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��Ɂ�ɤʚ  
� ėȗ+ȐʰŤș*˙ʑ)ŞÛBſ�ťțȐțŴɑ+ŜŶ*,�șģħã*Ŀ�>ťțȐ+ũ

Ʉ'ťțȐûĦ+Ȫ�­ȝ�Ǯ�˨A"%
>	
 �'�-�ǶŖ�ĕÝ�pH�NaClȂŖ�˵İ

õĻ¬9˵İ°�¬̊ƾ̄ǹ̋'
"�șģčİB�Ȉȧ*ħã����?*ũɄ�>ťțȐ

+ɑɝBʘƶ�>�'&�ʏ˱)ťțȐɬ˰+��<ȐʰŤș�ħƋ*�ŧȧ*˨��>ťț

Ȑ�ȑķ�?%�� (1-5)	
 ėǖ��<Īǚē*ɺ>5&ėȗ�+	<:>șģ*ťțȐ,țŭ

�%
>��ǄȐ��ǐțȜɯ'�%Ə�>;�)˗ɕ+ĳĖ�>ĭǚȧ)șģ,ėʊ˻£ʽ

*˫<?�ėȗ+3'C(,˗ɕ+Ǐ���įǚȧ)șģ&	=��+;�)įǚșģ*
�

>țŴɑ,ťțȐB�¬'�%ŜŶ�?%
>	
 ťțȐ+Jh�O�ȔţŜŗ*,ĝʰ�q�

+~�˗ã̊Ȥ˖ȧ¤ʪ̋5�,˗ãȧ~�˗ã̊ąÿ̋�	>	
 ȑ*įǚąÿťțȐ,�ƪ

ǎȐ+˗ã&ț�>˵İB˗ɕ¥Ĩ+ƨɘ˵İõĻ¬*Ǵ��'&Jh�O�BȔţ�%
>	
 

˵İõĻ¬+˒Â,˗ã˒Â˵ª+˽ª*Ţ"%˅ɠȧ*ˇʇ��įǚșģ&,5� NO3
−�ǐ

* Fe(III)�Ƨ* SO4
2−+˽&ťțȐ*×ȝ�?��?<�ƺǲ�>' CO2B˒Â�>x^�țŶ

�ƨɘȧ*ʲ�>	
 �<*�ťțȐ+ƪǎȐ̊˵İ°�¬̋*Ŀ�>×ȝū'ʖĆū,�ťț

Ȑ�ȝ
>˵İõĻ¬+Ȼ̃'ļƉ*˨˅�%
=�˗ã˒Â˵ª+̇
˵İõĻ¬B×ȝ�

>Jh�O�Ȕţ˚+Ī�
ťțȐ3(Ǌ�)ƪǎȐB;=«
ȂŖě5&Óʘ&�>	
 įǚ

șģ&,��+;�)˵İõĻ¬'˵İ°�¬*Ŀ�>ũɄū+ˌ
*;=�ťțȐɬ˰+ǉ

ŶȻ�ħˏ�%
�	
 ¯�-�ǛȞ9ǫǦ'
"�țŴɑ*

%�NO3
−�Fe(III)�SO4

2−)(

+˵İõĻ¬Bǰß��įǚ¤ʪɚʶ+ħƧ*¨�ťțȐɬ˰+ˏȹ
;/¤ʪǨūãBǅÒ

�>�'&��ʑÂɕ̊Ȇɕ�ȿɕ�˝�ȴ̈̋+Ťșǎǉ�ʘƝ�?%�%
> (6-8)	
 ��

�)�<�.'#+ɹȋșģ&+ǉŶȻ�ƒ�Ȼ*8+4>'�?>ʏ˱)ťțȐțŴɑ*Ŀ

�%��?5&+ȰȽ&,ƒæȻ̃+ÁìťțȐ9ȑķ+ǎɴBƪ�>ťțȐ+ħˏ+6Bʘ

ƶ�%
=�șģħã*Ŀ�>ťțȐɬ˰+ũɄ9�+ŜŶ*˨�>ʡɗ)xLgZw+ʘƝ

,Ȉ�?%
)
	
  

� ǫŕĞȼȐ,ǟŇě�<ĨǦě*ɺ>5&ėȗ+ǫŕÇ¬*Óō��ėŜ9ăʻėěȜǆ)

(+șģʑčBóƞ��Ȑū9ɍŖəŶ
;/ťțȐțŴɑBŜŶ�%
>	
 �?5&*�˧

Ǩá*;>ŝ˼Bõ�9��șģħã+Ī�
˥ˡɑǟŇě+ǫŕ̊ȑ*̄ǔǽĠ+�)(̋

*

%ĞȼȐ+ʂȼ��ȡ�&ğĂ�?%�%
> (9-13)	
 �+�Ƙ& 2011œ+ƴƚưĪ˶

ȅ*ʲč�>ĪǧǢ*;=ƴäėƘīŒǦǟŇ+ŔɈď*Ī˚+ĞȼȐ�Ź!��<?��'

�< (14)�ĨǦ*˻��˦ƑɑǟŇě*

%8ĞȼȐ�ʂȼ�?ɠ�%���ĸ�Ɲ>6'

)"�	
 ˂ʥ'�%�ǟŇěǫŕ&,˭ě9̄ǔǽĠ+Ǔ̅)(BȟƳ'�>ƪǎȐ�ŕțț

Ȑ9ĭǚťțȐ*;"%Óʘ�?>	
 �?<+¿�*;=˗ɕ�Ǭʮ�?>'�ǫǛ�* 20−30 

mM+ȂŖ&ĳĖ�%
> SO4
2−B˵İõĻ¬'�>ȴ˗˒Âʀ+ƪǎȐÓʘ�ǨȤ')=�ȴ
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˗˒Âóũ*;=țŶ�?>ȴãǛɕ�ăʻțŴɑ1Ůŝ˼B��>�'�Ȯ<?%
> (15, 

16)	
 ǫŕĞȼȐ,ǫǛ'Ɖ�%
>�Ņ˓ÓBˬ
%įǚȒŴ&	=(17)��ʿ��NO3
−�Fe(III)�

SO4
2−B˵İõĻ¬'�%Jh�O�BȔţ�>;�)įǚťțȐ�Ȑʰ+ħƋ9Ťș*˙ʑ)

ŞÛBſ�'�Ű�?>	
 ���)�<�ǫŕĞȼȐ�+įǚťțȐ*;>˵İõĻ¬˒ÂǨ

ū+ƪȉ*¤ʊ�?>įǚÓʘ+tb�Wz���<*˒ÂǨūBƪ�>ťțȐȻ9ťțȐ˧

+Ȫ�­ȝ̊¤ʪhad��P̋)(�ǫŕĞȼȐ+įǚÓʘxLgZw*#
%,Ʈ ʘƝ

�?%
)
	
  

� ɹȋșģ*ĳĖ�>ťțȐBĿʭ'��ȰȽ&,�1980œ¤5&Ó˲Ĝ̄ǡ*ĝ$
%ťț

Ȑ+Ó̃�ûķ'¤ʪǎɴ+ʘƶ�)�?%��	
 ���șģ�+ťțȐ+ĩ��˳Ĝ̄ū+

�7��?<�(?�<
+ĩǊūBƪ��(+;�)țŴĵȧŞÛBſ"%
>+�BÓ˲

Ĝ̄ǡ �&Șʘ�>�',Ď˳&	"�	
 �?BÅƫ�2��ɑɝÓ̃*ȝ
<?> 16S rRNA

ˑ§İBǋȧ'�%șģʟƕBȩƉʘƶ�>ÓİțȐĵȧŸǡ�ȵɀ�Ɛɾ�?%��	
 șģ

ʟƕ�<ǁ˗BžÒ��16S rRNAˑ§İ+ PCR̊Polymerase chain reaction̋Ĥő
;/�+ġ

ĝ˔ÔBʘʦ�>�'*;"%�Ó˲Ĝ̄B¡�>�')�ťțȐ+ɑɝĵȧªɫBƊķ&�

>;�*)"�	
 5��1980—1990œ¤*ȵɀ�?� DGGE̊ Denaturing gradient gel electrophoresis̋

(18)9 T-RFLP̊Terminal-restriction fragment length polymorphism̋(19)ǡ*;>ʘƶ,�ťțȐɬ

˰+Ç¬ÀB DNA+j�e5�, DNAØ˫˖ɕÑȘƖȏ+m�Pk^��'�%ʔʕȧ*Ɔ

�>�'B÷ɴ*��	
 �<*ʽœ+ġĝ˔Ôʘʦźʈ+ˇǑ,Ȩʕ5���ȑ*ǐ�¤W�

PJ�U�+ȥĠ,�șģ�+ťțȐɬ˰*ȟƳ�>ɸĪ)ġĝ˔Ôc�^Ḃ˃*ôţ�>

�'B÷ɴ*�� (20-22)	
 16S rRNAˑ§İ+ǐ�¤W�PJ�U�ʘƶ*;=��Ŗ*ƒç

�Ȼ+ťțȐ+ɑɝĵȧªɫBƊķ�>�'�÷ɴ')=�șģ�+ÁìťțȐ*ß�%�ʀ

ļŖ�Ǉ7%«
ťțȐB8¸�*ǅÒ�>�'�&�>;�*)"� (23)	
 �Ƙ&�șģ�

*ĳĖ�>ťțȐ+ɑɝĵȧůğBţ> �&,�ġĝ˔Ôc�^q�Y�*̃ɨȻ+ȥˠ�

)
ƮȮ�ƮĜ̄+ťțȐ�șģ�&(+;�)țȘǎɴBƪ�%
>�*#
%ʘƝ�>+

,�÷ɴ&	>	
 ��&șģ�+ťțȐ+ɑɝ'ǎɴBɛ/#�>Ÿǡ'�%�Ķķûª¬ĝ

ʰ+ťțȐț¬Ì1+ô=ʼ6Bˀʵ�>�Stable isotope probing̊SIP �̋�˦Ȥ�?� (24)	
 

�+Ÿǡ,Ķķûª¬ĝʰBô=ʼC ťțȐ+ǁ˗+ǅÒ'ťțȐ�¤ʪħƋ��ãĵȐʰ

̊˵İ°�¬
;/õĻ¬̋+ůğBə6úA�>�'&�ťțȐțŴɑ+�&(+;�)ť

țȐ�(�
"�ŞÛBſ"%
>+�Bʨ2>�'�÷ɴ&	=�Ǌ�)șģ*
�>Ʈ 

Ó˲Ĝ̄�?%
)
ťțȐ̊¥˪��ƮĜ̄ťțȐ�'ʊʜ̋+¤ʪǎɴ+ʘƝ*×ȝ�?%

�%
> (25-29)	
  

� ǫŕĞȼȐ+ʂȼ,ĉ́ʔ�?%
)�<8ťțȐ+Óʘtb�Wz�*Ŀ�>Ȯʒ,Ǫ


55&	>	
 ưȰȽ,ƴƚưĪ˶ȅ*¨�ǧǢ*;"%ĺĚȫƴƵňŌĪƦėå*Ź!��<
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?�ĞȼȐBʟƕ*ȝ
��+įǚÓʘ*ȊȇBś%�	
 NO3
−�Fe(III)
;/ SO4

2−,įǚșģ

+�ʑ)˵İõĻ¬&	>�'�<�ťțȐ+ĞȼȐÓʘtb�Wz�+ʞ²*˙ʑ&	>	
 

ĞȼȐ�*

%�?<˵İõĻ¬+˒Â*;=ʲ�=ţ>įǚÓʘɚʶBĐ 1.1*ȷ�	
 ưȰ

Ƚ&,ǫǛ�ǫŕ�*Ơˉȧ*ĳĖ�> SO4
2−5�, Fe(III)B˵İõĻ¬'��Ġú�
;/į

ǚșģ&,̇
Jh�O�˽ª*ªɫ�>�ȳ˗ġ�Bǰß��Ġú*#
%�ĞȼȐ+įǚ

Óʘ+ǿĖūBʞ²��ùȻ+ãĵÓƶ�ǐ�¤W�PJ�U�ʘƶ9 SIPǡ)(+ÓİțȐĵ

ȧŸǡ'Ó˲Ĝ̄ǡBə6úA�%�ťțȐɬ˰+ũɄ
;/ťțȐ˧Ȫ�­ȝ+̇ʘÀŖ)

ȑŦ£�B˂�%ĞȼȐ�+įǚÓʘxLgZw+ʘƝBʟ6�	
 ưʩƔ,ÈɁ�<Ŷ=�ư

Ɂ̊�Ɂ̋&ȰȽ+ɲơ
;/ȨȧBʿ2�š��Ɂ&,ǫǛ�ǫŕ�*ʬĽ*ĳĖ�> SO4
2−

' Fe(III)B˵İõĻ¬'��Ġú+ĞȼȐ+įǚÓʘǿĖū+ʞ²Bȷ�	
 ǐ*�Ɂ&,�;=

̇
Jh�O�BƂ#˵İõĻ¬�ȳ˗ġ�Bǰß��Ɵ+ĞȼȐ+Óʘ'�+˯+¤ʪɚʶ

+ħƋ*

%˙ʑ)�"��')>ťțȐɬBƝ<�*��ȰȽŶƷBȷ�	
 �<*ċɁ&

, SIP'ǐ�¤W�PJ�U�ʘƶ+ʅú*;>șģ�+ťțȐɬ�ƪ�>¤ʪǎɴ+ʳ̇ų

Ŗûķǡ̊ʳ̇ųŖ SIPǡ̋+˦Ȥ*#
%ʥƝ��ɠ��Ɂ&,ʳ̇ųŖ SIPǡ*;=ˀȽ�

÷ɴ')"�ȳ˗ġǰß&Ř�ʲ��?>ĞȼȐ+įǚÓʘˊȺ+ʡɗ*#
%ȷ��	
 ƨɘ

Ɂ&,ưȰȽ&ȝ
�ǧǢŹ��ĞȼȐ+įǚÓʘ�/*ǫŕĞȼȐ+įǚÓʘ*#
%ɮľ

'ŃƬBʿ2�	
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Đ 1.1 Űķ�?>ĞȼȐ�+įǚÓʘɚʶ  

 

  

CO2�

NO3
–�

NH4
+�

CO2�

SO4
2–�

H2S�CO2�

CH4�

N2�

N2O�CO2�

Fe2+�

Fe3+�

海水 

堆積物 

有機物 

有機物 

酢酸、H2/CO2 

有機物 

有機物 
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��Ɂ�ȴ˗˒Â�˝˒ÂƲ¦*
�>ĞȼȐÓʘ  
tb�Wz�+ʞ²  

2.1 ,�7*  

� SO4
2−' Fe(III),�ǫǛ�
;/ǫŕ�*�?�? 20−30 mM' 5 wt%ȺŖ'ʬĽ*ĳĖ�>�

įǚșģ�+ƪǎȐÓʘ+�ʑ)˵İõĻ¬&	= (30-32)�Fe(III)+ĩ�, lepidocrociteɃ+ɛ

Ƣū˗ã˝'�%ĳĖ�> (33)	
 ���)�<�ǫŕĞȼȐ*

% SO4
2−5�, Fe(III)B˒Â

�>ťțȐǨū+ƪȉ
;/ǨūBƂ#ťțȐȻ9ťțȐ˧Ȫ�­ȝ)(,�Ɲ&	>	
 ưɁ

&,�ȴ˗ġ5�,˗ã˝̊lepidocrocite̋BǧǢ*;"%Ź��<?�ĞȼȐ*ˀßżÆ��

�?<˵İõĻ¬+˒Âóũ+´ˇBʟ6�	
 �<*ùȻ+ãĵÓƶ'ǐ�¤W�PJ�U�

ʘƶ*;"%ȴ˗˒ÂǨū
;/˝˒ÂǨū+ƪȉ'�+Ɵ+ťțȐɬ˰ǉ˄Bʘƶ��	
  

 

2.2 Ʊƕ'Ƙǡ  

2.2.1 ĞȼȐʟƕ  

� ưȰȽ&, 2011œ 3Ʃ+ƴƚưĪ˶ȅ*ʲč�>ǧǢ*;=�ĺĚȫƴƵňŌĪƦėå+Ǜ

ȞĔĥ̊38°25’N, 141°14’E̋+�*Ź!��<?�ĞȼȐBʟƕ'��2011œ 9Ʃ*ƈô��

8+Bȝ
�̊Đ 2.1 	̋
 ǧǢ*;"%Ź!��<?�ĞȼȐ�ǫȟƳ�(��Bʨ2>�7*

,�ãĵÓƶ9��*þ5?>ťțȐ+əŶBʨƽ�Ũʑ&	>	
 ưĞȼȐ,W�dB 47%−50%

BþC&
=�ɎūBƪ�>ȑūBȷ� (34)	
 5��˛ńəŶʘƶ+ɛƷ�ȯŋǸǫŕǣ� Al

9 FeB�ȎĞȼȐ 1 kg	�=�?�?ɒ 21 g' 22 gþC&
>+*Ŀ�%��+ǧǢŹ��

ĞȼȐʟƕ,�?<+˛ńBûǊ*̇
ȂŖ̊1 kg	�=�?�? 100 g' 70 g̋&þƪ�>�

'�Ɲ<�*)"%
> (34, 35)	
 �?<+˛ńəŶ+Ǚʸʘƶ�<�ǧǢŹ��ĞȼȐ�ǫŕ

ȟƳ&	>�'BŚ�ȷć�>8+&	> (34)	
 )
�˭�*Ź!��<?�š+̌œè*ò

0ĞȼȐ+ɚƟʨƽ*;"%�ʊŅ�<ƒv~;=Ì˓+Ⱦǚ*ƥ˷�?%
)
ĞȼȐ�+

˛ńəŶò/ťțȐɬ˰ǉ˄,Ɵ˧ɚˊ*;"%3'C(ħã�)
�'�Ɲ<�')"%


= (35)�ɎūBƪ�>ưĞȼȐʟƕ,�+;�)įǚƲ¦�&țȐĵȧ
;/ãĵȧ*Ķķ&

	>�'�Ɗľ�?>	
  

� ǛȞĔĥ+�*Ź!��<?�ĞȼȐ+ʊŅ�< 1−4 cmBƈô��Ⱦǚ'+Ɖʙ�ł)
;

�*lg��ʋ*ĞȼȐBʠ7%ȰȽĹ*Ƃ!ŏ=���* 4°CƤŷ*%µĳ��	
 )
�ĸ

̆*,Ⱦǚ'+Ɖʙ�ł)
ĞȼȐ+�ŧ˓+ʟƕBȝ
�	
 ưȰȽ&,ĞȼȐʟƕ+įǚÓ

ʘtb�Wz�ʞ²BȨȧ'�>�7�ĞȼȐʟƕ+ʨƓ*

%,ĸ̆Ɵ+Ķķ)Ƿķ�ˀ

ʵ�÷ɴ)ŵȁã*;>ƘǡBƈȝ��	
 Ê¬ȧ*,Đ 2.2*ȷ�;�*�0.56 mmxaW{B

˂ˊ��ĞȼȐʟƕ'ǫǛ+əŶBǌƎ���ŉǫǛ̊ _GT�ŉǫǛ SP̎ Nihon Pharmaceutical̋

B 1:4̊w/w̋+Ûú&ŵȁ
;/ N2MYBĀ�£�)�<įǚã��50 mLM}YjGE�*
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20 mL�#ÓǤ�%o`�Twƿ'E�vW��&ļƿ��	
 �+š�ĞȼȐ�+įǚťțȐɬ

˰BǨūã��>�7*(36)�25°C+Ƥŷ*% 1�Ʃ˧˹ɫ��	
 )
��ɧŖ+ǟŇěǫŕ+

ǶŖ,Ĵɇ*;= 10−30°C+˧&ħá�>� (37)�ưȰȽ&,ťțȐ*;>˒ÂǨū+tb�

Wz�ʞ²BȨȧ'�>�7�ťțȐ+̇
¤ʪǨūBƬ7> 25°C+ǶŖʝķBƈȝ��	
 1

�Ʃ˧˹ɫ+š�ĸ̆˦ĮÙ* 10 kPa& 3Ó˧MYk�XBʇ
�ǚȪB N2&ɫƋ��	
  

 

2.2.2ĞȼȐ+ȴ˗˒Â�˝(III)˒Âtb�Wz�ʞ²ɑ  

� Đ 2.3*ĸ̆+ǈʑBȷ�	
 SO4
2−' Fe(III)+˒ÂǨūʞ²*æÓ);�)ȂŖ'ĸ̆Ɵ˧Bʝ

ķ��	
 Ê¬ȧ*,�ȴ˗ġ̊ȴ˗fd~Hw̎Wakő5�, lepidocrocite̊γ-FeOOH̎particle 

size, <250 µm̎Alfa Aesar̋B 20 mMˀǰß��š�25°C+Ƥŷ& 5ƚ˧įǚȧ*˹ɫ��	
 )


�lepidocrocite,ɋƯđ¬&	>�7�0.035 g�#ʛ˚��ʟʃ'�ŉǫǛ 1 mL+ǯúȐB

ʨƓ�%W~�X'˜*;=ǰß��	
 ùǰßɑB(i) ȴ˗ġǰßɑ�(ii) lepidocrociteǰßɑ'

���?�?�˅&ĸ̆Bʇ"�	
  

 

2.2.3 ĞȼȐ+ȐȘãĵȧÓƶ  

� ĸ̆˦Įš 0�2�5ƚ*��#+ǰßɑÌ+ǚȪ�ǭȪ�ĞȼȐđȪBU�p~�Q��	
 

ǚȪ*

%,W~�X*% 0.5 mLBƈôš��*MYP�udQ}n*;>ÓƶBʇ�'8

*�10 mLBƈô��ȬȾ*�� 10 mLM}YjGE�*ÃĢš 4°C*%µĳ��	
 ĞȼȐŵ

ȁǭB 2 mLYP~{�`{�o 6ư*Ę�*mradu�*;=ƈô��3Ó˧+ˍŧÓ˲

̊20,000 × g�4°C̋*;=ǭȪ̊�Ǳ̋'đȪ̊ĞȼȐ̋*Ó˲š�ÓƶBʇ�5&−80°C*%

µĳ��	
 Ǔ=+ĞȼȐŵȁǭBjGE�Ț�< 50 mLˍǞɆ1ȹ��−80°C*%µĳ��	
 

)
�Ó˲��ǭȪBış 0.22 µm+[���YE[b�d̊Advantec̋+x�o��nF�^

�*%ȃˊ��š*ãĵÓƶ*°��	
 ǚȪ�+ CO2�N2O�CH4+ùMYŶÓ+Óƶ*,ka

PeL}ẘShinCarbon ST̎Shinwa Chemical Industries̋Bʍȭ��MYP�udQ}n

̊GC-14B̎ShimadzűB®ȝ��	
 ǭȪ�+ÇƪǎȆɕ̊Total organic carbon; TOC̋+Ƿķ*

,�ƍȤūƪǎŴȆɕ̊ Non-Purgeable Organic Carbon ǡ̋*%U�p��+ȉǎŴȆɕ̊ Inorganic 

carbon; IC̋Bˬð��š�ÇƪǎȆɕÓƶʍɫ̊TOC-L̎ShimadzűBȝ
�	
 5�ǭȪ�+

ƍȤūɵɰ˗̊Volatile fatty acid; VFA̋+ȂŖB RSpak KC-811L}ẘShowdex̋Bʍȭ��

̇˃ǭ¬P�udQ}n̊Alliance e26951̎Waters̋*;"%ǝķ��	
 )
 VFA+ǅÒ˫ȡȂ

Ŗ, 10 µM&	"�	
 ĞȼȐŵȁǭ�+ Fe(II)'Ç˝+ȂŖB�6M HCl*;>˝žÒ
;/n

I�X�Ea[G*ĝ$
%Ƿķ��(38)	
 ǭȪ�+ SO4
2−ȂŖB IonPac AS-11L}wBʍȭ�

�GK�P�udQ}n̊DX-500̎Dionex̋*;"%ǝķ��	
 ĞȼȐđȪ*
�>ȷćȍ�

ȍ˙˚̊ Thermogravimetry (TG) and differential thermal analysis̎ TG/DTA Ó̋ƶB DTG-60̊ Shimadzű
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*;"%ʇ"�	
 )
��?<+ÓƶƲ¦+ʡɗBʊ 2.1*ȷ�	
  

 

2.2.4 ǁ˗+žÒ' polymerase chain reaction̊ PCR̋
;/ reverse transcription̊ RT -̋PCR 

� ưȰȽ&,ĞȼȐ�<ȩƉžÒ�� DNA
;/ RNA��)A!ȑŦ+ȣ)> 2Ȼ̃+ǁ˗

*ĝ$
%ǐ�¤W�PJ�U�*;>ġĝ˔ÔʘʦBʇ�	
 ťțȐț¬Ì*

%�DNA,

ˑ§ůğ+µĳ+ŞÛBſ
�RNA,˖ɕ)(+ț¬ǎɴ*˨A>^�kPʰ+ȤȖ*˨��

>�7Ő*úŶ'Óʘ�ɪ=ʾ�?%
>	
 �+�'�<�DNA*ĝ$
� 16S rRNAˑ§İ

ʘƶ&,ĞȼȐțŴɑBǉŶ�>ťțȐ+ĳĖ˚BŻƌ&���Ƙ+ RNA*ĝ$
� 16S rRNA

ʷÎȜȐʘƶ&,ĞȼȐțŴɑ+�&áȧ)�í!¤ʪǨūBƪ�>ťțȐȻBʒÒ��'�

&�>	
 5��įǚșģ�&,˵İ°�¬'˵İõĻ¬+˗ã˒Âóũ&ţ<?>Jh�O�

�ĭǚșģ'Ǚ2%ł)���<*�?<+ȂŖ�«�ɡƂ�?%
>Ġú�ĩ
�7�įǚ

ąÿťțȐ,țɱ˃Ŗ�ˈ
̊ɗɳÓʌ*ʑ�>Ɵ˧ [ŒĘ�¤Ɵ˧9Ĥǔ5&+}Q^Gw] 

�ˣ
̋'
�ȑŦBƪ�>�'�Ȯ<?%
> (29, 39-41)	
 ¯�-�˂ūįǚūɗʀ&	>

ĪɷʀBɺˎƲ¦�&ĭǚȧ*Ĝ̄��Ɵ+ŒĘ�¤Ɵ˧, 20ÓȺŖ&	>��įǚťțȐ+

�*,ŒĘ�¤Ɵ˧�ˣ
Ġú*,ƒˆ˧*ò08+̊x^�țŶöɗʀɃ̋�ğĂ�?%


> (40)	
 Ţ"%�RNA*ĝ$
�ǐ�¤W�PJ�U�ʘƶ, DNA+�?;=8șģħã*

Ŀ�>ťțȐɬ˰+ũɄḂųŖ*Ɔ�>�'�÷ɴ&	>	
  

� ĸ̆ 0�2�5ƚ*ƈô��ĞȼȐ�<+ťțȐǁ˗̊DNA' RNA̋+žÒBȡ˻ǨūÚ*;

>ǻʀ'l�Zl�^�̊ Multi-Beads Shocker̎ Yasui Kikai *̋;>ɗɳȲȱ*;"%ʇ"� (42)	
 

)
�Ç DNAB RNase̊Type II-A; Sigma̋ÑȘ+š�t~J`��Q~S��ǞǗ*;=ɏʎ

��	
 Ç RNA+ɏʎ*#
%, DNase̊ RQ-1; Promega̋ÑȘ'G]p�ki��ǞǗ*;=ʇ

"�	
 �ǁ˗ʟƕBd~Y-EDTA ǻǭ̊10 mM Tris�1 mM EDTA�DNAȝ̍pH 8.0�RNAȝ̍

pH7.0 3̋0 µl*ǻʘ��	
 ţ<?� DNA' RNAB˟ę'�%��?�? Q5 Hot Start High-Fidelity 

DNA Polymerase̊New England Biolabs̋' one-step RT-PCR system Access Quick̊Promega̋*;

> PCR
;/ RT-PCRBʇ"�	
 ��&,�16S rRNAˑ§İ+ V4˾ěBǋȧ'�>p}Gu

�[ad�515f/806r�Bȝ
� (43)	
 )
��p}Gu�*, MiSeqW�PJ�U�ȝ+E_

p^�˔Ô�ə6ʼ5?%
=�~j�Yp}Gu�̊806r̋*,ʏƒU�p�BûƟ*ġĝ˔

Ôʘʦ�>�7+ 6ġĝ+j�S�e˔Ô�þ5?> (43)	
 PCR
;/ RT-PCRƲ¦B�?�

?ʊ 2.2'ʊ 2.3*ȷ��	
 Ç%+ PCRȜȐ
;/ RT-PCRȜȐB 1.2%EM��YR�*;>

˵ǚǥáBʇ
��ķ+ȂŖ&	>�'Bȵʢ��	
 )
�RNA*Ŀ�%,ˁʷÎ˖ɕ̊ reverse 

transcriptase̋Bǰß��* RT-PCRBʇ
��+ĤőȜȐ�ţ<?)
�'*;"% DNA+ǯ

Æ�ȉ
�'Bȵ�7�	
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2.2.5 ǐ�¤W�PJ�Y'c�^ʘƶ  

� ţ<?� PCR
;/ RT-PCR+ĤőȜȐB AMPure XP̊ Beckman coulter 
̋;/ QIAquick Gel 

Extraction Kit̊QIAGEN̋Bȝ
%�Ǖˮ&ɏʎ��	
 �+ɏʎȐȂŖB Quant-iT PicoGreen 

dsDNA Reagent and Kits̊Invitrogen̋' VersaFluor Fluorometer̊Bio-Rad; Excitation; 480 nm, 

Emission; 520 nm̋Bȝ
�ʄÄķ˚
;/ GoTaq qPCR̊Promega̋' Real-Time-PCR Detection 

system MyIQ2̊ Bio-Rad̋Bȝ
�ķ˚ PCR*;=Ƿķ��ʟƕ˧&û�ȂŖ*)>;�*ʨƓ

��	
 )
�ķ˚ PCRƲ¦Bʊ 2.4*ȷ��	
 ǐ�¤W�PJ�U�*;>˔Ôʘʦ*,�2 nM

*ʨƓ��ɏʎȐʟƕ'S�d��� DNÅ PhiX̎ Illumina '̋+ǯúǭBȝű��MiSeq Reagent 

kit̊ver.1 300-cycles; Illumina̋'ǐ�¤W�PJ�U�MiSeq̊Illumina̋*;>Īʓǌġĝ˔Ô

ʘʦBʇ"�	
 Greengenec�^q�Y (44)'+sy�X�ǅɖ*;"%�ţ<?�˔Ôc�^

*Ǔĳ�> PhiX+˔ÔBǅÒ�ˬð��	
 ǐ*rEJ�eW�PJ�Yc�^̊5’�3’�?�

?ɒ 150 bp̋B ea-utils, version 1.1.2-301 (45)+ fastq-join tool *;"%ɛú��̊ɒ 250 bp 	̋
 W

�PJ�Y+ɏŖ� Q30̊99.9%̋¥�+˔Ô �B QIIME, version 1.7.0 (46)*;=ːŽ��

Mothur, version 1.31.2 (47)*;"%Nx}˔ÔBǅÒ�ˬð��	
 �+š��?�?+˔ÔB

QIIME*;=ɑɝĵȧ*ʘƶ��	
  

 

2.3 ɛƷ  

2.3.1 ĞȼȐ+ȐȘãĵk}x�^  

� ưɁ&,�ǫǛ�'ǫŕ�*ʬĽ*ĳĖ�>�SO4
2−�'�Fe(III)�B˵İõĻ¬'�>�įǚ

ťțȐ+Óʘtb�Wz�Bʞ²��	
 ĞȼȐŵȁǭ*ȴ˗ġ 20 mM5�,˗ã˝̊ lepidocrocite̋

20 mMBˀǰß��5ƚ˧įǚƲ¦�*

%˹ɫ��	
 �+ɛƷ�Đ 2.4*ȷ�;�*�ȴ˗

ġ5�, lepidocrocite+ǰßɑ(!<*

%8ȐȘãĵk}x�^,Ī��ħã�)�"�	
 

ǚȪ&,�ĸ̆˦Įš��* N2MYɫƋ*¨�ɶǚ
;/ CO2-˙Ȇ˗ġǚǭŒʉ*;> CO2

+Ȥț�6<?��̊Đ 2.4A�B �̋�+¢+MYŶÓ̊CH4�N2Ő,ǅÒ�?)�"�	
 ĸ̆

0ƚȨ*

%�ȴ˗ġǰßɑ+ǭȪ�+ SO4
2−ȂŖ
;/ lepidocrociteǰßɑ+ Fe(III)ȂŖ̊ Ç

˝ȂŖ�< Fe[II]ȂŖBŊ�Ř
�ȠÓ̋,�?�?ɒ 34.2 mM' 600 mM&	"����ǰß

ɑ+ĸ̆ 5ƚȨ*

% SO4
2−ȂŖ+ǳł,¾�̊1.4−1.9 mM̋&	"�̊Đ 2.4E�F 	̋
 �Ƙ&

˝˒Â+țŶȐ&	> Fe(II)+ȂŖ,�ĸ̆ƭ˧B˂�%(!<+ǰßɑ*

%8Ĥß�)�

"�̊Đ 2.4G�H 	̋
 �?<+ɛƷ,�SO4
2−9 Fe(III)B˵İõĻ¬'��įǚąÿ�ťř&	"

��'Bȷ�%
>	
 5� TOC,ĸ̆ƭ˧�*

%34�ķȂŖ&	=̊Đ 2.4C�D �̋�<

*ƍȤūɵɰ˗ ̊ VFA ,̋ǅÒ�?)�"�̊ c�^,ÛŲ�> 	̋
 ĞȼȐđȪ*
�> TG/DTA

Ʀɥ,�ĸ̆ 0ƚȨ'�ǰßɑ+ĸ̆ 5ƚȨ*

%̂ʁ)ˌ
,)�"�̊Đ 2.5 	̋
 DTAƦ

ɥ, 100°C ' 500°C £ʽ*ÿȍm�P�ʒ<?�ƨÕ+ÿȍm�P,£ȭǛ+ɶǛ*ĝ$�8



 9 

+��ȢȨ+ÿȍm�P,ɶȆ˗*ȟƳ�>8+'Ɗľ�?� (48)	
 ĹǶ�< 700°C5&& TG

Ʀɥ*

%�13%−15%+ɦ9�)ǳł�6<?�	
 �+ǳłȠÓ,ƪǎãúȐ9t~u�Ƀ

+Óʘ*ʲč�>'Ɗķ�?>	
 5��ȍÓʘš+ǓǵŶÓ'�%˛ńãúȐ9W~LɃ�

85−87%ȺŖBì7��?<�ĞȼȐđȪ�*ĩ�þ5?%
�'ȷć�?� (48)	
  

 

2.3.2 ĞȼȐ+ťțȐɬ˰ǉ˄'¤ʪǨūťțȐ  

� ťțȐ,�ɽȧ)Óİɑɝˑ§İ&	> 16S rRNAˑ§İ+ġĝ˔Ô*ĝ$
%exG��ʕ �

ɢ�Ȩ�ȸ�ń�Ȼ'
�ˮŅ&Ó̃�?%
=��+ġĝ˔Ô, DDBJ̊ http://www.ddbj.nig.ac.jp̋

9 GenBank̊http://www.ncbi.nlm.nih.gov/genbank̋'
"�Ē˯ġĝ˔Ôc�^q�Y*ȥˠ�

?%
>	
 c�^q�Y*,ɓɌĜ̄�?�ťțȐ�ƙȮťțȐ�ò/Ʈ ɓɌĜ̄�?%


)
ťțȐ�ƮĜ̄ťțȐ̊uncultured microorganisms �̋5&+ 16S rRNA ˑ§İ+ġĝ˔Ô+

ůğ�ȖĖ5&*ɸĪ*ʂȼ�?%
>	
 ưȰȽ&,�ɗʀ'öɗʀ+ 2#+�exG��B

ǋȧ'�>	
 ȖĖ5&*ɗʀ, 28+�ˤ�*Ó̃�?%
=��&8 Proteobacteriaˤ,ɗʀƨ

Ī+ĩǊūBƂ#Ó̃ɬ+.'#&	=��ɢ�+ˮŅ&O~WzƔĲ+ alpha�< zeta5&Ī

�� 6#*Ó�<?%
>	
 16S rRNAˑ§İ*ĝ$�ǐ�¤W�PJ�U�ʘƶ&,�5�Õ

7*ǧǢŹ��ĞȼȐ�+ťțȐɬ˰B�ˤ�'
�̇
ˮŅ&ȑŦ£�>��Proteobacteria

ˤ*#
%,�+ĩǊū+̇��<¯Ĩȧ*�ɢ�*;>Ó̃Bƈȝ�>	
 ǐ*�Ī�)ħˏ

Bȷ�)(&ǤȨ�2��ˤ�5�,�ɢ�+ťțȐɬBĿʭ*�Ȩ���ȸ���ń���Ȼ̊OTU̍

Operational taxonomic unit �̋'
"��;=«
ˮŅ*

%Ó̃��ƙȮ+ťțȐ'+Ǚʸ*

;=�ưĞȼȐ�<ǅÒ�?�ťțȐ�șģ�&(+;�)ŞÛBſ��BƊķ�>	
 �?,

ɑɝȧ*ʽɨ)ťțȐȻ3(�+țȘĵȧǎɴ�̃©�>�7&	>	
  

� DNA' RNA*ĝ$
�ǐ�¤W�PJ�U�ʘƶ*;"%�ĞȼȐ�+ťțȐɬ˰ǉ˄B

ʘƶ��̊Đ 2.6 	̋
 ţ<?�ǐ�¤W�PJ�Y}Go}~+üÙB (i) ĸ̆ 0ƚȨ+ DNA'

RNAB�?�? D0 ̊ n = 25,152̎ n,ɑɝȧ*ʘƶ�� 16S rRNAˑ§İƖȏ+˔ÔƒBȷ�̋

' R0̊n = 2,556 �̋̊ ii̋ȴ˗ġǰßɑ+ĸ̆ 2�5ƚȨ+ DNAB�?�? DS2̊n = 19,775̋'

DS5̊ n = 21,813 �̋ĸ̆ 2�5ƚȨ+ RNAB�?�? RS2̊ n = 5,760̋' RS5̊ n = 8,905 �̋̊ iii̋

lepidocrociteǰßɑ+ĸ̆ 2�5ƚȨ+ DNAB�?�? DF2̊n = 19,584̋' DF5̊n = 22,309 �̋

ĸ̆ 2�5ƚȨ+ RNAB�?�? RF2̊n = 6,290̋' RF5̊n = 11,579̋'ķɭ��	
  

� ĸ̆ƭ˧��ĞȼȐ�+ DNA*ĝ$
�ɑÌ*ĳĖ�>ťțȐ+əŶ
;/ RNA*ĝ$


�¤ʪǨūBƪ�>ťțȐ+əŶ*Ī�)ħã,ʒ<?)�"�̊Đ 2.6 	̋
 DNAW�PJ�Y

}Go}~&, Deltaproteobacteriaɢɗʀ�Ç¬+ 30%¥�Bȷ��ʑǉŶťțȐ&	=�

Chloroflexiˤ� 12%�Bacteroidetesˤ� 7%'ɠ
�̊Đ 2.6A 	̋
 )
�ĸ̆˦Į 0ƚȨ̊D0}

Go}~̋*
�>ťțȐɬ˰ǉ˄,ĞȼȐʟƕƈôė*

%ɚƟʨƽBʇ"%
��Ņ+
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ĞȼȐ+ťțȐɬ˰ǉ˄ (35)'3'C(û�&	=��ŉǫǛ'ĞȼȐ+ŵȁ
;/�+ŵȁ

ȒŴ+ 1�Ʃ˧+ɡƂ̊˹ɫ̋*;>jGEY,3'C()�"��'�ȷ�?�	
  

�Ƙ�RNA*ĝ$
�W�PJ�Y}Go}~&, Deltaproteobacteriaɢɗʀ�Ç¬+ 75%¥�

Bì7%
�̊Đ 2.6B 	̋
 �+ Deltaproteobacteriaɢɗʀ*#
%�ʡɗ*ʘƶ��'�@�


�?+ʟƕ+W�PJ�Y}Go}~*

%8 Desulfobulbaceaeȸɗʀ�ƨ8Áì��

̊Deltaproteobacteriaɢɗʀɬ+�& 70% 	̋
 ɠ
% Pelobacteriaceaeȸɗʀ�Desulfobacteraceae

ȸɗʀ��ʑ')=��?<,Ç%ȴ˗˒Âʀ'�%Ȯ<?>ťțȐɬ&	"�	
  

 

2.4 ɮľ  

� ưɁ&,ǫǛ'ǫŕ*Ơˉȧ*ĳĖ�>�SO4
2−�'�Fe(III)�B˵İõĻ¬'�>įǚÓʘ*

ȊȇBś%�ǧǢŹ��ĞȼȐ*ȴ˗ġ5�,˗ã˝̊lepidocrocite̋Bˀǰß�%Ĝ̄��ù

Ȼ+ãĵÓƶ*;>ĞȼȐ�+ȐȘãĵȧk}x�^+ˀʵ' DNA
;/ RNA*ĝ$�ťț

Ȑɬ˰ǉ˄+ĪʓǌʘƶBə6úA�>�'&�ĞȼȐ�+ȴ˗˒Â
;/˝˒Â+tb�W

z�ʞ²Bʇ"�	
  

� ȴ˗ġ
;/ lepidocrociteBǰß��ĞȼȐ&,Ĝ̄ƭ˧�*�SO4
2−˒Â�¾�*ˇʇ�>

8++̊Đ 2.4E�F �̋Fe(III)˒Â,3'C(ʲ�)�"�̊Đ 2.4G�H 	̋
 Fe(III)˒Â�ʲ�)�

"�+,�ĞȼȐ�*þ5?> Fe(III)�˳×ȝū+ɛƢǉ˄BƂ#�'�5�,˝˒Âʀ+×ȝ

÷ɴ)ƪǎȐ̊˵İ°�¬̋�ƺǲ�%
��'�ǫǛșģ�˝˒Âʀ+țɱ*,ˎ�%
)


�'Ƀ��+ïč'�%ɮ�<?�	
 5��ĸ̆ƭ˧��ķ+ TOCȂŖ�ǅÒ�?�VFA�

ǅÒ�?)�"��'�<�VFABÓʘȜȐ'�>ƪǎȐ+Ȥ˖ȧÓʘ,¾�&	"��'�

ȷć�?�	
 �+;�*�ĞȼȐ�& VFA�ǅÒ�?)
5�,ƒ µMȺŖ+«ȂŖ&ɡƂ�

?>�',�¢+ǫŕĞȼȐ*

%8ğĂ�?%
> (49, 50)	
 �Ƙ�(!<+ǰßɑ*



%8�Deltaproteobacteriaɢɗʀ+�&ȴ˗˒Âʀ'�%Ȯ<?>ťțȐɬ�¤ʪǨūBƪ�>

ťțȐ'�%ǅÒ�?�̊Đ 2.6B 	̋
 �?<B;=«
ˮŅ&ʘƶ�>' Desulfobulbaceaeȸ�

Pelobacteriaceaeȸ�Desulfobacteraceaeȸ*ń�>
�?8ȴ˗˒ÂɴBƪ�>ɗʀɬ*ŏń�

?�	
 �+;�)ȴ˗˒Âʀ,ė�ǫ�xNWSǸ�JXpdǸ�ƴ�Ǹ�ƪƝǫ)(+Ǌ�

)ėě+ǫŕĞȼȐ�*

%�-�-�ʑ)ǉŶťțȐ'�%ǅÒ�?%
=(51-55)�ưĞ

ȼȐ&8ûǊ* Deltaproteobacteriaɢ+ȴ˗˒Âʀɬ�ÁìťțȐ&	>�'�ȷ�?�	
 ïª

ɫ+ǫŕĞȼȐ+˞ȩp�nDG�ʘƶ*;=�ɽ*�x^�țŶöɗʀ+ì7>Ûú,ǮŖ

±ĳȧ*Ĥß��SO4
2−ȂŖ�ǳł�%x^�țŶöɗʀĳĖ˚� 10%ȺŖ*)"�Ġú* CH4

+țŶ�ʗľ�?>�'�Ȯ<?> (56, 57)	
 ưĞȼȐ�+x^�țŶöɗʀ+ĳĖ˚, 3%Ⱥ

Ŗ&	"��'�<�ưĞȼȐʟƕ,ȴ˗˒Â�3C+¾�*ˇʇ�)�<8x^�țŶ�ʲ

�<)
įǚșģě&ʂȼ�?�8+&	>�'�ƊǷ�?>	
 ����ưĞȼȐ�&,ȴ˗
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˒Âʀ��ʑǉŶȻ&	>8++�˵İ°�¬')=�>�˗9ʆ˗�˕˗)(+ VFA�ƺǲ

�%
>'
�ãĵÓƶ+ɛƷ�<�ȴ˗˒Â+Óʘtb�Wz�,Ǉ7%«��ĞȼȐʟƕ

,Óʘ�?�*Ķķȧ*ˣƭ˧ĳĖ��>�'�ȷ�?�	
  

 

2.5 5'7  

� ãĵÓƶ
;/ǐ�¤W�PJ�U�ʘƶBȝ
>�'*;"%�ǫǛ9ǫŕ�*ʬĽ*ĳ

Ė�> SO4
2−9 Fe(III)B˵İõĻ¬'��įǚťțȐ+ƪǎȐÓʘ,ưĞȼȐ�&,ťř&	>

�'�Ś�ȷć�?��?<+įǚƲ¦�&ĞȼȐ�țÓʘBõ��*ʂȼ�ɠ�>ȸĵȧǂ

ƀBȷ��'�&��	
 RNA*ĝ$
�ǐ�¤W�PJ�U�ʘƶ*;=ȴ˗˒ÂʀB¤ʪǨ

ūɗʀɬ'�%ǅÒ����ĞȼȐ�+¢+ťțȐ*Ǚ2%�+¤ʪǨū�ȪĿȧ*̇
�'

�ȷ�?�+6&�êªĞȼȐś�=+ɞĿȧ)¤ʪǨū*#
%,¥˪+ʧ́'�%Ƅ�<

?�̊�Ɂ*%ʨƽ 	̋
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ʊ 2.1 ùȻãĵÓƶʍɫ+ÓƶƲ¦  

MYP�udQ}n+ÓƶƲ¦ 
MYP�udQ}n GC-14B (Shimadzu) 
L}w ShinCarbon ST (Shinwa Chemical Industries) 
ǅÒĊ TCD, FID 
ȹáȪ Ar 
ǩ˚ 20.8 mL/min 
L}wǶŖ 60°C�3 min, 60−120°C (ǘÓ10°CƜǶ), 120°C�9 min 
  

̇˃ǭ¬P�udQ}n+ÓƶƲ¦ 
̇˃ǭ¬P�udQ}n Alliance e26951 (Waters) 
L}w RSpak KC-811 (Showdex) 
ǅÒĊ PDA 
ȹáȪ 10 mM H2SO4 

ǩ˚ 0.75 mL/min 
L}wǶŖ 50°C 

  
GK�P�udQ}n+ÓƶƲ¦ 

GK�P�udQ}n DX-500 (Dionex) 
L}w IonPac AS-11 
ǅÒĊ Electrochemical detector 
NaOH gradient 0−30 mM over 13 min 

ǩ˚ 1.2 mL/min 
Up�aU ASRS 300 

  
ȷćȍ�ȍ˙˚+ÓƶƲ¦ 

ȷćȍ�ȍ˙˚Ƿķʍɫ DTG-60 (Shimadzu) 
˴ďǚMY Ar 
ǩ˚ 100 mL/min 
[� Ȧ˛ 
ǶŖp�Q}w 10-700°C (ǘÓ10°CƜǶ), 700°C�1 min 
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ʊ 2.2(A) PCRóũǭəŶ  

Solution Voume 
(µL) 

Template 2 
5×Q5 Reaction buffer 10 
2.5 mM dNTP 1 
10p 515f (with adaptor for MiSeq) 2 
10p 806r (with adaptor and barcode for MiSeq) 2 
Q5 Hot Start High-Fidelity DNA Polymerase 0.5 
Water 32.5 

 Total: 50 µL/PCR tube 

 

ʊ 2.2(B) PCR óũǶŖ�Ɵ˧  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Initial denaturation 98 1:30 1 
Denaturation 98 0:10 

30 Annealing 54 0:30 
Extention 72 0:30 
Final extention 72 2:00 1 
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ʊ 2.3(A) RT-PCRóũǭəŶ  

Solution Voume 
(µL) 

Template 2 
Access Quick master mix 25 
10p 515f (with adaptor for MiSeq) 2 
10p 806r (with adaptor and barcode for MiSeq) 2 
Rnasin Ribonuclease Inhibitor 0.5 
AMV reverse transcriptase 1 
Water 17.5 

 Total: 50 µL/PCR tube 

 

ʊ 2.3(B) RT-PCRóũǶŖ�Ɵ˧  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Reverse transcription 48 45:00 1 
Initial denaturation 94 3:00 1 
Denaturation 94 0:30 

30 Annealing 54 0:45 
Extention 72 1:30 
Final extention 72 5:00 1 
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ʊ 2.4(A) ķ˚ PCRóũǭəŶ  

Solution Voume 
(µL) 

Template 4 
2× Go Taq qPCR master mix 10 
4p P5 (MiSeq adaptor sequence 5') 1 
4p P7 (MiSeq adaptor sequence 3') 1 
Water 4 

 Total: 20 µL/PCR tube 

 

ʊ 2.4(B) ķ˚ PCRóũǶŖ�Ɵ˧  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Initial denaturation 95 2:00 1 
Denaturation 95 0:30 

40 
Annealing & extention 60 0:45 
Melting curve 60−95 (0.5°C) 0:10 71 
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Đ 2.1 ǧǢ*;"%Ź!��<?�ĞȼȐ  

A̍ĺĚȫƴƵňŌĪƦ+ʟƕƈôė� B̍�ŉǫǛ1ŵȁ��ĞȼȐ 

ǛȞ�* 50 cmȺŖ+î6&Ź!��<?�ĞȼȐʊ˻,ʱʐɿ&	"�	
 �?,ĞȼȐ�*ʬ

Ľ*þ5?> Fe�Ⱦǚ*�<�?%˗ã�?��7'Ɗľ�?>	
 ʊŅ�<ƒ mm�+ĞȼȐ

,ÎȬ A+�˓+;�*̉ɿBā�%
�	
 ĸ̆*,ʊŅ� 1−4 cm+ĞȼȐBȝ
�	
  

 

 

Đ 2.2 ĞȼȐʟƕ+įǚŵȁã+ǈʑ  

 

  



 17 

 

Đ 2.3 ĞȼȐ+ȴ˗˒Â'˝(III)˒Âtb�Wz�ʞ²ɑǈʑ  
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Đ 2.4 ȴ˗˒Â'˝(III)˒ÂƲ¦*
�>ĞȼȐ+ȐȘãĵk}x�^  

Ȅɿ+j�,ȴ˗ġǰßɑ�Ȧɿ+j�, lepidocrociteǰßɑBȷ�	
 A' B, CO2ȂŖ�C'

D, TOCȂŖ�E' F, SO4
2−ȂŖ���% G' H, Fe(II)ȂŖBȷ�	
 J}�j�,�˅+

ǰßɑ*
�>ǋǺʤŊBȷ�	
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Đ 2.5 ȴ˗˒Â'˝(III)˒ÂƲ¦*
�> TG/DTAk^��  

ĸ̆ 0ƚȨ̊A �̋ȴ˗ġǰßɑĸ̆ 5ƚȨ̊B̋
;/ lepidocrociteǰßɑĸ̆ 5ƚȨ̊C̋*


�>ĞȼȐđȪ+¤ʊȧ) TG/DTAk^��Bȷ�	
 ̉ɿ+ɥ� TGƦɥ�Ȅɿ+ɥ� DTA

ƦɥBȷ�	
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Đ 2.6 ĞȼȐ�+ťțȐɬ˰ǉ˄'¤ʪǨūťțȐ  

A̍ťțȐ+ĳĖ̊DNA �̋ B̍rRNAȤȖ̊RNA̋ 

ǐ�¤W�PJ�Yc�^+ɑɝʘƶɛƷ*ĝ$
��ˤ�5�,�ɢ�+Ó̃ˮŅ*
�>

ťțȐɬ˰ǉ˄Bȷ�	
 ťțȐ+ɑɝ,Q}n�+ƹÌ*ȷ��Ð¯+ɿ'Ŀũ�>	
 E�_

�}G�,�ʑǉŶ+ťțȐɬBȷ�	
 j�+�*}Go}~ü̊ D0�R0,ĸ̆ 0ƚȨ�DS2�

DS5�RS2�RS5,ȴ˗ġǰßɑ+ĸ̆ 2�5ƚȨ�DF2�DF5�RF2�RF5, lepidocrociteǰßɑ

+Ĝ̄ 2�5ƚȨ̋B�?�?ȷ�	
 j�+�*,ɑɝĵȧ*ʘƶ�� 16S rRNAˑ§İƖȏ+

˔ÔƒB�?�?ȷ�	
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TA06# Synergistetes# Spirochaetes# SR1# SC4#
SBZP4958# SBR1093# SAR406# Poribacteria# Zetaproteobacteria#
Gammaproteobacteria# Epsilonproteobacteria# Deltaproteobacteria# Betaproteobacteria# Alphaproteobacteria#
Other#Proteobacteria# Planctomycetes# PAUC34f# OP9# OP8#
OP3# OP11# OP1# OD1# Nitrospirae#
NKB19# NC10# MVS5104# MAT5CR5M45B07# LenUsphaerae#
LD1# LCP589# KSB3# Hyd24512# H5178#
GemmaUmonadetes# GOUTA4# GN04# GN02# GAL15#
Fusobacteria# Firmicutes# Fibrobacteres# FCPU426# Elusimicrobia#
Cyanobacteria# Chloroflexi# Chlorobi# Chlamydiae# Caldithrix#
Caldiserica# CD12# Bacteroidetes# Bacteria# BRC1#
BHI805139# ArmaUmonadetes# AcUnobacteria# Acidobacteria# AD3#
AC1# Other# Other#Bacteria# Euryarchaeota# Crenarchaeota#
Other#Archaea# Other#Kingdom#
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��Ɂ�ȳ˗˒ÂƲ¦*
�>ĞȼȐ+įǚÓʘ'  
�?*˨��>ťțȐ+ɑɝʘƶ  

3.1 ,�7*  

� ÙɁ*

%�SO4
2−9 Fe(III)�ĳĖ�>Ʋ¦&,ĞȼȐ+įǚÓʘ�3'C(ʲ�<��Ğ

ȼȐ,ĶķȒŴ&	>�'�Ɲ<�')"�	
 �+�'�<ĞȼȐ+įǚÓʘ*,;=̇Jh

�O�+˵İõĻ¬�NO3
−��ƪà&	>'ɮ�<?>	
 ʺǆƇǛ)(Bʲǹ'�%�ǟŇě

*
�> NO3
−ȂŖ,
;� 0.5 µM−400 mM+˧&Ī��ħá�>�'�Ȯ<?(58-61)�ĞȼȐ

+įǚÓʘtb�Wz�Bʞ²�>�&ȉʔ&�)
˵İõĻ¬&	>8++�ťțȐ*;>

�+˒ÂǨū,Ʈ ʘƝ�?%
)
	
 ưɁ&,�SO4
2−9 Fe(III);=8Jh�O�˽ª+̇


˵İõĻ¬ĝʰ�ȳ˗ġ�Bǰß�>�'&Ř�ʲ��?>ĞȼȐ+įǚÓʘˊȺBãĵÓƶ

&Ɲ<�*�>'É*��?*˨��>ťțȐBǐ�¤W�PJ�U�ʘƶ'Ó˲Ĝ̄*;=

ûķ�>�'BȨȧ'��	
  

 

3.2 Ʊƕ'Ƙǡ  

3.2.1 ĞȼȐ+ȳ˗˒Âtb�Wz�ʞ²ɑ  

� Đ 3.1*ĸ̆+ǈʑBȷ�	
 �Ɂ'ûǊ*�ĞȼȐʟƕB�ŉǫǛ1įǚȧ*ŵȁ���Ʃ˧

+˹ɫ+š�ɑÌǚȪB N2MY&ɫƋ��	
 800 mM*ʨƓ��ȳ˗ġ̊ ȳ˗fd~Hw K̎anto 

chemical B̋ 0.5 mL̊ ɘȂŖ 20 mM &̋ǰß�% 25°C+Ƥŷ*%˹ɫ��̊ [i] ȳ˗ġǰßɑ 	̋
 

)
ĿȌå'�%�ȳ˗ġ+¤A=*ǼʀǛB 0.5 mLǰß���(ii)ȉǰßɑ�Bȝű��	
 �

<* 121°C& 1Ɵ˧+̇Ƕ̇ĕǼʀB 3Čɪ=ʾ�%ĞȼȐ�+ťțȐBǒǼ���š*ȳ˗

ġB 20 mM+ȂŖ&ǰß����(iii)ȳ˗ġǰßǼʀɑ�Bȝű��	
 ùǰßɑ*#
%��˅

&ĸ̆Bʇ"�	
  

 

3.2.2 ĞȼȐ�+ȐȘãĵȧÓƶ  

 ĸ̆ 0�2�5ƚ*��#+ǰßɑ̊ȳ˗ġǰßɑ�ȉǰßɑ̋+ǚȪ�ǭȪ�ĞȼȐđȪB�

Ɂ'ûǊ*U�p~�QBʇ"�	
 ȳ˗ġǰß'ȉǰßɑÌ+ǚȪ̊ CO2�N2O�CH4 �̋ǭȪ̊ TOC�

VFA�SO4
2−�˝[II]�Ç˝̋
;/ĞȼȐđȪ+ TG/DTA*#
%,�Ɂ'ûǊ+Ʋ¦*%Óƶ

��	
 5�ǭȪ�+ƾ̄ġ̊NO3
−�NO2

−�NH4
+�PO4

2−
;/ SiO2̋+ȂŖBK�dEf}GV

�QuA Atro 2-HR̊Bletc̋Bȝ
�ǙɿÓƶ (62)*;"%ķ˚��	
 �+ƾ̄ġÓƶ*#
%,

ȳ˗ġǰßǼʀɑ+ĸ̆ 5ƚȨ+U�p�*Ŀ�%8ûǊ*ʇ"�	
 �<*ĞȼȐđȪBÏɛ

�Ȏ���+đȪ�*þ5?>ÂɕŶÓ̊Ȇɕ�Ǜɕ�ȿɕ�ȴ̈̋+þƪȕB CHNSÓƶʍ

ɫ̊FLASH 2000 Organic Elemental analyzer̎Thermo Scientific̋*;=Ƿķ��	
 )
��+Ó

ƶƲ¦+ʡɗBʊ 3.1*ȷ��	
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3.2.3 ĞȼȐ�<+žÒ�� DNA' RNA*ĝ$�ǐ�¤W�PJ�U�ʘƶ  

� �Ɂ'ûǊ*ĸ̆ 0�2�5ƚ*U�p~�Q��ĞȼȐ�< DNA' RNABžÒ��16S rRNA

ˑ§İ+ V4˾ěBǋȧ*�� PCR5�, RT-PCRĤőBʇ
�ţ<?�ĤőȜȐ}Go}~

Bǐ�¤W�PJ�U�̊MiSeq̋*;>Īʓǌġĝ˔Ôʘʦ*°��	
 ţ<?�rEJ�e+

ǐ�¤W�PJ�Y}Go}~�<˺ǋȧ+ PhiX˔Ô��Q30+«
ɏŖ+˔Ô�Nx}˔Ô

B�Ɂ'ûǊ*ô=ˬ���?�?+˔ÔB QIIME*;=ɑɝĵȧ*ʘƶ��	
 97%¥�+˔

ÔȪûūBƪ�> 16S rRNAˑ§İ,�û�+�Ȼ̊OTU̎Operational taxonomic unit �̋*ȟƳ

�>'ÖƖ��	
 �?�?+OTU+¤ʊġĝ˔ÔBDDBJ nucleotide sequence database + BLAST 

programBȝ
�Ȫûūǅɖ*°��ƨ8ʽɨ)ƙȮťțȐBƊķ��	
 5�ĸ̆ƭ˧*
�>

ĞȼȐ�+ťțȐĩǊū+ƊȹB QIIME*;=ĩǊūƃƒ̊αĩǊūƃƒ̎Chao1�Shannon�

Simpson̎(63-65)̋BɅÒ�>�'&ǜ7�	
 �<*ťțȐɬ˰ǉ˄+ˌ
B�ǐÂp�ad'

�%ʔʕȧ*ɊǾ*ʊ��7ǐ�¤W�PJ�Yc�^+ PCoÅPrincipal coordinate analysis̋

ʘƶBʇ"�	
 ��&,�ɬ˰�+ťțȐ+Ȼ̃ťțȐ+Ȼ̃̊ɑɝůğ̋'ĳĖ˚̊Û=ƅ

<?�˔Ôƒ̋+˨³�<ɬ˰ǉ˄+ˌ
BʒÒ�̊2ǐÂp�ad�+ʴ˲BɅÒ�>̋

Weighted UniFracʘƶBƈȝ��	
  

 

3.2.4 ÁìťțȐ+Ó˲Ĝ̄'ɑɝʘƶ  

� ĞȼȐ1+ȳ˗ġǰß*;=Áìã�>ťțȐɬ̊ ȴ̈˗ãɗʀ B̋Ó˲Ĝ̄�>�7*��˫

ȡŎ˘Ĝ̄ǡ�Bȝ
�̊ǈʑBĐ 3.2*ȷ� 	̋
 Ê¬ȧ*,�șģʟƕBǭ¬Ĝė*;"%Ǖ

ˮȧ*Ŏ˘��ťțȐ+țɱ�ʗľ�?>ƨ8Ŏ˘ȕ+̇
Ĝ̄ȐBƉȻǹ'�%ÍŖŎ˘Ĝ

̄Bʇ"�	
 �+YbapBʏƒČɪ=ʾ��'&ɓɌʀǀ+Ó˲Bʇ�	
 �+Ĝ̄*, 50 mL

M}YjGE�Bȝ
�ĝȶĜė'�%ƐħęWiddelǫǛĜė̊pH7̎ʊ 3.2*əŶBȷ�̋B

18 mLÓǤ��ǚȪB N2/CO2̊80:20, v/v̋&ɫƋ��š�o`�Twƿ'E�vW��&ļƿ

��	
 1¤Ȩ+Ĝ̄*,ĝȶĜė*ĞȼȐŵȁǭB 2 mL̊10%, v/v̋ƉȻ��	
 ˵İõĻ¬'�

%ȳ˗ġ̊20 mM �̋˵İ°�¬'�%ê¬ȴ̈̊20 mM̋	>
,ȴ̈ãúȐ̊`Kȴ˗fd

~Hw [20 mM]�5�, Na2S [2 mM]̋BĜė*ǰß��25 °C+Ƥŷ&�?�?˰ȼĜ̄B˦

Į��	
 ˰ȼĜ̄˦Į�<�ˆ˧š�ê¬ȴ̈5�,ȴ̈ãúȐ+ǊŴ+ħãBƃǋ*˰ȼĜ

̄Ȑ+ 5%BƗ�
Ĝė*Ǆ�ɟ�����< 10+ 8�5&+Ŏ˘ǕˮBȝű��	
 �+;�

)ɟ¤�Ŏ˘Ĝ̄B 4Čɪ=ʾ��3ʀǀ+ɓɌĜ̄ɑBȔţ��	
 )
�ʄÄ̂ťˢ BX-51

̊Olympus�Excitation; 372 nm, Emission; 456 nm̋*;>ɗɳŜŴʗľ�
;/ 16S rRNAĤőȜ

Ȑ+ǐ�¤W�PJ�U�*;>ťțȐɬ˰ǉ˄ʘƶ*;=�¢+ʀ+ǯÆ�Ĥǔ�ȉ
�'

Bȵʢ��	
 �<*�Ɂ'ûǊ+Ʋ¦&Ó˲ʀǀ�<žÒ�� DNAB˟ę'�%�16S rRNA
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ˑ§İ+ġĝ˔Ô+34ÇˣBLj��>p}Gu�[ad�B27f/B1525r (66)�Bȝ
�� Q5 

Hot Start High-Fidelity DNA Polymerase*;> PCRBʇ"�	
 )
 PCRƲ¦Bʊ 3.3*ȷ�	
 PCR

ȜȐBWizard SV Gel and PCR purification kit̊ Promega̋*;=ɏʎ��š�pGEM-T Easy vector 

systems̊ Promega *̋;> TAP��g�QBʇ"�	
 ţ<?�~M�\óũǭB ECOS competent 

E. coli JM109̊Nippon Gene̋Bȝ
�ŜʰʷƋ*°��p}Yve DNABWizard SV Plasmid 

DNA Purification System̊Promega̋*;"%ɏʎ��	
 �+š�ɏʎ��p}Yve DNAB

BigDye Terminator v3.1 Cycle Sequencing kit̊ Applied Biosystems̋Bȝ
�_G^�vh�^�ó

ũBʇ
�DNAW�PJ�U�3730xl̊Applied Biosystems̋Bȝ
%ġĝ˔ÔBʘʦ��	
 ţ

<?�ġĝ˔ÔB ClustalX ver.2.0 (67)*% Multiple alignmentBʇ
�MEGA ver. 5.2 (68)Bȝ


% neighbor-joiningǡ' maximum likelihood ǡ*%ɑɝǍB­Ŷ��̊ ɑɝĵȧȑŦ$� 	̋
 ɑɝ

Ǎ+Ƹ+Óņ*˨�>¶̀ū, 1,000Č+o�dYd}apº+ʛɅ*;=ǜ7�	
 5�Ó˲ʀ

Bȳ˗ġ̊20 mM̋ò/ê¬ȴ̈̊20 mM̋5�,`Kȴ˗ġ ̊20 mM̋Bĝʰ'�% 25°C+

Ƥŷ*% 1�Ʃ˧˹ɫĜ̄���+˧+ SO4
2−' NO3

−+ȂŖBǷķ�>�'&ãĵúŶȉǎƾ̄

ȧ)ĤǔɴBǜ7�̊țȘĵȧȑŦ$� 	̋
  

 

3.2.5 ġĝ˔Ôc�^q�Y1+ȥˠ  

� ưɁ+W�PJ�U�ʘƶ&ţ<?� 16S rRNAˑ§İ+ġĝ˔Ôc�^, MG-RAST data 

base̊ http://metagenomics.anl.gov *̋

%p�XIPdü�Dynamic transition of chemolithotrophic 

sulfur oxidizers in deposited marine sediment in 2015�+ IDȢø 4620652.3–4620661.3̊ 10¸+W�

PJ�Y}Go}~̋'�%ȥˠ�?�	
 5�Ó˲ʀ 3ǀ+ 16S rRNAˑ§İ+ġĝ˔Ôc�^

, DDBJ̊ http://www.ddbj.nig.ac.jp̋1EP[aW|�Ȣø LC029406−LC029408'�%ȥˠ�?

�	
  

 

3.3 ɛƷ  

3.3.1 ĞȼȐ+ȐȘãĵk}x�^  

� SO4
2−9 Fe(III);=8̇Jh�O�+˵İõĻ¬&	>ȳ˗ġBǰß��Ɵ*Ř�ʲ��?>�

ĞȼȐ+ÓʘˊȺBãĵÓƶ*;=ʞ²��	
 ĞȼȐŵȁǭ*ȳ˗ġ 20 mM5�,ĿȌ'�%

ǼʀǛ+6Bǰß���?�?Bȳ˗ġǰßɑ
;/ȉǰßɑ'�% 5ƚ˧įǚȧ*˹ɫ��	
 

�+ɛƷ�ȳ˗ġǰßɑ'ȉǰßɑ+ȐȘãĵk}x�^,Ī��ȣ)"�	
 ǚȪ*

%�

ȳ˗ġǰßɑ+6&ĸ̆ 2ƚȨ* N2O�Ȥț��̊Đ 3.3A 	̋
 �ǰßɑ&ĸ̆˦Įš* CO2Ȃ

Ŗ��Ɯ��ĸ̆ 2ƚȨ*,ȳ˗ġǰßɑ& 258−286 µM�ȉǰßɑ&, 318−378 µM')"�

̊Đ 3.3B 	̋
 �?,ĸ̆˦ĮÙ+ N2MYɫƋ*ʲč�>ɶǚ
;/ CO2-˙Ȇ˗ġǚǭŒʉ*;

>8+'ȷć�?�	
 CO2ȂŖ,�+š�ĸ̆ 5ƚȨ*ȳ˗ġǰßɑ& 255−285 µM')= 2ƚ
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Ȩ+º'34ħA<�*Ɗȹ����ȉǰßɑ& 434 µM*5&Ĥß��	
 5��(!<+ǰß

ɑ*

%8ĸ̆ƭ˧�* CH4,ǅÒ�?)�"�	
  

� 5�ȳ˗ġǰßɑ+ǭȪ&,�NO3
−�ĸ̆˦Įš 2ƚ˧& 17.8 mM�< 15.5 mM+ȂŖ5&

ǳł��ĸ̆ɘ�Ɵ*,ǬĬ��̊ Đ 3.3C 	̋
 )
�NO2
−,ĸ̆ƭ˧B˂�%ǅÒ�?)�"�	
 

NH4
+ȂŖ,ĸ̆ 2ƚȨ*A��*Ĥß� 1.25 mM')"����+š 5ƚȨ* 0.78 mM*ǳł

��̊Đ 3.4A 	̋
 SO4
2−ȂŖ,ĸ̆ 2ƚȨ5&, 14.6−15.5 mM&ɡƂ���+šĸ̆ 5ƚȨ*,

26.0 mM*5&ʁ���Ɯ��̊Đ 3.3D 	̋
 �?,�ĞȼȐ�*Â�ĳĖ�%
�ȴ̈ãúȐ�

SO4
2−*5&˗ã�?�'Ɗľ�?>	
 TOC,ĸ̆ƭ˧B˂�%ɒ 22.6 mg L−1&��ķ+ȂŖ&

	"�̊Đ 3.4B 	̋
 �<*ƍȤūɵɰ˗ ̊VFA̋�ǅÒ�?)�"��'�<�TOC+ŶÓ'

�% VFA,þ5?%
)�"��'�Ɗľ�?>	
 5��ťțȐ+țɱ´ˇčİ&	> SiO2

' PO4
2−+ȂŖ,ĸ̆ƭ˧B˂�%ǳł��̊Đ 3.4C�D 	̋
 ɼĄǮ
�'*�ȉǰßɑ*
�>

�?<+ȐȘãĵk}x�^,3'C(ħã�)�"�̊Đ 3.3�3.4 	̋
 ß�%�ȳ˗ġǰßǼ

ʀɑ*

%8�NO3
−�SiO2
;/ PO4

2−ȂŖ+ǳł,ʒ<?)�"�̊c�^,ÛŲ�> 	̋
 

�?<+�'�<�ȳ˗ġǰßɑ&ʗľ�?�ɶȿóũ'ȴ̈˗ãóũ,ťțȐ¤ʪǨū*±

>8+'ȷć�?�	
  

� ĞȼȐđȪ&,�ȳ˗ġǰßɑ+ȴ̈ŶÓ+þƪȕ�ĸ̆˦ĮƟ* 1.5 wt%&	"�8+��

ĸ̆ 5ƚȨ*, 1.1 wt%*5&ǳł��̊Đ 3.5 	̋
 �+ǳł˚,ȴ̈ŶÓ��ķ+º&Ɗȹ��

ȉǰßɑ'Ǚ2%ƪű&	"�̊P <0.05 	̋
 ǭȪ+ãĵÓƶɛƷ'úA�>'�ȳ˗ġǰßɑ*



%ĞȼȐđȪ�+˒ÂŴ+ȴ̈ãúȐ� SO4
2−*˗ã�?%ǭȪ1ƑÒ�?�'ȷć�?>	
 

¢+ÂɕŶÓ̊ȿɕ�Ȇɕ�Ǜɕ̋+þƪȕ*#
%�ȳ˗ġǰßɑ'ȉǰßɑ+˧&ƪűŊ

,ǅÒ�?)�"�̊Đ 3.6 	̋
 ĸ̆˦ĮƟ
;/�ǰßɑ+ĸ̆ 5ƚȨ*
�> TG/DTAƦɥ

83'C(Ŋ,ʒ<?�̊Đ 3.7 �̋�?*;=ĞȼȐđȪ�+�ʑŶÓ,ȳ˗ġǰß*;=3

'C(ŝ˼Bõ�)�"��'�ȷć�?�	
  

 

3.3.2 ĞȼȐ+ťțȐɬ˰ǉ˄'¤ʪǨūȻ  

� DNA
;/ RNA*ĝ$
�ǐ�¤W�PJ�U�ʘƶ*;=�ĞȼȐ1+ȳ˗ġǰßš+

ĸ̆ˊȺ*
�>ĳĖťțȐɬ̊DNA̋'¤ʪǨūBƪ�>ťțȐɬ̊RNA̋+ƊȹBʘƶ�

�̊ʊ 3.4 	̋
 ȳ˗ġǰßɑ̊“N”: Nitrate̋'ȉǰßɑ̊“C”: Control̋*Ŀ�% DNÅ16S rRNA

ˑ§İ [“G”: genes]̋
;/ RNÅ16S rRNAʷÎȜȐ [“T”: transcripts]̋*ĝ$�ʛ 10¸+W

�PJ�Y}Go}~Bǉɉ��	
 5�ţ<?�W�PJ�Y}Go}~üB�ʜ+˿ƔĲ'

ĸ̆ƭ˧�<¥�+;�*ķɭ�� (̍i) ĸ̆ 0ƚȨ+ DNA' RNAB�?�? G0' T0�̊ ii̋

ȳ˗ġǰßɑ+ĸ̆ 2�5ƚȨ+ DNAB�?�? NG2�NG5�
;/ûĸ̆Ɵ˧+ RNAB�?

�? NT2�NT5�̊ iii̋ȉǰßɑ+ĸ̆ 2�5ƚȨ+ DNAB�?�? CG2�CG5�ûĸ̆Ɵ˧+
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RNAB�?�? CT2�CT5	
 úʛ& 280,651 ˔Ô̊ 1W�PJ�Y}Go}~	�=ŒĘ 28,065

˔Ô̋Bɑɝĵȧ*ʘƶ��	
 �?�?+}Go}~&ţ<?�˔ÔƒBʊ 3.4*ȷ�	
  

� W�PJ�Y}Go}~�<ȉ­Ȉ*žÒ��û�˔Ôƒ̊n = 7,374̋*ĝ$
%ʛɅ�?�

ĞȼȐ�+ťțȐĩǊū+º̊αĩǊūƃƒ̍ Chao1�Shannon�1/Simpson̋Bʊ 3.4*ȷ�	
 

Ɗķ�?>ɣȻƒBȷ� Chao1+º��ȳ˗ġǰßɑ}Go}~̊NG2�NG5�NT2�NT5̋&

ȉǰßɑ}Go}~̊CG2�CG5�CT2�CT5̋;=8ƪű*«�"�	
 �?,�ȳ˗ġǰß*

ũɄ�%ĞȼȐ�+ťțȐ+Ȼƒ�ǳł���'Bȷć�%
>	
 �<*�ťțȐɬ˰+ĘɃ

ūBȷ� Shannon
;/ 1/Simpson+º,�ȳ˗ġǰßɑ+ DNA}Go}~&, G0 > NG2 > 

NG5&	"���ȉǰßɑ+ G0�CG2�CG5+˧&,34ûɃ&	"�̊ĘɃū�Ī�
3(

ťțȐɬ˰+ǉŶ*»=�ł)
'ÖƖ�?�ťțȐĩǊū,̇
'�?> 	̋
 �?<+ƃƒº

�ǳł�%
�½ý,ȳ˗ġǰßɑ+ RNA}Go}~ T0�NT2�NT5&8ʗľ�?���ȉǰ

ßɑ+ T0�CT2�CT5&,ʒ<?)�"�	
 �?*;=�ȳ˗ġǰß+šǐɂ*ĞȼȐ�+ť

țȐɬ˰+ĘɃū�ǳł�%
"��'�ȷć�?�	
 ɣú�>'�ȳ˗ġ+ǰß*;"%Ğ

ȼȐ�+ťțȐɬ˰+ĩǊū,«�)=�ɬ˰+�&	>ȑķ+ťțȐ�Áìã���'�ȷ

ć�?�	
 �<*Ĝ̄ƭ˧�+ťțȐɬ˰ǉ˄BǙʸ�>�7*�W�PJ�Y}Go}~�

<ȉ­Ȉ*žÒ��û�˔Ôƒ̊n = 9,336̋Bȝ
%ùʟƕ˧+Weighted UniFrac*ĝ$��ǐ

Âʴ˲'�%ʊ�� PCoAp�adB­Ŷ��̊Đ 3.8 	̋
 PCoA+�ǐÂĐ&,�ȳ˗ġǰßɑ

+}Go}~,�?�?˲?�Ġŷ1p�ad�?���ȉǰßɑ+}Go}~,34û�Ġ

ŷ*p�ad�?�	
 �+ɛƷ,�ȳ˗ġǰßɑ&,Ɵ˧ɚˊ*¨"%ĞȼȐ�+ťțȐɬ˰

ǉ˄�Üȧ*ˏȹ�%
��'BűĄ�>	
 �<*�ĸ̆˦Į 2ƚ˧;=8�ĸ̆ 2ƚȨ�< 5

ƚȨ+Ƙ�;=Ī�)ħã�ʗľ�?�	
 ß�%�DNÅĳĖťțȐɬ̋' RNÅ¤ʪǨūB

ƪ�>ťțȐɬ̋+}Go}~˧&,p�ad+Ġŷ�˲?%
��'�<�ťțȐɬ˰+˫

<?�ǉŶȻ+6�ȳ˗ġ+ǰß*;= rRNAḂȤȖ��̊ ¤ʪǨūã�?� �̋'�Ś�ȷ

ć�?�	
  

� ǐ�¤W�PJ�Yc�^Bɑɝʘƶ*°��ɛƷ�ȳ˗ġǰßɑ&,ĞȼȐ�+ǉŶťț

ȐȻ̊ DNA 
̋;/¤ʪǨūȻ̊ RNA �̋Üȧ*ħã�%
�̊ Đ 3.9 	̋
 ȑ*ĞȼȐ�+ Epsilon-

' Gamma-proteobacteria ɢ*ń�>ɗʀɬ�?�?+ȪĿĳĖ˚̊DNA̋,�ĸ̆ 0ƚȨ& 2%

' 5%&	"���ĸ̆ 5ƚȨ*, 44%' 17%*5&Üȧ*Ĥß��̊Đ 3.9A 	̋
 Epsilon-'

Gamma-proteobacteria ɢɗʀ, RNA*ĝ$�ʘƶ*

%8ûǊ*̂ʁ)Ĥß�ʒ<?�̊Đ

3.9B 	̋
 Epsilon-' Gamma-proteobacteria ɢɗʀɬ+�!ĸ̆ 5ƚȨ*ĳĖ�>ťțȐ̊ NG5}G

o}~ +̋Áì�ª 10 Ȼ̊ OTU *̋#
%Đ 3.10*ȷ�	
 Epsilonproteobacteriaɢ&,�OTU 4053

�ƨ8Áìã��NG5}Go}~*
�>ȪĿĳĖ˚
;/ NT5}Go}~&+ȪĿŚŖ,�

?�? 42.7%' 14.7%*5&*ˋ��̊Đ 3.10A�B 	̋
 5��+ OTU,ȴ̈˗ãɗʀ'�%Ȯ
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<?> Sulfurimonas denitrificans̊NR074233̋'ɑɝĵȧ*ʽɨ&	"�̊16S rRNAˑ§İ&

98.4%+˔ÔȪûūBƪ�> 	̋
 Gammaproteobacteriaɢ&,�ChromatialesȨɗʀ+ OTU 5722'

OTU 3944�NG5}Go}~*

%��?�? 12.5% ' 1.9%+ȪĿĳĖ˚Bì7�̊ Đ 3.10C 	̋
 

�?<+ OTU*ʽɨ)ťțȐ,�?�? Thioalkalispira microaerophilå NR025239; 96.8%˔ÔȪ

ûū̋' Thioalbus denitrificans̊ NR122087; 100%˔ÔȪûū̋&	=�
�?8ȴ̈˗ãɴBƪ

�>�'�Ȯ<?%
>	
 �<*�Đ 3.11*, Epsilon-' Gamma-proteobacteria ɢɗʀɬ+�!

ĸ̆ 5ƚȨ*¤ʪǨūBƪ�>ťțȐ̊NT5}Go}~̋+�ª 10Ȼ̊OTŰBȷ�	
 

Epsilonproteobacteriaɢ*

%�NG5}Go}~' NT5}Go}~+�ªȻBǙʸ�>'��

+ǉŶ*,3'C(ˌ
�)�̊Đ 3.10A�B̎Đ 3.11A�B �̋ĞȼȐ�&Áìȧ*ĳĖ�%


�ťțȐ 1Ȼ̊OTU 4053̋+6�̇
 rRNAȤȖBȷ�¤ʪǨūȻ&	"�	
 �+�Ƙ&�

Gammaproteobacteriaɢ&,�NG5' NT5+}Go}~˧*
�>�ªȻ+ˌ
,̂ʁ&	"�

̊Đ 3.10C�D̎Đ 3.11C�D 	̋
 NG5}Go}~&ȪĿĳĖ˚�«
� NT5}Go}~&,�ª

Ȼ'�%ǅÒ�?> ChromatialesȨɗʀɬ,ĞȼȐ�&+ʀļŖ�«
8++ rRNA+ȤȖ̊ ^

�kPʰúŶ̋�ǨȤ&	>'Ɗķ�?>	
 �+;�)ťțȐ,ţ<?>Jh�O�BɗɳÓ

ʌ̊Ĥǔ̍ûã¤ʪ̋+�7'
�;=8ŬŐūɡƂ̊ȣã¤ʪ̋*×ȝ�%
>'ɮ�<?

�	
 ¥�B5'7>'�DNA' RNA*ĝ$
�̇ʘÀŖ)ťțȐɬ˰ǉ˄ʘƶ*;=�ȳ˗

ġ�ǰß�?�ĞȼȐ�&,ȴ̈˗ãɗʀ'�%Ȯ<?> Sulfurimonasńɗʀ' ChromatialesȨ

ɗʀɬ�Üȧ*Ĥǔ5�,¤ʪǨūã���'�Ɲ<�')"�	
  

� NT5' CT5}Go}~˧+Ǚʸ�<�Epsilon-' Gamma-proteobacteriaɢɗʀɬ¥Ĩ*8ȳ˗

ġǰß*±ĳ�% rRNAȤȖ�ĸ̆ 5ƚȨ*Ī��)"�ťțȐȻ̊ OTU �̋ĩƒǅÒ�?�	
 

��&,�NT5}Go}~+ȪĿŚŖ��CT5}Go}~'Ǚʸ�% 5¹¥�*)"� OTŮ ȳ

˗ġǰß*;"%̂ʁ*¤ʪǨūã�?�ťțȐȻ̋Bʊ 3.5*ȷ�	
 ȴ̈˗ã¥Ĩ+įǚąÿ

Bʇ�ʏƒ+ťțȐ+¤ʪǨūã�ʒ
Ò�?�	
 ¯�-�Ȥ˖ūɗʀ9Ţńƾ̄ȧ)ȳ˗˒

Âʀ'�%Ȯ<?> Cellulomonas sp.̊ OTU 566̋+ NT5}Go}~*
�>ȪĿŚŖ, CT5}

Go}~'Ǚ2% 430¹ĤĪ�%
�	
 ˒ÂɴBƪ�> Geobacter spp.̊ OTUs 8007, 245, 3917 �̋

Pelobacter sp.̊OTU 2865 �̋Geothrix sp. ̊OTU 2401̋, 13−94¹+ȪĿŚŖ+�Ɯ�ʗľ�?

�	
 ß�%�Ǜɕʯãūx^�țŶöɗʀ'+Éțɗʀ&	>«ɔɵɰ˗˗ãɗʀ+

Syntrophobacteriaceaeȸɗʀ̊ OTU 11860 ò̋/˕˗ʯãūx^�țŶöɗʀ&	> Methanosaeta 

sp.̊OTU 3178̋*#
%8ȳ˗ġǰß*±ĳ��̇
 rRNAȤȖ�ʗľ�?�	
  

� �Ƙ�ȉǰßɑ*
�>ĞȼȐ�+ťțȐɬ˰ǉ˄,ĸ̆ƭ˧�3'C(ħã�)�"�̊ G0�

CG2�CG5�T0�CT2�CT5̎Đ 3.9 	̋
 ��&,�
�?+}Go}~&8 Deltaproteobacteriaɢ

*ń��ȴ˗˒Âʀ'�%Ȯ<?> Desulfobacteraceaeȸ ' Desulfobulbaceaeȸ+ɗʀɬ��ʑ

')"�	
 �?<�?�?+ɗʀɬ,ĸ̆ 5ƚȨ+ȪĿĳĖ˚̊CG5}Go}~̋& 11.5%'
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7.7%�rRNAȤȖBȷ�¤ʪǨūȻ̊CT5}Go}~̋+�& 6.3%' 50%Bì7�	
 �+;�

)ȴ˗˒Âʀɬ+Áì,�?5&Ǌ�)ǫŕĞȼȐ*

%ğĂ�?%
>(52, 54)	
 ���)

�<ĞȼȐ+ȉǰßɑ*

%�ȴ˗˒Âʀ,ȪĿȧ*̇
 rRNAȤȖBȷ�%
>��SO4
2−

ȂŖ,ĸ̆˦Į�< 5ƚȨ5&3'C(ǳł�)�"�̊Đ 3.3C 	̋
 �?<+ɛƷ,�ȳ˗ġȉ

ǰßɑ+ĞȼȐ�&,�Â�ĳĖ�%
�ȴ˗˒Âʀ+¤ʪǨū�ȪĿȧ*̇�ʒȼ8<?%

�5���ȴ˗˒Â,ťř&	>'
��Ɂ+ɛʩBƏƂ�>8+&	>	
 ȳ˗ġǰßɑ
;

/ȉǰßɑ*
�>êªĞȼȐś�=+ɞĿȧ)¤ʪǨū*#
%,¥˪+ʧ́'�%Ƅ�<

?�̊�Ɂ*%ʨƽ 	̋
  

 

3.3.3 Áì��ȴ̈˗ãɗʀ'�+ãĵúŶȉǎƾ̄ȧ)Ĥǔ  

� ȴ̈ãúȐ'ȳ˗ġBĈ�+Jh�O�ǹ'��ǭ¬Ĝė*;>˫ȡŎ˘Ĝ̄ǡ*;=�ǧ

ǢŹ��ĞȼȐ�< 3 ǀ̊ HDS01�HDS22�HDSN4 +̋ɓɌĜ̄ǀBôţ��̊ Đ 3.12�ʊ 3.6 	̋
 

)
�16S rRNAˑ§İĤőȜȐ+ǐ�¤W�PJ�Yʘƶ*;=�ù�+Ó˲ʀǀ� 99.9%¥

�*˰ȼ̊ɓã̋�?%
>�'Bȵʢ��̊c�^,ÛŲ�> 	̋
 16S rRNAˑ§İ+34Ç

ˣ*ĝ$�ɑɝʘƶ�<��?<+Ó˲ʀǀ,ɑɝǍ�&Ɨ�
P}Y^�BŜŶ��HDS01

ǀ' HDSN4ǀ,ƨʽɨȻ Sulfurimonas denitrificans̊ NR074233 *̋Ŀ�%�?�? 96.7%' 95.8%

+ġĝ˔ÔȪûūBȷ��HD22ǀ, Thioalkalispira microaerophilå NR025239̋*Ŀ�% 95.2%

+ 16S rRNAˑ§İ+ġĝ˔ÔȪûūBȷ��	
 ȻBÖķ�>ĝǺ*˨�%�öËȧ)ɑɝÓ̃

&ȝ
<?>ƻɿ¬ DNA-DNAÓİ�˱ʟ̆&,Ȫûū 70%&û�Ȼ'ÖƖ�>+'ûǊ*�

16S rRNAˑ§İ+ġĝ˔Ô+Ȫûū� 97.0%¥�&	>�'�û�Ȼ'�%+˩º'�%ȷ�

?%
= (69)�ɞĿȧ&,)
���+ƒº�ťțȐȻBɑɝĵȧ*Ó̃�>Ġú+ȨĶ'�

?%
>	
 ưȰȽ&ţ<?�
�?+Ó˲ʀǀ8ƙȮʀ+ 16S rRNAˑ§İ+ġĝ˔Ô*Ŀ�%

97.0%¥�+«
ȪûūBȷ��'�<�Sulfurimonasń
;/ Thioalkalispira ń+ƗȻ&	>

�'�Ś�ȷć�?�	
 5� HDS01ǀ' HDS22ǀ,�ȳ˗ġǰßɑ+ĞȼȐ�&ƨ8Áìã

��ȴ̈˗ãɗʀɬ̊�?�? OTU 4053' 5722̋*�ɻ��̊Đ 3.10A�C 	̋
 �<*Ó˲ʀ

HDS01ǀ'HDS22ǀBê¬ȴ̈5�,`Kȴ˗ġB˵İ°�¬*ȳ˗ġB˵İ°�¬'��ǭ

¬Ĝė*%Ĝ̄��'�@�NO3
—+ǳł
;/ SO4

2−+țŶ�ȵʢ�?�	
 �+�'�<��ʀ

ǀ,ȴ̈ãúȐ'ȳ˗ġBĝʰ'�%ãĵúŶȉǎƾ̄ȧ*țɱ&�>�'�ȷ�?�̊ ʊ 3.6 	̋
  

 

3.4 ɮľ  

� ưɁ&, SO4
2−9 Fe(III);=8̇Jh�O�+˵İõĻ¬�NO3

−�B˵İõĻ¬'�>įǚÓ

ʘ*ȊȇBś%�ǧǢŹ��ĞȼȐ1+ȳ˗ġ+ǰß*ũɄ��ȐȘãĵk}x�^'ťțȐ

ɬ˰ǉ˄+ħãBʘƶ��	
 ùȻP�udQ}nǡ�CHNSÂɕÓƶ)(+ĩǊ)ãĵÓƶ*;
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"%�ĞȼȐÓʘ+ƃǋ')>ȐȘãĵȧk}x�^̊NO3
−9 SO4

2−)(̋BɚƟȧ*ˀʵ�>

�'*ŶÞ��	
 5� DNA' RNA*ĝ$
�ǐ�¤W�PJ�U�ʘƶ*;=�ȴ̈˗ãɗ

ʀ+ŪȀ)Ĥǔ'¤ʪǨūãḂųŖ�#̇ʘÀŖ*Ɔ�>�'�&��	
 ȳ˗ġǰß*;=

Áìã��ɑɝȧ*Ɨʓ)ȴ̈˗ãɗʀ+Ó˲Ĝ̄*ŶÞ���?<Ó˲ǀ+ȳ˗ġ'ȴ̈ã

úȐ*;>ãĵúŶȉǎƾ̄ȧ)țɱBƝ<�*��	
 �<*ĸ̆ɘ�Ɵ*
�>Ȥ˖ūɗʀ�

˝˒Âʀ�˕˗ʯãūx^�țŶöɗʀ+ 16S rRNAȤȖ�ȵʢ�?��'�<�ȳ˗ġǰß±

ĳȧ*˵İ°�¬�¢+įǚťțȐ+Jh�O�ǹ'�%ĞȼȐÌ*°ɜ�?��'�Ś�ȷ

ć�?�	
 ùȻãĵÓƶ�ǐ�¤W�PJ�U�ʘƶ�Ó˲Ĝ̄ǡBə6úA�>�'&�Ğ

ȼȐ*
�>ťțȐɬ˰+Üȧ)șģũɄBʘƝ�>�'�&��	
  

� ĞȼȐʟƕ1+ȳ˗ġ+ǰß*;=ɶȿóũ'ȴ̈˗ãóũ�ʣȤ�?�̊Đ 3.3 	̋
 ĸ̆ƭ

˧�+ TOCȂŖ,3'C(ħã�)�"��'�<̊Đ 3.4B �̋Ţńƾ̄ȧ)ȳ˗˒Âóũ,

34ʲ�%
)�"��'�ȷć�?�	
 ˵İ°�¬')>ƪǎȐ�ƺǲ��Ʋ¦�&,�ɶ

ȿóũ'ÉŞ��ȴ̈˗ãóũ�ʲ�>�'��?5&*̉ǫ9j�dǫ+ǫŕĞȼȐ&ğĂ

�?%
>(70-72)	
 ưȰȽ&,�ȳ˗ġǰß+š�ĞȼȐ�+ȴ̈Âɕ�ƪű*ǳł��̊Đ

3.5 	̋
 �+�'�<�Â�ĳĖ�%
�ȴ̈ŶÓ�¯�-ê¬ȴ̈9ȴ̈ãúȐ̊`Kȴ˗�ȴ

ãǛɕɃ �̋ɶȿóũ'ÉŞ��˗ãóũ*;= SO4
2−*5&˗ã�?��'�Ś�ȷć�?>	
 

ê¬ȴ̈ò/�?<+ȴ̈ãúȐ+˗ãóũ'ɶȿóũ,¥�+ãĵóũŗ+;�*ˇʇ�>

(73, 74)	
  

5S0 + 6NO3
− + 2H2O ! 5SO4

2− + 3N2 + 4H+  (1)  

5S2O3
2− + 8NO3

− + H2O ! 10SO4
2− + 4N2 + 2H+  (2)  

 5HS− + 8NO3
− + 3H+ ! 5SO4

2− + 4N2 + 4H2O  (3)  

ȳ˗ġǰßɑ&,�ĸ̆ƭ˧B˂�%Ǭʮ�?� NO3
−ȂŖ, 17.7 mM�țŶ�?� SO4

2−ȂŖ,

11.3 mM&	"�̊Đ 3.3B�C 	̋
 �+'�+ NO3
−/SO4

2−+Ǚ, 1.57&	=��ʜ(3)ŗ+ȴãǛ

ɕ˗ãóũ'ɶȿóũ+ÉŞóũ+ãĵ˚ʩǙ'34�ɻ��	
 ȴ˗˒Âóũ+ƨɘțŶȐ&

	>ȴãǛɕ+ʂȼ,ǫŕĞȼȐ*

%�?5&*ĩ�ğĂ�?%�%
>(16, 51, 71)	
 �?

<+�'�<�ưĞȼȐ�*ʂȼ�%
�ȴãȐ�ɶȿóũ'ÉŞ�>˗ãóũ+˵İ°�¬

'�%�*®A?�'Ɗľ�?>	
  

� ȳ˗ġǰßɑ*

%�Epsilon-' Gamma-proteobacteriaɢ+ȴ̈˗ãɗʀ+Üȧ)Ĥǔ�ǐ

�¤W�PJ�U�ʘƶ*;=Ɲ<�')"�̊Đ 3.10 	̋
 �+�+ÁìȻ&	> OTU 4053'

OTU 5722*Ŀũ�>ťțȐ+Ó˲Ĝ̄*ŶÞ��HDS01ǀ, Sulfurimonasń�HDS22ǀ,

Thioalkalispirań*ŏń�>ɗʀ&	>�'�ȷć�?�̊Đ 3.12�ʊ 3.6 	̋
 �?<+Ó˲ʀǀ

,�ƙȮʀ+ 16S rRNAˑ§İ˔Ô*Ŀ�% 95.2%−96.7%+ȪûūBȷ��ȳ˗ġ'ȴ̈ŶÓ̊ ê

¬ȴ̈
;/`Kȴ˗ġ̋BĈ�+Jh�O�ǹ'�%ãĵúŶȉǎƾ̄ȧ*țɱ÷ɴ&	>
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�'�ʘƝ�?�	
 ãĵúŶȴ̈˗ãɗʀ&	> OTU 4053̊ HDS01ǀ 
̋;/ OTU 5722̊ HDS22

ǀ̋�?�?+ĞȼȐ�&+ȪĿĳĖ˚,�ĸ̆˦ĮƟ* 0.03%' 0.5%&	"�+�ĸ̆ 5ƚ

Ȩ*, 42.7%' 12.5%1'Üȧ*Ū�Ɯ��	
 �+Üȧ)Ĥǔ*¨"% rRNAȤȖ̊^�kPʰ

úŶ̋8Ĥß��̊Đ 3.11B�D 	̋
 ß�%�ȳ˗ġǰßɑ&,ȉǰßɑ'Ǚ2%ĸ̆ 5ƚȨ+

CO2ȂŖ�ƪű*«�"��'�<̊Đ 3.3A �̋�+'�ĞȼȐɑÌ&,ãĵúŶȴ̈˗ãɗʀ

ɬ*;>Ȇ˗đķ�ʲ�%
��'�ȷć�?�	
 �?<+ɛƷ,�OTU 40539 OTU 5722̊ í

!�HDS01ǀ' HDS22ǀ̋�ĞȼȐÌ+ɶȿóũ'ȴ̈˗ãóũ
;/Ȇ˗đķóũ*ȩƉȧ

*˨��%
��'Bȷć�%
>	
 ǐ�¤W�PJ�U�*;>̇ʘÀŖ)ɑɝʘƶ*;=�

�?<+Ó˲ʀǀ¥Ĩ*8 ChromatialesȨɗʀɬ�ȳ˗ġǰß*;=Ĥǔ
;/¤ʪǨūã�

��'�ʗľ�?̊Đ 3.10�3.11 �̋ưɑɝ*ń�>ʏƒ+ɗʀɬ8é¿ȧ*ĞȼȐ�+ȴ̈�

ȿɕ�Ȇɕ+Ťș*˨��%
�'ȷć�?�	
  

� �<*��ʿ+ãĵúŶȴ̈˗ãɗʀɬ+¢*�ȳ˗ġǰßɑ+ĸ̆ɘ�Ɵ*

%̂ʁ*

rRNAȤȖ̊^�kPʰúŶ̋Bȷ��ťțȐɬ�ʏƒǅÒ�?�̊ʊ 3.6 	̋
 ˵İõĻ¬'�%

¿� SO4
2−�Fe(III)�CO2,Â�ĞȼȐÌ*ĳĖ�%
=̊Đ 3.3B�D�Đ 3.4E �̋ˎś)˵İ°

�¬̊ƪǎȐ̋�°ɜ�??-��?<+˗ã˒Âóũ̊įǚąÿ̋,ʲ�=�>ȒǠ&	"

�	
 ǐ�¤W�PJ�U�Bȝ
�̇ʘÀŖʘƶ*;=�ĸ̆ 5ƚȨ*,Ţńƾ̄ūȳ˗˒Â

ʀ9Ȥ˖ūɗʀ̊Cellulomonas sp.̋9˝˒Âʀ̊Geobacter sp., Pelobacter sp., Geothrix sp. �̋�<

*˕˗ʯãū+x^�țŶöɗʀ̊Methanosaeta sp.̋*ʽɨ)ťțȐɬ+ȳ˗ġǰß*±ĳ�

� rRNAȤȖ+�Ɯ�Ɲ<�')"�̊ʊ 3.6 	̋
 �?<+�'�<�ȳ˗ġ+ǰßš�ãĵúŶ

ȴ̈˗ãɗʀ*;"%đķ�?�Ȇɕ�ĞȼȐ�*°ɜ�?�¢+įǚąÿBʇ�ťțȐ+J

h�O�ǹ�ƾ̄ǹ'�%×ȝ�?��'�ȷć�?�	
 �+;�)ĞȼȐ�+įǚťțȐ˧

+¤ʪhad��P+ʘƝ*,�Ķķûª¬ˀʵǡ̊Stable isotope probing (24)̋+ˎȝ�àƷȧ

&	>'ɮ�<?�	
  

� ɑɝ+Ī��ȣ)>�Ȼ̃+ȴ̈˗ãɗʀ̊Sulfurimonas ńɗʀ
;/ ChromatialesȨɗʀ̋

,ûǊ+țȘĵȧǎɴ̊ȴ̈˗ãɴ�ɶȿɴ�Ȇ˗đķɴ̋Bƪ�)�<8ĞȼȐ�&Éĳ�

%
�̊Đ 3.10 	̋
 Sulfurimonasń,�Ȼ̊OTU 4053 [HDS01ǀ]̋�Áìã
;/¤ʪǨūã�

��̊ Đ 3.10 �̋�+�Ƙ& ChromatialesȨɗʀɬ,ʏƒȻ̊ ¯�- OTU 5722 [HDS22 ǀ]�OTU 

39449 OTU 1143̋+¤ʪǨūã�ʗľ�?�	
 OTU 5722' OTU 6560¥Ĩ+ ChromatialesȨ

ɗʀ, rRNAȤȖ�Ī�
8++��+ʀļŖ,Ǉ7%Ł��"��'�<̊Đ 3.11C�D �̋�

+ɗʀɬ,ȴ̈ãúȐ'ȳ˗ġ'+ȣã¤ʪ�ǨȤ&	>��ĞȼȐ�+Ȇ˗5�, CO2Bđ

ķ�%Ĥǔ�>ûã¤ʪB	5=ʇ"%
)�"��'��Ű�?>	
 ʽœ+Riwʘƶ+ɛ

Ʒ*;= Sulfurimonasńɗʀ' ChromatialesȨɗʀ,�ȴ̈˗ãóũ'ȳ˗˒Âóũ
;/Ȇ˗

đķóũ*

%ȣ)>¤ʪɚʶBƪ�%
>�'�ğĂ�?%
>(75-79)	
 ȑ*�Sulfurimonas
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ńɗʀ,˒Âȧ TCÅ reductive tricarboxylic acid Č̋ʶ�ChromatialesȨɗʀ,CBB̊ Calvin–Benson–

Bassham̋Čʶ*;=Ȇ˗5�, CO2đķBʇ"%
>�'�ğĂ�?%
>	
 țŶ�?>ƨɘ

ȜȐ,˒Âȧ TCAČʶ&,ƪǎ˗�CCBČʶ&,ɐ&	=��?�?+ț¬ǉŶÓİ+țúŶ

�ȣ)>Ƀ�ɼĄǮ
¤ʪɚʶ+ˌ
�ğĂ�?%
>	
 �<*�ChromatialesȨɗʀɬ+�*

,�Jh�O��˫<?�Ʋ¦&+6�í! 1−2 mMȺŖ+«
 NO3
−ȂŖ*

%+6țɱ÷

ɴ)ťțȐ+ĳĖ8Ȯ<?>(80)	
  š+Ó˲ʀǀ+ÇRiwʘʦ9ÉĜ̄ʟ̆Ƀ*;>ʡɗ)

ʘƶ*;=�ĞȼȐ*
�>ȴ̈˗ãɗʀ+ǃ6Ó�ǎǉ+ʘƝ�ƭŠ�?>	
 �?<+�'

�<�ĞȼȐ�&,ʏƒȻ+ãĵúŶȉǎƾ̄ȴ̈˗ãɗʀ��?�?ȣ)>¤ʪɚʶ9țȘ

ȑūBƪ�>�'*;=țŴȧga`BŜŶ�%
>'�Ű�?>	
  

 

3.5 5'7  

� ưɁ&, SO4
2−9 Fe(III);=̇Jh�O�+˵İõĻ¬�NO3

−�BǧǢŹ��ĞȼȐ1ǰß�

�Ɵ+Óʘtb�Wz�ʞ²'ťțȐɬ˰+ũɄBʘƶ��	
 ťțȐɬ˰�*

%Ç¬+

0.5%¥�&A��*ĳĖ�%
� Sulfurimonasń
;/ ChromatialesȨ*ń�>ɗʀɬ��ȳ˗

ġǰß*;=ʣȤ�?>ɶȿ'ȴ̈˗ã*ȩƉȧ*˨��Ĥǔ��	
 �+š�Ţńƾ̄ț+į

ǚąÿťțȐɬ+¤ʪǨūã�ʗľ�?��'�<��+Ɵ+ĞȼȐ�&,Ȇɕǹ�°ɜ�?

%
��'�ȷć�?�	
 Áì��ȴ̈˗ãɗʀ,ãĵúŶȉǎƾ̄ȧ*țɱ�>�'�÷ɴ

&	"��'�<�ȴ̈˗ãɗʀ�ĞȼȐ�+�ǐțȜɯ')>�'&�ĞȼȐ+įǚÓʘˊ

Ⱥ�ˇ6##	>�'�Ś�ȷć�?�	
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ʊ 3.1 ãĵÓƶʍɫ+Ʋ¦  

ƪǎÂɕŶÓ̊CHNS Óƶʍɫ̋ÓƶƲ¦ 
CHNSÂɕÓƶʍɫ FLASH 2000 (Thermo Scientific) 
L}w CHNS/NCS PQS (Thermo Scientific) 
ǅÒĊ TCD 
ȹáȪ He 
ǩ˚ 130 mL/min 
L}wǶŖ 65°C 
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ʊ 3.2(A) Ɛħę WiddelǫǛĜė+əŶ  

Modified Widdel medium 
Reagent g /L Final concentration (mM) 

NH4Cl 0.535 10 
KH2PO4 0.136 1 
MgCl2·6H2O 3.04 15 
NaCl 20.45 350 
CaCl2·2H2O 0.147 1 
NaHCO3 2.52 30 
Trace element solution 1 mL - 
Vitamin solution 2 mL - 
Water Up to 1000 mL  

 

ʊ 3.2(B) Ɛħę WiddelǫǛĜė Trace element solution ̊1000¹Ȃɩǭ̋+əŶ  

Trace element solution 
Reagent g /L Final concentration (µM)* 

FeCl2 1.27 10 
CoCl2 0.13 1 
MnCl2·4H2O 0.198 1 
ZnCl2 0.136 1 
H3BO3 0.0062 0.1 
NiCl2 0.013 0.1 
AlCl3 0.0133 0.1 
Na2MoO4·2H2O 0.0242 0.1 
Na2SeO3 0.0017 0.01 
Na2WO4·H2O 0.0033 0.01 
CuCl2 0.0013 0.01 

 

ʊ 3.2(C) Ɛħę WiddelǫǛĜė Vitamin solution̊500¹Ȃɩǭ̋+əŶ  

Vitamin soluiton 
Reagent mg /L Final concentration (µM)* 

Biotion 5 20 
p-aminobenzoic acid 5 20 
Pantothenate 5 20 
Pyridoxine 10 20 
Nicotinamide 5 20 
Thiamine 5 20 
Lipoic acid 5 20 
Foloc acid 5 20 
Vitamin B12 5 20 
Riboflavin 5 20 

* ĸ˯+Ĝė*
�>ɘȂŖBȷ�	
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ʊ 3.3(A) PCRóũǭ+əŶ  

Solution Voume 
(µL) 

Template 2 
5×Q5 Reaction buffer 10 
2.5 mM dNTP 1 
30p B27f 0.5 
30p B1525r 0.5 
Q5 Hot Start High-Fidelity DNA Polymerase 0.5 
Water 20.5 

 Total: 50 µL/PCR tube 

 

ʊ 3.3(B) PCRóũǶŖ�Ɵ˧  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Initial denaturation 98 1:30 1 
Denaturation 98 0:10 

35 Annealing 52 0:30 
Extention 72 1:00 
Final extention 72 2:00 1 
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ʊ 3.4 16S rRNA ˑ§İ̊DNA̋'�+ʷÎȜȐ̊RNA̋+ǐ�¤W�PJ�Yc�^*

ĝ$�ĞȼȐ�+ťțȐĩǊūƃƒ̊αĩǊūƃƒ̋  

16S rRNA 
Sequence 

library 
name* 

No. of  
sequenes 

Alpha-diversity** 

Chao1 Shannon 1/Simpson 

Genes 

G0 40,869 2620±159 9.27±0.34 130.1±6.4 
GN2 23,005 4593±184 8.89±0.03 84.7±1.6 
GN5 40,169 3131±294 5.50±0.05 5.4±0.1 
GC2 34,022 4951±157 9.37±0.03 137.7±4.9 
GC5 33,723 4730±189 9.24±0.02 110.2±5.4 

Transc- 
ripts 

T0 9,336 4313±249 6.81±0.02 16.1±0.2 
TN2 13,527 4237±198 6.71±0.03 18.8±0.5 
TN5 16,191 3020±219 5.70±0.04 15.8±0.3 
TC2 36,721 4594±213 6.89±0.04 18.0±0.5 
TC5 33,088 3950±207 6.78±0.04 17.8±0.3 

* G0�T0,ĸ̆ 0ƚȨ�NG2�NG5�NT2�NT5,ȳ˗ġǰßɑ+ĸ̆ 2�5ƚȨ�CG2�CG5�

CT2�CT5,ȉǰßɑ+ĸ̆ 2�5ƚȨB�?�?ȷ�	
  

** �?�?+ĩǊūƃƒ,ùW�PJ�Y}Go}~�<û�W�PJ�Yƒ̊n = 7,374̋B

ȉ­Ȉ* 10ČːŽ�%ʛɅ��	
 �+ŒĘº'ǋǺʤŊBȷ�	
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O 3.5 HR)=%L/X 54F� 16S rRNA�YEA�����2D?JZOTU\Operational taxonomic unit[  

OTU 
ID 

Closely related species 
Similarity 

 (%) 
Acc. No. Phylum/Class Family 

Relative 
abundance 

(%)* 

Increase 
ratio 

(fold)** 
Putative function*** 

Marine 
bacteria
**** 

 4053 Sulfurimonas denitrificans 98.4 NR121690 Epsilonproteobacteria Helicobacteraceae 14.64 2421.7 Sulfur oxidation + 

566 Cellulomonas oligotrophica 98.8 KF817659 Actinobacteria Cellulomonadaceae 2.60 430.2 Fermentation, nitrate reduction + 

13536 Thioalkalispira microaerophila 97.6 NR025239 Gammaproteobacteria Thioalkalispiraceae 0.82 269.8 Sulfur oxidation + 

11183 Thioalbus denitrificans 96.8 NR122087 Gammaproteobacteria Ectothiorhodospiraceae 0.43 143.1 Sulfur oxidation + 

8007 Geobacter bremensis 100 KF800712 Deltaproteobacteria Geobacteraceae 6.78 93.5 Iron(III) reduction − 
+ 3944 Thioalbus denitrificans 100 NR122087 Gammaproteobacteria Ectothiorhodospiraceae 13.37 38.8 Sulfur oxidation + 

2401 Geothrix fermentans 99.2 NR036779 Acidobacteria Holophagae 0.21 34.7 Iron(III) reduction + 

14834 Thioalbus denitrificans 96.8 NR122087 Gammaproteobacteria Ectothiorhodospiraceae 0.20 33.7 Sulfur oxidation + 

7917 Thioprofundum lithotrophicum 95.2 NR112829 Gammaproteobacteria Thioalkalispiraceae 0.09 30.7 Sulfur oxidation + 

2865 Pelobacter carbinolicus 95.2 NR075013 Deltaproteobacteria Pelobacteraceae 0.09 28.6 Iron(III), sulfate reduction + 

425 Geobacter luticola 99.6 NR114303 Deltaproteobacteria Geobacteraceae 6.02 26.5 Iron(III) reduction − 

20 Thioprofundum lithotrophicum 94.5 NR112829 Gammaproteobacteria Thioalkalispiraceae 0.07 22.5 Sulfur oxidation + 

12681 Thioprofundum lithotrophicum 96.4 NR112829 Gammaproteobacteria Thioalkalispiraceae 0.33 22.1 Sulfur oxidation + 

5722 Thioalkalispira microaerophila 96.8 NR025239 Gammaproteobacteria Thioalkalispiraceae 10.17 21.4 Sulfur oxidation + 

15348 Thioprofundum lithotrophicum 95.3 NR112829 Gammaproteobacteria Thioalkalispiraceae 0.31 17.4 Sulfur oxidation + 

13687 Desulfovibrio butyratiphilus 95.3 NR112679 Deltaproteobacteria Desulfovibrionales 0.09 15.3 Butyrate oxidation, sulfate reduction + 

3917 Geobacter pelophilus 97.6 NR026077 Deltaproteobacteria Geobacteraceae 0.12 12.9 Iron(III) reduction − 

14604 Desulfocapsa sulfexigens 93.3 KF952439 Deltaproteobacteria Desulfobacterales 0.06 10.2 Sulfur disproportion + 

12930 Thioalkalispira microaerophila 97.6 NR025239 Gammaproteobacteria Thioalkalispiraceae 0.12 9.7 Sulfur oxidation + 

17265 Desulfomonile tiedjei 98.4 NR074118 Deltaproteobacteria Syntrophaceae 0.09 7.7 Sulfate reduction + 

9626 Desulfobulbus mediterraneus 94.5 NR025150 Deltaproteobacteria Desulfobulbaceae 4.05 6.2 Sulfate reduction + 

1714 Thioprofundum lithotrophicum 96.0 NR112829 Gammaproteobacteria Thioalkalispiraceae 0.06 6.1 Sulfur oxidation + 

*NT5���������G0-'S�I� (0.05% "!�T,
�) � 

**CT5������G0-'S�8P
�+%@�K#
�� 
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***5QMJ�DB7N����
�� OTU�6��7N�3.
�� 

****5QMJ�;:���Y>1�)�&�C*��$V(W	�� OTU���+��U ���<9C*��5QMJ�$V(W	�� OTU��

�−��I
�� 
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ƴ 3.6 °ǹƯĻ*Ɩƞíž~ųűížČǊ  

ȉĨƃĈųŬ* 16S rRNAǢ�ê)ô�<Ǥ±ƂÊČ&Ɔȇ¾ÉŬ)9<ųƨȊ  

Strain 
name 

Closest relative species 
Similarity 

(%) 
Accession No. 

Sulfer compounds* Related 
OTU Sulfur (S0) Thiosulfate 

HDS01 Sulfurimonas denitrificans 96.7  NR074133 + ++ 4053 
HDS22 Thioalkalispira microaerophila 95.2  NR025239 + + 5722 
HDNS4 Sulfurimonas denitrificans 95.8  NR074133 − − 8028 

* Ɔȇ¾ÉŬ&ƅǧß?ÚǊ)�$°ǹƯ?�}İǱéŌž)ÙȄ��SO4
2—*ųĒţā
9-

NO3
−*Ŝöţā��=�= 10 mM��*ÝÉ)+�++��1 mM�� 10 mM9;�
ÝÉ)+

�+��1 mM9;7�
ÝÉ)+�−�?Ɖ�	
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Ó 3.1ÛƌŬ*ƅǧǣ¦n\|Stxǁ�Ɩ*ñȅŀƸ  

 

 

Ó 3.2 ǴŸýǨÙȄő)9<ĈųŬ*°ǹÙȄ*ŀƸ  

 

一代目 

二代目 

培養 
X代目 

・
・
・
・
・ 

二代目希釈培養へ 

純粋菌株獲得 

三代目希釈培養へ 

希釈 
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Ó 3.3ƅǧǣ¦Ķ�)
�<ÛƌŬ*Ŭű¾íevr�X*â¾ -1 

ȈƮ*d�+ƅǧßŚºƖ�ŽƮ*d�+ŨŚºƖ?Ɖ�	
 A+ŌƂ* N2O �B+ŌƂ* CO2�

C+ŘƂ�* NO3
−�D+ŘƂ�* SO4

2−*ţā?�=�=Ɖ�	
 Fv�d�+�Ǚ*ŚºƖ)


�<ŃŠǄû?Ɖ�	
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Ó 3.4ƅǧǣ¦Ķ�)
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Ó 3.5ƅǧǣ¦Ķ�)
�<ÛƌŬÔƂ�*ƆȇĒ°Íıů*â¾  
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Ó 3.6ƅǧǣ¦Ķ�)
�<ÛƌŬÔƂ�*ƎƘ�ťƘ�ōƘĒ°Íıů*â¾  
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Ó 3.7 ƅǧǣ¦Ķ�)
�<ÛƌŬÔƂ* TG/DTAeX�|  
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Ó 3.8 16S rRNA Ǣ�ê(DNA)&�*Ǒ­ŴŬȉRNAȊ*ň��S�MF|U]�X)Ú
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Ó 3.9ƅǧǣ¦Ķ�)
�<ÛƌŬ�*ĈųŬƥǷŁǘ&�ǇŕČĈųŬ  
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Ó 3.10 Epsilon-& Gamma-proteobacteriaƟƙƯƥ*ñȅ 5ĩƀ)¥Á�<ĈųŬ  

�� 10ƋȉOTUȍOperational taxonomic unitȊ  

ȈƮ*d�+ƅǧßŚºƖ�ŽƮ*d�+ŨŚºƖ?Ɖ�	
 ñȅ 5ĩƀ* NG5vDhvwȉDNAȊ
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Epsilonproteobacteria�

OTU� Closely/related/species� Similarity/
(%)/� Acc./No.�

4053� Sulfurimonas,denitrificans,� 98.4/ NR074133/

2169� Sulfurimonas,gotlandica, 95.6� NR121690/

12272� Sulfurimonas,autotrophica� 90.1� NR074451/

9364� Sulfurimonas,autotrophica,, 91.2� NR074451�

5598� Sulfurimonas,gotlandica, 92.0� NR121690/

9806� Sulfurimonas,paralvinellae� NR041439/90.4�

10381� Sulfurimonas,denitrificans,� 96.8/ NR074133/

8028� Sulfurimonas,denitrificans,� 96.8/ NR074133/

555� Sulfurimonas,denitrificans,� 95.2/ NR074133/

4030� Sulfurimonas,denitrificans,� 97.2/ NR074133/
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(C)$Gene� (D)$Transcript�

Gammaproteobacteria�

OTU� Closely/related/species� Similarity/
(%)/� Acc./No.�

5722�Thioalkalispira,microaerophila, 96.8�NR025239/

3944�Thioalbus,denitrificans� NR122087/100�

1714�Thioprofundum,lithotrophicum� NR112829/96.0�

9821�Thiohalomonas,nitra9reducens� NR043974/95.7�

11227�Thioalkalispira,microaerophila, NR025239�97.6�

13735�Thioprofundum,hispidum,� NR112620/�97.2�

Thiohalophilus,thiocyanatoxydans,2690� NR043875�97.2�

14895�Thioalkalispira,microaerophila, NR025239�96.8�

12681�Thioprofundum,lithotrophicum� NR112829/�96.4�

12930�Thioalkalispira,microaerophila, NR025239�97.6�
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Ó 3.11 Epsilon-& Gamma-proteobacteriaƟƙƯƥ*ñȅ 5ĩƀ)�ǇŕČ?Ɖ�  

ĈųŬ�� 10ƋȉOTUȍOperational taxonomic unitȊ  

ȈƮ*d�+ƅǧßŚºƖ�ŽƮ*d�+ŨŚºƖ?Ɖ�	
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Ó 3.12°ǹƯĻ*Ɩƞíž�Ƥ  
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�ÑƐ�ǍȆĐā Stable Isotope Probing *ǰŻ  
4.1 +�6)  

� Stable isotope probingȉSIPȊ+Ųà�*ĳƃ~ĳÙȄĈųŬ*�Ɩƞ�&��Ǉņƪ�?Ɓĝ

ž)Ɲ-"�<ēő%	<	
 13C�15N8 18O&
!�îðÊ��?Í5¾ÉŬ�ÚǊ&�$´ŵ

�=��=:?�Ǉ°Ƽ��ųÉĒƜǏ?��$ų�Ē°/Å;ǔ5ĈųŬ�ŭð�=$�� 

(81-83)	
 SIPő%ôǉ&�<ĈųŬĒ�Ē°)+w|ƫǊƫƧǧȉphospholipid-derived fatty 

acidsȎPLFAȊ(81)8ļǧȉDNA� rRNA�mRNAȊ(24, 84, 85)�
9-X|eMǊ (86)�	<	
 

�*�%7ļǧ)Ú#� SIP+ DNA-SIP& RNA-SIP)°�:=<	
 ƙƩ°ƵȉáŉȊ��>(


& DNAÉĒ+ǌ�:(
��ƙƩ«%*ǦƘÃċ)ĊƸ(X|eMǊ*ŻŰ*�6) RNA

+ſ@)ÉĒ�=<	
 �*�6 RNA-SIP%+áŉ)�ì���ǇŕČ?ı�<ĈųŬ*Ê��

ÚǊ*Å;ǔ4?ľ¯%�<	
 �*9�( RNA-SIPő*Ă4?ŕ����=3%)ł�(Ųà

ǂĤ)

$�ĳƃ~ĳÙȄĈųŬ*rX|ǧ¾�ǥǧǧ¾Ư�ǫǣ¦�B|s`Bǧ¾�ť

ǧÔð('*�Ǉņƪ�ī:�)�=$�� (25, 87-90)	
 rRNA-SIP%+îðÊ��ÚǊ%Ųà

ǂĤ?ÙȄ��Ą�Ê��Ńǈ�=� RNA ?òā½ǤǍǞĉ)9!$òā)ą!$°ǹ~°ŷ

��T-RFLP�DGGE8 single strand conformation polymorphism)9< RNAòāŷ°)
�<Ĉ

ųŬƥǷ*izgADxŋǒ�:�Ê��Ńǈ�=�ĈųŬƥ?ǡ;°��Mz�|vDhv

wƼĸ)9;�*ßÚǤ±?ŏð�< (19, 91)	
  

� �=3%) rRNA-SIP)
�<Ńǈ rRNAľ¯*ȆĐā¾*�6*Ġƭ�ä�ŧ�=$��

(92, 93)	
 ��,�òā½ǤǍǞĉ)9;ăĒ�=� RNAòā½Ǥ?kwUXn|i)9!$°

ŷ~°ǹ���*ĄÒÄ�=�©$* RNAòāŷ°?ðǪ RT-PCRȉqRT-PCRȊ)��<�&

)9;�13CŃǈ
9-ǽŃǈ rRNA*òā°ü?ðǪž)Ėğ�<�&�%�<9�)(!�

(94)	
 �:)�13CŃǈÚǊ?Í5ñȅƖ&�Ê�ţā*ǽŃǈÚǊ?Í5ôũñȅƖ?ŵď��

�=�=* RNAòāŷ°*ƥǷŁǘ?ŋǒ�<�&%�ï©) 13CŃǈ�=� rRNA%(�&

7�ıď) 13CŃǈ�=� rRNA*ľ¯�%�<9�)(!� (8)	
 �*9�(ĕƳǚø)9;�

ñŲà)9;Ǖ
Ķ�%ŕŻ)îðÊ��ÚǊ?Å;ǔ5ĈųŬ?Êð%�<9�)(!$�

�	
 ���(�:�rRNA-SIP)
�<Ńǈ rRNA*ľ¯ǴŸȉ'*Ɗā* 13CŃǈ rRNAǪ3

%?ľ¯Æƪ(*�Ȋ)"
$+ľǀ�=$
(
	
  

� ǕĀżÝ��ň��S�MF|R�+��ā)ġ¿�S�MF|U?Ƽǅ%�<ǍcDUx

�i[^Čƪ?ě �T-RFLP8 DGGEƼĸ*
9� 1,000−10,000�*ȆƼ¤ā%ĈųŬƥǷŁ

ǘ?Ƽĸ%�<&ÜÎ�=$
< (95, 96)	
 ñǶ�îðÊ��ÚǊ?Å;ǔ@�ĈųŬ*ľ¯ő

&�$�T-RFLP8 DGGE*izgADxŋǒ�ň��S�MF|R�)9<ĈųŬƥǷŁǘƼ

ĸ)Ƥ�Ğ�:=è6$
< (97, 98)	
 �����=:*Ƅƍ%+ 13C%ï©)Ńǈ�=� DNA

3�+ rRNA?ôǉ&��Ƽĸ)ƚè�$
;�ň��S�MF|R��Ŀ6$ı»&Ʀ�:=
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<�£���ıď) 13CŃǈ�=� RNA�*ȆĐāľ¯)+´ŵ�=$
(
	
 ň��S�M

F|R�*ǟŵ)9< rRNA-SIP*ȆĐā¾)ǲ�$��*ðǪžǁ�+ĳ�ŧ�=$
(
	
  

� ň��S�MF|R�ȉMiSeq, IlluminaȊ+ 1Ò*v|%Ʒġ*ǂĤ?ôǉ&�$�Éƽ%ġ

¿�* 16S rRNAǢ�êǤ±?Ƽǅ�<�&�Æƪ(ǍcDUx�i[^Čƪ?ı�$
< (43, 

99)	
 ĴƐ%+�ąķ rRNA-SIPő%Ȁƣ)ŵ
:=$�� T-RFLP)9< 13C-rRNA*ľ¯ǴŸ

&ŋǒ�$�ň��S�MF|R��MiSeq�*ǟŵ% rRNA-SIP*Đā�'*Ɗā3%áĂ�

=Ć<*�?ǁ���	
  

 

4.2 ĵĤ&Ħő  

4.2.1 RNAŃŠšŘ*Š¢  

� Ó 4.1)ñȅ*ŀƸ?Ɖ�	
 Escherichia coli K12ĻȉATCC 10798Ȋ& Bacillus subtilis 168Ļ 

ȉBGSC 1A700Ȋ)Ŷķ�< 3Ƌȃ* RNAŃŠšŘ?�Ē��ȍ(i) E. coli)Ŷķ�<ï©) 13C

Ńǈ�=� RNA�(ii) E. coli)Ŷķ�<ǽŃǈ RNA�(iii) B. subtilis)Ŷķ�<ǽŃǈ RNA	
 13C

Ńǈ�=� RNA)"
$+�[U-13C6]ŃǈNxQ�Uȉ99 atom%; Sigma-AldrichȊ?Ï�*Fa

xL�~ťƘş&�$ÙȄ��E. coli*Ư��:ę¯��	
 �Ħ*ǽŃǈRNA ?ę¯��E. coli

Ư�
9- B. subtilisƯ�?�&7)ǽŃǈNxQ�UȉWakoȊ?Ï�*FaxL�~ťƘş&

�$ÙȄ��	
 �=:*ÙȄ)ŵ
�ÚƈÙÖȉpH7.2Ȋ*ƛĒ+��*Ǘ;%	<ȉg L−1Ȋȍ

Na2HPO4�6.97ȎKH2PO4�3.42ȎMgCl2•6H2O�0.18ȎNH4Cl�1.0ȎCaCl2•2H2O�0.13ȎFeSO4•7H2O�

0.018ȎZnSO4•7H2O�0.00035ȎMnSO4•5H2O�0.00031ȎNxQ�U� 2 (100)	
 ÙȄ)+ 100 mL 

*�ƻgvUQ?ŵ
�13CŃǈNxQ�U3�+ǽŃǈNxQ�U?Śº��ÚƈÙÖ 20 mL 

) E. coli3�+ B. subtilis?ĽƯ���=�= 37°C�150 rpm)$�ĭȉ
9� 14ĬǱȊçŌ

ž)ÙȄ��	
 ÙȄŘ? 2 mL UMwu�Zu�h)ÒÄ��3°Ǳ*Ǟĉ°ǹȉ20,000 × g�4°CȊ

)9;Ư�&�ś)°��Ư�?−80°C)$�ì��	
 �Ɛ
9-�Ɛ&Êł*Ħő%�ì�$


�Ư��: RNA?ę¯��RQ1 DNaseȉPromegaȊ)$ DNAŗ¾Ą�DWizeb�xŐŊ

)9;ƕƶ�� RNA?^wU-EDTA šŘȉ10 mM Tris�1mM EDTAȎpH 7.0Ȋ30 µL)šƼ�

�	
 Ć:=� RNAšŘ? RiboGreen RNA quantification kitȉLife TechnologiesȊ&iy�^w�

Y� SH-900LabȉCorona ElectricȎExcitation; 500 nm, Emission; 525 nmȊ?ŵ
�Ʊ§ðǪ)��

�	
  

 

4.2.2 RNA*řÉ&òā½ǤǍǞĉ  

� E. coli)Ŷķ�<ï©) 13CŃǈ�=� RNA?�B. subtilis)Ŷķ�<ǽŃǈ RNA)ô�$

1%�0.5%�0.05%�0.01%�0.001%
9- 0.0001%*·É%řÉ��ź(< 13C-RNAţā?ı�

<Ʒġ* RNAřÉŃŠǂĤ?�Ē���=?�13CřÉƖ�&��ȉÓ 4.1Ȋ	
 1%* 13CřÉƖ
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&+ E. coli * 13CŃǈRNA& B. subtilis*ǽŃǈRNA� 1: 99*·É%Í3=<řÉŘ?Ɖ�	
 

ôũƖ&�$�E. coli)Ŷķ�<ǽŃǈ RNA? B. subtilis)Ŷķ�<ǽŃǈ RNA/&řÉ��

�ǽŃǈřÉƖ�7ŵď��	
 13CřÉƖ&ǽŃǈřÉƖ)
�< E. coli& B. subtilis* RNAř

ÉšŘȉRNAǪȍ500 ngȊ?VSEq^wgxHzǥǧȉcesium trifluoroacetate [CsTFA]ȎWakoȊ�

lxqBp_�
9-NvTF|^šŘȉ0.1 M Tris� 0.1 M KCl�1 mM EDTAȊ)řÉ��20ºC �

128,000 × g )$ 60 ĬǱ��*ǍǞĉ)��� (94)	
 1%�0.5%�0.05%
9- 0.01%* RNAř

ÉǂĤ+ T-RFLPƼĸŵ&�$�=�=�Ǚ%ǍǞĉ)���0.05%�0.01%�0.001%
9-

0.0001% * RNAřÉǂĤ+ň��S�MF|U&ðǪ RT-PCRƼĸŵ)�=�=�Ǚ%ǍǞĉ

)���	
 ǍǞĉ%ăĒ�=� RNA*òā½Ǥ?kwUXn|i)$�ðǪ�&)°ŷ��È

ŷ°*ŖǛòāȉCsTFA BD [buoyant density]Ȋ?÷ėƽȉAR200; ReichertȊ)9;Şð�� (94)	
 

Ć:=� RNAŷ°?DWizeb�xŐŊ)9;ƕƶ��^wU-EDTA šŘ 25 µL)šƼ�

�	
  

 

4.2.3 RT-PCR 
9- T-RFLPƼĸ  

� 13CřÉƖ
9-ǽŃǈřÉƖ�:Ć:=� RNAòāŷ°? one-step RT-PCR system ȉAccess 

Quick; PromegaȊ&ivDo�V[^ B27f/B907r (25)?ŵ
$ RT-PCR?Ʋ!�	
 (
�Beckman 

D4ȉSigma-AldrichȊ)9;Ʊ§Ńǈ�=�gG{�_ivDo�ȉB27fȊ?ŵ
�	
 RT-PCR*

Ķ�?ƴ 4.1)Ɖ�	
 1%BJz�UPx)9<ǻŌœ¼)9;�ŖǛòā 1.750–1.806 g mL–1 *

RNA)

$ 16S rRNAáþ�ǃ6:=�	
 (
�ǖǑ­ǦƘ?Śº�(
 RT-PCR)9;á

þŴŬ�Ć:=(
�&�:�ǬØ RNA�) DNA*ř¨�Ũ
�&?Ƈ�6�	
 Ć:=�

RT-PCRŴŬ? QIAquick PCR Purification KitȉQIAGENȊ)9!$ƕƶ���=�= 200 ng*á

þŴŬ?µǴǦƘ Msp IȉNew England BiolabsȊ%ŗ¾��	
 �*Ǣ�êĥū& DNA Size Standard 

kit-600ȉBeckman coulterȊ*řÉŬ? DNAS�MF|R� GenomeLab GeXPȉBeckman coulterȊ

)���Ktfvw�ǻŌœ¼)9;µǴǦƘĥūȉT-RF [Terminal-restriction fragment]Ȋ?�

*Ǯ��&)°ǹ��CEQ8000 Genetic Analysis systemȉBeckman CoulterȊ?ŵ
$ T-RF*ǭǮ

ȉbpȊ&f�MȆ?Ŏ6�	
  

 

4.2.4 RT-PCR 
9-��S�MF|R�Ƽĸ  

� įȆòāŷ°ȉheaviest fraction; “1H”�ŖǛòāȍ1.797–1.798 g mL–1Ȋ�2Źƀ)Ȇ
òāŷ°

ȉsecond-heaviest fraction; “2H” �ŖǛòāȍ1.790–1.792 g mL–1Ȋ��òāŷ°ȉlight fraction; “L” �

ŖǛòāȍ1.765–1.776 g mL–1Ȋ* RNA? one-step RT-PCR systemȉAccess Quick; PromegaȊ)9

< RT-PCR)���	
 ��%+ MiSeqBYiX�Ǥ±?Í5�515f/806r�?ivDo�V[^

&�$ŵ
�(43)	
 (
�wd�UivDo�ȉ806rȊ)+ƷġR|ix?ÊĬ)Ǥ±Ƽǅ�<
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�6* 12ßÚ*d�Q�_Ǥ±�Í3=<(43)	
 RT-PCR*Ķ�?ƴ 4.2)Ɖ�	
 1.2%BJz�

UPx*ǻŌœ¼)9;�T-RFLPƼĸŵ*R|ix&ÊƑ*Ǔā*áþŴŬ�Ć:=��&?

Ƈǃ��	
 �*Ą*ñȅ
9-Ƽĸ*U\[i)"
$+�Ɛ
9-�Ɛ&Êł)Ʋ!�	
 (


�MiSeqƼĸŵ*ǂư&�$ MiSeq Reagent kitȉver.2 300-cycles; IlluminaȊ?ŵ
�	
 13Cř

ÉƖ&ǽŃǈřÉƖ%Ć:=�Ǣ�êǤ±ġ*ŋǒ)

$��*ǝ
�ıď�Ì�?³ð�

<�6) Student* tľð?Ʋ!�	
  

 

4.2.5 įȆòāŷ°)
�<ðǪ RT-PCRȉqRT-PCRȊ  

� įȆòāŷ°ȉheaviest fraction; “1H”�ŖǛòāȍ1.797–1.798 g mL–1Ȋ* RNA? SuperScript III 

Platinum SYBR Green one-step qRT-PCR kitȉLife TechnologiesȊ& real-time PCR detection system 

ȉMyIQ2; Bio-RadȊ?ŵ
�ðǪ RT-PCRȉqRT-PCRȊ)���	
 ��%+©$*ƙƯ)Ŷķ�

< 16S rRNA
9- E. coli )Ŷķ�< 16S rRNA*ðǪ?Ʋ!�	
 ª�ž)+�ivDo�V[

^�Gamma395f /Gamma871r�(101)? GammaproteobacteriaƟƙƯȉ��%+ E. coliȊ*ŭźžľ

¯)ŵ
�	
 �:)ivDo�V[^�515f/806r�(23)?©ƙƯȉ��%+ E. coli& B. subtilisȊ

*ľ¯)ŵ
�	
 ľǪơ�Ē*�6�E. coli * DNA�:ivDo�V[^�B27f/B907r�(25)

?ŵ
$ 16S rRNAǢ�ê?áþ����*ĥū?ź(<ţāȉ10−108 copies µL–1Ȋ%Í5 DNA

šŘ?ŵď��	
 ðǪ RT-PCR*Ķ�?ƴ 4.3)Ɖ�	
 (
�60ºC�: 95ºC*rx\C|NI

�hƼĸ)9;ǽŭźž( PCRŴŬ*ųĒ�Ũ
�&?Ƈǃ��	
  

 

4.3 ƝĹ
9-Ʀó  

� ĴƄƍ%+�13CŃǈ RNA*ľ¯ő?ąķ* T-RFLP)9<ƥǷŁǘizgADx�:ň�

�S�MF|U)9<åƺńǤ±Ƽǅ/Ƥ�Ğ�<�&)9;�'*Ɗā3% rRNA-SIP*ľ¯

Đā�áĂ�=Ć<�?ǁ���	
 3�²6) 13C-rRNA*ľ¯Đāǁ�Ɩ?Ə ��<�6)

+�13C-RNA?£�)Í5 RNAřÉŃŠǂĤ*ǆĢ�Ċǿ%	!�	
 ŰƲ*Ê��ŋǊǪ°ĸ

ȉIR/MSȊ%+ 13CÂêƛĒůȉ13C atom%Ȋ% 10%��* 13C-RNA?îðž)ðǪ�<*�Ǻ

�
�6 (102)�ĴƄƍ%+ 13C atom%%+(� 13C-RNA&ǽŃǈ RNA*řÉů?Ĝŵ�<�

&)��	
 RNA*řÉšŘ�ŃŠǂĤ&�$ı»�Ì�?Ĵñȅǰè¶)ľǀ��	
 ª�ž)

+�E. coli)Ŷķ�< 13CŃǈ�=� RNA? E. coli)Ŷķ�<ǽŃǈ RNA) 20%�15%�10%�

5%�1%*·É%řÉ��ǂĤ?òā½ǤǍǞĉ)���Èòāŷ° RNA)Í3=< 16S rRNA

?ðǪ RT-PCRȉqRT-PCRȊ)9;ðǪ��	
 20%
9- 1%*·É% 13CŃǈ RNA�Í3=<

řÉǂĤ*ƼĸƝĹ?Ó 4.2)Ɖ�	
 Ȇòāŷ°&�òāŷ°)�=�= 13C-rRNA&ǽŃǈ

rRNA�īƇ)°�=$°ü��*+�13C-RNAřÉů 20%*ǂĤ��%	!�	
 �*�&+�

ǽŃǈ RNA�:* 13C-rRNA*īƇ(°ǹ)+ 20 atom%��* 13CŃǈ RNA�ĊƸ&
��=
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3%) 13CÂêƛĒů)9;ǁ��=$
�ƝĹ&�Ƭ� (102)�RNAřÉšŘ� 13C-rRNA*

ľ¯Đā?ǁ��<ŃŠǂĤ&�$ÐȂ(
�&?Ƈǃ��	
 �=)9;�ĴƄƍ%+ýǨř

ÉƖ?Ĝŵ�<�&%�£���ıď)Ńǈ�=� 13C-RNAŃŠǂĤȉ13C-RNAřÉůȍ

1%−0.0001%Ȋ?ŵď�<�&�%��	
  

 

4.3.1 T-RFLP)9< 13CŃǈ RNA*ľ¯  

� E. coli)Ŷķ�<ï©) 13CŃǈ�=� RNA?�B. subtilis)Ŷķ�<ǽŃǈ RNA)ô�$

1%�0.5%�0.05%
9- 0.01%*·É%řÉ��ź(< 13C-RNAţā?ı�<Ʒġ*ŃŠǂĤ

?�Ē���=?�13CřÉƖ�&��ȉÓ 4.1Ȋ	
 ôũ&�$�Êł*·É% E. coli)Ŷķ�<

ǽŃǈ RNA& B. subtilis)Ŷķ�<ǽŃǈ RNA?řÉ���ǽŃǈřÉƖ�?ŵď��	
 13C

řÉƖ
9-ǽŃǈřÉƖ?òā½ǤǍǞĉ)9;òā�&)°ŷ��Èòāŷ° RNA* 16S 

rRNA? T-RFLP)9;Ƽĸ��	
 įȆòāŷ°ȉheaviest fraction; “1H”�ŖǛòāȍ1.796–1.806 

g mL–1Ȋ�2Źƀ)Ȇ
òāŷ°ȉsecond-heaviest fraction; “2H” �ŖǛòāȍ1.788–1.801 g mL–1Ȋ�

�òāŷ°ȉlight fraction; “L” �ŖǛòāȍ1.772–1.777 g mL–1Ȋ* RNA�:Ć:=��ƴž(

T-RFLPizgADx?Ó 4.3)Ɖ�	
 16S rRNA* Msp IµǴǦƘRD^�:�496 bp* T-RF

� E. coli )Ŷķ���=�ã* T-RF+ B. subtilis)Ŷķ�<&Ƈǃ�=�	
  

� 1%
9- 0.5%* 13CřÉƖ)

$�E. coli Ŷķ* 496 bp* T-RF+ŖǛòā*áº)ą!

$¥Á¾��ŖǛòā 1.806 g mL–1
9- 1.803 g mL–1* 1Hŷ°)

$�=�=©�)ô�

$À°��*f�MȆ&(!�ȉÓ 4.3A�CȊ	
 0.05%* 13CřÉƖ)

$�496 bp* T-RF+

1.798 g mL–1* 1Hŷ°)

$£�)ȉ©�)ô�$ 6.1%Ȋľ¯�=���2H
9- Lŷ°

%+ľ¯�=(�!�ȉÓ 4.3EȊ	
 3� 1Hŷ°*ŖǛòā+ 13CŃǈ RNA*řÉů�ö(�(

<)ą!$ 1.806 g mL–1�: 1.798 g mL–1/&��(!�	
 �*�&+ 1Hŷ°*ŖǛòā+ǂ

Ĥ�)Í3=< 13C-RNA�ö(�(<)ą!$õ��(<�&?Ɖ�$
<	
 0.01%* 13CřÉ

Ɩ)

$�496 bp* T-RF+
�=*òāŷ°�:7ľ¯�=(�!�ȉÓ 4.3GȊ	
 �Ħ�1%

*ǽŃǈřÉƖ)

$�496 bp* T-RF+©$*òāŷ°�:Ŀ6$õ�
f�MȆȉ©�)

ô�$ 0.8%−1.3%Ȋ%ľ¯�=�ȉÓ 4.3BȊ	
 (
�ŖǛòā 1.806 g mL–1* 13CřÉƖ* 1Hŷ

°)ôċ�<ǽŃǈřÉƖ* RNAŷ°�:+ RT-PCRáþŴŬ�Ć:=(�!�	
 �*�&+

ǽŃǈřÉƖ%+ŖǛòā 1.806 g mL–1*įȆòāŷ°)Í3=< RNAţā�Ŀ6$��!�

�&?Ɖ�$
<	
 0.5%−0.01%*ǽŃǈřÉƖ)

$�496 bp* T-RF+
�=*òāŷ°�

:7ľ¯�=(�!�ȉÓ 4.3D�F�HȊ	
 �=:*ƝĹ�:�T-RFLPƼĸ%+ 13CŃǈ�=�

E. coli* RNA� 0.05%Í3=<Ķ�3% 13C-rRNA*ľ¯�Æƪ%	!�	
 ���(�:�ƷǸ

(ĈųŬƥǷŁǘizgADx�Ďð�=<ñŲàǂĤ*Ƽĸ)

$��*9�(£�(f

�Mȉ6.1%Ȋ?¬Űž)ľ¯�<�&+Ǻ�
&�Ď�=� (19, 25, 103)	
 3� T-RF*ǭǮ�
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Ǖ
ĈųŬ�ìÕ��ÝÉ)+�T-RFf�M�H�d�v[i�$�3��&7Ďð�=<	
 

�=:?ǐ3�<&�T-RFLPƼĸ)9;Ƈñ) 13C-rRNA�ľ¯%�<*+ 13C-RNA� 0.5%�

�Í3=<Ķ�3%&³ĥ�=�	
  

 

4.3.2 ��S�MF|R�Ƽĸ)9< 13CŃǈ RNA*ȆĐāľ¯  

� ň��S�MF|R�Ƽĸ+ 0.05%�0.01%�0.001%
9- 0.0001%* 13CřÉƖ
9-ǽŃ

ǈřÉƖ?ôǉ)Ʋ!�ȉÓ 4.1Ȋ	
 S�MF|UvDhvw? 1H�2H
9- Lŷ°* RNA�

:ŁƓ��	
 Éƽ% 3,934,451S�MF|Uȉ1vDhvw	�;ÿ×% 54,645Ǣ�êǤ±Ȋ?

Ɩƞíž)Ƽĸ��	
 S�MF|UvDhvw?ŁƓ�� RNAòāŷ°*ŖǛòā
9-Ɩƞ

íž)Ƽĸ��Ǣ�êǤ±ġ?ƴ 4.4)Ɖ�	
  

� S�MF|UvDhvw©�)ô�< E. coli)Ŷķ�< 16S rRNAǢ�êĥūȉ�ǳ E. coli Ǣ

�êĥū&ƴƾ�<Ȋ*ƂôìÕǪ?Ó 4.4)Ɖ�	
 0.05%* 13CřÉƖ)

$�E. coliǢ�

êĥū*ƂôìÕǪ+ŖǛòā*�Ī)ą!$å��(!���ǽŃǈřÉƖ%+12�ð*

 ȉ0.32%—1.93%Ȋ%	!�ȉÓ 4.4AȊ	
 ŭ)�1Hŷ°)
�< E. coliǢ�êĥū*ƂôìÕ

Ǫ+ǽŃǈƖ* 1Hŷ°&ŋ0$ 6.9�*áº?Ɖ��ȉP = 0.035�n = 3Ȋ	
 �:) 0.01%
9-

0.001%* 13CřÉƖ)

$�1Hŷ°)
�< E. coliǢ�êĥū*ƂôìÕǪ+ǽŃǈƖ* 1H

ŷ°&ŋǒ�$��=�= 4.6�& 3.8�%áå�$
;��*ǝ
+
�=7ıďû?Ɖ��

ȉ�=�= P = 0.016& P = 0.026�n = 3ȊȉÓ 4.4B�CȊ	
 �Ħ�0.0001%*Ķ�)

$+�13C

řÉƖ&ǽŃǈřÉƖ&*Ǳ% E. coli Ǣ�êĥū*ƂôìÕǪ)ıď(û+4:=��1H�2H


9- Lŷ°Ǳ%12�ð* ȉ0.25%−1.55%Ȋ%	!�ȉÓ 4.4DȊ	
 �=:*ƝĹ�:�

0.05%−0.001%* 13CŃǈ RNA?Í5Ķ�)

$�ň��S�MF|R�Ƽĸ%+ 1Hŷ°ȉŖ

Ǜòā 1.793−1.801 g mL–1Ȋ)Ƿƌ�=� 13C-rRNA?ľ¯�<�&�%��	
  

 

4.3.3 ðǪ RT-PCR)9<Ȇòāŷ°)
�< 13C-RNA*Ƿƌľ¯  

� ň��S�MF|R�Ƽĸ)��� 0.05%�0.01%�0.001%
9- 0.0001%* 13CřÉƖ
9

-ǽŃǈřÉƖ* 1Hŷ°?ôǉ)�ðǪ RT-PCRȉqRT-PCRȊ)9;©ƙƯ
9- E. coli)Ŷ

ķ�< 16S rRNAǢ�ê?ðǪ��ȉƴ 4.5Ȋ	
   

� 0.05%�0.01%�0.001%* 13CřÉƖ)

$�E. coliŶķ* 16S rRNAţā+�=�= 1.98 × 

105 copies µL–1�7.98 × 103 copies µL–1�4.51 × 102 copies µL–1%	!�	
 �=+�13CŃǈ RNA*

řÉů���(<)ą!$�1Hŷ°)Í3=< E. coli 16S rRNA*ġ�Ŝö���&?Ɖ�$


<	
 3� 0.0001%* 13CřÉƖ* 1H)

$�E. coli* 16S rRNA+ľ¯�=���*ţā+

ľ¯ǴŸȉ4.10 × 10 copies µL–1Ȋ9;7��!��6&Ʀ�:=<	
 �Ħ%�1Hŷ°�*©ƙ

Ư* 16S rRNA+�
9� 106–107 copies µL–1*ţā%	!�	
 0.05%�0.01%
9- 0.001%* 13C
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řÉƖ)
�<�©ƙƯ* 16S rRNA)ô�< E. coli* 16S rRNA*ìÕů+�=�= 1.005%�

0.252%
9- 0.005%&(!�	
 �*ƝĹ&+ǖ)�ǽŃǈřÉƖ*©$* 1Hŷ°)

$�

E. coli* 16S rRNA+ľ¯�=(�!�ȉľ¯ǴŸ* 4.10 × 10 copies µL–1��Ȋ	
 ðǪ RT-PCR

ƝĹ�:�13CŃǈRNA*řÉů 0.05%−0.001%*Ķ�)

$�òā½ǤǍǞĉ)9< 13C-rRNA

*įȆòāŷ°�1H�/*Ƿƌ�ī:�&(;��=+��S�MF|R�)9<ƼĸƝĹ&

�Ƭ��	
 ðǪ RT-PCR&ň��S�MF|R�Ƽĸ*Ǳ% 1Hŷ°)
�< 13C-rRNA*ìÕ

ů�ź(<�ȉÓ 4.4�ƴ 4.5Ȋ��=+�=�=*ēő*Ǣ�êðǪÂű*ǝ
)9<7*&Ʀ

�:=�	
  

 

4.4 3&6  

� 13C-rRNA*ľ¯ő? T-RFLP)9<ƥǷŁǘizgADx*ŋǒ�:ň��S�MF|U)

9<åƺńǤ±Ƽǅ)Ƥ�Ğ�<�&)9;�rRNA-SIP*ȆĐā¾?ǜĒ��	
 ª�ž)+�

T-RFLP%+ 13CŃǈ RNA? 0.5%Í5Ķ�3%�ň��S�MF|R�Ƽĸ%+ 0.001%Í5Ķ

�3%�įȆòāŷ°ȉŖǛòā 1.793−1.801 g mL–1Ȋ)
�< 13C-rRNA*ıď(Ƿƌ?ƹ¯�

�&�%��	
 rRNA-SIP�ã*ĳÙȄĈųŬņƪÊðő&�$ Chip-SIP (104)8 FISH-NanoSIMS

ȉnano-scale secondary ion mass spectrometryȊ(105, 106)�ÜÎ�=$
;��=:+Ê��Ńǈ

�=�ĈųŬ*ȆĐāľ¯�Æƪ%	<	
 �����=:*ñħ)+Ĩì*]�Xj�U*č

Ü?Ú)ƿƽ�=<ļǧiz�h�ĊƸ�ÆŇ%	<	
 �Ħ% rRNA-SIPő+�Ńž&�<�Ǉ

ņƪ?ı�<ĳƃ~ĳÙȄĈųŬ*ßÚǤ±čÜ?Ųà��:ƁĝŮĆ%�<Ŧ%¥�Č?ě

"	
 ĴƄƍ%ƇƏ��ǍȆĐā rRNA-SIPő+�ìÕǪ+Ŀ6$ö(
�ǩƸ(ŬǊćŲ~âĞ

?Ě�ĳƃĈųŬ*ņƪƼī�&;>�ŔŒĔ��ÛƌŬ*éŌ°Ƽ)ǲ��<ĈųŬƥ*ņ

ƪŏð)Ă¸(ēő&(<&Ʀ�:=<	
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ƴ 4.1(A) RT-PCRÃċŘ*ƛĒ  

Solution Voume  
(µL) 

Template 2 
Access Quick master mix 25 
30p B27f (with fluorescent dye) 0.5 
30p B907r 0.5 
Rnasin Ribonuclease Inhibitor 0.5 
AMV reverse transcriptase 1 
Water 20.5 

 Total: 50 µL/PCR tube 

 

ƴ 4.1(B) RT-PCR*Ãċŝā~ĬǱ  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Reverse transcription 48 45:00 1 
Initial denaturation 94 3:00 1 
Denaturation 94 0:30 

16 Annealing 52 0:45 
Extention 72 1:30 
Final extention 72 5:00 1 
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ƴ 4.2(A) RT-PCRÃċŘ*ƛĒ  

Solution Voume  
(µL) 

Template 2 
Access Quick master mix 25 
10p 515f (with adaptor for MiSeq) 2 
10p 806r (with adaptor and barcode for MiSeq) 2 
Rnasin Ribonuclease Inhibitor 0.5 
AMV reverse transcriptase 1 
Water 17.5 

 Total: 50 µL/PCR tube 

 

ƴ 4.2(B) RT-PCR*Ãċŝā~ĬǱ  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Reverse transcription 48 45:00 1 
Initial denaturation 94 3:00 1 
Denaturation 94 0:30 

25 Annealing 54 0:45 
Extention 72 1:30 
Final extention 72 5:00 1 

 

 

  



 58 

ƴ 4.3(A) GammaproteobacteriaƟƙƯȉE. coliȊŭźžðǪ RT-PCR*ÃċŘƛĒ  

Solution Voume  
(µL) 

Template 2 
2×SYBR Green Reaction Mix  12.5 
4p Gamma395f 1 
4p Gamma 871r 1 
SuperScript III RT/Platinum Taq Mix 0.5 
Water 8 

 Total: 25 µL/PCR tube 

 

ƴ 4.3(B) GammaproteobacteriaƟƙƯȉE. coliȊŭźžðǪ RT-PCR*Ãċŝā~ĬǱ  

Step Temperature 
(°C) 

Time 
(min: 
sec) 

Cycle 

Reverse transcription 56 3:00 1 
Initial denaturation 95 5:00 1 
Denaturation 95 0:15 

40 Annealing 56 0:30 
Extention 72 1:00 
Melting curve 60−95 (0.5°C) 0:05 71 

 

ƴ 4.3(C) ©ƙƯ 16S rRNA*ðǪ RT-PCR*ÃċŘƛĒ  

Solution Voume 
(µL) 

Template 2 
2×Go Taq qPCR Master Mix  10 
4p 515f 1 
4p 806r 1 
GoScript RT Mix for 1-Step RT-qPCR 0.5 
Water 5.4 

 Total: 20 µL/PCR tube 

 

ƴ 4.3(D) ©ƙƯ 16S rRNA*ðǪ RT-PCR*Ãċŝā~ĬǱ  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Reverse transcription 48 15:00 1 
Initial denaturation 95 0:10 1 
Denaturation 95 0:10 

40 Annealing 60 0:30 
Extention 72 0:30 
Melting curve 60−95 (0.5°C) 0:05 71 
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W 4.4 E&(�$��"�$XB�V�
 RNA8<L/� CsTFAF]8<�RT6O�XB	
_)5`0>  

Mixing ratio 
of the E. coli 

RNA 

 Mixtures  Density fraction  Number of sequences 

  Fraction* BD**  Sequences from total bacteria ***  Sequences from E. coli *** 

0.05% 
 

13C 
mixture 

 1H 1.796 (±0.005)  29,956 (min=26,367, max=32,394) 
 

4,076 (min=2,611, max=5,660) 

   2H 1.789 (±0.005)  29,092 (min=23,903, max=31,917) 
 

1,457 (min=257, max=2,147) 

   L 1.767 (±0.002)  35,644 (min=32,384, max=39564) 
 

102 (min=16, max=163) 

  Unlabeled 
mixture 

 1H 1.797 (±0.006)  43,860 (min=31,310, max=65,264) 
 

687 (min=201, max=1,356) 

   2H 1.791 (±0.004)  60,643 (min=39,135, max=86,749) 
 

223 (min=75, max=393) 
�  

  L 1.769 (±0.004)  98,095 (min=40,907, max=191,184) 
 

376 (min=30, max=928) 
0.01% 

 
13C 
mixture 

 1H 1.798 (±0.004)  24,242 (min=12,480, max=32,934) 
 

1,025 (min=582, max=1,562) 

  
 2H 1.791 (±0.004)  31,892 (min=23,654, max=36,115) 

 
415 (min=320, max=603) 

   L 1.768 (±0.003)  40,282 (min=35,156, max=47,652) 
 

111 (min=14, max=209) 

  Unlabeled 
mixture 

 1H 1.797 (±0.006)  32,140 (min=22,384, max=45,271) 
 

301 (min=203, max=429) 

   2H 1.792 (±0.006)  43,090 (min=28,150, max=51,622) 
 

284 (min=204, max=342) 
�  

  L 1.768 (±0.005)  256,922 (min=42,636, max=683,517) 
 

410 (min=183, max=883) 
0.001% 

 
13C 
mixture 

 1H 1.798 (±0.002)  53,443 (min=25,790, max=99,112) 
 

1,519 (min=852, max=2,846) 

   2H 1.792 (±0.001)  31,085 (min=29,923, max=32,490) 
 

299 (min=144, max=516) 

   L 1.772 (±0.003)  34,104 (min=19,913, max=51,043) 
 

67 (min=14, max=107) 

  Unlabeled 
mixture 

 1H 1.799 (±0.006)  26,614 (min=20,610, max=37,767) 
 

215 (min=98, max=372) 

   2H 1.790 (±0.006)  29,930 (min=25,523, max=34,642) 
 

175 (min=80, max=323) 
�  

  L 1.770 (±0.006)  45,079 (min=32,490, max=66,080) 
 

287 (min=26, max=710) 
0.0001% 

 
13C 
mixture 

 1H 1.797 (±0.004)  98,871 (min=32,114, max=231,738) 
 

589 (min=178, max=934) 

   2H 1.791 (±0.005)  35,972 (min=24,266, max=44,891) 
 

425 (min=95, max=1,046) 

   L 1.770 (±0.004)  36,069 (min=22,278, max=45,296) 
 

90 (min=20, max=177) 

  Unlabeled 
mixture 

 1H 1.797 (±0.005)  107,160 (min=35,212, max=249,377) 
 

1,862 (min=1709, max=4,557) 

   2H 1.790 (±0.007)  42,608 (min=36,019, max=46,497) 
 

327 (min=98, max=717) 
�  �  �  L 1.770 (±0.001) �  44,692 (min=36,911, max=49,897) �  138 (min=10, max=211) 

* 8<L/�31�@c8<L/”1H”dheaviest fractione�2NP�c�8<L/”2H”dsecond-heaviest fractione�	�*8<L/”L”dlight fractione

�WY
��** RNA8<L/� CsTFAF]8<dBD [g mL−1]e�����%\��[^=#/L	
�" !�G7	
���;4+�DHZ:

�Q
�*** %\�E&(�$��"�$XB���C.��
 E. coli�KA
� 16S rRNA_)5?J�`0>�Q
�9,��;4�`0>�

2,��%\�XB	
'��@*���@c�`0>�����Q
� 
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W 4.5 @c8<L/d1He���� E. coli�-SU�7a RT-PCR��� 16S rRNA7a  

Mixing ratio 
of the E. coli 

RNA 

�  13C mixture �  Unlabeled mixture 

 
16S rRNA of E. coli * 

(copies µL-1) 
 Bacterial 16S 

rRNA* 
(copies µL-1) 

Percentage of 
E. coli RNA 

(%) 
�  16S rRNA of E. coli  

(copies µL-1) 
 Bacterial 16S 

rRNA 
(copies µL-1) 

0.05%  1.98 (±1.07) × 105 4.42 (±3.34) × 107 1.005 (±1.117) �  ND 2.47 (±0.02) × 106 
0.01%  7.98 (±4.31) × 103 3.23 (±0.30) × 106 0.252 (±0.154)  ND 2.31 (±0.04) × 106 
0.001%  4.51 (±0.22) × 102 1.99 (±0.29) × 106 0.005 (±0.002)  ND 1.72 (±0.02) × 106 
0.0001% �  ND** 1.43 (±0.40) × 106 ND �  ND 1.39 (±0.06) × 106 

*7a RT-PCR���7a�%\�V����;4+�DHZ:�Q
� 

** NDdnot detectablee�C.bM+d16S rRNAI<f4.10 ×10 copies µL-1e���*��
���Q
� 
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× 4.1 T-RFLP'ŕ��T{MGxS{ǧŅ*9< 13C-RNA+ō¬ĚĄǫ�+ŏǢ  

 

  

枯草菌のRNA 99% 99.5% 99.95% 99.99% 99.999% 99.9999% 

大腸菌の13C+RNA, 1% 0.5% 0.05% 0.01% 0.001% 0.0001% 

 [13C-RNA%��	
 ���]�

-2.RNA	
 ���
13C�&! 

(13C mixture)�

+�&! 
(Unlabeled mixture)�

-1.RNA	
 ���

�"$	
 +�&RNA�

�"$	
 13C-RNA�

�#$	
 +�&RNA�

-4.13C-RNA	
 ���
●T-RFLP�

●��
	�
�����

<1%�
�������

-3.')��� �

(�

*�

(�

*�

L�

2H�
1H�

L�

2H�
1H�

L: ��� ��2H: ,�� ��1H: �,�� ��

T+RFLP�
�	�����	

��

枯草菌のRNA 99% 99.5% 99.95% 99.99% 99.999% 99.9999% 

大腸菌の非標識RNA, 1% 0.5% 0.05% 0.01% 0.001% 0.0001% 

[+�&RNA%��	
 ���]�
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× 4.2 13C-RNA'ȣŒǴ RNA@ŲÈ�� RNAǬı+ôĄ¹ȌǹȈē*9<ȣŒǴ RNA

�:+ 13C-RNA+­ȟ  
13C-RNA� 20%Ȯ○ȯ�
9. 1%Ȯ●ȯÌ3=< RNAǬı+ôĄƐ­ RNA*
�< E. coli +

16S rRNA+ƚöíÙȑ@ƣ�ȮAȯ	
 B, Yǻ 15%��*ƲÖ@ƿ"�É�×@ƣ�	
 13C&Œ

Ǵ�=� E. coli+ RNA@ȣŒǴ+ E. coli+ RNA/'ŲÈ��ôĄ¹ȌǹȈēz­Ɛ+č�Ç

ôĄƐ­ RNA*Ì3=< 16S rRNA@ðȑ RT-PCRȮirEm{W\^�515f/806r�' Go Taq 

qRT-PCR systemȲǞ 4.3'ÉŃ�ȯ*9;ðȑ��	
 RNAôĄƐ­*
�< 16S rRNAƚöȑ@

}ȃ&ǧŅ���+āÚ�@ƣ�	
 Gr{d{,}ȃ+ŒŹǰþ@ƣ�	
  

  

 

  

Re
la
%v
e'
ab
un

da
nc
e'
(%

)�

Buoyant'density'(g'ml−1)�

(B)�

0�

15�

10�

5�

0�

80�

100�

60�

40�

20�

1.740� 1.840�1.760� 1.780� 1.800� 1.820�

(A)�
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× 4.3 T-RFLP*9< 13C-RNA+ō¬  

E. coli Əń+ RNA� 1%−0.01%+ 13CŲÈƵȮA�C�E�Gȯ
9.ȣŒǴŲÈƵȮB�D�F�

Hȯ+ļȬôĄƐ­Ȯ1Hȯ�2ƒƘ*Ȭ
ôĄƐ­Ȯ2Hȯ
9.�ôĄƐ­ȮLȯ+ RNA�:Đ

:=��ǞƖ) T-RFLPivgBEt@ƣ�	
 Ɯ¾+f{MȮ496 bp+ T-RFȯ, E. coliƏń�

�+�+f{M, B. subtilis Əń+ T-RF@ƣ�	
 ǦĦĆ+�, [Ɛ­Ê�ŬȅôĄ(g mL−1)]@

�=�=ƣ�	
  

 

  

T"RF%length%(bp)%

Re
la
1v
e%
flu

or
es
ce
nc
e%
un

its
%(R

FU
)�

13C%mixture� Unlabeled%mixture�

100� 700�300� 500�200� 400� 600�

[L,%1.772]�

[2H,%1.788]�

[1H,%1.796]�

[L,%1.777]�

[2H,%1.801]�

[1H,%1.806]�

[L,%1.772]�

[2H,%1.798]�

[1H,%1.803]�

[L,%1.772]�

[2H,%1.790]�

[1H,%1.798]�

[L,%1.776]�

[1H,%1.801]�

[L,%1.776]�

[1H,%1.801]�

[L,%1.772]�

[2H,%1.793]�

[1H,%1.801]�

[L,%1.772]�

[2H,%1.791]�

[1H,%1.798]�

(B)�

(D)�

(F)�

(H)�

[2H,%1.796]�

100� 700�300� 500�200� 400� 600�

(A)�

(C)�

(E)�

(G)�

%1
%
%E
.#c
ol
i%R
N
A�

%0
.5
%
%E
.#c
ol
i%R
N
A�

%0
.0
5%

%E
.#c
ol
i%R
N
A�

%0
.0
1%

%E
.#c
ol
i%R
N
A�
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× 4.4� ŕ��T{MGxS{ǧŅ*9< 13C-RNA+ō¬  
13CŲÈƵȮžǖȯ
9.ȣŒǴƵȮƕǖȯ*
�<�ŕ��T{MGxS{ǧŅ*9< E. coli

*Əń�< 16S rRNAȊ�ìĲƄ+ƚöíÙȑ@ƣ�	
 E. coli Əń+ RNA� 0.05%ȮAȯ�0.01%

ȮBȯ�0.001%ȮCȯ
9. 0.0001%ȮDȯ+³È&Ì3=< RNAŲÈǬı+ļȬôĄƐ­Ȯ1Hȯ�

ȰƒƘ*Ȭ
ôĄƐ­Ȯ2Hȯ
9.�ôĄƐ­ȮLȯ+ RNA@ŕ��T{MGxS{ǧŅ*9

;ƵǀîƖ*ǧŅ��	
 Gr{d{,}ȃ+ƵǀǧŅ*
�<ŒŹǰþ@ƣ�	
   

Re
la
%v
e'
ab
un

da
nc
e'
(%

)�

Density'frac%on'

(A)'0.05%'E.#coli'RNA�

12�

0�

9�

6�

3�

15�

18�

4�

0�

2�

(C)'0.001%'E.#coli'RNA�6�

6� (B)'0.01%'E.#coli#RNA'

4�

0�

2�

(D)'0.0001%'E.#coli'RNA�

2H� 1H�

4�

0�

2�

6�

L�
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��ƫ�ßƧƅ­ǧȆƥ*
�<ĒƌƅȘƚ��Ǝ+ǧĹ  
5.1 ,�6*  

� }ƫ*

%�ũťġ~�ßƧƅ/+Ơȏâ+ų¶*9;ơȭȏºƺǗ�´Ɩ*äŗ��č�

ǡİ+ďúňȪĖëŜĒƌƅǊ+�ǳŪĖºȮrRNAȬƔƉȯ�ǥõ�=�	
 �+�',�ºî

ÈĞơȭȏºƺǗ+ƇƪňȪƖ)ƌǏ'Øð�=�ſƸ+ƙīƖ)�ȇ3�,´Ɩ)äŗ*�

�ȘīƖǢÕ*9;�ßƧƅ+ëŜ­ǧÁ.�=*ȃ¸��ĒƌƅƌěƵ+©ŐƳ�Ǹ�;ê

6��'@Ĉ�ƣÑ�%
<	
 ����ơȭȏºǗǊ�ßƧƅ�+ſȏ3�, CO2@Øð�<

+����&	<):Øð�=�ſƸ�(+9�)ëŜÐÍĒƌƅǊ*ƙīƖ*Ä�Ŷ�=%


<+��3�,ơȭȏºƺǗ+´Ɩ)äŗ��+ëŜÐÍĒƌƅǊ+ŪĖº*ȘīƖ)ċȤ

@Á2�%
<+�*#
%,�Ĺ&	<	
 Stable Isotope probingȮSIPȯŤ&,�13C�15N8 18O

'
"�ïðÉ��&ŒǴ�=�ÞǷ@ƋãǬı*ų¶�%�ƞĿȘñȫ�<�'&É��Þ

Ƿ@ƙī�ǳ�%Ã;ǽ5Ēƌƅ@Ɔð&�<���:*�+É��ÞǷ*9<ñȫ@ȖĿȘ

ǂǃ�<�'*9"%�É��ŒǴ�=�­ǧƍƅ8Ēƌƅƺǐǔ���+Ēƌƅ*�ǳ�=

Ã;ǽ3=<�ǵ�¿!ĒƌƅȘ+�ȩƅȃȕȮg{_FGhȯ�8�ňȪ¦ƌȮMvUgD{

]DxNȯ�+ǧĹ7ÆǑ&	< (92, 107, 108)	
 Łƫ&,�²ƫ&ȗƔ��ǹȬĚĄ rRNA-SIP

Ť@Ǝ
<�'&�ßƧƅ/+Ơȏâų¶*9;ǯƔ�=<ơȭȏºƺǗ+ĕŻ)äŗ�ſȏ

ØðÂĔ*�<+��3���&	<):-ơȭȏºƺǗ@Ǹƀ'�<ĒƌƅȘ+ſƸ�ȇȮ�

ǳb\^w{Mȯ+ǧĹ@Ǭ4�	
  

 
5.2 łı'ĴŤ  

5.2.1 ßƧƅ+Ơȏȋ£Ń�*
�< 13C-Ȑſȏâ^u{S{ñȫƵ  

� �ƫ
9.}ƫ'Éő*�ũťġ~�ƧƅǬı@�ýŭŝ*ëŜƖ*ĝż��50 mLJrUd

ECt* 18.5 mL�#­Ŧ��	
 �+č�h[tRoŉ'CtnT{t&ôŉ��25°CĻğ*

%|yĽȘȢǉ��	
 )
�Łƫ&, 2011Ă 12Ľ*�ƫ&ƣ��áğ
9.ĴŤ&ĩÃ��

ñȫò¨&ëŜƖ*�Ʊ�%
�É�ßƧƅǬı@Ǝ
�	
 |yĽȘ+Ȣǉ+č�Ƶ¨Ŝƚ@

N2JU&ǉĭ��	
 × 5.1*ƣ��ñȫŏǢ+Ȁ;* 3ƦȨ+ų¶Ƶ@ƎĘ��ȱ(i) [13C]-Ȑſ

ȏâȮȐſȏ`^sFoȲ99 atom%ȲCambridge Isotope Laboratoriesȯ10 mM
9.Ơȏâ 20 mM

@ų¶���13CȐſȏâų¶Ƶ�� (ii)ȣŒǴȐſȏâȮȐſȏ`^sFoȲWakoȯ10 mM


9.Ơȏâ 20 mM@ų¶���ȣŒǴȐſȏâų¶Ƶ��
9.(iii)ȣŒȐſȏâ 10 mM@ų¶

���Ơȏ,ų¶�)
�ƠȏâƁų¶Ƶ�	
 �=�=+ų¶Ƶ*#
%}ȃ&ñȫ@ǜ"�	
 

ÞǷų¶č 25°C+Ļğ*% 21ķȘëŜŃ��&Ȣǉ��	
 )
�|yĽȘ+Ȣǉ+č+ßƧ

ƅ~Ŵ�+ ICȮInorganic carbonȯŽĄ,ƶ 100 mg L−1&	;��=@Ȑſȏâ/ĭư��'�

>ƶ 10 mM&	"�	
 ¿!�Ȑſȏâ@ų¶��Ƶ¨*
�< CO2-ſȏĞ­+¼­� 13CŒǴ
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')<9�*ǩð��	
  

 

5.2.2 ßƧƅ�+ƅƊºîƖ­Ņ  

�ƫ
9.}ƫ'Éő*�%��#+ų¶ƵȮ13CȐſȏâų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶȯ

+Ŝƚ�ůƚ�ßƧƅØƚ@ñȫȗê 0�4�7�9�14�21ķƘ*SxisxN��	
 Ŝƚ�+

CO2�N2O�CH4JU+­Ņ*,e\M_IroȮShinCarbon STȲShinwa Chemical Industriesȯ@

ǟƛ��JUMvm^NrgȮGC-2014ȲShimadzuȯ@�Ǝ��	
 3��Ƶ¨+ůƚ+ƅƊºî

erp{YȮTOC�VFA�SO4
2−�Ȓ[II]�¥Ȓȯ
9.ßƧƅØƚ+ C�H�N�S+Ç£ƸÌľ

ƈ*#
%,�ƫ
9.}ƫ'Éő+Ń�*%­Ņ@ǜ"�	
 3�ůƚ�+ NO3
−ŽĄ@ IonPac 

AS-11Iro@ǟƛ��EHxMvm^NrgȮDX-500ȲDionexȯ*9"%Šð��	
 )
�

�=:+­ŅŃ�+ǭƺ@Ǟ 5.1*ƣ��	
  

 

5.2.3 ßƧƅ�:+ DNA' RNA+Ĥ¬'ðȑ  

� ñȫȗê 0�4�7�9�14�21ķƘ*SxisxN��ßƧƅ�:+ DNA' RNA+Ĥ¬@�

ƫ�}ƫ
9.Ôƫ'Éő+ĴŤ*9;ǜ"�(42)	
 ßƧƅĝżů 2 mL�:+ DNA@ RNase

ȮType II-A; Sigmaȯ«Ɗ��č�lsG[uxNsQ{tšř*9;ƴǠ��	
 ßƧƅĝżů 2 

mL�:Ĥ¬�� RNA@ DNaseȮRQ-1; Promegaȯ«Ɗ��EXivec{tšř*9;ƴǠ�

�	
 �=:ƴǠ�=� DNA
9. RNA@^sU-EDTAźůȮ10 mM Tris�1mM EDTA�DNA

ƎȱpH 8.0�RNAƎȱpH7.0ȯ50 µL*źǧ��	
 ñȫĿȘ�+¥ RNA@ RiboGreen RNA 

quantification kitȮLife Technologiesȯ'iu{^s{Z{ SH-900LabȮCorona ElectricȲExcitation; 

500 nm, Emission; 525 nmȯ@Ǝ
�ǚ¤ðȑ*���	
 ñȫ 0�4�21ķƘ+ DNAȑ'�% 16S 

rRNAȊ�ìQf{İ@ GoTaq qPCRȮPromegaȯ' Real-Time-PCR Detection system MyIQ2

ȮBio-Radȯ@Ǝ
�ðȑ PCR*9;Šð��	
 ��&,�515f/806r (23)�@irEm{W\^

'�%Ǝ
��ðȑ PCR+­ŅŃ�@Ǟ 5.2*ƣ�	
 )
�ōȑǇ�Ğ+�6�E. coli *Əń

�< DNA@ȔÛ'�%irEm{W\^�B27f/B907r (25)�@Ǝ
� PCR@ǜ
�Đ:=�

16S rRNA Ȋ�ìäĀĲƄ@Ɠ)<ŽĄȮ102−108 copies µL–1ȯ&Ìľ�< DNAźů@ƎĘ��	
  

 

5.2.4 ¥ RNA@ȔÛ'�< RT-PCR 

� �ƫ
9.}ƫ'Éő*�Ĥ¬��¥ RNA@ȔÛ*�% MiSeqƎ+CZiY{Ȍ®@Ì5i

rEm{W\ �̂515f/806r (43)�' one-step RT-PCR system Access QuickȮPromegaȯ*9< RT-PCR

äĀ@ǜ"�	
 )
�sd{UirEm{Ȯ806rȯ*,ǡİSxit@Éĺ*Ȍ®ǧǱ�<�6

+ 12âÞ+d{Q{_Ȍ®�Ì3=< (82)	
 RT-PCR+Ń�@Ǟ 5.3*ƣ�	
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5.2.5 ¥ RNA+ôĄ¹ȌǹȈē' RNAôĄƐ­@ȔÛ'�< RT-PCR 

� Ôƫ'Éő+Ń�& RNA+ôĄ¹ȌǹȈē
9.­Ɛ@ǜ"�	
 §�Ɩ*,�13CȐſȏâ

ų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶ+ñȫ 4�9�14ķƘ+ßƧƅ�:Ĥ¬�� RNA 500 ng@

WTFo^sgtHvȍȏȮCsTFAȲWakoȯźů'ŲÈ���=�=}ȃ&ôĄ¹ȌǹȈē­

ȟ*��� (94)	
 ôĄ¹ȌǹȈē&ĊĞ�=�ôĄ¹Ȍ@ksUYlxi*%|ðȑ�'*­

Ã��ÇƐ­+ŬȅôĄȮCsTFA BDȯ@ùģǨȮAR200; Reichertȯ*9"%Ÿð�� (27)	
 Đ

:=� RNAôĄƐ­@EXivec{tšř*9;ƴǠ��^sU-EDTAźůȮpH 7.0ȯ30 µL

*źǧ��	
 ļȬôĄƐ­Ȯheaviest fraction; “1H”�ŬȅôĄȱ1.793–1.803 g mL–1ȯ�2ƒƘ*Ȭ


ôĄƐ­Ȯsecond-heaviest fraction; “2H” �ŬȅôĄȱ1.791–1.796 g mL–1ȯ��ôĄƐ­Ȯlight 

fraction; “L” �ŬȅôĄȱ1.767–1.774 g mL–1ȯ+ RNA@ one-step RT-PCR systemȮAccess Quick; 

Promegaȯ'irEm{W\^�515f/806r�@Ǝ
� RT-PCR*���	
 )
�RT-PCR+Ń�

@Ǟ 5.3*ƣ�	
  

 

5.2.6ŕ��T{MGxU']{YǧŅ  

� RT-PCRƍƅ@ 1.2%CJv{UPt+ȡŜŧ¸*���ŒƖ'�<Ȋ�ìĲƄ+äĀ@ƢǮ

��	
 �ƫ�}ƫ
9.Ôƫ'Éő+Ń�& RT-PCRƍƅ@ƴǠzðȑ���+č MiSeq Reagent 

kitȮver.2 300-cycles; Illuminaȯ'ŕ��T{MGxS{ȮMiSeqȯ*9<èǤœâÞȌ®ǧǱ*

���	
 Đ:=�kCGx_T{MGxU+ȃƾ�rEhrs�:+ PhiXȌ®+țÀ�Q309

;7ƴĄ+�
âÞȌ®
9.KprȌ®+țÀ@�ƫ�:Ôƫ'Éő+Ġȥ&ǜ
�Đ:=

�âÞȌ®@ QIIME*9;ƵǀîƖ*ǧŅ��	
 97%�~+Ȍ®ƚÉĖ@ľ�< 16S rRNAȊ�

ì,�É|+ĒƌƅƦȮOTUȱOperational taxonomic unitȯ*Əń�<'°Ĳ��	
 �=�=+

OTU+�ǞâÞȌ®@DDBJ nucleotide sequence database +BLAST program@Ǝ
�ƚÉĖōƹ

*���ļ7Ǿǈ)ĶƝĒƌƅ@Ĭð��	
  

 

5.3 ƾņ  

5.3.1 ßƧƅ+ƅƊºîerp{Y  

� ũťġ~�ßƧƅǬı* 13CȐſȏâȮ10 mMȯ
9.ƠȏâȮ20 mMȯ@ų¶��21ķȘĻ

ğ*%ëŜŃ��&Ȣǉ���+ų¶Ƶ@�13CȐſȏâų¶Ƶ�'��	
 öƂ»'�%�ȣŒ

ǴȐſȏâȮ10 mMȯ
9.ƠȏâȮ20 mMȯ@ų¶���ȣŒǴſȏâų¶Ƶ�@ƎĘ��	
 

)
�ȣŒǴſȏâȮ10mMȯ+4@ų¶���ƠȏâƁų¶Ƶ�7ƎĘ��Ȯ× 5.1ȯ	
 ñȫĿ

Ș@Ȁ�% 13CȐſȏâų¶Ƶ'ȣŒȐſȏâų¶Ƶ*
�<ßƧƅ�+ƅƊºîerp{Y

,1'A(Éő*ĬƤ��Ȯ× 5.2ȯ	
 Ŝƚ&,�ÝȪȗêč* N2O�Ɣƌ��ñȫ 4ķƘ*ƶ

400 µM+ŽĄ3&~ĸ�����+č+ñȫƽȆ*�"%Ď�* N2O,ŵø��ñȫ 14ķƘ
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�Ț*,ō¬�=)�"�Ȯ× 5.2Aȯ	
 �=,�ñȫ¯Ŀ*Ơȏȋ£ȮǓƩȯ*9;Ɣƌ��

N2O�ñȫ 14ķƘ3&* N2*3&ȋ£�=��'@ƣ�%
<	
 3��Ơȏâ@ų¶��
13C

Ȑſȏâų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶ*

%�ÝȪȗê²+ N2JUǉĭ*ǸÕ�<Ǔ

Ŝ
9. CO2-Ȑſȏ+Ŝůāǝ*9;ñȫ 4ķƘ3&*ƌ�� CO2��+č+ñȫĿȘ@Ȁ�

% 271−365 µM+ŽĄ&12|ð*ĬƤ����ƠȏâƁų¶Ƶ*
�< CO2ŽĄ,ñȫ 21ķ

Ƙ* 587 µM'
�Ȭ
�@ƣ��Ȯ× 5.2Bȯ	
 �+ƾņ
9.}ƫ+ƾņ�:�Ơȏâų¶Ƶ

&,ơȭȏºƺǗ+ſȏ3�, CO2Øð*9;Ŝƚ�+ CO2ŽĄ���Ģ�:=��'�ǌ�

:=�	
 3�
�=+ų¶Ƶ*

%7ñȫĿȘ�* CH4,ō¬�=)�"�Ȯ]{Y,³ę

�<ȯ	
  

� 13CȐſȏâų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶ+ůƚ*

%�ų¶�� NO3
−,ñȫȗêč

��*ǘ��ŵø��ñȫ 4ķƘ*, 1.3−2.3 mM+ŽĄ');�ñȫ 7ķƘ�Ț,ō¬�=)

�"�Ȯ× 5.2Cȯ	
 Ŝƚ+ºî­Ņƾņ'È?�<'�Ƶ¨&,ų¶��Ơȏâ� N2O3�,

N2*3&ȋ£ȮǓƩȯ�=��'�ƣ�=�	
 SO4
2−ŽĄ,ñȫ 0ķƘ*,
9� 25 mM&	"

���ñȫ 4ķƘ3&* 36.5−38.1 mM*~ĸ���+čñȫ 14ķƘ*, 38.7−40.8 mM*3&

ȇ��	
 ñȫ 14ķƘ�:ñȫļƻķ3&,?��)ŵøȮƶ 2 mMȯ*Ǻ��Ȯ× 5.2Dȯ	
 ßƧ

ƅĝżů�+ Fe(II)ŽĄ' TOCŽĄ,�=�= 19−20 mM' 10−15 mg L−1&�ñȫĿȘ�12

|ð*Ǆħ�=�	
 Ȯ× 5.3A,Bȯ	
 )
�ĮƔĖǒǎȏȮVFAȯ,ō¬�=)�"��'�:Ȯ]

{Y,³ę�<ȯ�VFA@ƌĞ�<ƔȎƖ�ǳ�Ēć&	"��'�Ĭõ�=<	
 |Ĵ&�Ơȏ

âƁų¶Ƶ*

%,�=:+ƅƊºîerp{Y,12åº�)�"�Ȯ× 5.2�5.3ȯ	
  

� ßƧƅØƚ*

%�Ơȏâ@ų¶�� 13CȐſȏâų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶ+ơ

ȭĞ­+Ìľƈ,�ñȫ 0ķƘ+ 1.7 wt%�:ñȫ 9ķƘ+ 0.9 wt%*3&ŵø�����+č

88ä¶�%ñȫļƻķ*, 1.3 wt%')"�Ȯ× 5.4ȯ	
 ůƚ+ºî­Ņƾņ'È?�<'�ñ

ȫȗê 9ķƘ3&,ßƧƅ�+ȋ£ě+ơȭºÈƅ� SO4
2−*3&ȏº�=%ůƚ*į¬�=�

�+č+ñȫčĿ*,ůƚ�+ SO4
2−�ȋ£�=��+ļƻƍƅ&	<ơºƅ�©.ßƧƅØƚ

*šř��'Ĭõ�=<	
 �=&7)
Ơȏâų¶Ƶ&,�ñȫƻ�ĺ*
�<ßƧƅØƚ�

+ơȭĞ­Ìľƈ,�ñȫĿȘ@Ȁ�%å¸+)�"�ƠȏâƁų¶Ƶ+ơȭĞ­Ìľƈ9;

7ľĘ*��"�	
 3���+£ƸĞ­ȮƩƸ�ſƸ�ŝƸȯ+Ìľƈ*#
%,�Ơȏâ@

ų¶�� 13CȐſȏâų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶ�ƠȏâƁų¶Ƶ+Ș*

%ȧǘ)

þ,4:=)�"�Ȯ× 5.5ȯ	
  

 

5.3.2ßƧƅ�+Ēƌƅ+äŗ'�ǳŪĖĒƌƅ  

� ½�ßƧƅĉ�;+ǁöƖ)ĒƌƅíÙȑȮDNAȯ
9.�ǳŪĖȮRNAȯ@Ī<�6*�3

#+ų¶ƵȮ13CŒǴȐſȏâų¶Ƶ�ȣŒǴȐſȏâų¶Ƶ�ƠȏƁų¶Ƶȯ+ßƧƅĝżů
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+|ð�ƧȮ1 mLȯ�*
�< DNAȑȮ��&, 16S rRNAȊ�ìŽĄȯ@ðȑ PCR*9;Ÿ

ð���:* RNAŽĄ@ǚ¤ðȑ*9;Šð��	
 ��&�13CŒǴȐſȏâų¶Ƶ'ȣŒǴ

Ȑſȏâų¶Ƶ*#
%,�¶��ÞǷȑ�Éő+�6�DNAȑ
9. RNAȑ'7*Éő+

 Ë@ƣ��	
 9"%��=: 2#+Ơȏâų¶Ƶ+�Ǟ'�%ȣŒǴȐſȏâų¶Ƶ+ƾņ

@× 5.6*ƣ�	
 Ơȏâ@ų¶��ßƧƅ&,ñȫȗê�: 4ķȘ& 16S rRNAȊ�ìŽĄ� 4.07 

×105 copies mL−1�: 1.25 ×106 copies mL−1*~ĸ��ñȫļƻķ*, 2.43 × 106 copies mL−1*3

&ȇ��	
 ƠȏâƁų¶Ƶ&,ñȫļƻķ+ 16S rRNAȊ�ìŽĄ,�ñȫȗêĺ'12å?:

�|ð+�@'"�	
 �=*9;�Ơȏâų¶Ƶ,�ƠȏâƁų¶Ƶ*ś0%ȧǘ)Ēƌƅ+

äŗ�ƢǮ�=�Ȯ× 5.6Aȯ	
 |Ĵ�RNAŽĄ,ñȫ 0ķƘ*,ƶ 80 ng mL−1&	"���Ơ

ȏâų¶čĕŻ*~ĸ��ñȫ 9ķƘ3&*
9� 530 ng mL−1*3&ȇ���+č 450−530 ng 

mL−1+Ș&|ð*ĬƤ��Ȯ× 5.6Bȯ	
 �+�',Ơȏâ+ų¶*9;ßƧƅ�&+ rRNAƔƉ

ȮYxeMǷÈĞȯ�ƗA*);��:*Ƶ¨+ NO3
−�Ůé�� 9ķƘ�Ț7Éő*Ȭ
uj

t+ rRNAƔƉ�ǂǃ�%
��'@ƣ�%
<	
 ƠȏâƁų¶Ƶ&,ñȫƻ�ĺȮ21ķƘȯ

* RNAŽĄ+ä¶�ǣ:=��ñȫȗêĺ+�
ŝŹȮƶ 80 ng mL−1ȯ+33&	"�	
  

� 3��RNA*Þ$
�ŕ��T{MGxS{ǧŅ*9;�Ơȏâų¶Ƶ*
�<ßƧƅ�+

�ǳŪĖ@ľ�<ĒƌƅǊ+ĬƤ@ǧŅ��	
 ÈǨ& 1,926,210Ȍ®Ȯ1rEhrs	�;āÚ

& 49,390Ȍ®ȯ@ƵǀîƖ*ǧŅ��Ȯ× 5.7Aȱ½��Ƨĉ�;+ RNAȑ@¶Ï�)
ƚö

Ɩ)ǊȞŐȂ+ėàȯ	
 )
�13CŒǴȐſȏâų¶Ƶ'ȣŒǴȐſȏâų¶Ƶ*#
%,�1

2Éő+ƾņ&	"��6���&,ȣŒǴȐſȏâų¶Ƶ+]{Y@ƣ��	
 ñȫȗê 0ķ

Ƙ+ Gamma-
9. Epsilon-proteobacteria+ 16S rRNAǺªƍƅ+ƚöíÙĈĄ,�=�=¥�

*ö� 1%' 0.7%&	"���Ơȏâų¶č+ñȫ 4ķƘ*,�=�= 30%' 22%');�}

ƫ'Éő*Łƫ&7©ƉƖ*ơȭȏºƺǗ@�Ǣpxd{'�<ĒƌƅǊ+ǘ�
 rRNAƔƉ

Ȯ�ǳŪĖºȯ�ǥõ�=�	
 �:* NO3
−�Ůé�� 9ķƘ�Ț7ñȫƻ�3&�=:+Ēƌ

ƅǊ+ rRNAƔƉujt,Ǆħ�=�	
 rRNA�mRNA�tRNA�:)<¥RNA+1'A(Ȯ80−90%ȯ

, rRNA*Əń�<�6 (109)�~ǿ+ßƧƅ½��Ƨĉ�;+ RNAȑȮ× 5.6Bȯ@¶Ï��

ǁöƖ)�ǳŪĖĒƌƅƦ+ĬƤ@Ş6�Ȯ× 5.7Bȯ	
 ǕÏű
�'*�Ơȏâų¶Ƶ*

%�

ñȫ¯Ŀ+ 9ķȘ&ßƧƅ½��ƧȮ1 mLȯ�+ Gamma-�Epsilon�Delta-proteobacteriaǅƺǗ

Ǌ+ƃƔƖ) rRNA+ƔƉ�ƢǮ�=��=:+ rRNAƔƉujt,�+č+ÝȪĿȘ&7Ǆħ

�=�	
 |Ĵ&�ñȫȗêĺ
9.ƠȏâƁų¶Ƶ+ñȫƻ�ĺȮ21ķƘȯ&,Ŏ6%�
 rRNA

ƔƉ�ƣ�=��ƫ'}ƫ&+ǲȦ'�=%
�ơȏȋ£Ǘ��ǳŪĖƦ'�%ō¬�=)�

:7ơȏȋ£�ǣ:=)
�ǵ,ßƧƅ½��Ƨĉ�;+ rRNAƔƉ+ǁöȑ�÷�
�'*

ǸÕ�<'ǌ�:=�	
 ǃ
%�ǹȬĚĄ rRNA-SIP*9< 13CȐſȏâ@Ã;ǽA Ēƌƅ+

ō¬��:*�+č+ 13C�ȇȮĒƌƅȘȩƅȃȕ
9.ňȪ¦ƌȯ+ǧŅ@ǜ"�	
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5.3.3 ȬôĄƐ­ RNA+ĒƌƅǊȞŐȂ  

� 13C Ȑſȏâų¶Ƶ
9.ȣŒǴȐſȏâų¶Ƶ+ñȫ 4�9�14 ķƘ+Sxit*ö�%ǹ

ȬĚĄ rRNA-SIP @ȉƎ��	
 Ôƫ& 13C-RNA +ȧǘ)ȞƧ�ǣ:=�ļȬôĄƐ­Ȯheaviest 

fraction; “1H”�ŬȅôĄȱ1.793–1.803 g mL–1ȯ�2ƒƘ*Ȭ
ôĄƐ­Ȯsecond-heaviest fraction; 

“2H” �ŬȅôĄȱ1.791–1.796 g mL–1ȯ��ôĄƐ­Ȯlight fraction; “L” �ŬȅôĄȱ1.767–1.774 

g mL–1ȯ+ RNA@ 16S rRNA*Þ$
�ŕ��T{MGxS{ǧŅ*���	
 )
�ñȫ 9


9. 14ķƘ+ 13CȐſȏâų¶Ƶ&,�13C+Ēƌƅ rRNA/+ȆĄ)Ã;ǽ4*ǸÕ�%�Ô

ƫ&ðǋ�� 1HƐ­ȮŬȅôĄȱ1.793–1.803 g mL–1ȯ9;7�:*Ȭ
ôĄ+ RNAƐ­ȮŬ

ȅôĄȱ1.802−1.810 g mL–1ȯ�Đ:=���śǼ�0�öƂƵȮȣŒǴȐſȏâų¶Ƶȯ*



%öĔ�<ôĄƐ­+ RT-PCR äĀƍƅ�Đ:=)�"��'�:���&+ƵǀǧŅ�:

țæ��	
 ÈǨ& 2,492,366Ȍ®Ȯ1rEhrs	�;āÚ 46,155Ȍ®ȯ+ 16S rRNAȊ�ìĲ

Ƅ@ƵǀîƖ*ǧŅ��	
 13C Ȑſȏâų¶Ƶ+ 1H Ɛ­*
�< Epsilon-
9.

Gamma-proteobacteria ǅƺǗǊ+ƚöíÙȑ�ȣŒǴƵ+ 1H Ɛ­'ś0% 1.3−1.5 �' 1.1−1.5

�*�=�=ä¶�%
�Ȯ× 5.8ȯ	
  

� 9;ǭƺ)­ȨȜûȮƦȱOTU [Operational taxonomic unit]ȯujt&ǧŅ��ƾņ�ñȫ 4�

9�14ķƘ+ 13CȐſȏâų¶Ƶ+ 1HƐ­*
�<ƚöíÙȑ��ȣŒǴȐſȏâų¶Ƶ+ 1H

Ɛ­*ś0%ľĘȮP < 0.05ȯ*~ĸ�� OTU@Ǟ 5.4A�B�C*�=�=ƣ�	
 ñȫ 4ķƘ*

, ChromatialesƘ*ú�< Thioalkalispira sp.8 Thioprofundum sp.ȮOTU 22867�OTU 6741�OTU 

16829ȯ
9. Sulfurimonas sp.ȮOTU 5673ȯ�ľĘ* 13Cſȏ@Ã;ǽA ơȭȏºƺǗǊ'�

%ō¬�=�	
 Éő* 13CÉºĒƌƅ'�%ō¬�=� Desulfofustis sp.ȮOTU 11272ȯ,ơȏȋ

Ǒ@ľ�ƇƪňȪƖ*ƌǏ�<�'�Ɲ:=%
<	
 ñȫ 9 ķƘ*,�}ƫ*%­ȟÝȪ��

Sulfurimonas sp. HDS01ŊȮOTU 15708ȯ
9. Thioalkalispira sp. HDS22ŊȮOTU 7305ȯ�'7

* 13Cſȏâ@Ã;ǽA Ēƌƅ'�%ō¬�=�	
 �:*�
�=7ŭŨƋã*%�+íÙ�

9�Ɲ:=<�ơȏȋ£'ľŔƅȏº+¦ČÂĔ@ǜ� Desulfobulbus sp.ȮOTU 16518ȯ�Ȓȋ£

Ǒ
9.ơȏȋ£Ǒ@ľ�< Pelobacter sp.ȮOTU 10107ȯ�
9.Ơȏȋ£Ǒ@ħ# Actibacterium 

sp.ȮOTU 19375ȯ*Əń�< 13CŒǴ rRNA7ō¬�=�	
 ¶�%�ñȫ 14ķƘ&,�Sulfurimonas 

sp. HDS01ŊȮOTU 15708ȯ
9. Thioalkalispira sp. HDS22Ŋ+ǾǈƦȮOTUs 3457�23164�4952�

5479�14571�10805�22397ȯ��:*, Thioprofundum spp.ȮOTU 20245�OTU 19078ȯ@Ì5

ChromatialesƘƺǗǊ)(�çő)ơȭȏºƺǗǊ+ 13CŒǴ rRNA�ō¬�=�	
 3����

&7�ơȏȋ£Ǒ@ľ�< Desulfobulbus spp.ȮOTUs 16534�4705�5155�21595�23055�17063ȯ

�ľĘ* 13C @Ã;ǽ5ĒƌƅǊ'�%Ɔð�=�	
 �:* 13C ŒǴ rRNA �ō¬�=� OTU 

14981 +ǾǈĒƌƅ Thalassomonas sp. ,ŭŨ*

%Ơȏȋ£Ǒ@ľ�<'àÎ�=%
;
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(110) �NO3
−ŵø/+ș��Ĭõ�=<	
 3� OTU 3299+ 16S rRNAȊ�ì,�ļǾǈƦ'+

Ȍ®ƚÉĖ� 90%��&	;��+9�)ƵǀƖ*ĳǤ)ĒƌƅǊȮŔǑŀƝƺǗǊȯ7 13CŒ

Ǵ�=%
�	
 )
�13C ŒǴ�=� OTU +ƚöíÙĈĄ+ƚöƖ)-:#�@ƣ�å¸�İ

Ȯcoefficient of variationȯ*#
%,�ñȫ 4ķƘÁ. 14ķƘ&, 0.09−0.75&	;�ñȫ 9ķ

Ƙ+ 0.04−0.21'ś0%è��"�	
 �+�',�NO3
−Ůé²+ñȫ¯ĿȮ4ķƘȯ*

%,�

ȬGbtL{+ȡìÄó�&	< NO3
−@6�"%çő)Ēƌƅ��ǳŪĖº�%
��'��

ĿȮ9ķƘȯ*

%,¯Ŀ�:�Ŀ+Ș* 13CȐſȏâ@Ã;ǽA Ēƌƅ8 N2O@ȡìÄó

�'�%±Ǝ&�<9�)Ɔð+Ēƌƅ��ǳŪĖº��čĿȮ14 ķƘȯ*

%,Øð�=

�ǡİ+ľŔºÈƅ�ÞǷ')<�6��+ľŔƅ­ǧ@ǜ�çő)Ēƌƅ��ǳŪĖº��

�'�ƣÑ�=<	
 �=:+ƾņ@ǆÈ�<'�13CȐſȏâ
9.Ơȏâ@ų¶��ßƧƅ�

*

%�ñȫȗêč�­ȟǗ HDS01Ŋ�HDS22Ŋ@Ì5ǡİ+ơȭȏºƺǗ� 13CȐſȏ@

Ã;ǽ4��+čØð�=� 13CſƸ,�*ơȏȋ£Ǘ/��+�*7Ȓȋ£Ǘ�Ơȏȋ£Ǘ)

(+ő�)ëŜ�ǳŔǑ@ľ�<ëŜĒƌƅǊ8ŔǑŀƝƺǗǊ/ƙīƖ*�ȇ�=��'�

Ĉ�ƣÑ�=�	
  

 

5.3.4ñȫčĿ*

%�ǳŪĖº�=�Ēƌƅ  

� Ơȏâų¶Ƶ*

%ñȫƻ�ĺȮ21ķƘȯ* 13CŒǴ�=)�"�7++�rRNAƔƉ+~

ĸ�4:=�ǡİ+ĒƌƅȮ�ǳŪĖƦȯ�ō¬�=�Ȯ× 5.9ȱ13CŒǴȐſȏâų¶Ƶ'ȣ

ŒǴȐſȏâų¶Ƶ&Éő+ƾņ@ƣ���6���&,čǍ+]{Y@ƣ�ȯ	
 ��-�OTU 

566,�ȏºƩƸȋ£ǓƩǗȮN2Oȋ£Ǘȯ'�%Ɲ:=< Azoarcus communis'ǾǈȮ16S rRNA

Ȋ�ìȌ®ƚÉĖȱ93.2%ȯ&��+ rRNAƔƉȑ�ƠȏâƁų¶Ƶ'ś0% 2.6�è��"�	
 

Éő*�Ơȏâų¶*9; rRNA+ȬƔƉ�4:=� OTU 10365,�ţüÜŭăßƧƅ+ơȏ

ȋ£Ń�&�ſºŝƸ­ǧǗ'�% rRNA-SIP*9;Ɔð�=� Desulfosarcina variabilis'Ǿǈ

ȮȌ®ƚÉĖȱ96.8%ȯ&	"�(103)	
 ¶�%�OTU 4956
9. OTU 21431,ŭăßƧƅ�:

­ȟ�=�ŝƸǶºĖpYxƌĞÅƺǗ Methanoculleus sp.Á. Methanosphaerula sp.*Ǿǈ+Ē

ƌƅ&	"�	
 �:*�ŭăßƧƅ�:­ȟ�=�ŝƸǶºĖpYxƌĞÅƺǗ'¦ƌƖ*�

Ʒǒǎȏ+ȏº@ǜ��'�Ɲ:=< Algidimarina úƺǗǊ'ǾǈȮȌ®ƚÉĖȱ>94.5%ȯ+

OTU 9760' OTU 6952+Ơȏâų¶*�í���ǳŪĖº�ǥõ�=�	
  

 

5.4 ǌõ  

� Łƫ&,�Ơȏâ@ų¶��ũťġ~�ßƧƅ*

%ºîÈĞơȭȏºǗǊ�ſȏØð@

ǜ�+�@ñǪ���:*Øð�=�ſƸ��+ëŜÐÍĒƌƅǊ*ƙīƖ*Ä�Ŷ�=%


<+��3�,ȘīƖ*�+ëŜĒƌƅ/ċȤ@Á2�%
<+�'
�Ò
*Ư�<0��
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Ôƫ&Ƣƪ��ǹȬĚĄ rRNA-SIPŤ@ßƧƅǬı+ĒƌƅǊȞ/'ȉƎ�<�'&�ºîÈĞ

ơȭȏºƺǗǊ@Ǹƀ'�<ĒƌƅȘƚ��ƎȮ�ǳb\^w{Mȯ@ǧĹ��	
 3�¯6*

ĒƌƅŋȏȮDNA' RNAȯ+ðȑ@ǜ��'&ßƧƅ½��Ƨĉ�;+ĒƌƅíÙȑȮDNAȯ


9.�ǳŪĖȑȮRNAȯ+ǁöǫ�*Ğµ��	
 �=*9;��ƫ
9.}ƫ&ŀǧŠ+ǲ

Ȧ')"%
��ơȏȋ£Ǘ��ǳŪĖƦ'�%ō¬�=<*7ș?:�ơȏȋ£�Ēć&	

<�'
��ǵ��ơȏȋ£Ǘ rRNA+ǁöƖƔƉȑ�÷�
�'*ǸÕ�<'+ĹƢ)ƾņ@

Đ�	
 ŕ*ǹȬĚĄ rRNA-SIP*9;�ơȭȏºƺǗ� 13CȐſȏâ@Øð���+č�+Øð

�=� 13CſƸ�ơȏȋ£Ǘ@�'�<ëŜÐÍĒƌƅǊ*ƙīƖ*�ȇ�=<őìȮĒƌƅȘ

ȩƅȃȕ
9.ňȪ¦ƌȯ@Ȭǧ¢Ą*Ĩ�<�'�&��	
 �:* RNA*Þ$
�ŕ��T

{MGxS{ǧŅ*9;�ơȭȏºƺǗ�:+ƙīƖ)ſƸ�ȇ,Ɓ
7++�ơȭȏºƺǗ

+äŗ*��ȘīƖ)ċȤ*9;ñȫƻ�ĺȮ21ķƘȯ*�ǳŪĖº�=<ĒƌƅǊȮN2Oȋ

£Ǘ8pYxƌĞÅƺǗ)(ȯ@ǣ¬��'*Ğµ��	
  

� ñȫ 4ķƘ3&*ų¶�� NO3
−+ŵø�N2O+ƌĞ�SO4

2−ŽĄ+ä¶
9.ßƧƅØƚ�+

ơȭĞ­+ŵø�ǥõ�=�}ƫ'Éő*Łƫ&7ũťġ~�ßƧƅ/+Ơȏâ+ų¶*9"

%ơȭȏºÂĔ'ǓƩÂĔ�©ƉƖ*ą�Ǹ��=��'@ƢǮ��Ȯ× 5.2�5.4ȯ	
 Ơȏâų

¶Ƶ*
�< CO2ŽĄ7ƠȏâƁų¶Ƶ*ś0%ľĘ*��"��'�:Ȯ× 5.2Bȯ�Ƶ¨&+

ſȏØðÂĔ+Ȅǜ7ƣÑ�=�	
 3�ñȫ@ǃ�<'�ñȫȗê 7ķƘ*,Ɣƌ�� N2O�

ŕƭ*ŵø��ñȫ 14ķƘ*,Ůé��Ȯ× 5.2Aȯ	
 �+�'�:�ñȫ�Ŀ�:čĿ*, N2O

ȋ£�Ǹ�%
��'�ƣ�=�	
 ¶�%�ñȫ 14ķƘ�: 21ķƘ*��%ơȭȏºÂĔ*

9;~ĸ�%
� SO4
2−+ŽĄ�¡�*Ȯ2 mMȯŵø��ÉĺĿ*ßƧƅØƚ+ơȭĞ­Ìľƈ

� 0.4 wt%ä¶��Ȯ× 5.2D�5.4ȯ	
 �+�'�:�ñȫȗêƙč,ų¶�� NO3
−@ȡìÄó��

ßƧƅØƚ�+ȋ£ě+ơȭºÈƅ@ȡì���'�<ȏºȋ£ÂĔȮǓƩÂĔ
9.ơȭȏ

ºÂĔ+¦Čȯ�ŪƔ*Ǹ�"%
���ñȫčĿȮñȫ 14−21ķƘȯ*,ůƚ�*į¬�=

� SO4
2−@ȡìÄó�'�<ơȏȋ£ÂĔ�¡�*Ǹ���'�ƣ�=�	
 ñȫĿȘ�+ TOC

ŽĄ,ƶ 10−15 mg L−1+Ș&12|ð*ĬƤ�%
;Ȯ× 5.2Fȯ�Ɔ* rRNA-SIP&�+íÙ�

ƣÑ�=�ñȫčĿ+ȡìÄó�ȮN2O�SO4
2−�Fe[III]ȯ+ȋ£ÂĔ*ș�%��+¦Č�<ȏ

ºÂĔ*Ǝ
:=<ȡì���ȮľŔƅȯ,ºî­Ņ&,Ɔð�<�'�&�)�"�	
 �=

,�ëŜÐÍĒƌƅǊ+ÞǷ')<�Ʒǒǎȏ)(+�ǳgr\MU�ȣÿ*ȁ��ßƧƅ�

&ǙƧ�=�*ȁ8�*±Ǝ�=<�'*ǸÕ�<'ǌ�:=�	
  

� � ßƧƅĝżů+½��ƧȮ1 mLȯ	�;+ RNAŽĄ,Ơȏâ+ų¶*9"%ƶ 80 ng mL−1

�:>500 ng mL−1*3&ĕŻ*ä¶��Ȯ× 5.6ȯ	
 �:*ºî­Ņ+ƾņ�:�Ƶ¨+Ēƌƅ�

ǳ�ŪƔ*)"�ĺĿ@Ĭð��ñȫ 4�9�14ķƘ@ǹȬĚĄ rRNA-SIP+ñĵlEx^'�

�	
 ñȫĿȘ@Ȁ�%�13CȐſȏâų¶Ƶ'ȣŒǴȐſȏâų¶Ƶ*
�<ƅƊºîerp{
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Y'ĒƌƅǊȞŐȂ,12Éő*ĬƤ��	
 ßƧƅ�:Ĥ¬�� RNA@ôĄ¹ȌǹȈē*9;

ôĄ�'*­��ļȬôĄƐ­Ȯ1Hȯ�+ 16S rRNA+ƚöíÙȑ@ 13CȐſȏâų¶Ƶ'ȣŒ

ǴȐſȏâų¶Ƶ+Ș&śǼ�<�'*9;�ơȭȏºƺǗ*9< 13CȐſȏâ+Øðº@ǪĹ

���:*Øðº�=� 13C@Ã;ǽA ĒƌƅǊ@ñȫƽȆ*�
Ɔð��ȮǞ 5.4ȯ	
 ñȝ*�

ñȫ 4�9�14ķƘ*

%�ơȭȏºǑ@ħ# Epsilon-proteobacteriaǅƺǗǊȮSulfurimonas spp.Ȳ

OTU 5673�OTU 15708ȯ
9. Gamma-proteobcateriaǅƺǗǊȮChromatialesƘ*ú�< OTUs 

22867�6741�16829�15708�7305�3457�23164�4952�5479�14571�10805�22397ȯ*9<
13CȐſȏâ+Ã;ǽ4@ƢǮ��	
 }ƫ*%�=:+ĒƌƅǊ+ǾǈƦ&	<­ȟǗŊȮHDS01

Ŋ�HDS22Ŋȯ+ºîÈĞƁŔňȪĖ@ƣ�%
<��ǹȬĚĄ rRNA-SIP@Ǝ
<�'&�2

Ʀ+­ȟŊ*Ƒ3:��ßƧƅ�&ñȝ*Ȑſȏ@Øð�<ơȭȏºƺǗ@ǡİǣ¬��'�

&��	
 3� NO3
−8 N2O+Ůé��ñȫ 14ķƘ*

%7ǓƩ'ơȭȏº+¦ČÂĔ@ǜ�

ơȭȏºƺǗȮ��- OTUs 3457�4952�5479�14571�10805�22397ȲHDS22Ŋ
9. OTU 15708Ȳ

HDS01Ŋȯ+ OTU�ō¬�=�	
 �+�',�ñȫ¯Ŀ8�Ŀ& 13CȐſȏâ@Ã;ǽA Ē

ƌƅƏń+ 13C-rRNA�Ŗí�<�'�NO3
−8 N2O+Ůé��č7ơȭȏºƺǗ+ rRNAƔƉ�

ĜĖƖ*Ǆħ�=%
<�'�	<
,ƺǐ¨/+NO3
−+ǙƧ (111)*�<�'@ƣ�%
<	
 

|Ĵ&�Desulfofustis sp.ȮOTU 11272ȯ,ſȏØð@ǜ�ơȏȋ£Ǘ'�%Ɲ:=%
;(112)�

�+Ēƌƅ7Ơȏâų¶č+ñȫ 4ķƘ* 13CȐſȏâ@ÉºȮØðºȯ��'Ĭð�=�	
 �

+č�ñȫ 9ķƘ�: 14ķƘ+Ș&,�ďúňȪĖ&ơȏȋ£Ǒ'Ȓȋ£Ǒ@ľ�<

Desulfobulbus spp.ȮOTUs 16518�16534�4705�5155�21595�23055�17063ȯÁ. Pelobacter sp.

ȮOTU 10107ȯ�ďúňȪƺǗ&Ơȏȋ£Ǒ@ħ# Actibacterium sp.ȮOTU 19375ȯ
9.

Thalassomonas sp. ȮOTU 14981ȯ��:*ǾǈƦ+íÙ�)
ŔǑŀƝĒƌƅ OTU 3299� 13C

ſƸ@Ã;ǽA Ēƌƅ'�%ō¬�=�	
 �=:+ďúňȪĖ+ëŜÐÍĒƌƅǊ,ơȭȏ

ºƺǗ)(�Øð�� 13C@ƙīƖ*±Ǝ�%
��'�Ĭõ�=<	
 ñȝ+ºî­Ņ+ƾņ&�

ñȫ 14ķ�: 21ķ*��% SO4
2−ŽĄ�¡�*ŵø�%
��'�:Ȯ× 5.2Dȯ�ơȭȏºƺ

Ǘ*Øðº�=� 13CƏń+ľŔƅ@ȡì���'�%Desulfobulbus spp.)(�ơȏȋ£@ǜ"

%
��'�ƣÑ�=�	
  

� |Ĵ�Ơȏâ+ų¶*�í�%ñȫ 21ķƘ*�ǳŪĖº�=�ëŜÐÍĒƌƅǊ�ǡİō¬

�=�Ȯ× 5.9ȯ	
 �+�& N2Oȋ£Ǘ'�%Ɲ:=< Azoarcus sp.ȮOTU 5622ȯ,ñȫ�ĿȮñ

ȫ 7−14ķƘȯ+ N2OŵøȮ× 5.2Aȯ*ș��%
<'Ĭõ�=�	
 �+ƺǗ*Əń�< rRNA

+ 13CŒǴ�ō¬�=)�"��'�:���&+�ǳŪĖº,ñȫ¯Ŀ*ǣ:=<ơȭȏºƺ

ǗǊ+ƇƪňȪƖ)äŗ+ȘīƖċȤ*9<7+'ƣÑ�=�	
 3�ſºŝƸ­ǧǗ'�%Ɲ

:=< Desulfosarcina sp.ȮOTU 10365ȯ+Ȭ
 rRNAƔƉ�Éő*ǥõ�=�	
 �+ Desulfosarcina 

úƺǗ,ȓƅŢ&şŇ�=�ţüŭăßƧƅ�&ơȏȋ£Ǘ+¦í*9"%Ƞ­ǧĖƅǷ&	
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<CtIx
9.CtOx­ǧǑ@ƔĮ�<'
�ǕÏű
àÎ�	< (113)	
 �:*,ëŜľ

Ŕƅ­ǧ+ļƻŘȜ@ĥ�ŝƸǶºĖ+pYxƌĞÅƺǗ Methanoculleus sp.�Methanosphaerula 

sp. ȮOTUs 4956�21431ȯ
9.ŝƸǶºĖ+pYxƌĞÅƺǗ'¦ƌƖ*ľŔƅ­ǧ@ǜ�

Algidimarina spp.ȮOTUs 9760�6952ȯ+ rRNAƔƉ7ǥõ�=�	
  

� ñȫĿȘ@Ȁ�%ßƧƅØƚ+ơȭĞ­
9.ůƚ�+ SO4
2−+äŵ�ǥõ�=Ȯ× 5.2D�5.4ȯ�

ñȫ¯Ŀ+ Sulfurimonasú
9. ChromatialesƘ+ºîÈĞơȭȏºƺǗǊ+ 13CȐſȏ+Øð

*ą�ǃ
%�13CſƸºÈƅ@Ã;ǽA �Ǣ)Ēƌƅ,ơȏȋ£Ǘ Desulfobulbus spp.&	"

�ȮǞ 5.5ȯ	
 �+�'�:�ơȭđƋ*ƙīƖ*ș��<ĒƌƅǊ�ſƸ+Ä�Ŷ�@ôī*

ǜ"%
��'�Ĺ:�')"�	
 ơȭȏºƺǗ'ơȏȋ£Ǘ+¦í,ŭăßƧƅ8űŭƮ*



%Ą�àÎ�=%
;�ŁƟƨ&ǥõ�=�9�)ơȭȏºƺǗ�:ơȏȋ£Ǘ/+ſƸ

+ƙīƖ)�ȇ,q{v\e+ţüŭăßƧƅ*

%7ǾĂàÎ�=%
< (114)	
 �:*�

ŭŨ8Űŝ+ßƧƅ�&, Desulfobulbusú+ơȏȋ£ǗǊ� MethanosaetaúÅƺǗ'ƌěƖa

\[@­�È"%ľŔƅ­ǧ@ĥ��'�3��+ĒƌƅȮDesulfosarcinaúƺǗƮȯ+�ǳŪ

Ėº@���'�Ĺ:�*)"%�%
< (113, 115)	
 �+9�)ƓƦ+ĒƌƅȘ&+Ō4­�

8ƌǏ@�Ȅ�<�Ǝ,ĒƌƅƌěƵ+ĊĞ*'"%è�)ǢÕ')< (116-118)	
 ŁßƧƅ¨

&7�ơȏȋ£ǗǊ+�ǳŪĖº�ľŔƅ­ǧ@ĥ��+ëŜÐÍĒƌƅǊ+�ǳŪĖº*·

ņƖ)�Ǝ@���ÆǑĖ,Ȭ
	
  

 

5.5 3'6  

� Ơȏâ@ų¶��ũťġ~�ßƧƅ*ǹȬĚĄ rRNA-SIP@ȉƎ�<�'&�Sulfurimonas ú

8 ChromatialesƘ+ơȭȏºƺǗǊ�ơȭȏºÂĔ'ǓƩÂĔ+¦Č*9; 13CȐſȏâ@Øð

º���'��:*Øðº�=� 13CƏń+ſƸºÈƅ�ñȫƽȆ*�"%ơȏȋ£Ǘ@�'�

�ëŜÐÍĒƌƅǊ/Ã;ǽ3=��'�Ĺ:�*)"�	
 ØðºſƸ+ƙīƖ�ȇ*¶��

ơȭȏºƺǗ+ƇƪňȪƖäŗ+ȘīƖ�Ǝ'�%�ñȫƻ�ĺȮ21ķƘȯ*Ơȏâų¶*�

í�� N2Oȋ£Ǘ�ſºŝƸ­ǧǗ�ŝƸǶºĖpYxƌĞÅƺǗ�ľŔƅ­ǧ¦ƌƺǗǊ+

Ȭ
 rRNAƔƉ�ǥõ�=�	
 ǹȬĚĄ rRNA-SIP8ºî­Ņ�ŕ��T{MGxS{ǧŅ+Ǜ

È*9;�ơȭȏºƺǗ+ſȏØð@Ǹƀ'�<ßƧƅ+ëŜ­ǧpIaVo+|Ƭ�Ĺ:�

')"�	
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Ǟ 5.1ºî­Ņǟǉ+Ń�  

JUMvm^Nrg+­ŅŃ� 
JUMvm^Nrg GC-2014 (Shimadzu) 
Iro ShinCarbon ST (Shinwa Chemical Industries) 
ō¬Ó TCD, FID 
Ƥ¸ƚ Ar (TCD), He (FID) 
ūȑ 31.4 mL/min 
IroŷĄ 70°Cz3min, 70−200°C (Ś­20°Cĸŷ) 

  
EHxMvm^Nrg+­ŅŃ� 

EHxMvm^Nrg DX-500 (Dionex) 
Iro IonPac AS-11 
ō¬Ó Electrochemical detector 
Ƥ¸ƚ 10 mM H2SO4 

ūȑ 1.2 mL/min 
NaOH gradient 0−30 mM over 13 min 
Siu\S ASRS 300 
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Ǟ 5.2(A) ðȑ PCRÂĔů+ƼĞ  

Solution Voume 
(µL) 

Template 4 
2× Go Taq qPCR master mix 10 
4p 515f 1 
4p 806r 1 
Water 4 
 Total: 20 µL/PCR 

tube 
 

Ǟ 5.2(B) ðȑ PCRÂĔŷĄzĺȘ  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Initial denaturation 95 2:00 1 
Denaturation 95 0:15 

40 
Annealing & extention 60 1:00 

Melting curve 60−90   
(0.5°C) 0:10 71 
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Ǟ 5.3(A) RT-PCRÂĔů+ƼĞ  

Solution Voume 
(µL) 

Template 2 
Access Quick master mix 25 
10p 515f (with adaptor for MiSeq) 2 
10p 806r (with adaptor and barcode for MiSeq) 2 
Rnasin Ribonuclease Inhibitor 0.5 
AMV reverse transcriptase 1 
Water 17.5 
 Total: 50 µL/PCR tube 

 

Ǟ 5.3(B) RT-PCRÂĔŷĄzĺȘ  

Step Temperature 
(°C) 

Time 
(min: sec) Cycle 

Reverse transcription 48 45:00 1 
Initial denaturation 94 3:00 1 
Denaturation 94 0:30 

24* 
21−22** Annealing 54 0:45 

Extention 72 1:30 
Final extention 72 5:00 1 

* ¥ RNA+ RT-PCRȱñȫ 0�4�7�9�14
9. 21ķƘ+Sxit+ RT-PCR, 24 cycles&

&ñĵ��	
  

** rRNA-SIP*
�<ôĄƐ­ RNA+ RT-PCRȱñȫ 4ķƘ+Sxit, 22 cycles�ñȫ 7


9. 14ķƘ+Sxit, 21 cycles& RT-PCR@ñĵ��	
 )
�RT-PCRƍƅ+ 1.2%CJv{

UPtȡŜŧ¸*9;�13CƵ'ȣŒǴƵ+öĔ�<Ɛ­Ș*
�< RT-PCRäĀ�ÉƥĄ&	

<�'@ƢǮ��	
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^ 5.4(A) 8m 4@U�An9=T+o1Hp����C*�� 13CE`
�� OTU (Operational taxonomic unit) 

OTU 
ID Closest relative species Similality 

(%) Acc. No. Phylum/Class Family Relative 
abundance (%)* 

Coefficient 
of variation 

Increasing 
ratio 

(fold)** 
 

P value *** 
Putative function 

**** 
Marine 
bacteria 

22867 Thioalkalispira sp. HDS22 95.7 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0142 (±0.005) 0.33 3.7 0.0453 Sulfur-oxidation + 
6741 Thioprofundum hispidum 92.8 NR112620 Gammaproteobacteria Thioalkalispiraceae 0.0105 (±0.007) 0.66 2.5 0.0390 Sulfur-oxidation + 

16829 Thioprofundum lithotrophicum 95.6 NR112829 Gammaproteobacteria Thioalkalispiraceae 0.0528 (±0.017) 0.33 1.9 0.0103 Sulfur-oxidation + 
5673 Sulfurimonas sp. HDS01 92.5 LC029406 Epsilonproteobacteria Helicobacteraceae 0.0808 (±0.023) 0.28 1.9 0.0059 Sulfur-oxidation + 

11272 Desulfofustis glycolicus 93.3 NR026354 Deltaproteobacteria Desulfobulbaceae 0.9457 (±0.123) 0.13 1.3 0.0223 Sulfate-reduction + 
 
 

^ 5.4(B) 8m 9@U�An9=T+o1Hp����C*�� 13CE`
�� OTU (Operational taxonomic unit) 

OTU 
ID Closest relative species Similality 

(%) Acc. No. Phylum/Class Family Relative 
abundance (%)* 

Coefficient 
of variation 

Increasing 
ratio 

(fold)** 
P value *** 

Putative function 

**** 
Marine 
bacteria 

16518 Desulfobulbus mediterraneus 93.5 NR025150 Deltaproteobacteria Desulfobulbaceae 0.0027 (±0.001) 0.33 4.3 0.0351 Sulfate-reduction + 
19375 Actibacterium atlanticum 98.8 KJ159064    Alphaproteobacteria Rhodobacteraceae 0.0054 (±0.0002) 0.06 4.0 0.0414 Nitrate-reduction + 

7305 Thioalkalispira sp. HDS22 97.2 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.1310 (±0.008) 0.06 1.8 0.0002 Sulfur-oxidation + 
15708 Sulfurimonas sp. HDS01 100 LC029406 Gammaproteobacteria Helicobacteraceae 40.6493 (±1.438) 0.04 1.7 0.0072 Sulfur-oxidation + 

10107 Pelobacter seleniigenes 98.8 NR044032 Deltaproteobacteria Pelobacteraceae 0.0767 (±0.016) 0.21 1.6 0.0382 Sulfate-reduction, 
iron(III)-reduction + 

*'d��9=-fae>%+T�� 13COg3L,[� 1HT+ RNA����DZ
���&��$ "�!"#��	�. OTU�V:60h�

<1)�EM_;�W�� 

** kE`Og3L,[� 1HT+ RNA��&��$ "�!"#�V:60h�Gb��5,P�Y*��� 

*** Ac\X�SQF]��
���� OTU�B��F]�?7��� 

****Ac\X�JI���3�nN=�/�R4��+j2l
�� OTU���+��i(���KHR4��Ac\X�+j2l
�� OTU��

�−��W�� 
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^ 5.4(C) 8m 14@U�An9=T+o1Hp����C*�� 13CE`
�� OTU (Operational taxonomic unit) 

OTU 
ID Closest relative species Similality 

(%) Acc. No. Phylum/Class Family Relative 
abundance (%)* 

Coefficient 
of variation 

Increasing 
ratio 

(fold)** 
P value 

*** 
Putative function 

**** 
Marine 
bacteria 

3457 Thioalkalispira sp. HDS22 98.4 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0067 (±0.002) 0.31 10.7 0.0162  Sulfur-oxidation + 
16534 Desulfobulbus mediterraneus 94.5 NR025150 Deltaproteobacteria Desulfobulbaceae 0.0190 (±0.004) 0.21 10.1 0.0149  Sulfate-reduction + 
23164 Thioalkalispira sp. HDS22 96.0 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0473 (±0.008) 0.17 8.4 0.0314  Sulfur-oxidation + 

4705 Desulfobulbus mediterraneus 94.0 NR025150 Deltaproteobacteria Desulfobulbaceae 0.0050 (±0.001) 0.14 8.0 0.0378  Sulfate-reduction + 
4952 Thioalkalispira sp. HDS22 98.4 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0045 (±0.001) 0.31 7.1 0.0145  Sulfur-oxidation + 

23326 Sulfurimonas sp. HDS01 97.6 LC029406 Gammaproteobacteria Helicobacteraceae 0.0045 (±0.001) 0.31 7.1 0.0145  Sulfur-oxidation + 
3299 Desulfurivibrio alkaliphilus 89.0 KF952443  Proteobacteria unknown 0.0122 (±0.005) 0.41 6.5 0.0283  unknown + 
5479 Thioalkalispira sp. HDS22 98.0 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0090 (±0.003) 0.31 4.7 0.0236  Sulfur-oxidation + 

14571 Thioalkalispira sp. HDS22 98.0 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0077 (±0.001) 0.11 4.1 0.0478  Sulfur-oxidation + 
10805 Thioalkalispira sp. HDS22 98.4 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.0100 (±0.004) 0.43 4.0 0.0454  Sulfur-oxidation + 

5155 Desulfobulbus mediterraneus 92.5 NR025150 Deltaproteobacteria Desulfobulbaceae 0.0045 (±0.001) 0.31 3.6 0.0110  Sulfate-reduction + 
21595 Desulfobulbus propionicus 91.3 NR074930 Deltaproteobacteria Desulfobulbaceae 0.0047 (±0.003) 0.75 2.5 0.0068  Sulfate-reduction + 
20245 Thioprofundum hispidum 93.3 NR112620 Gammaproteobacteria Thioalkalispiraceae 0.0045 (±0.001) 0.31 2.4 0.0134  Sulfur-oxidation + 
22397 Thioalkalispira sp. HDS22 98.8 LC029407 Gammaproteobacteria Thioalkalispiraceae 0.1052 (±0.019) 0.18 2.1 0.0198  Sulfur-oxidation + 
19078 Thioprofundum hispidum  98.8 NR112620 Gammaproteobacteria Thioalkalispiraceae 0.0070 (±0.003) 0.49 1.9 0.0048  Nitrate-reduction + 
14981 Thalassomonas sediminis 92.5 DQ660392 Gammaproteobacteria Colwelliaceae 0.0266 (±0.014) 0.51 1.8 0.0189  Sulfur-oxidation + 
23055 Desulfobulbus mediterraneus 92.9 NR025150 Deltaproteobacteria Desulfobulbaceae 2.5298 (±0.211) 0.08 1.8 0.0237  Sulfate-reduction + 
17063 Desulfobulbus mediterraneus 91.7 NR025150 Deltaproteobacteria Desulfobulbaceae 0.5753 (±0.058) 0.10 1.7 0.0126  Sulfate-reduction + 
15708 Sulfurimonas sp. HDS01 100 LC029406 Gammaproteobacteria Helicobacteraceae 32.4952 (±2.770) 0.09 1.3 0.0422  Sulfur-oxidation + 

*'d��9=-fae>%+T�� 13COg3L,[� 1HT+ RNA����DZ
���&��$ "�!"#��	�. OTU�V:60h�

<1)�EM_;�W�� 

** kE`Og3L,[� 1HT+ RNA��&��$ "�!"#�V:60h�Gb��5,P�Y*��� 

*** Ac\X�SQF]��
���� OTU�B��F]�?7��� 

****Ac\X�JI���3�nN=�/�R4��+j2l
�� OTU���+��i(���KHR4��Ac\X�+j2l
�� OTU��

�−��W�� 
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¶ 5.1 ūǅǃ�Ěy'
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¶ 5.3ūǅÂŀ�'58¿Ųő(őŗ�ÏT^\eK(Æ� 2 
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¶ 5.4 ūǅǃ�Ěy'
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¶ 5.5 ūǅǃ�Ěy'
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¶ 5.6 ūǅǃ�Ěy'
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¶ 5.7 ūǅǃ�Ěy'
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¶ 5.8 1H�2H
5+ LŞ� RNAl(ñřőƈǏĨƹ  
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¶ 5.9ūǅÂŀ�ÑǛ 21đŤ'wƨĺö��� OTUǞOperational taxonomic unitǟ  
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OTU� Closest*rela-ve*species� Similarity*
(%)*� Acc.*No.�

0� 0.005� 0.01� 0.015�
Rela-ve*abundance**(%)�

5622� Azoarcus)communis� 93.2* NR024850*

4956� Methanoculleus)taiwanensis) 94.5� KM111599*

21431� Methanosphaerula)palustris� 95.3� NR074167*

10365� Desulfosarcina)variabilis) 96.8� NR044680�

9760� Algidimarina)propionica� AY851291*94.5�

6952� Algidimarina)propionica� 94.9* AY851291*
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*�(�Ȯˎē8"0ˎ×˓˾lepidocrocite˿EǣǠž��ĐȺȆ-ʵÏƀ¹�� C@˪Ĥé

Ĳ¥/ˈ¶çŬ/«ʻEʔ9"	
 �@-ìȸ/×ĨÃƶ*Ǐ��S{OKyR{ʎƶ-?%(

Ȯˎˈ¶Ǥű�?3˓ˈ¶Ǥű/ƪǿ*ŧȓȆɢ˦ǉʹEʎƶ�"	
  

	ƙǟ
įĊȥƴƵŁň/ǙȖĄĖ-ž$��@C"ĐȺȆʔƗEƊè���ŅǧǙ4Ģǘȟ

-źǸ�"	
 Ȯˎē8"0 lepidocrociteE /ˈ¶Ǥűʓ©-ÚÃ,?� 20 mM/ǹœ�ƞ*

,B?�-ǬÏ��25°C ƥż)˭ɟ�"	
 Į˺ 0�2�5 ƜȢ-RyjtyPEʂ
�Ɍ¾/ǘ

Ȥ�ǩȤ�ĐȺȆĂȤE×ĨÃƶ-§�"	
 8"ĐȺȆ�@ DNA* RNAEƂÂ��16S rRNA 

ˇ Ĥ/ V4˳ċEǋȟ-Ǐ��S{OKyR{-?AŧȓȆɢ˦ǉʹ˾ DNA �˿?3�ʜǤű

ŧȓȆ˾RNA˿Eʎƶ�"	
  

	ɖƷ
Ȯˎē�lepidocrocite/ǬÏɌ+$@-�
(<Ȇȑ×Ĩfsp{X0ě��Ę×�,

�%"˾ā 2.1 	˿
 Į˺˚Ġš��-ǘǩōʄ-?B CO2/Ȝȓ�9@C"	
 Į˺ 5 ƜȢ-�


(�SO4
2−ǹœ/D��,ǯĺ˾1.4−1.9 mM˿��ǬÏɌ)ʌĵ�C"	
 |ƙ)�Fe(III)ˈ¶/ȓ

ŻȆ)�B Fe(II)/ǹœ0�Į˺ƭ˛Eʷ�(+$@/ǬÏɌ-�
(<ĕÏ�,�%"	
 8"

TOC0Į˺ƭ˛�-�
(67|Ĭǹœ)�A��@-ƎȜűɩɦˎ ˾VFA˿�ǅÂ�C,�

%"�*�@�VFA EÃʎȔȆ*�BƪǍȆ/ȜˍȟÃʎ0ŧř)�%"�*�Ȱú�C"	
 

ĐȺȆ�/ DNA -Ď'
"ŧȓȆɢ˦ǉʹ�?3 RNA -Ď'
"�ʜǤűEƪ�BŧȓȆ/

ɔŻ-ě�,Ę×0ʉ@C,�%"˾ā 2.2 	˿
 +$@/ǬÏɌ< Deltaproteobacteria ɚ-ļ�B

ɒɹɢ�ŧȓȆɢ˦º¥-��BĦĆˑ˾DNA˿/ 30%���rRNA Ȝȏˑ˾RNA˿/ 75%�

�Eß;(
"	
 �/ Deltaproteobacteria ɚ/ŧȓȆɢ-&
(0 Desulfobulbaceae ȵɒɹE�

ʈ*�"Ȯˎˈ¶ɹ)ǉŻ�C(
B�*�Ɵ@�*,%"	
  

	ɤĵ
Ȯˎē�?3 lepidocrociteEǬÏ�"ĐȺȆ)0�SO4
2−ˈ¶�ŧř-ʻʂ�B<//�

Fe(III)ˈ¶06*F+ʧ�,�%"	
 �ǬÏɌ�@0�Ǌ�,ćċ/ǧőĐȺȆ)�1�1ǅÂ

�CB Deltaproteobacteria ɚ-ļ�BȮˎˈ¶ɹɢ/ rRNA Ȝȏ�ʌĵ�C"	
 ưĐȺȆ�)0

Ȯˎˈ¶ɹ��ʈǉŻȸ)�B��˪Ĥ§�¥*,A�B VFAɄ/ƹǮ�@Ȯˎˈ¶/Ãʎl

\ySqu0Ǉ;(£��ĐȺȆ0ĪĬȈŹ*,%(
B�*�Ȱ�C"	
  

	ɖʚ
ǧǙ=ǧő�-ʞĴ-ĦĆ�B SO4
2−= Fe(III)E˪ĤéĲ¥*�"ĢǘŧȓȆ-?Bƪ

ǍȆÃʎ0�ĐȺȆ�)0ˮŋ-ŧř)�A��C@/ĢǘƲ��)ĐȺȆ�ȓÃʎEé�

�-ɾȺ�ə�BȵĨȟǂƄEȰ��*�)�"	
  

 

	˜ʺʚƖ
 Hori T, Kimura M, Aoyagi T, Navarro RR, Ogata A, Sakoda A, Katayama Y, and 
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Takasaki M. 2014. Biodegradation potential of organically enriched sediments under sulfate- and 
iron-reducing conditions as revealed by the 16S rRNA deep sequencing. J Water Environ Technol. 12: 
357-366. 
 

 

��ȿ�ȭˎˈ¶Ʋ�-��BĐȺȆ/ĢǘÃʎ* C-˜��BŧȓȆ/Ɍɘʎƶ  

	Ȣȟ
ưȿ)0�SO4
2−= Fe(III)?A<KbuN{˲¢/˻
˪ĤéĲ¥Ďʥ)�B NO3

−EǬ

Ï�B�*)ŗ�ʧ��CBĐȺȆ/ÃʎʿȷE×ĨÃƶ)Ɵ@�-�B*½-� C-˜�

ā 2.2� ĐȺȆ�/ŧȓȆɢ˦ǉʹ*�ʜǤűŧȓȆ  
ÂŧȓȆ/ĦĆ˾DNA �˿ B̂rRNAȜȏ˾RNA˿ 
e{/�-sJistï˾D0�R00Į˺ 0ƜȢ�DS2�DS5�RS2�RS5
0ȮˎēǬÏɌ/Į˺ 2�5ƜȢ�DF2�DF5�RF2�RF50 lepidocrocite
ǬÏɌ/Į˺ 2�5 ƜȢ˿E C!CȰ�	
 e{/�-0ʎƶ�"ˋÅ
ƕEȰ�	
  

ā 2.1� Ȯˎˈ¶�˓ (III)ˈ¶Ʋ�-��BǧőĐȺȆ/Ȇȑ×Ĩ
fsp{X  
Ǻɳ/e{0ȮˎēǬÏɌ�Ȟɳ/e{0 lepidocrociteǬÏɌEȰ�	
  

	
 ��

���

	
 ��

	
 ��
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�BŧȓȆEǏ��S{OKyR{ʎƶ*Ã˨č˸-?AîĬ�B�*EȢȟ*�"	
  

	ƙǟ
�ȿ*îǊ-�ĐȺȆʔƗE�ŅǧǙ4Ģǘȟ-źǸ�"	
 ȭˎēEˈ¶Ǥűʓ©-

ÚÃ,?�- 20 mM/ǹœ)ǬÏ��25°C/ƥż)˭ɟ�"	
 ,�ķȂÙ*�(�ȭˎēǿǬ

ÏɌEȕŶ�"	
 Į˺ 0�2�5 ƜȢ-RyjtyPEʂ
�Ɍ¾/ǘȤ�ǩȤ�ĐȺȆĂȤE

×ĨÃƶ-§�"	
 �/ơ�ĐȺȆ�@ DNA* RNAEƂÂ��16S rRNA ˇ Ĥ/ V4˳ċE

ǋȟ-Ǐ��S{OKyR{-?AŧȓȆɢ˦ǉʹ˾DNA˿�?3�ʜǤűŧȓȆ˾RNA˿E

ʎƶ�"	
 �@-�ȭˎēǬÏ-?%(µß×�BŧȓȆ/Ã˨č˸Eʂ%"	
  

	ɖƷ
ȭˎēǬÏɌ*ǿǬÏɌ)0Į˺ 5 Ɯ˛-��BȆȑ×Ĩfsp{X�ě��ț,%

"˾ā 3.1 	˿
 ǘȤ-�
(�ȭˎēǬÏɌ)0Į˺ 5 ƜȢ- N2O �Ȝȓ�"	
 ǩȤ)0�ǬÏ

�" NO3
−�Ǐɂ-ǯĺ�(�5ƜȢ-0ƹǮ�"	
 |ƙ�SO4

2−ǹœ0Į˺ 5ƜȢ)Ű�ƞ�"	
 

8"ȭˎēǬÏɌ/Į˺ 5 ƜȢ-0�ĐȺȆ/ĂȤ�-ñ8CB S șÃ�ƪŶ-ǯĺ�"	
 �

C@/ɖƷ�@ȭˎēEǬÏ�"ĐȺȆɌ¾)0ɪȽ*Ȯ˼ˎ×çŬ�ʧ�(
"�*�Ȱú

�C"	
 ŧȓȆɢ˦ʎƶ/ɖƷ�ȭˎēǬÏɌ)0ĐȺȆ�/ǉŻŧȓȆȸ�Ìȟ-Ę×�(


"˾ā 3.2 	˿
 ȇ- Epsilon-* Gamma-proteobacteria ɚ-ļ�Bɒɹɢ-��BĐȺȆ�/Ȥķ

ĦĆˑ˾ DNA 0˿�Į˺ 0ƜȢ)0 C!C 2%* 5%)�%"��Į˺ 5ƜȢ-0 C!C 44%

* 17%-8)ĕÏ�"	
 �C@/ŧȓȆɢE?Aʖɒ-ʎƶ�B*�Epsilonproteobacteria 0

Sulfurimonas ļɒɹ�Gammaproteobacteria 0 Thioalkalispira ļ,+/ Chromatiales Ȣ/ɒɹɢ)

ǉŻ�C(
"	
 µßŧȓȆ/Ã˨č˸Eʔ9"ɖƷ�Sulfurimonasļ* Thioalkalispira ļɒɹ

-Ŋļ�BɌɘĨȟ-Ƙʊ, 3ɹǀ˾HDS01ǀ�HDNS4ǀ�HDS22ǀ˿/Ã˨č˸-ŻÎ�"

˾ā 3.3 	˿
 8"�ȭˎēǬÏɌ/Į˺ 5ƜȢ-ƨ<µß×�"Ȯ˼ˎ×ɹ˾HDS01ǀ* HDS22

ǀ˿0Ȯ˼ˎ×*ɪȽE½ş����@-×ĨíŻǿǍƾ˸ȟ-ȓɧ)�BŧȓȆ)�%"	
 

Ï�(�ȭˎēǬÏɌ/Į˺ 5ƜȢ-�
(�rRNAȜȏˑ�ɕơȟ-ĕě�"ŧȓȆ�á$�

ʜǤű×�"ŧȓȆ�ʇƕȸʌĵ�C"	
 �C@0�Ȝˍű/ɒɹ�˓(III)ˈ¶ɹ�£ɐɩɦˎ

/½ȓˎ×ɹ=ˌˎʣ×ű/pXyȓŻêɒɹ-ʳɞ,ŧȓȆ)�%"	
  

	ɤĵ
ȭˎē/ǬÏ-?Aŗ�ʧ��C"ĐȺȆɌ¾/Ȯ˼ˎ×*ɪȽçŬ-�
(�Ǩʢ

�C" NO3
−ǹœ˾17.7 mM˿*ȓŻ�C" SO4

2−ǹœ˾11.3 mM˿/ǖ0�Ȯ×Ǚɑˎ×*ɪȽ

/½şçŬ/×Ĩˑʚǖ*67|ɯ�(
"	
 ưĐȺȆ�/Ȯ×Ȇ�ȭˎˈ¶˾ɪȽ˿*½ş

�B˪Ĥ§�¥*�(Çȕ�C"*ƌĵ�CB	
 8"ȭˎē/ǬÏ-?%(�ĐȺȆ�)0Ȯ

˼ˎ×ɒɹ�µß×���@-�ʈ,�ʜǤűȸ*�(<ǅÂ�C"	
  /�)<ƨ<µß×

�" Sulfurimonas sp. HDS01ǀ* Thioalkalispira sp. HDS22ǀ0�Ã˨č˸š/ʔ˺-?%(Ɍɘ

ȟ-Ƙʊ)�B�*�?3Ȯ˼×íȆ*ȭˎē-?%(×ĨíŻǿǍƾ˸ȟ-ȓɧ�B�*�

Ɵ@�*,%"	
 ȭˎēǬÏɌ)0ǿǬÏɌ*ǖ5(Į˺ 5 ƜȢ/ CO2ǹœ�ƪŶ-£�%"

˾ā 3.1˿�*Eʫ8�B*��C@/Ƙʊ,ɒɹɢ�ȣƋȟ-ĐȺȆɌ¾/Ȯ˼ˎ×zɪȽ-
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˜���ǼˎĂĬ-?AÌȟ-ĕǓ�"�*�Ś�Ȱú�C"	
 |ƙ�ȭˎēǬÏɌ/Į˺ 5

ƜȢ-0�˓ ˈ¶ɹ=pXyȓŻêɒɹ,+/Ţļƾ˸ű/ĢǘŧȓȆ-ȗƳ�B rRNAȜȏ/

ĕÏ�ʌĵ�C"	
 �C-?A�ȭˎē/ǬÏɌ/Į˺ 5 ƜȢ-0�ĐȺȆ�-Ǽɑǲ�§ɗ

�C"�*�Ȱú�C"	
  

	ɖʚ
ĐȺȆ�)D��-ĦĆ�(
" Sulfurimonasļ�ChromatialesȢ/ɒɹɢ�ȭˎē/

ǬÏ-?%(ʗȜ�CBɪȽ*Ȯ˼ˎ×-ȣƋȟ-˜���ŰǷ-ĕǓ�"	
 �/µß×�"

Ȯ˼ˎ×ɒɹ0×ĨíŻǿǍȟ-ȓɧ�B�*�ëɨ)�%"�*�@�Ȯ˼ˎ×ɒɹ�ĐȺ

Ȇ�/|ǏȓȔɥ*,A�ĂĬ�C"Ǽɑ��/ĢǘŧȓȆɢ/ƾ˸ǲ*�(Çȕ�CĐȺȆ

/ĢǘÃʎʿȷ�ʻ9&&�B�*�Ś�Ȱú�C"	
  

 

	˜ʺʚƖ
Aoyagi T, Kimura M, Yamada N, Navarro RR, Itoh H, Ogata A, Sakoda A, Katayama 
Y, Takasaki M, and Hori T. 2015. Dynamic transition of chemolithotrophic sulfur-oxidizing bacteria in 
response to amendment with nitrate in deposited marine sediments. Front Microbiol. 6.246: 1-12. 

ā 3.1� ȭˎˈ¶Ʋ�-��B
ĐȺȆ/Ȇȑ×Ĩfsp{X  
˽ɳ/e{0ȭˎēǬÏɌ�Ȟɳ
/e{0ǿǬÏɌEȰ�	
 HUX
tUO0́&/č˸Ɍ˛/ĂȤ
�/¶ɑñƪˑ/ņ�ƪŶ)�
B�*EȰ�˾̀̂p <0.05 	˿
  

ā 3.2� ǧőĐȺȆ�/ŧȓȆɢ˦ǉʹ*�ʜǤűŧȓȆ  
ÂŧȓȆ/ĦĆ˾DNA �˿ B̂rRNAȜȏ˾RNA˿ 
e{/�-sJistï˾G0�T00Į˺ 0ƜȢ�NG2�NG5�
NT2�NT50ȭˎēǬÏɌ/Į˺ 2�5ƜȢ�CG2�CG5�CT2�
CT50ǿǬÏɌ/č˸ 2�5ƜȢ˿EȰ�	
  
 

ā 3.3� Ã˨ɹǀ/
ɌɘĨȟ¢ɟ  
16S rRNAˇ Ĥ-Ď
'
" Epsilon-�?3
Gamma-proteobacteria
ɒɹ/˶ɞ˜ªEȰ
�	
 ĜƖĥ�ưȬȻ)
ţ @ C " Ã ˨ ɹ
HDS01ǀ�HDS22ǀ�
HDNS4 ǀEȰ�	
 Ã
Ŀ�"Ƹ�ʳƋ�(

B</6+Ɍɘȟ
-ʳɞ)�B	
 Ƹ-Ȱ
�C(
Bƕ°0
1,000 ý/i{^U^
s[jʐɆ-Ď'�
Ɍɘ˜ª/¬˴űE
ʅ�	
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�üȿ�ʨ˻Ÿœ Stable Isotope Probing /˚Ȝ  

	Ȣȟ
rRNA-stable isotope probing˾rRNA-SIP˿0�ĪĬî¢¥Ďʥ)ȒĔʔƗEč˸�"š�

î¢¥ǋʝ�C" RNA EĳœÖˋʨ˃ũ)Ã˨�(ēĎˋÅEǜĬ�B�*-?A�ĎʥEÃ

ʎ�èAʲF#ŧȓȆ/ɌɘĨȟ¢ɟEƌĬ�BŽǟ)�B	
  /";ǋʝ RNA/ˆAÃ�-

��Bʎ´œzŸœ0�rRNA-SIP-�
(î¢¥ĎʥEèAʲF#ŧȓȆ/ǅÂ-ȣƋŞ˰E

æ7�*�ŵ�CB	
 ưȿ)0�²)0�B�ƪŶ-ǋʝ�C" RNA/˻ŸœǅÂ-ƪÒ*ɤ

�@CBǏ��S{OKyR{/˄ȕ-?A�rRNA-SIP/Ÿœ�ŢƳǟ*ǖʭ�(+/ȷœ8

)ĕŚ�CţB�Eʓ©�"	
  

	ƙǟ
ěɫɹ-ȗƳ�Bīº- 13Cǋʝ�C" RNAEƹɶɹ-ȗƳ�Bˮǋʝ RNA- 1%̄

0.0001%/Êí)ǫí�B�*-?A�ț,B 13C-RNAǹœEƪ�Bʇƕ/ǋǳʔƗE¦Ż�"	
 

 C@EĳœÖˋʨ˃ũ-§��ìĳœșÃ-ñ8CB rRNA E T-RFLP ˾Terminal-restriction 

fragment length polymorphism̃ŢƳǟ˿�?3Ǐ��S{OKyU˾Jun`S{OKyU˿-

?Aʎƶ�"	
 ěɫɹ/ˮǋʝ RNA Eƹɶɹ/ˮǋʝ RNA *ǫí�"ˮǋʝɌ<ķȂ*�(

ȕŶ��îǊ/Į˺Eʂ%"˾ǈʈEā 4.1-Ȱ� 	˿
  

	ɖƷzɤĵ
ěɫɹ/ 13C-RNA � 1%�0.5%ñ8CBƲ�)0�ěɫɹ-ȗƳ�B T-RFg{

O�ĳœ/�ƞ-¡%(ĕě��ƨ˻ĳœșÃ-�
(ƨµß*,%"˾ā 4.2 	˿
 13C-RNA /

0.05%ñƪƲ�)0ěɫɹ/ T-RF g{O�ƨ˻ĳœșÃ)²�-ʌĵ�C"	
 ����ʇ˧,

ŧȓȆɢ˦ǉʹ�ŵĬ�CBĮȒĔʔƗ/ʎƶ-�
(�/?�,²�,g{OE¿ȏȟ-ǅ

Â�B�*0˩�
	
 |ƙ�Jun`S{OKyU)0 13C-RNA E 0.05%�0.001%ñ:£ǫí

ȍƲ�-�
(<ěɫɹ-ȗƳ�B 13C-RNA /ƪŶ,˦ȺEƨ˻ĳœșÃ-�
(ʉÂ��*

�)�"˾ā 4.3 	˿
 8"��/ƨ˻ĳœșÃ-��B 13C-RNA /˦Ⱥ0ěɫɹ-ȇțȟ,js

Jm{Eȕ
"Ĭˑ RT˾Reverse transcription˿-PCR/ʎƶɖƷ-?%(<ƐƆ�C"	
  

	ɖʚ
13C-RNA/ǅÂǟE T-RFLP-?Bɢ˦ǉʹjwhGJu/ǖʭ�@Jun`S{OK

yU-?BěʊǌēĎˋÅʎʙ4ɟ�ƍ�B�*-?A�rRNA-SIP/ 500¯/˻Ÿœ×EˁŻ

�"	
 �/ʨ˻Ÿœ rRNA-SIPǟ0�ĦĆˑ0Ǉ;(ĺ,
�ˏʈ,ȆʥŦȒzĘƍEƃ�ƯȪ

ŧȓȆ/ǍɨʎƟ�*AD�ǧőĐȺȆ/ĢǘÃʎ-˜��BŧȓȆɢ/ǍɨǜĬ-ŚÍ,Ž

ǟ*,B*ɤ�@C"	
  

 

	˜ʺʚƖ
(1) Aoyagi T, Hanada S, Itoh H, Sato Y, Ogata A, Friedrich MW, Kikuchi Y, and Hori 
T. 2015. Ultra-high-sensitivity stable-isotope probing of rRNA by high-throughput sequencing of 
isopycnic centrifugation gradients. Environ Microbiol Rep. 7: 282-287. (2) ˬƺƤ�ďȪʂ 2015. �Ư
č˸ŧȓȆ/�ʜǍɨEîĬ�Bʨ˻Ÿœ Stable isotope probing/˚Ȝ�eJLRJKyU*
JyYU^t{(B&I)�7: 225-227. 
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ā 4.2� T-RFLP-?B 13C-RNA/ǅÂ  
1Ĥƨ˻ĳœșÃ�2Ĥ˻ĳœșÃ�L̂£ĳœșÃ 
ȩà/g{O0ěɫɹȗƳ� /�/g{O0ƹɶɹȗ
Ƴ/T-RFEȰ�	
 ʍƅŘ/�0[șÃï�Ǧʽĳœ(g/ml)]
E C!CȰ�	
  

ā 4.3� Ǐ��S{OKyR
{ʎƶ-?B 13C-RNA/ǅÂ  
1Ĥƨ˻ĳœșÃ�2Ĥ˻ĳœ
șÃ�L̂£ĳœșÃ 
Ǻɳ/e{0 13C ǋʝɌ/ěɫ
ɹ RNA�Ȟɳ/e{0ˮǋʝɌ
/ěɫɹ RNAEȰ�	
  

ā 4.1� T-RFLP*Jun`S{OKyU-?B 13C-RNA/ǅÂŸœʓ©/ǈʈ  
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��ȿ�ĐȺȆÃʎʿȷ-��BŧȓȆ˛Ȥ�¦ȕ/ʎƟ  

	Ȣȟ
�ȿ-�
(�ǣǠž��ĐȺȆ4/ȭˎē/ǬÏ-?AȮ˼ˎ×ɒɹ�Ìȟ-ĕǓ

�"š�ʇƕ/Ţļƾ˸űĢǘŧȓȆɢ/�ʜǤű×˾rRNA˻Ȝȏ˿�ʌĵ�C"	
 �/�*

0�Ȯ˼ˎ×ɒɹ�ĂĬ�"Ǽɑ8"0 C�ę/þĤ-?A�ĐȺȆ/ĢǘÃʎ�?3ŧȓ

ȆȓŹɌ/¿ǉɉ�ʧ�AĠ;(
"�*EŚ�Ȱú�(
B	
 ����Ȯ˼ˎ×ɹɢ�ĐȺ

Ȇ�/Ǽˎ8"0 CO2 EĂĬ�B/�� �)�B,@1ĂĬ�C"Ǽɑ�+/?�,ŧȓȆ

-ȣƋȟ-é�ǰ�C(
B/��8"0˛Ƌȟ-Ş˰Eæ7�(
B/�-&
(0�Ɵ)

�B	
 ưȿ)0�Èȿ)˚Ȝ�"ʨ˻Ÿœ rRNA-SIPǟEȕ
B�*)Ȯ˼ˎ×ɒɹ/ǼˎĂĬ

Eʧǽ*�BŧȓȆ˛/Ȥ�¦ȕ˾�ʜb[^x{O˿/ʎƟEʔ9"	
  

	ƙǟ
�ȿ��ȿ*îǊ-�ĐȺȆʔƗE�ŅǧǙ4Ģǘȟ-źǸ�"	
 13C ǋʝɌ*�(�
13CǋʝˏǼˎēE 10 mM�ȭˎēE 20 mM/ǹœ�ƞ-,B?�-ǬÏ��25°C/ƥż)č

˸�"	
 ǋʝɌ0ˮǋʝˏǼˎēE 10 mM*ȭˎēE 20 mM/ǹœ)ǬÏ�"	
  C!CĮ

˺ 0�4�7�9�14�21ƜȢ-RyjtyPEʂ
�Ɍ¾/ǘȤ�ǩȤ�ĐȺȆĂȤE×ĨÃƶ

-§�"	
 8"Į˺ 4�9�14 Ɯ/ĐȺȆ�@ƂÂ�" RNA EĳœÖˋʨ˃ũ-?Aĳœ�*

-Ã˨zÃș��ìĳœșÃ-ñ8CB 16S rRNA ˇ Ĥ˾V4˳ċ˿EǏ��S{OKyR{

-?Aʎƶ�"	
 ,��ˮǋʝˏǼˎē 10 mM/9EǬÏ�"ȭˎēǿǬÏɌ<ȕŶ�"	
  

	ɖƷ
Į˺ƭ˛Eʷ�( 13CǋʝɌ*ˮǋʝɌ-��BɌ¾/Ȇȑ×Ĩfsp{X06*F+

îǊ-ƌȶ�"˾ā 5.1 	˿
 ȭˎēǬÏɌ)0Į˺˚Ġš 4 ƜȢ-0 N2O �Ȝȓ��Į˺ɕʿ-

¡
ǯĺ�"	
 8"ǘǩōʄ-?B CO2/ȓŻ0Į˺ 21ƜȢ-�
(ȭˎēǬÏɌ/ƙ�ǿǬ

ÏɌ*ǖ5(ƪŶ-£�%"	
 ǩȤ-�
(�ǬÏ�" NO3
−0Į˺˚Ġš��-ǯĺ��Į˺

7ƜȢ-0Ǩĝ�"	
 SO4
2−ǹœ0Į˺ 14ƜȢ8)ĕÏ�� /šƨɓƜ8)-D��-˾ 2 mM˿

ǯĺ�"	
 Fe(II)ǹœ�?3 TOC ǹœ0Į˺ƭ˛�-==ĘÓ�"<//�67|Ĭ)�%"	
 

8"ĐȺȆĂȤ�-ñ8CB S ŻÃ0Į˺ 9 ƜȢ8)ǯĺ��Į˺ 14 ƜȢ�@==ĕÏ�"	
 

Į˺ 4�9�14 ƜȢ/ĐȺȆ�@ƂÂ�" RNA Eʨ˃ũÃ˨zÃș��Ǐ��S{OKyR{

ʎƶ-§�"	
  /ɖƷ�˻ĳœșÃ-��B 13CǋʝɌ*ˮǋʝɌ/ŧȓȆɢ˦º¥/ǉŻ-

ě�,˂
0,�%"<//�ʖɒ,Ã˶ˣĽ˾ ȸ )˿ʎƶ�B*�Į˺ 4�9ƜȢ- Sulfurimonas 

ļɒɹ˾HDS01ǀ˿=Į˺ 4�9�14ƜȢ-0 Thioalkalispira sp. HDS222ǀ,+/ Chromatiales

Ȣɒɹ� 13CˏǼˎēEèAʲF#ŧȓȆ*�(îĬ�C"˾ ā 5.2 	˿
 8"Į˺ 9�14ƜȢ-0�

˓ˈ¶ɨ�?3Ȯˎˈ¶ɨEƪ�B Desulfobulbus ļ= Pelobacter ļ*ʳɞ,ɒɹɢ�8"ʳɞ

ȸEƆ",
Ɍɘȟ-Ƙʊ,ɒɹɢ/ 13C-rRNA �ǅÂ�C"	
 |ƙ�ȭˎēǬÏɌ/Į˺ 21

ƜȢ-�
(�N2O ˈ¶ɹ�Ǽ×ǙɑÃʎɹ�Ǚɑʣ×űpXyȓŻêɒɹ�ƪǍȆ½ȓˎ×

ɒɹ-ʳɞ/ŧȓȆɢ�î¢¥ǋʝ�C,�%"<//�rRNAȜȏ/�ƞ˾�ʜǤű×˿�ʌ
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ĵ�C"	
  

	ɤĵ
ĐȺȆ-�
(�Sulfurimonas ļ= ChromatialesȢ-ļ�BȮ˼ˎ×ɒɹ0Ȯ˼ˎ×*

ɪȽ/½şçŬ-?A 13C ˏǼˎēEĂĬ�(Ìȟ-ĕǓ�B�*�Ȱ�C"	
 ĂĬ�C" 13C

0č˸ɕʿ-¡
�Ȯˎˈ¶ɹE�*�BĢǘöòŧȓȆɢ4èAʲ8C"	
 �C@/ɒɹɢ

0Ȯ˼ˎ×ɒɹ�ĂĬ�" 13CǼɑEƾ˸ǲ*�(ȣƋȟ-Çȕ�"�*�Ś�Ȱú�C"	
 Į

˥-Į˺šƭ-0 SO4
2−/²�,ǯĺ<ʌĵ�C"�*�@��C@/Ȯˎˈ¶ɹ�ĂĬ�C"

13CEÇȕ�( SO4
2−/ˈ¶Eʂ%(
"�*EȰ�(
B	
 |ƙ)�Į˺ 21ƜȢ-0 N2Oˈ¶

ɹ=Ǚɑʣ×ű/pXyȓŻêɒɹ�ƪǍȆÃʎ½ȓɒɹ-ȗƳ�B rRNA�˻Ȝȏ�"<//�

î¢¥ǋʝ�C,�%"�*�@��C@/ĢǘŧȓȆɢ/�ʜǤű×0Ȯ˼ˎ×ɒɹ/ĂĬ

�"Ǽɑ-¨B</)0,��˛Ƌȟ,ʈþ�Ş˰Eæ7�(
B*ƌĵ�C"	
  

	ɖʚ
×ĨíŻȮ˼ˎ×ɒɹ0ɪȽ*Ȯ˼ˎ×-?AɌ¾/ 13CˏǼˎēEĂĬ�(ŰǷ-ĕ

Ǔ�"	
  /š�ĂĬ�C" 13C0Ȯ˼ŦȒ-˜��Bʇƕ/Ȯˎˈ¶ɹæ3�/ĢǘŧȓȆ4

* ˁ�C"	
 �@-�C@/ĢǘŧȓȆɢ/�ʜǤű×-?B˛Ƌȟ,Ş˰-?A�Ģǘƪ

ǍȆÃʎ/ƨɓǔˣEƃ�Ǚɑʣ×űpXyȓŻêɒɹ=ƪǍȆÃʎ½ȓɒɹɢ/ rRNAȜȏ

�ʌĵ�C�Ȯ˼ˎ×ɒɹEʧǽ*�"ĐȺȆ/ĢǘÃʎpMaVo/|ɀ�Ɵ@�*,%"	
  

 
	˜ʺʚƖ
ǳ±� 
 

ā 5.1� ȭˎēǬÏ-?BĐȺȆ/Ȇ
ȑ×Ĩfsp{X  
ʦɳ/e{0 13CǋʝˏǼˎēzȭˎēǬ
ÏɌ�ˬɳ/e{0ˮǋʝˏǼˎēzȭ
ˎēǬÏɌ�Ȟɳ/jw[^�?3e{
0ȭˎēǿǬÏɌEȰ�	
 ā��‡�0Ã
ƶƯĮƚEŶõ�B	
  

ā 5.2� 13C ˏǼˎē8"
0ĂĬ×�C" 13C Eè
AʲF#ŧȓȆɢ  
ʦɳ/jw[^0 13C ǋʝ
ˏǼˎēzȭˎēǬÏɌ�
ˬɳ/jw[^0ˮǋʝˏ
ǼˎēzȭˎēǬÏɌEȰ
�	
 HUXtUO0́&/
ǬÏɌ˛/ȤķŚœ/ņ�
ƪŶ)�B�*EȰ�
˾̀̂p <0.05 	˿
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(E)�

液相（硫酸） 

固相（S成分） 

気相（CO2） 

液相（硝酸） 

気相（N2O） 

Time%(day) 

OTU$10107�
0.1�

0.05�

0�

*�
OTU$22882�

1�

0.5�

0�

*�

硫酸還元菌（硫黄酸化細菌に続いて13C標識化） 
Pelobacter$sp.� Desulfobulbus$sp.�

4� 6� 8�10�12�14� 4� 6� 8�10�12�14�

OTU$15708�
60�

30�

0�

*� *�
OTU$16829�

0.3�

0.2�

0�
0.1� *�

*�

硫黄酸化菌（早い時期に13C標識化） 
Sulfurimonas$sp.� Chroma7ales目細菌$

Thioprofundum$sp.�

4� 6� 8�10�12�14� 4� 6� 8�10�12�14�
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�¼ȿ�ɜƅ  

� ưȬȻ)0ǣǠž��ĐȺȆ/ĢǘÃʎl\ySqu�?3ĢǘÃʎpMaVoEʎƟ�5

��ĢǘȒĔ�)KbuN{˲¢/˻
˪ĤéĲ¥�NO3
−�-ȀǽEś(�ȭˎēǬÏ-?A

ŗ�ʧ��CBĐȺȆ/Ãʎʿȷ�ŧȓȆɢ˦/ȒĔŬɅ�ŧȓȆ˛Ȥ�¦ȕ-˜�(Ƙʊ,

ȪʉEʉÂ�"	
 ìȸOwm^Pshǟ�CHNS¶ɑÃƶ,+/ĚǊ,×ĨÃƶ-?%(�ĐȺ

ȆÃʎ/Ƈǋ*,BȆȑ×Ĩȟfsp{XEɕơȟ-ʵʩ�B�*-ŻÎ�"	
 8"Ǐ��S

{OKyR{ʎƶ-?A�ĐȺȆ�/ŧȓȆɢ˦ǉʹ/ƌȶ˾ĦĆ�BŧȓȆɢ*�ʜǤűE

ƪ�BŧȓȆɢ˿E˻ʎ´œ)ƈ�B�*�)�"	
 Ï�(�ȭˎēǬÏ-?%(µß×�B

Ɍɘȟ-Ƙʊ,Ȯ˼ˎ×ɒɹ/Ã˨č˸-ŻÎ���C@ɒɹ/ȓȑǍɨEƟ@�-)�"	
 

�@- SIP*Ǐ��S{OKyR{ʎƶ/ʁí-?Bʨ˻Ÿœ,ŧȓȆǍɨîĬǟE˚Ȝ�� 

CEĐȺȆ/ĢǘÃʎʿȷ-˄ȕ�B�*)�ŧȓȆȸ˛-��BǼɑǲ ˁEʖɒ-ʎƟ�

B�*-ŻÎ�"	
  

� SO4
2−�?3 Fe(III)ˈ¶Ʋ�)0Ȯˎˈ¶ɹɢ/ rRNAȜȏ�ǅÂ�C"��Ȯˎˈ¶çŬ0

ŧř)�%"	
 �/�*0ĐȺȆ/Ý¢¥Ⱥś"A/Ȯˎˈ¶ɹȗƳ rRNA/Ȝȏˑ/ĺ,��

@<ƐƆ�C"	
 �C-?AĐȺȆ�ǧőȒĔ-�
(Ãʎ�C�-ɾȺ�Cə�"(�"ȵ

ĨȟǂƄEȰ��*�)�"	
  /|ƙ)�KbuN{˲¢/˻
˪ĤéĲ¥)�BȭˎēE

ǬÏ�B*�ĐȺȆ�-D��-ĦĆ�(
"×ĨíŻȮ˼ˎ×ɒɹɢ�ɪȽçŬ*Ȯ˼ˎ×

çŬ/½ş-?AĐȺȆ�/ǼˎEĂĬ�(Ìȟ-ĕǓ�B�*�Ɵ@�*,%"	
 �@-ư

ȬȻ)ɏɊÃ˨-ŻÎ�"ɌɘĨȟ¢ɟ�ě��ț,B�ȸ˶/Ȯ˼ˎ×ɒɹ˾ Sulfurimonas sp. 

HDS01ǀ�Thioalkalispira sp. HDS22ǀ˿0îǊ/ȓȑĨȟǍɨEƪ�,�@<ĐȺȆ�)½Ħ

�(
"	
 8"µßȸ�˻
�ʜǤűEȰ� Sulfurimonasļ-ķ�(�HDS22ǀ,+/

ChromatialesȢ-ļ�Bɒɹɢ0£
ɹĳœ)�A,�@˻
�ʜǤűEȰ�*
�ʶ/ȓŹĨ

ȟȇŨEȰ��Ȯ˼ˎ×Eƃ�ɒɹ˛) /ȓȑȓŹ�ț,B*
�ɰõǪ
�ʟ�ʌĵ�C

"	
 �C@/�*�@�ĐȺȆ�)0ʇƕȸ/Ȯ˼ˎ×ɒɹ� C!C)ț,B�ʜɕʪ=ȓ

ȑȇűEƪ�B�-?AȓŹȟa[ZEŜŻ�(
B*�ŵ�CB	
 �š0�Ã˨ɹ/ºQc

oʎʙ=½č˸ʔ˺Ʉ/?Aʖɒ,ʎƶ�@�ĐȺȆ�)/Ȯ˼ˎ×ɒɹɢ/ǃ9Ã�Ǎǉ/

ʎƟ�Ǿ�C(
�</*ƭŠ�CB	
  

� 8"ĐȺȆ/ĢǘÃʎʿȷ-��BǼɑ/ǥC-ȨȢ�B*�×ĨíŻȮ˼ˎ×ɒɹ-?%

(ĂĬ�C"Ǽɑ��/ĢǘöòEƃ�Ȯˎˈ¶ɹ=˓ˈ¶ɹ��?3ǍɨƯȪ/ɒɹɢ-?

AȣƋȟ-Çȕ�CB��Ɵ@�*,%"	
 Ï�(Į˺šƭ-0ȭˎē/ǬÏ-¨Ħ�(Ǌ�

,ĢǘŧȓȆɢ˾N2O ˈ¶ɹ�Ǽ×ǙɑÃʎɹ�ƪǍȆÃʎ/ƨɓǔˣ-˜��BǙɑʣ×ű

/pXyȓŻêɒɹ�?3ƪǍȆÃʎ½ȓɒɹ,+ /˿ rRNAȜȏ/ĕě�ʌĵ�C"	
 �C@
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/ŧȓȆ/�ʜǤű×0�Ȯ˼ˎ×ɒɹ/ȉȾƾ˸ȟĕǓ/˛Ƌȟ¦ȕ-?B</*ɤ�@C

"	
 ���@�ȭˎēEǬÏ�"ĐȺȆ�-�
(Ȯ˼ˎ×ɒɹEʧǽ*�"ŧȓȆȓŹɌ/

¿ǉɉ*ĢǘÃʎʿȷ/ʻʂ�Ś�Ȱú�C"	
 ưȬȻ)0 16S rRNAˇ Ĥ/˻ʎ´œʎƶ�

@�ĐȺȆ/ĢǘÃʎʿȷEƃ�ŧȓȆɢEʉÂ�(�"��ǧőĐȺȆ�/ȆʥŦȒzĘƍ

/ºʠEʎƟ�B";-0�ŧȓȆ/ǪœjwhGJu=ãȓÓȆ=őȓȓȆ,+/ȧǁȓȆ

Eñ;"ȓȆȓŹɌº¥/Ǎɨˇ Ĥ˾ mRNA /˿ȜȏEɕơȟ-ʎƶ�B�*�ƪÒ*ɤ�@

CB	
  

� |ɱȟ-�ǧǙ-�
(Ȯˎ0 20−30 mM/ǹœ)ʞĴ-ĦĆ�B|ƙ)�ȭˎ0ōĈ�(

0.04 mM��/ǹœ)ĦĆ�B	
 8"�Ȯˎˈ¶*ɪȽçŬ)0�1 mol/Ȯˎ*ȭˎEˈ¶�

B";-ƪǍȆˎ×)ţ@CB˪Ĥ˾ˈ¶Í˿� C!C) 8 mol* 5 molŪʈ)�B	
 ƪǍȆ

ˎ×-?%(ţ@CB˪Ĥ�ʞĴ-ĦĆ��Ȯˎǹœ� 20 mM�ȭˎǹœ� 0.04 mM/Ēí)

0�Ȯˎˈ¶çŬ-0 160 mol�ɪȽçŬ-0 0.2 mol/˪Ĥ�Çȕ�CB*ʔɆ�CB	
 ��

��Ȯˎˈ¶çŬ-ȕ
@CB˪Ĥ§�¥˾˪Ĥ/§ɗǲ˿0ƎȜűɩɦˎ˾VFA˿Ʉ/£Ã

ĤƪǍ×íȆ��ʈ)�B|ƙ�ɪȽçŬ0ưȬȻ)ʉÂ�"?�-ĐȺȆ�/Ȯ×Ȇ˾FeS=

HS−,+˿E<˪Ĥ/§ɗǲ*�(Çȕ�B�*�)�B	
  /";�˩ÃʎűƪǍȆEĚ�ñ

9 VFA�ƹǮ�(
BưĐȺȆʔƗ�
(<�ɪȽƲ��-�
(0ìȸȮ˼ŻÃ�˪Ĥ§�

¥*�(0"@��*�ëɨ)� C-?%(×ĨíŻȮ˼ˎ×ɒɹEʧǽ*�BĢǘÃʎʿ

ȷ�?3ŧȓȆɢ˦/Ìȟ,¿ǉŻ�ȓ�"*ƌĬ�C"	
 ưȬȻ)0�Ȯˎˈ¶Ʋ��-�

�BȮˎˈ¶�Ɏ 0.4 mM−day�ȭˎˈ¶Ʋ��)0ɪȽ�Ɏ 3.5 mM−day)ʻʂ��ƌĬ˪Ĥʈǚ

ˑ0 1Ɯ�"A C!C 3.2 mol�?3 17.5 mol)�%"�*�@<�ưĐȺȆ�)/ɪȽçŬ

/µ¢ű�ƌĵ�CB	
 8"ǧǙ�/ȭˎǹœ0 0.5 µM−400 mM)ĘÓ��ǝń,+�@ǧǙ

4/ȭˎŹȽɑ/ǥ¹ˑ0ćȐº¥)Ŏ˛ 560 Tg˾T0 10/ 12�˿*ƌʐ�C(
B	
 �C

0ćȐ/ºȽɑŦȒ/ 9%−35%Eß;Bʊǌ)�A�ǧőĐȺȆ-��Bȭˎˈ¶Ʋ��/Ģǘ

ÃʎǍǉ0ćȐȆʥŦȒEȑʎ�B�)<Ǉ;(ˏʈ)�B	
  

� ưȬȻ/Ġ8A0�ƴƜưě˫ǻ/ǣǠʆİ-?%(�ęǢ-˯�"Ǟŀċ)<ǧőĐȺȆ

�ěˑ-ɾȺ�(
B�*�ÆƟ���C8)/�˛ǤÓ�
�-ɭȁȒĔ-ķ�(˻ʡɷ)

�%"�EȢ/ś"A-�"�*)�B	
 ưȬȻ)ʉÂ�"�Ȯ˼ˎ×çŬ*ɪȽçŬ/½ş

-?B×ĨíŻȮ˼ˎ×ɹ/Ìȟ,ĕǓ�?3 C-?BĐȺȆ�/Ȯ×Ȇ/ǯĺ0�őǡȒ

ĔEƑû��ğǘȓȆ/ýťE«�*ƭŠ�CB	
 ĐȺȆ��@ VFA,+/£ÃĤƪǍȆ0ǅ

Â�C,�%"<//�TOC0|Ĭǹœ)ĦĆ�(
"	
 8"�î�ĐȺȆʔƗEȕ
"ğǘ

Ʋ�-��BĐȺȆÃʎ/ʓ©-�
(<�ƪǍȆ/ǯĺ06*F+9@C,�%"�*�@

<�ưĐȺȆʔƗ-0ŧȓȆ-*%(Çȕÿ˩,˻ÃĤ/ƪǍȆ�ɾȺ�(
"�*�Ś�Ȱ

ú�CB	
 ĐȺȆ-ñ8CBƪǍȆ/ŦȒzĘƍ-0�˻ÃĤ/ƪǍ×íȆEÃʎ)�Bğǘ
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ŧȓȆ=őȓȓȆ/�ʜǤű×�ƪÒ*ɤ�@CB	
 8"×ĨíŻȮ˼ˎ×ɒɹ0ĐȺȆ�/

ǼˎEƪǍȆ4*Ęƍ)�B";�|ǏȓȔɥ*�(�/ĢǘŧȓȆ-ǼɑǲE§ɗ��ȣƋ

ȟ8"0˛Ƌȟ-ĐȺȆ�/ĢǘÃʎʿȷE«ʻ��(�A�ŧȓȆȓŹɌ/¿ǉɉ/ˏʈ,

ʧǽ*,B�*�ưȬȻ-?AƟ@�*,%"	
 ưȬȻ/ŻƷ0�ǧőĐȺȆ�/ȆʥĘƍz

¶ɑŦȒ/ºĲʎƟ-ð�(ƪȡ,ȵĨȟȪʉE��B</)�B	
  

 

 


