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Quantitative population dynamics of
microbial communities in plankton-fed
microbial fuel cells
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This study examines changes in diversity and abundance of bacteria recovered from the anodes of
microbial fuel cells (MFCs) in relation to anode potential, power production and geochemistry. MFCs
were batch-fed with plankton, and two systems were maintained at different potentials whereas one
was at open circuit for 56.8 days. Bacterial phylogenetic diversity during peak power was assessed
from 16S rDNA clone libraries. Throughout the experiment, microbial community structure was
examined using terminal restriction fragment length polymorphism. Changes in cell density of key
phylotypes, including representatives of d-, e-, c-proteobacteria and Flavobacterium-Cytophaga-
Bacteroides, were enumerated by quantitative PCR. Marked differences in phylogenetic diversity
were observed during peak power versus the final time point, and changes in microbial community
structure were strongly correlated to dissolved organic carbon and ammonium concentrations
within the anode chambers. Community structure was notably different between the MFCs at
different anode potentials during the onset of peak power. At the final time point, however, the
anode-hosted communities in all MFCs were similar. These data demonstrate that differences in
growth, succession and population dynamics of key phylotypes were due to anode potential, which
may relate to their ability to exploit the anode as an electron acceptor. The geochemical milieu,
however, governs overall community diversity and structure. These differences reflect the
physiological capacity of specific phylotypes to catabolize plankton-derived organic matter and
exploit the anode of an MFC for their metabolism directly or indirectly through syntrophy.
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Introduction

Microbial fuel cells (MFCs) are systems that harness
energy as electrical current from microbial metabo-
lism. Recent studies of MFCs have focused largely
on the relationship between fuel composition,
current efficiencies and power production (Liu
et al., 2005; Lovley, 2006; Rabaey et al., 2007). To
make MFCs commercially viable, studies have
emphasized novel system designs (Liu and Logan,
2004), and synthesized microbial communities
(Ren et al., 2007). The majority of ‘environmental’
MFC studies, which do not use pure cultures, have
examined the qualitative relationships between

microbial diversity and power production (Rabaey
et al., 2004; Logan and Regan, 2006). Many of these
studies have observed high bacterial diversity on the
anodes, with high representation of proteobacteria
and Flavobacterium-Cytophaga-Bacteroides (FCB;
Holmes et al., 2004; Reimers et al., 2006, 2007).
However, these studies examined bacterial diversity
from 16S rDNA clone libraries, which reflect
bacterial diversity at a single point in time, typically
at the end of the incubations. More recent studies
have shown qualitative changes in diversity do
occur over time, and that power output from mixed
microbial assemblages may be greater than pure
cultures (Rabaey and Verstraete, 2005; Nevin et al.,
2008). Quantitative changes in microbial processes
in relation to MFC performance, however, have
not been examined. Without this quantitative data,
it is impossible to determine the influence of
geochemical and microbial processes, for example,
organic matter degradation and population growth,
on power production. It is also problematic to
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determine the contribution of key phylotypes to
power production in mixed communities. Because
the majority of microbes in nature remain to be
cultivated, quantitative molecular microbiological
approaches must be used to examine the aforemen-
tioned relationships. Such approaches have been
used successfully to determine population dy-
namics and cell-specific metabolic rates of unculti-
vated archaea in laboratory reactors (Girguis et al.,
2005).

The overarching goal of this study is to examine
how biogeochemical and electrochemical processes
interact to influence net changes in microbial
ecology. In particular, we aimed to characterize the
influence of anode potential and geochemical
composition/concentration on the diversity, distri-
bution and abundance of anode-hosted bacteria over
time. To that end, we used three plankton-fed MFCs
poised at different potentials to examine concomi-
tant changes in power production, organic carbon
and nitrogen composition and concentration, micro-
bial diversity and distribution and quantitative
changes in cell density of key phylotypes. Statistical
analyses were used to determine which factors most
significantly influence power production. These
analyses enhance our understanding of microbial
community succession toward exoelectrogenic com-
petence, as well as the role of select phylotypes in
different stages of power production.

Methods

Plankton-fed microbial fuel cell setup
In this study we used three plankton-fed MFCs,
which derived both their organic matter and micro-
bial inoculums from plankton and seawater (as in
Reimers et al., 2007). Each MFC was maintained in
a lab at 15±3 1C and was composed of a stirred
anaerobic anode chamber separated by a Nafion 117
membrane (DuPont Inc., Wilmington, DE, USA)
from a cathode chamber containing circulating
aerated seawater. Each chamber contained 19 gra-
phite rods (152! 9.5mm; Graphite Engineering,
Greenville, MI, USA) that were wired in parallel.
The cathode and anode chambers were filled with
4.5 liters of 1mm filtered seawater and 25 days later,
B36 g (wet weight) plankton (0.21–1mm) collected
from Oregon coastal waters was added to the anode
chamber of each cell (we deliberately conducted
these experiments in batch as it allowed us to more
easily measure changes and ascertain relationships
over time, a task not easily accomplished in
continuous flow reactors). Potentiostats were then
connected to control cell potentials, and electrical
measurements were recorded every 15min with a
computerized data logger.

Two MFCs were held at whole-cell voltages of
0.3 and 0.6V, whereas the third MFC was left at
open circuit as a control. For convenience, we
will hereafter refer to these as the 0.3, 0.6V and

the open-circuit or control MFC. The use of
potentiostats resulted in anode potentials that did
not vary much over time. Anode potentials equaled
þ 0.05±0.01; #0.25±0.04 and #0.45±0.13V vs
Ag/AgCl (3M KCl) for the 0.3, 0.6V and open-circuit
MFCs, respectively. The 0.3 and 0.6V MFCs
achieved different maximum currents of 2.5 and
5.2mA, respectively. Peak power persisted from B5
to 30 days after the plankton addition in the 0.3V
MFC, and from B11 to 18 days in the 0.6V MFC
(Reimers et al., 2007).

DNA extraction
Samples for microbial analyses were taken at 2.9,
5.9, 13.9, 27.9 and 56.8 days after plankton addi-
tions. Two anodes from each MFC were removed
and scraped with a sterile razor blade. Scrapings
were placed into 100 ml of 0.2 mm filter-sterilized 1:1
solution of ethanol and isoosmotic phosphate-
buffered saline and frozen at #80 1C. Nucleic acids
were extracted with the PowerSoil DNA extraction
kit (MoBio Inc., San Diego, CA, USA) modified to
normalize yields as in Girguis et al. (2005).

The contents of the plankton tow (discussed in
Reimers et al., 2007), which were used to inoculate
and fuel the MFCs, were also sampled to assess the
associated microbial community. Frozen plankton
(4 g) were thawed, vortexed and centrifuged at
500 g to pellet the plankton and associated debris.
The resulting supernatant was transferred to a clean
tube, and DNA was extracted using a hexadecyltri-
methylammonium bromide method (Doyle and
Doyle, 1990), followed by ultracentrifugation
through a cesium chloride/ethidium bromide gradi-
ent (as in Girguis et al., 2005).

Clone libraries
Clone libraries were constructed for the 0.3 and
0.6V MFC during the onset of peak power (5.9 and
13.9 days, respectively) as well as from the original
plankton inoculum. Bacterial 16S rDNA genes were
amplified by 25 cycles of PCR with bacterial-
targeted forward primer (B27f, 59-AGAGTTTG
ATCCTGGCTCAG-39) and a universal reverse pri-
mer (U1492r, 59-GGTTACCTTGTTACGACTT-39).
Amplicons were cloned into a pCR4 TOPO vector
and transformed into chemically competent Escher-
ichia coli (TOPO TA cloning kit, Invitrogen Inc.,
Carlsbad, CA, USA). Transformants were screened
on LB-kanamycin-X-GAL plates using blue-white
selection. Plasmids were purified with the Montage
miniprep kit (Millipore Inc., Billerica, MA, USA),
and sequenced with BigDye chemistry (version 3.1)
(Applied Biosystems Inc., Foster City, CA, USA) on
an ABI 3730 capillary sequencer (Applied Biosys-
tems Inc.). A total of 96 plasmids were sequenced in
both directions for each library. SSU rDNA se-
quences were trimmed of vector using Sequencher
4.0 (Gene Codes Inc., Ann Arbor, MI, USA), then
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compiled and aligned to full-length sequences with
the Fastaligner alignment utility of the ARB program
(www.arb-home.de). Alignments were verified by
comparing each sequence’s secondary structure
with that of E. coli. Phylogenetic analysis of the
SSU rDNA sequences was accomplished with
MrBayes version 3.1.2 (www.mrbayes.csit.fsu.edu).
The evolutionary model was set to the general time-
reversible model, with rates equal to the inverse of g.
Two million generations were run, with sampling
every 1000 generations, and burn-in was set to
20 000. SSU rDNA sequences described in this study
were deposited in GenBank under accession num-
bers FJ664774 to FJ664821.

Terminal restriction fragment profiles
For terminal restriction fragment (T-RF) profiles,
bacterial 16S rDNA genes were amplified with 50

fluorescently labeled forward primer (B27f with a 60-
carboxyfluorescin) and a universal reverse primer
(U1492r). Two independent 25ml PCRs were performed
for each sample and the products were combined and
purified with a PureLink gel extraction kit (Invitrogen
Inc.). Approximately 100ng of purified amplicons was
digested in separate 50ml reactions with 10U of HhaI,
HinfI and MspI (New England Biolabs Inc., Ipswich,
MA, USA) for 2h at 37 1C. Triplicate T-RF profiles were
obtained from the digested amplicons by suspending
1ml aliquots in 8.75ml formamide with 0.25ml of
GeneScan ROX 500 size standard (Applied Biosystems
Inc.) and denaturing at 95 1C for 2min. Separation of T-
RFs was carried out on a 3730xl DNA sequencer
(Applied Biosystems Inc.). T-RFs between 30 and
500bp were analyzed using GeneMarker software
version 1.6 (SoftGenetics LLC., State College, PA,
USA). T-RF profiles were normalized for variable
quantities of template by applying the variable percen-
tage threshold as in Osborne et al. (2006), and aligned
as described in Rees et al. (2004).

Statistical analyses of terminal restriction fragment
profiles
Community structure was compared among MFCs
with nonmetric multidimensional scaling (MDS)
analysis of the T-RF profiles data using Primer 5
software (PRIMER-E, Lutton, UK, 2002). The data
were transformed from percentages by taking the
arcsine of the square root of each value. A matrix of
pair-wise Bray–Curtis community similarity values
was generated and used as the basis of the MDS
analysis. This analysis arranges the T-RFs in two
dimensions by an iterative procedure that optimizes
the agreement between the relative distance between
each pair of samples in the ordination space and the
rank order of pair-wise community similarity. Spear-
man’s rank correlation between the community
similarity matrix and a matrix of Euclidean distance
in measured electrical and chemical characteristics of
the MFC was used to determine which factors best
explained patterns in community similarity (as in

Clarke and Warwick, 2001). The electrical and
chemical characteristics included were current
(square root transformed), ammonium (logxþ 1
transformed), hydrogen sulfide (logxþ 1 trans-
formed), sulfate, dissolved inorganic carbon (DIC),
dissolved organic carbon (DOC), particulate organic
carbon (POC; logxþ 1 transformed), particulate or-
ganic nitrogen (PON) and the particulate C/N ratio.

Design and development of quantitative PCR assays
Primers and TaqMan probes were designed and
optimized for the dominant clones of g-proteobacter-
ia, Geobacter spp. (a d-proteobacteria), Arcobacter
spp. (an e-proteobacteria) and FCBs (indicated by the
letter P, Figure 1; Table 1). Primers were also designed
for a more general e-proteobacteria SYBR Green-
based assay. Probes and primers were screened and
optimized for TaqMan assays with Primer Express
software (PE Biosystems Inc., Foster City, CA, USA)
as in Girguis et al. (2005), and were checked for
specificity by comparison to all available SSU rDNA
sequences within ARB and BLAST (www.arbhome.
de, NCBI). All quantitative PCR (qPCR) assays were
performed on a Stratagene MX3000p sequence
detector (Stratagene Inc., La Jolla, CA, USA) in 96-
well optical grade plates. Each 30ml PCR reaction
contained the following reagents at final concentra-
tions: 1! TaqMan universal PCR master mix (con-
taining AmpliTaq Gold DNA Polymerase; Applied
Biosystems Inc.), varying concentrations of target-
specific oligonucleotide primers (see Table 1) and
100nM of each TaqMan probe. Additional ROX
fluorescent dye and 1U Platinum Taq (Invitrogen
Inc.) were added to improve the signal to noise ratio.
For the SYBR Green assay a final concentration of
1! QuantiTect SYBR Green PCR Master Mix (Qiagen
Inc., Valencia, CA, USA) and 500nM of each primer
was used. The amplification protocol was similar for
all assays, except the annealing temperatures (Ta-
ble 1). Amplification was carried out after 2min at
50 1C, 10min at 95 1C, 15 s at 95 1C and 1min
annealing at temperatures between 55 and 64 1C for
45 cycles (Table 1). Data analyses were carried out
with the sequence detection system software MXPro
(Stratagene Inc.). All reactions (standards, samples
and blanks) were performed in triplicate and in-
cluded a nontemplate control.

Quantitative PCR optimization
For optimization, each assay was performed with
TaqMan probe concentrations of 100nM, 150mM

and 200mM, whereas PCR primer concentrations
were systematically varied in all pair-wise combina-
tions between 300 and 900nM for both the forward
and reverse primers. Optimum concentrations of
TaqMan PCR primers are reported in Table 1.

Standardization for absolute quantification of target
SSU rDNA genes
Standard curves for quantifying SSU rDNA gene
copies were determined using plasmid DNA of
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known concentration (10 ng ml#1) from clones of
interest (indicated by the letter P, Figure 1). Serial
dilutions of nonlinearized plasmids spanning 6

orders of magnitude in copy number (1.67! 100 to
1.67! 106) were used to construct standard curves
with r2 values of 0.995–0.999 (Table 1). The number
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Figure 1 Phylogenetic tree constructed using Bayesian analysis, showing dominant phylotypes from anodes of 0.3V (circles) and 0.6V
(squares) plankton-fed microbial fuel cells (MFCs) during peak power output. Trees constructed with other reconstruction algorithms
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of target rDNA gene copies in experimental samples
was calculated using the standard curve and
threshold cycle (Ct) of each PCR reaction using the
equation: Copy number (Sample)¼ (Ct (Sample)–
y Intercept (Standards))/(Slope (Standards)).

Cross-reactivity and inhibition
Cross-reactivity was examined for all qPCR assays
using plasmid DNA containing SSU rDNA gene
fragments from representatives of a-, d-, e- and
g-proteobacteria, fusobacteria and FCB recovered
from the MFC (Table 1; Figure 1). Cross-reactivity
was observed with the g-proteobacteria assay and
a-, e- and d-proteobacteria and fusobacteria plasmid
DNA after 45 cycles. However, when quantified,
non-target amplification was between 3 and 4 orders
of magnitude less than target sequences for the
g-proteobacteria qPCR assay. With the FCB assay,
cross-reactivity was observed with a-, g-, e- and
d-proteobacteria and Fusobacteria, but was also 3–4
orders of magnitude less than that of the targeted
FCB plasmid DNA. No cross-reactivity was observed
for the d-proteobacteria or specific e-proteobacteria
assay. Cross-reactivity was observed with g-proteo-
bacteria with the general e-proteobacteria assay, but

was 3 orders of magnitude less than that of the
targeted e-proteobacteria plasmid DNA. Serial
dilutions of DNA template (1- to 1000-fold) were
performed to check for sample inhibition (none was
observed).

Statistical analyses of phylotype abundance,
electrochemical conditions and geochemical
composition
Multiple regression analyses were run using Minitab
version 15 (MiniTab Inc., State College, PA, USA) to
identify environmental factors with the highest
correlation to the cell densities of key phylotypes
(as determined by qPCR). Cell densities of each
phylotype were transformed by taking the arcsine of
square root of each and were examined in separate
models. Explanatory variables reported in Reimers
et al. (2007) (current, ammonia, hydrogen sulfide,
sulfate, DIC, DOC, POC, PON and the C/N ratio all
transformed as before) were entered in the model at
the start. After each iteration, the factor with the
highest partial coefficient P-value is removed and
the regression run again until only factors with
P-values less than 0.05 are left. The best model is
then selected based on the proportion of variance

Table 1 Real-time qPCR assay primer and probe concentrations and efficiencies

Assay name, primer and probe sequences Primer and
probe conc.

(nM)

Annealing
temp. (1C)

Assay
efficiency

(%)

r2 Min. detection
(copies)

Arcobacter spp. (an e-proteobacteria) 60 81 0.995 43
98F: 50-CGTAGAACGGGTATTAGCTTGCTAATA-30 500
280R: 50-CCGTACAGTCYCATCCTAGAGCTATAA-30 500
Probe: 50-CAAACGTTATCCCCTTCTCTAGGGCAGA-30 100

General e-proteobacteria 60 87 0.999 40
93F: 50-TGGCGSACGGGTGAGTAATRTATAG-30 500
409R: 50-GGAGTTTACRCWCCGAAAWGYGTC-30 500

Geobacter spp. (a d-proteobacteria)a 55 81 0.999 44
561F: 50-GCGTGTAGGCGGTTTCTTAA-30 900
825R: 50-TACCCGCRACACCTAGTTCT-30 300
Probe: 50-CACTTCCTGGGTTGAGCCCAG-30 100

g-Proteobacteriab 64 93 0.998 38
GAM F: 50-CATGCCGCGTGTATGAAGAA-30 300
GAM R: 50-CGGGTAACGTCAATGAGCAAA-30 300
Probe: 50-TATTAAACTTTACTCCCTTCCTCCCCGCTGAA-30 100

Flavobacterium-Cytophaga-Bacteroides (FCB) 64 97 0.995 39
800F: 50-CGAAGGCAGCTCACTAAACTAAYAT-30 500
1210R: 50-CCTTGTARATTGCTCCGAAGAGAA-30 500
Probe: 50-CTCAGTCACGCACRRTGTATYGTGC-30 100

Total bacteriac 60 87 0.998 41
331F: 50-TCCTACGGGAGGCAGCAGT-30 300
797R: 50-GGACTACCAGGGTATCTAATCCTGTT-30 300
Probe: 50-CGTATTACCGCGGCTGCTGGCAC-30 175

aAs in Stults et al. (2001).
bAs in Huijsdens et al. (2002).
cAs in Nadkarni et al. (2002).
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explained (R2 value) and the relative bias of the
model (Mallow’s Cp statistic).

Results

Microbial community composition at peak power
Significant differences were observed between clone
libraries collected after the onset of peak power
for 0.3 and 0.6V MFC anodes (5.9 and 13.9 days,
respectively). The 0.3V MFC library had high
representation of a- and g-proteobacteria (allied
with Roseobacter denitrificans and Acinetobacter,
respectively) as well as phylotypes allied to Propio-
nibacterium acnes. None of these phylotypes were
observed in the 0.6V MFC. Phylotypes allied with
e- and d-proteobacteria as well as FCB were well
represented in both MFCs (Figure 1).

Phylogenetic representation in the libraries con-
structed after the onset of peak power was notably
different from that at the final time point (those
recovered at peak power but not the final time point
are highlighted in gray, Figure 1). Again, a- and
g-proteobacteria, as well as some members of the
Fusobacteria and FCB group, were not observed at
the final time point.

In contrast, the bacterial clone library generated
from the initial plankton inoculum (Supplementary
information) is dominated by a- and g-proteobacteria
(closely allied to phylotypes identified in 0.3V
MFC at peak power). However, the e- and d-proteo-
bacteria, Fusobacteria and FCB phylotypes observed
in the libraries generated during and after the MFC
incubations were not represented in this library.
Furthermore, phylotypes allied with Planctomy-
cetes were also represented in the plankton inocu-
lum library, but were not observed in any of the MFC
incubation libraries. These clone libraries provide a
coarse sense of microbial diversity among the
different treatments, and illustrate the degree to
which select phylotypes were enriched for during
the MFC incubations.

Community structure
Microbial community structure was examined by
the relative abundance of T-RFs within and between
the MFCs over time (Figure 2). The average number
of T-RFs per time point is 7 (s.d.¼ 2), ranging from 6
to 11, 3 to 10 and 4 to 12 for samples digested by
restriction enzymes HhaI, HinfI and MspI, respec-
tively. At 2.9 days, the communities of all three
treatments are dominated (B40–80%) by T-RFs
corresponding to an FCB (OMEGA plankton 7_A01
EU052246; with T-RF of 91 bp (HhaI), 178 bp (HinfI)
and 86bp (MspI)) and a d-proteobacteria (OMEGA
plankton 7_F05 EU052250; with T-RF of 92 bp
(HhaI), 345 bp (HinfI) and 162 bp (MspI)). By 5.9 d,
a shift in the 0.3V MFC community is observed, and
a new dominant phylotype appears, representing
B60% of the community with T-RF of 371 bp

(HhaI), 329 bp (HinfI) and 491 bp (MspI) (Figure 2).
This T-RF represents a g-proteobacteria closely allied
to E. coli (OMEGA plankton peak 3 consensus 1,
Figure 1), as determined by in silico digestion of the
clone libraries. The abundance of this phylotype is
drastically reduced by 13.9 days (while elevated
current was still being generated). The T-RF patterns
suggest that the aforementioned FCB and d-proteo-
bacteria subsequently dominate the 0.3V MFC. For
the 0.6V MFC, a significant change in community
structure is not observed until 13.9 days (during
peak power, Figure 2). In comparison, the open cell
MFC exhibited less change in T-RF patterns, and is
dominated by the aforementioned FCBs and d-
proteobacteria throughout the course of the incuba-
tion. By 56.8 days, the relative abundances of T-RFs
in all three MFCs, including the open-circuit cell,
were comparable. Most notably the d-proteobacteria
OMEGA plankton 7_F05 EU052250 decreased sig-
nificantly in representation in all MFCs (Figure 2).

Statistical analyses of terminal restriction fragment
profiles
The influence of four possible stressors (current,
DOC concentration, ammonium concentration and
sulfide concentration) on microbial community
composition over time and among treatments was
examined (Figure 3). Patterns in T-RF ordination
reveal the degree to which the microbial commu-
nities are similar—communities from different time
points and/or different MFCs that are similar cluster
together. Notably, T-RF similarity was most highly
correlated to ammonium (Figure 3c; r¼ 0.465,
Po0.001) and DOC (Figure 3b; r¼ 0.435, Po0.001).
Total current was also significant (Figure 3a;
r¼ 0.230, P¼ 0.018), but explained less of the
variance. Samples from 0.3V MFC at 5.9 days and
0.6V MFC at 13.9 days also display different
community structures from the bulk of the samples.
These communities correspond to the onset of a
broad power peak in the 0.3V cell and near the
maximum of a sharper peak in the 0.6V cell
(Figure 3a; Reimers et al., 2007). The communities
at 56.8 days cluster together, indicating the similar-
ity of the microbial communities at the final time
point. These samples are also characterized by
having the lowest concentrations of both DOC
and ammonium compared to earlier time points
(Figures 3b and c).

Phylotype abundance by q-PCR
Absolute changes in the cell density of the dominant
e- and g-proteobacteria, Geobacter sp. and uncul-
tured representatives of the FCB group during the
course of the incubation are shown in Figure 4. Each
phylotype’s cell density is presented as the fraction
of the total bacterial cell density. Some phylotypes
have more than one copy of SSU rDNA genes
(Fogel et al., 1999). Geobacter sp. may have one
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Figure 2 Relative abundances of bacterial terminal restriction fragments (T-RF) from (a) 0.3V, (b) 0.6V and (c) open-circuit control
microbial fuel cells (MFCs), after digestion with HhaI, HinfI andMspI. Numbers next to colored squares represent T-RF size in base pairs.
Dominant phylotypes identified by in silico digestion of clone libraries are identified as Flavobacterium-Cytophaga-Bacteroides (FCB)
(OMEGA plankton 7_A01 EU052246; with T-RF of 91 bp (HhaI), 178 bp (HinfI) and 86bp (MspI)), an uncultured d-proteobacteria
(OMEGA plankton 7_F05 EU052250; with T-RF of 92 bp (HhaI), 345 bp (HinfI) and 162bp (MspI)) and uncultured g-proteobacteria
(OMEGA plankton peak 3 consensus 1; with T-RF of 371bp (HhaI), 329 bp (HinfI) and 491bp (MspI)).
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copy (Holmes et al., 2004); Campylobacter sp.,
closely related to the uncultured e-proteobacteria
in this study, has between three and seven copies
(Wesley et al., 1995); E. coli may have up to seven
copies (Fogel et al., 1999), whereas some FCB have
one copy (Fogel et al., 1999). Any bias produced by a
phylotype with multiple SSU rDNA gene copies
would be less than an order of magnitude, and thus
less than any differences in phylotype abundance
discussed here.

The 0.3V MFC experienced a significant
increase in g-proteobacteria abundance at the onset
of peak power (5.9 days), which constituted 18% of
the bacterial population (Figure 4a). By 13.9 days,
the g-proteobacteria are displaced by Geobacter,
which have increased to 19% of the total bacterial
population. By 27.9 days, Geobacter and e-proteo-
bacterial cell densities are comparable at 4%
of the total bacterial population, and continue
to decline over time. g-Proteobacterial cell
densities further decrease over this same interval
(Figure 4a).

In the 0.6V MFC, Geobacter spp. dominate at four
of five time points, including peak power, and
comprise between 33% and 51% of the bacterial
population (Figure 4b). e-Proteobacterial cell density
increases in the 0.6V MFC at the onset of peak
power, representing 15% of the total bacterial

population. To determine if e-proteobacterial growth
is dominated by the most common phylotype
represented in the clone library, namely Arcobacter
nitrofigilis (Figure 1), we developed a highly specific
qPCR assay targeting these phylotypes. This assay
showed an increase of A. nitrofigilis at peak power
that represented 2% of the total bacterial popula-
tion. g-Proteobacteria were below our limits of
detection throughout this incubation (Figure 4b).

FCB phylotypes were present in all anode sam-
ples, and temporal changes in their abundance were
similar between treatments, with a peak at 5.9 days
in the 0.3V (54%; Figure 4a) and open-circuit cells
(47%; Figure 4c) and at 13.9 days in the 0.6V MFC
(31%; Figure 4b).

Multiple regression analyses of the qPCR data
suggest that POC (P¼ 0.037) and ammonium
(P¼ 0.041) concentrations were most significantly
related to the variability in the abundance of
Geobacter spp. (r2¼ 0.730). DOC may have an
additional effect, but was marginally significant
(P¼ 0.057). None of the potential explanatory factors
examined was related to the relative abundance of
the g- and e-proteobacteria. For the FCBs, seven
of the nine factors appear to contribute to the
variability (r2¼ 0.690), with sulfide concentrations
being the most significant (P¼ 0.039; negatively
correlated).
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Discussion

The data presented here provide the first quantita-
tive demonstration of changes in cell densities of
key phylotypes during power production in envir-
onmental MFCs, and illustrate the complex relation-
ships between electrochemical state, geochemistry,
power production and microbial ecology. Despite
the high degree of similarity in the geochemical
milieu between treatments (see Reimers et al., 2007),
there are quantifiable differences in the cell density
and population dynamics of g-, d- and e-proteobac-
teria within anode biofilms. It has previously been
suggested that only certain phylotypes within an
anode biofilm can maximize their energy gain for a
given anode potential, or that only some species
have a mechanism to adjust the potential of their
reductases to be slightly negative of the electrode
(Finkelstein et al., 2006). These data provide
empirical support for this idea, and suggest that
the observed patterns are due to the differences in
anode potential between MFCs. The succession
observed in the 0.3V MFC (from g-proteobacteria
to Geobacter, and the eventual dominance of FCB

phylotypes over 5.9–27.9 days, Figure 4a) suggests
that g-proteobacteria competed effectively for re-
sources, and possibly contributed to power produc-
tion (discussed below) within the anode biofilm
during the onset of peak power. However, both
Geobacter and FCB succeeded them and later
dominate during ongoing power production.

The succession and population dynamics ob-
served in the 0.6V MFC differ in that Geobacter
dominates from the onset of peak power through the
duration of the incubation (whereas g-proteobacteria
remain undetectable, less than 50 cells; Figure 4b).
A substantial decrease in bacterial cell density is
observed at the onset of peak power (13.9 days;
Figure 4e) in the 0.6V MFC that is not observed in
the other MFCs. Excluding the possibility of
substantial differences between individual rods
(drawn from these well-mixed anode chambers),
this suggests that power production affects bacterial
cell density. We posit that the anode is initially
colonized by a wider variety of phylotypes during
the first few days of incubation, and that at the onset
of power production certain phylotypes, including
exoelectrogens such as Geobacter and some
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g-proteobacteria, or those which are syntrophically
coupled to exoelectrogens, increase in abundance
(Figure 4b). Higher-resolution temporal studies
would further test this hypothesis.

The role of e-proteobacteria, as well as FCBs, in
power production remains unconstrained. Geobac-
ter and other d-proteobacteria are known exoelectro-
gens (Lovley, 2006), and g-proteobacteria, including
E. coli, have been shown to be capable of extra-
cellular electron transfer via exogenous electron
shuttles (Roller et al., 1984; McKinlay and Zeikus,
2004). As such, these g-proteobacteria may be
physiologically capable of exploiting the anode as
an electron acceptor, and the data shown here
provide evidence for this notion because there is
increasing power production in the 0.3V MFC
whereas g-proteobacterial cell densities increase
and Geobacter cell densities decrease (though
notably the majority of power produced in the
0.3V MFC occurs after the g-proteobacterial cell
density is diminished; Figure 4a). The observed
increase in e-proteobacteria cell density during peak
power production in both the 0.3 and 0.6V MFCs
suggests they too may contribute to power produc-
tion. e-Proteobacteria are associated with particulate
organic matter and are capable of low molecular
weight DOC and sulfide oxidation (DeLong et al.,
1993; Covert and Moran, 2001; Wirsen et al., 2002).
They are ubiquitous in aquatic ecosystems and are
important in cycling carbon and sulfur (Campbell
et al., 2006). They have also been found in other
MFCs (Aelterman et al., 2008). However, the
abundance of e-proteobacteria in the anode biofilms
in all MFCs (including the open-circuit MFC) may
also indicate a response to the availability of sulfide
or its electrochemical oxidation product (elemental
sulfur), and their capacity to transfer electrons to an
MFC anode remains to be tested.

The presence of FCBs on MFC anodes suggests a
potentially syntrophic relationship that supports
power production. During these experiments, FCBs
were always present on MFC anodes during closed
and open-circuit conditions. FCBs are known de-
graders of complex organic compounds (Covert and
Moran, 2001; Kirchman, 2001 and references there-
in) and have previously been identified on the
anodes of benthic MFCs (Reimers et al., 2006). Their
capacity to degrade complex organics into simpler
organic acids may explain the observed covariance
of FCB and Geobacter cell density and distribution
over time in the 0.3V MFC (Figure 4a). This would
also serve to explain how these communities sustain
power production after the first 30 days of incuba-
tion, when complex, less-reactive, organic carbon is
the prevalent carbon source (Reimers et al., 2007).
Future experiments should further examine this
relationship.

The quantitative changes in cell density of key
phylotypes show that anode-hosted communities
exhibit successional patterns that reflect each
phylotype’s capacity to compete for resources,

including the anode as a terminal electron acceptor,
during the course of the incubation. Such ecological
interactions likely influence the total charge transfer
(Figures 4d–f). In the 0.3V MFC, the cumulative
charge transferred to the anode does not correlate or
bear similarity to the growth of any one phylotype.
However, at 0.6V, cumulative charge is similar in
curvature to that of Geobacter growth (though
marginally significant; P¼ 0.067, Spearman’s rank
coefficient). These data suggest that at the anode
potential and geochemical conditions in the 0.3V
MFC, several phylotypes including Geobacter may
be competing for resources, and differentially con-
tributing to power production, whereas in the 0.6V
MFC, Geobacter appears to be most competitive. It is
also possible that other members of the anode
biofilm that were not quantified may have contrib-
uted to power production, or deterred from power
production through antagonistic interaction.

The T-RF patterns provide a qualitative means of
examining changes in community structure over
time and it is apparent that anode biofilm commu-
nity structure is predominantly influenced by the
geochemical milieu (Figure 3). However, at peak
power in both the 0.3 and 0.6V MFCs, the commu-
nity structures (as represented by the T-RF patterns)
bear little resemblance to other time points or each
other, further supporting the idea that the influence
of the anode potential on the anode biofilm super-
sedes that of the geochemical milieu. Nevertheless,
these data show that geochemical factors can
differentially and significantly affect anode-hosted
phylotypes, influencing their growth regardless of
their contribution to power production during the
course of the experiment. More accurately, it is the
metabolic activity of the bacterioplankton, which
are primarily responsible for the observed changes
in geochemical composition that influence anode-
hosted communities. This factor has not been well
addressed in previous studies of aqueous- or sedi-
ment-hosted MFCs, and these data clearly suggest
that future studies should consider and examine the
relationship between bacterioplankton (and
sediment-hosted microbes) and the anode-hosted
biofilm.

In sum, power production in MFCs fueled by
complex organic carbon (such as plankton, sludge or
wastewater) is governed by a complex series of
ecological, geochemical and electrochemical inter-
actions. The temporal resolution and quantitative
approaches used in this study allow us to observe
trends between the anodic microbial community,
fuel and power production for the first time, and
illustrate the degree to which anode potential,
geochemistry and time influence microbial ecology.
It is evident that the anode potential dictates, to a
first order, the growth, population dynamics and
ecological succession of known and putative exoe-
lectrogenic phylotypes within the anode-hosted
biofilm. These ecological dynamics subsequently
influence current density and power production.
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The geochemical milieu, in turn, influences the
microbial community to a second order, inducing
changes in anode-hosted community diversity and
structure throughout the duration of the experiment,
regardless of a phylotype’s contribution to power
production. Overall, these data underscore the need
for further quantitative investigations of microbial
ecology in laboratory and field-deployed MFCs.
Future studies should aim to investigate the phy-
siological and ecological relationships between
anode-hosted phylotypes. Consideration should
also be given to the planktonic microbial community
within the anode chamber, whose activity is largely
responsible for temporal changes in the geochemical
milieu. We suggest that future investigations en-
deavor to use quantitative molecular approaches
(such as qPCR or fluorescent in situ hybridization) to
advance our understanding of how quantitative
changes in microbiological factors influence system
performance.
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