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Abstract
Bacterial strain Enterobacter aerogenes TJ-D capable of utilizing 2-methylquinoline as the sole carbon and energy source was isolated
from acclimated activated sludge under denitrifying conditions. The ability to degrade 2-methylquinoline by E. aerogenes TJ-D was
investigated under denitrifying conditions. Under optimal conditions of temperature (35°C) and initial pH 7, 2-methylquinoline of
100 mg/L was degraded within 176 hr. The degradation of 2-methylquinoline by E. aerogenes TJ-D could be well described by
the Haldane model (R2 > 0.91). During the degradation period of 2-methylquinoline (initial concentration 100 mg/L), nitrate was
almost completely consumed (the removal efficiency was 98.5%), while nitrite remained at low concentration (< 0.62 mg/L) during the
whole denitrification period. 1,2,3,4-Tetrahydro-2-methylquinoline, 4-ethyl-benzenamine, N-butyl-benzenamine, N-ethyl-benzenamine
and 2,6-diethyl-benzenamine were metabolites produced during the degradation. The degradation pathway of 2-methylquinoline by
E. aerogenes TJ-D was proposed. 2-Methylquinoline is initially hydroxylated at C-4 to form 2-methyl-4-hydroxy-quinoline, and
then forms 2-methyl-4-quinolinol as a result of tautomerism. Hydrogenation of the heterocyclic ring at positions 2 and 3 produces
2,3-dihydro-2-methyl-4-quinolinol. The carbon-carbon bond at position 2 and 3 in the heterocyclic ring may cleave and form
2-ethyl-N-ethyl-benzenamine. Tautomerism may result in the formation of 2,6-diethyl-benzenamine and N-butyl-benzenamine. 4-
Ethyl-benzenamine and N-ethyl-benzenamine were produced as a result of losing one ethyl group from the above molecules.

Key words: biodegradation; Enterobacter aerogenes TJ-D; 2-methylquinoline; denitrifying conditions; activated sludge
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Introduction

Quinolines are typical N-heterocyclic aromatic compounds
widely existing in oil shale, coal processing, creosote
wood preservation and fossil fuel facilities (Pereira et al.,
1983; Godsy et al., 1992; Mundt and Hollender, 2005;
Padoley et al., 2008; Qiao and Wang, 2010). Moreover,
they are widely used as solvents in chemical industrial
processes such as the synthesis of quinoline dyes and
pharmaceuticals (Fetzner et al., 1998). Because of the lone-
pair electrons on N-atoms in the ring system, quinolines
and other N-heterocyclic compounds are more polar than
homocyclic analogues, and thus the water solubility of
wastes from these industries are markedly higher, resulting
in a lower tendency to be absorbed on organic constituents
of soil and aquifer materials. Quinolines have already
been documented as toxic pollutants by the United States
Environmental Protection Agency (Richards and Shieth,
1986) due to their carcinogenic and mutagenic properties

* Corresponding author. E-mail: liyongmei@tongji.edu.cn

(Wang et al., 2002; Neuwoehner et al., 2009; Bai et
al., 2010). Therefore, it is important to understand the
transport and fate of quinolines in the environment.

Considerable efforts have been invested in the isola-
tion of microorganisms capable of degrading quinolines.
Under aerobic conditions, Shukla (1984) isolated Pseu-
domonas sp. from sewage to degrade quinoline, and found
that 8-hydroxycoumarin was an important intermediate in
degradation by Pseudomonas sp. Aislabie et al. (1989)
successfully isolated an Acinetobacter strain from oil-
and creosote-contaminated soils to degrade isoquinoline.
Later, Aislabie et al. (1990) found that Pseudomonas
aeruginosa QP and Pseudomonas putida QP hydroxylated
a limited number of methylquinolines, but could not de-
grade them, nor could they transform 2-methylquinoline,
isoquinoline, and pyridine. Moreover, they found Pseu-
domonas sp. MQP could degrade 2-methylquinoline.
Pseudomonas aeruginosa QP was able to degrade or trans-
form quinoline and a few methylquinolines in a complex
heterocyclic nitrogen-containing fraction of a shale oil.
Sutton et al. (1996) isolated Pseudomonas putida QP from

http://www.jesc.ac.cn
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the consortium, which could utilize 4-methylquinoline
as the carbon source and energy source. During the
degradation of 4-methylquinoline by the isolated strain,
they found two important intermediates: 2-hydroxy-4-
methylquinoline and hydroxy-4-methylcoumarin. Kilbane
et al. (2000) isolated Pseudomonas ayucida IGTN9m
from petroleum-contaminated soil and water samples
utilizing quinoline as the sole nitrogen source but not
carbon source. They found that Pseudomonas ayucida
IGTN9m converted quinoline to 2-quinolinone and subse-
quently to 8-hydroxycoumarin. Moreover, they suggested
Pseudomonas ayucida IGTN9m was useful in petroleum
biorefining for selective removal of organically-bound
nitrogen from petroleum. In another study, Sugaya et
al. (2001) isolated Comamonas sp. TKV3-2-1 that uti-
lized quinoline as the sole carbon and nitrogen source.
The strain degraded quinoline to 2-hydroxyquinoline
and finally to water-soluble substances. Rhodococcus
sp. QL2 was another strain in activated sludge of a
coke plant wastewater treatment process (Zhu et al.,
2008). It utilized quinoline as the sole source of car-
bon, nitrogen and energy. The quinoline degradation
pathway by Rhodococcus sp. QL2 was unique, via 5,
6-dihydroxy-1H-2-oxoquinoline and 8-hydroxycoumrain
pathways simultaneously. A Pseudomonas strain from
coking wastewater treatment plant also degraded quino-
line (Sun et al., 2009) with at least 43% of quinoline
transformed into 2-hydroxyquinoline, of which 0.69%
was transformed into 2,8-dihydroxyquinoline, and then
presumably into 8-hydroxy-coumarin. Meanwhile, at least
48% of the nitrogen in quinoline was directly transformed
into ammonia-N. Addition of another carbon source en-
hanced nitrogen transformation from ammonia-N. The
study also indicated that quinoline and its metabolic prod-
ucts could be eliminated from wastewater by controlling
the COD/NO3

−-N ratio. Hund et al. (1990) and Bauer
et al. (1994) used Arthrobacter sp. Rü61a to degrade
2-methylquinoline, whereas Dembek et al. (1989) and
Bott et al. (1990) used Pseudomonas putida 33/1 to
degrade 2-methylquinoline. They found a similar degra-
dation pathway: 2-methylquinoline was first transformed
to 2-methyl-4(1H)-quinolinone, and then to 3-hydroxy-
2-methyl-4(1H)quinolinone, N-acetylanthranilic acid and
anthranilic acid, and finally to catechol. Under anaer-
obic conditions, Johansen et al. (1997) reported the
transformation of quinoline, isoquinoline, and 3-, 4-, 6-,
8-methylquinoline by Desulfobacterium indolicum (DSM
3383), while Reineke et al. (2008) observed the trans-
formation of 3-, 4-, 6-, 7- and 8-methylquinoline. They
both indicated that 2-methylquinoline was not degradable
under anaerobic conditions. However, our recent stud-
ies (Li et al., 2010; Wang et al., 2010) suggested that
2-methylquinoline could be transformed by acclimated
activated sludge under denitrifying conditions.

In this article, bacterial strain Enterobacter aerogenes

TJ-D capable of degrading 2-methylquinoline was isolated
from activated sludge that had already been acclimated un-
der denitrifying conditions for more than one year. It was
identified based on 16S rDNA sequencing analysis. The
degradation of 2-methylquinoline by the isolated strain
was investigated under denitrifying conditions and as ef-
fected by temperature and pH. At the optimal temperature
and pH conditions, nitrate and nitrite were traced dur-
ing the degradation of 2-methylquinoline simultaneously.
Moreover, we identified metabolites during the degrada-
tion of 2-methylquinoline under denitrifying conditions.

1 Materials and methods

1.1 Chemicals and culture medium

2,6-Diethyl-benzenamine was purchased from Chem
Service, Inc. (USA). 4-Ethyl-benzenamine, N-
ethyl-benzenamine and N-butyl-benzenamine were
purchased from Aldrich (USA). 1,2,3,4-Tetrahydro-2-
methylquinoline was purchased from Tokyo Chemical
Industry Co., Ltd. (Japan). The above chemicals were used
as standards for the identification of metabolites produced
during the biodegradation of 2-methylquinoline. 2-
Methylquinoline used for bacterial growth and degradation
experiments was purchased from Sigma Chemical Co.
(USA).

The strain was grown on mineral salt medium prepared
with distilled water and 2-methylquinoline as the sole
carbon and energy source under denitrifying conditions.
One liter of mineral salt medium (DMSM) contained 2.65
g KH2PO4, 4.26 g Na2HPO4·12H2O, 0.2 g MgSO4·7H2O,
0.02 g FeSO4·7H2O, 1.0 g NaCl and 1 mL of trace element
stock solution (0.2 g CaCl2, 0.002 g MnSO4·7H2O, 0.002
g ZnSO4·7H2O, 0.03 g CuSO4·7H2O, 0.09 g CoCl2·6H2O
and 0.06 g Na2MoO4· 2H2O per liter of distilled water).
NaNO3 was added according to the input concentration
of 2-methylquinoline, as the COD/NO3

−-N was controlled
at 25. The solid medium contained 1.5% (W/V) agar. All
media were sterilized at 121°C for 20 min before use.

1.2 Isolation of bacterial strain

The inoculant was obtained from an anoxic bioreactor
under denitrifying conditions (mixed liquor suspended
solid = 3150 mg/L) which had been operated for more
than one year with synthetic wastewater containing 2-
methylquinoline as the sole carbon source and nitrate
as the nitrogen source (Wang et al., 2010). The initial
enrichment culture was established in an Erlenmeyer flask
(500 mL) by inoculating 8 g activated sludge (wet weight)
with 250 mL sterilized DMSM containing 20 mg/L of 2-
methylquinoline on a rotary shaker at 30°C (150 r/min).
The Erlenmeyer flask was then sealed and the oxygen in
it was purged with high purity nitrogen for 20 min. After
the fourth day of incubation, 2-methylquinoline contained
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in the Erlenmeyer flask was degraded, and portions were
taken to fresh DMSM to continue the incubation. After six
more transfers at 96 hr intervals, the culture was purified
by serial streak plating onto solidified DMSM containing
2-methylquinoline of 20 mg/L. Finally, a pure strain was
obtained and named TJ-D.

1.3 16S rDNA sequencing and phylogenetic tree analy-
sis

The DNA of the isolate was extracted using a commercial
genomic DNA extraction kit (BioTeke Corp., China).
The isolated genomic DNA was stored at –20°C for
further experiments. Afterward, this genomic DNA was
used for 16S rDNA analysis. 16S rDNA of the strain
was amplified from the bacterial genomic DNA by a
polymerase chain reaction (PCR) using universal primers
of 5′-GAGCGGATAACAATTTCACACAGG-3′ and 5′-
CGCCAGGGTTTTCCCAGTCACGAC-3′. The PCR am-
plification condition was as follows: each PCR mixture (50
µL) contained 1 µL of primers, 25 µL of PCR premix, 1 µL
of 5 units DNA polymerase, and 23 µL of DNA-free grade
water. The PCR was performed in a TaKaRa Thermal
Cycler Dice TP600 (TaKaRa BIO Inc., USA) and consisted
of a denaturation step at 94°C for 5 min, 30 amplification
cycles of 94°C for 1 min, 55°C for 1 min and 72°C for
1.5 min, followed by a final extension at 72°C for 5 min.
The PCR products were visualized on 1.0% agarose gels
and the products were excised with TaKaRa Agarose Gel
DNA Purification Kit Ver. 2.0 following the manufacturer’s
instructions. The PCR products were cloned in an ABI
PRISMTM 3730XL DNA Sequencer (Applied Biosystems,
USA) following the manufacturer’s instructions.

The sequences of the strain TJ-D were compared with
other related sequences available in National Center for
Biotechnology Information (NCBI) databases using the
BLAST program (Altschul et al., 1997). Furthermore, the
sequences of the strain TJ-D were aligned with closely
related sequences found in NCBI using CLUSTAL X, and
then calculated using the MEGA 4.0 program. Phyloge-
netic tree analysis was performed using neighbor-joining
methods (Saitou and Nei, 1987).

1.4 Effects of temperature and initial pH on the
biodegradation of 2-methylquinoline by the isolate

Effects of temperature and initial pH on the biodegradation
of 2-methylquinoline by the isolate were investigated using
500 mL Erlenmeyer flasks. For the degradation test using
anoxic isolate (the initial optical density at 600 nm (OD600)
of the inoculants was 0.018), 380 mL DMSM containing
50 mg/L of 2-methylquinoline was added to each flask.
The flasks were sealed with Teflon-coated silicone septa
and oxygen was purged with nitrogen. At the initial pH of
7.0, the effect of temperature on the biodegradation of 2-
methylquinoline was examined at 20, 25, 30, 35, and 40°C.
Then at the optimal temperature, the effect of the initial pH

was investigated at 5.0, 6.0, 7.0, 7.5, 8.0 and 9.0.
After the optimal temperature and initial pH were

determined, the degradation rates for 2-methylquinoline
by TJ-D were measured under denitrifying conditions.
2-Methylquinoline was spiked into the flasks with the
initial concentrations of 20, 40, 60, 80 and 100 mg/L,
respectively.

1.5 Analytical methods

To determine the concentration of 2-methylquinoline and
the growth of microorganisms, 10 mL of the suspension
was taken from each flask at the sampling time using
a sterilized syringe. Seven milliliters of the sample was
transferred to a gas-tight centrifuge tube and centrifuged
at 10000 r/min for 10 min. The supernatant was filtered
through a 0.45 µm membrane and 6 mL of the filtrate was
transferred to another gas-tight tube for extraction with
dichloromethane. The extractions were conducted using
2 mL dichloromethane each time, and the organic phase
from all three exactions withdrawn using a syringe was
mixed. The extract was then analyzed with a gas chromato-
graph (GC, Agilent 6890N). The remaining 3 mL of the
suspension sample was used for determining the growth
of organisms, which was measured by monitoring OD at
600 nm using a spectrophotometer (UV-2600A, Unico,
USA). Nitrite and nitrate measurements were performed
according to Li et al. (2010).

To trace metabolites during the degradation of 2-
methylquinoline, samples (20 mL) were withdrawn
periodically (sampling times were 26, 72, 116 and
176 hr under denitrifying conditions) and extracted
with dichloromethane three times (6, 7 and 7 mL
dichloromethane each time). The extracts were then
dried using high purity nitrogen, dissolved in 0.5 mL
dichloromethane, and finally analyzed using a Thermo
Focus DSQ gas chromatograph coupled with a mass
spectrometer (GC-MS). The method of GC-MS analysis
was the same as Wang et al. (2010). The mass spectral
library database of the National Institute of Standards and
Technologies was used to identify compounds from the
mass fragment patterns obtained from the GC-MS analy-
sis. Fragment patterns were verified using commercially
available standard chemicals.

2 Results and discussion

2.1 Identification of the isolated strain TJ-D degrading
2-methylquinoline

The isolated strain TJ-D was a gram-negative and rod-
shaped species. Based on the 16S rDNA sequence
amplification and compared with sequences published in
the GenBank database, the strain TJ-D was 100% similar
to Enterobacter aerogenes CTSP48 (EU855221.1). The
phylogenetic tree of TJ-D was constructed in Fig. 1. The
final sequence of 16S rDNA from Enterobacter aerogenes
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  Enterobacter aerogenes TJ-D (FJ796202) 

 Enterobacter aerogenes CTSP48 (EU855221.1) 

 Enterobacter aerogenes  HK 20 -1(AY335554.1)

 Enterobacter sp. TUT1390 (AB308444.1) 

 Enterobacter aerogenes WAB1906 (AM184247.1) 

 Enterobacter aerogenes RW9516 (AM93 3751.1)  

 Enterobacter aerogenes  NC4211 (AB244472.1)
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Fig. 1 Phylogenetic tree based on the 16S rDNA sequence of Enterobacter aerogenes TJ-D with other reference sequences. The numbers at the forks
indicate the bootstrap values in percentage. Bars indicate the nucleotide difference per sequence position. The accession numbers of the sequences are
given in parentheses.

TJ-D was submitted to the GenBank under the accession
number assigned FJ796202.

2.2 Effect of temperature and initial pH on the
biodegradation of 2-methylquinoline by TJ-D

Figure 2a shows the effect of temperature on the biodegra-
dation of 2-methylquinoline by E. aerogenes TJ-D under
denitrifying conditions. When the temperature was in the
range of 20°C–40°C, 2-methylquinoline was well trans-
formed under denitrifying conditions. It needed 126, 116,
96, 80 and 88 hr to remove 95% of 2-methylquinoline
when the temperature was at 20°C, 25°C, 30°C, 35°C, and
40°C, respectively. The corresponding degradation rate
was 0.0304, 0.0344, 0.041, 0.0509 and 0.0454 hr−1 when
the temperature was at 20°C, 25°C, 30°C, 35°C, and 40°C,
respectively. The results revealed that E. aerogenes TJ-
D was mesophilic bacteria. The optimal temperature was
35°C for E. aerogenes TJ-D. This result is consistent with

other researchers (Zhu et al., 2008), who concluded that
mesophilic bacteria had advantages in degrading quino-
lines.

Figure 2b shows the effect of initial pH on the biodegra-
dation of 2-methylquinoline by E. aerogenes TJ-D under
denitrifying conditions. It was found that the proper initial
pH range was 6-8 for 2-methylquinoline degradation by E.
aerogenes TJ-D under denitrifying conditions. When the
initial pH was 6, 7, 7.5 and 8, the removal efficiencies
of about 96% were reached at the reaction times of 106,
80, 88 and 96 hr, respectively. At the initial pH of 5 and
9, 156 and 126 hr was required to remove 90% of the 2-
methylquinoline. These results are similar to other studies,
in which pure cultures were used (Kilbane et al., 2000; Zhu
et al., 2008; Sun et al., 2009). The optimal pH was found
to be between 6.5 and 7 when quinoline was degraded by
Pseudomonas ayucida IGTN9m (Kilbane et al., 2000) or
6–8 when it was degraded by Rhodococcus sp. (Zhu et al.,
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Fig. 2 Effect of temperature (a) and initial pH (b) on the biodegradation of 2-methylquinoline by E. aerogenes TJ-D under denitrifying conditions.

http://www.jesc.ac.cn


jes
c.a

c.c
n

1314 Journal of Environmental Sciences 2013, 25(7) 1310–1318 / Lin Wang et al. Vol. 25

2008) or Pseudomonas (Sun et al., 2009).

2.3 Biodegradation of 2-methylquinoline at optimal
temperature and initial pH

Degradation of 2-methylquinoline by E. aerogenes TJ-
D at the optimal temperature and initial pH is shown in
Fig. 3a. The isolate started with a lag due to adapting to
the new environment, quickly followed by rapid degra-
dation of 2-methylquinoline. The degradation rate by E.
aerogenes TJ-D was slow. Under denitrifying conditions,
E. aerogenes TJ-D degraded 2-methylquinoline of 20, 40,
60, 80 and 100 mg/L in 42, 66, 96, 126 and 176 hr,
respectively. The removal efficiencies were 95.1%, 97.5%,
97.6%, 98.6% and 98.6% for these initial concentrations,
respectively.

The growth of the isolate was also determined dur-
ing the degradation of 2-methylquinoline (Fig. 3b). The
biomass increased with decreasing concentration of 2-
methylquilonline under denitrifying conditions. At higher
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Fig. 3 Degradation of 2-methylquinoline (a) and the variation of growth
of E. aerogenes (b), 2-methylquionoline, nitrate and nitrite (c) under
denitrifying conditions. C is actual 2-methylquinoline concentration, and
C0 is initial 2-methylquinoline concentration. Experimental condition:
temperature 35°C; pH 7; initial 2-methylquinoline concentration 100
mg/L.

2-methylquinoline concentrations, the lag phases were also
extended, demonstrating a positive correlation between
biomass and 2-methylquinoline degradation. The initial
biomass of E. aerogenes TJ-D was very low, and increased
slowly at first. After a period of acclimation, it grew
exponentially. The results also indicated that the maxi-
mum biomass concentration rose with the increase of the
substrate concentration. When the initial concentration of
2-methylquinoline was 100 mg/L, OD600 of the maximum
biomass concentration was 0.584 under denitrifying con-
ditions.

It appeared that E. aerogenes TJ-D under denitri-
fying conditions had strong degradation potential for
2-methylquinoline. Haldane inhibition kinetics was used
to describe the substrate degradation:

r =
rmaxS

Ks + S + (S 2/Ki)
(1)

where, r (mg/(L·hr)) is the substrate degradation rate; rmax
(mg/(L·hr)) is the maximum substrate degradation rate; S
(mg/L) is the substrate concentration; Ks (mg/L) is the half
saturation constant; Ki (mg/L) is the substrate inhibition
constant.

Table 1 shows the kinetic parameters simulated using
the experimental data. It appeared that the experimental
results could be well described by the Haldane model (R2

> 0.92).
From former research (Li et al., 2010), we found

that COD/NO3
−-N influenced the degradation of 2-

methylquinoline, and the optimal COD/NO3
−-N ratio was

between 21 and 26. Therefore, the COD/NO3
−-N ratio

was controlled at 25. When 2-methylquinoline was at
20, 40, 60, 80 and 100 mg/L, the initial nitrate was
2.10, 4.17, 6.23, 8.25, and 10.54 mg/L, respectively. It
was found that at the optimal COD/NO3

−-N ratio, nitrate
reduction had no relationship with the initial concentration
of 2-methylquinoline. Taking the initial concentration of
2-methylquionoline of 100 mg/L as an example, concen-
tration profiles of 2-methylquinoline, nitrate and nitrite are
illustrated in Fig. 3c. Along with the degradation of 2-
methylquinoline, nitrate was almost completely consumed
(the removal efficiency was 98.5%), while nitrite remained
at low level (<0.62 mg/L) during the denitrification period.
This is likely a result of the low initial nitrate concentration
(10.54 mg/L) in the experiments.

2.4 Identification of metabolites of 2-methylquinoline
by TJ-D

In order to trace the metabolites during the degrada-
tion of 2-methylquinoline by E. aerogenes TJ-D under
denitrifying conditions, a much higher concentration of
2-methylquinoline (150 mg/L) was spiked initially in the
experiment. However, E. aerogenes TJ-D was inhibited,
and 2-methylquinoline could not be degraded. Therefore,
2-methylquinoline was spiked at 100 mg/L in the exper-
iments. Several metabolites were detected in the sample
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taken at 116 hr using GC-MS and the total ion chro-
matogram (TIC) is shown in Fig. 4a. Based on the National
Institute of Standards and Technologies Library, they were
identified as 1,2,3,4-tetrahydro-2-methylquinoline, 2,6-
diethyl-benzenamine and its isomer N-butyl-benzenamine,
4-ethyl-benzenamine and its isomer N-ethyl-benzenamine.
These compounds were confirmed by comparison with
standard chemicals under the same analytical conditions.
Figure 4b, c shows the mass spectrum of metabolites
N-butyl-benzenamine and N-ethyl-benzenamine produced
during the degradation and their corresponding authen-
tic standards. N-butyl-benzenamine was characterized by
an M+, peak at m/z 149, a base peak at m/z 106 (M-
CH3CHO) and the other main peak at 77 (C6H5

−). The

Table 1 Kinetic parameters of the Haldane inhibition model for the
biodegradation of 2-methylquinoline using E. aerogenes TJ-D

2-Methylquinoline E. aerogenes TJ-D
concentration Haldane’s model
(mg/L) rmax Ks Ki R2

(mg/(L·hr)) (mg/L) (mg/L)

20 0.035 31.63 135.58 0.9459
40 0.031 32.48 128.84 0.9211
60 0.029 32.67 143.44 0.9662
80 0.031 30.83 137.16 0.9188
100 0.033 27.66 130.27 0.9607

mass spectrum of N-ethyl-benzenamine was character-
ized by an M+, peak at m/z 121, a base peak at m/z
106 (M-CH3), and other main peaks at m/z 91 (M-
2CH3) and 77 (C6H5

−). The mass spectrum of the other
three metabolites (1,2,3,4-tetrahydro-2-methylquinoline,
2,6-diethyl-benzenamine and 4-ethyl-benzenamine) and
their authentic standards were published previously (Wang
et al., 2010). However, N-butyl-benzenamine and N-ethyl-
benzenamine were not observed in the previous studies.

Figure 5 shows the peak area in TIC of the above
metabolites during the time course for 2-methylquinoline
degradation by E. aerogenes TJ-D under denitrifying con-
ditions. The concentration of N-butyl-benzenamine was
low during the entire degradation period. It was almost
undetectable in the final effluent at 176 hr, indicating its
rapid transformation. 4-Ethyl-benzenamine and its isomer
N-ethyl-benzenamine appeared soon after the degrada-
tion began, and reached a high level at 72 hr; they
could be well degraded in the subsequent degradation
period. Johansen et al. (1997) found 3,4-dihydro-6-
methylquinolinone and 3,4-dihydro-8-methylquinolinone
when using Desulfobacterium indolicum (DSM3383) to
degrade 6- and 8-methylquinoline, respectively; but they
did not find the degradation of 2-methylquinoline. They
found 2-ethyl-benzenamine was the metabolite of quino-
line. In our previous studies (Li et al., 2010; Wang
et al., 2010) we found the isomer 4-ethyl-benzenamine
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Fig. 4 (a) TIC of the sample taken at 116 hr during the degradation of 2-methylquinoline by E. aerogenes TJ-D under denitrifying conditions, (b) and
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Fig. 5 Peak area of 2-methylquinoline and its metabolites by E.
aerogenes TJ-D under denitrifying conditions during degradation. The
initial concentration of 2-methylquinoline was 100 mg/L.

as the metabolite of 2-methylquinoline for the first
time. In this study, we detected another isomer, N-
ethyl-benzenamine, as a metabolite of 2-methylquinoline.
These results indicate that ethyl-benzenamines may be
common metabolites of quinolines. Of all the metabo-
lites, 2,6-diethyl-benzenamine and 1,2,3,4-tetrahydro-2-
methylquinoline accumulated to the highest level at 116
hr, and then decreased afterwards. However, they remained
in the final effluent, suggesting their persistency in the
environment. The recalcitrant characteristics of 1,2,3,4-
tetrahydro-2-methylquinoline were consistent with our
previous studies (Li et al., 2010; Wang et al., 2010),
as it was also detected in the final effluent when 2-
methylquinoline was completely degraded by activated
sludge. However, our previous research (Wang et al., 2010)
found that 2,6-diethyl-benzenamine could be further trans-
formed and did not accumulate in the final effluent. That
might be due to some other strains capable of degrading
2,6- diethyl-benzenamine in the activated sludge.

Hund et al. (1990) and Bauer et al. (1994) detected 2-
methyl-4-quinolinol when using Arthrobacter sp. Rü61a to
degrade 2-methylquinoline. A number of other researchers
such as Pereira et al. (1983), Johansen et al. (1997),
and Reineke et al. (2008) found that 3-, 4-, 6-, 7- and
8-methylquinoline were also transformed to 2-hydroxy-
methylquinoline. Thus, methylquinolinol was an important
metabolite during the degradation of methylquinolines. In
our previous research (Wang et al., 2010) on the degra-
dation of 2-methylquinoline by activated sludge, we also
traced 2-methyl-4-quinolinol. However, in this study, it
was not detected. One possible reason is that the further
transformation of 2-methyl-4-quinolinol to other metabo-
lites by the pure strain was more rapid than by activated

sludge. Another reason might be that the sampling vol-
ume (20 mL) collected from the Erlenmeyer flask was
much less than that collected from the bioreactor (100
mL) with activated sludge, and thus the concentration of
metabolites after extraction was too low to be detected.
Nevertheless, we believe that 2-methylquinoline was ini-
tially hydroxylated at C-4 to form 2-methyl-4-quinolinol.
Hund et al. (1990) and Bauer et al. (1994) found that
2-methyl-4-quinolinol further underwent hydroxylation at
C-3 to form 3-hydroxy-2-methyl-4-quinolinol. However,
in our study, it seems 2-methyl-4-quinolinol was not
further oxidized. Furthermore, the reduced forms such as
1,2,3,4-tetrahydro-2-methylquinoline were detected. This
was consistent with our previous studies (Li et al., 2010;
Wang et al., 2010). It appeared that 2-methyl-4-quinolinol
was further hydrogenated at positions 1, 2, 3 and 4,
resulting in 1,2,3,4-tetrahydro-2-methylquinoline. After-
wards, the N-heterocyclic ring was cleaved and some
alkyl-benzenamines such as 2,6-diethyl-benzenamine and
N-butyl-benzenamine were produced. Other studies (Hund
et al.,1990; Bauer et al., 1994; Kilbane et al., 2000;
Sun et al., 2009) also indicated that the heterocyclic
ring was degraded prior to the benzene ring during the
degradation of 2-methylquinoline. Moreover, Frerichs-
Deeken et al. (2003) and Griese et al. (2006) purified
key enzymes involved in the oxidation and cleavage of
the N-heterocyclic ring of quinoline. So far, the pathway
from 1,2,3,4-tetrahydro-2-methylquinoline to these two
alkyl-benzenamine isomers was unclear, and remained
to be further investigated. The 4-ethyl-benzenamine and
N-ethyl-benzenamine were most likely formed from 4-
butyl-benzenamine and N-butyl-benzenamine by losing an
ethyl group.

The degradation pathway of 2-methylquinoline by E.
aerogenes TJ-D is proposed in Fig. 6. 2-Methylquinoline
is initially hydroxylated at C-4 to form 2-methyl-4-
hydroxy-quinoline, and then forms 2-methyl-4-quinolinol
as a result of tautomerism. Hydrogenation of the hetero-
cyclic ring at positions 2 and 3 produces 2,3-dihydro-2-
methyl-4-quinolinol. The formation of 1,2,3,4-tetrahydro-
2-methylquinoline may result from the further hydro-
genation at the C=O bond and its subsequent cleavage.
The carbon-carbon bond at position 2 and 3 in the
heterocyclic ring may cleave and form 2-ethyl-N-ethyl-
benzenamine. Tautomerism may result in the formation
of 2,6-diethyl-benzenamine and N-butyl-benzenamine.
4-Ethyl-benzenamine and N-ethyl-benzenamine were pro-
duced as a result of losing one ethyl group from the
above molecules. The degradation pathway presented here
is also very similar to the 2-methylquinoline degradation
pathway by activated sludge presented in our previous
study (Wang et al., 2010). This further confirmed that the
bacterial strain E. aerogenes TJ-D was the priority species
in the activated sludge responsible for the degradation of
2-methylquinoline under denitrifying conditions.
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Fig. 6 Proposed degradation pathway of 2-methylquinoline by E. aerogenes TJ-D.

3 Conclusions

A bacterial strain degrading 2-methylquinoline under den-
itrifying conditions was isolated from activated sludge in
an anoxic bioreactor, and was identified as E. aerogenes
TJ-D. The optimal temperature and pH was 35°C and
7.0 for E. aerogenes TJ-D. At the optimal temperature
and pH, 2-methylquinoline of 100 mg/L was degraded
by Enterobacter aerogenes TJ-D under denitrifying condi-
tions within 176 hr. The degradation of 2-methylquinoline
by E. aerogenes TJ-D could be well described by the
Haldane model. The optimal kinetic parameters calcu-
lated from the experimental data were as follows: rmax
= 0.029–0.035 mg/(L·hr), Ks = 27.66–32.67 mg/L and
Ki = 128.84–143.44 mg/L. Along with the degradation
of 2-methylquinoline (initial concentration 100 mg/L),
nitrate was almost completely consumed (the removal
efficiency was 98.5%), while nitrite remained at low level
(< 0.62 mg/L) during the denitrification period. 1,2,3,4-
Tetrahydro-2-methylquinoline, 4-ethyl-benzenamine, N-
butyl-benzenamine, N-ethyl-benzenamine and 2,6-diethyl-
benzenamine were detected during the degradation of
2-methylquinoline under denitrifying conditions.
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