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Ecological Significance of Methanogenesis via Acetate Oxidation to Hydrogen
Formation in Thermophilic Methane Fermentation Processes

Ki¥F—R. REHEH. XBER

Kazuaki SYUTSUBO*, Hideki HARADA*, Akiyoshi OHASHI*

ABSTRACT; In a thermophilically-grown anaerobic sludge consortium acetate degradation can be
performed either by acetate splitting reaction by acetate-utilizing methanogens (A-MPB), or by a symbiosis
between acetate-oxidizing bacteria (AOB) and hydrogen-utilizing methanogens (H-MPB). The contribution
of acetate consumption via hydrogen formation by the symbiosis between AOB and H-MPB was
experimentally estimated using a sludge consortium grown in a thermophilic (55°C) UASB reactor operated
over 20 months on a mixture of sucrose and volatile fatty acids. Acetate-fed and H2/CO2-fed methanogenic
activities of the retained sludge increased with increasing vial-test temperature, exhibiting optima at 65°C.
Acetate degradation vial tests were conducted at 45, 55 and 65°C by varying hydrogen partial pressure of
headspace of individual vials so as to arbitrarily set at different AG' values for acetate oxidizing (hydrogen
forming) reaction. Acetoclastic cleavage by A-MPB entirely dominated methanogenesis at 45°C. At higher
temperatures the symbiotic methanogenesis through hydrogen formation became prominent: electron
distribution to the symbiotic methanogenesis was accounted for by 42% at 55°C, and 74% at 65°C. These
results suggest that the syntrophic association of AOB and H-MPB becomes significant in acetate conversion

to methane under thermophilic conditions.

KEY WORDS; Acetate oxidizing bacteria, Acetoclastic methanogen, Hydrogenotrophic methanogen,
Thermophilic methane fermentation, Symbiosis

1. AU®IC

BRI EEYARIE. Fig WZRTE 31ROV DhORRD ha T4 v 7 » FA— 7 COWEERRIGOEYE
T —IL & > THRENR A X AERPRRESND RPN RETH D, @F (PRI LIEER) okt
BB TIE. SRINICEF 7 0 —_R— XA TRI0-10% DAY SRR AR L T A X VA~ LERINTEY,
FAUIEFRRBHELE S (A FAEIFZA B~ IARFUNRBRBA~LEREND) LD DOTHHI ENE
<IN TS (Tablel: AH=XAT) , —F, MBAFVERET R HRO A X AAREESHER
Fut R LB LTSRS MEEFHRS Z L p AR EDTHER, EE. Bl A X - REREEOBENE
R HREEIZ OV T DPOMERZENR TS,

72, Zinder andKoch 1 ik, 60°CIRELMH T TR A KR L RMHANLEHERTHZ LIZE D =R ALX—
25 ARBRERILMIE (Acetate Oxidizing Rod-shapedbacterium , AOR) &, U AZ A RN X—R LT IHHE
Mk T A &2 VBRI (Methanobacterium sp.  strain THF) Dcoculture% Hik (55°C) HE&MMN LB TR
PHBTNWD, Eflee and Zinder I F L > 7Y a— L aHREE & UCHRRILME (AOR) %E#T5

O RMEEMNEERETIEE BRIV AT ATLER
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iz L Tnw%, &5 Petersen and
Ahring®) BHiX. T OREERRRIL - KFERSIEH
BHiR A 2 U REBERIZBOT L Y SEFERR S S
TTHLGFLOTWI &%, 2 [14C}-sodium
acetate b L —H—FBiz XL v RnZ LT3,
ZDESIZ. BEAS RERTHRRMICA
WIE SNICERRERAL - AKBERBEH O A & &

Complex Organic Compounds
(Carbohydrates, Proteins, Lipids)

* Hydrolysis

Simple Organic Compounds
{Sugars, Amino acids, Peptides)

* Acidogenesis

Volatile Fatty Acids
(Propionate, Butyrate, etc.)

% (Table 1 DA K =XALT) X, B¥ERERILIX Acetogenesis

i (2) %485 AOB (Acetate Oxidizing Bacteria) y * (4) Homoacetogen +

L. KENLDRAZERERE 3) %5 H- H2, HCOs™ | " Acetate
MPB (Hydrogen-utilizing Methane Producing (2) AOB

Bacteria) & OAERITE > THITEND ( WO v
Fig) . L L. RiEAX - REERIZBITS. CHs, HCO3"

Fig.1 Schematic diagram for anaerobic digestion of organic
compounds. The numbers in parentheses correspond to
the numbers of reactions in Table 1.

LFERNEE (B LD A X U ER) T
FEERRRIL - RFEERRBEHRD A F
RIS DFHEIZONTIX, 7# Table 1 AGY (standard condition) for methanogenesis either from

LOEERE LI TR, 22 acetate splitting or from a symbiosis between acetate oxidizers
and hydrogenotrophic methanogens.

TAME T, WIBUASBYY
U E—THEBRINEHRES S
= a— A TTR%E OV T RERE MRS

Reaction AGY (kJ -reaction-1)

Mechanism I :Acetate"splitting"

(1) CH3COO™ + H20 S CHa + HCO3" -31.0

ATNERIZE > T, BRI HO
A B VHE IR B RERRERL - K

Mechanism IT :Acetate"oxidation"
(2) CH3COO™ +4H20 = 2HCO3 +4H2+H* +104.6

FERBHERIEOFSE L ZDR (3) 4H2 + HCO3" + HY 5 CH4 + 3H20 -135.6
HEHeAP A FEA L Ve Sum (2) and (3)
CH3COO" +H20 = CH4 + HCO3 -31.0

AG' value (pH 7.0) was calulated for reaction (2).
(5) AG', Aor(k]-reaction™!) = +104.6+2.303RT log[HCO3 1{PH2}4/ [Ac]
2. ERFEHLEAX

2.1 #HEE

EHELERTETRIZ. 2BK128¢ (RIGH 11.9¢ +GSSE 0.9¢) OFEIBUASBY 772 —X VB LK. Kb
BAOREX, U4—F—Tx 7y ML VSSCIRIfL. #iGFEKIZIE. v afE B et i, BR
X2 (CODHT4.5:225:225:1) %2RHFHFEETDHATEA (FiACODEE4000megCOD- ¢ 1) RN,
BRI B A M23keCOD-m3-d1, CODIRERIS%EL L T600 Bl EZEMICEIE S he, MR ERESER
UERMRIZOVW TR, BHYCBOTRE LEOTI Z TIRERT S,

2. 2 AYUEBREHRERR

AR ERERT. EEBEEH2T0BE (23kgCOD m3-d1) | 600HH (23kgCOD-m3-d1) DREHERIZD
WT45CHETSCORBN ORI DIRE ST TR Lz, $k. HHRL L TAER L RBORE CRIAME
#UCHIRS T = o —NVIETR GERIEE3SC. ARMAMSkeCOD m3-d7) oW THEHORIEL T G
BRRIE3ST) o« "ATADIRE D IIER—F ) —Y 2 —F— (130rpom 5L 9 £FS5em) AV, FiEEIZOX 2

—206—



ASOREERIT Tz, UTRETEBEL. 2CRBTBELRVEERZLAR T Tiiok. XA TAIE, H5
PUHERH. BERFERERTV. HBEEIZEE Ui EREE (NH4Cl, MeCl2-6H20, CaClz, FeCl2+4H20) %
BtV VEREEH (A T ANBRIRE2SMM) VTS %— ( port NO3, ®&24cm ) HHEW LIS Z
Za— AR (REVFARAPBELIZSD) 2BRALL. TFAALMETALIX Y v 7 TY—ARHELE.
FHBEERENATA—=IL, VIRV v OSATAARKIREIme ¢ | BEA (Na2S- 9H20, 31 7AW
BiBEE2S0me: ) MRz, 30~A0RREY 2 —H—HNTIRES L. RATLVHADOBREREELLEZAT
Feig. 7k (H2:CO2 =80:20, Ldatm) OFRFHEEMEGL. 12~15KH CkREEIZHOW TR, 5~8FR]) @
KRGz ST AN OB ICER TS AZVE S, BRI ~TEET I FICLVEEERD T, &
B, AT AEAROWHACODIEE 1Z2000mgCOD: ¢ 1 & Lz,

2. 3 KEBEIBNANAMTIVER
2. 3.1 HBECREOBAIRINT—ZELBOHTE

Fig. WK G F COEBI A RBBROBEL R T (Kb OFEIN D15 H3DEFIETablel D SRR DETIZ
FR) o FHEA X VBN DR B D A X U AERKIRIE. BHEREALME A X RS (A-MPB) i12k5%
O (1) &, BEESRMLMIE Q) L/AFEBRIM A X U EMME (HMPB) Q) OHBEINIEL DD, O2OD
WEAEZ b, FEEEBRLEIE Fiel(2) 13, ERRETIHEEHAT N Y —EBAGONETH D D
HREMIZET LW (Table 1 28) . LA LERSEROKINHRTIZ. ERENk#ED, HMPB (KIR3))
WEYVRBRAPSEDIZBREESRD VWS, RERAZERECHEIZ LY. QRTEFTT D, TRbH.
AOBIZ & D EFRSRRAL SIS DEITOEFMIT. ROKEDERCRELKET HDOT, BEEIRERPONSNAT N -
SHEOKFELFEEBRRAIZ Y ba—AT5HEZEY,. AOBEH-MPBOMBGERIZ L ZEELNEE K2 ERIL
ERARR NP

I T, AOBIZ & ZEFREERILE (KIR(2) OHBTRAX—HAGHE, TablelG)RALEH L ([ 1AIZ
BE (moler ¢°1) #KT) . 2B, AEBRTIIEREBRE=1L L, 7. BB AV RE[AC) REAA
BE [HCOFNZ DWW TR, ZNFRALTARKREEZ N A7 u< M5 72 XV REFVIZERIL, Van't Hoff R
I VIREME URRBEEEL Y., A 7ANTO[ACL [HCOs 128 H Uk (ZBpHOMBIELEE L),

2. 3. 2 BESENATINRRFER

BERR MRS A T VEBRIZA5°C. 55°CR L T65°CD 3 Table 2_Conditions of acetate degradation test.
DODBFESRM T C, Table 2 IZ/RTERESMHICEREL Condition 1 2 3
VIR BEVAD 4 BDANA T AT DN TIT - T, Acetate O O X

V1 (ERESER) @ BEITINC, Rz A N2 O x x
TARHREERTATTI Ty 7L, KEXEE H2 X O O
K<L, Table 1 DA H =KL I BLUT OFFE CHCI3 X X O
fT%77 5 (Condition 1), V2 (F/ARDER) : FERBHG Symbols : O, presence ; X, absence

RSB &2 KT N A TEH(101k~118kPa) L, 2

F =R 5 OETEE LSS (Condition2). V3OKERZEER) : ERPBIZBOTEARIERD O EAR
HER~DOBATEFTS (Condition 1 2 H2~DBAT), VARARDIE, CHCBEMP) : ERBAHRHZ SUHE % K
©BH ATEBE., FRIZCHCI3ZHEML(10me: ¢ DA X VERKIG 2B S8, SEHBRERBOEMEZ T
(Condition3),

FEBRIZIZAERT20m ¢ O L8 T A GEAEEI00m ¢ . KHER620m ¢ ) 2V, A TADIRE 51, Ak#E
HADNA T VR~ OBER R L 2 b 5, v —& Y —3 = —H— (130 rpm. [l 5 cm) TfT -
Too BEMIRHTTY I 2N %08BY | FRE. RBRIEE @5, 55. 65°CNTREE Lictit (U > B,
AR, BICETHERESE AT, M A X CAEREREREFR) OA AL T (VI~VE IZEL B
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HIREE1000meVSS- ¢ 1) . RHEREZEES A TEBRE, ¥ =2—h—HNTIO~607. BERKETIETIRE S
#1759, FOB. EALT AT LIZBRIEL M OFEE (Condition] ~3) 1TV, FEER (91 600mgCOD: ¢ 1) %

e L THERERB L.

SRA T AVRABON AOMKE. TCORA A7 u< b 757 THIE L. BHERREOHZIZ. FIDEN 2/ o

AL P SV N

3. RBERRUER

3.1

Fig.2 ZEIEUASBY 7 7 & —Oi&RiR
MER L, BRAFO LR, KA
CODEEE ORI L HRTOEMIZ X v fT-
oo REERDT T = — g i
T U@ aBaaa1200H B i, IIES
AWM ERETS Z LRI TH- I,
ZORER. EiIRA%300H HIZIXAMA
o (ISILARER) 45keCOD-m3-d-
I, CODBREHEIS B LEERTD L
BRI KT, BROBAEHMTIX. KA
COD#E4000mgCOD- £}, FREAR
23kgCOD-m=3-d 1"l 2k L. =
DO DOCODBERIT, HIF9S%EL LT
HY. BEFRLEMREAR U, 5600
HHIZEEUASBY T 7 X —mb b5
Za AR R L. B OB 2
NA TNVERICHER Lk, ZofBEiRay
V=T A, REIE—E O#EREHT
RN, A IHNTRE Ul BRI
EERLTWDILOLHN SRS,

Fig3lz, BB/ S=a-AHROAX
VHEREROREREEE R U, H5R
HEIZ. BEER (@) RUH2/CO2 () %
Runic, E270R HIZIXErRRfit G A % v
ARRTEYE (A-MA) 1. S5CTEKRE
ML, & 0%, B#600H HIZIZA-MA
OFFELTHRMPeSClz>7hL, £
OFEMEMIZ2708 B OB KIEMREOR 3 15
ETHEMULE., B (T a— B
7k) 7 RUemura and Harada 3, J. B. van
Lier DHEDOERIZBWTH. HIEUASB

HHBFEOERRA LAY VAR ERDORE KT

o  8000F
8% e

LN -eft.
¢ 6000 —— S-ef.COD
%0

O 4000} — ‘ ottt
)
o 22000
E ~—
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2% il leo 8
° E 30 GOE
£ 0 20 140
g9 —— COD/V loading &
5@ 10 20
5~ ], 0
ST hee— : - - . 00

0 100 200 300 400 500 600
Time ( days )

Fig.2 Process performance of a thermophilic (55°C)
UASB reactor receiving a synthetic wastewater
composed of sucrose and VFA.
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Fig.3 Temperature dependency of methanogenic activities
of the thermophilically-grown granular sludge.
Vial test substrate: (a) acetate, (b) H2/CO2
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Table 3 Comparison of methangenic activities of granular sludge.

Growth Operation Test Methanogenic activity References
substrate temp.(C) temp.(C) (gCH4-COD-gVSS™-d") H-MA/A-MA
A-MA H-MA
Sucrose+VFA 55 55 1.60 6.12 3.8 this study
55 65 2.40 9.50 4.0
55 70 1.59 5.25 3.3 )
Alcohol distillery 55 45 0.64 3.51 55 Syutsubo & Harada ”
waste water 55 55 1.21 5.49 4.5
55 65 1.54 5.92 3.8
Acetate *55 60 0.54 1.62 3.0 Uemura & Harada '¥
*65 60 0.16 1.65 9.7
Sucrose+VFA 35 35 24 27 1.1 this study
Sucrose 30 35 0.62 1.37 2.2 Harada et al ."
Sugar waste 30 0.92 0.92 1.0 Dolfing & Bloemen ™
Sugar waste 30 0.38 0.78 21 Dolfing & Mulder '®
Acetate 35 35 2.1 0.11 0.1 Harada et af ."
Acetate 30 1.16 0.18 0.2 Dolfing & Mulder '®

*: non-granular sludge

BE#RFEROA - MP (BEERMEEN) OFHEREEIZ65CERL T 5, HiBEA-MPBOE HEKIT.
Methanosarcinah>50~58°C D&EPHIZ 3 5 Dz it LT, Methanosaeta (Methanothrix) 1XFN X HEETEN55~65
CTHBT ERHEEN TS IO, SEMIz X MBI TH. AEBRRORIRY 7= a— A Hid Tk
Methanosaeta®™MB HEBETH o7, —F. MethanosarcinalZ B8 L Cix. FD54 79 A 7 VAOWTFNOEBED
HY -~ HEAERE LTRBRINWRP o, H/COLM 5D 2 2 v EfiEdE (H-MA) 1X. FER2708 H CRIEEE
65°CHMR L. & L5 EEOMRIC L > THEBERE, BRAFEEEL bz kE{EL LD o, Lk S TH-
MPBiZ. AMPBsH# L CIVEHIMITRE 2L —v a3y - Y7 MBRETLTWEDDOEEX RS, BiRK
DOARERRH-MPBCdH 5 Methanobacterium thermoautotrophicum IX. #OBIBIREACS~TOCIZH D = & ik
ERTn31D, L—F 0 TOSEMPB L OV KEEMSBREIC L . HRERHRATIZI W TM thermoautotrophi cumi
BOBENEL A % AERMEE KRR TholeZ &5, 65°CHHIE TRAEEM 2R EmAEN -
bDLEZLND,

Table 3 IZAERRTOHMA. A-MA, BLUZOEKEL (HMA/AMA) 2R LT, Rhicid, AEREF
—OHEECTRYMER LR 7722 —AFRE. RUE OHROHEP HOEREDS BB E LTHRL . H-
MA/A-MAMIZ OWTEB LTHAD & 20N L LT, MRERHFROFNKELHMA/AMAEZRLT
WD Z LG, B biC. RpORFRAEE R OR RS L HRME OH-MA/A-MAIZ>WTER LTA
%, Uemura and HaradalZ. B2 2BtV EIBEUASBER AT T WS 13, ZOEBRTIT. s Rk
BIZAWEIZ b b 53 H-MA/A-MARAIERICR Z < RoTRY, NG REFEOH-MANIEHIZ M L
TS LMD, —FHREBISE R OFRERE 1DTOTE, HMABPE LB RoTWAZ &» 6, H-
MA/A-MAfEI, WBEBHFHRIEHLTIA—F BT 3, ZTh HOBEBEREEETS &, BiRAX
URBATERBENETIRE 2L ~—Y gy - A RCH LT, Wiz RERRE2ar—v a3y - 4 XD
IKBHEBEENEETE L TSRS,
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Fig. 4 Acetate degradation vial-test at 45°C by

disintegrated granular sludge grown in

thermophilic (55°C) UASB reactor.

(a): acetate, (b): H2 partial pressure in head space,

(c): CO2 partial pressure in head space, (d): Free

energy change for acetate oxidation to hydrogen.
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Fig. 5 Acetate degradation vial-test at 55°C by
disintegrated granular sludge grown in
thermophilic (55°C) UASB reactor.

(a): acetate, (b): H2 partial pressure in head space,
(c): COz partial pressure in head space, (d): Free
energy change for acetate oxidation to hydrogen.
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Fig. 6 Acetate degradation vial-test at 65°C by
‘disintegrated granular sludge grown in
thermophilic (55°C) UASB reactor.

(a): acetate, (b): H2 partial pressure in head space,
(c): CO2 partial pressure in head space, (d): Free
energy change for acetate oxidation to hydrogen.
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3. 2 EMOBNATIVER

Figs.4. 5. 6iZ. 45°C. 55°C. 65°CIEL&MG FIZRIT
DEFRRAA T NVEFRERER LT, (a) T
B, (b)) RICiISHIKRESE, () RiTI&M
R E. () BT IR AL B D AG ORRIFEE
fbxmLi. &k @) HOFREBILEEOHHTRL
F—FILAG . R ICEI Ui RE BRIRE
) . FAHEKESE (b) . RHERESE () ERAVL
TTablel (5) ALBEH LKL (H, ACHREBEOR
BLERLTHD) .

V1T BRI A 8E U TIRAFESE (3.4~100Pa-
H2. Condition 1) -7 (Fig.(b)) . DR, K
BERILRIED AG BRIFE e (Fig(d)) . WTFho
RESFERBOT S BIFICEBROME R TTHOIR (
Fig.(a)) » T DORFORFERHBEMEM L. 45°C, 55°C. 65
CIBNTENEND 83, 1.0, 1.7eCOD-gVSSt-d1T
Holc. V2TIX, KMHEEKFES A TEH# ( Condition
2) THZELILEY., ERRAESE (101~118kPa-H2
) B ol (Fig(b) ., ZORR, EREMAE LT
gL RS O AGHIE 2R e iz (Fig.(d)) » =
DX 5TV 2TIZAOBEH-MPBOIAE RIZ X 2 BERETS
K& (Table 1, AH=RLI) OERET-TM, 45
CTRVI LRI BRI RIEFICHET U, e &
EEORTIZRD bz~ (Figd) . ThizkL
T55°C, 65°CTRV2OREEMEHIE L. ALPIVLIE
DHETFTLTEY., BB THIZIZTENZ1280mgCOD
- ¢, 440mgCOD- ¢ ' OEFEES B LTz (Fig.5. 6
) o V3T, EAESE ( Condition 1) TAX—k
U, BEEEAS 8 U B C MRS 2 KRN A TS
B EVEAESE (Condition 2) ~EBfTEE
foo KAHER~DKE N 2k Atk BEEERRIL RSO AG
ERARD E~EEL, YIRS T O R
I s1k Uz, Condition 1 4> & Condition 2 ~®D#AT
H%, 45CTREEBRMEBERE CE/ZIRbN o7
A, 55°C. 65°CI BN T FB~4RHE DX A L Z T D
DB BRI B AR S 2R E R L, V4 (
Conditior3) Tid. R/KFESE. ZaaRLAREmMEN
5 % FCCondition2 (V2RUVIDHF) ZRIF Dk
ERFRRERBEOFM AT o . UL S, KTHE
BRE pRIE PEEIZ Condition 2 (V2R TFV3) TORRRI %
HEOHMNTIX., FEORNL AL TH Tz,

PLEOERBERLY ., 55°CRUCSCEMT T, A1
TANOKREREER< D, BRSO AGE
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ERfRoTcFR (V2, V3) Tk, V1D SHLPICEFRREBEENMET L TR Y. BERREL - AFEERERIZ X
DSBS IESEIT L TWD ZEMR Sz, Fig7 2V 1 LV2ORMBNEENROZE (VI(V2+V4) 25
sk ZAOBE H-MPBOAIZ X 2B B IETE. B X CA-MPBIZ X 2 REBIEERIEME (V21V4) OLERRMES
Wiz 502 HE L FOFBREEEA R L (BB, [EHOKEFEEZR < RoV2TIRIVAL F%EOK € RERERK
BHBHERELE) . 45CTHE. BEAEEBEOLTEZAMPBAE-TE Y., AOBLHMPBOILRIZ L AR E
I > TWRNZ B3G5, —F. HREENS LR TS5 L. AOBLH-MPBOEBRIE~DEHESEIX. 55C
T LRI OR42%. 65°CTIdFIT4% & RIBATIC KX I oz,

—H%IZ. A-MPB®D 5 %, MethanosarcinalBid/KZER T THBEN LD A X VARRISSHEEESNTWS Z L2345
bR TWBID, ZO—7J. Methanosaetalgiz X DREBEDHRE I AKOH BITKE L8, AERTHEKL
BB Z =2 —AFERIE. DSEM & 8 REEMERIC L D MR B R AR b it Methanosarcina DB > 1{F
TERMBHERENRP o 2 &, 2)65°CTid. Methanosarcina BRI ERE T 310 2 Bb 69, AERRT
FA-MABREREEZ R LTS, Z
5 DORPLZ SV T, RER R

2.0 100

Tt Methanosarcina/B I3 H R 2 BB o~ ]
MBETIRNEZZbNE, i 2 %5} a2% l75%
L, HicfdsRte  Sh el
Methanosarcina’STEE L TR Y . kF#E £ 1.0 100% 4 50 %
e TR ERE D bhReEsl £ i g
CEALT B Hic & KRR Y Rk 8 ® Q o5} “ 1250

< e O
8T L. % ORR & LTI AL 220
RO 54 BAR AL TV B T 00 s 55 os e 55 o5 0
LRACERHTERY, THh® Vial test Temp. (C )
N . Fig.7 Temperature response of acetotrophic activity and
Z. BERBER LB D% 5 B 314 0% distribution of electrons to acetate-utilizing MPB
B FI SR ORE L VR B, and to acetate oxidizing bacteria (AOB ).

3. 3 BhFNEBICLDWEE

A-MPBIZ X OREERIP LD A X 4 40
B (Tablel(R) . AORIZ & 10Pa s 133 Pa
BESERILIS (OR) . BET 20f BN %@
H-MPBIZ X 2H2/CO2P B0 A X > g R 25 P
IS (DR IKRIETARLIE 3 A
CIREOREERER L. B, K g
B~ D AG BH T, K5 2 2N
WIS ORENS AT AWRE g DI —
SiFaEH L (pH=7.0, Acetate \\\
conc. = 500mg- ¢ 1, P-CO2=405 Pa,
P-CH4=405 Pa & X&) . Fig.8 225 B .
‘C. 55°C. 65CRIESRM FITHITD - H2 partial}?ressure ( 119210) 1000
RIS~ DAGIZH T Bk 5 Fig.8 Free energy c}langes with regard.to
FOBMER UK. <hty. ik (D Acloastc metboes posucion,
BRALRRN ) & KB DDA X U ERR as a function of hydrogen partial pressure at 25,55,65°C.
K DE ST LE S Rk AG' were calculated for pH 7.0, 500mg - ¢ -1 acetate,

B (LSO AGHEIRI RS A 405Pa CO2, and 405Pa CH4.
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FOE) 1. BEOERITE o TRAICEMT 2RICS S, Lo T, W—0OKESERE T TiABRIEE
DSBS BRI BEERR AL RS EST LT VRIS 5 2k b, 207 Lid, KERBROMNE X
AL S B, AEBRTIE. BHREBICBITIAOBLH-MPBOLARIC L B3E5EE. RIBROKESFE2BIE
FTEZ LT Lo Tl Uiz, FERFHIZ -V IFURRID, =& /) —1 200, BEZVOS BRI BT D k%4
RERRERE OFGEAHE L X5 LTREREATHVLNTWS, %/, Lee and Zinder 22i%, AORLH-
MPB (M. bacterium thermoautotrophicum AH) Dco-culturelz & B L& ) —ABBEREZITV. =& ) —ARIZ
& AR ENZ BB DS REN T L e D1, KB ERIEDO AG' SR LR D AENEUTETIZ, AENHERS
NEBTHLZEHBELTVWD, ZOXHORBIFNTEAER L THEE A X REER TOBBRBRILKIS D%
BEZEML, FRERILE (AOB) LARELM A & EME (H-MPB) 044 R D4R FHRELI 55z
LEEDORARERTDTTH 5,

FHEOKR. LTFOX S5 2mRENE LI

1. H#EBREERS T2 — AERIE. SSCTHEEERT - bEb 59, BEERRTRH2/CO2M 6 D A X LA E
TEREIZ65°CTRAME R Lk, ‘

2. BROHRERIY. WEELHTIZRIT IRBAHENINE. KBTI VHEEINDZ LB o7, BikkEE
1t - AFERRRIC & D BRI NS O RN BRI T 2 F 5813, 45°CTIH0%., 55°CTid42%. 65°C
Ti274% & ABRRE O LRI - THEMS 2 EM %2R L.

3. BAENERLY. F—k#SELET TR HREED ERIZMHE- T, BERERL - AFRERERIC X BHE
R IE ST LB 23 Z EB3RFE S i,

DLLEoFERELY. milA X o RERIZBIT DR RIT. MREORREEILM A & AR RO, Bt
HIE L ARBEHA X CERHBEOHREROBENE->TRBY., BEOEFIZAENHER~DOFEERKELL AR
BT EBHALPITIR T,
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