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Abstract

Exo-electrogenic organisms have been extensively studied for their ability to transfer electrons
with solid surfaces using a large variety of metabolic pathways. Most of the studies on these
organisms consist in the replacement of solid electron acceptors such as Fe(lll) oxides found in
nature by electrodes with the objective of generating harvestable current in devices such as
microbial fuel cells. In this study we show how the presence of solid ferric oxide (Fe2O3) particles
in the inoculum during bio-anode development influences extracellular electron transfer to the
electrode. Amplification and sequencing of the 16S rRNA (V4-V5 region) show bacteria and
archaea communities with a large predominance of the Pelobacter genus, which is known to be
phylogenetically close to the Geobacter genus, regardless of the presence or absence of ferric
oxide in the inoculum. Data indicate that the bacteria at the bio-anode surface can preferentially
utilize solid ferric oxide as terminal electron acceptors instead of the anode, though extracellular
electron transfer to the anode can be restored by removing the particles. Mixed inoculum
commonly used to develop bioanodes may produce similar bacterial communities with divergent
electrochemical responses due to the presence of alternate electron acceptors, with direct

implications for microbial fuel cell performance.
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1. Introduction

The development of exo-electrogenic biofilms is the subject of intense research due to their
potential applications within microbial fuel cells (MFCs) and other bioelectrochemical systems
[1-6]. There has been considerable focus on the development of bioanodes, i.e. the development
of biofilms of exo-electrogenic organisms capable of extracellular electron transfer (EET) to
solid electron acceptors such as metal oxides using electrons obtained through oxidation of
organic matter via their respiratory metabolism [3, 7-12]. This interest has been motivated in
large part by the prospect of harnessing microbial fuel cells for the depollution of wastewaters
[13-15] and as green power sources, especially for low-power devices such as environmental
probes and sensors [16].

One of the most important goals in bioanode research is the optimization of catalytic current
generation at the anode, which requires the consideration of many factors including the choice
of electrode material and its surface chemistry [2, 6, 17-20], the inoculum [5, 7, 21, 22], and the
particular incubation conditions employed [23, 24]. The inoculum is among the most important
factors for two reasons: firstly, without specific bio-augmentation, exo-electrogenic biofilms can
only be obtained via selective pressure from the diverse bacterial communities originally present
in the milieu (commonly soil, garden compost or waste water). Hence, bio-anode development
from mixed inoculum requires the selection of specific bacteria with adaptations (such as redox
shuttles, outer membrane proteins or conductive pili [8, 25]) which can facilitate EET to solid
electron acceptors. Secondly, the physico-chemical properties of the inoculum determine the
nutrient and mineral profile, including the presence of ferric oxides (e.g. magnetite, hematite)
and manganese IV oxides (e.g. MnO) [26, 27] which are among the most important naturally-
occuring solid terminal electron acceptors available to potential exo-electrogens.

Typically, the capacity to reduce solid oxides by such bacteria also facilitates electron transfer
to an external electrode and the production of current, though this is not necessarily always the
case [28]. Moreover even for bacteria known to be capable of EET, such as those of the
Geobacter genus, the composition of the growth media as well as specific growth conditions
employed during biofilm formation can dramatically affect the properties of the resulting biofilm
[23, 24, 29]. The inoculum composition itself has also been shown to directly affect the measured
electrochemical response of exo-electrogenic biofilms [7], however to our knowledge, despite
the fact that exo-electrogens are often isolated from natural environments rich in solid electron
acceptors, the specific effect of enriching the natural inoculum with alternative solid electron

acceptors on anodic exo-electrogenic biofilm development has not been investigated. In this



work we present a study of bio-anode development in the presence and absence of a large
abundance of ferric oxide particles (Fe2O3) in the initial inoculum. We study how the presence
of such alternative electron acceptors influences MFC startup and impacts on the resulting
bioanode performance. Results are correlated to the capacity of the exo-electrogenic biofilm to
carry out EET to the bioanode in the presence or absence of an alternative solid Fe>Os electron
acceptor.

Electrochemical characterization of the MFCs via cyclic voltammetry shows a response
typical of bacterial-catalyzed acetate oxidation and EET after biofilm development in the
absence of Fe>03, while bio-anodes formed in the presence of Fe2O3z show weak or no apparent
EET even after the development of a robust biofilm on the electrode surface. This inhibitory
effect of solid Fe2O3z was found to be reversible by removing the bioanode from contact with the
solid particles, suggesting a preferential use of the Fe»O3 by bacteria even in when present in a
biofilm developed at the electrode surface. 16S rRNA amplicon sequencing of biofilms indicates
a very similar community composition at both bioanode types with a large predominance of an
as-yet uncultured Pelobacter genus. Considered together, our results suggest a possible
modulation of the metabolism of exo-electrogenic biofilms in the presence of competing
acceptors, which may dictate whether or not the resulting biofilm is capable of EET with the
anode. Our results demonstrate the importance of considering the contribution of solid metal
oxides present in the inoculum to the observed electrochemical response of exo-electrogenic

biofilms.

2. Material and Methods:

2.1. Chemicals and Materials
NaCl (99.5%), KCI (99.5%) Sodium Acetate (>99%, anhydrous) and Glutaraldehyde (25%
solution) were purchased from Sigma Aldrich and used without further purification. Ferric Oxide
(Fe20s3, > 99%) was purchased from Fluka. Ethanol (96%) was purchased from VWR.

2.2. Bio-anode Setup
MFC pilots were built in a typical two compartment arrangement separated by a Proton
Exchange Membrane (Fumasep® FKM). The cathodic compartment contained saline solution
(10 mM NaCl) with 50 mM of potassium hexacyanoferrate 111 (KzsFe(CN)eg) as an electron
acceptor. In the second compartment 80 g of blended inoculum (garden compost, Rennes 2021)
was mixed with 200 mL of saline solution in ultrapure water for a final NaCl concentration of
10 mM. This salt concentration was chosen based on previous MFC studies which successfully

developed bioanodes capable of oxidising organic substrates from mixed inoculum [30]. A



graphite rod (MorganAM&T) was placed in both compartments connected through external
resistance between them equivalent to the internal resistance of the set-up measured between the
two electrodes; typical values of apparent internal resistances were on the order of 100 Q as
determined using electrochemical impedance spectroscopy characterisation of the full cell
(Supporting Information Figure S1). Pilots with starting inoculum only were considered as
‘Control” MFC pilots. For the Ferric Oxide-Enriched pilots, Fe2Os powder was mixed with the
blended inoculum to a final concentration of 2 g L.

2.3. Incubation conditions

All pilots were incubated at a constant temperature of 25°C using a water bath. The anodic
compartment was flushed regularly (every two days on average) using Ar gas to ensure anaerobic
conditions. On the second day of incubation, sodium acetate was added to all pilots for a final
concentration of 20 mM. Unless otherwise specified, new additions were made every 5 days on
average in all pilots from anaerobic stock solutions of 0.25 um filtered sodium acetate in
ultrapure water using a sterile syringe. The pH values of the anodic medium, internal resistances
and the potentials of the anodes were monitored regularly for all pilots. pH values always
remained between 7.5 and 8.5 for the anolyte during the entire incubation period and were not
manually adjusted. Electrochemical studies were performed under conditions of Ar saturation at
regular intervals in order to follow the evolution of the bio-electrochemical profile of the anodic

biofilms.
2.4. Electrochemical studies

Electrochemical studies were performed on a Multi Autolab/M204 potentiostat. All
electrochemical studies were made using an Ag/AgCl electrode (saturated KCI, + 197 mV vs
SHE) inserted into the anolyte. The bio-anode was used as the working electrode while a graphite
rod mounted in the catholyte was used as a counter electrode. Fuel cell polarisation curves were
obtained by applying potentials ranging from open circuit potential (OCP) ca. 700-800 mV to
short circuit in steps of 100 mV. Each potential step was held for a minimum of 900s and the
final current recorded was taken as the average of the last three data points. Power densities were
obtained by multiplying current densities normalised by the geometric area of the electrode by
the applied voltage (P = jxV).



2.5. DNA extraction and Amplicon sequencing

After 54 days of incubation, the biofilms colonizing the anodic electrodes of four pilots were
removed using a sterile spatula. Suspended sediments and anolyte were also collected near the
electrode and a DNA extraction protocol was performed on all samples according to the
manufacturer’s guidelines (DNeasy PowerSoil DNA extraction kit, Qiagen®) for all samples. All
biofilm and sediments samples showed satisfactory DNA concentrations as estimated using
Nanodrop® hardware. 16S rRNA gene sequencing was then made on the DNA extracted from
biofilm and sediments with amplification of the V4-V5 region using the primers 515F (5'-
GTGCCAGCMGCCGCGGTAA-3’) and 928R (5'-CCCCGYCAATTCMTTTRAGT-3’) by the
GeT-Biopuces laboratory of INSA Toulouse. Amplicons were then sequenced using a MiSeq

Illumina® and the reads were obtained under the FastQ format.

2.6.  16S rRNA gene sequences library treatment

The obtained 16S rRNA library in FastQ format was treated using the FROGS pipeline®! as
previously reported [32]. Briefly, this involved pre-processing sequences to cluster them in
operational taxonomy units (OTUs), eliminate chimera, filter sequences with low abundance
(keeping only those appearing more than 0.005% in the whole dataset) and finally, attribute the
remaining OTUs left using the silva 132 16S database [33]. For all samples reported the number
of sequences always exceeded 20 000, which was considered sufficient for the 16S rRNA study.
The identification was stopped at the genus level and only those with a relative abundance equal
or more than 4% were kept in the final analysis.

2.7.  SEM Imaging

Bioanodes from control and ferric-oxide pilots were fixed using a 2.5% glutaraldehyde solution
in 0.1M phosphate buffer overnight followed by rinsing in 0.1M phosphate buffer and
dehydration in ethanol-water solutions with increasing ethanol concentration as previously
reported [2]. Bioanodes were then critical-point dried to replace remaining water with CO and

covered in a layer of sputtered gold prior to analysis.

3. Results

3.1 Ferric oxide characterisation

SEM images of the Fe.O3 powder showed heterogeneous particles ranging between 1 — 10 pm
in size (Supporting Information Figure S2). Redox processes attributable to the particles

disappeared after 0.45 pum filtering of Fe>Os suspensions (Supporting Information Figure S3).



No significant leaching of Fe cations was detected in solution via inductively-coupled plasma
optical emission spectroscopy (ICP-OES) after incubation for >10 days under comparable
conditions to those used in MFC studies (Supporting Information Figure S4) suggesting that the
observed redox behaviour may be directly attributed to the couple of solid Fe2Os/Fe?*. Presence
of Fe;Os at the surface of electrodes incubated in the presence of Fe.O3z powder was confirmed

via SEM-Energy Dispersive X-Ray Spectroscopy (EDS, Figure S8).

3.1. Effect of Ferric Oxide-Enriched Inoculum on MFC Startup
In order to study the effect of the presence of an abundant (2g L) solid source of Fe(lll) on
bioanode development, commercial ferric oxide (Fe»Os) microparticles were chosen to
supplement natural compost inoculum in four of the MFC pilots. Four Control pilots were
maintained with only compost. The effect of Fe2Os presence on fuel cell startup is summarised
in Figure 1. Figure 1 a) shows the average development of the open circuit potential (OCP) of

pilots. OCP development under these conditions is determined
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Figure 1. a) Open circuit potential values of MFC Pilots obtained with (red points) and without (black points)
the presence of 2 g L* ferric oxides. b) Cyclic Voltammograms obtained on pilots with (red curve) and without
(black curve) addition of 2 g L ferric oxides after 14 days of incubation in 20 mM acetate. Both pilots had
similar open circuit potentials. Scan rate: 1 mVs™. ¢) Cyclic voltammograms of a mature bioanode under non-
turnover conditions and with successive additions of acetate to demonstrate catalytic acetate oxidation. Prior
to the measurement the MFC was operated for 10 days without acetate addition. Voltammograms at a scan
rate of 1 mVs were taken 2h after each addition of sodium acetate to the anolyte from an anoxic stock solution.
d) Derivative analysis of bioanode under non-turnover conditions from ¢). Midpoint potentials identified from

the anodic scan are indicated with arrows.

versus a cathode with a constant potential ca. 0.2V vs Ag/AgCI (sat) due to the presence of 50
mM potassium hexacyanoferrate(l11) as previously reported [2]; this potential was periodically
measured and remained unchanged throughout the entire experiment, and hence the measured
OCP reflects changes occurring in the bioanode over time.

The average OCP obtained at all time points was not significantly different between Ferric
Oxide-enriched MFCs and controls, suggesting that pioneer exoelectrogens which oxidise acetate
(ca. -0.488 V vs Ag/AgCI (sat)) are able to colonize the anode even in the presence of the
microparticles. There is a relatively large variability in the OCP during the startup period, even
between similar pilots, however upon reaching values of ca. 700-800 mV the OCP was continually
monitored and found to remain stable in this range over time as long as periodic (once every 5
days on average) additions of sodium acetate were made from filtered, anoxic stock solutions.

However, the attainment of a particular OCP value for the MFC does not necessarily imply that
the extent of colonisation by exo-electrogenic bacteria is comparable between Control and Ferric
Oxide-enriched pilots. This can be seen in Figure 1 b), which compares voltammograms obtained
for MFC pilots after 14 days of incubation. As evident in the figure, pilots with and without ferric
oxides with similar OCP values (ca. 700-800 mV) nevertheless show very different extents of exo-
electron colonisation as judged by their voltammetric responses. Both pilots display an onset of
oxidation between -0.5 V and -0.4 V vs Ag/AgCI (sat) characteristic of organic matter oxidation
by an exo-electrogenic biofilm colonizing the anode [7, 16]. Numerous peaks are observed in this
potential range which may be attributed to enzymatic electron exchange due to the presence of c-
type cytochromes in the biofilm. The limiting Faradaic current observed on the control pilot is ca.
4 times higher than when solid Fe>Os particles are present, suggesting that initial bioanode

development is more advanced for this pilot.

3.2. Characterisation of mature bioanodes in absence of ferric oxide particles



After the initial study of MFC startup the pilots were operated for at least 30 days continuously,
until day-to-day measurements of the limiting current density attributed to catalytic acetate
oxidation reached at least 0.1 mA cm2in the pilots without Fe,Os. At this point such biofilms
yielded reproducible voltammograms with a sigmoidal catalytic profile consistent with a well-
developed bioanode. Figure 1c¢) shows the electrochemical response of such a mature biofilm under
non-turnover conditions; at least 3 pairs of redox peaks are identified in the voltammograms with
midpoint potentials at ca. -0.4, -0.25 and -0.18 V vs Ag/AgCI (sat) identified via derivative analysis
(Figure 1 d)). Successive additions of low concentrations of acetate returns the biofilm to turnover
conditions, restoring the sigmoidal catalytic profile and confirming that the Faradaic response
observed from the bioanodes is acetate-dependent. This acetate dependence was also replicated on
other, independent pilots (Figure S5). Moreover, we confirmed that this catalytic response is
specifically attributed to the biofilm developed at the bioanode surface by placing an unmodified
graphite electrode into the anolyte of a well-developed control pilot (Figure S6). No redox peaks
or catalytic acetate response were detected in these latter studies, which strongly suggests that
bacteria in the biofilm are essential for harvesting electrons from acetate oxidation via extracellular

electron transfer (EET).

3.3. Characterisation of bio-anodes obtained in presence of ferric oxide particles

The addition of ferric oxides to the starting inoculum results in key differences in the
electrochemical response of mature bioanodes. Figure 2 a) and b) compares the voltammograms
obtained for control and ferric oxide MFC pilots after 30 days of operation. The mature control
bioanode shows more pronounced cytochrome c-like peaks in the range from -0.5 — -0.1 V vs
Ag/AgCI (sat) as well as the catalytic response to acetate evident in Figure 1 b) and ¢). However,
the bioanode developed in the ferric oxide pilots shows a very different voltammetric profile with
a significantly greater apparent capacitance as well as the appearance of additional redox species
with oxidation peaks in the range from -0.2 — 0 V and a broad reduction between -0.4 and -0.6 V
vs Ag/AgCI (sat). We note that peaks in the range -0.5 V — -0.2 V which we attributed to the
presence of c-type cytochromes in an electroactive biofilm for control pilots are also present for
the ferric oxide pilot, suggesting that exo-electrogenic bacteria from the inoculum are able to
colonise the electrode even in the presence of solid Fe2Oz. This conclusion is supported by SEM
images of control (Figure 2 c)) and ferric oxide (Figure 2 d)) bioanodes which show evidence of
mixed biofilms present at the electrode surface. Moreover, the bioanode immersed in Fe2Os was

found to show evidence of bacterial colonisation predominantly by rod-shaped bacteria in direct



contact with ferric oxides (Figure 2 €) and f)). Further supporting images showing the similarities
in biofilm structure for both bioanode types as well as a discussion of the chemical contribution
of Fe>O3 particles derived from EDS data are reported in the Supporting Information in Figure
S7-S12. Despite this biofilm presence, the apparent catalytic response to acetate for ferric oxide
pilots is weak to non-existent even after the addition of 10 mM acetate (Supporting Information
Figure S13).

Based on control experiments using graphite electrodes in direct contact with ferric oxide
particles (Figure S14), we attribute the additional observed redox peaks in Figure 2 b) to oxidation
and reduction of Fe2Os to Fe(ll) present in close proximity to the anode surface with formal
potential E = -0.32 V vs Ag/AgCI (sat). This result is in good agreement with previous reports
of the redox potential of the a-Fe,Os/Fe?* couple at neutral pH [16]. Considering the formal
reduction potential of acetate (E®’=-0.49 V vs Ag/AgCl (sat) at pH 7), this demonstrates that the
Fe>Os particles can in principle serve as the electron acceptor for an acetate-oxidizing bioanode
and may explain why Ferric Oxide-enriched pilot MFCs display no apparent acetate response

despite the evident colonization of the bioanode.
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Figure 2). Typical voltammograms of bioanodes in a) Control and b) Ferric Oxide MFC pilots after 7 days (gray
curve) and 30 days (red curve) of development (2" voltammogram shown in each case). SEM images of a mature
bioanode from Control (c) and Ferric Oxide pilots (d) showing mixed biofilm development. ) Direct contact between
bacteria and Fe;Os, indicated by red arrow. f) Direct growth of individual bacteria on Fe,Os3 particles apparently
immobilised in the biofilm at the electrode surface. Apparent point of direct contact between an individual bacterium

and Fe;0s is indicated by the red arrow.

The extent of electrogenic biofilm development was also assessed via polarization experiments
on the MFC pilots. Control pilots (Figure 3 a) and b)) and Ferric Oxide pilots (Figure 3 c¢) and
d) were assessed on day 21. As shown in Figure 3, initial biofilm development in the absence of
ferric oxides resulted in maximum power densities ca. 200 — 250 mW m2, with higher values of

10



ca. 450 mW m obtained after 30 days of incubation (Supporting Information Figure S15). This
result is comparable to previous studies of biofilm development from the group using mixed
inoculum on graphite [2, 17]. By contrast, in the presence of Fe2O3 much lower maximum power
densities of 30 — 40 mW m were observed after similar incubation times despite the fact that

pilots under both conditions have similar OCP values (between 0.7 — 0.8 V).
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Figure 3. Fuel cell polarization curves of Control ((a) and b)) and Ferric Oxide ((c) and d)) bicanodes after 21 days
of operation in 10 mM acetate/10mM NaCl under conditions of Ar saturation. The applied potential was varied from

the measured open circuit potential to within 50 mV of short circuit in steps of 100 mV, as detailed in the

Experimental section.

From this, as well as the confirmation of bioanode colonization from SEM images and

voltammetric experiments, it may be suggested that the presence of Fe2Os in the blended inoculum

serves as an alternative solid electron acceptor to the anode, even when the biofilm is composed

of bacteria apparently capable of EET.
3.4.
acetate

Investigation of the specific effect of ferric oxide particles on the bioanode response to

Experiments reported in Figures 1-3 suggest that the presence of solid Fe>Os particles in the

inoculum suppressed EET to the anode even in bioanodes with a well-developed electroactive

biofilm. In order to test this hypothesis, we studied the voltammetric response of bioanodes taken
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from control pilots showing EET to the anode before and after the addition of Fe>O3 particles.
Figure 4 a shows the CV of a mature control bioanode, which showcases clear c-type cytochrome
peaks as well as a catalytic acetate response with limiting current in the range of 0.1 mA cm2,
After the addition of 2 g L™* of ferric oxides to the anolyte an immediate drop in the limiting current
of acetate oxidation to ca. 60% of its original value is seen (see arrow in Figure 4 a)). The bioanode
under these conditions was noted to be visibly covered in a layer of Fe,Oz particles, similar to
bioanodes obtained from incubation in Fe2O3 enriched inoculum (Figure S7). After incubating the
bioanode in the presence of Fe;Os particles for 12h overnight, the resulting voltammograms
strongly resemble those of Ferric Oxide-enriched pilots from Figure 2; little apparent acetate
oxidation is evident and there is a notable appearance of an additional redox peak at -0.15 V,

characteristic of the presence of Fe,Oz3 particles as noted in the discussion accompanying Figure

2.
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Figure 4. a) Cyclic voltammograms of a bioanode developed in a Control MFC before (red curve) and immediately
after addition of solid Fe.O3 (black curve). The bioanode was incubated under turnover conditions in the presence
of Fe,O3 for 12h before remeasuring the response (gray curve). b) The same bioanode described in a) before (gray
curve) and after (black curve) rinsing in Ar-saturated 10 mM NaCl solution in order to remove adherent Fe,O3

particles and repeating the voltammetric analysis. All measurements were performed under conditions of Ar-

saturation.

After gently rinsing the electrode in Ar-saturated 10 mM NaCl to detach the loosely-bound Fe2O3
and replacing it in fresh anolyte solution with 10 mM acetate + 10 mM NacCl, the electrode
recovered its catalytic response to acetate and the peak associated with Fe>Oz disappeared. From
this experiment we propose that exposure of our pre-existing bioanodes capable of EET to an
external electrode to solid Fe2Oz3 particles suppresses EET to the anode, and this suppression can

apparently be reversed by removing the affixed Fe>O:s.
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3.5. Removal of Biofilms for 16S amplicon sequencing and community analysis

After 54 days of operation, biofilms were removed from the graphite surface of control and ferric
oxide pilots in duplicate by scraping with a sterile spatula for DNA extraction and 16S amplicon
sequencing as described in the Experimental section. The removal of the biofilm at the electrode
surface causes a near-total loss of the catalytic activity of the bio-anode towards acetate oxidation
(Figure S16), which serves as further confirmation that the biofilm is essential for EET to the
anode. For the ferric oxide pilots, biofilm removal also results in a loss of redox peaks attributed
both to the biofilm itself and to adherent ferric oxide particles. We interpret this result, along with
the observation of ferric oxide incorporated at the bioanode surface for Ferric Oxide pilots in
SEM images (Figure 2) as a tentative confirmation that ferric oxide particles were immobilised

within the developing biofilm for these MFC pilots.

3.6. Community analysis of control and ferric oxide bioanodes
Electrochemical results for control and ferric oxide bioanodes show a clear effect of the presence
of alternative solid electron acceptors on both bioanode development and acetate oxidation. One
possible explanation to observed differences between control and ferric oxide bioanodes is that
the presence of ferric oxides in the inoculum alters the composition of the biofilm colonizing the
anode via selective pressure effects. To test this hypothesis, we carried out community analysis

through 16S amplicon sequencing of both bioanode types. Results are summarized in Figure 5.
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Figure 5. Details of the bacterial communities (to Genus level) colonizing the electrode from Control Pilots (C1
and C2) and Ferric Oxide Pilots (F1 and F2).

The first notable result is that for all pilots studied, there is no evidence of bacteria of well known
exoelectrogens such as the Geobacter genus, which is perhaps the best-known acetate-
metabolising electricigen used in MFC studies. Instead control pilots (C1 and C2) show a
predominance of the bacterial genus Pelobacter with 77 % for the first pilot and 36 % in the
second pilot, with ferric oxide pilots (F1 and F2) also being predominantly of the Pelobacter
genus (63 % in F1 and 56 % in F2). Considering that this genus was only present with a very
low relative abundance (<1 %) in the inoculum and surrounding milieu (community analysis of
inoculum, Supporting Information Figure S17), this suggests that the incubation conditions
employed during MFC startup were selective for the development of Pelobacter-dominated
biofilms at the anode surface for both control and ferric oxide pilots. We also found no significant
presence of Pelobacter in the surrounding anolyte milieu from samples extracted at the same
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time as biofilms, suggesting that this Pelobacter species preferentially colonises the electrode.
Bacteria in the Pelobacter genus have already been documented for their phylogenetical
proximity with the Geobacter genus, both belonging to the bacterial order Desulfuromonadales
[17]. The Pelobacter genus is often detected in electroactive biofilms and while it is known to
contain species such as Pelobacter carbinolicus which are able to use solid Fe(ll1) oxides as an
electron acceptor [28], it is generally considered incapable of both oxidising acetate and of
performing EET to an electrode. Nevertheless, species of the Pelobacter genus do produce c-
type cytochromes, which may explain the appearance of cytochrome-like redox peaks in the
voltammetric analysis in Figures 1-4. [34] When blasting the OTU (Operational taxonomic unit)
associated with the identified Pelobacter genus against the NCBI library (National Center for
Biotechnology Information), the closest match is an uncultured Pelobacter species with only
98.3% correspondence in the sequence; blasting the same OTU against that of Pelobacter
carbinolicus, a well-studied species of Pelobacter known to be incapable of EET to electrodes,
yields only 95% of identity, which strongly suggests that the species colonizing our anodes is an
as-of-yet unidentified species of Pelobacter.

4. Discussion

We have developed acetate-oxidising bioanodes from mixed inoculum in both the presence and
absence of large concentrations of alternative solid electron acceptors in the form of Fe,Oz. The
presence of Fe,Os particles results in marked differences in voltametric responses of the
bioanodes, which we attribute to the suppression of EET between the biofilm and the anode in
favour of insoluble Fe,O3 reduction.

Community analysis derived from 16S rRNA amplicon sequencing shows that the presence
of Fe2Os particles in the inoculum does not drive biofilm development at the anode towards
radically different communities through selective pressure. Both Control and Ferric Oxide pilots
show a total absence of known electricigens such as Geobacter or Shewanella, but instead have
a large predominance of an as-yet unidentified Pelobacter species. Previous investigations of
Pelobacter species such as Pelobacter carbonolicus have shown that it is capable of
dissimilatory Fe(lll) oxide reduction but not of direct current production on anodes; instead, a
syntrophic partner such as Geobacter sulfurreducens must be present in order to oxidise acetate
and hydrogen produced through the metabolism of ethanol by Pelobacter in order to produce
current directly [35, 36]. By contrast, even in the absence of a known exoelectrogenic partner
species, our biofilms are nevertheless capable of EET to the anode. Acetate was essential for

MFC activity and all pilots were observed to show a drop in OCP and a transition to non-turnover
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conditions in its absence. The presence of ferric oxide particles was found to inhibit EET, but
notably, this effect could be reversed in a matter of hours when these particles were removed
through gentle rinsing and the bioanodes were re-immersed in Fe>Oz-free medium.

Based on these results, we hypothesize that all bio-anodes in this study are predominantly
colonized by an as-yet unidentified Pelobacter species which is capable both of dissimilatory
Fe(l1l) oxide reduction and of direct EET to a solid anode using electrons derived from acetate
oxidation. To our knowledge this is the first time that EET has been demonstrated for a
Pelobacter-colonised biofilm in the absence of a previously known exo-electrogenic syntrophic
partner. The exact mechanism of EET for these biofilms has not yet been established, but direct
contact of the biofilm at the anode surface was found to apparently be essential for observing
EET, as no catalytic response to acetate was detected either after biofilm removal or when bare
graphite electrodes were immersed in the anolyte. This suggests that direct contact EET
mechanisms involving c-type cytochromes may instead be responsible for the observed currents,
but does not rule out possible contributions of redox shuttles immobilised within the extracellular
matrix of the biofilm [37]. Direct contact between bacteria and immobilised Fe.Oz was also
observed for samples developed in Ferric Oxide pilots, although this does not necessarily imply
a common mechanism for EET to solid metal oxides and to the bioanode. Work is currently

ongoing in our laboratory to elucidate the precise origin of the observed EET for these bioanodes.

5. Conclusions

Our results demonstrate the complexity of bio-anode development under conditions of
competition between potential solid terminal electron acceptors, namely Fe>Os microparticles or
the anode. This is of particular relevance to MFC devices developed using natural inoculum such
as soils, sediments and even wastewaters, all of which may be enriched in minerals with the
potential to serve as alternative electron acceptors to the anode. MFCs and other bio-
electrochemical systems rely on the ability of some bacteria to perform electron transfer with
solid surfaces for current generation. Here we have shown that the presence of another potential
terminal electron acceptor in the incubation medium of the electrode does not necessarily
preclude the species from colonizing the anode surface and becoming the predominant species
in the mixed community, but can reduce the current obtained from organic matter oxidation.
Further studies into the metabolic preferences of biofilms between solid surfaces and other

acceptors located in the same medium are recommended in order to better understand the impact
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of varied natural inocula on bio-anode development and in turn enhance the potential

performance of MFC devices.
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8. Appendix A. Supplementary data

Supplementary figures and data can be found in the attached file including determination of
internal MFC resistance via impedance spectroscopy, SEM images of Fe.O3 particles, additional
SEM and EDS analysis of biofilms, supplementary cyclic voltammetry characterization of Fe;O3
microparticles, supplementary MFC polarization data, SEM images of bioanodes coated with
Fe>O3 and community analysis of inoculum and of MFC anolyte milieu following incubation,
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Determination of Internal Resistance of Microbial Fuel Cells via Impedance Spectroscopy

To determine the apparent internal resistance of the MFC pilots, electrochemical impedance spectroscopy
(EIS) experiments were carried out using the bioanode as the working electrode and the cathode as the
counter and reference electrode. Measurements were carried out at OCP with an equilibration time of 600
s prior to the initiation of the EIS experiment. Data were acquired in the frequency range from 200 kHz
to 10 mHz using an AC voltage amplitude of 10 mV. A typical Nyquist plot obtained under such
conditions is shown in Figure S1. Here the apparent uncompensated resistance due to the solution and the
cation exchange membrane of the MFC was estimated from the intercept of the data with the X-axis at
110 Q.
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Figure S1. Representative Nyquist Plot of H-Type Fuel Cells immediately after setup.
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SEM Characterisation of Fe203 Particles

Commercial Fe,Os particles (Figure S2 a)) were sputter-coated with Au prior to SEM analysis.
Representative images are shown in Figure S2 b) —d) at different scales. Particles are heterogeneous with
the smallest apparent particles being on the order of 1 um.

Figure S2. a) Commercial Ferric oxide (Fe.Os) particles used in this study b)-d) Representative SEM
images of ferric oxide particles obtained at different magnifications.
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Voltammetric Analysis of Fe203 Particles

Fe203 (2 g/L in NaCl 10 mM) was analyzed by cyclic voltammetry in the range -1.0 — 1.0 V vs Ag/AgCI
(sat). Figure S3 shows the resulting CV curves for bare graphite in NaCl only (black trace) and after Fe,O;
addition (red trace). Afterwards the electrode was thoroughly rinsed with ultrapure water and the
electrolyte filtered with 0.45 pum syringe filters. The resulting CV curves resemble the bare graphite
electrode, suggesting that the redox species with a broad oxidation between -0.4 — 0.1 V and a reduction
onset at -0.6 V vs Ag/AgCI (sat) can be attributed to the Fe,O3 particles.
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Figure S3. Cyclic voltammograms of a graphite electrode in 10 mM NaCl in the presence of 2 g L Fe,Os
(redtrace) and after 0.45 um filtration to remove solid particles (blue trace). The bare graphite electrode
in 10 mM NaCl only is shown in black.
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Leaching Test of Fe203 Particles

To investigate the capacity of Fe,Osparticles to leach Fe cations into solution, Fe,Os particles (2g/L) were
placed in an Ar-saturated solution of 20 mM NaCl and 10 mM sodium acetate (pH = 7.3) and incubated
at 30 °C. Samples were taken after 4 and 10 days of incubation, diluted with 2% nitric acid (HNOs,
analytical grade 70%, Merck) and 0.25 um filtered prior to Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) analysis (iCAP 7000Series Thermo Scientific). Calibrated solutions in the range
1 — 10 mg/L Fe were prepared using commercial stock solutions of Fe and the samples were titrated for
Fe under argon flux. As shown in Figure S4, detected Fe in the filtrate was

< 0.1 mg/L even after 10 days of incubation, suggesting that leaching of free Fe cations into solution is

negligible under the experimental conditions employed in MFC studies.
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Figure S4. Free Fe ion concentration obtained from filtered solutions of 2 g L Fe;Os in 10 mM

NaCl/Acetate over time via Inductively Coupled Plasma-Optical Emission Spectrometry.
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Reproducibility of Acetate Response of Control Bioanodes

Replicates of the acetate response test on Control MFC bioanodes are presented in Figure S5 after a) 5
days and b) 10 days without acetate addition. Both pilots showcase a voltammogram typical of catalytic
acetate oxidation. The bioanode in a) did not fully deplete acetate from the previous addition of 10 mM
acetate within the 5-day period, while in b) the bioanode is closer to non-turnover conditions similar to
the result of Figure 1 c) in the main text.
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Figure S5. Replicates of the response of two independent Control bioanodes before (red trace) and after
the addition of 10 mM acetate (blue trace). The black trace indicates the initial voltammograms obtained

on bare graphite electrodes on day 1 of incubation.
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Comparison of mature bioanodes to bare graphite electrodes in MFC anolyte after more

than 30 days of incubation.

As described in the main text, mature bioanodes in Control MFCs display a characteristic acetate
oxidation with a limiting current density of ca. 0.1 mA.cm(red trace in Figure S6). However it is well
known that bacteria in the surrounding anolyte may also be electricigens capable of extracellular electron
transfer via intermediate redox shuttles. To demonstrate that the biofilm developed at the electrode surface
is necessary for extracellular electron transfer (EET), the response of mature bioanodes was compared to
that of bare graphite immersed in the same anolyte solution. In Figure S6 the bioanode response was first
measured (red trace) before being transferred under Ar flow to an anoxic solution of 10 mM NaCl. A bare
graphite electrode was then placed into the anolyte compartment and its voltammetric response recorded
(black trace in Figure S6). No evidence of redox species or catalytic acetate response is detected for bare

graphite, which strongly indicates that bacteria present in the biofilm are essential for the observed EET.
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Figure S6. Cyclic voltammograms (2" scan shown) of a mature bioanode (red trace) and bare graphite

electrode (black trace) immersed in the anodic compartment of the same Control MFC pilot.
Voltammograms were measured under conditions of Ar saturation after the addition of 10 mM acetate to

the anolyte.
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Photographs of Ferric Oxide Bioanodes After Incubation

Fe203
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Figure S7. Photographs of Ferric Oxide Bioanodes after 50 days of incubation showing adherent Fe;O3

particles, as later confirmed by SEM analysis (see Figure S8-S11 below and Figure 2 in the main text).
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Biofilm Composition Study through Energy Dispersive X-Ray Spectroscopy and SEM

Images of Bioanodes

As discussed in Figure 2 ¢)-f) in the main text, mixed biofilms were identified on graphite bioanodes in
both the presence and absence of adherent Fe,O; at the bioanode surface. Figure S8 shows energy
dispersive x-ray spectroscopy (EDS) results for bioanodes in the absence (a)) and presence (b)-d) of
Fe>Os. Peaks associated to Fe are identified only in regions containing apparent Fe,Os particles with
similar morphology and size distribution to those identified in Figure S2, while control bioanodes show
peaks only of carbon and oxygen, consistent with an organic biofilm.

Figure S8. EDS analysis of SEM images of a) bacterial biofilm and b-d) bacterial biofilm developed on
a bioanode in the presence of 2 g/L Fe,Os. The red spot in each image indicates the area of analysis. The

unaltered images in Figure S8 are presented below.

It is clear from the accompanying images in Figure S8 (reproduced without alteration in Figure S9-S12
below) that the biofilms develop coherently across the graphite surface regardless of the presence of
Fe,0s. Adherent Fe,Os particles may attach to the biofilm as shown in Figure S8 b)-d), and individual
bacteria appear to grow in direct contact with these particles (most evident in Figure S8 d) and Figure
S12)). This suggests that Fe;O3z does not impede colonization of the bioanode by electroactive bacteria
and that differences observed in the electrochemical response of control and Fe;Os bioanodes should

instead be attributed to the presence of an alternative terminal electron acceptor to the anode.
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Figure S9. Bacterial biofilm from bioanode idetifie in Fgure S8 a).
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Figure S10. Biofilm developed in the presence of Fe,Oj3 particles from Figure S8 b). This image was also
presented as Figure 2 ) in the main text.
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Figure S11. Bacteria developing at graphit ele'gtFode surface in contact with Fe;O3 partiéles from Figure

S8 ¢). This figure was also presented as Figure 2 f) in the main text.
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Figure S12. Images of bacteria growin t Fe,O3 particles from
Figure S8 d). Multiple bacteria are evident in the figure as well as protruding pili apparently connecting

the bacteria to the Fe.Os modified electrode.
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Lack of Acetate Response Evident in Voltammograms of a Ferric Oxide bioanode
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Figure S13. Voltammograms of a Ferric Oxide bioanode before (blue curve) and after (red curve)

addition of 10 mM sodium acetate. The black curve shows the initial voltammogram obtained for bare

graphite. Unlike for Control bioanodes, very little change is evident in the voltammogram after acetate

addition.
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Additional Voltammetric Characterisation of Fe203 particles in direct contact with

graphite electrodes
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Figure S14. Voltammograms of bare graphite (gray trace) and graphite placed in direct contact with Fe,Os3 particles

(black curve).

Figure S14 shows voltammograms obtained on bare graphite and on a graphite electrode with Fe;Os
particles affixed at the electrode surface. In order to attach the particles a hole (1 cm depth x 0.05 cm
width) was drilled at the electrode and loaded with ferric oxide powder. The resulting voltammogram is
similar to that obtained in Figure S3 and shows broad oxidation and reduction peaks associated with
Fe2Os / Fe(l). These redox peaks with apparent midpoint potential close to -0.4 V vs Ag/AgCI (sat) are

similar in form to that observed in Ferric Oxide MFC pilots.
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Additional Polarisation Curves for Control and Ferric Oxide-enriched MFCs
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Figure S15. Additional MFC polarisation curves obtained after 30 days of bioanode incubation. Black:
Control MFCs. Red: Ferric Oxide-enriched MFCs. The inset shows data in the range 0 — 150 mA m=
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Voltammograms of Bioanodes After Biofilm Removal for DNA Extraction

Control and Ferric Oxide-enriched MFC bioanodes were analysed before (black traces in Figure S15) and
5 days after (red traces) biofilm removal for DNA extraction and 16S rRNA amplicon sequencing.
Voltammograms prior to scraping off the biofilm show the expected catalytic acetate response for control
pilots, while Ferric Oxide-enriched pilots show evidence of both the electroactive biofilm and of redox
peaks attributed to the presence of adherent Fe,Os. After the biofilm is removed almost all catalytic
acetate oxidation is absent from follow-up voltammograms, as is evidence of surface-attached Fe;Os.
This suggests that the developing biofilm incorporates surrounding Fe>Ozas seen in SEM images of Ferric

Oxide-enriched bioanodes above.
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Figure S16. Voltammograms of a) b) Control MFC bioanodes and c) d) Ferric Oxide-enriched MFC
bioanodes before (black trace) and after biofilm removal for DNA extraction experiments (red trace).

Note that the voltammogram in b) is the same as that in Figure S5 a).
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Community Analysis of Surrounding Inoculum

Figure S17. Community analysis of a) inoculum compost prior to incubation b) Control and c) Ferric
Oxide MFC pilots after 54 days of continuous incubation in the presence of 10 mM acetate / 10 mM
NaCl. Samples of anolyte and compost in close proximity to the bioanode surface were extracted and

subjected to DNA extraction as described in the main text.
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