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Abstract Anaerobic digestion is one of the most effective technologies for recycling the organic waste in the
form of biogas. Biogas is a clean energy that can effectively reduce the use of fossil fuels and thus reduce
greenhouse gas emissions. Methanogenic archaea are located at the end of the anaerobic fermentation
chain and are the direct producers of methane, the main component of biogas. In the anaerobic digestion
system, there exists an active electronic interaction process between methanogen and microorganisms at the
initial part of the fermentation chain, as well as various natural and artificial electron mediators, which play
an important role in maintaining the stability of the anaerobic digestion system and improving the efficiency
of biogas generation. We reviewed the interaction mechanisms between methanogenic archaea and iron-
based and carbon-based electron mediators, which are two recently reported types of electron mediators
commonly used in enhancing anaerobic digestion. We summarized the mechanisms of electron interaction
between the two types of electron mediators and hydrogenase as well as cytochrome ¢ on the cell membrane of
methanogenic archaea through their redox reactions or physical properties and aimed to analyze the possible
coupling mechanism between the two types of electron mediators and energy metabolism of methanogenic
archaea through their participation in the extracellular electron transfer process. Among them, acetate-utilizing
methanogens conserve energy through electron bifurcation by Fe(lll)-dependent respiratory metabolism
of acetate, augmenting production of methane. These results transform the ecological and biochemical
understanding of methanogenesis. The unclear extracellular electron transfer pathway of methanogenic archaea
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and the uncertain function of proteins on their cell membrane are important factors that restrict the study of
the interaction mechanism between methanogenic archaea and electron mediators. The review highlights
the prospects of using rapidly developing molecular biology, such as gene knockout, and fluorescent labeling
techniques to further study the interaction mechanism between methanogenic archaea and electron mediators.

Keywords anaerobic digestion; methanogenic archaea; electronic mediator; extracellular electron transfer;
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Fig. 1 H,/CO, methanogenesis and electron transport chain.
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Fig. 2 The pathways and electron transfer chains of aceticlastic
methanogenesis and electron transport chain.

T T R R
5524 K 22 B AE I AL, 7 R e o R AR DL R AT itk
AR BT IR At AR & SR e B AN BE
I AT B R AL P2 A ATPAIERE, &8 I 0 B T I i
T (ABETHMET) R WRSIATP A &Y. B 1
TR PE R FE 10 72 AR AEAS [ 1) 7 H ol T P S S AR A, G A
AU Z AT A O RN F R SHR EFER. EAR
B YA R P R B R, R R 0 I R O ik R G
Mtr# £ H IE FIHS -CoM¥ i F2 A2 77 H e A8 i 3 R i R 304
LRI RE, T LA AN BT (B I A i T s 1 3 1,
BEAL, 2SS UM B 2 1 P H R e T LUR T B T R
K HL T804k 4% 4% (flavin-based electron bifurcation, FBEB)
e 7 A AN S T IR R R PO, dx 4% bl PP O RS I TR A
filf (Mvh) - 5%Ji Bk ik 5l (Hdo E4 LR,
MvhADG i ft. H, [ S AL i HAdrABC /L. CoB-S-S-CoMUL &
Fdo HI3E JRU2% 2 P2 4 I Fd, oot 15 25 5 B H,/CO R g 2
B COL R, i FBEBHS 2% #: 82 A= H e AV i 72,
URBIMtri% ia 4 B 1 7= 2E B S T IR FE R RS
A M L ER P R U A N E S R T

WA 7 AR 7 3, AT D Rk A A 1 AR 3 A P A B
S TR AR EE P 20 AR 2 75 R H 1 LT 3R AR T LA
R A% 3 o AR A B R R RS R R, Rl A% 3
B 5 T SRR ) PR T A 35 B R SIS LT A R R R (MP)
IR MPH,, 44551 E 45 AHIrEDUIMPH, 8 BT
fit I8 JFCoB-S-S-CoMJE i 7 H e AR 1] 34 4% ¢ 8 IR HS -
CoBAHIHS-CoM 7, i%id F2 ] LA 9 0K 50 &0 88 1 0 5 i 4%
iz, R RE A S FIRFERE (1) . &84
{EHArEDZHdri 575 —F25 8L, 5HArABCANE, HE&H—4
Y8 2, 3 T 40 A 5 K AIMP R AL 3 HL 7 *%), HArEDI A7 48
{191 L T A% B A AR AR A, R T IR &I
FIHArEDH, 1 Fft % o 4 A1 45 35 AN [R] 0 HEL 4% 326 B 12
o T SR B T A SR U, S AN B T AU S
BT A 7. TEHFTE KT, R4S G 1 H & ik
JREE (Vht) BRI E A H N A T TR TR ORI A 3 TR 2
B BE B AV, AT DIOKE 7 A B RT3l A 4TI e R b R I 3
(VhtC) 1% FIMPH I £ Fl T 16 JiiCoB-S-S-CoM 7
(B . E8— 41 H2, —L%Methanosarcinal® #7715
(Bl liMethanosarcina barkeri) 1% HAF 9 LT 4k 4%

{ETF AT AR FHEch =4 H,. Ech/&—Fh il i, #8058 ALFd o
H D HH I A LA K S T I I 5538 B0, P2 A H B IS
W Vht 2 58 A S B T A s R (2 . ek, R
L Methanosarcinal® (117~ 5 i i (151 4 Methanosarcina
acetivorans) f7-1E Ak &S B ) B T A& 3 B 1% . [COJ& 1L
% CO, it R 77 A [ Fd oo TF N 32 B L AR, e 1) T
W 455 1 5 R RnfiG i BIMP, #5245 3% 2IHArEDH H T
JEJFCoB-S-S-CoM ©", 5 & fARNf7E A& i L1 )l 2 v R %
AN B AN, B R T 3 1 R BIATPRY & R (B
2) . A RRNfIIAELE /& MethanosarcinaAs [\ T HoAth 7= H 4
HENEEER, SAAESERMTZIEETMET, BA
TEFd,oq: NAD Ak 34 Ji i3 1 (0 45 40 2, SR 7 R e 7l B
Methanosarcina ) 5 & A RnfEIAS % /LNADH/NAD 1
W, RS S T L, &G4 RcH Rk B %
i3 B BT AR AAMPY,

2 BREBTHREFSTHEGERE
E{ERHLH

Poonma Ik L aFEENSETR, FEURR. T
JRER T IR AFE AR KB RS A T TR IEE . DU S R
BRI, BRI AN A = R A,
CFEZERRY, TR MAEH ™. KA AR S, F s g b Ikl
A RR IR IO A AT T RE 0 1 2 B AR T, X — R
& PIAT LA RO IR AR s A, Horp, R R &AL R IR
Jir R R PR R SE AL D B R B T R AR, BT
AR R IR S 5 B B R M A AR, s2 g e
LEARUNE AR, R g T oA R AL R SRR A
IREEA S R PR R A%, AR S e 2 1Al
F R ¥ ViR i RN R I e R MR (S AERVIN I B AVS
Br. N TERFE AN AR ML, V82 0150 3 30 2k A5 s gk 55
BT AR T A S P b o B AR IR AR R, RN TR AR
A 5 7= B o ol 1 2 1) T R A FE LA,

21 REBFREBETUMEABRTZHRESE5=HT
hEMRINEFIRIE

20024, Lovley % & IR B 5T 1 5Fh i 3 7= H e 7
XFe ()AL i) ik R ee 71, 45 R ERW, LLH N R 1
Methanosarcina barkerifliMethanococcus voltaeits §¢ & 3
Hoid JFFe (), FL7E I JEe R rb, e A 26 1 52 B3 ) Y, i
UEBH T = H o s 2 e ) E 4 A B8 B 40 i A ) Fe (LTS AL
H BT IX—ILA, LovieyE N k2 H T TE AN Fe(IINFETE
AR, B B IR Fe (NG, 78 sbiid, &
g 2 7 OCHRER, SRR EALH B RPN, T
I & 75 8| CH,-S-CoMH 4 [l CH,, X 2 7E K2R & E 7 1
75 R o B R R A E A (E AR/ Fe (I, L H R
(R FE T A RE 23 56 72 B M 4 Fe (1), HETTE JEFe(Ill), BT
A FER L= R T seAh, AR 7T R R AT A R
PR B EFe ()38 J5 4% 14 T AL R AR (R TR A 4%
XA AR T AR P E AR, k2 e, K&
W S8 W90 18 Fh ™= B ot o TR DAAS [R) HA4id Jgk A &
MrRE )] GRD . SHTE MG AL, UHE B R, JLT
AT T FEER W8 21 77 H e ok 1 6 Fe (IR 5L, 1T LM, barkeri
FiMethanothermobacter thermautotrophicusA~{H 1] PLIE Ji
S AEE L0 R g R T Fe (1), H I EFEE S5 Fe (1)
PR AL R R Ak, #EH,% 1 T Methanosarcina

213



\274

29% EE2H 2023%4H

W &

thermophilalfy 2 iy v DLIE J5 7K G S Ak I 70 0 3R 1R = A2 Ik
WAL= Mk DL BT (0 72 #5238 0 H H 5k S Fe (1)
W JE 2 RIRAR A AR, 7R T AN Re 2 AR ik 5
FR e T T 2 ) AR B A F A 3 1Y) O B o

{515 — 121, Divya PrakashZs [(HF 70 & 8L /K & &4k 2k
AT LMEHEM. acetivoransifA . I ER £ 1 1 A0 72 R g ),
1K 5 LA i T8 1A A R B A S, AT A TR R IR L A4k
34 JE UL B 38 0 DA B SR T F 400 HL IR FL T 040 (EB) S Fd Al
CoM-S-S-CoBHJ it J5 LY F 7= H e i F2 i 7,
22 SEBHFHRIEATREBETHMBRNSTRER

HEMRINEFIRIE

S S R R AE = F e o B B A R s R R IR,
{H 2 BT 3A B 0E e, thah, 7= o B A Ak
EE?%J%@ FATPIRAN . MRABTH T, B 5% R4 Fe ()

AIREA PR AR SRR A4 T 2, R AL IR R A )
Jjﬁ (Bl #hJE AQDS B & P IEMP) A& 38 H 70440 55 R
BHET7 A WM F AR LA IR R E G (i R
©) BT HL T 36 B Bk 3 i AL 8 4R R Y B, Divya
Prakash“" % HLLL 2 NI 7 W 4% o5 M. acetivorans
AJ DL i (0 R e AT R B Fe (LD SR AR, 4Rt T —
P08 K G BB R (K3« 4R & EA
EBI& A= A IFd i I 45 & I B A ERnfAL, AR5
Rnf4i &ML Ma R Re (MHC) , KEALFd =L
HLF 5% B M ARG Ak, B4 e O Fe (IR 5. iX
ST PR B = F b B A AR R IR AR, AR A A
FIMHCH BB/ X — B A R T EHZEEH. MHC) Z 401
T Geobacterfll Shewanella’sFe(I1)if J5 40 i 7%, i1

F1 FHETENSECEIHNTER

Table 1 Methanogen-mediated reduction of iron oxides

2T Z B NN R A7 AE, MHCTR] BE 2 5 H - ) A P M BT 7
PEFe(lN#E R 13 72°°°". M. acetivorans 5 Fe(I1)ik 5 & #£
MHC E#I A S2 #: M. acetivoransal i #h /K& B A4k A% i3
W T, FEBE R B E AR A S B AR SR T Ak, MHCA S b
TFRBSNE T MEEIE, Bia R L N2 E 71 )5
ANFe(lll), X LR 2 BRI FE I iE R Ewm Y, T
B S T 5 T ARV B T A TR BE R B AT PA B, M
INiE M. acetivoransi) £ = . 46 LT R FE A, KE
AR I IE SR LT R R A0 B S B 0 77 B e oy 1 v DA TE
H 26 HE R %2, e o el 1% 336 A 5 S BB IEG, SR T L 3R T

HitiNa® CH,COOH

Fe (1) ! “H .SPT
Fe (Ill)
Na* CH,-H,SPT
; ox s HS- CoM CoM

H, SPT H SPT F
CH,-S-CoM

=
o
'..,H*
$ :

HS-CoB l HS-CoB

’ CoM-S S—CoB‘DC g CoM-S-S-CoB g H
[El3 Methanosarcina acetivoransift [R/k & S EkiE 2 (IR #EC#k[40]
TEBUHIAED

Fig. 3 The pathways of ferrihydrite reduction by Methanosarcina
acetivorans (modified from Ref [40]) .

_ R - o
P I B PR Fe(IJiER 2%t
Methanogenic archaea Substrate Ferric oxide methanogenesis Fe(lll) reduction Reference
;ﬁi%@@ﬁ?‘/ﬂk%%’fn%%/ﬁﬂiEﬂP% -
. . 25 1) e |
WO Gl B HEICO Hematite/goethite/amorphous Fe(OH),/ Inhibition Eaill) [54, 87,1

structural Fe(lll) in chlorite

Methanosarcina barkeri IR EL Acetate

Ak s A L8k Amorphous Fe(OH),

M Inhibition A& )i Unreduced [41]

5 g LR 23 it A R 25 A4 1 Fe (1) RIE 5

Wi e B Acetate Structural Fe(lll) in chlorite / Unreduced [571
L S M) 5 42 ik

, , Gl S5 I 945 4 Fe(11]) Sedm il

Methanosarcina barkeri ; : Inhibit first and Fe(ll) [37]
Methanol Structural Fe(lll) in chlorite promote later
ﬁﬂ%*ﬂ@ﬂﬁﬁiw % =} EE kA/s,ﬂzgi
Methanosarcina barkeri Organic matter and 2 7=/ TT UM R / Fe(ll) [42]
yeast extract Poorly crystalline ferrihydrite

Methanococcus voltaei H,/CO, TN VEF R Hematite/goethite i Inhibition Fe(ll) [34]
Methanospirillum hungatei H,/CO, kA S Lk Amorphous Fe(OH), ) Inhibition / [41]
Methanosaeta concilii LTR#h Acetate IR %L Amorphous Fe(OH), i1 Inhibition / [41]

; ; PR P 5 A A 400 v R 45 Ak 4101
W e iz Methanol Fe(lll) in illite—smectite minerals Inhibition el e
Methanosarcina acetivorans IR Acetate /K& FALEkL Ferrihydrite {23k Promotion Fe(ll) [40]
Methanothermobacter H./CO SR PR I 45 K 1 Fe (IN)/7K & Sk Bk ] Fe(ll) (38-39]
thermautotrophicus 2 Fe(lll) in smectite minerals/ ferrihydrite Inhibition

. LR KGR 564 KIE R
Methanosaeta thermophila Acetate Ferrihydrite Complete inhibition Unreduced (39]
HIEEFIH,/CO, K& EH AR b ekl

Methanosarcina thermophila \jo4hanol and H,/CO, Ferrinydrite Mild inhibition kelll) [39]

; . IKE Ak 56 4z )

Methanosarcina thermophila H,/CO, Ferrihydrite Complete inhibition Fe(ll) [39]
: . LR E KE EAER 58 44 R R
NHSEIERE DI EE Rl Acetate Ferrihydrite Complete inhibition Unreduced (39]
Thermophilic Methanogenic LR KA AR 1 Fe(ll) (44]

Community Acetate Ferrihydrite Inhibition




77 5 o R - P AR  AAH LA AIL AR F T S

Vol. 29 No.2 Apr. 2023

TR RFMEE R, M. acetivorans /A& A i, T2 H]H
SUSRAERS, LRI 40 A 0 3R o o Sl SR R R TR
P 7345368 557, Divya Prakashffl K ILH & T4 (4 & ot
fEEE LA R E AR, R T AT MG R ek A+
AR 55 77 A B o B PR AR LR T AL ).

23 SEBTFEHRBEEHEZENE (ZVD IR E~Hitd
B RV F 3K, FHRHEMmINEFIRiE
T (ZVD 2 —F B AL JE s gk, ]

AR TSRANEG YRR IE T FeIN & BB 2 8 E Lk

BT, H R 5 3R B AT DUE g o A Ak 4 7= B e o R B R

Y, ik RE[RTRE 5 K = R e oy BT (T R A P 3. 198T74E,

Dinnel & R ILAE A IR, 72 B e o & A ZV I i L7

HEAT = F B ARG B, 72 A R G O SRR i JE Y. o

A& 38 AL R DAAEHE Sy = B o ok 22 A B0 [ A 2 A e ik 2. 7 5

vt 15 REREEH, ZVIFE K50 UG g — N H

R G, PP FelHi S b B Fe® BB 7, BT 7E B

B LAl 50 S AR R B = AR IR A, BT E SR R TR

1A, B AN RS 35 B e ol B B R T B AR i

PR AR R A ETEAE RN =R A EF, &

B ESAE TR, SR, Dinh 785 H— A8 (1 7= B b

HERIMA, %R E I T A Fe®rh B Y B T IR T

FBERIAE 71 M ZVIE Ry i — ) BT AR, 37 B R IMA Y

=BT RE 7B AR T O 8 %8 1= B G B Methanococcus

maripaludis. Methanogenium organophilum#1M. mazei, H.

FU A 7= B e R A B P AR S O FE I R, X U —

EALAE— P A B AR IMT N Fe®rh 3k 45 B 1. A AT Al itk

PR T T PR MR 3o 4T i 2R T £ SR 3 T 1 o A Fe i L

PRI T B . (B2, AR B = B3 IR HE S ke Sk

— WAL, BRaliss %= B R Ak, ZVEEREHRE AT DME IR

ST IR 7R R R A R T AT R RE, TR RS R A I Z VIS

e T e 5 7 ARG o 1 R B R R 0. A, A 9T B

ZVITEAR 3E 77 BT o T AR DR 4R TR () B TE T op e 38 1 G B A

H, B Z V3G 0y PRAECS U Hho( o0 i B R0 7= AR e o 1 4% TR

B (ARG 5, SRR A I T iR A S HIET 7 Hidk

T8 (S-mZVD 7 & 4 RE W A IDIETH XA, n

SyntrophomonasfiMethanosarcina "°*; ZVIaJ |- JU % 7 3

BBENA | s F I B B il S DIE TAH S Filf ) 28 4 0185 25 ik st 5t

SE IR R HZVIRES A AU T R, 5B w A5

F= & AR LS

24 SR BEARLSEUERENRNSTREGE
BasNRF1R1E, HEHESHERMEEMEE
F 1R
MPJE—FHEE K B 800k, B BRI A DL R E b e

SRRV, BB 08 A5 B R 4 A T H T A 3 A 3 A% 02 TR H - AR

H. =B e M. barkerin] UE BT HAR AR 1926 4F 6

SACLAE R Tl 5 KA AW, W% -1-52 5%

(PCA) GEIKMP) J5 1l LU i Fe (KL o %, X R

T B ARMPHETT HELE 14 SR Fe (1)1 i 4 - 4% 1 1 72 i 21

TRERAE Y. BRI, AR A W R DURE R th] gk 3

KEIMPHITE, A 7= Wb o T A oh A 33 Wk 55

AHFe(I)FIFe(ll), /&—FhH A o T k. BEE A AL

EW, MTEFeMPMINES IRV R, A0S0 JA ki

FT I REC0 . WangZ PRI FuZ: C T 5T ok T 24 40 KRk

B 25 7= M. barkeriflMethanosarcina mazitd, Wi

BB Y 7= B e e R AR 3 17, DR A P R o o o D 7 B o i R

WS SRR G, TS AT RS 52~

Fe v B 1 5 P T A B . 6 T I AR R B, A
SL R () F T A 3 B A, BV 2 Pl et i A2 B
ZAk, M. mazeilF) i B AT 5 — i B o0 H, 11 L A 3t i 127,
TEVR AW — Rl AR L T AV AR B T AR B BE b, RS
HIEAIE YT AR, SRR T, O — A T
PREL O Bk R S L R A IR SR b, TR A
DNAE I PR A 3 i v 78 2 SR A MP R P T A1 P 2 3 3o
N 3R CIE HR R T A% 3 B, (i 0E IF A B B4 A% i T RO AR
(E4) , 75 2 R B AT S AL 7 Y e 1 7.

DIET £ R S i 1 3 ZAE R QR A A 4 23 (4
Jat R SRR SCILS A0 B R R A, AT EE AT 40 B 1) )
LT (L33 0 RN RAF I BRE s SR A, BT
SRR A% 38, AT A S DR R 4 A [A] FA i

(DIET) 7, Kit LA LR LWL B N, #5461 5%
BB RAT 5 7 o i 5 A IR S R A M I DIE T i ik
TIEE TR AR Rk /EDIET ] e B T34
(0, AT LABER 1 A — b S o B B0, 1T 5% — TR0 7 R TR
WA AT REAE HOmeS (— Rl tazc) , (Lt ket 5
B IR AR 2 A Fr e R R ] F A 3T AR DL AL
HBA ELE MRS IE IR IR AR AR, (E I S ae 45 1
RIHEHE Tk HL 7 AR 5 7 B GE oy B AR ELAE R R

3 EBTFEEFS~HkGEE
E{ERHLH

S8R TR B AL, BRI AL R 3 R
5 AL T LT I S R TR BB LA, B N T8 A A 9
175 1 R S 0 AR DL B AR TR R R AR WL R B . Ak
FT R A A E, B BRI B R AR WP B A
J G TR, R L S T R R AL R
31 HEBRFHREFATUERH "BRaTHSEME

FEZ BB EME B TR iE

TR, V22 0190 3 R IR Ik vl 1A% 30 R e A5 00 A IR
SATH A TR, R 3R R ST PN 3 T 9 RE DL R B (7R AR, B
YuanZ kIR RS 5 DL R 35815 i) 4% 10 2R ok B S B i T R AR
THAR 0 e 28 i, LA 3 R 40 3A B 710,745 /112,345 17,
Yan 5 i I 0 RE B A0 R I AR E T A iR R A AR R
SIEY B, I IS RS 40 K LA I R e e S A 4L
PR TS Ligs T 0 S s 5 FURRAT 7T DAAT ORI 2 8 2L 7 i e
T A IE, T A B I M e e i Y R T
A 5 R 00 81 DR AV A S L4 R, S T 3 G b 2 R AR R IR
ST W fih T A S A% 0 R R T R T R AR S
FEL YR B A 40 (1 35 1 DA R 2 PRI PRI FL I 2R, AT i A PR AR A i
T2, PR, VT 22 08 S0 30 2% WY A e A Lo 2 i 5 H A% 32 AR (R e =
R oy B R At 7R B 2 TR (R DIETAE .

T3 AR 3 R L B O b SR T AR, T AR it BE 2 11
AEAEAL AT A R A B Al A BT, B RO AT H b A
5l S A, M SR AL BT DIET/E Y. it
A _Erl LB R 5 e I e £ R M5 h 2 5DIETH
Geobacter fllMethanosarcinal@ R AEY). 1Ak, S oA
I AT DK A B] B A% 3 AR QA A A S AL s 35 AL A DIET, 42
iR S BRI SRR R AT, A 2 R R P Y RIRE T R
TR RE ] DLR = IR 48075 Ve P Geobacter fl Methanosarcina
JE BIAR R R, i HAT L 3R A R S gAY DIET A S &R (A

(FlincRI 40 Mt X OmeSH S HE B) M. Fromiuiy

275



\.276

29% ZE2H] 2023%4H R LK
2H* H,
ADP
H'/Na® .'( CH,COOH g H
ATP 3 Frh 2
Fd., Fd
“Fd, o F, /F\?_' 2H
H* Fd_, HCO \9 ] NanoFe O
= b, 2 RSP HarA B, c
CoM-S-S-CoB
HS-CoB Fd
CH/H,SPT  HS-CoM yg. CoB NanoFe O
2H* HS-CoM HS-CoM NanoFe 0,
H,SPT
CHS—S—COM CoM-S-S-CoB
NanoFe,0,™ HS-CoB.
H* > FaH, NanoFe ©jred
CoM-S-S-CoB CH, Foy H

B4 GREST N SmRREREMEFEBIEE RIECE611ESHIE)
Fig. 4 The pathway of nanomagnetite-mediated electron transfer of methanogens (modified from Ref [61]).
AR I DIETYE AL, B B HL T AL 3 A (9 an A= 0« A PR B ) v A 3 3@ AR B A AEVE 22 BE R, 80 1 58 A ESK.

WEPE B IR DA S BP0, OmeSEE, MY
SHIEIERN S EDIETEH. XMIEHES
E B ) Geobacter metallireducensFIM. barkeriff) 355 7% 5
IS BNESE: RA TESL R TR b = e A W PR IR 7 Re
TR T 2 A B, RS A U T T S TR
AT W B DIET RN, AH EGERT &, 8 o el 7%
T AL 8 I DIETAE /= H ot iod 2 o bl A= ) 2 o ST DIET 52
A RR Y, T A AR BRI A A 8 A iR Ak PR AR AR R
SRRz —. BRI, B2k o T A% 3 A 5 7 W o B R 4 F L 4T
T AT AL M Z T, ST 7= FE e o 1 1 i b e T A% 328
S AL H AT AT RV 2 (W 5E K, 7 BT Z RN L.
32 HEHRTFERABIERAMEL W ~RITE
E R AR SNEE F1RIE
BT, Yuan5 (1 & IO AR T 5 LT 5 O E F E
B I B A L A 3o 5 AL R I T — S R B AT
# 73R (FEHERB. R BWBLL KL EEMB) , K ILMBHZ
KHBFE R T 7 e & SRR R 0 TR e 77 i, T WBSK 7 o 5 il
AR, MBS HPESWBZE AR, (2 A KENERE,
XU BH A ik FR ) I RS T AR AR R e P AR i B T E
TER. B2 — R 2 A R, BRT M3 i rESt, HERTIE
BA L2 ME A JE L () g R A A D X b AL A TR
FE A AT DURT 0 b 42 52 A 25 H L TR R “ R TSR 3R, XIDIET
e T R 3 B R A RO I RS 07— BSR4k
H (1) O/CLE IR 1 0.09, HLF71 A= H (1) e 7% 458 Xt 5 )
T3 3o AU 3 Ji 3 [ A 3 T S A S O S R P A 3 0
Yuan# it 5t H MBI O/CIz iz # i 170.09, i B 2E 4 7k Hh 1) I
AIRETE R R R I BN, N2 MBI ZE HfE
YRR A, BrLARRIETT R E N A S 53 T
ot T R IDIET, e 252 1 7= R o B 1) i 7 B A% st i 72
B 7R R, KRR AE ML ISR B A ) R A A ORI IR
KON REE A G I S RT3 AT RO R B R R AR
ﬁ%%xw%&%%Fean)Uﬁ@ﬂE Z AL R AT AR G e AR
PSR CE B B AP0 Bt Ah, P o A AR
B LLRJE 54 5, M. barkeribl & Methanosphaera cuniculi
B DL A ] DLTE AR T (54 (HLER 3 ) 2514 I8 5 g Al
JR, FFELAE B e 02 AR Y, S U A 7 R o o A e A e T T
JH I A ER A O R AR O B B R, AR OC T X — i A

H AT, FUA 7 5 B 56 TR B A 2R 1 7= B G s e I 9 AT DA
K FR. LSRRGS R R R i e i (R B
HIEALRCR, FERINIETEIRVSS = 15% %15 T, HRE MK
PR R AL T 52.2% ¥, Efremenkos & B2 (SRR
FRBR B HR ) AT AR RAB U G T, S0 A A S
PSR AT TRIF S T LA AN [ A A X R A [
IR B R RE i, B E B SR A I S B T AT AR PR AR T
A1) B SR A AN bR Ak, A AR VR AR AR O e AR AR A
BARRIMAER G & 28, A S = LI LiRgs R R
JETE IR S PR AR TR AR R TP b =, R R TR TR
B R 400 617 S T £ 5 e 7, L B S B ) B A R A
T2 R R P T FObE B, 5 T G A T A 3 O 52
FERRE I AR T, R BRI T e

JE B R 45 Ry B2k, BIE TR SR AR N K, 1V 2
FU T DG — i 17 BRI 65 B R R ) — — BEORR -2, 6 - Tk
i 5 CAQDS) , #8590 F %= W e ol B 1) B2 i, 9 DL G 81 4R
JE§ 5 R 7 OB B AR AL . AQD S AR 2 ik B
TR, & R 5 E  HLR AR R AR R 1 0,
—J7MAQDSH L% B F it i & (AQDSH,) , 5i—
77 T AQDSH, 7] DL g5 H HL 7 4 A AL AQDS. I 4k,
AQD ST i 1 A AR 22 Fft PR S0 A 1038 DR, G o gt A 455 7
KEdT . PEARIE, I H 5 B Methanopyrus kandleris
Methanococcus thermolithitrophicus®1Methanobacterium
thermoautotrophicumnl LL#E65 C 41 N Fl I H,if &
AQDS ¥, g 2 W T I Methanospirillum hungatei JF1
WA LAIH A T AR JH AQDS Y. R A4 % HAQDS
FRY 3 5 5 = R e oy T R AR AR RS &, B ok 45 AR e 7 20 1t
B 7 FR e T 1T DA% I - BIAQDSH RN F R 5. Fritk 2
Ab, AQDSIEHRE )72 H i 18 7] DA i3k S08 77 284 7= FR B o B ok 2k
EME W R, E AT AT T R MR PO L 3
[KIE 4 35 7 7E Shewanella putrefaciens MRk 7 AQDSH it
FErh, FIEZEME AT B 1A 38 M A0 B 7 B R T, SR 5A R
TE 7B B A A USRI, B DR P F b o R JE AQDS
T R R BV A AR LA A LT A s B AT, — R e AR 2
A S MAN AL IE IR AQDS, N LFFT A 7= H b v
FR I S 3 R 75 B AH PR N T A, e ok, & 1 Rl 7= FR e
i B Methanolobus vulcani PL-12/M{E H g 4% 411 T 6338 IR



77 5 o R - P AR  AAH LA AIL AR F T S

Vol. 29 No.2 Apr. 2023

AQDS, R TEH, 2 PEE P2 A T KB e R Y, AR, k4
W H AT SR S B RS, J5 820 T AT IR L.
i, Holmes&E K BLAE 7= B 5t H M. acetivoransH,
MmcA%E R % 15 i 40 i 38 o fE 18 R AQDSH S 31| T vk sE M4
FAO A AT 3k 3 A T B B Mmc ARSI 5 & B, 5 B A
IR EL, B MmcASE R 98 45 PR 78 FE B 45 11 T T AQD S IE
JR LT3 9%, T AE DL A SR i 4l 55 37 v, S8 AR ) AR AY
A TR 2%, UL TR N R () 35 37 i A R IR %2,
X MmCA B IR AR FFEE . LR 77 F e 2B K 1 0 R 4, K
=M. acetivoranstt i i 4 i ¥ | AQD S C# H 7. MHC
RMmcARERRIET), 454 T MBI E 4 KRnf, i L
W RNFEEALFd o 4 [ L T-45 306 B T 3R AAMPH Y [H R, 4h
ST Z N NMHCI ZhRE T RS 2 25 i A HL T 52 1R 11 2R i H
THERS, 522 KL (40 Shewanellafl Geobacter) H14h
040 € 2% o M A0 T B RS R 1 PO 26 81, Holmes
FA) SI2 56 45 FUE B T axX AP el e, O H 4R H T M. acetivorans
TEAQDSHE NI AT 2 AR S5 A T R B A& 3B L] (15D -
M. acetivorans® &AL FE P2 42 18 Ji 24 T F 1poH AT Fd oy, Hirf
Fd,eot% RnfEfL, 7224 {13 i Rnf4s & I MHCE #24% 346 31
AQDSH, 1M FypoH 44 I 45 A 10 & & R Fpo % fh, P11
i MPAE % BIMHC |, 217 F 116 )5 AQDS. b4k, ZEMHC
-G AR i T AL 3 FE o, RnfAALFd, . RS 95 584 40 5 T 1%
i 555000, MHCIE J5 AQD S #2 th a] LS i3 i 7107, ix
P AN I R 77 A ) T IR R B R S ATP A R, IS T
M. acetivorans(f)Jfl SN . ARG K 22 $0 77 F B o T, B3R
Methanosarcina H A, #R2 B bRELE A MHC 1%, X sk
Sl MH C 1 T Folt A2 75 30 A AR P i 470 el 3 L ) 0 75 22
—SRIRFT. RS W, IX SR ST 5 R T A 4R T BRI LT
AR A AQD S 7 HUBE B TR/ T AL, DR 3R 7 s o <5 i
FAA YT F e o T AR FE LS AL T 4R R TEH.

4 FRSRE

77 G T T 7 e i R R S FL T AR, T A T

e 38 A D7 R o ol T I PR T AR B AR I T AR T I B AR

A A% 3 AR AR SV SRS [, 57 B o T R AR P AL A

RARFT LA LA SM AL (1) BT A% i i A 5 AR AL, L
1RSS5 o753k, fie k7 e o 3 I IETAIDET;
(2) TR R AR B POR IR, (AT 21k 5IR e 4T

HIEZ T2 Ja ANBERRR S Y, AR RE 7 Hoe v 1 A B TR I

)T HBER R (3) BRI T 2 A, AT B

#5R& 17 Abbreviations

Sew. - ADP =
H*/Na* .-C ==
CO. Na*

= Saally Fd,ed>Tz a‘H*

Fd,,"CHO-MF

CHO-H,MPT

420 Foaots

CH,-H,MPT
HS-CoM

Fd_,

[E]5 Methanosarcina acetivoransit[Z AQDSi&1Z (1R B30 BA[98]18 24
FE

Fig. 5 The pathway of AQDS reduction by Methanosarcina
acetivorans (modified from Ref [98]) .

R 23 A A 3t 7 R e o B RO ZE R R i e s (4D L7k 0
AR AR ™ et F R (5) M7 (ks A i B
Syl A BRI R el (LSS i SEUb IR AL i, Ry
FRARMThAE, AT UARE 52 7 H e vy b At A B ™ A Y
LT B R, R R A 3 5 TR 7 A PR o D[R] I A B R
MR A RS s T AR g 3 7 R b ot B 0 A A AT F e
FENLIGI AR AT 7 T, 7 R e vl T D b P A 3 R A B AN
W, 2 3 o B S 7 o v T A A i v A 1 L b R
T ARSI EAR T RE IR AN B E 3K SR ] 2077 e RS
FLT A 3 AR ELATE FAL AR F0 A0 A% 3 A s — 20 N K B
FR. R R g5 A S Ml A A €5 K o AR 7 R o o T A I R
T AR 5 S 3 TR J5 A S A R R R Bk T A T R T L AE
ShE ARG DD RE, %0 RE R BE TR A SR IR R JE 2
RV R A A5 el T B = B i Rk, H AR MR i 2
WA I R T R A 3 AT A AR %, A T ROT R —Fb
OV AR P U 55 7 2 B s 90 A g 3O L EAT B AR A
R A 3 R AT DAL 8%, X T b ol S T AR i R
(R FH LA FH DA R 7 R e vl T A B 16 A T A A M ik A 58 ¢
A ELW I O oA TF G RS A DR B 5 T, 2 KT
IR A L TR AR AR I ORUR AN R AR AR, B R DA A [
PR FE D REAT B AR SRAT. PRIk, G {e] 78 7000 FH 18] 4 2 5 0 A 7
AR E R R LT A Ak, DAL S ey 0 BIAT F) Pl A o Ak
AT O A2 H, B E T R T AR 2R #RA R T R X

4iil% 17 Abbreviation

1 4 F% Chinese name

P LA F English name

OmcS cHIZM Lt &

RB AR

Rnf 2L B [ 2 A P RIS
MHC 1M 21 F 40 o Fe
AQDS HiR-2,6- R £

PCA 0y 16 -1- 32 TR

MB AT LR

HS-CoB HilgB

HS-CoM HEEEM

Mtr PRI B 7% iy

F420H2 iﬁﬁ&ﬁmﬁzo

Fdred R A B AIE R R A
FBEB TR TSR
MP FR 2Ly e

Vht FR By 122 0 J il

MF FH 3 G IR

c-type cytochrome

Rice straw biochar

Homolog of the Rhodobacter nitrogen fixation complex
Multiheme cytochrome
Anthraquione-2,6-disulfonate
Phenazine-1-carboxylic acid
Manure biochar

Coenzyme B

Coenzyme M

Methyltransferase

Reduced coenzyme F,;,
Reduced ferridoxin

Flavin-based electron bifurcation
Methanophenazine
Methylphenazine reductase
Methylfuran

217



\.278

29% H2H 2023448

W &

#5R& 17 Abbreviations

4iili%i7 Abbreviation

th . 4 F% Chinese name

YL 4R English name

CH;-S-CoM FR L A M

Mecr P 358 4l il S 15 il
CH,-H,SPT PR O &0\ 3 F e i
CH,-H,MPT P 0 S o i 2y
Mvh FR LR 08 R A
CHO-MF FF gt 1k i

-CHO F e i

Mch P 170 0 P o B0 4 B A 7K Tl
ZVI Eih ek

S-mzVI b Z 4 8k

WB KIEBEY R

Ech Al

H,SPT DU\ B o e s
H,MPT VY Y g

Fd AR R H

Faox AL 2 Bk AU S B
Codh — SR Bk i S
CH,CO-CoA B EEA
CoB-S-S-CoM SR B

Hdr SR AR A i
DET B TS

DIET BRI LA 3
IET ] HL A 3k

Methyl-coenzyme M
Methyl-coenzyme M reductase
Methyl-tetrahydrosarcinapterin
N5-methyltetrahydromethanopterin
Methylviolet reductase
Formyl-methanofuran

Formyl
Methenyl-tetrahydromethanopterin cyclohydrolase
Zero-valent iron

Sulfide-modified zero-valent iron
Wood chips biochar
Energy-converting hydrogenase
Tetrahydrosarcinapterin
Tetrahydromethanopterin
Ferredoxin

Oxidized ferredoxin

Carbon monoxide dehydrogenase
Acetyl coenzyme A
Heterodisulfide

Heterodisulfide reductase

Direct electron transfer

Direct interspecies electron transfer
Interspecies electron transfer

S Hk [References]

1

1"

12

13

Klass DL. Methane from anaerobic fermentation [J]. Science,
1984, 223 (4640): 1021-1028

Ren Y, Yu M, Wu C, Wang Q, Gao M, Huang Q, Liu Y. A
comprehensive review on food waste anaerobic digestion:
research updates and tendencies [J]. Bioresour Technol, 2018,
247: 1069-1076

Mand TD, Metcalf WW. Energy conservation and hydrogenase
function in methanogenic archaea, in particular the genus
Methanosarcina [J]. Microbiol Mol Biol Rev, 2019, 83 (4): doi
10.1128/MMBR.00020-19

Van der Zee FP, Cervantes FJ. Impact and application of electron
shuttles on the redox (bio)transformation of contaminants: a review
[J]. Biotechnol Adv, 2009, 27 (3): 256-277

Ma JL, Ma C, Tang J, Zhou SG, Zhuang L. Mechanisms and
applications of electron shuttle-mediated extracellular electron
transfer [J]. Process Chem, 2015, 27 (12): 1833-1840

Gao K, Lu Y. Putative extracellular electron transfer in
methanogenic archaea [J]. Front Microbiol, 2021, 12: 611739
Summers ZM, Fogarty HE, Leang C, Franks AE, Malvankar NS,
Lovley DR. Direct exchange of electrons within aggregates of an
evolved syntrophic coculture of anaerobic bacteria [J]. Science,
2010, 330 (6009): 1413-1415

Rotaru A-E, Shrestha PM, Liu F, Shrestha M, Shrestha D, Embree
M, Zengler K, Wardman C, Nevin KP, Lovley DR. A new model
for electron flow during anaerobic digestion: direct interspecies
electron transfer to Methanosaeta for the reduction of carbon
dioxide to methane [J]. Energy Environ Sci, 2014, 7 (1): 408-415
Lovley DR. Syntrophy goes electric: direct interspecies electron
transfer [J]. Annu Rev Microbiol, 2017, 71: 643-664

Leadbetter JR, Breznak JA. Physiological ecology of
Methanobrevibacter cuticularis sp. nov. and Methanobrevibacter
curvatus sp. nov., isolated from the hindgut of the termite
Reticulitermes flavipes [J]. Appl Environ Microbiol, 1996, 62 (10):
3620-3631

Ferry JG. Enzymology of one-carbon metabolism in methanogenic
pathways [J]. FEMS Microbiol Rev, 1999, 23 (1): 13-38

Whitman WB, Ankwanda E, Wolfe RS. Nutrition and carbon
metabolism of Methanococcus voltae [J]. J Bacteriol, 1982, 149
(3): 852-863

Batstone DJ, Picioreanu C, van Loosdrecht MCM. Multidimensional

14

15

16

17

18

19

20

21

22

23

24

25

modelling to investigate interspecies hydrogen transfer in anaerobic
biofilms [J]. Water Res, 2006, 40 (16): 3099-3108

TR, AR, WRIS, BFE. T b AR AR g 1 B A
). NS A4, 2015, 21 (1): 1-9 [Fang XY, Li JB,
Rui JP, Li XZ. Research progress in biochemical pathways of
methanogenesis [J]. Chin J Appl Environ Biol, 2015, 21 (1): 1-9]
Weiss DS, Gartner P, Thauer RK. The energetics and sodium-ion
dependence of N5-methyltetrahydromethanopterin: coenzyme M
methyltransferase studied with cob (l)alamin as methyl acceptor
and methylcob (lll)alamin as methyl donor [J]. Eur J Biochem,
1994, 226 (3): 799-809

Ermler U, Grabarse W, Shima S, Goubeaud M, Thauer RK.
Crystal structure of methyl-coenzyme M reductase: the key
enzyme of biological methane formation [J]. Science, 1997, 278
(5342): 1457-1462

Ferry JG. Enzymology of the fermentation of acetate to methane
by Methanosarcina thermophila [J]. Biofactors, 1997, 6 (1): 25-35
Ferry JG. Methane from acetate [J]. J Bacteriol, 1992, 174 (17):
5489-5495

Deppenmeier U, Miller V. Life close to the thermodynamic limit:
how methanogenic archaea conserve energy [J]. Bioenergetics,
2007, 45: 123-152

Jetten MSM, Stams AJM, Zehnder AJB. Methanogenesis from
acetate: a comparison of the acetate metabolism in Methanothrix
soehngenii and Methanosarcina spp. [J]. FEMS Microbiol Lett,
1992, 88 (3-4): 181-198

Blaut M, Gottschalk G. Coupling of ATP synthesis and
methane formation from methanol and molecular hydrogen in
Methanosarcina barkeri [J]. Eur J Biochem, 1984, 141 (1): 217-222
Garrity GM, Labeda DP, Oren A. Judicial Commission of the
International Committee on Systematics of Prokaryotes XlIth
International (IUMS) Congress of Bacteriology and Applied
Microbiology [J]. Intern J Syst Evol Microbiol, 2011, 61 (11): 2775-2780
Buckel W, Thauer RK. Energy conservation via electron bifurcating
ferredoxin reduction and proton/Na (+) translocating ferredoxin
oxidation [J]. Biochim Biophys Acta, 2013, 1827 (2): 94-113

Thauer RK, Kaster AK, Seedorf H, Buckel W, Hedderich R.
Methanogenic archaea: ecologically relevant differences in energy
conservation [J]. Nat Rev Microbiol, 2008, 6 (8): 579-591

Kaster AK, Moll J, Parey K, Thauer RK. Coupling of ferredoxin



77 G o - LT AR B A A LA AL AR E T i

Vol. 29 No.2 Apr. 2023

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

and heterodisulfide reduction via electron bifurcation in
hydrogenotrophic methanogenic archaea [J]. PNAS, 2011, 108
(7): 2981-2986

Bose A, Pritchett MA, Metcalf WW. Genetic analysis of the
methanol- and methylamine-specific methyltransferase 2 genes of
Methanosarcina acetivorans C2A [J]. J Bacteriol, 2008, 190 (11):
4017-4026

Deppenmeier U. The membrane-bound electron transport system
of Methanosarcina species [J]. J Bioenerg Biomembr, 2004, 36
(1): 55-64

Heiden S, Hedderich R, Setzke E, Thauer RK. Purification of a
two-subunit cytochrome-b-containing heterodisulfide reductase
from methanol-grown Methanosarcina barkeri [J]. Eur J Biochem,
1994, 221 (2): 855-861

Ide T, Baumer S, Deppenmeier U. Energy conservation by the H2:
heterodisulfide oxidoreductase from Methanosarcina mazei Go1:
identification of two proton-translocating segments [J]. J Bacteriol,
1999, 181 (13): 4076-4080

Bott M, Thauer RK. Proton translocation coupled to the oxidation
of carbon monoxide to CO, and H, in Methanosarcina barkeri [J].
Eur J Biochem, 1989, 179 (2): 469-472

Schlegel K, Welte C, Deppenmeier U, Muller V. Electron
transport during aceticlastic methanogenesis by Methanosarcina
acetivorans involves a sodium-translocating Rnf complex [J].
FEBS J, 2012, 279 (24): 4444-4452

Biegel E, Schmidt S, Gonzalez JM, Muller V. Biochemistry,
evolution and physiological function of the Rnf complex, a novel
ion-motive electron transport complex in prokaryotes [J]. Cell Mol
Life Sci, 2011, 68 (4): 613-634

Li Q, Li L, Rejtar T, Lessner DJ, Karger BL, Ferry JG. Electron
transport in the pathway of acetate conversion to methane in the
marine archaeon Methanosarcina acetivorans [J]. J Bacteriol,
2006, 188 (2): 702-710

Bond DR, Lovley DR. Reduction of Fe (lll) oxide by methanogens
in the presence and absence of extracellular quinones [J]. Environ
Microbiol, 2002, 4 (2): 115-124

Deppenmeier U, Lienard T, Gottschalk G. Novel reactions involved
in energy conservation by methanogenic archaea [J]. FEBS Lett,
1999, 457 (3): 291-297

Liu D, Dong H, Bishop ME, Wang H, Agrawal A, Tritschler S,
Eberl DD, Xie S. Reduction of structural Fe (lll) in nontronite by
methanogen Methanosarcina barkeri [J]. Geoch Cosmochim Acta,
2011, 75 (4): 1057-1071

Zhang J, Dong H, Liu D, Agrawal A. Microbial reduction of
Fe (I1l) in smectite minerals by thermophilic methanogen
Methanothermobacter thermautotrophicus [J]. Geochim
Cosmochim Acta, 2013, 106: 203-215

Yamada C, Kato S, Kimura S, Ishii M, Igarashi Y. Reduction of
Fe (1) oxides by phylogenetically and physiologically diverse
thermophilic methanogens [J]. FEMS Microbiol Ecol, 2014, 89 (3):
637-645

Prakash D, Chauhan SS, Ferry JG. Life on the thermodynamic
edge: respiratory growth of an acetotrophic methanogen [J]. Sci
Adv, 2019, 5 (8): eaaw9059

Bodegom PM, Scholten JC, Stams AJ. Direct inhibition of
methanogenesis by ferric iron [J]. FEMS Microbiol Ecol, 2004, 49
(2): 261-268

Sivan O, Shusta SS, Valentine DL. Methanogens rapidly transition
from methane production to iron reduction [J]. Geobiology, 2016,
14 (2): 190-203

Zhang J, Dong H, Liu D, Fischer TB, Wang S, Huang L. Microbial
reduction of Fe (lll) in illite—smectite minerals by methanogen
Methanosarcina mazei [J]. Chem Geol, 2012, 292-293: 35-44
Yamada C, Kato S, Ueno Y, Ishii M, Igarashi Y. Inhibitory effects
of ferrihydrite on a thermophilic methanogenic community [J].
Microbes Environ, 2014, 29 (2): 227-230

Zhou S, Xu J, Yang G, Zhuang L. Methanogenesis affected by the

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

co-occurrence of iron (1) oxides and humic substances [J]. FEMS
Microbiol Ecol, 2014, 88 (1): 107-120

Weber KA, Achenbach LA, Coates JD. Microorganisms pumping
iron: anaerobic microbial iron oxidation and reduction [J]. Nat Rev
Microbiol, 2006, 4 (10): 752-764

Yan Z, Joshi P, Gorski CA, Ferry JG. A biochemical framework
for anaerobic oxidation of methane driven by Fe (Ill)-dependent
respiration [J]. Nat Commun, 2018, 9 (1): 1642

Shi L, Rosso KM, Clarke TA, Richardson DJ, Zachara JM,
Fredrickson JK. Molecular underpinnings of Fe (Ill) oxide
reduction by Shewanella oneidensis MR-1 [J]. Front Microbiol,
2012, 3: 50

White GF, Shi Z, Shi L, Wang Z, Dohnalkova AC, Marshall MJ,
Fredrickson JK, Zachara JM, Butt JN, Richardson DJ, Clarke TA.
Rapid electron exchange between surface-exposed bacterial
cytochromes and Fe (lll) minerals [J]. PNAS, 2013, 110 (16):
6346-6351

Paquete CM, Fonseca BM, Cruz DR, Pereira TM, Pacheco |,
Soares CM, Louro RO. Exploring the molecular mechanisms
of electron shuttling across the microbe/metal space [J]. Front
Microbiol, 2014, 5: 318

Pokkuluri PR, Londer YY, Yang X, Duke NE, Erickson J,
Orshonsky V, Johnson G, Schiffer M. Structural characterization
of a family of cytochromes c (7) involved in Fe (lll) respiration by
Geobacter sulfurreducens [J]. Biochim Biophys Acta, 2010, 1797
(2): 222-232

Ferry JG. Methanosarcina acetivorans: a model for mechanistic
understanding of aceticlastic and reverse methanogenesis [J].
Front Microbiol, 2020, 11: 1806

Prakash D, lyer PR, Suharti S, Walters KA, Santiago-Martinez
MG, Golbeck JH, Murakami KS, Ferry JG. Structure and function
of an unusual flavodoxin from the domain archaea [J]. PNAS,
2019, 116 (51): 25917-25922

Daniels L, Belay N, Rajagopal BS, Weimer PJ. Bacterial
methanogenesis and growth from CO, with elemental iron as the
sole source of electrons [J]. Science, 1987, 237 (4814): 509-511
Lorowitz WH, Nagle DP, Tanner RS. Anaerobic oxidation of
elemental metals coupled to methanogenesis by Methanobacterium
thermoautotrophicum [J]. Environ Sci Technol, 1992, 26 (8): 1606-1610
Dinh HT, Kuever J, MuBmann M, Hassel AW, Stratmann M,
Widdel F. Iron corrosion by novel anaerobic microorganisms [J].
Nature, 2004, 427 (6977): 829-832

Karri S, Sierra-Alvarez R, Field JA. Zero valent iron as an
electron-donor for methanogenesis and sulfate reduction in
anaerobic sludge [J]. Biotechnol Bioeng, 2005, 92 (7): 810-819
Yuan T, Bian S, Ko JH, Liu J, Shi X, Xu Q. Exploring the roles of
zero-valent iron in two-stage food waste anaerobic digestion [J].
Waste Manag, 2020, 107: 91-100

Chen S, Tao Z, Yao F, Wu B, He L, Hou K, Pi Z, Fu J, Yin H,
Huang Q, Liu Y, Wang D, Li X, Yang Q. Enhanced anaerobic co-
digestion of waste activated sludge and food waste by sulfidated
microscale zerovalent iron: Insights in direct interspecies electron
transfer mechanism [J]. Bioresour Technol, 2020, 316: 123901
Yan W, Mukherjee M, Zhou Y. Direct interspecies electron transfer
(DIET) can be suppressed under ammonia-stressed condition -
reevaluate the role of conductive materials [J]. Water Res, 2020,
183: 116094

Fu L, Zhou T, Wang J, You L, Lu Y, Yu L, Zhou S. NanoFe;0O, as
solid electron shuttles to accelerate acetotrophic methanogenesis
by Methanosarcina barkeri [J]. Front Microbiol, 2019, 10: 388
Wang H, Byrne JM, Liu P, Liu J, Dong X, Lu Y. Redox cycling
of Fe (Il) and Fe (lll) in magnetite accelerates aceticlastic
methanogenesis by Methanosarcina mazei [J]. Environ Microbiol
Rep, 2020, 12 (1): 97-109

Kulkarni G, Mand TD, Metcalf WW. Energy conservation via
hydrogen cycling in the methanogenic archaeon Methanosarcina
barkeri [J]. mBio, 2018, 9 (4): doi 10.1128/mbio.01256-18

219



\.280

63

64

65

66

67

68

69

70

7

72

73

74

75

76

77

78

79

80

81

82

29% H2H 2023448

A L

Lovley DR. The hydrogen economy of Methanosarcina barkeri:
life in the fast lane [J]. J Bacteriol, 2018, 200 (20): e00445-18
Duszenko N, Buan NR. Physiological evidence for isopotential
tunneling in the electron transport chain of methane-producing
archaea [J]. Appl Environ Microbiol, 2017, 83 (18): e00950-17
Zhao Z, Zhang Y, Woodard TL, Nevin KP, Lovley DR. Enhancing
syntrophic metabolism in up-flow anaerobic sludge blanket
reactors with conductive carbon materials [J]. Bioresour Technol,
2015, 191: 140-145

Tang J, Zhuang L, Ma J, Tang Z, Yu Z, Zhou S. Secondary
mineralization of ferrihydrite affects microbial methanogenesis in
Geobacter-Methanosarcina cocultures [J]. Appl Environ Microbiol,
2016, 82 (19): 5869-5877

Kato S, Hashimoto K, Watanabe K. Methanogenesis facilitated
by electric syntrophy via (semi)conductive iron-oxide minerals [J].
Environ Microbiol, 2012, 14 (7): 1646-1654

Yamada C, Kato S, Ueno Y, Ishii M, Igarashi Y. Conductive iron
oxides accelerate thermophilic methanogenesis from acetate and
propionate [J]. J Biosci Bioeng, 2015, 119 (6): 678-682

Cruz Viggi C, Rossetti S, Fazi S, Paiano P, Majone M, Aulenta F.
Magnetite particles triggering a faster and more robust syntrophic
pathway of methanogenic propionate degradation [J]. Environ Sci
Technol, 2014, 48 (13): 7536-7543

Liu F, Rotaru AE, Shrestha PM, Malvankar NS, Nevin KP, Lovley
DR. Magnetite compensates for the lack of a pilin-associated
c-type cytochrome in extracellular electron exchange [J]. Environ
Microbiol, 2015, 17 (3): 648-655

Figueiredo JL, Pereira MFR, Freitas MMA, Orfao JJM.
Modification of the surface chemistry of activated carbons [J].
Carbon, 1999, 37 (9): 1379-1389

Pereira RA, Pereira MFR, Alves MM, Pereira L. Carbon
based materials as novel redox mediators for dye wastewater
biodegradation [J]. Appl Catal B Environ, 2014, 144: 713-720
Yuan HY, Ding LJ, Zama EF, Liu PP, Hozzein WN, Zhu YG.
Biochar modulates methanogenesis through electron syntrophy
of microorganisms with ethanol as a substrate [J]. Environ Sci
Technol, 2018, 52 (21): 12198-12207

Yan W, Shen N, Xiao Y, Chen Y, Sun F, Kumar Tyagi V, Zhou Y. The
role of conductive materials in the start-up period of thermophilic
anaerobic system [J]. Bioresour Technol, 2017, 239: 336-344

Li J, Xiao L, Zheng S, Zhang Y, Luo M, Tong C, Xu H, Tan Y, Liu
J, Wang O, Liu F. A new insight into the strategy for methane
production affected by conductive carbon cloth in wetland
soil: beneficial to acetoclastic methanogenesis instead of CO,
reduction [J]. Sci Total Environ, 2018, 643: 1024-1030

Wu Y, Wang S, Liang D, Li N. Conductive materials in anaerobic
digestion: from mechanism to application [J]. Bioresour Technol,
2020, 298: 122403

Zhao Z, Zhang Y, Li Y, Dang Y, Zhu T, Quan X. Potentially shifting
from interspecies hydrogen transfer to direct interspecies electron
transfer for syntrophic metabolism to resist acidic impact with
conductive carbon cloth [J]. Chem Eng J, 2017, 313: 10-18

Lei Y, Sun D, Dang Y, Feng X, Huo D, Liu C, Zheng K, Holmes
DE. Metagenomic analysis reveals that activated carbon aids
anaerobic digestion of raw incineration leachate by promoting direct
interspecies electron transfer [J]. Water Res, 2019, 161: 570-580
Liu F, Rotaru A-E, Shrestha PM, Malvankar NS, Nevin KP, Lovley
DR. Promoting direct interspecies electron transfer with activated
carbon [J]. Energy Environ Sci, 2012, 5: 8982-8989

Chen S, Rotaru AE, Shrestha PM, Malvankar NS, Liu F, Fan W,
Nevin KP, Lovley DR. Promoting interspecies electron transfer
with biochar [J]. Sci Rep, 2014, 4: 5019

Chen S, Rotaru AE, Liu F, Philips J, Woodard TL, Nevin KP,
Lovley DR. Carbon cloth stimulates direct interspecies electron
transfer in syntrophic co-cultures [J]. Bioresour Technol, 2014,
173: 82-86

Rotaru AE, Shrestha PM, Liu F, Markovaite B, Chen S, Nevin
KP, Lovley DR. Direct interspecies electron transfer between

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Geobacter metallireducens and Methanosarcina barkeri [J]. Appl
Environ Microbiol, 2014, 80 (15): 4599-4605

Cheng Q, Call DF. Hardwiring microbes via direct interspecies
electron transfer: mechanisms and applications [J]. Environ Sci
Process Impacts, 2016, 18 (8): 968-980

Kappler A, Wuestner ML, Ruecker A, Harter J, Halama M,
Behrens S. Biochar as an electron shuttle between bacteria and
Fe (lll) minerals [J]. Environ Sci Technol Lett, 2014, 1 (8): 339-344
Klupfel L, Keiluweit M, Kleber M, Sander M. Redox properties
of plant biomass-derived black carbon (biochar) [J]. Environ Sci
Technol, 2014, 48 (10): 5601-5611

Sun T, Levin BD, Guzman JJ, Enders A, Muller DA, Angenent
LT, Lehmann J. Rapid electron transfer by the carbon matrix in
natural pyrogenic carbon [J]. Nat Commun, 2017, 8: 14873

Zhang P, Zheng S, Liu J, Wang B, Liu F, Feng Y. Surface
properties of activated sludge-derived biochar determine the
facilitating effects on Geobacter co-cultures [J]. Water Res, 2018,
142: 441-451

Cory RM, McKnight DM. Fluorescence spectroscopy reveals
ubiquitous presence of oxidized and reduced quinones in
dissolved organic matter [J]. Environ Sci Technol, 2005, 39 (21):
8142-8149

Lovley DR, Coates JD, Blunt-Harris EL, Phillips EJP, Woodward
JC. Humic substances as electron acceptors for microbial
respiration [J]. Nature, 1996, 382 (6590): 445-448

Coates JD, Bhupathiraju VK, Achenbach LA, Mclnerney MJ, Lovley
DR. Geobacter hydrogenophilus, Geobacter chapellei and Geobacter
grbiciae, three new, strictly anaerobic, dissimilatory Fe (lll)-reducers
[J]. Intern J System Evol Microbiol, 2001, 51 (Pt 2): 581-588

Li J, Hao X, van Loosdrecht MCM, Luo Y, Cao D. Effect of humic
acids on batch anaerobic digestion of excess sludge [J]. Water
Res, 2019, 155: 431-443

Efremenko E, Senko O, Stepanov N, Mareev N, Volikov A,
Perminova |. Suppression of methane generation during
methanogenesis by chemically modified humic compounds [J].
Antioxidants (Basel), 2020, 9 (11): 1140

Scott DT, Mcknight DM, Blunt-Harris EL, Kolesar SE, Lovley
DR. Quinone moieties act as electron acceptors in the reduction
of humic substances by humics-reducing microorganisms [J].
Environ Sci Technol, 1998, 32 (19): 372-372

Lovley DR, Kashefi K, Vargas M, Tor JM, Blunt-Harris EL.
Reduction of humic substances and Fe (lll) by hyperthermophilic
microorganisms [J]. Chem Geol, 2000, 169 (3-4): 289-298
Cervantes FJ, de Bok FA, Duong-Dac T, Stams AJ, Lettinga
G, Field JA. Reduction of humic substances by halorespiring,
sulphate-reducing and methanogenic microorganisms [J]. Environ
Microbiol, 2002, 4 (1): 51-57

Newman DK, Kolter R. A role for excreted quinones in
extracellular electron transfer [J]. Nature, 2000, 405 (6782): 94-97
Holmes DE, Ueki T, Tang HY, Zhou J, Smith JA, Chaput G, Lovley
DR. A membrane-bound cytochrome enables Methanosarcina
acetivorans to conserve energy from extracellular electron
transfer [J]. mBio, 2019, 10 (4): e00789-19

Shi L, Dong H, Reguera G, Beyenal H, Lu A, Liu J, Yu HQ,
Fredrickson JK. Extracellular electron transfer mechanisms
between microorganisms and minerals [J]. Nat Rev Microbiol,
2016, 14 (10): 651-662

Ueki T, DiDonato LN, Lovley DR. Toward establishing minimum
requirements for extracellular electron transfer in Geobacter
sulfurreducens [J]. FEMS Microbiol Lett, 2017, 364 (9): doi
10.1093/femsle/fnx093

Wang M, Tomb J-F, Ferry JG. Electron transport in acetate-grown
Methanosarcina acetivorans [J]. BMC Microbiol, 2011, 11 (1): 165
Yoshikawa S, Shimada A. Reaction mechanism of cytochrome ¢
oxidase [J]. Chem Rev, 2015, 115 (4): 1936-1989

Yee MO, Rotaru AE. Extracellular electron uptake in
Methanosarcinales is independent of multiheme c-type
cytochromes [J]. Sci Rep, 2020, 10 (1): 372



