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Ecological Significance of Sulfate-Rducing Bacteria in Anaerobic

Degradation of Propionate

LAkEw Y, FHEFR 2 FAGEXRS, ILEE—14 & 5E°
Takashi YAMAGUCHI !, Hideki HARADA 2, Nobuo ARAKI?,
Shinichi YAMAZAKI*, and I-Cheng TSENG $

ABSTRACT ; The ecological role of sulfate-reducing bacteria (SRB) 1n anaerobic degradation of propionate was
investigated using two UASB reactors operated in parallel under different feed conditions. Both UASB reactors received the
identical organic source with a sugar-VFA mixture of 2000 mgCOD-/", but different levels of sulfate: the first one fed with 33
mgSO,*-S-I* (sulfate poor, referred to as R1), and other one fed with 1000 mgSQO,>-S-I"' (sulfate rich, R2). Microbial activities
in terms of methane production, propionate degradation and sulfate reduction were assessed using sludge samples harvested
from the respective reactors after over two years operation. Contributions of syntrophic proton-reducing acetogenic bacteria
(PRB) and of SRB 1n propionate oxidation 1nto acetate were separately quantified by conducting specific vial-bottle tests, in
which cultivation conditions were subsequently altered according to the thermodynamic concept.

Methanogenesis predominantly occurred in R1 reactor, and sulfate reducers contributed only 3 % of the total COD
removal. On the other hand, COD reduction in R2 reactor was performed solely by sulfidogenesis, as a consequence of
complete inhibition of methanogenesis by high level sulfide. The major contributor of propionate oxidation in R1 sludge
consortium was a symbiosis between PRB and hydrogenotrophuc methanogens, while in R2 sludge consortium SRB were the
sole contributor. In spite of much less sulfate load some extent of propionate-oxidizing SRB proliferated 1n R1 sludge consortium.
In the presence of sulfate propionate-oxidizing SRB exerted a oxidizing-potential of 0.84 fold as large as by the symbiosis of
PRB and MPB. This finding suggests that propionate-oxidizing SRB mostly grew as fermentative bacteria under such low
sulfate level as 1n R1 reactor.

KEY WORDS ; anaerobic digestion, fermentation, proptonate, sulfate-reducing bacteria, symbiosis
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WOFHERMEDHET DI EIZE> T, VYREA CEAROETEMENICRT ZEREHNDD, LaLan
5, INS SRBMTOEA L EABREBRETEOLITHELEL TWAEMERMAREIT AN,

LT, AMATR, TOEF CBOBKNSFRBERIZETS SRB OABSRENC DWW TIEET- 7,
BRTIE, UASBRISEICHEEHESA O - VFARSEBZMR L TEELABREAVT, UTo&k20W TR
FUZ (D) EREEEARBOA Y L HEENTO SRB 0¥, (2) 7O+ BEOMIZHT 5 SRB & PRB
O F5EOE BV,

2 RBAHE

2.1 RBEE - RiCBEERMG

HAGROBRIZIE, 2HDOUASBRIGGEZ AW, EREHRERIL1451TH D, HFRAR, KEFEY
B (HRT) BEeRESBEEEES L, RICHIE 35 CHEHERICEEL 2. 2 ZORIEEORE S AE
HAMIZHY, RAMBEREZ 33 mgSO S I (sulfate poor, BLF R 1 &Hd) &, 1000 mgSO,~S-H
(sulfate rich, JAF R2 &) & Urs, BRI, R1TH Na,SO, 21y, R2TIREEHEMET Na,SO,:K,S0,:
(NH,SO, = 1500 : 1500 : 1600 & U7z, ™, #&&C Table 1 (3)X'T, BEME Imole (64 gCOD-mole™) D4R
A%, HiBg#H lmole (32 ¢SO ~S-mole™) ZMAT2BHICH AL, R 2 OWEERE 1000 mgS0 -8 i3,
A COD2000 mgCOD-I' ZR &R T HRBRICHET S, RFBFIT, 2HORREELD CODIBE - N E—
DHDEHRFG Lz (2000 mgCODH ; EE#H 236 HET: a2/ 0—ZX: RT k2 =90:10as COD ; #éz: 237
UM : arvo0—R B : 7oA 8 RTb2=45:225:225:10asCOD). R 1, R 2 Otfme
Hid, LROMBE S REREROMIC, LT OMBETHEZRML THA L7 (mg-1); NH,CL 500; MgCl,-6H,0,
400; KCl, 300; KH,PO,, 200; CaCl,2H,0, 150; MnCl,-2H,0. 0.50; CoCl,"6H,0, 0.17; ZnCl, 0.07;
H,BO,, 0.06 NiCl,-6H,0, 0.04; CuCl,-2H,0, 0.027; Na,MoO, 2H,0, 0.025.

R 2 (sulfate rich) iZi& m&iﬁﬁmfiﬂ;@‘f"%iL%Eu{t%ﬁ\ﬁﬁ(ﬁﬂﬁi’é‘ MEETEERZE2BHTELD
12, MEEETEEA A TRIGHL, BRRECBE NIRRT SMMEB L2 EE L, HREORISHEADIER
EHIE, BERARECHLT2E L,

BERCE, REMTTKLERBORRBLFEE BARLBBHELZBO (14gVSS-H, VSS/SSH=05) %
R ¥7= 0% 10 I AW =,

CODAMARL, CODMERK 80 %LU LERDEDIZLAANS HRT 2EHI €22 Lick EREH,
KBS, pHHHEIE 1000 ~ 2000 mg-H © NaHCO, DR IMRIETIT 5 1.

2.2 EMHER

EEEBERIZMLUT, A5 AKEE Methane-producing activity, MPA), 7O EZ >SN (FEEE
- EmEMR), R, FHEHEETEN (Sulfate-reducing activity, SRA) #5ffiL 7. &1L, aliH COD
PHLELT, gCODgVSSt-d! ORMETIHML 2. BJBREEM () CEEHK, EHE 818, Bed
TR RESEAED) FTHEANDICAMUET S, 35CHEREEL, FAMETH LB/, KF, 7o+ @
B, AAOREHSR, BEPERE REEREEZRERNICEELL GHEIE  WOS0HEY), £k, R
BEEBEY, MEVMBOIRIELEEL THEE 100 ~ 300 mgSO,# =S I vial liquid & L7. MPB O{BIRE
BELTr7oORVLAERNT S &EEEF5 me-vialliq &85 XD ITHEAL . PRB ORBMEEHR & L TKE
EFEIETDEEIL 110~ 50 kPa OFEER 7.
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2.3 7oExEBBLHR

BRSBIGMET THEBRZREE, Bt (BERREF UM PTHHLT, 4F0EBN1 7IVE (£F
122 ml, HMEMS0ml, KAHE 72mD IZHET S, TIT, 4KONATHEREV L, V2, V3 V4&
B, NATINEGHR LR ATERE, - A—ICROMITRESTZ (35T, EEFEES5cm, 130
rpm)e KIZ, WATIVHNORREERETEHE 1ML ANEELEI S, 1 (HREBNTTIAVI~4) N
A 7 IVAIZ 200 gCOD-H QT O UBBEREREE L T 0.25~0.4 mlEAT 3 (FRESEERNKE) . &4
2 (AV2~4) : NA7IHIZKREEZHFM (110 ~50kPa) U, MPB ORBEEX S/ 0OFIVABK (Le 1)
Z04ml MY 5. &3 (AV3~4) 333 megSO,~S ' OFEIERRE 0.5 ml ML, SRBiX37n
CACEBAMEEITIES, &F4 (AV40DH) : SRB ORBEEFHETY 77 B2 20 mM &2 L51CHE
AT %,

M, 70EF BB PRB &0V F CEELESRB OBBHIRNF—ELEAG (pH 7.0, 35 C) 13,
ZFNEN, Table 1 QB3HBH) 07, ORI ETENA TNHBRTER U -EE, £k EBEYRE
ERWTEHLZ,

2.4 SWMAE

DHBEIUTO@ED : HAMK (A< b 57, TCD, Unibeads-C, 60/80, Col. Temp. 145 C,
Carrier press 1.60 kegf-cm2 Ar ) |, RSB (JJRr o< 257, FID, Thermon 3000, 5%, 60/80.
Col. Temp. 130C, Carrier press 0.75 kgf-cm™@ N, ), Bl (14>2r0< 257, CDD, Shimpack-
Al, Col. Temp. 40°C, Movil phase: Potassium hydrogen phthalate 2.5 mM) . ZOfthD 73 #iikid, TREAER
HE? ko,

3 BRLEER
3.7 RIDBDEGER

RIS 0Eiid, 2 HL EfT> 7%, Fig. 11T R 1 (CODFHEAT 25.5 kgCOD -m?-d {ifi) & R2 (COD
BHEAT 1.94 kgCOD -m™2-d /) OFEIZHIT2 COD LHBRDONK ERT. CODYSIIL T OEHEIZDW

(a)coD (b)Sulfur
ESO2 reduction | mmStnpped sulfide
[ICH, gas . . '
-Dls:JIved CH, g/leltag:lc s'Jllff":e
ZASoluble cop | LISoluble sulfide
ERSS SOz eff.

—
o
o

[o]
o

E-N
o
T T T v 1 T 1 VT 7

Percentage (%)
[o)]
o

n
o

N rerrrry

R1 R2 R1 R2

Fig.1 Mass Balances on (a) COD and (b) sulfur for R1 reactor (sulfate-poor) at a loading
26 kgCOD m3-d!, and for R2 reactor (sulfate-rich) at 2.0 kgCOD-m™3-d.

0
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Tl L 7 FEESERETIC K BRECOD R, AY U HR, EHtEAY >, BHMECOD, BF{ECOD. MmN
i3, UTOEBICDWTIHEL 2« TfbKEH X, ILEBRERLY, SHEERLY, MEbEE. KRS ERcd
WT, 2FECODIIHT S SRBIZEADBREEIN/ACODIE, RIT3 %, R2T 100 % Tho/. BB, RIT
ALY R (HRAS 3, £EXCOD D 76% % 572), R2 TIIMBEETHERL ZEERNZHTH
TRk & N7z, i 630 A LARE, RIGEIL, CODAMAR%Z, R1 Tid 156 kgCOD m*-d™, R 2 Tid 2.0 kgCOD-
m?3-dIZREL T, CODRRER 80-90 ¥ &R LDOEKL -,

3.2 EMER

Fig. 21, AZ CEENE, 704 EHRIEYE, MEERTEEZR1 (751 HE), R2 (861HHE) I
DVTHHELZRREERT, AY EMIE, R 1 TIIEE - KBEEHEDICRIFTH 2D, R2 TRIZFELEL
fr. 70X CESMRIEMIZ, R 1 CTHESERMZROEENSERMRICHL T2.7/5E<, SRBATDEL V#
DRIFEETEIENDM o/, R2THPRB LV HTOEAEEEIIESRE WEEL TFOEF B OSfE
ZHEEL Tz, £/, PRB k2704 BARERE, KEREHE (H,-Scavenger) &L T
Methanobacterium sp. 234 7IHIZHRML T YO TH - 2. MEBEHETESE, R2TREF A MEEIZ
DNWTHEELAD, Hio7/OoEA U EHEBE THAIN A MEBEETENED, B - AFEHO 4 BREELS
Mof, MEBEAFMEL R 1 THHRBEETEEL, KBCDWTIEIR 2 LREE, 7OBFEBIIDNTH
R2D1/2 BEOBHEAL TWA, BHEEROKERNS, MEBENFELZHE, WMEEETEN H, -
Scavenger £ L T7OEA BAMIIFETZIEMDMo/z, /2, TOEACBOBEEIMMELL THFET
BZENRBEIN, FITANE T, SRBOTOUA P BEESFIES, UTO70ES DB bEERRIC
KOFMEL 7.

sl (a) R1 sludge (sulfate poor) 5| (0) R2 sludge (sultate rich)
o o
P € P
U>.J 2} . %) oF
® 3
D - e
Q &
Q 0O
21t 2 41
z == >
2 S
g =
) ‘mll
[} S
0
2 N2 Q& 2 N 2 0= N ) o @
© Q IS + ® Q © © Q <+ @ O T
© &} € Q @ ) c 5 o c o) = 0 c
°c & 2 o g2 ™ 2 S w2 @ 8 X 8
< zr § r < T § < ©r 2 % < T g
i = a. - 9 =4
L | a I L P & o il
"Methane ' Propionate ' Sulfate ' ""Methane ' Propionate’ Sulfate !
producing  degrading reducing producing  degrading reducing

Fig.2 Microbial activities of (a) R1 sludge (sulfate-poor) and (b) R2 sludge (sulfate-rich) in
terms of methane production, propionate degradation and sulfate reduction. R1 sludge and
R2 sludge were taken out from the reactors on day 751 (at a loading 15 kgCOD-m?3-d"), and
on day 861 (at 2.0 kgCOD-m?3-d"), respectively.
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3.3 o4 mB b

ToveA L EREARTIE, Yot 8Bk SRB &, PRB & MPB 0#4RIZE 3 /04 VB {LEE %
EEL. Table 113, KH, B, YOUA BORBOREBRRNEFOEEHHI R ¥ BB AGY
ERY. (6) RT, 7OEAEIE, PRBIZKD, B, KBRITHMEINDD, ZOREH, EEREIIBWT
AGUVHENETH HIDITRIEMET Ui, LaLans, EBOBET L, KEZLMESRB &2 WikE
Bt MPB 2%, KEZBEBIZMRETIHERICED SO VEBEMMEIIEITT2. —F, TO0PF VEELHE
SRB O (6R) W, KEFEOZEEZII WD, MM T/OP4  EBERAMMRaN5,

Fig. 312 R 1i5 (GE&A#K 937 B8) #7704 U ERB{LEERE, BB 7LV AL AEREER
T NI TNEEL~ATOTOEF VESMRRISOETIZL TOED ThHo7z, Fbl N1 7V RAEAEE
ORETT, 70EFBERA) : TOECA CBOMREAY ERMNEFT L7 (Fig.3-a, b). BEEERINTS
5729, TOREE, PRB & MPB DAL ZELEVAD (Fig.3-e; A Gy, <0V &2 (NA TP
IZ 110 kPa OKEEFREL, JOOFRNVLEZEM : 7OCF D BOMRIENELELE, 22T, PRB OE#HHN
#IEL7Z &1, PRB OBRAIFRVF—ER A G, >0 &R0/ IEMSXHHATES, £43 GrtE
2R - BEERNE, Yot CEBAamAHEEE I, TEM LA (Fig.3-de; A Glogrs <O FEz,
B RE s L TERLAE Fig.d3-0). ZOBEXD, HEBEANOKNR IRBVWTSRBATOEF
BLiZHFESELTWB I &Moo/, &4 (BUTTUEEEA) BT T UBAEAR, HREEOETHE
LAEZECHELT, 7oA BosfmbiEl Lz, Zhi, 7ot BAMASRBIZL D ERITFEINAET
EREMIT TS, ABILRBROL I IZSRB & PRB HIZ & B 0MRIGOETENA 7HVBHEOBHI R F—
FALBTHBPLAE-ERIT, INETIF/ —IP, BEESO, NILVIFUEY, ZFH6N5, TFNSDERTD
AG EEERTORGETE S IR~HRL T3,

Figd-alZ, R1BR (FGEAK 37T HE) 2704 EREIEEHR, BRI 7NV I~4igLis
RERT. NAITINEHEI~4TOTOEF VBEARRIGOETRUTOED TH o/, £fE1  4NA TN E
LTOEF BAMEAY D ERNET Lz, V3E VA QT OES D ENRIENE (eCOD-gvsSt-dY) id, V
3&V43i20.44 (PRB & MPB O3k4IC L BBE(L) Thol. £#2 : O L EMMRIGNELEL .

Table 1 Free energy change values for sulfate reduction, methane production, and propionate degradation.

Reaction AG®' (KkJ-reaction™)

Hydrogen-consuming

(1) H-SRB 4H, +S02 +H'— HS +4H,0 -152.22

2) H-MPB 4H, +HCO, +H*— CH, +3H,0 -135.6 ¥
Acetate-consuming

(3) A-SRB CH,COO" +S502% — HS +2HCO, -47.6°%

4) A-MPB CH,COO +H,0 — CH, +HCO/ -31.0V
Propionate-consuming

(6) P-PRB CH,CH,COO" +3H,0 — CH,COO" + HCO, + H*+3H, +76.1 Y

(6) P-SRB 4CH,CH,COO" +3S02%* - 4CH,COO" +4HCO, +3HS +H* -150.6

A G'values (pH 7.0) were calculated for reactions (5) and (6) by Eas.(7) and (8), respectively.
(7) A G'y.pgs (KJ-reaction™) = + 76.1 + 5.89 log {[CH,COOJHCO, }P,,,1*/ [CH,CH,COO ]}
(8) A G, g, (KI-reaction™) = - 150.6 + 5.89 log {{CH,COOMHCO, FHS/({CH,CH,CO0 (SO >)

P-PRB

P-SRB
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M3 7O CERREEET o THMBLE, VS, 4 070 D ES SR, ThFN0.91,
0.92 (oA BRI SRBIZLD) Th-olk. £/, XA 7NV 3ITIE, 0.84 HTHRML -HESENES
ICHBINEZ I O D BoRNEIE L, &4 TYTFOBEEAE, TOES CEBOSED
BiEL7=.

N, || H
Prop. || CHCI,

RN

(@)

80,2 | [MoO 2

Vial
condition

1500

1000 |

Proptonate
(mgCoD -+1)

500
0 "

oo 1000} (b)
g &
5 5
=~ 3 500t
O o

£

H, (kPa)

S0,z conc
(mgS02-8-I')

5 2 o0 )
a § -100 . P-PRB
S 000 J'P’..C-I
2 L -SRB
~ -300 1 ! i 1 I
0 0.5 1.0
Time (days)

Fig.3 Propionate oxidation test in a vial V4 using R1 sludge (sulfate-poor) sampled from the
reactor on day 937 (at a loading 15 kgCOD-m-d"'). Cultivation conditions of the vial V4
were altered in sequence as follows: condition 1; propionate with N,, condition 2; addition
of H, and CHCI,, condition 3; addition of SO,*, and condition 4; addition of MoO,*.
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Fig.4-b 12, R 275k (H&zH%K 861 HE) 2704 U ERBILIEHARICHL-EEE2RT. R2ER T
id, & 11238175 PRB & MPB O#4Ick 57O+ BARERIZYOTH k. TOEF CBOSRIZ
I SRBOBNELEL, FRERIZIRHBEI T10THo7.

Pk, 7oA CERCEERBRLID, BREBEAROR 1 TH7OEA 2 BELM SRB AMEHETE I &M
Homneknoi,

5V TV i
= = 1
T V2 g ve | 2 i
3 g 3
< V3 S vy 1 R |
< [
> —
V4 > V4 { 1 ' 2 | 3 4 ;
1500 1500
(b) R2 (sulfate rich)
= &
a o
o 1000 (@] 1000"
0 O
o (o]
£ E
Y o
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S 500 g 500t ol Vi
2 —0— V2 o —0— V2
[=] -
—t— v4 \ —0— v4
0 " L 4 e 0 e i 1 i
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Fig.4 Propionate oxidation test (a)using R1 sludge (sulfate-poor, sampled on day 937 at a loading 15
kgCOD-m?-d"), and (b)using R2 sludge (sulfate-rich, on day 861 at 2.0 kgCOD-m?3-d*).
*Vial conditions 1 throught 4 were same as denoted in Fig.3.

3.4 JOEF UBE{CEMHLE

Fig. 513, 4BOERIC L2 70 EF VEBBLEEEHELARREERT. 7O DBEILERR, N17
NOTH - BHEKHZBELT, OB EBEBLEFSLEIMEYEGBEL TEEL~. ZOHKR, R1
(sulfate poor) TiX, 7OEA > EEY% SRB KL 2B{LIEHIZML T, PRB & MPB #t4£ %21 1.2 f& PRB
& SRB #t4: %41 1.9 %, PRBE MPB RUfSRB {4 %M 3.2 ffo 70 A D ERBILESEEF LZ.—%, R2T
12 PRB T2<, 7OEAEELYE SRBAMBIEL T EMN0n5,

R1DXSEMEEANTSRB N/ OCF VESBICHS LBEE L TIE, SRBBRBICE > THIEL
EREZONS, INETRESBILOTOEA SV BEMYE SRB & LTI, Desulfobulbus propionics ,
Desulfobulbus enlogate 72 EDMEEEN TS, Tasaki 59 1, Desulfobulbus propionics strain MUD
PHREEOEELZVRBET TN I-R7 I T RERBZRE L THBETES I Z2WEL TS, Fig. 2
DEHARRIIBWTHEECEREEETEEN YO Th oL I & &, TOEF S BE(LEHRRO Fig.3-¢ T,
TOEF ORI TEBPERE L2 En 5, FERR 1 THMLAZ SRB & LT, RELiEto 7
o4 EBEESRE EEXSND, £z, INETR7OEA CEE2EERRE S U THEEHBHEERET
THIMEREMEK D Ry EAS vy b2 28 ZRISHIZBIT 5 SREOEER AFEEFMEL AR TR, 70
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. Il R1 (S04% poor)
o 20} [TIR2 (SO, rch)
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n.d. n.d.

24 SRB | PRB | PRB | PRB
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Fig.5 Propionate degrading activity of R1 sludge (sulfate-poor) and R2 sludge

(sulfate- rich) under four different vial conditions. n.d: not determined.

Yo o BELESRBOBMIES VA SNEN o7, 2O M5, MEERBHETICBLW T oA BE
{LPESRBAUEIE S 57291213, SREAKEEEES LU THALSTWEILE V&, A8, T4 /- RkEEPER
BMELTERTHERERTHBLAZ L 270 ADEIRREBFENELZ EEZ N5,

AMETRT O CBELHESRBOERESEICER LD, BHBEEREFOEETBE THSRBOAEVEIST
BEGIEIN2HEY ©, BEFHEALL TORMBAENFELZNRETTHOENE BRI YILELFALT
SRBMAEFTELENIWEL 19 BRINTNB I ENS, MBEMGEEORETICSBY 2 SRB OREEM
HELTOREIEELVWA S,

4 E&B
FHEOHER, UTOHNENBSHE,

(1) R 1 (sulfate poor ; MAEH ; 2000 mgCOD I, 33mgSO2-S ) Tid, A% REMNEHEL, 2k
#£COD KT AHEBERETICL2BECODOEEIZI3 X Bz, L, KEEHLMESRE &7
A BB SRB I3 L /=,

(2) R1O70EA U EEBEYE (gCOD gVSS-d) IE, YOEA UEEE{LIESRB, /K34 ENEFEE £mME
&EMPBHEZRT, #HEN, 067, 0.79THU, ML SRBOZyFrld@M oz,

(3) 7oA EEMESRB I, R1OIILBREEAHORE T THIRBNICETL, FRUIBIITS
LTWBZERDMo/, R1THAELE SRB & LT, BEICLDEFARRATEEELO T oY A >
Atk SRB &E A HN 7,

(4) R 2 (sulfaterich ; AZHE ; 2000 mgCOD- I, 1000 mgSO>-S-1) Tid o VEsE{kid, 7o
VA BB SRBICK > TOAThNZ, £z, Bt KEOSMEEELL TH SRB Ids#RL /=,

(5) 7O EF VEAMEEOEKNICIIFREBEORINES THEEA SN, Ik, YO D EOMRIEED, B
BB - RINOBRTIZBLWTENTR, R1T0.79 & 23 (294, R2T00 & 15 TH-o7.
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