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Abstract: It has been well known that microbes can generate energy utilizing various strategies. However, only recently, it
has become clear that a growing number of microbes involve electron transfer to or from extracellular substrates. This novel
microbial metabolism is so termed as “extracellular respiration”, in which microbes oxidize organic matters to carbon
dioxide and conserve energy for microbial growth coupling with transfer of electrons and protons along the respiratory chain
(‘a series of enzymes that function to transport protons and electrons inside the cells) to reduce extracellular electron
acceptors. Different from the conventional aerobic and anaerobic respirations, the unique characteristic of extracellular
respiration is its capability to use extracellular substrates as terminal electron acceptors. The well-known examples are Fe
(1) /Mn( IV) respiration, humus respiration and electricigenic respiration, in which iron/manganese ( hydr) oxides,
humic substances and solid electrodes are served as the extracellular electron acceptors. “Extracellular electron transfer” is
defined as the process in which electrons derived from the oxidation of electron donors are transferred to the outer surface of
the cell to reduce an extracellular terminal electron acceptor. In the first step for electrons travelling between cells and
extracellular substrates, electrons are required to be transferred through electron carriers in the periplasm and come across
the non-conductive cell walls, which involves various functional genes and protein complexes ( such as multi-hemes c-type
cytochromes inside the cell) . Afterwards, electrons can be directly or indirectly transferred from the outer membrane to the
extracellular electron acceptors via different mechanisms. In general, three main electron transfer mechanisms have been
proposed: (1) direct electron transfer to electron acceptor via membrane-bounded cytochromes; (2) direct electron transfer

to electron acceptor through conductive bacterial pili( “nanowires”) ; (3) indirect electron transfer to electron acceptor by
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redox mediator that can shuttle between cells and extracellular substrates. The finding of extracellular respiration provides a
new perspective for understanding of the diversity and evolution of microbial respiration. Due to their environmental
significance and practical application, it has received a great deal of attention at present. Oxidation of organic matters
coupled with the reduction of Fe( ) and Mn( IV) oxides plays an important role in the carbon, iron, and manganese
cycles in sedimentary environments, and also influences the fate of a diversity of trace metals and phosphate. Anaerobic
oxidation of organic contaminants with the reduction of Fe( Il[) is important in groundwater bioremediation and stimulating
dissimilatory metal reduction has shown promise as a method for immobilizing toxic metals in the subsurface. In addition,
oxidation of organic matters coupled with electron transfer to electrodes is also a potential strategy for harvesting electricity
from the environmental and organic wastes. To date, many efforts have been made to identify how electrons are transferred
to the electron acceptors and the factors controlling the rate and extent of this process. An improved understanding of
electron transfer mechanism in extracellular respiration is still needed to optimize practical applications and to better model
natural processes. In this review, we summarized the types of extracellular respirations and the diversity of extracellular
respiratory bacteria. In particular, we mainly focused on the extracellular electron transfer processes and the molecular

mechanisms underlying the whole pathway involved.
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S RIAER(GT) AP BILRBHTERI( G ™) |, T EAE P ( Proteobacteria) AYA R ( a~B~y-
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Table 1 Microorganisms capable of extracellular respiration

Hgsh 724

REHED I Jm Y Ui
. . . L. Extracellular electron

Microorganisms Family Gram staining ) Remarks

acceptors

1 & /AQDS/

Geobacter metallireducens'®™ Geobacteraceae G~ ﬁijﬁkgi@% *&Q FIH 2.1

A U8

AQDS/HS /¥R |
G. sulfurreducens (&) Geobacteraceae G~ FE.QT& Fricmsk M .
Desulfuromonas acetoxidans 4] Geobacteraceae G~ A [ FIH 1%
Geopsychrobacter electrodiphilus™ Geobacteraceae G- BEAH) I 4CH AR

E=) /5 (/
Desulfobulbus propionicus[m] Desulfobulbaceae G~ iﬁ;‘t% AL FI B T
Rhodoferax - AR HZ R, B A SR,
" Com: adace: - R LA 3
ferrireducens T118" ' ormamonadaceac ¢ BRARALT AR/ B 4CTH AR, L EIAER 4 E
o AT M0 7D
Rhodopseudomonas palustris'? Bradyrhizobiaceae G- ;E—Z;; L7552 2 S ALY ; jtb;; E]\FEE ﬁtﬁﬁg('; BN
NAHZE T T0 § m-) ,J0E AR Uit i PR
Enterobacter cloacae 13047113 Enterobacteriaceae G~ LK FIHET 4, Rid oKk
Klebsiella pneumoniae 1.17 (14] Enterobacteriaceae G~ WAL AR FIH 218, A A R A K
Pelobacter carbinolicus'"’ Geobacteraceae G~ iigiﬁ%ﬁﬁfﬁﬁw ANHHGE
Ochrobactrum anthropi YZ-1''% Brucellaceae G~ ;E%E‘ﬁ%%fhﬁ% NGRS R iR
o FER A , Actinobacteria( |

Corynebacterium sp. MFC03'!"! Mycobacteriaceae G* JEE B I/ LA ﬂ;gzﬂ;ﬁlﬁgﬁzc eria( 1)
Acidiphilium cryptum[ls] Acetobacteraceae G- BRAEALY R TS
Thermincola ferriacetica"” Peptococcaceae G* i AT, Firmicutes( [])

AHRE E AR
G~ : gram negative, # 2 [GRME; G*: gram positive, # 2% FC P HS: JE 4% , humic substances; AQDS: anthraquinone-2 ,6-disulfonate, £k%&
A iron oxides; HifK: electrode
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H LG5 R B AQDS ( anthraquinone—2 , 6-disulfonate , B E—2 , 6=—HE18) 1E BT 5% Ji5 5 Joi W W 1) A2 76 49 o o
Vi 5 VP 8 5 L L VT 1B 2R 3 1 2 550 e i ) LA B R 7 L g 1 L LR 3R B TS e
O 55 T e IR A A 1
1.3 oI

FATE 1911 A, A0 & BRI mT LU H; 4, BEAE T2 W ORE L It ( Microbial fuel cell, MFC) fY €%
P& R, 77 F PR AR S AR 4 o P IR IR AR AE MFC PR = b, S E MR s i A ALY 7 A= €O, , JF
PRI B 5 7 2 ZERF B B A BRI 1% 3 ) PR AR , I 28 A1 vl I 104 A% 3o e 38 I B AR i 1 324K ( 0, 45) L, LA
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WA SRR P BRI 2 BT SR AL B R T R AR E RO (1) S A
ACHIAR L L 77 i WP 14 1, 52— B A 2 A2 952 AR IR, I ELAR 772 £ 8 5077 99 T R bt A ) 3 S 72
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RE ORI A AL B T e TR, 72 F IR I S B 5 S SR B4 11 R G A28
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(VI) Fil Se( IV) 2 MY B IBANL T2 . BRI, (30 49 SR B AN 0 T 2 0o A 77 TR 358 14 K 300385 o
PEEI . AIRIIEN > e A AR "R T L E. coli K12 U FREE A S RIVE” : 43 WA ER KA A
W45 EL - DR I ) PR 1 336, T L 240 i 3 T A0 KD 52 18T I FL A K il i M . AT, © % B B 41
2K R A 2R R T A5 TR A B T 5235 1 20 B AR R R T AR W24 2505 Bk S 2 A T 2 B g SR I 2 750
Wk
2 BSNEREIE TSR

I8 4 FH B2 A R 4 A 72 A 36 SR 4 NADH,, il FADH, T 37 L . o, 2 AR fy v
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transport chain, ETC) , f— 2513 T 40 BRI L , S0 A0 7 S5 i 34 MR 2 1 ) ] (00 A58 R ( sl ids)
R o AETCENEIL T, HL TS R A A TR A L IR BRI T H TR 5 52 M 0% 8, P AR Y
A A TR FRRE AR i AR A 08 L T PR T A 3 L 52 R 90 4 A B v 3 e s T FL T
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JE AN A3 % 36, Bre BT AMIE: (2) AN AR e SR DI RERY AL 0 2% ¢ sl HAM DI AE TR 1, 3B 1L Z AP
D72, B T B AT A ML 3 B AN L T2 k. T SOH FBIZSE 1R A S A R AT o T A% 36 5
2.1 T NG T B SR 12 i 1o 2

A7 L A 3t o S 20 S 6 23 M2 55 B8 AE 46 80 0SS AN - o G ey BB L ity ol T 8 T [
A48 ST AN T, JERII AR fk (0 7= A T R R RN | (1 e Tk B T8 Y BE 1, S EEBE ATP 1
FEAE .

T SN I I A J BE A3 OB ST LA o i 455 288 17 IR I 6400 1 390 o BB 7K e R 45 81 72 o I R
A, IR NADH B S0RG Fe /S 25 [FURIGHTG Q 27 F MR A 00T 20 4 T JHG At 25 S VR R 5% F1) 7 B4 43 Cyt e
FIA AR Cyt aa, K2 5P 0IE . (B HAR 56 (0 %) 5 R IR A HRE, 45 A R sn i i — B F 2. 14,
Woznica % 7 2003 4E4H T Aeromonas hydrophila KB 7 J5UFFBERREK (1) L7153 SE R 200 ( 1400 o it AA)
R IR RS S B2 Cyt be, T RESZ TR 2H 4, ARSI S Cyt aa, N5 5 P A SRR, .

HL A7 L T 5 ) ) S RIS 30 23 B Hh A 388 5t PR A IR S0 T 4 O DRSS 7R, O A T I B 4 1
5 JEL TR e — R B TR R — MM A 2 o Cyt o), Ho &G 2 HEP S35 10 & ik 4L
Z RN S TR PO KRB 38 Y o LT R o H il EBEER( Cys) MBREEESE 576 (0445 4 W il o 2
IR o B 1 ThOTeE “Bk 7B T sk D, M SIS ILYSE T Cyt e ML JE LR 7 2)

Cyt ¢ BYTIRERIE (N — MU ANT I AT T30 o BB BE, k0TI A7 MR L TAB 3 AH G Cyt ¢ BOBFSY

http: e €dologica! el



2012 xR 31 %
WK CmE JeL 2% St SN
Eps R % o T et B |Baw Ra%
i EHE CO, (-0.43 V) [NAD"/NADH;| OmcBr/OmeBo AEDOSC;QI_/I?SH (;Odlgggv\a)
e ; a-Fe e -0.
_____ L RO (026 O 2P ] i substances (0.2.V-3 V)
K NADH,
CO, NAD"
BEHIMR 11 Jf P9 JE U
&
HERIRIR 111 34/ J6 48N 1%
i W 7205
co
1/2 Oz U s f R4 AL i
)Cyta Cytc i
C
H0 vie NO; /H,S
ATP 355§ nH"
2.4- KA

1 BEFR. MR T RTINS IR BT (RS R

Fig. 1 Electron transport chains of aerobic, intracellular and extracellular anaerobic respirations

L 06 5 O WA G Cyt ¢ W2 K20« Richter
SRR IMR BRI T 6. sulfurreducens( 2,88 K
HEAR) AR AE I AR 5 Cyt ¢, &L OmeZ Fl OmeB & 7=
HL P A 2H 73 (32 2) , TR rh A /5 1Y Ciyt ¢
OmcE AZ 5 AY AL T 1538 . i, Hartshorne 45 %
B “MtrCAB” 6] JEART VZ A 7E T a— B~ y—Proteobacteria
1 Acidobacteria (1A= Y2 BE /v 3 2 Fp LS R 1%
B, B FLRIR, B ELZERE( Menaquinone) .OmeB. CymA
MuB & S. oneidensis MR-1 i&J& AQDS 67 8 11
T3 WFFEIERT , TP 2RI L A R S AR JC 12 2 4 7 g 9 o
W% ', 2009 4F, Risso Z " H5E T R. ferrireducens JEE¥Y)
R T TR IR AR, S5 R A EH 69 4nf
REMYAIM (43R o JEIH, Z 5000 T8 Bl s i, Horp 45%
5 Geobacter spp. [FJU; {UEIL T OmcE By [RIJEAAK, K&
L Geobacter spp. Wi 4h L 1 38 of F vp HoA 4 55 1) Cyt

[28-29]

200 3R AR A A S A I IR R
4Fe” ~ Cyte+ 8H* + O;— 4Fe* ~ Cyte+ 21,0 + 4 H*

B2 MK cHWEMRPOKTESSHRENERR K

Fig. 2 Structure of heme ¢ and redox reaction of Fe( Il) 27}
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LI [ [ T RE IR 52 22T 2 , FEEE MRS Cyt ¢ SR NANT IR B 065 20 4% , 78 5 HHE— S TR 5 o

F2(WF) FIH T PRI B IS TG P A T B Cyt co TR, Mir/Ome R 555 5 £ A0 u4h
AL AR R e AR — 22 G5 R IR L 752 PR WE? Gralnick I Newman $E00™: ( 1) 52 oK s
S JEUE B M, B RSN L 0 TE A E 7 R SR AR 1 (A0 MurB) A5 (2) AR IR 32 AR AR T 14 o 0 16 J
Tl , T A S S AN 5 HAT TR R 4 2k 4

K2 FHRAREFINTER Cyt c FhEINTHAE

Table 2 Different kinds and roles of Cyt ¢ in extracellular respiration

REWMA 4l 53 ¢ A e Z 5% BAT g
Microorganisms Kinds of Cyt ¢ Location Respiration Basic function
. CymAl® pups DT IRIDMSO BRI g e o T MRS R A AR
oneidensis P, PR,
MirA 4 psjoM KU UL/DMSO WF /5T AT 10 AMMLLE AT CymA BISMIESE P Bk
HL I, R BT AR Y Fe( 1) 5
BRIE W /AQDS i J5/ 7 ARAMEEE, ATAES S MuC Rl OmeA FYF5 58 FE (i
B34 ans
Mt N o
A 55 OmeA B 1R 14 A 00 /R AR S St
[32] Sl T 2 T
MuC oM R T /7 L I 5 5K G2 (LA
o - _ A 10 MMLLE; TTREEA Mush 2 Ui RE
OmeA M BRI 2 DK LA
, AL T2S SRS,
GspD/GspE '8 oM BRIFIR /7 HL IP IR A2 5 MuC il OmeA [0%E3E:
DmsE PS o - DmsF: ] g {47 A b J5 ity
DmsF/DmsAB > oM DVSO PR JLIARFAD) DmsAB: {5 DMSO £ J5 fiff:
Glfb’d MacA % PSRRI/ 50 T BREIS ML T (0
PocA /PocB L) PS VR /AQDS R JF/FE S 3 AN 3 AR S ERARSHT l fE  TAE Ek A
peAbpe L IR S AWl R NI it
Omep L o P — gglz AN ILEE 35 A 3t 18 T mH L T 42 32 B R il
OmeD: 4 4 PN IM4L2; OmeE: &4 6 N4l %
OmcE/OmeD ) oM BRITIR ] iR AR Ak R, S S 5 VR MR IR
OmcE RZ: 5 7= 11 ;
OmeS'! oM BRI /7= FL R W LT BB A A ARG SR
OmeZ ! oM F LI IR A G LR W e ) ol 40 B P R 1
OmeT oM BRI /7= FL R 55 OmeS BIFRIAA K
Omef ¢! oM BRI /7 F P ) HAL Cyt o B R AL
A PM/pS oM RIFIL/ P RE TAP T T R SR S50 5 1, i/ B b B4 1l 2138 4 i 25
P PR A, PRI JE S AN SIS AT Bzl T

PM: plasma membrane; PS: periplasm; OM: outer membrane; £kIF-W: iron respiration; F=HLIFN: electricigenic respiration

BR T Cyt o, —SLga R BL IR ( B/ M) F1or WA I AE MM A% 0 rh o 48 T S B I E4RE T T
OmcA K fur( Ferric uptake regulator) JEPE ™7 ; 215 8§ 2K 11400 9 XU BT 18 B4 5 55 42 R
[y RpoS 45 MSMEE L Z 4211 " 45 JAP. T2S( Type 1T secretion system) Fil TAP( Type 1V pili) 75 fa4h
HL AL VR 3 B, T2S 2 Shewanella FYEE A 53 258, AEERIFI H 225 MurC FT OmeA 15 155%
B FEN; TAP J& G. sulfurreducens TR & RS, B AIMIRE /3 H T L D N AL 338 BB AT L 32 14,
B2 N PR R AL 3, e TAP RGURHHE LB IS . A BFFEIERT , T2S Fl TAP RGEAFAE R 5 , W #
(2 B 2R AL o T UL, T % B0 M S v £ 38 B 2 B TT RETEAE AU ZE A A SR IR 3 R T
S. oneidensisMR-1 Fl1 G. sulfurreducens i A Ha, 1% 36 475 1 2H i o
2.2 i DAY ARSI 52 A 1 15 3 1) R

WA B 7 AR B A, AT I AT PRR 7 2 R TR B M A 32 A (1) B bl
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Fig. 3 The involvement of multi-heme cytochromes in S. oneidensis MR-l and G. sulfurreducens' 3%
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il 350, AH B 0T AR A Bl 77 202 5 (R F el S A i A ) 2zg 85 25 /153 - 9 4, 7 FE 7 32 AR BRI F AR I
e, R A 0 ( A B A = H 2 B 5% e AN 81 2 32 1R ( BHAR sk R AL ) R A S R 4
R iz R PR ALE] PR TE RS AL ( anE 4) .

@ LEEAH (1) ZmaMmazc (1) FKRFEW () H Bk (IV) BLHLIEE)
l SR LT

O MIMEREH ; ..~ ? (.. /
‘ L@ &b LTI
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Fig. 4 Mechanisms of extracellular electron transfer in biofilms <!

{E, Harris 25 75 Shewanella 1 31— Fp i B AN B FAL B AL —— R i iE 3. AN 4( 1V) iR,
%J&H@%xﬁi( MnO, 5 HI ) F9 38432, 7T LA S0P IR 400 7 A 194 P, i 77 20 i 2 T T B 358 14 “2E
AT REANMLE R “ouch-and-go ” i 77 FOKF HL T A5 RS 45 MU A2 1A% , BIVAR A ) P 408 6 18 S s o 2 (A
T TR 52, BRI B, S 32 KR, 5 5 FAMIGRR o 3R L 4 BB 5 v T St LR A
S0 D31 DR 36 PG T A O T M T A B B R B B A B T AR R B 5 AR
JEHL B2 BRI HL IE Bl Y K MrA, MuB, CymA T RETE I HLI2 30 b & 435 T B«
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R [ AN 7 0 F TP i3 7 S AR 25 5 01, Shewanella 3 LSLER 9 o T BEAR | 5 MR 5240 AR 2K
S TR IR S AR TA% 3 , R T TSRO L S 2 11 SR PR EE P AN IR 9 (4 B B T Geobacter
AT LSS T B W s B A 1, 2 SRR P2 AR M R K St AL 38 W T, AL B R, 2 M 41
PR PR 34 B A o 3 A, Tl — BRI TR 5t T SR B Rl ol T3 0 e 0, AS TR 98 /N 2L 43 185 1 s
1 Klebsiella pneumoniae 117" AT 1E MFC BEH ¥ R/ 40 B, O A1) FANBS Cyt ¢ ScBR M oh e 14538 ;T A
0. 22 um FLIEMEN S BRI K. preumoniae L17) 55 B ELHE LRI, %2 BT LAY 2, 6= T X
JEBR(2,6-DTBBQ) ,AE N T RIKN S TEE ™

T A0 o AL AL PR 5T S22 4 T e 22 O 8, FUR I T /B Lk o 2% [ P 1 LA a4
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