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Anaerobic digestion is an altemative method to digest food wastes and to produce methane that can be used as a
renewable energy source. We investigated bacterial and archaeal community structures in a three-stage methane
production process using food wastes with concomitant wastewater treatment. The three-stage methane process is
composed of semianaerobic hydrolysis/acidogenic, anaerobic acidogenic, and strictly anaerobic methane production
steps in which food wastes are converted methane and carbon dioxide. The microbial diversity was determined by
the nucleotide sequences of 16S rRNA gene library and quantitative real-time PCR. The major eubacterial
population of the three-stage methane process was belonging to VFA-oxidizing bacteria. The archaeal community
consisted mainly of two species of hydrogenotrophic methanogen (Methanoculleus). Family Picrophilaceae (Order
Thermoplasmatales) was also observed as a minor population. The predominance of hydrogenotrophic methanogen
suggests that the main degradation pathway of this process is different from the classical methane production
systems that have the pathway based on acetogenesis. The domination of hydrogenotrophic methanogen
(Methanoculleus) may be caused by mesophilic digestion, neutral pH, high concentration of ammonia, short HRT,
and interaction with VFA-oxidizing bacteria (Tepidanaerobacter etc.).

Keywords: archaeal diversity, bacterial diversity, hydrogenotrophic methanogen, three-stage methane production
process, VFA-oxidizing bacteria
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#7114 A8Hanaerobic digestion)= 24| E2Y7|2} 22 &
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28715 PN B o=, 3A 371K P e g vl
o 3 A S SRy e ulgEe] 71K e &
2o o3 AEA E2lo] AEA EAR HafjE= 2o, F
HA) 7142 394 §-7]AK(volatile fatty acid; VFA) W H, 7}
2 Baui A4 50|, nhAe Al B Fua 7
Aol AYE AEE o83t He-E s e 2
© 2 o|F0|#] Qlth(Briones et al., 2009).
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5 ol g Eto] A-g3tet Tk ial 178 Y] B LEA
71 8-& Ba)ist wasks thoFel wha H(hydrolytic fermentative
bacteria)o] €3} oloj2]ul, A4 To] A9 Hael S}
2 317 o] A lactate, ethanol, propionate, butyrate 5= HEHIA]
aH(methane-producing archaea)©] o]-8& 4= Q1= acetate?} H,

2 E3|5k= syntrophic acetogenic bacteria (obligate proton
reducer)7} 2-§-3Hct. M T2 acetate S HEHO 2 Eafidt=
27) 2E9] acetoclastic methanogen (Methanosarcinaceae,
Methanoaetaceae) ¥} H,2} COE gt 2 Agkst= 37| 159
hydrogenotrophic methanogen (Methanobacteriaceae,
Methanospirillaceae, Methanomicro biaceae) .2, & 57} family
o] vty et o] Z-gofl 93| o]Fo]zItk(Bialek et al, 2011).
W g7t A= AR Al (syntrophic bacteria) i} HEHIA 2] AF S
Zhgo 2 AYHET v ol F 24 Aol A B+t
2 A SEAC] 23k Yol SHEA oz HEdd
2] 84S A A1tk (Demirel and Yenigiin, 2002). o]&} Z+
< EAAE gt ag3 o= wghS A4str] gt A4
Z 9 ok A2 FE Ea] Wl 20HA e AdA AF
(two-phase system)o] A|QtE| ¢l o, 2}2+o] A& XA TS
X F71443He] aes F7HI717] 17 a7 AR E A
(Demirel and Yenigiin, 2002). ©]&gt - )| = E5ta 24|
e GA | A" et A= 2 T=TT 22 fA =3l
= BrdkEe] digt Ao] 52 o] 3Uth= A} A 14
Q1 2 W71 A 34 Y HRTZF U R Aok 3 &0 3
A g A 2" o] 19E | THKim et al., 2002). THH, &
7] 27004 f71E &8l 9 Hiol 2 7k20) Atk A E m|AY
£ 74 T2 D ATAG Uit A7 BE5st] A8 A
2= 9] Fldbe]| AJgH- o] 1 Itk (Angenent erf al., 2002).
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Methane reactor

Acid reactor

Hydrolysis/acid reactor

Fig. 1. Schematic diagram of the methane production process
consisting of a CSTR hydrolysis/acidogenic reactor and two UASB
acidogenic and methanogenic reactors. A, crusher; B, hydrolysis/
acid reactor; C, acid reactor; D, immobilized-bed methane reactor; E,
gas reservoir tank; P, pump; AC, air compressor, * sampling site.
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Pilot plante] 2% U £A

3k HggAd L NS AR SAE 24
71& A&t CSTR HH Q| ¥F 7| 7H4=83l/4M8/d 2(200 L)
ol A 12} A 2§k 3 UASB FHj ] 714 A3 =(200 L)2+ &
713 WE A 21200 Lo 242} 2312} 33} 2 H| =8 417
=Tk Fig. 1). ¥-37] 9] AL 7] Rl bR 29,
A7 A= 24, E714 mied = 12979 =218 A
= A]7Hhydraulic retention time: HRT)2 A X W S5 228]7]
£ Ast=s Astat WY S 24517 A =
7] AFYUOE Aol A ulE WEH A S-E 3 28 7w F3}
oA Hgto] HEE = EGE AMEsIE o @713 24 &
vhsto] o gkAl g 2ol 8T

3TA WgAEAE 33Y R Y LS 2ASE] 8 42
374 9] pH, total chemical oxygen demand (tCODcr), soluble
chemical oxygen demand (sCODcr), biochemical oxygen demand
(BOD), F AA(TN), Z A(TP), ¢HUobd ZAA(NH;-N), &
AR A A (NO;3-N)E Standard method (APHA, 1998)2} =2 @
A 200D et EASHT F714 axgtoA Ty
Sk VFA B3 242 flame ionization detector (FID)7} F-Z&
Gas Chromatography (HP-5890, Agilent Technologies, USA)
£ °| 83t L, Hio| 27k F w|erbA 9] k2 FID7F 228
GC-14B gas chromatography (Shimadzu, Japan)&- ©]-&3}o] &
Hstsiet.

nAAELH £48 9% A8= 39 o4 245 200 LY 7}
R}/ 4AHEd %, 200 LY E714 A8/ 2291 1200 LY @714
et ZoA 2+ A stH .o, Miller 5(1999)2] bead
beating L2 A& 1 mlofA] Hib& A &9 &
= HA2 QIAamp DNA Micro kit (QIAGEN, Germany)2 &
AstETh Quant-iT™ PicoGreen® dsDNA Reagent and Kits
(Invitrogen-Molecular Probes, USA)E o] 83}t HF stH L
™, genomic DNAE -20C o] 2343}t

Real-time PCR

Eubacteria®} archaca®] 16S rRNA §-4%x}9] A E4-S 9
3t qPCR (Quantitative real-time PCR)-2 Table 2] A|A| %] o]
Sl =Zto|H e} Rotor-Gene Q (QIAGEN, Germany)E- ©]-835}
of a5l ¥H-Sl 20 pl= iQ™ SYBR® Green SuperMix
(Bio-Rad, USA), primer A|E(0.3 pM), 2 pl DNAE Z351%
t}. gPCRE 93t &%= AL bacterial] 7% 95 C oA 1587
%27] GA7 T F, 95T oA 10Z, 55T oA 15%, 727C o)A
2024 403] WHESHATE Archaea?] 79 95 C oA 1587 =
7] @A 7 3 &, 95C oA 10%, 50Tl A 15%, 72°C oA 20
24 453] HHESI{TE qPCRE] AFAL 6TAZ 10814 3]4]
%} plasmid DNAE 0]-835}91.2H, 4724} copy number:= o}



Table 1. Operational conditions and performance of the pilot scale
three-stage methane production process

Parameter B’ ¢ . D’
(first stage) (second stage) (third stage)

HRT (d) 2 2 12
pH 5.0-5.5 5.0-5.5 7.6-7.9
Temperature (C) 45 35 41
T-N (g/L) 5.04 4.50 4.10
NH;-N (g/L) 0.18 0.20 1.95
NOs-N (g/L) 0.16 0.18 0.06
T-P (g/L) 0.78 0.67 0.12
COD (g/L)

tCOD 35.95 34.63 423

sCOD 22.97 22.24 3.02
BOD (g/L) 40.27 35.23 2.05
Gas yield (m3/kg VS) - - 0.65-0.70
Methane yield (m*/kg VS) - - 0.45-0.50
Gas composition (%)

CH,4 - 8.0 71.9

CO2 - 82.0 27.9

H> - 10.0 0.2
Volatile acids (g/L)

Acetic 2.86 5.22 0.39

Propionic 0.14 0.71

Butyric 0.21 1.19

Valeric 0 0.12

Caproic 0.12 0.23
Total 3.33 7.47 0.39

* B, hydrolysis/acid reactor
b C, acid reactor
° D, immobilized-bed methane reactor
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..« _DNA amount (g) x (6.023x10 copy/mol)
165 rRNA copies (660g/1 mole/bp )x DNA length(bp)

16S rRNA SHX}I SHI7|AME M

Eubacteria & archaea 73 9] 16S rRNA FHXE FE3}7]
A8ked Table 20 AA|E o] Ql= Zeto|HE AMSFR AL, PCR
HLg 2 o] 242 1x ¥R-3-80l(100 mM Tris-HCI, 400 mM KCI,
1.5 mM MgCl,, 500 pg/ml BSA, pH 8.3), 160 uM dNTPs, 0.3
uM primer, AAE DNA (10-15 ng/u)@} 1 unit®] Taq
polymerase (HanTaq, Genenmed)S A7}5te] & 50 plo] &3+
E-& THERch PCR BESR A2 95C oA 383 27] @A gt
% 95°C o)A 30%, eubacteria®} archaea= Z+Z} 49°C 2} 55C o
A 30z, 72°C oA 134 303] JHEstaL, upx]ehofl= 72°C ol A
1087 A3 & 8- SHAIH

Eubacteria®} archaca®] PCR AFE-& 1.0% o7} 22 of A
Z719% 3§t & Power Gel Extraction Kit (TaKaRa, Japan) 2 %
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A5}, pGEM-T vector (Promega, USA)E ©]-835}9] 16S
rRNA clone libraryS =313 A& o 1007 o|A+o] Aj=g
28 Ak T-vectord] G714 Dol ARAQ prGTf (5
-TACGACTCACTATAGGGCGA -39} 16S tRNA 2] 1492R
9 Arch 958R Zg}o] A& AR5} direct amplified PCRS
223)3}3(Chun er al., 1999), A7|HE0 2 PCR AHE9] 372
ghlste] 570l A 3/ wWpgko 2 AMlE 23 SES 24 Adst
St A= Yz SEEL T7 (-TAATACGACTCACTA
TAGGG-3’) Z}o|H& o]-§3}o] ABI 3730XL DNA Analyzer
(Applied Biosystems, USA)Z &7| A €S E43}% ). Eubacterial
16S tRNA clone library 9] ¢~ 12} ¥Hg 7|4 71 Es)j/Abdta
z9} 221 @714 AR, 33+ W71/ wieh A 2ol A 22t 48,
50, 47 E229] g7|A gL BAstg2H, archaeal 16S rRNA
clone library 9] 7-¢- 22} @74 A3 29} 334 E714d H ey
AzoA Zk2Zr 21, 58 289 F7INES E4%F4T) 168
RNA §4%}2] g7]4 <L DDBJ (DNA Data Bank of Japan;
http://www.ddbj.nig.ac.jp) ol 5-Z3}FtHaccession no.: AB731223-
AB731446).

16S rRNA g7|MEQ| ASERE 24

A2 oA &el= 16S rRNA §-A 2] & 7] A D3} Ribosomal
Database Project (RDP; http://rdp.cme.msu.edu), GenBank
(http://ncbi.nlm.nih.gov) 2] database ZH-E] E21H F7IAES
CLUSTAL X (version 1.83) Z213-8 o|g3lo] AA3IATh
(Thompson et al., 1997). AEH 7| A E-2 PHYLIP package
(version 3.6a3)E ©]-83}9] Jukes and Cantor distance model
(Jukes and Cantor, 1969)3} neighbor-joining method (Saitou
and Nei, 1987)2 @74 87| 21314 Azjet AT=g FE5t
S tH(Felsenstein, 2002). T3}, bootstrapZt-2 1,0003] 2] resampled
data 2 X g AJAF5}9 thHFelsenstein, 1985).

s
o
i)

3CHA| HIEHEAEE| 2 B X2|=

3cHA AA) wlehlAg 3 &4 = W aEa §8-2 Table |
of FAISHAT. HEIAE A O feee LFF7IEY L8R
szt 2 #H4=%l.em, tCODS} sCOD= 12} ¥HE 7] 7hrial/
AP z0l| A ZEZE B 35.95 g/Le} 22.97 g/L, 23} @74 Ak
ARz A ZtzE B 34.63 g/L, 22.24 g/l $=F0|]t} 32 §
714 WEgAd = 9] (CODS} sCODE ZHz i 4.23 g/L, 3.02
g/LE 12t} 22} g of| v|al 2P E9] Fal7} g o]Fo|A
tCOD$} sCOD7} #A3] R SRIsEct. &, 304 HeAy
A 33E B3l S4E9 tCOD7} 88% 7t A|A= %L, BODE]
% 95% AA= AT

Z} Qk-gzo A A E= F714R RS acetate$} propionic
acid, butyric acid2 & {7]4k9] == 12} 339 739 3.33
g/L, 22} 378 9] - 7.46 g/LZ A nES] 9f 13 5
AHr} 22} FAol| A B2 {7|4hE Akt 32 F7)4 T
gz A 1, 22 A o3 BAE f714HE o83t

¢ RoHo
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Table 2. The 16S rRNA gene primer sets used in this study

. E. coli Amplicon Annealing temp.
7. ’
Method Target group  Primer Sequence (5'—3’) Numbering size C) Reference
) 357F CTACGGGAGGCAGCAG 341-357 Muyzer et al.
Eubacteria 194 55
Quantitative 517R ATTACCGCGGCTGCTGG 517-534 (1993)
real-time PCR Parch 340F CCCTACGGGGYGCASCAG 340-357 Ovreds et al.
Archaea 194 50
Parch 519R TTACCGCGGCKGCTG 519-533 (1997)
) 27F AGAGTTTGATCMTGGCTCAG 8-27
Eubacteria 1503 49 Lane (1991)
16S TRNA 1492R GGYTACCTTGTTACGACTT 1492-1510
gene library Arch21F TTCCGGTTGATCCYGCCGGA 6-25 Delong
Archaea 971 55
Arch 958R YCCGGCGTTGAMTCCAATT 958-976 (1992)
kS ASHE Aol m g Q7|Ako] ko] HA|F] ZHastaTt. Bacterial 16S rRNA XX} €7|AMHoj oSt 2R7AX EM

Song 5(2010)°] ®E&H @743} FAHo| FFHL F2
biogas7} A2 o] we YA 9= 70-80% e Bt A
3} Zro] 32} @714 HietIA R A Tty 23 A B
0.65-0.70 m’/kg-VSo|H HAI7}A = Wekglefo] 72% 2 e}
stk

Bacteria®}l archaea?| gPCR

L%}t A9 12} vrE7|A 7B AIAZ(CSTR &
A, 224 @718 AR} 33+ H7)d w8 R(UASB #
A) A& o] A eubacteria®] 16S rRNA -F-A A} copy= mlg Z+z+
3.21x107, 8.74x107, 7.28x10' 2.2 ZA}E| Q) archaea?] 16S
rRNA 4%} copy= mlg Z+z+ 2.04x10’ , 1.83x% 10° , 1.98x% 10°
o]Slth(Fig. 2). ©]-= CSTR 37| B|3t UASB F7olAl
eubacterial= 2F 28] A=, archacal= 2F Ou}] A=, A A v|PYEL
oF 5uf = Z7FHATH A SJulaict

1.0E+09
Eubacteria W Archaea

1.OE+08

1.0E+07

16S rRNA gene copy concentration (copies/ml)

1.OE+06

1.0E+05

B (First Stage) C (Second Stage) D (Third Stage)

Sampling Site
Fig. 2. The quantification of eubacterial and archaeal 16S rRNA genes
in the three-stage methane production process. The values of 16S

rRNA gene copies were average of the five replicate experiments.
Error bars represent standard deviation.

HetA] TA 9] 3t ¥R2-Z = Firmicute £2] Clostridia
7}, Bacteroidetes F2] Bacteroidia 7}o]] 3= Al G714
o] Z}2} 10.6-64.7%, 22.0-65.9% =2 L5191, Proteobacteria
9} Thermotogae 18] 11 candidate division OP92] A+t #+3 =
sholx] °4E]-(Table 3).

E(genus) FEO|A 3TA HIBAY FHY AL
Clostridia2] Anaerobaculum 23} Bacteroidia®] Proteiniphilum
So| SR 14 WY snauadze AS
Anaerobaculum®} Proteiniphilum¥} -§-QA| 7} 717k Al o+
Aoz 747} 33.3% 5 AASHA L, 22t H7)4 A=) ¢
Anaerobaculum} Tepidanaerobacter (Clostridia), Proteiniphilum
0] Z+7+ 20.0%, 16.0%, 14.0%E A3t} 32} E 714 WY
X Zo| A= Proteiniphilum} Anaerobaculum®| Z}Z} 55.3% <}
12.8% & & =24 7P 35ttt

12} 9HE 7|4 7Rl A g 28 22 @714 A =, 3%
7143 etz A 22 33.3% 2} 20.0%, 12.8%2 43t
Clostridia 7} 2] Anaerobaculum 4-2- pH 5.4-8.79| 4 AAFs}11,
tryptone, casamino acid, 37]4k, ©3E 52 W st= A
714 1-2A|o|tH(Menes and Muxi, 2002). 574k} €43}
EE 0|83}t acetate} H,, COE AAJsta gapdat 22 of
H| AR ALl , HAREEA 2 crotonate?} thiosulfateS A}
23]} sulfate, nitrate, acetate= AFE-3}A] E3tc}h ESH =)
3} tryptone & 2 FHE| A& A|Fwro} crotonateS butyrate 2 T
U8z Anaerobaculum 49 E42 234 @714 A RolA
butyrate?] =7} 1.19 g/L7HR| Z7lete Aufele UX|sic)
ey o] MY == 2219} 32} §E-3-7] 9] Anaerobaculum <5 H]
€9 Zrae UaAkE Hol af o] Ad=7] ez A
ZY=Eltk(Rees et al., 1997; Menes and Muxi, 2002).

11714 7hEalAtg g 2o 221 @714 AP =, 32t
7|4 HeEby g Zo| A ZH2 33. 3%9} 14.0%, 55.3% = 973t
CFB group®] Proteiniphilum -2 P. acetatigenes ¢t F7F 211
o] QIt}. P. acetatigenes< WFF7) H4~5 *|T|3]= UASB

g2 22 3lem, 20-45C, pH 6.0-9.794 AH4st=
o2 B Al ©]th(Chen and Dong, 2005). HE, 2& 4, L-
ol27)d3} B FBARS SAAT UL o2 ARSI, B
e ¢3S, AWARS o]83HR] Ktk E3L, propinate?}
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Table 3. Phylogenetic affiliations and compositions of bacterial 16S rRNA gene clone library

Phylum Class Genus B* (%) (%) D (%)
Alpha Brevundimonas - 2.0 -
Roseobacter - 2.0 -
. Alcaligenes - 2.0 -
Proteobacteria
Beta Bordetella - - 4.2
Ralstonia - 2.0 -
Gamma Pseudomonas - 12.0 -
Proteiniphilum 333 14.0 553
Bacteroidetes Bacteroidia Salegentibacter - 2.0 -
Uncultured bacterium - 6.0 10.6
Anaerobaculum 333 20.0 12.8
Anaerovorax - - 2.1
Caminicella 2.1 - -
Clostridium 8.4 10.0 2.1
L - Cryptanaerobacter 6.3 - -
Firmicute Clostridia .
Desulfotomaculum 2.1 - 2.1
Pelotomaculum 8.3 - 43
Syntrophomonas 2.1 - -
Tepidanaerobacter 2.1 16.0 -
Thermophilic - 2.0 -
Thermotogae Thermotogae Petrotoga - 8.0 43
Candidate division OP9 2.1 2.0 2.1

* B, hydrolysis/acid reactor
b C, acid reactor
¢ D, immobilized-bed methane reactor

butyrate 5= WY 0] 0] &8 = ¢ acetateS} H, 2 H-3]
Sh= AP/ Nl - propionate AFStAFak F-AY 8} propionate
o EalE 743171 dEEokR €A Slth(Chen and
Dong, 2005). whetA], 32} @7]/d weblgzelAl 53% 2 71
QA3 Proteiniphilum 42 20.3%Z Z}A|$t Clostridia 7}2]
syntrophic bacteriaS3} A3 280 2 22} Aol A WAE 710
mg/L2] propionate A AL} AAIH acetate 2} H,Z 5| WEHAA
9ol 5§ Tl 71HFE A o2 =H4Ht

Clostridium &-& 12} ¥F8 714 715Ba)/ A A R} 231 &
718 A =, 32} @71/ weh Al 2ol A 22t 8.4%2) 10.0%,
2.1%= AR5kt 229 @728 R0 A Clostridium spp.=

9Fgt % 9] hydrogenotrophic methanogen®} &3} 4117}
9] A AR 0]F o)A fatty acidE AFS}sH= v A E(Schniirer
et al., 1996) 2 3T de-Y4g T4 VFAL] Eafjof] dojgt
<%+ Utk

Clostridia 7}2] Tepidanaerobacter 42 22} d7]14 AHIA
Zo AT FRIEGl o, 16.0% 2 5t ch AiF 7|1 1L
M2 2 25-60C, pH 4.0-9.59)| 4] AAstcH(Sekiguchi ef al.,
2006; Westerholm et al., 2011). B-=3}5-2 2ha 5}o] acetate2}
Hy, COE A3t g4yt oUAYes {74k 43E,
lactate, acetate, 72} ofu]|i=AFS- 0]-8-3}H, hydrogenotrophic
methanogen®} FAAAE o|Fojof A & 4= gt} AR =&

A2 thiosulfateE AFE-3}L} sulfate, nitrate= ARE3}A] T3k
(Sekiguchi et al., 2006; Westerholm et al., 2011).

12} RF 714 Zhpiall A8 g 29 321 7] ve Al 2o
X Z¥Z} 8.3% 2} 4.3% S Z}A] 8t Clostridia class2] Pelotomaculum
42 2545T, pH 6.5-7.500|4 A&l 524 F7|Altolt
(Qiu et al., 2006). TheF3t 7] A& W 3} acetate2t Hp, COE
AJA331H, hydrogenotrophic methanogen®} FATAE ©]F0]
acetate = H|gt o 2 B3|stch AA8A| 2 sulfate, nitrate:= A}
8511 Zokal, & I3} propionate, lactate, phthalate®} ZH2
EARFo] 2R WkE A 4 55 w3 THQIu et al,
20006).

12} WFE 7|/ 7hai el At g 2ol A 2.1%F A 3T Clostridia
class®] Syntrophomonas -2 syntrophic fatty acid AFSHA|F2

2 Methanoculleus 43} -2 hydrogenotrophic methanogen?l
Methanomicrobiales®} FATAS o]Fo] lipide] YHHALER
W2 Y] %7} oA fatty acid?} butyrateZE HEtO. 2 E3|
3k Hansen et al., 1999; Tian et al., 2010).

Archaeal 16S rRNA %X H7|MHol| olgt Z2ETE EM
UASB 322 vgho] BAE= 23 @714 AMEAd =93

2} @714 ez A2 A ZH2F 100%, 96.5% S 12|61

7 43t wek Al 743 hydrogenotrophic methanogen©]|
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4£3}= Methanomicrobiales =-2] Methanomicrobiaceae I},
Methanoculleus 2.2 M. bourgensis (AF095269)2} 95-97%
9] FAIEE et ITh(Fig. 3). E3F 32} F7|4d HiRHAA = Al
29X 3.5%E Z}A|%t Thermoplasmatales E-2] Picrophilaceae
o] &3z archaea®l FAFRE #50] FRIEH AT

UASB 3749 2219} 3%k ¥hg-2oA 96% old-& AA|gh
Methanoculleus 42 3X3$F5H= Methanomicrobiales 22 H,%}
COLE ©]-&3te] wehE A/d kLt acetateF ©-§-5ko] HTHE Ay
AR E3l= Ao 2 LA ATk(Ollivier et al., 1986; Tian et
al., 2010; Bialek et al., 2011). 234}, £ 304 He3AAEA

9] UASB FA oA &5 Methanoculleus bourgensis ¥ o}
oy 2O

2} M. palmolei, M. marisnigri 52] B2 £ growth factor2

Methanothermus
Pyrococcus

82

100

Thermacoccus

a9 Methanatarris

acetateE Q3K Ollivier et al., 1986, Maestrojuan et al.,
1990; Zellner et al., 1998; Bialek et al., 2011). M. bourgensis+—
1-2 um =Z7]9] £%4Jo] gla1, 40°C (37-457C), 34 pH (pH
6.7-8.0)0| A} AABH= 7] = & %A (chemolithoautotroph)
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Fig. 3. Phylogenetic tree based on the partial sequence of archaeal 16S rRNA genes cloned from the two UASB reactors for acidogenic and
methanogenic processes. Prefixes “2AC” and “3ME” in clone name represent the acid UASB reactor and methane UASB reactor, respectively. The
tree was constructed by using the neighbor-joining method. The sequence of Sulfolobus acidocaldarius (D14053) was used as an outgroup. The

bootstrap values above 70% are shown for internal nodes.
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