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âö�³�D¯�*IÀ�âêU��Ë�D�D�2 0.93mmDòóÀ´ÝxÚË�Ìóê/UX¤�
Ã¤�Z¤�n����=�U:¸Ô��ê/�2 64.0 mmDä�D��D+n�U�_¯�*�
7��à�Ë�Ì 
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&I���0ä��ij�<1��_¢Ú �óDk���ç 
� `[vø�l�kv4��%ØD�W>��}Ë�rõ�sD�áH��� 

kv4��%Ø�WD��¯�1l6�>ÕD

����À�.UíD�WD¥Ô�Åä�Àê³w

�D��_sÛ¢��}ê/.�í�À¾îê³Ì

��_sD&/DGÄâ�U�2 18.7mmU�2
12.7mmU)â 8.3mmUç� 1.6g ÕÐï³Ì�W
>D��_s�ê/�UíãÊÕ�5%�(mm6

n�.ñ��¡y5�%�À^_�Ë���,Û


±âã/.�ÛU5%�(mm6nDGÄâ� 0.2
e2.0mm«'ÕÐ�Uë°¾îê³��_s�5%
�(mm6n��ÚÑÃ��P�U�ê.ôDÕÐ

ï³Ì 
·����D QU��_s�O�(v�_DÇ

º,�óD>��Eâã³G�D� v�=��E

âã/.�í�Û�Ã�UíD��_sÀ�W(v

� v��,Rglacial moss gemmae aggregation: 
GMGA[�åÔ1³ÌGMGA ^D(v� v�U
óD�á�PÍ½�¨©Ï]��Q���.Ü� Àpê³í�ÃÑUD�Õô
±âã/.�r

õD Ceratodon purpureus ÕÐ����ê³ÌâÑ�U÷�D���P	
Àá�³��UGMGA
ÃÑ �ê³(vÇº, 2 &�1k� GMGA óDôD�-./U �a'À��âö/Ca'�<
1�Á�ES À��ê³ÌóD QUóãtã 5ÀD¤aÕôS ÛÐ�ôDDU�êÁ�Ea'
� 20e30ÀÕÐ�UD�Õ
±âã³��D�êa'=�ô�.í�Û�Ãï³Ì 
¸jU�WD¥Ô��yÇÕô0À�Î.a'ÕÐ�ÛU¦gDGMGAD�´a'��^�8e10À

ÊÕ>�ê/.³Ìíã� GMGA D�~ÛË��).í��=�U�WÃÑD��ÀÆ�êU�S
Õý�ê³pÀ%jêJË�Pï³³�ÕÐ�� ÉÑã�ÌÊ³UÏrÀ¸ê/�aD�ã��Û

0ÀÃÑ 5ÀÕw�êU�ÇD� ÇrÛP.pqD��VèPÞÛUíãÊÕFg�Õ���âãP
Ãï³÷�D�W>/Di(�Ö×ê³DÕ�P.Ã�V�âã³Ì7øÕU÷�Û(v�_D�S

iDO,ÕÐ�Ç�,À�Eö^�Çº,JóD>D� v�.ï³�á�WÊï/.�7��U�

W>D¤a��.�S�=�ij6¯Õ�P.Ã�V�ÕÄ�Ì 
ë°�W>Õ¾îâã³ GMGA �U�WÛ�1/ì�ê³
Ã�D��DP.|D>ÕôUª�

ê³�áÕ¢�¾îâã³ÌíDª�ê³ GMGA ��U�W>��ÉÈê/.PÃï³FDrõ
RBryum sp.[Û²}ê/<�U�W�zÑã³
Ã�Õ��Dk�P.|D>�.´a�¢©ÚD_
�À�Eê/.³ÌíD+�UGMGAÀ^_�ê³�W>D�á¦ÛUóDãäD�á¦�����
 >-ÄUpq�Ø���ô�.��À�É/.�í�ÀpFê/.�Ì 
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� �� ��QMN��=Z�~Ò���OP&9)Å�=G(H�4Q��)I(��QoÌ�OP.7zRê�u�

OPC<SET�að��p! N�&j��d��Yu�Ñ�ý�l�] &�É«oÉ�OPC<SET�að
�UV�E(�y�««&oú�OPC<SET�að�67�o.7�;eSETZWI·��hi_j�

 
 
� a[D��Wz�<1����Dg{�ÁÂ��_gh�H12� 

D�� ¥D:e¼_Ü�!A��WzD�_gh�H���Dñ´UÍ�U� ¥DÈ&:�=

��%O&(�a`�(MD%�v�3�-./��ÀW�³ÌD�� ¥��Uab|��Ë��

D´��y�=�Ø,D:Rsubglacial meltwater[ÛÉÈË�í�ÛÐ�ÌóD=ñP� ¥D:
�UgvzÀ�EË�ÜÃU7´�È&:�P�U:@�Ã.UG[Ãä´�0Ãï/&ã/Ò�Re.g., 
Wingham et al., Nature, 2006[Ì� ¥D:@�Uab|�D_��zÉJ�H�P:e¼_Ü�!
ARsubglacial weathering[Àý/U��áDñYRrelic 14C[DÜÃU�YUÊU�%OID��
�À�^Ã�hÕ�xËË�Ì� ¥DÈ&:D�WÀv1�DÛU� Ãä´Da`�(MÕÐ�Ì 
D�k,D� 1%«'�U���D� ì��=�UÃ-/� � �ã/.³ÓLÛÌ|��P

ï/.�ÌóD=ñP� Ãä´��UÃ-/D�·!AD�ØÛîÑã�FU�W Dz·ÛÉÈ

Ë�ÌÕ�U:D�8J_���H�Í½ÛUóí�Í�ê/.�RÍ�ê/Ä³[a`�(M�Þ

D=ñP��À�ÉUk,D��_Ü�UÞD=ñ�^�ê/.�Dü�ñÃÌíãÊÕUa`�P

YZÛ£j�`PÃï³³�UÑÖ�UóD�� Dk�xe�5¦ælg�D� Ãä´�Ð�

�WzÀ���U���Dg{�ÁÂ��_gh�H12�DYZÀ�ï³ÌEÏ�P��� â

ã³zv��U`P��ô� 6000 Ï�ÃÑ�TP�W "Î_D��!AÛpÊï/.³Ì°��
Pa`�(M�U�ÆÇDEEz·RLake Skallen�Takano et al., Appl. Geochem., 2012[Õô�
�âã³Ï�RChaetoceros[ÕÐ�í�Û�Ãï³ÌóDìU� ì���ñ�m���wæ5
%yv�x�=�4Ý�i:Dì�ôa`�(M�UChaetoceros �ÎÃP�ÛÂ¯ê/<�Ui:
ì�a`�(MÛUG� CO2Rmodern 14C[�G� N2�þÉê³��¡y5�%���ßË�O

�¯�g���U�x�P Q�Pï³Ìk�xe�5¦ælÕ�U��áDñYRrelic 14C[À
Z¶U� ¥DÈ&:R�YU�%OI[�þÉê³ºÍD�á¦À�Eê/.�í�ÛÚÑÃ�P

ï³Ì 
 

  



 

 

� b[D�(g}õ�È��_ÜDyz 
g}õ��gD[>ijÕEô²6P���_�ê/|Ñã�ÛUg}À�EË�~õJ�õD�

AE�¬�<|ÕÐ�D��ê/U�ÈT~��LË�|î�[³ê/.�ÌÊ³U(v�O�ÈT

~Ü�D*+�UD�ij�E�Ë��á¦D�~��ª�Lê/D�yÀs��í��,Û��Ç

±âã�Ì�Ï'U� 52�D�g��� Ã �=ï/Í0agãäÌ|�D 4g�RµKUÐKU
O�¯�GKU<=>,r5[Õ4àâã³g}õR~õ��õ�óãtã Umbilicaria yunnana
� Trebouxia asymmetrica[ÀA./U16S rRNA ¨©Ï�ao�T~���~yzÀ�ï³Ì÷Ï
'�U��XD�æ�Qk �
�vø�lDkv4��%ØÕ4àâã³g}õ�-./�ÚD

yzÀ�.U�Ï'ÊÕD Q�*+ê³ÌóD QU�ÈT~Ü�:3W>�¢ÚÕÐ�U

�-proteobacteriaJ �-proteobacteriaÛ²}Ë�g}ÛÐ�7øÕUSphingobacterialesÛ²}�P
ôDôÐ�U4àg�rÕ-�ÛÐ�í�Û�Ãï³R¥¼[ÌÍ�Ukv4��%Ø(Dg}õÕ�U

Acidobacteria �poË��aæûÛ²}Ë�Í½Ûîuâã³ÌíDæû�Unw�l�xDM�
ÁRHvl6[ÃÑáÑã³d �Dijæû clone BF0002B080RAM697130[JH�mD4
lvo�ÒØDÑu_ÃÑàáâã³ clone B20RFJ466061[��.æûÜ� R96.4Z98.0%[À
pê/<�UÎÃxk�1Dkgh�P�}ÛpFâã�ÌÊ³UC:¸ÃÑ��Y7�T~J�H

�Eº���T~�ÎÃPæûô�uâã/<�Ug}õD�.�S°D7G�UT~D�_gh�

H�P	«�=ï/8ÉÑã/.�í�ôÒ�ã³ÌERÏ'ÕÐ�éÏ'�U:¸4àg�Dg�

�7i�T~�D¨©�7iÀ -ê³¦�g�H�yzÀW��Ì 
 

 

�� `�+ÅI=�+c�e
=_NX�JYÀZ��49WíE�

 
� c[D�(ö÷õD�Ï¦�H�yz 

z��g��LU<=>�zD���L�D�����=�D�	
ãäD
ÓÃÑDö÷À��

êU�á�õU<=>�Ï¦�yzÀ�ï³Ìíã�=�D�ö÷ 146¡,ÃÑ 18S rRNAæûD	

Àá�í��EÄê³Ì 

 
  



 

 

&I���9ä���_Dijê^{O*��W�ç 
� `[D�(v�O�á¦D�E�_�Ti)]k 

�Ï'ÊÕD���=�U(v�O�È�_ÜD 16S/18S rRNA¨©ÏU<=>\]�ñY7��
YU�Y7��YUâ�Lq�YID�ª¨©Ï�D¢Ú ÛÚÑÃ�Pï³ÌóD Q�ê/U(

v�O�ºæ��æUKÔ´�v´�.ï³´+7���P��_(w¬�wÀ�EêPÛÑôU

íãÑÛ����_�ÀTiâö�)]kÛ��âã³Ì�Ï'UíãÊÕD PCR 52���lm
Il%��=���_ÜyzÕ��uÕÄPÃï³�`�D��À��êU(v�O�º>¥D 6´
+ÃÑóD�È�_Ü�é 16S rRNA¨©ÏD PCR(_RV3<=> V4��D� 450bp[À!EêU
Illumina MiSeqÀA./óD�aæûÀ?�ê³Ì÷Ï'�U(v�OD�¥��_<=>óDãä
D�õ��_�-./ô�ÚDyzÀW�U(v�O�éDæû]����ö/�Ï¦�yzÀ�ï

³Ì~,�P QÀW¥�X�Ë�ÌC&�1k�-Ä� 20 ÊèDæûÀàáêUíãÑÀÜ� 
97%W>DatÕR���ê/�ï/[Uoperational taxonomic unitROTU[�ê/xk���xê
³�í�U2232Z3701DòóÕ OTUÛ�Eâã³Ìíã�U�Ï'ÊÕ�52���lmIl%�
�=ï/Í�ê³ 564D OTURNakai et al., Polar biology, 2012[=�¢�UóDOy�'ô 99.4%
Z99.6%DòóÕÐ�U�`�ÀZ¶��_D¦�	
À��ê³ÌC OTU ÛpoË�T~¦�À

Õ¯QkÕ*+Ë��U(v�ODºæÕÖ�R��¡y5�%�[D Chroobacteria �poË�
OTUÛÍ½���uâã�7øÕUóD�æÕ� Deltaproteobacteria<=> PhycisphaeraeÛt²
}Ë�IU�ºæÕ�P�¦��Û�uâã³R¥¼[ÌíD�0�U	ÝD PCR52���lmI
l%��=�¢Ú yzD Q�c�ê³ÌÊ³UUniFrac7i�aoÄT~���~DõA'À*
+ê³�í�U(v�OãäD�õ��_�ºæD��E�UóD�¥��_��æDôD�óãt

ãÎ�ê³5l��À�Eê³R¥¼[ÌP<U7T~�éDæû�C&�1kÃÑ 1Z17 èDò
óÕ`P.PÛÑô�uâãUO�MCGJ DHVE�û
ã�d �¦���poê³Ì 
Ê³÷Ï'�U�Ï'�àáê³�È�_ÜD{� ¡�æû�#��Ë����IkVèDEê

�Û�Sê³Ì¦ÈUíD���Ikâã³(��wxæûD�ª�õÀW�/<�UERÏ'ÕÐ

�éÏ'�U>�ê³��_ÜyzD Q��ö/U(v�O�á¦�<1�_��(�TiD�~

)]kÀ�>Ë�Ì 
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�� C<[\9'�Þ�]#Í�æ©�� ç�¿oC<[\òó�^F]^y_�]#Í��
�Ëñ� çÌ¿oC<[\9'�òóAB�`a{_ÀZ�4w�bZd)�·�&� çÉ¿



 

 

� a[(v�O�á¦À�EË���_D ¡�yz 
�Ï'ÊÕD���=�UóD� SkarvsnesD×KÕ4àâã³(v�O:¸=��iê³ 12�

DT~D ¡�æû?�À�.U3�RPseudomonasoT~MP1�URhizobiumoT~MP2�U
BrevundimonasoT~MP3�[Õ�kæû?���ï³ÌÊ³U���æ�Qk �
Dz·Ã
Ñ�iâã³ 1 �RPseudomonas oT~ ArSA �[�-./ô ¡�æû?��à�Ad¬Xæû
ÛáÑã/.³ÌëÏ'�UíD Pseudomonas oT~ ArSA �R���[ ¡�D�kæûÀ?�
êUFD PseudomonasoT~MP1�RD��[D�kæû�D*+yzÀ�ñí�ÕU���<1
�T~D��ij/Dê^{O*��W��LË���*+À�ï³Ì 
¼ 1� 16S rRNAæû�ao.³ PseudomonasoT~R ¡��kæû?��[D¦�L»Àp

ËÌPseudomonas oT~�ø���12��y5�%�ÕÕ Azotobacter oT~���
Pseudomonadaceae`À�Eê/.�Ì�K^�=��}êU�6�Ç~ÃÑ¢©T~U�_�È~
PÞ��ij�¢d�2ï/.�ÌPseudomonasoT~D¢�� 25Z30ÀÀEêP�)a'�ê/
.�ÛU�6�Ç~J:Þ¢©ÃÑ�iâã³ôD� 35ÀW>ÕÐ�U÷��D ArSA�R���[
�MP1�RD��[��� 20ÀW¥D¤aij�êê³ �Àpê³Ì16S rRNAæû�ao�¦
�yzÃÑ�UArSA�R���[� P. syringaeUMP1�RD��[� P. fluorescensDCxk�1
��DÎÃL»ÛpFâã³ÌArSA�R���[<=>MP1�RD��[�Uóãtã��<=>
D�ÃÑ�iâã³ PseudomonasoT~Õ��KÕE°D ¡��kæû?��ÕÐ�Ì 

 

 
 
�kæû?�âã³ ArSA�R���[�MP1�RD��[ ¡�DAEÕ�UArSA�R���[
�1lwxÀj³^U ¡��&m*UGCAEU¨©Ï�UtRNA¨©Ï��MP1�RD��[
=�Æâ�R¤�[ÕÐï³ÛUrRNA�V2�Rrrn¨©Ï[����¢.í�ÛÚÑÃ�Pï³Ì
¼ 2� ArSA�R���[�MP1�RD��[D ¡��~D*+ÀpËÌ���ôU� 50�D¨
©Ï��kæû?�âã³k/D Pseudomonas oT~ ¡�rÕ�¸�%Éâã³¨©ÏÕ�Eâ



 

 

ãU� 40%D¨©Ï�7´D P. syringae
Ð�.� P. fluorescensDCxk�1�
D ¡�rÕ%Éâã³¨©ÏUâÑ�

4% D ¨ © Ï � ó D F D 7 ´ D
Pseudomonas oT~ ¡�rÕ%Éâ
ã³¨©ÏUÙ�D 5%�ìD¨©Ï�
FD Pseudomonas oT~ ¡����
.��5P¨©ÏÕ�Eâã/.³Ì 
¼ 3� ¡�>D¨©ÏD%É �a
o.³ Pseudomonas oT~D¦�L»
ÀpËÌMP1 �RD��[Õ�¼ 1 D
16S rRNAæû�ao.³¦�L»�t
�³ P. fluorescensxk�1��DÎÃL»ÛpFâã³ÛUArSA�R���[�¼ 1���P�
ÎÃL»ÛpFâã³ÌArSA�R���[<=>MP1�RD��[�C PseudomonasoT~�D
rÕD%É¨©Ï�DyzÃÑUArSA���xk�1RArSA��D%É¨©ÏÛ¢.~�[UMP1
D��xk�1RMP1 ��D%É¨©ÏÛ¢.~�[Àu�ê³ÌP<UMP1 D��xk�1�¼
1D P. fluorescensxk�1����~�Õ�Eâã/.�Ì 

 

¼ 4�C PseudomonasoT~DEêP�)a'� ¡� GCAEDL»ÀpËÌk Pseudomonas
oT~D12æ6��Ë�ÜLDö�ÎA�öÀwD�öÕUóD 95%¹��KÀwD�öÕpê³
RÜL»��0.71[ÌC12æ6��6�Ç~U:Þ¢©PÞ�)ijÐ�.��_��=ï/ñ�â
ã��0Ûpâã³ÌArSA �R���[� MP1 �RD��[D12æ6�UíD 95%¹��KÀ
pËwD�öD��Dº�+nêUF�u�ê³ ArSA ���xk�1RØ[<=> MP1 D��x
k�1RÙ[DC~�D12æ6��Ë�ÜLDö�ÎA�öÀ�öÕUóD 95%¹��KÀ�öÕ
�Ú�pê³RMP1 D��xk�1D QDdÀ¥Õpê³RÜL»��0.94[UÊ³UArSA ��
�xk�1Õô�ÚD QÕÐï³RÜL»��0.83[[ÌíãÑD QÃÑU�D=ñPuÀÛ É

P_sp._MP1
P_fluorescens_SBW25
P_sp._TKP
P_fluorescens_A506
P_poae_RE_1-1-14
P_fluorescens_F113
P_brassicacearum_NFM421
P_fluorescens_Pf0-1
P_sp._UW4
P_sp._ArSA
P_protegens_Pf-5
P_protegens_CHA0
P_syringae_DC3000
P_syringae_CC1557
P_syringae_B728a
P_syringae_1448A
P_entomophila_L48
P_putida_ND6
P_putida_W619
P_sp._VLB120
P_putida_S16
P_putida_HB3267
P_putida_GB-1
P_putida_NBRC_14164

P_putida_KT2440
P_putida_F1
P_putida_BIRD-1

P_aeruginosa_UCBPP-PA14
P_aeruginosa_PAO1
P_aeruginosa_M18
P_aeruginosa_RP73
P_aeruginosa_PA1
P_aeruginosa_DK2
P_aeruginosa_LESB58
P_aeruginosa_LES431
P_aeruginosa_MTB-1
P_aeruginosa_SCV20265
P_aeruginosa_NCGM2.S1
P_aeruginosa_PA7
P_denitrificans_ATCC_13867

P_resinovorans_NBRC_106553
P_mendocina_NK-01
P_mendocina_ymp

P_stutzeri_DSM_10701
P_stutzeri_CCUG_29243

P_stutzeri_A1501
P_stutzeri_DSM_4166
P_stutzeri_ATCC_17588

Azotobacter_vinelandii_DJ
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>35oC

<20oC
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P. syringae

P. fluorescensE)�~

�' hi*��»¼¸�gDEeF'IPseudomonasjÀZ��4�
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c�f
E)�~

7h�Pseudomonas jÀZhi*3�JkegD]^y»¼¸

l�Pseudomonas jÀZhi*elSimD���»¼¸

º»�Pseudomonas jÀZhi*3�gD]^y»¼¸

25-30oC
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Ñã³Ìgh>�¦ÉË�G[Ûk/ 1-Dk� ��G[�Ê�Ê�Ua�P�ïÕÐï³ 2ìÏ
��ÊÕ� Pseudomonas oT~�<1�°ÇDijê^����Û��³Ì~,���U
Azotobacter oT~�Do���UóDìDU¢©Uz·��_Uy÷�Ç~U�_�È~U�_�
Ç~PÞU25Z30'D�)a'�ÕDijê^����Û��³ÌG[à��=���/Dg��÷
iÛÝí�UóãtãDijÕ�_�¤a�/Dê^W�ÀÚÛP�âãUArSA�R���[�MP1
�RD��[�óãtã�P� Pseudomonas oT~Dxk�1�ÃÑ ¡��mxÕDê^W�À
�?¦È��ï³ÌPseudomonas oT~Dê^W��ê/�U�6�Ç~D�Ç�Ï<=> �_
�' �ÏDNáJU:Þ¢©~�<1� ¡�.Æ��Y7�¨©Ï�DNáU¢©T~D(,Ü

Ý_Ý!D��y _�D�yªDNáPÞÛqrst�DL»�=�ê^W��ê/B�âã/.

�ÛU÷�����D��ij���À��ö�í��=�UghØÙÕDij����_Dijê

^�LË��³P|îÀô³Ñêá�� ÉÑã�Ì 
 

 

¼ 5�k PseudomonasoT~� AzotobacteroT~RAzotobacter vinelandii DJ�[�-./U
óãtãD~�D�)a'�UíãÑRk PseudomonasoT~� A. vinelandii DJ�[D ¡�>
Õ�'�%Éâã³ 1,235 ¨©ÏD 1st (x�D GC AEDL»ÀpËÌ¼ 4 ��Ú�Uk
Pseudomonas oT~D12æ6��Ë�ÜLDö�ÎA�öÀwD�öÕUóD 95%¹��KÀw
D�öÕpêRÜL»��0.76[UArSA ���xk�1RØ[<=> MP1 D��xk�1RÙ[D
C~�D12æ6��Ë�ÜL�-./ô�Ú�pê³RMP1D��xk�1D QDdÀ¥Õpê
³RÜL»��0.84[UÊ³UArSA���xk�1Õô�ÚD QÕÐï³RÜL»��0.85[[Ì1st
(x�D GCAED���(�xê/.��w¡]D�����L»Ë�ÌArSA�R���[�MP1
�RD��[D 1st (x�D GC AE�k Pseudomonas oT~D^ÕEô¤.mÀpêU¤aij
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