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E B EYRIRH Geobacterfl MethanosarcinattZFH K %
aEr-HiEd R
AW gD, A, FAET

1. PEPBRABE HIERLERF ST, T4 7 510640; 2. fpERMERE A, Jbat 100039;
3. TREESHEEEORWISET, 4R TOM 510650; 4. JE TR EMERMEDISIRE, fE JET] 361006

W AR & IS AL B i 2 A E R ] EEH %38 (direct interspecies electron transfer, DIET ), iXFhEF
A3t Ty 2 LA Be i ) S A% mlhh ) PP BRAS RS TE Ol =38 . AR aRVE A B, FTLAAUaE DIET St ELE T H e
B, SRRV A HIIR AR R 2]y, R RS B AA7E DIET iR M AN , Sl AW ient O R 5L E B ™
e AR AR pLH A A TR FT #RGE . L EAT DIET 3h6ERY Geobacter sulfurreducens F1 Methanosarcina barkeri Bk A 73 %)
Z, W FRA R, LORA R FHMA, FOBS AN [R) 5 H R A W R SR R 0 F e 7 A R A ) A A O o 45 SRR
(1) S RAD B FF Be sl 0.015~0.017 mmol-d™, 275 T4 B AL B 0.012 mmol-d™; i A L A R AL BRI
P HGE RS T B AN I L AR MR R R SRR R T e R, R B R r R AR W e B R RN s (2)
St E YR AR, SEREIRIR R M e R (0.008 mmol-d™) A= (0.14 mmol ) B i 5 T Methanosarcina barkeri
PRI H B ER (0.006 mmol-d™ ) FIFE e (0.09 mmol ), TR AIAS S H A 49 ¢ i L5 7 1A 22 T BB AR 2R 1) FR e
HERME R R 2R, Y EgEREN, SEMEEYIREEN T Geobacter sulfurreducens il Methanosarcina barkeri 22 7]
B T4, Bl Geobacter sulfurreducens %8 4L Z 7= A4 i LT, L AR ¥ o T LU TR T #1535 2 Methanosarcina barkeri
WIE CO, A HkE, MIMRDE IR BB A AL Rt fe . ATFFEERAT B T 3RAT A A (] B2 f A% % B8 ™ F bt
O DTRR BRSNS IESE F e A A I A LRI B A A o S i

KGR HETWhE SR FhiE) Bl T, SRR R
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KIILOR, e BoE R i i e RS AL
B PR ERERT B R IR, HAERUE
PILL 2R BCCHIRT AR TR TR )
T Fy 1536 (XIS K45, 2013; Stams et al., 2009;
Sieberetal., 2012) . “Fhfa] HHe %% (direct
interspecies electron transfer, DIET ) &&HoHT# & P
) —FPE SIS, B SES RIS 5 “Fh
(B ERAEAL” (A ot IX e T B8 AR ) Z TRl H
TEEREAHC A=Y B8R, R S e
A5 SRS . WA a R s MNES:
YT B4 H %% ( Shrestha et al., 2014;
Lovley, 2017a, 2017b ). 7£ DIET s#rf, HT%
AN A RY WG B Y sE e, AR KM T

HL TR, HLA S A AR D B A= iy
BHEZRER, PAENRERENEA BAERKAAH, Hii
HA @ 5 “S%” 0%S (Lovley, 2011a,
2011b, 2011c). DIET AIREZMAEY AEE R HAE T
VERCR LI B — A 2 AL =, 2t
G ) L R AL )T L

Hir, SR & 18 T 3 Al aEayFhia) Gz
M (1) FHEERE (9KTL), Ik
WHB AT ( Geobacter ) =AW EEA LK LE)R
B, 5 EEMAEYIE R REKEE SH
PR, ARG A P e A - R AR R
2 A2 R84 B9 ( Summers et al., 2010; Shrestha
etal., 2013; Rotaruetal., 2014a, 2014b); (2)
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MR c, A LEE L ANME-2 S L e
PER T E A A EA AR o BB RSN, A
i 3 AF 24 ) B 1% 200 L € 2K H - LA 8 R
P 30 D57 B 1) SIS L €528 ( McGlynin et al., 2015 );
(3) Y m, DIEA SRR PORY) B
FHEAR A Y L 7 2 ARG ) 2 TR B4 AR
R CRET, HATCIESL A X IIRER S Y
B SR SAEY) . A RS (Liuet
al., 2012, 2015; Chenetal., 2014a, 2014b; Tang
etal., 2016 ),

HATET DIET BY4RAE FBLAE o re HFT PR Al kb
FFZIa], DLSHIAT T 57 e i R B
CUESCEA DIET YIREMEY) 3 24045 Geobacter
metallireducens . Geobacter sulfurreducens .
Methanosarcina barkeri il Methanosaeta
harundinacea ( Lovley, 2017a, 2017b ), Morita et al.
(2011) T URAE MR & 7K DR SE 5 e IR I R 5 e &
BT DIET A= ket f2, P BURLS lerh Hyf
H R A1) F e R i (IR T O BER o, 1
BHENMAR R b a] RIS AAE H A FE R AR, o T R0kL
HRPHAEYIE A R B “RKem” s
HLPE,  PRHVER 4 T e vl AR A B8 ™ H btk
FErR AT RE M, OF I A R A Y 32 A R
Geobacter i H B () 3 M H T 5 H kL E
Methanosaeta #£47 H #:H1, T1%3% . Rotaru et al.( 2014a )
j#17 Geobacter metallireducens 11 Methanosarcina barkeri
1 Geobacter metallireducens 71 Methanosaeta harundinacea
(Rotaru et al., 2014b) 4ipgbisih R, L H
FAESC T DIET /30 Sl E B A AL HBEd e

H Al C 3R 55 A M AT 1 5 7 B e T 2 1) i) B
ML b LA SR A, 7E QB s A AL
e, Geobacter 48k £ B A 1 o il it
SRR EEHBEGE 2P ERLE COo, AR
Bt , XA A R QIR R CRRE R
FH ot R T ™= A e . IR A WL IR S R i ™
Rt Brp i EZp =Y, X% Kato et al
(2012a ) A0 24 F B PERE R R R A7 AE I
Geobacter A1k & & 7= 4= W F fig H 1L 18 45
Methanosarcina it Jii CO, =4 Hi e, {HIA R AE 4l H
HEEFA R PR R EAIE, ASLELIEA DIET YiGE
#Y Geobacter sulfurreducens #1 Methanosarcina
barkeri HHFFEXT4, #h%: Geobacter sulfurreducens
F1 Methanosarcina barkeri 2E35FRK 2, LIAEYI Y
SR NTIA S, RS FA R T O B
RS R AL ts, LIIA#E/R DIET X4
PR 7 H ot aok 5 1) 52 i B R 3 SR HE R B80T 3t
RERA: PR LR 2 AR

1 MBER®
1.1 BEY. EFREMEREY

SCOR BT M B4R W 4 il OB Geobacter
sulfurreducens ( DSM12127 ) #1 Methanosarcina
barkeri ( DSM800 ), W 3K T~ 7 [¥] T ol £t 5 0o
( DSMZ ). Geobacter sulfurreducens 43535 3 My
NBAF ( Coppi et al., 2001 ), Methanosarcina barkeri
3534 120 (Bryantetal., 1987 ), JFA (35545
VERR AL A% DA N kAT, JE R 121 CK
T 20 min J7, 3 A No/CO, (80%:20% ) A< 1h
BILWIEIRERZS L 10 mmol-L™ ZRVE N T
A, 40 mmol-L™ ZEH R AR 1E v T2 1 7E NBAF
HrF R 1538 Geobacter sulfurreducens; PAZER A
FERREILRE 120 R ETEFE Methanosarcina
barkeri, Geobacter sulfurreducens #1 Methanosarcina
barkeri (35 7RI 5351020 30 'CHI37T C,
1.2 E¥xBH & R B ERENE

St A HE B e LIOK RERS FTM JroRk il 48, A AE AT
SERE KRR AT R . R bR, 22 A
SR 2~3 em KA/ B, EFUE T 80 CTRHET
P AL B K FERE AT R AA O (K 1.2m, g
7cm) 5, HOHBEFFEAZS (1L5Lmint) , &
T E T HY ELL 20 C-min™ AN IHE K
JE (ARS256H 400 “CHI 900 C) FH4EF 1 h, £F
SEI N 251 F AR A E R, FZRIBAKETEZE:
BrAmi, 105 CHEF, DFEERZY 0.15 mm K/h
FRRASIRL, FEad 100 HifF, FHEeshirfr& .

W) R IR A H T E 3 #r (Vario EL
Cube, Elementar Co., f&[E )% ( Yuetal., 2015 );
HL SR (1 5 512 I Mochidzuki et al. ( 2003 ) Al
Xuetal. (2013 ) $#&H ABUREF RIE A T 5E , HAK
M, SEREH IR R3S . TR A A
AN FE (G AL T TR F1RC TR ) 4 [ A T AR PR
MR, BRI R N R IR RE, SR E
e RACE 1.0 g A TEIRN, 1Eif
4 MPa B eI, 10 SR AR PR A F BELR 7] 75 3]
ZAEY R A RIE REALE A 21T
( NICOLET iS50FT-IR Thermo ) #F475E .

ASCHRAEY R-1 JEFEFE 900 CafbiFsFrA:
Wi, HEWwR-2 JEF8TE 400 CRALWIFEFHA= W%

TSRS, AR A R TS T
121 ‘C’Ks 20 min,
1.3 HiIEHIE

g 3 5% 57 1K R BT 4 A 3% 5% Geobacter
sulfurreducens F1 Methanosarcina barkeri, WAExT%k
AR AEY), B0 J5 (8000 - min™, 10 min)
Fh LIEW, FHEIE TN B A AR
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P2 iR r R st R HE 3k, BRI R
1E 20 mL JRAEE i T, Hrh&h 6 mL Bk,
0.5 mL Geobacter sulfurreducens #1 0.5 mL
Methanosarcina barkeri L1 X 25 mmol 2.2, i# AR
BRBEIEER, BT 37 CIEEREIFA R GH
1IR3

AN [R) T H A 0 e X FR ok R )55 i) S 3 152
it 4b HH 40 F . (1) Geobacter sulfurreducens+
Methanosarcina barkeri ( biochar-free ); (2 ) Geobacter
sulfurreducens+Methanosarcina barkeri+12 g-L™ S
AE S AR (12 gLt ); (3) Geobacter
sulfurreducens+Methanosarcina barkeri+25 gL S:H
AR S A B (25 gLt ); (4) Geobacter
sulfurreducens+Methanosarcina barkeri+50 g-L™ S:Hi
s AR AR (50 gLt ), Rigtd i, Rk
W FR e AR E A K i, SRR AR R 2R
HERA L SLR AR . (1) Geobacter
sulfurreducens+Methanosarcina barkeri+25 g-L™ S
AR H A% (MB+25 g-L™ biochar-1+GS, MB+25
g-L™ biochar-2+ GS ); (2) Methanosarcina barkeri+5:
Al 25 gL AR (MB+25 g-L™ biochar-1,
MB+25 g-L™ biochar-2 ), 131 FHh G i Wil Fp e
AAEYER R, IR AR R B0
ZEUN TN T WL A2 ) e i 3G 3R K R b Geobacter
sulfurreducens #1 Methanosarcina barkeri 1% [#]43 7
RO A=W Eh 7= G il SE s i . (1)
Geobacter  sulfurreducens+Methanosarcina  barkeri
( biochar-free ); ( 2 ) Geobacter sulfurreducens+
Methanosarcina barkeri+ it JiL 51 4b # J5 89 4= 9 7%
(treated biochar ); ( 3 ) Geobacter sulfurreducens+
Methanosarcina barkeri+ 7 4b 2 4= %7 i ( untreated
biochar ),
1.4 Geobacter sulfurreducens 1 Methanosarcina
barkeri WK EEH W

TP B PCRAY (IQ5TM, fASRAfi = #
77 A BN ] ) % Geobacter sulfurreducens i
Methanosarcina barkeri AY%CEJEA T E ( Summers
etal., 2010; Kato etal., 2012a; Tangetal., 2016 ),
FIFH 16S rRNA JLHPE R qPCR ¥ Hi45AR , gPCR X
AR Z WE% 1, Geobacter sulfurreducens 1E 7] 5 | ¥)¥

* 1 Geobacter sulfurreducens ¥ Methanosarcina barkeri E&
PCR By ¥ 18 & RZ ff &
Table1 Real-time PCR of Geobacter sulfurreducens
and Methanosarcina barkeri 16S rRNA gene

Methanosarcina barkeri Geobacter sulfurreducens

Reagent Dosage Reagent Dosage
SYBR Green Mix 12.5 uL SYBR Green Mix 12.5 uL
514 ME1 0.2 uL 5|4 Geod94F 0.2 uL
514 MCRI1R 0.2 uL 514 Geo825R 0.2 uL
DNA #5AR 0.5 uL DNA #iR 0.5 uL
JJCH ddH,0 ~25uL fNJGE ddH,0 ~25uL

%1 ( Geod94F ) Fy 5-AGGAAGCACCGGCTAACT
CC-3', RIm51%¥ (Geo825R ) J£¥1k 5-TACCCG
CRACACCTAGT-3’, Methanosarcina barkeri &&=
PCR iE[m51¥5%] (MEL) N 5-GCMATGCARA
THGGWATGTC-3’, Jx5|# ( MCRIR) J¥51 K
5’-ARCCADATYTGRTCRTA-3’, Geobacter # 1 4%
4 95 CHIAEVE 4 ming 95 C7A8PE 20s, 51 CiH
K 20s, 72 CiEf130s, 35 MFF; 72 CiEf 7
min, Methanosarcina § 3% 25{4:: 95 “C T ZE 1 4 min;
95 ‘CA:P: 30s, 50 ‘CiBk 60s, 72 ‘CHEfH 60,
40 MIEF
2 HRSW
21 SRS

PR AR 1) ¢ B TC 2R A0 B e E AR 1) e ) 5
Rk 2 R, AN, A, &, AETESE
ZFAR, (HESFHEZREKR, AYR-11H5H
N 2.4 Sem™, HEESRHFRM:, EYHR-2 B4
3.4x10° Som™, JLFBA SHE, X PIRRA: Py
R AN ERE T, 5 1 AR, PR B
1B AEA7E MR I 3435, 1630, 1082 cm™ Zb777E
25, 3435 et J&-OH P M i, AR EE R
SLER I IAETE ; 1630 cm™ 2 C=C F1 C=0 Mk
FEPA g, REE TS HILRLE; 1082 cm” 2
C-O KL Mz el ( Uchimiya et al., 2011a, 2011b ),
IHNE A R A Y -1 23 . C-O FEFIFIRL
FEILA RS EAN T A R-2,
2.2 AESHEMEEY R =R RN

PIZ R HLT-HEHA, 1] Geobacter sulfurreducens
H1 Methanosarcina barkeri (355 370K 2R TR IIAS [R5
HYRE (12, 25 f150 gL ™) A=W e-1 R4 ¢-2.,

K2 EMRETESTRYLER

Table 2 Elemental composition, and physical/chemical properties of biochar

Elemental analysis

Samol Pyrolysis Electrical conductivity/  Surface area/ H
amples

P temperature/C &(C)/%  o(H)/% (0)/% w(N)/% (O)/a(C) w(H)/a(C) (Sem™) (m*g™) P

Biochar-1 900 46.9 1.2 25 0.78 0.39 0.3 24 10.8 10.6
Biochar-2 400 51.6 2.5 26.4 0.79 0.38 0.58 3.4x10° 5.5 10.4




Al s Sl P e fiE i Geobacter i Methanosarcina 2% 3544 2 787 il 72 1263

1 EWRBILLIMNRIE L
Fig. 1 Infrared spectra of biochar

WP 2 B, AW 2RI R P s s Sk 22
(R BE = R T AR RIS AL e 22 () () 25 523
WO, TR R-1 EEFAR T, 5R%
T BN IRAR LG, 12 gLt A1 ik TR R
BT 10 RIF-HESES), 25 gL A4mk-1 30 T i
15 KA sh, (HAERSR R e AT B b
(£90.14 mmol ) 5 THHE (29 0.13 mmol ); 50 g-L™
AWre-1 P R (29 0.11 mmol ) Ij— I T
W, MPEHBSEFAE (IHa]-F b ik RER ),
N 12, 25 F1 50 gLt AW -1 R R B H e R
43 5I#E 6 (0.015 mmol-d™®). 9 (0.016 mmol-d™), 18
(0.017 mmol-d™) KJFIFUAIA R TxHaAbE, 54
Yrie-1 ANE, IR Y R-2 X H b=

SRR B I, e Pk e 0 o A s ( 141 2b )
FHIE ] UL, A= ) S H P TR S M R SRR 2R 7= F
Feid R R R,

KHIE R PCR J7vk, WEE TR 25 gL B9
-1 ALk Z 1Y Methanosarcina barkeri F1
Geobacter sulfurreducens 194 KA M (& 3 ),
Methanosarcina barkeri 1 Geobacter sulfurreducens
(4 6 R Wk BE 43 B K 5.48+0.22~5.78+0.24x10° FI
3.2420.15~3.6+0.21x10°( Bf37 g PRI % U1 %5/ f Joy 4
), MiBERFWRSHAT, MeEYEAWEm,
FEHH S P FP AR sl s ARG SRS A K. AW
711 %t Methanosarcina barkeri fi 4= 4712 1 52 1 55 H
X BE e A R S AR — B A k-1 X
Geobacter sulfurreducens 4 KA fEUEEH, mid:
YyHé-2 %7 Geobacter sulfurreducens f{)4= 4 N A
FHRE . X ULHZE R INAE Y R-1 AT, s
Fiik & Geobacter sulfurreducens 25 TU5HE
3, XARERE: (1) AYmd)id®; (2) 5
Methanosarcina barkeri &5 5k 2R = W it 72

B A Sk B A W sk v B Geobacter
sulfurreducens FIVEMIAMFIR L F324& (Yuetal.,
2016 ), DAL AHLTHMA, AR B2, 8
it Geobacter sulfurreducens F 16S rRNA JE K45 D1 %K
H2EEE It PCR e e WA KAB AL (] 4) 54
WS MA Wy e B AL AR B, B AR W e Ak B R Y
Geobacter sulfurreducens K A i, 5371
(1] g e B PR 8 DUB O B B 1) 1.8~2.1 % (H2:

2 Geobacter sulfurreducens ¥ Methanosarcina barkeri £ 354K 2 Fx NS B £ ¥ 7 B4 BR Je 7= £k 2 - B 181 3h o) i &%
Fig. 2 Methane production in the co-culture of Geobacter sulfurreducens and Methanosarcina barkeri supplemented with different concentrations of

conductive biochar-1 (a) and non-conductive biochar-2 (b)

The error bars represent the standard deviations of the mean of three independent cultures. The same below
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3 Geobacter sulfurreducens ¥ Methanosarcina barkeri 355+ 7 ( RMARHRMEM 1) B Geobacter IEEHENE (a, b)
# Methanosarcina FEBE¥#E % (¢, d)
Fig. 3 The gene copy number of Geobacter in the co-culture of Geobacter sulfurreducens (GS) and Methanosarcina barkeri (MB) with and without 25 g-L™*

biochar-1 (a, b); mcrA gene copy number in the co-culture of Geobactersulfurreducens and Methanosarcina barkeri with and without 25 g-L™* biochar-1 (c, d)

B4 SEMRIEABFZER Geobacter sulfurreducens 4K IE R
Fig. 4 The gene copy number of pure culture Geobacter sulfurreducens
degrading acetate with and without the two types of biochar

(The concentration of biochar was 25 g-L™")

WM A ok -1 By 3t K 3R R R P Geobacter
sulfurreducens Zrm K 17 2 MEg (K 3), X
VLA W 1 3 A s RO AN B 58 i B
Fi{k Z b Geobacter sulfurreducens (A, X bk
75 Geobacter sulfurreducens A2 5 7 HAA LT 5,
Al 5 Methanosarcina barkeri 5 #5484k 2187 H 4%

2.3 SHMAYRKRHEESN B HRILE
ATk — 4 5 E 3L B 3R K & b Geobacter
sulfurreducens J& 752 5 H 5 E AL L FR P H ead 72
ARSI T Methanosarcina barkeri SR {4 2
F11 Geobacter sulfurreducens+Methanosarcina barkeri
FEAE SRR R AE TR INATR) A= ) e S50 T 09 7 Y g ik
o GERFR (K 5), WINEYsc-1 W R IR R R
TERGFE 22 d Je iy e 5t 0.095 mmol , 7EAH [F] 3%
FEBTRIN, BSInAPik-1 Y FERE IR R ) H Jog re e
5% 0.146 mmol; IMAEAIAEY -2 T, B
AR R AL SRR R e~ AR w0 . e
i PCR J7 ik W DN R pf AR R AL B R K R rh iy
Methanosarcina barkeri 4= %% (& 5¢ #15d ),
HHARSTE W e~ s A, X RIAER I e
Yri-1 1K Z&H, Geobacter sulfurreducens FJ£7E7E ]
ARV et 72, (HAEA A k-2 (R R
ASHEAEFT , H e H#E (1 )Geobacter sulfurreducens
5T (2) AW m S Xt
Geobacter sulfurreducens Fll Methanosarcina barkeri
TR FE R S, W R
W% Geobacter sulfurreducens 5 Methanosarcina
barkeri 7£ T HL A=Y % b #4341 Ol . Geobacter
sulfurreducens 94 IEIE S EEFFIR ( Summers et
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B 5 Geobacter sulfurreducens FtRRKEF=4E (a, b) FRKEHE (b, d) KW
Fig.5 The role of Geobacter sulfurreducens (GS) in methane production by Methanosarcina barkeri (MB) in the presence of 25 g-L™ conductive biochar-1

(a, ¢) and non-conductive biochar-2 (b, d)

al., 2010), i Methanosarcina barkeri FYZHEEZ 2
MERFESHR (Livetal.,, 2012), —#HIEESER T
o WEHERK (E6) g nI A, Geobacter

B 6 HmEMm-1 8 Geobacter sulfurreducens and
Methanosarcina barkeri 1£t3£5:45 & SEM &
Fig. 6 Scanning electron micrography of biochar-amended co-culture of
Geobacter sulfurreducens (rods) and Methanosarcina barkeri (spheres)

The white arrows denote the representative microbes

sulfurreducens F1 Methanosarcina barkeri 3-3%4 &
Fedfih, AHER S S BT A P 3R
2.4 H£¥E0 Eh 347 Bk E

DI Segn i, s AR /5 T Geobacter
sulfurreducens #i1 Methanosarcina barkeri 2 [&] 1) &
el AR, AmRESE T et 2. (B2, 49
RGP AR R - e (B 2) By
RIANEH . A=Y g xR 2 2%, &8+
FIERER], HAFE Sl MR e . tean,
8t N A= P e S AR E SR TR AR AT R R
pH { . LA R HL A7 ( Eh ) B HL 5% ( Beesley et al.,
2011 ), st WA AR R B pH Al Eh, FRATAH
IIAE AR IMAEY RIE RN pH (HAEE A
FEWI R AL AN . (6.8~7.2), HARSF A& =H bt
FE B A K pH {E (6.5~7.2, Wang et al., 1993 ),
B2, SATIMAYIR XA (Eh=-60 mV ),
I 12, 25 M50 gL AEM -1 ISR R Eh 4351
FFE5Z 60, 100 F1130 mV,

R T REAS A P e e AR R Eh S0 =
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P FRC R, WE T ARG ik-1 Fab s 2E
Yrmc-1 WP FA R, BITE 120 BE sk
Yk 30 d Ja FEERMAE I LR RR R . Sk
W, BCE 30d 5, WmAEYR-1 AR Eh (EREL
£-249 mV, FZJFEFATRER 120 FEFREH AW
W JEF] (cysteine Al NapS ) 5% rh HoA A4k
P EREA SN, B T AR e i BE R R 7
= Ehe W 7 P, SREIAEY R-1 KR
RFRAL, APRE B AP -1 RS 55 57 1A B =
el FEERA B ARV E R, R ERA Yik-1 1R &R
HETHA S A A RCR S R A R — 2. 7
HEWR-2 KRR, RISINAYIAR R LB 9
IR B e = AR, (HEREA 5 AR AL B A )
RIRFR , XUZEIRRI . AR Eh 2R
FRGET FE A B R, SRR T A 0 o v 0 s 41 il
AR AR P o AR o SIS FROCIER T R A
pe-1 W SRR R = W B R AR E RN, DA AR
RN 5 A e S L P AR e
3 itig

b sSE g B 5, SHEAEYRMEET
Geobacter sulfurreducens I Methanosarcina barkeri
HIEFR R P B SR W ket 72 . Geobacter
sulfurreducens #11 Methanosarcina barkeri &\ #{iFsE
FL.% DIET 3jfiE : Geobacter sulfurreducens fJ Lt
THLRLER T A AL SR AR Y H R I A R R
W JEEE Thibacillus denitrificans( Kato et al., 2012b );
Methanosarcina barkeri 7 L) 5 5 1 45 Fp 5 B
J CHERRE™ . AP AiE MRS ) T HHARUE

Y FA R CO, P2 H st . Chen et al. (2014b )
WEBH T A=y e v] DIAE B R LA T Geobacter
metallireducens £l Methanosarcina barkeri L5573 {4
R OB HESRML™H KR, Geobacter
metallireducens & fb ZmEr= iYL F-f& i i A=)
% HAAE3 % Methanosarcina barkeri, MifEi
foer= R, S HL AW 7% . Geobacter sulfurreducens
H1 Methanosarcina barkeri 3 JE ¥4 i, DIET 4+ 2.2
HESAAR T R R AR S

A S ¥y () 4 B F5 K & b, Methanosarcina
barkeri A< & 7] LUF FH 2R B0 58 B FH g X — AR
Wi, P, Geobacter sulfurreducens 245 iJ LA
it A LR, 5 Methanosarcina barkeri B8 = H
Y, SRR R T IELE DIET NS OB s A ™
FRBER R, FRATTLATS N T A e () 855 3% 343 5l A
#  Methanosarcina barkeri . gl % 3% & & il
Geobactersulfurreducens+Methanosarcina barkeri f*J
FEBEFRIR R, X FE PR RS SRR R A4 7 F B R
AP KRG, B 3IE Geobacter sulfurreducens
j Methanosarcina barkeri & 5 7775 B UV o H15E
RZE RO, WS AYI R Methanosarcina
barkeri R SR R 11477 FE g 0 58 R0 H Jog 77 S
IS F 45 i e A= ) 7% Geobacter sulfurreducens+
Methanosarcina ta barkeri f3Li 5 1A %R, HILREH;
1K Z ' Geobacter sulfurreducens 4= 4= A I i
WK, X ebgE R Geobacter sulfurreducens 25
TR BT R

B SCHR4RiE Geobacter sulfurreducens ARES

B 7 Geobacter sulfurreducens/ Methanosarcina barkeri $:3E5= 08 R R MAL TR £ ik —1 FKRALIEEWix—1 WK EE-EZ Lk
Fig. 7 Methane production in the co-culture of Geobacter sulfurreducens and Methanosarcina barkeri amended with treated biochar and untreated biochar at
a concentration of 25 g-L™%. (a) conductive biochar-1; (b) non-conductive biochar-2



ARIRAE . S AR Geobacter F1 Methanosarcina L% 55314 22 B 8 7 B e il 72 1267

SUE SR 7 o DA e e ) S A R ) R
¥4 3547 H %5 ( Cord-Ruwisch et al., 1998; Butler et
al., 2009), JREEME1E T AW IRAFAEN 1
', Geobacter sulfurreducens #1 Methanosarcina
barkeri 2 [H]f74E KA ) B T =0, FETAYm S H
% Geobacter sulfurreducens 25 7= F b ik F ) o0
T, n] DL#E I Geobacter sulfurreducens il
Methanosarcina barkeri 2 [0] i 585 22 A Y
R FH EAE B T1Li% . SEM (K 6) B, PR
Geobacter sulfurreducens #1 Bk H & Ak 1
Methanosarcina barkeri J-7%H H#E4%M, HAEE
W ity Fe i, Uil Geobacter sulfurreducens
5 Methanosarcina barkeri Z[B]fR o] GEif i S AR
Yttt +, X —M45 Livetal. (2012) my#fF
FELERZL, Yu et al. (2015) fF5E 900 “Chedhilfy
FEFFAE YR X Geobacter sulfurreducens i Ji i .
A RsZ LTI I, SR IEA SBE5
XIS - B S H AR AR G, Rk, ARSLE S
ML AE YR A0 SR M) o B HEATREN S T
Geobacter sulfurreducens 5 Methanosarcina barkeri
Z I AL, TN ™ H e R .

4 HZitERE

YR LE R SR REN T Geobacter
sulfurreducens #1 Methanosarcina barkeri 2 [&] %) EL
Pl AL, (Rt QIR i . ekt
s HARAAIAEE T, LA WU DA A e
BRI, AE T2 R B e 4™
=8k CO, ( HLANRHFRERAE M i 3244 ) B H b
(COLERHT3Z1K ),

ARSI ST 4SS RE T Geobacter 787 H e 34
BRI Sl A e AR, B Geobacter
Al AT, il S H AR
G336 B P2 H 42 Methanosarcina A5 CO, =4
ki, X M7 Geobacter 78 7= HUBERREE H R A= K 4R
HETRRARIE . R RIS TAE TR RS e R R
BC #Ri0H R FAF Geobacter sulfurreducens Fi
Methanosarcina barkeri 3% 5k 2 th 2, B 5548 4L
A%, R Methanosarcina 2878 B RSl I 54
HERRE bR s R LS SR T 9 DIET 2.

Sk

BEESLEY L, MORENO J E, GOMEZ E J, et al. 2011. A review of
biochars’ potential role in the remediation, revegetation and restoration
of contaminated soils [J]. Environ Pollut, 159(12): 3269-3282.

BRYANT M P, BOONE D R. 1987. Emended Description of Strain MST
(DSM 800T), the Type Strain of Methanosarcina barkeri [J].
International Journal of Systematic Bacteriology, 37(2): 169-170.

BUTLER J E, YOUNG N D, LOVLEY D R. 2009. Evolution from a
respiratory ancestor to fill syntrophic and fermenta-tive niches:

comparative fenomics of six Geobacteraceae species [J]. BMC
Genomics, 10: 103.

CHEN S, ROTARU A E, LIUF, et al. 2014a. Carbon cloth stimulates direct
interspecies electron transfer in syntrophic cocultures [J]. Bioresour
Techol, 173: 82-86.

CHEN S, ROTARU A E, SHRESTHA P M, et al. 2014b. Promoting
interspecies electron transfer with biochar [J]. Scientific Reports, 4:
5019.

COPPI M V, LEANG C, SANDLER S J, et al. 2001. Development of a
genetic system for geobacter sulfurreducens [J]. Applied &
Environmental Microbiology, 67(7): 3180-3187.

CORD-RUWISCH R, LOVLEY D R, SCHINK B. 1998. Growth of
Geobacter sulfurreducens with acetate in syntrophic cooperation with
hydrogen-oxidizing anaerobic partners [J]. Appl Environ Microbiol,
64(6): 2232-2236.

HORI T, MULLER A, IGARASHI Y, et al. 2010. Identification of
iron-reducing microorganisms in anoxic rice paddy soil by **C-acetate
probing [J]. Isme Journal, 42(2): 267-278.

HORI T, NOLL M, IGARASHI Y, et al. 2007. Identification of
acetate-assimilating microorganisms under methanogenic conditions in
anoxic rice field soil by comparative stable isotope probing of RNA
[J]. Appl Environ Microbiol, 73(1): 101-109.

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

KATO S, HASHIMOTO K, WATANABE K. 2012b. Microbial interspecies
electron transfer via electric currents through conductive minerals [J].
Proceedings of the National Academy of Science of the United States
of America, 109(25): 10042-10046.

LIU F, ROTARU A E, SHRESTHA P M, et al. 2012. Promoting direct
interspecies electron transfer with activated carbon [J]. Energy &
Environmental Science, 5(10): 8982-8989.

LIU F, ROTARU A E, SHRESTHA P M, et al. 2015. Magnetite compensates
for the lack of a pilin-assoicated c-type cytochrome in extracellular
electron exchange [J]. Environmental Microbiology, 17(3): 648-655.

LOVLEY D R. 2011a. Live wires: direct extracellular electron exchange for
bioenergy and the bioremediation of energy-related contamination [J].
Energy & Environmental Science, 4(12): 4896-4906.

LOVLEY D R. 2011b. Powering microbes with electricity: direct electron
transfer from electrodes to microbes [J]. Environmental Microbiology
Reports, 3(1): 27-35.

LOVLEY D R. 2011c. Reach out and touch someone: potential impact of
DIET (direct interspecies energy transfer) on anaerobic
biogeochemistry, bioremediation, and bioenergy [J]. Reviews in
Environmental Science and Bio/Technology, 10(2): 101-105.

LOVLEY D R. 2017a. Happy together: microbial communities that hook up
to swap electrons [J]. Isme Journal, 11(2): 327-336.

LOVLEY D R. 2017b. Syntrophy Goes Electric: Direct Interspecies
Electron Transfer [J]. Annual Review of Microbiology, 71(1): 643-664.

MCGLYNN S E, CHADWICK G L, KEMPES C P, et al. 2015. Single cell
activity reveals direct electron transfer in methanotrophic consortia [J].
Nature, 526: 531-535.

MOCHIDZUKI K, SOUTRIC F, TADOKORO K, et al. 2003. Electrical and
physical properties of carbonized charcoals [J]. Industrial &
Engineering Chemistry Research, 42(21): 5140-5151.

MORITA M, MALVANKAR N S, FRANKS A E, et al. 2011. Potential for
direct interspecies electron transfer in methanogenic wastewater
digester aggregates [J]. MBio, 2(4): e€00159-00111.

ROTARU A E, SHRESTHA P M, LIU F H, et al. 2014a. Direct Interspecies
Electron  Transfer between Geobacter —metallireducens and
Methanosarcina barkeri [J]. Applied & Environmental Microbiology,
80(15): 4599-4605.

ROTARU A E, SHRESTHA P M, LIU F H, et al. 2014b. 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 & Environmental Science, 7(1): 408-415.



1268

ERMEEIR 27 ESE T (20184E7 A1)

SHRESTHA P M, MALVANKAR N S, WERNER J J, et al. 2014.
Correlation between microbial community and granule conductivity in
anaerobic bioreactors for brewery wastewater treatment [J].
Bioresource Technology, 174: 306-310.

SHRESTHA P M, ROTARU A E, SUMMERS Z M, et al. 2013.
Transcriptomic and genetic analysis of direct interspecies electron transfer
[J]. Applied & Environmental Microbiology, 79(7): 2397-2404.

SHRESTHA P M, ROTARU A E. 2014. Plugging in or going wireless:
strategies for interspecies electron transfer [J]. Front Microbiol, 5: 237.

SIEBER J R, MCINERNEY M J, GUNSALUS R P. 2012. Genomic
insights into syntrophy: the paradigm for anaerobic metabolic
cooperation [J]. Annual Review of Microbiology, 66: 429-452.

STAMS A J, PLUGGE C M. 2009. Electron transfer in syntrophic
communities of anaerobic bacteria and archaea [J]. Nature Reviews.
Microbiology, 7(8): 568-577.

SUMMERS Z M, FOGARTY H, LEANG C, et al. 2010. Direct exchange of
electrons within aggregates of an evolved syntrophic co-culture of
anaerobic bacteria [J]. Science, 330(6009): 1413-1415.

TANG J, ZHUANG L, MA J, et al. 2016. Secondary mineralization of
ferrihydrite affects microbial methanogenesis in  Geobacter-
Methanosarcina  cocultures [J]. Applied &  Environmental
Microbiology, 82(19): 5869-5877.

UCHIMIYA M, KLASSON K T, WARTELLE L H, et al. 2011a. Influence
of soil properties on heavy metal sequestration by biochar amendment:
1.Copper sorption isotherms and the release of cations [J].
Chemosphere, 82(10): 1431-1437.

UCHIMIYA M, WARTELLE L H, KLASSON K T, et al. 2011b. Influence
of pyrolysis temperature on biochar property and function as a heavy
metal sorbent in soil [J]. Journal of Agricultural and Food Chemistry,
59(6): 2501-2510.

WANG Z P, DELAUNE R D, MASSCHELEYN P H, et al. 1993. Soil redox
and pH effects on methane production in a flooded rice soils [J]. Soil
Science Society of America Journal, 57(2): 382-385.

XU J L, ZHUANG L, YANG G Q, et al. 2013. Extracellular quinones
affecting methane production and methanogenic community in paddy
soil [J]. Microbial Ecology, 66(4): 950-960.

YU L P, YUAN Y, TANG J, et al. 2015. Biochar as an electron shuttle for
reductive dechlorination of pentachlorophenol by Geobacter
sulfurreducens [J]. Scientific Reports, 5: 16221.

YU LP, WANG Y Q, YUAN Y, et al. 2016. Biochar as electron acceptor for
microbial extracellular respiration [J]. Geomicrobiology Journal, 33(6):
530-536.

XUMGK, B, 2013, JKAE IR R BLE SRS HE R [0].
YA, 40(1): 109-122.

Conductive Biochar Stimulates Acetate Conversion to Methane by Syntrophic
Interaction between Geobacter and Methanosarcina
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Abstract: In recent years, studies have found that direct interspecies electron transfer (DIET) is a more effective alternative to
interspecies hydrogen/formate transfer that occurs in syntrophic methanogenesis. As a conductive medium, conductive biochar can
effectively promote DIET-mediated syntrophic methanogensis. Acetate is an important intermediate in the methanogenic degradation
of organic matter, however, the possibility of DIET involvement in acetate conversion to methane remains unknown, the mechanism
of impact of conductive biochar on acetate-degrading methanogenic process has not been studied yet either. Herein, we investigated
the potential of DIET to stimulate methanogenesis in a co-culture of Geobacter sulfurreducens and Methanosarcina barkeri with
acetate as the only substrate. The data showed that the methane production rates from conductive biocar amended treatments were
0.015~0.017 mmol-d™* which were significantly higher than those of control with methane production rates 0.008 mmol-d*. The
methane production rate and the cumulative amount in cocultures treated with conductive biochar were 0.008 mmol-d* and 0.14
mmol, respectively, which obviously higher than the cultures of M. barkeri without G. sulfurreducens. Results demonstrated that
conductive biochar promotes methanogenesis in co-culture systems, non-conductive biochar has no promoting effect; the methane
production rate and yield of the co-culture system with conductive biochar were significantly higher than that of Methanosarcina
barkeri, while the co-culture system and single bacteria system of non-conductive biochar had no significant difference in methane
production rate and yield. These results suggest that conductive biochar can work as a conductive channel to mediate the direct
electron transfer between Geobacter sulfurreducens and Methanosarcina barkeri, in which electrons released from acetate oxidation
by Geobacter sulfurreducens are transferred through conductive biochar to Methanosarcina barkeri for CO, reduction, thereby the
process of acetate oxidation to methane production was promoted. This study will help us to understand the contribution and impact
of interspecies direct electron transfer to syntrophic methane production process, and provide new research ideas for the study of the
microbial mechanism of methane production.
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