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ABSTRACT

Phenol is one typical pollutant in many kinds of industrial wastewater, and some of them frequently
existed in saline condition and coexistence with heavy metals. These factors lead to more difficulties
of phenol biodegradation. In this study, an efficient phenol-degrading halophilics train SL-1 was
isolated from petroleum-contaminated soil and identified as Pseudomonas sp. Strain SL-1 was able to
completely degrade up to 800 mg/L phenol less than 40 h but biodegradation was inhibited at higher
phenol concentrations. The considerable pH condition for strain SL-1 was slightly acidic condition
in a range between 5.0 and 7.0, and the optimal pH value was 7.0. Meanwhile, strain SL-1 was able
to biodegrade phenol efficiently in high NaCl concentration up to 20%. Furthermore, strain SL-1
showed a good tolerance of heavy metals. It maintained high phenol removal efficiency in the pres-
ence of 10 mM of Zn(II), Cu(II), Mn(II) and Pb (II). In additional, functional genes encoding phenol
hydroxylase and catechol 2,3-dioxygenase were present in strain SL-1 as determined. This indicated
that phenol biodegraded by strain SL-1 via meta-cleavage pathway. The excellent biodegradation per-
formance showed that strain SL-1 possesses a broad application prospect in phenol bioremediation
under complex environmental conditions.
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1. Introduction

With the rapid economic and social development, phe-
nol as an important organic raw material is widely used in
petroleum refining, coking, pesticide, and medicine syn-
thesis industries [1-3]. Meanwhile, an increasing amount
of phenol-rich wastewater has been discharged to environ-
ment with the expansion of industrial scale, and in some
kinds of industrial effluents phenol concentrations are
pretty high, which has resulted in accumulation in water
body and soil since phenolic compounds have recalcitrant
structures which makes it hard to be decomposed. The
phenolic pollutants can destroy the ecological balance and
has deleterious effect on human health due to the toxicity,
mutagenicity, and carcinogenicity [4,5]. Because of the high
toxicity and recalcitrance, the phenol discharge has strong
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potential to create serious environmental pollution prob-
lems [6-9]; methods for improving the removal of phenol
are needed.

Meanwhile, heavy metals are some of the toxic inorganic
pollutants coexist in industry wastewater. Heavy metals
can be absorbed by plants and can leach into groundwater
resulting in poisonous and harmful effects [10,11]. Nickel,
zinc, copper, lead, manganese and cadmium are some of the
most widely used industrially [12,13].

Compared with the traditional physicochemical treat-
ment methods such as zonation, adsorption, and solvent
extraction, biological processes presented several advan-
tages such as economic, eco-friendly and no secondary pol-
lution [14-16]. Therefore, biological processes are widely
accepted as commercial methods particularly for degra-
dation recalcitrance organic pollutants [17-20]. However,
the common biologic treatment methods cannot be applied
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in the high salinity condition. Halophilic microbes can be
successfully degradation organic pollutants from high-sa-
linity condition with out dilution the salt concentration in
advanced.

In previous studies, majority attention was paid to the
phenol biodegradation by non-halophilic bacteria. Few
studies focused on the phenol biodegrading ability in halo-
philic condition. In the present study, a salt tolerant strain
SL-1 utilizing phenol as sole carbon source was isolated
from the petroleum contaminated soil and its phenol deg-
radation ability was test. Certain factors such as initial sub-
strate concentration, pH, salinity and heavy metals were
also examined for the effects on the phenol biodegrada-
tion. These advantages suggested that strain SL-1 is able
to tolerate a wide range of environmental variations might
be promising in bioremediation of halophilic phenol-rich
environment.

2. Materials and methods
2.1. Isolation of phenol-degrading bacterial strain SL-1

Petroleum-contaminated soil was obtained from Shen-
gli oil field (Dongying, China). 5 g soil sample was inoc-
ulated into 100 ml of minimal salt medium (MSM) which
contained (g/L)(NH,), SO, 2.0, KH,PO, 1.5, MgSO,-7H,O
0.2, FeSO,-7H,0 0.001 , CaCl,-2H,O 0.01, Na,HPO,-12H,0
1.5, and amended with 100 mg/L phenol and 5% NaCl
(W/V). The mixture was in cubated at 30°C and shaking
at 150 rpm for five days. Fresh MSM with 100 mg/L phe-
nol was inoculated with 10 ml previous culture and culti-
vated under the same conditions. After four transfers, serial
dilutions of the cultures were prepared and spread-plated
on mineral medium agar plates supplemented with phe-
nol and incubated at 30°C for 3 d. Colonies were harvested
from dilution plates based on distinct colony morphology,
and transferred to mineral medium agar plates several
times to ensure culture purity.

2.2. Characterization of the strain

Genomic DNA of strain SL-1was extracted by the DNA
extraction kit (Sangon Biotech, Shanghai, China) under the
manufacture’s instruction. The 165 r DNA was amplified by
PCR under standard reaction condition with the universal
primers F27 (5-AGAGTTTGATCMTGGCTCAG-3") and
R1 (5’-CCATGCAGCACCTGTGTCTG-3’). The PCR prod-
uct was sequenced by Sangon Biotech Co., Ltd. (Shanghai,
China). The sequence was compared to the Gen Bank data-
base using the BLAST program.

2.3. Phenol biodegradation

A series 250 mL flasks supplemented 100 MSM with
varying phenol concentrations increasing from 100 to
1500 mg/L (100, 200, 400, 800, 1200, and 1500 mg/L, respec-
tively) with 5% NaCl were used to test the bio degradation
ability. Strain SL-1 (5.6 x 10'° cfu) were inoculated into each
flask, and incubated at 150 rpm and 30°C for 36 h. The resid-
ual phenol concentrations of each flask were analyzed at
intervals of 4 h.

2.4. Factors of pH, salinity and heavy metals affecting phenol
biodegradation

In order to investigate the effects of certain factors on
phenol biodegradation, strain SL-1 was cultivated in MSM
amended with 100 mg/L phenol at 150 rpm and 30°C.

The effect of pH on phenol biodegradation was assessed
by adjusting medium pH value in to 3.0, 4.0, 5.0, 6.0, 7.0,
8.0, and 9.0 individually. The pH value was adjusted by 1 M
NaOH or 1 M HCl solution. The effect of salinity on phenol
biodegradation was evaluated by different NaCl concentra-
tions increasing from 0% to 20% (w/v).

The tolerance of heavy metals was assessed by adding
10 mM of different heavy metal ions, such as Zn(II), Cu(Il),
Mn(II), Pb(II) and Ni(Il) in 100 mL MSM amended with 100
mg/L phenol. In additional, another MSM sample contain-
ing 100 mg/L phenol and 5% NaCl without any extra heavy
metals was used as contrast.

2.4. Carbon source utilization of strain SL-1

The ability of strain SL-lutilizing different aromatic
compounds as sole carbon source was discussed. The puri-
fied strain SL-1 was inoculated into MSM containing 100
mg/L one of the following compounds: 3-nitrophenol,
4-nitrophenol, 4-chlorophenol, benzene, toluene, xylene,
naphthalene and catechol. Growth was measured by the
OD,, value of the culture.

2.5. Amplification of phenol degradation functional genes

In order to analyze the functional genes of strain
SL-1, the primers sets used for PCR amplification of phe-
nol hydroxylase (Lph), catechol 1,2-dioxygenase (C120)
and catechol 2,3-dioxygenase(C230) were as follow:
Lphf (5-CGCCAGAACCAT TTATCGATC-3’), Lphr
(5’-AGGCATCAAGATCACCGACTG-3") (Xu et al., 2001);
C120f  (5-ACCATCGARGGYCCSCTSTAY-3), C120r
(50-GTTRATCTGGGTG GTSAG-3’); and C230f (5-GARCT-
STAYGCSGAYAAGGAR-3’), C230r (5-RCCGCTSGGRTC-
GAAGAARTA-3') [21,22].

2.6. Analytical methods

Samples were collected from each flask and centrifuged
for 2 min at 12000 rpm. Residual phenol concentration was
measurement by the 4-aminoantipyrine spectrophotomet-
ric method. The measurement was carried out according to
standard method [23].

3. Results and discussion
3.1. Isolation and identification of strain SL-1

After more than 20 d enrichment and isolation, one halo-
philic strain with efficient phenol-degrading ability was
obtained, which was named as SL-1. Strain SL-1 showed
faint yellow, transparent, smooth and moist colonies on LB
agar plate.

The result of sequencing and homology analysis by
BLAST indicated that strain SL-1 (Gen Bank accession num-
berMF143796) was a member of the genus Pseudomonas and
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exhibited 100% sequence similarity with the 16S rRNA of
Pseudomonas aeruginosa strain DSM 50071 (Gen Bank acces-
sion number NR17678).

3.2. Phenol biodegrading study

In order to investigate the effect of substrate concentra-
tion on phenol biodegrading efficiency, the biodegradation
experiments were carried out with initial phenol concentra-
tions increasing from 100 to 1500 mg/L. The degradation
performances are shown in Fig. 1. Phenol could be com-
pletely degraded by SL-1 in 40 h when initial concentration
was below 800 mg/L. The time required for completely
degradation was longer when initial phenol concentration
increased. The necessary time to completely degrade were
16 h, 20 h, 28 h and 40 h corresponding to the initial phenol
concentration values of 100,200, 400 and 800 mg /L. The deg-
radation efficiency was obviously decreased to 50% when
the initial phenol concentration increased to 1200 mg/L. At
a higher phenol concentration value of 1500 mg/L, the phe-
nol degradation efficiency decreased to only 17.6%.

These results suggested that phenol degradation effi-
ciency was declined sharply when the initial concentration
up to 1200 mg/L. This may due to the high phenol concen-
tration was inhibited the biodegradation activity of strain
SL-1. At the highest concentration of 1500 mg/L, the con-
centration value was decreased rarely. It suggested that the
phenol tolerance of strain SL-1 was 1500 mg/L.

3.3. Effect of certain factors on phenol degradation

A series of degradation experiments were carried out
at varying pH from 4.0 to 10.0, with phenol concentration,
temperature, and rotating rate at values of 400 mg/L, 30°C,
and 150 rpm, respectively.

The results of pH test (shown as Fig. 2) were indicated
that phenol could be completely removed by strain SL-1 in 32
h with the pH value in the range of 5.0-7.0. Compared with
the removal efficiencies at other pH values, the degradation
efficiencies with the pH value of 7.0 were best. The phenol
removal rates in 8 h, 16 h and 24 h reached 23%, 64% and
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Fig. 1. The effect of different phenol concentration on the degra-
dation efficiency of strain SL-1.
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97%, respectively. According to the results, the considerable
pH condition for strain SL-1 was slightly acidic condition in a
range between 5.0 and 7.0, and the optimal pH value was 7.0.
The effect of salinity on the degradation efficiency was
evaluated for NaCl concentrations varying from 0% to 20%
(w/v), with substrate concentration, pH, temperature, and
rotating rate at values of 400 mg/L, 7.0, 30°C, and 150 rpm,
respectively. Strain SL-1 presented a high salinity tolerant
ability showed as Fig. 3. Strain SL-1 could remove phenol
completely in 36 h when NaCl concentration below 10%,
the removal rates with 15% and 20% of salinity were also
reached to 88% and 82.3% in 36 h. However, the degra-
dation efficiency was decreased to 55.5% when the salin-
ity increased to 25%.The results indicated that strain SL-1
possesses well salinity tolerance, and the best degrading
efficiency was at 5% NaCl. It indicated that low salinity con-
centration could promote the activity of strain SL-1.
Previous studies have already reported a few phenol-
degrading strains can grow well at low salt concentrations.
However, to our best knowledge, such halophilic bacterial
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Fig. 2. The effect of different pH values on phenol degradation
by strain SL-1.
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Fig. 3. The effect of different salinity concentrations on phenol
degradation by strain SL-1.
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Fig. 4. The effect of heavy metals on phenol degradation efficien-
cy by strain SL-1.

strain can biodegrade phenol efficiently in high NaCl con-
centration up to 20% was few reported.

3.4. Tolerance of heavy metals

Phenolic wastes are often occurred together with heavy
metals. Heavy metals usually inhibited the biomass activity
and harnessed for degradation efficiency. Thus, phenol deg-
radation activity of strain SL-1 under different heavy metals
condition was investigated. The results (shown as Fig. 6)
indicated that strain SL-1 was able to resist certain heavy
metals stress. The phenol removal efficiency varied greatly
with five different heavy metals. Zn (II), Cu (II) and Mn
(IT) were no affect phenol removal efficiency of strain SL-1.
Strain SL-1 also exhibited a good resistance to Pb (II). The
phenol removal efficiency was maintained above 70% in the
presence of Pb (II). However, Ni(Il) inhibited the biodegra-
dation activity of strain SL-1 significantly. Phenol removal
efficiency was decreased sharply to 40% in the presence
of Ni(Il). The good heavy metals tolerance indicated that
strain SL-1 possesses a broad application prospect in biore-
mediation of phenol and heavy metals multi-polluted sites.

3.5. Utilization range of substrate by strain SL-1

In order to investigate the ability of strain SL-1utilizing
different a romatic compounds, eight benzene series were
used as sole carbon and energy source, the utilization abil-
ity was evaluated by the increased value of OD,, after 7
d incubation. As shown in Table 1, strain SL-1 could use
3-nitrophenol, 4-nitrophenol, 4-chlorophenol, benzene, tol-
uene, xylene, and catechol as the sole carbon source, but not
naphthalene (showed as Table 1). The results suggested that
strain SL-1 could utilize a very broad substrate as sole car-
bon source, and indicating its degrading diversity.

3.6. Analyses of phenol degradation functional genes

In order to detect three key phenol-degrading functional
genes, three primers were used for amplify the functional
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Table 1
Utilization of different carbon sources by strain SL-1
Substrate Strain SL-1
3-nitrophenol, +
4-nitrophenol +
naphthalene -
4-chlorophenol +
benzene ++
toluene ++
xylene +
catechol ++

(++) Good growth: OD, > 0.1; (+) growth: 0.05 < OD, ;< 0.1; (-)
no growth OD < 0.01.

Table 2
The BLAST results of functional gene sequences

Primer GenBank The most relatives Similarity
Accession No. sequences
Lph  MF186710 Diaphorobacter sp. J5-51 99%
phenol hydroxylase gene
(GU017973)
C230 MF186711 Pseudomonas aeruginosa 100%

catechol 2,3-dioxygenase
(D83042)

genes encoding Lph, C120 and C230. Two gene sequence
fragments were obtained by PCR amplification. These two
sequences exhibited 99% and 100% similarity to Lph and
C230 genes, respectively (showed as Table 2). Identification
of two PCR products revealed that strain SL-1 possessed
function algenes encoding L ph and C230. Lph and C230
are the two key enzymes in phenol meta-cleavage pathway.
This indicated that phenol biodegraded by strain SL-1 via
meta-cleavage pathway:.

4. Conclusions

In this study, a halophilic phenol-degrading strain SL-1
was isolated from Petroleum-contaminated soil obtained
from Shengli oil field. It was identified as Pseudomonas
genus. Strain SL-1 could completely degrade less than
800 mg/L of phenol in 40 h, but higher substrate concentra-
tions inhibited the biodegradation activity distinctly. Strain
SL-1 could degrade 400 mg/L phenol completely less than
32 h with the pH value at the range from 5.0 to 7.0, and
the optimal pH value was 7.0. The phenol was degraded by
strain SL-1 via the meta-cleavage pathway catalyzed by the
key enzymes of phenol hydroxy lase and catechol 2, 3-diox-
ygenase. Strain SL-1 could also utilize a very broad benzene
series substrate as sole carbon source. Compared with pre-
vious studies, strain SL-1 showed a better salinity tolerance
capability. It can degrade phenol efficiently in a high NaCl
concentration up to 20%.Furthermore, strain SL-1 showed a
good tolerance of heavy metals. The excellent performance
under different environmental conditions illustrated that
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strain SL-1 might be promising in remediating different
kinds of phenol-polluted sites containing heavy metals in
saline conditions.
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