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The reduction rate of nitrous oxide (N3O) is affected by the electron competition among the four denitrifying
steps, limiting the mitigation of N2O emissions during wastewater treatment. We foresee essential to understand
how combinations of electron acceptors (EAs) affect the microbial composition and reduction mechanisms of
denitrifying communities. We enriched three denitrifying communities from activated sludge biomass with
equivalent loads of different EAs: NO3 (R1), N2O (R2), and NO3 + N3O (R3). The resulting enrichments were
compared in terms of (1) reduction of nitrogen oxides in absence/presence of other EAs (NO3, NO3, N»0), (2)
their denitrification gene composition and (3) their microbial community composition. Batch results showed the
presence of NO3 and NO3 suppressed N»O reduction rates in all three reactors. The effect was lower in the mixed-
substrate feed community than in the single-substrate feed under infinite sludge retention time and chemostat
operation modes. NoO-reducers of type nosZ II were enriched when N2O serves as the sole EA, whereas nosZ I
type N2O-reducers were more prone to enrichment with NO3 as EA. The EA composition rather than the sludge
retention mode differentiated the microbial communities. The genus Flavobacterium seems to play a significant
role in alleviating the suppression of the NO reduction rate caused by electron competition. Limited conditions
of electron supply are the norm independently of high C/N levels, and a community co-enriched with NO3 and
N2O alleviates more the competition for electrons in the nitrous oxide reductase enzyme than communities
enriched with NO3 or N3O individually.

1. Introduction

Nitrous oxide (N3O) is a potent greenhouse gas with a global
warming effect 300 times stronger than carbon dioxide (CO3) and is also
the most important ozone-depleting gas [1]. Biological nitrogen removal
(BNR) by nitrification and denitrification has been recognized as an
important source of NoO emissions in wastewater treatment plants
(WWTPs). The Intergovernmental Panel on Climate Change (IPCC)
estimated that NyO emissions in WWTPs reached 1.6 % of the total ni-
trogen load in 2019 [2]. Nitrous oxide accumulates in wastewater

during BNR processes and is mainly produced biologically [3]. Deni-
trification describes the reduction of nitrate (NO3) to dinitrogen (N3) by
heterotrophic denitrifying bacteria (HB), with nitrite (NO3), nitric oxide
(NO), and nitrous oxide (N2O) as obligatory intermediates [4]. In
addition, the abiotic reactions in the BNR system will also produce N-O,
but usually contribute little (<3 %) to overall N2O emissions in BNR
systems operated at standard pH and NOj levels [5].

Heterotrophic denitrification is recognized as the only biological
pathway for NoO reduction [6]. Most studies focused on developing
strategies to minimise N2O emissions by decreasing net NoO production
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[7-9], while fewer focused on increasing the NO reduction to Ny po-
tential. For example, extending the duration of the anoxic phase to
enhance the consumption of N,O by HB could serve as a potential
method to regulate anoxic accumulation of N2O [3]. Importantly, the
maximum N,O reducing capacity of denitrifying microbial communities
exceeds their capacity to produce N,O by a factor of 2-10 fold [10],
making denitrification a potential NoO sink in wastewater treatment
systems, scavenging N»O derived from biological and abiotic reactions.
Hence, increasing the N3O reduction capacity may be an effective NoO
mitigation strategy.

In WWTPs, a variety of electron acceptors (EAs) coexist and
competition for electrons occurs during denitrification [11]. Most
denitrifying bacteria will prioritize the higher energy yield of reducing
NO3 to N2O rather than N»O to Ny (20 % efficiency difference) [1]. Thus,
electron competition can increase the potential of NoO accumulation
and leads to incomplete denitrification, resulting in N2O emissions as the
end-product [12,13]. Studies conducted on denitrification communities
enriched with acetate, ethanol, or methanol as the sole electron donor
(ED) suggested that the potential N2O reduction rate decreased more
than 50 % when other EA (NO3 or NO3) were present [14]. In single
denitrifying biofilm systems a greater NoO accumulation due to electron
competition was more pronounced than in biofilm/flocs systems, and
was associated to substrate diffusion limitations [11]. Current studies
focused on the effect of different EDs or biotechnologies (e.g., activated
sludge, granular sludge, biofilms), with limited insights into the effect of
multiple EAs on denitrifying communities [15].

All denitrifying enzymes must compete for electrons from a shared
electron supply system in the denitrification process. The nitrate
reductase enzyme (NAR) receives electrons from the quinone pool and is
located in the cytoplasm (NarG), while nitrite, nitric oxide, and nitrous
oxide reductases (NIR, NOR, and NOS) obtain electrons from cyto-
chrome ¢550 (Cytc 550), and are located outside (NIR, NOS) or in the
membrane (cNOR) [16]. Due to the limited electron supply from Cytc
550, a strong competition for electrons exists among NIR, NOR, and NOS
[14,17]. Nitrous oxide reductase (NOS) is the only known enzyme to
reduce N3O to Ny [18]. The enzyme is encoded by the nosZ gene.
Phylogenetic analysis revealed two major nosZ genotypes in pro-
karyotes, called clade I (nosZ I) and II (nosZ II) [19]. The abundance of
bacteria carrying clade nosZ I or nosZ Il changed with the dilution rate
and EA/ED ratio in a chemostat with N,O as the sole EA [20,21]. N5O-
reducing bacteria that possess clade II type nosZ may thrive over clade I
type nosZ because the former has higher growth yields and a lower N3O
affinity constant [22]. A higher biomass yield implies a greater effi-
ciency of energy conservation in the nosZ II —associated electron
transport chain, whereas a lower affinity constant would confer nosZ II
type N3O reducers a selective advantage during competition for limiting
amounts of N2O [21,23]. Exploring the factors driving the enrichment of
nosZ clade I and II microorganisms under relevant EA abundances is
particularly important. Considering the diverse denitrification gene
cassettes in HB and their distinct affinities for EAs, we hypothesize that
under conditions of electron competition bacteria enriched with multi-
ple EAs favour N5O reduction compared to enrichments solely fed with
N20.

Hence, our goal was to investigate the feasibility of enriching N2O
consumers that preferentially utilise NoO when multiple EAs coexist,
especially in the presence of NO3, the most abundant EA in mixed liquor.
To achieve this goal, three chemostats were fed acetate as the sole ED
and with equivalent loads of NO3, N3O, or NO3 + N53O. Differences in
potential N5O reduction and electron consumption rates under electron
competition conditions were elucidated. The abundance of denitrifica-
tion genes and the microbial community structure of three enrichments
are also reported in order to associate differences in N-consumption
rates to community variations.
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2. Materials and methods
2.1. Reactor set-up and operation

The seeding material was collected from the secondary sedimenta-
tion tank in the activated sludge line of Mglledvaerket WWTP (Kgs.
Lyngby, Denmark). The experiments were carried out in three reactors
(R1, R2, and R3) with a working volume of 1 L (Fig. 1). The reactors
were operated without headspace to prevent gas accumulation and
pressure imbalances during operation. The hydraulic retention time
(HRT) was set to 1.54 days to support the growth, under chemostat
operation, of nosZ II type N,O reducers, vital for effective NoO reduction
[20]. A peristaltic pump supplied synthetic wastewater to the system to
dilute the medium. The reactors were operated at room temperature
(20-26 °C). To ensure anoxic conditions essential for denitrification, the
synthetic wastewater was pre-sparged with Ny before entering the re-
actors, eliminating any dissolved oxygen (DO). The DO concentration
and pH were monitored continuously (WTW GmbH, Weilheim, Ger-
many), the former to ensure anoxic conditions with DO levels below the
detection limit of the sensor. The operation period was divided in 2
phases: 1) infinite sludge retention time (SRT) (Day 0-42), during which
effluent sludge was returned to the reactor every 2 days; and 2) che-
mostat operation (HRT equal to SRT, Day 42-77). The two operation
modes favour slow-growing and fast-growing microbes respectively.

The synthetic wastewater contained 30 mg-eq EA/L, 200 mg-COD/L
as sodium acetate, NH4Cl 11.5 mg/L, KHoPO4 10 mg/L, MgSO4-7H20 10
mg/L, and 2.5 mL/L trace element solution. In R1 NO3 was the only EA
(6 mg-N/L), in R2 N2O (30mgN-L), and in R3 an equivalent load of NO3
(3 mg-N/L) and N3O (15 mg-N/L). Hence, the three reactors received the
same load of EAs at non-limiting C/N ratio, with varying loads for each
enzyme: the NAR and NOS enzymes receive 40 % and 20 % of the
electrons in R1, compared to 0 % and 100 % in R2, and 20 % and 60 % in
R3. The target N3O liquid concentration in synthetic wastewater was
obtained by bubbling gas with composition of 5 % N5O and 95 % N, for
specific time intervals (Fig S1). Synthetic wastewater was prepared
every 2 days, ensuring stable N2O levels as supported by stability tests
showing that the NoO concentration decreased by less than 10 % within
this period (Fig. S1). The trace metal solution contained (g/L): 50.0 g
ethylenediamine tetraacetic acid, 8 g FeCls, 0.15 g H3BOs3, 0.15 g
CoCly-6H0, 0.12 g CuSO45H20, 0.12 g MnCly-4H20, 0.12 g
ZnS04-7H50, 0.12 g NagMo004-2H,0 and 0.12 g NaSeO4-10H20 in 1 L of
water.

2.2. Batch tests — Potential denitrification rates

Batch tests were carried out to quantify reduction rates of NO3, NO3,
and N5O in R1, R2, and R3 at the end of both growth modes (days 42 and
77). Seven types of batch tests (A-G) were conducted using single, bi-
nary, and tertiary mixtures of NO3, NO3, and N2O (Table 1). Biomass
from each bioreactor was concentrated to 0.5 gVSS/L (infinite SRT) or
0.25 gVSS/L (chemostat), aerated for one hour to oxidize intracellular
COD, and sparged with N gas for 5 min to ensure anoxic conditions. The
pH was controlled at 7.5 £+ 0.1 by addition of 1 M NaOH or 1 M HCl at
the beginning of the test.

Nitrogen oxides were added initially (Table 1), followed by 300 mg-
COD/L (non-rate-limiting concentration). In the cases where N,O was
used as the EA, NoO was added first to obtain a stable signal from the
liquid microsensor to confirm the initial concentration (N2O-R, Uni-
sense, Aarhus, Denmark). Batch tests were conducted as triplicates.
Mixed liquor volatile suspended solids (MLVSS; an estimate of biomass
concentration) was determined at the end of the incubations.

2.3. Reaction and electron uptake rates

Rates of NO3, NO3 and N3O reduction were calculated by linear
regression of the concentration of NO3, NO3 and N3O over time. Rates
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Fig. 1. The experimental setup (A) and the schematic diagram of the bioreactor (B).

Table 1
Batch experiments conducted for each set of tests at the end of infinite SRT and
chemostat operation phases (days 42 and 77).

D Electron Acceptors (EAs) added Measurements
NO3 (30 mg-N/L) NO3-N
NO3 (30 mg-N/L) NO3-N
N,O (30 mg-N/L) N,O-N

NO3 + NO3 (30 mg-N/L+30 mg-N/L)
NO3 + N5O (30 mg-N/L+30 mg-N/L)
NO3 + N0 (30 mg-N/L+30 mg-N/L) NO3-N and N,O-N

NO3 + NO3 + N»O (30 mg-N/L+30 mg-N/L+30 NO3-N, NO2-N and N,0-
mg-N/L) N

NO3-N and NO3-N
NO3-N and N,0-N

QTMEOO W >

are expressed as maximum rates (NOgp, NOgp, and N2O ) per gram VSS.
The reduction rate of nitrogen oxide (NOy) was calculated as follows:

rNO; =rNO;,, 1)
rNO, =rNO,, +rNO; (2)
rNO = rNO,,, +rNO, 3)
rN,O = rN,0,, +rNO “4)

where rNO3, rNOj3, rNO and rN,O (mg-N/(g-VSS-h)) are the reduc-
tion rates of NO3, NO3, NO and N3O, respectively. Nitric oxide (NO) is
assumed to be turned over fast and therefore equivalent to the reduction
rate of NO3, thus rINO=rNOx5.

The electron consumption rate by each step of denitrification was
calculated as follows:

rNar —e = rNO; /14 x 2 )
rNir —e =rNO; /14 x 1 (6)
rNor —e =rNO/14 x 1 7)
rNos —e = rN,0/14 x 1 8

where rNar-e, rNir-e, rNor-e, and rNos-e (mmol e /(gVSS-h)) are the
electron consumption rates of Nar, Nir, Nor and Nos, respectively.

2.4. Microbial characterization
Samples for DNA extraction were collected at the beginning of the

incubations and the end of both the infinite SRT and chemostat opera-
tions. The samples were frozen immediately at —20 °C until extraction.

According to the manufacturer’s instructions, DNA was extracted using
Fast DNASPIN™ Kit for soils (MP Biomedicals, OH, USA). The quantity
and quality of the extracted DNA were measured and checked by its
260/280 nm wavelength ratio (NanoDrop, ThermoFisher Scientific, TN,
USA).

Quantitative PCR analysis was used to target and quantify specific
genes in the individual steps in the denitrification pathway and 16S
rRNA of Eubacteria. The SYBR fluorogenic PCR method was used on
Roche LightCycler 96 (Mannheim, Germany). All samples and controls
were measured in duplicates. The relative abundance of each functional
gene was normalized based on the total abundance of 16S rRNA gene.
Primers and conditions used for quantification of each gene are listed in
Table S1.

DNA amplification and sequencing were modified based on a pre-
viously reported method [24]. DADA2 version 1.16 was used for the
generation of amplicon sequence variants (ASVs), which were compared
with SILVA SSU Database v138 for the taxonomic assignment of 16 S
rRNA genes Sequence analyses were carried out using the analytical
software in Majorbio I-Sanger Cloud (v2.0, https://www.i-sanger.com).
A principal coordinate analysis (PCoA) was generated according to the
Bray-Curtis distance matrix using the full set of OTUs from each sample.
Sequence data can be found in the NCBI database under the BioProject
reference PRINA1066232.

2.5. Analytical methods and statistical analysis

Before COD and nitrogen species analysis, liquid effluent samples
were filtered through 0.45 pym pore size filters (Agilent Technologies,
CA, USA). The COD was measured using a COD digestion kit (2125815,
Hach Company, CO, USA). Bulk NO3 and NO; were analysed colori-
metrically by a continuous-flow auto-analyser (SKALAR Santt, Breda,
Netherlands). Total VSS were assayed using a filter paper with a pore
size of 0.45 um (Whatman, Maidstone, UK).

All tests were performed in triplicate, and the results were expressed
as the mean + standard deviation. An analysis of variance (ANOVA) was
applied to test the significance of the results, and p < 0.05 was consid-
ered significant.

3. Results and discussion
3.1. Reactor performance under continuous operation

During continuous operation nitrogen oxides were not detected in
the effluent. At the same time, the COD concentration were 73 + 4.6
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mg/L and 158 + 3.7 mg/L during infinite SRT and chemostat operation
respectively (Fig. 2), indicating sufficient COD loading as ED to support
complete denitrification. The consumption of COD was significantly
higher in the infinite SRT period (Days 0-42) than during the chemostat
operation (Days 42-77) in all three reactors, corresponding to the
relatively higher level of biomass during the infinite SRT period, ranging
between 0.45 + 0.08 (R2) and 0.68 + 0.03 g/L (R1) (Fig. 2). Despite the
limited availability of EAs in both periods, the longer SRT allowed mi-
croorganisms more time to uptake organic matter, resulting in higher
COD removal and increased biomass [25]. However, the effluent COD
measurements cannot elucidate the fraction of acetate to soluble inert
COD in the effluent.

Even though the three reactors received the same load of EAs, the
VSS in R2 with N2O as the sole EA was consistently lower than in R1 and
R3 under infinite SRT, suggesting a relatively lower biomass yield. The
reduction of NO3 involves multiple steps, and a longer chain will likely
be thermodynamically more efficient, resulting in higher biomass yield
[26]. In contrast, the reduction of N2O is a single-step process, facili-
tating faster but less efficient process. Therefore, during N2O reduction,
more organics are used for energy metabolism instead of contributing to
increased biomass yield [20]. Upon entering the chemostat operation,
the VSS in the three reactors rapidly decreased to approximately 0.07 +
0.01 g/L with no significant differences between the three reactors. This
change was attributed to the lower SRT and the limitation of microbial
growth due to restricted EA supply, leading to reduced VSS [27].
However, the cell yield could not be differentiated from other COD
fractions in the biosolids such as sorption of decay products or storage of
acetate. At nutrient-limiting conditions the sludge yield is expected to
differ from non-limiting conditions due to acetate storage, and also vary
between chemostat and infinite SRT operations [28,29].

3.2. Potential nitrogen oxides reduction in batch tests

The specific reduction rates of NO3, NO3, and N3O within single-
substrate batches (A, B, and C) significantly differed between the
infinite SRT and chemostat operations for R1, R2, and R3 (Table 2).
After the period of infinite SRT (day 42), the reduction rates of NOs3,
NO3, and N3O in the three enrichments were 3.2 + 0.3 - 5.8 &+ 0.9 mg-
N/g-VSS-h, 4.9 + 0.5-6.6 + 1.3 mg-N/gVSS-h, and 31.3 + 1.2 -33.6 +
1.9 mg-N/gVSS-h, respectively (Fig. 3, S2, S3). Reduction rates were
generally lower than those in the chemostat operation (day 77) (5.9 +
1.1-9.3+ 1.8 mg-N/gVSS-h, 6.4 +£1.4-12.8 + 2.3 mg-N/gVSS-h, and
45.1 + 2.3 - 77.7 + 3.1 mg-N/gVSS-h) [30]. During the infinite SRT
period, the accumulation of low activity biomass may lead to a reduction
in the denitrification rate relative to VSS. Conversely, during the che-
mostat operation with shorter SRT, a higher cell activity is expected,

>
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Table 2
Reduction rates of NO3, NO3, and N,O in batch test experiments A, B, and C.

Reduction rates for nitrogen oxides (mg-N/gVSS-h)

EA R1 (NO3) R2 (N,0) R3 (NO3+ N»0)
NO3 5.8 £ 0.9 3.2+03 4.6 £0.7
Infinite SRT NO3 6.6 £ 1.3 49+05 5.0 £0.8
N0 31.5+21 33.6 £ 1.9 31.3+1.2
NO3 93+18 59+ 1.1 8.0+15
Chemostat NO3 12.8 £2.3 6.4+ 1.4 9.8 +£1.9
N0 451 +23 77.7 £3.1 56.4 + 2.4

reflecting a more active microbial community [31]. In R1, NO3 and NO3
reduction rates are generally higher than R2 and R3. The reduction rate
of N2O is much higher than NO3 and NO3 in all enrichments, which is
consistent with the work of Conthe et al. (2019), who showed that the
ability of denitrifying communities to reduce N5O is always in excess as
compared to NO3 or NO3 [10]. During the chemostat operation, the N,O
reduction rate in R2 reached 77.7 + 3.1 mg-N/gVSS-h, significantly
surpassing the rates in R1 (45.1 &+ 2.3 mg-N/gVSS-h) and R3 (56.4 + 2.4
mg-N/gVSS-h). In R2, under chemostat conditions, microorganisms
capable of N2O reduction possibly gained an ecological advantage. This
selective pressure led to the highest NoO reduction rate in R2 under
limited SRT conditions [32]. During the infinite SRT period the
continuous accumulation of sludge in the system decreased the ecolog-
ical differentiation. Although selective pressure also existed, it allowed
all types of microorganisms to accumulate, including those with weaker
N2O reduction capabilities and active denitrifying pathways. A model
denitrifier Paracoccus denitrificans synthesized NirS even when only fed
N2O, but to a lower level than fully active denitrifying cells. To syn-
thesize a complete denitrifying proteome would waste energy, but was
suggested as an investment for changing environmental conditions, as
seen by the slightly lower denitrification rates when N,O was fed as
compared to NO3 and NO3 + N3O (Fig. 3) [33].

3.3. Electron competition during batch tests

In order to investigate the electron competition in the three reactors
under the coexistence of EAs, we designed seven different batch ex-
periments with various EA combinations (Table 1). When two or more
EAs were available at non-rate-limiting concentrations, the reduction
rate of nitrogen oxides generally decreased, regardless of the biomass
retention mode (Fig. 3) [34]. In the D — G groups, the reduction rates of
NO3 and NO3 declined by 14.9 % — 46.7 % and 9.2 % — 46.4 %,
respectively, compared to batches where only one type of nitrogen oxide
was added, while the N0 reduction decreased by 18.1 % — 55.4 %. The
lower reduction rates reveal the competition for electrons during

| ERLENO;) < R2 (N;0) ©R3 (NO5™+N,0)

0.6 &

VSS (g/L)

0.4

0.2

0
0 7 14 21 28 35 42 49 56 63 70 77
Time (day)

Fig. 2. Concentrations of soluble COD in the effluent (A) and biomass concentration in the reactors (B) of R1, R2, and R3. Nitrogen oxides in the effluent were below

detection limit during operation (<0.1 mg-N/L).
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Fig. 3. Reduction rates of NO3, NO3, and N3O in batch tests A-G during infinite SRT and chemostat growth modes (day 42 and 77 respectively).

denitrification and highlight the preference for NO3 and NO3 reduction
over NyO. The preferential selectivity of EA may be due to the bio-
energetic properties of denitrifying bacteria, where most of the energy is
lost in the NO and N»O reduction steps of denitrification [16]. In fact,
approximately 80 % of ATP is produced during the reduction of NO3 to
N20, and the further reduction of N2O to N, contributes relatively little
to the total energy output of microorganisms [1].

Sludge enriched with NO3 (R1) or N3O (R2) exhibited lower NoO
reduction rates in the presence of other EAs compared to sludge
concurrently enriched with NO3 and N2O (R3) in both the infinite SRT
and chemostat operation (Table 3). The N,O reduction rate in groups F
and G in R1 and R2 was suppressed by 52.3 &+ 6.4 % — 57.6 + 6.8 % and
45.2 + 7.2 % — 58.6 £ 8.9 %, respectively, which was significantly
higher than the corresponding N,O reduction rate inhibition in R3 (32.1
+ 5.8% — 37.7 £ 5.9 % and 22.1 + 6.5 % — 32.3 &+ 4.2 %). The R3
community increased N2O reduction under conditions of high compe-
tition for electrons. In R3, when NO3 and N5O coexist, although the
reduction of NO3 can generate more energy, NoO corresponds to 60 % of
the EA load, and the microbial community’s adaptation to this electron-
competitive environment ensures the effective reduction of N»O [35].
The co-expression of NAR and NOS was suggested advantageous as a
bet-heding strategy to save energy, which would be triggered by the
presence of NO3 and N2O [33]. In contrast, in the R1 community the
maximum NO3 reduction limits the supply of EAs to the consecutive
reduction rates. The R2 community is only exposed to the last NOy, and
co-expressing the complete enzymatic cascade would not make bio-
energetic sense.

In the infinite SRT period, the N2O reduction rates in R1, R2, and R3
in the presence of NO3 are inhibited by 33.7 %, 24.7 %, and 18.1 %,
respectively. However, during the chemostat operation, the inhibition
rates of their N,O reduction rates decreased to 7.2 %, 17.5 %, and 4.2 %,
respectively. Due to the accelerated loss of biomass during the

Table 3
Inhibitory effect of electron competition on NO reduction rate in batch test
experiments E, F, and G.

N0 reduction rate inhibition (%)

EA R1 (NO3) R2 (N,0) R3 (NO3+ N,0)

NO3 + N0 337+88 247464 181455
Infinite SRT ~ NO3 + N,O 576+ 6.8 539463 321458

NO3+NO; + N;O 523 +6.4 554464  37.7+5.9

NO3 + N2O 7.2+ 4.4 175+6.7 43+24
Chemostat NO3 + NyO 452472 586+89 32342

NO3+NO3 + N,O 526 +7.4 535+55 221465

chemostat operation, microorganisms are selected for faster growth and
metabolic rates. Under this environmental stress, microorganisms may
need to utilize all available EAs, including NO3 and N3O, to maximize
energy production, and thus, a lighter inhibition of the N2O reduction
rate was observed at this stage. In test groups where only NO3 was added
or NO3 was mixed with NOj3, the inhibition of N3O reduction rate was
generally higher than in the groups where only NO3 was added, with
inhibition rates ranging from 32.1 + 5.8 % to 58.6 + 8.9 % and 22.1 +
6.5 % to 55.4 + 6.4 %, respectively. This significant suppression effect is
likely since the enzymes responsible for NO3 reduction (NIR), along with
NOS, are located in the periplasm of the cell, and they both acquire
electrons from the same cytochrome pool, compared to the periplasmic
NarG from quinones (Fig. 4A). Generally, in the same test group, the
decrease of N5O reduction rate in the chemostat derived culture was
lower than that in the infinite SRT period, which can be attributed to the
competitive advantage induced by EA limitation in the chemostat
operation [12]. Therefore, the N2O reduction rate in the denitrifying
community enriched under coexistence of EAs (R3) was less inhibited by
electron competition.

3.4. Effect of SRT on electron competition in denitrifying sludge

Under the infinite SRT period, the maximum electron consumption
rates of NO3 reductase (NAR), NO; reductase (NIR), NO reductase
(NOR), and N5O reductase (NOS) in R3 are 0.59, 0.36, 0.36, and 2.12
mmol e/(gVSS-h) respectively (Fig. 4B). However, during the chemostat
operation, the maximum electron consumption rates increased to 1.06,
0.70, 0.70, and 4.03 mmol e/(gVSS-h) respectively. The longer biomass
retention time during the infinite SRT period may result in lower specific
electron consumption rates due to accumulation of inactive or non-
denitrifying biomass. Conversely, biomass retention time is reduced
during the chemostat operation, selecting fast growing microorganisms,
leading to higher specific electron consumption rates.

The competition among all denitrifying enzymes persists even under
non-limiting organic carbon supply conditions (Fig. 4A). Specifically,
NAR receives electrons from the quinone pool, while NIR, NOR, and
NOS obtain electrons from the same cytochrome, ¢550 (Cytc 550)
[14,17]. The larger reduction of NOS activity in the presence of NO3
compared to NO3 could be caused by electron competition rather than
enzymatic inhibition. During the infinite SRT period, the sum of the
maximum electron consumption rates that denitrifying enzymes can
achieve independently in R3 is 3.43 mmol e/(gVSS-h) (Single substrate
batches: A-NAR, B-NIR, C-NOS). This is notably higher than the corre-
sponding electron consumption rate in batch G (NO3 + NO3 + N30) of
2.96 mmol e/(gVSS-h), indicating the occurrence of electron
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competition. However, during the chemostat operation, the sum of the
potential denitrifying enzymes’ electron consumption rates in R3 (G) is
6.5 mmol e/(gVSS-h), nearly matching the maximum electron con-
sumption rate of 6.7 mmol e/(gVSS-h). The denitrifying community
enriched under the EA mixture may have optimized against electron
competition among different denitrifying enzymes via specific internal
regulatory mechanisms, enabling the overall electron consumption rate
to approach their individual potential electron consumption rates. In
batch test A of R3, the electron consumption rates of NAR during the
infinite SRT and chemostat operation were 0.59 mmol e/(gVSS-h) and
1.06 mmol e/(gVSS-h), respectively. However, in tests D and E, the
electron consumption rates of NAR decreased to 0.51-0.48 mmol e/
(gVSS-h) and 0.79-0.91 mmol e/(gVSS-h), respectively. This suggests
that the coexistence of other EAs such as NO3 or NyO may select for
denitrifying microbial communities that favourably utilize these EAs.
Observations in denitrifying polyphosphate accumulating organism
(dPAO) communities further support this adaptability in electron dis-
tribution and utilization [17]. This adaptability enables microorganisms
to effectively allocate and optimize energy based on available resources,
particularly under continuously changing environmental conditions.

In R1, R2, and R3, the NOS electron consumption rates in NO3 added
batch tests (F and G) were 1.30-2.48 mmol e/(gVSS-h), 1.34-3.19 mmol

e/(gVSS-h), and 1.76-4.05 mmol e/(gVSS-h) respectively, generally
lower than in single substrate batch test C (2.12-2.36 mmol e/(gVSS-h)
and 3.20-5.58 mmol e/(gVSS-h)), indicating that the electron compe-
tition caused by the addition of NO3 leads to a reduction in the electrons
flowing to NOS. However, the combined addition of NO3 and N3O in
batch test E during chemostat operation showed NOS electron con-
sumption rates of 3.5 mmol e/(gVSS-h) and 4.3 mmol e/(gVSS-h) in R1
and R3 respectively. Differently from batch test F and G with NOj, the
NOS consumption rate in presence of NO3 slightly exceeded those in the
single substrate batch test C, which were 3.2 mmol e/(gVSS-h) and 4.0
mmol e/(gVSS-h). Such observations could be attributed to the micro-
bial preference for NO3 utilization in R1 and R3, implying that electron
competition from the quinone pool and Cytc 550 might not be as sig-
nificant as within Cytc 550. In an SBR with denitrifying glycogen
accumulating organisms, the addition of NO3 was also found to not
affect the NOS electron consumption rate [17]. It is important to note
that in R3, the electron consumption rates of NOS in tests E, F, and G
were 1.98-4.31 mmol e/(gVSS-h), 1.81-3.37 mmol e/(gVSS-h), and
1.76-4.05 mmol e/(gVSS-h), respectively, significantly higher than in
R1 (1.83-3.50 mmol e/(gVSS-h), 1.30-2.42 mmol e/(gVSS-h),
1.52-2.49 mmol e/(gVSS-h)). This phenomenon reflects the adaptability
of the microbial community in R3 to the coexistence conditions of NO3
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and N,O. The enriched microorganisms might prioritize transferring
electrons to N2O reduction in the presence of EA competition, leading to
a higher proportion of electrons being consumed by NOS compared to
those adapted to using only NO3 in denitrifying sludge. While around 70
% of the genomes carrying nosZ also carry the genes for NIR and NOR,
the gene presence does not translate necessarily to activity, as active
enzymes depend on gene transcription, translation and posttranslational
modifications [33]. Furthermore, although the maximum electron con-
sumption rate of NOS in R2 was 6.6 %-27.8 % higher than in R3, the
inhibition rate of NOS was also higher, ranging between 26.7 %-75.4 %
(Fig. 4 and Table 3). In denitrifying sludge where N3O is the sole EA,
theoretically, microorganisms should allocate more electrons to NOS.

Relevant conditions for wastewater treatment include nitrification
products NO3 or NO3, which trigger electron competition and reduce the
electron flow to NOS, thereby increasing the inhibition rate of N,O
reduction. Therefore, in denitrifying sludge cultured with a mix of NO3
and N0 (R3), the electron supply to NOS is less affected by electron
competition, thus maintaining a higher consumption rate even under
conditions of limiting electron supply.

3.5. Denitrification functional gene abundance

Compared to the original sludge, when NO3 was used as the sole EA
there was a notable increase in the relative abundance of narG, nirS, and
nosZ I genes within the total bacterial community, with increments of
48.1 %-51.9 %, 26.1 %-30.2 %, and 52.2 %-78.5 %, respectively (Fig. 5).
Similarly, when NO3 and N,O were jointly employed as EAs, the relative
abundances of nirS and nosZ I genes also increased 32.1 %-40.8 % and
12.1 %-44.9 %, respectively, while the relative abundance of the narG
gene did not show significant changes. However, under conditions
where N3O served as the sole EA, the community retained the deni-
trifying capability associated to nosZ I clade by also enriching for nar and
nir genes. The relative abundance of the nirS gene in R2 decreased by

Chemical Engineering Journal 498 (2024) 155292

7.2 %-48.1 %, whereas the nosZ II gene’s relative abundance signifi-
cantly increased by 472.3 %-2379.1 %. Additionally, in the sludge
samples from all three reactors, a substantial rise in the relative abun-
dance of the nirK gene was observed, ranging from 226.6 % to 1347.1 %.

Specifically, in R2 and R3, during the infinite SRT period, the
abundance of the napA gene as a proportion of the total bacteria is 5
times and 7.5 times higher, respectively, than during the chemostat
operation. This indicates that napA-type denitrifiers grow slower than
narG-type denitrifiers and are better adapted to longer sludge retention
times. Furthermore, the narG gene in R1 accounted for 34.3 %-35.2 % of
the total bacteria, which is generally higher than in R2 (23.2 %-29.5 %)
and R3 (21.4 %-23.1 %), which may be due to the fact that R1 received
the largest load of NO3. As for the genes responsible for NO5 reduction,
the nirS gene accounted for 4.2 %-12.3 % of the total bacteria, which is
significantly higher than the nirK gene (0.1 %-0.5 %). Previous studies
have also reported that nirS plays a dominant role in reducing NO3 to NO
processes in activated sludge compared to nirK [36]. The proportion of
the nirS gene in the total bacteria in R1 and R3, where NO; was pro-
duced, was 11.1 % and 10.9 %, and 12.3 % and 12.1 % during the
infinite SRT and chemostat periods. However, in R2 where N,O was
added as EA nirS accounted for 8.1 % and 4.3 %. Interestingly, the
abundance of the nirK gene in R1 during the chemostat operation was
3.5 times higher than during the infinite SRT period, but still remained
at much lower abundances than nirS.

For N0 reducers, the proportion of the nosZ I gene of total bacteria
in R1 and R3 (9.2 %-10.8 % and 6.8 %-8.8 %) is generally higher than
that of nosZ II (0.6 %-1.0 % and 1.2 %-2.2 %). From microbial genomes
carrying the nosZ I clade gene 83 % also carry other denitrification genes
such as narG, napA, nirS, or nirK, making these microorganisms more
likely to be complete denitrifiers [37]. This situation might lead to a
higher observed abundance of the nosZ I clade gene in environments
containing diverse EAs. Conversely, most microorganisms carrying the
nosZ II clade gene appear to be primarily non-denitrifying N,O reducers,
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forming a significant N5O sink without participating in NyO production
[38,39]. In R2, we observed that the proportion of nosZ II type genes
accounted for up to 41.8 % and 10.0 % in the infinite SRT and chemostat
operation, respectively, demonstrating that nosZ II type denitrifiers are
selected for in an environment where N3O is the only EA. Previous
studies also found that nosZ II type N»O reducing microorganisms grow
significantly under conditions where N,O is the sole EA and growth
limiting factor [21]. Therefore, the nosZ II type N2O reducing microor-
ganisms are predominantly enriched in denitrifying communities where
N0 serves as the sole EA, while the nosZ I type N2O reducing micro-
organisms tend to enrich under conditions where NOj is the sole or
coexisting EA with NO.

3.6. Microbial community structure analysis

Supply of NO3, N2O, and NO3 + N,O as EAs to R1, R2, and R3
enriched the inoculum sludge into different denitrifying communities.
Based on the 16S rRNA gene library, the microbial community compo-
sitions of the three enriched cultures under two reactor operation modes
were compared (Fig. 6). In the infinite SRT and chemostat operation, the
Shannon indices (a metric for assessing microbial diversity) of deni-
trifying microbial communities enriched with NO3 were 3.9 and 4.2,
respectively, slightly higher than the inoculum at 3.9 (Fig. S4). How-
ever, when the supplied EAs were N2O, or a combination of NO3 and
N0, the Shannon indices decreased to ranges of 3.2-3.4 and 3.3-3.7,
respectively. The PCoA plot indicates that the influent composition
changed the microbial communities in the three reactors rather than the
SRT (Fig. 6A). The presence of NOj3 separates the overlapping commu-
nities of R1 and R3 from those in R2. In the denitrification process, NO3
acts as the initial EA, stimulating a wide range of microbial metabolic
pathways, thereby promoting the development of diverse microbial
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communities. In contrast, N»O, as an intermediate product of denitrifi-
cation, is also consumed by specialized microbes and may be selected for
specific microbial communities [40].

Within the microbial community at the phylum level, five principal
phyla were identified, including Proteobacteria, Firmicutes, Bacter-
oidota, norank-d-Bacteria, and Spirochartota (Fig. 6B). Among them,
Proteobacteria is the predominant phylum in many heterotrophic deni-
trifying communities [41], with a relative abundance in R1, R2, and R3
of 70.7 %-71.9 %, 34.3 %-43.0 %, and 83.4 %-85.5 %, respectively.
Firmicutes is also a significantly abundant phylum, 3.9 %-6.4 %, 28.5 %—
32.9 %, and 2.9 %-4.4 %. Other dominant phyla, including Bacteroidota
(1.6 %-21.6 %), norank-d-Bacteria (1.5 %-10.7 %), and Spirochartota
(0.8 %-9.5 %), are closely associated with carbon/nitrogen-related
metabolism and are frequently detected in various denitrification sys-
tems [42]. At the more specific order level, 14 potential denitrifying
bacteria, namely Burkholderiales, Pseudomonadales, Clostridiales, Vibrio-
nales, Xanthomonadales, Caldilineales, Chitinophagales, Rhizobiales, Lac-
tobacillales,  Sphingomonadales,  Flavobacteriales,  Rhodobacterales,
Rhodospirillales, and Pedosphaerales, were detected (Fig. 6C, S5, S6).

Enrichment with N,O as the sole EA increased the relative abun-
dance of Vibrionales, Clostridiales, Sphingomonadales, and Pedosphaerales
by orders of magnitude (510 % — 5304 %) compared to enrichments
using NO3 and NO3 + NO as EAs (Fig. S6). Vibrionales, known as typical
clade II N3O reducers [21,43], showed an increased relative abundance,
likely contributing to the elevated proportion of the nosZ II gene within
the total bacterial community in R2. Given the widespread presence of
the nosZ I gene in Clostridiales [44], the 139.5 % decrease in relative
abundance in the chemostat compared to the infinite SRT period sug-
gests that members of this order may not be well-adapted to shorter
SRTs.

In addition, compared to enrichments supplied with NO3 and N3O
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independently, the relative abundance of the order Flavobacteriales in
enrichments on NO3 + N2O under the two SRT modes increased by over
two orders of magnitude (168 % — 479 %) (Fig. S6). Concurrently, the
relative abundance of its main genus, Flavobacterium, also increased in
R3 from 0.1 % to 4.0-4.3 %, compared to 0.1-0.2 % in R1 and 0.1-0.5 %
in R2 (Fig. 6C). The genus Flavobacterium possesses a complete denitri-
fication gene cluster and serves as a key microorganism responsible for
N5O reduction, capable of reducing NO3 to Ny [45]. In both soil and
wastewater treatment technologies this genus was enriched or corre-
lated negatively with NoO emissions [46-48]. The inoculation of the
genus Flavobacterium also reduced N»O produced by the genus Vari-
ovorax (which is capable of reducing NO3 to N2O only) during incom-
plete denitrification processes [49]. Increased NoO emissions induced by
low abundance of the genus Flavobacterium have been observed in bio-
logical denitrification systems exposed to nano-CeO, and nano-TiO,
[50,51]. Therefore, an increasing trend in the relative abundance of the
genus Flavobacterium may predict decreasing trends in N3O emissions.
To further substantiate these observations, future studies should
consider employing both metagenomics to link functional genes to
assembled genomes and transcriptomic analysis to demonstrate the role
of active microbes in N,O reduction.

4. Conclusions

In this study we enriched communities using NO3 (R1), N2O (R2),
and NO3 + N30 (R3) as sole EAs and tested their capabilities of N,O
reduction in absence or presence of other NOy under conditions of
electron competition via batch tests. The main conclusions of this study
are as follows:

e Electron competition suppressed N,O reduction rates regardless of
the EA feed and SRT mode.
e The NOS enzyme is less affected under conditions of electron

competition when NO3 + N3O are fed simultaneously.

NosZ 11 type NyO-reducers enrich when N3O serves as the sole EA,
whereas nosZ I type NoO-reducers are more prone to enrichment
when using NO3 or NO3 + N5O as EAs.

The genus Flavobacterium plays a significant role in reducing the
effect of electron competition on the N2O consumption rate.

The competition for electrons in the NoO consumption rate under
conditions relevant for wastewater treatment would be more alleviated
by bioaugmenting microbial communities fed with NO3 + N»O as
compared to only N3O. Future research should explore this selective
enrichment strategy to assess its effectiveness in reducing N2O emissions
in engineered systems.
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