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Abstract

Compositions of hydrocarbon components and their carbon and hydrogen isotopic ratios suggest that natural gases
from oil and gas fields in Japan are of biogenic origin, i.e., either thermogenic and/or microbial, that contribution
of abiogenic hydrocarbons to the gases accumulated in volcanic rocks in the Green Tuff region is small, and that
contribution of microbial methane is important even to the gases coproduced with crude oils. Diverse methanogens
were detected with methanogenic activities mostly via CO, reduction in the brines from Minami-Kanto gas field of
dissolved-in-water type, where the gases have been estimated to be microbial in origin. A large amount of methane
was produced in the experiments incubating brines and sediments from Mobara in this gas field, which has revealed
a high potential of in situ subsurface microorganisms to produce methane from kerogen. Methanogens, mostly
classified to hydrogenotrophic type, are present in deep subseafloor sediments in the eastern Nankai Trough, and
particularly abundant in those from methane hydrate concentrated zone. Anaerobic methanotrophic archaea being
adapted to a low-salinity environment were also found in sediments characterized by a high percentage of methane
hydrate pore saturation. In high pressure incubation experiments mimicking the oil reservoir conditions of Yabase
field, a syntrophic community of acetogens and hydrogenotrophic methanogens converted acetate in the formation
water to methane via a sequential reactions of acetate oxidation and CO, reduction. By contrast, in a high CO,
partial pressure incubation experiments mimicking the oil reservoir conditions after CCS, acetoclastic methanogens
became dominant, which converted acetate directly to methane. Methermicoccus shengliensis strain AmaM, a
methanogen isolated from an oil reservoir in Amarume field was revealed to convert methoxy aromatic compounds
to methane via a novel pathway including O-demethylation, CO, reduction, and acetyl-CoA metabolism, and also
to produce methane directly from coals ranging from lignite to bituminous coal. Oils produced from Green Tuff
region, including those accumulated in volcanic rocks, contain abundant >C,; isoprenoid alkanes, which dictates
their biogenic origin. The 5" °C values of the oils fall in the range of those of argillaceous rocks from the same region.
Maturity data such as the C,, sterane 20S/(20S+20R) ratios suggested that condensates are most mature among the
oils, and that the oils in the Akita Basin are generally less mature than those in the Niigata Basin. Carbon isotopic
fractionations associated with the biosynthesis of hopanoids by a cyanobacterium (vs. cell) differ significantly
between C,, (diploptene and diplopterol) and > C;, (bacteriohopanepolyols), which is consistent with the distribution

of 5"C values among C,,-C,5 hopanes in Miocene Monterey crude oil.

*Organic geochemistry of natural gas and petroleum formation with a focus on the contribution of microorganisms
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WTFEFROMK GEJF<CEREE) % HFT 5
Tl FWMMAERE LD, BERTFY YUY
VR OREEE % B, L% M HED 5 720
B TH D, KIKT A - AIMOEKEIZOWT
X, —fkiC, HTEOERDOSHETERT S D
O (EWiE) &, EARILE OKRFE, —mILik
%, LR ES) ORI TEKRT 2 b0 GEEY
) X EN D, FIFEICOVWTIREHIZ, A
B OMBNCL D2 5y X0 FOBTHERT S b
O (B fRiR) &, MEmoRHEED L LA
FRISTHERT S b0 (BAEDRR) IZIX5 3
% (Schoell, 1988) . HADKIKA A - HIMOFFEEL
ELT, WEOARLTKINEREFE S L T 5
A AHDHALH RO AR (71) — > 5 7 Huid)
W HAET A2 L (EH, 1985) &, MK (2
ATK) VT AR S BT T KB IR 5 5K
BT AW HE A SR E TIL < oA L Tw
5 & (WEERAPT, 1980) "% FbN b, £72H
RO B RS O H AR o #gsic
AZINA RL— 23554 - igE L, 19 ROKRK
HAGRE LTSN TW D (A, 2009), =
NFCELHILFAMEE L & D12, BN AR
DRIRITA - FIHOBLR R HARITHED X 8 2 A
FL— MEEFORKRT ZORHEZHEHS 22 &
RAEEE L, BFICHTMEMS A Y v ERERT S
Tt AE R E LT - Y HERIL A
GRS LA T & 70 ARRILZ ORFFERUR % B3
THLDTH 5D,

2. 7= 7#iEmA AEDOKLEICEET S
KR H 2 DESIE

FALH RO HARMEHE (7)) — v & 7 Hik) (255
5§ BIMH A KA IR T 5 b 00%
L, KA ATHOANY w7 LA OFRNARL (CHe/'He
) E L, BEHRAROFGIRIEENL, 20
Y o, RRIRA ADFEAEIFTH 5 W HENE
DRI ST\ b (Wakita and Sano, 1983; Wakita et
al,, 1990), — T, A% »~T7 a8y OFHER
Ay DjicF - KFRFENAARL»S1F, [ U Hiso
WEICIFRE T D RRT A LB EOENRD ST,

Ay ] (¥ v+71as%) vs. 0°C-CH, (Bernard
et al., 1976) % 6"”C-CH, vs dD-CH, (Whiticar et al.,
1986) OFPFFFHMIENHEZNE, AR (BrfiFic
U, AR, b LRmMEORS) LiEES
b (FH S, 1986; Sakata et al. 1989; Sakata, 1991;
Sakata et al., 1997b; ¥, 1997), F72, N7 4
FIRCARIEAS X & > - ~ ) 7 AR (CH,/*He) &
BHBFICHIBI L CB Y, ot [iEHEEFEo
AN T AT EYREOA Y V] L[ XY %
tEb e WiEE~ v PUVRBEOAN) 7 A L w2
W OREET VI L > THHT 2 2 L A5k
Td % (Sakata et al. 1989; Sakata, 1991; Sakata et al.,
1997b ; I, 1997),

7)) =y THIORKT ZE, A% D 6°C
DT b, =8>, Fay, n- 78 LBk
FEHIBZ D L E DI CEATE L 72 B (Sakata,
1991 5 $LH, 1997). XFREMIC, RERCAILS AT
L, BEA, CRACHCEFERRZ: E 5135 15 AW
EIHEOF 2L, AY o CHEPRLE L, B
Bhtaz e b 126 C AL % % (Sudaetal.,
2017) . HIFEOMEANL, WO FAERIDO 7 7 v F v
T ROGIZ & o THALKEDE KT 5B, PC-"C
A CC-PCHREAEL Y HELYN S Z & (McCarty
and Felbeck, 1986; Chung et al., 1988) & #4519 TH
5o BEOMEMIE, CIbaW (x5 v, —R bk
FE, HHVIETRILKE) OEATC, U EoftEs
WH AT 2B PC-PC A PC-PC A LD
M TELI L EEANTHS (Sudaetal, 2017),
L7zioT, 7)) =% 7HIBORKT 2%, A
5 o~n-7% D SPCHOBZNS, raY oy
RLFEIMOB T O & 22 & o THEE SN HE
PEATHE ST 5 (Sakata, 1991 5 3R, 1997),

TN =2 THIOT ADIY v — T8y —n-
75 D ECHER LV ERMICHNTT S L, Chung
etal. (1988) MET IV HAHE S5 BGfFRIED
BALKRFZ OB

0"°C,— 0"C,=0.50x (6"C,—6"C,)

LA (Fig.la) Thb, TO—F, A4 -
Z v =7y PCHIZFEETF IV SMEE SN
B AR

0°C,—d"C,=0.33x(5"C,—6"C))

o RKEMIZT 7 b (Fig.1b) LTHB Y, B
RIED A 5~ T 1812 6°C RN BEY
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Fig. 1. Plots of 0"°C, - 0"C; vs. 6°C;- 6°C, (A) and 6°C;,
- 8°Cyvs. 0°C,- &°C, (B), where §°C,, 5°C,, 8°Cs,
and 0"°C, are carbon isotopic values (vs. PDB) of
methane, ethane, propane, and n-butane in natural
gases from Northeast Japan (Sakata, 1997). Solid and
open circles indicate gases accumulated in volcanic
and sandy reservoir rocks, respectively. Solid lines
indicate correlation expected for thermogenic hydro-
carbons, according to the model by Chung et al.
(1988). Three arrows indicate the directions in which
thermogenic gas would be shifted by mixing with
isotopically light microbial methane (Mixing 1),
mixing with isotopically heavy abiogenic methane
(Mixing 2), and microbial oxidation of propane
(James and Burns, 1984), respectively.

IO A7 VPNl T A7z LRSI T
% (Sakata, 1991 ; #ZH, 1997), T D Z & IZA M
L BITHEEINLE KR AIZBWT A
RIFED A5 v OFGVEETH L WHELEERT D
DTIhbo, BOWIETIE, 7Oy OREEL
FOBNRTERTHEAY -2y v —Faxy
D SCCEDBRAEN (FIRCRIEE KBS R) 5
B L SEE A AT IC DO W T E T L E TV S

(Berner and Faber, 1996), 72, TOEFIVIZT
V=28 7 W ST ENI T A ORI A D
Ty EBHT AL, £ OLAEITBWTHAEY
FIRD X 5 ¥ DEFHGIPRENZ EDPHEE ST
% (Waseda and Iwano, 2008) .

3.KBEHZAHICE T BRAAT ADLIEEEMR
ARVERTOERZR

HRIEVERIR AT ZNZIRDSENS BT 2 RIKNIT A i
BOK15% % HOLEELIA VT —EFETH I,
ZDOREBITH 2 AR AHIZERN A AHOH
THHEDSR K TH Do A5 ¥ ~T 0N DRI
e XY YD KRFERMAELE? S, HEARL
Prifg M DO AR TIR A A3 FE & LTI EwR
BT b7, VIR HARHIN O — O AREETR A
7 ANIBITREIR D A DG HEE S LT 5
(Igari and Sakata, 1989; Sakata et al., 1997b: 41 5,
2002; Sakata et al., 2012; Katayama et al., 2015), g
RA R0 T M O KA T A D AZKHIZ X &
R OIE OKFE + CO,, i, 25/ —)) %
I UBER S TR T 5 LI C O B IR
TRAY 2B E b (Mochimaru et al., 2007a, b;
Katayama et al., 2015), F7-mRI5 (J5) 4 AH
DM AT HFHROKFEILYE (Mochimaru 2016)
T A FMEEWEALYEA 5 A BB (Mochimaru
2009, Katayama 2014) 2358 S CTnb, 512,
CDOPAKIZFE CHAHOHEREY (27 ROAT v
D) RWIL, EERHEA L NI T R
YL E, Ka OEEYTOAERKEZERED 5-18%
WZIEH) DR 5 ARHDEIZE S, Bl T ik
M ray = vk Ay NEBETHEOERT VU x
VEHFT LI EDEE SN TS (Yoshioka et al.,
2015), “C- b L—H— L THRAED A & 4G
P R BNCEFI S 4 &, CO, = ICHE DSHERE 47
ffR e &0 b 2H7 L B ED M 5% (Katayama
etal., 2015), T EFAEMIZ, #EHInT (16S rRNA
HIRT) FITIC KL 57— 7 OBEMEICBNT,
RFEALE A & VR D EERREALYE A & > Ak
X b % (Katayama et al., 2015) . ZHOYIH
B OB - SITHERZ IR T 5 &, A EEED
EWTHODAKPIZ A FIVEALE X &~ A B
DLV LR, KER (ERE L & 127 AKRIEH
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Fig. 2. Depth profiles of the concentrations of total organic carbon (TOC) and archaeal
polar lipids in muddy and sandy sediment core samples from eastern Nankai
Trough off the Pacific coast of Japan (Oba et al., 2015). Shaded and hatched areas
represent hydrate zones with high and low pore saturations, respectively. SMI,
sulfate—methane interface; BSR, bottom simulating reflector.

EATHREEAT H) FIHIBWTA Y ARG
PEDPREMNCEL b Y, RIRT ARG - &
FEDSIP AR DB D X 5 2 iR B |2

5.2 ZTRetEDS R &7z (Katayama et al., 2015)
ZOZLiE MENTTDORAY N, FL— L%
fEo 7z B X 5 VR OTNE) b & W O M
RGN X 2 5 BOB3E - AR CHME <
VT2 REMEZ RIE LT\ A (Katayama et al., 2015) .

4. BHEAZ N FL— M IRICEH T LR
XE KR - HETOER

WEEA Y VA FL— MEREEFEEICE 5
HLTHBY, FRORKTAGEHRE LTRFESR
TWwh, PIZIE, WEHEHENZ TDORXAY YN R
L — MEEFICHEET S A7 v ORI, HESRE
T — & LHRHIEE O AT R R 5, HARD LNG #i
AED 55445 (5,739 fE m’ © S, 2009) &
L ONTWE, BEMITEN 7 707 — A% &0,
WEEAY VA FL— hD% AZMEWFE & &F
flighTwva (Milkov, 2005) , L7255 T A F N

A FL— MEET O Z EIHS 2 72D IR
WD A 5 RGNS A 5 v A RE O SRR
GAERID ZEWUETH Do AL ARG
OWTIIHEBEME N T 7R AN T4 T<Y—T
OHEREY) 2 7 EHZ UC b L — Y —E i LB
% )75 T CO, #I0 & HEFR R OTEEA R S
T\ % (Yoshioka et al. 2009, 2010) , HEBEGIE N 5
TaT7EHEHIBIT B A Y VR EOSRENEL, 16S
RNA 5T merd BEin T OELH 2 b &£12,
RFEALEE X & v R DTRERR B ALE 2 & &
B LD DLW Ll 3Tl ) (Katayama
etal, 2016), NA KL — bt X% o - KER
MR SHEE S NS A % ORE (Waseda and
Uchida, 2004) L 3E5HTH DL, A ¥ 2V HERHEDE
FEGATIZNRENA F~—H —DllEZ b & IZEHM
THILENTRETHY, BN T 703 7R
FHIE ENLBEREDT —F 4 — )b, sn-2- & FO
FIT7 —FF = VEOGHER (Fig.2) 5,
ALY A FL— MBER TR Y VEREDS
WZ bR, AT L OMBMESE S AR,
HENTwb (Obaetal., 2015),
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WEEHER Y ICIE A Y v BT 5B A
5 VAL HIE (ANME) OfFEDHIS LTV 5,
ANME 3= TCH & O3 R 2 MR L, Hilk
RBETZREELTRAY V2 BRALT 5 05,
Ay v LR S WBREE, B2 A F VG
W AEBT 5, WMl 7 7 TLEKE
W () oRBHEOREY 27 (KT
0.82m) 25 ANME [ZHEEY 7 fe TR A4 H AME
W (0PC < = 100%0) Ry Z AF VA aty, s
vy, T—FF—), L FaFTT7—FF— P
Ml & T3 (Obaetal, 2006), —7, A%
A FL— FSIAF 3 2 S O VR HL T 12 B\ T
& ANME OFFEFEATRIE ST\ % (Yoshioka et al.,
2010; Katayama et al., 2016), %l 2 (X HH b 5
TDAY A KL — MEETFOHREY FF A
FL— b OFLBREEFIZED =S D) 725, ANME-1
DBETAEWIEERS 2 s, 20k
il & PC- A& VRGBT S b L —FF—FEET 2
5 VERALTEESS R S LT 5 (Katayama et al.,
2016) o T DA 5 CEALTEVEIZIRIR AT (HEAK)
FM RS (K TIRIZRL ANV TH 7272
B, POTAY A KL — FH55 L CRIBRK
DOYRIEEE DMK 9 2 BETA B Z Ol AYIENS
L72b o EHEE SN TWA (Katayama et al., 2016) .
BIE 9 2158 & LC, B I oo 5 i i i e
& CHIBRAKD AL L TWwd a 7R BWT
ANME-1 ® 7 10— V3 H L, SRIRES RV G4
TRV A Y VIRALIE D 2 TEB ) (Takeuchi
etal,2011), HEBHEMEF T 725 2 f FL—}
L LEHE D ANME-1 |3 2 @ ANME-1 & ) CTirig
BB LD L T b (Katayama et al., 2016) .

5.mMA ZAHEEREICHTHEYNA 24K T O
tZ

T A7 A TR g PN C 0 BN O £E 43 i 1 32 LR
WEMOIEHTRESL EEZZHNTEY, 04
fREME LTCO, L ERIIAY U bT-bEND
(Head et al., 2003) , = DFRIKA A xR LY
AT ALMHINTEBY, BFilE & bITERT 52k
SHREREN A (A5 v TH Y, TaNvE) LR
ELIIREETHEAET D720, F OB E &N
fili2s%E Lo Milkov (2011) (&, RSB A Hilly

g o R EYRE X ¥ > OfFELXHNET S
L LC, 2o RE,MEIEZOTHEEICA
SRR MRS Lk, A Y D 6CC D
— 55~ —=35% DFFAT A & > D (= Lk
DR EDW) BB L, FLTROEELKE
HE LT CO, D CIEA +2%0 L D EHW &l
FIRE L. FFOIMEIC L1205 CTREHIT 5
L, TREYAEWIEIE A & 2 AR o [ Ak 2 7R
FIUTZ D 5-11% ([ ZVERR L, B0 HT O FR K
MRIEAHEN) D LRI X B — RSB A WpE 5 7 2
(3-4% IZPEH) LD LBV ERL T 5,
FROEBY, BFIMASEIC X B kI EYR
A A DB R BRI NOD0H L — T
ZOEE T AOFM, 37 bBEMRILKE
NED L) SR TAY VBB Eh, &0
L9 WAERHPEIEEHS TWE DR, 0%
BIZFEACKBHTH 5, BHET LR OIZE
& LTI, Zengler et al. (1999) AMAlEHERE Wy 12
HEBLESOT VY v (NFFFh ) BRI
IR A Y RERT A RUEYER R R L7
ZENEITOENDL, S, T—FTENTTY
T OREREE % 16S IRNA B{ZF D 70— 54
TT) =DV L TR Y, BEERA: R A
ANFGFTH RN & KT - CO, IR L, WERE
EAL R OKFEEALA 7 VRN E B ENS T A5
BT 5 &) USRI A HEE L Tnd, 72
BC P L= — I X o TREBLRE X 0 FElR
BALRERE DGR E W E G- LTV 4, Jones et
al. (2008) 1%, River Tyne i JI[HEFREM 2> & 47 L 72
WM RS &b ICEET 5 L, O EHO
AR R T B & O W E ALK TR K5 D353 15
ENAY VBB ENLZ LR R LT 20
HIOBR Tl n- 7V 7 o DRI ST A
U EIND L L DIZ, FOAERRREIL CO,
BILOMELET 52 8RR L7,
CNHOWETIE, MY AHREOBAY
PR & LB ERR T, I ATV (BER)
V), Y IV, EREEUREMERCTEY, H
T AHOM BB A EN 7Tk A 20
LBEHL T2 WSS 2, U LT
Mayumi et al. (2011) ZHOBREEH S FRILL 724
WOERERLE /O WA 703, W UME UUF)
DIFEM & MBI D A Z AV CTIEH O H T B (R
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BE D) 2R 5 WA R A AL L AR,
WK OEERED S A 5 Y PERIN LB 5% 7
L7z FME ML= —FE% b L I2Z2D RISk
PE & AT L 72AE R, DUT o UG ¢

(D CH,COO +4H,0 —2HCO, +H +4H,

(2 HCO, +H +4H,— CH,+3H,0

TAY VDR ENDL S L &R LTz, T2, 70—
Y IA T T —E TR O RS & fET L7
W Nz 7)) 7T omTIROO G % ) BERA
WD, 7—F7OhTIE@QORIG % H ) KEE
fbxX s VERHPESE L TSI xR L, &
5|2 Mayumi et al. (2013) 1%, [RBEOEEREFER
% CO, FENE VM TIT) &, MR oML
YOREREEIKE CELL THEREL X &~ 4
B EL &), FEEE SERE X ¥ AR S
NBEEBIT, AY VAEBHEEN 2 FFLLEHL %
HZrHERB LA, ZoF8HRIE, CO,-EOR % CO,
A B o H A9 CTHIEIMAT AHIC CO, # EA L7z
%T, WENHAEY OB & TRIRT AR
ENDHUREMEZRT LD TH 5,

6. EYMARDMEX 2 ERT7OEX

KA Y (T—) Ry FX ¥ CBM) IZKHE,
F—=A T T, HEETIEREEMICEES I, JE
TERBVRRT A G E L CEETH S, CBM K
TOWMAEWRE A Y OFFIIRE L, FlIk
El > CBM 0 40 % (I EWEIR L 5Hli S T b
(Strapo¢ etal., 2011) o L7 L R 2SHIAEWDSH ik %
ARG NS B AT A LZDOWTIIEE A L
Pl Tniv, BEOIENS, REFIZIEAF
WEALEED X & VR AE N Z L HHIS TN D
(Shimizu et al., 2007; Guo et al., 2012), —J7, fijk
I3 F = VICHR T B0 TR & LT, HEREA
k% HATEAES A (Fig. 3A: Salmon et al., 2009)
INHDOREEZEL, $XTOAFNVELMERXS
CHEBBRET DAY VY HORENRE
Maxge LT, 7T2AM (X M VLEEFR) %
E4 R A DX DEFEFELAY (Fig.3B) RN
LEFERR (REMRAME R 217728 25,
Methermicoccus J& D X % » HRH DS Z N & R ERAY
WCHILTA % »&AR L7z (Mayumi et al., 2016)

DA N TEALTER F 2RO A PR

5D, ToAREETIMEEWE L TAS &~
He B Methermicoccus shengliensis AmaM 1 % 5548
L, 3E & RBEDORBRE 5T L7245 R
4CH,0-C H, -COOH +2H,0 —4 HO-CH, -COOH
+3CH,+CO,
EWVIRIERIZY TIEEL Z EAVRENTZ. T
EAY =S D XY R (X F VBN A
5 VR OROGR
4CH,OH — 2H,0+3CH, +CO,
EHEULTWwa oo, oS, b5
XFNVEDOARILEIE (42D X FVEDTD 3D
WAY AZEITTEN, FRY D123 CO, ITERIL S
NHZE) LW MREERTEIN, L LA
5, "CTINMELIRAY /=), TZAR, F
TRAXE R REHsy) 2l AR EFERET b &
WA Y Y DRFR 2T L72AGR, 25/ — v
HCTHERENDAY VDT RTRAY ) =)D AT )V
HicHET LD L, T2 ABEETER SN
BAY ANL2B DT ZAFRD A N FTHIZ, 1/3H
BERIEICHRTAZEMHAL, 20 &, A
b B A 7V HEBHRE O I CO, FRITHE
INTWDLZEERBT S, T2, 25/ —)VE]
37 = AMRIE & T AEERIC, AFVEE BC
TINWVALLZHER RIS 5 &, 25 VHEROE
TECHERRIEEEDZAL L Wb b 51, A%
YEBERIRDE HIZPCTTNIMLENLBRHT
ZABRDEEERIIBVWTOAREIN, 2D
DS, A NFTEALMEA 7V ERIRIC BT A
i & Aifast (Bxdh) OREROBTT7 v FIVED
SHEDSH ), T T CoA H3F DHE DB &
HeE EN7z0 AmaM #RD 7 AEHIZ LU, 7
tF )V CoA &K, 7t F ) CoA 1k, 3 XU CO,
BILOWMHEZ I N2 8 T2&EG—F, Wk
EREIZL D A NFTED O- i A F IVERHEED
AL VAT e BFRE RIS 5 #I5TF
DR BNIKIBL T 5, Loz &h6, A MF
VAL A & AR, B REERE O
WAFEETIEH LD DD, O-fi A F WAk, CO, &
TT, KOS ) T F IV CoA REDMAED
& (Fig.3B) TH ), BEHID 3 DD XY v AR
% OkFEL, BEfEit, 27 V&) L35k
LHHO D O L FEHE S 7 (Mayumi et al., 2016) .
X5\, A% VERHE (AmaM ¥k) % SRR 05k
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Fig.3. Structural model of the early Miocene Morwell Formation coal (lignite
B) with a formula of C,;,H,,,04 (Salmon et al., 2009), which includes 14
methoxy groups indicated by gray squares (A), and a novel mode of metha-
nogenesis by Methermicoccus shengliensis strain AmaM using methoxy
aromatic compounds, which couples O-demethylation of the methoxy
group, CO, reduction, and acetyl-CoA metabolism (B).
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(GBI~ TEF ) LT B E A Y RN 52 -
LHFEN, HED AN E S EERCEWOMS 7 BB AR ORE

— AR EEZ SN TWwWE—T,
2b

W BIRAEY (RS RO A MDA T 5l HE
LM EnTBY, 74y y— - b Fia

59, ARFOANFTHEFFILEMHMATE
52 EDHEE SN EBRICHREZ R L /R4
W HIFIAY )= VR AF VT I EEL |45

DA NFVEEAFHBEIME SN, FNH0 WSO X ) ICmEY OkEST A L —BIbRES
BEICHNTRAY VERER S o 12720, 25 T TR REE) 2 S AN B RILKERS

YRR YA R O NI - AL S L
TV A MFVIEZFH L T AT RS RIE S
7z (Mayumi etal,, 2016) . S OWZETIL, H TR
IBUFALRXY VT O ZADIND) R RKIKA
ANOHEGOBEEWAZFHET 5 2 EAWIFES LS,

WaxHERT A 7O ADMEN TS, ZTORE
THERT % ALKk FZEDOF# (Anders et al., 1974) &

LTI, n-7Wh B ERSST, SHEEO XTIV
TWNH Y, TAFIVT IV EEEISRNTE N

—H, AVTLIARTIVA D XD 5K

4,7A,
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IR, >CsDAV T LA KTV 3
HENTWiv, 20 X9 RIFEWRIEO K
TR & DRI EED W T, RO A DFRIEAS
HESN TS, HEROAMICEALTY, Ak
SREEZITTEBE L CWAELRRE, ribkE
DEBTNEn-TNVH > ThHHD, RERDTH
DR PR OBST L W FEEIZZ T L (Cy-Cyy
DI T CPLEAY 1.02 705 1.19 OFEHICH 5 Z
L) ARENT WD (B, 1992), ZIUIEZEHE
WMDVED T v 7 ADEER S Th ) FEIFLI
BEOn- TV YHBAMRAAKZICEENL TS
TmOLEZONL, —H, TVARY IR T4 5
GLEDIIRA VTV A RTIVH Y n-T VA~
IZDOWTEHLEENTBY (K, 1992; Sakata et
al, 1994 ; I, 1997), AT VA v OFTA Y
TLU A RPEIRIZE N L, IREOEL
Bl (A Ry TFZ)V2) VEBEOES) B
7PbDEEZLND, TDORFESAICHE LT,
>Cis DA NELEENTRBY, TOHRTC,
Vi, TS ORI, M s aa 7 1
WERET S 74 b=VICH®ET ST L 2RI
EEzoNb, WREOHE (KILE vs. IHE)
12X 5T, n- TV 2 OFREFE R OEMER
ATV A FTIVH YO EER (n- 7V
B TR B ) ISR AR <, KIS
WZHFR T 5 A S EYRIECH 5 Z LA H T
% (Y, 1992; Sakata et al., 1994;3H, 1997),
F2OZ LIXKINEFRORRT ADAME &b
WEK L0, ThbbERRIE (B i)
ThLWREME R LFT 2. KILEIZIFHE T 5 KK
A% EPREIR & 2 B IRFIC BT A EE R E
HELT, KLED B2 A iAo KILIK
fa 7, WRIEAE D SIFEANOT A OBH) % K2
+ AT B EDER S LTV B (Wakita et al., 1990)
L Ladss, HAEIFET LA MMAEYEE
ThbHEHIE, WEE?S KIS FEE) ~0
HARBEDS TR TH o722 L2 ERLTHBY, 7
ADFEEHREE &) FrFEI 9 5 MEFIC % 5o
O EYRIESI T, REEAE %L T
WEZ LY raY = ORGSR ETE T o
AVYERL, IAAE LTHE S Cavlio
—WEE)), ILBERCEREFEORWIFE SR E) -
ERETHZLICL S THREIRICEL D DEEZS

LT\ 5 (Tissot and Welte, 1984 ; I, 2004), L
7255 T, WA AT HEHE T 57201008,
WEORE, TbbIEL, ALK DT
A YETAEELRNTTHY), AMOPEED
NEWET LT %2525, FIHOPIZIZAT
T v, KX EOBRIKFAKENEENTBY,
ZOGTREEABE R R TIREE 2 b, HIZIT
FILHADFIMIZOWT, T DB EEFEIEAS
HIESNTEY (FAS, 1987; Sakata etal., 1988 ;
WH S, 1990), FEMBEHOTMDAT T > D
20S/(20S+20R) [ta R EHERE S (R AT
SiHEEERD) o7 — % (S, 1987) & Hikd
5T LX) HIMOPBESY M) S A D FEET
0.6-0.7% ML L FFME T WD (FHAS, 1987),
a7 t— DO EEDSEE OJF I & T
BV EEA Y < (85K 5, 1987; Sakata et al., 1988 ;
YH S, 1990), A#ilgioa s 7 t— b DOEDS
JEIH D E555 fR W) T & 5 T RETE (Tissot and Welte,
1984) 7SI N T WD, F728kH - ILITEHER 4t
DR AT AR 2 1 O AL e TR AV
WA 1) (Sakata et al., 1988 ; I H 5, 1990),
BRIZHRE SN Ty = v OAMAEREEL
TANVFE— (KRS, 1995) KK A DFELE D
{iE ] (Waseda and Iwano, 2008) & FRAIITH %, B
RIALKFE OB A ORIFEA DI T 515
WLUWELTBY, FIZITKH - IR O
AHAHEHERR O AR T, —FHFEA
F A FRALKTED Cp/Cy AT Cyy A LT F
2 Cy RIS R Cyy RISV [Cpg AT T ¥ HDME W
T Ens, BEEAEY ORGSR E &
EENTWS (Sakataetal., 1988 ; BiH 5, 1990),
AR HERR S O R FRAAR L S Al o IZ B
FTLEERERT M T 5. HILHAROAMHON
Vo @ SPC R, RS OHEEI O §°C D5
FENICH D, FEIZTEA - AR OREHER A O
il I —FTHI NS, INOHHRIERE L H
EE NS (Sakata et al., 1994), F 7288 A DO FHE
(KIS vs. B8 12X > THMO §°C I A ED
ENRDO LN Es, KINEIEE 40
Wb ra = OBGRERY T % REED X
x5 (Sakataetal., 1994),

GC-C-IRMS il 45 2 LIk »>TC, AMD
FEERAKFER T O R FFEM AL 2 EET 5 &
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DUREE 20, n-TINAVRAT T, KNV 7%
EOINA = — N —ORFEAY & X0 FEICHEE
FTLRADP RSN TV D, BIZIE, FHiter 7
L— B EENL RSV DD B, Cp-Cyy 78
D OPCHE (9 —26%0) & Cy-Cys 78 (F9 —28%o)
BRI D Cpy AT 5 > DMl (9 -26%) &5t
W EDNLEE (L7 /N7 T) I e
ENBH—T, 28,30- B A kS ($—32%)
OMEIZ TN L D BEZ IRV 2 & 2 5 R4
BN S ERAE ) (HLS 1R L) AN A=) & HEE
ENTWwW5h (Schoell etal, 1992), Z DX )24
F V=B — DR RFAR I O R IEA ) % FEM 5
LI, MBI NDRFEEDHPFHT 5 R
SEREMAY THNIE CO,) DREFMARLL E &
IS, RFEBEE L PREEGRAINE D RFE AR
SNCRET DMV EL b7, FOEYEE
BRes CREAE L CRVAR G RIANIIE S TV %, B
RNTEBEOYE, RFER/EIHE ) FAARS ] (H
ffidvs.CO,) A%20-22%0, NEELAEA B FALA
on) R vsfliB) 1274 =, Y 7a 75,
V7T T =)V T 6.4-6.9%0, /N7 T ) FKRIN
A F =) (EAFERI =N ELTHE) T
8.4%0 Ta % (Sakata etal., 1997a) , BEFEANESL /N
FUFHRNVERE)F— Y TOA STy, TS
T U= VO REFRMELOMRIE, £ T L —
JEHHOD Cop-Cy 782 & Cyp-Cys A/ 32 DR AL
HoBBRE LR LTWwE, O EE, FL
BEMOMED RN 4 RO RFEFRMNAKLLDN) 2 —
TasllEoT, EYT L—JEHH®D CyCy kv
& Cy-Cs 28 DR FEFNAR IO E % FiH 3 5
CLENHRETH Y, HEOEL LA/ HEH AL
WORL DEHOEEICHET 21 HEME (Schoell
etal. 1992) M ETLLEI VW L2 HHRL T
Who —J7, 28,30- ERX VRIS E >Ch RNy
o S MOMEZ, BEEOR/S A FESHONR
Rl ON) T—2 g v RBATBY, B b
AW (ALep A BT SR A A ) &R & 5 5 i
R (Schoell et al., 1992) S b,

MR A A BUZHE D RIAARS BN, [RIAARR RS
Fe72 BZHEBO SUGHIEE S 35 AU D 73l T
IZBWTEEA$ A (Hayes, 2001), £ V7L /A F
PREOEARICEL TR, f1 YRy TV >
Wa AT AREE LT, WHRIZHS NS AN
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Fig.4. Hypothetical reaction networks showing the initial
stages of lipid biosynthesis in Nitrosomonas europaea
using the non-mevalonate pathway (Rohmer et al.,
1996) for the biosynthesis of isopentenyl diphos-
phate (IPP). Carbon positions indicated by solid
squares and circles may be depleted in C relative
to glucose as a result of isotopic fractionation at the
branch points of pyruvate and D-glyceraldehyde-3-
phosphate (GAP), respectively (Sakata et al., 2008).
Abbreviations: P, phosphate; PP, diphosphate; TPP,
thiamine diphosphate; DHAP, dihydroxyacetone
phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate;
MEDP, 2-C-methyl-D-erythritol 4-phosphate.

U ERARRG L AXBNS, FEANT VERREEE DAFAEAS
FH XM (Rohmeretal., 1996), 1ZEAE DN F
)7 EREOEFERICBT AIREABICHHE S
Tw % (Eisenreich et al., 2004) , TEASEEH 1 L A &
IS A OGRS IEA/NT & BRI & AT L7
WAL AR5 B O REME AV S LT B D (Sakata et
al., 2008), YL ¥ YEEOBKEENETE FO ¥
IFNVFTIVBERTATOL AL, D- 7))k
VT IVFE K 3-1) Y (GAP) Lk FuFs o
VT T I UAKEET B O A TRAMARS B & Lk
IFER AR TF VT VBEOZF L Y ERO
2 DD IRFENFENAAG B % 21T % (6°C flEAME)
CEMHEESIN TS (Figd), A/30 o ERkEES

797



SR 33

THA VIRV TFTZNVED S ODRFZEOFTT &F
)V -CoA DHIVKRZINWHIZHET S 2 DD REN
FRRS B %5 5 2 E DS FREEINTEY (Hayes,
2001), A N0 CPERARRR L JE A NT L ERAERR O E
XAV 7L A FIREOAEI RS [R5
WCKREGHEZ D53V DEEL NS,

E

AL FE (FWE) 2200, FIIRS
TR EE T E T, AREHERILFEIIgE S D ED
5, BEOFERHMEMLEY VRV T AIZBWTE
BOBEK»rOLL OIS, THEERVWEETE
U720 W KFPORIEHIZIEAEHEZ, F T
KFEOREREWESIZ, KRB REDWEKESLS
P2 ITHIERILFEADOE R VT2 & F LT,
A V74 7 FRFOH John Hayes %42 #5712 13 AH
S B R AR Mr s & AR ERA L2200 770 & A
B B RINARS IO WT ZfesEn 72X F L
7o ARWIFEIE T3 e b B AR AT, FESERATAE
ST ARG v ¥ — O s LT
BATL7WE R 2 £ 072 0T, iR
R OERIIE, 18E - 56 - WSz w/2sF
L7ze &bk Im=IK, 258K BA
FEWIRIIZZ NEINRINAT A ER LS, PREHE I,
FNARHER LI D W T TR w22 & F L7,
ALl E R FRF B D S AREATHIR & N E BT
WEEmE L LCEERSE W E, Kz
WETLIENTEE L INHDOHAIZHEL
| Y/l D= S S
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