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2 HEBEBERY Jbat 100049

3 RER KRR G L4 M 264670

B OE: IFT] ABE L BERABELMKREE, FITELLA —2 0T REMNEE AL
MRS, KT RNEREIYAT KA e B R E BT ik £e93mits L), [B6] KR
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Iron and manganese oxides enhance electron output efficiency of
Clostridium pasteurianum

LIU Jin-Chao™? LIU Fang-Hua""* ZHANG Yue-Chao"*> MENG De-Long®
WANG Xue-Ming®> XIAO Lei-Le’

1 Key Laboratory of Coastal Biology and Utilization, Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Y antai, Shandong 264003, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3 Yantali Research Institute, China Agricultural University, Y antai, Shandong 264670, China

Abstract: [Background] Fermentative dissimilatory metal-reducing bacteria, which are capable of reducing
metallic oxides, get energy from fermentation. Little is known about how metallic oxides affect electron
output efficiency of fermentative dissimilatory metal-reducing microorganisms. [Objective] This study was
conducted to explore the influence of iron and manganese oxides (Fe;Os/MnO,) on electron output
efficiency. [M ethods] Different concentrations of Fe;Os/MnO, were added into fermented system containing
glucose and inoculated 5% C. pasteurianum. Electrochemical activity of C. pasteurianum was detected. The
concentrations of Fe(Il) and Mn(1l) were measured by ferrozine spectrophotometry and formaldoxime
method. Fermentation substrate and metabolites of C. pasteurianum were detected by gas chromatography
and high performance liquid chromatography. Lastly, we calculated the electron output efficiency. [Results]
The current density peaked with the value of about 0.93 mA/m?. The concentrations of Fe(1l) and Mn(1l)
gradually accumulated. The consumption of glucose was increased by 9.4%/7.7%, Meanwhile, acetate
production was increased by 37.5%/25.0%, and butyrate production was increased by 22.7%/6.8%.
Additionally, hydrogen production was increased by 21.6%/9.8%, and the total electron output efficiency
was increased by 24.27%/10.82%, respectively. The pH values between experimental group and control are
no significant difference. [Conclusion] This study shows that iron and manganese oxides can improve the
electron output efficiency of C. pasteurianum by increasing glucose consumption and buffering pH value.
The results provide evidence for revealing the effects of multivalent metal oxides on the electron output of
fermentative dissimilatory metal-reducing bacteria, and further expand our understanding of the interaction
mechanism between multivalent metal oxides and fermentative dissimilatory metal-reducing bacteria.

Keywords: Clostridium pasteurianum, Electron output efficiency, Electrochemical activity, Iron and
manganese oxides, Dissimilatory metal reduction, Fermentation

RER KB E YR T MR s g, ARdris RVIBAI R AT RS e

ST B RE R S EORIE T LIS | AR RN %
ALY T REASY . Bk id s AT L
PR, TR TR B T2 R AR P R
RERRA 7, T SCB= B, 5 0, NOs
T SO~ AT stk T2 KRR, AL AE M 42
J& E ALY AT VR A I AE M A2 R, AR R
[T 44 4 a8 A A v i A2 A 4 B A D oy AR 2
B, A P x24I oo R IR VE A,
W) b 3k A2 R o 554k 45 |8 34 i (dissimilatory  metal
reduction)'® . T84 A AL 4 8 AL i b SR 0
Bt DY R R P X S A AR, R

PR a R, MEMFREZMRT 2K
BPETR . 40 BL TG 4 (Shewanella) i1 i 1 14
(Geobacter), KRB IESE & > FC R 1 T A A
[ 245 P W A R SR AR R 32 AR, [l T2
P B o i S A 0t 5 i A % G S 1 0 T
AR, Kato 25 g T kPR BHgoR] L it
(microbial fuel cell, MFC), il i H P s gk ik
Y, RIREYIEE T 3 AT (G. bremensis,
G. pelophilus, G. metallireducens)i i i far i, #&10
REAG T Horp—BRMAT (G, sulfurreducens) () HL i %%
. Kato ZOWFSE T MFC H i BHA F 38T ik B
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() PR 25 BE ISR, R BRAE T 2 1 PR A F 35 R
N, G. metallireducens #1 G. sulfurreducens #J7] y=
A E HLR A, 1 G. daltonii 1 G. bemidjensis {AY
TERE 1 B FE A TN P A AR EOR L B
TERATLARTRIRITE 3@ F % G. metallireducens il
G. sulfurreducens A KR , J& B ] o s g K
S 18 e e 1] {0 e ¢ AN i 2 o WRUE. '3
B, 1 = AN R IR S N ANOK G R 4
THBER A, X GRS T
Geobacter 5 H ¢ /\ & ER i J& (Methanosarcina) 2 [f1]
A0 R, S AR e R A
Qnfe] 52 w24 FG BH P TR R RCR I IE R AL E
B,

¥ & (Clostridium) J& T 55 2% [CFHYERUEY)
EEEN KBRS, TEHA R, AP
R A, EURERAT L 2 A% 28 PN R v ) 4 Qi
P, LURYIKCEBER AL e RIS, ok
LR E R LA SR L4 B e s By
PIVFZ 0 R Kk e ) S 4L 42 8 8 ) B (Fermentative
dissimilatory metal-reducing microorganisms), 44}
WHEEAELE S Mn(IV)/Fe(ll) B LBt , (UH DT
5%I1) HL 1% 32 28 i S AR 43 Jm I LAk, (HUI A
L 2 A (R 2 T AN 52 ) e 1 78 S Ak 4 Ja 3 Dt TR
AR ST IITRA T B = A I A B T — k]
B H 27 . S 4 e b R A A BE T IR
Clostridium bifermentans EZ-1™ | ] EZ-1 fif i3
i T B KR, IR S PR R T
53.5%, Jf HOKGA sk s 1 EZ-1 i Ui
AR BRI, X4 SRR R kR
a5 e A P 7R S A 4 T 0 D TR R i R SRR N 2
b

AHFSE DL e WY S Ak 4x JE iR )i 1A Clostridium
pasteurianum NAFFEXSGE, S35 EEFAR R I
R 2 4K Fe,O F1 MNO,, T8 3 46 42 1R 2
pH {A. Clostridium fRBIEYIA YIRS O,
iman VoA AUy R TR DY A E PO R R
AAbYrEsin, R Al 4 e i SR R

S Gy o R 1
1 #E5ETE
11 E#R. EERFIFLEE
BT FH 0 A= W i fk 2 C. pasteurianum DSM
525, Il [ DSMZ BiFfJ%E . DSM 525 J& 4 > [ FHM: R
TEARPR, Al s e me et .
CeH1206+2H,0—2C,H,0,+2C0O,+4H, (1)
CeH1206—C4Hg0+2CO,+2H, 2
YR A7F T80 °CHEAILIR VKA H 1) DSM 525 1
PRAIZEFN 2 MSG 3 iirhIffE 2 310, MSG Kkt
2 KA SCHR[18] . MSG JEARE FR 3k (giL): KREHEH
i 0.50, JEZE ¥ 0.50, #iZjH# 10.00, NaCl 5.00,
KH,PO, 0.54, K,HPO,3H,0 210, IR & A:
Mineral: Trace element:Vitamin #% 48:1:1 (IA&FHF)2H
. Mineral ¥ (g/L): NH,Cl 6.00, NaCl 6.00,
CaCl,-2H,0 0.20, MgCl,-6H,0 2.00; Trace element
Wi (g/L): FeCl,-2H,0 2.00, ZnCl, 0.05, MnCl,-4H,0
0.05, CuCl,-2H,00.03, (NH4)sMnO,4-4H,0 0.05,
AICl; 0.05, CoCl3-2H,0 0.20, H3BOs 1l Fl 74 W
1 mL, ¥ih#8 1 mL; Vitamin %W(g/L): EWE
0.002, "M% 0.002, 4kt 2% B60.010, #%# % 0.005,
442 B10.005, AR 0.005, k42 B12 0.005,
SR H R 0.005, 2R 0.005, AW B: L-}
PR PRER IR ER IR . NapS Wit 49:1 (RFHE)4H
o L-P 2R bR b i (o/L): NaHCOs 80.00,
L-F 2 BREh iRl 1.00; NaSIER N 242.00 g/L . HE
AREFRRLEIRA A A B A HLBI A 100:1:1 (KL ER)
SCIG T a-Fe,O5 W A BRI T A A, ok
HA% 30 nm, 4l 99.5%; MnO, I B bR R}
B4, BUREAR 50 nm, 4iFEEh 99.9%, FREX
1 a-FeyOs Fll MnO, F6F H it B AR
EHMPOCEETE, J A A R T E
oyl HARZES T Z @B fE LAY, R RAE
IR BT AAH GRS RSO (5, ZhEfe
BHEA R A
1.2 DSM 525 $k$E S E R A A 3R AG M K06
Ml MSG HEARE JR 0k, 4945 20 mL % 50 mL
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FEMIR A, BEES 30 min KR A, T I 2
W, N, 1.7x10° Pa & EZ505 K 30 min,
FERKREE R E G, 20 asin 0.2 mL IRAW A Fil B
EIRZEW, RIGHRINZHRE 2.5, 10 mmol/L ()
FeO3. MNnO, ZIRZRE T, BB AR AL, 256
4 SR EUE K 1 (ODeo=0.72) ) DSM 525,

SE B EUREIN 3 o i Fe(TDFT Mn(TD)HeEE, DLR
Ho. CO,. #iZIMHAIA N & a ., KELSHs, W
FERER R pH H

1.3 BUAFEHRIESEKMENE

Fay g8 B G0 AE W0 9% R HRL it (single-chamiber
microbial fuel cell, SCMFC)#ME DSM 525 (1) Hifig
J1o BRI FIMEABIN E, TAEHRARAFIXS H A%
9 AR 223 2 ) A1 S LR (20%20%0.2 mmy) , {5 F 4
SAEWG IR E S BN AR, Saf R K
W UIHRAMIENS LH, mEbNZEA 5%
DSM 525, i 3 — AN TR 1 HL AR Rt BE
2230 38 18 HL 57 (SO PR A R Tt P 7 LIRS D A 0
IS FL A BTN ERL R R 0.4V, B84 Sy 1.0x107%,
b5 2 sicsefii. TEIMRZHEMEELR: & Lk
MFC 1 — B F2 B H A~ A A, 5 B R AR HL
EIGHEA-1V, fm HER&HEERN 1.2V, F4
HEE 50 mV/s, dt 44 EH R By, 5 0.001 sidsk
¥l BURERE N 0.00LANV,

T 3 () 5 7 P Rl 596 TR, 7 30 °C
MRE = rhE R, WU, 25Nt T 600 nm
P A
1.4 Fe(IDF Mn(IL)RENE

JEMB I (ferrozine) i (a3l E Fe(11) & 709, Bt
Feah 0.1 mL EABLLE T, BERIEL 0.5 mmol/L 1k
fiz 0.9 mL AL, & 24h 5, 5000 r/min .0
3 min, B 0.1 mL HiEREBHE.OEF, A
1.9 mL 0.1%Y3EW R Bk, 7E=IE T 5 min
5, MR 562 nm K TR I E WOGAE,
TR 2 AOFRvE R3S i ) Fe(11) 3 &,

S i v 5 Min(IT) & 12020 B s vk «
4% (B AT L) Eh R e, 0.74% (i AAFH L) H

VAR, LA 1V 5 520K (25%-28%) Fié 1:0.4 (114
LIRS R4 #riatR . B 0.5 mL FESL ARG IE, B
0.1 mL HE5h S 1.9 mL ARG, SR TR
N 5min J&, 84MGEETT 450 nm i T I I
JGIE, FFARE I E AOPRE AT TSR A Mn(1l)
T

15 SERBENERIKENE

B2 SARKE S 0.2 mL, i FH D B P S A6 I 2
(thermal conductivity detector, TCD)HJHH A% {Y
Xt Ho il COp BE/R U FEHEA TP, TCD I B
“h 250 °C, #EFE TR A 80 °C, HARIEEE A 80 °C.
PL N MBS, HHA 5 mbL/ming Hy ) H 4 ]
0.88 min, CO, (1) LI E] 2 2.3 min.

o SO B T SORT & T IV A0 i 2 W R ™ )
BRFN T BRMEAT /A R 2% S 7 22 A Il 2
(refractive index detector, RID), I 55 °C; i
F: 4 Hi-Plex H (300x7.7 mm), i 60 °C;5 mmol/L
B BRVE A E TSI, Wk 0.6 mL/min. HZTHER)
R R] A 10.4 min, Z B2 HIEERTE] A 16.3 min,
TR RIS ] 2 24.5 min,

16 BFMEESEFREEITEARE

AR L i R R RS B a W AR AR
b Wy o (FB - 4 7 4) AR b e S L i Ak
THECRITE R i &, B A B A
TNRR R izl S i . R R
e U T BB AL HL T R ¢ R TR
247 100%, SEgm2H b L A R BRAT Y n A
WU SIZ 0621 Y H 4 H 2% 100n%, 33X & —Fh B
TN S0 FRAT S DG R

A ATHL, 1 mol CeH1206 K BEAE AY 2 mol
2%, ik 8 mol Hi 7, 8mol i FHEFLLA T T,
TERR TR S AVE ™ AR 4 mol &R, RN
HESURR R, B 1 mol ERHLF
g 2mol, AR (27, 1 mol CgH06 KA
B CO, BEjik 8 mol Hi—F, A7 4 mol JizF41i 4 mol
ML AR 2 mol &0, BERE T 1 mol TR
BT 4 mol HLF, WHZAZHHEESA CiHgO:
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Y TS L TR R RORT S b, i AR
A, RAERINN:
Fe,03+2e +6H"—3H,0+2Fe”* (3)
MnO,+2e +4H*—>Mn?"+2H,0 (4)
MHTFT LA, Fe® il Mn?* o & L T4 4,
RIEAK(3). @bt B R, R
i
1.7 HURSH

I3 ] IBM SPSS statistics 25 X% @ kT
t AR I AT AN 2 - R R U R AT

2 HRE54M
2.1 DSM 525 HiE M RIE

4 5% DSM 525 1 %] SCMFC FHtk %=, 52
Bkl SCMFC HLF2 B, 25 RN 1A B, #H
X FAEERR A X IR, 2R DSM 525 A4S 2H Bl ks
TR B3N, R BRI K, FLAE 32 h ikE]
e RAE 0.93mA/m?, 32 h J5 BTG . A=K <k
KF (K 1B), DSM 525 7E 30 h J5 JEAiE A84i0H
KM, BN EIE TR R BRI AR, A
W RO, QPR R R, AR
b B A, RIU TR BRI K, Rl H % b
R AE R R 1 22 A, DSM 525 M FseE B
PEATZET Y, IR EBT 0 mA/m*, MR
HEE R (E 1C)B/R, X B ih 40 HIG Ak
W, 5ZM, SCRAMHERARRKR, 7
0.8V AT iR JHIE, 1B DSM 525 A ;™A il JE
A1, (RBAT E ik, ] DSM 525 AJREA
SR T EERAL U T AN Tk . DA 2
FW], DSM 525 J&— kR EA MIAEFE B RE T H
WEHERUEY), 7€ MFC Hal LURE I A WL AL ™
A I L AL B AR AR e TET, AT AR LT
2.2 DSM 525 RERIEEEKIEE L

1 FexO3 Fil MO, 43 1S I EH%Fh DSM 525 15
FeRZ T, KA 22 Fe R Mn? ik B Fifi 5 35 ) 1]
IASAEAE L . S5 RANP 2 B, FER R sca e,
IR E] f438 o, A 2 BRI Mn® R Fe™ i
R, A BRZH M Fl Fe?* 1y 3t iy A

hZE, FW] DSM 525 1] DR AR gt A e . 24
WMk EEY S 2.5 mmol/L B, R ZHRK Mn®Y)
J5 )5 (0.040 mmol) % T Fe?* (0.026 mmol),

MnO, FR S5 82.9%, Fe,03 HIIRJFH Ny 27.2%;
MR Y 10 mmol/L B, KZh Fe®* Wi hY
1#(0.071 mmol)Z & T Mn?* (0.061 mmol), MnO,

A

—— DSM 325
— Control

= = iy
< L <
. .

Current density (mA/m?)

|
=
i

0Dy
<
e =]

0.4

a4

0.0+

0.004 -
—— DSM 525
0.002 + — Control

0.000

—0.002

Current (A)

-0.004

—0.006

—0.008

-1.0 -05 0.0 0.5 1.0 1.5
Potential (V)

1 DSM 525 BIF=HEENRIE(A). K& E(B)
S5TRIMAR#HZ(C)

Figure 1 The characterization of DSM 525's capacity for
electricity generation (A), growth curve (B) and cyclic
voltammogram (C)
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0.08  —=— CK for 2.5 mmol/L Fe,0O,

—— CK for 10.0 mmol/L Fe,0,T
——2.5 mmol/L Fe,0; T
0.06 F =+ 10.0 mmol/L Fe,O,

B
=
£ 004 +
'..%_ I— 1
0.02 + / )
0.00 - Qv—Z u n S
0 10 20 30 40 50

t(h)

0.08 - .
—=— CK for 2.5 mmol/LL MnQO,

—s— CK for 10.0 mmol/L MnO,
—a— 2.5 mmol/L. MnO,

0.06 . ¥
= —— 10.0 mmol/L. MnO, !/
=
E
E 004t /é\
=

0.02

0.00 - " v ®

0 10 20 30 40 50
t (h)

2 DSM 525 4 B3 2 A AY Fe(11) (A)F0 Mn(1T) (B)¥I/RAYE T 1k dh ik
Figure2 Dynamicsof Fe(II) (A) and Mn(II') (B) concentrations

(IR JF %N 33.3%, Fe,0s fif %N 18.6%. LA I
ZREW], M T FeOs;, DSM 525 H 5 Tk )i
MNO,, X ATREZE R MnO/Mn* E AL S5 H 35
T Fe,OxfFe™, [NTMTHE3Z i T s s
2.3 Fe03; 1 MnO, {23 DSM 525 K4k #E
wE 3 R, TESH FeOs IR F,
SR G R A AL 2 R IR L, /T 18 h A2
WEISAE R AT FER R Gl B 22 5% 5 18-36 h, iR
25, 10.0 mmo/L Fe,Os SERdH Y, HiZ AL
(0.38 mmol, 0.39 mmol) = F X A £H (0.32 mmol),
Hsem A h A E B RE 52 4, i B4 A
0.06 mmol #i%g AR HFE. M FeOs, L 6h )T,

A MO, S 2H Hh 4 A WM AE 19 X BRALAFAE (B
A
126 —— CK for 2.5 mmol/L Fe,0,
—— CK for 10.0 mmol/L Fe,0,
—a— C. pasteurianum
09} —v— 2.5 mmol/L Fe,O;
= —+— 10.0 mmol/L Fe,0,
g
g
é’ 0.6
3
=
T 03
0.0 | ) ‘ ) ‘ )
0 10 20 30 40 50
t(h)

E25, 6-24 hiHFER AR AN 0.61 mmol, KT
X} B 2H (0.47 mmol) Fll FeO3 S255:41(0.53 mmol); 1
T 24-36 h, FeyOs 75 I 4H %5 B4 #E 1 (0.24 mmol)
BT MnO, 41015 mmol), DA &5 5E0],
Fe;,03 il MO, IS IR 14T DSM 525 i 2 4
THAERLRTHAERUR . Ji4h, &R ALY R A
[](2.5. 10.0 mmoy/L )X T 2 B A 5 I FE
(RS2 TG B 35 25 57
2.4 Fe03#1 MnO, {2 DSM 525X it 7= 4 RF1
A (D)FI(QR)AT A, DSM 525 FCi %M
PP FEIE Hyo LR, TTRFI COp DSM 525 48
WA AR LS DN ] 4 FTR . TEAN SRR 4

R RO B2 P, AR AE R 0.75 mmol,
12t —=— CK for 2.5 mmol/L. MnO,
: —e— CK for 10.0 mmol/L MnO,
—a— C. pasteurianum
0.9+ —v— 2.5 mmol/L MnO,
= —— 10.0 /L MnO,
g '§ .\; ’ mmo n0,
£ 0.6 - 2 TT——y
i !
N\
2 .
O 03¢+ \\
ool | | \\,‘;z |

B 3 Fe03(A)FA MnO, (B)HIIRINXT DSM 525 1K 151 81 &1 #E &Y 52 Mim
Figure3 Effectsof Fe,03(A) and MnO, (B) on the glucose consumption of DSM 525

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



30 (G Microbiol. China

—=—CK for 2.5 mmol/L Fe,0; —— 2.5 mmol/L Fe,O, —=—CK for 2.5 mmol/L MnO, —v—2.5 mmol/L MnO,
—+—CK for 10.0 mmol/L Fe,0;—— 10.0 mmol/L Fe,0O, —+—CK for 10.0 mmol/L MnO, —+— 10.0 mmol/L MnO,
—+—C. pasteurianum —a—C. pasteurianum
B
1.5¢ 1.5¢
1.2+ 1.2+
g 09¢ g 09r
g g
= 0.6F = 0.6}
0.3+ 0.3}
0.0r 0.0F =
0 10 20 30 40 50 0 10 20 30 40 50
t(h) t(h)
C 04- D 04-
03F 03 . ]
~ ~ I ) S 4
= = e S — 4
2 : o
Eo02} E02} e
201y Soit
0.0 - 0.0F =
0 10 20 30 40 50 0 10 20 30 40 50
t(h) ¢ (h)
. 0.6 F 0.6
0.5+F 0.5¢
S04t g 04r
g g
03¢ 5 03¢
e g
>
202 202}
/M /M
0.1+ 0.1+
0.0 - 0.0 «
0 10 20 30 40 50 0 10 20 30 40 50
1 (h) t(h)
G H
L : 1 [
0.6 “(:I 0.6
0.5} /‘ E 0.5t
ER A S 04l
~ 03+ ~ 03}
@] @]
© 02t S ool
0.1¢ 0.1+
0.0 - 0.0+
0 10 20 30 40 50 0 10 20 30 40 50
¢ (h) t(h)

Bl 4 Fe,0,f1 MnO, RIF X DSM 525 SL5(A #1 B). ZE(C #1 D). TER(E # F). CO, (G 1 H)RINAIHNE
Figure 4 Effects of Fe,03 and MnO, on the H, (A and B), acetate (C and D), butyrate (E and F), CO, (G and H)
accumulation of DSM 525
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P Fi RS R 3.0 mmol, i52krh 1.02 mmol,
PPERCR N 34%; FeO5 U SCEa 2, b
THFER M 0.81 mmol, HLip =& iN 3.24 mmol, 3£
b Eam A 1.24 mmol (5] 4A), 2SN 38.2%);
VI MnO, Y SEB2H Y, AR FERA 0.80 mmol
B =S A 3.20 mmol , S2RRPE AN 1.12 mmol
(B 4B), PERCE N 35%, Zat tIEISAT A, BT
10 mmol/L MnO, S INJE i 35 % Wi (P>0.05), sk
o2 B &S R SRR AR X B S

XTREZH, R T Tde K™ 55351120 0.24 mmol
F10.44 mmol ; Fe,O3 SEIRZH Y IR FN T Rt K™ i
43574 0.33 mmol (& 4C)Fi1 0.54 mmol (& 4E); MnO;
SCEY A SR T R e K L4k 0.30 mmol
(K1 4D)A11 0.47 mmol (&l 4F). t &Kl 50, B
T 10 mmol/L MnO, ¥ il JG i # 521 (P>0.05), Hgr
SCIRAR IR . TR AR X REA R, X
2 I 38 R AR A S T 2 [R] B 1 PR AR T R
Rt

FexO3 Fl MO, S HITXHAFR CO, RFRA S AN
K 4G H Fizs, XHEZHH CO, i Kty 0.53 mmol,
I MO, 32802 CO, Fe Kl 0.56 mmol, s
Il Fe03 3254 H COp die KA 0.59 mmol ., [RIEE
M, JE5 AR AT R IR T 10 mmol/L MnO, %5 il
oM (P>0.05), HESIIAR CO, - EAHI
XA . AN A P4 — R YA AL S
A CO,, R COR 7E—ERERE b T LAS B4 T2 KK

£ 1 FeO3% MnO, IR DSM 525 B F 4t RSN
Tablel Effect of Fe;O3and MnO, on DSM 525's electron output efficiency

L WEEERUEYAERORE . DRSS RN, K
e BE kAR A AL (2.5 mmol/L) AT LAEE DSM 525 &
BRI, AR THAEK s 1 s v R Ak
(10.0 mmol/L) HE AEE i#F DSM 525 #7580 & e i,
A FREERERE TR, nTREX) DSM 525 15—
B RSO ITRREICR, e
JCEP | R A5G BS 7% DSM 525 R E TR .

L R W= R B R W R A
FE T R AR N e 1 Fs . 0K |, Fe,0s il
MnO, HIZINS 512 DSM 525 Ay T
24.27%#1 10.82%, FeOs fE#FCRAHLL MO, BT
S IE)E Mn(IV) i £2:(0.079 mmol , 0.12 mmol)
TR Fe(IID) (0.026 mmol, 0.071 mmol), {5 FexOs
S AH EHL i ) B Y £ (4.55 mmol, 4.71 mmol)
FET MO, P INSE 5 4H (4.20 mmol, 4.17 mmol),
H 78 ) R B i B 0 5T 9 42 (3.79 mmol) .
R FepO MRS BG4I I Fe(ITL)H L 7y HH R
JEHARMREE S ISR 2.6 £i5; FIREE MnO, i
TSGR Mn(IV) 9 HL 4 1 e IR
WINSEEGZA ) 1.5 5. 4k, a4 E e
o7 L LU AT R, B 2.88%, IR T 5%, iX
SRR A
25 FeO3F1 MnO, RINE M A B KR pH (&

K T 2 Fe,O5 Fll MnO X &2 TR 2 pH (ELAY
Wi, KREELERR, I pH (EEE RANE 5 R, X
ISR AP AS e RD DSM 525 il %) BE 2l &

i H XJ HR Fe;,03 (mmol/L) MnO, (mmol/L)

Item Control 25 10 25 10

Hz (mmol) 2.04+0.14 2.48+0.03 2.48+0.04 2.24+0.11 2.18+0.18
T Butyrate (mmol) 1.75£0.12 2.04+0.04 2.16+0.08 1.88:007  1.87+0.03
Fe(I1)YMn(1I) (mmol) 0 0.026+0.0021  0071+0.0053  0.079:0.03  0.12+0.03
HE, T Electron output (mmol) 3.79 455 471 4.20 417

B T L 100.00 120.05 124.27 110.82 110.03
The total electron output efficiency (%)

4 JR IR (5 o T L 0 057 151 1.88 2.88

Electron output ratio of metal reduction (%)
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7.00 - ‘
C_1 Clostridium-free
Clostridium
6.75F — . S 1
6.50 H
) J= =
=9
4.00 H Z 7 7 7
3.00 Y N R 5 R
W0 2 2 Os O
CO““\ o\“’wi\(ﬂo\'\’:f:mo\“‘?i;\mo\\\f?e’
25 W00 ! 100

5 Fe03;#1 MnO, BYARINXT 1577 E B HY 5210
Figure 5 Effects of Fe,0; and MnO, on the pH values of
culture media

MR fE pH (0B # 22 5%, pH H4h 6.70 Afq,
22 -HERE U R A ENZRE R EES,
WA [R] v B2 R AL A 0 B AR TS 25 e 7 1 7
/) pH A, HEBR 79146 pH (E22 5% DSM 525 % i
TFERYEENA . AR 5% DSM 525 [t R 2 A fin
BRER ALY H AP 5% DSM 525 fs2ib 4, T
K R A= W) LR AN T BRI B L CO, I
fift, pH (EXRIERAR; Sitaathdi ks, —
B pH AR EZES, (BAH RIS IR A k)
RIXTRR, BRER LIS in B & EE T DSM 525
R —a B2 . THRM CO, B E (Kl 4). H
IR, St A AL ES AT LA 24052 np R I 72
W TR IR SRR pH (AP R, pH
EE S A e 2 PR R 2R, IR pH (E2m
il A T R RS A T, TR AL R TS i mT LA
AEWRTAR Y pH PR N R, (e Kk mE
PIFRARSHA T, PR EIRPIAI R,
3 WikE4w
RERWAEY B Z/ KRR, Ok
W TIRARAIR A TR KNS o R AL A Ppid i
R RE R T ARG 2, [R) i & TR G A s
B T O A, DT3RS = B 740
P 1 K T AAR — L DIOR AR 2 AT 56 T i P4 )

B, JTREAR KR AR ST A DR kR I T A
A=Wyl AR T TR (B . TRk ) T
il B FRRIR BRI R, B ORISR I & & v
PR R B FLA BT R i 5 o

ABFFEMER T Fe,0s Fl MnO, X} C. pagteurianum
DSM 525 & e Citirszm , 255535 DSM 525 HAq ™
HLBE ST, HBEPRAR R Ak Fe(LT/MN(IV).
UTEEAE, W ZFREIE N C. butyricum?™ | C.
sporogenes 2 | C. bifermentans ™4 LA H Ak 205 1
FHECTF 522 FRRAPERR, 2% PGB B R A0 I
HLA HL 15 33 58 7 10 40 i 2 38 2 (1 A 3 48
, IS FAEEALRIRF S S . KRBT A,
2 T i R AR 3R (I IR e A 25 A AE SR Ak id
J 20 S B g 7 A HAT R AR SR R A
R LT SRR AR TT R M T A A1 R £ 328 E B AL
Z—, MAWFFE) DSM 525 (U i 5%, Uil E
H AT RE A7 AR B A e AR AL

BRESSA AL USIMEE = T DSM 525 Y HL 4
R, HOBERIHLHRI AT R 3 . (1) #eRE kY
ARG I T &AM T4 ik te, 115 DSM 525
THFESE Z R, =R 2 (2) B4k
AACYIE JFE T AR b R TR R pH (., B9
(LERR T BR) IR, M A T DSM 525 15
MOEEE; (3) FREFRAMT, B A LY N - 5
oA B RN, R A A 15 DSM 525
HL A e 22 5, AR RIEARE =R s,
FIFR P TFAE

ABIGE KB, AR A A 0 S B 21 Hh A
WS FE R W W TR IRZE, MnO, 2 TRy 3
TSR, MSEKHTH MnO, SEE0 41 H A BT RE =L
F FeOs L4, DA RZSREM, bR AL
A T DSM 525 4 15 36 38 1%, W TR R
H L T TR, RIS R T AR, LA
A Z R TR . FERATEOR s, LA
10.0 g/L HiZI WA K F-4HFh DSM 525 IR R B,
XTHEZH DSM 525 HHFE T 68%I 430, 2usin
TR KB 5, #EEFeE 2, Zhao %47
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IR A A 2 (C. butyricum =F BE45 =) S INRGe™,
PRTL T ARG . Popovic 2P, IE
WIHOLT C. beljerinckii fUHABEARE S5 , 1A
PRZ SIS Fh YA Fe(OH)s FlP ALY f) 525
Mtk (ER-2,6- —BARRAFIZ R R) 5, BT ERik
Ji# T C. beijerinckii 5 Fe(OH)s 1 H 1438, Ak
G 0 ) (R T = AR T

pH XA Wi A K R RN T 200, BRI e &
PRt FE R ) pH b B, BRAER AR S in
ATUA MR MR R R pH [, AT LB RS
KRS T o FRATTILRT AT 45 St R B K k™
HAZWAZ pH EH7EAP, Beckers 2P
C. butyricum7E AT 45 pH (B IR STt X s s 2 rh
fEr=a, 21T 15 AN, AN, &
FER R pH EMN 7.6 [ % 5.2, Z 5 siilfe 5.2 247,
SRS — A A = S A 1.7 L, 1 1 A
EE N 3.0-3.3 L, WM St # B T pH
X P R A A 7 A T R R O3,
AR, AR R ISR )R 4 R A Ak 5 2% v pH
1 B GBI HHLE, Orenia metallireducens 26 &
—RE A AR K B, [RIEa]
AT AR TR, LR IR B A SR 1Y
THFE, Znp T pH ER TR, MImfEsE T & B &
(LA 71

AR AR ) B A BB 4% 38 (direct
interspecies electron transfer, DIET)— B 2058 14
A, AR YER DIET $Ff5ReR, S8
BAK AT — AR R T [FF AL Y
FEAAAR, MELUR B SR X B A A EE S
A, BETRN P R A R S R R R
=, FERRFERIRAMT, GOKR N B AR AR
RO Ry, AR S A AR A A 2
5, NI IR AP a7 R R 322, s TR T
DSM 525 Fift A B 1538 (1 25178

AR, R A s i i 1
DSM 525 J& B A b, I ™ Az BE 22 L -0 2
R TR, 2SR R

Y, WS ERLY BB Z FAh, BREEN
WA R pH (A — &g ER, XdrTaeR
PR A AL E DSM 525 K i) B 55 R 2 — Ak
SR T R R, AR AR a2 e
T C. pasteurianum L4 RSN 236 o AR SCIFSE 4
R — R T X A 5 R R 4 e
M B 2Z ) AH B AL AR
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