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1. 7—%7 DA%

HAZAY, BEIEMREIZRWT, HE3OEMHRTH 5
7 —%7 (HHE; Woese and Fox, 1977) &, ¥
SR EEMDY, LIRS 2 EEWTH S,
LR, ChETEMENTELT —FT7 O2KM
(Phylum) LRV THEHL—) T —FF+—FMBX
CrLry7—=FF—FMofl, 25128 LnrERED
FIAT—FF =M, avy—FF—%M, +/
T—FF— 5 MOLHRENRZ TE7: (eg., Brochier
-Armanet et al., 2008; Elkins et al., 2008; Albers and
Meyer, 2011), ZJH% L, HLVMPHET LA~
N7 ME, BEBAEYTY ) BB (W) R/
FKEWM FHeBY) OSBREICHY T 28 R 5
T =% 7RIS S 2 LT 5. 13041212
7 —F 7O E R IL, Cavicchioli (2011) IZFE L
CFLwbhTwi,

T—F 7, #EEREOANE B L LN RO K
FEZZI TR, WERTICDIAS ML TS Z LR
WmIND X I o7: (eg., DeLong, 1992; DeLong
et al., 1994, 1998; Hinrichs et al., 1999; Schouten et
al., 2000; Orphan et al., 2001; Karner et al., 2001;
Inagaki et al., 2006; Biddle et al., 2006; Lipp et al.,
2008; Fry et al., 2008), HBEMEZHTHLT—F 7

* o MOATBOE NHEEERTZE B S e - MRPREREE
Az Wy P B A
T237-0061 MZ)INIERZEE TR BAT2-15
o PO TERF RIS AT T 25 R
T226-8502 %31 AR T Ak X Rt HH4259
SR B =y = gl Ry v
T113-0033 HHEH SR AM7-3-1
(20124F3 23 H A, 20124F4 A28 H =)

DFELFHIL, =2 —7 7Y FF Y FihOET
1626 m TH 5 (Roussel et al., 2008), {HHE T D7 —
FTORFHITEEE M TH % % (Teske and
Sorensen, 2008), ITAEFHIES N7z8r L dife 7 o —
B8 ClI I F100 m DURICHER 3 2 X & ¥ AR
WM - ¥RIOEII L TWw5b (Imachi ef al., 2011;
cf. Morono et al., 2011), F7z, BRI &7 VAL
T THEORTIE, BREEIMTPhATWE L

(Dekas et al., 2009), €D A% YFLT —F T3,
AL R DG 5 R 2 FRFHGTwE 2 &
(Hallam et al., 2004; Scheller et al., 2010), * % ~
AL SIS DS 2 (Shima et al.,, 2012) DFE
RAMRNTW D,

HERAEY ORBRBFIRED LBRIZZ Z10ERKD T
113°C, 121°C, 122°C L&A EH I THE D, v
ITNHUENET —F 7 TH S (Stetter, 1996; Blochl
et al., 1997; Kashef and Lovely, 2003; Takai et al.,
2008), —77, WEH THRIREOEEE (0°C~) 1213,
57 —% 7 (Nichols et al., 2004; Cavicchioli,
2006) VAT HI LGP oTVD, ZNHDOH
2T THEMPEE LTOT—F 7O~ =7 v M
BORT >y VB L CIHIT 57259,

HHEREB L OWETOT —F 7TICHT 5 A,
¥Pi% (Hinrichs and Boetius, 2002; Edward et al.,
2005; Valentine, 2007; Jorgensen and Boetius, 2007;
DeLong, 2007; Fry et al., 2008; Engelen et al., 2008;
Takai and Nakamura, 2011; Valentine, 2011; &% -
KN, 20100 22 L CHE, TITET7T—F7
HRDNA < — 5 — D5 FRARLE X 5T NFE
AR D GHTES X IR ZBIRL, £ 060
RCELT—F 7 OEREE BHE$ 5 R8O MRz
T 5



114 wOEOW
2. PFTHDIT7—FT7OFBEMIRED
FEADEA

T —F T ORHO—DOIF, FHOIL—TIVIRE O
HETHb, TOWEER, 1V TV /A4 F§iL23sn-

70 tu— VOVEKEEE AT ST — T Vkiatoa

TIREIZWL 22 omtkEHREE3T 5 (HHE - &AE,
1998), Fig. LIC7 —F 7 omEREO—f L L T,
Thermoplasma acidophilum H 3k @ phosphoglyco-
lipid-GDGTs D fbFHE & & g HERT W 2> © )i < M
SNBHEBH OB ZIRT 41 VTV /A P
WRFEREDA VTV AR =y P OMERIGIC X
D, RKKFERLOD—AKET VX VEEZTEKT 5,
ZOWMH A Fi2id, LMo Ihivw =7

EENMELT, 23sn-7 )t —AHFALVTL )/
A FEHELTVD, =~ FTHICT—T Vg %20
A2V —F VM, 4204957 T T —7 VS
FhI—-FNVRETHL, TR, AV TLIAER
BLOvruxRyy VBREATARMHOY T —T VIR
B SR ik ST b (Liu et al,
2012; Knappy and Keely, 2012) GEflliZ#8) o

—WOT—=FTIE, A VTV A FHTEELCE
HOKIAKZHZE T L0 HEINRLTV S

(Nishihara et al., 2000), *7z, FELIZBEE % —
oz 77 (BIEME) 121E, =—7VIEEZH
DHOPHEINT WD, Zhid, 1V 7L /4 N
DD Y ITEEED B\ IZ I D ALK FEFH2AR % 1,2-
sn=7 ) k0 —VAHEET HVAREETH ) (Weijers
et al., 2006), 7—FT7HD2,3-sn-7") tu—L&id
Bb, TD12-snMWE23-sn- WD) a—no
SARBVED, BEMAWO RAL Y ThHET—FTHE
NI TN T ReTTHIED—DIZhoTVD, TD
SARERMEO I, T ELFIICD RE L ER L
DEEZLNTWS (eg., Koga et al., 1998; Koga,
2011; Shimada and Yamagishi, 2011)

I — 7 VIRE OREEENT O S ERIIEZE % %% C (eg ,
Koga and Morii, 2007; Koga and Nakano, 2008),
DRI T — % 7 DAL H 519904E 12 mﬁ

WRHFIGEA S ND X)o7z, BlZIE, T“(TLEI’JL
HFAET BT —F T D4V 7L/ 4 FH5TIC
FE#L (DeLong et al., 1998; Shouten et al., 2000),
T—FTIZL RN A ¥ VBt 72t X (Hinrichs
et al., 1999; Elvert et al., 1999), 7L v 7 —FF—
57 D3 (Sinninghe Damsté et al., 2002), KX

(VI S-SV 1 2 - N4

AL DPC-B B\ EHC—55T- L NIV T D i 5 [ L A4
It (Pearson et al., 2001; Ingalls et al., 2006; Shah et
al., 2008), KFEMNAE (Kaneko et al., 2011), D-
B L OC-Z R (Wegener et al., 2012) Ol
FIHENDL X )2k o7z BEEAYMOBENRE
D% K (e.g., Lipp and Hinrichs, 2009; Schubotz,
2010) DS S 2% o T b —Jf, “C-Stable Iso-
tope Probing (“C-SIP) & MkEH R 0 ji 3 Al f AR
WoOFHINZ XY, 7—F 7B 5 Moz
@B INDG X H1C% o7 (Lin et al., 2010), Hi
PEEHERIE, EEIRDY R TVRIEFESTE LTHE
BRI TH DI EARBENTWS (Lin, 2009)

3. I—FTIEERFB LU FRAEANGE

DI AT
s 75712 SEEEAT 20X, A 05T

mfééﬁﬁﬁ%%bff/7V/4b®ﬂu%m%
WEHRLIENTEX D, TlE, T—T VGO
FTHHrT7Vka—iE, EDXIBLDEALH I,
Tax, s rHNEALAR Z 1 E 3 5 550 i o kst
(Takano et al., 2010a) D%, JSHAWIZEE L Tt
WM EEINLT—F VIRED 7 ) L a— VD
FRfARLZFR7- (Fig. 2)o

41X, Nomaki et al. (2006) |2 X %IYRi25
BoOFEZIGH LT, WKHERYho 7 — % 7 REE
OH 2 BC- b L —H—: % H TN L 72 (Takano
et al., 2010a), ZZTIiE, HE#ELEL LT C-7 IV
=2V RICOWTHERS, 9, Fig. 312
ERFEER=Y ¥ 7, LHRFEETI, 2% 3
Bih, wEEEEW, HEEOmKHERED A, RN
7 —FT7THRT—FTVREST DNV EFT7T—FF—
VBIXOZ Lo 7—%F— V) ORFRMEL (%
PDB) &“C-Bl¥phi#e928 (Jk K405H) 12X %°C-
WY ARDFERE RS s T—T VIRE ST O i FE A
RILTHARD &, KRGEERIZHRTRERMAARLD Y
FAMIZTY T PLTWBE T ERND, Iﬂ%i‘u%%%ﬁ (0
~405H[) ToO7—*7H4% (Appendix 1,2) |
BUC-HLY AR, WHDTHo720

RIZ, ZNHOIT—T VIREG T D5 TR FRIFEN
RIICHEH L7z Fig. 4IHBEIRIR T o 72 B8
# (405HM) 2o ohiz—F VIRES T (Bl
2Ly T —=%F =) BLUOSTHNEMAL (7“1)%
a—J), ¥74% -2, ¥741%-3) OFHll,
W THNO R FZFRNARNAYEYE (Takano et al.,



SFWEAARIL TBAMIET O —% 7 04 | Z—F VIRED FNOY LR — Uik & iRkt 2 iz LT

(a) Achaeal intact polar lipid (e.g., phosphoglycolipid-GDGT)

core-lipid (GDGT-3)

glycosyl-

phosphatidyl glycerol-

Other polar head groups: e.g., glyco-based groups

H
HO  OH OH

Monoglycosyl Diglycosyl
(Gly) (2-Gly)
(b) Achaeal core-lipids
X-0
Archaeol sn-2-hydroxy archaeol Macrocyclic archaeol
X-0—
W/\/\/\)\A Caldarchaeol:
WA(\ Glycerol dialkyl glycerol tetraether (GDGT-0)
A(\JV\/J\M\/\ -containing several (n) pentacyclic ring (GDGT-n)
X-0—
*Owwwwo

,OW Wol Glycerol trialkyl glycerol tetraether (GTGT-0)
o-x

X-0
o
1 YM Crenarchaeol:
& o Glycerol dialkyl glycerol tetraether (GDGT-5)
— -containing 4 pentacyclic and 1 hexacyclic ring
o}
oX'

(X, X’: denoted polar head group)
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Fig. 1 (a) a structure of archaeal intact polar lipid (e.g., phosphoglycolipid-GDGTSs from Thermoplasma aci-
dophilum) analyzed by high performance liquid chromatography combined with electrospray ioniza-
tion mass spectrometry (HPLC/ESI-MS) in Takano et al. (2010b). (b) representative structures of ar-
chaeal core-lipid. GDGTs occasionally contains several (n) pentacyclic ring (GDGT-n). Some examples
of sugar-head groups are shown. See also, archaeal lipid data bank from Japanese Conference on the

Biochemistry of Lipids (JCBL) in http:/lipidbank.jp/.
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OO - A B ON RN Ol
Sample: Shimokita, 48.2m (sec 6-3 ), compound: caldarchaeol
CSIA by EA/IRMS Ho“t
e o

MWMNWQOH

813Ccaldarchaeol = -21.9 %o

|

Intra-molecular CSIA by GC/C/IRMS |

intensity

Fig. 2

Total ion chromatogram by GC/MS + H
( OH

Time (min)

Verification of the present compound-specific isotope analysis (CSIA) and intramolecular
isotopic analysis. Here, the marine sediment was collected from off-shore Shimokita, Ja-
pan, Western Pacific (CK06-06, section 6-3; depth, 48.2 m below the sea-floor). Theoreti-
cally, the mass balance equation takes the form
nxo 13Cx =nyo 13CY +nz0 13CZ

where n is the number of moles of carbon, resulting in nx =ny+ nz. The subscripts X, Y and
Z represent whole-molecule compounds, a specific group, and a second specific group, re-
spectively. Hence, the 86 comes from carbon number of caldarchaeol and crenarchaeaol
(i.e., CssHi0s and CssHi2Os, respectively). For caldarchaeol: 86 X 6" Cearchaca = 80 X & *Ceppy
+6 X 0”Copomgyeer, for crenarchaeol: 86 X §"™Ceenarchaca = 40 X 6 *Crp + 40 X §°Crp + 6 X
0"Caasmgyeera. Then, We determined carbon isotopic compositions for each isoprenoid (BP
[0], BP[2], and BP[3]) using GC/C/IRMS, resulting in the determination of carbon isotopic
compositions for 2,3-sn-glycerol (§"°Czsmayea) using the mass balance equation between
0"Cosia and its intra-molecular ¢ *Chge.

2010a) /"9, T—FTHRKZ—TVIREDH TN
FAAR 2 80l 5 121%, AN v 2 (5 TF42kh
SATEMLOES ZH M) T TWREAARR % FHIS
% H Al % O 5T A ERFN T 2 HERD S,
ZOWMHTOMWEDORER, T—T VIRE S TN
Wiz, wKk2200% % 8 2 5 ALK A E D H
HTEMNHAL, SZTEERZEE, A1V TL )
A PO RFZFEMRIE, RKGEIERL & 1FIZR—TH
LHDIZRLT, 7 ka—ilid, “CiEIFET

B5ZLTHbB. REFANMAKLOEELORESL LT
%) (Chikaraishi and Naraoka, 2007; Tayasu et al.,
2011), H fit & 1L 5 4 B 12 &% @ b & L 72 Ultra
sensitive-EA/IRMS ¥ A 7 A (1% (Ogawa et al.,
2010) &, Figs. 2« IR L7250 O EHME%Z ¥ F —
FLTW5,
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405 H B OB GRE B TH O Mk - 722 &1,
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F8IE, 7—FT7ONlD 5B OEFEE LTo
AVTVL A4 F#EZHEAH (VA7) LTwaZ
L, CEHIND, 2F D, FUku—LEE, B
SVED Fih R (de novo pathway) DFGHKE W
WHLT, 41V 7L /4 FIE, #RIESNZD
DEMACEFTHNR— T (salvage pathway) %
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FHLTWEDTH %, BB L DM (Takano
et al., 2010a) 1232\, Fig. 52— FIVIREOH
EREB IOV R=IUREN DA —T IVIRED
HEEBARERZ R Lz, REBLD 5 id201bE&mH
LIRFEHB6D T — T VIREERE R MAT v TITHE
BT B, ZERBENTE L O RVF—HFL5H
VR Z L RZWHATH S, —H, VA7V TEL4
GOME (Rl kE &) ZAEMCHAETLZ L
i, TALVF—ICERIL W L LRFETH 5,

(a) Compound-specific carbon isotopic composition of benthic GDGTs

Subarctic pelagic area (Bering sea)

@
Hemipelagic area (Shimokita) ®
Shimokita, 4.8 m below seafloor - @
Shimokita, 13.4 m below seafloor - ]
Shimokita, 48.3 m below seafloor
Shimokita, 106.7 m below seafloor @
Shimokita, 216.9 m below seafloor [ )]

i — Natural abundance
Tropic hemipelagic area (Gulf of Mexico)  [@
Freshwater lake (Lake Biwa) S 1
In situ 13C-incubation experiment o BC-incorporation during 405 days
Sagami Bay (G-0) F
Sagami Bay (G-9) o BN B Y O

Sagami Bay (G-405)

[0 Caldarchaeol

® Crenarchaeol

CYRRY [T (RIS, VI TUNN Wl NGt Tt ST 0T WY (T [ L PO

0 L]

-40 -20

20 40 60 80 100 120 140 160

313C (%0 PDB)

(b) Relative abundance and stepwise 3 C-enrichment during in-situ 3C-incubation

-21.7 %o T
) +21.9¢ +132.4
£ 5 -214%
€ R 7
g 40 +45.7 %o +68 O
& 30
S 2
= —> —>
s 10
0 dd o ‘. 1 1 . M 1 n . 1
T E & R g & 2 C BB R 8 R EEE 3 ¢
T O © 0 § E T O © O & E 85 bh b 3 E
§ 2 2 2 § 8 £ 2 2 2 5§ =2 5§ @ 2 2 § o
g o O O § S 5 V) o O E & 5 o o O § 5
© g g w g g © s g
O (&) 14 (G o [v4 o o ['4
0 day 9 day 405 day
Ring Index* 3.12 £ 0.01 (natural) 3.04 £ 0.04 2.95 +0.08

2.81 £ 0.50 (*3C-incubation)

Natural abundance
(reference sample)

= n-situ 3C incubation

* Ring Index = [(%GDGT-1) + 2 (%GDGT-2) + 3(%GDGT- 3)
+ 5(%GDGT-5 + isomer)] / 100
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(c) intra-molecular 3C-isotopic composition during in-situ 3C-incubation

Biphytane (= natural 1*C-abundance)

e.g. Crenarchaeol

2500 ® 2,3-sn-glycerol in cald.
B 2,3-sn-glycerol in cren.
Biphytane[0] =
2000 B@phytane[Z]
Biphytane[3]
a >3 ligarchae
E 1500 B Crenarchaeol &(0\
S e
£ 1000 17
r’:o .
T 500 ]
G:0. [J——— e -
0 hy ---==s=zczizszacd I::::; ____________ ,'
Biphytanes
1 10 100 1000

in-situ "*C-incubation (day)

Fig. 3 (a) Comparison of ¢ "Ceudarchacst a0 6 *Corenarcnacel values from various locations and in situ C-
tracer incubation experiments. (b) Long-term monitoring for relative abundances of ar-
chaeal lipids (mole%, n =3) and ring index of GDGTSs during in-situ *C-incubation for 405
days. (c¢) intra-molecular “C-isotopic composition during in-situ C-incubation for 405
days. See, Supporting Information from Takano et al. (2010a).

ZoTaLkRIE, KDL VTV A FGTORE
AT BHIETIE, AR ro7FRTHY, 4T
WRARILIZ E TR 2 T 72W 2 DR E VR 5,
BERAM DTN — VR, N7 T T ORI

(Silbert et al., 1968; Rock and Jackowski, 1985),
2L A5 " —)V (Razin, 1975) , 7/ 2 —)l (Larsen
et al., 1995), DNA B L = (Dubnau, 1999;
Chen and Dubnau, 2004) FTLid» HMZEI LT
Wb, ERAEYMORT 4 v TREOHFTNTIE, v
N— VR X D R K50~90% 2 EE O FEF) H 34T b
NTw3 (eg., Kitatani et al., 2008), & OHiED H
%o TANF—JIHIE LK FICHERT 27 —F
THAVTVL /A FeHAIHLTVwSZ LIdRATE
7oH, ZORBRMWERHE LV A S = A LIE, KFEHZ
Hardbdh, WEkc LREVRIED LN TV DS,

5. I—FTIEREOZRERYMEBFIAD
H:I:E%’

T —FTHRO T —FIVIREIZ, HALFN %5516 S
DVidkBIE A =T 5 &, A VTV 4 Fljgice
FaFInviksH35Y7NVa—) (eg, Hoefs et
al., 1997; Teske et al., 2002;Saito and Suzuki,
2010) D X9 R REEMEEL, T—TVRIER
FRELC X B EBAEWE, N7 7)) 7 TURID HIFZES
nTwb (Whiteet al., 1996) o

4R, Fig. 612/R L722,3-sn—27") &0 — VAL %
—OfFT LT —FTHROT—FIVIRE DS, MU
Wh SIS TwS (Liu et al., 2012; Knappy and
Keely, 2012), #1151, GDDs (glycerol dialkanol
diethers) & %% GDTs (glycerol dialkanol tri-
ols) EHEN, TOMFEERIEHIEE > T b,



DFNFEMAELTHABETOT —F 7 O4RE | 21— 7 VIFEDFWOHF VAR — Vit BB ZBICLT 119

l whole-molecular B3C-compositions ‘

513CBP[2]
HO

5 I U

ether cleavage

313Ccrenarchaeol= + 132.4 %o

I Intra-molecular *C-compositions ‘

N}&/ﬁ/\)\w\)\

Sample: Sagami Bay, G-405, 0-1cm, compound: crenarchaeol

ether cleavage

513Csp3) OH

‘ &13CBp[2] = -22.2 %o

‘ 813CBP[3]= -22.1 %o

813C2,3-sn-glycerol = + 2193 %o

M

P

OH

Same as 3C-natural abundance of sedimentary BP[2], BP[3]

C-assimilatio

Fig.4 Carbon isotopic compositions of crenarchaeol after 405 days of the in situ C-tracer experi-
ment at Sagami Bay. We determined the carbon isotopic compositions of resulting biphy-
tane and glycerol derivatives using an online gas chromatograph/combustion/isotope ratio
mass spectrometer (GC/C/IRMS), enabling the calculation of 2,3-sn-glycerol (5"Coss.mgiycorol)
using the mass balance equation between caldarchaeol, crenarchaeol and their isoprenoid
moieties (cf. direct measurement of §"Cas.mgyera in Takano et al., 2010a).

FEBETOT —F 7 ORENIETIE, A VTV /AR
MEWEE LTOFXF T NT T =F— AT —F 7l
TENO ¥ F—EBERICIY Y YBESFNER S
(Fig. 7-a)o 2OZ &h5, MEMII VYTV IAF
OFFMH % FFE L 72856235 5 (Ohnuma et al.,
1996); CORIBDFRANTH B FF—BEEIL,
Fig. 7-b (SR L7z &9 %7 A b T2 ki 5 S B 4
BN DH L E1L, D THREVWHERTDH 5,
Fig. SICHIE FTOT —F 7B L T b EE 2 5
NBLERERBOF L OER LI WRRMDO 7 —F
T LT, WMERE D5 %ZES) (e.g., Logemann et
al., 2011) % &®, PFAERKEL THAVR=IRERO
AR SER IR TWL S ). KREMIZE R
X, M DIEREEPEH | X B —KIW 2 oy etk &
RN EBRBEOSTFLARLVTOY) Y r—ViF, 7
TN ET =X T ERERT XTI LB T R
MELIANF—T7u— L EBTE 5,

6. WIRRFBIRICHTH7 —FT7DORE

T—%7%, WERREHROI 70 LHNFETH
5o REMBRDHIH, LMW REETHL [k
fbikF%E] ORBEREZ FEET—FTIEALTVS
(Wuchter et al., 2003), —H T, 22—V 7 —FF—
FMO—EHOT —F T, HOBTHWEREETH S
(A5 V] ODEFEETIDD, ZOT—FTICLEE
WL X ¥ VD7 a2 A (Thauer et al., 2008;
Conrad, 2009; Valentine, 2011) &, Zhd 5 & JHE
ZZHEHEINTWLESL ), ZOBE» 5K A
X, A% VAEBRICUEATD HHiEH4300 5T LNV
[FIRL AL %2 WG L 720 FEORMIE 2 BAED Tn 5
(Takano et al., 2011). S THH® [HY VY
FV) | ofERERETE S L] W30 BB
L, Rk, ST & ERAE SR o R 2 R
BmAML 8] 2hbd, RERL, HiEEET%
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(1) De novo synthesis of archaeal membrane lipids:

= High energy expenditure

(o]
COZ-—’% —_— )\/——)
OH

HO
— F H———|Zo~R, _—
(x2) OR; (x2)

glycerol

)\,\)\, —_— )\/\)Wk/\)\/ —_ Ho-/\(\/\(\/\(\/\(vjvvk/\)vvlv-OH

(x2) (x 2)

death
........... > degradation

(2) Proposed Salvage / Recycle pathway by relic membrane lipids:

= Relatively lower energy requirement

_Jaonseceptataita

To endogenous membrane tissues

v

death
........... > degradation —— [Recycable lipid precursorsil
LOH
de novo \
E HO
- glycerol }OWWO
H%o,& — 5 O_/\(\/Y\/Y\/\r\)\/\/k/\)\/\.)\fo{
O-R; (x2) OH

Caldarchaeaol (Cse)

Fig.5 Two biosynthetic pathways for archaeal membrane lipids. (a) step-wise elongation of iso-
prenoid unit (Cs x n) in de novo synthesis with high energy expenditure, (b) salvage (recy-
cling) pathway by a recyclable precursors (e.g., isoprenoid unit) with low energy require-

ment.
HO | ‘
-|:o‘ | | A
-8 3 L 3
GDD-0
HO
Bl A A A % o
\ \
GDD-1
HO
0L~
GDD-2

ANSOH I A~ ‘ B T VN W P P P
Lo e 3 . e “~"oH

~ "OH

GDD-Cren.

“OH

NATSAOH

Fig.6 The structures of isoprenoid glycerol dialkanol diethers (Liu et al., 2012; Knappy and
Keely, 2012). The pink layer (2,3-sn-glycerol) stands for “C-enriched position during in-
situ ®C-incubation experiment at Sagami Bay (Takano et al., 2010a).
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(a) Incorporation of GGOH and possible role of GG-kinase by Sulfolobus acidocaldarius

phosphatase

Ether-linked lipids
archaeal cell

Salvage process of GGOH

GGK
OPVM/~ )\/\)\
| :

OH’K/\\/\//\/\\/M\//\///\ P— GG-P
GGOH incorporation OPP F /‘ /‘ /K
GG-PP

(b) GGOH kinase activity and polyprenol specificity by Sulfolobus acidocaldarius

Geraniol *GGOH as 100 C10H180

Farnesol I C15H260
Hexaprenol - C30H500
Octaprenol - C40Hes0O

Undecaprenol Cs5H900
0 20 40 60 80 100

Relative activity (%)

Fig.7 (a) Incorporation of geranylgeraniol (GGOH) and possible role of the kinase by Sulfolobus
acidocaldarius. (b) Polyprenol specificity of GGOH kinase in S. acidocaldarius. Abbrevia-
tions; DMAPP, dimethylallyl diphosphate; GGPP, geranylgeranyl diphosphate; GGP,
geranylgeranyl phosphate; GGK, geranylgeraniol kinase; GGPK, geranylgeranyl phos-
phate kinase. Modified after Ohnuma et al. (1996).
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Fig. 8 Biosynthesis of core lipids in Archaea focusing on isoprenoid and 2,3-sn-glycerol moieties
compiled from Hemmi et al. (2004), Murakami et al. (2007), Morii et al. (2000), Zhang and
Poulter (1993), Nemoto et al. (2003), Nishihara et al. (1999), Ohnuma et al. (1996), Takano
et al. (2010a). Red and blue squares stand for endogenous and exogenous processes for
benthic archaea, respectively. Abbreviations and enzymes (black squares): EM, Embden-
Meyerhof;, ED, Entner-Doudoroff; GLK, glucokinase; PGI, phosphoglucose isomerase;
PFK, phosphofructokinase; TIM, triosephosphate isomerase; FBA, Fructose-1,6-
bisphosphate aldolase; Gluc DH, Glucose dehydrogenase; G-hyd, Gluconate dehydratase;
KDG kin, 2-keto-3-deoxygluconate kinase; KDPG ald, 2-keto-3-deoxy-6-phosphogluconate
aldolase; G-1-P DH, G-1-P dehydrogenase; GGGPS, 3-O -geranylgeranylglyceryl phos-
phate synthase; DGGGPS, 2,3-di-O -geranylgeranylglyceryl phosphate synthase; GGR,
geranylgeranyl reductase; IPP, isopentenyl diphosphate; GGPP, geranylgeranyl diphos-
phate; (S )-GP, (S )-glyceryl phosphate. X denotes a polar head group.
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Ecology of deep-sea benthic archaea: insight from intra-molecular
isotope signatures for salvage and de novo pathway
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Since the first classification by Woese and Fox (1977), Archaea, one of three domains of life,
had been originally believed to exist in extreme environments including high temperature, high
salinity, low oxygen concentration. However, recent advances in molecular and phylogenic ap-
proaches revealed their widespread distribution in marine and terrestrial environment includ-
ing deep subsurface biosphere. The planktonic and benthic archaeal assemblages include two
major phyla Euryarchaeota and Crenarchaeota. The novel phylum have been also proposed re-
cently as Thaumarchaota, Korarchaota, and Nanoarchaeota. To elucidate unknown archaeal
ecology, we evaluated intra-molecular isotopic composition to focus into archaeal membrane
lipid biosynthesis using **C-tracing techniques. The novel molecular diagnosis showed heteroge-
nous “C-incorporation driven by salvage (recycling) and de novo pathways in energy-limited en-
vironment such as deep-sea environments. Here, we reviewed the recent knowledge of prokary-
otic ecology and biogeochemistry from intra-molecular isotopic signatures.

Key words: Intra-molecular isotope analysis, Physico-chemical condition, Benthic archaea,
Prokaryotic ecology, Sub-seafloor biogeochemical processes
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Appendix. 1

Phylogenic analysis and quantitative PCR of the benthic archaeal community during 405 days. Abbrevia-
tions; ANME 2-d, Anaerobic methanotrophic archaea 2-d; MBG-D, Marine Benthic Group D; MEG/TMEG,
Miscellaneous Euryarchaeotal Group/Terrestrial Miscellaneous Euryarchaeotal Group; GSAG, Deep-Sea Ar-
chaeal Group; SAGMEG, South African Goldmine Euryarchaeotal Groups; MCG, Miscellaneous Crenar-

chaeotic Group (Takano

MCG

Species richness
(Chao1l index)

Community diversity
(Shannon-Wiener index)

Archaeal abundance
(qPCR: copies g-sed™)

etal.,2010a).

Methano-
sarcinales

2647 260 1684
—
4.83 4.22 4.93
1.5 x 106 8.6 x 107 1.8 x 106
(£5.7 x 104, n=3) (£2.1x108, n=3) (1.7 x10% n=3)
B Methanosarcinales B Marine Group Il B Marine Group |
B Methanomicrobiales B DSAG BsSCG
BANME2-d B Thermoplasmatales U MCG
B MBG-D B Methanobacteriales Halobacteria
B MEG/TMEG B SAGMEG
Appendix. 2

The remotely operated vehicle Hyper-Dolphin and in-situ “C-incubation experiment for the experiment at
Sagami Bay, Western Pacific during NT06-04&05, NT08-02 cruise. Photo courtesy from Dr. Hidetaka

Nomaki & JAMSTEC.

Depth: 1453 m




