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Table 1. Properties of sulfate-reducing bacteria®'®

G +C of Optimum  Type Electron donors NaCl
Species DNA  temperature of Fatty acid requirement
{mol%) (C)  oxidation Hydrogen Lactate Ethanol Acetate (C-atms) Benzoate Others {g/h
Desulfotomaculum
nigrificuns 49 55(max.70) i + + + - - - Fructose -
orientis 45 37 i +* + + - - - Methanol, MBA -
ruminis 49 37 i + + + - - - Alanine -
antarcticum nr 20-30 i nr + nr - - nr Glucose -
acetoxidans 38 35 c - = + + 4-5 - Butanol -
guttoideum 52 31 i + - - nr nr nr -
sapomandens 48 38 c nr - + (+) 4-18 + Phenylacetate, -
Phenylpropionate
kuznetsovii 49 80-65 c o + + {+) 318 - Methanol, fumarate -
geothermicum 50 54 c -+ + + — 3-5.6,8 - Fructose, pelargonate 2-50
Palmitate, stearate
thermoacetoxidans 50 55-60 c +* + - + 25 - Alanine, butanol
thermobenzoicum ** 52.8 62 c +* -+ + (+) 36 + l-alcohols(2-4), MBA -
Desulfovibrio
desulfuricans 59 30-36 i + + + - - - Choline, malate -
vulgaris 65 30-36 i + + (+) - - - nr -
gigas 65 30-36 i -+ -+ (+) - - - Malate -
africanus 65 30-36 i + -+ + - - - Malate -
salexigens 49 30-36 i + + —+ — - - Malate 20
sulfodismutans 64 30-35 i (+) + + - - Propanol, butanol -
carbinolicus 65 37-38 i +* + + - - Methanol, butanol -
Glycerol
simplex 46 37 i + + + - - - Vanillin(+CO) -
p-Anisaldehyde(+CO,)
Syringaldehyde(+CO,)
giganteus 55 35 i -+ + + - - - Glycerol, pentanol 2-50
furfuralis 61 38 i nr -+ + - nr nr Furfural, 2-furoic acid -
4-Hydroxybutyrate
fructosovarans 64 35 i + + (+) - - nr Fructose -
alcoholovorans 645 35-37 i + + -+ - - nr Propanediol(1,2- 1,3- 75
1.4), 1,4-butanediol
termitidis 68 35 i - + nr - - nr Glucose, xylose, fructose —
pigra 66 37 i + + + - - nr - -



Desulfornicrobium

baculatus - - 57 28-37 i (+) + - - - nr Malate -
apsheronum 52 25-30 i + + - - - nr Malate, fumarate -
Thermodesulfobacterium
commiine 34 70 (max.85) i + + - - - nr nr -
mokbilis 38 65 (max.85) i + + - - - nr nr nr
Desulfobulbus
propionicus 60 28-39 i + + + - 3 - nr -
elongatus 59 35 i + + + - 3 - nr -
marinus nr 29 i + + + - 3 - nr 20
Desulfobacter
postgatei 46 28-32 c - - = + - - nr 7
hydrogenophilus 45 28-32 c + - (+ + - - nr 20
latus 44 28-32 [ - - it + - - nr 20
curvatus 46 28-30 c (+) - + + - - nr 10
Desulfococcus
multivorans 57 s c - + + (+) 316 + Phenylacetate, 3
Phenylpropionate
biacutus 56.5 37 c - - + + 37 - Acetone, acetoacetate -
Desulfosarcina
variabilis 51 33 c +* + + (+) 314 + Phenylacetate, 15
Phenylpropionate
Desulfobacterium
autotrophicum 48 20-26 c +* + + (+) (316 - Succinate 20
vacuolatum 45 25-30 [ +* + {+) (+) (316 - Succinate 20
phenolicum 41 28 [ - - (+) (+) (4) + Phenol, p-cresol, 20
Glutarate
indolicum 47 28 C - - (+) (+) (€] - Indole 20
catecholicum 52 28 c (+) (+) (+) (+) (3-20) + Catechol -
anilini 59 35 [ + - - + 1-18 + Methanol, phenol, 14
p-Cresol, aniline,
niacini 46 29 c +* - + (+) (316 - Nicotinate, pimelate, 15
Succinate, glutarate
macestit 58 35 nr +* + + - - - nr nr
Desulfonema :
Iimicola 35 30 [ +* + = {+) 314 - Succinate 15
magnum 42 32 c - - - (+) 310 -+ Succinate 20
Desulfomonile
tiedjei 49 37 (c) +* (+) - (+) nr + 3-Cl-Benzoate nr
Desulfohalobium
retbasnse 57.1 37-40 i + + + + - nr nr 100(<240}
Desulfobotulus
sapovorans 53 34 i - + - - 4-16 - Palmitate -
Desulfoarculus ‘
baarsii 66 35-39 c - - - (+) (318 - Methylbutyrate(2-,3-) -

Symbols: ¢, completely oxidizing type; i, incompletely oxidizing type; +, utilized; +* ;autotrophic growth; (), poorly utilized; -, not
utilized; MBA, methoxylated benzoic acids. nr ,not reported or not determined. **D. thermobenzoicum was firstly described by the
author in this study.
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Fig. 1. Scheme for dissimilatory sulfate reduction. Substrates are oxidized to CO, by completely
type of sulfate-reducing bacteria, and are oxidized to acetate and CO, by incompletely oxidizing type of
sulfate-reducing bacteria. '
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MTHRSFWBEOERLFHERY TH 2 LEFMPARBEOMT 5 LN TE D,

R TR AR B L BB Y BN TCEMLT 5 & v ) AR, 1977 BICER SN -lE O % »
THOTHEHL PR o722 L ThH Y, TALUMOHEBETE IS N TV h - 25U TH b, HHET
B L DY EEMLIC T ABIZEAHEL IC o, fERT TRALNTWid o RBEROFEEI KL LHS
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Table2. Degradation of propionate and benzoate under anaerobic conditions®.

A. Acetate-producing reactions
® CH,CH,COO" +3H,0 — CH,COO0" + HCO, + 3H, + H* AGY =+76.1 K] /reaction
@ C,H,COO +7H,0 — 3CH,COO" + HCO, + 3H, + 3H* AGY=+89.7 K] /reaction

B. Hydrogen-consuming reactions

® 4H,+ HCO,” + H* — CH, + 3H,0 AGT = -135.6 K] /reaction

® 4H,+S0. +H*—HS +4H,0 AGT =-151.9 KJ /reaction
A+B

®+® 4CH,CH,COO +3H,0 — 4CH,COO" + HCO; + 3CH, + H* AGY =-102.4 K] /reaction

@®+® 4CH,CH,COO + 350> — 4CH,COO" + 4HCO, + 3HS + H* AGY =-151.3 K] /reaction

®+® 4CH,COO +19H,0 — 12CH,COO" + HCO, +3CH, + 9H* AGT = -42 8 k] /reaction

@+@ 4CHLCOO +350.F + 16H,0 — 12CH,COO" + 4HCO, + 3HS + 9H*  AG" =-97.1 kJ/reaction

C. Sulfate-reducing reactions
4CH,CH,COO" + 350> — 4CH,COO" + 4HCO, + 3HS + H* AG" =-151.3 k] /reaction
4C H,COO" +1580,* + 16H,0 — 28HCO, + 15HS™ + 9H* AGT =-165.8 K] /reaction
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Table 3. Composition of basal medium for sulfate reducing bacteria.

Fresh Water Basal Medium

Trace Elements Solution (nM )

NH,CI 10 mM FeCl, 10000
KH,PO, 1mM CoCl, 1000
MgCl,-6H,0 1mM MnCl, 1000
CaCl,'2H,0 1mM ZnC], 1000
NaHCO, 30 mM H_BO, 100
Trace Elements Solution (1.0 ml /1) NiCl, 100
Vitamin Solution 1.0 ml /1) AlCL 100
Na$-9H,0 1.5mM Na,MoO, 100
Na,SeO, 10
Vitamin Solution Na,WO, 10
20 nM of biotin, 4-aminobenzoic acid, pantothenate Ca, CuCl, 10
pyridoxine, nicotinamide, thiamine, lipoic acid, folic acid, HCl (cone. 1 mi/D)

vitamin B,, and riboflavin.

3 7REFIREORBUTIE 7 TV T L8RAT & D50 mIB M I EE #8120 mi% AL, SAH% H,/CO, (41, vol /vol)
TE#R Likg/cm? (98kPa) FpfE & L THIAEL 720
HWBFEMEB LU I VEOEBLRD 6 ROKME AV TR L 72,
1. Basal medium + Yeast extract(50mg/I) + vitamin solution + trace elements
2. Basal medium + Yeast extract(100mg/ I) + vitamin solution + trace elements
3. Basal medium + Bactopeptone(100mg/ ) + vitamin solution + trace elements

4. Basal medium + vitamin solution + trace elements

5. Basal medium + trace elements
6. Basal medium (in tap water)
Basal medium P {Z+210m M NH,Cl, 1 mM KH,PO,, 1mM MgCl,, 1 mM CaCl,, 30m M NaHCOa, 1.5mMNa,S 8 & T
TuYE VR0 mMETRERT R U7 A Q0 mMETRIIL 20 TRTORICBY THAMEIC & 5 S5
DFRAHBDFBER LTI, FNFNOHERETOMB OEFERTHUERIT- 720

FTRTOBEFEIL6TICTHE TIT2 720

13 BSEERAE

MR E4% TOERE +517. o Lo TaHE L CIEMD R BRE L ZERL AW T, EXRFRE
(agar-shakelE) % #E D LT Z &1L VT2 720 T DEESAREN,/CO, (411, vol/vol) THEH L /2o

M OBIE TR 4 VIFET B L UIELFAET T Yeast extract(0.1%) + Bactopeptone(0.1%), &HIfEH, Il
B, KFE - ZEMURFTHEERTV, EFRS L UTMARBOA BRTARFIC L DI,

12



14 JHEEFAR

FREEROFI AR, BRI CETEE T BEAML 250t Ay, EFSEKE LTsor%iEMmL
T, 36CTHERELT 2 o7 2AMBEICETOFES L UREEMTICL W BEOHE 2 fiIE LT OFH
PEEIRET L7,

BFEAEE LTOEA F v OFI AR, ERER (507 .« FAHER (5,00, iR (NO)) | & () K
DWTHE L7ze IREFE LTTud VERF AV, EES Y 7 4 2mM, FARREES U 7 Ald10
mM., B Y v A2 mM, EEE OV TRBRSRML TEFNFRLOET BRI L7,

EFRENERS~55CTOEF R WME L ETFIAMLLICL o TTo 700 TOBRERR7OES YRR &
FEBREETHRRA A v e A, T-EEEFRERFNFNOBE TOLMEEERE (1) L DRITL
MUDERIZ & 5 70 ¥ Y EROSEEA R QIS T A3EBITIE, TFIED E50ml X V7 A% 7. &4l
%N,/CO, (4:1, vol /vo) DIFEAN A THEM L T, 36CTHENELTo7cc WEYV Y ¥ VEHAVTIH2~3E®D
8 TR 1T o 720 SUEHRIUETE b ICHEEHEOpH, BB, KB L UARARERE Y flE L7,

15 HREROAT
151 £FHE

REBERETOEF I, HNNEET (B BHEFModel 100-10) % vy, 600nmiZ 17 2RI & Ko
7o

T OFRELE. BBREIOmmO T T v 7€) (F A2 0 T# QUARTZCELLM20-B-2) (ZFEHRIL L4
FIEREET (BECKMAN DU-50) % FAV>, 600 nmiC B4 2BBEIC & h Ko 7z,
152 FHEBORE

SEABBROBREOUEEIFA s 0< b7 72 UTOSFHTHV

Instrument ; B B4EFT  G-3000
Detector : FID Range5 X 10" A/mV
Column ; #i48 ; PEG-6000 15%, 384K ; Flusin P, #§F 1.5mmID X 3m
Carrier gas ; FALEEN, A A

Flow rate ; 30 ml/min

H, ; 1.2kg/ cm?

Air ; 0.8 kg cm?

Column temp. H 160 T

Injection temp. ; 200C

Detector temp. ; 200C

Sample size > 2 pl

1-5-3 FEEOHIE

SN a—AR G UOEEOEE, BLUBRR, I EVEVEL suoo/odd VB, e Fudxy /oY

13



FUVBEEEEGE 7 02 7 7AW TUTOLEGTRAE L 720

Pump ; HILZUERT L6200

RI-Detector ; BILSMERT L3300, RANGE 1 X 10°°RIU
Column ; = X4 VSCR-101H

Column size ; 7.9mm ¢ X 30cm

Eluent ; BRYEZK 100% (AERER 1.8ml/dHO 11)
Flow rate ’ 1.0 ml/min

Column temp. ; 40T

Sample vol. ; 20pl

1-5-4 GCEEDHIE
GCEENRIFEIIFS DHEPL I, FAFVIEFEXIZ VAV FEHPLCEXHAVWTEET A LI
BH L7, T4bb, DNAREEICHEVHE L 724, RNasefLH % #F Tnuclease P13 X Falkaline phosphatase

TUE L%, AFELTAE L. THFFLUEX 7 LA F FOEHEIZIYAMASA GCKitDATCGY

X 7 b Z F F&EIVIBAEHL % alkaline phosphatase TALE L 7= % D% v 7=,

2 REBLIUER
2-1 HKARB L UHE

EHIIEER RBRE) OBELYHEL, £EFIREE Lo AT, HES% TOMIMELEEL
Fro $ARR D B I bIT, BEHEFICIEALS LR VEVRE LHESESTE L 2/, H£5% 5 @ik
DE L7 & & DREFETIE, 10mMO 70 ¥ VEESHUAR TS iz, T OBREIREP I L E v BoM
BOARPFLEL T,

ERROEA R % BRARE (agar shakeld) % A
WTHIEOBERESRIT o 72, ERPICEASHE»S T
SoHHB LB L, 2AHGETCHBLou=—EE
DIFLAEDPFEBEELEVY XK THoTe T AT
A70Fa—7IlEh a0 LiTv, E61LF
O L7zaa= =26 R UBEREEZ Y ET I LI
LY, 7u¥d YERESHT A HiBLUETT E(MUDE) & 7

A

Fig. 2. Photomicrograph of strain MUD. Bar
equals 5 pm.
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22 MUDERDZRE _

BB S N 72 HHRMUDIR(Fig. 2)13 % 4 OFIIEO K Z E4° 1013 X 2022 pm T, HEFOEGHHEFOHMD
LLRVEVEOMET, MRIEELED LAEITETH ), RICEVESIRERT 2 & b 3 o 72, Tabledi
AT LI, 75 2B RIBREERL, BRTFOFEEAEET TOFED o n{, T 7-80HE%80T10
PDEFTORO LN Poll e L), AERIRTFUBELR - L2VERETH L LEL SN, HEET
B OSEEDIGIE L 72 B Desulfoviridin ¥, Postgate test?3 & UL 6 DB DO L L 5 DRERIC L - T
b I ol

GCEEIZHPLCIZ L A RIED 5590 mol% & H i S 7z,

23 AFEGB LUERENE

MUDMRDAEB I RERIBREII15T~4TC, BEEFTRERICTTH ), EERHT (REES 70t VB,
BFZHEIMEA 4, FERIREC) TOHMIERE (1) 130050 Th o 72,

ARBMOEFTICRBHRIY 20 L 2MBEEYEILEL €3, BT M) Y ANaCOOERMS T
Lz odle

Tu¥d VB RFERBLURFRGMEE LL & MUDBRIIIRERA & ¥ & F AR F » ¢ EFZHHE
ELTHIATE 2205, BIEEA 4 v, WA+ v, MESFIATE 2h o/,

MUDERIZ & 5 70 ¥ YBOGHEE 2 Fig. 31 R T (BT XHERIHERA 4 ~) o EEROLIE L R
T ¥t VEEOBEEENOSROEIS S, BHREIZI0mMO 7O K4 Y ER #3H TREICEE 10mM DOFEER
NEGEE LT Z0 L EDLERBREZ I TH o 12,

Table 4. Properties of strain MUD.

Characteristics
Form Short rods
Width 1.0-1.3x2.0-2.2(um)
Motility motile
Gram reaction negative
Growth factor none
Temperature for growth 15-44TC
Temperature optimum 37 T
G + C content of DNA 59 mol%
Desulfoviridin not present
Electron acceptor
Sulfate +
Sulfite -
Thiosulfate (+)
Sulfur -

Nitrate -

15
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Fig. 3. Degradation of propionate by strain MUD. 500 ml

medium bottles containing 300 m! medium with N,/CO, (4:1, vol/
vol) as a gas phase wereused. Cultivation was performed at 36 °C.
Symbols: @——=@; propionate, O——O; acetate, 3——3; growth

(OD600Nm).

BTt 54 L L TOREEOFAME A4 R £ Table5 ISR T MUDBRIZ L& / — )b, Fasx/ —)b,
TE = Ryy =), IRBLIUPENVEVRREFIA L, I/, 1227030 I3 — )b E13-Funy
U= VBV TRETOFMAMSHBTE 2, LrL70Yd YU ORI FIE TS 2 d o
oo BEERE REF L L CETEEERIBMT A EICL D, A - ZEULRE S 3l s = A V¥
ELTOEFIHETE 20

BB LNV VBRETFIFES 2 WEERTOEBROICATIHA SN, FEE» 0 3ERE 7o
Ed VERPER S NI

Table 5.  Organic compounds tested as electron donors and carbon
sources in the presence of sulfate.

Utilized

Hpy /CO; plus acetate(5), formate(20) + acetate(5), propionate(10),
Ethanol(10), propanol(10), 1,2-propanediol(10)*, 1,3-propanediol(10)*,
Butanol(5), pentanol(2), pyruvate(10), lactate(10),

Pyruvate(10) without sulfate, lactate(10) without sulfate.

Tested but not utilized

Acetate(10), 3-hydroxypropionate(5), acrylate(10), butyrate(10),
Crotonate(10), valerate(5), methanol(10), ethyleneglycol(5), hexanol(2).

Concentrations (mM) in the medium are given in parentheses.

Each culture was incubated at 36 °C for 2 weeks. After cultivation, remaining
substrates were measured by HPLC.

*Utilized slowly.
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Table 6. Results of stoichiometric measurements with strain MUD on propionate as electron
donor and carbon source, and sulfate as electron acceptor.

Substrate Substrate Acetate Celldry  Substrate Substrate MolSO*  Growth yield
given utilized excreted weight  consumed oxidized consumed per gdry weight
(sulfate given) (sulfate utilized) formed forcell ~ bysulfate molsubstrate  permol
material* reduction  oxidized substrate
(mmol/D (mmol/D (mmol/l) (mg/D (mmol/D)  (mmol/l) oxidized
5 5.0 438 25.0 030 4.70 0.79 53
(10) (3.7
10 10.0 9.4 48.7 0.57 943 0.75 52
20 7.1
20 20.0 19.1 92.1 1.09 18.91 0.73 41
(40) (13.9)

*: Substrate consumed for cell material was calculated by the following equation.
17CH,CH,CO0 + 5 HCO, +5H,0 —> 14(C,H,0) + 22 OH" ; thus 0.0118 mmol propionate are required for
1.0 mg of cell dry weight

244 MUD#RIZ L 5 70 ¥F YEEOERME
MUDIRIZ & B 70 ¥ F YEESROBERRE RO L1200 EB L U EMESTable 6 1T LB /2, 5212

RELETFZBFRE L TOWMBA 4 v 08, HRENCELEHRBS 4V, ERENFBROBEFDOL X
ERSNIHEEELIE Lz TAREES L L TELNAETERXEREICLY, ICHO) *BHERLZL
TEAPLEH L7,

17CH,CH,COO + 5HCO, + 15H,0 — 14(C,H,0,) + 220H"
T b LEEImg (dryweight) % AR T 2 729121300118 mmol® 70 ¥ VEESHEE 2 5, HE SN2
BELVEFERSIELDNEEELF s BYIEb N EB L R L, SO &R S 0/
780, EE1mmol ¥ BILT 2D LELWREA 4 v OBEE ROz, INLDFER L YMUDKD 7o K
VERORIE RN T L /opH 7.0) 12,

4CH,CH,COO + 350, — 4CH,COO + 4HCO; + 3HS + H*

AG® =-151kJ / reaction

COFERAITILHENSH S T ot VB EERRICEMELT 2 MBETH O UL L AR TS 5%,

2-5 MUDBEDFIFEERM

FEICRS L - K1 ~610 81T 5 MUDRR O LS5l 3 BE & 3858 AR % Table 78 & UFigdlliRn ¥, BT F 2
$ & UBactopeptone® & 9 %HHEIREWE I, N2 EET L VRALL, 2, 3SOLMEEEL L ThP s &
I, MUDMRDEFT KR ALEEE 52 Tnlkdol, TMUDBOEFTICBWVTE Y 2 VI, 4550k
BETEHFEDILECFig. 406 b HEAMEIMNE CREELEX T id ol &0 XM OMFE TR -
7ztap water medium (6) T, HIEDOLSL EF Y KELOFEMPET 260D, BEACEHENREELR
BEOHBEERE X157
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Table 7. Effect of organic nutrients and vitamins on the growth of strain MUD.

Medium specific growth rate(h?)
Basal medium + yeast extract(50 mg/1) + Vitamins 0.050
Basal medium + yeast extract(100 mg/I) + Vitamins 0.048
Basal medium + bacto-peptone(100 mg/I) + Vitamins 0.049
Basal medium + Vitamins 0.049
Basal medium 0.048
Tap water medium 0.041

All media contained 10mM propionate and 10mM sulfate. Vitamin solution was
prepared according to "1-2". Tap water medium contained same inorganic salts

without trace elements solution.

Fig. 4. Effect of yeast extract, vitamins
and trace elements on the growth of

7 strain MUD. 20 ml tubes with screw-
cap containing 20 ml medium without gas
space wereused. After 3 imes'transfer to
same medium, growth was monitored
spectrophotometrically at 600 nm.
Symbolds: @——@; basal medium + yeast
extract(50 mg/1 ) + vitamins, O——0;
basal medium + vitamins, V- ¥; basal
medium , V. V; tap water medium.
All media contained 10mM propionate
and 10mM sulfate. Vitamin solution was
prepared according to "1-2". Tap water

S medium contained same inorganic salts

[ 12 3 4 5 & 0 12 3 4 5 6 7 without trace elements solution.
Time (days) Time (days)

1.00 ’VT.__‘-

Growth (OD&00nm)
¥

MUDHRIZAKEKR % AV 72 IR eSS T BIF R AT R R L, 43 THRESNTwE 7Ot v
B IRTTRRITH A Z OAT I ICHIR S N RN A BT 501, AERRFEE RS VAT TS
BEBX Do TOL) HHRBIROMELIIHAIALDIOBLbDLEZOND, TOEF VED
BEEAE) T 2 5 — R TOERE, WHEHELET S, 29 VEROHER5IZRI T, T0 &) 2K
WRSEE BEIR, V729 —ACERL-ABROREL T 5 20 ICEHEOZE LT o2 ) B
FFTERCEET20%5F o T A0HBIRTH L, &) RKEISH LR L Fo ¥t VERE 53R
THHEEFATEL R OIE, VT2 ¥ —DHROBWHEEEGERISIFTE 5, 4058 L/2MUDKIZ, &

DI T8 —~FHISHTEL LD EEbN A,

26 FEEICMT 5ER

EETEOEERILBIREC ZEELTO NS, BEEY TBILRFI CRILT 2 7 Vv—T& | &miRE
EYCEERRE AR T A 7V — 7T, fiZ: TR EOMBETHE. #Er AEeB{tEOEETE L IF
53, 4RI T 7ad YRR BT 2 PIRMMEETE LR I12ZEHM O N T2, €09 bAFEERR
ACEIDS DIIBAHEN A TH D, UL 2idWiddel & ASEBE L 7= Desulfobulbus propionicus’® T 1), b 9 —Fiix

Samain & 578 L 72D, elongatus?”’ ThH 5, MUDMRIE Z DIRE, #HE B LUPCCEEELLE X B LD.
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Table 8. Morphological and physiological characteristics of the three strains of
Desulfobulbus propionicus *® and strain MUD.

Characteristic Desulfobulbus propionicus
strain 1pr3(type strain)  strain 2pr4 strain 3pr10’ strain MUD
Width x length (pm) 10-13x18-20 10-13x18-20 10-13x18-20 1.0-13x20-22
Motility immotile motile motile motile
Gram reaction negative negative negative negative
Temperature for growth 10- 43 10-36 15-36 15-44
Temperature opimum 39 30 29 37
Desulfoviridin not present not present not present not present
Growth factor 4-aminobenzoate none 4-aminobenzoate none
Electron acceptor
Sulfate + + + +
Sulfite + ND ND -
Thiosulfate + ND ND (+)
Sulfur - ND ND -
Nitrate (+) ND ND -
Electron donor
H,/CO, plus acetate + + + +
Formate plus acetate - - + +
Acetate - - - -
Propionate + + + +
Butyrate - (+) - -
Ethanol * + + +
Propanol + + + +
Pyruvate + + + +
Lactate + + + +

propionicus \_JBT A¥ETH B L & /o,

LA L7 % 5 MUD# & BEEN D D. propionicus 121V { D DD\ 5% & 1L 72(Table8)s MUD#E A growth factor
2 ER LB WOI3 LT, D.propionicus® typestrain i34-7 3/ EEERY ERT 5, $/2. BFZHHOF
R D. propionicus SHRERA & . WRERRA A v, FAGERA 4 . TEERA 4 VR FIA T X 525, MUDEE
BHRERA 4 v & F A HEEA F V DAFIHATETH o 720 Type strainld BE 2 BEF 54 L L CRIATE L
Vo i X 0T 5 2prabRIEMUDER & BRI growth factor® B3R L2 Va8, £OEBMAFTIREI0TC L,
MUDBEDFI L DB S PITBEVER R L7229, D& ) LiERH6F 2 T, MUDFRIED. propionicus DHT L \»
Y4 TOWKHTH D L HEP S N7z, 7% BARHIZDSM(Deutsche Sammlung von Mikroorganismen) I2 25 3E L 7z

(DSM6523),
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SE=E %?*ﬂ?E?ﬁ@‘ftﬁﬁiﬁiﬁD&sal)‘bwmmm thermobenzoicum TSB DB E &  OEE

SEER LRI OISR TTE O TR LR T 5 CODHAEH b L { Wcitrate[lf 2 FH LT %, T72. 88
g% AL T ATRERETHE DI L A L ERLEOMETH 5 (Table 1BH) o %I TAE TIIEERR
BLoRBEM Y A TMERETE Y., BB EE L LTEREITY., Zoh L) BREEYOBEL T -
oo 1BO N BRI OFER, REBREORHRER > T s0L L LTLEFMEBMLTE ST
EDFIBE L7z

ZRERIFERAYOREKIR BV TEELFEPETH ). BEHRCHMEL 2o Ty 2EFEL
FEFAEWEED, 72/ —VRET 2=k &b, WEHLEHETEIREFRE M L CEEB: Lo
BAFHABBICHMR SN, SRR TRIRESC A ¥ VECHMRINL I LMo NTWAES®, UL,
FREWRE DT AHEEAHEME L L TE30TH» 540CTOPRIRTEFT T 2 BREOHEETHE & . AFEtH
ME & DIERTOREFTRER 2 3D HRILEMES GRS N TWE T TH 5%, AFTREERNED
AL EMERTE L L TORMES L UREFBROBILICOVWTE LR, ot LTo
REZIT 27

1 SRS & UERFE
11 SR

SEEEREE LT, 257 bV TERERRE SPHE S N BRKE , H—EHEFA 5 VBBLE L T sE
BEZERRNSA AV T2 45— (55C) DRy,

12 Kb & URSEEHIE

SHEB & USRSV AR R ATE2 TR b D AR TH ), £ OMIT yeast extract (50 mg/mD)
REREMICRML 2o BRRICHAV R, LELREE EHIEEA) BLUETFIEERYEREHICE
BAWRMT A LWL DB L, BRI TR TBT T o7, BRI A NVF—IRE L TEEER1O

mM), BFESHEAEL L THEA F a0mMEZ W TiT o 72,
1-3 HEEER(E

EERES & UHMEORER IR L Afic, Ton8fi, BERFRECL ) B LMEORELTT-

A
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14 BREEERR

FRERLROFIAMRBS, HASE M R E S BERN Lot v, EFEAKE L CHES £~
ZWML T, 55CTaAMFERELXTo 7

BEFEZHEMEE L COERBE, 745, i HEOFAM ORI, REFHBE LKL LT, BHE
bU T AE10mM, FARERT R U Y A10mM, BEEET R U U A2mMIZR B L) IZEIIIL, EICOW
TIBFERMLTENENOEFTLHE Lice EFREEN~NVTTOET R BE LEEFAMICL -
THE L7ze TEERAEFTRERZINTNOLEFTHED S HBEIERE () E ROWE L,

TSBR DK EEFROGHLEDOEE T, 7FIVERD E500mlA V7 AjE%E v /2o ZAH%EN,/CO, @41, vol/
Vo) DR A A THEM L T, S5CTHERELT . BEY ) ¥ VAV A2~3E0FE THREHRIE1T -
Pzo BUBHRIVRE & IS 3EopH, WG, £E B L UVERABRBRERE S HE L.

1-5 BRI
HEBHIE, TVI— Ve EREBEEOER. WA 4+ VY OEEB LUGCEEDHIE R, BIfISIcttot &

HERYEDOEREIZIIHPLCY TROEFTHAHE L 12,

Pump : Shimadzu LC-6A

Detector : Shimadzu SPD-6AV (210 nm)

Column : GL Science Corp. Inertsil ODS 5 ¢ m,

Column size 1 4.6 x 250 mm

Column temp. :40 T

Eluent : CH,0H/H,0 (60/40) adjusted pH to 2.6 with H,PO,
Flow rate :1.0 ml/min

Sample vol. 120 pl

1-6 Carbonmonoxide dehydrogenase(CODH) D{F Ml
CODH H Spormann & D% HITFE R R HIE L7z BB L VAT LMY 7 VY7 /L 2AME
(1,200 kg/em?) L 7=f%, & L4508 (10000 x g, 20 min) %47\, £0 BIFEHEAMEEBERE L LTEA L. £
B2 mIDAZ Va—F%xy 7 TFNTLBRDEDF 2~y &V, 100mM Tris-HCl & HHE(pH 85512
benzyl viologen (2 mM), 2-mercaptoethanol (5 mM), 3 & UHBERW % /ML, MEX1mi& L1z, FAHRERY
ATERE, V) Y VERCT—RURF L ETESAEN - #i5 L. 50mM NaS,0 5 # « A R L&
Tt D #5ic, BHICERT % EITTE benzyl viologenD555nm DL DK % SHHEFTIC & - THIE

1o (BNEER) .
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Table 10. Organic compounds tested as electron donors and carbon sources in
the presence of sulfate.

Utilized
H, /CO,, formate(20), formate(20) + acetate(5), propionate(10),
Butyrate(10), valerate(5), caproate(2), ethanol(10), propanol(10),
1,2-Propanediol(10), 1,3-propanediol(10)*, butanol(5),
Crotonate(10), pyruvate(10), lactate(10), fumarate(10), malate(10)%,
Pyruvate(10) without sulfate, lactate(10) without sulfate,
Benzoate(5), p- or m-methoxybenzoate(5), vanillate(5), syringate(5),
3,4,5-trimethoxybenzoate(5).

Tested but not utilized
Acetate(10), acrylate(10), succinate(10), glucose(2), fructose(2), sucrose(l),
Phenol(5), o-methoxybenzoate(5), 0-, m-, p-hydroxybenzoate(5).

Concentrations (mM) in the medium are given in parentheses.
Each culture was incubated at 56 T for 2 weeks. After cultivation, remaining
substrates were measured by HPLC. *Utilized slowly

2 MRBLUEZ
21 FERB L UHE

HET & 4 % CORBREE L BT - 28R, B8P ICBTF 2 HET 2B ESE L 2 ) | 10mMORs
B 2R T E Nz, BRREEOPIHIA L2 0= — 320 EAEDRE/ERE L2V XRT
Holio BRBRELRYET &L, BERRZ MY HIMBGETTE (TSBHK) %187 ZOTSBHRIZEE
FROSEEE > TWwD LML,

22 TSBHROEEEIbHE

TSBRR DB OFIFAM % PR /24ER £ Table 10 107" T, TSBERIGZEREE, 70 Va4 VER, BEERZ: & OA R,
IH =), FanN) =), T IV EDOTNI— VERFIATE . 7KK - TEBMLRE TORE
THRFLEFTFHO N, BEEER AR L 72 KEFBOSHEEL B0 6 Ml SRkOMEHME TLBF
B MENEDL O N-ORDIEINEMD T Thb, I f:p-methoxybénzoate, vanillate, syringate, 3,4,5-
trimethoxybenzoate’s ¥ D * + ¥ VX BEMBOFIASHR SNz, ThoDX b VEEFEIRT. LY

EVE VB E RIS, BEA 4 VIEFAET CHUORBHNLAETIRD o N (BZEFHER) .

2-3 TSBHEDZRES & UEFSK

HEES N7-HARIETable IR LZME 2 A L Tz, BERRTOEETIREL S L CRTEHDOIFE (1520
X 58um) THol: (Fig.5a) o TAKEFRTHET L LE LA YOV IERLOFE L% 72 (Fg.
5b) o MAFOBUIABEE T CHMEA TS, T 280EE (95T 1550) DEF b0 b/, Desulfoviridin
iE. Postgate test? TR EN 2o lze 77 ARBEBLVPT T LIATT A MERRE SBHEERL,
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Fig. 5. Photomicrographs of strain TSB (bar equals 10 pm). Phase contrast micrograph of cells
grown on butyrate (a) and benzoate (b).

GCEEIIHPLCORIERER & D528 mol% TH o 72,

TSBHRDAEF W REHIREEII0~70CTH ). EEAEFREIZ2CTTH o /2o EFpHIRIZ6.0~80T, Ei#ipH
72T H o 7o EHEHT COTSBHRIZ & 5 EEFROSIHEE,L Fig. 6 (IR T o C OEAIIET ICHIBIK
FYH & L Tyeastextract ¥ BR L /2o yeastextract DU ) [Zbactopeptone® I THEHF T 525, £FIZ &
TED -7,

LREBREHEEE Uiz b &, TSBHRIIHRERA A »| HEIRERAS 4 v, FAWMEA A v, WA 4 V2 BFZ
BhELTRIATE 72 L LT AHEEA 4 . WA A V2 AV S0OEF RS LD TEL, HHEF

BT&%dol (Table9 BHE)

Table 9. Properties of strain strain TSB.

Form rods or spindle-shaped rods
Width x length (um) 1.5-2.0x5.0-8.0
Motility slightly motile
Gram reaction " positive
Spore formation +
Temperature for growth ( T) 40-70
Temperature optimum ( C) 60
pH for growth 60-8.0
pH optimum 72
G + C content of DNA (mol%) 52.8
Desulfoviridin -
Electron acceptor

Sulfate +

Sulfite +

Thiosulfate +

Sulfur -

Nitrate +




Fig. 6. Degradation of benzoate by
strain TSB.
500 ml medium bottles containing
300 mi medium with N, /CO, (4:1) as
a gas phase were used. Cultivation
was performed at 56 °C.
Symbols: O——0O ;benzoate,
®—8 ;sulfate,
0o L ' 1 1 1 1 0 vV—v ; gT'OWth
0 5 10 15 20 25

0.2 p=

Benzoate (mM)
Sulfate (mM)

Growth

Time (days)
-4 TRERB L UHBOBRIL
TSBHRIC & 2 X BEMEBEBLER L L THCWIGEORHORHR L KD 2 20 0L REE RS L UR
BE%*Table 11X L Oz, COFRL N FEEOBILIZRD L5 ILESE N DEH7.0,
B R
CH,CH,CH,CO0" + 1‘550'3- = CH,COO" + 2HCO, + 0.5H* + 1.5HS"
AGT = -84.0 K] /reaction
TREMR
CH.COO +3.7550,F = 7HCO, +3.75HS + 2.25H"

NG =-165.8 K] /reaction

Table 11. Results of stoichiometric measurements with strain TSB on benzoate or butyrate as electron donor
and carbon source, and sulfate as electron acceptor.

Substrate given = Substrate utilized Acetate  Cell dry Substrate Substrate Mol SO* Growth yield
excreted weight consumed oxidized consumed per g dry weight

(sulfate given)  (sulfate utilized) formed for cell by sulfate  mol substrate per mol
material* reduction oxidized substrate
(mmol/[) (mmol /I (mmol/l)  (mg/D) {mmol/f) (mmol/l) oxidized
Benzoate
2 18 0.1 232 0.13 1.67 3N 13.9
§{0)] 6.2)
4 3.4 0.2 378 0.21 3.19 313 11.8
(15) (10.0)
Butyraye
5 5.0 47 202 0.17 4.83 151 4.18
[4{0) (7.3)
10 100 9.6 385 0.32 9.68 1.39 3.98
20 (13.5)
20 20.0 19.2 58.8 0.49 1951 1.48 3.01
(40) (28.8)

*: Substrate consumed for cell material was calculated by the following equation
17C,H,CO0 + HCO,+ 71H,0 — 30(C,H,0,) + 180H
sthus 0.055 mmol benzoate are required for 1.0 mg of cell dry weight
17CH,CH,CH,COO" + 12HCO,+ 1I9HO — 20(CH,0,) + 290H
sthus 0.0083 mmol benzoate are required for 1.0 mg of cell dry weight



Butyrate Butyryl-CoA

H,0
4[H]
Acetoacetyl-CoA
CoA-SH
Acetate Acetyl-CoA Acetyl-CoA 2C0O,
3H,0 8[H]

CH,CH,CHCOO +4H,0 ——— = CH,COO" +2CO, + 12[H]
12[H] + 1.5 SO * +3[H] > 15HS5+6 H,0
CH,CH,CH,COO +1.550,% —————> CH,COO" +2CO,+15H,5+2H0

Fig.7. Proposed scheme of butyrate metabolism (R. Schauder er al. 1986).

% BEBROBRILE # carbonmonoxide dehydrogenase & 1(0.57 pmol/min/mg-protein) 25828 &L 7= & & &
N . TSBERIZCODHAEH: % F OB A OHELETH EEx b b, Lo LEEROBILICBW TR RT2S
TEMURES CEME I T ICEEER R AR L 7o, BEERD O EEER R AT A MENETCAUE (RREAeEM LR O
BITEIC L AHUD) B, BERRICEEND LI, 1milDEEEED 52 molDEEREAS AR S h 512,
CH,CH,CH,COO" +0.5S0,» = 2CH,COO0 +05H* +05HS’

TSBERDIEA. Th&R% D1 molDEEERD 51 molDEFEEDSAER S /s & D FUE1E19864F 12 Schauder & A%
% L T\ % Desulfobacterium autotrophicum DR & —F L 72 D. autotrophicum = & % BEEANH 13 Fig. 7107
L7280 Thb, TabHEERN: pEMLIC L AR L 7zacetyl-CoADCoA % VT & 5 T &£ 12 X hbutyryl-CoA &
el FOLEICEERPERSI NS, butyryl-CoA iacetoacetyl-CoA % #F T, 2D Dacetyl-CoA L %2 H | 1D1L[d
FEICEEER % butyryl-CoANIE LT 2 DAV b, —HIETEMLEFE S TBMba n b, TSBER S AEZAH

BB oTVAEIDEHEENS,

25 REFBOSHRETAIEZERLHIEL L TORE

EEEBASFIRSYOWREMRII BT 25 b TEELPIAL LTHLN TV, BEICERSN
REEEBHRICL AT/ e sunT o ) — VOSHEERIIBWTH, SBPHGE L TREFRIR
HENRTWwABY, F/-, SHENTHMELAVIIRTHL FoF v ZEFBR» OO Fa X 2%,
3-27 OURREBR, OLBEFBNOERN 2L, UVHFHERE N TV AN, KEERY LENIHHT 2ME
IZDOWTIRT TIATFEE P S LT b, BUICRR S N-KBERRSR I A HIEE 1L Syntrophus buswelli?® T 3
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Table 12. Properties of various Desulfotomaculum species®.

TSB D.sapo- D. geo- D. thermo-
mandens thermticum acetoxidans
Temperature for growth (C) 40-70 20-43 37-56 45- 65
Temperature optimum (C) 62 38 54 55-60
G + C content of DNA (mol%) 52.8 48 504 497
Growth (+50,%);
H,/CO, + - + +
Formate + + + +
Acetate - + - +
Propionate + - + +
Butyrate + + + +
Ethanol + + + -
Lactate + - + +
Pyruvate + + ND** +
Benzoate + + - -
Fructose - - + ND
Lactate without SO,* + ND ND +
Pyruvate without SO* + - ND +
As € acceptor;
SO + + + +
5032' + + + -
502> + + + +
No,- + - - ND
& - + - -

*Data from 40, 42 and 43.
**Not determined.

Bo TOMBIEKEEEAE OREFAA Y VEBME S L IEETHE) OFET CRESFREEERIC
ST A, FTEDHETIR e Fux/ Y45 HE (stain HQGo 1) PR ER TEEFREXOHLZL )
B H DM,

KEHIFAE LT LA TH 5 AT I L, TRERIC & ) B TR AR % 0 T & 2 HELET
BHLESBRARIGHLTWALEZ NS, BT CRETEBEML M TS HMENEITHE I 6 8 8 HE2#
& & LT\ & (Desulfonema magnum®, Desulfobacterium phenolicun®®, D. catecholicun®”, D. anilin®®, Desulfococcus
multivorans®, Desulfosarcina variabilis®, Desulfotomaculum sapomandens®®, Desulfomonile tiedjei*’) o D3 X THTEE
AR OMELETTE T, L2 TRTOMBAEPEMETH) ., NI THRIATLKEFRYOMT 2MED
BE LB Do 7, BIREOWMBLEITTE O ) bTSBHRER. AEEELEOES VAR & LT, Desulfotomaculum
geothermicum®, D. thermoacetoxidans® 0 2 FEEHH & LTV B (Table12)o FIE RTSBERAFIMITE L WT T2 b—
ARTHERA & VOFEVEDLOTHET A LN TE L, BEOREKEEEEY AW/ BE R ICRT 24
BFERTe $A-MELILRBEFMIFIATE v, TBRIZEFEREEZFOMBETETHL I L2
Desulfotomaculum/EDHE TH B L E 26N 5%, ZOBTRD IEOBBMEME (Desulfotomaculum
geothermicun®, D. thermoacetoxidans® , D, nigrificans®) & & B3RO & 5 [CHEHOFIAEICHAL M LBV DAL N
7= (D. nigrificans\ 3 F EEFELEEN H %) o TSBRIEBEMXEFEIHEL L TONDTOHRETH Y,
FAEOME & L TD. thermobenzoicum& €%, 1E% L 7z(Arch. Microbiol. 155, 348-352 (1991)), % BHE% L
International Journal of Systematic Bacteriology (1991) Dvalidation list i #H ¥R & 11, AU ED o N lze T AR

BRIZDSMIZEFEE L 72(DSM 6193)0
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EmE B

Methylmalonyl-CoARERE 35 & U'CODHARM % D TBENRTCHE 0 Bl % KA 72,

F §'methylmalonyl-CoAREME % B T 2 HELETTH 2135 72010, /0 VERUEEETHO BE 41T -
720 UASBY 7 7 % — 1587 & Bl X 1L7=MUDERIC DV TRRE L7=5 8. BT O &8 5 2% o 720
1. MUDBREI7CIIEFAEFTRE L RO, BTFFEK, 77 2oBHOMBETE TS, 20
EEW-%%%ﬁ&@%&m@mmwmmmwtﬁﬁénto
2. MUD#kIE % DA ME H & D. propionicus DFT L\ 5 4 7OWEKRTH 5 L HER SN iz,

3. D Desulfobulbusl®E DHE & LB L THREEREDSFEF IEV2D, EVT 75— EILE
JETE B REMEATREE S Nz,

RIZCODH#EME AT AMEETH %155 72010, BERRIURETHO B 21T - 2. MREERAY
708 =15, BEENATSBHRICO W THRE LR, DTOZ LI e o7
1. TSBHREEMEREL62CICHFED, BFEHN, 77 bBEORETH - 1,
2. TSBERIITBEERY “EMLRFE TRARMLTZ 2 MEMMEETH TH - 7
3. FAWKREEEERCHBEBROMICOSFREL 7V a— ik EILVWEDREN Ao &
MRS Iz E Nz,
4. L LTSBHRIZEFER 2 BRLE 3, L2 bEEROBLOBRIC b ER ORTERLETH T,
Desulfobacterium autotrophicum & FIFE DB 21T H T L AL 21T o 72,
5. TSBHUBRAM —FHRATCKEFTRLAATEIIHAMARTTH ), RITOHR

Desulfotomaculum J& O Ff FEOFIE & F5%E L. D. thermobenzoicum & 5% L 770
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£ =% Methylmalonyl-CoAfEI% B L F"CODHAEREIC & 5 ZEEEHYL

F—E U

MERETH I BN REE TRy ) — W EBRONEEOR2FIA L, B2 ART 28 TH
BrEZONTW, LA LIBYI Y/ — Vi COBMREROR L 63, SRR 418 04 1EEE.
B, $RREER. 7=/, 2V Vi EOFFRPEAIFIATE 2HHEOMEETEEE SN
22 2 5 |Imethylmalonyl-CoA#ERE (70 ¥4 v ERER{UAERE) . CODHARM (REERERI{LAERR) % Lo@Biai
HEECHOND &) Ik o T, HEETHOLHRER RSP TOERENBRE OV TORERSKRELE
bhooHbEEoTHEY,

L2 L BoMBETE b e BT 2 BMEREGD L IAFEE D v, HBETEEL 2V A
W EF-FERE, MBS { DRERMEHE & R ICEEBAIE COEE LV YEMER LIl L B, EIVE VB
RHERL EPLRPOMON TV A RONENLREBEL THE0, FIATEAIEEAPRL EROP o2
Enb, REER L VEIYWEBLH/ICRHEEN T TSNV, EB, BRECS W THEM 4
VIRESRS TEWEF THRRETEFEENFEL TV H EHESNTVE I L2568, 0L 2
B DA COMBETEOET 2T 2 2 L3, HRETHOAEREZHEO M T A LTIEELILT
bHhbo

A Z T i¥methylmalonyl-CoAfE £ & U'CODHAZEM D WG § 5 BEMABII OV TIRF %17 o 72

& & 5 Tmethylmalonyl-CoARERE 1L, 19844 1XStams & 12 & 1) D. propionicus Lindhorst % Fl\» TH)® TE DFE
DB OISR/, OO K E LFFE I propionyl-CoA%* & methylmalonyl-CoA O FULDS 4 ¥4 1§
B oDHNVEF VNVEEBTRI > Twd ETH5H(Fig. 8)e T 7% b b propionyl-CoAld methylmalonyl-
CoA:pyruvate transcarboxylase = & Y & ¥+ OBERRD 4 VK F ¥ 0V E% F 1T ELD methylmalonyl-CoA & 2 ) | F
FHOFEBRII YV E VEEIC % B, #iv> Tmethylmalonyl-CoAld I N7 e K% CA X FulkBiL 20, €W
ErBidacetyl-CoAR¥ BETEEBR~N L BMLE B, Yo A YEROGHATE T, propionyl-CoAR 5
methylmalonyl-CoA™~? SUG (- transcarboxylase S B 5- L TV B Z & id, COFULICATPR LEE Lixv/icw L
FIE—-WIIFEFICHFITH 51319,

—75. CODHAEMIHERRERLAERS & L C19884F & 1) |G S NIAD 1z, BERRO ZBILIRFE~ ORI, 2
I v BR[Ol M (citrate cycle) 1T & 5 % ¢ & CODH#EHi(acetyl-CoA / carbonmonoxide dehydrogenase pathway) i< & % %

D &A% %o Brandis-Heep & 119834 1T Desulfobacter postgatei % FAVBEEED 7 — VBB % 42l L TR & b



CH3-CH,-COOH
[Propionate]

ATP
® ADP  ATP, HSCoA
ADP
HOOC-CHjy-CHp-COSCoA HOOC-CHy-CHp-COOH
CH3'CH2"$P?‘.“P1H [SuccinybCoa] @ o I (Succinate]
opionyl-
HSCoA T 2[H]
CHj HOOC-CH=CH-COOH

Pi ] [Fumarate]

CH3-CH,-COSCoA HOOC-CH-COSCoA o |—mo
[Propionyl-CoA] Methylmalanyl-CoA]

2 OH

® |
CH3-CO-COOH. HOOC-CH»-CO-COOH *7—- HOOC-CH3-CH-COOH

HSCoA {Pyruvate] [Oxaloacetate] [Malate]
® 2[H]
(e} 2[H)

CH3-COSCoA
Pi [Acetyl-CoAl
Fig. 8. Propionate oxidation via methylmalonyl-CoA
@ . .
HSCoA pathway. @; propionate kinase, @; methylmalonyl-
CHj3-CO~P CoA:pyruvate transcarboxylase, @; pyruvate
TAcetyl-F) dehydrogenase, @; phosphotransacetylase, ®; acetate
ADP kinase, ®; succinyl-CoA synthetase, @; succinate
@ dehydrogenase, ®; fumarase, @; malate dehydroge
ATP
CH3-COOH
[Acetate]

ZERIRLIOFgG 9 ZORIKIES T THON T/, = VEREIR & 128724 Y citrate synthase ®citrate lyase

DD Y 1T ATPcitrate lyase DS ()2 T 51919, D F ) D, postgatei Tid1 mol DEEERAS 7 .  FRMEIM A #EH L
2mol D ZEMLRFEICEMb A b L [FRFIC, ATP<itratelyase D X 10 L D EH L~V To ) YEMEASHEI Y,
1mol DATPHER ENT VA LD LHEEEN T A, ATP<itrate lyasedS7 T VEREIEOF THEEEL TV 5D
ERFDTOMATH Y, HELRTHO 7 = VEEABFADOIDOTH L EEZ LN,

EEERMR B O FE2S L P ¢, BEREZ IR ¥ A HiEEICHE O 512 13 Desulfotomaculum & <2 Desulfobacterium/B DA
oL, 72 VEBEREAVWTERYSHBL TS0 #HES N TS 729, Spormannb i
Desulfotomaculum acetoxidansk Fiv>. BERROBALICBIS T % L EX LN ABREHORZELITV. o772 {FlD
VAR Tdh 5 CODHAERS & $218 L 729(Fig. 10)e < DFFEHTIE T TEFRRIZATPIC &L DIHFH LS T £F VY ¥
BREFETT L FIVCoAL % B, EHIT carbonmonoxide dehydrogenase (CODH) D) &2 L ) COLCH,-
FH (FH, i tetrahydrofolate) & \ZJRFEF G 61, TN EFNPBILESN TBYbRFE L 2 bo T DRIC L HEER
OBLTR s 2 yBERICL AL E R Y ERLVAVOY YBMEIC L ZATPOAESEEZ 657, =4
WEF—BTRTHEETICL VBT b0 L HEEND, %8B, CHOFH,» 5HCOO A4 5 72 T1ATP
DERT A5, 7EFNY CERERFFIIATPHHEHE S b,

Desulfobacterium autotrophicum & CODHARER 1 & 0 BEBR % AURF % %), D. autotrophicum & D. acetoxidans?> CODH

BEIZIEEALFFEILTHY, FOEWEAFIVEDIBMEDND. acetoxidans Tldfolate TH A DIZx L, D.
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OA Ma
COOH
ADP + Pi | COOH
|
HO-C-H
]
ATP H-C-H
I
COOH ;
u
‘ ) COOH
Citr 1
COOH .
| Hy0 ﬁ H
H-C-H C-H
| Hy0 |
I
H-(ii-H 2[H]
COOH ?I ®
@ CH3CSCoA S
u
COOH COOH
! I
H-C-H H-C-H
I I
H‘C’COOH COOH H'$'H
|
I
OH-C-H n.c.g CoASH COOH
| ® |
COOH H-C-H H-C-H
i-Citr | @ I
C:O H'C‘H
I I
COOH C=0
2[H] 2.0 I
2[H] SCoA
SuCoA
CcO
CO; 2 CH 3 COOH

Fig.9. Acetate oxidation via citrate cycle.
Citr; citrate, i-Citr; iso-citrate, 2-OG, 2-oxoglutarate, SuCoA; succinyl-CoA, Su; succinate,

Fu,; fumarate, Ma; malate,OA; oxalacetate.
@; ATP~itratelyase, @; aconitase, @; iso-citarte dehydrogenase, @; 2-oxoglutarate :
ferredoxin oxidoreductase, ®; succinyl-CoA : acetyl-CoA transferase, ®; succinate
dehydrogenase, @; fumarate hydrogenase, ®; malate dehydrogenase.

autotrophicum T3 pterinSEE L Tw A &) S TH %,

CODHAZ M % FFoMIE L F DEDOIFIE T A ¥ Y ARAE % B0 S EArckeyDPEICS Rodp o T b

EeER % FIR 3 A EERROTE 27 = VBRI & CODHARERE D &6 L OB 2 Fodhid, &4 0 UFEN%Z
%35 T & % 2-oxoglutarate dehydrogenase (2-OGDH) & CODHDE WX IR A Z LI L W HEETE B, 7 T VER

BT & ) BEER R ANEHT A I I3 MR A5 BV 2-OGDHIEM: % 7R T 45, CODHDIFEH XD bz, Hil
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CODH#EH % #OME T132-OCDHDEHIED 61y, HVCODHIEMAHERL T & 52, Zn b OEHIEE:
BUSNOEE (CVEVER, HARLE) TEF LMRICOHFET 2.
AETEINLOTERLE T X, AIE TH /- BREEER 2R (Desulfobulbus propionicus MUD, Desulfotomaculum

thermobenzoicum TSB) % AV T, TiEEA 4 VIEHFHE T CO NS ORBRVEET 2 RENWEAH LS 21

L7z
Acetate
ATP
@
ADP
Acetyl-P
| e
Acetyl-CoA
CH3-XH4 ® [col
A © -
2(H] @ 21H]
CH2=XH4 Fig. 10.  Acetate oxidation via acetyl-CoA/
Cco2 .
2] ‘_/1 ® carbonmonoxide dehydrogenase pathway.
CH=XH4 . Bold arrows; reactions catalyzed by menbrane enzymes,
l : Thin arrows; reactions catalyzed by cytoplasmic enzymes.
® X; Desulfotomaculum acetoxidans = folate, Desulfobacterium
ADP +Pi CHO-XH4 autotrophicum = pterin, Desulfovibrio baarsii = pteridine. @;
D\@> acetate kinase, @; phosphate acetyltransferase, @; carbon
AT HCOO" e monoxide dehydrogenase, ®; methylenetetrahydro "X"
reductase, ®; methylenetetrahydro "X" dehydrogenase, ®;
2] ® methenyltetrahydro  "X"  cyclohydrolase, @;
co2 ! formyltetrahydro "X" synthetase, ®; formate
| dehydrogenase.
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B0 Desulfobulbuspropionicus MUDIC L B 7 I D= NWE LT T7LTFE KA 50 T7OEF > BOER

Desulfobulbus propionicus\d B2 TBI 5 2212 L 72 & 9 12 7 0 ¥ BEERILAERIE T W T methylmalonyl-CoARE
PR, TORBIRIEDL ) ICStams H I & WHRE S NEHTH H0, T L D ETiCLaanbroke 512 & b
D. propionicus\Z & % 7 v 2 = VRN FEEHFIMOMERIRR S N TV /0 Lo LB T 72 2 098
BHENTBLT, ZOFLVERPERLZ SN TV RV, FHiTED. propionicustc & % methylmalonyl-CoA

BREFBLE7ZVI-VBITTVFe FORBIFIR LB L7,

1 EBE
111 BB L URUDGM
{8 U 72D. propionicustE 6 1 ey L 7-MUDER(DSM 6523) % F V2 7o, B5lbs & UPBEERRIIE L A TH 5,
72l ERRENVE VENa R, 10mME Vv, TiBRA 4+ v 2 BT b W TREBMICET S/,
FEAHRBRIERLAHEYELEL 0GB EARLTEH L. T2bbEVEVBRTREBINICAT
B AT BB M O BEA Y . B0 10,000 x g 15Smin il £ DB L, XEBLUMBA A 2 ET L
WETEE R B % AV T 2 BIEEEHR. S0mIBFILIHIRICE L7z, S0 ZOBEEIL, 73— ORI
DWW TR EMA E L T32mg/20ml, 7 V7 & FORERIT OV TE17mg /20mlZFAB L. FABERIIN,/CO(41,
vol/vol) b L < ¥H,/CO,4:1, vol/vo) TIEHE L, 15kg/cm? (147 kP FFIE & L 720 BULHIEEIRINHE36T TIT o

f"
-0

12 BEFEHEORIE

YW VEER AR I L THBEA 4 Y 2 83 2 IS CREMICAET LM % 55050 8E(10,000 x g, 15min)
WL DEEL, 50 mMY) YERBEEE (1 mMNa SO @A & LTED) AT 2EkE®R, 7Vy 57
L ASLER (1,200 kg/em?) L7, @008 (10,000 x g 20 min) %47\, £ B MEEER L L THEA
L7zo BEEHOAUZICREE MDA ) 2a—F vy 7 - 7FVTLEDEDF 2y PEAV, Kbk
TRUHEEHT TITo 72

Hydrogenase® {& 14 1£50 mM ) > ER#E i #i(pH7.2) F 1 benzyl viologen (2 mM), glutathione (0.2 mM),$ & UHLEE
REHRML, EEE1mE Lice KAHEKEN A TEREE, NaSOBHE PERNLETOEE DU 2k
2y EBICERT 58Tt E benzyl viologenD555nm DRI DI K % I HEERHIC & - THIE 24T » 72 (FEWE
ZH) o
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¥ 7zmethylmalonyl-CoA:pyruvate transcarboxylase D& it . FUBHL (50mM V) > BRARTEHL (pH7.0) I pyruvate:
10mM, methylmalonyl-CoA: 0.2mM, glutathione:0.2mM % A %L, BEFEW % IR, NADH%02mM & %2 % & 5 I2iR
L. BEHICNADHO3MOnmDRI % S HHEE THIE Lize BT OHER, EEZUBESAIELTVAS
bIF T %, TRO & S % HA&EEE FUSR(coupling enzyme method)!Z & 1) | malate dehydrogenasell & %

NADHDEAL % FIET 5 b D TH 51,
Pyruvate + methylmalonyl-CoA  — oxaloacetate + propionyl-CoA
Methyfma!ony!—CoA:pyrImte transcarboxylase
Oxaloacetate + NADH —+ malate + NAD
Malate dehys;[;ogenase
% BAREBE L LT O B8 Tmalate dehydrogenase % Sl L. T2 E OEHESEO L LT b,
50mM V) ¥ BRI (pH7.0)

' pyruvate 10.0 mM
methylmalonyl-CoA 02 mM
glutathione 0.2mM
NADH 0.2mM

NADH®340nm DY % 56 EEET THIE,
FTRTORIBE6TTIT- 20

7z A { EEBIO-RADHE B2Protein Assay Dye-Reagent-Concentrate® i\ 7= B FHEATEIC L VL 595nmTD

WL D ER L 7,

1-3 B2304T
FTha—VE, 7VFE FEBLUFBRBRFREABICTAzax NS 7B UEERE s av 7

57 CERELM:.

2 HRBLIUER
21 7ha—VE,rLOTOEF VEROAR

D.propionicus MUDIEARRRA &~ D72 "N /COSFHR T T, =¥ / — Vi EEfRE 7O 4 YEICERL,
f27ans g = BB ASEG T T 7o ¥t VBRICEH L /2(Table 13a,130) ¥R CTHRM 1 Bl TREIE

BENLY, EFRIED TEDL - 72(0D. <0.03)s N6 DERFSHEROEFRNIC—HL 72(pH7.02,

Ethanol:
3CH,CH,OH + 2HCO, — 2CH,CH,COO" + CH,COO + 3H,O+ H' wevrteeeernreninns (1)
AGY =-124.0 k] /reaction
Propanol:
3CH,CH,CH,OH + 2CH,CO0" + 2HCO,” = 5CH,CH,COO0" + 3H,0 + H* e (2

AGY =-116.9 K] /reaction
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Table 13 Conversion of ethanol, propanol or acetate by D. propionicus MUD.

a) Ethanol under N,/ CC.':',J1 b) Ethanol Linder H,/CQO,
Incubation Substrate and products (mmol/l) Incubation Substrate and products (mmol/l)
time time
(h) Ethanol  Acetate Propionate (h) Ethanol  Acetate Propionate
0 248 ND ND 0 262 ND ND
3. 03 8.0 157 3 0.3 8.8 16.0
10 ND* 8.2 175 10 ND 9.0 175
c) Propanol plus acetate under N,/CO, d) Propanol plus acetate under H,/CO,
Incubation Substrates and product {mmol/l) Incubation Substrates and product (mmol/l)
time time
(h) Propanol  Acetate Propionate (h) Propanol  Acetate Propionate
0 17.1 115 ND 0 152 12.1 ND
3 4.1 3.2 214 3 3.2 4.0 19.2
10 ND 0.2 271 10 ND 1.9 25.1
Propanol was not converted without acetate. Propanol was not converted without acetate.

e) Acetate under H,/ CO,

Incubation Substrate and product {(mmoVl/l)

time
(h) Acetate Propionate
0 214 ND
3 247 ND
10 21.7 ND
20 210 02
*ND, Not detected.

o ORFIIFHEIKRIFILEL T T, FEIEE T %2 5 72(Table 13b,130)e 55 iILaanbroek & 253t
% L 72D. propionicus Lindhorst b [A#k 2 %17 5 25, Lindhorst¥RiZKFEH A DFEE L ZF, 7u¥t )
EERUEE AT < 72 D BERROD ARSI 2 5 N B8, % 7oLindhorstik IS B+ H,/CO, T 7 1 € 4 Y BRD AR AR &
NTVEH5, MUDBETIEE o 72 { DA B & 2025 72(Table 130). M L TH 2 2 2DHTI D & 5 1A
KENTHO, KEROFIARGICEE L2 bD B bN %, Lindhorsthiid T AV F—§ & L TH,/CO, % FIH
T X %5, MUDMRISHRBREILOZEE & L THKEDFIAME IZED o /2o MUDEEDhydrogenaseD{E 114012
xmol/min/mg-protein Td N . b % A ITKE G LM BN 7z Desulfovibrio vulgaris Td, hydrogenase®IEHE X

0.66 xmol/min/mg-proteinTH % Z &6 (k) | COFEHEE I L VEN DL NVZ B,



Table 14. Conversion of acetaldehyde or propionaldehyde by D. propionicus MUD.

a) Acetaldehyde (AceCHO) under N,/CO, b) Propionaldehyde (ProCHO) under N,/CO,
Incubation Substrate and products (mmol/ ) Incubation Substrates and products (mmol/ I}
time time
(h)  AceCHO Ethanol  Acetate Propionate (h)  ProCHO Propanol  Acetate Propionate
0 9.0 ND ND ND 0 7.5 ND 83 ND
2 4.6 1.9 1.8 ND 2 58 0.7 82 08
10 ND ND 57 28 10 ND ND 6.0 99

22 TIVFe FE»ronTaYd VEEDAERK

Fa— URBOPMYEE LTEXLNLTIVFE Fb, D.propionicus MUDIZ & 1) 7 v 7 — VD4R &
EAE YR BB E N 2(Table1d)o LALT7E 7T FoDFut YEBOERKIE, 727V TE
FALy /— )V EEERRICEB S NI, FUIBPEATVWAE ZEHHLPIC ko7, SRIZTOEF Y7
Fe FThAMLENNRE N, TaLLETIVTFE FOERIZEMICFULSED DTz % (. TROKKZ
BROSTREPEATVDE I EFHEL P ol BRMOUETRT VT L Ko DEHERE TV
3 — WA DOTEAL U (dismutation reaction) #5221 . £ D FULBHE T HRICER L2 7 Vv 2 — V320G E
R EL L E 2 bz,

Acetaldehyde:
3CH,CHO + 3/2H;O - 3/2CH,COO +3/2CH,CH,OH + 3/2H* (3)
3/2CH,CH,OH + HCO, = CH,CH,COO +1/2CH,COO" +3/2H,0 +1/2H" 4
3CH,CHO + HCO,” — CH,CH,COO + 2CH,COO0" + 2H* (3)+(4)

Propionaldehyde:
3CH,CH,CHO +3/2H,0 — 3/2CH,CH,CH,OH + 3/2CH,CH,COOH + 3/2H* )
3/2CH,CH,CH,OH + CH,COOH + HCO,” — 5/2CH,CH,COO +3/2H,0+1/2H"  (6)

3CH,CH,CHO + CH,COO" + HCO, — 4CH,CH,COO +1/2H" G)+6)

TEIZNVFEFTE, TX T TE FRLDLS J — )b EEEEEN DAL SUNE)DSTERTH T L7tk
I, R L7zx g ) = VHBERRE 7O ¥ VEENE B E B (Eql), THEF YTV TE FAFAICTOY
FVEE Tun ) —vAORISRTRICTaN ) — IV eEEr oD Tu d VERERAEI D LEREN

720

2-3  Methylmalonyl-CoA#ERE & 70 € Y ERDARL

UV VERE HECHERA 4 V2B I 2 WEL TAT L 3R LBEREM R fIE L 2o £ OFER,
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e ™

H,0 2(H]
3CH3CH20HT3CH3CHC N /‘ B CH;COOH 2 CH3CH, COOH
6[H] /’_ 2CoASH A
4/ 2H,0, 2 CoA-SH
<<Methylmalonyl-CoA pathway>>
4[H]
v
2 CH3CO~5-CoA

12[H], 2 CO, .

- J

4 )
3H,0

3 CH3CH,CH,OH \l" 3 CHACH,CHO \ B> 3 CH3CH,COOH
2 CoA-SH 2€0 2 5 6“'“

2 CH:;,COOHL 2 CH3CO~5-CoA ——P- <<Methy|malon 1-CoA pathway>>— 2 CH3CHy COOH

2 CoA-SH 11

Fig.11. Proposed pathways of conversion of alcohols and aldehydes by Desulfobulbus propionicus MUD.
(I) Conversion of ethanol to acetate and propionate.  (II) Conversion of propanol plus acetae to propionate,

methylmalonyl-CoA#EHs Dkey enzyme T & % methylmalonyl-CoA:pyruvate transcarboxylase {5 4:(0.338 pmol /min/
mg-proteim ASHER S 7o (B 7% 2 ICHREAIFRIC & 0 =7 L 724 T T0.333 umol/min/mg protein T 1) |
EEHICAFTL-ARBLEREAETH 2 (FNESR) ) Cold 7ot VBREBAZHETH 2
methylmalonyl-CoARRE DTREHRTC # 1T H 2 VAP FEL TS ), T OERIERHABICIMSE LT
WHELDEEZLND, Fg 11T /= BLU 70N/ — VOREERBERER Lz, T8/ — VK
B~EBL S N BBRICHIE S N3 BITAMIE . T4 J — b bacetyl-CoA T TDRIG TR % 113 BTHT i
methylmalonyl-CoAFEHS P Tacetyl-CoA% 70 ¥ 4 VERIETLT A DIEH SN L E X b ND(Fig 11D T2
Tun -z 7o s VEICEMES ARSI S A BITH % . methylmalonyl-CoARFEHEICEL Y JAA T
O Y VRS IR T ED A LI ) B T U VERE AR L T B LHER S 1L b (Fig.
11 )o Fig. 11 D USRI BV TREF MO S VLindhorstBfid, 708/ — b6 7 €4 VB0 UG
LI BB ORD DI, KEFA LAV TEERE ZBILRED O 70 YRR ERT 5 2 &2
T%5Y, L7 LMUD¥idhydrogenaseDIEHAENC E25 b bh 5 & ) KA FROAFELFAT LI LI
T&hdol
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S5=E0  Desulfotomacidum thermobenzoicum TSBIC & % * b X VR EBEBRDONKH L BB OER

D. thermobenzoicum TSBYS JEEUE TR ME— D ERM L EFRSHHAE TH 5, COTSBHRIE _EE=H TR
K7L, A PR VREERREATEA A YORBAPDOTERE LTHBLAETE 2, A b5y
ERROFFHEWE L) 7= v T OMEYROMBEIEE LTHS N T35, ZOX b U HFEFEYE
DFFFRIT & B BERSR DV TidSyntrophococcus  sucromutanss 2 & 2 BFZHEE L THOF AR,
Acetobacteriumwoodit™iZ & AFIAPREZ N TV 5, T 72HELRITE O —H T & % Desulfotomaculum orientis |- 3
WTHBNESTOER I D ) 5 LIBT3 H A5, BIRIHELED T OFHYE L SRBHER 0K
Hrantwiw,

FITAMTIE, A PR VREFRELMEBETOERE LTH, BEER L LTHFIATE 5TSBE%:
AT, Fg 12 WRTHRZ X b VYEEBFHHOREREHNHB L UCODHAERIC & 5 # b F VRN

oW THE L7,

1 ERGE
11 B L UBREH

FEERT VTS558 U 7D, thermobenzoicum TSB (DSM 6193) % {8 L, &3 X UKEFEFEIIATEICHEL , L4
L U CHEE L E5mM, BEFZIERGOHN20mM 2T L7ze #EH & LTIRLIp-# b ¥ VEEFR, A
=1 ¥® (4-hydroxy-3-methoxybenzoate). ¥ ') ¥ # Bk (3,5-dimethoxy-4-hydroxybenzaote), 3,4,5-trim-
ethoxybenzoate ¥ Al 272,

gEHAEBTIZ, 3,4,5-

coo" coo- 00 W trimethoxybenzoate (5 mM) % 2%
ELTHEEA 4 v 25 WEEHL T
o | s Lrmme. W R LA
L ol oH cAllR % . RUET &R
4-methoxybenzoate vanillate protocatechuate ETERGEE, BREAE L
THEA L 7z #1330 miFOIL
coor coo" 00" BN FCIR A E T15 mg/20 ml
WKk &) IHRL 2, KATER
H3CO OCH;3 H3C0 0Cl‘13 HO OH
OH OCH; OH 1EN,/CO, (41, vol/vo) TEH L .
X syringate 3,4 5-trimethoxybenzoate gallate ) 15 kg/cm¥(147 kPORIE & L 720
Fig. 12. Structure of methoxylated benzoates and hydroxyrated
benzoates.
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S i RIS T O > 72

1-2 EBEREEONE

3,4,5-trimethoxybenzoate(5 mM) % 225 & L THEERA A Y DS WESHE CHESR L 7-8008 % . RUESICHE U CHIEEE
WAL 720 & VN7 BESERRLRHIE T - 720

CODH(carbonmonoxide dehydrogenase) D1E M, 5 ZEHE =57 & FIARICAER T 5 &I A benzyl violgen D555

nmDRIEER % ST 2 AVRlE L. CENEER)

1-3 123047
EHEEWE L L UERYEORIER., SISO FEICHE CHPLCER B,

2 HREBLIUER
21 A MR VREFBBECBIAET L oM

Desulfotomaculum thermobenzoicum TSBWHRER A Y OFEICHh DD 6T, X b F VREFBRAY = A V¥
ELTERTAHI LD TE T, 3-methoxybenzoated & UF4-methoxybenzoatetd € 41 Z #13-hydroxybenzoate & 4-

hydroxybenzoate {ZZEHR & 41, /N= 1) ¥ Efi(4-hydroxy-

without sulfate p with sulfate 3-methoxybenzoate) AR $(3,4-
3 dihydroxybenzoate) il B S iz, /23 Y

(3,5-dimethoxy-4-hydroxybenzoate) i3 3,4-dihydroxy-5-
methoxybenzoate #£H L THE FHER(3,4,5-
trihydroxybenzoate) {2 252 & #1(Fig. 13 a), 3,4,5-

trimethoxybenzoate X EFERICER S N 5 BFE

T, PHEHAHEDE L L T3,4-dihydroxy-5-

o 2 4 6 8 10

Concentration (mM)

12 3 5
12 without sulfate |, with sulfate  methoxybenzoate & ¥ U > A BEDHR i & 172 (Fig. 13
w0} blo F7HEERA 4 Y DR VIR TR E 0 H ICERER
A Fig. 13. Conversion of syringate (a) or 3,4,5-

trimethoxybenzoate (b) by Desulfotomaculum
i thermobenzoicum TSB. Each left figure shows
& conversion without sulfate, right figure shows
conversion with sulfate. a) conversion of syringate,

4 b) conversion of 3,4,5-trimethoxybenzoate.
Symbols; a) -O-: syringate, -®-: 3,4-dihydroxy-5-
27 methoxybenzoate, -H-: gallate, - A-: acetate.
b) -O-: 3,4, 5-trimethoxybenzoate, -®-: syringate,
5 10 1 0 122334 -0-: 3,4-dihydroxy-5-methoxybenzoate, -8-:
Time (days) Time (days) gallate, -A-: acetate.
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Table 15.  Growth of Desulfotomaculum thermobenzoicum TSB on some methoxylated
benzaotes with or without sulfate.

Substrate added Sulfate added Dry cells Growth yield;

gram dry weight

(mmol/]) (mmol/]) (mg/D per mol substrate
4-Methoxybenzoate 4.8 0 17 3.5
46 20 24 5.2
Vanillate 3.7 0 14 3.8
39 20 2 56
Syringate 55 0 23 4.1
42 20 36 8.6
3,4 5-Trimethoxy- 6.0 0 28 47
benzoate 55 20 54 9.8

PR SN ze —0, WBRA & Y 2 EURE TRERO AR R O N HILKROER VSRR S iz, Tl
A7 Y OFERBEHREER LT, ZHRERE L&D TV 2 (Table 15)

19824E 1 Kaiser & R BEAMETE IR FAVS T X b ¥ VB IEME ORI % S~ 3,4,5-trimethoxybenzoate D %
BEFENOEROERZER2IToTWAHY, THhIZL B E 3,45 trimethoxybenzoate 144 124,5-dimethoxy-3-
hydroxybenzoate\CZH E NH LH|E SN TV HR, —FAEDFERTIE, Fig13 & 1 3,4,5-trimethoxybenzoate®
BETFEANOBRMOLEEEFZ L, LRI TR DA PFVHEDE FOFVEADOERTH Y, i
&£ Y ) ¥ HE(3,5-dimethoxy-4-hydroxybenzoate) DS E K & 72, 5l & Hi & ¥ ) ¥ A BEIE3,4-dihydroxy-5-
methoxybenzoatelZ ZE 2 & TR IR A FEIC AR E N/2(Fig. 13)0 BERMEHIEIERIC & 25005 & AR T
REELERTE 2w, i & bTBHIIFg MITR LR Fo L E1 o1 5,

¥ 7-TSB# I3 2-methoxybenzoate, 2,6-dimethoxybenzoate X FIfl 35 Z L AT & e ofcl & L, 2LD 4 b
FUORERBFIHATEZE LSO LHER S N7z 2,3,4-trimethoxybenzoate, 2,3-dimethoxybenzoate, 2,4-
dimethoxybenzoateld W L b FIH S 7z, BMRERP IS L b ENEFN 2,3 4rihydroxybenzoate, 2,3-
dihydroxybenzoate, 2,4-dihydroxybenzoate Ti37%%*> 72, 3,4-Dihydroxy-2-methoxybenzoate, 3-hydroxy-2-
methoxybenzoate, 4-hydroxy-2-methoxybenzoate & \» o 7ZAREM ENAF T E Lo f272010, BREEYOR

FRTELdolot, BRT 2EROERILEALD A b F VEOFFIAML E06E 2 T, FhEn2ALll

COOH X COOH COQH COOH
@mﬁﬁ @%@%@
CH3-X
@ @ ©)] @

Fig.14. Proposed pathway of conversion of trimethoxylated benzoate to hydroxylated benzoate.
@ 3,4.5-trimethoxybenzoate, @ syringate, @ 3,4-dihydroxy-5-methoxybenzoate, ® gallate.
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SHox b FUEPE FoX L RIZ R S 1L7234-dihydroxy-2-methoxybenzoate, 3-hydroxy-2-methoxybenzoate, 4-

hydroxy-2-methoxybenzoat & #7E S 1.7z,

22 MMREAICL B A M FURBEREOLHREBRL

TSBYRISHRERA VDR WHEHETII A P VRBFRE,» OB AR L7z, BEBB LU Fux %8
FEBOERE Y ERICTNS 20 EBEAET AV CTHEED 4 b ¥ V& BEBE(4-methoxybenzoate, /3 = 1)
VER. ) v HEE, 34 5trimethoxybenzoate) DM E FH/z, TARTOA M F U ESFEEIIESMICE Fo
* VEBEBREAER SN, FRICEEERER L7z, 72V VAR, 34,5-trimethoxybenzoate THE2-1T/R L
7R SRR S N R R AR ¥ Table 161" T o SR L DImol® A b F Y 3H 650.75mol DEEES
BERINTBY, BERARLTOL ) cEHE ST,

4-Methoxybenzoate;

4C,H,O; + 2HCO,” — 4CH.O,; +3CH,COU + H*
Vanillate;

4CH O, +2HCO,; — 4CH.O +3CH,COO +H*
Syringate;

2C,H,O; +2HCO;” — 2C HO, + 3CH,COO + H*
3,4,5-Trimethoxybenzoate;

4C, H, O, +6HCO,” — 4C H.O, +9CH,COO +3H*

AG )= VEFIRTE ol

23 FEEROD AR & A F IV UG .
TSBEEDEEERAE R 2 2L 5 X b % V% BERSEOCH 1T Acetobacterium woodii DAL H & JEE 1THF{L L Twvr 350,

Awoodii®D * b F VEBERMD O OBEERERIE, Fg15IIRL72 L9, X MR VEMIIKICL ) e Fax

Table 16. Conversion of methoxylated benzoates to hydroxylated benzoates by concentrated cell
suspension without sulfate.

Substrate added Methoxyl-group Total moleculesof  Products Molar ratio of acetate
methoxyl-group (mmol/ D) formed per methoxyl-
(mmol/D per molecule per liter HB* Acetate group consumed
4-Methoxybenzoate
4.7 1 4.7 4.7 3.5 0.74
Vanillate
3.1 1 31 32 2.3 0.74
Syringate
2 6.6 33 4.7 0.71
3,4,5-Trimethoxybenzoate
39 3 117 4 8.5 0.73
*Hydroxylated benzoate
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VELLEYWEFOBILAY ) - VAR IS, A
woodii V& X% J — )b OBFBREREEY AT A 72
B, ANFVENPODORAY ) — Vi TERALREL &
bICHERRICEREN D, —HTSBRRIEX ¥ /) — L&
TRIERFEP OEERETER L 2ol (F—94
B) o T2LOBEMIIB VTS FOBRICPHEYE
ELTAY )= VOREBRBD ooz (F—

B o CNODT L L HTSBEED X k¥ HHp

CH30H

=

=P 3CH3C00H + 2H20

yo-cns

H

7—5- »—O-H +

4

4CH30H + 2C02

Fig. 15. Formation of acetate from methoxyl-group by
Acetobacterium woodii (Bache and Pfennig 1981)

b OFERRERIZA woodiD L 5 e A &% /) — WEHTHZWEEZ LN S,

3,4,5-Trimethoxybenzoate® 2:/H & L 7235&. CODH#&EM Dkey enzymeT & 5CODH (carbonmonoxide

dehydrogenase) DG PEDS, HEEEA A4 > % ¥35h0 L /-85 TAEF L =M (0.590 wmol / min/mg-protein) k- % B A

A VRN L VE TAF L 72K PI0.700 pmol/min/mg-protein) i-  FEZE & L7z CODHARH: & UM 55

o E x| BeBEERg 161RT £ 9 ICCODHEKIC L 5 “BYEREEER Lo TERENZ b DL EbR

BHo AMFLVEEAFNFXYFILAFLELE L Foxi L), XFI0F v ) 7IECODHAERKIC A

o 4molD A FIv ¥ x 1) 7 D HLimol S ZEMLRF IS . T OBREUE S A EITIIH)A, 3moldCO,

28T L TCORAERM L, 3mold * FIVEECHX) L #EE L T3molDEERRZ AR L TV A D EBbhd, ¥

hbbt, I CTIRETEERD —BMLRE~OEILICEE L T 5CODHARPSHE HAIEIEL Twahadnt

Eibhkb,

3 Acetate
COopH 3 Acetyl-CoA
4 O-CH3
COOH K 6[H]
3 CO:
4 OH 1 CO2 6[H] j

Fig.16. Proposed pathway of acetogenesis from methoxylated benzoate by Desulfotomaculum

thermobenzoicum TSB without sulfate.
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¥ 7R A A U DEET B L A FIALATCH R T R TBLRF B S n, BB s s @ThRE
FEEREEHL ., RN ET L TRILKEVERENE L ELONE, ZD L 2ORIGIETRO
RNTERSIND,
4-Methoxybenzoate;
4C,H,0, +350> = 4C,H,0, +4HCO, +3HS + H"
Vanillate;
4C,H,0, +350,% = 4CH,0, +4HCO, +3HS + H"
Syringate;
2C,H,0, +350% — 2CH.O, +4HCO, +3HS + H*
3,4,5-Trimethoxybenzoate;

4C, H, 0, +950,F — 4CH.O, + 12HCO, +9HS + 3H"

1w n-s
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BmE EH

AETE, BERR SN, ARGEGET LB L T < 70 ¥t VEREMEEE (methylmalonyl-CoARE
) B UFREEM LR (CODHAZER) %, MEMMERIUNORENLZARH BV TH., BTHOSTELD
BLLTHWTWAI EZHLMPIT LT,

¥ ¥ Desulfobulbus propionicus MUDH¥2 7 1 ¥ 7  BEER{VAERK T & % methylmalonyl-CoA KRS 7S, FiERA A v

DHEWEBHETHICOES L TWwA I E2HL AT AL, 7ha—VEORELBHFEES v TR

HEITolo FORBRDOZ EHHSE IR o T,

1.

SSEERY AT L 72 MM I B methylmalonyl-CoARE % Dkey enzyme T & % Dmethylmalonyl-
CoA:pyruvate transcarboxylase OVEEDSHER S 7= Z & L 1. T DHPLAIC b methylmalonyl-
CoAREE N FHAET 5 b0 L FEINI, _
MUD¥RIE “BMLIREDFAET Ty / — VBB L 7O VA VRRIC, 703 — )V +EERR
* 7a bt YERICEGRMICERL .

FUFE PG 7T VI — L EARCERENEY, ZORIERT VT Kb 0AaERE
TN A—WAOARBELEILDEI ), TOBRER L 27V VBENTwDE T L af
BE G 2l o 720

Z 15 DAH Emethylmalonyl-CoAREREEIC L NAEZ o TV B EERE NI,

Lobd Zos, #E 7ot v EEER & L THEE L TV S methylmalonyl-CoAFERE A%
@ﬁﬁﬁﬁh?w%%@tﬁ%éﬂt;

D & )\ Desulfobulbus/® DIELEITTHE S 70 ¥4 VEER BEAMICART 5 L, HEH
fEEIcRons 7ot YEBOERICHS LTwaEEIEL LN L,

e\ THREBRERILAERE T d 5 CODHAEM ASHERA 4 Y OFEICHH o FHICHS L Twa T L 2o I

TARL, MEELE TRIZLALREN LA M VY REBFERBEORBENNH % Desulfotomaculum

thermobenzoicum TSB % AW TERE L1, FORERD I EMPHL IR o712,

1.

TSBHRIZTRE A A VOB BICHEHL LT A M X VREFMEEFIHL TAEFTT A EXTE
AL

WA A v 05b 23E. A PFVREFHY ¢ FOF VRRBEFRICEHR L, Z ORRESEIT
UG ASHesR S iz,

WiEsA & v S WiEE. A P VREBFBAH,L € PO VEBEROMICEREE AR L Tw
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AR

. A THEBETHEICL 2 2 P VEOFIAR DWW TOFM ML <. $ 724 DA
BT LD TREREOERE S i Lz,

. TSBHRII2AL (6fif) DX FFVEEFFIMTHIENTEY, F0EHOX b F 1340, 3
i, SHEDNEICFIH SN A Z EFAL PR o720

%E&‘E@ WAET L2 TSBER DL A 12 b CODHAZ Dkey  enzyme T & %carbonmonoxide
dehydrogenase DIGMEAHER S /2T & & ). CODHEBAPHE LT 2 s RE S
PARS

L b S OME. EHEEE LR L L THEE L TV 2 CODHAZER ASEERRAZER & \» ) 3 516)
OIHAKE L TV TW AT REMATRIE I Nz,



ENE B2 23EOWMEETEICL S VY VEROREMR B nER
E—H LI '

WEETHE O ANV F—HERRL L 0BE, ZELTRT 2BICBE I N2 BT HHPEFRERLZET
HRRE AT T AL & R L TR 5, BWITH REHRM IR 4 v Ot AE~ORT I b b, —
i &L OBEEME IR REFLT, FOIRNF 0B I RBERTOXR L~V To Y Ygbi
EWE B, MEREETT AUDICHRT 2 EFRERDP L LA NVF— 2B TV AIMELETHE I, hofixtt
M & FRRICHRBEIER 2 4T b 3 I ER 2 BERICFIA L TET T A2 LD E AL HIL TV 54560, fjiE:
BITEO 0 &5 eREHABICHE L Ty TI1960FfiE &L W IfR S T, LA LM Desulfovibriol&
DIEEEITTHE & 2,30 DesulfotomaculumBOKME L 0BEENTE LT, TOEEFAERIED THEVOT
BHolio TOLDHDEMEMFATELHEEIREON, VTR T7IIVEL ENVEVER EEAOEAERE
EAONTWE, LZHH, 1980/ EIPSHF LVEEOKEBTEI R4 CEEI L, @RI
methylmalonyl-CoARREE° CODHARH %2 £, 4% THLN TV b o 728 LWRBER W ohBR 20
BILE o, INOHDFERITL Y| methylmalonyl-CoAREH R CODHARM A 53 A IELE TR O BB LT
DOFREMATREE S g0, BMETE I NS ORHERFRS T 2 HESETE O 2 BRSO v TH
S L7,

& A THBGETTH PR CFIRATE 2AENLER TH L YV E VBIE, RS 4 VLT ClEARRE
SRALBEIOBBGERITHE I & 2 TEBIFRIC L - TEEREFMLRRICERS D, TRYIVE VB, BiEkA 4
VAT TR ARFRB LB OMBETHICL > TEDL ) 2 RBBHREN L SN 20 TH A
Do AETHIEE THWTE A 2HHFDMBETHSE LUHL oMb N T Ak d — R L HEETH
TR, EnFhOYNVE YBOFBBEAHICOWT, RBEY., AR L CREREROLESET) 2L
L DRRE L. Z0EVE BRI L7,

BIE ERAE
1 AEEE

HHUES & LT, Desulfotomaculum thermobenzoicum TSB (DSM 6193), Desulfobulbus propionicus MUD (DSM 6523),
Desulfovibrio vulgaris Marburg (DSM 2119) D38k % (L 720 D. vulgarisid e d & { 26816 N T 2 HEN 25

EOETLHE TS 5,

2 KB L URIREN
R LB TN NGB AR L2 EREATEVE VEREERH L LTIHREBRA A Y 0& T2 0H
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#,T36°C (D. propionicus MUD, D.vulgaris Marburg )3 & UF55°C(D. thermobenzoicum TSB) TR R % 1T o 72, UGS

B -, X EEiE G OB % 505 810,000xg, 15 min) 12 & D4EE L. 100 mM Y ¥ EREEH Tt

E R RS Ly 50 mIB /5S4 7 VI KI25mg dry cell/20ml buffer & % 2RRICHE L1ze SAREREN,/

CO,(4:1 vol/vol)X(D. thermobenzoicum TSB, D. propionicus MUD) 3 & 'N(D. vulgaris Marburg) i\ B L, 7F IV T A

BLUTIVI U= VIZL ) FRBENER1.5cm?/kg(147kPa) INFE & U7z FUSEEBERINGE, 36TH & Us5T

’C‘ﬁo f:o

3 BREMOMESE

BEREHECA I CLABCHBRESEZAVWTAE Lz TXTAZ Y a—Fx T 7 F IV TLARNF Z2ml
HAoXx axy PRV, ODEEImE L TOEEER T HAVHIERIT - 7o SRUSH DB, 5FRGAR%E

©B LURAUEEEMZRDEY THH1,

Lactate dehydrogenase;
Sodium lactate (10 mM)
2,6-Dichrolophenolindophenol (0.07 mM)
Phosphate buffer (pH 7.4, 100 mM)
Lactate + DCPIP™ — Pyruvate + DCPIP**

Pyruvate dehydrogenase;
Sodium pyruvate (10 mM)
Benzyl viologen (5 mM)
CoA-5H (2 mM)
Na,5.,0, (50 mM solution T#F#EhN)
Phosphate buffer (pH 7.4, 100 mM)
Pyruvate + CoA-SH + BV — Acetyl-CoA + CO,+ BV™

Succinate dehydrogenase;
Sodium succinate (10 mM)
KFe(CN), (1 mM)
Phosphate buffer (pH 7.4, 100 mM)
Succinate + Fe(CN), * — Fumarate + Fe(CN), *

Malate dehydrogenase;
Sodium oxaloacetate (5 mM)
NADH (0.2 mM)
Tris-HCl buffer (pH 7.2, 50 mM)
Oxaloacetate + NADH — Malate + NAD*

Adenylylsulfate reductase;
AMP (2 mM)
Na,SO, (2 mM in5mM EDTA)
Tris-HCl buffer (pH 8.0, 50 mM)
AMP + SO,* + Fe(CN), ¥ — Adenylylsulfate + Fe(CN), *
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Ag/mM =-113/e, A =600 nm

Ag/mM = -8.1/e, A =555 nm

Ag/mM =-1.02/e, A =420 nm

Ag/mM =6.22/2e, A = 340 nm

Ag/mM =-1.02/e, A =420 nm



Hydrogenase; )
2-Mercaptoethanol (5 mM)
Benzyl viologen (5 mM)
Na5,0, (50 mM solution T & M)
H, (saturated)
Tris-HCl buffer (pH 8.5, 100 mM)
H,+BV™—2H" +BV™ Ag/mM = -8.1/e, A =555 nm
Carbonmonoxide dehydrogenase(CODH);
2-Mercaptoethanol (5 mM)
Benzyl viologen (5 mM)
Na,5,0, (50 mM solution T & ¥ i)
CO (saturated)
Tris-HCl buffer (pH 8.5, 100 mM)
CO +BV™*—CO,+BV™ Ag/mM =-8.1/e, A =555 nm
Methylmalonyl-CoA:pyruvate transcarboxylase;
Pyruvate (10 mM)
Methylmalonyl-CoA (0.2 mM)
NADH (0.2 mM)
Gultathione (2.5 mM)
Phosphate buffer (pH 7.0, 100 mM)
Pyruvate + Methylmalonyl-CoA — Oxaloacetate + Propionyl-CoA
Oxaloacetate + NADH — Malate + NAD* Ag/mM =-8.1/2e, A =555 nm

4 BEIROHT
HEB LR TE & ABCESREE s v I 7 TRIE L2 AEB LU ZEBILREORIE XN
Az b 7R TROGHTERL:,.

Column Shimadzu porapak Q 50/80 mesh, 5m
Column temp. 60 T

Carrier 30 ml-Ar/min

Detector TC-detector, current: 60mA

BZH RBRBIUEE
1 EWEEBLETTHE ORI

WA 4 » DIFAET 5 H4E13D. thermobenzoicum TSB, D. propionicus MUD, D. vulgaris Marburg 3%k §° 1L % & §
WEGRITIC & ) YV VERE ERER & TEMUIRF R T 2 (F—-v48) o Ly LEBN2REOLEE.
TORBENG — 3L DTN ENREL o TVi/2(Fig. 170 D. thermobenzoicum TSBIE ¥ )V € ¥ B2 % ERERD 4 1T
B U 72 25D. propionicus MUDIZEEER & 700 ¥4 Y BRIC, £ 72D. vulgaris Marburg dZKFEDER b Ao/, &
DA D FRHH 2 BFG % Table 171078 L7245, T OFER & 1) D. thermobenzoicum TSB & D. propionicus MUDD

R & —E L 72(pH 7.0)%
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Substrate and products (mM)

Substrate and products (mM)

Substrate and products (mM)

e
[

o 1 2 3 4 5 6 7

Time (hours)

: N . ')
1 2 3 4 5
Time (hours)

Time (hours)

Fig.17. Pyruvate conversion by the three sulfate reducers in the absence

of sulfate. a) Conversion of pyruvate to acetate and propionate by
concentrated cell suspension of D. thermobenzoicum TSB without sulfate. 20

mi of cell suspension in 50 ml serum vials with N2/CO2 as a gas phase was

incubated at 569C. b) Conversion of pyruvate to acetate and propionate by

concentrated cell suspension of D. propionicus MUD without sulfate. 20 ml of

cell suspension in 50 m! serum vials with Np/CO2 as a gas phase was
incubated at 36°C. ¢) Conversion of pyruvate by concentrated cell
suspension of D. pulgaris Marburg without sulfate. 20 mlof cell suspension in

50 ml of serum vials with N as a gas phase was incubated at 360C. Symbols:

—O—; pyruvate, —A—; acetate, —A—; propionate, —V—; lactate, —@—;

formate, —8—; Hp, —0—; COg,

D. thermobenzoicum TSB
4CH,COCO0" + 4H,0 — 5CH,COO" + 2HCO, + 3H*
AGY =-293.1 k] /reaction
D. propionicus MUD
3CH,COCOO" + 3H,0
- 2CH,COO" + CH,CH,COO0" + 2HCO, + 2H*
AGY = -217.9 kJ /reaction
D. vulgaris Marburg D RBEN ¥ — V13 L O “HEOWHENETHE & B2
DEERRDE D ITKTE, B RPsERSh, ThiE ToRmE
THImID ¥ VY VEED S Z R FNimol DK, “EMLRE, B
BAERT 5L 3nTwaE (TRER) | 460 UGS EER
NELE N BB AR S N BTN, C N B & HERE &

U[HI/CO, 0 & SRR D AT L 72 £ BET & b

CH,COCOO" +2H,0 — CH,COO" + CH,CH,COO" + HCO, + H, + H’

Table 17.

propionicus or D. vulgaris in the absence of sulfate.
phosphate buffer with 1 mM Na,S 0, as reductant. Head space gas was replaced with N

AG" =-741 k] /reaction

Pyruvate conversion by concentrated cell suspension of D. thermobenzoicum, D.

Each organism was suspended in 100 mM
/CO. or N

2 2

gas. After addition of pyruvate, the cell suspension was incubated at 56 or 36 T. Substrate and
products were measured by HPLC and/ or GLC after 10 hours incubation

Pyruvate added Residual pyruvate

Products (mmol)

Organisms (mmol) (mmol) Acetate Propionate Formate Lactate Cco, H,

D. thermobenzoicum 0.155 0 0.190 0.001 ND ND - -
TSB

D. propionicus 0.153 0 0098 0051 ND  ND - .
MUD

D. vulgaris 0.153 0.002 0.108 ND 0.012 0.006 0.055 0.049
Marburg

ND, not detected; -, not measured
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Table 17. Enzyme activities in the cell extracts of the three strains grown on pyruvate in the
absence or presencd of sulfate (imol/min/mg protein).

Desulfobulbus propionicus Desulfotomaculum Desulfovibrio vulgaris
MUD thermobenzoicum TSB Marburg
Enzyme
without SO with SO without SO with SO without SO with SO
Lactate 0.066 0.041 0.002 0.002 0.028 0.008
dehydrogenase
Pyruvate ' 0.321 0.736 0.340 0.254 0.569 0307
dehydrogenase
Succinate 0.892 0.669 0.308 0.178 0.323 0.197
dehydrogenase
Malate 0.440 0.360 0.276 0.206 1.223 0.186
dehydrogenase
Adenylylsulfate 0.317 1.764 0.393 0.543 1.225 1.078
reductase
Hydrogenase 0.120 0.234 0.052 0.023 0.659 3.078
Carbon monoxide ND ND 0.704 0.570 ND ND
dehydrogenase
MM-CoA:pyr. 0.338 0.333 0.261 0.276 ND ND

transcarboxylase®

*MM-CoA, methylmalonyl-CoA : ND, not detected.

2 BHMEBLETEOBRENT

70 ¥4 R UAERE T & D methylmalonyl-CoARER £ & UBERRERLIERE T 2CODHAERR I, £ €h D
key emzyme T & % methylmalonyl-CoA:pyruvate transcarboxylase & carbonmonoxide dehydrogenase D{f 4 % #EZ53
ATET, *OFAELHEET AL TE A, YVE VERHE L L TREMICAT LFIIRADW L
DPOBEETEME % Table 181278 L 720 JLED 72O ENE VERE & b IIHEERA 4 */(mmM}éjJﬂi THRFEL IS
DEMEL G TR Uz, S OFER, BEENICAET L 72D propionicus MUD DI A 12 b methylmalonyl-CoA#F
s Dkey enzyme T & % methylmalonyl-CoA:pyruvate transcarboxylase 33 & U % DFER DI EBERESFE L TV 5
CENHOPE 0T, SNIFYIVE VEROEREEE 70 ¥ VBN H 12 methylmalonyl-CoAREM A B 5 L
TWAHI ERRBELTWA, F7:D. thermobenzoicum TSBOFIMEH IZIZCODHAEM Dkey emzymeTH 5
carbonmonoxide dehydrogenase & methylmalonyl-CoA:pyruvate transcarboxylase O & DIEWEA RO L L,
methylmalonyl-CoAREH & CODHIZRE D IE AL L T A & & AR & L7z, TSBHRASmethylmalonyl-CoAR®
FrhFro TwAH T ik, REEVHEEA A VAT C7us YRR AEILTE S (BTESH) ehoER
THEENTH S, L LRBEEY 70 VESBEALER SN P22 b, ENVEVERD
BB BN 3D, propionicus MUD® & 3 % methylmalonyl-CoAFERIZ & 2AH TR L, BLALTRTOY |
WE Y BRICODHAERRIC & o THREAE N T b L HE S NDH, ZHIZaT L D. vulgaris Marburg i methylmalonyl-

CoARHH: & CODHAEB DV b 3830 6 e s, D 28kIC i ~hydrogenaseDIEMEAS & D0 TIZE D o 720
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Z DFERD. vulgaris Marburgd ¥V ¥ ¥ B & OFERE & H,/CO,NDZEHRITIL, hydrogenase S E E 2 &%

HoTwh I L% RELTWA,

3 RBBEBRICOVWTOES

BEENLHIE LG R0 03EOMENETHIZ, CIVE VB RET 2B FNFhEL s ARER T
AWTw2 2 ED5REE 2 1172, MUDEE methylmalonyl-CoARS# Dkey emzyme B & U F DELEBER ASHEET 5
Z &b, EIVE ER ¥ methylmalonyl-CoAREIC & - T, Effi: Yot Qme:zr:ﬁ LTwhEEZILND
(Fig.18)o KV E ¥ EidSacetyl-CoANBIL E N ABRICHUIE SN A EITH & acetyl-CoA?D —ER(3 mol 12 mol) HFE
BB LS N BRICEIR S NA BTN ., ENEVERETRLRE» 6D/ a ¥t YEROABUCFIA L T
hrEIbnh,

Methylmalonyl-CoA%E s & CODHAEER DO WL HMEPICHFIE L T b L EX SN ATSBHRITZ, EFEDOEV
€ Y BRORERHABHN I CODHEME D A 23\ T 5 E ER E N D (Fig. 19, YV E Y Eidacetyl-CoA % #EH L
FERRICEMLE N D25, 20 & 2 I SN A ETH ZCODHRIEA 2 h, Z ORMSETEERRILOK
JEDBHFENEL 2 &10 85 ZEULRED S OREBRARICHV O D EEHEEN D, OB L hamold

CH3-CH2-COOH
{Propienate] ADP  ATP, HSCoA

i
ADP HOOC-CH2-CH2-COSCoA u HOOC-CH2-CH2-COOH

CH3-CH2-CO~P |Succinyl-CoA) [Succinate]

{Propionyl-P|
HSCoA l
Pi CH3 =,
| HOOC-CH=CH-COOH %,
CH3-CH2-COSCoA HOOC-CH-COSCoA

[Fumarate] kY

(Propionyl-CoAl {Methylmalonyl-CoAl H
>——< - J
OH

HOOC-CH2-CO-COOH !

1 CH3-CO-COOH HOOC-CH2-CH-COOH
3 CH3-CO-COOH —< [Ocaloscetaie] (Malate] ;
2 CH3-CO-COOH H
2HSCoA [Pyruvate] ;.f
2C02 " gt g o
2 CH3-COSCoA
|Acetyl-CoAl
2Pi
2HSCoA Fig.18. Proposed pathway of pyruvate conversion
2 CH}(ESJ& by D. propionicus MUD. 2 Mol pyruvate are
2ADP oxidized to 2 mol acetate with releasing of 4[H]. 1
AT j Mol pyruvate is reduced to 1 mol propionate by 4[H]
2 CH3-COOH form reaction of pyruvate oxidation to acetate,
|Acetate]
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5 CH3-COOH
5 ATP
5ADP
5 CH3-CO~P

4HSCoA 4CO9

5 HSCoA
E i 4+1 5Pi
4 CH3-CO-COOH “— CH3-COSCoA

renasaareit
AR g
T
S

&g@ﬂ“

CH3-XH4

S

i
i
=
o

L.

ADP + Pi

CO2 L e

",

g
S
P, e,

Fig. 19. Proposed pathway of pyruvate conversion byD.
thermobenzoicum TSB. 4 Mol pyruvate are oxidized to 4 mol acetate,
releasing 8[H]. 8[H] is utilized for acetate formation from CO, via

CODH pathway.
CH3-CO-COOH & CH3-CH(OH)-COOH
A [Pyruvate] [Lactate]
HSCo. j.\‘__m |
CH3-COSCoA
{Acetyl-CoAl
Pi
censssenceeeiie HCOOH
HSCoA [Formate]}
CH3-CO~P
[Acetyl-P]
ADP
ATP 3 H2 CO 2
CH3-COOH
{Acetate]

Fig.20. Proposed pathway of pyruvate conversion by D. vulgaris
Marburg. Pyruvate is fermented to acetate and H,/CO, as main
products, and to formate and lactate as minor products.
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YV E Y EED 55 mol DEEERDSAERL S 1
LT &S,

—JiMarburg#kit, methylmalonyl-
CoAFERHs L CODHAER &b & 0 #EH b
BoTwiv, TOKOY LY VEO
B, EVEVRRYBERRICEBLT 5
BXD3ETCT) % hydrogenaseDfij & 12 & b
KEGFELTRIMCBH L TwB E
FEriohb, Th—HOBITHIIEN

VD O DIBANOET IS T
5 & TR & h/z(Fig. 20).

T L) ICHEBLRET R D 2 R
ARSI BV TR, ThEhOTELR
THEPFRORO 2L £, L,
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SBE BH
Desulfobulbus propionicu MUD, Desulfotomaculum thermobenzoicum TSB$ & U Desulfovibrio vulgaris Marburg % iV T
FARBRER I L D RENABFEOBEVERFT L. X0 XL Pk o1,
1. WBLEOMEBETHEENE VB R 2R RS 2. T2bb,
2. MUD#k iMethylmalonyl-CoA#E % FI ] L TEERRE 70 ¥ VERICERT 5,
3. TSB#kidMethylmalonyl-CoA#EE & CODHIEHE DIE % FF o T A DS, KWK VERDOREERR
B IXCODHEZER TV EE X b5,
4. EFERBUUZHED—D Tdh HCODHAEHD, RE TR X P F VY EEFRFOA 20T EH
LRBUEE L LTHONTWAEVE VBORBICHEE L TWwA I L2 Lo THL»
i l7
5. MarburgBidhydrogenase kX FIM L. AT AR R KFEH A & L TRAANKEL LEUE%
EDTWE,
6. methylmalonyl-CoA#ER % CODHAERE & \v» ) FFR B 2 HRER 2 T2 (| MBREATHIE
OHBEAS S D& 4 OMF R WHETED L, B4 4 v 2 EOBTFREERDLVEHTHET

LTwahZ &R i,
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WEE BB LU

WEETTE I COTHEEDMICH LWENRA ICHESN, FETIRBED T ) OMENETHESHS Tw»
%o 72 TitDesulfovibriol& . Desulfotomaculum/@ 7z EBFEOMBBETLESH O N TV /DA T, L b HEE
TROEAFIABRIEF IR E SN TE o T BLKELERT 5 2012, BELBHIIBWTHA S
VEROBERFIELREITLOHE SN, MHEICE o TRARASLZHAEE L LTHEHLNLZ L3S Ho
72o L2 LEE, &< ORGP OELS FLIHEETEI RS T 52 eFHL 2 ILENo0H ) | B
BB O SR AR T 2 BRI ) 020 B B,

HESRTHEOWESBRED RIS 2 21000 T, WERABERICELTOHF LVARSREX
n, TOMFBITHLNTE 2, TEBILEDORBREITTE 25HF Dcitrate [IHFPCODHAER., /2704 VB
R T & 5 methylmalonyl-CoARHE %2 L0 b BB TH b, —HTELETEE., HEA A 0L I 2 E
FREGDFFHETTENEVRBROL ) 25 2 HEEEERENIRB L, EFT LI EPHMLoN T,
L2 L, BERERERKC DV TREBLALFLVWIHIERZ2INTBLT., L EERMS AL
methylmalonyl-CoAFEH 2 CODHAZH D & 9 % HiERE T I 2 RBR s BB LD L) KlE LT
VAPIRONTRIFEAEMON TR o/, 2 TAME T, 5o aREEMRIEES T 2HHESR

THEOBBEHRIICOWT, BEREES L UBHMOBEKRE v TR L 1.

BB TEHMEBETHOMRORES L EANLHH LB, TnrBI2 THRCHMEHEL 2T LT,
45— T ldmethylmalonyl-CoAfE# 3 & U'CODHAZRM % AT AIELE T O Bl & KFEETTEOREMEE I
DWTH S LT,

¥ F'methylmalonyl-CoA#EH & H ¥ A MELATH 235 Z L € BIIL, a4 VERUMEETH TS 2
Desulfobulbus propionicus MUD® B & FEEEIZ DWW THRE 21T o 72, PIRMEUASBY 727 9 —DF T =a— )b
EEEE L UK RS S B X N2MUDERIE, 1013 x2022umDFEA D L 13 LV E Y ORTF IR
B, 79 bBEMOWMBELTE Ch o2, MUEB LU 70Ut VEREMLAE D 5 MUDHE 1 Desulfobulbus
propionicus\JB T B OWMBELETTHE & FIE S N 72o MUDBRIZTCEMRFE 2 Fb, EEE 7ot VBL BT
ZEELHERA 4~ & Lok S QLM ERE(2)I0050 Th ), 7ot yBoB xR c—3] L7,

14CH,CH,COO +350,* = 4CH,COO +3HS + H*

SHIRBERME L MRET L 72 F, MUDBRKD. propionicusDFT L\ & 4 TOH/TH 2 T EHHEAL 72,
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% 7:MUD#RIIMBOD. propionicus iZ R, KEKE BV 23R E IC#E LI NS Tt BIFrET SO N,
S 72 5 —~DICANSTREL Bk E ORRER

ROH; TIXCODHAEM % H T 5 TLBLEDBETH O BEL TV £ OEE 2o »IC Lz, SiRE
ERANA XV T 25— DO RETEE & LIRS ERD O BB S N-TSBERIE, BB THER, £8
FERIOICEA M VRBFEBREL EERMLT A MELETHE TH o /oo TSBHRIZ Y 5 ABM TR T RS
ATHESETTE TH 5 T & & ) Desulfotomaculum/B OERETTHE L FE S N7z, FAFEBRILEEFR THL
BETHHERLEL, BRTOET TIBERE 2, BESFHTHBEEL S Lo D% o 72, TSB
BOEBIRE B & UEW/pHIZ62TC. 72T, HiEkM + V2 BEFZHELL L1-BE, TEFBOBILEIXAR 0K
& —E L7,

C,H,COO" +3.7550,* — 7HCO; + 3.75HS + 2.25H"
& 5 IITSBRIZTEERRLE OEGETHE T & 5 DEEROBMILICEE L TRESRILIITH T, FA—KROF
STEEBLE DB L2 VERLABETI I EEHL ML,

BRRTREFRLFIAT A HEMNAEOBEII NSO TTH Y, BonfR% b L IS0
BILH & OLERE 21T\ FTAEOIREEITE Desulfotomaculum thermobenzoicum & #5% L7z AKEL T TICA
MeRFRELTREDLATV S,

BEETIHHEE L2 TnofBETE SR O EMAHESE. methylmalonyl-CoAFER 5 & U'CODHAE
BEFE L BRBROABIC OV TRE L.

% §" Desulfobulbus propionicus D FF D> methylmalonyl-CoAFERE IS L 2 7 VI — VEB L U7 VT L FEPrLD T
OEF VEOEREBF Lt SNICELLERNICET LAARNOBREELEL 2T A,
methylmalonyl-CoA#E# D key emzyme T & % methylmalonyl-CoA:pyruvate transcarboxylase DG ASHERR S 11, A
REBEDIAED IR S Lo

COEFERVTRBORERBL T A, 25/ — VI TELRFEDHFAET THERL 7u st v
BRICEHRSN, 7O/ — VidEERE TBMURFEOFET T/ oA VRICERMICEREND Z L 24
EP B ol SHIEFHPELEZONST LTIV T FETOEF 7T FENLENERY
WEBRE 2, FETREGL LTRT7 VT FOEROE—ERIE MG T 2L 703 — VA0t
ST, TORYEFISHRT L MEER L7 Va— b0 7ad YEENOUCREI 52 ne
WHIRHTHE, o7V yEERE B ERA L &9 o MaE L 72# R, methylmalonyl-CoAREHE A%

DEBIRBICES LT B LRI e 2% ) 70 Y VBB TS S methylmalonyl-CoAFEH 1 |
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HEFREEORBFOL TL L, BRENATRICI 70V VEBERGEME L TRV TV 5 & DR %1587,
23V T Desulfotomaculum thermobenzoicum TSB% Jl V> T CODHAEM 2B 54 5 BBEMALHHIC DV TRITH4T -
7zo CODHAERE ZFIM L - REBNAHIIHET AMER NI TILHFLWEREN b o 2, FOHER345-
trimethoxybenzoate T3 T F4ML D 4 b ¥ VML FO X VHEICERIN YY) Y HE L % ), 34-dihydroxy-5-
methoxybenzoate ¥ #FH L TE A FBE(3,4,5-trihydroxybenzoate) NE XN TV E T L d¥bhd oz THAUTOA
bR VEIEREN 2ol X bEVED O OEERERIL, Acetobacterium woodii D F N & R ETHE—3KL
Tz, LHLRAY /—VoFIEMY., HIZH D carbonmonoxide dehydrogenaseDiEM %2 ¥ 6 ER LT, A.
woodii DIVHHEAR L W E R Y, A5/ —VEZERTETICCODHERIC L VB hTw s b LiEE N,
DENAPFVENPODAFINELZIT LA FIVE v ) 7 HFCODHARICA Y . —E ZEBLRF B LS
NABETHPER SN, COBTHICL ) A FVEkE TBILRED OB ER SN TV S EEES N
7o CODHAEHEIZ & B D& ) EBERHE, 43 THL N Tl M 2 RIS I & 5 BEMRH &
RRKELRL-THE Y, MERETHEPRFOMEBIFR LD 2 W AR TR I LR 5,

BED & 9 12 & 4 OWMBETE SR OERM AR L 2 BENAHLH O »IC L2, FNETE
ENENR Lo RBEHC L 2FA—HE (CVEVE) ORBORBOERLLE L, &5, IOKE
< HPHHEN T BHEIRITTHE & L TDesulfovibrio vulgaris b [FIFFICELY EITHEIL 720 M o38ROIELETT
WISHERA 4 Y OFET TRENVY Y EREBEER E “BYURFICERT 5 & & b ICH{bkEE 5T 5,

L Lo A v OLRWEHTTRENVEVREZTNENE L 2AHER L > TP s s L
Bbhholz, BREMICES LABEOBEGEHEOMNEHER, S, D. propionicus MUD & D. thermobenzoicum TSB
12 id methylmalonyl-CoARERE ASEAE L. & & ICTSBARICIZCODHARS S FFE L T B S EHHL Ik o 72,
% 7:D. vulgaris Marburg DKL A I RS BIGR T A ERERIEMEIE 3 o 2 BB b N b o 1225, EW
hydrogenaselB R S L7z,

D. propionicus MUD/Z methylmalonyl-CoA#EH % FIH L T3mol® ¥ IV ¥V FiA & 2molfEfE & 1mol /1 ¥ 4 VR
WEBLTWS EEREIN, NI L, TSBEEREVE VERINII LA LT RTBERICER I TWA T
& & 9. Methylmalonyl-CoA#EM & ) & ¥ L ACODHAEBMPERMIHV T A Z AR SNz, DF D,
TSB¥RI24mol D ¥V ¥ VB % acetyl-CoA % FFH L THEEBRICEH L. Z OB X L5 BT /] % CODHARK I &
h ZEMbRED S OFFEEOAERICHIA L, TR MI5molDBEEE R T 5 b DL ER I NI, —7D. vulgaris
Marburgtd ')V € VB % BEBRICERM LT 2 RO R ITS] % hydrogenase D) & 12 & H KFESFIC L TRIMCHBIH L

TRIBREDTWAE LD ERESI N,

55



PLE—SORZEH, S, MENETE IR % F 2 WlO SRR HEIE L Bk, #EIC L > TRETREIFHR
EAOLTIERBHICHAALTCIANVF -2 R L, £FTEAIEPFHLOP L o/ BENEFTICEEL
OIS N TV BHAREIED A% 6§, ARy SHEBETTIUN IS L TG BEB RN 8
MICETE R I LI Lo TRA, RBL WA e Ho il ol S0, ENWEVER®D L) 2R
BITHIC L o TRONEN 2 BBER S LT, HERETH IS4 7F T 2AMERLAFICFIA L, £4
Ko RBFERNCL o TEBBET 2 LB oM SN/, MERETEITEIFR 2 b2, FFRMR
WESEFALTEBTTEL LV MRE., BRFRPHEAY 77 4 -HNOMBETEOBHLE2 5 LTH
EREPOBELERE S 6T INEEZILNS,
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