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ABSTRACT: Flavins regulate the rate and direction of
extracellular electron transfer (EET) in Shewanella oneidensis.
However, low concentration of endogenously secreted flavins
by the wild-type S. oneidensis MR-1 limits its EET efficiency in
bioelectrochemical systems (BES). Herein, a synthetic flavin
biosynthesis pathway from Bacillus subtilis was heterologously
expressed in S. oneidensis MR-1, resulting in ∼25.7 times’
increase in secreted flavin concentration. This synthetic flavin
module enabled enhanced bidirectional EET rate of MR-1, in
which its maximum power output in microbial fuel cells increased ∼13.2 times (from 16.4 to 233.0 mW/m2), and the inward
current increased ∼15.5 times (from 15.5 to 255.3 μA/cm2).
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Extracellular electron transfer (EET) involves electron flow
and exchange between intracellular and extracellular redox-

active electron donors and acceptors. The kinetics and
efficiency of EET are key factors in determining the
performance of bioelectrochemical systems (BES), including
microbial fuel cells (MFC), microbial electrolysis cells (MEC),
and microbial electrosynthesis (MES), etc.1,2 EET may occur
bidirectionally, that is, outward EET in which electrons flow
from cells to extracellular electron acceptors (such as anodes in
MFC, and metal oxides for their reduction in biosynthesis of
nanomaterials)3−8 or inward EET in which electrons flow from
cathodes into cells to generate intracellular reducing power for
microbial electrosynthesis of chemicals.9−11

Shewanella oneidensis MR-1 has been extensively studied on
its bidirectional electron flow across cell membranes.12−16

Outward current flows from interior of cells to outer membrane
(OM) and extracellular anodes through a metal-reducing
conduit (Mtr pathway), where electrons (from NADH, the
intracellular electron carrier) flow through the menaquinol
pool, CymA (inner membrane [IM] tetraheme c-type
cytochromes [c-Cyts]), MtrA (periplasmic decaheme c-Cyts),
MtrB (β-barrel trans-OM protein) and finally to MtrC and
OmcA (two OM decaheme c-Cyts) (Figure 1).13,17−20 While

the membrane conduit of OmcA-MtrCAB has been well
established, the mechanism of interfacial electron extrange
between OM c-Cyts and electrodes remains in dispute. One
model of the interficial EET includes direct contact-based EET
via OM c-Cyts or nanowires, and shuttle-mediated EET via
endogenously secreted soluble flavins including flavin mono-
nucleotide (FMN) and riboflavin (RF).21−24 Reduced flavin
carries the electrons from OM c-Cyts to the external electron
acceptor (i.e., anode) by diffusion. After discharging electrons
to anodes in a two-electron reaction mode, the oxidized flavin
diffuses back and gets recharged by OM c-Cyts.13,23,24 The
electron shuttle flavin-mediated electron transfer was proven to
dominate the EET of S. oneidensis.25 Recently, another
interfacial EET model was proposed, where flavin may serve
as a cofactor binding to OmcA or MtrC to dictate EET.26−29

Fully oxidized flavin (Ox) accepts one electron from reduced
heme of OM c-Cyts, and binds to OM c-Cyts as a cofactor in
the semiquinone (Sq) form with shifted potential. Ox/Sq redox
cycling in OM c-Cyts donates electrons to electrodes in an one-
electron reaction mode via direct contact. The OmcA-MtrCAB
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conduit and interfacial EET pathways are reversible, which
allows the occurrence of inward currents to cells from
cathodes.27,30,31 Especially, the Sq/Hq (fully reduced flavin)
redox cycling with negatively shifted potential may account for
inward EET in the proposed cofactor model (Figure 1).
Despite the controversies in the interfacial EET mechanisms

of Shewanella, there is no doubt that flavins play fundamental
roles in the interfacial EET, which is a rate-limiting step in the
EET processes. However, the low concentration of naturally
secreted flavins by the wild-type (WT) S. oneidensis MR-1 (∼1
μM) limits its EET efficiency, especially the interfacial electron
transfer from OM c-Cyts to electron acceptors. Diffusion of free
flavin based on the Fick’s diffusion law is a rate-limiting step for
the shuttle-mediated EET. As the concentration gradient of
either oxidized or reduced electron shuttle is determined by its
total concentration, the low concentration of physiologically
secreted flavins limits the shuttle-mediated EET.2 In addition,
in an assumed protein−ligand binding model for the flavin/OM
c-Cyts interaction in the cofactor model,26 the flavin
dissociation constant of S. oneidensis was calculated to be over
10 μM, resulting in a small fraction of cofactor-occupied OM c-
Cyts at the physiological flavin concentration of WT S.
oneidensis. Thus, the concentration of flavins is a limiting factor
for the efficient EET of S. oneidensis.
Although exogeneously added flavins could elevate the EET

kinetics between OM c-Cyts and insoluble electron acceptors/
donors,25,28,32,33 the high cost of flavins as expensive additives
would limit the large-scale BES applications. It is therefore of
great significance to develop an engineered S. oneidensis strain
with increased endogenous flavin production, avoiding the
exogeneous addition of expensive flavins. To overcome the low
concentration of secreted flavins in WT S. oneidensis, the
synthetic biology approach, as a powerful and rational design
strategy in engineering S. oneidensis,34−36 was herein adopted to
tune its bioelectrochemical performance.

In this work, a synthetic flavin synthesis pathway from
Bacillus subitlis was heterologously expressed in S. oneidensis to
increase the secreted flavin concentration, in order to
strengthen the bidirectional electron conduits of S. oneidensis.
B. subtilis is one of the most robust industrial riboflavin
producers, and its flavin biosynthesis pathway is well
studied.37,38 Hence, the flavin synthesis pathway originated
from B. subtilis was adapted and modularized for functionaliza-
tion in S. oneidensis by our newly established standardized gene
assembly tools in S. oneidensis (Supporting Information, Figure
S1). In the synthetic flavin generation module (Figure 2a),
flavin is synthesized from the precursors guanosine 5′-
triphosphate (GTP) and D-ribulose 5′-phosphate (R5P). The
flavin biosynthesis pathway includes GTP cyclohydrolase II/
3,4-dihydroxy-2-butanone 4-phosphate synthase (RibA), a
pyrimidine deaminase/reductase (RibD), a RF synthase
(RibE), 6,7-dimethyl-8-ribityllumazine synthase (RibH), and a
RF kinase/FMN adenylyltransferase (RibC). The intracellular
produced flavin adenine dinucleotide (FAD) would be secreted
into the periplasmic space by a native IM FAD transporter
Bfe25 and hydrolyzed to FMN by UshA (Figure 2c).39 FMN
diffuses out of cells through OM porins and is hydrolyzed
gradually to form RF.
Such increased production of extracellular flavins boosted the

rate of bidirectional EET in our engineered S. oneidensis. The
outward EET was examined in MFCs, in which the maximum
power output increased ∼13.2 times from 16.4 to 233.0 mW/
m2. Meanwhile, the inward current density increased ∼15.5
times from 15.5 to 255.3 μA/cm2.

■ RESULTS AND DISCUSSION

Design of Standardized and Inducible Gene Expres-
sion Tools in S. oneidensis. Standardized molecular building
blocks have been demonstrated to facilitate convenient and fast
assembly of genetic modules;40,41 such tools, however, have not
been well established in S. oneidensis. To benefit the multigene
assembly in S. oneidensis, a Biobrick compatible vector named
pYYD (Supporting Information, Figure S1a) was constructed
by replacing the original multiple cloning site (MCS) of
pHG101 with a Biobrick specific restriction enzyme sites array
(EcoRI, XbaI, SpeI, and SbfI). The array was flanked by
terminators on both sides, insulating upstream and downstream
transcriptional interference. An IPTG-inducible promoter
element PlacIq-lacIq-Ptac was introduced to form the
expression vector pYYDT (Supporting Information, Figure
S1b), allowing various gene expression levels upon differential
IPTG induction.
Because of the codon usage bias between S. oneidensis and B.

subitlis, in vitro synthesis of codon optimized genes instead of
direct cloning from B. subitlis genome is necessary in order to
prevent blocked translation due to shortage of tRNAs for rare
codons. Each synthetic gene component of RibADEHC was
modularly designed and in vitro synthesized, along with a RBS
site, Biobrick prefix (EcoRI and XbaI), and suffix (SpeI and
SbfI). The procedure is illustrated in Supporting Information
Figure S2, and the primers for the gene syntheses are shown in
Supporting Information Table S3. The flavin biosynthesis
pathway was assembled by several routine Biobrick ligation
steps. With an increased number of gene components in the
flavin biosynthesis pathway being programmed, the constructed
plasmids were named as pYYDT-C1, pYYDT-C2, pYYDT-C3,
pYYDT-C4, pYYDT-C5, respectively, as illustrated in Figure

Figure 1. Schematic illustration of the flavin-mediated bidirectional
extracellular electron transfer (EET) models of Shewanella oneidensis.
Intracellular electrons flow through CymA and MtrA and come to OM
c-Cyts (OmcA and MtrC). The interfacial electron transfer between
OM and electrode interfaces may occur by direct contact-based EET,
via OM c-Cyts or nanowires, or indirect EET mediated by flavins as
electron shuttles. Ox/Hq cycling of free flavins dominants in this EET
model. On the other hand, flavins may function as cofactors, and Ox/
Sq cycling with positively shifted potential conducts outward electron
flow (a), while Sq/Hq cycling with negatively shifted potential allows
inward current (b). Filled orange circles represent flavin molecules in
Sq form as cofactors.
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2d. One additional Ptac was placed after ribD to achieve
coordinated efficient expression of all flavin synthetic genes.
Enhanced Production of Flavins by a Synthetic Flavin

Pathway at Optimized Expression Level. The WT and
each recombinant S. oneidensis strains were aerobically cultured
at different IPTG induction levels, and the flavin concentrations
secreted by these WT and mutant strains were measured by
ultra-performance liquid chromatography (UPLC). After 10 h
incubation, the flavin concentration was found to increase with
the increased number of gene components in the flavin
biosynthesis pathway (Figure 2b and d). The S. oneidensis strain
(pYYDT-C5) bearing the entire flavin biosynthesis gene cluster
ribADEHC could produce 26.15 ± 0.40 μM total flavins (20.80
± 0.18 μM FMN, 5.36 ± 0.58 μM RF, n = 3) induced by 0.75
mM IPTG, which was ∼25.7 times higher than that of the WT
S. oneidensis (0.98 ± 0.03 μM total flavins, 0.91 ± 0.03 μM
FMN, 0.08 ± 0.00 μM RF, n = 3). This demonstrated a

successful construction of a functional synthetic flavin pathway
in S. oneidensis.
We further found that the biosynthesis of flavins by the WT

and the engineered S. oneidensis strain (pYYDT-C5) under
anaerobic condition exhibited a similar trend but relatively
lower levels than those under aerobic condition (see
Supporting Information Table S2). The lower yield of flavins
at anaerobic condition is mainly caused by the lower fluxes of
the essential metabolic pathways for flavin biosynthesis
(including gluconeogenesis pathway, pentose phosphate path-
way [for R5P synthesis], and glycine pathway [glycine is the
precursor of GTP]) at oxygen-limiting environment than those
at aerobic condition.42

Enhanced Current Output in MFC. To assay the
influence of increased endogenous flavins on EET exerted by
the synthetic flavin pathway, the WT and recombinant S.
oeidensis pYYDT-C5 were inoculated into an MFC anode with
a 2 kΩ external resistor and recorded for voltage output,

Figure 2. Construction of a synthetic flavin biosynthesis pathway in S. oneidensis. (a) Biosynthesis pathway of flavin in Bacillus subtilis and the
functions of enzymes, which were heterologously cloned into S. oneidensis. FAD is synthesized from guanosine 5-triphosphate (GTP) and ribulose 5-
phosphate (R5P) by the RibADEHC enzymes. (b) Flavin production concentration (μM, z axis) as a function of IPTG concentration (mM, y axis)
by the recombinant S. oneidensis harboring various plasmids (x-axis showing the name of the harbored plasmid). The error bars showed standard
deviations from independent triplicates. (c) Secretion pathway of the endogenously synthesized flavins by the engineered S. oneidensis strains.
Cytoplasmic FAD is synthesized through synthetic flavin production module and is transported across IM through Bfe (bacterial FAD exporter).
FAD in periplasm is transformed to FMN by the UshA enzyme. FMN diffuses across OM through an unknown porin and is hydrolyzed to RF. (d)
Schematic plasmid maps of flavin expressing vectors. A constitutively expressed lacI 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.
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respectively (Figure 3a). Upon connection of discharge circuit,
the anodic current of the WT S. oneidensis rose in 24 h and
reached the peak value of 269.9 ± 10.2 mV (n = 3). When the
synthetic flavin pathway was introduced, the voltage generation
by S. oneidensis pYYDT-C5 was much faster (rose rapidly in 2 h
and reached peak voltage in 5 h), and reached a peak voltage of
634.0 ± 6.8 mV (n = 3). Thus, the presence of high-level flavins
synthesized by the synthetic flavin module dramatically
increased the voltage output.
EET Kinetics Revealed by Bioelectrochemistry Anal-

ysis. To investigate the underlying mechanism of enhanced
EET, cyclic voltammetry (CV) at a low scan rate (allowing
pseudosteady state redox reactions being established) was used
to reveal redox reaction kinetics at cell−electrode interfaces.
The CV for the WT and recombinant S. oneidensis pYYDT-C5
with and without synthetic flavin pathway are shown in Figure
3b. Upon the introduction of the synthetic flavin pathway, the
well-defined free flavin redox peaks were greatly elevated
originating from around −0.23 V (vs SHE). In addition, a
higher potential window starting from around −0.1 V (vs SHE)
occurred, corresponding to the OM c-Cyts. These results
indicated the enhanced EET by overexpressed flavins was
caused not only by the flavin-mediated electrode reduction but
also via the OM c-Cyts-electrode contact-based pathway.
According to the Fick’s diffusion law modified to reflect

current density (j = nF((DshuttleΔCshuttle)/Δz), where Dshuttle is
the diffusion coefficient of electron shuttle, Δz is the transport
distance, ΔCshuttle is the concentration gradient of either
oxidized or reduced shuttle, F is the Faraday’s constant, and
n is the number of moles of electrons transferred for oxidation
of one mole of electron shuttle), the mediated current is mainly

determined by the concentration gradient of electron shuttle.2

The increased flavin concentration could increase the
concentration gradient of either oxidized or reduced electron
shuttles, accelerating the diffusion process of free flavin between
cell−electrode interfaces. As diffusion process is a rate-limiting
step of the shuttle-mediated EET, the increased flavin
concentration could finally enhance the electron shuttle-
mediated EET.
Additionally, it has been reported that exogeneously added

flavins could increase biomass colonized on electrodes.32

Hence, it is speculated that the elevated catalytic current via
OM c-Cyts is due to more cells with the synthetic flavin module
attached on the electrode. To further investigate the influence
on direct EET exerted by the synthetic flavin module, the
biofilm formation was assayed by confocal laser scanning
microscopy imaging (CLSM). As shown in Figure 4, biofilm
formation with the synthetic flavin module (Figure 4b) was
thicker than that of the WT S. oneidensis (Figure 4a). Biofilm
formation is a complex process, requiring swimming and
swarming motilities via flagella, twitching motility via pili, and
sliding motility via spreading by growth, etc.43 Mutations in
flagella or pili of S. oneidensis have shown impaired cell
attachment or biofilm development.44 The relevance of flavins
in biofilm growth was previously put forward by proteomics
studies, which showed that cells in biofilm upregulated RibB
protein, a key enzyme of intrinsic flavin synthesis, as well as
synthesis of GTP compared to planktonic cells.45 Flavins could
possibly promote biofilm formation through providing more
energy via elevated Mtr respiration for the above-mentioned
motilities and maintain the stability of the S. oneidensis
biofilm.46

Figure 3. BES performance of the WT and the recombinant S. oneidensis harboring the pYYDT-C5 plasmid. (a) Voltage output of S. oneidensis
harboring empty vector (black triangle) or flavin operon expressing vector (red square) in microbial fuel cells (MFCs). (b) Turnover cyclic
voltammetry (CV) at a scan rate of 1 mV/s. (c) Nyquist plots of electrochemical impedance spectroscopy scanned at open circuit potential over
0.01−100 000 Hz with a 10 mV perturbation. (d) MFC polarization discharge curves obtained by linear sweep voltammetry (LSV) with a scan rate
of 0.1 mV/s. (e) MFC power density output curves. (f) BES performance with a biocathode. The biocathode was poised at −0.36 V (vs SHE), and
50 mM fumarate was added at 42 min. The current density was normalized to the geometric electrode area.
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To clarify whether the improved EET can be attributed to
more attached cells or more electro-active cells, the CV signals
were normalized to the colonized biomass on electrodes
(Figure 4d). The recombinant S. oneidensis with the synthetic
flavin module was measured to have 569.1 ± 16.0 μg protein (n
= 3) attached on the electrodes, while the WT S. oneidensis had
334.6 ± 14.7 μg protein (n = 3) (see Figure 4c). The
normalized CV showed higher EET rate of the recombinant S.
oneidensis (Figure 4d). These results indicate that the overall
elevated EET is due to not only more colonized cells on
electrodes but also more bioelectroactivity of each cell enabled
by the synthetic flavin pathway.
MFC Performance. To estimate the performance of MFC,

linear sweep voltammetry (LSV) at a low scan rate (0.1 mV/s)
was used to get the polarization curves (Figure 3d).47,48 The
dropping slope of polarization curves obtained from the
recombinant S. oneidensis pYYDT-C5 was smaller than that
obtained from the WT S. oneidensis, indicating less internal
resistance in MFC. By multiplying the current with its
corresponding voltage, the power density output curves could
be calculated. The power density output curves (Figure 3e)
showed that the recombinant S. oneidensis harboring pYYDT-
C5 obtained a maximum power density of 233.0 ± 24.9 mW/
m2 (n = 3), which is ∼13.2 times higher than that of the WT S.
oneidensis (16.4 ± 2.8 mW/m2, n = 3) (the triplicates are shown
in Supporting Information Figure S3).

Electrochemical impedance spectroscopy (EIS) was also
performed to precisely evaluate the internal resistance of the
MFCs inoculated with these Shewanella strains. By observing
the diameter of the semicircle at medium-high frequency of the
Nyquist plot (Figure 3c), the internal charge-transfer resistance
was decreased from ∼3 kΩ of the WT S. oneidensis to ∼600 Ω
of the recombinant S. oneidensis pYYDT-C5 containing the
synthetic flavin pathway.

Enhanced Inward Current. Besides MFC performance
associated with outward EET, inward current also benefited
from the synthetic flavin pathway. The final electron acceptor
of the well-established inward EET system in Shewanella is
fumarate.30 Upon addition of 50 mM fumarate, both strains
(WT and recombinant S. oneidensis) showed a prompt onset of
cathodic current (Figure 3f). The recombinant S. oneidensis
pYYDT-C5 strain showed a significant increase in the inward
current density (255.3 μA/cm2), which is ∼15.5 times higher
than that of the WT S. oneidensis (15.5 μA/cm2).
In summary, a synthetic flavin synthesis pathway was

constructed in S. oneidensis. It increased the endogenous
production of flavins by ∼25.7 folds and consequently elevated
both flavin-mediated and direct contact based EET. More
attached cells and more electro-active cell on the electrodes
were observed. The Mtr conduit strengthened by the synthetic
flavin synthesis module is rapid and efficient, allowing BES
applications related to inward and outward EET.

Figure 4. Confocal images of biofilms of the WT (a) and the recombinant S. oneidensis containing pYYDT-C5 (b) formed on the anodes of MFCs.
The obvious dark radial pattern in b is the shape of carbon fibers from carbon cloth. Pictures were taken at three random spots on each electrode,
and the representative image is shown here. The attached biomass of each strain on anodes was measured from three independent MFC anode
chambers (c). Standardized CV curves normalized by the attached biomass on anodes (d).
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■ METHODS

In Vitro Gene Synthesis. ribADEHC genes of B. subtilis
were identified, and their coding sequences were extracted from
KEGG49 and BioCyc database.50 Each coding sequence was
input into JCAT to adapt codon usage to express in S.
oneidensis,51 restriction enzyme sites of EcoRI, XbaI, SpeI, and
SbfI were avoided in optimized sequences. Each final sequence
to be in vitro synthesized is composed of one optimized coding
sequence flanked by an upstream BBF RFC 20 prefix
(containing EcoRI and XbaI), a RBS site (BBa_B0034,
iGEM), a 6 bp random sequence and a downstream BBF
RFC 20 suffix (containing SpeI and SbfI).52,53

To avoid high error rate when synthesize long fragment, each
final sequence was divided into several building blocks (less
than 750 bp) with overlaps performed by GeneDesign.54,55

Oligonucleotide sets for PCR based gene assembly of each
building block were designed by TmPrime.56 Each assembled
building block was ligated into peasyblunt vector (Transgen
biotech, China) and sequenced (Genewiz, China). Correct
building blocks belonging to one final sequence were ligated
together via overlap PCR, cloned into peasyblunt vector, and
sequenced. See Supporting Information Figure S2 (gene
synthesis flowchart) and Table S3 (primer sequences).
Plasmid Construction and Transformation. All plasmid

constructions were performed in Escherichia coli DH5α (DSM
6897). E. coli strains were cultured in LB medium at 37 °C with
200 rpm. Whenever needed, 50 μg/mL kanamycin was added
in the culture medium.
A ∼300 bp oligonucleotide was synthesized, containing a

terminator stem loop, multicloning sites (including EcoRI,
XbaI, SpeI, and SbfI), and a double terminator (BBa_B0015,
iGEM). This fragment was flanked by two AgeI restriction sites
at each end, and the original multicloning sites between two
AgeI restriction sites of pHG101 were substituted;57 then, the
pYYD plasmid formed. Insertions of Biobrick designed
fragments into pYYD plasmid were done according to previous
procedures.52,53,58 A PlacIq-lacIq-Ptac fragment was cloned
from pMAL-c vector (New England Biolabs, U.S.A.) as an
inducible promoter Biobrick and incorporated into pYYD so as
to form pYYDT vector.
Synthesized ribA, ribD, ribE, ribH, and ribC Biobricks were

incorporated into pYYDT sequentially and form the resulting
expression plasmids pYYDT-C1, pYYDT-C2, pYYDT-C3,
pYYDT-C4, and pYYDT-C5. An addit ional P tac
(BBa_K864400, iGEM) was added before ribE Biobrick in
plasmids pYYDT-C3, pYYDT-C4, and pYYDT-C5 (Figure 2d).
Plasmids to be transformed into S. oneidensis were first

transformed into the plasmid donor strain E. coli WM3064 (a
dap auxotroph) and transferred into S. oneidensis by
conjugation.59 Whenever needed, 100 μg/mL 2,6-diaminopi-
melic acid (DAP) was added for the growth of E. coliWM3064.
Culture Condition for Flavin Production and Flavin

Measurements. S. oneidensis MR-1 (ATCC 700550) from
−80 °C freezer stock was inoculated into 20 mL LB broth
shaking at 30 °C overnight aerobically. For the flavin synthesis
at aerobic condition, 1.6 mL S. oneidensis culture suspension
was inoculated into 40 mL Shewanella basal medium32 with 15
mM lactate. After growing 10 h at 30 °C with 200 rpm, the
culture broth was subjected to flavin measurements. For the
flavin synthesis at anaerobic condition, 0.6 mL S. oneidensis
(harboring pYYDT or pYYDT-C5) culture suspension was
inoculated into 15 mL Shewanella basal medium (with 15 mM

lactate and 30 mM sodium fumarate) in a sealed 15-mL test
tube. The yields of flavins were assayed after 10 h of incubation
at 30 °C.
All standard solutions and sample supernatants were filtered

and assayed by a reverse-phase C18 column (10 cm × 2.1 mm,
5 μm, Ascentis) using the Prominence UPLC system
(Shimadzu, Japan), which was equipped with two LC-20AD
pumps and a SPD-M20A diode array detector. The mobile
phase was composed of methanol and 0.05 M ammonium
acetate (pH = 6.0). The chromatographic separations utilized a
linear gradient from 25:75 to 70:30 v/v methanol/0.05 M
ammonium acetate within 8 min, followed by isocratic 70:30 v/
v to 11 min, and isocratic 25:75 v/v to 16 min at a flow rate of
0.2 mL/min at 30 °C with 20 μL injection volume. The ranges
of concentration for standard solutions were 1 nM to 57 μM for
FAD, 15 nM to 73 μM for FMN, and 26 nM to 131 μM for RF,
respectively. The elution times were around 3.5 min for FAD,
4.6 min for FMN, and 6.1 min for RF, respectively. Flavin
concentrations were calculated based on the signals at 267 nm.

BES Setup. Overnight S. oneidensis suspension was trans-
ferred to 420 mL Shewanella basal medium with 15 mM lactate
in 1 L flasks. For S. oneidensis harboring the empty vector
pYYDT or pYYDT-C5, the medium were both supplemented
with 50 μg/mL kanamycin and 0.75 mM IPTG to ensure
consistent culture condition. After 10 h growth at 30 °C with
200 rpm, the cell suspension concentration was adjusted to
same level (OD600 value equals to 0.5) and dispersed into the
bioanode of three H cell reactors (with a working volume of
140 mL) for parallel. The bioanodes were purged with nitrogen
gas to exclude oxygen.
Carbon cloth (Gashub, Singapore) was used as the

electrodes for both anode (2.5 cm × 2.5 cm, i.e., the geometric
area is 6.25 cm2) and cathode (2.5 cm × 3 cm). The Nafion
117 membrane (Gashub, Singapore) was used to separate the
anode and cathode, which was pretreated as follows. First, it
was boiled in 3% hydrogen peroxide for 0.5 h in water bath (80
°C). After being washed with distilled water several times, it
was then boiled in distilled water for 0.5 h at 80 °C. Finally, it
was boiled in 0.5 M sulfuric acid for 0.5 h at 80 °C, washed, and
kept in sterile distilled water before H cell setup.60 The
cathodic electrolyte was made of 50 mM K3[Fe(CN)6] in 50
mM KCl solution. A 2 kΩ external resistor was connected to
both anode and cathode. MFC reactors were incubated at 30
°C, and the voltage outputs were continuously recorded by data
acquisition cards MPS-110001 (Morpheus Electronics Tech-
nology Co. Ltd., China)
Procedures for BES setup with biocathode were similar,

except that the cells were inoculated into cathode (carbon
cloth: 2.5 cm × 2.5 cm), and anodic electrolyte (carbon cloth:
2.5 cm × 3 cm) was made of 50 mM K4[Fe(CN)6] in 50 mM
KCl solution. The cathodes were continuously stirred by a
multipoint magnetic stirrer UM-12T (USUN, China) at room
temperature. The biocathodes were imposed at −0.36 V (vs
SHE) by a multichannel potentiostat CHI 1000C (CH
Instruments, U.S.A.).

Electrochemical Analysis. Cyclic voltammetry (CV) was
performed in a three-electrode configuration with an Ag/AgCl
reference electrode (CH Instruments, U.S.A.) on a CHI 1000C
multichannel potentiostat (CH Instruments, U.S.A.). CV scan
rate was 1 mV/s in the range from −0.5 to 0.3 V (vs SHE).
Polarization curves were obtained by linear sweep

voltammetry (LSV) decreasing the potential at a rate of −0.1
mV/s from OCP to −0.2 V controlled by CHI 1000C.47,48
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Electrochemical impedance spectroscopy (EIS) experiments
were measured using a multichannel potentiostat Solartron
1470E (Solartron Analytical, U.S.A.) over the frequency range
of 10−2 to 105 Hz with 10 mV amplitude.
Confocal Image. Confocal images were captured using a

Carl Zeiss Confocal Laser Scanning Microscopy (CLSM) LSM
780 with 34 channels and transmitted light-PMT equipped with
an Axio observer inverted microscope and different objective
lenses (20×/0.4 NA, 40×/0.6 NA, 40×/1.3 NA oil, 63×/1.4
NA oil, and 100×/1.4 NA oil). The biofilms associated with
electrodes were stained with the LIVE/DEAD Baclight bacterial
viability kit (Invitrogen, U.S.A.). Laser wavelengths of 488 and
561 nm were utilized for image. Images were processed using
ZEN 2011 software.
Electrode Attached Biomass Measurement. The

electrode was placed in a 50 mL tube containing 5 mL of 0.2
M NaOH, vortexed for 1 min, and then incubated in a water
bath at 96 °C for 20 min to lyse cells. The extracts were cooled
to room temperature and tested by bicinchoninic acid (BCA)
protein assay kit (Sigma, U.S.A.).
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