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Abstract
In bioelectrochemical systems, the electrode potential is an important parameter affecting

the electron flow between electrodes and microbes and microbial metabolic activities. Here,

we investigated the metabolic characteristics of a glucose-utilizing strain of engineered

Shewanella oneidensis under electrode-respiring conditions in electrochemical reactors for

gaining insight into how metabolic pathways in electrochemically active bacteria are

affected by the electrode potential. When an electrochemical reactor was operated with its

working electrode poised at +0.4 V (vs. an Ag/AgCl reference electrode), the engineered S.
oneidensis strain, carrying a plasmid encoding a sugar permease and glucose kinase of

Escherichia coli, generated current by oxidizing glucose to acetate and produced D-lactate

as an intermediate metabolite. However, D-lactate accumulation was not observed when

the engineered strain was grown with a working electrode poised at 0 V. We also found that

transcription of genes involved in pyruvate and D-lactate metabolisms was upregulated at a

high electrode potential compared with their transcription at a low electrode potential. These

results suggest that the carbon catabolic pathway of S. oneidensis can be modified by con-

trolling the potential of a working electrode in an electrochemical bioreactor.

Introduction
The environmental redox state is an important factor determining the growth and metabolic
activities of microorganisms because it affects the availability of electron acceptors and cellular
energy conservation processes, such as respiration and fermentation [1]. In the respiratory
chain, the difference in redox potentials between electron donors and acceptors determines the
amount of energy conserved during electron transfer reactions. The intracellular redox balance,
which influences fermentative products, is also associated with the environmental redox state
[2]. In biotechnological processes, the amount of electron acceptors (e.g., oxygen) is used for
controlling the production rate and target compound yields [3].

Recent studies have suggested that bioelectrochemical systems (BES) are useful for control-
ling microbial metabolic activities [4]. BES are biotechnological systems that utilize the
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association between electrodes and electrochemically active bacteria (EAB). BES have attracted
considerable attention because of their wide applicability for valuable biotechnological pro-
cesses, including electricity generation (i.e., microbial fuel cells; MFC) [5] and the production
of fuels and chemicals (i.e., microbial electrosynthesis) [6]. In BES, the redox state of electron
acceptors (or donors) and rate of electron flow during metabolism can be altered by controlling
the electrode potential, allowing modification of the intracellular redox balance in electrode-
associated microbes [6,7]. Studies have also demonstrated that differences in electrode poten-
tial and/or catalytic current in BES influence the gene expression profiles of EAB [8–10]. To
cite an example, Matsuda et al. [10] have reported that the expression levels of the genes associ-
ated with the TCA cycle in Shewanella loihica PV-4 were markedly altered when cells were cul-
tivated in the presence of electrodes poised at different potentials. However, limited
information is available on how EAB control metabolism and alter their intracellular metabolic
products in response to changes in the electrode potential.

Shewanella oneidensisMR-1 is one of the most extensively studied EAB, owing to its anno-
tated genome sequence [11], ease of genetic manipulation [4], and capability to transfer elec-
trons to extracellular electrodes without an exogenously added mediator [12]. Further, recent
studies have demonstrated the potential applicability of this strain for microbial electrosynth-
esis systems [13]. Because MR-1 has also been well characterized in terms of its central carbon
utilization pathways [14–19], it is considered suitable as a model bacterium for studying the
metabolic characteristics of EAB during electrochemical cultivation in BES. However, studies
have also revealed that MR-1 and many other Shewanella strains preferably utilize low-molecu-
lar-weight organic acids, including lactate and pyruvate, as carbon and energy sources. They
do not prefer five- and six-carbon carbohydrates, including glucose, although these sugars are
widely used as substrates for MFC and bioproduction processes. Therefore, metabolic engi-
neering of MR-1 to confer the ability to utilize glucose may be valuable not only for expanding
the applicability of this strain for biotechnological applications but also for understanding how
EAB metabolize carbohydrates under potential-controlled conditions.

Spontaneous and engineered glucose-utilizing S oneidensis strains have been obtained in
previous studies. Howard et al. [20] have reported that MR-1 acquired the ability to utilize glu-
cose after an initial exposure to glucose. More recently, Choi et al. [21] successfully constructed
glucose-utilizing Shewanellamutants by introducing the glucose facilitator (glf) and glucoki-
nase (glk) genes from Zymomonas mobilis. However, although they also demonstrated that
engineered MR-1 was able to generate current using glucose as the electron donor in an MFC
reactor [21], the metabolic profiles of sugar-utilizing Shewanella strains during electrode respi-
ration have not been investigated. In the present study, we constructed an engineered S. onei-
densis strain by introducing glycolytic genes from Escherichia coli. We then characterized the
glucose utilization profiles of this strain under electrode-respiring conditions in BES, with a
particular focus on differences in D/L-lactate production from glucose and the expression lev-
els of genes involved in pyruvate and lactate metabolism.

Materials and Methods

Bacterial strains and growth conditions
S. oneidensisMR-1 was obtained from the American Type Culture Collection (ATCC). E. coli
strains [22] were routinely cultured in Luria–Bertani (LB) medium at 37°C. The E. colimating
strain (WM6026) required supplementation of the medium with 100 μg/ml 2,6-diaminopime-
lic acid (DAP) for growth. Shewanella oneidensis strains were cultured at 30°C in LB or in lac-
tate minimal medium (LMM) [23] containing 15 mM lactate as the carbon source and
supplemented with 0.2 g/l casamino acids, 10 ml/l of each amino acid, and 10 ml/l of each trace
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mineral solution. Glucose minimal medium (GMM), which contained 10 mM or 15 mM glu-
cose instead of the lactate in LMM, was used for cultivation with glucose as the carbon and
energy source. For aerobic cultivation, S. oneidensis strains were introduced into 300-ml baffled
Erlenmeyer flasks containing 100 ml LMM or GMM, and were cultivated with shaking on a
rotary shaker at 180 rpm. For anaerobic cultivation, S. oneidensis strains were introduced into
100-ml bottles containing 80 ml GMM supplemented with 5 mM or 40 mM fumarate. The bot-
tles containing the anaerobic cultures were capped with Teflon-coated butyl rubber septa,
sealed with aluminum crimp seals, and purged with pure nitrogen gas. The optical densities at
600 nm (OD600) of the cultures were measured using a DU800 spectrophotometer (Beckman).
When necessary, 15 μg/ml gentamicin (Gm) was added to the culture media. Agar plates con-
tained 1.6% Bacto agar (Difco).

Mutant construction
The glk (ECK2384) and galP (ECK2938) genes were amplified from the genomic DNA of an E.
coli K-12 derivative, strain DH5α, using primer sets glk-F-KpnI and glk-R-XhoI, and galP-F-X-
hoI and galP-R-PstI, respectively (see S1 Table in the Supporting Information). The PCR prod-
ucts obtained were digested by the restriction enzymes corresponding to the sites incorporated
in the primers (XhoI and either KpnI or PstI) and then ligated into KpnI-PstI-digested
pBBR1MCS-5 [24]. The resultant plasmid, pBBR-glk-galP, was introduced into S. oneidensis
cells by filter mating with E. coliWM6026.

In-frame disruption of the dld-II and ldhA gene in strain MR-1 was performed using a two-
step homologous recombination method with suicide plasmid pSMV-10, as described previ-
ously [22,23,25]. Briefly, a 1.6-kb fusion product, consisting of upstream and downstream
sequences of the dld-II or ldhA gene joined by an 18-bp linker sequence, was constructed by
PCR and in-vitro extension using the primers listed in S1 Table. The amplified fusion product
was ligated into the SpeI site of pSMV-10, generating pSMV-dld-II or pSMV-ldhA, which was
then introduced into MR-1 by filter mating with E. coliWM6026. Transconjugants (single-
crossover clones) were selected on LB plates containing 50 μg/ml kanamycin (Km) and were
further cultivated for 20 h in LB medium lacking antibiotics. The cultures were then spread
onto LB plates containing 10% (w/v) sucrose to isolate Km-sensitive double-crossover mutants.
Disruption of the target gene in the obtained strains was confirmed by PCR. One representative
mutant strain in which the dld-II or ldhA gene was disrupted in-frame was selected and desig-
nated Δdld-II or ΔldhA, respectively. To construct a dld-II/ldhA double-knockout mutant
(Δdld-IIΔldhA), pSMV-ldhA was introduced into the Δdld-II cells, and the double-crossover
mutants were screened as described above.

Operation of electrochemical cells
A small double-chambered EC (36 ml total capacity) was used to monitor and compare cur-
rents generated by S. oneidensis strains. This EC was equipped with a graphite felt working
electrode (3.0 cm2; poised at +0.4 V vs. Ag/AgCl) and an Ag/AgCl reference electrode (HX-R5,
Hokuto Denko) in the anode chamber and a platinum wire counter electrode (5 cm, φ0.3 mm;
Nilaco) in the cathode chamber. A Nafion 117 proton-exchange membrane (7.1 cm2; Sigma-
Aldrich) was used to separate the anode and cathode chambers. The anode chamber was filled
with 15 ml of LMM or GMM that had been supplemented with 4 mM lactate or 2 mM glucose
as the electron donor and 170 mMNaCl as an electrolyte, and then inoculated with bacterial
cells at an initial OD600 of 0.01. The cathode chamber was filled with 15 ml of the same medium
without glucose. Current was monitored using a multichannel potentiostat (VPM3; Biologic),
and a current density (μA/cm2) was calculated based on the projected area of working electrode
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(3.0 cm2). Coulombic efficiency was calculated by dividing the total number of electrons trans-
ferred to the working electrode by the theoretical maximum number of electrons produced by
complete substrate oxidation to CO2 (24 e

–/mol for glucose and 12 e–/mol for lactate).
A large double-chambered EC (360 ml total capacity) was used for metabolite and transcrip-

tional analyses of MR-1(pBBR-glk-galP). This EC was equipped with a graphite felt working
electrode (8 cm2) and an Ag/AgCl reference electrode in the anode chamber and a platinum
wire counter electrode (10 cm) in the cathode chamber. A Nafion 117 proton exchange mem-
brane (28 cm2) was used to separate the anode and cathode chambers. The anode chamber was
filled with 150 ml of GMM supplemented with 2 mM glucose and 170 mMNaCl, and then
inoculated with bacterial cells at an initial OD600 of 0.01. The cathode chamber was filled with
150 ml of the same medium without glucose. A current density (μA/cm2) was calculated based
on the projected area of working electrode (4.0 cm2). Reproducibility was assessed using at
least three independent measurements, and typical data are shown here. For metabolite analy-
ses, the working anode electrode was poised at 0 V or +0.4 V (vs. Ag/AgCl) using a VPM3
potentiostat. For transcriptional analyses, the working electrode was poised at 0 V, and then
after the electric current became stable, the electrode potential was changed to +0.3 V or –0.3
V. After further cultivation in the ECs for 2 h, the bacterial cells attached to the working elec-
trode were collected and subjected to RNA extraction.

Metabolite analyses
After the cells were removed by filtration through a membrane filter unit (0.20 μm pore size,
DISMIC-25HP; Advantec), the amounts of acetate, formate, and some other organic acids in
the EC supernatant were measured using a previously described high-performance liquid chro-
matography (HPLC; Agilent 1100 series) method [22]. Glucose and D/L-lactate in the filtered
supernatant were measured with enzymatic assays that were performed using an F-kit (J. K.
international) according to the manufacturer’s instructions.

RNA extraction
Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer’s
instructions and subsequently purified using an RNeasy Mini Kit and an RNase-Free DNase
Set (Qiagen). The quality of extracted RNA was evaluated using an Agilent 2100 Bioanalyzer
with RNA 6000 Pico reagents and RNA Pico Chips (Agilent Technologies) according to the
manufacturer’s instructions.

Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) was performed using a LightCycler 1.5 instrument (Roche)
according to a previously described method [26–28]. The PCR mixture (20 μl) contained 15 ng
total RNA, 1.3 μl of 50 mMMn(OAc)2 solution, 7.5 μl LightCycler RNAMaster SYBR Green I
(Roche), and 0.15 μM of the primers listed in S1 Table in the Supporting Information. To gen-
erate standard curves, DNA fragments from the target genes dld-II, lldF, ldhA, aceF, pykA, eda,
pta, pflB, and the 16S rRNA gene were amplified by PCR using the total DNA of strain MR-1
as the template. These DNA fragments were subsequently purified by agarose gel electrophore-
sis using a QIAEX II Gel Extraction Kit (Qiagen). A dilution series of the purified products
from each PCR reaction and the original RNA samples were used as templates for qRT-PCR
analysis. Specificity of the qRT-PCR was verified by dissociation-curve analysis. The expression
levels of the target genes (dld-II, lldF, ldhA, aceF, pykA, eda, pta, and pflB) were normalized
based on the expression level of the reference gene (16S rRNA gene). All measurements were
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performed in triplicate at a minimum, and the data were statistically analyzed by the Student’s
t-test. A P value of 0.01 was considered statistically significant.

Results and Discussion

Construction of glucose-utilizing mutant
The annotated genomic sequence data of S. oneidensisMR-1 (Genbank accession no.
AE014299) suggest that this strain is able to metabolize glucose-6-phosphate and its down-
stream glycolytic metabolites through the Entner–Doudoroff (ED) and pentose phosphate
(PP) pathways. However, this strain is unable to take up and phosphorylate glucose because a
frameshift exists in the glucose/galactose transporter gene, gluP (SO_2214) [16,29], and no glu-
cokinase gene (glk) can be found in the genome. Although MR-1 has a complete set of genes
encoding the phosphoenolpyruvate (PEP):sugar phosphotransferase system for glucose
(PTSGlc; ptsHI-crr and ptsG), it is known that this system does not support the growth of bacte-
ria on glucose through the ED and PP pathways. This is because these glycolytic pathways can-
not produce a sufficient amount of PEP for the phosphotransferase reaction of the PTS [16].
However, previous studies have reported that the introduction of glk and a glucose/galactose-
proton symporter gene (galP) restored the ability of PTSGlc-inactivated E. colimutants to utilize
glucose by allowing glucose uptake and phosphorylation without the consumption of PEP [30–
32]. In the present study, we constructed plasmid pBBR-glk-galP, which contains the glk and
galP genes derived from E. coli K-12, and introduced it into MR-1 to confer the ability to utilize
glucose on this strain (Fig 1).

When MR-1(pBBR-glk-galP) cells were cultivated in GMM under aerobic or anaerobic,
fumarate-reducing conditions, cell growth accompanied by glucose consumption was observed
(Fig 2A to 2D), demonstrating that introduction of these E. coli glycolytic genes allowed MR-1
to acquire the ability to grow on glucose. However, when the cells were incubated under anaer-
obic condition in the absence of any electron acceptor, substantial cell growth was not observed
within the first 5 days of incubation (data not shown). This indicates that the engineered strain
cannot acquire sufficient energy for growth under these fermentation conditions. A similar

Fig 1. The glycolytic pathway in the engineered S. oneidensisMR-1. The engineered pathway
constructed in this study is shown in a white box. Intrinsic catabolic pathways shown in shaded boxes are
depicted based on findings reported in the literature [15,17–19,35].

doi:10.1371/journal.pone.0138813.g001
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result has also been observed for another engineered strain of S. oneidensis [21], which exhib-
ited only very low biomass production even when cells were cultivated for 18 days under glu-
cose-fermenting conditions. The poor growth of the MR-1 derivatives during glucose
fermentation is likely related to the low ATP yields that result from glycolysis through the ED
pathway [33].

Current generation by MR-1(pBBR-glk-galP)
Current generation from glucose by MR-1(pBBR-glk-galP) was analyzed and compared with
that from lactate using a small double-chambered EC equipped with a working electrode
poised at +0.4 V (vs. Ag/AgCl) (Fig 3). The results demonstrate that the engineered strain is
able to generate current using glucose as the electron donor. However, the maximum current
density obtained from glucose (77.3 μA/cm2) was 55% lower than that obtained from lactate
(140 μA/cm2), suggesting that the rate of glucose metabolism in the engineered MR-1 was
lower than the rate of lactate metabolism. This difference in the current densities may reflect a
difference in the growth rates of this strain in GMM and LMM (0.014 h–1 and 0.35 h–1, respec-
tively, under fumarate-reducing conditions). Coulombic efficiencies in glucose- and lactate-
supplemented ECs were calculated to be 10.3% and 19.3%, respectively, indicating that many

Fig 2. Growth (A, B) and glucose consumption (C, D) of S. oneidensis derivatives under aerobic (A, C) and fumarate-reducing (B, D) conditions. S.
oneidensis cells harboring pBBR1MCS-5 (control vector) or pBBR-glk-galP were grown in GMM-containing 15 mM glucose as the electron acceptor.
Anaerobic cultures were supplemented with 40 mM fumarate as the electron donor. Error bars represent standard deviations calculated from triplicate
measurements.

doi:10.1371/journal.pone.0138813.g002
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of the supplemented substrates were not completely oxidized in these ECs. Previous studies
have reported that Shewanella strains exhibits low coulombic efficiencies in lactate-supple-
mented MFC because they partially oxidize lactate and produce acetate as the major metabolite
[22,34]. Similarly, in the present study, acetate was detected at concentrations of 2.3 mM and
2.9 mM in the supernatant of the glucose- and lactate-supplemented ECs, respectively, when
the substrates were completely consumed (18 h after commencing the incubation). The molar
yields of acetate from glucose and lactate were 58% and 73%, respectively. These results indi-
cate that current generation from glucose by the engineered MR-1 mainly occurs through par-
tial substrate oxidation of glucose to acetate, as is the case for current generation from lactate.

Metabolic responses to different electrode potentials
To investigate the influence of electrode potentials on the metabolic activity of engineered S.
oneidensis, current generation and metabolite production from glucose were monitored using
an EC equipped with a working electrode poised at +0.4 V (vs. Ag/AgCl) (high potential, HP)
or 0 V (low potential, LP) (Fig 4A to 4F). In this experiment, we used a large double-chambered
EC for stable sampling of supernatants from the anode chamber. Higher electric current and
glucose-consumption rate were observed under the HP condition (Fig 4A and 4C) than were
observed under the LP condition (Fig 4B and 4D). Although Matsuda et al. [10] have reported
that S. loihica PV-4 generated decreased current when cells were grown in an EC equipped
with a tin-doped, In2O3 (ITO)-coated glass working electrode poised at a high potential, such
decreases in current at higher potentials were not observed in the present study. It is likely that
differences in electrode materials and configuration of the EC affect the current-generation
profiles of Shewanella strains under poised potential conditions.

Acetate was detected in ECs operated under the HP and LP conditions, along with current
generation and glucose consumption (Fig 4C and 4D). Interestingly, a significant amount of
D-lactate was detected, along with an increase in current density, under the HP condition (Fig
4E). This demonstrates that the engineered MR-1 was able to ferment glucose and produce D-
lactate as an intermediate metabolite under electrode respiration. D-lactate was completely
consumed within 300 h (Fig 4E), indicating that this metabolite was oxidized to acetate for cur-
rent generation. However, under the LP condition, substantial quantities of D-lactate were not

Fig 3. Current generation from glucose or lactate by MR-1 (pBBR-glk-galP). Cells were introduced into
ECs supplemented with a minimal medium containing lactate or glucose as the electron donor and grown in
the presence of a working electrode poised at +0.4 V (vs. Ag/AgCl). Results represent means of at least two
parallel but independent experiments.

doi:10.1371/journal.pone.0138813.g003
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detected (Fig 4F). These results suggest that the difference in the electrode potential influences
the glycolytic flux to D-lactate in the engineered S. oneidensis. L-lactate did not remarkably
accumulate under HP or LP conditions (Fig 4E and 4F). Formate and other organic acids,
including succinate, fumarate, propionate, and maleate, were not detected in this experiment
(data not shown), while Choi et al. [21] have reported that a glucose-utilizing S. oneidensis
strain produced formate in addition to acetate and lactate (the chirality was not identified in
that experiment) during glucose metabolism in the presence or absence of Fe(III) oxide. This
difference is likely due to the rapid oxidation of formate under poised electrode conditions.

Identification of D-lactate-production pathways
Based on the annotated genomic sequence data, S. oneidensisMR-1 is predicted to have two D-
lactate dehydrogenase (D-LDH) genes, i.e., dld-II (SO_1521) and ldhA (SO_0968). Previous
studies have reported that, while Dld-II functions as the respiratory D-LDH required for D-

Fig 4. Current (A, B) andmetabolite (C, D, E, F) production from glucose by MR-1(pBBR-glk-galP) in ECs operated with HP (A, C, E) or LP (B, D, F)
electrode. Cells were cultivated in ECs supplemented with 2 mM glucose as the electron donor. The error bars represent the standard deviations calculated
from triplicate measurements.

doi:10.1371/journal.pone.0138813.g004
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lactate oxidation to pyruvate in MR-1 [15], this enzyme is also involved in pyruvate reduction
to D-lactate during pyruvate fermentation [35]. LdhA belongs to a family of fermentative
NADH-dependent D-LDHs [36], although the function has not yet been characterized in MR-
1. To identify the gene(s) involved in D-lactate production in the engineered MR-1, we con-
structed two single-knockout mutants for these D-LDH genes (Δdld-II and ΔldhA) and a dou-
ble-knockout mutant (Δdld-IIΔldhA), and examined their ability to produce D-lactate from
glucose. In this experiment, wild-type MR-1 (WT), Δdld-II, ΔldhA, and Δdld-IIΔldhA cells
transformed with pBBR-glk-galP were grown in GMM under electron acceptor (fumarate)-
limited conditions, and D-lactate accumulation in culture supernatants was determined and
compared (Fig 5). The results revealed that the production of D-lactate by ΔldhA cells
(0.122 ± 0.002 mM) was substantially lower than that by WT cells (0.493 ± 0.107 mM).
Although Pinchuk et al. [35] reported that the deletion of ldhA in MR-1 did not impair lactate
production during pyruvate fermentation, the above results indicate that LdhA functions as a
major fermentative D-LDH during sugar utilization. However, ΔldhA cells retained the ability
to produce a small amount of D-lactate, while Δdld-IIΔldhA cells did not produce this metabo-
lite at a detectable level (Fig 5). This observation indicates that Dld-II is partially involved in D-
lactate production from glucose. We also found that Δdld-II accumulated a higher concentra-
tion of D-lactate compared to WT (Fig 5), supporting that Dld-II is mainly involved in the oxi-
dation of D-lactate to pyruvate. Taken together, these results indicate that, in the engineered
glycolytic pathway, a substantial portion of pyruvate produced during glucose fermentation is
converted to D-lactate by LdhA, and partly by Dld-II, although the product is largely recon-
verted to pyruvate by Dld-II (Fig 1).

Expression of lactate and pyruvate metabolism genes
To explore the reason for the electrode potential-dependent accumulation of D-lactate, we
investigated the transcriptional levels of the genes involved in lactate and pyruvate metabolism

Fig 5. D-lactate production from glucose by D-LDH-deficient S. oneidensis derivatives. Cells were
anaerobically grown in GMM containing 10 mM glucose and 5 mM fumarate until the electron acceptor was
completely consumed (for 24 h). Error bars represent standard deviations calculated from triplicate
measurements. ND, not detected (below detection limits; 0.02 mM).

doi:10.1371/journal.pone.0138813.g005
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in cells grown at different electrode potentials. In this experiment, MR-1(pBBR-glk-galP) cells
were cultivated at a poised electrode potential of 0 V until the electric current became stable
(for 9 h), and then the potential was altered to +0.3 V or –0.3 V. This experiment confirmed
that electric current was steeply increased or decreased by the shift in the electrode potential
(Fig 6A). To investigate the influence of shifts in electrical potential on gene expression without
substantial changes in metabolite concentrations, cells attached to the working electrodes were
collected 2 h after the potential shifts. Total RNA extracted from these cells was analyzed using
qRT-PCR. Expression levels of D- and L-LDH genes (dld-II, ldhA, and lldF) are shown in Fig
6B. Interestingly, the expression levels of dld-II were significantly increased with the increase in
the electrode potential, while those of ldhA and lldF, which encodes a component of the respi-
ratory L-LDH complex (LldEFG) [15], were not significantly affected by the potential shift
(P< 0.01; Fig 6B). Potential-dependent expression was also observed for three genes involved
in pyruvate metabolism, i.e., pykA, eda, and aceF (Fig 6C). The pykA (SO_2491) and eda
(SO_2486) genes are annotated respectively as pyruvate kinase that catalyzes the conversion of
PEP to pyruvate and 2-keto-3-deoxygluconate 6-phosphate (KDG-6P) aldolase that catalyzes
the conversion of KDG-6P to pyruvate and glyceraldehyde 3-phosphate (see Fig 1). The aceF
(SO_0425) gene is reported to encode a component of the pyruvate dehydrogenase (PDH)

Fig 6. Current generation (A) and expression levels of the genes involved in lactate (B) and other carbon (C) metabolism under potential-
controlled conditions.MR-1(pBBR-glk-galP) cells were cultivated in ECs containing media supplemented with 2 mM glucose as the electron donor. The
arrow indicates the time point at which the electrode potential was shifted. Gene expression levels were analyzed by quantitative RT-PCR analysis. Error
bars represent standard deviations calculated from at least three measurements. Astarisks indicate statistically significant differences (P < 0.01).

doi:10.1371/journal.pone.0138813.g006
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complex (AceEFG) involved in the conversion of pyruvate to acetyl-CoA and CO2 [35]. How-
ever, the expression of the pyruvate formate-lyase (pflB; SO_2912) and phosphotransacetylase
(pta; SO_2916) genes was not significantly affected by the potential shift (P< 0.01; Fig 6C).
These results suggest that the activity of key enzymes involved in pyruvate and D-lactate
metabolism (i.e., PykA, PDH, and Dld-II; see Fig 1) is increased under HP conditions, although
the mechanisms underlying these transcriptional changes and the accumulation of D-lactate
are currently unclear. Since pyruvate oxidation to acetly-CoA by PDH involves the production
of NADH, it is conceivable that the activation of PDH under HP conditions results in an
increase in intracellular NADH, thereby enhancing the production of D-lactate catalyzed by
LdhA. It is also possible that the activation of Dld-II contributes to a transient accumulation of
D-lactate, as this enzyme catalyzes the bidirectional conversion between D-lactate and pyruvate
(Fig 5). Further studies are underway to elucidate the complex carbon and electron fluxes for
the D-lactate production under potential-controlled conditions.

Although reasons for the potential-dependent expression of the dld-II, pykA, eda, and PDH
genes are currently unknown, it is conceivable that changes in intracellular redox states may
influence the expression of these genes via redox-sensing regulators, such as PAS-domain con-
taining proteins [1,37], as HP electrodes can act as efficient electron acceptors and promote the
oxidation of intracellular molecules. Because the cultivation of MR-1 in the presence of D-lac-
tate did not result in a significant increase in the expression of the dld-II and ldhA genes (S1
Fig), it is not likely that the accumulation of D-lactate under HP conditions induces the expres-
sion of these D-LDH genes. In contrast, previous studies have demonstrated that the expres-
sion of the L-LDH genes (lldEFG) requires LlpR (L-lactate-positive-regulator; SO_3460)
[15,38], although the molecular mechanism underlying the positive regulation of lldEFG by
this regulator remains unclear. As it has been reported that the transcription of L-LDH genes
(lldRDP) in E. coli is regulated by the LldR regulator in a L-lactate-dependent manner [39], it is
possible that the expression of the lldEFG genes in MR-1 is also regulated by the presence or
absence of L-lactate. However, our data suggest that it is not linked to changes in extracellular
or intracellular redox status.

Conclusions
The results of the present study indicate that shifts in the electrode potential and concomitant
changes in electric current in BES affect the glycolytic flux towards D-lactate production in the
engineered glucose-utilizing MR-1. These results suggest that metabolite production via the
central catabolic pathways in EAB can be modified through electrochemical approaches. The
present results also reveal that the expression levels of the genes involved in pyruvate and D-
lactate metabolism, including the PDH and dld-II genes, are dependent upon the electrode
potential. Thus, it is possible to regulate the expression of key genes for target metabolite pro-
duction through a combination of a potential-dependent transcriptional promoter and the
electrode potential control. Although the accumulation of D-lactate observed in the present
study was transient because of its oxidation to acetate during electrode respiration, genetic
modification, such as the disruption of acetate synthesis genes and introduction of additional
genes, would be applicable for the efficient production of valuable compounds. Ross et al. [13]
have reported that S. oneidensisMR-1 can accept electrons from a low potential-poised elec-
trode through the extracellular electron transfer pathway, suggesting the possibility that high
value-added reductive products are synthesized by supplying electrons from the electrode to
the engineered MR-1. We expect that the findings reported in the present study will be useful
for the future development of BES-based biotechnology processes that will produce valuable
chemicals.
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Supporting Information
S1 Fig. qRT-PCR analyses of dld-II and ldhA in MR-1 cells grown with D-lactate and pyru-
vate.MR-1 cells were cultivated in LMM supplemented with 15 mM D-lactate as the carbon
and energy source or in a pyruvate minimal medium containing 15 mM pyruvate (in substitu-
tion for lactate in LMM) up to the early stationary growth phase. Results are expressed as rela-
tive values to mRNA levels in cells grown on pyruvate. Error bars represent standard deviation
calculated from at least three measurements.
(PDF)
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