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Microbial Communities Related to Methane Fermentation Processes —Monograph—

Toru Shigematsu!, Yue-Qin Tang?, and Kenji Kida®* (Department of Food Science, Faculty of
Applied Life Sciences, Niigata University of Pharmacy and Applied Life Sciences'; Department of Energy
and Resources, College of Engineering, Peking University, P R. China?; Graduate School of Science and
Technology, Kumamoto University, 2-39-1 Kurokami, Kumamoto-City, Kumamoto 860-8555%)
Seibutsu-kogaku 87: 570-596, 2009.

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.

[Key words: methane fermentation, microbial community, phylogenetic analysis]
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1. FL®IC

AR HRBEL, % L DAY DOIAIT L O HHY % i
[T REL, ZDOMBETERT 2 HEHIRL &% A8 >
WZETLT 2 HETH D, ARFATBOTARET X ON
A FHR) BERT B A X REEH R IT 18 i I Bz X
TV, TNDFEEMAIICFIH L UaD 72 DIE 19
AR TH2. 2L T, 20HALHDITIHE T FABIED
Wbk & UCTEHA SRR, 1), FEEHRE IR C
RAENZDEFIA b Tb s, MEHKD 30~60H
ZELTW 20%, RICEEDR E2X D720
4, BWEECT AEEINS L5 TR VA B
H10~ 1 HETHEMIND IS 1Tk, ZoAX>
FEBAE L, BRI O S\ RE R KR PR IR 7 £ DAL
WHRAZIND LD o7eh, MIEBDORBEILE -7
SRENTWRT T IRy JAEENTER. 2Dk
2, OR S NTFEKICHT 20 TH D, @ NH4*
WEINT 5, @RIGEEDE, ORZE RN T
D% EDREREIA TV,

UL, 197350 G a2 v 7 2R E LT XX %
BRI RKRELFERIND LD ITkoT. ¥R
RELZ, IFREAFEEONRETH 21EEIER IR
TBRIE N 2LEE LW &, B X UBET 2 A EIIY
TEXLHIEND, BTN F R KOUEEE LTRET
T AR OAETFRE L TREIN, R
RDBEMANATHOND LS T ot TORE, RKIGHE
EoE b2 BIELREHHOY 77 & =12 & 2
D PRI, T AR RBITL VI NHy*
ERE LT O VR ¥ DB EE & ORhEREIRER
70X ZDAFELD Wi X, X 5HITNi2T 2 Cot DT
T X 0 RS KIRICH L35 2 LA S IR
00, FEx OFMEFEK « BEEMONIE « FIEHEE L
THHAIND XSk L, (KRELT XX
O RERINEE RN R TH 2 Vo e "B ERTG4
PHRT B LI TERP oD, D TEMEDREIC
PR, X X RBECBE T 2 MAEM DR, A X
ARG DfE I 72 EAEALES D TAEWF DI B W T
b, HERRZEENEOND LD Tk o7,

ZIZT, XRREBT L DEEI DD XX AT
B L CTHIRE L7ctk, EEODPWIEL TE o XX AR
B & AR ZE T L S UERFE DB L TR T
2. WA R E 2 W TTY,  Ni2t 52 Cot O
IR AWFEREL NIV THLPIZT B LR, 0B
T N2t 2 Co2t DM « IR L O X &7 ARG
ZHEIE (X R RERD D VITEEIBETIEDS) §52
EMTERO, ZOFIEHARZFIHL T, #EEE (Hilk
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Tovd g B ORE ) ku—), X2V
TYTURER) BRERE L CGEERSEZTV, EAOD
A EEE B M (FISH, 7 1 — > fi#kr, & & PCR,
RT-PCR, DGGE) L, XX AR EZNICES5T
LWMEMBEREORE EREEZA S I L TE I, Z
MU XY X X FEEER NP SHAT 5 EWTREE 72
0, BEAZERZ ZENWTER., TNHDREICEDTX,
INA T H AR DHALAKEINEI D 72 0 DZEZMEAE D LED)
TEEADREIS) @EIREIK TD A & 2 E RSB
53 2 MAEMTFRDMRIA, X 5ITIIFEEMARNI A~
2 (QaARHBER, EIRPAE AR EDRAY) DXX
VRBAZ X 2V =~V )Y A 7 NVICBS T A EE
Bl HMMT L2022, X X REEOZEAITKE S ERRL T
72, AKRBWLTIE, NS DHFERFICEL THEAMA
LTw<.

2. AR REEOEE

R R RBET L DB D HZANDI RT3 BT
HEITT 2D, ML AR, 1 BEORABLERE Ok
LR THRABMIEEOIERICX Y, B 73/
B LD FERONIVYBERIET, MgsLU07 oy
T U, BRI E DIRBIEIE, £ L TIHBeIX / —
T2 5. 852 BT B8\ TIIEFIR LASF D IRARAE BH TR, FL
ML UTX /=), KFEABRMEIC X IKE L HR
CEBEN, REDE 3 BRIV A E R DR,
AAEREMBERICID, AXx2, TER{EREREIR
NEIND.

FElR s £ O 7 0 B RS IR 7 & OISR IR 1,
AR REBET O BT D FEELRFERETH 5.
B END XX DRYT0~80% NERHKTH Y, 6~
BbUNTOES VHEHKTH D ERME SN TN ),
BEER, FRiC7 0 F VBRO D MESOGIE A X 2 R Ot
ADBHEEIEEEZEZ LNTERY, SAMEHTA X3
BT 23560, REMO NI TNVRENEL S L,
FELTZID2MEORKIRSREENICERINS.
g7z, BEKICHMOPLIFET D EA X U HEBETT O
FUVBPERENPTOVEDRE L H DY,

FElR 7 & D X 2 A BT OFFRE b x % 248
B IS & B 6 (Table 1(1), Fig. 1(1)), X U@
R IR LA & KB 4 X A E MBI & B8
FHSLE G (Table 1(4)) @ 2 FEHDOREELEZ D
T3, ODRIGEITD T EDTX LRGN A X
AR E M & LT, Methanosaeta J& % X U Methanosarci-
naBD2BDWHEZINT VB2, QDRI HET DN
PR LA & U Tld, AOR®E, Thermaceiogenium phaeum,
% L T Clostiridum ultunense DS f5 X 41T\ 52527 —7,
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Table 1. Degradation reactions of acetate and propionate
under methanogenic conditions.

. AGY
Reaction (kJ/reaction)
(1) Aceticlastic methanogen

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

CH3COO~ + 4H20 — 2HCO3~ + 4Hy + H* +104.6
(3) Hydrogenotrophic methanogen

4Hs + HCO3~ + HT — CH4 + 3H2O -135.6
(4) Reaction (2) + (3)

CH3COO~ + H20 — CH4 + HCO3~ -31.0

(5) Propionate-oxidizing bacteria

CH3CH2COO™ + 3H2O — CH3COO~ + HCO3~ + 3Ho + H* +76.0
(6) Reaction (3) x 3 + (5) x 4

4CH3CH2COO™ + 3Ho0 — 4CH3COO™ + 3CH4 +HCO3~ +H*  -100.8
(7) Reaction (6) + (1) x 4

4CH3CH2COO™ + 7H9O — 7CH4 + 5 HCO3~ + H* —224.8

CO,, H
1 > Reaction(3)

4

Reaction(5)

Propionate

Organic matter lReaction(Z)l CH,, CO, l

Acetate 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.

»

Tat VgD S ORFRNO SR, T aet gk
FRALANES & AKEEM: X & AR B DB F 34
& (Table 1(7)) & o> TH#AfTT 2. Tabs o igig
(b2 FFOMIE & L Tl Syntrophobacter &, Smithella J& <>
—FRDOBRERHE R TTA B D3R S L 41T B 25:28),

KFEBAME X X AAERGE I & 5 X X RS
&, EELTH2BRETERI NS KENCLY A 709
XD ZBILRERBETTL, RVINXX )T T
(formyl-MFR) (27 %. FH)VINVEEF, X HICETLEN
ATV AFVREEBRETAFTIVIELZY, metyl
coenzyme M methylreductase system {2 & O X & > T3
TREINT A ZIWVEKETHZEITh2H, ZOEE
{LIRFED RV I )V-MFRIZ7% 2 REHHRE 41, Cl¥o
JIVDEBRT 5 LTk 5.

ZDCLYA 7N LU DD XX AT
BI5 9 2HiFEEFaso BLI U AF I aNT I T, EhZ
NNiZt B LU Co2t BZEATNSE Y, Liehi->T, NiZt
PCO R EDEB/A A NTLY CLY A 7 IE X 1
U, Bk U 72 Syntrophobacter J& & K FEALME X 2 >4
B & DI IZBTIFICHE S LD, T DORER,
BEEAIICHI D DI T L W T ¥ S BRD iR b (s
EN, RIGEEDRE FICO%h5 D5,
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3. ARUERRIEEHET % Ni2t & LU Co2t
(MEBLEBA F>) &FNICHED HBERDEEE) 10

A 2 B2 U 7 BERIZR R BRI Nit 5 L OF Co?t &
M EFRIN L 721%%, AFBR (anaerobic fluidized-bed reactor)
X 2 REAERR AT o7, FORE, SlRx x>
FFE, iR X X RBETNENDRK TOC BHE A ML
42, 24 g/l/d (BOD HfEAM T68,39g/l/d) 7229,
Ni2* 36 & U Co?* AR H# L T4~ 55 L L 726,

Z T, WFREILME X & > g Ml e O i i 2 910
21T, Nizt 8L U Co?t DIRMEDREZEHAEL NV X
UBERIEEL VTSP 2 Z & 2ilAte. Ef
JERERICE DX, AMAHICBAL TLERLL.

3.1 XEAE

1) EFEE AMEICBT 2R EEREERIC
i Fig. 2 TR L7252 2R &MY 77 % — (CSTR, com-
pletely stirred-tank reactor) 27z, V7T 7 X —|IH
TABT, ZTOREMIIL8ITHY, EiRAKERET
52 LITE o THENIRE % 37°C ([THITH L 72, SbF9E=
TRMRFFIEE AV THIEL TWw 28I ELTER
(VSSIEFE7.46 g/l) 386 ml 2 ERHL L, ZEEE L 7o Mmik
W T2 B ER, EREW L RS EFEK (Table
2) I[TEE L7218, CSTRICBE L CTHNRAE~Y 7T v 7
AR —TF—THFEHEE L. 1 HRICEREKEZR T
TYT 7R —Tffa L, g2 bim L.

ARG SCCEA L 72 B BE K2, Table 21278 L 72 RS>
Tavt ok —DORERE T2 EMFEKIFEETD
%. 72 & Z LW & M BE K & Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH 334 5% i
(Methanothrix 5531) (DSMZ: Catalogue of Strains 2001;
http://www.dsmz.de/dsmzhome.htm) ZFHAE L, TOC
2 8000 mg/l &7 % X D WL FOMETHBE L (11
H1z20) HElERF NV 7L, 546 g; BEE, 16.0 g; KHaPO4,

= Gas holder

Sampling <=

Thermostat I

tank (30°C) |
Synthetic _, o ]
wastewater é
© o8 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- . Long—chgin
Acetate  Propionate . Butyrate Protein Glucose Starch fatty acid ~ Glycerol
Propionate
(LFA)
Substrate
Acetic acid 16.0 g — 10.72 g — — — — — —
Sodium acetate 546 g — 334 ¢g — — — — — —
Propionic acid — 13.16 g 438 ¢g — — — — — —
Sodium propionate — 427¢g 1.40 g — — — — — —
Butyric acid — — — 11.74 g — — — — —
Sodium butyrate — — — 3.67g — — — — —
Bovine serum albumin (BSA) — — — — 170¢g — — — —
D-Glucose — — — — — 21.0¢g — — —
Starch — — — — — — 256 g — —
Oleic acid — — — — — — — 0.495 g —
Palmitic acid — — — — — — — 0.450 g —
Sodium alginate — — — — — — — 0.lg —
Glycerol — — — — — — — — 2610 g
Other compound
KHsPO4 0.30¢g 20 mg
KHCOs3 4.00 g —
NH.4CI 1.00 g 80 mg
NaCl 0.60 g 125 mg
MgClz - 6H20 0.82¢g 45 mg
CaCly - 2H20 0.08 g 100 mg
Cystein-HCI - HoO 0.10 g —
NiCls - 6H2O 21.3 mg 21.3 mg
CoClg - 6H20 24.7 mg 24.7 mg
NagS$ - 9H20 — 20 mg
FeSO4 - 6H20 — 0.1 mg
Trace element solution # 10 ml 0.3 ml
Vitamin solution ® 10 ml 10 ml

aModified trace element solution of DSMZ318 (in 1 [): FeCls - 6H20, 1.35 g; MnCls - 4H20, 0.10 g; CaCle- 2H20, 0.10 g; ZnCly,
0.10 g; CuCla - 2H20, 0.025 g; H3sBOs, 0.01 g; NasMoM4 - 2H20, 0.024 g; NaCl, 1.0 g; NaeSeOs - 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 - 2H20,
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 - 6H20, 0.82 g; CaCle - 2H20, 0.08 g; cystein-
HCI - H20, 0.1 g; trace element ## , 10 ml; vitamin %
K BroZBwnibd), 10 ml. 723 trace element IR
WZoWTlE, $H (8. XX UAERREEHET S -)
D LR Tl DSMZ318 K5 #1 D trace element solution 12
Ni2t B LV CoHBENZNZN0.5F L TV0.2 mg/l & 7%
% £ 9 T NICls - 6H20 & CoCls - 6HoO Z¥RinL 72, F72
461 (4. BIEED S D X X AR ) DIBED SR
T, NiCle- 6H20 & L T21.3 mg/l; CoCle - 6H20 & L
T24.7 mg/liT7: 5 X S Tl 7z

2) BINRARFLERERO B ST R RALKE Y
HAOTEBRR TOREKIEEZKRD2. EEIE 15 ml N
17V (SVG-15, HEREHE ) DOIIGHE & 3 ml X 2
YRy POHARNVE =50, WiErEEle =)

2009F 125

Fa—T7THEBELLLDTH S, {EHINETOREERK10
mlZEE S Y 7 A%HK0.2 mlEE&H T 551 7 IVHRIC
FRELL (REEEERIZEE, 100 mM) |, 37°C OIEIRIEITIR
BL, YA F v 7 AR =T —THRHEELL. Fi
HARINKE — N2 EFIREK TR Lz, =21 1 Rk
MOHDA AR ERRTARY, ZOEE 5 B KD
720 DA AFREHME (DR, BTG & E8) 2R L7,
3) WERIY /1 FBELUFOHHS0 iR
2V A FB LU Fago DERL, i, Bk, KL 7 «
) VBRICEANLT B Ni2t B X U Co?t IR TR %
ANT 77— A (FL—ALLVR) BETHELY. i
BEBROELM CEFRRBIGE L EER AL, 20
BEEWAEPH Y /A FRmBdhit L, mOLoEEEO -
BWRET >N—=74 MilgETEL2h 7 LITHEK L,
WA X H 7. REKTHEER, AKX/ —LVTHAS Y,
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CDWRIP D AR ) =)V E LTk ZREKITHERS
i, ZOWFDOANL L ERERFRAEECL Y ER
) A4 FaEE L flifEEFasoll DWW T HIRITREE
L THiro 7.

4) {#EER Fa20 D347 910 Faoo [V HE 2 H §
DHERTHDHDT, REEED OB L 72k D8
HooRE 2 B R ZHWTHIE L. ZDL
E DFFCIE R (3425 nm, WEFHEEIZ460 nmTH b, %=
B, BHER AR %D = 0.025 d-! D&M Tl & 217
WEIE LTk, BAEEYC 0 OWMCREAIEL,
DIEA 1.0 & L THAHETHRL 7.

5) Z0{DHHFHE  pH, volatile fatty acids (VFA),
volatile suspended solid (VSS), total organic carbon
(TOC), FENAHFD AL > & EOMEILFEIHEN
1172,

3.2 Ni2* BLU Co** DARMIC L DEEE S AREE DM L

N2t B LT Co?* DIRMARZHEL NV I L OREER
TEEL VTS RITT 5729D1C, CSTR & FFER A ROFEK
(TOC i 8000 mg/l, Table 2) % fI\> THEREEALIE
H R A DR R E 21T - 72, Ni2t B X U Co?t
UL R WISEITIE, AHED=0.05 d-! TH wash out
L7zhs, Ni2t 8L Co*t RARBEHLICIRMT 522 &1
L0, D=07d" Vot KRERFHEREITE T HIRSF
BRI 1IN T 2 C e A B L CERBEYITD
ZEMTEL HMATD D=0.6 d™! DEMTO L
ERERZHWT, BAIEAED 72D DL TOCERZEE 25
9% & 5.3 g/gd ThH-o7: (Table 3). CSTR Z W72
TR T O NI L TOCKRZEME 1Z, AFBR TRER L
7ED 25 b, WILKERECIZEEDOLVA
TR 2T 2L, PIRXA X HEBEICEVTH X5
EWATT, 7o & Z IR ZRE R DA Tl TOCEE A
#7160 g/l/d (BODZREETH 97 gll/d) %3BKTE 22 L ic
%%, ZOfElE, FERMERELBRZAR—ER (&
Z X TOC, 40,000 mg/l; BOD, 65,000 mg/l) % 16K &
W) IR THIR A X R TR 5 Z LI, B
FE IR SO E 2 TE D LT 5.

3.3 XRAEREBRSEICED, HEIBREOE
BOTFEEY AR RS L CERREEDOME R, WM
FEIZA LT Ni2t B8 LT Co2t DIRIZDRHDA S ITh -
72DT, D DIIMBHREZEEL VB X OBERIENE

LRIVTHLDITT 2ERZT 72 Co?t B LT N2t
TSINEEER A OFE K 2 L 7ol i BRI B VT, &40
MRETLEELENREACCHEATOMBEES R LW
RIEMEDWIE 247 - 72,

Fig. 3 ICRL72 k51, 2V /A FARIIFARE D=
0.1d'FTIHAHRKE & HITEMRWITE ML, Tk
DFMETIHIFE —EERY, ZDRKMEIEH0.67
umol/g VSSTH -7z, &7z, FasoBEDIY /A FEE
EEBRICHIRE D=0.1 d! £ THBK & & b ITHEFEIC
BWinL, ZAL EOFRRIIBVWTZE—ELRY, %
DI KAEIZA 0.62 umol/g VSS Th o7z, —F, KEE
bt X & AT & B X & ARG (CLY 1 7
V) BT B Fago IS MEE, HRERZ LTk
WK LA LT

Y /A F & Fago DI & HATEME 2 LT 2
&, WARIEMED 2N 2/ ME0.1 d-' & TOHIHA
TR GELIEINL, ZOREEKIEEIRE» ITIEM
TEHMREO0.1d ! P ETIEIHEEERIZ—EL Tk,
DT END, RGN A & A Bt M O RE T 1
BEEEICXLVPELZ, MEEGED —E LKA
THED 100 (GBTERES) BT b0 LlbNns. Ly
L, EREREALME X X ERCH MBI, BTERETI % 100%
BUTHDOTIERL, FRETLbLEZ o0 AlFE
(= FRE x FERE) (G U T Z OIBFERE S DR %2
HMLTWwWsHDEEbNS.

—J7, TRRDE DM TIL, Fago HIFHEMEA A % <
WL T, ZAUER KGN TCLY A 7 )L

140 1.0 2101
wn
-

120t —~ &
7 2
2 08l A S osf
=z 29 n
21008 o &g
N 5 o
E g0l ‘é‘ 0.6 -é .g 0.6
‘? S ER:]
k= g zE
8 601 Zo4l 2 S o4} o
2 S £ 05 o
Bl 5 | £ o

40 R
2 e | £2 19
= 2020 3 .Eo02f
3 20 & g & A
= o = O 0
B L Dol <000

0.0 0.2 04 0.6

Dilution rate (d-)

Fig. 3. Effect of dilution rate on the methanogenic activity and
concentrations of coenzyme Fa30, corrinoids and Fago.

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 TOC (g/l/d) (%) (g/h) (g/g/d)

CSTR 4.8 96.9 0.91 5.3

AFBR 24 86 10 2.1
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Table 4. Generation times of microorganisms related to
methanogenesis.

Average generation time

Reported 2% Experimental

Aceticlastic methanogen

(Methanosaeta) 3~17d l1.4d
Hydrogenotrophic methanogen . h

(Methanobacterium) 2~4

Acetate-oxidizing bacteria Approx. 30d 20 ~ 40 d

WX 2KEBIUTBILKED? DD X X U ERIEED
WZEERRTFERTH D, BRENAATHAFTD X R 5
wERHELEZS, SR (D =0.6d1) T50.7%,
K&K (D =0.025d") T57.2%Th-72. HeElk
M X &2 AR E L 1 mol DFFEEH S 1 mol D XX >
&1 mol D2MALIRFE 2L T % (Table 1(1)) DT, &
FTMREMIC BT DE XX @, KEEMMEA X
HEBGHHIE OBV AR T 55D THD. b
DT EMD, EFHREELM TIIERBRLME & k&L
P A R AR R O 3641 X 0 BEER AS ) R S B G
(Table 1(4)) DEDIEEGHEHEEZZLND.
3.4 KBZTH®E  LAFRE Table 4 lTRT A X ERK
RGBS 2 A DIEREE P DL TOZ ENE A
5.
O N2t BX U Co2* 2 +HERFML, POFEREEL LT
%, TROBMEFERLEZDDLIEITLY, MRELM: X
BERCE M X A R KIRICRIET 5. £/, &R
K b2 2 T &0 IEE O O FFRER LA 0
(Table 4) (Fwash out 245, Z DGR, BilklL acetyl-
CoAmethyl-CoM 4%T A X S Z BB X129,
© BFEREANME X 2 BB ORES) %2 T, DR
K005 d I LATICT 52 8T8 MmmILHEDS Y 7
X —NTHEETEDL51Ck5. ZOFE, HkD—
WL, AR T X 0 bR E L K E IR R
ENTE, ClYA 7K D ARV ICEBRIND.
DIk, BRRREAME X 2 > R B B O iR X 7V
INTI VPP aEEZMEA T2 EITXYD, AHOE
TEHEDORBEZHETX 2 b7 F2, Wik
B X 2 ARG O RE T BR 2 < FHIRE % 0.05
dIFICTFS 2 8Tk 0, AEMHEBEDE(LE Z
IS R EMDNEZ o TWwad EE 2 b,

4. BEEDODAZ U ERIZEE
ENICHET 2MEMER

X2 AERRIGE, Ni2t B LT Co2t DRI L YK
X RHEIND Z Dot Fie, FRED AN
KO AR ERIEEDER T D ENRBRI NI, L
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T, £FEEEZKRFFRE L TNZH BIL U Cot UL
7o B (Table 2) ZHWTCST ) 77 X —Tififichs
ERITV, B DHNETHEDREERT 2T, G
PR DM & Z B 53 2 MBS EA S NITT S

ZERHAAL. BB, VRO R X NI ERIE
ET 5 EXI N2 BL O Co?t DFRM « EIIND A R BE
K& TRHRETL 7.

4.1 EBAE

1) Fluorescence in situ hybridization (FISH) %

Amann @O FE3VICID & FISHER 217 - 72, s
R 1.5 ml 250 L 72 P 2 Tl 2 B E L 721k,
e bR 3 ul 2 X741 FH 7 R EZE, %
D&KL 72

AR DNA 7o —7 & LTid, 2HD domain-specific
70 —7 EUB338 (Bacteria ¥t /) 32 % L UF ARCI15
(Archaea FEH ) 39, 3 FERHD group-specific 7' 11— 7
MB 1174 (Methanobacteriaceae ¥ i), MC1109 (Methano-
coccuceae BHH) B LU MG1200 (Methanomicrobiaceae,
Methanocorpusculaceae, Methanoplanaceae #Hi ), 6 X O
2fE D genus-specific 7' 0 — 7 MS5 (Methanosaeta 5 H1 )
¥ & O MB4 (Methanosarcina ¥ ) 30 O &5 7 fif
MWz, 78 —7 EUB338 & £ U MS5 13 5' K &
Rhodamine T7 X)L L, ARC915 MB1174, MC1109,
MG1200 % & U MB4 (& 5' K¥ii 2 FITC (fluorescein-
isothiocyanate) TZ X)L L7z,

2) REEENSDODNAB LU RNADHM '  FE
R 30 ml 28R L, O 8E (4°C, 10,000 rpm, 15
min) L 72IBA) % 1XPBS 30 ml T2 [mIPEiR L 72, k%
BRI O BE L 72 TR 2 B 7K 100 ] (IR A FRERT )
F 7203300 ul (EAPEREER) ([TEESETI00 wl %
VT DNA B8 X TVRNA 2 L7z, SUR O #RIC 1
Multi-Beads-Shocker (ZH-2Z5tk) Z MM L7z

3) 16S IRNAEBGFI/O—>F147 5 1) DR EIEER
BOSUICED S R#EREMT'D DNA Y > 7L 100 ng %8
BDNA & L CPCRIUEIC & % 16S rRNAGE (A T D3Hig %
T-72. PCR7 74 <—I2iZ530F B LT 1490R (2=
IWN—=HIF47FVH), EU27F% LU 1490R (Bacteria
Z477YH), AR28F 3 L UF1490R (Archaea 71 7 F
VD) 9 2ERENH N,

F o7 PCR HiEK R (X, 77 XA 3 F pT7-Blue
(Novagen) (ZifE L KIGE JM109 Z lwTrZ o—>
b U7, WEEEH (A 5 Wizard SV miniprep system
(Promega) ZHWT7 7 X I FEMML, HAKAFOD
WREIERE LT, BoNeE& 77 A NikoEE
5%, ZNZFNGENETYXver. 5.1V 7 727 %H
WCHREETR, BLASTN 7’0027 L% Vs ClRoln 5 2 7k
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E L7z

4) TagMan7’O0—7 %L /-EEPCR'Y  HhiiHi L7
DNA 50 ng Z#M & L XIE (T 1E GeneAmp 5700 se-
quence Detection System (Applied Biosystems) % {5 J
L7z E&PCRIFEMALT 74 ~—/TagMan 7' 11—
TUELNT D & 5235 LTz, Methanosaeta E &I, 7
74 ¥ — MSIb, SAE835R ¥ LU 7 10— 7 SAE761TAQ
% F 72, Methanosarcina & A 1Z, 77 A ~—MB1b,
SAR835R ¥ L U 7’10 — 7 SAR761TAQ % i\ 72, Metha-
noculleus &L, 774 ¥ — AR934F, MG1200b %
X U7'm—7MCU1023TAQ % F\>72. Methanospirillum
EREAITE, 774 ¥ — AR934F, MG1200b & L O
0 —7 MSP1025TAQ! % i\ 7z, TagMan 7 12— 7 (& 5'
Kt % FAM (5-carboxyfluorescein) T, 3' A % TAMRA
(N,N,N',N'-tetramethyl-6-carboxyrhodamine) THEE# L
7eb DA L.

5) EHIEELN SO RNA O#iH & RLPCR %8 '

fiht U 72 total RNA 285 & U T A X > A i B R
Fmerd 2R E LT RI-PCR EBR %47 572, total RNA
100 ngZ#M & L CT7' 74 v —ME2% H > CTGene Amp
Gold RNA PCR Reagent Kit (Applied Biosystems) (T &
% reverse transcription (RT) SISZEIT- 72, 154172
K20 ul 28 E LT, 771 ~v—+v M MEL, ME2
% X U Ampli Taq (Applied Biosystems) % fi\>72 PCR
PIOSZAT, SEREY) %27 70— 27 VEKIKENT X 9
Rt L7z,

6) Denaturing gradient gel electrophoresis (DGGE)
EICEDHEMBOBA'Y  16S rRNAGR{Z T D V3H
WA X —7y M LT, DGGE %% VT Archaea 3 L T
Bacteria @ diversity % f##t U7z, Bacteria DYEIEIZZ 7 Z
4 ¥ — PRBA338F ¥ L ' PRUNSI8R Z I\ 72, Archaea
DRI I nested PCRIEZ V72, 18] H OHIRITIZT
74 ¥ —PRA46F 35 & O'PREAT100R, 2[8] H DIFIEICI1Z
774 ¥ —PARCH340F 3 X ' PARCH519R & Z 11 €11
A L7z, PCREMHDEXIKE)ICIE, DCode Universal
Mutation Detection System (BioRad Laboratories) %
W
4.2 ERREDRT SMEDRHEOEE SR

IR A 2 > F8R%E 7 0 & 2T B\ TR b &\
BREMEEZEZONT VBN, 22T, MEZH—DHE
HET2HMBEKEMGET I EITLY, MRS RY
DWMAYREDENTEE LT o7 METE (N,
Co*) ZIRMT 2 LTV, RAMIEK0.7 d! 2R
TE7DT (322M1), HHHE0.025 d! (EAREK) &
0.6 d! (EHERE) D2 DDEMTOMAEMREDHEE
& HERE 2 R AT L 72
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Fig. 4. Photomicrographs of phase contrast views (A, C) and
FISH results (B, D) for the acetate-degrading methanogenic
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
cells at 0.6 d-!. The fluorescent probes utilized were the
combination of ARC915 (green) and EUB338 (red) (for
panels B, D). Bar represents 10 zm.

1) B A DT DMEYHEOBEY MHKRAE
BIL, FISHERZIT-72 (Fig. 4). ZORER, (EHR
REM (D =0.025dY) BV THEHERESRME (D=
0.6 d™) IZBWT Y Archaea H¥EE L Tz, Archaea D
MO RICEIHAMETESL T RRObD &
FARETESL TV FERO 2 FEI I 7.
Genus-specific 70 —7 %2 AW T FISH 2f7o72 & 2 5,
ZFNZ N Methanosaetal® & Methanosarcinal® Td % T &
RE T2, Archaea & Bacteria D3R \L, SRR
R THEA IR K LA D F 5 Bacteria D HERPENZ &
AL 7.

AHER0.025 d°! (EAFE) £0.6d! (GHHHEK) D
2 ODEKMTORANW S DNA ZHH L, 16S rRNA &
ETFDLZN=YITA 7T BREELT. BEESIC
HOLRMOBRAT o TR, BAMELUTIE2ED
43% S, SRR TIL 72% DY Archaea TH -7z,
FRREM & BT, Archaea TIIFFRRE LMD Methanosaeta
B ¥ & O Methanosarcina JBIZ 0 FEI NS 7 0 — > H3k
JNPz. F72, Bacteria TUE Firmicutes FUT I ND 7
O—>13% L 2D Twiz (Table 5).

ARG MBI 2 E & PCR ERR & AT - 7o il
B, WA RELH T, Methanosaeta J& D 16S TRNAE(E T
EITXBERBRENED BT, Methanosarcina J& 2 =4
MBSO TN L (F100£5) B &Nz (Fig.5). %
72, KEBEALMED Methanoculleus J& HMEFS K SAETD
AR EINT LEDZ &b, BHERERLMETIE
Methanosarcina J& DFFEREALYE X & > AR d M B A3 5
L CEFR DD fRICEE S35 Z EAVRE N7z, (BAREL
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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

D
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

1.0E+06

copies /50 ng DNA

1.0E+05

1.0E+04

0.025 0.600
Dilution rate (d-")

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

T D A H X472 Methanoculleus J& D K FEALM: X X
A B A B D IERR 70 fR I BE 3 2 B ENL, WFRRFR (LA B
EDHAEDNRTHD EEZ OLND. BRAIDOERRR LA E
133 X TFirmicutesf N E N TN 3638 0T, 7 o —
VIEHTIC X o TR I N Z DO V=TI EE Nk

Bacteria 73, {5A RIS THERRIRILICB 5 L T 2 ] fg
M@, RS, BRI LA O HtE i B 3 A
0.027-0.035 d-! & IEH (TR 5 TH %39,

2) MBS IRICREIE T 2 X 2 £ EME D merd BiL
FORRBITD A B RO % R 3 % methyl
coenzyme M reductase BIZ T (mer) (&, WFFEZ 729X
TDOAR AR EHEICE W THEEDTHER I N TN S0,
REEFEND D RNA 2 L, merd BT 2B E LT
RT-PCR 21T\, EEREYZ T L7 (Table 6) 9. &
TREHRD T AT T R L&A, 21 70—
Fr 20 7 11— > hY Methanosarcina J& D merA 85T TH 0,
1 7 0 — >} Methanosaeta J& D merA Bin T ThH o712 —
7, EMARKETIE, i1 70—, 47 0—2
hS MethanosaetaaJ& DmerA T Y, 1727 10— > H>Methano-
culleus D merABIZFThH o7z, TORERIL, EERE
PCREBRDEERD O TR I NF. KARELMITH N
T, BEARRLFITENTKREEME X X Rkl
B T®H 2 Methnoculleus J&D X X > HERIEMED SN T &9
TR E N7z

3) RERGHEES L -EE %RV -FEEE o BREE D
BRATLD)  WEERE LM A X ERGEME X, FEERD X F
NHA XX, SIIVRF VIR TR LR BICERT
5. —77, HBRRR LR & KFEEME X 2 2 A pir e
DAL 22 R T 256, EFRD 2 [HOREN
Wo e A2 ED LR EBRICEBRINTHS, TD3H
LES A X BRI ND. LehoT, bLIDHA
DA THRE D MIND ET D E, BFRO X F)L
FHERD XX EHNRFNFEBED A X 3 1/2 T
DL, WEROD A FIVHEHERO ZLRFBE L VAR F >
WEEHRRD TELREN 12 T 2EL B EILRD. %
T, MARERORERENR 2L, 855875 X584
HEE 3.1,2) 2R PHWT, LERMAEERL 7HEE
PRGOS =Y —RRELUTDO XS 7o 70. A
W 10 ml 2PN 7 IVIICERR L, BCH3!3COONa,
CH3!3COONa, #7203 13CH3COONa @ 3 ffEDILE
WMLk, FBAEHNZXDGOMS 53 %17 - 72

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

Dilution rate (d1) 0.025 0.6

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

Methanosaeta spp. merA 4 1 ND

Methanosarcina spp. merA 0 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 CH4 and COz2 produced from '3C-labeled acetate.

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

Peak intensities

; CHj4 from CH4 from
12 13C
Dilution rate (d!)  Substrate m/z 15 (FCH.) m/z 17 (PCHa) carboxyl-base / methyl-base /
Actual Background Actual total CH4 total CH4
subtracted
I3CH;3!'2COONa 2,695 2,695 5,474 0.33 0.67
0.025 I2CH;3!3COONa 1,139 1,139 928 0.45 0.55
IBCH;3!3*COONa 0 1,361
I3CH3!'2COONa 81,973 14,066 614,114 0.022 0.98
0.6 12CH33COONa 636,401 562,089 13,860 0.024 0.98
IBCH;3!3COONa 74,312 588,433
GC-MS analysis of COg produced from '*C-labeled acetate.
Peak intensities
p : COg from COg9 from
12 o 13 5
Dilution rate (d~!) ~ Substrate m/z 44 (7CO2) m/z 45 (7CO2) methyl-base / carboxyl- base /
Actual Background Actual total COg total COg
subtracted 2
1BCH3'2COONa 4,041 2,635 1,196 0.31 0.69
0.025 12CH3!3COONa 3,424 2,018 4,296 0.32 0.68
I3CH;3!'3*COONa 1,406 3,380
BCH3!2COONa 87,919 79,915 5,302 0.062 0.94
0.6 I2CH3!3COONa 12,951 4,947 80,702 0.058 0.94
BCH3"*COONa 8,004 73,096

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

All values are the average of duplicated experiments.

CH3"®COONa ZHH & L7258 234§ 5 SCHy B &
UBCH3COONa 23 E & L1555 ICHET 5 13COs &
WEEemR (LA B & K EE M X X AR M O 41T &
5i%HE (Table 1 (4)) HRDA R EHWIL, XX AEK
ISR T 2 AR OE & %2 B L7z (Table 7).

ZORER, Axy, TBILRECTNOYE ZIEE &
LTh, XX ARSI 5 2 AR DOEI & D3,
EARE (D=0.6 d™) IR TEARE (D=0.025d")
BV TEWERER o7, HERKOTSREZFHHEL
72E A ERRREETII1I~%TH Y, KHERKEL
HTIE62~90%Th o7z, TDTEMD, EmRELL
TIIFFEREALME X 2 ARG I T & 2 RERR DS, (KA
REMTITHAERED, ZNENTEREHR S MREHK T
HDENHIAL . BFEEALME X X > A pd M
Methanosarcina J&, Methanosaeta )&, % U CHEBRERLAI
OKFEALM: X & AR M & DI O HEIREEE (X
ZFNZEN0.98d1, 0.24-0.26d71, 0.027-0.035d! &k
EXINTNDE94D, Lieh o T, AEROEHINELM
I3, BT O @ O EERRE AL X 2 AR R, R
Methanosarcina J&\ZBRZBRE L ZZ o025, —, B
BRlZx 3 2 K fHIE, ZHZ413-5 mM, 0.8-0.9 mM,
0.65 mM TH O 24, BRI LA R b FFR IS 9 %
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FHEBFMED E D, KEROEARESLME T, RS
ED ETIZZN DD 3 FOBFERAHMAE L+ 75 i fask
PHFFCX B, FEEBMEDAIT X 0 BRI LA
EHMRREE o EFZbN5.

43 7OEACEEDBRTIMEDHREOE S & #
gE1215) Tavrd ki, WERE WA T XX HFED
FHELPEE E SN T VDY, 7Ot LD RIK
JlE X X o RET O ZDEEERE EEZ LNTEY,
BARIGME T A X BB T 2356, REEO b 7
TN EPEL B E, FELTIOERBISREERENIC
EfT 3. 22T Tuvtrmarm—-oRBELT 54
BBEK ARG T 2 Z BT X O D RICBEG- T B Mt S
DR (T 7219,

1) 7OEFVEOBA R RETOEADEE
)77 R —hOREBRICH LT, Taed o mamEEK
PEGHE L E A Tut CBOSRIIRONT,
R EADN D EFICRK L. ki, BifgE 7oy
FUBEENH TSRS XD ICHTHEL LR - 7o
YA A REEK (Table 2) ZARFE0.01 d 1 THAG L
7o & 23, HiERGD 5 30 HRICHENO 7 o vt v igE
EPBHRALL T £ TE T Lz, 22T, #iBiRE 70
HHICH#®R2E 20w a4 VAR FEKITE Y 2
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.10 .. 0.20 0.30 0.40
Dilution Tate (d')

4 2.0x10°

1 1.0x10°

0

0.00 0.10 0.20 0.30 0.40
Dilution rate (d™")

W, rclative concentration of Fyy(intensity (2 VSS))

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 F430, corrinoids, and Fag.

7R, TOaEF UBIBFERCHMENT VWD T, Fl
REBMWIC B, 7o v BeEmiE L 328
IR AICBOTHHFFED = 0.01 ~ 0.3 d! DETE
EFLTEY, T 5704 B2 FITwEe I ERL
LTz (Fig. 6).

FEND X 2 A B R 2 TE L 7SR, AR
RO EFso b L) /A FEEFIEIN
U7z, —05, flBESR Faoo HIRHEME I A IRE DI LE
WALt £, NAFTHAFD AR &8 HEFRE
4 (D = 0.01 d°!) T84.0%, T&HEBELM: (D =0.08
dh) T66.5%, mAFERESEMG (D=03d") T63.8%&
TRRDOBINTENTD LTz, ZNoDFERIL, M r
DIRT DR COMEL KT, JuLt mr
DIRT B RERENICE O T S, EKARELH T TR &
FRRRGE TR TT Ot Vil 54 L7 FER A,
F & U THIRRLITE & K FELM: A & AT B O
HARBICI O XX NTEBREIND EEZILNS.

F 72, Faoo HRHEMEB L ONA A H AT DX R &8
&, T L 72 WD R IRE LM T b FFER & BUFEK 2 i
BT xR (D =0.025dY) THANTED» 7.
ZDFERIE, Taed VRO A S RITKEELME X £
CHEREMEDLETH D70, MANOBMEN LK S
B BIKEEANE A 5 AR B D EN A DR 2 R E &
LB EITHRTREWCEZRRB T E2HDTH S,
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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! (c, d). Fluores-
cent probes were combination of ARC915 (green) and
EUB338 (red). Bar represents 20 x#m.

2) 7OEAVEENETIHMEDREOEE 2
JHD domain-specific probes Z > T, FISH %175
7o (Fig. 7). BRI D 5T, Archaea 135 L TH
EL, TPRIERRD b DOM%L R &7z, Bacteria |34
REZ LS 2 I DNAER X N DA OB 5125
LTV, 72, KEEME XX AR O &5
BNV — T RN 7 0 — 7 % i w T FISH Ek %
Tol iR, EACESL TV KERME XX VER
M B (ZMathanomicrobiaceaeBHI AT #3572 Archaea TdH % Z
Ebhrore.

ARE0.01 d' (EARE), 0.08d! (FHRE), 0.3
d! (EHME) OLMEOEAR D S Z N Z 11 DNA &l
L, 16STRNABIZ 7 a—> T4 77 2fEEL,
HELFNTEED { RN 247 5 72 (Table 8) . {RAHER
B L ORI IRE LA TIIHFRE M X 2 ARG R T
% Methanosaeta concilii \Efg7% 7 10— > B8 L UKEE
bt X & A RS MU T B Methanoculleus JB 2 53 FH X
N7 0—-rPlREINe. FHREL I UEMRES
T 3B\ TUE Methanospirillum JEIZHEI N D 70—
bW Nte. —77, Bacteria 741 7 7 ) DM R A
B, EKARELMETIE, Deltaproteobacteria I JES 2 7
OB U ERERLATE TdH 5 Syntrophobacter & *5-48) (2T f%
Ty a—rni L ENTeh, PHERESL L UEAR
REAE T Firmicutes PUTIE T %5 7 0 ¥4 > WAL AT
T®H % Pelotomaculum J& 4959 (2 3Tfg 7 7 0 — > 3% LR
7.

WIT AL A BT 3 2 €& PCR ERE2 1T -
72, EORER, MK DD B I Methanosaeta JED 16S
rRNARG F=ICTHERZITFRO b b - 72 (Table 9).
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Table 8. Distribution of 16S rRNA gene clones detected in
culture broth of propionate-fed chemostats.

Dilution rate (d-!)

0.01 0.08 0.3

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

Taxon OTUs clones OTUs clones OTUs clones
Archaea PLA lbrary PMA library PHA library
Euryarchaeota
Methanoculleus 5 15 3 6 1 1
Methanospirillum — — 2 3 2 16
Methanosaeta 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.

72, HREITD DD 5T Methanosarcina J&IFHH X 41
2in otz —J5, Methanoculleus J& ZAEFRE B L O
WELXETO A Z N, Methanaospirillum J& 1 Z 74 75 H
EBIVEMMELLTOABE I NG, I DR
W, HFREDENTLY 7ub st DRy MIZES 3 %
FELWMEDDOEEIRL > T2 I Ehbh o,

DLEDFEER® S, 7ot oo e FEICEES 3
WA ORED, HRELIFTIVERPRLOND Z
EDHL MR o7 BEMESKMTIE, 7Tavs Uik
I Syntrophobacter J&7% £ D 7' 01 & BEIRALMET I X O
Wil & KE, “BRILRBCMEI NS, LerL, @&l
REMTIX, Pelotomaculum JBI\ZITHE7: Bacteria PEE L
T7 A Y BODRIIHET 5. 7o VRO R
JMZ X D AEURKEB LI U BRLRFEIL, EAREKRSEME
Tld MethanoculleusJ&(Z £ 0, @A HRERGAE Tld Methano-
culleus &3 X U Methanospirillum |12 & O X % T X
NnNdEEZLND.

Fie, 7OVYF CBBOSRICE AL FRRIE, K
T K S Tl Methanosaeta J& % & OB FRILANE &
Methanoculleus B X EBM: A & R EME I L0 X
A NTEWI N, SRS TIE Methanosaeta J&, Fr
I Methanosarcina JEIZ & O X X NCERIND EEZ D
n5.

4.4 FBEERRZENRT 2MEDRROESE SH#EED

1) EfEBICLIMEBIBA I REBETOEADE
ORI O CERERE, FRIFTRIRLANEY & KR
BALM: X 2 AR I X BB ROSIT L D
#7395, UL, BerB—RKERLE T 5EMFEKE
WA L7 2 A, Tabd UL S ) I
PR ELLH T2 ENTELDT, HRED %0.025
d' 25 0.7 d7! & TRFER B GERE L. DA 0.5 d!
LR B 5 & BRI IR 2 TR LIehS, &
D=07d! FTEELTEKY, 72k Z2lE D=0.45 d!
(TOC %18 At 3.6g/l/d ITHY) DI WTH TOC
RERIZI6% TH - 72.

2) HRFICL 2WEDRERBEDOE(L 7 ua—
R £ DGGEIEIZ X D, D=0.025d ' 50.7d £ TD
e 2 T L, BRIRD X X > REFICEE S5 2 MEW
BLOTHMEOMAEMRENDZ B R N2,

EAREL L T0.025d7!, EAMELLT045d!1T
D 16STRNAEE T 70 —> T4 77 2#gEL, 7
00— > DRMOFER Table 101TR L7, Fi2, FHRIIC
L 2MAEDLEE R DGGE L THAN: & 25, Fig. 8
B L UFig. 9IT/R L7z & 5 1T Archaea 35 & U Bacteria 1% &
HITHRKRIZL VK& LB LT

Archaea (\ZBIL TlZ, T X TOAHRK CHEELE (LM X &
AR E M TdH B Methanosaeta J& & KFEELME X % >
MR TH B Methanoculleus B HIRH E 417z, L L
TRBEELEO TNV &, KFEME A X AR T
& % Methanospirillum J& 3 HH 0.2 d-' AT, Methano-
genium JE&ZAARE 0.1 d-! 205 0.4 d-! DHFPH TR S 1
72. TN ENENDEDOABRE LB ITHT 2B

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

50 ng-DNA)

Primers (TagMan probe) Target organism

Dilution rate (d-1)

0.01 0.08 0.3
Ar28F/ARC915 Archaea 1.61 x 107 NT 1.18 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
MB1b/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 () 0.45 (a)
No. of No. of No. of No. of
OTUs clones OTUs clones
Archaea BLA library BHA library
Euryarchaeota
Methanosaeta 5 45 5 38
Methanosarcina — — 2 2
Methanoculleus 2 2 1 5
Methanospirillum — — 3 5
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.

HEICENDH D EEZZ LN D00 Fio HilRE(LME X
R R T®H % Methanosarcina JE& (2 F R 3 0.35 d-!
DL b T & 472, Methanosaeta )& DI KAEEHE1X0.3
dlEHEINT VL4, EHEFIRLY 0.3d 1 L0
FOAREBTHEF L EEZ NS, Methanosarcina
BIMEMIRK TH % o 1R RIL, Methanosarcina J& D
FBITH T 2 FAWEZL Methanosaeta J& & D KW 720 &5

ZAHNBH),

Bacteria ([ 2T, ARARE 0.025 d-! TOREE RS
EZ NN DT FR OB ER G & PIREICR R > T,
Wit X N7 AEY DIE & A E X Proteobacteria P JE L T
B, IEGWMEMC BB EET 270 F VR
AL CTd 2 Smithella propionica Hh3\ > % . F R DI
& & BT Firmicutes '] & Candidate division OP3 2 3 H X
% Bacteria D SFEIZ 2 5 72, Firmicutes FUT X 1
T E ORI, RERGTR p IR(LAIE T % Syntrophomo-
nas & & Clostridium J& 23 #5Td > 72, Syntrophomonas J&
BT MM IBEER Y, ThZENBHBLT 2/
ROFPIENDD o 7278, A E U THRELE LR
213 EZDHRITE L o7z Syntrophomonas J& DFEIE
KEEAME X X ARG & T 2 &, IR
120.19d ' 25 06d ' ETRILET 2 EHEINT D
AT RRGERE IRIT & B EOKEEALM: X & AR A
720 T A WEMREALME A X A RUE M & T 5 &,
WIHE L 218 B9 5 &EE 2 5455458, Firmicutes P 5>
BRINZDMOMAEML, T TIIEEIN TV DIMAE
WEIRHICEHENTE Y, KFEORHRE 7o >
D XX FHEED) T IR =D bEoNk7a—2 8
W7 72X —=%FK L7, DGGETIZZNHDMAED
DEGITFELRVE, BEAEDHRETHEEINID
T, B O RIC L > THELRMAEYHELZEZ 6N 2.
—7, Candidate division OP3 (2 X N7 et <
NTOHFREK (0.25d1~0.7d) THEZHN, Ly
Bacteria D TEWEIS Z b7z, L L, drixeEiil
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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 S2). 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-!)
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Fig. 9. Denaturing gradient gel electrophoresis (DGGE) of bacterial-16S 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.

FNET RTREY > TV olio770—-2ThsD
T, Z#4 5D Candidate division OP3 [T 05 X L7 A
MO RBEFRENTOREI 2N T 2 2 & IZREETH - 7.
I biifg7%2 7 10—t Clone GIF10T, 7 )L R> ¥
R )T 7 X =6z b DT, TR
ZREBERDFERE DML, B BILERIC X > THE
Mg THMTHEEZLNT NS,

DLE, BRERIZAHRITh D0 5T BRLRRH 2% THE
e LKRITHBINTAE, XX TEBRINDD, HR
RiZX D ZzNZNORIGICES T 2 WA MEEEES R
R o TWiz, mAWNETIE, BEER I Firmicutes 1D
Syntrophomonas)@ ¥ & U'Candiate division OP3[']D Bacte-
ria T X D BERALRERK 2 RE THERR L KR IT S 1, HiR
& Methanosarcina & MethanosaetalZ & ) X % N2, R &
2K E & ALK F L Methanoculleus & Methanospirillum
WD CIYA 7 NBETARANTEREIND. (KAHREK
T2, BEERIZ Proteobacteria F1D Smithella propionica /T %
D Bacteria 12 £ 0 B WRALAERR 2 8% THERR & KBTS
N5, HERINTEFRO—BIX, Methanosaeta 12 & 9 B
PeA X ITEMEN DD, TR ORFMEIIEFRER LA T
L O IKELE IR FE I N, Methanoculleus 12 X O
ClYA I NVERET AR NATERIND.

4.5 REEZR (SRAEIHER) 20T 2MEMREDOREE
EHEBE'Y IBEEZ L L STREKCREREMIL, HERIIT
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WA R DEIRZAETTDIT AR REEORE L LT
FREE2bNT05. LaL, EEICIIIEED K
fRIC X O EIRE DS IBIRAER L, Thoh AR
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EL, WMAEMBEERMNT L, £, BEEDINKS R
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1) SHRIEHBOPBROI-OD AR RETOERAD
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(FHRE) =02~04d ' TRELAMENTAT. &
BHRHFER DRI X - TR T 2 BB IIHRBE 7o
FUEETHY, RAFRED=04d ' ITkFBZNZTN
DAEIX30 mg/l, 15 mg/l Tdh > 7z, £ I1(E48 L 7z ikighh
fplXEED T CRE SN, WK TOCHEE b 100 mg/
LR, B OITHEENA T HAFD XX EENNTO~ 80
%TdHO, IFFFTLEITHZEL TV,

2) SRAEIFER & DR T DI EMBE DG & ek
D=0.4 d-! TEHFIRAEITE L 72 & Is1E CSTR Py
WxHAWTFISHERZ{T -7 (Fig.10). ZO/REE,
PRl NI 13X Bacteria MBS U CTHEET 2 2 Evbh o 7.
oy, SRR D B- BB 53 % Bacteria TdH
5EEBEZOND. AXEREHEI XX EREHED
LI TIED DB I Nk,
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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~!. 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 3
Total (Archaea) 3 18
Bacteria LCFA-B library
Bacteroidetes 4 10
Spirochaetes 2 6
Firmicutes 3 3
Proteobacteria 1 1
Total (Bacteria) 10 20

OTU, Operational taxonomic unit.

PR K D Archaea 16S TRNAGEIE T 74 77U »
5 18 7 @ —>, Bacteria 16S IRNAEET 71477V H
5207 10— DR (FI1.5kb) ZZhZhRiE
L7z 5NN EDO TR E 21T - 72, Table
111ZR L7 & 5 ([T Archaea 71 77 ) 541G 54172187
O—>D95 %, 157 0 —_> 3 Methanosaeta concilii (23755
THY, Y 37 9 —F Methanospirillum hungatei (ZJTH%
TH o7z, M. concilii ($FR CTHEE T DHFERE LM X & >
EREMETH O, M. hungatei |ZKFEANE X &2 AL
HHETH S, KEDL S AR ANDRIGNL, AG"=-135.6
k] (Table 1) & REUIIETH % 72 DITBTIFEHNT b HEA
PTWRIRTH 5. —77, ElEHER MK 6T 2 RIS
[FRBSIETH 2 72 DI —ENTIIHEAIZ L WRIE T H
5. L L, KEEMMEX X AEREMEOEXITL Y,
total DRIED AG A L2 2 E TRIGHHETT 2 29,
—J, Bacteria 747 7V oo N22070—-2D
B, 10 7 ° — > M Bacteroidetes [, 6 27 0 — > h3 Spivochaetes
Fq, 827 00— D Firmicutes, 1727 10— > H3 Proteobacteria
PUZ DX 72, Firmicutes FUT D EI Nz 70— D
T, BEEIDRNEED p- BRLAITE T % Syntrophomonas
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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.

LOVSSHEA L7 o — )L psiEAE L 72D Twash out
L&l L, mAFHFED 20.1d e L7

—77, Ni2t, Co2t 2L 72 7Y v o — LV ERFEKE
BT XX R Tav 2L, FHREKO.1 d! Gk
M10 H) D&M TRE L ABBITAT:. TORPEKIT
BT £a— )LD ERIFHI100%, AFKTOC 5
mg/l, FENVSS 305 mg/lTH Y, NAFHAFD XK
EElE65.8% ThH o7z, Ni2t, Cot ZIRINT 5 2 &IT &
D, FRBTIEED e XX TETEHRIND Z
EMgh ol

2) Ni2+ & Co®* "N - |MAMTOEFIZETOMED
HEDOLE Ni*, Co?* JEFINA BFE K D i L B
7Ot 2B WT, D=0.1d"! TEFIREBICEL HEA
e O THEMBER DM 217 > 7. FISH RO
R, Bacteria L U THET 5 2 Enbhr - 72 (Fig. 11
a,b). LML, XZEREPHS A2 AEREME D NI,
Co ERMZ bbb T, DI WLTEHINVBEIN
7z. Table 12 (%, 16S rRNA IR D7 1 — > g DR
RERLTCND, ) 77 X —NEERERD Archaea 7 A
7V 16 7 a—>, Bacteria 717 7521 7
O — > D eIgHERS % Z N ENIRE LTz, Archaea 71 7
JUhbsHELNI6Za—>Do b, 77— F
Methanosarcina barkeri\ 2T TH Y, Y D97 o — (g,
Methanobrevibacter arboriphilus (5T T - 72. M. barkeri
R CTHEE T DHFE « KEEME A X ARG R &
LTHLNTVDY, SKEFEOFHETTOALERT
LW TH B ERFBmEINT W, LrL, SRV v
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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 Ni?*+

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
Methanosarcina 1 7
Methanosaela — — 1 5
Methanobrevibacter 1 9 — —
Methanospirillum — — 1 16
Total (Arcahea) 2 16 2 21
Bacteria GLY 1B library GLY 2B library
Firmicules — —
Acidaminococcaceae 1 11 — —
Eubacteriaceae 1 9 — —
Clostridiaceae 1 1 — —
Actinobacteria — —
Propionibacteriaceae — — 1 16
Proteobacteria — _
Desulfovibrionaceae — — 2 2
Syntrophobacteraceae — —
Total (Bacteria) 3 21 4 19

OTU, operational taxonomic unit.

O — )LD REEHED DB I N 2 EI3KESELRE LR
CTHHEHFETEDZ EWh o 72, Bacteria 74 7 7 ) b
LN 21 7 a—0F, 9 XT Firmicutes FUT 58X
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BT bDOWEL, GREELI) T 72 —HNTIND
DWEMM ) v — )V ENRL TV bDEEZ LN
5. HFIT, Acidaminococcaceae FHZJE T % Propionispora
Rippei® \ZiTfg72 7 O — > 11 7 a—21§ 507 P
hippei |3 27°) £ —)L %27 O A g L BB IC )RS 5
WEEEXAELTEY, ZOEKTI2BOENLD SEID
R CAER LR ERFTH o2, RICE I N
72 Dd Eubacterium BT EINDMAEMTH -7, T
5OWMEMTONTD ) v a— )V R Bd 20
BERFINTORWE, Eubacterium (B3 W58 d &
FORINTVWARNDTZ7a—2Bho6EZX T &
O—)LEDRTEDREDZEZOND. E£72, Archaea
B & U Bacteria D DGGE fiffr bEfi L 72 & 22, B
O— VR DR AL T 2D TH o 7o,

—, Ni2t, Co?* 2L 27 vtu— )L EREKE
AT A XV REET O RICB VT, D=0.1d" T
TEFIRRBITEE U 7 R 2 - CTRUE RS Rt 247 -
72. FISH FEBROFR, FEAENITIL Archaea & Bacteria
PEEFRBFET 2 Z &b oT (Fig. 1lc, d). T4
DB Ni2t, Co?* DRI &L O Archaea DR 2L — 3
UHEIL, RIGWA R EREF TETT A2 &b
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o7z Tablel2l3, 16S rRNAE(L D7 0 — > D
BRE2RLTCWD. )T 7 X —FRNEHEED Archaea 7 1
TZUMG 21 Y a—, Bacteria 717 TV H 19 7
O — > OeERY 2z ZnRE Lz, 1§50k
BT =R N—=Z2ZBEL, BEAIOMAEYD 16S rRNA IE
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Methanospirillum J&H38 5 L TV 72, Bacteria [IZ2WT b
TIRIAR, BRINRICBV TN FIXZ — TR ED
R o7z, ERINA T Firmicutes PN M E 1L 5 080449
7% <, 16S rRNA BRI 1377 )L D L5 TREEE S
Z o Tz, #IT, WRINA Tl Actinobacteria FIT 53 X
NDWEMN % L, 7 VDR TDNADFEEN I & T
72, 2 DFER (Archaea I X O Bacteria) 1%, Ni2+,Co2*
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ER—E L7 T b bMETEDORMOAMEIT LY,
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LB, Ni2t, Co2t ZiRIL WIS, 7)) va—) Ui
BEAIOD 77) 4z 11— )L 53 fRES Propionispora hippei (2T 5% %2
Bacteria |2 £ ) 7’0 & Vg E BRSO RS N, KEEL
P A & R R T @ 5 Methanobrevibacter J& & D364
X0 T oS S EBRO—HIIER T, BFEED— L Meth-
anosarcina JEIZ X D X X NTEITLEND D EEZEX
7z, LaL, Ni2t, Co* EIRIMTIEZ Y 20— )L DA
DETOEF VR EFRIC R ND, TRb BB
WETKIEWEILET 2 EBghrott.

—75. 7)) a—)VERFEKIT Ni2t,Co?t ZIRNT %
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TEENT. TDEED XX EREMEE, RN &
Z & 72 Y Methanosaeta & & Methanospirillum J&h3 & 5 L T
W7z, N2, Co?t ZIRMT 52 L&D, REMAD
Archaea 72V T7% £ Bacteria & THFIL X))V THE T 55
MELZDEERER ST

4.7 RNV BXRENET 2MEMRREOEE S H#EY

RN BEIL, RS T TR R NT I R
WZhotetk, 7 3 /RO RMEEIC X > THERRICTRE 208,
BIR T2 DO RE I NTVRD, 2D 1 D0F
Stickland &G T, HHO7 I /BOFEICE >T2o0
T3 BBEDRT DM TH 50869, 95 1 OO,
72/ BRERLAIE & K EFEM: A X AR E B OIE
TT7 I /BEDRT DREHRTH D70, 272L, ZD2
DD RIS I HEEI N MAEME VT L NI EN
72bDT, MEWD Y =27 A TRIGHHEA TN D
AR RBERENTID2OD7 3 /BBy HERAE D &
I TN T VBN, 1ZEAEHFEIN TR, K5
TlZ, 4ME7 V7 3> (BSA) #HE—REFELT, 2
DODOFRBFEIEALEL) 77 X — 2R L, B LR
WTD K 27 B o itk 2 et L7z,

1) Ni2* & KU Co?+ RN - MARMERKBEKE AL E
frissE V778 — 1idETE (N2t B8 LU Co?t)
ZUMML T BSA ZH—REW & 3 5 & FEK
(Table 2) 2§83 2 Z LITX VX N7 B2 HEHEIEIC
EWT2HDT, V77X =2 3METLEZRHRILI2EK
BEKEBMAET D EICL VRN HERAZ ICETE
BT 2bDTHD. Fig 1203, V77 2—1L)T7
X —2 DEMMETOUIRERZRL TS, HHEmE
WEAHEE L) 77 & —11% FHEK0.025 d-1 55 0.2
d ' FTHEELZD, BEL GEETX LREDHREKIL
0.15d 1 CTh otz TOEED X >IN B fERIZKI 75%
T, EEIINEE, ot o EEE 1Y E RSB
TYEZT Thote. XX ERPEBEELZYT Y
H—20%, HELTCEERETEXHEDOHFREIL 0.08 d!
T, ZOFRDX X7 BEDREIZIO% L ETHY, F
BAEDI AR Y, THRLREB IO NHS TH o7,

2) Ni2+ & Co?* "N « |MAMTOEHIZETOMED
EoLs V7 74— 1 TEAEREO0I5h, )T 7
K — 2 TIHAREK 0.08 h™! DM Tz L T 2 N
BRI, MAEWHEDON T 27> XD XNV E
DIRCBR ST B R L 72,

Fig. 1313, FISHEROFRZRL T b, V77X —
1 (dmysin) TR Z27R T BacteriaPMFE E A ET, 2R
T Archaea (ZIZ EAE RSN o7, —F, V77X —
2 TlZ Bacteria 1385 LT hs, Archaea b % SFAEL
TWie, ZOZerbMELERRMLILZY T 72 —2
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10000

£ Table 13. Distribution of 16S rRNA gene clones detected in
f S s | culture broth of the bovine serum albumin (BSA) -fed
g2 chemostats.
L6000 |
m
é:; S 4000 F Chemostat 1 (without Chemostat 2 (with Ni2*
E ; Ni?* and Co?*) and Co?*)
8 = 2000 Taxon
2 No. of No. of No. of No. of
o< 0 * ! OTUs clones OTUs clones
0 0.05 0.1 0.15
Dilution rate (d!) Archaea BSA-1A library BSA-2A library
1000F _ ~ 10000 F Euryarchaeota
2 ER Methanoculleus 9 22 5 10
S s0r S = 8000 |
= é @ Methanospirillum 1 1 1 1
L 6000 1 Methanosaeta — — 3 28
2 = 2
3 EES 4000 A Total (Archaea) 10 93 9 39
g 200 § Eg 2000 ¢ % Bacteria BSA-1B library BSA-2B library
o0
o ol g4 0 | Firmicutes 11 19 10 17
0 0.05 _ 01 015 Bacteroidetes 5 22 3 6
Dilution rate (d') .
Proteobacteria 2 3 4 7
12. Effect of dilution rate on TOC, VFA, NH4*, and VSS Unclassified — — 4 24
concentrations and gas production rate in chemostat 1 (A) Total Bacteria) 5 " o1 ”
otal (Bacteria 5

and chemostat 2 (B).

Fig.
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OTU, operational taxonomic unit.

RI) TRUDTRIGH A X AR E THED Z & 05D
o7

ZFIT, 70— X O AR RE 2R L,
Z DFER & Table 13127R L7z, Archaea lZOWTlE, )7
IR =107 a—>2DIF E A EdMethanoculleus J& T %
THY, V77X —207a—2rDIFEE A EIE Methano-
saeta J& & Methanoculleus J& 2T DTH -7z, TD
FBRICEDNT, 4BD A X AR B O E & PCR %
1To7z (Table 14). V) 7 7 % — 1 Tl& Methanoculleus D
16S IRNA GBI T LR I g rofehs, V77X —
2 Tl& Methanosaeta 3 X O Methanoculleus @ 16S rTRNA 1&
ET % S E N, Methanosarcina D 16S rRNAE{E T

13.  Phase-contrast photomicrographs (A, C) and results of lF—HHE S B X7z, Bacteria \ZOWTIE, V77X —
FISH (B, D) for microorganisms among the mesophilic 1 Cld Firmicutes 5 X U'BacteroidetesF F g 20 7 11 — >
anaerobic bovine serum albumin (BSA) digesters. a and b ) \
show cells grown in chemostat 1. c and d show cells grown in MFEAET, VTV X —2Tlds47 0 —2H247 0 —
chemostat 2. The florescent probes used were a combination VIS BTER LD oM, D 7 10— 2|3 Firmicutes
of ARCI15 (Archaea, green) and EUB338 (Bacteria, red). Bar o B o ’
represents 10 zm. Bacteroidetes 3 & T Proteobacteria FUT I Nz, VT 7
X—1&) 77X —2& HIT Firmicutes NI iz 7
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
0.15 d! 0.08 d!
MS1b/SAE835R/SAE761TAQ Methanosaeta spp. N. D. 2.36 x 106
MB1b/SAR835R/SAR761TAQ Methanosarcina spp. N. D. 1.39 x 105
AR934F/MG1200b/MCU1023TAQ Methanoculleus spp. 1.51 x 106 2.77 x 106
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—>%hoiehs, V77X —107u0—=2DFEA
E DS Clostridium cluster X113 & O XIITIZE L7, Jrfg D
Sporanaerobacter J& & Sedimentibacter J& D #E ¥y 1 Stick-
land RIGZ1T5 EMEINTE B9 V77 X—20D
70— NEB R WAEM L Aminobacterium J& D b D T,
IKEBEMEMEY EHET DI EIREO T I JBE S F
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FENPKELALDI13E, 2L OREHVEGT 500K
EL CHEHEE T 2RADHMEIIET L.

ZIT, EHMETOMAEWE R 7 0 — U RITEIC X
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B i Ml T @ 5 Methanoculleus &% X O'REEEE AL £ & >
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Table 15. Distribution of 16S rRNA gene clones in culture
broth of starch-fed chemostats.

Dilution rate 0.025d"!  0.05d! 0.08 d! 0.10 d!
No. of No. of No. of No. of
Taxon
clones clones clones clones
Archaea
Euryarchaeota

Methanoculleus 18 — — —

Methanosarcina 4 23 —

Methanosaeta — — 27 25
Total (Archaea) 22 23 27 26
Bacteria

Bacteroidetes 3 1 2 1
Chlamydiae — — — —
Spirochaetes — — 18 4
Firmicules 16 21 1 13
Total (Bacteria) 19 22 21 18

721 Spirochaetes PFUTHTREZ2 7 a0 — > 93, @ LH LD
WARETH BN, T 7o 2IBET A, HREKD
DI DR BADBEYEICHE L EL S ZTnsl L
Mmoot T Y7 U E &V 2 — X R 1
B LBEINTVEA, SEIOVT 7 X —hroRiHE
N D% % uncultured clone IZH b L& TH
0, ZOZEPLBERRCEFHRET > 7 o &
72— ZARBEE DTV D X S ITRZ 7.

Dk For7oaz2EE8e LGs KERKRTIIKE
B X 2 AR TEME TH % Methanoculleus H3TEMAL
BNCIY A ZIVTRARZ I HER, PRRERIC R o L4
DAL L Methanosarcina J& DEEFREALME: X % > AR
HHIETEELE N, SHFRETIEZ L ITHEREIIZE
b U, FUEEERE(LM: X % > A #i e T d D Methano-
saetal{IZ & DHFRRER TD X X > REEVPERICL D Z &
Mairote. T2 72 D RIZETERD Bacteria H3E85-
T2 &S, Bacteria TFEDEEMIZTH L, HREDD
TR THEREN K& B L.

5. £TADEERBKIMNEICEITEHMBRICL S
BRAL KRGS LU BT OMEMBERE~NDOZE

AR RBEDRIFEY CTh DWALKEIL, XX R
BAG-32MAEMTbBEEZRL, SREICRDE XX
REEZIAET 2 EHEINTWED, AFETIE, 42
HADERA XV RET O ZRHANT, HtAkEZL
PHEZBRT 572010, ERrmaEiits sl itk d
WAL KR D RANH] & Mol ST & 2 MEMBEE D&
RV
5.1 MBRUCE BERILKFROMSHIS  Ni2t, Co*t B &
U Fe2t ZHHARICHMERMT 22 &1Lk, £TAHD

587



10000 - 1000 100

8000 [~ 800

=Y
=3
S
S
T

4000 [~ 400 -

2000 -

S

=1

3
T

O VSS digestion efficiency (%)

A ; TOC concentration (mg//)
O : VFA concentration (mg//)
@ ; CH, concentration (%)

<€ ; H,S concentration (mg//)

o
e

o
r

20 40 60 80 100 120 140 160
Time (d)

Fig. 14. Effect of aeration on effluent quality, VSS degradation
efficiency, gas evolution rate, and concentrations of CH4 and
HoS.
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g 27202, FEMBERAN6 g/l/ld DEMFET A X 23
FERENIC 22 R A L 2 DR R 2R X7z, Fig. 1412
RL7E 51T, BRLEVESETIERILKRIRE XN
700 ppm TH > 72 A, B FEENA T H AT LT
10% 8883 2 &, 3 HETHALKEFRIRE LS ppm EA T
WAL, BEBELEIED S E2HET700 ppm 2R - 72.
AR LTeNA AT ZED 7.5%DES R HIGT D LI
0, FALKERREZ 1 ppm A T IEKTE 2. A2
TR L, MRS TR I ARIGE INT WD, @
U T HAIRMERED S HBT L T X X > R R RIF
W ERghoi.

52 WBRICLIMEYHENE(RY WHRKKT
A RDOEBIIR SNGho7DT, @ « BT
DAL R T L, Mol [OFEE LT, Fig. 15
X FISH EBRFERAZRL TS, A LB OEENL D
% X 9 \ZHERF%R TD Bacteria & Archaea & DRI AE D
59 Bacteria BMEE L TWiz, F72, C Do ohd
X 9 1T Bacteria 25 8 2 WilRR TN OB UL D72 £, 18

Fig. 15. Phase-contrast photomicrographs (A-D) and results of
FISH (A-D") for the methanogenic communities in the
municipal solid waste (MSW) digester. A, A", C and C' show
cells grown without aeration. B, B', D and D' show cells
grown under micro-aeration conditions. The fluorescent
probes utilized were a combination of ARC915 (green) and
EUB338 (red) (for A' and B') and the combination of
EUB338 (red) and SRB385 (green) (for C' and D'). The bar
represents 10 gm.

[LTHZDOHREIEDL O L, MAEMHEEEICKZ
THIADKEIIITEAE RN D -7z, Table 16 |d#
&+ M5 T D 168 IRNAEIE FfTic L 57 0—>D
R TH B, Archaea [T OWTIE, WELZEMTIE
Methanosarcina & Methanoculleus \Z Tz 7 7 1 — > W3y
DI OED. WREMETIE Methanoculleus Wi 7 7
O—> L ELNLP 72D T, EEPCREZ{To2EL
5 Methanosarcina (Z8 KA & O F0 128D L Tz s,

Methanoculleus 1% 100 5 LA _E3EII L T 7z, Bacteria 120

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
hacal Methanosarcina 1 7
Archaeal (MANA, MAA) Methanoculleus 1 8 8 19
Bacterial MBNA, MBA)  Firmicules 8 22 9 18
. Firmicutes 6 14 9 18
Universal (MUNA, MUA)
Thermotogae 2 2 0 0

OTU, operational taxonomic unit.
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DOLELNER o7 ENS, BRITE O HRERE T
B OREIZHD L T2 2 EWREBENZ. 2D2D0TU
134 F THEEC X MR TTME & 13220, 77 L5
YE TR TR ERIRE TS & 7 7 A X — 2T L7,
FISH DR ¥ X OWiIRE ST dsr BIZ T D 7 1 — > fif#fr
RS, BT THLHIPMBETHEILY 77 X —HIT
HFIELT. 22T, ZhHDOWEEETME X, #BXTT
bR A A 2Bt L TS 2R T 5720 dsr &
& T DERE 272, Fig. 161RLz X9, @5 - &
RS TOWERG PCRAER P HMA L T dsr a1
FEEINTWR., 3hbb, @R L THHREBA 4%
TR T I X O RILKBICETLEND Z &b, H
RUT & BIALKFEFREDOIE X 1 = X LIS, ERZ N
ALK BIZBEC L VILERCBRILEN DD, 1T
{EHEIC L D FEA 4 7H 5 OIEHEET 4 b1
lEtEZbND. FHEE @K N TDNA I 4 A% CSTR
DI T T KFETEAT 5 &, KERITEBEL, L
D HEFORER A Z > 3R & & Il 7.

LA, folSic & 2 AR~ DB, Archaea T
DT Methanosarcina W57 Archaea |3V 5 % 753
Methanoculleus \ZIT§% 7% Archaea |3 R E L B L 72—,
8 5 U 72 Bacteria & il TG IZ I3 £ 0 21 k3% <,

lane 1 2 3

500 bp

Fig. 16. The results of electrophoresis on a 1.5% agarose gel of
products of RT-PCR for determination of the expression of
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.
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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 F499 (b).
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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. of clones No.of OTUs  No. of clones No.of OTUs  No. of clones No.of OTUs  No. of clones
Archaea HTAL library HTA2 library HTAS3 library HTAA4 library
Euryarchaeota
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
Bacleria 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 13 50

OTU, operational taxonomic unit.
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«— B8
+— B9
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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, S2, S3 and S4). Standard bands are
numbered Al to A4 and B1 to B10. Bands represent related
organisms as follows: Al, Methanosarcina thermophila; A2,
Methanoculleus sp. 7Z3; A3 and A4, Methanothermobacter
thermautotrophicus; B1, Clostridium stercorarium; B2 and B3,
Coprothermobacter sp. P1; B4, Bacillus asahii; B5 and B8,
Thermoanaerobacter; B6 and B10, Symbiobacterium; B7 and B9,
Tepidiphilus and Petrobacter.

EEME R e, L L, |RE %2 70°CH ki B
% &, Methanothermobacter (AT 7% A X > AERCEMEE L
PREENE AR o, TNHDEERM S, 656°C Tl A
AEIHEBR O EES I OCKELLERENT VD
7, 70°C LA ETIEZKFEMMEA X AREHETH 2
Methanothermobacter JEIZ X O & UTKERHT LD
ClY A 7 INVTHERENTWDEZ Ehgh o7,

Bacteria (22T, 65°C & 70°C Tl Firmicutes F1D 7
O—> DA X4, 75°C & 77.5°C Tl Firmicutes &
Proteobacteria 10D 7 0 — > 35 S 4172, 65°C TEH STz
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72 Firmicutes FUZ D FEEIN B 7 a— %, V)V a3 — X9
B Td B Thermoanaerobacter | (42%), WelRER{LAT
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bacter succinatimandens™ (2@ WHEM 2R L7z, 77.5°C
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Z R M O NEE L 2D, X 5IT80°CITR 5
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Fig. 19. Effect of TOC volumetric loading rate on treatment ef-
ficiency of non-diluted awamori distillery wastewater during
thermophilic anaerobic digestion.
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Fig. 20. Support slice stained with a combination of ARC915 probe (Archaea, green) and EUB338 (Bacteria, red)
probe (panel 1 and 2) and with a combination of ARC915 probe and MG1200 (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 zm.
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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.

TH-o72. —Kh, Bacteria 7477 ) —D21 HD 7 1 —
YERMBHLI:EZ S, 19O a—> (15 0TUs) &
Firmicutes P2 E N, 1 5O 7 1 — % Candidate
division OPY 23 ¥ X 7z, Firmicutes NI Nz 7
0 —>DIF & A EllZ uncultured clone IZT# L, IAE
FIREREZED TE T2 M4 & RFHIITEEN T W23,
— DD 7 u— 2 IIHFERIRALM B T ® 2 Clostridium ultunae
W TH o7z,

L7ehio T, WiRRFRILAIE & KBB4 X AR
MO IA CTHEER D 5 X X 24T 5 CL Y1 7 W
FHERIETH B LI Nk,

TRATEEDOFITHRE L T4 B X O AHE
AREREITERE NN F T 4 VA EREALPLZDE F
ORFETEIML, Z7VAZZy MTX VYR ZFRL 7
&, FISHEIT X O Qe L CHAMSEBIZ 217 o 7o, JaBk
AR PERR & FIFRICHAD EEICH 0.5 mm DL/ A F
T4 IVAEHR LTV o7z, ZNIHITH
MR T2 o T B, KK TII Archaea & Bacteria 3
RAELH, WIITIEENT TV TN LGFRET S
tHR 2R L7z, Archaea D ThH, N1 4T 4 )V A%
SHELTHZE LTV IHEIE, ZOBMOERL S
Methanosarcina £ % 2 507z, $hbH ELS 1 mm A
(WL 5 APz Archaea DKL, TEIRBIIT Methanosarcina T
HY, BEWNBIZBITT D223 T Archaea % Bacteria &
BAEL T, HHIENEBD Archaea 1, 7 10— f#fr s &
AR EREROERENMEEZ D &, KEGMEXX
CHERTMEEEZOND.

DAL, 1A BEkIRIRR, AT AR TIEEHRE
(b X 2 ARG I DY, AN T 7 a et o iRk
ALAIES R FR (LA B & KE B L X &2 AR A R 12
X DARARABRGIR D & X X U AER I NTND H D EEE
T&7.
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i A 2 2 R (37°C) 32 _BiM LA LR AIREL,
K70 ZDHFEARE 2 ERBERBTEI L 727, 2235,
TEBMAEATE L T KGR OB TR L2 b DT
283

Fig. 21ITR L72 & 51T, KBREHBCTE LRI 2 F
IRBERPEAEE T 2 & NHat 235 { 22 0 BRI DA L,
A AFA R D 220 ml/g-VTS & > 2. 2 OF R
2, ELFETGIR & A CAREY IR L7 &R v R LR
PHHL T ENHSRBREDERT & & HITHER LK
TL, ZOFEE, #ARAEREIZ510~570 ml/g-VTSIZIA
LU, ZOHARAEER, 3HEOREREMANA LV
A2 L ZD 12L& L, RITEHRTE
£3%, EREEMANA A RAZRGT 20EHL
Mot LaLl, EFBIELROEELIEL LS
ZEmB, 100 HRICH 72 > THIEMHLLE L T X 728
&% 37°C 5 42°CIT B, > 7 Ol b
PEMEREIC BT TR B 2T T2. 42°C T 20 HHELEEEER
kit L7ehs, HARAERSLHIRITE o 72 SEDR
BN 572D T, 37T°CITMEIRE 2 T F 7208, Y
WEEIRONGh o7 ZORKZHLNITT S0,
IR AR R ME LA D Z IR (37°C — 42°C — 37°C)

TOMEYHERE 7 a— 2 @B L ODGGEETH
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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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stirred tank reactors.
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O—>2 72T, ZDHRTD Methanosarcina thermophila 7°
B L T\ izl Bacteria (22Tl &R B Coprothermo-
bacter sp.P1 % X U Coprothermobacter proteolyticus % T 5%
& 27 0— 203 CBHIN, Firmicutes FITITRED
clone DB LTz, Fig. 22 1 DGGE DfE R AR L T
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Archaea & Bacteria DFEREMEE ZZELL THOLd o 7.
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thermobacter sp. P1 3 X U Coprothermobacter proteolyticus D
N FE—BL T

LAb, A7 0w A TERHEL 7 BREILERE Thbb
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LIRS TE T
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Coprothermobacter sp. pl

Results of DGGE for fragments of 16S rRNA gene of Archaea (A) and Bacteria (B) in the completely
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L, XX RS L 2B 2B DR
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END. —J, ERFR TSR R O ERAL A D1
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BTEELR i, REOSTENKELRDIZTE, #ft
BERETERTEDRAGTMENNI L LD E2HLN
Iz L 7.
INHDWFEREFICEDE, FEFEMR/NA TV ADN
AFH AL 2=V I)H A I NV BLDEREED
7212, ONNA F H ZAHDHALKEZINHI D 72 D22 T
BB EMAEMBEEP ST L, 5 T THHMEET
FMHEEIC & D TRER A A V3R KB ICETTE N, ZDIE,
A AT RWMBEA A ICHEERLEINDZE, Q7L
I—ARFE E L CHEESRIE TOMGERH R 2TV, ZE

AT HB8TE



LTAX RN TE DR EL 77-77.5°C T, ZD
LS BHIR T X & AR T B G- 2 MR B 20 &
WPTBHEEBIT, KERDLHROM KR FRAPRE
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