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Marine Energy Research & Innovation Center (MERIC). Santiago, Chile
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High concentrations of nitrate from industrial discharges to coastal marine environments are a matter of concern
owing to their ecological consequences. In the last years, Bioelectrochemical Denitrification Systems (BEDS) have
emerged as a promising nitrate removal technology. However, they still have limitations, such as the enrichment
strategy for specific microbial communities in the electrodes under natural conditions. In this study, threeelectrode electrochemical cells were used to test microbial enrichment from natural seawater by applying
three reported potentials associated with the dissimilatory denitrification process (− 130, − 260, and − 570 mV vs.
Ag/AgCl). The microbial community analysis showed that by applying − 260 mV (vs. Ag/AgCl) to the working
electrode, it was possible to significantly enrich denitrifying microorganisms, specifically Marinobacter, in
comparison with the control. Furthermore, − 260 mV (vs. Ag/AgCl) led to a significantly higher nitrate removal
than other conditions, which, combined with cyclic voltammetry analysis, suggested that the polarized elec
trodes worked as external electron donors for nitrate reduction. Hence, this work demonstrates for the first time
that it is possible to enrich marine denitrifying microorganisms by applying an overpotential of − 260 mV (vs.
Ag/AgCl) without the need for a culture medium, the addition of an exogenous electron donor (i.e., organic
matter) or a previously enriched inoculum.
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1. Introduction
Discharge of municipal wastewater and of sewage from fish aqua
culture industry into coastal and marine environments is of significant
concern owing to the high bioavailable nitrogen concentration. The
nitrate concentrations in fish farming and urban wastewater discharge
zones have been measured, obtaining concentrations of 40.67 mg/L and
12.48 mg/L, respectively [1,2]. These concentrations of nitrate are
20–70 times higher than the average nitrate concentration in the sea [3].
The final consequence of this nitrogen excess in the sea is eutrophication
[4]. The main environmental effects of eutrophication are (i) increase in
suspended particles due to macroalgae blooms, which leads to a

decrease in water clarity, and (ii) increase in the precipitation rate of
organic matter, which causes the destruction of benthic habitats and
promotes the development of anoxic conditions, thereby affecting
benthic communities and the biogeochemical balance of aquatic systems
[5–8].
Several strategies and technologies have been developed in the last
decade, including physical, chemical, and biological methods, to remove
nitrate present in wastewater. Physical separation techniques such as
activated carbon adsorption, ion exchange processes, reverse osmosis,
electrochemical reduction, and electrodialysis have shown efficiency in
nitrate removal. However, these technologies have high operating costs
and an excessive production of brines, which compromise the sustain
ability of the process [9–11]. Inconsistency of nitrate reduction, risk of
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reduction peak at − 130 mV (vs. Ag/AgCl) if the medium contains nitrate
and at − 260 mV (vs. Ag/AgCl) if the medium contains nitrite. In the case
of nitrite, a reduction peak appears at − 570 mV (vs. Ag/AgCl) if the
medium contains nitrate.
Therefore, these three potentials previously associated with the mi
crobial denitrification process (− 130, − 260, and − 570 mV vs. Ag/AgCl)
could be used as a microbial enrichment tool for denitrifying bacteria
without the need for the use of culture medium. To the best of our
knowledge, this mechanism has not been previously evaluated. For this
reason, in this study we evaluated (i) the enrichment of denitrifying
marine bacteria from seawater in a working electrode using specific
overpotentials and (ii) the effect of this enrichment of denitrifying ma
rine bacteria on nitrate removal in a bioelectrochemical reactor. To
accomplish these objectives, three-electrode electrochemical cells were
used and three proposed potentials (− 130, − 260, and − 570 mV vs. Ag/
AgCl) were applied to the working electrodes. To determine the nitrate
removal, its concentration was measured during the experiment. At the
end of the experiment, to identify the presence and abundance of
potentially denitrifying bacteria, bacterial community analysis using
Next Generation Sequencing (NGS) and Fluorescence In Situ Hybridi
zation (FISH) was performed. Furthermore, Cyclic Voltammetry (CV)
was used to confirm that the formed biofilm used the electrode as an
external electron donor.

Nomenclature
BEDS
EAB
NGS
FISH
CV
PBS
DAPI
AA
OTU
DNRA

Bioelectrochemical Denitrification Systems
Electrochemically Active Bacteria
Next Generation Sequencing
Fluorescence In Situ Hybridization
Cyclic Voltammetry
Phosphate-Buffered Saline
4′ ,6-diamidino-2-phenylindole
Amplicon Analysis
Taxonomic Unit
Dissimilatory Nitrate/Nitrite Reduction to Ammonium

nitrite formation (potential incomplete denitrification) and the reduc
tion of it to ammonia, are important limitations for scaling up chemical
denitrification processes [9]. Biological denitrification has been proven
to be the most cost-efficient technique in nitrate removal, but the
addition of organic matter is still necessary to achieve effective removal.
This heterotrophic growth leads to excessive sludge production that
requires additional operation units [9–12]. In this context, bio
electrochemical methods for dissimilatory nitrate reduction, such as
Bioelectrochemical Denitrification Systems (BEDS), have emerged as a
promising nitrate removal technology because no organic electron
donor is needed, thereby increasing the cost-efficiency of the system and
preventing the subsequent generation of sludge [13–15].
In general, BEDS have been tested under controlled laboratory con
ditions using a culture medium, a matrix of wastewater, and activated
sludge as inoculum [15–17]. In a real environment, such as the sea,
physicochemical conditions and nutrient fluctuation cannot be
controlled. In addition, a low relative abundance of denitrifying bacteria
(compared to activated sludge) in the system could compromise the
efficacy of the treatment [18]. Thus, the development of BEDS for
treating nitrate-impacted coastal and marine environments has emerged
as a key challenge to expand the range of application of this technology.
The application of overpotentials to an electrode has been demon
strated to be useful in the in vitro enrichment of Electrochemically
Active Bacteria (EAB) [19–22]. In the case of Rowe et al. [21], marine
EAB from sediments were enriched by applying overpotentials, and were
then characterized electrochemically. Most of the EAB isolated in this
research were capable of taking electrons from an inorganic electron
donor to reduce nitrate. Furthermore, Kondaveeti et al. [13] reported
that the bioelectrochemical treatment of nitrate shows a microbial

2. Materials & methods
2.1. Reactor configuration
The experiment was run using twelve 250 mL autoclavable plastic
flasks. Each flask had three carbon felt (AvCarb C100 Soft Carbon Bat
tery Felt, Fuel Cell Store) electrodes as one working electrode (1.5 cm3),
one graphite rod as a counter electrode (2.0 cm3), and one Ag/AgCl
electrode (3 M KCl; 0.21 V vs. SHE) as a reference electrode (CHI111, CH
Instruments Inc.) (Fig. 1). Three different overpotentials were applied to
the carbon felt working electrodes, namely (i) − 130 mV (vs. Ag/AgCl)
representing the nitrate reduction potential in a biocathode where only
nitrate was added and (ii) − 260 mV (vs. Ag/AgCl) and (iii) − 570 mV
(vs. Ag/AgCl) corresponding to the nitrate and nitrite reduction poten
tial, respectively, in a biocathode where both compounds were added
[13]. Each condition had three replicates, and three of them worked as a
control without any overpotential (i.e. open circuit condition) (Fig. 1).
All the reactors were kept under constant agitation (100 rpm) during the
30 d of the experiment in a temperature-controlled room at 19 ◦ C. To
maintain the cathode at the three different potentials for 30 d, an
Interface 1000TM potentiostat (GAMRY, PA, USA) connected to an

Fig. 1. Experimental design. (A) Design of the flasks: each flask had three carbon felt electrodes as one working electrode, one graphite rod as a counter electrode,
and one Ag/AgCl electrode as a reference. (B) Photograph of the used reactors and their replicates.
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3.2.1.9702. For each filter three images were taken at random positions,
and a total of 108 images was obtained for the analyzed 36 filters. The
relative biovolumen of the probe-target populations (compared to all
DAPI-stained microbes) were quantified by using the software daime
(version 2.1) [25]. These results were statistically analyzed through a
multivariate analysis using GraphPad Prism 6 (GraphPad Software, San
Diego, CA) to determine the similarity between the samples.

Table 1
Ribosomal RNA-targeted oligonucleotide probes used in this study.
Probe

Fluorophore

Target
organism

Probe
sequence
(5′ − 3′ )

FAc
(%)

Reference

DEN
124

Atto 494

Denitrifiers*

35

[48]

RHOB
1002

Atto 633

Rhodobacteria

35

[49]

PARA
739

Atto 532

Rhodobacteria

35

[50]

PLA 46

Cy 3

Planctomycetes

35

[51]

PLA
886

Cy 3

Planctomycetes

CGA CAT
GGG CGC
GTT CCG AT
ACC ATC TCT
GGA ACC
GCG
GCG TCA
GTA TCG
AGC CAG
GAC TTG CAT
GCC TAA TCC
GCC TTG CGA
CCA TAC TCC
C

35

[51]

2.2.2. DNA extraction
The remaining three working electrode pieces from each bottle were
sonicated in 50 mL of sterile seawater for 5 min (Elmasonic S 30 H, Elma
Schmidbauer GmbH, Germany). Sonicated samples were filtered
through a 0.2 µm membrane filter to collect the biomass and perform the
subsequent DNA extraction with a phenol/chloroform-based protocol
[26]. Additionally, 2 L of water from the tank was filtered through a
0.2 µm membrane filter at the end of the experiment to analyze the
changes in the microbial community of the water column present in the
tank. DNA quantification was performed with a Qubit® 2.0 Fluorometer
(InvitrogenTM, Life Technologies, CA, USA) according to the manufac
turer’s protocol.

*Acetate-utilizing denitrifiers.

ECM8™ Electrochemical Multiplexer (GAMRY, PA, USA) was used.
The inoculum for all the reactors was fresh, natural coastal seawater
collected from the Estación Costera de Investigaciones Marinas of the
Pontificia Universidad Católica de Chile located at the eastern Pacific
Ocean (33◦ 30’16"S, 71◦ 38’23"W) (Table S1, [23]). To ensure a signifi
cant number of microorganisms in each reactor, 60 L of seawater was
concentrated to a volume of 3 L by tangential flow filtration using a
Vivaflow 200 cartridge equipped with a 100,000 MWCO RC membrane
(Sartorius Biotechnologie SAS, France). Subsequently, 0.909 g of KNO3
was added to the 3 L to be later distributed equally in each flask. Thus,
each reactor started the experiment with 3 mM of nitrate.
Based on the buffer capacity of the natural seawater and the lack of
any compound competing with the cathode as electron source for elec
troactive denitrifying microorganisms, the use of a membrane was
considered not necessary.

2.2.3. Amplicon analysis of 16 rRNA gene sequences
In order to obtain a taxonomic overview of the microbial community
enriched in each condition, Amplicon Analysis (AA) using NGS of V4
hypervariable region of the 16S rRNA gene was performed using the
Illumina MiSeq platform (Integrated Microbiome Resource, Canada).
The sequences obtained in the present study are publicly available in the
Sequence Read Archive database under the accession number
PRJNA666464. The 16S rRNA gene amplicon sequences were processed
using Mothur29. Sequences were demultiplexed, assembled, and
assigned to samples by matching to barcode sequences using make.
contigs script, and primers were removed using cutadapt30. Sequences
with undesired lengths (300–200 bp), ambiguous nucleotides, and ho
mopolymers longer than eight base pairs were removed before further
analysis. Sequences were then aligned using the recreated Silva SEED
v11931 as the reference. Chloroplast, eukaryotic, archaeal, and mito
chondrial sequences were discarded. Sequences were also checked for
PCR chimeras using UCHIME version 4.2.4032. High-quality sequences
were clustered into operational Taxonomic Units (OTUs) using the
furthest neighbor algorithm with a minimum sequence identity cut-off
of 97%. Taxonomic assignments were performed against the Silva
v11931 database. OTUs formed by 20 or fewer reads were not consid
ered in subsequent analyses. For the OTUs that could not be identified at
the genus level, manual BLASTn searches were performed against the
NCBI nr/nt database (December, 2018).

2.2. Microbial community analysis
After the exposure time and electrochemical analysis, the three
working electrodes (i.e. cathodes) of each reactor were cut in half. One
piece was used to analyze the microbial community present in each
electrode by FISH, and the other piece was analyzed by NGS.
2.2.1. Fluorescence in situ hybridization
To determine the microbial community composition present in the
electrodes, each electrode was analyzed by rRNA-targeted FISH. The
three electrode pieces from each condition were fixed in a 2% (v/v)
formaldehyde solution for one week at 4 ◦ C. Fixed samples were washed
in 1× PBS (phosphate-buffered saline), resuspended in a 1:1 mixture of
1× PBS and 96% (v/v) ethanol [24], and stored at − 20 ◦ C. Before per
forming the hybridization process, the samples were sonicated in 50 mL
of Milli-Q water for 3 min (Elmasonic S 30 H, Elma Schmidbauer GmbH,
Germany). Sonicated samples were filtered through a 0.2 µm membrane
filter to collect the cells. FISH was performed directly on the filter. Each
reactor had three working electrodes, and the total number of reactors
was 12 (3 for each treatment/fixed potential); therefore, in total 36
filters were analyzed.
The rRNA-targeted oligonucleotide probes used in this study are
listed in Table 1. Probes were mono-labeled at their 5′ ends with fluo
rophores (Table 1). FISH was performed for 2 h at 46 ◦ C according to a
standard protocol [24]. After the hybridizations, each sample was also
stained with DAPI (4′ ,6-diamidino-2-phenylindole).
Fluorescence micrographs were acquired with an inverted Leica TCS
SP8X confocal laser scanning microscope equipped with a 405 nm UV
diode, a Leica supercontinuum white-light laser, two photomultiplier
detectors, three hybrid detectors, and the Leica Application Suite AF

2.2.4. Statistical analysis of AA profiles
To determine the similarity between the samples, multivariate sta
tistical analyses were conducted using Primer 6 software (Primer-E,
Plymouth, UK). The average of the OTU relative abundance profiles of
each replicate was transformed to its square root, and then a similarity
matrix was obtained using the Bray-Curtis coefficient [27]. Thus, with
the similarity matrix generated, a cluster was performed for visual
interpretation of the grouping where the proximity between samples
corresponds to their similarity. To evaluate the statistical significance of
the difference between communities and within communities, a
one-way ANOSIM and a SIMPROF analysis were performed [28].
Furthermore, a shade plot was created to visualize the diversity patterns
of microbial genera present in each sample, which was responsible for
the clustering. For this analysis, only bacterial genera with an abun
dance greater than 100 reads were used.
2.3. Electrochemical analysis
To confirm that the bacteria used the electrode as an electron donor
and to measure the effectiveness of the catalyst in the nitrate reduction
3
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Fig. 2. Shade plot illustrating the relative abundance of genera in each treatment. The upper dendrogram clusters the samples based on the microbial community
composition. On the left, the most abundant genera with an abundance greater than 100 reads were used. Darker shades in each cell of the array represent higher
relative densities. White space denotes the absence of the given species.

process, a CV technique was used in each reactor at the final stage of the
experiment. Each CV analysis was performed using a potentiostat
(Interface 1000TM potentiostat, GAMRY, PA, USA), where the tested
carbon felt electrodes, a graphite rod electrode (99.9% purity), and an
Ag/AgCl electrode served as the working, counter, and reference elec
trodes, respectively. The CV analyses were conducted by sweeping the
cell in a potential range from − 700 mV to +500 mV (vs Ag/AgCl) with a
scan rate of 0.5 mV/s.
2.4. Nutrient analysis
Fig. 3. Relative abundance (%) of the sum of all reported microbial genera
with denitrification capacity in each condition. To determine the significant
differences between the treatments, a Tukey a posteriori test was conducted.
Significant differences between the treatments are indicated with asterisks.

Nitrate removal was obtained by measuring nitrate consumed by
microorganisms during the experiment, following the definition re
ported by; [13,29,30]. To measure nitrate concentrations, samples of
1.5 mL were collected every 72 h. Each sample was filtered (pore size
0.2 µm) to remove microorganisms and particles, and was then kept at
− 20 ◦ C until further processing. The nitrate concentrations were
measured by standard methodology [31], using a Seal AutoAnalyzer
(Seal Analytical AA3, Wisconsin, USA). Owing to the nitrate detection
range of the equipment (<0.1–45.0 µM), the samples were diluted 1:50
prior to the measurements. The similarity between the samples was
assessed by multivariate statistical analyses using GraphPad Prism 6
(GraphPad Software, San Diego, CA). Using the same sampling protocol
and equipment, nitrite was measured over time.Its concentration was
under the used machine detection limit (<0.015 μM).

is defined as the multiplication of the Faraday’s constant (F= 96,485 C/
mol ē), the volume solution in the cathode (v=0.25 L), the number of
electron involved (n = 10) and the amount of nitrate removed (mol/L)
within time t.
3. Results
3.1. Microbial community composition
To compare the bacterial composition among samples, a cluster
analysis was conducted based on the Bray-Curtis coefficient. As can be
observed in Fig. 2, the three control replicates grouped separately from
the other conditions, and the experiment treatment most similar to the
control was − 130 mV (vs. Ag/AgCl). The difference between groups was
also supported by SIMPROF analysis. In addition, a shade plot based on
the relative abundance was created to visualize the difference in genus
abundance. The most abundant genera were Marinobacter, Neptuni
bacter, Alteromonas, Kordiimonas, Roseovarius, and Planctomyces, with

2.5. Coulombic efficiency (CE)
Coulombic efficiency (CE) was calculated according to Eq. (1) [47].
CE-(NO3) = (Qoutput/Qinput) x 100%

(1)

where CE(NO3)- is the CE based on nitrate removal, Qoutput, is the total
coulombs calculated by integrating the current (Ampere) over time
(seconds) and Qinput, is the total charge available in the substrate. Qinput
4
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conditions demonstrated a decrease in nitrate concentration in the me
dium over time from ~2500 µM to ~2000 µM, but in the − 260 mV (vs.
Ag/AgCl) treatment, this decrease was significantly greater (P < 0.05)
than that in the other conditions (Fig. 6 A). The difference between the
− 260 mV (vs. Ag/AgCl) treatment and the other conditions after 30 d of
operation is presented in Fig. 6B, where the percentage of total removal
of the − 260 mV (vs. Ag/AgCl) treatment was significantly higher
(P < 0.05) compared with that of the other treatments and the control.

Table 2
Average relative abundance (%) of all microbial genera with denitrification
capacity in each condition with a total abundance of ≥ 1%.
Relative abundance (%)
Genus

Control

-130 mV
(vs. Ag/Ag/
Cl)

-260 mV (vs.
Ag/Ag/Cl)

-570 mV (vs.
Ag/Ag/Cl)

Marinobacter
Alteromonas
Planctomyces
Pseudoalteromonas
Thalassospira
Rhodobacter
Neptunomonas
Pseudovibrio
Pseudomonas
Ketobacter
Nisaea
Ruegeria

9.2 ± 3.60
3.3 ± 0.20
2.7 ± 1.60
0.9 ± 1.10
1.6 ± 0.10
2.0 ± 0.80
0.6 ± 0.50
0.00
0.5 ± 0.30
0.1 ± 0.09
0.2 ± 0.10
0.4 ± 0.20

2.4 ± 1.0
2.7 ± 3.0
5.2 ± 0.9
2.1 ± 1.5
3.8 ± 0.9
1.1 ± 1.1
1.9 ± 0.7
0.0
1.0 ± 1.0
0.8 ± 0.5
0.2 ± 0.1
0.4 ± 0.1

15.4 ± 3.90
9.1 ± 3.70
3.6 ± 1.30
4.4 ± 1.60
1.1 ± 0.50
0.7 ± 0.10
1.4 ± 1.30
1.3 ± 0.60
0.2 ± 0.20
0.00
0.1 ± 0.02
0.9 ± 0.80

3.6 ± 1.6
1.0 ± 0.9
10.8 ± 1.9
0.0
2.5 ± 0.5
0.7 ± 0.4
0.5 ± 0.4
1.4 ± 1.2
0.8 ± 0.5
0.0
0.5 ± 0.3
0.4 ± 0.3

4. Discussion
The results of this research show for the first time that it is possible to
enrich denitrifying microorganisms using electrochemical over
potentials previously reported for the reduction of nitrate and nitrite
[13]. This finding demonstrates that applying electrochemical over
potentials on electrodes could be used as a bacterial enrichment tool, in
this specific case, of denitrifying microorganisms. Even more, the
resulted community of denitrifies was enriched from a natural seawater
inoculum, avoiding the use of a culture medium or any other enrichment
strategy. In general, the six most abundant genera found in the elec
trodes were associated with denitrifying metabolisms [21,32–34], and
approximately 25% of the obtained sequences were associated with
bacterial genera with denitrification capacity. However, even though
the three electrochemical potentials used in this research were associ
ated with biological nitrate reduction peaks [13], a significantly
(P < 0.05) greater denitrifying bacterial enrichment was only observed
in the case of − 260 mV (vs. Ag/AgCl) (Fig. 3). The same observation was
made by FISH analysis, where the highest relative abundance of DEN
124 (denitrifiers) was found in the − 260 mV (vs. Ag/AgCl) condition
(Fig. 4).
Regarding the nitrate removal capacity, nitrate analyses over time
showed that when − 260 mV (vs. Ag/AgCl) was applied to an electrode
for one month, nitrate removal was significantly higher than that in the
other conditions (Fig. 6 A and 6B). The nitrate removal rate for
− 260 mV (vs. Ag/AgCl) was calculated in 1.5 mg/L d− 1 (±0.12). This
nitrate removal rate was lower than the values obtained by previous
BEDS designed for nutrient removal (from 5 to 500 mg/L d− 1) [15–17].
However, these authors tested bioelectrochemical reactors inoculated
with activated sludge and pre-acclimatized for several months using a
culture medium. In general, this approach has been commonly used to
ensure a high abundance of microorganisms of interest, thereby
improving the reactor performance [35–38]. Therefore, although the
removal rate in the present research was lower, seawater was used for
both the inoculum and culture medium. Consequently, our results sug
gest that denitrifying bacteria can be enriched by selecting an appro
priate overpotential, even in environments with low abundance of these
microorganisms (Figs. 3 and 6 B).
The Marinobacter strain isolated from marine sediments has been
shown to have denitrification capacity and be electrochemically active
with a reductive nitrate peak around − 350 mV (vs. Ag/AgCl) [21]. In
the present research, the electrodes poised with − 260 mV (vs. Ag/AgCl)
presented a significantly high relative abundance of Marinobacter
(15.4%) compared with that of other conditions (Table 2). Simulta
neously, the CV analysis for the − 260 mV (vs. Ag/AgCl) treatment
showed an average reductive peak equal to − 350 mV ± 45 mV (vs.
Ag/AgCl) (Fig. 5). This could indicate that Marinobacter is the principal
bacterium responsible for the nitrate reduction efficiency when
− 260 mV (vs. Ag/AgCl) is applied to an electrode inoculated with
seawater. The overpotential application to an electrode could have a
crucial effect on the nitrate removal efficiency because in the control
reactors, which also presented a high abundance of Marinobacter (9.2%),
nitrate removal was significantly lower than that in the − 260 mV (vs.
Ag/AgCl) condition.
Planctomyces has been reported in farm aquaculture environments
where nitrate concentrations reaches values over 40 mg/L, which is 70
times higher than the average nitrate concentration in the sea [3,

total relative abundances of 8.75%, 7.58%, 6.95%, 5.13%, 4.68%, and
4.13%, respectively.
From the group of bacterial genera represented in Fig. 2, a deeper
analysis was conducted to identify all the bacterial genera with facul
tative potential to carry out denitrification process. Fig. 3 shows the total
relative abundance of genera that were previously associated with the
denitrification process per sample. Only the case of − 260 mV (vs. Ag/
AgCl) showed a significantly higher abundance of denitrifying bacteria
compared with those of the other conditions (P < 0.05). Table 2 shows
the relative abundance of each microbial genus reported with the
denitrification capacity in each condition with a total abundance of
≥ 1%. In the case of the control and − 260 mV (vs. Ag/AgCl) samples,
the most abundant genus associated with the denitrification process was
Marinobacter (9.2% and 15.4%, respectively), and that in the − 130 mV
and − 570 mV (vs. Ag/AgCl) samples was Planctomyces (5.2% and
10.8%, respectively).
The relative abundances of selected microbial groups were also
determined by quantitative FISH using the probes DEN 124 for de
nitrifiers, RHOB 1002 and PARA 739 for Rhodobacteria, and PLA 46 and
PLA 886 for Planctomycetes. The relative biovolumen per condition was
similar, and showed no significant differences (Fig. S1). The FISH images
shown in Fig. 4 are from samples that best represent the results obtained
after analyzing each replicate and condition with each probe. The FISH
analysis only showed a significantly higher abundance of DEN 124
(denitrifiers) in the case of − 260 mV (vs. Ag/AgCl) (Fig. 4).
3.2. Electrochemical characterization of the microbial community
To verify that the microbial community present in the working
electrodes (acting as biocathodes) catalyzed electron transport from the
cathode electrode owing to nitrate bioreduction, CV analyzes were
performed. In general, all the peaks observed in the CV analyzes under
biotic conditions were reductive, and the CV performed under abiotic
conditions showed no peak (Fig. 5). The registered peaks by CV for all
conditions were between − 210 mV and − 420 mV (vs. Ag/AgCl). The
average peaks for each condition were − 460 mV (±98 mV), − 125 mV
(±31 mV), − 340 mV (±45 mV), and − 263 mV (±40 mV) (vs. Ag/AgCl)
for the control and the − 130 mV, − 260 mV, and − 570 mV (vs. Ag/
AgCl) reactors, respectively. Therefore, the presence of reductive peaks
(and the absence of oxidative ones) revealed by the CV results suggested
that EAB within the formed biofilm, used the poised electrode as
external electron donor.
3.3. Nutrient analysis
To determine the nitrate removal, its concentration in each condition
was measured throughout the experiment (Fig. 6 A and 6B). All the
5
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Fig. 4. Abundance of the different microbial groups determined by quantitative fluorescence in situ hybridization (FISH). The probes used for assignment to the
various groups were DEN 124 for denitrifiers, RHOB 1002 and PARA 739 for Rhodobacteria, and PLA 46 and PLA 886 for Planctomycetes. (A) Representative FISH
images for each condition. (B) Relative abundance (%) of each probe in each treatment. Significant differences between treatments are indicated with a red square.

39–42]. In this research, we used nutrient concentrations to simulate
these environments (farm aquaculture). Therefore, this could explain
the high abundance of Planctomyces in the reactors. In general, Planc
tomycetes has been associated with the ability to conduct dissimilatory
nitrate/nitrite reduction to ammonium (DNRA) [43]. Furthermore, it
has been reported that DNRA is conducted efficiently in BES when a
potential of − 500 mV (vs. Ag/AgCl) is applied [44]. This could explain
the high abundance of Planctomyces (10.8%) and the significant

microbial enrichment of this genus in the samples of − 570 mV (vs.
Ag/AgCl) (Table 2). To determine whether applying − 570 mV (vs.
Ag/AgCl) to an electrode can significantly enhance DNRA, it will be
necessary to conduct ammonium measurements to determine the effi
ciency of nitrate reduction to ammonium.
Since the objective of this study was the electrochemical selection of
marine denitrifying microorganisms, the reactor configuration, removal
and CE could be improved. Indeed, the CE calculated for all the tested
6
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Fig. 5. Cyclic voltammetry (CV) for working electrodes after four weeks in each condition. Each CV analysis was run with a scan rate of 0.5 mV/s over a voltage
range from − 700 mV to +500 mV (vs. Ag/AgCl). The different lines in each figure represent three replicates of each treatment. Note: The third replicate of the
control electrode was tested from − 600 mV to +500 mV vs Ag/AgCl (a shorter range than the other two replicates).
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Fig. 6. (A) Nitrate concentration of each treatment after 30 d. (B) Total nitrate removal (%) after 30 d of operation. To determine the significant differences between
the treatments, a Tukey a posteriori test was conducted. Significant differences (P < 0.05) between treatments are indicated with asterisks.
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overpotentials was lower than 1%. The low CE values could be associ
ated to the high internal resistance of the system. Using similar threeelectrode reactors and a volumetric biocathode configuration, TorresRojas et al. obtained similar low values of CE for chlorate bio
electrochemical reduction [47]. To obtain higher CEs, several im
provements in the reactor design and operation should be accomplished.
Finally, the results of this study show enrichment of electroactive
denitrifying microorganisms when − 260 mV vs Ag/AgCl was applied. In
recent studies by Jia et al. [45] and Ramos et al. [46], the authors
identified a potential range between − 500 mV and − 170 mV (vs.
Ag/AgCl) where electron shuttles (e.g., Riboflavin) and outer membrane
C-type cytochromes are activated in denitrifying microorganisms.
Similar conceptual models have been proposed for other electron ac
ceptors like chlorate and perchlorate [47]. Therefore, the applied po
tential of − 260 mV (vs. Ag/AgCl) could activate the electron transfer
mechanisms of denitrifying microorganisms, favouring their enrichment
in an electrode. Further research is required to find the optimal elec
trochemical overpotential, probably in the vicinity of the tested
− 260 mV (vs Ag/AgCl). This will lead us to optimize the enrichment of
denitrifying microorganisms and the subsequent enhance of nitrate
metabolization in a BEDS.
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5. Conclusions
In this research, enrichment of denitrifying bacteria from seawater
was conducted by applying − 260 mV (vs. Ag/AgCl) to an electrode
without the need for the addition of organic matter as an external
electron donor. Since only reductive peaks were observed by the CV
analysis, the polarized electrodes at different overpotentials could had
work as external electron donors for nitrate reduction. These results are
the starting point to begin testing this enrichment technique for other
types of microbial metabolisms of interest.
Finally, this work not only represents the first successful attempt to
electrochemically enrich marine denitrifying microorganisms, but also
presents a technique to accelerate the start-up process of BEDS, thereby
avoiding the use of culture media and an exogenous inoculum. This
strategy could help to improve the scaling up of BEDS designed to
operate in complex environments such as the sea.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jece.2021.105604.
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