
Electrically conductive bacterial nanowires produced
by Shewanella oneidensis strain MR-1
and other microorganisms
Yuri A. Gorby*†, Svetlana Yanina*, Jeffrey S. McLean*, Kevin M. Rosso*, Dianne Moyles‡, Alice Dohnalkova*,
Terry J. Beveridge‡, In Seop Chang§, Byung Hong Kim¶, Kyung Shik Kim¶, David E. Culley*, Samantha B. Reed*,
Margaret F. Romine*, Daad A. Saffarini�, Eric A. Hill*, Liang Shi*, Dwayne A. Elias*,**, David W. Kennedy*,
Grigoriy Pinchuk*, Kazuya Watanabe††, Shun’ichi Ishii††, Bruce Logan‡‡, Kenneth H. Nealson§§, and Jim K. Fredrickson*

*Pacific Northwest National Laboratory, Richland, WA 99352; ‡Department of Molecular and Cellular Biology, University of Guelph, Guelph, ON, Canada
N1G 2W1; ¶Water Environment and Remediation Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea; §Department of
Environmental Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 500-712, Korea; �Department of Biological Sciences,
University of Wisconsin, Milwaukee, WI 53211; **Department of Agriculture Biochemistry, University of Missouri, Columbia, MO 65211; ††Marine
Biotechnology Institute, Heita, Kamaishi, Iwate 026-0001, Japan; ‡‡Department of Environmental Engineering, Pennsylvania State University, University
Park, PA 16802; and §§Department of Earth Sciences, University of Southern California, Los Angeles, CA 90089

Communicated by J. Woodland Hastings, Harvard University, Cambridge, MA, June 6, 2006 (received for review September 20, 2005)

Shewanella oneidensis MR-1 produced electrically conductive pi-
lus-like appendages called bacterial nanowires in direct response
to electron-acceptor limitation. Mutants deficient in genes for
c-type decaheme cytochromes MtrC and OmcA, and those that
lacked a functional Type II secretion pathway displayed nanowires
that were poorly conductive. These mutants were also deficient in
their ability to reduce hydrous ferric oxide and in their ability to
generate current in a microbial fuel cell. Nanowires produced by
the oxygenic phototrophic cyanobacterium Synechocystis PCC6803
and the thermophilic, fermentative bacterium Pelotomaculum
thermopropionicum reveal that electrically conductive append-
ages are not exclusive to dissimilatory metal-reducing bacteria and
may, in fact, represent a common bacterial strategy for efficient
electron transfer and energy distribution.
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M icrobial dissimilatory reduction of metals is a globally im-
portant biogeochemical process driving the cycling of Fe,

Mn, associated trace metals, and organic matter in soils and
sediments as well as in freshwater and marine environments (1, 2).
Most electron acceptors typically used by prokaryotes (oxygen,
nitrate, sulfate, and carbon dioxide) are freely soluble both before
and after reduction, whereas environmental Fe(III) and Mn(IV)
exist predominantly as oxyhydroxide minerals. In anoxic environ-
ments, dissimilatory metal-reducing bacteria (DMRB) must over-
come the fundamental problem of engagement of the cell’s electron
transport system (ETS) with poorly soluble minerals. DMRB have
apparently developed several strategies, including (i) ‘‘shuttling’’
electrons by using humic acids (3) or cell metabolites (4) from
terminal points of the ETS to the mineral surfaces, (ii) transferring
electrons to Fe(III)- or Mn(IV)-bearing minerals directly via mul-
tiheme cytochromes associated with the outer membrane (5, 6), or
(iii) through electrically conductive pili or ‘‘nanowires’’ (7). In this
study, we provide evidence that the DMRB Shewanella oneidensis
MR-1 produces electrically conductive nanowires in response to
electron-acceptor limitation. We also show that electrically con-
ductive nanowires are not restricted to metal-reducing bacteria,
such as Shewanella and Geobacter, but are also produced by an
oxygenic photosynthetic cyanobacterium and a thermophilic fer-
mentative bacterium.

Results
Production of Extracellular Appendages Under O2-Limited Growth
Conditions. S. oneidensis MR-1 cells in continuous culture (chemo-
stats) with electron-acceptor (O2) limitation and low agitation (50
rpm) consisted of aggregates with pilus-like appendages ranging

from 50 to �150 nm in diameter and extending tens of microns or
longer (Fig. 1A; and see Fig. 5A, which is published as supporting
information on the PNAS web site). Similar structures were ob-
served by fluorescence microscopy when stained with a nonspecific
fluorescent protein-binding stain (Fig. 1B). Similar structures were
produced during anaerobic growth with either fumarate or Fe(III)-
nitrilotriacetic acid as dissolved electron acceptors, as long as the
concentration of these electron acceptors were growth-limiting
(data not shown). Few appendages were observed in chemostat
cultures that were supplied with excess electron acceptor (O2 �2%
of air saturation) but were otherwise identical to electron-acceptor-
limited cultures (Fig. 5B).

Samples of cells with the extracellular appendages were collected
from O2-limited cultures, applied to the surfaces of highly ordered
pyrolytic graphite, and examined by scanning tunneling microscopy
(STM) and tunneling spectroscopy to assess their ability to conduct
an electrical current. STM images (constant-current topographs) of
isolated appendages on the graphite surface revealed that their
widths range from 50 to 150 nm (Fig. 2A). The apparent heights of
the appendages in the STM images were �10 nm above the graphite
surface (Fig. 2B), a value that was consistent with measurements
obtained by scanning EM (SEM) and atomic force microscopy for
these air-dried samples. For a conductive material, the apparent
height should be close to the actual height of the sample, whereas,
for a nonconductive sample, the apparent height should be 0. STM
images also revealed that the appendages possessed a ridged
structure running along their lengths (Fig. 2B). Ridges, typically
with diameters of �3–5 nm, appeared as individual electrically
conductive filaments, as revealed by STM images of ‘‘frayed’’ ends
of appendages (Fig. 6, which is published as supporting information
on the PNAS web site). Collectively, these results indicate that these
appendages, which we have termed bacterial nanowires, are elec-
trically conductive.

Extracellular Reduction of Silica Ferrihydrite to Magnetite (Fe3O4)
Nanoparticles by Bacterial Nanowires. Given their ability to conduct
electrons in vitro, we investigated the ability of nanowires to reduce
and transform poorly crystalline silica ferrihydrite. S. oneidensis
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MR-1 cells were cultivated in chemostats operating under mi-
croaerobic conditions, which poise cells for the production of
nanowires. Cells were transferred to an anaerobic growth medium
containing lactate as the electron donor and silica ferrihydrite as the
sole terminal electron acceptor. Iron reduction was visually ob-
served as a color change of the iron solids from red to black.
Transmission EM analyses of these suspensions revealed the pres-
ence of nanocrystalline magnetite arranged in linear arrays along
features whose dimensions were consistent with bundled nanowires
(Fig. 3A; and see Fig. 7A which is published as supporting infor-
mation on the PNAS web site). Although additional research is
required to characterize the mechanism of electron transport in
nanowires, these results suggest that nanowires can transfer elec-
trons to extracellular solid-phase iron oxides at locations distal from
cell surfaces.

Production of Nanowires, Silica Hydrous Ferric Oxide (Si-HFO) Reduc-
tion, and Current Generation by S. oneidensis MR-1 Mutants Deficient
in MtrC, OmcA, and GspD. The decaheme c-type cytochrome MtrC
(SO1778) had been implicated in efficient reduction of Fe(III) and
Mn(IV) by MR-1 (8). Because both MtrC and OmcA (SO1779) are
at least partially exposed at the cell surface (9), we reasoned that
these electron-transfer proteins may be involved in electron trans-
port by nanowires. To test this hypothesis, a mutant with an
in-frame deletion of both mtrC and omcA genes, designated
�MTRC�OMCA, was constructed. A second mutant with a trans-
poson insertion in gspD (SO0166), designated GSPD, was isolated

by using himarRB-1 transposon mutagenesis (see Materials and
Methods). Earlier studies showed that GspD is a component of the
type II secretion system in Shewanella required for the translocation
of a 91-kDa heme c-containing protein to the cell exterior (10).
SEM analysis revealed that GSPD and �MTRC�OMCA cells
produced extracellular structures (Fig. 8 A and B, which is published
as supporting information on the PNAS web site) in direct response
to electron-acceptor limitation and that these structures displayed
physical dimensions similar to nanowires produced by wild-type

Fig. 1. Wild-type strain MR-1 taken from an electron-acceptor-limited che-
mostat operating at low agitation (50 rpm). (A) SEM image of MRI. (B)
Epifluorescence micrograph of MR-1 stained with the fluorescent nonspecific
protein-binding stain NanoOrange in liquid medium.

Fig. 2. STM images of isolated nanowires from wild-type MR-1, with lateral
diameter of 100 nm and a topographic height of between 5 and 10 nm. (A)
Arrows indicate the location of a nanowire and a step on the graphite
substrate. (B) Higher magnification showing ridges and troughs running
along the long axis of the structures.
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MR-1 (Fig. 1). The apparent height of the GSPD appendages
obtained by STM (Fig. 8C) was, however, almost two orders of
magnitude less than for MR-1 (Fig. 2) with the same bias voltage
and setpoint current. We were unable to obtain an STM image of
the nanowires from �MTRC�OMCA. These results indicate that
the appendages produced by these mutants were poor electrical
conductors relative to those produced by the wild-type MR-1.

Both �MTRC�OMCA and GSPD mutants were impaired in
their ability to reduce silica ferrihydrite (Table 1) and to produce
electric current in a mediatorless microbial fuel cell (MFC) (Table
1). S. oneidensis MR-1 had been shown to have electrochemical
activity in a mediatorless MFC (11), and this activity was attributed
to the ability of MR-1 to localize cytochromes to the outer
membrane where they facilitate the transfer of electrons to the
electrode surface via a direct-contact mechanism. Interestingly, the
extent of impairment of these mutants was similar for both the HFO
reduction and electrochemical assays, providing further evidence
that a similar extracellular electron-transfer mechanism is used for
both processes.

Production of Nanowires by Other Bacterial Genera. Nanowire pro-
duction is not exclusive to S. oneidensis strain MR-1. The photo-
synthetic cyanobacterium Synechocystis strain PCC 6803 produced
electrically conductive nanowires when cultivated under conditions
of CO2 limitation (Fig. 4A). The structures were highly electrically
conductive, as confirmed by STM and tunneling spectroscopy (Fig.
4B) and displayed a ridged appearance that was strikingly similar to
bundled nanowires observed in S. oneidensis MR-1 (Fig. 2). Strain
6803 did not produce nanowires when CO2 was provided in excess.
Electrically conductive nanowires were also produced by a ther-
mophilic fermentative bacterium Pelotomaculum thermopropion-
icum. SEM images revealed that P. thermopropionicum produced
pilus-like filaments when it was grown in monocultures on fumarate

and in cocultures with Methanothermobacter thermoautotropicus on
propionate (Fig. 4C), as described (12). STM images and tunneling
spectroscopy confirmed that these filaments were highly electrically
conductive and were composed of bundles of individual electrically
conductive filaments, each measuring between �10 and 20 nm in
diameter (Fig. 4D).

Discussion
S. oneidensis MR-1 produces electrically conductive nanowires in
response to O2 limitation. In contrast to an earlier report (7), our
STM results confirm that nanowires produced by MR-1 are effi-
cient electrical conductors. STM imaging conditions were always
stable, with no tendency for the tip to move the nanowires across
the surface by intermittent contact unless conditions were specif-
ically set to do so. We exclude the possibility that the current was
being carried by ionic conduction from the possible presence of
water and dissolved ions by examining the distance dependence of
the tunneling current at various locations over appendages. These
spectra consistently exhibited exponential current decay with in-
creasing distance showing typical decay constants, a signature of
true electron tunneling. In contrast, ionic conduction would have
been identified by a linear current–distance relationship (13).

The discovery of bacterial nanowires and identification of the
electron-transfer components that are required for electrical con-
ductivity provide important advancements toward understanding
the mechanisms involved in electron transfer from DMRB bacteria
such as Shewanella and Geobacter to metal-oxide solids. Experience
gained through our investigations underscores the need for extreme
caution when designing experiments, making measurements, and
interpreting results. Cultivation conditions, the fragile nature of
nanowires, and the fact that most microorganisms can construct
multiple pilus-like structures (14) can produce artifacts and, in the
case of the report by Reguera et al. (7), likely led to the erroneous
conclusion that extracellular appendages produced by strain MR-1
are not electrically conductive. We have observed that cells culti-
vated in nutrient-rich media or under high-agitation conditions that
mechanically disrupt fragile extracellular appendages produce sam-
ples that contain abundant evidence of cellular debris and relatively
few intact structures resembling nanowires (data not shown).
Occasionally, pilus-like structures were observed that exhibited
nonconductive behavior when investigated by STM and conduction
atomic force microscopy. We conclude that such structures could
represent products from a number of possible genes, including
mshA (SO4104), pilA (SO0417), and, possibly, gspG (SO0169) of
the type II secretion pathway.

Bacterial nanowires present important and logical implications
for enzymatic reduction of solid phase iron and manganese oxides
by DMRB, such as Shewanella and Geobacter. Nanowires may
facilitate far-field transport of electrons from cells to solid phases
located at significant distances from bacterial cells. These findings
do not exclude the possibility that reduction of solid-phase iron
oxides can occur by either direct cell-to-mineral contact or the use
of dissolved low-molecular-mass compounds to shuttle electrons
between bacteria and oxide minerals. However, multiple lines of
evidence implicate nanowires as the major pathway for extracellular
electron transfer in S. oneidensis MR-1, particularly in environ-
ments where cells are sessile. Direct visual evidence confirmed
reductive transformation of poorly crystalline ferrihydrite into
nanocrystalline magnetite along the length of bacterial nanowires.
Additional research designed to critically and comprehensively
evaluate far-field electron transfer via nanowires is needed to
confirm these intriguing observations.

We have yet to conclusively identify the electrically conductive
components of Shewanella nanowires. Our results demonstrate that
MtrC and OmcA are required to produce electrically conductive
nanowires and to transform hydrous ferric oxide into magnetite
along extracellular structures that are morphologically identical to
nanowires. Results correlating the loss of electrical conductivity, the

Fig. 3. Transmission EM images of whole mounts of MR-1 cells incubated in
an aqueous suspension of Si-HFO. The Si-HFO was transformed to nanocrys-
talline magnetite along extracellular features consistent with the dimensions
of nanowires.

Table 1. Metal-reduction and electrochemical properties of
S. oneidensis MR-1, GSPD and �MTRC�OMCA

Strain
Ferrihydrite-reduction-
extractable Fe(II),* mM

Electrochemical
activity, mA

MR-1 2.17 � 0.19 68.0 � 7.8
�MTRC�OMCA 0.67 � 0.13 14.3 � 2.08
GSPD 0.42 � 0.02 12.3 � 0.58

*HFO (20 mM) reduction sampled at 24 h and extracted with 0.5 N HCl
overnight. Fe(II) was determined by using the ferrozine assay (30).
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loss of solid-phase iron oxide reduction, and a decrease in electro-
chemical activity in MFCs by mutants lacking genes for MtrC and
OmcA and mutants without a functional type II secretion system
involved in transferring these decaheme cytochromes to the cell
exterior suggest that cytochromes MtrC and OmcA may either be
an intermediate electron carrier to or directly ‘‘functionalize’’
electrically conductive nanowires in S. oneidensis strain MR-1.
Research in our laboratory has shown that MtrC and OmcA
copurify and form a stable complex (15). Investigations have
suggested at least a partial overlap in the roles of these two
cytochromes in the reduction of insoluble Mn(IV) oxide (16).
Attempts to localize decaheme cytochromes MtrC and OmcA by
using peptide-specific antibodies and immunocytological EM
yielded equivocal results. Full understanding of specific mecha-
nisms of electron transport, the relative roles of extracellular
electron transport components, such as MtrC, OmcA, and struc-
tural proteins (such as pilus proteins) in nanowire architecture await
detailed investigations.

The utility of electrically conductive nanowires for bacteria that
use solid-phase iron and manganese oxides as electron acceptors is
easily conceivable. Nanowires may facilitate electron transfer from
bacteria to metal oxides without the need for direct cell-surface-
to-mineral contact or the use of dissolved electron shuttles. Nano-
wires significantly increase the reactive surface area involved in
metal reduction well beyond that of the cell surface area. These
structures may also provide a means for delivering electrons to
reactive oxide surfaces confined in submicron pore environments

that may otherwise be inaccessible for direct cell contact. Research
is needed to confirm these hypotheses, but they remain both
plausible and experimentally tractable.

The discovery that nanowires are not restricted to DMRB
compels one to consider a broader distribution of these structures
throughout the bacterial world with functional roles extending
beyond extracellular electron transfer to solid-phase iron and
manganese oxides. Confirmation of electrically conductive nano-
wires in oxygenic photosynthetic cyanobacteria and correlation of
nanowire production with CO2 limitation in highly instrumented
and controlled continuous cultures suggest that nanowires may
serve to rid cells of excess reducing equivalents (electrons) when
they are unable to sink electrons into biomass during CO2 fixation.
In natural environments, oxygenic cyanobacteria are often key
contributors of microbial mat communities where they serve as
primary producers of fixed carbon. We hypothesize that cyanobac-
terial nanowires facilitate transfer of excess electrons to other
metabolic groups within these complex mat communities. Confir-
mation that flagellum-like appendages connecting P. thermopropi-
onicum with M. thermoautotrophicus in syntrophic methanogenic
cocultures are electrically conductive not only expands the range of
organisms that produce bacterial nanowires, but it supports our
hypothesis that microorganisms may participate in interspecies
electron transfer as an means to augment more familiar energy
exchange processes, such as interspecies hydrogen transfer. The
possibility that metabolically and taxonomically diverse microbial
groups have adopted a common strategy for efficient energy

Fig. 4. SEM and STM images of nanowires produced by cyanobacteria and methanogenic cocultures. (A) SEM image of Synechocystis sp. PCC 6803 cultivated
with CO2 limitation and excess light. (B) STM imagery confirms that the extracellular appendages produced under these conditions are highly electrically
conductive, with morphological similarities to nanowires produced by S. oneidensis MR-1. (C) SEM image of P. thermopropionicum and M. thermoautotrophicus
(arrow) in methanogenic cocultures showing nanowires connecting the two genera, as reported by Ishii et al. (12). (D) STM images confirm that these nanowires
are highly conductive and composed of bundles of individual filaments.
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transduction and distribution via electrically conductive nanowires
is both scientifically interesting and experimentally accessible. Fur-
ther collaborative investigations into the complete composition of
nanowires, mechanisms of electron flow through the wires, and
interaction of nanowires between and among organisms in natural
microbial communities are warranted to completely realize the
implications of these structures in areas of alternative energy
production, carbon sequestration, bioremediation, cell signaling,
and, perhaps, pathogenicity and human health.

Materials and Methods
Bacterial Strains and Culture Conditions. Cells of S. oneidensis strain
MR-1 (wild-type), the double-deletion mutant �MTRC�OMCA
lacking two decaheme cytochromes, and the insertion mutant
GSPD that does not produce outer membrane channel-forming
proteins associated with the type II secretion system were cultured
in continuous flow reactors (New Brunswick Scientific) operating
in chemostat mode with a dilution rate of 0.1�h�1 and an operating
liquid volume of 3 liters. A chemically defined medium contained
the following: sodium lactate, 18 mmol�liter; Pipes buffer, 3 mmol�
liter; ammonium chloride, 28 mmol�liter; NaH2PO4, 4.35 mmol�
liter; ferric nitrilotriacetic acid; 0.1 mmol�liter; and sodium
selenate, 0.001 mmol�liter. Vitamins and minerals were provided
from stock solutions as described (17). Agitation was maintained at
50 rpm to minimize mechanical shear forces, and pH was contin-
uously monitored and maintained at 7.0 by using 2 M HCl. O2
served as the sole terminal electron acceptor and was delivered to
reactors as compressed air at a constant delivery rate of 4
liters�min�1. Dissolved O2 tension (DOT) was monitored by using
a polarographic O2 probe and meter and was maintained at desired
values by using a control loop and switching valves that automat-
ically adjusted the air–N2 ratio of the influent gas stream. When
DOT was maintained at 20% of air saturation, lactate served as the
growth-limiting nutrient, and the optical density of steady-state
cultures was maintained at 0.68 at 600 nm. Chemostat cultures were
also operated with O2 as the growth-limiting nutrient. To obtain O2
limitation, the air–N2 ratio of the influent gas stream was manually
decreased to 25:50 while the gas addition rate was maintained at 4
liters�min�1. Under these operating conditions, the optical density
of the culture was maintained at �0.3 at 600 nm, DOT was below
detection of the polarographic O2 electrode, and residual concen-
trations of lactate, pyruvate, and acetate were detected in the spent
culture. Collectively, these data measurements confirmed that the
reactor was operating with O2 limitation.

For selected experiments that required cells that were poised for
nanowire production but delayed the display of these structures,
chemostat cultures were operated as described above, with the
exception that DOT was maintained at 2% of air saturation. When
transferred from bioreactors to sealed batch reactors containing
HFO as the sole terminal electron acceptor, cells produced nanow-
ires that directly interacted with and transformed iron solids.

Synechocystis sp. strain PCC 6803 was cultivated in the chem-
ically defined medium BG11 (18) in a 14-liter continuous-f low
BioFlo 3000 (New Brunswick Scientific) reactor with a 9-liter
working volume. Light served as the sole energy source and was
continuously provided at an average irradiance of 50
microeinsteins�m2�sec�1 by a series of incandescent bulbs that
were positioned around the exterior of the reactor. Carbon
dioxide served as the sole source of carbon and was provided as
a component of compressed air that was delivered to the reactor
at 7 liters�min�1. Continuous cultures operated with a dilution
rate of 0.008�h�1 maintained an optical density of �0.45 at 760
nm. Culture density could be increased by increasing average
irradiance, confirming that cultures operating under these con-
ditions were light-limited. The concentration of chlorophyll and
phycobilin was estimated by monitoring optical density at 678
and 625 nm, respectively. Light-limited cultures were bluish-
green in color, and the ratio of absorbance values (678:625 nm)

was maintained at 0.99. To induce a condition of CO2 limitation,
air entering the reactor was diluted with N2 to effectively reduce
the CO2 concentration of the influent gas from �400 to 100 ppm.
This change in gas composition decreased the standing biomass
concentration, as measured by optical density at 730 nm, from
0.45 to �0.325. A color change from bluish-green to yellow
corresponded with a significant increase in the chlorophyll-to-
phycobilin ratio (1.03 at 678:625 nm), which is consistent with a
decrease in phycobilin production (19). Coincidently, cells pro-
duced extracellular appendages that linked cells into flocculated
aggregates. These structures were later examined for electrical
conductivity.

Syntrophic cocultures of P. thermopropionicum with M. thermo-
autotrophicus were cultivated without agitation at 55°C in sealed
bottles containing an anaerobic medium with 17 mM propionate as
the carbon and energy source as described (12).

Scanning and Transmission EM. Samples for SEM were removed
from chemostat or sealed batch cultures and immediately fixed by
using an anaerobic solution of glutaraldehyde (2% final concen-
tration). Samples were carefully applied to membrane filters with a
0.2-�m pore size and gently washed with pH 7 PBS, dilute PBS
(50:50 with deionized water), and then deionized water. Samples
were then subjected to a serial dehydration protocol using increas-
ing concentrations of ethanol. After three final changes in 100%
ethanol, samples were subjected to critical-point drying by using a
CPED2 (Pelco, Redding, CA). Desiccated samples were coated
with evaporated carbon and viewed by using a Zeiss-LEO 982
FE-SEM.

STM and Tunneling Spectroscopy. Samples from cultures of MR-1
grown with O2 limitation and those of Synechocystis PCC6803
cultivated with CO2 limitation were applied to a freshly cleaved
surface of highly ordered pyrolytic graphite (an STM standard flat
conducting substrate) and thoroughly washed with an anaerobic
solution of PBS followed by anaerobic deionized water to remove
salts. The dried samples were examined by using a Molecular
Imaging (Tempe, AZ) PicoScan scanning tunneling microscope.
STM was performed under ambient conditions in air by using
electrochemically sharpened Pt-Ir tips. Topographs were collected
under constant-current imaging conditions. Samples were distin-
guished from linear features inherent to the graphite substrate by
choosing imaging condition extremes (e.g., very low-bias voltage,
high-setpoint current) that facilitated moving the samples across the
graphite surface with the tip. The signatures of the current–voltage
and current–distance curves were examined to ensure true tunnel-
ing contact over the positions of the samples and over the graphite
substrate.

Fluorescence Microscopy. Samples for fluorescent microscopy
were fixed with an anaerobic solution of glutaraldehyde (2%
final concentration) and stained with NanoOrange (Invitrogen)
reagent, which fluoresces when bound to amino acids and
proteins. Images of stained nanowires and cells were obtained by
using a Nikon epifluorescent microscope fitted with a �100
oil-immersion objective.

Mutagenesis. GSPD, a mutant with a transposon insertion in
SOO166 (gspD) was isolated by using pMiniHimar RB-1 as de-
scribed (20). Mutants deficient in Fe(III) reduction were identified
as described (21), and phenotypic analysis of the mutants was
performed as reported (22). To identify the sites of transposon
insertion, total DNA was isolated from the mutants, digested with
either BamHI or SphI, ligated, and then used to transform Esch-
erichia coli EC100D� (EPICENTRE Biotechnologies, Madison,
WI). Transformed cells were plated on LB�Km agar. Purified
plasmids were sequenced by using the primer complementary to the
3� end of Himar1.
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In-frame deletion mutagenesis was performed by using the
method originally described by Link et al. (23), with minor modi-
fications. Upstream and downstream fragments flanking the omcA-
mtrC locus were PCR amplified by using S. oneidensis MR-1
genomic DNA and primer pairs 5-O�5-I and 3-O�3-I, respectively.
The resulting amplicons were fused by overlap extension PCR (24)
using complementary 21-bp sequences present on the 5� ends of 5-I
and 3-I primers. The fusion PCR amplicon was gel purified and
treated with TaqDNA polymerase (Qiagen, Valencia, CA) to add
a single A overhang and ligated into XcmI-digested pDS3.1 (25).
The ligated product was transformed into E. coli EC100D pir-116
(EPICENTRE Biotechnologies) and plated on LB with gentamy-
cin selection (15 �g�ml). The resulting recombinant plasmids were
purified and used to transform E. coli �-2155 (26) or WM3064 (27).
Plasmids were transferred from E. coli �-2155 mating strain to S.
oneidensis MR-1 by conjugation, and primary integrants were
selected by plating on LB medium containing 7.5 �g�ml gentamy-
cin. Selection for a second homologous recombination to remove
the plasmid sequence was accomplished by growing the primary
integrant for 16–18 h in LB-NaCl cultures, followed by sucrose
counterselection (28). Colonies growing in the presence of sucrose
were screened for sensitivity to gentamycin (7.5 �g�ml) and then
screened for deletion of the gene of interest by using PCR with the
FO�RO primer set. The resulting PCR amplicon was then used as
the template for DNA sequencing of the deleted and flanking
regions involved in the recombination events (ACGT, Wheeling,
IL). Deletion mutagenesis was specific and did not impact pheno-
typic expression of downstream genes related to metal reduction.
Translation of periplasmic mutliheme cytochrome MtrA and the
integral outer-membrane protein MtrB were confirmed by Western
blots using peptide-specific antibodies.

Ferrihydrite-Reduction Assays. Wild-type MR-1, GSPD, and
�MTRC�OMCA were grown in chemostat cultures using a chem-
ically defined medium containing 18 mM lactate as the growth-
limiting nutrient and O2 at a dissolved concentration of �2% of air
saturation. Samples taken at steady state were used to inoculate
anaerobic defined medium containing 20 mM silica-substituted
ferrihydrite (29) as the sole terminal electron acceptor and 20 mM
lactate as the electron donor. Cultures were incubated at 30°C and
25 rpm and sampled for Fe(II) by adding 0.5 ml to 0.5 ml of 1 M
HCl with a needle and 1-ml syringe in an anaerobic glovebag. Fe(II)
was measured the next day by the ferrozine method (30).

MFC Assays. MFCs consisted of anode and cathode compart-
ments, which were cylindrical Pyrex chambers (30 ml of working
volume) separated by a proton-exchange membrane (Nafion
424; DuPont). Graphite felt (diameter, 30 mm; thickness, 6 mm;
GF series; Electrosynthesis, Amherst, NY) served as both anode
and cathode electrodes. Platinum wire contacts (0.5 � 70 mm)
were bonded to the electrodes with a conducting epoxy resin
(EPOX-4; Electrosynthesis). The cathode electrode was spray-
coated with platinum powder at the ratio of 0.4 mg�cm2 accord-
ing to the method described in ref. 31. Both compartments of the
fuel cell were partially filled with 50 mM phosphate buffer (pH
7.0) containing 0.1 M NaCl. The anode and cathode compart-
ments were continuously purged with N2 and air to maintain
anaerobic and aerobic conditions, respectively.

MR-1 cultures for MFC assays were grown anaerobically in
phosphate-buffered basal medium (pH 7.0) containing 30 mM
lactate as the electron donor and 60 mM fumarate as the electron
acceptor. After 24 h, the cells were harvested and washed twice
with 50 mM phosphate buffer (pH 7.0) containing 0.1 M NaCl.
The cells were suspended in the same buffer to the final OD600
of 24. A 0.5-ml aliquot of cell suspension was inoculated into the
anode compartment. Lactate was added to the anode compart-
ment as an electron donor to a final concentration of 1.5 mM.
The assembled MFCs were placed in an incubator (25°C), and
the anode and cathode were connected through a resistance of
10 	. The potential between anode and cathode was measured
by using a multimeter (Model 2700; Keithley) linked to a
differential multiplexer (Model 7701; Keithley). Data were
digitally recorded every 5 min on a personal computer using an
interface card (Model PCI-488; Keithley).
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