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Although members of the genus Shewanella have common features (e.g., the presence of decaheme c-type
cytochromes [c-cyts]), they are widely variable in genetic and physiological features. The present study
compared the current-generating ability of S. loihica PV-4 in microbial fuel cells (MFCs) with that of well-
characterized S. oneidensis MR-1 and examined the roles of c-cyts in extracellular electron transfer. We found
that strains PV-4 and MR-1 exhibited notable differences in current-generating mechanisms. While the MR-1
MFCs maintained a constant current density over time, the PV-4 MFCs continued to increase in current
density and finally surpassed the MR-1 MFCs. Coulombic efficiencies reached 26% in the PV-4 MFC but 16%
in the MR-1 MFCs. Although both organisms produced quinone-like compounds, anode exchange experiments
showed that anode-attached cells of PV-4 produced sevenfold more current than planktonic cells in the same
chamber, while planktonic cells of MR-1 produced twice the current of the anode-attached cells. Examination
of the genome sequence indicated that PV-4 has more c-cyt genes in the metal reductase-containing locus than
MR-1. Mutational analysis revealed that PV-4 relied predominantly on a homologue of the decaheme c-cyt
MtrC in MR-1 for current generation, even though it also possesses two homologues of the decaheme c-cyt
OmcA in MR-1. These results suggest that current generation in a PV-4 MFC is in large part accomplished by
anode-attached cells, in which the MtrC homologue constitutes the main path of electrons toward the anode.

Some species of dissimilatory metal-reducing bacteria
(DMRB) are able to reduce solid metal oxides as terminal
electron acceptors and generate currents in microbial fuel cells
(MFGCs) (2, 11, 14, 30, 46). Although mixed cultures are often
used in MFC experiments (13), studies seeking a mechanistic
understanding of electron transfer to electrode surfaces typi-
cally target pure cultures of such DMRB, due to the complexity
in microbial communities. Presently, two model DMRB,
Shewanella oneidensis MR-1 and Geobacter sulfurreducens
PCA (2, 3, 12, 18, 31), are used in most investigations.

S. oneidensis MR-1 is a metabolically diverse DMRB that
has been studied extensively for its potential use in bioreme-
diation applications. For this reason, MR-1 was the first
Shewanella species to have its genome completely sequenced
and annotated (10). In addition, since the first report in 1999
when this microorganism was shown to have the ability to
transfer electrons to the electrode without an exogenously
added mediator (14), it has also become one of the model
organisms for the study of electron transfer mechanisms in
MEFCs.

Although the molecular mechanisms for extracellular elec-
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tron transfer have not yet been elucidated fully, c-type cyto-
chromes (c-cyts) appear to be the key cellular components
involved in this process (38). In S. oneidensis MR-1, OmcA and
MtrC are outer membrane (OM), decaheme c-cyts that are
considered to be involved in the direct (directly attached) elec-
tron transfer to solid metal oxides and anodes of MFCs (9, 20,
22,23, 47). Several pieces of evidence suggest that OmcA and
MtrC form a complex and act in a cooperative manner (33, 37,
42), and these results correlate with the fact that the genes
encoding these proteins constitute an operon-like cluster in the
chromosome (1). It has also been shown that MtrC and OmcA
have overlapping functions as terminal reductases of metal
oxides (25, 38). OmcA and MtrC are also present on the
surface of nanowires and may be involved in the long-range
transfer of electrons (8). In addition to direct electron transfer,
MR-1 has the ability to produce water-soluble electron-shuttle
compounds (quinones and flavins) that are involved in the
mediated electron transfer from cells to distant solid electron
acceptors (metal oxides or MFC anodes) (21, 27, 44).
Recently, the genome sequences of nearly 20 Shewanella
strains have been completed and annotated, opening the door
to study the diversity of their extracellular electron transfer
mechanisms. A comparison of their genomes has shown that
although they have some consensus OM c-cyt genes, variations
exist in the number and order of these genes in their metal
reductase-containing loci (6). One such species is S. loihica
strain PV-4, which was recently isolated from an iron-rich
microbial mat near a deep-sea hydrothermal vent located on
the Loihi Seamount in Hawaii (7, 32). The phenotypic and
phylogenetic characteristics of PV-4 were determined, with a
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic

Reference and/or source

Escherichia coli strains

Host for cloning pSMV10; endA gyrA96 hsdR17(ry my ") recAl relAl supE44 thi-1 29

William Metcalf,
University of Illinois

IM109 Npir
del(lac-proAB) [F' traD36 proAB lacIZdelM15] \pir™*

WM6026 Donor strain for conjugation; lacl rrnB3 DElacZ4787 hsdR514 DE(araBAD)567
E(rhaBAD)568 rph-1 att-lambda::pAE12-del(oriR6K-cat::fit5) DE(endA)::frt
uidA(delMlul))::pir(wt) attHK::pJK1006-del1/2 (deloriR6K-cat::frt5 deltrfA::frt)

DH5«a Host for cloning; F~, $80dlacZAM15, A(lacZYA-argF)U169 deoR recAl endAl

Takara Bio, Inc., Japan

hsdR17(r my ") phoA supE44 N~ thi-1 gyrA96 relA1

S. oneidensis strains

MR-1 Wild type ATCC (44)
AmtrC mutant mtrC (SO_1778) disrupted This study
S. loihica strains
PV-4 Wild type ATCC (8)
A2522 mutant shew2522 disrupted This study
A2523 mutant shew2523 disrupted This study
A2525 mutant shew2525 disrupted This study
A2522 A2524 mutant shew2522 and shew2524 disrupted This study
A2525-p2525 mutant A2525 mutant harboring p2525 This study
A2525-pmtrC mutant A2525 mutant harboring pmtrC This study
Plasmids/vectors
pSMV10 9.1-kb mobilizable suicide vector; oriR6K mobRP4 sacB Km" Gm" Chad Saltikov, California
Institute of Technology
pBBR1-MCS5 5.1-kb broad-host-range plasmid; Gm" lacZ 17
pSMV-2522 1.5-kb fusion PCR fragment containing A2522 cloned into the Spel site of pPSMV10 This study
pSMV-2523 1.5-kb fusion PCR fragment containing A2523 cloned into the Spel site of pPSMV10 This study
pSMV-2524 1.5-kb fusion PCR fragment containing A2524 cloned into the Spel site of pPSMV10 This study
pSMV-2525 1.5-kb fusion PCR fragment containing A2525 cloned into the Spel site of pPSMV10 This study
p2525 shew2525 PCR fragment including the promoter region cloned into the This study
EcoRI/Xbal sites of pBBR1-MCS5
pmtrC mitrC PCR fragment cloned into the EcoRI/Xbal sites of pPBBR1-MCS5 This study

subsequent study focusing on the metal reduction and iron
biomineralization capabilities of this bacterium (32). Initial
experiments performed in our laboratory revealed that PV-4
developed a c-cyt-dependent deep red color that was much
more striking than that of strain MR-1 when grown anaerobi-
cally with iron oxide as the terminal electron acceptor (26).
This allowed us to assume that PV-4 could have a high extra-
cellular electron transfer ability. Accordingly, the present study
evaluated the current-producing ability of strain PV-4 in MFCs
and examined the roles of some c-cyts in extracellular electron
transfer. Special attention was paid to the comparison of PV-4
with MR-1 to reveal differences in mechanisms for extracellu-
lar electron transfer. We report herein differences between
these strains in the roles of OM c-cyts for extracellular electron
transfer, the behaviors and metabolic patterns of MFC, and the
resultant MFC performances.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Escherichia coli strains were
routinely cultured in Luria-Bertani (LB) medium supplemented with appropri-
ate antibiotics at 37°C. The E. coli mating strain (WM6026) required a medium
supplemented with 2,6-diaminopimelic acid (DAP) at 100 wg ml™! for growth.
Shewanella strains were cultured in LB medium at 30°C, and a defined medium
(named DM in this study) previously reported by Roh et al. (32) was used in
MFC experiments and growth tests. Agar plates contained 1.5% Bacto agar
(Difco). Lactate was used as the growth substrate in the DM.

Gene disruption and complementation. The in-frame disruption of genes in
strains PV-4 and MR-1 was performed using suicide vector pSMV10 and a

two-step homologous recombination method as described by Saltikov and New-
man (35). Briefly, a 1.5-kb fusion product, consisting of an upstream sequence of
a target gene (approximately 700 bp), replacement sequence (75 bp), and down-
stream sequence (approximately 700 bp), was constructed by PCR and in vitro
extension using primers listed in Table S1 in the supplemental material. This
fusion product was ligated to pSMV10 at the Spel site, and E. coli JM109 \pir
was transformed with the resultant plasmid. After checking the construct, it was
used to transform E. coli WM6026 (a dap auxotroph) and mated with S. loihica
PV-4 for 5 to 8 h on LB plus DAP at 30°C. Transconjugants were selected on
plates with LB plus kanamycin (60 pwg ml™'), and the integration site was
confirmed by PCR. Next, kanamycin-sensitive clones were selected by comparing
colonies grown on agar plates containing LB plus 10% sucrose and those trans-
ferred onto LB-plus-kanamycin plates. To confirm the disruption of a target
gene, colonies with a kanamycin-sensitive phenotype were checked by PCR.

The broad-host-range plasmid pBBR1-MCS5 (16) was used to generate a
complementation vector, to which a DNA fragment amplified from the genome
of MR-1 or PV-4 using primers listed in Table S1 in the supplemental material
was ligated. The complementation vectors were introduced into Shewanella mu-
tant strains with the assistance of E. coli WM6026, and transconjugants were
selected on LB agar plates containing kanamycin.

Operation and analyses of MFC. Current production was evaluated using a
single-chamber MFC (similar to those used in a previous study [15]) equipped
with a graphite-felt anode (5 by 10 cm in size [Sogoh Carbon]) and a platinum
catalyst-doped air cathode (approximately 20 cm? and 0.7 mg platinum cm™")
that was made as described by Cheng et al. (4). The anode chamber contained
400 ml of the DM supplemented with 10 mM lactate, and the reactor was
assembled in an anaerobic chamber (Takasugi) filled with nitrogen gas treated
with a reduced-copper column to remove oxygen. The MFC was inoculated with
4 ml of a stationary-phase culture grown aerobically in the DM supplemented
with 10 mM lactate. The MFCs were operated at 25°C throughout the course of
the experiment. The anode medium was agitated using a magnetic stirrer at
approximately 100 rpm. The anode and cathode were connected with an electric
wire and an external resistor (100 ), and the voltage across the resistor was
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measured using a voltage data logger (NR-110 data acquisition system [Key-
ence]). When lactate was exhausted from the MFC, a 1 M stock solution of
lactate was injected into the reactor to give a final concentration of 10 mM.
Current (/, in amperes) was calculated using the equation / = /R (where V'is the
cell voltage in volts and R is the resistance in ohms), while current density (pA
cm~?) was calculated using an anode projection area of 50 cm?. Coulombic
efficiency (g.) was calculated by dividing the total coulombs transferred to the
anode by the theoretical maximum coulombs (the total coulombs produced by
complete substrate oxidation to carbon dioxide), as described elsewhere (19).
Reproducibility was checked in at least three independent operations. A polar-
ization curve was made using a potentiostat (HSV-100; Hokuto Denko), from
which open-circuit voltage (V,,.), short-circuit current density (I.), and maximum
power density (P,,,,) were obtained as described elsewhere (19).

Metabolite detection. Lactate, acetate, and some other organic acids in the
MEFC supernatant were measured using high-performance liquid chromatogra-
phy (HPLC; Agilent), after the cells were removed by filtration through a cas-
sette membrane (0.22 pwm in pore size, DISMIC-13HP; Advantec). For the
HPLC, a Zorbax column (SB-Aq, 4.6 by 150 mm; Agilent) was used under the
following conditions: mobile phase, 20 mM potassium phosphate buffer (pH 2)
containing 10% acetonitrile; flow rate, 1 ml min~!; injection volume, 5 pl;
column temperature, 45°C; and detection, UV 210 nm. Species and concentra-
tions of the metabolites were identified based on the retention times and peak
areas of pure standard compounds, including formate (2.0 min), malate (2.2
min), lactate (2.3 min), acetate (2.5 min), citrate (2.9 min), succinate (3.2 min),
maleate (3.5 min), propionate (3.7 min), and fumarate (4.4 min).

Protein content. To determine the total protein content of planktonic cells in
each reactor, cells were collected from the MFC medium by centrifugation at
5,000 X g for 10 min and resuspended in 50 ml of phosphate-buffered saline
(PBS) (137 mM NaCl, 27 mM KCI, 43 mM Na,HPO, - 7H,0, 1.4 mM
KH,PO,, pH 7.3). For the protein assay, 1 ml of this suspension was centrifuged
at 15,000 X g for 5 min, and the pellet was resuspended in 150 wl of B-PER II
bacterial protein extraction reagent (Pierce) to solubilize the proteins according
to the manufacturer’s instructions. The protein concentration was determined
using the Micro BCA protein assay kit (Pierce) according to the manufacturer’s
instructions. To determine the protein content of cells attached onto the MFC
graphite-felt anode, the anodes were placed in a 250-ml centrifuge bottle with
200 ml PBS and shaken vigorously over a 5-min period. The anodes were
removed, and the cells were then pelleted by centrifugation at 5,000 X g for 10
min and resuspended in 50 ml of PBS. The cell detachment was confirmed by
microscopy. The protein content was then determined as described above. The
total protein content in an MFC was the sum of protein contents from the
planktonic and anode-attached cells.

Fluorescence spectrophotometry. To prepare samples for the measurement, 5
ml of the MFC supernatants from PV-4 and MR-1 reactors that had been
operated for 30 days were passed through 0.2-pm-pore-size membrane filters
(Advantec). Fluorescence spectra of the filtrates were recorded using a Shi-
madzu FP-6600 spectrometer using a 10- by 10-mm quartz cell. The emission
spectra were measured using an excitation wavelength of 350 nm, and the
excitation spectra were monitored at 430 nm.

Manganese reduction. Bottles (approximately 40 ml in capacity) containing 25
ml of the DM supplemented with 10 mM lactate and 6 mM manganese(IV) oxide
(MnO,) were prepared in triplicate according to a method described elsewhere
(22). They were capped with Teflon-coated butyl rubber septums, sealed with
aluminum crimp seals, purged with pure nitrogen gas, and inoculated with 0.25
ml of a bacterial suspension with an optical density at 600 nm (ODg) of 0.1. The
bottles were incubated at 30°C with shaking (150 rpm) in the course of the
experiment. At appropriate time points, the amount of Mn(IV) in each sample
was quantified using a colorimetric assay with leucoberbelin blue (LBB) (17).
Briefly, 0.1 ml of sample was taken from a bottle, mixed with 0.9 ml of LBB
solution (0.04% [wt/vol] LBB in 0.25% [vol/vol] acetic acid), and incubated in the
dark for 15 min prior to measuring the ODgq, using a spectrophotometer
(DU800; Beckman). A standard curve was generated using known concentra-
tions of KMnO, (Wako) and used to determine the concentration of Mn(IV) in
a test sample.

Iron reduction. Bottles containing 25 ml of the DM supplemented with 10 mM
lactate and 10 mM iron citrate (Sigma) were prepared in duplicate and inocu-
lated with 0.25 ml of a bacterial suspension with an ODy, of 0.1. The amount of
Fe(II) ion produced in each bottle was quantified using a colorimetric ferrozine
assay (40, 41). Briefly, a 2001 sample was taken from the bottle, mixed with 800
wl of 0.625 N HCl, and incubated for 15 min at room temperature. This solution
was then spun at 16,000 X g for 5 min, and 50 pl of the supernatant was mixed
with 950 pl of 2 mM ferrozine solution (in 50 mM HEPES buffer, pH 7.0). After
1 min, the absorbance at 562 nm was measured. The concentration of Fe(IT) in
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FIG. 1. A comparison of the current densities (A) and €. values
(B) for S. oneidensis MR-1 (gray line, gray bars) and S. loihica PV-4
(black line, black bars) in single-chamber MFCs operated for approx-
imately 30 days.

a test sample was determined using a standard curve generated using known
concentrations of FeSO, - 7TH,0O (Wako).

RESULTS

Comparison of MFCs harboring strains PV-4 and MR-1.
We initially compared the profiles of current production in
PV-4 and MR-1 MFCs (Fig. 1A). The current density for
MR-1 sharply increased from the time of initial inoculation
and typically reached its peak level of current density within
24 h. After the lactate in the medium was exhausted, the
current density decreased to nearly 0. However, upon injection
of lactate into the reactor, the resumption of current occurred
rapidly, and within approximately 15 min had reached the
previous peak value. MR-1 showed a very regular pattern for
current production when the lactate was exhausted and replen-
ished over five injections, with the current density remaining
fairly constant at approximately 60 A cm ™2 After the second
injection of lactate, €, increased approximately 1.8-fold (from
9% to 16%) and remained constant at approximately 16%
(15.9 = 0.6% [mean = standard deviation] for the last three
peaks) for the remainder of the experiment (Fig. 1B).

The profile of current production for PV-4 was quite differ-
ent compared to MR-1 (Fig. 1A). Initially, the current produc-
tion in the PV-4 MFC increased at a level similar to that of
MR-1, but at a current density of 20 wA cm ™2, the current
invariably reached a minor peak that fell slightly before in-
creasing again. The current then increased until it reached a
peak current density of approximately 40 pA cm™2, although
the initial €. values were nearly identical (Fig. 1B). With re-
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FIG. 2. HPLC patterns for the media from the MR-1 (A) and PV-4
(B) MFC reactors, showing the occurrences of organic acids. The

retention times (min) and corresponding compounds are shown above
the major peaks.

peated injections of lactate, both the current density and e,
increased and reached 74 pA cm™ 2 and 26% (25.8% =+ 0.3%
for the last three peaks), respectively, after the fourth injection
of lactate (at approximately hour 500). This €. value was sig-
nificantly higher than that of MR-1. After the fifth addition of
lactate, V., I, and P,,,, for the PV-4 MFC were determined
to be 0.62 V, 0.19 mA cm™ 2, and 44 pW cm ™2, respectively,
while those for the MR-1 MFC were 0.58 V, 0.15 mA cm™ 2,
and 31 pW cm™?, respectively.

After the sixth addition of lactate (60 mM in total), the
metabolites in the anode medium were analyzed by HPLC
(Fig. 2). We found that more metabolites (organic acids) were
detected in the MR-1 medium than in the PV-4 medium. Most
notable was the accumulation of acetate in the MR-1 medium
(21 mM), followed by succinate (17 mM), formate (16 mM),
and some other compounds. In the PV-4 MFC, acetate was the
most abundant metabolite and reached approximately 13 mM.
We also compared the total protein content in the PV-4 and
MR-1 MFCs. For PV-4, the total protein was determined to be
22.8 = 1.7 mg (mean = standard deviation), while MR-1 main-
tained a higher overall biomass, with a total protein content of
28.1 = 2.2 mg in the MFC reactor.

It has previously been reported that MR-1 produces two
types of extracellular electron shuttles (quinones [27] and fla-
vins [21, 44]). Since they can be distinguished based on their
distinct fluorescence spectra, we subjected the supernatants of
the PV-4 and MR-1 reactors to spectrophotometric analyses.
We found that the fluorescence spectra of these two strains
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FIG. 3. Fluorescence spectra for the filtered supernatants from
MFCs with strains PV-4 (dotted line) and MR-1 (solid line). (A) Emis-
sion spectra with the excitation at 350 nm. (B) Excitation spectra
measured at 430 nm. a.u., arbitrary unit.

were very similar (Fig. 3), indicating that they produced similar
compounds in the MFC medium. In the fluorescence emission
spectra of the MR-1 and PV-4 reactor supernatants (Fig. 3A),
peak emission wavelengths of approximately 420 nm were de-
tected (Fig. 3A), suggesting the presence of quinone deriva-
tives. This was confirmed by excitation peaks of 350 nm (Fig.
3B) (5, 29). These figures also indicate that MR-1 produced
more quinone derivatives than PV-4.

Anode-exchange experiment. To examine the contribution
of anode-attached versus planktonic cells toward current den-
sity, the anode of an MFC operating at the steady state was
transferred into a new MFC reactor (anode-MFC), while a
new anode was placed in the original MFC medium (superna-
tant-MFC). When the anodes were taken out of the reactors,
current densities of approximately 40 and 70 wA cm > were
recorded for the original MR-1 and PV-4 MFCs, respectively.
For each new reactor, the current density was measured for
approximately 8 h after performing the exchange (Fig. 4). We
found that the contributions of attached and planktonic cells
toward the current density were very different between the two
species. In the case of MR-1, the supernatant-MFC had a
higher initial current density than in the anode-MFC, with
current densities of 11 wA cm ™2 and 5 wA cm ™2, respectively
(Fig. 4A). In the supernatant-MFC, the current density rapidly
increased and stabilized at approximately 40 WA cm 2, while
the current density in the anode-MFC gradually increased dur-



7678 NEWTON ET AL.

Current density (uA cm2) >

0 2 4 6 8 10
Time (h)
B 5o
_ PV-4
o
£
o
<
2
2
c
€ 20f  ."Medium
=
g
5 10} #
(@] o
0 > 2 6 8 10

Time (h)

FIG. 4. Current generation in the anode exchange experiments in
which the anode from a single-chamber MFC of S. oneidensis MR-1
(A) or S. loihica PV-4 (B), which had run for 30 days, was transferred
into a new MFC containing fresh medium (solid line) or a new anode
was placed into the original reactor (dotted line).

ing the measurement. These data indicate that planktonic cells
contributed more to the current generation in the original
MR-1 MFC than in anode-attached cells. In the PV-4 MFC,
however, the contribution trend was reversed; namely, the
anode-MFC showed an initial current density of 29 pA
cm 2, which was much larger than the 4 pA cm 2 for the
supernatant-MFC (Fig. 4B). After approximately 4 h, both
reactors reached the same current density of approximately
35 pA cm 2

Disruption of genes for OM c-cyts. PV-4 has a genomic
region that corresponds to a metal-reducing c-cyt gene cluster
found in many Shewanella strains (6). Figure 5 shows a com-
parison of the gene clusters in MR-1 and PV-4, displaying the
similarities and differences in the gene organization. While the
flanking mtrDEF and mtrCAB regions had corresponding ho-
mologues in PV-4 in the same position and order (coding for
predicted proteins that ranged from 50.6% to 82.3% amino

APPL. ENVIRON. MICROBIOL.

TABLE 2. A comparison of the predicted c-cyt proteins from
S. loihica PV-4 and the closest homologous proteins in
S. oneidensis MR-1

S. loihica PV-4 ORF S. oneidensis MR-1 ORF

- - Identity
Name Slzea Name Size (%)
(aa) (aa)

Shew_2519 322 mtrD (SO_1782) 306 72.7
Shew_2520 703 mitrE (SO_1781) 712 50.6
Shew_2521 639 mitrF (SO_1780) 639 62.7
Shew_2522 720 omcA (SO_1779) 735 58.3
Shew_2523 757 omcA (SO_1779) 735 28.7
Shew_2524 725 omcA (SO_1779) 735 64.2
Shew_2525 664 mtrC (SO_1778) 671 63.3
Shew_2526 332 mitrA (SO_1777) 333 82.3
Shew_2527 699 mtrB (SO_1776) 697 69.9

“ aa, amino acids.

acid identity [Table 2]), there were two copies of genes
(shew2522 and shew2524) coding for predicted proteins with a
high level of homology to OmcA of MR-1 (58.3% and 64.2%
amino acid identity, respectively [Table 2]). These open read-
ing frames (ORFs) flanked a predicted decaheme c-cyt gene
(shew2523) that shared the closest homology to OmcA (28.7%
amino acid identity), mostly in the amino terminal of the pre-
dicted protein. An NCBI BLAST search revealed that
ORF2523 shares the highest degree of homology (65.4% iden-
tity) with a putative decaheme c-cyt (the NapC/NirT c-cyt
family) of Shewanella piezotolerans WP3 (45), which, like strain
PV-4, is also a deep-sea isolate.

To determine the contribution of the predicted decaheme
c-cyts in extracellular electron transfer, in-frame deletion mu-
tants were made with shew2522, shew2523, and shew2525,
along with a double mutant with shew2522 and shew2524 (Ta-
ble 1), and current generation by these mutants was analyzed
(Fig. 6). The mutants lacking the OmcA homologues
(Shew_2522 and Shew_2524) and the mutant lacking
shew2523, the unique decaheme c-cyt gene, generated current
densities that were slightly lower than the current density pro-
duced by wild-type PV-4. In contrast, the PV-4 mutant lacking
the mtrC homologue (carrying A2525) was severely impaired
for current production, reaching a maximum current density of
only 9.1% of that attained by the wild-type cells. This was
different from the case of mrC in MR-1, since the mtrC dele-
tion mutant still produced over 40% of the wild-type current
density. The complemented mutant (carrying A2525-p2525)
was able to produce a current density similar to that of wild-
type PV-4 (Fig. 6). Interestingly, complementation of the

MR-1
4 mtrD> mIrE> mtrF> och> mtrc> mtrA> mtrB>

PV-4
12519> 2520>| 2521> 2522> 2523> 2524>-| 2525> 2526> 2527>

FIG. 5. Organization of the mtrDEF-omcA-mtrCAB c-cyt-rich region in strain MR-1 and a homologous region in strain PV-4. This region
corresponds to the genome coordinates 1856169 to 1869171 in MR-1 (TIGR annotation) and 2982508 to 2964239 in PV-4 (DOE Joint Genome

Institute annotation).
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FIG. 6. Comparison of current densities in MFCs inoculated with
knockout mutants versus the wild-type strain (PV-4 or MR-1).

A2525 mutant with the m#rC gene from MR-1 was also able to
restore the current-producing ability, although it was only ap-
proximately one-half the wild-type PV-4 level (Fig. 6).

Metal reduction by the mutant strains. Since we found dif-
ferences between MR-1 and PV-4 in the roles of OM c-cyts in
current generation in MFCs, we thought it would also be in-
teresting to examine their roles in iron and manganese reduc-
tion (Table 3). Iron citrate is soluble in water, and it has been
suggested that it can be reduced by strain MR-1 using inter-
cellular and extracellular reductases (34). In contrast, manga-
nese oxide is amorphous and reduced only via extracellular
electron transfer (38). We considered that it should be inter-
esting to examine the roles of OM c-cyts for the reduction of
iron citrate and manganese oxide.

The reduction rates of the A2522, A2522 A2524, and A2523
mutants for iron citrate and manganese oxide were not signif-
icantly different from those of the wild-type PV-4 (data not
shown). However, the A2525 mutant was highly impaired for
both electron acceptors (Table 3), confirming that Shew2525 is
primarily important for extracellular electron transfer. The
A2525 mutant retained only 34% of the wild-type PV-4’s ability
to reduce MnO,,. This is a much larger impairment than in the
AmtrC mutant of MR-1, which was still able to reduce 78% of
the MnO, that the wild-type MR-1 reduced in the same 48-h
period. For iron-citrate reduction, a similar trend was ob-
served, although for both MR-1 and PV-4, deletion of the mtrC
and shew2525 genes, respectively, more severely affected their
abilities. The A2525 mutant had only 5% of the activity of the
wild-type PV-4, while the AmtrC mutant retained 34% of the
activity of the wild-type MR-1 (Table 3).

DISCUSSION

Our comparison of the MR-1 and PV-4 MFCs revealed
several significant differences, including the current density,
the time needed to establish a constant current, and €. The
current generation by a bacterium is dependent on its substrate
oxidation rate (catabolic speed) and electron loss (between
substrate oxidation and anode current). The current profiles
(Fig. 1A) show that MR-1 more rapidly used up the lactate (10
mM) added as the sole energy source than PV-4 did, suggest-
ing that the substrate oxidation rate of MR-1 was greater than
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that of PV-4. It is therefore likely that the higher current and
power densities in the PV-4 MFC were ascribable to a loss of
electrons smaller than that in MR-1 MFC. This conclusion is
supported by the high €. values of the PV-4 MFC (Fig. 1B).

Several causes have been suggested for lowering €. in MFCs
(18, 39); these include (i) incomplete oxidation of substrates,
(ii) the presence of alternative electron acceptors, and (iii)
assimilation (microbial growth and storage of energy sources).
Concerning the first point, we analyzed the metabolites pro-
duced by MR-1 and PV-4 during the course of the MFC
operation and found that more metabolites were detected in
the supernatant of the MR-1 MFC (Fig. 2). For instance, the
accumulation of acetate (21 mM) and succinate (17 mM) in the
MR-1 MFC medium accounted for 23% and 33%, respec-
tively, of the electrons liberated from the total amount of
lactate supplied (60 mM). This indicates that the accumulation
of these metabolites had the largest influences on €, and the
current density in MFCs with these Shewanella strains. A pre-
vious MFC experiment showed that MR-1 consumed lactate
with an approximate stoichiometric accumulation of acetate,
and it was slowly metabolized without generating electric cur-
rent (18). In contrast to that report, acetate was partially pro-
duced from lactate in our MFCs, and we considered that the
accumulation of other metabolites (e.g., succinate) more seri-
ously reduced the €. value. The difference is likely ascribable to
the different types of MFC used in the experiments.

Second, the €. value is also affected by alternative electron
acceptors. It is known that oxygen permeates through the air
cathode (4) and serves as an electron acceptor for anode mi-
crobes (39). Taking into account the oxygen transfer rate
through an air cathode with the same structure (1.4 wmol h™!
cm ™2 [4]), the number of electrons needed to reduce each
mole of oxygen (4 mol), and the air cathode area (20 cm?), the
oxygen-dependent electron consumption rate for the MFC
used in this study was calculated to be equivalent to an elec-
trical current of 3 mA. This value is almost equal to the current
generated in the MR-1 MFC. This loss is, however, considered
to have affected the MR-1 and PV-4 MFCs equally, since
identical air cathodes were used. Finally, based on the protein
content, assimilation of organics was estimated to have minor
influences on the e, values for these Shewanella MFCs

TABLE 3. Iron-citrate and manganese-oxide reduction by S. loihica
PV-4, S. oneidensis MR-1, and their derivatives

Manganese-oxide . .
8 Tron-citrate reduction

reduction
Strain Rate Ratio to Rate Ratio to
(pmol the wild (pmol the wild
liter ™! type liter ! type
e (%) hr 1y (%)
S. loihica
PV-4 100 = 6.0 100 1,700 = 66 100
A2525 mutant 34 +44 34 280 = 4.0 17
A2525-p2525 mutant 74 4.7 74 1,600 = 35 99
A2525-pmtrC mutant 68 = 15 68 1,500 + 57 89
S. oneidensis
MR-1 95 +4.2 100 1,500 = 49 100
AmtrC mutant 78 £5.5 82 570 £5.1 37

“ Mean * standard deviation (n = 3).
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(~10%). Altogether, it is considered that the difference in the
€. values between strains MR-1 and PV-4 was ascribable
mostly to the difference in their metabolite production.

Despite the fact that both mediated (via mediators) and
direct (via OM c-cyts) electron transfer mechanisms are
present in MR-1 and PV-4, the anode exchange experiment
(Fig. 4) revealed that the current in the PV-4 MFC was attrib-
uted more to anode-attached cells than to planktonic cells and
vice versa in the MR-1 MFC. The importance of planktonic
cells for current generation in MFCs has previously been sug-
gested for MR-1 (18). This study found that even for species in
the same genus, Shewanella, the behaviors (e.g., growth as
planktonic and anode-attached cells) in MFCs were largely
different, which may have resulted from different extracellular
electron transfer mechanisms employed by these strains. An-
ode-attached cells likely employ direct electron transfer mech-
anisms, as is the case with Geobacter (2), while organisms
employing mediated electron transfer by producing soluble
electron shuttles are able to thrive as planktonic cells in MFCs
(36). The finding that the concentration of quinone derivatives
in the anode medium in the PV-4 MFC was low compared to
that in the MR-1 MFC (Fig. 3) may have been related to this
notion.

Accordingly, we thought that it was important to investigate
how the anode-attached cells of PV-4 transferred electrons to
the MFC anode. In the model for the extracellular electron
transfer pathways in MR-1 (38), MtrC and OmcA are consid-
ered to act as terminal reductases and have overlapping func-
tions (23-25). Previous studies have also shown that a double-
knockout mutant of m#rC and omcA still generated current at
a level 15% of that of the wild type (3), suggesting the presence
of alternative channels for the transfer of electrons to the
anode in MR-1. It is considered that electron mediators (qui-
nones and flavins) that bypass OM c-cyts can have this role (21,
27, 44). Unexpectedly, however, the single disruption of the
gene for the MtrC homologue (shew2525) almost completely
restrained the current generation by PV-4 (Fig. 6). The
complementation experiment indicated that MtrC of MR-1
can assume the role of Shew2525 in PV-4 (Fig. 6), suggesting
that Shew2525 is also a terminal reductase. These findings are
consistent with the result that anode-attached cells of PV-4
contributed most to the current generation in MFC. Unexpect-
edly, however, the disruption of the genes for the OmcA ho-
mologues did not substantially affect the current generation by
PV-4. This indicates that functions of the OmcA homologues
in PV-4 (Shew2522 and Shew2524) are clearly different from
those of OmcA in MR-1, since MtrC and OmcA are consid-
ered to have replaceable overlapping functions as terminal
reductases for metal oxides (23, 35). Disruption of shew2323
(putative OM c-cyt gene with unknown function) also did not
largely impair extracellular electron transfer, and it would be
interesting to examine the triple knockout of shew2322,
shew2323, and shew2324. These results indicate that Shew2525
in PV-4 plays a crucial role in extracellular electron transfer
and suggest that OM c-cyts are differently utilized in MR-1 and
PV-4.

The metal reduction tests confirmed that Shew2525 was
primarily important for extracellular electron transfer in PV-4
(Table 3). In these experiments, however, it was unexpected
that the disruption of shew2525 in PV-4 and m#C in MR-1
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more largely impaired iron-citrate reduction than manganese-
oxide reduction. Although we do not have conclusive ideas
regarding this point, such phenomena may occur if mediators
contribute largely to manganese-oxide reduction.

In conclusion, the present study shows that even though
MR-1 and PV-4 are affiliated with the same genus, Shewanella,
and possess similar genes for metal-reducing c-cyts, they em-
ploy substantially different extracellular electron transfer
mechanisms (e.g., mediated versus direct electron transfer,
amounts of excreted mediators, and roles of OM c-cyts). At
present, the genomes of nearly 20 strains in the genus
Shewanella have been completed, and the diversity in the ge-
netic organization of metal-reducing c-cyts among these strains
has been analyzed (6). We suggest that further genetic and
physiological studies of these diverse Shewanella strains are
needed to comprehend the consensus features and diversity in
the metal-reducing and current-generating mechanisms in this
environmentally and biotechnologically important genus.
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