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Electron transfer mechanism of extracellular respiration: a review
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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
(I)/Mn( V) 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( I ) 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.

Key Words: exiracellular respiration; extracellular electron transport chain; cytochrome c; outer membrane
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R AR M NI S A A L BT T, 77 A 1Y) FL - 28 M PR T O e A7 8 3 B b T S2 IR LR D 9 A
RERAERE R Y A B KR B SE G N R ST AR i R 25 5. (1) P IR T AL 3 &
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HMZAR; (2) AR AN . 5 R A S A A LU, ST R 7 A F H - 00 20 25 2o JE) IO 20 4 1 £ 32 )
IRYHMI M SR JE I AR A 2 2L R AL 3R ¢ ANOK T2 ( Nanowires ) ” 5L 2R B AR 45 7 2% 38 21
B, DRI A 3 X FBE A, S A0 K

LA B R SO : B0 R BRGNS WP 22 R AR R AR
Wy wpng J5 =X BEA RN W) Z2 REPE RO I ST S AR AR s ISR W AR T e W IR A AB 5 5 /K AL 15 A ) o g
f8 T e (G 2B 7= LR R ) A5y T8 HH B B I A S0 SR AME 1) B LA T R S AR SCHE M
SR ARG W) 22 e A 4% adk a8 R G T 55 55 07 T A T 200
1 RSMERERRED S HFMNE

AR B A SZ A A AN ], Jf T 2 53 A BRI I o W O R 7 L IR 3 A 2, B L AR i
FEVER T I GE PRSP T LA WA T 174 25 5 S S T IS I AR R IR A, 2 A 1 L A P T 22
HEERAME (G, RADEJUREMERE (GT) , FEEFHLEAZIEE ] ( Proteobacteria ) FYA R[] (- B-.vy-
M 8-Proteobacteria) . HiFT B £l ( Geobacteraceae ) J& il b FF 1 f A B BE, 28 1 ) H T Jg A f ik A9 385 24X
KA
1.1 BR(5R) WP

B (58 W (Tron/manganese respiration) , WHERSFALER (4 ) i8I, 2 b4k i 5 H AT SR A I AN T
KXo BRIEMAEY LA () E Y (INEH T (o-FeOOH) \JRERH™ (a-Fe,0,) B MnO, ) AR
i T2 A R AL LA = RE ARG AR Y L 20 tHhadbn, ATk & B . FRse il T DA R ER (5 &
6 (0 ZH0R AR AN RE MRS P A AL it B2 A AR e s Sh i RE &L, HUR W AL AR, 15 1988 45, Lovley
Phillipsm AR B ] LS E A VLY FEBE R Geobacter metallireducens GS-15, Bl )& HIWFGT & B0, 8k
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R 12 A3 A AE 3R I/ BROK DR I PETS Ve R K S5 R8I T ARG V5 e Wy 1) R o7 % fige A B 4
WRJE . HIAT @ ( Geobacter ) A FL ECT# & ( Shewanella) & H B BT I8 i 2 G0 94K PE WL 5 J& | BV S A 232 it A1 o
W L AL B R H TR, K ad B o (Rl iy 2 2R AN . 7, W3R 1 1Y 6. metallireducens

HIR. ferrireducens, PRI, TRASE R ERIFIRAY L7158 B R B T H AR A MR AT S 9 T I

Table 1 Microorganisms capable of extracellular respiration

R1 RSNFRBINRE

o N , 4 % N
ey P MR P 0
. . . . Extracellular electron
Microorganisms Family Gram staining Remarks
acceptors
R /AQDS/ L
Geobacter metallireducens'® Geobacteraceae G- g;gﬁf@% *&Q FHZ 1%
AQDS/HS/F115 FR ik R
G. sulfurreducens'®! Geobacteraceae G~ EE(?*&S/ il FIH 282
Desulfuromonas acetoxidans'*! Geobacteraceae G~ ALY/ HK FIH 2.
Geopsychrobacter electrodiphilus'® Geobacteraceae G~ ALY AR 4CHAEK
2R 414
Desulfobulbus propionicus"'®) Desulfobulbaceae G~ %é*?{k% ML I AR AR
Rhodoferax 3 A HZ R A A 3R
- C adaceae 5 £ / i/ L e e
Sferrireducens T118" 11 ormamonadacede ¢ SRR/ L ACH ALK FOIEBAN
0 o _ AL SHIRA R A (2.72
Rhodopseudomonas palustris' ') Bradyrhizobiaceae G HAR T 52 2 ALY W/m) At LG
Enterobacter cloacae 130477 [13] Enterobacteriaceae G~ FALR FIFHLF4ER AN JF R ER ™
Klebsiella pneumoniae 117 [14] Enterobacteriaceae G~ A/ R FIH 88, AR R s A 1
=
Pelobacter carbinolicus''>) Geobacteraceae G~ i;gz{ o e AL ) AR HAES)
Ochrobactrum anthropi YZ-110] Brucellaceae G- 7o s A L e ANEF HECE A
AR 58 4 AR Y
i FETH A , Actinobacteria( [
Corynebacterium sp. MFC03!'7] Mycobacteriaceae G* JESFEL I/ AR j?gi%ﬂ];ﬁ?;*;v eria(I)
Acidiphilium cryptum'®) Acetobacteraceae G~ BRI/ R TETR T
Thermincola ferriacetica' " Peptococcaceae G* izﬁ%ﬁ%%i{tﬁ% FEINET , Firmicutes ([])

G~ : gram negative, 2GR ; G* . gram positive, F 22 [GFHME; HS: JEFE T, humic substances; AQDS: anthraquinone-2 ,6-disulfonate , £k%
1Y) : iron oxides; HLH :electrode

1.2 JEFH R

JEFE T ( Humic substances, HS) J& HshE ) Sk Py sk R A il B i) 5 4 FERZE R AW, T 2 AT+
e DU AR A SREE b T RE TR IRk P M P A 32 A4 T 78 2 L SRR A A i A R XY
HIIRIRE T2 R R R A ELA L AR AT A e DR IR T AR L K AR AL S A A R
PEZS I I B 5T, OF 7 AR R i 4 45 11 B AR K, 1996 4F Lovley 551 8 UK & BLE 5 0T wT A S k38 5T 6.
metallireducens WIMIINE F324K . BJG , TEA WY & & 3 & BOUIERY 1594 3B RT5 KA B A9 3s M35 e b
Sr B BN RIS T TGRSR T A5 M B 4 FLLA 2R 4 T B S5 U 1) BB AR A 1 T R, R
W LAZE R ] L) AQDS ((anthraquinone-2 , 6-disulfonate , B -2 | 6- 18 R ) 4 A BIF 57 J8 5L o T W F18) 495 760 4 ikt
T L IR W R 5 A i P TR B 2 285 1), 2 2508 I3 D ) e EL A R IR R = BB ) LR R B T e 18
52455 R I BN A
1.3 JFRHPRI

HAE 1911 4 AT A B My mT U= i s I 4, B ol 04288 L L ( Microbial fuel cell, MFC) [ 2
PER 77 P LS B A B o RO R TR MFC BHAR = v, A i o i A L 7= 4= o, , JF
PRI RE 177 AR 4ERE B SR RO HE 1% 3 B BH B, O 22 81 v 8% 1) 4% 386 e 408 I A H 3244 ( 0,58 ) |, LA
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PEABIR = A i AR PRI 29 MFC & SR E 2R 2, 9T LA4B 7R 7™ HL B A ) 1) B A vl A 3ok ek
8 MFC BER RIS, BRTE WA PLE K K TURR Y LA SOz 4T RAFRY MEC FHAR 43 25 2R i
EY . BRIFIE S P HUE IR R A U0 SR 1 b i BT REAAAE —E 22 O (1) Sk R R
TCHIARLL 77 HL IR 8 H 1 A2 AR —— B, S B8 1 2 AR IR, I ELAS 7 A2 J5 ™ ) T 4 v A A9 388 el 72
(2) PPN 58K/ G0 ) A ik SN, 1% 3o SRR T Al 5 (3) BHAR AT 42V A A ) vl A 2 T A= 40
JE” AR AR T B BT LA, 7 R IR RIS M AP I8 e ) R AR

BT b3k 3 Fi g sIEg 4 DMSO( Dimethyl sulfoxide , — FEMEAR) 12 M 2200 jehtton =B v(v) U
(VD) F1 Se (IV) W2 AE YA R MEAN L 3244, PRIt G2 40 R SO 1 I I T R 2 % A 7 A58 1 4 40 35 7
PERE, AIRIGUEI P A AR BRI R L. coli K12 I XIIABE A “ 58 R PE” - 4 I B 2E A AR
Yo v 5 DA 0 300 B AR ) 4% 3ok i L 200 2 T AR | 3T o FLE DR ARG 5 . H T, & R IR S AP
W AR 2R+ o3 A BR A5 B 75636 1 70 B 1R RN 00 AR W) 7 55 0706 #2158 2 i L AP IR i 2 Y
BRI,

2 FESMEIR B BRI TR

WP AR FH B AR B A 8 A v = A B3 I A Gl T NADHL, R FADH, 3287 o Ak i A, Horp = A2 i e
TP A% 128 B A i L T S2AAR (ARAEUR) 5 B ER HY 350z BB IREAN T8 Wit 5T - sh #4451l ATP , 247 40
MR, I WRE R Y BIF 5T — L2 AR W o AR B TR R 2 IR I 5% A Y H, 1 1% 346 8% ( Electron
transport chain, ETC) , FH— R FI T4 i B I FALIE i AR = HES B - () AR s A (sl A )
0 N v N e R g ENTUE R e Y e e o= e £ O P T SR R P N N 1 D 2 =Y N e )i
WD AL, o2 A BB SZ AR L S A i Y L, PR AR i L A2 AR A AL I R L A e T L
PR R T SRS 1A SN L P TG S I RN A1 TG AW I A s B AR (T 1)

I 1 AT, Bk 3 e i A% s 4 1 SO R A3 A AR ] i Sl 8 14 26 1) 2R i 0 1 ol ) 2 s AR 2 7
ANTA] A IR F, A2 AR SR, T DL AR P I A i 30 i A~ 40 5 S A 00 (BT 1-1) 5 T L
T AR W ) 30 D T ) o — ), I SV R ) R, - S2 AT Jo B bl S (P 1- 10 ) 5 B M T P I ) v 32 A
TEAAMIAN | BT LA A 0 - b A 28 3 i) o v H, 1 3 1 A5 32 | e i M I | ) s J (BT 1-T0) o F ke
AT UL A L AL A LA PR (1) S B AR SR EEAR LU, LSNP 1) R, 15 3B o R b T 28040 )
ST RMELE 3 (1 126, B 2 BIRAMIR ; (2) SN EAFAEZ R DI BE R AN (4 R o SO DBEEE 11, il ik 2 Fh
T2 2 1 th A AN AL i B M APl 73244, T SCR R S8 R e SR IR A L 7R i i 7
2.1 FL T DA S5 3 A 4 1 2o o e

JHL 47D e, A 3ot o AR 20 B B 2B 53 DA L S5 A e 38 ) RO b o b JBE b f H AT [
&3 USRI HL - T RBIBCRE 1 19 7 A= 5 10 J) B AN AR B Y H - 8k HUBAA AL Y RE T, AN TEBE ATP 11
[

LRI, BA R P RS A (O BT S WIS 6 . Kim 5500 25 5817 I IR 400 ) 390 %8 I K v T 4 T 7 P R
SR, I NADH Jit &l Fe/S 8 UM Q 27 HL I Ry 05 20 53, 17 At 28 S 2 45 1Y B 20 53 Ciyt be,
A UG EACEE Cyt aa, NS5 =B, (HHGAE X 2 RIR A H R, 25 R A R it — B Ese, Besbh,
Woznica 25 HE 2003 4R H T Aeromonas hydrophila KB1 4 JFAT 5 TR 1) FL 115 33 BE AR TR (A1 2 M M A4 ) |
R L RRERIC S i BRZEH Cyt be, TTRESZ L5 2H 03, Rl S5 i Cyt aa, A2 5 T HYERIL SR

JHL A F, 5 3ok B 1) ] SR SIS 70 M A b AR b i R B ST T, A FSE B, LA P R TR A P
JEE SR B AIME EAFA R — S S LS A —2 AR o (Cyt o) , HE A Z M9 B %0 & g 20
LN BT IPGE KEEE A ) ML0E o Wi (Cys) MBTEREES 8 (H0 45 6 TE ot
A EER ¢ 1 OITR BT R TF IR TG NSRRI E T Cyt ¢ FEMLIR IR (B 2)

Cyt ¢ MIDIREAE AL — H 2 M AMFI BT R . BB B, BRI IR A 7™ o P H, 1A% 3B AH DG Coyt ¢ IAITSE
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AR JEFEE b AHaAN
Eptpe L e D E_ fllﬂg_i_________E_'i“Z_"E __________ 4'_%. '.%i}% ......
i/ CO, (-0.43 V) OmeBRr/OmeBo A(gDOS (;‘:;'?i (;0615;‘8‘/\3)
o-F et € -U.
_____ Z@/COZ(O%V) o ___________________________(:(_)'_1_9__\/_)_“_-__Hyzn_ie§9b§t.ap_c§s_i-9_-2_\_/:-_3__Y)
R4 NADH, » it
>< ne” [ BEFER
CO, NAD"
BEHIER I P JE 4R
i
TEFARR 11T IAh JE 4Tk
i WM
CO

172 Oa g i 2560 e i NO; /S04
) Cyta Cytci®
H,0 o NO,/H,S
ATP 3E 5 nH"
2.4- I EER

E1 AR ERTETRMEINT ST TS R

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

B2, I JE 5L 0T WA G Cyt e M HIE %870, Richter
SR G IMR 29T T 6. sulfurreducens ( TR M
PR AR TR A A Cyt ¢, KB OmeZ A1 OmeB J& 7=
HLIFIA TR 2053 (3R 2) , AR Hh b 75 1Y Cyt ¢
OmcE A5 H F15i8, i, Hartshorme 5 &
BLMurCAB” [RJJEAR T Z A7 T - B- . y-Proteobacteria
1 Acidobacteria [ 2E Y28 b A S Z ML Sh L 1%
B BT R PR, F 2RI ( Menaquinone ) ,OmcB ,CymA |
MtrB /& S. oneidensis MR-1 i85 AQDS A5 25 K,
T3 WFFEIEN] | PR e DR B SR Ak TSV R4 7 9 o W
Mzt 2009 4F, Risso & " BFSE T R. ferrireducens JIRY)
FRHRTH 23 I TR A iR 4, 25 R A5 A 69 A7)
RERY AN (3R o JLPH, 22806 T B A IR, Herh 459%
5 Geobacter spp. [AlE; {1 OmeE MY [FEAAK, A&
I Geobacter spp. LA HL 1232 1o 78 v H A 75 1Y Cyt

28-29]

AN 3R A AR 0 SR D R B :
4Fe? - Cytc + 8H" + O,— 4Fe’" - Cyte + 2H,0 + 4 H*

B2 MK c WEMRFOHRTESSHENTRERE

Fig. 2 Structure of heme ¢ and redox reaction of Fe( Il ) [7]

¢, OmeB . OmeC OmeS  OmeT B[RRI, X —WFFE 45 R B, 25 Mo i 71518 Y Cyt ¢ AT BEAFAE IR 22

k.

SR B, HOETOC T M A B T AE B BE AR G Cyt ¢ BIBFSE, KZHE PAE S oneidensis MR- 1 Fl
G. sulfurreducens, QNHTHTIE , EATEA ZFMESNTFILRE Ty, FEDII e I3 5 4, AUBHR AR S W, 2 BEAE Y i

SNREIE AR AR, HETE &ZFL S. oneidensis MR-1 A1 G.

sulfurreducens SR 42 ASF1 100 24 Cyt ¢ B 955 ,{E
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LRI DI BE I AN TE 2 THRE , FETaMRLE Cyt ¢ ZMAMITIR I T3 2153 075 i — BT E .

R2(HEH) U T AR R ML S %18 R R P FE Cyt co UFFATHT, Mur/Ome RGES-5 Z RS
ML B, R AT R IR — R GRS A R H 52 K W82 Gralnick il Newman il (1) Z A A
B S RAT L — M ARSI A IE AR f RS P R (A0 MueB) A5 (2) AN TR B2 AR R [ 9 A S it it
il , T A S J AR B B RIS RIS N2 AR I RE D

F2 FHRKREIMNER Cyt c F2EFNThAE

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

R M o 2500 SEAL Z 5 HyIE SEA T fik
Microorganisms Kinds of Cyt ¢ Location Respiration Basic function
Shewanella CymAlS) pasps X IRI/DMSO BEBRT e o g T R SR L 0 £
oneidensis FEL I
VA psyoq KM I/DMSO BF /R EAT 10 ALALE S HL L CymA BISMBEAZ P
. ; HLIP ) R R T G Fe( ) 5
B E/AQDS iF R/ FE ORI E, vRES S MuC 1 OmcA (52 FlE i,
RL34] ans-
MtrB Trans-OM HL I A
. . - 5 OmeA JE MR U A R/ VEA S 38 SR 5
M oM BREMRTRIER g Gk g
. B 10 AN LEER AT RERA A2 AR A RE
OmeA ™ OM SRl =H it B4k SRR
Lk T2S AW RS
GepD/GapEL ¥ OM BRI/ §g’a “ ﬁt‘ﬁﬂf()m .
DmsE PS ‘, I DmsF ; 1] BE A7 R v it S Bl
DmsF/DmsAB[?! oM DMSO PP (JERFEA) DmsAB ; R ¥ DMSO 4 J5 il ;
"jf"‘d . MacA S BKIENL/RLIEIR 1 ST MEEIIMI L {1k
PocA/PocBl] Ps BRIV IR/AQDS iE R/ A 3 ANIMLLE 7R Z B Vil T BE R e T A
peds e FLIT- N AW N S
OmeB om R R P gﬁﬁ;z AN LT 3 5 A b 0 Dl A EL £ 338 8 O o
OmeD: &4 4 NI E ;OmcE: %4 6 ML
OmcE/OmeD ) OM R Al e R AR R, NS 5 TR
OmcE Z:ééli}t’:ﬁu{‘u&,
OmcS OM BRI/ 7 L IR B T AR A R AR K F LA T
Omez!3! oM 7 B A G A 5 e [ 200 L ) ERL A 358 5
OmcT!3! oM BRI/ 7 L IR 5 OmeS BRIBAH K,
OmcF 3¢ OM BRIT IR/ 7 L IR R i B HA Cyt ¢ B SFERIE N
pilAL] PM/PS/0M %%E?Eﬂ%/;tﬁaﬂaﬁ%é '1‘41:%-?%?:5%325%%9,ﬁk?@f‘zﬂ@[ﬂlﬁ%%ﬂéiﬁéﬁ
R B, P JE BRI A MR R iR

PM: plasma membrane; PS: periplasm; OM: outer membrane; ZkIFEI . iron respiration; F=HLIE . electricigenic respiration
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