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A B S T R A C T

A white-rot fungus, strain SQ01, was isolated from decayed wood in a temperate forest. The strain was

identified as a member of genus Trametes, based on the morphological characteristics and a complete

sequence analysis of its 18S rRNA gene and ITS region. Strain SQ01 was capable of decolorizing a variety

of synthetic dyes, including azo, triphenylmethane, and anthraquinone dyes, with an optimal efficiency

of decolorization obtained when dyes added after 5 days of culture, with the exception of Cresol Red,

showing that the point of dye addition was an important influencing factor for decolorization by this

fungus. All of the tested dyes were decolorized by the purified laccase in the absence of any redox

mediators, but only a few were completely removed, while others were not completely degraded even

with increased decolorization time.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Synthetic dyes are extensively used for textile dyeing, paper
printing, color photography, and as additives in petroleum
products. In the textile manufacturing industry, up to 50% of the
dyes are lost after the dyeing process and about 10–15% of them
are discharged in the effluents [1]. Based on the chemical structure
of the chromophoric group, dyes are classified as azo, anthraqui-
none, triphenylmethane, heterocyclic, and polymeric dyes; among
these, the versatile azo and triphenylmethane dyes account for
most textile dyestuffs produced.

Because these dyes are mutagenic and carcinogenic and also
cannot be completely removed by conventional wastewater
treatment systems, before disposal and discharge of dye-contain-
ing effluents, they are to be treated to reduce their levels of toxicity
and thus, to minimize their pollution impact. White-rot basidio-
mycetes are well known for their natural ability to decompose of
lignin, a highly complex non-phenolic polymer, which also gives
them the potential capacity to degrade a wide variety of complex
organopollutants. This degradative ability has opened up new
prospects for the development of biotechnological processes
aimed at the degradation of complex polymers such as xenobiotics
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(polyaromatics, polyphenolics, etc.), for effluent decolorization [2],
and for biobleaching of the lignin in kraft pulp [3].

In most cases, white-rot fungi produce extracellular laccase,
lignin peroxidase (LiP) or manganese peroxidase (MnP) during
the degradation of lignin or xenobiotic compounds. Of three
enzymes, the laccase reaction does not required H2O2 to start the
oxidation reaction, thus, this makes it a valuable choice for
oxidation of many phenolics or xenobiotics and it is now
extensively used in the biodegradation of lignins and in the
decolorization of dyes. Laccases can be used for the treatment of
pulp mill or other industrial effluents containing chlorolignins or
phenolic compounds. The enzymes render phenolic compounds
less toxic via degradation or polymerization reactions and/or
through cross-coupling of pollutant phenols with naturally
occurring phenols.

We isolated a white-rot fungus SQ01, from a temperate forest.
The fungus shows ligninolytic activity, and the potential to degrade
synthetic dyes. This paper therefore investigates the ability of
strain SQ01 to perform biological decolorization of selected dyes.
Moreover, because there exists no detailed published report on the
effect of the time-point of dye addition on decolorization by fungi,
the present study was undertaken to explore the effect of dye
addition. Keeping in mind the importance of laccases, we also
investigated the strain SQ01 for its laccase production and the
potential for dye decolorization with a purified laccase from this
isolate.
o, triphenylmethane and anthraquinone dyes by a newly isolated
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2. Materials and methods

2.1. Chemicals

2,20-Azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) was purchased from

Sigma (St. Louis, Missouri). Five azo dyes (Congo Red, Fast Blue R R salt (FBRR), Acid

Red, Amido Black 10 B and Orange G), and five triphenylmethane dyes (Malachite

Green, Crystal Violet, Cresol Red, Coomassie Brilliant Blue G250 (CBB) and

Bromphenol Blue) as well as anthraquinonic dye (Remazol Brilliant Blue R (RBBR))

were of analytical grade.

2.2. Isolates and DNA sequence analysis

Isolations were made by directly picking out the mycelial mat on decayed wood

in a temperate forest. DNA was extracted from the mycelium as described by Alves

et al. [4]. Amplification of the regions flanking the 5.8S ribosomal RNA gene was

carried out with universal primers ITS4 and ITS5, and the 18S RNA gene with

primers NS1 and NS8 [5]. The 5.8, 18S rDNA and ITS sequences were compared and

aligned with sequences deposited in the GenBank database by using CLUSTAL W

version 1.7 [6]. Phylogenetic analysis and construction of an unrooted tree were

performed by the MEGA version 3.1, and a neighbor-joining tree was constructed by

the NEIGHBOR program [7].

2.3. Culture medium

The white-rot SQ01 was maintained on potato-dextrose agar (PDA) containing

10 g l�1 glucose, 200 g l�1 potato extract, 2 g l�1 KH2PO4, 1 g l�1 MgSO4�7H2O,

0.01 g l�1 thiamine hydrochloride and 20 g l�1 agar. The growth medium for

production of laccase and for decolorization of dyes was prepared according to Kirk

et al. with 10 g l�1 glucose as a carbon source [8]. An inoculum of white-rot SQ01 for

liquid culture was prepared as follows: five agar plugs (5 mm in diameter) punched

from the periphery of a 7-day agar plate, were cultivated in a 250 ml flask

containing 50 ml culture solution, and the flask was incubated for 7–8 days at 30 8C
in a shaking incubator (150–180 rpm).

2.4. Enzyme activity

Laccase activity was determined spectrophotometrically using 0.5 mM ABTS

(Sigma) in 100 mM sodium acetate buffer, pH 4.5 and measuring A420

(e420 = 36,000 mol�1 cm�1) [9]. One unit of enzyme activity was defined as the

amount of enzyme oxidizing 1 mmol substrate min�1.

2.5. Purification of laccase

For the preparation of extracellular laccase, the white-rot SQ01 was cultivated

as described above. Mycelia were separated by centrifugation (20 min,

10,000 � g) after 7 days of cultivation, when laccase activity had reached its

maximum, and the culture supernatant was frozen, thawed and filtered to

remove precipitated polysaccharides. For enzyme purification, pre-chilled

acetone (4 8C) was added to the culture filtrate to a concentration of 66% (v/v)

and incubated for 6 h at�20 8C, followed by centrifugation at 5600 � g for 10 min.

The supernatants were decanted and the pellet was dissolved in 20 mM Tris–HCl

buffer (pH 7.5) and dialyzed against the same buffer. The dialyzed enzyme

preparation was loaded onto a DEAE–cellulose 52 column (26 mm � 150 mm;

Amersham) pre-equilibrated with 20 mM Tris–HCl buffer, pH 7.5. The column

was washed at a flow rate of 2 ml min�1 with 200 ml buffer to remove unbound

protein. Bound laccase was subsequently eluted from the column with a linear

salt gradient (0–0.6 M NaCl in the same buffer) at a flow rate of 2 ml min�1.

Elution was simultaneously monitored at 280 nm. Fractions containing laccase

activity were pooled, concentrated as above, applied to a Superdex 75 preparative

grade column (16 mm � 800 mm; Amersham-Pharmacia) pre-equilibrated with

20 mM sodium acetate buffer, pH 5.0, containing 200 mM NaCl, and eluted at a

flow rate of 0.5 ml min�1. Active fractions were pooled, desalted, and stored at

4 8C until further use.

2.6. Treatment of dyes by the fungus SQ01

The decolorization of azo, triphenylmethane and anthraquinonic dyes was also

evaluated using Kirk’s liquid medium. The amounts of Crystal Violet and Remazol

Brilliant Blue R (RBBR) in the culture were 20 and 200 mg l�1, respectively, the

others were 100 mg l�1. Dyes were added either initially or after 1 to 5 days of

cultivation.

At regular intervals, samples (1 ml) were withdrawn from the flasks and

centrifuged at 8000 � g. The supernatants were analysed by measuring the

decrease in absorbance at the absorbance maxima (lmax) of each dye using a UV–

visible spectrophotometer. Dye removal was determined according to the following

formulation: decolorization (%) = (A0 � At) � 100/A0, where A0 indicates the

absorbance of the dye before decolorization and At is the absorption of the dye

after decolorization at each sampling time. Cultures containing only fungi but no

dye were used as control groups.
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2.7. The fungus SQ01 dry mycelium weight

Dry mycelium weight (DMW) of the fungal mass was obtained by removing the

culture solution by filtering the contents of each flask through pre-weighed

Whatman no. 1 filter paper. The paper holding the filtered fungal mass then was left

to dry to a constant weight at 70–80 8C. DMW was expressed in terms of g l�1

biomass.

2.8. Treatment of dyes with the fungus SQ01 laccase

As mentioned above, the same amounts of stirred dye solutions buffered with

0.1 M sodium acetate buffer, pH 5, were incubated with 20 ml of Trametes sp. SQ01

laccase (0.5 U ml�1) at room temperature. Dye decolorization was measured in a UV–

visible spectrophotometer at different times during the course of the experiment, and

the percentage of dye decolorization was calculated from these data.

Experiments were performed in triplicate with two controls (without dyes and

without strains/enzyme added). All data represent the mean of three triplicate

tubes, and error bars represent standard deviation. Lack of error bars for analytical

data indicates that the error bars were smaller than the symbol.

2.9. Nucleotide sequence accession number

The nucleotide sequence determined in this study has been deposited in the

GenBank databases under accession no. EU780685.

3. Results and discussion

3.1. Characterization of the fungus

A white-rot fungus, isolated from decayed wood in a temperate
forest, was designated SQ01. This strain SQ01, when grown on PDA
agar, had a regular margin, yellow color, and penetrated the agar.
Behind the margins, a woolly mat was formed, often with incipient
hyphal cord formation. Marginal hyphae were thin-walled,
branched, with long hyphal segments and simple septate hyphae
with scattered single clamp connections.

3.2. Ribosomal DNA sequence analysis for white-rot fungus SQ01

The length of the obtained ribosome DNA sequence was
2378 bp, including 1786 characters for 18S rDNA gene and 591
characters for the ITS region (involving ITS1, the 5.8S rDNA gene,
ITS2 and partial 25S rDNA). In the strain SQ01, the 18S rDNA gene
sequence had a 99% identity with some strains of Trametes

versicolor (strain BCRC 36089, 36093, 36387 and 36450, ATCC
11235), and the ITS region showed 99%, 98% and 98% sequence
similarity with that of T. versicolor, T. hirsute and T. modesta,
respectively. Thus, the strain SQ01 was assigned to the genus
Trametes, and given the name Trametes sp. SQ01.

3.3. Fungal growth in liquid media containing dye

Dye toxicity for Trametes sp. SQ01 growth was determined by
growing fungi in liquid media containing different dyes and then
comparing DMW to a control group growing in liquid media only. As
shown in Fig. 1, dyes were added at different times during culture in
order to evaluate dye effects on fungal growth. When dyes were
added at the start of culture, the maximum DMW values in the
medium containing the dyes Acid Red, Malachite Green, Crystal
Violet and CBB G-250 were 1/5 to 1/2 of that achieved by the control
group. For other dyes, the DMW was unchanged. When dyes were
added after 5 days of cultivation, similar DMW values were obtained
in experimental and control media of Trametes sp. SQ01. These
results indicated that Acid Red, Malachite Green, Crystal Violent and
CBB G-250 have toxic effects on Trametes sp. SQ01 growth.

3.4. Dye decolorization in fungal liquid culture

To investigate the ability of Trametes sp. SQ01 to decolorize dye
solutions, several of the dyes described above were selected and
o, triphenylmethane and anthraquinone dyes by a newly isolated
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Fig. 1. Dry mycelium weights of Trametes sp. SQ01 in Kirk’s liquid cultures

containing RBBR, azo and triphenylmethane dyes (incubation time: 7 days). The

dyes were added into the culture after 1 or 5 days of cultivation.
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added to fungal cultures. The culture supernatant was analysed
daily for 7 days to test total dye absorbance. Trametes sp. SQ01 was
capable of decolorizing all dyes tested (Fig. 2). With the exception
of Acid Red, 97–99% of the other azo dyes and RBBR (anthraqui-
nonic dye) were degraded by Trametes sp. SQ01 in 7 days (Fig. 2a).
In contrast, only 30–70% of triphenylmethane dyes were removed,
with the exception of Bromphenol Blue, which was completely
decolorized in 7 days (Fig. 2b). When incubated with Trametes sp.
SQ01, FBRR, Congo Red, Amido Black 10B and Orange G were nearly
completely degraded after 4, 5 and 6 days of cultivation,
respectively. This was more than twofold faster than the
degradation of the triphenylmethane dyes (excluding Bromphenol
Blue) by Trametes sp. SQ01 over 5 days (Fig. 2a and b). Crystal Violet
was not a good substrate for Trametes sp. SQ01, and was only
degraded by 37% at a concentration of 15 mg l�1 after 7 days.

Fu and Viraraghavan suggested that a biosorption mechanism
might also play an important role in the decolorization of dyes by
living fungi in addition to biodegradation [10]. Mou et al. added a
wet cell cake (Myrothecium verrucaria) into a dye solution and
found that more than 50% of the dye was removed by absorption
in the first few minutes [11]. Benito et al. studied color
absorption by T. versicolor mycelia and reported that the
adsorption accounted for only 5–10% of the total color removal
[12]. In this study, a maximum of 5.0% of the added dye was
found to bind to the mycelia, with the exception of Cresol Red
and Acid Red, in which 7% and 9%, respectively, were bound to the
mycelia after a 6-day incubation. In the current study, therefore,
absorption of dyes to mycelia was not a significant contributor to
dye losses.
Fig. 2. Decolorization of RBBR, azo and triphenylmethane dyes by the culture of Trametes

dyes.
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3.5. Effect of the time-point of dye addition on decolorization

There is wide-ranging variation in the optimal time-point at
which dyes should be added to growth media to allow effective
decolorization. Times tested have included prior to inoculation [13];
during the exponential phase of growth after 3 days [14]; during
stationary phase of growth after 5 days or after 6 days of culture
[13,15]. For the decolorization, however, there are at present no
general recommendations regarding the optimal time-point for dye
addition. In the current study, we found that, for Trametes sp. SQ01,
the time-point of dye addition could greatly affect fungal growth or
could significantly influence the efficiency of decolorization.

As shown in Fig. 3a, when Congo Red at a final concentration of
100 mg l�1 was added to the medium at 0, 1, 2, 3, 4 and 5 days of
cultivation, the dye was completely degraded, as were Amido Black
10B, Orange G, FBRR, Bromphenol Blue and RBBR. When Crystal
Violet was tested in the same way (Fig. 3b), higher rates of
decolorization were seen when the dye was added at the later
culture times. When added after 5 days of cultivation, 98% of Crystal
Violet was able to be degraded. Malachite Green and CBB G250
showed a similar pattern to that of Crystal Violet. In contrast, when
added to the medium between 0 and 2 days of culture, 60–70% Cresol
Red was transformed after 7 days of cultivation; however, if Cresol
Red was added after 3 or 4 days of cultivation, the rate of degradation
was decreased, and when added after 5 days, the degradation rate
dropped to only 51% (Fig. 3c). This suggests that the decolorization of
given dyes was influenced by the culture status of the fungus, and
that the most efficient decolorization for most dyes, with certain
specific exceptions as seen here, was obtained after 5 days of
cultivation, showing that the time-point of dye addition was an
important influencing factor for decolorization by this fungus.

3.6. Treatment of dyes by purified laccase

Purified Trametes sp. SQ01 laccase (0.5 U ml�1) was able to
degrade all of the dyes tested (Fig. 4). However, only six dyes, Orange
G, Amido Black 10B, FBRR, Bromphenol Blue, Malachite Green and
RBBR, were completely degraded by either laccase or by Trametes sp.
SQ01 itself in culture. This suggests that decolorization of these dyes
by Trametes sp. SQ01 could mainly be ascribed to extracellular
laccase activity, in agreement with results reported previously for T.
hispida [16]. In our studies, a redox mediator was not required for
decolorization of these dyes, which is consistent with the recent
findings of Selvam et al. who showed that laccase from Thelephora sp.
degraded three azo dyes without a redox mediator [15].

Of the five azo dyes tested, Orange G, FBRR and Amino black 10B
were good substrates for the laccase, and were degraded to a
similar extent in 12 h (Fig. 4a). Of the triphenylmethane dyes
sp. SQ01 (incubation time: 7 days). (a) RBBR and azo dyes and (b) triphenylmethane

o, triphenylmethane and anthraquinone dyes by a newly isolated
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Fig. 3. Effect of the time-point of dye addition on dicolorization by Trametes sp. SQ01 in the liquid culture. The dyes were added into the culture at 0, 1, 2, 3, 4 and 5 days of

cultivation, respectively. (a) Decolorization of Congo Red in the different time by strain SQ01, (b) decolorization of Crystal Violet in the different time by strain SQ01 and (c)

decolorization of Cresol Red in the different time by strain SQ01.

Fig. 4. Decolorization of azo and triphenylmethane dyes by the purified laccase at 25 8C (0.5 U ml�1), pH 4.5. (a) Azo dyes and (b) triphenylmethane dyes.
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tested, Bromphenol Blue was the best substrate for the laccase,
being completely degraded in 4 h (Fig. 4b). However, unlike the
other dyes, its degradation products were yellow, not colorless.

Of the three classes of dyes tested, RBBR (anthraquinone dye)
was the best substrate for Trametes sp. SQ01 laccase, as the purified
enzyme (0.5 U ml�1) was able to decolorize 80% of this dye in
30 min over a range of concentrations between 50 and 400 mg l�1

at 25 8C, pH 4.5 (Fig. 5a). The rate of decolorization decreased when
dye concentration was raised to 1 g l�1 and only 30% was degraded
over 30 min under the standard incubation conditions. Decolor-
ization efficiency of RBBR increased with the increasing laccase
activity, with a decolorization of more than 80% of the supplied
RBBR (200 mg l�1) obtained within 10 min incubation at 25 8C
with 0.5–1.5 U ml�1 of laccase and 0.1 M sodium tartrate buffer
(pH 4.5) (Fig. 5b). The final concentration of laccase used in
subsequent dye decolorization tests was 0.5 U ml�1.

The effect of pH on decolorization of RBBR (200 mg l�1) is
shown in Fig. 5c. The optimal pH value for dye decolorization was
determined to be pH 4.5, at which pH the decolorization yield
Please cite this article in press as: Yang XQ, et al. Decolorization of az
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exceeded 85% after incubation at 25 8C for 20 min. Temperature
variation had little effect on decolorization of RBBR below 70 8C,
and a maximum decolorization percentage was observed at 50–
60 8C after 10 min (Fig. 5d).

Of all the dyes tested, Acid Red was the worst substrate for
laccase, as only 21% was degraded in 12 h. CBB G250 was also not a
good substrate, with only 30% degraded in 4 h, and little further
decolorization thereafter for up to 20 h. Congo Red and Crystal
Violet were transformed by 47% and 65%, respectively, but were
never completely degraded even after extended incubation times.

During incubation with the laccase in Trametes sp. SQ01, the
maximum decolorization rates of Congo Red, Acid Red, Crystal
Violet, Cresol Red and CBB G250 were observed in 12–16 h;
thereafter, they were not further decolorized even if the time of
incubation was prolonged. In contrast, Congo Red, Crystal Violet,
Cresol Red and CBB G250 were completely degraded by Trametes

sp. SQ01 itself in liquid culture, provided that enough time was
allowed. It is clear that the laccase played some role in the
decolorization process carried out by Trametes sp. SQ01 cultures
o, triphenylmethane and anthraquinone dyes by a newly isolated
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Fig. 5. Effects of dye concentration (a), laccase activity (b), pH (c) and temperature (d) on decolorization of RBBR by the purified laccase. Incubation condition: a, RBBR (50–

1000 mg l�1), laccase (0. 5 U ml�1), pH 4.5, 25 8C. b, RBBR (200 mg l�1), laccase (0.25–1.5 U ml�1), pH 4.5, 25 8C. c, RBBR (200 mg l�1), laccase (0.5 U ml�1), pH 3–6, 25 8C. d,

RBBR (200 mg l�1), laccase (0.5 U ml�1), pH 4.5, 25–70 8C.
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and that biosorption contributed a negligible part to the
decolorization by cultures.

4. Conclusion

Trametes sp. SQ01, a newly isolated white-rot fungus, was
capable of decolorizing a variety of synthetic dyes, including azo,
triphenylmethane, and anthraquinone dyes, with RBBR and azo
dyes being favored. The time-point of dye supplementation either
greatly affected fungal growth or significantly influenced the
efficiency of decolorization by Trametes sp. SQ01. Except for Cresol
Red, the optimal efficiency of decolorization of other dyes was
obtained when they were added after 5 days of culture, showing
that the time-point of dye addition was an important influencing
factor for decolorization by this fungus.

All dyes tested were decolorized by the purified enzyme. Of
these dyes, RBBR was the best substrate for the laccase. Other dyes
could be completely decolorized by Trametes sp. SQ01 laccase with
the exception of some azo and triphenylmethane dyes.
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