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Exploration of subseafloor microbial biosphere through technical developments
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In this study, we aimed to study microorganisms inhabiting subseafloor
biosphere, which is one of the largest microbial biosphere on the Earth. Through developments of
techni?ues to detect, separate, and selectively separate (sort) microbial cells with cleanest
possible handling environment, we successfully detected very low biomass in the sediment and probe
its metabolic activity through NanoSIMS (Nano-scale Secondary lon Mass Spectroscopy) analysis.

NanoSIMS



B X C—19. F—19—1, Z—19.

1. WFZEBIA Y DY =

20 AL = AT OV EFESHECER H
Lo T, RS HOWIEE RELS 1.6 km
FT) oM (B L) 12X lemd (DK
BEOY A X)) H=0 10 FHRZBZ 51
HEWINTFET D Z EMMBNTWD 1.2, Zh
FCHIER EoRkx G CHE SN TE 7
AR GRS R ZRE L, WK T AEmE
\CAFAET DA A~ R B HERF LTG5 34 (2
X5 L VEETICIE 1029 M LL E oA s
TFETDHEHEINTEY . 2fERICEBIT5
NA I~ AfRFHE (EmBRORFR 1) O
~10%ICHETHZ LRI TWVWS, Th
KBS B e &L HiIBR EORIDGFTIC
T3 2 A Ay BB VS B M BR B Kol 0 A= Ay
BE N HERNIBIZAFE L TWVWDH E WS Z &
AL, 5T, ENbHAEMmD DNA NG
LW T ISAFTET DA D KR53 8 Z 4
FTHONTWAHMAEY & RHEICELR D
REDEMTHDZ ENhoTETND 5
BEC IS, BRICHFET DX, RO
IR EWIRE FIAEMIT, Sk To
TEREER-CUFE FEIRO A& IS LT
WA EEZLN, BEBLPZ R LX—%5
DD NOEREED TN D,
FERRIHRA W & BESEE T TR (B x %)
ZRA, FEITMABNIZAFEET S DNA O
FLER ) %5 U CAEM A o SREMEICEE T
HHEIXZEATONTE -, L L., EBE
JE TICAATET 2l 2 OBAEDIZONT TEA
AR, TENL BUVLOEIE TIEMEZ
HoTHEXT] WHONZHOWTIE, Eito

AT BITEHEN T — 2 B3 E b ey, —77,

BRI L o T A S, HE L2~
7 FEAHE DS U TR AE Y O 55 B 13 AR Ui (2 IR
THHEVWIFEELD Y, kx L2 HED
FHLRR & Mg TR ICx L CHIE LI-RE
07y ANE . PRAEMEEED S ERVEREE % 22
XA DOETHEN T 2 ULFEIL T3 7 <, MR
BRRKOEMEBELELEDONHMBIE T TEZ -
TW D ERBRIIMED G E T T~ 7R
v AL LTRSS EmINTE T,

BETERBEICOVTDOL>TVSRTE  se=t
» SHIREMRFEDE ~10% % 5&
» REDFRMBED S {FFE

» RBERZR>TERLTVS

BETERICHT B

o TEERIE, BT
= o EABEMEL - BREER STV ?
PN SRR TORRERADOF 51 ?
BRI ORR —BIE TR (') POMEMBRS

wom
T 4
TOMINEN

JBIC 18 B A D FEEMRL T &
F‘Jﬁl; 107~10°% L F BTE LTI

) (BRI

K1: AHARDES

CK—19 (Jtm)

2. WEOHEHB

ZOLI R EFTHT D oD kL
L C. ABFIE CIIt @2 Mo fifie — kA 4>
BHESHEE (NanoSIMS, 1) & Ay, f#x
DAL S BWNTRES R 5 2 1=V
ZEDATIEME, > F 0 AMEEIO Y /v
ERAST DL EEU, RAEOWFE FEREIC
B AWMAEDAEMIEEZHOLNCTH I L
ZHWE L,

2. BEEMAREZRA T O EESHTET
(NanoSIMS)

NanoSIMS %, FEFITHMIK -T2 —kA A
VE— A Ko TRUNEIBRE T T A 2 &
ZAME LTCTFH A v Ean-eE588 kA
F B ESWEFCTH D, NanoSIMS (28T 5
/50 nm D—IRA A2 B — LRI, EE O
SIMS TIIRHSETERWEE nm OHF A X T
& %Y N IRAE Y O FRATIZ 533 AT RE T
HY . F A=)V TOTLHE RN E
EATO Z kD, HER (=9) LT
B2 28 BIZIE7 RolEny) 2+
LB LERNAE (RIRIZZE L THFIET
HESOERNDHILHE) THDHBC BN TFE
fal, —EHMOREE (RVARZBRETS
72DIII T L Man KEIZHEiE T 5 &
BT EiToBICor 2T 2. Y
ZRET 2 (B2 Y 20 iAT) MAY
Z (AL ARHLAR O BH & L CHm IR BLAL TR HY
THZENHERD (BT E2ELDOT
MAEMOMIZRER T HeEND LIZITE
<72d, DFVMEEAOEERED L O 72
H D), F7-. NanoSIMS T X % &k B 7 [h
PEARLEIIE 2 O IUE, MR TICSBGTEL
TW5 IEERNEE ) MAEmTH, Z<4 &
D BC, BN BE (WAEMORFEEEE 50
fg[105g] & % & Z D 1%%y. 500ag[108g])
Y IAASE 29 3iE NanoSIMS 12X > T
FOyERBIATRE AR 2N AR U T2 & R BEAIEEE D
D TEWRAEM TH-> THIREE O A
AEEBINIIEZ D ENTE D, Ziam
Z. ST 5 DNA OEHIFENT & Of
WTERMT HZ & T, MAEYMIOREE - %
ORFEME, T7bb, TEOMAEMN] TE
DOWEZME . FER LTI WHDONEWD Y
WA 2 & E 2, ZNETOLT 5T
FIZALRDPSTERICT 7 8ATES X
N7 | VEIE FAME O X 578 5 BRE & R
H5LHTERHIFEIND,



3. WrgED ik

(1) ARHFZEICBW TR TS, Fgexs &+
DUFIE TRELE LT, BAARTNICESHE A TH
S T2 (WeA E BRI A FHE 55 337 IR HIT
W, FACEE s THEECED 2 HViciE
D>, BFGERVERE DR 27 AR [E R TR
HIGHEZE 357 WHRHINIE. 7 h T T 4 A5
REERCE A m BB A I RAAFIEE & LTS
[, SRk 28 AEFEICIEEE 370 IRMLIE. ST
PR A AP IR HIFR A (T-limit) o> MR & A
FFEE LTI, Fiz/eilk 25 LT,
LRI osBEES Y — B8R
BlCBW T AR DE R P LoD
S HICHRENC & > THFK DB E T 7256
SEERE L, HEBROWMEYORNEEN
HE90, RETDZHIZEL TOOERERE
WinL, FEIY AREREZIT-T-,

(2) VIS T HR IR OB AE Wil B 5 3
JEE FTOWENELS 8D LD T D2 E0nH
LNTWD, ZHUZxt L, AMOFEETekE
FEBRBERICIIZEROMAEDPAFEL, LA
R EE D T WVEEE A~ DB RN Z B 2 &
NS SNZ, £Z T, IS0 7721 (Am®
(2 0.1um ORIF-H LELLT) O#EEE S V) —
VIRIE, SHITRERICI > TEERICLD
K- OB EMNZ D ERREEZHBEL, o1
W R A O CRREE R F250E L 7-,

(3) LFo3EBp il e B 2 Ui i L7z 9
2T, M/ A A~ A % NanoSIMS fi#tf 1o fit
T B, BEEAREFH L CHEE TRk
2> BN ARG 2 1M 32 FiE, B LUK
EHIONIZIEAET D DNA Z Yt 550K
(SYBR Greenl) 2k T, AL 5%
& FDBDOENT L > TEmES T %)
SRRV, ZHUC XY R THEREY O K
N A KRS D IR T L R &
S L, 0.1mm R EE O MBS A 2 A
L7z, EREDOX DI L 723 EHZ D\ T
JAMSTEC &A1= 7HFEFTICERE STV 5D
NanoSIMS % AW CTE MO FEEEL Y AR
DUV THART=,

4. WFFERRE

(1) AWML DD 72 IS T k2 Hh
A Lo TIHEYREE L Z 272 O
RHNC X 2 KIRED O L BERT 5 72
WIT, HEE Y ) — o EBRZEEIC B T 5k
RLFRFLANT DOFEST, 6 L OVERBRED N Y F—

Toa v a LT, FEEROMIE N HERYRUEL,

K OVC OGS T HEREW MLER M OV IR SE
B (AT 47 arba—L) OFEENS,
W THERE Y T BT 6-10 #lfa/em? DO
R R (T U B ) AT 5 2
ClTEE L7 GiEERmc®, ®, @, Fa%
O, @7 L), 2. ANBRR 22D A7
—VIEEHz L E, AV Uy 7 THOS
NDKIKT—NHIZI Y A— FLP A XD
FPRIZN 6-10 RIAFAE L CWAURAEICAEYS L, ]
TEIZEBWT S T I VEHTT D I % 52

BLU7=WFE B I FAE L 72\, Sz kv,

HiEk FCROERBRELEEZ O TH
% A A PEBR TS O HEREM (21X, YIS e
\CED F TRAEMAEMMFEST D Z & (M
F@@) R T AR R OWEE TR 2.5km £ T
A EMMPIFIET D Z & iR XO) .
FE. T T T 4 AR OO A
Bz ds 1 2l SR AE R &2 EBL L 7=,
(2) VIS THEREY oo K2 KR+ % IR 4
Wk 1 (Jeki-oRUNIEY) . [E A HRL 1
) LRAEwMRESE L, S HICMAEY
HMAE R > DNA % Yeth L Crash® s - /0B (2
NI —=T 4 T) THZET, WETFICAER
TOHMAEMMREZIRY L T2 L
ZAfRe L Uiz, BRAOIZIZ, |RMORRA
MEIRHIFAE IRV, IR THIO T, WK
THEREW I AFAE L T2 A i i 2 35 48 &
S, ZOFE EORETHEIEE MBI
THI LIS L (K2, MEEmLO, K&
O'NHK Y = 2P i), £7-. WBET

H3: EFEHEET 303m & YERY H L8y
HROEAETEMESE

WCAEBRT AMAEMMO T X iREEOH
i GEESRmL@, 6, FREERO, Ory)
H, IRET, #EEDRICE LTS Z &
TRERITE o e MIIZ 325 4
Mra 88 U7z, MR FEREE Cld, MRk fhl
DO BHEFEY) T 1em® H7= 0 10 [EHIEFLE D
AWM FELET D8, TD L5 K%
BOEE L TWTH, AWML HEFE 1
580 2 HEFEEI A 13 0.1%FRE IR £ 0 . 99.9%
IRIEEWRL 1T 5D BTV 5, AR
DI T DEEEHICE - Tid, BEICLD
RS BEERE 21T > THIEEWRL D N
%<, Milaz Ao HTZ ENREEE /2o T
Wb, ZOL D eE NREHZ B W TMZAEY
AHAE 2 R R AOICH Y T ET 2 N LT 2
X, SBEA RO ~DIGH BT,
WHE TAMoODIFEREE~D T L —27 21
—Z LT EHFFL TS,

(3) EitofmusyiE, vvy—7 0 78
WiakZERNMKEE 2 L LTHXTH
& U2 FHERE W RRBHC T L, —#a L
LT OBRAY) FE HLY A B TEE DR H &
Fhi L7z, 2012 4R ICHIERIEEEHEIA TH & v
I AT XL D INFhOKTE 1,180 m DUFEED D
FEEN-UE T 1.6 km OREE (HAE)
L 20km fhEDARIE (#BER) FEHZ DWW T
FEh LB S, IBEESCAHIRBIZE N
LT THD AT LG ERB L, A X
X bR F A2 PEH T D T AEM A RE R
DORREZ R, T3 6 OBEW I O INEE



I3, 7o E BT ENGEEFEL LETH
LI EERALMNI L, £, ARBEICAR
THMAEMRED TN RE I A RT A e
MREL W AF LA O BC ZEME LT 0
BHREPRO LNz, IHIZ, BHES / L DNA
ZHi L. 16S rRNA & s+ i O 7R 72
fREFC X VI ORE AR, Fh
5 D% K 2000 J7 RO Fisk o ARAK 158
M ORI BRE \CHR T D EA O T
WA TH D Z EDREREINT, =, B
RO DONAERT GIIENIZIES LD I
TOZ L) BAEDWMEWMRES, FEWEE &
iR AW " CASL/E = WY N RS Y AW ot

@), ZORFEIL, BV T H =T TRRF
EDILFRBFIEDRETH Y, 2017 =¥ LY
BZZE L (2L U E 2017 F£IKEFR
T AT I —ACEPNAS|IC B S 6 4
FEYR L OBHEB S, AR, oY
=TV TBIXOSHBSE, XA AAT 4 h
N A = A ATEIRMERS KOS RE, G

AW « 26 L OBRBERAI T OMID 5 b,

PR s & RAINE 2 feme U 7245 15 ST
DHNZE- S D . AWFTEITISHEY - R -
BREEREHMTRHE LR,

<5 3R>

1 Parkes, R. J., Cragg, B. A. & Wellsbury, P.
Recent studies on bacterial populations and
processes in subseafloor sediments: A review.
Hydrogeol J V8, 11-28 (2000).

2 Roussel, E. G et al. Extending the
Sub-Sea-Floor Biosphere. Science 320, 1046,
doi:10.1126/science.1154545 (2008).

3 Whitman, W. B., Coleman, D. C. & Wiebe, W.
J.  Prokaryotes: The unseen majority.
Proceedings of the National Academy of
Sciences USA 95, 6578-6583,
d0i:10.1073/pnas.95.12.6578 (1998).

4 Kallmeyer J., R. Pockalny, R. Adhikari, D.
Smith, S. D'Hondt (2012). Global distribution
of microbial abundance and biomass in
subseafloor sediment. Proc Natl Acad Sci USA
109: 16213-16216.

5 Inagaki, F. et al. Biogeographical distribution
and diversity of microbes in methane
hydrate-bearing deep marine sediments on the
Pacific Ocean Margin. Proc Natl Acad Sci
USA 103, 2815-2820 (2006).

5. ERFEERRCE

CEssRm ) (FF 21 44

@ Heuer, V.B., Inagaki, F., Morono, Y., Kubo,
Y., Maeda, L., and the Expedition 370
Scientists, 2017. Temperature Limit of the
Deep Biosphere off Muroto. Proceedings of
the International Ocean Discovery Program,
370: College Station, TX (International
Ocean Discovery  Program), DOl:
10.14379/iodp.proc.370.2017, # e/ L

@ Elizabeth Trembath-Reichert, Yuki Morono,

Akira ljiri, Tatsuhiko Hoshino, Katherine S
Dawson, Fumio Inagaki, Victoria J Orphan,
Methyl-compound use and slow growth
characterize microbial life in 2-km-deep
subseafloor coal and shale beds, Proceedings
of the National Academy of Sciences, 2017,
201707525, DOI: 10.1073/pnas.1707525114,
ESG =)

Xihan Chen, Thorbjgrn Joest Andersen, Yuki
Morono, Fumio Inagaki, Bo Barker
Jorgensen,  Mark  Alexander  Lever,
Bioturbation as a key driver behind the
dominance of Bacteria over Archaea in
near-surface sediment, 2017, 7:2400, DOI:
10.1038/s41598-017-02295-x, 7 A ¥
Stefan Braun, Yuki Morono, Sten Littmann,
Marcel Kuypers, Hisnii Aslan, Mingdong
Dong, Bo B Jgrgensen, Bente Aa Lomstein,
Size and Carbon Content of Sub-seafloor
Microbial Cells at Landsort Deep, Baltic Sea,
Frontiers in Microbiology, 2016, 7:1375,
DOI: 10.3389/fmich.2016.01375, Z#if ¥

Stefan Braun, Yuki Morono, Kevin W
Becker, Kai-Uwe Hinrichs, Kasper U
Kjeldsen, Bo B Jgrgensen, Bente Aa

Lomstein, Cellular content of biomolecules
in sub-seafloor microbial communities,
Geochimica et Cosmochimica Acta, 2016,
188: 330-351,

DOI: 10.1016/j.gca.2016.06.019, & HAH Y
Fumio Inagaki, Kai-Uwe Hinrichs, Yusuke
Kubo, Marshall W. Bowles, Verena B. Heuer,
Wei-Li Hong,Tatsuhiko Hoshino, Akira ljiri,
Hiroyuki Imachi, Motoo Ito, Masanori
Kaneko, Mark A. Lever, Yu-Shih Lin,
Barbara A. Methe, Sumito Morita, Yuki
Morono, et al., Exploring deep microbial life
in coal-bearing sediments down to 2.5km
below the seafloor, Science, 2015, 349:
420-424, DOI: 10.1126/science.aaa6882, %t
WA D

Takuro Nunoura, Yoshihiro Takaki, Shigeru
Shimamura, Jungo Kakuta, Hiromi Kazama,
Miho Hirai, Noriaki Masui, Hitoshi Tomaru,
Yuki Morono, Hiroyuki Imachi, Fumio
Inagaki, Ken Takai, Variance and potential
niche separation of microbial communities in
subseafloor  sediments off  Shimokita
Peninsula, Japan, Environmental
Microbiology, 2015, 2016, 18:1889-1906,
DOI: 10.1111/1462-2920.13096, # it ¥
Hoshino Tatsuhiko, Kuratomi Takashi |,
MORONO YUKI, Hori Tomoyuki, Oiwane
Hisashi, Kiyokawa Shoichi, INAGAKI
FUMIO, Ecophysiology of
Zetaproteobacteria Associated with Shallow
Hydrothermal Iron-Oxyhydroxide, Deposits
in Nagahama Bay of Satsuma lwo-Jima,
Japan, Frontiers in Microbiology, 2015, 6:
1554, DOI: 10.3389/fmich.2015.01554, %




Bl

A Hifs, P ST NanoSIMS (2 XD
EE O % AL T 5 — RERMAEY
DL TR I LAYV T O A B BERRAT,
IKERBESEE, 2015, 38: 375-379, il
L

Nishio, Y., ljiri, A., Toki, T., Morono, Y.,
Tanimizu, M., Nagaishi, K., and Inagaki, F.,
Origins of lithium in submarine mud volcano
fluid in the Nankai accretionary wedge,
Earth Plant. Sci. Lett., 2015, 414:144-155,
DOI: 10.1016/j.epsl.2015.01.018, &#iH Y
Morono, Y., Terada, T., Yamamoto, Y., Xiao,
N., Hirose, T., Sugeno, M., Ohwada, N.,
Inagaki F,  Intact preservation  of
environmental samples by freezing under an
alternating  magnetic ~ field,  Environ.
Microbiol. Rep.2015, 7:243-251, DOI:
10.1111/1758-2229.12238, #Hif v
D'Hondt S, Inagaki F, Zarikian CA, Abrams
LJ, Dubois N, Engelhardt T, Evans, H,
Ferdelman T, Gribsholt B, Harris RN,
Hoppie BW, Hyun J-H, Kallmeyer J, Kim J,
Lynch JE, McKinley CC, Mitsunobu S,
Morono Y, et al., Presence of oxygen and
aerobic communities from seafloor to
basement in deep-sea sediment, 2015, 8:
299-304, DOI: 10.1038/NGE02387, #t i
AV

(FR¥ER) (Gt 44 1)

)

seErths, SFHRE, BEFREZ., gk
ME. AW¥E s 42, Biosphere in subseafloor
environment and its ecophysiology, H A
HEESMWE Y AR Y 7 L [ Sleeping
Microbes: IRV A AED OFDT-T11 (A
FeafilE) ,2017/03/20, HALKF: (E Rl
=l

s dr M, SFH R, O ook, e
514, Technological breakthroughs in search
of the deep subseafloor biosphere, Japan
Geoscience Union Meeting 2016 (714 :#
{#) , 2016/05/22 0 A v & (THERTIE
i)

D'Hondt Steven, Pockalny Robert,Spivack
Arthur, Inagaki Fumio, Murray Richard,
Adhikari Rishi Ram, Britta Gribsholt,
Kallmeyer  Jens, McKinley  Claire,
MORONO YUKI, Roy Hans, Justine
Sauvage, Wiebke Ziebis, Oxic and Anoxic
Regions of Subseafloors, 2015 AGU Fall
Meeting ([EFRF2) (FBFFa#{H), 2015/12/17,
Moscone Center (USA)

Stefan Braun, Morono Yuki, Sten Littmann,
Jorgensen Bo Barker, Lomstein Bente Aa.
Size and Carbon Content of Sub-seafloor
Microbial Cells, 2015 AGU Fall Meeting ([E]
B2 4%) , 2015/12/17, Moscone Center
(USA)

Braun Stefan, Morono Yuki, Kevin Becker,

Hinrichs Kai-Uwe, Jorgensen Bo Barker,
Lomstein  Bente Aa. Analysis of
biomolecules of sub-seafloor microbial cells
separated from the sediment matrix, 3rd
International Workshop on Microbial Life
under Extreme Energy Limitation ([ERE5
42%) , 2015/09/22, Aarhus (Denmark)

® Morono Yuki, Technical developments to
explore sedimentary biosphere: current
status, limitation, and future Perspectives,
CDEBI Sediment Workshop (71534 1#) |
2015/06/25,  University  of  Southern
California(USA)

(D Morono Yuki, Terada Takeshi, Ito Motoo,
Inagaki Fumio, Probing metabolic activity of
aerobic microbial cells in ultraoligotrophic
sediments of the South Pacific Gyre, Deep
Carbon Observatory International Science
Meeting (fH fram i) (EBR¥ER)
2015/05/08, Lisbon(Portugal)

(Z Dfth)

Jiok HH T

NHK # A4 Z2AZERO [HHoRER
YRV MRIEHI T AT KRR I
2016 4 11 H 13 H

6. HFITHEAR

(AR ES
SE®F #hff (MORONO, Yuki)
[E| ST A ZE BH RS VE N TBFEDT 22 BR s s - &
Mo TR - S — 7)) — 2 —
W35 30421845

(AU YIRS
g o (ITO, Motoo)
% JRZ (HOSHINO, Tatsuhiko)
Fate 4= (INAGAKI, Fumio)



