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Microbial Electron Transfer
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RN B g K A, BRSSP R A
JRZAFET 8 IR . 1BHL . WSS
TOKEES R AR, HATE KR SN
W F BT T 8 AT TR Rk 7 4~ H
tp, Hoop AT S B (Geobacter) M1 v FL K T &
(Shewanella) & WA AR R E .

MAEMNKSFLEY KT Geobacter
sulfurreducens ;. Shewanella oneidensis™, & J&—
FAEKTHEYRmR ., BASBRER . KB
THOKM L 4R 22 . MR . T BRI iy
DA 2R G5, e dH WA RUE I R
EEN—BA RS TR, R UEY)
(AR AT B D AR A AR K I Aok 224 F
AR, FFLERUCE Y A G S b R MR
AP Bh R MM A = Il S I R R
L B AR ™ F 10 A SR A 0 DR o R L 4
J& R e e T R O L
SRARMTHRE = e BRI, AR 8 R I S o
WA, BRI AR LR RIS . A
B EBFIREMARBTEWIIE . FiBlE,
KGN A RL, W A NI
BT, ASOREEE 2 15 R MAE K T4
RIS IIREIA T R, SR A0 A A K 4
WFRAAAE R . XMERC SRR, RTTRUE YRR
AR LRI VE A ROCR 5 A SME, [
I JiE BRI AR W) 0 K T R A WIS AL 38 K v A 1o T i
5, RN RTR RIS

1 BAEMMHK T L K

% [ERRAE KB S 7 43 B2 ) Derek Lovley
B PIKR FLB R . B 1987 4E50 5
U ZE— R AR IR 5L Geobacter metallireducens
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GS15, #] 2001 4857 G sulfurreducens B 15:4%
BAERGY, Loviey #AZIFEI T Geobacter 5
HIEEI . G sulfurreducens J& T ™A% KA 4N TH ,

J& Geobacter BF5E BRI, Him i A A
FZARYEAT IR . Reguera F LK, G.
sulfurreducens TEIL IR /KA B RiERIAEE, FF
T B S5 A8 i SRS H T2 AR, S5l i /s i
S SZ AR LN B B B . Reguera
gk — 20 H S iR F 7 BB (Atomic Force
Microscopy, AFM)I %1 1% & A £ 1) S f vk
ROESA AR T B RHGE A YAoK T L ny 3 Lk 5t
RFET (AKR) A& b FiJE, Gorby S4liE T A
Y Shewanella oneidensis, Y& 7= 2 W40 H
Synechocystis sp. PCC6803 I W& & [
Pelotomaculum thermopropionicum 1] LIk T
RO TLS, Alt, 0OKFLIE Geobacter K
Shewanella Jif15hH, 4% i 3 i v %) B 224 A 3]
R 2 I S4B . BEE 9K T TR
TEBHEOR B SRR i R e, BT
YK T AR S 200 A Y W i e 22 e B

Fean o] DLk i =M 8k ) Rhodopseudomonas
palustrist" > B JEHBRER Y Desulfovibrio
desulfuricans''® . 8AL — M) Acidithiobacillus
ferrooxidans" VAT AR TR T L . LA,

B 5 A Y B9 T Py A oK T gl e T4
o, TGS YRR B AR PR R v A
A WIS DL R HE SR SR AE T 65 By 3 T AR K TR S AR
Pifsirp, KR RS FHYORTAY, BRre M
E KR IR PL S RIBER, ES 0K 1.
S EE, AN TR IG B P a8 oK 4wt
FEFFHERLE . FAn, Tan WA B E A+
TG AFELR IS, WITE G sulfurreducens 3
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RS PR R SRR TR K ™) Liv %58
W 58 Pseudomonas aeruginosa W& B8 LK, £
S P aeruginosa W3k H G E EPY; Cosert
GFHEMHARBRERBENEEED, AT G
sulfurreducens WK FL F T i B RSN 3ER,

(HAHR AR, DUERAE K L BIWT5E
AR SR R AN K RS S50 T 240 e

B VR, AT BRSO T . T
A AR LA — Bl B B AR W25, AERUE
Yy AR A A b BA AR A T O
A A R AR B A TR ARAS . DA R IR
KPR LB TE I PERE, Lovley HHil
oA < % WU TR B (e-pil))” ARAURE “ U WK T
éj%”[22]o

* 1. RIEBEDNKSEOUEERREFHE

Table 1.

The list of microbes expressing electrically conductive nanowires

Nanowire

Bacterial Strains Description

diameter/characteristic measurement

Conductivi
uetivity Conductivity Reference

Geobacter sulfurreducens ~ Anaerobic, Metal reducing 3 nm

Interdigitated microelectrode 51 mS/cm [23]
arrays, single pilus, along

length
Shewanella oneidensis Facultative anaerobic 50-150 nm Two electrodes, along 1 S/cm [24]
MR-1 length
Synechocystis Photosynthetic, aerobic 4.5-7.0 nm, type IV pili Conductive AFM NA® [25]
sp. PCC 6803
Pelotomaculum Anaerobic, thermophilic NA STM NA [8]
thermopropionicum SI
Acidithiobacillus Chemolithoautotrophic, NA Conductive AFM NA [17]
ferrooxidans acidophilic iron-oxidizing
Aeromonas hydrophila Facultative anaerobic 10 nm Conductive AFM NA [26]
Microcystis aeruginosa Photosynthetic, acrobic 8.5-11.0 nm, Conductive AFM NA [25]
PCC 7806 type IV pili
Nostoc punctiforme PCC ~ Photosynthetic, acrobic 6.0-7.5 nm Conductive AFM NA [27]
73120 20-40 nm
Rhodopseudomonas Anoxic photosynthetic, 20-40 nm Two-electrode, along width  35-72 uS/em [15]
palustris RP2 iron-respiring

Desulfovibrio desulfuricans Anaerobic, sulfate reducing NA

Flexistipes sinusarabici
DSM4947
Calditerrivibrio
nitroreducens DSM 19672
Desulfurivibrio  alkaliphilus Anaerobic, haloalkaliphile NA
AHT2

Anaerobic, moderate halophile NA
and moderate thermophile
Thermophilic, nitrate-reducing  NA

Syntrophus aciditrophicus ~ Anaerobic 4 nm
Methanospirillum hungatei Methanogenic archaea 10 nm
Geobacter metallireducens ~ Anaerobic, iron-respiring 3nm
GS15

Multispecies biofilm from  Multispecies 5nm

BRONJ

Conductive AFM, along 5.81 S/m [16]

length

Conductive AFM NA [28]
Conductive AFM NA [28]
Conductive AFM NA [28]
Four-electrode 3.27uS [29]
Conductive AFM NA [30]

Interdigitated microelectrode 277 S/cm [19]
arrays, single pilus, along
length

Conductive AFM,
nanofabricated gold

0.05 S/cm [18]

electrodes

*NA: Not assessed.

http://journals.im.ac.cn/actamicrocn
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2 MENHKREHERGEDF
7 'k

K1 EREES2E T LAV Aok e 5
RIBEM . G sulfurreducens 7] VAR IFIE A
DKL TURIETE A OmeS 9K FL . i T XMl
AR FLEA RIS, BrRIES EAEERE
PAX 3o FHAMFE—EINA G sulfurreducens 44K T
LR EY, B3 ROL Wang 5576 Cell K%
X, H R RS A M AZER OmeS KA
WA DUE R L AR TP gk 20T DU
Wt G sulfurreducens W Wt 7 A F 1 #Hﬁf LIAE
Ry B D RS AN S PR A B T B2 e b
HNEAFHEET], G sulfurreducens K F20] LA

S H L DA HEL 0 S AR I L SZ AR (i
7N LN NS i Y e [ D 4
A LU T PRAASET H 4 R SO TR I8 5
Bieg, R FRMXTREW SR G sulfurreducens Vi X%}
I8 AE R ML Y, F 4N, Geobacter 41K
2807 LU A Wi ) He 53 P il
7 F e B — B I S L RE ) T B0 A L (D
IR . CIRAE) AT HEA™ A e, i e il R
Methanosarcina barkeri # Methanosaeta
harundinacea W] LN HIEIEWOR H Geobacter K
FLAE T T LR CO, A HUBE, 44
KRG UL HIENS G metallireducens 5 G
sulfurreducens [A] ] B 12 HL 7 f& 380400, SR,
AR IR KB Geobacter Fhial B 1%
AR FLL, T e M R C 58
BT, AN, Pelotomaculum thermopropionicum 5
Methanothermobacter thermautotrophicus [F)FER] L)
W FHERR, HH, P thermopropionicum
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AT DAZR IR PR A TR 1 5 R AR 2R (HE )
ke, EZEER R D P HREBMUT A B
EFpla] b (SR BRI Hy s R 1), BFFEA
P B v 50 1) W K 11 (FALD) 1] LR 28 79 B ) 38
A B Rl , TE BB e A T S B H, 471
BEREEPY MY, Geobacter tin] LIFGAHITE, B
SRS FAT S H P AEAR R T AR R A TR H 1t B
i, TR, OK SRR ] B B
AR TR AR B SUE DT
Syntrophus aciditrophicus W )& T DU % B4
T, i, Walker Z51E G sulfurreducens " 515 3%
‘kﬁéﬁ%? S. aciditrophicus W&, WL T HEA
SHAPERT AT FERER ik, IESE T Flexistipes
sinusarabici
Desulfurivibrio alkaliphilus %5 F & A0 B[R HA
S, NI EBSREEAEBEAPES
A 7 R RR IR IR (15 HE>9%, [AIE<35 4>
IR, 8. aciditrophicus 577 F e 8 1 44K

Calditerrivibrio nitroreducens .

SR BEME ., —BOA ez a5 FE H, 85
H I BRAL b S I B PR Y B pfss KB S,

aciditrophicus PAKFLV DL HEBLBE 7, 57
FR e BRI I B e v 7 L,

Acidithiobacillus ferrooxidans 5 Synechocystis
sp. PCC6803 MUY K Tt )m FIUMEE . Aci
ferrooxidans HBLUS M > 14 AW, WIREH PilV
I PIW LRI ILBR T BA 3 B 40 iz 5l
KBS DIRESL , i v] LB Hef% i 1Ah Fe(IDF AL 2k
B TU7, Synechocystis sp AERRIR 52 FR B FR 45
Kk FE b PilAl HPH MK F L.
Synechocystis sp.2H K T 28 LA 5 A i 2 FE R 5
P FfE B,
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1. EMRENTRIENSENKSL
Figure 1. Nanowires from different microbes. A: G sulfurreducens PCAm; B: S. oneidensis MR-l[g]; C:

Synechocystis sp. PCC 68031, D: Pe. thermopropionicum'™,

bisphosphonate-related osteonecrosis of the jaw!'™;

E: Multispecies biofilm observed in

F: Aer hydrophila®®; G: D. desulfuricans"®; H: No.

punctiforme PCC 7312027 1: R. palustris RP2"); J: Mi. aeruginosa PCC 7806 K: G metallireducens GS15*;

L: M. hungatei™".

I R I, Shewanella oneidensis W] A5
RZFPYR L, Horb S 2H A 9N TS
Ml se sy, MEESHMEER C, S5
a5 [a] ", HAN |, Aeromonas hydrophila
palustris . Desulfovibrio
desulfuricans . Nostoc punctiforme #30] UL FikISP
B EBRYRFL, HE2ENTRH SRS B ATE A
HAE . Hb R palustris 9Kk S A AFAEN, 1
No. punctiforme %% H PRI R RO R 9K 7
L(—F12) 6.0-7.5 nm #. 0.5-2.0 pm £, Fj—F
25 2040 nm #Hl. KE KT 10 um)?7 . Ader
hydrophila 4K FERA AT DAL i 5, 1 BT 68
HA S E SR . R palustris 5 D.

Rhodopseudomonas

desulfuricans R AEACHS LA MEVE M v 32 IR 19 4%
LN RBK L, XK/R R palustris F1 D.
desulfuricans WK FLE G sulfurreducens KT
L EA MMM FAZ DI RE . No. punctiforme
AR T LR O H AT P B I A f 1 8 Y 4
H o Microcystis aeruginosa WK F28 th 85 H 4%
(IS AT AE , T REZ th ARG K kP47
HEZ AL AGTAIBR 0.5-1.0 nm AR EF 4k 25+ a2 o
2SR EE
e 5T R Bl T i) AR AR AR F 2k

Methanospirillum hungatei 3% i5 ) 5 H W B
(Archaellum) s A7 oI H H S IE T
HORT & 0 RN AR AR ALY . BT S RE 1 Y

http://journals.im.ac.cn/actamicrocn
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Archaellum BRI, WERERzEh. KiFTEIRELIAL,
Archaellum FJREHIZAESZ 1AM I8 CO, 77 H S

PIAEWFIE P — A (IR IR Y
A P ROR v Tt A A ) B BLAE AT Hh B A 2N
K PR AN 22 3% FEWUE MRS . Ik Se K SR 2H K
(R AR S5, #IA A AT LA 2wt 2 At B AR 41
B2, HATHARS ERRE, A HEZN T
PRI B8 05 7] LUK Z 3 T A oK e 2
— G S I I A e S SR BE T R 2 T A
BRIk F4E 2013 4, Wanger 55K S H, AFM
UE B T3 6 R A3 R MR A OK S 2 i S B = HL
PE, JFVIIE X ek AR AT RES 5 T BUR K
AW TE RS E MRS . N B AT A S iR
P AU AR R B, AR A P
A RERIA B HLAUK T LIS 5 W E A PR E]
TR 5 ARG ML ) A5 328 o sk BB 50 R i
WMAEMDK LT ARMERN LR, R T —1
LB f

3 MENMKSEHARLES TRE
NE

1R GETCHLAK AR AT T P o 5
Iz T Ak LB RAL . ARETICHLN
KPR, AR KRB S 4 . R Oy
WAL LA ILIY . AR LA B m] REAFAEAE i |
WEEY G R B R K ER R, #a B
AP T L T I E EE O . H AR
TR FERA AL RAE, (HE R TR E R 1Y
Al R N, AR R E A aifbAE R
HE, EM, BLA G sulfurreducens FAC 3 [ A 44
KSPLRAAL . TEARAE S T AP R
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3.1 G. sulfurreducens PR FLH L4k

MREN, USRI TFZIKDN G
sulfurreducens T LA AE Wk FE (25 °C)B & TEH T
ZAREZ IEDLR , A RIRGOKRLEE ). 5
M, FATAIAEZ AT 2k iR B IR Fik
JEAEEERA SRR E o X AT REJE T IO R B R
K5 R — A Sh AR AR T
AINECE R E AT RS, BT Ele Tz AR KB
Bl eaifl, Rl gl EA RN B, B2, Dl
WA AT 2B G sulfurreducens 7] VAR E Hi &
KW E. OTRHEZRAE N BT HAEY
WAL, T O A R AT R B
M G sulfurreducens BAR ™ HLIK B i R E R, 4R
PH AR 2E P JBE 5 A2 3% 3 150 mol/L & P fi
(pPH=10.5). AR BESR G AR ZURE 90 s fe it i
B DA TR R 10 7% AR Je B A B0 2 (130007 g,
4 °C, 20 min)PAJr SRR S AL A, W RIS
W, RIGIMALUREE 10%0 IR, ke Dl
VR EB(ZE/D 30 min), ZJ5H:0(13000xg, 4 °C,
60 min), WAETLHE. A 150 mmol/L Z M
(pH=10.5)FRIR B - ULIE SR JF 25 .0:(23000% g, 4 °C,
60 min), W FiE. X 0] Dhit—2EBR 2 40 i
FSAEM . FRIMAZMRE 10%M IR, %=
W EUUE B (E 4 30 min) o B JE B O
(13000xg, 4°C, 60 min), JLIHERI MAifbEFE T
W T TR R R, A WUR R B DIRE
AREERE T, AT LG 4K s #E Tris
VPR (>20000%g, 30 min, 4 °C)ZFk. SCHR[19]
H— A 150 mmol/L B 217 W6 BT
WE, TR, B Al K S AN E AT L
i S AN/ G- S (T R /N 21V W T E R
3 P B R A R
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32 HPRFEMRIEEFHENR

KEBST A K- LB HAR A LGk, £
fiti o8, - 2. 738 (scanning electron microscope, SEM) .
175 4 H - I f38% (transmission electron microscope,
TEM) K5t 1 S 34085 (AFM) F] FH T4k 2k 1 %
FARAE . BT OOEYRHE (A 72O BB B HOE
IR WREE, W T Shewanella 4K T2 W
g, WETERE, FMBETREEE S, [HE. i
KR D) FEUMS R T 4R , TE Rk T
LRINEFLELER , DT R O Fe R A SRR 0 i3
SSPHLAREILERINT , ERAR AT LUK A A AR fin 24 )
AT SIS T 0K LI & Btk S
YRR, W98 F AT S ) ek s i Ho i+
WARRE ST o SR, TAGL R SRS R R A A K T4
G T, R AFM USSR, R 23
MR ILT b, — Mk g 1] A a6
AFM WU ORI FAANE AR 2B, LABTER
BT RYZE L AR S AR MR G YIRYER E
HREHR G TIPSR ER . A3 B IBFE
6] . S IIE e IR AT A O BRI A BT s Y . T
AFM I RITEREEER /N, SRt i i 55 i X
TOREE MRS ARE A B . IEAb, wR ) B RUE
AT DA ILER B FEAN K SR P AR, [Wl2E X
SR S PRI X SRR E s T
Bk LRI SR ZE A2 e TH AR 5 -5 1
K, AR ST 0T LA RE R R A A
1), DA SE BT K R A T HL 2 PR R 3R ALE

MAEYI AR L P RBE I, 325 i
Tia] 5t ] L BEL A g0 o A [ D ARV T B, (HLR
S — SRR T T H A RIS (R [ R A s
)z ). BRI H AFM 8832 I F90K 348
FE ) HLRE ST £ o SEPRIN ST, Gl e S AT
2 5 5L IV [t Jonm— 470 B4 P S 5000 S F, 3 o o ke

TR PR BBEA, T i AFM F205
R LU FLBEL S, SRl (i
T RGBT InA L (AR O, Ak, 49
F % iE ' 5% (Scanning Tunneling Microscope ,
STM) A DL [a] i S BN K 2RI AR 542 1) 7 HE
PR EPERAE

YK LRl S E I i, — R SR AN
ORAYCH AR/ AR 371, T A A4 T 2 T D Ao 0
AT LAAGAL 58 2 S5 AR o Sl & R AR AT LA 2o 4l
K P L EBULTR, (B SE PR b X o
BRI BERA o JEOE & B e AN T LY
FEIE (— O ALt ) A S v AR ) F A
(B 2-A), SRIGTEERIRAK FL A ik SE 4r
CHL AT RLVAR, A REAR B — AR AR A 4 K
JL, PR IEE R FER T B ARSI 10 TR, @
IR AR S, eI AR B S () 2-B)
BCE A& 2-C), AR EHIAOK T4 S iz
il A HEAE . AL RGERITEN N TR, "L
TEAK L FIE M PTRR  RLE IR 4
AR P MYOR PR — e b AR S, S
T AFM £HRTEGIK FL- Y 55 — it in— )
(A EE F, 0 L R/ N AT TS AR T il v HL 1%
o VI e AR AN ELD S o A VR E k22 (5|
Tl PR 4 270 A8 A 5 L BH 00 T B SR UL R AR R Al
PR T K AL B AU L, (H DY AR A 3R 7
T i 2% TR R R 2 Ml Y,

4 PENHKTEE T ELF

HAEMZHE, MAEDIKFLRNTHRER
23l B SE S R o SR D &
NI TEARBTIA, FARIE 2 PN
KL RN KA AE W S S B b . SR,
RE R 2 1 S R U AKk R L k8, H
HH AL ARIE BOE R . Ph G sulfurreducens

http://journals.im.ac.cn/actamicrocn
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B2 WHASESEMENESE

Representative methods used for nanowire conductivity measurement. A: Nanofabricated Pt electrode

Figure 2.

connects Au electrode with nanowire™"; B: The array of cross finger Au electrodes™; C: Au microgrids electrode

deposited on SiO»/Si substrate!**.

F1 S. oneidensis YAAKFL NSRRI AWAK T
L AL ALE T ST, Rk TR AR
TN I .

4.1 G. sulfurreducens K S5

4.1.1 S THBESLEW: G sulfurreducens FH Y
KFLMBETE, TR TR PCA Hl KN400.
G. sulfurreducens F1H ] LLRIX Z PRI E
G E HE TR ET . BRI G
sulfurreducens FHLE & FZ H L — N EHEHH
PRPIA R, I B H R AR AL B
MBI E AT DU SE R B B SR TG KT, AT BT
A=W TE 185 I S P R T 2 R ARG, T
LAY LA o 3 b 4 5 i 2 T b 1 7 B AR T U P A%
TR, PIA BYZRAD SR 2 GSU1496, B4
FERN Sty 1 IR 5 A T B S TR T, N
it (4 22 JIKIEE PAID SR AT K AP A PR SF H 2R S
FNARRN I 7MY, eI MR PilA.

actamicro@im.ac.cn

Richter 5N K, GSU1496 23 # I BB A [F] K
FEM mRNA, IR RIRTE MR EA AN A R
i T 9 B B 2R TR (1Y BRI P D
HI A R 2R 3T VIR R — K BE Y PilA,
A& Richter SN A AP PIACK AR E&E
5B B E DRI A . Hrb, %
RIBEN FLA TN, HAEAE U IS 20
Ml C M SR KRB E EE A RS, 1M
KA EEDRME BN EK, ©HEEZWH
T2 101 (14 W 5 B A P B2 AR A SRS SR
AL AT Richter AR AR R, FATTR DU
FH Y 28 A8 S 23 T F 00 PilA 1% 5%, NI 53
AN GEAR P A AN R R 5 . FRATT A 45 R =R
PilA F R —FERmrikEA>, Xx—%
NG ELTE G, sulfurreducens W33k Fh S 5 1 6
BRI T HAR S0

PilA 2 Bk ui & A R Be sk 45t , 534



XREE | A4k, 2020, 60(9)

2047

PilA zlifl . 45abic S AN, 8 H o
PilA fHIAZEHIHRIE, {H)2 Reardon 555 RH
¥ #4 3E 3R I 3% B (Nuclear Magnetic Resonance
Spectroscopy , NMR)fff #fr T 2% 1Al 1 PE H A2 £ T
PilA PUZERLION . 55 AL 5T DU RY B 6 B 11 (AT 1
SONERE R EE )M L, G sulfurreducens 1) PilA
HARENEEZEN, B CuwATHEA B IS
TE IR BRI &5 g i AT —/INBTC LI 2544 1Y 22 Jik
G, MHNHL, G sulfurreducens PiIA S ILH o 1iE
25 3-A). Hor N i (ol -N)Z B K f 7R 5 X
HAITHENE S 729 . WBEOHEER, PilA
1 ol -N g KA E AR TE A & o T e
G EEAAN C ML, PilA
) o BRE C di(al-C)FF RREETEIR G o Rl T il
HIBIFFE R B, TE al-C 25 [A] 2540 Hh i K Z LR 25 5%
BEHEAAER] — AR ™ X R ol -C HEE
TEACH AR K o Bk T AS REASUE HOA 715
FATE LB, f7F GSUI496 Fiif GSU1497
FEH (spO)PT AR TE R Spe #EH, ‘Bl H 412
IR SRR PILA FR5EE )l ) 5 PiLA A
AR AR PilA f9Fa e,

G sulfurreducens FHL A EHE R4 3-5 nm,
BHILMATH = 4e g5 ki . BRI L G
sulfurreducens W& = YEL5 I HGE, Xt IR
il 7 XT PilA A7 S L B PRSI IR, &
AP B SR A IRATE B A R A 2
Wang 55 1] 1V Vi B B8 A A 3 L TR 6 1) = R 254
HIAINEILT OmeS kT4, OmeS 44k T4k
JSEHAMEAZR OmeS HRMEE B EA SHLE
LIRS, B EAR S FREEM Y. 51
OmeS &4 6 MMLLE . 7E OmeS ZHK L H I 21
RO PR, BEEE 3.5-6 A, MR 1%

1 I B, Wang SFIAN, OmeS 9K FLE G
sulfurreducens R HAFERIME— S HZ5H), PiIA A
REAARIE A, HARHIAE T U0 OmeS 73l .
SR, HT RS 0 7843 (RS 2R B PilA 8 52 ] LA
RN E: (1) HHAZRIRERC PilA J5
G sulfurreducens FRIAANAK T4, AT LIBEHTA A
R e LR U5 (2) sERE PIlA Hifis St
K% E. coli Hikk, AI1E E. coli T FEHES; 3) 4k
LB PilA AIZEMARSN [ 4130 L T A 4K LR P
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BRZ A PIIA 4R B A RA M. X
AUEIRIEM TO7 & RS 5 T RBP4,
SRR A AR BE X P2 R 1 )y SR AT 2
SN PILA (2 HETTZ 0 S PES . phy T B Z T8
BEALREE, 57 BT L B B2
AEAE o 83 57 T R LR 1 7 T P I HE B
JAT FL O B, SR O A P AL I B R O B R
4 Ao [ X SYEBAT I SRR A X LAY

A [ C"lt‘

S3AT R A B AR MR 3.2 A By Ta) B, T
JEI A ) B AE B = 05 B IR B B R R AEERY, i
ik — 2 R W] 5 L TR T R 5 A B AT LU I 3k 2 AL
W TR E M. A, DL Poaeruginosa T B4
WIS G sulfurreducens TH BRIRIBIH
HET PIlA 4% R R R IR A M W B B
HAERA (K 3-C3), #AE/REEH PilA 1542
LB RS

-
.

. 200 nm

Cell

3. G sulfurreducens ‘WK T4k 5 BT 1L B ER

Figure 3.

The structure of G sulfurreducens nanowire and models of electron transfer along nanowire. A: The 3D

structure of type IV PilA from Neisseria gonorrhoeae GC (Left)®™ and G sulfurreducens (Right)!®". Aromatic
rings were colored in blue. B: Electron microscope image of immunogold-labelled OmcS along G sulfurreducens
pili®. C: Proposed electron transfer models for G. sulfurreducens pili. C1: Electrons hopping among cytochromes
on pili”®". C2: The model of “stepping stones™’"). Electrons were transferred among discrete aromatic rings which
was facilitated by c-type cytochromes. C3: Calculated low energy atomic model'®”). Aromatic rings were colored in
orange, which formed a continuous electron transfer path along pili. C4: Calculated model by molecular dynamics

simulations (tyrosines, yellow; phenyalanines, green)m]. Aromatic rings were clustered in pili.
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AU AI E R C B f 7 P A AR B (& 4-D).
HARFE B RIS, I S. oneidensis 99K S48 Stk
M AR RAE B A, TR, XAhAL B AT g
E'Fﬁ?li]?lﬁgf%% BRI TP 2R C
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4. 8. oneidensis AKX F 5 B FiEiBEE

Figure 4. The nanowire of S. oneidensis and the model of electron transfer along nanowire A: AFM*; B:

Electron cryotomography'*?; C: The distribution of c-type cytochromes in nanowire!*
represent MtrC and MtrA, respectively; D: Electrons are hopping among cytochromes to transfer in nanowire

. The red and green dots
[43]
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Electrical conductivity and application of microbial nanowires

Xing Liu, Shungui Zhou

College of Resources and Environment, Fujian Agriculture and Forestry University, Fuzhou 350001, Fujian Province, China

Abstract: The extracellular respiration of microbes is the key energy metabolism in the anaerobic environment,
driving the global biogeochemical cycle of some key elements, like C, N, S and Fe. The discovery of microbial
nanowire is a milestone in the study of extracellular respiration, which promoted the study of electromicrobiology.
Microbial nanowires are conductive filaments growing on the surface of bacteria. They transfer intracellular
metabolic electrons outward for the reduction of extracellular electron acceptors promoting extracellular respiration
or they transfer electrons to other microbes forming syntrophic cocultures. This process broadens the knowledge on
electron transfer in organism and expands the interactions between microorganism and the natural environment.
Owing to the excellent conductivity, microbial nanowires have the prospect of a broad application. Studies on the
conductivity, ecological functions and the applications in biomaterials, bioenergy, bioremediation and human health
of microbial nanowires have been regarded as a pioneering field and the focus of research in electromicrobiology.
However, the biological and ecological functions of microbial nanowires are unknown and the mechanism of
electron transfer along nanowire is ambiguous. Here, we will begin by summarizing all published microbial
nanowires and their reported characteristics and functions. Two representatives of Geobacter sulfurreducnes and
Shewanella oneidensis are included to introduce the composition and structure of their microbial nanowires.
Furthermore, after presenting the methods and technologies used for conductivity measurement, the conductivity
models of microbial nanowires (metabolic-like conductivity and electron hopping) are discussed and compared. We
also suggest future studies and applications of microbial nanowires. The problems, challenges and opportunities

analyses of microbial nanowire study are also provided.

Keywords: electroactive microbe, microbial nanowire, extracellular electron transfer, extracellular respiration,

electromicrobiology
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