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Abstract
A systematic study on the lack of dissimilatory nitrate reductase (NAR) properties inHalomonas strains had been reported so far.
The effects of different factors on Halomonas sp. B01 NAR activity were investigated. The salt tolerance of NAR was charac-
terized. The denitrification process under high salt conditions was reported. Halomonas sp. B01 expressed membrane-bound
NAR under induced culture by nitrate. The optimum pH of the enzyme reaction system was 8, and the optimum temperature was
30 °C. The mRNA expression abundance of narH in NAR encoding gene was highest in the 60 g/L NaCl inducing matrix. The
NaCl concentration of optimum growth and induction of NAR were both 60 g/L. The ectoine added to the NAR vitro enzyme
reaction system could maintain NAR activity under high NaCl concentration. In the range of 0–60 g/L NaCl, the NAR activity
was stable at 17.7 (± 0.3) U/mg. The denitrification was performed byHalomonas sp. B01 at 60 g/L NaCl, and the denitrification
rate reached 97.1% at 24 h. This study reveals for the first time the NAR properties of Halomonas strains, which provides a
theoretical and technical basis for the nitrogen removal of high-salt nitrogenous wastewater using this strain.

Introduction

Halomonas sp. is a class of moderately halophilic bacteria (de
la Haba et al. 2014). Some strains of the genus are reportedly
capable of nitrification, denitrification or simultaneous hetero-
trophic nitrification, and aerobic denitrification (known as
SND) (Berendes et al. 1996; Mormile et al. 1999; Guo et al.
2013; Wang et al. 2017). Te Wang reported that Halomonas
sp. B01 can simultaneously tolerate high concentrations of
NaCl and NH4

+-N and efficiently perform SND. In a nitrogen
(N) removal solution, which contains 60 g/L NaCl and
4000 mg/L NH4

+-N, SND was performed over 180 h under
optimal conditions; the residual total inorganic N concentra-
tion was 21.7 mg/L, and the N removal rate reached 99.2%
(Wang et al. 2017). Halomonas N removal strains are impor-
tant for the purification of high-salinity nitrogenous wastewa-
ter from leather processing, marine aquaculture, synthetic am-
monia, landfills, and nickel battery production.

The process of microbial N removal is generally NH4
+→

NO2
− → NO3

− → NO2
− → NO→N2O → N2, in which

NO3
−→NO2

− is catalyzed by dissimilatory nitrate reductase
(Jetten et al. 1997). This enzyme is a rate-limiting enzyme in a
series of enzymes involved in the entire N removal process.
The properties and activity of this enzyme have a great influ-
ence on the N removal efficiency (Barber et al. 2002). There
are two kinds of dissimilatory nitrate reductases expressed by
bacteria: one is membrane-bound nitrate reductase (NAR),
while the other is periplasmic nitrate reductase (NAP)
(Argandoña et al. 2006). NAR is widely found in E. coli and
has been well-studied (Zumft 1997). NAR consists of three
subunits (α,β, and γ) and several cofactors and participates in
the production of the transmembrane proton gradient, which is
combined with nitrate reduction. Studies have shown that sub-
units α and β are located in the cytoplasm, while subunit γ is
located in the membrane and connects subunits α and β to the
cytoplasmic side of the intima (Morozkina and Zvyagilskaya
2007). NAP has 2 subunits: large subunit NapA and small
subunit NapB. NapA is a catalytic subunit, and NapB contains
cytochrome c (Arnoux et al. 2003). It is generally believed that
NAR performs nitrate respiration under anaerobic and hypox-
ic conditions. NAR is sensitive to oxygen molecules and
plays a major role in the biological N removal of an-
aerobic denitrification (Zumft 1997; Stolz and Basu
2002). NAP is not sensitive to oxygen molecules; there-
fore, its physiological function may be related to aerobic
denitrification.
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Llamas reported on the NAR of Halomonas maura (in
regard to the NAR of Halomonas). RT-PCR analysis showed
that the narGHJI operon was expressed under anaerobic con-
ditions when nitrate could be used as an electron acceptor.
This membrane-bound nitrate reductase is the only enzyme
responsible for anaerobic respiration in H. Maura (Llamas
et al. 2006). Te Wang reported on the gene cloning and struc-
ture analysis of the NAR in Halomonas sp. B01, which was
isolated from the sediment of a saltern pool and could remove
N by SND (Wang et al. 2017). The study on the properties and
salt tolerance is of Halomonas strain NAR of great signifi-
cance to the related research and the technological progress
of N removal of high-salinity nitrogenous wastewater by the
Halomonas strain.

The type identification of Halomonas sp. B01 nitrate re-
ductase was carried out in this paper. The effects of different
factors on the NAR activity of this strain were investigated.
The salt tolerance of NAR was characterized. The denitrifica-
tion process of this strain under high salt conditions was
reported.

Materials and methods

Materials

Strain: Halomonas sp. B01 was isolated, screened, and iden-
tified by the author’s previous study (16S rRNA sequence
GenBank No. KJ778559) (Wang et al. 2017), and the strain
was deposited in the China Center for Type Culture Collection
(CCTCC) under the accession No. CCTCC AB 2014335.

Reagents: Ectoine (1, 4, 5, 6-tetrahydro-2-methyl-4-
pyrimidinecarboxylic acid) standard was purchased from
Biomol GmbH (Germany). TaKaRa MiniBEST Universal
RNA Extraction Kit (TaKaRa Code. 9767), TaKaRa
PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect
Real Time) (TaKaRa Code. RR047), SYBR Premix Ex
Taq™ II (Tli RNaseH Plus) (TaKaRa Code. RR820) pur-
chased from Takara Biotechnology (Dalian) Co., Ltd. BCA
Protein Concentration Assay Kit (PC0020) purchased from
Beijing Solarbio Science & Technology Co., Ltd.

Medium

LB medium (g/L): peptone 10, yeast extract powder 5, NaCl
60. The medium was autoclaved at 121 °C for 20 min.

Growth medium (g/L): glucose 20, (NH4)2SO4 10, yeast
extract powder 0.5, K2HPO4·3H2O 9, KH2PO4 3, MgSO4·
7H2O 0.4, MnSO4·H2O 0.01, NaCl 60. pH 7.2. The medium
was autoclaved at 121 °C for 20 min.

Inducing medium (g/L): glucose 30, KNO3 0.4 (N
element 50 mg/L), yeast extract powder 0.5, K2HPO4·
3H2O 0.3, KH2PO4 0.1, MgSO4·7H2O 0.4, MnSO4·H2O

0.01, NaCl 60. pH 7.2. The medium was autoclaved at
121 °C for 20 min.

Denitrifying medium (g/L): glucose 30, KNO3 0.7 (N ele-
ment 100 mg/L), K2HPO4·3H2O 9, KH2PO4 3, MgSO4·7H2O
0.4, MnSO4·H2O 0.01, NaCl 60. pH 7.2. The medium was
autoclaved at 121 °C for 20 min.

Strain culture

The strains were cultivated in 5 mL LB medium at 30 °C and
120 rpm in a rotary shaker for 24 h. Then 1% of the cultures
were inoculated in shake flasks (300 mL) containing 30 mL
growth medium at 30 °C and 120 rpm in a rotary shaker for
36 h. The cells were collected by centrifugation (at 4 °C and
14,000×g for 15 min) and transferred to the inducing medium
at 30 °C and 120 rpm for 36 h.

Determination of enzyme activity

A crude extract of each enzyme prepared for this study was
used for enzyme activity assays. The cytoplasmic enzyme
(including the periplasmic enzyme) was prepared in 20 mL
of the cell culture medium, which was also used to determine
enzyme activity, that was centrifuged at 14,000×g for 15 min
at 4 °C, and the supernatant was discarded. Then, 100 mM pH
7.2 phosphate buffer was added to the centrifuged pellet to
resuspend it. A freeze-thaw cycle (at − 20 °C ≥ 2 h and at
30 °C for 30 min.) was repeated 4 times. Ultrasound was used
to disrupt cells in an ice bath (sonicated at 400 W for 3 s and
stopped for 3 s) continuously through 30 cycles to obtain a
solution of disrupted cells. The disrupted-cell solution was
centrifuged at 14,000×g for 15 min at 4 °C, the supernatant
was collected, and the sample was used for cytoplasmic and
periplasmic enzyme assays. Cell membrane debris was in the
centrifuged pellet. The membrane-bound enzyme was pre-
pared as follows: Dodecyl-β-D-maltoside is an alkyl glyco-
side nonionic surfactant, which promotes the disintegration of
lipid membranes to release membrane proteins, and provides a
hydrophobic environment for membrane proteins in the state
of membrane removal in solution. It maintains and protects
the hydrophobic transmembrane structure of membrane pro-
teins, thereby maintaining the structure and function of mem-
brane proteins. Therefore dodecyl-β-D-maltoside is often
used to extract proteins from cell membranes. In this paper,
dodecyl-β-D-maltoside was used to dissolve the cytoplasmic
membrane and release the membrane-bound proteins. The
disrupted-cell centrifuge pellet, as described above, was resus-
pended in 100mMphosphate buffer (pH 7.2) containing 1.0%
dodecyl-β-D-maltoside, incubated for 1 h at 4 °C in the dark,
and centrifuged at 14,000×g for 15 min at 4 °C. Then, the
supernatant was collected, and the sample was used for the
cell membrane-bound enzyme assay (Zhang et al. 2015). The
total protein concentration of the enzyme solution to be
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determined was assayed as follows: Protein was determined
using the BCA Protein Concentration Assay Kit (PC0020,
Solarbio, Beijing, China). The amount of the enzyme solution
to be determined was based on the total protein (mg).

The NAR activity was assayed as follows: NAR reduced
NO3

− to NO2
− in the presence of reduced coenzyme (Barber

et al. 2002). One unit of NAR activity (U) is the amount of
NAR that reduces 1 μmol NO3

− per min at the reaction sub-
strate of KNO3 (0.5 mmol/L), pH 7.2, and 30 °C under the
specified reaction conditions.

Determination of inorganic N concentration

NH4
+-N was determined by Nessler’s reagent method (APHA

1999). NO2
−-N was determinated by diazotization-coupling

reaction method (APHA 1999). NO3
−-N was determinated

by zinc-cadmium reduction method (Sun et al. 2013). The
water used for the determination was nitrogen-free water.

Determination of ectoine concentration

The sample for determining ectoine was prepared by the eth-
anol extraction method (Zhang et al. 2009). Ectoine concen-
tration was determined using high-performance liquid chro-
matography (HPLC) (Zhang et al. 2009).

Method of RT-PCR

RT-PCR was performed by SYBR Green I fluorescent dye
method (Marino et al. 2003). The 16S rDNA sequence
primers of Halomonas sp. B01 were 16S rDNA universal
primers for bacterial, which were F1-ACATCCTGCGAACT
TGTGAGAG and R1-CCGCTGGCAAATAA GGACA. The
narH primers of Halomonas sp. B01 were F2-TCGAGTTC
GACGGCATCCT and R2-AACACCACGGGCTCCTCTT.
The nucleotide sequence of Halomonas sp. B01 narH had
been registered on GenBank (KT792958). The total RNA of
samples was extracted using TaKaRa MiniBEST Universal
RNA Extraction Kit (TaKaRa Code. 9767). RT-PCRwas per-
formed using TaKaRa PrimeScript™ RT reagent Kit with
gDNA Eraser (Perfect Real Time) (TaKaRa Code. RR047)
and SYBR Premix Ex Taq™ II (Tli RNaseH Plus) (TaKaRa
Code. RR820) in apparatus of TaKaRa PCR Thermal Cycler
Dice™ (TaKaRa Code.TP600) and TaKaRa PCR Thermal
Cycler Dice™ Real Time System (TaKaRa Code. TP800).
RT-PCR results were processed using Delta-delta Ct method.
Expression abundance of the mRNA of narH was expressed
by 2−△△Ct. Experimental samples were prepared by extracting
the total mRNA A260/280 ≥ 2.0. The amplification curves of the
experimental samples were all S-type curves. The melting
curves of the specific primer amplification were all single
peaks. The standard deviation of the mRNA expression

abundance of parallel samples was less than or equal to
0.3%. The mRNA of 16s rDNA was used as an internal
standard.

Culture of the denitrifier under aerobic condition

The strains were cultivated in 5 mL LB medium at 30 °C and
120 rpm in a rotary shaker for 24 h. Then 1% of the cultures
were inoculated in shake flasks (300 mL) containing 30 mL
denitrifying medium at 30 °C and 120 rpm in a rotary shaker
for 24 h.

For all of the above measurements, three parallel
samples were measured. The average of the three mea-
surements with standard deviation values is presented in
the results section.

Results and discussion

Type analysis and identification of Halomonas sp.
B01 nitrate reductase

Dissimilatory nitrate reductase of bacterial expression
has two types: NAR and NAP. The main difference
between these two types of enzymes is that NAR is a
membrane-bound enzymes and NAP is a periplasmic
enzyme (Argandoña et al. 2006). A low concentration
of sodium azide inhibits NAR activity, while NAP ac-
tivity is not sensitive to low concentration sodium azide.
NAR can use reductive coenzyme I (NADH) as an elec-
tron donor to reduce chlorate and NAP cannot (Bell
et al. 1990; Carter et al. 1995). The above three points
are the main basis for identifying the type of dissimila-
tory nitrate reductase (NAR or NAP) of bacterial
expression.

Nitrate reductase of Halomonas sp. B01 is membrane-bound
enzymes

There are three possible forms of nitrate reductase in
Halomonas sp. B01: cytoplasmic enzyme, periplasmic
enzyme, and cell membrane-bound enzyme. First, the
cytoplasmic and periplasmic enzyme assay sample was
obtained according to method “determination of enzyme
activity,” and the nitrate reductase activity of this sam-
ple was measured. No nitrate reductase activity was de-
tected. It is shown that the nitrate reductase of
Halomonas sp. B01 does not exist in the cytoplasm
and periplasm, and it is speculated to exist in the cell
membrane debris of the centrifuged pellet. Second, in
order to verify the above hypothesis, dodecyl-β-D-
maltoside was used to dissolve the cytoplasmic mem-
brane and release the membrane-bound protein
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according to method “determination of enzyme activity,”
and the membrane protein was present in the superna-
tant after centrifugation. The nitrate reductase activity
was then detected in the supernatant (no nitrate reduc-
tase activity was detected in the resuspended pellet). It
was shown that the nitrate reductase of Halomonas sp.
B01 is a membrane-bound enzyme (NAR). The follow-
ing experiments used the extracted membrane-bound en-
zyme preparation solution.

Sodium azide inhibits the nitrate reductase activity
of Halomonas sp. B01

A final concentration of 40 μM of sodium azide was
added to determination system of nitrate reductase ac-
tivity according to the literature (Bell et al. 1990), and
the inhibitory effect of sodium azide on Halomonas sp.
B01 nitrate reductase was investigated. The results
showed that the nitrate reductase activity without sodi-
um azide was 15.0 U/mg, the nitrate reductase activity
adding sodium azide was 6.1 U/mg, and the enzyme
activity was decreased by 8.9 U/mg. A low concentra-
tion of sodium azide inhibited the nitrate reductase ac-
tivity of Halomonas sp. B01.

Reduced chlorate by nitrate reductase of Halomonas sp. B01

Potassium nitrate was replaced by a 1 mM concentration of
potassium chlorate in the determination system of nitrate re-
ductase activity (containing 0.2 mg/mLNADH as the electron
donor). The activity of nitrate reductase reduced chlorate in
Halomonas sp. B01 was investigated. The results showed that
the nitrate reductase of this strain reduced the initial 83.6mg/L
of chlorate in the enzyme reaction system to 25.3 mg/L chlo-
rite, and the conversion rate was 30.3%. Nitrate reductase of
Halomonas sp. B01 can use NADH as an electron donor to
reduce chlorate.

Combined with the above results, it was determined that
the nitrate reductase of Halomonas sp. B01 is membrane-
bound NAR.

Changes of NAR mRNA expression abundance
during the induction process

The author of this article cloned an encoding gene narH of a
subunit NarH ofHalomonas sp. B01 NAR (membrane-bound
enzyme) in previous studies (GenBank No. KT792958). To
further verify that the nitrate reductase of the strain was
membrane-bound NAR, the change of mRNA expression
abundance of Halomonas sp. B01 narH with induced culture
time was investigated by the RT-PCR method. The results are
shown in Fig. 1. In the range of 0–36 h, the mRNA expression
abundance of strain narH increased with prolonged induced
culture time, which was synchronized with the effect of cul-
ture time on Halomonas sp. B01 NAR activity (Fig. 2b). The
RT-PCR results further indicated that Halomonas sp. B01
nitrate reductase was a membrane-bound NAR and an induc-
ible enzyme.

It is generally believed that NAR is sensitive to oxygen
molecules by nitrate respiration under anaerobic and hyp-
oxic conditions and plays a major role in the biological N
removal of anaerobic denitrification (Zumft 1997; Stolz
and Basu 2002). While NAP is not sensitive to oxygen
molecules, its physiological function may be related to
aerobic denitrification. In this study, Halomonas sp. B01
NAP activity was not detected. In addition, the primers
were designed by DNA similarity and PCR was carried
out, and no encoding gene or DNA fragment of NAP was
obtained. Both this study and the previous study (Wang
et al. 2017) showed that Halomonas sp. B01 was able to
perform N removal by SND (condition of aerobic and
heterotrophic). The above indicated the NAR of the
strain-tolerant oxygen molecule. This tolerance is a newly
discovered trait of Halomonas sp. B01 NAR. This topic
needs additional study.

Fig. 1 Effect of different induction culture times on mRNA expression
abundance of Halomonas sp. B01 narH. a Agarose gel electrophoresis
pattern of total RNA extracted from the strain samples cultured at
different induced times (h). bRT-PCR amplification curves of narH from
strain samples cultured at different induced times. cDissolution curves of

narH amplification products from strain samples cultured at different
induced times. dmRNA expression abundance of narH from strain sam-
ples cultured at different induced times. Induction conditions of NAR:
conducted using inducing medium, the induced substrate was 50 mg/L
NO3

−-N
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NAR enzyme properties of Halomonas sp. B01

Effect of NO3
−-N concentration and induced time on the NAR

activity of Halomonas sp. B01 in induced culture

Halomonas sp. B01 was cultured in the growth medium for
36 h. The cells were collected by centrifugation (at 4 °C and
14,000×g for 15min) and transferred to the inducingmedium
(the concentration of NO3

−-N was set at 0, 25, 50, 75, and
100mg/L). The cellswere then cultured at 30 °C and120 rpm
in a rotary shaker, and the activity of NAR was measured.
Figure 2 a shows that when the substrate concentration of
NO3

−-N was in the range of 0–100 mg/L, the activity of
NAR increased with the increase in NO3

−-N concentration.
When the concentrationofNO3

−-N ≥ 50mg/L, the activityof
NAR did not increase significantly. Thus, a suitable concen-
tration of NO3

−-N was 50 mg/L. The activity of NAR was
measured at different induced times (0, 12, 24, 36, and 48 h).
Figure 2 b shows that the highest enzyme activity (15.0 U/
mg) was obtained at 36 h after induction. The above results

indicated that the suitable induced substrate concentration
was 50 mg/L, and the induced t ime was 36 h for
Halomonas sp. B01 NAR.

Effect of pH of enzyme reaction system on Halomonas sp.
B01 NAR activity

The effect of the pH of the enzyme reaction system on the
activity ofHalomonas sp. B01NARwas investigated. The pH
of the NAR enzyme reaction system was set to 6, 7, 8, and 9
with a 0.1 M phosphate buffer solution and 0.1 M boric acid-
potassium chloride-sodium hydroxide buffer, and the activity
of the Halomonas sp. B01 NAR was determined. The results
are shown in Fig. 3. The optimal pH of the Halomonas sp.
B01 NAR enzyme reaction was 8 (18.1 U/mg). Halomonas
sp. B01 NAR had a higher enzyme activity when the pH
of the enzyme reaction was in the range of 6–8. When
the pH of the enzyme reaction increased to 9, the NAR
activity decreased significantly, which was 48.9% of the
highest enzyme activity.

Fig. 2 Effect of the concentration
of NO3

−-N and induced time on
Halomonas sp. B01 NAR
activity. a Effect of the
concentration of NO3

−-N.
Induction conditions of NAR:
conducted using inducing
medium, the induced time was
36 h. b Effect of induced time.
Induction conditions of NAR:
conducted using inducing
medium, the induced substrate
was 50 mg/L NO3

−-N

Fig. 3 Effect of pH of enzyme reaction system on Halomonas sp. B01
NAR activity. The enzyme reaction system substrate was 50 mg/L NO3

−-
N, reaction temperature was 30 °C, and reaction time was 1 h

Fig. 4 Effect of temperature of enzyme reaction system on Halomonas
sp. B01 NAR activity. The enzyme reaction system substrate was 50 mg/
L NO3

−-N, pH was 8, and reaction time was 1 h
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Effect of temperature of enzyme reaction system
on the activity of Halomonas sp. B01 NAR

The effect of enzyme reaction temperature on the activity of
Halomonas sp. B01 NAR was investigated. The enzyme re-
action temperature was set to 20, 30, 40, 50, 60, 70, and 80 °C,
and the activity of Halomonas sp. B01 NAR was measured.
The results are shown in Fig. 4. The optimum temperature for
the Halomonas sp. B01 NAR enzyme reaction was 30 °C
(18.1 U/mg). TheHalomonas sp. B01NAR activity decreased
with increasing temperature when the enzyme reaction tem-
perature was in the range of 30–80 °C. When the enzyme
reaction temperature was increased to 80 °C, the NAR activity
decreased significantly, which accounted for only 28.8% of
the highest enzyme activity.

Salt tolerance of Halomonas sp. B01 NAR

Expression abundance of Halomonas sp. B01 narH in inducing
mediums at different NaCl concentrations

The effect of medium NaCl concentration on the mRNA
expression abundance of the Halomonas sp. B01 narH

was investigated by the RT-PCR method. The results
are shown in Fig. 5. When the concentration of NaCl
was in the range of 30–120 g/L, the mRNA expression
abundance of narH was the highest (1.2) at a concen-
tration of 60 g/L NaCl, and the mRNA expression
abundance of narH was significantly decreased (≤ 0.04)
when the concentration was ≥ 90 g/L NaCl. The NAR
of this strain showed significant high salt adaptation at
the gene expression level.

Halomonas sp. B01 NAR activity induced at different NaCl
concentrations

The effect of inducing medium NaCl concentration on
the activity of Halomonas sp. B01 NAR was investigat-
ed. The amount of cell growth (cell growth was defined
as cell dry weight per liter culture broth, CDW, g/L)
and the NAR activity of Halomonas sp. B01 in the
inducing medium of 30, 60, 90, 120 g/L NaCl was
determined. The results are shown in Fig. 6. The results
show that the optimum NaCl concentration for
Halomonas sp. B01 growth and the NAR inducing cul-
ture were both 60 g/L.

Fig. 5 Effect of different NaCl concentrations on the mRNA expression
abundance of Halomonas sp. B01 narH. a Agarose gel electrophoresis
pattern of total RNA extracted from the strain samples cultured at
different NaCl concentrations (g/L). b RT-PCR amplification curves of
narH from strain samples cultured at different NaCl concentrations. c

Dissolution curves of narH amplification products from strain samples
cultured at different NaCl concentrations. d mRNA expression abun-
dance of narH from strain samples cultured at different NaCl concentra-
tions. Induction conditions of NAR: conducted using inducing medium,
the induced substrate was 50 mg/L NO3

−-N, and induced time was 36 h

Fig. 6 Effect of inducing medium
NaCl concentration on
Halomonas sp. B01 NAR
activity. Induction conditions of
NAR: conducting using inducing
medium, the induced substrate
was 50 mg/L NO3

−-N, and
induced time was 36 h. The en-
zyme reaction system substrate
was 50 mg/L NO3

−-N, pH was 8,
reaction temperature was 30 °C,
and reaction time was 1 h
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In vitro enzymatic activity of Halomonas sp. B01 NAR
at different NaCl concentrations

The in vitro enzymatic activity ofHalomonas sp. B01 NAR at
different NaCl concentrations was investigated. Two enzyme
reaction systems were set up: no ectoine was added to the
enzyme reaction system; the ectoine with a final concentration
of 7 mMwas added to the enzyme reaction system. The NaCl
concentrations of the two reaction systems were set to 0, 30,
60, 90, and 120 g/L, respectively. The results are shown in
Fig. 7. The NAR activity without ectoine decreased signifi-
cantly as the concentration of NaCl increased. The NAR ac-
tivity adding ectoine was very different from the case of
above. In the range of 0–60 g/L NaCl concentration, the
NAR activity was basically maintained at the same level
(17.7 ± 0.3 U/mg), and when the NaCl concentration was
≥90 g/L, the NAR activity was reduced. The above results
indicated that the ectoine added in the enzyme reaction system
could maintain the NAR activity at a high concentration of
NaCl. The enzyme reaction system adding ectoine was also a
simulation of the intracellular environment of the strain.

Denitrification process of Halomonas sp. B01 under high salt

The denitrification progress of Halomonas sp. B01 at a con-
centration of 60 g/L NaCl was investigated. The results are
shown in Fig. 8. The initial NO3

−-N was 100 mg/L; after
denitrification for 24 h, the residual NO3

−-N concentration
was 1.7 mg/L (the maximum NO2

−-N concentration in the
denitrification process was 0.9 mg/L), the denitrification rate
was 97.1%, and the denitrification efficiency was 4.1 mg/L/h.

MostHalomonas bacteria can synthesize compatible solute
ectoine under NaCl stress, and ectoine provides stress protec-
tion to the cell itself or to biological macromolecular

substances (such as enzymes) in the cell’s internal and exter-
nal environment, which allows it to resist the adverse effects
of environmental osmotic pressure by synthesizing ectoine
and also allows cell growth and metabolism to be maintained
in a high osmotic pressure environment (including extreme
temperature and extreme pH, desiccation, and radiation)
(Pastor et al. 2010). Halomonas sp. B01 is also capable of
synthesizing ectoine under NaCl stress (Wang et al. 2017),
i.e., there is a certain concentration of ectoine in the cells in
a high salt environment. In this paper, the in vitro enzymatic
reaction of NAR with and without ectoine was performed for
the first time. The results indicated that the salt tolerance of
Halomonas sp. B01 NAR and the high efficiency of nitrate
denitrification of this strain under high salt conditions were
mainly attributed to the protective effect of ectoine synthe-
sized by the cell itself under high salt. In addition,
Halomonas sp. B01 is an ectoine-excreting strain, in which
the ectoine synthesized by the cell itself is partially secreted
outside the cell. In a specific microbial population, the secret-
ed ectoine is absorbed by other microorganisms to obtain
stress resistance. It is predicted that strains such as
Halomonas sp. B01 will exert their unique advantages of salt
tolerance assistance in the N removal of combined flora.

Conclusions

Halomonas sp. B01 showed nitrate reductase activity in
nitrate-induced culture. The bacterial expression of dissimila-
tory nitrate reductase has two types: NAR and NAP. In this
paper, the results of enzyme species identification showed that
the nitrate reductase activity was only observed in the cell
membrane-precipitated sample of the enzyme preparation. In
addition, its enzyme activity was inhibited by a low concen-
tration sodium azide, the enzyme could reduce chlorate to
chlorite, and the mRNA expression abundance of narH varied
with induced time. In summary, the enzyme was judged to be
a membrane-bound nitrate reductase NAR. This study on the

Fig. 7 In vitro enzymatic activity ofHalomonas sp. B01NAR at different
NaCl concentrations. The enzyme reaction system substrate was 50 mg/L
NO3

−-N, pH was 8, reaction temperature was 30 °C, and reaction time
was 1 h

Fig. 8 Denitrification process of Halomonas sp. B01 at the 60 g/L NaCl
concentration. Conducted using denitrifyingmedium, 100mg/L NO3

−-N,
60 g/L NaCl, 30 °C, and 120 rpm in a rotary shaker
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properties of Halomonas sp. B01 NAR showed that the en-
zyme was an induced enzyme, the suitable induced substrate
concentration of NO3

−-N was 50 mg/L, and the induced time
was 36 h. Furthermore, the optimum pH of the enzyme reac-
tion system is 8, and the optimum reaction temperature is
30 °C.Halomonas sp. B01NAR had significant salt tolerance,
and the mRNA expression abundance of narH was highest in
the 60 g/L NaCl inducing matrix. The NaCl concentration of
the optimum growth and optimum induction of NAR were
both 60 g/L.

The ectoine added to the NAR in vitro enzyme reaction
system could maintain the NAR activity under high concen-
tration of NaCl. In the range of 0–60 g/L NaCl concentration,
the NAR activity was stable at 17.7 (± 0.3) U/mg. The deni-
trification process of Halomonas sp. B01 at 60 g/L NaCl
showed that, the initial NO3

−-N was 100 mg/L, after denitri-
fication for 24 h, the residual NO3

−-N concentration was
1.7 mg/L, the denitrification rate was 97.1%, and the denitri-
fication efficiency was 4.1 mg/L/h. This study provides a the-
oretical and technical basis for revealing the mechanism of
Halomonas strain high salt tolerance to N removal.
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