
�

�

���������	�
�	��
������
�
�

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

������������������������
,-./0-/.12�34567601-648�47�9123�:;.8;2�3;12�1<�7;;5<-/77�

74.�=62;�-621961�*����������	
����
���	+�����������������������������
�
�
�
�

��>�	����	��
�

?��#@��A��%����������B����'��C����>�'�����*(	�(����������+�

?��#@��A��%����������B�#'%�
���%	�%���%%��*�������!D"��D���+�

�
�
�
�
�
�
�
�

����������	��D�E���	�C'���	���'�����������E���
(���C���	�����������C���
��>�)��F����>
���GHHH��(	���������,IJHHKGLM,�



�

����������	��
�

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

�
'()*+(*),-�./0121+,(1/3�/2�4,-.�56)36-�.6,-�,7�26607(*22��

2/)�81-6�(1-,41,�%����������	
����
���	&�
�
�
�
�
�
�

��>�	����	��
�

9:
�;�<=�����>��<����?���� @�A����B> ��
��%#��#�
�	
�����&�
C�
�!���!A<�=�������B< ����
@B�!A<�=�������
�#��!A<���<������
�!�A����!A<����#���#D;�

�
9:
�;�<=�����>��<����?�� �!�������!�!��!�%��>��<��E���E�<�&�

C�
�!�����!�=������
@BA���<���F������!��
�#��!A<���<������
�!�A����!A<����#���#D;�

�
�
�
�
�

�



��%%����
��>��A�
�


@B9:
�!>�<����"
 @	
�����A ��� @�>��<�� %���AE���DD��'GHIIJKLM'&� AE��#
���
���"�� ���!�A �������!>�<
�����E�� ����"
 @=:�<��
����� ����!A<�=������
�#��!A<���<������
�!�A���AE��#

����;�<�#���������!�
��B#�����<;���#�;�<�N*O-1+,(1/3�
G-131+��$�����!>�<��B��P����#��!A<���<������
�!�A���AE��#

����;�<�#�����������E<��
�Q"�"
�$�#��"�E�!������B����"
 @C�
�!���!A<�=�������B< ����
@B�!A<�=������AE��#

����� �
��B#�
����AE������
�E���B�
��������AE���
������!>�<�

�
����"��B
 @����=�����>��<����?� � A�<���@��	��!A�AE�>��C�
�!�������!A<��
@B

�!A<�=�������#��!A<���<��R��=������AE��� @��#

$���S�R����������9����A�������B���
���E<��
�Q"�"�$�#��"�E�!������B����"
 @���>��<����?������R������>�!D�>�������!A<�=�����
�E�C���
@B�!A<�=�������B�A
	�	�<E�����B����#��!A<���<�A
	�	�<E�����
�=�E�!��<�AE��;�<
�� �
��B#�����AE����BA������E�<�����!������A���"
 @C�������#����

�
�

�������������������������������������������������������������������������������������
9:
�;�<=�����>��<����?���� @�A����B> ��
��

9:
�;�<=�����>��<����?�� �!�������!�!��!�

�

�
�
�
�
�
�
�
�
�
�
�
�
�



����	N�
�

� (����
���"�D� %T&�
"A
��<;��� %K&�
"A�� �9:
"�!#���� �
�����"A�$�� T�
��������� ��B��
�� K�
������� �� K�
C�
9���� �
�����C�
9�������$����"A
���AE�U�
��"����E�!�����
�� I�
�����C�
9�������$����"A
���AE��<:;�B#�;�������
U�� TI�
�����C�
9����
��
�
!��#����B�
�������B�$�#��"����!>�<�;�U�� VI�
�����C�
9������"A
����!>�<AE��$�����AE���B� ��!������ VV�

�
���
�
�
�
�
�
�
�
�
�
�
�
�
�
�

%T&�



�C�	��@��
�

���=S�R��E��E���� ��B��
���������"�� �
���	"UW���������������������������#
�<:;���:�AE�
��
��B	<���U�
� ��B��
�������� �!"��#���$�#��"��E�<�����!��%����������	
 ����
���	&��	�<���
������������������������
�<�!FE���A��XY�!����U�
��;������;��$�������

����U�	
���X����Q�<����E
��������B�$�����!�����������
�=S�R�������E�<�������
���B��"A���
�E���"��!A���
�E
��<C�����B��B�!AF!C�����<;�<��#���A�����9����=S�R��"�;��!FE����������E9��;����
���������!��@�<����<���B�E�����!���S�����
���	"UW����AE���
��B	<���U�
�%�
Z�J?JI&�	�<������
����
�<�!FE�����;��$����B�����

����U�	
���X����������"�� ���"��!A���
�E��<C���%�E�������
�B��<��$��	
����
���B��"> �C�
�
�������9�S������AF����B��
���B��"����!�	��[��:	��&���B
��B�!AF!C�����<;�<
���	"UW������#���A�����

�
���=S�R�9����
 @C����#��AE��E��������������������������
���B��"�KJ� ������[�����

�;�����>�!D��!"	��������!��%��$�#�����!���
��KJ?\T�]�J?TI��������B
���<����!���
��TJ?^I�]�
J?J_��[��!����&������B<B�����TJ������#��C�<��
�9����A�����""� ;���":�@��%^�A�EA������`�
_�[�$�&�	�<�#
����!�U�
��"��#���^��:���AE��E��!��@	���E���!�!����B����������
�
E<�������;�E���
�����������������AE��������
�<�����!FEAE�����;�����������
���B��"�U�
��;���������������������AE�
U�;9;��������������������������������AE��������
�<�����;��$����������������������AE�9;�����
U�	
���X���B��������������������AE�9;�������;��$��;����"U�	
���X�9����=S�R��"�;���"��!A��
�
�E��<C�������#��AE��E9��;����UW	��U�A�������U[��<;�<��#���U�
��;��E����
���� ;��
	
����
���B��"> �C�
�������������!�	��[��:	����:��""�����E�<��"�����E���[����B��"��!��!�

����
����E
���������F���"����>�!D��!"	���������������������B����E������<�BC�<���	�<���
AE�U�
��"��#��AE��E��������������������AE�9;�������;��$����B��;��$��;����"U�	
���X��E���
�>�!D��!"	���B��B�!AF!C�������
��#���:�� ���E�B��"����
���� �:��!��B�:��S������>���E�����
�����;��<���E��
���B��"���[����B��
�������AE��E�S���	�<�Q��B���AE�U�
��"��������������������AE�
9;�������;��$��[S���"�;��E�������������	���E�����
���������!���S����������������;��$�>S�����
�����!FEAE����������"�� �
 @C��A��	C��������������������������������B�E=��<C����A��
�=�Ra�!>AE���
�$�#��"��P��������#���������$��
�

�
�
�

%K&�



OP<-.10-�
�

bc6�,1.�/2�(c17�7(*0d�e,7�(/�1.4)/f6�,f,1-,O-6�+,)O/cd0),(6�2)/.�Ngh�,30�
*760�1(�,7�6226+(1f6� 13i)60163(�2/)�81-6�(1-,41,�%����������	
����
���	&�2660?�j1226)63(�
4cd71+,-� ./0121+,(1/37� 13+-*013i� e,(6)� 7/,513ik� .1+)/e,f6� 1)),01,(1/3k� i,..,�
1)),01,(1/3�,30�6-6+()/3�O6,.k�e6)6�13f67(1i,(60�13�)6-,(1/3�(/�+c6.1+,-�+/.4/71(1/3k�
4cd71+/+c6.1+,-� 4)/46)(167� ,30� ��
 ��
��
 +,)O/cd0),(6� 01i67(1O1-1(d?� bc6� 213013i7�
7*ii67(�(c,(�(c6�./012160�.6(c/07�c,0�71i3121+,3(�6226+(7�/3�+c6.1+,-�+/.4/71(1/3�
Od� 06+)6,713i� +)*06� 21O6)� ,30� 13+)6,713i� ,f,1-,O-6� +,)O/cd0),(67� %�
 �� J?JI&?�
H.4)/f6.63(7� 13� 4cd71+/+c6.1+,-� 4)/46)(167� %4lk� e,(6)� 7/-*O1-1(dk� .1+)/7()*+(*)6k�
)6-,(1f6� +)d7(,--131(d� ,30� -1i3/+6--*-/71+� +/37(1(*63(7&� ,30� ��
 ��
��� +,)O/cd0),(6�
01i67(1O1-1(d�e6)6�.,13-d�,+c16f60�Od�7/,513i�,30�.1+)/e,f6�1)),01,(1/3?��

�
bc6�6226+(7�/2�KJm�Nghn+/3(,1313i�2660�o*,-1(d�/3�i)/e(c�46)2/).,3+6�,30�

2660�*(1-1p,(1/3�/2�81-6� (1-,41,�e6)6� 7(*0160�6q46)1.63(,--d� 13�,� (63�e6657�266013i�
()1,-?�bc6�217c�%KJ?\T�]�J?TI�i�131(1,-�e61ic(�,30�TJ?^I�]�J?J_�+.�131(1,-�-63i(c&�e6)6�
)6,)60�13�016(,)d�()6,(.63(�i)/*47�,++/)013i�(/�,�+/.4-6(6-d�),30/.1p60�0671i3�%^�
()6,(.63(7� `� _�)64-1+,(1/37&?� bc6�217c� e6)6�260�e1(c� 17/31()/i63/*7k� 17/-14101+�,30�
17/636)i6(1+�26607�ec1+c�01226)60� 13� (c6�2/).�/2�Ngh� (c,(�e,7�61(c6)�*34)/+67760�
%rNgh&k� e,(6)n7/,560� %'Ngh&k� .1+)/e,f6� 1)),01,(60� %hNgh&k� /)� e,(6)n7/,560� ,30�
.1+)/e,f6n1)),01,(60� %'hNgh&?�Ncd71+/+c6.1+,-�4)/46)(d�+c,3i67� 13� e,d7� (c,(�,)6�
6q46+(60� (/� 63c,3+6�63pd.,(1+� 01i67(1/3�/2�2660� e6)6�06(6).1360k�3,.6-d�4lk�
(*)O101(dk� .1+)/7()*+(*)6k� -1i3/+6--*-/71+� 746+(),k� 0122),+(1/3� 4,((6)3k� ,30� (c6).,-�
(),371(1/3� 4)/46)(d?� bc676� 2660� +c,),+(6)17(1+7� e6)6� -13560� e1(c� i)/e(ck� 2660�
+/3f6)71/3�),(1/k�,30�f17+6),-�/)i,3�1301+67?�s(�(c6�630�/2�6q46)1.63(,(1/3k�(c6�217c�
260�e1(c�'Ngh�,30�'hNgh�26607�e6)6� 7*46)1/)� 13�,--�i)/e(c� 1301+,(/)7�,30�2660�
*(1-1p,(1/3� 6221+163+d� ,7� e6--� ,7� 7-1ic(� 1.4)/f6.63(� 13� ),01+,-� 7+,f63i13i� ,+(1f1(d?�
G/.4/71(1/37�/2�+,)+,77�,30�.*7+-6� e6)6�,-7/� 7-1ic(-d� 1.4)/f60� 13�217c�260� e1(c�
'Ngh�,30�'hNgh�26607� ec1-6� (c6�o*,-1(d� e,7�/3-d�,)+c1f60� 13�217c�260�e1(c� (c6�
'Ngh?�bc6)62/)6k�3*()1(1/3,-�o*,-1(d�/2�(c6�2660�+/*-0�O6�1.4)/f60�Od�e,(6)�7/,513i�
/2� (c6� Ngh?� bc17� ./0121+,(1/3� .6(c/0� 17� 6+/3/.1+,--d� 4/(63(1,-� 2/)� ,o*,2660�
4)/0*+(1/3?�
�

%_&�



�C��'�?�����(���
�
QB��C�)��
�

�����!���S������ ���#�����������$�����%/1-� 4,-.&��������
�����#�;�����������B���� �!"
����B"�����9�!����� ���#�����;�������#��<��!���;��#
��!�9����<U�
A�������R���
%,i)1+*-(*),-� Odn4)/0*+(7&� ��;���;������=9:
�AB��<��������;����B��
��<������
����B9�
���<U�
>��� ���#����#E"��$����������%130*7()1,-� Odn4)/0*+(7&� ��;����������A���9��%4,-.�
/1-�.6,-&���������������%4,-.�7660�.6,-&���B���������������������%4,-.�56)36-�.6,-&�
�����
�� 9����<U�
�����;���E�����
��B	<���U�
�
�<��;���#D;�����
A$�� t<#�������B�#���#���
�;��9�������#�������������
���<;��U������������
9����<U�
�����;��������������� �!"����#��
������"�;���������
U�
����!��@>$�����������>������ �!"�E
 @
;�A��	C��������$����B�E
��
���B��"�;���#D;AE������U�;������<;�<U�
���;���[��:	����W�!�[��:	�����B�!��!�������
��A$��#

�����AE���E�<��E����>�!D��!"	��
���;��������������>�!D���F ���$���B�;�9��#
U�;
 
�A �����>���E��9�
���<U�
"���;��AE���!�>�������B"�����9�!�<��>�����������E<AE��������$�U���
��B	<������B
�;��#
��!��uD#��!������
���������

�
���=S�R������� �!"��#��#��<��!��"�;����������	
����
������ �!"�#
�#��B��>BA$�

�#
�����������<;�<��:�[S����B��
��B	<���>����#��U�
�E�S���%s-,v,v1� ,30� w-ns0,edk� KJJ\x�
',06ic1�,30�'c,e),3ik�KJJ\x�w-n816-dk�KJJVx�wO),c1.1��

��?k�KJJMx�Gc*3i��

��?k�KJTJx�
bc/3i4),v*5,6e� �

 ��?k� KJTT&� ������>������ �!">B���E�<�������"��!A���
�E��<C���#

�#��B���;����UW	��U�A�������U[��<;�<��#�����;����!�����>���!U�[������y��%h/c,4,(),��


��?k�KJJKx�g*.,)��

��?k�KJJ\x�g,*)��

��?k�KJTJ&�����B��<��$��%Gc*3i��

��?k�KJTJx�g,*)�
�

��?k�KJTJ&����E�<�����	
����
���������9!��%N,-,f�,30�'66(c,),.,3k�KJJVx�g)17(63763��


��?k�KJJLx�z/46pn{*O1/��

��?k�KJJL&���B
�������9�S��%z/46pn{*O1/��

��?k�KJJLx�Gc*3i�
�

��?k�KJTJx�g,*)��

��?k�KJTJ&�������
�������������������	
����
�������������������������
�������!����B�!AF!C�����<;�<��B��
��B	<����������>S��������A��#�S��AE�>B�;�<���
�A ����9�!��
���uD#���������E<AE��;�9���BA"�;��!������
�����B���������
A���<���U�
�<;��
 
�
;���B<���<����

�
���=S�R�
�����E��E> ���B��
�������$�����������������������������	
����
��	�<�!FE���A��

XY�!����U�
��;������;��$�������

����U�	
���X����Q�<����E��������B�$�����!����������#
�E
���
�#��B���;����<;�<������U[���������$��	�<��B��!�>��������E�<�������
���B��"A���
�E�
��"��!A���
�E��<C�����B��B�!AF!C�����<;�<��#���A�����%��
��
���01i67(1O1-1(d&�#���>��



����>S��E���A������E�<�����!��%����������	
����
���	&������A���"��B�!AF!C�������#���	�<
=S�R�����������������>�!D��!"	����B�!AF!C���������������!>����������U[��<;�<��#������
%A�!�[!��U
	�A�!�[!���BU������[��:������BU����&�����
���� �:��!��B������<�BAE��$�
�D�U�
��;�
��"���B���B��#�����B�$�U�
���
���B��"�����
���������B[�����B
 @C�������
��������9�
>�����=S�R�
�����E�
���;�>B������
��������!FE���AE��#��B���$�#��"���������	
����
��������
������������������A��"��"��!A���
�E��<C���"�����
�������� �!"��#��AE��#��B���;����<;�<
��B��
��B	<��������>��������;����!��#
�E����$���������������������U���
��B	<�������
���� �!"��#���#
��"�������$��=�Ra�!>U�
�<;��
�"��>���B<���<���;�U��
�
GB��	%&'��>�����
�
����������K?T� �������
����
�
����:
�#�;��������>��"��B��B��!�
 @C�������
��B	<������� �!"
��#����������B��"#���A�����	�<��
�A
	�	�<EA���
�����U[��<;�<��#����;����"���=S�R����
���E�<�������"��!A���
�E��<C���
�
�����������K?K� ��������"�� �
 @C�������������������������[S������9����<U�
A�������R��AE��E

 @
;�A��	C��������$���#
�E	
����
��AE��#��B����B�������$��������$�U���
��B	<���U�
����
��B�!AF!C���
�
����������K?_��������
���:����#���������$�AE��E��
��:����
���� �!"AE�#�U�
�;�<��A
���!����E�
�A ���$����;�E
��B�!AF!C���:����B������9�!�U�
����!�� ���#�������
��
RB���'��
����
� _?T� ���=S�R�AE��T|�9����������������������������������
�<�!FEA��XY�!����;����
���E�<�������!��@
���	"UW����AE�<;�<U�
���"��!A���
�E��<C�����B��B�!AF!C�����<;�<

���	"UW������#���A�����%C�
9��������B��&�
�
���������������������������������������
�<�!FE���A��XY�!����E9��<;���E��<�$�
�D�;�����������
��!��@�<����<���BA$��#
��!��@
���	"UW�����E
;���!���S���	�<�����;��$���B���U�	
���X>B
���"�� ���"��!A���
�E��<C��������� �!"�#
�#��B���;����UW	��U�A�������U[��<;�<��#���
��BA$��#
��B�!AF!C�����<;�<
���	"UW������#���A�����������!��E
;��:�������������������

K�



�
�<�����;��$�#������U�	
���X>S�����A�������#�S��AE�>B�;�<���"�� �
 @C��������������������
������#
�#��B���;����<;�<����������$�����S���
�

_?K����A����AE��K�%C�
9�����&�
�����������������
� � _?K?T����A����AE��K?T|�9����������������������������������
�<�!FEA��XY�!���
�;����"��!A���
�E��<C�������#�����B����>�!D��!"	��������!��
�
���������� � �E�����B
���� ;���������
�<�
�������;���B#�;����#��AE��E�;��9��������
�����������������AE�9;��������������B����������������������� �
�"
 �U�
��@BAE���"��!A���
�E
��<C�������#���U�
��;�	
����
���B��"> �C�
�������������!�	��[��:	����:��""���
��E�<��"�����E���[����B��"��!A��
����
����E
���������F���"����>�!D��!"	���B��
��B	<���>��
��#���������!��9����A���������#
�#���;���"��!A���
�E��<C���E
����$�
�D�;�
 @C�����
��#�����B
 @���R@B�����;����������
�����
�"
 �
 @C������B"�����9�!���#���������$�
U�
��

�
_?K?K����A����AE��K?K|�9����������������������������������
�<�!FEA��XY�!���

�;������>�!D��!"	�������
��#�������
���� �:��!��B��!>����������U[��<;�<��#���
��
���B��"���[�����B
 @C����
��������������!��

�
������������������������������
�<�����;��$��#�����;��$��;����"U�	
���X��;�<

���"�� �
 @C�������#������!�U�
�	�<���AE�U�
��"��#��AE��E��������������������AE��������
�<
�!FE�����;��>B�E����>�!D��!"	���B�E��B�!AF!C�������
��#���:���;���A�EA����������������� ;�
�����;���E���<;�<	���E���B
���	"UW����U�
�E��;�����<;�<�!�!��"�;����AE�U�
��"���������������
�����AE�9;�������;��$�>B�E�����"����AE��E������=S�R�����
���� �:��!��B�"�;����A����K� �� ;���E

���������������
���� �:��!��B���B��"
�AE�A�������"��B�$�U�
�������;�E�B��"AE��:��S����
��B���B��#������>���E��<���E��
���B��"���[����B��
�������AE��E�S���	�<�Q��B���AE�U�
��"
��������������������AE�9;�������;��$��[S���"�;��E�������������	���E�"����!���!������S����
��
���������������������;��$����������������������;�����9������ �!">S��#��B���;����9�!���#��
����!��
�
�

_�



 
 
 
 
 
 
 
 
 
 

 
 

ภาคผนวก 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 

ภาคผนวก ก 
ส ำเนำบทควำมที่ได้รับกำรตีพิมพ์แล้ว 

 
 
 
 
 
 
 
 
 



3
8

3
2

Research Article
Received: 17 December 2012 Revised: 10 June 2013 Accepted article published: 23 July 2013 Published online in Wiley Online Library: 20 August 2013

(wileyonlinelibrary.com) DOI 10.1002/jsfa.6314

Physical modification of palm kernel meal
improved available carbohydrate,
physicochemical properties and in vitro
digestibility in economic freshwater fish
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Bilanglod,a Terdtoon Dumrongrittamatt,a Chutima Tantikittib and
Uthaiwan Kovitvadhic,d

Abstract

BACKGROUND: Unavailable carbohydrates are an important limiting factor for utilization of palm kernel meal (PKM) as aquafeed
ingredients. The aim of this study was to improve available carbohydrate from PKM. Different physical modifications including
water soaking, microwave irradiation, gamma irradiation and electron beam, were investigated in relation to chemical
composition, physicochemical properties and in vitro carbohydrate digestibility using digestive enzymes from economic
freshwater fish.

RESULTS: Modified methods had significant (P < 0.05) effects on chemical composition by decreasing crude fiber and increasing
available carbohydrates. Improvements in physicochemical properties of PKM, such as water solubility, microstructure, relative
crystallinity and lignocellulosic spectra, were mainly achieved by soaking and microwave irradiation. Carbohydrate digestibility
varied among the physical modifications tested (P < 0.05) and three fish species had different abilities to digest PKM. Soaking
was the appropriate modification for increasing carbohydrate digestion specifically in Nile tilapia (Oreochromis niloticus),
whereas either soaking or microwave irradiation was effective for striped snakehead (Channa striata). For walking catfish
(Clarias batrachus), carbohydrate digestibility was similar among raw, soaked and microwave-irradiated PKM.

CONCLUSION: These findings suggest that soaking and microwave irradiation could be practical methods for altering appropriate
physicochemical properties of PKM as well as increasing carbohydrate digestibility in select economic freshwater fish.
c© 2013 Society of Chemical Industry

Keywords: palm kernel meal; soaking; microwave irradiation; physicochemical properties; carbohydrate digestibility; economic fish

INTRODUCTION
The global production rate of oil palm industry maintains an
increasing trend. Palm kernel meal (PKM) is a common by-
product from palm oil extraction (Fig. 1), and is commonly
used as a feed ingredient for ruminants as well as for non-
ruminants, such as swine1 and poultry.2 For aquatic animals,
little information is currently available on the use of PKM in
diets. Insufficient nutrient content and low digestibility of PKM
due to large amounts of non-starch polysaccharides in cell
wall constituents, including mannans, celluloses and xylans, are
the main problem.3 These components impair the digestibility
and utilization of nutrients, by encapsulation of nutrients or
by increasing the viscosity of intestinal content.4 However,
substitution levels of PKM in aquafeed have been optimized
in Nile tilapia (Oreochromis niloticus)5 and hybrid Asian–African
catfish (Clarias macrocephalus × C. gariepinus).6 Moreover, palm-
originated oil exhibited significant benefits for replacing fish oil
whereas the carbohydrate problem in many feedstuffs occurs due
to limited amounts of lipid.7

Increased PKM utilization by some biological modifications
has been reported, such as commercial enzyme supplementation
and fungal fermentation.5 These methods are time consuming
and probably contaminate with unfavorable microorganisms.
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Figure 1. PKM generated from palm oil processing.

Recently, physical modifications for increasing enzymatic hydrol-
ysis in food or feed ingredients have been used worldwide,

such as water soaking,8 microwave irradiation,8–10 gamma

irradiation11,12 and electron beam.13–15 These procedures can
improve some physicochemical properties of raw materials, such
as water solubility,16 crystallinity17 and lignocellulosic contents,18

as well as protein and starch degradation,10 which is important
for increasing nutrient utilization. However, little is known about
appropriate modifications of PKM using physical methods that
contribute to better feedstuff quality.

The goal of this study was to investigate the effects of different
modification methods including water soaking, microwave
irradiation, gamma irradiation and electron beam, on chemical
composition, physicochemical properties and invitro carbohydrate
digestibility of PKMs. Three freshwater fish with high economic
values, namely Nile tilapia (Oreochromis niloticus), walking catfish
(Clarias batrachus) and striped snakehead (Channa striata), were
used as sources of digestive enzymes for in vitro digestibility.
Carbohydrate digestibility is determined because PKM contains a
large amount of structural carbohydrate. The findings from the
present study might be used for improving PKM feed quality in
aquatic production.

EXPERIMENTAL
PKM modifications
PKMs were obtained from an industrial factory in Hat Yai,
Songkhla, Thailand. Unprocessed PKM was used as a control.
Modifications of PKM using different physical methods were
performed following previous studies in feed or food ingredients:
(i) water soaking – PKM was soaked in distilled water (1:2, w/v)
for 12 h at room temperature;8 (ii) microwave irradiation – 100 g
PKM was placed in a plastic box (20 cm diameter × 10 cm height),
mixed with distilled water (1:2 w/v) and then cooked at 800 W in a
microwave oven (MW 71B, Samsung, Malaysia) under agitation for
4 min;8 (iii) gamma irradiation – PKM was irradiated at a dose of
30 kGy14 using 60Co from a carrier-type gamma irradiator (JS 8900
IR-155, MDS Nordion, Ottawa, ON, Canada) as irradiation source;
and (iv) electron beam irradiation – PKM was irradiated at dose of
30 kGy at a fixed beam energy of 10 MeV15 by electron accelerator
(TT-200, IBA Co. Ltd, Louvain, Belgium). Modifications by gamma
and electron beam were conducted at the Institute of Nuclear
Technology (Public Organization), Thailand.

PKM preparation
Raw and modified PKMs were dried using a freeze dryer (Delta 2-24
LSC, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am
Harz, Germany) for 24 h, ground and then kept in a desiccator
for later analysis of physicochemical properties and in vitro
digestibility. For chemical composition analysis, raw and modified
PKMs were dried in an air oven at 105 ◦C for 24 h to remove
moisture and kept in a desiccator until analysis.

Chemical composition
Raw and modified PKMs were analyzed for proximate composition
including protein, lipid, ash and fiber according to standard AOAC
methods.19 Nitrogen-free extract (NFE) was calculated from the
results. All chemical compositions are reported on a dry matter
basis.

Physicochemical characteristics
Determination of pH
Suspension of PKM was prepared by adding 1 g of sample in 25 mL
of water at 25 ◦C and agitating for 10 min.20 Measurement of pH in
suspended samples was conducted using a pH meter (CyberScan
510, Eutech Instruments, Singapore).

Determination of water solubility
Water solubility was determined according to the method of
Chung et al.12 One gram of PKM was mixed with 10 mL water,
gently stirred for 1 h at room temperature and centrifuged at
1500 × g for 10 min. Subsequently, the supernatant was collected,
dried at 60 ◦C for 48 h and weighed. Solubility of the sample was
calculated from the ratio between weight of dissolved solids in the
supernatant and weight of dry solids in the original sample.

Microscopic observation
Microstructure (including shape, surface and roughness) of raw and
modified PKMs was studied using scanning electron micrographs
(Quanta 400, FEI, Brno, Czech Republic) at 200×, 2000× and
8000× magnification. The PKM samples were mounted using
double-sticky tape on an aluminium stub and coated with gold.
An energy potential of 15 kV was used during micrography.

J Sci Food Agric 2013; 93: 3832–3840 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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X-ray diffraction pattern
X-ray diffraction patterns of PKM were determined using an X-
ray diffractometer (X’Pert MPD, Philips, Amsterdam, Netherlands)
operated at 40 kV voltage and 40 mA current. Diffractograms were
recorded for 2θ between 4◦ and 35◦ with a scanning rate of 2◦

min−1.

Fourier transform infrared (FTIR)
Alterations in lignocellulosic constituents were analyzed using an
FTIR spectrometer (Equinox 55, Bruker, Bremen, Germany). Sample
discs were prepared by mixing 1 mg dried PKM with 100 mg KBr
in mortar and then pressing the mixture at 10 MPa for 5 min.
FTIR spectra were taken for each sample from 4000 to 400 cm−1.
Specific spectra for each component were measured following

previous reports.21–24

Determination of in vitro carbohydrate digestibility
Fish preparation
Adult Nile tilapia (O. niloticus), walking catfish (C. batrachus) and
striped snakehead (C. striata) were obtained from a farm in
Songkhla Province, Thailand. The fish (n = 4) were acclimatized for
14 days in tanks (80 cm diameter × 40 cm height) and maintained
at a water temperature of 27.4 ± 0.3 ◦C, pH 7.03 ± 0.07 and diurnal
cycle 12 h light:12 h dark. The fish were fed ad libitum, twice daily
(08:00 and 18:00 h) with a commercial diet according to their
feeding habits (20% crude protein for Nile tilapia, and 37% crude
protein for walking catfish and striped snakehead). All fish were
starved for 24 h prior to sampling and then sacrificed by chilling
in ice according to ‘Ethical Principles and Guidelines for the Use
of Animals for Scientific Purposes’, National Research Council,
Thailand. Intestines of the fish were carefully collected and then
kept at –20 ◦C until digestive enzyme extraction.

Digestive enzyme extraction
Small intestines were extracted with 50 mmol L−1 Tris–HCl buffer
pH 8 containing 200 mmol L−1 NaCl (1:4, w/v) using a micro-
homogenizer (THP-220; Omni International, Kennesaw, GA, USA).
The homogenate was centrifuged at 15 000 × g for 30 min at 4 ◦C.
The supernatant was collected and then kept at −20 ◦C.

Determination of α-amylase activity (EC 3.2.1.1)
Amylase activity was assayed at pH 8 and 25 ◦C. The reactions
were performed according to Thongprajukaew25 using 2% soluble

starch (final concentration) as substrate. The absorbance at 540 nm
was determined with a spectrophotometer and compared to
standard maltose. Quantification of amylase activity was expressed
as ‘U’ units.

In vitro carbohydrate digestibility
Digestive enzyme extracts were dialyzed overnight against
extraction buffer. Carbohydrate digestibility of the modified PKM
was determined using the method described by Thongprajukaew
et al.16 The reaction mixture contained 5 mg PKM, 10 mL
50 mmol L−1 phosphate buffer pH 8.2, 50 µL 0.5% chloramphenicol
and 125 µL dialyzed crude enzyme extract, and was incubated at
25 ◦C for 24 h. Blanks without crude enzyme extracts were used
as controls to measure the levels of sugar liberated from the
PKM. Carbohydrate digestibility was determined by measuring
the increase in reducing sugar after enzymatic reaction and then
compared with maltose standard curve. Digestibility values of
carbohydrate in each fish species were standardized by amylase
activity and were expressed as µmol maltose g−1 PKM.

Statistical analysis
The experiments followed a completely randomized design (CRD).
Data are reported as mean ± SEM. Significant differences between
means were analyzed and ranked by one-way analysis of variance
and by Duncan’s multiple range test (DMRT) at 95% confidence
levels, respectively.

RESULTS
Chemical composition
Differences in chemical composition between raw and modified
PKMs are shown in Table 1. Crude protein was the highest
in gamma-irradiated PKM. Increased lipid concentrations were
found after electron beam and microwave modifications. Ash
content decreased significantly in modified PKMs (except for
electron beam modification). The largest decrease in ash was in
soaked PKM, followed by microwave and gamma irradiation. Crude
fiber from raw PKM decreased dramatically in soaked (17.62%),
microwave-irradiated (33.95%), gamma–irradiated (37.72%) and
electron beam modified (42.87%) PKM. This caused 1.09- and 1.17-
fold increased carbohydrate components (nitrogen-free extract)
in soaked and irradiated PKM, respectively.

Table 1. Chemical composition and some physicochemical properties of raw and pretreated PKM. Data were calculated from triplicate observations
and are expressed on a dry matter basis

Parameter Unmodified Soaking Microwave irradiation Gamma irradiation Electron beam

Chemical composition (g kg−1)
Crude protein 144.8 ± 0.6b 150.1 ± 0.1ab 144.0 ± 2.4b 153.9 ± 1.5a 148.4 ± 3.0ab
Crude lipid 100.6 ± 0.1bc 99.3 ± 0.6c 101.4 ± 0.4b 99.0 ± 0.6c 106.2 ± 0.6a
Crude fiber 217.4 ± 5.6a 179.1 ± 0.3b 143.6 ± 0.3c 135.4 ± 4.0 cd 124.2 ± 5.2d
Ash 55.6 ± 0.4a 45.0 ± 1.0d 49.7 ± 0.8c 51.7 ± 0.8bc 53.4 ± 1.1ab
Nitrogen free extract 481.6 ± 5.6c 526.5 ± 1.2b 560.0 ± 2.6a 560.0 ± 4.4a 567.8 ± 6.1a

Physicochemical properties
pH 5.23 ± 0.01b 5.36 ± 0.01a 5.37 ± 0.01a 5.21 ± 0.01b 5.23 ± 0.01b
Water solubility (g kg−1) 90.8 ± 2.2 101.2 ± 12.0 95.3 ± 5.2 94.7 ± 16.5 78.3 ± 5.7
Relative crystallinity (g kg−1)a 366.0 ± 0.1d 335.2 ± 0.1e 382.2 ± 0.1b 379.4 ± 0.1c 412.4 ± 0.1a

a Relative crystallinity was calculated from duplicate analysis.
Values with different letters in the same row indicate a significant difference (P < 0.05).

wileyonlinelibrary.com/jsfa c© 2013 Society of Chemical Industry J Sci Food Agric 2013; 93: 3832–3840
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Physicochemical properties
pH
The modified method had a significant effect on pH of PKM
(P < 0.05, Table 1). The highest values were observed in soaked and
microwave-irradiated PKM. Gamma and electron beam irradiation
appeared to have no effect on pH in this study (P > 0.05).

Water solubility
Solubility in water was significantly different among treated and
untreated PKM (P < 0.05). However, no difference was observed
between the modified groups (P > 0.05). Higher solubility was
found in soaked PKM, followed by microwave-irradiated PKM,
whereas lower values were found in electron beam modification.

Microstructure
Microstructure was clearly different among treated and untreated
PKM (Fig. 2). Rough surface was mainly observed in soaked (Fig.
2D–F) and microwave-irradiated PKM (Fig. 2G–I) whereas smooth

surface was formed after modification by gamma irradiation (Fig.
2J–L) and electron beam (Fig. 2M–O). Microstructure of raw and
modified PKM was generally irregular.

Diffraction pattern
Modification of PKM affected the amorphous and crystalline
regions. Similar diffraction patterns of main peaks (15.9◦, 19.9◦ and
26.6◦) were also found between treated and untreated PKM (Fig. 3).
However, small differences in peaks were observed at diffraction
angles (2θ ) of 17.2–18.7◦ and 20.5–21.6◦. Relative crystallinity
(RC) of PKM was affected by modified methods (Table 1). The
value decreased significantly by 8.4% with water soaking, whereas
it increased by 3.7%, 4.45% and 12.7% with gamma irradiation,
microwave irradiation and electron beam, respectively, compared
with raw PKM.

FTIR spectra
FTIR spectra of raw and modified PKM were different (Fig. 4).
Removal of waxes was determined by CH2 stretching bands at

Figure 2. Microscopic structures of raw (A–C) and modified PKM: soaking (D–F), microwave irradiation (G–I), gamma irradiation (J–L) and electron beam
(M–O). Magnifications of photographs are 200× (left), 2000× (middle) and 8000× (right).

J Sci Food Agric 2013; 93: 3832–3840 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Figure 3. X-ray diffractograms of PKM: raw, modified by soaking, microwave irradiation, gamma irradiation and electron beam.

approximately 2850 and 2920 cm−1.21 Some spectral peaks of
cellulose are incurred by C&bond;H vibration at 1320 cm−1,23 and
by other structural elements at 1381 and 1154 cm−1.22,24 The
spectrum at 1745 cm−1 represents acetyl and uronic ester groups
of hemicelluloses,22 1244 cm−1 represents the syringyl ring and
C&bond;O stretch in lignin and xylan, and other hemicellolose
spectral peaks occur at 1738 and 1090 cm−1 – these were also
determined.22 Findings from all FTIR spectra showed that soaking,
gamma irradiation and microwave irradiation decreased waxes
(Fig. 4A), cellulose, hemicelluloses and lignin in PKMs, whereas
electron beam did not when compared with unmodified PKM
(Fig. 4B). Similar results were found for the peak ratio between
1429 cm−1 (crystalline) and 893 cm−1 (amorphous). The ratios were
lower in soaked (3.46), gamma-irradiated (2.35) and microwave-
irradiated (3.13) PKM than in the raw PKM (3.67).

In vitro carbohydrate digestibility
Different modifications had a significant effect on carbohydrate
digestibility (CD) in three fish species (Fig. 5). Gamma and
electron beam modifications decreased the CD in walking catfish
(P < 0.05, Fig. 5B) and striped snakehead (P < 0.05, Fig. 5C),
whereas digestibility increased in Nile tilapia (P < 0.05, Fig.
5A). Soaking significantly increased CD in Nile tilapia (P < 0.05)
and striped snakehead (P < 0.05) by 1.35- and 1.23-fold on
average, respectively, when compared with control. However, no
differences were observed among soaked, microwave-irradiated
and raw PKM in walking catfish. Microwave irradiation significantly
increased CD in striped snakehead (P < 0.05), whereas a slight
increase was found in walking catfish (P > 0.05), when compared
with raw PKM. On the other hand, significantly decreased CD of
microwave-irradiated PKM was prominently found in Nile tilapia
(Fig. 5A).

DISCUSSION
Chemical compositions of PKM
Alteration from crude fiber into available carbohydrates was not
proportionally correlated with the increase of CD. This indicates
that carbohydrate quality plays a key role in CD and is also
more important than the quantity. Significant changes in chemical

composition between raw and modified PKM were similar to
findings for various foods or feed ingredients after modification,
such as in chickpea26 and fish feed mixtures.16 However, no
differences between treated and untreated raw materials were
reported in Bengal gram, green gram, horse gram, canola seed
and sorghum grain.9,11,15 Slight decreases in protein contents after
microwave modification in PKM are probably due to loss during
cooking. This occurred concurrently with changed protein quality
observed by differential scanning calorimeter (DSC) and in vitro
protein digestibility (unpublished data).

Changes in lipid constituents are affected by modified methods
mainly at the double bonds of unsaturated fatty acids. The
changes may cause formation of saturated fatty acids or provide
hydroperoxides and secondary oxidation products, as reported by
Thongprajukaew25 and Stewart et al.,27 respectively. However, the
occurrence depends on time and temperature of processing.27,28

For ash, a significant decrease after modification is in agreement
with other studies on boiling, autoclaving and microwave
irradiation26 and water soaking for 72 h.29

Crude fiber analysis and FTIR spectra indicated significant
reductions in main cell wall constituents (cellulose, hemicelluloses
and lignin) and waxes in modified PKM. Similar results have
been reported in pretreated, delignified and steam-exploded rice
straws18 and gamma-irradiated wheat straw, cotton seed shell,
peanut shell, soybean shell, extracted olive cake and extracted
unpeeled sunflower seeds.30 These changes are probably due to
the destruction of lignocellulosic materials during modification.
Reduction of structural carbohydrate can cause an increase
in available nitrogen-free extract. This result indicates higher
carbohydrate utilization for modified PKM than for the raw
material.

Physicochemical properties and in vitro digestibility of PKM
Some factors affecting carbohydrate digestibility are summarized
in Table 2. These data indicate that the relevant changes in
physicochemical properties of PKM occurred after water soaking
and microwave irradiation. The change in pH can play an
important role in determining the liberation of functional groups
from macromolecule breakdown after modification. Decreased
pH could be due to the breakdown of starch molecules by

wileyonlinelibrary.com/jsfa c© 2013 Society of Chemical Industry J Sci Food Agric 2013; 93: 3832–3840
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Figure 4. FTIR spectra of PKM: raw, modified by soaking, microwave irradiation, gamma irradiation and electron beam.

the action of free radicals, and then induce the formation of
carboxyl groups.17 On the other hand, an increase in pH of
soaked PKM by release of hydroxyl groups from lignocellulosic
degradation is postulated. Increased water solubility was also
found in soaked PKM. This characteristic could contribute to
the hydrolytic capacity of digestive enzymes.12,16 Therefore,
increased solubility in this modified method could improve the
enzymatic digestion of PKM in vitro. Higher hydrolytic properties,
enhancing enzymatic reactions of the PKM, are also indicated by
the changes in morphology. Increased surface roughness after
modification has been reported to improve the digestive capacity
in various feed ingredients.18,25 Therefore, modifications of PKM
by this method might contribute to enzymatic hydrolysis in the
alimentary tract of animals. Moreover, decreased RC in soaked
PKM indicates an increase in the amorphous region which could
contribute to enzymatic hydrolysis of carbohydrate, due to the

negative correlation reported between RC and in vitro digestibility
of rapidly and slowly digestible starches.31

Therefore, changes in physicochemical properties after water
soaking support improving CD in Nile tilapia and striped
snakehead. This finding is in agreement with prior findings in
moth bean, black grams and chick pea.8,32 This method has been
widely used for reducing some antinutritional compounds, i.e.
polyphenol, tannin, phytic acid and α-amylase inhibitor.33 In an in
vivo trial, supplementation of soaked Sesbania seeds in the diet
of common carp (Cyprinus carpio) significantly improved growth
performance and feed utilization.34 Such prior success suggests
that the use of soaked PKM for rearing Nile tilapia and striped
snakehead, and optimizing the conditions for CD, such as soaking
time and feedstuff–water ratio, should be further investigated.

Positive changes in physicochemical properties of microwave-
irradiated PKM were similar to those observed in soaked PKM,

J Sci Food Agric 2013; 93: 3832–3840 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jsfa



3
8

3
8

www.soci.org K Thongprajukaew et al.

Figure 5. In vitro carbohydrate digestibility (µmol maltose g−1 PKM) of raw and modified PKMs, using digestive enzyme extracts from Nile tilapia (A,
amylase 2000 U), walking catfish (B, amylase 1000 U) and striped snakehead (C, amylase 100 U). Analysis was performed in quadruplicate. Data with
different superscripts are significantly different (P < 0.05).

whereas RC was negative (Table 2). These characteristics supported
a positive effect on CD in walking catfish and striped snakehead,
whereas there was a prominently negative result in Nile tilapia.
These results indicate that microwave modification is effective
for specific fish species, depending on their feeding habits.
Increased apparent CD incurred by microwave modification has
been reported in various legume seeds, such as moth bean,
green gram, Bengal gram and horse gram,8,9 as well as in
the diet for Siamese fighting fish.16 Increases in CD may be
affected by starch gelatinization, amylose content, starch diameter
and starch degradation.10,35 Therefore, methods with optimal
microwave modification, i.e. irradiation intensity, cooking time

and feedstuff–water ratio, can probably further improve PKM
quality.

Negative findings were similar between PKM modified by
gamma and electron beam irradiation. The change in smooth
surfaces was greater with electron beam than with gamma
irradiation, as seen from a denser surface. This characteristic has
been similarly found in gamma-irradiated starches from corn and
potato when compared with native starches.17,35 Increase of RC
in both methods is similar to that found in rice straw modified
by electron beam.13 However, decreased RC of raw materials
after modification by gamma irradiation has been reported.17,35

The reported results may differ because the studies differ in the

wileyonlinelibrary.com/jsfa c© 2013 Society of Chemical Industry J Sci Food Agric 2013; 93: 3832–3840
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Table 2. Summary of factors affecting carbohydrate digestibility of pretreated PKM in three fish species. Significantly positive (+) or negative (−)
changes when compared with unmodified PKM (P < 0.05)

Positive finding Soaking Microwave irradiation Gamma irradiation Electron beam

Chemical composition

Crude fiber + + + +
Nitrogen free extract + + + +

Physicochemical properties

pH + + ns ns

Water solubility ns ns ns ns

Microstructurea + + − −
Relative crystallinity + − − −
Lignocellulosic constituent + + + −

In vitro carbohydrate digestibility

Nile tilapia + ns ns +
Walking catfish ns ns − −
Striped snakehead + + − ns

a Positive (+) or negative (−) changes indicated by rougher surface structure than in unmodified PKM.
ns, not significant when compared with unmodified PKM (P > 0.05).

crystalline constituents of the raw materials and the conditions
used. However, although gamma and electron beam modifications
increased CD in Nile tilapia, both methods have high energy and
equipment costs compared with conventional methods that had
similar CD.

Digestibility among fish species was not comparable owing
to their differences in various factors that affected carbohydrate
utilization, such as growth stage, sex, genetics, feeding habit
and rearing condition. Generally, omnivorous fish (Nile tilapia)
is higher in amylase activity than in omnivorous fish with
major meat-eating (walking catfish) and carnivorous fish (striped
snakehead), respectively. However, basal amylase activity among
each individual fish were adjusted to reduce the variation
occurs within species. Therefore, utilizing in vitro digestibility
techniques using fish crude enzyme extracts from specific fish
and standardized by amylase activity is important in screening
feedstuffs for developing formulated diets with high nutritional
qualities for optimizing growth.16,25

CONCLUSION
Physical modifications of PKM had significant effects on chemical
composition by decreasing crude fiber and increasing available
carbohydrates. Soaking and microwave irradiation improved the
determined physicochemical properties in ways that are expected
to enhance enzymatic hydrolysis. Digestive enzymes extracted
from Nile tilapia showed the highest efficiency for hydrolyzing
carbohydrate from soaked PKM, whereas either soaked or
microwave-irradiated PKM was best for striped snakehead. These
in vitro findings indicate that soaking and microwave irradiation
can improve CD in select economic freshwater fish. Therefore, both
these methods for modifying PKM quality in aquaculture appear
to have significant potential.
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ABSTRACT 25 

The effects of feed quality on growth performance and feed utilization of Nile tilapia 26 

(Oreochromis niloticus) were studied experimentally in a two-month feeding trial. Fish with 27 

an initial weight of 20.61 ± 0.15 g and initial length of 10.45 ± 0.03 cm were reared for 8 28 

weeks in dietary treatment groups according to a completely randomized design (4 treatments 29 

× 3 replications). The isonitrogenous, isolipidic and isoenergetic feeds contained 200 g/kg 30 

palm kernel meal (PKM), and differed in the form of PKM that was either unprocessed 31 

(UPKM), water-soaked (SPKM), microwave-irradiated (MPKM), or water-soaked and 32 

microwave-irradiated (SMPKM). Physicochemical property changes in ways that are 33 

expected to enhance enzymatic digestion of the feed were determined, including pH, 34 

turbidity, microstructure, lignocellulosic spectra, diffraction pattern, and thermal transition 35 

parameters. These feed characteristics were linked with growth, feed conversion ratio, and 36 

visceral organ indices. The best fish growth and feed utilization were attained with SMPKM, 37 

followed by SPKM, and this matched the expectations from the feed physicochemical 38 

properties.  39 

 40 

Keywords: Feed utilization; Oreochromis niloticus; Nile tilapia; Palm kernel meal; 41 

Physicochemical properties 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 
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1. Introduction 50 

The physicochemical properties of various feed ingredients are related to their in vitro 51 

digestibility. Starch characteristics that relate to carbohydrate digestibility include 52 

gelatinization, amylose content, granule diameter, crystallinity and degradation (Sadeghi and 53 

Shawrang, 2006; Chung and Liu, 2009). Similarly, the digestibility of proteins is related to 54 

disulphide bonds, aspartic acid racemization (Rungruangsak-Torrissen et al., 2002), and 55 

subunit degradation (Ebrahimi et al., 2009). However, the relationships between the 56 

physicochemical properties and feed utilization have been investigated in only a few trials. 57 

Improvement of growth in Siamese fighting fish (Betta splendens) with modified feeds 58 

varying in the degree of gelatinization and water solubility, have been reported 59 

(Thongprajukaew et al., 2011). Peres and Oliva-Teles (2002) reported differences in growth 60 

and feed efficiency of European sea bass (Dicentrarchus labrax) that consumed three 61 

isonitrogenous and isolipidic feeds containing raw or gelatinized starch, despite a similar 62 

chemical composition of the feeds. This indicates that the physicochemical characteristics of 63 

the feed are practically important to the in vivo nutrient response in reared animals. 64 

Physical modifications of palm kernel meal (PKM) by water soaking and microwave 65 

irradiation can improve its physicochemical characteristics and in vitro carbohydrate 66 

digestibility in Nile tilapia (Oreochromis niloticus) and striped snakehead (Channa striata) 67 

(Thongprajukaew et al., 2013). However, predictions of in vivo PKM digestibility based on 68 

the in vitro data are not necessarily accurate (Castagna et al., 1984; O’ Mara et al., 1999). 69 

Typical underestimates are partly due to the presence of galactomannans, which are not easily 70 

hydrolyzed by the in vitro prepared enzymes. The use of this feedstuff at 200 g/kg or even 71 

higher inclusion levels has been optimal in feeds for Nile tilapia, O. niloticus (Ng et al., 72 

2002), and hybrid Asian–African catfish, Clarias macrocephalus × C. gariepinus (Ng and 73 

Chen, 2002). Nevertheless, little information is currently available on the use of PKM in 74 
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aquafeed because its large amount of indigestible non-starch polysaccharides (from cell wall 75 

constituents), low protein content and amino acid deficiencies limit its use as a feed 76 

constituent (Ng, 2004). The destruction of cell wall barriers might help increase the use of 77 

PKM in aquafeeds. 78 

    The objective of this study was to investigate alternative physicochemical 79 

modifications of PKM, and whether the feed physicochemical properties can be related to 80 

growth and feed utilization of Nile tilapia (O. niloticus). Such physicochemical properties of 81 

feed that relate to the degree of in vitro hydrolysis were investigated, namely turbidity 82 

(Jacobson et al., 1997; Perera and Hoover, 1999), pH, microstructure, lignocellulosic 83 

constituents, diffraction pattern, and thermal transition properties (Chung and Liu, 2009, 84 

2010; Kaur et al., 2010; Chumwaengwapee et al., 2013; Thongprajukaew et al., 2013). These 85 

analyses were done concurrently and compared to the responses in fish growth and feed 86 

utilization. The findings support the use of PKM as an aquafeed ingredient, and more 87 

generally support the physicochemical assessments of feed quality for improving animal 88 

nutrition.  89 

 90 

2. Materials and methods 91 

2.1. Preparation of PKM-based feeds 92 

The physical modifications of PKM, which alter its physicochemical properties, were 93 

those described by Thongprajukaew et al. (2013). Ingredients and inclusion levels in the feeds 94 

are shown in Table 1, deviating slightly from the design used by Ng and Chen (2002). The 95 

200 g/kg PKM was used in each dietary treatment, as unprocessed (UPKM), water-soaked 96 

(SPKM), microwave-irradiated (MPKM), or water-soaked and microwave-irradiated 97 

(SMPKM). The SPKM was prepared by soaking raw PKM in distilled water (1: 2 w/v) at 98 

room temperature for 12 h. The MPKM was prepared by placing 100 g of raw PKM in a 99 
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plastic box (20 cm diameter × 10 cm height), mixed with distilled water (1: 2 w/v) and then 100 

irradiating at 800 W in a microwave oven (MW 71B, Samsung, Malaysia) for 4 min. For 101 

SMPKM, the combination of both soaking and microwave irradiation was done in this order. 102 

The PKM was mixed with other feedstuffs (fish meal, soybean meal, alpha starch, corn flour 103 

and rice hull) along with additives, and 300 g/kg of water added for appropriate moisture 104 

content. The glutinous mixtures were passed through a hand pelletizer, dried at 60°C for 48 h, 105 

and then stored at 4°C until use in feeding.   106 

 107 

2.2. Analysis of chemical composition 108 

Samples of the experimental feeds were dried at 105
o
C for 24 h before analyzing their 109 

chemical composition. The proximate composition, including crude protein, crude lipid, crude 110 

ash, acid detergent fibre (ADF), neutral detergent fibre (NDF) and crude fibre, were 111 

determined according to standard methods of AOAC (2005). The nitrogen free extract (NFE, 112 

g/kg) was calculated from 1000 – (crude protein + crude lipid + crude ash + crude fibre). All 113 

the chemical analyses were done in triplicate and reported on a dry matter basis.  114 

 115 

2.3. Physicochemical properties 116 

2.3.1. Preparation of samples 117 

The experimental feed samples were ground, dried using a freeze dryer (Delta 2-24 118 

LSC, Germany) for 24 h, and then kept in a desiccator for later analysis of the 119 

physicochemical properties.  120 

 121 

 122 

 123 

 124 
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2.3.2. pH 125 

One gram of an experimental feed was mixed with 25 mL of water at 25
o
C and 126 

agitated for 10 min (Sokhey and Chinnaswamy, 1993). The sample suspension was then 127 

probed with a pH meter (CyberScan 510, Eutech Instrument, Singapore).  128 

 129 

2.3.3. Turbidity 130 

The turbidity of each experimental feed was analyzed as described by Perera and 131 

Hoover (1999), with minor modifications. Briefly, an aqueous suspension (1% w/v) of the 132 

experimental feed was kept at 90
o
C for 1 h, under 100 rpm agitation. Subsequently, the 133 

suspension was cooled to 30
o
C and held for 1 h, and then stored at 4

o
C for 48 h. The light 134 

transmittance of the supernatant was then measured spectrophotometrically at 640 nm against 135 

a water blank.  136 

 137 

2.3.4. Microstructure 138 

Freeze-dried pellets were mounted with double-sided adhesive tape on an aluminum 139 

stub and coated with gold. Microscopic imaging was carried out by scanning electron 140 

microscopy (Quanta 400, FEI, Czech Republic) at 100, 1000 and 10000× magnifications. The 141 

accelerating voltage of the SEM was set at 20 kV.   142 

 143 

2.3.5. Fourier transform infrared (FT-IR)  144 

The lignocellulosic constituents were analyzed using an FT-IR spectrometer (Equinox 145 

55, Bruker, Germany), based on the KBr technique. One milligram of dried experimental feed 146 

was mixed with 100 mg of KBr in a mortar, and the mixture was pressed at 10 MPa for 5 min 147 

to obtain a sample disc. The FT-IR spectra were taken from 4000 to 400 cm
–1

, and the main 148 

alterations in lignocellulosic spectra were examined from 1800 to 900 cm
–1

. The spectra were 149 
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comparable to those previously reported by Saikia et al. (1995), Fang et al. (2000), Szeghalmi 150 

et al. (2007), Rangel-Vázquez and Leal-García (2010), Yang et al. (2010), Fu et al. (2012), 151 

Watanabe et al. (2012) and Liu et al. (2013). 152 

 153 

2.3.6. X-ray diffraction patterns 154 

The diffraction patterns of experimental feeds were determined with an x-ray 155 

diffractometer (X’ Pert MPD, Philips, Netherlands), operated at 40 kV voltage and 40 mA 156 

current. The diffractograms were recorded for 4 to 35° (2θ), with a scanning rate of 2
o
/min.  157 

 158 

2.3.7. Thermal transition properties 159 

Onset (To), peak (Tp), and conclusion (Tc) temperatures, and the transition enthalpy 160 

(ΔH), were measured with a differential scanning calorimeter (DSC7, Perkin Elmer, USA), 161 

and the calculated melting temperature range was defined as Tc–To. A three milligram feed 162 

sample was placed in an aluminum pan, sealed, allowed to equilibrate at room temperature for 163 

1 h, and then heated from 40 to 400
o
C at a rate of 10

o
C/min.  164 

 165 

2.4. Growth trial of Nile tilapia 166 

Sixty-days-old Nile tilapia were obtained from Trang Agriculture and Technology 167 

College, Trang province. The fish were acclimatized for 10 days in fibreglass tanks (1 × 1 × 1 168 

m) with 20-cm water levels, and fed twice daily to satiation with UPKM feed. Subsequently, 169 

the fish (20.61 ± 0.15 g initial weight and 10.45 ± 0.03 cm initial length) were randomly 170 

distributed into 12 aquaria (36 × 18 × 40 cm containing 20 L) at a density of 8 fish per 171 

aquarium. All the fish were fed with 7% of their body weight per day, twice daily (07.00 and 172 

16.00 h), under a 12-h light/12-h dark cycle. Stocked water (25.0 ± 0.4
o
C

 
and 7.53 ± 0.10 173 

mg/L dissolved oxygen) was used and the water was changed weekly, and the water quality 174 
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was measured on day 6 of each cycle. The average water temperature during the experiments 175 

was 24.78 ± 0.97
o
C, and the dissolved oxygen was 7.28 ± 0.11 mg/L. Growth and feed 176 

utilization were recorded weekly during the experimental 8-week period. 177 

 178 

2.5. Statistical analyses and calculations 179 

A completely randomized design of experiments was used with four treatments and 180 

three replicates. Statistical analysis was performed using SPSS Version 14 (SPSS Inc., 181 

Chicago, USA). The results are summarized as mean and SEM. Significant differences 182 

between means were tested with Duncan's multiple range test, requiring P < 0.05. The growth 183 

parameters, feed conversion ratio and visceral organ indices were computed as follows: 184 

    Condition factor (CF, g/cm
3
) = 100 [live body weight (g)/total body length (cm)

3
] 185 

Average daily gain (ADG, g/day) = [Wt (g)W0 (g)]/[tt0] 186 

Specific growth rate (SGR, %/day) = 100 [lnWt  lnW0]/[tt0] 187 

Here Wt = mean weight at day t, W0 = mean weight at day t0. 188 

Feed conversion ratio (FCR, g feed/g gain) = dry feed fed/wet weight gain 189 

Viscerosomatic index (VSI, %) = 100 (wet weight of visceral organ/wet body weight) 190 

Stomasomatic index (SSI, %) = 100 (wet weight of stomach/wet body weight) 191 

Intestosomatic index (ISI, %) =100 (wet weight of intestine/wet body weight) 192 

 193 

3. Results  194 

3.1. Chemical composition of experimental feeds 195 

The chemical composition in terms of crude protein, lipid, ash, nitrogen free extract 196 

and gross energy was similar among the PKM-based feeds (Table 1). Significant increases in 197 

ADF and NDF were observed in modified PKM-based feeds, except for NDF in MPKM, 198 
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when compared with the control dietary treatment. Within the modified dietary groups, 199 

SPKM-based feed was lower in ADF but higher in NDF.  200 

 201 

3.2. Physicochemical properties  202 

3.2.1. pH 203 

 The pH was significantly lower for the feeds with processed PKMs than with UPKM      204 

(P < 0.05, Table 2).  205 

 206 

3.2.2. Turbidity 207 

Turbidity was significantly lower for the feeds containing processed PKMs than for 208 

the UPKM (P < 0.05, Table 2).  209 

 210 

3.2.3. Microstructure 211 

 Significant differences were observed in the general morphology and surface 212 

roughness among the four experimental feeds (Fig. 1). The swelling and fusion of gelatinized 213 

starch granules was most prominent in SMPKM (Figs. 1j–l) followed by SPKM (Figs. 1d–f), 214 

whereas it was nearly absent in UPKM (Figs. 1a–c) and MPKM (Figs. 1g–i).  215 

 216 

3.2.4. Lignocellulosic constituents 217 

The spectral bands at 1078, 1416 and 1657 cm
–1

 represent the presence of lignin as 218 

indicated by β(1-3) polysaccharide (Szeghalmi et al., 2007), benzene ring stretching 219 

vibrations (Liu et al., 2013) and C=O in conjugated carbonyl groups (Yang et al., 2010), 220 

respectively. The 1461 and 1548 cm
–1

 bands are related to the skeleton stretching vibration of 221 

the aromatic rings and C–H deformation in lignin (Fu et al., 2012). Spectral bands at 1154 and 222 

1381 cm
–1

 are designated as C–O symmetric stretching (Rangel-Vázquez and Leal-García, 223 
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2010) and C–H absorption (Saikia et al., 1995) of cellulose and hemicelluloses, respectively. 224 

Both lignin and hemicellulose constituents could be indicated by C–O stretching at 1028 cm
–1

 225 

(Watanabe et al., 2012), and the band at 1244 cm
–1

 by syringyl ring and C–O stretching (Fang 226 

et al., 2000). These lignocellulosic (cellulose, hemicelluloses and lignin) spectra were 227 

different among the four experimental feeds (Fig. 2). Moreover, an analysis of the peak ratio 228 

between the crystalline and amorphous starch regions, namely 1047/1022 cm
–1

, indicates a 229 

significant improvement of available constituents (amorphous) in SMPKM and SPKM 230 

relative to UPKM and MPKM (Table 2).  231 

 232 

3.2.5. Diffraction patterns 233 

Differences in the diffraction patterns were observed among the four PKM-based 234 

feeds (Fig. 3). Significant differences were observed in the two peaks at 15.9
o
 and 26.6

o
 235 

(arrows in Fig. 3) between the processed PKMs and the UPKM. Both these peaks are found in 236 

the PKM constituent used in feeds, as reported by Thongprajukaew et al. (2013). Some other 237 

nearby peaks come from the other constituents (29.2
o
 and 31.5

o
), while the peak at 28.0

o
 was 238 

prominent in SPKM but weak in UPKM and SMPKM.  239 

 240 

3.2.6. Thermal transition properties 241 

     The modifications of PKM significantly affected the onset (To), peak (Tp) and 242 

conclusion temperatures (Tc) of the experimental feeds (Table 2). These thermal transition 243 

temperatures were very similar for UPKM and SPKM, while higher values were generally 244 

observed for MPKM and lower for SMPKM. A broad melting temperature range (Tc–To) was 245 

found in SMPKM, relative to UPKM and MPKM, whereas a narrower range was observed for 246 

SPKM. The thermal enthalpy (ΔH) was significantly lower for the three processed PKM-247 

based feeds, especially for SMPKM and SPKM, relative to UPKM.  248 
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3.3. Growth and feed utilization of Nile tilapia 249 

The growth and feed utilization of Nile tilapia are shown in Table 3. Body weight, 250 

total length, average daily gain (ADG), and specific growth rate (SGR) were significantly 251 

higher in tilapia fed with SMPKM or SPKM, relative to MPKM and UPKM. The body 252 

morphometry, as indicated by the condition factor (CF), showed faster skeletal growth in 253 

proportion to body weight for the fish fed with UPKM, and slower with MPKM. The feed 254 

conversion ratio (FCR) was significantly reduced by SMPKM and SPKM. Moreover, both 255 

treatments with soaked PKM correlated with increased visceral organ and gastrointestinal 256 

tract weights relative to UPKM and MPKM (Table 3).  257 

 258 

4. Discussion 259 

4.1. Chemical composition 260 

Thongprajukaew et al. (2013) reported no differences in crude protein and significant 261 

reductions of ash, whereas the nitrogen free extract was increased by microwave irradiation 262 

and water soaking of PKM. This may suggest that with only 200 g/kg modified PKM in the 263 

feed, the overall nutritional composition is not significantly impacted by the changes in PKM. 264 

On the contrary, significant changes in the ADF and NDF content between modified and 265 

unmodified PKM-based feeds, as well as within the modified groups, indicate the complex 266 

physicochemical interactions between PKM and the other ingredients in the feed 267 

environments during the processing procedure. This presumption is strongly supported by the 268 

changed physical properties of feeds affected by water addition of the mash feed ingredients 269 

at 45
o
C, in comparison to the untreated feed (Kraugerud and Svihus, 2011). The changes in 270 

our PKM-based feeds are similar to the increase of ADF and NDF in microwave-irradiated 271 

rice straw when compared with its untreated group (Ma et al., 2009). Ng and Chen (2002) and 272 

Ng et al. (2002) reported no significant differences in growth and feed utilization of Nile 273 
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tilapia when fed diets containing 400 g/kg of raw, fungal fermented, or enzyme-supplemented 274 

PKM, in comparison to the soybean meal-based feed (control). Effects on growth and feed 275 

utilization have also been reported in Siamese fighting fish, despite the similar chemical 276 

compositions of various modified feeds (Thongprajukaew et al., 2011). Similar findings are 277 

reported with the supplementation of soaked Sesbania seeds to improve the growth 278 

performance and feed utilization of common carp, Cyprinus carpio (Hossain et al., 2001), as 279 

well as those using soaked Leucaena seeds in African catfish, Clarias gariepinus (Sotolu and 280 

Faturoti, 2008). These findings indicate that the nutritional quality of a feed is not fully 281 

determined by its chemical composition, and can be manipulated with physicochemical 282 

alterations. 283 

 284 

4.2. Physicochemical properties in relation to feed utilization 285 

A significant reduction of pH in processed PKMs could be due to the breakdown of 286 

carbohydrates into smaller molecules, and the formation of carboxyl groups (Chung and Liu, 287 

2010). This suggests that SPKM, MPKM and SMPKM might be better digestible than 288 

UPKM, due to their cleaved molecules. An increase of pH by water soaking and microwave 289 

irradiation of PKM has been previously observed (Thongprajukaew et al., 2013). The current 290 

finding is the opposite of that previously reported for PKM alone, indicating that the pH of 291 

the feed mixture is not a simple weighted sum of contributions from ingredients, but instead 292 

there may be complicated interactions.   293 

Jacobson et al. (1997) reported that starch turbidity relates to granule swelling, granule 294 

remnants, leached amylose, and amylopectin chain length. The changes of turbidity are 295 

caused by interactions between leached amylose and amylopectin chains, which reflect or 296 

scatter light significantly (Perera and Hoover, 1999). The high turbidity of UPKM indicates 297 

strong aggregation of molecules, while the comparatively lower turbidity of processed PKMs 298 
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might be due to the molecules are smaller in size or a reduction in the number of leached 299 

molecules. Therefore, the turbidity results suggest that processed PKM might be hydrolyzed 300 

in the alimentary tract of an animal more easily than UPKM. The leached amylose and 301 

amylopectin are particularly easy to access and digest, so processed PKM should have a 302 

nutritional advantage.  303 

Prominent swelling and fusion of starch granules in SMPKM and SPKM was due to 304 

water absorption during soaking, and then processing by the extruder for pelleting and drying. 305 

Water saturation of the soaked PKMs prior to pelleting improved the gelatinization of starch 306 

in the feed mixtures. Surface roughness was highest for SPKM. Thongprajukaew et al. (2013) 307 

reported that an increase in surface roughness of water-soaked PKM enhances the in vitro 308 

digestibility of carbohydrate with enzymes from Nile tilapia and striped snakehead. Similar 309 

findings have been reported in water-soaked coconut meal for Nile tilapia and silver barb, 310 

Barbonymus gonionotus (Chumwaengwapee et al., 2013). Surface roughness promotes the 311 

efficiency of enzymatic hydrolysis by increasing the surface-to-volume ratio and enabling a 312 

high enzyme loading volume (Ji et al., 2008). Overall, the microscopic observations suggested 313 

that SMPKM and SPKM should perform comparatively well in in vivo hydrolysis by fish 314 

digestive enzymes. 315 

The data from diffraction patterns suggest changes in starch crystallinity, which may 316 

affect the overall feed utilization of tilapia. This finding is consistent with the change in 317 

1047/1022 cm
–1 

peak ratio of the FT-IR spectra, which reflects the degree of order at the 318 

surfaces of starch granules (van Soest et al., 1995). The two diffraction peaks observed at 319 

15.9
o
 and 26.6

o
 in this study are similar to a prior report on PKM (Thongprajukaew et al., 320 

2013), whereas the other peaks observed were either due to the other ingredients in the feed 321 

formulations (29.2
o
 and 31.5

o
), or potentially due to the interaction of feed ingredients 322 

induced by the water-soaking pretreatment (28.0
o 

for
 
SPKM and SMPKM). Kaur et al. (2010) 323 
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reported a negative relationship between the in vitro digestibility of rapidly and slowly 324 

digestible starches and their relative crystallinity, based on digestion with amyloglucosidase 325 

and pancreatic α-amylase. This indicates a disruption of the crystalline barriers in the 326 

modified feeds, which might promote enzymatic hydrolysis. Similar findings on improved in 327 

vitro digestibility, by water-soaking and microwave-irradiating feedstuff, have been reported 328 

in Chumwaengwapee et al. (2013) and Thongprajukaew et al. (2013).  329 

     The observed effects on the thermal transition parameters (To, Tp, Tc, Tc–To and ΔH) 330 

suggested that the PKM modifications affected the overall molecular properties of feeds, 331 

although only 200 g/kg of PKM was used. A decrease in Tp could result from the weakening 332 

of starch granules affected by the modification (Tomasik and Zaranyika, 1995), which is 333 

consistent with our microscopic observations of SMPKM. The structure of starch granules is 334 

undesirable, and its destruction would facilitate enzymatic hydrolysis of the nutritional 335 

constituents. Bao and Corke (2002) suggested that the Tc–To might be increased by the 336 

heterogeneity of crystallites and reduced co-operative melting of the amorphous and 337 

crystalline regions in foodstuff. The broad Tc–To range of SMPKM, relative to UPKM, 338 

indicates heterogeneity of the polymer chain lengths due to cleavage by pretreatment. On the 339 

other hand, the narrower range in SPKM might indicate a narrow distribution of chain 340 

lengths. The changes in ΔH primarily reflect the loss of double helical order in starch (Cooke 341 

and Gidley, 1992), which would require more energy for structural transformation. Therefore, 342 

a low ΔH indicates a high portion of partially transformed macromolecules in the feed. This 343 

characteristic has correlated well with the degree of gelatinization, as observed in γ-irradiated 344 

RS4 waxy maize starches (Chung et al., 2010). The findings in XRD, FT-IR and DSC profiles 345 

suggest a disruption of crystalline architecture concurrently with expansion of the amorphous 346 

region, in the SPKM and SMPKM feeds. These changes could effectively enhance in vitro 347 

hydrolysis of carbohydrates, and probably also the in vivo digestibility in animals.  348 
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4.3. Feed utilization of Nile tilapia in relation to feed physicochemical properties 349 

The FCR of Nile tilapia correlates well with the overall feed physicochemical 350 

properties that are expected to affect the rate of enzymatic digestion, as discussed above. The 351 

PKMs that were soaked before extrusion exhibited superior physicochemical traits supporting 352 

feed utilization efficiency, when compared to feed with untreated PKM. Laboratory-based 353 

physicochemical characterization is less time consuming than an actual growth trial, and it is 354 

at least indicative, though not yet predictive, of growth performance. Induced increased 355 

weights of visceral organs and the gastrointestinal tract in both treatments with soaked PKM 356 

suggest an increased capacity for digestion and absorption of nutrients along the alimentary 357 

tract (Thongprajukaew et al., 2011). These changes are important for improving nutrient 358 

utilization, and also indicate the health of the fish gut, confirmed by a radical scavenging 359 

activity assay of gastrointestinal extracts (present work). The modified PKMs incorporated in 360 

feeds affected the nutritional status, and analyses of their effects on digestive enzyme activity, 361 

radical scavenging activity, carcass composition, and muscle quality is underway. The results 362 

overall support the significance of physicochemical feed modifications, and that these may be 363 

essential in future developments of aquafeed. 364 

    365 

5. Conclusions 366 

    Both pH and turbidity distinguished between unprocessed and processed PKM-based 367 

feeds, whereas microstructure, FT-IR spectra, diffraction pattern and thermal transition 368 

parameters indicated the most suitable processing for maximizing growth and successful feed 369 

utilization of Nile tilapia. The type of processing of PKM affected various growth 370 

characteristics by about 200 g/kg or more, therefore, the effects were not only statistically but 371 

also practically significant. These findings suggest that modifying feed physicochemical 372 

properties provides a significant opportunity to improve feed quality for aquatic animals, and 373 
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that physicochemical characteristics may be useful in quality control of the feed. Our 374 

experiments also support a high inclusion level of processed PKMs (by water soaking alone 375 

or in combination with microwave irradiation) in Nile tilapia feed. In summary, 376 

physicochemical analyses of feed and the engineering of its physicochemical characteristics 377 

for improved nutritional quality have the potential to positively impact future aquaculture.  378 
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Figure captions 

 

Fig. 1. The microstructures of PKM-based feeds incorporating UPKM (a–c), SPKM (d–f), 

MPKM (g–i) and SMPKM (j–l). SEM images at magnifications 100× (left panel), 

1000× (middle panel) and 10000× (right panel).   

 

Fig. 2. The FT-IR spectra of PKM-based feeds containing UPKM, SPKM, MPKM and 

SMPKM. The spectra cover the wave number range 1800–900 cm
–1

. The arrows 

indicate specific spectral bands (cm
–1

) of each lignocellulosic constituent. 

 

Fig. 3. The diffractograms of PKM-based feeds containing UPKM, SPKM, MPKM and 

SMPKM. The diffraction angles are in the range of 4–35
o
 (2θ). The arrows indicate 

significant variation in the peaks at 15.9
o
 and 26.6

o
. 

 



Table 1 Formulations and chemical compositions of PKM-based feeds used for rearing Nile tilapia.  

 
Ingredients and composition UPKM SPKM MPKM SMPKM 

Ingredient (g/kg)     

Fish meal 305 305 305 305 

Soybean meal 195 195 195 195 

Unprocessed palm kernel meal 200 – – – 

Water-soaked palm kernel meal – 200 – – 

Microwave-irradiated palm kernel meal – – 200 – 

Water-soaked and microwave-irradiated palm kernel meal – – – 200 

Alpha starch 50 50 50 50 

Corn flour 120 120 120 120 

Cod liver oil 20 20 20 20 

Palm oil 30 30 30 30 

Vitamin premix* 30 30 30 30 

Mineral premix** 30 30 30 30 

Rice hull 20 20 20 20 

Chemical composition (g/kg on dry matter)     

Crude protein 272 271 278 268 

Crude lipid 89 85 84 92 

Acid detergent fibre  94 117 157 146 

Neutral detergent fibre 262 277 266 272 

Crude ash 101 104 101 104 

Nitrogen free extract 448 444 434 441 

Gross energy (kJ/g) 17.62  17.38 17.33 17.53  

*   Vitamin premix, 1 kg of feed contained 1000 mg vitamin B1, 1000 mg vitamin B2, 2 mg vitamin B12, 55 g vitamin C, 400 mg vitamin K3, 1000 mg inositol 

and 1000 mg choline chloride. 

** Mineral premix, 1 kg of feed contained 5000 mg calcium oxide, 11430 mg alumina, 1000 mg ferric oxide, 50 mg manganese oxide, 700 mg magnesium, 

60000 mg silica, 5000 mg potassium oxide, 20 mg phosphorus pentoxide, 30 mg nitrogen, 2000 mg sodium oxide, 700 mg zinc, 50 mg iron, 70 mg 

selenium, 120 mg copper, 200 mg iodine, 20 mg cobalt, 260 mg molybdenum and 70 mg vanadium. 

     UPKM, unprocessed palm kernel meal feed; SPKM, water-soaked palm kernel meal feed; MPKM, microwave-irradiated palm kernel meal feed; SMPKM, 

water-soaked and  microwave-irradiated palm kernel meal feed.                     
                       



Table 2 Some physicochemical properties of PKM-based feeds used for rearing Nile tilapia.  

 

Physicochemical property UPKM SPKM MPKM SMPKM SEM P value 

pH 6.32
a
 6.25

b
 6.27

b
 6.27

b
 < 0.01    0.019 

Turbidity (A640) 0.367
a
 0.144

b
 0.133

b
 0.160

b
    0.03 < 0.001 

FT-IR intensity ratio (1047/1022 cm–1
) 0.9647

b
 0.9637

c
 0.9875

a
 0.9647

b
 < 0.01 < 0.001 

Thermal transition properties       

1. To (
o
C) 260.78

c
 262.44

b
 266.02

a
 259.56

d
    0.81 < 0.001 

2. Tp (
o
C) 267.25

a
 267.00

a
 267.75

a
 265.08

b
    0.34 < 0.001 

3. Tc (
o
C) 269.27

c
 270.46

b
 274.41

a
 270.74

b
    0.64 < 0.001 

4. Tc–To (
o
C) 8.49

b
 8.02

c
 8.39

b
 11.18

a
    0.42 < 0.001 

5. ΔH (J/g) 6.73
a
 2.87

d
 3.70

b
 3.22

c
    0.51 < 0.001 

 

UPKM, unprocessed palm kernel meal feed; SPKM, water-soaked palm kernel meal feed; MPKM, microwave-irradiated palm kernel meal feed; 

SMPKM, water-soaked and microwave-irradiated palm kernel meal feed. 

Data are expressed as mean and SEM from triplicate determinations. 

Differences between means were tested with Duncan's multiple range test. 

Different superscripts in the same row indicate a significant difference (P < 0.05). 

 

 

 



Table 3 Growth performance, organ indices and feed conversion ratio of Nile tilapia reared using PKM-based feeds.  

 

Parameter UPKM SPKM MPKM SMPKM SEM P value 

Body weight (g) 69.16
bc

 77.45
ab

 65.84
c
 82.02

a
 2.15 0.013 

Total length (cm) 13.80
b
 14.61

a
 14.12

ab
 14.87

a
 0.14 0.043 

Visceral organ weight (g)  7.68
a
 8.21

a
 4.51

b
 8.13

a
 0.51 0.004 

Viscerosomatic index (VSI, %) 7.88
a
 8.97

a
 6.00

b
 9.23

a
 0.42 0.003 

Stomach weight (g)  1.73
a
 2.04

a
 0.44

b
 2.10

a
 0.22 0.001 

Stomasomatic index (SSI, %) 1.75
a
 2.27

a
 0.91

b
 2.42

a
 0.22 0.006 

Intestinal weight (g)  5.06
a
 4.99

a
 3.33

b
 4.57

a
 0.23 0.002 

Intestosomatic index (ISI, %) 5.21
a
 5.41

a
 4.37

b
 6.04

a
 0.20 0.053 

Condition factor (CF, g/cm
3
 ) 2.63

a
 2.48

ab
 2.33

b
 2.50

ab
 0.03 0.127 

Average daily gain (ADG, g/day) 0.82
b
 0.96

a
 0.77

b
 1.04

a
 0.04 0.008 

Specific growth rate (SGR, %/day) 2.01
b
 2.25

a
 1.98

b
 2.36

a
 0.05 0.003 

Feed conversion ratio (FCR, g feed/g gain) 1.89
ab

 1.63
b
 2.10

a
 1.50

b
 0.08 0.047 

 

UPKM, unprocessed palm kernel meal feed; SPKM, water-soaked palm kernel meal feed; MPKM, microwave-irradiated palm kernel meal feed; 

SMPKM, water-soaked and microwave-irradiated palm kernel meal feed. 
Data are expressed as mean and SEM from triplicate determinations. 

Differences between means were tested with Duncan's multiple range test. 

Different superscripts in the same row indicate a significant difference (P < 0.05). 
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Abstract 24 

Effects of dietary modified palm kernel meal (PKM) were investigated on growth 25 

performance, feed utilization, digestive enzyme specific activities, radical scavenging activity, 26 

carcass and muscle compositions, and muscle quality in sex reversed Nile tilapia 27 

(Oreochromis niloticus). The experiment was conducted in a completely randomized design 28 

with triplicate observations (4 treatments × 3 replicates × 8 fish per aquarium) during ten 29 

weeks of duration. The Nile tilapia (20.61 ± 0.15 g initial body weight and 10.45 ± 0.03 cm 30 

initial length) were fed with four isonitrogenous, isolipidic and isoenergetic diets containing 31 

20% PKM, the treatments differing only in the nature of the PKM. It was either unprocessed 32 

(UPKM), water-soaked (SPKM), microwave-irradiated (MPKM), or water-soaked and 33 

microwave-irradiated (SMPKM). The fish fed with SPKM and SMPKM diets were superior 34 

in specific growth rate (P < 0.05) and feed conversion ratio (P > 0.05) when compared with 35 

the UPKM treatment. The digestion capacity of fish also slightly improved with both these 36 

dietary treatments, as indicated by the specific activities of trypsin and amylase (P > 0.05). 37 

Only the fish fed with SPKM were adapted to digest lipids as compared to the control. 38 

Significant improvements in the radical scavenging activity of stomach were observed with 39 

MPKM and SMPKM treatments, but the levels were unaffected in liver and intestine. No 40 

negative effects were found on scavenging activity in the three organs, in fish fed SPKM diet 41 

as compared to the control. The carcass and muscle compositions were closely similar across 42 

the four dietary treatments, with only small improvements from the SPKM and the SMPKM 43 

diets in terms of carcass moisture and ash, and muscle protein and RNA/protein ratio. No 44 

differences were observed in the enthalpy responses of muscle actin and myosin between the 45 

four dietary treatments, but an inducible protein peak was found only in the fish fed with 46 

SPKM. Overall, these findings indicate that water soaking or soaking followed by microwave 47 

irradiation improved the nutritional quality of the PKM-containing diet. Practically, the 48 
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simple low-cost modification by water soaking has wide application potential in the 49 

administration of aquafeed. 50 

 51 

Keywords: Digestive enzyme; Muscle; Nile tilapia; Palm kernel meal; Radical scavenging 52 

activity; Soaking 53 
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1. Introduction 71 

Palm kernel meal (PKM) is a common by-product from palm oil production, and is 72 

generally used as fodder for terrestrial animals (Esuga et al., 2008; Khadijat et al., 2012). In 73 

South-East Asian and African countries that are global leaders in the oil palm industry, PKM 74 

offers a cheap and readily available feed resource for use in fish feed formulations (Ng and 75 

Chen, 2002; Ng et al., 2002). Over 2 million tonnes of PKM is produced annually, of which 76 

99% is exported mainly to the European Union (Zahari et al., 2012). Among aquatic animals, 77 

a 20% or even higher PKM fraction in the diet has been optimal in Nile tilapia, Oreochromis 78 

niloticus (Ng et al., 2002) and hybrid Asian-African catfish, Clarias macrocephalus × C. 79 

gariepinus (Ng and Chen, 2002). The limited nutritional benefits from this feed constituent 80 

are due to its large content of cell wall materials, its’ low protein content, and amino acid 81 

deficiencies (Ng and Chen, 2002; Ng et al., 2002). Recently, modifications of PKM by water 82 

soaking or microwave irradiation have been successful in the destruction of cell wall barriers, 83 

which has improved the nutritional quality in terms of in vitro physicochemical properties and 84 

digestibility (Thongprajukaew et al., 2013b). However, the in    vivo effects of these modified 85 

PKMs on growth and feed utilization need to be assessed by feeding trials.  86 

To assess such response by physiological acclimatization, the digestive enzyme 87 

activities in the alimentary tract may be helpful. Thongprajukaew et al. (2011) reported 88 

responses in the digestive enzymes of Siamese fighting fish (Betta splendens) to diets 89 

differing in product form and quality, while these diets were similar in their proximate 90 

chemical compositions. Similarly, significant improvements in the protein utilization, the 91 

amylase activity, and the carbohydrate digestibility of rohu (Labeo rohita) correlated 92 

positively with gelatinized starch content in the diet (Mohapatra et al., 2002). Both these prior 93 

findings indicate the important role of form and quality, as opposed to only chemical 94 

composition.  95 
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For sex reversed Nile tilapia, the supplementation of PKM at 15–30% did not have 96 

any negative effects on survival, hematological parameters, or liver histopathology over ten 97 

weeks of rearing (Sukasem and Ruangsri, 2007). Similarly, African carp (Labeo senegalensis) 98 

fed with a fish meal-based diet containing 10% PKM showed no evidence of nutritional 99 

pathology (Omoregie, 2001). Recently, the assaying of radical scavenging activities has been 100 

used to assess feed ingredient quality (Kim et al., 2008; Behgar et al., 2011). This biochemical 101 

technique is sensitive and reliable, and could be applied to antioxidant activities affected by 102 

high-fat feedstuffs (Behgar et al., 2009) such as PKM. Moreover, while rapid growth of 103 

reared fish is desired, negative impacts on their carcass and muscle compositions 104 

(Thongprajukaew et al., 2011) or the muscle quality of consumed fish should be avoided.    105 

Enzyme supplementation (Ng and Chen, 2002) and fermentation by cellulolytic (Ng et 106 

al., 2002) or cocktail enzymes (Esuga et al., 2008) have been used to improve qualities of 107 

PKM. The first method requires expensive commercially available enzymes, while the other 108 

methods are time consuming and include the risk of contamination by undesirable microbes. 109 

Alternative ways to improve PKM are water soaking, microwave irradiation 110 

(Thongprajukaew et al., 2013b), and possibly their combination. The objective of this study 111 

was to investigate in vivo whether these types of PKM modifications could improve the 112 

growth and the feed utilization efficiency of Nile tilapia (O. niloticus), relative to native 113 

PKM. The responses in the fish to these dietary treatments were further assessed by 114 

observing: 1) specific activities of carbohydrate-, protein- and lipid-digesting enzymes, 2) 115 

radical scavenging activities, 3) compositions of carcass and muscle, and 4) quality of muscle 116 

actin and myosin. The findings from this study could help improve the quality of diets using 117 

PKM, in addition to providing data for future comparisons in studies of other feedstuff 118 

ingredients.  119 

 120 
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2. Materials and methods 121 

2.1. Preparation of PKM-containing diets 122 

The PKM was physically modified as described by Thongprajukaew et al. (2013b). 123 

The ingredients and their inclusion levels in the experimental diets are shown in Table 1. 124 

Unprocessed PKM (UPKM) was used as the baseline in the control treatment. The water-125 

soaked PKM (SPKM) was prepared by soaking the raw PKM in distilled water (1: 2 w/v) at 126 

room temperature for 12 h. The microwave-irradiated PKM (MPKM) was prepared by 127 

placing 100 g of raw PKM in a plastic box (20 cm diameter × 10 cm height), mixed with 128 

distilled water (1: 2 w/v) and then irradiated at 800 W in a microwave oven (MW 71B, 129 

Samsung, Malaysia) for 4 min. The water-soaked and microwave-irradiated PKM (SMPKM) 130 

was treated in this sequence with the steps described. The 20% UPKM in control treatment 131 

was substituted by SPKM, MPKM, or SMPKM in the actual dietary treatments. The PKM 132 

ingredient was mixed with the other feedstuffs (fish meal, soybean meal, alpha starch, corn 133 

flour and rice hull) along with additives, adding water for appropriate moisture content. The 134 

glutinous mixtures were formed to pellets with a hand pelletizer, dried at 60°C for 48 h, and 135 

then stored at 4°C until use in feeding.  136 

 137 

2.2. Determination of diet chemical compositions 138 

Three samples of each experimental diet were subjected to determination of the 139 

moisture content, after oven drying at 105
o
C for 24 h. The proximate compositions of the 140 

diets, including crude protein, crude lipid, crude ash, crude fiber and nitrogen free extract, 141 

were determined according to standard methods of AOAC (2005). Gross energy values were 142 

calculated from the amounts of crude protein, crude lipid and nitrogen free extract. All the 143 

chemical analyses were done in triplicates, and the values are reported on % dry matter basis.  144 

 145 
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2.3. Dietary treatment trials on sex reversed Nile tilapia 146 

Sex reversed Nile tilapia (20.61 ± 0.15 g initial body weight and 10.45 ± 0.03 cm 147 

initial length) were obtained from Trang Agriculture and Technology College, Trang 148 

province. The fish were acclimatized for 10 days in fiberglass tanks (1 × 1 × 1 m) with 20 cm 149 

water level, and were fed twice daily to satiation with the UPKM diet. Subsequently, eight 150 

fish were randomly assigned to each aquarium (36 × 18 × 30 cm). All the fish were fed 151 

initially with 7% of their body weight per day and then the level was adjusted weekly 152 

according to the actual feeding performance, with feeding twice daily (07.00 and 16.00 h), 153 

under 12-h light/12-h dark cycle, for ten weeks. The water was refreshed weekly by 80% 154 

replacement, and continuous aeration was supplied by air compressor pumps. The quality of 155 

water was maintained by immediately siphoning leftover food and wastes after feeding, as 156 

well as monitored daily by qualitative ammonia detection with test paper. The averaged water 157 

characteristics, measured on day 6 of each week during the whole test period, were 24.78 ± 158 

0.97
o
C and 7.28 ± 0.11 mg L

–1
 dissolved oxygen. Growth performances were recorded 159 

weekly during the experimental period. Feed conversion ratio (FCR) was measured from the 160 

dry weight of diet consumed and was calculated per individual fish. At the end of the 161 

experiment, all the fish were starved for 24 h and then killed by chilling in ice. Visceral 162 

organs (including liver, stomach and intestine), white muscle (epaxial muscle under dorsal 163 

fin) and carcass (without visceral organs) were collected and then kept at –20
o
C until used. 164 

 165 

2.4. Digestive enzyme assays 166 

2.4.1. Digestive enzyme extraction 167 

The frozen small intestine was dissected by scissors and then the tissue was 168 

homogenized using a micro-homogenizer (THP-220; Omni International, Kennesaw GA, 169 

USA) in the presence of 1 mM HCl (1: 3 w/v). The homogenate was centrifuged at 15000 × g, 170 
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at 4
o
C for 30 min, the lipid layer on the surface was removed, and the supernatant was kept at 171 

–20
o
C until the assaying of digestive enzymes.  172 

 173 

2.4.2. Assaying of protein-digesting enzymes 174 

The optimal conditions used for assaying trypsin (EC 3.4.21.4) and chymotrypsin (EC 175 

3.4.21.1) were pH 9 at 50
o
C, and pH 9 at 60

o
C, respectively (Engkagul et al., 2010). The 1.25 176 

mM N-benzoyl-L-arginine-p-nitroanilide (BAPNA) and 0.10 M N-succinyl-ala-ala-pro-phe-p-177 

nitroanilide (SAPNA) were used as substrates, and the assays were run according to 178 

Rungruangsak-Torrissen et al. (2006). The activities of both these enzymes were determined 179 

spectrophotometrically at 410 nm, by comparison to linear response concentration range of 180 

standard p-nitroanilide.  181 

 182 

2.4.3. Assaying of carbohydrate-digesting enzymes 183 

The activities of α-amylase (EC 3.2.1.1) and cellulase (EC 3.2.1.4) were determined 184 

based on Areekijseree et al. (2004) and Mendels and Weber (1969), using soluble starch and 185 

carboxymethylcellulose (CMC) as the substrates, respectively. The optimal conditions used 186 

were pH 7 at 50
o
C, both for α-amylase and for cellulase. The activities of both these enzymes 187 

were determined spectrophotometrically at 540 nm, by comparison to linear response 188 

concentration ranges of standard maltose and glucose, respectively.  189 

 190 

2.4.4. Assaying of lipid-digesting enzyme 191 

The optimal conditions for assaying lipase (EC 3.1.1.3) activity in Nile tilapia were 192 

pH 8 and 60
o
C (Engkagul et al., 2010). The activity was analyzed based on Winkler and 193 

Stuckmann (1979) using p-nitrophenyl palmitate as the substrate. The activity of lipase was 194 
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determined spectrophotometrically at 410 nm, by comparison to linear response concentration 195 

range of standard p-nitrophenol.  196 

 197 

2.4.5. Determination of protein concentration in crude enzyme extracts 198 

Protein concentration (mg mL
–1

) was determined using the method of Lowry et al. 199 

(1951). Bovine serum albumin (BSA) was used as the protein standard. The protein 200 

concentrations in the crude enzyme extracts were used for normalization when quantifying 201 

digestive enzyme specific activities (U mg protein
–1

). 202 

 203 

2.5. Radical scavenging activity assay 204 

Intestinal extracts were obtained as described in section 2.4.1 above, and the stomach 205 

and liver were extracted similarly. The 2,2-diphenylpicrylhydrazyl (DPPH) radical 206 

scavenging activity was determined according to the method of Brand-Williams et al. (1995) 207 

with some modifications. The stock solution was prepared by dissolving 24 mg of DPPH in 208 

100 mL of methanol and was stored at –20
o
C. The working solution was obtained by diluting 209 

the stock solution with methanol to obtain an absorbance of 1.0  0.5 units at 517 nm. Then, 3 210 

mL of this working solution were mixed with 100 L of a 15-fold diluted sample, and 211 

allowed to react in the dark for 30 min, after which the absorbance was measured at 517 nm. 212 

The control sample was extraction buffer in equal volume to the actual sample. The radical 213 

scavenging activity (% inhibition) was calculated from [(Ao–Ai)/Ao] × 100 where Ao and Ai 214 

are the absorbances of the control sample and the extract, respectively.  215 

 216 

2.6. Determination of carcass and muscle compositions 217 

The moisture and ash contents were determined according to the standard method of 218 

AOAC (2005). The concentrations of RNA and protein were determined using Trizol reagent 219 
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as described in Rungruangsak-Torrissen (2007). The extinction coefficients used in the 220 

calculations were E260 = 40 µg RNA mL
–1

 and E280 = 2.1 mg protein mL
–1

, for RNA and 221 

protein respectively. The lipid content was extracted using ethyl acetate as described in 222 

Supannapong et al. (2008). The values in this report on RNA, protein, RNA/protein ratio and 223 

lipid are given on wet weight basis.  224 

 225 

2.7. Analysis of muscle quality 226 

The quality of fresh white muscle was quantified based on thermal transition 227 

properties, determined with a differential scanning calorimeter (DSC7, Perkin Elmer, USA). 228 

The onset (To), peak (Tp) and conclusion (Tc) temperatures of protein denaturation, and the 229 

transition enthalpy (ΔH), were detected in the temperature range from 20 to 120
o
C, scanned at 230 

a rate of 5
o
C min

–1
. Approximately twenty milligrams of a muscle sample was placed in an 231 

aluminum pan, sealed, allowed to equilibrate at room temperature, and then heated with 232 

comparison against an empty reference pan. The identification of muscle actin and myosin 233 

was based on their thermal transition properties according to Schubring (2009) and Matos et 234 

al. (2011). These transition properties were determined for temperatures from 35 to 95
o
C. 235 

 236 

2.8. Statistical analysis and calculations 237 

The experiment was conducted in a completely randomized design, with the four 238 

dietary treatments each in triplicates (4 treatments × 3 replicates × 8 fish per replication). The 239 

data were analyzed using SPSS Version 14 (SPSS Inc., Chicago, USA), and the results are 240 

summarized as mean ± SEM (n = 3). Significances of differences between means were tested 241 

with Duncan's multiple range test, with significance equated to P < 0.05. The calculation of 242 

growth and feed utilization parameters was as follows: 243 

Viscerosomatic index (VSI, %) = 100 (wet weight of visceral organ/wet body weight) 244 
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Stomasomatic index (SSI, %) = 100 (wet weight of stomach/wet body weight) 245 

Intestosomatic index (ISI, %) =100 (wet weight of intestine/wet body weight) 246 

Hepatosomatic index (HSI, %) =100 (wet weight of liver/wet body weight) 247 

Condition factor (CF, g cm
–3

) = 100 [live body weight (g)/total body length (cm)
3
] 248 

Specific growth rate (SGR, % day
–1

) = 100 [(ln Wt - ln W0)/(t-t0)]  249 

Where Wt = mean weight (g) at day t, W0 = mean weight (g) at day t0 250 

Feed conversion ratio (FCR, g feed g gain
–1

) = Dry feed consumed (g)/wet weight gain (g) 251 

 252 

3. Results  253 

3.1. Chemical compositions of the diets 254 

Diet proximate chemical compositions in terms of crude protein, lipid, fiber, nitrogen 255 

free extract and gross energy are given in Table 1. These constituents had similar levels in the 256 

four PKM-containing diets, so that the replacement of baseline UPKM with a modified PKM 257 

had no effect on the overall nutritional composition of the diet. Thus, the four PKM-258 

containing diets were isonitrogenous, isolipidic and isoenergetic. 259 

 260 

3.2. Growth and feed utilization of sex reversed Nile tilapia 261 

No mortality of fish was detected during the ten weeks duration, and all dietary 262 

treatments had 100% survival. The growth and feed utilization parameters of sex reversed 263 

Nile tilapia are shown in Table 2. Final body weight was highest in the fish fed SMPKM diet, 264 

followed by SPKM, relative to MPKM and UPKM. Total length and specific growth rate 265 

(SGR) were significantly increased in tilapia fed with the SMPKM diet, and also with the 266 

SPKM, relative to MPKM and UPKM. The condition factor (CF) showed faster skeletal 267 

growth in proportion to body weight for the fish fed with UPKM, SPKM or SMPKM diet in 268 

comparison to the MPKM diet. The feed conversion ratio (FCR) of the fish was improved in 269 
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the treatments with SMPKM and SPKM when compared with UPKM (P > 0.05) and MPKM 270 

(P < 0.05). Both these treatments with soaked PKM induced increased viscerosomatic index 271 

(VSI), hepatosomatic index (HSI), stomasomatic index (SSI) and intestosomatic index (ISI), 272 

relative to UPKM and MPKM (Table 2).  273 

 274 

3.3. Specific activities of digestive enzymes 275 

The specific activity of trypsin was similar in the fish fed with SMPKM (P < 0.05), 276 

UPKM (P > 0.05) and SPKM (P > 0.05) diets, and this activity was higher than in the fish fed 277 

with the MPKM diet (Table 3). There were no significant differences in the chymotrypsin 278 

specific activity between the four dietary treatments. The activity ratio of trypsin to 279 

chymotrypsin (T/C ratio) was comparatively high in the fish fed with SMPKM and SPKM, 280 

but without statistical significance between any dietary groups. These dietary treatments gave 281 

also high amylase specific activities and low specific activities of cellulase, when compared 282 

with UPKM (P > 0.05) and MPKM (P < 0.05). For the lipid-digesting enzyme, the 283 

modifications of PKM tended to decrease the specific activity of lipase, but not SPKM (P > 284 

0.05), significantly in the fish fed with MPKM and SMPKM relative to UPKM (P < 0.05). 285 

 286 

3.4. Radical scavenging activity 287 

There were no significant differences in the radical scavenging activity of liver (23.79 288 

± 0.26% inhibition on average) or the intestinal extracts (20.90 ± 0.16% inhibition on 289 

average) between the dietary treatments. However, in stomach samples the scavenging 290 

activity was highest in the fish fed with MPKM (59.93 ± 0.46% inhibition) and SMPKM 291 

(59.09 ± 1.16% inhibition), the significances being for comparisons with the baseline UPKM 292 

diet (55.23 ± 0.85% inhibition) that had the lowest activity. However, no differences in 293 
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stomach scavenging activity were observed between fish fed SPKM diet (56.87 ± 0.35% 294 

inhibition) when compared with the three dietary groups. 295 

 296 

3.5. Carcass compositions 297 

The fish fed with modified PKM diets had significantly lower moisture contents than 298 

those fed with the UPKM diet (Table 4). On the other hand, their ash contents were 299 

significantly higher than with the control UPKM diet, except for SPKM. No significant 300 

differences between the dietary treatments were observed in RNA, protein, RNA/protein ratio 301 

and lipid.  302 

 303 

3.6. Muscle composition and quality 304 

There were no significant differences between the treatments in moisture, ash, RNA or 305 

lipid of the muscle samples (Table 4). However, the protein concentration was highest in the 306 

fish fed with SPKM and SMPKM, and the RNA/protein ratio was lowest with these 307 

treatments, when compared with the other dietary groups. In the thermal transition properties, 308 

muscle samples of the fish fed with UPKM (Fig. 1a), MPKM and SMPKM (data not 309 

presented) had mutually similar patterns with two transition peaks, while fish fed with SPKM 310 

had three transition peaks (Fig. 1b). The first peak of denaturation, assigned to myosin, had 311 

To, Tp and Tc at 43.0, 46.5 and 49.9
o
C on an average, respectively. The second peak was 312 

assigned to actin, and it had To, Tp and Tc at 66.6, 71.6 and 74.6
o
C on an average, 313 

respectively. These peaks were also observed for the fish fed with SPKM diet (Fig. 1b), 314 

whose muscles also showed a minor peak at To = 76.3
o
C, Tp = 80.1

o
C, and Tc = 84.2

o
C 315 

(matching protein not assigned). The values of ΔHMyosin (1.14 ± 0.09 J g
–1

), ΔHActin (0.45 ± 316 

0.03 J g
–1

) and ΣΔH (1.62 ± 0.09 J g
–1

), on average, did not differ significantly between the 317 

dietary treatments.  318 
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4. Discussion 319 

Sex reversed Nile tilapia fed with four PKM-containing diets exhibited differences in 320 

their growth and feed utilization characteristics. This indicates significant effects of the PKM 321 

modifications on the overall quality of the diets, when 20% PKM inclusion level was used. 322 

The diet chemical compositions showed no modification effects, while changed 323 

physicochemical properties in terms of pH, water solubility, turbidity, microstructure, 324 

gelatinization, lignocellulosic profiles and crystallinity were observed (Thongprajukaew et al., 325 

in press). In the current study, water soaking of the PKM in tilapia diet (SPKM and SMPKM) 326 

gave superior responses relative to other forms of PKM. There are prior reports on feed 327 

modification by water soaking, on Sesbania seeds for common carp, Cyprinus carpio 328 

(Hossain et al., 2001) and on leucaena seeds for African catfish, Clarias gariepinus (Sotolu 329 

and Faturoti, 2008), with improved growth and feed utilization. Similar findings were 330 

obtained in goat fed with water-soaked fodder (Wina et al., 2005). Thongprajukaew et al. 331 

(2011) and Sansuwan (2014) found superior growth and feed consumption in juvenile 332 

Siamese fighting fish and in sex reversed Nile tilapia (O. niloticus), when fed with 333 

microwave-irradiated diets. On the other hand, in the current study, the growth of sex 334 

reversed Nile tilapia fed with SMPKM was better than with MPKM. The PKM contains a 335 

large amount of unavailable lignocellulosic constituents (lignin, cellulose and hemicellulose), 336 

and possibly the long 12 h water soaking followed by irradiation disrupted the PKM structure 337 

better than microwave irradiation alone.  338 

The gastrointestinal weight tends to correlate positively with the growth rate of fish 339 

(Thongprajukaew et al., 2011, 2014). This suggests superior feed utilization in the tilapia fed 340 

with SPKM or SMPKM, relative to the UPKM and the MPKM diets. This is corroborated by 341 

the physiochemical properties of soaked or microwave-irradiated PKM, namely effects on 342 

pH, solubility, microstructure, lignocellulosic constituents and the x-ray diffraction pattern 343 
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suggest enhancements of enzymatic reaction, as do observations of in vitro digestibility 344 

(Thongprajukaew et al., 2013b). Similar improvements of in vitro digestibility have been 345 

reported with soaked black gram and chick pea (Rehman, 2007), soaked moth bean (Negi et 346 

al., 2001) and soaked coconut meal (Chumwaengwapee et al., 2013). From an in vivo dietary 347 

treatment trial, Kumar et al. (2006) report significant positive effects of corn modifications 348 

(gelatinized and non-gelatinized corns) on apparent digestibility coefficient, SSI and HSI, in 349 

juvenile rohu. These findings agree with the earlier ones by Mohapatra et al. (2002). 350 

Therefore, an increase in the gelatinization degree of a diet, accomplished by water soaking or 351 

its combination with microwave irradiation, can improve the feed utilization efficiency. 352 

The dietary proteins are mainly digested (40–50%), in carnivorous fish, by trypsin 353 

activity (Eshel et al., 1993). This enzyme regulates the activation of many zymogens and also 354 

its own activity. Therefore, the intestinal protein digestion appears to be controlled by the 355 

activity of this enzyme. The specific activity of trypsin and the T/C ratio have been used as 356 

indicators related to the growth and the feed conversion efficiency in aquatic animals (Sunde 357 

et al., 2004; Rungruangsak-Torrissen et al., 2006; Thongprajukaew et al., 2013a). In our case, 358 

these indicators increased, though without statistical significance, in the tilapia fed with 359 

SPKM and SMPKM diets.  Based on the match with prior observations, we may assume that 360 

these indicators would have shown significant differences with either larger treatment groups 361 

or with a prolonged treatment. No treatment effects were observed on chymotrypsin activity. 362 

The two serine proteases differ in their active sites and respond to different dietary proteins, 363 

so the observations are still consistent without any discrepancy.  364 

Adaptability of the carbohydrate digestion was clear in our observations of sex 365 

reversed Nile tilapia fed with different diets. The ability to digest carbohydrates is indicated 366 

by amylase specific activity, and this improved in the tilapia fed with SPKM and SMPKM. 367 

This enzyme is mainly produced in the pancreas, and then secreted into the small intestine 368 
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where it cleaves glycosidic bonds. The amylase specific activity tends to correlate positively 369 

with the degree of starch gelatinization in the diet (Mohapatra et al., 2002; Kumar et al., 2006; 370 

Thongprajukaew et al., 2011). On the other hand, the dietary treatments including soaked 371 

PKM significantly decreased cellulase specific activity. This enzyme is chiefly produced by 372 

the fish intestinal microflora, and it breaks cellulose molecules down to monosaccharides or 373 

short polysaccharides and oligosaccharides. Therefore, this activity response to a diet 374 

indicates a reduction in the indigestible constituents, in other words the diet has become easier 375 

to digest. The nitrogen free extract and cellulose quality in PKM are affected by water 376 

soaking and microwave irradiation (Thongprajukaew et al., 2013b), as they are also in 377 

coconut meal (Chumwaengwapee et al., 2013).  However, in the current study the low 20% 378 

inclusion level of PKM may have allowed the other 80% of diet components to mask any 379 

changes in the proximate chemical compositions.  380 

            Palm-originated oil has significant benefits as a replacement in diets of Atlantic 381 

salmon, being comparable in fish feed to equivalent levels of fish oil (Rosenlund, 2001; 382 

Caballero et al., 2002). Although the four experimental diets in the current study were 383 

isolipidic, the fish fed with UPKM and SPKM diets had comparatively high lipase specific 384 

activities, suggesting that microwave irradiation had a negative effect on lipid digestion in 385 

Nile tilapia. The findings in lipase expression of fish fed either of these diets were matched by 386 

increased HSI, relative to MPKM and SMPKM treatment groups. These findings indicate an 387 

improved ability to utilize the lipids in UPKM and SPKM, and suggest that microwave 388 

irradiation reduced lipid quality. Such quality changes would occur mainly at the double 389 

bonds of unsaturated fatty acids, releasing hydroperoxides and secondary oxidation products, 390 

and these reactions are also promoted by the presence of water, and affected by processing 391 

time and temperature (Stewart et al., 2003). However, the three modifications of PKM did not 392 

affect the radical scavenging activity in liver or intestine of sex reversed Nile tilapia, while an 393 
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improvement in the stomach was observed. However, the significantly decreased SSI in 394 

tilapia fed with the MPKM diet, when compared with the others, was counteracted by the 395 

radical scavenging activity. This is in agreement with the negative response of digestive 396 

functionality of stomach, as indicated by pepsin specific activity in this dietary group (135.82 397 

± 5.73 mU mg protein
–1

) when compared with the fish fed SPKM diet (100.17 ± 2.94 mU mg 398 

protein
–1

) (unpublished data). A further study of stomach histopathology effects of these 399 

dietary treatments would be warranted. No negative effects on the gastrointestinal and the 400 

liver functionalities of the reared tilapia in the current study supported the use of modified 401 

PKM (SPKM) as aquafeed. This agrees with a prior study, where 15–30% (diets containing 402 

24% protein and 7% lipid) inclusion level of PKM had no negative effects on hematological 403 

parameters or liver histopathology of sex reversed Nile tilapia (Sukasem and Ruangsri, 2007).  404 

A pre-gelatinized diet has no effects on the carcass and the muscle compositions in 405 

juvenile European sea bass, Dicentrarchus labrax (Peres and Oliva-Teles, 2002) or in 406 

yellowfin seabream, Sparus latus (Wu et al., 2007). Similarly, rapid growth of Siamese 407 

fighting fish on a microwave-irradiated diet has been reported without effects on protein 408 

synthesis capacity (RNA concentration) or lipid (Thongprajukaew et al., 2011). In the current 409 

study, some improvements in the carcass and the muscle compositions were observed in the 410 

fish fed with SPKM and SMPKM diets. Decreased carcass moisture probably indicates 411 

increased body strength of the fish fed with modified PKMs in the diet. This characteristic 412 

tends to correlate negatively with the ash, although the ash contents did not significantly 413 

differ between the treatments. Ash content indicates the relative skeletal contribution in the 414 

body, quantified by the index CF. Ng et al. (2002) reported no differences in carcass moisture 415 

and ash of red tilapia (Oreochromis sp.) fed with diets containing 20% PKM, either as raw, as 416 

enzyme-treated (Allzyme Vegpro
TM

), or as fungal-fermented (Trichoderma koningii). On 417 

comparison to this prior work, our physical modification by water soaking or by its 418 
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combination with microwave irradiation appears to be more effective than biological 419 

modifications, in improving the utilization of PKM in fish. Moreover, water soaking is an 420 

effective method to reduce the amount of phytic acid (Wina et al., 2005; Esmaeilipour et al., 421 

2013), and such reduction probably improves the availability of phosphorous in PKM.  422 

White muscle is a reservoir for metabolism and protein growth (Carter et al., 1995). 423 

Therefore, faster protein metabolism is better observable in the muscle rather than in the 424 

carcass. The accumulation of protein and its turnover rate (RNA/protein ratio) in muscle 425 

indicated a significant response in the fish to the dietary protein quality, although the four 426 

experimental diets were isonitrogenous. A high protein concentration correlates positively 427 

with fillet quality, while a low turnover rate indicates superior growth performance of the fish 428 

(Thongprajukaew et al., 2013a). The DSC data indicated the presence of myosin and actin, in 429 

the respective denaturation temperature ranges 43.0–49.9
o
C and 66.6–74.6

o
C. In addition, the 430 

undefined peak from the fish fed with SPKM diet could be attributed to the denaturation of 431 

collagen and sarcoplasmic proteins, which might be induced by the diet. Based on enthalpy 432 

responses, the amounts of major proteins (myosin and actin) did not differ between the four 433 

dietary treatments. This measurement result, the enthalpy, relates to the amount of protein left 434 

in its native state (Matos et al., 2011) in which it full denaturing requires more energy. 435 

Therefore, the high total enthalpy of muscle proteins with SPKM treatment may indicate the 436 

fish in this dietary group had physical exercise, although their growth was rapid.   437 

 438 

5. Conclusions 439 

    The fish fed with SPKM and SMPKM diets were superior in specific growth rate 440 

and feed conversion ratio. The digestion capacity of fish also improved with both these 441 

dietary treatments, as indicated by the specific activities of trypsin and amylase, while only 442 

the fish fed with SPKM were well acclimatized to digest lipids. In conclusion, the water 443 
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soaking, or soaking followed by microwave irradiation, improved the PKM nutritional quality 444 

in the diet. Practically, the pre-soaking of fresh PKM (without drying) can be incorporated in 445 

the feed preparation, and this reduces the amount of additional water required for mixing and 446 

pelleting processes. This simple low-cost feed modification by water soaking alone has wide 447 

application potential in the administration of aquafeed. 448 

 449 
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Figure caption 

 

Figure 1 The thermal transition characteristics of proteins in white muscles of sex reversed 

Nile tilapia when fed with diets containing UPKM (a) and SPKM (b). 
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Table 1 The formulations by weight of ingredients and the chemical compositions of the PKM-containing diets used for rearing sex reversed 

Nile tilapia. The unprocessed and processed PKMs are given as dry matter pretreatment amounts. 

 
Ingredient* and composition UPKM SPKM MPKM SMPKM 

Ingredient (%)     

Fish meal 30.5 30.5 30.5 30.5 

Soybean meal 19.5 19.5 19.5 19.5 

Unprocessed palm kernel meal (UPKM) 20 – – – 

Water-soaked palm kernel meal (SPKM) – 20 – – 

Microwave-irradiated palm kernel meal (MPKM) – – 20 – 

Water-soaked and microwave-irradiated palm kernel meal (SMPKM) – – – 20 

Alpha starch 5 5 5 5 

Corn flour 12 12 12 12 

Cod liver oil 2 2 2 2 

Refined palm oil 3 3 3 3 

Vitamin premix** 3 3 3 3 

Mineral premix*** 3 3 3 3 

Rice hull 2 2 2 2 

Chemical composition (% on dry matter)     

Crude protein 27.23  27.07  27.76  26.77  

Crude lipid 8.86  8.53  8.43  9.21  

Crude fiber 9.05  9.63  10.34  9.55  

Crude ash 10.09  10.42  10.13  10.40  

Nitrogen free extract 44.77  44.35 43.35  44.08  

Gross energy (kJ g
–1) 17.62  17.38  17.33  17.53  

 

*      Ingredients of experimental diets and its compositions as previously reported in Thongprajukaew et al. (in press). The feedstuffs including fish meal, soybean meal, palm 

kernel meal, corn flour and rice hull were purchased from Phatthalung Livestock CO., LTD, Phatthalung, Thailand. All other ingredients were purchased from Mastertec 

CO., LTD, Bangkok, Thailand.  

**    Vitamin premix, 1 kg contained 1000 mg vitamin B1, 1000 mg vitamin B2, 2 mg vitamin B12, 55 g vitamin C, 400 mg vitamin K3, 1000 mg inositol and 1000 mg choline 

chloride. 

***  Mineral premix, 1 kg contained 5000 mg calcium oxide, 11430 mg alumina, 1000 mg ferric oxide, 50 mg manganese oxide, 700 mg magnesium, 60000 mg silica, 5000 

mg potassium oxide, 20 mg phosphorus pentoxide, 30 mg nitrogen, 2000 mg sodium oxide, 700 mg zinc, 50 mg iron, 70 mg selenium, 120 mg copper, 200 mg iodine, 

20 mg cobalt, 260 mg molybdenum and 70 mg vanadium.       
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Table 2 The growth performance parameters of sex reversed Nile tilapia when fed with various PKM-containing diets for ten weeks. 

 

Growth parameter UPKM  SPKM MPKM SMPKM 

Final body weight (g) 86.45 ± 2.67
bc

 96.81 ± 3.89
ab

 82.30 ± 4.92
c
 102.53 ± 1.90

a
 

Viscerosomatic index (VSI, %) 9.84 ± 0.55
a
 11.21 ± 0.25

a
 7.50 ± 0.70

b
 11.54 ± 0.57

a
 

Hepatosomatic index (HSI, %) 0.88 ± 0.03
ab

 1.41 ± 0.14
a
 0.91 ± 0.06

b
 0.81 ± 0.06

b
 

Stomasomatic index (SSI, %) 2.19 ± 0.42
a
 2.84 ± 0.06

a
 1.14 ± 0.25

b
 3.02 ± 0.27

a
 

Intestosomatic index (ISI, %) 6.52 ± 0.36
ab

 6.76 ± 0.35
ab

 5.46 ± 0.46
b
 7.54 ± 0.45

a
 

Total length (cm) 18.49 ± 0.22
b
 19.57 ± 0.35

a
 18.92 ± 0.44

ab
 19.92 ± 0.11

a
 

Condition factor (CF, g cm
–3

) 2.17 ± 0.04
a
 2.05 ± 0.09

ab
 1.93 ± 0.05

b
 2.06 ± 0.06

ab
 

Specific growth rate (SGR, % day
–1

) 2.39 ± 0.03
b
 2.62 ± 0.06

a
 2.35 ± 0.08

b
 2.74 ± 0.03

a
 

Feed conversion ratio (FCR, g feed g gain
–1

) 1.63 ± 0.07
ab

 1.40 ± 0.07
b
 1.80 ± 0.20

a
 1.29 ± 0.04

b
 

 

UPKM, unprocessed palm kernel meal diet; SPKM, water-soaked palm kernel meal diet; MPKM, microwave-irradiated palm kernel meal diet; 

SMPKM, water-soaked and microwave-irradiated palm kernel meal diet. 

Data are expressed as mean ± SEM (n = 3). 

Different superscripts in the same row indicate significant difference (P < 0.05). 
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Table 3 Specific activities of digestive enzymes in sex reversed Nile tilapia, when fed with various PKM-containing diets for ten weeks. 

 

Digestive enzyme UPKM SPKM MPKM SMPKM 

Trypsin (U mg protein
–1

) 1.09 ± 0.05
ab

 1.25 ± 0.11
ab

 0.94 ± 0.09
b
 1.35 ±0.14

a
 

Chymotrypsin (U mg protein
–1

) 0.83 ± 0.04 0.83 ± 0.03 0.73 ± 0.02 0.81 ± 0.04 

Activity ratio of trypsin to chymotrypsin (T/C ratio)  1.34 ± 0.12 1.54 ± 0.18 1.26 ± 0.12 1.63 ± 0.10 

Amylase (U mg protein
–1

) 776.32 ± 11.78
ab 

 884.49 ± 40.33
a
 656.97 ± 56.45

b
 872.66 ± 41.82

a
 

Cellulase (U mg protein
–1

) 34.22 ± 3.23
ab

 24.05 ± 2.87
b
 39.07 ± 3.53

a
 25.92 ± 3.23

b
 

Lipase (U mg protein
–1

) 0.35 ± 0.05
a
 0.28 ± 0.03

ab
 0.21 ± 0.01

b
 0.23 ± 0.01

b
 

 

UPKM, unprocessed palm kernel meal diet; SPKM, water-soaked palm kernel meal diet; MPKM, microwave-irradiated palm kernel meal diet; 

SMPKM, water-soaked and microwave-irradiated palm kernel meal diet. 

Data are expressed as mean ± SEM (n = 3). 

Different superscripts in the same row indicate significant difference (P < 0.05). 
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Table 4 The carcass (without visceral organs) and the muscle compositions (weight weight basis) of sex reversed Nile tilapia fed with various 

PKM-containing diets for ten weeks. 

 

Composition  UPKM SPKM MPKM SMPKM 

Carcass      

1). Moisture (%) 74.11 ± 0.16
a
 72.45 ± 0.47

b
 72.71 ± 0.24

b
 72.59 ± 0.43

b
 

2). Ash (%) 5.07 ± 0.24
b
 6.17 ± 0.71

ab
 7.42 ± 0.16

a
 7.46 ± 0.16

a
 

3). RNA (mg g
–1

) 3.74 ± 0.13 3.76 ± 0.37 3.25 ± 0.16 3.39 ± 0.34 

4). Protein (mg g
–1

) 208.96 ± 3.19 202.87 ± 4.91 207.38 ± 2.07 209.71 ± 6.74 

5). Lipid (mg g
–1

) 20.95 ± 3.58 21.45 ± 2.72 23.64 ± 1.23 20.50  ± 2.71 

6). RNA/protein ratio (× 10
–3

) 17.56 ± 2.29 16.13 ± 2.71 13.22 ± 1.98 16.19 ± 1.15 

Muscle     

1). Moisture (%) 77.45 ± 0.41 77.48 ± 0.15 77.49 ± 0.31 77.26 ± 0.67 

2). Ash (%) 1.14 ± 0.03 0.98 ± 0.04 0.94 ± 0.07 1.01 ± 0.13 

3). RNA (mg g
–1

) 3.40 ± 0.44 3.43 ± 0.08 3.36 ± 0.34 3.19 ± 0.83 

4). Protein (mg g
–1

) 180.87 ± 12.65
b
 263.19 ± 14.62

a
 185.73 ± 21.82

b
 205.61 ± 34.64

ab
 

5). Lipid (mg g
–1

) 5.79 ± 0.35 7.24 ± 1.24 7.02 ± 1.00 6.32 ± 0.87 

6). RNA/protein ratio (× 10
–3

) 18.84 ± 0.45
a
 13.41 ± 0.74

c
 16.55 ± 0.75

b
 13.10 ± 0.54

c
 

 

UPKM, unprocessed palm kernel meal diet; SPKM, water-soaked palm kernel meal diet; MPKM, microwave-irradiated palm kernel meal diet; 

SMPKM, water-soaked and microwave-irradiated palm kernel meal diet. 

Data are expressed as mean ± SEM (n = 3). 

Different superscripts in the same row indicate significant difference (P < 0.05). 
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ภาคผนวก ค 
ข้อคิดเห็นและข้อเสนอแนะส าหรับการวิจัยต่อไป 

 
 
 
 
 
 
 
 
 



ข้อคิดเห็นและข้อเสนอแนะส าหรับการวิจัยต่อไป 

 
1). ควรศึกษาสภาวะที่เหมาะสมเพิ่มเติมในการดัดแปรกากเนื้อในเมล็ดปาล์มด้วยวิธีการแช่

น้้า เช่น ระยะเวลาที่ใช้ อัตราส่วนของกากเน้ือในเมล็ดปาล์มต่อปริมาณน้้า และอัตราการกวน เป็นต้น 
  

2). ควรขยายผลในการทดสอบกับปลาเศรษฐกิจอื่นๆ รวมทั้งอาจปรับปริมาณของกากเนื้อใน
เมล็ดปาล์มให้อยู่ในระดับที่สูงขึ้น 

 
3). อาจศึกษาเพิ่มเติมในผลพลอยได้อื่นๆ ที่ได้จากอุตสาหกรรมน้้ามันปาล์ม เช่น ช่อดอกเพศ

ผู้ ทะลายปาล์มเปล่า เส้นใย กากปาล์มทั้งผล และกากเมล็ดปาล์ม เป็นต้น 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 
 
 
 

ภาคผนวก ง 
บทความวิจัยที่น าเสนอที่ประชุมวิชาการ 
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