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Interspecies electron transfer during microbial syntrophic
methanogenesis
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Abstract: As the second most abundant greenhouse gas in the world, methane is a typical
renewable energy source and an important material component in the key link of the carbon
cycle. About 74% of atmospheric methane is produced by syntrophy between methanogenic
archaea and other microorganisms, and interspecies electron transfer (IET) is the core process
of methanogenic microbial communities to overcome the thermodynamic energy barrier. IET
can be sorted into mediated interspecies electron transfer (MIET) and direct interspecies
electron transfer (DIET). During MIET, microorganisms rely on electron shuttles such as
hydrogen and formate for long-distance electron transport. However, during DIET, microbial
communities establish direct connections and transport electrons through electrically
conductive pili, cytochrome ¢ and other membrane-bound proteins. This review will start from
the research history of IET and then compare MIET and DIET in terms of electron transfer
mechanism, related microbial species, and ecological distribution. Finally, we will summarize
the future research directions. This review is expected to help deepen the understanding of IET
during microbial syntrophic methanogenesis and lay a theoretical basis for solving ecological
problems such as global warming caused by methane.

Keywords: microbial syntrophy; interspecies electron transfer; anaerobic methanogenesis;
interspecies hydrogen/formate transfer; direct interspecies electron transfer
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Table 1 Reactions involved in microbial syntrophy between bacteria and methanogen!
Substrate Reactions AG® (kJ/mol)
Bacteria
Benzoate C¢H;COO +6H,0—3CH;COO +2H"+3H,+CO, +70.1
Propionate C,H;COO +2H,0—CH;CO0O +CO,+3H,0 +76.0
Butyrate C;H,CO0 +2H,0—2CH;COO +H™+2H, +48.3
Ethanol C,H;0H+H,0—CH;COO +H"+2H, +9.6
Methanogen
H, 4H,+C0O,—CH,+2H,0 -131.7
Formate 4HCOOH—CH4+3C0O,+2H,0 —144.5
Acetate CH3COOH—CH4+CO, -36.0
Syntrophy
Benzoate 4C4HsCOO +4H™+18H,0—13CO,+15CH, —624.0
Propionate 4C,H;COO +4H"™+2H,0—7CH,4+5CO, -249.0
Butyrate 2C;H,CO0 +2H +2H,0—5CH,+3CO, ~140.0
Ethanol 2C,H;0H+2H,0 —»CH,+CO, -196.5
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Figure 1 IET mechanisms in microbial syntrophic methanogenesis”s'3 1 A: Interspecies hydrogen/formate
transfer. B: MIET mediated by other electron shuttles. C—D: DIET. E-F: DIET mediated by conductive
materials. ES,x: Oxidized electron shuttle; ES,.q: Reduced electron shuttle; GAC: Granular activated carbon
(Purple: Bacterium; Gray: Methanogen).
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Table 2 Microorganisms and IET patterns in typical syntrophic methanogenesis
Electron-donating partner ~ Electron-accepting partner Electron donor IET pattern References
S organism M. ruminantium Ethanol H,-MIET [23]
Desulfovibrio vulgaris Methanobacterium formicicum Ethanol, lactate Formate-MIET [73]
Syntrophomonas wolfei M. barkeri Butyrate Formate-MIET [74]
Pelobacter carbinolicus M. barkeri Ethanol H,-MIET [61]
Pelotomaculum Methanobacteriaceae Propionate Cysteine-mediated [45]

MIET
Desulfotomaculum Methanobacterium Propionate H,/Formate-MIET [75]
thermobenzoicum thermoautotrophicum
G. metallireducens M. barkeri Ethanol DIET [33-34]
G. metallireducens Mx. harundinacea Ethanol DIET [34]
G. metallireducens M. acetivorans Ethanol DIET [55]
Geobacteraceae M. mazei Ethanol DIET [76]
G. metallireducens Methanosarcina horonobenesis Ethanol DIET [77]
Desulfovibrio sp. Mx. harundinacea Lactate DIET [78]
Desulfovibrio sp. Methanobacterium electrotrophus ~ Lactate DIET [78]
Rhodoferrax ferrireducens Mx. harundinacea Glucose DIET [62]
Rhodopseudomonas M. barkeri Sodium thiosulfate DIET [70]
palustris (source of energy: light)
N AR I J& (Desulfovibrio), T2/ H IR & #77 Methanobacterium WA DIET g /18, 4,

i B ke oW A

Methanomicrobiales Fl

Methanococcales
Methanobacteriales .
Methanopyrales H .
FELT MIET, Al k47 DIET HYRAE PR
BONJRMR(EE 2). 78 DIET H A D78 24 e Ptk
HITAEMIA  G. metallireducens . Desulfovibrio
L. MR R, ZEEEME Rhodoferrax
ferrireducens J&—PP R AR IGHEUEY) , ATAE N
B it PR BE15 DIET!
palustris BEHFATCAVERT, MBRACHTRR M 375
TS UG EFT DIET, HAT DIET fg
F9 77 B e T T a0 A T O R R B B T
Hh, A0S B o 22 TR s (Methanothrix) S H e )\ &
fékqlil‘)%(Methanosarcina)EF' , U0 Mx. harundinacea .

M. mazei. M. acetivorans. M. horonobensis .

Rhodopseudomonas

M. barkeri. Methanosarcina vacuolata %5, %

BT K B, A R B IR R e T

M AL SRR IS R RE, AT B R AT RE A

ol R iR WALt R f e S T R G/ LS

s A, BN . Proteiniclasticum . Pseudomonas .

Syntrophomonas

N Methanobacterium .

Methanosarcina .Methanothrix .Methanospirillum
S5, WE7R H AR FLATBEAAAE KB R R I B AT
DIET ¥R i 240 B 5 7 FR e oty g 71721
b, B EE A E R TET
T ARG R, — T, B R

MIET 57 HU B il T B8 B A0 T, 41 Syntrophus
acidtrophius”" B4 DIET fie )1, HEEHEAS
B R IR Desulfovibrio W J&Fhfal &/
IR B X bk, HiiE kA&
DIET G847, 55 —J5 i, it F 7= H b i ifi &
M. barkeri BEV] LAY Pelobacter 4 T MR A ALY
MIET®Y, X715 G. metallireducens 47 DIET®4,
Ak, HETHARA T EE R Bty
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HA DIET #8hmydis, (HLHHmRE =i
Methanobacterium electrotrophus HIH4 DIET
RE 1, UL BIAE B MR E 7 BRI P L Wl DL AT
DIET. Hillk, AR PHRAYRY LSS IET #iX
ARERZ R IET Ay, SRR, Hitl
A 200 55 Z Rl SR A B DR G

4 BHTF IET 7 AP PR
£ EAH

TE B8 7 W e R AEAEDTR Y . $UR
Y E B . G DL AR Y g 2 AR R
Bl gak G U B IEE S
RUFNZ FRE SR~ H be , T AE T 0 i . g
GG T IFAR Y 7 YA BP0 7 2 S Ga s /1
FLE TR T 2 # IET X
77 G ) B Y AR ) A AR 2% %, DIET i
MIET HA R A S0 it 76 5 A R 2 h
HUALS I RAR DA T, AP IR 2 K %
Y T HEA TS KT W R Ak o 7R b R w0 g 4G
7). BRI, MIET A B4 A6 46 K43 B 28 ™
HGEREEH ; TAEBERER . THRRER S5 E RN
PR AR, T RE . O SF
Be= g F2Z ik, EEh ) k4 DIET™Y, Bl
v B = R X 4> MIET 5 DIET AR TFEL, &
BOE DAY Z RS . DI RE R KA K F
PEAL L AN N Bl i 15 8 ) S B R L B TR
MmN 5507 5, R FIWTZ AR T MIET 5 DIET
153 A1 L
41 MES/HEREETRRENESTH

18 2o I A S/ R AR A H B TR A A
AR I MIET A94R8 4504  MIET 43 A 88
Iz, DAURAZYIEE « IR & o S
SIS . AR E TR DL A
SRR BEHEBOW B ORI, 24 5 2Bk i HE
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TR 16%!%, i ] 1% 328 2088 1 A Tl
WEE R 32 BT . T R4
ZUE SHGERENY O R, B HE §
AP W R RERE AR AT AR R A, Bl nsE I
IR Fibrotacter succinogenes . 1008 5 BRIH
Ruminococcus albus . ¥ (098 B ERTA Ruminococcus
flavefaciens %, CAIVALFHER | R4 0. K
R WA O RY) . K AR BRI
M. . Wiz, FLmabaas™, mY
th S E SR B W OBE T Methanobacterium |
Methanothermobacter . Methanospirillum 4t 01
P PR 7 A 2R A 1 A ) R U T
A e o 12 R AR TR0 e i 000 R,
b — DA HE T 2T 4k ZR A A A B A i e
AR i ELEA AN AR s S e B B T 2
]t m] DL gEA T A%, PRI B o MIET /Y
P S el FR e HE ik i) S B o e At T LA
MEHE B RE (R B Z R . NIRIE )
W AHERER A BRI R TR L B R AR 3 iR
SRR EATsE g, w] LA B B
HERPY . WAL ™ R T LAE R O . &
B BERSEA I R IR, WAl DUR A
CO,. CO LAY AFRLER o 7 ot bRl i [m] Y
7 LR AL R IR YR S CO,, e 2t
[F) Y7 SR AT ) F SR AR AR B R 38 P iR A
SR, eI % b CO, Btk o Rk h &
MREEA A, Al Ry A B LR T R b
Tl SEA AR FRAURE pH EPY $nH
eI B vhi s BTN SR SR AR i s A T o T
PRI LA A R £k /SIS TR 6 340 )L o I iR £ 3
J R TE LU AR HA O 203 (H
Hy T H A AR B Bk = 075 G L TE1E W R PR
rh ) AR 2 B BRI o AN T S 2R R RN R R S
PN R i PRV 2 G T AR AN DN IR R R
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SR VOO R B g b Y R AR GRAR B
ORI o B8 TR B PSR R A AR IR h % B AL
A PGS T 5 B L TR A DA oS 0 0] 2 2 o i IR R
i BRI R 8 30 I T 1 M 8 ] S SR s

T N DTRR ) 2 A o e 2R O BRI, 078 97 Y
FEHBEE W e ERE B Methanococcales FTH
Lt H Methanomicrobiales %5 1E 13 5 =F
R A E O Strapoc ZEUOMXT Ilinois ¥ dsf 4335
T JVS IO ARy v DA 3 A= 0 e i A vy 2 5 7
BEE YN 168 rRNA SERFEAFHT R,
Methanocorpusculum J& s % J& , 41w W K&
Alphaproteobacteria . Firmicutes . Bacteroidete
F1 Spirochaetes ; F-38 1t HE 37 7= e iU W% L
TR b i SR A2 W B U B i b AU
R B BEAEIZ A B A DL A P B A o i o
i =S HLA .
4.2 k¥ DIET EE~RRES0H

DIET FEAEH TR KREZ 1 A AR EE
GrAE KR HH A A AR IREE SR AR A%
45 N T R85 H T DIET #9800 5%t 42 .

KA e R Y R 7 A3k TR B HE R BY
30%UY, A AR . ARR WY . REFFER
SR E AL, Y 3 S R o i
A PTG H e e GEK S - Geobacter
S AU I T B 20 T 2 ) OO KR
70%09 H beth FHBe \BERT H Methanosarcinales
S CBRE SRR BT A, 30% A9 B e Hi F
Y AP W H Methanobacteriales . W ¢ 1/ H
Methanomicrobiales 55 & & 35 B y= H ot B 7
AOTIO8 g SRR 20 R 3 s 2 2 A3 TR B, K e
H 11 b Geobacter S Methanothrix £ 5 , H.
/v DIET WRHLEE . AR ¢ FEHEHAK
LIRS HBE TR IR I CO, i 4 B [N g i 3R
ik, UW] DIET AJ BB IZ5 ™ I be M ARy
ZET JrR1N, Behbh, Rk R A S itk

FEH TIEGEY Y Geobacter WM FIH g =
WG, BERKFEH B E & 2 DIET #8
(18 LT 1 2 R 5 7 R e BT

PR AR A 2 B it 52 A HILJBE O m] P A T 06
REVR P FRAR 720, Morita 252105 BRI 1L 2%
TR R B A T R AR B e S, A
AR AT AU A, @it 16S
rRNA FE R R, iz Rk Geobacter Y
25%, CTRE B WGET & BT A 7 B e T
90%, W] DIET AJ R R4 TH A b Y 324
IET J5. 7ERRENA M bed # b, g i
I GACP | Al pEst S S R R, AT
MR HE s B e - it A WFIE R W ) AU AL
wP A GAC Jrdem TR FLIR M N IR &5
i, kR T E B RY, ) Geobacter
FIREFEAT DIET fi47” FF e oty o = B ] S 1™,
FHHHMETFHEE. MEER c 55 DIET X
B R g, HATRER I Z GAC
UKEH T DIET #EFE . Cruz S 97e RN LI P
H BT e PN ARE R PR ™ F e 392 5 33%.
Chen 5"V &4 w3 6 B2 A ML K 1 DR AL
gt ARG, AT RS GUAE W IE R R Y
AW, BT R R IRE CIRE SRR
HLem AR A DIET R8J), MEtEa s ™
FGEBR 4 & & B DIET GE 71, iX Ui DIET )
G341 AT BE R ATRAR

AL, R AL T REAF7E DIET i,
VA T b 2 A T T i P 2o 0 DX i A
TREHARES AWM EmY . RE
Geobacter TEZ LB R G M BCA LA, B
VT HY A5 B IR T 7R TR P 3 S A Y
Desulfovibrio F1 Methanobacterium Z. [8] {7 1E
DIET B4, NiE Bl DIET {776 T % H #
BT J1iEdE . {2 DIET 78 HAhPEE 1 4= 55
AT T iE— P IRE .
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5 REERE

51 BEAEIET AXRENAESRE
PR 4

7 R A HEIR R, IET
A DL BB R R TP REERE &, R OCHER R
AR . AR IET J AU Y B8 W e
T A B SN Ry BR A TE 25 57 (3R 3)

MIET Al A H R & 2R ARy
LK IR R Lis, Hl TEMH R
5 T3 o v B9 HIGH A8 A e AR H 2
FREE S [ =k, MIET 23K Az 23
WA, FEIRAEE LT, #H7T MIET &S
R FUBE R T A SRE 10858 , FREEH HO AR
Rl R A SOV AR AL, 1 AR R e i o
fE MIET i, Fhia] B R {45 af e e =200 TET
77, Thiele ZP4YE Desulfovibrio vulgaris il
M. formicicum (7= HBEdk 2 vp & BUAH FE AR &
e, Flhia) H R A% 36 AT RE 5 £ S M6 . Boone
LU o T B A A g Te) SR R R Y B G
B, R HRAE WA EET, &
PECHE AR S H B i A B AR X, (H
W2 14 A AT LA S HoAW) A . Shrestha %1
RIMAEFL A B R RS, HRMY BR

*3 EE~HEEFES MIET # DIET 89T EE

BOREAM 3 5. Bk, DU R MM MIET
A BB AR Py B F e B R

LT MIET,DIET J2 ¥ &85 IET Al
DIET L7 M FER S ae & F A s 7 ik, B
A2 LA RN e BRCR BRI . 2R AT
DIET FfCAE Py vl 3 ik 5 %% 1) 4y 3432 fnl O i ]
RIK, ST HIED R M, o e
B EHR T 20 TR AN H 8 T 2 ) A R 3 22 P
DIET Jsi/N T 3855 R Z X TET BIRRHI, $2m T
FALEHE, nREBUN A Y BB bt AR
HOCEE) TET X, (HARH DIET (7= H %t
BEZRMAYF R M AR o SRR
TG PE R 2
5.2 MRFFERAVEIRE R ARKARAS

AR, XA EE B IET iR
ROWAT T — LWt , (Al F 58 Bk
TR YIXE T4l 5%, IET MRSk A N 5218,
A LUT R R g (1) 3% IET BIH0U
BLEE, DA 02 K7 BH ff L 4% 356 B 1 4%
AL BGER o3 S AR E 5 (2) X T EE
Bt DIET M55 J5) BR T S5 0 25 A4 A N IR &R
HAE A SR 5 H B 53 A TRt ot B 149 52 i AT A7
L (3) Wl B R AE H AR5 DIET 5

Table 3 Comparison of MIET and DIET in syntrophic methanogenesis

Items MIET

DIET

Mechanisms

quinones, phenazine and so on for electron transport

Typical Rumen, marine sediments, etc
environments
Advantages

of electron shuttles

Limitations

concentration, dissolution rate and diffusion rate of

the electron shuttle

The electron transport efficiency is controlled by the

Rely on electron shuttles including hydrogen/Formate, Rely on conductive pili, cytochrome ¢ or conductive

material for electron transport
Rice paddy soil, anaerobic reactor, coastal wetland,
ete

Long-distance electron transport through the diffusion The close physical contact between the conductive

pili and cytochrome ¢ improves the efficiency of
electron transport without complex enzymatic
reaction

The electron transport efficiency is limited by the
distribution and activity of redox proteins such as

conductive pili and cytochrome c
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MIET W3 AiALE . FEARR—EBE] N, DIET
P AR AT e R TU2E P AR 3B I 5 I A 0
AN, WEE IR sk A by &
B A RE /N R D SN 2 7 L o U K DA AN 37
FR AR, XHCEYEE B b sE ]
DA T LU LA 718 < (1) 382k XA [R] 57 A
vt 7% 3 R 2L 000 2 1) B PP AR A T Hexs, 9
XTAIREZ 5 DIET WYfm 3Rk 8 1 T & 3G 454
BGHATIZNR, TR TR AL A ) Z R
i DIET 7€ AR ARG, B,
AR PREH AR AT AR T i 6 sl o7 i £1 0%
ARTTRR ) 7 e DR B0 g R e X 5, EAT 20
MR HLH DIET B4 Aii i . (2) FIHIREA IG5+
oA 43 B Al A BT 1 7= R o B s A FH R R 1Y)
JEMGE O B G, R 2 R
IET RENIRUEYD o (3) AL #E sedl . JEIAI AL
JP 35 IET MR 22 7 3kik, (BB
g PR AR S AE BT H AT gE A T30
TE,  AROUE R BH A= 00 B P B o ] rlL 12 326 3
o (4) IR BA @G i Lk ae ) H
FIF [N Br A PR, I T T IR AU
NigsH DIET Mififl, $R& b3, Xfix st
05 [ BBF A B ToB: DIET 54 mY R4 B e
FHF 3 BE VA 114 A= 7= 0 FR g ek 1 45 52 o ] L 1) e
P, RV R R ARG A P9I ) 1 A= ) v 3k Ak
SIOUREA T RIS
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