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Abstract:  Exoelectrogenic microorganisms are the research basis of microbial electrochemical technologies such as
microbial fuel cells, electrolytic cells and electrosynthesis. However, their applications are restricted in organic degradation,
power generation, seawater desalination, bioremediation, and biosensors due to the weak ability of biofilm formation and the
low extracellular electron transfer (EET) efficiency between exoelectrogenic microorganisms and electrode. Therefore,
engineering optimization of interaction between exoelectrogenic microorganisms and electrode interface recently has been the

research focus. In this article, we review the updated progress in strategies for enhancing microbe-electrode interactions based
on microbial engineering modifications, with a focus on the applicability and limitations of these strategies. In addition, we

also address research prospects of enhancing the interaction between electroactive cells and electrodes.
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Table 1 Summary table of synthetic biology modification of exoelectrogens

Key comeouts compared

No. Exoelectrogens Modification strategy Mechanism . References
with control

Regulation of cellular electron transfer pathways

1 Escherichia coli  Expression a portion of EET chain of Increased the yields of e Reduction of metal ions [7]

S. oneidensis MR-1

2 Shewanella

outer membrane
cytochrome ¢
Expression biosynthesis gene clusters Increased the yields of

(8.0 times) and solid metal
oxides (4.0 times) faster

oneidensis MR-1  of flavin (ribD-ribC-ribBA-ribE) and flavins and outer

metal-reducing conduit
(mtrC-mtrA-mtrB)

o 37.0 MW/m? [27]
membrane cytochrome e 3.5-fold increase in power
density
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3 E. coli

4 Geobacter
sulfurreducens

5 G. sulfurreducens
PCA

6 S. oneidensis
MR-1

7 S. oneidensis
MR-1 ACP

8 Pseudomonas
aeruginosa PAO1

9 P. aeruginosa
PAO1

10 E.coli

11  P. aeruginosa
PA14 AretS

12 P aeruginosa
PAO1

Expression the Mtr Pathway of

S. oneidensis MR-1

Genetic manipulation by deleting
gene GSU1240 to alter biofilm

properties

Heterologous expression of gene pilA

from G. metallireducens

Overexpression the riboflavin
synthesis pathway of B. subtilis

Enhanced biosynthesis and transport

of flavins

Overexpression of the

methyltransferase encoding gene

phzM

Overexpression of NAD synthetase

gene nadE

Overexpression of

phenazine-1-carboxylic acid (PCA)

synthesis pathway

Quorum sensing (QS) modulates the

current generation

Overexpression of gene rhlA

Regulating the level of intracellular reduction

13 S. oneidensis

MR-1
14 E.coli
15 E. coli

Regulates the expression of intracellular signaling molecules

16 S. oneidensis
MR-1

17 S. oneidensis
MR-1

18 P. aeruginosa
PAO1

19 P aeruginosa
PAO1

Modular engineering to increase

intracellular NAD(H/)

Heterologous expression of NADH
dehydrogenase II protein (NDH-2)

from B. subtilis
Multiple-knockout of central
metabolism genes in E. coli

Heterologously overexpressed a
c-di-GMP biosynthesis gene ydeH

Heterologous expression of gene ps

from Beggiatoa sp.

Genetic manipulation by deleting

global regulator gene rpoS

Heterologous expression of global

regulator gene IrrE

Increased the yields of
outer membrane
cytochrome ¢
Increased the yields of
pili and
exopolysaccharide
Increased the yields of
e-pili

Increased the yields of
flavins

Increased the
concentration of flavins

Increased the yields of
pyocyanin (PYO)

Increased the
intracellular NAD*/
NADH cofactor levels
Increased the yields of
PCA

Enhanced phenazines
production

Promoted the biofilm
formation, and increased
the yields of PYO

Increased in intracellular
electron flux

Increased in intracellular
electron flux

Increased in intracellular
electron flux

Increased the yields of
c-di-GMP, and promote
the biofilm formation
Increased the
intracellular cAMP level

Enhanced the biofilm
formation

Increased the yields of
phenazines

20.0 pA

8.0-fold increase in current
density

969.0 mW/m?

1.7-fold increase in power
density

11.0 mA

233.0 mW/m?

13.0-fold increase in power
density

2.6 W/m?

18.8-fold increase in output
power density

1.7 W/m?

4.0-fold increase in power
density

401.3 mW/cm?

3.7-fold increase in power
density

181.1 mW/m?

10.8-fold increase in power
density

60.8 mA/m?

45.0-fold enhanced current
generation

(9.4+0.6) mW/m?

2.5-fold increase in power
density

(162.8+5.6) m\W/m?
4.4-fold increase in power
density

4.7 pA

9.0-fold increase in current
of oxidation

1.82 mW

1.5-fold increase in average
output power

(167.6%3.6) mW/m?
2.8-fold increase in power
density

96.0 mW/m?

1.5-fold increase in power
density

42 mA/m?

1.5-fold increase in current
density

(56.0%2.4) mW/m?
1.7-fold increase in power
density

ikl
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NADH NADH
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NADH NADH
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ATP: 2NAD" ATP NADH 2NAD"
Atetate Ethanol Acetate Ethanol
NAD*
Inner membrane Inner mcmbr;ﬂw
Outer membrane Quter membrane . Mitr e~ conduit
¢
Electrode Electrode
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Fig. 1 Synthetic biology enhances electron transport pathways based on conductive pigment protein-mediated"?%!. (A)
Schematic of the engineered mtrA and mtrCAB strains for soluble and extracellular metal reduction'”. (B) Electron

transfer through the Mtr electron conduit alters substrate utilization in E. coli
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Fig. 2 Synthetic biology enhances electron transport pathways based on electron shuttle-mediated®34. (A) The
schematic of the flavins-mediated EET pathway in the engineered S.oneidensis, with the heterogeneous expression of
the porin protein OprF®2. (B) Schematic illustration of the required genes for the synthesis of phenazines in
P. aeruginosa and a possible EET pathway in the MFC. (a) The overexpressed methyltransferase encoding gene phzM
enhanced the synthesis of PYO, which increased the PYO vyield of the engineered strain by 1.6 times®®®. (b) The
overexpressed NAD synthase gene nadE increased the intracellular NAD*/NADH cofactor level, increased the PYO
concentration by about 1.5 times, and increased the maximum power output by about 3.7 times®*.,
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2-F23-1,4-251 (HNQ) o TAFER, TAEE w2, Liu %" @378 S. oneidensis MR-1

% : 010-64807509 E<L: cjb@im.ac.cn



368

ISSN 1000-3061 CN 11-1998/Q 4= # T Fi#k

Chin J Biotech

5 Lactate  Acetate+CO,
% 4 - —
togunt— IM OM .
EMP/PE/TCA \Nanowire
e A =l T = e
’ LI ¢ \ b ]
\
[ N > NN NAD' I NADH &g
I k:;‘
! oy t '\ dhil
Nm h w | n
. ml. . Module 2 1, Module 3 NadE®, =
e
Na : I : 1 *? T
: I - MQ < MoH, E
1 Naw P> NaMN s NadD' > NaAD | g
e o i = T T R ’ e 0
—————————— ~ ﬂ
(’ Module 1-D. o biosynthesis z : o :m"
ule 1-De nov :
: Module 1 iosynthes 5 30> EE!
I Module 2-Salvage biosynthesis © ® 00 ==,
Asp ot Vi :ASP'-"I A' QA Module 2-Universal biosynthesis @ -‘\O‘rr.l
D o e e o=y L
. Francisella tularensis . Bacillus subtilis . Salmonella typhimurium Escherichia coli
‘l! Shewanella oneidensis MR-1 00 Periplasm cytochromes @rMN ORF
=P Over expression = Native expression  —-p Transmembrane —= Electron transfer
B
(v}
o/
1
Glue J
ucose .
E. coli cell 1
1
1
1
Glucose-6P 1
2NADH 1
Phosphoenol-pyruvate NADY"  Lactafe _)COC* :
ldhA =
NADH
piB 'l poxB .
Formate €=—— Pyruvate Acetate P 1
ackA D _. !
pdhR —|l pta gty s acs G_) HNQ,, : 1O Fe',
1 2
Acetyl-CoA =3 Acetaldehyd
cetyl-Co. F cetaldehyde 1
NADH NAD adhP 1
Oxaloacetate == 13 1
NADH A g Cirtrate Ethanol "
Malate Z::.B 1
. o rpaS Isocitrate NADH H,0 1 =
fdi\K  TCAcycle LNAD” : 0. €
Succinate 2-oxoglutarate NAD' HY ===meee el B
RSuccinyLCoA NADH > H
1
1
Anode 1 Cathode

B3 ARAEMEBEER TR AT
Fig. 3 Synthetic biology regulates the level of intracellular reductio

nB84% (A) Schematic of modular design to

enhance NAD" biosynthesis and EET rate in S. oneidensis MR-1®. Recombinant S. oneidensis SN5 harboring five
homogeneously and heterogeneously introduced genes (ycel, pncB, nadM, nadD*, and nadE*) to enhance NAD"
biosynthesis. (B) Knock out multiple central metabolic gene in the metabolism path of E. coli, built multiple knockout

mutant A5 (4frdA4pdhR4ldhAdadhE4pta)i®.

http://journals.im.ac.cn/cjbcn



X FAREFRMEY SBIRER FEEEXNHRERE

kK HKBITED c-di-GMP AE¥14 3L A
ydeH, 3R T HMINSE (51l c-di-GMP fykik, Bt
AR HE T A= W IR TR J RN L P45 28, 1 T RE R ik
fl] MFCs fe KIhFHR HE k5] (167.6+3.6) mw/m?,
LB T 2.81% (B 4A).Cheng Z135@ 151 7£ S. oneidensis
MR-1 A ik B D1 GHi 40 # Beggiatoa F# & At IR
TRRIMEEGIL I (PS), $2m T HINEE — (5 cAMP
B, dEmAESE T c- BNt E A E
B, TR 0 M AL R AR 045 B R, B
KI5 B N 54 mW/m?® B HnE] 96 mwim?,
T 1515, teAh, TREEX Cr (V) Ak BREE Tt
fem T 345 (K 4B).

ULk, WA BT & B 2 R 4 i DY 4 SRy R YT
DA -t AT L el 7 fL AR 0 1 I A F A% 38 K
K, 4R HF RpoS 1B —FiL A ) o
T, Al LLYES P. aeruginosa 14 £ 5L g kY
1 P. aeruginosa Jfd A W R4 Jot F1 B AR 1 &
A B A R A T A i e 8 T R AR
Yu Z315E 51 7% P. aeruginosa PAOL 1 &k 4 i i
P57 RpoS Mt IEN rpoS, #RASHY T RLH Al
DATE AR B B R AR, HLE AN T 5455
Re i fR R nag, HAEL R A Ak 2R RS
MUK E] 4.2 pAlem?®, 425 T 50%. Luo %M

A
2GTP
- 95—
-\ 8=
ﬂ 00 [ W ® -'_\TL;R‘ \ %@ s
® c-di-GMP @ == _ o
oo 0® ™, . .
S
AT
2GMP +—pGpG ==
s
S. oncidensis MR-1(ydeH) s = = Biofilm formation Enhance biofilm
ePolysaccharides = =={ Biofilm dispersal
= Flageflum Bioelectricity we Fimbriae

4 ARENERERAESSH FHRE

i 7E P. aeruginosa PAOL H5| Ak B Hufe i &y 57+
EkTE Deinococcus radiodurans A9 4 Js i 5 A F
IrrE, 75930 TR AR AT LA BCE 2 w2 1k
A, Hix TREEMEA MFCs i 0 ) 5K % B
((56.0£2.4) mW/m?®) 1 T 70%. iXSEHF5E4E R
T, LGB A A0 B N R ok
S i) 200 L 4 TR 285 2 — e T 5 1T R B A 1 0
MR R R 5k, TESERR) MFCs H EA B
KA T o

R A A P G T R ) ST
T, A A HOR RS 7 A Py R A
L A2 A i AP B R
O R R O E- ST =00 2 WA G L7/ L4 N2
T | SR P R L (R A R
TR, R IK B4 o AR ) R 0% | 1R
A5 A EAEHRCR . (Bl T R D8RR
R B AT, BXFENT AL L
il o BE DR A A P REE I Y) T A AN 8 1Y)
SRR B T HICE 2, BRI T E
PR RN o BRI, A 83 3o At T Bt ™
FEL B A T s DA v 40 L 5 AR ) 7 L A%
SR, A I T ARG i 20 i ST P AR S T [
FEACAN A, fEHE AN AE METs H it h i

B
=Y 'e 7
W
-8
" i i Q
: it Ee
1090 VCEIPT N
_ec H H
f
Electrode
\
@Z:CRP #:cAMP O:Flavins : ctyCs
@:C(1V) Q: Cr(IlheATP ®ps

Fig. 4 Synthetic biology regulates the expression of intracellular signaling molecules**?, (A) Schematic of
enhancing electroactive biofilm formation of S. oneidensis promoted bioelectricity generation™?. (B) Proposed

regulatory mechanisms of bidirectional EET mediated by the cAMP-CRP complex in S. oneidensis MR-1
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2 B R B

FE MFCs i, 7=l il 2B 49 5 v A A T R 4
55 BRI e A e i — L e o
FEW, HFHRMEMEM R, TR F7E
HIME b ALt . G 4 JE AL 10 1 9 oK B0k a8 5 v
SR W) 45 v P B FE R, L 184 588 T A LR 0 o B
H R LT i g EETEZ9, o oh— S5 0
FH 5 H bR} 06 M i A ) A A b R -k
AW 5 A A R S SR AL A P S A 2 TR A
VERII A RHOR NS . AT 3041885 T4 S bt
BHEE = A E Y TS (35 2).
21 SHEMBFEBREHESENER

TAEYITE A SR T IR A A W B HL S
P28 RS A RS AL, B ERIEEE A
A= R ET LA g H A P A A AR .
Liang Z:B%@ 115 G. sulfurreducens 415/ MFCs
HR SIS )50 2 il 9H K 45 (Carbon nanotubes,
CNTs), PAJE AN AR AN KA S A 25, & B I
AN 4 mg/mL 9 CNTs 2048 F, WEEYHRRL
b 1 )i S R R L PR H AR SRR, AT LA
40 d NEELRES R 650 mV HLJE, T AN CNTs
B Ak L Tt 7% i 4 PR ZE 40 d Y A 630 mV
R3] 540 mV. BEFERBT, BN CNTs A 1) Tk
AR E PR B BHL, AT 4R 5 MFCs K81 TRE

*2 SREMBHEIREBRHMEMICESR

1o fi IR — PR S A R, Song 2P0
RIELAE MFC BHRE A ik A M fE (GO)
A 3 k3 S, oneidensis MR-1 /¥ EET Z%, 7F
whn GO WM, WA R E A S
YK R AR, BB AL A IR (GO) iRl
WIFRA M (rGO). KNS, rGO MR A 4% L
SHERALIMGS, R AR B AE AR |, TR AR
i FLICTE-rGO =42k R W IEE, AT 78 A 4 Ik
T T 4, SEEE T AN R 2 T A
EET, mAMHFERE (R NHEEER
PHAR) MGa% T 25 1%, i (T MBI A
FIYNEE) e T 74 £5 (B 5A), [R5 KR %
J# ((843+31) mW/m®) 1R T 23.4 1%, ZEMIAGHF
FiH, Zhang 1% BIEE MFC BER 3 0 BH 8 7 5
WEW AT AE R (3-(8-N,NN-= & & JE-1- TN 4
B)-4- B 5L -2,5-mE Wy Eh IR ER ) (poly(3-(3'-N,N,N-
triethylamino-1'-propyloxy)-4-methyl-2,5-thiophene
hydrochloride), PMNT) &[] i £ 5 20 B4 A= 4 B 1)
TER, PR AEAARE ST, BRARAL A, hniE 2
W SN EET i H9EUEN], 78 PMNT
HFLEMIBOT, S, oneidensis MR-1 75 7 BH 5 38408 |
AT TE AR R TR AR AE DI . PMINT A 3 3
#HA/EH S S, oneidensis M EAERT, Jf it #ik
ERRA RN F A RE 5 c-BU4H AR (B =K % 1)
Fefih o [RIE, e rE AR A 40 B L RT LE  PMINT

Table 2 Summary table of conductive materials modification of exoelectrogens

No. Condw_:tive Microorganisms Energy output Without conductive Energy_output W?th References
materials materials conductive materials
Preparation electroactive composite biofilm with conductive materials
1 CNT Geobacter sulfurreducens Output voltage decreasgd from Maintained ground [54]
630 mV to 540 mV during 40 days 650 mV during 40 days
2 GO S.oneidensis MR-1 (367) mW/m? (843+31) mW/m? [55]
4  PMNT S.oneidensis MR-1 33.8 mW/m? 186 m\W/m? [56]
3 TiO,@TiN  Shewanella loihica PV-4 33.4 mW/m? 64 mW/m? [57]
Modification of the single electric-producing cell with conductive materials
5 PPy S.oneidensis MR-1 9.8 mW/m? 147.9 mW/m? [58]
7 Pd Desulfovibrio desulfuricans 6.25 nA 25nA [59]
6 CDs S.oneidensis MR-1 76 mW/m? 491 mW/m? [60]
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Schematic diagram of the electrogenic cells were modified with conductive material®®***%®3%  (A)

Self-assembly of the 3D macroporous rGO/bacteria hybrid biofilm by a fishing process (a), and the proposed mechanism
of bidirectional EET (b)®. (B) Schematic representation of the improved bacteria biofilm formation after adding
PMNT®®. (C) Schematic depicting the direct contact-based EET mechanism of PPy-coated S. oneidensis MR-1/CC
anode (left) and native S. oneidensis MR-1/CC anode (right)®®. (D) Hypothesized pathways for the EET chain in the

presence of Pd and oligomer in gram-negative bacteria®®.

P AR R A b Ak SR IR g IR,
FlS. oneidensis/PMNT % & H, # 7 A FH A 1)
MFCs, HA KRB E ((30.0£5.2) pAlem?) Fi11)
R (18.6 pWicm?®) S BIFEES T 4.6 £ A1 5.5 1%
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WY AN A - a2 7 T A B R BT T .
AL, WER A —Le i G A AR L — 4
BHEA E I S E S, HSHRES
ML 7 LA D 45 1 26 AR IR LA T
I AEAL R . i Hu 25058 10 R DNA B4

% : 010-64807509
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Fig. 6 The immobilization of the electroactive cells to the electrode®. (A) Mechanisms of enhancing the interaction

between EAMSs and electrodes by immobilized microorganisms on the electrodes using (bio-)polymers. (B) Schematic

diagram illustrating the fabrication of HBA®!.
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