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Abstract High salt concentration and salinity fluctuations in wastewater challenge the
efficiency of microbial strains used for cleanup of pollutants. In this study, it was
investigated that the new isolated Arthrobacter sp. W1 degraded mixed phenolic
compounds under complex salt conditions. The results showed that Arthrobacter sp. W1
was able to utilize various phenolic compounds as carbon source under high salt conditions.
It can degrade phenol and p-cresol mixture at 10% NaCl, although rates of degradation and
cell growth were lower compared to 5% NaCl. The presence of trace p-cresol significantly
inhibited phenol biodegradation. When salinity fluctuations were between 1% and 10%
NaCl, strain W1 was able to degrade substrates and survived. It was also suggested that the
presence of salts (i.e., NaCl, KCl, Na2SO4, and K2SO4) had almost no effects on the
microbial growth and biodegradation process. Therefore, Arthrobacter sp. W1 would be a
promising candidate for bioremediation of phenolic compounds under complex salt
conditions.
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Introduction

With the rapid development of industry and agriculture, it has brought the problem of
pollution and hazardous wastewater. Phenolic compounds are the hazardous pollutants
which enter the environment through wastewater discharges from a variety of industries
such as petrochemical, coal gasification, ceramic, pharmaceutical, and dye manufacturing
[1]. Many substituted phenols including chloro/nitro and cresols have been designated as
priority pollutants by the USEPA [2]. Therefore, it is necessary to eliminate the phenolic
compounds in order to preserve the environmental quality.
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Among various techniques for phenolic compounds removal, biodegradation is an
environment-friendly and cost-effective technology. Microorganisms for phenol degrada-
tion were isolated as early as 1908 [3]. Since then, microbial degradation of phenol and
phenol derivatives by pure cultures [4–6] and mixed cultures [7–9] have been widely
studied. Most of these studies were mainly focused on the biodegradation in the laboratory
using single target compound. As phenolic compounds are present as mixtures in wastewater,
the study of biodegradation of mixed pollutants was increased recently. In general, the
microbial degradation of compound in a mixture can be strongly influenced by other
coexisting compounds. As reported previously, the degradation rate of some compounds in
the mixture may be stimulated [10] or repressed [11] by the presence of other compounds.
Thus, the nature of pollutant interactions is variable, and it depends on the characteristics of
the compounds and the degradation capacity of the involved microorganisms.

Removal of phenolic compounds by microorganisms is also affected by some external
factors such as salt ions, pH, and temperature of the wastewater. Especially, high salt
concentration is the most important factor which reduced microbial activity. Biodegradation
of phenol in the presence of high salt concentration, particularly sodium chloride, has been
reported. Lower rate of phenol degradation was observed at NaCl concentration of about
3% [12]. More than 99.5% phenol degradation was observed at 15% NaCl using halophilic
bacteria in biofilm and sequencing batch reactors [13]. Halophilic bacteria have been used
to remove phenol at concentrations of up to 320 mg L−1 in a medium containing 10% NaCl
[14]. Halomonas sp. have been reported to degrade 100 mg L−1 phenol in model industrial
wastewater containing NaCl (varying between 1% and 14%, w/v) and showed optimum
phenol utilization and cell growth at about 5% (w/v) NaCl [15]. Although the effects of
NaCl on biodegradation of phenol have been well documented, the presence of mixed
phenolic compounds in saline industrial effluents has been ignored. As industrial
wastewater contains complex mixtures of phenolic compounds and salts, it was
particularly desirable that strains are able to degrade mixed phenolic compounds under
saline conditions. As previously reported, we found that there have been little studies on the
degradation of mixed phenolic compounds under high salt conditions.

The objectives of this present study are to isolate microorganisms possessing abilities to
degrade mixed phenolic compounds effectively under complex salt conditions, to investigate
the interactions of phenolic compounds during the biodegradation, and to research the impact
of other salts and salinity fluctuations on the microbial growth and degradation process.

Materials and Methods

Isolation and Identification of Microorganisms

The microorganism used in this work was isolated from the sludge samples of a sewage
plant in China. The sample was inoculated in 100 mL mineral salts medium (MSM)
consisting of (g L−1): 2.0 (NH4)2SO4, 2.0 Na2HPO4, 1.3 KH2PO4, 0.01 FeCl3, and 50
NaCl, pH 7.0. Mixed phenolic compounds (phenol, catechol, and salicylic acid) were
supplemented as the carbon and energy source. After 2 months of cultivation, the culture
was subjected to spreading on agar plates containing the same medium and phenolic
mixtures. Strain W1 was obtained after purification by sequential cultures. It was identified
by physiological–biochemical characteristics and 16S rRNA gene sequencing [16]. The 16S
rRNA gene of strain W1 was deposited in the GenBank data library under accession no.
EU339930.
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Biodegradation of Phenolic Compounds

When the cells’ concentration reached 0.35–0.4 (OD660), an aliquot of the culture was
centrifuged at 8,000 rpm and 4°C for 10 min. To clean the biomass, it was resuspended in
the phosphate buffer and centrifuged. The cells were inoculated into 100 mL MSM with
phenolic compounds as sole carbon and energy source. The growth of strain W1 on single
substrate including aniline, nitrobenzene, salicylic acid, catechol, cresol, o-nitrophenol, 2,4-
dichlorophenol, aminophenol, and phenol was tested. In binary substrate systems (phenol
and p-cresol), the total substrate level was fixed at 200 or 500 mg L−1 in which the mass
fraction of one substrate was varied. Experiments were carried out at pH 7.0 and 30°C in an
orbital shaker at 150 rpm. In the process of batch culture, all samples were periodically
taken for biomass and substrate concentrations.

Experimental Design to Study the Effects of Salts on Phenolic Compounds Biodegradation

Effects of salts on the biodegradation of mixed of phenolic compounds were determined by
adding NaCl, KCl, Na2SO4, and K2SO4 separately to the growth medium to obtain
approximately the same concentration (0.85 M). These studies were carried out in the
medium containing 100 mg L−1 phenol and 100 mg L−1 p-cresol. The amounts of salts
added separately into the medium were (g L−1): 50 NaCl; 63.37 KCl; 121.37 Na2SO4, and
148.11 K2SO4. After 36 h, the samples were withdrawn and the concentrations of cells,
phenol, and p-cresol were measured as described below.

To investigate the salt-tolerant ability of Arthrobacter sp. W1, several cycles of
degradation were designed. The cells were pre-incubated at MSM (1% NaCl) containing
100 mg L−1 phenol and 100 mg L−1 p-cresol. The first degradation cycle was conducted at
1% NaCl. After total substrates were completely degraded, the cells were washed and
resuspended in the fresh MSM with mixed substrates and were directly re-incubated at 5%
NaCl. The third degradation cycle was conducted at 10% NaCl after the second one
completed. These alternating salinity cycles were repeated two times.

Analytical Methods

Cell density was monitored spectrophotometrically by measuring the absorbance at a
wavelength of 660 nm with an UV–visible spectrophotometer (Jasco UV-550, Japan).
Concentration of phenolic compounds in all cultures were periodically measured with a
high-performance liquid chromatograph (System Gold, Beckman instruments, Fullerton,
CA, USA) equipped with a Hypersil ODS column (4.6×250 mm, Agilent Technologies,
CA, USA) using 40% water–60% methanol as the mobile phase. The flow rate was 1.0 ml
min−1 and UV absorbance spectrum was obtained online at 254 nm. The retention time for
phenol was 4.89 min and for p-cresol was 8.12 min.

Results and Discussion

Identification and Characterization of Strain W1

Strain W1 capable of growth on the mixed phenolic compounds was isolated under high
salt conditions (5% NaCl). It was a Gram-positive, non-motile, rod-shaped aerobic
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bacterium. Colonies were smooth, convex, opaque, and wet which was slight yellow and
circular with diameter 1–2 mm within 2–3 days. It was catalase-positive, oxidase-positive,
and nitrogenase-negative. Figure 1 shows the scanning electron micrograph picture of strain
Arthrobacter sp. W1.

In addition, a partial 16S rRNA sequence was obtained and sequence alignment revealed
that strain W1 showed the highest similarity (99%) to Arthrobacter nicotianae (X80739).
According to the physiological–biochemical characteristics and 16S rRNA gene sequence,
the strain was identified as Arthrobacter sp. W1. It has been reported that Arthrobacter sp.
can metabolize phenol up to 22 mM concentration [17], and Arthrobacter chlorophenolicus
A6 [18] could degrade 4-chlorophenol at low temperature. However, there was no report on
the utilization of Arthrobacter sp. in the treatment of mixed phenolic compounds under
saline conditions. Figure 2 shows the phylogenetic relationship between different members
of the genus Arthrobacter and isolated W1.

Fig. 1 Micromorphological
structure of Arthrobacter sp. W1
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Fig. 2 Phylogenetic tree based on 16S rRNA sequences of strain W1 and related Arthrobactrer species.
Numbers at the nodes indicate the percentages of bootstrap samplings
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From Table 1, it was obvious that Arthrobacter sp. W1 was able to use various phenolic
compounds as sole carbon and energy source. Strain W1 was able to utilize salicylic acid,
catechol, o-cresol, p-cresol, and phenol at different concentrations. The growth of strain W1
was inhibited by the o-aminophenol and p-aminophenol at the concentration higher than
200 mg L−1. It was also shown that strain W1 could not use the aniline, nitrobenzene, o-
nitrophenol, and so on. It could be explained that the nitro group is electron-attracting
group, which could cause decrease of benzene ring electron density and hamper the oxidase
attacking. Therefore, the aromatic compounds with nitro group were more difficult to
biodegrade under aerobic conditions. Although several researchers demonstrated that the
Arthrobacter sp. was able to degrade variety of phenolic compounds [19], there are no
reports on the degradation in saline solutions. In our study, it was investigated that strain
W1 could tolerate high salt concentrations. Therefore, we tried to prove the ability of strain
W1 for phenolic compounds removal under saline conditions.

Biodegradation of Phenol and p-Cresol Mixture Under Different Salt Conditions

The ability of Arthrobacter sp. W1 to degrade the mixture of phenol (200 mg L−1) and p-
cresol (100 mg L−1) at different salt concentration (0%, 5%, and 10% NaCl) was
investigated. As shown in Fig. 3a, the mixture was completely degraded by strain W1
within 32 h without salt addition. When the culture was incubated at 5% NaCl, phenol and
p-cresol mixture was degraded within 36 h (Fig. 3b). It was indicated that there were almost
no effects on the microbial growth and biodegradation process with salinity less than 5%.
At the same time, it was observed that complete degradation of the same mixtures at 10%
NaCl was within 60 h and the lag phase increased to 20 h (Fig. 3c). It was also exhibited
that the cell growth rate and final concentration at 5% NaCl were higher than that at 10%
NaCl. Although more than 5% NaCl would inhibit the strain growth rate and degradation
efficiency, the strain still maintained activity under high salt conditions (i.e., 10%). Thus, it
was concluded that Arthrobacter sp. W1 could degrade mixed phenolic compounds under
high salt conditions. Furthermore, many studies showed that phenol and p-cresol were
metabolized by the β-ketoadipate pathway through ortho-fission of catechol [20, 21]. The
activities of the first two enzymes involved in the degradation of phenolic compounds were

Table 1 Effects of different carbon sources on the growth of Arthrobacter sp. W1.

Substrates Concentration (mg L−1)

50 100 150 200 300

Phenol + + + + +
Aniline − − − − −
Nitrobenzene − − − − −
Salicylic acid + + + + +
Catechol + + + + +
o-Cresol + + + + +
p-Cresol + + + + +
o-Nitrophenol − − − − −
2,4-Dichlorophenol − − − − −
o-Aminophenol + + + − −
p-Aminophenol + + + − −
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investigated in our study. The results showed that the phenol hydroxylase and catechol 1,2-
dioxygenase were produced during phenol and p-cresol mixtures degradation process (data
not shown). Thus, it was concluded that phenol and p-cresol in the mixture were
metabolized by the ortho-cleavage pathway.
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Fig. 3 Biodegradation of phenol
and p-cresol mixture and cell
growth for Arthrobacter sp. W1
incubated at 0% NaCl (a), 5%
NaCl (b), and 10% NaCl (c)
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Biodegradation of Phenol and p-Cresol Mixture with Different Concentrations

Time course of the growth and degradation at the initial phenolics concentration of 200 mg L−1

are shown in Fig. 4. When phenol or p-cresol was the sole carbon source, it was found that
the microorganism could grow better with phenol than with p-cresol. When phenol and
p-cresol coexisted, the phenol degradation rate was decreased. The inhibition of p-cresol on
phenol degradation was enhanced with the increase of initial p-cresol concentration. In the
absence of p-cresol, 200 mg L−1 phenol was completely removed within 36 h. When the
mass fraction of p-cresol was increased from 0.25 to 1.0, the time required for complete
degradation of the mixture was prolonged from 40 to 52 h (Fig. 4a). It was also clear that the
growth rates decreased with the increased p-cresol concentration (Fig. 4b). It was postulated
that increasing the concentration of p-cresol would enhanced the substrate inhibition on cell
growth. This is consistent with the results found by Paraskevi and Polymenakou [22] in the
co-metabolic transformation of phenol and o-cresol. It has been demonstrated that the
addition of o-cresol strongly inhibited phenol transformation in respect to the strong
competitive inhibition between the substrates.

When the total substrate (ST) concentration was at 500 mg L−1, the lag period was
increased from 20 to 40 h, with the mass fraction of p-cresol increased from 0 to 1.0. The
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time for complete degradation of the phenolic mixtures was increased from 60 to 88 h, with
the increase of the mass fraction of p-cresol (Fig. 5a). During the same periods, the
maximum cell density (OD660) was decreased from 0.531 to 0.342 (Fig. 5b). These results
indicated that the presence of a small amount of p-cresol retarded cell growth and phenol
and p-cresol mixture degradation. It was postulated that the presence of p-cresol might be
inhibited and inactivated phenol metabolic enzymes. It is consistent with the reports of Ely
et al. [23, 24] that during the co-metabolic process, the effects of a toxic substrate on
bacterial activity are usually associated with the enzyme inhibition and inactivation. The
inactivation phenomena of enzyme become obvious with the increase of p-cresol
concentration. As a result, it takes a long time for the enzyme to recover activities at
high initial p-cresol concentration.

Effects of Different Salts on Biodegradation of Phenol–Cresol Mixture

As the industrial wastewater contains many salts at high concentrations, therefore, it is
essential to study biodegradation of mixed phenolic compounds in the presence of different
salts. As shown in Table 2, Arthrobacter sp. W1 was able to degrade phenolic compounds
in the presence of all selected salts. Mixture of 100 mg L−1 phenol and 100 mg L−1 p-cresol
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was completely degraded within 36 h in the presence of NaCl. Nearly 90% of phenol and
84.4% of p-cresol was removed simultaneously by strain W1 in the presence of Na2SO4.
Similar observations were recorded with added KCl and K2SO4. It was shown that while
growing in the presence of NaCl and Na2SO4, strain W1 had higher efficiency and growth
rate, as compared to the rates in the presence of KCl and K2SO4. From the results above, it
indicated that Arthrobacter sp. W1 can be very efficiently used for treating phenolic
wastewater containing high concentrations of cations/anions such as Na+, K+, Cl−, and SO4

2−.

Biodegradation of Phenol and p-Cresol Mixture Subjected to Salinity Fluctuations

As for bioremediation, the candidate strain should possess not only the high removal
efficiency for the target compounds but also the strong abilities of adapting some conditions
such as shock loading, temperature impact and salinity fluctuations, and so on. Here, it was
shown that Arthrobacter sp. W1 was able to degrade phenol and p-cresol mixture during
salinity fluctuations between 1% and 10% NaCl (Fig. 6). It was clear that there was no
obvious difference of degradation rate with the NaCl concentration changing from 1% to
5%. However, there was obvious lag phase for degradation when the cells transferred from
5% to 10% NaCl solutions, and it was concluded that degradation rates were faster at 1% or
5% NaCl than that at 10% NaCl. Salinity fluctuation had little negative impact on the
ability of the cells to degrade substrates. Moreover, Arthrobacter sp. W1 was able to grow
and remain active and continued to degrade phenolic compounds efficiently for batch
experiments. It was concluded that strain W1 has an inherent flexibility to adapt to salinity

Table 2 Effects of salts on the growth and biodegradation of mixtures of phenol and p-cresol.

Salt (g L−1) Cell concentration (OD660) Removal efficiency of
phenol (%)

Removal efficiency of
p-cresol (%)

NaCl (50) 0.314 100 93.5
KCl (63.37) 0.277 77.5 63.8
Na2SO4 (121.37) 0.309 90.1 84.4
K2SO4 (148.11) 0.264 76.1 59.2
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fluctuations. Also, the cell density was increased throughout the operational process.
Therefore, Arthrobacter sp. W1 is a promising candidate for bioremediation of phenolic
wastewater under complex salt conditions.

Conclusions

In this study, Arthrobacter sp. W1 was systematically characterized for biodegradation of
phenolic compounds under complex salt conditions. It was shown that Arthrobacter sp. W1
possessed the high ability to degrade mixtures of phenol and p-cresol under high salt
conditions and salinity fluctuations. The mixture of 200 mg L−1 phenol and 100 mg L−1 p-
cresol was degraded by strain W1 within 60 h at 10% NaCl. The presence of small amount
of p-cresol retarded phenol degradation. Arthrobacter sp. W1 is efficient in degrading
mixture of phenol and p-cresol during salinity fluctuations between 1% and 10% NaCl. The
presence of other salts had almost no effect on the microbial growth and biodegradation.
The results also indicate that the strain can be very fit for treating phenolic wastewater
containing high concentrations of cations/anions such as Na+, K+, Cl−, and SO4

2−. In a
word, this paper could be helpful for the design of batch and/or continuous bioreactors for
the treatment of mixed phenolic wastewater under complex salt conditions.
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