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Abstract Two novel denitrifying bacteria were
successfully isolated from industrial wastewater and
soil samples. Using morphological, biochemical/bio-
physical and 16S rRNA gene analyses, these two
bacteria were identified as Stenotrophomonas sp.
7715 and Oceanimonas sp. YC13, respectively. Both
of these two bacteria showed efficient NO; -N
removing abilities under a semi-anaerobic condition
without obvious accumulation of NO, ™ -N, N,O-N and
NH,4*-N. NO;~-N removal from paper mill wastewa-
ter was also successful by treatments with either a
denitrifier or an immobilization method. Therefore,
this study provides valuable denitrifying bacteria in
biotreatment of industrial wastewater and other envi-
ronmental pollution caused by NO3; /NO, ™.
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Introduction

Nitrogen pollution has become the most serious
environmental problem since it causes algae blooms.
Algae decreases water dissolved oxygen so severely
that final result is the death of fish and other aquatic
organisms. The major sources of nitrogen pollution are
the nitrate (NOsz™), nitrite (NO, ) and ammonia
(NH,") that mainly originated from the emission of
industrial wastewater and the use of excess fertilizers
in agricultural fields. Biodenitrification is considered
as the most effective process in nitrogen polluted
wastewater treatments (Schmidt et al. 2003; Choi et al.
2004; Zhu et al. 2008). For example, nitrate contam-
ination in groundwater could be reduced by natural
denitrification using indigenous microorganisms
(Mohamed et al. 2003). Denitrifying microorganisms
(denitrifiers) capable of reducing NO;~, without
accumulation of NO,  (nitrate reduction, NO3;™ —
NO, )and NH, " (nitrate assimilation, NO;~ —>NH, ")
provide potential applications in industrial wastewater
cleaning systems. The final products of biodenitrifica-
tion are the gaseous nitric oxide (NO), nitrous oxide
(N,O) or nitrogen (N,) (Zumft 1997). Reduction of the
emissions of gaseous nitrogen compounds (NOx) to
the atmosphere is also important, since NO or N,O
may cause greenhouse effect, ozone depletion and
photochemical air pollution (Park et al. 2000).
Denitrifiers are widespread in soil, sediment and
aquatic ecosystem and include bacteria (Betlach 1982;
Knowles 1982; Robertson and Kuenen 1984; Shooner
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et al. 1996), archaea (Braker et al. 2001; Philippot
2002; Cabello et al. 2004; Raghoebarsing et al. 2006;
Thauer and Shima 2008), and fungi (Kobayashi et al.
1996; Zhou et al. 2002; Watsuji et al. 2003). So far,
denitrifying capabilities have been detected in about
150 species within 50 genera (Chen et al. 2002; Shieh
et al. 2004; Horn et al. 2005; Jean et al. 2006; Lee and
Koo 2007; Liu et al. 2007; Sorokin et al. 2007). Among
them, Pseudomonas, Neisseria and Bacillus are the
most common denitrifying bacteria (Zumft 1997), and
their denitrification processes are carried out under
anaerobic/semi-anaerobic conditions. However, Alca-
ligenes faecalis and Paracoccus denitrificans have
shown the abilities to perform denitrification by
simultaneous utilization of oxygen and nitrate as
electron acceptors (Rehfuss and Urban 2005).

A number of studies have used active sludge
containing mixed microorganisms to treat high nitro-
gen wastewater (Gabald’on et al. 2007). Isolation and
identification of denitrifying bacteria from wastewater
revealed that genera Achromobacter, Alcaligenes,
Aquaspirillum, Azoarcus, Bacillus, Brachymonas,
Paracoccus, Pseudomonas, Rhodocyclus, Thauera,
were usually present in the mixed cultures that
denitrify successfully (Kniemeyer et al. 1999; Sakano
et al. 2002; Leta et al. 2004; Yoshie et al. 2004;
Rehfuss and Urban 2005; Thomsen et al. 2007; Wang
and Lee 2007). However, researches on denitrification
abilities of individually cultivated strain in industrial
wastewater environments have been limited.

The objectives of this research were to: (1) isolate
novel denitrifying bacteria and study their biological
denitrification activities. Identification of the den-
itrifiers was performed using morphological, bio-
chemical/biophysical and 16S rRNA gene analyses;
(2) evaluate nitrogen removing efficiencies of the
denitrifiers in industrial wastewater environments. The
novel denitrifying bacteria may have superior poten-
tials in NO3; /NO,  bioremediation in various
environments.

Materials and methods

Sample collection and isolation of denitrifying
bacteria

For isolation of denitrifying bacteria, an industrial
wastewater sample and a soil sample were used.
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The wastewater sample originated from a paper mill
effluent in Wuhan city, Hubei province, central
China. The soil sample was collected from the
surface soil horizon (0—15 cm) near the Yellow Sea
beach of Yancheng city, Jiangsu province, eastern
China. Fresh samples were immediately used for
bacterial isolation.

The denitrifying bacteria isolation were carried out
by adding 10 g soil or 10 ml wastewater (triplicates)
to 90 ml of 0.85% NaCl solution and incubated at
room temperature for 30 min with 150 rpm shaking.
The extraction solution was serially diluted and
plated onto nitrate medium plates [KNO3 2 g 17",
MgS0,-7H,0 0.2 g 17, K,HPO, 0.5 g 17!, C4H,O6
KNa-4H,0 20 g 17!, and 1.6% agar; pH 7.2]. The
plates were incubated at 37°C for 1 week. Single
colonies were restreaked several times to obtain pure
isolates.

Qualitative biochemical analysis was at first per-
formed to screen bacteria for denitrification capa-
bilities. Fifty microlitre of each bacterial culture
(ODgno = 1.0) was inoculated into 10 ml nitrate liquid
medium in a culture tube with a screw-on cap to create
an airtight condition and kept at 37°C for up to 9 days
without shaking. Each day, 0.5 ml of each culture was
transferred into a microcentrifuge tube and analyzed
for their denitrification potential using the alpha-
naphthylamine method as described by Wang and
Skipper (2004). The strains that showed visible gas
and the abilities of nitrate reduction with no obvious
nitrite and ammonia accumulation were determined as
denitrifying bacteria.

Morphological and biochemical/biophysical
analyses of the denitrifying bacteria

Colony morphologies of the isolates were monitored
on nitrate medium plates after incubating at 37°C for
7 days. Cell morphologies were examined under a
JSM-6390/LV scanning electron microscope (JSM-
6390, JEOL, Japan) with 20,000 V accelerating
voltage and 20,000 times enlargement. Gram staining
was performed using colonies on nitrate plates as
described by Bailey and Scott (1966).

Biochemical and biophysical analyses were per-
formed according to Bergey’s manual (Holt et al.
1994). Characteristics of the denitrifying isolates,
such as optimum grow temperature and pH, catalase
and oxidase activities, hydrolysis of starch, gelatin
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liquefaction, Voges—Proskauer (V. P.) test, Methyl
Red (M. R.) test, indole production, the utilization of
sole carbon/nitrogen sources, were tested.

16S rRNA gene identification, DNA sequencing
and phylogenetic analysis

DNA of each strain was extracted using standard
methods (Sambrook and Russell 2001). The nearly
full-length 16S rRNA gene of each denitrifier was
amplified by PCR using the universal primers 27F
(5-AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5-GGTTACCTTGTTACGACTT-3') (Wilson et al.
1990). PCR amplification was performed in a 50 pl
volume containing 10 ng DNA, 50 ng of each primer,
200 puM of each dNTP, 2.5 mM MgCl,, 5 pl of 10x
PCR buffer [100 mM Tris—HCI1 (pH 8.3), 100 mM
KCI] and 2.5 units of Tag DNA polymerase (Fer-
mentas, Hanover, MD, USA). The PCR program
consisted of an initial 5 min denaturation step at
94°C; 30 cycles of 45 s at 94°C, 45 s at 49°C,
1.5 min at 72°C; and a final 5 min extension step at
72°C.

The PCR products (~ 1,460 bp) were separated on
a 1% agarose gel and purified using the UltraPure
PCR Kit (SBS Genetech, Beijing, China). DNA
sequencing analysis was performed using ABI
3730XL DNA analyzer by SUNBIO Company (Bei-
jing, China). Sequences were analyzed by BlastN
searching tools (http://www.ncbi.nlm.nih.gov/blast).
The sequences were edited for the same lengths and
compared using ClustalX 1.83 software (Thompson
et al. 1997). The phylogenetic tree was constructed
using the neighbor-joining distance method with the
MEGA 3.1 software (http://www.megasoftware.net;
Kumar et al. 2004) and the reliability of the inferred
tree was tested by 1,000 bootstrap. Some reference
sequences from the GenBank were used in generating
the phylogenetic tree for clarification.

Quantitative analysis of nitrate removing
efficiencies of the denitrifying bacteria

The nitrate broth (nitrate plate medium without agar
which contains 2 g 17! KNO; = 277 mg 1! NO; -
N) was used to determine the denitrification efficien-
cies of these two strains. One milliliter of each
denitrifying bacterial culture (ODgog = 1.0) was
inoculated into each 100 ml nitrate medium in a

flask with a special rubber stop, to which was linked a
gas collection set and the inoculums were incubated
at 37°C for up to 9 days without shaking (a semi-
anaerobic condition). Controls were prepared using
the same nitrate broth without inoculating a denitri-
fying bacterium. At regular intervals, 10 ml of each
culture was centrifuged at 12,000 revmin~! and the
supernatant was filtered using CAD-40 a Macropo-
rous Resin column (Sanxing Resin, Anhui, China).

The concentrations of NO; -N, NO, -N, NH,-N,
and the growth of denitrifying bacteria were deter-
mined using a UV spectrophotometer (DUSO00,
Beckman, CA, USA). The growth of each denitrifier
was monitored by measuring the absorbance value at
600 nm. The NO;3; ™ -N concentration was calculated by
the absorbance value at 220 nm subtracted with the
background absorbance value at 275 nm (National
Environmental Protection Administration of China
2006). The absorbance of the NO, -N was measured
at 540 nm after mixing 1 ml of each culture with 1 ml
sulfanilamide and 1 ml N-1-naphthylethylenedi-
amine x 2HCI (diazo-coupling reaction, Greenberg
et al. 1992). The absorbance of the NH,"-N was
measured at 420 nm according to the ammonium—
Nessler’s reagent colorimetric method (Greenberg
et al. 1992). The nitrate removal efficiency was
calculated as [(NO3; -N initial—-NO3; -N final—
NO, -N final-NH, "-N final—N,O-N final)/NO; -N
initial] x %N,O concentrations in the headspace
(about 175 ml) were measured with a gas chromato-
graph containing an electron capture detector (ECD)
and a packed Poropak Q column (CP-3800, Varian,
CA, USA). Temperature of the detector and oven were
330°C and 55°C, respectively. N, containing CO,
(5%) was supplied as a carrier gas and the flow rate was
1 ml min~". The dissolved oxygen (DO) concentra-
tion was monitored by use of a DO meter (Model
DO0200, YSI, OH, USA).

Removal of nitrate from industrial wastewater

The industrial wastewater was collected from the
same paper mill for bacterial isolation in October
2007. The wastewater had a pH of 7.16 and an initial
concentration of NO3 -N of 18.94 mg 17!, which
was about 4 times higher than the discharge standard
of China (5 mg1™"). The amount of NO, -N and
NH,4*-N of the wastewater were very low (lower than
the discharge standard of China, data not shown).
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The NO;~ contamination of the wastewater was
mainly come from the stalks of plants. One milliliter
of each denitrifying bacterial culture (ODggg = 1.0)
was added into each flask containing 100 ml waste-
water then sealed and incubated at 37°C for up to
9 days without shaking. The concentrations of NO; ™ -
N, NO, -N, NH,"-N, NO, emission and DO value
were determined as previously described.

Removal of nitrate from industrial wastewater
by immobilizing the denitrifiers

In order to recycle the microbial cells, the cells of
each denitrifier were immobilized in a hybrid matrix
of particles made by calcium alginate (CA) and
polyvinyl alcohol (PVA). The spherical particles was
prepared as follows: (1) 1% sodium alginate and 8%
PVA were dissolved in the water at 90°C and gently
mixed for 1 h; (2) After complete dissolution and
when the temperature was 37°C, 10 ml of this
solution was mixed with about 1 g cells (fresh
weight). The sodium alginate-PVA-cell mixture
was dropped into a saturated boric acid solution
containing 2% CacCl, to form spherical particles. The
formed spherical particles were soaked 12 h for gel
hardening and then washed three times with water.

Freshly spherical particles were incubated in to the
wastewater and incubated at 37°C for 6 days. The
concentrations of NO; -N, NH,"-N and NO, -N
were determined as previously described.

Nucleotide sequence accession numbers

The 16S rRNA gene sequences of ZZ15 and YC13
are posted in the NCBI GenBank database as
EU636000 and EU636001, respectively.

Fig. 1 Scanning electron
microscopy (SEM)
photographs of ZZ15 (a),
and YC13 (b) cells in
nitrate broth. Scale bars
1 pm

20kV ~ X20,000 1pm
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Results

Isolation and identification of denitrifying
bacteria

Denitrifying bacteria were isolated by a semi-anaer-
obic cultivation using nitrate medium, qualitatively
and quantitatively analyzed for NO3;~ and NO,™
degradation and observed gas production in the tubes.
Two denitrifying bacterial strains, ZZ15 and YC13,
were successfully identified from the wastewater and
the soil sample, respectively. They were both Gram-
negative, short rod cells when grown in nitrate broth
(Fig. 1; Table 1). They could grow aerobically and
semi-anaerobically, but their denitrification abilities
were only observed under a semi-anaerobic condition
(data not shown).

Physiological analyses showed that strain ZZ15
utilized more types of carbon sources (glucose,
maltose, sucrose) than YC13 (Table 1). Both strains
can use nitrate or nitrite as a sole nitrogen source.
They were both negative for oxidase/catalase/indole
reactions and lack of gelatin liquefaction abilities.
Furthermore, YC13 was positive for starch hydrolysis
(Table 1).

The 16S rRNA gene sequence of ZZ15 exhibited a
99% identity with a growth-promoting rhizobacterium
Stenotrophomonas maltophilia 17A1 (EF580914), and
that of YC13 showed a 99% 16S rRNA gene identity
with a marine denitrifier Oceanimonas denitrificans
F13-1 (DQ097665).

Based on the above analyses, the identification
results showed that isolated bacteria were them as
Stenotrophomonas sp. ZZ15 and Oceanimonas
sp.YC13. The phylogenetic relationships among
7715, YCI13 and some GenBank 16S rRNA gene
sequences are shown in Fig. 2.
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Table 1 Important

. Characteristics
characteristics of

7715 YC13

denitrifying bacteria ZZ15

Originated from
and YC13

Colony color and sharp
Cell morphology

Gram staining
Temperature optimum (°C)
pH optimum

Catalase, oxidase reactions
Starch hydrolysis

V. P. test

M. R. test

Indole production, gelatin
liquefaction

Acetate, citrate, ethanol, glycerol

Glucose, maltose, sucrose
Methanol, L-arginine

Nitrate, nitrite

16S rRNA gene identification

Waster water sample Soil sample

White, irregular Orange, round and central

elevated

0.5-2.0 pm long, irregular 0.5-2.0 pm long,
rods short rods

Negative Negative
37 37
7 7
- +
- No growth
+ No growth
+ +
_|_ —
+ +

Stenotrophomonas (99%) Oceanimonas (99%)

100

100

%5 Pseudomonas doudoraffii (AB019390)
SS_E Oceanimonas sp. (AY562194)

Uncultured bactenum (DQ256354)
YC13 (EU636001)

100 I: Oceanimonas denitrificans (DQ097665)

Aeromonas bivalvium (DQ504430)
[ Uncultured bactenum (EF511567)

78| Stenotrophomonas maltophilia (EF580914)
63l Stenotrophomonas maltophilia (AJ131114)

Paracoccus sp. (AM945561)

0 L[ 7715 (EU636000)

—_—
0.02

Fig. 2 A neighbor-joining phylogenetic tree based on 16S
rRNA gene sequences showing the phylogenetic relationship
among ZZ15, YC13 and other species. The 16S rRNA gene
sequence of Paracoccus was used as an out-group to root the
tree. GenBank accession numbers are given in parentheses.

The nitrate removing efficiencies of ZZ15
and YC13

The nitrogen reduction process of ZZ15 and YC13 in
the nitrate broth are shown in Fig. 3. From the initial
NO;~-N concentration of about 270 mg 1~ for both
of the bacterial treatments, in 1 day, the NO3; -N
concentrations decreased rapidly and reached at
62.73 mg 1" and 106.05 mg 1!, for ZZ15 and

The bootstrap numbers indicate the value of 100 replicate trees
supporting the branching order. Bootstrap values greater than
60% are shown at branch points. The scale bar represents two
nucleotide substitutions per 100 nucleotides

YCI13, respectively. A total of 72.5% (for ZZ15,
Fig. 3a, [J) and 54.8% (for YC13 Fig. 3a, A) of the
NO; -N was degraded, After 2.5 days, NO3; -N
removal efficiencies for denitrifier treatment samples
stayed in higher than 90% (96.0% for ZZ15 and
92.9% for YC13). In the 3rd day, the removal
efficiencies increased to a maximum of 96.6% and
95.3%, for ZZ15 and YC13, respectively (Fig. 3a). In
the whole 9 days, for the samples without adding
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Fig. 3 Nitrate removing efficiency tests of ZZ15 and YC13 in
nitrate broth. a—f The concentration of NO3; -N, NO, -N,
N,O-N, NH,™-N, DO and ODgy of each denitrifier and

a denitrifer, the NO3 -N concentration remained
almost the same (Fig. 3a, @).

Through the 9 day incubation period of each
treatment, the levels of NO, -N (Fig. 3b), N,O-N
(Fig. 3c) and NH,"-N (Fig. 3d) accumulation were
all very low (under 10 mg1™"), indicating the
completion of denitrification reactions.

The reduction of NO; ™ -N occurred along with the
decreasing of dissolved oxygen (Fig. 3e) and the
increasing of cells of each bacterium (Fig. 3f). The
value of dissolved oxygen fell down quickly in the first
0.5 day for denitrifier treatment sample (0.96 mg 1™
for ZZ15, 0.65 mg 17! for YC13, initial DO value
7.40 mg 17"). After the DO values maintained at lower
values of less than 1 mg 17!, effective denitrification
began, nitrate removal rate move to a high degree
(Fig. 3a vs. e). The DO values of the control only
declined slightly, from 7.40 to 4.88 mg 17"

Removal of NO; -N from industrial wastewater

The initial NO3 -N concentration of the industrial
wastewater was 18.94 mg 1~'. But after adding ZZ15
and incubation for 1.5 days, the NO; ™ -N concentra-
tion decreased to below the national discharge
standard (1.90 mg 17!, 89.34% removed, Fig. 4a).
For YC13, ittook 2 days to reach the NO5; ™ -N national
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control, respectively. @, nitrate broth only; [J, nitrate broth
inoculated with ZZ15; A\, nitrate broth inoculated with YC13

discharge standard (3.37 mg 1*1, 82.21% removed,
Fig. 4b). In the whole NO; ™ -N removing process, the
NO,™-N, NH,"-N and N,O-N accumulation were
insignificant indicating the completion of denitrifica-
tion reactions. The change of DO values between
inoculated sample and non-inoculated sample was
almost the same (Fig. 4a, b).

Both strains showed relatively lower speeds of
NO;™-N degradation in the wastewater samples than
in the nitrate broth (Fig. 3). The control wastewater
samples also showed certain levels of NO;3; -N
degradation, but without adding the denitrifying
bacteria, the NO3; -N could not reach the national
discharge standard in 9 days (Fig. 4), or even in
15 days (data not shown).

Removal of NO3 -N from industrial wastewater
by immobilizing the denitrifiers

Bacterial immobilization experiments were per-
formed in the same condition as described in the
wastewater treatment. It took 3 days to reach the
national discharge standard of NO; -N without
the accumulation of NO, -N and NH,*-N (Fig. 5).
The immobilized strains showed relatively lower
efficiency of NO3 -N degradation than using denit-
rifiers in the wastewater treatments (Fig. 4).
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Fig. 4 Time course of nitrogen concentration, cell dry weight
and DO in the industrial wastewater treated with ZZ15 (a) or
YC13 (b). @, concentration of NO3; -N, wastewater treated
with a denitrifier; O, concentration of NO3 -N, wastewater
only; B, concentration of NO, -N, wastewater treated with a
denitrifier; [, concentration of NO, -N, wastewater only; A,
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Incubation time [d]

Fig. 5 Time course of nitrogen concentration in the industrial
wastewater treated with immobilized spherical particles ZZ15
(a) or YC13 (b). @, concentration of NO3; -N, wastewater
treated with a denitrifier; O, concentration of NO3 -N,
wastewater only; B, concentration of NO, -N, wastewater

Discussion

For the potential application in environmental biore-
mediation, the denitrifying bacteria were screened not
only for abilities to reduce nitrate, but also with no
increase of nitrite, ammonia and nitrous oxide during
denitrification. That was important due to the fact that
excess NO, and NH4* are very harmful to aquatic
organisms (Philips et al. 2002) and nitrous oxide is a
greenhouse gas. Two novel denitrifying bacteria were
isolated from the wastewater and soil samples and

Concentration of nitrgen
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Concentration of nitrgen

T
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concentration of NH,-N, wastewater treated with a denitrifier;
/\, concentration of NH4+—N, wastewater only; €, concentra-
tion of N,O-N, wastewater treated with a denitrifier; <,
concentration of N,O-N, wastewater only; x, DO, wastewater
treated with a denitrifier; 4+, DO, wastewater only

b 20

[mg 1]
o

0 Ay Ay = =

0 1 2 3 4 5
Incubation time [d]

treated with a denitrifier; [, concentration of NO, -N,
wastewater only; A, concentration of NH,"-N, wastewater
treated with a denitrifier; /\, concentration of NH4+—N,
wastewater only

identified as Stenotrophomonas sp. ZZ15 and Oceani-
monas sp.YC13, respectively. They were efficiently
able to degrade NO5;™-N in a semi-anaerobic condi-
tion without obvious accumulation of NO, -N,
NH,"-N and N,O-N.

Previously, two strains of Stenotrophomonas were
reported to reduce NO3 ™ -N, but the final products were
NO, -N (Heylen et al. 2007). Furthermore, recently,
a denitrifier Stenotrophomonas maltophilia X0412
(DQ359944) was isolated from a shrimp pond and
showed the ability of aerobic denitrification. The 16S
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rRNA gene sequence of our strain Stenotrophomonas
sp. ZZ15 showed only a 97% identity to X0412. The
highest homologous sequence to the ZZ15 16S rRNA
gene in the GenBank was that of Stenotrophomonas
maltophilia 17A1 (99%), but no denitrification ability
of 17A1 was reported. Thus we consider ZZ15 as a
novel denitrifying bacterium that has the ability of
denitrification under a semi-anaerobic condition.

Although the 16S rRNA gene sequence of Oceani-
monas denitrificans F13-1 (DQ097665) was posted
in GenBank in 2006, no detailed study about this
denitrifier has been reported. Thus, our strain Oceani-
monas sp. YC13 should also be considered as a novel
denitrifying bacterium.

7715 and YC13 showed efficient NO; ™ -N removal
abilities in both nitrate broth and industrial wastewa-
ter. Even though the speed of NO; ™ -N degradation in
wastewater was relatively slower than in nitrate broth,
7715 or YCI13 still efficiently removed NO; -N
efficiently. Wastewater is a more complicated envi-
ronment and there are different factors may affect the
nitrate removal rate. In the wastewater environment,
7715 is considered as an indigenous denitrifier, while
YC13 is considered as a non-native bacterium. How-
ever, the denitrification ability of YC13 was almost as
efficient as ZZ15 indicating that some non-native
bacteria could also adapt and be applied in industrial
wastewater treatment system.

Due to the complexity of the industrial wastewater
environments, it was predicted that by the use of mixed
cultures, nitrogen was removed more efficiently than
by use of a single species. Van de Pas-Schoonen et al.
(2005) reported that a complex culture rather than a
single strain was responsible for denitrification in a
man-made ecosystem. Takaki et al. (2008) reported
that by co-cultivation of Ralstonia pickettii K50 with
an actinomyces Streptomyces griseus, a significant
enhancement of denitrification activity occurred in an
artificial wastewater. In this study, in order to increase
the nitrogen removal efficiency, we have also tested a
mixture of ZZ15 and YCI3 together to perform
denitrification in both pure culture and in industrial
wastewater. The mixed culture worked almost the
same as a single one (data not shown). A possible
explanation of observed results is the fact that mixing
the ZZ15 and YC13 resulted in competition for carbon
source or other nutrients utilization. The cultivation of
the wastewater bacteria on nitrate medium during the
whole wastewater treatment process (9 days) was also
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performed, and results indicated that the major bacte-
ria in the plates were the inoculated strains (ZZ15 or
YC13-data not shown). This observation confirmed
that ZZ15 or YC13 played an important role in the
nitrogen removing process.

During the process of denitrification, the reduction
of NO3 -N occurred along with the decreasing of
dissolved oxygen and the increasing of cells of each
bacterium. This indicates that the denitrifiers need
some oxygen to growth. When the concentration of
DO lower than 2 mg 1! (in wastewater), or even
1 mg 17" (in pure culture), effective denitrification
began, indicating that the denitrification was per-
formed in a semi-anaerobic condition.

The two novel denitrifying bacteria have potentials
for further applications in industrial wastewater
cleaning systems, since it would be relatively easy
to construct fix column system to remove nitrogen.
We have immobilized the denitrifiers with filling
materials and the results proved that ZZ15 and YC13
could still perform denitrification successfully. This
will expands the use of these denitrifiers to construct
biological nitrogen treatment column equipments to
recycle the denitrifiers from the bioreactor effluents
after completion of biological degradation.

Acknowledgments LY and YL were supported by the
Student Research Fund (SRF) of Huazhong Agricultural
University. This work was funded by the National Natural
Science Foundation, P. R. China (30671140), and Microbial
Resources Project of the Ministry of Science and Technology,
P. R. China (2005DKA21208-6). The authors would like to
express their gratitude to Drs. Christopher Rensing, Junchu
Zhou and Yunxiang Liang for their scientific comments and
technical supports.

References

Bailey RW, Scott EG (1966) Diagnostic microbiology, 2nd
edn. The CV. Mosby Company publisher, Saint Louis

Betlach MR (1982) Evolution of bacterial denitrification and
denitrifier diversity. Antonie Van Leeuwenhoek 48(6):
585-607. doi:10.1007/BF00399543

Braker G, Ayala-del-Rio HL, Devol AH et al (2001) Community
structure of denitrifiers, bacteria, and archaea along redox
gradients in Pacific Northwest marine sediments by ter-
minal restriction fragment length polymorphism analysis of
amplified nitrite reductase (nirS) and 16S rRNA genes.
Appl Environ Microbiol 67(4):1893-1901. doi:10.1128/
AEM.67.4.1893-1901.2001

Cabello P, Roldan MD, Moreno-Vivian C (2004) Nitrate
reduction and the nitrogen cycle in archaea. Microbiology
150:3527-3546. doi:10.1099/mic.0.27303-0


http://dx.doi.org/10.1007/BF00399543
http://dx.doi.org/10.1128/AEM.67.4.1893-1901.2001
http://dx.doi.org/10.1128/AEM.67.4.1893-1901.2001
http://dx.doi.org/10.1099/mic.0.27303-0

Biodegradation (2009) 20:391-400

399

Chen MY, Tsay SS, Chen KY et al (2002) Pseudoxanthomonas
taiwanensis sp. nov., a novel thermophilic, N,O-produc-
ing species isolated from hot springs. Int J Syst Evol
Microbiol 52:2155-2161. doi:10.1099/ijs.0.02306-0

Choi E, Yun Z, Chung TH (2004) Strong nitrogenous and agro-
wastewater: current technological overview and future
direction. Water Sci Technol 49(5-6):1-5

Gabald’on C, Izquierdo M, Mart’mez-Soria V et al (2007)
Biological nitrate removal from wastewater of a metal-
finishing industry. J Hazard Mater 148(1-2):485-490. doi:
10.1016/j.jhazmat.2007.02.071

Greenberg AF, Clescerl LS, Eaton AD (1992) Standard methods
for the examination of water and wastewater, 18th edn.
American Public Health Association, Washington, DC

Heylen K, Vanparys B, Peirsegaele F et al (2007) Steno-
trophomonas terrae sp. nov. and Stenotrophomonas humi
sp. nov., two nitrate-reducing bacteria isolated from soil.
Int J Syst Evol Microbiol 57:2056-2061. doi:10.1099/
ijs.0.65044-0

Holt JG, Krieg NR, Sneath PHA et al (1994) Bergey’s manual
of determinative bacteriology, 9th edn. Williams and
Wilkins, Baltimore

Horn MA, Thssen J, Matthies C et al (2005) Dechloromonas
denitrificans sp. nov., Flavobacterium denitrificans sp.
nov., Paenibacillus anaericanus sp. nov. and Paeniba-
cillus terrae strain MH72, N,O-producing bacteria
isolated from the gut of the earthworm Aporrectodea
caliginosa. Int J Syst Evol Microbiol 55:1255-1265. doi:
10.1099/ij5.0.63484-0

Jean WD, Chen JS, Lin YT et al (2006) Bowmanella denitrifi-
cans gen. nov., sp. nov., a denitrifying bacterium isolated
from seawater from An-Ping Harbour, Taiwan. Int J Syst
Evol Microbiol 56:2463-2467. doi:10.1099/ijs.0.64306-0

Kniemeyer O, Probian C, Rossello-Mora R et al (1999)
Anaerobic mineralization of quaternary carbon atoms:
isolation of denitrifying bacteria on dimethylmalonate.
Appl Environ Microbiol 65(8):3319-3324

Knowles R (1982) Denitrification. Microbiol Rev 46(1):43-70

Kobayashi M, Matsuo Y, Takimoto A et al (1996) Denitrifi-
cation, a novel type of respiratory metabolism in fungal
mitochondrion. J Biol Chem 271(27):16263—-16267. doi:
10.1074/jbc.271.27.16263

Kumar S, Tamura K, Nei M (2004) MEGA3: integrated soft-
ware for molecular evolutionary genetics analysis and
sequence alignment. Brief Bioinform 5(2):150-163. doi:
10.1093/bib/5.2.150

Lee YN, Koo CD (2007) Identification of bacteria isolated
from diseased Neungee mushroom, Sarcodon aspratus. J
Basic Microbiol 47(1):31-39. doi:10.1002/jobm.2006
10151

Leta S, Gumaelius L, Assefa F et al (2004) Identification of
efficient denitrifying bacteria from tannery wastewaters in
Ethiopia and a study of the effects of chromium III and
sulphide on their denitrification rate. World J Microbiol
Biotechnol 20:405-411. doi:10.1023/B:WIBI.00000330
69.24982.6¢

Liu C, Wu Y, Li L et al (2007) Thalassospira xiamenensis sp.
nov. and Thalassospira profundimaris sp. nov. Int J Syst
Evol Microbiol 57:316-320. doi:10.1099/ijs.0.64544-0

Mohamed MAA, Terao H, Suzuki R et al (2003) Natural deni-
trification in the Kakamigahara groundwater basin, Gifu

prefecture, central Japan. Sci Total Environ 307(1-3):191-
201. doi:10.1016/S0048-9697(02)00536-3

National Environmental Protection Administration of China
(2006) Analysis for the examination of water and waste-
water, 4th edn. Chinese Publish of Environment Science,
Beijing

Park KY, Inanori Y, Mizuochi M et al (2000) Emission and
control of nitrous oxide from a biological wastewater
treatment system with intermittent aeration. J Biosci
Bioeng 90(3):247-252

Philippot L (2002) Denitrifying genes in bacterial and archaeal
genomes. Biochim Biophys Acta 1577(3):355-376

Philips S, Laanbroek HJ, Verstracte W (2002) Origin, causes
and effects of increased nitrite concentrations in aquatic
environments. Rev Environ Sci Biotechnol 1(2):115-141.
doi:10.1023/A:1020892826575

Raghoebarsing AA, Pol A, van de Pas-Schoonen KT et al
(2006) A microbial consortium couples anaerobic meth-
ane oxidation to denitrification. Nature 440(7086):918—
921. doi:10.1038/nature04617

Rehfuss M, Urban J (2005) Alcaligenes faecalis subsp. phe-
nolicus subsp. nov. a phenol-degrading, denitrifying
bacterium isolated from a graywater bioprocessor. Syst
Appl Microbiol 28(5):421-429. doi:10.1016/j.syapm.
2005.03.003

Robertson LA, Kuenen JG (1984) Aerobic denitrification-old
wine in new bottles? Antonie Van Leeuwenhoek 50(5-6):
525-544. doi:10.1007/BF02386224

Sakano Y, Pickering KD, Strom PF et al (2002) Spatial distri-
bution of total, ammonia-oxidizing, and denitrifying
bacteria in biological wastewater treatment reactors for
bioregenerative life support. Appl Environ Microbiol
68(5):2285-2293. doi:10.1128/AEM.68.5.2285-2293.2002

Sambrook J, Russell DW (2001) Molecular Cloning: a labo-
ratory manual, 3rd edn. Cold Spring Harbour Laboratory
Press, New York

Schmidt I, Sliekers O, Schmid M et al (2003) New concepts of
microbial treatment processes for the nitrogen removal in
wastewater. FEMS Microbiol Rev 27(4):481-492. doi:
10.1016/S0168-6445(03)00039-1

Shieh WY, Lin YT, Jean WD (2004) Pseudovibrio denitrificans
gen. nov., sp. nov., a marine, facultatively anaerobic, fer-
mentative bacterium capable of denitrification. Int J Syst
Evol Microbiol 54:2307-2312. doi:10.1099/ijs.0.63107-0

Shooner F, Bousquet J, Tyagi RD (1996) Isolation, phenotypic
characterization, and phylogenetic position of a novel,
facultatively autotrophic, moderately thermophilic bacte-
rium, Thiobacillus thermosulfatus sp. nov. Int J Syst
Bacteriol 46(2):409-415

Sorokin DY, Tourova TP, Braker G et al (2007) Thiohalo-
monas  denitrificans  gen. nov., sp. nov. and
Thiohalomonas nitratireducens sp. nov., novel obligately
chemolithoautotrophic, moderately halophilic, thiodeni-
trifying Gammaproteobacteria from hypersaline habitats.
Int J Syst Evol Microbiol 57:1582-1589. doi:10.1099/
ijs.0.65112-0

Takaki K, Fushinobu S, Kim SW et al (2008) Streptomyces
griseus enhances denitrification by Ralstonia pickettii
K50, which is possibly mediated by histidine produced
during co-culture. Biosci Biotechnol Biochem 72(1):163—
170. doi:10.1271/bbb.70528

@ Springer


http://dx.doi.org/10.1099/ijs.0.02306-0
http://dx.doi.org/10.1016/j.jhazmat.2007.02.071
http://dx.doi.org/10.1099/ijs.0.65044-0
http://dx.doi.org/10.1099/ijs.0.65044-0
http://dx.doi.org/10.1099/ijs.0.63484-0
http://dx.doi.org/10.1099/ijs.0.64306-0
http://dx.doi.org/10.1074/jbc.271.27.16263
http://dx.doi.org/10.1093/bib/5.2.150
http://dx.doi.org/10.1002/jobm.200610151
http://dx.doi.org/10.1002/jobm.200610151
http://dx.doi.org/10.1023/B:WIBI.0000033069.24982.6e
http://dx.doi.org/10.1023/B:WIBI.0000033069.24982.6e
http://dx.doi.org/10.1099/ijs.0.64544-0
http://dx.doi.org/10.1016/S0048-9697(02)00536-3
http://dx.doi.org/10.1023/A:1020892826575
http://dx.doi.org/10.1038/nature04617
http://dx.doi.org/10.1016/j.syapm.2005.03.003
http://dx.doi.org/10.1016/j.syapm.2005.03.003
http://dx.doi.org/10.1007/BF02386224
http://dx.doi.org/10.1128/AEM.68.5.2285-2293.2002
http://dx.doi.org/10.1016/S0168-6445(03)00039-1
http://dx.doi.org/10.1099/ijs.0.63107-0
http://dx.doi.org/10.1099/ijs.0.65112-0
http://dx.doi.org/10.1099/ijs.0.65112-0
http://dx.doi.org/10.1271/bbb.70528

400

Biodegradation (2009) 20:391-400

Thauer RK, Shima S (2008) Methane as fuel for anaerobic
microorganisms. Ann N 'Y Acad Sci 1125:158-170. doi:
10.1196/annals.1419.000

Thompson JD, Gibson TJ, Plewniak F et al (1997) The Clu-
stalX windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools.
Nucleic Acids Res 25(24):4876-4882. doi:10.1093/nar/
25.24.4876

Thomsen TR, Kong Y, Nielsen PH (2007) Ecophysiology of
abundant denitrifying bacteria inactivated sludge. FEMS
Microbiol Ecol 60(3):370-382. doi:10.1111/j.1574-6941.
2007.00309.x

Van de Pas-Schoonen KT, Schalk-Otte S, Haaijer S et al (2005)
Complete conversion of nitrate into dinitrogen gas in co-
cultures of denitrifying bacteria. Biochem Soc Trans
33:205-209. doi:10.1042/BST0330205

Wang CC, Lee CM (2007) Isolation of the e-caprolactam
denitrifying bacteria from a wastewater treatment system
manufactured with acrylonitrile-butadiene—styrene resin.
J Hazard Mater 145(1-2):136-141. doi:10.1016/j.jhazmat.
2006.10.092

Wang G, Skipper HD (2004) Identification of denitrifying
rhizobacteria from bentgrass and bermudagrass golf

@ Springer

greens. J Appl Microbiol 97(4):827-837. doi:10.1111/j.
1365-2672.2004.02368.x

Watsuji TO, Takaya N, Nakamura A, Shoun H (2003) Deni-
trification of nitrate by the fungus Cylindrocarpon
tonkinense. Biosci Biotechnol Biochem 67(5):1115-1120.
doi:10.1271/bbb.67.1115

Wilson KH, Blitchington RB, Greene RC (1990) Amplification
of bacterial 16S ribosomal DNA with polymerase chain
reaction. J Clin Microbiol 28(9):1942-1946

Yoshie S, Noda N, Tsuneda S et al (2004) Salinity decreases
nitrite reductase gene diversity in denitrifying bacteria of
wastewater treatment systems. Appl Environ Microbiol
70(5):3152-3157.doi:10.1128/AEM.70.5.3152-3157.2004

Zhou Z, Takaya N, Nakamura A et al (2002) Ammonia fer-
mentation, a novel anoxic metabolism of nitrate by fungi.
J Biol Chem 277(3):1826-1892. doi:10.1074/jbc.M10
9096200

Zhu G, Peng Y, Li B et al (2008) Biological removal of
nitrogen from wastewater. Rev Environ Contam Toxicol
192:159-195. doi:10.1007/978-0-387-71724-1_5

Zumft WG (1997) Cell biology and molecular basis of deni-
trification. Microbiol Mol Biol Rev 61(4):533-616


http://dx.doi.org/10.1196/annals.1419.000
http://dx.doi.org/10.1093/nar/25.24.4876
http://dx.doi.org/10.1093/nar/25.24.4876
http://dx.doi.org/10.1111/j.1574-6941.2007.00309.x
http://dx.doi.org/10.1111/j.1574-6941.2007.00309.x
http://dx.doi.org/10.1042/BST0330205
http://dx.doi.org/10.1016/j.jhazmat.2006.10.092
http://dx.doi.org/10.1016/j.jhazmat.2006.10.092
http://dx.doi.org/10.1111/j.1365-2672.2004.02368.x
http://dx.doi.org/10.1111/j.1365-2672.2004.02368.x
http://dx.doi.org/10.1271/bbb.67.1115
http://dx.doi.org/10.1128/AEM.70.5.3152-3157.2004
http://dx.doi.org/10.1074/jbc.M109096200
http://dx.doi.org/10.1074/jbc.M109096200
http://dx.doi.org/10.1007/978-0-387-71724-1_5

	Identification of novel denitrifying bacteria Stenotrophomonas sp. ZZ15 and Oceanimonas sp. YC13 �and application for removal of nitrate from industrial wastewater
	Abstract
	Introduction
	Materials and methods
	Sample collection and isolation of denitrifying bacteria
	Morphological and biochemical/biophysical analyses of the denitrifying bacteria
	16S rRNA gene identification, DNA sequencing and phylogenetic analysis
	Quantitative analysis of nitrate removing efficiencies of the denitrifying bacteria
	Removal of nitrate from industrial wastewater
	Removal of nitrate from industrial wastewater �by immobilizing the denitrifiers
	Nucleotide sequence accession numbers

	Results
	Isolation and identification of denitrifying bacteria
	The nitrate removing efficiencies of ZZ15 �and YC13
	Removal of NO3&minus;-N from industrial wastewater
	Removal of NO3&minus;-N from industrial wastewater by immobilizing the denitrifiers

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


