson

et al. 2008; Weedon et al. 2008) have previously described

the association of the syntenic region on human chromo-

some 4 with adult human height. In those studies, SNPs in

the LCORL gene that comprise a linkage disequilibrium (LD)

block with SNPs located in the NCAPG gene were found to

be associated with adult height. Recent studies (Soranzo

et al. 2009; Sovio et al. 2009) showed associations of SNPs

located in this region with human trunk and hip axis

lengths and with peak height velocity in infancy. The

association analyses and QTL studies for body size-related

traits in different species unexpectedly pointed to a small

syntenic region as a novel growth-associated locus. How-

ever, it is not clear whether CW-2 in cattle is identical to the

human height-associated locus, because the traits that have

been examined in the two species were not the same, and

the associated LD blocks contain several genes in both

species (Weedon & Frayling 2008; Setoguchi et al. 2009).

Therefore, the aim of this study was to examine whether

NCAPG:c.1326T>G is associated with linear skeletal mea-

surements of growth-associated traits during adolescence in

cattle.

This association study was performed in two historically

and geographically distant cattle populations, Japanese Black

and an experimental cross from Charolais and German

Holstein. The Japanese Black population consisted of 792

steers was taken from a progeny testing programme (family

sizewas restricted to eight offspring steers per sire) at the Cattle

Breeding Development Institute of Kagoshima Prefecture from

1997 to 2007. All individuals were kept and traits were

recorded according to the official testing programme of the

Japan Wagyu Register Association (Oikawa et al. 2000).

The average age at start of progeny test was 271 (±12) days.

The steers were given ad libitum access to concentrate (TDN

73.0%, CP 12.0%), roughage (Timothy, Phleum pratense) and

water. Body weight, linear skeletal measurements (withers

height, body length, chest width, rump length and hip width)

and gains were taken every 8 weeks by the persons in charge

during the test period (364 days). Heritability estimates of

these traits were 0.45–0.66 (Table S1). The F2 resource pop-

ulation generated from the founder breeds Charolais and

German Holstein has been described previously (Kühn et al.

2002). The SNP NCAPG:c.1326T>G was not fixed in the

founder breeds, although the allele frequencies in Charolais

and German Holsteins differed substantially (Eberlein et al.

2009). After birth, calves were immediately taken from their

mothers and fed a milk replacer/hay/concentrate diet until

day 121, followed by a semi ad libitum feed ration of concen-

trates and chaffed hay with a hay to concentrate ratio of 1:3

and an energy content of 12.7 MJ ME/kg dry matter until

slaughter at 18 months of age. For this study, 161 F2 bulls

were measured for body length, chest width and withers

height at 6, 12 and 18 months of age.

Genomic DNA was extracted from blood or adipose tissue

according to standard protocols. Genotypes of the SNP

NCAPG:c.1326T>G in exon 9 of the NCAPG gene were

determined according to Setoguchi et al. (2009) and Eber-

lein et al. (2009). The G-allele increased carcass and birth

weight in the previous studies, and this corresponds to the Q

allele of CW-2.

Analyses were performed to evaluate whether locus

NCAPG:c.1326T>G was associated with the phenotypes by

applying the following models:

yi ¼ sd þ ai þ bi þ ds þ kigþ ui þ ei ð1Þ

and

yi ¼ sd þ kigþ ui þ ei ð2Þ

for the Japanese Black population (1) and the F2 resource

population of Charolais · German Holstein (2). Here, yi is

the phenotypic value of individual i, sd is the fixed effect of

the test year (Japanese Black) or slaughter year d (Charo-

lais · German Holstein), ai and bi are the fixed effects of the

individual i�s age (days) and the squared age, respectively,

and ds is the fixed effect of season s (summer or winter). ki is
an indicator variable, which is 1, 0 or )1 depending on the

genotype of individual i at locus NCAPG:c.1326T>G, g is the

additive allelic effect, ui is the random polygenic effect of

individual i and assumed to distribute N(0, A r2a ) where A is

the numerator relationship matrix and r2a is the additive

polygenic variance, and ei is the residual. The pedigree of

Japanese Black steers was traced back to 3 or 4 generations

and included 305 founder and 3540 non-founder animals.

The allele substitution effect was calculated as an estimate

of g. The proportion of variance explained by the genotype

at locus NCAPG:c.1326T>G was calculated as

R2 = (V0 ) V1)/V0, where V0 and V1 are estimated total

variance (residual variance + polygenic variance) without

and with the effect of the genotype at locus

NCAPG:c.1326T>G, respectively. For the time-course

analysis, the same model was used, but yi was the gain of

phenotypic values in the time interval, and age (days) was

used that of the endpoint of the time interval. These cal-

culations were performed using Qxpak (Perez-Enciso &

Misztal 2004).

The frequency of the allele NCAPG c.1326 G (NCAPG

442Met) was 0.40 in Japanese Black and 0.49 in the

Charolais · German Holstein cross population. In both

populations, the allele increasing carcass weight was also

associated with each component of the body frame, length,

width and height at the time point corresponding to puberty

in the respective populations (the middle of the test period at

approximately 15 months of age or 12 months of age,

respectively) (Tables 1 and S1). For withers height, a very

strong association was observed at the end of the test period,

and the effect explained by NCAPG:c.1326T>G amounted

to 15.1% and 26.5% of the phenotypic variance, respec-

tively (Table 1). A dominance effect was not observed for

any traits (P > 0.10), indicating that only additive effects of
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NCAPG:c.1326T>G for each trait were present. In agree-

ment with results from human studies, where the locus

affecting adult height was associated with trunk and hip

axis lengths (Soranzo et al. 2009), the bovine

NCAPG:c.1326T>G was significantly associated with the

corresponding skeletal measurements, body length and hip

width (Table 1), supporting the hypothesis that CW-2 may

be analogous to the human locus that is associated with

skeletal growth.

Time-courses for linear skeletal measurement gains and

allele substitution effects of NCAPG:c.1326T>G in the Jap-

anese Black population were largest at 0–8 weeks of the test

period for length (body and rump length) and height (hip

and withers height) measurements and gradually decreased

along the test period, while those for thickness (chest girth

and depth) and width (pin-bone width) peaked at the

interval 8–16 weeks of the test period (Fig. 1; Figure S1). In

humans, it is well known that there are two stages of fast

growth, at infancy and puberty: peak height velocity (PHV1

and 2) followed by peak weight velocity (PWV1 and 2)

(Tanner et al. 1966). In Japanese Black cattle, the largest

gains in length and height in the 0–8 weeks test period

corresponded to PHV2, and the peaks of gains in thickness

and width corresponded to PWV2, indicating that

NCAPG:c.1326T>G was associated with PHV2 and PWV2.

The latter was consistent with the time-course of average

daily gain and the change of the allele substitution effect of

the NCAPG:c.1326T>G locus described for the Japanese

Black and the Charolais · German Holstein populations

(Weikard et al. 2010). In the Charolais · German Holstein

cross population, the mutation NCAPG:c.1326T>G was

associated with birth weight (Eberlein et al. 2009), while an

association with average daily gain was not significant

during the period from birth to day 121 (P = 0.42) but

became highly significant during the period from day 183 to

day 273 (P = 3.4 · 10)6) (Weikard et al. 2010), indicating

that NCAPG:c.1326T>G was associated with both prenatal

growth and growth at puberty, corresponding to PWV1 and

PWV2, respectively. Our data from two historically and

geographically distant cattle populations support, (a) that

NCAPG:c.1326T>G is associated with skeletal measure-

ments in bovines similar to those in humans, (b) that the

associations are preferentially observed during puberty, and

(c) the hypothesis that the bovine CW-2 locus is analogous

to the human adult height-associated locus that has been

shown to be associated with PHV1 (Sovio et al. 2009).

In our study, we showed that NCAPG:c.1326T>G is

associated with body frame size, and we observed that

during adolescence, the associations with length- and

height-associated traits temporally preceded those with

thickness- and width-associated traits, suggesting that the

primary effect of CW-2 may be exerted on skeletal growth.
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Figure 1 Gain for three dimensions of linear skeletal measurements and allele substitution effects of NCAPG:c.1326T>G in the Japanese Black

population. Average gain ± standard deviation of linear skeletal measurements (a) and allele substitution effect (NCAPG:c.1326T>G) ± standard

error (b) were shown in each interval of the test period. ***P < 0.001; **P < 0.01; *P < 0.05.

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, 42, 650–655

Association of SNP in bovine NCAPG with body frame size 653



This hypothesis is supported by the results of Gutiérrez-Gil

et al. (2009), who found that the carcass-related QTL

detected in the CW-2-containing chromosomal region

showed the greatest significance levels for vertebral bone

weight and leg bone weight but not for lean weight. How-

ever, the possibility of there being two closely linked QTL,

one affecting skeletal growth and the other body weight

gain, cannot be excluded.

The NCAPG gene containing the candidate causative

variation underlying CW-2, NCAPG:c.1326T>G (NCAPG

p.Ile442Met) (Eberlein et al. 2009; Setoguchi et al. 2009),

encodes a protein of the mammalian condensin I complex,

which has an important function in the regulation of mitotic

cell division (Dej et al. 2004). Seipold et al. (2009) previously

reported that an NCAPG (previously referred to as CAP-G)

mutant predominantly affected highly proliferative progen-

itor cells of the zebrafish neural retina. Therefore, it can be

hypothesized that in intensively growing cattle, the amino

acid substitution in the bovine NGAPG protein might affect

cell division and proliferation of osteogenic mesenchymal

cells, as well as other proliferating cells. Using a combined

metabolomic and genetic approach in the Charolais · Ger-

man Holstein cross population, we found recently that

increased endogenous arginine plasma levels are associated

with the NCAPG:c.1326G allele, promoting proportional

growth during the period of puberty (Weikard et al. 2010),

thus conclusively linking the well-described growth-regu-

lating effects of arginine metabolism with the unknown

specific physiological function of NCAPG in mammalian

metabolism. Further studies are required to improve our

understanding of the genetic regulation of physiological

processes of mammalian growth involving NCAPG.

Acknowledgements

We appreciate the useful discussion with Dr. Shinji Sasaki

regarding mammalian growth. The work was partly sup-

ported by the Ministry of Agriculture, Forestry and Fishery,

Japan, and by the Japan Racing and Livestock Promotion

Foundation. We thank our colleagues at the FBN Dum-

merstorf that were involved in the generation and care of

the SEGFAM F2 resource population for their continuous

support of our work.

References

Clop A., Marcq F., Takeda H. et al. (2006) A mutation creating a

potential illegitimate microRNA target site in the myostatin gene

affects muscularity in sheep. Nature Genetics 38, 813–8.

Dej K.J., Ahn C. & Orr-Weaver T.L. (2004) Mutations in the Dro-

sophila condensin subunit dCAP-G: defining the role of condensin

for chromosome condensation in mitosis and gene expression in

interphase. Genetics 168, 895–906.

Eberlein A., Takasuga A., Setoguchi K., Pfuhl R., Flisikowski K.,

Fries R., Klopp N., Fürbass R., Weikard R. & Kühn C. (2009)
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Kühn C., Bellmann O., Voigt J., Wegner J., Guiard V. & Ender K.

(2002) An experimental approach for studying the genetic and

physiological background of nutrient transformation in cattle

with respect to nutrient secretion and accretion type. Archives

Animal Breeding 45, 317–30.

Oikawa T., Sanehira T., Sato K., Mizoguchi Y., Yamamoto H. &

Baba M. (2000) Genetic parameters for growth and carcass traits

of Japanese Black (Wagyu) cattle. Animal Science 71, 59–64.

Perez-Enciso M. & Misztal I. (2004) Qxpak: a versatile mixed model

application for genetical genomics and QTL analyses. Bioinfor-

matics 20, 2792–8.

Seipold S., Priller F.C., Goldsmith P., Harris W.A., Baier H. &

Abdelilah-Seyfried S., (2009) Non-SMC condensin I complex

proteins control chromosome segregation and survival of proli-

ferating cells in the zebrafish neural retina. BMC Developmental

Biology 9, 40.

Setoguchi K., Furuta M., Hirano T., Nagao T., Watanabe T.,

Sugimoto Y. & Takasuga A. (2009) Cross-breed comparisons

identified a critical 591 kb region for bovine carcass weight QTL

(CW-2) on chromosome 6 and the Ile-442-Met substitution in

NCAPG as a positional candidate. BMC Genetics 10, 43.

Snelling W.M., Allan M.F., Keele J.W., Kuehn L.A., McDaneld T.,

Smith T.P.L., Sonstegard T.S., Thallman R.M. & Bennett G.L.

(2010) Genome-wide association study of growth in crossbred

beef cattle. Journal of Animal Science 88, 837–48.

Soranzo N., Rivadeneira F., Chinappen-Horsley U. et al. (2009)

Meta-analysis of genome-wide scans for human adult stature

identifies novel loci and associations with measures of skeletal

frame size. PLoS Genetics 5, e1000445.

Sovio U., Bennett A.J., Millwood I.Y. et al. (2009) Genetic deter-

minants of height growth assessed longitudinally from infancy to

adulthood in the northern Finland birth cohort 1966. PLoS

Genetics 5, e1000409.

Tanner J.M., Whitehouse R.H. & Takaishi M. (1966) Standards

from birth to maturity for height, weight, height velocity, and

weight velocity: British children, 1965 Part II*. Archives of Disease

in Childhood 41, 613–35.

Van Laere A.S., Nguyen M., Braunschweig M. et al. (2003) A reg-

ulatory mutation in IGF2 causes a major QTL effect on muscle

growth in the pig. Nature 425, 832–6.

Weedon M.N. & Frayling T.M. (2008) Reaching new heights: in-

sights into the genetics of human stature. Trends in Genetics 24,

595–6.

Weedon M.N., Lango H., Lindgren C.M. et al.; Diabetes Genetics

Initiative, The Wellcome Trust Case Control Consortium; Johnson

T., Bergmann S., Beckmann J.S., Vollenweider P., Waterworth

D.M., Mooser V., Palmer C.N., Morris A.D. & Ouwehand W.H.,

Cambridge GEM Consortium; Caulfield M., Munroe P.B., Hat-

tersley A.T., McCarthy M.I. & Frayling T.M. (2008) Genome-wide

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, 42, 650–655

Setoguchi et al.654



association analysis identifies 20 loci that influence adult height.

Nature Genetics 40, 575–83.

Weikard R., Altmaier E., Suhre K., Weinberger K.M., Hammon

H.M., Albrecht E., Setoguchi K., Takasuga A. & Kuehn C. (2010)

Metabolomic profiles indicate distinct physiological pathways

affected by two loci with major divergent effect on Bos

taurus growth and lipid deposition. Physiological Genomics 42A,

79–88.

Supporting information

Additional supporting information may be found in the

online version of this article.

Figure S1 Gain of supplemental linear skeletal measure-

ments and allele substitution effects of NCAPG:c.1326T>G

in the Japanese Black population.

Table S1 Phenotypic data and estimated effects of

NCAPG:c.1326T>G on growth traits in the Japanese Black

population.

As a service to our authors and readers, this journal pro-

vides supporting information supplied by the authors. Such

materials are peer-reviewed and may be re-organized for

online delivery, but are not copy-edited or typeset. Technical

support issues arising from supporting information (other

than missing files) should be addressed to the authors.

� 2011 The Authors, Animal Genetics � 2011 Stichting International Foundation for Animal Genetics, 42, 650–655

Association of SNP in bovine NCAPG with body frame size 655



  

  

  Short communication: Enhanced clinical mastitis resistance 
in Holsteins with a FEZL p.Gly105(12_13) polymorphism 
  M. Sugimoto,* T.   Itoh ,† Y.   Gotoh ,‡ T. Kawahara,‡ H. Moriya,§ Y. Uchimura,§ and  Y. Sugimoto#1

   *National Livestock Breeding Center, Fukushima 961-8511, Japan 
   †Maebashi Institute of Animal Science, Gunma 371-0121, Japan 
   ‡Holstein Cattle Association of Japan, Hokkaido Branch, Hokkaido 001-8555, Japan 
   §Tokachi NOSAI, Hokkaido 080-2331, Japan 
   #Shirakawa Institute of Animal Genetics, Fukushima 961-8061, Japan 

  ABSTRACT

  Mastitis is a common infectious disease of the mam-
mary gland and a major problem in the dairy industry. 
We previously reported that forebrain embryonic zinc 
finger-like (FEZL) encoding a stretch of 12 glycines 
(p.Gly105[12]) instead of 13 glycines (p.Gly105[13]) 
is associated with a lower somatic cell score (SCS) in 
a family derived from Walkway Chief Mark. Here we 
report that the p.Gly105[12] allele is associated with a 
significantly decreased incidence of clinical mastitis in 
a large Holstein population. We genotyped the FEZL
polymorphism in 918 randomly collected Holstein 
sires, and investigated the effect of the polymorphism 
on the estimated breeding value (EBV) for SCS and 
milk, fat, solids-not-fat, and protein yield, and on the 
number of cattle with clinical mastitis among daugh-
ters derived from these sires. The average EBV for SCS 
among sires carrying the heterozygous p.Gly105[12] 
was significantly lower than that among sires carrying 
the homozygous p.Gly105[13], whereas we found no 
unfavorable effects of this polymorphism on EBV for 
milk, fat, solids-not-fat, and protein yield. The propor-
tion of cows with clinical mastitis derived from sires 
carrying heterozygous p.Gly105[12] was significantly 
lower than that of daughters derived from sires carrying 
the homozygous p.Gly105[13]. Thus, selection of sires 
carrying p.Gly105[12] could be beneficial in the dairy 
industry by reducing the incidence of mastitis. 
  Key words:    cattle ,  mastitis ,  forebrain embryonic zinc 
finger-like ,  somatic cell score 

  Short Communication 

  Mastitis is an inflammation of the mammary gland 
caused by bacteria such as Escherichia coli that gener-
ates large losses in the dairy industry due to reductions 

in milk quality and quantity and increased health costs. 
Recently, linkage analysis of granddaughters derived 
from Walkway Chief Mark with high and low SCS 
during their first lactation period revealed that high 
SCS cows have a forebrain embryonic zinc finger-like 
(FEZL) protein with a longer glycine stretch; that is, 
13 glycines (p.Gly105[13]) instead of 12 (p.Gly105[12]; 
Sugimoto et al., 2006). The FEZL protein is a transcrip-
tion factor containing C2H2-type zinc-finger domains 
and a glycine stretch (Matsuo-Takasaki et al., 2000). 
Treatment of bovine mammary epithelial cells with 
LPS induces FEZL expression followed by enhanced 
production of tumor necrosis factor-α and IL-8 through 
semaphorin 5A expression (Sugimoto et al., 2006). 
Because p.Gly105[12] promotes higher semaphorin 5A 
expression than p.Gly105[13], the high SCS might be 
due to an impaired immune response of cows carrying 
p.Gly105[13]. 

  The FEZL gene was mapped as influencing SCS in 
a large family derived from a specific sire, Walkway 
Chief Mark (Sugimoto et al., 2006); a strong genetic 
correlation exists between SCS and mastitis (Young et 
al., 1960; Emanuelson et al., 1988). The effects of the 
FEZL mutation on SCS and the incidence of mastitis, 
however, must be confirmed among randomly collected 
samples before genetic selection based on this gene can 
be implemented in the dairy industry. The aim of this 
study was to determine the effect of p.Gly105[12] on 
resistance to mastitis. 

  For genotyping of the FEZL p.Gly105(12_13) mu-
tation, 918 DNA samples were prepared from semen 
according to standard protocols, and the DNA concen-
tration was adjusted to 20 ng/μL. The PCR reaction 
was performed in a volume of 15 μL containing 20 
ng of genomic DNA, 1.67 mM MgCl2, 6.25 pmol of 
each primer [forward: 5�(FAM)-ACTCTGAGCTCTG-
GAAAAGCAG-3�; reverse: 5�-CACACGCCACAAGT-
TGGTTT-3�], 0.2 mM deoxynucleotides, and 0.375 U 
of Taq DNA polymerase (ABgene, Epsom, UK). The 
thermal cycling conditions were 1 cycle (94°C for 3 
min), 35 cycles (94°C for 1 min, 60°C for 1 min, 72°C 
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for 1 min), and 1 cycle (72°C for 10 min). Following 
PCR, alleles were resolved using an ABI 3700 sequencer 
(Applied Biosystems, Foster City, CA) and genotype 
data were captured using GeneMapper 4.0 (Applied 
Biosystems).

Genotyping of FEZL in 918 sires revealed that 97 
sires had a heterozygous p.Gly105[12] genotype and 
821 sires had a homozygous p.Gly105[13] genotype. 
The National Livestock Breeding Center (Fukushima, 
Japan) evaluated the EBV for SCS of 693 sires having 
more than 15 daughters among these 918 sires using a 
mixed model including a fixed regression:

y = HD + A + at + b × exp (−0.05t) + u + pe + e,

where y = SCS of first calving, HD = fixed effects of 
herd-test day, A = fixed effects of calving age groups, t 
= days in milk, a and b = coefficients of Wilmink’s 
curves, u = random effects of additive genetics (EBV) 

and u N u~ , ,0 2A�� �  pe = random effects of permanent 

environment, e = random residuals, and e N e~ , ,0 2A�� �  

where A is the numerator relationship matrix among 
animals. Heritability for SCS was 0.082. The average 
EBV for SCS of the heterozygous p.Gly105[12] sires (n 
= 59) was 2.47 ± 0.04, and the average EBV for SCS 
of the homozygous p.Gly105[13] sires (n = 634) was 
2.60 ± 0.01. Student’s t-test revealed a difference be-
tween these 2 groups (Table 1). These findings con-
firmed that the p.Gly105[12] allele decreases SCS, not 
only in the Walkway Chief Mark family, but also in 
other families in Japan.

To estimate the effect of FEZL on the EBV for milk, 
fat, SNF, and protein yields, we compared the average 
EBV of heterozygous p.Gly105[12] sires (n = 59) and 
homozygous p.Gly105[13] sires (n = 634). The National 
Livestock Breeding Center calculated the EBV of each 
sire for milk, fat, SNF, and protein yield based on a 
single-trait animal model and a BLUP procedure. The 
relative EBV for milk, fat, SNF, and protein yields of 
homozygous p.Gly105[13] sires were not different from 
those of heterozygous p.Gly105[12] sires (Table 1). 

These findings confirmed that the p.Gly105[12] allele 
does not have unfavorable effects on milk yield.

To determine the effect of FEZL on the incidence of 
mastitis, we compared the number of cows with mastitis 
among daughters derived from sires carrying heterozy-
gous p.Gly105[12] or homozygous p.Gly105[13] for each 
year of age. The Veterinary Clinical Center, Tokachi 
NOSAI (Hokkaido, Japan), recorded clinical mastitis 
in the Tokachi area of Hokkaido from 2003 to 2007. 
Cows diagnosed with mastitis and treated at least once 
per lactation by veterinarians were considered affected. 
The Holstein Cattle Association of Japan, Hokkaido 
Branch, sorted the cows according to their sires and 
age. They collected 132,210 mastitis records in 491,725 
lactation periods from 228,945 cows during these 5 yr 
in this area. A total of 41,431 records in 162,655 lacta-
tion periods were from daughters of the 918 genotyped 
sires.

In daughters younger than 3 yr old, 2,136 (18.9%) 
among 11,283 daughters derived from sires carry-
ing heterozygous p.Gly105[12] were affected, whereas 
12,691 (20.1%) among 63,165 daughters derived from 
sires carrying homozygous p.Gly105[13] were affected 
(Table 2). Fisher’s exact test (Agresti, 1992) indicated 
a difference (P = 0.004) between these 2 groups. Consis-
tent with several reports that the incidence of mastitis 
in cows increases with age (Braund and Schultz, 1963; 
Batra et al., 1977; Gonyon et al., 1982), the percentage 
of cows affected in both heterozygous p.Gly105[12] and 
homozygous p.Gly105[13] daughters increased with age. 
At almost every age, however, the proportion of affected 
heterozygous p.Gly105[12] daughters was significantly 
lower than that of affected homozygous p.Gly105[13] 
daughters (Table 2). These findings confirmed that 
FEZL affects the incidence of mastitis as well as SCS.

Escherichia coli is very common in the dairy cow en-
vironment, and the severity of mastitis caused by this 
bacterium is determined mainly by cow factors rather 
than by E. coli pathogenicity (Burvenich et al., 2003). 
Lipopolysaccharides from E. coli induced FEZL expres-
sion in bovine mammary epithelial cells (Sugimoto et 
al., 2006). To examine whether the FEZL genotype 
affects the incidence of E. coli-caused mastitis, we com-
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Table 1. The average ± SEM EBV for SCS, milk, fat, SNF, and protein yield of sires with heterozygous p.Gly105[12] compared with sires with 
homozygous p.Gly105[13] for the FEZL p.Gly105(12_13) mutation 

Sire genotype SCS
Milk,  
kg

Fat,  
kg

SNF,  
kg

Protein,  
kg

Heterozygous p.Gly105[12] 2.46 ± 0.04 43.3 ± 86.6 −0.44 ± 2.61 1.08 ± 6.81 −1.64 ± 2.28
Homozygous p.Gly105[13] 2.60 ± 0.01 83.5 ± 28.7 −1.59 ± 0.86 4.38 ± 2.30 −0.12 ± 0.78
P-value1 0.004 0.679 0.696 0.678 0.564

1Calculated by Student’s t-test.
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pared the number of cows affected by E. coli mastitis 
among daughters derived from sires carrying heterozy-
gous p.Gly105[12] or homozygous p.Gly105[13] at each 
year of age. As shown in Table 3, at almost every age, 
the proportion of cows with E. coli-caused mastitis was 
significantly lower among heterozygous p.Gly105[12] 
daughters than among homozygous p.Gly105[13] 
daughters.

To more closely observe the effect of FEZL on the in-
cidence of mastitis, we evaluated the EBV for mastitis 
using a threshold animal model:

y = A + M + hy + u + pe + e,

where y = liabilities to mastitis recorded as 0 (normal) 
or 1 (clinical), A = fixed effects of calving age group (24 
groups classified in the range from 18 to 95 mo of age), 
M = fixed effects of calving month (12 classes), hy = 
random effects of herd-year of calving (11,992 sub-
classes), u = random additive genetic effect (EBV) and 
u N u~ ( , ),0 2A�  pe = random effects of permanent envi-
ronment, and e = random residuals and e N~ ( , ),0 1  
where A is the numerator relationship matrix among 
animals. The programs we used were THRGIBBSF90 
to estimate variance components and CBLUP90THR 
to obtain animal EBV on the underlying scale (Misztal 
et al., 2002). The EBV of bulls and cows were con-
verted into percentage EBV. Heritability for clinical 
mastitis was 0.06. Among sires having more than 5 
daughters, the average percentage EBV for mastitis of 
the heterozygous p.Gly105[12] sires (n = 75) was 23.3 
± 0.57%. On the other hand, the average percentage 
EBV for mastitis of the homozygous p.Gly105[13] sires 
(n = 654) was 24.6 ± 0.25%. Student’s t-test revealed a 
difference between these 2 groups (P = 0.039; Table 4). 
The average percentage EBV for mastitis of daughters 
derived from sires carrying heterozygous p.Gly105[12] 
and homozygous p.Gly105[13] were 23.0 ± 0.04% (n = 
9,742) and 25.3 ± 0.03% (n = 56,985), respectively, 
which were significantly different (P < 0.01; Table 4). 
These findings confirmed that the p.Gly105[12] allele 
decreases clinical mastitis in terms of percentage EBV.

To confirm the robustness of our analysis, we also 
estimated the effect of the mutation in an animal model 
using daughter yield deviations of the sires (VanRaden 
and Wiggans, 1991). Among 1,429 sires related to Walk-
way Chief Mark, the average daughter yield deviations 
for mastitis of the heterozygous p.Gly105[12] sires, the 
homozygous p.Gly105[13] sires, and unknown sires were 
−0.000357, 0.007938, and 0.000443, respectively (Table 
5). Duncan’s multiple range test revealed a difference 
between the heterozygous p.Gly105[12] sires and the 
homozygous p.Gly105[13] sires (P < 0.05). This result 
indicated that the p.Gly105[12] genotype did have an 
effect to reduce mastitis incidence.

A survey of the FEZL p.Gly105(12_13) mutation 
in sires in Japan revealed that the p.Gly105[12] allele 
decreases both SCS and the incidence of mastitis. As 
suggested from cell-based studies (Sugimoto et al., 
2006), the p.Gly105[12] allele might enhance immune 
responses, making the cows resistant to mastitis. More-
over, we demonstrated that the p.Gly105[12] allele is 
neutral in terms of milk, fat, SNF, and protein yields. 
Considering the high health costs associated with mas-
titis, it might be beneficial to select cows based on their 
FEZL genotype.

ACKNOWLEDGMENTS

The authors thank T. Asano and T. Yamashita 
(both of Holstein Cattle Association of Japan, Hok-
kaido Branch, Hokkaido, Japan) for assistance. This 
work was supported by the Japan Racing and Livestock 
Promotion Foundation (Tokyo, Japan).

Journal of Dairy Science Vol. 94 No. 4, 2011

SUGIMOTO ET AL.2106

Table 4. The average EBV (%) for clinical mastitis of sires and of daughters from sires with heterozygous 
p.Gly105[12] or homozygous p.Gly105[13] 

Sire genotype

Sire based on daughter’s phenotype Daughter

Number
EBV  

± SEM Number
EBV  

± SEM

Heterozygous p.Gly105[12] 74 23.3 ± 0.57 9,742 23.0 ± 0.04
Homozygous p.Gly105[13] 654 24.6 ± 0.25 56,985 25.3 ± 0.03
P-value1 0.039 <0.01

1Calculated by Student’s t-test.

Table 5. The average daughter yield deviation (DYD) for mastitis 
of the heterozygous p.Gly105[12] sires, the homozygous p.Gly105[13] 
sires, and unknown sires 

Sire genotype Number DYD

Heterozygous p.Gly105[12] 70 −0.000357a

Unknown 996 0.000443a

Homozygous p.Gly105[13] 363 0.007938b

a,bValues within a column followed by different superscript letters are 
different according to Duncan’s multiple range test (P < 0.05).
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Summary Mutations in the gene encoding fibrillin-1 (FBN1), a component of the extracellular

microfibril, cause Marfan syndrome (MFS). Frequent observation of cattle with a normal

withers height, but lower body weight than age-matched normal cattle, was recently

reported among cattle sired by phenotypically normal Bull A, in Japanese Black cattle.

These cattle also showed other characteristic features similar to the clinical phenotype of

human MFS, such as a long phalanx proximalis, oval face and crystalline lens cloudiness.

We first screened a paternal half-sib family comprising 36 affected and 10 normal offspring

of Bull A using the BovineSNP50 BeadChip (illumina). Twenty-two microsatellite markers

mapped to a significant region on BTA10 were subsequently genotyped on the family. The

bovine Marfan syndrome-like disease (MFSL) was mapped onto BTA10. As FBN1 is located

in the significant region, FBN1 was sequenced in Bull A, and three affected and one normal

cattle. A G>A mutation at the intron64 splicing accepter site (c.8227-1G>A) was detected

in 31 of 36 affected animals (84.7%). The c.8227-1G>A polymorphism was not found in 20

normal offspring of Bull A or in 93 normal cattle unrelated to Bull A. The mutation caused a

1-base shift of the intron64 splicing accepter site to the 3¢ direction, and a 1-base deletion in

processed mRNA. This 1-base deletion creates a premature termination codon, and a 125-

amino acid shorter Fibrillin-1 protein is produced from the mutant mRNA. We therefore

conclude that the c.8227-1G>A mutation is causative for MFSL. Furthermore, it was

suggested that Bull A exhibited germline mosaicism for the mutation, and that the

frequency of the mutant sperm was 14.9%.

Keywords cattle, fibrillin-1, Marfan syndrome, mosaicism, splicing accepter site.

Introduction

To efficiently remove a hereditary defective phenotype from

a livestock population such as cattle, it is important to

control matings based on the results of established DNA

tests that detect a causative mutation for a disease. Human

Marfan syndrome (MFS) is a pleiotropic, autosomal domi-

nant disorder of the connective tissue with prominent

manifestations affecting the skeletal, ocular and cardiovas-

cular systems. Major clinical features are tall stature, thin

body, long limbs, arachnodactyly, joint laxity, myopia,

ectopia lentis, aortic dilatation and others. The severity and

appearance of affected humans varies considerably.

A diagnosis of MFS is made based on clinical signs in the

cardiovascular, skeletal and ocular systems, and results

from genetic tests. The incidence of classic MFS is about 2–3

per 10000 individuals, and 25% of cases arise from a new

mutation (Judge & Dietz 2005). Mutations in the gene

encoding fibrillin-1 (FBN1), a component of the extracel-

lular microfibril, cause MFS (Dietz et al. 1991). Mutations in

FBN1 are detected in 61–91% of the MFS cases, whereas

some cases of MFS are due to a mutation in TGFBR1 or

TGFBR2 (Akutsu et al. 2007). Bovine FBN1 is located on

BTA10 and contains at least 65 exons.

Several calves exhibiting symptoms similar to human

MFS have been found previously (Singleton et al. 2005).

These calves, sired by a phenotypically normal bull, had an

unusual curvature of the spine, severe joint laxity, long and

thin legs, aortic dilatation, mitral valve defects, myopia,

microspherophakia and ectopia lentis. Some of the affected

calves died at a young age due to rupture of the aorta and

pulmonary artery. These researchers identified a causative
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FBN1 mutation (c.3598G>A, p.E1200K) by sequencing

FBN1 cDNA from an affected calf.

Recently, cattle with growth retardation have been fre-

quently found among offspring sired by a bull (Bull A) in

Japanese Black cattle. These cattle showed normal withers

height but body weight was lower than 2r from normal

growth curves. Most of these cattle had a long phalanx

proximalis and they could not stand upright. Some cattle

showed other features, such as skinny, long and thin legs,

spine deformity, oval-face, crystalline lens cloudiness and a

pause between heart sounds. These clinical features

appearing in the skeletal, ocular and cardiovascular systems

are the cardinal ones of human MFS; therefore we consid-

ered the disease in cattle to be similar to MFS in humans.

Since specific anatomic or pathologic features to MFS in

humans were not detected in affected cattle, we called the

disease as Marfan syndrome-like (MFSL) disease. Although

human MFS is autosomal dominant disease, Bull A, which

is thought to be the carrier animal, is phenotypically nor-

mal. Furthermore, it was estimated that the frequency of the

disease in Bull A progeny was approximately 9%, which is

low for an autosomal dominant disease.

To determine the causative gene and establish a DNA test

for the disease, we examined genetic markers and sequences

of affected and normal cattle sired by Bull A.

Materials and methods

Animal samples

Bull A, 36 affected and 20 normal cattle sired by Bull A, and

94 normal cattle unrelated to Bull A were used for the anal-

ysis. Cattle in which withers height was normal or higher but

body weight was lower than 2r from the normal growth

curves, were designated as affected cattle. The growth curves

for sires, dams and fattened steer cattle of Japanese Blackwere

determined by the JapanWagyu Registry Association (http://

www.zwtk.or.jp/). Adult cattle sired by Bull A that were

healthy and normal in size were collected in the slaughter-

house along with normal cattle. Genomic DNAwas extracted

from blood and adipose tissues of affected and normal cattle,

and the blood and semen of Bull A according to standard

protocols. The DNA concentrationwas adjusted to 100 ng/ll
for the BovineSNP50 BeadChip assay, and to 20 ng/ll for the
microsatellite marker genotyping.

Genotyping

For genotyping with BovineSNP50 BeadChip (illumina),

genomic DNA was verified as being unfragmented using

agarose gel electrophoresis, and 400 ng of DNA was used

for the assay.

For genotyping of 22 microsatellite markers covering the

significant region on BTA10 and for which Bull A was

heterozygous, the PCR conditions were optimized as previ-

ously described (Kappes et al. 1997; Ihara et al. 2004).

Genotyping was performed using PCR with a fluorescence-

labelled reverse primer, followed by electrophoresis with an

ABI 3730 DNA analyzer, as previously described (Hirano

et al. 1996), followed by analysis using GENEMAPPER software

(Applied Biosystems).

Statistical analysis

The sire�s haplotypes were reconstructed using the interval

mapping method for half-sib families (Haley et al. 1994;

Seaton et al. 2002). A SNP marker linkage map was built,

with 1 Mb considered to be equivalent to 1 cM. To test the

hypothesis that a chromosomal location was related with

the disease status, we used the following logistic regression

model (Xu & Atchley 1996):

yi ¼ eaþbxi

1þ eaþbxi

where yi is disease status (0 or 1) and xi is the probability

that the ith offspring inherited the sire�s first haplotype at a

given chromosomal location. Parameters a and b were

estimated at each location. The log likelihood of the alter-

native hypothesis and null hypothesis that b = 0 are

L1 ¼
Xn

i¼1

yi logðp1iÞ þ
Xn

i¼1

ð1� yiÞ logð1� p1iÞ

and L0 ¼
Xn

i¼1

yi logðp0iÞ þ
Xn

i¼1

ð1� yiÞ logð1� p0iÞ;

respectively, where p1i ¼ eâþb̂xi

1þeâþb̂xi
and p0i ¼ eâ

1þeâ
:

The test statistic LRT = )2 (L0 ) L1). To determine the

thresholds of the LRT statistics for chromosome-wise and

experiment-wise significance, 10 000 random permutations

of the phenotypic data were performed (Churchill & Doerge

1994). The disease locus location with 95% confidence

intervals was estimated by the bootstrap method (Visscher

et al. 1996).

Determination of FBN1 mutation

To sequence all 65 exons of FBN1, primers flanking the

exons were designed for each intronic region (Table S1).

PCR was performed using genomic DNA of Bull A, and three

affected and one normal cattle. Two of the three affected

animals had a risk haplotype from Bull A, and the

remaining one did not have the risk haplotype. Amplified

products were sequenced using the Big Dye terminator kit

and ABI3730 DNA analyzer (Applied Biosystems).

The cDNA synthesis

Total RNA was extracted from the skeletal muscle of one

affected animal according to standard methods using Trizol

reagent (Invitrogen). The cDNA was synthesized by priming
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random hexamers. The fragment harbouring the exon 64–

65 boundary was amplified with a forward primer, 5¢-GC
ACTGTGTTTCTGGAATGG-3¢, and a reverse primer, 5¢-GC
ACGTTCCTGTACGTCTGC-3¢.

Mutation detection and estimation for ratio of sperm
harbouring the mutation

To detect the c.8227-1G>A mutation, a forward primer was

designed in intron 64 and a reverse primer was designed in

exon 65 (F: 5¢-ATTTGAGTGAGACTTGAGTCAC-3¢ and R:

5¢-TCACATTGGCTTCTATCTCAGGTT-3¢, PCR product;

112-bp). Genomic DNA extracted from the semen of Bull A

was amplified by PCR with these primers. Amplified prod-

ucts were cloned into pGEM-T Easy vector (Promega). The

clones were amplified with PCR with M13–20 and M13

reverse primers, and PCR products were sequenced with

M13–20 and M13 reverse primer. The ratio of sperm har-

bouring the mutation in Bull A was estimated from the

frequency of clones harbouring the mutant fragment.

PCR–RFLP assays for mutation detection were performed

by ScrF1 digestion of PCR products using the primers

described above, followed by agarose gel electrophoresis.

When they were digested with ScrF1, normal PCR products

produced the 82-bp and 30-bp digested fragments, while

mutant products produced only the 112-bp uncut fragment.

Results and discussion

Mapping

Abnormal progenies of Bull A had normal or higher withers

heights, but body weights were lower than age-matched

normal cattle, and their trunk width was noticeably nar-

rower. Another characteristic feature was that most of these

cattle had long phalanx proximalis and their hooves did not

stand upright (Fig. 1). These features were similar to tall

and thin body and arachnodactyly of human MFS. Other

features, such as long and thin legs, spine deformity, oval

faces, crystalline lens cloudiness and a pause between heart

sounds were showed as minor phenotypes. These clinical

features appeared in the skeletal, ocular and cardiovascular

systems, which are the cardinal features of human MFS.

However, no specific anatomic or pathological features were

detected in affected cattle.

To perform a linkage analysis, we collected 36 affected

cattle and 10 normal cattle all sired by Bull A. The paternal

half-sib family, comprising 46 cattle, was genotyped with

the BovineSNP50 BeadChip. Of 13 252 SNPs for which Bull

A was heterozygous and an autosomal position was deter-

mined, 1179 were selected at almost equal intervals.

A region on BTA 10 (61–88 Mb) was associated with af-

fected status at a 1% chromosome-wise significance level.

To further confirm the region, 22 informative microsatellite

markers in the region from 48 to 94 Mb were genotyped.

The LRT value increased at the same region (60–71 Mb; 1%

chromosome-wise significance) with the additional genetic

markers. Three of 36 affected animals did not have a risk

haplotype in the mapped region, and three of 10 normal

cattle had the risk haplotype. Thirty-three affected cattle

with the risk-haplotype were not homozygous. These find-

ings suggest that the bovine MFSL is a dominant disease,

similar to the human MFS, although Bull A was not af-

fected. FBN1, a causative gene for human MFS, was located

in the mapped region (Fig. 2).

Identification of an FBN1 mutation at the splicing
acceptor site

Bovine FBN1 encodes 2871 amino acids and contains at

least 65 exons. To identify a causative FBN1 mutation,

primers flanking the exons were designed for all the intron

regions, and direct sequencing was performed for Bull A as

well as for three affected and one normal animals. Two of

(a) (b)

Figure 1 Affected cattle show normal withers height, but have body weights lower than age-matched normal cattle. (a) An affected animal showed

long phalanx proximalis (2-day-old). The body weight was 15 kg (age-matched normal average; 30 kg). (b) Another affected animal with a

noticeably narrow trunk width. The weight was 287 kg at 315 days old (age-matched normal; 341 kg). The withers height and chest girth were 132

and 175 cm at 448 days old (age-matched normal; 126.9 and 183.4 cm, respectively).
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three affected animals had the risk haplotype from Bull A,

and one affected did not have the risk-haplotype (60–

71 Mb). Any FBN1 mutation associated with the affected

status was not detected from the affected cattle without the

risk-haplotype. A G>A mutation at the splicing acceptor

site of intron 64 (c.8227-1G>A) was detected in the af-

fected cattle with the risk haplotype, but not in Bull A

(Fig. 3a), suggesting that Bull A exhibited germline

mosaicism for the mutation. Sequencing of the cDNA

fragment harbouring the exon 64–65 boundary from

the affected cattle indicated that the mutation resulted in

the splicing acceptor site shifting 1-bp to the 3¢ end of the

gene, causing a deletion of G at nt8227 of the coding

sequence in mutant transcripts. The deletion of G in

transcripts causes a frameshift, creating a premature ter-

mination codon five codons from the mutated codon

(p.Asp2743IlefsX5), thus decreasing the protein length by

125 amino acids (Fig. 3a,b).

The mutation is located on the post-furin cleavage site

sequence of the C-terminal domain (Fig. 4). It is thought

that head-to-tail alignment and lateral alignment of

Fibrillin-1 molecules are critical for microfibril assembly.

The post-furin cleavage site sequence interacts strongly

with the N-terminus encoded by exons 1–8, with itself,

and with the furin-processed C-terminus region encoded

by exons 57–65 (Kielty et al. 2002; Marson et al. 2005).

The mutation may affect microfibril assembly. Many

FBN1 mutations are found in human MFS. Mutations

located in exons 24–32 are associated with the most

severe form of MFS, such as neonatal MFS, in which

survival beyond 24 months is rare, and severe MFS, in

which aortic surgery is required by the age of 16 years,

whereas mutations in exons 59–65 and premature ter-

mination codon mutations are associated with a mild

phenotype without aortic dilatation (Robinson et al.

2002). Human patients carrying a mutation at a position

similar to the mutation found in offspring of Bull A

(c.8236_8237delGA, p.Glu2746AspfsX12) are classified as

having mild MFS (Nijbroek et al. 1995). These findings

might explain why some affected cattle harbouring the

mutation in exon 29 died at a young age due to rupture

of the aorta and pulmonary artery (Singleton et al. 2005),

whereas the affected offspring of Bull A did not show

rupture of the aorta and pulmonary artery and showed

no specific anatomic or histopathological manifestation,

suggesting a milder phenotype.

To search for the mutation in affected and normal cattle,

we performed direct sequencing for the c.8227-1 mutation.

The c.8227-1G>A mutation was detected in 31 of 36

affected cattle (84.7%), and was not detected in all the 10

unaffected offspring analysed, despite including three nor-

mal animals with the risk-haplotype. The mutation was also

not detected in another 10 normal offspring of Bull A and

94 random cattle unrelated to Bull A that grew up without

signs of MFSL. The five affected animals without the

mutation included three affected animals without the risk-

haplotype. The remaining two affected animals did not have

any other FBN1 mutation associated with the affected sta-

tus, and this was confirmed by direct sequencing with

primers flanking the exons. We performed a linkage analysis

with these five affected and 10 normal cattle. Regions of

BTA8 (57–64 Mb) and 11 (12–25 Mb) were detected at the

5% chromosomal-wise significance level (data not shown),

indicating that there may be a causative mutation other

Figure 2 LRT-statistic profile for the disease on BTA 10. Horizontal line indicates the threshold for the 1% chromosome-wise significance level.

The dashed line indicates information content (right y-axis). SNP and microsatellite positions are indicated as filled and open triangles under the

x-axis, respectively. The inverted triangle indicates fibrillin-1 (FBN1) position. The filled boxes on the x-axis represent the 95% confidence interval.
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than in FBN1. Thus, the c.8227-1G>A mutation is the

causative mutation for the bovine MFSL.

The mutation (c.8227-1) was located in an ScrF1

restriction site, and the mutant allele was not digested by

ScrF1. Therefore, a DNA test for the mutation can be per-

formed easily by using the polymerase chain reaction–

restriction fragment length polymorphism (PCR–RFLP)

method (Fig. 3c).

Germline mosaicism

We evaluated whether the PCR–RFLPmethod can be applied

to a DNA test for the mutation (Fig. 3c) using Bull A, Cow B,

an affected and a normal cattle (offspring of Bull A and CowB)

and parents of Bull A (Bull B and Cow A). The mutant allele

was successfully detected in Bull A and the affected cattle by

the PCR–RFLP. The same results were detected by both

(a)

(b)

(c)

Figure 3 c.8227-1G>A (p.Asp2743IlefsX5) mutation. (a) Direct sequencing of genomic DNA from Bull A and normal and affected offspring, and

structure of the intron 64 and exon 65 boundary on normal and mutant alleles. Affected cattle were heterozygous for the mutation, and Bull A looked

normal. The splicing acceptor site was shifted 1-bp to the 3¢ side due to the G>A mutation. The arrow indicates the mutation position. (b) Direct

sequencing of cDNA from affected cattle, and translation of normal allele and mutant alleles. In cDNA, G-base deletion was detected at the exon

64–65 boundary due to a 1-bp shift of the splicing acceptor site. This deletion created the premature termination codon mutation. (c) DNA test using

the PCR–RFLP method. Normal and mutant alleles can be distinguished by ScrF1 digestion of PCR products. Presence of an undigested fragment

indicates a mutant allele, and digested fragments indicate normal alleles. Genotypes determined by the PCR–RFLP method were also determined

by direct sequencing. The same results were obtained in all individuals, except in Bull A, and the mutant allele of Bull A was correctly detected by

the PCR–RFLP. The mutant allele was not detected from Bull B and Cow A. Bull A was the offspring of Bull B and Cow A.
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methods, except in Bull A. Normal genotypes of homologous

G/G determined by direct sequencing corresponded to the

presence of digested bands, while the presence of an undi-

gested band was correlated with the mutant allele A in the

affected cattle, but not in Bull A. In Bull A, sperm and blood

had bands indicating a lower copy number of the mutant

allele than the normal allele, suggesting that Bull A exhibited

germline mosaicism for the mutation.

To estimate the percentage of sperm harboring the

mutation in Bull A, PCR products amplified from sperm

DNA were cloned, and the frequency of clones harbouring

the mutant fragment was examined. Of 222 clones, 33

(14.9%) had the mutant fragment. Thus, 14.9% of Bull A

sperm was estimated to harbour the mutation. Clones

harbouring the mutant fragment were not found in the

parents of Bull A (Table 1). Furthermore, mutant alleles

were not detected in these parent cattle using PCR–RFLP

(Fig. 3c). These findings suggest that the c.8227-1G>A

mutation is a sporadic mutation occurring in Bull A, indi-

cating that Bull A is a founder for MFSL. Offspring from Bull

A that exhibit the MFSL phenotype will transmit the mutant

allele, and normal offspring from Bull A do not carry the

mutant allele. Although most cases of MFSL can be diag-

nosed using the PCR–RFLP DNA test, it is impossible to

control all matings due to dominant inheritance.
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