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	 pH NaCl

 (1-5)	 

	 

	 

	 

NO3
−

Fe(III) SO4
2− CO2

	 

	 

	 NO3
− Fe(III) SO4

2−

 (6-8)	 

	  

	 

 (9-13)	 2011

 (14)

	 

	 20−30 

mM SO4
2−



 2 

 (15, 

16)	 (17) NO3
− Fe(III)

SO4
2−

	 

	  

1980

	 

	 16S rRNA

	 

16S rRNA PCR Polymerase chain reaction

	 1980—1990 DGGE Denaturing gradient gel electrophoresis

(18) T-RFLP Terminal-restriction fragment length polymorphism (19)

DNA DNA

	 

 (20-22)	 16S rRNA

 (23)	 

	 

Stable isotope probing SIP  (24)	 

 (25-29)	  
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	 NO3
− Fe(III) SO4

2−

	 

1.1 	 

SO4
2− Fe(III)

SIP

	 

SO4
2−

Fe(III) 	 

	 

SIP

SIP SIP

	 

	  

 

  



 4 

 

1.1  

 

  

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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2.1  

SO4
2− Fe(III) 20−30 mM 5 wt%

 (30-32) Fe(III) lepidocrocite

 (33)	 SO4
2− Fe(III)

	 

lepidocrocite

	 

	  

 

2.2  

2.2.1  

2011 3

38°25’N, 141°14’E 2011 9

2.1 	 

	 47%−50%

 (34)	 Al

Fe 1 kg 21 g 22 g

1 kg 100 g 70 g

 (34, 35)	 

 (34)	 

 (35)

	  

1−4 cm

4°C 	 

	 

	 2.2 0.56 mm

SP Nihon Pharmaceutical

1:4 w/w N2 50 mL
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20 mL 	 

(36) 25°C 1 	 

10−30°C  (37)

25°C 	 1

10 kPa 3 N2 	  

 

2.2.2 (III)  

2.3 	 SO4
2− Fe(III)

	 Wako lepidocrocite γ-FeOOH particle 

size, <250 µm Alfa Aesar 20 mM 25°C 5 	 

lepidocrocite 0.035 g 1 mL

	 (i) (ii) lepidocrocite

	  

 

2.2.3  

0 2 5 	 

0.5 mL

10 mL 10 mL 4°C 	 

2 mL 6 3

20,000 × g 4°C −80°C

	 50 mL −80°C 	 

0.22 µm Advantec

	 CO2 N2O CH4

ShinCarbon ST Shinwa Chemical Industries

GC-14B Shimadzu 	 Total organic carbon; TOC

Non-Purgeable Organic Carbon Inorganic 

carbon; IC TOC-L Shimadzu 	 

Volatile fatty acid; VFA RSpak KC-811 Showdex

Alliance e26951 Waters 	 VFA

10 µM 	 Fe(II) 6M HCl

(38)	 SO4
2− IonPac AS-11

DX-500 Dionex 	 

Thermogravimetry (TG) and differential thermal analysis TG/DTA DTG-60 Shimadzu
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	 2.1 	  

 

2.2.4 polymerase chain reaction PCR reverse transcription RT -PCR 

DNA RNA 2

	 DNA

RNA

	 DNA 16S rRNA

RNA 16S rRNA

	 

 [ ] 

 (29, 39-41)	 

20

 (40)	 RNA DNA

	  

0 2 5 DNA RNA

Multi-Beads Shocker Yasui Kikai  (42)	 

DNA RNase Type II-A; Sigma

	 RNA DNase RQ-1; Promega

	 -EDTA 10 mM Tris 1 mM EDTA DNA pH 8.0 RNA

pH7.0 30 µl 	 DNA RNA Q5 Hot Start High-Fidelity 

DNA Polymerase New England Biolabs one-step RT-PCR system Access Quick Promega

PCR RT-PCR 	 16S rRNA V4

515f/806r  (43)	 MiSeq

806r

6  (43)	 PCR RT-PCR

2.2 2.3 	 PCR RT-PCR 1.2%

	 RNA reverse 

transcriptase RT-PCR DNA
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2.2.5  

PCR RT-PCR AMPure XP Beckman coulter QIAquick Gel 

Extraction Kit QIAGEN 	 Quant-iT PicoGreen 

dsDNA Reagent and Kits Invitrogen VersaFluor Fluorometer Bio-Rad; Excitation; 480 nm, 

Emission; 520 nm GoTaq qPCR Promega Real-Time-PCR Detection 

system MyIQ2 Bio-Rad PCR

	 PCR 2.4 	 2 nM

DNA PhiX Illumina MiSeq Reagent 

kit ver.1 300-cycles; Illumina MiSeq Illumina

	 Greengene  (44)

PhiX 	 5’ 3’

150 bp ea-utils, version 1.1.2-301 (45) fastq-join tool 250 bp 	 

Q30 99.9% QIIME, version 1.7.0 (46)

Mothur, version 1.31.2 (47) 	 

QIIME 	  

 

2.3  

2.3.1  

SO4
2− Fe(III)

	 20 mM lepidocrocite

20 mM 5 	 2.4

lepidocrocite 	 

N2 CO2- CO2

2.4A B CH4 N2O 	 

0 SO4
2− lepidocrocite Fe(III)

Fe[II] 34.2 mM 600 mM

5 SO4
2− 1.4−1.9 mM 2.4E F 	 

Fe(II)

2.4G H 	 SO4
2− Fe(III)

	 TOC 2.4C D

 VFA 	 TG/DTA

0 5 2.5 	 DTA

100°C 500°C 



 9 

 (48)	 700°C TG

13%−15% 	 

	 

85−87%  (48)	  

 

2.3.2  

16S rRNA

DDBJ http://www.ddbj.nig.ac.jp

GenBank http://www.ncbi.nlm.nih.gov/genbank

	 

uncultured microorganisms 16S rRNA 

	 2

	 28 Proteobacteria

alpha zeta

6 	 16S rRNA

Proteobacteria

	 

OTU

Operational taxonomic unit

	 

	  

DNA RNA

2.6 	  (i) 0 DNA

RNA  D0 n = 25,152 n 16S rRNA

R0 n = 2,556 ii 2 5 DNA DS2 n = 19,775

DS5 n = 21,813 2 5 RNA RS2 n = 5,760 RS5 n = 8,905 iii

lepidocrocite 2 5 DNA DF2 n = 19,584 DF5 n = 22,309

2 5 RNA RF2 n = 6,290 RF5 n = 11,579 	  

DNA RNA

2.6 	 DNA

Deltaproteobacteria 30%

Chloroflexi 12% Bacteroidetes 7% 2.6A 	 0 D0
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 (35)

1 	  

RNA Deltaproteobacteria 75%

2.6B 	 Deltaproteobacteria

Desulfobulbaceae

Deltaproteobacteria 70% 	 Pelobacteriaceae Desulfobacteraceae

	  

 

2.4  

SO4
2− Fe(III)

lepidocrocite

DNA RNA

	  

lepidocrocite SO4
2−

2.4E F Fe(III) 2.4G H 	 Fe(III)

Fe(III)

	 TOC VFA

VFA

	 VFA µM

 (49, 50)	 

Deltaproteobacteria

2.6B 	 Desulfobulbaceae

Pelobacteriaceae Desulfobacteraceae

	 

(51-55)

Deltaproteobacteria 	 

SO4
2− 10% CH4

 (56, 57)	 3%
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VFA

	  

 

2.5  

SO4
2− Fe(III)

	 RNA
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2.1  

 
 GC-14B (Shimadzu) 

 ShinCarbon ST (Shinwa Chemical Industries) 
 TCD, FID 
 Ar 

 20.8 mL/min 
 60°C 3 min, 60−120°C ( 10°C ), 120°C 9 min 

  
 

 Alliance e26951 (Waters) 
 RSpak KC-811 (Showdex) 
 PDA 
 10 mM H2SO4 

 0.75 mL/min 
 50°C 

  
 

 DX-500 (Dionex) 
 IonPac AS-11 
 Electrochemical detector 

NaOH gradient 0−30 mM over 13 min 

 1.2 mL/min 
 ASRS 300 

  
 

 DTG-60 (Shimadzu) 
 Ar 

 100 mL/min 
  

 10-700°C ( 10°C ), 700°C 1 min 
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2.2(A) PCR  

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 

 

2.2(B) PCR  

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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2.3(A) RT-PCR  

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 

 

2.3(B) RT-PCR  

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 

 

  



 15 

 

2.4(A) PCR  

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 

 

2.4(B) PCR  

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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2.1  

A B  

50 cm 	 

Fe 	 mm

A 	  1−4 cm 	  

 

 

2.2  
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2.3 (III)  
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2.4 (III)  

lepidocrocite 	 A B CO2 C

D TOC E  F SO4
2− G H Fe(II) 	 

	  

 

  

C
O

2 (
µm

ol
/v

ia
l)�

S
ul

fa
te
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M
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2.5 (III) TG/DTA  

0 A 5 B lepidocrocite 5 C

TG/DTA 	 TG DTA

	   

 

  

A� B� C�

TG
 (m

g)
�

18�

20�

22�

24�

D
TA

 (µ
V

)�

−140�

−60�

20�

100�

0� 200� 400� 600� 0� 200� 400� 600� 0� 200� 400� 600�

Temperature (°C)�
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2.6  

A DNA  B rRNA RNA  

	 	 

	 D0 R0 0 DS2

DS5 RS2 RS5 2 5 DF2 DF5 RF2 RF5 lepidocrocite

2 5 	 16S rRNA

	  

 

 

   

A� B�

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)�

20�

25,152� 19,775� 21,813� 19,584� 22,309� 2,556� 5,760� 8,905� 6,290� 11,579�

40�

60�

80�

100�

0�
D0� DS2� DS5� DF2� R0� RS2� RS5� RF2� RF5�DF5�

0%#10%#20%#30%#40%#50%#60%#70%#80%#90%#100%#

D0#

ZB3# WYO# WS5# WS4# WS3#
WS2# WS1# WPS52# Verrucomicrobia# VHS5B3543#
Thermotogae# Thermi# Tenericutes# TM7# TM6#
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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3.1  

SO4
2− Fe(III)

	 

NO3
− 	 

NO3
− 0.5 µM−400 mM (58-61)

	 SO4
2− Fe(III)

	  

 

3.2  

3.2.1  

3.1 	 

N2 	 800 mM Kanto 

chemical 0.5 mL 20 mM 25°C [i] 	 

0.5 mL (ii) 	 

121°C 1 3

20 mM (iii) 	 

	  

 

3.2.2  

 0 2 5

	 CO2 N2O CH4 TOC

VFA SO4
2− [II] TG/DTA

	 NO3
− NO2

− NH4
+ PO4

2− SiO2

QuA Atro 2-HR Bletc  (62) 	 

5 	 

CHNS

FLASH 2000 Organic Elemental analyzer Thermo Scientific 	 

3.1 	  
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3.2.3 DNA RNA  

0 2 5 DNA RNA 16S rRNA

V4 PCR RT-PCR

MiSeq 	 

PhiX �Q30

QIIME 	 97%

16S rRNA OTU Operational taxonomic unit

	 OTU DDBJ nucleotide sequence database BLAST 

program 	 

QIIME α Chao1 Shannon

Simpson (63-65) 	 

PCoA Principal coordinate analysis

	 

2

Weighted UniFrac 	  

 

3.2.4  

3.2 	 

	 	 50 mL

Widdel pH7 3.2

18 mL N2/CO2 80:20, v/v

	 1 2 mL 10%, v/v 	 

20 mM 20 mM

 [20 mM] Na2S [2 mM] 25 °C

	 

5% 10 8 	 

4 3 	 BX-51

Olympus Excitation; 372 nm, Emission; 456 nm 16S rRNA

	 DNA 16S rRNA
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B27f/B1525r (66)  Q5 

Hot Start High-Fidelity DNA Polymerase PCR 	 PCR 3.3 	 PCR

Wizard SV Gel and PCR purification kit Promega pGEM-T Easy vector 

systems Promega TA 	 ECOS competent 

E. coli JM109 Nippon Gene DNA Wizard SV Plasmid 

DNA Purification System Promega 	 DNA

BigDye Terminator v3.1 Cycle Sequencing kit Applied Biosystems

DNA 3730xl Applied Biosystems 	 

ClustalX ver.2.0 (67) Multiple alignment MEGA ver. 5.2 (68)

neighbor-joining maximum likelihood 	 

1,000 	 

20 mM 20 mM  20 mM 25°C

1 SO4
2− NO3

−

	  

 

3.2.5  

16S rRNA MG-RAST data 

base http://metagenomics.anl.gov Dynamic transition of chemolithotrophic 

sulfur oxidizers in deposited marine sediment in 2015 ID  4620652.3–4620661.3 10

	 3 16S rRNA

DDBJ http://www.ddbj.nig.ac.jp LC029406−LC029408

	  

 

3.3  

3.3.1  

SO4
2− Fe(III)

	 20 mM

5 	 

	 

2 N2O 3.3A 	 CO2

2 258−286 µM 318−378 µM

3.3B 	 N2 CO2-

	 CO2 5 255−285 µM 2
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434 µM 	 

CH4 	  

NO3
− 2 17.8 mM 15.5 mM

3.3C 	 NO2
− 	 

NH4
+ 2 1.25 mM 5 0.78 mM

3.4A 	 SO4
2− 2 14.6−15.5 mM 5

26.0 mM 3.3D 	 

SO4
2− 	 TOC 22.6 mg L−1

3.4B 	  VFA TOC

VFA 	 SiO2

PO4
2− 3.4C D 	 

3.3 3.4 	 

NO3
− SiO2 PO4

2− 	 

	  

1.5 wt%

5 1.1 wt% 3.5 	 

P <0.05 	 

SO4
2− 	 

3.6 	 5 TG/DTA

3.7

	  

 

3.3.2  

DNA RNA

DNA RNA

3.4 	 “N”: Nitrate “C”: Control DNA 16S rRNA

 [“G”: genes] RNA 16S rRNA  [“T”: transcripts] 10

	 

(i) 0 DNA RNA  G0 T0 ii

2 5 DNA NG2 NG5 RNA

NT2 NT5 iii 2 5 DNA CG2 CG5
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RNA  CT2 CT5	 280,651 1 28,065

	 3.4 	  

n = 7,374

α  Chao1 Shannon 1/Simpson 3.4 	 

Chao1 NG2 NG5 NT2 NT5

CG2 CG5 CT2 CT5 	 

	 

Shannon 1/Simpson DNA G0 > NG2 > 

NG5 G0 CG2 CG5

	 

RNA T0 NT2 NT5

T0 CT2 CT5 	 

	 

	 

n = 9,336 Weighted UniFrac

PCoA 3.8 	 PCoA

	 

	 2 2 5

	 DNA RNA

rRNA

	  

DNA RNA 3.9 	 Epsilon-

Gamma-proteobacteria DNA 0 2%

5% 5 44% 17% 3.9A 	 Epsilon-

Gamma-proteobacteria RNA

3.9B 	 Epsilon- Gamma-proteobacteria 5 NG5

10 OTU 3.10 	 Epsilonproteobacteria OTU 4053

NG5 NT5

42.7% 14.7% 3.10A B 	 OTU
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Sulfurimonas denitrificans NR074233 16S rRNA

98.4% 	 Gammaproteobacteria Chromatiales OTU 5722

OTU 3944 NG5 12.5% 1.9% 3.10C 	 

OTU Thioalkalispira microaerophila NR025239; 96.8%

Thioalbus denitrificans NR122087; 100%

	 3.11 Epsilon- Gamma-proteobacteria 

5 NT5 10 OTU 	 

Epsilonproteobacteria NG5 NT5

3.10A B 3.11A B

1 OTU 4053 rRNA 	 

Gammaproteobacteria NG5 NT5

3.10C D 3.11C D 	 NG5 NT5

Chromatiales rRNA

	 

	 DNA RNA

Sulfurimonas Chromatiales

	  

NT5 CT5 Epsilon- Gamma-proteobacteria

rRNA 5 OTU 	 

NT5 CT5 5 OTU

3.5 	 

	 

Cellulomonas sp. OTU 566 NT5 CT5

430 	 Geobacter spp. OTUs 8007, 245, 3917

Pelobacter sp. OTU 2865 Geothrix sp. OTU 2401 13−94

	 

Syntrophobacteriaceae OTU 11860 Methanosaeta 

sp. OTU 3178 rRNA 	  

G0

CG2 CG5 T0 CT2 CT5 3.9 	 Deltaproteobacteria

Desulfobacteraceae  Desulfobulbaceae

	 5 CG5 11.5%
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7.7% rRNA CT5 6.3% 50% 	 

(52, 54)	 

rRNA SO4
2−

5 3.3C 	 

	 

	  

 

3.3.3  

3 HDS01 HDS22 HDSN4 3.12 3.6 	 

16S rRNA 99.9%

	 16S rRNA

HDS01

HDSN4 Sulfurimonas denitrificans NR074233 96.7% 95.8%

HD22 Thioalkalispira microaerophila NR025239 95.2%

16S rRNA 	 

DNA-DNA 70%

16S rRNA 97.0%

 (69)

	 16S rRNA

97.0% Sulfurimonas Thioalkalispira 

	 HDS01 HDS22

OTU 4053 5722 3.10A C 	 

HDS01 HDS22

NO3
— SO4

2− 	 

3.6 	  

 

3.4  

SO4
2− Fe(III) NO3

−

	 CHNS
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NO3
− SO4

2−

	 DNA RNA

	 

	 

16S rRNA

	 

	  

3.3 	 

TOC 3.4B

	 

(70-72)	 

3.5 	 

SO4
2− 	 

(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)  

NO3
− 17.7 mM SO4

2−

11.3 mM 3.3B C 	 NO3
−/SO4

2− 1.57 (3)

	 

(16, 51, 71)	 

	  

Epsilon- Gamma-proteobacteria

3.10 	 OTU 4053

OTU 5722 HDS01 Sulfurimonas HDS22

Thioalkalispira 3.12 3.6 	 

16S rRNA 95.2%−96.7%
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	 OTU 4053 HDS01 OTU 5722 HDS22

0.03% 0.5% 5

42.7% 12.5% 	 rRNA

3.11B D 	 5

CO2 3.3A

	 OTU 4053 OTU 5722

HDS01 HDS22

	 

Chromatiales

3.10 3.11

	  

rRNA 3.6 	 

SO4
2− Fe(III) CO2 3.3B D 3.4E

	 5

Cellulomonas sp. Geobacter sp., Pelobacter sp., Geothrix sp.

Methanosaeta sp.

rRNA 3.6 	 

	 

Stable isotope probing (24)

	  

Sulfurimonas Chromatiales

3.10 	 Sulfurimonas OTU 4053 [HDS01 ]

3.10 Chromatiales OTU 5722 [HDS22 ] OTU 

3944 OTU 1143 	 OTU 5722 OTU 6560 Chromatiales

rRNA 3.11C D

CO2

	 

Sulfurimonas Chromatiales

(75-79)	 Sulfurimonas
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TCA reductive tricarboxylic acid Chromatiales CBB Calvin–Benson–

Bassham CO2 	 

TCA CCB

	 Chromatiales

1−2 mM NO3
−

(80)	 

	 

	  

 

3.5  

SO4
2− Fe(III) NO3

−

	 

0.5% Sulfurimonas Chromatiales
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3.1  

CHNS  
CHNS  FLASH 2000 (Thermo Scientific) 

 CHNS/NCS PQS (Thermo Scientific) 
 TCD 
 He 

 130 mL/min 
 65°C 
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3.2(A) Widdel  

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  

 

3.2(B) Widdel Trace element solution 1000  

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 

 

3.2(C) Widdel Vitamin solution 500  

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 

* 	  
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3.3(A) PCR  

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 

 

3.3(B) PCR  

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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3.4 16S rRNA DNA RNA

α  

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 0 NG2 NG5 NT2 NT5 2 5 CG2 CG5

CT2 CT5 2 5 	  

** n = 7,374

10 	 	  
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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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3.6  

16S rRNA  

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 

* SO4
2—

NO3
− 10 mM ++ 1 mM 10 mM

+ 1 mM − 	  
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3.1  

 

 

3.2  

 

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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3.3 -1 
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3.4 -2 

	 A NH4
+ B

TOC C SiO2 D PO4
2− E Fe F

Fe(II) 	 	  
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3.5  

	 

	 

: p <0.05 	  
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3.6  
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C 	 	  
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3.7 TG/DTA  

0 A 5 B 5 C

TG/DTA 	 TG DTA 	  
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3.8 16S rRNA (DNA) RNA

PCoA Principal coordinate analysis  

n = 9,336 Weighted UniFrac PCoA 	 

▲ ● � ○

	 DNA Gene RNA Transcript 	 

0 2 5 	  

 

  

Gene� Transcript�
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0.05�

%0.05�

%0.15�

%0.25�

%0.35�
%0.3� %0.2� %0.1� 0� 0.1� 0.2� 0.3�

PC1*(69.14%)�

PC
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(2
3.
07
%
)�
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G0 
NG2 
NG5 NT5 

NT2 
T0 

CT2 
CT5 

+Nitrate.2d 

+Nitrate.5d 

0d 
+Nitrate.2d 
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0d 
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3.9  

A DNA  B  rRNA RNA  

	 	 

G0 T0 0 NG2 NG5 NT2 NT5 2 5

CG2 CG5 CT2 CT5 2 5 	  
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3.10 Epsilon- Gamma-proteobacteria 5  

10 OTU Operational taxonomic unit  

	 5 NG5 DNA

Epsilon- Gamma-proteobacteria OTU A

C OTU NT5 RNA B D 	  

0� 0.2� 0.4� 0.6� 0� 0.2� 0.4� 0.6�

0� 10� 20� 30� 40� 50� 0� 10� 20� 30� 40� 50�

(A)$Gene� (B)$Transcript�

Control/5d�

+Nitrate/5d�

Rela7ve/abundance//(%)�

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/

30�20�10�0� 30�20�10�0�

Rela7ve/abundance//(%)�
0� 0.1� 0.2� 0.3� 0.4� 0� 0.1� 0.2� 0.3� 0.4�

(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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3.11 Epsilon- Gamma-proteobacteria 5  

10 OTU Operational taxonomic unit  

	 5 NT5 RNA

Epsilon- Gamma-proteobacteria rRNA OTU B

D OTU NG5 DNA A C 	  

30�20�10�0� 30�20�10�0�

(C)$Gene� (D)$Transcript�

Rela)ve+abundance++(%)�
0� 0.2� 0.6�0.8� 1�0.4� 0� 0.2� 0.6�0.8� 1�0.4�

Gammaproteobacteria�

5722�Thioalkalispira+microaerophila+ 96.8�NR025239+

3944�Thioalbus+denitrificans� NR122087+100�

12681�Thioprofundum+lithotrophicum� NR112829+�96.4�

12930�Thioalkalispira+microaerophila+ NR025239�97.6�

13536�Thioalkalispira+microaerophila+ 97.6�NR025239+

1143�Thioprofundum+hispidum+ 96.0�NR112620+

11183�Thioalbus+denitrificans+ NR122087�96.8�

15348�Thioprofundum+lithotrophicum� NR112829+�95.3�

6560�Thiotrichales+bacterium+ HQ675680+92.5�

14834�Thioalbus+denitrificans+ NR122087�96.8�

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

0� 10� 20� 30� 40� 50� 0� 10� 20� 30� 40� 50�

(A)$Gene� (B)$Transcript�

0� 0.2� 0.4� 0.6� 0� 0.2� 0.4� 0.6�
Rela)ve+abundance++(%)�

Control+5d�

+Nitrate+5d�

Epsilonproteobacteria�

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+ NR_074133+

16768� Sulfurimonas+gotlandica+ 96.4+ NR074133+

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



 48 

3.12  

16S rRNA Epsilon- Gamma-proteobacteria 	 

16S rRNA neighbor-joining 	 

HDS01 HDS22 HDNS4 	 

	 5%

	 1,000

	  

 

  

86�
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100�

98�

62�

90�

91�

100�

40�

73�

38�

99�

83�

100�

74�

37�
72�

100�

72�

99�

49�

56�

100�

100�

97�

100�

HDNS4&(LC029408;&OTU8028)�
HDS01&(LC029406;&OTU4053)�
Sulfurimonas,denitrificans+DSM1251T+(L40808)�

Sulfurimonas,autotrophica,OK10T+(AB088431)�
Sulfurimonas,paralvinellae+GO25T+(AB252048)�
Sulfurimonas,gotlandica+GD1T+(NR121690)�
Sulfuricurvum,kujiense,YK;1T+(AB053951)�

Sulfurospirillum,deleyianum,(Y13671)�
Arcobacter,nitrofigilis+CCUG15893T+(L14627)�

Campylobacter,fetus,ATCC19438T+(M65011)�
Helicobacter,pylori,ATCC43504T+(U01330)�

Roseobacter,denitrificans,Och114T+(NR102909)�
Paracoccus,denitrificans,PD1222T+(NR074152)�

Azoarcus,toluly@cus,Tol_4T+(NR037058)�
Thiobacillus,denitrificans,ATCC25259T+(NR074417)�

Pseudomonas,aeruginosa,PO1T+(NR074828)�
Pseudomonas,fluorescens,C7R12T+(AM229082)�

Thiohalophilus,thiocyanatoxydans,HRhDT+(NR043875)�

Thioalkalispira,microaerophila,ALENT+(NR025239)�

HDS22&(LC029407;&OTU5722)�

Thiohalomonas,denitrificans,HLDT+(DQ469580)�

Methanosaeta,thermophila,(AB071701)�

Thiomicrospira,crunogena,XCL;2+(NR074329)�
Candidatus+Thioglobus+singularis+GSO;PS1+(JN003574)�

Thiohalomonas,nitra@reducens,HRHd+3spT+(DQ836238)�

Thioprofundum,hispidum+gps61T+(NR112620)�
Thioprofundum,lithotrophicum+106T+(AB468957)�

Thioalbus,denitrificans+Su4T+(NR122087)�

0.05�
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Stable Isotope Probing  
4.1  

Stable isotope probing SIP

	 13C 15N 18O

 

(81-83)	 SIP phospholipid-derived fatty 

acids PLFA (81) DNA  rRNA mRNA (24, 84, 85)  (86) 	 

SIP DNA-SIP RNA-SIP 	 

DNA RNA

	 RNA-SIP

	 RNA-SIP

 (25, 87-90)	 rRNA-SIP

RNA 

T-RFLP DGGE single strand conformation polymorphism RNA

 (19, 91)	  

rRNA-SIP rRNA

(92, 93)	 RNA

RNA RT-PCR qRT-PCR
13C rRNA

(94)	 13C

RNA 13C rRNA
13C rRNA  (8)	 

	 rRNA-SIP rRNA 13C rRNA

	  

T-RFLP DGGE 1,000−10,000

 (95, 96)	 

T-RFLP DGGE

 (97, 98)	 13C DNA

rRNA
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13C RNA 	 

rRNA-SIP 	  

MiSeq, Illumina 1

16S rRNA  (43, 

99)	 rRNA-SIP T-RFLP 13C-rRNA

MiSeq rRNA-SIP

	  

 

4.2  

4.2.1 RNA  

4.1 	 Escherichia coli K12 ATCC 10798 Bacillus subtilis 168  

BGSC 1A700 3 RNA (i) E. coli 13C

RNA (ii) E. coli RNA (iii) B. subtilis RNA	 13C

RNA [U-13C6] 99 atom%; Sigma-Aldrich

E. coli 	 RNA E. coli

B. subtilis Wako

	 pH7.2 g L−1

Na2HPO4 6.97 KH2PO4 3.42 MgCl2•6H2O 0.18 NH4Cl 1.0 CaCl2•2H2O 0.13 FeSO4•7H2O

0.018 ZnSO4•7H2O 0.00035 MnSO4•5H2O 0.00031  2 (100)	 100 mL 
13C 20 mL 

E. coli B. subtilis 37°C 150 rpm 14

	 2 mL 3 20,000 × g 4°C

−80°C 	 

RNA RQ1 DNase Promega DNA

RNA -EDTA 10 mM Tris 1mM EDTA pH 7.0 30 µL

	 RNA RiboGreen RNA quantification kit Life Technologies

 SH-900Lab Corona Electric Excitation; 500 nm, Emission; 525 nm

	  

 

4.2.2 RNA  

E. coli 13C RNA B. subtilis RNA

1% 0.5% 0.05% 0.01% 0.001% 0.0001% 13C-RNA

RNA 13C 4.1 	 1% 13C
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E. coli 13C RNA B. subtilis RNA 1: 99 	 

E. coli RNA B. subtilis RNA

	 13C E. coli B. subtilis RNA

RNA 500 ng cesium trifluoroacetate [CsTFA] Wako

0.1 M Tris  0.1 M KCl 1 mM EDTA 20ºC 

128,000 × g 60  (94)	 1% 0.5% 0.05% 0.01% RNA

T-RFLP 0.05% 0.01% 0.001%

0.0001% RNA RT-PCR

	 RNA

CsTFA BD [buoyant density] AR200; Reichert  (94)	 

RNA -EDTA 25 µL

	  

 

4.2.3 RT-PCR T-RFLP  
13C RNA one-step RT-PCR system Access 

Quick; Promega B27f/B907r (25) RT-PCR 	 Beckman 

D4 Sigma-Aldrich B27f 	 RT-PCR

4.1 	 1% 1.750–1.806 g mL–1 

RNA 16S rRNA 	 RT-PCR

RNA DNA 	 

RT-PCR QIAquick PCR Purification Kit QIAGEN 200 ng

Msp I New England Biolabs 	 DNA Size Standard 

kit-600 Beckman coulter DNA  GenomeLab GeXP Beckman coulter

T-RF [Terminal-restriction fragment]

CEQ8000 Genetic Analysis system Beckman Coulter T-RF

bp 	  

 

4.2.4 RT-PCR  

heaviest fraction; “1H” 1.797–1.798 g mL–1 2

second-heaviest fraction; “2H” 1.790–1.792 g mL–1 light fraction; “L” 

1.765–1.776 g mL–1 RNA one-step RT-PCR system Access Quick; Promega

RT-PCR 	 MiSeq 515f/806r

(43)	 806r
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12 (43)	 RT-PCR 4.2 	 1.2%

T-RFLP

	 	 

MiSeq  MiSeq Reagent kit ver.2 300-cycles; Illumina 	 13C

Student t 	  

 

4.2.5 RT-PCR qRT-PCR  

heaviest fraction; “1H” 1.797–1.798 g mL–1 RNA SuperScript III 

Platinum SYBR Green one-step qRT-PCR kit Life Technologies real-time PCR detection system 

MyIQ2; Bio-Rad RT-PCR qRT-PCR 	 

16S rRNA E. coli 16S rRNA 	 

Gamma395f /Gamma871r (101) Gammaproteobacteria E. coli

	 515f/806r (23) E. coli B. subtilis

	 E. coli DNA B27f/B907r (25)

16S rRNA 10−108 copies µL–1 DNA

	 RT-PCR 4.3 	 60ºC 95ºC

PCR 	  

 

4.3  
13C RNA T-RFLP

rRNA-SIP

	 13C-rRNA
13C-RNA RNA 	 

IR/MS 13C 13C atom% 10% 13C-RNA

 (102) 13C atom% 13C-RNA RNA

	 RNA 	 

E. coli 13C RNA E. coli RNA 20% 15% 10%

5% 1% RNA 16S rRNA

RT-PCR qRT-PCR 	 20% 1% 13C RNA

4.2 	 13C-rRNA

rRNA 13C-RNA 20% 	 

RNA 13C-rRNA 20 atom% 13C RNA
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13C  (102) RNA 13C-rRNA

	 

13C-RNA 13C-RNA

1%−0.0001% 	  

 

4.3.1 T-RFLP 13C RNA  

E. coli 13C RNA B. subtilis RNA

1% 0.5% 0.05% 0.01% 13C-RNA
13C 4.1 	 E. coli

RNA B. subtilis RNA 	 13C

RNA 16S 

rRNA T-RFLP 	 heaviest fraction; “1H” 1.796–1.806 

g mL–1 2 second-heaviest fraction; “2H” 1.788–1.801 g mL–1

light fraction; “L” 1.772–1.777 g mL–1 RNA

T-RFLP 4.3 	 16S rRNA Msp I 496 bp T-RF

E. coli T-RF B. subtilis 	  

1% 0.5% 13C E. coli 496 bp T-RF

1.806 g mL–1 1.803 g mL–1 1H

4.3A C 	 0.05% 13C 496 bp T-RF

1.798 g mL–1 1H 6.1% 2H L

4.3E 	 1H 13C RNA

1.806 g mL–1 1.798 g mL–1 	 1H
13C-RNA 	 0.01% 13C

496 bp T-RF 4.3G 	 1%

496 bp T-RF

0.8%−1.3% 4.3B 	 1.806 g mL–1 13C 1H

RNA RT-PCR 	 

1.806 g mL–1 RNA

	 0.5%−0.01% 496 bp T-RF

4.3D F H 	 T-RFLP 13C

E. coli RNA 0.05% 13C-rRNA 	 

6.1%  (19, 25, 103)	 T-RF
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T-RF 	 

T-RFLP 13C-rRNA 13C-RNA 0.5%

	  

 

4.3.2 13C RNA  

0.05% 0.01% 0.001% 0.0001% 13C

4.1 	 1H 2H L RNA

	 3,934,451 1 54,645

	 RNA

4.4 	  

E. coli 16S rRNA E. coli 

4.4 	 0.05% 13C E. coli

0.32%—1.93% 4.4A 	 1H E. coli

1H 6.9 P = 0.035 n = 3 	 0.01%

0.001% 13C 1H E. coli 1H

4.6 3.8

P = 0.016 P = 0.026 n = 3 4.4B C 	 0.0001% 13C

E. coli 1H 2H

L 0.25%−1.55% 4.4D 	 

0.05%−0.001% 13C RNA 1H

1.793−1.801 g mL–1 13C-rRNA 	  

 

4.3.3 RT-PCR 13C-RNA  

0.05% 0.01% 0.001% 0.0001% 13C

1H RT-PCR qRT-PCR E. coli

16S rRNA 4.5 	   

0.05% 0.01% 0.001% 13C E. coli 16S rRNA 1.98 × 

105 copies µL–1 7.98 × 103 copies µL–1 4.51 × 102 copies µL–1 	 13C RNA

1H E. coli 16S rRNA

	 0.0001% 13C 1H E. coli 16S rRNA

4.10 × 10 copies µL–1 	 1H

16S rRNA 106–107 copies µL–1 	 0.05% 0.01% 0.001% 13C
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16S rRNA E. coli 16S rRNA 1.005%

0.252% 0.005% 	 1H

E. coli 16S rRNA 4.10 × 10 copies µL–1 	 RT-PCR
13C RNA 0.05%−0.001% 13C-rRNA

1H

	 RT-PCR 1H 13C-rRNA

4.4 4.5

	  

 

4.4  
13C-rRNA T-RFLP

rRNA-SIP 	 

T-RFLP 13C RNA 0.5% 0.001%

1.793−1.801 g mL–1 13C-rRNA

	 rRNA-SIP Chip-SIP (104)  FISH-NanoSIMS

nano-scale secondary ion mass spectrometry (105, 106)

	 

	 rRNA-SIP

	 rRNA-SIP
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4.1(A) RT-PCR  

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 

 

4.1(B) RT-PCR  

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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4.2(A) RT-PCR  

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 

 

4.2(B) RT-PCR  

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 
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4.3(A) Gammaproteobacteria E. coli RT-PCR  

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 

 

4.3(B) Gammaproteobacteria E. coli RT-PCR  

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 

 

4.3(C) 16S rRNA RT-PCR  

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 

 

4.3(D) 16S rRNA RT-PCR  

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 13C-RNA  

 

  

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 RNA RNA RNA
13C-RNA  

13C-RNA 20% ○ 1% ● RNA RNA E. coli 

16S rRNA A 	 B Y 15% 	 13C

E. coli RNA E. coli RNA

RNA 16S rRNA RT-PCR 515f/806r Go Taq 

qRT-PCR system 4.3 	 RNA 16S rRNA

	 	  

  

 

  

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 13C-RNA  

E. coli RNA 1%−0.01% 13C A C E G B D F

H 1H 2 2H L RNA

T-RFLP 	 496 bp T-RF E. coli

B. subtilis T-RF 	  [ (g mL−1)]

	  

 

  

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]�
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[L,%1.772]�
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4.4 13C-RNA  
13C E. coli

16S rRNA 	 E. coli RNA 0.05% A 0.01%

B 0.001% C 0.0001% D RNA 1H

2H L RNA

	 	   

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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5.1  

rRNA 	 

	 CO2

	 Stable Isotope probing SIP 13C 15N 18O

 (92, 107, 108)	 rRNA-SIP

	  

 
5.2  

5.2.1 13C-  

50 mL

18.5 mL 	 25°C

	 2011 12

	 

N2 	 5.1 3 (i) [13C]-

99 atom% Cambridge Isotope Laboratories 10 mM 20 mM
13C  (ii) Wako 10 mM

20 mM (iii) 10 mM

	 	 

25°C 21 	 

IC Inorganic carbon 100 mg L−1

10 mM 	 CO2- 13C
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5.2.2  
13C

0 4 7 9 14 21 	 

CO2 N2O CH4 ShinCarbon ST Shinwa Chemical Industries

GC-2014 Shimadzu 	 

TOC VFA SO4
2− [II] C H N S

	 NO3
− IonPac 

AS-11 DX-500 Dionex 	 

5.1 	  

 

5.2.3 DNA RNA  

0 4 7 9 14 21 DNA RNA

(42)	 2 mL DNA RNase

Type II-A; Sigma 	 2 

mL RNA DNase RQ-1; Promega

	 DNA RNA -EDTA 10 mM Tris 1mM EDTA DNA

pH 8.0 RNA pH7.0 50 µL 	 RNA RiboGreen RNA 

quantification kit Life Technologies  SH-900Lab Corona Electric Excitation; 

500 nm, Emission; 525 nm 	 0 4 21 DNA 16S 

rRNA GoTaq qPCR Promega Real-Time-PCR Detection system MyIQ2

Bio-Rad PCR 	 515f/806r (23)

PCR 5.2 	 E. coli 

DNA B27f/B907r (25) PCR

16S rRNA 102−108 copies µL–1 DNA 	  

 

5.2.4 RNA RT-PCR 

RNA MiSeq

515f/806r (43) one-step RT-PCR system Access Quick Promega RT-PCR

	 806r

12  (82)	 RT-PCR 5.3 	  
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5.2.5 RNA RNA RT-PCR 

RNA 	 13C

4 9 14 RNA 500 ng

CsTFA Wako

 (94)	 

CsTFA BD AR200; Reichert  (27)	 

RNA -EDTA pH 7.0 30 µL

	 heaviest fraction; “1H” 1.793–1.803 g mL–1 2

second-heaviest fraction; “2H” 1.791–1.796 g mL–1 light 

fraction; “L” 1.767–1.774 g mL–1 RNA one-step RT-PCR system Access Quick; 

Promega 515f/806r  RT-PCR 	 RT-PCR

5.3 	  

 

5.2.6  

RT-PCR 1.2%

	 RT-PCR MiSeq Reagent 

kit ver.2 300-cycles; Illumina MiSeq

	 PhiX Q30

QIIME 	 97% 16S rRNA

OTU Operational taxonomic unit 	 

OTU DDBJ nucleotide sequence database BLAST program

	  

 

5.3  

5.3.1  
13C 10 mM 20 mM 21

13C 	 

10 mM 20 mM 	 

10mM 5.1 	 
13C

5.2 	 N2O 4

400 µM N2O 14
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5.2A 	 

N2O 14 N2 	 13C

N2

CO2- 4 CO2

271−365 µM CO2 21

587 µM 5.2B 	 

CO2 CO2

	 CH4

	  
13C NO3

−

4 1.3−2.3 mM 7

5.2C 	 N2O

N2 	 SO4
2− 0 25 mM

4 36.5−38.1 mM 14 38.7−40.8 mM

	 14 2 mM 5.2D 	 

Fe(II) TOC 19−20 mM 10−15 mg L−1

	 5.3A,B 	 VFA

VFA 	 

5.2 5.3 	  
13C

0 1.7 wt% 9 0.9 wt%

1.3 wt% 5.4 	 

9 SO4
2−

SO4
2−

	 

	 

13C

5.5 	  

 

5.3.2  

DNA RNA 3
13C
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1 mL DNA 16S rRNA PCR

RNA 	 13C

DNA RNA

	 2

5.6 	 4 16S rRNA 4.07 

×105 copies mL−1 1.25 ×106 copies mL−1 2.43 × 106 copies mL−1

	 16S rRNA

	 

5.6A 	 RNA 0 80 ng mL−1

9 530 ng mL−1 450−530 ng 

mL−1 5.6B 	 rRNA

NO3
− 9

rRNA 	 21

RNA 80 ng mL−1 	  

RNA

	 1,926,210 1

49,390 5.7A RNA

	 13C

	 0

Gamma- Epsilon-proteobacteria 16S rRNA

1% 0.7% 4 30% 22%

rRNA

	 NO3
− 9

rRNA 	 rRNA mRNA tRNA RNA 80−90%

rRNA  (109) RNA 5.6B

5.7B 	 

9 1 mL Gamma- Epsilon Delta-proteobacteria

rRNA rRNA

	 21 rRNA

rRNA

	 rRNA-SIP 13C
13C 	  
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5.3.3 RNA  
13C 4 9 14

rRNA-SIP 	 13C-RNA heaviest 

fraction; “1H” 1.793–1.803 g mL–1 2 second-heaviest fraction; 

“2H” 1.791–1.796 g mL–1 light fraction; “L” 1.767–1.774 

g mL–1 RNA 16S rRNA 	 9

14 13C 13C rRNA

1H 1.793–1.803 g mL–1 RNA

1.802−1.810 g mL–1

RT-PCR

	 2,492,366 1 46,155 16S rRNA

	 13C 1H Epsilon-

Gamma-proteobacteria 1H 1.3−1.5 1.1−1.5

5.8 	  

OTU [Operational taxonomic unit] 4

9 14 13C 1H 1H

P < 0.05 OTU 5.4A B C 	 4

Chromatiales Thioalkalispira sp. Thioprofundum sp. OTU 22867 OTU 6741 OTU 

16829 Sulfurimonas sp. OTU 5673 13C

	 13C Desulfofustis sp. OTU 11272

	 9

Sulfurimonas sp. HDS01 OTU 15708 Thioalkalispira sp. HDS22 OTU 7305
13C 	 

Desulfobulbus sp. OTU 16518

Pelobacter sp. OTU 10107 Actibacterium 

sp. OTU 19375 13C rRNA 	 14 Sulfurimonas 

sp. HDS01 OTU 15708 Thioalkalispira sp. HDS22 OTUs 3457 23164 4952

5479 14571 10805 22397 Thioprofundum spp. OTU 20245 OTU 19078

Chromatiales 13C rRNA 	 

Desulfobulbus spp. OTUs 16534 4705 5155 21595 23055 17063
13C 	 13C rRNA OTU 

14981 Thalassomonas sp. 
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(110) NO3
− 	 OTU 3299 16S rRNA

90% 13C

	 13C OTU

coefficient of variation 4 14 0.09−0.75 9

0.04−0.21 	 NO3
− 4

NO3
−

9 13C N2O

14

	 13C

HDS01 HDS22 13C
13C

	  

 

5.3.4  

21 13C rRNA

5.9 13C

	 OTU 

566 N2O Azoarcus communis 16S rRNA

93.2% rRNA 2.6 	 

rRNA OTU 10365

rRNA-SIP Desulfosarcina variabilis

96.8% (103)	 OTU 4956 OTU 21431

Methanoculleus sp. Methanosphaerula sp.

	 

Algidimarina >94.5%

OTU 9760 OTU 6952 	  

 

5.4  
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rRNA-SIP

	 

DNA RNA DNA

RNA 	 

rRNA

	 rRNA-SIP 13C
13C

	 RNA

21 N2O

	  

4 NO3
− N2O SO4

2−

5.2 5.4 	 

CO2 5.2B

	 7 N2O

14 5.2A 	 N2O

	 14 21

SO4
2− 2 mM

0.4 wt% 5.2D 5.4 	 NO3
−

14−21

SO4
2− 	 TOC

10−15 mg L−1 5.2F rRNA-SIP

N2O SO4
2− Fe[III]

	 

	  

1 mL RNA 80 ng mL−1

>500 ng mL−1 5.6 	 

4 9 14 rRNA-SIP

	 13C



 73 

	 RNA

1H 16S rRNA 13C
13C

13C 5.4 	 

4 9 14 Epsilon-proteobacteria Sulfurimonas spp.

OTU 5673 OTU 15708 Gamma-proteobcateria Chromatiales OTUs 

22867 6741 16829 15708 7305 3457 23164 4952 5479 14571 10805 22397
13C 	 HDS01

HDS22 rRNA-SIP 2

	 NO3
− N2O 14

OTUs 3457 4952 5479 14571 10805 22397 HDS22 OTU 15708

HDS01 OTU 	 13C
13C-rRNA NO3

− N2O rRNA

NO3
−  (111) 	 

Desulfofustis sp. OTU 11272 (112)

4 13C 	 

9 14

Desulfobulbus spp. OTUs 16518 16534 4705 5155 21595 23055 17063 Pelobacter sp.

OTU 10107 Actibacterium sp. OTU 19375

Thalassomonas sp. OTU 14981 OTU 3299 13C

	 

13C 	 

14 21 SO4
2− 5.2D

13C Desulfobulbus spp.

	  

21

5.9 	 N2O Azoarcus sp. OTU 5622

7−14 N2O 5.2A 	 rRNA
13C

	 

Desulfosarcina sp. OTU 10365 rRNA 	 Desulfosarcina 
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 (113)	 

Methanoculleus sp. Methanosphaerula 

sp. OTUs 4956 21431

Algidimarina spp. OTUs 9760 6952 rRNA 	  

SO4
2− 5.2D 5.4

Sulfurimonas Chromatiales 13C
13C Desulfobulbus spp.

5.5 	 

	 

 (114)	 

Desulfobulbus Methanosaeta

Desulfosarcina

 (113, 115)	 

 (116-118)	 

	  

 

5.5  

rRNA-SIP Sulfurimonas 

Chromatiales 13C
13C

	 

21

N2O

rRNA 	 rRNA-SIP
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5.1  

 
 GC-2014 (Shimadzu) 

 ShinCarbon ST (Shinwa Chemical Industries) 
 TCD, FID 
 Ar (TCD), He (FID) 

 31.4 mL/min 
 70°C 3min, 70−200°C ( 20°C ) 

  
 

 DX-500 (Dionex) 
 IonPac AS-11 
 Electrochemical detector 
 10 mM H2SO4 

 1.2 mL/min 
NaOH gradient 0−30 mM over 13 min 

 ASRS 300 
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5.2(A) PCR  

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 
 

5.2(B) PCR  

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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5.3(A) RT-PCR  

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 

 

5.3(B) RT-PCR  

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-PCR 0 4 7 9 14 21 RT-PCR 24 cycles

	  

** rRNA-SIP RNA RT-PCR 4 22 cycles 7

14 21 cycles RT-PCR 	 RT-PCR 1.2%
13C RT-PCR
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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
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****Ac\X�JI���3�nN=�/�R4��+j2l
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5.6 DNA RNA  
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5.9 21 OTU Operational taxonomic unit  
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