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The toxicity of ammonia nitrogen (AN) has always caused severe harm to

aquatic animals in intensive aquaculture conditions, especially in saline-alkali

aquaculture waters. The application of AN removal bacteria is a safe and

effective method for controlling the AN concentration in aquaculture water

through direct conversion to bacterial protein. However, there is still a lack

of AN removal bacteria that are appropriate for saline-alkali aquaculture

conditions. In this study, three AN removal strains, namely, Bacillus

idriensis CT-WN-B3, Bacillus australimaris CT-WL5-10, and Pseudomonas

oleovorans CT-WL5-6, were screened out under alkaline conditions from

the alkali-tolerant strains distributed in carbonate saline-alkali soil and water

environments in Northeast China. Under different pH (8.0–9.0), salinities (10–

30 g/L NaCl), alkalinities (10–30 mmol/L NaHCO3), and AN concentrations (1–

3 mg/L), corresponding to the actual conditions of saline-alkali aquaculture

waters, the AN removal rates and relative characteristics of these strains were

analyzed. The results showed that all of the three strains were efficient on AN

removal under various conditions, and the highest removal rate reached up

to 3 × 10−13 mg/cfu/h. Both CT-WL5-10 and CT-WL5-6 were most efficient

under pH 9.0 with 3 mg/L initial AN, while pH 8.5 with 2 mg/L AN was the

best fit for CT-WN-B3. In 96-h pure incubation of these strains in alkali media,

approximately 90% AN was removed, and pH values were decreased by 2.0

units within 12 h accompanied by the growth of the strains. In addition, salinity

and alkalinity slightly disturbed the removal rates of CT-WL5-10 and CT-WL5-

6, but there were at least 65% AN removed by them within 24 h. These results

indicated that all three strains have good application prospect in saline-alkali

aquaculture waters.
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Introduction

High stocking densities and high-protein feeds have always
been used to maximize the output in intensive aquaculture
systems, while the water pollution caused by such systems
is becoming increasingly significant. The feces from aquatic
animals and the residual high-protein feed in the aquaculture
process eventually form large amounts of ammonia nitrogen
(AN) through microbial metabolism in the water (Avnimelech,
1999; Cai et al., 2010; Wu et al., 2017), and the resulting
toxicity directly impacts the survival and growth of aquatic
animals (Alcaraz et al., 1999; Mummert et al., 2003; Armstrong
et al., 2012). AN consists of ammonium (NH4

+-N) and the
toxic component—ammonia (NH3) (Alcaraz et al., 1999; Körner
et al., 2001; Zhang et al., 2018). Ammonia can enter aquatic
animals through the gills or skin membranes due to its fat
solubility, damage gill epidermal cells, increase the ammonia
concentration in blood and tissues, reduce the oxygen-carrying
capacity of blood, and destroy the excretory system and osmotic
balance of the organism (Alcaraz et al., 1999; Timmons et al.,
2002; Jiang et al., 2004). Then, symptoms such as dyspnea,
food intake reduction, and resistibility decrease occur gradually,
which ultimately cause great reductions in the survival rate of
aquatic animals (Alcaraz et al., 1999; Timmons et al., 2002).

In saline-alkali waters, the AN toxicity is much stronger
as high pH could shift the equilibrium state toward ammonia
(NH3) direction in NH3·H2O
NH4

+
+ OH− and could

enhance the proportion of ammonia in the same concentration
of AN (Mayes et al., 1986; USEPA, 1999; Körner et al.,
2001; Wu et al., 2017). This leads to a more severe
impairment of aquatic animals and restricts the development
of aquaculture in saline-alkali waters seriously. Therefore, the
effective control of AN concentrations in saline-alkali aquatic
waters has become a key problem that urgently needs to
be solved. In recent years, a zero-exchange water quality
management system based on heterotrophic AN removal
bacteria has been employed to address AN pollution (Crab
et al., 2007; Martínez-Córdova et al., 2014). In this system,
high carbon-nitrogen ratios are guaranteed to stimulate the
growth of heterotrophic bacteria and directly convert AN
into bacterial proteins (Avnimelech et al., 1994; Avnimelech,
1999, 2005; Ebeling et al., 2006). This system has been
successfully promoted for use in freshwater ponds with intensive
aquaculture. The applied bacteria are appropriate for ordinary
fresh water environment because of their neutral isolation
conditions (Hou et al., 2006; Muthukrishnan et al., 2012;
Xin et al., 2014; Diao et al., 2015; Yun et al., 2018; Chen
et al., 2019; Lei et al., 2019). However, there is still a lack
of AN removal bacteria that are suitable for saline-alkali
aquaculture waters.

In this study, the AN removal strains were screened
out from the alkali-tolerant microflora distributed in

the carbonate saline-alkali soil and water environments
in Northeast China. According to the real conditions
of saline-alkali aquaculture waters, their AN removal
rates and action characteristics were analyzed under
different pH levels, salinities, alkalinities, and initial AN
concentrations. This study provides a theoretical basis for
AN regulation and water quality purification in saline-alkali
aquaculture waters.

Materials and methods

Strains

The alkali-tolerant strains used in this study are shown
in Supplementary Table 1. In our previous study, water
and sediment samples were randomly collected from 9
saline-alkali aquaculture ponds in Daqing, Heilongjiang
Province, in June 2020. Then, alkali-tolerant strains,
which can tolerate pH 9.5–10.0 stress, were isolated from
the samples and identified by 16S rRNA gene similarity
comparisons and phylogenetic analysis (Zhang et al.,
2022). Totally, 24 alkali-tolerant strains were isolated
(Supplementary Table 1) and used for the screening of
AN removal bacteria.

Medium

An activation medium (LB) containing 10.0 g of tryptone,
5.0 g of yeast, and 10.0 g of NaCl in 1,000 ml of filtered water
was prepared, and the pH was adjusted to 7.0 with NaOH.

A primary screening medium containing 5.0 g of glucose,
0.183 g of (NH4)2SO4 (corresponding to 50 mg/L of AN), 1.0 g
of NaCl, 0.5 g of K2HPO4, 0.25 g of MgSO4·7H2O, and 15.0 g of
agar powder in 1,000 ml of filtered water was prepared, and the
pH was adjusted to 7.0 with NaOH.

A rescreening medium containing 5.0 g of glucose, 0.037 g
of (NH4)2SO4 (corresponding to 10 mg/L of AN), 1.0 g of
NaCl, 0.5 g of K2HPO4, and 0.25 g of MgSO4·7H2O in
1,000 ml of filtered water was prepared, and the pH was adjusted
to 7.0 with NaOH.

An AN removal detection medium containing 1.0 g of NaCl;
0.5 g of K2HPO4; 0.25 g of MgSO4·7H2O; 0.0037, 0.0074, or
0.0111 g of ammonium sulfate (corresponding to 1, 2, or 3 mg/L
of AN), and a certain amount of glucose (guaranteed to achieve
C/N 20:1) in 1,000 ml of filtered water was prepared, and the
pH levels were adjusted to the required values (e.g., 6.0, 8.0,
8.5, and 9.0) with HCl or NaOH. To explore the effect of
salinity and alkalinity on the removal rate, a certain amount of
NaCl (10, 20, or 30 g/L) or NaHCO3 (10, 20, or 30 mmol/L)
was added to the media as required, and NaOH was used to
guarantee pH 9.0.

Frontiers in Microbiology 02 frontiersin.org

https://doi.org/10.3389/fmicb.2022.969722
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-969722 August 20, 2022 Time: 9:33 # 3

Zhang et al. 10.3389/fmicb.2022.969722

Strain isolation

Primary screening: In total, 24 alkali-tolerant strains were
purely cultured in activation media overnight at 30◦C and
150 rpm, and centrifuged at 12,000 rpm and 4◦C for 10 min.
The supernatants were discarded, washed two times with
aseptic water, and resuspended in the same volumes of
aseptic water. Then, the suspensions were gradient diluted
to 10−4, 10−5, and 10−6 with aseptic water. A volume of
100 µl of each of the diluted solutions of the 24 strains
was spread on the primary screening media, respectively, and
incubated at 30◦C for 5 days. The strains that grew well
were picked out.

Rescreening: The screened strains were reactivated, and
the cell suspensions were prepared according to the same
method as used in the “primary screening” step. Then,
the bacterial suspension was inoculated into the rescreening
medium at a 1% inoculation amount and incubated at 30◦C
and 150 rpm for 24 h. The cultures were centrifuged at
12,000 rpm and 4◦C for 10 min, and the supernatants
were taken to determine the AN concentrations. The AN
removal strains were picked out on the basis of AN
removal rates (R).

Determination of ammonia nitrogen
concentration, growth curve, and pH
curve

The cultures incubated in different media were
centrifuged at 12,000 rpm and 4◦C for 10 min. The
AN concentrations of the supernatants were determined
using Nessler reagent colorimetry according to the
description by APHA (1992). During the cultivation
process, the pH and OD600nm values of cultures were
directly measured at 0, 4, 8, 12, 24, 48, 72, and 96 h by
pH meter (Shanghai Apera Instrument Co., Ltd., PH400)
and spectrophotometer from Shanghai Yoke Instrument
Co., Ltd. (752N), respectively. The experiment included
three replicates.

Biomass detection

The biomass of the culture was detected using the plate
colony counting method; 10 ml culture was centrifuged at
12,000 rpm and 4◦C for 10 min; the sediments were resuspended
in the same volume of aseptic water; and the gradient was
diluted to 10−2, 10−3, 10−4, and 10−5. A volume of 100
µL of each of the diluted solutions was spread on the
activation media and incubated at 30◦C for 24 h. Then,
the colony counter was used to calculate the viable count
of the cultures.

Calculation of ammonia nitrogen
removal rate

AN removal rates (R) were calculated using the following
formulas:

R (mg/cfu/h) = [A− B] (mg/L) /biomass (cfu/L)/24 (h)

(or)

R (mg/cfu) = [A− B] (mg/L) /biomass (cfu/L),

where A is the initial AN concentration and B is the residual
AN concentration.

Statistical analysis

The experimental data are expressed as the mean± standard
error (mean ± S.E.). All statistical analyses were performed
using SPSS 19.0 for Windows. Data obtained from the
experiment were analyzed by one-way ANOVA after the
homogeneity of variance test. When significant differences were
found, Duncan’s multiple range tests were used to identify
differences among the experimental groups. Differences were
considered significant at P < 0.05.

Phylogenetic tree

To analyze the phylogenetic relationships of the AN removal
strains reported previously (Hou et al., 2006; Zhang et al., 2011;
Chen et al., 2012, 2019; Xin et al., 2014; Diao et al., 2015; Huang
et al., 2015a, 2018; Su et al., 2016; Xu et al., 2016; Yun et al., 2018;
Hu et al., 2020) and screened out in this study, their 16S rRNA
gene sequences were downloaded from NCBI and compared
using MEGA 6.0. Then, the neighbor-joining method was used
to select Bootstrap and construct a phylogenetic tree for 1,000
repeats. The 16S rRNA has been uploaded to Genbank,1 and the
accession numbers are listed in Supplementary Table 1.

Results

Strain isolation

A total of 6 strains that grew well in the primary screening
medium were picked out, namely, CT-SL8-3, CT-WN-B3,
CT-WN-B4, CT-WN-B8, CT-WL5-10, and CT-WL5-6. These
strains were inoculated into the rescreening media, and the
AN concentrations were determined after a 24-h incubation

1 https://www.ncbi.nlm.nih.gov/nuccore/
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period. All 6 strains removed 35–85% AN (Table 1) after 24 h,
and the removal percentages of Bacillus idriensis CT-WN-B3,
Bacillus australimaris CT-WL5-10, and Pseudomonas oleovorans
CT-WL5-6 were significantly higher than those of the other
strains (P < 0.05). Among them, P. oleovorans CT-WL5-6
removed more than 80% of AN within 24 h (Table 1). The
nitrite concentrations were also determined, which is worth
mentioning, but no signal was detected.

Analysis of ammonia nitrogen removal
rate under different pH

To assess the AN removal ability, the average removal rates
within 24 h were detected in different conditions. B. idriensis
CT-WN-B3 exhibited a relatively stable removal rate in alkali
pH media, which showed the highest rate at pH 8.5 with 2 mg/L
initial AN and exhibited the lowest rate in groups with 1 mg/L
initial AN (P < 0.05) (Figure 1A). However, CT-WN-B3 neither
can grow nor remove AN in acidic conditions (Supplementary
Figure 1), indicating that is AN removal function is alkali-pH
dependent. After a 24-h incubation, the increasing initial AN
concentration of the alkali medium caused a gradual increase in
the AN removal rate of B. australimaris CT-WL5-10, which can
remove AN most efficiently in pH 9.0 media with 3 mg/L initial
AN concentration (P < 0.05) (Figure 1B). Increased initial AN
concentration led to a gradual increase in the removal rate by
CT-WL5-6, which was always up to 2.5 × 10−13 mg/cfu/h in
3 mg/L initial AN groups (Figure 1C). These results indicated
that both initial AN concentration and pH affected their AN
removal capability. In addition, CT-WL5-10 and CT-WL5-6
showed distinct removal rates in acidic media (Supplementary
Figure 1), and this suggested that these two strains can function
effectively in a wide pH range rather than alkali-pH only.

Ammonia nitrogen removal
characteristics of Bacillus idriensis
CT-WN-B3

To analyze the dynamic situation of AN removal process,
this study monitored the growth of the strains within 96 h,
as well as the accompanying changes of AN concentrations
and pH values in pH 9.0 media. As shown in Figure 2A,
AN concentration increased within 0–4 h and then decreased
in all of the 3 groups. In 3 mg/L group, AN dramatically
decreased within 4–24 h and then decreased slowly until the
lowest level (P < 0.05) (Figure 2A). The best growth was
exhibited in 3 mg/L group (P < 0.05), which reached the stable
stage in approximately OD600nm 0.1 within 24 h. While in 1
or 2 mg/L group, the biomass did not reach the maximum
until 72 h (Figure 2B). Accompanied by the growth, the culture
pH decreased rapidly within 4 h and tended to be stable after

TABLE 1 AN removal percentage of the strains with 10 mg/L initial AN.

Strains AN removal percentage (%)

Bacillus firmus CT-SL8-3 36.48± 1.50a

Bacillus idriensis CT-WN-B3 64.56± 0.56c

Bacillus zhangzhouensis CT-WN-B4 43.52± 1.46b

Bacillus horikoshii CT-WN-B8 41.95± 1.83ab

Bacillus australimaris CT-WL5-10 74.10± 1.12d

Pseudomonas oleovorans CT-WL5-6 83.68± 2.59e

Each value represents the average value ± S.E. (n = 3), and values with different
superscripts are significantly different (P < 0.05).

12 h. Although the 3 mg/L group exhibited the most rapid pH
decrease (Figure 2C), no significant differences were observed
after 24 h (P > 0.05). As shown in Figure 2D, the removal rate
(mg/cfu) was gradually increased in the 3 mg/L group, and the
highest rate was observed in the 2 mg/L group within 24 h. These
results suggested that CT-WN-B3 has a sustained and stable
effect in the 3 mg/L group and provides the most efficient AN
removal during the first 24 h in the 2 mg/L group (pH 9.0).

Ammonia nitrogen removal
characteristics of Bacillus australimaris
CT-WL5-10

In the media with 3 mg/L initial AN, the AN concentration
decreased rapidly within 4–24 h and then tended to be stable.
Comparatively, a gradual removal was caused by CT-WL5-10
within 4–48 h in the other two groups. While no significant
difference was observed after 48 h between these groups
(P > 0.05), an approximate 0.3 mg/L of final AN was guaranteed
(Figure 3A). CT-WL5-10 gradually grew during the whole
period and showed the most vigorous growth in the 3 mg/L
group (P < 0.05) (Figure 3B). Additionally, the 3 mg/L group
exhibited the fastest pH decrease and reached a significantly
lower level than that of the 1 mg/L group by the end of the
experiment (P < 0.05) (Figure 3C). The highest removal rate
(mg/cfu) was detected at 24 h in the 3 mg/L group and in the
2 mg/L group, and the removal rate was relatively stable after
24 h (Figure 3D). These results indicated that the strain can
remove AN most efficiently during 12–24 h in the 3 mg/L group
and during the first 12 h in the 2 mg/L group and reminded an
initial AN concentration-dependent removal rate of CT-WL5-
10.

Ammonia nitrogen removal
characteristics of Pseudomonas
oleovorans CT-WL5-6

The AN was decreased rapidly by CT-WL5-6 within 24 h
and then tended to be stable in pH 9.0 media with 2 mg/L
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FIGURE 1

AN removal rate under alkali pH and low initial AN concentrations. The removal rates in different conditions of B. idriensis CT-WN-B3 (A),
B. australimaris CT-WL5-10 (B), and P. oleovorans CT-WL5-6 (C) were shown, and values with different superscripts were significantly different
(P < 0.05). In (A–C), columns in light gray, dark gray, and black color, respectively, represent 1, 2, and 3 mg/L initial AN concentration group.

FIGURE 2

AN removal characteristics of B. idriensis CT-WN-B3. The residual AN percentage (A), OD600nm (B), and pH (C) determined within 96 h were
shown. Values of each time point with different superscripts in (A–C) were significantly different (P < 0.05). (D) The removal rate (AN quantity
per cell) in 0–12 h, 0–24 h,. . ., 0–96 h of incubation. In (A–D), lines or column in light gray, dark gray, and black color, respectively, represents 1,
2, and 3 mg/L initial AN concentration group.
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FIGURE 3

AN removal characteristics of B. australimaris CT-WL5-10. The residual AN percentage (A), OD600nm (B), and pH (C) determined within 96 h
were shown. Values of each time point with different superscripts in (A–C) were significantly different (P < 0.05). (D) The removal rate (AN
quantity per cell) in 0–12 h, 0–24 h,. . ., 0–96 h of incubation. In (A–D), lines or column in light gray, dark gray, and black color, respectively,
represents 1, 2, and 3 mg/L initial AN concentration group.

or 3 mg/L AN, and in the 1 mg/L group, the AN was tardily
decreased until 72 h (Figure 4A). As to the growth in the
3 mg/L group, the biomass increased most rapidly within 48 h
until the same level as the other 2 groups (Figure 4B). The
most rapid pH decrease was also exhibited in the 3 mg/L
group, but no significant difference was observed after 48 h
(P > 0.05) (Figure 4C). Among different conditions, CT-
WL5-6 removed AN most efficiently in the 3 mg/L group
during 0–24 h. In the 2 mg/L group, the highest removal rate
(mg/cfu) was detected at 24 h (Figure 4D). This indicated
that CT-WL5-6 removed AN more efficiently under high

initial AN concentrations, and an approximate 0.3 mg/L final
concentration of AN could be reached regardless of the initial
concentrations (Figure 4D).

Salinity and alkalinity effect on
ammonia nitrogen removal rate

Salinity and alkalinity in saline-alkali aquaculture water
are two main factors that could not be ignored. To explore
their effect on AN removal, the removal rates of the three
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FIGURE 4

AN removal characteristics of P. oleovorans CT-WL5-6. The residual AN percentage (A), OD600nm (B), and pH (C) determined within 96 h were
shown. Values of each time point with different superscripts in (A–C) were significantly different (P < 0.05). (D) The removal rate (AN quantity
per cell) in 0–12 h, 0–24 h,. . ., 0–96 h of incubation. In (A–D), lines or column in light gray, dark gray, and black color, respectively, represents 1,
2, and 3 mg/L initial AN concentration group.

screened strains were analyzed under different salinities (10–
30 g/L NaCl) or alkalinities (10–30 mmol/L NaHCO3) in
alkali media (pH 9.0). When NaCl was supplemented into
media, invariant percentages of AN were removed after a 24-h
incubation of CT-WN-B3 or CT-WL5-6 (P > 0.05) (Figure 5A).
That should be caused by their undiminished removal rates
(P > 0.05) (Figure 5B) compared with the control group
(0 g/L NaCl). However, less amount of AN was removed by
CT-WL5-10 under different salinities (Figure 5A), and the
removal rate was also lower than that of the control group.
As similar as the results of salinity treatment, there was no
significant change in the AN removal level of CT-WN-B3 after
NaHCO3 was supplemented (Figure 6A), even in its removal
efficiency (Figure 6B). However, CT-WL5-10 and CT-WL5-6
removed less amount of AN (Figure 6A), and their AN removal

percentage showed the same changing trend as their AN
removal rate (Figure 6B). These results suggested that salinity
and alkalinity cannot affect the AN removal application of CT-
WN-B3, but both of them can disturb the AN removal reaction
of CT-WL5-10. As to CT-WL5-6, the AN removal efficiency can
be significantly reduced by alkalinity rather than salinity.

Discussion

In this study, an oligotrophic medium with (NH4)2SO4

as the only nitrogen source was used to isolate AN removal
strains from the alkali-tolerant bacteria that are distributed
in carbonate saline-alkali soils and water environments in
Northeast China (Zhang et al., 2022). First, the strains that
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were able to grow by using AN were screened out in a
neutral medium (pH 7.0). Then, their AN removal rates in
alkaline (pH 8.0) media were determined, and three strains with
high AN removal rates were picked out, namely, B. idriensis
CT-WN-B3, B. australimaris CT-WN5-10, and P. oleovorans
CT-WL5-6. According to the actual conditions of saline-
alkali aquaculture waters, the AN removal characteristics were
analyzed under various conditions, including different pH
levels (8.0–9.0), salinities (10–30 g/L NaCl), alkalinities (10–
30 mmol/L NaHCO3), and AN concentrations (1–3 mg/L).

The reported strains with AN removal function mainly
consisted of Bacillus (Hou et al., 2006; Zhang et al., 2011;
Xu et al., 2016; Huang et al., 2018; Yun et al., 2018). Other
strains with the same function have also been reported, such
as Acinetobacter (Xin et al., 2014; Huang et al., 2015a),
Pseudomonas (Diao et al., 2015), Sphingomonas (Yun et al.,
2018), Vibrio (Su et al., 2016), Rhodococcus (Chen et al., 2012),
and Nitratireductor (Hu et al., 2020). The phylogenetic tree
based on the 16S rRNA sequences of reported AN removal
bacteria and the three strains screened out in this study
(Figure 5) clearly revealed that all of the Bacillus strains,
including CT-WN-B3 and CT-WL5-10, which were most closely
related to Bacillus licheniformis and Bacillus megaterium, were
clustered into one large clade (the threshold was 100%). CT-
WL5-6 was clustered in a stable manner with the reported
Pseudomonas AN removal bacteria (the threshold was 99%)

FIGURE 5

Salinity effect on AN removal. The AN removal percentage (A)
and AN removal rate (AN quantity per cell per hour) (B) of strains
after 24 h incubation in media with different salinities were
shown. Values in each strain group with different superscripts in
(A,B) were significantly different (P < 0.05). Columns in different
colors represent different NaCl concentrations.

FIGURE 6

Alkalinity effect on AN removal. The AN removal percentage (A)
and AN removal rate (AN quantity per cell per hour) (B) of strains
after 24 h incubation in media with different alkalinities were
shown. Values in each strain group with different superscripts in
(A,B) were significantly different (P < 0.05). Columns in different
colors represent different NaHCO3 concentrations.

(Figure 7). These results suggested similar AN removal function
and action characteristics, from an evolutionary perspective,
within the strains belonging to Bacillus or Pseudomonas. In
this study, the AN removal capability of B. idriensis and
B. australimaris were reported for the first time and that of
P. oleovorans under alkaline conditions was also supplemented.

These three strains were able to grow under alkaline
conditions, which was followed by rapid AN removal and pH
decrease. Compared with conventional microbial media, the
growth of microorganisms might be inhibited in oligotrophic
media, especially under alkaline stress. The biomass levels
of the three strains range between OD600nm 0.04 and 0.10.
These results are consistent with the levels reported for other
strains, for example, Delftia lacustria SF9 and Acinetobacter sp.
Sxf14 (Huang et al., 2015a,b) grew slowly under oligotrophic
conditions, and the maximum OD600nm was less than 0.060.

During the AN removal processes of the strains isolated
in this study, the AN level of the cultures increased at first
and then rapidly decreased (Figures 2B, 3B, 4B). This was
probably because the bacteria cells ingested abundant organic
nitrogen from activation medium, and after being transferred
into AN removal medium, the unfinished metabolism of organic
nitrogen was continued. Then amounts of AN were produced
during the metabolism (Ebeling et al., 2006; Avnimelech,
2015). This is probably corresponding to the results that AN
removal bacteria can covert peptones into large amounts of AN
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FIGURE 7

Phylogenetic analysis of AN removal strains. The 16S rRNA gene sequences of the isolated strains were compared with the reported AN removal
bacteria by MEGA 6.0 software, and the phylogenetic tree was constructed by the neighbor-joining method. Black circle marked the bacteria
isolated in this study.

(Huang et al., 2018). In addition, the above process is considered
to be related to the physiological status of the bacterial cells,
and hence, the increase is more obvious in richer N source
groups (3 mg/L > 2 mg/L > 1 mg/L) (Figures 2B, 3B,
4B). As the growth began to enter an exponential phase, the
accumulated organic nitrogen was used up, and AN began to
be consumed, which manifested as a high level of AN removal.
A close relationship between strain growth and AN removal has
always been exhibited; for example, the AN removal rate was
synchronized with the growth of Bacillus licheniformis X3914
(Zhang et al., 2011). Chen et al. (2012) considered that AN
removal mainly occurred in the exponential growth period.
Similarly, Wang et al. (2016) found that within the first 12 h of
their experiment, the growth status of Acinetobacter baumannii
WJ6 was nearly the same as the degree of AN removal. In this
study, it was also found that the strains entered a platform
growth period after rapid growth, which was accompanied by
a significant AN removal within 24 h (Figures 2–4). It was also
noticed that the propagation of strains is not absolutely related
to AN removal, for example, the growth level of CT-WN-B3
in the 2 mg/L initial AN media was much lower than that in
the 3 mg/L group, but the same AN quantity was removed in
these two groups within 48 h (Figures 2A,B). The highest rate
was detected within 0–24 h in the 2 mg/L group (Figure 2D).
CT-WL5-10 showed an indistinctive growth difference between
the 2 mg/L and 1 mg/L group in 96 h, but a larger quantity
of AN removal (0–24 h) and a higher removal rate were

detected in the former (Figures 3A,B,D), and so is CT-WL5-6
(Figures 4A,B,D). These results suggested that the AN removal
is not only because of the utilization of nitrogen source during
growth but also because of a functional specialty of these strains,
which is considered affected by both initial AN concentration
and pH (Figure 1 and Supplementary Figure 1).

As far as CT-WN-B3 is concerned, the highest AN removal
rate was observed in pH 8.5 media with 2 mg/L initial AN
(Figure 1A). Compared with the other strains, CT-WN-B3
exhibited an undisputedly stronger growth ability (Figures 2B,
3B, 4B), which could rapidly propagate to OD600nm > 0.10
and decrease the pH at the same time (Figures 1C,D). These
results suggested that CT-WN-B3 has the advantage of forming
a dominant ecological niche and reducing AN toxicity in saline-
alkali aquaculture waters. Furthermore, CT-WN-B3 is more
targeted to AN removal at high pH levels (Figure 1 and
Supplementary Figure 1), and neither salinity nor alkalinity
affects its AN removal effect (Figures 6, 7). All these results
mean an excellent application prospect of CT-WN-B3 in
saline-alkali aquaculture waters. The high removal efficiency of
P. oleovorans has been reported (Diao et al., 2015), and this study
further confirmed the AN removal properties of P. oleovorans
under alkaline conditions. The AN removal rates of CT-WN5-
10 and CT-WL5-6 changed more significantly with initial AN
concentration (Figures 1A,B, 3D, 4D), which might be caused
by their stronger alkali tolerance. As the strain propagated
continuously within 96 h, pH decreased rapidly and only about
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0.3 mg/L AN remained (Figures 3A,B, 4A,B). The AN removal
efficiency of CT-WN5-10 and CT-WL5-6 was considerable,
although they were indeed disturbed by salinity and alkalinity
(Figures 6, 7). In addition, the AN removal rates of CT-WN5-
10 and CT-WL5-6 in acid media were obviously higher than
that in the alkali media (Figure 1 and Supplementary Figure 1).
These results remind us that CT-WN5-10 and CT-WN5-6 have
a wider range of application prospect for water quality control
in aquaculture waters.

Totally, three AN removal strains were screened out
under alkaline conditions, namely, B. idriensis CT-WN-B3,
B. australimaris CT-WN5-10, and P. oleovorans CT-WL5-6.
Because of its propagation capability as well as distinguished
and stable AN removal rate under different conditions, CT-
WN-B3 is considered to have application prospects in saline-
alkali aquaculture waters to reduce AN toxicity. The AN
removal efficiencies of CT-WN5-10 and CT-WL5-6 were indeed
disturbed by salinity and alkalinity, but their high removal rates
can still support for controlling the AN concentration. These
strains are meaningful for AN regulation and water quality
purification in saline-alkali aquaculture waters.
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