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Photobacterium sp. NNA4, an efficient hydroxylamine-transforming heterotrophic
nitrifier/aerobic denitrifier
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An efficient heterotrophic nitrifying/aerobic denitrifying strain, Photobacterium sp. NNA4 was isolated from a recir-
culating aquaculture system (RAS). NNA4 was capable of utilizing ammonia, nitrate or nitrite as sole N-source with
maximal removal rates of 12.5 mg/L/h for NH4

DeN, 16.4 mg/L/h for NO3
--N, and 4.5 mg/L/h for NO2

--N, respectively. Optimal
nitrification conditions were: sodium succinate as C-source, 30e37�C, NaCl 1e4%, pH 7.0e8.0, dissolved oxygen 5.89 mg/L,
C/N > 10. Gas chromatography/mass spectrometry and gas chromatography/isotope ratio mass spectrometry analyses
showed that N2 and N2O were aerobic denitrification products of nitrite and nitrate. NNA4 could tolerate high con-
centration of hydroxylamine and displayed efficient hydroxylamine-transforming capability. Hydroxylamine oxidore-
ductase activity using potassium ferricyanide as electron acceptor was 0.042 U. Results revealed that strain NNA4 could
oxidize NH2OH directly to N2O at aerobic conditions. In view of its high removal ability of inorganic nitrogen pollutants
and broad salinity tolerance range, NNA4 has great potential in denitrification treatment of types of wastewater with
either low salinity (e.g., municipal facilities) or high salinity (e.g., aquaculture, seafood processing).
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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Increased availability of reactive nitrogen in many ecosystems
resulting from human activities has led to steadily increasing
eutrophication and consequent adverse effects on ecosystem health
and human health (1). Biological nitrogen removal is the major
method because of considerations of cost, removal efficiency, and
ease of implementation. Biological nitrogen removal most
commonly involves two steps: (i) nitrification by autotrophic
nitrifying bacteria aerobically; (ii) denitrification by heterotrophic
denitrifying bacteria anaerobically (2). Many heterotrophic nitrifiers
able to perform nitrification and denitrification processes simulta-
neously have been reported during the past few decades, such as
Alcaligenes faecalis strain No. 4 (3), Pseudomonas stutzeri (4), Bacillus
strain N31 (5), Achromobacter xylosoxidans CF-S36 (6), Marinobacter
sp. NNA5 (7), Agrobacterium sp. LAD9 (8) and Enterobacter cloacae
CF-S27 (9). These heterotrophic nitrifiers/aerobic denitrifiers are
highly effective for biological nitrogen removal because they can
function in a single reaction tank under constant running conditions.
Thus, the potential applicability of heterotrophic nitrifiers is greater
than that of traditional nitrifiers. The nitrogen removal pathway in
heterotrophic nitrifiers/aerobic denitrifiers remains poorly under-
stood. Differing characteristics of nitrogen removal pathways have
been reported in different heterotrophic nitrifiers, and there may be
unknown nitrogenous gas producing pathway existed in hetero-
trophic nitrification coupled with aerobic denitrification. Certain
heterotrophic nitrifiers, e.g., A. faecalis strain No. 4 and NR,
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Acinetobacter calcoaceticus HNR, apparently perform heterotrophic
nitrification and producing N2 and nitrous oxide (N2O) simulta-
neously via hydroxylamine aerobically, but do not perform aerobic
nitrite/nitrate denitrification (3,10,11). Hydroxylamine (NH2OH) is a
key intermediate compound in nitrification processes in heterotro-
phic/autotrophic ammonia-oxidizing bacteria and ammonia-
oxidizing archaea (12,13). Traditional concept considered that
ammonium is oxidized to NH2OH by ammoniamonooxygenase, and
then NH2OH is transformed to nitrite by hydroxylamine oxidore-
ductase (HAO), and NO2

� is further oxidized to nitrate (14). Recent
research found that hydroxylamine metabolism is closely related to
the emissions of N2O, a significant greenhouse gas (15,16). Therefore,
investigation of hydroxylamine metabolism pathways in additional
heterotrophic nitrifying bacteria is needed.

A novel heterotrophic nitrifying/aerobic denitrifying bacterium,
termed NNA4, was isolated from amarine recirculating aquaculture
system (RAS). Its performance was characterized, and emission
nitrogenous gas were analyzed precisely. Hydroxylamine utiliza-
tion capability and HAO activity were determined in in vitro
experiments. Our findings revealed that heterotrophic nitrification
bacterium NNA4 may perform the pathway of hydroxylamine
oxidation directly to N2O, and help to further understanding the
metabolism of hydroxylamine and also the characterizations of
heterotrophic nitrifying/aerobic denitrifying bacteria. In view of its
heterotrophic nitrification/aerobic denitrification capability and
broad salinity tolerance range, NNA4 and similar strains are
potentially useful microbial resources in biological denitrification
treatment of wastewater.
All rights reserved.
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MATERIALS AND METHODS

Media Compositions of media used (per liter artificial seawater) were as
follows. Enrichment medium (EM): 1.0 g of (NH4)2SO4, 2.5 g of yeast extract, 5.0 g of
tryptone. Artificial seawater (ASW) was prepared according to Bruns et al. (17). Basal
medium (BM) was prepared as described previously (7). Media NM-1, NM-2, DM-1,
and DM-2 (Table 1) were prepared by adding specific amounts of four nitrogen
sources to BM. NH2OH.HCl was dissolved in water, pH adjusted to 7.0, sterilized by
filtration through 0.2 mm-pore-size membrane, and added to autoclaved media as
needed.

Isolation, identification of heterotrophic nitrifying/aerobic denitrifying
strains A Water sample was collected from an RAS located in Tianjin, China.
One milliliter sample was inoculated into 100 mL EM and incubated on a rotary
shaker (140 rpm) at 30�C for 1 week. Resultant culture (0.1 mL) was spread and
incubated at 30�C for 2 days. Single colonies were picked and individually tested for
nitrifying and denitrifying activity.

PCR amplification and sequencing of 16S rRNA gene, and phylogenetic analysis
were performed as described previously (7). 16S rRNA genewas PCR amplified using
bacterial universal primers 27F and 1492R, and sequenced by Sino Genoma Corp
(Beijing, China). The PCR steps was carried out as follows: 94�C for 5 min; 35 cycles
at 94�C for 1 min, 55�C for 1 min, 72�C for 1.5 min; and final extension at 72�C for
10 min. An almost-complete 16S rRNA gene sequence of strain NNA4 (1417 nt) ob-
tained sequence was compared with available 16S rRNA gene sequences in GenBank
databases using the BLAST program onNCBI (http://www.ncbi.nlm.nih.gov) and also
on the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/) by using identity anal-
ysis. Phylogenetic tree was constructed by using neighbor-joining methods with the
MEGA 5 program package. The robustness of the tree topologies was assessed using
bootstrap analyses based on 1000 replications.

Capabilities of heterotrophic nitrification/aerobic denitrification The
heterotrophic nitrifying/aerobic denitrifying abilities on four inorganic nitrogen
substrates were determined using four media (Table 1). Cells were cultured in NM-1
medium for 1 d, harvested, and washed with ASW. One percent of medium volume
of cell suspension was inoculated into these media and incubated aerobically
(160 rpm, 30�C). Media without inoculation were used as controls.

Effects of six factors on heterotrophic nitrification Characteristics of
heterotrophic nitrification under various culture conditions were evaluated by
single-factor experiments (carbon source, temperature, salinity, initial pH, dissolved
oxygen (DO), C/N ratio). The carbon sources used were sodium acetate, sodium
succinate, sodium citrate, sodium pyruvate, potassium sodium tartrate, and
glucose. Baseline experimental conditions were: initial nitrogen concentration
140 mg/L, initial pH 7.5, NaCl 30 g/L, C/N ratio 10, and incubated aerobically
(160 rpm, 30�C) for 48 h. Effects of changes in temperature, salinity, initial pH,
DO, and C/N ratio on ammonia removal were evaluated using NM-1 medium.
Temperature was adjusted to 16�C, 23�C, 30�C, 37�C, and 45�C. Initial pH was
adjusted to 5.0e10.0 (interval of 1.0) using diluted HCl or NaOH solution. In
salinity experiments, NaCl concentration was set at 0e6% (interval of 1%). Shaking
speed in aeration experiments was adjusted to 50, 100, 160, and 200 rpm. C/N
ratio was adjusted to 2, 4, 6, 8, 10, 15, and 20, with fixed NH4

þeN concentration
140 mg/L. Experiments were performed in triplicate with 1% inoculum size of cell
suspension. Values shown are mean � SD from triplicate experiments.

Hydroxylamine-transforming capability assay Hydroxylamine stability
has been linked to pH and to absence of nitrite and metal ions (18,19). To eliminate
interference from spontaneous decomposition, PBSS buffer (PBS buffer which
contained 12.5 mmol/L sodium succinate) was used as solution buffer. Cells were
cultured in NM-1 medium for 24 h and thallus were harvested by centrifugation
at 3000 rpm. The pellet was washed 3 times with PBS (pH 7.4) and resuspended
in PBSS containing 2.5 mmoL/L hydroxylamine. Cell suspension was adjusted to
OD600 ¼ 1.0 � 0.05 and incubated at 30�C. Samples were taken at various times,
and hydroxylamine, nitrite, and N2O levels were measured. Non-inoculated
sample, and sample inoculated with heat-inactivated cells (OD600 ¼ 1.0 � 0.05),
were used as negative controls.

HAO enzyme activity assay NNA4 cells were cultured in NM-1 for 24 h as
above, harvested by centrifugation, and washed 3 times with 20 mmoL/L PBS (pH
7.5). For preparation of cell-free extracts, NNA4 cell suspensions were lysed by
ultrasonication and then centrifuged (11,190 �g, 4�C, 15 min) to remove intact
cells and cell debris. HAO enzyme activity assay was conducted according to Otte
TABLE 1. Amounts of nitrogen sources added to basal medium for preparation of
media NM-1, NM-2, DM-1, and DM-2.

Medium Nitrogen source (g/L)

(NH4)2SO4 NH2OH$HCl KNO3 NaNO2

NH4
þeN nitrification medium (NM-1) 0.66

NH2
þeN nitrification medium (NM-2) 0.348

NO3
-eN denitrification medium (DM-1) 1.0

NO2
-eN denitrification medium (DM-2) 0.28
et al. (20). One unit (U) was defined as the enzyme amount required for
transforming 1 mmol potassium ferricyanide per minute.

Detection of nitrogenous gases Gaseous nitrogen products of denitrification
were analyzed by gas chromatography/isotope ratio mass spectrometry (GC/IRMS)
and gas chromatography/mass spectrometry (GC/MS) (7,21). NNA4 was incubated in
basal medium containing 50% K15NO3 or 50% Na15NO2 (by atomic fraction, Spectra
Corp., Dallas, TX, USA). Cultures were aerobic incubated in sealing bottles with one
tenth liquid loading amount and cultured at 30�C on a rotary shaker (150 rpm).
Gaseous products from headspace were detected after inoculation for one week.
Both gas detection devices were equipped with GSeCarbon Plot (30 m � 0.32
mm � 3.0 mm, Agilent Technologies Inc., Santa Clara, CA, USA). N2O were analyzed
by GC/MS (model 7890A/5975C, Agilent). N2 were analyzed by GC/IRMS (Thermo
Fisher Scientific Trace GC ultra/DELTA V Advantage Isotope Ratio MS, Thermo Fisher
Scientific, Waltham, MA, USA). For detection of nitrogenous gases using
hydroxylamine as substrate, 15NH2OH.HCl was added to PBSS buffer as substrate,
and final concentration was adjusted to 2.5 mmoL/L. Nitrogenous gases (N2O and
N2) of denitrification were analyzed by GC/MS and GC/IRMS as described above.

Detection of napA gene Aerobic denitrification was confirmed by amplifi-
cation of napA gene, which encodes periplasmic nitrate reductase. PCR amplification
was performed according to standard methods (22). PCR product was sequenced by
Sino Genomax Company (Beijing, China). Phylogenetic analysis was performed as
described previously (7).

Analytical methods Samples were taken periodically for determination of
cell optical density (OD600) using a spectrophotometer (model UV-7200; UNICO,
Shanghai, China), and then centrifuged (10,000 �g, 2 min) to obtain supernatant
for determination of ammonium, nitrite, nitrate and hydroxylamine levels. The
concentrations of the first three substrates were measured using an Aquakem
analyzer (model Aquakem 600, Thermo Fisher Scientific) as described previously
(7). The concentration of hydroxylamine was measured by the method of Frear
and Burrell (23). Protein concentration was determined using Bradford method.
Each treatment was performed in triplicate, and results are presented as
mean � standard deviation.
RESULTS

Isolation and identification of bacterial strains Many bac-
terial strains were isolated from the RAS water sample, and strain
NNA4 showed quite efficiency of heterotrophic nitrification and
aerobic denitrification. Therefore, it was selected for further exper-
iments, and deposited in China General Microbiological Culture
CollectionCenter (CGMCC) under accession number CGMCC1.13496.
Strain NNA4 was a gram-staining-negative, heterotrophic,
facultatively anaerobic bacterium. Its 16S rRNA gene sequence
obtained was deposited in NCBI GenBank (MG270575).
Phylogenetic analysis based on 16S rRNA gene sequence indicated
that NNA4 is a member of the genus Photobacterium, showing
highest sequence similarity (99.8%) to P. ganghwense FR1311T (Fig.1).

Heterotrophic nitrification/aerobic denitrification capability
of NNA4 Heterotrophic nitrification capability of NNA4 was
evaluated using ammonia (medium NM-1, Table 1) as sole nitrogen
source. From0 to 6 h, cell growthwas slow, NH4

þeN removal ratewas
low, and nitrite and nitrate accumulated (Fig. 2A). From 6 to 15 h,
cells were in logarithmic phase, nitrite and nitrate levels dropped
rapidly, the majority of NH4

þeN consumption occurred in this
phase, and maximal removal rate of NH4

þeN was achieved at
12.5 mg/L/h. After 15 h, cells were in stable phase, OD600 remained
fairly constant (1.4e1.6), and NH4

þeN removal percentagewas>70%.
Aerobic denitrification capability of NNA4 using nitrate or nitrite

(medium DM-1 or DM-2, Table 1) as sole nitrogen sources is shown
in Fig. 2B and C. NNA4 grew well in both these media. Using nitrate
as sole nitrogen source (Fig. 2B), from 0 to 6 h, cell growth rate was
slow and NO3

-eN removal was low. After 6 h, cells were in loga-
rithmic phase, nitrate level decreased significantly, and nitrite
accumulation was maintained and reflected cell growth rate. The
majority of nitrate consumption was occurred during this period,
and maximal nitrate removal rate was achieved at 16.4 mg/L/h.
After 18 h, cells were in stable growth phase, OD600 reached its
maximal value (1.373), nitrate was consumed completely, and
nitrite reached concentration w59 mg/L and then decreased



FIG. 1. Neighbor-joining phylogenetic tree for NNA4 based on 16S rRNA gene sequences. Bootstrap values >50 % (based on 1000 replications) are shown at branch points.
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rapidly. After 24 h, OD600 declined slightly, perhaps because of
cellular lysis in decay phase. Using nitrite as sole nitrogen source
(Fig. 2C), cells grew slowly from 0 to 12 h, in logarithmic phase from
12 to 24 h, and in stable growth phase after 24 h. During loga-
rithmic growth phase, nitrite level decreased and maximal NO2

-eN
removal rate (4.5 mg/L/h) was attained.

Effects of various factors on heterotrophic ammonium
removal Effects of various factors on nitrification efficiency
were also investigated. Nitrification capability of NNA4 using six
carbon sources is shown in Table 2. Cell growth and ammonia
removal capability of NNA4 were good when sodium succinate,
sodium citrate, sodium acetate, or sodium pyruvate was used as
FIG. 2. Growth parameters (OD600, ammonia level, nitrite/nitrate ratio) as a function of time
source. Values shown are mean � SD from triplicate experiments.
sole carbon source, but minimal when glucose or potassium
sodium tartrate was used. No accumulation of nitrite and nitrate
was observed for any of these carbon sources. Our findings
indicate that sodium succinate was the optimal carbon source for
NNA4 among those tested, with the highest observed values of
cell growth (OD600 0.974) and ammonia removal (total NH4

þeN
removal 51.9%).

The heterotrophic nitrification performance of NNA4 at different
temperatures is shown in Fig. 4A. As temperature increased
from 16�C to 30�C, ammonium removal increased from 15% to 66%.
When temperature further increased from 37�C to 45�C, ammo-
nium removal dropped sharply. The optimal temperature range
was 30e37�C for growth and heterotrophic nitrifying activity of
under aerobic conditions using ammonia (A), nitrate (B), and nitrite (C) as sole nitrogen



FIG. 3. Growth parameters (hydroxylamine level, nitrite level, and OD600) as a function of time under aerobic conditions using hydroxylamine as sole nitrogen source. (A) Sample
inoculated with strain NNA4. (B) Non-inoculated blank control. Values shown are mean � SD from triplicate experiments.
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NNA4. The heterotrophic nitrification performance of NNA4 at
different initial pH values was shown in Fig. 4B. At initial pH 7.0,
NNA4 reached maximal biomass (OD600 1.23) and NH4

þeN removal
61%. Maximal NH4

þeN removal (63%) was attained for initial pH 8.0.
For pH < 6.0 (acidic condition), almost no OD600 increase or
ammonium removal occurred. For pH 10.0, cell growth and
ammonium removal rate declined. The heterotrophic nitrification
performance of NNA4 in the presence of different NaCl concen-
trations is shown in Fig. 4C. Growth and ammonium removal rate of
NNA4 were stable for NaCl concentrations 1e4%, but declined
rapidly for NaCl concentration 5%. Rotation speed had notable effect
on ammonium removal and cell growth (Fig. 4D). An increase of
rotation speed from 50 rpm (DO 4.62 mg/L) to 160 rpm (DO
5.89 mg/L) was associated with increases of bacterial biomass and
ammonia removal efficiency. However, these parameters did not
show further improvement as rotation speed rose to 200 rpm (DO
6.29 mg/L). Effects of C/N ratio on ammonium removal and cell
growth are shown in Fig. 4E. Ammonia removal efficiency was low
at C/N ratio< 6, increased as ratio climbed from 6 to 10, and did not
differ significantly among ratios from 10 to 20 (>95% in each case).

Detection of nitrogenous gases Nitrogenous gases of aero-
bic denitrification were detected by GC/MS and GC/IRMS, as
described above. GC/MS analysis revealed production of N2O at
361 ppm and 45.2 ppm when nitrate or nitrite was used as
substrate, respectively (Fig. 5A). When labeled Na15NO2 or K15NO3
was used as substrate, GC/IRMS analysis revealed production of
N2, the end product of denitrification (Fig. 5B). d15N/14N ratios for
labeled Na15NO2 (4.730) and K15NO3 (36.131) were much higher
than that for blank control (0.228).

Hydroxylamine-transforming capability Strain NNA4 could
grow well on hydroxylamine as sole nitrogen source and tolerate
hydroxylamine higher than 10mmoL/L (Fig. 6). As shown in Fig. 3A,
TABLE 2. Nitrification capability of N

Carbon source OD600 NO2
-eN (mg/L) NO3

-eN

Sodium succinate 0.974 � 0.034 0 0
Sodium acetate 0.846 � 0.053 0 0
Sodium citrate 0.934 � 0.038 0.06 0.
Sodium pyruvate 0.717 � 0.017 0 0.
Potassium sodium tartrate 0.002 � 0.003 0.08 0.
Glucose 0.165 � 0.062 0.06 0.

Values shown are mean � SD from triplicate experiments.
hydroxylamine concentration declined and cells grew with a
notable increase of OD600 using hydroxylamine (medium NM-2,
Table 1) as sole nitrogen source. However, hydroxylamine
concentration also declined in the blank control, presumably
because of spontaneous decomposition of hydroxylamine in the
system (Fig. 3B). Nitrite curves clearly differed between
inoculated sample and blank control, i.e., nitrite concentration in
the inoculated sample increased in the early stage and then
declined to near zero in time-dependent manner, whereas
it increased continuously in the blank control. Results of
these experiments were inaccurate because of spontaneous
decomposition of hydroxylamine. Thus, actual hydroxylamine
utilization capability may be higher than the measured value.

Fig. 7 shows the results when the interference of metal ions was
excluded by using PBSS buffer. Concentration curves for hydroxyl-
amine, nitrite, and N2O using hydroxylamine as substrate are
detected. For non-inoculated sample and inoculated sample with
heat-inactivated cells, hydroxylamine concentration decreased
very slowly and production of nitrite and N2O was very low, indi-
cating that spontaneous decomposition of hydroxylamine occurred
but at a very slow rate. Therefore, interference from this phenom-
enon could be essentially excluded. For sample inoculated with
NNA4 cell suspension with a high OD value (OD600 ¼ 1.0 � 0.05),
hydroxylamine concentration decreased quickly, >80% of hydrox-
ylamine was removed by 3 h, and average hydroxylamine removal
rate was 0.70 mmoL/L/h. Nitrite concentration increased quickly up
to 1 h, and subsequently fluctuated between 0.11 and 0.13 mg/L.
Release of nitrogenous gases of N2O was associated with decline of
hydroxylamine concentration, and the N2O release curve was
consistent with the hydroxylamine change curve.

For HAO enzyme activity detection, HAO activity of strain NNA4
was measured as 0.042 U and specific activity 0.009 U/mg protein
when potassium ferricyanide was used as electron acceptor.
NA4 using six carbon sources.

(mg/L) NH4
þeN

Initial (mg/L) Final (mg/L) Removal percentage (%)

144 69.4 � 0.22 51.9
152 80.4 � 0.10 47.0

03 136 85.8 � 0.04 36.9
01 136 82.2 � 0.21 39.6
11 152 149 � 0.31 2.0
04 144 102.6 � 0.32 28.7



FIG. 4. Effects of temperature (A), initial pH (B), NaCl concentration (C), DO (D), and C/N ratio (E) on cell growth and heterotrophic nitrification capability of NNA4. Values shown are
mean � SD from triplicate experiments.
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Detection of napA gene PCR of the napA gene resulted in
amplification of a 1526 nt fragment. The GenBank accession num-
ber of napA gene is MG344624. The NapA amino acid sequence of
NNA4 was deduced using PFAM (http://xfam.org) and ORF Finder
(http://www.ncbi.nlm.nih.gov/orffinder), and compared to avail-
able sequences in the GenBank database with online BLAST pro-
gram. The NapA of strain NNA4 showed 67.6% sequence identity
with that of a denitrifying bacterium, Shewanella denitrificans (24).

DISCUSSION

An efficient heterotrophic nitrifying/aerobic denitrifying strain,
NNA4, was isolated and identified as Photobacterium sp. This spe-
cies is primarily marine, and widely distributed in seawater and in
marine animals (25). To date, no study has addressed heterotrophic
nitrification/aerobic denitrification in Photobacterium.

NNA4 is capable of growth on ammonium, nitrate, or nitrite as
sole nitrogen source, and is an effective heterotrophic nitrifier/aer-
obic denitrifier. Trace nitrite and nitrate were detected when
ammoniumwas used as sole nitrogen source for strain NNA4, which
probably resulted from the conversion of nitrite or nitrate to nitro-
gen gas by denitrifying progress. Similar results were also reported
in previous studies such as Vibrio strain SF16 (26). The above find-
ings demonstrate that NNA4 performed simultaneous nitrification
and denitrification (SND) pathway as proposed by Richardson et al.
(31). As compared to conventional process, SND has advantages as
simplifying the system design and highly accelerating rate of
nitrogen removal in a single aeration phase (27). NNA4 showed high
efficiency of both aerobic denitrification and heterotrophic nitrifi-
cation. The maximal ammoniaeN and nitrateeN removal rate
reached to 12.5 mg/L/h and 16.4 mg/L/h, respectively, which were
much higher than rates reported previously for other heterotrophic
nitrifier/aerobic denitrifier, e.g., Vibrio diabolicus SF16 (2.29 mg
NH4

þeN/L/h; 2.83 mg NO3
-eN/L/h) (26), E. cloacae CF-S27 (11.6 mg

NH4
þeN/L/h; 15.1 mg NO3

-eN/L/h) (9), P. stutzeri YG-24 (8.75 mg
NH4

þeN/L/h; 7.73 mg NO3
-eN/L/h) (27). The high efficiency of het-

erotrophic nitrification/aerobic denitrification capability showed a
future application of strain NNA4 for industrial water treatment.
The influence of different factors on nitrification efficiency was
investigated. Carbon sources typically serve as sources of both
energy and electron for heterotrophic bacteria, and are important
factors determining heterotrophic nitrification capability (28). In
this study, sodium succinate was the optimal carbon source for
NNA4. Krebs cycle intermediates such as succinate.

NNA4 showed themaximum growth and ammonia removal rate
at the temperatures ranging 30e37�C, which was similar to
A. faecalis No. 4 (3). In addition, pH is another factor affecting mi-
crobial activity, the optimum pH for growth and ammonia removal
performance of strain NNA4 was 7e8, in consistence with many
nitrifying bacteria whose optimal pH for heterotrophic nitrification
was reported to be slightly alkaline or neutral (3,28,29). More free
ammonia existing in culture medium is presumably conductive to
ammonia monooxygenase, so that the slightly alkaline environ-
ment can be beneficial to heterotrophic nitrification (29). The op-
timum NaCl concentration for growth and nitrification
performance of strain NNA4 was 1e4%. Excessive salinity would
cause cell lysis and enzyme activity loss (30). Thus, NNA4 should be
effective in treatment of types of wastewater with either low
salinity (e.g., municipal facilities) or high salinity (e.g., aquaculture,
seafood processing).

N2O and N2 were the aerobic denitrification products on nitrite
and nitrate. GC/MS analysis revealed production of N2O when
nitrate or nitrite was used as substrate. For GC/IRMS analysis of N2,
d15N/14N ratio values>1 indicate that 15N2 was generated according
to previous report (21). The ratio was increased due to the gener-
ation of 15N-labeled N2. The GC/IRMS analysis results revealed
production of N2 when 15N-labeled nitrate or nitrite was used as
substrate. The above findings demonstrate that NNA4 is an aerobic
denitrifier and follows the complete denitrification pathway as
proposed by Richardson et al. (31). The napA gene which encode
periplasmic nitrate reductase is related to aerobic nitrate respira-
tion and denitrification (26). Aerobic denitrification capability of
NNA4 is further confirmed by the presence of napA gene.

Hydroxylamine, a key intermediate compound in nitrification
processes as mentioned above, is toxic to microorganisms even at
millimolar concentrations, and has strong mutagenic effects on



FIG. 5. Detection of nitrogenous gases by GC/MS (A) and GC/IRMS analysis (B). Sodium nitrite (upper) or potassium nitrate (lower) was used as substrate.

VOL. 128, 2019 NEW HETEROTROPHIC NITRIFIER/AEROBIC DENITRIFIER NNA4 69
numerous phages, viruses, bacteria, fungi, protozoa, Drosophila,
and plants (32). Up to date, only a few nitrifying bacteria had been
found to be capable of growing mixotrophically on hydroxylamine
in the presence of other nitrogen sources; these include the
autotrophic nitrifier Nitrosomonas europaea (33) and heterotrophic
nitrifiers such as Pseudomonas PB16 (34), A. faecalis No. 4 (3), and
E. cloacae CF-S27 (9). However, strain NNA4 grew well in inorganic
salt medium with hydroxylamine up to >10 mmoL/L as sole N-
source, suggesting that NNA4 was quite efficient in hydroxylamine
FIG. 6. Growth of NNA4 on different concentrations of hydroxylamine as sole source
nitrogen source.
utilization and a unique heterotrophic nitrifier with strong
hydroxylamine tolerance ability whosemechanism remained to be
further investigated. In addition, hydroxylamine is unstable and
can spontaneously be decomposed (35), not only making study of
this intermediate compound difficult, but also needing non-
inoculating blank controls. However, the above previous studies
did not include non-inoculating blank controls and thus did not
take into account the spontaneous decomposition of hydroxyl-
amine. The hydroxylamine utilization rates reported may there-
fore have been inaccurate.

When hydroxylamine spontaneously decomposition was
reduced using PBSS buffer to exclude the interference of metal ions,
NNA4 also displayed quite efficient hydroxylamine-transforming
capability. The hydroxylamine concentration decreased quickly
with NNA4, in comparison with non-inoculated controls and heat-
treated controls (Fig. 7). Corresponding, large amount of N2O was
detected with the decrease of hydroxylamine (Fig. 7). Though ni-
trite was also detected at the same time, the nitrite concentration is
not stoichiometric with the hydroxylamine decrease concentration.
All these results suggested that NNA4 could transform hydroxyl-
amine directly to N2O. This ability of NNA4 was quite different from
previously described heterotrophic/autotrophic nitrifiers which
commonly transformed hydroxylamine to nitrite by HAO (14); but
consistent with N. europaea, an autotrophic ammonia-oxidizing
bacterium could oxidize NH2OH directly to N2O via cytochrome
P460 under aerobic conditions as reported recently (15,16).



FIG. 7. Concentration curves for hydroxylamine (A), nitrite (B), and N2O (C), using hydroxylamine as substrate without interference from metal ions.
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The above findings indicate that NNA4 is a unique heterotrophic
nitrifier/aerobic denitrifier. It could tolerate high concentration of
hydroxylamine and displayed efficient hydroxylamine-transforming
capability. Majority of hydroxylamine was transformed to N2O with
only small amount of nitrite produced, revealed that strain NNA4
may oxidize NH2OH directly to N2O. Our research helps to further
understand the metabolism of hydroxylamine and also the charac-
terizations of heterotrophic nitrification/aerobic denitrification
bacteria. In view of its heterotrophic nitrification/aerobic denitrifi-
cation capability and broad salinity tolerance range, NNA4 has great
potential in denitrification treatment of wastewater with either low
or high salinity.
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