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Abstract

A heterotrophic nitrifying bacterium was isolated from the activated sludge and identified as Pseudomonas stutzeri GEP-
01. Strain GEP-01 exhibited an efficient heterotrophic nitrification capability and a high nitrogen utilization rate, 48 mg/L
NH,*-N was removed after culturing for 24 h without NO,™-N or NO;™-N accumulation, and 64.7% of the NH,"-N was
removed by heterotrophic nitrification. Single-factor experiments indicated that factors such as the carbon source, tempera-
ture, NH4+—N load, and inoculum size had significant effects on the ammonium removal efficiency of strain GEP-01. The
preferred conditions for heterotrophic nitrification were sodium citrate, 30 °C, 40 mg/L NH4+-N, and 5% inoculum size. When
the initial NH,*-N amounts were 100, 200, 500 and 1000 mg/L, the removal rates were approximately 100%, 93%, 90.4%,
and 78.9%, respectively, and higher ammonium concentrations require longer culture time. Nitrogen balance demonstrated
that 40% of the initial nitrogen was lost, which was probably removed in the form of gas products under optimum culture
conditions, and 36.3% of NH4+-N was converted to biomass. When incubated (adding a small amount of sodium citrate as
carbon source and no carbon source) in swine wastewater containing 835 mg/L. of ammonium, the removal ratio reached
56.3% and 24.8%. Strain GEP-01 has potential applications in the treatment of ammonium-rich wastewater.

Keywords Heterotrophic nitrification bacterium - Ammonium - Pseudomonas stutzeri GEP-01 - Nitrogen removal -
Ammonium-rich wastewater

Introduction

With the acceleration of urbanization and agricultural spe-
cialization in China and the impact of global warming [1],
ammonia-nitrogen pollution in water is becoming more and
more serious, especially from coking [2], food, aquacul-
ture [3] and other industries, as well as high concentration
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ammonia-nitrogen wastewater from landfill leachate [4].
Untreated discharges of such wastewater can cause serious
environmental hazards, such as eutrophication. In recent dec-
ades, eutrophication has occurred in a large number of lakes
[5, 6] and coastal areas [7, 8] in China. With the increasingly
serious eutrophication of water body and the increasingly
stringent discharge standard of nitrogen in wastewater, how
to economically and effectively remove ammonia-nitrogen
in wastewater has become one of the urgent problems to
be solved in the treatment of high concentration ammonia-
nitrogen wastewater.

In recent years, bacteria with heterotrophic nitrifica-
tion—aerobic denitrification have been discovered and
have attracted extensive attention and research due to their
potential value of biological removal of nitrogen. Hetero-
trophic nitrification and its genus research are riches and
breakthroughs in traditional nitrification theory, such as
Pseudomonas 9], Alcaligenes [10] and Halomonas [11].
Heterotrophic nitrifying bacteria have the advantages of fast
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growth rate, low temperature resistance [12], simultaneous
nitrification, and denitrification, which makes the potential
application value of heterotrophic nitrifying bacteria very
significant. Pseudomonas stutzeri was proved to be a hetero-
trophic nitrification—aerobic denitrification bacterium [13].
The studies on Pseudomonas stutzeri have focused on their
ability and pathway to remove nitrogen [14, 15], and stud-
ied the factors affecting C/N, temperature, dissolved oxy-
gen, etc., [16-18]. However, the effect of NH4+-N load and
inoculum size has rarely been reported. It has been reported
that, compared to other bacteria, Pseudomonas stutzeris can
more easily form biofilms in nutrient-poor environments
[19]. Therefore, studying the effects of ammonia-nitrogen
load and inoculum on the nitrogen removal capacity of
Pseudomonas stutzeri has a good reference for engineering
applications such as biological aerated filter and biological
contact oxidation system. In this study, a heterotrophic nitri-
fying bacterium was isolated from activated sludge of sew-
age treatment plant and identified as Pseudomonas stutzeri
and named GEP-01. Its heterotrophic nitrification capabil-
ity and the factors affecting the nitrogen removal of strain
GEP-01 and the optimal reaction conditions were studied.
It is expected that the application of Pseudomonas stutzeri
GEP-01 in water environment restoration can be expanded.

Materials and methods
Culture media

The enrichment medium (EM) was comprised of (per liter):
5.0 g sodium acetate, 5.0 g (NH,),SO,, 0.25 g NaH,PO,,
0.01 g MnSO,-4H,0, 0.03 g MgSO,-7H,0, 0.75 g K,HPO,,
1.0 g CaCO3, and 1 mL trace elements solution consisting
of (per liter) 50 g EDTA, 0.05 g HOMoN,0,, 5 g Fe,(S0,);,
0.05 g H;BO;, 1.6 g CuSO,, 0.01 g KI, 2.2 g ZnSO,, and
0.05 g CoCl,.

The basal medium (BM) for strain cultivation and het-
erotrophic nitrification was comprised of (per liter): 5.0 g
sodium acetate, 2.0 g (NH,),SO,, 0.25 g NaH,PO,, 0.01 g
MnSO,-4H,0, 0.03 ¢ MgSO,-7H,0, 0.75 g K,HPO,, 1.0 g
CaCOj; and 1 mL trace elements solution. Luria-Bertani
(LB) agar plates were prepared by adding 15 g agar to the
BM.

The initial pH of all the media mentioned above was
adjusted to 7.2.

Screening and isolation of strain GEP-01
First, 5 g of sludge sample (obtained from a sewage treat-
ment plant in Zhengzhou, Henan, China) was placed in a

conical flask containing 100 mL of 0.9% sterile saline and
shaken at 150 rpm for 1 h. Then, 10 mL of the mixture was
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added to 90 mL of the EM in a conical flask and incubated
on a rotary shaker at 30 °C and 150 rpm for 24 h to enrich
the heterotrophic bacteria.

After 1 day of cultivation, 10 mL of the cell suspension
was transferred to 90 mL fresh EM and incubated at 30 °C
and 150 rpm for 2 days. Thereafter, 1 mL of the bacterial
suspension was transferred to 100 mL fresh BM in a 250 mL
flask for selective cultivation of the bacterial cultures the
under conditions of 30 °C and 150 rpm for 2 days. The above
process was repeated three times. The enriched bacterial cul-
ture was gradient diluted, and the suspensions with different
concentrations were spread onto LB agar plates using the
dilution plate method and incubated to grow single colo-
nies that were clearly visible at 30 °C. Separate colonies
exhibiting different morphological features were selected
and further purified. Then, pure isolates were picked and
individually tested to determine their capabilities for nitro-
gen removal. The bacterium with the highest nitrification
capability was obtained and used for subsequent tests.

The obtained pure strain was streaked and stored at 4 °C
as the source of the strain for further study. Every 2 weeks,
the bacterium was inoculated onto a new medium to main-
tain the bacterial activity. The culture medium used for the
preservation of the strain was a heterotrophic nitrification
medium.

Identification of strain GEP-01

The morphological characteristics of the isolated microbial
strains were observed using a microscope, and Gram stain-
ing and microscopic examination were performed. Then,
the pure strain was subjected to genomic DNA extraction,
PCR amplification of 16S rDNA, and purification of the
PCR product, and the PCR product was placed on an agar
gel for electrophoresis. Sequencing was performed using
positive and negative universal primers. The sequence was
edited using DNASTAR, and the gene sequence obtained by
removing the vector sequence was analyzed using BLAST
in the GenBank database.

Assessment of heterotrophic nitrification
and growth curve of strain GEP-01

The bacterial solution was inoculated into 100 mL of BM
(the initial NH,"-N concentrations was about 50 mg/L) at
a 5% inoculum size and cultured at 30 °C, 150 rpm, and
pH 7.0-8.0, during which the absorbance of the bacterial
cells at 600 nm was sampled at regular intervals to prepare
a growth curve.

The bacterial solution was inoculated into 100 mL of
BM at a 5% inoculum size (OD600 ~ 1.4) and cultured at
30 °C, 150 rpm, and pH 7.0-8.0. Samples were taken every
6 h, centrifuged (10,000 r/min) and then filtered through a
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0.45 mm membrane filter, and the filtrate was used to deter-
mine the concentrations of NH,*-N, NO;™-N, NO, -N and
TN. Biomass nitrogen (bio-N) was calculated by subtracting
TN of centrifuged sample (4 °C, 15 min, 3000 rpm) from
that of non-centrifuged sample. All experiments were car-
ried out in triplicate.

Assessment of optimum conditions and influencing
factors for heterotrophic nitrification performance

To study the optimal heterotrophic nitrification performance
of strain GEP-01 and its influencing factors, single-factor
experiments and an orthogonal experiment of L9(3*) were
designed to study the effects of the carbon source, tem-
perature, NH,*-N load, and inoculum size on the NH,*-N
removal capability of strain GEP-01. Before each experi-
ment, strain GEP-01 was inoculated onto LB by the spread-
plate method and cultured at 30 °C. After the colonies grew,
a single colony was picked and placed in BM for culturing at
150 rpm and 30 °C. The cultured bacterial solution (bacteria
OD600 =~ 1.4) was inoculated into BM and shaking flask
experiments were carried out under the effects of different
influencing factors. Three parallel experiments were con-
ducted for each experimental group. Samples were taken at
regular intervals, and the sample treatment and measurement
were as described above.

Effect of carbon source

Seignette salt, sodium acetate, and sodium citrate were used
as single carbon sources, and ammonium sulfate was used
as the nitrogen source, with a 5% inoculum size (bacterial
OD600 ~ 1.4, wet cells after centrifugation). The initial
NH,"-N concentration was 40 mg/L, and the bacteria were
cultured at pH 7, 150 rpm, and 30 °C.

Effect of temperature

At 10, 20, and 30 °C, sodium acetate was used as the single
carbon source, ammonium sulfate was used as the nitrogen
source, and a 5% inoculum size (bacterial OD600 ~ 1.4, wet
cells after centrifugation) was used. The initial NH,*-N con-
centration was 40 mg/L, and the bacteria were cultured at
pH 7 and 150 rpm.

Considering that the temperature will exceed 35 °C in
summer, the culture condition of 40 °C was designed to
evaluate the ammonium removal capability of GEP-01 at
high temperature.

Effect of NH,"-N load

The initial NH4+—N concentrations were 40, 100, and
200 mg/L. Sodium acetate was used as the single carbon

source, and ammonium sulfate was used as the nitrogen
source, with a 5% inoculum size (bacterial OD600 ~ 1.4, wet
cells after centrifugation). The bacteria were cultured at pH 7,
150 rpm and 30 °C.

To evaluate the high-strength ammonium removal effi-
ciency of GEP-01, the BM with an initial ammonium concen-
tration of 500 and 1000 mg/L was prepared. The bacteria were
cultured at pH 7, 150 rpm, and 30 °C.

Effect of inoculum size

Inoculum sizes of 1%, 5%, and 10% (bacteria OD600 ~ 1.4,
wet cells after centrifugation) were used, with sodium acetate
as the single carbon source and ammonium sulfate as the nitro-
gen source. The initial NH,*-N concentration was 40 mg/L,
and the bacteria were cultured at pH 7, 150 rpm and 30 °C.

Orthogonal experiment

Four factors (the carbon source, temperature, NH4+-N load,
and inoculum size) were selected, and each factor was set at
three levels. The orthogonal experiment was designed using
SPSS software according to the factors and levels selected
above, and the results were analyzed.

Ammonium removal under optimum culture
conditions

Ammonium removal was carried out under the optimum cul-
ture conditions resulting from the single-factor experiments
and nitrogen balance was analyzed by measuring NH,*-N, TN,
NO;™-N, NO,™-N, NH,OH, and bio-N.

Assessment of ammonium removal in swine
wastewater

The strain GEP-01 was inoculated into 100 mL of swine waste-
water (adding sodium citrate as carbon source and no carbon
source) at a 5% inoculum size (OD600 ~ 1.4) and cultured at
30 °C, 150 rpm, and pH 7.0-8.0. Samples were taken every
12 h. Swine wastewater was from a pig farm in Zhengzhou,
Henan Province. The swine wastewater used for the experi-
ment was the effluent treated by biogas digester, hydrolytic
acidification tank and sedimentation tank, and its water quality
index is shown in Table 1.

Table 1 Main indexes of swine wastewater

COD NH,*-N  BOD; pH NO;"-N  NO,-N

900-1000  750-850  450-500 7.3-8 <1 <1
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Analytical methods

The pH was measured with a pH meter (PHS-3C, Leici,
Shanghai, China). Bacterial growth was measured using
spectrophotometry at 600 nm and represented as OD600.
Bio-N was calculated by subtracting TN of centrifuged sam-
ple (4 °C, 15 min, 3000 rpm) from that of non-centrifuged
sample [20]. COD was determined by a COD detector (DR
1010, HACH, USA). The NH,*-N concentration was deter-
mined by Nessler’s reagent spectrophotometry. The NO, -N
concentration was determined by the N-(1-naphthalene)-
diaminoethane photometry method. The TN was determined
by spectrophotometry. The NO;™-N concentration was deter-
mined by the phenol disulfonic acid photometry method.
The NH,OH was analyzed by indirect spectrophotometry at
a wavelength of 705 nm [21].

Result and discussion
Isolation and identification of strain GEP-01

Using sludge samples as the source of the strain, after
enrichment and separation, nine strains of microorganisms
were screened. Strain GEP-01 was selected based on the
NH,*-N and TN removal efficiencies. The colony of strain
GEP-01 on the agar plate was round, beige, smooth, opaque,
and shiny, and it was slightly protruding in the middle with
neat edges. Strain GEP-01 was Gram negative, nonspore
forming, and flagellated and had the shape of short rods. The
sequence was submitted to the NCBI for BLAST sequence
alignment. The 16S rDNA sequence similarity with multi-
ple strains of Pseudomonas stutzeri was 98%. Based on the

Fig. 1 The phylogenetic tree
derived from the neighbor-
joining analysis of partial 16S
rRNA sequences of Pseu-
domonas stutzeri strain GEP-01

96

morphological, physiological, and biochemical character-
istics of strain GEP-01, it was identified as Pseudomonas
stutzeri. A phylogenetic tree was established on the basis of
the neighbor-joining method (Fig. 1). The result further con-
firmed the identification of strain GEP-01 as Pseudomonas
stutzeri. It has been submitted to the China General Micro-
biological Culture Collection Center (CGMCC) for preser-
vation (CGMCC NO. 16359). It has been reported that the
heterotrophic nitrification aerobic denitrification ability of
Pseudomonas has been confirmed [22—-24].

Heterotrophic nitrification characteristic
and growth curve of strain GEP-01

The NH,*-N removal characteristics and the growth curve
of strain GEP-01 are shown in Fig. 2. The growth of the
isolate resulted in sigmoid curves. The lag period of strain
GEP-01 was observed at 3—4 h, but it was not obvious. Dur-
ing this time, the NH4+-N concentration was reduced from
48.65 to 36.12 mg/L, and the average nitrification ratio was
3.13 mg NH,*-N/L/h. Then, the strain entered the expo-
nential phase, which lasted for approximately 10 h, and
the OD value reached the maximum of 1.39. At this stage,
ammonium was oxidized for cell propagation. Meanwhile,
the NH,*-N concentration descended significantly, with the
removal efficiency reaching 92.0% within 12 h, and the aver-
age nitrification ratio was 3.73 mg NH,*-N/L/h. Then, the
strain began to enter the declining period. The removal rate
of NH,*-N at 24 h was 98.3%. Similar to Pseudomonas sp.
ASM-2-3 [22] and Pseudomonas putida strain NP5 [24],
strain GEP-01 showed the characteristics of rapid growth,
a short start-up time, and good potential for heterotrophic
nitrification.

Strain GEP-01

Pseudomonas stutzeri W43 (KT380550.1)

Pseudomonas stutzeri B15 (KT380520.1)

Pseudomonas stutzeri A1501 (NR 074829.1)

97

Pseudomonas aeruginosa ATCC 25011 (FJ652613.1)

Pseudomonas sp. C3 (KF620485.1)
100
Pseudomonas sp. X31 (FJ480211.1)

—— Pseudomonas putida AD-21 (EU258552.1)

——
0.0050
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Pseudomonas tolaasii Y-11 (KP410741.1)



Bioprocess and Biosystems Engineering (2020) 43:959-969

963

60 1.6 r20
1.4
50 4 I/ E\!—f—i-_;
é/'/ 5~
_ gty [12 153
5 40 ——1IN 3 g
g ——NO3 N [ 1.0 s_ E
g —¢—NOy-N o b
£ 30+ NOrN log &0 £
g —=—0Dggo ] 8
5 —e—Bio-N 06 < g
5204 °E o
S 2 z
4 & )
L04 S5 8
101
0.2
0% = < % F00 O

T T T T T
0 6 12 18 24
Time (h)

Fig.2 Cell growth and ammonium characteristics of strain GEP-01 in
the heterotrophic nitrification medium. Error bars indicate the stand-
ard deviation of the mean (n=23)

As shown in Fig. 2, the changes in the TN were con-
sistent with those of the NH,*-N. The TN in the medium
decreased rapidly within 12 h. At 12 h, the TN decreased
to 23.46 mg/L, and the removal rate reached 54.55%. In
the later period, the TN decreased slowly. After 24 h,
the TN decreased to 18.42 mg/L, and the removal rate
finally reached 64.3%. Nitrification products, including
NO;™-N and NO, ™ -N, were detected when ammonium was
consumed in large quantities, and the concentrations of
NO;7-N and NO, -N reached the maximum after 18 h, at
0.52 mg/L and 0.14 mg/L, respectively. Then, the concen-
trations were reduced to 0.43 mg/L and 0.098 mg/L. The
changes in the NO;™-N concentration in the medium were
consistent with those of the NO,™-N concentration, which
showed a trend of increasing first and then decreasing due
to the removal of NH,-N and the enhancement of deni-
trification. During the whole reaction process, NO, -N
did not accumulate in a large amount, and some of the
ammonium nitrogen may have been converted to gaseous
nitrogen products during nitrification by strain GEP-01.
Some papers have reported that heterotrophic nitrification
and aerobic denitrification bacteria were able to oxidize
ammonium to nitrite or nitrate and simultaneously deni-
trify these products to N,O and/or N, [25, 26].

To verify the presence of ammonium assimilation and
the proportion of nitrification during NH,*-N removal,
bio-N was determined. As shown in Fig. 2, in the first 12 h,
along with reproduction of strain GEP-01, concentration
of NH,*-N dropped rapidly, bio-N increased from 0.13 to
14.65 mg/L. Most initial ammonium was converted into
biomass. In the stationary phase, OD660 remained con-
stant, bio-N increased slowly from 15.02 to 16.32 mg/L.
Results demonstrated that 64.7% of the NH,*-N was
removed by heterotrophic nitrification during this process.

In this experiment, the NH,*-N was almost completely
degraded, while the TN was not completely degraded,
and NO; -N and NO, -N accumulated little. It is possible
ammonium assimilation [20] and heterotrophic nitrifica-
tion occurred at the same time when ammonia nitrogen was
the main nitrogen source. At this time, part of the NH,*-N
provided a nitrogen source for biological proliferation, thus
reducing the NH,*-N. Part of the ammonium was oxidized
to nitrite and nitrate due to heterotrophic nitrification and
then converted to nitrogen-containing gas by denitrification,
or ammonium was oxidized to hydroxylamine and directly
converted to nitrogen-containing gas [27].

Optimum conditions and influencing factors
of ammonium removal

Carbon sources

The effects of the carbon source on ammonium removal are
plotted in Table 2. When sodium citrate and sodium acetate
were used as carbon sources, the NH,*-N was completely
removed after 30 h of cultivation. The rate of heterotrophic
nitrification was the fastest when using sodium citrate. The
initial NH4+-N concentration (39.89 mg/L) decreased to
0.97 mg/L (97.5% removal efficiency) at 6 h, with an aver-
age removal rate of 6.48 mg NH,*-N/L/h. The heterotrophic
nitrification rate was slightly slower when using sodium
acetate, and the NH4+—N removal rate was 98.7% after 30 h.
The NH,*-N removal rate of strain GEP-01 was only 44.5%
at 30 h when the carbon source was seignette salt. It can be
seen that ammonium removal was significantly affected by
the type of carbon source.

The maximum removal rate of TN appeared at 18-30 h,
which was slightly delayed compared to that of NH,*-N. The
maximum TN removal rates of sodium citrate, sodium ace-
tate, and seignette salt tartrate were 61.7%, 44%, and 21.3%,
respectively (Table 2). As shown in Table 2, during the cul-
tivation, with the progress of heterotrophic nitrification and
aerobic denitrification, the concentrations of NO;™-N and
NO,™-N did not exceed 3 mg/L. Moreover, the concentration
of nitrate nitrogen was the highest when sodium citrate was
used as the carbon source, also proving that strain GEP-
01 can more easily perform heterotrophic nitrification with
sodium citrate.

It can be seen that strain GEP-01 utilizes sodium citrate
better than sodium acetate and seignette salt, this utiliza-
tion is more conducive to the direct utilization and absorp-
tion of heterotrophic nitrifying bacteria. This result was
consistent with previous findings [10, 11]. The plausible
reason is that sodium citrate can be directly inserted into
the metabolic process without modification, and it makes
the medium more alkaline, which is better for nitrification
[28]. Among the three carbon sources, sodium citrate and
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sodium acetate are oxidized compounds, while seignette
salt is a reduced compound. Another reason for this find-
ing is that the differences in the nitrogen removal effi-
ciency relative to the carbon sources might be related to
their oxidoreduction potentials [23].

Different temperature

The ammonium removal by strain GEP-01 occurred over
a wide temperature range (Table 2). Higher temperatures
promoted the heterotrophic nitrifying ability of strain
GEP-01 significantly. The variation of NH,*-N was mar-
ginal at 10 °C, at only 48.8%, but as the temperature
increased from 20 to 30 °C, the NH4+—N was completely
removed within 24 h and 18 h, respectively. During this
period, the average nitrification ratios were 1.65 mg and
2.22 mg NH,*-N/L/h. The removal of NH,*-N acceler-
ated with the increase of the temperature, and the remove
curve of NH4+-N within 12 h at 10 °C was relatively flat,
which showed that growth at lower temperatures required
a longer lag period. The TN removal rates at 20 °C and
30 °C were not significantly different, at 47.0% and 58.7%,
respectively, while the TN removal rate at 10 °C was only
24.6% but was better than that of Pseudomonas putida
strain NP5 [24]. At 30 °C, the concentration of NO; -N
peaked at 12 h, at 2.31 mg/L. The possible reason for this
result was that the rate of nitrification was stronger than
that of denitrification at this time, and the NO; -N was
not converted into N, or N,O in time after the conversion
of NO,™-N to NO;™-N, causing the peak to appear ear-
lier. At 10 °C, the accumulation of NO;™-N and NO,™-N
was small, at only 0.82 and 0.079 mg/L, and heterotrophic
nitrification and aerobic denitrification were weak.

The results in Table 2 indicated that Pseudomonas
stutzeri GEP-01 was capable of growing at 40 °C and has
a good removal of NH,*-N. At 40°C, the removal rates of
NH,*-N and TN were 97% and 53.7%, respectively. There
was no accumulation of nitrate and nitrite in this process.
The strain GEP-01 has better removal capability of NH,"-N
and TN at 20-40 °C, which will benefit its engineering
application. The optimal temperatures for most reported
heterotrophic nitrifying bacteria range from 25 to 37 °C
[29-31]. The effect of the temperature on the nitrifica-
tion efficiency of heterotrophic nitrifying bacteria can be
explained by the effects of the temperature on the organism.
For bacteria, for every 10 °C increase in temperature over
a suitable temperature range, the enzymatic reaction rate
will increase by a factor of 1-2, and thus, the metabolic rate
will increase accordingly [32]. The results showed that the
removal rate of NH,*-N by strain GEP-01 increased with the
increase of the temperature in the range of 30 °C, and was
inhibited over 40°C.

NH,*-N load

The NH,*-N removal curve of strain GEP-01 under different
NH,*-N loads is shown in Table 2. At the initial concentra-
tion of 40 mg/L, NH,"-N was degraded rapidly and was
almost completely removed within 6 h. At the initial con-
centration of 100 mg/L, NH,*-N was completely degraded
within 18 h. When the initial concentration was increased
to 200 mg/L, the NH,*-N removal rate was approximately
94.3% within 30 h after an adaptation period, and the aver-
age nitrification ratio was 6.25 mg NH,*-N/L/h (Table 2).
In the removal of high-strength ammonium wastewater,
Pseudomonas Schneider needs a longer adaptation period
and a longer reaction time. As shown in Table 2, when the
initial NH,"-N concentration was 500 mg/L, only 17.4% of
NH,*-N was removed within 24 h. Within the next 48 h, the
concentration of NH,*-N gradually decreased until the final
concentration was 47.3 mg/L. At this time, the removal rate
of NH,"-N was 90.4%. When the initial NH,"-N concen-
tration was 1000 mg/L, the removal rate at 72 h was only
79.2%. This may be due to the exhaustion of carbon in the
medium, and the heterotrophic nitrification process is hin-
dered, thereby affecting the removal of NH,"-N. When the
initial NH4+-N concentration was 500 and 1000 mg/L, the
C/N ratio was 2.92 and 1.46, respectively, and most optimum
C/N ratio on nitrogen removal by heterotrophic nitrifying
bacteria were 8-20 [17, 33, 34]. Compared with some of
the previously reported Pseudomonas stutzeri, such as Pseu-
domonas stutzeri T13 (at 160 rpm and 30 “C, when the initial
concentration was 224.68 mg/L, the NH4+—N removal rate
after 18 h was 39.56%) [18] and Pseudomonas stutzeri XL-2
(at 120 rpm and 30 °C, when the initial concentration was
100 mg/L, the NH,"-N removal amount was 69.86 mg/L
in 48 h) [35], strain GEP-01 has better nitrogen removal
efficiency.

The removal rates of the TN were 63.8%, 54.6%, 48.2%,
47.4%, and 43.2%, respectively (Table 2). At the NH,*-N
concentrations of 40 mg/L, 100 mg/L, 200 mg/L and
500 mg/L, the process of degrading NH,*-N by strain GEP-
01 produced no accumulation of NO;™-N or NO,™-N. The
accumulation of NO;™-N was only detected under the condi-
tion of high NH,-N. This is similar to the case for the bac-
terium Aeromonas sp. HN-02 [36]. Ammonium is the only
nitrogen source used in the growth process of ammonia-
oxidizing bacteria. The concentration of ammonium in the
matrix is essential for the growth of heterotrophic nitrifying
bacteria. In the absence of ammonium, the matrix cannot
meet the growth requirements of the cells. Excessive ammo-
nium will have a toxic effect on cell growth [37], and at the
same time, it will inhibit the activity of enzymes in the nitri-
fication reaction through substrate inhibition, thus affect-
ing the nitrification activity of nitrifying bacteria [38]. The
high NH,*-N removal rate and low contents of intermediate
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products make strain GEP-01 have engineering application
value in treating high-NH,*-N concentration water, such as
eutrophic water.

Inoculum size

As can be seen from Table 2, the culture time was the same,
and increasing the inoculum size within a certain range
could increase the NH,"-N removal rate. When the inoculum
size was 1% and 5%, the NH,*-N was completely removed
within 24 h and 12 h, respectively, and the average nitrifica-
tion ratio was increased from 1.67 to 3.35 mg NH,*-N/L/h.
The NH,*-N removal rate was 80% within 30 h when the
inoculum size was 10%. When the inoculum amount was
5%, the TN concentration reached the lowest level, which
was 21.5 mg/L, after 24 h of culture. Although the high
inoculum amount increased the TN removal efficiency in
the early stage, the final removal rate was only 39.07%. As
shown in Table 2, the maximum accumulation amounts were
2.91 and 0.09 mg/L at 10% inoculum. That is, as the inocu-
lum size increased, the maximum concentrations of NO;™-N
and NO,™-N increased gradually, but within the range of 1%
to 10%, the accumulation amount was low.

At present, the inoculum size has rarely been studied in
the research of heterotrophic nitrifying bacteria. The amount
of inoculum determines the number of bacteria in the culture
medium. Theoretically, the larger the amount of inoculum,
the greater is the number of bacteria, and the better will
be the nitrification effect. However, bacteria are subject to
the restrictions of nutritional conditions, and excessive bac-
teria will consume a high amount of nutrients; this level
of consumption is unfavorable for nitrification [39, 40].
Excessive inoculum size will lead to the rapid consumption

of nutrients, thus restricting the continued growth of bac-
teria and leading to the autolysis of existing bacteria [41];
this outcome results in the decrease of microbial activity.
This may be the reason why the concentration of NH,*-N
increased when the inoculum was large. Therefore, it can
be seen that the effect of changes in the inoculum size on
the remove of NH,*-N is that the removal rate increases
first and then decreases as the inoculum size increases. For
strain GEP-01, the inoculum size of 5% may be a critical
point, but perhaps, the critical point is a value between 5
and 10%, which is a postulation that requires further experi-
mental verification.

Orthogonal experiment of analysis

The results of the orthogonal experiment were analyzed
using SPSS software, as shown in Table 3. The best experi-
mental conditions were obtained by comparing the K value:
A2B3C1D2. That is, when the carbon source was sodium
citrate, the temperature, NH4+-N load, and inoculum size
were 30 °C, 40 mg/L and 5%, and the TN removal rate was
the highest at 58.3%. The range of the temperature was 29.7,
the range of the NH4+-N load was the second largest, and the
range of the inoculum size was the smallest. The order of
influence on the TN removal rate was: temperature > NH,*-
N load > carbon source > inoculum size. The preferred con-
ditions for nitrogen removal were sodium citrate, 30 °C,
40 mg/L NH,*-N, and 5% inoculum size.

Nitrogen balance under optimum culture conditions

The results of the nitrogen balance are shown in Table 4. 100%
of NH,*-N was removed under the optimum conditions in

Table 3 Results of orthogonal

; Number Carbon source (A) Temperature NH,*-N load Inoculum size  Removal rate
experiment °C (B) mg/L (C) % (D) of TN (%)

1 Seignette salt 10 40 14.3

2 Seignette salt 20 100 5 39.7

3 Seignette salt 30 200 10 33.6

4 Sodium citrate 10 100 10 17.8

5 Sodium citrate 20 200 37.5

6 Sodium citrate 30 40 5 58.3

7 Sodium acetate 10 200 5 15.9

8 Sodium acetate 20 40 10 43.6

9 Sodium acetate 30 100 1 453

K1 29.2 16 38.7 323

K2 37.9 40.3 343 38.0

K3 349 45.7 29.0 31.7

Range 8.7 29.7 9.7 6.3

K is the mean value, for example, K|, K, and K; corresponding to A are the mean values of potassium sei-
gnette salt, sodium citrate, and sodium acetate respectively at the carbon source

@ Springer



Bioprocess and Biosystems Engineering (2020) 43:959-969

967

Table 4 Nitrogen balance during bacterial treatment under optimum culture conditions by Pseudomonas stutzeri GEP-01 in 24 h (mg/L)

Initial NH,*-N Initial Bio-N Final TN Final Bio-N Nitrogen removal®
NH,*-N NO;™-N NO,™-N NH,OH Organic-N*

40 1.36 0 1.35 0.83 4.82 2.4 15.87 16.09

“Calculated value. Organic-N =final TN — final NH,*-N — final NO,™-N — final NO;™-N — final NH,OH

PCalculated value. Nitrate removal = initial NH,*-N +initial Bio-N —final TN — final bio-N

24 h, and the removal rate of TN was 76.5%. The results of 1000 a 1200 100

the nitrogen balance analysis indicated that 23.5% of the initial
nitrogen was converted to NO;™-N, NO,™-N, and other forms
of nitrogen (hydroxylamine and organic nitrogen). On the
other hand, the bio-N increased to 14.51 mg/L and that 36.2%
of the initial nitrogen was converted to biomass. Comparing
the initial and final N amount, 40% of the initial nitrogen was
lost, which was probably removed in the form of gas products
through heterotrophic nitrification and aerobic denitrifica-
tion. The results disclose that part of the NH,*-N was used
for biological proliferation, and others was oxidized to nitrite
and nitrate and then converted to nitrogen-containing gas by
denitrification, or ammonium was oxidized to hydroxylamine
and directly converted to nitrogen-containing gas.

Ammonium removal in swine wastewater

The ammonium removal in the swine wastewater inoculated
with strain GEP-01 are shown in Fig. 3. The concentrations of
COD, NH,*-N, and TN gradually decreased with increasing
time (Fig. 3), but whether carbon source is added or not has a
great influence on the removal efficiency of TN and NH,*-N.
When the initial COD concentration was 1032 mg/L, after
108 h of culture, the removal rates of NH4+—N and TN were
only 24.8% and 16.3% (Fig. 3a). When the initial COD con-
centration increased to 2295 mg/L (sodium citrate as carbon
source), the final removal rates of NH4+-N and TN increased
to 56.3% and 37.7%, respectively (Fig. 3 b). In the last 24 h,
the concentrations of NH,"-N and TN tended to be stable. The
possible reason is that with the consumption of carbon that
can be utilized by microorganisms, bacterial growth and het-
erotrophic nitrification processes were hindered. Some stud-
ies have reported that adequately C/N ratio was necessary for
good nitrogen removal by heterotrophic nitrification bacteria
[17, 42]. The nitrogen removal capability of strain GEP-01
has been confirmed in real wastewater. The effect of C/N on
nitrogen removal will be studied in the following research.

Conclusions

A newly isolated bacterium Pseudomonas stutzeri GEP-
01 has great nitrification ability and high nitrogen utiliza-
tion rate for NH,*-N, 48 mg/L NH,*-N was removed after
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Fig.3 Ammonium removal by strain GEP-0O1 in swine wastewater. a:
no carbon source, b: sodium citrate as carbon source. Error bars indi-
cate the standard deviation of the mean (n=3)

cultured 12 h without NO;™-N and NO, -N accumulation,
and 63.3% of the NH,*-N was removed by heterotrophic
nitrification. The factors such as carbon source, temperature,
NH,"-N load, and inoculum size had significant effects on
the NH4+—N removal efficiency, the preferred conditions for
heterotrophic nitrification were sodium citrate as the carbon
source, 40 mg/L NH4+-N load, 30 °C and 5% inoculum size.
In addition, higher ammonium concentrations require longer
culture time. Initial NH,*-N was 1000 mg/L, the NH,*-N
and TN removal rate was about 78.9% and 43.2% within
72 h. Nitrogen balance demonstrated that 40% of the initial
nitrogen was lost under optimum culture conditions, which
was probably removed in the form of gas products. When the
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initial NH,*-N concentration of the swine wastewater was
835 mg/L and the culture conditions were not changed, add-
ing a small amount of carbon source increased the NH,*-N
removal rate from 24.8 to 56.3%.
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