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Electrochemical and Microbiological
Characterization of Bioanode
Communities Exhibiting Variable
Levels of Startup Activity

Juan F. Ortiz-Medina and Douglas F. Call*

Department of Civil, Construction, and Environmental Engineering, North Carolina State University, Raleigh, NC, United States

Microbial electrochemical technologies (METs) require the establishment of anode
biofilms to generate electrical current. The factors driving bioanode formation and their
variability during startup remain unclear, leading to a lack of effective strategies to initiate
larger-scale systems. Accordingly, our objective was to characterize the electrochemical
properties and microbial community structure of a large set of replicate bioanodes during
their first cycle of current generation. To do this, we operated eight bioanode replicates
at each of two fixed electrode potentials [-0.15V and +0.15V vs. standard hydrogen
electrode (SHE)] for one fed-batch cycle. We found that startup time decreased and
maximum current generation increased at +0.15V compared to —0.15V, but at both
potentials the bicanode replicates clustered into three distinct activity levels based on
when they initiated current. Despite a large variation in current generation across the
eight +0.15V bioanodes, bioanode resistance and abundance of Geobacter species
remained quite similar, differing by only 10 and 12%, respectively. At —0.15V, current
production strongly followed Geobacter species abundance and biocanode resistance,
wherein the largest abundance of Geobacter was associated with the lowest charge
transfer resistance. Our findings show that startup variability occurs at both applied
potentials, but the underlying electrochemical and microbial factors driving variability are
dependent on the applied potential.

Keywords: microbial electrochemical technologies, bioanode, Geobacter, bioreactor start-up, bioenergy

INTRODUCTION

Microbial electrochemical technologies (METs) convert organic material, such as wastewater,
into electricity, hydrogen gas, or commodity chemicals (Wang and Ren, 2013). Over the past
few decades, these technologies have advanced from lab- to demonstration-scales (Janicek et al,,
2014). A challenge facing larger-scale systems is the unpredictable and erratic behavior during the
initiation of current or what is frequently referred to as reactor startup (Cusick et al., 2011; Paitier
et al.,, 2017). Identifying the underlying reasons for this behavior and how to improve startup is
therefore paramount for the success of these technologies.

Despite the important role that electricity-generating microorganisms, or exoelectrogens, play in
initiating current, most of our knowledge of their function and composition comes from bioanodic
communities operated over long time scales (Logan, 2009). The most common enrichment
procedure used to study these communities is to operate them throughout several cycles (in a
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batch system) until a stable current output is reached
(Hutchinson et al., 2011; Paitier et al., 2017). Typically after
at least 1 month of operation, bioanodes converge to similar
electrochemical properties and community structure regardless
of the inoculum source and operational conditions such as the
anode potential (Yates et al,, 2012; Zhu et al, 2014; Paitier
et al., 2017). Most of these studies agree that exoelectrogens with
efficient pathways of extracellular electron transfer (EET), such as
members of the genus Geobacter, play a pivotal role in generating
current and decreasing anode charge transfer resistance (Marsili
etal., 2010; ter Heijne et al., 2015).

Bioanode properties during startup are less understood.
Understanding startup behavior is important because many
pilot-scale systems have reported significant delays (e.g., months)
to initiate current (Cusick et al., 2011; Escapa et al., 2015;
Hiegemann et al,, 2016). It is frequently observed, but not
discussed, in long-term studies that a high degree of variable
electrochemical performance across replicates occurs during
startup (Yates et al., 2012; Zhou et al., 2013), but the underlying
factors driving the variation remain unclear. This can ultimately
influence the predictability and reproducibility of bioanodes over
the long term, as shown in several studies that observe this erratic
behavior (Cusick et al., 2011; Zhang et al., 2013; Escapa et al,,
2015; Yanuka-Golub et al., 2016). Insufficient replicates is an
additional factor leading to this unpredictability, as it obscures
a possible consensus on startup time, expected current, and
influence of the microbial community. This causes conflicting
results from which decisions about optimal electrochemical
conditions for bioanode startup are determined, such as which
fixed anode potential to choose (Finkelstein et al., 2006; Torres
et al.,, 2009; Wagner et al., 2010; Zhu et al., 2014). The initial
enrichment stage of bioanodes is further complicated by the fact
that different outcomes during acclimation are influenced by
both stochastic and deterministic factors, which are dictated by
microbial community dynamics (Zhou et al., 2013).

The objective of this study was to characterize the
electrochemical behavior and community structure of bioanode
communities during startup as a function of anode potential.
Two anode potentials were selected in order to create two
different energy-harvesting conditions for the bioanodes. A
lower anode potential of —0.15V [vs. standard hydrogen
electrode (SHE)] was chosen to impart a lower driving force
for EET, and a higher potential of 4-0.15V, which increases the
EET rate, was selected to represent conditions under which
the microorganisms could better exploit the available energy
(Korth and Harnisch, 2019). Eight replicates at each anode
potential were included in order to assess factors associated
with startup variability, and all reactors were inoculated
with the same enrichment culture (domestic wastewater)
and electron donor (acetate). At the end of the first cycle,
the bioanode electrochemical properties were measured
using cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) and the community profile analyzed using
high-throughput Illumina sequencing. Our findings show that
startup variability occurs at both applied potentials, but the
underlying electrochemical and microbial factors driving the
variability are dependent on the applied potential.

MATERIALS AND METHODS

Reactor Assembly and Configuration
Microbial electrolysis cells (MECs) were based on a
polycarbonate circular chamber design (28 mL empty volume) as
previously described (Call and Logan, 2008). This configuration
fixed the electrode spacing across the replicates (2.3 + 0.1cm
between anode and cathode). We selected a single-chamber
design for this study because compared to two-chamber designs
using membrane separators, it lowers resistance and eliminates
detrimental pH gradients. The electrodes and their pretreatment
were based on previous methods (Call and Logan, 2011; Zhu
et al., 2014). Briefly, the anodes were graphite plates (2 x 2 cm;
GraphiteStore.com, Inc., Northbrook, IL) pretreated by polishing
with sandpaper (grit type 400), soaked in a 1 M HCI solution
overnight, and rinsed and stored in DI water until used. The
cathodes were stainless steel mesh (4 cm diameter; Type 304,
mesh size 50 x 50; McMaster-Carr, Elmhurst, IL). The current
collectors were titanium wire (anode) and stainless steel wire
(cathode). Each MEC was adjusted until the contact resistance
between electrodes and current collectors was <0.7 Q. To fix the
anode potentials, Ag/AgCl reference electrodes (~200mV vs.
SHE) were installed equidistant between the anode and cathode.
All reference electrodes were checked against a calibrated
saturated calomel electrode (SCE) to ensure that the difference
in potential between them and the SCE was <1 mV.

Microbial Enrichment and

Chronoamperometry

To perform the microbial enrichment, effluent from the primary
clarifier of a domestic wastewater treatment plant (~300
mg/L COD) was mixed in equal proportions with 100 mM
phosphate buffer, 1 g/L sodium acetate (780 mg/L COD) as
the electron donor, and 10 mL/L of both Wolfe’s trace vitamin
and mineral solutions (Call and Logan, 2011). The contribution
of acetate and wastewater to the total COD was 84 and 16%,
respectively. We amended our MECs with acetate to promote
the growth of exoelectrogens and reduce diversion of electrons to
other pathways, such as fermentation. Enhancing exoelectrogen
growth allowed us to better understand differences across
bioreactors that initiated current quickly, slowly, or not at all
and is consistent with other lab-scale investigations (Torres et al.,
2009; Liu et al., 2011; ter Heijne et al., 2015; Yanuka-Golub et al.,
2016) and amendment practices in some larger-scale systems
(Dekker et al., 2009; Cusick et al., 2011; Brown et al., 2014;
Liang et al., 2018). Cathodically-generated H, gas may have
been present and consumed as an electron donor as well by the
microbial communities; thus, our design best represents applied
systems operating without a membrane separator (e.g., MEC-
amended anaerobic digesters) (Guo et al., 2013; Feng et al,,
2015). The reactors were connected to a potentiostat (Bio-Logic
Science Instruments, Knoxville, TN) and operated at different
fixed anode potentials (Eon): —0.15V or 4-0.15V (both vs. SHE)
or open circuit voltage (OCV). These potentials were chosen
because they provide different scenarios of energy harvesting
by microorganisms based on EET kinetics. The lower potential
(—0.15V) represents a smaller driving force that yields slower
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EET rates. The higher potential (+0.15V) enables higher EET
rates, and in turn more optimized energy harvesting from the
available energy (Korth and Harnisch, 2019). Eight replicates for
each of the three anode treatments were operated. Preliminary
tests were conducted to assess when maximum current was
reached for each Ean. These values were 5.5 days for —0.15V
and 5.0 days for 4-0.15V. Bioanodes at OCV were operated for
5.0 days. All reactors were operated at a constant 30°C.

Electrochemical Characterization

To characterize the electrochemical properties of the bioanodes,
cyclic voltammograms (CVs) were collected at a scan rate of
1 mV/s, ranging from —0.3 to +0.5V vs. SHE. A single CV
cycle was performed to avoid a prolonged effect of varying the
potential on the subsequent microbial community analysis. EIS
was conducted to determine the total and component resistances
of the bioanodes. The bioanodes were operated for 30 min at their
respective enrichment EqN (—0.15 or +0.15 V) and the frequency
was varied from 0.1 to 10 mHz with a 10mV perturbation
amplitude. Both CVs and EIS were performed at the end of
the chronoamperometry measurements. To initially characterize
the reactors and ensure that all replicates agreed within 10%,
both techniques were likewise performed at the start of the
experiments with the reactors filled with 50 mM phosphate buffer
and no inoculum. The same techniques were conducted in an
identical manner on the OCV controls, but with the anode
potential held at OCV during EIS instead of one of the two
Ean. Depending on the bioanode impedance behavior, data
from the EIS tests were fitted using equivalent circuits similar
to single and double-time constant models (Figure S1), which
have been used previously (Srikanth et al., 2008; Martin et al.,
2013). The resistances in the model were attributed to solution
resistance (R;) and charge transfer resistances (R, Rct2). Model
fitting was performed using the function Z-Fit on the EC-Lab
software, version 11.10, by minimizing the Chi-Square values of
each system.

Microbial Community Visualization and

Analysis
After the electrochemical analyses were completed, the MECs
were disassembled and the bioanodes processed for further
analysis. To observe the extent of microbial colonization of
the anodes, one piece of every electrode was visualized using
scanning electron microscopy (SEM). The samples were placed
in a 2.5% glutaraldehyde solution overnight, dehydrated in
ethanol, and dried for 2h at 30°C (Katuri et al., 2014). Before
imaging, the samples were coated with a gold/palladium layer
for 2 min at 12 mA under an argon atmosphere. The sample was
visualized using a Hitachi S-3200N variable pressure scanning
electron microscope (Hitachi High-Technologies, Japan) with an
accelerating voltage of 5 kV and a working distance of 23 mm.
To analyze the microbial community composition and
diversity, samples from the anodic biofilm and the suspension
were obtained. Anodic biofilm was scraped using a sterile
blade. For the suspension samples, 10ml of reactor effluent
was collected in 15ml centrifuge tubes, then centrifuged at
4,000 rpm for 20 min. DNA from the biofilm and suspension

pellets was extracted using a PowerSoil® DNA isolation kit (MO
BIO Laboratories, Carlsbad, CA) following the manufacturer’s
instructions. The V3 and V4 regions of the 16S rRNA gene
were amplified using the forward primer 5 TCGTCGGCAG
CGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG
CAG 3’ and the reverse primer 5 GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAGGACTACHVGGGTATCT
AATCC 3’ for Illumina sequencing, using the protocol provided
by the company (Illumina Inc., 2013). The samples were
sequenced using the Illumina MiSeq platform (Illumina Inc., San
Diego, CA), with a paired-end sequencing of 300 base pairs (bp)
length. The sequencing data was deposited into the GenBank
database of the National Center of Biotechnology Information
(NCBI), under the BioProject accession number PRJNA559682.

To establish the composition and compare microbial
communities, the software QIIME was utilized (Caporaso
et al.,, 2010). After alignment, the samples were clustered into
operational taxonomic units (OTUs) by performing open-
reference picking with the UCLUST algorithm, using 97%
sequence similarity as the threshold and following the default
commands available at the developers” website (QIIME, 2015).
After OTU classification at the genus level, the generated data
was further processed in the R platform. Shannon (H) diversity
indexes were calculated to assess the diversity of the studied
samples, while Principal Component Analysis (PCA) plots were
constructed to visualize the relationship between community
composition and bioanode performance. Both were generated in
R with the help of the vegan (Oksanen et al., 2017) and phyloseq
packages (McMurdie and Holmes, 2013).

RESULTS AND DISCUSSION

Current Generation During Bioanode
Initiation
We first examined current densities (I5) over time during the
startup period. Despite identical inoculum, reactor design, and
operating conditions, In was highly variable across the eight
replicates for each Eon (Figure 1). To quantify variability, we
defined startup time as the point when the bioanodes reached
0.1 A/m? [dashed line in Figures 1A,B; selected based on similar
thresholds used in other MET startup studies (Liu et al., 2011;
Commault et al., 2013)]. Bioanodes that did not reach this
value after five (40.15V) or 5.5 days (—0.15 V) were defined as
inactive. Based on this definition, three bioanodes were inactive
at —0.15V and one was inactive at +0.15V. The remaining
bioanodes clustered into two levels: (1) high-activity, which
reached the 0.1 A/m? threshold the fastest, and (2) low-activity,
which were the slowest to reach the threshold (Figure 1B).
Considering only the high- and low-activity bioanodes, there
were appreciable differences during the startup period within and
across each EpN. At +0.15V, the high-activity bioanodes required
3.91 £ 0.06 days and the low-activity bioanodes required 4.28 +
0.10 days to reach the startup threshold. At —0.15V, the high-
and low-activity reactors took significantly longer to reach the
threshold than those at +-0.15V (t-test, p < 0.05), requiring 4.60
=+ 0.03 and 5.32 £ 0.16 days, respectively. Maximum I followed
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FIGURE 1 | (A) Current densities (/a; normalized to anode surface area) over time during the startup phase of the bioanodes. Eight replicates (red lines) were started
with an applied anode potential [Ean; reported vs. the standard hydrogen electrode (SHE)] of +-0.15V and another eight (blue, segmented lines) were started at
—0.15V. The dark, medium, and light shading of the lines corresponds to high-, low-activity, and inactive bioanodes, respectively. The horizontal dotted line denotes
the current density threshold (0.1 A/mz) selected to define the bioanode activity level. (B) A closer view of the bioanode startup current densities with respect to the
activity threshold.

a similar trend as the startup time, wherein bioanodes at +0.15V
reached higher maximum I than those at —0.15 V for all activity
levels. Bioanode startup activity level largely agreed with the
maximum current behavior. The exception was one bioanode at
+0.15V, which classified as high-activity with respect to startup
time but did not reach the same I, as the other high-activity
bioanodes. This bioanode ended the cycle at the same level of
current as the +0.15V low-activity bioanodes.

The startup behavior of METs varies widely across the
literature, and our results are consistent with some, but not
all, prior reports. The high degree of startup variability that we
observed is often not discussed (or reported) in other studies
that use triplicate or duplicate reactors, even though there is a
clear need to operate enough replicates to characterize possible
outcomes (Yates et al., 2012). Zhou et al. (2013), which is
one of the only studies to use more than triplicate reactors,
reported a wide range of startup times (~1-12 days) across
14 replicates, which is consistent with our findings. The effect
of Exn on startup varies across studies. Using a microbial
fuel cell (MFC) with a cloth separator between the electrodes,
Zhang et al. (2013) showed that wastewater-inoculated reactors
at +0.2'V started up more quickly than those at —0.2'V. Faster
startup at less negative potentials has been reported in other
studies as well, in both single-chamber (Finkelstein et al., 2006)
and double-chamber systems (Wang et al., 2009; Commault
et al, 2013). While one explanation for this behavior is the
higher energy harvested due to higher EET rates (Korth and
Harnisch, 2019), a selection of exoelectrogens with more efficient
EET mechanisms at higher potential has also been proposed
(Commault et al.,, 2013). Conversely, Torres et al. (2009), using
a double-chamber system with multiple anodes in one chamber,
observed a faster startup and higher maximum current density at
more negative anode potentials. They attributed this behavior to
the selection of microorganisms (e.g., Geobacter sulfurreducens)

that could harvest energy and transfer electrons efficiently at
such negative potentials. However, it is unclear if their unique
multi-anode configuration played a role in their findings. Kumar
etal. (2013), comparing single- and double-chamber MECs with
the same inoculum, medium, and under continuous operation,
observed that the single-chamber MEC displayed a higher level
of electrochemical activity at less negative potentials (0V vs.
SHE). Both configurations have inherent differences, such as
cathodically-generated H, that can serve as an electron donor
in single-chamber systems (Call et al., 2009; Lee and Rittmann,
2010) and pH gradients in double-chamber reactors (Rozendal
et al., 2006) that may influence bioanode enrichment and startup
time. Reactor configurations thus play an additional factor that
needs to be considered during research on startup behavior.

Cyclic Voltammetry

To investigate the electrochemical properties of the bioanodes,
we used cyclic voltammetry at the end of the startup cycle.
Cyclic voltammetry reveals electron transfer kinetics between
microorganisms and the electrode across a range of bioanode
potentials, as well as possible electron transfer mechanisms
(Fricke et al., 2008). The CVs clustered according to the
activity levels defined above and had limiting currents (i,)
that were generally proportional to the maximum current
densities recorded during startup (Figure2). The CVs of
bioanodes that did not reach the startup threshold closely
followed the OCV control. All other bioanodes generated a
sigmoidal shaped CV regardless of Esn, which is indicative of
a self-regenerating electron transfer process that is typical in
mediatorless, exoelectrogenic biofilms (Katuri et al., 2010; Marsili
et al,, 2010; Zhang et al.,, 2013). These same bioanodes showed
a similar midpoint potential (E;/;) at —0.18 &= 0.01V (dashed
vertical line in Figure 2) and potential (Ep; ca. —0.1V) where
maximum oxidative current (i) was reached, which further
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FIGURE 2 | Cyclic voltammograms (CVs) taken at the end of the startup period for bioanodes fixed at (A) Ean = —0.15V and (B) Ean = +0.15 V. All curves in the
same plot are replicates. High-, low-activity, and inactive bioanode levels are defined based on the time required to reach the startup current threshold (Figure 1).
Numbers next to each curve represent the current density recorded at the end of the startup cycle. £1/2, midpoint potential (vertical black dashed line); ip, peak
current obtained during the potential sweep; OCV, open circuit voltage (dotted black line).
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replicates. The magnitude of impedance is lower when the ratio of the curve is lower, which translates into lower total resistance. High-, low-activity, and inactive
bioanode levels are defined based on the time required to reach the startup current threshold (Figure 1). The numbers next to each curve are the current density
recorded at the end of the startup period. OCV, open circuit voltage (gray double line with squares); Initial—prior to inoculation (dotted line).
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confirms the presence of a primary electron transfer pathway
utilized by the biofilm across Ean and levels of activity. This
behavior is frequently associated with bioanodes dominated
by Geobacter spp., which normally show sigmoidal-shaped
voltammograms and midpoint potentials between —0.16 and
—0.22'V due to the outer membrane cytochromes expressed by
these organisms (Marsili et al., 2008; Katuri et al., 2012; Zhu et al,,
2014). This suggests that Geobacter spp. were primarily involved
in EET on our bioanodes during startup.

The most notable effect of Exn was observed in the CV
behavior of the high-activity bioanodes. Although bioanodes at
both Ean showed similar sigmoidal curves and ij, values, after the
sweeping potential increased beyond E,, the current produced
by the two high-activity bioanodes enriched at —0.15V dropped
sharply by ~25% (Figure 2A). Current slightly increased with
potential, but did not exceed ip. In contrast, the bioanodes

enriched at +0.15V did not show the same drop in current;
current remained similar to i, after passing E, (Figure 2B).
Both behaviors at similar Ean in other studies have been
consistently observed in full grown biofilms (Marsili et al.,
2010; Zhu et al.,, 2012, 2014; Commault et al., 2013). One
explanation for this difference is that at +-0.15 'V, electron transfer
rates operated near their maximum because this potential
provided a larger driving force for electron flow through
the cell (Korth and Harnisch, 2019). This is consistent with
previous reports that at potentials beyond which i, occurs,
electron transfer rates do not increase substantially because
they are kinetically limited by intracellular electron carriers
(e.g, NADT/NADH) (Marsili et al, 2010; Wei et al, 2010;
Korth and Harnisch, 2019). At —0.15V, the bioanodes were
subject to a lower driving force, and in turn lower electron
turnover rates.
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It is known that biofilms dominated by Geobacter spp. express
different pathways, regulated by inner membrane cytochromes,
to allow growth using electron acceptors at different potentials.
This has been demonstrated by the presence of different
oxidation peaks as a function of Exn (Zhu et al., 2012; Peng
et al.,, 2016). One electron transfer pathway, the CbcL-dependent
pathway, operates at redox potentials below —0.10 V (Zacharoff
et al., 2016), whereas at Epn above this value, the ImcH-
dependent pathway is expressed to harvest additional energy
(Levar et al., 2017). The CbcL pathway has been reported to
contribute significantly (at least 60%) to electron transfer, even
in bioanodes formed at higher Epn and its deletion shifts the
midpoint potential to values around —0.1V (Zacharoff et al,
2016). It is thus possible that the bioanodes at —0.15 V expressed
a pathway that was not adapted to EET at more positive EAN,
which is consistent with the current drop after i,. Differences in
the expression and activity of these two pathways are therefore
the likely reasons for the different CV profiles at —0.15V and
+0.15 V.

Electrochemical Impedance Spectroscopy
Bioanode impedance profiles, which characterize the biofilm-
electrode interface in terms of resistance and capacitance
elements, were dependent on activity level for the bioanodes
enriched at —0.15V, but not +0.15V (Figure 3). The majority
of the bioanode profiles (all except the high-activity —0.15V
bioanodes) reflected a single characteristic impedance semi-
circle. Those profiles could be fitted to an equivalent circuit that
considers the solution resistance (R;) and a single charge transfer
resistance (Ry) circuit (Srikanth et al., 2008). For all bioanodes
(both —0.15 and +0.15V), Rs was 13 & 4 , which is low relative
to the majority of the R ¢ values. Other observable phenomena in
the high frequency region of the semi-circle were perceived as too
small (Figure S2) because including them during model fitting
did not change the values of the other calculated resistances by
more than 5%.

The impedance of the —0.15V bioanodes decreased as the
current recorded at the end of the startup period increased
(Figure 3A). The corresponding R ranged from 24 Q to 3.4
x10* Q between the bioanodes with the highest and the lowest
current density, respectively. The high-activity bioanodes at
—0.15V had impedances that were up to 90% lower than the
low-activity bioanodes (Figure S3A). They generated Nyquist
plots with double semicircles (Figure S$4) that can be attributed
to two charge transfer processes (Ramasamy et al, 2009).
Such processes can be better distinguished in the phase angle
Bode plot as two local minimums that become one as activity
decreases and impedance increases (Figure S3B). Relative to the
abiotic controls (i.e., prior to introducing the microorganisms),
impedance of the low-activity bioanodes was lower and the
inactive bioanodes was higher. The latter result suggests that
electron transfer to the anode was slowed or inhibited. This
may have been caused by growth of non-conductive biofilms
(Dheilly et al, 2008) or presence of substances such as
polysaccharides (Kouzuma et al., 2010) that changed the anode
surface conductivity. The similar impedance profile of these
bioanodes and the OCV control (where microorganisms are
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FIGURE 4 | Relationship between bioanode charge transfer resistance (R;t;
normalized to each bioanode’s resistance prior to introducing microorganisms)
and current density (/5). Both metrics were recorded at the end of the startup
cycle. Points with the same shape represent replicate bioanodes fixed at
—0.15V (circles) and +0.15V (triangles). The points are shaded to reflect
bioanode activity level (dark, high-activity; medium, low-activity; light, inactive).
OCV, open circuit voltage bioanodes (squares). The linear regression of high-
and low-activity bioanode points at —0.15V is shown as a dashed line.

present but not respiring on the anode) lends support for
this hypothesis.

Bioanodes enriched at 4-0.15V produced similar impedance
profiles of single semi-circles, regardless of the startup current
or the electrochemical activity reflected in the CVs (Figure 3B).
Total impedance did not increase dramatically in the low
frequency region as was observed for the bioanodes at —0.15V
(Figure S3C), and the phase angle only increased slightly relative
to the initial response of the graphite anode (Figure S3D).
The average charge transfer resistances (R), calculated by the
aforementioned model fitting, were 3,140 £ 330 and 2,140 +
580 2 for the high- and low-activity bioanodes, respectively. The
differences in resistance cannot be explained by differences in
the bioanode design, materials, connections, etc., because the
impedance of each anode prior to inoculation was not related
to the final activity obtained at both Ean (Figure S5). Thus,
higher current production at 4+0.15V did not correlate with
lower total resistance.

To better visualize the relationship between R and bioanode
activity level, R, of each bioanode was divided by the respective
initial R (calculated before inoculation). Plotting I, against
normalized charge transfer resistance (th) yielded a linear
relationship for the high- and low-activity (R* = 97%) bioanodes
at —0.15V (Figure 4). Bioanodes at +-0.15 V did not show a clear
trend in terms of decrease in R, and high-activity bioanodes had
similar th values as most of the low-activity bioanodes, but they
had a much larger I (Figure 4). Their larger maximum current
output in CVs indicates that despite appreciable resistance, these
communities were highly efficient at transferring electrons to
the anode.

Microbial Colonization of the Anodes

We visualized the bioanode surfaces to qualitatively assess
relationships between the electrochemical characteristics
described above and biofilm coverage. To do this, we captured
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FIGURE 5 | Scanning electron microscopy (SEM) images of bioanodes at the
end of the startup cycle. (A) High-activity bioanode at —0.15V showing
uniform and complete surface coverage of microorganisms, (B) high-activity
bioanode at +0.15V with similar cell morphology as (A), but less surface
coverage, (C) low-activity bioanode at —0.15V, with mixed cell morphology
and lower coverage relative to (A), and (D) bioanode at open circuit voltage
(OCV). White bar at the bottom of each figure represents a distance of 10 um.

SEM images of the bioanodes at the end of the startup cycle.
At —0.15V, the high-activity bioanodes were fully covered with
a homogenous layer of microorganisms (Figure 5A), and the
low-activity bioanodes had little to no coverage (data not shown).
At 40.15V, biofilm coverage was patchy and heterogeneous
(Figure 5B), with no clear difference between high- and low-
activity bioanodes. Inactive bioanodes at both potentials showed
a less defined colonization pattern (Figure5C), which was
similar to the OCV controls (Figure 5D).

Bioanode surface coverage was consistent with the EIS results.
A more complete coverage of the anode minimizes charge
transfer resistance (Marsili et al., 2008). This was observed
in the high-activity bioanode impedance spectra at —0.15V
(Figure 3). Thin biofilms and limited surface coverage are
associated with larger charge transfer resistance, which was
observed in the high- and low-activity bioanodes at +0.15V.
This implies that even though bioanode resistance was larger
at +0.15V, the per-cell EET rates at that potential were greater
than at —0.15V. Improved kinetics and optimization of energy-
harvesting pathways at more positive anode potentials support
this observation (Ramasamy et al., 2009; Borole et al., 2010).
Overall, these results show that bioanode growth and activity
occur differently depending on ExN.

Microbial Community Composition

Across low- and high-activity levels at both Ean, sequences
matching to Geobacter had the highest relative abundance in
the biofilms (Figure 6). The relative abundance of this genus
was generally higher in bioanodes that produced the highest I,
which is more noticeable at —0.15V (Figure 6A) than +0.15V
(Figure 6B). A similar trend was found in suspension samples
obtained from the bioreactors, where Geobacter abundance was

generally related to the maximum I, (Figure S6). Geobacter
species are frequently enriched in METs supplied acetate as the
electron donor, regardless of Exn, and consist of several known
exoelectrogens (Zhu et al, 2014). The use of single chamber
MECs in this study may have contributed to the enrichment of
this genus, as some species are able to utilize hydrogen gas (Hs)
produced at the cathode as an additional electron donor (Call
et al., 2009; Lee and Rittmann, 2010). Several other genera were
present in the bioanodes, some of which may have participated
in current generation. Genera, including Sedimentibacter,
Fusibacter, Pseudomonas, and an unknown genus of the family
Comamonadaceae, were detected. While the latter were found
in the OCV controls, both Sedimentibacter and Fusibacter
were not highly abundant (Figure S7A). Comamonadaceae were
present in the inoculum, although at a low abundance of
around 2.5% (Figure S7B). In the high-activity bioanodes, there
was a greater abundance of Pseudomonas species at +0.15V
than —0.15V. Some Pseudomonas species are exoelectrogenic,
producing current through the use of electron shuttles (Rabaey
et al., 2004). A greater abundance of these bacteria at +0.15V
than —0.15V is consistent with prior reports regarding the
influence of Epn on the thermodynamic favorability of electron
transport mechanisms (Finkelstein et al., 2006; Wei et al., 2010).

To better visualize the relationship between community
composition and bioanode performance, a PCA biplot was
constructed (Figure 7). In this plot, genera are represented
as vectors, and the points depict each bioanode and its
corresponding current output at the end of the startup cycle.
Points located along the axis of a vector contain a higher relative
abundance of those respective genera, and the length of the vector
indicates possible influence of the corresponding microorganism
on the distribution of samples (Ramette, 2007). The genus
Geobacter was the primary influence affecting bioanode activity
level at both Ean. Its vector aligns well with the horizontal
axis that explains more than 90% of the observed variation.
Bioanodes with the highest activity levels are closest to this vector.
In contrast, samples corresponding to inactive bioanodes are
located in the opposite direction of this vector, indicating a lower
presence of Geobacter spp. The other enriched microorganisms,
Sedimentibacter and Fusibacter spp., had a stronger influence
on the low- and high-activity bioanodes at 40.15V than
—0.15V. These microorganisms have been detected in METs
exhibiting stable electrochemical performance (Lesnik and Liu,
2014). Although their function in an electrically conductive
biofilm is unclear, their presence in early biofilm formation
suggests a possible role during startup. In contrast, vectors of
microorganisms such as Comamonadaceae and Pseudomonas
spp. are directed toward inactive reactors and the OCV controls.

In all bioanodes, a higher abundance of Geobacter resulted
in lower community diversity. By plotting the Shannon index
(H), an indicator of microbial diversity, against the current
density recorded at the end of the startup cycle, we found
that diversity at both Eqn decreased as I increased (Figure 8);
however, the rate of decrease was much faster at —0.15V
than +0.15V. This result can be explained by the greater
selection pressure at —0.15V. The thermodynamic driving force
for EET is lower at —0.15V than +0.15V; thus it favors
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FIGURE 7 | Principal component analysis (PCA) biplot of anode biofilm
microbial communities. Points with the same shape represent replicate
bioanodes fixed at —0.15V (circles) and +0.15V (triangles). The points are
shaded to reflect bioanode activity level (dark, high-activity; medium,
low-activity; light, inactive). The numbers next to each curve are the current
density recorded at the end of the startup period. Green vectors symbolize the
eigenvector of the corresponding genus. Samples that are located in the
direction of an eigenvector contain that particular genus, with an increased
relative abundance the farther they are located from the center. OCV, open
circuit voltage bioanodes (squares).

microorganisms that can regulate electron transfer pathways to
capture energy under challenging thermodynamic conditions
(Korth and Harnisch, 2019). Microorganisms that use electron
transport mechanisms, such as electron shuttles, that have
more positive midpoint potentials than —0.15V are limited by
thermodynamic constraints (Torres et al., 2009). Comparatively,
at +0.15'V, the thermodynamics are favorable for a wider range
of microorganisms and/or electron transfer mechanisms (Torres
et al., 2009).
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FIGURE 8 | Relationship between microbial diversity [estimated by the
Shannon Diversity index (H)] and bioanode current density (/) recorded at the
end of the startup cycle. A higher H index represents a more diverse microbial
community. Linear regression of replicates from each fixed potential are
represented by dotted lines (blue: —0.15V, red: +0.15V), along with
regression equation and coefficient of determination (Rz). Points with the same
shape represent replicate bioanodes fixed at —0.15V (circles) and +0.15V
(triangles). The points are shaded to reflect bioanode activity level (dark,
high-activity; medium, low activity; light, inactive). Communities from the
wastewater inoculum are shown as yellow rhombi and the open circuit (OCV)
controls are represented as gray squares.

The more selective nature of —0.15V is one possible
reason why there was a higher number of inactive bioanodes
at —0.15V. Since the driving force for energy harvesting is
lower at —0.15V than +0.15V, external forces that influence
bioanode colonization and respiration, such as alternative
electron acceptors, may have a stronger impact on biofilm
development than at +0.15V. We hypothesize that under
those conditions, competition of Geobacter spp. with other
microorganisms that are able to use the same electron donor
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and breathe on traces of other electron acceptors such as oxygen
becomes more pronounced (Ren et al., 2014; Hasany et al., 2016).
The relatively low abundance of Geobacter in inactive reactor
bioanodes and suspension supports this hypothesis.

Coupling the microbial community data with the
electrochemical properties described above, several interesting
observations can be made. First, the relative abundance of
Geobacter was closely linked with bioanode electrochemical
behavior at —0.15V, but not +0.15V. From the low- to
high-activity bioanodes at +0.15V, the relative abundance of
Geobacter deviated by only 12% and ranged from 44.5 to 62.3%.
This trend matches well with the impedance data, wherein the
total resistance across these same bioanodes varied by 10%.
In contrast, at —0.15V the relative abundance of Geobacter
increased from 25.1 to 90.0% across these same activity levels,
resulting in a total deviation of at least 53% compared to the
average of all activity levels. Total bioanode resistance followed
this pattern, with a 91% decrease in resistance between the
low- to high-activity bioanodes. One possible explanation for
why impedance did not vary with activity level for the +0.15V
bioanodes is that that potential selected for an EET pathway
(i.e., from the terminal cytochrome to electrode) that was highly
optimized for electron transfer to the anode. In that case, the
rate of electron flow would depend on internal electron transfer
processes (i.e., electron transport prior to EET) which would be
a function of the “maturity,” or activity level, of those internal
pathways during startup.

CONCLUSIONS

Our overall objective was to determine the impact of two anode
potentials on the electrochemical and microbial characteristics of
bioanodes during the first cycle of current generation. Within this
objective, we also assessed the variability in these characteristics
across a large (n = 8) set of replicates for each potential.
We found that the anode potential (Ean; —0.15V, +0.15V vs.
SHE) had a strong impact on the amount of time required
to initiate current, the electrochemical properties [measured
by cyclic voltammograms (CVs) and EIS], and the resulting
microbial community composition. Even though variability
across replicates was large, three distinct bioanode activity levels
(defined based on the time required to reach a current density
threshold) emerged within each Exn. Bioanodes fixed at —0.15V
required more time to initiate current, and total resistance was
closely related to the startup current and abundance of Geobacter
species in the biofilm. Bioanodes at +0.15V initiated current
faster and had less variability in total resistance and Geobacter
abundance across bioanode activity levels. SEM images of the
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