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MECHANISMS FOR ELECTRON
 
TRANSFER TO ANODES
 

Optimizing the output of electricigen-based micro­
bial fuel cells will require an understanding of how 
electricigens transfer electrons to the anode surface. If 
this mechanism is known, then it may aid in the design 
of materials that will interact better with the appropri­
ate electrical contacts between the cells and the anodes 
than the graphite that is presently employed in most 
microbial fuel cells. Furthermore, such knowledge 
could help in the design of the anode surface to ensure 
optimum electron transfer and fuel delivery. 

Electron Shuttles 

By definition, electricigens directly transfer elec­
trons to the anode surface without the need of an ex­
ogenous mediator to shuttle electrons between the cell 
and the anode. However, in some instances electrici­
gens may facilitate electron transfer to the anode by 
producing their own electron shuttle. This appears to 
be the case with G. fermentans (Bond and Lovley, 
2005). The advantage to producing an electron shuttle 
is that it permits long-range electrical interaction with 
an anode because direct electrical contact between the 
microorganisms and the anode is not necessary. Micro­
organisms can reduce an electron shuttle that can then 
diffuse over a substantial distance to the anode, and 
then once the electron shuttle is reoxidized at the anode 
it can diffuse back to the microbe. 

This phenomenon was apparent in studies in 
which Shewanella oneidensis was converting lactate to 
electricity (Lanthier et al., 2007). S. oneidensis does not 
function as an electricigen under these conditions be­
cause lactate is only incompletely oxidized to acetate. 
However, S. oneidensis serves as an excellent model for 
interaction of an electron-shuttle-producing microor­
ganism with a microbial fuel cell anode. It is well docu­
mented that S. oneidensis can produce an electron shut­
tle to promote electron transfer between the cell and 
insoluble electron acceptors (Newman and Kolter, 
2000; Nevin and Lovley, 2002b; Rosso et al., 2003; 
Lies et al., 2005). In microbial fuel cells at least as 
many cells of S. oneidensis were planktonic as were at­
tached to the anode surface (Lanthier et al., 2007). Pre­
sumably, this was possible because the planktonic cells 
electrically interacted with the anode surface via elec­
tron shuttling. 

However, producing an electron shuttle is energeti­
cally expensive (Mahadevan et al., 2006). Therefore, in 
open systems a microorganism can invest substantial 
energy into the synthesis of an electron shuttle and the 
electron shuttle may not return to that microbe but be 
lost in the environment. This may be one reason that 

Geobacter species predominate over Geothrix species 
in open environments whether Fe (III) oxides or elec­
trodes are serving as the electron acceptor (Nevin and 
Lovley, 2002a; Holmes et al., 2004b). In microbial fuel 
cells G. fermentans may diminish loss of the electron 
shuttle with the production of a thick extracellular ma­
trix (Bond and Lovley, 2005). However, production of 
the extracellular matrix also has an energetic cost that 
would likely lower competitiveness with electricigens, 
such as Geobacter species, that, as discussed below, do 
not need to make such a matrix. 

Direct Electron Transfer-Low­

Power Microbial Fuel Cells
 

Geobacter and Rhodoferax species are thought to 
directly transfer electrons to anodes without the pro­
duction of an electron shuttle (Bond and Lovley, 2003; 
Chaudhuri and Lovley, 2003). In the case of Geobacter 
species this concept is based on several lines of evidence, 
some of which are linked to mechanisms for Fe(III) 
oxide reduction. Initial studies on Fe(III) oxide reduc­
tion demonstrated that G. metallireducens could not re­
duce Fe(III) oxide sequestered within porous beads, but 
that the Fe(III) oxides within the beads were readily re­
duced if an exogenous electron shuttle was added 
(Nevin and Lovley, 2000). This suggested that G. met­
allireducens did not produce an electron shuttle. G. 
metallireducens also did not produce a chelator, which 
could solubilize the Fe(III) from Fe(III) oxide (Nevin 
and Lovley, 2000). These results suggested that G. met­
allireducens needed to be in direct contact with Fe(III) 
oxides in order to reduce them. If direct contact with 
Fe(III) oxides is required, then it would be expected 
that G. metallireducens would need to be motile in 
order to search for heterogeneously dispersed Fe(III) 
oxides in soils and sediments. Subsequent studies re­
vealed that G. metallireducens specifically produced 
flagella and pili during growth on Fe(III) or Mn(IV) ox­
ides, but not during growth on soluble electron accep­
tors, including chelated Fe(III) (Childers et al., 2002). 

Direct electron transfer to Fe(III) oxides would also 
require electrical contacts between the outer surface of 
the cell and the mineral surface. The development of a 
genetic system for G. sulfurreducens (Coppi et al., 
2001) made it feasible to evaluate the possible role 
of proteins in extracellular electron transfer. Deleting 
genes for several outer membrane c-type cytochromes 
(Leang et al., 2003; Mehta et al., 2005) or a putative 
multicopper protein with possible redox properties 
(Mehta et aI., 2006) inhibited Fe(III) oxide reduction. 

Early studies with the H-cell systems, which as de­
scribed above have low power levels, suggested that G. 
sulfurreducens also required close cell-electron acceptor 
association for electron transfer to fuel cell anodes. 
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Completely exchanging the fuel cell medium to remove 
any planktonic cells and electron shuttles that had been 
released into the medium did not diminish power pro­
duction in G. sulfurredueens fuel cells (Bond and Lov­
ley, 2003). Scanning electron micrographs revealed that 
the anodes were covered with cells in a near monolayer, 
suggesting intimate cell-anode contact, consistent with 
direct electron transfer from the cells to the anode. 
Similar results were observed with R. ferriredueens 
(Chaudhuri and Lovley, 2003). 

In order to learn more about the electrical contacts 
bet~een G. sulfurredueens and anodes in these early, 
relatively low-power fuel cell systems, gene transcript 
levels of G. sulfurredueens growing on anode surfaces 
were compared, using a whole-genome DNA micro­
array, with transcript levels in G. sulfurredueens grow­
ing with Fe(III) citrate as the electron acceptor (Holmes 
et al., 2006). There was a significant increase in tran­
script levels for a number of genes. The greatest in­
crease in transcript levels was for ameS, which encodes 
an outer membrane e-type cytochrome that had pre­
viously been shown to be required for reduction of 
Fe(III) oxide, but not Fe(III) citrate (Mehta et al., 2005). 
Quantitative PCR demonstrated that transcript levels 
for ameS increased as current increased. When ameS 
was deleted, power production was greatly diminished 
(Holmes et al., 2006). Expressing ameS in trans on a 
plasmid restored power production. 

Transcript levels for another outer membrane e­
type cytochrome, OmcE, were also higher during 
growth on an anode, and expression of ameE also in­
creased with increasing current (Holmes et al., 2006). 
Current production was initially inhibited in a strain in 
which ameE was deleted, but this strai~ adapted to 
produce more current over time. This phenotype of in­
hibition followed by adaptation is similar to what had 
previously been reported for growth of this mutant 
strain on Fe(III) oxide (Mehta et al., 2005). 

These results suggested that OmcS and OmcE are 
involved in electron transfer to the anodes of this first 
generation of G. sulfurredueens microbial fuel cells. 
Both of these cytochromes are located on the outer sur­
face of the cell, are easily sheared off the cells, and are 
predicted to be highly hydrophilic. These considera­
tions suggest that they could serve as electrical contacts 
between G. sulfurredueens and fuel cell anodes. This 
conclusion was supported by the finding that, although 
pili have been proposed to be the final conduit for elec­
tron transfer between G. sulfurredueens and Fe(III) ox­
ides (Reguera et al., 2005), a mutant deficient in pilin 
production produced current as well as wild-type cells 
in these studies. Electron transfer from cells to anodes 
should be feasible in such systems, in which most of the 
cells appear to be in close physical contact with the an­
ode surface. 

Electron Transfer via Microbial Nanowires in
 
High-Power Density Fuel Cells
 

Although electron transfer to anodes via outer sur­
face e-type cytochromes is a feasible explanation for 
current production in low-power density H-cell sys­
tems, thiS cannot be the sole mechanism for electron 
transfer in systems with higher rates of current flow. 
This is because biofilms, multiple cell layers thick, form 
as current levels increase in less electrochemically lim­
ited potentiostat or fuel cell systems. This was first 
noted in H-cells in which the anode potential was 
poised with a potentiostat. Relatively thick (>40 /-L m) 
biofilms of G. sulfurredueens formed on the anodes 
even when the H-cells were operated in batch mod~ 
with a one-time addition of 10 mM acetate (Reguera 
et al., 2006). Surprisingly, there was a direct correla­
tion between current production and the amount of 
biomass on the anode or biofilm thickness, even though 
cells that were not in intimate contact with the anode 
surface accounted for most of the biomass. These re­
sults suggested that cells at substantial distance from 
the anode were contributing as effectively to current 
production as were cells closer to the anode surface. 
Electron transfer from outer surface e-type cytochromes 
to the anode could not account for this phenomenon. 

One possibility for long-range electron transfer 
from G. sulfurredueens to the anode is through the spe­
cialized pili, known as "microbial nanowires." Previ­
ous studies have suggested that these pili are the final 
conduit between the cell and Fe(lII) oxides (Reguera et 
al., 2005). This concept is based on the following ob­
servations: (i) at optimal growth temperatures pili are 
specifically expressed during growth on Fe(lII) oxides, 
but not on soluble electron acceptors, including Fe(III) 
citrate; (ii) Fe(lII) oxides appear to specifically associate 
with the pili; (iii) deleting the gene for PilA, the struc­
tural pilin protein, eliminates the capacity for Fe(III) 
oxide reduction; and (iv) measurements with an atomic­
force microscope fitted with a conductive tip suggest 
that the pili are electrically conductive. If microbial 
nanowires are capable of conducting electrons to Fe(III) 
oxides, then it might not be surprising if they could 
also conduct electrons to the anodes of microbial fuel 
cells. 

A mutant in which pilA had been deleted produced 
much less power than wild-type cells in the potentio­
stat-poised system (Reguera et al., 2006). Maximum 
current in the mutant strain was ca. 1 rnA, and the mu­
tant cells did not stack to form a thick biofilm. Instead, 
most of the cells were in close contact with the anode. 
These results demonstrate that the pili are not required 
for low rates of electron transfer to the anode and ex­
plain why in previous studies with H-cell fuel cells 
deleting pilA had no impact on current production. 
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However, for higher rates of current production the pili 
are required (Reguera et aI., 2006). Pilin production is 
also required for high-density current levels in the mini­
stack fuel cell system (H. Richter, unpublished results). 

It is conceivable that the pilin requirement could 
be due to some feature other than their conductivity. 
For example, when the pilA-deficient mutant was 
grown on glass surfaces with the soluble electron ac­
ceptor, fumarate, the thickness of the biofilm was ap­
proximately one-half the thickness of the wild-type 
cells (Reguera et aI., 2007). It is unlikely that pilin 
would playa role in fumarate reduction, which is cat­
alyzed at the inner membrane (Butler et aI., 2006). 
Thus, these results suggested that the pilin might be im­
portant in biofilm structure (Reguera et aI., 2007). 
However, subsequent studies revealed that when the 
pilA-deficient mutant was inoculated into an anode 
chamber in which the anode was not connected to the 
cathode and in which fumarate was added to the con­
tinuous feed, the mutant formed biofilms as thick as 
the wild type (Nevin, unpublished results). These re­
sults suggest that pili are not necessary for the develop­
ment of thick biofilms on graphite surface unless that 
graphite surface is also serving as the electron acceptor. 

From these results it seems possible that the pili 
are responsible for the long-range electron transfer 
through the biofilms of high-power density of G. sul­
furreducens microbial fuel cells. However, further in­
vestigation of this phenomenon is required. For exam­
ple, it remains to be determined whether the pili must 
directly contact the anode surface or whether there is 
cell-to-cell electron transfer through the biofilm. The 
longest pili yet observed in cultures of G. sulfurre­
ducens have been ca. 20 pm, too short to reach from 
the outer surface of biofilms over 50 pm thick to the 
anode surface. It may be that, as previously suggested 
(Reguera et aI., 2005), intertwined pili could produce a 
conductive network. Another possibility is that pili 
may connect to cells deeper in the biofilm and that elec­
trons passed to these cells are then transferred toward 
the anode via the pili of those cells. It is also possible 
that the pili are just one component of a more complex 
conductive matrix in the anode biofilm. 

The electron transfer via pili to electrodes pro­
posed for G. sulfurreducens must be significantly dif­
ferent from the electron transfer to electrodes recently 
proposed for S. oneidensis (Gorby et aI., 2006). Al­
though the structures associated with S. oneidensis 
were also suggested to be conductive pili, the structures 
are ca. 100 nm in diameter, much wider than the 3- to 
5-nm-diameter pili of G. sulfurreducens. The simple, 
yet definitive experiment of deleting gene(s) necessary 
for pilin production and determining if this eliminated 
formation of the structures was not conducted. Fur­
thermore, although it is suggested that the structures 

were required for electron transfer to electrodes, this 
conclusion was not based on any direct evidence. The 
only related experiment was one in which genes for 
outer membrane c-type cytochromes were deleted. 
Deletion of these cytochromes resulted in diminished 
power production. It was suggested that the cyto­
chromes were associated with the pilin, making the 
pilin conductive. However, an alternative explanation 
is that these outer membrane cytochromes were associ­
ated with other portions of the outer cell surface and 
that this was the point of cell-electrode contact. This is 
an important point because unlike G. sulfurreducens, 
S. oneidensis does not make thick biofilms on the sur­
faces of fuel cell anodes. Therefore, long-range electron 
transfer mechanisms are unlikely to be required, espe­
cially when it is considered that S. oneidensis also is ca­
pable of producing a soluble electron shuttle that sup-

Figure 2. Model for electron transfer to electrodes. (A) Low-power 
fuel cell. Microbes directly attached to electrodes can transfer elec­
trons via outer surface cytochromes, such as OmcS, consistent with 
the omeS deletion mutant being greatly impaired in power produc­
tion, but deletion of pilA having no impact. (B) High-power density 
fuel cell. Microbes directly attached to the anode can transfer elec­
trons via outer surface cytochromes. Microbes not attached to the 
anode can transfer electrons to the electrode and/or other cells closer 
to the electrodes via conductive pili. 
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ports substantial growth of planktonic cells in micro­
bial fuel cells. 

To date, G. sulfurreducens is the only electricigen 
documented to form thick biofilms on anodes. Studies 
to determine if this is a widespread capability among 
electricigens are warranted. However, with the data at 
hand it appears that G. sulfurreducens, and by anal­
ogy possibly other electricigens, may have at least two 
mechanisms for electron transfer to anodes (Fig. 2). 
Cells in close association with the anode may transfer 
electrons to the anode via outer surface c-type cyto­
chromes because in these systems G. sulfurreducens 
can readily make power without the ability to make 
pilin, but the c-type cytochromes are required. Cells at 
a distance from the anode too great for electron trans­
fer via outer surface c-type cytochromes to be feasible 
may accomplish electron transfer to the anode via the 
electrically conductive pili. This concept, though still 
rudimentary, serves as the present basis for strategies 
to design fuel cells and/or organisms to increase power 
production. 

ENGINEERING ELECTRICIGEN FUEL CELLS 

There are many possible options for enhanced de­
sign of microbial fuel cells. Many of these, such as ap­
proaches to increase reaction rates at the cathode sur­
face or to overcome potential limitations due to the 
rate of proton exchange between the anode and cath­
ode compartments, probably do not have a significant 
microbiological component. However, information on 
the mechanisms of electron transfer between microor­
ganisms and anodes may lead to other improvements, 
most notably in the design and/or patterning of anode 
materials and genetic engineering to enhance electrical 
connections between electricigens and anodes. 

Development of Novel Anode
 
Materials and/or Patterns
 

The finding that electricigens attached to the an­
ode surface are responsible for power production sug­
gests that power output can be increased by increasing 
the amount of surface area that the electricigens can 
colonize while still having ready access to fuel. Simple 
changes in anode surface area have increased power 
production (Chaudhuri and Lovley, 2003). It seems 
likely that much more sophisticated patterning of an­
ode materials is on the horizon. 

Evaluation of a wide diversity of materials has 
demonstrated that G. sulfurreducens is capable of trans­
ferring electrons to many conductive metals and poly­
mers (Richter et aI., 2008; C. Xu and K. P. Nevin, un­
published data). Incorporation of moieties known to 

be electron acceptors for Geobacter species, such as 
quinones, Fe(III), or Mn(IV), influenced the redox poten­
tial at which electrons were transferred to the anodes of 
sediment fuel cells and temporarily increased power pro­
duction, but long-term power production was not en­
hanced because of other limitations in the system (Lowy 
et aI., 2006). In pure-culture studies with G. sulfurre­
ducens no anode materials have proven to provide more 
long-term maximum power than plain graphite elec­
trodes (Nevin, unpublished data). This suggests either 
that graphite interacts with electron transfer components 
as well as any other conductive material yet evaluated or 
that factors other than the rate at which G. sulfurre­
ducens can transfer electrons to the anode limit current 
production. Detailed electrochemical analyses to dis­
criminate between these two possibilities are under way. 

Genetic Engineering 

The fact that, as far as is known, there has been no 
evolutionary pressure on microorganisms to produce 
electricity suggests that electricigens may not be opti­
mized for electricity production. Obvious possible 
routes to optimization include increasing the number of 
electrical contacts between electricigens and the anode. 
However, to date this approach has not been success­
ful. Introducing genes to increase production of the 
outer surface cytochrome, OmcS, or pilin did not in­
crease power production (M. Izallalen, unpublished 
data). It is likely that extracellular electron transfer is a 
complex and highly regulated process that involves the 
interaction of multiple redox proteins. If so, then it is not 
surprising that increasing production of just the proteins 
thought to carry out the terminal electron transfer step 
may not significantly increase power production. 

Adaptive Evolution 

The likely complexity of extracellular electron 
transfer and previous lack of selective pressure on elec­
tricigens to produce electricity has suggested that it 
may be possible to evolve electricigens for enhanced 
current production (Lovley, 2006a, 2006b). Prelimi­
nary studies have demonstrated that G. sulfurreducens 
can be adapted for faster extracellular electron transfer, 
and this is associated with the accumulation of a num­
ber of mutations in the adapted strain (Z. Summers 
and H. Yi, unpublished data). Which of these muta­
tions confers the capacity for faster extracellular elec­
tron transfer is currently under investigation. It has 
also been possible to adapt G. sulfurreducens to trans­
fer electrons at lower potentials, but the nature of this 
adaptation is not yet known. Not only may adapted 
strains prove to be power producers superior to the 
currently available electricigens, but elucidating which 
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mutations lead to increased electricity production 
should also yield significant insights into the mecha­
nisms for electron transfer to anodes. 

ENVIRONMENTAL RESTORATION
 
WITH ELECTRICIGENS
 

There are several strategies by which electricigen­
electrode interactions may be exploited in the bioreme­
diation of organic and/or metal contaminants in sedi­
ments and the subsurface. For example, Geobacter 
species have been shown to be important in the degra­
dation of petroleum and landfill leachate contaminants 
in groundwater (Lovley et al., 1989; Anderson et al., 
1998; Rooney-Varga et al., 1999; Roling et al., 2001; 
Lin et al., 2005). This oxidation of contaminants cou­
pled to the reduction of Fe(III) can be accelerated with 
the addition of Fe(III) chelators or electron-shuttling 
compounds (Lovley et al., 1994, 1996a, 1996b). G. 
metallireducens, the pure-culture isolate frequently used 
as a model for this metabolism, is capable of oxidizing 
aromatic compounds with an electrode serving as the 
sole electron acceptor (Bond and Lovley, 2002). Prelim­
inary studies with flowthrough columns of subsurface 
sediments suggested that providing electrodes as elec­
tron acceptors might increase aromatic hydrocarbon 
degradation (R. T. Anderson, personal communication). 

Geobacter species are capable of accepting elec­
trons from electrodes poised at low potential for the re­
duction of various electron acceptors (Gregory et al., 
2004; Gregory and Lovley, 2005). Geobacter-catalyzed 
reduction of U(VI) to U(IV) at electrode surfaces can 
precipitate uranium contamination from groundwater, 
precipitating U(IV) on the electrode (Gregory and Lov­
ley, 2005). This potentially attractive approach to ex­
tracting uranium contamination from the subsurface 
needs to be further evaluated in field trials. G. lovleyi 
can use an electrode poised at low potential as the elec­
tron donor for the reductive dechlorination of per­
chloroethylene and trichloroethylene (5. M. Strycharz, 
K. P. Nevin, R. A. Sanford, E E. LoWer, and D. R. Lov­
ley, submitted for publication). Thus, electrodes might 
represent an alternative strategy for introducing elec­
trons into the subsurface to support microbial dechlori­
nation of chlorinated contaminants. 

CONCLUSIONS 

Of the microorganisms known to contribute to 
electricity production in microbial fuel cells, only elec­
tricigens offer the possibility of highly efficient, self­
sustaining conversion of waste organic matter and re­
newal biomass to electricity. However, the study of 

electricity production with electricigens is clearly in its 
infancy. Substantial increases in power output will be 
required in order for the applications of electricigen­
driven microbial fuel cells to expand beyond powering 
monitoring devices via sediment microbial fuel cells. 
This will require more information on the mechanisms 
for extracellular electron transfer in electricigens. The 
lack of previous evolutionary pressure on microorgan­
isms to produce current suggests that the process can 
be improved. The coupling of optimized clectricigens 
with advanced microbial fuel cell designs may greatly 
expand the applications of microbial fuel cells. 
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