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A laccase-producing white-rot fungi strain Ganoderma sp.En3 was newly isolated from the forest of Tzu-
chin Mountain in China. Ganoderma sp.En3 had a strong ability of decolorizing four synthetic dyes, two
simulated dye bath effluents and the real textile dye effluent. Induction in the activity of laccase during
the decolorization process indicated that laccase played an important role in the efficient decoloriza-
tion of different dyes by this fungus. Phytotoxicity study with respect to Triticum aestivum and Oryza
sativa demonstrated that Ganoderma sp.En3 was able to detoxify four synthetic dyes, two simulated dye
effluents and the real textile dye effluent. The laccase gene lac-En3-1 and its corresponding full-length
cDNA were then cloned and characterized from Ganoderma sp.En3. The deduced protein sequence of LAC-
En3-1 contained four copper-binding conserved domains of typical laccase protein. The functionality of
lac-En3-1 gene encoding active laccase was verified by expressing this gene in the yeast Pichia pastoris
successfully. The recombinant laccase produced by the yeast transformant could decolorize the synthetic
dyes, simulated dye effluents and the real textile dye effluent. The ability of decolorizing different dyes
was positively related to the laccase activity. In addition, the 5’-flanking sequence upstream of the start
codon ATG in lac-En3-1 gene was obtained. Many putative cis-acting responsive elements were predicted
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in the promoter region of lac-En3-1.
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1. Introduction

Laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) is a
group of copper-containing polyphenol oxidases which can cat-
alyze the four-electron reduction of O, to H, O with the concomitant
oxidation of phenolic compounds. Laccase is widespread in plants,
fungi and bacteria, but the most important sources of this enzyme
are white-rot fungi. White-rot fungi can degrade the lignin thor-
oughly. The lignin degradation enzyme of white-rot fungi, which
exhibits unique biodegradation capabilities, is secreted extracellu-
larly and unusually nonspecific. Laccase is one of the important
ligninolytic enzymes playing crucial role in the highly-efficient
degradation of lignin [1,2]. Besides the function of lignin degrada-
tion [3], fungal laccases have been found to play an important role
in fungal morphogenesis and fruiting body development [4-6], fun-
gal pathogenicity [7] and pigmentation [8,9]. Due to the advantage
of this enzyme, such as substrate non-specific, directly oxidizing
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various phenolic compounds, using molecular oxygen as the final
electron acceptor instead of hydrogen peroxide, showing a con-
siderable level of stability in the extracellular environment [2],
laccase has been widely applied in biotechnology and industry,
such as delignification of lignocellulosics, paper pulping/bleaching,
degradation of different recalcitrant compounds, bioremediation,
sewage treatment, dye decolorization and biosensors [10-13]. Thus
laccase is a kind of valuable enzyme which is widely used in the
biotechnology and industry.

In order to obtain large amounts of enzyme for application,
several laccase genes have been cloned from different fungal
sources [14-18] and heterologously expressed in Pichia pastoris
[19,20], Pichia methanolica [21], Saccharomyces cerivisiae [22-24],
Kluyveromyces lactis [25], Yarrowia lipolytica [26], Aspergillus
nidulans [27], Aspergillus niger [28], Aspergillus oryze [29], and Tri-
choderma reesei [30,31]. Previous research about the regulation of
laccase gene expression demonstrates that the transcription of lac-
case gene can be regulated by metal ions [32,33], various aromatic
compounds related to lignin or lignin derivatives [34,35], nutrient
nitrogen [32] and carbon [33].

Isolating new white-rot fungi strain and new laccase gene from
different sources is urgently needed for better utilizing laccase
in the field of biotechnology and industry, such as decolorizing
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and detoxifying industrial dyes. In this study, a laccase-producing
white-rot fungi strain Ganoderma sp.En3 was newly isolated from
the forest of Tzu-chin Mountain in China. Ganoderma sp.En3 was
able to decolorize and detoxify the synthetic dyes, simulated dye
bath effluents and real textile dye effluent efficiently. The lac-
case gene lac-En3-1 and its corresponding full-length cDNA were
cloned and characterized from Ganoderma sp.En3. The function-
ality of lac-En3-1 gene encoding active laccase was verified by
expressing this gene in the yeast Pichia pastoris successfully. The
recombinantlaccase produced by the yeast gene-engineering strain
was found to possess the ability to decolorize different dyes. The
capability of decolorizing different dyes exhibited positive correla-
tion with the laccase activity. In addition, the 5'-flanking sequence
upstream of the start codon ATG in lac-En3-1 gene was obtained
by Self-Formed Adaptor PCR (SEFA PCR). Many putative cis-acting
responsive elements, which may play important role in the tran-
scriptional regulation of lac-En3-1 gene, were discovered in the
promoter region of lac-En3-1. Our work suggested that Ganoderma
sp.En3 had great potential for practical and useful application in
environmental biotechnology, such as decolorizing and detoxifying
industrial dyes and dye bath effluents.

2. Experimental
2.1. Strains and media

Ganoderma sp.En3 was isolated from the forest of Tzu-chin
Mountain in China and preserved in Institute of Environment &
Resource Microbiology, Huazhong University of Science & Tech-
nology, Wuhan, China. Ganoderma sp.En3 was maintained on
potato-dextrose agar (PDA) medium. Pichia pastoris GS115 and
plasmid pPIC3.5K were purchased from Invitrogen. MD, BMGY,
BMMY and BMM media were prepared according to the instruc-
tion of the Pichia Expression Kit manual (Invitrogen). Escherichia
coli DH5a was used in all of the cloning procedures.

2.2. Isolation of genomic DNA and total RNA from fungi

Ganoderma sp.En3 was grown in the GYP medium:
20gglucosel!, 5gyeastextractl-!, 5g peptone from caseinl-!
and 1gMgS04-7H,01-1. The pH was adjusted to 5.0 with H3POy4
prior to sterilization [17]. The mycelium was harvested from liquid
culture at the peak of laccase activity. Genomic DNA was extracted
using the E.Z.N.A. Fungal DNA kit (Omega, USA). Total RNA was
extracted using the TRIZOL Reagent (Invitrogen) according to the
instructions, followed by RNase-Free DNase (Promega) digestion.

2.3. Cloning of the complete structural gene of lac-En3-1

The degenerate primers Cul and CulV (sequence shown in
Table 1) were designed according to the conserved amino acids
sequences of the copper-binding region I (HWHGFFQ) and IV
(HCHIDFH) in fungal laccases, respectively. Degenerate PCR was
performed using the genomic DNA of Ganoderma sp.En3 as the tem-
plate. A1600bp PCR fragment was obtained and cloned to pMD18-T
vector (TAKARA) for sequencing. It was confirmed that this 1600bp
PCR fragment contained specific sequence of laccase gene by DNA
sequencing. In order to obtain the complete structural gene encod-
ing laccase, TAIL-PCR (thermal asymmetric interlaced PCR) [36] was
performed to amplify the 5’ and 3’-flanking sequence of the known
1600bp laccase gene partial sequence using the genomic DNA of
Ganoderma sp.En3 as the template. The specific nested primers for
amplify the 5'-flanking sequence of the known 1600bp laccase gene
were En3-5-1, En3-5-2 and En3-5-3 (primer sequence shown in
Table 1). The specific nested primers for amplify the 3’-flanking

Table 1
Oligonuleotide primers used in this study. D=A/G/T, N=A/G/C/T,R=A/G, Y=C/T.

Primer Nucleotide sequence

Cul CAYTGGCAYGGNTTYTTYCA

Culv TGRAARTCDATRTGRCARTG

En3-5-1 GTGGCACGATAAGCATAGCTCTAAGGTGC
En3-5-2 TCGACATCGTAGAGCCATCCAAGAGGATC
En3-5-3 AGCCTGACCGGGAACTCGGAAGTC

En3-3-1 CGGAAGCGTCTATGCGCTCCCATCC

En3-3-2 CCCTTCCACATGCACGGCGTAAGTAC
En3-3-3 CAACTATCGCAACCCCGTCTGGCGC

En3-f1 atggtcagattccaatcattccttcectaccteg

En3-r1 ctactggtcctccggegegagege

En3-f1-BamHI aaaggatccaccatggtcagattccaatcattccttccctaccteg
En3-r1-Notl tttgeggecgectactggtectecggegegagege
lac-En3-SP1 gagtgaagtacgagtcggagggageggtac
lac-En3-SP2 GGTCGTCTTCAACATGGTGTGGTTTGTCATCC
lac-En3-SP3 tgcattggatatgaccagatNNNNNNNNNNtccgat
lac-En3-SP4 gcccagtctgagatgaaccaggatcaggtagggag

AD1 TG(A/T)GNAG(A/T)ANCA(G/C)AGA

AD2 AG(A|T)GNAG(A/T)ANCA(A/T)AGG

AD3 (G/C)TTGNTA(G/C)TNCTNTGC

AD4 NTCGA(G/C)T(A/T)T(G/C)G(A/T)GTT

AD5 NGTCGA(G/C)(A/T)GANA(A/T)GAA

ADG6 (A/T)GTGNAG(A/T)ANCANAGA

AD7 (A/T)TCTGNCT(A/T)ANTANCT

sequence of the known 1600bp laccase gene were En3-3-1, En3-3-
2 and En3-3-3 (primer sequence shown in Table 1). The arbitrary
degenerate primers (AD primers) used in TAIL-PCR were designed
according to Ref. [36] and show in Table 1. TAIL-PCR was performed
according to the detailed method described in Ref. [36]. The TAIL-
PCR product was cloned to pMD18-T vector (TAKARA) for DNA
sequencing. After obtaining the 5’ and 3’-flanking sequence of the
known 1600bp laccase gene, high fidelity PCR was performed to
amplify the complete structural gene using the genomic DNA of
Ganoderma sp.En3 as the template and En3-f1, En3-r1 as the spe-
cific primers (sequence shown in Table 1). The PCR product-2118bp
complete structural gene encoding laccase was cloned to pMD18-T
vector (TAKARA) for DNA sequencing and designated as lac-En3-1.

2.4. Cloning of the full-length cDNA of lac-En3-1

According to the known 5’ and 3’-end sequences of the lac-
case structural gene, primer En3-f1 was designed to match the
start codon ATG region and primer En3-r1 was designed to match
the sequence immediately downstream of the stop codon TAG
(sequences of primer En3-f1 and En3-r1 were shown in Table 1).
Using En3-f1 and En3-r1 as the specific primers, RT-PCR was
then performed to amplify the full-length cDNA of lac-En3-1 with
PrimeSTAR™ HS DNA Polymerase (TAKARA). The 1566bp full-
length cDNA was cloned to pMD18-T vector (TAKARA) for DNA
sequencing, resulting in the recombinant plasmid pMD18-T-lac-
En3-1.

2.5. Cloning of the 5'-flanking sequence upstream of the start
codon of lac-En3-1

In order to obtain the promoter region of laccase gene, Self-
Formed Adaptor PCR (SEFA PCR) [37] was performed to amplify
the 5'-flanking sequence upstream of start codon of lac-En3-1.
The nested primers used for Self-Formed Adaptor PCR (lac-En3-
SP1, lac-En3-SP2, lac-En3-SP3 and lac-En3-SP4, the sequences of
these primers were shown in Table 1) were designed based on
the known structural gene sequence. lac-En3-SP1, lac-En3-SP2 and
lac-En3-SP4 were gene-specific primers and had high annealing
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Table 2
Characteristics of the synthetic dyes studied in this work.
Dyes ClIL Structure Amax (Nm) Type
Malachite green 42,000 N 618 Triphenylmethane
U U
Me;N NMe,
£
i_oﬂi
Methyl orange 13,025 0 N 462 Azo
H;C.':I
CHs
(HsCkN N(CH3)2
Do)
Crystal violet 42,555 Triphenylmethane

Bromophemol blue

O 584

Br 592

temperatures (about 70°C). lac-En3-SP3 was a partially degener-
ate primer. Self-Formed Adaptor PCR (SEFA PCR) was performed
according to the detailed method described in Ref. [37].

2.6. Heterologous expression of lac-En3-1 gene in Pichia pastoris

Firstly the vectors for expression of lac-En3-1 gene in Pichia
pastoris were constructed. High fidelity PCR was performed to
obtain the full-length lac-En3-1 cDNA using the plasmid pMD18-T-
lac-En3-1 as template and En3-f1-BamHI, En3-r1-Notl as primers
(sequences shown in Table 1, restriction sites for BamHI and Notl
were incorporated into upstream and downstream primers respec-
tively). Then the PCR product was purified and digested with BamHI
and Notl. This digested fragment was inserted into the same sites of
pPIC3.5K vector (Invitrogen), resulting in the recombinant plasmid
pPIC3.5K-lac-En3-1 (containing the laccase native signal peptide).

The pPIC3.5K-lac-En3-1 and the control vector pPIC3.5K were
linearized by Sacl digestion and transformed into Pichia pastoris
GS115 (Invitrogen) respectively by the electroporation method
described in the instruction of Multi-Copy Pichia Expression Kit
(Invitrogen). The electroporated cells were plated onto MD agar
plates for selecting the His* transformants. Some His* transfor-
mants were selected randomly and grown on the BMGY agar plates
at 28 °C for two days and then inoculated onto the BMM agar plates
containing CuSO4 (0.1 mmol/l) and ABTS (0.2 mmol/l). Under the
induction of methanol, secretion of active laccase was identified by
the presence of a dark green zone around transformant colonies.

After selection of positive transformants which could produce
active laccase on ABTS plates, the positive transformants were
then fermented with BMM liquid medium at 20°C. The yeast
transformants were inoculated into 20 ml BMG media in 250-ml
Erlenmeyer flasks and incubated at 30 °C to OD600 of 10 with shak-
ing at 200 rpm. Then the cultures were centrifuged at 3000 x g for
5min and the cell pellets were suspended to OD600 of 2.0 with

30 ml BMM media (pH 6.0) containing 0.3 mM CuSO4 and 0.8% ala-
nine. The cultures were grown at 20°C with shaking at 200 rpm,
with 0.5% (v/v) methanol being added daily. Secreted laccase activi-
ties in cultures were measured daily. Laccase activity was measured
by means of ABTS method as described by Ref. [38]. Native-PAGE
was also performed according to the method described in Ref. [39].
All experiments were performed in triplicate.

2.7. Decolorization of four synthetic dyes-methyl orange,
malachite green, bromophenol blue and crystal violet by
Ganoderma sp.En3

2.7.1. Decolorization of four synthetic dyes by fungal whole
cultures-decolorization of dyes in submerged cultures operated in
batch mode

Ganoderma sp.En3 was precultured on PDA (potato-dextrose
agar) plates at 28°C for 1 week. Flasks containing 50 ml lig-
uid medium (11 distilled water: glucose 20 g, yeast extract 2.5g,
KH,PO4 1g, NayHPO4 0.05g, MgS04.7H,0 0.5g, CaCl, 0.01g,
FeS04-7H,0 0.01g, MnSO4-4H,0 0.001g, ZnSO4-7H,0 0.001g,
CuS04-5H,0 0.002 g. The pH of the medium was adjusted to 5.5)
[40] were each inoculated with five plugs obtained from the edge
of actively growing mycelia of Ganoderma sp.En3 and incubated
at 28°Cin a shaking incubator (150 rpm) for 5 days. Then different
dyes were added into the 5-days cultures at various concentrations:
25, 50, 100, 200mgl-! respectively and incubated at 28°C with
shaking at 150 rpm continuously. An aliquot (3 ml) of the culture
media was withdrawn at different time intervals. Decolorization
was monitored by measuring the absorbance of the culture super-
natant at 618 nm for malachite green, 462 nm for methyl orange,
592 nm for bromophenol blue, 584 nm for crystal violet.

More information about these dyes: CI, structure, type, Amax
were shown in Table 2. The decolorization of dye, expressed as
dye decolorization (%), was calculated as the formula: decoloriza-
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tion (%) =[(A; — At)/A;] * 100, where, A;: initial absorbance of the dye,
A¢: absorbance of the dye along the time. All experiments were
performed in triplicate.

The extracellular activity of lignin modifying enzymes, such as
laccase, manganese peroxidase, lignin peroxidase and total organic
carbon (TOC) before and after decolorization were also measured
as following. Laccase activity was measured by means of ABTS
method as described by Ref. [38]. Manganese peroxidase activity
was measured as described by Ref. [41]. Lignin peroxidase activity
was measured as described by Ref. [42]. The total organic carbon
(TOC) content was analyzed using a TOC Analyzer (O.l. Analytical
1010 Total Organic Carbon Analyzer).

2.7.2. Decolorization of four synthetic dyes by the culture
supernatants operated in batch mode

The culture supernatants prepared from Ganoderma sp.En3 were
used to decolorize four synthetic dyes. The assays were carried
out at 30°C. The reaction mixture in a total volume of 1 ml con-
tained (final concentration): acetate buffer (25 mM, pH 4.5), dyes
(methyl orange, malachite green, bromophenol blue: 50 mgl-1;
crystal violet: 20mg1-1) and 100 I culture supernatant (contain-
ing 0.03 U laccase). Decolorization was monitored by measuring the
absorbance of the reaction mixture at 618 nm for malachite green,
462 nm for methyl orange, 592 nm for bromophenol blue, 584 nm
for crystal violet.

The decolorization of dye, expressed as dye decoloriza-
tion (%), was calculated as the formula: decolorization
(%) =[(A; —Ar)[A;]* 100, where, A;: initial absorbance of the dye,
Ay absorbance of the dye along the time [43,44]. All experiments
were performed in triplicate.

Kojic acid was added into the culture supernatants of Gano-
derma sp.En3 at various concentrations. Then the decolorization
of dyes was performed again as described above. All experiments
were performed in triplicate.

2.8. Decolorization of simulated dye bath effluent by Ganoderma
sp.En3 operated in batch mode

Firstly, two kinds of simulated dye bath effluent were prepared
as following. Simulated dye effluent-I was prepared as described by
Vijayaraghavan et al. [45]. It mimic the effluent produced by typ-
ical reactive dye industries. The composition of the mixture was
decided according to a cotton fiber dyeing procedure used at an
integrated textile manufacturing plant [45,46]. The simulated dye
effluent-I consisted of Remazol black B (0.768 g), Remazol orange
16 (0.006 g), Remazol brilliant blue R (0.369 g), Remazol brilliant
violet 5R (0.194 g), acetic acid (0.79 g), sodium chloride (41.0g),
sodium carbonate (13.0g) and sodium hydroxide (0.51 g) per liter
of deionized water. The dye bath mixture was boiled for 3h and
then cooled for 12 h. The effluent sample was scanned using UV-Vis
Spectrophotometry, which showed the maximum absorbance at
579 nm. Simulated dye effluent-II was prepared as described by
Refs. [47,48]. The composition of simulated dye effluent-II was
based on instructions of the manufacturer Bezema AG (Montlingen,
Switzerland) for reactive dyes [47,48].1t consisted of 0.5 g/l Reactive
Black 5, 30 g/l NaCl, 5 g/l Na,CO3 and 1.5 ml/l of 32.5% (w/v) NaOH
in deionized water. The pH was adjusted to 4.5 with HCI. The efflu-
ent sample was scanned using UV-Vis Spectrophotometry, which
showed the maximum absorbance at 582 nm.

Ganoderma sp.En3 was precultured on PDA (potato-dextrose
agar) plates at 28°C for 1 week. Flasks containing liquid medium
(11 distilled water: glucose 20g, yeast extract 2.5g, KH,PO4
1g, Na,HPO4 0.05 g, MgS04-7H,0 0.5 g, CaCl, 0.01 g, FeSO4-7H,0
0.01g, MnS04-4H,0 0.001g, ZnSO4-7H,0 0.001g, CuSO4-5H,0
0.002 g. The pH of the medium was adjusted to 5.5) [40] were each
inoculated with five plugs obtained from the edge of actively grow-

ing mycelia of Ganoderma sp.En3 and incubated at 28 °Cin a shaking
incubator (150 rpm) for 6 days. Then simulated dye effluent-I1and II
were added into the 6-days cultures (final concentration was 60%)
respectively and incubated at 28 °C with shaking at 150 rpm con-
tinuously. An aliquot (3 ml) of the culture media was withdrawn
at different time intervals. Decolorization was monitored by mea-
suring the absorbance of the culture supernatant at 579 nm for
simulated dye effluent-I, 582 nm for simulated dye effluent-II. The
decolorization of dye effluent, expressed as decolorization (%), was
calculated as the formula: decolorization (%)=[(A; — At)/A;] * 100,
where, A;: initial absorbance of the dye effluent, A;: absorbance
of the dye effluent along the time. All decolorization experiments
were performed in three sets.

2.9. Decolorization of the real textile dye effluent by Ganoderma
sp.En3

The real textile industry effluent containing indigo dyes was
collected from Puqi Textile Dyeing Factory in Hubei Province of
China, which was designated as the real indigo effluent. The char-
acteristics of this wastewater with high concentration of salts,
high ionic strength and other auxiliary chemicals was described
as follows: COD=24813.5mgl~1; TOC=84453mgl-!; pH 9.2; the
initial absorbance at 680 nm = 2.0 (the effluent sample was scanned
using UV-Vis Spectrophotometry, which showed the maximum
absorbance at 680 nm).

The ability of the fungus to decolorize the real indigo efflu-
ent was assayed in the Kirk medium: ammonium tartrate, 0.2 g/I;
potassium dihydrogen phosphate, 2g/l; MgS04-7H,0, 0.5g/l;
CoCl,y-2H,0, 0.1 g/lI; glucose, 10g/l; vitamin B, 0.01 g/1; trace ele-
ments solution, 10 ml/l. The medium contained the textile dye
effluent instead of distilled water in equal volume. Flasks contain-
ing above liquid medium were inoculated with five plugs obtained
from the edge of actively growing mycelia of Ganoderma sp.En3
and incubated at 28 °C in a shaking incubator (150 rpm). An aliquot
(3 ml) of the culture media was withdrawn at different time inter-
vals. Decolorization was monitored by measuring the absorbance of
the culture supernatant at 680 nm. The decolorization of dye efflu-
ent, expressed as decolorization (%), was calculated as the formula:
decolorization (%) =[(A; — At)/A;] * 100, where, A;: initial absorbance
of the dye effluent, A;: absorbance of the dye effluent along the time.
All decolorization experiments were performed in three sets.

2.10. Decolorization of four synthetic dyes by the yeast
transformants which could produce active laccase

The Pichia pastoris transformants which could produce active
laccase were used to decolorize four synthetic dyes: methyl orange,
malachite green, bromophenol blue and crystal violet. Cell-free
supernatants prepared from the culture of GS115(pPIC3.5K-lac-
En3-1) at the peak of laccase activity and GS115(pPIC3.5K) as
the negative control were used to decolorize different dyes. The
reaction mixture respectively contained 50 mg1-! methyl orange,
malachite green, bromophenol blue or 20mgl-! crystal violet,
acetate buffer (25mM, pH 4.5) and 100 pl yeast culture super-
natant. During incubation at 30 °C, the time course of decolorization
was detected every 3h by measuring the absorbance at 618 nm
for malachite green, 462 nm for methyl orange, 592 nm for bro-
mophenol blue, 584 nm for crystal violet. The decolorization of dye,
expressed as dye decolorization (%), was calculated as the formula:
decolorization (%) =[(A; — At)/A;] * 100, where, A;: initial absorbance
of the dye, A;: absorbance of the dye along the time.

Kojic acid was added into the reaction mixture at a final con-
centration of 5, 10, 20, 50 mM respectively. Then the decolorization
of dyes was performed again as described above. All experiments
were performed in triplicate.
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2.11. Decolorization of the simulated dye bath effluent and real
textile dye effluent by the purified recombinant laccase produced
by Pichia pastoris transformant

Firstly, the recombinant laccase produced by Pichia pastoris
transformants was purified as following. The Pichia Pastoris trans-
formant in which lac-EN3-1 gene was successfully expressed was
cultivated in BMG medium at 28 °C, 250 rpm for two days (OD600:
20). The cells were centrifugated at the speed of 1500 x g for 5 min
and then resuspended in BMM medium (containing 0.3 mM Cu2*
and 0.8% alanine). The cultures were grown at 20°C with shak-
ing at 200 rpm, with 0.5% (v/v) methanol being added daily for ten
days. 200 ml of culture was centrifugated at 10,000 x g for 20 min.
The supernatant was concentrated into 10 ml using PEG20000 and
then dialyzed against PBS buffer (pH 6.8, 0.05 mol/I) for 24 h by ice
bath. The precipitate was abandoned by centrifugation (12,000 x g,
20 min). The supernatant was then applied to a Q-sepharose Fast
flow column (10 mm x 150 mm, GE Healthcare), which was pre-
equilibrated with 0.05 mol/l PBS, pH 6.8. The column was washed
at a flow rate of 3 mlmin~! with 21 PBS buffer to remove unbound
protein. Bound laccase was eluted from the column with salt gra-
dient (0.05, 0.15, 0.25, 0.35, 0.45 mol/I NaCl, dissolved in 0.05 mol/l,
pH 6.8 PBS) in the same buffer with a flow rate of 3 mlmin—!. Elu-
tion was simultaneously monitored at 280 nm for protein detection.
Active fractions were pooled, desalted, filter-sterilized, and stored
at 4°C. Protein concentrations was measured using the Bradford
dye-binding assay (Coomassie brilliant blue) and bovine serum
albumin as the standard. The homogeneity of the purified recom-
binant laccase was detected by SDS-PAGE.

The purified recombinant laccase produced by Pichia pastoris
transformant was then used to decolorize the simulated dye efflu-
ent as following. The decolorization of simulated dye effluent-I
and II by purified recombinant laccase was determined over a 36 h
period. The reaction mixture respectively contained 6% simulated
dye effluent-I (pH was adjusted to 5.0) and 30% simulated dye
effluent-II, acetate buffer (50mM, pH 5.0) and purified enzyme
(0.04U). During incubation at 30°C, the time course of decol-
orization was detected every 3h by measuring the absorbance
at 579nm for simulated dye effluent-I, 582nm for simulated
dye effluent-Il. The decolorization of dye effluent, expressed as
decolorization (%), was calculated as the formula: decolorization
(%) =[(A; —At)[A;] * 100, where, A;: initial absorbance of the dye
effluent, A;: absorbance of the dye effluent along the time. All exper-
iments were performed in triplicate.

The purified recombinant laccase produced by Pichia pastoris
transformant was also used to decolorize the real textile dye efflu-
ent as following. The decolorization of the real indigo effluent by
purified recombinant laccase was determined over a 36 h period.
The reaction mixture respectively contained 80% real indigo efflu-
ent, acetate buffer (50 mM, pH 5.0) and purified enzyme (0.1 U).
During incubation at 30°C, the time course of decolorization was
detected every 3 h by measuring the absorbance at 680 nm. The
decolorization of dye effluent, expressed as decolorization (%), was
calculated as the formula: decolorization (%)=[(A; —A:)/A;] * 100,
where, A;: initial absorbance of the dye effluent, A;: absorbance of
the dye effluent along the time. All experiments were performed in
triplicate. Kojic acid was added into the reaction mixture at a final
concentration of 100 mM. Then the decolorization of dye effluent
was performed again as described above.

2.12. Phytotoxicity study of different synthetic dyes, simulated
dye effluents and real indigo effluent before and after fungal
treatment

The relative sensitivities towards the original dyes and their
degradation products in relation to Triticum aestivum and Oryza

140 - —e—Cu2+: 0mM
—m— Cu2+: 1mM

Ve —a—Cu2+: 5mM

100 -
80+
60
40+
20+

0 * > —*
0 2 4 6 8
Time (day)

Laccase activity (U/L)

Fig. 1. The laccase production of Ganoderma sp.En3 grown in submerged medium
supplemented with different concentrations of Cu?*. All experiments were con-
ducted in triplicates. Data are the mean =+ SD of triplicate experiments.

sativa seeds were evaluated according to the method described by
Ref. [49]. The phytotoxicity study was performed (at room temp) in
relation to Triticum aestivum and Oryza sativa (10 seeds of each) by
watering separately 10 ml sample of original dyes and their decol-
orization products per day. Seeds were also treated with distilled
water at the same time as the control. The length of shoot and root of
Triticum aestivum treated under different conditions was measured
after 4 days. The length of shoot and root of Oryza sativa treated
under different conditions was measured after 7 days. Values are
mean of germinated seeds of three experiments.

2.13. Bioinformatic analysis of gene sequence

Analysis of the homology between the protein encoded by
lac-En3-1 and other known laccase proteins was performed
using BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
The molecular weight and isoelectric point of protein were pre-
dicted with Compute pI/Mw tool (http://www.expasy.org/tools/
pi_tool.html). N-glycosylation sites (Asn-X-Ser/Thr) were iden-
tified with ScanProsite program (http://www.expasy.ch/tools/
scanprosite/). Signal peptides were predicted with SignalP
3.0 (http://www.cbs.dtu.dk/services/SignalP/). The Conserved
Domains of protein were predicted and analyzed with Conserved
Domain Database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi). Alignments of multiple DNA and amino acid
sequences were generated with ClustalW2 (http://www.ebi.ac.uk/
Tools/clustalw2/index.html). Based on this alignment, the neigh-
bor joining phylogenetic tree was constructed using MEGA version
4. Bootstrapping was carried out with 500 replications. The puta-
tive cis-acting elements in the promoter region of laccase gene
were predicted and identified with SoftBerry-NSITE/Recognition
of Regulatory motifs (http://www.softberry.ru/berry.phtml?topic=
nsite&group=programs&subgroup=promoter). The putative cis-
acting elements in the promoter region of laccase gene were
also examined using the Matlnspector software (http://www.
genomatix.de/products/Matlnspector/).

3. Results and discussion

3.1. Decolorization of different synthetic dyes by Ganoderma
sp.En3 isolated from the forest of Tzu-chin Mountain in China

3.1.1. Decolorization of different synthetic dyes by fungal whole
cultures-decolorization of dyes in submerged cultures

Ganoderma sp.En3 was a white-rot fungi isolated from the
forest of Tzu-chin Mountain in China. The laccase production of
Ganoderma sp.En3 grown in liquid medium was measured contin-
uously. The secreted laccase activity of Ganoderma sp.En3 could
be enhanced significantly by Cu?* (Fig. 1). Neither manganese per-
oxidase nor lignin peroxidase was detected during the growing
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Fig. 2. Decolorization of four synthetic dyes at various increasing concentration of dye by Ganoderma sp.En3 whole cultures. All experiments were conducted in triplicates.

Data are the mean + SD of triplicate experiments.

process. Thus laccase was the most dominant lignin modifying
enzyme produced by this fungus with undetectable activities of
manganese peroxidase and lignin peroxidase. To investigate the
ability of Ganoderma sp.En3 to decolorize dyes, four different syn-
thetic dyes: methyl orange, malachite green, bromophenol blue
and crystal violet were decolorized by fungal whole cultures as
described in Section 2. Our research revealed that Ganoderma
sp.En3 could decolorize these four dyes efficiently. Malachite green
(50 mg1-1), methyl orange (50 mg1-1) and crystal violet (50 mg1-1)
were respectively decolorized up to 98.9%, 96.7% and 75.8% by
Ganoderma sp.En3 within 72 h. Bromophenol blue (50 mg1-1) was
decolorized more rapidly. It could be decolorized up to 98.3% by
Ganoderma sp.En3 within 12 h (Fig. 2).

In order to examine the effect of dye concentration on the decol-
orization, the decolorization of these four dyes was performed at
various increasing concentration of dye for different time intervals
(Fig. 2). As for malachite green and bromophenol blue, the efficiency
of decolorization was not significantly affected by increasing con-
centration of dye (Fig. 2A and D). 91.2% decolorization of malachite
green was observed at 200 mg1-! concentration within 72 h. 90.9%
decolorization of bromophenol blue was observed at 200 mgI-!
concentration within 12 h. But as for methyl orange and crystal
violet, the efficiency of decolorization was decreased with increas-
ing concentration of dye (Fig. 2B and C). When the concentration
of crystal violet was increased to 100 mgl~1, little decolorization
was observed within 120 h. As the initial methyl orange concentra-
tion increased from 50 to 200 mg1-1, the decolorization of methyl
orange decreased from 96.7% to 48.7% after 72 h. In summary, above
results indicated that the capacity of Ganoderma sp.En3 to decol-
orize malachite green and bromophenol blue were more powerful
than decolorizing methyl orange and crystal violet. Compared with
methyl orange and crystal violet, malachite green and bromophe-
nol blue were more easily decolorized by Ganoderma sp.En3. The
difference of dye structure may result in the difference of efficiency
of decolorization.

We further compared the decolorization capability of Gano-
derma sp.En3 with that of other strains reported previously. Liu
etal.[50] have reported that malachite green (15 mg1-!)was decol-
orized up to 66.5% by Fome lignosus within 240 h (10 days). Another
white-rot fungi Trametes versicolor showed 99.5% decolorization of
malachite green (15 mg1~-1) within 240 h (10 days). In our research,

we found that the maximum decolorization (%) of malachite green
(25mgl-1) could reach 99.8% within 24h (1 day) as for Gano-
derma sp.En3 (Fig. 2A). Compared with the result of Liu et al. [50],
the time required for complete decolorization of malachite green
by Ganoderma sp.En3 was far less than Trametes versicolor. The
decolorization efficiency of malachite green by Ganoderma sp.En3
was also higher than Fome lignosus. Thus the decolorizing capac-
ity of Ganoderma sp.En3 for malachite green was stronger than
that of Fome lignosus and Trametes versicolor reported by Ref. [50].
The effect of dye concentration on the decolorization of malachite
green by Ganoderma sp.En3 was also compared with other strains
reported previously [49,51]. The research about the biodegrada-
tion of malachite green by Kocuria rosea demonstrated that the
rate of decolorization was decreased with increasing concentra-
tion of malachite green. The rate of decolorization was decreased
beyond the 50mgl-! dye concentration. Only 13% and 6% decol-
orization was observed at 70 and 100mgl-! dye concentration
respectively. These results indicate toxicity of malachite green at
higher dye concentration [49]. The research about the biodegrada-
tion of malachite green by Sphingomonas paucimobilis also revealed
the reduction in decolorization with increase in dye concentration.
As the initial malachite green concentration increased from 2.5 to
50mgl-1, the decolorization of malachite green decreased from
99% to 75% after 24 h [51]. In our research, we found that the effi-
ciency of decolorization of malachite green by Ganoderma sp.En3
was not significantly reduced by increasing concentration of dye
(Fig. 2A). Ganoderma sp.En3 showed 96.8%, 90.6% and 91.2% decol-
orization of malachite green at the concentration of 50, 100 and
200 mg1-1 within 72 h. This result suggested that white-rot fungus
strain Ganoderma sp.En3 could tolerate higher concentrations of
malachite green compared with other bacterial strains reported by
Refs. [49,51]. The capability of Ganoderma sp.En3 for decolorizing
high concentrations of malachite green was more powerful than
that of some bacterial strains reported previously [49,51]. This was
the advantage of Ganoderma sp.En3 as for its useful application
in the environmental biotechnology, such as decolorizing indus-
trial dyes with high concentrations. Methyl orange was a model
azo dye. Previous research has reported that azo dyes were more
recalcitrant to decolorization or could only be decolorized to a lim-
ited extent [52]. But our research demonstrated that Ganoderma
sp.En3 could decolorize methyl orange efficiently. 25mgl-! and
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Table 3

The change of the activity of lignin modifying enzymes, TOC before and after decolorization of four synthetic dyes by Ganoderma sp.En3. ND: not detected, LiP: lignin

peroxidases, MnP: manganese peroxidase, TOC: total organic carbon.

Dye (concentration) Time (h) Decolorization (%) Laccase activity (UI"1) LiP activity (U1-") MnP activity (U1-1) TOC reduction (%)
Malachite green (50mgl-1) 0 0 33.2 + 4.77 ND ND
72 98.9+1.27 130.2 £ 7.26 ND ND 92.7
Methyl orange (50mgl-') 0 0 27.96 + 4.71 ND ND
72 96.7 +1.22 120.5 £ 7.92 ND ND 84.2
Bromophenol blue(50 mg1-') 0 0 41.11 +£ 13.03 ND ND
12 98.3+4.01 135.37 + 7.26 ND ND 86.1
Crystal violet (25mgl-1) 0 0 30.3 +£943 ND ND
120 924+24 112.5 £ 13.02 ND ND 63.1

50mgl-! methyl orange could be decolorized up to 92.0% and
96.7% respectively by Ganoderma sp.En3 within 72 h. Therefore,
our research indicated that Ganoderma sp.En3 showed high poten-
tial of decolorizing azo dyes effectively. The study on decolorizing
other azo dyes by Ganoderma sp.En3 was going on in our laboratory.
The previous research about the decolorization of crystal violet by
white-rot fungi has revealed that Fome lignosus showed 72% decol-
orization of crystal violet (25 mg1-1) within 240 h (10 days) [50]. A
marine fungal isolate NIOCC # 2a, producing laccase as the major
lignin-degrading enzyme, was used to decolorize crystal violet. The
decolorization of crystal violet by this marine fungus was very low.
Crystal violet was decolorized up to about 60% by this marine fun-
gus within 144 h (6 days) [53]. In our research, Ganoderma sp.En3
showed 92.4% decolorization of crystal violet (25mgl-1) within
120h (5 days). Thus, our work suggested that Ganoderma sp.En3
possess stronger capacity for decolorizing crystal violet compared
with some other fungal strains reported previously [50,53]. But as
for Ganoderma sp.En3, the decolorization capability for crystal vio-
let was still relatively lower than that for the other three dyes:
malachite green, bromophenol blue and methyl orange. Among
the four synthetic dyes studied in this work, bromophenol blue
was decolorized by Ganoderma sp.En3 most efficiently. The decol-
orization rate of bromophenol blue was much faster than the other
three dyes (Fig. 2). The maximum decolorization (%) of bromophe-
nol blue (25,50, 100 and 200 mg1-1) could respectively reach 98.6%,
98.2%, 99.4% and 90.9% within only 12 h (Fig. 2D). The efficiency
of decolorization of bromophenol blue by Ganoderma sp.En3 was
also not significantly affected by increasing concentration of dye
(Fig. 2D), which indicated that Ganoderma sp.En3 could tolerate
higher concentrations of bromophenol blue. This character may be
very valuable for applying Ganoderma sp.En3 to decolorize indus-
trial dyes with high concentrations. In summary, the advantage
of Ganoderma sp.En3 used for decolorizing industrial dyes com-
pared with some other strains reported previously [49-53] was
summarized as below: Firstly, the decolorizing capability of Gano-
derma sp.En3 was more powerful than that of some other strains
reported previously [49-53]; Secondly, Ganoderma sp.En3 could
tolerate higher concentrations of malachite green and bromophe-
nol blue, which may be very helpful for using Ganoderma sp.En3
to decolorize industrial dyes with high concentrations; Thirdly, the
decolorization rate of Ganoderma sp.En3 was faster than that of
some other strains reported previously [50,53]. Ganoderma sp.En3
decolorized bromophenol blue very rapidly. Short incubation times
required for the complete decolorization suggests that Ganoderma
sp.En3 offers practical and economical opportunity for decoloriza-
tion of some industrial dyes.

The change of the activity of lignin modifying enzymes, such as
laccase, manganese peroxidase, lignin peroxidase before and after
decolorization was studied and shown in Table 3. Laccase, man-
ganese peroxidase, lignin peroxidase activities were assayed in the
supernatant medium before and after decolorization. Extracellu-
lar laccase activities were significantly induced by 292.1%, 330.9%,
229.3% and 271.3% respectively after decolorization of malachite

green, methyl orange, bromophenol blue and crystal violet by Gan-
oderma sp.En3 (Table 3). Neither manganese peroxidase nor lignin
peroxidase was detected during the decolorization process. Induc-
tion in the activity of laccase during the decolorization process
suggested that laccase was involved in the decolorization of these
four dyes.

The change of total organic carbon (TOC) before and after
decolorization was also studied and shown in Table 3. Significant
reductions in TOC were observed after decolorization of these four
dyes by Ganoderma sp.En3. After decolorization, 92.7%, 84.2%, 86.1%
and 63.1% reduction of TOC was observed respectively for mala-
chite green, methyl orange, bromophenol blue and crystal violet
(Table 3).

In order to prove effectiveness of the fungal decolorization
process, not only decolorization but also the toxicity analysis of
the decolorization products was required. Because disposal of the
untreated dyeing effluent without any treatment into water bodies
was harmful to agriculture, it was of concern to assess the phyto-
toxicity of the dye before and after decolorizaton [54]. Therefore,
the phytotoxicity of these four dyes and their degradation product
after fungal treatment were further studied as described in Sec-
tion 2. The relative sensitivities towards the four dyes and their
degradation products in relation to Triticum aestivum and Oryza
sativa seeds were shown in Fig. 3. The results of phytotoxicity study
demonstrated that the untreated original dyes could greatly inhibit
the growth of shoot and root of Triticum aestivum and Oryza sativa
seeds. The original dyes were toxic to the germination of crop seeds.
On the contrary, the decolorization products showed lower phyto-
toxicity than the original one with respect to Triticum aestivum and
Oryza sativa (Fig. 3). This result indicated that biodegradation of the
dyes by Ganoderma sp.En3 resulted in its detoxification. Previous
research about biodegradation of malachite green by Kocuria rosea,
Sphingomonas paucimobilis, Fomes sclerodermeus have revealed the
degradation of malachite green into less toxic product [49,51,55].In
our work, the result of phytotoxicity study of malachite green and
its degradation product was in agreement with previous research
[49,51,55]. As for methyl orange, bromophenol blue and crystal vio-
let, there was no report about the phytotoxicity study of these dyes
before and after decolorization previously. In our work, the result
of phytotoxicity study firstly demonstrated that Ganoderma sp.En3
not only decolorized but also detoxified theses three dyes. To the
best of our knowledge, this was the first report about the detoxi-
fication of methyl orange, bromophenol blue and crystal violet by
fungal treatment. In summary, in the case of the dyes malachite
green, methyl orange, bromophenol blue and crystal violet, a sig-
nificant decrease in the phytotoxicity was achieved after the fungal
treatment.

3.1.2. Decolorization of different synthetic dyes by culture
supernatants

For the practical application, the use of crude laccase is more
economical and cost effective. Thus, the exploration of crude lac-
case for decolorizing four synthetic dyes was investigated. The
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Fig. 4. Decolorization of four synthetic dyes by the crude enzymes produced by Ganoderma sp.En3. The culture supernatants prepared from Ganoderma sp.En3 grown in GYP
medium were used to decolorize four dyes: malachite green, methyl orange, bromophenol blue and crystal violet. The ability to decolorize four dyes could be inhibited by
adding kojic acid (30 mM) which was a specific inhibitor of fungal laccase. In this figure, En3/different dyes/30 mM kojic acid means that 30 mM kojic acid was added into
the culture supernatants of Ganoderma sp.En3 and decolorization was then performed. En3/different dyes/0 mM kojic acid means that no kojic acid was added (a, ¢, e and g).
Various concentrations of kojic acid were added respectively (0, 5, 10, 20, 30, 50 mM). Following the increase of the concentration of kojic acid, the laccase activity decreased.
Following the decrease of laccase activity, the decolorization efficiency of four dyes (shown as the dye decolorization % for 12 h of incubation) were also inhibited obviously
(b, d, fand h). All experiments were conducted in triplicates. Data are the mean + SD of triplicate experiments.

culture supernatants prepared from Ganoderma sp.En3 grown in
GYP medium were further used to decolorize four different dyes
as described in Section 2. The highest decolorization (%) for 12 h of
incubation was detected to be 95.45% for malachite green, 74.03%
for methyl orange, 66.0% for crystal violet, and 90.88% for bro-
mophenol blue (Fig. 44, c, e and g). The diversity of the chemical
structures of dyes might result in the differences in the decoloriza-
tion efficiencies toward these four synthetic dyes. Small structural
differences among the dyes may significantly influence their decol-
orization efficiency. The differences in electron distribution, charge

density, steric factors or dye substituents may result in the differ-
ences in the decolorization extent [50,56].

However, it was also found that the ability to decolorize each
dye could be inhibited by adding kojic acid into the culture super-
natants of Ganoderma sp.En3. Fig. 4a, c, e and g indicated that the
decolorization efficiency of four dyes was obviously inhibited by
adding 30 mM kojic acid. Previous research has proved that kojic
acid was a specific inhibitor of fungal laccase. Laccase was a group
of multi-copper oxidases which contain four copper atoms in the
catalytic centre per molecule. Copper ion was necessary for the
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activity of laccase. Complexation of kojic acid with copper ion
in the catalytic centre could inhibit the laccase activity [57,58].
Our result also confirmed that the laccase activity of Ganoderma
sp.En3 could be significantly inhibited by kojic acid. The laccase
activity decreased when the concentration of kojic acid increased.
Following the decrease of laccase activity, the decolorization effi-
ciency of four dyes (12 h of incubation) was also inhibited obviously
(Fig. 4b, d, f and h). The laccase activity was 243.94U1-! when
no kojic acid was added. The decolorization (%) for 12 h of incu-
bation was detected to be 95.45% for malachite green, 74.03% for
methyl orange, 66.0% for crystal violet, and 90.88% for bromophe-
nol blue; When 30 mM kojic acid was added, the laccase activity
was reduced to 42.9U1-1, the decolorization (%) for 12 h of incuba-
tion was reduced to be 27.0% for malachite green, 23.1% for methyl
orange, 9.7% for crystal violet, and 13.89% for bromophenol blue.
Thus it indicated that the capability of decolorizing different dyes
by Ganoderma sp.En3 was positively related to the laccase activity
(Fig. 4b, d, f and h).

Because we used the crude culture supernatants to perform the
decolorization test, there were perhaps other enzymes besides lac-
case that may be involved in the decolorization of different dyes by
Ganoderma sp.En3. But above results obtained by using the specific
inhibitor of fungal laccase-kojic acid have clearly demonstrated
that laccase played a very important role in the decolorization of
different dyes by Ganoderma sp.En3. Laccase was at least one of the
important enzymes responsible for the efficient decolorization by
this fungi.

3.2. Decolorization of simulated dye bath effluent by Ganoderma
sp.En3

While many studies were devoted to decolorization of the tex-
tile dyes, few work have been reported on decolorization of dye
effluents in which the presence of salts, very high ionic strength,
extreme pH values and high dye concentration may be inhibitory
to biological agents. Thus, in spite of the high efficiency in dye decol-
orization by some strains, decolorizing industrial effluent was quite
troublesome [47,59]. Although above research have revealed that
Ganoderma sp.En3 showed effective for decolorization of synthetic
dyes, it was required for studying its decolorization capability in
the presence of high concentration of salts, high ionic strength, and
high dye concentration. Therefore, the ability of Ganoderma sp.En3
to decolorize the simulated dye bath effluents was further assessed.
In this study, Ganoderma sp.En3 was used to decolorize two kinds of
simulated dye bath effluent with a complex composition. One was
designated as simulated dye effluent-I, which was comprised of
four different reactive dyes and other auxiliary chemicals. It mimics
the dye effluent produced by typical reactive dye industries [45,46].
Another was designated as simulated dye effluent-II, which was
based on instructions of the manufacturer Bezema AG (Montlin-
gen, Switzerland) for reactive dyes [47,48]. Detailed compositions
of these two simulated dye effluents were described in Section 2.
The capability of Ganoderma sp.En3 to decolorize and detoxify these
complex reactive dye effluents was investigated as following.

Simulated dye effluent-I and simulated dye effluent-II were
decolorized by fungal whole cultures as described in Section 2.

Table 4

100 —e— Simulated dye effluent-I
(60%)

—— Simulated dye effluent-II
(60%)

Decolorization (%)

Time (day)

Fig. 5. Decolorization of simulated dye effluent by Ganoderma sp.En3 whole cul-
tures. Simulated dye effluent-I and simulated dye effluent-II were decolorized by
fungal whole cultures. All experiments were conducted in triplicates. Data are the
mean + SD of triplicate experiments.

Our research demonstrated that Ganoderma sp.En3 could cause an
effective decolorization of simulated dye effluent-I and Il (60%),
reaching about 91.3% and 90.9% decolorization within 8 days
respectively (Fig. 5). We further compared the capability of Gan-
oderma sp.En3 for decolorizing simulated dye effluent with that of
other strains reported previously. Verma et al. [60] have studied
the decolorization and detoxification of textile effluent B contain-
ing a mixture of reactive dyes by four marine-derived fungi. Textile
effluent B (50%) could be decolorized up to 42.8% by NIOCC # 2a
(Cerrenaunicolor), 32.4% by NIOCC # 15V (Coriolopsis byrsina), 53.5%
by NIOCC # 16V (Diaporthe sp.), 58.1% by NIOCC # C3 (Pestalotiopsis
maculans) within 6 days [60]. Our research found that simulated
dye effluent-I, which was comprised of four different reactive dyes
and other auxiliary chemicals, could be decolorized up to 90%
by Ganoderma sp.En3 within 6 days (Fig. 5). Considering the dif-
ferent complexity of dye effluents, the capability of Ganoderma
sp.En3 to decolorize complex reactive dye effluent was compa-
rable with that of fungal strains reported previously [60]. As for
simulated dye effluent-II, Mohorcic et al. [47] have studied the
decolorization of simulated dye effluent-II by some fungal strains.
Simulated dye effluent-II (30%) could be decolorized up to about
90% by Bjerkandera adusta, 90% by Geotrichum candidum, 80% by
Trametes versicolor, 60% by Phanerochaete chrysosporium, 60% by
Schizophyllum commune within 17 days [47]. Our research demon-
strated that Ganoderma sp.En3 showed 90.9% decolorization of
the same simulated dye effluent-II (60%) within 8 days (Fig. 5).
Compared with previous research [47], Ganoderma sp.En3 could
decolorize the simulated dye effluent-II faster. Ganoderma sp.En3
could also tolerate higher concentrations of simulated dye effluent,
which was more advantageous to decolorize the dyeing effluent
with high concentrations. Thus our result suggested that Gan-
oderma sp.En3 had stronger ability to decolorize the simulated
dye effluent-II than some other fungal strains reported previously
[47].

The change of the activity of lignin modifying enzymes, such as
laccase, manganese peroxidase, lignin peroxidase before and after
decolorization was studied and shown in Table 4. Lignin modifying

The change of the activity of lignin modifying enzymes, TOC before and after decolorization of simulate dye effluent by Ganoderma sp.En3. ND: not detected, LiP: lignin

peroxidases, MnP: manganese peroxidase, TOC: total organic carbon.

Dye (concentration) Time (day) Decolorization (%) Laccase activity (U1-1) LiP activity (U1-1) MnP activity (UI-1) TOC reduction (%)
Simulate dye effluent-1(60%) 0 0 5.66 + 2.27 ND ND

8 91.3+2.74 56.85 + 10.34 ND ND 73.1
Simulate dye effluent-I1(60%) 0 0 717 £2.42 ND ND

8 90.9+6.34 63.27 + 6.32 ND ND 78.0
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Fig. 6. Phytotoxicity study of two simulated dye effluents before and after fungal treatment. The relative sensitivities towards the original simulated dye effluent and their
decolorization products in relation to Triticum aestivum and Oryza sativa seeds were evaluated. A: simulated dye effluent-I, B: simulated dye effluent-II. Values are mean of
germinated seeds of three experiments. The error bars represent SD (standard deviation).

enzyme activities were assayed in decolorized samples treated by
Ganoderma sp.En3. Extracellular laccase activity was significantly
increased by 904.4% and 782.4% respectively after decolorization
of simulated dye effluent-I and II (Table 4). Neither manganese
peroxidase nor lignin peroxidase was detected during the decol-
orization process. Induction in the activity of laccase during the
decolorization process indicated that laccase was involved in decol-
orizing these two simulated dye effluents by Ganoderma sp.En3.
Previous research has found that laccase played a major role in
decolorization of dye effluent by basidiomycetes [60]. Our result
was in agreement with it.

The change of total organic carbon (TOC) before and after decol-
orization was also studied and shown in Table 4. Reduction of
TOC of these two simulated dye effluents after fungal treatment
could be detected. 73.1% and 78.0% reduction of TOC were observed
respectively after decolorization of simulated dye effluent-I and II
by Ganoderma sp.En3 (Table 4).

The high decolorization was not enough to solve the environ-
mental problem caused by dye effluent. It was necessary to evaluate
the toxicity of the effluent obtained after the fungal treatment. Thus
the phytotoxicity of these two simulated dye effluents before and
after fungal treatment were further assessed as described in Sec-
tion 2. The relative sensitivities towards these two simulated dye
effluents and their decolorization products in relation to Triticum
aestivum and Oryza sativa seeds were shown in Fig. 6. The results of
phytotoxicity study revealed that the original simulated dye efflu-
ent were toxic to the germination of crop seeds. When the seeds
were treated with the original simulated dye effluent, the growth
of shoot and root of Triticum aestivum and Oryza sativa seeds were
inhibited greatly. But the decolorized effluent showed lower phy-

totoxicity than the original one with respect to Triticum aestivum
and Oryza sativa (Fig. 6). This result suggested that Ganoderma
sp.En3 was able to decolorize and detoxify these complex reac-
tive dye effluents. Previous research about the biodegradation of
simulated dye effluent-II by immobilised-coated laccase revealed
that the decolorized effluent showed lower phytotoxicity than the
original one [48]. In our work, the result of phytotoxicity study
of simulated dye effluent-II after fungal treatment was in agree-
ment with previous research [48]. As for simulated dye effluent-I,
although some study about decolorization have been conducted
[46], there were no report about the phytotoxicity study of this
effluent before and after decolorization previously. Our work firstly
demonstrated that Ganoderma sp.En3 not only decolorized but also
detoxified simulated dye effluent-I. As far as we know, this was the
first report about the detoxification of simulated dye effluent-I by
fungal treatment.

3.3. Decolorization and detoxification of the real textile dye
effluent by Ganoderma sp.En3

The capability of Ganoderma sp.En3 for decolorizing and detox-
ifying the real textile dye effluent was further investigated. The
real textile industry effluent containing indigo dyes was collected
from Pugqi Textile Dyeing Factory in Hubei province of China, which
was designated as real indigo effluent. The characteristics of this
wastewater were described in Section 2.

Ourresearch demonstrated that the real indigo effluent could be
decolorized efficiently by the white rot fungus, Ganoderma sp.En3.
The real indigo effluent (100%) could be decolorized up to 91.38% by
Ganoderma sp.En3 within 14 days (Fig. 7). Considering that the real
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Fig. 7. Decolorization of the real textile dye effluent by Ganoderma sp.En3 whole
cultures. The real indigo effluent was decolorized by fungal whole cultures. All
experiments were conducted in triplicates. Data are the mean4+SD of triplicate
experiments.

textile dye effluent treated by fungal cultures was not diluted in
this study, our result suggested that Ganoderma sp.En3 had strong
ability to decolorize the real indigo effluent produced by the textile
dyeing factory.

The change of the activity of lignin modifying enzymes, such as
laccase, manganese peroxidase, lignin peroxidase before and after
decolorization was studied and shown in Table 5. Extracellular lac-
case activity was increased by 659.6% after decolorization of the
real indigo effluent (Table 5). Neither manganese peroxidase nor
lignin peroxidase was detected during the decolorization process.
Induction in the activity of laccase during the decolorization pro-
cess suggested that laccase was involved in decolorizing the real
indigo effluent by Ganoderma sp.En3.

The change of total organic carbon (TOC) and chemical oxygen
demand (COD) before and after decolorization was also studied and
shown in Table 5. Reduction of TOC and COD of the real indigo
effluent after fungal treatment could be detected. 60.1% reduction
of TOCand 65.1% reduction of COD were observed respectively after
decolorization of the real textile dye effluent by Ganoderma sp.En3
(Table 5).

The phytotoxicity of the real indigo effluent before and after
fungal treatment was further evaluated as described in Section
2. The relative sensitivities towards the real indigo effluent and
its decolorization products in relation to Triticum aestivum and
Oryza sativa seeds were shown in Fig. 8. The results of phytotox-
icity study revealed that the untreated wastewater were toxic to
the germination of crop seeds. When the seeds were treated with
the original real indigo effluent, the growth of shoot and root of
Triticum aestivum and Oryza sativa seeds were inhibited greatly.
But the decolorized effluent exhibited lower phytotoxicity than the
original one (Fig. 8). This result suggested that the decolorization
treatment by Ganoderma sp.En3 could also detoxify the real indigo
effluent. Decolorization of the real indigo effluent was accompanied
by reduction in phytotoxicity.

In summary, our research indicated that Ganoderma sp.En3
could decolorize and detoxify the real textile dye effluent con-
taining indigo dyes effectively. Indigo dyes are extensively used
by textile industries and largely employed on cellulosic fibers like
cotton [61]. World consumption of dyes for cellulosic fibers rep-
resents 60,000 tonneyear—!, being 5% of this amount for indigo
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Fig. 8. Phytotoxicity study of the real textile dye effluent before and after fun-
gal treatment. The relative sensitivities towards the original dye effluent and their
decolorization products in relation to Triticum aestivum and Oryza sativa seeds were
evaluated. Values are mean of germinated seeds of three experiments. The error
bars represent SD (standard deviation).

[61,62]. Although previous research has found that the synthetic
indigo dye could be decolorized by some ligninolytic basidiomycete
fungi [61], there were few report about the fungal treatment of the
real textile effluent containing indigo dyes. Our research suggested
that the white-rot fungi strain Ganoderma sp.En3 had the practical
application value for decolorizing and detoxifying the real textile
effluent containing indigo dyes.

3.4. Cloning of full-length cDNA of the laccase gene from
Ganoderma sp.En3 and bioinformatic analysis

Above results revealed that laccase produced by Ganoderma
sp.En3 played an important role in the decolorization of four syn-
thetic dyes and dye effluents. In order to better use Ganoderma
sp.En3 for environmental biotechnology such as decolorization of
different industrial dyes, the laccase gene of Ganoderma sp.En3 and
its full-length cDNA were cloned and characterized in the following
work.

The 1566bp full-length cDNA of the laccase gene containing
intact ORF was cloned from Ganoderma sp.En3. This laccase gene

The change of the activity of lignin modifying enzymes, TOC, COD before and after decolorization of the real textile dye effluent by Ganoderma sp.En3. ND: not detected, LiP:
lignin peroxidases, MnP: manganese peroxidase, TOC: total organic carbon, COD:chemical oxygen demand.

Dye (concentration) Time (day) Decolorization (%) Laccase activity LiP activity MnP activity TOC COD
(urh urh (urh reduction (%) reduction (%)
Real indigo dye effluent(100%) 0 0 5.12 £ 0.59 ND ND
14 91.38 £3.09 38.89 + 2.61 ND ND 60.1 65.1
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Fig. 9. Alignments of multiple amino acid sequences of LAC-En3-1 and other laccases protein (indicated as the GenBank accession number of each laccase protein). It showed
that LAC-En3-1 protein contained four copper-binding conserved domains of typical laccase: Cul (HWHGFFQ), Cull (HSHLSTQ), Culll (HPFHLHG) and CulV (HCHIDFHL), which
were indicted with box in the figure.
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was designated as lac-En3-1 (GenBank accession no. HM569745).
The coding region of lac-En3-1 consisted of a 1563bp ORF encod-
ing 521 aa with a 21 aa as the signal peptide sequence. The
product of lac-En3-1 was predicted to be a mature protein of
500 aa residues with a calculated molecular mass of 57.1 kDa
and isoelectric point of 5.54. LAC-En3-1 contained seven poten-
tial N-glycosylation sites (Asn-X-Ser/Thr). LAC-En3-1 protein was
closest to laccase from Ganoderma tsugae (GenBank accession no.
ABK59825), which had 78% identity with the amino acid sequence
of Ganoderma tsugae laccase. The conserved domains of LAC-En3-
1 protein were predicted and analyzed with Conserved Domain
Database (CDD). It revealed that LAC-En3-1 contained typical con-
served domains of multicopper oxidases. Alignments of multiple
amino acid sequences of LAC-En3-1 and other laccase protein
were generated with ClustalW2. It showed that LAC-En3-1 pro-
tein contained four copper-binding conserved domains of typical
laccase: Cul (HWHGFFQ), Cull (HSHLSTQ), Culll (HPFHLHG) and
CulV (HCHIDFHL) (Fig. 9). Ten conserved histidine residues and
one cysteine residue were located in the copper-binding centers
of LAC-En3-1 protein. Phylogenetic relationship between LAC-En3-
1 and other laccases from different fungal sources was evaluated
by constructing a neighbor joining phylogenetic tree. The result
demonstrated that LAC-En3-1 from Ganoderma sp.En3 was closest
to laccases from Ganoderma tsugae and Ganoderma fornicatum in
phylogeny relationship.

3.5. The functionality of lac-En3-1 gene encoding active laccase
was verified by expressing this gene in the yeast Pichia pastoris
successfully

The plasmid pPIC3.5K-lac-En3-1 in which the full-length cDNA
of lac-En3-1 was cloned into pPIC3.5K (Invitrogen) and the con-
trol vector pPIC3.5K were transformed into Pichia pastoris GS115
respectively. His* transformants were proved to be correct trans-
formants by PCR (data not shown). The transformants were
designated as GS115(pPIC3.5K-lac-En3-1) and GS115(pPIC3.5K)
respectively.

The expression of lac-En3-1 gene in transformants was then
detected. The BMM agar plates containing CuSO4 and ABTS
were used to screen the positive transformants which could
produce active laccase. Under the induction of methanol, dark
green zones were present around the colonies of GS115(pPIC3.5K-
lac-En3-1) after three days growth. On the contrary, no dark
green zones appeared around the colonies of the negative
control-GS115(pPIC3.5K) (Fig. 10a). After selection of positive
transformants which could produce active laccase on ABTS plates,
the laccase-positive transformants as well as the negative control-
GS115(pPIC3.5K) were then fermented with BMM liquid medium
at 20°C and induced by adding 0.5% (v/v) methanol daily. Lac-
case activities in cultures were measured daily (shown in Fig. 10b).
The highest laccase activity of GS115(pPIC3.5K-lac-En3-1) was
39.34U1-! after 14-days growth. However, no extracellular lac-
case activity was detected in culture supernatants of the negative
control-GS115(pPIC3.5K). Native-PAGE was also performed using
the culture supernatants of yeast transformants to test the recom-
binant laccase protein. Protein band with the expected laccase
activity was significantly detected in the culture supernatant of
GS115(pPIC3.5K-lac-En3-1) by ABTS staining on the native PAGE
gel, while no signal was detected in the culture supernatant of
GS115(pPIC3.5K) (Fig. 10c).

All of above results demonstrated that lac-En3-1 gene was suc-
cessfully expressed in Pichia pastoris, the active laccase could be
produced and secreted properly. The function of lac-En3-1 gene
encoding laccase was further confirmed by means of gene expres-
sion.
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Fig. 10. Detection of the expression of lac-En3-1 gene in yeast transformants. a: The
BMM agar plates containing CuSO4 and ABTS were used to screen the positive trans-
formants which could produce active laccase. It showed that dark green zones were
present around the colonies of GS115(pPIC3.5K-lac-En3-1) after three days growth.
b: The laccase-positive transformant GS115(pPIC3.5K-lac-En3-1) as well as the neg-
ative control-GS115(pPIC3.5K) were fermented with BMM liquid medium at 20°C,
with 0.5% (v/v) methanol being added daily. Laccase activities in cultures were mea-
sured daily. All experiments were conducted in triplicates. Data are the mean + SD of
triplicate experiments. c: Native-PAGE was also performed for detecting the laccase
activity in the culture supernatants of yeast transformants. Lane 1: GS115(pPIC3.5K-
lac-En3-1); Lane2: GS115(pPIC3.5K); Lane 3: protein marker, 94 kDa: Taq enzyme,
60kDa: BSA, 45 kDa: OVA.

3.6. Decolorization of different dyes by the Pichia pastoris
transformants in which the laccase gene was successfully
expressed

3.6.1. Decolorization of four synthetic dyes by the Pichia pastoris
transformants

The Pichia pastoris transformants which could produce active
laccase were used to decolorize four synthetic dyes: methyl orange,
malachite green, bromophenol blue and crystal violet. As shown in
Fig. 11, all of the four dyes could be decolorized by GS115(pPIC3.5K-
lac-En3-1), while GS115(pPIC3.5K) not producing active laccase
could not decolorize these four dyes. It suggested that the recombi-
nant laccase produced by the transformant in which the lac-En3-1
gene was successfully expressed could confer the ability to decol-
orize different dyes. However, different efficiency of decolorization
was observed among these dyes. The highest decolorization effi-
ciency for 24h of incubation was detected to be 90.96% for
malachite green, 61.4% for methyl orange, 52.22% for crystal vio-
let, and 80.27% for bromophenol blue (Fig. 11), with malachite
green and bromophenol blue being favored. Previous research have
found that laccase from the white-rot fungus Ganoderma lucidum
showed 40.7% decolorization of 25mgl-! malachite green after
24 h of incubation. The addition of natural phenolic compounds as
the redox mediator resulted in several fold enhanced decoloriza-
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Fig. 11. Decolorization of four synthetic dyes by the Pichia pastoris transformants
in which the laccase gene from Ganoderma sp.En3 was successfully expressed.
GS115(pPIC3.5K-lac-En3-1) which could produce active laccase was used to decol-
orize four dyes: methyl orange, malachite green, bromophenol blue and crystal
violet. GS115(pPIC3.5K) which could not produce active laccase was also used to
decolorize these four dyes (as the negative control). All experiments were conducted
in triplicates. Data are the mean = SD of triplicate experiments.

tion rates. 50 mg1-! malachite green was respectively decolorized
up to 89.7%, 84.7%, 79.0% and 47.0% in the presence of catechol,
phenol, guiacol, and 2,4-dimethoxy phenol within 24 h. If no medi-
ator was added, 50 mg1-! malachite green was decolorized up to
only 12% within 24 h [63]. Our work revealed that the recombinant
laccase from Ganoderma sp.En3 could produce 90.96% decoloriza-
tion of 50mgl-! malachite green within 24h in the absence of
any mediator (Fig. 11), which suggested that the recombinant lac-
case derived from Ganoderma sp.En3 had stronger capability for
decolorizing malachite green compared with some other known

laccase [63]. Tong et al. have used the laccase from the white-
rot fungus Trametes sp. 420 to decolorize bromophenol blue. The
decolorization efficiency for bromophenol blue (50 mgl-1) only
reached 20% within 8 h without adding any mediator. If a redox
mediator, ABTS was added, the decolorization efficiency for bro-
mophenol blue (50mgl-!) slowly increased to 45% within 8h
[64]. Our work demonstrated that the recombinant laccase derived
from Ganoderma sp.En3 could produce 52.51% decolorization of
bromophenol blue (50 mgl-1) within 9h without any mediator.
Bromophenol blue (50 mgl-1) could be decolorized up to 80.27%
within 24 h without any mediator (Fig. 11). It suggested that the
recombinant laccase derived from Ganoderma sp.En3 could decol-
orize bromophenol blue more efficiently than the laccase from
Trametes sp. 420 [64]. In summary, the recombinant laccase derived
from Ganoderma sp.En3 possess stronger capacity for decoloriz-
ing malachite green and bromophenol blue compared with some
other known laccase [63,64]. In addition, the high decolorization
efficiency could be achieved by the recombinant laccase derived
from Ganoderma sp.En3 without addition of any mediator, which
was more economical for practical application.

Kojic acid was found to be a specific inhibitor of fungal laccase
[57,58]. Therefore, it was used to further detect whether the decol-
orization of dyes was dependent on laccase. Kojic acid was added
into the culture supernatants of GS115(pPIC3.5K-lac-En3-1) at var-
ious concentration of 0, 5, 10, 20 and 50 mM respectively. Then
the laccase activity and decolorization of four dyes were detected
at the same time. It was found that the laccase activity decreased
gradually when the concentration of kojic acid increased. When
the concentration of kojic acid was increased to be 50 mM, the lac-
case activity was inhibited to be only 8.02% of the control without
adding kojicacid (Fig. 12). Following the decrease of laccase activity,
the decolorization efficiency of four dyes (12 h of incubation) were
also inhibited significantly. After addition of kojic acid (50 mM), the
decolorization efficiency of malachite green, methyl orange, bro-
mophenol blue and crystal violet were reduced to be 7.84%, 2.96%,
5.69% and 17.78% of the control without adding kojic acid respec-
tively (Fig. 12). Thus, above results further demonstrated that the
capability of decolorizing different dyes was positively related to
the laccase activity. Laccase could play a very important role in the
decolorization of different dyes. In summary, by using kojic acid
as the specific inhibitor of fungal laccase, our work further prove
that laccase is responsible for the capability of decolorization of
different dyes.

3.6.2. Decolorization of simulated dye bath effluent by the
purified recombinant laccase produced by Pichia pastoris
transformant

The recombinant laccase produced by Pichia pastoris transfor-
mant in which lac-En3-1 gene was successfully expressed was
purified as described in Section 2. The purified recombinant lac-
case, which was designated as rLAC-EN3-1, had a specific laccase
activity of 8.81 U mg~!. Then the purified rLAC-EN3-1 was used to
decolorize simulated dye effluent-I and simulated dye effluent-II
respectively. As shown in Fig. 13, both of the simulated dye efflu-
ent could be decolorized by purified rLAC-EN3-1. Simulated dye
effluent-I and simulated dye effluent-II were respectively decol-
orized up to 81.54% and 85.48% by the purified recombinant
laccase within 36h (Fig. 13). Thus this result demonstrated that
the recombinant laccase produced by Pichia pastoris transformant,
in which the laccase gene from Ganoderma sp.En3 was success-
fully expressed, was able to decolorize these two simulated dye
effluents. We further compared the capability of recombinant lac-
case derived from Ganoderma sp.En3 for decolorizing simulated
dye effluent with that of other known laccases reported previously.
Murugesan et al. [46] studied the decolorization of simulated dye
effluent-1 by laccase obtained from Ganoderma lucidum. Laccase
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Fig. 12. The ability for decolorizing four synthetic dyes by the Pichia pastoris trans-
formant GS115(pPIC3.5K-lac-En3-1) could be inhibited by adding kojic acid which
decreased the laccase activity significantly. In this figure, the ability for decolorizing
four dyes was indicated as dye decolorization (%) for 12 h of incubation. Kojic acid
was added into the culture supernatants of GS115(pPIC3.5K-lac-En3-1) at various
concentrations of 0, 5, 10, 20 and 50 mM respectively. Then the laccase activity and
decolorization of four dyes were detected. a: malachite green; b: methyl orange; c:
bromophenol blue; d: crystal violet. All experiments were conducted in triplicates.
Data are the mean + SD of triplicate experiments.

from Ganoderma lucidum alone failed to decolorize the effluent.
Treatment of simulated dye effluent revealed that decolorization
was observed only in the presence of redox mediator. During 24 h
incubation, maximum of 82% and 80% decolorization of simulated
dye effluent-I were observed in presence of HBT and syringalde-
hyde respectively [46]. Our work suggested that the recombinant
laccase derived from Ganoderma sp.En3 could decolorize simulated
dye effluent-I without addition of any redox mediator. Simulated
dye effluent-I was decolorized up to 81.54% by the purified recom-
binant laccase within 36 h in the absence of any mediator (Fig. 13).

100 - —— Simulate dye
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80| —=— Simulate dye
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(4]
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27 30 33 36
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Fig. 13. Decolorization of simulated dye effluent by the purified recombinant lac-
case produced by Pichia pastoris transformant in which the laccase gene from
Ganoderma sp.En3 was successfully expressed. All experiments were conducted in
triplicates. Data are the mean + SD of triplicate experiments.

Thus our work revealed that redox mediator was not required for
efficient decolorization of simulated dye effluent by the recombi-
nant laccase derived from Ganoderma sp.En3. This was the valuable
advantage of laccase derived from Ganoderma sp.En3 for decoloriz-
ing dyeing effluent. Thus, the recombinant laccase derived from
Ganoderma sp.En3 had stronger ability to decolorize simulated dye
effluent-I than some other known laccase [46]. Osma et al. [48]
have studied the biodegradation of simulated dye effluent-II by
immobilised-coated laccase from Trametes pubescens. About 90%
decolorization of the effluent was obtained within 36h for the
batch mode operation [48]. Our work revealed that the recombi-
nant laccase derived from Ganoderma sp.En3 could produce 85.48%
decolorization of simulated dye effluent-Il within 36h without
addition of any redox mediator (Fig. 13). As for simulated dye
effluent-II, the decolorization capability of recombinant laccase
from Ganoderma sp.En3 was very similar to that of laccase from
Trametes pubescens reported by Ref. [48].

3.6.3. Decolorization of the real textile dye effluent by the purified
recombinant laccase produced by Pichia pastoris transformant

The purified rLAC-EN3-1 was also used to decolorize the real
indigo effluent in vitro. As shown in Fig. 14, the real indigo efflu-
ent could be decolorized up to 83.72% by the purified recombinant
laccase within 36 h (Fig. 14A). The laccase activity of rLAC-EN3-
1 was inhibited greatly by adding kojic acid (Fig. 14B). Following
the decrease of laccase activity, the decolorization efficiency of the
real indigo effluent was also inhibited significantly (Fig. 14A). This
result further proved that laccase played a very important role in
the in vitro decolorization of the real textile dye effluent. Thus our
research demonstrated that the recombinant laccase produced by
Pichia pastoris transformant, in which the laccase gene from Gano-
dermasp.En3 was successfully expressed, was able to decolorize the
realindigo effluent. The laccase derived from Ganoderma sp.En3 had
great potential for decolorizing the real textile effluent containing
indigo dyes.

3.7. Cloning and analysis of the 5'-flanking sequence upstream of
the start codon ATG of lac-En3-1 gene

The 2118bp complete structural gene of lac-En3-1 was cloned
and sequenced as described in Section 2. The lac-En3-1 structural
gene contained nine introns and ten exons. All of the splicing junc-
tions and internal lariat formation sites of the introns adhered to
the GT-AG rule of eukaryotic gene.

The 1425bp 5'-flanking sequence upstream of the start codon
ATG in lac-En3-1 gene was obtained by Self-Formed Adaptor PCR
(SEFA PCR) and then analyzed for the presence of putative cis-
acting elements involved in transcriptional regulation. The putative
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Fig. 14. Decolorization of the real textile dye effluent by the purified recombinant
laccase produced by Pichia pastoris transformant in which the laccase gene from Gan-
oderma sp.En3 was successfully expressed. Real indigo effluent/laccase + kojic acid:
kojic acid was added into the reaction mixture at a final concentration of 100 mM;
Real indigo effluent/no laccase: no laccase was added into the reaction mixture.
All experiments were conducted in triplicates. Data are the mean =+ SD of triplicate
experiments.

promoter region of lac-En3-1 extending 1425bp upstream of the
start codon was shown in Fig. 15. The TATA box was located at nt
positions -63bp upstream from the start codon ATG. One CAAT box
was located at -276 upstream from the start codon. Some putative
response elements were also found in the promoter region (shown
in Fig. 15). Five putative CreA-binding sites (SYGGRG) [65] were
located at positions -261, -903, -1009, -1054, -1338. CreA was a
DNA-binding protein belonging to Cys2-His2 zinc finger class. It
was identified as a repressor involved in the glucose repression
in Aspergillus nidulans [66]. The presence of five putative CreA-
binding sites in the promoter region of the lacEn3-1 implied that
the expression of lacEn3-1 gene may be repressed by glucose. Two
putative metal-responsive elements (MREs) adhering to the con-
sensus sequence TGCRCNC which conferred the ability to respond
to heavy metal [67] were present at positions -536 and -1352
respectively. One putative xenobiotic-responsive element (XRE)
matching the consensus sequence CACGCW [68] was also detected
at position -906. XREs were important cis-acting elements which
could mediate the transcriptional activation of eukaryotic genes
by aromatic compounds [68]. One potential stress-responsive ele-
ment (STRE) with the consensus sequence of CCCCT [69] was also
detected at position -92. One ACE element adhering to the con-
sensus sequence HWHNNGCTGD or NTNNHGCTGN was present
at position -840. ACE element was the target sequence of the
ACE1 copper-responsive transcription factor originally found in
Saccharomyces cerevisiae [70,71]. Recent research have found that
expression of genes encoding laccase and manganese-dependent

gtagacctgataggctcaatacttaccgtettgtcgaacgeagtggtagagaaatctggt

cactttgcgatacgggcegeaaccgtaagtggagaatcttgtgcectcacatcgggagtettgaatacattetgettgegteac
NIT2 MRE CreA

tgtggtggttgtetgggcgatggaggacagacgagaagtatacgeccttatgeaccgecatgattcaagttgettggttegg
ttttcaagggacatgegectgettgtcaattaaagtcagatcacgacactctcaatccgaggagegetcacatattggatatttt

atggcgcaatgcttgtgaaccgtagaggecggecgcaagggagectcageggectegtgecgeggggactcagataag
HSE CreA
tactccetggacgagtegetegtcacegetggagagaaatggctettcactgecectatcggacctagggtacctattcgeat
CreA
geggccttttggattggtacgattttagtctttgaaatttgaatgggcgagegtggagacatgatgtgatgtacagtgggagea
XRE CreA
cggtggttgaagacgatagacgectgcaacaccagetcaagegettgattggcagaagagttaatattattattattaattcga
NIT2 ACE HSE
ctgacggactccgagtcggatatcataatcctaggectcgegeggacteggatgtgeeggtggaccagtcaaggaccagt
NIT2
ccacatcgtcgttggeaccgtccacatcgtegttggeaccgteccacatcgtegttggeaccgtecacategtegttggegec

gtccacategtegttggcaccgtecacategtegttggcacccttcaccgetcaacacgatecttttcatattcaggtegtactt

acgtgagcgcaagtatcectgtcggacacccageacctcaagttcgatcaaggecctaagttggecactggeatgggetg
MRE

caattcaagtacactgctggtacactgctcgecggecagactcgeggegeatcecatgetageggecagtttatgagaggta

tggagtctagtaccacattgcatttetgtttctcatacgcaaggttgaagatcacccaagggtegttggtecagttcecegtteg

atgatttcaactctgacaccaatgcctacgatgctccgeggatggcgecaacaaagttecegtttggggacgegttetgtectg
CAAT box CreA

tgtcaagcgaggctctegeatatcccgtaggettaggtageatcageatgegtaactaaacctcgecatcgtcacgtacgge

ccccgtatggctatcggtctggcacacacagatatt@@tgtcatcgctggctgggtactcccta
STRE GC box TATA box
cctgatcctggttcatctcagactgggctcctctatctgttgcgcctcaga
+1

Fig. 15. The 1425bp 5'-flanking sequence upstream of the start codon ATG in lac-En3-1 gene. The putative cis-acting responsive elements in the promoter region were
underlined and indicated as the following abbreviations. CreA: CreA-binding sites; MRE: metal-responsive elements; XRE: xenobiotic-responsive elements; ACE: ACE element;
STRE: stress-responsive element; NIT2: consensus sequences for binding of NIT2 transcription factor; HSE: heat-shock element. CAAT box, TATA box and GC box were also

underlined and boxed. The first nucleotide of the start codon ATG was designated as +1.
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peroxidase in the fungus Ceriporiopsis subvermispora was medi-
ated by an ACE1-like copper-fist transcription factor [72]. Three
putative consensus sequences (TATCDH) for the binding of NIT2
transcription factor, which was the major positive regulatory pro-
tein involved in the nitrogen regulation of gene expression in fungi
[73], were also present at positions -767, -859, and -1359 respec-
tively. Two potential heat-shock elements (HSE) composed of the
repeated 5bp NGAAN motif [74] were located at positions -818
and -1100 relative to start codon ATG. In summary, the presence
of these putative cis-acting responsive elements in the promoter
region of lac-En3-1 suggested that these response elements may
play a role in the regulation of lac-En3-1 gene expression at the
level of transcription.

4. Conclusions

Ganoderma sp.En3 isolated from the forest of Tzu-chin Mountain
in China had a strong ability of decolorizing and detoxifying syn-
thetic dyes, simulated dye bath effluents and the real textile dye
effluent. Laccase played an important role in the efficient decol-
orization of different dyes by this fungus. The laccase gene lac-En3-1
and its corresponding full-length cDNA were cloned and character-
ized from Ganoderma sp.En3. The functionality of lac-En3-1 gene
encoding active laccase was verified by expressing this gene in
the yeast Pichia pastoris successfully. The recombinant laccase pro-
duced by the yeast gene-engineering strain was able to decolorize
different synthetic dyes, simulated dye effluents and real textile dye
effluent. Many putative cis-acting responsive elements, which may
play arole in the transcriptional regulation of lac-En3-1 gene by dif-
ferent factors, were discovered in the promoter region of lac-En3-1.
In summary, Ganoderma sp.En3 had great potential for decolorizing
and detoxifying synthetic dyes and dye bath effluents.
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