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Abstract
Denitrification is an anaerobic respiratory process in which nitrogen oxides, generally nitrates, act as electron acceptors
replacing oxygen. Among the many denitrifying bacteria, there is Paracoccus denitrificans; a gram-negative, non-fermentative
coccoid microorganism whose denitrifying respirome has great similarity to the mitochondrial respiratory chain. The present
work evaluated the effect of different electrical potentials imposed on the denitrifying process of P. denitrificans using a
rotating cylinder electro-bioreactor whose design allowed a homogeneous electrical potential distribution. An electrochemical
characterization of the culture medium was carried out to define the potentials where REDOX reactions of an electrochemical
nature are despicable (0, 100, 150 and 200 mV), so the results obtained are attributed to the influence of the generated electric field
on P. denitrificans. The consumption of N and C sources (nitrate NO−3 and succinate C4H4O=4 respectively), the production of
the intermediate (nitrite NO−2 ) and gas (nitrogen N2) were monitored. The findings suggest membrane and enzymatic alterations
that bolster the overall process, with a notable increase in gaseous nitrogen production under the influence of electrical potentials.
This novel approach offers promising implications for enhancing biological denitrification processes.
Keywords: Paracoccus denitrificans, denitrification, electric fields, bioelectrochemical reactor.

Resumen
La desnitrificación es un proceso respiratorio anaerobio en el que óxidos de nitrógeno, generalmente nitratos, actúan como
aceptores de electrones reemplazando al oxígeno. Entre las muchas bacterias desnitrificantes, se encuentra Paracoccus
denitrificans; un microorganismo cocoide gram negativo, no fermentativo cuyo respiroma desnitrificante posee gran similitud con
la cadena respiratoria mitocondrial. El presente trabajo evaluó el efecto de diferentes potenciales eléctricos impuestos al proceso
desnitrificante de P. denitrificans utilizando un electro-biorreactor de cilindro rotatorio cuyo diseño permitió una distribución del
potencial eléctrico homogénea. Se realizó una caracterización electroquímica del medio de cultivo para definir los potenciales
donde las reacciones de tipo REDOX de carácter electroquímico (0, 100, 150 y 200 mV) son despreciables, por lo que los
resultados obtenidos se atribuyen a la influencia del campo eléctrico generado sobre P. denitrificans. Se monitoreó el consumo
de las fuentes de N y C (nitrato NO−3 y succinato C4H4O=4 respectivamente), la producción del intermediario (nitrito NO−2 ) y
gas (nitrógeno N2). Los hallazgos sugieren alteraciones en la membrana y enzimáticas que fortalecen el proceso en general, con
un notable aumento en la producción de nitrógeno gaseoso bajo la influencia de potenciales eléctricos. Este enfoque novedoso
ofrece implicaciones prometedoras para mejorar los procesos de desnitrificación biológica.
Palabras clave: Paracoccus denitrificans, desnitrificación, potencial eléctrico, reactor bioelectroquímico.
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1 Introduction

Currently, it is well-understood that microbial cultures
are influenced by physicochemical variables such as
pH, temperature, aeration, and nutrient concentration.
However, there is another variable that has been
studied in biological systems since the 18th century:
electric fields (EF) (Paul et al., 1993; Vanegas-
Acosta, 2015). Electric fields (EFs) are regarded
as biophysical factors capable of either stimulating
or inhibiting biological responses at various levels,
primarily affecting enzymatic activity. (Kolosnjaj-Tabi
et al., 2019). They exert force by moving a unit charge
from one point to another within a specific space. In
this process, materials exposed to the field experience
forces of attraction and repulsion (Pataro et al., 2011;
Paul et al., 1993).

Evaluating the alterations biological materials
undergo when exposed to EF necessitates an
understanding of biomolecules like amino acids that
possess electrically charged residues. Both these
residues and other biomolecules-and by extension,
the cells-are influenced by the presence of EF. This
is especially true for biochemical processes where
electrical potentials naturally exist, such as ATP
synthesis (Guerra-Hühne et al., 2022). As a result, the
energy landscape changes, necessitating adjustments
to thermodynamic parameters like redox potential or
binding energies. These adjustments can lead to either
beneficial or detrimental outcomes by enhancing or
inhibiting reaction rates, thereby altering the chemical
equilibrium of metabolism (Joy et al., 2020; Léonard
et al., 2021).

The use of electrical potentials (EPs) in
microbial cultures hinges on two primary factors:
the physicochemical nature of the electrolyte
and the geometry of the electrodes. The former
directly impacts the process. Specifically, the electric
potential that can be applied in a direct current
(DC) field diminishes as the conductivity of the
medium increases. To enhance this factor, salts are
frequently introduced, which in turn improves electron
transport in the agitated medium (Giwa et al., 2019).
Conversely, the configuration of the electrodes differs
based on the intended purpose. As the electrode
system is pivotal in generating the EF, it is crucial
that it does not adversely affect the microorganism’s
physiology. This is why biocompatible metals like
gold, titanium, chrome, nickel, palladium, stainless
steel, aluminum, among others, are typically employed
(Martínez et al., 2023; Giwa et al., 2019). If the
applied current is intense enough to induce medium
hydrolysis, the dissolved components can alter its
physicochemical attributes, leading to the emergence
of reactive oxygen species such as O3, H2O2, or OH−

ions. Depending on the medium’s composition, active
species like chlorine or persulfates might also emerge.
While these can be detrimental to the microorganism,
electrode passivation can transpire, forming a surface
film that curtails their electrochemical activity (Feng
et al., 2016; Giwa et al., 2019; van Genuchten et
al., 2016). The reactor’s geometry, as alluded to
earlier, plays a vital role. Outcomes can vary based
on the microorganism type, its growth phase, field
intensity, and the manner of application (Revelo
et al., 2013; Soto-Vázquez et al., 2023). The EF
distribution in aqueous solutions is shaped by multiple
elements, notably the geometry and positioning
of the electrodes. While flat electrodes offer a
commendable EF distribution, they are susceptible
to edge effects, where disturbances at the electrode
edges compromise the EF’s uniformity (Griffiths
& College, 1999), leading to inconsistent results.
Rotating cylinder reactors, like the one highlighted
in this study, present advantages. Their electrode
surface maintains an equipotential state with uniform
current density, minimizing edge effects due to the
electrode spacing. This allows for a more consistent
EF distribution across the aqueous medium. Moreover,
the space between the electrodes ensures a superior
EP distribution, yielding a more focused and less
dispersed EF (Gabe et al. 1983; Walsh, et al., 2017).
The distribution of an EF in aqueous solutions is
influenced by various factors, with the geometry
and arrangement of the electrodes being particularly
significant. While flat electrodes can offer a uniform
distribution of the EF, they are susceptible to edge
effects. As the term suggests, disturbances occur
at the electrode edges, compromising the EF’s
uniformity (Griffiths & College, 1999). This can lead
to inconsistent and unreliable results.

Various microorganisms and processes are
being studied to understand the effects of applying
EF. Among them, one of the most notable is
Paracoccus denitrificans. This bacterium is a non-
fermentative, gram-negative, coccoid α-proteobacteria
with significant metabolic versatility. It can thrive in
both aerobic and anaerobic environments and shares
a notable resemblance to eukaryotic mitochondria
(Bergaust et al., 2010). P. denitrificans is renowned
for its ability to carry out biological denitrification, an
anaerobic respiratory process. This process parallels
that of aerobic microorganisms, with nitrate (NO−3 )
and nitrite (NO−2 ) ions taking the place of O2 as the
final electron acceptors (Olaya-Abril et al., 2018;
Romualdo-Martínez et al., 2022), It is worth noting
that not all nitrogen oxidation-reduction processes
qualify as denitrification. Only those tied to ATP
synthesis are regarded as such (Azziz et al., 2016).
The necessary electrons for this process derive from
the oxidation of organic material or certain compounds
acting as electron donors.
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Table 1. Composition of the denitrifying culture medium.

Reagent Concentration Reagent Concentration

Na2HPO4 29 mM EDTA 342 µM
NaH2PO4 11 mM ZnSO4· 7H2O 15 µM

CaCl2 6.8 mM MgCl2· 4H2O 51 µM
MgSO4 0.4 mM FeSO4·7H2O 36 µM

C4H4Na2O4·6H2O 50 mg C/L Na2MoO4· 2H2O 12 µM
NaNO3 37.4 mg N/L CuSO4·5H2O 13 µM

CoCl2·6H2O 13.5 µM

P. denitrificans can utilize a broad spectrum
of compounds, including alcohols, acetate, humic
substances, and others (Cadena-Ramírez et al.,
2019). The nature of the electron donor also
impacts denitrifying respiration. Using succinate
(C4H4O=4 ) as a donor is advantageous because P.
denitrificans inherently contains the enzyme succinate
dehydrogenase. This means that there is no need for
the bacterium to express the enzymatic machinery
to oxidize succinate. Additionally, during cellular
respiration, the electrons generated by the oxidation
of succinate are channeled to the respiratory chain
(Sazanov, 2007).

The denitrifying respiration process of P.
denitrificans encompasses four reactions (as shown in
equation 1). In this process, nitrate (NO−3 ) is converted
to gaseous nitrogen (N2) through the catalytic action of
four metalloproteins. First, nitrate is reduced to nitrite
by the enzyme nitrate reductase (Nar). Next, nitrite is
transformed into nitric oxide by nitrite reductase (Nir).
This nitric oxide is then reduced to nitrous oxide by
nitric oxide reductase (Nor). Finally, nitrous oxide is
converted to nitrogen gas by the enzyme nitrous oxide
reductase (Nos) (Romualdo et al., 2022; Galliazzi,
2017; Qian et al., 2016; Zhang et al., 2023).

NO−3 → NO−2 → NO→ N2O→ N2 (1)

In this study, we explored the impact of electric
fields on the metabolism of P. denitrificans during the
denitrification process.

2 Materials and methods

2.1 Bacterial strain

The P. denitrificans PD1222 strain was provided by
the Faculty of Chemistry at the Universidad Nacional
Autónoma de México (UNAM). It was stored in Luria
Bertani (LB) broth with 80% glycerol (1:1 ratio) at -
4°C in 2 mL vials until utilized.

2.2 Inoculum and culture media

To cultivate P. denitrificans, the contents of a 2 mL
vial were transferred to a 500 mL Erlenmeyer flask

filled with 250 mL of LB Broth. This broth was
supplemented with CaCl2 (10 mM) and NaNO3 (5
mM) to create a modified LB Broth. The flask was then
incubated at 28°C with an agitation speed of 200 rpm
overnight.

Following incubation, the entire contents of the
flask were centrifuged at 10,000 rpm for 12 minutes.
The supernatant was discarded, and the biomass was
resuspended in another 500 mL Erlenmeyer flask
containing 250 mL of the modified LB Broth. This was
then incubated at 28°C with an agitation speed of 200
rpm for 14 hours. The composition of the denitrifying
culture medium is detailed in Table 1.

Sodium succinate and sodium nitrate were used as
sources of carbon and nitrogen, respectively. The C/N
ratio employed was 1.34.

2.3 Electrochemical reactor

In this study, we employed a rotary cylinder bioreactor,
designed to facilitate the application of an electric
potential (EP) to the bacterial culture. The bioreactor
features a central rotating cylinder, with a surface
area of 534.071 cm2, that serves both as an anode
and a stirrer. This design not only keeps the culture
agitated but also promotes even distribution of the
EP by maintaining consistent electrolyte (or ion)
concentrations. A stainless-steel sheet, with an area
of 452.389 cm2 lining the inner wall of the reactor,
acted as the cathode. Both electrodes are arranged
concentrically, ensuring that the EF vectors are
uniformly distributed throughout the culture medium.
A schematic representation of the reactor can be seen
in Figure 1.

2.4 Reactor operating conditions

A 2 L rotary cylinder electro-bioreactor with a
capacity of 1.5 L was utilized for this study. For batch
kinetics, the 14-hour pre-inoculum was centrifuged at
4,000 rpm for 12 minutes. The supernatant was then
discarded, and the biomass was rinsed with a sterile
saline solution (0.9% NaCl) before being centrifuged
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Figure 1 Diagram of the rotating cylinder reactor. (A) Both electrodes are shown, in 
blue the cathode and in red the rotating cylinder (anode). (B) Both electrodes are 
equidistant which allows the FE lines (black) to be homogeneous. 
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Figure 1. Diagram of the rotating cylinder reactor. (A)
Both electrodes are shown, in blue the cathode and in
red the rotating cylinder (anode). (B) Both electrodes
are equidistant which allows the EF lines (black) to be
homogeneous.

 
Figure 2. Schematic of the denitrifying rotary cylinder reactor. 
 

  

Figure 2. Schematic of the denitrifying rotary cylinder
reactor.

again at 4,000 rpm for 12 minutes. After discarding the
supernatant once more, the biomass was resuspended
in 50 mL of the denitrifying medium. Using a sterile
glass funnel, this biomass was introduced into the
reactor through one of its ports. Electrodes, calibrated
in advance, were connected to monitor pH and ORP
(jf LAREN, Mexico). The gas produced by the reactor
was measured using a displacement method and
collected in a 100 mL beaker filled with a NaCl
solution (300 g/L) and methyl red. Additionally, a
gas chromatograph was employed for further analysis.
The system operated for 12 hours. The reactor’s
temperature was maintained at 28°C with the aid of
a recirculator (Prendo, Mexico), and the agitation was
managed using a variable speed motor set to 200 rpm,
as illustrated in Figure 2.

Every 2 hours, 3 mL samples were collected
using sterile syringes. These samples were then
assessed for absorbance at 600 nm using a UV-Vis
spectrophotometer (Thermo Fisher Scientific, USA).
After that, the samples were centrifuged in 1.5 mL
vials at 14,000 rpm for 10 minutes. The supernatant
was subsequently filtered through 0.45 nm membranes
and stored in refrigerated HPLC vials until further use.

Table 2. Main parameters of the applied electric
potential.

Start E 0, 100, 150, 200 mV
Stabilization time 5 s
Step E 0, 100, 150, 200 mV
Duration 12 h

2.5 Application of electrical potential

For the application of electrical potential, a
VIONIC potentiostat (Metrohm Autolab, Netherlands)
controlled by Intello software ver. 1.4 was used,
connected in a two-electrode arrangement.

2.6 Quantification of NO−3 , NO−2 and
succinate

The quantification of NO−3 , NO−2 (denitrification
intermediate product) and succinate was carried out in
a UHPLC equipment (Dionex 3000, USA). For NO−3
and NO−2 , a WATERS IC-Pak Anion HC 4.6x150 mm
column was used with a retention time of 22 min, the
sample was read at 214 nm. As mobile phase, the one
provided by the manufacturer was used at a flow of 2
mL/min. The sample injection volume was 10 µL.

For succinate, a GRACE Alltech OA-1000
Organic Acids 300mm x 6.5mm column was used with
a retention time of 11 min. The samples were acidified
with a drop of concentrated phosphoric acid and read
at 210 nm. As mobile phase, 25 mM KH2PO4 pH 2.5
was used. The sample injection volume was 10 µL.

2.7 NO, N2O, N2 quantification

For the quantification of N2, 9 µL were taken
directly from the reactor and injected into a gas
chromatograph (SRI 310C, USA), equipped with
an electrical conductivity detector (TCD) and a
ShinCarbon ST, 100/120 mesh column, 2 m, 1/16 in.
OD, 1.0mm ID. Helium was used as carrier gas at a
flow of 10 mL/min. NO and N2O could be detected
in the same chromatographic column; however, they
were not observed in any of the experiments.

2.8 Kinetic parameters

The maximum consumption rates were calculated
using the slope (the exponential phase) of the
corresponding curve (concentration vs time). The
experimental yield was calculated with the production
of biomass and the consumption of C and N sources,
using the following equation:

Y =
∆x
∆S
=

x f inal − xinitial

S initial − S f inal
(2)
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Table 3. Maximum consumption rates for C and N sources, rate of production for N2 and N2 product yield and
Consumption efficiency.

0 mV 100 mV 150 mV 200 mV

VmaxC4H4O=4 (mg C-Succ/L h) 26.62 6.40 20.63 261.99
Vmax NO−3

(mg N-NO−3 /L h) 26.41 19.36 22.26 75.47
VN2 (mg N- N2/L h) 6.02 4.86 8.21 14.25
YN2 0.98 0.95 1.00 1.00
ENO−3

97.304 98.267 98.373 98.994

2.9 Statistical analysis

All experiments were carried out in triplicate. For
statistical analysis, a one-way analysis of variance was
performed using a Tukey-Kramer multiple comparison
test with α = 0.05 (NCSS 12).

3 Results

3.1 Denitrifying cultures

In controlled experiments devoid of an electron
donor, specifically succinate, the consumption of
nitrate was found to be negligible, regardless of
the electrical potential (EP) applied. This trend was
also evident in control setups lacking the final
electron acceptor, nitrate. The denitrification control
experiments without EP, as depicted in Figure 3A,
demonstrated the depletion of both carbon and
nitrogen sources within 6 hours. Notably, a peak
accumulation of nitrite (NO−2 ) was observed, reaching
10.70 ± 0.36 mg N-NO−2 /L at the 2-hour mark.
The efficiency of nitrate consumption and the yield
of N2, as detailed in Table 3, suggest that the
denitrification process in the control experiment (0
mV) was thorough, with all the nitrogen introduced
into the culture being recovered as N2. This finding is
consistent with the biomass behavior, which remained
virtually unchanged throughout the cultivation period
(Figure 3A). P. denitrificans PD1222 exhibited no
growth, attributed to the low carbon to nitrogen ratio
(C/N) as per stoichiometric equation 9, indicating that
the process was solely respiratory and dissimilatory.
This was due to the absence of any nitrogen source
in the culture medium other than NO−3 . While
such respiratory and entirely dissimilatory behavior
has been previously reported in other denitrification
studies, primarily involving denitrifying sludge from
wastewater treatment facilities (Peña-Calva et al.,
2004; Martínez-Gutierrez et al., 2012; Cadena-
Ramírez et al., 2007, 2019a, 2019b), it had not
been documented in pure cultures like P. denitrificans
PD1222 until now.

Significant changes were observed in the
consumption of NO−3 that were not progressive with
the increase in applied EP. Each applied EP exhibited

specific characteristics that could not be correlated
with its increase. Notably, NO−3 consumption was
impacted at 100 mV (Figure 4B), where the maximum
consumption rate decreased by 31.6% for both NO−3
and succinate compared to 0 mV. However, the
overall denitrification process was completed in its
entirety, where the efficiency of NO−3 consumption
did not diminish, but the yield of N2 decreased by
only 3%. There was a delay in the process, but it
cannot be said to have been affected per se by the
yields and efficiencies of substrate consumption. It
is possible that at 100 mV, substrate consumption
was only affected due to impairments in their
transport, which seems to be supported by the fact
that NO−2 accumulated. Another hypothesis is that
the expression of denitrifying enzymes was delayed.
It is important to remember that the culture of P.
denitrificans originated from a heterotrophic culture
rich in carbon and nitrogen sources and was grown
under aerobic conditions. Since denitrifying bacteria
are non-fermentative, the initial production of the
denitrification proteome depends on energy from
aerobic respiration (Hassan et al., 2014). Most
denitrifying enzymes are not facultative, including
NAR, which is denitrifying, and thus needed to be
expressed for the process to occur in P. denitrificans
PD122, including those related to substrate transport
(Olaya-Abril et al., 2018). This is in line with findings
by Cadena-Ramírez et al. (2019), who applied a
similar EP (104 mV) to denitrifying sludge and
observed a delay in denitrification. This decoupling
explains the accumulation of NO−2 due to a deficiency
in reductive power. A similar situation was observed
in this study, where the lack of reductive power
seemingly delayed the process. This is also supported
by the behavior of the oxidation-reduction potential
(ORP), which clearly showed a delay in the reducing
conditions of the culture medium. For the electron
source, consumption efficiencies were 100% in all
treatments, but CO2 could not be quantified due to the
alkalinity of the medium, where, due to the pH levels,
CO2 was present as dissolved carbonates (CO3)−2 .

For the EP of 150 and 200 mV (Figures 3C
and 3D), the production of nitrogen was expedited,
with peak yields for 150 mV reached at 6 hours,
and at 200 mV within 4 hours, whereas the control
reached its maximum N2 yield (YN2 ) at 8 hours.
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Figure 3. 
Denitrifying kinetics of P. denitrificans. (A) Control, (B) 100 mV EP, (C) 150 mV EP 

and (D) 200 mV. 
Figure 3. Denitrifying kinetics of P. denitrificans. (A)
Control, (B) 100 mV EP, (C) 150 mV EP and (D) 200
mV.

There is a clear enhancement of denitrification under
the influence of low-intensity EP above 150 mV,
which is supported by the nitrogen mass balances.
Particularly at 200 mV, the maximum consumption
rate (Table 3) increased up to threefold compared to an
EP of 0 mV, with a value of 75.47 mg N-NO−3 /L h. Two
possibilities could explain these observations, and they
cannot be attributed to changes in substrate transport
since the production and consumption behavior of
NO−2 was different, as will be discussed later.

A crucial marker in denitrifying processes is the
accumulation of NO−2 . The accumulation of nitrite
in the experiments with EP application differed from
the denitrifying control (0 mV) since there was
a nitrite maximum (10.00 ± 0.02 mg N- NO−2 /L)
like the control but at 4 h. For the other EPs
the accumulation was significantly lower, with the
maximum accumulation being observed at 2 h. Values
of 3.88 ± 0.09 mg N- NO−2 /L and 0.04 ± 0.01 mg
N- NO−2 /L were observed for 150 mV and 200 mV
respectively. In all experiments the overall NO−2 was

completely converted to N2. It is worth noting that
the peak concentration of NO−2 at 0 mV occurs when
NO−3 is nearly fully consumed; this observation will
be elaborated on later. The accumulation of NO−2 is
noteworthy because its redox potential is lower than
that of NO−3 (420 mV vs. NHE compared to 960
mV vs. NHE) (Berks et al., 1995). This serves as
an indicator that the electric field (EF) is beneficially
altering its transport and biochemical reduction (Nevi
et al., 2010; Qin et al., 2017). Moreover, the rate of
N2 production was enhanced. Considering the redox
potentials for each of the intermediates (NO−2 at +420
mV vs. NHE, NO at +400 mV vs. NHE, and N2O at
+820 mV vs. NHE) (Garsia et al., 2012; Stamler et al.,
2001) it is evident that both NO−2 and NO have closely
aligned redox potentials, whereas N2O potential is
notably higher. Using these values for reference
and comparing them to the ORP, one can deduce
that both NO and N2O (which was not observed)
were reduced internally in the cell to N2, especially
given the highly reducing properties of the medium.
NO−2 is transported intracellularly through a nitrate
reductase subunit. Thus, any alterations in nitrate
reductase could influence its transport. Since nitric
oxide reductase is membrane-anchored, its behavior
might mirror that of nitrate reductase (Tinajero-
Vargas, 2020). Furthermore, succinate dehydrogenase
from P. denitrificans, a constitutive enzyme to the
electron transport chain, has its active site facing
the cytoplasm and includes a transmembrane portion.
All the aforementioned enzymes are metalloenzymes.
Therefore, it is entirely feasible for them to
respond to EF, either through structural and catalytic
modifications or via shifts in their oxidation state,
which could ultimately alter their catalytic activity
(Albina et al., 2019; Tinajero-Vargas, 2020).

The reduction can either enhance or impair
nitrate reductase activity due to the electron flow
through cytochrome c from the reduction of NO−2
or N2O (Kucera et al., 1983). To understand how
the cytochrome c reduction degree is impacted, it
is essential to measure the activity of NAD/NADH+

(which was not done in this study). However, by
referencing the calculated denitrification equations
(equations 3-7), one can deduce that the reducing
potential from the oxidation of the carbon source
(equation 8) is being integrated into the respiratory
chain.

2NO−3 + 4e− + 4H+→ 2NO−2 + 2H2O (3)
2NO−2 + 2e− + 4H+→ 2NO+ 2H2O (4)
2NO+ 2e− + 2H+→ N2O+H2O (5)
N2O+ 2e− + 2H+→ N2 +H2O (6)
2NO−3 + 10e− + 12H+→ N2 + 6H2O (7)
C4H4O=4 + 4H2O→ 4CO2 + 12H+ + 14e− (8)

The general biochemistry for denitrification using
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succinate as an electron donor is presented in equation
9.

C4H4O=4 + 4NO−3 + 4e− + 8H+→ 4CO2 + 2N2 + 5H2O
(9)

The figures depict the correlation between the
reduction of NO−3 and the accumulation of NO−2 .
Studies have reported that within P. denitrificans,
there is an electron competition between NO−3 and
NO−2 . Moreover, these ions exchange through protein
channels, known as antiports, in the membrane.
This exchange helps maintain a balance in the
concentrations of both ions (Boogerd et al., 1983;
Glass et al., 1998; Thomsen et al., 1994). Monitoring
NO−2 during the denitrification process is crucial,
as its accumulation can inhibit denitrification at
concentrations ranging from 30-250 mg N-NO2/L
(Griffiths and College, 1999). The data presented
indicates extracellular concentrations. Notably, in the
control scenario, the peak concentration of NO−2 is
attained before NO−3 hits its lowest levels. The ORP
consistently declines as NO−2 is reduced. Once the
ORP achieves its minimum, the reduction rate of NO−2
appears to quicken. In contrast, when applying a 200
mV EP, the NO−2 concentration consistently remains
low without evident accumulation, while the ORP
assumes more negative values.

The analysis indicates a statistically significant
difference in the 100 mV and 150 mV treatments
for the consumption rates for C and N sources,
respectively. These variances in the specific rates
across treatments might be attributed to changes in
the catalytic activity of succinate dehydrogenase and
nitrate reductase, or alterations in their redox states.
While succinate dehydrogenase possesses an Fe-S
group at its active site, nitrate reductase is more
complex, comprising three subunits, each with distinct
heme groups and Fe-S bonds. As a result, each subunit
exhibits a unique redox potential. Consequently,
beyond the structural alterations impacting their
catalytic activities, shifts in their redox states emerge
as vital considerations (Tinajero-Vargas, 2020; van
Spanning et al., 2007).

During the application of EP, the ORP value
reached more negative values than during the control;
this value is usually used as an indicator of the
reducing potential of the culture medium. In all
the experiments conducted, the ORP value and pH
aligned with values typically associated with the
denitrification process, indicating that the process was
functioning as expected (Venturini et al., 2022). The
pH value was maintained in a range of 7.5 - 8.5. This
alkalization is also an indicator of the evolution of the
process. (Gao et al., 2003; Olaya-Abril et al., 2018).
When evaluated together, these two parameters act as
indicators of the reduction process experienced by the
electron acceptors. However, they should be treated as

supplementary indicators since their readings can be
influenced by the EP in the range of volts (unpublished
data) (Gao et al., 2003; Olaya-Abril et al., 2018).

Concerning the growth pattern of P. denitrificans
during the experiments, it was observed that both
the lag phase and the acceleration phase were
reduced. While some studies have shown that the
lag phase diminishes in the presence of an EF
(Parvanova-Mancheva et al., 2009), the persistent
stationary phase throughout our experiment suggests
that P. denitrificans shifted to a purely dissimilative
metabolism. In this mode, all electron flow from the
oxidation of the carbon source is funneled into the
denitrification respiratory chain, without necessarily
contributing to bacterial growth.

Previously, growth kinetics were evaluated using
the same denitrifying culture media, which indicated
that the lag phase lasted for approximately 3 hours,
while the exponential phase concluded after 15 hours.
Based on this growth curve, we can deduce that under
the experimental conditions tested, the EP influenced
the cell division rate of P. denitrificans. In research
conducted by Cadena-Ramírez in 2019, various EPs
were applied to denitrifying sludge, revealing that
different EPs exerted distinct biochemical impacts
on the denitrification process. However, that study
utilized a microbial consortium, complicating the task
of pinpointing the precise effects of electron donors on
microbial physiology. This contrasts with the current
study, which employed an axenic culture, facilitating a
more direct correlation of results.

Consequently, there was either an overexpression
of denitrifying enzymes, which is necessary for
the process to occur (Olaya-Abril et al., 2018), or
there was a stimulation of the chemical potentials
of the denitrifying enzymes, including both nitrate
reductase and nitrite reductase, but not of the last two
enzymes. It is important to note that although the
production of nitric oxide and nitrous oxide was not
observed, these compounds were monitored by gas
chromatography. Moreover, nitrogen mass balances
show that the reduction of nitrite to the other two
nitrogen compounds was very rapid, starting from the
control at 0 mV. Genetic studies would be required to
confirm these hypotheses. Despite these findings, it is
clear that low-intensity EPs can affect denitrification
more at the physiological level than at the chemical
level.

3.2 Cyclic voltammetry

Cyclic voltammetry (refer to Appendix 1) was used to
confirm that no electrochemical reactions occurred in
the culture medium. Therefore, the results showcased
are directly attributed to the interaction between the
applied EP and P. denitrificans.

Considering the similar rates of consumption
for both NO−3 and C4H4O=4 (as shown in Table
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3) in assays with and without EP, it seems that
the application of EP does not significantly impact
metabolism. However, the patterns of accumulation
and consumption of NO−2 indicate that the transport
and catalysis of the chemical species may be altered.
These alterations could arise from reversible structural
changes in the membrane, such as the opening of
antiports, shifts in electron flow leading to changes in
the reduction level of the terminal cytochrome c in the
respiratory chain, or variations in the catalytic activity
of denitrifying enzymes (Kucera et al., 1983; Ohshima
et al., 2007; Vaessen et al., 2019).

Conclusions

The present investigation elucidated the intricate
interplay between imposed electric potentials
and the denitrification kinetics of Paracoccus
denitrificans. Utilizing a rotating cylinder electro-
bioreactor, a uniform electrical potential distribution
was achieved, ensuring controlled experimental
conditions. Electrochemical characterization of the
culture medium was instrumental in discerning
potentials devoid of electrochemical REDOX
reactions, thereby ascertaining that observed
phenomena were attributable to the EFs direct
influence on P. denitrificans.

Systematic monitoring of N and C source
consumption, alongside intermediate NO−2 and
gaseous nitrogen production, indicated pronounced
membrane and enzymatic alterations under varying
EPs. The enzymes discussed in this study, have
demonstrated the potential of the EFs to induce
structural and catalytic modifications; these alterations
have the capacity to significantly impact the
catalytic activity of the enzymes under investigation.
Significantly, the imposition of EP increased gaseous
nitrogen evolution, highlighting its potential as a key
parameter for optimizing denitrification processes.
Referring that, the variations observed with the EP
imposed, can be attributed to changes in the catalytic
activity of the enzymatic complex that forms the
electron transport chain as well as the denitrifying
process.

This study offers a foundation for future endeavors
aimed at harnessing EPs to enhance biological
denitrification, with implications for advanced
wastewater treatment methodologies. Further research
is warranted to explore the broader implications of
these findings and their potential applications in
biotechnology and environmental science.
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Nomenclature

ATP Adenosinetriphosphate
DC Direct current
EF Electric Field
ENO3 Nitrate consumption efficiency
EP Electric Potential
H2O2 Hydrogen peroxide
mg C-Succ/L Succinate-carbon miligrams per

liter
mg N-NO−2 /L Nitrite-nitrogen miligrams per

liter
mg N-NO−3 /L Nitrate-nitrogen miligrams per

liter
NAR Nitrate reductase
N- NO−2 Nitrite-nitrogen
N- NO−3 Nitrate-nitrogen
ORP Oxidation-Reduction Potential
Vmax Maximum consumption rates
Y N2 Yield for the generation of

molecular nitrogen with respect
to the nitrogen source
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Appendix 1. Voltammograms obtained during electrochemical characterization of the 
medium compounds. (A) Carbon source, (B) Nitrate, (C) Medium without sources of C 
or N and (D) medium with sources of C and N. 
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Carbon source, (B) Nitrate, (C) Medium without sources of C or N and (D) medium with sources of C and N.
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