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Abstract A Pseudomonas sp. strain, which can
utilize quinoline as its sole carbon, nitrogen and
energy source, was isolated from activated sludge in a
coking wastewater treatment plant. Quinoline can be
degraded via the 8-hydroxycoumarin pathway. We
quantified the first two organic intermediates of the
biodegradation, 2-hydroxyquinoline and 2,8-dihydr-
oxyquinoline. We tracked the transformation of the
nitrogen in quinoline in two media containing
different C/N ratios. At least 40.4% of the nitrogen
was finally transformed into ammonium when quin-
oline was the sole C and N source. But addition of an
external carbon source like glucose promoted the
transformation of N from NHj3 into NO3;—, NO, ™, and
then to N,. The product analysis and gene character-
istics indicated that the isolate accomplished hetero-
trophic nitrification and aerobic denitrification
simultaneously. The study also demonstrated that
quinoline and its metabolic products can be elimi-
nated if the C/N ratio is properly controlled in the
treatment of quinoline-containing wastewater.
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Introduction

Quinoline and its derivates are found widely in coal
tar, oil shale, and petroleum, and serve as intermedi-
ates and solvents in many industries (Shukla 1986;
Fetzner 1998). Because of its toxicity and nauseating
odor, discharging quinoline-containing waste does
great damage to human health and environmental
quality. The study of quinoline-degrading bacteria not
only provides a better understanding of the metabolic
degradation of quinoline, but also benefits the bio-
treatment of quinoline-containing wastewater. Since
Moraxella sp. (Grant and Al-Najjar 1976) and Pseu-
domonas sp. (Shukla 1986) were isolated from soil,
many bacteria and fungi have been reported to degrade
quinoline, such as Rhodococcus sp. (O’Loughlin et al.
1996), Burkholderia pickettii (Wang et al. 2004),
Comamonas sp. (Cui et al. 2004), Desulfobacterium
indolicum (Licht et al. 1997), and white rot fungus
(Zhang et al. 2007).

Previous studies of quinoline-degrading strains
mainly focused on two points: (1) The metabolic
pathways of quinoline. Although different genera of
bacteria may have different intermediates, almost all
of them transform quinoline into 2-hydroxyquinoline
in the first step (Kaiser et al. 1996; Fetzner 1998). (2)
Bioaugmentation for pollution treatment. The
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decomposition of quinoline and its derivatives has
recently been enhanced either by using free cells or
immobilized cells (Wang et al. 2002; Chen et al. 2003;
Tian et al. 2006).

Pseudomonas acts an important role in quinoline
biodegradation. Previous studies mainly focused on
the biodegradation pathway (Shukla 1986, 1989;
Brockman et al. 1989) and degradation genes (Blise
et al. 1996; Carl and Fetzner 2005). Although the
metabolic pathway by strains of Pseudomonas has
been studied intensively, the quantitative characteris-
tics of the intermediates and the N transformation from
quinoline remain unclear. For denitrification, all
molecular studies on the ecology of denitrifying
bacteria are based on functional genes and their
products (Bothe et al. 2000). nirS and nosZ genes were
often used as functional markers to identify the
denitrifying bacteria (Scala and Kerkhof 1998; Hallin
and Lindgren 1999; Rich et al. 2003). NIR enzyme
encoded by the nirS gene could transfer NO,™ to NO
and NOS enzyme encoded by the nosZ gene could
transfer N,O to N, (Wallenstein et al. 2006). Both
genes had been proved to be broadly present in
different strains of Pseudomonas (Cutruzzola et al.
2001; Rosch et al. 2002; Arai et al. 2003; Rich et al.
2003).

In this study, a quinoline-degrading strain, Pseu-
domonas sp. BC0OO1, was isolated from the activated
sludge in a coking wastewater treatment plant. We
investigated the characteristics of the quinoline bio-
degradation, and the heterotrophic nitrification and
aerobic denitrification corresponding to the N of
quinoline. In addition, the amounts of organic inter-
mediates and inorganic products were analyzed. This
basic information will improve the treatment of
quinoline-containing wastewater using bioaugmenta-
tion technology.

Materials and methods
Chemicals

Quinoline was from AccuStandard, Inc., USA. 2-
hydroxyquinoline and 2,8-dihydroxyquinoline were
from Sigma—Aldrich, Inc., USA. NH3-N, NO, -N,
and NO; ™ -N were from the China Research Center of
Certified Reference Materials. Tryptone and yeast
extract were from Oxoid Ltd., UK. Solvents for
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HPLC analysis and GC/MS analysis were of chro-
matographic grade. All other chemicals were of
analytical grade.

Bacterial strain

A quinoline-degrading bacterium was isolated from
the activated sludge of the coking wastewater treat-
ment plant of the Capital Iron and Steel Group,
Beijing, China. Based on physico-chemical and 16S
rRNA characterization, the quinoline-degrading bac-
terium was identified as a gram-negative, aerobic, and
motile strain and named as Pseudomonas sp. BCOO1.
This strain is a rod-shaped bacterium with average
dimensions of 1.9 pm in length and 0.6 um in width.
A culture of the strain has been deposited in the China
General Microorganism Culture Center (CGMCC;
accession number 2223).

Media

Two kinds of media were used to assess quinoline
biodegradation. Luria-Bertani (LB) medium (Sam-
brook and Russell 2001) was used for bacterial
enrichment and maintenance. Mineral salt medium
(MSM), described by Wang et al. (2004) was modified
and used in the biodegradation experiments. Each liter
of MSM contained (in grams) 4.26 Na,HPO,, 2.65
KH,PO,, 0.20 MgS0O,4-7H,0, 0.006 CaCl,, and 1 ml
trace elements solution, pH 7.0. Quinoline solution
filtered with 0.2 um membrane was added into the
MSM as the sole carbon, nitrogen, and energy source
for the bacteria. When required, glucose solution was
also added to the MSM as an extra carbon source.
1.9% (w/v) agar was added to the medium to solidify
it when agar plates were needed. All media were
sterilized at 121°C for 20 min before use.

Inoculum enrichment for biodegradation

The inoculum for all experiments was prepared by
inoculating the strain BCOOl in LB medium with
500 mg/l of quinoline and incubating at 30°C, and
180 rpm on a rotary shaker until the bacteria grew into
the logarithmic phase. The bacterial cells were
harvested by centrifuging at 3000x g for 5 min. The
cells were washed three times with 20 ml of MSM.
The bacterial pellet was resuspended by vortex, and
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diluted with MSM to an optical density of 1-2 at
602 nm (ODgp,) (Shimadzu UV2401, Japan). This
bacterial suspension was used immediately as the
inoculum in the biodegradation experiments.

Biodegradation of quinoline

The experiments were conducted using a series of 500-
ml Erlenmeyer flasks, each containing 200 ml of MSM
with a specific concentration of quinoline and the same
initial amount of the inoculum. All flasks were sealed
with sealfilm and shaken at 30°C, 180 rpm, and
sampled periodically. For GC/MS, quinoline, NH3—
N, NO; -N, and NO, -N analysis, a portion of
samples was filtered through a 0.22 pm membrane.
ODg, values were also measured against time.

Qualitative analysis for metabolic products

Possible metabolites were analyzed with GC/MS
(Agilent 6890 N GC/5973 MSD, DB-5MS narrow
bore column, 30 m x 0.25 mm x 0.25 pm), and the
samples were extracted with dichloromethane and dried
over anhydrous Na,SO,. Helium was used as the carrier
gas. The oven temperature was programmed at 40°C for
2 min, followed by a linear increase of 6°C min~! to
280°C, holding at 280°C for 3 min. MS analysis was
performed at electron energy of 70 eV. The structures
of metabolites were confirmed from the fragmentation
patterns of the mass spectra, through comparison with
those predicted for known compounds.

The Ammonium-Testkit QUANTOFIX (Sigma-
Aldrich, Germany) was used to determine the pres-
ence of NH; and the approximate range of its
concentration during the biodegradation.

Above qualitative results of metabolic products was
verified by PCR amplification of specific degradation
gene fragments that encode quinoline degradation.
Based on the characteristics and PCR primers of
quinoline-degrading gene fragments of Pseudomonas
putida 86 (Rosche et al. 1997; Carl et al. 2004), the
gorL and 0x00, oxoR were amplified from the total
DNA of strain BCOO1. The primer pairs were:

gorL-f: GCTCTAGAAGGATTTCCCCTTCACC
AAC

gorL-r: GCTCTAGATGGATCACCACATCGC
TG

0x00-f: GCTCTAGACTACCGACGAAGACCGC
0x00-r: GCTCTAGAGCTTGAAGATCAGGC
TGG

oxoR-f: GCTCTAGAAAGCGTTGTTCAGCCTGG
oxoR-1: GCTCTAGATCAGTGGCTGGCGACAA

The PCR thermal program was set as 94°C for
2 min, followed by 30 cycles at 94°C for 40 s, 62°C
for 40 s, and 72°C for 40 s, followed by a final
extension performed at 72°C for 7 min and then kept
at 4°C. Takara Taq hot-start polymerase (Takara,
Japan) was used for the PCR reaction. After purified,
PCR products were sequenced directly on both
strands. The sequences were edited by the software
BioEdit and assembled by the software Vector NTI
suite 7, then analyzed for similarity to other published
sequences by using BLAST program in the GenBank
database.

Quantitative analysis of metabolic products

After qualitative analysis, quinoline and its organic
intermediates, 2-hydroxyquinoline and 2,8-dihydr-
oxyquinoline, were analyzed during the quinoline
biodegradation process by a high performance liquid
chromatography (HPLC) system (Shimadzu LC10
ADvyp, SPD10Ayp UV-Vis Detector; Rheodyne 77251
manual injector; Diamonsil C,g reverse-phase column,
250 mm x 4.6 mm, 5 pm). For quinoline detection,
the mobile phase was methanol solution at a volume
ratio of 4:1 (methanol:water) at the flow rate of
1.0 ml min~"', and quinoline was detected at 275 nm
(high concentration) or 230 nm (low concentration)
wavelength. For 2-hydroxyquinoline and 2, 8-dihydr-
oxyquinoline detection, the mobile phase was meth-
anol solution with the volume ratio of 35:65
(methanol:water) at the flow rate of 1.5 ml min_l,
and the wavelength was 254 nm.

The inorganic products including NH3-N, NO;™
—-N, and NO, -N were measured during the biodeg-
radation process in two media, MSM and MSM plus
glucose. NH;—N concentrations were analyzed by the
salicylate-hypochlorous acid method, NO, —N by
N-1-naphthyl-ethylenediamine method, and NO3; -N
by UV-spectrophotometric determination (State Envi-
ronmental Protection Administration of China 1989;
USEPA 2003). Sometimes, the concentration of
NO;3; -N was also determined by a HACH DR/890
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colorimeter with NitraVer Test N Tube™ for nitrate
(Hach Company, USA).

The growth of the bacterial strain was monitored
by ODggp. Cell dry weight (CDW, g/lI) was deter-
mined gravimetrically by drying harvested cells in an
oven at 105°C for 24 h after centrifugation and
washing with sterilized ddH,O. A linear equation was
found between the ODgq, value and the correspond-
ing CDW. So, biomass was determined by converting
the ODgq, value to CDW according to this equation.

Nitrification and denitrification potential

Three kinds of media were used. The MSM +
NH4CI + glucose medium was used for the determi-
nation of nitrification potential. MSM + KNO; + glu-
cose and MSM + KNO, + glucose were used to
assess the denitrification potential. A series of 500-ml
Erlenmeyer flasks, each containing 200 ml of one of
the three media was used. The initial C/N ratios of the
three media were all kept at 20:1. NH3-N, NO; —-N
and NO, -N were measured in the MSM +
NH,4CI + glucose medium; NO; -N and NO, -N
were measured in the MSM + KNOj; + glucose
medium; and NO, —N was measured in the MSM +
KNO, + glucose medium.

From the total DNA of strain BCOO1, two gene
fragments encoding cytochrome cd;-containing
nitrite reductase (nirS) and nitrous oxide reductase
(nosZ), which participate in denitrification, were
amplified with the following primers (Rosch et al.
2002):

nirS-F: 5 CACGGYGTBCTGCGCAAGGGCGC 3
nirS-R: 5 CGCCACGCGCGGYTCSGGGTGGTA
3/

nosZ-F: 5 CGYTGTTCMTCGACAGCCAG 3’
nosZ-R: 5 CATGTGCAGNGCRTGGCAGAA 3

The Takara Tag hot-start polymerase (Takara,
China) was used for the PCR reaction. The PCR
program was set as described by Rosch et al. (2002),
except that the denaturation temperature was set at
94°C. Negative controls without DNA template were
performed at the same time. The PCR products were
separated by 1% agarose gel electrophoresis and
stained by SYBR Safe DNA gel stain (Molecular
Probes, USA). The target DNA fragments were
purified and cloned into pGEM-T Easy vectors. The
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recombinant plasmids were transfected into compe-
tent E. coli TOP10 and sequenced. The nirS and nosZ
DNA sequences were analyzed for similarity to other
published sequences in the GenBank database by
using BLAST program.

Results
Qualitative analysis of metabolic products
GC/MS analysis of metabolic products

GC/MS analysis detected two metabolic intermedi-
ates, which were more than 90% identical to the
standard MS chromatogram of authentic 2-hydroxy-
quinoline and 8-hydroxycoumarin, during the bio-
degradation.

PCR amplification of gene fragments encoding
degradation

After sequencing, a 368 bp gorL fragment, a 271 bp
0x00 fragment, and a 267 bp oxoR fragment were
amplified from the total DNA of BCOO1. The lengths
of PCR products were similar to the PCR gene
fragment lengths of the Pseudomonas putida
86-derived PCR products from the same primer pairs
(Carl et al. 2004). From the GenBank BLAST
program, the gorL, 0oxoO, and oxoR fragments were
98%, 99%, and 100% identical to those of P. putida
86, respectively. The QorL protein catalyses the
transformation from quinoline to 2-hydroxyquinoline,
and the OxoO and OxoR proteins catalyse the trans-
formation from 2-hydroxyquinoline to 2,8-dihydroxy-
quinoline. These results indicated that the metabolic
intermediates of quinoline by BCO0O0I included 2-
hydroxyquinoline and 2,8-dihydroxyquinoline.

NH,;" determination

The concentration of NH," increased along with the
biodegradation of quinoline, and finally reached a
stable level. Hence, NH; was identified as a final
metabolic product of quinoline by BC001.

From above results, the biodegradation pathway of
quinoline by BC001 can be described as follows:
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Quantitative analysis for metabolic products
Organic intermediates

The 2-hydroxyquinoline and 2,8-dihydroxyquinoline
concentrations increased during the catabolism of
quinoline (Fig. 1). The yield of 2-hydroxyquinoline
was much higher than that of 2,8-dihydroxyquinoline,
indicating that 2-hydroxyquinoline was the initial
product. From the results of the BC001 growth, the
biomass continued to increase rapidly when the
biodegradation of quinoline nearly ended, because
that BCOO1 can continuously utilize the 2-hydroxy-
quinoline and 2,8-dihydroxyquinoline. When 2,8-
dihydroxyquinoline decreased completely, the growth
of the BCOO1 entered the stationary phase (32 h).
That is why the time point of the quinoline biodeg-
radation was not identical to the bacterial growth.
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Fig. 1 Quantitative analysis of the organic intermediates
during the biodegradation of quinoline by BCO001. (square)
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This experiment focused on the variation of NH3;-N
transformed from quinoline under different C/N
ratios (g/g) of two media, MSM and MSM plus
glucose (Fig.2). In MSM alone (Fig. 2a), the

(a)
60 0.40
0.35
50|
T 0.30
(2]

40 P
£ 025 =
[= (=]
S -
B 30 020 &
= 1]
5 3

0.15 O
2 20} [
8
> 0.10
10}
0.05
0 ‘ 0.00
0 10 20 30 40 50 60
Time (h)
(b)
60 0.60
1050
g 1040 ~
c ()]
S -
=
g 1os0 @
5 §
e lo20 @
[]
o
=
0.10
- 0.00
0 10 20 30 40 50 60

Time (h)

Fig. 2 The variation of NH3-N in two media. a Single
substrate-505 mg/l quinoline. b Substrate mixture-511 mg/l
quinoline + 1874 mg/1 glucose. (square) Quinoline-N (sterile
control), (filled square) Quinoline-N, (filled triangle) NH;—N,
(triangle) Biomass
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concentration of NH3—N increased continuously dur-
ing the biodegradation of quinoline. When the
biodegradation entered the slow phase, the concen-
tration of NH3—N continued to increase since the 2-
hydroxyquinoline was still available for use by
BCOO01. Finally, the concentration of NH3;—N reached
a stable level. At least 40.4% of the quinoline-N was
transformed into NH;—N.

In MSM plus glucose (Fig. 2b), the concentration
of NH3—N also increased during the biodegradation
of quinoline. After reaching a maximum of 15.2 mg/
1, the concentration of NH;—N dropped quickly. The
production of NH3;-N was lower than that in MSM
alone. Since quinoline is an energy-deficient substrate
as its C/N ratio is 7.7, the extra NH3;-N was not
utilized sequentially by BCOO1 when the available
carbon source was exhausted in MSM. So, the
metabolism of the bacteria stopped when the C
source in MSM was exhausted. However, in MSM
plus glucose, glucose supplied enough carbon source
and energy to the bacteria. The ratio of C/N in the
solution was 20. The biodegradation exhibited was a
co-metabolic process of quinoline and glucose. The
bacteria utilized carbon not only from quinoline but
also from glucose. The lower yield of NH3;—N in the
solution of MSM plus glucose was probably caused
by a greater proportion of the quinoline-N being
synthesized by the bacterial cells due to the addition
of glucose. In addition, although glucose did not
increase the biodegradation rate, the bacterial growth
was markedly improved, as reflected by the growth
rate and final biomass. The results also demonstrated
that the NH3;-N transformed from quinoline was
utilized by BCOO01.

During the biodegradation in above two media,
NO; -N and NO, -N were also determined. The
concentration of NO, —N ranged from 0 to 0.1 mg/I,
and the concentration of NO3; —N varied from 0 to
1 mg/l during the biodegradation in both media.

Nitrification potential

In order to demonstrate the nitrification ability of
BCO001, MSM + NH,CI + glucose was used as the
growth medium. As shown in Fig. 3a, when the
initial NH3—N concentration was 74.87 mg/1, BCOO1
reduced it by 98.7% within 10 h. But when the initial
concentration was increased to 170.53 mg/l, 67.4%
was reduced within 12 h, and then the biodegradation
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Fig. 3 Utilization of NH,* with two different initial concen-
trations, 170.53 and 74.87 mg/l (NH;-N), by BC001 (glucose
is the carbon source). a The transformation of NH3-N (filled
square) 170.53 mg/l and (filled triangle) 74.87 mg/l; and the
product of NO;~ (square) 170.53 mg/l and (triangle)
74.87 mg/l. b The growth of BCO01 (filled square)
170.53 mg/l and (filled triangle) 74.87 mg/l

entered the stagnant phase, which indicated that the
intermediate inhibited growth.

During the biodegradation, BC0O01 transformed
NH," into NO;~ (Fig. 3a). Up to a maximum of
4.6 mg/l NO;~ was detected in MSM +74.87 mg/1
NH3-N + glucose, and 2.5 mg/l NO3;~ was detected
in MSM + 170.53 mg/l NH3-N + glucose. More-
over, the NO3;~ was produced after a lag, not at the
beginning of biodegradation, indicating that the NO, ™
was the initial product. We also found that a little
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NO,~ was produced. Up to 0.05 mg/l NO,~ was
detected in the medium containing 74.87 mg/l NH3-N,
and up to 0.09 mg/l NO,™~ was detected in the medium
containing 170.53 mg/l NH;-N. Each experiment was
repeated twice, and similar results were obtained.

BCO01 grew rapidly while the concentration of
NH,* decreased (Fig. 3b), which indicated that
BCO001 utilized glucose and NH, " as C and N sources
for its growth.

Based on the above results, most of the NH," was
utilized by BCO001 for its growth, and a little was
transformed into NO,~ and NO;™.

Denitrification potential
Product analysis
In order to demonstrate the denitrification potential of

BC001, MSM + KNOj + glucose and MSM +
KNO, + glucose were used as media for bacterial

(a) growth.
120 010 At52 h, 98.5% NO; ™~ was reduced when the initial
NO;™ concentration was 109.69 mg/l (NO3; -N), and
100 lo.08 97.9% was reduced when the initial concentration
was 56.57 mg/l (NO; —N) (Fig. 4a). Some NO,™ (0—
— 80 o 0.1 mg/l) was produced in both media during the
> 1008 > biodegradation. The concentration of NO, —N in
> 60} g both media were increased at first, and then
'('5, lo.04 é: decreased. BCOO1 utilized NO3™ as the sole N source
Z 4! =z for its rapid growth (Fig. 4b).
10.02
A Table 1 Utilization of NO,~ by BC001
NO, -N (mg/l) Biomass (g/1)
0 . . . " 0.00
0 10 20 30 40 50 60 0 day 5 days 0 day 5 days
Time (h)
(b) 5093 £ 0.52 0.25 £ 0.04 0.053 + 0.001 0.376 + 0.016
1.0

Biomass (g I™)

0 10 20 30 40 50 60
Time (h)

Fig. 4 Utilization of NO3~ with two different initial concen-
trations, 109.69 and 56.57 mg/l (NO3; —-N), by BC001 (glucose
is the carbon source). a The transformation of NO; —N (filled
square) 109.69 mg/l and (filled triangle) 56.57 mg/l; and the
product of NO,~ (square) 109.69 mg/l and (triangle)
56.57 mg/l. b The growth of BCO01 (filled square)
109.69 mg/l and (filled triangle) 56.57 mg/1

Fig. 5 PCR amplification of the fragments of nirS and nosZ
genes from the Pseudomonas sp. BCOO1. M, the molecular size
markers, with the size of 300, 500, 700, 900, 1200 bp from
bottom to top; lane 1, negative control of nirS gene; lane 2,
nirS gene; lane 3, negative control of nosZ gene; lane 4, nosZ
gene
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The above results show that most of the NO3;~ was
utilized by BC001 for its growth, and a little of it was
transformed into NO, ™.

We also found that BCOO1 utilized NO,~ as the
sole N source for its growth (Table 1). Since
detection of N, in minimal amount is difficult, we
applied molecular biology to determine whether
BCO001 can transform NO, ™ into N».

PCR amplification

From the above results, we suspected that BCOO1 is a
denitrifying bacterium. Using published primers
(Rosch et al. 2002), a 702 bp nirS fragment and a
701 bp nosZ fragment were amplified from the
BCO001 genetic template (Fig. 5). The lengths of nirS
and nosZ were close to the expected lengths (700 bp).
Using the GenBank BLAST program, we found that
the nirS fragment from BCO01 is 85% identical to
that of Pseudomonas aeruginosa (X16452), and the
nosZ fragment from BC001 is 80% identical to that of
P. aeruginosa (X65277). These results indicated that
BCO001 had the potential ability to reduce NO,™ to
NO, and then to N,.

Discussion

Our main finding was that 2-hydroxyquinoline, 2,8-
dihydroxyquinoline, and 8-hydroxycoumarin are
organic intermediates during the biodegradation of
quinoline by BCO001. This pathway was partly
described in previous studies of quinoline-degrading
Pseudomonas strains (Shukla 1986, 1989; Kilbane
et al. 2000; Carl et al. 2004). According to Shukla
(1986), 8-hydroxycoumarin is subsequently trans-
formed into 2,3-dihydroxyphenylpropionic acid, and
finally to CO, and H,O; also, quinoline-N is trans-
formed into NH3;-N. The latter result has been
reported in other genera of bacteria (O’Loughlin
et al. 1996; Sugaya et al. 2001).

AMO,

So far, few reports have focused on the variation of
intermediates’ concentration during quinoline bio-
degradation. Our quantitative analysis of the two
intermediates revealed that most of the quinoline was
first transformed into 2-hydroxyquinoline. Since a
low level of 2,8-dihydroxyquinoline was accompa-
nied by a rapid increase in NH3—N, we conclude that
2-hydroxyquinoline was converted to 2,8-dihydroxy-
quinoline, which was immediately and rapidly trans-
formed into 8-hydroxycoumarin and ammonium.

In addition, few studies have considered the
complete transformation of N in quinoline. Our study
demonstrated that the final product was mainly NH3—
N in quinoline biodegradation in MSM alone, and its
concentration remained much higher when the avail-
able organic matter was degraded completely at last.
When glucose was added, the yield of NH5;-N was
reduced notably. Therefore, if optimal C/N ratio is
provided, NH5-N as well as quinoline and its meta-
bolic products can be completely eliminated.
Although the production of NH;-N was recognized
in previous studies, other nitrogenous intermediates
were seldom considered. In this study, the appearance
of NO, and NO;™ indicated that some NH;—N was
transformed into NO,~ and NO; . The results of
product analysis, when using NH," as sole N source,
also support this argument. Some strains of Pseudo-
monas are heterotrophic nitrifiers (Robertson et al.
1989; Wehrfritz et al. 1996; Jetten et al. 1997,
Nemergut and Schmidt 2002), which can heterotro-
phically transfer NH; to NH,OH, and then to NO, ™ by
ammonia monooxygenase (AMO) and hydroxylamine
oxidase (HAO). Heterotrophic nitrification may be
linked to aerobic denitrification, i.e., the nitrate
produced though nitrification is converted to N, via
nitric oxide and nitrous oxide (Wehrfritz et al. 1993;
Crossman et al. 1997). The product analysis showed
that BCOO1 utilized NO3~ as a N source for growth,
and transformed some NO;~ into NO, . Further,
NO,™ can also be converted by BC0O01. Our PCR
analysis showed that some NO,  was finally

NIR NOS

Quinoline-N— NH; 2M% NH,0H HAS NO,, N0y MRy NO, N,0 Y95, N,

Fig. 6 Proposed transformation pathway of the nitrogen from
quinoline by BC0OO01. Note: 1. Most NH3—N was reserved when
biodegradation occurs with quinoline as sole substrate. On the
contrary, NH3-N was transformed into the following
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compounds if extra carbon source was supplied. 2. The
abbreviations above the arrows represent the necessary
enzymes relative to the transformation
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transformed into N, since the nirS and nosZ genes
were found in BCOO1.

These results indicated that BCOO1 can transform a
portion of NH3 into NO3; ™ and NO,, then to N, at last.
Compared with another quinoline-degrading bacte-
rium of Pseudomonas sp. in our laboratory which has
only nitrification potential (Sun et al. 2009), the strain
BCO001 accomplished heterotrophic nitrification and
aerobic denitrification simultaneously. The BCO001
could utilize quinoline-N thoroughly if proper extra C
source was provided. The aerobic biodegradation
pathway of quinoline-N by BC001 could be described
as Fig. 6. The enzyme and functional gene of the first
step is still obscure, but other enzymes and genes
involved in the transformation of NH; and following
products are clearly detected.

In addition, previous studies found that the quin-
oline degradation genes may locate in the plasmids of
the strains (Aislabie et al. 1990; Sun et al. 2009). But
this study demonstrated that the degradation genes
were all located in the chromosome as no plasmid
was observed in the strain BCOO1.

Pseudomonas strains can utilize a large number of
organics as its carbon or nitrogen source, since it is an
important genus among the environmental microor-
ganisms. In the bioaugmentation experiment carried
out in our laboratory, the addition of BC0O1 to coking
wastewater containing 200 mg/l quinoline in a
sequence batch reactor (SBR), proved that the quinoline
was removed efficiently (data not shown). This implies
that the quinoline pollution can be solved by applying
the degrading-bacteria in the treatment system.
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