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1. BACKGROUND, OBJECTIVES AND 

HYPOTHESES 
42�� �������� ���2���� ����� �	�������� ����	���� ����

�

��)������!� >I� ��� �2�� ���2��
������� �����2�	��� ����

���������� ���/���!� �"��	�2����� ��� ��',� �����'� 42�����2����

�����������	��������I������I�����2�������������!�����	����

/!� �	�������� �5�2����� ���� 5�2����,� ���*�'� "���	��� ��� �2��

��������� ��� �2�� ���/��� 
�
	������� ����� ����� ��� ��*�,� ���

�����������/��������������������������9�����������������H+I�

���� *7I,� ���
������!� �"��	�2����� ��� ��',� �����'� (	��

�2�������� ���2�$������������� �2�������!� ����� ��������2����

�������������	����������������������2���������
�����������

/!��2��������������������
��/����������������2�����$����������

����2��������������9����/���!'�

��� ���� ��� �2�� ����� ������������ 
��/������� ���� ���������

�������,�
��
����/�������� �����
��
�������
���	�����2�������

	����Q��2!�����������
!�	���J�����������
���	���
��
�������

������/�����!��������	������',�����R�G���/8��������',������'��

42�� 
�����!� ������� ��� �2��� ��	�!� $��� ��� ����������� �2��

�/����!����
���������
��
����/�����������������������������2��

�����������2��������������������!���$�'�42����������/8������

$��� ����)
����� �2������������
��
����/�����������
��
�������


���	������ ��� �2�� �	���� ���� �2�����9� 
���	������ ��� ����!�

������'��

42��2!
��2���������2�����	�!�$���=��
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2. GENERAL INTRODUCTION 
42����������������	�������������������$���������������'�A��

�2���������������,��2���	���������/�����������2��
��/�����������

�������� ���� ������	���� ��� �������'� ��� ��� ��������	���

��2�/������ ��� �2�� �	���,� �2�� /���������� �2�������������� ���


��
����/�������� ���� �2���� 
����/��� �������� ��� �2�� �	����

������������� ���� �
�������� ��� �2��� �������� ��� $���'� A�� �2��

������� �������,� �2�� 
�����
��� ��� �2�� ���2����������� /!�

���2������������2���	���������2���

����2��������������2��

�����������2�������������/!�����������������������	�������'�

A���2�������
���,���2�����2���	���������2��������	��������in 

vitro ����in vivo�������	�������'�42����/��������2��������	������

�)2�/��� ��� �����$� ��� �2�� 
���������� ��
������ ��� ���� ����

�2���/!�2��2���2���2����
�����9��$����������2��������'��

�

2.1 Probiotics 
����/������� ���� �� ��	���� ��� ���,� ���	����!� ���	������

�������������������������',�������$2��2�/����������!���������2��

2����� /!� ��
������ �2���� ����������������������/���� /�������

�E���������',������'����/�������������������������������������1����

�����/������� ���/!� �������*�'�

���
����/�������� �Propionibacterium� �

'�� ��� �� 9���� ����


��/������� ���� ��������� �������'� A�� �2�� �����$���� �2����

��������,��2���	���������/����,��2��/�����������2��������������



 

11 
 

���
��
����/�������,� ���� �2�� ��	�������� �2��
��
����/��������

��������������������	��������������	���������	��������!'�

�

2.1.1 Rumen microbiota and propionibacteria 
42���	���������������������������������������	�������,�����

�2��������������������������!���/����� ��������������'�3	����

�����/��������������������2���,�/�������,��	���,�
����Q�������


2����,� ���'� 42�� �	���� 2��/���� ����� �2��� ���� �
������ ���

/������������$����!������',����*�'�3	����/�����������������!�

F���1�������,��������!�������/���$��2��2���
������
:�>'*�S�

>'�������	���������������,����H�'��

���
����/�������� ��� �� 9���� ��� ���	������� ������/���

������/��������$2��2�
���	���
��
���������� ������� �2������


���	���� ��� �2��������/��� ������������� �F��Q���Q1F���������

��',����H�'�42�!��������$�����*�S�-��T0��G���/8��,������,�
:�

*'��S�7'*��0��
�������������',����*��������	���/��������������

�$�����	
���U��������������Q,����*��/!��2����2�/�����=�����!�


��
����/�������� ���� �	�����	�� 
��
����/�������'� ����!�


��
����/�����������$��
������!�����7�T0����+��T0�����
:�>'*�

���H'�'�42�!������2��
���������
��/��������������������U������

��������Q,����*�'�

���
����/�������� ��� ���� ��� �2�� �	���� ��������	��

��2�/�����������2��
�
	������������+�S���-�0 %�
�����������$���

�	��������������������,����7�,�$2��2�����	��������'-I����

�������	���������/�����QQ�Q������',������,�����-'+I�����	����
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�
��	����/������������������5����,���7�R�G!��������',����-��'�

F�������!,� �2���� ���� �$�� �
������ ��� 
��
����/�������� $2��2�

���	������2���	���=�Propionibacterium acidipropionici���>I��

����P.  jensenii��-I����������,����7�'����
����/������������

��2��������	�����
��2���	���U�����������',������'��

A���2���	���,�
��
����/����������	���
���	���
��
�������

������/�����!� � ��	��� �'��'� A�� �2�� ������ ���
,� 
!�	���,�

���2!������!10����������/������)����$����/�����/�)!������

��� �)���������� ����� �(���,� �����
������ /!� ������� ���1


���	��������2���������������!���'������$����,�(���������	����

��� �	�������,� �	����!�10��� ���� 
��
���!�10��� ����� �������

���� �	������'�  �����!,� �	�������� ��� ��������� ��� 
��
�������

�����	����!�10���/!�0�������������������2��V���1V��9����

�!�����������	������',�����R�F��Q���Q1F�����������',����H�'��

�

�

�

�

�

�

�

�

�

�

�



 

13 
 

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

 

Figure 2.1 ���2$�!�����
��
�������������������������/����������������'�

&:�=� �������� ��2!���������R� ���!W��=� 
��!
2��
2���R� ���=�


!��
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2��
2������
�������

���������� ��� ��	�����W>W�� ��� ��	�����W�,� >W���� ��� �2�$�� ���� �4��

�����������/!��2���������������������!���������������'������2����������������

��������� ��$�����
��
�������
���	�����,����� �2�	�2� �2�� ��������������
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���
����/�������� 
���	��� ���� ���!� 
��
������,� /	�� �����

������������2������������������������U��������������Q����*�'�

42������/������������������
��
����/������������2���	��������

����	������	������
:'�42���	������
:���������!������������

/!� �2�� ������ ���	������ ������������
��
������,� /���	��� �2��

����� ��� �	������ �������� ��� ��$� �3	������ ��� ��',� ���7�'�

���2����������������/���/�:�����������!�����2���	����$2���


:������$��G���D�����������',����>�,����������	�������������2��

�	������ �������� ����� ���� ����������� �������� ���2����

��������� �&���� ��� ��',� ���7�'�V���1V��9���� �!���� � ��	���

�'��� ��� �2�� ��8��� ���� ���������� 
��2$�!� ���� 
��
�������


���	������ /!� 
��
����/�������� �F��Q���Q1F������ ��� ��',�

���H�'�42����������!,��'*����������	���������
���	���	
����>'��

���� �4�� $��2� �$�� 
����/��� �4�� �!��2����� /!� ����	��

����������� ��	����'���������2���,���HH�'�
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Figure 2.2  42��
���������������/����
��
������������������02��������',�

�����'�

�

��2��2�
�
	����������
��
����/������������2���	�������2��

/�� 2��
�	�� ��� �2�� ��
�������� ��� �2�� �	���� �������������


����������J�������������2�������������2������������'�%�����

��$,� �2���� ���� ��	�� ��
����� ��� �2�� 
��
����/��������

���������������in vivo��G!��������',����-�R�G!��������',����-/R�

G!��������',����>R�5�!����2��������',���������������������2��

�������� �/	������,� ����������� ���� ������������ ��� �2��


��
����/������������2���	����/!���03'��
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2.1.2 Effects of propionibacteria on ruminants 
�����������2����������	����2�/�����������2���	���,��
�������

�������� ��� 
��
����/�������� ��	��� /�� 	����Q��� ��� �� 9���� ���


��/������� ��� ��������� �2�� �������� �/	������� ���


��
����/�������������2��
��
����������������2���	���'��

������� �������2���� 2��� ������������ �2�� ������� ��� �2��


��
����/������������2���	����������������,��������/����!�����


����������������	�������'�42����
����	����	�����2���/����


��������� in vitro� ���� in vivo� ���� �2�� �	���� �������������


���������������	�����Q������4�/����'��,��'����in vitro������

4�/�����'�/,��'�/,��'+��in vivo�'�����������2����
������2�$����2��

�����������Propionibacterium freudenreichii,�P. acidipropionici�

����P. jensenii ������������2��������'�(��!�����$���	�����in vitro�

���������/������ �����������!� �$����	����� in vitro� ����	������

������������������������������
��
����/����������������in vitro�

�4�/����'���'�:�$���,��2�����$��������������������	�����2��

�	���� ��	��� �����/���� �������$2��2� ���� ���� ����������!� �2���

����!� ��$�� ���� �2�������� �� ���������� ���
����� ��	��� /��

�)
�����'�:����,��2��/���2��	��	���in vitro�/!�	������2���	����

��	��� ����� ����!� ������� ��� ��������!� ��� ����� �2�� ��
�� ��� �2��

�������2�$��9��������!'�

���
����/����������!�����������2��
��
�������
���	������

����2���	����������������	������������������!�������
�������in 

vivo��4�/����'�/,��'�/������'+�'�F�	����������������2����8����	���

�	

����������	������������
��
������������������2������������


���	������ ���� ��	������������� �����9��!� ��� ��',� �����,�
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����	����������>��S�>HI�����2����������	������!��2���������2��

��������42��
���,������'�3	������
��
���������	������������

/�������	������������	�����A,�����	����������	����
���	������

���� �)������� ����/�����,� ���� ������	����!� 
�������

��!�������� ������ ������ ���� 
������� �!��2����,� $2��2� ��!�

��$��� �2�������������� ������ �������/���Q�/���
�������� ����

������2�������!������������������',����>�'����
���������	���/��

	����Q��� ��� �2�� ������� ����� �!���� ��� �2�� ����� ��� ����!�10���

�&�2����!�������',����7/�'��

�������������4�/����'��������'�/,��2������
������E���������',�

���-R�&	�������',�����R����QQ�2������',����+�������$����
�����

�F2��/���������',�����R�G!��������',����>�����	��������2���	����

�������������
�������������P. thoenii �������� in vitro����� in 

vivo,� ���
������!'� 4$�� ��	����� ���	���� ��� ���� �
������� P. 

thoenii� ������� ��*� in vitro� �E���� ��� ��',� ���-�� ���� in vivo�

�F2��/���� ��� ��',� ������ ���/���� ������,� ���
������!'� A��4�/���

�'�/,� G!��� ��� ��'� ����>�� ��
������ �2�� ������� ��� �2��

Propionibacterium thoenii� 4�*�� ��� ��A,� �	������ 
:� ����

�	��������������������2��������������in vivo'�A��4�/����'�/�����

4�/����'+,�����!�����$���	��������	��������2���������/����!�����

�2�� 
����������� ��� �2�� ������� /!� �2�� ��������������� ���


��
����/�������� in vivo,�2�$���,� �2���� ��������
��������2��

��������������� ��� Propionibacterium thoenii �������� in vivo�

	������������!'�

42�������,���� �����������������	�����������������2�������������

�2�� ��������������� ��� Propionibacterium thoenii 4�*�� ���
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2.2 Methane formation and measurement in 

ruminants 
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2.2.1 Enteric methane emissions 
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2.2.2 Mitigate the methane emission by 

propionibacteria 
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2.2.3 Methane measurement techniques 
42�� �������������� ��� ���2���� �������������� ��� �2�� ����

���
���� ��� ���������,� ���	����� ���� 
������� /!� �������

�����	�����������!������ ���2���	��'�42�������,� �2���2��������

����2���������
�����������	�������'�

�

2.2.3.1 Gas sampling technology 

General information 

A�� �2�� ������� in vitro,� �2�� �	���� ��	��� ����� �	�������� ���

������������ ��� ��� ���	/������ ���������� $��2� �2�� ������/���

2����
���,� $2��2� ��� �������!� ��� ������2�� ���� ������� /!� ��

�	//��� ���

��'� ������ �-� 2�	��� ��� ������� ����,� �2�� ����


����	�������2��2�����
�����������	���,������2���������
����

��������������/!�������	����������1���2���!�������������!������

�2�� ���� �2��	�2� �2�� �	//��� ���

��'� 42��� �2�� ���2����

�������������� ��� �2�� ���� ���
���� ��� ����!Q��� /!� ����

�2���������
2!� �F0�� ����QQ�2� ��� ��',� ���+R� ���QQ�2� ��� ��',�

���-�������2��������'��

42���� ���� ������� ���� ���
����� ���2���	��� in vivo'� 42��

��	�!�$2��2�����	�����������
������!�����������!��2��/���,�

�	�2����$2������������2��/���,�2����/�)���������������9�,�

$��������	����!�	����/�����������'�42���	�
2	��2�)���	������

�� >����������������2���	��$�����������������������/������
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	�������� ��$1���������� ���� �������2���� ��� �����������
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��������	������2�����2��������������/���������2��������$������

���� �2�����2���� �������������� ����������� /��$���� ��1� ����

�	����$���� ���� ��� �2�� �2��/��� �U2��� ��� ��',� �����'� 42��

�������������2������2�������2����������2������	�������	���

�2�������������2����
���	���������/��2��	��������2����	��

�������������$2��2�����������2���������������������������������
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����� �U2��� ��� ��',� �����'� 42�� ������������ ��� �2��� �2��

�	�/������������������	��������������������2�������/����!����
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�:	������',������'�:�$���,��2������������������2������!��2��

���2�����)2�����������2����	�2��������������	������������

/�� ���������,� /	�� ���� �2�� ���2���� ��������� ����� 2����	�'�

 	��2������,� �2�� /����2���� ���9� ��������� �2�� ������� ����

����9����/�2���������2����������:	������',������'�

Sulfur hexafluoride tracer method 

42���	��	��2�)���	�������� >������������2���	�������
�
	����

����� ��� ���� ���
����� ����� �	�������� ������ �����'� 42��

�������������2����2���������2������	�������	����2�����2����

�����������������������	�����!����������������2�����������������

��$� ����'� 42���� ���� �����������������'�  ����,� ��� ������� /��

	���� ���$���!� ���������� ������ �2��$���� ���� /��$� �$�!� �2��

�)2����� ���2���� ���� ����� ��� �����	����� ���	���'� ������,� ���

������� �������� �2�� ���2���� ��������� ����� �2�� 2����	�� ���

�	�������'��

A���2�����	�!,��2���	��	��2�)���	����������������2���	��$���

�
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��������������2���	���'�
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���'�42����2��

�)2���������������2����	�2������������������,�����	������	��	��
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2.2.3.2 The methane determination in the gas samples  

42�� �	������������� ��� ���2���� �������������� ��� ����
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3. SUMMARY OF PAPERS (I-III) 

3.1 Paper I 
Propionic acid bacteria enhance ruminal feed 

degradation and reduce methane production in vitro 

���2���� 
���	������ ��
�������� ��� �����!� ����� ���� �2��

�	���������������	�����+�S���I�����2���������������!�����9�'�

��� �� 9���� ��� 
��/������,� 
��
����/������� ��!� 2��� �2��


��������� ��� ��������� �2�� �������� ���2���� ��������� ����

��
���� �2�����9� 
���	������ ��� ����!� ������' A�� �2��� ��	�!,�
	����� �	���� ��	��� ����� #��$������ 3��� ����!� ��$�,� $��

��	��������!�
��
�����������/����������������������2�����/����!�

�����������2��
���	������������2����������� �2��������������!�

�����,������2���	�����������������������in vitro'�

42���!1���������������
��
�����������/������������������2���

���� 
��
����/��������� $���� ��������� ���� �2���� �������� ���

���2���� 
���	������ ���� �������� ����!� ����� ���������������

	����� in vitro� ����!�� ��� �	���� ��	��� ����� #��$������ ����!�

��$�� ���� �� ������ ������W������������ ��)�	��� ��� �	/������'�

#���� ��������$���� �	��2��� ����!Q��� ���� �������� ��� �	/�������

�����������'��

���
�����������/�������� ����������	����������	
������I����

���2���� 
���	�����'� ����� �������� ����	������ �������� ����!�

����� 
���	�����,� ���� ��� �2���� 
�������� in vitro� �	/�������

������������ ������� ��� ��������� ��� K� �'� ���'� ������ ���� �2��

���������������������2�������,�Propionibacterium thoenii�4�*��
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���	������ /!� ��I'� A�� ��������,� �2��

�������4�*����	�������������2����������	/�������������������

/!�7I����K��'��*������������������������!������
���	������/!�

��I����K��'��*�'��

A�������	����,��2���������4�*����!�/����
�������������������

��������� �2�� �������� ���2���� ��������� ���� ��
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3.2 Paper II 
Ruminal survival of Propionibacterium thoenii T159 in 

dairy cows at high feed intake 

���
����/����������	���
���	���
��
�������������/�����!�

����2���/�����

��������
��/������������	�������������
����

�2����
����������'����
����/����������������	������2�/���������

�2���	���������������
����	����
�����2����������������

�2���	���������	������2���
�����������	������
��
����/��������

������������	����$��2����-�2'��

A�� �2��� ��	�!,� Propionibacterium thoenii� 4�*�� �*� L� �����

0 %J2����L���!��$���������������������!�������2���	��������

��	�� #��$������ 3��� ��$�'� 4����� 
�
	������� ��� �2��


��
����/�������� ��� �2�� �	���� ��� �2���� ��$�� $����

�	/���������!� �����������	��������������� �2�� ����������$��2�

Propionibacterium thoenii�4�*��������������2��/��9���	��'��

A�� �����	����,� �2�� �������Propionibacterium thoenii� 4�*��

$����/������
��������������������������!������2���	�����������!�

��$�����2��2���!������������9���+'�I����/��!�$���2��'�
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3.3 Paper III 
Effect of Propionibacterium thoenii T159 on methane 

emission, ruminal characteristics, and milk production in 

dairy cows at high feed intake 

A�� �	�� 
����	�� ��	����,� $�� 2��� ��	��� �2�� �������

Propionibacterium thoenii� 4�*�� 
��������� �2�� ������������

��
�������� ��� �2�� �	������ 
��
������� 
���	������ ����

���2��������������� in vitro'� �����������!,� $�� ��
������ �2���

�2���������Propionibacterium thoenii�4�*��$����/������
�������

���� ��� ������ ���� ��!�� ��� �2�� �	���� in vivo'� :����,� ��� ���

$���2$2��������)�������2�������������������Propionibacterium 

thoenii�4�*���������������������2���	�����������!���$�in vivo'��

42���/8��������� �2��� ��	�!�$��� ��� ����� �2���������!���� �2��

������� Propionibacterium thoenii� 4�*�� ��� ��������� ��������

���2���� ���������,� ��� ��
���� �2�� 
����������� ���
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��$��������	���	������!�����	��������$�������2�������/�����

�������������������>�� =�-������������ =�����������������/�����'�

42�� ������� Propionibacterium thoenii� 4�*�� �7'*� L� �����

0 %J2����L���!��$����������������������2����$������)������
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4. GENERAL DISCUSSION 
There are four sections in this discussion. First, the effect of 

propionibacteria on the rumen fermentation parameters in the 

trials in vitro and in vivo is explained. Second, the effect of 

propionibacteria on dry matter intake, the ruminal methane 

production, methane emission intensity and their relationship in 

vitro and in vivo is illustrated. Third, the effect of propionibacteria 

on the digestibility in vitro and in vivo is elucidated. Fourth, the 

performance of the Norwegian Red cow in vivo is discussed. The 

four sections contain tables summarized the results of previous 

literature and this study.  
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4.1 Effects of propionibacteria on volatile 

fatty acids 
A�� �2��� ��	�!� in vitro,� �2���!1���� �������� ��� 
��
�������


���	�����/��������$�������������������/���2��	��	����02���

�����',�������'�A���2�����������������������������=��������������

����������	/�������M�>��=�-��,��2�������������4�*�,�&�F4�7+��

���� &�F4�7-��� ����	������ �2�� ������ 
��
������� ���


��
����������K��'�*������2��������������������!�������in vitro�

�02��� ��� ��',� ������'�  ��� 
��
����/�������� ��������

�&�F4�7-�,�&�F4�7>-,�47+,�477�����4�+����	�������	�����

�2��
���	���������������������������!����������K��'�*�'�

%�������$,��2����$�����$������	�������
�������2����������������

�2��
��
����/���������������������������2��
��������������������

����!� ������ ��� �2�� �	���� �4�/���-'���� in vitro'� ������ �2����

�����,����2����
������2�$��������������������
��
����������


��
����������K��'�*��in vitro'���������,��2�����������2�$���

���������������������
��
���������������������J���/	�!�����

��� K� �'�*�,� ����������� �2��� �2�� 
��
����/�������� ���2��

����	����� �	���� /�������� ��� 
���	��� ������� ��������������

�2��� ����������� �2�� ���������� ��� 
!�	���� ��� ��������

�%��������������',����*��in vitro'�(���2����2�������,�����2�Q����

��'� ����-�� ������������� �� ��������� ��������� 
��
������� ���

�������� /!� P. acidipropionici� ��>�� ��� K� �'�*�� $��2� �$��

�����������	/����������������=������������������M�����=������*��

=�*���in vitro'�0�������!,����QQ�2������'�����+,����-����
������



 

48 
 

���������������������� ���������
��
����������
��
����������K�

�'�*�� $��2��� �-� 2�	��� ��� /���2� �	��	��� in vitro� $��2� �$��

�����������	/����������������=�������������������M�����=��������=�

����,�/	�� �2��������
��
����������/	�!����� ���������� ����2��

������$��2� �2���	/�������������I�������'������������'� ����-��

��������2�Q������'�����-��
�������������������������2��������

����������������� �������������� ����!����������K��'�*�� in vitro'�

 	��2������,� ���2�� ��	����� in vitro� ��
������ �� ���������

��������=�
��
�������������/!�
��
����/�����������������������

�4�/��� -'���'� "!� ��������,� �2�� 
����	�� ��	����� in vivo�

�)2�/�������$���
����������	���������������2�� ��
��������

����2��
�����������������������!��������4�/���-'�/�'��
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4.2 Effects of propionibacteria on methane 

production 
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�Paper III���2�$����2�������������	����$��2���������������)���

����� � � =� 0� ������ M� >�� =� -��'� "��2� ���2���� 
���	������ ����

���2����!�������J��A���2�$������������������Z��'��������)
��

������������������Z��'��������)
���Paper III�'��2���

��	������'�

����H����
�������2����$�������2��
��
����/����������������>+�


������������������� �4�/���-'�/�� �������!����2���� ���������

��J��!�,� ���2���� !����� ��J��A,� �J(�A�� ���� ���2����

�����������������!���J9�����9�!�����'�#����2�����,��2���

��	�

�����'�����H����
�������2������2���������������������!���J9��

-I����1�������������9��/!��2�����/������������������������2��

���������>+�����Lactobacillus rhamnosus�+���2�$�����������

��������������� ��$������	��� ��'�*�K������'�������
�����$��2�

�2�������������	
�'�42�� �=�0��������**�=�-*������2������������2��

��	�!� ��� �2���

��	� ��� ��'� ����H�� $��� �������� ��� �2��� ��	�!�



 

62 
 

�Paper III� �>�� =� -��,� /	�� �2�� ������� �Propionibacterium 
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�	/������� ������������ /!� �2�� ��������������� ���
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������� ��� K� �'���� ��� �2�� ������� �*� ���������� ���	
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2�$���,� ���� ���� ��
���� ��!� ������������ ����������� /��$����

�2�� �������� ���	
� ���� �2�� 
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� in vitro'��
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4.4 Effects of propionibacteria on animal 

performance  
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����2��������������������
��
����/������������2��
�����������

��� ����!� ��$�� ���� �	�����Q��� ��� 4�/��� -'-,� � ����	����� �2���



 

76 
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ABSTRACT 27 

The objective of this study was to determine the efficacy of 28 

Propionibacterium thoenii T159 to mitigate enteric methane 29 

(CH4) emissions, to improve the performance of Norwegian Red 30 

cows at high feed intake in a three-week administration. Two 31 

consecutive experiments were conducted with five intact dairy 32 

cows (experiment 1, exp1) and four ruminally cannulated dairy 33 

cows (experiment 2, exp2) fed the same basal diet consisting of 34 

60% grass silage and 40% concentrate (dry matter basis). The 35 

cows in T159 group were living strain culture of T159 (8.5 × 1011 36 

colony forming units/head × day), and the control cows were fed 37 

dead strain culture of T159. The dead or living strain culture of 38 

T159 were administered daily before feeding directly into the 39 

rumen (exp1: oesophageal tubing, exp2: through the rumen 40 

cannula). No differences (P < 0.05) between treatments in milk 41 

production, dry matter intake (DMI), methane production (g/d), 42 

methane yield (g/ kg DMI) and methane emission intensity (g/kg 43 

ECM) were observed (exp1, exp2). Milk composition slightly 44 

differed between treatments in exp2 only, with the milk lactose 45 

and urea content being lower (P < 0.05) in T159 group. In 46 

addition, we assessed nutrient digestibility and rumen 47 

fermentation variables in ruminally cannulated cows (exp2). 48 

Compared with the control group fed dead strain culture of T159, 49 

the living strain culture of T159 showed no impact on the 50 

digestibility of organic matter (OM) and neutral detergent fiber 51 

(NDF). Moreover, no treatment effects were observed in most 52 
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rumen fermentation parameters in both experiments except 53 

butyrate. The strain T159 elevated the molar proportion of 54 

ruminal butyrate (9.73 vs. 9.63 % of total short-chain fatty acids, 55 

SCFA, P < 0.01). In conclusion, the mitigation potential deficient 56 

of T159 on enteric methane emissions from dairy cows at high 57 

feed intake might be attributed to their incapability to compete 58 

with methanogens for hydrogen and promote the propionate 59 

production in the rumen. The absence of the improvement on milk 60 

production may due to the failure of the propionate stimulation in 61 

the rumen by T159 in a short-term administration. In conclusion, 62 

the strain T159 was not able to present a significant impact on the 63 

mitigation of enteric methane emission, rumen fermentation and 64 

the performance in a short-term administration. Therefore, the 65 

long-term administration could be necessary to evaluate the effect 66 

of T159 in the future. 67 

Key words: Propionibacteria, dairy cow, milk production, 68 

methane, direct-fed microbials 69 

 70 

INTRODUCTION 71 

Enteric methane emissions from ruminants account for 17% 72 

of global methane emissions (Knapp et al., 2014), and 80% of the 73 

total methane emissions from livestock (Gill et al., 2010). 74 

Propionate synthesis and methane production was found to be 75 

inversely related in the trial in vitro (Russell et al., 1998). This is 76 

because propionate synthesis by propionibacteria (PB) requires 77 

electrons from hydrogen (H2) and this reduction process has a 78 
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lower ΔG0' compared to methanogenesis by archaea (Boadi et al., 79 

2004). Furthermore, ruminal propionate is absorbed by the rumen 80 

epithelium (Lehloenya et al., 2008a) and transferred by the blood 81 

to the liver to synthesize glucose through gluconeogenesis (Stein 82 

et al., 2006), thereby improving the energy status, the milk 83 

production, and milk lactose contents of early lactating cows 84 

(Stein et al., 2006). As one of the indigenous inhabitants of the 85 

rumen, propionibacteria are facultative anaerobic actinobacteria 86 

in a ruminal population of 103�104 colony-forming units (CFU) 87 

per milliliter rumen fluid (Davidson, 1998), accounting for 1.4% 88 

of the total microbial population (Oshio et al., 1987). Probiotics 89 

in ruminant nutrition could ideally reduce enteric methane 90 

emission and improve the performance of wildlife and domestic 91 

animals. Chen et al. (2020a) and Alazzeh et al. (2013) showed that 92 

the addition of Propionibacterium thoenii strain T159 93 

substantially reduced methane emissions per unit dry matter 94 

(DM) compared to control group (only SLB medium was added 95 

into the vial, with the same amount as the strain culture for 96 

treatment group), and to increase ruminal SCFA levels, 97 

propionate proportion and substrate degradation in the rumen 98 

fluid of the batch culture in vitro. However, Vyas et al. (2016) 99 

reported a failure of methane mitigation by the administration of 100 

T159 in beef cattle. Critically, there was no trial focused on the 101 

effect of T159 on feed digestibility and methane emissions in 102 

dairy cows until now. Recently, the strain T159 was observed to 103 

persist or stimulate the reproduction of indigenous 104 
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propionibacteria for at least 5 days in the rumen of dairy cows 105 

(Chen et al. 2020b). Therefore, we assume that the strain T159 106 

could be a promising direct-fed microbial to mitigate enteric 107 

methane emission and improve the productive performance of 108 

dairy cows at high feed intake. 109 

 110 

MATERIALS AND METHODS 111 

Experimental Design 112 

The experiment was authorized by the Norwegian Animal 113 

Research Authority. Two consecutive experiments with the same 114 

dietary treatments were conducted with lactating, multiparous 115 

Norwegian Red cows in the tied-stall metabolism unit belonging 116 

to the Faculty of Biosciences (BIOVIT) at NMBU. Experiment 1 117 

was a 2 treatments × 4 periods cyclic change-over design with 118 

five intact cows (Table 1). Experiment 2 was a 2 treatments × 3 119 

periods cyclical design with four rumen cannulated cows (Table 120 

1). All the cows were allocated to two treatment groups in each 121 

period of both experiments. Dietary treatments included: (1) 122 

Control (fed the dead strain culture of T159), (2) 123 

Propionibacterium thoenii T159 (fed the living strain culture of 124 

T159). Each period lasted for twenty-one days, including sixteen 125 

days adaptation phase and five days sampling phase in exp1, and 126 

twelve days adaptation phase and nine days sampling phase in 127 

exp2. 128 

Animals, Diet and Treatments 129 
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Five cows in their second lactation were recorded with an 130 

averaged (± SD) 58.2 ± 6.2 days in milk (DIM), a milk yield of 131 

28.4 ± 4.726 kg/d, and a body weight (BW) of 569 ± 22.4 kg 132 

before exp1 started. Before the start of exp2, four ruminally 133 

cannulated donor cows, in their second, third, fourth and fifth 134 

lactation respectively, were recorded with an averaged 38.5 ± 13.4 135 

DIM, a milk yield of 36.0 ± 3.50 kg/d, and a body weight of 646 136 

± 68.8 kg. The number of lactations of all the cows used in the 137 

trial are presented in Table 1. All the cows in exp2 were surgically 138 

fitted with a rumen cannula (ten centimeters in center diameter, 139 

Bar Diamond Inc., Parma, ID, USA) at the end of their first 140 

lactation. 141 

In the treatment groups of both experiments, all the cows 142 

were fed with the basal diet and the living strain culture of T159 143 

(8.5 × 1011 CFU/ head × day). The control cows were fed daily 144 

with the basal diet and the same amount of dead strain culture in 145 

both experiments. 146 

The diet contained (on a dry matter basis) 60% silage and 147 

40% concentrate. All the cows were offered three meals a day 148 

(0715, 1400 and 2200 h) in the trial. The dry matter content of the 149 

silage and concentrate was 32.8% and 92.3%, respectively. The 150 

grass silage was made from an organically grown first-cut mixed 151 

sward and harvest on the Frydenhaug from an organically grown 152 

meadow with a high clover content. The meadow was sown in the 153 

year 2010 and harvested for the first time in the year 2011. The 154 

grass silage was pressed into round bales. The ingredient 155 
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proportions and chemical composition of the silage and 156 

concentrate (Formel Basis 80, Felleskjøpet, Oslo) are presented 157 

in Table 2. All the cows had free access to water. 158 

In both experiments, from day 1 to day 4 of the adaptation 159 

phase in each period, the diet was provided ad libitum with at least 160 

10% leftovers. Feed residues were recorded daily at 0700 h. 161 

During the remaining days of the adaptation phase and in the 162 

sampling phase in each period, the diet offered was limited to 163 

correspond to 90% of the average intake to avoid residues and 164 

keep the ratio of silage : concentrate stable. 165 

The Preparation and the Administration of Strain T159 166 

The living strain culture of Propionibacterium thoenii T159 167 

for the cows in T159 group was prepared according to Chen et al. 168 

(2020b). The dead strain culture for control cows was prepared by 169 

the sterilization of the living strain culture with high-pressure 170 

steam at 121.3 °C for 30 min, and then cooled down to 30 °C. The 171 

living or dead strain culture were administered daily in both 172 

groups before afternoon feeding at 14.00 h. On day 1 of each 173 

period, all the cows in both groups were administered with an 174 

initial double dose of one Liter (living or dead) strain culture and 175 

from day 2 to day 21 in each period, the dose was 500 mL daily. 176 

The living or dead strain culture was administered via esophageal 177 

tubing in intact cows (exp1, took approximately one to two 178 

minutes per cow) and directly into the rumen through the cannula 179 

in cannulated cows (exp2). 180 

Collection of Data and Sampling 181 
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Gas Sample Collection 182 

In both experiments, the individual enteric methane emission 183 

was measured on days 17, 18, 19, 20 and 21 of each period by 184 

sulfur hexafluoride (SF6) tracer technique (Johnson et al., 1994). 185 

Fifteen days before the initial gas sampling, each cow was 186 

intraruminally dosed with a calibrated brass permeation tube of 187 

sulfur hexafluoride (mean ± SD, 2.53 ± 0.04 g; 12.5 × 40 mm) 188 

prepared by Agriculture and Agri-Food Canada (Semiarid Prairie 189 

Agricultural Research Centre, Saskatchewan, Canada). The 190 

predetermined average release rate of sulfur hexafluoride was 191 

3.69 ± 0.177 mg/d. Representative breath samples of each cow 192 

were collected in pre-evacuated yokes (fixed on the shelf above 193 

each cow) over 24 h by means of capillary tubing fitted to a halter 194 

of the donor cow. Background air samples were collected over 24 195 

h on the sampling days with two yokes and halter sets placed 196 

elsewhere in the barn to the height of the cow-head. Before 197 

collection, the yokes were washed twice with two bar (200 kPa) 198 

pure N2. After sample collection, all the yokes were pressurized 199 

by one bar (100 kPa) pure N2 and gas samples were collected after 200 

45 min by a gas tight syringe. Then the gas samples in the syringe 201 

were injected into evacuated glass vials (13 mL) for analysis 202 

within 48 h. The gas samples were collected in triplicate per yoke. 203 

Milk Yield Recording and Sampling 204 

Cows were milked daily at 0730 and 1900 h and milk yield 205 

was recorded by Tru-test Milk Meter (Tru-Test Distributors, Ltd, 206 

New Zealand) twice daily on days 17 to 21 in exp1 and on days 207 
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12 to 21 in exp2. The milk samples for analysis from morning and 208 

evening milking on day 19 and day 21 in exp1, and on day 13 and 209 

day 15 in exp2 were collected. Proportional amounts from 210 

individual morning and evening milking of each day were mixed 211 

thoroughly and 40 mL per day per cow was conserved with a 212 

tablet of Bronopol (8 mg; 2 – bromo – 2 – nitropropane – 1, 3 – 213 

diol; D & F Control Systems, Inc., USA). The milk yield in exp2 214 

was evaluated for days 12 to 16 only, because the subsequent 215 

feces and urine collection may have some effect on the milk yield. 216 

Feed Sample Collection 217 

Feed intake was recorded daily by weighing diets offered and 218 

refused (ort). In both experiments, diet samples were collected 219 

each day in week 2 and week 3 in each period. The silage samples 220 

were frozen at −20 °C and the concentrate samples were stored at 221 

room temperature. Samples were pooled per period and a 222 

subsample was dried at 60 °C and ground (Retsch ZM 100; Retsch 223 

GmbH, Haan, Germany) with a 1 mm screen before analysis. 224 

Excreta Collection  225 

In exp2, excreta were sampled in each period on days 19 to 226 

21 (72 h). Feces were collected in steel trays located below the 227 

metabolism boxes. Urine was collected separately from feces with 228 

a funnel device attached around the vulva of the cows. The device 229 

diverts the urine by a hose into a plastic bucket with 500 mL 10% 230 

sulfuric acid (H2SO4). Feces and urine were weighed and sampled 231 

three times a day (0800, 1500 and 2100 h). Proportional amounts 232 

(10%) of respective fractions were pooled to one urine and one 233 
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fecal sample per cow per day and frozen at −20 °C before 234 

analysis. Subsamples of pooled feces were dried at 60 °C and 235 

ground (Retsch ZM 100; Retsch GmbH, Haan, Germany) with a 236 

1 mm screen before analysis. 237 

Rumen Sample Collection 238 

In exp2, rumen fluid samples were collected through the 239 

rumen cannula on days 14 and 16 in each period. From each cow, 240 

150 mL rumen fluid was collected from the ventral, central and 241 

dorsal rumen content by a syringe at 07.00 (before morning 242 

feeding), 07.30 (immediately after morning feeding), 08.00, 243 

09.00, 10.00, 12.00, 14.00 (before afternoon feeding), 14.30 244 

(immediately after afternoon feeding), 15.00, 16.00, 17.00, 19.00 245 

and 21.00 h. The pH value of each sample was measured by a pH 246 

meter immediately. Then 9.5 mL of each sample was transferred 247 

to test tubes containing 0.5 mL formic acid (100% HCOOH). 248 

Afterwards, all the samples were stored at −20 ˚C until analysis. 249 

Laboratory Analysis  250 

Feed and Excreta 251 

Feed and excreta were analyzed according to standard 252 

procedures (AOAC, 1995). Dry matter (DM) was determined by 253 

drying samples at 103.0 °C to a constant weight. Total ash was 254 

determined gravimetrically after pyrolysis at 550.0 °C for 4 h in a 255 

muffle furnace (Milestone Srl, Italy). Total nitrogen (N) was 256 

determined in feed, feces and urine by the Kjeldahl method 257 

(AOAC, 2001; method 2001.11) and crude protein (CP) was 258 

calculated as N × 6.25. Crude fat was determined by an 259 
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accelerated solvent extractor (ASE 200; Dionexm, Sunnyvale, 260 

CA, USA). The neutral detergent fiber fraction (NDF) was 261 

determined by Ankom-220 fiber analyzer (Ankom technology 262 

corp. Fairport, NY, USA) with heat-stable α-amylase and sodium 263 

sulfite (Van Soest et al., 1991), then expressed inclusive of 264 

residual ash. Starch in concentrate of the feed was analyzed 265 

according to standard procedures (AOAC, 1997; method 996.11). 266 

All the samples were first washed with 80% ethanol followed by 267 

α-amylase and heated in 100 °C water for 6 min. Then sodium 268 

acetate and amyl-glucosidase were added to the reaction tubes, 269 

vortex-mixed and heated in 50 °C water bath for 30 min. The 270 

reaction tubes were centrifuged for 10 min at 3000 × g, at room 271 

temperature, and samples were analyzed on a Roche Cobas Miras 272 

(Roche Diagnostics, Basel, Switzerland). The water-soluble 273 

carbohydrates of the silage samples were analyzed according to 274 

McDonald and Henderson (1964). 275 

Milk Composition 276 

The content of fat, protein, lactose, urea and free fatty acid 277 

(FFA) in the milk was analyzed by fourier-transform infrared 278 

(FTIR) spectroscopy analyzer (MilkoScanTM Combifoss 6500; 279 

Foss Electric. A/S, Nils Foss Allé 1, DK-3400 Hillerød, 280 

Denmark). 281 

Gas Samples 282 

The concentration of methane and sulfur hexafluoride in 283 

samples of breath and ambient air (background) near the cow pen 284 

were determined by a gas chromatograph (Model 7890A, Agilent, 285 
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Santa Clara, CA, USA) equipped with a flame ionization detector 286 

for the analysis of methane, and an electron capture detector for 287 

the analysis of sulfur hexafluoride, by a 20-m wide-bore Poraplot 288 

Q (0.53 mm) column at 38 °C with back flushing. The flow rate 289 

of the carrier gas was 30 mL/min of N2 for sulfur hexafluoride 290 

and 40 mL/min of helium for methane. 291 

Rumen Fluid Samples 292 

The determination of short-chain fatty acids in the rumen 293 

samples was according to Chen et al. (2020a). The determination 294 

of ammonia in the rumen samples was according to rapid 295 

ammonia assay kit (K-AMIAR, Megazyme Ltd., USA). 296 

Calculations 297 

Total tract apparent digestibility was calculated as (dry matter 298 

intake (g/d) – dry matter in fecal loss (g/d)) / dry matter intake (g) 299 

for each day of sampling separately. Organic matter (OM) was 300 

calculated as DM minus total ash.  301 

Energy-corrected milk (ECM) yield was calculated as 302 

follows: ECM (kg) = milk (kg) × [(38.3 × fat (g/kg) + 24.2 × 303 

protein (g/kg) + 16.54 × lactose (g/kg) + 20.7) /1340] (Sjaunja et 304 

al., 1991). 305 

Daily enteric methane emission was calculated according to 306 

Lassey (2013): 307 

�������� �
��������� ��� ������� �!�������"�

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

 308 

Where SF6 is the predetermined release rate of sulfur 309 

hexafluoride from the permeation tube; ������  and ������  is the 310 
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concentration of methane and sulfur hexafluoride in the gas 311 

samples, respectively; ������" and ������" is the concentrations 312 

of methane and sulfur hexafluoride in the background ambient 313 

samples, respectively; #$%�
and #&'
 is the molecular weight of 314 

methane and sulfur hexafluoride, respectively. 315 

Statistical Analysis 316 

Data were analyzed using the MIXED procedure of SAS. The 317 

model included the fixed effect of pretreatment (T159 or control), 318 

treatment (T159 or control), the interaction of pretreatment and 319 

treatment, day [2 days: Table 3 (ECM and milk composition), 320 

Table 4 (CH4 g/kg ECM), Table 6, Table S1; 3 days: Table 5 321 

(digestibility); 5 days: Table 3 (DMI, milk yield), Table 4 (all CH4 322 

variables except CH4 g/kg ECM) and Table 5 (intake)], and hour 323 

(Table 6). Cow was modeled as a random effect. The restricted 324 

maximum likelihood method was used to estimate the variance 325 

components (cow and residual). In addition, Kenward-Roger’s 326 

option was used in the model statement to estimate denominator 327 

degrees of freedom. All the experimental data are presented as 328 

least square means ± standard error of the means and the statistical 329 

significance was declared at P < 0.05 and trends are discussed at 330 

P < 0.10. 331 

 332 

 333 

RESULTS 334 

Feed Intake, Milk Yield and Composition 335 
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The average DMI was 17.5 and 18.7 kg/day in exp1 and exp2, 336 

respectively (Table 3). Dry matter intake did not differ (P > 0.10) 337 

between cows administered with living and dead T159 in exp2, 338 

but the DMI in exp1 tended (P < 0.10) to be 1.1% lower in the 339 

T159 group compared to control (Table 3). The pretreatment (PT) 340 

effect was observed in the milk yield and DMI in exp1 (P < 0.05), 341 

and milk yield in exp2 (P < 0.05). The average ECM was 25.4 and 342 

31.6 kg/day in exp1 and exp2. Supplying cows with living T159 343 

had no effect (P > 0.10) on ECM, milk production efficiency 344 

(ECM/BW) and feed conversion efficiency (ECM/DMI) in exp1 345 

and exp2 (Table 3). The contents of fat, protein, lactose, urea and 346 

FFA in milk did not differ (P > 0.10) between treatments (T) in 347 

exp1 and exp2, except for a slight increase (P < 0.05) of lactose 348 

and urea contents in milk of ruminally cannulated cows supplied 349 

with living T159 in exp2 (Table 3). Effects of PT, PT × T 350 

interactions and day were not observed (P > 0.10) except for an 351 

effect of day (P < 0.05) on milk urea and FFA in exp1, and milk 352 

yield (kg/day) in exp2. In addition, there was a PT × T interaction 353 

for milk lactose percentage in exp2 (P < 0.05). 354 

Methane Production and Methane Emission Intensity 355 

The average methane production was 383 g/day from intact 356 

cows of exp1 and 430 g/day from cannulated cows of exp2 (Table 357 

4). Treatment and day had no effect (P > 0.10) on methane 358 

production (g/day), methane yield (g/kg DMI) and methane 359 

emission intensity (g /kg ECM, g/100 kg BW) in exp1 and exp2 360 

(Table 4). Pretreatment and PT × T interactions were observed 361 
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only in exp1, with a pretreatment effect on methane emission 362 

intensity (g/kg ECM) and a PT × T interaction for nearly all 363 

methane variables (P < 0.05 for g/d and g/100 kg BW; P < 0.10 364 

for g/kg DMI and g/kg ECM) except methane emission intensity 365 

(g/kg milk yield). In exp2, methane was also scaled to kg digested 366 

OM and digested NDF, and no effect (P > 0.10) of T, D, PT and 367 

PT × T was observed for these traits (Table 4).   368 

Nutrient Intake and Digestibility 369 

In exp2, nutrient intake and digestibility were determined 370 

(Table 5). Crude protein intake (CPI) did not differ (P > 0.10) 371 

between treatments, but the intake of OM and NDF was slightly 372 

higher (P < 0.05) and that of starch slightly lower (P < 0.05) in 373 

cows supplied with living T159. The CP intake tended to be 374 

influenced by PT (P < 0.10). Besides, we observed that all the 375 

parameters of nutrient intake were influenced by PT × T (P < 376 

0.05), whereas day had no effect (P > 0.10). The apparent 377 

digestibility of OM and NDF was on average 76.3% and 66.8%, 378 

respectively. Treatment, D, PT and PT × T had no effect on the 379 

digestibility of OM and NDF, except for a trend (P > 0.10) of day 380 

affecting the digestibility of NDF. 381 

Rumen Fermentation Parameters 382 

In exp2, the rumen fermentation parameters were determined 383 

(Table 6). Treatment had no effect (P > 0.10) on molar 384 

concentration of total SCFAs, molar proportions of acetate (A) 385 

and propionate (P), the ratios of A : P and (acetate + butyrate) : 386 

propionate, molar concentration of ammonia and ruminal pH, but 387 
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the molar proportion of butyrate in total SCFAs was slightly 388 

increased (P < 0.05) in rumen fluid of cows administered with 389 

living T159. Pretreatment effects were observed (P < 0.05) for the 390 

ratios of acetate : propionate and (acetate + butyrate) : propionate. 391 

Moreover, PT × T interactions were observed for molar 392 

concentration of total SCFAs (P < 0.05), molar proportion of 393 

acetate (P < 0.10) and butyrate (P < 0.05) and ruminal pH (P < 394 

0.05). All rumen fermentation variables were affected (P < 0.05) 395 

by time (hour) of sampling in each sampling day. The day of 396 

sampling had an effect (P < 0.05) on the proportions of ruminal 397 

propionate and butyrate, the ratios of acetate : propionate and 398 

(acetate + butyrate) : propionate, and ruminal pH.   399 

Nitrogen Balance 400 

Treatment had no effect (P > 0.10) on absolute nitrogen (N) 401 

intake, and on absolute (g/d) and relative (% of nitrogen intake) 402 

milk nitrogen and body nitrogen retention (exp, Table S1). In 403 

cows administered with living T159 an increase in the absolute 404 

fecal nitrogen excretion (P < 0.05) and the fecal nitrogen 405 

proportion of total nitrogen ingested (P < 0.10) was observed. 406 

This was accompanied by a decline (P < 0.10) in the absolute 407 

urinary nitrogen excretion and the urinary nitrogen proportion of 408 

either total nitrogen ingested, or total nitrogen excreted. As a 409 

consequence of the increase in fecal nitrogen losses, the apparent 410 

nitrogen digestibility decreased (P < 0.10) in cows supplied with 411 

living T159. Pretreatment and PT × T had no effect on variable of 412 

nitrogen balance, except for a pretreatment effect for urinary 413 
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nitrogen proportion of total nitrogen excreted. In addition, we 414 

found an effect of day on daily nitrogen intake (P < 0.05) and 415 

body nitrogen retention (g/day) (P < 0.10). 416 

 417 

DISCUSSION 418 

The aim of this study was to determine the efficacy of 419 

Propionibacterium thoenii T159 on enteric methane emissions 420 

and performance of Norwegian Red cow at high feed intake in 421 

vivo. We hypothesized that the administration of living strain 422 

culture of T159 could mitigate the enteric methane emissions and 423 

increase the performance of Norwegian Red cow at high feed 424 

intake. However, living strain culture of T159 had no effect on 425 

enteric methane emissions and did not improve the production 426 

performance of Norwegian Red cow. 427 

Propionibacteria and Methane Production  428 

We measured the enteric methane emission by sulphur 429 

hexafluoride tracer technique in this study and ruminally 430 

cannulated cows were used in exp2. Therefore, the fermentation 431 

gas may escape from the rumen through the cannula of the cows 432 

without being collected and quantified. On the one hand, it is 433 

assumed that a potential leakage was proportional to the amount 434 

of gas in both treatments of exp2 and therefore it should allow 435 

comparison within one experiment. On the other hand, the higher 436 

DMI of the cows in exp2 compared to exp1 also led to a higher 437 

enteric methane emission and therefore we assume that the 438 
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methane quantification by sulphur hexafluoride tracer technique 439 

in this study was representative. 440 

  In exp2, the measurements of enteric methane emission were 441 

performed for five days (day 17, 18, 19, 20 and 21) and the 442 

samples of rumen content were collected for the other two days 443 

(day 14 and day 16; 13 time points in each day) in each period, 444 

thus the sampling of rumen contents via rumen cannula did not 445 

interfere with the quantification of enteric methane emission. 446 

The substantial methane reduction in the propionibacteria 447 

treatment group (20% lower than the control group) we observed 448 

in the batch culture in vitro (Chen et al. 2020a) by the addition of 449 

T159 was inconsistent with the results in exp1 and exp2 in vivo, 450 

where no difference between treatments were observed in both 451 

experiments in vivo. In the study in vitro by Chen et al. (2020a), 452 

the control group was not added by dead strain culture of T159 453 

but the basal diet with sodium lactate broth (SLB medium, the 454 

growth medium for propionibacteria). However, it is unlikely that 455 

the difference in control groups between our previous study in 456 

vitro (Chen et al. 2020a) and our present study in vivo explains 457 

the difference in the efficacy of T159 to reduce methane emission. 458 

More likely, the potentially more competitive conditions among 459 

microbiota in vivo, and the absorption and secretion processes in 460 

the rumen could explain the differences in results. In this study, 461 

the control cows received the dead strain culture of T159 462 

(autoclaved bacteria) to eliminate the additional effects of 463 

microbial fermentation products (e.g. microbial nitrogen), and 464 
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nutrients, vitamins and/or minerals in the bacterial culture (Meale 465 

et al., 2014).We expected the dead strain culture to differ from 466 

living strain culture of T159 in the effect on enteric methane 467 

emission and performance. However, this was not the case. In the 468 

previous study in vitro, Meale et al. (2014) reported a lower (P < 469 

0.05) methane emission in the treatment fermenter added living 470 

strain culture of T54 compared with the control fermenter added 471 

the dead strain culture (autoclaved P. freudenreichii T54) in the 472 

rusitec apparatus for 20 days, which are consistent with the study 473 

of Alazzeh et al. (2013) where only sterilized SLB medium was 474 

added in the control. These two reports indicated that the dead 475 

strain culture of propionibacteria seems had little impact on the 476 

rumen fermentation in vitro. This study is the first trial in vivo 477 

supplying the dead strain culture as the control and reporting the 478 

enteric methane emissions of cattle, whereas in other studies in 479 

vivo only basal diet or the carrier/SLB medium was offered in the 480 

control cows without any dead strain culture (Table 7). However, 481 

the type of the control group (dead strain culture in SLB medium, 482 

maltodextrin/lactose carrier only, no supplementation) seems not 483 

to be the reason for a lack in effect on enteric methane emissions 484 

in vivo, since none of the studies (summarized in Table 7) showed 485 

a decline in methane emissions regardless of the type of control 486 

used. The lack of effect on the mitigation of methane emission 487 

was observed in both gas sampling means including respiration 488 

chamber technique and sulfur hexafluoride tracer technique (in 489 
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this study) consistently, suggesting the type of gas sampling 490 

means had no effect either (Table 7). 491 

The dose of propionibacteria offered to the dairy cows (8.5 × 492 

1011 CFU/head × day) in this study in vivo was higher than in 493 

other studies reporting enteric methane emission from ruminants, 494 

including Vyas et al. (2016) who offered T159 to beef heifers and 495 

the studies which offered other strains of propionibacteria as 496 

summarized in Table 7. The dose of the strain T159 (1 × 1011 497 

CFU/head × day) by Vyas et al. (2016) was lower than the dose 498 

of this study. Both trials (Vyas et al., 2016; this study) did not 499 

result in a decline in methane yield (g/DMI) or methane emission 500 

intensity (g/ECM; g/100 kg BW), which is consistent with other 501 

reports with a lower dose (Table 7). In summary, it is possible that 502 

the administration of a higher dose might not mitigate enteric 503 

methane emission of ruminants in vivo. Finally, the decisive 504 

factor might be the physiological condition or metabolic activity 505 

of exogenous propionibacteria rather than the dose of the strain 506 

offered to cattle. In our previous study, we reported that T159 507 

might survive or stimulate other indigenous propionibacteria in 508 

the rumen for at least five days in vivo (Chen et al., 2020b). The 509 

pretreatment effect (P < 0.05) for methane emission intensity (g 510 

/kg ECM) (Table 4) in exp1 may indicate that T159 could survive 511 

or stimulate other indigenous propionibacteria even longer than 512 

five days in the rumen of intact cows. 513 

In this study in vivo, the administration period was only three 514 

weeks in this study (Table 1) which is the same as Vyas et al. 515 
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(2016). In previous studies with methane emission results, the 516 

administration periods were between 21 days and 28 days in cattle 517 

(Table 7) but in sheep, the period was 70 days (Raphelis-Soissan 518 

et al., 2014). None of these studies reported the mitigation of 519 

enteric methane emission by propionibacteria significantly. 520 

However, in the long-term (32 weeks) productive experiments of 521 

dairy cattle by Stein et al. (2006) and Lehloenya et al. (2008b) 522 

which did not report the enteric methane emission by the 523 

administration of the strain P169, the improvement of milk 524 

production (P < 0.05) was reported. Until now, it is still unknown 525 

that whether the administration of propionibacteria in a long-term 526 

(longer than 32 weeks) could mitigate the methane emission in 527 

ruminants in vivo. 528 

In line with other studies (Table 7), we found little difference 529 

in DMI and methane emission between treatment groups either. 530 

Nevertheless, we observed a pretreatment effect on DMI in both 531 

experiments (exp1: P < 0.05, exp2: P < 0.10), which indicated a 532 

carryover effect of propionibacteria administration to the rumen 533 

fermentation pattern, or neuropeptide Y/appetite of cattle from the 534 

previous period. In this study, cows presented a high DMI of 535 

about 18 kg/head × day (Table 3), similar to Philippeau et al. 536 

(2016). When the cows were at a high feeding level, the substrate 537 

in the rumen could be abundant for the growth, metabolism and 538 

reproduction of rumen microbiota. On the other side, the feed 539 

passage time might be shorter, favoring only fast-growing 540 

bacteria but not propionibacteria with a prolonged lag phase of 6 541 
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h in growth. Therefore, a higher feed intake level might not 542 

improve the effect of propionibacteria on the mitigation of enteric 543 

methane emission compared to the studies with lower feed intake 544 

levels (Vyas et al. 2014a,b, 2016; Jeyanathan et al. 2019). 545 

However, Lehloenya et al. (2008a) pointed out that feeding P. 546 

jensenii P169 to beef cattle did not affect particulate passage rate, 547 

liquid dilution rate, or turnover time in steer. It is still unknown 548 

that whether the strain T159 could affect particulate passage rate 549 

in the rumen of dairy cow and it should be investigated further. 550 

Among the previous trials which focused on the enteric 551 

methane emission in cattle (Table 7), the forage to concentrate 552 

ratio (60 : 40) of the diet in this study was coincide with Vyas et 553 

al. (2016), and similar to Jeyanathan et al. (2019), Philippeau et 554 

al. (2016) and Vyas et al. (2014a), but was quite different from 555 

the corn grain finishing diet in the study of Vyas et al. (2014b). 556 

Until now, all the studies, including this study, did not indicate 557 

that the changing of the forage : concentration ratio in the diet had 558 

any effect on the mitigation of enteric methane emission by the 559 

administration of propionibacteria in cattle in vivo. 560 

Consistent with previous reports with the administration of 561 

strains T159 and P63 in vivo (Vyas et al., 2014a,b; Philippeau et 562 

al., 2016), the administration of T159 in this study did not 563 

improve the digestibility of OM and NDF. Feed digestibility and 564 

enteric methane emission are positively related. The fact that the 565 

molar concentration of total SCFA and molar proportions of 566 

propionate and acetate in rumen content were not affected by 567 
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treatment is also in agreement with most previous reports which 568 

focused on the effect of propionibacteria on methane emission 569 

(Table 7). Especially, Vyas et al. (2016) found a lower ruminal 570 

acetate proportion (P < 0.05) in the beef cattle offered T159. 571 

Although the results in this study was slightly differed from Vyas 572 

et al. (2016) possibly attributed to a higher dose of T159 and an 573 

initial double dose (one Liter living or dead strain culture) on the 574 

first day of each period, these differences might not explain the 575 

difference in acetate response between the two studies. Although 576 

we observed no treatment effect of any rumen fermentation 577 

parameters except for an increase in butyrate proportion (P < 578 

0.05) in the T159 treatment group, the effect of pretreatment and 579 

pretreatment × treatment interactions were observed for several 580 

parameters, indicating the carryover effect of the T159 treatment 581 

to the next period of the experiment. In summary, the results of 582 

this study in vivo were inconsistent with our promising findings 583 

of elevated molar concentration of total SCFA, and molar 584 

proportions of propionate reported in the study of Chen et al. 585 

(2020a) in vitro. It is often observed that in vitro and in vivo 586 

results are not in agreement. This is because the rumen digestion 587 

processes in vivo including the interactions of microbials, the 588 

absorption of SCFA, ammonia and other rumen fermentation 589 

production, the urea cycle, neuromodulation, hormone regulation 590 

and the endogenous secretions would be much more complicated 591 

than the rumen simulation process in vitro. 592 

Propionibacteria and Milk Production   593 
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In this study, we offered dead strain culture (autoclaved 594 

strain T159 in SLB medium) to control cows, whereas none of the 595 

previous reports offered dead strain culture to control cows in 596 

vivo. However, we cannot evaluate the effect of the dead strain 597 

culture in vivo since we did not include a third treatment group in 598 

which the cows were received SLB medium only. The dead strain 599 

culture may contain several prebiotics, such as growing factors or 600 

allelochemicals which may stimulate the growth of specific 601 

microbials in the rumen and affect the milk production in some 602 

approaches. Akay and Dado (2001) reported that compared with 603 

the control group added only substrate, the treatment group added 604 

both dead strain culture of propionibacteria and substrate had a 605 

slightly higher concentration of total VFA, acetate and 606 

propionate, and a slightly lower acetate : propionate ratio in the 607 

batch culture in vitro; however, no statistical analysis for data 608 

comparison in these two groups were provided. Akay and Dado 609 

(2001) also pointed out that the acetate and propionate 610 

concentrations only decreased by 5% in the treatment groups 611 

added autoclaved propionibacteria (dead strain culture) compared 612 

with the treatment groups added living strain culture (1 × 103, 1 × 613 

106, and 1 × 109 CFU/g) of propionibacteria in the trials in vitro. 614 

However, we lack the results of the trial in vivo to evaluate the 615 

effect of the dead strain culture in the rumen of cattle. 616 

On the other hand, only a few studies reported an increased 617 

milk production (4% fat-corrected milk, kg/day) in dairy cows 618 

receiving freeze-dried propionibacteria in the maltodextrin carrier 619 
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compared to the control cows receiving maltodextrin carrier only 620 

(Stein et al., 2006). Different from this study, the control cows in 621 

several previous reports were offered maltodextrin carriers (Vyas 622 

et al., 2014a,b; Lehloenya et al., 2008a,b; Stein et al., 2006), 623 

dextrose carriers (Weiss et al., 2008) or lactose carriers 624 

(Philippeau et al., 2016; Raeth- Knight et al., 2007). Most 625 

previous trials used specific carriers to carry the propionibacteria 626 

in the freeze-dried powder form (Stein et al., 2016; Azzaz et al., 627 

2015; Francisco et al., 2002) which was different from the living 628 

strain culture in the SLB medium in this study. It is still unclear 629 

that whether these carriers or the SLB medium had any effect on 630 

milk production. However, it seems that the type of the PB strains 631 

(freeze-dried powder of the strains, thawed strain from the freeze 632 

form or living strain culture of the strain in this study) offered in 633 

the trials in vivo has little different effects on milk production. 634 

Boyd et al. (2011) used Bovamine®, which is a kind of 635 

commercial products containing the combination of Lactobacillus 636 

acidophilus NP51 and P. freudenreichii NP24 in the freeze-dried 637 

powder form, and reported a greater milk yield (P < 0.05), a 638 

greater ECM (P < 0.05) and a greater true protein yield (P < 0.05) 639 

in the Bovamine® treatment group in a 12-week trial. By contrast, 640 

Bovamine® showed no effect on the milk production by 641 

Thompson (2011) who used different ways of propionibacteria 642 

administration (top dressed on the diets, rumen infusion and post-643 

rumen infusion) for cattle and found no different effects on milk 644 

production among these methods in a 5-week trial. It seems that a 645 
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longer administration period may lead to an improvement on the 646 

milk production of cattle regardless of the type of the strains 647 

(freeze-dried powder or living strain culture) offered to the cows, 648 

which could also explain the failure in the promotion of the milk 649 

yield in this study with a short period (3 weeks) administration. 650 

In the trial with a 3-week administration period, Thompson 651 

(2011) found no effect on the milk production by Bovamine®. 652 

Similarly, none of the four trials (Jeyanathan et al., 2019; 653 

Philippeau et al., 2017; Ferraretto et al., 2015; Morsy et al., 2014) 654 

with a short administration period (less than 6 weeks) showed a 655 

significant effect on the milk production. The long-term 656 

administration may have significant improvement (Stein et al., 657 

2006) on milk production (4% fat-corrected milk, kg/day) but 658 

there were still opposite findings such as Weiss et al. (2008) and 659 

Reath-Knight et al. (2007). Moreover, it is still unknown that 660 

whether the dose of the strain has any effect on milk production. 661 

Most milk production reports, including this study, offered a 662 

similar dose (109 ~ 1011 CFU/head × day) but the effect on milk 663 

production were various. In summary, the dose effect of the 664 

propionibacteria strains needs to be investigated further. 665 

According to the previous reports, it seems that there was 666 

little relationship between the milk production and DMI of the 667 

cattle by propionibacteria administration. Several studies in vivo 668 

reported an elevated (P < 0.05) DMI and milk yield (Azzaz et a., 669 

2015; Ondarza et al., 2008) by the administration of P169 or the 670 

combination of P169 and yeast. Sawall et al. (2015) and Weiss et 671 
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al. (2008) reported a declined DMI by P169 (Sawall et al., 2015: 672 

P < 0.10; Weiss et al., 2008: P < 0.05) but no effect on milk 673 

production. By contrast, Francisco et al. (2002) showed a declined 674 

DMI (P < 0.01) and an elevated milk production (P < 0.05). 675 

Moreover, several reports (Boyd, et al., 2011; West et al., 2011) 676 

showed an elevated milk production (P < 0.05) with an 677 

insignificant difference of DMI by PB administration. Especially, 678 

West et al. (2011) reported an elevated feed conversion efficiency 679 

(ECM/DMI) (P < 0.05), which may indicate a higher feed 680 

efficiency by Bovamine®. Whereas, Arriola et al. (2011) and 681 

Boyd et al. (2011) did not found any effect in dairy efficiency 682 

(milk yield/DMI) by PB strains which may be attributed to the 683 

short administration period. Similarly, Jeyanathan et al. (2019) 684 

did not found any effect in feed conversion efficiency 685 

(ECM/DMI) by a 5-week administration of the strain 53W. 686 

Consistently, there was also no significant difference of feed 687 

conversion efficiency  (ECM/DMI) between T159 treatment 688 

group and control group in this study. However, we observed a 689 

pretreatment effect of milk yield (P < 0.05) and DMI (exp1: P < 690 

0.05; exp2: P < 0.10) in both experiments of this study which may 691 

indicate a carryover effect of the PB administration from the 692 

previous period to the subsequent period. 693 

In this study, the strain T159 had no impact on milk 694 

production and the digestibility of organic matter in the 3-week 695 

administration trial. Consistent with this study, most other studies 696 

with similar short administration periods (Philippeau et al., 2017; 697 
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Morsy et al. 2014) showed no effect on both milk production and 698 

the digestibility. Nevertheless, all the previous reports with an 699 

improved milk production showed an elevated digestibility of the 700 

diet (Azzaz et al., 2015; Boyd et al., 2011), in which the 701 

administration periods are longer than 8 weeks. However, several 702 

long-term trials also reported no effect by PB administration. 703 

Reath-Knight et al. (2007) found no effect on both milk 704 

production and feed digestibility in a 12-week trial.  705 

In this study, the strain T159 had no effect on milk 706 

production due to the little effect on ruminal fermentation 707 

parameters. Thompson (2011) and Reath-Knight et al. (2007) also 708 

reported no effect of propionibacteria administration on milk 709 

production and rumen fermentation parameters, consistent with 710 

this study. The percentage of lactose and the molar concentration 711 

of urea in milk was slightly increased by T159 administration in 712 

exp2, but not in exp1. Based on the studies reporting both results 713 

of SCFA and milk production, only Stein et al. (2006) reported an 714 

improved rumen fermentation parameters (SCFA, propionate and 715 

acetate : propionate ratio) resulting in an improved milk 716 

production (4% fat-corrected milk, kg/day, P < 0.05) in a 32-week 717 

trial by the administration of a slightly lower dose of 718 

Propionibacterium jensenii P169 (6 × 1011 CFU/head × day) than 719 

the dose of this study (8.5 × 1011 CFU/head × day). On the 720 

contrary, similar trials from Weiss et al. (2008) reported a lower 721 

total SCFA (P < 0.05), a greater propionate (P < 0.05), a lower 722 

acetate : propionate ratio (P < 0.10) by Propionibacterium 723 
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jensenii P169 but no effect on milk production in a 19-week trial. 724 

Propionibacteria may produce propionate in the rumen and 725 

improve the milk production in a few cases. However, the 726 

relationship between the manipulation of rumen fermentation 727 

pattern and the improvement of milk production by 728 

propionibacteria is still unclear. Further investigation with the 729 

long-term trial may be necessary for the elucidation of the 730 

mechanism. 731 

As far as we know, this study is the first report on the 732 

nitrogen balance of dairy cows by PB administration (Table S1). 733 

The results showed that the strain T159 increased nitrogen 734 

excretion in the feces (P < 0.05) but decreased the nitrogen 735 

excretion in the urine (P < 0.05). The increased fecal nitrogen 736 

excretion agrees with the observed by tendency lower nitrogen 737 

digestibility in this study. Consistently, Ebeid et al. (2013) 738 

reported the nitrogen balance of sheep fed with Dairy ProP169® 739 

(1.2 × 1010 CFU/head × day) and showed a slightly higher 740 

nitrogen in the feces (P > 0.10) and a slight lower nitrogen in the 741 

urine (P > 0.10) but the reason was unclear. In contrast to this 742 

study, Lehloenya et al. (2008a) showed the combination of P. 743 

jensenii strain P169 and yeast had no impact on the nitrogen 744 

intake, fecal nitrogen and nitrogen digestibility in steers. 745 

Moreover, Lehloenya et al. (2008b) reported that the combination 746 

of P. jensenii strain P169 and yeast had no effect on urinary 747 

nitrogen excretion (g/day) in dairy cows and pointed out that the 748 

levels of urinary nitrogen excretion and milk urea nitrogen reflect 749 
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differences in body growth, milk production and DMI. Similar to 750 

exp1, but in contrast to exp2 of our study, Lehloenya et al. 751 

(2008b) also reported that the combination of P. jensenii strain 752 

P169 and yeast had no effect on milk urea nitrogen (mg/dL) in 753 

both multiparous and primiparous Holstein dairy cows. Stein et 754 

al. (2006) showed a greater concentration of urea nitrogen (MUN) 755 

in the milk of Holstein dairy cows supplied with P. jensenii strain 756 

P169 from week 13 to week 25 of the trial. In this study, we 757 

observed a higher MUN in exp2 (P < 0.05) but there was no 758 

difference of MUN in exp1. Also, Ferraretto et al. (2015), Weiss 759 

et al. (2008), Raeth-Knight et al. (2007) and Francisco et al. 760 

(2002) found no effect of PB strains on MUN. The elevation of 761 

MUN may be attributed to the elevated ammonia incorporation 762 

into microbial protein in the rumen (Stein et al., 2006). The 763 

increased microbial protein may improve the protein supply for 764 

synthesis of milk protein and decrease the loss of nitrogen in dairy 765 

cattle (Stein et al., 2006). On the other side, milk urea nitrogen or 766 

milk urea contents could be regarded as a reflection of the 767 

concentration of blood urea nitrogen (BUN) (Lehloenya et al., 768 

2008b). Thus, milk urea nitrogen or milk urea contents might be 769 

considered as an index of inefficient nitrogen utilization in 770 

lactating dairy cows (Lehloenya et al., 2008b). Higher milk urea 771 

contents in exp2 of this study might be unfavorable according to 772 

Lehloenya et al. (2008b), which might be attributed to the rumen 773 

cannula of the cows in exp2. Further investigation could be 774 
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necessary for the exploration of the nitrogen balance in lactating 775 

Norwegian Red cows. 776 

CONCLUSION 777 

In conclusion, in our two short-term experiments, the strain 778 

T159 demonstrated limited ability to improve the ruminal 779 

propionate production and milk production, and failed to mitigate 780 

enteric methane emissions. Besides, although T159 could slightly 781 

promote the intake of OM and NDF, the nutrition digestibility of 782 

dairy cows was not improved and their effect on the nitrogen 783 

balance was unfavorable. These results may be related to the fact 784 

that strain T159 cannot integrate, persist and compete with the 785 

rumen microbiota, or may also be related to the incapability of 786 

T159 to maintain high metabolic activity in the rumen in a short-787 

period administration. 788 
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Table 2. Ingredients and chemical composition of the basal diet in 961 
experiment 1 (intact cows) and experiment 2 (cannulated cows) 962 

Item  
Ingredient, % of DM  

Silage 60.0 
Timothy (Phleum pretense) 30.0 
Common meadow grass (Poa pratensis) 12.0 
Meadow fescue (Festuca pratensis) 12.0 
White clover (Trifolium repens) 6.00 

Concentrate 40.0 
Barley (Hordeum vulgare) 17.8 
Rapeseed meal (Brassica napus) 6.10 
Soybean meal (Glycine max) 4.36 
Wheat bran (Triticum aestivum) 2.57 
Sugarcane molasse (Saccharum officinarum) 2.42 
Wheat (Triticum aestivum) 2.38 
Vegetable oil and fat (Akofeed nøt, AAK AB, Malmö) 1.19 
Mineral-vitamin mixture 1.19 
Corn gluten (Zea mays) 0.792 
Limestone 0.488 
Pea residue (Pisum sativum) 0.396 
Soybean oil (Glycine max) 0.316 

Chemical composition, % of DM   
Silage  

Organic matter 93.4 
Crude protein 11.0 
Neutral detergent fiber 63.3 
Crude fat 2.84 
Water-soluble carbohydrates 11.0 

Concentrate   
Organic matter 92.4 
Crude protein 22.1 
Neutral detergent fiber 16.5 
Crude fat 5.49 
Starch 33.3 

 963 
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