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Abstract

Electromicrobiology deals with the interactions between microorganisms
and electronic devices and with the novel electrical properties of microor-
ganisms. A diversity of microorganisms can donate electrons to, or accept
electrons from, electrodes without the addition of artificial electron shut-
tles. However, the mechanisms for microbe-electrode electron exchange
have been seriously studied in only a few microorganisms. Shewanella onei-
densis interacts with electrodes primarily via flavins that function as soluble
electron shuttles. Geobacter sulfurreducens makes direct electrical contacts
with electrodes via outer-surface, ¢-type cytochromes. G. sulfurreducens is
also capable of long-range electron transport along pili, known as microbial
nanowires, that have metallic-like conductivity similar to that previously de-
scribed in synthetic conducting polymers. Pili networks confer conductivity
to G. sulfurreducens biofilms, which function as a conducting polymer, with
supercapacitor and transistor functionalities. Conductive microorganisms
and/or their nanowires have a number of potential practical applications,
but additional basic research will be necessary for rational optimization.
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Electromicrobiology:
the study of microbial
electron exchange with
electronic devices or
the investigation of the
electronic properties
of microorganisms

Bioelectronics:
technology
incorporating
electronics in
biological applications
or developing
electronic devices
from biological
components or
electronic components
that mimic biological
materials

Microbial fuel cell:
device for harvesting
electricity from
organic matter in
which microorganisms
are the catalyst for
oxidizing the organic
matter
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INTRODUCTION

Electromicrobiology is the study of microbial electron exchange with external electronic devices
and functionalities of microorganisms that have the potential to contribute to the emerging field
of bioelectronics. A wide diversity of microorganisms have the ability to exchange electrons with
electrodes, which contribute to a broad range of practical applications (4, 30, 58-60, 62, 63,
101, 102, 108). Furthermore, some microorganisms have surprising electronic characteristics. For
example, biofilms of Geobacter species have conductivities that rival those of conductive polymers
(74), and can function as supercapacitors (71) or transistors (74). The pili of these organisms are
capable of long-range (>1 cm) electron transport via a metallic-like conductivity, not previously
observed in a biological material (74).

Many of the recent advances in electromicrobiology have arisen from the study of microbial
fuel cells, devices initially designed for harvesting electricity from organic matter (58, 59, 101).
Difficulties in scaling up microbial fuel cells for extracting energy on an industrial scale have
greatly limited their short-term practical use for current production to niche applications, such
as harvesting organic matter from aquatic sediments to power electronic monitoring devices (65).
Some of the most attractive practical applications of the microbial fuel cell concept are those in
which there is no need to harvest current. These include monitoring rates of microbial metabolism
in subsurface environments (137) and providing electrodes as an electron acceptor to stimulate
the degradation of organic contaminants in sediments (63, 142). Another promising application
of the ability of microorganisms to transfer electrons to electrodes is the potential for balancing
electron flow within microbial cells by removing excess electrons in order to promote the synthesis
of desired products (29).

In a similar manner, new potential applications for electron flow in the reverse direction, i.e.,
from electrodes to cells, are rapidly emerging (64, 102, 127). Feeding electrons to microorganisms
living on electrode surfaces has significant potential to contribute to bioremediation of a diversity
of contaminants, including radioactive and toxic metals (38, 124), chlorinated compounds (1, 12,
119,122, 128), and nitrate (37, 96). Microorganisms have the potential to catalyze the production
of hydrogen and methane with electrons derived from electrodes (14, 35, 64, 133, 134). Electrons
derived from electrodes can potentially serve as the reductant for effecting microbial reduction of
organic compounds to more desirable organic commodities, or for altering fermentation pathways
in desired directions (26, 44, 95, 118). Furthermore, with the newly developed process of microbial
electrosynthesis (87, 93), it is possible to electrically power the microbial reduction of carbon
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dioxide to liquid transportation fuels and other useful organic commodities (63, 64). When driven
with electricity generated from solar technologies, microbial electrosynthesis is functionally an
artificial form of photosynthesis with the potential to be much more efficient and environmentally
sustainable than biomass-based strategies for fuel and chemical production.

Findings from the study of microbe-electrode exchange have also led to new insights into
the functioning of anaerobic ecosystems (63). For over 40 years it has been considered that mi-
croorganisms in methanogenic environments exchange electrons primarily via interspecies trans-
ter of hydrogen, with the electron-donating microorganism disposing of electrons by reducing
protons to hydrogen and an electron-accepting methanogen oxidizing hydrogen with the re-
duction of methane (81, 117). However, it is feasible for different species of microorganisms to
forge direct electrical connections, similar to those that they establish with electrodes (123), and
direct interspecies electron transfer can be the primary mechanism for electron exchange in mi-
crobial aggregates converting wastes to methane (86).

These developments demonstrate that a better understanding of the mechanisms by which
microorganisms exchange electrons with electrodes could benefit the development of various new
technologies as well as provide a better understanding of anaerobic microbial ecology. As more is
learned, additional applications will probably emerge. This review summarizes current knowledge
on microbe-electrode interactions and the novel electronic materials that some microorganisms
can produce.

WHY MICROORGANISMS MIGHT INTERACT
ELECTRONICALLY WITH ELECTRODES

A key to understanding the mechanisms of microbe-electrode interactions may be to elucidate
how this capability evolved. For example, short-term adaptive evolution studies have provided
insight into the mechanisms for electron transfer to electrodes and Fe(III) oxides (132, 141). The
mere fact that microorganisms are able to exchange electrons with electrodes to produce electric
current and can consume current to power their respiration is fascinating, especially when it is
considered that electrodes, per se, are not a part of the natural environment. It has been suggested
that microbe-electrode exchange is a fortuitous result of the fact that some microorganisms have
developed over billions of years of evolution effective strategies for extracellular electron exchange
with insoluble minerals and related natural extracellular electron acceptors or donors (59, 64).

However, there is a significant difference between insoluble minerals and electrodes. Electrodes
provide a surface with long-term electron-accepting or electron-donating capacity, whereas the
ability of individual insoluble minerals to accept or donate electrons is eventually depleted. Hence,
the relationship between cells and electrodes is different from that between cells and minerals.
This is readily apparent with Geobacter species. When actively reducing Fe(IlI) oxides, Geobacter
species express flagella and are motile, presumably because they need to continually search for new
sources of Fe(IIl) (15, 63). In contrast, when Geobacter species are oxidizing organic compounds
with electron transfer to electrodes, they are not planktonic. The cells firmly attach to the electrode
surface and form thick (>80 pm) metabolically active biofilms (32, 88, 104). The physiological
status of these sessile cells packed in biofilms and provided with a constant electron acceptor is
expected to be much different from that of planktonic cells actively hunting for minerals on which
to dump electrons. Electron transfer to electrodes can be much faster than electron transfer to
Fe(III) oxides, proceeding at rates comparable to the reduction of soluble, chelated Fe(III) (4). Is
there a better natural analog for electrodes than small individually dispersed minerals?

One option may be graphite deposits. These deposits, which have significant conductivity, can
span distances up to 1 km and appear able to transmit electrons between anaerobic and oxic zones
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Anode: electrode that
accepts electrons

Electron shuttle:
compound that
facilitates electron
transfer between
microorganisms and
electrodes

Long-range electron
transport: transport
of electrons over
multiple cell lengths
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in the subsurface, producing a geobattery (3). In this initial geobattery concept, electron transfer
to the graphite in the anaerobic zone was discussed as abiotic, with reduced chemical species
such as ferrous iron donating electrons to the graphite (3). In a similar manner, it was initially
proposed that electron transfer to electrodes was abiotic in benthic microbial fuel cells designed
to harvest electricity from anaerobic marine sediments (105). However, subsequent studies (5, 41,
125) revealed a specific enrichment of Geobacteraceae microorganisms on the surface of the electron-
accepting electrodes (the anodes), which could be attributed to the ability of these microorganisms
to oxidize organic compounds with direct electron transfer to electrodes. Graphite is a preferred
electrode material. The ability of the electron-accepting end of geobattery graphite deposits to
serve as a consistent, long-term electron sink would provide an environment highly analogous to
the graphite anodes of microbial fuel cells. Therefore, it seems likely that microorganisms that are
highly effective in current production in microbial fuel cells may have first perfected this capability
as catalysts promoting electron flow in geobatteries. Additional study of these, and possibly other
natural analogs for electrodes, could enhance our understanding of microbe-electrode interactions.

MECHANISMS FOR ELECTRON TRANSFER TO ELECTRODES

As previously reviewed in detail (59), many microorganisms can exchange electrons with electrodes
when artificial electron shuttles are provided. Shuttles such as methylviologen, neutral red, or
thionine can accept electrons from redox-active moieties within cells and transfer the electrons
to electrodes. However, the practical benefit of this type of electrical interaction has yet to be
proved; electron shuttles are often unstable and toxic, are uneconomical in large-scale processes,
and cannot be employed in open environments.

Microorganisms transfer electrons to an electrode without the addition of an artificial electron
shuttle in three ways (Figure 1): (#) electron transfer via microbially produced soluble redox-active
molecules, () short-range direct electron transfer between redox-active molecules on the outer
cell surface and the electrode; and (¢) long-range electron transport through conductive biofilms
(62). As detailed below, Geobacter sulfurreducens, the microorganism that produces the highest
currents in pure culture (92, 141), appears to accomplish this with a combination of long-range
electron transport through thick, conductive biofilms and short-range electron transfer between
the conductive biofilm and the electrode that is mediated by an extracellular ¢-type cytochrome.

Electron Transfer via Soluble Electron-Shuttling Molecules

A diversity of both gram-negative and gram-positive microorganisms have the ability to produce
electron shuttles to promote electron transfer to electrodes (101). The concept of self-produced
electron shuttles facilitating electron transfer to electrodes follows previous studies that demon-
strated that some microorganisms produce shuttles that promote electron transfer between cells
and insoluble Fe(III) oxides (54, 90, 91, 94). For example, Geothrix fermentans, which can reduce
Fe(III) oxide enclosed in porous alginate beads via a shuttle (90), also appeared to release an
electron shuttle to promote electron transfer to electrodes (7).

Shewanella species have a similar ability to reduce Fe(IlI) with which they are not in direct
contact (54, 91); this is attributed to the release of flavin in S. oneidensis cultures (135). The finding
that cells of S. oneidensis were primarily planktonic in microbial fuel cells suggested that an electron
shuttle was also involved in electron transfer to electrodes (50). The role of flavins in promoting
electron transfer to electrodes with S. oneidensis has been well established by electrochemical
studies (2, 78). S. oneidensis can reduce flavins at the outer cell surface with the ¢-type cytochrome
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Figure 1

Potential mechanisms for microorganisms to transfer electrons to electrodes. (#) Short-range electron
transfer by microorganisms in close association with the electrode surface through redox-active proteins,
such as ¢-type cytochromes associated with the outer cell surface or in the extracellular matrix. (4) Electron
transfer via reduction of soluble electron shuttles released by the cell. Oxidized shuttle molecules are reduced
at the outer cell surface, and the reduced shuttle molecules donate electrons to the electrode. (¢) Long-range
electron transport through a conductive biofilm via electrically conductive pili, accompanied by short-range
electron transfer from the biofilm to the electron mediated by extracellular cytochromes as in panel 4.

MurC (18), which is part of a multiprotein complex that transports electrons from the periplasm
to the outer surface of the cell (16, 39).

Electrons can hop directly from MtrC to an electrode (2, 55). However, direct electron transfer
in intact cells was possible only when anodes were artificially poised at positive potentials signif-
icantly higher than those typical of microbial fuel cells, and the rates of electron transfer were
much faster in the presence of flavin. These results suggest that electron transfer via a flavin is
the preferred route of electron transfer in S. oneidensis microbial fuel cells. Furthermore, elegant
studies in which direct contact between S. oneidensis and electrodes could be prevented with a
nonconducting mask with nanohole openings demonstrated that current was produced when the
possibility for contact was eliminated as well as when cells established contact (48). The conclusion
from these studies was that electron transfer via an electron shuttle was the predominant means
of electron transfer even when cells were in contact with the electrode. In a similar manner, it is
possible for MtrC to transfer electrons directly to Fe(III) oxides, but the rates of electron transfer
are too low to account for observed rates of Fe(II) oxide reduction (109). MtrC serves as flavin
reductase (18), and only in the presence of flavin can MtrC transfer electrons to Fe(IIl) oxide at
physiologically relevant rates (109).
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The maximum current densities produced by microorganisms that rely on electron shuttling
to transfer electrons to electrodes are much lower than those for microorganisms capable of
long-range electron transport through thick conductive biofilms because the slow diffusive flux
of the shuttle is a major limitation (129). Although the shuttling mechanism may be somewhat
effective in closed laboratory systems, in open environments this approach suffers from losses of
the shuttle from the immediate microbe-electrode interface. For these and other reasons (59), it
is not surprising that Shewanella species have never been found to be important constituents of
anodes harvesting electricity from complex organic matter in open environments (49, 63).

Short-Range Direct Electron Transfer via Redox-Active Proteins

Evidence for direct electron transfer to electrodes has been presented for several microorganisms
(6, 13, 40, 77, 139, 140). The mechanisms for direct electron transfer to electrodes have been
studied most extensively in G. sulfurreducens. G. sulfurreducens is closely related to the Geobacter
species that typically predominate on electrodes harvesting current from organic matter, espe-
cially when oxygen intrusions are eliminated so that organic substrates are efficiently converted
to current, and when the electrode potential is not artificially poised with electronics (49, 66).
Early investigations suggested that, just as Geobacter species do not use shuttles to reduce Fe(III)
oxide (89), shuttles are not involved in electron transfer to electrodes (6). This was subsequently
demonstrated more definitively by electrochemical studies (9, 10, 79, 80, 106).

G. sulfurreducens has a wide diversity of c-type cytochromes (84), many of which are exposed on
the outer surface of the cell (20, 45, 53, 83, 99). The outer-surface ¢c-type cytochromes that have
been purified can reduce known extracellular electron acceptors in vitro (45, 67, 99). Gene deletion
studies suggest that these same ¢-type cytochromes transfer electrons to a diversity of extracel-
lular electron acceptors in vivo (51, 52, 83, 112, 136). Numerous studies of current-producing
G. sulfurreducens biofilms have demonstrated that c-type cytochromes are in electrochemical com-
munication with the anode (9, 10, 11, 27, 34, 47, 56, 57, 79, 80, 85, 106, 116, 121). In some
instances the cytochromes are positioned close enough to the electrode surface for direct electron
transfer from the cytochromes to the electrode (9) and hence function as the electrochemical gate
between cells in contact with the electrode and the electrode surface (21).

Comparison of gene expression in current-producing cells versus expression in cells growing
on alternative electron acceptors, as well as gene deletion studies, identified several candidate
outer-surface ¢-type cytochromes that might help G. sulfurreducens make electrical contacts with
electrodes (42, 88). OmcS was implicated in thin biofilms generating low levels of current (42), but
OmcZ appears to be the most important cytochrome in biofilms producing high levels of current
(88). OmcZ is a hydrophobic protein with a molecular mass of 30 kDa (45). It has eight hemes,
which cover a wide range of redox potentials (—420 mV to —60 mV). The midpoint potential is
—220 mV. Deletion of omcZ greatly inhibited current production (88), as did deletion of another
gene that significantly reduced the abundance of OmcZ on the outer cell surface (107). Cyclic
voltammetry demonstrated an increased resistance to electron transfer to electrodes in the OmcZ-
deficient strain. Deleting genes for other outer-surface c-type cytochromes did not yield a similar
response (106).

Immunogold labeling of current-producing biofilms demonstrated that significant quantities
of OmcZ accumulated at the biofilm/anode interface, indicating that it was ideally positioned to
facilitate electron transfer to electrodes (45). This accumulation of OmcZ was not observed in
biofilms grown on the electrode material, but with fumarate serving as the electron acceptor (45).

Thus, multiple lines of evidence suggest that OmcZ is the key cytochrome for electron transfer
between G. sulfurreducens biofilms and anodes. Further investigation of the properties thatuniquely
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suit OmcZ for this purpose is required. Also, although itis possible for G. sulfurreducens to overcome
deletion of other genes that are highly expressed in current-producing biofilms, such as the gene
for the outer-membrane-bound ¢-type cytochrome OmceB (88), this does not mean that electron
flow through these components is not important in wild-type cells, because cells may adapt with
increased expression of other cell components. A better understanding of the role of other outer-
surface components, such as putative multi-copper proteins (43, 82), is also required.

Of the other microorganisms that appear to make direct electrical contact with electrodes,
some of the most surprising are the gram-positive species of the genus Therminocola (77, 139,
140). The abundant ¢-type cytochromes in 7. potens were involved in extracellular electron transfer
and might be the electrical contacts with electrodes (140). Only cells in direct contact with the
electrode appeared to contribute to current production, suggesting that a mechanism for long-
range electron transport was absent (140).

Long-Range Electron Transport via Conductive Pili

The current production capability of a monolayer of cells in direct contact with an electrode surface
is limited by the space available for microorganisms to directly access the electrode surface. Higher-
current densities (current produced per surface area of electrode) are possible from electrically
conductive biofilms, which permit multiple layers of cells to contribute to current production (104).
As previously reviewed (74), the biofilms of most microorganisms appear to act as insulators rather
than conductors and the concept of a conductive biofilm is still rather new and controversial (70).

Conductive pili and biofilms of Geobacter sulfurreducens. The possibility of a conductive
biofilm was first proposed in studies on current-producing biofilms of G. sulfurreducens (104) and
subsequently confirmed by direct measurements (74). Conductive biofilms have been invoked or
inferred in other studies (56, 75, 97, 129). However, failure to measure conductivity, as well as
highly speculative and unsubstantiated models for conductivity, has led to significant debate about
the mechanisms for long-range electron transport through biofilms (70, 73), which can be resolved
only by additional direct measurements of conductivity and rigorous experimentation.

The high conductivity of current-producing biofilms of G. sulfurreducens (74) allows cells at
distances of multiple cell lengths from the anode to contribute to current production (31, 104).
The available evidence suggests that the conductivity of the biofilms can be attributed to a dense
network of pili with metallic-like conductivity (74).

Initial interest in the type pili of Geobacter species came from the observation that Geobacter
metallireducens expressed pili when growing on insoluble electron acceptors, such as Fe(IIT) or
Mn(IV) oxides, but not when grown with soluble Fe(IIl) citrate (15), even though Fe(III) citrate is
also an extracellular electron acceptor (17). Increased pili production was associated with higher
expression of the gene for PilA, the structural protein for type IV pili (15), which are ubiquitous
in gram-negative bacteria (19). G. sulfurreducens pili have a gross morphology (3-5 nm in width
and up to 10-20 pm in length) that is similar to that of other type IV pili, but so far only the pili
of G. sulfurreducens have been shown to be conductive.

Deletion of the gene for PilA inhibited the capacity for Fe(IIl) oxide reduction, but not the
reduction of Fe(III) citrate (103). Addition of anthraquinone-2,6-disulfonate as a soluble electron
shuttle alleviated the inhibition of Fe(IIl) oxide reduction in the pilA mutant. These results sug-
gested that the PilA pili were required specifically for Fe(II) oxide reduction, but not for electron
transfer to the outer surface of the cell.

Conductivity across the diameter of individual, chemically fixed pili was observed with con-
ducting atomic force microscopy (103). Additional cellular material was often associated with the
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pili and acted as insulators for current flow between the conducting tip and the graphite. This ob-
servation led to the suggestion that the pili themselves were conductive, rather than the alternative
that the pili served as a scaffold for electron-hopping between pilin-associated proteins, and that
conduction along the length of the pili permitted G. sulfurreducens to greatly extend the potential
distance for extracellular electron transfer (103). Thus, the pili were termed microbial nanowires.

Circumstantial evidence that the pili could carry out long-range electron transport came from
studies with G. sulfurreducens growing on graphite electrodes serving as an electron acceptor.
Viability staining indicated that cells at distance from the electrode were viable, and a direct
correlation between the extent of current production and biofilm biomass suggested that the cells
not in direct contact with the electrode were contributing as much to current production as cells
at the electrode surface (104). The simplest explanation for these observations was that long-range
electron transport through the biofilm was possible. The finding that a pil4 mutant did not form
thick biofilms on electrodes suggested that a network of microbial nanowires was responsible
for the conduction through the biofilm (104). Subsequent observations demonstrated that pil4
was one of the most highly upregulated genes in current-producing biofilms, providing further
circumstantial evidence for the role of pili in current production (88).

Direct measurements of the conductivity of live G. sulfurreducens biofilms growing on two gold
electrodes that converged across a nonconductive gap demonstrated that the biofilms were conduc-
tive, with conductivities rivaling those of synthetic organic conducting polymers (74). Evaluation
of different strains of G. sulfurreducens revealed significant differences in biofilm conductivity (74);
strains that produced more conductive biofilms generated higher current densities in microbial
fuel cells (72). There was a strong correlation between conductivity levels and expression of PilA.
For example, a strain of G. sulfurreducens that was selected specifically for its capacity for high cur-
rent production and expressed more pili (141) also formed biofilms with the highest conductivity
(74).

Surprisingly, the conductivity of the G. sulfurreducens biofilms exhibited properties consistent
with metallic-like conductivity (74). For example, conductivity initially increased exponentially
with a decrease in temperature, a hallmark characteristic of metallic-like conductivity that was
previously observed in conducting organic polymers. A similar metallic-like conductivity was
observed when pili preparations were spotted on the two-electrode system, forming a network
that bridged the nonconducting gap between the electrodes. X-ray diffraction analysis of pili
suggested -7t stacking, similar to that previously documented in the organic metal polyaniline
(74). Thus, a working hypothesis is that aromatic amino acids are aligned along the outer surface
of the pili to provide the apparent 7t-7 stacking. Another similarity to polyaniline was that the
addition of protons to the pili preparations greatly increased their conductivity (74).

The apparent metallic-like conductivity along the pili of G. sulfurreducens is in marked contrast
to previously described biological electron transfer via electron hopping or tunneling. It is well
known that electrons associated with a discrete molecule, such as a cytochrome, can move to
another molecule if the two molecules are sufficiently close (<20 A) (23, 115). However, in metallic-
like conductivity the electrons are delocalized. The possibility of delocalized electron transfer in
biomolecules has previously been dismissed “due to their lack of periodicity, random fluctuations,
and limited conductance values from experiments” (115).

The metallic-like conductive properties of the pili of G. sulfurreducens rule out the possibil-
ity that electrons are conducted along the length of pili via electron hopping between discrete
electron-carrier molecules associated with the pili, such as cytochromes. Furthermore, denatur-
ing cytochromes in pili preparations had no impact on conductivity (74). However, the multiheme
c-type cytochrome OmcS (100) is specifically associated with the pili of G. sulfurreducens (53). Ini-
tial observations with immunogold labeling suggested that the OmcS molecules were spaced too

Lovley



Annu. Rev. Microbiol. 2012.66:391-409. Downloaded from www.annualreviews.org

by Universidade Federal do Parana on 03/05/13. For personal use only.

far apart for electron hopping between OmcS molecules to account for electron transport along
the pili (53), and this finding has subsequently been confirmed by atomic force microscopy (N.
Malvankar, unpublished data). OmcS is required for Fe(IIl) oxide reduction (83). Therefore, it
has been proposed that there are barriers to direct electron transfer from pili to Fe(III) oxides and
the hypothesized role of OmcS is to facilitate electron transfer from the pili to Fe(III) oxides (63).

In a similar manner, the absolute need for OmcZ, as well as pili, for the production of the
highest-current densities in G. sulfurreducens biofilms (88, 106), coupled with the localization of
OmcZ at the biofilm/anode interface (45), suggests a two-phase electron transport process to
electrodes, in which long-range electron transport through the biofilm is along the pili network
and OmcZ facilitates the electron transfer from the biofilm to the electrode (63). It is conceivable
that with a change in environmental conditions and/or electrode materials that electrochemical
gates other than OmcZ may become important. Monitoring electron transfer between specific
cytochromes and electrodes as well as cytochrome-to-cytochrome electron transfer may become
possible as new tools for simultaneously monitoring the redox status of cytochromes and electron
transfer to electrodes become available (57).

The present model for long-range electron transport in Geobacter biofilms suggests that one
avenue to increase current production might be to increase biofilm conductivity. Comparison of
direct measurements of biofilm conductivity and the amount of current produced in microbial
tuel cells with different strains of G. sulfurreducens demonstrated that there was a direct correla-
tion between biofilm conductivity and current production (72). Furthermore, strains with higher
biofilm conductivities had lower resistance to electron transfer across the biofilm-anode interface,
presumably because electrons were delivered to the interface at a lower potential when resistance
to transport through the biofilm was lower.

However, with the best current-producing isolate, strain KN400, the relationship between
biofilm conductivity and current production deviated from the strong linear relationship observed
with other strains (72). This result suggests that as the current-production capacity of microor-
ganisms is increased, factors other than the maximum potential respiration rate and capacity for
long-range electron transport of the organisms begin to limit current production. One possibility
is that the protons that must be released from cells during extracellular electron transfer (68)
accumulate to levels within the biofilm that inhibit microbial activity (32, 76, 130).

It is not yet known whether the pili of other Geobacter species are electronically conductive,
but it has been demonstrated that the PilA pili of G. metallireducens are required for optimal
Fe(III) oxide reduction and current production (131). The metallic-like conductivity of methane-
producing aggregates from a wastewater treatment plant suggested that Geobacter species, and
possibly other organisms in this mixed natural community, were capable of producing conductive
filaments (86).

Putative conductive filaments in other microorganisms. Electrically conductive pili greatly
benefit Geobacter species in their ability to electronically interact with their extracellular environ-
ment, and it would be surprising if other microorganisms had not adopted a similar strategy. In
fact, preliminary evidence, based on scanning tunneling microscopy, has suggested that a wide
diversity of microorganisms produce conductive filaments (36). However, there was significant
uncertainty about the filament structure and the mechanisms for conductivity.

The studies focused primarily on filaments of S. oneidensis. The diameter of the filaments
(50 to >150 nm) was much too broad for the filaments to be type IV pili. Furthermore, direct
examination of a role of pili in extracellular electron transfer suggested they are not important
in extracellular electron transfer in S. oneidensis, as strains that could not produce pili filaments
continued to produce electrical current better than wild-type strains (8).
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Tt was suggested that cytochromes associated with S. oneidensis filaments conferred conductivity
because conductive filaments could not be detected in a mutant strain that did not produce two
outer-surface c-type cytochromes or a mutant strain deficientin a type Il secretion system required
for cytochrome export (36). Cytochrome-based conductivity was also inferred from studies using
conducting tip atomic force microscopy (24). However, no direct evidence for the association
of cytochromes with the filaments has ever been reported and it is generally regarded that the
cytochromes in question are associated with the outer surface of the cell body rather than filaments
(113). Furthermore, it seems unlikely that cytochromes could be packed tightly enough along pili
to confer conductivity via cytochrome-to-cytochrome electron hopping.

As noted above, there is substantial evidence that much of the extracellular electron transfer in
S. oneidensis is likely to proceed via soluble electron shuttles. The fact that S. oneidensis cannot form
thick biofilms on electrodes under strict anaerobic conditions (50, 74) further suggests that it is not
capable of long-range electron transfer via conductive pili. Therefore, even though conductance
could be measured along the length of a filament of S. oneidensis (25), the available evidence
suggests that it is unlikely that long-range electron transport along conductive filaments is a
significant process in S. oneidensis.

Scanning tunneling microscopy also suggested that a strain of Synechocystis, a phototrophic
cyanobacterium, produced conductive filaments and that the thermophilic fermentative bacterium
Pelotomaculum thermopropionicum produced conductive filaments that established connections with
the methanogen Methanothermobacter thermautotrophicus (36). A physiological role for the fila-
ments of Synechocystis has yet to be determined. Subsequent studies with the P. thermopropionicum—
M. thermautotrophicus coculture identified the filament spanning between the two organisms as
a flagellum (114), suggesting that the role of the filament is to establish contact between the
two microorganisms, not to mediate electron transfer (81). As previously discussed in detail (61),
long-range electron transport via microbial nanowires should not be invoked without evidence for
conduction along the length of the proposed nanowires and a demonstration that the filaments
are required for the reduction of the proposed electron acceptor.

FEEDING ELECTRONS TO MICROBES

As limitations in producing electrical current with microbial fuel cells have become apparent, there
has been a significant shift in focus toward the development of practical applications in which
electrons flow from electrodes to microorganisms (64, 65, 102). Feeding electrons to microbes
typically involves an input of energy that can help alleviate many of the limitations that arise when
trying to extract energy with microbial fuel cells.

As previously reviewed (127), electrons can be supplied indirectly to microorganisms via artifi-
cial electron shuttles, but this approach has the same limitations for practical applications that were
discussed above for current production. It is also possible to electrochemically reduce protons to
hydrogen gas, but the low solubility and explosive nature of hydrogen gas limit the usefulness of
this approach for most applications (127). Furthermore, efficient production of hydrogen gas typi-
cally requires expensive metallic catalysts or substantial inputs of energy to overcome sluggishness
in proton reduction at electrode surfaces. Therefore, direct electron transfer from electrodes to
microorganisms is expected to be the best choice for most applications as long as sufficiently high
rates of electron transfer can be established (127).

The possibility that direct electron transfer from electrodes to microbes could drive microbial
respiration was first noted in Geobacter species that have the capacity to reduce fumarate (37),
nitrate (37), uranium (38), and chlorinated compounds (119, 122) with an electrode as the
sole electron donor. A series of control studies demonstrated that hydrogen gas was not an
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intermediate in electron transfer between the electrode and the cells, and all the available evidence
suggested that the Geobacter species were accepting electrons directly from the electrode (37).
Gene expression patterns in biofilms of G. sulfurreducens reducing fumarate with an electrode as
the electron donor were significantly different from those in G. sulfurreducens biofilms producing
current (120). Deletion of genes, such as omzcZ and pilA, that are essential for current production,
had no impact on current consumption, whereas deletion of a cytochrome gene thatis essential for
current consumption had no impact on electron transfer to electrodes (120). These results suggest
that the route for electron transfer from electrodes into Geobacter species is different from that for
electron transfer in the opposite direction, a conclusion that is also supported by electrochemical
studies (22). In contrast, electrons provided to S. oneidensis for fumarate reduction appear to enter
via the same Mtr pathway that is responsible for electron flow to the outer cell surface (110).

Mechanisms for energy conservation in cells receiving electrons from electrodes are poorly
understood (64, 108). A potential source of energy conservation is the proton gradient across
the inner membrane that should be generated when protons are consumed to reduce electron
acceptors in the cytoplasm (64). Biofilms of current-consuming Geobacter species are much thin-
ner than current-producing biofilms, suggesting that energy conservation is poorer for current
consumption than for current generation.

Only a few pure cultures other than Geobacter and Shewanella species have been shown to carry
out anaerobic respiration on cathodes. It was suggested that the methanogen Methanobacterium
palustre (14) was capable of accepting electrons directly from electrodes, but there was the possibil-
ity of significant hydrogen production under the conditions employed (64, 134). Anaeromyxobacter
debalogenans could reduce fumarate and reductively dehalogenated 2-chlorophenol to phenol with
an electrode serving as the sole electron donor (119). Proof-of-concept studies for microbial elec-
trosynthesis, the process in which microorganisms use electrons derived from electrodes for the
reduction of carbon dioxide to organic products, demonstrated that a number of acetogenic mi-
croorganisms accepted electrons for the reduction of carbon dioxide to acetate at potentials too
high for hydrogen to serve as the intermediate for electron transfer (87, 93). Deleting the gene for
the hydrogen-uptake hydrogenase in one of these acetogens, Clostridium ljungdablii, had no im-
pact on current consumption, further suggesting that electrons are transferred from the electrode
directly to the cells (T. Ueki & K.P. Nevin, unpublished data).

BIOELECTRONICS

Electrically active microorganisms have the potential to make significant contributions to the
emerging field of bioelectronics (138). For example, the ability of microorganisms to sense a wide
diversity of chemicals and environmental conditions, coupled with the possibility of translating
a response into an electrical signal, suggests many possibilities for the development of biological
sensors and biocomputing (126). Furthermore, the discovery of unexpected electronic properties
of conductive biofilms and the prospect of long-range electron transport through networks of
conductive pili have opened the possibility that these materials may serve as models for the de-
velopment of new synthetic electronic materials or may even be used directly in novel “living”
electronic devices.

Electronics grown or constructed from living materials have the potential benefits that they
can be produced from inexpensive feedstocks with little waste generation and avoid the use of
toxic compounds. If the living microorganisms and their components are part of the electronic
application, they can have the capacity for self-repair and replication. Charge can be transmitted
and stored underwater. Furthermore, the demonstrated ability of some microorganisms and/or
their extracellular components to make electrical contacts with electrodes suggests that they may be
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ideal tools for establishing electrical connections between abiological and biological components
in medical devices and sensors.

In addition to their high conductivity, biofilms of G. sulfurreducens can function as supercapaci-
tors (71). The abundant ¢-type cytochromes in the biofilms (28, 57, 61, 111) provide a capacitance
comparable to that of synthetic supercapacitors with low self-discharge rates (71). The likelihood
of manipulating both conductivity and capacitance with genetic engineering (71, 74), as well as
improving the cohesiveness and other beneficial properties of the biofilms (C. Leang, unpublished
data), demonstrates the potential for further developing these materials for practical applications.
G. sulfurreducens biofilms can function as transistors, offering the possibility of developing field-
effect transistors and other logic devices based on microbial nanowires (74, 98).

The metallic-like conductivity of pili offers the possibility of mass-producing novel wires for
electronics. As the mechanisms for conductivity are elucidated, it should be feasible to modify the
properties of the wires for specific applications. If the concept that cytochromes associated with
pili facilitate electrical connections between pili and external electron acceptors/donors is correct,
then it can be envisioned that it may be possible to genetically modify the structure of the electrical
connection or to introduce new connectors to provide new functionalities.

FUTURE DIRECTIONS

There are many promising future research avenues in electromicrobiology. Our understanding of
how microorganisms donate electrons to electrodes is still rather superficial and even less is known
about electron transfer from electrodes to cells. Furthermore, previous study on this topic has been
limited to a few microbes. It is remarkable that the organisms that have been studied in detail,
T. potens, S. oneidensis, and G. sulfurreducens, have significantly different approaches for transferring
electrons to electrodes. The intensive study of the electrophysiology of Shewanella and Geobacter
species has been possible only because of substantial earlier investments that facilitated systems-
scale investigations (33, 69). Similar in-depth investigations of other organisms are warranted.
Elucidation of the mechanisms for metallic-like conductivity along pili and further investigation
into the diversity of microorganisms that possess conductive filaments, the function of those
filaments, and their mechanisms for conduction are needed.

Electromicrobiology has the potential to alleviate pressing societal needs. Although the justifi-
cation for many of the early studies in electromicrobiology was further optimization of microbial
fuel cells for energy harvesting, many more promising concepts for applications for microbe-
electrode interactions have recently emerged and undoubtedly more will be envisioned. For ex-
ample, as noted in the Introduction, the ability to favorably alter microbial fermentation with a
supply of electrons from electrodes has been demonstrated, but only with the addition of soluble
mediators. Developing a system for direct electron transfer might make this technology practical
ata large scale. The rationale development of any of these technologies will depend on continued
study of basic mechanisms of electromicrobiology.

SUMMARY POINTS
1. Electromicrobiology is a rapidly emerging field of microbiology.

2. Some microorganisms have the ability to either donate electrons to, or accept electrons
from, electrodes.

3. Some microorganisms exchange electrons with electrodes via soluble molecules that
facilitate electron transfer between the cells and the electrodes.
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. Other microorganisms can directly exchange electrons with electrodes via outer-surface,

redox-active proteins, such as ¢-type cytochromes.

. Geobacter species can produce thick, conductive biofilms with supercapacitor and tran-

sistor properties and conductivities that rival those of synthetic conductive polymers.

. The pili of G. sulfurreducens can function as electrical wires, transporting electrons with

metallic-like conductivity, a property not previously observed in biological materials.

. Microbe-electrode exchange offers a number of potential practical applications in

bioenergy, sensing, and bioremediation and serves as a model for important natural
phenomena, such as interspecies electron transfer in anaerobic environments.

. The electronic materials that microorganisms can produce have the potential to be in-

corporated into novel electronic devices or serve as models for the production of new
synthetic electronic materials.
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