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TR D TR A AL A S PP L AN TG4
We . REAERSE, BRILZAN, SRR T —FErm)
e R X, BRSO, RIS T
( Gralnick et al., 2007 ), MIZNFIE A L 132 14
P TRAh, AReLEt A YR A J N2 HF
X T2 ARG - R FE T L 514 ( Myers
et al., 1988; BLEIHAE, 2012 ), AEWFIE AL,
A YRR I i F B R AT VR A A T2 4, I
AL SR R A DRk el AL 2 SRR AR 2 iR B 2
P AOTE 0L, RS T — RIS M ) HE Al AT
T MAMNTRE SR IRESIET, MY
TEA M NI E A DR, AR 22
L P IR B A 32 S R A/ e A2 A FGAR I, [
AR AR CEY A A KBS (Paquete et al.,
2014 ), AR, HEEYReE S AT A
HZ5HE4 B EREAAE IS YR e,
HAFEZENIIEMERIE2=E X (Logan et al., 2005;

Lovley, 2006), X1, HTHAEYARGIFATH,
L PN 7 A 1) L e L R ) AR A i A
LT A2 AR 1) L A% 3 AR A T IS I A FH 1
o SR, UAEYTEM N S A DL
AR R S A P s (] M A Z R
LR o AR JFAE R AR, X Ludy
MIL 2R o AR T — 2% 0] LA ZE It 3 L A0 i 55 % 125
i F{& 4% ( Firer-Sherwood et al., 2008 ). H&LTFM
FEAE B SRR R TR R TL, B
T 2R AN Ak S 15 28 M b i A2 AR G S R AR
J MU AR (SRS, 2011 ), BRSEREL, B
T IMEAIN AR ¢ 1538 2 AN 32 R0 7 A
ZAh, S R L | YRR TR
RN T AL LRI S AMEA A R ¢
R S 11555 (Lovley, 2008; Rz
M4, 2016 ),
ERIE—RE T A S ERRRERZ
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HH TR R EA Y . B A P A A A
R c W FRHORIE, FY B AN 32 14
Rl AL, B I SR IR SURT AR AT W42
T, DAERRZER TRUEY) S i b 52 R 2 [a]
(BREFSE, 2013), ZERRIRTE AR ZAE e, B
FET . MEIAR RO IAY . AEI B G O R AR
IS B REAE Ay 28 AR A DA R PR I W i AR i 7+ 3] F
T, B THBERTZIE, FRA NI
FAL R 2 B Newman et al.( 2010 )57 B0,
HHF5E R ABRIEY) e Lo v AL b ok B rh B
IS BT, XSRS T2 T E N
MNP AR R, PR Lt 2 ish
T35 1 A o X RIS ) BTt MR Y 2
PR, A S A3 B R R 2R A 31
1AM T1%58 . Marsili et al. (2008 ) % FHH AL
B S AN RAR A Shewanella TEZERRIKA
MM AL BT, S5 A Shewanella
H & Re 0 W B R A 1538, ZE A A
FHT MIAI A5 388 R R R i, IR S T Ao 1Y)
JIAME R AE B A R — A E 2R
Wolf et al. (2009 ) 3¢ T JEFH BT AR ZE 12 14K
T A BRI S R B FE A5 RSk I, A LA
T AL B W R D T — A S By A7 X TR
-137~-225 mV Fl NHE ( AH X e &AL A L
pH=7) W, ZFRIHAISFINT) - SR E B TR
RN FH AR 3R . Wuetal. (2014) CT
INRGFRRARN S Shewanella JIAM T4 3 33 FEHY
WD BE T R AR AL SRR R Y 52 M)
IR T CEERE R R BT

H AR A 2 A REHEA T LA IR A S AR )
HAT, XTHIMTFIAR R Z R KRt WK
R AETE A AR k. EAHGE YRR
PEAT M AN B 50 A W08 H AT 1R Geobacter X Bond
et al., 2002; Holmes et al., 2004a; Methe et al.,
2003 ). % FLERH ( Shewanella ) (Kim et al., 1999;
Kim et al., 2002 ), #Rif 42 ( Rhodoferax
ferrireducens ) ( Chaudhuri et al., 2003 ) %5, L
B IRAL T IR A& B R ER ™, R
WV MAN L 3244, AR T A WA TR ST
WAEH (ZMe4%, 2011), ASEE LA T 4R
AN T AL 3 A R - O QR N L L VAR
21°34'~21°45'N, 111°41'~111°54'E ) S0 i 3 9350
T R e AR, R AL SR 2R R AR
T T A RV MU A F AR B R ) 2 R B
IE R, R RFH i A A S VR TR D TR
CE IR 254 . BAR, HRTC AIRZ K TR
I SR DS s R RIS, (HEE

B EEE AR R, 1 H SR E AR L
FEEIEAEER) . I, TR ERIRN S0
YIHETE A AL 3 B R o B SR X, R
YEFMLEL A 50K A B T AT & AR A SR A
(ARSI A
1 MR5FE
1.1 BlAE

AR S R FH A I . XU R B A W Rk
( microbial fuel cell, MFC), FH#Z AT 80 mL,
BB = R R 65 mL, I R B 7 38 4 i
( Nafion117 Z£[E Du Pont A+ ) BHFEIT. T35
HEAE AT 3% HoO, 0 1 h DIBR L3R 1A
L, RG890 80 "C2E5 7K . 0.5 mol-L™ ik
MR IR LB F/KALTE 1 h, RERBEELEESTK
1 (Logan etal., 2006 ). F 1% FAK R FH A B A ER
22 HIVE R, BRESFTEIFR R 3.5 emx3.5 cm ( EEKHR
42013 ),
1.2 EWEESR

SRR . BUA T A48 FRYLTT & g i
BB TS R IR, AT R 5 PE R % v
WAKTZ R 1 2 8 1Y o4 Rd

TWEEEARIE Y : 0.02 mol- L (R 454

P b : 02 gL' MR 6 2% ik
(pH=7.0 ), FF+ZZoh N 10 mL 4EA=Z A1 10 mL
WYL E., BRI E BT M. 1.24 gL
NH,4CI, 0.52 gL KCl, 46.17 g'L"' Na,HPO,-12H,0,
11.09 g'L™" NaH,PO4-2H,0 ( Tang et al., 2010), 4
HEREBW: 2.0 mg L' EYE, 2.0 mg L' MR, 10.0
mg- L' TERRIEMEE, 5.0 mg L B E, 5.0 mgL!
TR, 5.0 mgL! JARR, 5.0 mgL' 2R, 0.1
mg-L" B-12, 5.0 mgL"' XM IEHEF R, 5.0 mgL’
TR BT YICEFR S : 1.5 g REH =L
B4, 3 g MgSO47H,0, 0.5 g MnSOy, 1.0 g NaCl,
0.1 g FeSO47H,0, 0.1 g CaCL2H,0, 0.1 g
CoCly-6H,0, 0.13 g ZnCl, 0.01 g CuSO4-5H,0, 0.01
g AIK(SO4)» 12H,0, 0.01 g HiBO;, 0.025 g
Na;MoO42H,0 , 0.024 g NiClL-6H,0, 0.025 g
Na,W0,4-2H,0, 0.02 g Na,SeO,( Weber et al., 2009 ),

FFIR% 25 HL A% - 0.1 mol- L' % K5[Fe(CN)g]o

TR, 2-83-1,4 250 (2-HNQ, 97%, H
R ). HR-2,6-—fififR (AQDS, 98%, TCI, H
) MK ZE (Riboflavin, 98%, Aladdin, 1),
BRI R A FE 24 200 mmol-L
1.3 Wik FaatrAiE

W BB e R, FREL 8.5 g VRIEFULAR
5 68 mL 1 FHIRZZ il it A BHR %, SRR S0
FEL VUL 2H 3 75 ) BEAR 2 A 20 pl B9 ZEARIR, Pl A
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.30 min, ZEREBHMARES AN S T SR e S8 2% )
PR % 0 & T PR S48 (DG250, Don Whitley
Scientific, #[E, TerAvestetal., 2014 ), FAMMA
0.1 mol-L™" ) K3[Fe(CN)g], MUIF, LABRE: KyHaf,
A% 1000 Q HBH ( Yong et al., 2013 ), =9
RIS, BB T I R T
30 CHHIRE M.

MFC ()% B R R A 32 @B 5 R ER
(AD8223, W) HAZRELN ., S R TR
Fl—EfE)f5, [ MFC P E IR, i
R FRR B, HRE (1) BRI E A I=U/R
THEARE], Hep, R FRIMERH, U M EE,
M MFC R E G, HBATASHHA (ZX21,
R R AR A BR A F ) i 4 B
(20~8000 Q), e ERE )G, HHTHE
(UT61B, UNI-T, ) idskH R, RiEaxX
P=U*/R, Pu,=IU/A T J=I/A ( A FRAWTE) 4%
FTERER TR (P), TIREE (Py,) DIKH
WEEE (J), 2l ih & ol Res w2 LAtk
— Lo, AR RS TAEES (CHI660D, HrE I
) 2t 3 MR ERIR IR AR ZE i 2, e
FE RN ZR P R AR SR LA

SR FH v 38 2 AR W R I 1 R Y M AR T
WEEIIREIS 254 (Kim, 2004 ), FH DNA $:#H
157 & PowerSoilTM ( MO BIO Laboratories, Inc.,
Carlsbad, CA, USA) RBGRIEGIIRIEEG 1A
Y20 DNA, FIFH 16S rRNA JEH V4 X514
515F (5-GTG CCA GCM GCC GCG GTAA-3") #il
806R ( 5-GGA CTA CVS GGG TAT CTA AT-3') i
1T PCR Y 3G, PHEIRR (30 uL ) 40F: 15 uL 2xEx
Tag PCR Mix, 0.5 pL 10 pmol-L™ fIF 1815147, 1
uL DNA FE4T , B2k ELARF 30 uL, P14 5 v
AR : 94 CHIASYE 5 min, 94 CAPE 308, 55 C
Bk 30s, 72 CiEfi 40 s, 31 MEH, )5 72 C
FEMH 10 min, 4 CHRAF. PCR ¥ 34 /=4 F H
OMEGA J [al i 4 1 i 57l & ( EZN.A.® Gel
Extraction Kit ) #Ff74fifk. 4lifk)5 1% PCR Feduk
KM Qubit 2.0 (Invitrogen, NY, USA) & 5t
A7 e BRI ( 1llumina MiSeq, Macrogen ).
2 ZER55H
2.1 MARYIRSNE FEE R B R RS

I UTR U DRk d st 35 3% 4 A A 1
LR AN 1 7R o MEC 764 JR P () 4 e v
FEERZE T B TE . RasE . NRR 3 AR B T7EEE 1 A,
OB b RE HEA T M A/ W2 1 ke 2 0 e B ) 48k
BIRETE AL A 2 PER, i T R S BT
430 mV Lt UEYIRREL A A E A L DA

10 15 20

B RUeERE R s TR 4 N EH

Fig. 1 The four operational cycles for microbial fuel cell

ERoENf R, BBEL 72h 5, MAEYEAR L
R, B RRGEFERZE 50 mV DUF . FRK
WA, MFC By% s R b, SR &
Dikaxe . TR, RIBUTR L PRkt e i ik
Dy r=eg, e e PR SR T RRUE AR R R
A EA T L SN A R R 252
K FH e 8 g AR W TR DN P 19 vk o e Vi AR

A RETE A T AT, AT TR /Y
ATIEOCANE 2 Fron. Kl 2a BT K EFEERT
0.5% M HETE 454, SR E xR, RETEILHI]
( Proteobacteria ) BIAEY S EERESZ, & 27.15%,
HRKRET K ERSEHEY, 5 20.20%, %%
AP ] ( Chloroflexi ) 7 19.55% , & il B[]
( Crenarchaeota ) & 7.55% , J & & I
( Euryarchaeota ) 5 5.44% , fiFf 1k %2 ¢ & ]
( Nitrospirae ) (i 4.67%, 1% # | ] ( Planctomycetes )
5 4.27%, BRFTFET] ( Acidobacteria ) 5 2.37%%5¢ .
AW RN, A KE R IMTR YR E T2
W], g shmpmg i X w . & LI
Shewanella FIHFFE Geobacter ( Bond et al., 2003 ;
Srikanth et al., 2008 ). UL, BV ol fEfE
TEREMEA T IO ANT IR 3= . 1D 2b 2 RbKF B
BERT 05% mftw s, Hf, HAf
Desulfobulbaceae ( Holmes et al., 2004b ) #l
Rhodospirillaceae ( Chaudhuri et al., 2003 ) J& H il
O A W HGE e T M AN (e . [RIRS,
KV AR A B o LR R R, CRE
60%, ULEHVEIGTURRYI P AEE R AR IUEY . &
T N SR FRR IS UE , VR R SR E
B W REHEA T AN B A=, RIS, BRAKOF
K i AR RN A P 0 A7 A U PR VT LR ) A A
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(@) ‘
Proteobacteria 27.15 ® Unclassified at family level
Chloroflexi u Desulfobacteraceae
Crenarchaeota
Euryarchaeota # Thermodesulfovibrionaceae
Nitrospirae = pMC2A33

Planctomycetes
Acidobacteria
HDBW-WB69
Gemmatimonadetes
Spirochaetes

Other

WS3

OP8

u Desulfobulbaceae
H Rhodospirillaceae
Sinobacteraceae

H5
Cenarchaeaceae

Dehalococcoidaceae

0 5 10 15 20 25

Abundance/%

30 Nitrospinaceae

B2 RBTRYMEREN L (a) FEEH (b) KFEEHEXNEE,

Fig.2 Relative abundance (%) of the microbial phyla (a) and dominant family (b) in shallow-sea sediments

PEEA KA RE SR R AR TR
22 ARZFBRENSHNRYBEIMNEFEIERS
FHR

FSEG AT, LR A P KR L T 7R R T
IZERRARET ] DL A — 2 % s e . B InAS TR
TE R AR S 118 TR O R ) A R ek i b 1) i
MRS oL an il 3 B HEAT AL, IRINEEmR
{& /% MFCs ( microbial fuel cells, MFCs ) % H Hy
JEBIRFRBINGERIER, ZERAN T MFC fi
HL TR A5 i AT A 3] 700 mV, T A R N 2R A 19 MEC
o L R A HAEIAE 550 mV., RIRAINZER A
B, MFC BHBR 2 Hh A s o] /N N A Ak
AEYRT DL O B . 9Kk R alE A B
ZFMRIA ( Covington et al., 2010 ) 5N F1% 38
I MM R o Gk i, 5
HALE BT BRINEERIAR MFCs FHR %S, R
58 BH AR 33 B B W PT AR ZEAR AR A K L
SMEARE AR ¢ B EEE RN, TR

08 No shuttle 2-HNQ
07k — AQD! Riboflavin

0.6 -

0.5 -

Unv

0.4

0.3}

0.2 -

0.1

1
0 5 10 15 20
t/d

B3 ARFHRENS TREYMRERBETERENH T BE
Fig.3 The output voltage of microbial fuel cells with different electron
shuttles (2-HNQ, AQDS and riboflavin)

A TRVRE ] A3 FH 2y =0 v A% 38 28 BE A
DOPAR KM EE T T BHAR ARAS B o, Fah R
A e, R, 25RER, 3 FASFEFERIAXT
MFCs % i B S IMBCR AR R, 78 4 A JE
g ZEXT MFCs fii th o B4 T e P i, Lo
AQDS #il 2-HNQ,,

KA ZHRAR RN 3 FhERIATIEIR 23k
(CV) Mk, WE 4 iR, 3 MeERIRTERR T
UL AR LA (B 430 J2: « B #8  ( Riboflavin ) -225
mV, AQDS -184 mV, 2-HNQ-137 mV, K/
J7: Riboflavin<AQDS<2-HNQ. 4rHréh L H,
ZERRAAR I FR WL FE AR FL AV {5 FLA 19 MFCs 195
H L JE{E ( Riboflavin>AQDS>2-HNQ>No shuttle )
REREAMHK, LRI A —%
MR —H At sy, Hof EEMRE R R AETE “
AW —ZE AR ER Ay, T 22 A ) S
I HAERE R (Wu et al., 2014), §i2ELLF
Tt AE=E.cy-Ers, HH, E.cy (REMINTIL

——2-HNQ
—— AQDS
—— Riboflavin

-0.6 -0.4 -0.2 0.0
uv

B4 3 #FHRE Riboflavin, AQDS. 2-HNQ KIfEFMAR M (CV )
Fig. 4 The cyclic voltammetry curve of three different electron shuttles
(riboflavin, AQDS and 2-HNQ)
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TAE Y AN (B R ¢ BRI BT, Eps 10
FRIEFE M A, Eps MU{EBOR, MR
Eccy, AEBUN, BEREHRFIMD, it i H i
Wo X—IMHTEE RS ARG 25 RA— 2, UL %
PR AR 11 2 O E AR H A3 5 LA T 0 Tl A A R L St
ORI S

23 ARFBRENSHTRYEINEFEHESHH
SR

KL MECs 7655 1 FEE 4 JRka &
At AS TR A1 422 H BHL 25 14T 49 BE B FEL 38R BF AR, H 34 1)
A4k, FHLURAS HARR fOM AL 2R, S5 ania s,
BS(a)libon, [ F AV R R 300 23 R A AR AL AN
HAFZERIARAN S0 MFCs Z A1 JCHA i 24 5, 1iFH
e E 3R S U K B L 3 8 728 Ak 5 F st b A il
2k (I 5(b)) AURaH—3k, ULRHPHM B 728 L 2
MFC =AM AL 22 R 2 B PHAR (A AL AR e s
5 MFCs % IR A K/

& 6 Frs A 1 FEE 4 FIRIR] MFCs 19h%
FEMMS . MERTAL, BINZER A MFCs (i KY)
RIEFE (Pray) RS TRIFINGRMAE; IEH,
IS RS INZEM A MECs 145 K 3 3585 1 BRI 1 55
JEBIRE NG . Rk, WSInEERRIR . B
JEIAYI RT3 = MFCs BYSRTIRBE, Whombi i il
Wi, IS AL

1 G THEMREE R R MFCs 7655 1 F155
4 JEIARY IR IR B A E A B (B Akl 2l

—— Firstcircle-CK )
—/— Firstcircle-Riboflavin
—O— Firstcircle-2-HNQ
—— Firstcircle-AQDS

Power density/(W-m )

%" —&— Fourthcircle-Riboflavin
—e— Fourthcircle-2-HNQ
—=— Fourthcircle-AQDS .
0 4 8 12 16 20

J(Am")

Bl 6 RMSRFMEFRIE MFCs 5 1 F15 4 FIHARIThE 7 B dh 2%
Fig. 6 The power density of MFCs with or without electron shuttles
at the first and fourth cycles

R 1 MFCs ¥ 1% 4 FHHR AT EZEMRUAE
Table I The maximal power density and apparent internal resistance
of MFCs at the first and fourth cycles

First circle Fourth circle
Parameters 5 N
Proa/(W-m™) — Rin/Q Prax/(W-m™) Rin/Q
No shuttle 0.33 59.93 1.48 49.40
Riboflavin 1.80 46.79 5.25 23.82
2-HNQ 2.15 41.89 3.91 28.87
AQDS 242 44.94 3.77 19.82

R, R), &5RER, 765 1 BN, AKIF MFCs
BRI N TN . AQDS>2-HNQ>Riboflavin>

U/mV

—{— no shuttle
—O— riboflavin
—/\—2-HNQ

First circle

Fourth circle

5 HMERFMEFRE MFCs Z5 1 705 4 FHIE (a) RIEESE (b) MILHL

Fig. 5 (a) The electrode potential and (b) the polarization curve of MFCs with or without electron shuttles at the first and fourth cycles
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No shuttle, FWLPIBENTT >4 : No shuttle>Riboflavin>
AQDS>2-HNQ; 7655 4 JE 1A, e RIIRE LI
Riboflavin>2-HNQ>AQDS>No shuttle, &P FHIM
J£}: No shuttle>2-HNQ>Riboflavin>AQDS, % 1
FEE 4 R B R D 3% B 5 UL N BH I A 25 A
Kk, G5 3 FheERIRM I AT, K
TR A A 2 W R A R A 5 A 5 B R W R R
MFCs 3l 324 O R i FEL A 2 S 805 A e
i BH 2 M (AR 114 2 R F A R A7 X i 7 HEL - £ 3 el %
ANEHAYSENE . MAELIEE R, R
HL(7 5 MFCs B HEAb2= S50 I R IR AR DG Wa
et al., 2014 ), XHLULHH: ZEMIRXT 4l FRUE D)
BET AR R ML A I 1538 R AR AN

3 Zit5RE

iz HL AL 2 5 B 58 N [A) 2 R A R Bl 2k i
NN N (e ) A I T W

(1) BRIGFDURIRE EE B I el e b RE RS BT
DA shfak 8 — 2 ik i e, BRI TR
FEEREIEA TSN B s A= 9, v 208 o A IR
IR 51—,

(2) ZERRIRBYFN AR LA ERAIG,  HF7E AL
YL B ER AR R A RE R, MFCs 1Y
o+ L R A G

(3) S4iER RIS RN, TRt
TEIR R, SEAR I 0 FEL AR H 57 ] REAS P g 4
HL AL R PoE I &

H RIS Th 2 AEAE A AR 5 0 P
TSN TR LS, X Had RERIHLEE Ao
HEERE L KRS TAERT L LR LA 7 1)
Wi . W SAR AT LS NT R Bl A R I 25 4 1)
Wi DATRRA N0, Y8 REZEA T RS NIT-IE Y i A
N, S TEE T YTk
AN FAE B BB R AN, WG . ik
PEER . EHEIRSE

B3k
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shuttle-mediated extracellular electron transfer of Shewanella

Effects of Shuttles on Extracellular Electron Transfer of Microbial Community
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Abstract: Microorganisms are the most important active species in soil, lakes and sediments. The main form of microbial energy
metabolism was extracellular respiration, which was an important electron transfer pathway between microbe and extracellular
electron acceptors. Extracellular electron transfer (EET), the essential part of extracellular respiration, can affect the conversion of
matter and exchange of energy. In general, several extracellular electron transfer mechanisms have been proposed: direct electron
transfers and indirect electron transfers. Direct electron transfer pathways contain direct contact, nanowires and nanowire networks.
While, indirect electron transfer pathways mainly related with electron shuttles (ESs). Humus, an important redox active species in
nature, can act as ESs participating in indirect electron transfer pathways. It was reported that ESs had an impact on EET in the single
bacteria system. While, ESs-mediated EET of microbial community has more practical significance. In this study, microbial fuel cells
(MFCs) were constructed by inoculating shallow-sea sediments for revealing the way of ESs affecting on the EET of microbial
community. Electrochemical method was used to study the output voltage, polarization curve, power density of MFCs with different
electron shuttles, riboflavin, AQDS and 2-HNQ. The results are as follows, (1) there are many extracellular respiration
microorganism existing in shallow-sea sediments with the ability to activate the MFCs. (2) The apparent potentials of ESs have
negative correlation with the output voltages of the MFCs inoculating shallow-sea sediments, which was the same with the single
bacteria system. (3) Differing from the single bacteria system, the apparent potentials of ESs may not be the key factor for the rate of
EET in the MFCs inoculating shallow-sea sediments anymore.

Key words: extracellular respiration; electron shuttles; microbial fuel cells; apparent potential; shallow-sea sediments



