Journal of Zhejiang University-SCIENCE B 2026 27(3):236-249
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

R

Research Article

https://doi.org/10.1631/jzus.B2400257 (B Checkioaudates

A novel bacterial strain for the removal of ammonia nitrogen from
wastewater: Pseudomonas oleovorans QS-7

Hao QIU", Min LIAO"", Xiaomei XIE'"?, Xinyue LU", Feng YUAN'", Zhe LUO", Chunlin FAN*

'College of Environmental and Resource Science, Zhejiang University, Hangzhou 310058, China

’National Demonstration Center for Experimental Environmental and Resources Education (Zhejiang University), Hangzhou 310058, China
*Zhejiang Provincial Key Laboratory of Agricultural Resources and Environment, Hangzhou 310058, China

“Ningbo Ferno Biotechnology Co., Ltd., Ningbo 315502, China

Abstract: Excessive ammonia nitrogen has been demonstrated to cause a serious hazard to water environments. Bacteria performing
simultaneous nitrification and denitrification (SND) can be effective biological instruments to remove ammonia nitrogen
completely from effluents. For the first time, Pseudomonas oleovorans QS-7 with SND function, isolated from the biogas treatment
system of a pig farm, was found to efficiently remove ammonia nitrogen. Through the determination of key enzymes and
functional genes related to the nitrogen metabolism of strain QS-7, combined with nitrogen balance measurements of the nitrogen
metabolic process, it was speculated that the SND pathway of the novel strain is NH,—NH,OH—NO;—NO;—NO,—>NO—
N,0—N,. QS-7 exhibited 98.6% ammonia nitrogen removal and a maximum ammonia degradation rate of 9.2 mg/(L-h) at 18 h
in 100 mg/L ammonia nitrogen solution. This strain also has a certain capacity to remove nitrate and nitrite nitrogen; the maximum
removal efficiencies were 54.22% and 73.93%, respectively, in systems with 100 mg/L of nitrate or nitrite nitrogen as the sole
nitrogen source. Nitrogen metabolic balance analysis for QS-7, using ammonia (100 mg/L) as the sole nitrogen source, demonstrated
that assimilation (56.1%) is the main mode of nitrogen removal, followed by conversion to N, (43.6%). Meanwhile, NO; was
not detected, and almost no NO_ was produced, which indicates that the nitrogen removal process of QS-7 is environmentally
friendly. The optimal environmental conditions for QS-7 were found to be sodium citrate as the carbon source, C/N=10, pH=7.0,
150 r/min, and 30 °C. The above results indicate that QS-7 may provide a material and conceptual basis for the advancement of
SND technology.

Key words: Simultaneous nitrification and denitrification; Ammonia wastewater; Removal of ammonia nitrogen; Pseudomonas
oleovorans; Metabolic pathway

1 Introduction 2019). The accumulation of ammonia nitrogen in
water can disrupt the ecosystem balance and affect
human health through various pathways (Zhang YT

et al., 2022; Ma et al., 2024). Therefore, some treat-

At present, a significant volume of ammonia
nitrogen-polluted wastewater, such as farmland drain-

age and livestock and poultry effluent, is discharged
into the environment with no or incomplete treatment,
making ammonia nitrogen emissions a serious threat
to the environment. Ammonia nitrogen has overtaken
chemical oxygen demand (COD) to become the pri-
mary indicator of surface water quality, as well as the
main cause of eutrophication in water (Dong et al.,
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ment measures for ammonia nitrogen-polluted water
are necessary before discharge into the environment.
The commonly used physicochemical method of am-
monia stripping is based on Henry’s law, which utilizes
the dynamic equilibrium of NH, and NH} to remove
ammonia nitrogen from water. However, this method
only converts ammonia nitrogen from dissolved form to
gaseous form, ultimately causing atmospheric pollu-
tion. Moreover, the stripping process relies on high pH
and temperature, which often proves costly (Provolo
et al., 2017). Chemical precipitation uses magnesium
and phosphate ions and is affected by the saturation of
the reaction process, which has been utilized mainly
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to treat effluents with high concentrations of ammonia
nitrogen. However, its application is limited by the
need for large amounts of chemicals, the incomplete
utilization of introduced phosphates, and a tendency to
lead to secondary contamination (Dong et al., 2019).
The traditional biological nitrogen removal technique
usually utilizes microorganisms such as ammonia-
oxidizing bacteria and nitrifying bacteria to transform
NH;-N to NO;-N, which is subsequently converted to
gas and released into the air by denitrifying bacteria.
In the above process, the nutritional mode of nitrifying
bacteria is chemolithoautotrophy, while denitrifying bac-
teria are heterotrophic organisms, with different nutrient
conditions required for their growth. In addition, anaer-
obic ammonia-oxidizing bacteria and denitrifying bac-
teria often do not require oxygen for growth, while
nitrifying bacteria are divided into two types, aer-
obic and facultative, indicating their different oxygen
requirements. The conventional microbial ammonia
nitrogen removal procedure has the disadvantages of
system complexity, poor stability, high operation cost,
etc. (Sanjrani et al., 2022; Xi et al., 2022). Therefore,
there is an urgent need for new, cost-effective means
to remove ammonia nitrogen from effluents.

Some heterotrophic bacteria can perform simul-
taneous nitrification and denitrification (SND) under
aerobic conditions, simplifying conventional biological
methods and reducing costs. This process addresses
the shortcomings of anaerobic ammonia oxidation and
short-range nitrification-denitrification, often yielding
better deamination results (James and Vijayanandan,
2023). Nowadays, new types of SND bacteria are in-
creasingly identified from activated sludge, industrial
wastewater, or paddy soil. Examples include Klebsiella
sp. (Ren et al., 2024), Acinetobacter sp. (Ke et al., 2024),
and Halomonas sp. (Liu and Wu, 2021). However, the
elimination of ammonia nitrogen by SND frequently
leads to the buildup of nitrite (Ge et al., 2015), the
presence of which might affect bacterial growth and
metabolic processes, impairing the overall microbial
ability to remove nitrogen (Chen et al., 2024). There-
fore, it is crucial to search for new strains that can effec-
tively remove ammonia nitrogen without accumulat-
ing inorganic nitrogen. Besides, the SND process is
sensitive to environmental factors, such as changes in
external conditions including organic carbon sources,
temperature, and pH. Moreover, in practical applica-
tions, nitrogenous wastewater often exhibits complex
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and diverse characteristics. To sustain effective treat-
ment for nitrogen removal by a specific strain in real-
world applications, it is crucial to understand the
strain’s ideal treatment conditions and metabolic pro-
cesses. In this study, Pseudomonas oleovorans QS-7
(hereinafter referred to as QS-7), with the ability to
efficiently remove ammonia nitrogen, was separated
from a biogas treatment system, and its nitrogen re-
moval ability and metabolic pathways were explored.
This is the first report on the removal of ammonia
nitrogen exclusively by P. oleovorans. To better under-
stand the metabolism of QS-7, nitrogen balance analy-
sis, determination of enzyme activity related to nitrogen
conversion, and nitrogen metabolism-related gene pro-
filing were conducted. Additionally, the environmen-
tal factors that may influence the ammonia nitrogen
removal performance by QS-7 were comprehensively
explored.

2 Materials and methods
2.1 Medium preparation

Nutrient broth (NB) medium, consisting of (in g/L)
10 peptone, 5 NaCl, 3 beef extract, and 1 glucose, was
used for the isolation and enrichment of strains during
the screening process.

Basic medium (BM-100 mg/L NH;-N), consist-
ing of (in g/L) 0.472 (NH,),SO,, 4.065 sodium citrate,
0.15 K,HPO,, 0.20 MgSO,, and 2 mL elemental sup-
plement, was utilized to characterize the ammonia ni-
trogen elimination efficiency. The elemental supplement
was composed of (in g/L) 5 MnCl,-4H,O, 15 EDTA,
0.50 CuSO,-5H,0, 0.20 ZnSO,, 0.30 CoCl,-6H,0, 0.50
FeSO,-7H,0, 0.20 Na,Mo0O,-2H,0, and 0.10 CaCl,.

Replacing 0.472 g (NH,),SO, from BM with
0.722 g KNO, and 0.493 g NaNOQ, yielded denitrifica-
tion medium (DM1-100 mg/L NO3-N) and short-cut
denitrification medium (DM2-100 mg/L NO5-N), re-
spectively. Replacing the nitrogen sources of DM1 and
DM2 with 0.0722 g KNO, and 0.0493 g NaNO,, respec-
tively, yielded low concentrations of denitrification
medium (DM3-10 mg/L NO;3-N) and short-cut deni-
trification medium (DM4-10 mg/L NO3-N). To prepare
the corresponding solid media, 3%—4% agar was added
to the above media.

Before being used, the media were sterilized for
30 min at 121 °C in an autoclave. The pH of the media
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was adjusted to neutral (pH=7) with phosphate buffer
before inoculation.

2.2 Microbial screening and isolation

The samples were taken from the grain husk filter
media of a pig farm’s biogas treatment system. The
original sample (3 mL) was aspirated and inoculated
into 100 mL BM in a 250 mL conical flask, which was
subsequently incubated at 30 °C and 150 r/min for 3 d.
This process was repeated three times to screen for
strains that survive high concentrations of ammonia
nitrogen (Gao et al., 2023). Finally, the bacterial sus-
pension obtained from the BM was inoculated in
100 mL. NB medium, enriched for 24 h, then spread on
solid BM at different concentrations, and incubated in a
thermostat at 35 °C until single colonies with different
characteristics were formed, which were enriched by
inoculating separately in 100 mL NB medium, while
the enriched bacterial suspension was inoculated at 2%
(volume fracton) into 100 mL BM. The denitrification
capacity of each isolated strain was separately deter-
mined. Strains with higher removal efficiencies of total
nitrogen (TN) and ammonia nitrogen were selected and
later purified by inoculation onto solid BM and repeat-
ing the streaking step until the removal efficiencies of
TN and ammonia nitrogen reached a stable level. These
strains were then chosen for subsequent experiments.

2.3 Strain identification

The selected strains were enriched in NB medium,
and an appropriate number of bacteria were extracted to
obtain DNA. TransStart Fastpfu DNA Polymerase in
a 50 pL reaction system was used for polymerase chain
reaction (PCR) amplification, and the product was
sequenced by BIOZERON Biotech Co., Ltd. (Shanghai,
China). The result was submitted to the National Center
for Biotechnology Information (NCBI) and compared
with different bacteria by the Basic Local Alignment
Search Tool (BLAST) to determine the strain species
(Liu et al., 2023). Multiple sequence comparison analy-
sis was performed and a phylogenetic tree was created
using the MEGA 11.0 program. After fixation, dehy-
dration, and drying an appropriate amount of enriched
bacterial liquid, topographic characterization of the sam-
ples was performed with a scanning electron microscope
(SU8010, Hitachi, Japan). The isolated strains were pre-
served in 25% (volume fraction) glycerol solution and
frozen for storage in a commercial refrigerator at —20 °C.

2.4 Ammonia nitrogen removal capacity and
nitrogen balance

The only nitrogen source used to assess the capac-
ity of QS-7 for removing ammonia nitrogen was
ammonia nitrogen at around 100 mg/L. The bacterial
suspension was inoculated at 2% (volume fraction) into
100 mL BM, which was then transferred to 250 mL
conical flasks and covered with a breathable sealing
film to ensure aerobic conditions. The strain was placed
in a shaker at 30 °C and 150 r/min for 36 h. Samples
were collected at 3 h intervals to determine the bacte-
rial concentration (optical density at 600 nm (ODy,,.))
and the contents of TN, NH;-N, NO;:-N, and NO3-N,
in order to evaluate the growth status of the strain and
its ability to remove inorganic nitrogen. To clarify the
transformation path of ammonia nitrogen in the pro-
cess of removal by QS-7, a nitrogen balance experi-
ment was performed. A 100 mL serum bottle was
prepared and filled with 40 mL BM, which was then
inoculated with bacterial suspensions at the same
volume ratio of 2%. To ensure an aerobic environment
for QS-7, pure oxygen was continuously passed into
the serum bottle for 1 min. Afterwards, the samples
were placed in a shaker under the same conditions. The
gas was collected from the bottle after 36 h to quan-
tify the gaseous nitrogen produced. Liquid samples
were collected and the amount of inorganic nitrogen
in each form was determined as m  =m —m—m,,
where m, My, My, and m,., are the amounts of organic
nitrogen, total nitrogen, inorganic nitrogen, and intra-
cellular nitrogen, respectively (Chen et al., 2023). The
samples were set up in three parallel groups, with
uninoculated medium serving as the control group.
All the experimental manipulations were performed
on an ultra-clean bench.

2.5 Optimal nitrogen removal conditions

Experiments were designed to determine the re-
moval efficiency of strain QS-7 for ammonia nitrogen
in water under different environmental conditions, such
as carbon source, carbon/nitrogen (C/N) ratio, pH, tem-
perature, and dissolved oxygen (DO). Glucose, sodium
acetate, and sodium succinate were used separately
to replace sodium citrate in BM as a means of investi-
gating the ideal carbon source for ammonia nitrogen
removal. The ammonia nitrogen content of the BM
was kept constant, while the content of sodium citrate
was varied, thereby adjusting the C/N ratios to 3, 7, 10,



15, and 18. The initial pH of the BM was changed
by HCI and NaOH, with the setting of five values (5,
6, 7, 8, and 9) along a gradient. Different temperature
conditions, such as 25, 30, 35, and 40 °C, were set
up by changing the shaker temperature. The rotational
speed was used to characterize DO changes, with
shaker speeds of 90, 120, 150, and 180 r/min corre-
sponding to DO concentrations of 3.6, 4.3, 5.3, and
6.5 mg/L, respectively. The experiments were per-
formed in 250 mL conical flasks containing 100 mL
BM with 2 mL bacterial suspension added to each
sample. The liquid samples were collected after 36 h
to determine the relevant indices of the growth status
and denitrification performance of the strain. The re-
sults are expressed as meantstandard deviation (SD)
from three replicates.

2.6 Enzyme assays and PCR amplification of
functional genes

The QS-7 strain was enriched in NB medium for
24 h at 30 °C and 150 r/min. The bacteria were gath-
ered by centrifugation from the suspension (4 °C,
20 min, 8000 r/min) and then washed with phosphate-
buffered saline (PBS, pH 7.4) to remove impurities.
Afterwards, they were lysed using ultrasound and
centrifuged to obtain a crude enzyme extract (4 °C,
20 min, 10000 r/min). The BCA Protein Assay Kit
(Labgic, Beijing, China) was employed to measure
the protein concentration in the crude enzyme solution.
The material compositions of the reaction systems for
different key enzyme activity assays are shown in
Table 1. All reaction systems (20 mL) contained 4 mL
of the crude enzyme solution (Xu et al., 2021). The
concentrations of various types of inorganic nitrogen
were detected 15 min after adding this solution. The
amount of nitrogen (umol) reduced by an enzyme in
the system every minute was defined as one unit (U)
of enzyme activity, while the U per mg of protein in
the crude enzyme solution was defined as the specific
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activity of the enzyme (U/mg). The genomic DNA
of QS-7 was extracted from the bacterial suspension as
a template for PCR amplification to further validate
the metabolic pathway of the strain for the removal
of ammonia nitrogen. The amplified functional genes
were ammonia monooxygenase (amoA), hydroxyl-
amine oxidase (hao), periplasmic nitrate reductase
(napA), nitrite reductase (nirS), nitric oxide reductase
(norB), nitrous oxide reductase (nosZ), and copper-
containing nitrite reductase (nirK). The correspond-
ing primers and PCR amplification conditions were
according to the literature (Xu et al., 2021).

2.7 Analytical methods

The bacterial concentration was measured at 600 nm
(ODyy.) by a ultraviolet (UV)-spectrophotometer
(Shimadzu Co., Japan) to indicate the growth of the
QS-7 strain. The determination of NH;-N and NO;-N
was performed using salicylic acid-hypochlorite spec-
trophotometry and hydrochloric acid spectrophotome-
try, respectively. Since alkaline potassium persulfate
converts nitrogenous compounds to nitrate nitrogen,
the TN content was also determined using hypochlo-
rite spectrophotometry. The concentrations of NO,-N
and NH,OH were measured by spectrophotometry
and indirect spectrophotometry, respectively (Chen
et al., 2024). The pH was measured by a precision
pH meter (SG2, METTLER TOLEDOQO, China). The N,O
concentration was determined by gas chromatography
(GC-2010 Plus Shimadzu, Japan) and the N, concen-
tration was determined by gas chromatography-mass
spectrometry (GC-MS, Agilent, USA). DO was mea-
sured by the electrochemical probe method. The fol-
lowing formula was used to calculate the removal
rate: R=(D,-D,)/D,;x100% (the nitrogen concentra-
tions were initially represented by D, and finally by
D,); R,=(C,-C,)/At (C,—C, represents the change in
nitrogen content over time At, Ar=t,—¢) (Wu et al,,
2023). Origin 2023b and Excel were used to carry out

Table 1 Composition of reaction system for determination of key enzyme activity

Key enzyme Tris-HCI (pH 7.4) NADH EDTA NH,C1 NH,OH KNO, NaNO, K,[Fe(CN),]
(mmol/L) (mmol/L)  (mmol/L) (mg/L) (mg/L) (mg/L) (mg/L) (mmol/L)
AMO 10 0.2 15
HAO 10 0.04 15 0.01
NR 10 0.2 15
NIR 10 0.2 15

AMO: ammonia monooxygenase; HAO: hydroxylamine oxidase; NR: nitrate reductase; NIR: nitrite reductase; NADH: nicotinamide adenine

dinucleotide dehydrogenase; EDTA: ethylene diamine tetraacetic acid.
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the graphical and statistical work. The data were ana-
lyzed by one-way analysis of variance (ANOVA)
with Tukey’s honestly significant difference (HSD) test
(P<0.05) using SPSS 26.0 software. The results are
expressed as mean+SD from three replicates.

3 Results and discussion
3.1 Separation and identification

After three rounds of nitrogen removal efficiency
measurements, the isolated strain showed a stable and
efficient ability to remove ammonia nitrogen. Mature
colonies formed by QS-7 on solid BM were character-
ized by off-white color, round shape, smooth surface,
and regular margins, and they were Gram-negative.
The scanning electron microscopy results indicated
that QS-7 was short rod-shaped (approx. 1.2—1.6 umx
0.5 um) (Fig. 1). According to the BLAST results, QS-7
exhibited 99% similarity to P. oleovorans JCM 13978,
suggesting that it belongs to the genus Pseudomonas.
This information was used to construct the Neighbor-
Joining phylogenetic tree (Fig. 2). The 16S ribosomal
RNA (rRNA) sequence (1421 bp) of QS-7 was held
in the GenBank database with the accession number
PP411421.

3.2 Ammonia nitrogen removal capacity

Regardless of whether QS-7 was inoculated into
100 mL BM with sodium citrate removed or in BM
with sodium carbonate substituted for sodium citrate,

77

100

- - [ fr{ﬂu |"|b:w| T"?

SU8010 3.0 kV 8.8 mm x30.0k SE (UL)

1.00 pm

Fig. 1 Scanning electron micrograph of Pseudomonas
oleovorans strain QS-7.

there was no increase in OD,,,,, or no decrease in
TN content during the experiment (data not shown),
demonstrating the heterotrophic nature of QS-7. When
ammonia nitrogen was the only nitrogen source, as
shown in Fig. 3, the OD,,, ., value of the strain was
0.013 at the beginning of inoculation. From 6 to 12 h,
QS-7 was in the logarithmic period of growth with
the fastest increase rate of OD,,,,, and reached the
stabilization phase at 18 h with a peak OD,,,, of
1.314. The NH,-N content of BM began to quickly
decrease at the early stage of inoculation and reached
a maximum removal rate of 9.2 mg/(L-h) at 9-12 h.
In comparison, the maximum removal rates of Exiguo-
bacterium mexicanum SND-01 (Cui et al., 2021) and
Lysinibacillus fusiformis B301 (Wu et al., 2023) were

89 [ Pseudomonas chengduensis strain MBR (NR_125523)

Pseudomonas toyotomiensis strain HT-3 (NR_112808)

Pseudomonas alcaliphila strain AL15-21 (NR_024734)

Pseudomonas oleovorans JCM 13978 (LC508004)

100l @ Qs-7 (PP411421)

Pseudomonas flavescens strain NBRC 103044 (NR_0114195)

Pseudomonas straminea strain NBRC 16665 (NR_0113859)
Azotobacter chroococcum strain NBRC 102613 (NR_114167)

Cellvibrio fontiphilus strain MVW-40 (NR_157755)
—mijc,‘ellvibrio Japonicus strain Ueda107 (NR_074804)
Simiduia agarivorans SA1 DSM 21679 (NR_074853)

926 {Aeswarﬁceﬂa hydrocarbonica strain SM-6 (NR_135890)
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Maricurvus nonylphenolicus strain KU41E (NR_113358)

—
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Fig. 2 Phylogenetic tree constructed based on 16S ribosomal RNA (rRNA) sequence of QS-7 from Neighbor-Joining

analysis.
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Fig. 3 Dynamic characteristics of various nitrogen forms
and growth of QS-7 in a system (BM-100 mg/L NH;-N) with
ammonia as the sole nitrogen source. The data are expressed
as meanxstandard deviation (SD), »=3. BM: basic medium;
OD,, ... optical density at 600 nm; TN: total nitrogen.

0’
significantly lower at 2.24 and 2.11 mg/(L-h), respec-
tively, than that of QS-7. The maximum ammonia nitro-
gen elimination efficiency of 98.6% was achieved at
18 h, and the decreasing trend of TN content in the
medium was basically consistent with that of NH;-N.
After 18 h, the OD,,,,, of QS-7 showed a decrease,
likely due to the diminishing supply of organic carbon
and nitrogen sources in the medium as the reaction pro-
gressed. Correspondingly, the content of NH,-N in the
medium showed a minor rebound during this time,
which some reports attribute to the release from decom-
position by microorganisms at a competitive disad-
vantage (Lei et al., 2016). Throughout the degradation
process, NO5-N was not found when ammonia nitro-
gen was the only nitrogen supply, which is inconsist-
ent with past reports, suggesting that NO5-N accumu-
lates during the process (Zhang et al., 2014). Trace
amounts of NO;3-N were present in the early stage but
gradually disappeared as the reaction progressed. The
degradation of ammonia nitrogen by QS-7 was car-
ried out in a single reactor, which demonstrated that
QS-7 can be of great value for building an economic
technology for the removal of ammonia nitrogen in
effluents (Xie et al., 2021).

3.3 Verification of denitrification capacity of strain
QS-7

A small amount of NO3-N accumulated at the
beginning of the strain’s growth but gradually disap-
peared over time (Fig. 3), which was similar to the deg-
radation process of strains LJ81 (Lei et al., 2019) and
Acinetobacter sp. ND7 (Xia et al., 2020). The reason
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might be the oxidation of nitrite at the preliminary
stage, proving that QS-7 has denitrification ability
during the nitrification process. To further investigate
the denitrification capacity of QS-7, it was inoculated
into DM1 and DM2 under aerobic conditions. Unlike
strain NR, which is unable to take advantage of single
nitrate or nitrite (Zhao et al., 2012), QS-7 grew in both
DM1 and DM2. When QS-7 was inoculated into DM2
(Fig. 4b), it entered the logarithmic growth phase at
12 h, and its growth reached the peak at 24 h with an
0D, value of 1.05. The maximum degradation rate
of NO3-N was 8.33 mg/(L-h) at 18-24 h, and the
maximum removal efficiency of NO,-N was 73.93%.
When the strain was inoculated into DM1 (Fig. 4a),
the reduction of nitrate content was detected; however,
the growth rate of QS-7 was slower in this state, the
maximum degradation rate of nitrate appeared after
24 h at 5.64 mg/(L-h), and the maximum removal eff-
iciency of NO3-N was 54.22%. In comparison to QS-7
in ammonia nitrogen, it exhibited a lag in the treat-
ment of a single identical concentration of nitrate nitro-
gen. Because nitrite has less oxidized nitrogen and is
thus more easily absorbed by bacterial growth, QS-7
grown in DM2 showed faster rates of nitrogen removal
and bacterial growth than QS-7 grown in DM1 (Yang
et al., 2019). Under the same conditions, QS-7 could
not completely remove nitrate and nitrite nitrogen at a
concentration of about 100 mg/L, as it did for ammo-
nia nitrogen (Figs. 4a and 4b). It was assumed that the
concentration of oxidized nitrogen in DM1 and DM2
was too high, and the carbon source was not sufficient
to help QS-7 completely remove the nitrogen source.
When the initial nitrogen concentration was adjusted
to about 10 mg/L, QS-7 achieved the complete removal
of nitrate and nitrite nitrogen (Figs. 4c and 4d), which
was in line with the dynamic characteristics of nitrate
nitrogen in Fig.3 and confirmed denitrification in the
process of ammonia nitrogen removal by QS-7. The
increase in pH (Fig. 5) with the biochemical reaction
time extended in three different nitrogen source sys-
tems also demonstrated the presence of denitrification
by QS-7, due to this process consuming protons (Ren
et al., 2014). In addition, compared with DM1 (Fig. 5),
the pH was relatively low in BM at the beginning of
the biochemical reaction (0—15 h), which is because
NH;-N needs to be converted to NO3-N before the de-
nitrification reaction could be carried out, and thus the
rise of pH at the beginning of the reaction was slower.
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Subsequently, the ammonia oxidation and denitrifica-
tion in BM occurred rapidly and simultaneously (Fig. 3),
and the depletion rate of TN in BM (Fig. 3) was sig-
nificantly higher than that in DM1 (Fig. 4a), which im-
plied more proton consumption, leading to the growth
rate of pH being faster (Fig. 5). In contrast, the pH in
DM?2 was the slowest to rise at the beginning of the

biochemical reaction, because nitrite nitrogen was toxic
to the strain (Chen et al., 2024), which needed time to
adapt. When the biochemical reaction was carried out
for 36 h, the consumption rate of TN in DM2 was
higher than that in DM1 (Figs. 4a and 4b), but lower
than that in BM (Fig. 3). Overall, the pH growth rate
of the whole biochemical reaction process in DM2
was faster than that in DM1 but slower than that in
BM (Fig. 5). Some heterotrophic nitrifying bacteria
could utilize neither nitrate nor nitrite (Zhao et al.,
2010), but QS-7 could carry out aerobic denitrifica-
tion to remove NO3-N and NO3-N, which proves its
application value.

3.4 Nitrogen balance analysis

In order to understand the transformation direction
and mechanism of the ammonium nitrogen removal
process, the nitrogen content of different forms in the
conversion system was analyzed at the maximum
removal rate of ammonium nitrogen. A nitrogen bal-
ance analysis of the NH,-N conversion was carried
out, and the results are shown in Table 2. The content
of nitrogen-containing intermediates was detected after



Table 2 Nitrogen balance of strain QS-7 in BM after 36 h

Ammonia-N N content (mg/L)

Initial N 101.304£3.12
Final N

NH;-N 6.9+0.3

NO;-N -

NO>-N -

Intracellular N 47.8+3.2

Organic N 5.1+0.3

N,O 0.290+0.002

N, 412423

The data are expressed as meantstandard deviation (SD), n=3.
—: undetectable; BM: basic medium.

36 h. It was noted that neither NO3-N nor NO3-N could
be found in the medium, and NH,-N was consumed
up to 93.2%. Based on the calculation of N balance,
(47.8+£3.2) mg/L of the original NH;-N became a source
of intracellular nitrogen. QS-7 utilizes ammonia nitro-
gen in BM mainly through assimilation, which is
similar to the effect of strain DK-6 (Liao et al., 2022).
Gas chromatography was used to investigate the gas-
eous nitrogen components, and (41.2+2.3) mg/L of N,
and negligible quantities of N,O were found, which can
be considered as having a low environmental impact.
Combined with the experimental results in Sections 3.2
and 3.3, it can be seen that QS-7 had the best effect
on ammonia nitrogen removal at 18 h, but at this time,
there was residual NO3-N. Due to the lag in the strain’s
treatment of nitrate nitrogen, it was not until after 36 h
that QS-7 achieved the complete removal of nitrate nitro-
gen, and at this time, the death of microorganisms led to
an increase of ammonia nitrogen content in the envir-
onment. Considering this result, the appropriate treat-
ment time can be selected for practical application.

3.5 Analysis of metabolic pathways

The mechanism of ammonia degradation by QS-7
was established based on the expression status of
relevant enzymes such as ammonia monooxygenase
(AMO), hydroxylamine oxidase (HAO), nitrate reduc-
tase (NR), and nitrite reductase (NIR) (Liao et al.,
2022). Among them, AMO and HAO are expressed
during ammonia oxidation, as they oxidize NH;-N to
NH,OH and NH,OH to NO3-N, respectively (Xu et al.,
2021). NR and NIR, on the other hand, are expressed
during denitrification (He et al., 2020). To understand
the denitrification pathway of QS-7 during heterotro-
phic denitrification under aerobic circumstances, the
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activities of the above-related enzymes were detected,
and the outcomes demonstrated that each of them
could be effectively produced in cell extracts (Table 3).
AMO exhibited a higher specific enzyme activity
(0.921 U/mg), comparable to Pseudomonas taiwanensis
EN-F2 (Zhang MM et al., 2022). The specific activity
of HAO (0.729 U/mg) in QS-7 was significantly higher
than that in P. taiwanensis J488 (0.049 U/mg) (He et al.,
2021) and Pseudomonas malodora ZN1 (0.158 U/mg)
(Zhang et al., 2019). When nicotinamide adenine dinu-
cleotide dehydrogenase (NADH) was used as the elec-
tron donor, NR (0.135 U/mg) exhibited a higher specific
enzyme activity than NIR (0.120 U/mg) in QS-7, with
the former being slightly lower than that of Glutamici-
bacter arilaitensis EM-H8 (0.314 U/mg) (Chen et al.,
2023) but much higher than that of Pseudomonas
putida Y-9 (0.0018 U/mg) (Huang et al., 2019). Com-
pared to NR and NIR, QS-7’s specific activity of AMO
was significantly higher, which explains why QS-7 is
more adept at utilizing NH,-N as a nitrogen source.
The expression of NIR in QS-7 was lower than that of
NR, further explaining why QS-7 showed NO;-N
accumulation but not NO3-N accumulation early in the
degradation process. The ability of QS-7 to perform the
SND process was proved by the expression of all rele-
vant enzymes. In the analysis of genes in QS-7 related
to nitrogen metabolism, the following were success-
fully amplified: amoA and hao genes characterizing
nitrification (Xia et al., 2020), napA4 playing a role in
the conversion of NO;3 to NO; under aerobic condi-
tions (Ouyang et al., 2020), nirS participating in cata-
lyzing the conversion of NO; to NO (Philippot et al.,
2011), norB gene participating in catalyzing the con-
version of NO to N,O (Gui et al., 2017), and nosZ gene
participating in catalyzing the conversion of N,O to N,
(Gui et al., 2017) (Fig. 6). Meanwhile, the nirK gene
with the same function as nirS was not found in QS-7.
Therefore, after combining the analysis results of func-
tional enzymes, genes related to nitrogen metabolism,

Table 3 Specific activities of key enzymes

Key enzyme Specific activity (U/mg protein)
AMO 0.921+0.025
HAO 0.729+0.023
NR 0.135+0.012
NIR 0.120+0.013

The data are expressed as meantstandard deviation (SD), n=3. AMO:
ammonia monooxygenase; HAO: hydroxylamine oxidase; NR: nitrate
reductase; NIR: nitrite reductase.
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and N metabolic balance, it was inferred that the SND
pathway in QS-7 was NH,—NH,OH—NO;—NO;—
NO;—NO—N,0—N, (Fig. 7).

3.6 Optimal conditions of ammonia nitrogen removal
3.6.1 Carbon sources

The primary nutrients required for the growth of
heterotrophic bacteria comprise organic materials;
therefore, extra carbon compounds are needed as
sources of energy and electrons for heterotrophic bac-
teria. There was a significant difference between the
ammonia nitrogen removal capacities of the carbon
source species (Table 4). Among the selected carbon
sources, QS-7 showed an inability to utilize glucose and
sodium acetate. As shown by the OD,, . value change,
the strain’s growth potential was limited when utilizing

5000 bp
3000 bp
2000 bp

1000 bp
750 bp
500 bp

250 bp
100 bp

glucose. The reason for this was likely that due to the
metabolic process, the pH of the medium gradually
decreases and eventually generates acidic conditions,
hindering the growth of QS-7. Meanwhile, QS-7 was
completely unable to grow when utilizing sodium ace-
tate, and at the same time, there was no change in
ammonia nitrogen content, indicating that sodium ace-
tate inhibits the activity of QS-7. However, when QS-7
extracted from NB was inoculated into the new me-
dium, QS-7 still had certain activity, resulting in a small
amount of NH,-N being assimilated and converted
into oxidized nitrogen through nitrification, which
indicated that a small amount of ammonia nitrogen
was removed (6.85%) (Table 4).

QS-7 exhibited effective ammonium removal and
development when utilizing sodium citrate; at the end
of the reaction, the removal efficiencies of ammonia

Fig. 6 PCR amplification results of genes relevant to nitrogen metabolism.
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Fig. 7 Metabolic pathways of ammonia nitrogen removal by QS-7. AMO: ammonia monooxygenase; HAO: hydroxylamine

oxidase; NR: nitrate reductase; NIR: nitrite reductase.
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Table 4 Effects of different factors on nitrogen removal performance by strain QS-7

Different factors NH,-N removal efficiency (%) TN removal efficiency (%) Final pH OD,)um
Carbon source
Glucose 5.244+0.86° 2.69+0.40° 5.61+0.01° 0.133£0.012"
Sodium acetate 6.85+0.29° 0.78+0.15° 6.80+0.14° 0.011+0.001°
Sodium citrate 94.31+1.51* 93.07+2.75" 9.51+0.15° 1.046+0.088"
Sodium succinate 84.09+1.04° 83.2842.05° 9.42+0.10° 0.961+0.026"
C/N ratio
3 67.61+3.19° 65.01+1.65° 9.21+0.95 0.745+0.119¢
7 82.44+3.59 78.32+2.50° 9.51+0.11° 1.020+0.099°
10 93.79+2.41* 91.52+2.20° 9.62+0.11° 1.049+0.025"
15 96.33+2.33° 93.35+2.01° 9.524+0.95° 1.166+0.024™
18 97.11£1.99° 93.85+1.75" 9.58+0.95° 1.25340.051°
Initial pH
5 8.33£0.91" 2.74£0.13° 5.21+0.14¢ 0.004+0.001¢
6 91.76£2.16" 90.12+2.06" 9.35+0.18° 0.850+0.002°
7 92.60+2.11° 90.85+1.38" 9.42+0.08*  0.921%0.003"
8 93.45+1.89" 91.71+2.46" 9.62+0.03®  0.943+0.030°
9 94.31+2.11° 92.06+2.95 9.71+0.02* 0.922+0.380"
Shaking speed (r/min)
90 71.16+1.11° 67.39+0.37° 8.59+0.07° 0.627+0.025¢
120 75.95+1.43° 71.11£1.56° 9.20+0.04° 0.741+0.018°
150 93.48+1.54" 91.78+1.80" 9.52+0.07° 0.951+0.026"
180 94.66+0.71* 93.38+0.87" 9.58+0.06" 1.034+0.047°
Temperature (°C)
25 87.79+3.35 81.1942.35° 9.13£0.17° 0.736+0.017°
30 94.34+1.26" 93.68+0.56™ 9.48+0.21° 0.913+0.061°
35 97.48+1.07" 95.95+0.76" 9.42+0.12°  1.052+0.044°
40 95.52+1.11° 92.14+1.18° 9.63+0.11° 0.942+0.041°

The data are expressed as mean+standard deviation (SD), n=3. Means with the same letter are not significantly different in a single-factor
treatment (Tukey’s honestly significant difference (HSD) test, following one-way analysis of variance (ANOVA); P>0.05). OD, : optical

density at 600 nm; TN: total nitrogen.

and TN were measured to be 94.31% and 93.07%,
respectively. When sodium succinate was utilized, it
was slightly less effective than sodium citrate in de-
grading NH,-N (84.09%) and TN (83.28%) under the
same environmental conditions. The latter two carbon
sources are organic acids with simple molecular struc-
tures, which could be added to the metabolic process
directly and without modification, possibly explaining
the situation mentioned above (Gao et al., 2023). The
remaining carbon sources more easily enter the tricar-
boxylic acid (TCA) cycle than glucose, facilitating
QS-7’s development and improving its degradation
efficiency. Sodium citrate, as the best choice for QS-7,

600 nm*

had higher NH}-N and TN removal efficiency than
other media, similar to that of G. arilaitensis EM-H8
(Chen et al., 2023).

3.6.2 C/N ratio

Table 4 shows how the removal effectiveness of
QS-7 for NH,-N varied under different C/N ratio cir-
cumstances. At lower C/N ratios, the QS-7 strain dem-
onstrated a reduced capacity for NH,-N degradation.
Whether the ratio was 3 or 7, it was not beneficial for
QS-7 to function; 32.72% and 17.86% of NH;-N and
TN, respectively, remained in BM after 36 h of reaction.
When the C/N ratio was >10, QS-7 showed significant
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differences in its ability to eliminate ammonia nitrogen
compared to lower C/N ratio conditions (Table 4); as
the C/N ratio was increased to 15 or 18, its NH;-N re-
moval reached 96.33% and 97.11%, respectively, at the
end of the reaction. However, the removal efficiency
for TN and cell growth conditions did not increase sig-
nificantly compared to the C/N ratio of 10 (Table 4).
Considering the economic benefits, the ideal C/N ratio
for QS-7 is 10. QS-7 also showed lower ODy,,,, for a
lower C/N ratio compared to environmental conditions
with a higher C/N ratio; the biomass increased with
increasing C/N ratio. The removal of ammonia nitro-
gen increased with increasing C/N ratio within a cer-
tain range, a phenomenon that was also observed for
Stutzerimonas frequens TF18 (Liu et al., 2023), but
was different from that exhibited by Acinetobacter sp.
Y16 (Huang et al., 2013). The latter has an ideal C/N
ratio of 2 and the removal efficiency decreases with
both increasing and decreasing C/N ratios. The above
results indicate that QS-7 could remove a lot of ammo-
nia nitrogen with high organic loading. Therefore, QS-7
can be more advantageous for application on effluents
containing high organic carbon, such as livestock and
poultry wastewater or municipal waste leachate.

3.6.3 Environmental pH

One of the key elements influencing the effective-
ness of nitrogen removal is the initial pH. Table 4 dis-
plays QS-7’s cell growth and heterotrophic nitrifica-
tion capacity at various pH values. After incubation in
BM for 36 h, the removal rates of NH,-N (8.33%) and
TN (2.74%) at pH 5 showed significant differences
compared to other pH conditions (P<0.05), because
QS-7 could not sustain growth under acidic conditions.
At a starting pH of 7, the NH,-N removal efficiency
was 92.60%, and the final ODy,,, was 0.921. Then, as
pH rose, QS-7’s growth conditions and denitrification
efficiency improved. Therefore, it was considered that
alkaline conditions were more favorable for QS-7 to
perform nitrogen removal. This is consistent with the
preferences of strains SND-01 (Cui et al., 2021) and
Bacillus N31 (Huang et al., 2017). The reason is that
during heterotrophic nitrification, the substrate for the
AMO enzyme that catalyzes ammonium oxidation is
NH,-N rather than NH,-N. Under alkaline conditions,
the medium contains more free NH,-N, providing
optimal conditions for AMO (Li et al., 2024). When
the initial pH was 6, its pH also increased to 9.35 after

36 h, presumably due to the alkaline metabolites and
denitrification process during the growth of the strain
(Cui et al., 2021). In our study, QS-7 grew over a broad
range of pH values, indicating its versatility in practi-
cal scenarios.

3.6.4 Dissolved oxygen

DO concentration has an essential effect on the
SND process of strains (Table 4). Generally, an ideal
DO level is required for the SND process to be carried
out, attributed to the fact that DO can both suppress
the expression of N,O reductase and function as an
acceptor of electrons during the nitrogen removal pro-
cess (Hu et al., 2023). The amount of DO in the culture
solution was regulated by the shaker spinning speed,
with the amount of DO in the conical flask increasing
with growing shaking rate, owing to the increased
rotation rate quickening the mass transfer of oxygen.
The OD,,,,, values at different rotational speeds showed
significant differences (Table 4), as the rotational speed
was increased. Meanwhile, the OD,,,, values reflect-
ing the growth status of QS-7 also increased, signifi-
cantly enhancing the removal efficiency of NH,-N and
TN (P<0.05) (Zhang et al., 2019). At shaking rates of
90, 120, 150, and 180 r/min, the approximate DO con-
centrations in the culture solution were 3.6, 4.3, 5.3,
and 6.5 mg/L, respectively. The effectiveness of NH,-N
removal improved steadily as the DO content rose from
3.6 to 6.5 mg/L, which demonstrated QS-7’s tolerance
to high concentrations of oxygen.

3.6.5 Temperature

For most of the SND strains, the optimal tempera-
ture range is 30—37 °C (Silva et al., 2019). As shown
in Table 4, higher temperatures improved the capacity
of QS-7 to remove N, which might be attributed to its
rapid growth under this condition and the enhanced
expression of relevant enzymes. When the tempera-
ture exceeded 30 °C, there was no significant differ-
ence (P>0.05) in the removal rates of NH,-N and TN
by QS-7, whereas the removal rates of NH,-N and TN
by QS-7 at 40 °C were slightly lower than those at 35 °C.
Unlike Acinetobacter sp. Y16 (Huang et al., 2013),
which showed a rapid decrease in NH,-N removal at
temperatures greater than 20 °C, QS-7 still had a strong
ability to remove NH,-N and TN at 40 °C. Moreover,
compared with Acinetobacter tandoii MZ-5 (optimal
temperature of 25-30 °C) (Ouyang et al., 2020) and



Pseudomonas stutzeri T13 (optimal temperature of
30-37 °C) (Ma et al., 2015), QS-7 had a stronger abil-
ity to remove NH,-N at 25—40 °C. It was proved that
QS-7 was more adaptable to a high-temperature envir-
onment and could tolerate a wider range of tempera-
ture conditions.

4 Conclusions

A new P. oleovorans strain QS-7 was isolated
from grain husk filter media in a pig farm’s biogas
treatment system, which could remove ammonia nitro-
gen from wastewater through SND, with a maximum
NH,-N removal efficiency of 98.6% in a short time.
The SND pathway of QS-7 was determined to be
NH;—NH,OH—NO;—NO;—NO;—>NO—N,0—N,.
QS-7 was also found to have a certain removal effect
on a single nitrogen source of nitrate or nitrite, while
the corresponding removal efficiency was significantly
lower than that of ammonia nitrogen. When the nitro-
gen source was ammonia or nitrate, NO3-N did not
build up during the entire procedure, and almost no
N,O was produced. QS-7 seems to be well-adapted to
various external environmental conditions, while the
ideal ambient conditions for QS-7 to remove ammo-
nia nitrogen were found to be sodium citrate as a car-
bon source, C/N=10, pH=7.0, 150 r/min, and 30 °C.
Overall, strain QS-7 was demonstrated to be effective
in purifying ammonia nitrogen-polluted wastewater,
making it an excellent choice for this purpose.
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