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Microbe-Mineral Interaction and Electron Transfer Kriley/ il RRy Pyt =4
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F AL ZATEYE . [ 255 ] 16S rRNA JE[R 741 Fe o & BHS UL B Clostridium bifermentans 4 AR
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A= W SR AR T O3 R G AR N R B R aRAR K
AR ARG R A T 200 ) R 43 Ry o't e T R K I8
PR i R BEAR FOE R BT BRI, s
[ R SAS , BB m n B A 5. 2 4iiE By g
KA MY EEATREE Clostridium | Ji#T
i J&@ Enterobacter I ZE #1475 )& Bacillus®4, H:
t Clostridium ATz . R ZHE . 7 E
TR SRR S BT R TR
Clostridium 1] LUFI ] 22 FioBE AR S i) % 15
FRE, AR AE CHR LT R RN S A R R
M &= Py 2R 8, n] LURE I 3 2 b 2s A
SN R R TR AN T R e e O, LS SR (1) R
K(2)-
CsH1206+2H,0—2C,H40,+2C0O,+4H,  Ax(1)
CeH1:05—CaHgO42C0+2H, A58 (2)
e b, 1 mol #j4g bt 7 LR Kk I iR AR e
Z a7 4mol &, 7 T IR A BRI Z 7
2 mol A, SEBr b AR A FH A A bl 7 S A v A
AL RN A, B EE/NT 4moal,
b %5 %) Clostridium AR ABFFE & B
AREE RS, M IR BA BRI RE T -
7 20 fit42 50 4L, Bromfield Sk A BUAE 1
HErPAYTERY Clostridium spp. HA FAB#RIE 5 fE
J1. HEIE &858 7 2B A S bgid ige )
M2 EE, tn Clostridium beijerinckiit® . Clostridium
butyricum®#1 Clostridium sporogenes™?44 , #f57
UESE Clostridium butyricum Sz #iL 781 g P= S0 = TR
Bk, 2001 4F Park 2 JMUA: MR AL e 3tb o 4325 5
#f) Clostridium butyricum EG3 [R]i} B A sk #
TG PR 0 E T K v Fe(IID)RYRE ). 2R,
HARMEE h R AL Z INRE( A 7 i SR
R I)REAIATERE
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54k 2k 18 J5 T (dissimilatory  Fe(ITI)-reducing
microorganisms) /& 48 7EAC i i # v LUK 4 Fe(TIT)
NHF I, ¥ Fe(Ill)id 5 Fe( 1) —2K 44
Yy, 7Edbd R, MAhE Fe(@ PE 552
PRS2 IOk B L AR ™ A 09 L DT 52 5P I
oA AR LA A s T R v AR A T
YA ariG SR LR RE R, LB IR W] 40
WP 0 A9 S5 Ak 4K 38 i T (respirative  dissimilatory
Fe(I11)-reducing microorganisms) 1 % i %4 S {1k 4
i JF 5 (fermentative dissimilatory Fe(IIT)-reducing
microorganisms), i & /& ELHEEFI H Fe(IINE R+
ZAR R MR HE MY KA,
177 A R L TRk 2 Fe(lil), DRItk AR
BRJR, FA SRR R AR IR,

Pk R S ER T ENITRZ—, 2L
RENY e 2 AEE T L3 W SRR
B, MAagh SRR, BRE Y]
DL R JCE TE R (KA ) i dd LR (R k™
FHRE B, BAE ARSI, S Y
FEEES T RERSRT, 2RI ER KT 1
2-10 50, AR T A AE B ) A P st Bk
FEA LR I A B A A, BTEAY RN
16 5 FRE T A W AL F it B R 2R A T H, R [ 55
DR EE YRR, B AT A e
W AU B S A6 BRI B B, G H J2 Geobacter
sulfurreducens™ il Shewanella oneidensis™®, Lt
P2 TR ) e A A DR, A I R S A RS R 1Y
WA MIMIE A

RIEAMZRHI, Park ZFE N fil A= Wy 0RRL Ha 3
Hor B34S B — B 2 IR EHR T Clostridium
butyricum EG3, HHEAHL b4 M H R ik 5o
ETRAKB i Fe(ll). JCiRtnfy, 124 ik fif
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AT A S 2 A iE AR ) Fe(TID) RO RR B
B, X S O 22 RBH P A H 5
ML BT FEAR F 2 22 IRV I 2 5 IR 2. 1t
) DA IR B8 0TI A8 8 2 A A TR A P Y 22
FUR A, BIA) — A U V2 TR b A Sy SR ) 9 3 2
BRY, B BA IR AR 2 509,
Ao, BATV BT — AR 22 [RPH MR
Clostridium bifermentans EZ-1. 5 LA 1Y 2 FRAH
o, Zm AR I BAT P 7 H R S R R
XA IS AE 7 SR A 22 TG B T L A v - 1 38
BURIER L T3 e+

1 AR %

1.1 R

4 A N BB B A N R R
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AL E ISP ML=, SlfEEE 4°C 5
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Figure 1. The sampling location in Yellow River
Deltal”.

12 BEB&EEFR

PBEE: HU10 g RZELEEA 100 mL K
PR TC K B PR U, B PRAEURCE 30 °C
FEFRAATP R T E LH B OB
ST AR5 mL R R BB 80 mL K
BREAAY PYG B3R 3krp, 4k4EH7E 30 °C K540
WE 1JH. 5375 PYG: Peptone 5.0 g/L, Tryptone
5.0g/L, Yeast extract 10.0 g/L, Glucose4.0 g/L,
CaCl, 0.008 g/L, MgSO,-7H,0 0.016 g/L, K,HPO,
0.04 g/L, KH,SO, 0.04 g/L, NaHCO; 0.04 g/L,
NaCl 5g/L, L-cysteine0.25¢g/L; pH 6.3£0.2,

13 E%E

FACHE A S8 B0 1 mL O & A&k
WS B 9 mL KRR A TSR K IR A
WU HE IR 10'—10° 51T RE R R . FE AR R
b (B B JC AR A AR DR AR AR AR N 2B A7) K
B 1 G B o PRI EBORA B 10° %5 Ay ok 94k A2 S 131
W) PYG [BRREFREE FRIZ. 8595 BRrm
SRR AR A T B T 30 °C R4 G R
It 48 ho PRIEA LS —TEVE A 20 uL JoE
K, 2 uL 1T PCR, AR MHEERIEA 5 mL
KR4 PY G WA R: I 2L IR 08 30 °C R I
RigE, PCRIZMAAZ: 2 uL buffer Zwpii; 2 ul
dNTP (2.5 mol/L); 0.5 uL Taq (5 U/uL); 0.5 pL
Ba907R (20 pmol/L, 5-AGA GTTTGATCCTGG
CTCAG-3)[1514; 0.5 uL Ba27F (20 umol/L,
5-CCGTCAATTCCTTTRAGTTT-3) iE [i] 5] # ;
2 pL PR VA BRI ; 2.5 ub TCE7K . PCR 2
J¥: 95°C, 30s; 55°C, 30s; 72°C, 1.5min,
TEFE 30 . ¥1533H PCR 7 #1ik4T 16S rRNA
FEDM R . B 045 5 AE Greengens [ 1774
FEXT . 16S rRNA JE RN 7y 25 R 4242 31 NCBI £
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EH, FA15 5 MF510818. Z 48 Ak 2 #rif i
MEGA 6.0 #{4+4# 447 (Neighbor-Joining) it
SERL, BE B RFEIA ) Maximum Composite
Likelihood, Bootstrap X4 1000, F# # Ui 7E H
(] A 400 T o 4 R L D3 il Bl v
{345 . CGMCC 13913,

14 JBEME

141 FEXRYLE. B 0.05 mL pE SR nE
Yo b, WA, BT TN LR L S
e Lmin JE/KPE; W0 LM, Y 1 min JEKYE;
95%. FEM (4 20 s; %N 1 #4155 4 3 min 57K
U Ot BB T gL,

142 B, |5 mL HERTELOET,
3000 r/min &.0> 5 min, F _LW5; W05 mL PBS
WCFTETE, 3000 r/min 2.0 5 min, # b, X
1Y WhN5mL 2.5%% — 8, WATERE, [HE,
4 °C 17 ; 30%. 50%. 70%. 90%F1 100%x2 Z.
BEMR B LB K 5 25 3K 100%Z B K 8500 I fR
B imbL, WATREIFHEE; B 0.05 mL AR N
F P BT TR AT B m M =
PEA 3 % S L % (HITACHI S-4800) W% .

15 AKEAHpRm

151 ARk DIEAIAIRY), #ERE 1%,
30 °C 58597, A 2 h B L IREE, AN
T1(600 nm)il I EAE

1.5.2 AR =Yk . iE PY KL
W AR, (25 mL)>2E, - 10 mL;
Oy SNSRI AR . OREME . ORME . ZF4E bR Lr
AERIERIRY), LUPEEYIN 4 g/lL; 30 °C, R
FUFTNESR, B 2h B LR, dE 9 IR(FRIR Y
Rl 18 h B 1 4K), #EAT S R RO 3%
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Rl

SR TERTIN . AR RS SRR AT 0.2 mL
IR IO M A TR (3 (2B 7820) Kl
K28 . KI%s TCD, iR 250 °C; MEFEITHR
[ 80 °C; H:AHIRSE 80 °C; #HANAS, WM
10 mL/min, &AHERERI . B 0.1 mL AR T
0.9 mL ZEF/K P #ikE 10 %, 0.22 pm JE M %
WA T (L HE A 1260) K5 . A D0 2% 1« A
HPLC-Hi-Plex H, 300x7.7 mm, #:i& 60 °C; #
2% M /R ZEA I ZH(RID), ¥ 55 °C; Wishii A
5 mmol/L #ifig, A~ 0.6 mL/min,
1.6 SALBRIEIRAE SR
1.6.1 FTEBKED : LR=EGM, 2 Lovley
LR kM, AWML . FREL 1622 g
FeCl3-6H,0 i T 400 mL £ 7K, i FiidE =
s A 10 mol/L 1) NaOH ##45 pH & 7.0; K
WAy R 250 mL B O B0V, AR
BLOHL 3500 r/min B0 10 min, 3 B3, AEE
FAKGUTTETEH I, FE0 10 min, BT
VEUEITIE TR, HEEOE RIFRARG, Gk
WL R 45K VEE FIEWRA SRS, 78 1,
WA TCER 2, A 400 mL 28 T /K i 5 155
WEZ R L mol/L (TS TEk s BT RIS 55 T 1
FE, D e B 5 i A
162 REIEESR". SLRESN, 21 Young %1
4 T - B 0.85 mL 12.1 mol/L i HCI s/ )
BRI 228 Tk s FREL 5.2 g FeCls il 2.0 g FeCl,
WK T AP HCL s SR e B mAF
250 mL 1.5 mol/L ) NaOH &+, i1t 78401
P TR A Y A TTTE W I 5 i — e B T
TEVIR B SV TT, R R A BRR L
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BRI 4000 r/imin B0 25 FiE, B 3K
B A 500 mL 0.01 mol/L HCI % & Fh gl K ik |
IE S5 4000 rimin 2.0 B3, IIABRE L5
T K PH TGRSR BT, B 2T I B B
[ N

AP . KR RGBT 2 B 2 G
PR R4 10 mL PY G 555k, i AR 73335 5
40 mmol/L #7854k, 2.5, 5.0 F1 10.0 mmol/L 7k
B A1 5.0, 10.0 mmol/L 1 20 mmol/L ®#kH",
T 30 °C HiFefi h B IE R % 24 h, JEW R (4G
MREFRR T Fe(ll) &g, BT : 4% 0.1 mL
FEAAIIAZ] 0.9 mL Y 0.5 mol/L AYEhERH, =i F
#+& 24 h, 8000 r/min &.0>» 5min; B F3§ 0.1mL,
HIAF] 1.9 mL 200 mmol/L HEPES 2% itk i il 1)
0.1%EM W, | 5 min J5, 25tk
BT 562 nm PRI E RO EE . S s bR o it
i Fe(l)i Bz,
1.7 mAkZEIE R

Pt H" AU E MFCs, # K5 19 MFCs 75T
PRERVE S N T4, BAPH = Z A T 2e i
Fadt, DMRZ2iE420 4 28 (30 mmx25 mmx3 mm)
Ve, AhHL g% HE—1> 1000 Q A EH ., FH
WA 100 mL L PYG ke, MM 4
100 mL ZREACEIAW . PR EBRA, HHEZS 10 min,
A 30s; HiELZS S5min, WA 30s; HELAS
1 min, & 30s, P 1% EZ-1 K. K MFCs
ERREHRRE RS REREF S, ExcellLINX
BAEEE 60 sidsk LIRHUE(G S, LR 24 h,
K B 3K 42 15 (cyclic voltammetry, CV) il i
MFCs 1A & i S Ak 8 5Lk 1, 7Ei8 17245 A 11
MFCs JF R T MAZ: L (Ag/AQCT), LAFH

W TAEE M, BRI XA, Rt = ik
% . JH 660 E H AL TAESE L 10 mV/s Hy 314l
1£-0.3-0.4V L BINIE T CV .

2 HERFRAH

21 WD EEE

T WA B AR A 2y, X 16S
rRNA JE P HHEAT 5 00 F T o DU ) 6 R
BN 1227 bp. K75 )r 4Ltk Blast X,
PRI S TS, LA =4, 7= A
SAEGAEHY 16S rRNA JERFS, MRS
BR(E 2). 4R E/RIZF S C. bifermentans HT2
(DQO28211) 1 [ It e /=i, A 97.99%, WILHffiiA
ZHkk N C. bifermentans,
22 EHEE

%5t 24 h JBRE 3% (30 °C), EZ-1 7E PYG
PREEFRIL (I 2%B I8 i) H 2 i M1 00 B
W% (B 3-A). 22 [C A IR, TR R 50 (K
3-B). A F BB, wEik2EER, K
2.5-3.5 um (& 3-C. D).
2.3 HEKEAHYHT

30 *CHH T ARIE SR, Rt 1% EZ-17E PYG
WA IR PO A SRR R, i N T
2h, FfERIA PR, HK OD {H Ak 4.5 (ODe) ,
R, A AT (A 4-A). R
(glucose) . JHEME(sucrose) . AW (xylose) . £F4E — ki
(cellbiose) 1 21 4k % (cellulose) ¥ 1/ M JIE W k4T & T
FrEI, SR HA R TR A A, A
KIPARERL EZ-1 AR A, P ai R AL R i
JNE PY H5RHX B BI(E] 4-B).
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0.02

100 [Clostridium bifermentans HT2 (DQ928211)
Clostridium bifermentans EZ-1 (MF510818)

Clostridium irregulare BG-C29 (FJ384372)

100

Clostridium mangenotii ICM 1428 (LC007110)
100 1001cyostridium venationis V16 (EU089966)

— Clostridium butyricum CB TO-A (AB687551)

100 Clostridium pasteurianum IFBG C6H (KU682660)
64 Closiridium sporogenes SE6 (KT717695)

Geobacter sulfurreducens PCA (NR 075009)

Comamonas testosteroni SI (HQ200412)

Shewanella oneidensis MR-1 (NR 074798)

100 [Emerobacter lidwigii LHC8 (KC951920)
100Y— pantoeq citrea DSM 13699 (F1756352)

100

B 2. ETF 16SrRNA EEMERE EZ-1 RELEH
Figure 2. Neighbor-Joining phylogenetic tree based on 16S rRNA gene fragments (1227 bp) of strain EZ-1 and
reference species. The isolated strain, Clostridium bifermentans EZ-1, was in boldface. Bootstrap values at nodes
were calculated using 1000 replicates by Maximum Composite Likelihood model. Scale bar meant 0.02
substitutions per nucleotide sequence position.

3. EZ-1BREERSRIAMEREERL
Figure 3. The images of signal colony (A), Gram staining (B) and scanning electronic microscopy (C, D) of
Clostridium bifermentans EZ-1.
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B 4. Clostridium bifermentans EZ-1 & < i 4k (A) R E4# A 1552 (B)
Figure 4. The growth curve of Clostridium bifermentans EZ-1 (A) and the utilized substrates of the strain (B).

Bars represented standard deviations of the means.

DL EEVE A BRI, SOM . RO A
W EZ-1 ARG . Bt A QTG 6 2 W T AE
R Wa< . CBMTRMEZHHE, 18 h
A AEZY 75% (K1 5). 1 mol #5238 Al Az i
1.114 mol &R LMRMYAE 202 T FRAE L 1)
5% (Kl 5-C, D), LA T RRIEFR I,
UL EZ-1 0 SRRV K B SR
24 FALBRIRRES

EA TR IR 2K (40 mmol /L)l RE 7k 5L
W Fe(lll) MEIEGERE @)K 6-A £), HFh 1%
Ez-1, WE355% 24h 5, HE3R k20l Fe(11)BI (A (3%
) (B 6-A 1), WK RFTFERS T Fe(Ill)
PR, JE3% 24 h Je BE SR dkrh Fe(11) SR T
2y 20 mmol, FEH] EZ-1 0] DAk Ji a] % P ks e 2
H Fe(Ill), HARE A Fe(I)RE

B 1AV AT R IR R, FRATIEXS EZ-1 18 )i
AN PETC B T K R Al B R k™ vh Fe(ITD) 1938
N A WL 7 W 7 N i 7 45 3Wach ) 7 L
SRR IR PY G B3k, IEME R 6
P E JE SR (24 hBEFRAEh Fe(1l) &, BEH
JKEH"(2.5-10 mmol/L) &2k (5.0-10.0 mmol/L)

WG, HEgReh Fe(11) Ay SRR Wik
(K 6-B), Mk, EZ-1 a] IR JFEICETE KT
AR LR R Y Fe(TlT) . GRS W EEHT I
#)(23.420.2) mmol/L I}, Fe( 1)K 2 &AL
10 mmol/L WA IF A G, KOs, 1B &
e JE I REARA I T EZ-1 1 Fe(II)iR IR AE ST . 25
EEREN, EZ-1 AMUEATERE A AT Fe(Il)m)
AeJ1, [FEHARA RARRIRRE T, RRUSIE T
SETEKBRT A S BIRE R, 8 T R 1 Sk ak
A
25 HLFEEHE

AT EZ-1 WAk 2 s M E T T I, 2521
WKl 7-A Fis, EZ-1Refgr- i, 15 h AL
HREIR R KM 6.3 mA/M?, IHLAl, HLT AR
5 BEZ-1 A K h &AM (E 3-A). 24 h J5 MFC 7= i
S5, WSN AQ/AQCH TER S HhH, HTHEARAEN
XA, MR = AR RN MFC AR R BEF TR EMA 2
AT, KRR PR AR JFRHIE . 528 10mV/s
M AE-0.3-0.4 V IYHLFE T 494, CV 451
IR, 7E 0.15V AbA7A7E W] i i S Ak (18] 7-B) . #H
WU, EZ-1 HA HAL2EIEE
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5. EZ-1RERMAETEA)FEERTIES(B). TE(C)FTER(D)ERIFMR
Figure 5. The accumulation of hydrogen (B), acetate (C) and butyrate (D) with the consumption of glucose (A).
Bars represented standard deviations of the means.

(A)

magnetite; Ft: ferrihydrite.
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B 6. ITEBMHEBMIERA)R KK MESKT EREP F(ll) S E2EFAFTLIFRB)
Figure6. The Fe(Ill) of ferric citrate was reduced by Clostridium bifermentans EZ-1 (A); The accumulated Fe(1l)
of the medium supplied with ferrihydrite and magnetite (B). Bars represented standard deviations of the means. Mr:
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(A)

Current density/(mA/m?)

(B)

0.4r Control
EZ-1

Current/mA

03 —02 01 00 01 02 03 04
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7. Clostridium bifermentans EZ-1 B B {L F B M (A) R H & 1LiX R 451E(B)
Figure7. The electrochemical activity (A) and redox characters (B) of Clostridium bifermentans EZ-1.

3 Wit

Clostridium J™iZ Jr A 7EARMR . TR . o] H 45
BRI, BT AR YN Sy BT [ eV
JE SR b BT -1 A8 HAE T s R Xz —, 26
R Mg IR0, Xiao M 1 g L
P &L, Clostridium 7E 5T = f PR b
SARTZ, TR Zhang SR e #T0] = f PN E
A I P 2 AR S A i v & B, Clostridium
BT = A U R R AR (B | B I 1
H LA ERIE I T . FEDEIEAE b, FRATE IR A
STEHORTGE T R ZINEER A EZ-1, SN
16STRNA JL[H %5 S C. bifermentans.

FEAT I S A A I o A 2 B, ZEAS I Y L
FACHEIE Y (R0 . BERE . ARWE . 2R 4E — Wi FnZr
H4: R EZ-1 AT LIRS AR IR ikt T &
FEACHf . EZ-1 RRRE LA AR IR Ak R s ik
FERNERRIIR 1R . T IR — Ak, 1 mol %5
BRI LA 1.114 mol &<, [FIE 74 1.09 mol (1)
LR 0.22 mol B TR, #T4Ek, Clostridium 2
I 32 A S A RESE , 140 C. butyricumt™ |
C. bejerinckii’® . C. tyrobutyricum® Fn

C. pasteurianum®4: | H k£ 1) Clostridium
YOS HA AR ). BHET, S-SR A
JBE SR AR RT A USRI 290 0.81-3.35 mol ),
AR Z H oAb = R Rk, EZ-1 R F A A A B
JIRARTESS , AR BAER S, S0 A e
Wi(<4 hyk s

ARHFFE A 815 5] EZ-1 2 AL BRIE S BE TG
I R H 3 PRSI R B, OB Sk A i e
71, T HE A e Ab2E g, i EZ-1 v L
HATHISM L FA% 3, T LOETE R N S AR L A
14 HL e 128 B B A MR AR OK Bk R F
B . HAT, LA Geobacter sulfurreducens Fil
Shewanella oneidensis > {7 4 55 22 [C B P T 9 g
SN AL B AL A oY B U T Rk, S
M, 22 RV B AR SRR A WIS 2. £F B0
240 0 £ 25 POl A Ay o % OB T R A T M A T
386 (T R OGS AR M 20 43, ELAF SR & BRAE IR 70 L
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Hydrogen-producing and electrochemical propertiesof a
dissimilatory Fe(l11) reducer Clostridium bifermentans EZ-1

1 2 . . . . % . 1*
Yuechao Zhang'?, Leilei Xiao, Oumei Wang®, Fanghua Liu
! Key Laboratory of Coastal Biology and Bioresource Utilization, Yantai Institute of Coastal Zone Research, Chinese Academy
of Sciences, Yantai 264003, Shandong Province, China
2 University of Chinese Academy of Sciences, Beijing 100049, China
®Binzhou Medical University, Yantai 264003, Shandong Province, China

Abstract: [Objective] To obtain and characterize a versatile strain isolated from the soil of Yellow River Delta.
[Methods] The strain was isolated by anaerobic technologies and identified by sequencing the 16S rRNA gene. The
morphology was depicted with Gram staining and scanning electron microscope. High performance liquid
chromatography and gas chromatography were used to analyze the metabolic substrates and productions. Ferric
citrate (FeCeHs0y), ferrihydrite (FEOOH) and magnetite (FesO,4) were supplied to detect the capability of Fe(IlI)
reduction of this strain. Microbial fuel cells were constructed with graphite as electrodes to test the electrochemical
activity of this strain. [Results] Compared to Clostridium bifermentans, the similarity of 16S rRNA geneis 97.99%.
It is a rod, Gram-positive bacterium, which can use glucose to produce hydrogen, carbon dioxide, acetate and
butyrate. The Fe(III) reduction results showed that it could reduce soluble ferric citrate, amorphous ferrihydrite and
crystal magnetite. Furthermore, the electrochemical activity was detected and the maximum current density peaked
at 6.5 mA/m?. [Conclusion] In this work, a versatile strain which is capable of producing hydrogen, electricity and
reducing iron oxide, was successfully isolated from the soil of Yellow River Delta named as Clostridium
bifermentans EZ-1.

Keywords: coastal wetland, Clostridium bifermentans, producing electricity, hydrogen evolution, dissimilatory
Fe(I1I)-reduction
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