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ABSTRACT

Aerobic denitrification is one of the main biological methods for removing nitrate-nitrogen from
water. At present, the optimum temperature for most aerobic denitrifying bacteria is between 25°C
and 35°C, and there are few reports regarding the performances of nitrate aerobic denitrifiers at low
temperatures. In this experiment, we isolated an aerobic denitrifier Y-1 that can effectively remove
nitrate-nitrogen at 15°C and has strong alkali resistance. Characterizing this strain revealed that the
bacterium is Pseudomonas plecoglossicida and this is the first report on the aerobic denitrification of this
bacterium. The optimal denitrification conditions for strain Y-1 were: temperature 15°C, pH 7, shak-
ing speed 150 rpm, C/N 15, inoculation amount 1.5 x 10% CFU, and the most suitable carbon source
was glucose. At pH 11 or 12, strain Y-1 could still remove nitrate—nitrogen effectively. Furthermore,
the removal efficiency and transformation pathways of single nitrogen sources (NO;-N, NO;-N, and
NH;-N) by strain Y-1 were explored revealing that strain Y-1 can effectively reduce nitrate-nitrogen
by denitrification but cannot use high concentrations of nitrite nitrogen, Interestingly, the removal
of ammonium nitrogen is achieved by the assimilating ammonia. Strain P. plecoglossicida Y-1 has

application value in the treatment of low temperature and alkaline wastewater.
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1. Introduction

Nitrogen is an important factor to lead to eutrophication
of water bodies, and nitrate nitrogen is one of the important
sources of nitrogen pollution. Nitrate nitrogen is the most
stable form of nitrogenous compounds in aerobic environ-
ments and is the final product of the decomposition of the
nitrogenous organic compound during an organization.
Currently, global concentrations of nitrate-nitrogen in drink-
ing water and surface water have exceeded safety levels. As
early as the 1960 s, the World Health Organization revealed
that nitrate pollution in surface water is caused by the overuse

* Corresponding author.

of nitrogen fertilizers in Europe and the United States. With
the development of the industrial economy, in some west-
ern European countries, the concentration of nitrate in
surface water was as high as 40-50 mg N/L [1]. Nitrate pol-
lution is very serious in the northern China cities [2], such
as Changchun and Xi’an, where the nitrate-nitrogen content
in surface water can reach several hundred milligrams per
litre [3,4]. Although high-concentration of nitrate-nitrogen
does not directly harm humans and animals, it easily converts
into toxic nitrite nitrogen under hypoxic conditions, thus
indirectly threatening the health of many creatures. Also, a
high concentration of nitrate-nitrogen affect the crop yield,
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quality, and nutritional value, prompting global attention to
the phenomenon of high nitrate—nitrogen pollution in water.
There is an urgent need to develop methods effectively
reduce levels or remove nitrate—nitrogen from water.

Traditionally, microbial nitrogen removal includes aer-
obic nitrification and anaerobic denitrification [5,6], but the
two methods are difficult to achieve the unity of time and
space, so they are considered to be energy-consuming and
time-consuming [7,8]. Robertson et al. [9] first reported the
isolation of aerobic denitrifiers, revealing a new method for
denitrification that did not rely on anaerobic conditions.
Most reports on aerobic denitrifying bacteria primarily con-
centrated on Pseudomonas species, including Pseudomonas
stutzeri [10], Pseudomonas aeruginosa [11], Pseudomonas tolaasii
[12], and Pseudomonas putida [13], but there is no report about
Pseudomonas plecoglossicida.

The denitrification capacity of aerobic denitrifiers is
affected by various environmental factors, with tempera-
ture serving especially a vital role. Studies have shown that
the optimal temperature for most aerobic denitrifiers is
25°C-35°C. At temperatures lower than 25°C, the denitrifica-
tion activity of most strains are inhibited. For example, Zhu
et al. [14] reported that the removal rate of nitrate-nitrogen
by Pseudomonas mendocina 3-7 was 97.7% at 30°C, but this
activity was strongly inhibited at 10°C. Denitrifying bac-
terial C3 can removal 95.69% of the nitrate-nitrogen from
contaminated water when incubated for 12 h at 30°C, but
the removal rate was only 29.32% at 20°C [15]. Zhang et al.
[16] reported the nitrate removal using P. stutzeri YZN-001
at 30°C, but strains of these bacteria have not been investi-
gated for nitrogen removal at low temperatures. Liang et al.
[17] revealed that the nitrification and denitrification activity
of the heterotrophic nitrification-aerobic denitrifying bac-
teria Pseudomonas mendocina 3-7 was severely inhibited at
10°C, with a removal rate of nitrate-nitrogen of only 9.2%.
Denitrification is strongly inhibited at low temperatures, and
cold-tolerant strains need to be identified for the practical
application of aerobic denitrifiers. pH is also an important
factor that affects nitrogen removal ability. Enzymatic activ-
ity of the microorganism is reduced or completely inhibited
outside of standard pH ranges [18]. The optimal pH of the
strain investigated by Gao et al. [19] was 7.5, as it would
barely grow at pH > 9. Huang et al. [20] isolated strain Al4,
and the optimal denitrification pH was 7, while the strain
was strongly inhibited at pH > 10. In this study, we studied
the denitrification ability of strain Y-1 at pH > 10, discovering
that the nitrate removal rate can still achieve 50%, suggest-
ing that strain Y-1 may have advantages when compared to
other strains.

In this experiment, the isolated strain Y-1 was identi-
fied via morphology, phospholipid fatty acid (PLFA), and
16S rRNA sequence analysis. The optimum growth condi-
tions (temperature, shaking speed, pH, inoculation amount,
carbon source, and C/N) for the strain were investigated.
The nitrogen removal activity of the strain was measured
using NO;-N, NO;-N, or NH;-N as the sole nitrogen source,
revealing stark differences in activity based on the nitrogen
source [21]. We further explored the denitrification charac-
teristics and transformation pathways of strain Y-1 regarding
each nitrogen source, to provide a theoretical basis for the
treatment of actual wastewater.

2. Materials and methods
2.1. Materials
2.1.1. Strain source

Source of hypothermia and aerobic nitrite denitrifying
bacterium strain Y-1 was isolated in our laboratory.

2.1.2. Medium

¢ Enrichment medium: CH,,0, 5 g/L, NaCl 1 g/L, NaNO,
2 g/L, MgS0,0.2 g/L, KH,PO, 4 g/L, K,HPO, 6 g/L, pH 7.2.

¢ The bromothymol blue medium (BTB): NaNO, 1 g/L,
KH,PO, 1 g/L, FeCL:6H,0 0.5 g/L, CaCl,7H,0 0.2 g/L,
MgSO,'7H,0 0.1 g/L, sodium succinate 8.5 g/L, BTB
reagent 1 ml (1.5% in ethanol), 2% agar, pH 7.2.

e Luria-Bertani medium (LB): Tryptone 10 g/L, yeast extract
5g/L, NaCl 10 g/L, pH 7.2.

e Inorganic nitrogen medium included nitrification
medium (NM), denitrification medium (DM-1, DM-2 and
DM-3) [22], the components of each medium are shown
in Table 1.

2.2. Methods
2.2.1. Bacterial enrichment, isolation and purification

The bacteria were inoculated in 100 mL enrichment
medium, and cultured at 15°C, shaking at 150 rpm for 2 d.
Then 5 ml of the culture was used to inoculated 100 mL of
fresh enriched medium, repeating this operation three times.
Three different enrichment cultures (20, 30, and 40 uL) were
spread on BTB agar plates and incubated for 2, 3 d at 15°C.
Single colonies that turned the BTB agar blue were streaked
onto new BTB agar plates and isolated another 3-5 times to
obtain a purified denitrifying strain. The obtained purified
strain was inoculated into LB medium, cultured for 1 d at
15°C, and stored at 4°C until use.

2.2.2. Morphological identification

The morphological identification of the strains was
performed by gram staining and electron microscopy [23].

2.2.3. Identification of PLFAs

PLFAs were extracted using about 40 mg pure culture of strain
Y-1. Each type of PLFAs was analyzed by Agilent 6850, USA.

2.2.4. 165 rRNA gene sequence analysis

The nearly full-length sequence of the 16S rRNA gene
was amplified using genomic DNA as a template, which
was extracted by a genomic DNA purification kit (Thermo
Scientific, USA). 16S rRNA polymerase chain reaction
amplification was performed using universal primers 27F
(5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGT
TACCTTGTTACGACTT-3'). The cloned products were sent
to the sequencing company for sequencing. The 16S rRNA
gene sequences were compared in the GenBank nucleic
acid sequence database, and the phylogenetic tree was
constructed using the Neighbor-Joining method [24].
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Table 1
Ingredients of inorganic medium in 1 L ultrapure water

Medium NaNO, NaNO, (NH)SO, CH,COONa CH_,O, KHPO, NaHPO, MgSO,7HO FeSO,7H,0

® ® ® ® ®) ®) ® ® ®

DM-1 0.31 - - 2.56 - 1.5 0.42 0.1 0.05

DM-2 0.607 - - - 3.75 1.5 0.42 0.1 0.05

DM-3 - 0.493 - - 3.75 1.5 0.42 0.1 0.05

NM* - - 0.707 - 5.625 1.5 0.42 0.1 0.05

“NM and DM stands for the nitrification medium and denitrification medium, respectively.

2.2.5. Denitrification characterization

The effect of six factors on the denitrification capac-
ity was explored by changing single variables, including
temperature (5°C, 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, and
40°C), shaking speed (0, 50, 100, 150, and 200 rpm), initial pH
(6,6.5,7,8,9,10, 11, and 12), inoculation amount ((0.5 x 108,
1.0 x 108, 1.5 x 108, 2.0 x 108, and 2.5 x 10® CFU/100 ml of
medium), carbon source (sodium citrate, sodium succinate,
glucose, sucrose, and sodium acetate), and C/N (0, 5, 10, 15,
20, and 25). After a 48 h incubation, the nitrogen concentra-
tion of the sample was measured to analyze the effects of the
above factors on the denitrification activity of strain Y-1.

2.2.6. Denitrification characteristics and transformation
pathways of single nitrogen sources by strain Y-1

To study how strain Y-1 utilizes different single nitro-
gen sources (NO;-N, NO;-N, and NH;-N), pre-cultured
bacteria were inoculated into 250 mL flasks (three replicates
per treatment). Each medium contained 100 mL of culture
medium and was continuously cultured under optimum
conditions. The non-inoculated medium was used as a blank,
with the OD, value, and pH value, as well as the NO;-N,
NO;-N, NH;-N, and total nitrogen (TN) concentrations
were measured every 6 h to calculate the denitrification rate
of strain Y-1. These data were used to examine the denitri-
fication activity of strain Y-1, exploring its nitrogen conver-
sion pathway by analyzing the intermediate products.

2.2.7. Analytical methods

In this experiment, NO;-N was determined by UV spec-
trophotometry (HJ/T346-2007); determination of NO,-N was
performed by an N-(1-naphthyl)-ethylenediamine photometric
method [25]; determination of NH;-N was performed by
indole blue colorimetry [26]; determination of TN was per-
formed using alkaline potassium persulfate digestion UV
spectrophotometry [27] (GB 11894-1989); the pH value was
measured with a pH agent; the amount of cell growth was
determined by measuring the OD, using a photometric
method.

2.2.8. Data processing and analysis

DNAMAN software was used for DNA sequence anal-
ysis and splicing. MEGA (4.0) was used for homology
comparison and phylogenetic analysis. Data statistical

analysis and mapping were performed using Excel, and
Origin. The nitrogen removal rate was calculated by the
equation:

(Tl_Tz)

1

Rv = x100%

where Rv is the rate of nitrogen removal, R, is the ini-
tial nitrogen concentration, and R, is the final nitrogen
concentration.

3. Results
3.1. Morphological features

Strain Y-1 was streaked on BTB plates and cultured at
15°C. After 48 h, colonies were observed to be milky yellow
with a smooth surface, neat edges, and a slight central ele-
vation. Scanning electron microscopy revealed that strain
Y-1 was a short rod, shaped, with non-spores, and lacked
flagellum (Fig. 1).

3.2. Fatty acid identification from phospholipids

Phospholipids are important components of organisms,
and specific fatty acids phospholipids differ between

:
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Fig. 1. Strain Y-1 as visualized under a scanning electron
microscope.
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different microbial groups but are relatively constant bet-
ween microbes that are closely related. PLFA has microbial
specificity and structural diversity, generating specific fatty
acid profiles. The PLFA profile for strain Y-1 were identi-
fied, revealing a similarity index between the strain Y-1 and
Pseudomonas putida-biotype A of 0.163, which can auxiliary
proof the 165 rRNA gene identification results that strain Y-1
is a Pseudomonas species (Table 4).

3.3. 16S rRNA sequence and phylogenetic analysis

The 165 rRNA of strain Y-1 was amplified by PCR, reveal-
ing that the 16S rRNA was 1,070 bp, with the sequence ID
KY927413. Blast comparison analysis found that strain Y-1
was similar to P. plecoglossicida. The corresponding strains of
this species were selected from the GenBank database, and
a phylogenetic tree was constructed using the proximity
method (Fig. 2).

3.4. Influence of temperature on nitrogen removal activity

Temperature is an important factor that affects bacterial
growth and enzymatic activity. Denitrifying bacteria typ-
ically only exhibit high denitrification activity at a certain
temperature, and the nitrogen removal activity of strain
Y-1 initially increases with temperature to a maximum
at 15°C, then decreasing, with removal rates of 88.59% for
nitrate-nitrogen and 20.42% for TN (Fig. 3). This suggests
that the optimum growth temperature for strain Y-1 is 15°C.
At temperature >15°C, the nitrogen removal rate gradually
decreased, potentially due to denaturation/inhibition of the
enzyme, thus affecting the denitrification rate. When com-
pared to the effects of high temperature, low temperature
had a stronger inhibitory effect on the denitrification rate.
Strain Y-1 can survive between 10°C and 35°C, indicating that
it is a psychrophilic aerobic denitrifying bacteria.

3.5. Effect of shaking speed on nitrogen removal activity

Next, the effect of dissolved oxygen on the growth and
denitrification rate of strain Y-1 was examined by adjusting
the shaking speed. Without shaking, the NO;-N and TN
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Fig. 3. Effect of temperature on the denitrification activity of

strain Y-1.

removal rates were very low and the strain grew poorly, indi-
cating that low concentrations of dissolved oxygen inhibited
the growth rate and denitrification ability of strain Y-1. The
OD,,, value gradually increased with the greater shaking
speed, and the removal rates of NO;-N and TN were also
increased. When the shaking speed was 150 rpm the removal
rate reached the maximal values of 88.50% for NO;-N and
19.28% for TN (Fig. 4). The removal rate slightly decreased
above 150 rpm, which was probably because of the high
concentration of dissolved oxygen inhibited the synthesis
and activity of the microbial denitrification enzymes, thereby
inhibiting denitrification. These data suggest that, within a
certain range, increased dissolved oxygen concentration
contributes to the growth and the denitrification activity of
strain Y-1.

3.6. Effect of initial pH on nitrogen removal activity

pH can affect the rate of denitrification by impacting
cellular and enzymatic activity. At pH 6, the denitrification
activity of the bacteria was almost completely suppressed,
with NO;-N and TN removal of only 3.23% and 0.25%,

Pseudomonas plecoglossicida strain M25(KC934862)
Pseudomonas plecoglossicida strain S11(KC210863)
Pseudomonas plecoglossicida strain B1(MK282212)
Strain Y-1(KY927413)

Pseudomonas putida strain E16(MK849866)

Pseudomonas plecoglossicida strain DC2N-2 (MF716680)

Pseudomonas entomophila LAS(NR102854)

41

Pseudomonas monteilii strain SB 3091(GU191925)

52 Pseudomonas fluorescens strain psf3(MN256389)

57 | Pseudomonas putida strain R43(KC990820)

0.0005

Fig. 2. Phylogenetic tree of the strain. Numbers in parentheses represent the sequences in GenBank. The number at each branch point

is percentage supported by bootstrap (1,000 resamplings).
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Fig. 5. Effect of pH on the denitrification activity of strain Y-1.

respectively (Fig. 5). Removal rates of NO;-N and TN
reached maximum values (89.70% and 19.91%, respectively)
at pH 7. The removal rate for NO;-N changed only slightly
as the pH value increased from 7 to 10, while the TN removal
rate diminished slightly. Even at pH 11-12, there was still a
high removal rate for NO;-N (>50%). These results indicate
that the optimum pH of strain Y-1 was 7, as acidic conditions
strongly inhibited denitrification, but NO;-N could still be
removed under even strong alkali conditions.

3.7. Effect of inoculation amount on nitrogen removal activity

Aerobic denitrifying bacteria require NO;-N for growth
and synthesize, several reductases that reduce the NO;-N to
other forms of nitrogen [28]. Therefore, the absolute rate of
removal is closely related to the amount of aerobic denitrify-
ing bacteria that are present. By studying the effects of dif-
ferent inoculation amounts on nitrate removal, the optimal
inoculation amount of strain Y-1 was determined. When the
inoculation amount was 0.5 x 10® CFU, the TN removal rate
was only 2.88% (Fig. 6). Increasing the inoculation amount
to 1.5 x 10°CFU, the removal rates of NO;-N and TN reached
the maximum values of 89.42% and 19.26%, respectively.

Table 2
Phospholipid fatty acid profile and similarity index

Library Sim index Entry name

TSBAG6 0.115 Paucimonas lemoignei
0.108 Aeromonas ichthiosmia A/hydrophila
0.104 Aeromonas veronii-GC subgroup B

(biogroup sobria)

CLIN6.20 0.163 Pseudomonas putida-biotype A
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Fig. 6. Effect of the inoculation amount on the denitrification
activity of strain Y-1.

The removal rate for NO,-N changed only slightly when
the inoculation amount was increased to 2.5 x 108 CFU, while
the TN removal rate slightly decreased. The experiment
revealed that the optimal inoculation amount of strain Y-1
was 1.5 x 108 CFU.

3.8. Effect of carbon sources on nitrogen removal activity

The carbon source indirectly affects the denitrification
rate by impacting the growth and metabolism of the bacte-
ria. Strain Y-1 grew well when sodium citrate, sodium suc-
cinate, glucose, and ammonium acetate were used as the
carbon source, while sucrose supplementation led to virtu-
ally no growth (Fig. 7). The effect of carbon source on the
denitrification activity of strain Y-1 was similar to the effect
of growth. When glucose was used as the carbon source, the
removal rates for NO;-N and TN were 98.88% and 20.08%,
respectively. When sodium butyrate and sodium citrate were
used as carbon sources, the removal rate of NO;-N was
>97%, while the removal rate of NO;-N was 2.81% when
using sucrose. This revealed that the optimal carbon source
of strain Y-1 was glucose, and that the carbon source affected
the denitrification rate, likely by affecting the rate of bacterial
growth.

3.9. Effect of C/N ratio on nitrogen removal activity

The C/N ratio strongly influences the denitrification pro-
cess, as denitrifying bacteria are heterotrophic facultative
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Fig. 7. Effect of different carbon sources on the denitrification
activity of strain Y-1.

anaerobic bacteria that reduce the electron acceptors in
energy metabolism (N°" and N* of nitrate and nitrite, respec-
tively) under anaerobic conditions, while organics pro-
vide energy and act as an electron donor. As the C/N ratio
increased, the removal rate of NO;-N and TN gradually
increased and reached a maximum at 15 C/N (Fig. 8); at this
time, the removal rate of NO;-N was 100.00% and the TN
removal rate was 20.35%. When the C/N ratio increased fur-
ther, the removal rate decreased slightly. This could be due to
sufficient energy required for cell growth and denitrification,
and that the carbon and nitrogen source was non-limiting
factors, the growth, and denitrification activities becom-
ing stable. This optimum C/N ratio was 15, similar to Vibrio
halophiles Y1-15 screened from the ocean by Li et al. [29].

3.10. Denitrification characteristics of strain Y-1 under
optimum conditions

According to the analysis above, the optimal denitri-
fication conditions of strain Y-1 were: temperature 15°C,
pH 7, shaking speed 150 rpm, C/N 15, inoculation amount
1.5 x 10® CFU, and using glucose as the carbon source. Strain
Y-1 was cultured under these conditions for 48 h and the
denitrification activities measured. The nitrate concentration
decreased from 51.140 to 0.570 mg/L with a removal ratio
of 98.89% over this time interval (Table 3). The initial and
final concentration of TN before centrifugation was 55.530
and 43.977 mg/L, respectively, decreasing by 11.553 mg/L,
while the initial and final concentration of TN after centrif-
ugation decreased from 54.833 to 4.091 mg/L, respectively,
with a removal ratio of 92.54%, 11.553 mg/L (removal ratio
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of strain Y-1.

of 21.07%) converted into gas from water, 39.189 mg/L
(removal ratio of 71.47%) was used by cell and converted
to biomass nitrogen. Throughout the process, there was no
accumulation of nitrate-nitrogen.

3.11. Denitrification activity of strain Y-1 using different single
nitrogen sources and determining the denitrification pathway

When NO;-N was used as the sole nitrogen source, the
NO;-N concentration decreased from 100.71 to 32.00 mg/L
within 24 h, the removal rate reached 68.23%, and the
concentration decreased to 0 mg/L after 36 h, achieving
complete reduction (Fig. 9). A small amount of NO,-N
(3.128 mg/L) was detected throughout the whole process,
but the NO;-N was removed completely. The logarithmic
growth phase was from 12 to 30 h, reaching a maximum
OD,,, value of 1.727. Because the nitrate reduction reaction
consumes H* [30], the pH of the medium increased from
7.21 to 8.27 throughout the experiment. The use of NO;-N,
accumulation of intermediate products, and the change
in pH suggests that strain Y-1 removes NO,-N through
denitrification.

When 100 mg/L NO,-N was used as the sole nitrogen
source, strain Y-1 did not grow and the OD,, value decreased
from 0.080 to 0.056, probably due to the toxic effects of nitrite
(Fig. 10). During the 36 h, the concentration of NO,-N
decreased from 105.23 to 98.20 mg/L, and the removal rate
was negligible. NH;-N and NO;-N was not detected during
the experiment and TN remained constant. The pH of the
medium decreased from 7.17 to 6.13, probably due to the
release of NH;-N after the death of the bacteria, and strain

Eae];lietriﬁcation characteristics of strain Y-1 under optimum conditions
Project NO;N NO,N TN after TN before Biomass OD,,
(mg/L) (mg/L) centrifugation centrifugation nitrogen
(mg/L) (mg/L) (mg/L)
Initial value 51.140 0.000 54.833 55.530 0.697 0.012
Final value 0.570 0.000 4.091 43.977 39.886 1.176




S.-d. Xiang et al. / Desalination and Water Treatment 181 (2020) 321-329 327

120 - - 18 10
100 |- 415
e s
_ ~§
-
= 80
en -
? 12
= d6
£ 6ot
g 409 s
e
g 40 o4
5 06
&
= 20
= 42
< H03
ok o o —a&—A— A
1 1 1 1 1 1 1 00 J0
0h 6h 12h 18h 24h 30h 36h
Time

Fig. 9. Denitrification activity of strain Y-1 using nitrate—nitrogen
as the sole nitrogen source.

120 - 4010 10
P
100 |- Bo———a—— a1
d008 8
~ — &
= 80 ——
Ef e N
= ) ¢ Jooe 6
£ gl —NO,N g
g —= TN gl =
s [=9
S L 0Dy, 4004”4
g 40
o —e—pH
)
g 20
Z 4002 2
0}
1 1 1 1 1 1 1 000 . 0
Oh 6h 12h  18h  24h  30h  36h

Time

Fig. 10. Denitrification activity of strain Y-1 using nitrite-nitro-
gen as the sole nitrogen source.

Y-1 could not remove the high concentration of NO,-N when
it was supplied as the sole nitrogen source.

When NH;-N was used as the sole nitrogen source,
the OD,, value increased from 0.068 to 1.180, reaching
the plateau at 30 h, with the logarithmic growth phase
occurring from 6 h to 18 h (Fig. 11). The NH;-N concen-
tration decreased from 150.48 to 81.78 mg/L by 30 h, and
the removal rate was 45.65%. The TN removal rate was
zero throughout the entire process, and no accumulation of
either NO;—N or NO;-N was detected. Based on analyzing
the data strain Y-1 uses NH;-N by assimilation rather than
nitrification.

4. Discussion

The discovery of aerobic denitrification overcame the
limitation of oxygen inhibition, providing a new biolog-
ical nitrogen removal pathway. At present, a large num-
ber of aerobic denitrifier strains that have strong nitrogen
removal activity have been reported. For example, Chen
et al. [31] screened and isolated Rhodococcus pyogenes from
livestock and poultry breeding wastewater, which could

remove 66.74% of the TN and 64.27% of NO;-N present
(initial concentration of 50 mg/L) by aerobic denitrification.
Gao et al. [19] isolated an aerobic denitrifier Pseudomonas
sp. 2-8, which removes 92% of NO,-N present within
48 h. Li et al. [29] screened and isolated a strain Vibrio halo-
philes Y1-15 from surface sediments in Jiaozhou Bay, which
could remove NH;-N and NO;-N simultaneously, and the
removal rate of NO;—N was 98% within 48 h. However, most
aerobic denitrifying bacteria that have been investigated are
Pseudomonas stutzeri low, P. aeruginosa and P. putida, while
there have been few reports on the aerobic denitrification
ability of P. plecoglossicida. Most aerobic denitrifying bacte-
ria have poor tolerance to low temperatures and high pH
environments. In this study, we investigated strain P. ple-
coglossicida Y-1, which has aerobic denitrification activity
and can remove nitrogen at both low temperatures and in
strong alkaline water environments.

Temperature strongly affects cell growth and reproduc-
tion, thereby impacting the denitrification capacity of bac-
teria, and low temperature is a key factor in inhibiting
the denitrification rate [32]. The optimum temperature of
the highly efficient denitrifying phosphate-accumulating
bacteria N-11, selected by Sun et al. [33], is 30°C. P. stutzeri
YZN-001 was discovered by Zhang et al. [16] and could
remove NH;-N between 4-37°C, but NO;-N could be
effectively removed only at 30°C. Chen et al. [15] isolated
Pseudomonas C3 from an estuarine reed wetland, which
could remove nitrate-nitrogen by 97.17% within 36 h at
30°C, but this dropped to 29.32% at 20°C. Most identi-
fied strains have high optimum temperatures that are not
suitable for low-temperature water bodies. This study
revealed that the optimum temperature for strain Y-1 was
15°C and that the removal rate of NO;-N reached 88.59%
at this temperature. P. plecoglossicida Y-1 is a denitrifying
strain with cold-tolerant properties and is superior to other
strains in removing nitrogen from low-temperature water.

pH affects the membrane charge of cells, thereby
impacting the balance of electrolytes in the cell, and the
concentration of nutrients or inhibitory substances in solu-
tion, ultimately dictating how the microorganisms absorb
nutrients [34] and indirectly or directly affecting bacterial
activity [35]. pH can also affect the enzyme activity of micro-
organisms, altering metabolism [33]. At extreme pH, the
enzymatic activity of the microorganisms can be strongly
inhibited, which can be deleterious to cellular growth. Most
aerobic denitrifying bacteria have optimal activity at neutral
or slightly alkaline conditions, while nitrogen removal effi-
ciency is significantly reduced under strongly alkaline con-
ditions. For example, the optimum nitrogen removal pH of a
strain found by Gao et al. [19] was 7.5 and barely grew when
pH > 9. Huang et al. [20] isolated strain A14, which had max-
imal nitrogen removal at pH 7. Sun et al. [36] screened strain
Klebsiella sps.y5 and found that the nitrate-nitrogen removal
rate was drastically decreased when pH > 8. Pseudomonas sp.
C3 had minimal denitrification activity when pH =9 [15].
The experimental strain Y-1 has high efficiency for nitro-
gen removal in neutral or weakly alkaline environments
and is similar to strain L7 [37] (when the initial pH =7, the
denitrification efficiency is higher) and strain SF16 [38] (the
optimal pH range is 7.5-9.5). However, stain Y-1 has greater
denitrification activity at pH 11-12 in comparison to other
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Fig. 11. Denitrification activity of strain Y-1 using ammonium
nitrogen as the sole nitrogen source.

strains, suggesting that strain Y-1 can be used in alkaline
water treatment.

Previous studies have suggested that most aerobic
denitrifying bacteria have both denitrification and nitrifica-
tion capabilities, such as P. putida Y-12 reported by Ye et al.
[39], and NH,~N removal inferred to be achieved by nitri-
fication, while ammonia assimilation is often overlooked.
The process by which ammonia is assimilated is an import-
ant component in nitrogen metabolism, where it serves as
the main biosynthetic donor for all other nitrogen-contain-
ing cellular components. Studies have demonstrated that
ammonia assimilation is directly related to bacterial growth
and affects the rate of aerobic denitrification, indicating
that this process is essential for many organisms that use
ammonia as a nitrogen source. In the 1970s, Tempest et al.
[40] discovered the pathway for ammonia assimilation in
Enterobacter (Klebsiella). Additionally, Yang et al. [41] dis-
covered and characterized three bacterial strains that per-
form ammonia assimilation from livestock and poultry
manure compost samples. For the first time, strain Y-1 was
demonstrated to remove ammonium nitrogen via ammonia
assimilation.

5. Conclusion

® The strain Y-1 was identified as P. plecoglossicida, which
was not previously reported to have denitrification activ-
ity. The discovery of strain Y-1 adds to the list of aerobic
denitrifying species, while also providing more informa-
tion on the role of P. plecoglossicida in nature;

e Strain Y-1 is an aerobic denitrifying bacteria that is
cold-tolerant with strong alkali resistance. It can effec-
tively remove nitrate—nitrogen at 15°C and pH 11-12.
The tolerance of strain Y-1 to low temperatures and alkali
environment is stronger than other reported strains;

e Strain Y-1 can effectively remove nitrate-nitrogen, but
does not have activity at high concentrations (100 mg/L)
of nitrite nitrogen;

®  Pseudomonas plecoglossicida Y-1 can remove ammonium
nitrogen by assimilation rather than nitrification, which
differs from most denitrifying bacteria.

S.-d. Xiang et al. / Desalination and Water Treatment 181 (2020) 321-329

References

3]
(4]

(5]

(6]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

J.M.S.V. Maanen, A.V. Dijk, K. Mulder, M.H.D. Baets, P.C.A.
Menheere, D.V.D. Heide, PLJ.M. Mertens, J.C.S. Kleinjans,
Consumption of drinking water with high nitrate levels causes
hypertrophy of the thyroid, Toxicol. Lett., 72 (1994) 365-374.

S. Jin, A study on nitrate pollution factors and it’s pollution
sources variety, as well as measures for preventing underground
water from nitrate pollution, Liaoning Geol., 1 (1997) 64-70.
E.P. Bi, Z.G. Li, Nitrogen pollution analysis of groundwater in
Shijiazhuang City, Hydrogeol. Eng. Geol., 28 (2001) 31-34.

S.C. Zhang, Z.Y. Shen, Study on the trend of nitrate pollution
of groundwater in the plain area of Tangshan, J. Hydrol. Eng.,
1(2002) 68-75.

S.Y. Xu, H. Zhan, N. Li, F. Li, ].Z. Yang, Y.L. Zheng, D.L. Liu,
Isolation of a new aerobic denitrifying bacteria and its deni-
trification characteristics, Environ. Sci. Technol., 33 (2010) 10-13.
J.K. Kim, KJ. Park, K.D. Cho, S.W. Nam, TJ. Park, R. Bajpai,
Aerobic nitrification and denitrification by heterotrophic
Bacillus strains, Bioresour. Technol., 96 (2005) 1897-1906.

R. Knowles, Denitrification, Microbiol. Rev., 46 (1982) 43-70.

T. Khin, A.P. Annachhatre, Novel microbial nitrogen removal
processes, Biotechnol. Adv., 22 (2004) 519-532.

L.A. Robertson, Combined heterotrophic nitrification and
aerobic denitrification in Thiosphaera pantotropha and other
bacteria, Antonie Van Leeuwenhoek, 57 (1990) 139-152.

Y.L. Sun, L. Feng, A.G. Li, X.N. Zhang, ] X. Yang, F. Ma, Ammon-
ium assimilation: an important accessory during aerobic deni-
trification of Pseudomonas stutzeri T13, Bioresour. Technol.,
234 (2017) 264-272.

X. Liang, Y.X. Ren, L. Yang, S.Q. Zha, Z.H. Xia, Characteristics
of nitrogen removal by a heterotrophic nitrification-aerobic
denitrification bacterium YL, Environ. Sci., 36 (2015) 1749-1756.
T.X. He, Y. Xu, Z.L. Li, Identification and characterization of a
hypothermia nitrite bacterium Pseudomonas tolaasii Y-11, Acta
Microbiol. Sinica., 55 (2015) 991-1000.

Y. Xu, TX. He, Z.L. Li, Q. Ye, YL. Chen, E.Y. Xie, X. Zhang,
Nitrogen removal characteristics of Pseudomonas putida Y-9
capable of heterotrophic nitrification and aerobic denitrification
at low temperature, BioMed Res. Int., 10 (2017) 1-7.

L. Zhu, W. Ding, L. Feng, X. Dai, X.Y. Xu, Characteristics of
an aerobic denitrifier that utilizes ammonium and nitrate
simultaneously under the oligotrophic niche, Environ. Sci.
Pollut. Res. Int., 19 (2012) 3185-3191.

L. Chen, J. Bai, Y.G. Zhao, W.J. Tian, Y. Zhang, ].J. Dang, K.R. Li,
Identification and denitrification characteristics of an aerobic
denitrifier in estuary phragmites wetland, Acta Microbiol.
Sinica., 56 (2016) 1314-1325.

J.B. Zhang, P.X. Wu, B. Hao, Z.N. Yu, Heterotrophic nitrification
and aerobic denitrification by the bacterium Pseudomonas
Stutzeri YZN-001, Bioresour. Technol., 102 (2011) 9866-9869.

Z. Liang, D. Wei, L.. Feng, D. Xin, X.Y. Xu, Characteristics
of an aerobic denitrifier that utilizes ammonium and nitrate
simultaneously under the oligotrophic niche, Environ. Sci.
Pollut. Res., 19 (2012) 3185-3191.

AB. Gupta, Thiosphaera pantotropha: a sulphur bacterium
capable of simultaneous heterotrophic nitrification and aerobic
denitrification, Enzyme Microb. Technol., 21 (1997) 589-595.
X.Y. Gao, Y. Liu, HY. Zheng, Y. Liu, Z.P. Liu, Identification
and characteristics of a marine aerobic denitrifying bacterium,
Acta Microbiologica Sinica., 50 (2010) 1164-1171.

Y.T. Huang, L.N. Zhang, H.H. Zhang, J.F. Su, L. Guo, ].Y. Zhao,
K. Zhang, Screening and nitrogen removal characteristics of a
heterotrophic nitrification-aerobic denitrification strain, Ecol.
Environ. Sci., 24 (2015) 113-120.

M. Jin, J.E. Wang, Q.X. Kong, Z.G. Zhao, X.W. Wang, Z.Q. Shen,
Z.L. Chen, Z.G. Qiu, J.W. Li, Isolation and denitrification
mechanism of an aerobic heterotrophic bacterium Acinetobacter
sp. YY-5, Chin. J. Appl. Environ. Biol., 15 (2009) 692—697.
Z.F.Song,].An, G.H.Fu, X.L. Yang, Isolation and characterization
of an aerobic denitrifying Bacillus sp.YX-6 from shrimp culture
pons, Aquaculture, 319 (2011) 188-193.



(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

S.-d. Xiang et al. / Desalination and Water Treatment 181 (2020) 321-329

R.E. Buchanan, N.E. Gibbons, Bergey’s Manual of Determinative
Bacteriology, 8th ed., Science Press, Beijing, 1984.

ZY. Wang, G.Y. Chen, K. Jiang, PY. Xu, Identification and
denitrification characteristics of a psychrotolerant facultative
basophilic aerobic denitrifier, Environ. Sci., 35 (2014) 2341-2348.
HJ 636, Water Quality-DETERMINATION of Total Nitrogen-
Alkaline Potassium Persulfate Digestion-UV Spectropho-
tometry, China Environmental Science Press, Beijing, 2012,
pp. 254-255.

AJ. Kempers, C.J. Kok, Re-examination of the determination of
ammonium as the indophenol blue complex using salicylate,
Anal. Chim. Acta, 221 (1989) 147-155.

E.S. Wei, W. Bi, W.Q. Qi, Water and Wastewater Monitoring and
Analysis Methods, 4th ed., China Environmental Science Press,
Beijing, 2002.

W.G. Zumft, Cell biology and molecular basis of denitrification,
Microbiol. Mol. Biol. Rev., 61 (1997) 533-616.

Y.T. Li, YR. Wang, L. Fu, Aerobic-Heterotrophic nitrogen
removal through nitrate reduction and ammonium assimi-
lation by Marine Bacterium Vibrio sp. Y1-5, Bioresour. Technol.,
230 (2017) 103-111.

S.Q. Zhou, Theoretical stoichiometry of biological denitrifica-
tions, Environ. Technol., 22 (2001) 869-880.

P.Z. Chen, L.G. Wang, Y.C. Wang, J. Li, W. Ding, T.Z. Ren, S.P. Li,
Screening and denitrification characteristics of a heterotrophic
nitrification aerobic denitrifier bacteria, Environ. Sci., 30 (2009)
3614-3618.

A. Rodriguez-Caballero, S. Hallin, C. Pahlson, M. Odlare,
E. Dahlquist, Ammonia oxidizing bacterial community com-
position and process performance in wastewater treatment
plants under low temperature conditions, Water Sci. Technol.,
65 (2012) 197-204.

S. Ling, XX. Zhao, HF. Zhang, Y.Q. Zhang, Biological
characteristics of a denitrifying phosphorus-accumulating bac-
terium, Ecol. Eng., 81 (2015) 82-88.

[34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

329

H.F. Xiu, Z.Y. Zhu, A.Z. Ding, L. Zheng, X. Zhao, Isolation
and identification of the aerobic denitrifying Strain DF2 and
its physiological and biochemical analysis, Ecol. Environ. Sci.,
20 (2011) 1307-1314.

W. Chen, X.L. Ding, Y.L. He, Y. Mo, L.J. Xu, S.F. Gao, Isolation,
identification and degradation characteristics of nitrite degra-
dation bacteria, Environ. Sci. Technol., 34 (2011) 37—41.

Q.H. Sun, D.S. Yu, PY. Zhang, X.Z. Lin, J. Li, Identification and
nitrogen removal characteristics of a heterotrophic nitrification-
aerobic denitrification strain isolated from marine environment,
Environ. Sci., 2 (2016) 647-654.

Q.L. Zhang, Y. Liu, G.M. Aj, L.L. Miao, H.Y. Zheng, Z.P. Liu,
The characteristics of a novel heterotrophic nitrification-aerobic
denitrification bacterium, Bacillus methylotrophicus strain L7,
Bioresour. Technol., 108 (2012) 35-44.

J.M. Duan, H.D. Fang, B. Su, ].F. Chen, ]. M. Lin, Characterization
of a halophilic heterotrophic nitrification-aerobic denitrification
bacterium and its application on treatment of saline waste-
water, Bioresour. Technol., 179 (2015) 421-428.

Q. Ye, KL. Li, ZL. Li, Y. Xu, TX. He, W.H. Tang, S.D. Xiang,
Heterotrophic nitrification-aerobic denitrification performance
of Strain Y-12 under low temperature and high concentration of
inorganic nitrogen condition, Water, 9 (2017) 835.

D.W. Tempest, J.L. Meers, C.M. Brown, Synthesis of glutamate
in aerobacter aerogenes by a hitherto unknown route, Biochem.
J., 117 (1970) 405-407.

L.Yang, Y.F. Zhang, H. Zheng, B.Z. Lin, L.Z. Fu, In situ screening
and identification of highly efficient deodorant microorganisms,
Shanghai J. Anim. Husband. Vet. Med., 2 (2012) 14-16.



	OLE_LINK1
	OLE_LINK4
	OLE_LINK14
	OLE_LINK10
	OLE_LINK7
	OLE_LINK8
	OLE_LINK3
	OLE_LINK11
	OLE_LINK12
	OLE_LINK13
	OLE_LINK6
	OLE_LINK9

