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& E. Wk Clostridium sp. LQ25 5B B i H A , X — A MR FKT R A, B shmigk Efem € MR
FHESE, SR A Fe 1R A T FARARAT AR R 0ok, ESNRE R ERERA S 40~ 120mg/L 4
FEE A, WAk LQ25 MR RN HFINEEZRG (P<0.05, L P S EFEREREA 100mg/L i, ZAR
Fe (1) R EX 2], H (7.73+0.05) mmol/L. MR F Aok E FRERELN Atk LQ2S ey bk, . Mk
ik 2 B3] Fe () R EF B Z 0w, AR A, Bk LQ25 M F 15 b F IR I s Fm r
HEAM R, HEES L ERGHILELR 20h o, A3 IR E A 49.50 £3.92; £ R AL A U TF S R0 F ALk
FEMT , BhEAM IR E A 5623 £7.93, et IR (R A AR ik £ 5 kB35 14.95%. AFF 7St
—F BT T BF FRIRAF AT RAUH.
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Effect of Electron Shuttle Riboflavin on the Dissimilation Iron
Reduction Properties of Clostridium sp. 1.Q25
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Abstract: In our experiment, the strain Clostridium sp. LQ25 was isolated from marine sediments. It is a fermentative dis-
similar iron-reducing bacteria. By adding riboflavin and measuring the amount of endogenous riboflavin secretion, we ana-
lyzed the influence of exogenous and endogenous electron shuttles on the reduction properties of dissimilated iron. The ex-
periment showed that within the range of exogenous riboflavin concentration of 40-120 mg/L, the dissimilation iron reduc-
tion ability of strain LQ25 was significantly improved (P<<0.05) , and when the riboflavin concentration was 100 mg/L, the
cumulative Fe (II) concentration reached the highest, which was (7.73 + 0.05) mmol/L. Moreover, the experimental results
of endogenous riboflavin secretion showed that strain LQ25 could secrete riboflavin, and the accumulation of riboflavin was
affected by such factors as cultivation time and Fe (Ill). During the set cultivation time, the riboflavin secretion of strain
LQ25 showed a trend of gradually increasing and then decreasing. The highest riboflavin secretion appeared when cultured
for 20 hours, and the relative fluorescence intensity was 49.50 + 3.92; under the dissimilation iron cultivation condition of the
electron acceptor, the relative fluorescence intensity of riboflavin was 56.23 + 7.93, which increased the secretion of ribofla-
vin by 14.95% compared with the control group (without iron hydroxide addition) . The data of this experiment further reveal
the dissimilar iron reduction mechanism mediated by the electron shuttle.
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(extracellular electron transfer, EET) ! B4 4%
BB IR A BEP A — B B AT WL B R AL
PR A, S R EE Y R B AN
JIEE, P F A4 €2 2 2 1 sl LAt o R A 1 A% 2 i i ok
JIES 5 55— I B L DA AT M S M B A i FEL T 2 AR A
M, FLEM 4 By SO EAE L AOK LML Y
HLiz ST AL

SeAL BRI U AR HUE YR A LY T RS
FILL Fe () Ry A S i) oL F 52 AR 3 2, HFAE X —ad
Tl Fe (D 8 )58 Fe (). # FELIGIE (Shewanella
sp.) FIHIAT AT AE A W I 750 S A Ak it 1 o g =TT
TEH AN AL s R, Al R o AE AN AT b
) —ZE R 5T, ANUAT LA F - DA PR B2 % 1) 4
MO, T EHLRT LA BN Al e bh , RSN R S
AR A T 15, Breuer 5P BASRAIAR I
G (Shewanella oneidensis) MR-1 1775 16 Rl il o,
% ¢, fu$F MtrC ., MuF, OmcA , MtrA . MtrD , CymA
S, XTI T S A A SR A TR, A e AR AL
P 5E 2 2 T B AL . R 5 K T
AR AN Anoxybacter fermentans DY22613 "
IR A N FALEALIRIT , L 25 00% R IR bk i 4 5L
K2 79 i A i A (2R o PSR X T o/ b4
R ¢ AR S ALERIA NG, A B 72 ]
B S M A HE AL i —Fh e .

L ZEBRARAE Ry b % 35 ) B B 21 R 4
AT RRE Y] AR S H A2 AR TR LR A
ST ZRRR B THEBY. T ek S5HMEY
M A (A R AL ST 2RIk 2
FAR AR, W RS T 2R R AKS L AL 25 i A
(L 32 R S8 B — R F A3, 1T B IR R - X
AR [l AL ST — e i TAL 30 B TR i
RECRIE AT 43 N IR H 2R AR RS MR 28 K. N
T B F R RARFEUE Y A 5 50 1) A AR R )
Joi, SEELHL T LA SZ AR (L3281 AMNE T 204
ORGSR A AE BRI, FEUAEY)
WA AL FE R B R . 2R
PR AL S AT 43 BB R 28 My RS | TR 4 ot
KRR AN O,

B E MR T RN Canstein &3
e, HAFE S5 R RARME Shewanella oneiden-
sis MR-1 ZrWA AR 128 1A 8 3R FRA% R (FMN)
MR, FHFRER R MR-1 A K AN A i 25 i
fEEER Fe (D LY. BT A FLIRESN, BH9EE &

AEHEAREEE H378 FH1

IAEZARAN DA P, R R LA o i 15 MY R
B AN A PR £h 8 S5 B (Bacillus  licheniformis) " AT L]
FH A B PG TR 5306 A% B8 2 IR AN S5 4 ) S o, T2k e
W B (Methylophilus sp.) "V 221K 2§ #0FTF #i (Cysto-
basidium slooffiae) "YIRE H BN R, wiE T
SRR R M AR, e T S A
FrA. BRI LIS IR BE B TR K
FEVER, BB A% B SR AR A N 4232 18 oy
WEE, MERESNZ R R B B Rid R
T2, H 5 OB AL, DL R AR EERS
WA B9 e A% v 2R AR 0 TR R A% 8 i el R v
FrAEs— M L FEVE I, T2 AT L M4 2R ¢ i
MitrC (5 R Tt st 10

AL DLy e AW LAY B R R Clos-
tridium sp. LQ25 NWFFEXT 4, /M il T R A% s
FNT TR R S A BRI D 1 JO ) 56 e R T P 0 I A% T 2R
FIFLEE, B 7 MIRIE R TP S AL B B 2 B 1) B o1
TR ML B LR ) SR

1 RS

1.1 E#RKIE

Btk Clostridium sp. LQ25™ A< ILB2H Ji 51 A
TR 73 85453, GenBank 54 MK 156151.
1.2 BFAE

BRI o - WA 200 /L, L-2F I & R
0.5 g/L, NaCl 4.0 g/L, MgCl, 0.1 g/L, K,HPO,4 1.5 g/L,
FELERY 1.0 g/L, B8R 1 4.0 g/L, 200 mmol/L A5 Ak
BRIE 25 mL/L.

200 mmol/L A ARG WM il 7% : FREL 16.23 ¢
FeCly6H,0 T 666 mL LB F/KH, FEoe WG
81 5 mol/L NaOH ¥JE 77 pH £ 7.0 £ 0.5, )i
FBEFIK G VR DTIE I 2 28 2 300 mL, a8 .

R4 b pH 7.0 £0.5, IR 35 °C, B TIRAE
(F[E Oxoid 2~ H]) H555F 36 h.

1.3 R4k Fe(ID) if R 4R

DLEEAL R o A2 AR, DRASE SRR 50 h, (7]
B BBCRE , g BB Fe (I1) ¥ B, I LA 2 /R B Ak
LQ25 BRidJ5iRE T , 43 Mk LQ25 SAbkid Jmit: .
1.4 BFFHRE

MBI B RPN 0.20,40,
80,100,120, 140 mg/L, Pk LQ25 43 AT ik
NI TR IR R b, 3 411 RE. IR
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ERiFE 240 J5, g BF Fe (D) WREE, Mo H
TR AL BRI A LQ25 4k Ik Ji it
2.

R A% R % R O EURE , 7600g B 0
15min, F 0.22 pm JEMEITUE. (8] FR Ak ) EORE | 295110
FEEMEE (F Ao Forn) A E R iz, /A ik
O3 UAZ TR I RILEE.

1.5 MEFHE

PRRRA AN AE « 43 BT TR Agoo, VAL
{HFRR R AE KOARDL.

Fe (1) We &M 22 - SR FHHE 1% W& (Ferrozine) 4360t
FEEIEP B 0.0 mL 55 3R)E TR0 I, nE)
5.0 mL JEVE R (0.4 g FEIKIE L 4.766 g 4—F2 £ HENR
W Z i iR (HEPES) ¥ T 400 mL Z&{E/K) i, Ik
15s, #& 30min fH R EF4, LRI
TE Aseo.

K 2 S R IE < SRR Rk
M2 H 7 F-7100 BU5EGAME GRS B
il A% B R AR &SI KA R X e S R T A
2.5 ug/mL MR RbRMES, ] 0.22 um AL UES
WEERS L, ARG SRR UE L OO, FE R
WSO AR R B s B AR ORI, iR
TR P R B 60, DA 8 WA At s 6T o, P 9 A
RRGTHA ; BRI , 78 460 ~ 600 nm H7E
1 PR A it 2 R SR A Ak A AR X 2 S .
AT FE R B R & . 5 B A
FERSHFEA AL I ARXT 2 E0R EE , 10 EM, 5 2 fEFE
SRR 0.1 mL 20% 3% VAR BRENVA I, PRI AE
FESHTE R ST AL AR EOREE , 18 EM,; e
FE S FE & S A AL AR X 26 SRR EM = EM, -
EM,.

1.6 ZIELE

FI A SEER R 3 A TRE, SRR P
{8 + PRUEZE" 5 ¢ RRIRXTSLI0 2 5 X R 2 ] 22
ST BBV, TR BE R (P<0.05), %
N 3 2 5 (P<<0.01).

2 HR5WE

2.1 SMNEZRERIENK LQ25 RUKEREH M
TR o v P AN IEAZ B R R AR LQ25 Sk

PO SR ANE 1 R, e i S e

N, BSIZ BRI RER A bR LQ25 /Y Fe (M) if )5t

AeJ1. EXTRRA U RIS AH L, SEIR 2 A% B
R R 20 mg/L B, BERE LQ25 Y Fe (M) ifJi
e T Tl B4R (P>0.05) ; 1% ik & i m Uk B
40 mg/L B, KR LQ25 A Fe (M) iR JFHE /1 ik 5 2 5
(P<<0.05) ; #Z & iU W ETE 80 ~ 120 mg/L W7l
N, TR LQ25 11 Fe (1) i J5ige JIpipl i ity (P<
0.01) ; B X TR E N 140 mg/L B, Hkk LQ25 1Y
Fe (M) i R RE 1 JCHH B 4% 5 (P>0.05) . Hip 41555
Rl E TR N 100mg/L I, Hkk LQ25 i
Jit Fe (D) Ay iik iR s, R Fe (1) W N (7.73 +
0.05) mmol/L, M5 R P % E X R m Ik E ™ T
100 mg/L I}, BRk LQ25 iR 5 Fe (1) il L 2xF#AI.

il

0 20 40 80 100 120 140
W F RS/ (mg- L)

1 ARREMIINEZEZNEK LQ2S BUEIERKN
Al
Fig. 1 Eff?ct of different concentrations of exogenous
riboflavin on dissimilation iron reduction of strain
LQ25
Fuller 25PYF5E & B 5 A TEAE A8 A%
WRERMEEFRLM T, H Fe (D) W E Foas 4L HIAT PP
B, MTITAENAZ 8 2 AT REXT LA Fe (T 38 J5L4E H]
K. You 4 PVHE 4 R B K ZF K B (Bacillus
megaterium) LLD-1 [ 30 2& 97 %% L 240 Mo v n A
100 nmol/L A% B ZJ, i Hh i T AN H HEL U 2001 i g
T 2.8 ffA1 3.7 £, NIER] i #k LLD-1 KR
R R LME 20 M), s bk LLD-1 [ Hy
P L FfE . Yang 51N T B0 UE A% B F0F 0 FR
)& (Methylophilus sp.) ¥ # A i LB /E Y
M, R TR ERA S A Mz RAN
Fe (T i )5, 5 R WoRET# 1Y Fe (1) 18 )5 4845 15
T 33% , iXKH Fe (D) pylghn2 i THZ s RILik 1
Hushes F1Eh. Jin 1% B ACE AT I (Bacillus
licheniformis) 1 S. oneidensis WIR &R FEXT T4 )85
MHEAPEAE , J5 20 50IESSE T S, onei-
densis 53 ibHHL T ZERR KL B RIE® T B, licheni-
Jormis )40 M Ah 4% 33 %% . Moradian 28U 7E
Cystobasidium slooffiae JSUX1 5SS FEHUSTIIAZ

sk
=

HFFe (11) ¥ E/ (mmol-L™)
O = o W A UL O
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R, Hip i B A AN Iz Z i) 3 £,
FEA R R E FL %3
22 EH LQSHiZEZENSE
ZEME WOk Kl 425 nm. #% B ELE 520 nm
A AT 586 KA, AH R BE i I 21 ]RSO K
Miyuki 2505 b W I Ak 14 75¢ S 22 B i B AR Ak
WNZHRESEALSY OmeZ ML EIEM, 455
FEHDEI A E I BE VL AT LSS R R BUEE ZR B TR 1
W RS, FEARSERGHh, AMNEAZ B R AR i AP U
R R FE S D R HEERT e an 1#] 2 BR.
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Fig.2 Comparison of fluorescence emission peak between
exogenous riboflavin standard and endogenous
riboflavin sample

HMNIEAZ B FEARE S DO R SHE R ZAFE 525 nm
Ib, WIEAZ B R RS DO E R HIETE 524.5 nm 4b. 1t
A, SEG R BN GE T G R R R R Ok
GHig, R BRI FREA T AR R R, XRUIEEHRR
W% R G R ST R TR ME LQ2S il AR
(. UL, F 525 nm b5tk G o 2R Rk R
Frid AR A R
2.3 AEEFHMETHEZSWETNH

PR LQ25 Atk 5% o R 43 Wi i Bl sf 1] 1) 284k
WK 3 k. 8595 0~ 10h HEHAE KRN, ik
FIRBRE Agoo 9 0.26 = 0.01, ZEICIIA] AR A2 # =

AEHEAREEE H378 FH1

(55365 G 5 B5 9% 10 ~ 15 h BB K0, &
KERBEEE Agoo N 1.32 = 0.06, B 2 IAHXT OO GIR
B ATk 11.30 £2.00; 3535 15 ~35h MEHAK
R, lRAIREE Ao A 1.41 £0.02, EE RN
XTI BT S 32 20 h NSRRI, 0 49.50 +
3.92; B55% 35h Ja MEARMITEIR D, BIRBEE Ago 15
11, A% B R B ARG E B AR T 40h 9%
R SIS .

1.6 60
1.4 F 3% A 150
i s
ol f ek
| I g | <
0.6 | T S P E
0.4} =
oL Iy . 10
0 . . 0
0 20 40 60
R 3Rt al/h

B3 Btk LQ25S K 5ZER SRR BN TW
Fig.3 Growth and secretion curve of riboflavin of strain
LQ25

UL AT UL, TR RS I B R W KR %
I, bk LQ25 TEREIEA: KM IMZ B &R, iIX A
TFHAEEAE ATP AT ASAK, MG ALK
2%, TR i BRSS , 43 W% 5 3 /L. Baron
L0V I8 A 1A Shewanella oneidensis MR-1 (13- B4 %
il ¥ LR TETCAMIEAZ 3 R B R 451 T ek
WBNEAEH FRAS , SRS TEIMR A E R R
VS HHT S PR A TE R — LAl , DL EZ5RE W]
XA R 1 A FH R AR B B oI A% R T L
0. A TP ST BikE Shewanella oneidensis 1R,
AR SRR iR B AR Ak, LR B 28 17 T Hh 55 35
IS R, XRA I AE K SR EZ R
A, AR AR SR T P T AR R
B, A W A K S PRI S I AE KIS, 1%
2 I FRRE 55 , PRI AR AR A S 0A 5 B R IR /). Song
L8 5 Pachysolen tannophilus WA FIRZ B 43
WBERT A A2 ALROC R, N HIVE P tannophilus T4
TEXTEAE K I IMZ I 2R, X S ARSI AR LQ25 1Y
A IBERAEAEL. Jain VR INERE Shewanella loihica
PV-4 TE—EWF PN, Bl R FRm ] 35, g5
B 2R R I o B 2 B 3 I i k4 4. Tian
25 POV 53 % BUMCAE W0 A%k e b H £ R 25 T AT
(Bacillus cereus) DIF1 FIRZLERTA (Rhodococcus ru-
ber) DIF2 TEXVEUAE R Z /1, 0m VR EEA WG I,



202242 H R OIR, . TR EX R Clostridium sp. LQ25 St ALBRIE ISHE B 21 <15

XPESCAE A i A 8 2R e B S R

REFAME T AR, I B R
¥4k FMN FIE 2 RIS — A% 17 (FAD) , FMN F
e Z IR AN, o T R IR R TIRE
HR B m ARRAE B AN 2R KORES , T FAD £ 247
TETFHA, AT1E A0 2R A5 R R LQ2s
A I T, ZEREFRIGTHT 20 h, FERE LQ2S Kt
Sy T AN s A A K ILR
TSR P B R S R S KA A E
WPIAR SRR RIZ WE 2T, DR S o A
LQ25 /bR RAERFE 20 h J5 B Wiorfd. Mok,
SEBG AR FHRE G ) SRS B | ] s BRI
Bk LQ25 Zh IR o 2R i),
24 RBRUBEFEGTHRERNWETK

PLESEALEON B T2 08, W LQ25 B R4
W TR, 455 ANE 4 Fis.
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32F A & N = 16
g i i\/"\ . . | 3
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Fig. 4 Changes of growth, secretion of riboflavin and
Fe(1II) concentration of strain LQ25 with time

HE 4 AT B3890 10 h, BFR LQ25 ZHith
R ETH R I FE I B R A T kG
s 10h Z i ARREAE K, 20 h B RRRZE B Asoo
KB, S 232 £0.05, 15h BPERE T HER
AN o B IR B e, i 56.23 £7.93; 20 h J5 IH kk
FRIEIR , WK T Agoo FEAK, A28 R AT E0E
FEBEREANIF T 35 h Jaoot R Sk, Wbk LQ25
FEREF5 1 A8 43 AR 2R (A% B 28 2 TSR A 4 e PO
S50 A8 1k, FEXT B oA SRR 45040 T B 5%
20h Hf, FERE LQ2S i R AR RIIE(E, 20 ~
25h [EAIK 51.43% ,25 ~30h &M% 36.43% ; SEHOZH 4%
FF, Bfk LQ25 /Al R A i K i i (H IR AT &
15h, 15~20h &M% 13.98% ,20 ~25h &M% 16.32% ,
25 ~35h [#MIX 39.41%.

XoF b SI 56 28 RIS HE 2 1) A% 3 28 A G 28 i e

R E, SEERA R R XS BRAL Y 1.14 £y, segedl b AR Afk
BRATRBAE T2 R R T AR I B K. Li
LN HiRE Anoxybacter fermentans DY22613" 1535
TP R RO 5 o BT A B, A% e R S AE X AR K
WA WIS S AR AR BN TS I 2H 2 I 7™ HE A%
WEWE R 2 5. Liv %P s R B8, 1
3.8 umol/L RAFFE T, A AR IF T 50 5% i 4t
JEA, IEH 60 h i85t Fe () JE Y, Fe (1) fA & oK
KT 2 A%, AT Fe (T R AR #EIH R F
AR50 20 M REE S PR R RE A T A AR
FRZ B R AR 28 48 IR sl DR 1) 0 I R

PR LQ25 I Fe (T JEAE 5 A4 K AIETifEA T
(1, KR FRAAT 100 BRI, (RJLFRifEfT Fe (1)
B J5; Hi SR 10 ~ 35 h i), TR LQ25 K #kAT Fe (1)
W5, 35 h BFREFR D RERE Fe (1) W iR B i i
{8 (8.79 = 0.01)mmol/L ; 35h J& ¥ F= ik H B
Fe (1) W22 ak /b, LRl W, Fe (M) A9 3 Jitio A2
FEURTERMRAE KB .

AH X REZH o & ARk ES ) | Ttk LQ25 1E
35h RFEAE K, SRR I A1 IR LQ25
fE 20 h Sk B RS R KAE , HIL 2B A% B
RIBINRAA 3.27 5. RCAREP S WA I
[C T (Shewanella putrefaciens) W) 15 375 vp fin AF7#
fRek, SEm s R g s Fe (1) We s 5 A& MAFHE
M ZE P IEAH DG R, KB Fe (D) & 5 51 EW Y
KA TE—E. RIPEH SV IAE VR Klebsiella
sp. KB52 My Rad R, JCIR i inAN nl i 52
RS AR IR R I I P 2 R AT IR
Pk OKBS52 M40 M AR K 3 TR IS I HL - 32 AR IR XF

PR A% B R AL Fe (1) 25 UIAH G, 2%
R ReiA B i K B i F B R AR ARG ST
W Fe (1) X — 3 f2 = SRR 57 5 Wik 7. X n]
RBE R T A% o RAE T2k, B T (Al 0 2 i i
ENEEE T BURTS 0 FF DRN 2R A, 54558
F A AT AR S AR R R, AT
R SRR R R BRI E Fe(1l).
Dereven’kov ZP*7E /K4l 2 (H,OCDI) il NADH (7
REVHEMBZ IR ZEME T Col (1N BIFHR,
I HIR R SRR R LR IE TR
X7 NADH [l /K4 &= i FReR AL AR . SR
FTEPTHEIRIY S, oneidensis KRR JFid BRI & BA,
RIS R R L RE 045 1 3 A%, A
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A 3 R RAE R RS 5 R Rk T
il R, JEHE L N R S 4 BT A R EE A
BN, Zhou 2P S, oneidensis MR-1 [tk e F
e (SMX) i B In A T AR Ta) e B A2 R, Hidwe
KIEMREREERF] 95.3% , MZEE N T SMX [4fi#
PR Y AL RER , SMX Y P A% I 25 400 5
FAT e T S22 TR
2.5 SMEZEZERIEK LQ25 R EKIE RS RO
ANERZ HEE R TR LQ25 AR JE M B 4 By
ZERNE 5 Fos. 155 200, WRE LQ25 MITAARE
AH EE X HEZH (o U SRR i) 1Y) TR 44 2% 3 G (i 25 7%
£k (P>0.05) ; K557 25 h, Kk LQ25 R Fe (1) ¥k
4 (9.05 + 0.02) mmol/L, - FLKE#E K5 7% 0} [A] (A 14
EIRk LQ25 B2 Fe (1) HefE b4 I

2.4 1
22k - A“"‘{ 8 111 =
21— gBFe ()i =
20} 10 g
. 9 :/
REY ] =
~ 8 =
Ler : 17 =
14} }7 le =
12} s

1.0 4

10 15 20 25
Bi FRm} )/
5 HMEZERXNE LQ2S RUEIE R RS

Fig. 5 Dissimilated iron reduction properties of strain
LQ2S5 by riboflavin

ANEAZ R Z X AR LQ25 MyAE K LT o, {H
RESLUFRRRR LQ25 U TSHALAKIA R, Yarlagadda 250°°)
AR SMIE LT 2R IR X BRI AR Clostridium sp. BC1
(A K LB . List 25570 A [ SR I i v 1
TERAXS BRI T BEAR B (Clostridium  acetobutyli-
cum) W AR Ik B 52, 45 2R 3R W] Ah s R -2~
T TR (AQS) Fl N 5% 15 2% 24 RE 1 ik AT AR 119 S A SR
JRE ), X ASSE R BT ST 4 SR AR L.

(1) SMEAZ 3 2T MR HE R AR LQ2S 1Y Sfhagkic
JREE ST, MR B A 100 mg/L B, S2ABERIR
SRR, XS BRZ$E S T 63.26% .

(2) FEVR 2 W 3 FR BT IR, 38 S 2o S B
MERE R, Wik LQ2s HA MMM EEMRES, i
F AR 2R EE T 38 56.23 +7.93.

(3) TPk LQ25 #% ¥ K 43 il it 52 B B SR B A]

AEHEAREEE H378 FH1

Fe (1) ¥ B2 25 DR & B2 . H A0S I 750 S A ik il
VAR T M A E AR B AL PR S B TRA , AL Z
T, RIETSACBOL I A RIS T B i A
E— BRI ABESEA RO s A A s
JE AR AN A ML PR T B SRy

SE k-

[1] GRALNICK J A, NEWMAN D K. Extracellular
respiration[J]. Molecular microbiology, 2007, 65(1) : 1-
11.

[2] LOVLEY D R. Extracellular electron transfer: wires,
capacitors, iron lungs, and more[J]. Geobiology, 2008,
6(3) :225-231.

[3] LOVLEY D R. Electromicrobiology[J]. Annual review
of microbiology, 2012, 66 (1) : 391-409.

[4] WHITE G F,SHI Z,SHI L,et al. Rapid electron
exchange between surface-exposed bacterial cytochromes
and Fe (Il ) minerals[J]. Proceedings of the national
academy of sciences of the United States of America,
2013,110(16) : 6346-6351.

[5] BREUER M,ROSSO K M,BLUMBERGER 17, et al.
Multi-haem cytochromes in Shewanella oneidensis MR-
1: structures, functions and opportunities[J]. Journal of
the royal society interface,2015,102:20141117.

[6] LI X,QIU D,ZENG X, et al. Complete genome
sequence of Anoxybacter fermentans DY22613T | a
piezophilic dissimilatory Fe( Il )-reducing bacterium
isolated from East Pacific Rise hydrothermal sulfides[J].
Marine genomics, 2020, 53:100755.

[7] CANSTEIN H V, OGAWA ], SHIMIZU S, et al.
Secretion of flavins by Shewanella species and their role
in extracellular electron transfer[J]. Applied and
environmental microbiology, 2008, 74 (3) : 615-623.

[8] WATANABE K, MANEFIELD M, LEE M, et al.
Electron shuttles in biotechnology[J]. Current opinion in
biotechnology, 2009, 20 (6) : 633-641.

[9] O&#, DR, HHE, %5 BFFRENSHMED R
HbHL AR 3 LR e (0], Ak B 2015,
27(12) : 1833-1840.

[10] VELASQUEZ-ORTA S B,HEAD I M, CURTIS T P, et
al. The effect of flavin electron shuttles in microbial fuel
cells current production[J]. Applied microbiology and
biotechnology, 2010, 85(5) : 1373-1381.

[11 ] OKAMOTO A,HASHIMOTO K,NEALSON K H, et al.

Rate enhancement of bacterial extracellular electron



2022 42 A =

0%, 4. TR E T ERE Clostridium sp. LQ25 SeAVARIE JFt: & (1) 54

« 17

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

transport involves bound flavin semiquinones[J].
Proceedings of the national academy of sciences, 2013,
110(19) : 7856-7861.

TURICK C E, TISA L S, CACCAVO F. Melanin
production and use as a soluble electron shuttle for
Fe( Il ) oxide reduction and as a terminal electron
acceptor by Shewanella algae BrY[J]. Applied and
environmental microbiology, 2002, 68 (5) : 2436-2444.
YU H, LIU G,JIN R, et al. Goethite-humic acid
coprecipitate mediated Fenton-like degradation of
sulfanilamide: the role of coprecipitated humic acid in
accelerating Fe( Il )/Fe( II )cycle and degradation
efficiency[J]. Journal of hazardous materials , 2020 ,
403:124026.

LIANG T T,ZHOU L,IRFAN M, et al. Assessment of
five electron shuttling molecules in extracellular electron
transfer of electromethanogenesis by Methanosarcina
barkeri[J]. ChemElectroChem, 2020, 7 (18) : 202000918.
JIN Y,LI Z,ZHOU E,et al. Sharing riboflavin as an
electron shuttle enhances the corrosivity of a mixed
consortium of Shewanella oneidensis and Bacillus
licheniformis against 316 L stainless steel[J]. Electro-
chimica acta, 2019,316:93-104.

YANG Y, WANG H, ZHENG Y,et al. Extracellular
electron transfer of Methylophilus methylotrophs[J].
Progress biochemistry, 2020, 94:313-318.

MORADIAN J M, XU Z, SHI Y, et al. Efficient
biohydrogen and bioelectricity production from xylose by
microbial fuel cell with newly isolated yeast of
Cystobasidium slooffiae[J]. International journal of
energy research, 2020, 44 (9) : 325-333.

BRUTINEL E D, GRALNICK J A. Shuttling happens:
soluble flavin mediators of extracellular electron transfer
in ShewanellalJ]. Applied microbiology & biotech-
nology,2012,93 (1) : 41-48.

OKAMOTO A,KALATHIL S,DENG X,et al. Cell-
secreted flavins bound to membrane cytochromes dictate
electron transfer reactions to surfaces with diverse charge
and pH[J]. Scientific reports, 2014, 4: 5628.

WANG Z,SHI Z,SHI L, et al. Effects of soluble flavin
on heterogeneous electron transfer between surface-
exposed bacterial cytochromes and iron oxides[J].
Geochimica et cosmochimica acta, 2015, 163:299-310.
XIPEHE , w2, sk, 55, ALK AT Clostridium
sp. LQ25 ZrE K~ E SR F R [J/0L]. Mty

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

B 1-15. [2021-06-01]. https://doi.org/10.13344/].
microbiol.China. 210308.
LI X,QIU D,ZENG X,et al. Extracellular electron
transfer in fermentative bacterium  Anoxybacter
fermentans DY22613" isolated from deep-sea hydro-
thermal sulfides[J]. Science of the total environment,
2020,722:137723.
MIYUKI A T, ANNE K J. Geobacter cytochrome
OmcZs binds riboflavin : implications for extracellular
electron transfer[J]. Nanotechnology , 2020, 31(12) .
124001-124008.
FULLER S J,MCMILLAN D G G,RENZ M B, et al.
Extracellular electron transport mediated Fe( T )
reduction by a community of alkaliphilic bacteria that use
flavins as electron shuttles[J]. Applied and environ-
mental microbiology, 2014, 80 (1) : 128-137.
YOU L X,LIU L D,XIAO Y,et al. Flavins mediate
extracellular electron transfer in Gram-positive Bacillus
megaterium strain LLD-1[J]. Bioelectrochemistry, 2018,
119:196-202.
BARON D, LABELLE E, COURSOLLE D, et al.
Electrochemical measurement of electron transfer
kinetics by Shewanella oneidensis MR-1[J]. Journal of
biological chemistry, 2009, 284 (42) : 28865-28873.
JEWIAT, 208, S0, 5. A WAl JERE Ak A
o As(V) BT R WFSE (0], K AL PR AR, 2018,
44(8) : 40-45.
SONG W, XIAO Y, SONG P, et al. Riboflavin-mediated
extracellular  electron transfer process involving
Pachysolen tannophilus[J]. Electrochimica acta,2016,
210:117-121.
JAIN A,ZHANG X,PASTORELLA G,et al. Electron
transfer mechanism in Shewanella loihica PV-4 biofilms
formed at graphite electrode[J]. Bioelectrochemistry,
2012,87:28-32.
TIAN T,FAN X Y,FENG M, et al. Flavin-mediated
extracellular electron transfer in Gram-positive bacteria
Bacillus cereus DIF1 and Rhodococcus ruber DIF2[J].
RSC Advances, 2019, 9 (70) : 40903-40909.
LIU S,LIU H, WANG Z, et al. Benzene promotes
microbial Fe( Il )reduction and flavins secretion[J].
Geochimica et cosmochimica acta, 2019, 264:92-104.
RO, A3, BI5E. 4. DFeRB 1 SRB X vk
BRG W R A2 T (1] Al R BSR4
(F#:% 27 )



2022 42 A

SKOUBE, % U AR R IR e B A B T S A RE BT

e 27

[5]

[6]

(7]

[8]

[9]

[10]

turation kinetics of highly concentrated whey protein isol-
ate[J]. Journal of food engineering, 2021,292: 110294.
FIH. PHBER B e TERTFE 1], RifEER2y, 2014,
35(21) : 78-80.

TOCHT  UTARLL, BRAR , 45, LT REZE R 0 SR BRI R
T AV 05 4 40 2 R RS AUL (0], SRR R 4l
2020,35(6) :25-28.

SERDAL S,MUTLU C, OMER C, et al. Quality charac-
teristics of pomegranate juice concentrates produced by
ohmic heating assisted vacuum evaporation[J]. Journal
of the science of food and agriculture, 2019, 99 (5) .
2589-2595.

FIO, BRME S, BRERAL. 4 2R AR SR IOV VR A
TEMAL D], B SHLR, 2016,32(5) - 168-172.
ZFOUE, TR, R, A5, SERUTHR Rk AR S A
KR WA R ], B AR, 2020, 41(7) -
102-109.

BAGCI P O. Potential of membrane distillation for pro-
duction of high quality fruit juice concentrate[J]. Critical
reviews in food science and nutrition, 2015, 55(8) :

[11]

[12]

[13]

[14]

[15]

[16]

1098-1113.

SR, WK, R, . B R BRI AL R

RERTA AL [J]. RHRH R 2224k, 2019, 34(5)

51-56.

ALKHUDHIRI A, DARWISH N, HILAL N. Membrane

distillation : a comprehensive review[J]. Desalination,

2012,287:2-18.

LOUSSIF N, ORFI J. Comparative study of air gap,

direct contact and sweeping gas membrane distillation

configurations[J]. Membrane water treatment, 2016,

7(1) : 71-86.

WRAeHs , e, B de. U U ML Tl Pl iR

[J]. AbT 244k, 2009, 60 (2) : 304-309.

TANY Z,HAN L,CHEW N G P, et al. Membrane distil-

lation hybridized with a thermoelectric heat pump for en-

ergy-efficient water treatment and space cooling[J]. Ap-

plied energy,2018,231:1079-1088.

Bt mnAE, BRE, . S SRR R A

AR V], AR SR 2014, 34 (5) - 58-64.
RERE: A2 F

(E#% 17 W)

[33]

[34]

[35]

2020,39(9) :2015-2025.

Xt , E. SACERIE RN Klebsiella sp. KB52 i
JRE )R Cr(VD) D], P85 TR 224, 2019, 13(5) -
1113-1118.

DEREVEN’KOV 1 A, HANNIBAL L, MAKAROV S
V, et al. Catalytic effect of riboflavin on electron transfer
from NADH to aquacobalamin[J]. JBIC Journal of
biological inorganic chemistry, 2020,25 (97) : 125-133.
ZHOU C, WANG H, SI Y,et al. Electron shuttles
enhance the degradation of sulfamethoxazole coupled
with Fe (Il ) reduction by Shewanella oneidensis MR-

[36]

[37]

1[J]. Environmental toxicology and pharmacology ,
2018,62:156-163.
YARLAGADDA V N,GUPTA A,DODGE C J,et al.
Effect of exogenous electron shuttles on growth and
fermentative metabolism in Clostridium sp. BC1[J].
Bioresource technology, 2012, 108:295-299.
LIST C,HOSSEINI Z,MEIBOM K L,et al. Impact of
iron reduction on the metabolism of Clostridium
acetobutylicum[J]. Environmental microbiology,2019,
21(10) : 3548-3563.

RERIE: AR

(E4% 22 W)

[17]

[18]

[19]

[20]

MOHAMMED J K,MAHDI A A, AHMED M I,et al.
Preparation , deproteinization, characterization, and anti-
oxidant activity of polysaccharide from Medemia argun
fruit[J]. International journal of biological macromol-
ecules, 2020, 155:919-926.

ZR, A, BRapar, 55, A2 2R R IO I 5
FIRFFE L], B dhARY,2008,29 (4) : 218-220.

XU, SBLL, WA, G AR 2 = A LRI
BRI LA ], ) AR T, 2015, 43 (17) < 64-66.
L, HRH T, INERE. KRBT I T AR T
B, 'hR¥,2007,28 (12) - 82-84.

[21]

[22]

[23]

[24]

YANG H H,WU Y J,GAN C J, et al. Characterization
and antioxidant activity of a novel polysaccharide from
Pholidota chinensis Lindl.[J]. Carbohydrate polymers,
2016, 138:327-334.
BRI, E0E. ZmEAEREZENEN TL
W], ARSI, 2018 (9) - 149-157.
HLLI, RIEVE MR 3t. ZMRENHEARMAL ], £
YIRS, 2013 (5) : 8.
TRES, e, ok, S5, SR B AR P Alifb
T B b —n] WO TE R 2B (0], i~ 5t
43H7,2017,37 (3) : 806-810.

RERE: A2 F



