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Abstract: This work aimed to reveal the heterotrophic nitrification and aerobic denitrification activ-
ities in a salt-tolerant strain, Tritonibacter mobile HN1, isolated from mariculture sludge by using a
pure culture method. Strain HN1 showed the removal rates of ammonia, nitrite, nitrate, and total
nitrogen of 98.22%, 100%, 95.71%, and 86.63%, respectively, with the carbon source of sodium citrate
or sodium succinate, ratio of carbon to nitrogen of 15, salinity of 3%, temperature of 30 ◦C, shaking
speed of 120 rpm, and pH of 8. The genes of narG, narH, narI, nirS, norB, norC, nosZ, glnA, and GltB
were found in the genome sequence of strain HN1, confirming the pathways of nitrogen assimilation,
heterotrophic nitrification, and aerobic denitrification. In addition, two nitrifying genes, amo and nap,
were missing in the genome of Tritonibacter mobile HN1, indicating that HN1 may have novel genes
for this function. This study showed that HN1 had the potential to remove nitrogen contaminants in
saline environments and was the first Tritonibacter mobilis strain with heterotrophic nitrification and
aerobic denitrification capabilities.

Keywords: Tritonibacter mobilis; heterotrophic nitrification–aerobic denitrification; nitrogen removal;
nitrogen metabolism pathway; nitrogen cycle

1. Introduction

In recent years, exogenous nitrogen-containing pollutants substantially increased with
the acceleration of urbanization and industrialization, as well as the continuous develop-
ment of intensive aquaculture. The excessive discharge of nitrogen-containing pollutants
caused eutrophication and frequent occurrence of red tides in marine environments, lead-
ing to an ecological imbalance and threatening human health [1]. Aerobic autotrophic
nitrification and anaerobic heterotrophic denitrification were included in traditional biolog-
ical denitrification processes to remove the pollution [2]. Nitrification was the sequential
oxidation of ammonia to nitrite and nitrate by autotrophic microorganisms under aerobic
conditions, and denitrification was the process in which heterotrophic microorganisms
reduced nitrate to nitrogen under strict anaerobic conditions [2].

In the traditional understanding, the two processes of nitrification and denitrification
occurred in different bacteria [2]. Recently, heterotrophic nitrification–aerobic denitrification
(HN-AD) bacteria were found to achieve synchronous nitrification–denitrification (SND) in
aerobic environments, which broke through the traditional denitrification theories [3–6].
Compared to the traditional denitrification process, HN-AD strains simultaneously per-
formed the nitrification and denitrification processes, thereby simplifying the process flow
and reducing the operating costs for removing the nitrogen pollution from the environ-
ment [7–9]. However, the low tolerance of HN-AD bacteria to special environments, such

J. Mar. Sci. Eng. 2023, 11, 2267. https://doi.org/10.3390/jmse11122267 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11122267
https://doi.org/10.3390/jmse11122267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-5405-2960
https://doi.org/10.3390/jmse11122267
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11122267?type=check_update&version=2


J. Mar. Sci. Eng. 2023, 11, 2267 2 of 12

as high salinity environments, still limited the application of these organisms in industrial
practice, therefore becoming a hot research topic in recent years [10,11].

The current work isolated an HN-AD bacterium, Tritonibacter mobilis HN1, from the
sediments of a sewage-treatment plant and aimed to reveal the nitrogen removal ability of
Tritonibacter mobilis HN1 in a saline environment and related metabolic pathways, which
provided a potential strain for denitrification in saline wastewater and contributed to a
better understanding and exploration of Tritonibacter mobilis strains.

2. Materials and Methods
2.1. Preparation of Culture Medium

The modified Stephenson culture medium used in this experiment was purchased
from Shandong Tuopu Biotechnology Co., Ltd. (Yantai, Shangdong, China). The modified
Stephenson culture medium contained the following ingredients: 0.01 g of MnSO4·4H2O,
0.25 g of NaH2PO4, 0.75 g of K2HPO4, 0.5 g of CaCO3, 0.03 g of MgSO4·7H2O, 2.0 g of
(NH4)2SO4, and 1 L of artificial seawater (pH 8.2 ± 0.2). The bacteria were enriched and
isolated using HNM1 medium, which contained 21.74 g of CH3COONa in 1 L modified
Stephenson culture medium.

The medium used for screening experiments that can simultaneously conduct nitri-
fication and denitrification included 0.3607 g of KNO3, 0.2357 g of (NH4)2SO4, 0.25 g of
NaH2PO4, 0.03 g of MgSO4·7H2O, 0.01 g of MnCl2·4H2O, 5.125 g of CH3COONa, and
0.75 g of K2HPO4 in 1 L of artificial seawater.

The heterotrophic nitrification medium (HNM2) contained the following components:
0.75 g of K2HPO4, 0.4714g of (NH4)2SO4, 0.25 g of NaH2PO4, 0.01g of MnCl2·4H2O, 0.03 g
of MgSO4·7H2O, 6.125 g of Na3C6H5O7·2H2O, and 1 L of artificial seawater, which was
also used as a general purpose medium for the rapid growth of bacteria.

The composition of the denitrifying media DM2 and DM1 was the same as HNM2,
except that the artificial seawater contained 0.7214 g of KNO3 and 0.4929 g of NaNO2 per
liter to replace (NH4)2SO4. The artificial seawater used in the experiment was prepared
from sea salt produced by Guangzhou Yier BE Co., Ltd. (Guangzhou, China). The initial
pH of all experimental culture media was adjusted to 7.0 ± 0.05 before autoclaving at
121 ◦C for 20 min. A total of 2% (v/v) agar was added to the above liquid culture medium
before sterilization to prepare solid culture medium.

2.2. Isolation and Identification

Sediment samples were obtained from the secondary sedimentation tank of Zhujia-
jian Water Co., Ltd., a wastewater treatment plant for treating urban sewage located in
Zhoushan City, Zhejiang Province, China. A total of 10 mL of sample and 90 mL of sterile
HNM1 medium were mixed in a 250 mL conical flask. The flask was cultivated at 30 ◦C in
a rotary shaker for 3 days (120 rpm). After 3 days of incubation, the enrichment solution
was diluted to different concentrations (10−4, 10−5, 10−6, and 10−7) with sterile artificial
seawater, and the above dilutions were spread on HNM1 solid plates in 3 parallel samples
for each gradient. After that, the solid plates were incubated in a 30 ◦C incubator until
the appearance of colonies was visible to the naked eye, the coated plates were observed,
and different single colonies were selected by inoculation rings using colony morphology,
degree of protrusion, color and other characteristics, and the above procedure was repeated
until a pure colony was isolated. The pure colonies were incubated at 120 rpm and 30 ◦C for
72 h. The denitrification abilities of isolates were measured by continuously monitoring the
concentrations of total nitrogen (TN) and ammonium (see Section 2.6). The isolate with the
highest denitrification efficiency was mixed with sterile glycerol at the final concentration
of 20% (v/v) and stored at −80 ◦C for further experiments.

DNA extraction kit (Omega Bio tek, Mogadore, OH, USA) was used to extract DNA
from the bacterium according to the manufacturer’s instructions for identification. The
purified DNA was amplified using polymerase chain reaction (PCR) for the 16S rRNA gene
with primers 27F (5′-AGGTTTGATCCTCAG-3′) and 1492R (5′-GGTACTTACGACT-3′) [12].
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DNA sequencing was performed through Majorbio, and online BLAST program was used
for homology comparison (EZBioCloud; https://www.ezbiocloud.net; accessed on 16
January 2021). In mega7, a phylogenetic tree was constructed using Neighbor-Joining
method with a bootstrap value of 1000 [13].

2.3. Mensuration of Ammonium Removal Rate of Strain HN1

Strain HN1 with highest nitrogen removal activity among the isolates was cultured in
100 mL sterile HNM2 medium at a temperature of 30 ◦C, a rotational speed of 120 rpm, and
an inoculum size of 1% (v/v). Samples were collected and measured every 12 h to determine
the concentrations of NO3

−-N, NO2
−-N, NH4

+-N, TN, and OD600 by the methods in
Section 2.6. In addition, the intracellular nitrogen content was calculated by subtracting the
TN of the centrifuged medium (5000 r/min at 10 ◦C for 15 min) from that of non-centrifuged
medium based on previous research results [14].

2.4. Influence of Various Factors on HN-AD Capabilities of Strain HN1

Single-factor experiments were conducted in DM1, DM2, and HNM2, respectively,
with appropriate adjustments including carbon sources, C/N, temperature, pH, salinity,
and shaking speed, to determine the influence of different factors on the heterotrophic
nitrification and aerobic denitrification capability and growth of strain HN1.

Sodium acetate, sodium citrate, D-(+)-glucose, sodium succinate, and sucrose were
selected for the optimization of carbon sources. The nitrogen source concentration was
set as 100 mg/L, and ratio of carbon to nitrogen (5, 10, 15, 20, and 25) was controlled by
adjusting the concentrations of carbon sources for further optimization. The pH values
were adjusted to 5.0, 6.0, 7.0, 8.0, and 9.0 by using HCl (1 mol/L) and NaOH (1 mol/L).
Temperature was adjusted to 20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C. Shaking speed in DO
test was adjusted to 60, 90, 120, 150, and 180 rpm. The salinity was adjusted to 1%, 2%, 3%,
4% and 5%.

To optimize the initial C/N ratio, sodium citrate was selected as the carbon source.
Regarding inoculation, the strain HN1 cultured in HNM2 medium was first washed twice
with physiological saline to eliminate the impact of residual medium on the results and
then inoculated at a concentration of 1% (v/v). All the bacterial strains were incubated
at 30 ◦C and 120 rpm. The concentrations of NH4

+-N, NO2
−-N, NO3

−-N, and OD600 in
the 48 h carbon source experiment samples were measured using the method described in
Section 2.6.

2.5. Whole Genome Sequencing and Genome Annotation of Strain HN1

The whole genome sequencing was conducted by Majorbio Biotechnology (Shanghai,
China), using Illumina and PacBio sequencing techniques to sequence the genome of strain
HN1. Gene annotation and functional prediction were completed in the following six
databases: NR, Swiss-Prot, Pfam, EggNOG, GO, and KEGG pathway.

2.6. The Concentration Determination of Nitrogen Compounds and Statistical Analysis

The contents of NH4
+-N, NO2

−-N, NO3
−-N, and TN were determined according

to the method in former work [15]. In brief, NH4
+-N was measured by using Nessler’s

reagent photometry at 420 nm. NO2
−-N was measured by using N-(1-naphthalene)-

diaminoethane spectrophotometry method (540 nm). NO3
−-N was determined by using

the phenol disulfonic acid method. The alkaline potassium persulfate digestion–ultraviolet
spectrophotometric method was performed to measure TN. OD600 was measured using a
UV spectrophotometer, which can determine the growth status of the strain. The calculation
method for nitrogen balance was proposed based on previous research [16]. Statistical
analysis was performed using one-way ANOVA and Tukey’s HSD test in SPSS 23.0 software
(p < 0.05). The visualization of data is achieved through the software Origin 2021.

https://www.ezbiocloud.net
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3. Results
3.1. Identification of Strain HN1

The strain with efficient denitrification ability obtained after purification isolation
was named HN1. HN1 colonies were obtained on HNM1 plates after 48 h, under 30 ◦C
incubation. Through characterization morphological observation, the obtained colonies
were irregular in form, highly raised with smooth surface, pale yellow in color, and slightly
transparent. The 16S rRNA gene sequence of strain HN1 had been deposited in GenBank
(accession no. OR668337). The highest similarity of the 16S rRNA gene sequence of
strain HN1 was 99.05% (Tritonbacter mobilis subsp. pelagius NBRC 102038; accession no.
LNWZ01000042). The Neighbor-Joining phylogenetic tree (Figure 1) also showed that the
16S rRNA gene sequence of Tritonibacter mobilis subsp. pelagius strain NBRC 102038 had the
closest phylogenetic relationship with that of strain HN1.
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3.2. The Performance of Nitrogen Removal

This experiment was carried out by using a 3.0% salinity HNM2 medium, and the
growth of HN1 and the changes of nitrogenous compounds such as NO3

−-N, NO2
−-N,

NH4
+-N, and TN were determined during 96 h. The growth curve and denitrification of

strain HN1 are shown in Figure 2. After 12 h of cultivation, the strain HN1 entered the
logarithmic phase, and then the OD600 increased from 0.160 to 0.996 within 12 to 48 h.
The negative correlation trend between NH4

+-N and OD600 indicated a close relationship
between the removal of NH4

+-N and the growth of HN1. The NH4
+-N dropped sharply to

2.38 mg/L at 48 h, and the average removal rate was 4.13 mg/L/h. NO3
−-N decreased

from 14.68 mg/L to 1.46 mg/L in the meantime. During the whole incubation process, the
significant accumulation of NO2

−-N was not detected. The changes in TN content were
similar to the change rule of NH4

+-N. At 96 h, the removal rate of NH4
+-N was 98.22%,

and the removal rate of TN was 86.63%, of which 42.91% was absorbed by the strain. The
strain absorbed 42.91% into intracellular nitrogen, 44.51% of nitrogen became gaseous, and
the remaining portion was converted into other forms of nitrogen.

3.3. The Effect of Various Factors on the Nitrogen Removal over Strain HN1

Carbon sources provide energy for bacteria and serve electrons in the nitrogen removal
process. The NH4

+-N removal rate of strain HN1 was lower when using glucose compared
to other carbon sources (74.79–96.93%) at 72 h. Strain HN1 exhibited excellent NO2

−-N
(96.70% and 100%, respectively, at 48 h) and NO3

−-N (93.60% and 95.71%, respectively, at
72 h) removal efficiencies when sodium citrate and sodium succinate were used as the sole
carbon source. In addition, HN1 exhibited a higher nitrogen removal rate with less biomass
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when sodium citrate served as the sole carbon source. In conclusion, sodium citrate was
selected as the optimal carbon source for subsequent experiments (Figure 3).

J. Mar. Sci. Eng. 2023, 11, 2267 5 of 12 
 

 

 
Figure 2. The concentrations of various nitrogen forms during the growth of strain HN1. The error 
bars mean the standard deviations. 

3.3. The Effect of Various Factors on the Nitrogen Removal over Strain HN1 
Carbon sources provide energy for bacteria and serve electrons in the nitrogen re-

moval process. The NH4+-N removal rate of strain HN1 was lower when using glucose 
compared to other carbon sources (74.79–96.93%) at 72 h. Strain HN1 exhibited excellent 
NO2−-N (96.70% and 100%, respectively, at 48 h) and NO3−-N (93.60% and 95.71%, respec-
tively, at 72 h) removal efficiencies when sodium citrate and sodium succinate were used 
as the sole carbon source. In addition, HN1 exhibited a higher nitrogen removal rate with 
less biomass when sodium citrate served as the sole carbon source. In conclusion, sodium 
citrate was selected as the optimal carbon source for subsequent experiments (Figure 3). 

During the nitrogen removal process, the C/N ratio influenced the efficiency of HN-
AD by affecting electron transfer. The removal rate of NH4+-N exceeds 97.62% when the 
C/N is greater than 10. However, there was no obvious difference between the C/N ratios 
of 15, 20, and 25. The biomass of the strain varied with the C/N ratio; the biomass of strain 
HN1 reached the highest value (OD600 = 0.657) when the C/N ratio was 15. Consequently, 
the optimal C/N ratio of strain HN1 was 15 (Figure 3). 

The removal rate of NH4+-N exceeded 92.81% in the salinity range of 2–5%. With the 
change in salinity, the NH4+-N removal rate showed a rising and then a falling trend. When 
the salinity was 3%, the NH4+-N removal rate reached its maximum value (99.92%). Mean-
while, the trend of biomass change was also similar to the change in the NH4+-N removal 
rate. Therefore, the optimal salinity for selecting strain HN1 was 3% (Figure 3). 

For temperature, the nitrogen removal efficiency of strain HN1 at 20–40 °C was above 
85.69%, and there was little change in nitrogen removal efficiency above 25 °C (97.81–
99.92%). The trend of changes in cell biomass was similar to that of the nitrogen removal 
process. As the temperature increased, the biomass of strain HN1 reached its maximum 
at 30 °C and then gradually decreased as the temperature increased. After careful consid-
eration, 30 °C was the optimal nitrogen removal temperature for strain HN1 (Figure 3). 

Figure 2. The concentrations of various nitrogen forms during the growth of strain HN1. The error
bars mean the standard deviations.

J. Mar. Sci. Eng. 2023, 11, 2267 6 of 12 
 

 

This study adjusted DO by changing the rotational speed of the shaking table from 
60 rpm to 180 rpm. The NH4+-N removal rate reached 99.92% at 120 rpm. When the rota-
tional speed exceeds 120 rpm, there is no obvious change in the nitrogen removal rate 
(average 99.35%). At the same time, strain HN1 achieved extremely high biomass without 
significant differences at 150 rpm and 180 rpm (OD600 = 0.955 and OD600 = 0.955, respec-
tively). To sum up, considering economic benefits, 120 rpm was selected as the optimal 
rotational speed for nitrogen removal of strain HN1 (Figure 3). 

The nitrogen removal efficiency of strain HN1 exceeded 96% within the initial pH 
range of 6–9 and there is no significant difference. In terms of biomass, the maximum bi-
omass occurred at pH 8 (OD600 = 0.712). Therefore, the optimal initial pH for nitrogen re-
moval efficiency was 8 (Figure 3). 

 
Figure 3. Growth and NH4+-N removal of strain HN1 under different conditions. The error bars 
mean the standard deviations. 

3.4. Genome and Functional Genes Analysis of Strain HN1 
The complete genome sequence of HN1 was 4,736,451 bp and was deposited in the 

GenBank database under the BioProject Number of PRJNA1025341. Among them, GC 
content accounts for 61.38% (Figure 4). A total of five genomic islands (GIs) and 4239 genes 
were forecasted in the genome of HN1. In order to thoroughly clarify the metabolic path-
way of nitrogen removal in HN1, the coding genes of all key enzymes related to the nitro-
gen metabolism process were counted; the results are shown in Table 1. For genes encod-
ing key enzymes involved in the HN-AD process, narG, nirS, norB, nosZ, nirB, and nasA 
genes were annotated in strain HN1 with the denitrification process gene intact. In con-
trast, the genes encoding ammonia monooxygenase (AMO) and hydroxylamine oxidase 
(Hao) have not been discovered, and the nitrification process was missing, presumably as 
a possible novel pathway (Figure 5). Meanwhile, catalyzed by glnA and gltB genes, am-
monia was converted to glutamate, which enters the glutamate cycle. Combined with ni-
trogen balance analysis, half of the external nitrogen source was assimilated into intracel-
lular nitrogen. Therefore, the expression of key genes indicates that there may be two pos-
sible nitrogen removal methods for strain HN1: heterotrophic nitrification–aerobic deni-
trification and nitrogen assimilation. 

Figure 3. Growth and NH4
+-N removal of strain HN1 under different conditions. The error bars

mean the standard deviations.

During the nitrogen removal process, the C/N ratio influenced the efficiency of HN-
AD by affecting electron transfer. The removal rate of NH4

+-N exceeds 97.62% when the



J. Mar. Sci. Eng. 2023, 11, 2267 6 of 12

C/N is greater than 10. However, there was no obvious difference between the C/N ratios
of 15, 20, and 25. The biomass of the strain varied with the C/N ratio; the biomass of strain
HN1 reached the highest value (OD600 = 0.657) when the C/N ratio was 15. Consequently,
the optimal C/N ratio of strain HN1 was 15 (Figure 3).

The removal rate of NH4
+-N exceeded 92.81% in the salinity range of 2–5%. With

the change in salinity, the NH4
+-N removal rate showed a rising and then a falling trend.

When the salinity was 3%, the NH4
+-N removal rate reached its maximum value (99.92%).

Meanwhile, the trend of biomass change was also similar to the change in the NH4
+-N

removal rate. Therefore, the optimal salinity for selecting strain HN1 was 3% (Figure 3).
For temperature, the nitrogen removal efficiency of strain HN1 at 20–40 ◦C was

above 85.69%, and there was little change in nitrogen removal efficiency above 25 ◦C
(97.81–99.92%). The trend of changes in cell biomass was similar to that of the nitrogen
removal process. As the temperature increased, the biomass of strain HN1 reached its
maximum at 30 ◦C and then gradually decreased as the temperature increased. After
careful consideration, 30 ◦C was the optimal nitrogen removal temperature for strain HN1
(Figure 3).

This study adjusted DO by changing the rotational speed of the shaking table from
60 rpm to 180 rpm. The NH4

+-N removal rate reached 99.92% at 120 rpm. When the
rotational speed exceeds 120 rpm, there is no obvious change in the nitrogen removal
rate (average 99.35%). At the same time, strain HN1 achieved extremely high biomass
without significant differences at 150 rpm and 180 rpm (OD600 = 0.955 and OD600 = 0.955,
respectively). To sum up, considering economic benefits, 120 rpm was selected as the
optimal rotational speed for nitrogen removal of strain HN1 (Figure 3).

The nitrogen removal efficiency of strain HN1 exceeded 96% within the initial pH
range of 6–9 and there is no significant difference. In terms of biomass, the maximum
biomass occurred at pH 8 (OD600 = 0.712). Therefore, the optimal initial pH for nitrogen
removal efficiency was 8 (Figure 3).

3.4. Genome and Functional Genes Analysis of Strain HN1

The complete genome sequence of HN1 was 4,736,451 bp and was deposited in the
GenBank database under the BioProject Number of PRJNA1025341. Among them, GC
content accounts for 61.38% (Figure 4). A total of five genomic islands (GIs) and 4239 genes
were forecasted in the genome of HN1. In order to thoroughly clarify the metabolic pathway
of nitrogen removal in HN1, the coding genes of all key enzymes related to the nitrogen
metabolism process were counted; the results are shown in Table 1. For genes encoding
key enzymes involved in the HN-AD process, narG, nirS, norB, nosZ, nirB, and nasA genes
were annotated in strain HN1 with the denitrification process gene intact. In contrast, the
genes encoding ammonia monooxygenase (AMO) and hydroxylamine oxidase (Hao) have
not been discovered, and the nitrification process was missing, presumably as a possible
novel pathway (Figure 5). Meanwhile, catalyzed by glnA and gltB genes, ammonia was
converted to glutamate, which enters the glutamate cycle. Combined with nitrogen balance
analysis, half of the external nitrogen source was assimilated into intracellular nitrogen.
Therefore, the expression of key genes indicates that there may be two possible nitrogen
removal methods for strain HN1: heterotrophic nitrification–aerobic denitrification and
nitrogen assimilation.
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+-N→NH2OH −

hao
NH2OH→NO2

−-N
−

pod −
nxrAB NO2

−-N→NO3
−-N +

narGHI

Denitrification

NO3
−-N→NO2

−-N
+

napAB −
nirS

NO2
−-N→NO

+
nirK −

norBC NO→N2O +
nosZ N2O→N2 +

nasAB Assimilatory nitrate reduction NO3
−-N→NO2

−-N +
nirBD Dissimilatory nitrate reduction NO2

−-N→NH4
+-N +

glnA
Ammonia assimilation

NH4
+-N→L-Glutamine +

gltB L-Glutamine→L-Glutamate +

4. Discussion

Strain HN1 was identified as a Tritonibacter mobilis bacterium, which currently is
the only strain of this species with HN-AD capability. Therefore, it is of significance to
understand the N degradation capacity and removal pathway of this new strain.

In this experiment, ammonium salt was the sole nitrogen source to explore HN1
growth and nitrogen utilization. The experimental results showed that the removal rate
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of NH4
+-N was closely related to the growth of HN1, and its average deconditioning

is similar to Vibrio diabolicus SF16 (4.50 mg/L/h) [9] but much lower than Pseudomonas
mosselii K17 (9.7 mg/L/h) [17]. The ammonium accumulation between 48 and 60 h may be
mainly due to the depletion of carbon sources and the lysis of dead cells at the later stage of
culture [18,19]. No significant NO2

−-N accumulation was detected throughout the entire
cultivation process, indicating that strain HN1 exhibits excellent HN-AD performance
similar to Pseudomonas tolaasii Y-11 [20]. Changes in TN content indicate that this strain
had a certain TN removal ability. The strain HN1 effectively removed 98.22% NH4

+-N
with a salinity of 3%, which provides a novel bio-tool for nitrogen pollution removal in
high-salinity sewage or mariculture wastewater.

Bacteria tend to use carbon sources with simple structures and small molecules. Strain
HN1 showed extremely low nitrogen removal efficiency with glucose as the sole carbon
source but showed extremely high efficiency when using sodium succinate and sodium
citrate. This phenomenon probably occurs because the rate of nitrification is faster when
reducing substances such as organic acids are used as substrates, and glucose will inhibit
nitrification by increasing the stimulation of cell synthesis. During the process of removing
NH4

+-N, the biomass of sodium citrate as the sole carbon source was much lower than
that of sodium succinate. This might be attributed to the weak anabolism of NH4

+-N,
and a little content of nitrogen was transformed into intracellular nitrogen. Many strains
have shown similar results, such as the optimal carbon source for strain Photobacterium sp.
NNA4 was sodium succinate, while the denitrification performance was the lowest when
glucose was used as a carbon source [21], and the optimal carbon source for the Halomonas
venusta SND-01 strain was sodium citrate [22].

When the C/N ratio is below 5, carbon sources might not provide sufficient electron
donors and energy to bacteria, and an excessive C/N ratio could lead to organic pollu-
tion [23]. Interestingly, when the C/N ratio was higher than 15, the biomass decreased
with the increase in the C/N instead, which might have been due to the lack of raw ma-
terials used for synthesizing proteins and nucleic acids, leading to the inability of cell
multiplication. Most research results have shown that an excessively high or low C/N ratio
can inhibit the nitrogen removal process, such as in strains Vibrio diabolicus SF16 [9] and
Pseudomonas sp. DM02 [24]. When the C/N is less than 10, the denitrification efficiency
is below 80%. The C/N ratio tolerance range of Bacillus litoralis N13 was wide, with a
nitrogen removal efficiency of up to 90% in the C/N ratio range of 5–20 [25].

High salinity can inhibit the aerobic denitrification process and change the morphology
of cells [26]. The optimal salinity for nitrogen removal by strain HN1 was 3%, and according
to Kushner’s classification, it should belong to moderate halophilic bacteria [27]. Different
types of HN-AD bacteria have different levels of salt tolerance, and the optimal salinity
range for nitrogen removal by strains Vibrio sp. AB15 [28] and Bacillus litoralis N31 [25]
were similar to strain HN1. However, the strain Zobellella B307 has high salt tolerance and
can reach NH4

+-N removal rates of over 98% at salinity ranges of 5–65 ‰ [10].
A high temperature can promote carbon metabolism processes, thereby generating

more energy to indirectly promote the nitrogen removal process. Whether the temperature
is too high or too low can affect the enzyme activity during the denitrification process,
affecting the denitrification rate. Many HN-AD bacteria previously studied were mesophilic
bacteria (with a suitable temperature of 20 ◦C–40 ◦C), such as strains Marinobacter sp. F6 [29]
and Acinetobacteri sp. JR1 [30]. This study indicates that a low temperature can reduce the
biological activity of strain HN1 and inhibit both the growth rate and nitrogen removal
rate. At the same time, a high temperature can also inhibit the growth of strain HN1, which
may be related to a decrease in the activity of related enzymes. Recently, there have also
been many HN-AD strains isolated from extreme environments, such as Bacillus simplex
H-b [31], which can achieve a denitrification efficiency of over 90% at 10 ◦C–35 ◦C, and
Priestiary abhattai KX-3 can achieve denitrification efficiency of 80% at 5 ◦C–37 ◦C [32].

Dissolved oxygen (DO) is the more important electron acceptor in aerobic denitrifica-
tion compared to NO3

−-N and has a significant impact on the nitrogen removal process [33].
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DO participates in the aerobic respiration and aerobic denitrification process of HN-AD
organisms [34], so it is very important for bacterial growth and the nitrogen removal
process. From this study, it was found that increasing the rotational speed to a certain
extent would increase the NH4

+-N removal rate. This might be owing to the increase in
rotational speed causing an increase in DO and increasing the contact between bacteria and
substrates to increase the reaction rate. However, an excessive increase in rotational speed
did not have too much impact. Similar to the results of strain Vibrio sp. LY1024 [35], its
denitrification efficiency remained at 98% at speeds greater than 130 rpm. The results of
strain Acinetobacter sp. T1 were different from those of this study. The NH4

+-N removal rate
of strain Acinetobacter sp. T1 reached 83% at 160 rpm after 48 h, but the nitrogen removal
rate began to decrease when the speed was greater than 160 rpm [36].

pH is an important factor in the environment, and both nitrification and denitrification
processes can cause changes in pH, and extreme pH environments can inhibit bacterial
metabolism and cell growth [37]. The result of this study was similar to strain Rhizobium
sp.WS7, which has a higher nitrogen removal rate in the pH range of 6–10, with an initial
pH of 7 for nitrogen removal [38]. Strain HN1 could be applied to slightly acidic to
slightly alkaline water bodies, with a relatively wide range of applications. It is generally
believed that most HN-AD bacteria are suitable for growth under neutral or slightly alkaline
conditions [39,40]. However, the strain Acinetobacter sp. JR1 can achieve a 90% ammonia
removal rate in the pH range of 4.5–10 [30].

The denitrification genes, including narG, nirS, norB, and nosZ, were detected in
this study, which could explain the complete denitrification pathway (NO3

−-N→NO2
−-

N→NO→N2O→N2). Previous studies have shown that the reduction of NO2
−-N to NO

can be catalyzed by two enzymes, the cytochrome cd1 nitrite reductase (cd1-NIR) and Cu-
containing nitrite reductase (Cu-NIR) encoding by nirS and nirK genes, respectively. Only
the nirS gene was annotated in the HN1 genome sequence, which is similar to the detection
results of functional genes in Pseudomonas bauzanensis DN13-1 [41] and Acinetobacter sp.
JR1 [30]. This is consistent with a previous study that showed the nirS and nirK genes
were usually not possessed by a single strain simultaneously [42]. Contrary to the result of
Sphingopyxis sp. CY-10 [43], which possessed both the nirK and nirS genes.

The key genes involved in nitrogen removal have been detected to further confirm
the HN-AD capacity of HN1 and establish its nitrogen metabolism pathway. Key genes
corresponding to hydroxylamine oxidoreductase (HAO) and ammonia monooxygenase
(AMO) were absent from the genome of strain HN1, which is similar to other reported HN-
AD strains, such as Stutzerimonas frequens TF18 [44], Acinetobacter oleivorans AHP123 [45],
and Halomonas venusta SND-01 [22], resulting in the prevention of the complete nitrification
pathway. However, the presence of the nxrAB proved that HN1 could convert nitrite to
nitrate. Thus, it is assumed that an unknown enzyme with a similar function to the AMO
and HAO enzymes is used by strain HN1 to conduct HN-AD via the nitrification pathway
(NH4

+→NH2OH→NO2
−-N→NO3

−-N).

5. Conclusions

The bacteria with HN-AD activity in the salt environment have been the research hot
spots due to their potential in nitrogen pollution remediation. In the current work, the
HN-AD bacterium Tritonibacter mobilis HN1 was isolated and cultured from mariculture
sludge with a high ammonium removal efficiency. The total nitrogen removal rate of strain
HN1 reached 86.63%, of which 42.91% was absorbed as intracellular organic nitrogen, and
44.51% was converted into gaseous nitrogen. The rest was lost as other forms of nitrogen at
the salinity of 3.0% within 96 h. The total ammonia nitrogen, nitrate, and nitrite removal
efficiencies of the strain were 96.93%, 100%, and 95.71%, respectively, with the carbon
source being sodium citrate or sodium succinate, a C/N ratio of 15, a salinity of 3%, a
temperature of 30 ◦C, a shaking speed of 120 rpm, and a pH of 8. This study shows that
HN1 has a greater potential for degrading nitrogen contaminants in salt environments, such
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as nitrogen-containing wastewater from the ocean, and it is the first strain in Tritonibacter
mobilis to have both heterotrophic nitrification and aerobic denitrification capabilities.

The whole genome analysis showed the presence of key denitrification genes such as
nar, nirS, norB, norC, nosZ, glnA, GltB, and GltD in strain HN1 that confirmed methods for
heterotrophic nitrification–aerobic denitrification and nitrogen assimilation. In addition,
the theory that HN1 may have a different HN-AD pathway than other genes has been
demonstrated by the absence of some common HN-AD genes (amo, nap). Nitrogen balance
analysis was used to confirm the aerobic denitrification pathway. Therefore, strain HN1 may
be capable of nitrogen assimilation and possess a new HN-AD pathway, which provides
novel bacterial sources for basic research and industrial production.
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