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Abstract

several industrial applications.

Background: In current times, enzyme-catalyzed reactions have gained importance for the development of new
chemical processes. These require the production of large quantity of enzyme at low cost. Solid-state fermentation
(SSF) is an efficient process because this bioprocess has a potential to convert agro-industrial residues into valuable
compounds. Hence, the current study focuses on the optimization of process parameters for the higher production of
laccase using a novel basidiomycete fungi Tricholoma giganteurn AGHP under solid-state fermentation (SSF). Further,
the purification of laccase using column chromatographic technique was performed.

Results: Various physico-chemical parameters were evaluated and maximum production obtained was 2.69 x 10°
U/g using wheat straw as a dry substrate. Optimum pH was found to be 5.0 and the temperature of 30 °C with 0.3 mM
copper as an inducer. The enzyme was purified from the initial protein preparation by two-step column chromatog-
raphy. A yield of 10.49 % with 3.33-fold purification was obtained using Sephadex G-75 gel permeation chromatog-
raphy. Further increase in purification (total) was found to be 10.80-fold with a yield of 8.50 % using DEAE Sephadex
A-50 ion exchange column chromatography. The purified enzyme was identified as a monomeric protein with a
molecular weight of 66 kDa by sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Conclusion: In view of the results obtained, we can conclude that the extracellular laccase production is governed
by various cultural parameters such as pH, temperature, and the composition of culture medium. “One-factor-at-
a-time” methodology was capable of establishing the optimum conditions that significantly increases the enzyme
production several folds using lignocellulosic substrate. Therefore, laccase from T. giganteurn AGHP has a potential in
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Background

Laccase (E.C.1.10.3.2), an ubiquitous enzyme, is found
in many higher basidiomycete fungi, plants, prokaryotes,
and arthropods (Giardina et al. 2010). Laccases have also
been isolated from insects, involved during sclerotiza-
tion processing for epidermal cuticle synthesis (Sakurai
and Kataoka 2007). In bacteria, laccases have functions
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and indicate if changes were made.

like morphogenesis, pigment biosynthesis, and copper
homeostasis (Strong and Claus 2011). Moreover, the
fungal laccases are involved in sporulation, pigment pro-
duction, fruiting body formation, and plant pathogenesis
(Sadhasivam et al. 2008). Laccases are glycosylated poly-
phenol oxidase containing four copper ions per molecule
and catalyze single-electron oxidation of a wide range
of organic and inorganic substrates with a concomitant
four-electron reduction of oxygen to water (Thurston
1994). The substrates include compounds like ortho- and
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para-diphenols, aromatic amines, methoxy-substituted
phenols, and other non-phenolic substrates.

The white rot fungi are at present known to be the most
efficient microorganisms capable of extensive lignin deg-
radation. Laccase has emerged as an important enzyme
as it has been successfully used in delignification (Sharma
et al. 2005), dye degradation (Mendoza et al. 2011), biore-
mediation of toxic chemical wastes (Mayer and Staples
2002), and pretreatment of biomass for the production
of biofuel (Placido and Capareda 2015). It has also been
exploited for the development of biosensors to know the
presence of xenobiotics (Duran et al. 2002).

The production of laccase by basidiomycetes using
submerged fermentation has been reported extensively,
in spite of the fact that these organisms grow in nature
under solid-state conditions (El-Batal et al. 2015). How-
ever, the reports on the use of solid-state fermentation
are scanty (Palmieri et al. 2003). SSF has emerged as a
major thrust area for the production of enzymes and
other economically potential products. This may be
attributed to the high volumetric productivities, low cap-
ital costs, reduced energy requirement, and simple fer-
mentation substrate/media (Kapoor et al. 2000).

The extracellular laccase production usually occurs
during secondary metabolism of different fungi and is
influenced by various cultivation conditions (Rivera-
Hoyos et al. 2013). The availability of carbon, nitrogen
source, and inducer concentration are the crucial factors
affecting the enzyme production (Majeau et al. 2010).
Thus, the present investigation was aimed to isolate a
potent laccase producer, to optimize laccase production
under SSF, its purification, and partial characterization.

Methods

Chemicals

2,2-Azino-bis  (3-ethylbenzthiozoline-6-sulfonic acid)
(ABTS), guaiacol, gallic acid, O-dianisidine, Sephadex
G-75, and DEAE Sephadex A-50 were purchased from
Sigma, St. Louis, MO, USA. Vanillin, pyrocatechol, and
veratryl alcohol used were procured from Hi-Media Lab-
oratories, Mumbai, India. Wheat straw, wheat bran, rice
straw, and rice bran were collected locally and used as
lignocellulosic substrates. All other chemicals used were
of analytical grade and of highest purity available.

Isolation and screening of new fungal isolate

For isolation, different environmental samples like
decayed wood, tree barks, and fruiting bodies were col-
lected from the nearby vicinity of Anand and Vallabh
Vidyanagar, Gujarat, India. Samples collected were
suspended into the 0.01 % (w/v) mercuric chloride for
2-3 min for surface sterilization followed by washing
with distilled water. For isolation, sterilized samples were
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then plated onto 2 % (w/v) malt extract agar (MEA) plates
with streptomycin (25 pg/ml) and incubated at 30 °C for
8-10 days. Then, primary screening of the isolates was
performed on 2 % (w/v) malt extract agar plate contain-
ing 0.01 % (w/v) ortho-dianisidine and guaiacol as a chro-
mogenic substrate to check the presence of polyphenol
oxidase activity (Ravikumar et al. 2012).

Culture conditions for laccase production under SSF

The moistening medium for the solid-state fermentation
was prepared using medium described by Asther et al.
(1988). Five grams of lignocellulosic substrate (wheat
straw, wheat bran, rice straw, rice bran) was moistened
with 20 ml of medium containing (g/l) Tween 80 0.1,
KH,PO, 0.2, CaCl,-2H,0 0.0132, MgSO,-7H,0 0.05,
FeC,H;0,-NH,OH (ammonium ferric citrate) 0.085,
ZnSO,-7H,0 0.0462, MnSO,-7H,0 0.035, CoCl,-6H,0O
0.007, CuSO,-5H,0 0.007, L-asparagine 1.0, NH,NO,
0.5, thiamine-HCI 0.0025, yeast extract 0.2, and glucose
10. Each flask was inoculated with five agar plugs (9 mm
diameter) of actively growing mycelia from potato dex-
trose agar plates and incubated at 30 °C for 16 days under
static condition. After 16 days of incubation, enzyme was
extracted by adding 20 ml of 100 mM sodium acetate
buffer (pH 5.0) and the contents were transferred to a
muslin cloth and filtered. The extract obtained was then
centrifuged at 8000x g for 20 min at 4 °C and the super-
natant obtained was analyzed for laccase activity using
the method of Niku-Paavola et al. (1990).

Effect of different lignocellulosic substrates

The fungal isolate Tricholoma giganteun AGHP was
grown in 250-ml Erlenmeyer flasks containing 5 g each
of different lignocellulosic substrates (wheat straw, wheat
bran, rice straw, rice bran) of 0.5 mm particle size and
moistened with Asther medium. The fermentation was
carried out at a moisture content of 1:4 and an initial pH
5.0. Enzyme was extracted on the 16th day of incubation
at 30 °C.

Effect of moisture content

The influence of moisture content on the laccase produc-
tion was evaluated using different combinations of solid
substrate-to-moistening agent ratio (w/v) of 1:3, 1:4, 1:5,
1:6, 1:6.5, 1:7, 1:7.5, 1:8, 1:8.5, 1.9, 1:9.5, and 1:10 using
wheat straw as a solid substrate. The initial pH of the
medium was 5.0 and enzyme was extracted on the 16th
day of incubation at 30 °C.

Effect of pH and temperature

To evaluate the effect of initial pH of the medium on lac-
case production, the pH of Asther medium was varied in
the range of 3.0-10.0. The fermentation was carried out
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at a moisture content of 1:4 and enzyme was extracted on
the 16th day of incubation at 30 °C.

The effect of temperature on laccase production by T.
giganteum AGHP was studied by incubating the flasks at
10, 15, 20, 30, 35, and 45 °C. The fermentation was car-
ried out for 16 days with 1:4 moisture content and initial
medium pH 5.0.

Effect of co-substrates

Production of laccase was studied by supplementing dif-
ferent carbon sources such as glucose, fructose, mannose,
mannitol, xylose, sucrose, maltose, and lactose (1 % w/v)
into Asther medium. The control flask was devoid of any
co-substrate. The fermentation was carried out at 30 °C
for 16 days, at 1:4 moisture content and initial medium
pH 5.0.

Effect of nitrogen source

To optimize the nitrogen source, various organic (yeast
extract, asparagine, thiamine-HCl) and inorganic
(ammonium nitrate, ammonium ferric citrate, ammo-
nium sulfate) nitrogen sources present into Asther
medium were added independently into the medium at
a final concentration of 10 mM. The control flask con-
tained a combination of all nitrogen sources present into
Asther medium. The fermentation was carried out at 1:4
moisture content and initial medium pH 5.0 using glu-
cose as a co-substrate. The enzyme was extracted on the
16th day of incubation at 30 °C.

Effect of different surfactants

To evaluate the effect of different surfactants on laccase
production, five different surfactants (Tween 20, Tween
40, Tween 60, Tween 80, and Triton X-100) at four dif-
ferent concentrations (0.05, 0.1, 0.15, and 0.2 g/l) were
incorporated into the Asther medium. The control flask
was devoid of any surfactant. The fermentation was car-
ried out for 16 days at 30 °C, with 1:4 moisture content,
initial medium pH 5.0, glucose as a co-substrate, and all
organic and inorganic nitrogen sources present into the
Asther medium as a nitrogen source.

Effect of different inducers and copper ion concentration

To determine the effect of inducers on laccase produc-
tion, seven different inducers (copper sulfate, o-dianisi-
dine, guaiacol, vanillin, catechol, gallic acid, and veratryl
alcohol) (1 mM) were incorporated independently into
Asther medium. The control flask was devoid of any
inducer. Further effect of copper ion concentration was
evaluated by incorporating different concentrations of
copper ion (0.05-3 mM) into the Asther medium. The
fermentation was carried out at 30 °C for 16 days, with
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1:4 moisture content, medium pH 5.0, glucose as a co-
substrate, and organic and inorganic nitrogen sources
present into the Asther medium as a nitrogen source
incorporated with 0.15 g/l Tween 80 as a surfactant.

Time course study of laccase production

Wheat straw (5 g) was moistened with 20 ml of unopti-
mized and optimized Asther medium in 250-ml flasks,
inoculated with five agar disks, and incubated at 30 °C
for 20 days. The content of the flasks was harvested after
every 24 h and assayed.

Optimized culture conditions for laccase production

The optimized medium for laccase production contains
(g/l) Tween 80 0.15, KH,PO, 0.2, CaCl,-2H,0 0.0132,
MgSO,-7H,0 0.05, FeC,H;0,-NH,OH (ammonium fer-
ric citrate) 0.085, ZnSO,-7H,0O 0.0462, MnSO,-7H,O
0.035, CoCl,-6H,0 0.007, L-asparagine 1.0, NH,NO; 0.5,
thiamine-HCI 0.0025, yeast extract 0.2, and glucose 10,
supplemented with 0.3 mM copper sulfate as an inducer
with an initial medium pH of 5.0 and incubation tem-
perature 30 °C for 16 days using wheat straw as a solid
substrate.

Estimation of fungal biomass

The estimation of fungal biomass was carried out by the
method described by Couto et al. (2009). To determine
the fungal biomass, 25 % of the solid substrates (SS) were
labeled using small holes in different distributions for
possible monitoring during the cultivation process. At
different time intervals, all solid substrates were dried
and weighed to determine the original weight (W,). After
cultivation, the complex support-mycelium was collected
and dried until constant weight (Wc). The labeled solid
substrates without fungus were separated and weighed
for calculating the amount of degraded support (Ds). The
amount of degraded support (Ds) corresponded to mean
difference between original and final dry weight (g) of
labeled SS without fungus was determined from

N
1
Ds=--> (Wo— Wyn,

n=1

where W, and W, are the original and final dry weights of
each labeled SS (), respectively, and N is the total labeled
SS used in the test. The ratio between DS and W, of the
labeled SS without fungus corresponded to the mean
amount of degraded SS (RDg) as indicated in the follow-
ing equation:

Ds

RDs = ————.
2on=1 (Woyn
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The fungal biomass (FB) was calculated as the difference
between Wc, W, plus RDs multiplied by W, as given in
the following equation:

FB = W, — Wy(1 — RDs;).

Enzyme assay

Laccase (E.C.1.10.3.2) activity was determined using
the method of Niku-Paavola et al. (1990). The increase
in absorbance related to the oxidation of 2, 2-azino-
bis-3-ethylbenzthiozoline-6-  sulfonic acid (ABTS,
£ = 36,000 cm ™' M!) was measured spectrophotometri-
cally at 420 nm for 3 min. The reaction mixture contained
100 pl of 50 mM ABTS, 800 pl of 100 mM sodium acetate
buffer (pH 5.0), and 100 pl of enzyme extract. One unit of
enzyme activity (U) was defined as the amount of enzyme
that oxidized 1 pM of substrate/min under the standard
reaction condition.

Protein determination
Total protein was estimated quantitatively by Lowry’s
method (1951) with bovine serum albumin as standard.

Purification of laccase

Ammonium sulfate precipitation and dialysis

The production of laccase using T. giganteum AGHP was
carried out using wheat straw as a solid support under
optimized culture conditions. At the end of the fermenta-
tion cycle, the enzyme was extracted by adding 100 mM
sodium acetate buffer (pH 5.0) and the contents were
transferred to a muslin cloth and filtered. The extract
obtained was then centrifuged at 8000xg for 20 min
at 4 °C and the supernatant obtained was subjected to
ammonium sulfate saturation in the range of 0-80 %
(w/v) at low temperature. The saturated solution was
left overnight at 4 °C, the precipitated protein was sedi-
mented by centrifuging at 10,000xg for 10 min at 4 °C,
and the pellet was resuspended in minimum volume of
100 mM sodium acetate buffer (pH 5.0). The concen-
trated sample with maximum laccase activity was dia-
lyzed overnight against 100 mM sodium acetate buffer
(pH 5.0).

Purification of laccase by column chromatography

The dialyzed sample was loaded onto the Sephadex G-75
gel permeation column (1.5 x 30 cm) for purification.
The column was equilibrated and eluted with 100 mM
sodium acetate buffer (pH 5.0) at a flow rate of 0.2 ml/
min. The laccase activity and protein content of all the
fractions were determined. The fraction with maximum
laccase activity was then re-applied to the DEAE Sepha-
dex A-50 ion exchange column (1.5 x 30 cm) with bed
volume 25 ml previously equilibrated with 100 mM
sodium acetate buffer (pH 5.0). A continuous linear
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gradient of NaCl (0.1-1 M) was applied and the fractions
were collected at a flow rate of 0.2 ml/min. The laccase
activity and the total protein content of all the fractions
were determined. The fractions containing high laccase
activity were pooled and stored at 4 °C for further use.

Molecular weight determination

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and native-PAGE (10 % resolving gel and
5 % stacking gel) were performed to determine the purity
of the protein and its molecular weight according to the
modified method of Laemmli (1970). In SDS-PAGE, the
protein bands were visualized by silver nitrate staining
method and the approximate molecular weight was deter-
mined by comparison with the standard molecular weight
markers [Myosin, rabbit muscle (205 kDa), phosphorylase
b (97.4 kDa), bovine serum albumin (66.0 kDa), ovalbu-
min (43.0 kDa), and carbonic anhydrase (29.0 kDa)]. After
native-PAGE, the gel was subjected to activity staining
for laccase. The gel was allowed to stand in 100 mM of
sodium acetate buffer (pH 5.0) with 10 mM of ABTS for
20-30 min. The bands of protein associated with laccase
activity were indicated by the development of green color.

Results and discussion

Isolation and screening of new fungal isolate

Eleven different fungal strains were isolated and, out
of them, four isolates showed a positive phenol oxi-
dase activity when subjected to primary screening with
0.01 % (w/v) different chromogenic substrates like guai-
acol, gallic acid, and ortho-dianisidine supplemented
to malt extract agar plate. Isolates obtained were fur-
ther subjected for the quantitative detection of laccase
under solid-state fermentation. Out of the four isolates,
fungal isolate designated as AGHP showed the highest
laccase production and was selected for further stud-
ies. The molecular identification of fungal isolate AGHP
was done based on its ITS4 (5'-TCCTCCGCTTATTG
ATATGC-3) and ITS5 (5-GGAAGTAAAAGTCGT
AACAAGG-3’) (White et al. 1990) gene sequencing car-
ried out by Agharkar Research Institute, Pune, India.
Percentage homology with other ITS sequences in the
NCBI database showed that the sequence of this DNA
fragments has 100 % identity with T. giganteum isolate
CBE (Coimbatore) (Prakasam et al. 2011). On the basis of
sequence homology, the isolate AGHP was identified as
T. giganteum AGHP (Accession no. KT154749).

Effect of different lignocellulosic substrates

The selection of lignocellulosic substrate under solid-
state fermentation is very important for the efficient and
cost-effective production of the ligninolytic enzymes.
Different lignocellulosic substrates like wheat straw,
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wheat bran, rice straw, and rice bran were screened for
the production of laccase. All the lignocellulosic sub-
strates used supported the growth of fungi with good
laccase production. Among all substrates, wheat straw
was found to be the most suitable for laccase production
(8.98 x 10* U/g of dry substrate) (Fig. 1a) using T. gigan-
teum AGHP with complete colonization of substrate on
the 16th day of incubation; this is because of the high cel-
lulosic, hemi-cellulosic, protein, and lignin content pre-
sent in the wheat straw making it a balanced substrate for
microorganisms (Khan and Mubeen 2012). Maximum
biomass was obtained on the 16 and 20th day of incuba-
tion using wheat straw (5.59 g %) and rice straw (2.1 g %),
respectively, and on the 18th day of incubation using
wheat bran (5.47 g %) and rice bran (0.92 g %) (Fig. 1b).
The results showed a linear correlation between bio-
mass and laccase production. The results obtained are in
agreement with those of Patel et al. (2009) who reported
wheat straw as a best substrate for laccase production by
Pleurotus ostreatus HP-1 under SSF. Arora et al. (2000)
reported up to 59-fold increase in enzyme production by
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Fig. 1 a Effect of lignocellulosic substrates on production of laccase
by T. giganteum AGHP under SSF. b Growth profile of T. giganteum
AGHP on different lignocellulosic substrates under SSF
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supplementation of wheat straw to the mineral salt broth.
El-Batal et al. (2015) reported maximum production of
laccase with Pleurotus ostreatus under SSF using wheat
bran as a solid substrate. Higher laccase production with
a novel lignocellulosic biomass tamarind shell has been
reported by Manavalan et al. (2013). However, the results
obtained prove the efficacy of wheat straw for substantial
enzyme production.

Effect of moisture content

Moisture ratio is a key factor in SSF that influences the
laccase production. Laccase production was evaluated
using different combinations of solid substrate-to-mois-
tening medium ratio of 1:3, 1:4, 1:5, 1:6, 1:6.5, 1.7, 1:7.5,
1:8, 1:8.5, 1:9, 1:9.5, and 1:10 (w/v). Moisture content of
1:4 was found to be most suitable for the laccase pro-
duction and the maximum production obtained was
1.32 x 10° U/g of dry substrate (Fig. 2). However, any
further increase in moisture ratio decreases the laccase
production. This may be attributed to particle agglomera-
tion, limitation in gas transfer, and competition from the
bacteria (Xin and Geng 2011). In SSF processes, mois-
ture level varies between 30 and 85 %. For bacteria, the
moisture of the solid substrate must be higher than 70 %,
whereas, for filamentous fungi, it is between 20-70 %
(Chundakkadu 2005).

Effect of pH and temperature

The pH of the culture medium was varied from 3.0 to
10.0. However, the optimal activity is mainly obtained in
the pH range of 3.0-5.0. In the present study, the maxi-
mal laccase production (1.27 x 10° U/g of dry substrate)
(Fig. 3a) was obtained at pH 5.0. Further rise in pH
showed no increase in the production of enzyme. This
may be attributed to the poor mycelial growth at an ele-
vated pH which may restrict the laccase production. Sim-
ilar result has been reported by Ravikumar et al. (2012)
with maximum enzyme production at pH 5.0. Chhaya
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Fig. 2 Effect of moisture content on laccase production using wheat
straw as a solid substrate and Asther’s medium as a moistening agent




Patel and Gupte Bioresour. Bioprocess. (2016) 3:11

160000

1]

140000

120000

100000
80000
60000

3 4 5 6 7 8 9

40000
20000

Laccase (U/g of dry substrate)

Medium pH

=y

180000
160000
140000
120000
100000

60000 I I
O —

80000
40000
20000

10°C 15 C 20 C 30°C 35°C 5°C
Incubation temperature (°C)

Laccase (U/g of dry substrate)

Fig. 3 aInfluence of initial pH of Asther's medium on laccase
production using wheat straw and 1:4 moisture content on the 16th
day of fermentation. b Production of laccase at different incubation
temperatures using wheat straw, 1:4 moisture content, and initial
medium pH 5.0 on the 16th day of fermentation

and Gupte (2013) also reported maximum enzyme pro-
duction at pH 5.0 using one-factor-at-a-time methodol-
ogy under solid-state fermentation.

Incubation temperature is an important factor affecting
the fermentation process in SSF because both growth of
fungi and production of an enzyme are sensitive to tem-
perature. To check the effect of temperature on laccase
production, T. giganteurn AGHP was grown in the tem-
perature range of 10-45 °C. The maximum production
of laccase (1.53 x 10° U/g of dry substrate) (Fig. 3b) was
obtained at 30 °C. Higher temperatures lead to adverse
effect on the metabolic activity of the microorganisms,
thereby leading to the denaturation of the key enzymes.
However, lower temperature of 10 and 20 °C did not sup-
port the growth of fungi, thus leading to lower enzyme
production. Xin and Geng (2011) have also reported
that the lower temperature retards the metabolic rate
of Trametes versicolor leading to the decrease in laccase
production. Many researchers have reported an optimum
temperature between 25 and 30 °C for laccase production
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using various white rot fungi (Ravikumar et al. 2012;
Chhaya and Gupte 2013; Elsayed et al. 2012).

Effect of co-substrates

Selection of an appropriate carbon source is important
in growth and metabolism of fungi, hence affecting the
enzyme production. In addition to carbon and energy
source, co-substrates also provide necessary inducing
compounds for the organisms that are responsible for
increasing the productivity of the fermentation process.
Examining the effect of co-substrates on laccase produc-
tion showed that maximum production was obtained
using glucose (1.59 x 10° U/g of dry substrate) (Fig. 4)
followed by sucrose (5.31 x 10* U/g of dry substrate),
xylose (4.98 x 10* U/g of dry substrate), and fructose
(4.38 x 10* U/g of dry substrate). The control flask with-
out co-substrate showed comparatively low enzyme
production (3.95 x 10* U/g of dry substrate). Thus, the
addition of co-substrate has a noticeable effect on laccase
production. Glucose has been reported as an effective
co-substrate for laccase production using Ganoderma
lucidum by Ding et al. (2012). However, Johnsy and Kavi-
yarasan (2011) reported fructose as the best co-substrate
for laccase production by Lentinus kauffimanii.

Effect of nitrogen source

The effect of nitrogen source on laccase production by
different organisms appears to be greatly controversial
(Collins and Dobson 1997). Ligninolytic enzyme produc-
tion has been reported in both nitrogen-sufficient and
nitrogen-deficient media using different organisms. The
results of the present study indicated that laccase produc-
tion was higher (1.51 x 10° U/g of dry substrate) (Fig. 5)
in the control flask having all the organic and inorganic
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Fig. 4 Effect of co-substrates on laccase production using Asther’s
medium with varying co-substrate (1 % w/v), initial medium pH 5.0,
and temperature 30 °C on the 16th day of fermentation
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Fig. 5 Effect of nitrogen sources on laccase production with glucose temperature 30 °C on the 16th day of fermentation. Control flask was
(1 % w/v) as a co-substrate, varying nitrogen sources (10 mM), initial devoid of any surfactant
medium pH 5.0, and temperature 30 °C on the 16th day of fermenta-
tion

sources of the Asther medium except ammonium sul-
fate. However, the use of different organic and inorganic
nitrogen sources of the Asther medium as a sole nitrogen
source independently did support the growth of the fungi,
but the enzyme production was low, while the presence
of both organic and inorganic nitrogen sources together
as in Asther’s medium favored the higher laccase pro-
duction, indicating the suitability of combined organic
and inorganic nitrogen source for the laccase produc-
tion by T. giganteurn AGHP. Thus, the replacement of the
known nitrogen sources from the Asther medium failed
to enhance the laccase production. Therefore, Asther
medium containing all nitrogen sources was used in our
further studies. Dong et al. (2005) have reported improved
laccase production using tryptone and peptone. Revankar
and Lele (2006) reported yeast extract as a suitable nitro-
gen source for laccase production.

Effect of different surfactants

Addition of surface-active agents provides higher per-
meability of oxygen and extracellular enzyme transport
through the cell membranes of fungi (El-Batal et al
2015). Thus, the addition of surfactants to the medium
not only helps in secretion of the extracellular enzyme,
but can increase the bioavailability of less-soluble sub-
strates for the fungi and also stimulate the growth of the
fungi. The present study demonstrates the effect of dif-
ferent surfactants like Tween 20, Tween 40, Tween 80,
SDS, and Triton X-100 on laccase production by adding
surfactants in the Asther medium in a range of 0.05-0.2
(g/l). Enhanced laccase production (1.65 x 10° U/g of
dry substrate) (Fig. 6) was obtained using 0.15 g/l Tween

80 as a surfactant with 1.97-fold increase in produc-
tion as compared to that of the Asther medium having
0.1 g/l Tween 80. However, in case of Pleurotus ostreatus
ARC280 the maximum laccase production was attained
using 0.1 % (v/v) Tween 80 (Elsayed et al. 2012). Lestan
et al. (1994) also reported the increase in yield of lignino-
lytic enzymes after the addition of surfactants Tween 20
and Tween 80 to the medium.

Effect of different inducers and copper ion concentration

Supplementation of an appropriate inducer can greatly
enhance the laccase production. Different compounds
such as phenolic and non-phenolic substrates can act as
inducers. The most common and effective inducers used
for laccase production are copper, 2,5 xylidine, guaiacol,
ethanol, etc. The production of laccase from 7. giganteum
was evaluated in the presence of seven different inducer
compounds (copper sulfate, o-dianisidine, guaiacol, vanil-
lin, pyrocatechol, gallic acid, and veratryl alcohol). From
Fig. 7, it is observed that all the inducers are capable of
enhancing the production of laccase. Among all, cop-
per sulfate was found to be the most promising inducer
for laccase production (1.44 x 10° U/g of dry substrate)
(Fig. 7) followed by veratryl alcohol (1.38 x 10° U/g of dry
substrate) and vanillin (1.35 x 10° U/g of dry substrate).
Furthermore, various concentrations of copper in the
range of 0.05-3 mM were studied. Maximum produc-
tion of laccase (2.90 x 10° U/g of dry substrate) (Table 1)
was obtained at 0.3 mM copper concentration with a yield
index of 2.15. Any further increase in the copper concen-
tration beyond 0.3 mM leads to the decrease in enzyme
production. This may be because higher concentration
of copper is an inhibitor of fungal growth, which is a key
component in many fungicides (Revankar and Lele 2006).
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Fig. 7 Effect of different aromatic inducers and copper sulfate on
laccase production using optimized Asther’s medium with initial
medium pH 5.0 and temperature 30 °C on the 16th day of fermenta-
tion. Control flask was devoid of any inducer

Table 1 Effect of copper ion concentration on laccase pro-
duction

Copper ion (mM) Laccase (U/g of dry substrate) Yield index
Control 135100 £ 2049.93 1
0.05 39900 + 857.64 0.29
0.1 71883 + 1714.25 053
0.2 239433 + 1755.90 177
03 290777 £ 2225.15 215
0.4 169551 £ 2125.01 1.25
0.5 158412 + 2154.05 117
1 144569 +£ 2382.51 1.07
15 121562 £ 1952.23 0.9
2 118778 £1710.30 0.88
25 117414 £ 2563.78 0.87
3 116111 £ 2339.71 0.86

Values are the average of three experiments and standard deviations are less
than 5 % of the mean

Xin and Geng (2011) also reported veratryl alcohol and
copper sulfate as efficient inducers for laccase production
by Trametes versicolor. However, the addition of 1-3 mM
Cu'*? can significantly increase the laccase production up
to two-fold by Ganoderma lucidum 447 (Songulashvili
et al. 2011). Moreover, Manavalan et al. (2013) and Mann
et al. (2015) reported that the addition of 0.75 and 0.4 mM
copper is significant to induce laccase production in Cer-
rena consors and Ganoderma lucidum, respectively.

Time course study of laccase production

Time course study of laccase production by T. giganteum
AGHP was conducted before and after the medium opti-
mization under SSF. Laccase production increased 3.02-
fold compared to that of unoptimized medium with the
maximum production of 2.69 x 10° U/g of dry substrate
and 6.02 g % of fungal biomass (Fig. 8) on the 16th day of

unoptimized medium optimized medium
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Fig. 8 Time course study of laccase and biomass production by T.
giganteum AGHP using optimized and unoptimized Asther’s medium

incubation. Shankar and Shikha (2012) reported 2.49-fold
higher laccase production under optimized condition by
Peniophora sp. The time course study for laccase pro-
duction indicated that maximum production of enzyme
and fungal biomass was obtained on the 16th day of fer-
mentation. Similar results are obtained in case of Phlebia
floridensis with maximum laccase and biomass produc-
tion on the 8th day of incubation by Arora et al. (2000).

Purification of laccase

The extracellular laccase obtained from T. giganteum
AGHP was purified to homogeneity using ammonium
sulfate precipitation followed by two-step column chro-
matographic technique. The results of laccase purifica-
tion at different steps are summarized in Table 2. The
crude filtrate, subjected to ammonium sulfate precipita-
tion and dialysis, showed specific activity of 4.95 x 10* U/
mg with 1.53-fold purification. In the next step of puri-
fication by Sephadex G-75 gel permeation chromatog-
raphy, four active fractions having laccase activity were
pooled. The specific activity of 1.07 x 10° U/mg and
10.49 % yield were achieved with 3.33-fold purifica-
tion. The enzyme was further purified by DEAE Sepha-
dex A-50 ion exchange column chromatography with a
specific activity of 3.49 x 10° U/mg and a final yield of
8.50 % with 10.80-fold purification. The purification of
laccase obtained in the present study is comparable with
Chaurasia et al. (2014) who reported purification (10.42-
fold) with 12.57 % yield of laccase from Trametes hirsuta
MTCC-1171 using DEAE cellulose column chroma-
tography. However, Yan et al. (2014) reported 1.37- and
4.07-fold purification with 5.78 and 11.64 % yield of lac-
case from T trogii S0301 using anionic exchange chroma-
tography followed by Sephadex G-75 chromatography,
respectively.
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Purification step Total activity (U) Total protein (mg) Specific activity (U/mg) Yield (%) Purification fold
Crude filtrate 8,222,200 254 32,370.86 100 1

Ammonium sulfate precipitation 7,660,050 181.5 42,204.13 93.16 1.30

Dialyzed 2,260,830 456 49,579.60 2749 1.53

Gel permeation chromatography 863,300 8.00 1,07,912.50 10.49 333

lon exchange chromatography 699,225 2.00 3,49,612.50 8.50 10.80

43 ==
29 =

Fig. 9 SDS-PAGE of purified laccase from T. giganteum AGHP. Lane 1:

molecular weight marker (kDa), Lane 2: purified laccase, Lane 3: activ-
ity staining of laccase showing green color band with ABTS

Molecular weight determination

The purified laccase showed single band on the SDS-
PAGE, when stained with silver nitrate staining method,
indicating the purity of the enzyme sample. The approxi-
mate molecular mass of purified laccase was found to
be 66 kDa (Fig. 9), which resembles the molecular mass
of most fungal laccases (Yang et al. 2013). Native-PAGE
using ABTS as a substrate also showed the presence of
a single green-colored band, thus suggesting the mono-
meric nature of the enzyme.

Conclusions

The present study has revealed the potential of a newly
isolated basidiomycete 1. giganteurn AGHP to pro-
duce laccase under SSE. The current investigation con-
firms and evaluates the use of lignocellulosic substrate
as an inexpensive and easily available solid substrate for
enzyme production. Further, the production of the lac-
case by this strain can be enhanced by the addition of

copper ion as an inducer into the fermentation medium.
The overall optimization of all the cultivation conditions
using “one-factor-at-a-time” methodology increased the
laccase production by 3.02-fold compared to control
conditions under SSF using wheat straw as a lignocellu-
losic substrate. The purified enzyme was recovered with
the final yield of 8.50 % with 10.80-fold purification using
DEAE Sephadex A-50 ion exchange chromatography. To
the best of our knowledge, this is a first report on laccase
production by the fungal strain 7. giganteum under SSF.
Thus, this isolate can be further explored for the large-
scale laccase production for its various biotechnological
applications.
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