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Figure 1 Methanogenic pathway of IHT, IFT and direct interspecies electron transfer (DIET) in anaerobic digestion
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1.1 DIETIRH

20104F, Summers® A" WRTEG. metallireducens
MG. sulfurreducenst LG TR R IESEDIETR&H H 57
R LI AT S R IR 1) 222 TAERE. S A2
FEBERG. sulfurreducendmty S AL B hyb LR, T2
G. sulfurreducens NREFIFIH,, 254 KIMILEEFRIKR N
G. metallireducensfG. sulfurreducens{/in] HFE¥8%H, H.
LRSI UL I B ] £ SR 19 74 A i 521 0
FWIDIET ] A B FR A Y s SRk i v 15 4. A
PE—HAEIIZEEE, 20164F, StorckF Al i 2 -
BB L2 R T DIET(44.9%10° € cp ' s LT
L3 R R THT(5.24%10° € cp' s )HI8~913.

DT BRBRG.  sulfurreducensmtisOmcS
BRPIAR)CHEIEE, FG. sulfurreducens ANRE ST
HL A 22 ol 40 A (5. 25 OmeS, 45 5 & BRALEE IR & Hh I R
PR A . G, SummersE M 1AL HE T
S H B 22 RN AN (6 2R R SCEEDIETRY AP 32 221 7 =X
20134F, Shrestha™ A1V FH 25 s AL 400 1 4k
FRZ NG, metallireducensFG. sulfurreducensiFEH
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MFIRIE, EIG. metallireducensiz & ik Iy
OmeSHIPIHARY SCHEFEN, 245 Rt — LRk T R
22 A A R OmeSX) T AL MDIETHY 2. Ah,
Shrestha%s A H P i A2 4% 0 55 e (o2 40 o )
ML AL R IRAR I i, RV 2 2k PR 2 s 2 s 2
FE oA S A b R P 9 S TH T DIE T AY S L A A =F
FEAS ek Fe ik AE L. 4N, 20174F, HolmesZE A FI
Tt S LI A A R T A g b AR W B R R
Methanothrixiz JEFRIKCO B JFACHTEE X EER, H
Geobacter TEFPEEH G L7, Horm BE R A Sihs T
W22 B IE N, B GeobacterFfMethanothrix2: 5
DIET/” ek 1z.

20184F, Ueki® N e LI 3301k R h R LG, metal-
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MEZEOmeS)NES G. sulfurreducensiBiI DIETHEAT
HFRIGH, RYISEIDIETHY LA T HUE 2, T
TR 22 HEAG A0 (5 2 Ome S Pl e & E T
P 22 5 ARSI T 324K, GiFe(IID) ALY 4.
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20114, Morita% A3 T b BRIGP 5 K 1
LR TS Ve K (UASB)TH AL N ORI TS e R B8,
BARMEE AR S RE: B SRR T 2
TR RS, FERZ R, G sulfurreducensif)F-HL
T 22 MWIAIE S HAT J00 0 4 T H e, S ek
ZMG. sulfurreducensv] 5G. metallireducensT I L
SR HCEMIREE ST, Geobacterie M TETE
& LA B SR, ASBER HH, B Methano-
thrixt £ 5 B EHETE90% L, I, K7~ Geobacter
A& 5 MethanothrixJ¥% s DIET"®!,

20144F, RotaruZ N KTEG. metallireducens
M. harundinacea) 335 FE0R Z P ESEDIET &I B F74¢
W I B 2 TR, B gk iR ib-r=
FBER e, 720" SR 43 1 mol L En] P4
1 molZ & F112 mol H,(CH;CH,OH+H,0=CH,COO +H"
+2H,); FELTR=H L THAEL mol 4R =41 mol i b
(CH;COOH=CH,+CO,), FEZ " H}t IH#E2 mol Hy”
0.5 mol 1 4%(2H,+0.5C0,=0.5CH,+H,0). 4R, 7EG.
metallireducens M. harundinacea (FA&HFELFRAIFE
FOBE B ) I L85 R R R b, THFE T mol & AT ] = A
1.5 mol 45, MM, harundinaceaFIH T G. metallire-
ducens/ M TR LS R B B U e e
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MFLE R R, M. harundinacears; & 35 CO, 0 AL
WNBFER, KM, harundinaceai® it DIET B 5%
M T IR R CO, 0 4% (4H +4e~+0.5C0,=0.5CH,
+H,0)". [FREFE20144E, Methanosarcina B YEIFSEAEE
S DIET HEHZ fL T ECO, K ™. 5 Methano-
thrixX A2, Methanosarcina NN ] FFH 2187 B &,
AT AHH/CO A I BE, H Methanosarcinaifi # 1 = 1t
TR A RS T BT P T R, R
MethanosarcinaZ 5 DIET ) H e 48 %) T 45K A 0H
fhmteoe B EEE .
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sulfurreducensW 3G T Z2 H Uk S URLIE P e T A i
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FHARAE LB FR R P SE RE AL HEDIET ™ i e (A5
RIS, BRAT A GEHE B AR EEHLAE A B F 284K ) Desul-
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FEACHE R, FWIBRIE SRR B A HETHT,
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trificans IR FRAR Rt H FRARHHE R, FEdE LN S
ML LA F] 78 Y A B, AR HERL TR 2R T Ak e &
HUBPRL SRTT, Uekii A% 1S A B Bkm S B (2 i 3t
WEFAR R G, metallireducens strain Aro-5FIG. sulfur-
reducens strain Aro-5TEUDIET, {HFE kL iE e nl
R DIETHH TH. IR HEAh, Lin% A% 8
SHMBHTIRRT G, sulfurreducens#ifihOmcS K
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barkeriVE R 4232 v (U YU, PIBE/ T B AT 38 2
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SR PR T R AR B R A L R G
I E R, Kk, RIEZ eI/ T iR
DIETH.F# % T o AL PR L A B2 L. 20164F,
Zhao% NP TER BN IR/ T IR UASBIN AL 415 S 01
Fom i L BE(GEAE Sh Ak BLEHR B Y)Y U ASBIH 1L
ORI, JLERIE B S R 5 e, HINIR/ T
PR e fipp o 3 B S i . BRAb, Bk TS e il 4R — 4k
REFCIPI IR/ T FR B BUDIET 5% .
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Hel, IVAG. metallireducens ™ FIG. hydrogeno-
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WA R B 22, T B 2 WIE S S B DIE T Y 6 B2
S,
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HHA R TR 168 rRNANF & BUH i
RT5 I H A H ) GeobacterfIF 5 5 G.  daltoniil 751 5
FEARIARRIEYT%), M G. daltoniiv] 85 Methano-
thrixtt EDIET!"®. Zhao% N"7E AL BEDN R/ T MR 1Y)
UASBH A (3 Sl B Bes in /b i ) 9 0k 75 e v
KB, G. bemidjiensisiEFRG. sulfurreducensZ HMiFTE
A L HAL ) Geobacter. E— LRI A Y hcimAb B 37
TR, AV REBRHEEEG. lovieyi, G. argilla-
ceusMG. pickeringii, T HHIBALEPURL TG I HHBEREH,
Wi/RG. lovieyi, G. argillaceusfG. pickeringiiv] Gl i
PR S S R RDIETE . Ak, Meids AP e 4
PRI £ BRI UASBIH fh 48 0 ok Ye b &
T —Fi 8l Geobacter, Bibin GAC1. 72 3 K 2H 3 435 5
7R, bin GACIAMY AT 2 5IHT = H bk it, ] FH
ORI 73 2 S DIET™ H A,

Walker®: N ESyntrophus aciditrophicusMG. sul-

Sfurreducensyy(NREFIHHLIG.  sulfurreducens ) 5875
FR)BYFL B SRR R P ESEDIETSE H B F# A28 B iR JF
R FES R IR Y £ TAER. S, aciditrophicusi& BT
¥k Geobacter ) AMFIESLRES 5 DIETHY B AR . (HAE
B, Syntrophus)d T80 CIRH. A8 AT B
WIEEMS. aciditrophicus ] 57~ H £ L WUDIET, {H
S. aciditrophicus ] 435 Eﬁ,%ﬁm], R L=
LR EAZS SDIET” H e ik i2 e J1. sk, #&
— SN F AR B 7 R B TR T Syn-
trophus. Yan%§ \PUH FIBRAKAG L HEIR S T5 08 /P i 9%
{RIZEEY B, Syntrophust) EFEIRE T 1IN ESH, 5
IR, Methanothrixiz 5 LR B> HGER,  BE/R
SyntrophusV] B&5 Methanothrixil i ik 49 K48 T B
DIET. [&SyntrophusZ b, N/ T FREAAL )™ IR
B (nSyntrophomonas™>> " FiSmithella™ W 7E# N 5
BB RHI B 2R B A . Lise A R IR fin S H
B A H 4338 n] BH 5 42 & Syntrophomonadaceae
Methanosarcinaceaef)FJE, FFIMREFACH T LA H
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B WAL, Xia%E NPUR& BURRANAAE RIS H G 1 A]
fie i Smithella by EH AU o 537 N R A QA
32 i Hy o3 R A

N R AR D i O] LR e A AR
& H &AL BE T i Fe (111 (W Pseudomo-
nas™, Desulfuromonasm]\ Desulfovibriom]\ Pelobac-

e W1 Thauera™.

ter™. Clostridium™. Sphaerochaeta
Trichococcus™ FlRhodoferax"* %) S° (W Bacillus™"
Sporanaerobacter”™ FlPetrimonas™* 4R 18, WEmREL
F[HES 5DIET Hbtigte. SR, TEeulfHmE, Mt
P A5 Fe(II B8 it 5 A /1 5 HAE K IMDIETIAT B
R ZR. BN, G. uraniireducens®] 73N FHE 22, A
185G, sulfurreducensTe DIET, {H.G. uraniireducens#|l
HLA% RAFIFe(DIRJFAE 1. IAh, FEEEFe(IDHS i
JE T (Ul Pelobacterfl Desulfovibrio)f{ UL 5K A] S5 #E A 7=
FRBE I BT, [, 332 B 42 A Fe (T B S i J5E
W e 2 5DIET/” bt A b — L hoe.

2.2 DIET“H¢H

HAiT, {(NEM. harundinaced”. M. barkeri™. M.
horonobensis® YHIM. mazeii” e85 30k 2 gl iE S2
Al 313 DIETHE3Z L F I8 JFRCO, i Be. (B2, Metha-
nothrixfMethanosarcina¥J A~ B4 535 T H1 b 22 FN 4
M ZOmeSHIRE ST, L, HE—LRRoT N & H 5 E
a7 e,F3E A MethanothrixB{MethanosarcinaZl i i HL
. TEAIM. harundinacea)\G. metallireducens B 1232
ZHFIFRIECO M ez 1, SRR ekl h
JEM. harundinaceai—IRER AL T Y. WangZ%
NPtk gk 2P B R, G. metallireducens M. har-
undinacen] il B A TN RS/ T BE R NER/ T TR i1 73
5H, KUIDIETWA/E M. harundinaceal?) g i
Jr.

% T MethanothrixAMethanosarcina, TE—SEFIN
FHMEED 5 OB P R AR AR T —
B ELAG53 W L TR 22 B2 i 64 3R Ome S I RE J 1Y 7
Y2, WMethanobacterium™ . Methanospirillum[%]\
[34] B Methanoli-
nea', Methanosphaerula[w\ Methanomassiliicoc-
cus™, Methanothermobacter[mﬂlMethanoculleus[m,
F W HR] g3 i DIETHE 32 #i 1 IF 38 I CO, o H .
Methanobacterium 8 AT M [F /R Fe" 2 T B B
TIBIFECOL N R, T B 4 i Fe 32 H 7Y

Methanococcus™ '« Methanoregula
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ML 53 i DIETHAZ - I AILHIARZRALL. eAh, Metha-
nospirillum?ﬁ?ﬁiﬁﬁ%ﬁ%%%%[59]. SR, X AP~
e R AE LR AR R P EABE S G, metallireducensIV
WDIET!", W MethanobacteriumFIMethanospirillum
AN H A8 3 DIETHE 32 L 3118 5L CO, o F BE 1Y g
MethanococcusBAR B W] A Fe Z2 i el 70 ity
4, Lohner®s AFI 4T 25 F B il Methano-
coccus L PR Gt S A ) SCRRSE DR R B, HATY AT A
AR TR POR TR R CO bt T ZE i i Y
J&, Methanococcus M [ AR 2 TRIREC L T FI AL 5
Bt T A B SR T4 A2 W LRI AR 2 BL, ISR
MethanococcusT] BEil i DIETH:5Z HL T Fi4 R CO,.

3 R

3.1 LFERLER

CEAE IR TR R T E IR S PR I DIET ™ H ot
BARREYTY . TR R, DIETHEA A 2 kb FHmpg
TK B UASB S i M5URL 15 6 PN A P B SR AR ) 32 2L
TAERER,  ELAURLIG P 5% T A 8 R R e
HHAGH™. B, Line NSO s B i 2
A (35°C)FIME IS 5°C) R AT A as A B, HEH e ™
MR B 20% 0 1. Zhao® AP EAL BRI R/ T R
UASB{HALAR YA SivI 80/ LR A B, e
D= N R VP TR/ TS 3 Vb TR R A s = R
FRE B A BB 2 K AU ASBYH A2 PN 0k 15 e Y HE,
TR UEYIRER AT R, BN/ i SRR ORI e
TP 52 & 2E Geobacter, X IR CRIIN OB HITE A
it Geobacter™. AR, M BN AL, kG e rh
& 1 GeobacterZ Witk = 2™ LRV (Syntrophomonas
FSmithella) SR, T 5 UL HALFE 2R 7™ H e 7R
(MethanothrixFMethanosarcina) i 9§ 65 7= H b &
(MethanobacteriumFMethanomassiliicoccus)BU P, 5%
Sygk B 2 ] I DIET B FR 0 & 48, i
Z 5DIET" Wheiits. Rit—L4RiztLfil, Zhao%s
N5 e SR LSBT T — b FE A R =)
PRAHAER BRIV EE R, BRI Fe(11D)id )i 14
Sphaerochaeta'FHLTH 22 W HE N F L = 2 Hh, dmfd
LARR N ATPA U B 2B BEHAMR I S (B e
B R IRER A ) i LA B ] AR . AR
&, BRHEIRRMN SN S S LR AR B T A
fdi i A, (HH AT ORI (UQ/UQH )RR, 4k

T AIH B NADHB B 3 B4 R, E g
NADHI U [ ANk H (3% 5, JnbeH 2 56
IR, M7 T2 B ATPI?. i, Zhao% A
Mg/ b B n] fDIET 5,357 i N ATP RS A
wf, A 2R D i R R 22, IS R RIE A
DIET.

CEIREHL R G e WAL, o™
e E 2l A2 kA4, B iR H bk
(MethanothrixfMethanosarcinafCi§f BRI FEE )
FH I OTR AR B ARE A bedk. SR, 230124 R
(CH;COO +H +2H,0—2CO,+4H,, AG’’=+94.9 kJ/mol,
pH 7.0), H.FLIRAAFEGHFER b fbis & Bk &
A= FELL 2R MR SRR SRR R R, G sulfur-
reducens 3B WERKT 5T denitrificansI% W DIET™"),
s LR B A i v] il o DIET ™= i 42 & A=, |
DIET H.35% i 40 £ 2 (CH,COO ™ +H +2H,0—2CO0,
+8H +8e )7 A (I HL F B HAZ 3 A DIET ™ W g 1,
DIET ™ Hl bt 1 4 % 1, T 3716 J5LCO, Ky FH e (8H +8e™
+C0O,—CH,+2H,0). R4, ZMIFRAIEITERY
DIET/ Wi & i, (HAE—Se8hn 3 Atk 7~
bt 2 kM, = PR B e k. 4
1, RotaruZs A% SUORLE P 5 T B 4R i WA I
TR vh GRS AV ot 7= A sl 8. S E s Al &
PR, FORLTE Mk nT B i & £E Geobacter MIRhodoferax, i
Methanosarcina e BEE TP 5 R M A7 P2 FGE T, B
Geobacteri{ Rhodoferaxv] B&5 Methanosarcinalt 1,
DIET. {Hi3HEEERE, YA H CH,COOHTE MR H,
Xt R ZH (R BN BORE 6 1 5 ) SUR 2 P CH,, e
ORGP B U P IR G B P CH A CO,, 7R
2R W AR T g 0 DIE T H bt % sk AR,

3.2 IBAIT TR

PRI T T R B 2 s PR 4R 1 2R G I T 7 T Ji
HWz—. X EEREKNNHRKR(CH;CH,COO +H +
2H,0—~CH,;COO0 +H'+CO,+3H,, AG"=+76 kJ/mol,
pH 7)/ T (CH,CH,CH,COO +H +2H,0—2CH,COO +
H'+2H,, AG"'=+48.3 kl/mol, pH 7)EfLIER S |58
WANRE A R I T, A ERE S0 i RSN AEH,, DL
AR AT, A R (<107°~107" atm), A BEMEPIRR/ T 12
SAACTERT 2 BT AT, IR/ T M S sk b Bk
IESZAME NDIETIEY Y. SR, 4Ltk gd, W
fist/ T BEE L DIET™ H be il AR 554k M IR/ TR, HIR
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REHE— LA Y, Vigid APk BURGk T AT
PR TS e b BFRACTI IR i be,  HREERT 1 1
HFFNRRACHI A Z mH o R p 3], SR E IR
NI R H B 27 AT REEDIET ” Ltz 2. It
bh, BT AR T AR A E e R B, g
Bl sy 48 B N R 23 i BE 1 B9 F e (TXD) 3 J5E 7 (0
Thauera<s), Wi H Al REE LD N SHIDIETS 5
HFRNERACH. 0, JingZE AR E R TR
SRR ETGIE h A ORI A B, Thaueralifi N A AL (4,
FEmnEIm, BRI RER A (R SRike
PEATHL AL, Lide AP R B S i s ™ 2 A T
+ v A B 25 B SyntrophomonadaceaeF Methanosar-
cinaceaef)EE, MBI TRV b, RWAT
TR VE MDIET ™ H BEis 2 (i), BRfg H 482 4h, £
PG 7P Q117 RN D TR CIY 5/ N & P S
IOF T BRI VAt T AL HESyntrophomonas 5 By
EATURY AR A5 I b B SR T A H e, Stk
—UESE T R Al /R A DIET ™ H i A2 IR, W&
TS, wolfeifIM. MaripaludissiM. hungateift3LHs
FARZIE LB, FHRBEZT SRRyl e gt
AR R R B FE T IR b, SR, &
HEBRILEE SRR R M. MaripaludistsiM. hungateii@ it
IHT™ R A TR AT RE, X4 RN RE T4
TRV VENDIET HGeR AR EY). IEAb, Salvador’s:
NPINR  BURR AN AT T B AR S0 R M. formici-
cum ARG SRR Z i B e 77 A T3

33 XA

B/ T BEAE LG FR 0K 2 T BIGIE S T 3l 1 DIET4%
AR TR T BRI Ve, R KBNS IR
AT NDIET HUGER R I, i, tm2 A%
SR AT I A R PR AR TS e rh B R = R
Fge. KA, Mostafas N % SRR /g K A5 T o
A BE NG TR (IR ) AR A, A IRV 40 B A 3,
T HLRE AT SRR A0 K A W 2 & SE Syntrophomonas
MethanothrixFlMethanosarcina, FWIFH§ES 5DIET
PR AR, E— SN T bR A R I A
AR RREE . argk s U R sl A R
Aimierh, AR 2 A PTAE I DIET ™ H By
JEH. B, Tian% AR HERZE Y B (AQDS) UL A1
ST B IR GV R, A S e
AT RAT IR, W B SR AR RN REAIE 2 A A
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G, A el VE R, {2EDIET ™ H bk
7, A e, Guo A e
R BRI EEE T UASBIH AL AR N A, ORGP e
AW N 235 & 5 Geobacter, Syntrophus, Desulfovi-
briofBIvii28, TiiMethanothrixfMethanospirillum z=1%
AR DL A P e R, BRI RES S
DIET” H ft ik 42,

IR IR A e SRR R g uE SE AT VR DIET RIS
W RUERAT WS A FR R AT ARy DIE T
LEISAR Y, (A5 s Rg ek nT B S A2 F e g
IR R A T, W R MR A DL (s
WA A4 ) T 3 DIET ™ ke 2. YanZe ALY
B T LRGSR AS T B I s AL PR TS e rh o
AR g = H e R Azl T R, BT
WG Bl g A PTAR i T A W R s Z USRS
YI(EPS), MEPSTHIAE R FEERAK, fedkbfha) 1%
Y H UL, ERTS RS EPS I A S
PELLS T 2R MR RE A B R P R FEL T3S R IEAh,
DIETHY RS A2 5 HL TR 22 5 T DR SC S i P
T, Hit, mEPS®Y. AQDS!Ek—it BAT AL
T S5 P 1) A 3 U At A T o i o, TS e S BE B
SCKDIET.

4 snfbseng

4.1 mbpres

B SR R PIE S S bR R 6 S
e e R AR POV AT A H TS AR HEDIET, %45
WA R IR T AL AR RS PR AR AL T — A R
g, RIS A B2 DA AL DIET ™ . 4
e, BRIE SR ROR R G T L UYL
AN 7/ (TR 7= AN /b T A P AR Y
SEYVRIE B ) (ANRE R 45 Bz L T A PR R A
MU R AT A A

S AR IR FIE R TG metalliredu-
cens strain Aro-5H1G. sulfurreducens strain Aro-5TE i
DIET, {HEANMORLHE P hx Al 4t fff Hod i DIETHEA T B 5%
PR, Fe i A e SR A R A TR
PEDIET. A Mo AL T AR ABURE TG PR e . A=)
R ATEE L BRATFVRRR 5) M T LA ERAT, BRI
S EA B S I S, (RGO E R S80S
e, BRI T A LA N TAVUEY R EIH AL, it



P A

b, Salvadors A\ & BRERA KA AT MHIM. maripaludis
A2l b= A, SR i A B 4 KA 1T 1
B R, R AR RST B S B AT
2P 2 AR e

Xus N CERL 1 2 B R A R UASBIY (L 2%
AT P AA (ALK A2 ) R M 5 (10~20F180~100 H )
XFF IR EIH A PERE RS SE . ZER I B A R B 451 T,
AR AR /N B ORI P e LA B e R (R R T AR, B
B AR FAEEDIET ™ H . SR, SLIRss AR,
80~100 H UKL M Akt 7 H bt A e M e ik
B AL T 10~20 H BEROE MR X FEEEN, Z
IR I3 AR BT, R AR AR R /N R I P e B
Kok, i, FRATIA OB R A ik 5L T HE A R
CUNATORE I P e TN AR W) o S VIR MER T H UL R, TF A
E TR SR K AL SEDIET ™ H4E. Zhangss
NV S R AR T AL O RIF S Fp 2 1 — b ) R
PR BT, B ORLE e S ERNE A, 728
g XA L. TR LU R, B T iESR Bk g
P T B B R TR, ek v 5 o] 3 2 v ) P s A
T EE A PR AN SE AR T Ik 15 22 A

BRAT B RS AH X 5 25 2 35 T R ST AL A8 ) 3
FOIR. 5 REEERAT 115 022 HL okl S B, —SedfGE
S B A R RIS AL RS B FE PR RETT0) 8k,
TEX LB, A SOMEL R A il 4 A V5 e, 5
IREEE A A i, HIZ AT 78 Y i 74 B R i
DIET/” %t Zhao% N EUASBINAL b LA T %
i~ AW A S8 X T HCE W B SRR B e Y
BRI, BAn X ik B IR SR ZE I AL T
FEWIRAAT R, A, Dang NS BEINBRAT B AL P
BB IR E e AR T R B, kAR EE T
SporanaerobacterflMethanosarcina, W~ HA]HEF
WA IE BDIET.

4.2 flIUDIET I3

DIET/ H ki 2 s i B DIET H.35% 1 (U1 Geobacter
25 Je H AN AL AT, (EAE R MR L R G,
DIETH IR FEAR, FEDIETHEAE. —
BB o SR S B AR R ST L R Gk
DIET/ HlUs i A%, (H e ac R B i, {H 24 Fe(1In)
AMYAAAERT, DIET i bi BB, fFlin, Pengs
VS b B A R A R SR A s P R B, B e
TP R AR v P e e A R 13,1 %, T ] R3S L

R NSO T 1 A 1 e R e = A 362000 LA . R -
LRGSR ] 78 24 H T4 M EDIET, (B itis
Kt TR A Fe(IINIR SR, W RBEEka il ik gk
WFEEARR LA, TTEEFeIDRRE. FEERE SR
S, BaekZE NI S B A AT 26 (FeOOH) 2 4k
PR 5 R ) B R A A A T R B, A ML 43 i A
PR R I AR R BRI T R, STk
Al & FEFe(IID)id JF & (U Trichococcus?s), 5 IR,
Methanothrix ERETE W b7 D0 ML B 7= HBER, s
TrichococcusFMethanothrix 7] 62 5DIET) = H bii& 2.
IR, s B A2, — Bl 3 W i 25 235 4y
AN B R SR S R I Fe (D ALY (K 265 . P
PR RN B = SRR A ) 2 IR 480 H e 22 48 vl 41 il
FEHEEARISE. YamadaZs \ER R Fe(ID A ALY (REB:
" IR FK R )N T B % LR TN BRI Sk F e
HIBTZE 23, FEhN5 mmol/L/K R 4H 1Y) 2 TR 5 i
TR IR (KRB IFe[ TN E AL 1925%~30%, itk
JIN10 mmol/LK kA 20 i 2, i M A AN S mmol/LIk
R = LR TN R R AR L5, X EZER
g, AT SRS R B B A Fe(ID EAL Y (BERRD . JR
B AT R4, SRS RN I R s AR I 25 (Y Fe
(D E ALY TER T 22 F3E H HA T S i Fe(1I)/Fe(1D)if
JELHL 3 B e AR R AR, P T B S
TR, S5 e M. A, —SEFe(IID)if IR i#
(I Geobacterds ) Ji 8 W A K AEIE J5 L AR Y [E A Fe
(L) A AL s iR 2 ), L5 B 126 A Fe (L) /Fe (1)
R HL 3 Fe (1) F AL W) A F T Fe(111) 8 J& B 1) A4 4 1
R34t

I 2 2 R AN R G ] & 4R
DIETH R, X BN L EEn] JIDIET B 57 1 il
WATPH) G A, 7=A T 2R I B 2, JIF
SR ETERDIET™Y. $ki1fi, X4 2 BT, &
233 ST DIETF H ot i 12 7T 34 T A5 40 1) 7K i R A -
PEH R AR, HAERDIET U A, Zhao'%:
NV kb BT ) 5t I 0 ) T R R 48T A B4 7K A R A
B, 3@ P R I pH R 4.0~4.5, SCERI ] B R 1]
7= U, (K f R AL B R rp 20 i o 4t el
110%~20%. 12 HRHICTE pHIRE ) 3FEA = U BEEE, n
B EDIETH FRE, A B S i ok i5 92,
LU= BB O T DIET = g4t e Jq, X
FIF A MLE D A2 ) & 7= 2B 3 DIET = i 42
F) SRS A2 107 P SR A5 UYL R AT e 45
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GLIVLT S e 1A
5 PREATHAER R

5.1 gikiash i

AT IR S R WA UE AR AR
TR E AR R 2ZER, FEURAHE LSS
AR K. Lindg NSRRIk R b R, W
LG M T B R 48 k0 RS R ], INRG. metal-
lireducensFG. sulfurreducensf) B FEEFHHR, HHIG
T R R, WSS T HADEM S B DIET ™ H beigk
A AR R B R B . Zhao% NN &
LR AT 2R A3 T R 2 i 2 R A e v A, 47
TINBRAT T A 0 R e = AR TR AR 55 20~22 dEP IR 21 i
KA, TR B (B T AR AR ) I 72575 38~40 dis ]
B, AL, Yan A5 R ANBRA KA AR
A 2 Ah BT A5 M 1) ) s DR ST AL R e R B, %)
HEZH CRES AL RE) SR AR J5 7 i TR B e KAB T 2E357 h,
T A3 05 498 KA R A 356 1 2 1) DR ST Ak R G AR
27071258 h.

5.2 fEsataett

e Ge K SR R AL -7 B ot i 42 AIDIET ™ H ot ids 42 1]
TS — RN AL R G0 N SE B WUk H B Ak, Fat, )
S kA R HAG S A2 HEDIET ™ Ay SRR AME G
HRERE A, e R ATH L R G RRE .

H, 53 S 52 W 4% G 7K fff R - 7= FR o 45 448 1 O Ak
%, Viggi% NP VR IS BB N T 00 T IR N R
AN 32 B H, o0 R A, s 7 5 o B RHIE 0F 1Y)
DIET ™ bt ik 4248 B 5w IR A AL 4 i 7= LR 3
SRR R R, BRARO AR R A Ak i T
SRR AT AL R GV Hy o R B, 4R 3340
R,

TR A TR KA HLIEAE 774 (a4 Jet &
WA i MR G R AL, FEO™ B befs i
Zhao%5 NSO G B A 2 Ab B T A R A g
KPR, Sk KpH R [ ZE5.00F, X BN A- S B AR A
JUFBA We =z, i maRAR i R ST AL 28 04 FF
PP A AT 200 mL/d. Y K pHE B 5 R 7,085,
B0 AR ) PR T AL 28 A PR RE PTR & 2 pH T R R 1)
85%, TiXT ARLIAN }23%~33%. XLLLEIRFH], S HIkF
BHE FEDIET M F g n i Ak IR 42078 1k 2R SR BT AR 8 o

2828

5, IEIME R & 1ISh, ZhaoF1Zhang ™ e Ab H i
IRV TAEMIUASBIH LS T & PR, 76 £ BER K 1%
AL PRES R 5, UASBIHALARIHERIpHI }14.0~4.5, 1H
H i RpHAA AR R 1E6.5~7.5.

1o B 778 ML W 5 WK DR AR 7 R 5 7 R e 1Y)
R, SECRGEH TS, (RIHTICER] 21T
R, HEHT = A HLS s vh i 2P IR I AL R G fe e
PRy E SR, BT, BoRos s . m
FRUST g ST ok 0 S e ke Sl
T A2 EDIET)™ H Besi AL IR A A R G = A ML
rahay. B0, Zhang® N7 BRI M0 2B A0 B
JEF B R AT AR TR R B, A LT 4R 2 4.4 kg VS
GERPERR) (m® d), X BRLEGRAEEINBURL T 5 4 HY
Bt P A R R G pHIH S R, 1 45 AR 305 4 2% £
IREEA B R . oAb, Leige NP Homuwti =
AR FRR B UE R Y UASBIH LA & B, 44 LG far 1
FiE49.4 kgCOD(fh2r )/ (m® d), X IRLLCRIEM
TR )R A HILA) 25 B35 R B o 7 A o 43 1 B 22 3.0%
F13.0 L/d, T INRRAR (14 DA AL A AT PR 5 1E 8 0% Al
15.4 L/dAi Ay

B T WL ) (42 Jod 35 R 4% 75 T8 5 IR
SAUTH AL I AR P RO R R R,
Dy GBI RE, B pHAAM, T AL
FNE. AT HRAE VA e B R i 2 X DIET
FEBERARASR, (H—Suff oy A B, S ARGk
Py R S BT ) TSR AL PR AR AL R Gk
ke E RS b, Lo Ao e &
L PR ATRE O AT R S R B, MK R E
M0.26 gNH"-N/L#EE5%7.0 gNHY -N/L, #H LA IEZH
CREN A7), BEhAEYI5 AR AN R 5o B et
Je B BRI AR 50 T 24%~30%, 7= H e R 8 5 1 18%~23%.
Ak, Zhuangs N BANRESk T 28 Ab 3R 21 1 DR 4800
RS RI, Pt KERWKIE N5.0 gNHY-N/L, i
L XS R CREOIMBERAT), BON-F: BG4 Ak
RGN e R ) T 36%~58%.

5.3 bR

AR AE L FR AR R PR SE W] A I DIET HY IR
Wi, K S ALK S I DIET ™ B GER A T e 75
FH 38 T SR A P g PP ™, s MR i A 2
AP T E S DIET ™ bt te. BRARH IR ZAb,
SR B FRIDIET ™ H kgik A2 id il o AL R AN L &



P A

geepHah ™ty R, remEY . B A A
MU AT Ze WL . Wang 5 AP o gz Ak
FPFEE L ZANUEY (5 RiEEIR RS W) R KA
THALESTh R I, RERRH AT A S 4 A LA 25 BR AR A
FEH R R, S R A I P45 SRR B, WAk T B e
£E GeobacterMMethanothrix, H.MethanothrixP CO, i
UV S B =E LA BT, R GeobacterfiMetha-
nothrix% 5DIET/ Hs 2%, Usman N2k
T 1 ¢ 28 A B Y IR MR (3% R A kB . R
Wy kg K AT A A W IR S Ak T & B, B
LI PR 2 () DRAETH A i H ot 77 AR 346259 mL/gCOD
BRI 5 T X B2 R B Uk 35 1 5% ) 9202 mL/
gCOD.

6 JE

ASCLER T DIETP = H sk A BT ST b .
BEVE . TDRUTBORYD « BRIk S ms R e R SR AL T i
. SR, BUAHGEARAEAE LA T LRI (1) $= 2
EUEE W R AU 1L R 4 T AEAEDIET = U b 2. 1
A E Y (A 4 T R PR B S T R W T v

RPN

H A AL SE ) HEWTDIET ™ H e i A= B B AR FE 0 1. LA,
38 o — e A 2 T B T B 0 W R R Y
0% L FRE I AN RRHEN 1 FAAEDIET ™ il 2. 28
BN, T FH 7 35 DR A 2 2 s 2 0 e 3 B i A= B
TEN P S IHT S DIET 1Y S EE R 1) 2 i AR A sl e a5 1
2 B ATHIWDIET ™ H bag A i A R B (2) i
WG X T DIET ™ e A2 AR SR LI AT 28,
WIAR, TR ] 7 Y A B, fEUEDIET. 4RI,
—BEHIF ST R B S AR AN BB A5 UKL TG 1 ok — RE
A AN TR R 2210 B SR IE DIET. BLAh, ot ik
RIRAETH AL RGeS LR 40 2k 32 2R I T
Y S AEFe(IDid i, KIS 1 A Fe(1ID)ik
DB ) R R, HRat, PR SRR X T
DIET™ H feiss 72 A S AL X G 2R HSR (L IR A
HEAEZEE L. 3) FHSEMER A PLEDIR
AT H s T A EE 24 . R
O B DR AT A TR O A My S e A )« —
UHEHENN, BV K AL FEDIET ™ g, PRt K-St bt
BHE I TR, I NE T IR AR DA AR R A
T .
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Direct interspecies electron transfer in anaerobic digestion:
Research and technological application
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Anaerobic digestion (AD), an economical and eco-friendly strategy for renewable energy recovery, has been widely
investigated and applied in the stabilization of various organic wastes. However, two major factors involved in the slow
fermentation rate and low methane conversion efficiency still limit its large-scale applications around the world. Methane
formation via conventional methanogenic pathway in AD undergoes the three stages: Hydrolysis/acidogenesis,
acetogenesis and methanogenesis. The structure of some saccharide- and protein-like organic compounds contained in
complex organic waste is relatively complex and stable, limiting the rate of converting them into amino acids, fatty acids
and alcohols by fermentative bacteria. Therefore, the hydrolysis/acidogenesis is widely recognized as a rate-limiting step of
AD in practical applications. On the other hand, the obligate anaerobic methanogens can only utilize methanol,
methylamine, formate, acetate and hydrogen/carbon dioxide as substrates. Methane formation with amino acids, fatty acids
and alcohols as substrates requires the essential conversion of them into acetate and hydrogen/carbon dioxide by acetogenic
bacteria, and then depends on acetate- and hydrogen-utilizing methanogens to metabolize acetate and hydrogen/carbon
dioxide into methane, respectively. This working mode of syntrophic metabolism of organic compounds into methane
between acetogenic bacteria and methanogens that depends on hydrogen as an interspecies electron carrier has been widely
described as Interspecies Hydrogen Transfer (IHT). Formate may be also served as a substitute for hydrogen as an
interspecies electron carrier (Interspecies Formate Transfer, IFT). Syntrophic metabolism of organic compounds is strictly
limited by the hydrogen partial pressure, since the oxidation of organic compounds into acetate with H' as an electron
acceptor is not feasible in thermodynamics (£ + /H2=*0.414 V, pH 7). Syntrophic metabolism via IHT functions well as
long as the hydrogen-utilizing methanogens continuously maintain the hydrogen partial pressure low enough (<107471075
atm) that the formation of hydrogen is thermodynamically favorable. Once the metabolic activity of hydrogen-utilizing
methanogens is inhibited by the environmental disturbances, such as temperature, pH or organic loading rate (OLR), they
will fail to effectively consume hydrogen. Consequently, syntrophic metabolism of organic compounds will be prevented,
causing the accumulation of fatty acids and alcohols that further destroys the acidic balance of system and inhibits the
methanogenesis. In 2014, the researchers in University of Massachusetts, Amherst proposed a novel methanogenic
pathway, direct interspecies electron transfer (DIET)-based methanogenic pathway. DIET-based methanogenic pathway
can avoid the conventional hydrolysis/acidification-methanogenesis, and no longer requires H, as an interspecies electron
carrier, which is expected to break through the rate limitation of hydrolysis of complex organics and the thermodynamic
barrier of producing acetate. DIET-based methanogenic pathway challenges the long-held viewpoint that, methane
formation with complex organic compounds in conventional AD requires the initial conversion of them into amino acids,
fatty acids and alcohols via the slow hydrolysis/acidogenesis by fermentative bacteria, as well as syntrophic metabolism of
these substrates between acetogenic bacteria and methanogens depends on H, as a primary electron carrier. Recently,
researchers systematically illustrated the fundamental mechanisms, key microbial players and effectiveness of various
conductive additives in the field of DIET. However, to our best knowledge, it is equally important to indicate the research
and technological application of DIET-based methanogenic pathway in AD. Therefore, this review summarized the recent
advances on DIET-based methanogenic pathway for guiding the future direction, illustrated the DIET-based methanogenic
communities and their available substrates for finding more DIET-based syntrophs and methanogens, as well as evaluated
the strategies of promoting DIET-based methanogenic pathway for addressing the main challenges and opportunities.

anaerobic digestion (AD), direct interspecies electron transfer (DIET), methanogenesis, syntrophic metabolism,
conductive materials
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