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Abstract: A novel heterotrophic aerobic denitrifying Pseudomonas hunanensis strain DC-2 was screened
from the sediments of Lake Dianchi and identified with high nitrification/denitrification ability.
Within 30 h, the removal efficiency of ammonium-N and nitrate-N could reach 98.8% and 88.4%,
respectively. The results of the single-factor experiments indicated that strain DC-2 exhibited excellent
denitrification ability under the conditions of using sodium citrate as the nitrogen source, with an
initial pH of 7, a C/N ratio of 10, and a temperature of 30 ◦C. Nitrogen balance experiments suggested
that this strain removed N mainly via assimilation. Moreover, the N removal pathway was explored
by genome and enzymatic assays, and a complex nitrogen metabolism pathway was established,
including heterotrophic nitrification-aerobic denitrification (HN-AD), assimilatory reduction of nitrate
(ANRA), and ammonia assimilation. Additionally, strain DC-2 was immobilized into particles for
denitrification, demonstrating excellent efficacy in continuous total nitrogen removal (84.8% for TN).
Hence, strain DC-2 demonstrated significant potential in treating real aquaculture wastewater.

Keywords: aquaculture wastewater; whole-genome sequencing; immobilized bacterial particles;
heterotrophic nitrification–aerobic denitrification; ammonium assimilation

1. Introduction

The rapidly developed aquaculture sector has played a crucial role in addressing
worldwide food security challenges [1,2]. However, the excessive nitrogen produced
by aquaculture operations (e.g., feces, residual feeds, and bacterial cell fragments) has a
negative impact on the aquatic ecosystems. For example, the direct discharge of N-rich
aquaculture wastewater into adjacent water bodies accelerates eutrophication, posing
significant environmental, ecological, and economic risks [3]. Therefore, there is an urgent
need to remove N from aquaculture system effectively and economically.

Microbial technology is increasingly employed in the treatment of wastewater from
aquaculture. This approach is favored for its low operational costs, high efficiency in
pollutant removal, and environmentally friendly attributes [4,5]. However, traditional
nitrification and denitrification processes, which required separate operations, increase
both the expenses incurred and the area required for wastewater treatment [6]. Recently,
an increasing number of studies have focused on heterotrophic nitrification–aerobic deni-
trification (HN-AD) bacteria [7–9]. Compared to conventional denitrification technologies,
the HN-AD technique utilized organic carbon, withstood high levels of dissolved oxygen
(DO), and allowed a single heterotrophic microorganism to simultaneously perform nitrifi-
cation and denitrification [10,11]. Previous studies have isolated several HN-AD bacteria
from inland aquatic ecosystems and marine surroundings, like Pseudomonas sp. DM02 [7],
Pseudomonas sp. N31942 [8], Pseudomonas sp. G16 [9], Halomonas venusta SND-01 [11],
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etc., and have been successfully applied in the denitrification of aquaculture wastewater.
However, the majority of the research concentrated on isolating bacteria and assessing their
nitrogen removal capabilities, with limited research on nitrogen metabolism pathways and
functional gene expression during the HN-AD process.

HN-AD bacteria primarily remove nitrogen via a complete denitrification pathway in-
volving NH4

+-N → NH2OH → NO2
−-N → NO3

−-N → NO2
−-N → NO → N2O/N2 [11].

However, low enzyme activity or genetic deletions can result in an incomplete denitrifica-
tion pathway (NH4

+-N → NH2OH → NO → N2O/N2) [12]. In addition, recent reports
have indicated that a single strain can exhibit various nitrogen metabolic routes. For in-
stance, researchers [13] identified the presence of three distinct nitrogen metabolism routes
in strain Y-9 isolated from a long-term flooded paddy soil, including Nitrate assimilation,
DNRA, and denitrification. These findings indicate a more varied network of pathways for
nitrogen removal than previously recognized. Therefore, it is essential to investigate the
denitrification properties of individual HN-AD strains and analyze their N metabolism
pathways to deepen the theoretical understanding of the metabolic mechanisms of HN-
AD strains.

In this investigation, a novel aerobic denitrifying strain was screened from the surface
sediment of Lake Dianchi (Yunnan, China) and identified as Pseudomonas hunanensis DC-2.
The nitrogen removal capacity of the strain was examined across both singular (NH4

+-N,
NO3

−-N, NO2
−-N) and mixed N sources. Multiple factors (carbon source, C/N ratio,

pH, and temperature) were adjusted to identify the optimal nitrogen removal efficiency.
Furthermore, the main focus was on the nitrogen removal mechanism, determined through
nitrogen mass balance, genome, and enzyme activity analyses. Finally, the strain was
immobilized onto bacterial particles to evaluate its performance and continuous suitability
for treating actual aquaculture wastewater using the HN-AD bacteria. This study can not
only clarify the denitrification mechanism of heterotrophic aerobic denitrifying Pseudomonas
hunanensis strain DC-2 but also provide a new microbial resource to enhance the aquatic
environment in freshwater aquaculture.

2. Materials and Methods
2.1. Isolation and Identification

High-efficiency denitrifying microorganisms were filtered from the sediment of Di-
anchi Lake (24◦83′ N, 102◦71′ E) under aerobic heterotrophic conditions. Surface sediments
(0–10 cm) were collected from the lakebed using a Peterson grab sampler, quickly trans-
ported to the laboratory, and sieved through a 100-mesh screen to remove large gravel and
debris. After settling, the sediments were stored in a temperature-controlled room (approx-
imately 25 ◦C) for future use. The physicochemical properties of the sediments before the
experiment were as follows: total nitrogen (TN) was 1.76 ± 0.16 mg/g, and total carbon
(TC) was 97.36 ± 15.66 mg/g. The methods for isolation and purification were carried out
as detailed by Qing et al. [6]. The shape of the bacterial cells was examined by scanning
electron microscopy (SEM, S-3400N, Hitachi, Tokyo, Japan). The 16S rRNA gene of the
strain was magnified utilizing the general primers 27F (AGAGTTTGATCCTGGCTCAG)
and 1492R (GGTTACCTTGTTACGACTT). The amplification products underwent sequenc-
ing at Wuhan Aikangjian Biotechnology Co., Ltd. (Wuhan, China). The obtained nucleotide
sequences were compared using the BLAST tool from NCBI (National Center for Biotech-
nology and Information) [11]. The phylogenetic tree of the novel strain was created through
the Mega 6.0 software and the neighbor connection method.

2.2. The HN-AD Characterization of Strain DC-2

The bacterial suspension was inoculated at a 1% (v/v) ratio into heterotrophic nitri-
fication medium (HM), nitrate-mediated aerobic denitrification medium (NAM), nitrite-
mediated aerobic denitrification medium (NIM) and mixed nitrogen source medium (MM),
respectively. The uninoculated media served as a control. The medium compositions are
shown in the Supplementary Materials (see Table S1 in Supplementary Materials). The
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above media underwent sterilization at 121 ◦C for a duration of 30 min and sealed with a
breathable membrane. Aerobic cultivation was carried out by continuous shaking at 160
r/min at 30 ◦C for 30 h. Every 6 h, samples were collected to measure the bacterial cell
density (OD600), together with the concentrations of NH4

+-N, NO3
−-N, and NO2

−-N. The
measurements were performed three times to ensure accuracy and reliability.

2.3. Optimization of Factors Affecting NH4
+-N Removal Ability

The effects of carbon (C) source, C/N ratio, pH, and temperature on the ammonia
nitrogen metabolic ability of strain DC-2 were examined via single-factor tests. The C
source options included sodium succinate hexahydrate, glucose, sodium citrate dihydrate,
sodium acetate trihydrate, sucrose, and sodium tartrate. Different C/N ratios of 2, 5, 10, 15,
20, and 25 were tested. Various initial pH values of 4, 5, 6, 7, 8, 9, 10, and 11 were examined.
Additionally, temperatures of 15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C were assessed.
The bacterial suspension was introduced into ammonia nitrogen medium (HM) at a 1%
(v/v) ratio. The concentrations of OD600, NO3

−-N, NO2
−-N, and NH4

+-N were measured
every 6 h. The experiments were replicated three times, with uninoculated media serving
as the control.

2.4. Nitrogen Mass Balance

In order to determine the N mass balance of the strain, the bacterial suspension was
inoculated at a 1% (v/v) ratio into three separate 500 mL sealed serum bottles. Each
bottle contained a distinct medium of 100 mL (HM, NAM, NIM). Subsequently, the bottles
underwent sequential oxygenation for ten minutes to purge gases from the medium and
ensure the aerobic states in bottles. The serum bottles were subjected to incubation of 24 h
at 30 ◦C, 160 r/min. The experiment involved collecting samples at the commencement
and conclusion stages, followed by the determination of TN, DTN (dissolved total N),
NH4

+-N, NO3
−-N, and NO2

−-N concentrations. The biological-N content was determined
by subtracting the unfiltered TN from DTN. The experiments were performed three times
under sterile conditions. The uninoculated media were used as the controls.

2.5. The Whole Genome

To identify functional genes connected to N metabolism pathways, DNA extracted
from the strain was dispatched to Bioyi Biotechnology Co., Ltd. Wuhan, China for whole-
genome sequencing. Single-molecule sequencing of the DNA was performed using the
Oxford Nanopore Technology sequencer PromethION. Functional prediction and gene
annotation were executed using databases such as COG, KEGG, RefSeq, Pfam, SwissProt,
GO, and TIGRFAMs. Subsequently, the fully assembled genome of the strain was submitted
to the NCBI database.

2.6. The Activity of Nitrogen-Metabolizing Enzymes

A 1% (v/v) ratio of the bacterial suspension was added to 100 mL of AM and culti-
vated at 160 r/min, 30 ◦C for a duration of 24 h. Crude enzyme extracts devoid of cells
were prepared through ultrasonication (300 W, 3 min) for subsequent enzyme activity
analysis [14]. Enzyme-linked immunosorbent assay (ELISA) was utilized to determine
the activities of Hydroxylamine oxidase (HAO) and Ammonia monooxygenase (AMO),
whereas the methods outlined in previous studies were employed to measure the activities
of nitrate reductase (NR) and nitrite reductase (NIR) [15].

2.7. Application in Aquaculture Wastewater

Strain DC-2 was fixed through the following procedure: Initially, strain DC-2 was
cultured in HM medium for 24 h. Then, a solution was prepared by dissolving 10 g of
polyvinyl alcohol (PVA) and 0.5 g of sodium alginate (SA) in 90 mL of pure water. The
solution was stirred thoroughly until entirely soluble, and then sterilized at 121 ◦C for
30 min in a high-pressure autoclave. After cooling, bacterial solution of strain DC-2 (10 mL,
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OD600 ≈ 1.80) was added and stirred thoroughly. This mixture was slowly dropped into
a 2% CaCl2 solution to create the immobilized bacteria particles (Diameter: 2–3 mm) and
then cross-linked with three freeze–thaw cycles between 4 ◦C and −20 ◦C to produce
elastic hydrogel biocarriers [16]. Wastewater from a recirculating aquaculture system in
Wuhan was gathered and passed through a 0.45 µm membrane for filtration before the
use. Then 20% (w/v) immobilized bacterial beads were introduced to 100 mL of real
aquaculture wastewater (adjust the value of C/N ratio to 10). The wastewater without
bacterial beads was designated as the blank group. Each treatment was replicated three
times and cultured at 30 ◦C and 160 r/min, with each 24 h period constituting a cycle.
The experiment continued for three consecutive cycles. After each cycle, the wastewater
in the Erlenmeyer flasks was entirely exchanged for new aquaculture wastewater and
an equivalent amount of carbon source was added, and the immobilized spheres were
subjected to three deionized water washes. After each cycle, measurements were taken for
the concentrations of NH4

+-N, NO2
−-N, NO3

−-N, and TN.

2.8. Analytical Method and Statistical Analysis

NO3
−-N concentrations were analyzed by ion chromatography (ICS-5000, Thermos

Fisher Scientific, Waltham, MA, USA), NO2
−-N concentrations were analyzed by N-(1-

naphthyl)-ethylene diamine photometry [17], and NH4
+-N concentrations were determined

using Nessler reagent photometric method [18]. The strain’s growth was indicated by
determining OD600 using the UV spectrophotometer. The calculation method for the
removal efficiency of ammonia nitrogen, nitrate nitrogen, and nitrite nitrogen refers to
the article by Shun et al. [19]. The results are represented by the mean value ± standard
deviation. Origin 2018 was used for date analysis and graph construction. Excel software
was utilized for statistical analyses.

3. Results and Discussion
3.1. Isolation and Identification

Scanning electron microscopy images (SEM) revealed that the strain exhibits a mor-
phology of short rods with a length of less than 1 µm (Figure 1a). The 16S rRNA gene
sequence (1391 bp) extracted from the acquired strain was sent for inclusion in the GenBank
database (accession number: PP528522). Following the analysis of the partial sequence
of the 16S rRNA gene from the strain, a BLAST homology search revealed that strain
DC-2 exhibited the highest similarity (99%) with Pseudomonas hunanensis (JX545210.1).
Consequently, the strain was designated as Pseudomonas hunanensis DC-2 (hereafter referred
to as strain DC-2) (Figure 1b).
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Figure 1. The characteristics of strain DC-2: (a) scanning electron microscopy image, (b) the phyloge-
netic tree based on 16S rRNA gene sequences.

3.2. HN-AD Characteristics of Strain DC-2

Strain DC-2 demonstrated the capability to remove ammonium-N within aerobic con-
ditions (Figure 2a). The results demonstrated robust growth of strain DC-2 with ammonium-



Water 2024, 16, 1625 5 of 15

N serving as the unique N source. During the initial 16 h, the development of strain DC-2
was slow, with the OD600 gradually increasing from 0.01 to 0.02. The average removal rate
of NH4

+-N stood at 5.46 mg/L/h, slightly higher than those previously reported for HN-
AD bacteria like strain TJPU04 (4.69 mg/L/h) [20]. At 30 h, the OD600 reached to 1.37, while
the NH4

+-N concentration dropped to 1.1 mg/L, achieving the removal efficiency of 98.8%.
The inverse correlation between the concentration of ammonium-N and OD600 suggested
that the degradation of ammonium-N is intimately linked to the growth of strain DC-2. This
is in comparison to the use of nitrate-N and nitrite-N as the N sources (Figure 2b,c); strain
DC-2 exhibited superior growth performance and the highest biomass, indicating that
NH4

+-N was a high-quality N source for strain DC-2. Throughout the process of removing
ammonia-N, there was no observed amassment of nitrate-N or nitrite-N. This phenomenon
may have been attributed to the direct assimilation of a portion of ammonia into biomass, a
process characterized by the absence of energy consumption. Concurrently, a fraction of
ammonia underwent incomplete denitrification reactions, resulting in its conversion into
gaseous forms (NH4

+ → NH2OH → NO → N2O/N2) [12], akin to observations in strain
G16 [9]. Integrating subsequent genomic analysis findings, the annotation of nirBD genes
within the genome of strain DC-2 not only catalyzed the reduction of nitrate nitrogen but
also potentially regulated the conversion of nitrite nitrogen to nitric oxide [13]. The results
indicate that strain DC-2 can effectively utilize ammonium.
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When nitrite-N was employed as the initial N source, strain DC-2 had an adaptation
time of 12 h (Figure 2b), which extended beyond when ammonia-N was used as the initial
N source (less than 6 h). The extended adaptation period was attributed to the toxic
effects of high concentrations of nitrite on microorganisms [21], necessitating a longer
adaptation time for the strain to acclimate to the adverse conditions [17]. After 12 h, strain
DC-2 began its exponential growth stage, reaching its maximum biomass (OD600 = 1.13)
at 30 h. Meanwhile, the concentration of NO2

−-N reduced from the initial 107.25 mg/L
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to 41.32 mg/L, achieving the removal rate of 61.5% within 30 h. With the degradation of
nitrite, 5.96 mg/L of ammonia-N was accumulated at 30 h, which may have been caused
by assimilation/dissimilation reduction. The process was similar to that of Rhodococcus
erythropolis strain Y10 [17]. Hence, some of the degraded nitrites were assimilated into
biomass through assimilation, while another portion was transformed into gaseous nitrogen
through denitrification.

Strain DC-2 demonstrated its effectiveness in nitrate removal under aerobic conditions
(Figure 2c). During the first 6 h, there was a gradual reduction in the level of nitrate
nitrogen, declining from 102.52 mg/L to 97.41 mg/L. This decline might be attributed to
the constrained utilization of biomass (OD600 < 0.01). Following a 12 h period of incubation,
strain DC-2 transitioned into the exponential growth stage, achieving its peak OD600 value
(1.13) while exhibiting a maximal N elimination rate of 8.68 mg/L/h spanning the period
from the 12th to 18th hour and surpassing the rate reported for Klebsiella pneumonia CF-S9,
which had a maximum removal rate about 6 mg/L/h [22]. The nitrate nitrogen level
declined from 102.50 mg/L to 11.90 mg/L at 30 h, with a removal efficiency of 88.4%.
At 30 h, ammonium was detected following the resolution of nitrate. Therefore, strain
DC-2 demonstrates the capability of nitrate nitrogen reduction to ammonia nitrogen in
aerobic conditions.

The use of the mixed N sources by strain DC-2 was depicted in Figure 2d. In the initial
6 h, the degradation rates for NH4

+-N, NO3
−-N, and NO2

−-N were generally slow. After
that, there was an acceleration in the reduction rate of NH4

+-N, resulting in the removal
of 93.2% of NH4

+-N within 12 h. However, during hours 6–12, there was an observed
increase in the concentration of nitrate from 20.50 mg/L to 25.40 mg/L, likely resulting
from ammonium oxidation. After 12 h, there was a notable decrease in the concentrations
of NO3

−-N and NO2
−-N, while the concentration of NH4

+-N slightly increased in 18 h.
The TN removal rate achieved 95.1% in 24 h. These results demonstrated that the aerobic
denitrifying strain DC-2 preferentially consumed ammonium nitrogen, then used nitrate
and nitrite for aerobic denitrification. The sequence of utilization of three forms of nitrogen
by strain DC-2 was NH4

+-N, NO3
−-N, and NO2

−-N. The results indicated that strain DC-2
possessed the ability to perform simultaneous nitrification and denitrification.

3.3. Effects of Environmental Factors on Nitrogen Removal Characteristic of Strain DC-2

Organic carbon is often utilized as a nutrient source for bacterial propagation [23].
Media were prepared using glucose, sucrose, sodium acetate, sodium citrate, sodium
succinate, and potassium sodium tartrate as unique C sources. As shown in Figure 3a,
strain DC-2 was capable of utilizing these five carbon sources. Among these, the growth
of the strain was notably better when sodium succinate and sodium citrate were used as
the C source, resulting in a maximum nitrogen removal rate (>99%) and highest OD600
(1.60 and 1.59, respectively). The optimal carbon source identified in this study aligns
with that for the Marinobacter strain NNA5 [24]. This suggested that HN-AD bacteria
typically metabolized carboxylates like sodium citrate and sodium succinate due to their
simpler chemical structures and lower molecular weights, facilitating absorption through
the tricarboxylic acid cycle [9].

The HN-AD performance of heterotrophic bacteria is significantly affected by C/N
ratio [25]. Both OD600 and the rate of ammonia nitrogen removal increased with lower
C/N ratio (Figure 3b), indicating better denitrification performance when the C/N ratio
exceeded 10 (with removal rates reaching 99%) and peaking at a C/N ratio of 20 with an
OD600 of 1.59. However, despite the C/N ratio reaching 25, there was no improvement
observed in the removal rate of ammonia nitrogen. Hence, taking cost into account, the
most favorable C/N ratio was targeted to be 10. Several reports also indicated that strain
Hydrocarbonoclasticus RAD-2 exhibited an optimal C/N ratio ranging from 5 to 15 [26],
while for strain Halophilic Vibrio diabolicus SF16, the most favorable C/N ratio was reported
to be 10 [27].
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The growth and HN-AD performance of strain DC-2 was significantly affected by
initial pH value (Figure 3c). Overall, the strain exhibited varying degrees of growth
across the pH range from 5 to 10. The growth of strain DC-2 was sluggish when the
pH < 5 or >10. However, it exhibited a rapid growth rate within the pH range of 6 to 9,
suggesting its enhanced adaptability to moderately acidic and alkaline conditions. Presence
of excessive H+ and OH− ions under acidic and alkaline pH circumstances may impact the
enzymatic activity related to the denitrification process, sequentially affecting the rate of
ammonia nitrogen removal [9]. Additionally, at a pH of 7.0, strain DC-2 demonstrated its
peak biomass (OD600 = 1.42) and the highest NH4

+-N removal rate (97.0%), mirroring the
findings observed for strain Spongiibacter taiwanensis sp. nov [28].

Temperature is a primary limiting factor affecting the denitrification capabilities of
most HN-AD strains [20]. The ammonia nitrogen removal rates of strain DC-2 varied
significantly at different temperatures (p < 0.05, Figure 3d). At lower than 20 ◦C, the deni-
trification ability of strain DC-2 was inhibited, which was similar to the strain N31942 [8].
This is attributed to low temperatures inhibiting cell proliferation enzyme activity [29].
At temperatures between 25 ◦C and 30 ◦C, the NH4

+-N removal efficiency of strain DC-2
exceeded 90%, underscoring its robust ammonia removal capacity under mesophilic condi-
tions. Within 24 h, the NH4

+-N removal efficiency attained the highest point (94.9%) under
the optimal temperature conditions (30 ◦C).

Overall, strain DC-2 exhibited excellent denitrification performance under a broad
range of conditions that included C/N ratio (10–20), carbon sources (such as sodium
succinate and sodium citrate), pH (6–9), and temperatures (25–30 ◦C), demonstrating its
high adaptability to different environmental factors.

3.4. Denitrification Pathway Analysis
3.4.1. Nitrogen Mass Balance Analysis

To further identify the pathways of N loss, N balance analysis was conducted using
media with various initial N sources (Table 1). In the scenario where NH4

+-N exclusively
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served as the N source, a substantial portion, representing 63.2% of the initial N, was
converted into biomass N, while 30.4% transitioned into gaseous N. Moreover, during this
process, no discernible accumulation of NO3

−-N or NO2
−-N was observed. Because of the

fact that assimilation does not lead to N loss, ammonium-N may have been converted into
gaseous N via dissimilation. Hence, the utilization of ammonium-N by strain DC-2 included
assimilation and dissimilation pathways, with assimilation being predominant. This
phenomenon agrees with strain Pseudomonas putida NP5 [30], while there is a discrepancy
with strain Acinetobacter sp. ND7 [31], primarily attributed to the denitrification of bacteria.
When nitrite-N was the unique N source, 42.1% of the nitrite underwent transformation
into biomass N, and 9.2% was transformed into gaseous N, with a slight accumulation
of ammonium-N and 34.4% of the nitrite-N remaining. Hence, it is inferred that strain
DC-2 converts nitrite into ammonium, which is subsequently assimilated into biological
N at a rapid rate. The remaining nitrite could be converted into gaseous N through the
denitrification pathway. When nitrate-N was the sole N source, 55.3% of the nitrate-N was
converted into biological N, and 28.6% ultimately transformed into gaseous N, with an
accumulation of 13.8% ammonium-N in medium. Hence, this indicated that strain DC-2
primarily degraded nitrate through assimilation, and the accumulation of ammonium-N
suggested that nitrate might have been converted to ammonium through either assimilation
or dissimilation. When ammonia-N, nitrate-N, and nitrite-N served as N sources, strain
DC-2 predominantly assimilated N (41.5–63.2%), while the remaining N was converted into
gaseous forms via aerobic denitrification (9.2–30.4%). This behavior was similarly observed
in Paracoccus strain AC-3 and strain Pseudomonas chengduensis BF6 [32,33].

Table 1. Nitrogen(N) mass balance of strain DC-2 in different N sources in 24 h.

N Source
Type

Initial N (mg/L) Final N (mg/L) N Assimila-
tion Rate

(%) a

Gaseous N
(%) b

NO3−-N NO2−-N NH4
+-N Biological-

N NH4
+-N NO2−-N NO3−-N Biological-

N

NH4
+-N 0 0 92.60 ±

0.48 0.59 ± 0.04 3.62 ± 1.27 0.06 ± 0.04 ND 59.09 ±
4.03 63.2 ± 4.0 30.4 ± 4.1

NO2
−-N 0 100.01 ±

2.85 0 0.59 ± 0.04 13.15 ±
0.59

34.43 ±
4.68 ND 42.12 ±

1.90 41.5 ± 1.9 9.2 ± 2.2

NO3
−-N 98.80 ±

2.95 0 0 0.59 ± 0.04 13.76 ±
0.90 0.22 ± 0.07 1.51 ± 1.11 55.32 ±

3.65 55.4 ± 3.7 28.6 ± 5.6

Notes: a N assimilation efficiency (%) = (Final biological N − Initial biological N) ÷ (Initial N − Initial biological
N) × 100; b Gaseous N (%) = (Initial N + Initial biological N − Final biological N − Final NH4

+-N − Final NO3
−-N

− Final NO2
−-N) ÷ (Initial N + Initial biological N) × 100; “ND” means below the detection line.

3.4.2. Whole Genome Analysis

Further investigation into the N removal pathway involved sequencing, assembling,
and annotating the genome of strain DC-2. The draft genome of strain DC-2 contained one
circular chromosome (6,328,663 bp), as shown in Figure 4. This genome sequence length
was comparable to that of most HNAD strains, including strain Achromobacter sp. HNDS-1
and Enterobacter sp. HNDS-6 [34]. Analysis of functional elements revealed the prediction
of 11 genomic islands (GIs), one prophage, and two potential plasmid sequences within the
DC-2 genome, though no CRISPR sequence structures were identified. The genomic data
were submitted to GenBank (Accession number: PRJNA1092366).

The investigation of genes related to N metabolism pathways was conducted using
the KEGG Automatic Annotation Server (KAAS). Based on the predictions made by KAAS,
the N metabolism pathways in strain DC-2 included ammonium assimilation, assimilatory
nitrate reduction (ANRA), and heterotrophic nitrification–aerobic denitrification (HN-AD),
with 64 relevant genes involved in the N metabolism pathways of strain DC-2 (Table S2 in
Supplementary Materials). The positions of the key functional genes involved in nitrogen
metabolism in strain DC-2 are shown in Figure 5. Among these, proteins encoded by
narK, nrtC, and amt are responsible for transporting nitrate/nitrite, nitrite, and ammonium,
respectively. These proteins facilitate the cellular transportation of inorganic N in strain DC-2.
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In the pathway of ammonium assimilation, we have identified genes associated with
both the glutamate dehydrogenase pathway (gdh2, gdhA) and the glutamine synthetase–
glutamate synthase pathway (gltBD and glnAEGKL). These genes are pivotal in facilitating
the intracellular assimilation of ammonium [35]. Additionally, genes related to nitrogen
fixation (nifU, nifS, vnfA) were annotated in strain DC-2. The annotation of the urtABCDE
cluster and the ureABCDEFGJ cluster indicated the potential for strain DC-2 to utilize urea,
revealing its potential for biological nitrogen fixation [36].

Approximately 35 genes were associated with the denitrification process. Among
them, the gene napH encoded a periplasmic nitrate reductase, responsible for the trans-
formation process of NO3

−-N into NO2
−-N. The NorR and norE genes participated in the

transformation of NO to N2O. However, the genome of strain DC-2 lacked the key genes
for Nir (nitric oxide formation) and Nos (nitrogen gas formation), resulting in an incomplete
denitrification pathway being annotated. In the conventional denitrification pathway, the
critical step of reducing NO2

−-N to NO was mainly regulated by the genes encoding nitrite
reductase nirK/nirS. Recent studies, however, have suggested that the operon nirBD could
also be responsible for the conversion from NO2

−-N into NO [37]. Thus, the nirBD genes
in the genome of strain DC-2 not only significantly contribute to catalyzing the reduction of
NO3

−-N but may also regulate the conversion from NO2
−-N to NO [13]. The denitrification

reaction required the participation of the metal ion molybdenum, and genes related to
molybdenum cofactor synthesis (moaBE, mobA, mocA, modABCE, moeAB) were annotated in
strain DC-2. The moa and mob gene clusters perform a vital function in the generation of
narJ. The gene hmp, encoding nitric oxide dioxygenase, which can convert NO to NO3

−-N,
might be a reason for the accumulation of NO3

−-N. The nasA gene (encoding assimilatory
nitrate reductase) and nirBD (encoding assimilatory nitrite oxidoreductase) formed the nas
gene cluster, responsible for the nitrate assimilation/dissimilation process and aiding in
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aerobic denitrification [38]. Genes involved in denitrification regulation (anr, nnr, nnrS,
rpoN) and in the expression of denitrification electrons (azu, cycA) were also annotated,
further indicating the HN-AD capability of strain DC-2. Although KAAS did not map
key genes involved in nitrification (amo, hao), the N balance mass analysis suggested that
when ammonium nitrogen served as the N source, 30.42% of the N was converted into
gaseous nitrogen. Assimilation typically does not cause nitrogen loss, thereby inferring
nitrification occurred in the system. HN-AD strains commonly exhibit the absence of
specific critical genes associated with N transformation pathways. For instance, critical
pathway genes engaged in nitrification (HAO, AMO) and denitrification (Nos, Nir) were
lacking in strain KSND [39]. HN-AD strains may possess novel N metabolism pathways
and enzyme systems, but their mechanisms remain to be elucidated.
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In general, different functional genes associated with diverse N metabolism pathways were
identified in strain DC-2. According to the genes with functional roles, several N metabolism
pathways were proposed, embracing ammonium assimilation, ANRA, and HN-AD.

3.4.3. Analysis of Enzyme Activity of N Metabolism

The enzymatic catalysis was essential for the biological removal of nitrogen com-
pounds [40]. To further verify the proposed nitrogen metabolism pathways, the activities
of four crucial enzymes associated with nitrogen removal (AMO, HAO, NR, and NIR) were
measured (Table 2). Among these, AMO and HAO were key enzymes in the nitrification
process [41], while NR and NIR were crucial in the denitrification process [42]. The results
indicated that activities were detected for AMO, HAO, NR, and NIR, demonstrating the
expression of these enzymes and indicating that strain DC-2 possessed a complete nitrifica-
tion/denitrification pathway. In the whole genome of strain DC-2, genes related to amo
were not found, yet the expression of AMO suggested that strain DC-2 might carry a novel
type of AMO composed of subunits different from those of traditional AMO, responsi-
ble for the conversion of ammonia nitrogen to hydroxylamine [43]. The activity of HAO
demonstrated the presence of an unknown enzyme capable of degrading hydroxylamine in
this strain [44]. Based on these findings, the potential nitrogen removal pathway could be as
follows: ammonium nitrogen might be catalyzed by AMO to convert into NH2OH, which
was further oxidized to NO2

−-N under the catalysis of HAO and eventually transformed
into gaseous nitrogen through the denitrification process.

Table 2. Key enzymes activities in HN-AD process.

Enzymes Activity of Enzymes (U/mL)

Ammonia monooxygenase (AMO) (11.0 ± 0.3) × 104

Hydroxylamine oxidoreductase (HAO) (5.6 ± 0.2) × 104

Nitrate reductase (NAR) 9.8 ± 1.0
Nitrite reductase (NIR) 58.1 ± 3.2

3.4.4. Nitrogen Metabolic Pathway

Based on the research findings of N mass balance, genomic analysis, and enzyme
activity analysis, a novel pathway for nitrogen metabolic was proposed, as shown in
Figure 6. The KAAS localization results suggested that strain DC-2 can assimilate ammo-
nium nitrogen into biomass (Pathway I: NH4

+-N → Biomass Nitrogen). Nitrogen balance
analysis indicated that when ammonium served as the initial N source, there was a N loss of
30.4 ± 4.1%. Combined with the activities of the AMO and HAO enzymes, this suggested
another pathway for ammonium removal via HN-AD into gaseous N (Pathway II), with
assimilation (59.1%) playing a main role, similar to strain SND-01 (65.3%) [11]. NO3

−-N
and NO2

−-N could be reduced to ammonium via assimilatory reduction (Pathway III) or
transformed into gaseous N through denitrification (Pathway IV), with assimilation also
playing an important role in this pathway. Overall, multiple nitrogen metabolism pathways
may be present in strain DC-2, which could be advantageous for treating wastewater with
varying compositions of inorganic nitrogen.

3.5. Application in Aquaculture Wastewater

It was crucial to ensure strain DC-2’s sustainability and its ability to continuously treat
wastewater [45]. Immobilized bacterial particles were utilized to evaluate the stability of
strain DC-2 in treating real aquaculture wastewater. The aquaculture wastewater employed
in the experimental setup featured NH4

+-N and NO3
−-N as the primary N pollutants,

with concentrations of 2.90 ± 0.08 mg/L and 9.51 ± 0.52 mg/L, respectively. These
constituted 19.1% and 62.6% of the total inorganic nitrogen content. Strain DC-2 was
immobilized into bacterial particles, which exhibited excellent NH4

+-N and NO3
−-N

removal rates (Figure 7); TN concentration decreased from the initial 15.23 ± 0.03 mg/L
to 2.32 ± 0.44 mg/L, indicating a nitrogen elimination rate of 84.8 ± 2.9% in the system,
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similar to strain RAD-17 (84.2%) [46] and strain DM02 (88.2%) [7]. Across three cycles, there
was no notable decline observed in the removal rates for NH4

+-N (> 96%) and NO3
−-N

(>96%) (p > 0.05). There was an absence of NO2
−-N accumulation throughout the duration

of the study (with effluent nitrite nitrogen content averaging 0.10 ± 0.18 mg/L). Therefore,
the application of strain DC-2 in treating real aquaculture wastewater holds significant
research value.
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Figure 7. Study on the continuous treatment of ammonium nitrogen and nitrate nitrogen in real
aquaculture wastewater by bioaugmented immobilized strain DC-2: (a) NH4

+-N; (b) NO3
−-N.

4. Conclusions

A heterotrophic aerobic denitrifying Pseudomonas hunanensis strain DC-2 was isolated
from the surface sediments of Lake Dianchi with substantial denitrification capability. It
is capable of concurrently removing various nitrogen compounds without the accumula-
tion of NO2

−-N. The results of the single-factor experiments indicated that strain DC-2
exhibited excellent denitrification ability under the conditions of using sodium citrate as
the nitrogen source, with an initial pH of 7, a C/N ratio of 10, and a temperature of 30 ◦C.
According to N mass balance, whole-genome analysis, and key enzyme activity assess-
ments, various metabolic pathways were hypothesized for strain DC-2, encompassing
ammonium assimilation, ANRA, and HN-AD. Furthermore, strain DC-2 was immobi-
lized into particles for denitrification, demonstrating effective N removal capabilities in
real aquaculture wastewater, thus affirming its significant practical utility in aquaculture
wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16111625/s1, Table S1: Medium composition; Table S2: Putative
genes related to nitrogen metabolism in Pseudomonas hunanensis DC-2 genome.
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