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Deep biosphere and its biogeochemical processes:
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Deep-sea sediments harbor a novel biosphere with uncultured prokaryotic lineages and
their global biogeochemical processes. Exploring these habitats poses interdisciplinary chal-
lenges for the biogeochemical and geomicrobiological community. The limits of deep biosphere
are on-going subject, which were not yet known in terms of environmental properties, including
depth, temperature, energy availability, and geologic age; subseafloor microbes play a signifi-
cant role in chemical reactions that were previously thought to have been abiotic processes.
These limits are set by a variety of physical and chemical properties such as temperature, avail-
ability of energy and nutrients, pH, pressure, water availability, and salinity. In addition, mo-
lecular analyses and cultivation experiments demonstrate a high diversity of microbial life in
the sub-seafloor, although the relative abundances and roles of archaea, bacteria, eukarya, and
viruses have been largely unknown. Recent intensive researches on deep biosphere revealed
that carbon isotopic signatures of sedimentary archaeal membrane polar lipids indicate utiliza-
tion of sedimentary organic carbon by the living archaeal community. Further deep drilling of
marine sediments and igneous crust offers a unique opportunity to explore how life persists and
evolves in the Earth’s deep sub-seafloor ecosystems. Here, we overviewed about historical back-
ground of the deep biosphere and its latest progresses in terms of biogeochemical processes to-
gether with prokaryotic ecology and limit of life on the Earth.

Key words: deep biosphere, geological setting, physico-chemical condition, prokaryotic ecology,
sub-seafloor biogeochemical processes
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1. U & IC

ST O [HTAEWE] 1, 28R L TwT,
EZETIEND, LX) AMATEY Vo TWnb
Dho ORI, BHAEZTTIER L, ABILED
bOLRZHND, 18004FEMKF12IE, HMS F v L
VIV =T OWEREREICLY, BEREOALEROM
LA 2 & BRI T, 19704FE %1121, K
AT VE V512 &k B0 T 8T RS Tl L
KA & B IR 23 B R RO THE S iz

(Lonsdale, 1977; Corliss et al., 1979), FE UtH, H
AL T H R O AR A DSHMIIAT DN D X9
2720, BukBs X OWEACRORHE LA G A
EDHE X N7 (e.g., Okutani and Egawa, 1985; i
A5, 2008). 1990FMUICAD, MWK TIZAKRE [
THEYE] PDEELTWASZ LML ICEMEINS X
I12% Y (Gold, 1992), 5F LNV Tk T 04
WIERALF W 2R 21T ) FEPILE o 72 (eg,
Parkes et al., 1994; Stevens and McKinley, 1995;
Whitman et al., 1998; Hinrichs et al., 1999), —7%,
Fe LClE, Wihusor A X e feT, B
FHBENOER - KXFEHRAE L L DI [HTEY
Bl offffedED SN TER (eg.,
Ekendahl, 1990; Pedersen, 1993, 1997; #f I - £i#,
2000) o 20004E ZA M5, 5T AEWFEOREE S A
BIb Y, WEKT2 RS NFEHIEA S,
Kex 2 Z 2 JiHEASNT: (e.g., Parkes et al., 2000;
Boetius et al., 2000; Summit and Baross, 2001;
Orphan et al., 2001; D’Hondt et al., 2002; Kimura et
al., 2003; D’'Hondt et al., 2004; Schippers et al.,
2005), COEHM L, HARENIZBWTBHIREE T O
THEYEICET 5 AD2 D, e REUKE - WK
W AT O RENERSIND L) kol

Chnk - &3¢, 2000; = - fidE, 2008; &i#, 2008;
A -, 2003; 0 RE - Ak §, 2005; 3, 2005;
BT, 2005),

[Deep Biosphere| &9 SR AITIRE L,
20004E B PICA B &, BHIZH L it Fiko M5
EILICHEBEN A £ > TE /2 (e.g., Jorgensen
and D’Hondt, 2006; D’Hondt et al., 2007; Jorgensen
and Boetius, 2007; Pearson, 2008; iz 5, 2009;
Schrenk et al., 2010), 22528 [#TFAWE] <
<, k% (FA - KkBIOKEE, HEfESE, B
H%) LW GEEE, ), pHE) OADPKET 5

Pedersen and

RPN

(] &7 %00, BEREIHLTORERLZIZON
T, ZOWBEMNREWIZEZ 572005 FD—D275,

[HEWERILSY] THY, b TA~DT 7k AD—
DA, A B BB B8 ) 5 (IODP: Integrated
Ocean Drilling Program) =< [ERERE BB I8 ]

(ICDP: International Continental Scientific Drill-
ing Program) &\»-o 7z [HIERIEHIRLG] & ALEAT
b, TiE, BAMICHTEWEOMEL, £2F
THOLNI R o TVRD D0 KISH LWIERZ X212
i, EDOXH BT Ta—FARDLENT VDD, KR
FCTIAFIC, TR R THLN > TE
BT [HFEDE] 1I2onT, AWHEkbEl 28
RSBl 72,

2. EEOIRIX—RELEBETD
WwEENty T2

2.1 IXNVX—RE, BEHEEVDES &EFEH

39, @O ANF e BT 5, Kbk

(1.37kWm™) B X OHEROKMEL 5 #ERK ] L
WIS AT B LAV F —jiElE, &K T350~400 W
m >C#» % (Bishop and Rossow, 1991; ISCCP), %
DR AV F —DREIL, KB TOREDILE
HRISISERT 5, —JF, HERNIBOZ AV F—jiE
i, FHT0mWm e b b TBY (eg,
Hofmeister and Criss, 2005), #FHVET AV F— 12k}
L T3~4ffi/h & v MEROWNREET AV F—1Z, #
HRNE CORSEEREIGERL, FI27L— MERTHE
BENR T v, BREDOT L — Oy RHEEE, fdt
WBHTDo &b, ®RK15~20ecmyr '"THh %

(Fig. 1) o IARHEDH NI L, HERPERT F L F—
DREBOYZ R RTWI ens, Thv—24 (HBH
K EACER R R - TR 72 & O IR R e 5
W) ORENEL b, WKOHEIZ, VT v—
VENDEE B, I ZITERICER S E
o, BOKREATIE, BRI O TR ROG H
A, BOKSLRDTER SN B, Tz, Bk
EEEL, TNEFHATE RN - AW
EBHWHFL TV A,

7L — MERKER EIKILFITIX, 7L — Mk
FER IR 2 & Rl S HEE T & 2728, KEUGE)
WZRED UKD T 4 AT v — VB X OBOKIER D 54 %
EMETHIEICEST, BAFD L IEREE RIS
i S 7 R AR R M N - BUKIL T o T A A
MBI LI EDNTE D (eg,

Stevens and



SN O T A L EE B ¥ 7 2 B LY T a X

Cn(H20)m o< E deposit

187

Indigenous thermal energy flux

=60 ~ 100 mW m2

Solar energy flux
=350~400 W m*

v
=
3
o
®
=
-
Q
=
L~
(=]
o
o
e
£
Y=
=]
-
o
v
]
g
o
Q
o
w

Reflectance &
y'd

East Pacific Rise H

AL A6
ki M East Pacific Rise

(27-32°s)
W East Pacific Rise (North)

20 " Juan de Fuca ridge
|
Mid-Atlantic ridge

M Reykjanes Ridge
0 q———sylaiERRese
0 5 10 15 20

Spreading rate of ridge (cm/yr)

Fig.1 Comparison between solar energy flux (cf: Solar constant, 1.37 kW m™*) and indigenous ther-
mal energy flux on the Earth surface (Pollack et al., 1993; Hofmeister and Cris, 2005). Correla-
tion of crustal spreading rate and its frequency of hydrothermal plume were also noted (modi-
fied from Baker and Urabe, 1996; Baker et al., 1998).

McKinley, 1995; Reysenbach and Cady, 2001; Takai
et al., 2004; Edwards et al., 2005;i#i5, 2005;
Fisher et al., 2007) o AE v FHdH B VIR AL E
T5T V=1L, BittoNEHz AV F—-%EHE LT
Who L7eho T, WSEME M7y 7 2] &

[BUKTEER %R (Venting) OF ] THY, #MELrS
DB B WM A r — I O THZE X 2 s BE
%7 CT\w5b (Brazeltonet al., 2010),

RIZ, WEEOEMZ Fig. 212, MR 0E X
% Fig. 312" F o 7L — M h 5 hdilgand, 4
WA, ML CTHEETH L7720, HRWIZ X 28
BH Vv, W2, TL— b DbARRFTOMNERK
Bl o 0 — KAEPE L, DEWHERWICE DR
Twb (Fig.8)o —XKAEEINI-AHIOH B, 1
YREBED D 5 { VKIS F TILME L, MRG0 A4 Wik
Bk & DI ICERE SN, WY - B - EA
AN HET BRT- 7 SR O RBE SRR ST
Who T, KBERDIRRE— KA, H
T 72 R e % W R CRn i &, RS 72 Rl
AR IS LB E %2 5,

IR BRINREO BT R A RS UE, HN LD
D &RFED, —RAEDSERN S NHERAH OIE WHER T
B3, JEAZEY O A A E EE S Ry <, BII A &
DA E > THEDORE (FFI2, EERET T

Z: Biddle et al., 2006; Lipp et al., 2008) %57
WHITESFEy T4 YT EE A D Ledo T, [H
] omAw», WLl ORBEIC [HETws] &
W) RERIASIREIC L 2 T 50 EOREE THRL, #
EDRBEIZEZ TV BMAEYOWEENRD 50, L9
Mwix, TNHFEFTHEAINTEL (eg., K842
m depth, ~55°C, 3.5 Ma; Wellsbury et al., 2002) .
WA, =2—77 Y F7 Y FIOH#HKTF1626m 2° 5
HEE TV BIEEZRITRED OIS (60~100°C, 111
Ma; Roussel et al., 2008) 73 V), EFEMIC [#F2 ]
DO BT 3] OEBAEWIHE L T 5 Kk
ok Shb,

2.2 BEOKES LCBETOMEYHE

WHEOHNBTIE, B - BEEOGEHEYDS, &
WHEEHE o TWh, TOEERIT, —XKIHEHE,
TRHEEBL VA NVZATTELMAEMN - TR
WL AKERONA I 22 HETH—RKNTFIZ%ho
TWa (VA4 VADOEENL, %ik) . HHELUIETIE,
WM T —*% 7 (Archaea, HiflHE b \9H) ®H %
7Ly T7—%%—% (Crenarchaeota) 7SH# L TH
D (Fig.4), ERBTEBLCTWDNZFYTED
A GBI N TS (Karneret al., 2001), #
HEWOWREET —F 713, RFIFRIZO W T SN
7 —%7 (Wuchter et al., 2003: Berg et al., 2010) &
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Fig.2 Age of oceanic lithosphere and present distribution of plate (data from Muller et al., 2008: cour-
tesy from E. Lim, NOAA National Geophysical Data Center).
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Fig. 3 Marine sediment thickness of the world’s oceans and marginal seas compiled by the NOAA Na-
tional Geophysical Data Center. The data values are in meter and represent the depth to
acoustic basement (http:/www.ngdc.noaa.gov).
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Fig.4 Contour plots of relative abundances with depth of bacteria and pelagic

crenarchaeota during one year sampling effort at the Hawaii Ocean Time-
series station, ALOHA, in the North Pacific subtropical gyre. Contour lines
are percentages of bacteria and pelagic crenarchaeota as compared with total
microbial abundance at each depth. Total cell abundance was assessed using
the DAPI nucleic acid stain. Bacteria and archaea were enumerated using
whole-cell rRNA targeted fluorescent in situ hybridization with fluorescein-
labelled polynucleotide probes (modified from Karner et al., 2001).

EE KM% 7 —F 7 (Ouverney and Fuhrman,
2000) ORI HEBRICHER SN T W5, L4, =
FIIZOWTIE, BOLRENET Y E=THRILT —F7
OBEEDS, HHENTWS (e.g., Konneke et al.,
2005; Coolen et al., 2007; Nicol and Schleper, 2006;
Francis et al., 2007) o
—77, WK TIEE TV EEERER N, < 2D
IH, TFTPEELEEHOTWDL L) WD
% (e.g., Lipp et al., 2008; Biddle et al., 2006, 2008;
Pearson, 2008) . REHERM TR L & D IZERE
BELAICHP LT 2 e, ThETashTW
(Parkes et al., 2000), Lipp et al. (2008) 12X %
[7—F7 7= FRE] 1, WEEBICHEESOE
REREICFFO It D, [BUEAZI TWE] H50vid
[SREFTHEE TV L3N EBAEY oM
W& (Intact Polar Lipids, IPLs) O & 5Fli & 16S
rRNA &% ¢ THGEE L T %, MEHERY P T

IPLs O ZanlERIIC B3 A HE%E 1L, Lipp and Hinrichs
(2009) (ZFEL Ve 7—F TICHIKT % IPLs OAIKS
B, BLLGHIEONTHWRLTWSLEI LRG0
(Fig. 5-¢)o F72, WHWICEHE TN EHKRKFEDOHE
& (TOC%) L IPLs # 70y b9 5L, HERIED
MHEAPR SN (Fig. 5-d)o 7—F 7THRONEN L
IPLs i22oWCE 2, a7i8E (Core lipid, CL) @
GDGT (glycerol dialkyl glycerol tetraethers) (24
B8 THBHE/ 7Y 3 )VEE: (monoglycosyl-) 2%%E
HLTwE, 1-gly-GDGT &%), Y7y av ik
(diglycosyl-) 2%ki& L CwhiE, 2-gly-GDGT 2 7%
b0 Z OB, WESHZTTRAFAKRTY a— ik
(phosphoglyco-) 7 EDfkA LBt EREEZRE T
A7 —=FT7HHMbNTw5S (Fig. 6)o kA
WTWw5 GDGTs 1%, #5712 IPL-GDGTs & M-, =
THIREZ TS %5 D% CL-GDGTs & -5,
Lipp et al. (2008) 12L&V, KT CHILIIAST
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.5 Comparison of vertical distribution in marine sediment for (a) total microbial cells (bac-
terial profile: Parkes et al., 2000), (b) total intact polar lipids (IPLs). Error bars show
the standard deviation of repeated injection of total lipid extracts. Regression lines show
total microbial IPLs and 95% prediction interval (dotted lines, standard error of esti-
mate, 0.60), both of which are generated using least-squares analysis (Lipp et al., 2008).
(c) Relative contribution of archaeal IPLs to total microbial IPLs. The limit of detection
was assumed to be the bacterial proportion for samples without detectable bacterial
IPLs (Lipp et al., 2008). (d) Correlation of concentrations of IPLs and TOC. Error bars
show standard deviation of repeated injection of total lipid extracts. Regression lines
show log[IPL]w. versus log[TOC] (solid line; log[IPL]total = 0.979 xlog[TOC] +2.436, N
=101, R*=0.56, P<0.0001, least squares analysis) and 95% prediction interval (Lipp et
al., 2008).
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Fig.6 (a) Representative archaeal IPLs and (b) its core-lipid moieties are shown with its
core-lipid moieties of di-ether and GDGT (glycerol dialkyl glycerol tetraethers), for
example, 1-Gly-archaeol, 1-Gly-GDGT (0), 2-Gly-GDGT (0), 3-Gly-GDGT (0). See
also, Sinninghe Damsté et al. (2002), Sturt et al. (2004), Koga and Morii (2007),
Koga and Nakano (2008), Roussel et al. (2008), Lipp and Hinrichs (2009). (c) Repre-
sentative total ion chromatogram of intact polar lipids (e.g., glyco- and
phosphoglyco-GDGTSs) from Thermoplasma acidphilus by high performance liquid
chromatography combined with electron spray ionization mass spectrometry
(HPLC/ESI-MS, Agilent 1100 series) on positive mode, showing IPL separation and
its regio-isomers of GDGT moieties (Takano et al., 2010d). Three axis stands for re-
tention time (min), m/z, intensity.
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WA A, BRI EIKELTwL T E
WIGESI N, XV —WOBEMTRBIN TV T —F
7 OHEIE Y (Biddle et al., 2006) A3 THAF
Fohhi, TR, Sturt et al. (2004) 12X %
fkou< 757  BFATVL—A4 4 b/ 7IVF R
7 — VHE RS (HPLC/ESI-MS") MO B < DNA/
RNA O L il - LM ICXz o Tn3
(Morono et al., 2009; Lipp and Hinrichs, 2009) .

3. 7-XT DL, BEOMENX L
REOEREYD) > r—

HARFIZHAT 5T —F 71213, RMOEH %K
BEahTwa (eg, H:-BE, 1998 11 ¥,
2009)o 19904 HIFIZMEENET — % 7 OFFIEAVR S
72 (DeLong, 1992; DeLong et al., 1994). KT O
T—FT71%, BEIHB LAY EZREICLZASY
VR, HAHVIIBIRI A ¥ BLICEEb S Z ik X
{HSNTE7: (e.g., Hinrichs et al., 1999; Boetius
2000) ., KB IZ#Hitr 7 —F 7 (benthic ar-
chaea) ®1—1) 7—*%%—% (Euryarchaeota) ®
I b, BRI A Y E{b %49 ANME (Anaerobic
Methanotroph)-1, ANME-2, ANME-3& I 11 %
RBRZ, MR TV T LYY =TT A
EELZ LI ST, KT TRAY »&2AALAIZH
LTV,

et al.,

CH.+S0/ — HCO, +H.O+HS"

Thbbh, WMEHMEAA [AF 2] HHEARPIE X
LOEEMIZHNT VWS,
BETICEEZRDANAO T —F 71, ©H37259
Mo AVFIX—=Va 3B E o237
BHRILZ 1TV, ZD16S rRNA IZ X BT T & 512
o T&7XH12 (Fig. 7, HETOT—F 713,
A=V T —FF—=FBLPILyT—FF—FL {2
ZRMEIZEATYS (Fryet al., 2008 and literatures
within)o S OZAEMEE AR BT ERIE, WS
WZENTVRWIELBL WA, #EEHHEoY) v 7 %24
AFHELTCT =X 7TV ERELREEHERZLTWLZ
LREELSZ 5. Thabb, WKTOREAEYE,
BN O WA 22 70 X 2 DAL T, HEALFR
7O ARRRELTWD, S0iEZE, Afo
HAEBEWE, B oA LFEEE R LTS
(Fig.8)o ZN 2B L N VoOMHTcAHAISGE, &
XL 1DITRIKBLE R = AV F— (survival en-

ko KN

ergy), TEHEEDOHEFRICLE L T XV ¥ — (mainte-
nance energy), FEOHEE L ZDOHEFICLEL TR
V¥ — (growth energy) ’» 1), TN EDI AV F—
MZRME L, HERIC LT 10% 10°: D shTw
% (Price and Sowers, 2004; Valentine, 2007), Z®
IFTV T4y 7 AR, RS hbs T AL F—
#7%, maintenance energy @ FM 56, TR
ANEHAL D B WIZHIUFEIR % IR T %, maintenance
energy & M5 T 24, AGE MRS,
maintenance energy % KIRIZ 0I5 856, Mo su
PUREIC R S (Fig. 9o MR TICESLT—FT7 0D
PIRE, FREBAWICLAIRBEINTES T, FLD
Bl LT e Wil LR FREREE - SBILHERE DM > T
WA HREMAEH 5 (Takano et al., 2010¢) o

4. [914IR] EWVDTFEEEYHIRLSE

19465E 1 CHEFEME Y 4 W AR &, 19704E/812
WEY I — T OBEEIRB E Nz 7 A VA (virus)
MR LY X B TRES I, IR E RS S M
FamE&id e <, K& 3B X %20~200nm O [HL
T THbHo FrEEMEOBICHET 2 EE _HERK
ONEIZEDONIFEEDL B 5. HFIRRIE, KRS
EHEERL S (DNA, RNA, —A§, AL L) %
FHEL LTWB, 74 VAR FITABHREE L 2 VDS,
TEEAN G L CHT 5 2 e TE D, Mgz 3k
KT HEY (EZAY, BEEAEY) OFTXTHET
THY, BPETHILTIANAEETZTRIET
WHEFEEOEY L HE SN 5 (Madigan et al,
2003) .
AWML BB TRy 4 VAR, &
CICAEBREE T OME F &S, MUEM IV — 7B iE
Y (DOM) OB & gD SN TE
(e.g., Rohwer and Thurber, 2009) . #EFEEEY £V X
HRDIFENA A~ = —FERL T TIAThI T3
(Vardi et al., 2009), Ji (2006) (ZX 5 &, IS
FilELTWB 74 VAOKERGE, EEAEY ON7 T
V7, T=%7) REALY (AT, BoHEE
EEELTETIANAEEZLNTEY, WA
i, BERAEMOL R EBEEP SIS VEEOY
AW AR FDIET b0 HHETDWED T 4 VAR
¥ix, FHTIOY/mL ##z, 74V AR, #BL
THEWEEDOB VI TS Ve 74 VAHPEG L T
SHGE - T A TOMREINE, SHAOD 00
LI RERDEBEM DD DT THRA TH D, N7 TV
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Nankai Forearc Basin, 165.5 mbsf

246.4 mbsf

297.6 mbsf

Sea of Okhotsk, pelagic layer, 7.5 mbsf

22.2 mbsf

45.3 mbsf

57.8 mbsf

Sea of Okhotsk, volcanic ash layer, 18.3 mbsf
24.8 mbsf

30.9 mbsf

45,7 mbsf

ODP Leg 190 Nankai Trough, site 1176, 194 mbsf
site 1173, 4.15 mbsf

ODP Leg 201 Peru Basin, site 1231, 1.8 mbsf
site 1231, 9.0 mbsf

site 1231, 43 mbsf

site 1229, 6.7 mbsf

ODP Leg 201 Peru Margin, site 1229, 30.2 mbsf
site 1229, 42,03 mbsf
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site 1229, 29.4 mbsf

site 1229, 86.6 mbsf

ODP Leg 201 Equatorial Pacific, site 1225, 1.5 mbsf
site 1225, 7.8 mbsf

ODP Leg 201 Peru Margin , site 1225, ~5 mbsf
site 1225, ~15 mbsf

site 1227, ~30 mbsf
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site 1227, 7.35 mbsf

site 1227, 21.35 mbsf
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site 1227, 40-45 mbsf
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site 1230, 11.1 mbsf

site 1230, ~20 mbsf

site 1230, ~120 mbsf

site 1230, ~200 mbsf

ODP Leg 204 Cascadia Margin, site 1244/5, ~30 mbsf
site 1244/5, ~120 mbsf

site 1244/5, ~200 mbsf

site 1251, ~50 mbsf

site 1251, ~120 mbsf

site 1251, ~200 mbsf

ODP Leg 210 Newfoundland Margin, site 1276, 956 mbsf
site 1276, 1147 mbsf

site 1276, 1443 mbsf

site 1276, 1626 mbsf
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Fig.7 Community composition of archaeal 16S rRNA genes from various sites
and depths in the deep subseafloor biosphere. The profiles were modified
from Fry et al., 2008 and compilation from Reed et al., 2002; Inagaki et al.,
2003; Kormas et al., 2003; Newberry et al., 2004; Sorensen et al., 2004;
Parkes et al., 2005; Webster et al., 2006; Biddle et al., 2006; Teske, 2006;
Inagaki et al., 2006; Sorensen & Teske, 2006; Roussel et al., 2008). As far as
possible, the nomenclatures of subsurface unclassified archaeal groups are
based on their first reported use and as reviewed by Teske & Sorensen
(2008).
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Biogenic pool

Deep Biosphere
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| Prokaryote 1 cell

Early diagenesis

Diagenesis

Polysaccharide

% Labile components

Catagenesis
*Growth

Abiogenesis
(chemical evolution ?)

*Maintenance

*Reproduction

Abiogenic pool

* Detritus food-web
= Degradation
*Compaction

Biogeochemical
processes

v Metamorphism

Abiotic sphere

e.g., Carbonaceous globule

-Uncharacterized complex organic matter
-0il and coal formation & preservation
-Sedimentary rock formation

-Possible chemical evolution in crust

Fig. 8 Schematic view and biogeochemical processes in sub-seafloor under diagenesis, catagenesis,
and abiogenesis. Labile organic matter in biogenic and abiogenic pool mainly intermediate be-
tween past and present linkages biogeochemical processes. Compiled by prokaryotic labile or-
ganic component (Neidhardt, 1996; Pietzsch, 2004), abiogenic carbonaceous globule (Berndt et
al., 1996). Photo courtesy: Y. Morono, F. Inagaki, and CDEX, JAMSTEC.

T DFEREEH D10~40%H37 4 WA K % H D L
EINTBY, ZoMSHIER (e.g., Middelboe
and Jorgensen et al., 2006) A3 5 B A D O
A, R TICBWTHERHICER L T RE
BELEYHIBALFN T 2AD12 LB SR
% (D’Hondt et al., 2007) o

5. BETZHRN 5 [BREMEK] &
[ER ) DIFR

M O MR W—K B R (sediment-water inter-
face) B L OZFDREITIX, EWHIEL BEE5T 581
BICIEAE & TV Do WREDH T IZ O THRALA &
LTl < EAFmRFE (0., MRS 4> (NOs ) AHlite
L, RVCTHEEA A+ > (SO8) B4 ITHEKT 5
Froelich et al., 1979; Fredrickson and
2001), WREEREILH & 0 bR, 2FVHE

(e.g.,
Fletcher,

WCHERIIC R 2 L, 2% VR ICR D, SOBR
X, A A+ v—2 & U5 (Sulfate-methane  in-
terface: SMI 3 L < 1 sulfate-methane transition:
SMT, Fig. 10) &I, T O 2 RibE T
WEEZMDTFHPY & %5, SMILLETIE, AWk
BoO XY o, REFMEHICENTS > OFED
HMHNTWS (e.g., Nakagawa et al., 2003; Hinrichs
et al., 2006). {HEHEHHO SMI I, HEETICL - T
100m DigIZ% 523 H 5 (eg., DHondt et al.,
2002; Gay et al., 2010), L2*L, SMI XV biEWVE
HEDORICEBICRALAIDH OIS L2 L hH 5,
Fig. 1012773 & 512, ~V—hoigE FTiE, SMI
VIR CHiBE A 4+ Y B H BT 2R ERH D, SMI
W2OHAET A (D’'Hondt et al., 2004; Parkes et al.,
2005; Shipboard Scientific Party of Leg 201, 2003) o
EHIC, HEHIEHEL IR TRV, AR
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Physiological status Source of energy loss Energy requirement

Survival Repair damage to key macromolecules 101

(Retain viavility)

Maintenance Repair damage to key macromolecules, and:

(Sustain activity) -Repair / replacement of cellular material
-Motility
-Inefficiency / heat generation

-Futile ion cycling

-Exudates
Growth All of above, and:
108
(Replication) -Replication of cellular material

Energetic balance & biological activity

E >> ME : optimum condition for growth (replication)

E = ME : sustain activity

E < ME : retain viability (inactive or death)

Fig. 9 Cellular energetics and requirements for conditions of survival, maintenance and growth are
shown. The ratio of energy requirements (survival: maintenance: growth) has been esti-
mated at 1: 10% 10° (e.g., Price and Sower, 2004; Valentine, 2007). E, Energy supply; ME,

Maintenance energy.

V= OWFE T O—HTIE, A fE CThifgEA + ~
DWROMERZINTWVS (D'Hondt et al., 2004)
SMI LR T [BRALI 22 K] DAFAEIL, )V — g
HAOBRTREL, AFTABER T 7 VT T7—%
(Engelen et al., 2008) OIEHIFAED S S I
"o TWh, AFVIAFEWKFEARITH L MEED
Brazoz-Trinity #% Ti%, 120 SMI HFFET 5 A7,
ZHILLRT ORI A 4 ¥ Dt d, STz
FEOMRALH) 7 IBK O R B) & AW DA A355 2 o
T\ % (Shipboard Scientific Party of Exp 308, 2006;
Nunoura et al., 2009), Fig. 100 (a) ~(c) T/RY
SMI & &L B ZEETTT 4 — Vb —FBOREMEHR
HTHEEIN TS (D’Hondt et al., 2002), =D X
) KT 2 AP IR BT 5 [BRIL K] DFfF
i, WP ICERT 2 EZEY IR E = 4L
FRD LD O THEEG 2TV LHEESNT
W% (D’Hondt et al., 2002, 2009; DeLong, 2004)

6. BETOHEEMMENEEREDD
AREAERAICMI (T T SIP DA EEM
WS T DREYNE, BEEEAYHE L WIELE & IR 28

LRFTWEHEPHO NS, HiH, LT —FT7D
#4E (e.g., Teske and Sorensen, 2008) 23UFEM T,
BEEIKIRMTABRCTE21/25710 7 (eg,
D'Hondt et al., 2004; Teske, 2006) 2SEAKTH %,
Fig. 11Z RV =D 3 7k % Fl v TiTb - 55 28
FRCTHE LN 7)) THEELZRT, 2K D53%
PLEAS, MBI B WRTF N 7)) Vga e
5795 LN 2 7Y 7 (Actinobacteria, Fir-
micutes) TdHo7zo ZOREEL, HIREEDOREEIZ L
HTHHDTI/BEKBNEZIBAELTwSE I L
VM TH D, T4abb, D-TI /BT —ER
N YAT 2T —XIE, BERE L TOSTHEEDHERS
EN, TR LTWDE 2 e oh b, HERENT
HET—FTHLEEELRL TN 7)) T, B
TCOXMEE % B EBAEWTH B,

R TICBU 2 Ao A RES % IEREICEEER LT
W Z e, RO LX) REEAYOME L, HAT
WHEL WIS 50 F72, ERBIZBWT, EKELH
U - (b5 L0, TN o % EA R %
BEICHBT 12, BAPH L. 20X 2 EER
PAZINT T, A, BARMEZ V7R T O35
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Fig. 10 Sulfate and methane interface (SMI) in (a) Peru margin at site 1229A (D’Hondt et al., 2004),
(b) Gulf of Mexico at Brazos-Trinity basin (Shipboard Scientific Party of Exp 308, 2006;
Nunoura et al., 2009), and (c) Ursa basin (Shipboard Scientific Party of Exp 308, 2006; Gay et
al., 2010). Lateral fluids of SO’ ion beneath SMI were observed in (a) and (b).



W T O T AYE @ ke B0 v 7 245 A Bk by 7 a2 A 197

B Firmicutes

B Actinobacteria &Proteobacteria

2(1.2%)

B delta-Proteo
B Bacteroidetes

»Proteobacteria
30(18.4%)

a-Proteobacteria
43 (26.4%)
eg. Rhizobium radiobacter

Content of cultured Bacteria
from IODP Leg. 201 Peru margin

Bacteroidetes
1(0.6%)

Firmicutes N
75 (46.0%)
eg. Bacillus firmus
| Gram positive bacteria
= 87/163, 53.4% of total
Actinobacteria
12 (7.4%)
eg. Micrococcus luteus

Fig. 11 Cultured bacterial isolates from Leg 201 sediments in open Pa-
cific site and Peru margin sites (compiled by Takano et al., 2010a

from D’Hondt et al., 2004).

FFERR L PC, N k% v 72 Stable-isotope prob-
ing (SIP) 12XV, HERW—KIER O ALYy o %
R (e.g., Nomaki et al., 2005, 2008, 2009;
Takano et al., 2010d), Z L CHERFWHPTRE TV 5
JEAZAE ) O A Wy b ERAL B &2 e L & 9 L AT
w3 (Fig.12)o “C- ML =% =% 5T L RXUB IO
SFNOFA R ARE CHERRCERT L L
T, MEEEDICERET 27 —F T oM Lot
HMADVEZ22dH 5 (Takano et al., 2010¢) -

7. WTEMBE DR EFEEYETO
MEE{EDTREM

FAZEAEHDTE § HIES pH 2 EOWHE - b4 5
D% (Rothschild and Mancinelli, 2001) & Z®
FLEREHTIE, FXICHEASETH L. HEREIZOW
TwzIiE, 19974F12113°C (Blochel et al., 1997) -,
BV T121°C ~~ (Kashefi and Lovley, 2003), I7fF
13122°C (Takai et al., 2008) & &b, MDA
DT DOFAEAMIIE, A Ltz D D KT,
BETORTAEWENEDRE T TR > TV EHH,
LWV MREMN R BEICIE, FREZONEWD, HD
BERAEBZ S L, b WHORDPLE T 5 RN
 [FEAEYHE] b LE HHTH 5 (eg,
Hoehler, 2007) .

HALKOFAETT, BEL - BREEEZ T2 &
Bk % 72 RSP RE 530 WERR S8 1 B 43 A TR AR L A S
ATl DairsmeinTws (eg., Berndtetal.,
1996; §K13 7, 2009). KPEHEFILIER O Lost City
hydrothermal field 7* 5 $RIL & 72 e b K 31,
wKFE - KFZORAMMAKE (6D 6°C) #» 5 Fischer-
Tropsch Ut (FT) ICHRET 2 L B 6 hTwb

(Proskurowski et al., 2008), $ %&b b, HitoWE
AL (k& L) OEBES LWIRENRZ Tw5b, [
U< Lost City xR~ >~ FH 5%, BHENE
ATVDIRR L ERER (Relly et al., 2005) XMk
WORER PR ENTwAS (Bradley et al.,
2009), FLAE, B4 BRSO K ETUMIER, X
DB R EME T COEBRIZIZMAED ED STV
bo MMAGORE L ZDIES AMIZIE, FT KGR
Strecker FUBMIAFESINE L H 12, @I AL F—
B E WEENDOIBEDS, AR THSD (Martin et
al., 2008), L L, {EFHETOIEEWETERIC
ML L TOWMEENIRE T EH0E) i, B
WM OEL b DY, MEICIIAMHED?ZNPE
Vo BlZE, [73I 78] v ARbEWE, £
Wi 7at R LAWY Ta A (LFHR T otk
) OWMFTEREINL, 2OMWEHEZ &IN5 5
2, L) X RF Lk (eg., Takano et al.,
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(1) deployment —» (2) injection —» (3) diffusion

Fig. 12 Schematic apparatus of in situ incubation chamber and a photo-
graph of the experimental setup captured by (a) the remotely oper-
ated vehicle Hyper-Dolphin (photo courtesy: H. Nomaki, JAM-
STEC). (b) deployment of in situ incubation chamber in the deep
sea sediment at Sagami Bay (1453 m below sea-level), (¢) injection
of stable isotope tracer (e.g., °’C-, "N-substrate), (d) in situ “C-
incubation experiment for 405 days (Takano et al., 2010c).
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(a) Mariana fore-arc
Distance from trench axis (km)
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(b) geochemical observatory of bore-hole

Top of reentry cone
(2940.6 m below sea-level)

Py
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(ws) yadaq

L 10 Seafloor depth

casing shoe

r 20

Perforated and
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Total depth of hole
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Fig. 13 (a) Geological setting of mud volcanoes in the Mariana fore-arc emit serpentine and
blueschist that derive from the mantle wedge and subducting plate, respectively. Mineral
equilibria in blueschist clasts recovered during Leg 125 constrain the slab to be 150°C to
250°C at 16 km to 20 km. A borehole observatory was installed in one of the serpentine
mud volcanoes during ODP Leg 195 to provide fluid samples that derive from the sub-
ducting slab (Fryer et al., 1999). (b) Casing configuration for the geochemical observatory
installed in Hole 1200C on South Chamorro Seamount (Shipboard Scientific Party of Leg

195, 2002).

2009, 2010a, b) DUEICR D, KWT, EBREOERE
WHIY > TR B L OB LA TV ERA L2E
WEBRINT 70 —FHRO LN TVWE I LIFW) T
b7y (e.g., Takai et al., 2006; McCollom and
Seewald, 2007; Martin et al., 2008; McCollom and
Bach, 2009) .

LS, WK T OYEHIFLN (e.g., Shipboard scientific
party Leg 195, 2002) %ZH\WT, #l2I3, KR
1o RN (Fryer et al., 1999; Hyndman and
Peacock, 2003; Wheat et al., 2008) ® X 9 b1
BIREOLIR & I T, BRA L FEBRNITSE (Fig. 13)
BT TV EFRENS, KT TOEMRWZF
FORGEL, A EBREIENGEE TODP, https//
www.iodp.org/), EIBEEE LR~ E W (ICDP),
Inter-Ridge (http:/www.interridge.org/) ® & 9 7%
KMTa 7T 2EEOEEDPHHE L 72 5,

8. bW I

ARHTIE, BEHS DR - TELRHAREEILIC
EOWT, WETO [HTEWE] 2MBlL:. 22
THhR7z, #@EELHMEDY 7 2S5 [AYHEkfbs
7 a4t X (Biogeochemical process) | &, [ERAMW
DA B4 (Prokaryotic ecology) |, [4: v o [R5

(Limit of life) | £ 3LTY, SOEERMFEHREL %
590 WENBF Y LYY VIR THY, TRD
DFRRIRIFIAIIE, B LW otrid - BT om b
X ORI E AR - HEWLRY) ¥ 7 BUEIT R D,
20094EI2 KA ¥ + 7L —X ¥ Tfib 72 IODP New
Ventures in Exploring Scientific Targets (IN-
VEST) RHhiDOEN4&#TIE, Deep Biosphere %
BTk BT E  (Interdisciplinary  Sub-
ject) @ B L iamdithb iz JIEIZ4, 2010) .
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