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The relationship between methane production metabolic flux
and microorganisms in a microbial electrolytic cell coupled
anaerobic digestion

LIU Hongzhou, YANG Sixia, WANG Nan, LIU Haibo, LI Jianchang

School of Energy and Environmental Science, Yunnan Normal University, Kunming 650500, Yunnan, China

Abstract: In this study, voltage was used as a disturbance factor to investigate the relationship between
microbial community and methane (CH4) production flux in a microbial electrolytic cell coupled
anaerobic digestion (MEC-AD). Metabolic flux analysis (MFA) was used to explore the relationship
between the CH, metabolic flux produced and the microbes. The results showed that both methane
production flux and hydrogen production flux changed significantly upon voltage disturbance, while the
voltage disturbance had little effect on acetic acid production flux. The maximum CH,4 production flux
under 0.6 V disturbance was 0.522+0.051, which increased by 77% and 32%, respectively, compared
with that of the control group under 1.0 V (0.295+0.013) and under 1.4 V (0.395+0.029). In addition, an
average of 15.7%=£2.9% of H, (flux) was used to reduce CO, to produce CH, and acetic acid, and an
average of 27.7%+6.9% of acetic acid (flux) was converted to CH,;. Moreover, the abundance of
Lachnospiraceae significantly affected the flux of acetic acid. The flux of CH, production is positively
correlated with the abundances of Petrimonas, Syntrophomonas, Blvii28, and Acinetobacter, and
negatively correlated with the abundances of Tuzzerella and Sphaerochaeta. The species that affected
the flux of H, and CH4 were similar, mostly belonging to Bacteroides, Clostridium, Pseudomonas and
Firmicutes. Furthermore, the interspecies interaction is also an important factor affecting the MEC-AD

methanogenesis flux.

Keywords: clectrolysis voltage; metabolic flux analysis; microbial electrolysis cell; methane; metabolic
network
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AL RE T ACH 2 7 R R R AR iR A, I RE
BB A = A AR i Y. B FBA 7E IR
BB 438, EARES S0 4 1k 27 1o A o
S G FR A TS I A 3k ™, MFA B
T TR . LR A CRESEAL S Wi
{4 =P Gonzalez-Garcia &5 G R FR &
BRI W He P B A A A B 7 2 Hy, BT T HUER
SE R H AR 48, RIS A T 2% 1 3
o Li IR ) R B R T A BLIG
W (Shewanella oneidensis) ) A E K,
Mg 1AL N R NADH/NAD Y &
KA, W58 IR T M Ak £ 5% 3% . Rafieenia
SFUOVR R RERE . SORE . CRRLBE . HERNE. 1B
WEFIAZAESE 6 AN FIRKIR A . T T Be e i AR
RIZRRCTY, WESE T T RAR I R Il | e 7
SN T NADH i fe & 520 Hy 7 AR i
WO T eAh, M ARdRIE SR G — A
XA, BPRHAR NI A M4 EE 15
— I HE AR R K i A Ak SR B A ARy
KAT, (R E RS — 238 O R AE AR R
T BT AR 24, RIS A C RN
AD F B H I AR Ty AN ) 7 22 AT AR
FH3E A TR R A T 4R AR

AW B LV AN IRY) . LU s
HPEBIA T, R HET B P E A MFA 1 &
W59 J5 35 , #R9E MEC-AD 7= CH, Q1138 £
SHAEYZEB KR, AR TR REH L
B BRI, A R E T S R R T B

WL

1.1 KRB

MEC-AD [ W ¢ A A L% B 1R AT TP 1) B =
Ji %, BRI 400 mL. S g i BB
AN (30 mm*x30 mmx2 mm), BA% A4l pt
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HA% (30 mmx30 mmx0.2 mm), P9 HLHR X FRL
B, [\ 3 cm, BRIBRERERT, =
FLHLAR (Ag/AgCl) 55 PR I AR 20 1% — o A A4
Fo HUGE I A S TEARIE SR (SIN-R7000A)
.
1.2 E#i

SIS B R Sk LU 2 R I W YR IS
PTG . H pH HN 7.71, BE{EY
(TS) &N 15.12%, #HERMEEEY (vS) &
N 8.26%.
1.3 XBRAE

LRI 2 BB, B B BRI B,
Rl MEC-AD J&i g 3135 SIS AR B By . 55 B Bt
MRS B

BB B . ARYE Shao ZEIPNRHESY, SL56W)
RS IR MR R 1.0V, P14 pH 7.0, IR
JE 30 °C. Jashit, TER g HHEERD 120 g R
TG . 180 mL WEFRZZ i WA 10 mL f
ORI (5% M B L T 3R VA R
ZHESCHR[16]), Bl P A ZR 08 7K A S T 1
400 g, IKPIHIEFEIMASN 1.0 g, FEHHK
FER 2.5 ¢/L, WG4 pH YR E = 7.0 LL_ERFUEFT
ARE, BERANEHE N 1.0 g R AT, SCIRE 1T R
TE S0 28 Hol A ZUS 2 min, BARIR R AL TIRE
W5, Kifead B, ROV A#RE T 30 CIE IR )
PFEER .

s Be: R 0.6 V fil 1.4 V,
1.0 V XTHRA, Bl E 3 4 FAr3em, S0
DA R FR A BIUARAS (SE5iE o A YA
pH {EUFT H B L AR A 7 2 75 2k B AR ST,
AR RD], MR R AL, pH {HAE 7.0
B3 i 2 H LA ZEHERRTE 0.6 V AL BHARE
HBEFREISN S S BRI, FEARYE
MEC-AD Ui W2 ity el =4y (ands & PERg
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ilR . W) R W) PR G AR Y ot 1t
B g b R U RS I AR o
2. MR, NIR. TR, FLIR . NEIRR . T .
R, . WEE. THEE. CO,. CH; Ml H,,
Bl 1.0 g #iZHEE1T 14 h AR (£ 14h
J& 1.0 g FiAGHE AN FETR ) .
1.4 SHAE

1) . R pH EME R R
H1 & B P FAC 541X (SIN-R7000A) ic5¢, pH {H
i pH it (PHS-3C) HFEiZHL, 24 h j2H
— UH

2) AR B A3 e . 3 R SO A 35 AL
(GC9790 11, WRVL) M SARFE SR, o3
FE N85 A3 A, R 2% O S AR N R
(TCD). MK Z4 K. TCD N 200 C, #E
FEIREE A 110 C, AN ELiA, HrE DR
200 C, HEFERER 200 pL.

3) $ERMEA PRI E : R GC979011 (#7
VL, fisr) BUACHETER (Bi5H8 KB-FFAP
EBHEH (30 mx0.32 mmx0.25 m), N, &
20 mL/min, H, i 40 mL/min, K45 T4
M7 (FID) A 200 C) #EkE 2 uL, M HE %
PERG IR & & (LR . IR, TR, R T,
PR AN IR ) . A &y v 2 2% SOk (21

4) PBEG R R M A S Y
(GC9790 11, WriT) M bh B B £ o il 2%
R SRR kG TR (FID), A Hh
N, (4l N 99.999%) . H, (4 K 99.999%) i
BRAK 2SS, FEARIRIRES 60 °C, FH
HE N 20 C/min, HEFEREE Y 250 'C, #EAEE
2 uLPY,

5) gt MEC-AD R4 . kAT B
AR R AR 2 B i MEC-AD U R 2%
HEAH I I ED 245 . EMP #&12F1 PP
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AR A B I ) N R L BT DA A X 4 AN
J& ED i&1% . EMP i&42 M1 PP i&48 . iz 4%
£ 25 B9 AR AR A A s i s A2
W 1R KR 1 37 AR SOV i A
Cell Net Analyzer # {4+ ) MEC-AD 1K & Y
P 25

6) 16S tRNA: #sh%i k)5, M MEC-AD
PR Z b o U A I AE i, IR AE T80 °C
AR UK o A WA B BT AR B AL
28w AT v A 0 R B A A b . e ECE
FE Top20 MM AEYIHTF R EF M psych,
pheatmap 1 reshape2 11183 W =F & S50
Yy Z (B AE e R i 25k, R A4 Ak
AW EE SR Z e ZIE, ILAh, &
B Topl0 MRUAEYIRET R IEF 1 psych 2
THEEAP ARG, FFEBECRECRT 0.9 1Y
e A RGER:, FIH Gephi0.9.2 ¥ EYFlH
PER 45125260,

2 X553k

2.1 PFHIEREEETFE
2.1.1 KEIFEMEERIERENT

WE 1 R, HEFR pH (Y248 KA
fb, HIFH S8R R & VFAs ¥ B4 5eBH2T
B EL 20 KRG EER B TRE, i
1-8 mA JE N ZE 1L, pH {H1E 6.8-7.2 5 Bl N AE
b, 348 F MEC-AD IE #8112 50u U,
TERE 2 s, B H SR A R 3 T R
o 2R GEFFTE 600 mV A A7 3 SCHk IR E R,
M F KT 600 mV A2 AT HA R Bk
Ao E1AE 2 MEHEERM, MEC-AD AR E
KRR S H AR B 2 AT Y, A
BRACIE AN 0 B 2k B Bh S, B
JE MFA IR 1 43 b 2R PO
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% 1 MEC-AD 7= CH, il ig Z 8 MR
Table 1 The reaction formula of MEC-AD methanogenic pathway

No. Equation No. Equation

R1 Glu+PEP=G6P+Pyr R20 Pyr+2H,0=Ace+CO,+3H,

R2 NADH+Pyr=Lac+NAD R21 But+2H,0=2Ace+2H,+H"

R3 Pyr+NADH=NAD-+For+AcCoA R22 Pyr=Pyr (ext)

R4 2Fd+Pyr+CoA=>CO,+AcCoA+2FdH R23 Eth+Pyr=Val (ext)+H,0

RS 2Fd+NADH=2FdH+NAD R24 For=For (ext)

R6 NADPH+NADSNADH+NADP R25 CO,=>CO, (ext)

R7 2NADH=H,+2NAD R26 CO,+4H,=CH,4+2H,0

R8 2FdH=H,+2Fd R27 H,=H, (ext)

R9 Lac=>Lac (ext) R28 2AcCoA+H,=Pro (ext)+2CoA+CO,
R10 LactNADH=Pyr+NAD R29 Ace=>CO,+CHy

R11 For=CO,+H, R30 Ace=Ace (ext)

R12 AcCoA+ADP+iP—ATP+Ace+CoA R31 Eth=>Eth (ext)

R13 AcCoA+2NADH=Eth+CoA+2NAD R32 But+Eth=Hex (ext)+H,0

R14 2AcCoA+NADH& CoA+H,0+CroCoA+NAD R33 But=But (ext)

R15 CroCoA+2Fd+NADH=ButCoA+2FdH+NAD R34 But+2NADH=But (ext)+CoA+2NAD
R16 CroCoA+NADH=ButCoA+NAD R35 Pyr&Pyr (ext)

R17 ButCoA+ADP+iP=But+ATP+CoA R36 CH4=>CHy, (ext)

R18 2CO,+4H,=Ace+2H,0 R37 2H'+2e =H,

R19 Eth+2H,0=>4H"+Ace

Glu: glucose; G6P: glucose 6 phosphate; Pyr: pyruvate; NADH: reduced coenzyme 1 ; Lac: lactic acid; For: formic acid; AcCoA:
acetyl coenzyme A; CoA: coenzyme A; Fd: ferredoxin; NADP: oxidized coenzyme Il ; Ace: acetic acid; Eth: ethanol; CroCoA:
crotonyl-CoA; ButCoA: butyryl-CoA; iP: PO, ; But: butyric acid; Val: valeric acid; Hex: hexanoic acid; Pro: propionic acid;
ext: means extracellular.

T4r Current 1 el 06
—meme. Current 2 —©— Cathode potential
o] = Current 3 112 0.4} —O— Anode potential
“| —e—pH
p 110 0.2
< <
7.0t 18 E g 0.0}
A 16 % 2 4
6.8F 5 g
d =]
1 = 04
6.6 15
-0.6T
T - - 0 I ‘ I I I
&4 5 10 15 20 25 085 5 10 15 20 25
£(d) 1(d)
B 1 EA0 pH ERERET L B2 miREBHEREEY
Figure 1 Profile of current and pH. Figure 2 Profile of electrode potential.
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Psh 14 h J5REUR B A TG Pk
W, PR A G R, 2Rk 1 iR,
1 A, WEILSNE, CHs. H, FIZEERY
ek BE R R A T BE AR, Ll
BOHCRAE G (0.6 V) FIIET (1.4 V) Hish
i 4351124 0.010+£0.002 F1 0.016£0.007, % 1.0 V
Iy BIREAR T 42%H1 7% H, A2 i E RAE 7
] AIE ) 48 3 B 4r 50 A 0.024+0.014  F
0.004+0.002, % 1.0 V 433 FEAK T 13%H1 86%.
AR, R TGI8 2 T 4 3 i 2 T 148 3, CH,
R . TNERIR K CO, 1Al il R 35 B & T,
Hh CH, B ¥ A G AR AE B 1 A 1D Sl 43 51K
0.522+0.052 F1 0.395+0.029, # 1.0 V 4542
T 77%F 34%. FrikH = N R 0 AR G R il
H e 71 1) PG Bl I REAIG, 1 1) I sy ) ) i S B
. HARFE MEC-AD & & H & CHA 12 118
EARA T ARG, RS R B S A YA
R ] g g oy A 5 B30 3 3 g A e R AT

F2 HEEMIHTRBRIFEERER

PR O 7= W 1 e A G R
2.1.2 KEBENTHIFE

F 4 2% 2 Ml 4l i A Cell Net Analyzer
A an & 3 iR L P Bl N MEC-AD
CH, AR f oA ¥l . 455 L Hy. CH4 Hil CO,
AT M, WKl 3 U, MEC-AD 7= CHy A
R LS EUE R R CHy &R (R26) 1L
R fbigte (R29). HIEILah)E, Wit p &R
T EAHRY, DI R S R (R37)
24314, B3 (P<0.01) &TF NADH F-#=
ZuEHE (R7) 19 0.705, A EISISEL A
77.5%1 Hy tH MEC A" A=, FEXTRRAH 1.0 V
mF R37 P AN 2.640, B T4 06 V
M 1.4 VHY 2.118 F12.536, W] 1.0V HLIES
P A ) F 3G 5m B H e B 2 i i 75 i 1
AE 7, i R AT BB R 38 Y A R AR A R P
A= e PR 2 T A K AR P SRk, B
2y Hy e (R27) #1HA R37 A

Table 2 The net production rate of key metabolites) upon voltage perturbation

Metabolites Experimental group P-value
Control group (1.0 V) Experimental group (0.6 V negative Experimental group (1.4 V forward
(mmol/(L-h)) disturbance) (mmol/(L-h)) disturbance) (mmol/(L-h))

Glucose 1.127+£0.015 1.128+0.006 1.128+0.018

Formic acid 0.003+0.000 0.009+0.002 0.010+0.003 *

Acetic acid 0.751+0.144 0.556+0.077 0.711+0.120

Propionic acid 0.106+0.010 0.092+0.005 0.106+0.002 *

Butyric acid 0.418+0.034 0.449+0.039 0.405+0.020

Lactic acid 0.011+0.005 0.009+0.004 0.013+0.006

Pyruvic acid 0.016+0.004 0.036+0.007 0.027+£0.017 *

Pentanoic acid 0.023+0.011 0.011+0.005 0.029+0.009

Caproic acid 0.000+0.000 0.000+0.000 0.000+0.000

Ethanol 0.017+0.001 0.010+0.002 0.016+0.007 ok

Propyl alcohol 0.000£0.000 0.000£0.000 0.000+0.000

Butanol 0.000+0.000 0.000+0.000 0.000+0.000

CO, 0.226+0.023 0.240+0.038 0.274+0.007 *

CH,4 0.295+0.013 0.522+0.052 0.395+0.029 ok

H, 0.028+0.023 0.024+0.014 0.004+0.002 ok

P-value represents the criterion for whether a factor has a significant effect on the experimental results. When P-value<0.01,

it indicates that the influence of factors on the results is very significant. When 0.01<P-value<<0.05, it indicates that the

factors have a significant impact on the results.
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i 0.76%+0.43%, 1.4 V #zhnf @B EKE
0.004, WFERM, AR EAFF H, 4
BEPY, 1.4V S FLERE ROk, XA RE S
H 1.4 VI Hyl i (R27) HRARAYEEH . ok,
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N, FEAE BN [ H R A 30 T R TR P
o RE 7= A A E =Y I 3 BR L E 0.6V,
1.0V H 1.4V ST 05 65%. 63%F1 60%
i) CHy M L% fbiEtE (R29) 193], X HE4]
1.0V 2 0.6 VFIl 1.4 VLB T LRk CH,
343 o A PRI 1Y 20.85% . 37.19% Al
24.95%, AH 2/3 W LFERIR BRUVEEIR RN,
FE 1.0 V & TR R BB RIE S T 4R
R (B 5). KB B GER7E 0.6 V s i
RTEER, S ORI L S CHy i3 .
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€ u e
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: Ji 4 NAD § ;
- - ; 0.000 0.
| 0.129 1 * FdH & R85 5000,
: » R20-0.1029 _-0.000 0 H ", ;
P ? 0.1349 g C
: - ‘ o - 24129 D - :
i r + Lac . For | AcCoA [ R14 1}1 i+  CroCoA —Ri1555:7 ButCoA s
I ; : I \ 220 1 24516 = =y gaia] |
I | 00000 £.000.0 [ 46677 508203 1 24120 '
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Figure 3 Metabolic pathway and flux distribution of MEC-AD methane production upon voltage perturbation.
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B —t—Hydrogen 1250
50 —0—Methane =
[ —o—Carbon dioxide )
—~ —4—Daily gas production 1200 E
e_\c, 40 15
g 5.3
% 30k 150 3
o =%
& w
D 20 1100 %
10 - Eu

150
0L,

4 1.0VIEFMESAKSEFM B =S 2R E
Tk

Figure 4 Gas content of the 1.0 V culture and the
profile of daily gas production.

450 L
—— Acetic acid
4001 —©— Propionic acid
3501 —&— [sobutyric dioxide
—<¢— Butyric acid
5 3001 —v— Isovalleric.acid
% 2501 —#— Valeric acid
g
2 200
o
O 150+
100+
50+
0L
{(d)
5 1.0 ViEFM BRIE&R ERERAER M AT B T 14

Figure 5 Profile of volatile fatty acids of the 1.0 V
culture.

22 WMEVBEREMSFESFRRREIE
EMXAR

3 2e v A P B R AR AT A W R N K
W A MRV i — 20 o b R e A i
SRR CR . 3R 3 K 6 IR, FO.6,
F1.0 1 F1.4 ZHAY#/E/r2E 0 (operational
taxonomic units, OTU) #4354 2 728, 2 089
M2 195, FF0.6. FF1.0 1 FF1.4 41 OTU %X
S350 1273, 1305 A1 1320, 28K BHAR B i
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Wbk EE CE E s, HAELEh T PR R
YRR AL B ¥ (0.01<P-value<0.05), OTU [
M2 SIHE T MEC-AD e R 48 80 i 5%
e 7 Fros, 0.6 VLS Toplo My
1OV I 1.4 VAFEE BB EAERR, Mk
Fh i 38 OC R PR IR] C R 8055 . AH SR
B, BB EAESC R AR g 10,
It 0.6 V BB YFpEIEGR W EMRIOCR (0™
FH o BT A S0 CBR TR I I ) 6 3R 46) T B
77 FR e G R S

FEJE KF it — 20 o e Wy Rl =F B 57 H e
WEZEIMRR, WE 8A Fin, —FAME
(Trichloromonas) TEBHMR BE R TH & F 5, 18
F0.6.F1.0 1 F1.4 41+ (A XF = BE43 90k 40%
27%F1 36%. M4 Shao %11 45 5 JiE Wy ok
1 MEC il & & B Hy 77 38 5 BAAR R AR )
FE R IEAALRMNE, HEWM Trichloromonas W
AEEYS H il oA KA RRE D)

wmE 8B Fin, EBEKE (Trichococcus) &
KRR ER, 7€ FF0.6 PRahdl i AHxT
F R 26%[KF FF1.0 4114 27%F1 FF1.4 411
38%, Trichococcus =5 T W/KAL-E WAL AL
BR N RS AR NGB R R, B
fRiE & (R29+R30) f77E 1.4 V (0.949)>1.0 V
(0.939)>0.6 V (0.896) My F, FLEMEE (RY)

R3 WEVRUNERRSHE
Table 3 Microbes detection samples and groups
Anodic film

Fermented liquid

Samples Grouping Samples Grouping
Initial state S Initial state FS

0.6 V F0.6 0.6 V FF0.6
disturbance disturbance

14V Fl1.4 14V FF1.4
disturbance disturbance

1.0V F1.0 1.0V FF1.0
undisturbed undisturbed
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Figure 6 OTU diagram of anodic membrane microbes and OTU Veen diagram of fermentation broth
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Figure 7 Comparison of microbial interactions on anodic membrane. The size of the nodes in the figure
indicates the relative abundance of microbes, the dotted line indicates positive correlation (synergy), and the

solid line indicates negative correlation (competition).
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AR IR . WAt d)E . Wi & A 8 Al 2
WES .

FRURRE, &3 i R, Bk S0
(R37) FIZSBERIE 1.0 V (2.640)>1.4 V (2.536)>
0.6 V (2.118) 5 HyitJiL CO, (il (R18+R26)

: 010-64807509

HASAKAERE 1.0 V (0.478)>1.4 V (0.354)>0.6 V
(0.320) —%(, H5 H, &)5 CO, /™~ H b i &
(R26) HYZALERIE 1.0 V (0.110)<1.4 V (0.158)<
0.6 V (0.183) Ay~ H biid it (R36) MYASfb%s
HE1.0 V (0.297)<1.4 V (0.395)<0.6 V (0.522) I A
SR, HRE PR Hy iR 7 CO, 179k H ek
MR, Hrp Hyik st CO, ™ kil i 5 &8 77 Al
LR (AW ERT I (Methanobacterium) Fil
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JEA K, Hyiblt CO, " LRl i 5 [ A ™ TR
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W (WHRHEIE (Clostridium) %5) HF A K8,
W 8 firsn, Methanobacterium & MEC-AD &
FHEUESRE bR, B FE (PR
M Methanobacterium W F JE 5 K W+
Methanobacterium FJFEEZH) ZE 1.0V, 1.4V
F10.6 VEAEFE 1.0 V (6%)<1.4 V (9%)<0.6 V
(10%) WIKFR, 5 HyifJ5it CO, 7™ HBE YE £ 5%
R, WA, FAM™CRENFES H,
BIE CO, P CRil R (R18) WAFFERMIY K
#, MEB™ZCREMFEEZXLRN 1.0V
(12%)>1.4 V (10%)>0.6 V (9%), RI18 i&4& )i
BXEN 1.0 V (0.368)>1.4 V (0.196)>0.6 V
(0.137), F£HW MEC B5] Aifb T Hy if )5 CO,
O, EIE 5 4 i) R 2 M A R S 2 BT
YR FEEHATIIC . MeAh, TR LR RE R
HIEF AR 5T 2B, P beEE (R36) H
7B Y B PERY, fE MEC-AD fh#
R36 AR 2 ey S &, ol (E
Z ORRWRIE . Hy 43 A e T F 4 I R 3t
RIS, DA S L B A R R e e
Wi (R36) FRTEMFMRRE R RHAEE, A1F
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< 20r Clostridium
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Anode film sample grouping
8 MEMREHENFEHER

E—B W5

Wk 9 iR, KA P-value<0.01 FLAHE R %L
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(Petrimonas) . HE R (Syntrophomonas) .
AT (Bvii28). R¥ME (Acinetobacter) .
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) FREXS CH, Ol A W52, o CH, i
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Figure 8 Stacking diagram of relative abundance of microorganisms. (A) The relative abundance of
microbes on the surface of anode membrane. (B) The relative abundance of microbes in fermentation broth.
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FIRE T 77%H1 34%, 0.6 V. 1.0V Fl 1.4V 4
R 7" CHy 3@ 54 5 35% . 37%F1 40% 9 H,
WE CO, IR A 65% ., 63%F1 60%Z Rk
(R29) &G H, A 77.53%09 Hy B IR
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2R R EAER R, Hb 0.6 VLSRN, ¥
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