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Introduction

Laccases (benzenediol: oxygen oxidoreductase; E.C.

1.10.3.2) belong to the family of multicopper oxidases that

catalyze the oxidation of a great variety of phenolic

compounds and aromatic amines with the concomitant

reduction of dioxygen to water [1]. In the presence of

appropriate mediators such as 2,2’-azino-bis(3-ethylbenzo-

thazoline-6-sulfonate) (ABTS) or 1-hydroxybenzotriazole

(HBT), the substrate range of laccases can be extended to

nonphenolic compounds, polycyclic aromatic hydrocarbons,

and dye pollutants [2]. Owing to their broad substrate

specificity, laccases have attracted considerable interest in

terms of applications to many fields, such as the pulp and

paper industry [3] and food production [4]. Moreover,

laccase is a useful enzyme because it has a high potential

for environmental detoxification and because some fungal

laccases have been reported to perform dye decolorization

[5, 6].

Synthetic dyes are widely used in several industries,

including textiles, food processing, paper printing, cosmetics,

and pharmaceuticals. It is estimated that 10–15% of the

dyes are lost in the effluent during the dyeing process [7].

Dye-containing effluents cause serious environmental

problems, and they are poorly decolorized by the conventional

wastewater treatments such as activated sludge and

trickling filter [8]. To overcome this problem, white-rot

fungi and their ligninolytic enzymes, especially laccases

that can degrade synthetic dyes, are being studied for their

potential application in textile effluent treatments [9]. In

recent years, white-rot fungi such as Pleurotus ostreatus [9],

Rigidoporus lignosus Wl [10], Trametes trogii, T. villosa, and

Coriolus versicolor [7] were shown to have ability to decolorize

different synthetic dyes. Nevertheless, there is a demand to

find new strains of white-rot fungi that can degrade

recalcitrant aromatic compounds, including dyes present
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Marasmius scorodonius secretes an extracellular laccase in potato dextrose broth, and this

enzyme was purified up to 206-fold using (NH4)2SO4 precipitation and a Hi-trap Q Sepharose

column. The molecular mass of the purified laccase was estimated to be ~67 kDa by SDS-

PAGE. The UV/vis spectrum of the enzyme was nontypical for laccases, and metal content

analysis revealed that the enzyme contains 1 mole of Fe and Zn and 2 moles of Cu per mole of

protein. The optimal pH for the enzymatic activity was 3.4, 4.0, and 4.6 with 2,2’-azino-bis(3-

ethylbenzothazoline-6-sulfonate) (ABTS), guaiacol, and 2,6-dimethoxy phenol as the substrate,

respectively. The optimal temperature of the enzyme was 75°C with ABTS as the substrate.

The enzyme was stable in the presence of some metal ions such as Ca2+, Cu2+, Ni2+, Mg2+, Mn2+,

Ba2+, Co2+, and Zn2+ at a low concentration (1 mM), whereas Fe2+ completely inhibited the

enzymatic activity. The enzymatic reaction was strongly inhibited by metal chelators and thiol

compounds except for EDTA. This enzyme directly decolorized Congo red, Malachite green,

Crystal violet, and Methylene green dyes at various decolorization rates of 63–90%. In the

presence of 1-hydroxybenzotriazole as a redox mediator, the decolorization of Reactive orange

16 and Remazol brilliant blue R was also achieved.
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in industrial effluents that cause environmental problems.

The basidiomycetous fungus Marasmius scorodonius

(“garlic mushroom”) is a small edible species that grows on

wood and further lignified plant materials [11]. In a

previous study, we reported optimal conditions for the

production of a laccase, a polyphenol oxidase involved in

lignin degradation, from M. scorodonius [12]. In the present

study, we investigated the purification and characterization

of the laccase from the white-rot fungus M. scorodonius

(MsLAC) as well as its properties related to the decolorization

of some synthetic dyes.

Materials and Methods

Fungal Strain, Media, and Culture Conditions

The M. scorodonius strain (NO. 42740) was obtained from the
Korean Agricultural Culture Collection (KACC). The fungus was
grown on a potato dextrose agar plate at 25ºC for 7 days, and
maintained at 4ºC. In order to produce laccase, the fungus was
inoculated into a medium supplemented with 1% galactose, 0.4%
yeast extract, and 0.05% Tween 80, and cultured at 25ºC for 15 days
on a rotary shaker, as described previously [12]. The resulting
culture supernatant was then used as the source of the enzyme to
carry out the purification and characterization in this study. 

Protein Purification 

The culture fluid was filtered through a Whatman No. 1 filter
paper and centrifuged at 10,000 ×g for 10 min. Ammonium sulfate
was added to the supernatant to give 80% saturation, and the
precipitated proteins were collected by centrifugation at 10,000 ×g

for 20 min. The precipitate was then dissolved in an appropriate
volume of a 50 mM sodium acetate buffer (pH 6.0), dialyzed
against the same buffer for 24 h, and concentrated by ultrafiltration
using an YM-10 membrane (Amicon, USA). The concentrated
proteins were applied to a HiTrap Q HP column (GE Healthcare,
USA) and washed with at least 10 column volumes of a 50 mM
sodium acetate buffer (pH 6.0), and the bound proteins were
eluted at a flow rate of 2 ml/min with a linear gradient of 0 to
0.5 M NaCl in the same buffer using ÄKTAprime (GE Healthcare).
The fractions containing laccase activity were pooled and
concentrated by ultrafiltration using an YM-10 membrane. All
processes of protein collection and purification were performed at
25ºC. Proteins were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) on 10% (w/v) gels
and visualized using Coomassie brilliant blue staining. PAGE
under non-denaturing conditions at pH 7.5 was performed in 10%
(w/v) gels, and the gels were stained for laccase activity by using
ABTS in sodium acetate buffer at pH 4.0 [13]. 

UV-Visible Spectra and ICP-MS Assay

The purified protein (0.63 mg/ml) was dialyzed against metal

ion absence buffer (50 mM sodium acetate buffer, pH 6.0). The
UV-visible absorption spectra of the dialyzed protein were
obtained at room temperature using a UV-Vis spectrophotometer
(Optizen 2120UV; Mecasys, Korea). The metal ion content of the
enzyme was determined by dilution of 50 μg of enzyme with 5 ml
of 0.5% (v/v) HNO3 to digest the protein and release the metal
ions, and the solutions were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) (model 7700; Agilent, Japan)
by the Korea Basic Science Institute (KBSI, Korea).

N-Terminal Amino-Acid Sequence Analysis

After SDS-PAGE, the purified protein on the gel was transferred
to a polyvinylidene difluoride (Bio-Rad, USA) membrane by
electroblotting and stained with Coomassie brilliant blue R-250.
The stained band was excised and analyzed by the automatic
Edman degradation method using a Procise 491 capillary protein
sequencer (Applied Biosystems, USA). 

Enzyme Assay

Laccase activity was assayed by measuring the oxidation of
ABTS. Formation of the cation radical was monitored at 420 nm
(εmax = 36,000 M-1·cm-1). An aliquot of enzyme solution was
incubated in 1 ml of 50 mM sodium acetate buffer (pH 3.4)
containing 1 mM ABTS at 70ºC. One unit of enzyme activity was
defined as the amount of enzyme required to oxidize 1 mM of
substrate per minute under described conditions.

Temperature and pH Optimum

The temperature dependence of the activity was determined in
50 mM sodium acetate buffer (pH 3.4) at temperatures ranging
from 40ºC to 95ºC using ABTS as a substrate. The optimum pH for
its reaction was estimated by monitoring activity with ABTS,
guaiacol, or 2,6-dimethoxy phenol (2,6-DMP) as a substrate at pHs
of 1.0–9.0 using the following buffers: 50 mM HCl-KCl buffer for
pH 1.0–1.8; 50 mM glycine-HCl buffer for 2.2–3.0; 50 mM sodium
acetate buffer for pH 3.4–5.4; 50 mM sodium phosphate for 6.0–
7.0; and 50 mM Tris-HCl buffer for pH 7.5–9.0. 

Effects of Inhibitors and Metal Ions on Enzyme Activity

Effects of potential inhibitors on laccase activity were
determined with 1 mM ABTS as the substrate in 50 mM sodium
acetate buffer (pH 3.4) and the presence of an inhibitor. The effects
of 2-mercaptoethanol, L-cysteine, dithiothreitol, sodium azide,
tropolone, p-coumaric acid, SDS, and ethylenediaminetetraacetic
acid (EDTA) on its activity were determined after 10 min of
reaction of the enzyme with the various inhibitors at 70ºC. After
pre-incubating the enzyme solutions containing each metal ion in
50 mM sodium acetate buffer (pH 3.4) at 25ºC for 30 min, substrate
ABTS (1 mM) was added, and the enzyme activity was measured
as described above under standard conditions. The ions tested
were 1 and 10 mM of CaCl2, CuCl2, NiCl2, MgCl2, MnCl2, BaCl2,
CoCl2, ZnCl2, and FeCl2.
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Kinetic Calculations

Rates of substrate oxidation were examined by spectrophotometry
using the molar extinction coefficients of various substrates,
which were determined in 50 mM sodium acetate buffer (pH 4.0)
at 70ºC. The initial substrate concentration was 0.01 mM in all
cases. For the kinetic analyses, various concentrations of ABTS
(0.01–2.0 mM), 2,6-DMP (0.01–2.0 mM), and guaiacol (0.01–
5.0 mM) were used. The Km value was determined measuring the
initial velocity, and the apparent kcat was determined from kcat

t = Vmax/[enzyme]. All kinetic studies were performed in triplicates
and the kinetic data were calculated according to the procedure of
Michaelis–Menten by the EZ-Fit program [14].

Decolorization of Synthetic Dyes

Malachite green, Crystal violet, Congo red, Methylene green,
Reactive orange 16, Remazol brilliant blue R, Eriochrome black T,
Indigo carmine, Methyl red, Nile blue, Methylene orange,
Rhodamine B, and Trypan blue at a final concentration of 200 mg/l
were solubilized in water, and then membrane-filtered through a
0.45 μm cellulose nitrate filter. The reaction mixture contained
50 mM sodium acetate buffer (pH 4.0), dye, and laccase (8 U/ml).
The reaction was initiated with enzyme addition and incubated at
70ºC. Reaction mixtures containing dyes, without the enzyme,
were used as controls. The dyes partially or not decolorized by
laccase were tested in the presence of 1 mM HBT, a common
laccase mediator, to increase the oxidative effect of the enzyme.
Samples were withdrawn at 0.5–1 h intervals and subsequently
analyzed. Decolorization was determined spectrophotometrically
by measuring the decrease in the absorbance at maximum
wavelength for each dye. Decolorization was evaluated as follows:
Decolorization (%) = [(initial absorbance) – (final absorbance)]/
(initial absorbance) × 100. 

Results and Discussion

Purification and Characterization of the Extracellular

Laccase

The purification steps and enzyme yields are summarized

in Table 1. The purified enzyme showed a single band after

PAGE under non-denaturing conditions when the gel was

stained using the activity of the enzyme with ABTS as the

substrate (Fig. 1A). Under denaturing conditions, we

observed a major protein band with a molecular mass of

~67 kDa, which is consistent with that of most fungal

laccases (50–90 kDa) [15]. The N-terminal amino acid

sequence of the purified protein was found to be

AIGPVADLVI, which is the same as those of laccases from

Marasmius sp. [12] and Moniliophthora perniciosa FA553 [16].

However, the purified enzyme is distinct from laccases

isolated from Marasmius sp. (53 kDa) and M. perniciosa

FA553 (57 kDa) with respect to molecular mass [12, 16].

Thus, this enzyme (MsLAC) was identified as a laccase and

classified as a new member of the multicopper oxidase

family. 

To determine the state of its catalytic center, the purified

enzyme was characterized spectroscopically. The 610 nm

peak, which indicates the presence of a type 1 Cu(II), was

absent in the UV-visible spectrum of the purified enzyme,

whereas a broad peak at 400–500 nm was present (Fig. 2)

[17]. In this spectrum, the presence of a shoulder at 330 nm

Table 1. Purification of extracellular laccase from M. scorodonius.

Purification step
Volume

(ml)

Total protein

(mg)

Total activity 

(U)

Specific activity

(U/mg)

Purification factor

(fold)

Yield

(%)

Culture filtrate 2,000 1,969 4,833  2.1  1 100

(NH4)2SO4 precipitation  34  127  802  6.3  3  17

HiTrap Q  17  14  258 432.8 206  5

Fig. 1. SDS and native PAGE of the purified M. scorodonius

laccase. 

(A) Activity staining with ABTS after PAGE under non-denaturing

conditions; (B) SDS-PAGE of the purified enzyme after Coomassie

brilliant blue staining. Lane 1, molecular mass marker; lane 2, the

purified laccase.
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could indicate a type 3 binuclear Cu(II) pair [18]. The

amounts of Cu, Mn, Fe, Zn, Ni, and Co in the purified

enzyme were measured by ICP-MS. The enzyme contains

1 mole of Fe and Zn each and 2 moles of Cu per mole of the

protein. Mn, Co, and Ni were not detected. This result

indicates the MsLAC belongs to the nonblue laccase family.

Nonblue laccases containing two Cu atoms [19–22] or only

one Cu atom [23] were reported earlier. In these nonblue

laccases, the typical maximum of blue laccases in the UV-

visible spectra at 610 nm was absent, whereas a broad band

near 400 nm was detected [23]. Besides the single Cu atom,

these nonblue laccases also contain two Zn atoms and one

Fe or one Mn atom [23, 24] or two Fe and one Zn atom [25].

These additional non-Cu metal atoms might form a four-

site reaction center comparable to that of blue laccases [26]. 

Effects of pH and Temperature on Laccase Activity and

Thermostability 

Laccases have different pH optima, which are substrate

dependent [27]. The pH dependence of the activities of

laccases toward phenolic and nonphenolic substrates was

evaluated next. The optimal pH for the oxidation of the

phenolic substrates guaiacol and 2,6-DMP was 4.0 and 4.6,

respectively (Fig. 3A). Generally, the pH dependence of the

activity of the majority of fungal laccases toward phenolic

substrates is narrow bell-shaped, with the optimal pH near

5 [15]. The optimal pH for the oxidation of nonphenolic

substrate ABTS was found to be 3.4, similar to that of the

majority of fungal laccases (Fig. 3A) [15]. The temperature

profiles of a laccase usually range between 50ºC and 70ºC

[15]. The optimal temperature for ABTS oxidation by the

MsLAC was 75ºC, which is similar to that of laccases from

Fig. 3. Effects of pH and temperature on the activity and

thermostability of M. scorodonius laccase. 

(A) pH dependence of activity. ● , ABTS; ▲ , guaiacol; ■ , 2,6-DMP.

(B) Temperature dependence of activity. (C) Thermostability of the

enzyme. Laccase (0.2 µM) was incubated for various lengths of time

at 70ºC (●) and 75ºC (○), and the residual activity of the samples

was measured at 70ºC and pH 3.4 with ABTS as a substrate. The

data presented are the average values from triplicate repeats of

measurements.

Fig. 2. UV-visible spectrum of purified M. scorodonius laccase

(9.4 µM) in 50 mM sodium acetate buffer (pH 6.0).
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Marasmius quercophilus (75ºC and 80ºC) and higher than

that of the majority of fungal laccases (Fig. 3B) [15]. Heat

inactivation of the enzyme was estimated by measuring the

residual laccase activity after heat treatment at two

temperatures. The enzyme still showed 80% of its activity

after incubation for 100 min at 70ºC, while it hardly

retained any activity after heating for 40 min at 75ºC

(Fig. 3C). From the result, the decrease of thermal stability

at 75ºC was supposed to be caused by the denaturation of

proteins after heating for 15 min. These results indicate that

the thermostability of MsLAC gives it a high potential for

industrial applications [15]. 

Effects of Metal Ions and Inhibitors on the Laccase Activity

Heavy metals in general are potent inhibitors of

enzymatic reactions. The effects of heavy metals and other

salts on laccase activity were tested with individual metal

salts at two concentrations (1 and 10 mM) as shown in

Table 2. It was found that for the concentration of 1 mM,

the laccase activity was resistant to all the metal ions tested

except for Fe2+. When the concentration was increased to

10 mM, laccase activity was decreased by all the metal ions

tested. The enzymatic activity was completely inhibited in

the presence of 1 or 10 mM Fe2+. It was reported that the

purified laccases from Ganoderma lucidum [28] and T. trogii

[29] are highly sensitive to Fe2+. This effect may be due to

an interaction of Fe2+ with the electron transport system of

the laccase [28]. 

The sensitivity of the enzyme to laccase inhibitors is shown

in Table 3. The metal chelators tested, NaN3, tropolone, and

p-coumaric acid, had strong inhibitory effects, whereas

EDTA showed no inhibition of the enzymatic reaction.

Likewise, it has been observed that EDTA is not an efficient

inhibitor of laccases from T. trogii and P. ostreatus [30, 31].

This result was explained by reversible removal of type 2

Cu from the protein by the chelating agent EDTA [32]. In

the presence of thiol compounds, L-cysteine, dithiothreitol,

or 2-mercaptoethanol, the activity of the enzyme was also

strongly inhibited. Inhibition by thiol compounds has been

reported for several laccases [33] and is presumed to be the

result of coordination of the thiol by the Cu atoms in the

enzyme’s active site [34].

Substrate Specificity

 To study the kinetic parameters of the enzymatic activity

of MsLAC, the initial reaction rates at various substrate

concentrations were determined, and kinetic parameters of

different substrates identified for MsLAC are summarized

Table 2. Effect of metal ions on M. scorodonius laccase activity.

Metal ions
Relative laccase activity (%)

1 mM 10 mM

None

Ca2+

Cu2+

Ni2+

Mg2+

Mn2+

Ba2+

Co2+

Zn2+

Fe2+

100

101.3

106.7

107.1

100

100

95.6

102

99.7

ND

100

19.8

39.2

32.2

34.2

28.1

41.3

44.9

11.7

ND

Enzyme assays were performed in triplicates. The averages of triplicate activity

measurements, varied <5%, were used for the calculation. ND: not detected.

Table 4. Kinetic parameters of purified M. scorodonius laccase. 

Substrate
 Km 

(µM)

 kcat 

(s-1)

 kcat/Km 

(mM-1·s-1)

ABTS  27 ± 6  72 ± 2  2,609 ± 333

2,6-DMP    602 ± 165  68 ± 7   113 ± 42

Guaiacol 2,772 ± 706  226 ± 30     81 ± 42

Data represent the mean (±SE) of duplicate measurements.

ABTS: 2,2’-azino-bis(3-ethylbenzothazoline-6-sulfonate); 2,6-DMP: 2,6-dimethoxy

phenol.

Table 3. Effect of inhibitors on M. scorodonius laccase activity. 

Compound Concentration (mM) Inhibition (%)

2-Mercaptoethanol  1  97

10 100

L-Cysteine  1 100

10 100

Dithiothreitol  1 100

10 100

NaN3  1  98

10 100

Tropolone  1  78

10  93

p-Coumaric acid  1  48

10  87

SDS  1  43

10  98

EDTA  1  0

10  6

Enzyme assays were performed in triplicates. The averages of triplicate activity

measurements, varied <5%, were used for the calculation.
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in Table 4. MsLAC oxidized phenolic substrates such as

2,6-DMP and guaiacol as well as nonphenolic substances

such as ABTS (Table 4). Laccases generally have high

affinity for ABTS with a high catalytic constant, whereas

the oxidation of 2,6-DMP and guaiacol was considerably

slower and the respective Km constants were higher [15].

The MsLAC showed the highest affinity (27 µM) and

catalytic efficiency (2,609 mM-1·s-1) for ABTS. In contrast,

the Km values for guaiacol (2,772 µM) and 2,6-DMP

(602 µM) were noticeably higher than that of ABTS. The

catalytic efficiency (kcat/Km) toward 2,6-DMP was lower

than that of the thermostable fungal laccase from Trametes

hirsuta (250 mM-1·s-1) [35] and was higher than that of the

thermostable bacterial laccase from Bacillus pumilus

(16.17 mM-1·s1) [36]. As in the case of typical laccases, the

MsLAC did not oxidize L-tyrosine and veratryl alcohol,

which are standard substrates for tyrosinase and arylalcohol

oxidase, respectively.

Enzymatic Decolorization of Dyes

The enzymatic decolorization of synthetic organic dyes

representative of the most widely used industrial dyes (for

detail see “Materials and Methods”) was evaluated by

using the purified enzyme alone or in the presence of redox

mediators during incubation for 0 to 8 h at 70°C. Table 5

shows that this laccase has different effects on different

dyes. Indeed, it can decolorize Congo red (90%), Malachite

green (82%), Crystal violet (69%), and Methylene green

(63%) without the addition of an expensive mediator.

MsLAC may be a suitable enzyme for Congo red and

Malachite green decolorization. In comparison with other

studies, the laccase isolated from Trametes sp. SQ01 was

found to decolorize 45% of Congo red (100 mg/l) and 100%

of Malachite green (100 mg/l) after incubation for 24 h [37].

The potential of a laccase for decolorization of a synthetic

dye is determined by the structure of the enzyme in

question and its specificity and activity [38]. 

A recent study showed decolorization of dyes Neolane

yellow and Maxillon blue with a laccase-mediator system

by the laccase from T. trogii [39]. In the present report, HBT

was chosen as a typical redox mediator for studying

decolorization of various dyes by the purified MsLAC. The

addition of HBT clearly increased the decolorization of

Remazol brilliant blue R and Reactive orange 16, which

were decolorized up to 61% and 48%, respectively (Table 5).

The use of HBT as a laccase mediator increased the range of

dyes degraded by MsLAC, and this finding is similar to the

results of other reports [39–41]. In contrast to the above-

mentioned dyes, the decolorization of Eriochrome black T,

Indigo carmine, Methyl red, Nile blue, Methylene orange,

Rhodamine B, and Trypan blue was not improved by the

laccase and HBT (data not shown). This result could be

caused by various factors, such as reaction conditions, the

type of dye, and the structure and redox potential of the

mediator. Thus, we continue our studies to improve the

decolorization of dyes by MsLAC using various mediators.

This is the first report of the white-rot fungus M.

scorodonius as a producer of a thermostable and acidophilic

laccase that can efficiently decolorize several synthetic dyes

without a redox mediator. This study is useful for

understanding the precise use of M. scorodonius laccase in

industrial bleaching processes and for decolorization of

effluents containing textile dyes without the addition of an

expensive mediator.

References

1. Hoegger PJ, Kilaru S, James TY, Thacker JR, Kües U. 2006.
Phylogenetic comparison and classification of laccase and
related multicopper oxidase protein sequences. FEBS J. 273:

2308-2326.
2. Rivera-Hoyos CM, Morales-Álvarez ED, Poutou-Piñales RA,

Pedroza-Rodríjuez AM, Rodríguez-Vázquez R, Delgado-
Boada JM. 2013. Fungal laccases. Fungal Biol. Rev. 27: 67-82.

3. Bajpai P. 1999. Application of enzymes in the pulp and
paper industry. Biotechnol. Prog. 15: 147-157.

4. Durán N, Rosa MA, D’Annibale A, Gianfreda L. 2002.
Applications of laccases and tyrosinases (phenoloxidases)
immobilized on different supports: a review. Enzyme Microb.

Technol. 31: 907-931.
5. Cameselle C, Pazos M, Lorenzo M, Sanromán MA. 2003.

Enhanced decolourisation ability of laccase towards various
synthetic dyes by an electrocatalysis technology. Biotechnol.

Table 5. Decolorization of different synthetic dyes by

M. scorodonius laccase in the presence and absence of 1-

hydroxybenzotriazole (HBT).

Dyes
Decolorization 

without HBT (%)

Decolorization 

with HBT (%)

Malachite green

Crystal violet

Congo red

Methylene green

Reactive orange 16a

Remazol brilliant blue Ra

82

69

90

63

0

0

ND

ND

ND

ND

48

61

ND: not determined.
aDyes that were not decolorized were treated with enzyme in the presence of

HBT.



1126 Jeon and Lim

J. Microbiol. Biotechnol.

Lett. 25: 603-606.
6. Rim K, Lasssd B, Steve W, Mariem E, Abdelhafidh D, Sarni

S, Tabar M. 2010. Decolourization and detoxification of
textile industry wastewater by the laccase-mediator system.
J. Hazard. Mater. 175: 802-808.

7. Levin L, Melignani E, Ramos AM. 2010. Effect of nitrogen
sources and vitamins on ligninolytic enzyme production by
some white-rot fungi. Dye decolorization by selected culture
filtrates. Bioresour. Technol. 101: 4554-4563.

8. Shaul GM, Holdsworth TJ, Dempsey CR, Dostal KA. 1991.
Fate of water soluble azo dyes in the activated sludge
process. Chemosphere 22: 107-119.

9. Hongman H, Jiti Z, Jing W, Cuihong D, Bin Y. 2004.
Enhancement of laccase production by Pleurotus ostreatus

and its use for the decolorization of anthraquinone dye.
Process Biochem. 39: 1415-1419.

10. Li L, Wenkui D, Peng Y, Jian Z, Yinbo Q. 2009.
Decolorisation of synthetic dyes by crude laccase from
Rigidoporus lignosus W1. J. Chem. Technol. Biotechnol. 84: 399-404.

11. Ainsworth GC, Sparrow FK, Sussman AS. 1973. A
taxonomic review with keys: basidiomycetes and lower
fungi. In Ainsworth GC, Sparrow FK, Sussman AS (eds.).
The Fungi, An Advanced Treatise, Vol. 4B. Academic Press,
Orlando. USA.

12. Lim SJ, Jeon SJ. 2014. Optimal conditions for laccase
production from the white-rot fungus Marasmius scorodonius.
Korean J. Microbiol. Biotechnol. 42: 225-231.

13. Schückel J, Matura A, van Pée KH. 2011. One-copper
laccase-related enzyme from Marasmius sp.: purification,
characterization and bleaching of textile dyes. Enzyme

Microb. Technol. 48: 278-284.
14. Perrella FW. 1988. EZ-FIT: a practical curve-fitting

microcomputer program for the analysis of enzyme kinetic
data on IBM-PC compatible computers. Anal. Biochem. 174:

437-447.
15. Baldrian P. 2006. Fungal laccases – occurrence and properties.

FEMS Microbiol. Rev. 30: 215-242.
16. Liu H, Tong C, Du B, Liang S, Lin Y. 2015. Expression and

characterization of LacMP, a novel fungal laccase of
Moniliophthora perniciosa FA553. Biotechnol. Lett. 37: 1829-1835.

17. Rheinhammar B. 1984. Laccase, pp. 4-10. In R. Lontie (ed.).
Copper Proteins and Copper Enzymes. CRC Press, Inc., Boca
Raton, FL. USA.

18. Eggert C, Temp U, Eriksson KE. 1996. The ligninolytic
system of the white rot fungus Pycnoporus cinnabarinus:
purification and characterization of the laccase. Appl.

Environ. Microbiol. 62: 1151-1158.
19. Wood DA. 1980. Production, purification and properties of

extracellular laccase of Agaricus bisporus. J. Gen. Microbiol.

177: 327-338. 
20. De Vries OMH, Kooistra WHCF, Wessels JGH. 1986.

Formation of an extracellular laccase by a Schizophyllum

commune dikaryon. J. Gen. Microbiol. 132: 2817-2826.

21. Karhunen E, Niku-Paavola ML, Viikari L, Haltia T, van der
Meer RA, Duine JA. 1990. A novel combination of prosthetic
groups in a fungal laccase: PQQ and two copper atoms.
FEBS Lett. 267: 6-8.

22. Okamoto K, Yanagi SO, Sakai T. 2000. Purification and
characterization of extracellular laccase from Pleurotus

ostreatus. Mycoscience 41: 7-13.
23. Palmieri G, Giardina P, Bianco C, Scaloni A, Capasso A,

Sannia G. 1997. A novel white laccase from Pleurotus

ostreatus. J. Biol. Chem. 271: 31301-31307.
24. Min KL, Kim YH, Kim YW, Jung HS, Hah YC. 2001.

Characterization of a novel laccase produced by the wood-
rotting fungus Phellinus ribis. Arch. Biochem. Biophys. 392:

279-286.
25. Kaneko S, Cheng M, Murai H, Takenaka S, Murakami S,

Aoki K. 2009. Purification and characterization of an
extracellular laccase from Phlebia radiata strain BP-11-2 that
decolorizes fungal melanin. Biosci. Biotechnol. Biochem. 73:

939-942.
26. Nakamura K, Go N. 2005. Function and molecular evolution

of multicopper blue proteins. Cell. Mol. Life Sci. 62: 2050-2066.
27. Robles A, Lucas R, Cienfuegos G, Gálvez A. 2000. Phenol-

oxidase (laccase) activity in strains of the hyphomycete
Chalara paradoxa isolated from olive mill wastewater
disposal ponds. Enzyme Microb. Technol. 26: 484-490.

28. Murugesan K, Kim YM, Jeon JR, Chang YS. 2009. Effect of
metal ions on reactive dye decolorization by laccase from
Ganoderma lucidum. J. Hazard. Mater. 168: 523-529.

29. Mechichi T, Mhiri N, Sayadi S. 2006. Remazol Brilliant Blue
R decolorization by the laccase from Trametes trogii.
Chemosphere 64: 998-1005

30. Khlifi R, Belbahri L, Woodward S, Ellouz M, Dhouib A,
Sayadi S, Mechichi T. 2010. Decolourization and detoxification
of textile industry wastewater by the laccase-mediator
system. J. Hazard. Mater. 175: 802-808.

31. El-Batal AI, ElKenawy NM, Yassin AS, Amin MA. 2015.
Laccase production by Pleurotus ostreatus and its application
in synthesis of gold nanoparticles. Biotechnol. Rep. 5: 31-39.

32. Li J, McMillin DR. 1992. The removal of the type-2 copper
from Rhus vernicifera laccase. Biochim. Biophys. Acta 28: 239-245.

33. D’Souza-Ticlo D, Sharma D, Raghukumar C. 2009. A
thermostable metal-tolerant laccase with bioremediation
potential from a marine-derived fungus. Mar. Biotechnol.

(NY) 11: 725-737.
34. Zheng Z, Li H, Li L, Shao W. 2012. Biobleaching of wheat straw

pulp with recombinant laccase from the hyperthermophilic
Thermus thermophiles. Biotechnol. Lett. 34: 541-547.

35. Haibo Z, Yinglong Z, Feng H, Peiji G, Jiachuan C. 2009.
Purification and characterization of a thermostable laccase
with unique oxidative characteristics from Trametes hirsuta.
Biotechnol. Lett. 31: 837-843.

36. Reiss R, Ihssen J, Thöny-Meyer L. 2011. Bacillus pumilus

laccase: a heat stable enzyme with a wide substrate



Dye Decolorization by Marasmius scorodonius Laccase 1127

June 2017⎪Vol. 27⎪No. 6

spectrum. BMC Biotechnol. 11: 1-11.
37. Yang XQ, Zhao XX, Liu CY, Zheng Y, Qian SJ. 2009.

Decolorization of azo, triphenylmethane and anthraquinone
dyes by a newly isolated Trametes sp. SQ01 and its laccase.
Process Biochem. 44: 1185-1189.

38. Grassi E, Scodeller P, Filiel N, Carballo R, Levin L. 2011.
Potential of Trametes trogii culture fluids and its purified
laccase for the decolorization of different types of
recalcitrant dyes without the addition of redox mediators.
Int. Biodeterior. Biodegradation 65: 635-643.

39. Zouari-Mechichi H, Mechichi T, Dhouib A, Sayadi S,

Martínez AT, Martínez MJ. 2006. Laccase purification and
characterization from Trametes trogii isolated in Tunisia:
decolorization of textile dyes by the purified enzyme.
Enzyme Microb. Technol. 39: 141-148.

40. Soares GM, de Amorim MT, Costa-Ferreira M. 2001. Use of
laccase together with redox mediators to decolourize
remazol brilliant blue R. J. Biotechnol. 89: 123-129.

41. Reyes P, Pickard MA, Vazquez-Duhalt R. 1999.
Hydroxybenzotriazole increases the range of textile dyes
decolorized by immobilized laccase. Biotechnol. Lett. 21: 875-880.


