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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

RN ATECGE N ZE B SRR e - MR BREEA: % UK R PR M2 R T 5 )

9y P I T113-0033 HEAR SO X AA7-3-1
T237-0061 MZEERZHETE BI2-15

TR TR ERERAR G T 20 5e R

T226-8502 %) AT R X Rt 4259



186 W

i

1. U & (C

ST O [HTAEWE] 1, 28R L TwT,
EZETIEND, LX) RAMATEY Vo Tnb
Do TORMWVIE, FHFEEZTTIERL, AEHLED
bOLRZ LN D, 18004FEAKAITIE, HMS F v L
YV X —HOWERE LR LX), WEOEEROM
R 2 & BRI Tz, 19704E %1121, K
HRAEMT IV E V512 K D H T 78T A PR TAAS C g B
KF & B IRS B  R R AR WO THiE S iz
(Lonsdale, 1977; Corliss et al., 1979), FE UtH, H
AT b MR D ERER AR AT DD &9
2720, BukBs X OWEACRORR LA G A
E£25HE ¥ 7z (e.g., Okutani and Egawa, 1985; i§
A5, 2008), 19904FRIZAY, MK FIZIAKA [
THEYE] PDEELTWAZ LML IZEMENS X
2127 Y (Gold, 1992), 7T LV CTHIKE T DL
WIERALFW 2R EEIT ) FEPILE 572 (eg,
Parkes et al., 1994; Stevens and McKinley, 1995;
Whitman et al., 1998; Hinrichs et al., 1999), —7,
BE b Clx, WEHhLE o7 A X 2 T, B
LHBRNOSEA - KLHFREL L DI [TEY
Bl omsEdEDONTE (eg,
Ekendahl, 1990; Pedersen, 1993, 1997; £ F - £A,
2000)o 2000%E A0 5, 55 TEWMF ORI %S A
AMbH Y, WET A S RINS 2RSS,
Kk e 2 THEASNT: (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)c COEHDPL, HAEMNIZBWTHHE T O
THEYBEICET 2RADP D, ke REKIE - wHK
W A INATBEOR AR B HE R I NS LD Ik oT:
(hugg - w5, 2000; &I - ARdE, 2003; £, 2003;
A - B, 2003; b0k - Ak £, 2005; -, 2005;
BiTAH, 2005)

[Deep Biosphere] &\ 9 BEENPELITIREL,
20004E AR IS A B &, BITH L Wirdt R0 k%
EIIZERBEMN R PEN S £ > TE 72 (e.g., Jorgensen
and D’Hondt, 2006; D’Hondt et al., 2007; Jorgensen
and Boetius, 2007; Pearson, 2008;i#i:Z5, 2009;
Schrenk et al., 2010), & Zh52% [HWTFAWE] T
37 <, k% (A - KBIOKREE, HEEE, 2K
w75 LW GRE, B, pHE) OAPZRT S

Pedersen and

W ORI B

[IEAEWE] &2 Dh, HBKEHRTOHRERRIION
T, TOMBEWNZNIZE R 272005 D—2%5,

[EWHIERILSY ] THY, o TA~DOT 7 ZAD—
D%, A B R i 4 ) 5 i (IODP: Integrated
Ocean Drilling Program) < [ERERE_ERM2AHEH]FT

(ICDP: International Continental Scientific Drill-
ing Program) &\»o7: [HiERIEHIFIY] & ALEAT T
bhb, TiE, BAMICHTAEMBEONMIEE, 2%
THLPIZ RS TRED% RICH LWERMZMSI1Z
i, EOLHI BT TE—FPRDLN TV EH, KR
FCTIHRRIS, SR> THLDIC R > TE 2
T [HTAEWE] ConWT, AWEL 28
HrSEBiL 72,

2. EEOIRIX—RELEETD
WwEENty T2

2.1 IXNVX—RE, BEHEEVDES &EFRH

39, @O ANF e BT 5, Kbk

(1.37kWm™) B X OHEROKMEL 5 IR QL
WA B LAV F—jiiiiE, &K T350~400 W
m >C#» % (Bishop and Rossow, 1991; ISCCP), %
DR AV F —DREIE, KB TORFEDILE
HRISIGERT 5, —J, HERNIO = 3 F—jiE
i, FHT60mWm 't b b TBY (eg,
Hofmeister and Criss, 2005), #FHYET AV F— 2k}
L T3~4ffi/h & vio MEROWNREET AV F—1Z, #
RN CORSEEREIGER L, FIZ7L— MERTHE
BENR T v, BREDOT L — Oy KRHE R, fdt
HHTH o &b HEL, ®AK15~20cmyr '"TH 5

(Fig. 1) o IARHEDH NI L, HERPERT F L F—
DREBOYHYRTVWI Ens, Thv—2a (L
K EALFRUR R W EE - R EOYHENFEHA R L 5
W) ORENEL b, KOG, VT v—
VENDEE A B, IZITERICER Sk
o, BOKREMLTIE, BRI O I ROG H3
A, BOKSIRDVITEM I NG, £/, BokUEomEwR:
EHEEL, TNEFHTH R4 - AW
EHPHE LTS,

7L — MERER EIKILFITIE, 7L — MR
FERTERRE I 20 & IR Rl 2SHE 22 T & 2728,  KIBAGE)
WZHE) BORD T 4 AF v — VB L OBKILIR O 54 5
EMETHILICEST, AT LIEREE RIS
g S 7 IR R M N - BUKIL T o T A A
FHBT A LNTE D (eg,

Stevens and
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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
T57 V=1L, BittoNEHz AL F—-%EHE LT
Wb L7eho T, WSEME M7y 7 &1 &

[BkIEBR (Venting) OFdl THY, #BENS
DI BEH A 7 — I O THUHECAE & 2 AW A E
%51 CTwb (Brazelton et al., 2010) o

RIZ, WEEROERE Fig. 212, WEHERYOE X
% Fig. 312" F o 7L — M 5 hdeigand, 4
WoHE <, ML CGREETH L0, HRWIZ X 28
BV, W2, TL— b OLARRFONILRK
Rz i O W — KAEPEHHR L, DEVHERDICEDN
Twb (Fig.8)o —~XKAEEINIAGH/IOH B, 1
YoREEEDSD > { DEIKIC F TILRE L, MR 2 A4 Wyt
Bl HITHRICER SN, EERY - EEAY -
AW RS BRI T SR O KRS R E T
Wb, O, KEFGLHCRH—REERTI, M
FFEN R B0 CRAM S, HERFN 2GR
AT ) IIMIG LWBRBEE 7 B,

SR AR O Bt = A F RS UL, A A
D 2RO, —RAEEIERN S NI OIE VKT
B3, JEAZAEY O A WA A L ey <, BIIC A &
BREWIZE 5 THBEORE (R, ERES 0L

Z: Biddle et al., 2006; Lipp et al., 2008) % Z\F %3
WHIESR T4 Y TR D, LehoT, [H
] oA, T#k] ORI [HEETnws] &
W RERIAIAMEIC R Z T %, EOREF TR, @
LOREIZEZ TV EMEYOEEND 570, L9
Mz, ShFEFTHEASNTER (eg, HETS42
m depth, ~55°C, 3.5 Ma; Wellsbury et al., 2002)
BAE, =2—77 Y F7 Y FilOK T1626 m 7> 5
A& TV B IEMNEZ RS REY D%t (60~100°C, 111
Ma; Roussel et al., 2008) %% 1), @RI 2]
O FT (B ] OBEBAWDEE L T b RiE
HOfLsFL s N5,

2.2 BEOKESLVCEBEETOMENDHE
ORI TIE, B - FEEOGERAEY DS,
BEREH Lo TVD, TOAFERIE, —RIFEH,
TREEEBL VANV AT TELMAEMNV -T2
WLZKHPONS I AZBRET L RNTI2% -
TWwb (VA4 VZADOHRENL, Bil) o AHRELLETIZ,
W7 —% 7 (Archaea, HHiE & dw9H) DI B
2Ly T —%%—% (Crenarchaeota) HEBL TH
) (Fig.4), HHRETEBLTVENZFY T ED
BEAG TP SN Tnwb (Karneret al., 2001), %
BEVEOWHET — F 713, RFIRIT OV THT F TN
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 %% 7 —F 7 (Ouverney and Fuhrman,
2000) DRI EBRIICHER I N TV 5, E4E, &
FIITOWTIE, BOLRENET V= TRILT —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 EEEKRER N, < A0
)b, TFTHEBLEEHEDTNDL L) HiED
&% (e.g., Lipp et al., 2008; Biddle et al., 2006, 2008;
Pearson, 2008) . iMEHEREM P CIREE L & D ICERE
BIELAICHP LT 2 e, ThETashTn
(Parkes et al., 2000), Lipp et al. (2008) 12X 5%
[7—F7 77— FREH] 1, WEEBICEESOE
RELICFO Bk, [BAEEE THAE] 5V
[TRIEFETHEE TV & SN BERAEY DML
8%l (Intact Polar Lipids, IPLs) @ % & EFli & 16S
rRNA &% & THREE L T %, IEHERY b T

IPLs O a2 B3 2 45212, Lipp and Hinrichs
(2009) 1ZFELV 7—F TICHIKT % IPLs DA
BIE, B BRD2EONTWRLTWDEZ LD THD
(Fig. 5-0)0 F72, HEWIIEHEITNLEHIKREDOE
& (TOC%) L IPLs # 70y 35 &, HELRIED
M S N7z (Fig. 5-d)o 7T—F THROREN 2
IPLs i22WCE 21X, 2 7I8E (Core lipid, CL) ®
GDGT (glycerol dialkyl glycerol tetraethers) ZH
HBiTHHE 7Y a3 (monoglycosyl-) H3HE
HLTwIUE, 1-gly-GDAT &%V, Y73k
(diglycosyl-) &AL Twhid, 2-gly-GDGT 27
o TOM, BT THIAFAKRTY T -V
(phosphoglyco-) 7 & Dfk % Mk E R L RE T
57 —=FT7HRHE5N TS (Fig. 6)o WM:EHEIRA R
WTWw5 GDGTs &, %712 IPL-GDGTs & idh, o
THIRE 72025 7% % b D% CL-GDGTs & -5
Lipp et al. (2008) 12X V), i F OB % T
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Fig. 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).



ST O T AEWE - L EHIEDY ¥ 7 29 EYHERILY: T ot X 191

(a) Representative archaeal IPLs

Oy
HO OH
RO et s
HOQOJ:O
HO OH
1-Gly-archaeol

oy o

HO%lg—o o J:O"\I"’Y"‘I"‘Y"""’L")""L"Z

Hol OHHObO OWM{
HO o

CH

2-Gly-GDGT(0)

(o)

37_{):«0%_02—0 o OJZOJ‘(‘"P’W""(‘)"‘*"AA’L’(){
OH

Mo on [0 O e A A
o OJZOW’YJV"LA*""V'O{ wg oo o ©
HO CH OH HO ©CH
1-Gly-GDGT(0) 3-Gly-GDGT(0)
(b) Representative archaeal core-lipid moieties X-0
—[O“Y\’Wo
(X, X’: denoted polar head group) O—”onl
oX'
X-O-L GDGT(2)
SO
gw X0
IOJY"WO
OM 1
X"O—towwo lox
OW\LJ\MO‘[ GDGT(3)
O-X'
GDGT(0) M,
o MO
. o
0T A %O:{
OWM\AJ\FO{ GDGT(5) ox
0-X'
GDGT(1) Regio-isomer of GDGT(5)

(c) HPLC/ESI-MS (positive) for IPL-GDGTs from Thermoplasma acidophilum
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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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W EBAYL, BEOBBEEREIKFEL TSI L
MEIES N, XV —MOBHRTRBEEIN TV 2T —F
7 OhtIEREYE (Biddle et al., 2006) 2S¢ THEA
o7z, TOFENIZ, Sturt et al. (2004) 12X B
thkou< 757 B/BIATV—A4F UL/ 7 IVF A
7 — VE RS (HPLC/ESI-MS") MO B = DNA/
RNA O LWl - L O IIZX A 5N TWwb
(Morono et al., 2009; Lipp and Hinrichs, 2009) .

3. 7-XT DL, BEOMENX L
R OEZREHD) > r—2

HARFIZHAT 25T —F 71213, RMOEH %K
BEahTwad (eg, H-BE, 1998 11 ¥,
2009) o 19904 HI - IZHEENE T — % 7 DAAEAR E
72 (DeLong, 1992; DeLong et al., 1994). #EE T O
T—F%TE, HECHM L AR ZRAIC LAY
YR, HDVIIEEIN A ¥ Y ERIEICE b S 2 Lk &
{HsTE7: (e.g., Hinrichs et al., 1999; Boetius
2000), EKEICHL 7 —F 7 (benthic ar-
chaea) ® 12— 7 —* % —% (Euryarchaeota) O
I, BRI A Y YER{L %1 9 ANME (Anaerobic
Methanotroph)-1, ANME-2, ANME-3& Iif-1X 11 %
RMBRL, BRI TV TEI LY =TT A
EEHZ EIZL - T, KT TRY ¥ & ELFIITs
fEL T2,

et al.,

CH.+S0O/ — HCO, +H.O+HS"

Thbbh, MEHMEAA [AF 2] HHEARPIE X
LD RMMIHI VT WS,
BETICEEZRDAO T —F 71, ©9725%9
Mo IVFIAX—Va VIZHHICEREEZ- 2T TR
FHRILZ TV, #0168 rRNA (2 X BN TH & H 12
BoT&72kH1C (Fig. 7, H#ETOT—F 714,
A-)T7—=FF = BLOIL Iy T—FF -5 EDBIC
ZRMEICEATYS (Fryet al., 2008 and literatures
within)o COZEMEE AR BT EKIE, WS
WZENTVRWVEDS WA, @EEHtoy v 7 %2
IFHEELTCT —F 7O EEREHERZL TS T
LREELS 2D, Thabb, KT OREEAEY,
BN O WA 72 70X 2 DAL T, HEALFR
7O AERRFEL TS, Bz UL, AMiao
LA, Me B ENERERZZL TS
(Fig.8)0o ZN &ML NN DB THIYE
XL 12 DITRIKR L E 2 = AV F— (survival en-

W ORI B

ergy), TEHEMOHMERFICVLELR T ANV F— (mainte-
nance energy), MIEOHEB L ZORBEICLELRT %
V¥ — (growth energy) *»H 1), TN 5D AN F—
MERME, HEIZL T 10 1008 BEd S hvTwn
% (Price and Sowers, 2004; Valentine, 2007), Z®
IF V=T 4y 7 AR, s hbs AV F—
#7%, maintenance energy @ FW %4, RN
ANEHAL D B W IZHITIEH % IR S %, maintenance
energy & M T 24, HGE AR S,
maintenance energy % KiREIZ LE 5854, HllatEsn
MU REICR 5 (Fig.9)o WK TICEHE LT —FT 0
PERIE, FRBAMICLAIREBEINTEST, ReDs
Bl LT e Wl LW AEFRERRE - SBIRHRRE MM > T
WA REMAH 5 (Takano et al., 2010¢) o

4. [914IR] EWVDTFEEEYHIRLSE

19465E 1 CHEFETE Y 4 WV AT R 8, 19704E/812
WAV — 7 OMEHHIB SNz, 7 A VR (virus)
MR LY X B TRERCS I, R E RS S M
Fafi&id e <, K& 3B X %20~200nm O [HL
T THH, TmEMROBRICHERT 2 RE HEE
ONEIZEDONIFEEDL H 5. 5FIRRIE, RTHEE
EHEERL S (DNA, RNA, —A§H, AL L) %
AL LTWD, A IV AR T IR I 22 Vs,
TEFMBICES L Tl 5 2 e TE %, Mz ik
KT LAY (EEAY, BEEAEY) OFTXTHET
THY, BPTHILTIANVAEET 2 TRIET
WLty e shsb (Madigan et al.,
2003) o

AP ERAL A RS TR 4V 2 DORf%EIE, &
CICHFEBRBE T OME TIEG:, BUEM LV — 7B A EA
Y (DOM) DOBEEMT L CHEDOENTE
(e.g., Rohwer and Thurber, 2009) . &MY £ L 2
HRDIRE N F~—h =R T TIfITbh T3
(Vardi et al., 2009), Jii (2006) (ZX % &, IS
FELTWDE T AV ADOKESME, FEEEY ON7 7
V7, T=%7) REAEAY (FUESY, HoEEE)
EHEEELTDEIANAEEZLNTEY, #EAPIC
X, EBEMOL R L BEN LML VRED Y
AW AR T HAFAET B0 R DHRED 7 £V A H
¥ix, FHTIOYmL ##z, AV AREE, L
THEWEEDOB VTS e 74 VAHPEG L T2
SHGH - T A TORREINE, SHALO D O
LI RIERDERMDOD DT THRA TH b, N7 TV
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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
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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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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
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Others

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

others

Prokaryote 1 cell

Protein
(amino acids)

Early diagenesis

Polysaccharide

% Labile components

Diagenesis

Catagenesis
*Growth

Abiogenesis
(chemical evolution ?)

*Maintenance

*Reproduction

Abiogenic pool

*Detritus food-web
=Degradation
=Compaction

Biogeochemical
processes

Metamorphism

Abiotic sphere |e.q.,

rbonaceous 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 OFEHEEHN D10~40%H7 4 WAL 5 H D L
EINTEY, ZoMs@EM (e.g, Middelboe
and Jorgensen et al., 2006) A3 5 B A D O
B, R TICBWTHERWICEE L T RE
BELEYHMIBALFEN T 2AD120 LB SN
% (D’Hondt et al., 2007) o

5. BETZHRNS [BREMEK] &
[ER ) DIFR

M O R W—K B R (sediment-water inter-
face) B L WZFDHEHTIE, WP HELES T 5L
FICIEAE & TV B o DT IZ O THRALA &
LTl < EAFRFE (0., MRS 4> (NOs ) AHlide
L, RV CTHEEA A+ > (SO8) B4 ITHEKT 5
Froelich et al., 1979;Fredrickson and
2001), WiEEEITH &0 bR, 2F 0 HE

(e.g.,
Fletcher,

WCHRAMIC R 2 &, A% VERW ISR D, S OBR
X, WA A+ v—2 & R (Sulfate-methane in-
terface: SMI 3 L < I sulfate-methane transition:
SMT, Fig. 10) &IfiEh, WK T i 2 MLt
WEEZ ML TFHPY & %5, SMIBLETIE, AWk
BoRX 5 o, RERMAEHIIENLSY > OFIED
MHNTWwWA (e.g., Nakagawa et al., 2003; Hinrichs
et al., 2006). IFEHERY D SMI 1, BATIZL > T
100m DigIZ% 523 H 5 (eg., DHondt et al.,
2002; Gay et al., 2010), LA*L, SMI XV biEVE
HEORICRB AP THOHBAT L2 L 0D 5,
Fig. 101" 7§ & 912, RV —OEF Tk, SMI
VIR CHEEA 4 P H BT 2RENH D, SMI
W24 $ % (D’Hondt et al., 2004; Parkes et al.,
2005; Shipboard Scientific Party of Leg 201, 2003) .
5, BEEHEHELSMIZEINRTW ARV, HLELR
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Physiological status Source of energy loss

Energy requirement

Survival

(Retain viavility)

Repair damage to key macromolecules

101

Maintenance
(Sustain activity)
-Motility

-Inefficiency / heat generation
-Futile ion cycling

-Exudates

Repair damage to key macromolecules, and:

-Repair / replacement of cellular material

Growth All of above, and:

(Replication) -Replication of cellular material

Energetic balance & biological activity

E = ME : sustain activity

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

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=D T O—FRTIL, WA FHE TRERA 4 >~
DWABHASNTVS (D'Hondt ef al., 2004).
SMI LET D [BRALI 2 K] ORI, ~Ov — iy
AOBRTREL, AFTaBER T 77T 7%
(Engelen et al., 2008) OIEHIFAAED S P52
"o TWh, AFVIAFEMKFERITH L MEED
Brazoz-Trinity #4 Tl¥, 12® SMI 2515 5 25,
ZHIULRT ORI A 4 ¥ D3t d, oISk %
FEOMRAL 7 BB K OB & YAl o MBI 2357 -
T 5 (Shipboard Scientific Party of Exp 308, 2006;
Nunoura et al, 2009). Fig.10® (a)~(c) TR
SMI & & BB RETT T 4 — Vb —HOHREH
HTHE SN TS (D’Hondt ef al., 2002), =0k
D BRI T 2 KR IICRBET 2 [MRIL K] OFff
i, MR IR T 2 EZEY O E = L
FERIA IO THRELG A Cnd EHfEENT
W% (D’'Hondt et al., 2002, 2009; DeLong, 2004) o

6. BETOHEEMMENEEREDD
RERREAICM (T T ¢ SIP D ATREM:
WS T DREYNE, BEFEhvHE L WIEE & RIys 28

LRTWIEESMON S, HIHE, L7 —FT70
#4 (e.g., Teske and Sorensen, 2008) 23UEM T,
BHAEIAKRRETZ2EXRTESLNZ T T (eg,
D'Hondt et al., 2004; Teske, 2006) 2SEAKTH %,
Fig. 1LZV =0 a 7k 2 v T T b 7z K5 4%
FBRCTHE LN 7)) THELZRT, 2KD53%
YL, MBI ECRTF R 7)) Vg RET
579 A N2 7Y 7 (Actinobacteria, Fir-
micutes) TH o7z, ZOHEHEIE, HITLBEDORER I
HTHHDTI/BEHBNEIBAELTwSE I L
PR TH L, Tbb, D7TI/ BT —ER
N Y A7 2T —EF, BERE L COSTHEEA MRS
EN, R L TS 2 Egn b, HERENET
HHT—FTREFELLT VNS 7 T, WK
TTRMmE % 5 FBEWTH %,

T T B 5 5K A o A Re 4 % IEREIZFduk LT
W Z e, MR X REEAYOMHE L, HATH
WCHELWIH2Z S 5, F72, FERBIIBWT, KL H
Ul - (b5 bB L0, TN oM % BEa b %
BEICHBT 212, BAPH L. 20X 2 EER
PUZINT T, AL, ERIEZ AWK TOBYE
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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).
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B Firmicutes

B Actinobacteria S&-Proteobacteria

e Prodac 2(1.2%)
B cdelta-Proteo
B Bacteroidetes
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30(18.4%)

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

Content of cultured Bacteria
from IODP Leg. 201 Peru margin

Bacteroidetes
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Firmicutes
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).

FHERR L PC, N k% 72 Stable-isotope prob-
ing (SIP) (2 XV, HER{W—KIER 0 Ay o %
B)EfF (e.g, Nomaki et al., 2005, 2008, 2009;
Takano et al., 2010d), Z L CHERFEWHPTRRE TV 5
JEAZ AR O A Yy b ERAL - B RE &2 G L & 9 L AT
W3 (Fig.12)o “C-ML =% =% 5T L XU B IO
SFFNOFA R AR CHERRCERT L L
T, WEHEREYICERT 57 —F 708 Lo
HADVEZ22H 5 (Takano et al., 2010c¢) o

7. WTEMBE DR EFEEYETO
MEE{EDOTREM

FAZAEHTE § HIES pH 2 EOWHE - k325
D% (Rothschild and Mancinelli, 2001) & Z®
FLERHEATIE, FSICHEARTH S, KEREIZOWV
TwzIE, 19974E12113°C (Blochel et al., 1997) -,
BV T121°C ~~ (Kashefi and Lovley, 2003), I7fE
13122°C (Takai et al., 2008) & SN2, MDA
LT OFAEAWIIE, A NS B KT,
HFETOTAEWENEDRE T TR > TWDHH,
VI REMN R BEICIE, FREZoNLWD, Hb
R AR L L, ALFEWHOARD LT B N
 [FEAEWE] sl E HHTH 5 (eg,
Hoehler, 2007) -

FALKOFAETT, BEL - BREEE 22 &
Bk % 2o ¥EFE MR 530 WERR S8 1k B 45 TR AR M L A RS
52 8L, i sHashTws (e.g, Berndtet al.,
1996; #5134, 2009) . KV EEHILRAE D Lost City
hydrothermal field 7* 5 $R ML & 172 jk fb K % 13,
KFE-KFZOFRMAKE (6D 6%C) 2 & Fischer-
Tropsch it (FT) ICHRT 2 L B 6T

(Proskurowski et al., 2008), T 7b b, HitoWE
AL (L2EdE L) DREEFS LWIRERRZ T 5, [
U< Lost City ®jREEE~ ™ ¥ FH 5L, WHEDNE
ATVDLIRRLERER (Relly et al., 2005) XMk
WORER TP ENTwAbS (Bradley et al.,
2009) . A, FEA BAGHICIED BT VRS, X
DB REMET COEBRIZIZMAED ED ST
o MMEMORE L ZORS AWML, FT ISR
Strecker S I2ftEEI NS L )12, @I AL F—
U5 & WEAEAL D OB DS, AR TH 5D (Martin et
al., 2008). LU, R TFHEEOIEAWRETEEIC
AW E L COWMEEIRE TH 2089 213, Bl
WM OEEL DD, MBI NDPS
Vo BIZE, [73I 78] Lvw) AR e, £
W7at X EFEEWH LT A ((LFHETa L
R) OWMEFTEREINL, ZOMWEL &9 #EAT 5
», 2D XS BH LwiartiE: (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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199

(b) geochemical observatory of bore-hole

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

Glaucophane blueschist

(wy) yadag

Seafloor depth
r 10

casing shoe

20
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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) HBUEIIR D, KR\T, EBROERE
WHI > TNVENT B L OB LS E TV EmA LR
HERNT 7a—=F2RKDO 5N TWEHEZ LiFn) T
b7y (e.g., Takai et al., 2006; McCollom and
Seewald, 2007; Martin et al., 2008; McCollom and
Bach, 2009) .

L, WK T OIHIFLIN (e.g., Shipboard scientific
party Leg 195, 2002) %M\, #lZ1X, WH AR
IO MR PGER (Fryer et al., 1999; Hyndman and
Peacock, 2003; Wheat et al., 2008) ® X 9 ZRAbLZ1¥)
BEOIE & BT, B4 R EBRNIIE (Fig. 13)
PIrb T EFRENS, KT TOEMAEN 28
FIMGEL, WA ERS R E G E (IODP,  http/
www.iodp.org/), EIBEEE IR~ 8 H) 5 (ICDP),
Inter-Ridge (http://www.interridge.org/) ® & 9 7
KBT 075 2L OEMENHEMET & b,

8. bW I

ARHTIE, BEHS 2R o TELRHEAREEILIC
EOWT, WETO [HTEYE] 2MBlL:. 22
TR Fz, @R LB ¥ 7 25 [HEYHER LA
7u+ A (Biogeochemical process) | &, [FERAM
D A4 B4 (Prokaryotic ecology) |, [y R FR

(Limit of life) | £ 3T, SOEE M FEHRE L %
590 WINLF XY LY IV IRIRTHY, ThD
DR EINCIE, B Lo - Bk o zs
X ORI E AN - HEWLRY) ¥ 7 BUEIT R b,
20094EI2 KA v + 7L — X ¥ Tffb 72 IODP New
Ventures in Exploring Scientific Targets (IN-
VEST) RHAiDENE&#TIX, Deep Biosphere %
GO A R IAERTEE  (Interdisciplinary  Sub-
ject) D HI LW iEinafrb iz JIEiE2,, 2010) o
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