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Abstract
A new aerobic denitrifying bacterium ZYL was isolated from domestic wastewater sludge and identified as Acinetobacter 
haemolyticus (similarity 99%) by the 16S rDNA sequencing analysis. The strain could use nitrate, nitrite and ammonium 
as the sole N-source for growth with a final product of  N2, demonstrating its good abilities for aerobic denitrification and 
heterotrophic nitrification. Single-factor experiment results showed that the effective removal of nitrate by strain ZYL 
occurred with carbon source sodium succinate, C/N 16–24, pH 5–9, temperature 20–40 °C, DO ≥ 4.84 mg/L. Ammonium 
was preferentially used by strain ZYL with nitrate and ammonium as the mixed nitrogen sources. According to nitrogen 
utilization, nitrogen balance analysis, enzyme assay and denitrifying gene amplification, nitrate was assimilated directly by 
the isolate for cell synthesis and also converted into  N2 through aerobic denitrification. All these make strain ZYL an ideal 
choice for treating nitrogen-containing wastewater.
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Introduction

Due to the over-consumption of nitrogen fertilizers and the 
intensive development of industry activities, nitrogen pollu-
tion that can cause eutrophication of water bodies and affect 
human health has become more and more serious [1, 2]. 
Thus, the nitrogen removal from wastewater has become 
one of the most important problems in water pollution 
control. Biological methods are widely used for nitrogen 
removal due to their merits such as no secondary pollution, 
high-efficiency and cost benefit [3]. Traditionally, nitrogen 
removal process involves aerobic nitrification by autotrophic 
nitrifiers and anoxic denitrification by anoxic denitrifiers [4]. 
Obviously, the key to high-efficiency nitrogen removal is the 

successive exposure of wastewater under aerobic and anoxic 
conditions, but this is difficult to assure a strict anoxic envi-
ronment by completely removing dissolved oxygen (DO) 
from wastewater. Therefore, the denitrifying performance 
of most denitrifiers is inhibited by the insufficient anoxic 
condition, leading to the decrease in removal efficiency of 
nitrogen.

Aerobic denitrification is first reported by isolated Para-
coccus denitrificans, which is able to reduce nitrate or nitrite 
to  N2 under aerobic culture condition [5]. This property can 
overcome the requirement of strictly anoxic environmental 
condition in the traditional process and achieve simultaneous 
nitrification and denitrification (SND) in the same reactor 
under aerobic condition. Subsequently, many bacteria with 
aerobic denitrifying ability have been isolated and studied 
one after another [6–9]. Taking the genus of Acinetobac-
ter as an example, Zhao et al. reported that Acinetobacter 
calcoaceticus HNR demonstrates aerobic denitrification 
through hydroxylamine, rather than nitrate and nitrite [10]. 
Ren et al. reported that nitrate and nitrite can be used as the 
sole N-source for growth by Acinetobacter junii YB and pro-
vided as an energy source for its aerobic denitrification [11]. 
Yang et al. found that Acinetobacter sp. JR1 indicates excel-
lent nitrate removal abilities under acidic condition [9]. All 
these investigations indicate that these aerobic denitrifying 
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bacteria, even belonging to the same genus, show differ-
ent aerobic denitrifying characteristics. Thus, it is of great 
importance to further study the aerobic denitrifying charac-
teristics of more aerobic denitrifying strains, which is benefit 
to their practical application in wastewater treatment.

In this study, a novel strain ZYL with excellent denitri-
fying performance was successfully isolated and identified 
as Acinetobacter haemolyticus. Previous researches about 
Acinetobacter haemolyticus mainly focus on the bio-removal 
of  Cr6+ [12], diesel [13] and alkane [14]. However, there 
are few studies on the genus Acinetobacter haemolyticus 
to remove nitrogen. Thus, the single-factor experiment was 
carried out to optimize the conditions for aerobic denitrifi-
cation of strain ZYL. Second, we also systematically ana-
lyze the utilization of different nitrogen sources of strain 
ZYL to further understand its heterotrophic nitrification and 
aerobic denitrification ability. Finally, the nitrogen removal 
pathway of strain ZYL was preliminarily determined by gas 
detection, nitrogen balance analysis, key enzyme assay and 
denitrifying gene amplification. The in-depth understanding 
of the nitrogen removal performance of the isolate will be 
conducive to its application in treating actual wastewater 
containing nitrogen.

Materials and methods

Media

The LB medium used for bacteria enrichment included the 
following ingredients (per liter): 5 g of yeast extract, 10 g of 
NaCl, 10 g of tryptone, pH 7.0.

The denitrification medium (DM) used for bacteria isola-
tion and aerobic denitrification test contains the following 
ingredients (per liter): 0.72 g of  KNO3 (or 0.49 g of  NaNO2), 
5.79 g of sodium succinate, 0.75 g of  K2HPO4, 0.25 g of 
 NaH2PO4, 0.12 g of NaCl, 0.01 g of  MgSO4·7H2O, 0.01 g 
of  MnSO4·H2O, 0.01 g of  FeSO4·7H2O, pH 7.0.

The nitrification medium (NM) used for heterotrophic 
nitrification test contains the following ingredients (per 
liter): 0.48 g of  (NH4)2SO4, 5.79 g of sodium succinate, 
0.75 g of  K2HPO4, 0.25 g of  NaH2PO4, 0.12 g of NaCl, 
0.01 g of  MgSO4·7H2O, 0.01 g of  MnSO4·H2O, 0.01 g of 
 FeSO4·7H2O, pH 7.0.

The simultaneous nitrification and denitrification 
mixed medium (SNDM) was prepared from the follow-
ing components: 0.36 g of  KNO3, 0.24 g of  (NH4)2SO4, 
5.79 g of sodium succinate, 0.75 g of  K2HPO4, 0.25 g of 
 NaH2PO4, 0.12 g of NaCl, 0.01 g of  MgSO4·7H2O, 0.01 g 
of  MnSO4·H2O, 0.01 g of  FeSO4·7H2O, pH 7.0.

All chemical reagents were of analytical purity and used 
directly without purification after procurement. Solid media 
were prepared from above media with the addition of 1.8% 

agar, and all media were autoclaved at 121 °C for 20 min 
before use.

Isolation and identification of strain ZYL

The source of the bacterium was activated sludge which 
was collected from the secondary settling tank of a sewage 
treatment plant (Taiyuan, china). The fresh sludge (2 mL) 
was transferred to a 250 mL Erlenmeyer flask containing 
200 mL of fresh LB medium, and incubated at 120 rpm and 
30 °C to obtain homogeneous bacterial suspension. Sub-
sequently, this bacterial suspension (1 mL) was pipetted 
into another sterile Erlenmeyer flask containing 100 mL of 
fresh DM for selective cultivation of denitrifying bacteria 
(repeated this procedure three times). After tenfold serial 
dilution, the suspension (0.1 mL) was spread on DM agar 
plates and cultured at 30 °C to obtain bacterial colonies. And 
then, the colonies with different appearances were selected 
and streaked on the fresh agar DM plates. Several purified 
colonies were obtained and tested their aerobic denitrifying 
abilities. Ultimately, a strain with excellent denitrifying abil-
ity was obtained, and stored at − 80 °C in form of bacteria 
suspension with glycerol solution (30% v:v).

The genomic DNA of strain ZYL was used as the template 
for the 16S rDNA gene amplification and its primers were 
F27 (5′-AGA GTT TGATCMTGG CTC AG-3′) and R1492 (5′-
TTG GYT ACC TTG TTA CGA CT-3′). Subsequently, the 16S 
rDNA PCR products were sequenced by Takara Biotech-
nology (Dalian, China) Co., Ltd, and its sequences, which 
were submitted to GenBank to obtain the accession number, 
were compared with those of other related microorganisms 
by BLAST. Using the neighbor-joining method with 1000 
bootstrap replicates and the maximum composite likelihood 
model, a phylogenyetic tree was finally built in MEGA 5.1 
software.

Effects of influencing factors on nitrate removal

Single-factor experiment was carried out to study the influ-
encing factors such as carbon source, C/N ratio, pH, tem-
perature, dissolved oxygen and nitrate concentration on the 
nitrate removal under aerobic condition. For optimizing its 
carbon source, strain ZYL was cultured in denitrification 
medium at 30 °C and 120 rpm with the following carbon 
sources: sodium succinate, fumaric acid, sodium acetate, 
sodium pyruvate and glucose. In C/N ratio experiments, 
the C/N ratios were set at 4, 8, 12, 16, 20 and 24 with a 
constant nitrate concentration of 100 mg/L, at 30 °C and 
120 rpm. For the pH experiment, the initial pH was set to 
4, 5, 6, 7, 8, 9 and 10, respectively, at 30 °C and 120 rpm. 
In the temperature experiment, the temperature was set at 
10, 20, 30 and 40 °C, respectively, at pH 7 and 120 rpm. 
For the dissolved oxygen (DO) experiment, the shaking 
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speed was set to 0 (DO ≈ 1.43 mg/L), 40 (DO ≈ 2.58 mg/L), 
80 (DO ≈ 3.46  mg/L), 120 (DO ≈ 4.84  mg/L), 160 
(DO ≈ 5.52 mg/L) and 200 rpm (DO ≈ 6.22 mg/L) in the 
DM, respectively, at pH 7 and 30 °C. For the initial nitrate 
concentration experiments, its corresponding concentrations 
were adjusted to 50, 100, 200, 300, 500, 800 and 1000 mg/L, 
at pH 7, 30 °C and 120 rpm. All the experiments were oper-
ated with 1% (v/v) inocula  (OD600 ≈ 1.01) into 250 mL 
bottles containing 100 mL of aseptic media, and the cor-
responding non-inoculated media were used as the controls. 
Moreover, all media were autoclaved at 121 °C for 20 min 
except the medium used glucose as the sole carbon source 
was autoclaved at 110 °C for 15 min. The cultures were 
sampled periodically to determine  OD600 and pH, and their 
supernatants after centrifugation were used to measure the 
levels of TN, COD, NO−

3
–N, NO−

2
 –N and NH+

4
–N.

Nitrogen utilization by strain ZYL

For the aerobic denitrifying ability, nitrate and nitrite were 
used as the sole N-sources with an initial concentration 
of 100 mg/L, respectively. At the same time, the hetero-
trophic nitrification ability of the strain was studied using 
ammonium with an initial concentration of 100 mg/L as 
the sole N-source. For the simultaneous nitrification and 
denitrification ability, both nitrate (50 mg/L) and ammo-
nium (50 mg/L) were used as the mixed nitrogen sources. 
All the experiments were operated with 1% (v/v) inocula 
 (OD600 ≈ 1.01) into 250 mL bottles containing 100 mL of 
aseptic media, and the corresponding non-inoculated media 
were used as the controls. The cultures were sampled peri-
odically to determine  OD600 and pH, and their supernatants 
after centrifugation were used to measure the levels of TN, 
COD, NO−

3
–N, NO−

2
 –N and NH+

4
–N.

Nitrate removal pathway analysis

The experiments such as gas detection, nitrogen balance 
analysis, key enzyme assay and denitrifying gene ampli-
fication were performed to determine the nitrate removal 
of strain ZYL. For the gas detection and nitrogen balance 
experiment, 1 mL of activated bacterial suspension was 
inoculated into a 500 mL sealed bottle containing 50 mL 
of sterilized DM medium, and then the bottles were filled 
with a volume ratio of high purity oxygen (99.99%) and 
high purity argon (99.99%) of 1:1. These bottles were tightly 
sealed and cultured at 30 °C and 120 rpm for 36 h, and the 
bottles without inoculated culture were used as the controls. 
Gas samples of 1 mL were collected at 0 and 36 h, and 
then  O2 and  N2 were analyzed by gas chromatograph with a 
thermal conductivity detector. Meanwhile, the nitrogen bal-
ance experiment was performed in the nitrate biodegradation 
process. The culture samples were collected at 0 and 36 h, 

respectively, and their supernatants after centrifugation were 
used to measure the levels of TN, NO−

3
–N, NO−

2
–N, NH+

4
 –N 

and intracellular nitrogen content.
For enzyme assay, the specific activity (U/mg) of the 

nitrate reductase (NR) and the nitrite reductase (NIR) were 
determined by the methods described in our previous studies 
[15], and the samples was prepared using the following pro-
cess: by centrifuging at 10,000 rpm at 4 °C for 10 min, strain 
ZYL was harvested at the 6, 12, 18, 24, 36 and 48 h at 30 °C 
and 120 rpm in DM, and these bacterial sediment were then 
resuspended in 10 mM phosphate buffer (pH 7.4). After lys-
ing the above bacterial suspension via ultrasonication treat-
ment, the cell-free extracts were obtained by centrifuging 
at 12,000 rpm at 4 °C for 20 min and used to determine the 
enzyme activity of NR and NIR.

For the denitrifying gene test, the genomic DNA of strain 
ZYL was extracted according to the bacterial DNA extrac-
tion kit (Sangon, Shanghai, China), which was served as 
the DNA template for the amplification of nitrate reductase 
gene (napA) and nitrite reductase gene (nirS). The amplifi-
cation primers of napA were F (5′-CGC AGA TCA ATT CCA 
AGC GT-3′) and R (5′-TAA GCC ACC CAC TTC ACG AC-3′). 
The amplification primers of nirS were F (5′-CAG ACA 
GCG CAA CGA TTT GT-3′) and R (5′-CAT TCC ACC ATT 
ACC ACA CACA-3′). These PCR products were sequenced 
directly by Sangon Biotechnology Co., Ltd (Shanghai, 
China), and the gene sequences were submitted to GenBank 
to obtain the accession number, and then analyzed by the 
BLAST tool.

Analytical methods

Cell densities were determined by monitoring the  OD600 
using as pectrophotometer (Spectrum instruments, Shang-
hai). pH was determined with a pH meter (PB-10, Sarto-
rius, Germany), and dissolved oxygen was determined with 
a DO meter (HQ30D, HACH, USA). COD was determined 
by the potassium dichromate method using a COD analyzer 
(DR 1010, HACH, USA). TN and intracellular nitrogen was 
determined by alkaline potassium persulfate digestion-UV 
spectrophotometric method. NO−

3
 –N was measured by phe-

nol disulfonic acid method at 410 nm, NO−

2
 –N was deter-

mined by the method of N-(1-naphthalene)-diaminoethane 
spectrophotometer at 540 nm, and NH+

4
 –N was determined 

by the method of Nessler’s reagent photometry at 420 nm.
Intracellular nitrogen concentration was calculated 

by the formula  TN0 − TN1.  TN0 is the TN content of 
non-centrifuged inoculated medium, and  TN1 is the TN 
content of inoculated medium following centrifugation 
(8000 rpm for 10 min) [16]. The corresponding removal 
efficiency and removal rate were calculated by the formula 
(C0 − Ct)/C0 × 100% and (C0 − Ct)/t, respectively. C0 is the 
initial concentration of nitrogen (TN, NO−

3
–N, NO−

2
–N, NH+

4
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–N) and COD, Ct represents the concentration of nitrogen 
(TN, NO−

3
–N, NO−

2
–N, NH+

4
–N) and COD at t·h, and t is the 

time of strain ZYL treatment. All the experiments were car-
ried out in triplicate, and statistical analysis was performed 
using Excel and Origin 9.0.

Results and discussion

The identification of strain ZYL

A strain with good nitrate removal ability under aerobic 
conditions was isolated and named ZYL. Strain ZYL is 
a Gram-negative bacterium appearing as short rods and 
existing individually. Its colony is rounded, creamy-white, 
smooth surface and with a regular edge in the agar plate. 
Nearly full-length 16S rDNA gene (1452 bp) of strain ZYL 
was sequenced, and its sequences were deposited in Gen-
Bank with an accession number of MH636368. The BLAST 
results assign strain ZYL to the genus Acinetobacter haemo-
lyticus with the highest similarity of 99%. According to 
the 16S rDNA gene sequence of isolates and other related 
strains, a phylogenetic tree was built. As shown in Fig. 1, 
the result further confirms that the identification of strain 
ZYL as Acinetobacter haemolyticus. Thus, the present strain 
ZYL belongs to Acinetobacter haemolyticus species. Previ-
ous researches have reported that the genus Acinetobacter 
includes many strains showing excellent denitrification abili-
ties under aerobic culture condition, such as Acinetobacter 

junii YB [11], Acinetobacter sp. JR1 [9] and Acinetobacter 
harbinensis  HITLi7T [7], and these different strains have 
different characteristics for nitrogen removal. Therefore, the 
current study mainly focuses on investigating the aerobic 
denitrifying capacity of strain ZYL.

Effects of carbon source, C/N ratio, temperature, pH, 
dissolved oxygen and initial nitrate concentration 
on nitrate removal under aerobic culture condition

Carbon source

As we all know, the carbon source is a significant factor 
that influences the growth and aerobic denitrification of 
microbes, because it usually provides energy and elec-
tron donors for heterotrophic microorganisms [11]. Thus, 
effects of different carbon sources on the cell growth and 
nitrate removal were studied at 120 rpm and 30 °C with 
a fixed C/N ratio of 14, and it can be concluded from 
Fig. 2a that the cell growth and nitrate removal are greatly 
affected by carbon source types (P < 0.05). For strain ZYL, 
sodium succinate seems to be the most suitable carbon 
source for its cell growth and nitrate removal among the 
five carbon sources used in this study, with evidence that 
the highest  OD600 (1.12) and nitrate removal (86.16%) are 
obtained after 36 h (P < 0.05). However, minimal growth 
 (OD600 ≈ 0.06) and the worst nitrate removal (1.82% at 
48 h) of strain ZYL is observed when glucose is used as 
the sole carbon source, indicating that strain ZYL could 

Fig. 1  The phylogenetic tree of strain ZYL derived from neighbor-joining analysis of 16S rDNA sequences
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not utilize glucose as the sole carbon source for growth. 
Obviously, nitrate could not be completely removed by 
strain ZYL even with sodium succinate as the sole carbon 
source. This may be due to the insufficient supply of car-
bons with evidence by the highest COD removal (98.16%) 
after 36 h (Fig. 2a). Moreover, the TN and nitrate removal 
also shows same variation trend, because there is almost 
no ammonium and nitrite accumulation during the nitrate 
removal process (data not shown in Fig. 2a). Considering 

the cell growth and aerobic denitrifying ability, sodium 
succinate is chosen as the carbon source in the next study.

C/N ratio

Figure 2b shows the influence of different C/N ratios on 
the growth and nitrate removal of strain ZYL. These results 
demonstrate that both the growth and nitrate removal show 
similar trend, and they both increase with the increment 

Fig. 2  Effects of carbon source (a), C/N ratio (b), pH (c), temperature (d), dissolved oxygen (e) and initial nitrate concentration (f) on the growth 
and nitrate removal of strain ZYL. Values are means ± SD for triplicates
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of C/N ratios in the range of 4–20, probably is because of 
the insufficient supply of carbon, which weakens microbial 
growth and electron donor for denitrifying [11, 17, 18]. At 
the C/N ratio of 20 and 24, 100% of nitrate is removed by 
strain ZYL. However, there is an obvious decrease in COD 
removal efficiency at C/N ratio of 24 within 48 h, which 
might be due to the depletion of nitrogen source, result-
ing in low COD degradation as the carbon supply is higher 
than its requirement. Moreover, TN removal is consistent 
with nitrate removal, and the removal efficiencies of TN are 
41.62%, 56.81%, 78.54%, 91.60%, 98.45% and 96.63% at 
C/N ratios of 4, 8, 12, 16, 20 and 24, respectively. As a 
result, the relatively high C/N ratios are more beneficial to 
bacterial growth and nitrate degradation, and the C/N ratio 
of 20 might be the best condition for efficient nitrate removal 
by strain ZYL. Thus, strain ZYL might be suitable for treat-
ing some food industry wastewater which contains much 
higher carbons, leading to better growth for bacteria.

Initial pH

The effects of initial pH on the growth and nitrate degrada-
tion are depicted in Fig. 2c (P < 0.05). Almost no growth and 
nitrate degradation are observed at the initial pH of 4 and 
10 within 48 h, which may be due to strong acidic or alka-
line environment is harmful to the bacteria. However, strain 
ZYL grows well in the pH range of 5–9, and the maximum 
 OD600 values are 0.95, 0.99, 1.19, 1.01 and 0.94 at pH 5, 6, 
7, 8 and 9, respectively. Meanwhile, 69.58%, 96.74%, 100%, 
98.18% and 80.28% of nitrate are degraded by ZYL within 
36 h when the initial pH is 5, 6, 7, 8 and 9, respectively. 
After 48 h, nearly all of nitrate could be degraded, and the 
nitrate degradation efficiencies at pH 5, 6, 7, 8 and 9 are 
99.99%, 99.65%, 100%, 97.66% and 99.08%, respectively. 
All these indicate that strain ZYL prefers a neutral or slightly 
alkaline condition, which is similar to other aerobic denitri-
fying bacteria [8, 19–23]. Thus, strain ZYL can grow well 
and degrade nitrate in the pH range of 5–9, and these pHs 
are consistent with the actual wastewater, benefiting for its 
practical applications.

Temperature

As illustrated in Fig. 2d, the growth and nitrate removal 
of strain ZYL are significantly influenced by temperature 
(P < 0.05). At 10 °C, the  OD600 and nitrate degradation effi-
ciency are only 0.14 and 22.33% at 48 h, respectively, prob-
ably because the growth-related genes would accordingly 
decrease under low temperature stress [24], and thus result 
in the decrease in the removal of nitrate. While the culture 
temperature rises from 20 to 30 °C, all of nitrate could be 
removed by strain ZYL at 48 h and 36 h, respectively, and 
this excellent nitrate removal at higher temperatures may 

be owing to the increased enzyme activities for denitrifica-
tion. At the temperature increases up to 40 °C, the nitrate 
degradation decreases with the maximum removal efficiency 
of 85.63% at 48 h. Moreover, the accumulation of nitrite at 
40 °C is much higher than that at other temperatures at 48 h. 
All these indicate that this temperature (40 °C) is too high 
for strain ZYL, probably further inhibiting the enzyme activ-
ity for denitrification, and thus resulting in the low nitrate 
removal and accumulation of nitrite. As a result, the optimal 
temperature for strain ZYL is 30 °C, which could be verified 
from the highest nitrate removal efficiencies (100%) and the 
fastest average degradation rate (2.80 mg/L/h) under this 
temperature. Thus, the resistance of strain ZYL to tempera-
ture is comparable to those of previously reported bacteria 
[15, 25, 26], benefiting for its application in a wide tem-
perature range.

Dissolved oxygen

The effects of DO on the cell growth and nitrate removal 
were investigated and the rotational speed of the shaker was 
adjusted to control the concentration of DO in liquid media. 
As shown in Fig. 2e, the results indicate that the growth 
of microorganisms increases with the increase of rotation 
speed from 0 to 200 rpm (the corresponding concentration of 
DO is 1.43–6.22 mg/L), and the maximum  OD600 values are 
0.45, 0.48, 0.86, 1.19, 1.31 and 1.36, respectively. Moreover, 
the maximum removal efficiency of nitrate is significantly 
increased from 36.94% at 0 rpm (DO ≈ 1.43 mg/L) to 100% 
at 120 rpm (DO ≈ 4.84 mg/L). Low degradation efficiency of 
substrate may be attributed to insufficient dissolved oxygen 
[27]. However, with the further increase of rotational speed 
to 200 rpm (DO ≈ 6.22 mg/L), there is no obvious change in 
nitrate removal (P > 0.05). Increasing the rotational speed is 
beneficial to the increase of oxygen mass transfer coefficient, 
which significantly promotes cell growth and nitrate removal 
[16]. In view of nitrate removal efficiency and energy con-
sumption, 120 rpm (DO ≈ 4.84 mg/L) is selected for the next 
study.

Initial nitrate concentration

Figure 2f illustrates the influence of initial nitrate concen-
tration on nitrate biodegradation under aerobic conditions, 
and these results indicate that the amount of removed nitrate 
increases with the increment of the initial nitrate concen-
tration. After 96 h of culture, the maximum amount of 
removed nitrate by strain ZYL is 52.78, 100.73, 197.01, 
212.93, 256.26, 267.97 and 317.32 mg/L when the initial 
nitrate concentration is 52.78, 100.73, 201.87, 301.46, 
503.66, 823.74 and 1033.74 mg/L, respectively. The highest 
removal efficiency of nitrate (100%) is achieved at 100 mg/L 
and then drops (P < 0.05). In contrast, it has been reported 
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that the maximum removal of Rhodobacter sphaeroides 
ADZ101 with 144 h reaches 60.35, 95.85, 127.30, 150.40 
and 151.34 mg/L when the initial nitrate concentrations are 
85, 135, 190, 235 and 329 mg/L, respectively. Moreover, 
strain ADZ101 stops growing when the initial nitrate con-
centration increases up to 540 mg/L [28]. Furthermore, the 
maximum  OD600 increases from 1.19 at 100 mg/L to 1.54 at 
1000 mg/L, indicating that strain ZYL could grow well in 
this wide range of nitrate concentration. As a result, strain 
ZYL is able to tolerate high concentration of nitrate, sug-
gesting its great application potential in the treating waste-
water containing high concentration of nitrate.

Aerobic denitrification by strain ZYL

The denitrifying performance of strain ZYL was investi-
gated under aerobic culture condition with nitrate as the 
sole N-source. As illustrated in Fig. 3a, there is no obvi-
ous change in microbial growth and nitrate concentration in 
the initial 6 h. Subsequently, the bacterial density increases 
rapidly and gradually stabilizes to reach the peak of  OD600 
of 1.19 with a fastest growth rate of 0.086 h−1. At the same 
time, strain ZYL decreases nitrate dramatically from 90.32 
to 50.46 mg/L within 6 h, indicating that the nitrate reduc-
tion is closely related to the bacterium growth. The nitrate 
degradation efficiency achieves 100% at 36 h, and the aver-
age nitrate degradation rate is 2.80 mg/L/h, which is higher 
than those of Bacillus cereus GS-5 (2.69 mg/L/h) [16] and 
Pseudomonas putida ZN1 (2.38 mg/L/h) [15]. Moreover, the 
concentration of nitrite reaches a maximum of 1.40 mg/L at 
18 h during the nitrate removal process, and then immedi-
ately drops to almost zero within 48 h. Besides, almost no 
accumulation of ammonium is detected during the whole 
denitrification process. In addition, the removal trend of 
COD and TN is similar to that of nitrate (Fig. 3a), and the 
maximum removal efficiencies of COD and TN are 96.15% 
and 98.45%, respectively, indicating that nitrogen and 
organic carbon are simultaneously degraded.

To further study the aerobic denitrification ability of strain 
ZYL, the denitrifying intermediate nitrite (102.97 mg/L) 
was utilized as the sole N-source. As shown in Fig. 3b, no 
significant increase in bacterial density is observed in the 
initial 6 h, demonstrating strain ZYL enters the lag phase. 
Subsequently, the cell growth of strain ZYL increases 
rapidly from 0.03 at 6 h to 1.18 at 48 h. Meanwhile, the 
content of nitrite decreases rapidly from 92.10 mg/L at 6 h 
to 0.02 mg/L at 36 h with the corresponding nitrite degra-
dation efficiency of 99.98%. The average nitrite degrada-
tion rate reaches 2.86 mg/L/h, which is much higher than 
Pseudomonas putida ZN1 (1.97 mg/L/h) [15]. All these 
show that the removal of nitrite is closely related to strain 
ZYL’s growth. In addition, the removal characteristics of 
COD and TN are in accordance with the removal trend of 

nitrite, and the corresponding maximum removal efficien-
cies are 96.00% and 96.18%, respectively. Moreover, there 
is no significant accumulation of nitrate nitrogen and ammo-
nium nitrogen during the whole nitrite removal process. All 
the above results demonstrate that strain ZYL can not only 
utilize nitrate, but also make full use of nitrite as the sole 
N-source for aerobic denitrification, which is similar to 
Marinobacter strain NNA5 [29] and Pseudomonas stutzeri 
YZN-001 [30].

Heterotrophic nitrification by strain ZYL

Generally speaking, the aerobic denitrifying bacteria usu-
ally have the ability for heterotrophic nitrification, so the 
heterotrophic nitrification performance of strain ZYL was 
investigated with ammonium as the sole N-source under 

Fig. 3  Nitrogen removal performance of strain ZYL with nitrate (a), 
nitrite (b) and ammonium (c) as the sole nitrogen source, respec-
tively. Values are means ± SD for triplicates
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aerobic culture condition. As shown in Fig. 3c, the bacte-
rial density increases rapidly from 0.01 at 0 h to 1.12 at 
24 h, and then stabilizes to reach the peak of  OD600 of 
1.17 at 48 h with a fastest growth rate of 0.093 h−1. Mean-
while, ammonium indicates a fast decrease from 98.35 to 
9.25 mg/L in 24 h with a maximum ammonium removal 
rate of 4.74 mg/L/h between 12 and 18 h, and this removal 
rate is significantly higher than Diaphorobacter polyhy-
droxybutyrativorans (3.32 mg/L/h) [31], Klebsiella pneu-
moniae CF-S9 (4.30 mg/L/h) [32] and Rhodococcus sp. 
CPZ24 (3.10 mg/L/h) [33]. After 48 h incubation, 98.49% 
of ammonium is finally removed by the strain and the aver-
age removal rate of ammonium is 2.02 mg/L/h. During the 
whole heterotrophic nitrification process, the degradation 
efficiency of COD is 88.87%, which is much lower than that 
in the denitrifying process with nitrate (96.15%) and nitrite 
(96.00%) as the sole N-source. All these suggested strain 
ZYL consumes less carbon in its heterotrophic nitrification 
process than its aerobic denitrifying process. As a result, 
strain ZYL performs good ability for heterotrophic nitrifica-
tion with ammonium as the sole N-source.

Nitrogen removal by strain ZYL with ammonium 
and nitrate as mixed N‑sources

To further study the simultaneous nitrification and deni-
trification capability of strain ZYL, ammonium nitrogen 
(48.75 mg/L) and nitrate nitrogen (51.05 mg/L) were utilized 
as mixed N-sources, and the results are shown in Fig. 4. 
The  OD600 increases rapidly and reaches the peak value of 
1.25 at 48 h with the maximum growth rate of 0.093 h−1, 
which is higher than that with nitrate as the sole N-source. 
Compared with the denitrification with nitrate as the sole 
nitrogen source, there is almost no lag phase when both 
ammonium and nitrate were used as the mixed nitrogen 

sources, suggesting that strain ZYL grows well in the mixed 
N-sources.

For the removal of nitrogen in the mixed nitrogen source 
culture, ammonium is drastically reduced within 24 h, and 
its maximum removal efficiency and rate are 97.46% and 
2.16 mg/L/h, respectively. However, the content of nitrate 
does not change in the initial incubation time of 12  h, 
and then rapidly decreases from 50.62 mg/L at 12 h to 
0 mg/L at 36 h with a maximum nitrate degradation rate of 
5.80 mg/L/h. All the above results show that strain ZYL can 
use ammonium preferentially in the mixed nitrogen sources, 
probably is due to the enzyme of ammonium oxidation in 
strain ZYL easier expresses than that of nitrate reduction, 
but the maximum removal rate of nitrate under this condition 
is much higher than that of ammonium, probably because 
the substrate competition between ammonium and nitrate 
results in the slow degradation of ammonium. The accu-
mulation of other nitrogen compounds is hardly observed 
except for the original nitrogen source in the mixed nitrogen 
source removal process. Moreover, the degradation trend 
of TN is basically consistent with the sum of ammonium 
and nitrate, and the maximum degradation efficiency of TN 
is 98.88%. During the whole process, the concentration of 
COD gradually decreases with the growth of strain ZYL, and 
the maximum removal efficiency reaches 92.10%, which is 
lower than nitrate as the sole N-source, probably because the 
nitrification process consumes less energy than the denitrify-
ing process.

Aerobic nitrate removal pathway by strain ZYL

The present study demonstrates that nitrate can be utilized 
as the sole N-source for growth by strain ZYL without accu-
mulation of intermediates such as nitrite and ammonium. 
Moreover,  N2 is observed in gas chromatography during 
the nitrate removal process. All these further indicate strain 
ZYL’s aerobic denitrification ability. To further verify its 
denitrification ability, the nitrogen balance experiment was 
conducted with nitrate as the sole N-source. In the process 
of nitrate reduction under aerobic conditions, 62.23% of the 
initial nitrate (99.72 mg/L) is converted to intracellular nitro-
gen to maintain bacterial growth, and 29.33% is converted 
into  N2 in the system (Table 1). Approximately 4.61% of 
the initial nitrate is lost during this nitrate removal process, 
which might be due to the other removal form of gaseous 
nitrogen or may be attributed to the measurement errors 
caused by different analytical methods. As a result, strain 
ZYL can convert nitrate to  N2, further proving its aerobic 
denitrifying ability.

To investigate the aerobic nitrate removal pathway of the 
isolate, the activities of NR and NIR were determined under 
aerobic culture conditions. Figure 5 indicates that there are 
NR and NIR in the crude cell during the nitrate removal 

Fig. 4  Nitrogen removal performances of strain ZYL with ammo-
nium and nitrate as mixed nitrogen sources. Values are means ± SD 
for triplicates
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process. It is well known that NR and NIR are two key 
enzymes involved in the denitrification process. Moreover, 
it has reported that periplasmic NR and cd1-type NIR are 
responsible for the aerobic conversion of nitrate to nitrite 

and nitrite to NO, respectively [34]. For strain ZYL, both 
NR and NIR show similar changing trend, and their activi-
ties increase first and then decrease with the nitrate removal. 
Moreover, the specific enzyme activity of NR is compara-
ble to that of NIR in the nitrate removal process, and the 
maximum specific enzyme activities of NR and NIR are 
0.16 and 0.15 U/mg proteins, respectively. For the isolate 
in our present study, the activity of NR is much higher than 
Acinetobacter sp. JR1 (0.034 U/mg proteins) [9], but lower 
than Acinetobacter sp. Y16 (0.43 U/mg proteins) [35]. The 
activity of NIR is higher than Paracoccus versutus LYM 
(0.0559 U/mg proteins) [36] and Bacillus cereus GS-5 
(0.043 U/mg proteins) [16]. Thus, the detection of NR and 
NIR further demonstrates the aerobic denitrifying capacity 
of strain ZYL.

Figure 6a shows that both napA and nirS are success-
fully amplified in strain ZYL with the length of 763 bp 
and 1033 bp, respectively, and the BLAST results dem-
onstrate that the napA and nirS from strain ZYL show 
a relatively close phylogenetic relationship to the napA 
and nirS from other Acinetobacter strains (Fig. 6b, c). The 
sequences of the two genes are submitted to GenBank with 

Table 1  Nitrogen balance 
during nitrate removal by strain 
ZYL under aerobic conditions

Values are means ± SD for triplicates. Lost N = initial total nitrogen − final total nitrogen
–: Undetectable

Time
(h)

NO
−

3
–N

(mg/L)
NO

−

2
–N

(mg/L)
NH

+

4
–N

(mg/L)
Intracellular–N
(mg/L)

N2
(mg/L)

Lost N
(mg/L)

0 99.72 ± 0.93 – – 0.45 ± 0.03 – –
36 0.51 ± 0.12 0.04 ± 0.01 2.80 ± 0.09 62.51 ± 0.36 29.26 ± 1.32 4.60

Fig. 5  The specific enzyme activities of nitrate reductase (NR) and 
nitrite reductase (NIR) in nitrate removal process

Fig. 6  a The amplification of napA and nirS genes of Acinetobacter 
haemolyticus ZYL. Marker: DL 5000 DNA Marker (TaKaRa, Japan). 
Phylogenetic trees of Acinetobacter haemolyticus ZYL based on 

napA (b) and nirS (c) gene sequences show the phylogenetic relation-
ship of ZYL with other strains. Bootstrap values of 1000 replications 
are indicated at the interior branches
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accession numbers MK944077 and MK944076 for napA 
and nirS, respectively. All these results further demon-
strate the aerobic denitrifying capacity of strain ZYL. As 
we all know, the napA gene encodes the large catalytic 
subunit of NAP, belonging to the nap gene cluster [3]. 
The NAP in strain ZYL locating in the periplasmic com-
partment is not dependent on nitrate transport through the 
cytoplasmic membrane and thus catalyzes the first step 
in aerobic denitrification [37]. It has also been reported 
that napA is not sensitive to oxygen and can be expressed 
under aerobic conditions [38], further accounting for the 
good aerobic denitrifying capacity of strain ZYL under 
high dissolved oxygen. Moreover, it has been suggested 
that NAP shows a high affinity for nitrate [39], probably 
leading to the high nitrate removal of strain ZYL. The 
oxygen tolerance of nirS is of great importance to aerobic 
denitrification, and many researches indicate that nirS is 
more likely to be present in aerobic denitrification, such as 
Acinetobacter sp. JR1 [9], Pseudomonas putida ZN1 [15] 
and Bacillus cereus GS-5 [16]. As a result, the successful 
amplification of denitrifying genes napA and nirS further 
provides new proof for the aerobic nitrate removal pathway 
of strain ZYL.

In general, both nitrate and nitrite can be used by strain 
ZYL under aerobic condition. In addition,  N2 is observed in 
the gas with nitrate as the sole nitrogen source. According 
to nitrogen utilization, nitrogen balance analysis, enzyme 
assay and denitrifying gene amplification, there might be 
two aerobic metabolic pathways for nitrate removal in strain 
ZYL. One is that nitrate is mainly utilized for cell synthe-
sis through assimilation, the other is that nitrate is reduced 
to  N2 via nitrite, which is consistent with the pathway of 
Pseudomonas stutzeri ZF31 [19] and Pseudomonas stutzeri 
XL-2 [26].

Conclusions

Acinetobacter haemolyticus ZYL was a new isolated bac-
terium from domestic wastewater sludge. Its optimum con-
ditions for nitrate removal under aerobic condition were 
sodium succinate as carbon source, C/N 20, pH 7.0, 30 °C 
and 120 rpm. It exhibited good abilities for aerobic denitri-
fication and heterotrophic nitrification. Moreover, ammo-
nium was preferred to be utilized by strain ZYL during 
the simultaneous nitrification and denitrification process. 
Further studies demonstrated that nitrate was assimilated 
directly by the isolate for cell synthesis and also converted 
into  N2 through aerobic denitrification. All the results show 
that strain ZYL has great potential in the treatment of actual 
nitrogen-containing wastewater with high C/N, such as food 
processing wastewater.
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