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ABSTRACT It has been proposed that Geobacter sulfurreducens requires conductive pili for long-range electron transport to
Fe(III) oxides and for high-density current production in microbial fuel cells. In order to investigate this further, we constructed
a strain of G. sulfurreducens, designated Aro-5, which produced pili with diminished conductivity. This was accomplished by
modifying the amino acid sequence of PilA, the structural pilin protein. An alanine was substituted for each of the five aromatic
amino acids in the carboxyl terminus of PilA, the region in which G. sulfurreducens PilA differs most significantly from the PilAs
of microorganisms incapable of long-range extracellular electron transport. Strain Aro-5 produced pili that were properly deco-
rated with the multiheme c-type cytochrome OmcS, which is essential for Fe(III) oxide reduction. However, pili preparations of
the Aro-5 strain had greatly diminished conductivity and Aro-5 cultures were severely limited in their capacity to reduce Fe(III)
compared to the control strain. Current production of the Aro-5 strain, with a graphite anode serving as the electron acceptor,
was less than 10% of that of the control strain. The conductivity of the Aro-5 biofilms was 10-fold lower than the control strain’s.
These results demonstrate that the pili of G. sulfurreducens must be conductive in order for the cells to be effective in extracellu-
lar long-range electron transport.

IMPORTANCE Extracellular electron transfer by Geobacter species plays an important role in the biogeochemistry of soils and sed-
iments and has a number of bioenergy applications. For example, microbial reduction of Fe(III) oxide is one of the most geo-
chemically significant processes in anaerobic soils, aquatic sediments, and aquifers, and Geobacter organisms are often abundant
in such environments. Geobacter sulfurreducens produces the highest current densities of any known pure culture, and close
relatives are often the most abundant organisms colonizing anodes in microbial fuel cells that harvest electricity from wastewa-
ter or aquatic sediments. The finding that a strain of G. sulfurreducens that produces pili with low conductivity is limited in these

extracellular electron transport functions provides further insight into these environmentally significant processes.
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he mechanisms for long-range extracellular electron transport

in Geobacter species are of interest because of the important
role that Geobacter species play in the biogeochemistry of a diver-
sity of anaerobic soils and sediments and in several bioenergy
strategies. For example, Geobacter species are frequently the most
abundant Fe(III)-reducing microorganisms in soils and sedi-
ments in which Fe(Ill) reduction is an important process (1),
influencing the cycling not only of carbon and iron but also of
trace metals, metalloids, and phosphates that adsorb to Fe(III)
oxides (2, 3). Anaerobic oxidation of organic contaminants cou-
pled with the reduction of Fe(III) and reductive precipitation of
contaminant metals is an important bioremediation function
of Geobacter species (1). The ability of Geobacter species to
make electrical connections with electrodes offers the possibil-
ity of harvesting electricity from waste organic matter or driv-
ing anaerobic processes, such as reductive dechlorination, with
electrical energy (4, 5). Geobacter species can also make electri-
cal connections with other species (6), which may be an impor-
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tant component of anaerobic degradation of organic wastes to
methane (7).

Geobacter species must directly contact Fe(III) oxides in order
to reduce them (8). Studies with Geobacter sulfurreducens have
identified two components on the outer surface that are essential
for Fe(III) oxide reduction, type IV pili and the multiheme c-type
cytochrome, OmcS, which is associated with the pili (9). The pili
are electrically conductive (10, 11). The spacing of OmcS mole-
cules along the pili is too great for OmcS-to-OmcS electron trans-
fer along the pili (12, 13). A possible explanation for these obser-
vations is that the role of the pili is to deliver electrons to OmcS at
a distance from the cell, which then transfers electrons to Fe(III)
oxide (4, 9).

Studies with a strain of G. sulfurreducens in which the gene for
PilA, the structural pilus gene, was deleted have demonstrated that
cells in contact with graphite electrodes can transfer electrons to
electrodes in the absence of pili (14-16), but the ability to produce
pili is required for G. sulfurreducens to develop thick, conductive
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FIG 1 Alignment of amino acid sequences and genetic map. (A) Alignment of PilA of wild-type G. sulfurreducens, the G. sulfurreducens Aro-5 strain, and
Pseudomonas aeruginosa PAO1. The alignment begins at the PilD cleavage site (34). The full PilA sequence of G. sulfurreducens encodes 29 amino acids prior to
the cleavage site. Substituted amino acids in the PilA protein of the Aro-5 strain are in red. Amino acids that are identical between wild-type G. sulfurreducens and
P. aeruginosa PAO1 are underlined. The alignment was made with ClustalW2. (B) pilA region of the wild-type strain. (C) pilA region of the control strain,
encoding PilA™, which contains the wild-type sequence. (D) pilA region of the Aro-5 strain, encoding PilAA™-5, with codons for alanine substituted for codons

for aromatic amino acids.

biofilms (14, 15) in which cells at a distance (>50 wm) from the
electrode can contribute to current production (17, 18). Compet-
ing explanations for the requirement for pili include the possibil-
ities that (i) the pili serve as a scaffold to support cytochromes
involved in electron transport through the biofilm (19) and (ii)
long-range electron transport through the biofilms is through the
pili (20).

These models for long-range electron transport to Fe(III) and
through conductive biofilms could be better evaluated if it was
possible to produce a strain of G. sulfurreducens which could pro-
duce pili that serve as a cytochrome scaffold but have diminished
conductivity. Several lines of evidence suggest that G. sulfurredu-
cens pili have a metallic-like conductivity similar to that of syn-
thetic organic metals, which might be attributed to overlapping
pi-pi orbitals of aromatic constituents (11).

Aromatic amino acids are the most likely source of pi orbital
stacking in a protein filament such as pili. The PilA sequences of
G. sulfurreducens and organisms that are not capable of long-range
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electron transport, such as Pseudomonas, Neisseria, and Vibrio spe-
cies, have highly conserved N-terminal sequences (10). This
N-terminal domain forms an a-helix that allows monomers to inter-
act with each other to generate a hydrophobic filament core (21).
However, the G. sulfurreducens carboxyl terminus of the PilA se-
quence is truncated (Fig. 1A). Therefore, we hypothesized that aro-
matic amino acid moieties in this region of PilA in which G. sulfurre-
ducens was atypical were potential candidates to confer the observed
metallic-like conductivity via overlapping pi-pi orbitals. Here we re-
port on the extracellular electron transfer phenotypes of a strain of
G. sulfurreducens in which alanine was substituted for the five aro-
matic amino acids in the carboxyl region of PilA.

RESULTS AND DISCUSSION

We constructed a strain of G. sulfurreducens, designated Aro-5, in
which an alanine was substituted for each of the five aromatic
amino acids in the carboxyl terminus of PilA (Fig. 1). A control
strain was constructed by the same approach but retained the PilA
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FIG 2 Transmission electron micrographs of the negatively stained Aro-5 strain grown in medium with acetate as the electron donor and fumarate as the
electron acceptor and then successively labeled with anti-OmcS rabbit polyclonal antibodies and anti-rabbit IgG conjugated with secondary-antibody-labeled

10-nm gold particles. Scale bars represent 500 nm (A) and 200 nm (B).

sequence of the wild-type strain (Fig. 1). Both the Aro-5 and the
control strain actively expressed pilA, with transcript abundances
somewhat higher (2.3-to 3.0-fold; #» = 3) in the Aro-5 strain.
Transmission electron microscopy coupled with immunogold la-
beling revealed that the Aro-5 strain produced pili decorated with
the c-type cytochrome OmcS (Fig. 2), similar to pili previously
reported for wild-type cells (12), as did the control strain (not
shown).

Measurements of the conductivity of filament preparations
sheared from the outer cell surface can exhibit substantial variabil-
ity between preparations from replicate cultures (11). However,
conductivities of preparations from the Aro-5 strain were consis-
tently low compared to those of the control strain (Fig. 3), which
had conductivities comparable to those previously reported for
the wild type (11).

In order to evaluate the impact of diminished pili conductivity
on extracellular electron transfer, the Aro-5 and control strains
were inoculated into medium with acetate as the sole electron

14 -
Prep 3

1 Prep 1

Conductivity (uS/cm)
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Aro-5 Aro-5 Aro-5

FIG 3 Conductivity of filament preparations (Prep) of the Aro-5 and control
strains. Vertical bars represent the results of separate biological replicates in
which an Aro-5 and a control culture were simultaneously processed. Error
bars represent the means and standard deviations of triplicate measurements
of each biological replicate. The difference in the conductivities of the control
and Aro-5 preparations is statistically significant (P < 0.05, ¢ test).

Control Control Control
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donor and Fe(III) oxide as the electron acceptor. The control
strain readily reduced Fe(III) oxide, but the Aro-5 strain did not
(Fig. 4). These results demonstrated that pili with associated
OmcS is not sufficient for effective Fe(III) oxide reduction; the pili
must also be conductive.

The Aro-5 strain also appeared to be impaired in long-range
electron transport through current-producing biofilms. When
grown in a bioelectrochemical system with acetate as the sole elec-
tron donor and a graphite electrode as the sole electron acceptor,
the control strain produced current at levels comparable to those
previously reported (14) for the wild type, but the current produc-
tion of the Aro-5 strain was low, comparable to that previously
reported (14, 15) for a strain in which pilA had been deleted
(Fig. 5). The primary difference between the Aro-5 anode biofilm
and previously described anode biofilms of the pilA-deficient mu-
tant was that the Aro-5 biofilm was as thick as that of the control
strain (Fig. 6), whereas the pilA-deficient mutant produces thin-
ner biofilms (14, 15). This difference may be due to the presence of
pili in the Aro-5 strain, supporting better cell cohesion.
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FIG 4 Fe(Il) produced from Fe(III) oxide reduction over time in the Aro-5
and control strains. Results are the means and standard deviations of results
from triplicate cultures for each strain.
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FIG 5 Current production in Aro-5 and the control strain, with acetate as an
electron donor and anode poised at +300 mV versus Ag/AgCl. Results shown
are representative of replicates.

The ability of Aro-5 to form relatively thick biofilms made it
possible to measure the conductivity of Aro-5 biofilms in a previ-
ously described system (11) in which biofilms were grown on gold
electrodes separated by a 50-um nonconducting gap. The Aro-5
biofilms readily bridged the nonconducting gap (Fig. 7A), but the
conductivity of the Aro-5 biofilm was 10-fold lower than that of
the control strain (Fig. 7B).

Implications. These results suggest that the conductivity of
G. sulfurreducens pili is a key feature in long-range electron trans-

Control Strain

port. Even though the Aro-5 strain produced pili with properly
localized OmcS, it was not capable of effective Fe(I1I) oxide reduc-
tion or high-density current production. The simplest explana-
tion for these phenotypes is that the low conductivity of the Aro-5
strain pili prevents the long-range electron transport along the pili
that is required for both of these types of extracellular electron
transport.

The impact on conductivity of exchanging an alanine for the
five aromatic amino acids in the carboxyl region of the G. sulfurre-
ducens PilA sequence is consistent with the hypothesis that aro-
matic amino acids may account for the metallic-like conductivity
of G. sulfurreducens pili (11), but in-depth structural studies, now
under way, will be required to further evaluate this concept. The
demonstration of a link between reduced pili conductivity and
diminished capacity for long-range electron transport emphasizes
the biological and environmental significance of such future
structural investigations.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. Bacterial strains and plasmids
used in this study are listed in Table SI in the supplemental material.
G. sulfurreducens strains were routinely cultured anaerobically (N,-CO,,
80:20) at 30°C in either acetate-fumarate or acetate-Fe(III) citrate me-
dium, as previously described (22). For Fe(III) reduction studies, poorly
crystalline Fe(IIT) oxide (100 mmol liter ~ ') was the electron acceptor and
Fe(II) in Fe(III)-reducing cultures was measured with the ferrozine assay
(23). Escherichia coli was cultivated in Luria-Bertani medium with or
without antibiotics (24).

Recombinant-strain construction. The wild-type allele of G. sulfurre-
ducens pilA (locus tag GSU1496) was replaced on the chromosome with
the mutant allele pilAF>34, Y564, Y6IA, F80A, Y864 designated pilAATo->. A
control strain was constructed by introducing the wild-type pilA sequence
by the same methods. Structures of both the control and the mutant allele
are described in Fig. 1. Primers used for construction of the control and
pilAAro-5 allele are listed in Table S2 in the supplemental material. Briefly,
the 3’ part of GSU1495 (0.5 kb) was amplified by PCR with primers
GSU1495upBHI/GSU1495dnBHI, with G. sulfurreducens DL1 genomic
DNA as the template. The resulting PCR product was digested with

Aro-5 Strain

FIG 6 Confocal scanning laser micrographs of graphite anode biofilms of the control and Aro-5 strains. Top-down three-dimensional and horizontal side views
(bottom images, anode) of cells stained with LIVE/DEAD BacLight viability stain. Bars = 25 um.
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Aro-5 Control

FIG 7 Properties of biofilms grown on gold anodes separated by a 50-um nonconducting gap. (A) Confocal scanning laser micrograph of Aro-5 biofilm stained
with LIVE/DEAD BacLight viability stain, demonstrating that the Aro-5 biofilms spanned the nonconducting gap. The position of the gap is designated by the
white arrows. (B) Conductivity measured across the nonconducting gap for the control and Aro-5 strains (means = standard deviations; n = 3 biofilms for each

strain).

BamHI (New England Biolabs, Ipswich, MA, USA) and ligated with the
T4 DNA ligase (New England Biolabs) upstream of the gentamicin resis-
tance cassette into pCR2.1Gm'loxP (25), resulting in plasmid pPLT173.
PpilA, pilA, and the GSU1497 coding sequence (0.85 kb) were amplified
by PCR with primers pilASNPUPXhol/GSU1497SNPDNXhol, with
G. sulfurreducens DL1 genomic DNA as the template. The resulting PCR
product was digested with Xhol and ligated with the T4 DNA ligase (New
England Biolabs) downstream of the gentamicin resistance cassette into
pPLT173, generating pPLT174. Mutations F53A, Y56A, Y61A, F80A, and
Y86A were introduced into the pilA coding sequence with four rounds of
mutagenic PCR with primers F53AY56A/F53AY56Ar, Y61A/Y61Ar,
F80A-1/F80A-1r, and Y86A-1/Y86A-1r (Table S2) using the QuikChange
Lightning site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA), with pPLT174 as the template. The sequences of
pPLT174 and pPLT174Aro-5 were verified by Sanger sequencing. The two
plasmids were linearized with Ncol (NEB) and electroporated into G. sul-
furreducens DLI as previously described (22, 26). Recombinant strains
were verified by PCR and Sanger sequencing.

RT-qPCR. Total RNA for real-time quantitative PCR (RT-qPCR) was
extracted from triplicate cultures of wild-type DL1, DL1 Gent, and DL1
Aro-5 grown with acetate (15 mM)-fumarate (40 mM) during exponen-
tial phase at 25°C using the RNeasy minikit (Qiagen, Valencia, CA, USA)
and treated with DNA-free DNase (Ambion, Austin, TX, USA). The RNA
samples were tested for genomic DNA contamination by PCR amplifica-
tion of the 16S rRNA gene (27). cDNA was generated with the TransPlex
whole-transcriptome amplification kit (Sigma-Aldrich, St. Louis, MO,
USA). The Power SYBR green PCR master mix (Applied Biosystems, Fos-
ter City, CA) and the ABI 7500 real-time PCR system were used to amplify
and to quantify PCR products. Expression of pilA was normalized with
that of proC, a gene shown to be constitutively expressed in Geobacter
species (28). Relative levels of expression of pilA were calculated by the
27 *%method, where C; is threshold cycle (29). Sequences from all prim-
ers used for RT-qPCR are listed in Table S2.

Immunogold labeling and transmission electron microscopy. The
c-type cytochrome OmcS was localized with immunogold labeling as pre-
viously described (12). Late-log-phase cells that had been grown in a me-
dium with acetate as the electron donor and fumarate as the electron
acceptor were placed on 400-mesh carbon-coated copper grids for about
5 min. The samples were successively labeled with anti-OmcS rabbit poly-
clonal antibodies and anti-rabbit IgG conjugated with 10-nm gold-
labeled secondary antibody, as previously described (12). Samples were
then stained with 2% uranyl acetate and were observed using a Tecnai T12
electron microscope at an accelerating voltage of 100 kV. Images were
taken digitally with a Teitz TCL camera system.
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Pili conductivity. As previously described (11), for conductivity mea-
surements, pili were sheared from the cells, and pili preparations (5 ug
protein) were placed on split-gold electrodes and air-dried in a desiccator.
In order to measure the pili conductivity under physiological conditions,
avoltage ramp of 0 to 0.05 V was applied across split electrodes in steps of
0.025V for 2-probe measurements using a source meter (Keithley 2400).
For each measurement, after allowance for the exponential decay of the
transient ionic current, the steady-state electronic current for each voltage
was measured every second over a minimum period of 100 s using a
LabVIEW data acquisition program (National Instruments). Time-
averaged current for each applied voltage was calculated to create the
current-voltage (I-V) characteristics.

Current production. The ability of the Aro-5 and control strains to
couple the oxidation of acetate to electron transfer to positively poised
graphite stick electrodes was determined in flowthrough bioelectrochemi-
cal systems as previously described (14).

Biofilm conductivity. As previously described (11, 13), biofilms were
grown on arrays of four gold electrodes, each separated by a 50-m non-
conductive gap, in microbial fuel cells in which the electrodes served as the
sole electron acceptor for acetate oxidation. To measure in situ biofilm
conductivity, the gold anodes were disconnected from the cathode and
connected to electronics. A source meter (Keithley 2400) was used to
apply a fixed current between the outer of the four electrodes and to
measure the potential drop between two inner electrodes (30), by mea-
suring the voltage for each current every second over a period of 100 s,
after the steady state was reached. An additional high-impedance voltme-
ter (Keithley 2000) was used to record the output voltage of the current
source to calculate conductance (30).

As previously described (11), conformal mapping (31) was employed
to calculate biofilm conductivity from measured biofilm conductance (G)
according to following formula:

o= GE/ln(g)
L m™a

where L is the length of the electrodes (L = 2.54 c¢m), a is the half-
spacing between the electrodes (2a = 50 um), and g is the biofilm thick-
ness measured using confocal microscopy. This formula is valid for the
limiting case a < g << b, where b is the half-width of the electrodes (2b =
2.54 cm).

The conductivity of pili preparations was calculated using the follow-

ing relation (32):
-of2)
gL
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Confocal microscopy. As previously described (18, 33), anode bio-
films were imaged with confocal laser scanning microscopy using the
LIVE/DEAD BacLight viability stain kit from Molecular Probes (Eugene,
OR, USA), which contains two nucleic acid stains, the fluorescent green
SYTO 9 stain and the fluorescent red propidium iodide. Images were
processed and analyzed using the Leica LAS software (Leica).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00105-13/-/DCSupplemental.

Table S1, DOCX file, 0.1 MB.

Table S2, DOCX file, 0.1 MB.
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