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-�.�/����'� �./ ���"���5"8-i#�i#/� 60 1��(�>/�ก����/����,* '.�-�.�/����_��ก��-i#�i#/� 
1�
���,� 80 1��(� 6&;�%�8�,���ก��%#�,5%8���-�������ก��	#:ก";�6;%#�,����ก�� -�8� ����ก��	#:ก";� 
���1hก(* 9 #;��";� ����ก�� 9 #;��ก#;� 80 1��(�%���# 5#
ก��	#:ก";�6;-i#�1�
-ก�,�"� 80 #;��-#G&-1.�/
18/ 7���5"8#
����ก��-�;�ก��	#:ก";�6;0%C8����	�
-�4 �&,0�;";�6;����&/ก'�-%#./� 96&;1����?�-%G��8����
����ก��686&;������_�����%#�ก%#�,������<�1 5#
�������ก��686&;������_��ก��	=���"����-	F�6	6&;����5#
68
"8/-�.�/� 9���6&;���,�,0��/ก�'"8��H -ก��,�ก��"��/,8��>/�1��+�*6;0%C8����&/ก'�-%#./�������& ����������	#:ก 
-�8� @�� ���1hก(* 5''�� >��-%#Gก /
��� ����� 	�
&:8�;�� 	�
&:8	A� 5#
1
,/ -	F�";� 7���0��������5#;�,���
/�ก%#�,���& 5"8	�
-&G�'����C �./ 68���	#:ก6;���&-&�,�ก���������ก0�'_�����-&�,�ก�� -1��
/���	lC%�-�.�/�
ก��51�8>,�,>/����5#
5#�4�"�:0�<�,%#�� 

-�.�/����'�� -	F�-�.�/����9"���0��
�������,�,'���H 0��������� �./ -�.�/� D1��E 5#
 D1.�0�1��E  
D1��E �./ ���#�8����>�� '<�1�.��5i
 �'��8� %�./7�ก1.�5#
/�����,��"_����9�1��ก/����_/,:8��9��&��������

�ก %��"���5"8 0.5 m 5.0 -"� �8����-	F�ก�&&8�� (pH) 4.5 m 6.0  
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�.,. 1902 Archibald Garrod J&H,�ก(����
Y�&	ก"�UI�Y-H	n�.1&_ก���1ก�&�1	T����0I#0�/���-
1��. (alkaptonuria) ����ก��0'&�IIกUI���� �KI 1K�I
	o''��
'�Y�'ก��I�ก�,�
1	#��.�1	T�'�&�� Z���I��1	T�
I�ก�����1ก�&��ก���Y�&	ก"�UI�ก�
���ก��1��
�I#�Z� 0"3'������'����b �KI '���กV���I�����%#�.
��1	T����0I#0�/���-1��.1�3�1&�.�ก�� ���1	T�J	J&H
�3����Y�&	ก"����I��1ก��.�UHI�ก��/��+�ก�� 1/��
�
ก��S3�.�I&ก��2�.V���I����� 

�.,. 1941 George Beadle and Ed Tatum �H�
/��3� .��0#
1I�JZ*����'�/��+*ก�� 2�.%#����ก
���J&H�&#I������U�	o�����K� I �����'	I�� 
(Neurospora sp.)  �Y3 ��ก��1I_กZ1�.*  ( x-rays) 
1/K�IV%H1ก�&ก��ก#�./��+�* (mutation) Z���/��3���ก1&�
��� ��'���S'��1���
%*��"�����  6 '��%���ก��
1���b1"���"J&H&H�."��1I� 1	#��.�1	T�J3'���S
'��1���
%*��"����� 6 J&H 0"31K�I1"���"����� 6 #�V�
���1/�
1#��.�ก#��/��3� �������'	I��'���S
ก#���1���b1"��J&H"�	ก"� 0'&�V%H1%_��3�ก��ก#�.
/��+�*I���Y#V%H.��'�H��'�����Y�&	ก"�  ���V%HJ3
'���S'�H��1I�JZ*���1ก��.�UHI�ก��ก��'��1���
%*
��"����� 6 J&H 0#
1�K�I�3�.��%����"�����%�H���������

%����1I�JZ* (one gene one enzyme) 0"3V�	o������
I��ก#3��J3J&H1�3����� 1/��
�3�.��%����"��I���

�����ก�
���ก��ก��������J&H%#�.'3��  

"3I�ก#�3UI� Harvey Itano and Linus Pauling 
J&H�H�/����0"ก"3��UI�c���ก#��� (�	�"�����I.-3V�
1_&1#KI&) V���	ก"�ก��c���ก#���UI������1	T����
�#%�"������&Z�ก1��#1Z##* (sickle-cell anemia) Z���1	T�
������/��กV���0Iw��ก� �&./��3�c���ก#���UI�
�����1	T�����#%�"������&Z�ก1��#1Z##*�
��-	�3���#H�.
1��.� 1	T�Y#���ก���Y�&	ก"�UI��	�"�����1ก�&��ก
����ก/�3I����/��+�ก�� �#H�.ก��ก���H�/�UI� 
Garrod  

�.,. 1956 Vernon Ingram J&H/��3��	�"��UI�
����� 1	T�����#%�"������&Z�ก1��#1Z##* (sickle-cell 
anemia) 1ก�&U�����ก���0"ก"3��UI�ก�&I
���Z���
1	T�I��*	�
กI�UI��	�"��1/�.�%����"��0%�3� 0#

���Y�&	ก"�UI�ก�&I
���1ก�&U�����ก���0"ก"3��
V����&UI�1�'���I.-3V�&�1I_�1I (DNA) �3�����3����
Y�&	ก"�UI�����#%�"������&Z�ก1��#1Z##*I���'�1%"�
���ก���Y�&	ก"����1ก��.�UHI�ก��UI�'��/��+�ก�� 
%�KI &�1I_�1I (2�/��� 3) 

 
2�/��� 3. #�ก([
���0"ก"3��UI�c���ก#���V���	ก"� 0#
�����1	T�����#%�"������&Z�ก1��#1Z##* 
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�.,. 1959 1���1UH�'-3.��UI� RNA �&.�ก��
�H�/�I��*1I_�1I �/#�1I1�' (RNA polymerase) 
Z���1�K �I�3�I��*1I_�1I �/#�1I1�' �'3��1ก��.�UHI�
ก��ก��S3�.�I&���/��+�ก�� 1�K�I���ก&�1I_�1I
1	T�03/�/*���1ก_������UHI-#���/��+�ก��UI�
'��������"�����3��ก 0#
�ก�
S-ก1ก_�J�HI.3���&��&
V����1�#�.' Z� ��1	T�����'�H���� �� ����S���J3�
ก��1	#��.�0	#��3�.W &������ �	�"������3��
�ก��
S3�.�I&/��+�ก�����กI��*1I_�1I J3V�3&�1I_�1I
�&."�� Z� ��J3�����กJ&H�ก���H�/��3�0'1Z_�
1�I�*I��*1I_�1I (messenger RNA :mRNA) �KI"��
������%�H������&#IกUHI-#���/��+�ก����ก&�1I_�1I 
1/K�I���J	'��1���
%*�	�"��"3IJ	  

������� ��ก���  Vernon Ingram /��3����
Y�&	ก"�UI������1	T�����#%�"������&Z�ก1��#1Z##* 
1ก�&U�����ก���Y�&	ก"�UI��	�"�� ���1	T�Y#��ก
ก�&I
���Z�������&UI�1�'���"3��ก������ "3I�
��ก���.�,�'"�* J&H/��3 � V�'�.&� 1I_� 1I��� ��

	�
กI�&H�.1�' 4 "�� �KI I
&���� (Adenine,A) JZ��
Z�� (Cytosine,C)  J+�� (Thymine,T) 0#
ก� ���� 
(Guanine,G) Z���1�' 4 "�� V�&�1I_�1I�
�ก��
1��.�#��&��1/K�IV�H1	T��%�' (Code) 1 "�� '��%���I
��� 
1 ���& U[
���V�+����"��ก�&I
��� 20 ���& 0#

.���'3��������%�H����IK��W I�ก &������ 1/K�IV%H����
��I��#�V�ก��ก��%�&'��"3��W �%�' 1 "�� �
"HI�
	�
กI�&H�.1�' 3 "�� 0#
1K�I�����[0#H��
J&H�%�'
������S�� 64 �%�' %�KI 64 ��&I� (Codon) ����1I�  

&������ %�ก	�
�#����-H����%&1UH�&H�.ก�� 
�
/��3�1K�I1Z##*"HI�ก��'�H���	�"�����&V&���&%����
��ก&�1I_�1I '�.UI�&�1I_�1I�
���%�H����1	T�"H�0�� 
(template) 0#
� messenger RNA ���%�H������&#Iก
�%�'&�1I_�1I"H�0�� 1��.ก�3�ก�
���ก��SI&�%�' 
(transcription) ก3I��
S-ก'3�"3IJ	.��J����Z1/K�IY3��
ก�
���ก��0	#�%�' (translation) '��%���'�H��&�1I_�
1I"3IJ	 �&.�	�"���
������J&H&�%�KIJ3&� %�KI�
�- 	 �3 � ���� 0 "ก"3 � �ก� �I.3 � � J ���� �  � 
U�� � I.-3 ก� �
ก�
���ก��%#��ก��0	#�%�' (post translation)  

�.,. 1960 �ก���&#I����1ก��.�UHI�ก�� E. coli 
���"HI�ก��V�H����"�#0#��"' /��3� E. coli �
&��

����"�#0#��"'�V�HJ&H ก_"3I1K�I2�.V�1Z##*�"��
1%���.����V%H.��'��1���
%*1I�JZ*U����'��%���.3I.0#�
�"' 1��.ก�3� inducible enzyme �&.'�1%"����1	T�1�3����
1/��
�ก���H�/�'��.��.��� (repressor) Z���'��.��.������
�
J	.��.���J3V%H�ก�
���ก��'�H���	�"�����.3I.0#�
�"'1ก�&U��� 0"31K�I2�.V�1Z##*�0#��"'I.-3 0#��"'�

1UH�J	���ก��'��.��.��� ���V%H'��.��.���J3'���S%.�&
ก��'�H��1I_�JZ*'��%���.3I.0#��"'J&H ������V%H1ก�& 
inducible enzyme U��� "3I�2�.%#��/��3�'��.��.������
�KI DNA binding proteins V�	o������ 

�.,.1972 1���1UH�'-3.��UI�1�����#.����2�/ �
ก���H�/�1I_�JZ*���V�H"�& %�KI "3I����'3��&�1I_�1Iก3I�
���ก#��1UH�J	V�'��������"  I�ก����.��'���S1/��������&�
1I_�1I���"HI�ก��V�%#I&�&#I�J&HI�ก&H�. 1��.กJ&H�3�
1	T�.��1w|} I�w-UI�1�����#.�ก��"�&"3I&� 1I_�1I 
(recombinant technology) %�KI /��+���,�ก��  
(ggenetic engineering) 1#.��1&�.� /-&I�ก��.%����ก_�KI
��ก���.�,�'"�*'���S����
"�&����'3��UI�&�1I_�1I %�KI
.��V&.��%������ก'��������"IIก� 0#
"�&"3I����'3��UI�
&�1I_�1I����ก#��1UH�J	V�&�1I_�1IUI�'��������"IK��W 
1/K�IV%H'�H��'�����"HI�ก��U���� 1�3� ก��V�H0����1��.
%�KI.�'"*V�ก��Y#�"I��Z-#�� (2�/��� 4) &H�.ก��"�&"3I
.��I��Z-#��UI���1UH�J	V�0����1��. 1/K�IV%H'�H��
I��Z-#���������ก 0#
����'ก�&1	T�I��Z-#�����'��+�~
'��%���Y#�"1	T�.���ก(����1��%���"3IJ	 �Iก��ก���
"��I.3��IK��W ���1%_�J&H��&1��V�	o������ �KI /K���1I_�I 
(Genetically Modified Organisms :GMOs)  

I.3��J�ก_&�%�ก'��1ก"+����"�UI�'��������"�

/��3�1K�I1Z##*�ก��0�3�"�� �
���V%HJ&H1Z##*V%3���
1%KI�ก��1Z##*1&���ก	�
ก�� Z���&�1I_�1Iก_"HI��ก��
0�3�"��1/K�I1/��������1�3�1&�.�ก�� U���"I�ก��1/��
������&�1I_�1I %�KIก��'��1���
%*&�1I_�1I (DNA 
replication) U���V%3���� &�1I_�1I�
�ก��0.ก'�. 2 '�.
IIก��กก��  0"3#
'�.�
���%�H����1	T�"H�0��%�KI
03/�/*V�ก��'�H��&�1I_�1I'�.V%3 ������V%H'�.&�1I_�
1I���J&H��1#ก�#1%KI�1&���ก	�
ก��  I��*����-H���J&H
����'-3ก��"������S�UI���ก1�����I1��ก������K�I 0���� 
-##�' (Kary Mullis) �3�V�1K�I&�1I_�1I'���S���#I�
"��1I�2�.V�1Z##*J&H &������ ��ก���.�,�'"�*ก_�3��
�
�Iก�''��1���
%*&�1I_�1IV�%#I&�&#I�J&H1�3�ก�� 0#
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V����'�&1U�ก_'���S/�X��	\�ก���.�/�Z�I��* %�KI 
Polymerase Chain Reaction : PCR 1/K�IV�H1/��
������&�1I_�1IV�%#I&�&#I�J&H'��1�_� Z�������3��
	�
�.��*"3I��ก�����.�,�'"�*I.3���ก  

�&.%#�กก��UI�	\�ก���.�/�Z�I��* (2�/��� 5) �
ก�
���ก������#H�.�#��ก��ก����&#Iก&�1I_�1I���
1ก�&U���V�1Z##*�ก �KI 1�����กก�����&�1I_�1I���
"HI�ก����&#Iก%�KI1/��������V'3#�V�%#I&�&#I� 
1K�I&�1I_�1I'�.�-30.กIIก��กก��1	T�'�.1&��.�'I�
'�. ก_V'3&�1I_�1I�����'���W ������%�H����1	T�'��"���"H� 

%�KI J/�1I�* (primer) #�V�%#I&�&#I� J/�1I�*�

���ก��&�1I_�1I'�.1&��.� ���V%HJ&H&�1I_�1I'�.V%3U����
I�ก 1 1'H� 0#
SH����	\�ก���.�"3IV��I����'I� �I����'�
"3IJ	1	T�#-ก�Z3 �&.V�H&�1I_�1I"H�0��1&� 0#
&�1I_�1I
'�.V%3���1ก�&U��� Z����H�.���'�&�
���V%HJ&H&�1I_�1I������
�ก 

V�0�3UI�����X��ก�� 	\�ก���.�/�Z�I��*����3��
	�
�.��*�ก �������1/��
V�ก��,�ก(�Z�ก&�ก&�����/* 
(fossil) UI�'��������"���'-b/��+�*J	0#H� 1�3� �H��0I+ 
���� �ก��/��3�%�ก����ก�
&-ก�������S-ก1ก_���ก(�J�H
I.3��&�V�+����"� 1�3� V�S������J3�I�ก�, �
.�����
�1#ก�#&�1I_�1I1%#KII.-3  1��.ก�3� &� 1I_�1I����[ 
(ancient DNA) %�ก0"3�3�&�1I_�1I����[���'ก�&J&H�ก�

�	���[�HI. 1�����/�Z�I��*���SKI1	T�1��K�I�KI'����b���
�
�3�.1/��������&�1I_�1I����[ 1/K�IV�H1	T�ก�b0�JU
	��,������X��ก�� 0#
�Iก1#3�1�K�I�������1ก�&U���V�I&�" 
�������V�	o��������ก���/�����J&H1���%���V�H&�1I_�1I
����[1%#3����V�ก��"��I.���/����(UI���(.* %�KI
"��I.���/����(UI�UH���กU��� 

"3I�V�	� �.,. 1953 1�'* ��"'�� (James 
Watson) ��ก1�����I1��ก�� 0#
w���Z�' ���ก 
(Francis Crick) ��กw�'�ก'*���I��ก^( J&H�����.S��
����'�H��UI�&�1I_�1I�3� �#�ก([
1	T�'�.�-3�����&/��
1	T�1ก#�.��#H�.���J&1��.� Z������1	T�ก���H�/�
UHI1�_�����/K�����������[-	ก��"3I��ก�����.�,�'"�*
I.3���ก �&.V�'�.&�1I_�1I0"3#
'�.�
	�
กI�&H�.

 
2�/��� 4. ก��V�H0����1��.%�KI.�'"*V�ก��Y#�"I��Z-#�� 

 
2�/��� 5. 	\�ก���.�/�Z�I��* (Polymerase Chain Reaction) 
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1�' 4 "�� �KI  A C T G 0#
�ก��,�ก(�/��3�V�&�
1I_�1I���'�-�[*�����& (����:Genome) UI���(.*
	�
กI�&H�.1�'�������.��S�� 3 /��#H��%�3�. Z���
1�'1%#3�����
�ก��1��.�1	T��%�'"3��W �������%�.
'��%���ก��%�&���&UI��	�"��%�KI�%�'1/K�I���%�H����
IK��W ��ก���.�,�'"�*�� � 1��� '�V��H�%��3�ก��
1��.�#��&��1�'UI�&�1I_�1I 3 /��#H��"������#�ก([

1	T�I.3��J� 1/��
���#�����S-ก�H�/�I���
����'-3
���1UH�V�V�ก#JกI��Z��ZHI�UI�����"�กU��� &H�.
1%"���� ����ก��������(.* %�KI `Human Genome 
Projecta ���1ก�&U���  

����ก��������(.*������ก���.�,�'"�*���
0U3�U��ก��I.-3 2 ก#�3%#�กW �KI ก#�3UI�1��ก 1��
1�I�* (Craig Ventor) ������+�ก��%�#��&��1�' &H�.ก��
��������Z�"�&1	T��3I�1#_กW 1/K�I%�#��&��1�'
UI������Z����1#_กW ��ก����������UHI-#�1��.�"3I
ก��2�.%#�� U[
���ก#�3UI� 1�'* ��"'�� (James 
Watson) 1���"H���ก���0Y����.���������Z"3��W 
1/K�IV%H�-H�3�&�1I_�1I����J%�I.-3���1�[V& 0#H����"�&&�1I_�
1I1	T�����1#_กW 1/K�I%�UHI-#�&.#
1I�.&I�ก����� 0"3
ก � 
 ��� � V � �H � . ��� '� & � � . �� #  � #� � "� �  ( I &� "
	�
+���+��&�'%���I1��ก�) 0#
��.�����  0�#�* 
( � � . ก �� �  � " �� ' % � � � I � [ � �� ก � )  J &H 1 �� b
��ก���.�,�'"�*���� 2 �3�� �	�
ก�,Y#���'��1�_�
UI�����ก��/�HIก�� 1K� I ������  2 6  � S� ��.�  
/.,. 2543  

2�.%#����ก����ก���� ����(.*'� �1�_ � 
��ก���.�,�'"�*ก_J&H1���SI&�%�'����UI�'��������"
IK��W �กU��� I��� 	#�	oก1	�� .�'"* %�I� 0#
UH��
"3��W Z���J&H/�'�������3�'�V��3� ��ก1&����1�.1�K�Iก���3�
��(.*�3��
1	T�'��������"�������Z��ZHI��ก���'�& 0"3
1K�I&-U��&����UI���(.*0#H�ก#��/��3�J3J&H�
U��&V%b3J	ก�3�UI�I
���%�KI	#�	oก1	��1#. �&.
��&�3�ก�����	#�	oก1	�� %�KII
��� �ก��/�X��
U��&UI�����V%HV%b3U��� 1�K� I���ก"HI�I.-3 V�
'2�/0�&#HI����3I�UH�����0��%�KI�ก��1	#��.�0	#�
�ก 1�3� 	#�"�� ���I�,�.I.-3V�&��1#����1�[1U"����
U�������#� 1	T�"H� &������U��&UI�����I���
J3J&H�
���'�/��+*ก�����Z��ZHI�UI�'��������"1#.  

��ก���กH��%�H�V�ก��%�#��&��1�'UI�
'��������" '3�Y#V%H�UHI-#������%�,�# &���������
I.3��J�����
'���S��&ก��UHI-#����%&���J&H 1/��

&������-Hก���3�"��I�ก(����1��.�ก�������%�'���V�H'��%���ก��%�&
.��I.-3&H�. 0#
V���(.*�������.��UI�1�'S�� 3 
/��#H��%�3�. %�ก���I�ก(� A C T G ����%&�1��.�
ก���&.���J3���&���� ��ก���.�,�'"�*�
I3��"��I�ก(�V%H
1	T����Z�������%�.J&HI.3��J�  0#
�
�-HJ&HI.3��J��3�
������I3����������%�.���S-ก"HI� ���������+�ก��
I.3��J�����
���V%H�-H�3�.����� 1 1�����ก���1�[V&0#
.��"��
��� 2 I.-3���"��0%�3�V& (2�/��� 6) 

������� V�'�.ก3I���ก���.�,�'"�*�ก�
/�3�1	��
���'�V�J	���&�1I_�1I'3���������1ก��.�UHIก��.�� Z���
1	T�"��ก��%�&ก��'�H���	�"��1�3����� 0#
1��.ก���1�[
&��ก#3���3� coding region 0"3V�	o��������ก���.�,�'"�*
/��3�'3��UI��%�'���1&�1�K�I�3�J3J&H������1ก��.�ก��.�� 
1��.ก�3� non coding region %�KI Junk DNA ���� �'3��
V�ก�������ก��������UI�.��&H�. &�������
/��3�V�
���1�['�.UI�&�1I_�1I�
�����'3��UI� non coding 
region 0#
 coding region I.-3&H�. ��ก���.�,�'"�*"HI�
/.�.��H�%��3��.��I.-3���"��0%�3�V& 0#
V�0"3#

'��������"�.��I.-31�3�J%�3 Z���&H�.UHI-#������%�,�#���
1ก�&U���  �� �V%H V���� '�&J&H� ก����� 1�����#.�&H ��
�I/��1"I�*1UH��	�
.�ก"*V�HV�ก����&ก��UHI-# 
1��.ก�3� ���
	�
��'* (Bioinformatics) 1�3� ���
���&H��������.�ก��������&H���I/��1"I�* 1	T�"H� 
0"32�.%#����กก��,�ก(�J3���ก_/��3���ก��� 1�.
��&ก��[*�3���(.*�3��
�������.��1	T�0'� ก_#&#��
1%#KI1�_&%K�� %H�%K�� ก�
����	o������ก_/��3��I.-31/�.�
'�%K��%H�/��.��1�3�����  

 
2�/��� 6. "��I.3��ก��1��.�UI�"��I�ก(� 0#
ก��I3��
"��I�ก(�V%H1	T�����������%�. 1	��.�1��.�ก��ก��I3��
�%�'UI�1�' 
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I.3��J�ก_&����Y3����ก����S����1ก�&U���1'IW 
�3� ����'�����--���1 '����4�#�#*���'ก,����%���&'�?  
Z���Y#ก��,�ก(�/��3� 46 1	I�*1Z_�"*UI��	�"��V�
.�'"*/�V��� U[
��� 43 1	I�*1Z_�"*UI��	�"��V�
%�I�  61 1	I�* 1Z_�"*UI�0#�%���  0#
 75 
1	I�*1Z_�"*UI�	#�	oก1	���ก��1��.�#��1�'�#H�.
�	�"��UI��� ��� ���� � #�ก([
0"ก"3 ��ก���ก 
�Iก1%�KI��กก��1	��.�1��.��	�"��Z�� � 1	T �
����'�H�� (structure) U��&V%b3���0#H� V��	�"��0"3
#
���&	�
กI�J	&H�.%#�. domains Z���I��1ก�&ก��
'��1	#��.� (reshuffling) ก�� ���V%H�	�"��0"3#
���&
0"ก"3��ก�� 0"31K�I/����[�V�0"3#
 domains 0#H�
/��3�1กKI� 90 1	I�*1Z_�"*UI� domains V��	�"��
UI���1%KI�ก�����/�V�0#�%��� 0#
%�I� 0'&�V%H
1%_��3�'��������"1%#3�����#�ก([
�3�ก�� (conserve) 
%�KI�#H�.ก���ก ��ก����-H"��������V%H1ก�&,�'"�*���
1��.ก�3� �����'�	������'���   (Comparative 
Biology)  

�ก��ก#3��ก��1'I�3�'��������""3��W 1ก�&�
��ก���/����(1&�.�ก�� ��ก��������3I.W �����X��ก�� 
1ก�&ก��0"ก0U��IIกJ	1�K�I.W &������'��������"���1ก�&
V��3��1�#����Vก#H1��.�ก�� �3��
�.���������1%KI�
%�KI�#H�.ก���ก 0"3'��%���'��������"���1ก�&%3��IIกJ	
���1%KI�%�KI�#H�.ก��UI�.��ก_I���
�HI.#� 0"3
.�����.������#�ก([
�3�ก��I.-3 ]
����%�ก����S��
1�K�I�#��&��1�'UI�.�����I.-3V�%�- 0#
����%�H���� ก_
I���
���#��&��1�'UI�.��"������J	1	��.�1��.�ก��
#��&��1�'UI�.��V��� 1/K�I&-�3�#��&��1�'UI�.�����/�
V����%�H����I
J� �&.V�H%�-1	T�"H�0��%�KI1	T�"��
1	��.�1��.���ก����#H�.ก��UI�.�����J&H Z�����+�ก��
��� �KI 'ก�&&�1I_�1IIIก� 0#H����J	1/��������&H�.
1�����/�Z�I��* 0#
���ก��%�#��&��1�'UI�&�1I_�1I 
1K�IJ&HUHI-#0#H����#��&��1�'UI�&�1I_�1I���J&H1	��.�
1��.�ก��#��&��1�'UI�&�1I_�1I���1ก_�J�HV����UHI-#�3�
�%�KIJ3 Z���ก��,�ก(�V��-	0�����1��.ก�3�ก	�*-กD	
��	�
��)��E!����������	ก	� (Phylogenetics) 

��กUHI-#����%&������V%H1%_�S��#��&��U���V�ก��
��&�
�� (organization) UI�'�����������" ��ก'���"3��W 
���1%_� J3�3��
1	T��-	�3��2�.�Iก /^"�ก�� %�KIก��

1	T����"3��W #H��1ก�&U�����กก�
���ก��1"��I#�Z�
2�.V�1Z##*���S-ก�����&H�.&�1I_�1I %�KI����'�H��UI�
.�� %�.����3���ก '�[������.� (morphology) 0#

#�ก([
�� �	��ก\IIก�V�'� �� �� �� �" (phenotype) 
�3��
����'�/��+ *ก ��.���� ������#�ก([
���
/��+ �ก�� (genotype) 0#
V�U[
1& �.�ก ��
���กH��%�H�UI����.�,�'"�*���V%H�����3���(.*�
���0"ก"3��ก��	�
�[ 0.1 1	I�*1Z_�"* Z������
0"ก"3�����/��+�ก���� �# H���Y#"3I#�ก([
UI�
'� ���� �� �" 1�3� SH���JUHJ	%�%I&H�.I�ก��0��
1&�.�ก�� %I'���.�1%KI�ก�� 0"3	��ก\�3���JUH�

"I�'�I�"3I.����V�H��ก(�J&HJ31%KI�ก�� 1�K�I���ก�
#�ก([
���/��+�ก�����0"ก"3��ก�� ]
����0/�.*0Y�
V%3�
I�0"3#�ก([
%�KII�ก��UI������ �	��ก\
IIก�1/�.�I.3��1&�.�J3J&H 0"3I��"HI�&-J	S ��
#�ก([
UI�.����������&H�. %I���"HI�'���.����V�H
��ก(�0��1]/�
����# 1��.กJ&H�3�1	T�ก��1	#� �.�
��กw���J�	�'-3����J�	� 

����'�H��UI�.��%�KI%�H����UI�.�����1	T�1�K�I�
'����b &������ ก��,�ก(�&H��I[-������.� %�KI ���
�1#ก�# (Molecular Biology) �
,�ก(�0"31]/�
%�H����
UI�.��I.3��1&�.���J31/�.�/I 1/��
ก��������"3��W 
���1ก�&U�����ก.���	\�'�/��+*ก��.��IK��W 0#
'���0�&#HI
&H�. I�ก����1Z##*ก��1Z##*ก_.���	\�'�/��+*"3Iก�� ���V%H
"HI��ก��,�ก(������
�� %�KI���1��.ก�3������'�	�&�� 
Z�� ���ก����-H��� �%&'���S	�
�#V%H 1%_��3 �
����X��ก��V����������.��KII
J� ���%#�ก%#�.
UI�'��������"1ก�&U���J&HI.3��J� '��������"���&%��� �
0"ก"3����ก'��������"I�ก���&%����J&HI.3��J� 0#
1/��

I
J��������0"ก"3��ก���ก��ก  

%�ก.HI�J	"���0"3ก3I����&��*���I+���.S������3�'	�
��'* 'K�1�K�I����S��	o������ ��ก���.�,�'"�*J&H�ก��
��.�����3�'	���'*��กI
J�0#
����%�.�3�I.3��J�
�H�� Z���1K�I1&KI��S���.� 	� �.,. 2008 ���'�� 
Sciencetific American J&H1U�.������'��	S��ก��
��.�����3�'	���'*J�H�3� V�'�.UI�#��1��.' (Carl 
Linnaeus) �
/-&S��1�K�I�UI�ก��V�HI��ก���+�� 
(taxonomy) 1	T�ก����&�
��'��������"��ก���I�1%_� 
%�KI classical taxonomy "3I�V�	� �.,. 1942 ก_�ก��
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"���0����& biological species concept 1	T�ก��V�H
ก#Jกก��0�3�0.ก���ก��'K�/��+�*%�KI reproductive 
isolation �KI'��������"���&1&�.�ก���
'K�/��+�*J&H#-ก����
����"0#
J31	T�%��ก��'��������"1&�.�ก��1�3�����  
"3I�1����0����& phylogenetic species concept ���
V�H���'�/��+*&H������X��ก����3�&H�. 0"3V�
�H�.���'�&ก_/��3�J3�0����&V&����
V�HI+���.V���ก
ก�[�J&H "HI��ก������	�
.�ก"*V�H�3�ก��  

�H���� Linnaeus �ก����&%�&%-3'��������"
� &. V �H %#� กI�� ก � �� + ����� � "�� � 0"3 I �[��� ก � 
(Kingdom) J#3#����ก�
����S��'	���'*  (Species) 
����%&���'3��V%b3���0�ก��ก#�ก([
'�[���2�.�Iก
���	��ก\IIก� %�ก'��������"����0"ก"3��ก��ก_
0.กIIก��กก�� ��ก�
����0.ก"3IJ	J3J&Hก_��&1	T�'	�
��'* 0"3%�ก/����[�V%H#
1I�.&�ก.���U����
/��3� 
0H�3��
1	T�'��������"V�'	���'*1&�.�ก�� ก_.��/��3��
���0"ก"3��V�#�ก([
���I�1%_� 1/��
]
����ก��V�H
�-	�3��2�.�Iก���	��ก\V�ก�����0�ก'��������"1/�.�
I.3��1&�.�I���
J31/�.�/I  

"3I�J&H���1'�I0����&���1��.ก�3� biological 
species concept �&.�Iก�3�'	���'*1&�.�ก�� �
�0%#3�
'
'.��UI�#�ก([
/��+�ก��"3��W UI�	�
��ก�
����%&J�H ��1��.ก�3� `.��/-#a (gene pool)  0#

'��������"���&1&�.�ก���
"HI�Y'/��+�*ก��J&H#-ก��������"
ก��'��������"1&�.�ก��1�3����� 0#
J3'���SY'/��+�*
ก��'��������"���&IK��W J&H  ���V%H1ก�&���S�"3I�3� 0#H�
V�'�� ���� ��"������& 1�3� ��"� 1wI�*  %�K I�3 �V�
0����1��.Z���J3J&H'K�/��+�* �&.I�,�.1/,���  �
V�H
0����&���I+���.J&HI.3��J��H��  0����& phylogenetic 
species concept ���1ก�&U��� �&.�������0����&���
I�,�./K�������ก0����&UI�#��1��.' �KI &-��ก
#�ก([
2�.�Iก���0"ก"3��ก�� 1/�.�0"30����&  
phylogenetic species concept '���S�IกS��
����X��ก��J&H 0#
�IกJ&H�3�'	���'*�������/����(�
��กJ%� 0#
1K�I�#�ก([
V%31ก�&U����������
0"ก"3��J	��ก���/����(1&��
�ก��0.ก'�.IIกJ	 
1�3� ��'���S����
1&��J&H 1	T�"H� 0"3ก�
����ก_J3�
0����&V&����
V�HJ&H&�V���กก�[� '3�Y#V%H0����& 
unified approach 1ก�&U���  

Carl Zimmer J&HV�H0����& unified approach 
concept ���ก��,�ก(�0��V�0�#�wI�*1��. Z����
�-	�3��1%KI�ก���ก �&.1U�I.�ก�-H�3�0�������%&
ก��'	���'* ���,�ก(�&H�.ก��V�H marker UI�.�� 2 "�� V�
0�� ����-3ก��ก��,�ก(�0%#3����I.-3I�,�. V����'�&ก_
'���SV�H0����& unified approach concept 0�3�'	�
��'*UI�0��J&H����%& 6 '	���'* (2�/��� 7) 

%�ก/����[���ก��ก0����& �
/��3�0����&
'3��V%b3�กI+���.1ก��.�ก��/K�0#
'�"�* 0"3ก#��J3�3I.
ก#3��S��'��������"I�กก#�3%����V�+����"�Z����������
�ก �����KI ��#�����.* 1�3� 0����1��.%�KI�� ก��V�H
�-	�3��V�ก�����0�กก#�3�	������I"%�KI/�กI��*��
0����1��.����1	T�'������.�ก�ก 1/��
��#�����.*1กKI�
����%&��-	�3��1	T�0�3� (rod) %�KI �#�ก([
ก#W ���
V%H"HI��ก����1���
%*���0"ก"3��������1�� 0�� 
1�3� ���'���SV�ก��V�H����"�#"3��W ก��1ก�&0ก�' 
1	T�"H� "3I�V�	o������ก_1���V�H����1#ก�# (molecular 
biology) V�ก����&���0�ก'	���'*�กU��� 0"3ก_/��3�

 
2�/��� 7. 0����& unified approach concept ���V�HV�
ก��,�ก(�0��V�0�#�wI�*1��. 
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0H0"3V�'	���'*1&�.�ก�� I.3��1�3� E.coli K12 ก�� 
E.coli 157 1K�I&-S���
&��/��+�ก��0#H� /��3�����
0	�Y�� (variation) V�'	���'*�กก�3����0	�Y�����
1 ก� &U�� � �
%�3 � ���ก��Z� 0	�Z� 1'� .I� ก  I� ก��� �
��ก���.�,�'"�*/��3���ก1&����1�K�I�3���#�����.*J3�
�
��ก��'K�/��+�*0��I�,�.1/, ������V%HJ3�ก��
S3�.�I&.��1ก�&U��� 0"3�3� E.coli K12 %�KI E.coli ���
1	T�1�K�I��#�����.*	�
���S��� %�KI normal flora ���J31�.
�I��"��.V&W V�2�.%#��ก#��1ก�&�  E.coli 157  Z���
1	T� E.coli V�'	���'*1&�.�ก��0"3ก#��1	T�"H�1%"�UI�
ก��1ก�&��� 0#
1K�I��� E.coli K12 ก�� E.coli 157 �
%�#��&��1�'ก_/��3�0����1��. E.coli 157 �.��V%3���
J3/�V� E.coli K12 1#. Z���.��V%3���I��1	T�.�����
1	T� killer �KI ���V%H E.coli ก#�.1	T�"��ก3I��� 0'&�
V%H1%_��3�0����1��.%#�.W "�����1	T�'	���'*1&�.�ก�� 
%�กI.-3V�'2�/0�&#HI���0"ก"3��ก��I���
1	#��.�
��ก��#�����.*	�
���S������J3ก3I���J	1	T���#�����.*���ก3I
���J&H &��������ก���1�K�I�3�1	T�'	���'*1&�.�ก������ ���
����0#H�1	T�'	���'*1&�.�ก������%�KIJ3 0"3�������ก_�Y-H
1'�I�3�J3���1	#��.��3�J3V�3'	���'*  E.coli 0"3V%HV'3���
�3� I����3� 1/��1UH�J	0�� 1�K�I���ก1	T�#�ก([
���
1ก�&U�����ก���0	�V��������X��ก��   

UHI�H�/�V�1�K�I����0"ก"3�����/��+�ก��
���'���S1	#��.���#�����.*���J3ก3I���J	'-3��#�����.*���
ก3I���J&H��������3�����'����b0#
�	�
�.��*�ก 
1/��
0H�3�V�0����1��.�
J3�ก��ก��'K�/��+*0��
I�,�.1/, J3 �ก��S3�.�I&'��/��+ �ก��"�
0��"��� (vertical gene transfer) �KI ก��'3�'��
/��+�ก����ก�� 3�%�� ��J	.���� ���� 3�S�&J	 0"3ก#��
/��3��S3�.�I&'��/��+�ก��"�0��U���%�KI
0���I� (horizontal gene transfer)  �KI'���S
0#ก1	#��.�.��ก��J&H 0H�
J3J&HI.-3V�'	���'*%�KI����'
1&�.�ก�� %�KI���1��.ก�3� Dropping and Swapping 
Genes 1�3� V�  S. thermophilus  0#
  L. 
bulgaricus  �� �S -ก����V� H����.1ก�� *"����0#H�  
/��3��ก��0#ก1	#��.�.��ก��I.3����&1�� &H�.1%"����
ก��0.ก'	 �� �' *& H�.ก��, �ก(����'�/��+* 1���
����X��ก��'��%���'��������"ก#�3��#�����.*����'����b
�กก�3�ก�����I��ก���+�� ��ก��������3� E.coli  

K12 '���S1	#��.�J	1	T���#�����.*���ก3I���J&H 0#
�
���0	�Y��1ก�&U���J&H���� %�ก�ก��"�&"�ก��
1	#��.�0	#�I.3��Vก#H��& ก_�
���V%H1ก�&ก��	�I�ก��ก��
0/�3�
��&UI���#�����.*���ก3I���J&H 0"3ก�
����0#H�
�,ก��(+�5��-� ��'���6�ก��"+ก��	��� &���+���&�? 
"!���(���&���+���&������	��� �%!�����'����4�#�#*
���'ก,�? ��&�������%-#(��(7��%��ก�����,8��ก��)���
ก���,����-�'6��'��-�?  

������� %�ก��กS��2�/UI�&�1I_�1I�
/��3�����
0"ก"3��ก�� 0#
'���������V%H1ก�&���0"ก"3������ก_�
'�1%"���ก%#�.ก�[� 1�3� ก��ก#�./��+�* (mutation) 
ก � � 1 ก� & ก � � # & # � U I � � � � �  � Z   ( dropping 
chromosome) ก��1�#K�I�.H�. I/./ (migration) UI�
'��������" ก����ก��UI�#�ก([
UI�/3I0#
031K�I�
ก��Y'/��+�* (recombination) ก��1	#��.�0	#����S��
UI�.�� (genetic drift) ก����&'��"�+����"� 
(natural selection) 0#
ก��	���"�� (adaptation) Z����
���Z��ZHI��ก  

ก	�ก"	�)��EH! (mutation) 1ก�&U����J&HI.3��J�
�H�� �&.	ก"�&�1I_�1I�
"HI�S-ก'�H��V%3V%H1%KI�1&�
�� ก	�
ก�� 1/K� IS3 � .�I&J	.� �#- ก%#��  Z�� � V �
ก�
���ก��'�H��&�1I_�1I���� &�1I_�1I�
���%�H����1	T�
03/�/*1/K�I���ก����&#Iก 0#
V�ก�
���ก����&#Iก
0"3#
�����ก_I������Y�&/#�&1ก�&U���J&H 0H�3�V�
�3��ก�.�
��
��ก��"���'I�&�1I_�1I�������Y�&	ก"� 
1�3� ���&1�'%�.J	 1	#��.�J	 %�KI ����������1/���ก
U��� Z������Y�&	ก"����1ก�&U������I��1ก�&��กก��0#ก
����'3��UI�&�1I_�1IV��
%�3��ก����&#Iก&�1I_�1I  

'3��ก��1	#��.�0	#�UI�&�1I_�1I���1ก�&U���I.-3
"#I&1�#� 1�3� ก��S3�.�I& ก#3���KI &�1I_�1I�
I.-3V�
���1�#�.' Z���SH�1	T�ก��'K�/��+�*0��I�,�.1/, #-ก�
J&H
&�1I_�1I��ก/3I�����%����0#
03I�ก�����%���� ���V%H�ก��
��ก��UI�#�ก([
��ก/3I0#
03 1ก�&U���  0"3 V�
U[
1&�.�ก��ก_�&�1I_�1II�ก'3��%����I.-3V�J�"�I�1&��.
���I.-3V�1Z##*JU3 U[
���V�'1	��*�
J3� J�"�I�1&��.  
&������J�"�I�1&��.&�1I_�1ISKIJ&H�3�1	T��&ก���
/��+�ก�����S3�.�I&��ก03J	'-3#-ก1�3����� 0#
�
S-ก
S3�.�I&J	'-3#-กV��
%�3��ก��	\�'�+� �
1%_��3�J�"
�I�1&��.&� 1I_�1I�'3 ��'� ���b'��%���ก��'K�%�
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���/����(1	T�I.3���ก 1/��
�3�&�1I_�1I���I.-3V�
���1�#�.'�
S-ก��&#IกJ�H1/�.� 2 ��&1�3����� 1K�I1�#�
Y3��J	ก_I���
'-b%�.J	&H�. 0"3U[
���J�"�I�1&
��.&�1I_�1I�%�H����V�ก��Y#�"/#����� ���V%H�ก��
��&#IกJ�"��I�1&��.&�1I_�1I�������ก   

&������ �Iก�'����
1�IJ�"�I�1&��.&�1I_�1I���
.���'-�U���&H�. ���V%HV�	o�������ก�
�ก��V�HJ�"�I�
1&��.&�1I_�1IV�ก��,�ก(�����X��ก�� ก#3��I�ก��.%����
�KI %�กI.�ก�-H�3�I�w1	T����/����(UI�1��%�KIJ3 ก_
"HI��ก��"���'I�J�"��I�1&��.&�1I_�1I.HI�ก#��
J	 �&.#-ก��.%�KI#-ก'��V���3�0�ก�
�J�"��I�  
1&��.���J&H�����ก03 0"3%�ก#-ก��.J	0"3�ก��%b��IK�� 
#-ก���IIก��
1	T�J�"�I�1&��.��ก03UI��n�.%b��
0�� 0"3SH�#-กY-H%b��0"3���� 0#H�J3�3��
�#-ก1	T�
Y-H%b�� Y-H��.ก_�
J&H���J�"��I�1&��.�&H�. ���V%H
'���S"���'I�ก#��J	%�.�.%�KIb�"��n�.03J&H 

�Iก��กก�����J�"�I�1&��.&�1I_�1I�
�ก��
��&#IกJ�H�������ก0#H� ก_.���'3�����1��.ก�3� hyper 
variations �KI �ก��1	#��.�0	#�#��&��1�'���1�_�ก�3�&�
1I_�1I 10 1�3�  ���'� ���b�1#ก�#1%#3����'���S
����X��ก��J&H1�3�1&�.�ก��ก��'��������"����"�� ���V%H
����,�ก(�V�&H������X��ก��J&H �&.��ก���ก#3��
�0#H��3�1�#����&�1I_�1I�ก��0�3�"�� �
��Iก�'1ก�&
���Y�&	ก"�1ก�&U��� 0#
.������������Y�&	ก"�ก_�

��กU��� ������V%H&-J&H�3�'��������"1���0.กIIก���ก
���/����(1&����1�3�J� &H�.ก��&-��ก���0"ก"3��
UI�&�1I_�1I���I.-3V�J�"�I�1&��. 0"3V�	o������ก_
'���S&-��ก&�1I_�1I���I.-3V����1�#�.'J&H1�3�ก��  

�Iก1%�KI��ก���Y�&	ก"�&��ก#3��0#H�.���
���Y�&	ก"����1ก�&��ก'�1%"�IK�� 1�3� �� V���กW 
500 %�KI 1,000 1�' UI���'���� �
����Y�&	ก"����
1�'"��%���� ���V%H������ 4 ���#��&��1�'���0"ก"3��ก��  
(2�/��� 8) ���Y�&	ก"�%�KI���0"ก"3��UI�1�'
1/�.�"��0%�3�1&�.�������V%H1ก�&Y#"3�����ก�.2�/���
0'&�IIก�V�'��������"��� 1��.ก�3� Single Nucleotide 
Polymorphisms : SNPs %�KI '��	 

V����%#�ก%#�.%�KI���0"ก"3��V��
&��
	 � 
 � � ก �  � 
 1 %_ � � � �  0 " ก "3 � � ��� 1 �� . ก �3 � 
microsatellites �KI #��&��1�'���1��.�"��Z���ก�� 1�3� �

"��I�ก(� A C G T 0#H�ก_Z���ก��I.-3����%& 5 ��& 3 ��& 
%�KI 4 ��& Z������������Z���ก�� (2�/��� 9) �
1	T����������
�IกS�����0"ก"3��UI�	�
��ก�V�'�����������"J&H&H�. 
%�KI�3�I���
1ก�&ก�����#I�&�1I_�1I���0"ก"3��ก��J	I�ก  

I�ก'���%����������V%H1ก�&ก��1	#��.�0	#�V�&�1I_�1I 
�KI ก�����#��&��UI�&�1I_�1I'���S1�#K�I����J	J&H����
�� ��UI�'�� ���� ��"  1��.ก�3 �  ก��ก�
�&&UI�.�� 
(jumping gene %�KI jumping codons 0"3SH�1��.กI.3��
1	T����ก�� �KI transposon)  �&.����'*�/ZI�����
���'���SV�ก����&#Iก"��1I�J&H  �1I_�JZ*����
"�&
0#H����#I�"��1I� 0#
�������'3��������#I�U�������
'I&0��ก1UH�J	V�'3��IK��W �������ZUI�&�1I_�1I
J&H  0#
1K�IV'31UH�J	0#H� �
���V%H1ก�&ก��1	#��.�0	#� 
1�3� %�กV'31UH�J	V�����'3��UI�.��������%�H����%����I.-3
0#H� I���
�Y#V%H.��J3������%�KI���V%H1ก�&%�H����V%3

 
2�/��� 8. ���Y�&	ก"�UI�#��&��1�'UI��� 4 �� 

 
2�/��� 9. microsatellites #��&��1�'���1��.�"��Z���ก�� 
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U��� &������%�ก�ก��ก�
�&&UI�.���3I.W I���
1	T�
I��"��.J&H %�ก0"3�������0#H�V�ก#JกUI�'��������"
�
�ก��	�I�ก��J3V%Hก��ก�
�&&UI�.�������� 
1��.ก�3� &�1I_�1I 1��1#���� (DNA methylation) �KI 
ก�����ก#�31��# (methyl (-CH3) )J	1ก�
ก��'��
/��+�ก�� 1/K�I.��.���ก��������UI� ����'*�/ZI�0"3
�3�����'*�/ZI�1I�ก_�	�
�.��*  �&.���*���� 
0_ก���"_Iก (Barbara McClintock) J&H�H�/��3� ก��
ก�
�&&UI�.���������ZUH���/& ���V%HUH���/&�
'�"3��W 1�3� '�3�� '�1%#KI� 1	T�%.3IW 2�.V��oก
1&�.�ก��  

�Iก��ก���V���(.* ก��1ก�&����'*�/ZI��

'���S'I&0��ก1UH�J	V�"��0%�3�������1/�
1��
��
J&H ���V%H�ก��,�ก(�V�����'*�/ZI�����[UI�
��(.* ���1��.ก�3� Harbinger 3_DR �&.
��ก���.�,�'"�*ก��#��/.�.�,�ก(��3���� 1�[���
���1/�
1��
��&��ก#3��I.-3V����1�[V& 1/K�I�3�V�
I���"I������V�HV�ก����ก(� Z3I0Z.�����Y�&	ก"�
V����������Y�&	ก"�UI�.��J&H &H�.ก��V�H ����'*
�/ZI�1	T�"��ก#��V�ก���������'3��.�����"HI�ก��
Z3I0ZJ	.�����1�[���"HI�ก�� 0#
1K�I�ก��V'3
����'3��1UH�J	0#H�����'*�/ZI��
%.�&ก��������
������&.����
J3�ก��'�H��1I�JZ*"3IJ	 1	T�.��
�����& Z������1	T����กH��%�H����ก��0/�.*���I���

1ก�&U���   

1K�I�-H0#H��3�����X��ก�����1ก�&U����ก#JกI.3��J� 
0"3���S����1ก�&U���"���KI ����X��ก�����1ก�&U���1	T�
���/.�.� %�KI���"HI�ก��UI�'��������"V�3
%�KIJ3 ���"I��KI J3V�3 "��I.3��1�3� %�U�����U����#ก
J3V�31/��
�3�%�%��� 0#
"HI�ก��U����ก&&��"��1I�
V%H1ก�&����X��ก��1/K�I'�H��U�U���� 0"3����X��ก���KI 
ก��'�3 &���
1%_�J&H��กก��1ก�&ก��ก��ก#�./��+�* 
%�KI1ก�&1%"�ก��[*"3��W 1	T�ก��'�3�&.ก����&1#KIก
"�+����"� �&.+����"�J&H1#KIก��ก���0	�Y��
����I.-3V�	�
��ก�%�KII.-3V�'	���'*����W I.-30#H� &������
ก����&'��"�+����"�J3V�3'������'�-�[*0�� %�ก
'�� ���� �� "J3� ���0	�Y��I.-3 0#H� V�+����"� 
ก�
���ก����&'��"�+����"�ก_J3'���S1ก�&U���
J&H1�3�ก�� +����"����1#KIก'�������I.-3V�+����"�
1/K�IV%H����'���SV�ก��S3�.�I&/��+�ก��V%H0ก3

.����3�"3IW J	&H�. �KI 1K�I	�
'����'��1�_�V�ก��
Y'/��+�*0#H�ก_"HI�S3�.�I&/��+�ก��J	J&H&H�.  

V�I&�"�����ก���.�,�'"�*�ก�
/-&S�����
0"ก"3�����1ก�&U���V�'3��UI�.�����1�[ coding region 
(#��&��1�'���'���S0	#�%�'1	T��	�"��) Z���1ก�&��ก
ก��1	#��.�0	#�UI�1�' �	�"�����1ก�&ก��1	#��.�0	#�
J	&H�. 0"3V�	o��������ก���.�,�'"�*J3J&H/�3����
'�V�1]/�
���1�[ coding region 1�3����� 0"3�
V%H
���'����bก��'3�����1��.ก�3� non coding region ('3��
���J3'���S0	#�%�'1	T�.��J&H) &H�. ��ก1&����I��3�
1	T� &�1I_�1IU.
 %�KI junk DNA 1�3����� �������1/��
Y#
ก��,�ก(�/��3� V�'�.&�1I_�1I����%&�'3�����1	T� 
coding region 1/�.�0�3 1.5 1	I�*1Z_�"* '3�����1%#KII�ก 
98.5 1	I�*1Z_�"* �����KI'3��UI� non coding region 
]
����ก������I.-3V�'�&'3������ก 0'&��3�"HI�������
%�H����I.3��V&I.3��%����   

'3�����'I�����3�'�V� �KI '��������" 1�3� %�-ก����
��-	�3�����0"ก"3��ก�� 0"3�3� 90 1	I�*1Z_�"*UI�.��V�%�-
����1%KI�ก��UI����ก '3 ��.��V���ก�� 
#��Z�0	�Z�"3��ก��0�3 1- 2 1	I�*1Z_�"*  U[
�����(.*
'I�������0"ก"3��ก��1/�.� 0.1 1	I�*1Z_�"* 0#

"3��ก�����ก�&I
���1/�.� 1-2 "��1�3�����  &���������
1	T�J	J&H%�KIJ3�3� '���Z���1��1%_����0"ก"3����� %�KI 
����X��ก�����1ก�&U��� I��1ก�&�Iก1%�KI��ก���1�[ 
coding region �&.'3��UI� non coding region %�KI���
1��.ก�3� regulatory sequence  I������1ก��.�UHI�ก��
ก��������UI�.�� %�KII��1	T��'3����������ก��
������UI�.��V%H0"ก"3��ก�� Z���ก_�%�H����%#�.0�� 
1�3� J���I��*1I_�1I (micro RNA : '��/��+�ก��
U��&����������ก��1	T�'�.�-3'���W ���'���S���ก�� 
mRNAs 1/K�I.��.���ก��0	#UHI-#���/��+�ก�����V%H
%.�&ก��'�H���	�"��)  ����'���	���0w�1"I�*  
(transcription factors :�1#ก�#������['��"�/�1,(�KI 
'���S���1'H�&�1I_�1I�����%�'���1/�
J&H ���V%H'���S
�����ก��������UI�.��IK��W) ���'����bก�������ก��
'�H�� mRNA ����1'�./#������ก ����3��
"HI��ก��
��ก(�/#�����1I�J�H &H�.ก��1#KIกV�H1]/�
.��V�'3�����
���1	T� ���V%H.��"HI��ก��	�&-1	�& 0#
ก��������V�
'3������3��
���ก'3��UI� non coding &������ non 
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coding ���I��1	T�"����������ก��������UI�.�����
'����b  

�Iก��ก��� non coding region .��1	T�.�����
1ก��.�UHI�ก��ก��'�H��1_&'�'�&�� 0"31��.ก�3� yellow 
pigment 0#
ก����� .� �"� ���� � 
�� � � ��J&H  "H I �� 
����'���	���0w�1"I�* Z������%�H����1	T��	�"������

���ก��'3��UI� non coding region ���1��.ก�3� "��
�����ก��������UI�.�� ��ก�����
J	ก�
"�H�V%H.��
Y#�" mRNA 0#
 mRNA �
S-ก0	#�%�'J	1	T��	�"�� 
�
1%_��3�SH�J3� ����'���	���0w�1"I�*����ก��
�	�"��V����1�[��� .���
J3������ 0#
SH�1ก�&���
Y� &	ก"� U I�"� � ����� ก���� � � ��UI�.� �U�� � 
����'���	���0w�1"I�*ก_�
J3'���S1UH����J&H ���
V%HJ3�ก�
���ก��SI&�%�'UI� mRNA Z������J&H�3�
1	T�ก�������ก��������UI�.���-	0��%���� 

#3�'�&Y-H���J&H�����#��1�# '�U�������.� J&H�
ก��V�Hก���w#-II1�'1�_��	�"��V�ก���&#I�&H�.
1�3�ก�� .ก"��I.3��V�0#�%������&%���� Z����.�� 
yellow pigment  ����%�H���������ก��'�H��1_&'�&��
����V����1�[	�ก0#
�HI� �&.������1�[�HI��
S-ก

�����ก��'�H��1_&'�&H�."�������ก��������UI�.�� 
"��%���� U[
������1�[	�ก�
S-ก�����&H�."�������
ก��������UI�.�� I�ก"��%���� ก���H�/����1	T�	�
�.��*
�ก 1/��
�
1%_��3�%�ก1ก�&ก��1	#��.�0	#���� "��
�����ก��������UI�.��"��V&"��%���� ก_�
1ก�&ก��
1	#��.�0	#�1]/�
������ ���1	T����]#�&UI�'�������
����"V�ก�������� �KI SH�1	T����/����(Z���	�กJ3�'�  �'�
��� %�KI'�1%#KI�W I3I� J3��&'�&�� 1ก�&��ก ����'���	
���0w�1"I�*����ก��"�������ก��������UI�.�� 2 "��
��� %�ก0"3�3�ก������J3���V%H1ก�&ก��0'&�IIกUI�.��
������V%H	�กJ3���&  0"31K�I����'���	���0w�1"I�* ���� 
2 "�� �������1�[�HI� ก_�
ก�
"�H�ก��������UI�.��
���1�[�HI� ���V%H1	T�'�&�� "3I�1K�I�����X��ก��
1/��U���0#�%����#�ก([
/�1,(1/��U��� �KI ���1�[	�ก�
��&'�&��1/��
�3�� Enhancer 1ก�&1/��U����I�ก"��%���� 

&������ 1K�I����'���	���0w�1"I�*1UH����ก�� "�������
ก��������UI�.�� (Enhancers) ���� 3 "��  ก_�
J	
ก�
"�H�ก��������UI�.�����1�[	�กV%H�ก��'�H��1_&'�
&��U���� V�U[
������1�[�HI�J3�ก��1	#��.�0	#�UI� 
"�������ก��������UI�.�� ������V%H�HI��#�ก([
1	T�

 
2�/��� 10. ก�������'� �&..�� yellow pigment V�0#�%������&%���� 
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'�&��1%KI�1&� (2�/��� 10) 0"3"3I�1ก�&0#�%������J3
�1_&'�&��������1�[�HI� 0'&�V%H1%_��3�"�������ก��
������UI�.�� ���1�[�HI�I��1ก�&ก��ก#�./��+�* 
1%#KI "�������ก��������UI�.�� 1/�.�0�3"��1&�.����
���V%HJ3�'�1ก�&U��� 1	T�ก��0'&�V%H1%_�S��ก��������
UI�.��1/�.�0�3"��1&�.�0"3S-ก�����&H�."�������
ก��������UI�.��%#�."�� Z���#�ก([
1�3�����ก�
/�
V�.��������%�H����J&H%#�.I.3��  

I�ก"��I.3��%��������ก��,�ก(�ก���ก �KI 	#�
%#��%�� (Stickleback fish) ����ก��,�ก(�1�K�I�ก��
ก#�./��+�*ก���ก �&.V�I&�"	#����&���1�.I�,�.I.-3
V�����1�_ 0"31K�I����0U_�#
#�./�ก��ก_0/�3ก�
��.
1UH�J	I�,�.I.-3V������K&  ��กก��,�ก(�/��3�	#�%#��
%�����I�,�.I.-3V�����1�_�
�����Iก�#H�.%�� 
(spiny pelvic fin) 1/K�IV�HV�ก��	�I�ก��"�� 0"31K�IJ&H
.H�.J	I.-3I�,�.V�I�ก'���0�&#HI%�����KI0%#3������K&���
�3I�UH��"K��  ก#��/��3�����IกJ&H#&�-	%�.J	 �&.
'����(����3�I��'K�1�K�I����ก0%#3����I.-3I�,�.Z�
�3I�UH��"K�� ���V%H0#����I�,�.I.-3V�&��'���SU����

1ก�
I.-3������Iก 0#
����H�.	#� ����Iก���1�.����
%�.J	1/K�I1	T�ก��	�I�ก��"��1I� Z���Y#ก��,�ก(�
'��	�3� .�����V�HV�ก��������KI.��"��1&�.�ก��  0#
1	T�
.���������	ก"�1%KI�ก�� 0"3'3�����Y�&	ก"� �KI "��
�����ก��������UI�.��	#����I.-3V�0%#3������K&� "��
�����ก��������UI�.��Y�&	ก"� '3�Y#V%H.��J3������
���V%HJ3�ก��'�H������Iก  ���1	T����Y�&	ก"�����
	�
�.��*�3�.V%H	#��ก��I.-3�I&"3IJ	J&H (2�/��� 11) 

�Iก��ก�����ก��#�� ก_�ก��/-&ก��S��1�K�I� non 
coding region 1%KI�ก�� �&.ก#3��S��.������ก��
'�H���	�"�����1ก��.�ก��/^"�ก��0#
������V���
ก��V�#�� /��3�����1%KI�ก�� 0"3'3�������&�3�
�3��
����1ก��.�UHI��KI '3����������.�� %�KI non 
coding region ���V%H�����.�����.��1ก��.�ก��
/^"�ก��0#
������I.-3ก_1/��
�3��	�
�.��*ก����  

V��
.
1�#�%#�.0'�	� %#�.%K��	� ���Y3��� 
��(.*J&H�����X��ก��1ก�&U���I.3���ก ��ก��c� 
I�1��"�' (Homo erectus) �c�  Z�1	�.�  ��0I�1&I�*
��1#�Z�' (H. sapiens  neanderthalensis)  0#
 

 
2�/��� 11. ก��#&�-	����IกUI�	#�%#��%�� (Stickleback fish) 
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�c� Z�1	�.� (H. sapiens) Z���V�H�
.
1�#�V�ก��
����X��ก������ก 0"3�3�V�	o����������X��ก��J&HS-ก
1�3�U���I.3���ก  ���V%H1K�I� �c� Z�1	�.� 0#H�ก_� 
�c� 1�ก-#���' (Homo regularis)  V�	� �.,. 1947   
0#
2�.V��3��1�#�J3ก��	����1��ก_�   �c�  �I�I�1#_�

�"�����'  (Homo  nonelectronicus)  �c� &���"I#���' 
(Homo digitalicus) 0#
 �c� I��#_I�����'  (Homo 
analogicus) (2�/��� 12) '�&�H�.���UIUI���[Y-H1UH��3�
	�
����ก�3�����J&HV%H���'�V�V�ก�����.�.�������� 
UI�UI���[�3
       

 
 

 
2�/��� 12. ����X��ก����(.*%#��	� �.,. 1947 



 

 20 Proceedings of the 12th BRT Annual Conference  
10-13 October 2008 Surat Thani  

 20 

What is ecology research? 
Warren Y. Brockelman 

National Center for Genetic Engineering and Biotechnology (BIOTEC), E-mail : wybrock@cscoms.com 

------------------------------------------------------------------------------------------------------------------------------ 
 

At first, I thought this was an easy 
question to answer, but upon reflection it turns 
out to be two difficult questions. The first is 
what is ecology? The second is what is 
research, or what is ecological research?  
 
What is ecology? 

The term ecology is derived from the 
Greek word Oikos, meaning house, or the 
place where you live. This may be translated 
loosely as the environment where you live, or 
the things around you. (Figure 1)  Ecology, a 
discipline that had its origin in the nineteenth 
and early twentieth centuries, therefore came 
to mean the science of study of the relationship 
between the organisms and their environment. 
Of course, other organisms of the same and 
different species are part of the environment, 
so ecology came to include the study of the 
relationships between organisms of the same 
and different species. Hence, ecology became 
focused on the dynamics of populations and 
communities as well as the responses of 
individual organisms.  

“The relationship between organisms 
and their environment” proves to be an 
inadequate definition of the modern science of 
ecology. Many alternative definitions have 
been proposed-in fact, every textbook in 
ecology seems to offer its own definition, 
according to the interests and philosophy of the 
author. The most serious conceptual difficulty 
with the definition is its focus on the organism 
as though it were separable from the 
environment. Consider this: we breath air and 
absorb its oxygen, and we eat food that 
contains carbon and other nutrients that 
become integrated into our body. We then 
produce and breathe out carbon dioxide which 
becomes part of the atmosphere, and then part 
of the ocean, the sediments and the rocks. We 
are only temporary aggregations of elements 
that are borrowed from the environment. 
Viewed over time, we are not separable from 
the environment-we are really part of it. We 
are really part of a system: the organism-
environment system. This is what we call the 
“ecosystem”, of which we are an integral part, 
borrowing materials and energy in the peculiar 

configuration we call life. An early invention of 
planet Earth, but probably of other distant 
planets also.  

Another candidate definition of ecology is 
therefore the “study of the structure and function 
of the ecosystem”. This is not a bad definition of 
ecology, although not everyone prefers it. 
Modern ecology is definitely systems oriented. 
There are three different ways to analyze the 
ecosystem, each using a different “currency”: 
 
The Ecosystem: 
 
Biological organization: measured in the units 
of numbers of individuals, and focusing on the 
organization of populations and communities. 
The most fundamental law may be the 
mathematical principle of compound population 
growth. There are also important principles 
concerning population interactions such as 
competition and predation.  
 
Materials: involving at the highest level the 
study of biogeochemistry. The focus is on the 
cycling of nutrients, and the “currency” is 
grams, or kg, petagrams, etc. of matter. 
Governed by the fundamental law of 
conservation of matter. Important also are the 
laws of chemical oxidation and reduction.  
 
Energy: involving the study of ecosystem 
energetics, including heat and potential energy. 
The focus is on the “flow” of energy through the 
community and surrounding environment. The 

 
Figure 1. The organism is part of the house. 
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currency is the joule (the universal energy 
unit), or the unit of heat energy, the calorie. 
Governed by the laws of thermodynamics. 

These three components of ecosystems 
are not physically separable, but they generate 
their own research questions and special 
problems that are studied by specialists in each 
sub-discipline. Each component is governed by 
its own physical laws and theories. For 
example, the most vital difference between the 
flow of energy and flow of materials is that 
materials constantly recycle, while energy can 
never be recycled or reused. These two 
phenomena obey different physical laws, and 
they should never be confused in the same 
model. (Figure 2) 

There is considerable interaction 
between the sub-disciplines of ecology, and 
ecologists cannot consider themselves 
competent without some mastery of all of 
them. For example, how does top-down 
regulation by predators affect the flow of 
energy through primary producers? The first 
component dealing with populations also 
borders broadly with the fields of population 
genetics and evolution, and also animal 
behavior (behavioral ecology). There are really 
many sub-disciplines of ecology, but these are 
the central ones. Other sub-disciplines include 
such fields as behavioral, chemical, 
evolutionary, geographical, landscape, 
mathematical, molecular, physiological, soil, 
spatial, and statistical ecology. In fact, there is 
a sub-discipline for every major habitat type, 
and group of organisms. 

A large number of related disciplines are 
largely ecological in content, although often 
more applied in aims. They have been 
important in broadening the boundaries of the 

field. Examples are: agriculture, conservation 
biology, ecological anthropology, ecological 
genetics, fisheries biology, epidemiology, 
forestry, landscape planning, limnology, medical 
ecology, oceanography, and wildlife 
management. 

The last two components of ecology are 
sometimes subsumed within “systems ecology” 
(although community ecology has now also 
become rather systems oriented). Another 
definition that has been offered for ecology is 
the study of the dynamics of populations and 
communities, but this definition does not seem 
to cover all types of ecosystem ecology well 
enough. Still another definition is the study of 
the structure and function of the ecosystem, but 
this definition seems to sleight ecologists who 
study populations and communities! 

Another interesting definition of ecology, 
offered by American ecologist Robert Ricklefs, 
is the study of the economy of nature. It is the 
title of one of his textbooks. The ecosystem does 
have a lot in common with our economic 
system, and the analogy is fairly close. We have 
used the metaphor “currency” above from 
economics, as a standard unit of measure or 
value. The currency of the economy of course is 
money, or its various conversions or derivatives. 
We see all too clearly that this currency does not 
have an absolutely stable or fixed value, to the 
chagrin of economists and the misfortune of 
many of us. In scientific terms, we might say 
that it does not obey a firm law of conservation. 
Humans can live on borrowed money, but our 
bodies cannot stay alive on promises to pay for 
food. For these and related reasons economics is 
not considered to be a natural or “hard” science. 
But the real economy operates as a mixture of 
the social economy and hard ecology (people 
have to eat!). Because of the consequences of 
hard ecology for the economy (pollution, over-
harvest of resources, degradation of the 
environment, etc.), economics has developed a 
sub-discipline called environmental economics.  

Ecology does have other things in 
common with economics. Both fields are 
complex and have voluminous amounts of 
descriptive data. In both fields it is difficult to 
predict the future configuration of the system 
especially, in ecology, when working with 
multiple trophic levels. Both economic and 
ecological systems are characterized by 
instability and even catastrophic changes or 
failures, as a normal part of functioning. Over 
the last fifty years or so ecologists have 

 
Figure 2. The house leaks! The ecosystem is open 
with respect to energy and materials. 
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gradually abandoned the idea that communities 
and ecosystems are usually in a steady state, to 
which they return when perturbed.  
 
Ecology and Natural History 

Natural History (in capital letters) has an 
eminent and honorable place as the activity 
that largely gave birth to the field of ecology. It 
became fashionable back in the eighteenth and 
nineteenth centuries in Europe and America, 
and perhaps earlier in more ancient 
civilizations. Natural History is not really 
science, but it led to science when people 
started asking questions about how things 
worked and how they came about, rather than 
just describing them and contemplating their 
beauty. Early natural historians were wealthy 
persons with leisure to explore their 
surroundings, or hobbyists, and some, 
fortunately, were talented writers or artists 
whose work can still be admired. Others were 
compulsive collectors of artifacts or 
specimens. Hence we have natural history 
museums, journals, bulletins, clubs, etc. These 
organizations became more scientific as the 
sciences developed, and came to play 
important roles. Observation and description 
are essential initial activities in any scientific 
enterprise. 

Carl von Linné, Charles Darwin, and 
Alfred Russell Wallace were the preeminent 
natural historians and collectors whose work 
spawned modern evolutionary thinking. They 
(and many others) helped turn natural history 
into modern evolution, ecology, geology, and 
also animal behavioral biology. We are not 
finished with evolution yet: mid-twentieth 
century biologists such as David Lack, George 
C. Williams and William D. Hamilton refined 
our understanding of natural selection and 
provided original insight in how to apply the 
theory, originally developed for individual 
organisms, to complex characteristics of 
populations and social interactions. The work 
is continuing. It is clear that the Darwinian 
revolution is not complete, and most of the 
best theorists today are also the most skilled 
observers of natural history.  

Ecologists are concerned not only with 
how things function, but how they evolved. 
Only then do we fully understand them. One 
persistent problem in systems ecology is that 
without understanding what is optimized or 
maximized by natural selection, we cannot 
fully understand why the system functions the 

way it does. Ecological systems cannot really be 
understood by treating them as problems in 
engineering, as seemed to be the case in the 
early, heady days of the field. Each organism is 
“designed” to maximize its own fitness, not the 
harmony or efficiency of the whole system. 
“Systems analysis” cannot succeed by itself as 
an isolated sub-discipline; it must apply 
principles governing populations and 
communities of organisms, and of evolutionary 
ecology.  

Natural History is still important to us, and 
is the basis of Such important activities as 
describing and monitoring habitats, phenology 
and life cycles of plants and animals, inventories 
of species, and studies of distribution. These 
activities are basically descriptive, and although 
important to ecology, the science of ecology has 
gone far beyond them. Such descriptive 
activities do not qualify as “research” unless 
they are organized to answer significant 
questions about cause and effect, and how the 
ecosystem functions. More powerful analytical 
tools need to be brought to bear on the data, 
which need to be collected in a highly organized 
manner.  
 
What is ecological research? 

Ecological research differs from Natural 
History in its goal of determining causes and 
effects. For example, the limits of species 
ranges: are they determined directly by climate, 
availability of foods, or competition from related 
species? Are population limits determined by 
food limitation, pollution effects, or by seasonal 
weather changes? Is the number of species in a 
location determined by competition for 
resources, by immigration, or by chance 
extinction? Or is the diversity of species not a 
meaningful ecological property? Is primary 
productivity limited by water shortage, nutrient 
shortage, or by pressure from herbivores and 
diseases? What causes population fluctuations-
weather changes, diseases, food chain effects, or 
predators? These are all questions that have 
occupied the attention and challenged the 
ingenuity of ecologists. Unlike most theoretical 
challenges in physics, there is no one experiment 
or critical observation that will settle the issue 
for all circumstances.  

Establishing causes and effects in ecology 
depends a lot on examining correlations between 
variables. The many complex methods of 
correlation, regression, and ordination analysis 
seek to isolate different variables and establish 
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the ones that are associated with, and 
presumably responsible for, the differences 
that we see in nature. Ordination analysis seeks 
to order distribution or abundance along scales 
of variables to see which variables produce the 
trends or categories that we see.  

Perhaps the most important step in the 
scientific process in research is asking the right 
question-one that is meaningful in the context 
of our present knowledge. This step will 
determine how important the research is on the 
whole, and perhaps also the difficulty of 
publishing the results. Asking a good question 
(no question is either right or wrong) depends 
on mastery of the current literature in the 
discipline. We must know what is already 
known, and also what other scientists consider 
is important. This is tricky, because asking a 
good new question that involves a new 
approach also makes it more difficult to 
persuade other scientists that your ideas are 
important. Highly imaginative research 
scientists often have the most difficulty in 
publishing results. Therefore, for students 
entering the field it is far safer to pose a 
modest question that is already considered to 
be important and meaningful, and save the 
difficult or controversial ones for later, unless 
they are very talented and confident of their 
ability. 
 
The role of modeling 

Ecologists make generous use of models 
to help understand causes and effects. 
Analytical models help to understand more 
precisely the consequences of certain 
assumptions or interactions. Predictive models 
help us determine if our knowledge is 
sufficient to accurately predict the future. 
Simulation models help us in cases where the 
variables or their interactions are too complex 
to solve mathematically.  

Modeling activity has taken over much 
of ecology and models have nearly become 
ends in themselves, but this is a consequence 
of complexity and physical scale of the 
systems that we study. The numbers and kinds 
of models in ecology are very large. Here are 
some of the better known models: 

Population growth 
Population regulation 
Competition between species 
Predator–prey models 
Harvest–yield models 
Leslie matrix demographic models 

Population viability analysis extinction models 
Disease transmission 
Food web 
Energy flow 
Nutrient cycling 
Compartment models 
Foraging and search 
Immigration–extinction  
Relative abundance of species 
Neutral community occupancy 
Niche relation models 
Spatial dispersion 
Dispersal  
Colonization  
Meta-populations 

One easily gets the impression that 
ecology is more about the study of models than 
the study of the real world! However, the best 
ecological models are grounded in the real world 
and are tested with data from the real world.  
 

Experimental ecology 
In spite of all the sophisticated tools of 

correlation, modeling and statistical analysis, 
there are many problems that we wish we  
could solve by doing the ideal critical 
experiment. Without experiments it is hard to 
really prove much beyond doubt. Some 
ecologists consider experimentation on natural 
ecosystems as the only way forward in ecology. 
This view may be too harsh, particularly as 
ecological experimentation is not without its 
own difficulties and flaws.  

Nevertheless, experimentation has an 
increasingly important role in ecology and 
where field experiments are possible, they really 
do provide the most definitive answers. What 
kinds of experiments can be done on ecological 
systems? There are many kinds, but first we 
should examine some possible flaws in the 
approach. The most important problem is that in 
order to carry out an experiment, we need to 
fence in part of the environment, or otherwise 
modify the system. In order to create 
“treatments”, we usually have to alter the 
properties of the system we are studying. For 
example, enclosing a population prevents 
immigration and emigration and alters predation, 
and hence will alter the behavior and conditions 
of the population. The treatments that we create 
also run the risk of not being representative of 
the natural environment or its organisms, and 
hence put limits on interpretation of the results. 
We have a kind of uncertainty principle: by 
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studying organisms we must necessarily 
change their properties. 

Here are some of the kinds of ecological 
experiments that have proven important in 
understanding ecological systems: 
 
• Tagging experiments: to follow individual 

organisms or groups 

• Alteration of density: to study population 
control mechanisms; requires penning or 
fencing populations 

• Exclusion experiments: using fencing to 
study the effects of excluding predators, 
herbivores, etc. on food or prey populations 

• Transplant experiments: studying the 
performance of individual plants in another 
environment; may involve reciprocal 
transplants of local populations 

• Germination experiments on seeds to 
determine viability and conditions for 
germination 

• Altering the environment: to study the 
effects of changing nutrient levels, light 
intensity, water, etc. 

• Harvest experiments: to study rates of 
increase and effects of density reduction 

• Competition experiments: studying the 
effects of different species on performance 

• Diversity alteration: alter the number of 
species to study the effects of changing 
diversity on community performance 

• Laboratory experiments: to determine the 
growth and performance of animals and 
plants under defined conditions, or the 
metabolism and energetics of organisms 

 
Laboratory experimentation is often 

carried out on small organisms that can be 
raised in an artificial environment. The 
experiments on competition and predation in 
the ciliates Paramecium and Didinium carried 
out in glass tubes by G. F. Gause come to 
mind-perhaps the most famous and detailed 
ecological experiments ever carried out. Many 
other population experiments using many 
kinds of plants, yeast, protozoa, mites, 
cladocerans, flies, flour beetles, weevils, and 
even mice have been carried out in the 
laboratory environment. Such experiments 

may test principles of interaction, but 
extrapolation of the results to the natural 
environment requires further assumptions. In 
general, experiments are more easily carried out 
on plants than on animals. Without 
experimentation and manipulation, progress in 
plant ecology would hardly be possible any 
more. We are well beyond the age of pure 
description and classification in plant ecology.  

Experimentation has become so important 
and necessary in ecology that no student should 
consider carrying out doctoral research without 
including experiments. Exceptions might be in 
the study of large organisms in conservation 
areas, especially endangered species such as 
large ungulates, elephants, primates, birds, and 
carnivores. In such studies, however, non-
invasive technologies for monitoring, tracking, 
or genotyping individuals may be employed to 
gain new types of knowledge. Nowadays, a field 
study without any experiments will not easily 
make it into the top research journals in ecology. 
With the pressure now to publish degree 
research, students should if at all possible 
include experimental approaches. 
 
Publication 

Speaking of publishing, I remember a 
riddle we used to debate as children. If a tree 
falls in the forest and no one is there to hear it, 
does it make any noise? The simple-minded 
answer is that it does, even though there is no 
witness. But the correct answer is that there is no 
noise if no one is there to hear it. “Noise” is a 
sensation produced in the inner ear and brain-not 
by trees. No ears, no noise.  

Now let’s pose an analogous question for 
ecology students: If research is carried out but 
not published in a journal, does it really exist? 
Are there really any results? This is a question 
for master’s and doctoral students completing 
their theses. Of course, their theses will contain 
a results section, followed by discussion and 
references. But the objective of doing science 
research is to advance our knowledge by 
conveying the results to the scientific 
community at large. Science is not an isolated or 
individual activity done in a capsule. 
Universities teach students how to do science in 
order to produce scientists that will advance our 
knowledge. 

Too often, however, students have gotten 
a wrong and corrupted idea of why they have to 
produce a thesis-as a training exercise designed 
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to measure performance, and to provide the 
student a diploma to enable them to get secure 
jobs. Much good degree research has in the 
past been abandoned as students feel the 
pressure, often coming from their parents, to 
just leave and get a job. Many of them don’t 
intend to do any more international caliber 
research. But if we didn’t really want to 
produce research scientists, why should we 
require them to produce a research thesis?  

The answer, then, is that unpublished 
results don’t exist as results as such, because 
the scientific process is not complete. If you 
can’t see the results in the literature, no one 
could say that they exist. When we say that 
“there has been no research on this aspect,” we 
mean that no research has been published on 
this aspect. Communication of the results to 
other international scientists is an essential part 
of doing science, and it is an essential part of 
degree research. Research doesn’t exist if it 
does not become available to all other 
scientists. There is no reasonable way that 
results in unpublished theses can take their 
place in the international literature and be 
easily accessed.  

Many science students do a good job in 
research and produce good results. It is tragic,  
 

however, that many of these results never see the 
light of day, and the work and all the resources 
going into it are completely wasted. For this 
reason universities have set as a final 
requirement the publication of papers in the 
international literature.  

The requirement for publication of 
research sets the bar much higher for students 
wanting a degree. In fact, writing a paper, 
including discussion of the results in the  
context of the world-wide literature, is not easy 
for any competent scientist, let alone a Thai 
student who is not fluent in English. For most 
scientists, it is the most difficult part of doing 
research. The process of editorial criticism, and 
sometimes rejection, is painful and causes delays 
in publication of up to several years. Writing up 
results and publication must be a collaborative 
activity among student, mentor, and other 
professional colleagues or collaborators. 

In my opinion the requirement of 
publication puts additional responsibilities on 
universities to train science students better in 
English reading and writing, literature search 
and analysis. The bar for passing into a Ph.D. 
program may also have to be set higher, as it is 
in most Western universities. 
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What millipedes can tell us about evolution,  
biogeography – and legs 

Henrik Enghoff  
Natural History Museum of Denmark, University of Copenhagen, Denmark,  E-mail : henghoff@snm.ku.dk 
 ---------------------------------------------------------------------------------------------------------------------------------- 

 
Introduction 

Millipedes (class Diplopoda) are 
terrestrial arthropods with a large number of 
legs (up to 750). They are sometimes confused 
with centipedes (class Chilopoda) but differ 
from them in a number of characters. Notably, 
millipedes have two pairs of legs on each body 
segment, whereas centipedes have one pair 
only. Also, centipedes have poison fangs and 
are predators, whereas millipedes have no 
fangs and are mainly detritivores. 

Millipedes, centipedes and the two small 
groups Pauropoda and Symphyla constitute the 
Myriapoda. Myriapoda seem to be a 
monophyletic group (with the Pauropoda being 
the millipedes’ closest relatives), but what the 
closest relatives of Myriapoda are, is still open 
to debate. 

There are three main morphotypes of 
millipedes. Most millipedes belong to 
Helminthomorpha, a large group that includes 
the typical long, cylindrical ones, but also the 
often colourful flat-backed mililpedes, 
including the spiny ‘dragon millipedes’ (genus 
Desmoxytes). Pill-millipedes (Sphaerotheriida 
and Glomerida) are short and broad animals 
which can protect themselves by rolling up 
into a perfect sphere. The third morphotype is 
constituted by the tiny pin-cushion millipedes 
(Penicillata) which unlike the other groups 
have a soft cuticle but are protected by a dense 
covering of elaborate setae. 

A general textbook on millipedes was 
provided by Hopkin & Read (1992), and 
Sierwald & Bond (2007) gave an overview of 
the current status of millipede taxonomy, 
including phylogeny. 

There is a number of significant traits of 
millipedes which make them suitable objects 
for various types of research, including: 

1. Their poor mobility in combination 
with their tendency for form very local, 
recognizable forms  

2. Their many legs  
3. The fact that the number of legs is 

highly variable, both between species and 
within species  

4. Their diverse means of chemical 
defense (Eisner et al. 2005) 

5. Their intricate sperm competition 
(e.g. Barnett & Telford 1996) 

6. The brood care in certain groups 
(Enghoff 1984) 

I will focus on traits 1-3. 

Poor mobility, biogeography, speciation 
In spite of their many legs, millipedes 

are not very vagile animals. In addition, they 
tend to form morphologically recognizable, 
local forms (morphospecies) usually  
distinguished – as far as Helminthomorpha are 
concerned – by  details in the often very 
intricate male copulatory organs, the 
gonopods. The differences may also, however, 
concerns details in colouration, surface 
structure, lengths of appendages, etc, etc. 

As a result, most millipede 
morphospecies occupy limited geographical 
areas. Even higher taxa of millipedes, such as 
families, often have quite restricted ranges. For 
this reason, millipedes are suitable objects for 
studies on historical biogeography and 
speciation. 

I will present three examples of this from 
my own research, dealing with different 
taxonomic levels within the order Julida. 

Intraspecific – geographical parthenogenesis 
Nemasoma varicorne C.L. Koch, 1847 

(family Nemasomatidae) is a tiny species 
which lives under dead bark over most of 
Europe. In Central Europe, males and females 
are equally abundant, and reproduction is 
bisexual. In the periphery of the species’ range, 
however, males are absent or exceedingly rare, 
the females’ seminal receptacle is reduced, and 
reproduction takes place by parthenogenesis. 
Nemasoma varicorne is a very neat example of 
geographical parthenogenesis (Enghoff, 1976, 
1985, 1994; Hoy Jensen et al. 2002). 

Species level – speciation on islands 
The Macaronesian islands in the 

northern Atlantic Ocean harbour a rich fauna 
and flora with numerous groups of closely 
related endemic species which are supposed to 
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have arisen through speciation on the islands. 
There are several such endemic species 
swarms among millipedes, the largest being a 
group of 29 species of Cylindroiulus (family 
Julidae) on the islands of Madeira and a group 
of 53 species of Dolichoiulus (Julidae) mainly 
from the Canarian archipelago but with a few 
species on Madeira and the Cape Verde 
Islands. Although closely related, the species 
in each group are quite diverse with respect to 
size, development of eyes, relative length of 
legs etc., and especially in the case of 
Cylindroiulus, the morphological traits are 
correlated with different microhabitats: leaf 
litter, soil surface, endogean, on trees etc. 
Quite often, and most pronounced in 
Cylindroiulus, several species are sympatric in 
the same microhabitat, and in these cases they 
are usually of different sizes. On Madeira, the 
evolution of the Cylindroiulus species swarm 
appears mainly to have taken place within a 
single island, whereas on the Canarian 
archipelago which consists of seven islands, 
dispersal and isolation between islands seems 
also to have played a role (Enghoff 1982, 
1983, 1992a,b, Enghoff & Báez 1993). 

High taxonomic level – the Holarctic order Julida 
The order Julida is essentially confined 

to the Holarctic region, with just a few genera 
extending into the Oriental (Malacca 
peninsula) and Neotropical (Mexico) regions. 
The order includes 16 families, the 
relationships between which were analyzed by 
Enghoff (1981, 1991). Based on phylogenetic 
analysis, Enghoff (1993) presented a historical 
biogeographical analysis. Among the results of 
this analysis can be mentioned that the 
occurrence of the Julida (notably the genus 
Nepalmatoiulus, family Julidae) in the Oriental 
region seems to be secondary, the family 
Julidae having its origin in the western 
Palaearctic subregion. 

How to walk with so many legs? 
Intuitively, locomotion presents a 

challenge to an animal with as many legs as a 
millipede. Millipede locomotion has primarily 
been studied by S.M. Manton who published a 
series of impressive papers on the locomotion 
of millipedes and other arthropods. Her results 
are summarized in her book from 1977: “The 
Arthropoda – habits, functional morphology 
and evolution” which is highly readable 
although her ideas about evolution are no 
longer widely accepted. As a curiosity within 

the field of millipede locomotion it may be 
mentioned that some African species in the 
family Stemmiulidae (order Stemmiulida) are 
able to perform veritable jumps! (Evans & 
Blower 1973). After Manton, the study of 
millipede locomotion has been taken up by few 
authors (e.g., Wilson 2003).  

From six to 750 legs 
“Millipede” means “a thousand legs”, 

but so far, an individual with a thousand legs 
has not been found. The current World record 
is held by Illacme plenipes Cook & Loomis, 
1928 (order Siphonophorida, family 
Siphonorhinidae) which may have up to 750 
legs (Marek & Bond 2006). The lowest known 
number of legs in an adult millipede is 22 (11 
pairs) in certain pincushion milipedes. 

With few exceptions, newly hatched 
millipedes have only three pairs of legs, like 
insects. The adult number of segments and legs 
is reached through a variable number of 
moults, at each of which new pairs of legs are 
added, a process known as anamorphosis. In 
some millipede groups, anamorphosis follows 
a strict course, where each postembryonic 
stadium has a fixed number of segments and 
legs, whereas in others, the number of stadia, 
as well as the number of segments and legs in a 
given stadium, may be variable. Enghoff et al. 
(1993) distinguished three types of 
anamorphosis. In teloanamorphosis, the 
number of stadia, and the number of segments 
and legs in each stadium, is fixed. In 
euanamorphosis, these numbers are variable, 
and there is no fixed end-point for 
postembryonic development. Finally, in 
hemianamorphosis, the numbers of segments 
and legs increase in the first phase of 
postembryonic development, but once a certain 
number of segments and leg-pairs has been 
reached, further moults take place without the 
addition of segments or leg-pairs. Based on a 
phylogenetic analysis, Enghoff et al. (1993) 
concluded that hemianamorphosis is the 
original mode of anamorphosis in millipedes, 
and that the other types are secondary 
developments. 

The future of millipede studies 
Although around 12,000 species of 

millipedes have been described, the actual 
number of existing species is certainly many 
times higher. A recent estimate of 80,000 
existing species (Hoffman et al. 2002) is 
probably not exaggerated.  The recent 
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discovery of eight new species of large (9-15 
cm long) Thai species in one subgroup of 
species in the genus Thyropygus (order 
Spirostreptida, family Harpagophoridae) by 
Pimvichai et al. (in press) is symptomatic of 
the present state of our knowledge.  

With so much still to do in basic 
millipede taxonomy, the amount of work that 
is needed to obtain a reasonable state of 
knowledge of the biology of millipede species 
is obviously enormous. Coming back to the 
taxonomy, which forms the necessary basis for 
other approaches, it is a pleasure to notice that 
a millipede made it to the “Top ten new 
species” of the year 2007 
(http://www.species.asu.edu/). This species, 
“the shocking pink dragon millipede”, 
Desmoxytes purpurosea Enghoff et al., 2007, 
was chosen because of its striking colour, and 
while it may be argued that this is not 
necessarily of the greatest scientific interest, it 
has certainly served to raise awareness about 
millipedes and the necessity of research on 
these fascinating animals. 

Finally, to come back to the legs: I am 
sure that a real millipede, with a thousand legs, 
is out there, waiting to be discovered! 
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