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ABSTRACT

Microbial fuel cells (MFCs) are often inoculated with rich sources of microorganisms from a
single wastewater source, but it is not known to what extent this inoculum choice affects
community development or power production. The temporal development of microbial
communities in MFCs was examined using inocula from three different sources: a local
wastewater treatment plant known to produce consistent power densities; a second nearby
wastewater treatment plant; and an anaerobic bog sediment. The bog inoculum MFCs initially
produced much higher power densities than the wastewater samples, but after 60 d all MFCs on
average converged to similar voltages (0.47 ± 0.02 V, 1000 Ω external resistor) and maximum
power densities (590 ± 170 mW/m2). While voltages produced by MFCs inoculated with bog
sediment were not significantly different among triplicate reactors, one of the MFCs inoculated
with wastewater produced substantially less voltage. Denaturing gel gradient electrophoresis
(DGGE) profiling showed the development of a stable exoelectrogenic biofilm in all samples
after 30 d, consistent with an analysis using 16S rRNA clone libraries. After 60 days, 58 ± 10%
of clones had a high similarity to Geobacter sulfurreducens. Analysis using a FISH probe for G.
sulfurreducens confirmed the predominance of this microbe in the anode communities (63 ± 6%
of all microbes). One of the wastewater inoculated MFCs that produced less voltage than other
MFCs (UAJA3) had a significantly lower percentage of 16S clones similar to G. sulfurreducens
(36%) with an increased number of Bacteroidetes (36%). This suggested that a high
predominance of G. sulfurreducens was needed for convergent power densities and that an
overabundance of Bacteroidetes could be harmful, although a lower percentage of this microbe in
the UAJA3 MFC could not be verified by FISH analysis. These results suggests that MFC
replicates need not be sampled and analyzed for their individual microbial communities when
exhibiting similar performance, but sub-optimal performance can arise from a lack of
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predominance of specific microorganisms in the anode communities. The extent to which this
finding can be generalized for MFCs needs to be further examined for other substrates, inocula,
and reactor types.
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Chapter 1

Introduction

1.1 The need for sustainable energy
Over the last 2 decades, there has been increasing concern over the degradation of the
environment due to the burning of fossil fuels. Experts have also expressed concern that the
supplies of fossil fuels are steadily running out. The US DOE reports that the amount of energy
consumption worldwide will more than double by 2035 (739 quadrillion Btu) as compared to
1990 (355 quadrillion Btu) (1). Despite only having ~5% of the world’s population, the United
States accounts for 21% of the total energy consumption worldwide (1). More than 85% of this
energy consumed in the United States is derived from fossil fuels (2). This trend of increasing
consumption of fossil fuels cannot continue as it is a non-renewable resource. In addition, the
burning of fossil fuels releases carbon dioxide, which is a known greenhouse gas and is
responsible for global temperature changes (3). For this reason sustainable energy has become an
increasingly important field of study in recent years.
There are many different areas of research to meet the diminishing fuel supply and
increasing of CO2 concentration in the atmosphere. In 2009, 8% of the energy consumed in the
United States came from sustainable sources. Sustainable energy technologies include energy
sources such as wind, solar, nuclear, hydroenergy, and biofuels. Energy sources such as wind,
solar, and hydroenergy are only suitable in certain areas due to the need for specific climates or
conditions, which limits their viability as a long-term, widespread solution. Biofuels is another
area of research in development that attempts to break down cellulosic materials to it base sugars
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that can then be fermented to ethanol which can be used for fuel. There are, however challenges
associated with trying to develop biomass conversion to a large-scale sustainable technology.
Much of the challenge lies in the cost of producing the fuel (4). A major obstruction to using
cellulosic material to convert to renewable fuels is that this material is difficult to break down so
a large amount of energy needs to be input into the system to recover the cellulose. Nuclear
energy has been previously shown to work, but is not a widespread source of energy due to the
danger arising from the use of radioactive materials to generate energy. Another difficulty with
nuclear energy is the amount of available uranium would only be able to generate power for
approximately one decade (5). This does not present a long-term, sustainable option. An
additional obstacle to these technologies is that the energy content of gasoline is higher than
many of these other fuels (6). This would necessitate an increase in production to meet consumer
demands and could increase costs more. Without government tax incentives there would be little
motivation for investors to spend capital on these technologies when fossil fuels are still the
cheapest alternative.

1.2 Waste and wastewater as an energy source
Another resource that has yet to be utilized is wastewater streams from both industrial
and municipal sources. Over 126 billion liters of wastewater are treated per day with an annual
cost of greater than 25 billion dollars (7). These waste streams can have an influent chemical
oxygen demand ranging from 200-1500 mg/L (8). The COD is derived from organics present in
the wastewater, which need to be removed to meet certain regulatory standards before the water
can be discharged into a natural body of water. Bacteria are used in various wastewater treatment
processes to consume organics present to treat the wastewater and simultaneously use them for
energy to grow and multiply. The bacteria that are enriched for in these processes are aerobic
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heterotrophs because of their consumption of organics as an energy source along with their
characteristic high growth and substrate utilization rates as compared to other types of bacteria
(9). As a result, oxygen must be pumped into the system through aerators, which accounts for 45
to 60 % of the total energy to treat the wastewater (10). Many countries do not have the capital to
take advantage of these large-scale, aerobic methods of water treatment. Therefore, anaerobic
methods of treating water would provide a more easily accessible method of wastewater
treatment.

1.3 Microbial fuel cells for bio-electricity production
One emerging anaerobic treatment technology is microbial fuel cells (MFCs). MFCs use
exoelectrogenic bacteria that grow under anaerobic conditions and have the ability to transfer
electrons externally to the anode of the reactor. The electrons then pass through an external circuit
to the cathode of the system. At the cathode, the electrons combine with protons and an electron
acceptor. In single chamber reactors, the electron acceptor used is oxygen. The substrate used for
this system can be the wastewater stream of a wastewater treatment plant. This would allow the
simultaneous treatment of the wastewater and production of electricity which can be collected
and used to power other operations in the treatment plant.

1.4 Objectives
Determining the types of bacteria that are involved in the production of electricity in
MFCs is important to designing systems with optimal operating conditions. Wastewater plants in
different areas experience different loads and service areas with different types of waste. It is
important to study the convergence of the anodic bacterial communities that arise from different
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inoculum sources to ensure that these exoelectrogenic bacteria can be enriched from different
influent wastewater streams and are not found in specific areas, which would limit their
applicability. Furthermore, it is necessary to explore the convergence of these bacterial
communities to determine the number of replicate reactors that should be used in order to
accurately characterize the community for a given system and inoculum source without spending
excess time and money analyzing replicates that do not yield any additional information.
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Chapter 2

Literature Review

2.1 Voltage and power production of single-chamber MFCs
The first MFCs that were developed consisted of two-chamber reactors that needed to
have an aerated cathodic chamber (11-14). This system was not viable for large-scale applications
because of the need to aerate the cathode chamber. Breakthroughs such as removing the protonexchange memebrane (PEM) (15) and the development of an air cathode (16) eliminated this
need for aeration and allowed for higher power production. Liu et al. (17) compared a twochambered and one-chambered MFC and found that the single chamber MFC produced 5.2 times
more voltage (146 ± 8 mW/m2) than a two-chambered MFC (28 ± 3 mW/m2). These single
chamber MFCs have since advanced to use different reactor configurations and electrode
materials. Cheng et al.(16) used a brush anode because of its high surface area (9600 m2/m3) for
bacterial growth and were able to produce 2400 mW/m2 of power. In addition, a new cathode
configuration was developed to further increase power from 538 to 776 mW/m2. Since then, new
configurations such as stacked electrode assemblies have been shown to produce high powers
(627 W/m3) with a higher coulombic efficiency (71% versus 35%) than previous MFCs (18).

2.2 Anodic community analysis methods
Anodic communities are the current producers of MFCs. Thus, it is important to study
these communities to identify species that play key roles in power generation. Three major
techniques used to characterize the anodic communities are denaturing gradient gel

6
electrophoresis (DGGE), 16S rDNA clone libraries, and fluorescent in-situ hybridization (FISH).
DGGE and 16S rDNA both amplify the 16S gene of the bacteria using polymerase chain reaction
(PCR), while FISH uses fluorescently labeled probes that bind to the ribosome of the bacterial
cell.
Using DGGE, amplified 16S fragments are electrophoretically run in a denaturing gel
and sequences are separated into bands based on the GC content of the sequence (19). These
bands can then be excised and identified. It can be difficult to detect community shifts using this
method by visually inspecting two gel images because of the large amount of bands that can be
present on each gel. Images of the gels are therefore compared in a statistical manner to see an
overall shift in the anodic community by generating plots using principle component analysis
(PCA) (20, 21). The method of obtaining the PCA plots using DGGE varies, but it provides a
method to find overall differences in microbial communities (19, 21, 22). DGGE bands can also
contain more than one species per band due to co-migration (19). This can skew what is thought
to be a more prominent band by making it darker than it would be if there was only one species in
that band.
A 16S clone library, analysis, unlike DGGE, allows for the quantification of individual
members of a microbial population (23). By inserting DNA fragments into a vector and
transforming the vector into competent E. coli, the plasmid is multiplied to a high enough
concentration for direct sequencing after it has been extracted from the host E. coli. The
sequences can then be identified and a quantitative measure of the community is obtained. The
disadvantage of this technique is that many vectors must be transformed and extracted to obtain a
large enough number of clones to statistically capture the majority of the microbes within the
community.
FISH is a useful tool to identify specific types of bacteria in a sample. Because it uses
probes that bind to ribosomes, the sample does not need to undergo PCR and is therefore not
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subjected to any bias associated with PCR (24). It also visually verifies the presence of target
bacteria in the community. Cells can be counted using a microscope to quantify the presence of
targeted bacteria using FISH probes in conjunction with stains such as DAPI that stain all bacteria
present in the sample. FISH is, however, limited in its application because a specific bacterium
must be first targeted before probes can be designed and FISH can be carried out. The length of
the probes used to identify the target bacteria is much shorter than the PCR fragments used in 16S
and DGGE analysis so the specificity of the probes must be tested before they can be used.

2.3 MFC communities using acetate as a substrate
Acetate is a commonly used substrate in MFC studies not only because it is a well
defined chemical substrate, but also because it is known to be able to be used as an electron donor
in respiration by many anaerobic bacteria (25). It has also been shown to be directly oxidized by
Geobaceter sulfurreducens, which is a known dissimilatory metal-reducing bacterium, through
the TCA cycle (26). This ability to reduce metals is thought to confer exoelectrogenic capabilities
to Geobacter and other genera of dissimilatory metal-reducing bacteria (27).
Community analysis of the anodes of different types of acetate fed reactors using 16S
clone library analysis has produced a wide spectrum of results (Table 2.1). Anodes were
developed in a single chamber continuous upflow reactor in the study conducted by Lee et al.
(28).

Nearly

equal

percentages

of

Alphaproteobacteria,

Gammaproteobacteria,

and

Deltaproteobacteria were found after 17 days. The study by Holmes et al (29) was conducted
using sediment MFCs where the anode was placed directly in the anoxic sediment. A clear
predominance of G. sulfurreducens (70%) was found after the reactors had run for at least three
months. A single chamber, batch mode bottle MFC was used by Xing et al. (21). After ~6 days,
the community was dominated by Gammaproteobacteria and contained approximately equal
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percentages of Alphaproteobacteria, Betaproteobacteria, and Deltaproteobacteria. Anodic
communities had predominance of Betaproteobacteria (49%) and Deltaproteobacteria (32%) after
acclimation for ~11 days in a two-chambered batch system used by Chae et al. (30) before the
community was analyzed. Single-chambered, batch-fed cubic reactors were acclimated to the
system for ~1 year before the anode was sampled and the community analyzed in the study by
Kiely et al (31) The communities of reactors that were acclimated for more than two months give
a similar percentage of Deltaproteobacteria, but other taxonomic groups are present in different
amounts. Reactors that were acclimated for less than a period of months show very little
similarity in the community, even though they are being fed the same substrate. This suggests that
for reactors fed the same substrate, the initial community is mainly a function of the inoculum
source and that the community shifts over time.

Table 2.1 Community analysis results of acetate-fed reactors (% representation of each group).
Study
Lee et al. 2003
Holmes et al.
2004
Xing et al.
2009
Chae et al.
2009
Keily et al.
2011

Proteobacteria

Firmicutes

Bacteroidetes

Others

Acclimation
time

Ref

α
24

β
7

γ
21

δ
21

7

0

20

17 days

(28)

8

0

2

70

12

0

8

> 90 days

(29)

19

18

36

15

5

7

0

6 days

(21)

2

49

0

32

0

0

17

11 days

(30)

7

30

0

63

0

0

0

> 365 days

(31)

2.4 Comparison of different inoculum sources in MFCs
There are two main categories of inoculum sources for MFCs: mixed and pure culture.
Mixed culture inocula are usually sampled from various environmental locations such as marine,
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freshwater, and soil sediments (32-34) or wastewater treatment plant sources such as activated
sludge or primary clarifier effluent (35, 36). These inoculum sources all contain rich and diverse
microbial communities (37, 38) that contain exoelectrogenic microorganisms. Pure culture studies
have also been done to try to verify that key microorganisms present in the biofilm community
are exoelectrogenic (39). These studies are done with organisms isolated from a mixed culture
MFC or with known dissimilatory metal reducing bacteria such as Shewanella oneidensis and
Geobacter sulfurreducens (20, 40, 41).
Different inoculum sources have been compared in several studies to attempt to elucidate
the inoculum source with the most effective microbial community. In a study conducted by
Holmes et al. (29) marine, freshwater, and salt-marsh sediments were used as inocula in sediment
MFCs, where the anodes were placed directly into the anaerobic sediment and cathodes were
placed in the overlying water containing dissolved oxygen. All of the anodes in that study were
found to be dominated by Deltaproteobacteria. The marine sediments produced a significant
portion of members of the Geobacteraceae class and also had the largest steady current
production (~20 mA/m2). Inoculation with freshwater sediments produced a lower steady current
of 9 mA/m2 and yielded a significant percentage of Geothrix fermentans in the anodic
community. The anode inoculated with estuarine sediments was dominated by Desulfobulbaceae
and produced a steady current of 7 mA/m2. This suggested that the capacity for higher power
production was associated with communities dominated by members of the Geobacteraceae
class. Others have compared the performance of mixed and pure cultures. Shewanella oneidensis
was compared to a mixed culture from a primary clarifier effluent in various types of MFCs by
Watson et al (42). S. oneidensis was always produced less power than the mixed culture. In one
case using a single chamber, air cathode MFC, the mixed culture reactor (858 ± 9 mW/m2)
produced 5 times more power than the pure culture reactor (148 ± 20 mW/m2. Geobacter
sulfurreducens has also previously been compared to wastewater and environmental samples.
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Reactors inoculated with pure G. sulfurreducens were shown to produce a similar maximum
power to reactors inoculated with river water and aerobic wastewater effluent in a continuous
flow system (43). In a batch study that compared G. sulfurreducens, soil, and wastewater
treatment plant influent as inocula, Jiang et al found that MFCs inoculated with wastewater
produced the highest maximum open circuit voltage (785 mV), followed by soil sediments (684
mV) and pure G. sulfurreducens (625 mV) (44). These results were not based on the working
potentials, but because the reactor conditions are the same, the difference should be caused by the
anode potential assuming unchanged performance of the cathodes. The lowest anode potential of
the wastewater inoculated reactor should have yielded the highest working potential. The results
of these studies imply that the source of a mixed inoculum may be unimportant as long as there is
a diverse community that initially contains exoelectrogenic bacteria. However, these studies did
not directly investigate the effect of different inocula on the development of the anodic
community.

2.5 Replicates in MFC studies
In MFC studies there seems to be no generally accepted amount of replicate reactors that
are needed to make statistically sound findings. A single reactor was used in many studies (27,
45, 46). This prevents a statistical analysis of reactor. Other studies have used duplicate (29, 4749) or triplicate reactors (34, 50, 51). There was only one study that addressed the number of
replicates that are needed to maximize information in MFC studies. Eight reactors were run in
parallel and a statistical analysis was used to compare changes in COD removal, voltage
production, and VFA content in order to recommend an optimal number of replicates. However,
it is not clear from the results why four replicates were chosen as the minimum number of
replicates needed. The conclusion of this study was that 4 replicates were needed to generate
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sufficient data per unit time rather than running less reactors for more cycles, at the expense of
repeatability (52). However, if repeatability was sacrificed to accumulate data then the reliability
of the data accumulated could be called into question. In summary, these studies suggest that at
least duplicate reactors are needed, but the amount of variability there is among replicates has not
been investigated.
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Chapter 3

Convergent development of bacterial communities in MFCs

3.1 Introduction

Microbial fuel cells (MFCs) have received much interest in recent years because these
systems can produce energy while concurrently removing organics from waste streams. In an
MFC, a biofilm of exoelectrogenic bacteria on the anode degrades organic matter and produces
electrical current. Exoelectrogenic bacteria occur widely in nature (39), and MFCs have been
successfully inoculated using aerobic and anaerobic wastewater streams (35, 36) as well as
environmental samples such as seawater, rivers, and soil (27, 43, 44). In many of these studies
when acetate is the carbon source, particularly freshwater-sediment type MFCs and those
inoculated with wastewater, it has been found that Deltaproteobacteria are predominant in the
community. For example, Bond et al found that 71.3% of clones from an acetate-fed sediment
MFC reactor were similar to Deltaproteobacteria and that ~45% of these clones were from the
family Geobacteraceae (27). However, this dominance of Geobacteraceae is not always
observed as Pelobacter and Betaproteobacteria have also been found to dominate the anodic
community of acetate fed reactors (30, 53). The communities of acetate-fed reactors have been
shown to contain a very diverse consortium of microorganisms despite being fed a single and
simple substrate. Lee et al found an array of different taxonomic groups including 24% Alpha-,
7% Beta-, 21% Gamma- , 21% Delta-proteobacteria, 7%Firmicutes, and 21% other (28).
The role of the inoculum source on the differences that develop in reactors that are fed a
similar substrate has not been well studied. There have been several studies of the communities
that evolve in MFCs with different inocula, but there have been few studies that examine the use
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of different inocula in the same system to try to find the most efficient microbial consortium. In
one study by Holmes et al (29), samples were obtained from salt-water marshes, freshwater, and
marine sediments. The anodic communities and reactor performances were then compared in
sediment-type MFCs. They found that all anodic communities were dominated by different orders
of Deltaproteobacteria. The resulting community from marine inoculum produced the highest
steady power (~20 mA/m2) and was dominated by Geobacteraceae, followed by resultant
freshwater community (9 mA/m2), which contained large amounts of Geothrix fermentans, and
salt-marsh sediment community (7 mA/m2), which predominantly contained Desulfobulbaceae.
Mixed inocula have been examined in other studies using wastewater (aerobic and anaerobic
effluent), environmental samples (river water and soil), and pure inocula in either batch or
continuous-flow reactor systems (42-44). Mixed inocula sources usually produced a higher
maximum power than pure cultures. Shewanella oneidensis produced less power than a mixed
inoculum in several different types of reactors (single, two and three chamber MFCs) (42). G.
sulfurreducens has produced less current than a mixed inoculum in one case (54) and the same
amount in another study (55). There have been a limited number of comparisons of different
mixed culture inocula in MFCs. Previous studies have shown that wastewater-inoculated reactors
produced more power in some instances than those seeded with environmental inocula, such as
soils and sediments, and lower voltage and power in others. Anaerobic and aerobic wastewater
effluent inocula were compared to a soil inoculum in a continuous flow MFC (43). On average, at
low flow (1.25 mL/hr) the aerobic effluent (1.16 mW/m2) and river water (1.14 mW/m2)
inoculated reactors produced a higher maximum power than the anaerobic effluent inoculated
reactor (0.89 mW/m2). In another study, the influent to a wastewater plant was compared to a soil
sample as an MFC inoculum source in a batch-mode MFC (44). The wastewater inoculated
reactor (785 mV) produced a higher maximum open circuit potential than the soil inoculated
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reactor (684 mV). The anodic communities were not analyzed in these studies to see if there were
differences in the microbes present.
There seems to be no general convention on the number of replicates used in MFC
studies. There are many studies that use only one reactor for their experiments (27, 45-47). Fewer
studies use reactors in duplicate (29, 48, 49) or triplicate (34, 50, 51). However, the
reproducibility of replicates has not been well investigated. There has also been little attempt to
analyze the system to identify a potential cause for this difference in performance among
replicates.
Many times only one molecular technique is used to analyze the anodic community.
Because the 16S rRNA gene is a highly conserved region of the genome, and is ubiquitous among
prokaryotic genomes, this is often used to distinguish between and identify different members of
the community. One community analysis technique that can use the 16S gene and is used in many
studies is denaturing gel gradient electrophoresis (DGGE) (33, 50, 56, 57). Another commonly
used technique in MFC community analysis is 16S rRNA clone library analysis (31, 32, 35, 53,
58). Both of these techniques are PCR based. Fluorescent in-situ hybridization (FISH) is nonPCR based and can be used to corroborate the findings of other molecular techniques (59). Most
of these studies use one molecular technique to describe the anodic community, but often times
do not use a non-PCR based technique, such as FISH, to verify the results.
To determine the effect the inoculum source has on the bacterial community and to better
understand the extent of reproducibility of replicate reactors, three different inocula were
obtained and run in triplicate with one source being the “control” inoculum (PSU wastewater,
which produces consistent and stable voltages). All reactors were fed the same medium
containing sodium acetate, which has been used in many studies and produces power densities
equal to or higher than other substrates (60). By monitoring the reactor performance and the
community shift over time it can be determined if the performance of the reactors is attributable
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to the inoculum source. Three different community analysis techniques (DGGE, 16S clone
libraries, and FISH) were all used in conjunction to obtain a comprehensive portrayal of the
community.

3.2 Materials and methods

3.2.1 Reactor Configuration and Data Collection
Single-chamber air-cathode MFCs were constructed from Lexan cubes to form a single 4
cm cylindrical chamber 3 cm in diameter as previously described (61). Reactors were 28 mL in
total volume. Anodes were made from a graphite fiber brush 2.5 cm in outside diameter and 2.5
cm long (62) (PANEX33 160K, ZOLTEK) and cathodes from carbon cloth (type B-1B, E-TEK).
Cathodes contained 0.5 mg/cm2 Pt catalyst as previously described (16). Reactors were kept in a
constant 30°C chamber (63, 64) and were fed a medium consisting of 1 g/L sodium acetate with
Wolfe’s vitamins (5 mL/L) and minerals (12.5 mL/L) (65) in 50 mM phosphate buffer saline
(PBS) (Na2HPO4, 4.56 g/L; NaH2PO4 monohydrate, 2.45 g/L; NH4Cl, 0.31 g/L; KCl, 0.13

g/L)(31, 66).
The voltage was measured across an external 1 kΩ resistor using a Kiethley data
collection system (Kiethley, Cleveland, OH, United States). Power was calculated as P = E2/R
and current was calculated using Ohm’s Law (E=IR). Power and current densities were
normalized by the cathode projected surface area (7.1 cm2).Polarization curves were generated
using the single-cycle method (67) by varying external resistances every 20 minutes from 10 kΩ
to 50 Ω. All statistical calculations using a t-test are based on α = 0.05.
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3.2.2 Inoculum Sources and DNA Extraction
Reactors (triplicate) were inoculated using samples from three different sources: the
Pennsylvania State University Wastewater Treatment Plant (PSU WW); University Area Joint
Authority Wastewater Treatment Plant (UAJA WW); and sediment from a stagnant bog in the
Black Moshannon Lake State Park, PA (Bog). These two wastewater treatment plants were
selected because the UAJA WWTP is much larger and serves rural communities, while the PSU
WWTP is smaller and treats only city wastewater. The wastewater inocula were taken from the
primary clarifier effluent from both plants. Wastewater reactors were inoculated in a 1:1 ratio of
wastewater to PBS solution. The Bog reactors were inoculated using a 1:3 ratio of sediment to
PBS solution to obtain a similar viscosity to the wastewater inoculation procedure. All reactors
were fed only a PBS plus acetate solution after the first cycle and were fed every three days.
Anode samples were taken by carefully cutting approximately 2 g (wet weight) of the
brush using flame-sterilized scissors 7 times throughout the experiment. The anode samples were
taken in the middle of a cycle during peak electrochemical activity. Recent tests with identical
reactor configuration have shown that up to 75% of the anode brush can be removed without
adversely affecting voltage or power generation (68). DNA was extracted using the PowerSoil
DNA Isolation Kit (MO-BIO Laboratories) according to the manufacturer’s instructions. An
additional anode sample was taken at each sampling time for fluorescent in-situ hybridization
(FISH) analysis (sample preparation described below). All samples were stored at –20 °C for
analysis of the microbial communities.
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3.2.3 16S rRNA Clone Libraries
16S rRNA clone libraries were generated as previously described (31), but using different
primers. Extracted DNA was amplified via PCR with an annealing temperature of 55ºC to obtain
fragment lengths of 960 base pairs. The bacterial primers used were 530F (5’GTCCCAGCMGCCGCGG -3’) and 1490R (5’- GGTTACCTTGTTACGACTT -3’) (69). PCR
products were purified using the Qiagen PCR Purification Kit (Qiagen) and then ligated and
amplified using a TOPO TA cloning kit (Invitrogen) according to the manufacturer’s instructions.
Colonies were blue/white screened and appropriate colonies were plated in a 96-well grid format
on LB plates (Ampr 50 μL/mL). The plasmids were extracted using an EZ Fastfilter Plasmid Kit
(Omega-Biotek) according to the manufacturer’s procedure, and inserts were sequenced using the
M13R primer using a DNA sequencer (ABI 3730XL, Applied Biosystems). The chromosomal
NCBI BLAST algorithm was then used to analyze the DNA sequences (70).
Shannon diversity indices, Good’s coverage values, and rarefaction curves were
calculated using the Mothur computer software (71). Sequences were first aligned in MEGA 4
(72). Rarefaction curves are an average composed of 1000 randomizations. Approximately 95
clones were analyzed for each sample and deposited into GenBank under accession numbers
JF817397 - JF818119.

3.2.4 DGGE Analysis
A 16S rDNA fragment was amplified via PCR on the extracted DNA using a total
reaction volume of 20 μL containing 9 μL of 2x Go-Taq Green Master Mix (Promega, Madison,
WI, United States), 8 μL of sterile ddH20, 25 ng of DNA, and 1 μL of each primer. The universal
primers used for amplification were: 968F (5’- AACGCGAAGAACCTTAC-3’) with a GC clamp
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(5’-CGCCCGCCGCGCCCCGCGCCCGGCCCG CCGCCCCCGCCCC-3’) attached and 1401R
(5’-CGGTG TGTACAAGACCC-3’)(73). The DNA samples were amplified with a G-Storm 1
Thermocycler (GRI Laboratories, UK) using the following temperature profile: 95°C for 5 min,
then 20 cycles of 95°C for 30 s, 60°C for 30 s, and 1 min at 72°C with the annealing temperature
being decreased by 0.1°C each cycle to 58°C. Then 15 cycles were run with 30 s at 95°C, 30 s at
58°C, and 1 min at 72°C. A ten minute period was used for a final extension. All samples were
stored at 4°C until use. DGGE gels were then prepared as previously described (74) and run using
a DCode universal mutation detection system (Bio-Rad Laboratories, United States). The
denaturing gradient in the gel ranged from 30% to 60%, where 100% denaturation corresponds to
40% (v/v) formamide and 7 M urea. PCR products were dispensed into a gel consisting of 7%
(w/v) polyacrylamide (37.5: 1 acrylamide/bisacrylamide) in a 1× TAE buffer solution. The gel
was cast with a gradient delivery system (Model 475, Bio-Rad, USA). Electrophoresis was then
conducted for 12 hours at 60°C and 70 V in a 0.5× TAE buffer solution to achieve effective band
separation. Gels were then silver stained as previously described (75).
The most prominent bands from each gel were excised using a flame and ethanol
sterilized razor blade, crushed in 50 μL of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]),
and allowed to equilibrate overnight at 4°C. The buffer containing DNA was then used as the
template for PCR as described above excluding the GC clamp. The PCR product was then
purified using a PCR cleanup kit (Qiagen) followed by ligating the DNA fragments into a TOPO
2.1 vector (Invitrogen, US) according to manufacturer’s instructions, then inserted into
chemically competent E. coli cells. Eight random colonies were then taken and sequenced by first
extracting the plasmid from the E. coli using a 96 well Plasmid Extraction Kit (Omega Bio-Tek),
and sequencing the DNA (ABI 3730XL, Applied Biosystems).
The information used for Principal Component Analysis (PCA) of the DGGE gels was
obtained using two methods in order to determine the shift of the microbial community over time.
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For the first method a computer software program (GelCompar II, Applied-Maths, Austin, TX,
USA) was used to identify the presence or absence of bands and the relative densities of bands for
PCA plots. For the second method, gel images were manually scored based on the
presence/absence of specified bands, and a scale from 0-5 based on the relative density of the
bands. PCA plots were generated in Minitab 16 (Minitab, USA) to determine the similarity of the
replicates at different times and to evaluate temporal community shifts in the reactors.

3.2.5 FISH
Samples for FISH analysis were taken at peak voltage at the same time as samples used
for the 16S clone libraries/ DGGE analysis. These samples were immediately fixed using 4%
paraformaldehyde for 6 hours total at 4° C and stored at –20° C in 50% ethanol/PBS mixture. A
Geobacter sulfurreducens probe (100 ng/uL) with a red fluorescent tag (Alexa Fluor 594)
(GAAGACAGGAGGCCCGAAA) (Invitrogen) along with 2 helper probes at 100 ng/uL
(CTAATGGTACGCGGACTCATCC and GTCCCCCCCTTTTCCCGCAAG) were hybridized
to the rRNA for 1.5 hours at 46° C (76). Samples were then stained using Slow Fade Gold® with
DAPI (Invitrogen, Carlsbad, CA) to label all bacterial cells. Visualization was then performed on
an Olympus FV100 confocal laser scanning microscope. Images were taken using different filters
to show the fluorescence of the Geobacter probe in the sample versus the total number of bacteria
present. The total amount of Geobacter was calculated by comparing the amount of red and blue
fluorescence of the same image using different filters. The percentage of G. sulfurreducens in
each reactor sample was compared by counting at least 1000 total cells from 10 different
locations of the biofilm for each sample.
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3.3 Results

3.3.1 Voltage and Power
Initially, the Bog reactors produced higher voltages than the wastewater inoculated
reactors. After 60 days, the reactors from each inoculum source converged to a similar voltage
output of 465 ± 6 (PSU), 453 ± 25 (UAJA), and 480 ± 2 mV (Bog) (Fig. 3.1). The maximum
voltages generated by the two wastewater inocula were very similar to each other throughout the
entire study. UAJA 3 gave significantly (t-test, P = 0.005) lower power and voltage reading
throughout the course of the experiment.
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Figure 3.1. Plot of average maximum voltage for each cycle. Initally Bog-inoculated reactors (B)
produce more voltage than wastewater inoculated reactors (P, PSU) (U, UAJA). By day 60 all
reactors produce similar voltages. Wastewater reactors produce the similar voltages throughout the
length of the experiment.

Based on polarization tests, maximum power densities on day 48 were not significantly
different for eight reactors (t-test, P > 0.05), with the UAJA 3 sample producing significantly less
power (354 mW/m2) than the other samples (t-test, P = 0.005) (Fig. 3.2). The maximum power
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density was 590 ± 110 mW/m2 based on all 9 reactors, and 620 ± 60 mW/m2 excluding the UAJA
3 replicate (n = 8). These results demonstrate that based on power densities the inoculum was not
important for achieving maximum power if tests were run in triplicate. However, if only a single
reactor had been used the UAJA sample could have produced different results than the other
inocula.
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Figure 3.2. Power density curves generated from cycle 16 (day 48) showing that UAJA replicate 3
produced significantly (t-test, α = 0.05, P = 0.005) less power than all other reactors, including
other UAJA replicates.

Additional analysis of the results suggests that duplicate reactors would have been
sufficient for comparison of the different inocula. The average voltages and maximum power
calculated using only the two most disparate replicates from the UAJA inoculated reactors
produced 450 ± 34 mV and 490 ± 190 mW/m2, compared to 453 ± 25 mV and 510 ± 140 mW/m2
based on triplicate reactors. These values for voltage (P = 0.90) and power (P = 0.92) are not
significantly different when either duplicates or triplicates are used. This similarity shows that,
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while replicate reactors are needed, using triplicate reactors yields little more information than
duplicate reactors.

3.3.2 16S Clone analysis
All reactors were found to be predominated by clones most similar (>95%) to Geobacter
sulfurreducens based on 16S clone libraries. All of the reactors had clones similar to

G.

sulfurreducens present in the range from 67 to 51% (n=8) with an average of 61 ± 6 %, except for
replicate UAJA 3, which only had 36%. Additionally, clones distantly related to Bacteriodetes (<
89% similarity) were present as 36% of the community of replicate UAJA 3. These clones related
to Bacteriodetes were the second most abundant in all of the anode communities, with an average
of 11 ± 6 % (n=8). Other clones identified in the clone analysis were <95% similar to members of
Betaproteobacteria (5 ± 3 %, n = 9) and Alphaprotoeobacteria (2 ± 2 %, n = 9) (Fig. 3.3).
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Figure 3.3. Abundance of major phylogenetic groups in each reactor found using 16S rDNA clone
libraries of the sample taken at cycle 16. UAJA 3 has the least amount of G. sulfurreducens,
possibly leading to decrease in voltage and maximum power.
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There was no difference in diversity among the different inocula based on the Shannon
Diversity Indices of each reactor (1.78 ± 0.22, n=9) indicating that there was convergence among
the anodic communities of the different reactors. The UAJA3 replicate, however, was the only
replicate found to have a diversity index that was more than one standard deviation higher than
the average (2.07). This added diversity could account for the underperformance of this reactor.
Good’s Coverage values indicated that on average 82% of the total species richness was
accounted for in each community (77) (Table 3.1). Rarefaction curves generated using Mothur
(Fig. 3.4) show that there is little difference between the diversity of each of the reactors. All
rarefaction curves seem to be approaching a plateau, but one was never reached. This suggests
that the diversity of the bacterial population, beyond the dominance of the Geobacter and
Bacteriodetes, may not have been fully captured in the clone analysis. However, it is unlikely that
obtaining additional information on the least abundant members of the bacterial community
would have improved our understanding of the system.
Table 2.1. Shannon Diversity Indices and Good's Coverage Values calculated from 16S clone
library data.
# of clones
Bog 1
Bog 2
Bog 3
BogAverage
PSU 1
PSU 2
PSU 3
PSUAverage
UAJA 1
UAJA 2
UAJA 3
UAJA Average

Shannon Diversity

Goods Coverage (%)

93
92
92

1.57
1.94
1.45

86
80
89

277

1.65

85

86
94
95

1.86
1.53
1.99

81
84
82

275

1.79

82

95
88
91

1.90
1.72
2.07

79
79
81

274

1.90

80
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Figure 3.4. Rarefaction curves generated using Mothur computer software. These curves show that
the diversity between the replicates is visually very similar. A distinct plateau was not reached
implying that the full diversity was not captured by the 16S clone libraries. However, more
analysis to gain information on less abundant members of the community is unlikely to aid in
understanding the system.

3.3.3 Community Shift with DGGE

Analysis using DGGE was able to better represent the diversity of the microbial
community, although it did not capture as effectively the predominance of the community by G.
sulfurreducens. Initially, gels had numerous bands from each source (>75). After three days,
more than two-thirds of the original operational taxonomic units (OTUs) were eliminated from
each inoculum source and only 8 distinct OTUs were identified from the Bog inoculated anode,
17 OTUs from the PSU WW anode, and 15 OTUs from the UAJA WW anode. These numbers
decreased throughout the experiment. After 16 cycles, there were 7 OTUs from the Bog anodes, 9
OTUs from the PSU WW anodes, 7 OTUs from the UAJA WW anodes.
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Analysis of the DGGE band patterns using PCA indicated a shift in communities over
time. Initially, using the dominant bands from each gel, the Bog inoculated reactors cluster in a
different part of the graph (quadrant 1) than the two wastewater inoculum sources (quadrant 4)
(Fig. 3.5). By the end of the study, all of the data converged and clustered in quadrant 2. A PCA
analysis using automated software (GelComparII) produced the same results as manual scoring,
and thus there was no effect of the method used to score the bands on the conclusions reached
with a PCA analysis.
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Figure 3.5. PCA plot of the dominant (darkest) bands from the gels representing the communities
at cycle 1 and cycle 16. This plot contrasts the initial community of wastewater inoculated reactors
with the bog inoculated reactors. Over the duration of the experiment all communities converge
irrespective of inoculum source.

The darkest bands in the DGGE gels (bands 2, 3, 4, and 5) were excised and sequenced,
assuming that these bands would represent the predominant species in the community. However,
none of the dark bands initially analyzed (Fig. 3.6) were related to G. sulfurreducens, which was
shown to be dominant by the 16S clone library analysis. Analysis of additional bands (1 and 6)
revealed the presence of bacteria that were most closely related to the known isolates G.
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sulfurreducens (95% similarity) and Candidatus Protochlamydia amoebophila (89%). Other
bands sequenced contained members of the Colstridiaceae family, Clostridium sticklandii (89%),
Alkaliphilus

oremlandii

(89%),

and

Alkaliphilus

metalliregedens

(88%),

and

the

Gammaproteobacteium Pseudomonas flourescens (99%). All of these identified species were
also found in the 16S rDNA clone analysis (Table 3.2).

3
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1

Fig. 3.6. DDGE gels showing bands that were excised and identified. Gels were used in the PCA
analysis to monitor shifts in overall microbial community throughout the experiment.

Table 3.2. Identification of excised bands from DGGE gels.

Closest known
isolate

Similarity
(%)

Found in
16S clone
library

Band 1

Geobacter
sulfurreducens

99

Yes

Band 2

Alkaliphilus
oremlandii

89

Yes

Band 3

Pseudomonas
fluorescens

99

Yes

Band 4

Clostridium
sticklandii

89

Yes

Band 5

Alkaliphilus
metalliregidens

88

Yes
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Candidatus
Protochlamydia
amoebophila

Band 6

89

Yes

3.3.4 FISH
FISH was used to confirm that a large portion of the biofilm was dominated by G.
sulfurreducens. The red cells shown in Fig. 7 represent the G. sulfurreducens while blue cells
indicate all bacteria. Bacterial cell counts were used to quantify the differences between each
sample. These counts showed that all of the samples contained 70 to 57% (n=30 per sample) with
an average of 63 ± 6 % G. sulfurreducens (Fig. 8). Analysis of the samples using FISH was not
able to confirm the finding of less G. sulfurreducens in reactor UAJA 3 by 16S clone library
analysis.

Figure 3.7. FISH image. Bacteria stained with DAPI (blue) and fluorescently labeled
G.sulfurreducens (red).
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Figure 3.8 Percentage of G. sulfurreducens in each reactor determined by counting bacterial cells
in FISH images that were captured during cycle 16. Ten images were taken from different parts of
the sample and numbers were averaged to obtain the final result.

3.4 Discussion

3.4.1 Voltage and Power Comparison to Control Inoculum Source
After a long acclimation time (~60 days), the voltages of all the reactors converged to a
similar voltage (470 ± 20 mV) and power density (590 ± 110 mW/m2) regardless of inoculum
source. Additional analysis showed that the same conclusions were obtained with either duplicate
or triplicate reactors, suggesting that duplicate reactors are sufficient for MFC tests of different
inocula. The Bog inoculated reactors initially produced a significantly higher voltage than the
wastewater inoculated reactors. These MFCs reached their maximum voltage after only 3 cycles,
and then this voltage remained relatively constant throughout the duration of the study. The bog
inoculated reactors likely began producing higher voltages than the other inocula likely as a result
of the long term acclimation to anaerobic conditions compared to the other wastewater samples
obtained from the primary clarifier.
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The PSU WW was used as the “control” inoculum source because it has previously been
used as an inoculum source by our group (20, 31, 61, 62, 78). Average voltages produced by the
different inocula here (470 ± 20 mV) were consistent with previous studies using the same 50
mM PBS and 1 g/L sodium acetate where the average maximum stable voltage was 500 ± 40 mV
(n=5) (20, 31, 61, 62, 78). Maximum power densities obtained in previous studies were found to
be larger in some cases (704 ± 30 mW/m2, after the cathodic biofilm was removed) (31) and
smaller in others (506 mW/m2) (78) that obtained here (590 ± 110 mW/m2) using the same
buffer. In several studies, power densities were only reported at higher buffer concentrations (20,
61, 62). The differences in maximum power could be due to power overshoot, the use of different
resistors or time before obtaining the voltage at each resistance, or biofilm on the cathode or
better intrinsic performance of the cathodes made by others compared to those used here.. Some
power density curves examined here exhibited Type D power overshoot, where the power density
curve doubles back instead of reaching higher current densities. This overshoot arises from the
inability of the bacterial community to transfer electrons fast enough to the anode when the
external resistance is lowered (67). Power overshoot implies that the capacity for these reactors to
function at higher current densities would have required additional acclimation to low resistances,
which was not done here.

3.4.2 Comparison of the Community Composition using Different Molecular Techniques
The communities of the wastewater samples were shown to be similar throughout the
study, but they were initially much different than those of the bog sample. However, after 48 days
the communities from all inocula were similar based on an analysis using three different
molecular techniques. Analysis of communities from the different inocula showed similar
amounts of G. sulfurreducens based on 16S rRNA analysis (61 ± 6%) and FISH (63 ± 6%).
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DGGE analysis was unable to determine predominance of particular species present in the
community, but this technique did show a convergence to similar communities at the end of 16
cycles based on PCA of the band patterns. The similar responses of the wastewater inocula over
time may be due to both inocula coming from a similar environment (primary clarifier) and
subsequently being subjected to the same conditions in the MFCs. Both wastewater inocula had a
rich microbial population allowing the communities to produce the same gradual shifts in
voltages throughout the study. It is assumed that the selective pressures inside the MFCs favor the
same types of bacteria that can flourish independent of the specific wastewater source.
Clone libraries and FISH identified that there was a clear predominance of G.
sulfurreducens, while the multiple bands in DGGE gels implied a much more diverse community.
This predominance of Geobacter in MFCs has been previously observed (27). However, the
predominance of this genera or Deltaproteobacteria has not been found in all studies.
Alphaproteobacteria (28) and Betaproteobacteria (30) have been found to be the predominant
group in MFC anodic communities in other studies. One possible reason for this difference is that
operating time of the MFCs in these previous studies prior to community analysis (6 to 17 days)
was much shorter than that chosen here (60 days). This gives the anode community less time to
develop and show the prominence of a specific group.
The use of DGGE to profile the communities clearly showed a shift in the community
composition over time based on PCA plots. One disadvantage of this method, however, is that it
was difficult to determine the predominance of a specific species of bacteria due to the large
amount of prominent bands present in the gel. The prominence of G. sulfurreducens seen in 16S
clone libraries could not be discerned using DGGE. Resolving individual species richness is
difficult using DGGE due to co-migration of DNA. When the DNA co-migrates, a specific band
appears to be prominent, which implies predominance of a single species, when it could be a
mixture of more than one species. This is one possible reason the G. sulfurreducens band is
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lighter than others. Co-migration in DGGE bands has been previously reported for other species
of bacteria (79, 80). DGGE was more useful at showing the diversity of less abundant species
because these species were more easily captured in the banding patterns.
Clone library analysis was a more useful quantitative method of comparing the
abundances of specific bacteria within the anode community. This technique was the only one
that provided an explanation that the reason for the underperforming replicate UAJA 3 could have
been

due

to

a

reduced

predominance

of

G.

sulfurreducens.

Alphaproteobacteria,

betaproteobacteria and Bacteroidetes clones found in these samples have also been identified in
variable amounts in other studies with acetate as the carbon source (28, 81). The analysis of all
community structures revealed that a bacterial species related to Bacteroidetes (<89% similarity)
was present in variable numbers (10 ± 7%) here. However, in sample UAJA 3, the community
analysis showed an elevated number of clones (36%) similar to Bacteroidetes relative to other
samples. This implies that a significant portion of the anode was dominated by Bacteroidetes and
there was likely less G. sulfurreducens populating the anode, providing an explanation for the
reduced performance of this MFC.
FISH was used as a non-PCR based molecular technique to independently verify the
dominance of G. sulfurreducens found in the 16S rDNA analysis. Instead of targeting DNA or
RNA, the FISH probes target the ribosomes of the bacteria of interest. The percentage of G.
sulfurreducens (63 ± 6%) obtained from counting cells showed no deviation of the other
inoculum sources from the control source. Each sample produced a statistically similar (t-test, P >
0.05) number of G. sulfurreducens. FISH gave very similar numbers of G. sulfurreducens
compared to 16S rDNA values, except for UAJA 3. The FISH analysis did not show a decreased
relative abundance of G. sulfurreducens in this reactor compared to the other reactors. However,
a difference in community analysis is the most likely explanation for the reduced performance of
the UAJA 3 MFC as the experimental conditions were otherwise identical.
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These results suggest that more than one molecular technique should be used to verify
any community analysis results. One technique can be used as the main source of community
analysis, but another technique should be used for corroboration. Ideally, a non-PCR based
technique such as FISH should be used to corroborate findings based on PCR analysis to
eliminate any PCR bias.
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Chapter 4

Conclusions
Three different inocula were used in triplicate reactors to understand the effect of the
inoculum source on the community that arises after a long period of acclimation. It was
determined that regardless of the inoculum source, the reactors performed similarly to the control
reactors. In addition, the replicates all yielded similar results except for one under-performing
reactor. Based on these findings, it seems to be unnecessary to run more than duplicate reactors
along with one control reactor. In addition, if replicates are producing similar voltages and power
and the control performs as expected, then analyzing the community structure of more than one
replicate is unnecessary. Results of this study also suggest that at least one molecular technique,
such as FISH, should be used to verify findings of initial community analysis to ensure that
claims made are accurate and not due to biases inherent in a particular analysis.
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Chapter 5

Future Work
There are other factors that need to be addressed to determine the effect of starting inocula on the
resulting anodic community:
1. Additional inocula should be tested for convergence. Different environmental samples
should be tested as inocula to determine if other environmental samples converge in the
same manner as the wastewater samples. Also, anaerobic wastewater samples should also
be tested to determine if they converge as well.
2. Different reactor designs should be tested to make sure that the community is not affected
by factors such as electrode spacing or electrode materials. Future community analysis
should involve switching the cathodes between reactors to eliminate that as a possibility
for differences in performance.
3. Different molecular techniques such as qPCR and pyrosequencing could be used in
conjunction with those described in this study to try to elucidate the optimal combination
of techniques to most accurately depict the anodic community.
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Figure A.1 Voltage versus time graph for all reactors. Spikes in voltage represent times where power
density curves were taken.
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Figure A.2 PCA plot of all time points for all replicates of all inoculum sources. The plot shows a general
trend from right to left with the inoculum sources converging at day 48. Between days 3 and 48, the Bog
inoculated reactors are separated from the wastewater reactors, which are similar throughout the study. This
plot was obtained using the “manual comparison” method.
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Figure A.3 PCA plot of all time points from all reactors using GelCompar II. This plot gives the same
general trend as using the manual comparison method and shows a general convergence of all inocula after
16 cycles.

