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Molecular methods were employed to investigate microorganisms in a thermophilic continuous stirred tank reactor (CSTR)
used for continuous H, production. The reactor was inoculated with heat-treated anaerobic sludge and fed with a
glucose-based medium. Denaturing gradient gel electrophoresis showed dynamic changes of bacterial populations in the
reactor during 43 days of operation. Gas composition was constant from approximately 14 days but population shift still
occurred. Populations affiliated with Fervidobactrium gondwanens and Thermoanaerobacterium thermosaccharolyticum were
dominant on 21 and 41 days, respectively. Keeping pH of the medium at 5.0 could suppress methanogenic activity that was
detected during initial operation period. CHs and mcrA detected in the samples obtained from the reactor or inoculum
suggested the heat treatment condition employed in this study is not enough to remove methanogens in the inoculum. PCR
using primer sets specific to 4 main orders of methanogens suggested that major H.-consuming methanogens in the CSTR

belong to the order Methanobacteriales.
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Figure 1. Performance of the thermophilic CSTR used for Ha
production.
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3lo] biomassE 853t ¥ phosphate-buffered saline (0.13 M
NaCl, 10 mM sodium phosphate buffer, pH 7.2)°. 2 A3 3} 11,
Soil DNA isolation kit (Mo Bio Labs. Inc., Solana Beach,
CAYE AHE3te Az3Ate] AAUEZ DNAS FZ2389
t}. DNA %% & Lambda 12 spectrophotometer (Perkin Elmer,
Foster city, CA)Z &3}, %% DNAE polymerase
chain reaction (PCR)|| A}#-5 )t}

Table 1. Reference strains and PCR primer sets used in this study
Size of PCR  Target phylogenetic

Primer pair Reference strain
product (kb) group or gene
518r/341f 0.2 Bacteria Pseudomonas putida
10909151 0.83 Archaea methanogen
ME1/ME2 0.76 merd methanogen
L{Lr 0.47 mecrd methanogen
1091/1401r 1.31 Methanobacteriales  Methanobacterium bryantii DSM 8637
34481202r  0.88 Meth occales Meth occus j hii DSM 26617
3551068 0.73 Mett cinales  Meth cina barkeri DSM 10131
Methanosaeta concilli DSM 36717
Meth icrobiales Methanospillium i DSM 864"
PCR

PCRE 165 RNA fdA ©#HE FZ3lo] Denaturing
Gradient Gel Electrophoresis (DGGE) £4¢] A}&3l AL}, o
gAdEo] HAE mad RS FESeY A AT
B A7) A}L3 PCR primersi Table 10] LFERJQ.0 1
PCR Hhge FAG) 71€® A3} o] AASHh
Primers 357f-GC$} 518r& Al83}e] 165 rRNA £-4# ©H
(Escherichia coli numberingol] 2]3} 341-534 9x)o] &3}
T °F 194bp PCR 4HE)E 8¢ty PCR 2L
agarose gel AZ|YTES HAgtd 1 A7E B o

DGGE] A}&-3} %t}

(Table 1); MEUME2(14) 18T LfLr(15). S8R merd
PCRo| 4}  positive control 2 A= Methanosarcina  barkeri
DSM 101312%H %% total DNAS A48}, 33
negative control 2= Pseudomonas putida DNAE template =
AbE-EEdth ob&el template DNAE H7}3lx] ¥& PCR
WH-3-X negative control® A}8-5} T}

A merA7F PCR 2Z % Al29) Qe WeAAdTY A
FHAHY 9% 2A99. o W WPEATY Fa
E (order)o] £©]4 <2 PCR primersE AH&-3lo] 16S rRNA &
HAAL HHE FEIFFTHI6). Methanobacterialesd) B0} <l
109f/1401r, Methanosarcinales$} Methanomicrobialesd) B0} 2 o]
355£/1068r, Methanococcalesol] 5] 3 <] 344£/1202r. ©) wj PCR
ol A} positive controlsE A= Th-¢] @EZHEE 253 total
DNAS AM8-3l9t):. Methanobacterium bryantii DSM 863",
Methanosarcina barkeri DSM 10131, Methanosaeta conciliDSM
36717, Methanospillium hungatei DSM 864, Z12) 1. Methanococcus
jannashii DSM 2661"(Table 1). ©]5-&  Methanobacteriales,
Methanosarcinales, Methanomicrobiales, “12]1l Methanococcales
Eof] Z+7} 33 Negative controls-2 P. putida DNAS template

2 AMEE ALY template DNAS 71814 & PCR HHS-&
AR89 Th. PCR AME-L- agarose gel A719% ¥ g o]
WAE A BRo| we} SigmaGel (Jandal Scientific, San
Rafael, CA)S AL-4-3}o] DNA band¢] Z=E Z33}9th
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wg7) W) A 2UE 2N/ PR FE
16S 1RNA ##2 @HL Agsto] DGGEE A st
PCR 2HE& E#(5)) 7]e¢d AFA #o] DCode System
(Bio-Rad, Hercules, CA)S AME3ld RE23t9tt 38 DNA
bands= DGGE gels22H Zehjo] PCRZ U] ZEaa,
ZZ% PCR AHE2 A A kit (Bioneer Co., Daejeon, Korea) & 2
A Fo nucleotide sequencingS A8} th Ribosomal
Database Project 112] CHIMERA CHECK program-& ©]-&3to
chimeric sequencesS 7}2 nucleotide sequences= 3¢ T
A A7l E3F BLASTN (version 22.10)2  o]&35ly
GenBank databasel| ] 7H¢ fAHE @714 E& A3 AT

al

dnp ¥ 3

37| ds
H, A&zt Hy 489 A3E 2AZ #dzdg 2
£ CSTRY start-up?]7Fe 308 o2 Jeh}(Fig 1A &
1B), &2 CSTRel| Hl3] vt AT g2 Ho|Qok17). Hy A
A FEe 2719 1 mol Hymol glucose ©]3}1ov} oF 14
AFEHE L5 o) Uetllo] 2 WyE A3V 549
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o} nbutyrate®] F%, Hy 83 &L E 74390

Biomass 5T

CSTRL HI LA AME- )7L fesits Ado g 83 &
2T ALY mA Eo] dEE dez EA3les
A W&ol FAFo] W& Dol Ak 1A B
AL E FZ 9 biomassS A AZZHE] CSTRE AT
N oZH L) ol biomassE G| &t mAtetgel A2
% Z7] biomass FEE 5,350 mg VSS/Lo] 1 o} A 7to] 7o
whet M 7aske] 13YRE = 1,450~2,200 mg VSS/LE 92
FA]3}c}7) 339 o] FE 595-812 mg VSS/LE %] 3} 4 h(Fig.
1B). M2 ) HRT (48-24 st FA2E ] biomass
o Aol B3, ¥e7)9r9] biomass FEE TS
W7l Bag Ao wis) @ Woluk1s). oA
B AT A3 Txge Frrt ¢g #uk opg
HhE-7] o) A 2 v F 24 9] wsHDGGE 23
#z)9 tiEo] &9 Fge BEE WAEY H2H
24 3 3 g A ez IAIT. I
biomasso] HAgo) Zasel FAxE olfste MAEE
CSTRZ AN =3t ¥H-2 7)) 9] biomass -2 BH 1A} &
A= A e Ao syt

Figure 2. DGGE profiles of PCR-amplified 16S tDNA of thermophilic
CSTR samples. Arrows indicate bands whose nucleotide sequences are
most closely related with 7. thermosaccharolyticum. Lanes: 1, unheated
seed; 2, heated seed; 3, 8 days; 4, 21 days; 5, 41 days.
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o2 AlgHEY. A% WAE ANEs €A 4§l
%23 DGGE profiles& e} o] Bacteria domainol] 3|33}
< MAE 2L v etk

7o 2FH EAEE F)Y LstenAdXE At
7h= DNA band7} o 3 7§ vElbstoh 12y 98718
ojeh A28 Al 2ol A= 2370 2] WA A Fe
25 202 1o} CSTRY £R271 8ol 53 o)kl
AL & UMY B AolA AAxE olgd 4
biomassE A@dte] &7 biomassE # A kALt
Aefo) AL QAW AL, o)A & AAZ $H) o
gol wolx Aol BEE OE Fo BAAA 24 B 4
7 okgle) 7|% HeB AAZTH

Hh-8-7) &7 8,21, 1831 419 A #H 3 A 59 FQ bands (Fig.
29] bands 2, 3, 183l 6)= Clostridium cellulosi, Fervidobactrium
gondwanens, 18} 31 Thermoanaerobacterium thermosaccharolyticum
ol AFdeE ez 71 dAR e Aoz el tH(Table
2). Clostridium} Thermoanaerobacterium?:2- Clostridia 7} (class)
o #3l FervidobactriumS Thermotogae 7+ol &3t} C.
cellulosi= 18 Hy A4F vjokdo A BHad v} Qlom(T7). F
gondwanens= IAE FA 3R] o= gram ST O 2 X T
& W &3} Hy, lactate, acetate, ethanol, 18] 1 CO,E A sl
Ao 2 Wy AtH19). T. thermosaccharolyticum®] H, A5
olu] 43 216, 20), 2 Hy A3t AHE-E 7|/ Wk
A o] AFa AT H o2 APH ol 16S IRNA 3
A} @H o] A E QT B H U5, 7-9).

"7 Hy A2kl ARE-E WH3-7]9] el e gubdo s
Clostridia 7] 4:3F= p| i Bo) 24 0 2 WA YK1-3, 5, 7-9).
1L 12710l A= Clostridia 7+ Zol| X Thermoanaerobacterium 2
(genws)ol] &3tE wEo] AT AoE HRTKS 79, E
TE 23 T thermosaccharolyticums} A ZHAstz o g A
Aol 1 CSTR 3T 433 w3 MYHUS
¢ AT okt @293 ¥gy] FEHE AMSS B

Ho

<

S AFE A BES, 79% T thermosaccharolyticum
o FEe] AL H Al Fa7 4TS e R B
st

Table 2. Characteristic of DNA fragments obtained from DGGE gel

DGGE GenBank search result o Taxonomic
band” Phylogenetically closest relative Similarity  description
(accession no.) (class)
1 Beta proteobacterium 5Z-C1 (AJ224618) 92 B-Proteobacteria
2 Clostridium cellulosi (L09177) 99 Clostridia
3 Fervidobacterium gondwanense (Z49117) 98 Thermotogae
4 Clostridium thermoamylolyticum DSM 2335 08 Clostridia
(X76743)
S5 Thermoanaerobium lactoethylicum (L09170) 97 Clostridia
Thermoanaerobacterium thermosaccharolyticum L
6 strain D120-70 (AF247003) ) 9% Clostridia
Acetanaerobacterium elongatum strain Z7 L
7 (AY487928) 92 Clostridia

"Name of the DGGE band (16 rRNA gene fragment) in Fig. 2.

FHA merAS 0|33 HEHEd T E4

= 7oA AF gAE dAsteH AR =
& v dEe -9 AAsted IR A
719l CHso] biogasol M A& H A1 (Fig. 1C), 4F £

o P
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SRSV E2RE FHE AlRdA wWaddFel e merd
A7 PCRE SHHA0E oz ¢

4 5 A oHFig.
3). 4% merde HE@EAANAM F2AGE 3= methyl
coenzyme M reductase®] a-subunitS & 3ETI. SAR

merad] 5012l 2 sets?] primersE Al-4-5te] PCR A2 1
o WEY AT L EANSFAT B ATl AHEH o] 2 sets)
primers= Al FEA A Lt 2 o2 B Y
21).

PCR ¥4 & A% 42&dAg s o4
4145 Hd A=
- osets®] primers= £ ARE \%E}L“E}(Flg 3. &4 8
Ty2EA A

A A HE Az 2L moA HAAE

e SR AG: o] W BAME biogase] 45%+ CH7}
ARG HE w7 ¢ 41Y9AE CHL AEHA
o, s 2A5A AW R TS e, 2
P4 pH 5021 2L CSTR FANA vgtydF9 47 2
*3“7‘114- CH,Z gﬂ. } /Ho] g—tﬂ-o}_x]“—_— = 34\

123 45678910

-
800 bp g §
—> 3

X

0% AT £ 2ol AT AROIAE merd H07
7 FEo] 974 gl & AFNA AHEH Z7)H PCR
Ago] UBIA g Az eyt £ ofF 4

[SUNR
B =

& ALE 590
16S rRNA

FEAE 0|88t HEFHMFS BN
A2 merA7} PCR &% I 9
AT A% 2A3199)
l_L'(order)oﬂ Eo]#¢l PCR primersE A}-& 3}
FAA GRS FESATFg 4. A7Y
Eéu oA g EAS A AEEYAC de BT E
o F 8 Methanosarcinales$t Methanomicrobiales S-°l) 43}
O (Fig. 4 S 2% Y AL, 8UA A B YRFEL F
Z Methanobacteriales 29| 3|3 &= A2 Jelytt)(Fig. 4
A2 o} &) A}Z)). Methanobacteriales 2o &3l v gAY AL

£ A3 A9 hydrogenotrophic methanogens . 24 H, & 7]
Z 3l CHE A4H3oh

1234567 8910
600 bp - ”

> W s ™

100657

Figure 3. PCR detection of mcrd genes in thermophilic CSTR using primers MEI/ME2 (left) and primers Lf/Lr (right). Lanes: 1 & 10, size
marker; 2, unheated seed; 3, heated seed; 4, 8 days; S, 21 days; 6, 41 days; 7, Methanosarcina barkeri DSM 10131 (+ control); 8, no template

DNA (- control); 9, Pseudomonas putida (- control).

123 4567891011213

1234567 89101112

1500 lopgz !
" !

1234567891011 1213

1 23 4567 8910111213

Figure 4. PCR detection of Archaea-related phylogenetic groups in thermophilic CSTR. Primer sets used in the PCR were 109f & 915r specific to
Archaea (top left), 355f & 1068t specific to Methanosarcinales and Methanomicrobiales (top right), 109f & 1401r specific to Methanobacteriales (bottom
left) and 344f & 1202r specific to Methanococcales (bottom right). Lanes: 1, size marker; 2, unheated seed; 3, heated seed; 4, 8 days; 5, 21 days; 6, 41 days;
7, no template DNA (- control); 8, Methanobacterium bryantii DSM 863" 9, Methanococcus Jannashii DSM 26617 10, Methanosarcina barkeri DSM 10131,
11, Methanosaeta concilli DSM 36717 12, Methanospillium hungatei DSM 864" 13, Pseudomonas putida (- control).
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Methanococcales®l] £-o] 221 3449} 1202 primer *¥o) 2] 3}
Methanobacteriales 59| 3|35} Methanobacterium bryantii
DSM 863" 2 2B & PCRAIE 0] ZE 5= A(Fig. 4 S2& 2
Ao 2 Hol AL PCR £ 7 819 A o] primer % 9] So]
Aol B2 AL ohd Aez HItKCardiff W3] A

Weightman 34=9} 79 ). 20| = &3} 1 Fig. 49] 4
= Methanobacterialesdl| 3|23l WA A FE0] pH 5.5
AM % Bgo] A E R &l HE o438l CHL LA 3}

<o F83 9FS 3 A2 dAAY. ALYt Her
Archaea domaindl] &3l HE wAEo] HgAAFL o}
Uy dgAl g 7L o] domaind] Z3ch Archaead] Eo)
9] primersE o] &3 PCR A= 2o Eo]z9) PCRIF}
mcrA PCR A¥ 1A Q&7 QAL 321317 9a)A

AAHATHFig. 49 D% 9 A7),
2 o

k

CSTRE H|u 3 ZF& startup 7]743 T H, &
1

<+
eSS He A4

< &£Z9 H, 89 A3
2 A3y start-up 7] 7HE 309 olfolled, H H,
F&L 24 mol Hymol glucoseo] $1T}.

2. 423 7] HRTY HAZE o] L3 biomasse] <=8l
T B, Y £5%29 257} o} biomass 5
€ UE F& WA BHag A " g Ho)
ey

3. &3 Z7]9 CHso] A3 o 8% o] RE = pHE
50 °oJ3lZ FAEFEY 149 o]lF2E AY HAEHXA
e ZoZ ¥A HEMAde] AF T dol o
T Wg7] FHZPE F3) CH ‘Q“g% AAE = U
}.

4. A% HAEL g3 EZRE 43} A5 DGGE band
BEo] }E ROZ Mo} 1L CSTR ZAA Az
T AE T 240 WIS ¢ F ATk

2 b
N
N

307k SR77 Foto] B
A E FIERAL 549 ¥ Ve oF 14
YF-E = biogas 240 A9 AP oY WHE A
< 4 wWsE Yehldd. F gondwanenssd T
thermosaccharolyticum™} A S22 0 2 714 A o] g)

EANAFE A 21U} 41 Ao 22 oo = Vel
=3

6. & A7lM HF &AE EAHed AL =24
< HEddTE S48 AAsed BEEITE R
&4 2719 CHio] biogasol X HEHAT, A& &8
o} wkgVI2RE A AFAM wgAHFo] A=
merA %AA7} PCRE FZHonz & 4 gigiuh

7. HEYRTY Fo B 5o primersE A}E-3to]

PCRES AAN3 Ax} AzL A e o9 HeEPJA TS5
T2 MethanosarcinalesSt Methanomicrobiales 2o 4:3}9
on, CHyo] ZAPE wj o] ¥37]o) Qe YA TE

< 2 Methanobacteriales 2| 3135 = A0 2 Vel
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z Al
B A3 323w (FAM3, KRF-2003-003-
D00230)2] Aol &3l FHASHT.
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