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Many natural and synthetic dyes present in industrial effluents are resistant to degradation by
conventional treatments. The decolorization of indigo dye and indigo dye-containing textile wastewater
was carried out using the newly isolated ligninolytic fungus strain Ganoderma weberianum TZC1. This
strain was shown to decolorize both indigo dye and its effluents efficiently; the optimal pH and
temperature ranges for activity were pH 4.0-5.0 and 28-33°C for indigo dye, and pH 3.0 and 28-33°C for
indigo dye effluents, respectively. A decolorization efficiency of 92% for indigo dye was achieved by the
cultivation of G. weberianum TZC1 for 1 h at an initial dye concentration of 20 mg I™. The highest
decolorization efficiency for the indigo dye effluent (Ag0=0.52) was 25%, and it was achieved by the
cultivation of the culture containing equal volumes of the dye effluent and mycelial pellets for 1 h. The
correlation between decolorization rate and initial concentration of indigo dye can be interpreted by
Michaelis-Menten model. The Michaelis constant (K;,) and the maximum specific decolorization rate
(Vmax) Were 24.33 mg I and 13.99 mg g FW'h™, respectively. In addition, analyses of lignin peroxidase,
manganese peroxidase and laccase activities as well as native polyacrylamide gel electrophoresis of G.
weberianum TZC1 crude enzyme, confirmed that laccase played a major role in indigo dye
decolorization. Furthermore, G. weberianum was shown to be used efficiently and repeatedly in
repeated-batch decolorization operations for both indigo dye and its effluents. Our results suggest that
the strain G. weberianum TZC1 had promising applications in the treatment of indigo dye-containing
wastewater.
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INTRODUCTION

Textile effluents usually contain dyes that are discharged
in large quantities into natural water bodies such as the
sea, rivers and lakes (Mohan et al., 2001; Meehan et al.,
2000). Most dyes used in the textile industry are toxic to
plants, microbes and protozoa living in the water bodies
and are recalcitrant to decolorization and degradation
(Birhanli and Ozmen, 2005; Couto, 2009). Thus, even the
presence of very small amounts of dyes in the effluents is
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highly undesirable (Kaushik and Malik, 2009; Mishra and
Tripathy, 1993). Furthermore, the discharge of dye-
containing effluents into waters without appropriate
treatment will reduce light penetration and in turn limit
and even kill aerobic aquatic organisms by creating
anaerobic conditions (Banat et al., 1996). Therefore, color
removal from dye-containing wastewaters by different
methods has garnered scientific interest (Forgacs et al.,
2004).

The methods for dye removal from wastewater broadly
fall into three categories: physical, chemical and
biological. The major disadvantages of physico-chemical
methods have been the high cost, low efficiency, limited
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versatility, interference by other wastewater constituents
and handling of the waste generated (Kaushik and Malik,
2009). Microbial decolorization is a cost-effective
process, which is receiving much attention for the
treatment of dye-containing wastewater (Banat et al.,
1996; Zee and Villaverde, 2005). Fungi are suitable for
dye removal from textile effluent because they have the
following advantages over single cell organisms:
solubilization of the insoluble substrates and tolerance for
high concentrations of the toxicants, as well as greater
physical and enzymatic contact with the environment
because of an increased cell-to-surface ratio (Couto
2009; Kaushik and Malik 2009; Yesilada et al., 2003).

Vat dyes are extensively used for dyeing cotton fabrics.
Amongst the vat dyes, indigo dyes are commonly used
for the manufacture of denim (Harazono and Nakamura,
2005). The world consumption of dyes for cellulosic fibers
is about 60 000 ton year ™, 5% of which is indigo dye
(Paradise, 1999; Spadaro et al.,, 1994). The annual
production of synthetic indigo dye was estimated at 22
000 tons in 2001 (Schrott, 2001). Therefore, very large
amounts of indigo dye-containing wastewater, especially
textile effluent, must be treated before being discharged
into the environment. Indigo dye is water-insoluble and is
considered a recalcitrant substance that causes
environmental concern (Balan and Monteiro, 2001), and
its effluents have been primarily treated by chemical
coagulation and floculation-filtration methods, which
generate large amounts of sludge that pose handling and
disposal problems (Nyanhongo et al., 2002).

Indigo dye and indigo dye-containing effluents could be
decolorized by photocatalysis (Vautier et al., 2001),
electrochemical reduction (Dodan and Turkdemir, 2005;
Thomas et al., 2006), ligninolytic enzymes (Balan and
Monteiro, 2001; Campos et al., 2001b; Nyanhongo et al.,
2002; Abadulla et al., 2000), anaerobic mixed cultures
(Manu and Chaudhari, 2003), and aerobic bioreactor
(Khelifi et al., 2008; Couto et al., 2006). We previously
found that a laccase generated by white rot fungus G.
weberianum TZC1l was able to decolorize indigo dye
(Chen et al., 2010). We therefore hypothesized that the
mycelial pellets of G. weberianum TZC1 can directly
decolorize indigo dye. Accordingly, we designed the
present study to examine the usefulness of G
weberianum TZC1 in decolorizing indigo dye solutions
and indigo dye-containing textile effluents. The
mechanism underlying the decolorization of indigo dye
was also explored.

MATERIALS AND METHODS
Chemicals
Indigo dye, ABTS (2, 20-azinobis(3-ethylbenzthiazoline-6-

sulphonate)), Phenol Red (Phenolsulfonphthalein) and veratryl
alcohol (3,4-Dimethoxybenzyl alcohol) were obtained from Sigma-

Aldrich (Milwaukee, USA). All other reagents and chemicals were of
analytical grade and were used without further purification. The
indigo dye solution was prepared by mixing 200 mg of powdered
indigo dye, 1 g of Na;S,04, and 2 g of 48 Bomé NaOH in a vessel
containing 800 ml of water. The newly prepared solution is light
yellow in color. After the prepared solution turned blue, the pH was
adjusted to 5 with HCI. The final volume of the dye solution was
1000 ml.

Storage of G. weberianum TZC1

The G. weberianum TZC1 strain was isolated from fruiting bodies
grown on tree stumps in the suburb of Guangzhou, P.R. China; the
TCZ1 strain was identified as G. weberianum based on its
morphology and sequence identity to the ITS regions and 5.8S
rRNA gene found in GenBank (Chen et al., 2010). The strain was
maintained on potato dextrose agar (PDA) medium slants. The
slants were inoculated and incubated at 28°C for 7-8 d followed by
storage at 4°C, and subcultured periodically.

Medium for mycelium-pellet culture

One liter of medium used for the mycelial pellet cultures was
composed of 200 g of peeled potatoes, 20 g of dextrose, 3 g of
KH2PO,, 1.5 g of MgS0O,:7H.0, 0.002 g of vitamin B1, 5 g of yeast
extract, 70 ml of microelement solution and water. The
microelement solution includes 0.5 g I'* of MnSO4-H;0, 1 g I of
NaCl, 0.1 g I'* of FeS0,-7H,0, 0.1 g I* of CoCl,, 0.1 g I* of
ZnS047H;0, 0.1 g I* of CuSO45H,0, 001 g I* of
KAI(SO4)2-12H,0, 0.01 g I* of HsBOs and 0.01 g I* of
Na;Mo04-2H,0. The media were sterilized by autoclaving at 121°C
for 20 min.

Decolorization experiments

For the decolorization experiments, 100 ul of spore suspension of
G. weberianum TZC1 (10° spores mI%) from a slant were
transferred aseptically into 500 ml Erlenmeyer flasks containing 100
ml of the autoclaved medium described above. The pH of the
medium was adjusted according to the requirement of the
experiment before sterilization, and the cultures were incubated for
4 d in an orbital shaker at 160 rpm and 28°C. Then, 100 ml of indigo
dye or indigo dye-containing textile effluent (Ass0=0.52) obtained
from a denim factory in Guangzhou were added to the culture. The
resulting mixture was further incubated under same conditions.

Effects of pH and temperature on dye and effluent
decolorization

The effect of pH on decolorization was monitored at pH ranges of
3.0 to 7.0 for indigo dye and 2.0 to 6.0 for indigo dye-containing
effluents. The pH of the medium was adjusted using 1.0 M NaOH or
1.0 M HCI. To determine the effect of temperature on decolorization,
the culture was incubated at temperatures ranging from 13 to 38°C
for indigo dye and from 23 to 43°C for indigo dye-containing
effluents.

Repeated-batch studies

Repeated-batch operations were performed to evaluate the
decolorization efficiency of mycelial pellets at the different ages. We
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Figure 1. Decolorization of indigo dye and its effluents by
G. weberianum TZC1 at 28°C, agitation at 160 rpm and
different pH values. The values shown are the mean of
triplicate cultivation experiments.

achieved this by harvesting fungal pellets after each cultivation for
decolorization; we then inoculated the pellets into 50 ml of media
plus 50 ml of effluents every 5 days, and the decolorization was
detected after treatments of 1 or 4 h for both the indigo dye and
indigo dye-containing effluent. All cultures were incubated at 33°C
and were shaken at 160 rpm.

Decolorization assay

The decolorization of the dye and effluent was detected by UV-Vis
spectrophotometer (Beckam Coulter DU® 800, USA) at the Amax Of
indigo dye (650 nm) using the supernatant of the liquid culture
medium. The supernatant was obtained by centrifugation at 10,000
rom for 10 min in a refrigerated centrifuge (Beckam Coulter
Microfuge® 1, USA) followed by decantation. The removal of color
was reported as % decolorization (% = 100(Aini — Aobs) / Aini), where
Aini and Agps are the absorbance of the dye solution initially and at
cultivation time (t), respectively. Each decolorization value is the
mean of three replicated experiments. Abiotic controls (without the
microorganism) were always included.

Native-polyacryl amide gel electrophresis (PAGE)

To determine whether the laccase is the major enzyme in the crude
extract involved in dye decolorization, the crude enzyme was
subjected to PAGE on a 12% native polyacrylamide gel. After
separation of the proteins by electrophoresis, the gel was divided
into 3 pieces; the first piece was soaked in 20 ml of sodium acetate
buffer (50 mM, pH 4.5) containing 25 mg of ABTS to detect the
laccase activity; the second piece was stained with indigo dye [20
mg I in sodium acetate buffer (50 mM, pH 4.5)] to detect
decolorization activity, and the third was stained with Coomassie
brilliant blue R250 to identify the proteins. After 10 min to 4 h of
incubation, the dye solution was discarded, and pictures of the gels
were taken.

Protein detection

The protein content was determined by the method of Bradford
using bovine serum albumin as a standard (Bradford, 1976).
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Methods employed for the kinetics study

To analyze the Kkinetics of indigo dye decolorization by G
weberianum TZC1, a batch kinetic test in a flask was conducted
with the culture obtained from Decolorization experiments described
above containing different initial concentration of indigo dye. The pH
was maintained at an optimal level of 4.0. The temperature was
controlled at 33°C. The agitation was kept at 160 rpm. An entire
experiment lasted 120 min. The decolorization rate in this system
was calculated by use of the following equation:

V = (Co— Cy) x Volume / FW

Where V is the specific decolorization rate (mg gFW™h™); Co and C;
are the initial and final dye concentration (mg I™), respectively;
Volume is the culture volume (I); FW is the fresh weight (g) of
mycelium pellet used in a flask.

RESULTS AND DISCUSSION

Effect of pH on the decolorization of indigo dye and
its effluents

To investigate the effect of pH on dye decolorization, the
initial pH values of the media were adjusted to a pH
range of 3.0 to 7.0 for indigo dye and 2.0 to 6.0 for indigo
dye effluents, respectively. The decolorization rates were
measured in culture filtrates after 2 and 4 h of incubation
for both indigo dye and its effluents. The results revealed
that the fungus was capable of decolorizing indigo dye
over a pH range of 3.0 to 7.0, and the highest
decolorization rate was observed between pH 4.0 and 5.0
(Figure 1). Meanwhile, G. weberianum TZC1 could also
decolorize indigo dye-containing effluents, and the
optimum pH for decolorization of effluents was pH 3.0
(Figure 1). The difference in the optimal pH for indigo dye
and its effluents may result from the different substances
contained in the different liquids. Thereafter, pH 4.0 and
pH 3.0 were used for indigo dye and its effluents,
respectively in our further decolorization experiments.

Effect of temperature on decolorization of indigo dye
and its effluents

The effects of temperature on dye and effluents
decolorization were evaluated by incubating the cultures
at various temperatures. Figure 2 shows that the
decolorization rates of both indigo dye and its effluents
were higher at 28 and 33°C than those at other
temperatures (that is 13, 18, 23, 38 and 43°C), which
indicated that 28 and 33°C were the optimum
temperature for the decolorization of both indigo dye and
its effluents. The lower decolorization rate at
temperatures higher than 33°C may be attributed to the
deactivation of the decolorization enzymes. Based on the
above results, the following decolorization experiments
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Figure 2. Effect of temperature on the decolorization of
indigo dye and its effluents by G. weberianum TZC1 at
different temperatures, under agitation at 160 rpm and at
pH 4.0 for indigo dye, and at pH 3.0 for the indigo dye
effluents. The values shown are the mean of triplicate
cultivation experiments.
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Figure 3. Decolorization of indigo dye and its effluents by
G. weberianum TZC1 under optimal conditions of 33°C,
agitation at 160 rpm and at pH 4.0 for indigo dye, and at pH
3.0 for the indigo dye effluents. The values shown are the
mean of triplicate cultivation experiments.

using strain TZC1 were performed at 33°C.

Decolorization of indigo dye and its effluents under
the optimal condition

Based on the above results, indigo dye and its effluents
were treated at 33°C, under agitation at 160 rpm at pH
4.0 for indigo dye and pH 3.0 for its effluents to probe the
decolorization capability of G. weberianum TZC1. As
shown in Figure 3, the rate of decolorization reached 92
and 25% per hour for 20 mg I"* indigo dye and for indigo
dye effluents (Aes0=0.52), respectively. The lower
decolorization rate for indigo dye effluents may result
from inhibiting substances contained in the wastewater
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Figure 4. Color removal of indigo dye and its effluents in
liqguid batch cultivation with G. weberianum TZC1 at
33°C, under agitation at 160 rpm and at pH 4.0 for indigo
dye, and at pH 3.0 for the indigo dye effluents. The
values shown are the mean of triplicate cultivation
experiments.

(Nyanhongo et al.,, 2002). To our knowledge, the
decolorization efficiency for indigo dye is the highest one
when compared to all other organisms reported to date.
Also this strain can decolorize indigo dye and its effluents
without a mediator in a very short time, suggesting that
strain TZC1 is a promising fungus to depollute the indigo
dye-containing effluents. To our knowledge, this is the
first report on the decolorization of dye-containing
effluents by the fungus G. weberianum.

Repeated-batch liquid cultivation

Although there are many reports concerning
decolorization of indigo or indigo carmine, the repeated-
batch methods were only employed in several ones. A
packed-bed reactor with silica-gel-bound laccase beads
can decolorize indigo carmine efficiently for 18 days
(Reku¢ et al., 2010). One milligram of spores displaying
Bacillus subtilis laccase can decolorize 44.6 ug indigo
carmine in 2 h (Cho et al.,, 2011). Indigo Carmine (70
mg/l) was almost totally decolourised in 3 days in a
bioreactor with Trametes hirsuta immobilized by a
stainless steel sponge (Rodriguez et al., 2004). Others
involves in absorption of Indigo Carmine (Prado et al.,
2004; Lakshmi et al., 2009).

The repeated-batch experiments for the removal of
indigo dye and its effluents were carried out to investigate
whether G. weberianum TZC1 can be used efficiently and
repeatedly. As shown in Figure 4, the rate of
decolorization decreased as the number of repeats
increased. |Initially, the rate of decolorization after
incubation for 1 h was 92 and 20% for indigo dye and its
effluents, respectively. After the fungus was used 30
times, the rate of decolorization after 1 h was recorded at
37 and 8% for indigo dye and its effluents, respectively.



These results suggest that the strain was indeed able to
decolorize indigo dye and its effluents efficiently and that
it can be used repeatedly.

The mechanism for decolorization of indigo dye

We found that decolorization could be mainly attributed to
biodegradation but not to adsorption, because the pellets
were not stained by indigo dye throughout incubation.
During incubation, we first observed that the solution
color was changed from deep blue to light blue to red and
from red to a natural color, like that of the control without
dye. This is consistent with the result of Campos and
college (2001a), whereby the laccases from the fungi
Trametes hirsuta (THL1 and THL2) and Sclerotium rolfsii
(SRL1) were able to oxidize indigo dye yielding isatin
(indole-2, 3-dione) and further decompose the latter to
anthranilic acid (2-aminobenzoic acid) (Campos et al.,
2001a). Isatin is a red substance, and anthranilic acid is
colorless. The bacterium  Paenibacillus larvae
decomposed indigo carmine into anthranilic acid via isatin
sulfonic acid (Ramya et al., 2008). The above results
indicate the involvement of laccase in the decolorization
of indigo dye by strain TZC1 and the same degradation
pathway of indigo dye by strain TZC1 as the bacterium P.
larvae (Ramya et al., 2008) and the laccases from the
fungi (Campos et al., 2001a).

It is clear that lignin-modifying enzymes (LMEs) play
significant roles in dye metabolism by white rot fungi
(WRF) (McMullan et al., 2001). WRF are able to produce
LMEs such as laccase, manganese peroxidase (MnP)
and lignin peroxidase (LiP) (Asgher et al., 2008). LMEs
are directly involved in not only the degradation of lignin
in their natural lignocellulosic substrates but also in the
degradation of various xenobiotic compounds (Pointing,
2001), including dyes (Glenn and Gold, 1983). Some
WRF produce all three LMEs, while others produce only
one or two of them (Hatakka, 1994). We previously
determined that strain TZC1 can generate a laccase, and
the latter can in turn decolorize indigo dye in vitro. In an
attempt to identify the role of ligninolytic enzymes, we first
measured activities of those enzymes. A high level of
laccase activity has been detected in the supernatants of
pellet-cultured medium (Chen et al., 2010). However,
neither MnP activity nor LiP activity were detected in the
supernatants of G. weberianum TZC1 culture medium
(data not shown). Other fungi such as Phlebia tremellosa
(Kirby et al., 2000; Robinson et al., 2001), Pleurotus
sajorcaju (Chagas and Durrant, 2001), and Coriolus
versicolor f. antarcticus (Levin et al., 2004) were also
demonstrated to decolorize and/or degrade dye mainly
through laccase. Taken together, laccase may be the
main biocatalyst in the decolorization and degradation of
indigo dye.

SDS-PAGE of the purified laccase from G. weberianum
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A B C

Figure 5. Native PAGE and zymogram
of the supernatants from pellet-cultured
medium. Lane A, a gel strip showing a
clear white band of decolorized zone
observed against a blue background
after incubation with indigo dye; lane B,
a gel strip showing a clear blue-green
band for laccase activity after incubation
with ABTS; lane C, a gel strip showing
the protein bands stained with
Coomassie brilliant blue R250.

TZC1 exhibited a protein of ~ 45 kDa (Chen et al., 2010).
To determine whether the laccase is the major player in
decolorizing indigo dye, the supernatants of the G.
weberianum TZC1 culture medium were subjected to
native-PAGE. After the separation of proteins by
electrophoresis, the gel was divided into 3 pieces; the
first piece was soaked in ABTS-containing solution to
detect the laccase activity; the second was stained with
indigo dye to detect decolorization activity, and the third
was stained with Coomassie brilliant blue R250 to identify
the proteins. As shown in Figure 5, only one decolorized
zone was present in lane A as a band, and a single
laccase activity band appeared in lane B. Moreover, the
laccase activity band and the decolorized band were
indeed at the same position of the native gel, suggesting
that the decolorization was caused by laccase. Except for
a protein band located at the same position as the
laccase and decolorization band, almost no other obvious
protein bands were present on the native-PAGE (Figure
5). This is in accordance with the observation that no LiP
and MnP activities were detected in the supernatants
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Figure 6. The kinetics of indigo dye decolorization by G.
weberianum TZC1 under optimal conditions of 33°C,
agitation at 160 rpm and at pH 4.0. (A) Dependence of
specific decolorization rate on the initial concentration of
indigo dye; (B) Lineweaver—Burk plot of indigo dye
biodegradation.

from pellet-cultured medium.

To summarize, the extracellular laccase of G
weberianum TZC1 indeed plays a major role in indigo
dye decolorization and degradation.

The kinetics of indigo dye decolorization by G.
weberianum TZC1

Figure 6A shows the dependence of dye concentration
on biological decolorization rate. When the initial dye
concentration increased from 5 to 500 mg I, the
decolorization rate also increased. The kinetic trends
were interpreted according to conventional Michaelis—
Menten model. The decolorization rate in our system was
calculated by use of the following equation derived from
Lineweaver—Burk plot:

1/dee = (Km/vdye max) X 1/Cdye + 1/dee max
Where vgy. is the specific decolorization rate; Cgyye is the

dye concentration; Vmax and Ky, are the maximum specific
decolorization rate and dissociation constant, respectively.

Vmax @nd K, were calculated from the slope and intercept;
the relationship is shown in Figure 6B. V. and Ky, are
13.99 mg gFW™ h™* and 24.33 mg I, respectively. To our
knowledge, no data concerning the kinetics of indigo dye
decolorization by microorganisms has been reported so
far. The Ky, and Vna in indigo dye decolorization by G.
weberianum TZC1 are lower and higher than other dyes
decolorization by other microorganisms, respectively,
such as malachite green by Peseudomonas lutea
(Daneshvar et al., 2007) and Pandoraea pulmonicola
YC32 (Chen et al., 2009), indicating a higher affinity
between pellets and indigo dye and a higher efficiency in
indigo dye decolorization by G. weberianum TZC1 than
others.

Further studies should be carried out to confirm
whether G. weberianum TZC1 is more useful in other
dyes decolorization. These important parameters (Vmax
and Km) can be used for comparison if other biological
systems are to be utilized in the removal of indigo dye.
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