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Abstract

Nowadays, a lot of interest has been given to the development of cost-effective and efficient enzyme
production technologies. Laccase enzymes are widely used in biotechnological, environmental and
industrial sectors. Due to the cost-effectiveness of the solid-state fermentation (SSF) process, it is widely
used to produce a broad range of biological products. In this study, optimization of moisture content,
temperature, pH, and inoculum size were studied to enhance laccase production ability of Pleurotus
sajor-caju in SSF by using One Factor At Time (OFAT) and Response Surface Methodology (RSM). OFAT
was used as a baseline study for deducing the experimental design of RSM. The highest production
of laccase enzyme (1450 U/g) by Pleurotus sajor-caju on wheat straw was observed at 26°C, 6.0 pH,
72.5 % moisture content, 7.5% inoculum size, 1% fructose and 0.5 % peptone. Unlike the conventional
inoculum preparation method, here the inoculum was generated by the spawning method for SSF. The
molecular weight of partially purified laccase from Pleurotus sajor-caju was estimated to be around
62 K Da using SDS PAGE. The activity staining of laccase was observed as a zymogram on Native PAGE
using ABTS as a substrate. Lignin degradation of wheat straw and its structural disruption due to laccase
was observed by Scanning Electron Microscopy (SEM).
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INTRODUCTION

The use of agro-industrial wastes for
solid-state fermentation (SSF) is a better option
than burning it. The annual, global agricultural
production is measured to be approximately
3.8 billion metric tons of total crop residues’3.
Lignin is the second most rich carbon source; it
is amorphous and possesses a complex three-
dimensional structure containing phenylpropanoid
subunit which is the limiting factor for biomass
conversion processes®®,

Agricultural residues containing lignin,
hemicellulose, and cellulose are not only
abundantly available but also cost-effective in SSF2.
Utilization of agro-residues in SSF for enzymes are
the most practical and economical method for
the bioconversion of agro-based lignocellulosic
biomass into value added products**°.

The Solid State Fermentation is performed
inasmallamount of free-flowing water on aninnate
substrate as a solid support. The focused study of
SSF is to achieve high substrate concentration and
maintaining a close contact of microorganisms
with solid support?. The conditions in SSF are very
near to the natural habitat of microorganisms,
especially for fungi. Substrate availability, presence
of carbon and nitrogen sources is the most
important criteria for cost effective production
in solid state fermentation. Fungal hyphae form
a rug on the substrate and break down enzymes
and secondary metabolites in fungal SSF?%%7.

Basidiomycetes oxidize phenolics to give
phenoxy radicals and quinines, thus they efficiently
degrade lignin compared to ascomycetes and
deuteromycetes®. Basidiomyceteous fungi,
especially white rot fungi widely are used in the
production of ligninolytic enzymes like laccase
(EC 1.10.3.2)*, lignin peroxidase (EC 1.11. 1.14)3,
manganese peroxidase (EC 1.11.1.13)%, and
versatile peroxidases (EC 1.11.1.16)*!in solid
state fermentation. In many previous studies,
the optimization and production of laccase has
been shown using white rot fungi®®>%:3 put to
our knowledge, there have been no studies on
optimization of laccase production from Pleurotus
sajor-caju in solid state fermentation on wheat
straw.

Laccase has been used for intensive
research because of its broad substrate specificity,
synthesis of low molecular weight cofactors, and

its stability in the external environment. As laccase
can oxidize various toxic and non-toxic substances,
it is applicable in various fields such as food
biotechnology, enzymes, mushrooms, amino acids,
flavours, bioprocess, bioleaching, bio pulping,
animal feed and industrial wastewater treatment.
Pre-digestion of lignin, hemicellulose and cellulose
with ligninase, cellulase and xylanases may
possibly convert the lignin containing substrate
into animal feed with higher digestibility and
ruminant quality®.

Optimization of temperature, pH,
substrate selection, and carbon to nitrogen ratio
is required to improve laccase production®.
Statistical methods are used such as Response
Surface Method (RSM) is especially where the
valuable significant results are observed. Empirical
modelling system which estimate the correlation
linking a set of variables present in RSM. Results
can be controlled experimentally and to study their
effect on response® 3,

This study focused on laccase production
using Pleurotus sajor-caju on wheat straw and
optimization of different factors for enhancing
laccase production in solid state fermentation.

MATERIALS AND METHOD
Culture collection and maintenance

Pleurotus sajor-caju was procured
from the National Collection of Industrial
Microorganisms (NCIM accession no.-1133), Pune,
Maharashtra, India. The culture was preserved
onto Potato Dextrose Agar (PDA) slant at 4°C and
regularly sub-cultured on a fresh medium.
Inoculum (Spawn) preparation for laccase
production

The spawns were prepared using sterile
sorghum grains as substrate in 250 mL Erlenmeyer
flask. Pleurotus sajor-caju was inoculated into the
flask and incubated at 24+2°C for 7 days.
Culture condition for laccase production under
solid state fermentation

Various lignocellulosic substratesi.e. rice
bran, groundnut gotter, paddy straw, wheat straw,
sorghum straw, de-oiled rice bran, bajra straw,
sorghum hay and maize straw were optimized for
the laccase production in solid state fermentation.
Optimization was done using 100 g SSF system
in sterile polyvinyl containers with cotton plug
for exchange of gases. The moistening agent
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was used as described by Tein and Krick, 1988.
The moistening agent contained(g/L): Glucose;
10, Yeast extract; 5, KH,PO,; 0.6, MgSO,; 0.5,
K,HPO,; 0.4, CuSO,.5H,0; 0.25, FeSO,.7H,0;
0.05, MnSO,and ZnSO,; 0.001.Each system was
inoculated with 5% (w/w) spawn and incubated
at 24+2°C for 14 days. Wet fermented biomass (1
g from a pooled sample) was collected on every
alternate day by spatula and the crude enzyme
was extracted into 50 mL sodium phosphate buffer
(pH 6). The extract of enzyme was centrifuged at
12000 g for 20 min at 4°C and the supernatant was
used to determine laccase activity as previously
described by Niku- Paavola, 1990.

Optimization of physicochemical parameters to
enhance the laccase production

The physico-chemical factors are most
critical for the higher laccase production from
Pleurotus sajor caju. The SSF was conducted in
100g system as described above. One of the factors
was altered for optimization and all levels were
studied separately.

The optimization of parameters such
as moistening agent (50, 60, 70, 80, 90%), pH
(4, 4.5, 5, 5.5, 6), Temperature (20, 24, 28, 32°C)
and Inoculum size (2.5, 5, 7.5, 10% w/w) were
studied by OFAT (One Factor at A Time) as a base
line study for optimization using Response Surface
Methodology (RSM) design.

Various carbon (1% w/v) and Nitrogen
sources (0.5% w/v) such as fructose, sucrose,
xylose, maltose, dextrose, Peptone, Urea,
Ammonium nitrate and Ammonium sulphate
were augmented to wetting agent.

Analysis by RSM

The physicochemical parameter that had
influencing effect on the production of laccase
were identified using the OFAT method, and levels
of each parameter were chooses in RSM design
using Central Composite Design (CCD) in Design
Expert software (Design Expert, Stat-Ease Inc,
version 8.0.6.1). Five different levels of every factor
were experimented in set of 30 experiments. The
highest significance of each parameter acquired
from optimization using OFAT was considered
as the zero value in RSM. The minimum and
maximum ranges for the parameters were; Factor:
1 (Temperature) 24 — 28°C, Factor: 2 (pH) 4-7,
Factor: 3 (Moisture content) 65-80% and Factor:
4 (Inoculum) 5-10% (w/w). Experiments of all

the permutations were performed in 100 g SSF
system. The arithmetical association of the self-
determining factors and the response (laccase
activity) were estimated by the second-degree
polynomial equation.

Y=BO+B1A+BZB-'-[33(:-'-B4D+BIIA2+BZZB2
+ B33(:2 + B414D2 + BIZAB + BlSAC + BIAAD + B23BC +
BZABD + B34(:

Y is the measured response (Laccase U/g)
A, B, Cand D are independent factors,f3 , 3,, [33‘ B,
are linear coefficients, B, B,,, B,, B,, are quadric
coefficients and B, B, B,, B,, B,, B, are cross
product coefficients of the model. The model
significant terms was measured by utilizing Fisher’s
‘F’ test and its equivalent probability ‘p’. Coefficient
of the verifying R2and regulated R?predicted the
model’s statistically.
Laccase enzyme assay

Laccase production was estimated
spectro-photometrically as mentioned by
Niku-Paavola, 199028 with 2, 2 — azino bis-3-
ethylbenzthiozoline-6-sulfonic acid (ABTS) as
substrate, oxidation of ABTS (€ =36,000 cm™
M) was observed at 420 nm with the increase
in absorbance. One unit of enzyme activity was
calculated as the amount of enzyme required for
oxidizing 1 micro mol ABTS per minute.
Partial purification of laccase

The laccase production by Pleurotus sajor-
caju was performed in solid state fermentation
using wheat straw as substrate. The optimized
condition for laccase production was pH 5.5, wheat
straw as substrate, 24°C, Moisture 70%, Fructose
as carbon and peptone as nitrogen source. The
enzyme was extracted into the phosphate buffer
(pH 6, 200 mM) and mixture centrifuged at 12000
g for 20 min at 4 °C. The supernatant was subjected
to ammonium sulphate precipitation ranging from
10-90% (w/v) in an ice bath. The precipitated
protein was collected by centrifugation at 12000 g
for 15 min at 4°C and the pellet was resuspended
in minimum volume of sodium acetate buffer (pH
4.5, 100 mM). To get the maximum concentration
of laccase, precipitated protein was dialyzed
overnight in sodium acetate (pH 4.5, 100 mM)
buffer. The size of partially purified laccase enzyme
was estimated by using 12% Sodium Dodecyl
Sulphate — Polyacrylamide Gel Electrophoresis
(SDS-PAGE). Activity staining of laccase enzyme
was carried out in Native PAGE containing 1 mM
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ABTS. After electrophoresis, the gel was incubated
in 50 mM sodium acetate buffer (pH 4.5) at room
temperature (26+2°C) for 5 hours.
Scanning electron microscopy

SEM was used to characterize the changes
in surface morphology of treated and untreated
substrate (wheat straw). Samples were prepared
by drying the treated and untreated substrate in
hot air oven at 50°C until constant weight®>. After
drying the samples, scanning electron micrographs
were taken on Jeol JSM-6010LA Scanning Electron
Microscope.

RESULT AND DISCUSSION
Substrate screening

The solid substrate is used to support
fungal development and enzyme production. The
selection of substrate plays a crucial role in solid
state fermentation for higher productivity and cost
effectiveness. Study says that wheat straw was the
most suitable substrate for laccase production (820
+42.1 U/g) (Supplementary Figures). So for laccase
production and its optimization, wheat straw was
used as substrate.
Optimization of physicochemical parameters for
laccase production using OFAT
Effect of moisture content

In this study the effect of moisture

content on laccase production was the first
experiment of OFAT optimization. The other
parameters were 24°C, pH 6, inoculum 5%,
dextrose and yeast extract as carbon and nitrogen
source, respectively. The moisture content (Table
1) of SSF was varied from 50 to 90%. The enzyme
levels were studied for 14 days. In all the moisture
combinations the highest enzyme production
was obtained near 10 days. Maximum laccase
production (864.9 U/g) was observed at 70%
moisture content on 10% day. According to Bhargav
et al. low moisture and poor thermal conductivity
of the substrate in SSF makes heat transfer and
temperature control difficult®. In SSF moisture is
responsible for water activity and the availability
of nutrients and oxygen is influenced by moisture
content. The transportation of nutrients across the
cell membrane is dependent upon aqueous state
and if the moisture content decreases the cell are
deprived of essential nutrients and oxygen!*!*, The
excess moisture content may pose adverse effect
by creating anaerobic condition in SSF and thereby
reducing the permeability of air through biomass.
Patel and Gupte reported optimization of moisture
content for laccase production by utilizing
Tricholoma giganteum on wheat straw as substrate.
They observed higher laccase production at 80%
moisture content®.

Table 1. Experimental variables and optimum laccase activity

Parameters Variables Optimum Laccase Activity (U/g)
Moisture Content (%) 50, 60, 70, 80, 90 70 864.9+15.9
Temperature (°C) 20, 24, 28, 32 24 908.7+17.8
pH 4,45,5,55,6 5.5 979.8 £ 16.3
Inoculum (%) 2.5,5,7.5,10 7.5 914.8+22.8
Carbon Source Xylose, Fructose, Sucrose, Fructose 945.1 +38.5

Maltose, Dextrose
Nitrogen Source Peptone, Urea, Ammonium Peptone 1040 + 26.2

nitrate, Ammonium sulphate,

Yeast extract
Table 2. Factors and their level used for RSM design
Factors Name Units Minimum Maximum Coded low Coded high Mean
A Temperature °C 22.00 30.00 -1 ¢ 24.00 +1 <> 28.00 26.00
B pH 4.00 8.00 -1 <> 5.00 +1 <> 7.00 6.00
C Moisture % 57.50 87.50 -1 ¢ 65.00 +1 <> 80.00 72.50
D Inoculum % 2.50 12.50 -1 <> 5.00 +1 <> 10.00 7.50
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Effect of pH

The pH of the medium strongly influences
the fungal growth and enzyme production in
SSF. Usually higher growth and laccase enzyme
production is observed in acidic pH*. In our study
the pH of the minimal salts was ranging as of 4 to
6. As shown in Table 1; at pH 5.5 after 10 days,
maximum laccase production (979.8 U/g) was
observed. The enzyme production at 4 and 4.5 pH
was nearly half of the optimum value.

The variation in pH of growth medium
showed decreased mycelial growth of fungi on
the surface of biomass, which can be attributed
for change in laccase production. The difference of

1600
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O Design points below predicted value = 800
@
sso [ 1450 £
& 600
e
S
X1 = A: Temperature 400
X2 = B pH
Actual Factors

C: Moisture = 72.5
D: Inoculum = 7.5

A: Temperature (°C)

enzyme production in our study due to the change
in pH from 6 to 4 was 1.94-fold. In acidic pH,
substrate oxidation was increased because of the
potential variation among T, phenolic substrate
and copper, while the hydroxide anion combined
to the T /T, copper midpoint®. In a similar study
on laccase production using Pleurotus species,
the enzyme production was increased 4 to 5.5 pH
range than decline activity was observed till 8 pH.
Effect of temperature

All fungi have an optimal temperature
range for growth and enzyme production. The
optimum temperature varies from strain to strain.
At 24°C (Table 1) maximum laccase production

Fig. 1. 3D plot of temperature, pH, inoculum, and moisture optimization for laccase production.
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Fig. 2. Contour plot showing optimal zone of parameters for laccase production.
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(908.5 U/g) was observed. According to previous
report of Thurston (1994), the higher laccase
production is observed between 25 to 30°C*.
Saravankumar et al., (2010) reported maximum
laccase production (44 U/mL) by Pleurotus sp. at
25°C in submerged fermentation®*. Zadrazil et al.
observed decrease in lignolytic enzyme production
when temperature goes above 30°C*.
Effect of inoculum size

The enzyme production varies with
inoculum size as it is dependent on the organism
being used and their minimum quantity to ensure
that the desired organism is responsible for most
of the productivity. The fungi tend to colonize on
the solid substratum and show surface growth
with even distribution over the surface. The rate

Table 3. Experimental design by RSM and their
response

Run Temp pH Moisture Inoculum Enzyme
(°Q) (%) (%) U/g
1 26 6 72.5 7.5 1416.6
2 28 7 65 5 883.3
3 26 6 72.5 7.5 916.6
4 26 6 72.5 7.5 1450
5 28 5 65 10 566.6
6 22 6 72.5 7.5 1400
7 24 5 80 10 683.3
8 24 7 65 5 1291.6
9 28 5 65 5 1000
10 24 5 80 5 650
11 26 8 72.5 7.5 1083.3
12 28 7 65 10 550
13 28 5 80 10 550
14 24 5 65 5 758
15 28 5 80 5 583.3
16 24 7 80 5 733.3
17 26 6 72.5 7.5 1300
18 26 4 72.5 7.5 683.3
19 28 7 80 10 733.3
20 24 7 65 10 550
21 28 7 80 5 550
22 26 6 72.5 7.5 1400
23 26 6 72.5 12.5 766.6
24 26 6 72.5 7.5 1329
25 26 6 57.5 7.5 1250
26 30 6 72.5 7.5 991.6
27 26 6 72.5 2.5 983.3
28 26 6 87.5 7.5 766.6
29 24 7 80 10 633.3
30 24 5 65 10 783.3

of colonization is dependent upon the ability of the
fungi to spread on the surface'®. The inoculum size
influences the rate of increase in fungal biomass on
solid surface and thus enzyme production. Higher
laccase production (914.8 U/g) was observed
with 7.5% inoculum (w/w) followed by 5 and 10%
(Table 1).

Effect of carbon and nitrogen sources

Carbon and nitrogen are important for
growth and enzyme production in solid state
fermentation®'. The additional carbon sources like
xylose, sucrose, maltose, fructose and dextrose
were studied as inducers for laccase production
in solid state fermentation. The highest laccase
production (945.1 U/g) was observed when 1%
fructose (w/v of wetting agent) was added as
carbon source in SSF.

Nitrogen source is important for laccase
induction in basidiomycete fungi®*. Nitrogen is
the secondary energy source which is important
for the fungal growth and enzyme production.
Peptone as a nitrogen source was best suited
for highest laccase production (1039.98 U/g)
(Table 1). In a similar study, glucose as carbon
source and peptone as nitrogen source was
reported as most suitable sources for higher
laccase production using Pleurotus species®.
Optimization of laccase production using RSM

Itis evident from Table 3, Fig. 1 and 2, that
the most ideal combination of parameters giving
highest laccase production (1450 U/g) was 6 pH,
26°C, 72.5% moisture content and 7.5% inoculum
size. RSM is more specific than OFAT; the Central
Composite Design based statistical analysis can
explore intra-parametric effects on the response.
Coded factors are used to make prediction for the
response of each level factor. The equation given
below:

Y =1302.06 +- 61.79*A + 47.93*B +-93.04*C +
-76.37*D + - 71.87*A? + -150*B? + -118.75*C? +
-152.08*D? + -19.81*AB + 6.23*AC + 10.40*AD +
1.02*BC + -36.48*BD + 97.90*CD

In the above equation, Y is the response
(laccase production U/g) and A, B, C and D is
denoted independent variable factors. In the
ANOVA model p<0.05 indicates the significance of
the model, and p> 0.1 shows the non significance
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of the model. Model p< 0.05 for C, C? B? and
D? showed significant for this model. Increased
laccase production with different pH indicated
by a positive linear coefficient value for B. The
positive cross model coefficient of the model
temperature: moisture, temperature: Inoculum,
pH: moisture and moisture: inoculum shows
increased laccase production. Moisture ratio
was important for maximum laccase production
followed by inoculum, temperature and pH
revealed by the statistical optimization using RSM.
ANOVA showed the coefficient of determination
(R?) value of 0.7059 (a value of R2>0.6 indicates
suitability of the model) for laccase production.
In the model ‘F’ value 2.57 and ‘p’ value less than
0.005 shows that the model is significant. The
laccase production under optimized condition
(6 pH, 26°C, 72.5% moisture content and 7.5%
inoculum size) was 1450 U/g, which was 1.39-fold
higher than OFAT method.

In similar study, Risdianto et al. optimized
laccase production by RSM using white rot fungi
and agricultural waste in SSF3**. They reported
that Marasmius spp. on rice straw could produce

x1,000

10pm  —

Fungal
mycelia

highest laccase activity of 111.1 U/L on 10 day.
pH, temperature, and yeast extract were found
to be most significant factors. Sharma et al.
used OFAT and RSM for optimization of laccase
production from Ganoderma leucidum in SSF
using wheat bran as substrate®. Bagewadi used
statistical approaches like RSM to optimize laccase
(510 U/g) production from Trichoderma harzianum
in SSF. Wheat bran and yeast extract were found to
be most influencing factors for laccase production?.
Partial purification of laccase from SSF using
Pleurotus sajor caju

The crude enzyme was extracted and
purified for SDS and zymogram i.e., activity
staining. As shown in Fig. 4, the molecular weight
of laccase obtained from Pleurotus sajor-caju
was approximately 62 K Da (Fig. 4a, Lane 2), for
activity staining, ABTS was used as the substrate
for laccase (Fig. 4b). Development of Green colour
spot in the white background of gel shows that the
monomeric laccase was present in the partially
purified enzyme.

In a similar study, laccase production
in submerged fermentation using Pleurotus

x1,000

10pm  —

Fig. 3. Scanning electron microscope image (3a) Untreated wheat straw (3b) Mycelial growth on wheat straw (3c)

Washed wheat straw after treatment
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4a 4b

KDa 1 2

BR B & ¥

Fig. 4. SDS PAGE and zymogram of laccase enzyme
using Pleurotus sajor-caju 4a. Lane 1: molecular weight
marker (K Da), Lane 2: partially purified laccase 4b.
Activity staining of laccase in Native PAGE shows green
colour development with ABTS.

ferulae was carried out and molecular weight of
laccase and the presence of active laccase were
studied by SDS PAGE and Native PAGE zymogram,
respectively. A 66 K Da laccase and single isoform
of active laccase as green coloured spot was shown
in zymogram’.

Scanning electron microscope (SEM)

SEM image shown in Fig. 3, reveals
morphological and structural variations in biomass
arising during SSF. As shown in Fig. 3a, the
untreated wheat straw has an intact cell wall and
smooth surface. The wheat straw was fermented
with Pleurotus sajor-caju for laccase production in
SSF and lignin degradation was confirmed by SEM.
The fungal hyphae penetrate the cells and attack
the parenchyma tissue as it supports the fungal
growth with available nutrients. In Fig. 3b, wheat
straw can be seen covered with fungal mycelia.
When the treated wheat straw was thoroughly
washed with distilled water the fibres of treated
sample (Fig. 3c) clearly showed appearance of
deteriorated rough surface. The treated wheat
straw appeared to have formation of pores,
grooves, cracks, disruption of surface and was
more conspicuous, than untreated sample. The
enhanced porosity further exposes the cellulosic
portion for efficient hydrolysis.

Vivekanand et al. reported laccase
production on wood pulp in SSF using Aspergillus
fumigatus. In their study SEM image showed
rougher surface indicating the process of peeling
with more exterior fibrillation*:. Liew et al.
reported SEM images of biologically treated wood
chips with T. versicolor, P. coccineus, Daedalea
sp. and Phellinus sp. to show the degradation
mechanism of lignin?.

CONCLUSION

This study explored the ability of Pleurotus
sajor-caju in solid state fermentation for laccase
production using cost effective and easily available
agro-residues. To the best of our knowledge there
is scarce or no literature available on laccase
production using Pleurotus sajor caju. Selection of
wheat straw as substrate for laccase production in
SSF was carried out from a pool of nine different
biomasses such as rice bran, groundnut gotter,
paddy straw, wheat straw, sorghum straw, de-oiled
rice bran, bajra straw, sorghum hay and maize
straw. Various physicochemical parameters such
as temperature, pH, inoculum size and moisture
content were optimized by applying OFAT and
RSM for enhancing laccase production in SSF using
Pleurotus sajor-caju and wheat straw as substrate.
The optimum conditions for laccase production
(1450 U/g) were pH6, 26°C, moisture 72.5% and
inoculum size 7.5%. Initially, the laccase production
during screening of biomass was 820 U/g in SSF,
after optimization using OFAT and RSM, the laccase
production increased by 1.77-fold. The effect of
laccase produced in SSF on delignification of wheat
straw was observed by SEM. The treated biomass
clearly showed appearances of pores, cracks, and
disrupted surface to indicate delignification of
wheat straw. The molecular weight of partially
purified laccase enzyme was determined by SDS
PAGE, which was approximately 62 K Da. The
presence of active laccase in partially purified
enzyme was confirmed by zymogram. The laccase
activity was observed using ABTS as a substrate
in Native PAGE. Green colour development due
to active laccase was observed against white
background.

The above study holds a high potential
for the use of Pleurotus sajor-caju for laccase
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production from cheap biomass. Moreover,
Pleurotus sajor-caju being an edible mushroom
will have no toxicity, and SSF can be directly used
as enzyme containing animal feed supplements.

-
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