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Abstract

Nitrification is a key step in the global nitrogen cycle. Compared with autotrophic nitrification, heterotrophic
nitrification remains poorly understood. In this study, Halomonas venusta MA-ZP17-13, isolated from seawater in
shrimp aquaculture (Penaeus vannamei), could simultaneously undertake nitrification and denitrification. With
the initial ammonium concentration at 100 mg/L, the maximum ammonium-nitrogen removal rate reached
98.7% under the optimal conditions including C/N concentration ratio at 5.95, pH at 8.93, and NaCl at 2.33%. The
corresponding average removal rate was 1.37 mg/(L-h) (according to nitrogen) in 3 d at 11.2°C. By whole genome
sequencing and analysis, nitrification- and denitrification-related genes were identified, including ammonia
monooxygenase, nitrate reductase, nitrite reductase, nitric oxide dioxygenase and nitric oxide synthase; while no
gene encoding hydroxylamine oxidase was identified, it implied the existence of a novel nitrification pathway
from hydroxylamine to nitrate. These results indicate heterotrophic bacterium H. venusta MA-ZP17-13 can
undertake simultaneous nitrification and denitrification at low temperature and has potential for NH; -N/NH,-N

removal in marine aquaculture systems.
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1 Introduction

Nitrogen (N) compounds are indispensable in biological
metabolic processes and play vital roles in nutrient cycling. Inor-
ganic ammonium (NHJ) is generally considered an undesirable
product because it can cause water quality problems and has a
pungent smell (He et al., 2017). Water quality is crucial to the
aquaculture industry, and the concentration of NH; -N/ NH,-Nis
an important indicator of water quality in aquaculture. Many N-
containing organic compounds can be excreted under high feed
loading rate of aquaculture organisms, which can generate a
large number of harmful N-containing substances such as NH,
and nitrite (NO;), causing acute poisoning of aquaculture organ-
isms (Shan and Obbard, 2001; Lin and Chen, 2003). High concen-
trations of NH, in aquaculture water will affect the cell mem-
brane and enzymatic activity of aquaculture organisms, and even
destroy the excretory system and osmotic balance in serious
cases (Atanassov et al., 1994). NH,-N in water is composed of two
forms: ionized ammonia (or ammonium: NHI-N) and union-
ized ammonia (NH;-N) (Armstrong et al., 1978; Thurston et al.,

1981). Compared with NH; -N, NH;-N is more toxic, because the
neutral charge and small size of the molecule that can easily pass
through cell membrane (Smart, 1978). It was reported that the 48
h lethal concentration (LCj,) values for NH,-N to Litopenaeus
vannamei were 2.09 mg/L to 2.26 mg/L in shrimp aquaculture
(Schuler et al., 2010). Therefore, controlling the NH,-N concen-
tration in aquaculture water is particularly important.

Generally, the treatment of NHJ -N/ NH;-N is mainly carried
out by physical and biological methods in aquaculture. The main
physical method is to regularly sprinkle zeolite powder or Maifan
stone into the water (Wei et al., 2010; Kan et al., 2011), but this
approach is a palliative rather than a cure; the most common and
cost-effective method for NH; -N/NH,-N removal is biological
treatment, which involves a combined process of autotrophic ni-
trification and heterotrophic denitrification (Kim et al., 2005;
Chiu et al., 2007; Zhu et al., 2008; Zhao et al., 2010a; Huang et al.,
2013). However, this conventional method tends to be time-con-
suming due to the low rate of nitrification and the separation of
aerobic and anoxic phases (Zhu et al., 2008; Huang et al., 2013).
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In recent years, bacteria capacity of simultaneous nitrifica-
tion and denitrification (SND) have been identified from various
environments (Hooper et al., 1997). Many bacteria capacity of
SND have been studied from biological N removal systems (Zhao
etal., 2010a; Yao et al., 2013; Ren et al., 2014; He et al., 2016; Yu et
al., 2016). However, most of these nitrifying strains were mainly
carried out under mesophilic conditions (around 30°C) (Zhao et
al., 2010b; Chen and Ni, 2012; Huang et al., 2013). Nitrification
was strongly inhibited at temperatures below 10°C (Carrera et al.,
2003; Rodriguez-Caballero et al., 2012; Huang et al., 2013). There-
fore, NH -N/NH,-N removal at low temperature remains an un-
resolved problem.

To obtain bacteria that are capable of effective NH; -N /NH,-
N removal at low temperature, bacteria were enriched and isol-
ated from surface seawater of a higher-place pond of Penaeus
vannamei. Among the obtained isolates, Halomonas venusta
MA-ZP17-13 showed high efficiency in removing NHI-N/NHS-N
with no accumulation of NO; -N at 10°C. Moreover, it was also
capable for heterotrophic nitrification and aerobic denitrifica-
tion. The aims of this study are (1) to obtain bacteria that are cap-
able for effective NH; -N/NH,-N removal at low temperature; (2)
to study the characteristics of NHZ—N/NHg—N removal of starin
MA-ZP17-13 at low temperature. Studies indicate strain MA-
ZP17-13 has a great potential in NHI-N/NHS-N removal from
aquaculture water at low temperature.

2 Materials and methods

2.1 Sampling and strain isolation

Surface seawater of higher-place P. vannamei ponds was
sampled in June 2018. The aquaculture seawater sample
(24.02°N, 117.83°E) was obtained from an aquaculture farm in
Zhangpu County, Zhangzhou City, Fujian Province, China. The
seawater was diluted and spread on heterotrophic nitrification
medium (HNM) (Xu et al., 2017). After 4 d of aerobic incubation
at 28°C, single colonies were picked. Purity was confirmed by the
uniformity of cell morphology after repeated streaking. During
bacterial screening process, a strain named MA-ZP17-13 was
isolated along with many other bacterial isolates. For morpholo-
gical and biochemical characterization, strain MA-ZP17-13 was
cultivated on marine agar 2216 medium. For long-time storage,
the strain was suspended in 20.0% glycerol solution at -80°C and
deposited in Marine Culture Collection of China under acces-
sion number MCCC 1A14584.

2.2 Culture media

Marine agar 2216 medium (BD Difco) (Li et al., 2019) con-
tained (per L): 5.0 g peptone, 1.0 g yeast extract, 0.1 g FeC;H,0,,
19.45 g NaCl, 8.8 g MgCl,, 3.24 g Na,SO,, 1.8 g CaCl,, 0.55 g KCl,
0.16 g NaHCO;,, 0.08 g KBr, 34.0 mg SrCl,, 22.0 mg H;BO,, 4.0 mg
Na,SiO,, 2.4 mg NaF, 1.6 mg NH,NO,, 8.0 mg Na,HPO,.

HNM (pH=7.2) (Xu et al., 2017) contained (per L): 0.24 g
(NH,),S0,, 1.12 g C,H,Na,0,-6H,0, 0.05 g MgS0O,-7H,0, 0.5 g
KH,PO,, 2.5 g K,HPO,, 30 g NaCl, 0.05 g MnSO,, 0.05 g FeSO, and
1 mL trace element solution. HNM medium (inorganic medium)
was used to determine the NHJ -N removal ability of the isolate
strain.

Denitrification medium (DM; pH = 7.2) (Xu et al., 2017) con-
tained (per L) : 1.08 g KNO,, 8.43 g C,H,Na,0,-6H,0,7.9 g
Na,HPO,-7H,0, 1.5 g KH,PO,, 0.1 g MgSO,-7H,0, 30 g NaCl,
1 mL trace element solution. The isolate was cultivated in DM
medium to test the ability of denitrification.

Trace element solution contained (per L): 2 mg CaCl,, 50 mg
FeCl;-6H,0, 0.5 mg CuSO,, 0.5 mg MnCl,-4H,0 and 10 mg
ZnS0,-7H,0. Cultures were incubated at 10°C and spun at 150 r/min,
unless noted otherwise.

2.3 Estimation the N removal and conversion capacity of strain

MA-ZP17-13

The strain MA-ZP17-13 was activated on marine agar 2216
plates, and inoculated into 100 mL marine broth 2216 medium
and cultured at 150 r/min and 10°C for 24 h. The culture of 2 mL
was centrifuged to remove the medium and washed twice with
sterilized seawater, then inoculated into 100 mL HNM medium
for ammonia removal tests. After incubated at 10°C and 150
r/min for 15 h under aerobic conditions, 5 mL liquid cultures
were sampled serially at intervals of several hours to detect the
concentrations of NHJ -N, nitrate (NO3 -N) and nitrite (NO, -N).
All experiments were conducted in triplicate.

The NH] -N removal efficiency was calculated by the equa-
tion: Rv=[(T,-T,)/T,]x100.0%, where Rv, T, and T, represented
NH] -N removal efficiency, and the initial and final NH; -N con-
centration, respectively. The heterotrophic nitrification rate and
the NO; -N removal rate were calculated by linear fitting of
the concentration changes of NO, -N, NO; -N and NO; -N, re-
spectively. The heterotrophic nitrification rate was measured
with 0.01% (v/v) acetylene inhibition, according to acetylene
could inhibit the denitrification process and the growth of
autotrophic bacteria (Ryden et al., 1987; McCarty, 1999; Lu and
Jia, 2013; Zhang et al., 2014).

To detect bacterial ammonia assimilation, strain MA-ZP17-13
was cultured in HNM at 150 r/min and 10°C for 72 h in 100 mL
flask. After centrifugation and freeze-drying, the intracellular N
content was detected by elemental analyzer EL-III (Vario EL-III).
The intracellular N content was calculated by the formula as fol-
lows: R=R,xM/V, where R (mg/L), R, (%), M (mg) and V (L) rep-
resented NH; -N/ NH;-N concentration, the percentage of nitro-
gen content, dry weight, and medium volume, respectively.

2.4 Quantification methods of NH;, NO; and NO;

The concentrations of NH; -N, NO, -N and NO; -N were de-
tected using the supernatant after samples centrifuged at 8 000 r/min
for 5 min. The concentrations of NH; -N, NO;-N and NO, -N
were determined according to standard methods (APHA, 2005).
The NH{ -N concentration was analyzed by the method of
Nessler’s reagent spectrophotometry. The NO; -N concentration
was calculated by subtracting two times the background absorb-
ance value at 275 nm from the absorbance value at 220 nm. NO, -
N was determined at wavelengths of 540 nm after adding 1 mL
chromogenic reagent including 0.1 mL phosphoric acid, 0.002 g
N-(1-naphthyl)-1,2-diaminoethane dihydrochloride and 0.04 g
sulfanilamide (APHA, 2005). In addition, N,O and N, were detec-
ted on a gas chromatography equipped with a thermal conduct-
ivity detector and electron capture detector, respectively (Zhao et
al., 2012).

2.5 Genomic DNA preparation

For genome sequencing, strain MA-ZP17-13 was grown aer-
obically to mid logarithmic phase at 10°C on marine agar 2216
medium. Genomic DNA was isolated from the cell pellets using
the ChargeSwitch® gDNA Mini Bacteria Kit (Life Technologies)
according to the manufacturer’s instructions. Purified genomic
DNA was quantified by TBS-380 fluorometer (Turner BioSystems,
CA). High quality DNA (OD,,55, is 1.8-2.0, >10 pg) was used to
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do further research.

2.6 Genome sequencing and analysis

The genome of strain MA-ZP17-13 was sequenced using a
combination of PacBio RS and Illumina sequencing platforms.
The Illumina data was used to evaluate the complexity of the
genome. These data were tried to be assembled using Velvet as-
sembler (v1.2.09) with a k-mer length of 17 (Zerbino, 2010). The
complete genome sequence was assembled using both the Pac-
Bio reads and Illumina reads. The assembly was produced firstly
using a hybrid de novo assembly solution modified by Koren
(Koren et al., 2012), in which a de-Bruijn based assembly al-
gorithm and a CLR (continuous long reads) reads correction al-
gorithm were integrated in “PacBioToCA with Celera Assembler”
pipeline (Chin et al., 2013). The last circular step was checked
and finished manually. The final assembly generated a circular
genome sequence with no gap. The complete genome sequence
was submitted to GenBank under accession No. CP034367.

Identification of predicted coding sequences (CDS), also
called open reading frames (ORFs), was performed using Glim-
mer version 3.02. ORFs with less than 300 bp were discarded.
Then remaining ORFs were queried against the non-redundant
(NR) protein database in the National Center for Biotechnology
Information (NCBI), SwissProt (http://uniprot.org), Kyoto Encyc-
lopedia of Genes and Genomes (KEGG, http://www.genome.
jp/kegg/), Gene Ontology (GO, http://geneontology.org) and
Phylogenetic Classification of Proteins Encoded in Complete
Genomes (COG, http://www.ncbi.nlm.nih.gov/COG) databases
for functional annotation. In addition, plasmids were identified
using the GeneMarkS (v4.30), tRNAs were identified using the
tRNAscan-SE (v1.3.1) and rRNA were determined using Barrnap
(v0.4.2). Circos software was then used to generate a circularized
map of the chromosome, setting the calculation window at 2 000 bp
with steps of 500 bp (Krzywinski et al., 2009).

Gene prediction and annotation were performed using the
NCBI prokaryotic genome annotation pipeline (Tatusova et al.,
2016) and six large databases (NR, Swiss-Prot, Pfam, COG, GO,
and KEGG). The functional annotation of predicted ORFs was
used to search the KEGG and COG databases by RPS-BLAST.

4

2.7 Bacterial identification based on whole genomic sequences
The average nucleotide identity (ANI) between strains MA-
ZP17-13 and H. venusta DSM 47437 was calculated with EZGen-
ome using the algorithm of Goris et al. (2007). DNA-DNA hybrid-
ization (DDH) estimate values between two strains were ana-
lyzed using the genome-to-genome distance calculator
(GGDC2.0) (Auch et al., 2010a, b; Meier-Kolthoff, et al., 2013).

2.8 Optimization of cultivation parameters using response sur-

Jace methodology

The critical factors affecting NH; -N removal efficiency, in-
cluding C/N concentration ratio, pH, salinity and temperature,
were screened by single-factor experiment.

Based on the preliminary results, the appropriate range of in-
dependent variables including C/N concentration ratio (A), pH

(B), salinity (C) and temperature (D) were determined. The re-
sponse surface methodology is an important math-statistics tech-
nique for designing, modeling and analysis of problems where a
response of interest is affected by several different parameters
(Quetal,, 2017). Design expert 8.0.5b software was used for the
design of the experimental run (Myers et al., 2016). Box-Behnken
design (BBD) was applied to generate the design matrix of four
factors at three levels (Table 1). Twenty-nine BBD trials were
conducted to provide direction for further optimization studies
(Table 2). Analysis of variance (ANOVA) was used to check the
validity of regression model and determine the quadratic effect of
machine parameters on the output response function.

Statistical model analysis was evaluated to determine the AN-
OVA and the quadratic models were constituted as 3D contour
plots using Design-Expert” 8 software (Myers et al., 2016).

3 Results and discussion

3.1 Identification of strain MA-ZP17-13

A nearly full-length 16S rRNA gene sequence (1 540 nt) of
strain MA-ZP17-13 was determined, which showed the highest
sequence similarity to H. venusta DSM 47437 (99.93%), followed
by H. hydrothermalis Slthf2" (99.79%) and H. alkaliphila 18bAG”
(99.73%). A phylogenetic tree was constructed based on the 16S
rRNA gene sequences of the genus Halomonas (Fig. 1), which
showed that strain MA-ZP17-13 formed a clade with H. venusta
DSM 4743". The data DNA-DNA hybridization estimate value
between strain MA-ZP17-13 and H. venusta DSM 47437 was
90.80%, which was above the standard cut-off value (70%)
(Wayne et al., 1987). The ANI value between strain MA-ZP17-13
and H. venusta DSM 47437 was 98.78%, which was above the
standard ANI criteria for species identity (95%-96%) (Richter and
Rossell6-Méra, 2009). Hence, strain MA-ZP17-13 was identified
as H. venusta based on 16S rRNA gene sequence analyses and
dDDH value.

On marine agar 2216, colonies of strain MA-ZP17-13 are milk
white, opaque, convex, regular with entire margin and 1.0-2.0 mm
in diameter after 2 d at 28°C. General features of strain MA-ZP17-
13 are summarized in Table 3.

The strain is positive for catalase and oxidase, reduction of ni-
trate and denitrification, and is negative for arginine dihydrolase,
indole production, D-glucose fermentation, urease, -galactosi-
dase. API ZYM test strip results indicate that it is positive for al-
kaline phosphatase, esterase (C4), lipase (C14), leucine
aminopeptidase, naphtol-AS-BI-phosphoamidase, valine
aminopeptidase, acid phosphatase, a-glucosidase; it is weakly
positive for esterase lipase (C8), cystine aminopeptidase; it is
negative for N-acetyl-f-glucosaminidase, trypsin, a-chymotryp-
sin, a-galactosidase, f-galactosidase, f-glucuronidase, f-glucosi-
dase, a-fucosidase and a-mannosidase. The API 20NE test strip
shows that strain MA-ZP17-13 can utilize D-glucose, D-mannitol,
D-maltose, N-acetyl-glucosamine, potassium gluconate, capric
acid, adipic acid, malic acid, trisodium citrate and phenylacetic
acid, cannot utilize L-arabinose and D-mannose.

Table 1. Real and coded variables used to optimize ammonia nitrogen removal in BBD

Factor Name Level Low level High level
A C/N concentration ratio 4.0 2.0 6.0
B pH 7.5 6.0 9.0
C NaCl/% 2.5 0.0 5.0
D temperature/°C 10.0 5.0 15.0
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3.2 Determination of the NH, -N/NHj-N removal rate and trans-

Jormation capacity of strain MA-ZP17-13

Low temperature can reduce NH; -N/ NH,-N removal rate by
slowing down microbial growth (Zhang et al., 2011; Rodriguez-
Caballero et al., 2012; Huang et al., 2013). To determine the NHI—
N/NH;-N removal efficiency of strain MA-ZP17-13 at 10°C,
100 mg/L initial concentration of NH; -N/NH,-N was used as the
sole nitrogen source in HNM medium. The NH; -N/NH,-N con-
centration showed a significant decrease from 100.0 mg/L to
11.2 mg/L, with about 90% of NH; -N/NH,-N removal after 72 h
of incubation at 10°C, and the average NHI—N/NH3—N removal
rate was approximately 1.23 mg/(L-h) (Fig. 2). With the increase
of culture time, NHI-N/NH3-N could not be removed com-
pletely, but it could be decreased to 3 mg/L within 120 h. Mi-
crobacterium sp. SFA13 was reported to have the ability of NH; -
N/NH;-N removal, with an average removal rate of 0.11 mg/(L-h)
at 5°C (Zhang et al., 2013). Strain MA-ZP17-13 showed a high po-
tential for NHJ -N/NH,-N removal at low temperature. There-
fore, this strain has important application potential in sewage
treatment of NH; -N/NH,-N removal under low temperature.

The NH; -N/ NH,-N removal in the medium is supposed to be
carried out via assimilation and/or nitrification. To detect the
amount of NHf -N/NH,-N assimilation, strain MA-ZP17-13 was
cultured in HNM medium at the initial concentration of 100 mg/L
NHJ -N, at 150 r/min and 10°C for 72 h. After centrifuging and
freeze-drying, the average dry weight of three parallel samples
was 48.4 mg. The average percentage of nitrogen concentration is
10.4%. After calculation by the equation R=R,xM/V, the NH; -
N/NHj;-N assimilated by strain MA-ZP17-13 was 50.3 mg/L on

To determine nitrification efficiency of this bacterium at low
temperature, ammonia was used as the only N source in HNM
medium under aerobic conditions at 10°C, with an initial con-
centration of 100 mg/L NHI—N/NHS—N. The slope of the linear
line of best fit was equal to the heterotrophic nitrification rate
(Fig. 3). The heterotrophic nitrification rate was 0.016 6 mg/(L-h).

H. hydrothermalis SIthf2" (AF212218)
H. alkaliphila 18bAG" (AJ640133)

100 |L H. venusta MA-ZP17-13 (MK371741)

H. venusta DSM 47437 (AJ306894)
H. lutescens Q1U" (KP259554)

H. songnenensis NEAU-ST10-39" (JQ762289)
H. axialensis Althf1T (AF212206)
H. aquamarina DSM 301617 (AJ306888)

H. meridiana ACAM 246" (AJ306891)

H. hamiltonii W1025" (AM941396)

H. magadiensis 21 MI"( X92150)

H. desiderata FB2" (X92417)

response
Independent variables Response
A B C D .
Ammonia
Run C/N ) pH NaCl/% Temperature .. oo
concentratlon /°C Y1/%
ratio

1 2 6 2.5 10 40.3
2 6 6 2.5 10 62.5
3 2 9 2.5 10 52.4
4 6 9 2.5 10 100.0
5 4 7.5 0 68.0
6 4 7.5 5 36.2
7 4 7.5 0 15 70.3
8 4 7.5 5 15 68.0
9 2 7.5 2.5 5 36.0
10 6 7.5 2.5 5 50.1
11 2 7.5 2.5 15 375
12 6 7.5 2.5 15 83.9
13 4 6 0 10 59.8
14 4 9 0 10 84.4
15 4 6 5 10 54.9
16 4 9 5 10 7.7
17 2 7.5 0 10 51.0
18 6 7.5 0 10 87.7
19 2 7.5 5 10 43.1
20 6 7.5 5 10 82.4
21 4 6 2.5 18.5
22 4 9 2.5 59.3

23 4 6 25 15 400 ,verage.
24 4 9 2.5 15 74.2
25 4 7.5 2.5 10 67.0
26 4 7.5 2.5 10 67.0
27 4 7.5 2.5 10 67.0
28 4 7.5 2.5 10 67.0
29 4 7.5 2.5 10 67.0

73
100
H. stevensii S18214T(AM941388)
88
7 H. johnsoniae T68687" (AM941399)
A
0.005

Fig. 1. Neighbour-joining tree showing the phylogenetic positions of strain MA-ZP17-13 and other members of the genus Halomonas,
based on 16S rRNA gene sequences. The bootstrap values on the branching nodes were calculated on 1 000 replications. The scale bar
indicated 0.005 substitutions per nucleotide position.
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Table 3. General features of strain MA-ZP17-13 and MIGS mandatory information

Items Description
General features
Classification domains: Bacteria, phylum: Proteobacteria, class: Gammaproteobacteria, order:
Oceanospirillales, family: Halomonadaceae, genus: Halomonas, species: Halomonas
venusta
Gram stain negative
Cell shape rod
Motility motile
Pigmentation no-pigment
Temperature range/°C 4-55
Optimum temperature/°C 28-37
Energy source chemoorganotrophic
Terminal electron receptor oxygen
Oxygen aerobic
NaCl content/% 0-15
pH 5.0-10.0
MIGS data
Submitted to INSDC GenBank (ID: CP034367)

Investigation type
Project name
Geographic location (country)
Collection date
Environment (biome)
Environment (feature)
Environment (material)
Environmental package
Biotic relationship
Pathogenicity
Sequencing method
Assembly
Finishing strategy

bacteria

Halomonas venusta strain: MA-ZP17-13 genome sequencing

China
2018
seawater farms
water
seawater
mariculture samples from Zhangzhou, China
free-living
none
PacBio RS, Illumina Hiseq2000
GS De Novo Assembler package
complete

Note: INSDC represents International Nucleotide Sequence Database Collaboration.

120 . —— NHN

N element content/(mg L")

.

 po e ————n

Y

0 20 40 60 80
Time/h

Fig. 2. Ammonium-nitrogen removal rate of strain Halomonas
venusta MA-ZP17-13.

The average NH; -N/ NH,-N assimilated by the isolate was 50.3 mg;
so the NH; -N/ NH;-N removed by heterotrophic nitrification, in
theory, is approximately 49.5 mg, which would result in a calcu-
lated heterotrophic nitrification rate of 0.69 mg/(L-h). There was
a 40-fold difference between the two calculation methods. The
actual nitrification capacity should be higher than the measured

4.4
4.2
4.0
3.8
3.6
3.4
32
3.0

y=0.016 6x+3.162 1
R*=0.982 8

NO;-N+NO;-N/(mg-L™)

0 20 40 60 30
Time/h

Fig. 3. The accumulation of NO;-N and NO, -N of strain H.
venusta MA-ZP17-13 under heterotrophic nitrification condition
at low temperature.

value because the strain also had denitrification capacity (Fig. 4).
In addition, acetylene inhibits the oxidation of NH; -N/NH,-N to
NO, -N (Hynes and Knowles, 1978). The calculated heterotroph-
ic nitrification rate of 0.69 mg/(L-h) is expected to be close to the
actual value.

To determine its NO3 -N removal capacity at 10°C, an initial
concentration of 150 mg/L NO3 -N was used as sole N source in
DM medium. Incubation under aerobic conditions resulted in a
significant decrease in the NO; -N concentration (Fig. 4a). The
rate of decrease of NO3 -N was determined by linear fitting,
where the slope of linear fitting is the removal rate. The NO; -N
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20 |
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Time/h
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Fig. 4. The dynamic changes of NO;-N, NO, -N and NH; -N during denitrification process. a. Removal rate of NO; -N by strain MA-
ZP17-13; b. the dynamic changes ofNO, -N and NH,*-N concentrations during denitrification.

removal rate of strain MA-ZP17-13 was 0.77 mg/(L-h). To clarify
the denitrifying ability of strain MA-ZP17-13, changes of the
NO; -N and NHI—N/NH3—N concentrations were also detected;
with the decrease in NO; -N concentration, the NO, -N concen-
tration increased in the first 79 h, and then rapidly decreased to
low concentration of about 0.3 mg/L (Fig. 4b). Unlike NO, -N, the
NHZ’-N/NH3—N concentrations was low and showed no signific-
ant change throughout the process. In addition, only N,O was
observed as the end product of denitrification, no N, was detec-
ted under aerobic conditions.

In conclusion, strain MA-ZP17-13 is capable of SND under
low temperature. Compared with traditional denitrifying strains,
SND has advantages such as high NHI-N/NHS-N removal effi-
ciency, fast microbial growth, and low process costs (Zhu et al.,
2008; Wang et al., 2019). Therefore, the research on SND is of
great significance to the sewage treatment industry.

3.3 Optimization of ammonia removal conditions

3.3.1 Development of regression model equations

Based on the single-factor experiments, a complete experi-
mental design matrix was developed by BBD for further optimiz-
ations of the four parameters. The values of the response gained
from the experiment were shown in Table 2. The NH -N/NH,-N
removal percentage R1 ranged from 18.5% to 100.0%. For these
responses, the empirical quadratic model was applied as recom-
mendation for BBD to develop the correlation between the re-
sponses and independent variables as follows:

R1 =67.0+17.19A + 14.33B — 4.91C + 8.82D + 6.35AB +
0.65AC +8.07AD — 0.45BC — 1.65BD + 7.38CD —
2.56A%—2.92B2 + 4.51C*—13.18D?. )

The accuracy of the established regression models was then
assessed by the correlation coefficient R?, with values closer to 1,
indicating a more precise response value estimated by the mod-
els. The R2 value for Eq. (1) was 0.96 and the predicted values
versus the corresponding experimental values for Y1 were shown
in Fig. 5. As expected, the actual values were consistent with the
predicted values, implying that the models successfully pre-
dicted the relationships between culture parameters and NH; -

N/NH,-N removal.

In addition to the correlation coefficients, F-values and P-val-
ues were employed to determine the significance of the models
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Fig. 5. Predicted vs. experimental values of ammonia nitrogen
removal.

and each model term, with a larger F-value indicating increased
significance of the corresponding coefficient (Zhou et al., 2013).
The ANOVA of the predicted quadratic model for NH -N/ NH,;-N
removal (Table 4) showed that the model was statistically signi-
ficant (F-value=27.57), indicating that most of the variations in
the response could be explained with the regression equation. P<
0.05 implied that the model terms were significant (Savasari et
al., 2015). In this case, A (C/N concentration ratio), B (pH), C
(NaCl), D (temperature), AB, AD, CD, the quadratic terms of sa-
linity C? and the quadratic terms of temperature D? were significant.

3.3.2 Ammonia nitrogen removal process

The NH; -N/NH,-N removal capacities of strain MA-ZP17-13
for different combinations of the independent preparation para-
meters were visualized through 3D response surface plots (Fig. 6).
The interactive effect between A (C/N concentration ratio) and B
(pH) was observed (Fig. 6a), and confirmed by the correspond-
ing F-value (6.65) and P (0.021 9; Table 4). The upward trend in
NHI-N/NH3—N removal was attributed to the increasing degree
of A (C/N concentration ratio) and B (pH), with higher values of
A and B resulting in higher NHI—N/NHg—N removal rate. The in-
teractive effect of A (C/N concentration ratio) and C (NaCl) on
the NH; -N/NH,-N removal rate was shown in Fig. 6b. The
curved contour lines demonstrated that the increase in NH -
N/NH,-N removal was attributed to the decrease in C (NaCl) and
the increase in A (C/N concentration ratio). Similarly, a relatively
strong interaction was identified between A (C/N concentration
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Table 4. ANOVA of the response surface quadratic model for ammonia nitrogen removal

Source Sum of squares Degree of freedom Mean square F-value P
Model 9366.15 14 669.01 27.57 <0.0001
A (C/N concentration ratio) 3546.64 1 3546.64 146.17 <0.000 1
B (pH) 2465.33 1 2465.33 101.61 <0.000 1
C (NaCl) 289.10 1 289.10 11.92 0.003 9
D (temperature) 932.80 1 932.80 38.45 <0.000 1
AB 161.29 1 161.29 6.65 0.0219
AC 1.69 1 1.69 0.07 0.7957
AD 260.82 1 260.82 10.75 0.005 5
BC 0.81 1 0.81 0.03 0.857 6
BD 10.89 1 10.89 0.45 0.5138
CD 217.56 1 217.56 8.97 0.009 7
A? 42.59 1 42.59 1.76 0.206 4
B2 55.50 1 55.50 2.29 0.1527
c? 132.08 1 132.08 5.44 0.0351
D2 1125.93 1 1125.93 46.40 <0.0001
Residual 339.68 14 24.26 - -

Note: —, no data.
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Fig. 6. The interactions and response surfaces of the culture parameters for the ammonia nitrogen removal.

ratio) and D (temperature) on NH; -N/ NH,-N removal rate (Fig. 6¢).
During the initial stage, as these two factors increased, there is a
simultaneous increase in the NH; -N/NH,-N removal rate.
Thereafter, a continued increase in D (temperature) lead to a re-

duction in the NH; -N/NH,-N removal capacity, which indicates
that strain MA-ZP17-13 is psychrophilic. There is a significant in-
teractive effect between B (pH) and C (NaCl) on NHI-N/NHS-N
removal (Fig. 6d). The upward trend in NH; -N/ NH,-N removal
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was attributed to the slow decrease in C (NaCl) and the increase
in B (pH). Salinity alone had little effect on NHZ’/NH3 removal
(confirmed by the corresponding F-value (11.92) and P (0.003 9) in
(Table 4). There was an interactive effect between pH (B) and
temperature (D) on NHI-N/NH3-N removal (Fig. 6e). During the
initial stage, as these two factors (NaCl and temperature) in-
creased, NH4+ -N/NH,-N removal increased. Thereafter, a contin-
ued increase in D (temperature) led to a slow downward trend in
the NH/ -N/NH,-N removal capacity. Finally, there was an inter-
active effect between C (NaCl) and D (temperature) on NH; -
N/NH,;-N removal (Fig. 6f). With the increase of these two factors,
NHj—N/NHS-N removal slowly increased, because the NHj -
N/NH,-N removal capacity was negatively correlated with con-
centration of NaCl (C). The higher the salinity, the lower the
NH; -N/NH,-N removal capacity. When C (NaCl) was 0, the in-
crease in D (temperature) in the first stage resulted in increased
NHZ’-N/NHS-N removal capacity until the optimal level was
reached; NH4+—N/NH3—N removal capacity then decreased with
the increase in D (temperature) above the optimal value.

3.3.3 Process optimization

The NH; -N/ NH,-N removal capacity was significantly influ-
enced by four culture parameters of C/N ratio (A), pH (B), NaCl
(C) and temperature (D). Although the influences of these four
parameters were different, it was possible to balance the re-
sponses by searching for the optimum point. The optimal R1 was
obtained using the following conditions: C/N ratio at 5.95, pH

8.93, NaCl at 2.33% and temperature at 11.2°C, which could res-
ultin 100% NHI-N/NHS—N removal according to the regression
models. Verification of the predictive results were carried out by
three independent experiments under the predicted optimal
conditions. The average experimental NHI-N/NHE‘—N removal
capacity (98.7%+0.9%) was similar to the values predicted from
the models, with a small errors of 1.33%. Through process optim-
ization, the NHI-N/NHS-N removal rate was greatly increased
from 88.0% to 98.7%, with the average NH; -N/NH,-N removal
rate of 1.37 mg/(L-h).

The NH; -N/NH,-N removal ability of strain MA-ZP17-13 at
low temperature was comparable to other previously reported
bacteria, which were isolated from sediment, groundwater and
soil, and the ammonia nitrogen removal rate were in the range of
0.092-3.03 mg/(L-h) (Table 5) (Huang et al., 2013; Yao et al., 2013;
Qu et al., 2015). Compared with the above strains, strain MA-
ZP17-13 had higher salinity tolerance, because it came from
aquaculture seawater.

3.4 Genes and pathways involved nitrogen metabolisms based on
the complete genomic sequencing
The complete genome sequence of strain MA-ZP17-13 was
determined in this study. It consisted of one chromosome with a
total length of 4 446 698 bp with a G+C content of 52.79% (ac-
cording to amount of substance) (Fig. 7). Gene prediction identi-
fied 4 330 genes, of which 4 251 were CDSs, and 79 were RNAs

Table 5. Comparison with other studies of ammonia nitrogen removal at low temperature

Strain name Source Salinity Temperature/°C RTAM/(mg-L-1-h-1) Reference
Acinetobacter sp. HA2 sediment 0 10.0 3.03 Yao et al. (2013)
Acinetobacter sp. Y16 water 0.12 2.0 0.092 Huang et al. (2013)

Pseudomonas migulae AN-1 water 0 10.0 1.56 Quetal. (2015)
Pseudomonas putida Y-9 soil 0 15.0 2.85 Xu et al. (2017)
H. venusta MA-ZP17-13 seawater 23.3 11.2 1.37 present study

Note: RTAM represents removal rate of total ammonia nitrogen.

4 43 401 g,

Halomonas venusta

MA-ZP17-13
4446 498 bp

24 23 55 21

COG functional categories

RNA processing and modification
chromatin structure and dynamics
energy production and conversion
cell cycle control/cell division/chromosome partitioning
m amino acid transport and metabolism
m nucleotide transport and metabolism
carbohydrate transport and metabolism
coenzyme transport and metabolism
lipid transport and meta metabolism
translation, ribosomal structure and biogenesis
transcription
replication, recombination and repair
cell wall/membrane/envelope biogenesis
cell motility
posttranslational modification/protein turnover/chaperones
inorganic ion transport and metabolism
secondary metabolites biosynthesis/transport/catabolism
general function prediction only
function unknown
signal transduction mechanisms
intracellular trafficking/secretion/vesicular transport
defense mechanisms
extracellular structures
nuclear structure
cytoskeleton

Fig. 7. Circular representation of Halomonas venusta MA-ZP17-13 genome. From the outside to the center: label of genome size
(Mbp), CDSs on forward strand (colored by COG categories), CDSs on reverse strand (colored by COG categories), G+C content and
GC skew. CDSs are depicted in different colors according to COG categories.
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Table 6. Genome statistics of Halomonas venusta MA-ZP17-13

Attribute Genome (total) value Proportion of total/%
Genome size/bp 4446 698 100.00
G+C content/bp 2347412 52.79

Coding region/bp 3979236 89.49
TandemRepeat/bp 60 444 1.52
Total genes 4330 100.00

RNA genes 79 1.82

rRNA operons 18 0.42
tRNA genes 61 1.41
Protein-coding genes 4251 98.18
Genes assigned to COGs 3676 86.47

(Table 6). The average length of the CDSs was 936 bp, giving a
coding density of 96.0%. To further understand the adaptive ca-
pacity of strain MA-ZP17-13 to the aquaculture environment,
metabolic features related to functional categories were ana-
lyzed. Twenty-five genes were found relating to N metabolism,
which included nitrification and denitrification (Supplementary
Table S1).

Genes encoding ammonia monooxygenase, nitric oxide di-
oxygenase, nitric oxide synthase, nitrite reductases, nitrate re-
ductases and dissimilatory nitrite reductases were present in the
genome of this strain, indicating that it was capable for both nitri-
fication and denitrification. Consistent with its NHJ -N/NH,-N
removal activity, the genome of H. venusta MA-ZP17-13 con-
tained an ammonia monooxygenase gene (MA-ZP17-13_3 189),
which is 1 041 bp long and encodes 346 amino acids. Interest-
ingly, the genome contained no hydroxylamine oxidase gene,
which raises questions about the nitrification process of strain
MA-ZP17-13. Nitric oxide dioxygenases (NODs) were present in
the genome. NODs catalyze the reaction of O, and NO to yield
NO; (Gardner et al., 1998; Lundberg et al., 2004; Schopfer et al.,
2009). Therefore, this study inferred that there might be a new ni-
trification pathway in strain MA-ZP17-13, and the specific path-
way was speculated as follows: NHJ >N H,0H>NO->NO;.

Consistent with the abilities of strain MA-ZP17-13, H. alkali-
phila X3T was reported to be capable for heterotrophic nitrifica-
tion-aerobic denitrification (Zhang et al., 2016) and the genome
was obtained from NCBI database. These strains shared 99.68%
similarity in 16S rRNA gene sequence, but the ANI between the
two strains was 93.01%, indicating that the two strains belonged
to two different species in genus Halomonas. This study found
that H. alkaliphila X3T possessed similar nitrification-related
genes and was also lacking hydroxylamine oxidase. The ammo-
nia monooxygenase gene in strain MA-ZP17-13 is also 1 041 bp
long and encodes 346 amino acids and is homologous to the cor-
responding gene in strain X3T with at least 99% amino acid iden-
tity. The high sequence similarity of the ammonia monooxy-
genase gene between strains MA-ZP17-13 and H. alkaliphila X3
indicates similar function and regulation of NH; -N/ NH;,-N oxid-
ation.

In addition, this study found that the same gene cluster of ni-
trate reductase was present in strains MA-ZP17-13 and H. alkali-
phila X3". The gene cluster contains the nitrate reductase gamma
subunit (narl), nitrate reductase molybdenum cofactor assembly
chaperone (nar]), nitrate reductase subunit beta (narH), nitrate
reductase subunit alpha (narG), nitrate/nitrite sensor protein
(narX), DNA-binding response regulator (narL), and MFS trans-
porter (narK) genes (Fig. 8). Genes of nitrite reductases, nitrate
reductases, nitric oxide dioxygenase, nitric oxide synthase, dis-

Halomonas venusta MA-ZP17-13 — 1kb
narl narJ narH narG narK narX narLnarK narK

(e aa

Halomonas alkaliphila X37
narl narJ narH narG narK narX narLnarK narK

Lon A 1
H)mm)p T i4u@ @
VT f
Fig. 8. Gene cluster of nitrate reducase of Halomonas venusta
MA-ZP17-13 and Halomonas alkaliphila X3". narl: nitrate re-
ductase, gamma subunit; nar/: nitrate reductase molybdenum
cofactor assembly chaperone; narH: nitrate reductase subunit
beta; narG: nitrate reductase subunit alpha; narX: nitrate/nitrite

sensor protein; narL: DNA-binding response regulator; nark:
MEFS transporter.

similatory nitrite reductases were present in both strain MA-
ZP17-13 and X3T. Validation of the function of these encoding
genes requires further study to confirm their abilities and de-
termine the mechanism of nitrification and denitrification, which
is currently unknown. Increased understanding of the mechan-
isms of NH; -N/NH,-N removal in this strain could aid in devel-
oping strategies for bioremediation of NH{ -N/ NH,-N pollution.

4 Conclusions

The isolated Halomonas venusta MA-ZP17-13 is capable for
NHZ,"-N/NH3-N removal via assimilation at 0.7 mg/(L-h), and also
performs simultaneous heterotrophic nitrification and denitrific-
ation under aerobic conditions. Quantification results showed
that about half of NH; -N/NH,-N was removed by assimilation,
and half was removed by denitrification firstly via nitrification.
The optimal ammonia removal conditions were determined as
C/N concentration ratio 5.95, pH 8.93, 2.33% NaCl and 11.2°C,
which lead to 98.7% NH{ -N/NH,-N removed in 72 h at the initial
concentration of 100 mg/L and the removal rate averaged at
1.37 mg/(L-h) (according to N). The ammonia removal potential
is also supported by the presence of genes encoding ammonia
monooxygenase, respiratory nitrate reductase, nitrite reductase,
nitric oxide synthase and nitric oxide dioxygenase in the genome
though the gene hydroxylamine oxidase was found in the com-
plete genome sequence. This supposed a potential novel nitrific-
ation pathway of NH; >NH,0H->NO->NO; and needs further in-
vestigation. Together, these results indicate that this bacterium
has potential for NHI-N/NHE‘-N removal in salty water at low
temperature.
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