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[CHFE ( Methanobacillus omelianskii ) . Z )5,
Bryant&§ V0T B HIM. omelianskii Fo 52 e 2R 5
PRGEWE LR TR Y, P R E S 7 WG A ] DA
AN T ARSI TR BREAIN, 1988
fEThiele f1Zeikus "' % 81 iR th RE Bip Bh £k A= W i)
M HL 1% 38, IF H A B8 ™ H e I Ak 4% b B R X
IETHY BTk IE K TR STk . 7EAR K& — B it []
WL A 1] DL TR O 1 B A R AT AR i
PR R BB FE DX, HE2010
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N, HECEIETH ST T8 A o
WAEWIET WA H oy N2 ke,
JRE A% DRAEDLER Y )z A AE 0 Y B T
Methanosaeta 5 Wit 1# Geobacter 2 0] BEfEfE B &/
HIER L AR RN R s
Tk, WREFIH A 55 R B A AL S5 AR
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c
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(a)Fh[a] &0/ 7 2 % # Exchange of electrons between species via hydrogen/formate, (b)H, T2 &ML Electron transfer shuttle, (c)
K FL ML Electrically conductive pili, (d)FE iR E ML Proteins associated with outer cell surfaces, (e)S: L Tk FAHLHI
Conductive materials, ()% % fLif)FHi A Long-distance electron transport via redox coupling
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Fig. 1 Mechanisms of microbial interspecies electron transfer

[16-18]
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le) o WAk, FTAERAREEFEDIRR Y b & B F 45 40
I ( Cable bacteria ) 5 & fb 14 7] A9 K 1 2 S AL L
AW R EWIETH —M (EI1f) « B
A A A B KT BRI AL WAL R T 1%
ZPRERmASEZ, BRERIFEERK, 56
TSI
1.1 MIETH$I &5 IR
19674EBryantZs |10 FERF Y 2 B SR AL 7 HY 45t
WIRK W (M. omelianskii) W& W EBLLE TN
HLF2UAMIET ., %R [CHF 27 SRR I ST bk 5
PEH e E Methanobacterium ruminantium ) 385 357
Yo fEixILE R R, STHHRE I OB &,
M. ruminantiumFP|HEKBIRCO,=H ki, MiERE
TURRE N, ANGEH KK, ARG S & AN WH
AP (He B3 /N T0.1kPa) , ARE
e i 1. BRESL, ThielefiZeikus ' 7EH
B HBE I Ak g i I H R o R A 1 A TET
I HHRXITETH 5T (R T90% ) L T A<
XSIETH5THE (/N T10% ) . 19894EBoone4s: 2"
T HE W (Syntrophomonas wolfei ) 57 %
(M. formicicum ) WILEEFRIR R T, R B
RUPE— D UESE T A E] R R AR, JFH A
il ) FY 12 4 B T 2 () S AL AE 1 1001 . 20024F
Plugges ') S BTN FRER AL B8 15 7 Y b i S 0 3
RTEP R F AR T AR TS, £
A A (] S0F B BR B R vl RIS A Ao b Ak, X FREmT

HAEARI N AEASNE SRR, MAEYIETE
B R AL R GE. I An#EDesulfovibrio
vulgarisfMMethanosarcina barkeriff) 35 521K &
B, D. vulgarisfEfEFLIR A TR . A ALK FIA
R, BTFRMASREEEM. barkerits — A ALHIE
JEOR R e 2 (Y R R SRR, M. barkeri
HE SR AR, SSREwD. vulgarisFIH, H
WD. vulgarisFIM.barkeriZ [A] {7 1F H, T I ) 14 126
( B TFHM. barkerifGZD. vulgaris ) [T gE 2,
AN, 20084EKosaka: 2 BFSE & BLLE LV S N
TEENEEERR D, IR S 2 2Rk A4 i
PR, DN FH TR R G A ) b ] S5 7% 109 i 15 H - 28
. De Bok® ' ARYEITTY HUEH, X AR
IR Y HOE R MR, IR EARFEELS iR
BT, i RS I i 0 H G RS 1 3
. 20134 Felchner-ZwirelloZs ¢ BFSEIA J i AE
Py Ta]a] LASE 2o 240 60 B 5 F 3 3] 3 o ) S0 % 3 i
M H I,

TERP T S/ R AR R, MEY A A bl
Y= A58 % SNAD /NADH . FAD/FADH,a% i iy
F 0/ F i~ H, L B Fd o/Fd eqy ( Fd, 8 ALIEJF
F1) 255U Tt e ) (A A AR B 56 A ARG 7 L X
SOHRIRE SN AE AR IR S TR /935 A B B R R I
i, R JCE: AR KA HE 35 /N TRAER,
AT E R AE AR AR S A, RN AT H R KA,
T P AMARUE YL e T (5R1)

Rl MES/PREBPS/PRELREEET K

Table 1 Energy variation of hydrogen/formate-related reactions in interspecies hydrogen/formate transfer (s

J% ¥ Reaction A G"/ (kI'mol™) A G/ (kI'mol™)

774 # Hydrogen-producing bacteria

2Fd ot 2H —>2Fd , +H, +3 -26
Formate+H'—CO,+H, -3 -32
NADH+H —->NAD'+ H, +18 -11
FADH,—>FAD+H, +37 +8

¥4 # Hydrogen-consuming bacteria

H,+F ppy—Faso-H, -1 +18
H,42Fd,—2Fd -3 +26
4HCOO +4H —CH,+3CO0,+2H,0 -119.5 -

T AGY B RIS A A aeZEk, AG H8AE N1 Pald iy A it fB2E 1k Note: AG” stands for Gibbs free
energy change at the standard state and A G for Gibbs free energy changeat 1 Pa pressure
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L 2 AR AL IR LR W RS B BB
W RARAFTE SN T4 i B A A AL E 3 M
/N (R F R ) ATl F1eidn
12, 19784EBiebl MiPfennig 2 7E L o
¥ B Desulfuromonas acatoxidansF1 5 4% #
Prosthecochloris aestuariiff) 355 35K 2 v & Bl
WIRE SN S WIET., H i, D. acatoxidans
DL 2B Ry WL A AR PR BT A R R R AR, P
aestuariiill 11 GA VR E CO ¥4 i fb 4 8 Ak 2k
BT, AR E R SCBIET . 20024FKaden
2 DOIE DL 2 W i b L R RR SR R L T A A
R HLAT G, sulfurreducens 5K MR IK T Wolinella
succinogenes IR TR R o L B T L- IR 2 1R/~ e 2
R SFBIIET. G. sulfurreducensir & Ak £ 1 i [F]
B L- e 2 IR AR IR R L2 e %82 , Wosuccinogenes
FI L -2 e 20 1 s i 2 68 340 D, 1T L - I 2 1R
AARL-PEEA RS S CRE M. 20154F Smith
ai LU o BRAE AR R 0B 5 S 4 AQD S A 1
T, G. sulfurreducens5G. metallireducensi .78
R ARG B2, JF H 98 A48 bk 3 55 3% 50 50 1iE W]
AQDSHBIIETHE I Z M AEW G. sulfurreducen
Rt EagRem M TR,
1.2 DIET#HLHI R RIAAK

20104E Summers%: "4 7E DL 2 T i
. O N T 2K G. metallireducens5
G.sulfurreducensIL G FRIK R P R TG K
MEEN FHDIET. DIETH & BT HE T X%t il 4
WIETHME SN, SR E WIETHESE ) — K L2

. HRrHArE =5 WDIETH R S M, AT
W T2 B AT R 2 5 R DIETHLH BF5E

HIFFFRZ 5 MDIETIR R UG, metallireducens
5G. sulfurreducens L5, 0 H GEF B K
WM mLeLs . EEENERT, BE
TAE U7 T8 B 3 1 A SR A, DA 45 Ji A% 3 iR
B, W RERE, X T ERREENFHE
BAKZ W RS HDIET. WG, metallireducens
TE Bk 2R TR B RGN R 1 G Ol o 5 W b A
Methanosaeta® MethanosarcinaSZHIET Y . 3
H.G. metallireducens 5 G. sulfurreducens™ JCiE W
— 7 B R B R IR B R ek AT R B
B R T BLEDIETH i L

B S D\ 2H M 3R T i R By 2R, R
X Re B e B s, (R iF Mz 3h, WRRR i+
e A T 21K . 20054FEReguera’s 2 Fil
s IR BB A LG, sulfurreducensid EE
A PRI . Loviey® > ali b3 T A & 3
G. sulfurreducensT 6 H SR AEAF]188Ms-cm™,
KO Ta)EFRE, L TEENEEGE R
B Y (LE2a) - BB E BN ER -
BOBYT S A B = AT, A M 8 2R o FE
PR B HL 1 ek R v R A Y v ) AR B
2. 20114FEStrycharz® "° ' fEG. sulfurreducensft
16 L 2 A et AR v, R PR A R A T B
TAFTEREEFRERY R FREEE (WA
2b) : BT EWE LA EIR R E A (4
ttFc) BRI EE T2 FE, Hb

| 0000060000000 ¥

(a) 48 SR %I Metalloid conductivity model "',

(b) HFET MR Electron hopping model 17,
% Stepping stone model *¢

K2 9K FL S B

Fig. 2 Models of electron flow via nanowires

(¢ ) Stepping stoneftt

http: //pedologica. issas. ac. cn



6 11 PECHE AR R LR R H L AL RN H] 1317

WERE R T8 MIER-. 20134 Bonanni
fg DO e B G JR SRR A T ERIT A, 4R
T Stepping stoneFi (W[E2c) : HFIFERE
RO EARFEHATAE T, YT EAEIEE R T T
A ERA BB, KR E ARG R
A& .

Tl A= 0 ) I R S L 3 R 4 A A 2 Rl AR AR R R
FH, HEARBEIME FEBEXT S5 09010
O F PR E2F 7 L MAE20164FShi%s 0 41
W HFF IR G. sulfurreducens i~ Hi P 5t 1] SP A%
AL (I3 ) o i P H e e S A SR A R
B A 4 NI L TmeH (A7 ) s{CbeL
({7 ) A, ImcHE{CbeL I {1 HL 128 8 i 4R
FIPpc ARG H A S5 3% B AMEH H IOmaB |
OmcB., OmaC. OmcC. HH'OmaB. OmcBY
OmbBLA ZOmaC. OmcCHOmbCIE i 5 I &
HEERN TR FEH, ERASN 7% i R rp ok
FEEEMEMN . ELUFe Nyl 152 i i oh i 7 1%
EFR T, M 2 OmeSIE L Hi 41 i 32 T 4% 3%
WA T ZARGEENRES TSGR0
{149 BH B2 A= 0 B B A F, A% 38 19 2 11 £ 22 J2 Ome S
OmcE "', MM E Y RAT RN, 2 5 shd T

136k b P 0 L € 3% £ SR T B A I PIIA AN A €2
Z0mezZ ',

EWITEHZ5MWDIETH &Y, KiEEE
1 A 48 Ak 8 D 25 2 A IR 4 B 5 2 Ome S .
20104ESummersZs " fEG. metallireducens 5
G. sulfurreducens ) . ER R P LM —Fh 5G.
sulfurreducens 3 B & AH 5 6 19 A AL I8 )5 2R
H—4i i (A K OmeST 8 7 R £L, JFHG.
sulfurreducens®E i bR P2 OmeS 1) 1k 3t N J5 T ik
5G. metallireducens LI ELIEFE | FHOmMeSTE
DIETH M EEE MO, WA, BIRENTEIET
B T —EMAEM . 201 74EPhucss ¥ 75 4
LRI P. aestaurii G H G. sulfurreducensiy o
BIRECA MR R R, P& HP R % 2 e
HG. sulfurreducenstE Sk &5 JFEFLEE 1115 4 il £5
ZE AW (ombB-omaB-omeB-orfS-ombC-omaC-
omcC) BT ISP, aestauriiih i35 37 ¢
F, RUSMEE AW T AP R A DIET .
20154 Benomar® i i 4K %O ARiC & B,
Bt 598 B Desulfovibrio vulgaris #1158 B Clostridium
acetobutylicumLRF FRIF AT T A 5cHe, KR
A= ) E) A 7 38 0ok A8 e 2 1 SR IRTE TR ] fiE

HLT-32 4K
Electron acceptor

yeen
\‘\\ Y,

3 RPN SR

Fig. 3 Electron transfer from inner membrane to outer membrane in Geobacter '

FRAKEE B B SR ASHFHEITDIETZ 48, MUEY
L RE i B AN B9 AE A 9 S B B R IR ek L Ok
TEVE e o A W e 2 SC EDIET . 20124F KatoZs 14!

38-41]

AR LR ) SRS ALY G
IR KW Geobacter 5 Methanosarcinala] B/,
TAEB AR TAEHE, I AR S o PRk E AL X
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Geobacter5Methanosarcinald] () H, T4 1 A B 4%
PEHEVE . 20154ELi%E M 7K RS - 43 B A —
A R AR ER RGBT A B, Ak
Tl AL RGBT AN RR AR IR R WL 0 — R T )
DIET, FWAREEH X DIETHHEHEVE 5 5l M A
Ko [FAE, Lin% 0 R BURA TC 0k 9 I T I
BG. sulfurreducens )2 il {62 OmcSHLFE K5 G.
metallireducens¥EANE U INBERA 1 VE T BEAS TP
WAL RE 3%, HG. sulfurreducensif) T LPilA R ZE ¥
5G. metallireducens NREVRK S WL F H. 8, FIAREEL
AT LR AN (. Ome SRy B2, (HARER R
EIIRE . T HORMRHBURLTG PR AR W) 5 Ak
A ] LA S EWIET 70 20124F Liu% 7
K, EERIEE RN T T, G sulfurreducens
20 g €5 2 Ome S it b k BT 6 45 1 Pl A R [ Bk BE
%5 G. metallireducens=C ¥ 1 H &, IEBH UKL
T A A S DIETHRE J1, H UKL 6 P % A
FFMDIETEH M BRI RcS 5, Wk,
Chen% 5% e Ly P A= ) 2 RB A5 fiE 2 E G
metallireducens 5 G. sulfurreducens X M. barkerild]
MIDIET, {BXID. vulgaris5G. sulfurreducensiiFh

] S B JC IR i
1.3 IETH4EY

MIET# WLE 204 F ] &/ R4 A5 A i 1 28 4R
A FHIET, Horpr, Fhial &/ R 5 W =5
B MRS, W R S LR L
BerE GBI 2 L MO P B A 0
Ak, T ERIE B . LB RR . AQDS
SR AETM B UE WIMIET, WBERE i S5 0R 6 1
HIFF I SRR ) A 2 (] el AL i

DIETH T ZMU/EY T H H B M4l R
N, FWTHWATES 5 WL FRAK R, WA
WS AT O AT S bR N
FrE5eam 2 . ArE S e %, SR
i ) SRS . T Tk Wk
B A DIET (£2) . WA, HERES5EE
B R AL S R R R R L
RELADIETIE sk 17 &8 . 78 IR S W e ALy
I ANME- 1 5 85 iR 3h 38 JE # HotSeep- 1 1 1.5 R 5t
i, ANME-1'5 HotSeep- 1% fits #h 41 g (2 % c Fil
WBAH DG RS2 T Rk, RV B M6
R AP HE LS AR mEEE MO,

£2 BOSEIETHREMREIETAR

Table 2 Microorganisms participating in IET and their IET patterns

o T A A Y Electron-  HL TS24 4 ¥ Electron- PICS EEDEN
donating Microorganisms  accepting Microorganisms Mediators Reference
[ 42 A 1) it % S MIET
7 R A W e NZES M. ruminantium ZH, [10]
R AR IR 2 77 b 1 D. vulgaris M. formicicum F X Formate [22]
MR E a3 D. acatoxidans P. aestuarii ALY Sulfide [29]
L-E B/ F e R
AT P 2 IR TG TR G. sulfurreducens W. succinogenes [30]
L-cystine/cysteine
AT TR 25 R A A G. sulfurreducens P. carbinolicus ZA/F B H,/formate [50]
FLE AN R T 4% 3EDIET
B/ 40 € 3 o/ R R AT
;. 1 RRAT
M AF B 22 HOAF B G. metallireducens G. sulfurreducens [32, 46, 48-49 ]
e-pili/cytochrome/biochar/
carbon cloth /magnetite
B B/ 4T M € 35 o/ B AT /AR )
bR T 27 P G A G. metallireducens M. barkeri e-pili/cytochrome/carbon [31,48,51]

cloth/biochar
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M T AR LA M) Electron- BTS2 ARG AE Y Electron- PIRES 22 ik
donating Microorganisms  accepting Microorganisms Mediators Reference
[ERSTELY RN
HATF B 26A G. metallireducens P. aestuarii [42 ]
e-pili/cytochrome
AT B 2= 00 G. sulfurreducens T. denitrificans S 121 Conductive mineral [52]
W B/ R e
e R D. mccartyi S. wolfei [53]
e-pili/cytochrome
IR e AL 2 B/ R
L . ANME-1 HotSeep-1 o [54]
B B2 #6140 S5 e-pili/cytochrome

2 WAEWIETI H

2.1 REHEU"HRR

RAH AR ZIE R ARG, MEwH T A
VERE R 93 WLV K it I e 26 A6 0 mT 4= A ) o
REVREVA I Be ot A L LR AL R A
AIABhZe8 . AEIRRERUIR . SO i a4 Sk i, 4
o 7 EE e AT B AR T R 7 R i PR AR
FEALBE I SRR T AE . 20144F Cruz2s ¥ R IRE ™
TR i % PR M T | R TN IR A FR be R WG Ak
WA A B A AL e B R EVE R . 2016
AEDang 5 00 BUEE IR 40T A L 7% 0 S e A R A
T AT Al Bl R P e A T AR 2 DR AR Ak AT BILA)
RS . ZhaoZ U7 5 et 7 DR 4800 Ak 1t V45 A 5 L Bk
A K AEYIET s IHTH 22 ADIET, ZRf# T
T A 1t R %) o ) S0 B B IR/ T . Yang % Y
R IR AEH At T A o 5 A AL R fie R
YIMSG, DU ARG = B e s e Y, anm iz Az
YIRS A e 72
22 HREREFL

e — PR Z A REIRY BT, TR ek iR
FR A EESR . Y S H B A A L RE
A R P BRI HERL S o R LR R B R
AR TR T A AR R R A i 7R R e AU A A B i A 7Y
H AL, I HICR R ME Y A TIETRYSE R 1
20154EMcGlynn%s 1) % 30 48 08 1 B 40 i f6 2 e
G 2 2 AT 1 P e IR AR R4k . AN, Egger A
Ettwig " 4 % BUTE £k S804k W0 Wl Bk - K S 45
PRI, AR R R AR A B, RSN
B () SRR 4 Er HH o R 4R A Ak R i
BT

2.3 WMEMIRS

TRGRYE T BAR AN, MR R AR
TR . WAEY IR AN EE BRAEE T &5
YW i F B4R DT, AE R U W A SR Y
o LRI, XA SIS YRR A R . 2015
AEMaoZs L B AE WY TE T R 95 12 18 35 e ¥ i
Ao It B I 2w g oKk JokL a] DR A ITE T
Jt G O, 2 T E A N 4 K R
REAS NP B S5 G W) B R A -

3 B ¥

AR YITETHE 58 AN UA Bl T 3 A L IR A e
P EEACH, ] AR Re IR A L E AR HE
DL RA SR8 S SR AR R S . A WITET A% 0 S
B 7EMAE Y Z B 58, BFSEIET R ROWHL
RIEEAAETHAEY , FH4E & A WIETEHCR K
Tk, AW HCEWIETH T 52 B i & S5 I 19 .
H H A Y TE T RHOWHL I i 1 58415 Ak T 00 2 By Bt
BT W) AT 4538 . F SR PO 5 AR A T S AL
HITETIRCAE P LA B2 A5 A7 A B8 R 28 35 v R J vk
PR A W) TB T A5 3 26 [] 730 i 15 i — 20 W . b AT 7
Vel R3Erh T AR LTS PR © A R E i 5 il
HCHAM T AR 0 1) DR W HLF 32 AR
A FE B e, G, sulfurreducens i 41 i (4
FOomeSES M FEBKEEEHD 5 2)
FELVHACH 2 R 0L T, S 5415k
B FEE 1 EO0meS. OmcE " L K Omez
3) 7EDIETH R, AR (3 3K OmeS /&2 5 /il
Shel TAE ) E B AL RE A Y . IR TR
FB S H AR, BT TS X O AE WIET R FL
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Direct Interspecies Electron Transfer of Microbes: Mechanism and Application

HUANG Lingyan LIU Xing ZHOU Shungui+
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Abstract

electron-donating microorganisms and electron-accepting microorganisms that forms a syntrophic growth

Microbial interspecies electron transfer (IET) refers to the electron exchange between

relationship between the two thus enabling the two to jointly accomplish a certain metabolic process that
no single microorganism can do. Moreover, it also plays a significant role in biogeochemical processes,
such as degradation of organic matter, production of bioenergy and reduction of greenhouse gas emission.
IET could be sorted into direct IET (DIET) and indirect or mediated IET (MIET). DIET occurs when there
is a biological electrical connection and a difference in voltage potential, whereas MIET relies on diffusion
of redox carriers driven by concentration gradients. Generally MIET needs hydrogen, formate or flavin as
electron carrier, while DIET is found done directly through nanowire (e-pili), redox protein or conductive
particles. Interspecies hydrogen/formate transfer, one type of MIET, occurs commonly in methanogenic
microbial community, such as S organism and Methanobacterium ruminantium, Desulfovibrio vulgaris and
Methanosarcina barkeri. In addition, sulfide, L-cysteine and AQDS can act as electron shuttles mediating
electron transfer between microorganisms, such as Desulfuromonas acatoxidans and Prosthecochloris
aestuarii. However, electron transfer between Geobacter species so far has only been documented to
be direct: by way of e-pili and c-type cytochromes. Either of these Geobacter cells short of biological
connections, such as e-pili and (or) cytochromes, can not get syntrophically related. Nevertheless, with
the mediation of conductive materials, such as activated carbon and biochar, e-pili would become less
functional during the process of DIET since syntrophic partners could exchange electronsvia these
conductive carbon materials. Moreover, conductive mineral magnetite can substitute for outer-membrane
c-type cytochrome in its role. Mutant strain of G. sulfurreducens that is deficient in OmcS cannot co-culture
with G. metallireducens, but with the addition of magnetites they can exchange electrons successfully.
The discovery of DIET has changed the tradition gnosia that microbial syntrophic metabolism would not

occur without energy carriers, such as hydrogen and formate, and has opened up a new scientific perspective
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for understanding biogeochemical processes, such as circulation of C/N/S, emissions of greenhouse and
degradation of pollutants. The core of microbial IET is electron transfer between microbes. Further studies
should be done on mechanism of IET and new effective IET microorganisms in order to put IET into
practical engineering application. However, the researches on tmechanism of IET between microbes, at
present, are still in their preliminary stage and so have a number of problems to be solved, for example,
how exactly electron transfer occurs between microorganisms, whether there is any microorganism more
IET efficient, and if there is any method that can more economically and efficiently accelerate IET, etc.
In this review, the mechanisms of MIET is summarized, meanwhile, the three mediating mechanisms
for DIET are expounded emphatically. Representative microbes participating in IET are introduced.
Potential applications of IET to environment processes such as methane-producing anaerobic digestion,
anaerobic methane oxidation and dechlorination are proposed and directions of future researches on IET
discussed.

Key words Interspecies electron transfer; Direct interspecieselectron transfer; Nanowire; Redox

proteins; Anaerobic digestion
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