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ABSTRACT
Geobacter sulfurreducens is considered a model organism for environmental iron
reduction and electricity production inside bioelectrochemical systems (BESs), and is
also important for the bioremediation of certain contaminants. Developing a better
understanding of how the metabolic processes of this organism respond to electron
acceptors could provide useful insights for improving BES performance and
bioremediation techniques. Nicotinamide adenine dinucleotide (NAD), nicotinamide
adenine dinucleotide phosphate (NADP), adenosine triphosphate (ATP), adenosine
diphosphate (ADP), and adenosine monophosphate (AMP) are five important metabolic
cofactors representing reduction potential and cellular energy. These cofactors were
analyzed in G. sulfurreducens cultures using fumarate, Fe(III)-citrate, or anodes poised
at varying redox potentials as the electron acceptor. In addition, reactors started with
anode potentials poised at 210 mV vs Standard Hydrogen Electrode (SHE) and then
switched to 110, 10, or −190 mV (versus SHE) or open circuit were compared to reactors
started directly at 110, 10, or −190 mV (versus SHE).
Results showed that cellular redox potential given by ratios of reduced to oxidized
NAD and NADP were similar when growing under all anode potentials tested and with
Fe(III)-citrate, which is also believed to be reduced extracellularly, as the electron
acceptor with an average of 0.088 ±0.022 (NAD) and 0.268 ±0.098 (NADP) for all
conditions. However, both ratios were significantly increased when fumarate was
provided as the electron acceptor, with values of 0.331 ±0.094 (NAD) and 1.955 ±0.369
(NADP). Energy potential of the cell represented by adenylate energy charge (AEC), an
aggregate ratio of ATP, ADP, and AMP that accounts for all phosphoanhydride bonds,

iii

was maintained near 0.47 under almost all conditions tested. The reactor started at 110
mV maintained an AEC of 0.63 ± 0.03, which Bonferroni-corrected t tests showed was
statistically different from the AEC for the reactor started at −190 mV and fumarate
reducing cultures (0.47 ± 0.003 and 0.047 ± 0.02, respectively). Anode-growing biofilms
demonstrated a significantly higher ATP/ADP ratio relative to cells growing in
suspended culture on fumarate or Fe(III)-citrate. Reactors started at 210 mV and then
switched to different anode potentials showed similar NAD(P) ratios and AECs as
reactors started at 110, 10, or −190 mV.
These results indirectly show that metabolic mechanisms regulated by the ratios
of reduced to oxidized NAD and NADP are altered significantly between G.
sulfurreducens cultures growing with extracellular and intracellular electron acceptors
but that energy potential represented by AEC is not significantly altered. However, the
ATP/ADP ratio and specific cellular ATP concentration increased during biofilm growth,
suggesting a need for increased levels of ATP to maintain the biofilm. Analysis of
reactors with anode potentials posed at 210 mV that were put into open circuit for 15 to
17 hours shows that G. sulfurreducens maintains similar reduced to oxidized NAD and
NADP ratios as well as AEC when electron acceptors are or are not available. Overall
anode potential has little effect on these important metabolic ratios, and specific electron
acceptors only appear to affect these ratios based on whether they are intra or
extracellularly.
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Chapter 1
Introduction
Currently, the world consumes 15 terawatts of power annually and the three main
sources of this energy, natural gas, coal, and oil, produce more than 10 times as much
CO2 per kilowatt-hour than any of the renewable alternatives [1]. This anthropogenic
release of CO2 and other greenhouse gasses (GHGs) is responsible for the current trend in
global warming, which is predicted to cause droughts and floods in certain parts of the
world and to have an increasingly negative impact on human health and biodiversity [2,
3]. Thus, it is important that we reduce our dependence on fossil fuels and reduce GHG
emissions.
There are two key ways to reduce this dependence. The first involves shifting our
energy infrastructure away from fossil fuels and towards the development and increased
use of renewable energy technologies that emit little to no GHGs. Current analysis
suggests that only wind or solar power could ever provide a significant fraction of the
energy we now consume, but there are limitations to the technologies associated with
these energy sources that make them less attractive than fossil fuels [4]. Wind and solar
have a lower power density and are intermittent, unlike fossil fuels, but, like fossil fuels,
they are not necessarily abundant near dense population centers [4]. These limitations
mean that in the absence of policies that promote or mandate these technologies any
replacement of fossil fuel technologies with renewable energy technologies will be done
slowly as fossil fuels become scarce and expensive or demand for renewable energy
increases.
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Our other option is to reduce overall demand for electricity. Bioelectrochemical
systems (BESs), which rely on bacteria that are capable of transferring electrons out of
the cell (called exoelectrogens), could contribute to this by reducing the energy demands
of wastewater treatment plants; the production of peroxide, caustics, or hydrogen gas; or
desalinization [5-9]. BESs can also replace batteries for remote sensing technology or be
used for bioremediation [10, 11]. When BESs are coupled to wastewater treatment, they
have the potential to provide renewable energy to local power grids [5]. This renewable
energy source is located closer to dense population areas and is more constant than wind
or solar power, and could be coupled with these technologies to compensate for their
short comings. Thus, BESs have the potential to reduce our GHG emissions by reducing
our energy demand and providing a low-emission, renewable energy source.
While stand-alone energy generation may be a distant goal for BESs, reducing
energy demand in wastewater treatment plants is more likely in the near future [12]. The
activated sludge process in wastewater-treatment plants in the US consumes 21 billion
KWh of electricity a year or approximately 0.5% of our country’s total electricity use [13,
14]. This treatment process uses bacteria to couple the complete oxidation of organic
matter in wastewater with the reduction of oxygen to water. More than 50% of the energy
demand for this process comes from aeration [13]. In turn, microbial fuel cells (MFCs), a
form of BES, couple the oxidation of organic matter to the reduction of an anode. The
electrons then flow from the anode through a circuit to the cathode where they reduce
oxygen to water, without the need for aeration in air-cathode systems. In microbial
electrolysis cells (MECs), an additional potential is applied across the circuit to generate
hydrogen gas at the cathode [9]. If an energy-consuming treatment process, such as the
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activated sludge process, were replaced with an energy-generating technology like MFCs
or MECs, it would significantly reduce the energy demand, and thus the carbon footprint,
of the wastewater treatment industry.
To advance the full-scale implementation of MFC technology in wastewater
treatment plants, the power density of these systems must be increased and more costeffective electrode materials must be identified [15]. Understanding the metabolic
processes used by exoelectrogens to transfer electrons from the organic donor to an
extracellular electron acceptor could provide insights that lead to improved power
generation and novel material and architecture designs [11, 15].

Research Objective:
The objective of this research was to improve our understanding of the metabolic
implications of the anode potential in BESs for the exoelectrogen Geobacter
sulfurreducens. This was accomplished by examining the changes in select cofactors
under different electron acceptor conditions. G. sulfurreducens was chosen because it is a
commonly used model organism for studying BESs and extracellular electron transfer
(EET) due to the fact that the Geobacteraceae family has been shown to be the dominant
family, and G. sulfurreducens the dominant species, in BESs under various reactor
conditions [16, 17]. In addition, the full genome has been sequenced and a genetic
modification system has been developed for G. sulfurreducens [18, 19].
Cofactors play an important role in the metabolic processes of cells [20]. The
cofactor adenosine triphosphate (ATP) is used as an energy intermediate for various cell
processes, and nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
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dinucleotide phosphate (NADP) are important intermediate electron carriers for catabolic
and anabolic processes, respectively [20]. These cofactors are also important regulatory
components in the cell. Measuring these cofactors under different anode potentials and
with different soluble electron acceptors should provide insight into how G.
sulfurreducens adapts to these conditions.

Thesis Organization:
This thesis is organized into six chapters that follow this one. The literature
dealing with the role of anode potential and G. sulfurreducens in BESs as well as the
importance of cofactors in cellular metabolism is reviewed in Chapter 2. The materials
and methods used in this research are discussed in Chapter 3, and the results of these
experiments are summarized in Chapter 4. Chapter 5 is a discussion of the results within
the context of BESs and environmental systems, with conclusions presented in Chapter 6.
Finally, potential future research based on the findings of this study is presented in
Chapter 7.
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Chapter 2
Literature Review

2.1 Environmental redox potential in G. sulfurreducens metabolism
G. sulfurreducens is important in BESs for its ability to generate high current and
frequently dominates the anode community in mixed culture systems [16, 17, 21, 22].
Also, Geobacter spp. are often the predominant communities involved in hydrocarbon
degradation, dissimilatory iron reduction, and uranium immobilization [23-25].

G.

sulfurreducens’ genome has been sequenced and there is a system in place for generating
genetic modifications [18, 19]. Thus, it is commonly studied as a model organism for iron
and anode reduction. Understanding how this bacterium responds to the redox potential
of its environment could yield important insights for improving reactor performance or
bioremediation.
Prokaryotes have a number of different mechanisms for gene regulation based on
external and internal redox states (reviewed in [26]). Environmental microorganisms
typically have more complex signaling systems than those inhabiting relatively stable
systems, such as a mammalian intestine, and the genome of G. sulfurreducens contains
the second highest fraction of signaling proteins to total proteins of all bacterial genomes
sequenced as of 2004 [27]. At least ten of these signaling proteins have periplasmic
sensor domains that contain c-type heme binding motifs. Further characterization of two
of these proteins (GSU0582 and GSU0935) has shown that they both reversibly bind NO
and CO but that CO binding occurs only when the iron is reduced [28, 29]. The redox
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potential of the heme group is different by roughly 100 mV between these two proteins,
suggesting that these proteins bind CO under different redox conditions and thus
modulate physiological response to different redox potentials [28].
Three different Geobacter spp, including G. sulfurreducens, are unable to reduce
ferrihydrite under conditions in which they can reduce Fe(III)-citrate, but lowering the
redox potential of the medium results in the reduction of ferrihydrite [30]. Other
researchers have shown that G. sulfurreducens modulates the protein used to transfer
electrons to the anode under different redox potentials. This protein is referred to as the
terminal electron donor (TED) of the cell. Biofilms of G. sulfurreducens growing on an
anode with the potential poised at 300 or 600 mV vs standard hydrogen electrode (SHE1)
have a redox couple, associated with the TED of the cell, with a formal potential of 120
mV, as measured using cyclic voltammetry (CV) [31]. However, biofilms growing on
anodes poised at 800 mV showed an oxidation and two reduction peaks with an
equilibrium potential at 680 mV. When the anode poised at 300 mV was switched to 800
mV and given time to adapt, the biofilm showed this new midpoint redox potential. When
the anode potential was switched back to 300 mV the redox couple at 120 mV reappeared
and the couple at 680 mV decreased [31]. In the range of anode potentials from −200 to
400 mV, two different teams of investigators reported that the redox couples for G.
sulfurreducens don’t change based on CV response [32, 33]. However, a third set of
investigators found that while CV analysis didn’t show different redox couples for
biofilms grown at 0.24 or −0.16 V, differential pulse voltammetry did [34]. Thus it is

1

All values reported in this thesis are in terms of SHE. Values reported in the literature versus Ag/AgCl
have been adjusted to SHE based on data provided by the author in the work, or if no reference was
provided, by addition of 200 mV.
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possible that G. sulfurreducens has the ability to adapt to different environmental redox
potentials by adjusting gene expression or its metabolic activities.
Anode potential also appears to have an effect on the generation of biomass. In
biofilms grown on anodes poised at −160, 0, and 400 mV or on anodes with no poised
potential (−130 mV), it has been found G. sulfurreducens gains more energy (based on
increased biomass) from a more positively poised anode between −160 and 0 mV [33].
However at 400 mV no additional energy was obtained compared to 0 mV [33]. Other
researchers have found that current density, which is linearly associated with biomass,
increased with increasing anode potential from −200 to 400 mV [32, 34]. The ability to
generate higher current/biomass with increasing anode potential could be due to a number
of factors such as preferential attachment of bacteria to more positive surfaces; improved
mass transport for electron shuttling components in the biofilm thus allowing the
development of thicker biofilms; change in or increased expression of the TED used by
the cells; or an increased driving force for metabolism, which could produce more
biomass per electron donor through additional proton translocation steps.
A number of different BES studies on G. sulfurreducens using CV have found a
catalytic wave near −150 mV (see Table 2.1). Other researchers have found redox
couples, using the second derivative of this wave, with values −100 and −181 mV or
−190 and −250 mV,

which are similar to the redox potential of outer membrane

cytochrome B (OmcB; −190 mV), OmcS (−212 mV), and OmcZ (−220 mV), all three of
which have been proposed as TEDs in EET [32, 35-39]. These values are also similar to
the redox potentials of the periplasmic signaling proteins discussed earlier (−156 and
−251 mV) [28]. Thus it appears that the protein or proteins used by G. sulfurreducens to
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transfer electrons extracellularly has a midpoint redox potential within the range of 0.0
and −0.25 and that this bacterium has a mechanism for adapting cellular processes to
changing potentials within this range.
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Table 2.1: Different CV-derived midpoint values reported for the TED of G. sulfurreducens

Midpoint Redox
Potential (mV)

Anode
Potential
(mV)
495

Anode
Material

Growth Stage

Reference

Graphite

Metabolically active

[35]

495

Graphite

Acetate limited

[35]

100a

Carbon
paper

[40]

−150

240

Glassy
carbon

−100

400, 0,
−160, or
−130a
240 or
−160

Carbon
paper

Washed from mid-log phase
in suspended culture and
entrapped with pectin on
anode
The same results were found
when incubated with acetate
and entrapped by pectin on
anode or growing in batch
reactors
Increasing current

From initial inoculation of
reactor to 72 or 94 hours,
respectively
Acetate limited

[34]

48 and 64 hours after
inoculation
Electron acceptor limited

[32]

250 hours of batch cycle
operation, measured 5 or 13
hours after acetate addition
18 hours after exposure to
electrode
18 hours after exposure to
electrode
Initial inoculation and after
72 hours (maximum current)

[32]

−140
First derivative:
−100 and −181
−136
First derivative:
Major systems:
−100 and −181
Minor systems:
195 and −320
−150

−150

Graphite

−56, −180, and
−235
−250 and
−190
−465

240

Graphite

200

−250 and
−190
120

400, 200,
0, or
−200
300 or 600

Glassy
carbon
Glassy
carbon
Glassy
carbon
Graphite

680

800

Graphite

−150
First derivative
Minor peaks:
−220 and −20

240

Glassy
carbon

a

200

[40]

[33]

[34]

[32]

[31]
[31]
[36]

anode potential was not poised at this potential.
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2.2 Role of cofactors in cellular metabolism and gene expression
A large amount of research has been done cofactors in cellular processes.
Research on NAD(P) in eukaryotic cells and organisms, which is reviewed in [41, 42],
has demonstrated that NAD plays a myriad of roles in multicellular organisms, including
regulating cellular energy metabolism, gene expression, and calcium homeostasis, and
also appears to be involved in carcinogenesis, immunological function, and aging. NADP
is important for the antioxidant system, synthesis of cellular compounds, and generating
reactive oxygen species [41]. In prokaryotes, it is generally thought that NAD is involved
in the transfer of electrons to the electron transport chain in respiration, while NADP is
used for the reductive synthesis of cellular compounds [20]. However, it has been shown
that when growing with fumarate as the electron acceptor, G. sulfurreducens can use both
NAD and NADP to transfer reducing equivalents to respiration [43]. Geobacter
metallireducens contains enzymes that couple the oxidation of both NADH and NADPH
to the reduction of the menaquinone analogue menadione [44]. The transfer of electrons
from NAD(P) to menaquinone is believed to be one of if not the sole source of proton
translocation in both G. sulfurreducens and G. metallireducens, thus this generalization
may not be true for Geobacter spp. [43-45]. ATP is considered the energy currency of
the cell for both prokaryotes and eukaryotes and also plays a role in signaling pathways.
It has been proposed that NAD and ATP, along with Ca2+, are the three most fundamental
regulatory components for any living organism [46, 47]. Prokaryotes contain other
electron and energy carriers, such as FAD and GTP, respectively [20]. However, these
cofactors were not investigated in this study.
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The ratios of these cofactors (i.e. reduced to oxidized NAD or ATP/ADP) regulate
cellular processes by regulating enzyme activity through competition for cofactor-binding
sites [48-54] . Thus it is generally thought that the concentration of the oxidized or
reduced form of NAD and NADP or the concentration of ATP are not important in
themselves and that it is the ratio of reduced to oxidized NAD(P) or ATP to adenosine
diphosphate (ADP) or adenosine monophosphate (AMP) that are important for regulating
cellular processes [49, 52].
Atkinson and Walton also proposed the Adenylate Energy Charge (AEC) as an
important metabolic regulatory parameter [50, 52, 55]. The AEC is a measure of the
energy stored in the adenylates’ higher energy phosphate bond, normalized to the two
possible high energy phosphate bonds in ATP so that ATP = 1 and ADP = 0.5, relative
to the total possible energy storage (total adenylate concentrations):

1
[ ADP]
2
[ ATP ] [ ADP] [ AMP]
[ ATP ]

AEC

However, the high energy phosphate bond in ADP is only metabolically equivalent to one
of the high energy phosphate bonds in ATP when the reaction catalyzed by adenylate
kinase (Reaction 1) is at or near equilibrium [49].

2 ADP

1 ATP 1 AMP

Reaction 1
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The reason for this is that an enzyme requiring ATP to catalyze a reaction will not use 2
ADP in its place. In fact in a number of ATP-utilizing enzymes, ADP is a competitive
inhibitor of enzyme activity as reviewed in [49, 56]. Thus the only way 2 ADP can be
equivalent to 1 ATP is if they are converted into 1 ATP by adenylate kinase. When this is
the case, a specific AEC is correlated to specific ATP/ADP and ATP/AMP ratios, which
are also highly regulated and important regulatory values, as reviewed in [49, 52].
Even if the reaction catalyzed by adenylate kinase is not in equilibrium in the cell,
the AEC could still be important for the regulation of enzymes affected by all three
adenylates. One example of this is the complex relationship between AEC and enzyme
activity seen with the glyogen phosphorylase of Mytilus galloprovincialis in vitro (Figure
2.1) [57]. Whatever the mechanism, researchers have shown that the AEC is an important
parameter for determining cell viability and is highly conserved in actively growing
organisms using a variety of electron donors and acceptors [58-61]. AEC has also been
proposed as a measure of activity in microbial communities in a variety of environmental
settings because this value correlates with growth state in a wide-range of bacteria [62].
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Figure 2.1 Enzyme activity of the glycogen phosphorylase of M.
galloprovincialis as a function of AEC. Figure from [57]

Because of the importance of these ratios, they are highly controlled by the cell
[52]. However, significant shifts in these important cellular ratios have been associated
with significant shifts in metabolism. Early research on a number of facultative anaerobes
showed that all of the studied bacteria maintained a higher internal redox state
(NADH/NAD+) during anaerobic respiration [63]. Escherichia coli also maintains a
higher reduced to oxidized NAD ratio when growing on terminal electron acceptors with
more negative midpoint redox potentials or on decreasing partial pressures of oxygen and
the decreasing internal redox state of the cell was associated with increased expression of
the pyruvate dehydrogenase complex [64]. Other investigators have shown that
13

expression of the fermentative alcohol dehydrogenase in E. coli increases with increasing
cellular redox state [65, 66]. In Enterococcus faecalis, shifts from pyruvate
dehydrogenase and lactate dehydrogenase to pyruvate formate lyase have been associated
with changes in the reduced to oxidized NAD ratio [67, 68]. In Clostridium
acetobutylicum, changes in the NAD ratios and ATP concentration have been associated
with and possibly regulate the onset of solventogenesis [69-71] (and reviewed in [72]). E.
coli maintains a constant AEC when growing aerobically or anaerobically [59]. However,
a sharp drop in AEC is seen when aerobically growing cultures are flushed with nitrogen
but no change is seen when anaerobic cultures are sparged with oxygen [59]. Once the
electron acceptor is depleted the AEC initially drops slowly and then begins a steep drop,
which is associated with a loss of viability [59].

2.3 Potential for metabolic shifts in G. sulfurreducens
As discussed in the first section of this chapter, G. sulfurreducens may alter its
metabolism to adapt to different anode potentials. The ferric reductase of G.
sulfurreducens has been shown to be specific for NAD and it is believed that NAD is the
sole provider of electrons to the EET chain through the reduction of menaquinone in the
inner membrane [45, 73-75]. Thus based on the research in E. coli, we would expect that
the NADH/NAD+ ratio will increase as the redox potential of the anode/electron acceptor
decreases. However, it has recently been proposed that G. sulfurreducens uses a gating
mechanism in the periplasm to control the flow of electrons [76]. The gate works
because the multiple heme groups in the c-type cytochrome PcpA in the periplasm of G.
sulfurreducens have a higher redox potential range than the heme groups in the OMCs
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(OmcZ, OmcS, and OmcB) that are downstream of PcpA in the electron transport chain
(Figure 2.2). One result of this hypothesis is that PpcA would be buffered against changes
in the anode as demonstrated by analysis of biofilms in a spectroelectrochemical reactor
[76]. If this is true, there could be no direct feedback between the redox potential of the
electron acceptor and the NAD ratio. A second result of this hypothesis is that redox
status of PpcA would set the redox status of the OMC pool. This would also explain why
a majority of the CV values for the TED reported in the literature (see Table 2.1) are at
−140 or −150 mV, similar to the midpoint redox potential of PpcA (−146 mV) [77]. Even
if it were true though, G. sulfurreducens may still alter its metabolism using indirect
mechanisms, such as redox sensing proteins. Also, it has been suggested that G.
sulfurreducens can conserve additional energy from increasing anode potential in the
range of −160 to 0 mV [33].
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Figure 2.2 Derivative of the fraction of reduced c-type cytochromes in a
G. sulfurreducens biofilm with the redox potential range of OmcS,
OmcZ, and PpcA overlayed. Figure from [76]

In contrast to the possible changes induced with anode potential, growth with
fumarate as the terminal electron acceptor yields significant metabolic alterations relative
to iron/anode growth. First, the fumarate reductase (FrdCAB) of G. sulfurreducens,
which is also the succinate oxidase, is used for respiration, and this enzyme has a higher
specificity for NADP than NAD [43, 78]. Also, G. sulfurreducens uses an open-loop
citric acid cycle (CAC) when growing with acetate and fumarate because the oxidation of
succinate to fumarate, an energy-intensive step in G. sulfurreducens, is unnecessary
(Figure 2.2A) [43]. During growth with insoluble electron acceptors, G. sulfurreducens
uses a closed-loop CAC (Figure 2.2B) [43]. Thus, it is expected that there would be
significant differences in the reduced to oxidized NAD and NADP ratios between
fumarate and anode-reducing cells.
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It has also been demonstrated that G. sulfurreducens generates three times as
much biomass when growing on fumarate than with electron acceptors reduced outside
the cytoplasm, which coincides with a constraint-based model prediction of 3 times as
much ATP generated per electron donor [45]. This increased energy generation could
yield metabolic differences. However, results with E. coli show that there is no
significant difference in AEC between aerobic and anaerobic growth [59].
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Figure 2.3 A) Open-loop CAC for G. sulfurreducens during growth
with fumarate and B) closed CAC during growth with other electron
acceptors [43].
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The metabolic differences between the reduction of soluble Fe(III)-citrate and an
insoluble electron acceptor, such as graphite, in G. sulfurreducens are less certain. OmcB,
which is firmly imbedded in the outer membrane, has been shown to be important in the
reduction of soluble iron but mutants lacking this protein generate current similar to wildtype cells [79-82]. It has also been shown that the transcription of 474 genes were
different between cells using an anode or Fe(III)-citrate as an electron acceptor, including
genes for energy metabolism [82]. However, cytochromes present in the periplasm and
outer membrane that are thought to be part of the EET mechanism have been shown to be
important for Fe(III)-citrate reduction, suggesting that soluble forms of iron are also
reduced at or near the cell surface similar to insoluble electron acceptors [83-87]. In
addition, investigators found that cells growing with an anode poised at 240 mV
produced 342 mg cell protein/ mol electron, which they found to be similar to yields
reported by other researchers for Fe(III)-citrate reducing cultures, suggesting that the
mechanisms used for energy conservation are the same [34]. Thus, it is likely that the
mechanism for transfer of electrons from NADH across the inner membrane is the same
whether G. sulfurreducens is using Fe(III)-citrate or an anode. However, it is unknown
whether the difference in gene expression and potential differences in electron transport
chain are associated with a significant metabolic shift.
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Chapter 3
Materials and Methods
In the experiments that follow, I measured all of the various forms of NAD(P) and
adenylates with different electron acceptors (fumarate, Fe(III)-citrate, and a graphite
anode) to understand how G. sulfurreducens changes these important metabolic ratios to
adapt to these different conditions. Two types of reactor experiments were run; one where
reactors were started with anodes poised at 110, 10, −90, or −190 mV versus SHE and a
second where the reactors were started at 210 mV and then switched to 110, 10, or −190
mV or Open Circuit (OC) once a biofilm was established and then allowed to adapt
before sampling. The comparison of these two reactor experiments allowed us to examine
if the anode potential during colonization had any effect on the cofactor ratios of the
cells.
3.1 Bacterial strain and culture media
G. sulfurreducens strain PCA was obtained from ATCC (# 51573). The bacterium
was cultured in anaerobic serum bottles or MECs using an anaerobic medium containing
2.5 g/L NaHCO3, 1.5 g/L NH4Cl, 0.6 g/L NaH2PO4, and 0.1 g/L KCl [88]. The medium
also contained Wolfe’s trace vitamin and mineral solution [89]. When growing in
suspended cultures, the medium was amended by adding 130 mM filter-sterilized
fumarate (which has a midpoint redox potential of 30 mV vs SHE) and 30 mM acetate or
50 mM Fe(III)-citrate (which has a midpoint redox potential of 370 mV vs SHE) and 10
mM acetate [20, 90]. The fumarate medium was electron donor limited, while Fe(III)citrate medium was electron acceptor limited. MECs were amended with 30 mM acetate.
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Cultures were inoculated from maintained culture by addition of 10% inoculum and
incubated at 30 °C. Uninoculated media containing similar concentrations of acetate and
fumarate or acetate and Fe(III)-citrate were used as controls. Cell growth in fumarate
cultures was tracked by measurement of optical density (OD) at 660 nm. Growth for
Fe(III)-citrate cultures was tracked by iron reduction using the ferrozine assay described
below instead of OD due to potential interference by Fe(III)-citrate. Suspended cultures,
run in triplicate, were sampled while cells were in exponential phase before acetate or
Fe(III)-citrate were limiting.

3.2 Reactor Setup and Operation
Single-chamber bottle MECs were run with poised anode potentials using a three
electrode configuration with a working
electrode composed of graphite, a counter
electrode composed of either graphite or
titanium wire, and a Ag/AgCl reference
electrode (Figure 3.1). Graphite plates 0.32
cm thick (GraphiteStore.com) were cut into
rectangles of 4.5 x 2.0 cm by the EMS
Machine Shop at Penn State. The faces of
each graphite plate were sanded using 400
grit sandpaper and then the plates were
soaked in water and sonicated until no more

Figure 3.1: Reactor design with graphite
electrodes, reference electrode, and gas bag
(back)

21

particles were removed. Plates were then soaked in 1N HCl for 24 hours and then in
water for another 24 hours. Two holes (0.08 cm in diameter) were drilled at the top of
each plate and titanium wire (0.08 cm) was threaded through (Figure 3.2). The wire was
bent against the graphite to stabilize graphite electrodes and ensure a good electrical
connection. Resistances between graphite plate and titanium wire were < 2 Ω as
measured with a handheld multimeter.
These plates served as both the anode
and cathode for reactors that were started with
anodes poised at 210 mV and then switched to
either 110, 10, or −190 mV or Open Circuit
voltage (OCV). Titanium wire served as the
cathode for all other experiments. A hole for a
reference electrode was made in a rubber
media bottle stopper using a cork punch. The
titanium wire alone or connected to a graphite
plate was inserted through a rubber stopper
with anode and cathode positioned at opposite

Figure 3.2: Anode with titanium wire
threaded through holes and pressed
against graphite

sides. Media bottles (100 mL) were filled with meda, capped with the rubber stoppers
containing the electrodes, and autoclaved. After autoclaving, the rubber stoppers were
secured with a screw top and a Ag/AgCl reference electrode from BASi (210 ± 2 mV vs
SHE), sterilized by soaking in 95% ethanol for 10 minutes, was inserted. Reactors were
sparged with an N2:CO2 80:20 gas mixture passed through a 0.2 μm filter. Sterile needles
connected to gas collection bags were then inserted. Each pair of duplicate reactors were
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inoculated by spinning down 20 mL of fumarate growing cells in late log phase,
resuspending in 2 mL of fumarate-free medium, and then adding 1 mL to each reactor.
Sets of duplicate reactors were run at 30°C under a variety of different conditions.
Experiments using graphite cathodes and anodes began with all reactors poised at 210
mV using a WonATech WMPG 1000 multi-channel potentiostat, which was also used to
record current. Once > 5 mA was generated, reactors were switched to fixed anode
potentials of 110, 10, or −190 mV or into open circuit. Reactors were run at these
potentials for at least 12 hours before sampling. Experiments using graphite anodes and
titanium wire cathodes were started at 110, 10, −90, −190 mV or open circuit (control)
and ran until reaching a current of > 4mA. The highest value in our experiments (110
mV) was chosen because it was significantly higher than −50 mV, the potential at which
maximum current is generated in G. sulfurreducens growing on graphite anodes [34, 36].
The other anode potentials (10, −90, and −190 mV) were chosen to span the range of
redox potentials for proteins involved in electron transfer to the anode. Higher redox
potentials used by other investigators were not examined here because these values (600
and 800 mV) are much higher than those commonly used in BESs or for the natural
environment of the microaerophilic G. sulfurreducens [91].

3.3 Cell quenching and extraction procedure
For anode biofilms, centrifuge tubes (45 mL) were completely filled with ice and
water and then sparged with N2 gas for 10 minutes. While the MECs were still running,
the screw top from the bottle reactors was removed and the stopper was loosened. The
anode was then immediately transferred to the anaerobic ice water to quench cell

23

metabolism. The anode biofilm was scrapped off with a sterile spatula while submerged.
For suspended cultures, 20 mL of culture was removed with a syringe from anaerobic
serum bottles and injected into 25 mL of ice water that had been sparged for 10 minutes
with N2 gas in centrifuge tubes.
All samples were then centrifuged at 10,000 ×g for 10 minutes at 4 °C.
Supernatant was decanted and the pellet was resuspended in 600 μL of anaerobic sterile
water. Resuspended sample aliquots (100 μL) were then transferred to microcentrifuge
tubes containing either 700 μL of 0.03 M HCl (2 microcentrifuge tubes), 700 μL of 0.03
M NaOH (2 microcentrifuge tubes), 500 μL of 95% ethanol with 4mM
ethylenediaminetetraacetate (EDTA) at 78 °C, or an empty centrifuge tube.
Attempts to grow cells at higher acetate and Fe(III)-citrate concentrations (30 mM
acetate and 180 mM Fe(III)-citrate or 20 mM acetate and 100 mM Fe(III)-citrate) were
unsuccessful. Because of the decreased acetate concentrations and cell yield relative to
fumarate-grown cells, four centrifuge tubes of Fe(III)-citrate-grown cells (containing 20
mL of sample and 25 mL of anaerobic ice water) were centrifuged. The supernatant was
decanted from one of the centrifuge tubes, and the pellet was resuspened in 600 μL of
sterile anaerobic water. The supernatant was decanted from a second centrifuge tube and
the 600 μL of resuspended cells from the first centrifuge tube was used to resuspended
the pellet of the second tube. This serial process was repeated for the third and fourth
centrifuge tubes until the cell pellets from all four tubes were resuspened in 600 μL.
Samples mixed with acid or base were then put on heating blocks at 60 °C for 7
minutes. The acid protects the oxidized form of NAD(P), while the base protects the
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reduced form of NAD(P) during heat extraction [92]. If samples could not be analyzed
immediately, they were stored at 4 °C for less than two days [92].
Samples added to ethanol solutions were heated at 78 °C for two minutes to
extract ATP, ADP, and AMP [59, 93]. These solutions were then sparged with filtered N2
for 10 minutes and diluted 1:10 with 20 mM Tris(hydroxymethyl) aminomethane-H2SO4
and 2 mM EDTA, pH 7.75. If not immediately analyzed, these samples were stored at
−20 °C for less than two days. Samples added to an empty microcentrifuge tube were
used to measure cell protein concentration.

3.4 NAD(P) assay
Before analysis, samples were neutralized with either 700 μL of 0.03 M NaOH or
0.03 M HCl for oxidized and reduced forms, respectively. Neutralized samples sat on ice
for 10 minutes to precipitate proteins. Oxidized samples were then centrifuged at 3,000 g
for 10 minutes while reduced samples were centrifuged at 10,000 g for 15 minutes [92].
Standards (125 – 12.5 nM) of NAD+ (Sigma Aldrich), NADH (Sigma Aldrich), NADP+
(Alfa Aesar), and NADPH (CalBiochem) were made from 1 mM stock solutions.
Concentration of 1 mM standards were measured by absorbance at 260 nm and converted
based on Equation 1 [94]

Conc [ M ]

Abs
18 *10 [M -1 cm -1 ] *
3

Equation 1
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In Equation 1, 18 x 103 M−1 cm−1 is the molar absorptivity of NAD(P) and ε is the cuvette
path length in cm.
Each sample or standard was added (80 μL) to one well of a transparent 96-well
plate [95]. Eight replicates of each sample were run as well as eight replicates which
received no enzyme (background) for each sample. A solution containing equal parts 1.0
M Tricine-NaOH pH 8.0, 40 mM EDTA, 1.67 mM phenazine ethosulfate (PES; Sigma
Aldrich) 4.2 mM thiazolyl blue tetrazolium bromide (MTT; Sigma Aldrich) and either 5
M ethanol (NAD) or 25 mM glucose-6-phosphate (NADP) was added to each well (100
μL) [95, 96]. The plate was then incubated at 37 °C for 5 minutes. To initialize the
cycling assay (Figure 3.3), 20 μL of either 100 units/ml alcohol dehydrogenase (Sigma
Aldrich), or 2.7 units/mL glucose-6-phosphate dehydrogenase (Sigma Aldrich), or 0.3 M
NaCl (background) was used to start the reaction. Alcohol dehydrogenase catalyzed the
reaction involving NAD while glucose-6-phosphate dehydrogenase catalyzed the reaction
involving NADP. MTT reduction was measured at 570 nm at 37 °C every 15 seconds for
10 minutes with a SpectraMax Plus384 microplate reader (Molecular Devices).
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Reduced Enz

NAD(P)+
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Figure 3.3: Cycling assay for NAD(P) analysis showing electron transfer from enzyme-substrate
complex to MTT. NAD(P) can be correlated to MTT reduction if it is the rate-limiting step in this
reaction.

Linear regression analysis was used to determine the rate of MTT reduction for
each standard/sample and a standard curve was generated by plotting the backgroundsubtracted slope versus concentration (Figure 3.4). Sample concentrations were
determined with the standard curve after background subtraction.

25

NAD+
NADP+

Rate of MTT Reduction
(Abs/minute *1000)

20
15
10
5
0
0

10

20

30

40

50

60

70

Mass (pmol)
Figure 3.4: Representative standard curve for NAD + and NADP+ ranging from 1 to 60
pmol. Similar curves were seen for NADH and NADPH respectively.
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3.5 Adenylate analysis
In preparation for the AEC assay, pyruvate kinase (EMD Chemicals) was diluted
1:10 in 20 mM Tris and 0.1 % bovine serum albumin (BSA), pH 7.75. Myokinase
(adenylate kinase; Sigma Aldrich) was centrifuged at 10,000g for 20 minutes and
resuspended in 20 mM Tris and 0.1 % BSA, pH 7.75 [93]. ATP assay mix (Sigma
Aldrich) was reconstituted in 5 mL of sterile molecular grade water.
After dilution with tricine buffer, 1 mL of sample was pipetted into three
microcentrifuge tubes. To each of the three tubes, 40 μL of a solution containing 125 mM
phosphoenol pyruvate (PEP), 31 mM MgSO4, and 78 mM K2SO4 was added. Pyruvate
kinase (10 μL) was added to one of the tubes to convert ADP to ATP by Reaction 2 and
pyruvate kinase and myokinase (10 μL each) were added to convert AMP and ADP to
ATP through a combination of Reaction 1 and 2 [93]. Samples were then incubated at 30
°C on a shaker for 30 minutes.

ADP PEP

ATP

Pyruvate

Reaction 2

To analyze samples (triplicate) for ATP, ATP and ADP, or all three adenylates,
100 μL of sample was added to one of the wells of an opaque 96-well plate. An
equivalent volume of ATP mix was added to start the reaction. Light emission was
measured immediately after addition of sample using a ChemiDoc System (Bio-Rad)
with a three second exposure time. Light intensity was quantified using the QuantityOne
software. Standards (300 to 2 nM) were generated from a 2 mM stock solution prepared
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from ATP salt (Amersham Bioscience) and used to generate a standard curve by plotting
relative light units against concentration. ADP and AMP concentrations were calculated
by subtraction.

3.6 Other analyses
To measure cell protein concentration, samples were spun down at 6,000 ×g for 5
minutes and then resuspended in 0.2 M NaOH [97]. The resuspended cells were then
centrifuged again at 6,000 ×g for 5 minutes and measured using the DC Protein Assay
Kit (Bio-Rad). Standards were prepared using BSA fraction V.
To test the purity of reactors and suspended cultures, DNA was extracted using
the PowerSoil DNA Isolation kit (MoBio), ribosomal intergenic spacer analysis (RISA)
was performed with primers 1406f (5' TGYACACACCGCCGT 3') and bacterial 23Sr (5'
GGGTTBCCCCATTCRG 3'), and PCR products were visualized on a 1% agarose gel
[98]. A 1kb DNA ladder from promega was used to quantify the length of the PCR
product.
Fe(II) was measured by adding 100 μl of sample to 5 ml of 05 M HCl and letting
stand for 15 minutes. Then 5 ml of 1 g/L ferrozine in 50 mM HEPES (N-2hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer at pH 7 was added to 100 μl of
acid-exposed sample. Sample was then filtered and absorbance was measured at 562 nm.
Fe(II) concentration was calculated using the molar absorptivity coefficient of the Fe(II)ferrozine complex, 27,900 L/mol-cm [99].
A calomel pH electrode (VWR) was used for pH and solution redox potential
measurements.

After cultures were sampled, reactor effluent or suspended culture
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medium was passed through a 0.2 μm filter and stored at 4 °C for acetate analysis.
Acetate concentration was analyzed with High Powered Liquid Chromatography (HPLC)
using an Allure Organic Acids 5 μm column (Cat. # 9165575, Restek) and 50 mM
KH2PO4, pH 2.3 mobile phase. Gas captured from reactors was characterized with either
an SRI Instruments GC 310 with a 6 foot molecular sieve packed 5A column (CH4, H2,
and N2) or an SRI Instruments GC 310 containing a 3 foot silica packed column (CO2).
The data sets were analyzed first by using analysis of variance (ANOVA) to
determine whether a statistically significant difference existed between groups using a
0.95 cut off. If the data was statistically significant, student t-test with a Bonferroni
correction at the 95% Confidence interval was used to distinguish between each pair in
the group. The cellular redox potential for the NAD(P) redox couple was calculated using
Equation 2 [5]

E ' 0.094 V

RT
N
ln
2F
10 14

Equation 2

where R is the gas constant (8.31 J/mol-K), F is faraday’s constant 9.65 x 104 C/mol, T is
temperature (303 K), and N is the reduced to oxidized ratio of NAD(P).
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Chapter 4
Results
4.1 Cofactor ratios with varying startup anode potential
The reactors started at the various anode potentials (+100, +10, −90, or −190 mV
versus SHE) had current doubling times of 6.4 ± 1.6 hr when the current was at or below
1 mA (Figure 4.1). These values were similar to the doubling of 6.6 and 11 ± 1.1 hr for
suspended cultures growing with fumarate or Fe(III)-citrate as the electron acceptor,
respectively. Above 2 mA, current began increasing at a linear rate that was the same for
all but one reactor (Figure 4.2). Statistical analysis of the ratio of current:cell protein
showed similar values between all reactors (Figure 4.3).

12
-190-2

-90-1

10-1

Current (mA)

10
-190-1

8

110-2

6

110-1

4
2
-90-2

10-2

0
0

1

2

3

4

5

6

Time (days)
Figure 4.1 Current data (collected every 10 minutes) for MECs started with the anode
poised at +110, +10, −90, or −190 mV. Reactors were sampled once current increased
above 4 mA to ensure adequate biomass.
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Figure 4.2 Current data for MECs seen in Figure 4.1, with time = 0 corresponding to the
point at which current was greater than 2 mA.
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Figure 4.3 Comparison of the current:protein ratio between reactors poised with
different anode potentials. There was no significant difference between sets of
reactors.
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Once significant current was generated the reactors were sacrificed and cofactors
were extracted as described previously. The reference electrodes were tested after
reactors were sacrificed to evaluate whether they had maintained proper calibration
throughout the experiment. On average, the reference electrodes increased by 8.6 ± 3.2
mV versus a standard calomel electrode. The residual acetate concentrations in the
reactors ranged from 5.7 to 16.8 mM, corresponding to the removal of 81 to 44% of the
total acetate. The open-circuit control reactors, run for 6 days, removed approximately
50% of the acetate. However, RISA (Appendix F) showed that there was contamination
in these reactors and it is possible that methanogenic bacteria contributed to the removal
of acetate. The ratio of reduced to oxidized NAD and NADP for G. sulfurreducens
biofilms growing in MECs with various anode potentials were not statistically different
under all four anode-potential conditions (Figure 4.4). Open-circuit controls did not
produced detectable levels of cellular protein or any cofactor (data not shown). No
significant biomass was seen from visual inspection of the anodes before open-circuit
control reactors were sacrificed.
ANOVA analysis of AEC measurements showed a statistically significant
difference among reactors at different anode potentials (Figure 4.5). T-tests for 5 different
pairs of reactors with a Bonferroni correction [100] showed that the reactor with the
anode poised at +110 mV had a statistically higher AEC than the reactors with anodes
poised at −90 and −190 mV (0.95 CI). However, none of the other pairs of reactors were
statistically different.
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Figure 4.4 Reduced to oxidized ratio of NAD and NADP in G. sulfurreducens
biofilms grown at fixed anode potentials. Results show that G. sulfurreducens
maintained the same ratios under different anode potentials. Error bars represent 1
standard deviation based on duplicate reactors.
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Figure 4.5 AEC values for G. sulfurreducens biofilms grown at different anode
potentials poised at startup. Cells in the 110 mV reactor maintained a statistically
higher AEC value than the −90 and −190 mV reactors.

4.2 Cultures with differing electron acceptors
Suspended cultures growing with either fumarate or Fe(III)-citrate were compared
to cultures growing in biofilms using anodes as the electron acceptor. Residual acetate
concentration in cultures growing with fumarate during sampling was 16 mM (or 47%
removal). Acetate concentrations for Fe(III)-citrate cultures could not be measured due to
interference of iron with the HPLC procedure. However, the Fe(II) concentration
produced was 23 ± 0.5 mM (mean ± standard deviation for three cultures), which
corresponds to an acetate concentration of 6.6 mM (34% removal), based on a ratio of 6.8
moles of acetate consumed/mol iron reduced [101]. Because the entire suspension
volume was needed to analyze the cofactors, parallel cultures were grown for the
measurement of redox potential of the media. The redox potential of the fumarate

35

cultures started at −4 mV and ended at 5 mV, while the Fe(III)-citrate cultures started at
−18 mV and ended at −32 mV..
Statistical analysis of the ratio of reduced to oxidized NADP showed that G.
sulfurreducens maintained a higher ratio when using fumarate as an electron acceptor
compared to growth with Fe(III)-citrate or an anode (Figure 4.6). The difference between
anode-growing biofilms and fumarate-reducing cells was also statistically significant
based on ANOVA for the NAD ratio. However, the NADP ratio was statistically similar
between Fe(III)-citrate- and anode-reducing cultures. Due to the lower cell yield when
growing on Fe(III)-citrate, only one of the three replicates yielded detectable levels of
NADH during the experiments, preventing statistical analysis of the NAD ratio for
Fe(III)-growing cultures. However, the single value suggests a similar NAD ratio
between anode- and Fe(III)-reducing bacteria.
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Figure 4.6 Reduced to oxidized ratios of NAD(P) in G. sulfurreducens cultures
growing with different electron acceptors. Fumarate utilizing cells maintained a
higher ratio of reduced to oxidized NAD and NADP. Anode data represents average
of MEC reactors at different anode potentials (n = 8).

ANOVA analysis of the AEC data including the cultures using fumarate and
Fe(III) as terminal electron acceptors showed statistical differences (Figure 4.7). T-tests
using the Bonferroni correction showed that the AEC for the reactor poised at 110 mV
was significantly higher than that for fumarate reducing cultures and the reactor poised at
−190 mV. However, the reactor poised at +110 mV was no longer statistically different
from the reactor poised at −90 mV due to the at the 0.95 CI, as had been found in the
analysis of only the MEC data; it was however significant at the 0.90 CI. This result is
due to the increase in the Bonferroni correction caused by the higher number of groups
when all electron acceptors are considered instead of just MECs (n=6 versus n=4,
respectively).
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Figure 4.7 AEC in G. sulfurreducens cultures growing with different electron
acceptors starting from the most positive to the most negative redox potential. The
values for fumarate- and Fe(III)-citrate-reducing cultures are averages of the redox
potentials of the medium at the beginning and end of the runs. The cultures grown
on anodes poised at 110 mV had statistically higher AECs than cultures growing on
fumarate and anodes poised at −190 mV.

Analysis of the ATP/ADP ratios for all reactors and cells growing with Fe(III)citrate and fumarate showed that the fumarate-reducing bacteria had statistically lower
ratios compared to all of the poised anode potential reactors except for the pair poised at
110 mV (Figure 4.8). Fe(III)-reducing cultures maintained a statistically lower ratio than
the reactors with anodes poised at 10 and −190 mV. No other pairs were statistically
different. Two way ANOVA comparing growth condition (biofilms versus suspended
culture) and terminal electron acceptor redox potential (range: 100 to 0 mV or >100 mV)
showed a significant interaction between these two variables. Analysis of suspended
cultures and biofilm growing cultures showed a statistical difference between the two
values (0.37 ±0.06 and 0.65 ±0.14, respectively).
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Figure 4.8 ATP/ADP ratio in G. sulfurreducens cultures growing with different
electron acceptors at different redox potentials.

For fumarate-reducing cultures, there was a linear relationship between
NADH/NAD+ and ATP/AMP and between NADPH/NADP+ and ATP/ADP (Figure 4.9
& 4.10). However, no relationship was found between NAD(P) and the adenylate system
with cultures using ferric citrate or an anode as the electron acceptor (data not shown).
For all of the conditions tested, there was a relationship between ATP/AMP and AEC,
which could be fit to an exponential equation (Figure 4.11).
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Figure 4.9 Relationship between NADH/NAD + and ATP/AMP in fumarate reducing
cultures in G. sulfurreducens.
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Figure 4.10 relationship between NADPH/NADP + and ATP/ADP in fumarate
reducing cultures of G. sulfurreducens.
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Figure 4.11 The relationship between AEC and ATP/AMP for G. sulfurreducens
using fumarate, Fe(III)-citrate, or anodes with potentials poised at 110, 10, −90, and
−190 mV as the electron acceptor.

4.3 Analysis of reactors started with anode poised at 210 mV and switched to
different poised potentials
Reactors were run with the anode poised at 210 mV and then switched to 110, 10
or −190 mV after biofilm establishment. Reactors switched from 210 to −190 mV saw a
significant drop in current from 7.25 mA to 1.7 ± 0.7 mA, which was associated with a
drop in the rate of current production to zero (Figure 4.12). Comparison of NAD and
NADP ratios between reactors switched from 210 mV to 110, 10, or −190 mV or OCV
and reactors started at these three potentials, showed no statistically significant difference
between all seven conditions (Figure 4.13 and 4.14).
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Figure 4.12 Current data for reactors started with an anode potential of 210 mV and
switched to 110, 10, or −190 mV. First double arrow represents time when reactors
were switched to either 10 or −190 mV. Second double arrow represents time point
at which reactors were switched to 110 mV.
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Figure 4.13 Comparison of the ratio of reduced to oxidized NADP between reactors
started with anodes poised at 210 mV and switched to 110, 10, −190 mV or OCV to
reactors started at the stated potentials.
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Figure 4.14 Comparison of the ratio of reduced to oxidized NAD between reactors
started with anodes poised at 210 mV and switched to 110, 10, −190 mV or OCV to
reactors started at the stated potentials.

Statistical analysis of the AEC for reactors started with anodes poised at 210 mV
compared to reactors started with anodes poised at 110, 10 or −190 mV showed
statistically significant differences based on ANOVA (Figure 4.15). Comparison of
paired t-test with Bonfferoni corrections did not demonstrate statistically distinct pairs at
the 95 CI. At the 90 CI, the reactors started at 110 mV were distinct from both the
reactors that started at −190 mV and those started at 210 mV and switch to −190 mV.
Comparison of AEC versus ATP/AMP for the reactors started with an anode poised at
210 mV could also be fit with the same exponential curve seen in Figure 4.11.
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Figure 4.15 Comparison of AEC between reactors started with anodes poised at 210 mV
and switched to 110, 10, −190 mV or OCV to reactors started at the stated potentials.
Error bars represent results of duplicate reactors.
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Chapter 5
Discussion

5.1 Effects of varying anode potential and Fe(III)-citrate on NAD(P) ratios
The ratios of reduced to oxidized NAD found in these experiments are consistent
with the large range of values presented for bacteria in the literature ranging from 0.094
to 0.79 [66, 72] [102]. The NADPH/NADP+ values for Fe(III)-citrate and anode reducing
cultures are also within the range of values previously reported for bacteria (0.01 to 1.42)
[96, 102, 103]. However, the NADPH/NADP+ found in this experiment (1.96) is higher
than values found in the literature. The cellular concentration of total NAD (3.2–5.1
μmoles/g cell protein) in this experiment is similar to total NAD values reported in the
literature (0.07–10.6 μmoles/g dry weight), assuming cellular protein accounts for half
the dry weight of the cell (see Appendix D) [67, 69, 71, 104]. The cellular NADH
concentration (0.27–0.88 μmoles/g cell protein) is also within the range of values
previously reported (0.23–6.3 μmoles/g dry weight) [67, 71]. The cellular concentration
of total NADP found in our experiment for cultures growing with an anode or Fe(III)citrate as the electron acceptor (1.7–3.0 μmoles/g cell protein) is within the range of
values previously reported (0.07–1.42 μmoles/g dry weight), however, the cellular
concentration of total NADP for fumarate reducing cells (9.6 ±0.7 μmoles/g cell protein)
is much higher [69, 104].

While the cellular NADP concentration is higher than

previously seen, the approximately 3 to 6 fold increase during fumarate reduction relative
to anode or Fe(III)-citrate reducing cultures is similar to the 2.7 and 4.9 fold increase in
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cellular NADP concentration of Leuconostoc mesenteroides and Streptococcus faecalis
when growing aerobically relative to anaerobically [104].
The ratio of reduced to oxidized NAD does not appear to respond to the redox
potential of extracellularly reduced terminal electron acceptors since it remained constant
for G. sulfurreducens growing on graphite anodes poised at redox potentials ranging from
110 to −190 mV and growing with Fe(III)-citrate, which is believed to be reduced
extracellularly in G. sulfurreducens, as the electron acceptor. These results are similar to
those seen in Klebsiella aerogenes, which maintains the same ratio of reduced to oxidized
NAD during aerobic and anaerobic growth [63]. These results are consistent with the
gating hypothesis presented in the literature review. This is based on the fact that the
periplasmic portion of the electron transport chain for G. sulfurreducens has a more
positive redox potential range than its downstream counterparts (OMCs) [76]. This means
that if transfer of electrons from the OMC pool to the electron acceptor is faster than
electron transfer from PpcA to the OMC pool then the OMCs are always oxidized and
thus can always accept electrons from the periplasmic proteins [76]. If PpcA can always
transfer electrons to the OMCs regardless of the redox potential of the terminal electron
acceptor then the effects of this redox potential would on the components upstream of
PpcA, including the NAD ratio, could be mitigated and would explain why a constant
reduced to oxidized NAD ratio was maintained under all four anode potentials and
Fe(III)-citrate reduction.
It is important to note that NAD is reduced from the CAC and thus changes in
NADH/NAD+ might affect this cycle, i.e., an increase in the ratio could decrease the rate
of the cycle, and conversely changes in the CAC, such as changes in electron donor, can
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affect the NAD ratio [68]. It has been shown previously that the NADH dehydrogenase
of G. sulfurreducens, which transfers electrons from the cytoplasm to menaquinones in
the inner membrane, is under the genetic regulation of relGsu, which also regulates parts
of the CAC: citrate synthase and oxoglutarate oxidoreductase [105]. Expression of the
citrate synthase gene gltA is correlated with both acetate concentrations and growth rate
[106]. This suggests that the NADH/NAD+ ratio in G. sulfurreducens is influenced more
by the CAC and the electron donor than the electron acceptors reduced extracellularly.
Initial current production of all eight reactors increased exponentially. This
exponential increase in current is consistent with the linear relationship between biomass
and current production reported previously [34, 107]. When current was above 1 mA, the
increase in current became linear and had an apparent doubling time of 40 ± 10 hrs.
Marsili et al. reported similar results with an apparent doubling time of 50 hr [34]. In
contrast to previous research, anode potential did not effect the growth rate during the
exponentially increasing or linearly increasing current phase [33]. It has been suggested
through electrochemical modeling of G. sulfurreducens biofilms that transfer of electrons
through the biofilm, by diffusion or exchange between fixed electron mediators, or
diffusion of protons limit catalytic current generation [108, 109]. Thus the switch from
exponentially increasing to linearly increasing current could represent the point at which
diffusion begins to inhibit current generation instead of the biomass on the anode.
When the reactors were sacrificed, the increase in current had stopped for two
reactors (−90-2 and −190-2). Thus it would be expected that these two reactors, where
current-inferred biomass was not increasing, would have lower NADPH/NADP+ ratios.
However, our data show that the ratio of NADPH/NADP+ does not change in response to
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redox potential or the rate at which current is increasing. It has been demonstrated that
bacteria expend energy in ways that do not increase biomass (as reviewed in [110]), and
while the current-inferred biomass stopped increasing for two of the reactors, the
respiration rate given by the current:protein ratio was the same for all reactors regardless
of anode potential (~4.3 ± 0.8 mA/mg). The constant current:protein ratio and reduced to
oxidized NADP ratio suggest that the respiration rate for the biofilm in all eight reactors
was similar. However, the different rates of current-inferred biomass production suggest
that the electrons may be directed towards different anabolic processes.
The initial doubling rate for current, and the doubling rates for fumarate and
Fe(III)-citrate-reducing cultures (6.4, 6.6, and 11 hr, respectively) were similar to rates
reported elsewhere [34, 36]. In addition, previous experiments have shown that growth
rates of anode and Fe(III)-citrate-reducing culture are the same [34, 82, 106]. However,
expression of genes involved in biosynthetic pathways are altered in Fe(III)-citratereducing cells compared to anode-growing cells [82]. This previous research coupled
with the identical NADPH/NADP+ ratio between Fe(III)-citrate- and anode-reducing
cultures presented in this study provide additional support for the idea that the rate of
metabolism is not altered between Fe(III)-citrate-reducing cells and anode biofilms at
varying redox potentials but that the anabolic processes that these electrons are directed
towards may be different.
It could be suggested that differences within the anode biofilm that were not
retained and measured with the composite biofilm assay used in this study might obscure
differences between anode-reducing and Fe(III)-citrate-reducing cells. That is, cells
closer to the anode could have different cofactor ratios than those on the outside of the
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biofilm but the average across the biofilm produces similar results to that of Fe(III)citrate-reducing cultures.

However, other researchers have demonstrated that a

significant majority of the cells in a G. suflrureducens biofilm are metabolically active
and transcript levels for CAC-related enzyme genes was not significantly different
between the inner and outer portion of the biofilm [107, 111].

5.2 Comparison of NAD(P) between extracellular electron acceptors and fumarate
G. sulfurreducens cultures growing with fumarate as the terminal electron
acceptor had significantly higher reduced to oxidized ratios of NAD and NADP, and the
reduced to oxidized NADP ratio for fumarate growing cultures is higher than previously
seen in bacteria [96, 102, 103]. This is consistent with the significantly altered metabolic
pathway and mechanism for electron acceptor reduction present in fumarate-growing
cells. The increased ratio of reduced to oxidized NADP and NAD are likely attributable
to two possible reasons. First, G. sulfurreducens uses an open-loop CAC in the presence
of fuamrate [43, 78]. Second, fumarate reduction is not a natural mechanism for
respiration in G. sulfurreducens in the environment and the fumarate reductase of G.
sulfurreducens can accept electrons from both NADH and NADPH. G. sulfurreducens
preferentially reduces Fe(III)-citrate over fumarate and shows non-Monod like kinetics
when growing on fumarate, even though the latter promotes larger biomass formation and
increased energy yield [45, 112, 113]. Furthermore, G. sulfurreducens shows a low
affinity for fumarate and it has been suggested that laboratory-induced high
concentrations of fumarate are needed to cause FrdCAB to reduce fumarate instead of
oxidizing succinate [112, 113]. In the forward direction this enzyme only reduces NADP,
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while in the reverse direction the enzyme catalyzes the reduction of fumarate two times
faster with NADP than NAD [43].
Calculations of the cellular redox potential based on the NADH/NAD+ couple
during Fe(III)-citrate and anode reduction yielded values of −291 and −296 mV, based on
the assumption that cellular pH was the same as that of the medium ~7.2. Both of these
values are just slightly more positive than the redox potential of acetate (−310 mV)
calculated in this medium before inoculation assuming that acetate is reduced to
bicarbonate and that all of the carbonic acid is in the bicarbonate form [5]. The potential
based on the NADP couple was −305 and −311 mV, respectively. For fumarate-reducing
cells, the redox potential based on the NAD couple was −313 mV, slightly lower than
that of acetate, while the NADP couple yielded a potential of −336 mV. This increased
driving force could cause the succinate oxidase to work in the non-physiological
direction.

5.3 Effect of electron acceptor on adenosine ratios
The cellular concentrations of ATP (3.0–7.4 μmoles/g cell protein) found in this
study are similar to the values (0.3–10.0 μmoles/g dry weight) reported in the literature
(see Appendix D) [69, 71, 114]. Concentrations of ADP reported in our study (8.0–10.0
μmoles/g cell protein) was also similar to values (1.4–4.2 μmoles/g dry weight) reported
previously [69, 71, 114]. All AEC values, except for those for the biofilm growing on the
anode poised at 110 mV, were the same under all conditions tested. This is consistent
with work in E. coli showing identical AECs during aerobic and anaerobic growth and
enzymatic work showing that a constant AEC must be maintained for a cell to maintain
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homeostasis [48, 52, 55, 59, 115]. Thus it is expected that actively growing G.
sulfurreducens cells would maintain a similar AEC.
In the literature, an AEC of 0.8 – 0.95 is associated with actively growing cells,
while 0.6 – 0.5 is considered stationary phase, and <0.5 resting phase [62]. The basis for
these values is a paper by Chapman et al showing that actively growing E. coli cells
maintain an AEC of 0.80 and that during stationary phase when AEC values range from
0.80 to 0.50 all of the cells are viable [59]. However below 0.50, viability of the E. coli
cells decreased. The researchers conclude based on this, the fact that a majority of the
AEC values reported in the literature are above 0.75, and the fact that plots of some AEC
versus enzyme activity for ATP utilizing and ATP regenerating enzymes intersect around
0.80, that AEC values greater than 0.80 are needed for growth and cells with values less
than 0.50 are not viable. However, a small minority of these values come from bacteria
and most come from plant and animal tissue. Values reported in the literature range from
1 to 0.2 (as reviewed by [59]) and Chapman et al argued that lower AEC values could be
due to the effects of filtration or centrifugation on adenylate concentration [59, 116]. The
AEC values for active cells presented in this study ranged from 0.63 to 0.4. While
centrifugation may have reduced the AEC in this study, an alternative explanation for the
lower AEC in actively growing G. sulfurreducens cells is the adaptation of this bacterium
to nutrient-limited conditions. It is possible that a k-selected organism, such as G.
sulfurreducens, has evolved the enzymes necessary for maintaining cell viability at a
lower AEC and that this value reflects the need for a consistent but less rapid rate of cell
division, compared to the rapidly dividing E. coli.
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The AEC value for the reactor poised at 110 mV was statistically different from
the AEC values for the reactors poised at −190 mV and from fumarate-reducing cultures.
There was no correlation between the acetate concentration and AEC in these reactors at
these acetate concentrations, which suggests that substrate limitation was not an issue. It
is thus possible that G. sulfurreducens maintains a higher AEC value when growing with
electron acceptors with higher redox potentials. One reason for this could be the
additional energy gained by utilizing an electron acceptor with a more positive redox
potential. However, this is not consistent with the data showing that E. coli and
Saccharomyces cerevisiae maintain similar AEC values when growing aerobically or
anerobically [58, 59]. In addition, modeling and experimental data show that G.
sulfurreducens produces three times more ATP when using fumarate as the electron
acceptor compared to Fe(III)-citrate but our results show no significant difference in AEC
between growth with these two electron-acceptors. When including the data for reactors
started with their anode poised at 210 mV and then switched to different anode potentials,
and other experiments discussed in appendix B, this seems less likely.
The ATP/ADP ratio for suspended cultures was lower relative to biofilms
growing on anodes. This ratio for fumarate-reducing cultures was statistically different
compared to all reactors accept for the one poised at 110 mV. Fe(III)-citrate cultures were
statistically different from reactors poised at 10 and −190 mV. Two way ANOVA
showed that there was a significant interaction between growth condition and electron
acceptor redox potential that would make the results hard to interpret. However,
comparison of ATP/ADP ratios showed a statistical difference between bacteria growing
in suspended culture and in biofilms. The increased ATP/ADP ratio suggests an increased
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rate of reaction for ATP utilizing enzymes and thus a higher energy demand for G.
sulfurreducens when growing in a biofilm. This is consistent with research showing that
inhibition of oxidative phosphorylation lead to reduced cellular ATP concentration and
dissolution of the biofilm in S. oneidensis and Vibrio cholerae, thus demonstrating that
energy is need to maintain these biofilms [117].
Comparison of the reduced to oxidized ratio of NADP to the ATP/ADP ratio and
NADH/NAD+ to ATP/AMP in G. sulfurreducens using fumarate as an electron acceptor
showed a negative linear relationship and a positive linear relationship, respectively. One
possible reason for the relationship between reduced to oxidized NADP and ATP/ADP
could be because even though NADP is involved in the transfer electron to the fumarate
reductase, it is still involved in the transfer of electron to anabolic processes too, and the
higher ratio of reduced to oxidized NADP could cause an increase in the activity of
anabolic enzymes, thus utilizing more ATP and lowering the ATP/ADP ratio. IN a
similar manner, the increased reduced to oxidized ratio of NAD could lead to an
increased rate of transfer of electrons to the fumarate reductase, leading to an increase in
the regeneration of ATP by respiration and thus an increase in the ATP/AMP ratio. To
my knowledge, no research has ever been done comparing ATP/ADP to NADPH/NADP +
or ATP/AMP to NADH/NAD+ in bacteria before and further research is needed to
understand why these relationships are present only in fumarate-reducing cultures and
why there is no relationship between the reduced to oxidized ratio of NADP and
ATP/AMP or between NADH/NAD+ and ATP/ADP.
Comparison of AEC values versus ATP/AMP for all conditions tested in these
experiments showed an exponential relationship. However, a similar relationship was not
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found between AEC and ATP/ADP. As discussed in Chapter 2, if the activity of the
adenylate kinase is at equilibrium then a specific AEC corresponds to specific values for
ATP, ADP, and AMP [49, 52]. When this is the case, plots of AEC versus ATP/ADP or
ATP/AMP both produce graphs that can be modeled with exponential curves. However,
in this experiment we only saw an exponential-like relationship between AEC and
ATP/AMP. This provides evidence that the reaction catalyzed by the adenylate kinase in
actively growing G. suflrureducens is not at equilibrium and that the ATP/ADP ratio is
independent of the AEC.

5.4 Comparison between two different reactor startups
It is not surprising that the MECs switched from an anode potential of 210 mV to
110 or 10 mV had AEC values and reduced to oxidized NAD(P) ratios similar to the
reactors started at these respective potentials, since after the switch these reactors
continued to show an increase in current generation, albeit at a slightly reduced rate. This
is consistent with research showing that reactors started at 240 mV produced similar
current when the anode potential was switched to lower potentials down to −60 mV [34].
The drop in current seen with the reactors whose anode potential was switched
from 210 to −190 mV is consistent with other research [34]. However, this decrease in
current, possibly caused by a fraction of the biofilm being unable to transfer electrons to
the anode, was not reflected in changes in the AEC or ATP/ADP ratio or the ratios of
reduced to oxidized NAD(P). Similar results were seen with cultures that were put into
OCV for 15–17.5 hours, though interpretation of these results is complicated due to
potential contamination (see Appendix F).
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It has been shown that G. sulfurreducens can store electrons in the OMCs when
an electron acceptor is limiting and that it can reduce protons to hydrogen gas [118, 119].
The amount of energy estimated to be stored in the OMCs is only enough to provide
maintenance energy for 8 minutes and the hydrogen gas produced without a syntrophic
coculture is only 40 Pa, neither of which could account for the maintenance of cellular
cofactor levels for 12–18 hours. It is possible that there was some oxygen leakage into the
reactors but if so, the higher current levels prior to being put into open circuit would
suggest that this amount was negligible (for the current profile of reactor exposed to air
see Appendix C).
Researchers have shown that E. coli can maintain their ratio of reduced to
oxidized NAD and NADP for more than 24 hours in nongrowing conditions, i.e. media
lacking a nitrogen source [103]. Other investigators have found that Saccharomyces
cerevisiae after entering the stationary phase and then exposed to media lacking either an
energy source or a nitrogen source could maintain an AEC of 0.90 for up to 36 hours
[58]. In addition, personal observations have shown that after replacing the medium in
reactors with an established biofilm, a process that can take 1–4 hours, MECs start to
produce current immediately once the anode has been reconnected. It has also been
shown that under electron acceptor limiting conditions G. sulfurreducens has an
increased respiration rate and expression of respiratory genes, which have been suggested
as a mechanism to charge up the cell to ensure that it is ready when an electron acceptor
becomes available [81, 113]. This could also explain why the cellular concentration of
NADP(H), ATP, ADP, and AMP are all at least two fold higher in the reactors put into
OCV than any of the reactor conditions tested in this experiment (Appendix D). Thus it
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seems likely that G. sulfurreducens has an unknown mechanism that allows it to maintain
its cofactor ratios for at least 17 hours.
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Chapter 6
Conclusions
The ratio of reduced to oxidized NAD and NADP and the AEC and ATP/ADP
ratio were investigated in G. sulfurreducens growing with various electron acceptors with
varying

redox

potentials.

This

experiment

demonstrated

that

the

ratios

of

NAD(P)H/NAD(P)+ are unchanged in cells growing with different extracellular electron
acceptors or with anodes poised at potentials ranging from 110 to −190 mV. However,
significant differences in these ratios were seen when G. sulfurreducens was using the
intracellular electron acceptor fumarate and it is likely that this change is due in part to
the various differences in the metabolic and electron transfer pathways between fumarate
reduction and Fe(III)-citrate/anode reduction.
Measurement of the AEC with anodes poised at varying redox potentials and
using fumarate or Fe(III)-citrate as the electron acceptor produced only one condition
with statistically different results, though the difference between AEC was only
significant for the reactor with an anode poised at 110 mV and either fumarate or the
reactor poised at −190 mV. The slightly higher AEC for cultures growing with Fe(III)citrate suggests that higher redox potential electron acceptors may yield higher AEC but
no significant conclusions can be drawn though previous research on AEC would suggest
that this is not the case. Cellular ATP concentration and ratios of ATP/ADP were
statistically higher in cells growing in a biofilm compared to cells growing in suspended
cultures, representing the increased energy needs to maintain G. sulfurreducens cultures
in a biofilm.
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Comparison of the previously mentioned MEC experiments to reactors with
anodes initial poised at 210 mV and then switched to 110, 10, −190 mV or OCV yielded
similar AEC and NAD(P) ratios, suggesting G. sulfurreducens may have a mechanism
for conserving these important metabolic ratios.
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Chapter 7
Future Work
There are other experiments that could be performed to better understand the
effects of various electron acceptors on the metabolism of G. sulfurreducens.
1. The analyses performed in this experiment could also be performed on biofilms
growing with anode potentials more positive than those tested here to better
understand any possible trends in the current data.
2. While gene expression analysis using microarrays has been compared between
anode-reducing and Fe(III)-citrate-reducing cultures, gene expression has not
been compared among anode-reducing biofilms at different redox potentials.
3. Further work is also needed to understand how G. sulfurreducens reacts to
electron acceptor limited conditions. Experiments in which reactors with
established biofilms are put into OCV and then reconnected after varying time
periods could provide insight into how long G. sulfurreducens can retain
equivalent reducing equivalents and AEC when no electron acceptor is present.
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Appendix A
Long-Term Reactor Experiments

Initially, reactors were setup as described in the materials and methods with
graphite-based anodes and cathodes. However, these reactors were made with electrodes
that had been used previously three times for a total of approximately 30 days. Before
reuse, these electrodes were soaked in 1N HCl for 24 hours to remove cell material and
then rinsed with water. The MECs were started with their anodes poised at 210, 10, −90,
and −190 mV. These reactors were run for 3–5 batch cycles for a total of 31 days.
Medium was removed in an anaerobic glove box by sterilizing the rubber stopper,
inserting a sterile 18 gauge needle, then inserting a sterile stainless-steel, deflected noncoring septum penetration needle (22 gauge and 6" long) through the 18 gauge needle
and removing the medium with a syringe. Anaerobic sterile medium was then added
through the same stainless steel needle with a fresh syringe.
Reactors were intended to be sacrificed once duplicates began producing similar
current levels. However, current production for the duplicates did not converge (Figure
A.1) and so the anodes were not sacrificed and measured. Maximum current began to
decrease after two batch cycles (Figure A.1). The maximum current levels obtained even
during the first few batch cycles did not reach levels seen when new electrodes were
used.
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Figure A.1 Current production data for reactors with anodes poised at the redox
potentials listed (mV versus SHE) and run for 31 days. Current production for
duplicates did not converge.

There are three possible factors that could have affected the lack of convergence
of duplicate reactors. First, reactors could have been exposed to increased oxygen
concentrations due to the repeated puncturing of the rubber stopper with thick (18 gauge)
needles during the replacement of medium. Second, when the reference electrodes were
remeasured against a calomel electrode after the 31 days, the potential had increased.
While the reference electrodes used in reactors run for 6 days showed an increase of
8.6 ± 3.2 mV versus SHE, the increase in redox potential for reference electrodes used for
31 days ranged from 33.5 to 91.5 mV versus SHE and had a standard deviation of 17.9
mV versus SHE. The third problem was that anode resistance increased from < 2Ω, as
reported in the materials and methods, to 8.0 ± 6.6 Ω. This increase in anode resistance
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was not seen in the reactors run for 6 days with new anodes. In addition to the slight
overall increase in anode resistance, there were portions of the anode were G.
sulfurreducens did not grow and that had resistances of ~ 8 MΩ (Figure A.2). It is
uncertain how these spots developed but they were not seen on new anodes.

A

B

Figure A.2 Graphite anodes in MECs contain sections where bacteria did not
grow (A). Once the biofilm was removed and anode was soaked in 1N HCl for
24 hours the resistance of these sections was measured at ~ 8 MΩ (B).
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Appendix B
Growth Stage Experiments

In these experiments, reactors were setup as described in the materials and
methods with graphite anodes and cathodes. The electrodes were being reused after one
earlier reactor run of 7 days. Electrodes were soaked in 1N HCl for 24 hours to remove
any attached cell material and then rinsed with water before use. These MECs were run
for one full batch cycle with anodes poised at + 210 mV. The medium was then replaced
as described in Appendix A, and during the second batch cycle the anodes were
sacrificed at three different time points. The reactors were sacrificed half a day after the
media was replaced (early stage), as the rate of current increase approached zero (middle
stage), and once current had decreased to half its maximum value (late stage) (Figure
B.1).
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Figure B.1 Current (mA) data for the first (A) and second (B) batch cycle.
Reactors were sacrificed in the early, middle, and late stages of the second batch
cycle.

Due to issues with one of the duplicate reactors, only one reactor was sampled for
the middle stage. The doubling rate for the early-stage reactors was similar to that
reported for the reactors in this study (22.7 and 41.5 hours), while the doubling rate for
the middle-stage reactor was 76 hours. Residual acetate concentrations were 26.7 ± 0.3,
8.8, and 1.7 ± 0.1 mM for the early, middle, and late stages, respectively. The ratio of
reduced to oxidized NAD showed a trend of decreasing values as the batch cycle
progressed (Figure B.2). A student t-test with a 0.95 cutoff limit showed that there was a
statistically significant difference between NADH/NAD+ ratios of the early and late stage
reactors. A similar trend was found with NADPH/NADP+ ratios (Figure B3.), AEC
values (Figure B.4), ATP/total adenylate (data not shown), and ATP/ADP (data not
shown), though the differences between early- and late-stage reactors were not
statistically significant for the NADPH/NADP+ and ATP/ADP ratios.
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Figure B.2 Level of reduced to oxidized NAD in MECs sampled during early,
middle, and late stages of a batch cycle.
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Figure B.3 Level of reduced to oxidized NADP in MECs sampled during
early, middle, and late stages of a batch cycle.
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Figure B.4 AEC in MECs sampled during early, middle, and late stages of a
batch cycle.

While comparison of these results to those presented earlier is complicated, some
general comments can be made. First, the reduced to oxidized ratio of NAD in the earlystage reactors is twice the value reported for the other set of reactor experiments, and the
values for the middle- and late-stage reactors are 1.5 times the value of the other sets of
reactors. It is uncertain whether these differences are due to the higher anode potential
(+210 mV), to the effects of changing out the medium, or to the increased age of the
biofilm (12 to 14 days versus 4 to 6 days).
The average NADPH/NADP+ ratio for the reactors started with anodes poised at
110, 10, −90, or −190 mV had was 0.298. This is similar to the value for the middle-stage
reactor (0.314), which also had a similar acetate concentration. The early- and late-stage
reactors had reduced to oxidized NADP ratios higher (0.570) and lower (0.189). The
similar value between the middle-stage reactor and the anodes with varying poised
potentials suggests that there may be no difference in the reduced to oxidized ratio of
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NADP in biofilms poised at 210, 110, 10, −90, or −190 mV or in different batch cycles.
If this is true, it would suggest that the higher NADPH/NADP+ ratio in the early reactors
is due to an increase in metabolism due to the increase in acetate concentration induced
by the replacement of the medium.
The AEC value for the middle-stage reactor (0.42) is also similar to the
average value of 0.45 ± 0.05 for the reactors that were started with anodes poised at 10,
−90, and −190 mV. The early-stage reactor had an AEC value (0.56) that was less than
the value of 0.63 ± 0.03 found for the reactor that was started with an anode poised at 110
mV. The late-stage reactor had an AEC of 0.38 ± 0.02.
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Appendix C
Effects of Oxygen Exposure on Biofilms

During the experiment in which the reactors were started with anodes poised at
varying potentials, one of the pairs of reactors poised at −190 mV versus SHE was
accidently setup with a port on its gas bag missing. This mistake was not caught until gas
bags were sampled and thus the reactor was exposed to oxygen throughout the course of
the experiment. For the experiment discussed in the Results and Discussion sections, this
problem was fixed and the reactor was rerun. The exposure to oxygen caused the current
production to level off at 4 mA, while the unexposed reactor’s current was still increasing
at 7 mA when both pairs were sacrificed (Figure C.1).

8.00

Current (mA)

190
190 oxygen exposure

6.00
4.00
2.00
0.00
0

1

2

3

4

5

Time (days)
Figure C.1 Current generation for a pair of reactors with anodes poised at -190
mV. One of the reactors was accidently exposed to oxygen.

The ratio of reduced to oxidized NAD for the reactor exposed to oxygen (0.092)
was not different from the value of its unexposed pair (0.105) and the average of all of
the reactors started with anodes poised at 110, 10, −90, or −190 mV (0.091 ± 0.02). The
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NADPH/NADP+ ratio (0.126) did appear, however, to be significantly lower than that for
its unexposed pair and the average of the other sets of reactors (0.256 and 0.298 ± 0.09,
respectively). The AEC for this oxygen-exposed reactor (0.58) was higher than its pair
and the average of the reactors started with anodes poised at 10, −90, and −190 mV (0.47
and 0.45 ± 0.04, respectively) and was close to the value reported for the reactor started
with an anode poised at 110 mV (0.63 ± 0.03). However, the ATP/ADP ratio was similar
to that of the reactors started with anodes poised at 10, −90, and −190 mV.
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Appendix D
Cellular Cofactor Concentrations
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Figure D.1 Cellular concentration (μmole/g cell protein) of ATP, ADP, AMP, and
total adenylate for suspended cells growing with fumarate or Fe(III)-citrate or
reactors started with anode potentials poised at 110, 10, -90, or -190 mV.
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Figure D.2 Cellular concentration (μmole/g cell protein) of NAD(P)H, NAD(P)+
and total NAD(P) for suspended cells growing with fumarate or Fe(III)-citrate or
reactors started with anode potentials poised at 110, 10, -90, or -190 mV.
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Figure D.3 Cellular concentration (μmole/g cell protein) of ATP, ADP, APM, and
total adenylate for reactors started with anode potentials poised at 210 mV and
switched to 110, 10, -90, or -190 mV.

71

10
110

Cellular Concentration
(μmole/g cell protein)

10

8

-190
OCV

6
4
2
0
NADH

NAD+

Total

NADPH NADP+

Total

Cofactor
Figure D.4 Cellular concentration (μmole/g cell protein) of NAD(P)H, NAD(P)+
and total NAD(P) for reactors started with anode potentials poised at 210 mV and
switched to 110, 10, -90, or -190 mV.
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Appendix E
Gas Collection Data

Analysis of gas collection data was used to generate coulombic efficiency (CE)
and cathodic hydrogen recovery for the reactors used in these experiments. The CEs were
calculated by first calculating the maximum moles of hydrogen produced:

nth

bh 2 / act v act

where bH2/act is the theoretical moles of hydrogen generated per mole of acetate consumed
(= 4), v is the volume of medium in the reactors (~ 0.11 L), and Δact is the change is
acetate. Then the moles of hydrogen generated based on current was calculated according
to:
I dt
nCE

2F

where F is Faraday’s constant and the integration of current over time was estimated by
taking the sum of each current reading multiplied by the time between current
measurements (10 minutes or 600 seconds). CE was then calculated as:
CE

nCE
nth

The cathodic hydrogen recovery was calculated by taking the total moles of hydrogen
recovered divided by the moles of hydrogen theoretically produced by the current.
The results show that the CE for all but four of the reactors was >74%. For the
reactors with a CE greater than 100%, it is likely that a portion of the biofilm was using
the hydrogen gas generated in the reactors as an electron donor. The low CE (33–46%)
seen for four of the reactors occurred in the four reactors that saw current begin to level
off before sampling or, in the case of the reactor started poised at 210 mV and switched
to 110 mV, a plateau in the middle of the run. The cathode hydrogen recovery varied
widely for the reactors tested and showed no consistent pattern in variation. The low
hydrogen recovery for some of the reactors was likely caused by incomplete gas capture.
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Table E.1 Composition of gas collected from reactors started with anode potentials poised at 110, 10, −90,
or −190 mV and from reactors started with anodes poised at 210 mV.

Anode Potential
(mV)
Constant Anode
Potential
110-1

Gas Composition (%)
CO2
N2
H2

Columbic
Efficiency
(%)

67.6

Total Volume
of Gas
Generated
(mL)
192

89.55

Cathodic
H2
Recovery
(%)
71.66

15.9

16.5

110-2

<3.3

16.1

80.6

214

86.11

87.31

10-1

20.1

64.8

15.0

88

89.22

6.68

10-2

17.6

51.0

31.4

62

32.56

24.85

−90-1

19.3

14.9

65.8

200

104.34

69.23

−90-2

18.7

25.8

55.6

90

46.13

46.99

−190-1

14.3

35.7

49.9

120

74.07

57.07

−190-2

18.9

29.9

51.2

102

37.11

53.82

Anode Potential
Started at 210
mV
110-1

8.8

67.4

23.8

100

43.29

24.35

110-2

16.8

33.5

49.7

125

117.84

38.41

10-1

13.4

51.0

35.6

126

153.30

18.84

10-2

9.7

25.7

64.6

166

88.68

77.94

−190-1

17.0

28.5

54.5

130

103.45

52.72

−190-2

9.4

71.4

19.2

20

79.55

3.31

OCV-1

13.7

46.8

39.5

127

94.87

27.11

OCV-2

11.2

41.8

46.9

162

ND

32.20
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Appendix F
RISA

RISA was preformed as described in Chapter 3. Based on a 16S ribosomal RNA
gene (16S rDNA) length of 1550 bp, the use of a 1406 forward 16S rDNA primer, a 115
reverse 23S rDNA primer, and an intergenic spacer length of 453 bp, it was calculated
that the estimated band length of the PCR product for G. sulfurreducens should be 712 bp
[120, 121]. Almost all samples tested showed a band consistent with that for G.
sulfurreducens (Figures F.1–4). Samples of the cultures grown in serum bottles (those
using fumarate or Fe(III)-citrate as the electron acceptor) showed only one band
consistent with G. sulfurreducens. In the samples taken from most of the reactors run,
faint bands not corresponding with G. sulfurreducens were seen. This faint contamination
was likely introduced after the experiments were run. Samples for the reactors were taken
from the medium after the anode had been sacrificed exposing both the anode and
medium to non-sterile conditions. Only two reactors (one of the OC controls and one of
the reactors switched from an anode potential of 210 mV to OCV) were missing the band
associated with G. sulfurreducens. However, it is unclear what could account for this.
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Figure F.1 Results from RISA. Lane 1: Innoculum for reactors started at anode
potentials of 110, 10, −90, and −190 mV. Lanes 2: 110-1, Lane 3: 110-2, Lane 4:
10-1, Lane 5: 10-2, Lane 6: −90-1, Lane 7: −90-2, Lane 8: −190-2, Lane 9: blank.
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Figure F.2 Results from RISA. Lane 1: DNA ladder Lane 2: open circuit control-1,
Lane 3: open circuit control-2, Lane 4-7: Fe(III)-citrate reducing cultures, Lane 8
& 9: Cultures not used in this thesis Lane 10: −190-1
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Figure F.3 Results from RISA. Lane 1: DNA ladder Lane 2: rerun of −190-2, Lane
3-10 are taken from reactors started with anode potentials poised at 210 mV and
switched to anode potentials of 110, 10, −90, and −190 mV. Lane 3: 10-1, Lane 4:
110-1, Lane 5: −190-1, Lane 6: 110-2, Lane 7: −190-2, Lane 8: 10-2, lane 9: open
circuit (17.5 hours), Lane 10: open circuit (15 hours).
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Figure F.4 Results from RISA. Lane 1: DNA ladder. Lane 26 are samples taken from reactors discussed in Appendix B.
Lane 2: middle stage, Lane 3: early stage, Lane 4: early
stage, Lane 5: late stage, Lane 6: late stage
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Appendix G
Linear Sweep Voltammetry

25
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Figure G.1 Linear Sweep Voltammetry was performed on an uninoculated MEC
with the graphite anode as the working electrode and titanium wire as the
counter electrode. A scan rate of 1 mV/s and a voltage range of open circuit
voltage to 1.5 V versus reference electrode (Ag/AgCl) were used.
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