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Systemic Analysis of the Spatiotemporal Changes in Multi-
Species Electroactive Biofilms to Clarify the Gradual Decline
of Current Generation in Microbial Anodes
Lucila Martinez Ostormujof,[a] Sébastien Teychené,[a] Wafa Achouak,[b] Sylvain Fochesato,[b]

Mohamed Bakarat,[b] Isaac Rodriguez-Ruiz,[a] Alain Bergel,[a] and Benjamin Erable*[a]

The decrease in the electrochemical activity of multi-species
microbial anodes in bioelectrochemical systems is the main
bottleneck to overcome for bringing these technologies one-
step closer to the industrialization stage. In this study, micro-
sized stainless steel electrodes were implemented to investigate
the distinctive electrochemical behavior of salt marsh electro-
active biofilms (EABs). Four main temporal stages of biocoloni-
zation and electrochemical activity were thoroughly described.
Maximum biofilm growth rate, high viability and high extrac-
ellular protein matrix content favored the increasing electro-

chemical activity of the EAB up to its maximum current peak.
Then, when gradual fall in current became irreversible, biofilm
growth rate decreased together with dead cells accumulation
and an increase for extracellular polysaccharides. In addition,
analyses of microbial populations showed a shift from Marino-
bacterium spp. to Desulfuromonas spp. These findings suggest a
chemical and microbial temporal evolution of the EAB, which
can be directly correlated to the electrochemical performance
of the bioanode.

Introduction

Bioelectrochemical systems (BES) are unique environmental
technologies with a wide range of applications today: energy
conversion, wastewater treatment, soil remediation, electro-
fermentation, bioelectrosynthesis of energy carriers and chem-
ical building blocks, and biosensors.[1–3] Their ability to transform
organic waste streams into energy positions BES as a promising
technology for a circular bioeconomy,[4] a reduction of the
environmental footprint of processes and an environmental
biorefinery strategy. The operating principle of BES is based on
the central operation of electroactive biofilm (EAB) which
catalyzes bioelectrochemical reactions of mass and energy
transformation. In the specific case of the bioanode, the
electroactive microbial biofilm catalyzes the oxidation of various
organic substances to produce an electric current that is

captured by the anode. Microbial bioanodes thus represent the
functional core of BES.[5]

However, despite all the strategic, economic and ecological
advantages and opportunities offered by BES, their implemen-
tation is still at the laboratory scale, even though these
technologies were first demonstrated more than 20 years
ago.[6,7] The issue of scaling-up of BES or the low current
densities supported are widely recognized obstacles to the
industrial democratization of these technologies.[8,9] Also, the
loss of electrochemical activity on microbial bioanodes seems
to be the main barrier to overcome in order to improve the
long-term sustainability of BES. A large number of studies
(Table S1) have indeed documented anode current densities
with mixed electroactive biofilms that severely drop after a few
days or tens of days of operation, sometimes even losing more
than 50% of their maximum performance. Among the possible
causes reported to explain the loss of electrochemical activity of
microbial bioanodes, it is acknowledged:
(i) A restrictive active biofilm thickness: this means that the

biofilm is electrochemically active at low thicknesses and
then its activity gradually decreases as the biofilm grows.[10]

This phenomenon can be explained by a change in the
predominant electron transfer mechanism when the bio-
film reaches a threshold thickness[11] or limitations in the
respiration rates of the biofilm when it is distant from the
electrode.[12,13] This has been mainly studied using pure
strain bacteria of Geobacter Sulfurreducens.

(ii) Nutrient and/or substrate depletion in the anolyte, and/or
generation of metabolic by-products over time, and/or the
presence of oxidized chemical compounds that may inhibit
microbial growth or compete with the electrode as an
electron acceptor.[14] Working in fed-batch mode when
current generation in the bioanode decreases showed
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improvements in the electroactivity of the EAB. In addition,
the use of artificial wastewater allows the composition of
the anolyte to be controlled, thus avoiding deficiencies and
the contribution of possible soluble electron acceptors in
the liquid medium.[15]

(iii) Increasing spatial, microbial and chemical heterogeneity
within the biofilm, creating inactive regions that do not
contribute to electrochemical activity. This is mainly caused
by nutrient and substrate gradients between the liquid
bulk and the internal body of the biofilm,[16] variation in
redox potential in the biofilm matrix as the distance
between the bacterial cells and the electrode increases,[17,18]

as well as to the accumulation of metabolites resulting
from bioelectrochemical or only biochemical reactions.
Examples include local acidification due to proton produc-
tion during the bioelectrochemical oxidation of simple
substrates[19,20] or massive production of Volatile Fatty Acids
(VFA) during anaerobic biochemical degradation of com-
plex organic compounds during the acidogenic
fermentation.[21,22]

(iv) Excessive accumulation of extracellular polysaccharides in
the exopolymeric biofilm matrix. Studies with pure Geo-
bacter Soli strains[23] and mixed population inoculums
enriched with Geobacter[24,25] showed a negative correlation
between increased polysaccharide and current production,
due to their insulating nature.
In sum, there are a number of well-founded explanations or

theoretical hypotheses justifying why the electrochemical
activity of anodic biofilms is depleted over time or during the
maturation of the biofilm on the electrode. Most of these
justifications or theories result from studies based on simplified
experimental systems involving pure model electroactive
bacterial strains such as Geobacter Sulfurreducens or Shewanella
Oneidensis. However, the use of a mixed community of micro-
organisms (a multi-species consortium) induces an increased
complexity where the mechanisms of biofilm formation are
different from one microbial species to another, where electro-
active bacteria coexist with non-electroactive bacteria, and
where the mechanisms of electron transfer and polymer matrix
synthesis (EPS) can be significantly diversified within the
biofilm. This makes multi-species electroactive biofilms a very
complex object of investigation, especially when looking at its
dynamics over long-time scales.

Until now, the usual methodological approaches to inves-
tigate anodic biofilms of microbial bioanodes are classically
conducted at the global scale of the biofilm, by implementing
macroelectrodes in BES of several milliliters to several liters.
With these configurations, the control of constant physico-
chemical conditions at the anode-liquid bulk interface is difficult
to guarantee. Also, the use of non-planar electrodes such as
felts, cloths, brushes or any other geometry with minimal
porosity or roughness results in potential gradients that are not
ideal for conducting fundamental studies.[26] Structural analyses
of biofilms are mostly performed after sampling the bioanodes
in BES and after post-treatments (collecting, cleaning, fixing,
specific labelling, dehydration…) that heavily affect the native
configurations and properties of the biofilms. These analyses,

whether chemical, microscopic, genetic or functional, are
generally carried out at a single time point in the experiment,
usually at the end of the run. This non-consideration of the
dynamics of the biofilm as an evolutive living system, where its
properties evolve temporally and spatially, contributes to a
great loss of valuable information in relation to its electro-
activity.

The integration of wire-based microelectrodes in BES allows,
on the contrary, to work with physicochemical conditions and
theoretically homogeneous potentials at the microelectrode –
bulk liquid interface, which are more ideal conditions for
applying electroanalytical methods. Also the mass transfer is
considerably less limited in the periphery of the wire
microelectrodes.[27] This property is valid both for promoting
the formation of homogeneous anodic electroactive biofilms,[28]

as well as for post-treating the biofilms homogeneously and
rapidly with aqueous marking solutions (dye, DNA probes,
fluorescent substances) or cleaning solutions.

In the present study, we investigated the correlation
between the electrochemical activity of multi-species microbial
bioanodes and the spatio-temporal dynamics of biofilm for-
mation. For this purpose, stainless steel microelectrodes were
implemented as anode materials in BES. Electroactive salt marsh
biofilms were formed under constant polarization on these
stainless steel microelectrodes. Biofilm growth, microbial viabil-
ity, EPS composition, and bacterial species abundance were
determined on the biofilm volume at four key stages of
microelectrode biocolonisation. The use of a fed-batch feeding
system was also applied in stages where electrochemical
activity falls with the objective to recover the loss of electro-
activity observed over the long term. We aim to elucidate the
process change that contributes to the loss of performance of
the microbial anodes for the future definition of strategies that
could improve their long-term durability.

Results and Discussion

Microelectrodes are a suitable tool to study the mechanisms
of biofilm formation

The electroactivity of multi-species EABs has been shown to
gradually deplete after a few tens of days of BES operation
(Table S1), certainly as the chemical and biological composition,
biofilm thickness and cell viability evolve on the electrode
surface. The primary objective of our work was to reproduce
this dynamic decline in the electroactivity of multispecies EABs
on microelectrodes. Microelectrodes offer several advantages:
(i) the electroanalytical conditions are more precisely controlled,
(ii) the EABs implant on their surface in a more homogeneous
form,[28] and (iii) the post-treatment and subsequent analyses,
such as imaging, are more simplified and immediate. Salt marsh
electroactive biofilms from hypersalty sediments were formed
in duplicate under constant polarization of 0.1 V/SCE for a total
time of 55 days. This potential value was applied according to
similar experiments performed in the last 10 years with salt
marsh inoculum and a concentration of 45 gL� 1 of NaCl.[29] At
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this applied potential, the 316 L stainless steel material is stable
and protected from corrosion in a saline or marine environ-
ment. Actually, negative controls carried out without microbial
inocula or with inactive inocula have shown that the current
can remain null for several tens of days. The generation of
current related to the establishment of an electroactive biofilm
is monitored over time by chronoamperometry. After the
polarization was stopped, the biocolonization and physical
structure of biofilms was observed under epifluorescence
microscopy and scanning electron microscopy.

The four stages shown in Figure 1A can be described as
follows:

Stage I: Initial lag phase: After inoculation, electroactive
bacteria present in the microbial salt marsh consortium needs
to adapt to the anoxic and highly saline environment, and to
the 40 mM of acetate in the synthetic medium. In this period,
current is not produced in the anode. Stage I was described for
the time when current reaches 0.1 Am� 2 as adapted from a
previous study.[30] In our case, duplicates reached that value at a
time of 5.9�0.5 days.

Stage II: Maximum current production phase: Later, current
increased sharply, reaching a maximum current density value.
This peak is known as Jmax and for the two duplicates it
corresponded to Jmax=10.0�0.5 Am� 2.

Stage III: Current decrease phase: Even if the concentration
of electron donor was regularly monitored and kept at a
constant value of 40 mM all along the experiment, the
maximum current value was not maintained. Current decreased
progressively in both reactors in a period of 20 days, reaching a
final value at day 31 of 4.9�0.8 Am� 2.

Stage IV: Stabilization – long term current phase: Starting
from day 31 of the experiment, the decrease in the electro-
catalytic activity of the biofilm changed its slope, to a less
drastic one, reaching an average current density value of 3.7�
0.1 Am� 2 at day 55. The loss of current density in comparison to
Jmax reached at stage II was of 62.5�0.8%. This not only
corroborated the same behavior between duplicates, but also a
loss of the electrochemical activity of the bioanodes of more
than 60% of their maximum capacities.

Epifluorescence microscopy images performed at day 55
showed a complete coverage of the Stainless Steel (SS) micro-
electrode by the salt marsh EAB. The scanning electron micro-
scopy (SEM) image confirmed this since the biofilm exhibited a
dense and compact rearrangement of cells, tightly spaced
within each other.

As the results presented were reproducible in terms of
current production curves, the experimental conditions were
repeated in the sections below. Figure S2 shows the totality of
the normalized current density curves obtained for this work
(16 curves) with the removal of the lag phase. Despite the
duration of the lag-phase (stage I), the kinetic behavior was
reproducible for stage II. This trend was followed by a decrease
in current in all cases (stage III and IV). Thus, the first conclusion
indicates that microelectrodes are a very convenient tool to
study the mechanisms of biofilm formation since they are able
to successfully reproduce the same behavior in terms of
catalytic activity of the bioanode as for large-scaled electrodes.

Spatiotemporal investigation of biofilm thickness and cell
viability

The experiment described in the previous section was repeated
four times in duplicates. However, in this case, the experience
was stopped at four strategic points, corresponding to the end
of the four stages previously described. The experiments were
one more time conducted in duplicates, as seen in Figure 2. A
cyclic voltammetry (CV) was also performed. As soon as the
experiments were stopped, the biocolonisation including differ-
entiation between cells and biopolymers and between living
and dead cells was imaged with SEM and confocal laser
scanning microscopy (CLSM) as seen in Figure 3. Note that for
SEM, biofilms or cell aggregates are chemically dehydrated on
the microelectrode surface. Cracks in the biofilm structure are
sometimes visible in the SEM images for this reason. At each
stage, biofilm thickness, biofilm growth rate and cell viability
were primarily quantified using numerical methods associated

Figure 1. (A) Current production versus time for duplicate experiments obtained with stainless steel microelectrodes colonized by salt marsh EABs under
constant potential of 0.1 V/SCE. (B) Scanning electron microscopy imaging of the biofilm surface over the stainless steel microelectrode. (C, D) Biofilm imaging
by epifluorescence microscopy after staining the electrode with acridine orange.
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with image analysis. Results are summarized in Figure 4, and
more detailed information can be found in Table S2.

At stage I, the average thickness of biofilms was of 6.2�
1.1 μm and the colonization of the biofilm over the micro-
electrode was heterogeneous, where different cell clusters were
observed in the electrode surface. Average current measured in
this point was of 0.005�0.001 Am� 2. The counting of dead cells
was the minimum for this stage, where CLSM viability images
showed the microelectrode surrounded mostly by living cells.

At stage II, six days later, the biofilm reached a thickness of
32.1�5.7 μm, with a maximum biofilm growth rate of 4.3 μm
per day. At this point, current density was at its maximum of

10.2�0.4 Am� 2. The SS microelectrode appeared now to be
completely colonized by the biofilm. The average percentage of
dead cells increased to 65.2�6.3% in the outer layer of the
biofilm. The rapid growth of the biofilm, while reaching the
limit of its electrochemical activity, may have also contributed
to the accumulation of inactive cells.

At stage III, current dropped to an average value of 3.7�
1.4 Am� 2. The thickness of the biofilm kept on increasing but
with a lower rate of 0.8 μm per day. The structure of the biofilm
was less rough and appeared to be more compact, as seen in
scanning electron microscopy images in Figure 3.

Figure 2. Evolution of current density versus time for duplicate experiments (a–d) at different stages of the experiment and their corresponding final cyclic
voltammetry at a scan rate of 1 mVs� 1 (e–h), (I) at t=5 days, (II) at t=11 days, (III) at t=31 days and (IV) at t=55 days of experiment.

Figure 3. CLSM 3D-images and SEM images of salt marsh biofilms formed on stainless steel microelectrodes at each of the four stages.

ChemElectroChem
Research Article
doi.org/10.1002/celc.202201135

ChemElectroChem 2023, e202201135 (4 of 13) © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 28.03.2023

2399 / 293402 [S. 4/14] 1

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202201135 by C
ochrane France, W

iley O
nline L

ibrary on [29/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Finally, for the reactors stopped at stage IV, average
registered current density was of 4.2�0.1 Am� 2. At this stage,
current density values should have been lower than in stage III;
however, salt marsh EABs still performed better in the reactors
intended for stage IV. Biofilm growth rate was only 0.4 μm per
day, with no significant changes in the structure of the biofilm
comparing with stage III. The percentage of dead cells reached
the maximum value of 77.3�9.3%.

In addition, cyclic voltammograms from different stages
showed a progressive evolution on the anodic catalytic proper-
ties of the biofilm (Figure S3 for more detail). At stage I, the
electrode was barely colonized; therefore, the anodic current
was low independently of the potential. A reversible redox
system centered around � 0.1 or � 0.2 V/SCE can be seen in
Figure S3 (I). At stage II, when the maximum current production
was measured, a catalytic signal [Figure 2 (II)] was observed
from about � 0.5 V/SCE and the plateau of the maximum
catalytic current was reached from � 0.3 V/SCE. At the plateau, a
large hysteresis was observed between the forward scan and
the return scan of the voltammetry. This hysteresis would result
from a capacitive effect of the biofilm and the electrode, to
which would be added the reversible redox system already
detected at the end of stage I. Starting from stage III, the
capacitive current seemed to diminish. Theoretically, the higher
the charge accumulation in the biofilm or at the electrode-
electrolyte interface, the greater the capacitive effect results in
a large hysteresis between the forward and return scan on the
voltammogram. At stages III and IV, when current was lower,
the shapes of the CVs were similar. The reversible redox system
centered around � 0.1 or � 0.2 V/SCE is still present. This
suggests here that there are at least two combined redox
systems, one operating under turn-over conditions and provid-
ing electrocatalytic oxidation of acetate substrate from � 0.5 V/
SCE, and the other providing reversible electron transfer but
around a different potential centered around � 0.1 or � 0.2 V/
SCE. Further analysis of these two redox systems from
voltammograms obtained under non-catalytic conditions (sub-
strate depletion condition) might have identified whether these

systems are already known[31,32] and whether they are intimately
connected.[33]

The changes on biofilm viability showed an external layer
evolving from active cells at the start of the experiment towards
a dead cell outer-layer by the end. Despite precautions, the
possibility that the exposure to oxygen may have inactivated
certain external cells when removing the bioanode from the
reactors for dye labeling did not seem to be an influencing
factor since the biofilm with the smallest biovolume had the
higher amount of viable cells. Although it was not possible to
quantify the ratio of live/dead cells in the inner layers of the
biofilm (probably only for stage I where the biofilm was still
very thin) since the cylindrical geometry of the bioanode only
allowed the quantification in the outer layer, the trend seemed
to match previous observations for EABs applying the same
dead/live staining protocol. In these cases, an inner active core
is surrounded by inactive cells, where it would appear that
current production was achieved by the cells near the electrode
surface. However, when the biofilm reaches a specific thickness
threshold, the cells farther away from the electrode become
limited in terms of respiration rates. The distant solid electron
acceptor makes these cells unable to contribute to biofilm
growth and sustained current production.[13,34,35] The opposite
case, an inner dead core and an external viable layer was also
reported. In these cases, biofilm internal acidification due to
acetate oxidation and diffusional gradients inside the biofilm, as
well as the fraction of reduced and oxidized extracellular
components involved in the electric conductivity such as c-type
cytochromes, could lead to an internal layer of dead cells.[10,19] In
this case, it was proved that the outer layer was responsible for
current production whether the inner dead-layer served as a
conductive matrix.[16,36]

Our results affirm that the biofilm must be growing and
their cells must be active to express electroactivity. Therefore,
although thick biofilms up to 57.7�8.5 μm can be formed, the
maximum electrochemical activity was found at a much thinner
thickness of 32.1�5.7 μm. SEM images showed that the major
growth in biovolume occurred between stage I and II, matching
with the increasing current density slope in the chronoamper-
ometry. From the end of stage II, electroactivity dropped and
the viability of the anode kept on decreasing together with the
biofilm growth rate. Starting from stage III onwards, it would
appear that the biofilm underwent very slight changes. In terms
of morphology, SEM images showed very similar structures
between stage III and IV. Current reached a steady state and the
amount of dead cells in the external surface augmented.
Biovolume increased but at the lowest pace. At these final
stages, the thickening of the biofilm was possibly related to
higher exopolymeric substances secretion rather than cell
multiplication.

Spatiotemporal investigation of exopolymeric substances,
microbial populations and soluble electron acceptors

A new series of experiments (four experiences) was launched
with the objective of continuing the study at the four stages

Figure 4. Evolution of the biofilm thickness, the biofilm growth rate and the
percentage of dead cells in each of the four stages.
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(Figure 5), focusing on the evolution EPS composition and the
dynamics of microbial population. The 3D representations of
the biovolumes from different EPS (proteins, lipids, α-polysac-
charides and total cells) obtained from the CLSM analysis are

presented in Figure 3. Following the post-processing of CLSM
images, the quantification of the EPS percentages at each stage
are graphically represented in Figure 6 and centralized in
Table S2.

The results of the relative abundances of the different
bacterial orders and genera present in the biofilms at the four
stages of bioanode formation are summarized in Figure 7 and
Table 1. The analysis goes until the genera level in all cases with
the exception of Desulfuromondales and Bacteroidales, which
correspond to the order level. It is worth clarifying that
Marinilabilia classifies into the Bacteroidales order and Desulfur-
omonas to Desulfuromondales. In addition, Table S3 shows the
results of inductively coupled plasma (ICP) analysis of the
evolution in the concentration of sulfur, iron and manganese
contained in the synthetic medium.

At stage I, current density did not exceed a value of
0.002 Am� 2. For the determination of the components of the
polymeric matrix at this stage, the biofilm was mainly
composed by proteins at a percentage of 60.2�1.6%. In terms
of bacterial diversity, there was an important dominance of
Marinobacterium with 87.0% of abundance. This was followed
by Arcobacter with 9.3%.

Figure 5. Evolution of current density versus time for duplicate experiments (a–d) at different stages of the experiment and their corresponding final cyclic
voltammetry at a scan rate of 1 mVs� 1 (e–h), (I) at t=7 days, (II) at t=11 days, (III) at t=31 days and (IV) at t=55 days of experiment.

Figure 6. Bar chart illustrating the evolution of EPS composition at each of
the four stages.

Figure 7. Relative abundance of different order or genera at the four stages
of biofilm formation. Main abundances are resumed in the list on the right.

Table 1. Detailed relative abundance at different order or genera in the
biofilm at the end of each stage. The three more relevant microbial
abundances for each stage are in bold.

Stage
Order/Genera I II III IV

Marinobacterium 87.0 72.9 74.1 0.6
Desulfuromondales – 2.2 5.7 6.9
Desulfuromonas – 2.0 2.6 68.5
Arcobacter 9.3 0.5 – 0.5
Halanaerobium – 4.0 2.4 1.1
Marinilabilia – – 3.7 2.1
Bacteroidales 0.5 3.1 1.6 5.2
Thermotalea 0.7 3.5 0.2 0.5
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At stage II, when current density production reached a value
of 7.9 Am� 2, the amount of total cells increased as well as the
amount of proteins. At this stage, the occurrence of proteins
reached a maximum of 71.1�8.6%. The abundance of
Marinobacterium decreased to 72.9% and Arcobacter was only
scarcely present. The biofilm community became more diverse,
with the appearance of other bacterial genera such as
Halanerobium and Thermotalea present at 4.0% and 3.5%
respectively.

At day 31, current reached a final value of 5.1 Am� 2. At
stage III, the biovolume of total cells over the total biovolume
was the highest of the stages, reaching a value of 38.5�3.7%.
Concerning EPS, the production in protein based polymers
decreased in comparison to stage II to 45.7�1.2%, whereas the
amount of polysaccharides almost doubled its value (from 5.0�
1.5% to 9.1�0.3%). The presence of Marinobacterium remained
almost stable in comparison to stage II. There was an
emergence of Desulfuromondales order and Marinilabilia genera.
In addition, the concentration of sulfur in the synthetic medium
decreased abruptly, from 17.8 mgL� 1 in stage II to 1.1 mgL� 1 in
stage III.

At stage IV, final current density was of 1.3 Am� 2. The
biovolume of total cells decreased with respect to stage III,
whether the production of protein polymers increased and the
value for polysaccharides� protein ratio was the lowest of the
series. An important shift on the genera present in the biofilm
community was observed, since Desulfuromonas became dom-
inant with 68.5% of abundance and the presence of Marino-
bacterium was hardly detectable.

The cyclic voltammograms showed the same trend that in
the previous section. There was likewise an evolution on the
biofilm, with more marked hysteresis at higher current (Fig-
ure S4 for more detail). Yet, an oxidation peak was found
around � 0.2 V/SCE.

The temporal evolution of the exopolymeric substances
showed an increase throughout the four stages, as highlighted
in the CLSM images of Figure 3, where a widening of the EPS
was observed from stage I to IV. To support results from the
previous section, as the biovolume of total cells diminished
from stage III to stage IV, the increase of thickness between
these two stages was probably due to an enlargement of the
matrix rather than cell multiplication. It can be hypothesized
that the presence of a thick layer of EPS could play a role as a
diffusive barrier, thus preventing the substrate and/or nutrient
diffusion needed for cell growth.[37]

The EPS of electroactive biofilms work as a tridimensional
conductive matrix when electrons are transferred from the bulk
to the anode within the biofilm. Extracellular proteins store
redox compounds, such as cytochrome-c, involved in electron
transfer.[38,39] Polysaccharides, on the other hand, are known to
be in the conductive range between semiconductors and
insulators, probably decreasing the electrical conductivity of the
matrix.[40] However, their presence in the matrix is essential for
cell anchoring and protection mechanisms, in addition to many
other structural, ion exchange and nutrient source (e.g., carbon
source) functions.[41] The highest percentage of extracellular
proteins was found in stage II, in coincidence with the peak of

electrochemical activity of the biofilm. Significant positive
correlation has already been found between steady-state
current in mixed-culture bioanodes and protein content in
EPS.[24] For α-polysaccharides, the highest content was in stage
I. Nevertheless, it is relevant not to lose sight of the fact that
the temporal analysis of the matrix implies that the volume of
the exopolymeric substances also evolves in time. Probably, the
elevated percentage values of stage I in comparison to the rest
of the series, was due to the low colonization of the electrode,
which exacerbated the results. This was also confirmed with the
results of CLSM images, which showed the highest polysacchar-
ides content at stage III.

The ratio of α-polysaccharides to proteins can be seen as a
useful parameter to normalize the results when analyzing the
EPS evolution of EABs. The highest value was obtained at stage
I, probably due to the adhesive function of polysaccharides to
the anode at the early stages of biofilm formation.[42] Later, in
stage II, the ratio decreased to a third of its value and later re-
increased 2.5 times at stage III. Extracellular polysaccharides
production after the current peak might have decreased the
conductivity of the biofilm matrix. This was already reported for
Geobacter biofilms, where the secretion of extracellular poly-
saccharides was more elevated in the bioanodes with the
weakest electrochemical performance.[23] The ratio decreased
for a second time at stage IV. As the percentage of total cells
was lower in stage IV than in stage III, proteins content raised in
the total biovolume regarding stage III, therefore decreasing
the ratio of α-polysaccharides to proteins.

The dynamics of microbial community showed a sparse
colonized bioanode at the end of stage I highly dominated by
Gammaproteobacteria, mainly enriched with Marinobacterium.
Species present in this genus were typically found in electro-
active biofilms formed from natural marine environments,[43]

salt marsh sediments[44] and hypersaline coastal lagoons.[45]

Marinobacterium strains are gram-negative, facultative anaero-
bic and they require NaCl for growth in a concentration range
of 1.0–7.5% NaCl.[46] Arcobacter species were also present in the
biofilm community of the bioanode. Their abundance in coastal
environments and their electroactivity were also reported.[47–49]

Their incidence at the early stages could be related to their
ability of enhancing the secretion of flagellin proteins at
anaerobic conditions.[50]

At stage II, the relative abundance of the community shifted
and the amount of Marinobacterium decreased from 87.0% to
72.9%. In addition, Arcobacter was merely present in the
biofilm. At this step, the bacterial diversity included species
from Clostridia, such as Thermotalea (3.5%) and Halanaerobium
(4.0%), and from Deltaproteobacteria with the presence of
Desulfuromondales (2.2%) order and Desulfuromonas (2.0%).
The appearance of strictly anaerobic microorganisms in the
biofilm was not surprising. Halanaerobium is known as a
halophilic electroactive bacteria,[51] which probably grew in the
highly saline environment of the synthetic medium at the early
stages and then was able to colonize the electrode. At day 31,
the dominance of Marinobacterium (74.1%) remained constant
with respect to the previous stage. Halanaerobium abundance
decreased to 2.4% and Thermotalea was not detectable.
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Desulfuromonas increased to 2.6% and Desulfuromondales order
to 5.7%. In this stage, there was the appearance of Marinilabilia
(3.7%), a facultative anaerobic bacteria usually found in mud
marine sediments.

The most relevant observation from the microbial analysis
occurred at stage IV. At day 55 there was a dominance of
Desulfuromonas (68.5%) with the quasi-undetectable amount of
Marinobacterium (0.6%). Desulfuromonas species were already
identified in EABs from the same inoculum source.[52] The
interest in analyzing the temporal evolution in the amount of
sulfur, iron and manganese in the culture medium containing
the inoculum was based in the properties of certain bacteria to
use these compounds as terminal electron acceptors.[6,53] In the
case of Desulfuromonas, species from the genera can reduce
elemental sulfur to sulfide and also grow by transferring
electrons to insoluble iron oxides.[54,55] The evolution of the
microbial population over time is hypothetically based on the
initial planktonic growth of Desulfuromonas in the liquid phase
through acetate oxidation and elemental sulfur reduction to
sulfide. The incidence of Desulfuromonas in the biofilm was
visible from stage II and later slightly increased in stage III,
where sulfur concentration in the liquid phase decreased
abruptly. As in stage III the sulfur content was scarce, probably
the amount of Desulfuromonas present in the liquid environ-
ment had to shift their respiring mechanism from sulfur to the
electrode, which could explain the prevalence of Desulfuromo-
nas in the biofilm at stage IV.

It can be supposed that at the early stages Marinobacterium
was the most efficient anode respiring bacteria, taking advant-
age of a fresh synthetic medium with NaCl and acetate, and
prevailing in a non-strictly anaerobic environment. The tempo-
ral medium evolution along with the growth of other plank-
tonic electroactive bacterial species that later colonized the
anode led to a sharp increase in the electroactivity. Given the
fact that the almost complete shift from Marinobacterium to
Desulfuromonas between stage III and IV did not generate
drastic changes in the catalytic activity of the bioanode and
that Marinobacterium was present since stage I, it could be
thought that it is the contribution of the minority bacteria that
played the most important role in the production of current.

Late stages of biofilm formation: reversibility or irreversibility
of the electrochemical activity?

A series of two duplicates were again carried out under
constant polarization of 0.1 V/SCE in order to test whether at
the end of stage III, the anodic current density could be
reestablished to its maximum value, as seen in Figure 8. For this
reason, at day 27, corresponding in practice here at the end of
stage III, the polarization was stopped and a fresh batch of
medium with 40 mM of acetate was added to the reactors. As
no considerable change in current production was observed,
the reactors were re-inoculated with salt marsh sediments on
day 29. At day 55, the polarization was stopped and micro-
electrodes were retrieved for future microbial population
analysis.

The average current registered before the addition was of
2.8�0.9 Am� 2 and of 2.7�0.8 Am� 2 after the inoculation. The
dramatic drop of current for one duplicate at day 40 was
probably due to a connection issue, since current slightly
increased when the connections and the reference electrode
were changed. Acetate concentration was also checked to
ensure that the drop was not due to a depletion in the quantity
of the electron donor. Therefore, the replacement of a new
batch of medium, and consequently of inoculum, did not
improve significantly the catalytic activity of the biofilm. The
shape of current production profiles showed the same trend
that in the sections above.

The results discard the hypothesis that working in batch
mode can lead to the depletion of certain bacterial nutriments
or components in the medium, which could work as electron
shuttles. Strategies linked to medium replacement were already
described for S.Oneidensis biofilms to probe mediated electron
transfer[56] and also for G.Sulfurreducens to demonstrate that the
cells attached to the anode surface were responsible for current
production.[57] In the case that bacteria could use soluble
compounds for electron transfer, current would have increased
considerably when replacing the medium. Examples of in
current production were already observed when switching from
real medium BES operation to synthetic medium. This was due
to the resupply in vitamins or minerals present in the synthetic
medium and/or the absence of dissolved electron acceptors,
such as nitrates and sulfates, that could compete with the
electrode to accept electrons.[14] Working with a synthetic
medium from the start of the experiment avoids the presence
of electron sinks, which proved to be the case as the electro-
chemical activity of the biofilm was not improved. This is also
consistent with what was observed for the cyclic voltammetries
in Figure S5. The difference between Batch 1 and Batch 2 could
be due to the biofilm short exposure to air when replacing the

Figure 8. Evolution of current density versus time for duplicate experiments.
The reactors were inoculated with salt marsh at t=0 days (1st Inoculation).
At t=27 days, the medium was replaced with a fresh batch of Starkey
medium (Batch 2). At t=29 days, 30 mL of salt marsh were added to the
reactors (2nd inoculation).
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medium. In addition, before and after inoculation, curves were
also similar.

Relative abundance of microbial population at day 55
showed two biofilms with the same dominance but in different
proportions. Marinobacterium accounted to 38.3% and Desulfur-
omonas to 44.3% in the sample with the highest current peak.
In the other replicate, Marinobacterium only represented 9.8%,
while Desulfuromonas constituted 14.1% and Desulfuromon-
dales 33.0%. Therefore, the total presence of sulfur reducing
bacteria was similar in both cases, yet minor than in the
bioanode at stage IV in the previous section (68.5%). This
means that what the change of medium might have affected is
the amount of sulfur-reducing bacteria already grown in the
liquid electrolyte at day 27. In the previous section, it was
described that the period between stage II and III corresponded
to the depletion of sulfur in the liquid environment. Re-
inoculation on day 29 probably restored sulfur concentration,
giving the possibility to sulfur-reducing bacteria to proliferate,
grow and later colonize the electrode.

General discussion

Microbial bioanodes formed on stainless steel microelectrodes
with salt marsh inoculum at an applied potential of 0.1 V/SCE
accurately reproduced the classical time evolution of the
electrochemical activity of biofilms already reported with
macro-scale bioelectrodes. The long-term (>50 days) loss of J
performance was also consistent with that described in the
literature, ranging from 30 to 50% of Jmax. This systemic study
on mixed population electroactive biofilms, including micro-
scopic, electrochemical, biochemical and microbiological char-
acterisations, allowed significant progress to be made on the
correlation between anode current production and the spatio-
temporal evolution of mixed population microbial biofilms on
metallic anodes.

In terms of biocolonisation on the surface of the stainless
steel microelectrode, the bacterial cells initially developed as
isolated clusters until they gradually formed a thick homoge-
neous layer on the surface of the microelectrode. This rough-
edged structure then became much smoother at the end of
stage III, mainly due to the production of EPS. Regarding the
kinetics of biofilm growth and thickening, the biofilm reached
maximum electrochemical activity at a thickness of �32 μm
while growing at a rapid rate (4.3 μm/d). However, the electro-
chemical activity then decreased, accompanied by a lower
growth rate (0.4 μm/d) which led to an increasing thickness to
�57 μm. The cell viability rate also changed significantly as the
biofilm thickened for 17 days. The high viability in the early
stages of biocolonisation suggested that current generation
was more related to viability rate than to biofilm thickness.

The role of the biofilm EPS matrix and its evolution over
time in relation to the electrochemical activity of the biofilm is
not yet so simple to explain. On the one hand, when the
microbial biofilm reaches a threshold thickness, electron trans-
fer can be quite limited depending on the mechanisms used by
the exo-electrogenic microorganisms. Mixed population bioan-

odes add further complexity because several types of electron
transfer mechanisms coexist and because insulating, non-active
EPS, hindering the chemical diffusion of species, can be
synthesized by non-electroactive microbial populations. On the
other hand, the progressive production of EPS, and the change
over time of the chemical composition of the EPS matrix also
has an impact on the overall electrical conductivity of the
biofilm. In the early stages of biocolonisation, as soon as the
biofilm adhered to the anode, the ratio of polysaccharides to
proteins was balanced in favour of the protein content, mean-
ing that the electrical conductivity of the matrix was increased.
In addition, the coupled effect of a thin and more viable biofilm
probably annihilated all kinds of gradients as well as promoting
metabolic and electrochemical processes accordingly. After the
current reached its peak Jmax, the widening of the EPS matrix
and the specific accumulation of polysaccharides, at the detri-
ment of proteins, inhibited the possibility of maintaining a
stable and high current approaching the maximum value.

The temporal distribution of microbial populations showed
that the time of biocolonisation associated with the continuous
production of anodic current progressively affected the bacte-
rial community of biofilms established on the surface of
stainless steel microelectrodes. The radical shift from a strong
predominance of Marinobacterium during stages I and II to
Desulfuromonas especially during stage IV was explained by the
depletion of sulphur in the liquid medium and the growth of
sulphate-reducing bacteria that subsequently colonized the
electrode.

Since Desulfuromonas is known to be electroactive, this
respiring-anode bacterial rearrangement alone could not ex-
plain the sharp loss in the electrochemical activity that is
observed. Apart from the fact that electrochemical activity
based on much slower electron transfer mechanisms than those
engaged by Marinobacterium would be a plausible explanation.
However, it is still open for discussion whether subtle changes
in microbial abundance from one stage to the next play an
important role in the performance of the bioanode or not.

The regeneration of the synthetic liquid medium when the
biofilm has reached stage III of development did not seem to
have any impact on the electrochemical activity of the biofilm.
It would therefore indicate that after the current peak and its
consequent drop, the loss of electrochemical activity is
irreversible. Re-inoculation with fresh salt marsh sediment also
confirmed the evolution of the microbial population in the
bioanode by obtaining a dominant relative abundance of
sulphur-reducing bacteria in the last stage of biofilm formation.

Finally, the use of microelectrodes for the study of electro-
active biofilms opens up attractive research prospects since it
offers more homogeneous and less limited study conditions in
terms of electrode potential distribution, mass transfer and
biocolonisation.[28] Their small size allows for freedom from risky
post-experimental slicing and other manipulations that could
affect the integrity of the biofilms prior to their microscopic
analysis. Also analytical post-processing such as fixation,
dehydration or staining and labelling are more homogeneous
as the chemical diffusion fronts progress without major
limitations. Microelectrodes also offer the possibility of integra-
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tion into transparent microdevices. By downscaling the liquid
bulk-biofilm-anode interface, in-situ and real-time non-invasive
investigation of local phenomena could give more hints of the
spatiotemporal evolution of microbial anodes and its link to the
loss of electroactivity. These technologies can contribute to a
deeper understanding of gradients inside the biofilm, bacterial
adhesion and biofilm formation, the effects of hydrodynamics
and of the liquid electrolyte, among others. In addition, efforts
should also be made to implement a more accurate viability
detection method than the one routinely used nowadays. To
gain more knowledge about how proteins and polysaccharides
are formed in the matrix, and how to optimize their production
could be an interesting scope of study in terms of bioanode
conductivity.

Conclusion

The distinctive electrochemical behaviour of multi-species
bioanodes was successfully reproduced in microsized electro-
des, where four distinct temporal stages of biocolonisation and
electrochemical activity were extensively described. To the best
of our knowledge, this is the first time investigation of biofilm
electrochemical activity, spatial bacterial cells viability, EPS
production and composition, and relative abundance of micro-
bial biofilm population has been performed simultaneously
with a spatiotemporal approach. From the early stages of
biocolonisation of the stainless-steel microelectrode to the peak
of current production Jmax, the maximum growth rate of the
biofilm, the high viability and the high content of extracellular
proteins in the matrix, favored the auspicious electrochemical
activity. After the maximum Jmax peak was reached, the loss of
electrochemical performance turned irreversible. This was
coupled with a decrease in biofilm growth rate, an accumu-
lation of dead cells and an increase in the proportion of
polysaccharides in the EPS matrix. In addition to a chemical
evolution of the biofilm, the shift of the microbial community
from Marinobacterium to Desulfuromonas also reflects a micro-
bial evolution of the biofilm. Focusing on the early stages of
biofilm development and understanding how to control the
phenomena that promote current production until it reaches its
maximum, and how to avoid the processes that subsequently
adversely affect electrochemical activity, should be a research
priority to improve the long-term functioning of multi-species
microbial bioanodes.

Experimental Section

Inoculum origin and synthetic medium

Sediments collected from a salt marsh (Mediterranean Sea coast,
Gruissan, France) were used as microbial inoculum. The sediments
were stored in a sealed recipient at room temperature until use. A
volume of 30 mL of sediments was mixed with 600 mL of synthetic
medium based on the Starkey medium (NH4Cl 2.0 gL� 1, K2HPO4

0.5 gL� 1, NaCH3COO 40 mM, HCl 37% 46 mL, MgCl2 · 6H2O
55.0 mgL� 1, FeSO4(NH4)2SO4 · 6H2O 7.0 mgL� 1, ZnCl2 · 2H2O

1.0 mgL� 1, MnCl2 · 4H2O 1.2 mgL� 1, CuSO4 ·5H2O 0.4 mgL� 1,
CoSO4 ·7H2O 1.3 mgL� 1, BO3H3 0.1 mgL� 1, Mo7O2(NH4)6 · 4H2O
1.0 mgL� 1, NiCl2 · 6H2O 0.05 mgL� 1, Na2SeO3 · 5H2O 0.01 mgL� 1,
CaCl2 · 2H2O 60.0 mgL� 1) with the addition of 45 gL� 1 of NaCl.

Reactor design, microelectrode fabrication and
electrochemical techniques

Each reactor (Duran Schott type glass 550 mL) was equipped with a
three-electrode system (Figure S1). A twist-off lid with four circular
openings was set at the top of the reactor allowing the insertion
into the medium of the three electrodes. Stainless steel micro-
electrodes were implemented as working electrodes. For its design,
15 cm of copper wire was welded into a 2 cm wire of stainless steel
(∅=50 μm, Goodfellow). The system was threaded into a plastic tip
and sealed with an inert resin (Epofix). The upper end was welded
to a connector that served as electrical connection, while the
bottom end served as the working electrode. Platinum grids
previously cleaned under the flame were used as counter electro-
des. A saturated calomel electrode with a fixed potential of
+0.248 V/SHE (SCE, Radiometer Analytical) was set between the
counter and working electrodes. A fourth remaining opening was
used for sampling addition. The medium was purged with nitrogen
for 20 minutes to eliminate oxygen before launching the electro-
chemical techniques. The working electrode potential was con-
trolled under the operation of a multichannel potentiostat (Biologic
SA) operated by a data acquisition software that permits the control
of the potentiostat (Ec-Lab). Stainless steel microelectrodes were
constantly polarized at 0.1 V/SCE. 40 mM of sodium acetate was
used as a substrate. COD (Chemical Oxygen Demand) levels were
regularly monitored and kept at a value of 2560 mgO2L

� 1 to
correspond to the equivalent of 40 mM of sodium acetate. LCK 514
COD kits (Hach Lange, range of measurement 100–2000 mgO2L

� 1)
were used for COD measurements. Samples for the COD measure-
ment were previously filtered with a chloride filter kit Hach LCW925
(Hach Lange). When the polarization was stopped, cyclic voltamme-
try at 1 mVs� 1 was performed in the range of potential from
� 0.6 V/SCE to 0.35 V/SCE. Three successive cycles were performed,
the second scan was only presented.

Microscopy

Staining of EABs

For the imaging of total cells, samples were labeled with a solution
of acridine orange at 0.01% (A6014, Sigma) for approximately
20 minutes and then carefully rinsed with physiological solution
(NaCl 0.9 gL� 1).

The exopolymeric matrix of the biofilm was marked by using a mix
of four fluorescent dyes: Concavalin A tetramethylrhodamine
conjugate (ConA� TMR, Thermofischer Scientific) for α-polysacchar-
ides, fluorescein isothiocyanate isomer I (FITC, Merck) for proteins,
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate
(DiD oil, Merck) for lipids and 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI, Merck) for total cells. 25 mL of working solution
was prepared in physiological solution with the following concen-
trations: FITC at 0.05 gL� 1, DAPI at 1.05×10� 4 gL� 1, Con-A TMR at
0.1 gL� 1 and DiD’oil at 0.08 gL� 1. Microelectrodes were set in
contact with the working solution for 30 minutes then carefully
rinsed with physiological solution.

Dead/Live assessment was carried by treating the samples as soon
as they were retrieved from the reactor with a mix of SYTO 9
(7.5 μM in final solution) and Propidium Iodide (PI) (0.015 gL� 1 in

ChemElectroChem
Research Article
doi.org/10.1002/celc.202201135

ChemElectroChem 2023, e202201135 (10 of 13) © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 28.03.2023

2399 / 293402 [S. 10/14] 1

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202201135 by C
ochrane France, W

iley O
nline L

ibrary on [29/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



final solution) diluted in physiological solution (Live/Dead Baclight
Bacterial Viability Kits L7012, Thermofischer Scientific).

In all cases, once rinsed, the electrodes were left out in the open air
and protected from the light to dry for at least 24 hours before
observation.

Epifluorescence microscopy

Biofilms stained with acridine orange were imaged with a Carl Zeiss
Axio Imager-M2 microscope (Carl Zeiss) equipped for epifluores-
cence with an HXP 200C light source and the Zeiss 09 filter (excitor
HP450r HP450200 C light source). Biofilms were observed with the
objective EC Plan-Neofluar 10x/0.30. Images were acquired with a
digital camera (Zeiss AxioCam MRm) along the Z-axis and the set of
images was processed with the Zen (Carl Zeiss) software. For each
sample, two observations were made. The Zen (Carl Zeiss) software
optimized the z-step of the stack. Thickness was measured with the
toolbox of the Zen (Carl Zeiss) software, taking nine points per
image. Biofilm growth rate was calculated as the increase of
thickness divided by the time interval.

Biofilm thickness was calculated as the diameter of the colonized
microelectrode (;totalÞ minus the diameter of the blank micro-
electrode (;microelectrodeÞ obtained from microscopic images, as in in
[Eq. (1)]. An average biofilm thickness value was calculated from 9
microscopic acquisitions.

dBiofilm ¼
;total � ;microelectrode

2
(1)

Confocal laser scanning microscopy and image analysis

The exopolymeric matrix of the biofilm and biofilm viability was
imaged with a Leica SP8-2017 microscope (Leica Microsystems)
with the Leica Application Suite X: LAS-X software (Leica Micro-
systems). The image acquisition was made by using the HC PC
FLUOTAR 10x/0.30 objective in dry immersion. For each sample,
two stacks of horizontal plane images (1024×1024 pixels) were
taken from two randomly chosen areas. The LAS-X software
optimized the z-step of the stack depending on the sample. Once
the acquisition was completed, the LAS-X software represented the
projection of the stack in a 3D view.

For image analysis, 3D images were treated with the Image J
software. In the case of viability analysis, since a two-color image
was obtained, the color threshold tool was used. For the analysis of
the exopolymeric substances, as the sample was treated with four
different stains, the 3D images were treated individually channel by
channel, corresponding to each component in the exopolymeric
matrix of the biofilm. First, the color image was transformed into an
8-bit image and later a threshold value was set. The threshold value
allows the labeling of each pixel as empty or marked.

After, the software showed the amount of empty pixels by image,
and the calculation of marked pixels per image was calculated as
the difference between total pixels and empty pixels.

For the viability analysis, eight images were treated. The amount of
dead cells (cells labeled with PI) is the ratio of PI labeled pixels over
the total pixels, as calculated in [Eq. (2)]:

Dead cells %½ � ¼
PI pixels

PI pixelsþ SYTO 9 pixels

� �

� 100% (2)

For the EPS analysis, four biofilms were observed in two random
sections for the four different stains, resulting in a total of thirty-
two images processed. The amount of each component was
calculated as the ratio of the channel pixels over the total pixels.
For the case of proteins, it is described in [Eq. (3)] as it follows:

Proteins %½ � ¼

FITC pixels
FITC pixelsþ DAPI pixelsþ DID oil pixelsþ ConA pixels

� �

�100%

(3)

This was likewise calculated for total cells, lipids and α-polysacchar-
ides.

Scanning electron microscopy

The samples were metallized with gold (Au) prior to observation in
order to reduce charging effects. Samples were observed under the
scanning electron microscope Leo 435 VP-Carl Zeiss SMT.

Microbial population analysis

Microelectrodes containing the EABs were stored in 2 mL Eppen-
dorf tubes. 150 μL of PCR grade water and a spatula tip of 425–
600 μm glass beads (G8772, Sigma) were added to the tubes. A
negative control was made with only water and beads. Two one-
minute mechanical grindings with a robot (Fast-prep 24 MP
Biomedicals, Thermofischer Scientific) at a maximum speed of
6.5 ms� 1 were performed to loosen the biofilms formed on the
surface of the microelectrode. The clean microelectrode was
retrieved from the tube and the remaining suspension was
subjected to two thermal shocks by alternating ice and water bath
at 95 °C for 1 min each time, in order to lyse the cells and release
the DNA.

The 16S amplification was then performed on 1 μL of the
suspension with the GoTaq Flexi G2 enzyme (Promega) with the
primers:

Genewiz515Fmod:5’-ACACTCTTTCCCTACGACGCTCTTCCGATCTGT-
GYCAGCMGCCGCGGTAA-3’

Genewiz806Rmod:5’-GACTGGAGTTCAGACGTGTGCTCTTCCGATCTG-
GACTACNVGGGTWTCTAAT-3’

35 cycles of PCR were carried at a temperature of 55 °C. The primers
were designed to contain overhang compatible sequences with
Nextera XT index (Illumina). The purified amplicons were sequenced
using the MiSeq platform (Illumina).

Microbiome bioinformatics were performed by the open-source
software QIIME2, version 2021.11 (https://qiime2.org).[58] Raw reads
were demultiplexed, quality-filtered, denoised and chimera-checked
using DADA2.[59] DADA2 uses a parametric model to infer true
biological sequences from reads. The model relies on input read
abundances (true reads are likely to be more abundant) and the
pairwise similarity between sequences. Sequences were aligned
using MAFFT,[60] and were used to construct a phylogeny using
FastTree.[61] The taxonomic annotation of the resulting amplicon
sequence variants (ASVs) was assigned using the feature-classifier
command with default parameters in QIIME2 and sequences were
matched against the Greengenes 13_8 database.[62] Finally, scaling
with ranked subsampling (SRS) curves[63] were drawn to determine
whether the sequencing depth was sufficient to represent the true
diversity of the samples.
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Inductively coupled plasma analysis

Sulphur, iron and manganese concentration was determined from
the reactors. 5 mL of the anolyte were taken at the time of 7, 11, 31
and 55 days. The samples were diluted with distilled water to a
volume of 20 mL and then filtered to remove chloride ions. Chloride
filter kit Hach LCW925 (Hach Lange) was used for filtration. Every
sample was treated with 3 mL of HNO3 65% for analysis. Calibration
solutions for sulfur, iron and manganese were prepared by diluting
a certified solution of the elements of 1000 μgmL� 1 in the synthetic
medium. It was diluted in a 1 :4 ratio and treated with 3 mL of
HNO3 65% for analysis. The solutions were analyzed using an
Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
SS Ultima 2 (Horiba). Sulfur quantification was measured at a
wavelength of 180.676 nm, iron at 259.940 nm and manganese at
257.610 nm.
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