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Abstract The anode biofilm in a microbial fuel cell (MFC)
is composed of diverse populations of bacteria, many of
whose capacities for electricity generation are unknown. To
identify functional populations in these exoelectrogenic
communities, a culture-dependent approach based on dilu-
tion to extinction was combined with culture-independent
community analysis. We analyzed the diversity and dy-
namics of microbial communities in single-chamber
air-cathode MFCs with different anode surfaces using
denaturing gradient gel electrophoresis based on the 16S
rRNA gene. Phylogenetic analyses showed that the bacteria
enriched in all reactors belonged primarily to five phyloge-
netic groups: Firmicutes, Actinobacteria, a-Proteobacteria,
(B-Proteobacteria, and ~-Proteobacteria. Dilution-to-
extinction experiments further demonstrated that Comamonas
denitrificans and Clostridium aminobutyricum were domi-
nant members of the community. A pure culture isolated
from an anode biofilm after dilution to extinction was
identified as C. denitrificans DX-4 based on 16S rRNA
sequence and physiological and biochemical characteriza-
tions. Strain DX-4 was unable to respire using hydrous Fe
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(Ill) oxide but produced 35 mW/m? using acetate as the
electron donor in an MFC. Power generation by the
facultative C. denitrificans depends on oxygen and MFC
configuration, suggesting that a switch of metabolic pathway
occurs for extracellular electron transfer by this denitrifying
bacterium.
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Denitrifying bacteria - Microbial community - Dilution
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Introduction

Microbial fuel cells (MFCs) show great promise as a
method for energy production during wastewater treatment
(Logan and Regan 2006a; Lovley 2008; Rittmann et al.
2008). The power output of these systems is primarily
affected by the system architecture, but the microbial
ecology can be important as well (Logan and Regan
2006b; Rabaey et al. 2007; Rittmann 2006; Xing et al.
2008Db). In recent years, power production by MFCs has
increased by several orders of magnitude through system
architecture improvements that have reduced the internal
resistance (Logan and Regan 2006a), such as modifying the
reactor configuration (He et al. 2007; Liu and Logan 2004;
You et al. 2008; Zuo et al. 2007), improving electrodes (Fan
et al. 2007a; Logan et al. 2007), increasing solution
conductivity (Cheng and Logan 2007; Fan et al. 2007b;
He et al. 2008; Torres et al. 2008), providing flow through a
porous anode, and reducing electrode spacing (Cheng et al.
2006b). As a result of these improvements, the microbial
community or the specific microorganisms on the anode are
now becoming factors in the level of power production.
Therefore, it is important to understand the physiology of
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the exoelectrogenic bacteria and the ecology of the
communities on the electrodes and the interplay between
system architecture changes and community composition.

Known exoelectrogens primarily fall into several func-
tional groups based on types of anaerobic respiration
(Logan 2009). These include dissimilatory metal-reducing
bacteria (DMRB) such as Geobacter (Bond and Lovley
2003), Shewanella (Kim et al. 2002), Geopsychrobacter
(Holmes et al. 2004c), and Geothrix (Bond and Lovley
2005); sulfate-reducing bacteria (SRB) including Desulfur-
omonas (Bond et al. 2002) and Desulfobulbus (Holmes et
al. 2004a); and nitrate-reducing bacteria (denitrifying
bacteria (DNB)) including Pseudomonas (Rabaey et al.
2004) and Ochrobactrum (Zuo et al. 2008). In addition,
fermentative bacteria such as Clostridium (Park et al. 2001)
and Escherichia coli produce electricity via anaerobic
respiration pathways (Zhang et al. 2006). Purple nonsulfur
bacteria, nonphotosynthetic Rhodoferax ferrireducens and
photosynthetic Rhodopseudomonas palustris DX-1 were
also found to produce electricity via anaerobic respiration in
an MFC (Chaudhuri and Lovley 2003; Xing et al. 2008b).
The current densities and power produced by these isolates
vary due to their physiologies, mechanisms of electron
transfer, and different MFC architectures used to study them.
Mechanisms for extracellular electron transfer include self-
produced mediators (Marsili et al. 2008; Newman and Kolter
2000; von Canstein et al. 2008), direct electron transfer via
membrane-bound cytochromes (Esteve-Nufiez et al. 2008;
Myers and Myers 1992; Shi et al. 2007), and nanowires
(Gorby et al. 2006; Reguera et al. 2005).

Community analyses of MFC anode biofilms often show
the presence of diverse populations whose exoelectrogenic
capabilities are still unknown (Logan and Regan 2006a).
These communities can be comprised of SRB, DNB, or
fermentative bacteria or may consist primarily of unchar-
acterized bacteria when MFCs are inoculated with waste-
water, activated sludge, or rumen bacteria (Aelterman et al.
2006; Choo et al. 2006; Jong et al. 2006; Kim et al. 2004;
Kim et al. 2006; Rabaey et al. 2004; Rismani-Yazdi et al.
2007). SRB appear to dominate microbial communities in
MFCs enriched with seawater (Bond et al. 2002; Holmes et
al. 2004b; Liu et al. 2007; Reimers et al. 2006; Reimers et
al. 2007; Ryckelynck et al. 2005; Tender et al. 2002) or
river water (Phung et al. 2004). Few studies have reported
the prevalence of Geobacter spp. (Choo et al. 2006; Jung
and Regan 2007; Kim et al. 2007b; Lee et al. 2003; Xing et
al. 2009) or Shewanella spp. (Logan et al. 2005) in MFCs
inoculated with wastewaters despite reports that these
DMRB can produce high power densities.

In order to isolate and identify unknown exoelectrogens
of the microbial community in MFCs, we used PCR-
denaturing gradient gel electrophoresis (DGGE) to monitor
the diversity of exoelectrogenic communities over time on
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ammonia-gas-treated and plain anodes made of either
graphite fibers or carbon paper. Through dilution-to-
extinction experiments using ammonia-treated anodes and
a mixture of bacteria from all the anodes, we reduced the
diversity of the exoelectrogenic community and isolated an
exoelectrogenic bacterium Comamonas denitrificans that
was a predominant member of the community.

Materials and methods
MFC construction

Anodes were carbon paper (25 c¢m?, non-wet-proofed, E-
TEK) or a graphite fiber brush 5 cm in diameter and 7 cm
in length (PANEX33 160 K, ZOLTEK; Logan et al. 2007).
For two of the MFCs, a carbon paper or brush anode was
treated using ammonia gas as previously described (Cheng
and Logan 2007). Cathodes contained 0.5 mg/cm?® Pt and
four PTFE diffusion layers on 30 wt.% wet-proofed carbon
cloth (type B-1B, E-TEK; Cheng et al. 2006a). Single-
chamber bottle MFCs were made from common laboratory
media bottles (320 mL capacity, Corning Inc., NY, USA) as
previously described (Logan et al. 2007). A 4-cm-long side
tube was set 5 cm from the reactor bottom, with a 3.8-cm-
diameter cathode held in place at the end by a clamp
between the tube and a separate 4-cm-long tube, providing
a total projected cathode surface area of 4.9 cm? (one side
of the cathode). The liquid volume of the chamber was
300 mL. Single-chamber cubic MFCs (4 cm in width) and
two-chamber cubic MFCs assembled by joining two cubic
MFCs (each 2 cm in width) separated by a cation exchange
membrane (CMI 7000, Membranes International Inc, USA)
were used to test power generation by pure cultures. For the
cubic MFCs, ammonia-treated carbon papers (7 cm?®) were
used as the anodes and cathodes, and ferricyanide (50 mM
K3Fe(CN)g in 50 mM phosphate buffer solution [PBS]) was
used as the catholyte in the two-chamber reactor. All MFCs
were autoclaved before use.

MFC operation

The wastewater inoculum was collected from the primary
clarifier of the Pennsylvania State University Wastewater
Treatment Plant. Four MFCs with different anodes were fed
a medium containing 1 g/L of acetate in 50 mM or 200 mM
PBS, NH4CI (0.31 g/L), KCl (0.13 g/L), and metal salt
(12.5 mL/L) and vitamin (5 mL/L) solutions (Logan et al.
2007). It is well established that power production is
increased with solution conductivity over certain ranges
(Liu et al. 2005). We have determined that MFCs do not
perform well if started at 200 mM PBS (unpublished
results). However, if they are initiated at 50 mM PBS and
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then switched to 200 mM PBS, power generation is stable
and increased compared to the 50 mM PBS (Cheng and
Logan 2007). Therefore, we switched from 50 to 200 mM
PBS after the first fed-batch cycle and used 200 mM PBS
thereafter. Solutions were replaced when the voltage
dropped to <50 mV. Open-circuit MFCs with the four
different anodes also were operated at the same conditions
and then switched to closed-circuit operation (1,000 Q
external resistance) after 85 days of operation for one cycle.
C. denitrificans 110 (ATCC 700937) obtained from the
American Type Culture Collection and an isolated strain
were cultured using nutrient broth (BD 234000) before
inoculation into MFCs using the defined medium. All
media were autoclaved before use. MFCs were operated in
a temperature-controlled room at 30 °C. MFCs containing
only sterile medium (without any cells) were used as
uninoculated controls.

Dilution to extinction and isolation of dominant
exoelectrogen

Dilution to extinction of microbial communities was used
to isolate dominant populations in MFCs. A piece of anode
(1 em? for carbon paper or 0.5 g wet weight for brush
anode) was cut and crushed from four MFCs at day 85 and
transferred to a common anaerobic tube containing 10 mL
of 50 mM PBS solution and glass beads. A cell suspension
of ~5x10* cell/mL was obtained by vortexing for 5 min
and was serially diluted in 10-fold steps to 10°® in
anaerobic tubes. Samples (5 mL) from the 107 to 10°®
dilutions were then transferred to sterile bottle MFCs with
ammonia-treated carbon paper anodes. Nutrient medium
with 50 mM PBS and operation of MFCs were the same as
described above. The anode from the MFC containing the
highest dilution that produced electricity was used for the
next cycle of dilution to extinction described above (Zuo et
al. 2008). Three cycles of dilution to extinction were
performed. MFCs containing only sterile medium (without
any cells) were used as uninoculated controls.

Community composition and predominant bacteria of
anode biofilms were assessed by DGGE after the microbial
community diversity was reduced by dilution to extinction.
Cells were collected from the anodes and diluted as
described above. Agar plates including 3 g/L yeast extract
and 5 g/L peptone were used for isolating predominant
bacteria from the anode biofilms. Single colonies were
transferred to nutrient broth (BD 234000).

Physiological and biochemical characterization
Physiological and biochemical tests of the isolate retrieved

through dilution to extinction of anode biofilms were
conducted by conventional methods and using Biolog

GN2 MicroPlates for examining substrate utilization
(Biolog, Inc., Hayward, CA, USA). The denitrification
activity of the isolate was determined using Griess reagents
(sulfanilamide and N-(1-naphthyl)-ethylene-diamine-
dihydrochloride) in anaerobic tubes containing 10 mM
nitrate and nutrient broth (BD 234000) or 1 g/L acetate at
30 °C. The ability of cells to respire using hydrous ferric
oxide (HFO; 100 mM) was determined using 1 g/L acetate
in anaerobic tubes as previously described (Zuo et al.
2008). All tests were performed in duplicate.

Analyses

Internal resistance (R, was measured using electrochem-
ical impedance spectroscopy with a potentiostat (PC 4/750,
Gamry Instrument Inc., PA, USA), with the anode chamber
filled with 200 mM PBS and substrate. Cell voltages (V)
were recorded across a fixed external resistance (1,000 €
except as noted) using a multimeter with a data acquisition
system Model 2700 (Keithley Instruments, Cleveland, OH,
USA). Current (/), power (P=1V), and Coulombic efficiency
(CE) were calculated as previously described (Cheng et al.
2006¢; Kim et al. 2007a) and normalized by the projected
surface area of one side of the cathode.

DNA extraction and PCR amplification

Carbon paper (2 cm?) and brush anodes (1 g, wet weight)
were cut from MFCs and fragmented by sterile razors.
Genomic DNA was extracted using the PowerSoil™ DNA
Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA,
USA) according to the manufacturer’s instructions. A
fragment of the 16S rRNA gene was amplified by PCR
using a pair of universal primers: 968F 5'-AACGCG
AAGAACCTTAC-3" (E. coli 16S rRNA positions 968 to
984) to which a GC clamp was attached (CGCCCGCC
GCGCCCCGCGCCCAETCCCGLeareeceeaeecaq) at
the 5'-terminus, and 1401R, 5'-CGGTGTGTACAA
GACCC -3’ (E. coli 16S rRNA gene positions 1385 to
1401; Ren et al. 2007). For 16S rRNA gene amplification
of the isolate, a pair of universal primers was used as
follows: 8F 5'-AGAGTTTGATCCTGGCTCAG-3' (E. coli
16S rRNA gene positions 8 to 27) and 1541R 5'-
AAGGAGGTGATCCAGCC-3" (E. coli 16S rRNA gene
positions 1525 to 1541; Xing et al. 2008b). PCR amplifi-
cation was carried out in 50-puL volumes containing 25 pL
of 2x GoTaq® Green Master Mix (Promega, Madison, W1,
USA), 1 uM of each primer, and 10 ng DNA template. The
samples were amplified in an iCycler iQ™ (Bio-Rad
Laboratories, Hercules, CA, USA) with an initial dena-
turation of DNA for 5 min at 94 °C, followed by 30 cycles
of 1 min at 94 °C, 30 s at 57 °C (decreasing 0.1 °C per
cycle to 54 °C), and 1 min at 72 °C, and then a final
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extension for 7 min at 72 °C. PCR products were examined
by electrophoresis on a 1% (wt/vol) agarose gel containing
SYBR Safe™ (Invitrogen, Carlsbad, CA, USA). Blank
controls were carried out through all steps.

DGGE analysis

DGGE was performed with a DCode universal mutation
detection system (Bio-Rad Laboratories). Approximately
1 png of PCR products per lane was loaded onto 7% (wt/vol)
polyacrylamide (37.5:1 acrylamide/bisacrylamide) gels in a
1x TAE buffer with a denaturing gradient ranging from
30% to 60%. Denaturation of 100% corresponds to 7 M
urea and 40% (vol/vol) deionized formamide. The gradient
gel was cast with a gradient delivery system (Model 475,
Bio-Rad, USA). Electrophoresis was run for 10 min at 30 V
and 13 h at 75 V in 1x TAE buffer maintained at 60 °C.
Gels were silver stained as previously described (Bassam et
al. 1991).

Prominent DGGE bands were excised for sequencing.
The gel was crushed in 50 pL TE buffer (10 mM Tris—HCI,
1 mM EDTA [pH 8.0]) and allowed to equilibrate overnight
at 4 °C. Then 1 pL of buffer containing DNA was used as
the template for a PCR performed under the conditions
described above, except that the forward primer lacked the
GC clamp. PCR products were purified using a QIAquick
Gel Extraction Kit (QIAGEN, Valencia, CA, USA), ligated
into vector pCR2.1 using a TOPO TA cloning kit
(Invitrogen), and cloned into chemically competent One
Shot E. coli cells provided with the cloning kit, as
recommended by the manufacturer’s instructions. Plasmids
were isolated with the QIAprep Spin Miniprep Kit
(QIAGEN) from five randomly selected clone colonies for
each band. The plasmid inserts were re-amplified with the
GC clamp, and 5 pL of re-amplification product from each
clone was subjected to DGGE analysis as described above
to check the purity and to confirm the melting behavior of
the recovered band. If the bands from the clones were
identical with the DGGE parent bands, the inserts were
sequenced (ABI 3730XL DNA sequencer, Applied Bio-
systems, Foster, CA, USA) to determine whether multiple
16S rRNA fragments had co-migrating on the DGGE band
(Xing et al. 2008a).

Sequencing and phylogenetic analysis

16S rRNA gene sequences were analyzed in the GenBank
database and Ribosomal Database Project II (RDP II, http://
rdp.cme.msu.edu). All sequences were examined for
chimerism using the CHECK CHIMERA program at
RDP II and BELLEROPHON (http://foo.maths.uq.edu.au/
~huber/bellerophon.pl). A neighbor-joining phylogenetic
tree was constructed with the Molecular Evolutionary
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Genetics Analysis package (MEGA version 4.0) using the
Jukes—Cantor algorithm (Tamura et al. 2007). A bootstrap
analysis with 1,000 replicates was carried out to assess the
tree.

Statistical methods

Statistica 6.0 (StatSoft) was used for principal component
analysis (PCA) of the DGGE profiles as previously
described (Ren et al. 2007). The DGGE profiles were
manually recorded, and a binary matrix was made based on
the presence (1) or absence (0) of the bands. The binary
data representing the banding patterns were used for PCA.
Two-dimensional PCA graphs were drawn to visualize and
interpret relative spatial and temporal changes in the
microbial community structure among biofilms on the
surfaces of different anodes.

Nucleotide sequence accession numbers

The 16S rRNA gene sequences determined in this study
have been deposited in the GenBank database under
accession numbers EU272905-EU272935.

Results
Power production using different anodes

Power production using the four different anodes (ammonia-
treated brush, ammonia-treated carbon paper, untreated
brush, and untreated carbon paper) was rapidly achieved
during the start-up and acclimation of the reactors (50 mM
PBS, 1,000 Q). Ammonia treatment of the brush anode
reduced the acclimation time and increased power produc-
tion relative to the untreated brush electrode, consistent with
previous reports (Cheng and Logan 2007). In contrast, the
ammonia pretreatment had little effect on acclimation time
for carbon paper anodes. Voltage production with the
ammonia-treated brush anode increased between days 2
and 3, approximately 2 days before increases using the
untreated brush anode (Fig. la). The voltage reached
~525 mV for the ammonia-treated brush anode by day 3
compared to ~488 mV for the untreated brush anode by day
6. A slightly higher voltage was also initially produced with
the ammonia-treated carbon paper (~507 mV) than with the
untreated paper (~480 mV; Fig. 1a).

The solution was replaced after the first cycle, and a
200 mM PBS was used in all subsequent experiments to
increase power production (see “Materials and methods”).
Voltages reached 520 to 570 mV for all reactors when they
were all examined at the same external resistance
(1,000 Q). This voltage was stable for the remainder of
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Fig. 1 Cell voltages of four MFCs with different anodes. Filled
diamonds ammonia-treated brush, empty diamonds untreated brush,
filled circles ammonia-treated carbon paper, empty circles untreated
carbon paper. Voltage during first 8 days of reactor operation (a) and
from day 9 to 100 (b; 1,000 € resistor, 1 g/L acetate, 50 mM PBS in
first batch and 200 mM PBS thereafter). Dashed lines indicate anode
biofilm sampling times (at days 2, 3, 4, 7, 40, 60, and 85)

the experiments conducted over a total of 100 days
(Fig. 1b). Polarization data (obtained on day 85) showed
that these systems had substantially different capacities for
power generation (Fig. 2). The ammonia-treated brush
anode MFC produced a maximum power density of
1,760 + 70 mW/m? (150 Q) versus 1,390+70 mW/m?
for the untreated brush anode. The carbon paper electrodes
produced less power (due to less anode surface area), with
1,410 £ 40 mW/m? (150 Q) for the ammonia-treated
paper and 1,090 + 40 Mw/M? (200 Q) for the untreated
paper. These maximum power densities are somewhat
higher than those previously observed (Logan et al. 2007)
likely due to the longer operational time here which allowed
for community development to affect power production
(Aelterman et al. 2006). In previous tests (conducted over a
non-specified period), only 1,430 mW/m? was achieved
with the ammonia-treated brush anode. The CE showed a
similar trend as power density with the type of materials,

with a maximum CE (37%, 1,000 Q) for the ammonia-
treated brush anode, intermediate values for the ammonia-
treated carbon paper (33%) and the untreated brush anode
(33%), and the lowest CE (30%) for the untreated carbon
paper anode. The improved performance of the ammonia-
treated brush anode was reflected by a lower internal
resistance (R;,,) of 40 Q versus R;,=48 Q for the untreated
brush anode and 57 Q for the ammonia-treated or untreated
carbon paper anode. After 85 days of operation, the open-
circuit controls were switched to closed-circuit operation
(1,000 Q external resistance). In the next cycle of operation,
they had CEs of 18-20%, which was less than that obtained
for the other reactors that were continuously operated under
closed-circuit conditions.

Microbial community succession and diversity in MFCs
with different anodes

DGGE profiles of 16S rRNA gene fragments (V6-V8
regions) showed that the microbial community structures on
the anodes changed over time (Fig. 3). On day 2, when
voltage production began to gradually increase (Fig. 1a),
prominent changes in banding patterns were observed
relative to the inoculum. In the first 7 days, the microbial
communities on the surfaces of different anodes changed
quickly, especially for the brush anodes. Comparison of the
microbial communities over days 7 to 40 showed that the
predominant bands continued to change over time. After
40 days, the numbers and densities of bands within the
DGGE profiles remained relatively constant.

PCA of DGGE band patterns (Fig. 4) indicated clear
differences in community structures on the surface of
different anodes between the inoculum and the early days
of MFC operation compared to those obtained after
extended operation at a higher salinity. For the brush-
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Fig. 2 Polarization curves of four MFCs with different anodes fed
1 g/L sodium acetate (200 mM PBS) on day 85. Filled diamonds
ammonia-treated brush, empty diamonds untreated brush, filled circles
ammonia-treated carbon paper, empty circles untreated carbon paper.
Error bars are £SD based on triplicate measurements
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Fig. 3 DGGE profiles of 16S

rRNA gene (V6-V8 region)
derived from the MFC anode
biofilms. Lanes are labeled with
sampling time for each MFC.
For open-circuit controls, NH;,
ammonia-treated anodes; CP
carbon paper anodes, B brush
anodes. Arrowheads indicate
the DGGE bands selected for
cloning and sequencing. The
bands from different gels which
have identical sequences were
labeled by the same number
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anode reactors, the community structure gradually evolved
over the first 40 days of operation, with little change
evident over the last 40 to 85 days. In contrast, the
microbial communities on the carbon-paper anodes were
relatively stable initially, but there were large changes
between days 7 and 40. PCA of the four different electrodes
after 40 days showed that the communities were stable but
different on the electrodes. There were relatively large
differences as a result of ammonia treatment for the brush
electrodes, while the carbon paper electrodes showed less
of an effect of ammonia treatment (Fig 4). Differences in
community structures on the surface of different anodes
were observed between these MFCs and open-circuit
control reactors at the end of the tests (Fig. 4).

To better define the communities, 23 prominent DGGE
bands (Fig. 3) were excised and sequenced. The sequences
of these bands fell into 31 operational taxonomic units
(OTUs) based on 99% minimum similarity as the threshold
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(Eckburg et al. 2005), with seven bands comprised of 16S
rRNA gene fragments from two to three OTUs. The
phylogenetic distributions of these OTUs could be divided
into five groups (Fig. 5), consisting of Firmicutes (low
G+C gram-positive bacteria), Actinobacteria (high G+C
gram-positive bacteria), a-Proteobacteria, [3-Proteobacteria,
and v-Proteobacteria. The majority of OTUs belonged to
Firmicutes (58.1%) and [3-Proteobacteria (25.8%). Only 16
OTUs (51.6%) had a sequence similarity >97% with known
strains in the GenBank database and Ribosomal Database
Project II. Samples from the open-circuit control reactors had
some DGGE bands and sequences in common with the
closed-circuit systems (Figs. 3 and 5), but the exoelectro-
genic capabilities of the bacteria from which these bands
were derived cannot be inferred merely from these phyloge-
netic identifications.

These populations inferred from pronounced DGGE
bands were classified according to the electron-acceptor
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PC1 (26.6%)

versatility reported in the literature of their closest cultivat-
ed relatives in the GenBank database (Supplementary
Table 1). The electron-acceptor alternatives except for
metabolic intermediates (volatile fatty acids) were noted
because the substrate (acetate) was not fermentable. Four
OTUs (bands 1, 3, 5, and 6) were affiliated with
Clostridium sp. capable of iron reduction. Two OTUs
(bands 8 and 10) were affiliated with arsenic- or iron-
reducing Alkaliphilus. Eight OTUs (bands 15, 16, 17, 18,
19, 20, 21, and 23) were affiliated with denitrifying
Pseudomonas, Comamonas, Corynebacterium, Acidovorax,
Alcaligenes, and Azospira. One OTU (band 17) was
affiliated with Rhodopseudomonas with iron- or sulfate-
reduction capabilities. Two OTUs (bands 11 and 13) were
related to Clostridium aminobutyricum, which is capable of
nitrate reduction. The iron-, sulfate-, and nitrate-reducing
capabilities of closest relatives to 14 OTUs (bands 2, 4, 6,
7,9, 12, 14, 20, 21, 22, and 23) were unknown. Model
DMRB such as Geobacter spp. and Shewanella spp. were
not found among the OTUs. The OTUs that were common
to all MFCs included band 1 for the entire experiment and
band 6 after 40 days (Fig. 3), both of which were affiliated
with iron-reducing Clostridium sp. The DGGE profiles and
PCA showed that all MFCs reached stable performance and
community structure after 40 days (Figs. 3 and 4).

Dilution to extinction of exoelectrogenic community

In order to isolate a dominant exoelectrogen from the anode
communities, the biofilms on different anodes from four
separate MFCs were mixed together, serially diluted to
different final concentrations, and re-inoculated into four
sterile MFCs each with a different dilution (10_5, 1076,
107, and 10°®). The community on the carbon paper
anodes had stabilized more quickly than on the brush
anodes (Figs. 3 and 4), so an ammonia-treated carbon paper
anode was used for dilution to extinction with several

PC1 (48.0%)

cycles. Figure 6 shows voltage production (1,000 €,
50 mM PBS) from three cycles of dilution to extinction.
In the first dilution-to-extinction cycle, voltage production
of the highest dilution (10™®) produced a much lower
voltage (200 mV after 10 days) than the other samples. The
biofilm from the anode of the next most dilute sample that
produced a high voltage (1077 dilution, 450—460 mV) was
used for the next dilution to extinction test. In this second
cycle, the same voltage as obtained in the first cycle was
again produced by all reactors except for the 10™® dilution
(only the 1077 dilution for the second cycle is shown in
Fig. 6). However, when the biofilm from this sample was
used in a third dilution to extinction test, the maximum
voltage produced by the 1077 diluted was only 340 mV.
This suggests that essential members of the community
were lost or altered during this last dilution and transfer
experiment.

DGGE profiles show that the diversity of the microbial
community decreased over the three cycles of dilution to
extinction experiments relative to the initial inoculum
(Fig. 7). Sequencing of four prominent bands from the
communities in the diluted reactors showed four bands (5, 8,
13, and 18) that were also present in the DGGE profiles of
the original reactors (Fig. 3). Bands 13 (C. aminobutyricum)
and 18 (C. denitrificans) were predominant in the first two
cycles, but band 13 disappeared in the third cycle. When
bands 5 and 8 appeared in the third cycle, voltage production
decreased. These results suggest that populations associated
with the two denitrifying bacteria C. aminobutyricum and
C. denitrificans (bands 13 and 18) were putative exoelectro-
genic bacteria, but that Clostridium sp. and an uncultured
bacterium from bands 5 and 8 were not.

Power generation by C. denitrificans

A strain designated as DX-4 was isolated from the anode
biofilm of the third dilution to extinction test. Strain DX-4
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Fig. 5 Neighbor-joining
dendrogram derived from 16S
rRNA gene sequences (V6-V8
region) of predominant bands
in DGGE gels. Bootstrap
confidence levels greater than
50% are indicated at the nodes
(replicate 1,000 times). Numbers
in parentheses represent the
sequence accession numbers in
the GenBank database. Bar
indicates 2% divergence. For
each tree entry from this study,
the number ahead of the hyphen
represents the band excised from
DGGE gels, and the number
behind the hyphen represents the
clone from that band. The
asterisks indicate sequences
that were also retrieved from
open-circuit control reactors

60 - band 7-1 (EU272913) *
Clostridium sticklandii VP112497 (BM26494)
band 4-2 (EU272909) *
band 6-2 (EU272912) *
band 4-1 (EU272908) *
84 99 L Frigovirgula patagoniensis PPP2 (AF450134)
band 9-1 (EU272915) *
band 11-1 (EU272917) *
band 13-1 (EU272919) *
56 Clostridium aminobutyricum DSM 2634 (X76161)
Eubacterium brachy ATCC 33089 (U13038)
band 2-1 (EU272906) *
Alkaliphils metalliredigenes QYMF (AY137848)
Alkaliphilus crotonoxidans B11-2 (AF467248)
Fusibacter paucivorans SEBR4211 (AF050099)
band 8-1 (EU272914) *
band 10-1 (EU272916)
100 L Alkaliphilus oremlandii OhlLAs (DQ250645)
_74L— band 12-1 (EU272918) *
73 Sedimentibacter hongkongensis HKU2 (AF433166)
band 14-1 (EU272920)
band 14-2 (EU272921)
100 | Sedimentibacter saalensis ZF2 (AJ404680)
Sedimentibacter sp. IMPC3 (EF189918)
band 1-1 (EU272905) *
Clostridium sp. LTR1 (AF427155)
band 5-1 (EU272910)
band 3-1 (EU272907) *
band 6-1 (EU272911) *
Paenibacillus macerans IAM12467 (AB073196)
56 l— band 22-1 (EU272933)
100 ' Geobacillus pallidus Y25 (AB198976) _
band 23-2 (EU272935) *
4100'? Gordonia wrightpattersonensis W8543 (EF164924)
Gordonia amarae ATCC 27808 (X80601)

band 17-1 (EU272924) *
100 L Corynebacterium variabile T133 (AB116137)

Firmicutes

99

Actinobacteria

0 | band 17-2 (EU272925) * :|
|.‘-'1'hodopseudomonazs palustris ATCC 17001 (AF123087) | o.-Proteobacteria

Rhodobacter sphaeroides PSB07-19 (EU018457)

band 20-1 (EU272928)

Thermomonas haemolytica A50-7-3 (AJ300185)

100 | band 15-1 (EU272922) *

Pseudomonas otitidis MCC10330 (AY953147)

100 - band 23-1 (EU272934) *

Azospira oryzae PS (AF170348)

100 - band 21-2 (EU272932) *

Alcaligenes xylosoxidans A1 (AJ491839)

band 20-2 (EU272929)

Hydrogenophaga bisanensis K102 (EF532793)

band 21-1 (EU272931) *

65 1 Acidovorax avenae A (EF091147)

y-Proteobacteria

68

94

[-Proteobacteria

band 20-3 (EU272930)

band 18-1 (EU272926) *

band 16-1 (EU272923) *

band 19-1 (EU272927) *

Comamonas denitrificans 110 (AF233876)
94 - Comamonas denitrificans 14 (DQ836252)

0.02

is a gram-negative, facultative anaerobic, rod-shaped
bacterium that is motile with polar flagella and forms a
yellow-white colony on nutrient agar plates. Single cells or
filaments appeared when grown on nutrient agar plates.
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Phylogenetic analysis of almost the full-length 16S rDNA
gene (1,523 bp) revealed that strain DX-4 was most closely
related to C. denitrificans 110 (100% identity). Biochemical
tests of C. denitrificans DX-4 showed identical carbon
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0.6

Voltage (V)

50

Fig. 6 Cell voltages of MFCs inoculated with diluted exoelectrogenic
communities (1,000 Q resistor, 1 g/L acetate, 50 mM PBS). MFCs of
the first dilution series (triangles 107°, inverted triangles 10°°,
squares 107, empty circles 10°) were stopped on day 10, and the
anode of the 1077 MFC was used for the second dilution. The 1077
MEFC of the second dilution (diamonds) was sampled on day 20 for
the third dilution and then continued to operate through an additional
cycle. The 10”7 MFC of the third dilution (filled circles) was sampled
on day 40. The arrows represent sample points for the next dilution
and community analyses of the anodes

source utilization as strain 110 except that only strain
110 used citrate and only DX-4 used L-ornithine and
L-arabinose (Table 1). Strain DX-4 also was capable of
denitrification, and it did not show Fe (III) reduction using
insoluble iron (HFO) with lactate, acetate, and nutrient
broth (yeast extract plus peptone) as carbon sources.

To test the hypothesis that C. denitrificans contributed to
power production, two pure cultures of C. denitrificans
(strains 110 and DX-4) were inoculated into two-chamber
MFCs using ferricyanide as a catholyte and single-
chamber MFCs using an air cathode. In the two-chamber
reactors, both strains produced a stable voltage of
~140 mV (1,000 Q, 50 mM PBS). The maximum power
densities produced by the two strains were similar, with
36+0.8 mW/m? for strain DX-4 and 35+1.2 mW/m? for
strain 110 (Fig. 8). However, both strains did not produce
any power in the air-cathode MFCs even though they grew
well, presumably due to aerobic respiration metabolism on
the surface of the air cathode. The sensitivity of these
strains’ exoelectrogenic activity to oxygen would not have
been a problem in the two-chamber tests where ferricyanide
was used or in a mixed-culture reactor where other microbes
could scavenge oxygen leaking in the reactor. Nitrate
reduction tests showed that strains 110 and DX-4 of
C. denitrificans actively denitrified in open-circuit two-
chamber MFCs, but not in open-circuit single-chamber air-
cathode MFCs. Power output decreased when nitrate was
added into closed-circuit two-chamber MFCs, showing that
the change in metabolic pathway affected the power output
of C. denitrificans.

Discussion

MFCs with different anodes showed substantial differences
in power production based on polarization data, as well as
changes in the composition of the microbial communities.
Differences in power output resulted from ammonia gas
treatment, but the mechanism by which this treatment
improves power has not been clearly established. Increased
power did not result from a change in internal resistance, as
the two MFCs with carbon paper had the same internal
resistance. Instead, power changed due to the surface
propertiecs as well as the dominant bacteria. The gas
treatment process makes the electrode more positively
charged, and thus changes the initial adsorption of
exoelectrogens and reduces acclimation time (Cheng and
Logan 2007). However, this initial advantage in the rate of
colonization would not contribute to improved power
output over the long term. Direct cell counts using acridine
orange staining did not show an obvious difference in total
cell density between ammonia-treated or plain anodes when
anode biofilms were well established (85 days; data not
shown). However, we cannot assess the fraction of
exoelectrogens with this assay. It is clear that gas treatment
resulted in differences in the microbial community over
time. Thus it appears that the main reason for the increased
power was due to the different exoelectrogens that
developed on the electrode (Fig. 3) and their specific
interactions with the electrode. This effect of the different
exoelectrogens on power generation is supported by
findings that show pure cultures can produce more (or
less) power than mixed cultures, depending on the strain
(Nevin et al. 2008; Rabaey et al. 2004; Xing et al. 2008b).
Whether increased power results here from reduced contact
resistance between bacteria and the surface or it results
from favoring the growth of specific exoelectrogens on the

D1 D2 D3
5
<
8
<

13

—

. 18

il 3

Fig. 7 DGGE profiles of 16S rRNA gene (V6-V8 region) from the
anode biofilms of dilution-to-extinction tests. Lanes are labeled with
the dilution cycle. Arrowheads indicate the DGGE bands selected for
cloning and sequencing. (Numbering is consistent with corresponding
bands in Fig. 3)
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Table 1 Physiological and

biochemical characteristics of Characteristic Strain DX-4 C. denitrificans 110 C. denitrificans 123 T

strain DX-4 and the closest

phylogenetically related strains Acetate + ND ND

of C. denitrificans Lactate + + +
Fumarate + + +
Citrate - + +
Glucose - - -
L-Ornithine + - -
«-Ketovalerate + + +
L-Alanine + + v
L-Serine + +
D-Glucuronate + + +
L-Arabinose + - -
L-Glutamate + + +
{3-Hydroxybutyrate + + +
Succinate + + v

Plus signs (+) growth, negative Nitrate reduction + + +

signs (=), no growth, v strain
instability, ND not done

Tron reduction

electrode cannot be fully resolved at this time. It is only
clear that by changing the character of the anode surface,
power increased and different bacterial communities
evolved over time on these different surfaces.

The approach used here to study changes in microbial
communities over time (the use of fixed resistors during
inoculation and operation) was chosen to reflect conditions
used in most studies of power generation in MFCs (Aelterman
et al. 20006; Jong et al. 2006; Rabaey et al. 2004). As a result
of this operation mode using a fixed resistance, the current
and voltage can vary during the course of the study.
However, the voltage observed here from the four reactors

40
«—
£
- 30 =
S £
o =
3 8
- 10 "g’
)
o

0.00 T T T 0

0.00 0.02 0.04 0.06 0.08

Current density (mA/cm?)

Fig. 8 Polarization curves of MFCs with carbon paper anodes fed
1 g/L sodium acetate (50 mM PBS). Power density and current density
normalized to the anode area are obtained by varying the external
circuit resistance (75-3,000 Q). Filled circles C. denitrificans DX-4,
empty circles C. denitrificans 110. Error bars are £SD based on
triplicate measurements

@ Springer

varied over a relatively small range (520 to 570 mV). An
alternative approach that has been used in some studies is to
operate the reactors under identical potentiostatic or galva-
nostatic modes. The effects of these alternative operational
approaches on community development would be interesting
to examine in a future study.

All previous community analyses have been based on two-
chamber MFCs, where it has been found that the populations
primarily belonged to Proteobacteria and Firmicutes. Our
results also indicated that the majority of OTUs in these air-
cathode MFCs belonged to gram-positive bacteria (Firmicutes
and Actinobacteria) and Proteobacteria. Other studies have
shown exoelectrogenic capabilities of gram-positive bacteria
such as Clostridium spp. (Park et al. 2001; Scala et al. 2006),
Propionicimonas sp. (Kim et al. 2006), Enterococcus spp.
(Kim et al. 2005; Rabaey et al. 2004), and Desulfitobacterium
spp. (Milliken and May 2007). The prevailing theory is that
electron mediators are used by gram-positive bacteria for
exocellular electron transfer. Therefore, an interaction be-
tween these electron shuttles produced by gram-positive and
other exoelectrogenic bacteria may exist in the microbial
community of MFCs. The role of gram-positive bacteria on
power generation in mixed communities needs further
investigation.

Several studies have observed a predominance of
Geobacter spp. in anodic communities (Choo et al. 2006;
Jung and Regan 2007; Kim et al. 2007b), but the
contribution of DMRB in MFCs is certainly not universal.
DMRB were found to be absent or poorly represented in a
number of studies that instead showed communities
dominated by SRB, DNB, fermentative bacteria, and
uncultured bacteria in the anode biofilms (Aelterman et al.
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2006; Jong et al. 2006; Kim et al. 2004; Kim et al. 2006;
Rabaey et al. 2004; Rismani-Yazdi et al. 2007). Our results
show community members that are phylogenetically related
to known DMRB, as well as the predominance of putative
exoelectrogenic bacteria phylogenetically related to the
known denitrifiers C. denitrificans and C. aminobutyricum.
In addition, we demonstrated for the first time exoelectro-
genic activity by C. denitrificans using a pure culture.
However, Comamonas species have been identified as
present in the suspended consortium of an MFC fed with
cellulose (Rismani-Yazdi et al. 2007). Our finding of the
importance of denitrifying bacteria in some MFCs is
consistent with several other studies showing power
generation by denitrifying bacteria such as Pseudomonas
aeruginosa and Ochrobactrum anthropi (Rabaey et al.
2004; Zuo et al. 2008). Thus, denitrifying bacteria may
have an important role in power production in exoelectro-
genic communities lacking DMRB. The maximum power
density of the Comamonas isolates (35-36 mW/m?) was
considerably less than the mixed-culture systems from
which they were recovered (1,410 mW/m? for ammonia-
treated carbon paper). While the pure- and mixed-culture
experiments were conducted using different reactor
configurations (precluding a direct comparison of these
numbers), it was clear that the Comamonas pure-culture
reactors underperformed compared to mixed cultures. The
contribution of these strains to power production within the
mixed communities remains unknown, given the potential for
synergistic community interactions and that the Comamonas
abundance was not determined in either configuration.

Almost all MFC community analyses have reported
abundant 16S rRNA gene sequences from previously unde-
scribed bacteria whose exoelectrogenic capabilities are un-
known, without providing direct evidence of which members
of the population were exoelectrogens. Only a portion of
bacteria from the anode biofilm likely contribute to power
generation, and this makes it difficult to assess the role of the
as-yet-unknown community members due to a deficiency of
known exoelectrogenic isolates. Moreover, functional infer-
ences based on 16S rRNA gene comparative analysis are
prone to misinterpretation, so we could not make a definitive
comparison of exoelectrogens from the different community
analyses. Our results showed that community analysis
complemented with dilution to extinction was a powerful
approach to reveal uncultured exoelectrogenic bacteria. This
method effectively screened exoelectrogenic populations by
decreasing community diversity via serial dilutions. Zuo et al.
(2008) also demonstrated that dilution to extinction coupled
with community analysis was a useful method to isolate a
previously unknown exoelectrogen.
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