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Abstract: High concentrations of nitrite in marine aquaculture wastewater not only pose a threat to
the survival and immune systems of aquatic organisms but also contribute to eutrophication, thereby
impacting the balance of coastal ecosystems. Compared to traditional physical and chemical methods,
utilizing microorganism-mediated biological denitrification is a cost-effective and efficient solution.
However, the osmotic pressure changes and salt-induced enzyme precipitation in high-salinity seawa-
ter aquaculture environments may inhibit the growth and metabolism of freshwater bacterial strains,
making it more suitable to select salt-tolerant marine microorganisms for treating nitrite in marine
aquaculture wastewater. In this study, a salt-tolerant nitrite-degrading bacterium, designated as
DMB6, was isolated from the seawater (salinity of 25-30%o) of Portunus trituberculatus cultivation. The
molecular identification of strain DM6 was conducted using 165 rRNA gene sequencing technology.
The impacts of various environmental factors on the nitrite degradation performance of strain DM6
were investigated through single-factor and orthogonal experiments, with the selected conditions
considered to be the key factors affecting the denitrification efficiency of microorganisms in actual
wastewater treatment. PCR amplification of key genes involved in the nitrite metabolism pathway
of strain DM6 was conducted, including denitrification pathway-related genes narG, narH, narl,
nirS, and norB, as well as assimilation pathway-related genes nasC, nasD, nasE, glnA, gltB, gltD,
gdhB, and gdhA. The findings indicated that strain DM6 is classified as Pseudomonas aeruginosa and
exhibits efficient nitrite degradation even under a salinity of 35%.. The optimal nitrite degradation
efficiency of DM6 was observed when using sodium citrate as the carbon source, a C/N ratio of 20, a
salinity of 13%., pH 8.0, and a temperature of 35 °C. Under these conditions, DM6 could completely
degrade an initial nitrite concentration of 156.33 =+ 1.17 mg/L within 36 h. Additionally, the successful
amplification of key genes involved in the nitrite denitrification and assimilation pathways suggests
that strain DM6 may possess both denitrification and assimilation pathways for nitrite degradation
simultaneously. Compared to freshwater strains, strain DM6 demonstrates higher salt tolerance and
exhibits strong nitrite degradation capability even at high concentrations. However, it may be more
suitable for application in the treatment of wastewater from marine aquaculture systems during
summer, high-temperature, or moderately alkaline conditions.

Keywords: marine bacterial; Pseudomonas aeruginosa; nitrite degradation characteristics; nitrite
transformation pathways
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1. Introduction

The excessive accumulation of nitrite is a major challenge in marine aquaculture [1].
Intensive marine aquaculture, characterized by high stocking densities, necessitates substan-
tial feeding to meet the nutritional requirements of aquatic animals. However, undigested
feed, excreta, and urea released during microbial decomposition can contribute to the
release of soluble nitrogen compounds (including nitrite) and phosphorus. The excessive
input of these nutrients can lead to coastal eutrophication, causing adverse impacts on
marine ecosystems [2]. Nitrite present in effluents from aquaculture facilities is toxic [3],
even at low concentrations, posing a threat to the health and immune systems of aquatic or-
ganisms. For instance, the harmful concentration for Litopenaeus vannamei is reported to be
6.67 mg/L [4]. Moreover, nitrite is more prone to accumulate in water bodies compared to
ammonia [4], possibly due to factors such as high dissolved oxygen demand resulting from
high stocking densities and overfeeding [5]. Therefore, there is an urgent need to explore a
technological approach to address the issue of nitrite accumulation in marine aquaculture.

Currently, there are various techniques available for removing nitrite from seawater
in aquaculture, including rotating biological contactors, trickle filters, bead filters, and
fluidized sand biofilters [1]. Physical and chemical methods typically require high levels of
technical expertise and equipment investment, leading to high operating costs and a risk of
secondary pollution. In comparison, microbiologically mediated biological denitrification
utilizes the growth metabolism of microorganisms to convert nitrogen compounds in water
into nitrogen gas or biomass, making it more efficient and cost-effective [6,7]. Microor-
ganisms are mainly employed for the removal of ammonia nitrogen and nitrate nitrogen
in the treatment of aquaculture wastewater [8], but research on nitrite nitrogen removal
is relatively limited [9]. This may be attributed to the typically higher concentrations of
ammonia nitrogen and nitrate nitrogen in water, which have a broader and more significant
environmental impact. However, even low levels of nitrite nitrogen can pose a threat
to aquatic organisms [4], and its removal from water is more challenging compared to
ammonia nitrogen [4,5]. Therefore, researching the microbial removal of nitrite nitrogen
in marine aquaculture effluents is also crucial. In addition, there are differences in the
characteristics between marine aquaculture wastewater and freshwater sewage, as the
former contains higher concentrations of salts [10], trace elements, and COD. In particular,
the osmotic changes caused by high salinity and the salt-induced precipitation of dehydro-
genases may hinder the effective performance of most freshwater-derived microorganisms
in the treatment of marine aquaculture wastewater. In particular, the osmotic changes
caused by high salinity may hinder the effective performance of most freshwater-derived
microorganisms in treating marine aquaculture wastewater [8]. Therefore, strains selected
from seawater environments, due to their long-term adaptation and reproduction in the
marine environment, may be more suitable for the removal of nitrite nitrogen in marine
aquaculture wastewater.

Pseudomonas aeruginosa, a widely distributed bacterium in natural environments, com-
prises multiple species and subspecies. Previous studies have indicated that Pseudomonas
aeruginosa exhibits strong adaptability and tolerance, enabling it to better adapt to diverse
environments in practical applications. It has demonstrated a wide range of application
potential in the management of nitrogen pollution in water [11-14]. However, as each
species or subspecies may have differences in growth conditions, metabolic pathways,
and adaptability to environmental factors, they exhibit varying abilities in denitrification.
Therefore, further research is needed on the denitrification characteristics and degradation
mechanisms of Pseudomonas aeruginosa before its practical application in order to guide
actual production.

This study screened a strain of Pseudomonas aeruginosa with high efficiency in nitrite
degradation capable of completely degrading 100 mg/L of nitrite within 24 h, demon-
strating its great potential for nitrite treatment in marine aquaculture wastewater. The
paper focuses on studying the growth and nitrite degradation characteristics of this strain
under different environmental factors, including carbon source, C/N ratio, temperature,
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salinity, pH, and nitrite concentration. The optimal denitrification conditions were opti-
mized through orthogonal experiments to enhance the efficiency of nitrite degradation by
the strain. Furthermore, the key genes involved in the nitrite degradation pathway were
amplified by PCR to elucidate their roles and regulatory mechanisms in the nitrite degra-
dation process of strain DM6. This study provides theoretical support and experimental
evidence for further optimizing treatment conditions, enhancing degradation efficiency,
and developing related applications.

2. Materials and Methods
2.1. Experimental Materials

We initiated the strain screening process using the 2216 medium with seawater ob-
tained from Portunus trituberculatus aquaculture (salinity 25-30%.). Two types of media
were primarily used in this study. The 2216 seawater medium [15] was utilized for strain
activation following modifications and contained the following components (g/L): peptone
5.0, yeast extract 1.0, iron citrate 0.1, and sea salt 30.0, with a pH range of 7.0-7.4. Agar
plates were prepared by adding 1.5% (w/v) agar to the 2216 liquid medium. The nitrite
degradation medium, derived from the modified M9 medium, was utilized to investigate
the denitrification characteristics of the strain and contained the following components
(g/L): NaNO; 0.5, sodium citrate 4.13, NayHPOy 6.76, KH, POy 3.0, NaCl 0.5, MgSOy4-7H,0O
0.49, CaCl, 0.01, with a pH range of 7.0-7.4. All media were sterilized at 121 °C under high
pressure for 20 min.

2.2. Strain Identification

The 165 rDNA gene fragment of strain DM6 was amplified using the universal bacterial
primers 27F (5-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5-TACCTTGTTACGACTT-
3'). The PCR amplification was conducted in a total volume of 25 pL, comprising 12.5 uL
of 2x Es Taq MasterMix, 1 uL of DNA template, 1 uL of F-primer (10 uM), 1 pL of R-
primer (10 uM), and 9.5 uL of ddH,O. The PCR reaction was performed with an initial
denaturation step at 94 °C for 2 min, followed by 30 cycles of denaturation at 94 °C for
30 s, annealing at 60 °C for 30 s, and extension at 70 °C for 1 min. The reaction was
concluded with a final extension step at 72 °C for 2 min. The PCR products were then sent
to YOKANG Biotechnology Co., Ltd. (Hangzhou, China), for sequencing. The obtained
sequences were subjected to Blast homology analysis, and highly homologous 16S rDNA
gene sequences from reference strains were selected. A phylogenetic tree was constructed
using the neighbor-joining (N]J) method in MEGA 11.0 software to determine the taxonomic
classification of strain DM6.

2.3. Effects of Environmental Factors

In order to investigate the optimal denitrification conditions for the target strain, this
study explored the effects of five factors on strain growth and nitrite degradation ability,
including carbon source, C/N ratio, initial pH, salinity, and temperature. For the carbon
source experiment, six different carbon sources, including sucrose, sodium citrate, sodium
acetate, sodium succinate, glucose, and sodium pyruvate, were tested as the sole carbon
source under the condition of an initial NO, ~-N concentration of 100 mg/L, C/N ratio
of 10, and initial pH of 7.0. For the C/N ratio experiment, the C/N ratio was adjusted to
0,2,5,10, 15, and 20 by adding sodium citrate, and the cultures were incubated at 30 °C
with shaking at 200 rpm. For the initial pH experiment, the initial pH was adjusted to 5.0,
6.0,7.0,8.0,9.0, and 10.0 by adding HC1/NaOH (0.1 M). For the salinity experiment, the
salinity of the medium was adjusted to 15%o, 25 %o, 35%o, 45%o, 55%., and 65%. by adding
NaCl. For the temperature experiment, temperatures of 15, 20, 25, 30, 35, and 40 °C were
tested. All experiments were conducted in triplicate, with an initial nitrite concentration of
100 mg/L and an inoculum size of 1% (v/v). Each experiment was carried out for a period
of 108 h, with samples taken every 12 h to measure ODgpp and NO, ~-N concentration.
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2.4. Orthogonal Experimental Optimization

Based on the results of single-factor experiments, an Ly (3*) orthogonal experiment
was designed to further optimize the nitrite reduction conditions for strain DM6. The
orthogonal experiment was conducted using sodium citrate as the carbon source, taking
into account the influence of four major environmental factors on the nitrite degradation
efficiency of the strain. The selection of levels was adjusted based on the nitrite degradation
efficiency at 24 h, as shown in Table 1. The initial concentration of nitrite was 100 mg/L, and
the nitrite reduction efficiency was measured after 24 h of cultivation for each group. Finally,
a verification experiment was conducted under the optimal denitrification conditions.

Table 1. Orthogonal experimental factor level.

A B C D
Level
eve Temperature (°C) Salinity (%o) C/N pH
1 30 13 10 7.0
2 35 16 20 8.0
3 40 19 30 9.0

2.5. Nitrite Tolerance Test

Under the optimal denitrification conditions, the nitrite tolerance of strain DM6 was
investigated at different initial concentrations of nitrite. The initial concentrations of nitrite
were adjusted to 100, 150, 200, 250, 300, and 350 mg/L by varying the amount of sodium
nitrite added. Simultaneously, the addition of sodium citrate was adjusted to maintain a
C/N ratio of 20. NaCl and NaOH solutions were used to adjust the salinity and pH to
13%o and 8.0, respectively. Each experiment was conducted in triplicate, with an inoculum
size of 1% (v/v), and incubated at 35 °C with agitation at 200 rpm. Samples were collected
at 12 h intervals and analyzed for ODgpy and NO, ~-N concentration.

2.6. Amplification of Denitrification Functional Genes

According to the manufacturer’s instructions, total genomic DNA of strain DM6
was extracted using the Bacterial DNA Kit (Omega, Norcross, GA, USA). The genomic
DNA served as a template for amplifying the denitrification functional genes of this
strain, including narG, narH, narl, nirS, norB, nasC, nasD, nasE, glnA, gltB, gdhB, and
gdhA. The PCR reaction system (50 pL) consisted of 2x Es Taq MasterMix 25 uL, DNA
template 1 puL, F-primer (10 uM) 2 pL, R-primer (10 uM) 2 pL, and ddH,O 20 puL. The PCR
amplification conditions for the denitrification functional genes were as follows: initial
denaturation at 94 °C for 2 min; 30 cycles of denaturation at 94 °C for 30 s, annealing
at 60 °C for 30 s, extension at 70 °C for 1 min; and final extension at 72 °C for 2 min.
The annealing temperature and cycle number for all gene amplifications were 60 °C and
30 cycles, respectively. The extension time was determined by the length of the genes: 1 min
for narl, norB, nasE, gInA, gltD, and gdhA; 1.5 min for narH, nirS, and nasD; and 2.5 min
for nasC, narG, gltB, and gdhB. The primer sequences are detailed in Table 2. The PCR
products were separated by 1% agarose gel electrophoresis and sequenced by YOKANG
Biotechnology Co., Ltd.

Table 2. Primer sequences for denitrification-related genes.

Gene Primer Sequence (5'-3) Fragment Length (bp)
narG-F: CGTGTTCATCGCCTACTACCTGAG
narG narG-R: GGCTTGGTCTCGACGTTGTTGA 4097
narH-F: CAAGGACGGCATGGTGATGATGT
narH narH-R: ACGGCAGCAGCGACAGGTAT 2247
narl-F: GGCGTCCACCGAACAACCATT ™

narl narl-R: TTGACCTTCAGTTGCGGCAGTT
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Table 2. Cont.
Gene Primer Sequence (5'-3") Fragment Length (bp)
S nirS-F: CCACGCAGCCCTTGTTCTTGA 2050
r nirS-R: CGCACGCTATTCACAGTTGGAAG
norB-F: CCATGCCGCAGTTCCATCTCA
norB 1774

norB-R: TCGCCGTTGAACCAGGACAC
c nasC-F: CCTGATCTACGGCAAGCGAGTG 2075
nas nasC-R: CGGACGGACAGTGCTCCAGTAT

nasD-F: CTGCTTGGGTTCTCCCGACAATC

nasD nasD-R: ATATCCAGCCAGTTCATCGGTTCAC 2673
nasE-F: ACAGCCGCAATTGAAGAAGGAGTT
nasE nasE-R: TGTTCGATCAGGACGCCACAAC 546
cina gInA-F: CGGAGTGGCAGGTTCTGACGAA L5
gInA-R: TTGGCGTTGGTGATTTGGCTGTT
oitB gltB-F: TGGCGCAGCAGCTTCTTCTTC sesi
gltB-R: GCCTCCCTTTGCCTGTCGAAA
2itD gltD-F: AAGGGCCGCTATTGTCGCAAAG Le40
gltD-R: CGTCGGTTCTGGCTGGTGAAAC
cdhB ¢dhB-F: GCTTCTGCTGAACTTCATGGACG so06a
gdhB-R: ACCGCAAACACCGCAGGTT
cdha ¢dhA-F: AAGTGGAGAACATCGTCGCCTTC 1560

gdhA-R: CCGCCTGGCTTGTTAGAGTCAC

2.7. Data Analysis

NO, ™-N concentration was measured using the NED spectrophotometric method [16],
and the cell growth (ODgq) of strain DM6 was spectrophotometrically determined at the
wavelength of 600 nm [17]. Data in this experiment were analyzed by one-way ANOVA
with Tukey’s HSD test (p < 0.05) using SPSS Statistics 17.0 software and the figures were
made by Origin 2018 software. Additionally, the results of the orthogonal experiment were
analyzed using Orthogonal Design Assistant II 3.1 software. Each experiment had three
repetitions, and the results are presented as means + SD (standard deviation of means).

The calculation method for nitrite degradation efficiency (E) is as follows:

E (0/0) = (Co - Ct)/CO X 100%

where Cj and Ct represent the initial and corresponding NO, ~-N concentrations (mg/L)
at time t, respectively [18]. The concentration units for Cy and C; are mg/L.

3. Results
3.1. Strain Identification

This study conducted strain identification of a nitrite-degrading bacterium isolated
from seawater using 16S rRNA sequencing, and it was designated as sp.DM6. BLAST
analysis of the strain’s 16S rRNA sequence revealed 100% similarity with Pseudomonas
aeruginosa DSM 50071 (NR 117678.1), Pseudomonas aeruginosa ATCC 10145 (NR 114471.1),
and Pseudomonas aeruginosa NBRC 12689 (NR 113599.1). Furthermore, a phylogenetic tree
was constructed using the neighbor-joining method in MEGA 11.0 software (Figure 1),
which confirmed that strain DM6 clustered with Pseudomonas aeruginosa. Therefore, it can
be concluded that strain DM6 belongs to Pseudomonas aeruginosa.



Water 2024, 16, 784 6 of 15

Y DM 6

Pseudomonas aeruginosa strain DSM 50071  (NR 117678.1)
Pseudomonas aeruginosa strain ATCC 10145 (NR 114471.1)
34 Pseudomonas aeruginosa strain NBRC 12689  (NR 113599.1)

100}

Pseudomonas lalkuanensis strain PE 08 (NR 179771.1)

Pseud: resil strain ATCC 14235 (NR 112062.1)
82| 100
5 Pseudomonas boanensis strain DB 1 (NR 181770.1)
41 96]__ Pseudomonas furukawaii strain KF 707 (NR 179202.1)
Pseudomonas ofitidis strain MCC 10330  (NR 043289.1)
Pseud phenolilytica strain RBPA 9 (NR 181536.1)

Pseudomonas knackmussii strain B 13 (NR 121733.1)

"

T P nicosulfuronedens strain LAM 1902 (NR 180597.1)
96| _ Pseudomonas nitroreducens strain IAM 1439 (NR 042435.1)

Escherichia coli strain NBRC 102203  (NR 114042.1)

0.02

Figure 1. Phylogenetic tree of strain DM6.

3.2. Effects of Environmental Factors
3.2.1. Carbon Sources

Figure 2 shows the effect of different carbon sources on the growth and nitrite-
degrading ability of strain DM6. It was found that strain DM6 exhibited optimal growth and
denitrification performance when sodium citrate was used as the carbon source, reaching
an ODgq peak (1.11 & 0.06) at 36 h, while the nitrite degradation rate was 82.66 £ 1.99%.
Although strain DM6 could use sodium succinate, glucose, or sodium pyruvate as the sole
carbon source for growth, the growth rate was relatively slow, and the maximum nitrite
degradation rate achieved was not as good as that achieved using sodium citrate. It should
be noted that strain DM6 could not utilize sucrose or sodium acetate for growth.

15 120
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~—v—sodium succinate 4"““{\
=4 glucose ey
80 S
\i ==d—sodium pyruvate ~ -
09 | N Py = \
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Figure 2. Effects of different carbon sources on the growth and nitrite degradation ability of strain
DMBS6. (a) Growth curve of strain DM6. (b) Nitrite concentration decrease curve.

322.C/N

Figure 3 shows the effect of different C/N ratios on the growth and nitrite-degrading
ability of strain DM6. The results showed that strain DM6 was a heterotrophic bacterium
that could not grow without the addition of external organic carbon sources. With the
increase in the C/N ratio, the growth and nitrite-degrading ability of strain DM6 were
significantly improved. Especially under the condition of a C/N ratio of 20, strain DM6
completely degraded the initial concentration of 100.41 & 2.37 mg/L nitrite within 36 h,
reaching an ODggg peak (1.46 £ 0.01). This indicated that the C/N ratio had an important
influence on the growth and nitrite-degrading ability of strain DMeé.
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Figure 3. Effects of different C/N ratios on the growth and nitrite degradation ability of strain DM6.
(a) Growth curve of strain DM6. (b) Nitrite concentration decrease curve.

323.pH

Figure 4 illustrates the effect of different initial pH on the growth and nitrite-degrading
ability of strain DM6. The research results indicated that strain DM6 could not grow when
the initial pH was 4.0 or 5.0. However, under neutral or alkaline conditions (pH 7.0-10.0),
strain DM6 exhibited good growth and nitrite-degrading performance. At 24 h, strain DM6
reached its ODggg peak, and the nitrite degradation rate remained above 65.33 &+ 3.25%. This
suggested that the initial pH had a significant impact on the growth and nitrite-degrading
ability of strain DM6, and an appropriate initial pH range (7.0-10.0) was beneficial for the
growth and nitrite degradation of strain DM6.
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Figure 4. Effects of different initial pH on the growth and nitrite degradation ability of strain DM6.
(a) Growth curve of strain DM6. (b) Nitrite concentration decrease curve.

3.2.4. Salinity

Figure 5 shows the effect of different salinities on the growth and nitrite-degrading
ability of strain DM6. The results indicated that strain DM6 exhibited the fastest growth rate
at a salinity of 15%o, reaching its ODggg peak (0.97 £ 0.03) at 36 h, with a nitrite degradation
rate of 73.35 & 1.16%. As salinity increased, strain DM6 required a longer adaptation period
during the initial growth stage. Under high nitrite concentration conditions (100 mg/L),
strain DM6 demonstrated good salinity tolerance and could tolerate at least 35%o salinity.
At this salinity, the maximum nitrite degradation rate that strain DM6 could achieve
was 67.89 £ 2.07%. This suggested that strain DM6 had good adaptability and tolerance,
allowing it to survive and degrade nitrite in high-nitrite and high-salinity environments.
This was of great significance for the application of strain DM6 in pollution control in
high-salinity environments such as seawater.
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Figure 5. Effects of different salinity on the growth and nitrite degradation ability of strain DM6.
(a) Growth curve of strain DM6. (b) Nitrite concentration decrease curve.

3.2.5. Temperature

Figure 6 illustrates the impact of different temperatures on the growth and nitrite-
degrading ability of strain DM6. The results indicated that strain DM6 exhibited optimal
growth rate and nitrite degradation ability at temperatures of 30 or 35 °C. When the
temperature decreased to 25 or 20 °C, the initial growth rate of strain DM6 slowed down,
but it had little effect on the final nitrite degradation rate (both above 73.32 &= 1.59%). Strain
DMB6 could tolerate high temperatures up to 40 °C, but it rapidly declined after 24 h, with a
maximum nitrite degradation rate of only 53.99 £ 2.60%. It is worth noting that strain DM6
did not grow under 15 °C conditions. These results demonstrated that strain DM6 had a
wide temperature adaptability range and could grow and degrade nitrite under different
temperature conditions. However, the optimal growth and degradation abilities were still
observed either during summer or in systems controlled at higher water temperatures.
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Figure 6. Effects of different temperatures on the growth and nitrite degradation ability of strain
DMB6. (a) Growth curve of strain DM6. (b) Nitrite concentration decrease curve.

3.3. Orthogonal Experimental Optimization

Based on the results of single-factor experiments, a four-factor, three-level orthogonal
experiment was conducted (as shown in Table 3) with nitrite degradation efficiency as the
indicator to further optimize the optimal process conditions for strain DM6 denitrification.
According to Table 3, the nitrite degradation efficiency of the strain was highest under the
No. 2 culture conditions, reaching 92.38 £ 0.05%, whereas it was lowest under the No. 9
culture conditions, at only 16.72 &= 7.05%. Based on the range (R) values of various factors,
the primary and secondary order of factors affecting the nitrite degradation efficiency of
strain DM6 were salinity > temperature > pH > C/N. Salinity was the most important envi-
ronmental factor that affected the denitrification performance of this strain. By comparing
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the average nitrite degradation efficiency (K value) of different levels of each factor, the
optimal level combination was obtained: temperature of 35 °C, salinity of 13%., C/N of 20,
and pH of 8.0.

Table 3. Optimization results of nitrite degradation conditions for strain DM6.

Nitrite Degradation

Experiment Number A B C D Efficiency (%)
1 1 1 1 1 78.76 £+ 0.51
2 1 2 2 2 92.38 £+ 0.05
3 1 3 3 3 23.2+7.37
4 2 1 2 3 91.56 4+ 0.07
5 2 2 3 1 85.95 + 5.25
6 2 3 1 2 74.04 + 1.69
7 3 1 3 2 86.31 + 0.89
8 3 2 1 3 47.79 £ 5.17
9 3 3 2 1 16.72 +7.05
K1 64.78 85.54 66.86 60.48
K2 83.85 75.37 66.89 84.24
K3 50.27 37.99 65.15 54.18
R 33.58 47.56 1.73 30.06
Priority of factors B>A>D>C
Optimal composition Ay B; C Dy

Note: The K value represents the average nitrite degradation efficiency of each factor at different levels; the R
value represents the range.

Under the optimal conditions of the orthogonal experiment, the strain DM6 achieved
a nitrite degradation efficiency of 100.00% after 24 h of cultivation, which was higher than
the maximum nitrite degradation efficiency in Table 3.

3.4. Nitrite Tolerance Test

Figure 7 illustrates the growth and denitrification characteristics of strain DM6 under
different nitrite concentrations, using the optimized denitrification conditions. Strain
DM6 demonstrated adaptability to various nitrite concentrations, exhibiting robust growth
across the range of concentrations. Notably, strain DM6 could completely degrade an
initial nitrite concentration of 156.33 £+ 1.17 mg/L within 36 h, showcasing its highly
efficient denitrification capability (100%). Furthermore, strain DM6 exhibited tolerance
to nitrite concentrations as high as 350.96 £ 0.56 mg/L, achieving a degradation rate of
50.54 £ 0.21%. These results indicated the potential of strain DM6 to treat nitrite pollution
at different concentrations, particularly for high-concentration nitrite treatment.

24 400
0 AL, 84— sl
0k . 50 m,
&i -~ A 200 mg/L
; =—y==250 mg/L
16F —6—300 mg/L
' Y — A\ —4—350 mg/L

L~
NO,-N (mg/L)

—o— 150 mg/L L ~ \f::—._,_,_‘
“=A==200 mg/L NG \,} —y—v——y—y
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=300 mg/L ] A X
—4—350 mg/L
00 L M 1 i i L 1 i i L 1 i 1 1 1 1
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(a) (b)

Figure 7. Effects of different nitrite concentrations on the growth and nitrite degradation ability of
strain DM6. (a) Growth curve of strain DM6. (b) Nitrite concentration decrease curve.
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3.5. Amplification of Denitrification Functional Genes

To further understand the nitrite metabolism mechanism of strain DM6, a PCR am-
plification analysis was performed to determine the presence of denitrification functional
genes. The gel electrophoresis image of the PCR products is shown in Figure 8a. The
denitrification functional genes, including narG, narH, narl, nirS, and norB, as well as
assimilation enzyme coding genes, such as nasC, nasD, nasE, gInA, gltB, gltD, gdhB, and
gdhA, were successfully amplified from the genomic DNA of strain DM6. Based on the
PCR amplification results, the potential nitrite transformation pathway of strain DM6 was
predicted, as depicted in Figure 8b.

Marker narG narH narl nirS norB nasC nasD nasE ginA gltB gitD gdhB gdhA p—
o —— NAR: narG, nar ar’
‘ NO,-N ‘ AR: narG, narH, narl

m——p Denitrification ~ NIR: nirS
NOR: norB

=—p Assimilation NAS: nasD, nasE
: GS: glnA
nasC| INAR = Unknown GOGAT: gltB, gltD
’mbp GDH: gdhB, gdhA
60006p
50006p
4000bp

( NOS
‘Noz-.N NR,| No }m N,0 }—»[ N, ‘

NAS

e ‘;;[ Gs '}’ e }GOGATvl o J
- | GDH 4
(a) (b)

Figure 8. (a) Gel electrophoresis image of denitrification functional genes. (b) Refined predicted
nitrate metabolism pathway of strain DMeé.

4. Discussion

In addressing the issue of nitrite accumulation in wastewater from marine aquaculture,
studies showed that microbially mediated biological denitrification methods were more
efficient and cost-effective compared to traditional physical and chemical approaches [6,14].
However, there are significant differences in salinity effects between wastewater from
marine aquaculture and freshwater sewage. Typically, the salinity of marine aquacul-
ture ranges from 10 to 30%. [10], but in high-salinity environments (salinity > 10%o),
osmotic changes and salt-induced enzyme precipitation can inhibit microbial growth
and metabolism [8]. As a result, many microorganisms isolated from freshwater or soil
habitats may not be effective at treating wastewater from marine aquaculture [19]. In
addition, studies have shown that with the increase in salinity, the abundance and activ-
ity of microorganisms in biofilms gradually decrease [20]. The growth and metabolism
of ammonia-oxidizing bacteria (AOB) and other microbial populations are significantly
inhibited [21], leading to a reduction in denitrification efficiency. Therefore, salt-tolerant
bacteria may have better adaptability and survival ability and may play an important
role in the formation of biofilms and nitrogen removal in high-salinity environments. Pre-
vious research has confirmed the advantages of denitrifying bacteria sourced from the
marine environment, such as Vibrio diabolicus SF16 isolated from marine sediment [8],
Rhodococcus sp. LS-2 isolated from deep-sea sediments [22], and Enterococcus faecalis XH1
isolated from seawater [23]. These marine strains were of significant importance in the
treatment of nitrogen-containing wastewater under high-salinity conditions. However,
it is worth noting that previous studies primarily focused on the removal of ammonia
and nitrate. In this study, strain DM, selected from aquaculture seawater in this study,
demonstrated the ability to tolerate a salinity of 35%. under high nitrite concentration
conditions (100 mg/L), indicating its adaptability to most aquaculture seawater salinity
stress. It is known that nitrite oxidizers are more sensitive to high salinity concentration
than ammonium oxidizers [21], which suggests that nitrite may accumulate more readily
in high-salinity aquaculture wastewater. Meanwhile, other marine bacterial strains such as
Vibrio diabolicus SF16 are currently more focused on ammonia and nitrate removal. This
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suggests that stain DM6 may have a certain advantage in treating aquaculture wastewater
with high nitrite concentrations. In the future, biofilm reinforcement can be employed to
fully leverage the robust nitrite degradation capabilities of DM6 in practical applications,
thereby enhancing water quality.

Pseudomonas aeruginosa is a crucial microbial resource in water-quality management
and environmental protection. This class of bacteria is capable of utilizing organic com-
pounds in wastewater for metabolism, thereby promoting the degradation and purification
of organic matter in water bodies. For instance, Pseudomonas aeruginosa SNDPR-01 had the
ability to denitrify and remove phosphorus, thereby reducing nitrogen pollutants, COD,
and phosphorus levels in water bodies [14]. Additionally, Pseudomonas aeruginosa can me-
tabolize certain heavy metal ions, converting them into harmless substances and effectively
removing heavy metal contamination from water. For example, Pseudomonas aeruginosa
P-1 could tolerate high concentrations of heavy metal ions such as Cu?*, Zn?*, Cr*t, Pb?+,
and Cd?* [12], while Pseudomonas aeruginosa G12 and PCN-2 could simultaneously den-
itrify (nitrate nitrogen) and remove chromium [11,13]. However, existing studies have
primarily focused on the ability of Pseudomonas aeruginosa to remove ammonia nitrogen,
nitrate nitrogen, phosphorus, and heavy metal ions, with limited research on their removal
characteristics concerning nitrite. Furthermore, due to differences in genetic information
and habitat sources, different species or subspecies of Pseudomonas aeruginosa exhibit varia-
tions in denitrification characteristics, mechanisms, and environmental adaptability. The
findings of this study demonstrated that the marine strain Pseudomonas aeruginosa DM6
possessed highly efficient (100%) nitrite degradation capability and strong environmen-
tal adaptability. This further confirms the significant role of Pseudomonas aeruginosa in
water-quality management and reveals the differences in environmental requirements
among different strains. Pseudomonas aeruginosa currently identified are mostly isolated
from activated sludge or leachate, primarily applied in industrial wastewater treatment. In
comparison, strain DM6 was isolated from marine aquaculture water, showcasing superior
adaptability to seawater. However, due to the common opportunistic pathogenic nature of
Pseudomonas aeruginosa, safety testing should be conducted before applying strain DM6 to
marine aquaculture effluent.

Currently, nitrite-degrading bacteria mainly include heterotrophic denitrifying bac-
teria and autotrophic nitrifying bacteria. Generally speaking, heterotrophic denitrifying
bacteria have the advantage of faster growth and metabolism speed due to their ability
to use organic matter to obtain energy and carbon sources [24]. In addition, autotrophic
nitrifying bacteria are more sensitive to environmental factors (such as pH, temperature,
and heavy metals) [25,26], leading to their inferior denitrification performance compared to
heterotrophic denitrifying bacteria. The results of this study showed that strain DM6 had
good tolerance to high concentrations of nitrite (350 mg/L) and could achieve a 100% degra-
dation efficiency when the nitrite concentration was 150 mg/L, which is among the best
of the reported heterotrophic nitrite-degrading bacteria (as shown in Table 4). This means
that strain DM6 has significant advantages in treating nitrite-contaminated wastewater,
especially for the treatment of high-concentration nitrite. In addition, strain DM6 had a
wide range of adaptation to environmental conditions (temperature 2040 °C, pH 7.0-10.0).
Studies have shown that the optimum growth temperature for most denitrifying bacteria
strains is between 25 and 37 °C, and their metabolism will be inhibited under high- or
low-temperature conditions [27]. The optimum temperature for strain DM6 to degrade
nitrite was 30-35 °C, and it could still grow and denitrify at high temperatures of 40 °C. This
means that this strain is most suitable for growth and denitrification in summer or systems
with higher water temperatures. Furthermore, as shown in Table 4, most nitrite-degrading
bacteria prefer neutral or weakly alkaline environments and cannot grow in acidic or
strongly alkaline conditions. However, strain DM6 not only adapted to a mildly alkaline
environment but also tolerated a strongly alkaline environment with pH 10.0, showing
good growth and denitrification performance. In addition, due to its tolerance to salt, this
strain also has the potential to be applied in salt-alkali land aquaculture fields other than
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nearshore aquaculture, but further research is still needed. In summary, compared to other
degrading strains, strain DM6 demonstrates greater tolerance to high concentrations of
nitrite. Furthermore, DM6 is better suited for use in summer or high-temperature water
bodies, and its resilience to strong alkaline conditions also suggests potential applications
in saline—alkali aquaculture areas.

Table 4. Comparison of nitrogen removal ability between strain DM6 and different nitrite-degrading

bacteria.
. . . Optimal . Nitrite Concentration Degradation
Strain Name Origin of Strains Temperature (°C) Optimal pH (mg/L) Efficiency (%) References
Pseudomonas Aquaculture 350 50.54
aeruginosa DM6 seawater 30-35 7:0-100 150 100
Acinetobacter bereziniae .
ZQ-Al Bioreactor 25-35 8.0-9.0 200 87.13 [28]
‘Pseudomonas Pond sediment 291 62 150 85.34 [29]
qingdaonensis L3
Pseudomonas Aquaculture
denitrificans G1 ecosystem 30 7.0-9:5 140 99.96 301
Photobacterium Aquaculture
ganghwense NNA4 seawater 30 70 139 100 (311
Klebsiella oxytoca
TN-10 Tanyard waste 30 7.0 101 99.87 [25]
Paracoccus .
pantotrophus QD-19 Activated sludge 30 7.0 100 99 [32]
Acinetobacter junii YB Activated sludge 37 7.5 100 87.01 [24]
Alcaligenes faecalis Constructed
WT11 wetland 20.3 8.4 100 100 [33]
Bac1lluss‘rg;gaterzum Aquaculture ponds 20-40 7.0-9.0 65 96.82 [1]
Pseudomonas Sludge 20-30 8.0 60 36.68 [12]
aeruginosa P-1
Bacillus cereus GS-5 Bioreactor 35 7.5 50 83.8 [6]
Ochrobactrum -
anthropic LJ81 Living sludge 30 5.0-9.0 50 99.8 [34]
Rhlc"bl"/‘v’g;’ usense Activated sludge 15-30 7.0 50 100 [35]
Acinetobacter .
calcoaceticus TY1 Activated sludge 8 6.0-8.0 35 97.51 [36]
Bacillus litoralis N31 Shrimp aquatic 30 7.5-8.5 20 89.3 [37]
water
Acinetobacter junii Landfill leachate 30 9.0 50 96.7 38]

ZHG-1

Based on the nitrogen metabolism pathways in the KEGG database (KO00910), it can
be concluded that there are two pathways for nitrite degradation, namely denitrification and
assimilation. The amplification of denitrification-related genes in strain DM6 confirms its
ability to degrade nitrite through both pathways. Specifically, narG, narH, and narl encode
the o, 3, and y subunits of membrane-bound nitrate reductase (NAR), which catalyzes
the interconversion between NO3 ™-N and NO, ™ -N but generally plays a dominant role
under anaerobic conditions [39]. Thus, NAR may not function effectively in high-oxygen
environments. In addition, nirS is a key denitrification gene commonly amplified from
aerobic denitrifying bacteria [40]. The nirS gene encodes a homodimeric cytochrome cd1
nitrite reductase (cd1-NIR), which catalyzes the step of nitrite denitrification into nitrogen-
containing gases [17]. Furthermore, norB encodes nitric oxide reductase (NOR), which
plays a crucial role in converting NO to N,O [41]. The successful amplification of these
denitrification genes in strain DM6 suggests its potential to convert nitrite to nitrogen-
containing gases through the denitrification pathway.

In addition, the successful amplification of assimilatory nitrite reductase-coding genes
(nasD and nasE) in the genome of strain DM6 indicates the existence of another pathway,
where nitrite is first converted to ammonium nitrogen and then enters the ammonium
assimilation pathway to ultimately synthesize glutamate for biomass production. Bacteria
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typically assimilate ammonium in two ways: When sufficient nitrogen is provided, they
use the energy-independent glutamate dehydrogenase (GDH) pathway; however, when
nitrogen is limited, they employ the energy-dependent glutamine synthetase—glutamate
synthase (GS-GOGAT) pathway [42]. The successful amplification of the GS-coding gene
(gInA), GOGAT-coding genes (gltB and gltD), and GDH-coding genes (gdhB and gdhA) in
the genome of strain DM6 suggests that it possesses a complete ammonium assimilation
pathway and can convert nitrite to biological nitrogen. Previous studies had demonstrated
effective nitrogen removal and fixation of nitrogen in Vibrio sp. Y1-5, a heterotrophic nitro-
gen assimilating strain, without nitrogen loss [43]. In the future, it may be possible to utilize
the nitrogen assimilation pathway of strain DM6 to recover nitrogen from wastewater in the
form of biomass, enabling the conversion and utilization of waste. Subsequently, the con-
verted nitrogen can be used for the production of value-added products and processes [44],
thereby achieving the goal of turning waste into treasure. In conclusion, the successful
amplification of key genes in the nitrite degradation pathway indicates that strain DM6
may possess both denitrification and assimilation pathways for nitrite degradation, further
confirming its ability to degrade nitrite. The successful amplification of key genes in the
ammonia assimilation pathway suggests that strain DM6 could potentially convert nitro-
gen in wastewater into biomass or other usable forms, facilitating resource recovery and
waste reduction in wastewater treatment systems. Furthermore, future research combining
metabolite profiling and other techniques can provide deeper insights into the metabolic
mechanisms of strain DM6. Additionally, gene editing may be employed to enhance the
application potential of the strain.
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