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Electrochemical selection and characterization of a
high current-generating Shewanella oneidensis
mutant with altered cell-surface morphology and
biofilm-related gene expression
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Abstract

Background: Shewanella oneidensis MR-1 exhibits extracellular electron transfer (EET) activity that is influenced by
various cellular components, including outer-membrane cytochromes, cell-surface polysaccharides (CPS), and regulatory
proteins. Here, a random transposon-insertion mutant library of S. oneidensis MR-1 was screened after extended
cultivation in electrochemical cells (ECs) with a working electrode poised at +0.2 V (vs. Ag/AgCl) to isolate mutants that
adapted to electrode-respiring conditions and identify as-yet-unknown EET-related factors.

Results: Several mutants isolated from the enrichment culture exhibited rough morphology and extraordinarily large
colonies on agar plates compared to wild-type MR-1. One of the isolated mutants, designated strain EC-2, produced
90% higher electric current than wild-type MR-1 in ECs and was found to have a transposon inserted in the SO_1860
(uvrY) gene, which encodes a DNA-binding response regulator of the BarA/UvrY two-component regulatory system.
However, an in-frame deletion mutant of SO_1860 (ΔSO_1860) did not exhibit a similar level of current generation as
that of EC-2, suggesting that the enhanced current-generating capability of EC-2 was not simply due to the disruption
of SO_1860. In both EC-2 and ΔSO_1860, the transcription of genes related to CPS synthesis was decreased compared
to wild-type MR-1, suggesting that CPS negatively affects current generation. In addition, transcriptome analyses
revealed that a number of genes, including those involved in biofilm formation, were differentially expressed in EC-2
compared to those in ΔSO_1860.
Conclusions: The present results indicate that the altered expression of the genes related to CPS biosynthesis and
biofilm formation is associated with the distinct morphotype and high current-generating capability of strain EC-2,
suggesting an important role of these genes in determining the EET activity of S. oneidensis.

Keywords: Extracellular electron transfer, Microbial fuel cell, Anode respiration, Bioelectrochemical systems
Background
Shewanella species, which are affiliated with the class
Gammaproteobacteria, are widely distributed in nature,
including marine, freshwater, sedimentary, and soil envi-
ronments [1]. Members of this genus are able to respire
various organic and inorganic compounds (e.g., oxygen,
fumarate, nitrate, nitrite, thiosulfate, and elemental sulfur),
as well as soluble and solid metals (e.g., iron, manganese,
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uranium, chromium, cobalt, technetium, and vanadium)
[2-5]. In recent years, a few Shewanella species have
attracted considerable attention due to their potential ap-
plicability for bioremediation [6] and bioelectrochemical
systems (BESs), such as microbial fuel cells (MFCs) and
microbial electrosynthesis cells [7-10].
Shewanella oneidensis MR-1 is the most extensively

studied strain in the genus Shewanella because of its
metabolic versatility [11], annotated genome sequence
[12,13], and ease of genetic manipulation [14]. In addition,
since it was shown in 1999 that strain MR-1 has the ability
to transfer electrons to an extracellular electrode without
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Figure 1 Colony morphology of S. oneidensis MR-1 and mutant
strains on LB agar plates.
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exogenously added mediator [7], it has served as a model
bacterium for studying microbial current generation and
extracellular electron transfer (EET) pathways [1,15]. These
studies have revealed that MR-1 cells have multiple EET
pathways, including direct EET pathways that involve
outer-membrane cytochromes (OM-cyts) [15] and electric-
ally conductive pilus-like structures (nanowires) [16,17],
and indirect EET pathways that function via self-produced
electron shuttle compounds, such as flavins [18-21].
Despite these studies, a deeper understanding of the mo-

lecular mechanisms of EET is required to optimize and en-
hance microbial electron transfer rates in BESs because
studies in S. oneidensis MR-1 have also indicated that EET
is a complex process that is influenced by various intracel-
lular and extracellular components. Saffarini et al. [22] and
Charania et al. [23] have revealed that cyclic AMP (cAMP)
and cAMP receptor proteins are necessary for the expres-
sion of OM-cyts. In addition, Covington et al. [24] identi-
fied the ushA gene, which is involved in flavin secretion in
MR-1. Our previous studies have also suggested the possi-
bility that extracellular components, including cell-surface
polysaccharides (CPSs), are involved in EET and current
generation in BESs [25,26]. It is therefore conceivable that
many unknown factors are also involved in EET.
A useful approach for identifying unknown cellular

components (and genes) associated with a particular
phenotype involves the construction and screening of ran-
dom mutant libraries for mutants with altered phenotypes.
We previously succeeded in isolating MR-1 mutants with
increased current-generating activities from a transposon
(Tn) insertion mutant library that was cultured under
electrode-respiring conditions [25,26]. Notably, the ob-
tained mutants had an altered (rough) colony morphology
on agar plates [25,26], indicating that the electrochemical
cultivation and subsequent screening on agar plates of
random Tn insertion mutants is a useful approach for iso-
lating current-generating mutants. Although our previous
studies have identified several genes related to cell-surface
morphology and current generation [25,26], it is reason-
able to speculate that many other unknown factors remain
to be identified, considering the complexity of bacterial
cell-surface structures and EET processes.
In the present study, we screened MR-1 mutants from a

random Tn insertion library for altered colony morphology
on agar plates after selection in electrochemical cells (ECs),
to identify mutants with enhanced current-generating cap-
ability. One of the isolated mutants, designated strain EC-
2, formed extraordinary large colonies on agar plates and
generated higher electric current in an EC than wild-type
(WT) MR-1. Analyses of strain EC-2 revealed that a num-
ber of genes, including those involved in CPS synthesis and
biofilm formation, were differentially expressed compared
to WT, suggesting that these genes were associated with
the distinct phenotype of this mutant.
Results
Electrochemcial selection of mutants
A library of S. oneidensis MR-1 random transposon mu-
tants was introduced into an EC reactor equipped with a
working electrode poised at +0.2 V (vs. Ag/AgCl) and cul-
tivated under electrode-respiring conditions. A current
versus time curve generated during the electrochemical
cultivation of MR-1 is shown in Additional file 1: Figure S1.
After 40-days of electrochemical cultivation, the electro-
lyte was sampled spread on agar plates for the isolation of
mutant cells. We found that approximately 20% of col-
onies formed by the electrochemically cultivated mutants
were larger than those of WT MR-1, suggesting that the
mutants with large-colony morphology grew preferentially
under the electrode-respiring conditions.
One of the isolated mutants, designated strain EC-2,

was clearly distinct from the other mutants and WT
strains as it formed an extraordinary large colony
(Additional file 2: Figure S2 and Figure 1). We previ-
ously found that a CPS-deficient mutant of MR-1,
ΔSO_3177, formed large, flat, and rough colonies on
agar plates, and generated higher power output in
MFCs compared to that of WT [25], indicating an as-
sociation between cell-surface morphology and current
generation. Strain EC-2 also exhibited a rough, flat col-
ony morphology, but formed larger colonies than those
of ΔSO_3177 (Figure 1). Strain EC-2 was therefore se-
lected for further characterization, including genetic
analyses, to determine the identity and function of the
mutated gene(s) in this mutant.
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Evaluation of strain EC-2 in MFC
The ability of strain EC-2 to generate electrical power in
an MFC was analyzed and compared with that of WT
(current versus time curves are shown in Additional file 3:
Figure S3). To evaluate MFC performance, polarization
(Figure 2A) and power (Figure 2B) curves were determined
for each MFC after the current generation became stable
(day 14 in Additional file 3: Figure S3). The Pmax and Isc for
the EC-2 MFC (8.74 μWcm−2 and 62.7 μAcm−2, respect-
ively) were approximately 1.5-fold higher than those for the
WTMFC (6.46 μWcm−2 and 41.3 μAcm−2, respectively).
In the single-chamber MFC used in this study, Shewa-

nella cells were localized to either the electrolyte as plank-
tonic cells, or to the anode and cathode, where they formed
biofilms. For strain EC-2, the turbidity of the MFC electro-
lyte was markedly lower than that in the WT MFC (data
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Figure 2 Evaluation of strain EC-2 in MFCs. (A) Polarization and
(B) power curves for MFCs containing strain EC-2 (grey line) and
wild-type (WT) MR-1 (black line) are shown.
not shown), suggesting that more mutant cells were at-
tached to the electrodes. To examine this hypothesis, WT
and EC-2 cells from the electrolyte and electrodes of each
MFC were collected after approximately 360 h of operation,
and the protein contents in these samples were measured
to estimate cell concentration (Figure 3). In the EC-2 MFC,
the amount of cells attached to the graphite felt anode
(53.0 ± 10.2 mg) was 140% higher than that of WT cells
(22.5 ± 2.4 mg), whereas the amount of EC-2 cells in the
electrolyte (7.6 ± 0.3 mg) was 74% lower than that of WT
cells (29.2 ± 1.1 mg). The total protein contents, which rep-
resented the sums of the protein contents in the three
MFC areas, did not significantly differ between the two
strains. Together, these results indicate that strain EC-2 has
the increased ability to adhere to the graphite felt anode
when cultivated under electrode-respiring conditions.

Identification of the Tn-insertion site in strain EC-2
PCR analysis of strain EC-2 revealed that a Tn was inserted
into the SO_1860 gene, whose deduced amino acid se-
quence showed a significant homology (70% identity) to the
DNA-binding response regulator UvrY of Escherichia coli.
In E. coli, UvrY is part of the BarA/UvrY two-component
regulatory system [27], which regulates the Csr (carbon
storage regulation) system via transcriptional activation of
CsrB, a small noncoding RNA [28,29]. It has been reported
that the BarA/UvrY/Csr regulatory cascade in E. coli is in-
volved in the regulation of numerous physiological func-
tions, including carbon metabolism, motility, adhesion, and
biofilm formation [28,29]. Recent studies also revealed that
the BarA/UvrY/Csr regulatory cascade is conserved in
S. oneidensis MR-1, and that SO_1860 (UvrY) is involved in
the transcriptional regulation of more than 200 genes,
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Figure 3 Protein contents of the anode biofilms, supernatant, and
cathode biofilms in single-chamber MFCs, showing the distribution
of wild-type (WT) and EC-2 cells. Error bars represent standard
deviations of means that were calculated from at least four assays.
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Figure 5 Comparison of current generation by WT (black line),
EC-2 (grey line), and ΔSO_1860 (dotted line) in ECs. Results
represent means of at least two parallel but independent experiments.
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including those involved in CPS biosynthesis genes [30]
and biofilm formation [31]. However, the roles of
SO_1860 in EET and current generation have not yet been
investigated.

Deletion of the SO_1860 gene
To confirm that disruption of the SO_1860 gene was re-
sponsible for the distinct morphotype and enhanced
current generation by strain EC-2, an in-frame deletion
mutant of SO_1860 (designated ΔSO_1860) was con-
structed. When cultivated on LB plates, ΔSO_1860
displayed a slightly rough colony morphotype as com-
pared with WT (Figure 1). However, colonies formed
by ΔSO_1860 were similar in size to those of WT, and
smaller than those of strain EC-2. As colony morphology
is influenced by cell surface structures and physicochemi-
cal properties [32-34], we next evaluated cell surface
hydrophobicity of WT, EC-2, and ΔSO_1860 by measur-
ing the affinity of cells to hexadecane (Figure 4). The EC-2
and ΔSO_1860 mutants were more hydrophobic than
WT, but the hydrophobicity of ΔSO_1860 was lower than
that of EC-2. These results were consistent with the rough
colony appearance of both mutant strains.
Current generation by ΔSO_1860 was also analyzed and

compared with that of WTand strain EC-2 (Figure 5) using
a small-volume, single-chamber EC reactor equipped with
a working electrode poised at +0.2 V (vs. Ag/AgCl) for the
stable and short-term measurement of electric current
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Figure 4 Hydrophobic properties of WT, EC-2, and ΔSO_1860
cells. Percentages of cells partitioned into the hydrophobic solvent
hexadecane are shown. Error bars represent standard deviations of
means that were calculated from at least 6 replicates. All calculated
means differed significantly from each other (P < 0.05).
(Figure 5). Strain EC-2 and ΔSO_1860 generated 90% and
60%, respectively, higher current than WT. These results
indicated that although the disruption of SO_1860 af-
fected colony morphology, cell surface hydrophobicity,
and current-generating ability, it was not the only cause
for the distinct phenotype of strain EC-2. The reason
for this will be discussed later.

Expression of CPS biosynthesis genes
Our previous study found that CPSs negatively affect
current generation in S. oneidensis MR-1 [25]. In addition,
the CPS biosynthesis genes, which are located within a large
gene cluster (SO_3193 to SO_3171), are reported to be
down-regulated in a SO_1860 knockout mutant [30]. We
therefore hypothesized that CPS biosynthesis was repressed
in strain EC-2, resulting in the increased ability of this mu-
tant to generate current. To examine this hypothesis, WT,
EC-2 and ΔSO_1860 cells were grown in LMM under
fumarate-reducing conditions, and expression levels of three
CPS biosynthesis genes (SO_3172, SO_3177, and SO_3179)
were determined by the quantitative reverse transcription
PCR (qRT-PCR) analysis of extracted total RNA (Figure 6).
In both EC-2 and ΔSO_1860, expression levels of the CPS
biosynthesis genes were decreased to 40%–54% of those in
WT (log2-transformed fold changes [log2 FC] < −0.89),
supporting the speculation that the repression of CPS is
related to the increased current generation by these
two mutant strains. However, the expression levels of
SO_3172 and SO_3179 did not significantly differ be-
tween EC-2 and ΔSO_1860, and the expression level of
SO_3177 was slightly decreased in ΔSO_1860 as com-
pared with that in EC-2. These results suggest that the
high current-generating capability of EC-2, which
exceeded that of ΔSO_1860, was not simply due to the
decreased expression of CPS biosynthesis genes.
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Figure 6 qRT-PCR analyses of CPS biosynthesis genes in WT,
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Differentially expressed genes in EC-2
To investigate why EC-2 exhibited a distinct phenotype
from ΔSO_1860, gene expression profiles in the two mu-
tants were analyzed and compared by transcriptome
analysis. Total RNA from EC-2 and ΔSO_1860 was pre-
pared from cells cultured in LMM under fumarate-
reducing conditions and subjected to microarray analysis.
The reliability of the microarray analysis was validated
by qRT-PCR of five selected genes (Additional file 4:
Figure S4). A high correlation (r2 = 0.97) was observed
between the microarray and qRT-PCR results.
Microarray analysis revealed that 26 genes had sig-

nificantly different expression levels (P < 0.05, |log2
FC| ≥ 1.0) in strains EC-2 and ΔSO_1860 (Table 1).
Among the 26 genes, 11 genes were up-regulated and
15 genes were down-regulated in strain EC-2 as com-
pared with ΔSO_1860. The up-regulated genes included
those assigned to the COG (Clusters of Orthologous
Groups of proteins [35]) categories of “Transcription”,
“Signal transduction mechanisms”, “Nucleotide transport
and metabolism”, and “Amino acid transport and metabol-
ism”. Notably, expression levels of the genes involved in
methionine biosynthesis, metR and metE, were remarkably
up-regulated in EC-2. It is known that MetR acts as a
transcriptional activator for the metE gene [36,37], sug-
gesting that the overexpression of metE is related to that
of metR. The expression of luxS, encoding S-ribosyl
homocysteinase, was also up-regulated in EC-2. This is
notable because LuxS is involved in biofilm development
in many bacteria, including E. coli and S. oneidensis MR-1
[38,39]. In addition, it was found that the SO_1860 gene
was up-regulated in EC-2 compared to ΔSO_1860,
but this was due to the complete deletion of this gene
in ΔSO_1860.
The expression levels of metR, metE, and luxS were also

examined and compared in WT, EC-2, and ΔSO_1860 by
qRT-PCR (Figure 7). It was confirmed that these three
genes were overexpressed in EC-2, whereas their expres-
sion levels were not significantly different between WT
and ΔSO_1860, suggesting that the overexpression of
these genes is attributable to mutations specific to EC-2.
The down-regulated genes in EC-2 (Table 1) included

a number of genes located within the LambdaSo pro-
phage region (SO_2939 to SO_3013) [40]. The transcrip-
tome analysis also revealed that the SO_1861 gene, which
is located immediately downstream of SO_1860, was also
down-regulated in EC-2. This was considered to be due to
a polar effect caused by insertion of the Tn into SO_1860.
The SO_0351, SO_2005, and SO_4564 genes, which are
categorized into the COG category “Signal transduction
mechanisms” and “Cell wall/membrane/envelope biogen-
esis”, respectively, were also down-regulated in EC-2.

Discussion
In this study, we isolated and characterized the novel S.
oneidensis MR-1 mutant strain EC-2, which exhibits an
increased ability to generate current in MFC and EC re-
actors. In addition, strain EC-2 forms flat, rough, and
extraordinarily large colonies that are clearly distinct
from the morphology of WT colonies (Figure 1), imply-
ing that cell surface structure and physicochemical prop-
erties are altered in this mutant. As we previously
provided evidence that cell surface hydrophobicity influ-
ences the adhesiveness of S. oneidensis cells to graphite
felt electrodes and affects current generation in MFCs
[25], we also examined the adhesiveness and hydrophobi-
city of EC-2 cells. Compared to WT, EC-2 cells attached
with higher frequency to graphite felt anodes (Figure 3)
and had a more hydrophobic surface (Figure 4). Taken to-
gether, these results suggest that mutations introduced
into EC-2 modified the cell surface structure and hydro-
phobicity, resulting in the enhanced adhesiveness of
cells to graphite felt electrodes and increased current
generation. A similar trend has also been observed for
strain ΔSO_3177, which contains a mutation in a gene
necessary for CPS synthesis and shows altered cell-
surface hydrophobicity and enhanced the adhesiveness
to graphite felt anodes [25]. We therefore hypothesized
that genes involved in the synthesis of CPS or other cell
surface structures were mutated in strain EC-2.
We determined that the SO_1860 (uvrY) gene, which

encodes a DNA-binding response regulator of the BarA/
UvrY two-component regulatory system, was disrupted
in strain EC-2 by Tn insertion. In S. oneidensis MR-1,
SO_1860 is involved in the transcriptional regulation of



Table 1 Differentially expressed genes in strain EC-2 (P < 0.05, |log2 FC| ≥ 1.0)

Locus tag Gene Putative function COG description1 Log2 FC
2

Up-regulated genes

SO_0817 metR Transcriptional activator protein MetR Transcription 3.33

SO_0818 metE 5-Methyltetrahydropteroyltriglutamate-homocysteine
methyltransferase

Amino acid transport and metabolism 6.49

SO_1101 luxS S-Ribosylhomocysteinase Signal transduction mechanisms 1.65

SO_1860 – Response regulator Signal transduction mechanisms,
Transcription

5.97

SO_2404 aroA 3-Phosphoshikimate 1-carboxyvinyltransferase Amino acid transport and metabolism 1.17

SO_3471 glyA Serine hydroxymethyltransferase Amino acid transport and metabolism 1.55

SO_3534 murJ Peptidoglycan lipid II flippase General function prediction only 1.17

SO_4189 – Hypothetical protein SO_4189 Carbohydrate transport and metabolism 1.04

SO_4233 leuD Isopropylmalate isomerase small subunit Amino acid transport and metabolism 1.69

SO_4596 – Copper-transporting ATPase domain-containing protein – 2.09

SO_4731 add Adenosine deaminase Nucleotide transport and metabolism 1.42

Down-regulated genes

SO_0351 – LuxR family DNA-binding response regulator Signal transduction mechanisms,
Transcription

-1.04

SO_1861 uvrC Excinuclease ABC subunit C Replication, recombination and repair -1.30

SO_2005 – DksA-type zinc finger protein Signal transduction mechanisms -1.16

SO_2906 – Hypothetical protein SO_2906 Inorganic ion transport and metabolism -1.92

SO_2945 – Lambda phage tail fiber protein – -1.45

SO_2946 – Lambda phage protein with carbohydrate-binding module – -1.10

SO_2953 H Prophage LambdaSo, tail length tape meausure protein Function unknown -1.48

SO_2954 – Hypothetical protein SO_2954 – -1.53

SO_2955 – Lambda phage minor tail protein G – -1.62

SO_2956 – Prophage LambdaSo, major tail protein V, putative – -1.60

SO_2957 – Lambda phage protein of unknown function – -1.35

SO_2965 – Prophage LambdaSo, HK97 family portal protein Function unknown -1.24

SO_2968 – Phage terminase small subunit Replication, recombination and repair -1.03

SO_2969 – Prophage LambdaSo, holin, putative Defense mechanisms -1.24

SO_4564 – TonB2 protein, putative Cell wall/membrane/envelope biogenesis -1.15
1Functional categorization by COG.
2Log2-transformed fold change (EC-2/ΔSO_1860).
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a large number of genes, including CPS biosynthesis
genes [30], suggesting that disruption of SO_1860 in
strain EC-2 modified cell surface structure and led to
the enhanced current generation in MFCs. The involve-
ment of SO_1860 in current generation was examined
by constructing an in-frame deletion mutant of SO_1860
(ΔSO_1860), which was found to generate higher
current in an EC, indicating the involvement of
SO_1860 in current generation. ΔSO_1860 cells also ex-
hibited altered colony morphology and increased cell
surface hydrophobicity (Figure 4), and qRT-PCR ana-
lyses demonstrated that the expression of several CPS
biosynthesis genes (SO_3172, SO_3177, and SO_3179)
was repressed (Figure 6). These results support the
notion that disruption of the SO_1860 gene affects CPS
synthesis and cell surface hydrophobicity, resulting in
increased current generation. However, strain EC-2
formed larger colonies, exhibited higher hydrophobicity,
and generated higher current than ΔSO_1860, indicating
that the disruption of SO_1860 was not the only cause for
the distinct phenotype of strain EC-2. As Southern-
blotting analysis confirmed that EC-2 had a single Tn in-
sertion in SO_1860 (data not shown), it is likely that
unknown mutations, in addition to the Tn insertion, may
have been spontaneously introduced during the long-term
(approximately 40 days) electrochemical cultivation of
strain EC-2. Another explanation is that gene(s) located
downstream of the Tn insertion site in SO_1860 are
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differently expressed in EC-2. However, it is unlikely that
the distinct phenotypic features of EC-2 are attributable to
the decreased expression of SO_1861 (the excinuclease
ABC subunit C gene; Table 1). Further investigation, such
as genome sequencing of strain EC-2, is needed to exam-
ine these hypotheses.
We examined and compared the gene expression pro-

files of EC-2 and ΔSO_1860 to understand the physio-
logical differences between these two strains. qRT-PCR
(Figure 6) and microarray (Table 1) analyses demonstrated
that expression of CPS biosynthesis genes did not largely
differ between EC-2 and ΔSO_1860, suggesting that the
distinct features of EC-2 are not attributable to differential
expression of CPS synthesis genes. However, we identified
a number of genes that were differentially expressed be-
tween EC-2 and ΔSO_1860 (Table 1). Notably, the me-
thionine biosynthesis genes metR and metE were highly
up-regulated (10- and 90-fold, respectively) in EC-2,
although it remains unclear why these genes were overex-
pressed. It is also interesting that the luxS gene was up-
regulated in EC-2, as this enzyme catalyzes the conversion
of S-ribosyl homocysteine to homocysteine and 4,5-dihy-
droxy-2,3-pentanedione (DPD), and is widely conserved in
both Gram-negative and Gram-positive bacteria [41-43].
LuxS functions as an autoinducer-2 (AI-2) synthase be-
cause DPD is spontaneously converted to AI-2 [42-44].
LuxS is also involved in the activated methyl cycle (AMC)
[38,43] which is responsible for the synthesis of homocyst-
eine, methionine, and S-adenosylmethionine (SAM), a
major methyl donor source that is utilized for various cel-
lular processes including the methylation of DNA and
methyl-accepting chemotaxis proteins [43,45]. MetE (me-
thionine synthase) and MetR (transcriptional activator for
met genes) are also involved in the AMC. In S. oneidensis,
disruption of luxS negatively affects biofilm development
on solid surfaces by interrupting the AMC [39]. It has
been also reported that a luxS-complemented (overex-
pressing) mutant of E. coli was deficient in pili production
and formed a thicker biofilm than the WT strain, pheno-
types that were suggested to be due to the depletion of
SAM resulting from elevated luxS expression [38]. In
addition, a metR mutant (ΔmetR) of Pseudomonas aerugi-
nosa exhibited altered colony morphology due to a severe
defect in swarming motility [46], suggesting that the AMC
is associated with cell motility and colony morphology. It
is therefore possible that the overexpression of AMC-
associated genes in EC-2 influences cell surface structure
or motility, resulting in the altered colony morphology
and increased adhesiveness of cells to electrodes. Studies
are underway to investigate this possibility.
The function and expression of the metR, metE, and

luxS genes are considered to be closely related, because
homocysteine, one of the products of LuxS, acts as a co-
regulator for MetR and stimulates the transcription of
metE [47]. We found a potential MetR-binding site in the
upstream intergenic region of the MR-1 luxS gene (5’-
TGAGATGATTTCA-3’) that closely matches the consen-
sus MetR-binding sequence reported in E. coli and other
bacteria (5’-TGAANNANNTTCA-3’) [48]. A similar se-
quence was also identified in the intergenic region be-
tween metE and metR (5’-TGAGCGAAATTCA-3’). These
findings suggest the possibility that MetR regulates the ex-
pression of luxS, as well as that of met genes, in S. onei-
densis MR-1. A putative MetR-binding sequence was also
found upstream of glyA (5’-TGAGGTGCATTCA-3’). Be-
cause MetR activates the transcription of glyA in E. coli
[49], it is likely that the overexpression ofmetR in EC-2 re-
sulted in the increased expression of glyA. In addition to
these AMC-related genes, the microarray analysis detected
20 genes other than SO_1860 and SO_1861 that were dif-
ferentially regulated in EC-2, including 10 genes located
within the LambdaSo prophage region (Table 1). Although
it has been reported that prophage-mediated cell lysis en-
hances biofilm formation in S. oneidensis MR-1 [40], the
regulation and involvement of these genes in the observed
phenotype of EC-2 is unknown.

Conclusions
The present study indicates that SO_1860 (uvrY) and
other biofilm formation-related genes, including those
involved in CPS biosynthesis and the AMC, play import-
ant roles in determining colony morphology, cell surface
properties, and current-generating capability of S. onei-
densis MR-1. Thus, it might be possible to control the
adhesion of cells to electrodes by altering the expression
of these genes, and thereby increase the efficiency of
BESs. Although the present study focused on the altered
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gene expression profiles of strain EC-2, proteomic and
metabolomic approaches will also provide useful infor-
mation for understanding the distinct features of this
mutant. Future studies will be conducted to elucidate
the mechanisms underlying the increased current-
generating capability of strain EC-2.

Methods
Bacterial strains and plasmids
S. oneidensis MR-1 was obtained from American Type
Culture Collection (ATCC). E. coli strains [8] were routinely
cultured in Luria-Bertani (LB) medium at 37°C. The E. coli
mating strain (WM6026) required supplementation of the
medium with 100 μg ml-1 2,6-diaminopimelic acid (DAP)
for growth. Shewanella strains were cultured at 30°C in ei-
ther LB or lactate minimal medium [25] supplemented with
0.2 g liter−1 casamino acids and 10 ml liter−1 each of amino
acid and trace mineral solutions (LMM). When necessary,
50 μg ml−1 kanamycin (Km) was added to culture media.
Agar plates contained 1.6% Bacto agar (Difco).

Construction of a mutant library
Random Tn mutagenesis of S. oneidensis MR-1 was per-
formed by filter mating with E. coli WM6026 harboring
the suicide plasmid pBSL180 [50], which contained mini-
Tn10Kmr, according to a previously described method
[25,26]. After transformed cells were grown on LB-agar
plates containing DAP at 30°C for 8 h, the cells were
washed in 10 mM MgSO4 and then aerobically grown in
LMM containing Km for 24 h.

Selection of mutants
Selection of mutants from the random Tn-insertion li-
brary was carried out using a previously described method
[26] with slight modifications. Briefly, a cylindrical electro-
chemical cell (EC; 500 ml capacity) equipped with a
graphite-felt working electrode (WE; 50 cm2; GF-80-3 F,
Sohgoh Carbon), air diffusion-type counter electrode (ap-
proximately 20 cm2; 0.7 mg platinum/cm2; and four poly-
tetrafluoroethylene layers) was constructed as described
elsewhere [51], and Ag/AgCl was used as the reference
electrode (HX-R5, Hokuto Denko). The EC was filled with
450 ml LMM, purged with pure nitrogen gas, and then in-
oculated with the mutant library at a final cell concentra-
tion of approximately 2 × 106 ml−1. The EC was incubated
at 30°C for 40 days under constant agitation, and the
working electrode was poised at +0.2 V vs. the Ag/AgCl
reference electrode using a potentiostat (Multipotentiostat
2092, Toho Giken). Current was monitored using the
potentiostat, and current density (A cm-2) was calculated
based on the anode projection area (50 cm2). When the
current density fell below 0.1 mA, lactate was injected into
the EC at a final concentration of 10 mM.
Isolation of mutants
After the 40-day electrochemical selection in the EC, the
electrolyte was collected, serially diluted, and spread on
agar plates containing LB supplemented with Km. Col-
onies that formed on the agar plates were randomly se-
lected and purified by re-streaking for isolated colonies.
Isolated mutants were grown in LB medium supple-
mented with Km and stored at -80°C in 15% (v/v) glycerol.
Tn-insertion sites of the isolated mutants were identified
according to a method described previously [26].

Gene disruption
In-frame disruption of the SO_1860 gene in strain MR-1
was performed using a two-step homologous recombin-
ation method with suicide plasmid pSMV-10, as de-
scribed previously [8,25,52]. Briefly, a 1.6-kb fusion
product, consisting of an upstream (768 bp) and down-
stream (798 bp) sequence of the SO_1860 gene (768 bp)
joined by an 18-bp linker sequence, was constructed by
PCR and in-vitro extension using the primers listed in
Additional file 5: Table S1. The amplified fusion product
was ligated into the SpeI site of pSMV10, generating
pSMV-1860, which was then introduced into MR-1 by
filter mating with E. coli WM6026. Transconjugants (sin-
gle-crossover clones) were selected on LB plates contain-
ing Km and 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
SO_1860 gene in the obtained strains was confirmed by
PCR. One representative mutant strain in which the
SO_1860 gene was disrupted in-frame was selected and
designated ΔSO_1860.

Evaluation of mutants in MFCs and ECs
In MFC experiments, microbial current generation was
measured using a single-chamber MFC equipped with a
graphite felt anode (50 cm2; GF-80-3 F) and air cathode
(approximately 20 cm2; 0.7 mg platinum/cm2; and four
polytetrafluoroethylene layers), as previously described
[25]. Bacterial cells were inoculated into the MFC cham-
ber, which contained 450 ml LMM supplemented with
10 mM lactate, at an initial optical density at 600 nm
(OD600) of 0.005. Upon depletion of lactate, a 4.5 M stock
solution of lactate was injected into the reactor to increase
the concentration of lactate to 10 mM. The anode and
cathode were connected via electric wires and an external
resistor (100 Ω), and the voltage across the resistor was
measured using a voltage data logger (HA-1510, Graph-
tec). Current (I [A]) was calculated using the equation: I =
E/R, where E [V] is the cell voltage and R [Ω] is the resist-
ance. Current density (A cm−2) was calculated using the
anode projection area (50 cm2). A polarization curve was
generated using a potentiostat (HSV-100; Hokuto Denko),
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from which the maximum power density (Pmax [W cm−2])
and short-circuit current (Isc [A cm−2]) were obtained as
described elsewhere [53]. Reproducibility was examined in
at least three independent measurements, and typical data
are shown here. The protein contents in planktonic cells,
anode biofilms, and cathode biofilms in MFC reactors
were determined using a BCA protein assay Kit (Pierce)
according to a method described previously [25].
A low-volume (18 ml capacity), single-chamber EC

equipped with a graphite felt working electrode (2.3 cm2;
poised at +0.2 V vs. an Ag/AgCl reference electrode [HX-
R5, Hokuto Denko]) was used to monitor and compare
current generation by WT, EC-2, and ΔSO_1860 cells. A
platinum wire (5 cm, φ0.3 mm; Nilaco) was used as the
counter electrode. Bacterial cells were inoculated into the
EC chamber, which containing 15 ml LMM supplemented
with 10 mM lactate, at an initial OD600 of 0.01. Current
was monitored using a potentiostat (HA-1510; Hokuto
Denko), and current density (A cm−2) was calculated based
on the anode projection area (2.3 cm2). Reproducibility was
examined in at least three independent measurements.

Hydrophobicity assay
Cell hydrophobicity was analyzed by the bacterial adhe-
sion to hydrocarbon method (BATH), as described pre-
viously [25,54]. Briefly, Shewanella cells were suspended
in 2.4 ml of 0.15 M NaCl at an OD600 of 0.3 (approxi-
mately 3 × 108 CFU ml−1) and vortexed for 60 s in the
presence of 0.4 ml hexadecane. The mixture was allowed
to stand for 15 min at room temperature to ensure that
the two phases were completely separated before a 1-ml
sample was removed from the aqueous phase for meas-
uring the OD600. The percentage of cells transferred to
the hexadecane phase was subsequently calculated using the
equation: affinity (%) = 100 × [1− (A/A0)], where A0 is the
OD600 of the bacterial suspension before mixing with hexa-
decane and A is the OD600 after mixing. All measurements
were performed in at least six replicates, and data were sta-
tistically analyzed by one-way analysis of variance (ANOVA)
in combination with Holm’s multiple-comparison test
using js-STAR software (http://www.kisnet.or.jp/nappa/
software/star/). A P-value of 0.05 was considered statisti-
cally significant.

RNA extraction
Shewanella cells were grown anaerobically in LMM
(containing 15 mM lactate) supplemented with 20 mM
fumarate as the electron acceptor, and cells were har-
vested at the early stationary growth phase (OD600 of
0.16-0.18). Total RNA was extracted using Trizol re-
agent (Invitrogen) following the manufacturer’s instruc-
tions and subsequently purified using an RNeasy Mini
Kit and 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 manufac-
turer’s instructions. The purified RNA was then used for
qRT-PCR and microarray transcriptome analysis.

qRT-PCR
qRT-PCR was performed according to a method described
previously [55,56] with slight modifications. RT and subse-
quent quantitative PCR were conducted using a LightCy-
cler 1.5 instrument (Roche) following the manufacturer’s
instructions. The PCR mixture (20 μl) contained 1 μl di-
luted RNA (150 ng for luxS, and 15 ng for other genes),
1.3 μl of 50 mM Mn (OAc)2 solution, 7.5 μl LightCycler
RNA Master SYBR Green I (Roche), and 0.15 μM of the
primers listed in Supplemental Table 1. A standard curve
was drawn using serial dilutions of PCR fragments of each
gene. Specificity of the quantitative PCR was verified by
dissociation-curve analysis. The expression levels of the
target genes were normalized based on the expression
level of the 16S rRNA gene. All measurements were per-
formed in quadruplicate at a minimum, and data were sta-
tistically analyzed by one-way ANOVA with Bonferroni’s
multiple-comparison test using SAS software (version 9.3,
SAS Institute). A P-value of 0.05 was considered statisti-
cally significant.

Microarray analysis
A custom 60-mer oligonucleotide microarray (8 × 15 K;
Agilent Technologies) containing (maximally) three differ-
ent probes per gene was designed using the annotated
chromosomal and megaplasimd sequences of S. oneidensis
MR-1 (Genbank accession nos. AE014299 and AE014300,
respectively). Specific oligonucleotide probes were designed
for 4,772 genes (corresponding to 96.6% of the total anno-
tated genes) using the eArray protocol (Agilent Technolo-
gies) and fabricated on slide glass by SurePrint technology
(Agilent Technologies). Fluorescence labeling of cDNA,
and hybridization and scanning of hybridized arrays were
performed according to the manufacturer’s protocols for
gene expression arrays for prokaryotes (Agilent One-Color
Microarray-Based Prokaryote Analysis, version 1.4, http://
www.chem.agilent.com). Briefly, cyanine 3 (Cy3)-labeled
cDNA was synthesized from 5 μg total RNA using the Fair-
Play III Microarray Labeling KitStratagene with CyDye Cy3
mono-Reactive Dye (GE Healthcare). The labeled cDNA
was quantified using a NanoDrop ND-1000 Spectropho-
tometer (Thermo Scientific). For each array, 20 μl of the
purified Cy3-labeled cDNA (20 ng/μl) was mixed with
5 μl of 10× Blocking Agent and 25 μl of 2× GEx
Hybridization Buffer HI-RPM. The resultant mixture
(40 μl) was hybridized to the array at 65°C for 17 h.
After hybridization, each slide was washed with Gene Ex-
pression Wash Buffer I (Agilent Technologies) at room
temperature for 1 min, followed by Gene Expression

http://www.kisnet.or.jp/nappa/software/star/
http://www.kisnet.or.jp/nappa/software/star/
http://www.chem.agilent.com
http://www.chem.agilent.com
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Wash Buffer II (Agilent Technologies) at 37°C for 1 min.
Slides were air dried and then scanned using an Agilent
DNA Microarray Scanner at 5-μm resolution. Data acqui-
sition was performed using the Feature Extraction
Software version 8.1 (Agilent Technologies). Gene
expression data (n = 3 biological replicates) were nor-
malized and statistically analyzed using GeneSpring
GX version 11.5 (Agilent Technologies). The unpaired
Student’s t-test and the Benjamini-Hochberg false dis-
covery rate correction were used for statistical analysis.
Differential expression for each probe was considered sta-
tistically significant when the fold change (FC) was ≥ 2.0
or ≤ 0.5 (|log2 FC| ≥ 1.0) at a P-value of < 0.05. The average
FC was calculated for each gene from the values of the
probes with altered expression. The microarray data have
been deposited in the NCBI Gene Expression Omnibus
(GEO) under the accession number GSE50443.

Additional files

Additional file 1: Figure S1. Current generation in an EC inoculated
with a random transposon mutant library of S. oneidensis MR-1.

Additional file 2: Figure S2. Colonies of mutants with altered
morphology isolated after electrochemical enrichment. Mutants with
distinct colony morphology were picked and further cultivated on a LB
agar plate for 2 days. An arrowhead indicates a colony similar in size to
that of WT.

Additional file 3: Figure S3. Current generation by strain EC-2 (grey
line) and WT (black line) in single-chamber MFCs. An arrowhead indicates
the time point at which polarization (Figure 2A) and power (Figure 2B)
curves were measured. Reproducibility was examined in at least three
independent operations, and typical data are shown.

Additional file 4: Figure S4. Comparison of transcriptional changes in
strains EC-2 and ΔSO_1860 as determined by microarray and qRT-PCR
analyses. Log2-transformed fold changes (Log2 FC) in the expression
levels (EC-2/ΔSO_1860) of 5 selected genes determined by microarray
analysis were plotted against the values determined by qRT-PCR.

Additional file 5: Table S1. Primers used in this study.
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