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Abstract
A heterotrophic nitrifying aerobic denitrifying (HN-AD) strain ZQ-A1 with excellent denitrification performance, identi-
fied as Acinetobacter, was isolated from simultaneous nitrification and denitrification (SND) craft. ZQ-A1 was capable of 
removing  NH4

+,  NO2
–, and  NO3

–; the 21-hour removal rates were 84.84%, 87.13%, and 92.63%. ZQ-A1 has the ability to 
treat mixed nitrogen sources. In addition, ZQ-A1 can be well applied to actual sewage. According to the analysis of microbial 
community characteristics, the relative abundance of Acinetobacter in the experimental group increased from 0.06% to 2.38%, 
which is an important reason for the removal rate of  NH4

+ exceeding 99% within 30 days. The results of KEGG function 
prediction showed that with the addition of ZQ-A1, the relative abundance of pathways related to bacterial metabolism, 
such as tricarboxylic acid cycle metabolism, was higher. The research expanded the thinking of HN-AD bacteria in actual 
production and laid a foundation for its application in sewage treatment.

Keywords Simultaneous nitrification and denitrification · HN-AD bacterium · Nitrogen removal pathway · Pig farm 
wastewater

Introduction

A large amount of nitrogen and phosphorus are dis-
charged, which is an important reason for water eutrophi-
cation. According to Tao’s research in 2021, more than 

90% of lakes in China are in the middle trophic and 
eutrophic state. As an important part of agricultural sew-
age discharge, pig farm sewage is particularly important 
to reduce the environmental problems caused by its high 
ammonia nitrogen content, such as water eutrophication. 
In recent years, the process of biological denitrification 
process in sewage treatment technology has been paid 
more and more attention because of its high efficiency, no 
secondary pollution, low cost, and stable operation. Gen-
erally speaking, traditional processes of biological nitro-
gen removal is mainly divided into two parts: nitrification 
and denitrification (Zhao et al. 2017). The nitrification 
process is an aerobic oxidation process, so autotrophic 
microorganisms are required to participate in the process 
and complete the oxidation process of  NH4

+ to  NO2
− or 

 NO3
−. Denitrification is an anaerobic reduction process, 

which requires heterotrophic microorganisms to complete 
the process of reducing  NO2

− or  NO3
− to  N2 (Zhao et al. 

2012). However, the traditional biological denitrification 
needs aerobic nitrification and anaerobic denitrification, 
and the growth cycle of autotrophic nitrifying bacteria 
is long, which leads to the problems of large occupied 
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area, high operating cost, and long start-up time of the 
traditional sewage treatment process (Zheng et al. 2012).

In 1980s, researchers have found that the phenom-
enon of nitrogen non-isomerized loss was found in the 
non-obvious anoxic or anaerobic section and called them 
simultaneous nitrification and denitrification (SND) (Rob-
ertson and Kuenen 1990). The mechanism of SND mainly 
includes macro-environmental theory, micro-environmen-
tal theory, and microbial theory. Macro-environmental the-
ory means that in the process, due to the uneven aeration 
rate in the process design, the place with high dissolved 
oxygen content will undergo nitrification and the place 
with low dissolved oxygen will undergo denitrification. 
Micro-environmental theory holds that due to the exist-
ence of activated sludge or granular sludge in water, dis-
solved oxygen diffuses inside flocs, forming a dissolved 
oxygen gradient from the outside to the inside, where the 
dissolved oxygen concentration is high, autotrophic micro-
organisms will take the lead in nitrification, and where the 
dissolved oxygen concentration is low, anaerobic denitri-
fication will take place.

At present, the research in the laboratory shows that the 
successful operation of SND process reduces the sewage 
treatment time, improves the system treatment efficiency, 
and reduces the operation cost compared with the tradi-
tional biological denitrification technology (Huan et al. 
2022). Therefore, if SND process can be successfully 
applied to actual production, it will reduce the oxygen 
demand, shorten the hydraulic retention time, and reduce 
the energy consumption and operation cost; and a single 
reaction vessel can reduce the occupied area, thus saving 
the construction cost (Lang et al. 2019).

The discovery and successful culture of heterotrophic 
nitrification and aerobic denitrification (HN-AD) bacte-
ria had broken the traditional theoretical understanding 
and enriched the microbial theory. HN-AD bacteria have 
both nitrification and denitrification functions. Therefore, 
HN-AD bacteria have become a research hotspot (Xi et al. 
2022). HN-AD bacteria widely exist in the environment. 
Previous studies have successfully isolated HN-AD bac-
teria from pig farm sewage (Zhang et al. 2012), seabed 
sludge (Zhang et al. 2015), paddy soil (He et al. 2016), 
and activated sludge (Huang et al. 2022).

With the further research on HN-AD bacteria, more and 
more HN-AD bacteria have been successfully isolated and 
applied more and more widely, but there are few exam-
ples of HN-AD bacteria applied to pig farm sewage at 
present. The purpose of this study is to isolate a HN-AD 
strain which can be used for nitrogen removal of pig farm 
sewage and provide reference and experimental support 
for the subsequent application of HN-AD in livestock and 
poultry sewage.

Material and methods

Main medium

LB broth, heterotrophic nitrification medium, and aerobic 
denitrification medium are slightly adjusted according to 
the previous research (Huan et al. 2022) and preparation 
and the actual situation.

Evaluation of nitrogen removal characteristics 
with different nitrogen sources

In order to determine the nitrogen removal characteristics 
of the strain under different nitrogen sources, two-stage 
experiments were carried out.

The first part is a single nitrogen source experiment 
to explore the nitrogen metabolic function of the strain. 
The prepared ZQ-A1 bacteria were added to the culture 
medium with  NH4Cl,  NaNO2, and  KNO3 as the only 
source of nitrogen (concentration 200 mg/L), C/N ratio of 
10 and pH = 7, and cultured at 30 °C and 200 rpm for 21 h. 
Samples were collected every three hours for 21 hours to 
measure optical density (OD), ammonium nitrogen, nitrite 
nitrogen, and nitrate nitrogen; and three parallel experi-
ments were conducted. Determination of  NH4

+,  NO2
-, 

 NO3
-, TN, and COD by standard method (APHA 2005).

The second stage is the mixed source of nitrogen exper-
iment. In order to explore the simultaneous nitrification 
and denitrification characteristics of strain ZQ-A1 under 
mixed nitrogen sources, four kinds of mixed nitrogen 
sources were added to the culture medium (concentration 
of each nitrogen source was 200 mg/L), namely, (1)  NH4Cl 
and  NaNO2, (2)  NH4Cl and  KNO3, (3)  NaNO2 and  KNO3, 
and (4)  NH4Cl,  NaNO2 and  KNO3, C/N ratio of 10 and pH 
= 7, and cultured at 30 °C and 200 rpm for 21 h, samples 
were collected every three hours.

Strain isolation and identification

Pig farm wastewater was inoculated into LB culture 
medium according to the proportion of 10%. The sam-
ple was cultured at 37 °C and 200 revolutions per min-
ute (rpm)de for 24 hours (h); the above bacterial solution 
was taken out and inoculated into HNM at the ratio of 1% 
and domesticated at 30 °C and 150 rpm. The 1% of the 
inoculum was transferred to the new HNM for 4 days and 
acclimated for 3 rounds. The mixture was inoculated with 
ADM at 30 °C, 160 rpm, and 1 % inoculation rate, every 
4 days as a cycle. After 3 times of acclimation, the new 
ADM was inoculated with 1% inoculum. After 24 h, 0.1 



104031Environmental Science and Pollution Research (2023) 30:104029–104042 

1 3

mL of mixed bacterial solution was collected, diluted from 
 10−1 to  10−10, and then coated on LB agar medium plate 
and cultured for 12~16 h in 37 °C incubator.

Bacterial DNA was extracted by using DNA genome 
extraction kit (Tiangen Biotech, China). 27F and 1492R 
were selected as universal primers for amplification 
(Table 1) and sent to Sangon Bioengineering (Shanghai) 
Co., Ltd. for sequencing. By using BLAST in NCBI data-
base for homology comparison, MEGA7.0 is used to build 
phylogenetic tree. In addition, the nitrogen removal func-
tional genes of the strain were tested by PCR according to 
the primer sequence (Table 1).

Effect of the factors on nitrogen removal efficiency

Single factor experiments were carried out to explore 
the culture conditions of different pH values, rotational 
speeds, C/N ratios, carbon sources, and temperatures 
(Table 4). Strain ZQ-A1 was cultivated in LB broth for 12 
h and then transferred to a sterile conical flask containing 
200 mL culture medium by sucking 2 mL of the bacte-
rial solution. Experiments were carried out under differ-
ent parameters, including pH values (5, 6, 7, 8, and 9), 
rotational speed (0 rpm, 50 rpm, 100 rpm, 150 rpm, and 
200 rpm), C/N ratio (1, 5, 10, 15, and 20), different car-
bon sources (sodium succinate, potassium tartrate, sodium 
citrate, sodium acetate, and glucose), and temperature (15 
°C, 20 °C, 25 °C, 30 °C, and 35 °C); and the growth and 

denitrification characteristics of ZQ-A1 were observed. 
The initial concentration of  NH4Cl in the medium was 
200 mg/L and pH value was 7 (except for pH experiment 
experiment). The  NH4

+-N and  OD600 were measured at 15 
h and 18 h, respectively. The uninoculated sterile medium 
was used as the control, and all experiments were repeated 
three times.

Preliminary application of strain ZQ‑A1 in sewage 
treatment

The raw sewage was filtered using 0.22 μM filter. The 
DNA was extracted by water sample DNA extraction kit 
and stored at −80 °C. The pre-shaken strain ZQ-A1 was 
inoculated at 1% into 5 L of sewage. The experiment was 
carried out at room temperature and 50 rpm and chemical 
oxygen demand (COD), total nitrogen (TN),  NH4

+,  NO2
-, 

and  NO3
- were measured on days 0, 3, 6, 9, 12, 15, 18, 21, 

24, 27, and 30. On the 30th day, water DNA was extracted 
and sent to Guangdong Meige Technology Gene Co., Ltd. 
for high-throughput sequencing together with the original 
sewage DNA sample. MagicHand online platform (https:// 
www. magic hand. onlin eom) is used to analyze data and 
draw graphs. Total RNA extraction kit (Changzhou EMI 
Biotechnology Co., Ltd.) was used to extract RNA. RNA 
concentration was measured by Biotek Epoch ultraspec-
trophotometer. Reverse transcription amplification was 
performed with Nanjing Vazyme Biotechnology Co., Ltd. 
reverse transcription kit. The 1 μg cDNA was used to make 
qPCR and amplified by TSE202 kit (2× T5 rapid qPCR 
mixture (SYBRGreenI)). AmoA, napA, narG, nirS, norB, 
and nosZ gene expressions were detected, and 16SrRNA 
gene house-keeping gene. Primers used for quantitative 
PCR were listed in Table 2. The  2-△△Ct method was used 
to calculate the relative expression of different genes 
(Livak and Schmittgen 2001).

Statistical analysis

In order to analyze whether there is any difference between 
the experimental group and the control group, one-way 
ANOVA was conducted by using SPSS26.0 software. 
Whether the difference between the averages is significant 
or not is determined by using Tukey’s test. Among them, 
when P < 0.05, the difference is significant. The images 
in this study are generated by GraphPad Prism 8.0 and 
Origin 2021. PICRUSt software was used to standardize 
the OTU grace table and compare it to KEGG database 
through the corresponding greengene ID of each OTU and 
make functional prediction analysis (https:// www. magic 
hand. onlin eom).

Table 1  List of primers for gene amplification

Gene name Sequence (5′ to 3′) Refs.

16S-27F AGA GTT TGA TCC TGG CTC AG (Chen et al. (2017))
16S-1492R TAC GGC TAC CTT GTT ACG 

ACTT 
nirK-F ATC ATG GTSCTG CCG CG
nirK-R GCC TCG ATC AGR TTG TGG TT
amoA-F GAA CAG CGG ATA ACC GAC 

CA
(Chen et al. (2022))

amoA-R CAT CTT CAT GCG CAC CAT CC
norB-F CTA GTG CTG CTG TGG CTC TT
norB-R TGA GCA TCA GGA AGG CAA 

GG
hao-F TGC GTG GAR TGY CAC (Zhang et al. (2021))
hao-R AGR TAR GAKYSGGCAA 
napA-F TCT GGA CCA TGG GCT TCA 

ACCA 
(Kong et al. (2006))

napA-R ACG ACG ACC GGC CAG CGC 
AG

nirS-F GTSAACGTSAAG GAR ACSGG (Liang et al. (2021))
nirS-R GASTTC GGR TGSGTC TTG A
nosZ-F CGC TGT TCHTCG ACA GYCA (Cui et al. (2021))
nosZ-R ATR TCG ATC ARC TGBTCGTT 

https://www.magichand.onlineom
https://www.magichand.onlineom
https://www.magichand.onlineom
https://www.magichand.onlineom
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Results and discussion

Isolation, identification, and functional gene 
amplification

A strain with nitrification and denitrification functions was 
successfully isolated and cultured. It was named as Acine-
tobacter ZQ-A1 (hereinafter referred to as ZQ-A1), given 
that this strain could be classified as Acinetobacter (Fig. 1).

Analysis of nitrification and denitrification capacity

Single nitrogen source test

The nitrogen removal ability of strain ZQ-A1 was investi-
gated by adding a single nitrogen source. When  NH4Cl was 
used as the only source of nitrogen, ammonium nitrogen in 
the culture decreased from 200 mg/L to 30.33 mg/L with the 
enrichment and growth of ZQ-A1, and the average removal 
rate was 8.08 mg/(L·h) (Fig. 2a). Moreover, the accumula-
tion of  NO2

- and  NO3
− was not detected in the whole pro-

cess, which indicated that ZQ-A1 could carry out a complete 
nitrification and denitrification process. In addition, it can 
be observed that the pH gradually increases from 7 to 9, 
which indicates that the subsequent denitrification leads to 
the increase of alkalinity, which is similar to previous studies 
(Zhang et al. 2022); it indicated that ZQ-A1 played a deni-
trification role, produced more  OH-, and led to the increase 
of pH. When  NaNO2 is used as the sole source of nitrogen, 
because high concentration of free nitrous acid (FNA) will 
produce toxicity to bacteria (Kouba et al. 2019) (Fig. 2b), 
the growth of ZQ-A1 was inhibited 8 hours ago; in spite 
of this, the denitrification performance of this strain was 
not affected. In the first 9 hours, the average denitrification 
efficiency of ZQ-A1 was 11.88 mg/L·h; it can be inferred 
that the high-efficiency removal of  NO2

- in the first eight 
hours is to reduce the toxicity of FNA to ZQ-A1. When 
 KNO3 is used as the sole nitrogen source, similar to  NaNO2, 
ZQ-A1 shows a strong denitrification ability, with a denitri-
fication efficiency of 92.62% in 21 h (Fig. 2c). ZQ-A1 can 
remove 8.82 mg/L  NO3

- per hour, which is higher than that 
of WT-14 in previous research (Chen et al. 2021a, 2021b). 
The results showed that no matter which nitrogen source 
was used as the only nitrogen source, ZQ-A1 showed good 
nitrogen removal performance (Table 3).

Table 2  Primers used for quantitative PCR

Gene name Sequence (5′ to 3′) Refs.

16S-F CTG GAA CTG AGA CAC GGT CC (Huan et al. (2022))
16S-R GGT GCT TCT TCT GCG GGT AA
amoA-F GAA CAG CGG ATA ACC GAC 

CA
amoA-R CAT CTT CAT GCG CAC CAT CC
norB-F CTA GTG CTG CTG TGG CTC TT
norB-R TGA GCA TCA GGA AGG CAA 

GG
hao-F TGC GTG GAR TGY CAC (Zhang et al. (2021))
hao-R AGR TAR GAKYSGGCAA 
napA-F TGG ACC ATG GGC TTC AAC C (Bru et al. (2007))
napA-R CCT CGC GCG CGG TGC CGC A
nirS-F GTSAACGTSAAG GAR ACSGG (Zhang et al. (2021))
nirS-R GASTTC GGR TGSGTC TTG A
nirK-F ATC ATG GTSCTG CCG CG (Chen et al. (2017))
nirK-R GCC TCG ATC AGR TTG TGG TT
nosZ-F CGC RAC GGCAASAA-

GGTSMSSGT
(Henry et al. (2006))

nosZ-R CAKRTGCAKSGCR TGG 
CAGAA 

Fig. 1  Neighbor-joining phylo-
genetic tree based on 16S rRNA 
gene sequences of strain ZQ-A1 
and related bacteria
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Compound nitrogen source test

In order to explore the nitrogen removal characteristics of 
ZQ-A1 under mixed nitrogen sources, four kinds of mixed 
nitrogen sources were added to the culture medium. When the 
mixed nitrogen source is  NH4Cl and  NaNO2, compared with 
a single source of nitrogen, the nitrogen removal efficiency is 
obviously improved, and the removal of  NH4Cl and  NaNO2 
is more thorough which can reach 100% (Fig. 3a). To com-
bine with the growth of ZQ-A1, it was found that its growth 
rate increased. Previous studies showed that although high 
concentration of FNA could inhibit the activity of microor-
ganisms, when the concentration of FNA decreased, it would 
promote the activity of microorganisms (Chen et al. 2021a, 
2021b), which may be the reason for the faster removal rate 
of ZQ-A1. At 2~4 h,  NO2

- decreased obviously, and the aver-
age removal rate reached 39.76 mg/(L·h). The reason for this 
result may be the strain preferentially uses  NO2

- for short-cut 
nitrification and denitrification (SCND), which has similar 
results with previous studies (Duan et al. 2020). On the other 
hand, it is concluded that the high oxygen content and acidic 

0 3 6 9 12 15 18 21 24

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

O
D

60
0

OD600

NH4
+-N

pH

Time(h)

20

40

60

80

100

120

140

160

180

200

220

A
m
m
on

iu
m

co
nc
en
tr
at
io
n(
m
g/
L
)

0

2

4

6

8

pH

0 3 6 9 12 15 18 21 24
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

O
D

60
0

OD600

NO2
--N

pH

Time(h)

20

40

60

80

100

120

140

160

180

200

220

N
itr

ite
ni
tr
og

en
co
nc

en
tr
at
io
n(
m
g/
L
)

0

2

4

6

8

pH

0 3 6 9 12 15 18 21 24

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

O
D

60
0

OD600

NO3
--N

pH

Time(h)

0

20

40

60

80

100

120

140

160

180

200

220

N
itr

at
e
co
nc

en
tr
at
io
n(
m
g/
L
)

0

2

4

6

8

pH

a

c

b

Fig. 2  Single nitrogen source test. a 200 mg/L  NH4Cl, b 200 mg/L  NaNO2, and c 200 mg/L  KNO3

Table 3  Group and nitrogen source

Group Nitrogen source

1 200 mg/L  NH4Cl and 200 mg/L  NaNO2

2 200 mg/L  NH4Cl and 200 mg/L  KNO3

3 200 mg/L  NaNO2 and 200 mg/L  KNO3

4 200 mg/L  NH4Cl, 200 mg/L  NaNO2 
and 200 mg/L  KNO3

Table 4  Single factor test

Different factors Different conditions

Rotating speed (rpm) 0, 50, 100, 150, 200
pH 5, 6, 7, 8, 9
Temperature (°C) 15, 20, 25, 30, 35
Carbon source Sodium succinate, sodium citrate, sodium 

potassium tartrate, sodium acetate, 
glucose

C/N 1, 5, 10, 15, 20
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environment in the medium accelerated the oxidation process 
of  NO2

-. When  NH4Cl and  KNO3 are used as nitrogen sources 
in the culture concentration, it can be seen that the removal 
rate of  NH4

+ is obviously higher than that of  NO2
- in the first 

12 hours, and  NH4
+ is preferentially utilized by ZQ-A1 at 

this time. However, the overall nitrogen removal efficiency 
is obviously higher than that of the former group, and the 
removal rates of  NH4

+ and  NO3
- can reach 100% in 12 h. 

This is similar to previous studies (He et al. 2022) (Fig. 3b). 
Interestingly, when nitrogen sources  NaNO2 and  KNO3 were 
used in the culture medium, the removal efficiency of  NO3

- 
reached 87.07% at 12 h, which was higher than that of strain 
HY-1 used in a recent study (Huan et al. 2022) (Fig. 3c). In 
9 h, the content of  NH4

+ increased from 0 mg in 0 hours to 
26.34 mg. At this stage,  NO3

- can be removed by 14.51 mg 
per hour. This phenomenon may be due to the phenomenon 
of dissimilatory nitrate reduction to ammonium (DNRA) (Lin 
and Stewart 1998), and some  NO3

- is converted into  NH4
+-N 

which can be used by organisms themselves. Because the mix-
ing of three nitrogen sources is common in actual produc-
tion, the nitrogen removal ability of ZQ-A1 is evaluated by 
the mixing of three nitrogen sources. The results show that 
 NH4

+,  NO2
-, and  NO3

- could be completely removed in 21 

h, and the degradation rate was higher than that of the three 
single source of nitrogen groups. It is speculated that NH4+ 
in ZQ-A1 nitrogen removal process can provide electrons and 
improve nitrogen removal efficiency, which is similar to previ-
ous research results (Fig. 3d) (Gu et al. 2022).

Nitrogen removal functional gene amplification

Generally speaking, there are two main ways for 
HN-AD biological denitrification. One is the com-
plete process of nitrogen removal,  NH4

+ →  NH2OH 
→NO2

−→NO3
−→NO2

–→ NO →  N2O →  N2 (Richard-
son et al. 1998), the other is  NH4

+ →  NH2OH→  N2O → 
 N2 (Zhao et al. 2010). In the above experiment, it was 
found that when  NH4Cl was added as the only nitrogen 
source, no accumulation of  NO2

- and  NO3
- was found. 

As we all know, the enzymes related to nitrification and 
denitrification play an important role in the whole process 
of nitrogen removal. In our research, the genes encoding 
the enzymes related to nitrogen removal were amplified 
by PCR to determine the main denitrification pathway. 
We detected the genes related to nitrogen removal. The 
results showed amoA, hao, napA, nirK, nirS, norB, and 
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Fig. 3  Compound nitrogen source test. a Mixture of 200 mg/L  NH4Cl and 200 mg/L  NaNO2; b mixture of 200 mg/L  NH4Cl and 200 mg/L 
 KNO3; c mixture of 200 mg/L  NaNO2 and 200 mg/L  KNO3; d mixture of 200 mg/L  NH4Cl, 200 mg/L  NaNO2, and 200 mg/L  KNO3
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nosZ genes were successfully amplified by bacterial liq-
uid-phase PCR and gel electrophoresis C, and about 1200 
bp, 850 bp, 300 bp, 480 bp, 420 bp, 600 bp, and 250 bp 

products were produced, respectively (Fig. S1). The napA 
gene encoding periplasmic nitrate reductase (NAP) was 
successfully amplified and can be used as a marker gene 
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of HN-AD because it can be expressed under both anoxic 
and aerobic conditions (Holmes et al. 2019).

Factors influencing performance of HN‑AD process

The influence of pH value on the nitrogen removal effi-
ciency of ZQ-A1 is shown in Fig. 4a. The results show 
that ZQ-A1 grows faster in weak alkaline environment 
and can remove  NH4

+ more efficiently. When pH value is 
5, the removal efficiency of  NH4

+ in 15 hours is 52.79%, 
and when pH value is 9, the removal rate of  NH4

+ can 
reach 83.58%. According to the growth and denitrifica-
tion effect, our research found that pH mainly affects the 
nitrogen removal efficiency of ZQ-A1 strain by affecting 
its growth. The rotation speed determines the oxygen con-
tent. The faster rotation speed increased the concentration 
of dissolved oxygen, and a certain concentration of dis-
solved oxygen promoted the activity of bacterial nitrogen 
removal enzyme (Ren et al. 2021). In 15 h, when the rotat-
ing speed is 0 rpm, the  NH4

+-N removal rate of ZQ-A1 
is 31.29%, and when the rotating speed rises to 200 rpm, 
the removal rate rises to 82.11% (Fig. 4b), which indicates 
that the rotating speed has a great influence on the  NH4

+ 
removal rate (Huan et al. 2022). At 18 h, the removal rate 
of 0 rpm group increased to 50.39%, and the  OD600 also 
increased, which indicated that the effect of rotating speed 
on nitrogen removal performance of ZQ-A1 was realized 
by affecting its growth. The results showed that ZQ-A1 
could grow under low dissolved oxygen, but its growth 
rate and denitrification rate were slow.

The growth rate of ZQ-A1 increases with the increase of 
C/N ratio, and the  NH4

+ removal rate also increases from 
28.39% to 94.70% (Fig. 4c). At 18 h, when the C/N ratio was 
1, the degradation rate of  NH4

+ was 3.45 mg/L·h, and when 
the C/N ratio was 20, the degradation rate increased to 10.57 
mg/(L·h), which is similar to the previous research (Liu 
et al. 2022). Probably, the conversion of  NH4

+ into  NO2
- 

and  NO3
- requires more carbon sources; it may be because 

more carbon sources are needed as electron acceptors during 
nitrification. However, ZQ-A1 can remove nitrogen at a low 
nutritional level, which is similar to previous studies, but 
the strain grows relatively slowly because of relatively few 
nitrogen sources.

Carbon source is the growth energy source of bacteria, 
and it is also the electron donor in the nitrogen removal pro-
cess (Hou et al. 2021). The effects of carbon sources on 
nitrification and denitrification of ZQ-A1 strain were studied 
with five different carbohydrates. The present study found 
that glucose could not be effectively utilized by ZQ-A1, 
which was consistent with the results of SNDPR-01 (Huang 
et al. 2022), but inconsistent with DM02 strain (Deng et al. 
2021). In contrast, ZQ-A1 can make better use of sodium 
succinate, sodium citrate, and sodium acetate (Fig. 4d). 

Specifically, when the carbon source is sodium citrate, the 
removal efficiency is the highest, and the removal rate of 
 NH4

+ can reach 79.83% in 18 h.
In the experiment of the effect of temperature on nitrogen 

removal efficiency of ZQ-A1, this study found that tempera-
ture had little effect on the growth performance of ZQ-A1 
(Fig. 4e). At 15 h, the  NH4

+ removal rate of ZQ-A1 strain at 
15 °C was 80.01%, which was little different from 88.11% at 
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35 °C. This indicated that ZQ-A1 showed strong adaptability 
at low temperature, which was consistent with Acinetobacter 
sp. Y7 (Liu et al. 2013). It was found that at low tempera-
ture, the growth performance of ZQ-A1 was affected, but 
the nitrogen removal performance was not affected. As in 
previous studies, the key enzyme activities related to strain 
growth were inhibited at low temperatures (Wu et al. 2022). 
Overall, we conclude that temperature has little effect on the 
nitrogen removal of ZQ-A1. To sum up, ZQ-A1 has strong 
adaptability to environmental changes. Especially when 
the temperature and dissolved oxygen are low, ZQ-A1 can 
continue to grow and play its nitrogen removal role. These 
characteristics can reduce operating costs in wastewater 
treatment processes, which lays a foundation for ZQ-A1 
subsequent application in pig farm sewage.

Preliminary application of strain ZQ‑A1 in sewage 
treatment

Nitrogen removal performance of ZQ‑A1 in pig farm 
wastewater

In our above research, we found that strain ZQ-A1 can carry 
out biological nitrogen removal in the environment with low 
rotating speed (means low dissolved oxygen), and ZQ-A1 
also showed good adaptability to temperature change. In 
the actual pig farm sewage treatment, low oxygen demand 
means that the aeration rate can be reduced, so as to reduce 
the input of production cost. Moreover, it has a good adapt-
ability to temperature changes, so it can better adapt to the 
changeable external environment.

Fig. 6  Analysis of community characteristics. A, B, and C are the initial sewage, the control group, and the experimental group. a Community 
composition analysis at genus level, b PCA analysis, and c cluster analysis of species abundance



104038 Environmental Science and Pollution Research (2023) 30:104029–104042

1 3

RDA1[56.8%]
-0.54 -0.4 -0.2 0 0.2 0.4 0.6 0.7

C

TN

COD

`Ammonium nitrogen`

R
DA

2[
38

.4
%
]

-1.1
-1

-0.5

0

0.5

0.93

PC1 [94.8%]
-6.9 -6.5 -6 -5.5 -5 -4.5 -4 -3.83

A

B

C

PC
2
[3
.3
%
]

-1.91

-1.5

-1

-0.5

0

0.5

1

1.49

-0.8 0.8

napA nirS nosZ nirK norB amoA hao

Nitrosomonas
Methanosaeta
Leucobacter
uncultured
Acinetobacter
Pseudomonas
Desulfomonile
UBA6140
DMER64
Paenibacillus
Turicibacter
Smithella
Taibaiella
Christensenellaceae_R-7_group
Terrisporobacter
Anaerovorax
Unassigned
Hydrogenophaga
Comamonas
Castellaniella

a

c

d

b

Fig. 7  Correlation analysis and KEGG function prediction. a RDA 
analysis, b PCA analysis of KEEG functional prediction, c correla-
tion between nitrogen removal gene and bacterial community (red 

represents positive correlation, blue represents negative correlation, 
and the darker the color, the higher the correlation), d multi-group 
difference analysis of KEEG functional prediction



104039Environmental Science and Pollution Research (2023) 30:104029–104042 

1 3

During the experiment, the rotating speed of the shaker was 
strictly controlled at 50 rpm, and the dissolved oxygen in sew-
age was controlled at 0.5~1 mg/L. As shown in Fig. 5a, after 
the 9th day, the  NH4

+ efficiency of the experimental group was 
significantly higher than that of the control group in a low dis-
solved oxygen environment. At the 27th day, the  NH4

+ content 
of the experimental group was only 11.02 mg/L, which was 
much lower than that of the control group (264.34 mg/L) (P < 
0.0001). Also, the  NH4

+ removal efficiency reaches 99.58%, 
while control group is 88.89%. In addition, the study found 
that at the end of the experiment, the COD removal rate of the 
experimental group was 80.88% (Fig. 5b) and the TN removal 
rate was 98.26% (Fig. 5c), both of which were significantly 
higher than that of the control group (P < 0.001).

According to the results of the relative expression of 
genes related to nitrogen removal on the 30th day, this study 
found that the relative gene expression of amoA, hao, nirS, 
and norB in the experimental group was higher than that 
in the control group that was one of the reasons why the 
experimental group had faster ammonia removal efficiency 
than the blank group (Fig. 5d). Specifically, the amoA gene 
was significantly higher than that in the control group (P < 
0.001); it means that the flora in the experimental group can 
reduce the  NH4

+ content more efficiently. During the experi-
ment,  NO3

- was found to accumulate, but no  NO2
- was found 

during the whole experiment. Combined with the expression 
of functional genes, the expression of nitrite reductase was 
higher than that of nitrate reductase, so  NO2

- could be better 
removed. Our research found that adding ZQ-A1 strain in the 
experimental group in low dissolved oxygen environment 
was helpful to the removal of COD, TN, and  NH4

+ and obvi-
ously shortened the time.

Analysis of community characteristics

Through the analysis of community characteristics, the influ-
ence of ZQ-A1 on the flora structure in sewage was studied, 
and whether it was successfully colonized as a dominant flora 
was analyzed. At the genus level, according to PCA analysis, 
there are significant differences among the initial sewage, the 
blank group, and the experimental group. Further analysis 
revealed that the abundance of Desulfomonile, Nitrosomonas, 
Anaerovorax, and Turicibacter bacteria in the two groups 
has increased significantly compared with the initial sewage 
(Fig. 6a). Desulfomonile bacteria are one of the sulfate-reduc-
ing bacteria, which use 3-chlorobenzoic acid/fumaric acid/
SO3

2-/S2O3
2-/S0/NO3

- as electron acceptors under anaerobic 
conditions (Sun et al. 2001). Anaerovorax bacteria mainly exist 
in the anaerobic digestion system. Studies have shown that the 
abundance of Anaerovorax bacteria in anaerobic membrane 
bioreactors used to treat urban sewage has increased, and it 
has gradually become the dominant bacterial group (Kong 
et al. 2022). Nitrosomonas mainly include nitrite bacteria and 

nitrate bacteria. After 6–18 days,  NO3
--N increases and then 

gradually declines, which may be caused by the increase in the 
abundance of Nitrosomonas bacteria (Li et al. 2022), it may be 
the reason for the accumulation of nitrate nitrogen during the 
experiment (Li et al. 2022). In addition, the relative abundance 
of Nitrosomonas in the control group was 9.27%, which was 
significantly higher than that in the experimental group. How-
ever, due to the addition of ZQ-A1 bacteria to the experimental 
group, the abundance of Acinetobacter bacteria in the experi-
mental group was 2.38%, which was significantly higher than 
that in the control group (0.06%). It also shows that exogenous 
ZQ-A1 bacteria gradually become the dominant flora and play 
a role in the test. It is one of the reasons for the big difference 
in the removal efficiency of total nitrogen and ammonia nitro-
gen between the two groups. It can also be found from ternary 
diagram (Fig. 6c) and species clustering diagram (Fig. 5d) 
that Acinetobacter is an endemic genus of the experimental 
group. This study found that that the abundance of bacteria 
belonging to the genus Comamonas in the experimental group 
increased from 0.09 to 2.61%, and the analysis of genus-level 
evolution showed that Acinetobacter and Comamonas were the 
closest in the experimental group (Fig. S3). Previous studies 
showed that Comamonas had denitrification function, and it 
was speculated that Comamonas and Acinetobacter played a 
role in denitrification together. It is worth noting that the con-
centration of denitrifying bacteria, Hydrogenophaga, enriched 
in low dissolved oxygen increased from 0.02% to 1.13% in this 
experimental group (Feng et al. 2018); this also indicates that 
the concentration of dissolved oxygen in this experiment has 
been at a relatively low level.

The application results of strain ZQ-A1 in pig farm waste-
water show that ZQ-A1 not only has a good removal effect 
on total nitrogen and ammonia nitrogen but also can effec-
tively reduce the COD concentration in aquaculture concen-
tration. At the same time, it also shows that ZQ-A1 can adapt 
to the complex sewage environment and has a competitive 
advantage, which lays a theoretical foundation for its sub-
sequent application.

In order to further analyze the correlation between the rea-
sons for the decline of COD, TN,  NH4

+, and microorganisms, 
we made redundancy analysis (RDA) on the removal efficiency 
of COD, TN,  NH4

+, and microorganisms (Fig. 7a). The results 
showed that there was a strong correlation between the micro-
bial community composition of the experimental group and 
the removal efficiency of  NH4

+. To combine with the relative 
abundance of microorganisms, it can be inferred that the rela-
tive abundance of Acinetobacter bacteria in the experimental 
group increased significantly, resulting in higher  NH4

+ removal 
efficiency. In addition, our research explained the correlation 
analysis between nitrogen removal functional genes and the 
content of TOP30 bacteria by Spearman correlation analysis 
(Fig. 7b). The results showed that napA and nirS genes were 
positively correlated with Acinetobacter (P < 0.05), and ZQ-A1 
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bacteria in the experimental group could express these two 
genes. Interestingly, the Comamonas has strong correlation 
with other genes except napA and nirS, so it can be further 
speculated that Acinetobacter and Comamonas in the experi-
mental group have synergistic effect. Interestingly, there is a 
significant correlation between bacteria Hydrogenophaga and 
nosZ, norB, and nirK related to denitrification (P < 0.05). In 
this study, it was found that the concentration of  NO3

-increased 
during the experiment, presumably because the abundance of 
Hydrogenophaga was low in the middle of the experiment (day 
6 to 18), and the concentration of  NO3

- began to decrease in the 
late stage of the experiment (day 18 to 30) due to the increase 
of the relative abundance of Hydrogenophaga.

The PCA results show that the flora function of the experi-
mental group and the control group is quite different from that 
of the initial sewage, and the functions of the experimental 
group and the control group are similar to each other (Fig. 7c). 
We further found through cluster analysis that the abundance 
of xenobiotics biodegradation and metabolism, metabolism of 
other amino acids, and lipid metabolism in the treated sewage, 
whether in the experimental group or the control group, is 
higher than before treatment. Therefore, the microbial com-
munity in the treated sewage has stronger metabolic function, 
so as to reduce the concentration of COD and  NH4

+ in the 
sewage. Further analysis of the functional differences between 
the experimental group and the control group showed that the 
abundance of fatty acid biosynthesis, thiamine metabolism, 
nicotinate and nicotinate metabolism, and fluorobenzoate deg-
radation in the experimental group was significantly higher 
than that in the control group (P < 0.01) (Fig. 7d). Nicotinate 
forms coenzyme I and coenzyme II with ribose, phosphoric 
acid, and adenophorin in vivo (Romani et al. 2019). They 
are coenzymes of many dehydrogenases, which play a role in 
dehydrogenation and hydrogenation in vivo biological oxi-
dation. In the study of carbon source utilization, we found 
that ZQ-A1 can make better use of carbon sources related 
to tricarboxylic acid cycle (e.g., sodium succinate, sodium 
citrate, and sodium acetate), and the abundance of fatty acid 
biosynthesis and nicotinate and nicotinate metabolism func-
tion is high, which indicates that the addition of ZQ-A1 in 
the experimental group leads to the enhancement of grape 
glycolysis, fat metabolism, and pyruvate metabolism.

Conclusions

In this study, a HN-AD bacterium, Acinetobacter ZQ-A1, 
was isolated. This bacterium has strong simultaneous nitri-
fication and denitrification ability. Through the identifica-
tion of genes related to nitrification and denitrification, it is 
speculated that the nitrogen removal pathway is  NH4

+ → 
 NH2OH→NO2

−→NO3
−→NO2

–→NO→N2O→N2. Through 
the experiment of nitrogen removal characteristics, it was found 

that ZQ-A1 showed high nitrogen removal ability whether fac-
ing single nitrogen source or mixed nitrogen source. ZQ-A1 can 
also adapt to complex environments, especially low temperature 
and low dissolved oxygen, which provides a theoretical basis for 
reducing production costs. In addition, strain ZQ-A1 has a good 
application in pig farm sewage treatment. On the 30th day, the 
concentration of ammonia nitrogen in the experimental group 
decreased from 1459.39 mg/L to 11.02 mg/L, and the removal 
rate reached 99.36%. The results of microbial community charac-
teristics and KEGG function prediction show that strain ZQ-A1 
can colonize sewage and accelerate the removal of  NH4

+ in sew-
age, which shows that ZQ-A1 has great potential in pig farm 
sewage treatment process.
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