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Promoting efficiency of microbial extracellular electron
transfer by synthetic biology
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Abstract:  Electroactive bacteria, including electrigenic bacteria (exoelectrogens) and electroautotrophic bacteria,
implement microbial bioelectrocatalysis processes via bi-directional exchange of electrons and energy with environments,
enabling a wide array of applications in environmental and energy fields, including microbial fuel cells (MFC), microbial
electrolysis cells (MEC), microbial electrosynthesis (MES) to produce electricity and bulk fine chemicals. However, the
low efficiency in the extracellular electron transfer (EET) of exoelectrogens and electrotrophic microbes limited their
industrial applications. Here, we reviewed synthetic biology approaches to engineer electroactive microorganisms to break
the bottleneck of their EET pathways, to achieve higher efficiency of EET of a number of electroactive microorganisms.
Such efforts will lead to a breakthrough in the applications of these electroactive microorganisms and microbial

electrocatalysis systems.

Keywords: electroactive bacteria, synthetic biology, microbial electrocatalysis, microbial fuel cells, microbial electrosynthesis
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Fig. 1 Bidirectional mechanisms of extracellular electron transfer (EET) in electroactive bacteria'®*", (A) The
mechanism of microbial electrogenesis'”'!. Three EET mechanisms between microorganisms and electrode surfaces
can be distinguished, namely, direct electron transfer (DET), mediated electron transfer (MET), and indirect electron
transfer (IET). Regarding DET, heme containing c-type cytochromes and pili are key components for the transport of
electrons across the cell membranes. In MET, the presence of soluble inert shuttle molecules or capacitive particles
that can be regenerated enables the electron transfer between the external electron acceptor/donor and the
microorganism even at longer distances. The IET is based on the electrochemical synthesis of a wide range of
microbial metabolic substances, such as hydrogen or formic acid, which can be utilized by the microorganisms. (B)
The mechanism of microbial electrosynthesis. Indirect electron transfer via (i) an exogenous shuttle: hydrogen,
formate, Fe*" and ammonia (ii) a shuttle released/excreted by the microbial catalyst. (iii) Direct electron transfer via
bacterial outer surface components such as c-type cytochromes orpili. Sp: oxidized electron shuttle; Si: reduced
electron shuttle. Adapted with permission from Ref.!"**"!. Copyright 2014 Springer, 2015 Tremblay and Zhang.
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Fig. 2 Transforming nonexoelectrogens into exoelectrogens™*>®. (A) Schematic of the enhancement mechanism of
electron shuttle-mediated EET between bacteria and the anode of MFCs by the synthetic porin in E. coli. (B)
Schematic of redirecting releasable intracellular electrons in E. coli to the anode of MFCs by eliminating the lactate
synthesis pathway. BL21 is the parental strain; ldhA™ is an engineered strain with IdhA disruption. (C) Increasing
releasable intracellular electrons in E. coli by eliminating the TCA inhibitor genes ArcA/B of TCA. Reproduced with
permission from Ref.***%. Copyright 2012 Wiley, 2012 Elsevier, and 2012 American Chemical Society.
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Fig. 3 Engineering substrate usage range of substrates of exoelectrogens**!. (A) The rational designed microbial consortia
“Shewanella-E. coli ” with digesting xylose. (a) Metabolic pathway of xylose fermentation in E. coli under anaerobic
condition. E. coli plays a role as the fermenter, digests xylose, and generates mix organic acids. A synthetic riboflavin pathway
is incorporated into E. coli to overproduce riboflavin. (b) Extracellular electron transfer pathway in S. oneidensis. Formate,
which is one of the mix organic acids produced through pyruvate metabolism in E. coli, is the primary electron donor for S.
oneidensis. The electrons extracted from formate oxidation catalyzed by Fdh (formate dehydrogenase) go through quinone
pool, CymA, MtrCAB, and finally to the electrode. Flavins are the electron shuttles or cofactors of OM ¢-Cyts, mediating EET
of S. oneidensis, and the overproduced riboflavin by E. coli could accelerate the electrode respiration of S. oneidensis. (c)
Initial attachment process of E. coli and S. oneidensis to the electrode. Attachment of S. oneidensis to the electrode could be
promoted by the overproduced riboflavin. In addition, engineering the surface property of S. oneidensis to be more
hydrophobic could also facilitate the attachment through hydrophobic interaction. (d) Composition of the electrode-associated
microbial community. After the initial attachment of S. oneidensis is enhanced, the majority of bacteria on the electrode would
be S. oneidensis. (B) Schematic of the synthetic Saccharomyces cerevisiae (the fermenter)-S. oneidensis (the exoelectrogen)
consortium. Glucose, the solo carbon source and electron donor, was metabolized by engineered S. cerevisiae to produce lactic
acid, which in turn used by S. oneidensis as carbon source to produce bioelectricity in MFCs. In S. cerevisiae, the five genes,
i.e., PDCs (PDC1, PDC5, PDC6) and ADHs (ADHI, ADH4), were knocked out. The gene L-LDH obtained from Bovin was
exogenously introduced into S. cerevisiae for lactic acid biosynthesis. The gene OprF originated from P. aeruginosa was
introduced into S. oneidensis for expression of a porin protein on its outer membrane for enhanced biofilm formation.
Reproduced with permission from Ref.***!. Copyright 2012 and 2016 American Chemical Society.
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Fig. 4 Engineering biosynthesis of electron shuttle and EET efficiency of exoelectrogens. Secretion pathway of the
endogenously synthesized flavins by the engineered S. oneidensis strains. Cytoplasmic FAD (flavin adenine
dinucleotide) is synthesized through synthetic flavin production module and is transported across inner membrane
through bacterial FAD exporter. FAD in periplasm is transformed to flavin mononucleotide (FMN) by the UshA
enzyme. FMN diffuses across outer membrane through an unknown porin and is hydrolyzed to riboflavin (RF).
Schematic plasmid maps of flavin expressing vectors. A constitutively expressed lacl gene was placed at the upstream
of the flavin synthesis gene cluster. Two identical Ptac promoters were utilized to drive coordinated expression of all
the five genes for flavin synthesis.

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



FE FAMEVMRINBFEERENEGRENFERN 525

2.2.4 )
DNA
- 23 IRUEFBEMEMINEA
[27]
c
(S. oneidensis G sulfurreducen (MFC)
P aeruginosa) (MEC)
2.3.1
[4,39,52-53]
— (
Liu P S oneidensis )
(c-di-GMP)
ydeH
c
Flynn P S oneidensis
S. oneidensis
Nguyen 0]

Sturm-Richter 2

( Methanobacterium formicicum

® 010-64807509 K cjb@im.ac.cn



526

ISSN 1000-3061

CN 11-1998/Q Chin J Biotech March 25,2017 Vol.33 No.3

S. oneidensis

Methanobacterium
formicicum
CO,
Speers 541
Clostridium
Geobacter
Clostridium
Geobacter
Ralstonia eutropha
TCA
(PHB)
Nishio ]
PHA
Zhu B
Clostridium propionicum
NADH
A A
A
C. propionicuml
2.3.2

[17]

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

AND* ” MFC

( 5A)

Li P lasy/rhil P aeruginosa
QS AND

«“ ” MFC ( 5B) Webster [13]

Franks U9

24 FIRAEREMFBUEEBREY
Co,

(10100

) ( )

CO,

R. eutropha®™"

S. oneidensis MR-1°]



FE FAMEVMRINBFEERENEGRENFERN

A
i e IPTG o 3-0x0-C6-HSL |
| seessesssensssssesssssassanass l ®. ® .
IR
; = Output module :
P P Py ¥
" liael» L~ LuxR Reporber/Actuatoré-i
PTG responding  Quorum-sensing '
Lmodule module |
pd Inpt 1: Inpt 2:
oY IPTG  3-oxo-C6-HSL QUtPUt
2011; 0 0 0
© (0.1) i
e (1.0)~ (1) 0 8
@ O h Y
(LD 1 1 1

Bl 5 7oA T i B e R R

¢
3-0xz):-C12-HSL ' cansL
¢ ! ! T.
L)
MM e
AR ERRITS
y 556, e Sl
§ 0.4
0 0 0
=03 0 1 0
§ 0.2 1 0 0
S 0l Input/i 1 1
. AND
00700y (0.1) (10) (L.1) Input BOW1t

Input

Fig. 5 Application of exoelectrogens for biocomputing and biosensing!”**. (A) Schematic diagram of the AND
logic gate gene circuit programmed in Shewanella. An AND logic gate based on a synthetic quorum-sensing (QS)
module was constructed in a S. oneidensis MR-1 MtrA knockout mutant. The presence of two input signals activated
the expression of a periplasmic decaheme cytochrome MtrA to regenerate the extracellular electron transfer conduit,
enabling the construction of AND-gated microbial fuel cells. (B) A bacteria-based AND logic gate using a
P. aeruginosa lasl/rhll double mutant with two quorum-sensing signaling molecules as the input signals. The dashed
line shows the threshold that separates output 0 and 1. Adapted with permission from Ref.!'"**. Copyright 2015 and

2011 The Royal Society of Chemistry 2011.

2.4.1
Shewanella Geobacter
c
Shewanella Geobacter
Bond 9 S oneidensis MR-1
-036V MtrCAB
Jeon P S oneidensis
MR-1 (Ehrlich
pathway) kivD
adh

(19.3 mg/L) Soussan [61]

® 010-64807509

G. sulfurreducens c

CO,

Nevin [

( C. ljungdahlii
Sporomusa ovata
Moorella thermoacetica )

CO; Wood-Ljungdahl

CO,
2-
Choi %9 Clostridium pasteurianum
1,3-
Nevin [
S. ovata
CO, UC-Berkeley

K cjb@im.ac.cn

527




528 ISSN 1000-3061 CN 11-1998/Q Chin J Biotech March 25,2017 Vol.33 No.3

NADH NR
(M. thermoacetica—CdS)  “ NADH
”? NADH
Co, (6367681 aldes (6]
Acidithiobacillus ferrooxidans ( Pseudomonas spp. S. oneidensis
Fe*™ S CO, )
N2 Gong * Methanogens
CO,
Gong Desulfobulbus propionicus-S. ovata ( )
H,S Aulenta "7
(De. Propionicus H.S  SO4* 8 Dehalococcoides spp.
) S. ovata ( B12)
CO,
CO, 120 h Boussicault "
90% DNA
2.4.2
( (MV) (NR)
(AQDS)) 243
[22] MV R. eutropha
UCLA  Liao""
H, Harvard Nocera 7
H, [70-72] R. eutropha
AQDS R. eutropha CO,
C. beijerinckii  H; (73] MV Liao D"
(NR) 1) R. eutropha R. eutropha
NAD" PHB (phad  phaBl
[74-73] phaB2 phaCl  phaC2)
Choi " MV NR B. subtilis
Clostridium tyrobutyricum alsS E. coli
MV ilvC ilvD

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



FE FAMEVMRINBFEERENEGRENFERN 529

Lactococcus lactis

kivd  E. coli yqhD
1
R. eutropha LH74D
2) CO;
R. eutropha 3)
R. eutropha LH74D 100 h
140 mg/L Nocera
571 R. eutropha  PHB
phaC  phaB
phaA A
ctf Clostridium sp.
adc adh
A
CO, H, Re2133-pEG12
H,
CO,
216 mg/L
R. eutropha

3 REATEALEFR

S. oneidensis  G. sulfurreducens

79]

Fredrickson! S. oneidensis

® 010-64807509

G sulfurreducens

A. ferrooxidans™

thermoacetica
[81]

CRISPR-Cas9™  sRNA[*)
(Gibison 841y

4 WERZE

CO;

)

S. oneidensis

0]

M.
S. ovata
(
DNA
DNA

K cjb@im.ac.cn



530

ISSN 1000-3061 CN 11-1998/Q Chin J Biotech March 25,2017 Vol.33 No.3

CO, )

Clostridium sp.
[85-86]

Clostridium sp.

2)

[87-88]

[24,89-91]

3)

1)

2)

3)

REFERENCES

[1] Logan BE. Exoelectrogenic bacteria that power
microbial fuel cells. Nat Rev Microbiol, 2009, 7(5):
375-381.

[2] Lovley DR. Bug juice: harvesting electricity with
microorganisms. Nat Rev Microbiol, 2006, 4(7):
497-508.

[3] Rabaey K, Rozendal RA. Microbial electrosynthesis

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

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

—revisiting the electrical route for microbial
production. Nat Rev Microbiol, 2010, 8(10): 706-716.
Moscoviz R, Toledo-Alarcon J, Trably E, et al.
Electro-fermentation: how to drive fermentation
using electrochemical systems. Trends Biotechnol,
2016, 34(11): 856-865.

Schievano A, Sciarria TP, Vanbroekhoven K, et al.
Electro-fermentation—merging electrochemistry
with fermentation in industrial applications. Trends
Biotechnol, 2016, 34(11): 866—878.

Xie X, Ye M, Hsu PC, et al. Microbial battery for
efficient energy recovery. Proc Natl Acad Sci USA,
2013, 110(40): 15925-15930.

Liu XW, Li WW, Yu HQ. Cathodic catalysts in
bioelectrochemical systems for energy recovery from
wastewater. Chem Soc Rev, 2013, 43(22): 7718-7745.
Mehanna M, Kiely PD, Call DF, et al. Microbial
electrodialysis cell for simultaneous water desalination
and hydrogen gas production. Environ Sci Technol,
2010, 44(24): 9578-9583.

Luo HP, Jenkins PE, Ren ZY. Concurrent
desalination and hydrogen generation using
microbial electrolysis and desalination cells. Environ
Sci Technol, 2011, 45(1): 340-344.

Lovley DR, Nevin KP. Electrobiocommodities:
powering microbial production of fuels and
commodity chemicals from carbon dioxide with
electricity. Curr Opin Biotechnol, 2013, 24(3):
385-390.

Choi O, Sang BI. Extracellular electron transfer from
cathode to microbes: application for biofuel
production. Biotechnol Biofuels, 2016, 9: 11.

Li H, Liao JC. Biological conversion of carbon
dioxide to photosynthetic fuels and electrofuels.
Energy Environ Sci, 2013, 6(10): 2892-2899.
Sadhukhan J, Lloyd JR, Scott K, et al. A critical
review of integration analysis of microbial
electrosynthesis (MES) systems with waste
biorefineries for the production of biofuel and
chemical from reuse of CO,. Renew Sust Energ Rev,
2016, 56: 116-132.

Heijne AT, Liu F, van der Weijden R, et al. Copper
recovery combined with electricity production in a



FE FAMEVMRINBFEERENEGRENFERN

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

microbial fuel cell. Environ Sci Technol, 2010,
44(11): 4376-438]1.

Webster DP, TerAvest MA, Doud DFR, et al. An
arsenic-specific biosensor with genetically engineered

Shewanella oneidensis in a bioelectrochemical system.

Biosens Bioelectron, 2014, 62: 320-324.
Bereza-Malcolm LT, Mann G, Franks AE.
Environmental sensing of heavy metals through
whole cell microbial biosensors: a synthetic biology
approach. ACS Synth Biol, 2015, 4(5): 535-546.

Hu YD, Yang Y, Katz E, et al. Programming the
quorum sensing-based AND gate in Shewanella
oneidensis for logic gated-microbial fuel cells. Chem
Commun, 2015, 51(20): 4184-4187.

Koch C, Harnisch F. Is there a specific ecological
niche for electroactive
Chemelectrochem, 2016, 3: 1-15.
Sydow A, Krieg T, Mayer F, et al. Electroactive

microorganisms?

bacteria—molecular mechanisms and genetic tools.
Appl Microbiol Biotechnol, 2014, 98(20): 8481-8495.
Firer-Sherwood M, GS, Elliott SJ.
Electrochemical interrogations of the Mitr
cytochromes from Shewanella: opening a potential
window. JBIC J Biol Inorg Chem, 2008, 13(6):
849-854.

Tremblay PL, Zhang T. Electrifying microbes for the

Pulcu

production of chemicals. Front Microbiol, 2015, 6:
201.

Rosenbaum M, Aulenta F, Villano M, et al. Cathodes
as electron donors for microbial metabolism: which
extracellular electron transfer mechanisms are
involved? Bioresource Technol, 2011, 102: 324-333.
Gorby YA, Yanina S, McLean JS, et al. Electrically
conductive bacterial nanowires produced by
Shewanella oneidensis strain MR-1 and other
microorganisms. Proc Natl Acad Sci USA, 2006,
103(30): 11358-11363.

Malvankar MS, Vargas M, Nevin KP, etal. Tunable
metallic-like conductivity in microbial nanowire
networks. Nat Nanotechnol, 2011, 6(9): 573-579.
Reguera G, McCarthy KD, Mehta T,
Extracellular electron transfer via microbial
nanowires. Nature, 2005, 435(7045): 1098—1101.

Thormann KM, Saville RM, Shukla S, et al. Initial

et al.

® 010-64807509

[27]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

in  Shewanella
2004, 186(23):

phases of biofilm formation
oneidensis MR-1.
8096-8104.
Thormann KM, Saville RM, Shukla S, et al.
Induction of rapid detachment in Shewanella
oneidensis MR-1 biofilms. J Bacteriol, 2005,
187(3): 1014-1021.

Kotloski NJ, Gralnick JA. Flavin electron shuttles
dominate extracellular electron transfer by
Shewanella oneidensis. mBio, 2013, 4(1): e00553—12.
Yong XY, Shi DY, Chen YL, et al. Enhancement
of bioelectricity generation by manipulation of the

J Bacteriol,

electron shuttles synthesis pathway in microbial
fuel cells. Bioresour Technol, 2014, 152: 220-224.
Xia X, Cao XX, Liang P, et al. Electricity
generation from glucose by a Klebsiella sp. in
microbial fuel cells. Appl Microbiol Biotechnol,
2010, 87(1): 383-390.

Jensen HM, Albersc AE, Malley KR, et al.
Engineering of a synthetic electron conduit in
living cells. Proc Natl Acad Sci USA, 2010,
107(45): 19213-19218.

Jensen HM, TerAvest MA, Kokish MG, et al.
CymA
extracellular electron transfer and couple it to cell

and exogenous flavins  improve
growth in Mtr-expressing Escherichia coli. ACS
Synth Biol, 2016, 5(7): 679-688.

TerAvest MA, Zajdel TJ, Ajo-Franklin CM. The
Mtr pathway of Shewanella oneidensis MR-1
couples substrate utilization to current production
in Escherichia coli. Chemelectrochem, 2014,
1(11): 1874-1879.

Yong YC, Yu YY, Yang Y, et al. Enhancement of
extracellular electron transfer and bioelectricity
output by synthetic porin. Biotechnol Bioeng,
2013, 110(2): 408-416.

Yong YC, Yu YY, Yang Y, et al. Increasing
intracellular releasable electrons dramatically
enhances bioelectricity output in microbial fuel
cells. Electrochem Commun, 2012, 19: 13-16.

Liu J, Yong YC, Song H, et al
enhancement of citric acid cycle to promote
knockout

Escherichia coli toward high-performance microbial

Activation

bioelectrocatalytic  activity of arca

K cjb@im.ac.cn

531




532

ISSN 1000-3061

CN 11-1998/Q Chin J Biotech March 25,2017 Vol.33 No.3

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

fuel cell. ACS Catal, 2012, 2(8): 1749-1752.
Schmitz S, Nies S, Wierckx N, et al. Engineering
mediator-based electroactivity in the obligate
aerobic bacterium Pseudomonas putida KT2440.
Front Microbiol, 2015, 6: 284,

Sekar R, Shin HD, DiChristina TJ. Activation of
an otherwise silent xylose metabolic pathway in
Shewanella oneidensis. Appl Environ Microbiol,
2016, 82(13): 3996-4005.

Flynn JM, Ross DE, Hunt KA, et al. Enabling
unbalanced fermentations by using engineered
electrode-interfaced bacteria. mBio, 2010, 1(5):
¢00190-10.

Choi D, Lee SB, Kim S, et al. Metabolically
engineered glucose-utilizing Shewanella strains
under anaerobic conditions. Bioresour Technol,
2014, 154: 59-66.

Johnson ET, Baron DB, Naranjo B,
Enhancement of

et al.

survival and electricity

production in an engineered bacterium by
light-driven proton pumping. Appl Environ
Microbiol, 2010, 76(13): 4123-4129.

Yang Y, Wu YC, Hu YD, et al. Engineering
electrode-attached microbial consortia for
high-performance xylose-fed microbial fuel cell.
ACS Catal, 2015, 5(11): 6937-6945.

Lin T, Bai X, Yang Y, et al. Synthetic Saccharomyces
cerevisiae-Shewanella oneidensis consortium
enables glucose-fed high-performance microbial fuel
cell. AIChE J, 2016.

Yong XY, Feng J, Chen YL, et al. Enhancement of
bioelectricity generation by cofactor manipulation in
microbial fuel cell. Biosens Bioelectron, 2014, 56:
19-25.

Han S, Gao XY, Ying HJ, et al. NADH gene
manipulation for advancing bioelectricity in
Clostridium ljungdahlii microbial fuel cells. Green
Chem, 2016, 18: 2473-2478.

Baron D, LaBelle E, Coursolle D, et al.
Electrochemical measurement of electron transfer
kinetics by Shewanella oneidensis MR-1. ] Biol
Chem, 2009, 284(42): 28865-28873.

Yang Y, Ding YZ, Hu YD, et al. Enhancing
bidirectional of  Shewanella

electron transfer

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

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

oneidensis by a synthetic flavin pathway. ACS Synth
Biol, 2015, 4(7): 815-823.

Yong YC, Yu YY, Li CM, et al. Bioelectricity
enhancement via overexpression of quorum sensing
system in Pseudomonas aeruginosa-inoculated
microbial fuel cells. Biosens Bioelectron, 2011,
30(1): 87-92.

WatnickP, Kolter R. Biofilm, city of microbes. J
Bacteriol, 2000, 182(10): 2675-2679.
Nguyen PQ, Botyanszki Z, Tay PKR,
biofilm-based
engineered curli nanofibres. Nat Commun, 2014, 5:
4945.

Liu T, Yu YY, Deng XP, et al. Enhanced Shewanella
biofilm promotes bioelectricity generation. Biotechnol
Bioeng, 2015, 112(10): 2051-2059.

Sturm-Richter K, Golitsch F, Sturm G, et al.
Unbalanced fermentation of glycerol in Escherichia

et al.

Programmable materials  from

coli via heterologous production of an electron
transport chain and electrode interaction in microbial
electrochemical cells. Bioresour Technol, 2015, 186:
89-96.

Nishio K, Kimoto Y, Song J, et al. Extracellular
electron transfer enhances polyhydroxybutyrate
productivity in Ralstonia eutropha. Environ Sci
Technol Lett, 2014, 1(1): 40-43.

Speers AM, Young JM, Reguera G. Fermentation of
glycerol into ethanol in a microbial electrolysis cell
driven by a customized consortium. Environ Sci
Technol, 2014, 48(11): 6350-6358.

Zhu L, Chen H, Huang L, et al. Electrochemical
analysis of Clostridium propionicum and its acrylic
acid production in microbial fuel cells. Eng Life Sci,
2011, 11: 238-244.

Li Z, Rosenbaum MA, Venkataraman A, et al.
Bacteria-based AND logic gate: a decision-making
and self-powered biosensor. Chem Commun, 2011,
47:3060-3062.

Torella JP, Gagliardi CJ, Chen JS, et al. Efficient
solar-to-fuels production from a hybrid microbial-
water-splitting catalyst system. Proc Natl Acad Sci
USA, 2015, 112(8): 2337-2342.

Li H, Opgenorth PH, Wernick DG, et al. Integrated

electromicrobial conversion of CO, to higher



FE FAMEVMRINBFEERENEGRENFERN

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

alcohols. Science, 2012, 335(6076): 1596.

Jeon JM; Park H; Seo HM, et al. Isobutanol
production from an engineered Shewanella oneidensis
MR-1. Bioproc Biosyst Eng, 2015, 38: 2147-2154.
Ross DE, Flynn JM, Baron DB, et al. Towards
electrosynthesis in  Shewanella: energetics of
reversing the mtr pathway for reductive metabolism.
PLoS ONE, 2011, 6: e16649.

Soussan L, Riess J, Erable B, et al. Electrochemical
of CO,
sulfurreducens grown on polarized stainless steel
cathodes. Electrochem Commun, 2013, 28: 27-30.
Nevin KP, Woodard TL, Franks AE, et al. Microbial

electrosynthesis: feeding microbes electricity to

reduction catalysed by Geobacter

convert carbon dioxide and water to multicarbon
extracellular organic compounds. mBio, 2010, 1(2):
€00203-10.

Sakimoto KK, Wong AB, Yang PD. Self-
photosensitization of nonphotosynthetic bacteria for
solar-to-chemical ~ production.  Science, 2016,
351(6268): 74-717.

Gong Y, Ebrahim A, Feist AM, et al. Sulfide-driven
microbial electrosynthesis. Environ Sci Technol,
2013, 47: 568-573.

Nevin KP, Hensley SA, Franks AE, et al
Electrosynthesis of organic compounds from carbon
dioxide is catalyzed by a diversity of acetogenic
microorganisms. Appl Environ Microbiol, 2011, 77:
2882-2886.

Choi O, Kim T, Woo HM, et al. Electricity-driven
metabolic shift through direct electron uptake by
electroactive heterotroph Clostridium pasteurianum.
Sci Rep-Uk, 2014, 4: 6961.

Liu C, Gallagher JJ, Sakimoto KK, et al
Nanowire-bacteria hybrids for unassisted solar
carbon dioxide fixation to value-added chemicals.
Nano Lett, 2015, 15(5): 3634-3639.

Kornienko N, Sakimoto KK, Herlihy DM, et al.
Spectroscopic elucidation of energy transfer in
hybrid
solar-to-chemical production. Proc Natl Acad Sci
USA, 2016, 113(42): 11750-11755.

Valdes ], Quatrini R, et al

Acidithiobacillus  ferrooxidans metabolism: from

inorganic-biological ~ organisms  for

Pedroso 1,

® 010-64807509

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

genome sequence to industrial applications. BMC
Genomics, 2008, 9: 597.

Aulenta F, Catervi A, Majone M, et al. Electron
transfer from a solid-state electrode assisted by
methyl viologen sustains efficient microbial
reductive dechlorination of TCE. Environ Sci
Technol., 2007, 41: 2554-5259.

Lojou E, Durand MC, Dolla A, et al. Hydrogenase
activity control at Desulfovibrio vulgaris cell-coated
carbon electrodes: biochemical and chemical factors
influencing the mediated bioelectrocatalysis.
Electroanalysis, 2002, 14: 913-922.

Steinbusch KJ, HamelersHV, Schaap JD, et al.
Bioelectrochemical ethanol production through
mediated acetate reduction by mixed cultures.
Environ Sci Technol, 2010, 44: 513-517.

Hatch JL, Finneran KT. Influence of reduced electron
shuttling compounds on biological H, production in
the fermentative pure culture Clostridium beijerinckii.
Curr Microbiol, 2008, 56: 268-273.

Park DH, Zeikus JG. Utilization of electrically
reduced neutral red by Actinobacillus succinogenes:
physiological  function of neutral red in
membranedriven fumarate reduction and energy
conservation. J. Bacteriol, 1999, 181: 2403-2410.
Park, DH, Laivenicks M, Guettler MV,et al.
Microbial utilization of electrically reduced neutral
red as the sole electron donor for growth and
metabolite production. Appl Environ Microbiol,
1999, 65:2912-2917.

Choi O, Um Y, Sang BI. Butyrate production
enhancement by Clostridium tyrobutyricum using
electron mediators and a cathodic electron donor.
Biotechnol Bioeng, 2012, 109: 2494-2502.

Aulenta F, Canosa A, Reale P, et al. Microbial
reductive dechlorination of trichloroethene to ethene
with electrodes serving as electron donors without
the external addition of redox mediators. Biotechnol
Bioeng, 2009, 103: 85-91.

Boussicault F, Robert M. Electron transfer in DNA
and in DNA-related biological processes.
Electrochemical insights. Chem Rev, 2008, 108:
2622-2645.

Fredrickson JK, Romine MF, Beliaev AS, et al.

K cjb@im.ac.cn

533




534

ISSN 1000-3061

CN 11-1998/Q Chin J Biotech March 25,2017 Vol.33 No.3

Towards environmental systems biology of
Shewanella. Nat Rev Microbiol, 2008, 6(8): 592—603.

[80] Ishii T, Kawaichi S, Nakagawa H, et al. From

chemolithoautotrophs to electrolithoautotrophs: CO,
fixation by Fe(Il)-oxidizing bacteria coupled with

direct uptake of electrons from solid electron sources.

Front Microbiol, 2015, 6: 994.

[81] Kita A, Iwasaki Y, Sakai S,et al. Development of

genetic transformation and heterologous expression
system in carboxydotrophic thermophilic acetogen
Moorella thermoacetica. J Biosci Bioeng, 2013, 115:
347-352.

[82] DiCarlo JE, Norville JE, Mali P, et al. Genome

engineering in Saccharomyces cerevisiae using
CRISPR-Cas systems. Nucleic Acids Res, 2013,
41(7): 4336-4343.

[83] Na D, Yoo SM, Chung H, et al. Metabolic

engineering of Escherichia coli using synthetic small
regulatory RNAs. Nat Biotechnol, 2013, 31(2):
170-174.

[84] Gibson DG, Young L, Chuang RY, et al. Enzymatic

assembly of DNA molecules up to several hundred
kilobases. Nat Methods, 2009, 6(5): 343-345.

[85] Leang C, Ueki T, Nevin KP, et al. A genetic system

for Clostridium ljungdahlii: a chassis for autotrophic
production of biocommodities and a model

2013

[86]

[87]

[88]

[89]

[90]

[91]

homoacetogen. Appl Environ Microbiol, 2013, 79:
1102-1109.

Kopke M, Held C, Hujer S, et al. Clostridium
ljungdahlii represents a microbial production
platform based on syngas. Proc Natl Acad Sci USA,
2010, 107(29): 13087-13092.

Kracke F, Vassilev I, Kromer JO. Microbial electron
transport and energy conservation-the foundation for
optimizing  bioelectrochemical
Microbiol, 2015, 6: 575.
Nealson KH, Rowe AR. Electromicrobiology:

systems.  Front

realities, grand challenges, goals and predictions.
Microb Biotechnol, 2016, 9: 595-600.

Malvankar NS, Lovley DR. Microbial nanowires: a
new paradigm for biological electron transfer and
bioelectronics. Chemsuschem, 2012, 5: 1039-1046.
Strycharz SM, Malanoski AP, Snider RM, et al.
Application of cyclic voltammetry to investigate
enhanced catalytic current generation by biofilm-
modified anodes of Geobacter sulfurreducens strain
DL1vs. variant strain KN400. Energy Environ Sci,
2011, 4: 896-913.

Strycharz-Glaven SM, Tender LM. Study of the
mechanism of catalytic activity of G sulfurreducens
biofilm anodes during biofilm growth. Chemsuschem,
2012, 5: 1106-1118.

(AR oegm FRET)

) 2004
2004-2009
2009-2013
- )
863 973
70  SCI Nat Chem

Biol Angew Chem ACS Synth Biol AIChE J

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



