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ABSTRACT

It has been recently suggested that Alcaligenes use a previously unknown pathway to convert ammonium
into dinitrogen gas (Dirammox) via hydroxylamine (NH,OH). This fact alone already implies a significant
decrease in the aeration requirements for the process, but the process would still be dependent on
external aeration. This work studied the potential use of a polarised electrode as an electron acceptor for
ammonium oxidation using the recently described Alcaligenes strain HO-1 as a model heterotrophic
nitrifier. Results indicated that Alcaligenes strain HO-1 requires aeration for metabolism, a requirement
that cannot be replaced for a polarised electrode alone. However, concomitant elimination of succinate
and ammonium was observed when operating a previously grown Alcaligenes strain HO-1 culture in the
presence of a polarised electrode and without aeration. The usage of a polarised electrode together with
aeration did not increase the succinate nor the nitrogen removal rates observed with aeration alone.
However, current density generation was observed along a feeding batch test representing an electron
share of 3% of the ammonium removed in the presence of aeration and 16% without aeration. Additional
tests suggested that hydroxylamine oxidation to dinitrogen gas could have a relevant role in the electron
discharge onto the anode. Therefore, the presence of a polarised electrode supported the metabolic
functions of Alcaligenes strain HO-1 on the simultaneous oxidation of succinate and ammonium.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

convert ammonium into N, (Dirammox route) [ 14,15]. According to
whole genome annotation data, Alcaligenes strain HO-1 encodes a

Electricity-driven ammonium (NHZ) oxidation to dinitrogen gas
(N2) has been recently proved using ANAMMOX bacteria [1]. A
similar process has been observed in the presence of feammox [2,3]
or nitrifying bacteria, even though the mechanism is still mostly
unknown in this latter case [4—9]. However, the electrical stimu-
lation of heterotrophic nitrifying microorganisms has not been
evaluated yet [10,11]. The most studied heterotrophic nitrifier is
Alcaligenes [12,13]. Initial testing suggested that Alcaligenes used a
two-step process involving the oxidation of NHJ to nitrite/nitrate,
followed by a reduction to N, [12,13]. However, it has been recently
suggested that Alcaligenes use a previously unknown pathway to
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complete denitrification pathway, but it lacks genes coding for
ammonia monooxygenases or hydroxylamine oxidoreductases
homologs. However, a combination of inhibition experiments and
isotopic labelling suggested that strain HO-1 had a novel genetic
cluster for ammonia oxidation, encoding for a previously unknown
pathway able to shortcut the conventional nitrogen cycle. In the
Dirammox route, NH{ is firstly oxidised to hydroxylamine (NH,0H)
and then to N; [14]. This enzyme (encoded by the DnfA) has finally
been identified and characterised by isotopic experiments. It has
been described as the first enzyme to be discovered, which is able
to catalyse hydroxylamine oxidation to N; [16]. Recently, a second
Alcaligenes species (strain JQ135) presenting the Dirammox route
has also been reported [15].

The Dirammox pathway represents a considerable decrease in
the number of electrons required to convert NHZ to N; and, thus, a
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decrease in the organic matter and aeration needed for conven-
tional nitrification-denitrification (e~ equivalents). In order to
convert 1 mol of ammonium into Nj, conventional nitrification-
denitrification requires a total of 13 mol of electrons (8 mol e~ for
nitrification and 5 mol e~ for denitrification). On the contrary, the
Dirammox route only requires 3 mol e™. This fact alone significantly
decreases the aeration requirements for the process, but the pro-
cess would still be dependent on external aeration, usually the
highest cost of a wastewater treatment plant [17].

Microbial electrochemical technologies (METs) are potential
alternatives to suppress aeration in wastewater treatment plants
due to the ability of some microorganisms to use an electrode as an
electron acceptor instead of oxygen [1,8,18]. Considering the piv-
oting role of hydroxylamine in electricity-driven nitrification [5,8],
one might hypothesise those heterotrophic nitrifying microorgan-
isms such as Alcaligenes, could also be able to use an electrode as
the terminal electron acceptor. Using an electrode instead of oxy-
gen could suppress external aeration while being a barrier for
competing for non-electroactive microorganisms. This work stud-
ied the potential use of a polarised electrode as an electron acceptor
for ammonium oxidation using the recently described Alcaligenes
strain HO-1 as a model heterotrophic nitrifier [14].

2. Materials and methods
2.1. Experimental set-up

Experimental tests were performed using a culture of Alcali-
genes strain HO-1 [14] provided by the Institute of Microbiology,
Chinese Academy of Sciences (IMCAS, Beijing, China). Once arrived
at the University of Girona, Alcaligenes HO-1 was maintained in
solid media Luria-Bertani at 30 °C.

Electrochemical experiments were performed in duplicates using
250 mL bottles equipped with a carbon cloth (25 cm?, NuVant's ELAT
LT2400W, FuelCellsEtc USA) as a working electrode, a graphite rod as
a counter electrode and an Ag/AgCl sat. KCI reference electrode
(+0.197 V vs. SHE) (Fig. SI1). Systems were kept at 30 °C and fed with
the medium described by Wu et al. [14]. In all tests, the reactor
medium was composed of 0.66 g L~ (NH4),S04, 0.66 g L~! succinate,
0.5 g L~1 KH,PO4, 1.25 g L~ NayHPO,4 12H,0, 0.2 g L~ ! MgS04 7H,0,
10 g L~ NaCl, and 2 mL L~! of a trace elements solution [19].

Electrochemical reactors were inoculated using high-density
cell suspensions collected after a plate-wash protocol. Briefly,
Alcaligenes HO-1 cells grown on LB plates for 24 h were harvested
by adding 1 mL of freshly prepared reactor medium and detaching
cells from the plate surface with a spreader. Cell suspensions were
collected afterwards and inoculated directly into the reactors.
Initial cell densities were above 10® cells mL~! in all cases (Optical
density at 600 nm > 0.1).

A total of ten different replicates were evaluated under different
conditions (Table 1).

Table 1
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2.2. Electrochemical characterization of Alcaligenes strain HO-1

Several tests were performed to evaluate the effect of electrode
polarisation in selected steps of the ammonium oxidation route
(Table 1). In some tests, aeration was applied. A basic aquarium
pump was used. Air was filtered through a 0.22 um pore diameter
nylon filter (Isopore) before entering the reactor to prevent
contamination of Alcaligenes cultures by air-borne microbes. Test 1
was devoted to determining whether NHZ oxidation to N, and cell
growth could be supported by a polarised electrode alone (i.e., can
Alcaligenes grow without aeration?). Two reactor replicates were
inoculated and operated under chronoamperometry mode without
aeration. The working electrode was poised at +0.2 V vs. Ag/AgCl
following the standardised Geobacter methodology (model anode-
respiring bacteria) [18]. After 21 days of operation, aeration was
introduced into the system at a periodicity of 1 h per day. The
process ensured the O; saturation of the medium. This experi-
mental period lasted a total of 35 days.

In Test 2, the systems were operated under different polarisation
and aeration regimes to assess the effect on the growth and the
activity of cells, as well as to better understand the possible role of
the polarised electrode under the optimal conditions for Alcaligenes
growth. Four reactor replicates were operated for 18 days. All
replicates were run with intermittent aeration (12 h per day from
day 2). Two replicates were operated under chronoamperometry at
a working electrode potential of +0.2 V vs. Ag/AgCl. Two replicates
were operated under open-circuit conditions (i.e., no electrode
polarisation).

The effect of aeration in the presence of a polarised electrode
was studied in Test 3. Two reactors were inoculated. During the first
11 days, the reactors were operated in the presence of a polarised
electrode at a working electrode potential of +0.2 V vs. Ag/AgCl and
aeration (12 h per day). From days 11—20, aeration was stopped to
better elucidate the dynamics of the nitrogen compounds in the
absence of oxygen.

Some individual steps in the oxidation reactions were tested in
Test 4 for bioelectrochemical enhancement. In particular, the
transformation of hydroxylamine (as a potential intermediate of
the nitrogen cycle) was considered a relevant step to further eval-
uate. Two reactors in the presence of a polarised electrode at +0.2 V
vs. Ag/AgCl and intermittent aeration were set up. On days 6 and 13,
hydroxylamine, succinate, and ammonium were spiked
(10 mg N—NH,O0H L', 1.2 g C-Succinate L=, and 50 mg N—NHz L™,
final concentrations, respectively), and the dynamics of nitrogen
compounds, the consumption of succinate, and the current density
were evaluated on a time basis.

2.3. Analyses and calculations

Samples were regularly taken to measure pH, nitrite (N—NO3),
nitrate (N—NO3), and ammonium (N—NHZ) following the

Summary of tests performed. Legend: CA, Chronoamperometry with the working electrode poised at +0.2 V vs. Ag/AgCl; OCV, Open cell voltage.

Test Question to be answered

Replicates Aeration Electrochemical

operation
Test 1 Can it grow without aeration? 2 No (Days 0—21) CA
Yes, intermittent (Days 21
—35)
Test 2 Can a polarised electrode increase the nitrogen removal rates? 4 Yes, intermittent CA (two replicates)

Test 3 Can nitrogen be removed without aeration but in the presence of a polarised electrode? 2

Test 4 How does hydroxylamine behave during the process in the presence of a polarised electrode? 2

OCV (two replicates)
Yes, intermittent (Days 0—11) CA
No (Days 11-20)
Yes, intermittent CA
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American Public Health Association (APHA) standards [20]. Nitrous
oxide and dissolved oxygen (DO) were measured using an N;O
liquid-phase microsensor (Unisense, Denmark) and an oxygen
sensor (Unisense, Denmark). The concentration of hydroxylamine
(NH,0H) was determined colourimetrically [21]. Biomass was
measured by optical density at 600 nm (ODggg) using a spectro-
photometer (Hach DR3900, USA). Succinate concentration was
measured using ion chromatography (Dionex, ThermoFisher, USA).
Electrode potential was poised at the working electrode using a
potentiostat (Bio-logic, France).

Cyclic voltammetries were regularly recorded in a potential
window between —0.6 and + 0.6 V vs. Ag/AgCl at a scan rate of
1mvVs![18].

3. Results and discussion

3.1. Test 1: can Alcaligenes strain HO-1 be grown with a polarised
electrode without aeration?

The initial hypothesis considered the possibility of the HO-1
strain using a polarised electrode instead of O as the sole elec-
tron acceptor. Thus, in Test 1, the growth and electrical response of
Alcaligenes were evaluated under anaerobic and aerobic conditions
(Fig. 1). Two reactors were initially operated under chro-
noamperometric mode without aeration. From days 0—21, the
biomass content (ODggp) remained mostly unchanged (no growth),
but fluctuations in the current density profile could be observed.
After 21 days of operation, aeration was introduced in the system
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Fig. 1. Evolution of pH, current density, and biomass content (ODggo) on reactor rep-
licates A (a) and B (b).
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(1 h per day). Alcaligenes started to grow, and the ODggg increased
from 0.22 + 0.03 on days 16—21 to 0.64 + 0.12 on days 27—33, while
the current density increased over time. Cyclic voltammetries were
recorded before and after introducing aeration in the reactors to
better understand the increase in current density (Fig. SI2). How-
ever, no relevant voltammetry signals could be detected. Taking it
all together, our results indicated Alcaligenes did not grow, and low
current densities were recorded with the sole presence of a
polarised electrode as an electron acceptor (absence of aeration).
Nevertheless, an increase in the current density was detected in the
presence of aeration, suggesting that Alcaligenes could partly divert
electrons to a polarised electrode.

3.2. Test 2: can a polarised electrode increase the nitrogen removal
rates of Alcaligenes?

Four reactors were set up and run as replicates (Test 2; Fig. 2) to
better elucidate the role of a polarised electrode on Alcaligenes ni-
trogen metabolism. All replicates were run with intermittent
aeration (12 h per day). No significant differences were observed in
biomass growth between the polarised vs. non-polarised elec-
trodes. Similarly, succinate, ammonium, nitrite, and nitrate con-
centrations varied in the two operational modes (with and without
current). Different activities were observed in the two batch runs
due to the higher biomass content in the second run. However, the
values obtained were similar under the two conditions tested.
Ammonium was removed in the first and second runs at 17 and
40 mg N L' d~!in the reactors operated with a polarised electrode
and 15 and 45 mg N L~! d~! in the reactors operated with a non-
polarised electrode. Succinate and ammonium were depleted at
similar rates in the two operational conditions. Similarly, no sig-
nificant accumulations of nitrite (<2 mg N—NOz L™') or nitrate
(<3 mg N—NO3 L~ 1) were detected under both experimental con-
ditions. These results confirmed the capacity of Alcaligenes strain
HO-1 to fully remove ammonium without the accumulation of in-
termediates, as previously described [14]. Complementary cyclic
voltammetries were recorded in the presence and absence of
aeration (Fig. SI3). Some redox peaks could be observed at —0.1 V
vs. Ag/AgCl when aeration was Off. Those were peaks characteristic
of a non-turnover condition (i.e., absence of substrate); thus, they
could not be linked to a specific activity towards succinate or
ammonium oxidation.

Considering the results observed in Test 2, it can be assumed
that the usage of a polarised electrode did not provide any
measurable increase in either succinate or ammonium removal
rates in the presence of aeration.

3.3. Test 3: can Alcaligenes strain HO-1 remove nitrogen in the
absence of O, under the presence of a polarised electrode?

The results obtained in Test 1 confirmed that Alcaligenes strain
HO-1 could not grow using a polarised electrode as the sole elec-
tron acceptor, whereas Test 2 demonstrated that the ammonium
removal rate did not significantly increase in the presence of a
polarised electrode and aeration. In Test 3, the ammonium removal
under anaerobic conditions (i.e., in the absence of O, and, thus, the
absence of cell growth) was evaluated. Two reactor replicates were
inoculated (Test 3; Fig. 3). During the initial 11 days, reactors were
operated in the presence of a polarised electrode (+0.2 V vs. Ag/
AgCl) and intermittent aeration. From days 11—20, aeration was
stopped. In the presence of aeration and a polarised electrode, both
succinate and ammonium were removed without a significant
accumulation of nitrite, nitrate or nitrous oxide. At the working
conditions (30 °C and atmospheric pressure), O, saturation occurs
at 754 mg O, L~! enabling a maximum NHi removal of
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closed circuit conditions (a) and open circuit conditions (b).

44 mg N L. This was the maximum removal capacity when
aeration was cased (first anaerobic batch). However, a higher
removal was observed in this batch (41.8 mg N L~ !). In the presence
of intermittent aeration, succinate and ammonium were removed
atarateof 05+01gCL 'd 'and 48 + 9mg NL ! d~, respec-
tively. Without aeration, succinate and ammonium were removed
atarateof 01+01gCL 'd'and11+5mgNL'd

It is worth noting that the current density fluctuated along with
the experimental runs. When aeration was ‘On’ (days 0—11), cur-
rent density peaks were detected at the mid-term of each feeding
batch (values around 40 mA m~2). Succinate and ammonium were
removed following a linear trend. In contrast, the peak formation in
the current density profile indicated that electricity was generated
during the formation of a transient intermediate metabolite. Being
succinate to fumarate a single-step reaction and ammonium to N;
in a two-step reaction, current density was most likely related to
the NH4 removal route. It can be hypothesised that Alcaligenes
produced/released an intermediate metabolite from the NHjZ
removal process, a metabolite that presented electroactive activity.
When aeration was ‘Off (days 11-20), Alcaligenes activity
decreased, and the formation of transient peaks in current density
evolution was less evident, but a continuous increase of current
density was observed instead. The transient increase of current
density peaked at around 20 mA m~2.

During Alcaligenes growth, succinate and ammonium were
removed without a noticeable production of nitrite, nitrous oxide or
nitrate. However, this process generated current density at a working
electrode polarised at +0.2 V vs. Ag/AgCl. The accumulated charge

was 8.2 + 0.8 C, representing a ratio concerning ammonium removed
of 0.26 + 0.02 C per mg N—NHZ emoved. In the absence of aeration,
ammonium was removed at a lower rate (11 + 5 mg N L~! d~1),
together with a slower current peak production (suggesting a lower
accumulation rate of a putative electroactive intermediate) but
representing a charge to ammonium removed up to three times
higher (1.14 + 0.55 C per mg N—NHZ removed). Hence, a comparatively
higher generation and oxidation of electroactive intermediates were
observed. Taking into account that ammonium removal in Alcali-
genes occurs via hydroxylamine [14] and the electroactivity of
NH,OH [5,8], it was considered that the transient accumulation of
hydroxylamine and its consequent oxidation could be responsible for
current density generation. Considering the NH,OH oxidation to N,
(n = 1e7), the current density observed represents 3.8 + 0.3% of the
ammonium removed in the presence of aeration and 10.9% and
22.3% in the first and second batch in the absence of aeration, hence
representing significant support to the overall ammonium oxidation
process. The electricity-driven oxidation of hydroxylamine by Alca-
ligenes was further investigated in Test 4.

3.4. Test 4: which is the role of hydroxylamine during the NH}
removal carried out by Alcaligenes HO-1 in the presence of a
polarised electrode?

The fate of hydroxylamine was evaluated in two reactor repli-
cates inoculated with Alcaligenes HO-1 in the presence of a polar-
ised electrode (Test 4). Hydroxylamine was spiked together with
succinate and ammonium to evaluate the dynamics of nitrogen
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compounds (and succinate) and the evolution of the current den-
sity in two different runs (Fig. 4).

At the start of the test, aeration was on mode ‘On’, and it was
later stopped for better observation of the trends, according to the
results obtained in Test 3. A performance similar to previous tests
was observed in terms of ammonium and succinate removal rates
and the lack of nitrite and nitrate accumulation (<4 mg N L™, data
not shown) despite the presence of hydroxylamine at a relatively
high concentration (around 10 mg N—NH,OH L~!). The addition of
hydroxylamine caused a sudden increase in the current density in
the two runs (up to 40—100 mA m~2). Current density decreased
concomitantly with hydroxylamine depletion. These results sup-
ported the hypothesis that the current density generation detected
in previous tests was related to the transient accumulation of hy-
droxylamine in the media.

In addition, an accumulation of N,O has observed along that
process, which was more significant than those observed in Test 3.
A maximum accumulation of 0.2 and 2.4 mg N—N,O L~! was
observed for the first and second run, respectively, implying 2% and
23% of the total hydroxylamine removed. N,O was only detected
when O, was fully consumed. Nitrous oxide production from hy-
droxylamine oxidation had been previously observed in Alcaligenes
faecalis [22]. It is worth noting that N,O was finally removed at the
end of the batch test without external input.

Environmental Science and Ecotechnology 15 (2023) 100253

Taking it all together, Alcaligenes HO-1 could not sustain its
metabolic activities by using an electrode poised at +0.2 V vs. Ag/
AgCl as the sole electron acceptor. Aeration was required. However,
even under aerated conditions, the polarised electrode could be
used as a terminal electron acceptor, and the generation of current
density was detected. Hydroxylamine accumulation and later
oxidation could be responsible for this current generation. Whether
this process was carried out by using external soluble mediators or
direct electron transfer is unclear. According to the draft genome of
Alcaligenes strain HO-1 (CP049362.1), this strain contains multiple
cytochromes of the b, ¢, d and P450 families, some of which could
likely be present as outer membrane cytochromes, but none of
them has been annotated as such. Additional testing at, for
example, other anode potentials, different succinate to ammonium
ratios, O set-points or the addition of external soluble mediators
are required in future experiments to further elucidate the possible
interactions between Dirammox Alcaligenes HO-1 and electrodes.

3.5. Perspectives for electrode-assisted biologic processes

Alcaligenes strains oxidise organic matter and ammonium to CO,
and N; under aerobic conditions [ 14]. This work surveyed a possible
electroactivity of Alcaligenes strain HO-1 (Table 2).

A polarised electrode could ideally replace O, as a terminal
electron acceptor in the ammonium oxidation process [18,23].
However, no growth and lower NHZ removal rates were observed
when an electrode poised at +0.2 V vs. Ag/AgCl was used as the sole
electron acceptor. These results suggested that the electroactivity
was insufficient to consider a process where Alcaligenes works us-
ing an electrode as the sole terminal electron acceptor or to eval-
uate complementary benefits such as cathode H, production or
electricity production from the reactor device. In this sense, the
possible electrification of a heterotrophic nitrifying process domi-
nated by Alcaligenes would be out of the current standards of
electro-bioremediation, where the target pollutant is fully removed
by an electrode-dependent process [24].

Nevertheless, the different tests performed in this study
revealed an electroactivity role of Alcaligenes strain HO-1. Electron
discharge on the anode electrode was detected either in the pres-
ence or the absence of aeration but was more intense and constant
over time under oxygen-limiting conditions. Besides, Alcaligenes
did not have an apparent increase of ammonium removal activity in
the presence of an electrode, and electrons were discharged on the
electrode during the NH4 removal process. The results suggested
that hydroxylamine, an intermediate of ammonium conversion into
dinitrogen gas [14], could be involved in the electrochemical signal,
a process suggested previously with nitrifying-enriched commu-
nities [5,8]. If NH,OH oxidation to N; is considered a potential
oxidation reaction, current density would then represent about
3.8% of the NHZ removed in the presence of aeration and 16.6% in
the absence of aeration. However, complement reactions cannot be
fully discarded, nor the release of an electroactive compound
different from hydroxylamine. For example, a metabolic surplus
derived from periods of oxygen limitation [25], could occur tran-
siently during an aerobic batch test or constantly in longer anaer-
obic periods. In any of the two conditions, using a polarised
electrode could assist the long-term operation of the bio-reactor
[26,27]. From an application point of view, these results suggest
an alternative pathway for research on microbial electrochemical
technologies, where bacteria and electrodes no longer have a
relationship of obligate dependency but mutual assistance. In the
context of biological nitrogen removal, electrode-dependent pro-
cesses might have a chance to succeed in waters where organic
matter is scarce, because the usage of electricity supply instead of
chemical addition or aeration can become an important defensive
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Fig. 4. a—b, Evolution of current density, succinate, ammonium (N—NHZ), hydroxylamine (N—NH,OH), and nitrous oxide (N—N,0) content on reactor operated under closed circuit
conditions and two different hydroxylamine spikes.

Table 2
Summary of main results obtained in the different tests performed. Legend: **, results related to NH,OH.
Test Aeration Electrochemical mode Peak current density NHZ removal rate Nitrogen intermediates
(mA m~2) (mgNL'd™) (mg NL™) (% total NH4 removed)
Test 1 No aeration CA 20 - - -
Aeration CA 40—-60 - - -
Test 2 Aeration CA 60 17-40 NO3 <3 <5
NO; <2
Aeration OCV - 15—45 NO3 < 3 <5
NOz <2
Test 3 Aeration CA 50 48 +9 NO3 < 1.5 <2
NO3 < 1.5
N,0 < 0.2
No aeration CA 20 11+5 NO3 < 0.2 <1
NO3 < 0.3
N,0 < 0.2
Test 4 Aeration CA 40—-100 6—39 12—-10** N,O <24 224

moat for the technology [1,8]. However, as the carbon-to-nitrogen 4. Conclusions
ratio increases, the competition for the electrode surface between

nitrifiers and heterotrophs might reduce the chances for a proper (1) Alcaligenes strain HO-1 metabolic dependence on aeration
ammonium removal process, which would then require the inte- cannot be sustained with a polarised electrode. However, the
gration with other technologies [28,29]. The share of electrode concomitant elimination of succinate and ammonium was
relevance in the process would gradually decrease at higher observed when operating a previously grown Alcaligenes
carbon-to-nitrogen ratios, up to a point where the electrode has the strain HO-1 culture in the presence of a polarised electrode
sole function of assisting bacteria in specific, but still relevant, and without aeration.

metabolic processes, such as the electrically assisted hydroxyl- (2) The usage of a polarised electrode together with aeration did
amine oxidation proven for Alcaligenes HO-1. not increase the succinate nor the nitrogen removal rates

observed with aeration alone. However, current density
generation was observed along a feeding batch test



N. Pous, L. Baneras, PE-X. Corvini et al.

representing an electron share of 3.8% of the ammonium
removed in the presence of aeration and 16.6% without
aeration.

(3) Hydroxylamine oxidation to dinitrogen gas could have a
relevant role in the electron discharge onto the anode.

(4) The presence of a polarised electrode assisted the metabolic
functions of Alcaligenes strain HO-1 on the simultaneous
oxidation of succinate and ammonium, supporting that
integrating electrodes into bio-processes could assist the
overall system.
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