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Methane fermentation, consisting of anaerobic degradation of organic matters and subsequent
methanogenesis, is one of potentially attractive technologies for treatment of wastewater and biological
wastes. Because methane fermentation is a cost-effective energy-yielding process, produces far less excess
sludge than aerobic wastewater treatment systems, and a large part of the energy stored within organic
matters.can be recovered as biogas. However, it also has disadvantages, such as poor treating rate, low
digestion efficiency and instability in reactor operation. These disadvantages are caused by the difficulty
of monitoring in situ microbial community structure and metabolic functions in bioreactors. Methane
fermentation is based on a complex community of microorganisms of wide phylogenetic diversities with
different metabolic functions. Moreover, only poor proportion of microorganisms have been isolated and
cultivated and analyzed. One possible approach to solve these disadvantages and achieve high rate and
high efficient methane fermentation processes with stable reactor operation is, thus, to accumulate
knowledge of the microbial communities and to use them as landmarks responsible for specific degrada-
tion pathways in methane fermentation. Therefore, we constructed continuous anaerobic methane
fermentation processes using completely stirred tank reactors (CSTR) fed by specific substrates, such as
acetate, propionate, butyrate, long-chain fatty acids, glycerol, protein (bovine serum albumin) and starch,
to achieve the chemostat cultivations of microbial communities related to degradation of these substrates.
For each microbial community under steady state conditions, we analyzed the structures and metabolic
functions by mainly using molecular biological techniques, such as fluorescent in situ hybridization, 16S
rRNA gene clone library analyses, quantitative real-time PCR techniques, quantitative RT-PCR and
denaturing gradient gel electrophoresis. Even feeding the same substrates, the microbial communities
were remarkably different by different dilution rates. For acetate-degrading communities, dilution rate
effected the change in community structure, as well as shift of pathway between aceticlastic and non-
aceticlastic methanogenesis. Additional Ni®* and Co?* in the wastewater fed into the reactors and opera-
tion temperature also affected on the community structure, as well as the reactor performance. Based on
the fundamental knowledge in the landmarks of microbial communities for specific degradation pathways
of organic matters, we subsequently evaluated the relationship between reactor performance and micro-
bial community structures in bioreactors treating actual wastewaters and biological wastes, such as
municipal solid wastes, awamori distillery wastewater, livestock manure and surplus sludge of a wastewater
treating plant. Our research results would provide a significant milestone for achievement of stable
operational methane fermentation process with high rate and efficiency.
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1. EL®IC

AR RS, % L DREMDIEIT LD BEY 2k
SHNCORL, ZOBBTERT 2ERBLRESR A X
WEILT 2 HETH D, BRFATEBOTIREA X ON
AFAHR) BERT D XX RHEHSRIT 18 HALITHE X
NN, TNHBEFEMUIE I I NURD T DIE 19
HHIERTH S, 2L T, 20w DICEETTAFIED
BB L LTRSS LY, YY), REHEIZEINE T
FEHNADRIFIA b T, RS 30~60H
BPELTW, 201%, RIGEE DR E2X 572D
wEN, BB ZAEBEIND XI5 TR VAR B
Hb10~1HETHEMEND LD o). ZDXARY
REE, FRMIRE OV EZEFKCRIR & £ DAL
ZHBAZINE LS IThoteh, MIGHDOMIAILE -7
CRENTWZT Ty IRy 7 AEEINTER. 200D
2, OS> N7BEKITH T 2UEE i TH D, @ NHa*
MPEINT 5, QORIGEEDEY, OFNLE MBI T
b5 EDMERPIA TN,

Lo, 1973F0RMy ay 7 2FEL LTAR 5%
BRI REAERIND LI ko, ¥R b R
FEEEE L, HFRMEAIEDORETH 2 IEMHIRLIC N
TBIE N ELEE LRV &, BIUBEH 2D EIIL
TEBZEND, BV F—TEKAUEE L LT
T EMREBROEEFRE LTRESN, TR
ROBEWANCITOINSE L5 1T ot ZOEER, KIGE
Eom L2 LAHHDY 77 X —I12 & 28K
D BPIREN, FleAX KRBT L DML T NHyt
R LT u A VR E OB EER & OR)ERFIRG
E7 0 ADRFELN B N, & HITNZT R Co2t DR
X0 RISEENKIBIZH LT 2 Z T LAITR
06, Fx OFEMEEEK - BEEYOMM « FTEAEE L
TRAZND LS ko700 UL, RELTAX
RBEIREE RN TH 2 L Vo NG ERTEA
PR T B2 LI TER oD, D THEWMTFDOREIC
P, A X REHCEIS T A DR, XX
A BRERE DIRIA 72 EEALER S FEM T DR EICB AT
b, HRRESIHENEOLND LD ITko728).

ZIT, AAURBZIDHEEMPD D AR AT
BIL CHEME L7oth, EHHEOHHITEL TE XX U ERK
S E R AR S MAMBFREOZEF AL THNT
%, WIS R E 2 W Ty, Ni2t S Co?t D
ISR EZRHEHEEL OV THLLIZT S S, 20
FE T Ni2* % Co?t DR« MIRINIT L 9 X & ARG
RHEME (XX RERDDDNIEEBTIEDD) 562
EWTERN, ZOFEEREZFABLC, &ELE Bk,
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Tavt vk g RE, SV ka—)L, X278
FUTVBR) RIKERE U TCHREERITY, RO
PRAEWRESE 2 N (FISH, 7 u— 2 f##T, E& PCR,
RT-PCR, DGGE) L, XX ARk L Z20IcBE5T
DM EORE EREELZH ST L TR LI, 2
TUT LD AR REER IR DEIET 5 Z E W ATRE & 72
D, BREALERD ZENTE . TNODORRITEDE,
INA Z H AR OBALKFEH D720 D22 L HEkE DAY
HRADOREISY) BEREKTO X X AR RIGIE
53 2MEMHEDMRI), I LITIIEEMARNA A<
A (GUERAERER, ERDECAREDRAY) DAX
VRBIC X DY =) A VIS B iEER
Bl o T L2220, AR REEOZEANICRE CEBRL T
iz ARAWXTE, ZHHOWEEERIIBEL TEN
LT,

2. AR REEOHEE

A AR & BRI 5 AT AND I 3 BT
HATT 22, WML EEY L, B 1IBRBOBAREE (K
B CERARMIEROFRICL Y, BiEE 71/
B2 EDOFFREDNICYEERRET, BTy
* U, R EOEMIER €L THBRYIY / —
W72 %, 552 BEPRIT I8\ TUIEFERR DAS DAL BR HFER, FL
BBkl U /) —)d, KEERMEIC L D KE EFR
CEMEN, REOHE 3 BTV TEERER LD/
AR EREMERICL Y, A5y, TEBLRERER
DRI ND.

Fife ks S U7 0 U RO E IR 7 & DEARIEI R,
AR CREBET O XICB T 2 EELRTHRBHTH 5.
ERENLE X2 DEIT0~80% W ERE KR TH Y, 6~
3BpRMWT UL VIRBRTH D EHEINT 2212,
HER, ¥Ric7 oA YBOSMRIGIE A X > HEET 0
ZADHEFEEREZZONTEY, BARMKHFETA X%
BLER Y 5360, RBEHO NS TARENELD L,
ELLTID 2 MHOARBRS REMANCERI NS,
g2, BEKICHBNS ST DL A X RHETTOY
TUBPERENP T EOHRE L H DM,

FEER 0~ 5 D A & R BRI I OB EALME X & V4
R & 2L (Table 1(1), Fig. 1(1)), B&LTU®@
HERRFR{LAIES & KRB X X AR EMERIC L 28))
FHFAERE (Table 1(4)) @ 2 MEHOEHENEZ LN
T3, QORIEEITI 2L DTE LHBEME X X
R & U T, Methanosaeta & 33 & TUF Methanosarci-
naJBD 2B EINT NS, QOMIGICHEFT HHE
PRV e & U T, AORKR, Thermacetogenium phaeum,
% L T Clostiridum ultunense B E T 52520 —7F,
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Table 1. Degradation reactions of acetate and propionate
under methanogenic conditions.

AGY

Reaction (kJ/reaction)

(1) Aceticlastic methanogen

CH3COO~ + HyO — CH4 + HCO3~ -31.0
(2) Acetate-oxidizing bacteria

CH3COO~ + 4Hy0 — 2HCOs™ + 4Hp + H* +104.6
(3) Hydrogenotrophic methanogen

4Ho + HCOs~ + HY — CH4 + 3H0 -135.6
(4) Reaction (2) + (3)

CH3COO0™ + HyO — CHy + HCOs™ -31.0

(5) Propionate-oxidizing bacteria

CH3CH2COO™ 4+ 3H20 — CH3COO~ + HCOs™ + 3He + HT +76.0
(6) Reaction (3) x 3 + (5) x 4

4CH3CH2COO™ + 3H20 — 4CHsCOO™ + 3CH4 +HCOy~ +H*  -100.8
(7) Reaction (6) + (1) x 4

4CHsCH2COO™ + 7H20 — 7CH4 + 5HCO5™ + H* -224.8

—
Reaction(3)
Reaction(5)
Reaction(2)

I-Organic matter I—){ Propionate
Reaction(1)

Fig. 1. Metabolic pathway of acetate and propionate in methane
fermentation. Reaction 1, 2, 3 and 5 correspond to reaction
1, 2, 3 and 5 described in Table 1.

TaA Cigir b DHFRANO RIS, T oA iR
BALAHEE & KRB X & AT OB R34
K& (Table 1(7)) 12 & - CTH#fTT 5. 70t vk
{LEE R Fr DM & L Tl Symtrophobacter J&, Smithella J& <>
— T D HRERE R T R E S N T 5 2529),

KEEALKE A X AERE MBI X 2 X X ARRIE
2, ELLUTE2BMETERINLKENCLT 1 7L
XY TBILRFLRTL, SVINMRXAZ /T TV
(formyl-MFR) 2% 5. F)VIVERZ, SHRkETEN
AT ZNVEE, AFVERBRTAFINVELRY, metyl
coenzyme M methylreductase system (2 & 0 X X T8
TLENY A 7 IVIIHAET DI LR DH, ZoLa"
{LIRFED RNV I )V-MFRIZ7Z % BISHFRL E N, C1HA
JIVHERT DI LTk 5.

ZDCLYA 7NV X UHHRD b D A X 2 R I
Bl o MR Fao s ST AF N ANT I UL, 2hE
NNt BL T Ct ZBATVDE, Lizh-T, Ni2*
RCH R EDRBA ALY CLIA ZIHIEE N
UL, BB U 72 Syntrophobacter & & K FELME X & 4
RO & DB FBNEMTEL LY, TORKR,
BRI b PRI N L nT ot S BOY R b ek
B, RIGEEDR LIZO%P2H0EMFEIN5.
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3. ARERREEFIET 5 Ni2t & LU Co?t
(MELB1A>) LENITHEDS BEBEROEE) 10

B 2R L BB BRI N2t 5 LU Co?t &
EYRINL 721, AFBR (anaerobic fluidized-bed reactor)
X DMARMEAR T o7, ZORE SiRAX Y
RE, PlA KX RBEEZNTNORK TOC FRE AN X
42, 24 g/l/d (BOD &AM T 68,39 g/l/d) L7221,
Nit 5 L O Co? IR B L T4~ 565 @ L L7290,

ZIT, MRREE X & 2B M O i ks 910
T, N2t B I U Co?t DIRIMFIREBEAEL XLk &
UBREEL XV THLMCT 22 L 2R AL, 10
FRRCEDE, HLERCELTHERLE.

3.1 EBAE

1) EFEE AR 2HIMEEREERIC
L Fig. 2 TR LT ELBEA&MY 7 7 & — (CSTR, com-
pletely stirred-tank reactor) ZFW/2. )T 7 X —3H
FABT, ZOEBREZL8ITHY, ERAEIRET
52T Lo THEMNIRE % 37°C ICHIF L7z, MBFEE
TRMEREHRZHACTEIEL Ty 28IEHBALGE
(VSSIEREE7.46 g/l) 386 ml 4R L, Z=ERBEM L 7ok
IR C 2Pt R, ERER L FHREHEEK (Table
2) (TR L 72k, CSTREB L THABE Y7 4T v 7
AK—F7—THEFHRE L. 1 BRICEREKE RS T
T 772 —Tfda L, B ZG L7

AFSCTHA U7 B RBEKI, Table 21T7R L 7R =
Tuvd e -ORRRE T2 EHEEKIEETDH
2. 7z& ZHF# A BFE K I Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH 334 5% #
(Methanothrix 7#1) (DSMZ: Catalogue of Strains 2001;
http:/www.dsmz.de/dsmzhome.htm) %#A& & L, TOC
R 8000 mg/l L7525 X3 W TFOMB TR L2 (11
H1:0) H#RF + )7 L, 5.46 g; B, 16.0 g; KHaPO4,

=F

Sampling — Gas holder

Thermostat ]
tank (30°C)
Synthetic ™ J‘
wastewater
Recorder

Pump Magnetic stirrer

Fig. 2. Schematic diagram of completely stirred tank reactor
(CSTR).
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Table 2. Synthetic wastewaters used in this study.
Synthetic wastewater (in 1)
. Acetate- . Lgng-ch?in
Acetate  Propionate Propionate Butyrate Protein Glucose Starch fatty acid  Glycerol
P (LFA)
Substrate
Acetic acid 16.0g — 10.72 g — — — — — —
Sodium acetate 546 g — 334¢g — — — — — —
Propionic acid — 13.16 g 438 g — — — — — —
Sodium propionate — 427¢g 140¢g — — — — — —
Butyric acid — — — 11.74 g — — — — —
Sodium butyrate — — — 3.67¢g — — — — —
Bovine serum albumin (BSA) — — — — 17.0g — — — —
D-Glucose — — — — — 21.0g — — —
Starch — — — — - - 256¢g — —
Oleic acid — — — — — — e 0495 ¢ —
Palmitic acid — — — — — — — 0.450 g —
Sodium alginate — — — — — — — 0.1g —
Glycerol — — — — — — — — 2.610g
Other compound
KHoPO4 0.30 g 20 mg
KHCO; 4.00 g —
NH4Cl 1.00g 80 mg
NaCl 0.60 g 125 mg
MgClg - 6H2O 0.82g 45 mg
CaClp - 2H2O 0.08 g 100 mg
Cystein-HC] - HoO 0.10g —
NiCle - 6H20 21.3 mg 21.3 mg
CoCly - 6H20 24.7 mg 24.7 mg
NaeS - 9H20 — 20 mg
FeSO4 - 6H20 — 0.1 mg
Trace element solution 2 10 ml 0.3 ml
Vitamin solution ® 10 ml 10 ml

2 Modified trace element solution of DSMZ318 (in 1 l): FeCls - 6H20, 1.35 g; MnClz - 4H20, 0.10 g; GaCle- 2H20, 0.10 g; ZnCls,
0.10 g; CuClg - 2H20, 0.025 g; H3BOs, 0.01 g; NasMoM4 - 2H20, 0.024 g; NaCl, 1.0 g; NasSeOs - 5H20, 0.026 g; nitrilotriacetic

acid (NTA), 12.8 g.

b Modified vitamine solution of DSMZ318 (in 1 {): biotin, 2.0 mg; folic acid, 2.0 mg; pyridoxine-HCI, 10.0 mg; thiamine-HCI - 2H»0,
5.0mg; riboflavin, 5.0mg; nicotinic acid, 5.0mg; DL-calcium pantothenate, 5.0 mg; p-aminobenzoic acid, 5.0 mg; lipoic acid, 5.0 mg.

0.3 g; KHCOs, 4.0 g; NH4Cl, 1.0 g; NaCl, of 0.6 g;
MgClg - 6H0, 0.82 g; CaCly - 2H90, 0.08 g; cystein-
HCI - H20, 0.1 g; trace element ¥ , 10 ml; vitamin %
W B #BW2bd), 10ml 7% trace element K
WZoWTE, 381 B XZUERILERET S --)
DR TlE DSMZ318 55 #i1 D trace element solution (2
Ni2+ B LU Co? BENZNZN05E L T0.2 mg/l & 7%
5 X 5 ITNiCly - 6H0 & CoCls - 6H0 Z¥RIn L7z, 7
457 (4. FEEBPOD X Z ERRER - -) LBEOER
TlE, NiClg- 6H20 & LT 21.3 mg/l; CoCly - 6H20 & L

C24.7 mg/liZ72 % X 5 ITHRML 72,
2) BT AHAFEKERLO
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5T i A R BE
AWTERFRETOREBIEE 2RO, B 15 ml Y
17 IV (SVG-15, HBHERHEF) ORJGHE & 3 ml X X
EXRy POHAFRNVE —hbiet, WiFrElte=)

Fo—TTHELLLDTHD. EHWNRTOREEWRI0
mlZEEEE T b ) 7 AVRIKO0.2 mlA & T 531 7 VI
L (RAEHERRIBRE, 100 mM) , 37°C DEIRMEICE
BL, YR F oI AR —T—THEREEL. 2
H AT —N %2R REK TRz Lz, RiE 1 Bk
PEDHAREBERHAY, ZOMEE DL EMEKRD
720 DH ARAERE (DR, BTG & /8) 28 L.
3) WEERID) /1 FBLUTF0DPH 10 WS
2V /A PRI U FsoDERZ, il BEE FLv7 +
YV BICIALT B Ni2t & 0N Co2t 2B FULLE %
FAWTT 7 —3% A (7L —ALR) ETHEL. i
BEEOALETERRBIGELLEBR AL, 0
BEEEErS Y /A4 PEemBE L, ook |
BRET N—F4 MEIEERRE LA T LKL,
WX, KK THRERE, X%/ —LTHhHEZHE,
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COWWD B AL ) —VEBELER, EEKERS
i, ZOWRTOINI I ERTERECLIVER
Y /A FE&RE LT GEEFi il 20T HIZIEREE
LT -7z,

4) fEEEFKE Fao0 DH7 910 Fago (ZHR VB2 H T
DHRTHDDOT, FEEERD S BRI L7 RO
JERE 2 EEROCOBEET 2O THIEL:. 20k
X OFERIIEIL425 nm, BUEWNEIZ460 nm TH 5. %
B, MR AREEKEZD = 0.025 d- L DFfF THGHE &2 {T
WEEL T, BAEHEY ) ORE 2RIEL, Z
DiE% 1.0 & U THMETRL .

5) ZDDNHAZE  pH, voladle fatty acids (VFA),
volatile suspended solid (VSS), total organic carbon
(TOC), REHAFD AR EBEOEEILFEIEICED
To7.

3.2 NiZ* B XU Co* ORMIC K DEEENREE DA L

Ni2* B & O Co?t DIEMEREZWEL N)LE L UEER
TEME LSOV T S9N T 5 72)12, CSTR EFHBRSRFE K
(TOC ¥ 8000 mg/l, Table 2) % i\ THARE (L X
R R EMEOEREEE R o 7. Ni2t BL U Co2t
ZHML WA, FFRED=0.05 d! TH wash out
Liehs, N2t B8L U Co2t ZAmEHICEINT 22 &1
L0, D=0.7d"! LWV o KERH RISV T HER
AREREE NS 5 2 Lk {REL CHEMERZ{TD
EWTET. WA TD D=0.6 d-! D&M TOEFE:
BRERZHANT, BUEAKD 0 DHLTOCKHERE 25
H9 % &5.3ggd Th-otz (Table 3). CSTR 2T
BETEEE THE O N M TOCKHFERE X, AFBR TR L
TED 25 5 b E L, BLAKELREICLZHEOLVA
THOIERER 1T 202, PREAZ UV HEBIIBLTHEHIT
EWAR, 7o & ZTBERIZKEER DB TIX TOCAKA
7760 g/l/d (BODERE AR 97 gl/d) #ETE 5 Z LT
5. ZOfEE, B ERRELCRRAR—ER (&
Z 2 TOC, 40,000 mg/l; BOD, 65,000 mg/l) % 16K &
VO HIRER TR A X RO TE 52812k, &
B SEEZER TE D LTk D.

33 XRHERBEBRSEICE DL, HEHIBRIBOE
MOTEEME  AEEBs L OHES RO, Ak
BEIZX U T N2t 38 & UF Co?t DEMEIEDH 55T -
72DT, ZNHDEMBREEAEL VB L OBRGHE

LX)V T LT 2EBRZTo 72 Co?t B L UF Nzt
INEFR A B K 2 L #ft i fERICBWT, &6
RRTRELLEARZAVCEETORMBEESE LA
RIEHEDBE 217 - 72.

Fig. 3 IZRL72 &9, a2V /A FEERTHED=
0.1d'FTIRAREKE & HICTHEBANIHEML, 1Mk
DERETRIFE -BERY, ZORKERZN0.67
pmol/g VSSTH o7z, 72, FoBEL IV /A FER
ERBRICHEIRE D=0.1d1 FTHREKE & ITEBMIT
WL, 2D EOFRRBZBOWTCEE—EERY, Z
DRAEH 0.62 pmol/g VSS Th o7z, —, KER
btk & >R RIS & B A X RIS (C131 7
W) BT B Fao XGRS, AREZ EIFTnlE
WZKE LA L.

2 /A F & Fago DHEIMER & BHAEEZ HET 5
&, EWRIEED BB T 2 HHE0.1 d 1 & TOHIF
THBERESRELIEML, ZOBREEIEEANECH T
THHRME0.1d" P ETRBEBHESREI —E LTV,
DT EmE, BHEN: X X AR EHE ORI
MREEICLVEELZY, HHEEEEN—ELRE
THES 100 GBZERESD) RFETLHHOLBbn s, La
L, BREREALYE X 2 AR MIEE, BEE% 100%
FITHOTERL, FRRTRbbEAbNMtEE
(= FRR X LBEERE) I L TZOBER DD HRBRAH
MLTwabDEEbLNS.

—7j, TRBDENGMFTIE, Faoo HIRHEMEA A X
EhnL Tz, CZHUEERREFFTBLTCLTA 7 )V

140 1.0 & 10
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Fig. 3. Effect of dilution rate on the methanogenic activity and
concentrations of coenzyme F4s0, corrinoids and Fagp.

Table 3. Performance of continuous cultivation using completely stirred tank reactor (CSTR).

Reactor Maximum volumetric loading TOC removal efficiency VSS Specific TOC removal rate
(mesophilic) rate of TOG (g/l/d) (%) (g/) (g/g/d)
CSTR 4.8 96.9 0.91 5.3
AFBR 24 86 10 2.1
574 EMTH H8TE
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Table 4. Generation times of microorganisms related to
methanogenesis.

Average generation time

Reported 249 Experimental
Aceticlastic methanogen
(Methanosaeta) 3~7d L4d
Hydrogenotrophic methanogen —4h
(Methanobacterium) 2~14
Acetate-oxidizing bacteria Approx. 30d 20~ 40d

WX BKEBLUOTBILKED S D XX ERIEEN S
WZERRTERTHS. BRENATHAFORAZ
BERHELEZA, mHRE (D=0.6d") T50.7%,
EAFE (D =0.025dY) TH7.2%TH 7. HHREAL
e X & R B 1 1 mol DFFEEDS 1 mol DA X >
E1mol D 2B LRERAERT S (Table 1(1)) DT, &
FRRELMBIC BT @A R U EEIL, KERMMEX X
VEREHMEOMVES A RRT 25D THD. b
DT EMD, EFRELM CIIEMARLME & KREL
Pex & AR HE ORI X O BB R 1B KRG
(Table 1(4)) D EDBEIGHEVEZEZLND.
3.4 HKBTH|  EAFRE Table 4 ITRT A X AR
Bz B G5-3 2 A OWEEE P DU TOZ ENE A
5.
O N2t BL T Co?t B +HEBML, BOHFERE LT
5, TRhbbIEELZEDLIEICLY, HERELEE X
Z RGBSR R AR RIES 5. &7, AW
Rh bF2Z L Y HEIEERE OB OB E 3
(Table 4) (dwash out 2%, ZDFEE, EfklL acetyl-
CoAmethyl-CoM 242 T X X ITEBEND 9,
@ B &AL A 2 AR EMEDRE 2 T, 2 OofEiR
RAE0.05d L LUTFICT 52 8IC k) EmemCEs ) 7
JR—NTHETE L9125, ZORKE FikD—
%, MEREALAIEEIC X 0 SR LR E LK EICER (L R
ANtk ClYVA I NMTL O AR TEREIND.
Dk, FEREAbiE 4 & R A MR ORiEEER 4 7L
ANTIVRFgeBEZHEITILICLY, AHOB
FEENORBAZFETEX B b ot £, Bk
ALY A & AR E MR DORE IR L L FHRE 2 0.05
AIUTIRTFRZLILY, MEDHEREDREILEZ
TS BB Z o T a EEZL LNk,

4. BEEDODAZ ERERE
ENICEE T 2MEMEE

AR ERROGIZ, N2t B8 X T Co?t DRI L VK
BREIND I WG ot i, HREDR/T
LR R EWAT B L TRREI NI, £ C

20094 1275

T, FREAERRKERE L TN2 LU Co2t 2L
7oA EL L (Table 2) T CST Y 77 & —CHifihs
BRIV, B2 HE TR R BT 2170, A
REBOBEM L TS T 2 WMAMHEZY LN S
ZERRAT B, TV Ru—ARR NI HEEREE
ET 5L RN B LT Co2t DERIN « EIRIND A HUBE
KW THRE L 7.

4.1 REHE

1) Fluorescence in situ hybridization (FISH) %

Amann O FE3VIZI D & FISH Hbk 217 o 72, ik
ER 1.5 ml 2350 U7 Ao Cllla 2 [BE L 72 1.,
M LARRER S ul A 71 F A7 RIfHERE, £
DAL 7z

AR DNA 70 —7 & LT, 2D domain-specific
71 —"7 EUB338 (Bacteria B ) 32 5 L U ARCI15
(Archaea B ) 33, 3 FEFED group-specific 71 —7
MB 1174 (Methanobacteriaceae 8 i), MC1109 (Methano-
coccuceae BH ) B I T MG1200 (Methanomicrobiaceae,
Methanocorpusculaceae, Methanoplanaceae #H ), B8 LT
258D genus-specific 7’1 — 7 MS5 (Methanosaeta f5H F)
% X O MB4 (Methanosarcina i H ) 39 O & 3 7 M
PHW, 7u—7 EUB338 B XU MS5 I35 K%
Rhodamine T7 X)L L, ARC915, MB1174, MC1109,
MG1200 % & T MB4 [d 5' K ¥ % FITC (fluorescein-
isothiocyanate) T7 )L L7z,

2) REENSODNAS LU RNADHMEY  FE
FEPE 30 ml RERIL, @ O58E (4°C, 10,000 rpm, 15
min) L 7B % 1xPBS 30 ml T2 P4 L. #i%
TRE O RE L 72T % A K 100 p) (EAFRREEER)
F7213300 ul (BHRFREER) (CHEIETI00 2%
MWTDNA I LT RNA ki L7z, BBOB PRI
Multi-Beads-Shocker (ZcFFgsth) 2R L 7.

3) 16S rRNABIZF/ O—>5 1475 ) DR EIEE
BLOUICE D CREEEETD  DNA Y7V 100 ng %85
TDNA L L CPCRIUGIT & 5 16S rRNAE(L F DO HElRE %
fro72. PCR7 74 ~—ITiE 530F 3 L T 1490R (=
W—=H)F47F5YH), EU27F% LU 1490R (Bacteria
477V, AR28F3 XM 1490R (Urchaea 71 75
YR 9 2ZznZEnHw:.

B o7z PCR IR 1L, 77 A1 F pT7-Blue
(Novagen) (T3##5 L KIGW JM109 ZHWT 70—
fb U7z, JEEERH K 5 Wizard SV miniprep system
(Promega) #HWVWTT 7 A FERHL, MAKMAFO
WERFIRRE L. BoNE T 7 A1 FikoEE
fiisl%, ZNZHGENETYX ver. 5.1V 7 v =7 %M
WTHRER, BLASTN 71275 4% Bl Tl gl & i
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E LT

4) TagMan7’O0—7%2BWVLEEPCRYY  fL L
DNA 50 ng Z# % & L IGIT X GeneAmp 5700 se-
quence Detection System (Applied Biosystems) % fif i
L7z, E&PCRIMHLAT 74~ — /TaqMan 7’01 —
TIXLTD & 51255t L7, Methanosaeta EEF 2L, 7
54— MSlb, SAES835R 3 J (87 0—7 SAE761TAQ
Z Y2 Methanosarcina BB, 79 1 ~—MBl1b,
SARS35R % X (V711 —7 SAR761TAQ % Fi\ 72, Metha-
noculleus ERBHIZIL, 771 ~— AR934F, MG1200b%
J U710 —7MCUL1023TAQ % Fi\>72. Methanospirillum
EEMICE, 774 v — AR934F, MG1200b B LU
00— 7 MSP1025TAQ!® Z H\ 72, TagMan 71— 7 5'

Fig. 4. Photomicrographs of phase contrast views (A, C) and
FISH results (B, D) for the acetate-degrading methanogenic

Hi % FAM (5—Carb0xyﬂuorescein) T, 3'Fimaw TAMRA communities. Panels A and B are for the cells cultivated at
. < the dilution rate of 0.025 d~! and panels C and D are for the
(N,N,N',N‘—tetramethyl—6—carboxyrhodamme) THRL cells at 0.6 d-!. The fluorescent probes utilized were the
T2bDRFEAL . combination of ARC915 (green) and EUB338 (red) (for
5) EEEERD DO RNA OHH & RLPCR 8 19 panels B, D). Bar represents 10 zm.

fitii U 72 total RNA 2§58 & U T X X AR BEE R (R
FmerA %1ERY & L2 RT-PCR EBR %175 72, total RNA D MBEZHRTIHEMHEOREY WHARZ
100 ngZ#5R & L C7 74 v —ME2% fl\> TGene Amp BHLL, FISHERZ{T-7: (Fig. 4). TORKRE, EHR
Gold RNA PCR Reagent Kit (Applied Biosystems) (T & EEME (D =0.025d"D) KB THEHFRELRE (D=
% reverse transcription (RT) RIL&fr-72. FoHhi 0.6 d™1) IZBWT b Archaea DME L LTV, Archaea O
BOSH 20 ul M E LT, 7T A4 v —+t v I ME]1, ME2 MO R T EEAFRTES L T RROLD &
% & U Ampli Taq (Applied Biosystems) % Hj\>7z PCR EERETELSLCORERO 2 BESRE I T
RIGET, WEES 7 A u— A7 VEIGKEIT LD Genus-specific 70 —7 %A \WT FISH 2T o7 &£ 2 5,
T L7z Z NE \Methanosaelal & Methanosarcina)g TH 5 Z & B3

6) Denaturing gradient gel electrophoresis (DGGE) RENT. Archaea & Bacteria DRI, SAFELRMR
FICL 2MEMEDRENY  16S rRNABIEFDVIH HARTEFRRE LMD FH Bacteria DHRDE N Z LB
a2 —47 v LT, DGGE %W T Archaea 3 X T B L7z,
Bacteria D diversity % it L7z, Bacteria D¥§IRICIZT 7 AHFE0.025 d! (EAFKR) L0.6dT HHERE) O
A ¥— PRBA338F % £ ' PRUNB 18R & HIV 372, Archaca 2 DDGMTORENI S S DNAZ R L, 16S rRNA#
DIIEIC X nested PCRIEZ B2, 1RIHOMIEIZIET ETFOIZN—=YLIAT 7Y RRELL. HEEFIC
74 ¥ —PRA46F 35 X U'PREAT100R, 2[6]H OIEIEIIZ ED LR BT o efR, BRRKREHTRELED
774 ¥ —PARCH340F % L U'PARCH519R 2 24241 43%%%, &R RIS TIE 72% 55 Archaea T o7z, W
HH L7z, PCR EYDOESKKETIE, DCode Universal TREELAE & BT, Archaea TIIFFRERE LD Methanosaeta
Mutation Detection System (BioRad Laboratories) % H 83 & O Methanosarcina JBI\Z 0 EENE 7 O — 2 H

Wi, N7z, F72, Bacteria TlL Firmicutes FUC O EZI B 7
42 HEENET H2MEDEEEOBE S H¥EE!-1D O—>823% { 2 H®D Tz (Table 5).
BRI A XV RE 7O AITB WY TERICRE D 20 X R AR EME AT B ER PCR R 21T - o6

BRE EEZEZOLNTNEM, 22T, BifgEE—DEk B, WARELMT, MethanosaetaJ&D 16S —IRNAEL T
BT BEKPHGETEZEICLY, BiE2 00T BICEAEELEDRDHNT, Methanosarcina |8 1357
LHMAEMHROBEEEEELITo . METLE (N2t WREUD T B4 L (§910065) wmHEn7: (Fig. 5). &
Co?t) BT A EITXLY, mARHREOT d 122K 72, KEEAMD Methanoculleus J&HHEFRELMETO
T&7DT (322K), HWE0.025d! (BEHREK) & ARHENT. DEDZ Eh s, BERMELETH
0.6 d”! (HHRE) D2 DDEM TOMAMTEDRE Methanosarcina J& DEFERE LM A X > A B RS 2V o

ERRRE 2 BT L7, L TR DO RICBE ST 5 2 EAURE N7, EFFRSL
576 LT BTHE
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Table 5. Distribution of 16S rRNA gene clones detected in
culture broth of acetate-fed chemostats.

Dilution rate (d™')  0.025 (ALU library) 0.6 (AHU library)

No. of No. of No. of No. of

Taxon (Phylum) OTUs clones OTUs clones

Archaea
Euryarchaeota
Methanosarcina 4 23 5 47
Methanosaela 5 20 2 19
Bacteria
Firmicutes 16 36 12 15
Cytophagales 8 9 5 7
Candidate division OP12 5 5 3 3
Chloroflexi 3 6 — —
Proteobacteria —_ — 1 1
Unclassified 1 1 — _
Total 42 100 28 92
OTU, operational taxonomic unit.
1.0E+08
1.0E+07
<
z
a
=4 1.0E+06
(=3
o
3
o
3 1.0E+05
1.0E+04
0.025 0.600

Dilution rate (d-)

Fig. 5. Quantification of 16S rRNA genes of Methanosaeta, Meth-
anosarcing and Methanoculleus (Methanoculleus was not detect-
ed at the dilution rate of 0.6 d-L) B, Methanosaeta; [,
Methanosarcina; B, Methanoculleus.

T D At L4172 Methanoculleus & DK EE LI X &
EREME ORI E T 2% ENS, BRI LA
EDHRERBTHD EEZOND. BAIDOFRERLATE
3T X T Firmicutes T I N T W 53638 DT, 7o —
VERIICX o THRIBENL D V=TI HEE Nk

Bacteria S, (&7 PR CREBIELICES S5 L T\ 5 TRE
WS, RS, FiRERALE O I 138
0.027-0.085 d~! L IEF TR 5 TH %39,

2) BBEMRICRAS 2 X & U ERBHHE D merd E{G
FORBEBA'YD XX CERIEAR BT 5 methyl
coenzyme M reductase BT (mer) (&, FFFEENI2T X
TOARX MBSO THFELPRER I N TN S 40,
FEEEND S RNA ZHiH L, mod EBET2ENE LT
RT-PCR %17\, EFEY LML (Table6) 19, &
FRBEROTA T T ) B LIz b, 217m—>
H1 20 7 11— 4 Methanosarcing J& D merA B EFTH 9,
1 7 12— % Methanosaeta |& D merA BIZFTh o7z, —
05, EBHEFCRTE, L2l 7a—2 i, 47—
B Methanosaetaa ) DmerA TH Y, 1727 T — > B Methano-
culleus BDO merABILFTH o7z, ZOERIE, EERT-
PCREBRDFERD O bR I N, EHRRELMFITR WL
T, ERRELEHICH AN TKERLM: X 2 4 5
B Td % Methnoculleus J& D X X 2 BISHED EH W T &4
TR Z 7.

3) RERMFES L - EE % AWK BIEERO
AT MERELME A X AR, B X F
WA XX, HIVERF D VER LR EICERT
5. =7, BFRIR(VAIEE & K BB X & AR M
DI L DR R T 256, BFBRO 2 HORED
Voo A 2D TBERRICEBRINTH S, ZD5H
LA ZANTEREND. Lo T, LA
R DA THBRY IMIND LT DL, BEED XTI
D AR ETINVREIVEBRD A Z B 12§
DT, WHRD A F)VEERD “MLRE & VR F
WEHRED "R EW 12 TOEL R ETRE. %
T, MARBORBEANRZERL, @HHUATARE
WiE 3.1,2) 38 2T, WERMEERL AR
ZHOW P =Y —BEBRELTO LS fTo7219. FEA
W 10 ml ZYIEHE A T OMICER L, BCH33COONa,
CH3!3COONa, %7202 *CH3COONa © 3 FEOLE
PWML &, BEHN ADGOMS i BT o 7.

Table 6. Composition of and quantification of mcrA transcripts of three taxonomic groups.

Dilution rate (d1) 0.025 0.6

Phylogenetic affiliation No. of Quantitative RT-PCR No. of Quantitative RT-PCR
yios clones (copies/mg total RNA) clones (copies/mg total RNA)

Methanosaeta spp. merd 4 ND 1 ND

Methanosarcina spp. merA 0 ND 20 4.15 x 107

Methanoculleus spp. merA 17 9.06 x 106 0 ND

ND, not detected. The primers ME1 and ME2 used in this study were reported not to be suitable for
amplification of the merAs of the genus Methanosaeta.
The values for quantitative RT-PCR are the average of duplicated experiments.
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Table 7.

GC-MS analysis of CHy4 and CO;z produced from '*C-labeled acetate.

GC-MS analysis of CH4 produced from 3C-labeled acetate.

Peak intensities

‘ CHj4 from CH4 from
12 / 13
Dilution rate (d-!)  Substrate m/z 15 (*CHy) m/z 17 (FCHy) carboxyl-base / methyl-base /
Actual Background Actual total CH4 total CH4
subtracted 2
13CH32COONa 2,695 2,695 5,474 0.33 0.67
0.025 12CH3COONa 1,139 1,139 928 0.45 0.55
BCH3'*COONa 0 1,361
BCH3'2COONa 81,973 14,066 614,114 0.022 0.98
0.6 12CH33COONa 636,401 562,089 13,860 0.024 0.98
I3CH313COONa 74,312 588,433
GC-MS analysis of COg produced from '*C-labeled acetate.
Peak intensities
; COs from COg from
12 5 (13 2
Dilution rate (d"!)  Substrate wz 44 (FCO2) m/z 45 (*CO2) methyl-base / carboxyl- base /
Actual Background Actual total COg total COs9
subtracted 2
BCH3'2COONa 4,041 2,635 1,196 0.31 0.69
0.025 12CH3"*COONa 3,424 2,018 4,296 0.32 0.68
BCH3"3COONa 1,406 3,380
13CH3'2COONa 87,919 79,915 5,302 0.062 0.94
0.6 12CH3'3COONa 12,951 4,947 80,702 0.058 0.94
3CH3'3COONa 8,004 73,096

2 Peak intensities at m/z values of 44 from 3CH3!*COONa were regarded as the background.

All values are the average of duplicated experiments.

CH;33COONa ZHE & L& ICHET 5 3CHL B &
U'BCH3COONa ##E & LG RET 5 83C0 #
PR LA & KRB X & o AR s D441 &
Li%H (Table 1 (4)) BHRDOH A LHEL, A X 4R
BRI 2 BB ORI AR EH L7z (Table 7).

ZORER, X2y, TBRIURECTNOWE 2 fRE L
LTh, XX ERRISEEICED 2 LERBOEIE,
EARE (D=0.6dY) ITHEXTEFRE (D=0.025d1)
KBWTEWERE R 7, ERBROTSRLHEL
el lh BERREGTII~5%THY, EHEREL
HTCIZ62~90%TH -7, TDI DD, ERTEEMN
TIIFRE L # & RS & DR, EAR
REMTITIERR D, TNZNEELER DR C
HDTEMHPL e BFBREAHE A X >R M
Methanosarcina [&, Methanosaeta|&, % L CHFEAER LA
OKFBEAYE A 2 ARSI & D34 O iR 13
ZNZ30.98d1, 0.24-0.26 d1, 0.027-0.035 d-! &
HIXNTWHI, LiehioT, AEROEFRELM
I, AT O WERRE L A X EREHME, B

EEHAMELSE, AEROEMRELME T, HiEE
ED LTI INED 3EORFRAHMED I3+ oMl
ZiFFCE DA, EEBMMEOEIC L) BFRRCHEIC
BERIGEEL R L ELLND.
43 TOEFUBENBTIMEDBHEOEE LB

g 12,15)

Taet C WL, WRELATR X RED

FHEGRPHEED EINTVWDEY, Tabd Y BOfER
IS A R BT O ADRERELEZLNTEY,
BEMGETA X REHLE T 256, REED 5
TNREELBE, £ L TIOBEERISREFENIC
EWT5. 22C, /niroBri-oRELT 58
RBEKZHAE T D Z 1T & O 2 fRICEE S IR E
DEfREEEIT o721,
1) 7OEF BB AL RETOERADEE
V77X —HOREERICH LT, Tt U BmEamEK
PEGERB L LA, Tut Y BONRIIE ST
WG EADLD EIFICRR LT kiz, Eike 7oK
A UEREEIHTS: 1% 5 XD ICHE LR - 7o

Methanosarcing BIWZAFRRBE L EZ 6D, —F, HE
BRIZX T B Ky fEIX, 20240 3-5 mM, 0.8-0.9 mM,
0.65 mM T Y 4243 MR LG 23 b HERITH T 2
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Yt VB ARBEK (Table 2) 24 IRE0.01 d- L T L
F e 2B, EERAD 5 30 D RICHPID 7 0¥ A L ERiE
EPHHERAUTE TR T LA 22T, EERKHE 70
HECER 2 & £\ 7 0 VR EEKICY) D #z
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Fig. 7. Phase-contrast photomicrographs (a, ¢) and results of
FISH (b, d) for microorganisms in propionate-fed chemostat
at dilution rates of 0.01 d~! (a, b) and 0.3 d~! (¢, d). Fluores-
cent probes were combination of ARC915 (green) and
EUB338 (red). Bar represents 20 gm.

4 1.0x10°
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e
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Fig. 6. (a) Effect of dilution rate on concentrations of TOC and
volatile fatty acids (VFA), gas production rates, methane
content in biogas and volatile suspended solid (VSS) concen-
tration under steady-state conditions at each dilution rate.
(b) Effect of dilution rate on concentrations of coenzymes
related to methanogenesis F43o, corrinoids, and Fago.

2) 7OEAUBAENRT IMEYHREOBE 28
$1D domain-specific probes 2\ T, FISH X 21T -
72 (Fig. 7). FMEBIZ Db 5T, Archaea MBS L THF
TEL, JPRIZARD b DOHE W &7z, Bacteria |34
RE R EF 22 ONAER N D MAEWEEDOIRE 3 I
LT F7e, KEEMME A X AR D& 5
WOV — T TR 7 0 — 7 % W C FISH %5 %
TofekER, MPICE S L ToKERMME X X U EK
M X MathanomicrobiaceaeBH I 7 Archaea TH 5 T
EWbhot.

FRE0.01 d! (EAFHE), 0.08 d? (FHRFK), 0.3
d™' (BARE) OLGOEAR D 5 ZNZ41 DNA i
H L, 16S T RNABIEF 70— 747 7Y 2L,
ERANFED { R 217 o7z (Table 8) . (EARFE
B L Ui TR E AL X & RGBT
& % Methanosaeta concilii /2T fg7e 7 0 — 8 L UOKEER
bt # 2 2 RS M TH 5 Methanoculleus JBIZ 53 FEE
Nd7a—rPgtE s, FERES L UEHRES
2 BT Methanospirillum | /3 EINH 70—

e, Taved VRIEFEEHBENTOLDT, HR
REPBENI BT, 7ot o ey ¥hiE L4 5
FEERITBWTHHMRED =0.01 ~0.3d! DR TE
ELTEY, T2 704 Ve FIg5ee Ic E#L
LT (Fig. 6).

RO X2 A REEEHEREELHE LR, AR
ROV R Figol LTV /A FEREIEHEM
U7z, —75, iR Faoo HXHEME I A RA DI N
WALz, F, NAAHAFD AR oG8 BEHRE
& (D =0.01d"Y) T84.0%, FHMELME (D =0.08
dl) T66.5%, mAMELEE (D=03d"1) T63.8%&
TREOREINENEA L. 2o ORI, Kig%
DIET LREBETOR/RE TR, Jast gy
DRT DREEAICE VTS, KFRELET TR, &

FRBELEFTEANTT o CF b b AR L RIS,
T & U THRRIR LI & KRR A & A0 ME D

HAERRIC I OAR VTERIND EFEZDNLD.

F72, Faoo HREEB I ONA A HAFD A X V&5
i, T L 7o T O RIS T b FIR & e K 2
BT B AR HEERE (D =0025d0) THARXTE»-T
DRI, Tud VEOIENRIKERM X X
R EMESBLETH B0, BRAOHEN2EITSE
D BKEEME A X U EREHEOE &P ER 2 RE &

L7eBBIERTREVWI L RRRTLHDTH 5.

20094 125

bR XN, —h, Bacteria 74 7 7Y OENERD
b, EMRESLMY T, Deltaproteobacteria MBS 57
0T BRIV HIEE Td % Syntrophobacter J&4548) {25 %%
Iy a—h% I NS, FERES I UEHN
RENM Tl Firmicutes FNCIB T 5 70 ¥4 BRI VAT
Td % Pelotomaculum J& 1950 (TTigie 7 11— 3% R
HEns.

WIT A X BB IS 2 € & PCR EBR 21T -
7o, EOFER, HREBIZ DD 5T Methanosaeta J& D 168
rRNABIEF @I RRELRD D12 h - 72 (Table 9).
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Table 8. Distribution of 168 rRNA gene clones detected in
culture broth of propionate-fed chemostats.

Dilution rate (d-1)

0.01 0.08 0.3
T No. of No.of No.of No.of No.of No.of
xon OTUs clones OTUs clones OTUs clones
Archaea PLAlbrary =~ PMAlibrary  PHA library
Euryarchaeota
Methanoculleus 5 15 3 6 1 1
Methanospirillum — — 2 3 2 16
Methanosacta 1 2 1 2 — —
Total (Archaea) 6 17 6 11 3 17
Bacteria PLB library ~ PMB library ~ PHB library
Firmicutes 4 5 6 10 5 7
Proteobacteria
Deltaproteobacteria 1 10 — — 1 1
Alphaproteobacteria — — 1 1 — —
Candidate division OP3 1 3 1 2 1 3
Total (Bacteria) 6 18 8 13 7 11

OTU, operational taxonomic unit.

F72, HRRITH D BT Methanosarcina JBIIRIEE
ot —H, Methanoculleus JB I HERARER L L F#
REEKLTOHI N, Methanaospirillum JB 13 A
EBIUBHIRELETOA BB EN. INHDOHER
o, FREDEVWIZ LY 70T VB RICEST 5
FERMEYMDOBENRZ > TVWD I bbb o7z

D EDERNS, 7ot YBOS I FEICE ST
DEEMOREY, FREZRFICIVERPROND
EBHLDI R o7 BHMELMETIE, Tt
\3 Syntrophobacter 7% E D7 O A VEERRLMEIZ X Y
Bilg L KR, “BMLRBICOWHEINDG. LrL, @ai
REM T, Pelotomaculum J& 8% 72 Bacteria D3E L L
T7 A ABROPRIHET 5. 70 VBOS R
INZ X D ECRKBB I UM LREL, (EFRESLMF
Tl Methanoculleus BIZ & 0, S RE LM Tld Methano-
culleus &3 & O MethanospirillumBIZ & O A & N TEHE
NdEEZLND.

7, 70t rBOSMRIC L 0EULEIRE, K
TR K LA C X Methanosaeta J& % X O'BEMRER (L HIEE &
Methanoculleus JEIKFEEALYE X & AR IEIC L 0 X
RATEWEN, BHERREMTIL Methanosaeta J&, 5
1T Methanosarcina JBIZ & O A XV ICEBREIND EELD
nd.

4.4 HERZNRTIMEVHEORE L

1) ERERCLRBIBA X RBETOEADOE
T EBRRITOET CBRER FEIERBCAEE L KR
B X 2 AR E I & BB FRHARIGIC LY
#7758, Larl, BEErE—RERE T 2AREKE
R L LA, 7O R EIZRR Y fHICHE
PR LEDH D I ENNTELDT, HRED #0.025
d' A5 0.7 d7 & TRIEN B CGEE L. D%0.5d!
PLEC B2 EEHRRIIR 7 W LT, BhEER
D=0.7 dT EFTHELTHY, &zl D=045 d!
(TOCHB A 3.6g//d ITHHY) DEAITR TS TOC
BRERIZ6%TH o7z,

2) FMBICLOHEYHEREOELE Jo—r
fiET & DGGEEIZ L D, D=0.025d 1% 50.7d 1 & TD
MR R RT L, BREBRD A X RS 5 AN
B L ORREDOMAENFENDHE LT N,

EARELLT0.025d7], SHFMELLT045d1 T
D 16SIRNABE T/ a—> 5477 RHEL, 7
O—>DRME % Table 10ITR L7z, Fie, FHRRIT
L MAEFDOE B Y DGGE IETHN L T 5, Fig. 8
B L U Fig. 9IT7R L7z & 9 1T Archaea 3 & U Bacteria 13 &
bIHAMBICL Y R& LBEL .

Archaea \ZBIL T, TR TOHFE THRE LI A &
VHERBGE M TH % Methanosaeta J& & IKEEALHE A 2 >
SR TdH B Methanoculleus B OB H I iz, L L
FREEZED TV &, KEEMM: X & AR EHET
B % Methanospirillum J&(Z A= 0.2 d-1 BL_ET, Methano-
genium B IZARE 0.1 d 1 25 0.4 d! OFFHTHRH X1
7o, I ENENDRDOATRE & EE I 25

Table 9. Quantification of 16S rRNA genes in culture broth of propionate-fed chemostat. (Unit, 16S rRNA gene copies/

50 ng-DNA)

Primers (TaqgMan probe) Target organism

Dilution rate (d-1)

0.01 0.08 0.3
Ar28F/ARC915 Archaea 1.61 x 107 NT 1.13 x 107
EU27F/Eu518R Bacteria 8.48 x 106 NT 6.30 x 106
MS1b/SAE835R (SAE761TAQ) Methanosaeta spp. 1.26 x 107 3.49 x 107 1.95 x 106
MBI1b/SAR835R (SAR761TAQ) Methanosarcina spp. ND ND ND
AR934F/MG1200b (MCU1023TAQ) Methanoculleus spp. 1.68 x 106 3.51 x 107 2.94 x106
AR934F/MG1200b (MSP1025TAQ) Methanospirillum spp. ND 5.27 x 10° 6.71 x 10°

NT, not tested. ND, not detected. All values are averages of duplicate experiments.
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Table 10. Distribution of 16S rRNA gene clones detected in
culture broth of butyrate-fed chemostats

Dilution rate (d-!)

Taxon 0.025 (c) 0.45 (a)
No. of No. of No. of No. of
OTUs clones OTUs clones
Archaca BLA library BHA library
Euryarchaeota
Methanosaeta 5 45 5 38
Meihanosarcina — — 2 2
Methanoculleus 2 2 1 5
Methanospirillum — — 3
Total (Archaea) 7 47 11 50
Bacteria BLB library BHB library
Firmicutes 2 2 17 26
Proteobacteria 3 46 2 2
Candidate division OP3 — — 4 18
Spirochaetes — — 2 2
Deferribacteres — — 1 1
Chloroflexi 2 2 — —
Total (Bacteria) 7 50 26 49

OTU, operational taxonomic unit.

WICENDH D EEZ LNEBI5) i FERE(LME £
R AR RE Td % Methanosarcina J& IR 0.35 4!
DA LTI E N7, Methanosaeta B DIk KA BT HE120.3
d EWREINTV LA, £RALEFICLY 03dTLY
EVHRETHEEF L EEZBLSD. Methanosarcina
BOEMAIRETO % - 2R HIE, Methanosarcina & D
FENT R % BRI S Methanosaeta J& L DB\ &8

Z b,

Bacteria (22T, EARE 0.025 d-! TOREERE
FENUANDOTEREOREREE EHREICEL > Tk,
B N ME DIZ & A 812 Proteobacteria FITIE L T
B, ARLRMEM pBREREET 270 U
LA CTdh % Smithella propionica h3\> % . FIFHR O
& & BT Firmicutes '] & Candidate division OP3 2/ FH &
1% Bacteria 7B ST 572, Firmicutes FITHEE N
Tt ORI, BaRAER B BRILHIES T % Syntrophomo-
nas J& & Clostridium JE 8% TH - 72, Syntrophomonas J&
BT 2MEWIBERBY, ZNETNHHET 5]
HOHFITEVY D o720, He UTHRENRS R
BEEZDHERIIE L oT2. Syntrophomonas J& DRI
KREEME A & R FHE S EFT 2L, AR
F019d "5 06d ' ETHETZEMEINT D
RSN BRGERE RIC & B E KRB E X & AR A
7 Th S HFRE LM A & AR I & 7T 5 &,
W (ZR E 2 & B2 54155458, Firmicules P53
I N ZDMDOMAENIE, T TREEIN TV AHME
Y& IRBMICHEEN TR Y, RAMEOHRE 74>
BODAREH)T 7R —poBoNkra—2 &
W s 7 AR =% LT, DGGETIE IS DWMAY)
DENGEEmTVE, BEAEDHFERETHRE I N
T, BBDO DRI L > TEERMAEMBREEELOND.
—7, Candidate division OP3 [Z /3 & Lz A3
NTO/PE (025d1~0.7d") THEZN, Lod
Bacteria D TR WEIE R iz, UL, g ERAR

Dilution rate (d)

< O o T Q
88888 8§ S e facgcee
N N O n o wn vy v QD wv f=1 <
-8 8 888 _E2288338382fa ~¢<R88RRR o
NS S OO0 NS TSSOSO OSSO MO o oo oW

Methanosaeta
Al

A2
Methanoculleus

Methanosarcina

3
4
5 .
< Methanospirillum

Fig. 8. Denaturing gradient gel electrophoresis (DGGE) of archaeal-16S rRNA gene fragments derived from
community DNA extracted from the butyrate-fed chemostats and fragments derived from clones used as
standards (S1 and $2). Community DNA from the chemostat at dilution rates of 0.025 to 0.7 d~! were used
as templates. Major bands are numbered Al to A8. Letters beside the dilution rate refer to different sam-

ples under the same dilution rate.
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Dilution rate (d'!)

1 0.025b
§ 0.025¢
00254
8 0.025¢
0.025 ¢

& 0.10

L 0.15

= 0.20

| 0.25
0.30

vex auerae | BLBO3, 04 (90.0%) Bo f

0.35

0.40
| 045a
L 0450

045a

0.45b
0.50

0.60
0702
L 0.70b

L 0.70¢

i 57 BuB21 (41%)
'BS BHBO6, 07 (8.2%)

B9 »BHBO4 (6.1%
——B10 BHB01-03

o0 : oy BI3
B R0
BHBO9 (2.0%)
B1S BuB13 (4.1%)
= BHB14, 15 (4.1%)
BHBI6 (2.0%)

(BI8 BHBII, 12 (4.1%)

Fig. 9. Denaturing gradient gel electrophoresis (DGGE) of bacterial-165 rRNA gene fragments derived from
community DNA extracted from the butyrate-fed chemostats. Community DNA from the chemostat at
dilution rates of 0.025 to 0.7 d-! were used as templates. Lane S1 was the fragment derived from OTU
BLBO3 (Syntrophaceae, Deltaproteobacteria). Major bands are numbered Bl to B19. The fragments of
representative clones with approximate migratory positions in the DGGE profile are schematically
illustrated beside the result of DNA samples and the ratio of the clone in its library is shown in parenthesis.
Letters beside the dilution rate refer to different samples under the same dilution rate.

AT NTRREY TV ol /70— THBD
T, Z# 5D Candidate division OP3 (28 X #L7c A
VOREENTOREZHE T2 Z L IRETH - 7.
bk 7 17— dClone GIF10T, Z7HLRy ¥
T )T 7 A= oBob DT, FREGHY
HREBBROHERE M UIER, P BRI L - THE
BETHMRTDEEZLNT VDY),

PlE, BERIIFEREICh 2D HT p BRI 27 TR
B LKRICHBENTM, AXTEBREINDED, FHR
Rzt zhZhoRCcE5T 2 MEHEEER
Bl o T 8RBT BRI Firmicutes 1D
Syntrophomonas)® ¥ & U'Candiate division OP3[JD Bacte-
ria lZ & O pERALKERS 2% CHFRR & KRIT S, Bk
V& Methanosarcina & MethanosaetalZ X ) X % 202, AR
N7 K FE & Z#RIR BT Methanoculleus & Methanospirillum
XD CLY A I NERTAZ VITEREN D, EHREK
T, BEER Proteobacteria FAD Smithella propionica /%
D Bacteria \Z X O p AR 2R CHERR & KRITH MR
N5, FERENTEEBRO—EIL, Methanosaeta (2 L D E
BAZTHEBINDD, KR OFRIZERR LG
£ O KER & ZBRILREBCH B E N, Methanoculleus T & O
ClYA I NERETAZ NIEBWEIND.
45 RREZR (SRIEFE 298 T 2HMEDHEOHESE
CHERED REA L L BTREACEREYE, BRI
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FAZ L DENREPLEL T DI AR FREDIEBE L LT
FREEZOLNTWS, LeL, FEBIXEE DAY
fRIZ L O BIREOEMIEHBIERL, bz
REENOMAMICEE R RT I eb s, FEE2HRE
BHTOIREAKREDAR REBEIRETH S LI NTH
%6062 2 ZC, mIEREEED 4 X v REET Tk X Rk
EL, WMAEWEELFT L. £, IBEOINKDF
THEBEINEZ Y Lo — oW Ti34.61 kR L7
1) BRIEFBRONBOI-OD AL EETOEAD
BE SRR EHRGT A X RN T, D
(FRE) =02~04d'FTRELLAENTZ. B
MR ORI L - CTRET 2HRBRERRE 7o
T UBETHY, RAFRED=04d BT ZzhEh
DfEIX30 mg/l, 15 mg/l TH - 72. 748 L o= bl
BRISEES T CHREINT, ABUKTOCEE b 100 mg/
IDNF, EHIRENATHIFD AR EENTO~80
%THY, FFZELITHAEL Ttz

2) BRAEIFER A NRT DMEVRROEE & HaE
D=0.4 d"! CEFEIREICEL &R CSTR A
BEAWCFISHER YT - 72 (Fig.10). ZOFHE, *
BRI d Bacteria ME S L THEET 2 Z &b o 7.
b, ERigliED - BB 53 % Bacteria TH
LEEZBAZBND., AREREHES A X ERHMED
LI TED 2B E I N

W TF H8TE
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Fig. 10. Phase-contrast photomicrograph (A) and results of
FISH (B) of microorganisms in chemostat with long chain
fatty acid (LCFA) introduced at dilution rate of 0.4 d-1. The
fluorescent probes used were ARC915 (green) and EUB338
(red). Bar represents 20 ym.

Table 11. Distribution of 16S rRNA gene clones detected in
culture broth of chemostats fed with long-chain fatty acids
(LCFA).

Taxon No. of OTUs No. of clones
Archaea LCFA-A library
Euryarchaeota
Methanosaeta 2 15
Methanospirillum 1
Total (Archaea) 3 18
Bagteria LCFA-B library
Bacteroidetes 4 10
Spirochaetes 2 6
Firmicutes 3 3
Proteobacteria 1 1
Total (Bacteria) 10 20

OTU, Operational taxonomic unit.

I R D Archaea 16S TRNA BIE T 747 7))
5 18 7 u—>, Bacteria 16S rIRNAELZ 741 77 U H
5207 11— ORI (1.5 kb) & 2N LNYiE
L7z 8o NI E D TR EZ1T > 72, Table
LLIZR LTz & 9 T Archaea 74 77V bi§H NIz 187
O—>®D9 %, 157 1 — 3 Methanosaeta concilii \ 2T 5%
TH Y, Y 37 10— I Methanospirillum hungatei (3T /%
T o 72, M. concilit IR THEEB T HEEREALME X & >
EREMETH Y, M. hungatei | IKFEM: X X A K
HHETH . KEDPD XX ~DRIGE, 4GY=-135.6
k] (Table 1) L FEBSIETH 572 OICBIIEHIT bR
RITVBRINTH B, —Ji, mklghmsEs HL3 2 M6
WRBIETH 572 DI ANTITEA T L WRIETH
5. LirL, KEBEMEXZ AR EMHOEEICLY,
total DFLD AG WA L7225 T L TRIBHHEFT % 29,
—H., Bacteria 74 77V HHBELNZ2070—-2DS
B, 10 7 11— > %3 Bacteroidetes [, 6 7 11— > D3 Spirochaetes
M, 827 a—> 88 Firmicules ], 12 X1 — > 73 Proteobacteria
FUC B E N7z, Firmicutes FUZ I N7 a—2 D
1T, BEFIDIRIFRD B- BRALHE TdH & Syntrophomonas
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OSSO kR R 7 a— 2y a— R n it Wik
ST SRR D B- WALAITE X Firmicutes "I
T HDNLNH, 07 a— g T Spirochaetes '
B & O Bacteroidetes PN DI NZ 7 00— 3% { B
Eife. INb DU E NS Bacteria b, =R
BOSMRICEG L TChLTRERH 2 L Bbis.

AE0.4 d1 OFhiL DNA &8 & U T Archaea D 168
rRNAGE{ZF 2 E & L7 DGGE M 21T o7z, T—4
TR & Il o 72 S Archaea /TN TR, ERIRIEIR D £ &
> FEFERE NI Methanosaeta J& & Methanospirillum J& b3
ti LT Y, Bacteria \Z D\ Tl Bacteroidetes ', Spirochaetes
F, FirmicutesPIDBH L CTW0Wa Z &b otz Z0b
DFERE7 O— 2 T ORER EZE-HKTLHDTH -
7.

LAk, EfRAEIMR D CSTR IT X D X X > AT %
ol R, FWRD=04d" CTRE LN ITZ, B
BERENIT Bacteria MBS 3 5 2 &3 o7z, Bacteria D
16S rRNA 1R F O 7 0 — > @t TIZBEA O Ak g ik
D B-BRAVAIE T 2 Syntrophomonas & (Firmicutes['])
W7 a—2 1 70— LB 7R - 1,
Firmicutes PLASF D Bacteroidetes ', Spirochaetes FUCIE 318
WL BRI N, D DMAEY b SRIEIEB O
B LT s b L Bbhi:. £72, DGGEIZBWL
THHEBROERLB NIz, Archaea lZOWTIE, KEE
bt TH D Methanospirillum & BEFREALNE T & 2 Methano-
sacla BRI E NI, TDOZ Eh D, ERIRIIRO SR,
KEBEAME A & R HIE & OIETHTL, ERZ
VTR I EFER B A X 2 AR MEIC L0 A X T
BILENZE DD EBELT.

4.6 TV tEO-IENET HMEMBEOEE L H#EE

7 e a— )Lk ST D WAEMEROBHTICOWTIE
LTOX5fro%. 3TAEKBANDDRERL LT
ZNCEGT 2MAENHZ LWL DITT S 7201, Ni2t,
Co? T RN D& RFEK D EF MBS (WA ROk %
fTole. Z0DHK, Ni2t, Co IRMDARBEKRD A & > 5
FAALEFEBR 2TV, BRABGER TF X ¥k LT X
S A FORRR E TIT O Y 7 Re O M N M D 2L % 18
Ll L7z,

D) NiZ* LU Co?+ 7N - |RMARBEKZE RV IE
BT N2t Cot MIRING B K D S E T
i, D (FHRE) =0.05~0.1d" & TEE L 7LBEHYT
Atz TN a—)VOSRIT X o THU % HHERIIHIR
E7uABTHY, HRED=0.1d1ITBVTZN
Z1347 mg/l, 1012 mg/l W AFEREN & D R S nfe. &
7z, A L) vu— VdEESITIC L DR SNk
otz LALARED202d U LT3 L, Hil#ks
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Fig. 11. A Phase-contrast photomicrograph (a, ¢) and a result of
FISH (b, d) for microorganisms in Glycerol-fed chemostat
without (a, b) and with (c, d) Ni2*+ and Co?* addition at a
dilution rate of 0.1 d-!. Fluorescent probes were combina-
tion of ARC915 (green) and EUB338 (red). Bar represents
10 gm.

T OVSSHEA L 7Y & o — )L ASEAE L 72 O Twash out
L7z EHiL, mAFHFEDEOIdT LT

—7J, NiZ*, Co2* UM L7227 o — )L ERFEK %
BT DA UHEBET O L, HRKO.L A (R
10 H) Q&G TRE L RAEMRT A . TO/PERIT
BWTZY) Lo — VO @RITHI 100%, AHEKTOC S5
mg/l, #PIVSS 305 mglTH Y, /N1 A HAFD X H >
HRII65.8% ThH o7, Nizt, Co* AHMT A LT &
N, BEMTIEEL ATV IETHERIND
EWa ot

2) Ni2* & Co** 7 - BRMTOEFBZETOHEY
BEOLE Nt Co* EIRING B KOG MM
TaE BT, D=0.1d! TEERBIEL N
W A THAEIRFR DT 21T - 72, FISH EBROF
R, Bacteria MBS L THEAET 5 Z b o7z (Fig. 11
a,b). LL, XX AEREPHRD A X AEREHIE S NI,
Co EIRMIT b b bd, bIPTEHLIPEEEN
72. Table 12 [, 16S rRNA BT D7 0 — > filhr D i
RERLTWS, VT 7 X —NEEREEKD Archaea 7 1
7F0h 6 16 7 a—>, Bacteria 7177 V)H 5 21 7
O — > DRI ET % Z N ENRE LTz, Archaea 717
ZUYbBELNIEZO—2D L, T7a— %
Methanosarcing barkeri \ZATfETH Y, O D97 O — |,
Methanobrevibacter arboriphilus \ ¥t T > 72. M. barkeri
PR CTHEET OHFER « KREMMEA X AREME &
LTHIBNT VDD, BAREDEDOERETTOAIETT
LWMEMTH D EFEFBI T, LrL, SEZ7Y A
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Table 12. Distribution of 16S rRNA gene clones detected in
the culture broth of the glycerol-fed chemostats.

Chemostat 1 (without Chemostat 2 (with Ni2*

Ni2* and Co?*) and Co?*)
Taxon
No. of No. of No. of No.of
OTUs clones OTUs clones
Archaea GLY 1A library GLY 2A library
Euryarchaeota
Methanosarcing 1 7
Methanosaeta — — 1 5
Methanobrevibacter 1 9 —_— —
Methanospiriltum — — 1 16
Total (Arcahea) 2 16 2 21
Bacteria GLY 1B library GLY 2B library

Firmicutes — —

. Acidaminococcaceae

Clostridiaceae

1

Eubacteriaceae 1 9 — —
1

Actinobacteria —_

Propionibacteriaceae — — 1 16
Proteobacteria — —
Desulfovibrionaceae — — 2 2
Syntrophobacteraceae — — 1
Total (Bacteria) 3 21 4 19

OTU, operational taxonomic unit.

O — )LD FEEERE P OIS NI Z EIIKELENE LR
CTHHEFETE DI ED DD 272 Bacteria 71 7 7 ) H
LEOLNI 21 70—, F XN T Firmicutes FUTHTHE
Nl MEZINTWE T o — )V RE S Firmicutes ']
KETbONEL, SEEELLZYT7TI7X—-HTIND
DWEYR ) va—LESBL T bDEZEZLON
%. ¥, Acidaminococcaceae FHIZIE T % Propionispora
hippei®® \ERF R 7 A= 11l 7 a—->F 6k P
hippei (37" ) O — VBT LR EBRICORT D
BEZHELTBY, ZOLEKTL2BOTIVHLSEOD
B TER LB EFEFETH o7, kT RIEH
12 DX Eubacterium & T EINDWMEW TH -T2 Th
LOWMEMTOVTDIY v — )L fRICBE 5
HAERERIN TR WY, Eubacterium [ZBT 2% H 5
FORINTORVDOTZ7U—E reELTT YL
O—)LE23fRCE DR REEDZEZ HND. &2, Archaca
3 £ U Bacteria D DGGE T 6 R L 7c & 25, #Aa”
O — VT OFEREZHT 2D TH o7,

—%, Ni2*, Co?* ZIRMML 77 ) v a— )L EmREKE
BT D AKX U EBET O AICHE VT, D=0.1d1T
TEFIRARIC 2 L7 W TR BT 217 -
72. FISH EBROFER, FEMEMNITIE Archaea & Bacteria
PEERBELT 2 2 b odz (Fig. 1l ¢, d). T4
DH Nitt, Cot DEHINT & Y Archaea DR 21— a
UHEML, RIGH XX ERETETTEZ 8D

EWMTH HeTE
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o7z, Tablel2ld, 16S rRNAGEEF D7 10— @D
BRERLTWS. )77 X — BN EKD Archaea 7 A
TV 21 Ya—, Bacteria 717 7V 5 197
0 — > DRI ENETNRE L. &5 07ES
BT —AR=ZBEL, BEHOMAEND 16S rRNA #
EFOES & OMRIMED b2 %247 5 72, Table 12T fifa
L& 5 CArchaeaD21 70— D55, 167 0—
M. hungatei 2 TH D, 58D D57 11—, M. concilii
B TH o 72, M. hungatel IR CHE T 5 KRE1L
P X & ARBGEME & LT, M. concilii | ZEFRE (LM X X
VHEREMEE L TASNT WS, Bacteria D 19 7 11—
> F Actinobacteria P13 X U Proteobacteria "I\ B & 417z,

Actinobacteria FUZIE % Propionibacterium J& 2 7

O— )V BEOREBIH8H 6667 SolfggE Lz 77
K =N BB LTy a— 2, T O Propionibacterium &
WHEHIERZ TH -7 DT, RBITILB 2 Bacteria 787
Vo=V EaBEL TWARREENREVEEZLSHND.
F 72, Archaea B X U Bacteria © DGGE BRIk E AT %
7072 Archaea D DGGE B XRIKEIEITIC IS T, Nit,
Co2* IR N FR Tl Methanobrevibacter J& & Methanosarcina
BEHE S L7ehS, Ni2t,Co2t IR Tl Methanosaeta J& &
Methanospirillum J&8 5 LTz, Bacteria I[Z2WTh
EIRINAR, WINARIIDN TN PR — TR D
R oz, BIRIMAR Tl Firmicutes PN I A THEY
W% £, 16S rRNA &R TH 1357 )V O _EE CREEED
ZoTWie, #IT, IR Tl Actinobacteria P 581 &
NBHAEMHE L, 7 VDR TDNAD fFEEA L & T
72. TH DEER (Archaea 35 & T Bacteria) 1%, Ni2t,Co?*
BIRINR, HIARD 16S IRNAEE T 7 0 — s R
ERR—BLT T RbbHETLERORMOERIILY,
HERNCAERT 2MAEMBERE Urchaca B LT

Bacteria) BEAT B EHRINT.

Lk, N2+, Co?t ZiRm L 2niGa, 7)) vo—)uid

BEAID 277 2 11— )V 53 RES Propionispora hippei (23T

Bacteria\Z & O 7O A VR L HIRRIT R 1, 7J<%{§TK
PE X B B M B T d % Methanobrevibacter J& & D344
X0 7 aed OISR, BEHR O —iBIL Meth-
anosarcina JBIZ L D X X ITHEILEND D EELEIXN
7o UL, NiZ¥, Co*t SERINTIE7 ) £ o — )V DOXE
FET T VR EMRICHEEND, TR BIRER

WRE TGS B Z EWnpoTe.

—J5, 7 ka—)LEREEKIT N2*t,Co?t ZERINT 5
el XY, Actinobacteria MBS L, 7Y 0 — )UIEE
Wl 7O BRI EIND A, Ni2t,Co?t A
LR RERITIE A Z 2 EBGE I D Bacteria & RRRE
ARLTEY, AR TEEZAIERAARVETE
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TERNT:, TDEED AR AERFMEE, RN S
Z & 729 Methanosaeta J& & Methanospirillum J& H¥E &5 L T
Wiz, NiZh, Cot 2N 22 8I0L D, REMEAND
Archaea 720 TP L Bacteria £ THAL )W TEBR T HH
MRLDERE G702,

4.7 RNV EREDRT DMEMHEORE L e

AN VEE, BRSEETTEMKSBEINT I /B
Wi otetk, 7 3 VB BMEIC L - THERIRIZ R 27,
Bl C 2 DO REHPIME I N TS, 2D 1 20
Stickland )t C, BIHO T I /RO REHEICE > T2o0
T ERE SRS BRERTH H6869, b5 1 DDREKIT
7\/%@k%ukﬂ%ﬁm@x&/éﬁﬁﬁ@@hé
T7 I/ BEnRy 2K THH O, 272L, ZD2
DD R I EEE S M R W TH LM EN
725DT, WAEHD Y —> T ATRIGHEATH S
AR REERENTID2ODT 3/ BOEIRSE D X
STV ED, BEAEMEIN TR, AW
T, FME7T V7> (BSA) ZH—REBFELT, 2
DOFREERMEMIE ) 77 X — 2R L, BRSO
WTDX >IN B iR e ey L7e.

1) Ni2+ B LU Co?+ il - |MARMEREKERAWE
BigE V72— 13METE (N2t XU Co?t)
EEHMLUCWRWBSA 2 E—REFE T 2 HBEK
(Table 2) #4325 Z LITX D X NV B2 HHEIRIC
BT DHHDT, V772 =23MEBTLELHMLA
BEKZPHBTDIEICID R NI ER A X TETE
M350 THS. Fig 1208, V77 &x—-1&)77
H— 2 DEFRECOMEFERERL T0D. HEERE
WAREE LY T 72 =101, HR#E0.025 d1 95 0.2
A CHEEE L0, BE L CGEIETE R REDHTRIL
0.15 AV Th otz ZOWED X NI B RFRIZH 75%
T, AEWEIERE Tt e 1 RSB E
TYEZT Thote. XXVERPAEE LTV
A—20%, WELCERETELREEOAIEZ 0.08 d!
T, ZORDE NI EDHERIFZIO%ULETHY, £
BRI A XY, TBRUREBLCNHsS TH oz

2) Ni* & Co?* 7N - AN TOERIEETOMEN
BED L V7 72— 1 TEMREO0I WL, )T
R — 9 TIEFAREK 0.08 h™! DE&ATHEEE L T2 AR
PERIL, MAEYBOBRN 2T XX E
DR GT ME R T L 7,

Fig. 131, FISHEROERARL T05, V7 74—
1 (JEyin) TlR%Z2RT Bacteria P L A E T, AR
T Archaea | ZIF EAE RN o7, —H, YT 7 X —
9 Tl Bacteria 1385 L T8, Archaea % { L L
TWie, ZOZErbMEILERRMLLEY T 74 —2
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cgloor A Table 13. Distribution of 16S rRNA gene clones detected in
§§ 8000 - culture broth of the bovine serum albumin (BSA) -fed
S chemostats.
.~ oo b
LD
S5 w0l Chemostat I (without Chemostat 2 (with Ni2*
) +§ Ni2* and Co?*) and Co?*)
8 o 2000 Taxon
B & No. of No. of No. of No. of
o4 0 = ’ OTUs clones OTUs clones
0 0.05 0.1 0.15
Dilution rate (d'') Archaea BSA-1A library BSA-2A library
1000r _ o 1000 F B Euryarchaeota
g w0l E’E w0 | Methanoculleus 9 22 5 10
g =4 Methanospirillum 1 1 1 1
£ wof = % o |
z . < Methanosacia — — 3 28
2 a8 |
e ™ Total (drchaea) 10 23 9 39
I3 g & A———A”’/_A
g 2000 8 g 00F Bacteria BSA-1B library BSA-2B library
gc =2
o 0t & 0 T i Firmicutes 11 19 10 17
o s ol 013 Bacteroidetes 5 22 3 6
Dilution rate (d) )
Proteobacteria 2 3 4 7
Fig. 12. Effect of dilution rate on TOGC, VFA, NH4*, and VSS Unclassified —_ — 4 24
concentrations and gas production rate in chemostat 1 (A -
§as p (A) Total (Bacteria) 18 44 21 54

and chemostat 2 (B).

OTU, operational taxonomic unit.

I TRUTCDTRIGH A X A ERETED Z EN%D
otz
ZIT, 7 a— I X O R RS 2 i L
ZDFER % Table 131R L 72, Archaea\T2OWTE, U7
7R =107 a—2DE & A EldMethanoculleus JB %
THY, V7 74—=20710—2DIF & A L Methano-
saela J& & Methanoculleus JBIAZE R DD TH o7, ZD
BRICEDONT, 4D XX AN HMEOEEPCR %
fTo7z (Table 14). V727 &% — 1 Tl Methanoculleus D
16S rRNAGRIZF L RIS Mkl o 72l VT 7 & —
2 Tl Methanosaeta 35 & T8 Methanoculleus D 16S rRNA &
LFh3% LK &4, Methanosarcina D 16S rRNA &L T
Fig. 13. Phase-contrast photomicrographs (A, C) and results of [E—HHE B X7z, Bacteria (TOWTE, V77 X —
FISH (B, D) for microorganisms among the mesophilic 1Cld Firmicutes 3 & U;Bactem?fdetesf'ﬁ Kﬁfﬁ%fﬁ 7 —y

anaerobic bovine serum albumin (BSA) digesters. a and b

show cells grown in chemostat 1. c and d show cells grown in MWEEAET, V772 —2Td547 00— 247 t—

chemostat 2. The florescent probes used were a c.ombination VIEIDETERE N oD, DY 1O — 3 Firmicules,
of ARCO15 (Archaea, green) and EUB338 (Bacteria, red). Bar ] . ]
represents 10 gm. Bacteroidetes 35 X UF Proteobacteria PN Y E Nz, VT 7

X—1E)T 7 &—2L BT Firmicutes U EI NIz

Table 14. Quantification of 16S rRNA gene of methanogens in the culture broth of the BSA-fed
chemostats. (Unit, 16S rRNA gene copies/50 ng-DNA)

Chemostat 1 Chemostat 2
Primer/probe set Target organism
0.15d! 0.08 d!
MS1b/SAE835R/SAE761TAQ Methanosaeta spp. N.D. 2.36 x 106
MB1b/SAR835R/SART761TAQ Methanosarcing spp. N. D. 1.39 x 10°
AR934F/MG1200b/MCU1023TAQ Methanoculleus spp. 1.51 x 10® 2.77 x 105
AR934F/MG1200b/MSP1025TAQ Methanospirillum spp. N. D. N.D.

N. D., Not detected.
The values represent the averages of experiments conducted in duplicates.
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O—yDEMofehy, V77X —107a—-2DFEA
E 753 Clostridium cluster X113 & O XIITIZE L™, i d
Sporanaerobacter J& & Sedimentibacter J& D P M) 1 Stick-
land UEZFT S EWMEZNTEBY B9, V77X —20
70— R REY L Aminobacterium J&D b DT,
KEBMMEMEM ELET D ERLO T I BB E
§° % Bacteria L& XL T W5 707D,

il Z2NR0BEIOT I /BORICEET 5ME
L, V77 & —1 Tl Stickland ISR O 4 &
Bacteroidetes PN IE T 284, )7 7 X — 2 Tidde4E
OGS D WA & Bacteroidetes FUZIB T 2 EWhVE R
LTwiz, V727X —2 TOHRERBS SEEE TD/YF
RERR RS9 DA PV RV TH B 2 MEN TH
D, IKZ:EFMRN D A X R E TORRRICEES T 5
WL % L E NMethanoculleus & & Methanosaela g DI
WMCThdEEZLND, AXVFEBEETTOXINY
BODRIIIETHRET HREPELTH Y, AXF
BE T WBE RS Tl Stickland [ GE D 2> fREEHE 318
HEEBEZLND.

4.8 TUTUVERENERT IMEDBEOEE S B

FEE 32 L DFEK « BEYOFER D THY, BRI
fRMAED 1% L BEEX N TV DD, 245D Bacteria D
AR R B T BENER N L 72 Bli3 e . R
KT, WEOETNELTCT Y 7Y R B—RERET
HEWRBEKEEET AR RBET O A REEL,
B OWKNRICEEE T 2T RS X U0 MR & 5
FAEMTFIFERIT L O @ L7

HilE CSTR RS H RIS 2 AR & U TR
mLzetg, 727 ERBEKEBERIICHFEG L7 i
REPEEIIC LT 725 D=01dEFTERELRE
EWRTE, TUr 7 dBEREIT AR EZBILRFER
I, LrL, ZoVERKEEHT 2EED)
TENKELL2EE, £ ORIEVEET 27200 %
E L CHlifthE CE 2 KD FHREIZET L 7.

2T, SHENBETOWMENER 7 0 — 2V IE X
0 B L7z, ArchaealZ-2OWTUZ, Table 151ZRL72L 9
IEAE (0.025~0.05d1) TlIAKFREME A X 4%
A TEE T 2 Methanoculleus J& 3 & U WRERE Lk X &2 >
H R Td B Methanosarcing [\ 7 00— H3
BIHE N, SHEREK (0.08~0.1d"Y) TIIEHREM A
R R E B TH B Methanosaeta J& AT 7 11—
P35 U 72, Bacteria 120\ T, &R T Bacteroidetes
FIAsBH R 7e s, FRRE 0.08 d-! S ClE Firmicutes P
BT a7a—rMEE L. 72730, Firmicutes ISR
THMEM T O HMEBOLAIT LD Z DD R
5 Z EDRMMBHTIC L Vb o7z 0.08 d T DFEREKIT

20094 125

Table 15. Distribution of 16S rRNA gene clones in culture
broth of starch-fed chemostats.

Dilution rate 0.025d!'  0.06d! 0.08d! 0.10d!
No. of No. of No. of No. of
Taxon
clones clones clones clones
Archaea
Euryarchaeota
Methanoculleus 18 — — —
Methanosarcina 4 23 — 1
Methanosaeta — — 27 25
Total (Archaea) 22 23 27 26
Bacteria
Bacteroidetes 3 1 2 1
Chlamydiae — — — —
Spirochaetes — — 18 4
Firmicutes 16 21 1 13
Total (Bacteria) 19 22 21 18

720 Spirochaetes "N RG72 7 O — 9, @@ E LD
DRETHDY, T T2 REET28E, FHRELOD
DT DRI ERICHE LR E L 52 CnbH T L
Bt T T U ME L 7V 2 — AR
BE CHEEINTVLS, 4RO 7 72— bRl
N7 AED D % {1 uncultured clone [ZHR b I &% TH
D, ZOZELLBRATIFHLT > 7 >4 e &
TNV a— ARBEME RN T WD L IB AT

Pk, Fr7roz28B8E LkBe, EBHEFRETIIKE
BALME X Z R EHE TH D Methanoculleus HIEVEAL,
BNCLYA T NVTRZ PR, TRREICE 2 LHE
REEDEA L Methanosarcina J& DEFIRE LM X X > H B,
TAEEEL I N, EARETEE b IHEBEIE
LU, EUHHRELM: X & > ER i CTd 5 Methano-
saetalBIT L DWEBRRER CTO X &V RENERIT D L
Wainote. T2 7 DRI ETERED Bacteria B85
T2 EPD, BacteriaBFEDETEMIITE L, HREDD
Tl B THEBSENRE (B LT

b, £ TADERBETENIEBICHITIHERICELS
WEAFEOMHG LB OMEDNBEE~DEE

AR RBEDRIED CTh HAKERIL, XX R
B G T 2MAEMITHESELZRL, SRERRDEXX Y
REERIAET D EMEINTVDED), KFE T, £Z
ADBEAR VBT O ZRANT, BILKEITLS
PHEZBNT 570012, EREMEHET L2
Wbk 3R D RAEPNE] & Ml T X DM DEEE~DE
e A
5.1 MEBRICK BERILAKFOMSEIS  Ni2t, Co*T B &
U Fe2t ZEARICHMEBRNT 22 LIk, £Z4D
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Fig. 14. Effect of aeration on effluent quality, VSS degradation
efficiency, gas evolution rate, and concentrations of CH4 and
HoS.

B A X > RBEORAKEEY) (VIS) AHAmE LTS8
gl/d T 5 EWTE, FAMT VTS HE 80%
DhERMERC& 7. UL, AEAMZBMEIIC LT
WL ERETATOFRAKRRE G R0, SHaN
8 g/l/d THJ 1000 ppm (2= L Tz, Gtk EREEH
T 270ic, AHRMBETRANG6 g/l/d DEMHT A X >3

Fig. 15. Phase-contrast photomicrographs (A-D) and results of

R 2R R PbS L T DRPRZ AT, Fig. 141 FISH (A-D") for the methanogenic communities in the
RL7ZESIZ, BRUZWEETRTEILATEE T m;;nicipal solid }zvaste (MSW) digester. A, A, G anill c sholw]/v
. -8 7o cells grown without aeration. B, B, D and D' show cells
700 ppm TH o 7o i, BRAFENA A A AR LT grown under micro-acration conditions. The fluorescent
10%BE89 2 &, 3 HETHILKRRE LS ppm LTI probes utilized were a combination of ARC915 (green) and
N EUB338 (red) (for A' and B') and the combination of
HAL, BEAKAZIED S &2 HETT00 ppm LR -T2, EUB338 (red) and SRB385 (green) (for C' and D'). The bar
%ﬁfﬁ LIeNA AT AED T5%DEZEEIET 5 &I represents 10 ym.

, BALKERBES | ppm DL FITERTE /2. x 2>
%Eﬂi, AR R[SETRI LG EINT W, @
U THAMEERED ST L T A X > RBITHE L R [ILTHZDOREREIEDL L2 L, MAEYMHEREICRIFE
BRWZEWyhoT2. THIADOFEIZEAE RSN o7z Table 16 (358
52 WEKICEIIHMEMBEOZ(HY MHERBRT K- EEKTO16S rRNABETFMITICL 27 0-20
EHMEKOFEIR NG -0 T, @K « EBZT RMDETH 5. Archaea |IZOWTE, EEK[ELH TR
DIEWHE 2RI L, MBROEELR /. Fig. 15 Methanosarcina & Methanoculleus AT 7 0O — > hifye
FFISHERERZRL TS, A LB DOEELLDH DT oD #REM T Methanoculleus (7% 7
% £ 2 (TEKHTER TD Bacteria & Archaea & DHHRIZE H O—> L ELNEhoDT, EEPCRZf T2 E T
57 Bacteria MEE L TWiz, 2, C LD o905 % Methanosarcing \ZBEAT & U oA L T,
& 3 T Bacteria \Z 8 2 WERR T D WEEII V7% L, @ Methanoculleus 12 100 f5 2L B30 L Tz, Bacteria 122

Table 16. Distribution of 16S rRNA gene clones detected in a municipal solid waste (MSW) digester under non-
aeration and micro-aeration conditions.

Aeration conditions No aeration Micro-aeration

Library Phylum No. of OTUs No. of clones No. of OTUs No. of clones
Methanosarcina 1 7

Archaeal (MANA, ) Methanoculleus 1 8 8 19

Bacterial MBNA, MBA)  Firmicutes 8 22 9 18
Firmicut 6 14

Universal (MUNA, MUA) - eutes 9 18
Thermotogae 2 2 0 0

OTU, operational taxonomic unit.
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W, BRICED ST Firmicutes PN 7 0 — 243
L CTwie, 7ao—rE DGGE OFFRICE S &,
WS & 8 R T D Bacteria DFFRESICHE LR ELR
ho e

5.3 B bkKFRIMGIEBORAY  HRERE K IR
b EE LIS, dissimilatory sulfite reductase (dsr) % % —
o b ELT, WBETMED Y a— 2@ kT-o 7.
HRKEET2o00TUNE NA, @RS T
DULPELNRh o ZERS, BRIT LD HREERR TR
WORBIIEAD LT3 I EARBEN. 2D200TU
1345 F CHEFCE RBRECHIE & X8R50, 7T 05
Y CHRFEBREREBRETTHE E 7 7 A% — %2R L7,
FISH D#5HR % & Ol L dsr B {nF D 7 1 — > it
R, D, BRTTHHDWMERTTEIEY 77 & —HIT
FELR. 22T IhbORERETTMEE, BT
BWHBA A > BRITLL TS RHRT 57201 dsr B
{ZFDEG2F T2 Fig. 161RL LD 2, B - &
RS TOHIRE PCRER» bR L Th dor MinF
BEEINTWR, Thbb, @KL THHRBT 4 i
R TTAIEIC X O RIOKRITRITTEN D &b,
KU & DAL B EOME X =X LiF, AR E Iz
TALKFIEMEC L OLFENCBILI N DD, 14 VR
LHIEEIC & 0 FHEA 27 H 5 OIEHRER1 4 TRt X 1
fetEZbND. KB WK T TONAFH A% CSTR
DRI T KIEICEAT 5 &, KBERIZEEL, L
MY OWEE A A4 > (ZRH & & HITHEmL 72,

DLk, Mol & 2MEMEENDFEL, ArchaealT
DT Methanosarcina (Z3E#5 7% Archaea 13I8V § 253
Methanoculleus \ 23T % 7% Archaea (IR & LML 72, — 5,
8 i U 72 Bacteria & R THIEIC 1ZH £ U Bhid R <L,

lane 1 2 3

500 bp K8

Fig. 16. The results of electrophoresis on a 1.5% agarose gel of
products of RT-PCR for determination of the expression of

R TCREIR (ISR R dor BIZF AR b b
LYPEREENT DT, fbAkRIZETLINLR (b
FHDH D WA EMFERNCHE, 47550 I3HRE%R 1
TR END T Enbhr o

6. BEAERTOX XV ERRSICEST S
WMEMBEDOE(L0

IR TOD A K BEEEE PR L VDT, &Sk
tha & HITBA BIRETD A X DRI et ZAL
BEEDOI L5 LN TES. 22T, AMET
AR ARSI LR 2 AR E L, 7V a— A8
FErk & BEMBRT CSTR 2 AT 60°C BL LD SRR T
DA E 2 REABEPTY, FREICE T B MEDEDK
IR RN
6.1 FEETOLEER  TOC AL 0.2 g/l/d D5t
T, EERRE % 60°CH 5 80°C £ TEERIIC B Tz
L7z, RELTAR U RETEXIZRGEE 77.5°C T,
80°C Tl H IR A S WMITERE L 72, Fig. 173 IK60°C
MH775°CTOMMIEERZRLTEY, REDOHNE &
HIZTOC & VFAZ R % ITHEINT 243, TOCKREHIZ95
%BLAET, ZNVa—ZXDEEAEFHT AL T,

6.2 WEREOHMEVHENOXE AEEREOMAE
MHEREOFELHNL 12012, KRETOMEY
AFERES % 16S IRNAER T-O 7 0 — Y ##r (Table 17)
B L UDGGE (Fig. 18) 1T X O f#tfr L7z, ArchaealZD\»
T, 65°C TIEEFBRE L 4 & VARG ME Th %
Methanosarcing, KEBMEA XV EREGHMETH 5
Methanoculleus = Methanothermobacter \ZNTig 72 A X 4

[
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m ; TOC concentration (mg/J)
[0 ; Gas production rate (ml//-d)
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Operation temperature (°C)

the dsr gene during cultivation under non-aeration condi-
tions (lane 2) and micro-aeration conditions (lane 3). Lane 1,
100 bp DNA ladder (size markers); lanes 2 and 3, products
of RT-PCR.

Fig. 17. Effect of operation temperature on TOC and VFA
concentrations, gas production rate, and methane concen-
tration (a), and VSS concentration and relative concentra-
tion of Fa90 (b).

20094 125 589
NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

Table 17. Distribution of 16S rRNA gene clones in culture broth of hyperthermophilic CSTR.

65°C (sample b)

70°C (sample b)

75°C (sample a) 77.5°C (sample ¢)

Taxon
No. of OTUs  No.ofclones No.of OTUs No. of clones No.of OTUs No. ofclones No.of OTUs No. of clones
Archaea HTAL library HTA2 library HTAS library HTA4 library
Euryarchaceota
Methanosarcina 2 16 — — — — — —
Methanoculleus 1 1 — — —_— — — —
Methanothermobacter 1 3 2 20 2 20 2 20
Total (Archaea) 4 20 2 20 2 20 2 20
Bagcteria HTBI library HTB2 library HTB3 library HTB4 libary
Firmicutes 13 50 12 50 9 31 8 22
Proteobacteria — — — — 2 19 5 28
Total (Bacteria) 13 50 12 50 11 50 18 50
OTU, operational taxonomic unit.
1 23 456 7 89 27— D 64% 3 Clostridium |& D 27V 21— X 53 fRMTEA T
65°C 70°C 75°C 77.5°C N — N N 3
s b o 52 EATRE T, Y D t—d uncultured clone & iT#% T

S1 "3 b "a b _a_b

—» Al
A2— B A2
A3 —> A3
Ad—> B Ad

Fig. 18. Denaturing gradient gel electrophoresis (DGGE) of
archaeal and bacterial 16S rRNA gene fragments derived
from community DNAs extracted from glucose-fed chemo-
stat (lane 1-9) and fragments derived from clones used as
standards (lane SI, §2, $3 and §4). Standard bands are
numbered Al to A4 and B1 to B10. Bands represent related
organisms as follows: Al, Methanosarcina thermophila; A2,
Methanoculleus sp. Z3; A3 and A4, Methanothermobacter
thermautotrophicus; B1, Clostridium stercorarium; B2 and B3,
Coprothermobacter sp. P1; B4, Bacillus asahii; B5 and BS,
Thermoanaerobacter; B6 and B10, Symbiobacterium; B7 and B9,
Tepidiphilus and Petrobacter.

MR N L, REZ70°CE R B
% &, Methanothermobacter \ZiTfg7% A 2 AR A L
PREEINGZ Lo, THOHDFERNPD, 65°C Tld A
AUEHBRP O EESLIUAELLERIN TV S
5, 70°C LLETRAKFEEA X A EREHETH 5
Methanothermobacter BIT XV X L TKEZEH T LD
Cl1V A 7 NVTERRINTWE I Egh o7z,

Bacteria 12 2T, 65°C & 70°C Tld Firmicutes D 7
O— > DABBEHE N, 75°C & 77.5°C Tl Firmicutes &
ProteobacteriaTID 7 01— e 5 N7z, 65°CTHL AL
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Hote, 70°CTHREINL7 O0—2D66%(F, 65°CT
B 5 L7 Clostridium BD 7 1 — > LB Y, EEHH
B CTdb % 7 )V 2 — A BE T % Thermoanaero-
bacter |& 7570 L EWHRMEERE L TV 2, &ROD
7u—>DEEAETERIFRE{CHETH D Thermo-
acetogenium phaeum?®” ENTIZTH -7z, 75°C TR EN
72 Firmicutes PUC I N B 70—, 7V a— AR
RUEE T® % Thermoanaerobacter & (42%), FFBIHA LI
Td % Thermoacetogenium phaeum (12%) 3 L UgHEE
SRS T H B Bacillus asahii (4%) ™M ThH -7z,
Proteobacteria INZ D EI N/ 70— D3 XTYE, &R
Ha 518 53 fARES Cd 2 Tepidiphilus margaritifer’™ & Petyo-
bacter succinatimandens™ |2 S WHBM R L 2. 77.5°C
DFEFTREFRIL 75 CORERICHELL T d s, Fva—X
SHRME R R 7 0 - DEIEIIRY, ZofRboic
e BHFR 73 fRRIER I e 7 O — > DEIE B 2 T e,
Lhk, 65°C Tld 2 )V a— Rk Clostridium |&D Bacleria
2 & D IEARIEBAMR 4% th U CER, KEB XU ERLK
FE THMEEIND. EFR L 7:EfiR & KE I Methanosarcina
JB & Methanoculleus J& % X T Methanothermobacter J&D X
B EREMEICL Y XX Tk B, T0°C TR NV a—
Z & Thermoanaerobacter J& D Bacteria (2 & ¥ Bilg & T4 i
B, AR X NICHERR L Thermoacetogenium J& (2T 55 7%
Bacteria 12 X D AKEF & LR BICHEI N, BERIC
Methanothermobacter JED X X AR EMBEIC L O X & >
CEBEND. T5°C ET77.5°C T, 70°C & 8725 Hik
AR R N TEBR DS Tepidiphilus J& & Petrobacter JE L% 72
Bacteria ' X O KFR L MILKBRIPHEINEI LT
Hotz 65°CH LOBEIRSRMIICR S L, BiRELHE X
R AERGEMEOEESREE L 20, X 51T80°CILR 5

T BeTE
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W LANE QBN TL2ICHZ 5N T TP o
7. INLOERERICESL, EEMAE T DER
D AR RETEITMHRNEEAL, 70°CEH LT -
B2 ATV, BB ~ 60°C TA X ARG ZITD DH
HLRE IR EE2 615,
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7. BEWMRNATTADAR L RBEICLD
H—<IVUH 1 7 IVICET 2 ERiE

JNa—2A 1mol & XX HMET DL 3mol DAK Y
ETBAVIREDNERENADT, JNVI—ADHFETHT
INF =D OSBHINA T HARCEBRIND Z EITH
. %72, BHRNERZZRL TH U F —EBIERIEH
BRI HEL, AXRHEDIXNF—AET O L
LTCOBMNMEZHRT 5 ENTE SR80, 22T, S
R K CREVNRNA LT AD AR RIS D
P A 7 NVORE & MEMHEDORITZ1TS
s EREEBER L.

7.1 #EEOFISHEE V7 7% - CHEL LK
FEAD S5 mmX5 mmx5 mmDF 2 — 7 REOHL,
B (791447 VA ENVF ; TissueTek) [TEWVE,
fa#Al (0.C.T.Compound ; Tissue-Tek) % ¥ 2 —7 %
HHREND LS I, ZOBRBEEROARIICIVR
BLAF¥ 2 -7 2EHE. Cryostat-CM3000 11 (7 5
AFRZY b TAH) BRANT-21CTF 2 —ThbH
BEZX20um DY) R ZHIEEY, ¥FF > Ta—b LR
TA AT A 7. FISH EEIXRIHAL %
Amann D HESY [T ->TiF-7%2. A DNA 7o —7
& LT, domain-specific 71— 7 EUB338 (Bacteria tf
HHA ;5K % Cy3 TE#) 5L UARCILS (Archaeati B, YT NERBLD iTOC@ﬁ%flﬂ@Md
HA ;5 Rz Cyd TEE#) TRV AR HES (HRT=2.6 d), ¥ H% 430 H HDHEMKTH - 7. Fig. 20
L—H—BEE (Fluoview FV300, Olympus) % T AHERLV -V BB EE 2R L TR Y, 511 L7121
#El, PEROBEMHE (BWMX) »oMEHOEEE Archaea (§%) & Bacteria (%) O _BEEMHERT, 7131

20 1 2000

A; CH, concentration in biogas (%)

<; TOC removal efficiency (%)
A\ ; Gas evolution rate (ml/g TOC)
O; H,S concentration in biogas (ppm)

[O; VFA concentration (mg/])

<

TOC volumetric loading rate (g///d)

Fig. 19. Effect of TOC volumetric loading rate on treatment ef-
ficiency of non-diluted awamor: distillery wastewater during
thermophilic anaerobic digestion.

1 — 2 Methanoculleus J& & Methanosarcina J&IZ5T#% T,
Methanoculleus BUHESETHo7. NI TVTIZONT
3, BHNe 7 a—iddiversity b3 L, Firmicutes &
Bacteroidetes PN Z N, FoLL LIZZ DDOBEEY %
MHT B A KRB D 51§ 5 372 uncultured clone
EAL#ETH o 72, Firmicutes FUT P EI N 70— D
T, WIRTT V2= )VEHE IR %5 FT 5 Tepidanaero-
bacterSV & @InFFIRIRILMIE T&H 5 Thermacetogenium
phaeum® )\ ERRIR 7 O — 2 b1GF oz, L LRI
L o—Hlddin L, JRARRBPERD A X > REFIT
BA G4 2 MR R L 2D L Tnkhro 7.
TEAEEDOFIZHREL T IEB X O EAERE
FEICEREININAT T 4 VLA EERAPOZDEZE
DIRETEREL, Z7UA X%y biZk U'@Jﬁ%f’?@bf:
%, R FISHIEIZ L O 3 THREIBRS 21T o 72, 7

HfEf L.

72 ABREBEROAZRETOREHEBEICHE
THMEYRE? HEERIEZERODBECIOBREL
7R REFEHE (CODer 56,000 mg/l; TOC 28,330 mg/l;
pH 3.65) ZEiREEKMY) 77 & -t aL, x&x >
FREAERBREZT o7, fHaELTREN LT Z L
£V TOCKBEMORF 21To72& 5, Fig. 191TR
L72 & 5 KIRATOCKHR AN 18 g/ll/d MY 5 Z &M
TE 7. TOCKABAM2 g/l/d 75 18 g/l/d TOHFATIZ,
TOCKRERIZB0% L. E, HAFEEITHREZ N TOC

lgh7z0f1.41THo7e.

ISR R % TOC BB AM 12.0 g/l/d DGAMFTDE
HOTEAR LA E LB D 16S TRNA BT D7
0 — 2 BH B AT o 72, Archaea 2 DWWTNE, BHnizY

20094 28125

Archaea (5%) & Methanoculleus (Efe) O _BEYEER
TH5. FI1EF120 FAIMPKEICEL TH L8449 T, 1|
EIZH05 mmDFEINNA LT 4 WAEERLTEY, Z
MLV AEAEA T P iT IR EREDONIRIC R
5, BODHELTREINAF T 42 VA (EH S 3 mm
LA T Archaea D32 { FAEL, BARHITTEE
Bacteria h3% { FHE L C W02, WA A T 4 W AAITTH 2T
L T3 Archaeald, © DETLOFLIR D & Methanosarcina
EEZ BN, B2 ED S Imm BLRIC R 5372 Archaea D
K2EVZ Methanosarcina (2A, 2B, 3A) Th o7z, iz, #
EREIBATT DI D4, Archaea 3R TR T 2 DTl
7% < Bacteria EIRAELTHY (2C,2D), 73 DK
T RS20 & N7z Archaea 3 Methanoculleus (3C) TH 5
EGrote.
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liquid side

inside

Fig. 20. Support slice stained with a combination of ARC915 probe (4rchaea, green) and EUB338 (Bacteria, red)
probe (panel 1 and 2) and with a combination of ARC915 probe and MG 1200 (order Methanomicrobiales, red)
probe (panel 3). 1, Transect combined from six images taken down through the support. The white bar at
the bottom right corner corresponds to 500 um. 2, Close-up of the fluorescence in panel 1 at different
depths. 3, Detection of Methanomicrobiales at the uppermost part (0-lmm depth) and the inner part (2-3mm
depth) of the support. All bars in panels 2 and 3 correspond to 50 gm.

Dl PEBAMEEICAE LA X EREMEE, A
BB T Methanosarcina BHS, AT Methanoculleus
BHEET HEMD RSN, —H, Bacteria (JH A
KRN Lieh-oT, HERBI TEIFBIERE A
KT, HEERE TR 2 & SR BE R b 15
BN, CLY A 7 NVC XY ARV CEBRINTVS &
EETE D,

AWFFICHER Lo ikl ) o=y L ERE
ALTzb DT, FISH EBRFERD O S MAEM DA
BOTENTWREELNSSD, 5% TRAGEED 2
WEE Y = AEREA LB AE R TRIE L 22 E
TR 77 R =T & B A8 BN E KL T L
LOEHIRFL T 5.

73 REEREETADARREBTOBREICHET
SWMEPRE? RARIBREETLHIFERT
LHBHDT, KEERROMHEE Vo RES 2T
L. 2T, PigRiscRAE L, BEERPETIR, FLFE
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RS S CECADREY (BEHK19:12: 1D O
il A X REAERR T o7, FEDEE (VTS)
PHI50 gl & o 7 b3, REEEAT280 cp LB 072D T,
THAEEEFELCEERAY 77 2 —2HWT, &
el & %2.0 g/l/d b 5 10.0 g//d & CTERERIZ BT 5 2
EWCEVMBEE LT, BRI 1 g H720 DINA T HAFAE
B, AEAR6 gl/d TH80 ml Th - 72h%, Hidy &
10 g/i/d TIZ 420 m/g VIS F TIEF L7z LarL, 20
EAETVISIHLRIZ45% T, MHROBEKBIEE (VFA)
X 1000 mg/l AT ELELTHY, BEMENVS L%
EIRBEERNTE TN S g L 7.

BEWAR6 gl/d DEMUETD X & > FEEREN D ABA
HERITAE LB O RGN % 16S IRNA B{Z F D
Ja— T Ciro7. Table 1812 R L7k 95T, i
U 7z Archaea D 19D 7 0 — 1%, 3 XT Euryarchaeota
FUZE L7z, 16 7 0 — 2 id B\ R C Methanoculles J&
IEBETH Y, 32D 71— d Methanosarcina J& (2 T i5

LTS BT
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Table 18. Distribution of 16S rRNA gene clones of
microorganisms collected from the support.

Taxon Number of OTUs Number of clones
Archaea
Euryarchaeota
Methanosarcina 2 4
Methanoculleus 6 14
Total (Archaea) 8 18
Bacteria
Firmicutes 15 20
Candidate division OP9 1 1
Total (Bacteria) 16 21

OTU, operational taxonomic unit.
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Fig. 21. Treatment performance of mesophilic anaerobic diges-
tion(37°C) of the mixture of human manure and thermo-
philic liquefied garbage and septic tank sludge. After
acclimation, human manure was treated for the first 40 days,
and subsequently the mixture of human manure and ther-
mophilic liquefied solution was treated in the same manner.
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Fig. 22. Results of DGGE for fragments of 16S rRNA gene of Archaea (A) and Bacteria (B) in the completely

stirred tank reactors.
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