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Analysis of Microbial Community Structures in Thermophilic Hydrogen
Fermentation of Starch

Yohei Akutsu, Yu-You Li*, Kengo Kubota, and Hideki Harada (Department of Civil and Environ-
mental Engineering, Tohoku University, 6-6-06 Aoba, Sendai, Miyagi 980-8579) Seibutsu-kogaku 86:

157-163, 2008.

Microbial community structures in thermophilic hydrogen fermentation (55°C) were analyzed by
molecular methods, including polymerase chain reaction-denatured gel gradient electrophoresis (PCR-
DGGE), real-time PCR, and cloning methods. Samples used for analyses were obtained from five identical
completely stirred tank reactors (CSTRs) of thermophilic hydrogen fermentation from starch, which were
seeded with five different types of inoculum. The closest relatives of the genus Thermoanaerobacterium,
which is known to be a typical hydrogen producer, predominated in all reactors. However, microbial com-

munity structures abundant in each reactor were different, indicating that the type of inoculum is one of
the important factors for thermophilic hydrogen fermentation.
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Table 1. Primers used in this study.

Primer Specificity Sequence (5'—>3") Purpose Reference
EUB341f bacteria CCTACGGGAGGCAGCAG Real-Time PCR 10)
EUB341f-GC  bacteria GC clamp-CCTACGGGAGGCAGCAG DGGE 10)
UNI518r universal ATTACCGCGGCTGCTGG i PCR-DGGE & Real-Time PCR 10)
27f bacteria AGAGTTTGATC(A/C)TGGCTCAG Cloning (ligation) 11)
1492r bacteria GGTTACCTTGTTACGACTT Cloning (ligation) * 11)
MI13 f vector GTAAAACGACGGCCAG Cloning (sequence) invitrogen
Mi3r vector CAGGAAACAGCTATGAC Cloning (sequence) invitrogen
ThrmoH2F Thermoanaerobacterium GCGTGGACAATCTACCCTGT Real-Time PCR this study
ThrmoH2R Thermoanaerobacterium TATAGCCGCCTACGTGCTCT Real-Time PCR this study
GC clamp — CGCCCGCCGCGCGCGGCGGGCGGGGEGGGGGCACGGGGGG  PCR-DGGE 10)

55°C, HRT 24 R DG&M T oz, MMTIEH A ERE
EBIUOHTAEEPWENTNEELI: 44 BEHOY > T
WERRAWT:Y, EERCHEA L2 11570 ORI,
7> 7>, 10,000 mg; X7 b >, 500 mg; yeast extract,
500 mg; NH.HCOs, 500 mg; Na,COs, 2000 mg; KeHPO,,
250 mg; MgSO, * TH2O, 120 mg; FeSO, * 7H:0, 25 mg;
KI, 2.5 mg; MnSO,*4H,0, 2.5 mg; CoCly*6H,0, 2.5 mg;
ZnSO,* 7TH20, 0.5 mg; NiCls * 6H20, 0.5 mg; NasMoO, *
2H:0, 0.5 mg; HsBOs, 0.5mgT®H %9,

FNTNDERRZCHEA LHERERIE, KEVEHETSTE
DEdmiEtGe (RD, AAEOSEBE(LHE (R2), T
KBREAEZADIAVRA L (RY), U0 bOERE
REEGYE (RY), TKBGRELECADERMELER (RE)
T B9

PCR-DGGE % DNA D #ild, Ultra Clean Soil
DNAkit (MO BIO) ZHW, HMFOHFHAE LI N
FIETiTo7% #HELLEDNART 7L —1F &L,
EUB341f-GC & UNI518r D771 ¥—+ v b (Tabel 1)
T16S rDNAD V3HE I 2 & G #iH 2 2/ B 1 DWW TPCR
g L 72

PCREWDHKIL, ZNZNDT T4 ~v—, 0.5uM;
dNTP mixtures, 0.2 mM; Ex Taq PCR Buffer (& & Mg?*
EE, 1.5 mM) ; DNAKR Y X7 —+¥ TaKaRa Ex Taq (¥
ATNAF), 25 U0/100ul & LTz, =¥ 17 F—
l%, TaKaRa PCR Thermal Cycler Dice (Model TP600)
(BHINA ) BRI, PCR DEMIL, 94°C x5 %9
+ (94°C x 30%) + 53°C x 30 + 72°C x 149) x 354
TNV +T72°Cx545 & L7,

DGGE ([ [Z %R B Xk E) 3 & DCode (BIO RAD)) %
iz, 779007 I RV, BEAIORE AR 15-
55% & 725 & 5 ITEHBL L 7o (ZEMEAIRE A3100% DR R
BTM, FIVLT I N 40% (viv)). BEBRIKEL, 0.5 x
TAE Buffer % i\ > T 58°C, 130 VD4 T300 1T -
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7o, BRIKEHRD 7 VRO DNADKHITIZ=F P 7 LT
oA Fa2Hw, UV IESHS I CEEDRY AAITIE
ChemiDoc XRS (BIO RAD) %MWz, o/ F
YO HEL, QIAEXII (QIAGEN) 2L U DNA Z#H
L 7z. PCR THiIE L 72 DNA % MicroSpin S-300 HR
Columns (GE Healthcare) 12 & D #E8 L, ERAET %
M L7z

1) 7 V& A LAPCR%E% B\ - Thermoanaerobacterium
BHEOTE

TS5AI—Di%E Thermoanaerobacterium BB D
FEICHERLLE 714 ~v—+v b (ThermoHsF and
ThermoHsR) DF%EHIT L Primerd 2 AW /212, E L7
T4V —DEREILTO (1) ~ @ #boTHE
HE L7z, (1) RDPI® D$fEd 25 — )L “Probe Match”
(2 & UL Thermoanaerobacterium BME B L TN 51T
B a—VITRRPTH -7 &, (2) LightCycler iz
L BRRIBROITICL D, T v A7 —BLXUFE
FERMEM DL A2 &, (8) LightCycler (T & 0 38
i@ L7 PCREYD T Hu— X7 )VEIIKENT & 250 E
2T, BREELLY A XEELONY FOAPBEX
NnzZ &, BLTV @) LightCycler IZ & 0 #8i§ L 72 PCR
EW R & U CTEUBS41fGC & UNIS18ric L W 1§ 541
72 PCREM % F\T (nested PCRE), DGGEER{T
BoNic T RXTDOINY P ORI 2o LiciER @&
HCELTRCOEERINERLAZETH > 72D,
Thermoanaerobacterium BRI CTH -7 Z &, THs.
L7794 ¥ =T GC-clamp i L TDGGE %171
312 nested PCR =% W/ DE, BIETIENNY FH X
COBEET IV E LW TERP oD THBM,

V7V A LPCREZ A 16S IDNADEE
Y T7IVE A L PCR EIIE, LightCycler DNA Master
SYBR Green I (Roche) ¥ & U'LightCycler (Roche) %
Auvi, EEMEOERICE, EUB341f5 L UFUNI518r
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ZRWI. YT IEA L PCREDRIGER 20 u O
BRUE, kD& 5 ITHRE LT - Mg (EBRIC X 0 IBE ik
ELT2) &7 74—, 10 pmol ; #iH L 72 DNAWH,
2 ul; SYBR Green 1, 2 ul. V) 7 )V & 1 1 PCRIED PCR &
fEl, 95°Cx 30F + (95°C x 0F) + 7 =— ) >V VIR
[°C] x 10F) + 72°C x (PCREWD YA X [bp)/25) ) x
304% 1 7 )& L7, ThermoHsF & ThermoHsR 35 & T
EUB341f & UNI518r ENENDT T v —%&y MTH
Wi (T=—V U 7RE, Mg RE) iZ, (60°C, 3 mM),
(55°C, 4 mM) & L7-.

EIF M5 B & U Thermoanaerobacterium J& #E D 16S
rDNA EE A OEEE DNA 1213, R1 » HEE L 78581
D 16S rDNA % Z N Z U B 7 7 1 ~ — THiig
L, QIAquick PCR Purification Kit (QIAGEN) 2 & 9
B bDREH L. 2O DNARK ZBMKIC X
BRI, MEHROIERUCHERL 7.

oA—=>% 7 u—=>7%3 TA Cloning kit
(invitrogen) %A L7z, %79, #F&% PCR-DGGE ik
DR ERBRICL THIH LT, EIEMED 16S rRNA &R
FTERERET 27 1492r 7714 v —% Y F TPCR %
fTole. M OFBHEDOFIEICKE > Ty r— 2% FR L
MR F S 2 R3S 5720 MISF &£ MISR D7 74 < —
v b RAWTPCR(94°C: 104 + {94°C: 14 + 50°C:
153+ 72°C : 253} x 3091 7 ) +72°C : 1093) %1T-
7. @ PCR EWITX LT Mspl ZH\>7: RFLP
(restriction fragment length polymorphism) S %
fTote. BRIKHNZ3% 7 Ha—A45 )NV T50V, 4043
Tofe. N NT7u7ZrANNps 7 a—2 %% 0TU
(operational taxonomic unit) 3L, ZHZND
OTU iZ2WT EUB341f 5 X T UNI518r 12 &k 1 350 ~
900 bp DIEAEF R MR LT, X6l EE%
RDP (http://rdp8.cme.msu.edu) ##2ft3 2 CHIMERA
CHECKIZ L O F AT TRWI & RHER LY, greengenes
(http://greengenes.lbl.gov) 23 REET HMET T 7 T L
PRHOTCEEELZRANL, AFEICLIESNTY
o — > OEHEFE DDB] (http://www.ddbj.nig.ac.jp)

CBBHEATHD (T7y v aFES: AB355968-
AB355979).

BEMIOETRS LUREHOER EERIIOR
FelZIZ CEQ 8000 (Beckman Couler) % 7z, R
{ERC/ 7 FIZMEGA 3.1 2 L7219, R OMED
BUICHE A 2 EEREEHEERICIE, “p-distance” Z{HH
L. TBERS G 2 A CARMUE 2 7 L 72, bootstrap @
ErEEIZ500EE L.

20085 45

ERER

BEREBROKRRESFE KERROEFNEICE
7% pH IZKERECHY) 2#HA TH 2 5 BRI L
7o, ERARBCTKERBHFEN RO, KRR 1.38~
2.32 mol Hy/mol glucose Th -7z, 7> 7> D3R CE
AR L7 DILER, BB L UM TH-72h, 20
DO REROREICIERAF TERI A LN
AP CIERIERD R 5 5 DD RIGHE 2[R UEiEg
(55°C, HRT 24 h) THFIL TITo72DT, KEHREHF
EDOEWIMFHALCHEBROZBICL 2D THLEE
Z bz,

PCR-DGGE (T & 25 R kR REMERH OB SR

BIRICERLEY>TIL Fig. 1IZR1IZE 1 2 DGGE
N F7a7 7 A NVORRELZOIR LTz ks
BAME L T SR 10 BRI M B O RS DS HEfE 5
LRELSEL, HAERPBAALE L7234 H P
N RT7a7 7 A IHEELT.

PCR-DGGEXICL VBRENIERE HEMK
544 HHDOARDMEM DOt 2 PCR-DGGE #£IT &
DR L7 Fig.2 B ohionrF7a7y A )V%,
Table 2 2N F OEEELT D BT RERICE D { FERS
REEZNENWRLE. Fig 2006,k E O, &%
BARTN P Ta7 7y AR IZ->T0WS, I, &
RINTHEEINTHMEFOBENRLL2 2RI TY
%. Table 2127F & 52 PCR-DGGE I X Y L IzHHE
E NI DIE, Flavobacterium EFE (R1 ~ R4), Clostridium
BE (R2) 8 X U Thermoanaerobacterium B (R1~
R5) TEBHMETH - 7z,

| 7ILR A Ly PCR &% AW HE B D Thermoa-
naerobacterium BIHE O T2/ T PCR-DGGE (T
X0, FEBRRITBWT, Thermoanaerobacterium JBEH
WCEGLREMESEPICEEL T 2 DRI NT.

Fig. 1. Time course of DGGE band profile in reactor 1. S, seed
sludge; numbers above the image, clapsed days.
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RI R2 R3 R4 RS

Fig. 2. DGGE band profile in each reactor in stable state (on the
44" day).

Z T, BERRITEBWT Thermoanaerobacterium BB
YT NVEALPCRIEICK D EENITRET LY. Fig. 3
YT IWEALPCRIEIZE D RDLEIEMED 7 —
BUTXEF B Thermoanaerobacterim J&FHE D 2 ¥ — D E|

&xRL7:. 16SrRNAEBMEFIE, MEICEVERELT
WEHEMNRLZDL7DIT, 16S rDNA O 2 D&

EEOMEHDEIG EE L 0T TIIRWnaS ), K
T Thermoanaerobacterim JEMIE D £ M IT 5D 2 &l &
Z16S TDNAD IV —HE2RMETHR L &, 40~95%TH
Y, Thermoanaerobacterim BAHIE S L Tz Z L A%
LW TH 5.

Table 2. Closest relatives determined by PCR-DGGE.

120

100 |

16S rDNA copy ratio of genus
Thermoanaerobacterium to bacteria (%)

R1 R2 R3 R4 RS

Fig. 3. Quantitative analysis of the ratio of Thermoanaerobacteri-
um to bacteria based on copy numbers of 16S rDNA. Results
were the average of three measurements. Scale bars repre-
sent standard deviations.

I O—Z 2 JFIC L HMEBF ORISR & R

R OFMABEY KT 2 2EMELT, K
FERDENKE PSR ERIZBN T O—=2 T
BT & DI 2170, fBR% Table 3ITRL. 7 a—>
PR VT T 5 &, R1Cld Thermoanaerobacteria-
ceacHIES (79/89), Flavobacteriaceae Mg (7/89), Oxalo-
bacteraceae B (3/89) TH o7z FHRIMAD T4
70— RTHEE) . —F Rb Tld Thermoanaero-
bacteriaceae Mg (71/85), Clostridiaceae MBS (14/85)
TH - 7z. Thermoanaerobacteriaceae(ZJE& 3 2 HIE A3
FHDRINTBNTKEIEY & Hoiehs, WEDOMEHORE
BIEELPICRZ > T, BEEIORFTDOREER

Reactor Band no.  Family Closest relative Accession no. Length (bp) Identity (%)
R1 1-1 Flavobacteriaceae Flavobacterium sp. AJ319015 160 100
R1 1-2 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum AF247003 130 100
R2 2-1 Flavobacteriaceae Flavobacterium sp. AJ319015 163 97
R2 2-2% Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 134 98

Clostridiaceae Clostridium sp. C41-3 AB059479

Desulfotomaculum Desulfotomaculum sp. AB059478
R2 2-3 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 134 98
R2 2-4 Clostridiaceae Clostridium sp. C41-3 AB059474 130 99
R3 3-1 Flavobacteriaceae Flavobacterium sp. AJ319015 160 96
R3 3-2 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum AF247003 130 97
R4 4-1 Flavobacteriaceae Flavobacterium sp. AJ319015 159 96
R4 4-2 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum AF247003 130 99
R5 5-1 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum Mb59119 130 95
R5 5-2 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 93 95

*Three types of bacterium were considered as candidates of band 2-2.
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Table 3. Clone library of 16S rDNA obtained from R1 and R5.

Clone Family Closest relative Accession no. Length (bp) Identity (%) No. of clones
R1-1 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 839 97 79
R1-2 Flavobacteriaceae Flavobacterium sp. DQ778310 834 99 7
R1-3 Oxalobacteraceae Janthinobacterium agaricidamnosum Y08845 382 97 3
R5-1 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 743 95 62
R5-2 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 854 90 [
R5-3 Thermoanaerobacteriaceae Thermoanaerobacterium thermosaccharolyticum M59119 350 93 3
R5-4 Clostridiaceae Clostridium diolis AJ458417 712 94 5
R5-5 Clostridiaceae Clostridium cellulosi L09177 782 92 4
R5-6 Clostridiaceae Clostridium sp. AY188846 712 97 2
R5-7 Clostridiaceae Clostridium sp. AY188848 673 95 1
R5-8 Clostridiaceae Clostridium sp. AY 949859 679 92 1
R5-9 Clostridiaceae Anaerobacter polyendosporus Y18189 785 96 1

Thermoanaerobacteriaceae 3 & Uf Clostridiaceae (2748
ENr7u—rBIUENRBRMEOEEES 2 H
WTRRIENT 21T o 7o iR % Fig. 4 IR L 72, REFFED
RFET ORERB SN ABAEZ b LI, Collins 5D
FEZHED, £DNAY FTAZ %2 L. R1BLT
R5 T 54727 11— D KE 53, Thermoanaerobacterium
BHIEDRE T % Cluster VII THE LN, REPHLES
N7z 7 10— R5-28 L U R5-3 (ZBEAFD Cluster VILIZE
TEO2HEFRZD2AMOETH o7, RE THEINT:
Clostridium B /L3727 1 — > X Cluster I3 X U'Cluster
IVIZEL Tz

z £

BHE T thermosaccharolyticum DYEE A B 58 T
I3 & EERRITI W T T thermosaccharolyticum (T3 %5 7 #il
MBS L T Z EBPCR-DGGE R, U T IVX A L
PCREB LIV 0 —= 7RI L ORENT, ZDLD
2, WINDEERRITBWT b T thermosaccharolyticum |2
IR ENBES T 2METEEE R o BBHELT,
EECXLMED, T 7 &bt Fewk st
(pH 5 Hilf2), B/MEARRERIA 24 BRILLT, e & D4
WIREINIZEPRELRBETHIEEZLND. T
720, HIRKERESEME L BREKERESGICL HME
BOAD ) —=  VHREWK T 2 &, HRAEFEED
BEITE, ESN TV LIMEEREL NV TIEE SFFE
T2DIZRL T, SRAERETERELUTEN
THREINTVE R TRRED I EDRB I NI,

Thermoanaerobacterium BANE X, 777 LGME, 1FEM:
BESUPEME Th 520, T thermosaccharolyticum VT 575
MEE, ZVa—X, Lednd, £ITH ELo—X
REIFIFRAEEERFAL SR AKRRBE-ICB AT

20084 4%

BLEINTVDEE0, 77 OElRKRREMEICEWT
T. thermosaccharolyticum \Z T2 N L 72 & 2
ETDDERFEPMNOTTH B. T thermosaccharolyticum
BB RS KEERMEE L TN TV S,
Ueno b, 7B L 72 T thermoanaeosaccharolyticum 1% 2.39
mol Hy/mol glucose DIKEZRAEET L Z L 2HEL TV
%%, AWFETE O N R AKEINERIE ZUCIEHT 218
T#H%. Thermoanaerobacterium B 2T 2B LA
WHROKEERICEERBEE L T EEZLND.
EEREOHAMNBE I CRETEE
bacterium BHIENEELZEH TH L Z L1, R1~R5 T
BLTWe, ERAM CHEFEEICIIELPICER
WHDHEDPEHEIN:, RIERZHREE L7 0—
SV TWETIE, Clostridium BB 72 AHEIIRE TR
WTOABEIN, £7 00— FTHI6%Z DT &
IRIKERBEOEERIT TIE,  Clostridium JBMIE D#Z I
AT LD FAr B 285,260 Clostridium JBME 13RI E
REFEIC B 2EBEIKFENMETH 50%, SlRKE
B B0 BRENIH S 5 TlERW. F 72, Flavobacterium
AL RMEE, 7a0—= 7Tl RIOAIT
BWT, DGGE A TIER]I ~R4 WKW THEINT.
Flavobacterium BAIE L, 7 P REMEVERITIE, RK
LB & DOH X AR LRV EREZINTVED, £z,
Flavobacterium J& X, Thermoanaerobacerium &< Clostridium
Bz E L3RR, AEERIMEOHETHS. Yokoi 52
i, AR TS Clostridium butyricum B D EERR &
C. butyricum 33 X OOl M i KBS Enterobacter aerogenes
DEERETKENERZEKLEIA, BERITLS
KEWNEOTWEP - #HEL TS, TOHEHREL
TE. aerogenes WS FULIERN DR ZHE L 127072 LB R
L7z, Hung 52 7))L 32— XA DHFRKBERFEITBNT

Thermoanaero-
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C. acetobutylicum (X81021)
C. diolis (AJ458417)

C. chromoreductans (AY228334)
R54

C. butyricum (X77834)

C. paraputrificum (X75907)
C. fallax (AY208919)

C. chauvoei (U51843) Cluster I
A. polyendosporus (Y18189)
R5-9

C. pasteurianum (M23930)
95 |R5$

77 R5-7

38| 100 C.sp. FA3/2 (AY188848)
C.sp. L1/6 (AY188846)
95 | C. acetobutylicum (X78070)
C. roseum (Y18172)

—WCC cellulosi (LO9177)
R5-5

C. sporosphaeroides (X66002)
l o0 C. leptum (M59095) Cluster IV
4 C. bacterium (AB084627)
j‘|j|;€.:p. strain Z6 (AY949859)
84 R58 _J

T. thermosaccharolyticum (AF247003)

R1-1

T. bryantii (AY140670)

C. thermoamylolyticum (X76743)
T. saccharolyticum (L09169)

s§  C. thermosaccharolyticum (M59119) Cluster VII
R5-1
T. aotearoense (X93359)
T. lactoethylicum (LO9170)
C. cellulolyticum (X71847) =
) C. thermocellum (LO9173) Cluster ITI
94 C.th icum (X72870)
Flavobacterium. sp. YO15 (DQ778311)
0.05

Fig. 4. Phylogenic tree of OTUs and their close relatives in
Clostridia. Clusters I, 1I1, IV, and VII are DNA clusters of
Clostridium (Collins et al., 1994). Flavobacterium sp. YO15 was
sclected as an outgroup species. The scale bar represents
0.05 substitutions per nucleotide position. Numbers at the
nodes are bootstrap values (%).

WML BRSAMERIEA D Klebsiella BANEE 1S, FEEATHREY
HELUKERBICESEL TV ERNTNE, KIFET
H Rl ~ R4 BV TEHEINBEBEKMEME Flave-
bacterium BRI, BRRMAKEEBRMEDOKEAERICE
HLTWImgESERH 5. REIZE T, Flavobacterium
BMEOFEIXEL TER VD, Z7a—=r7Elsn
UL O - PREINRP -7l e b DD
MBI 2FHS N E o EEZ NS, #HIZ, RED
IKFRAERBEDE T U7 R & U T Thermoanaerobacterium
B & 245 L T\ 7 Clostridium BT O K EINE AN X
{, INLDOMEEDHICEBDOBENEL b %
Abib.

IG5, WERVPRELZS LI VR UKEREE
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FNTH-> THRBEINLMEHOMENRZD Z &8
REATE. KRB IR OIS & L BRY
DB, WRELIKEREE 2R T 570D IR & IR
THMEHOME L DRGRZHLPICT 2 LW, 4
DHFERETDH 5.

ER KR BB B A O & % PCR-DGGEYE, Y 7L X
A LAPCRIEB LIV - P ERZRCTH L. #
WIER LY TV, b ODRL2EEREYT > T
YFEEHE L TESRANESRKEREE (55°C, HRT
24h) ICXVEIELLHDTH S, EROFKEE T
DFRIGFEIZ B\ TN KEERME E L TasLT
W5 Thermoanaerobacterium JB M AT 2 I AVE S L
TWE I ERThoTe. Ei2, KEREODEENELR -
TWZNZNDRICHEDMEFEEICEIERLE LN
7o, REETEH o MRS SR K R BB 2 E T B8
TA—=BDIDOTHBHIEDE LI T,

KHFFE D —ERIEIILATBOE A H RPN IR E SR LR B /)
& (ZAHEFS 7264) BLUREHEBRHDS - HHEHE FE
%5 18651030) DB Z#Z I CfrobDTH5S. ZIIEL
THEERET 5.
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