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There is an increasing demand for green chemistry technologies that can 
cope with environmental waste management challenges. Agro-industrial 
residues are primarily composed of complex polysaccharides that 
support microbial growth for the production of industrially important 
enzymes such as ligninolytic enzymes. Schyzophyllum commune and 
Ganoderma lucidum were used alone, as well as mixed/co-culture, to 
produce crude ligninolytic enzymes extracts using corn stover and 
banana stalk as a substrate during solid state fermentation (SSF). In the 
initial screening, the extracted ligninolytic enzymes from S. commune 
produced using corn stover as the substrate showed higher activities of 
lignin peroxidase (1007.39 U/mL), manganese peroxidase (614.23 
U/mL), and laccase (97.47 U/mL) as compared to G. lucidum and the 
mixed culture. To improve the production of ligninolytic enzymes by S. 
commune with solid state fermentation (SSF), physical factors such as 
pH, temperature, moisture, inoculum size, and incubation time were 
optimized by varying them simultaneously using response surface 
methodology (RSM) with a central composite design (CCD). The 
optimum SSF conditions were (for a 5 g corn stover substrate size): pH = 
4.5; temperature = 35°C; inoculum size = 4 mL; and moisture content = 
60%. Under optimum conditions, the activities of lignin peroxidase (LiP), 
manganese peroxidase (MnP), and laccase were 1270.40, 715.08, and 
130.80 IU/mL, respectively. 
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INTRODUCTION 
 

 Industry and biotechnology demands for ligninolytic enzymes complexes from 

white-rot fungi (WRF) are increasing due to their versatile catalytic effects on various 

industrial processes. Ligninolytic enzymes have potential applications in a large number 

of fields, including bioremediation, biofuels, food, agriculture, paper & pulp, textile 

finishing, denim stone washing, cosmetics, biosensors, and many others (Wesenberg et 

al. 2003; Pazarlioglu et al. 2005; Asgher et al. 2008; Levin et al. 2008; Sadhasivam et al. 

2008; Stoilova et al. 2010; Asgher et al. 2011, 2012 a, b, c). The robust non-specific and 

extracellular lignin-degrading enzymes, such as lignin peroxidase (LiP), laccase (Lac), 

and manganese peroxidase (MnP), are responsible for lignin degradation and 

bioremediation capabilities of WRF (Yang et al. 2011; Martorell et al. 2012). However, 

problems may arise associated with the direct application of the fungi, such as difficulties 

in satisfying the growth requirements on a large scale, long incubation times, and 
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adsorption of the pollutants on fungal mycelia (Casas et al. 2009; Kamei et al. 2009). In 

contrast, in vitro treatment with ligninolytic enzymes produced through WRF fermenta-

tion can minimize these problems (Wang et al. 2008; Torres-Duarte et al. 2009). 

However, the use of these purified and/or immobilized enzymes increases the cost of 

industrial processes.  

 In the recent past, some efforts have been made to investigate the potential of cell-

free culture extracts of WRF for in vitro large-scale industrial and bioremediation 

treatment of recalcitrant and xenobiotic compounds (Rubilar et al. 2008). The process 

control of these enzymatic applications is simplified by the absence of the living 

bacterium, and has advantages, such as the ability to operate over a wider range of 

pollutant concentrations, pH, and temperatures. In addition, the biodegradative capacity 

of the enzymes may be unaffected by toxic compounds that could otherwise inhibit 

fungal cultures (Tsutsumi et al. 2001). Moreover, using an unpurified crude enzyme 

extract may also provide the enzyme with substances that mediate the catalytic cycle of 

WRF peroxidases and laccases, which are eliminated during enzyme isolation and 

purification.  

However, the fungus must secrete high activities of ligninolytic and associated 

enzymes in the enzyme extract. To achieve this, enzyme production must be optimized 

(Champagne and Ramsay 2005). The ligninolytic machinery in most basidiomycetes is 

highly regulated by nutrients, such as nitrogen, copper, and manganese. Their production 

is also affected by fermentation factors, such as medium composition, nature of carbon 

source, concentration of carbon source, pH of fermentation broth, fermentation 

temperature, amount and nature of nitrogen source, as well as the presence of inducers, 

mediators and organic acids, such as citric, oxalic, and tartaric acids (Ryan et al. 2007; 

Wen et al. 2009; Iqbal et al. 2011).  

Reducing the costs of enzyme production by using cheaper raw materials and 

optimizing the fermentation process for industrial applications is the ultimate target of 

basic research (Lee et al. 2011; Soni et al. 2012). The conventional classical optimization 

strategy (COS) of varying one-factor-at-a-time is time consuming and cannot guarantee 

the optimum physical and nutritional conditions, since the strategy does not consider the 

interactions among different variables/parameters (Lotfy et al. 2007; Hye et al. 2008; 

Kammoun et al. 2008; Gadhe et al. 2011; Tijani et al. 2011). In contrast, response surface 

methodology (RSM) can examine varying more than one-factor-at-a-time, at several 

different levels, to determine the interactions between two or more factors. This testing 

methodology can provide reliable optimization results (Benzina et al. 2012).  

Among the various processes used for enzyme production, solid-state fermenta-

tion (SSF),which uses lignocellulosic biomass, appears promising because it has many 

advantages for fungal cultivations (Pointing 2001). SSF is an attractive option for 

bioconversion of lignocellulosic biomass and production of lignocellulolytic enzymes. 

The enzymes can be isolated and purified to different extents for diverse industrial 

applications, and the residual biomass can be utilized as animal feed (Elisashvili et al. 

2009; Sharma and Arora 2010). Since SSF operates under low moisture conditions, 

bacterial contamination chances are also minimized (Basu et al. 2002; Li et al. 2006). 

SSF reproduces the natural conditions for the growth of WRF and has been shown to be 

more suitable for the production of industrial enzymes that do not need purification. 

The present study was aimed at producing enzyme extracts by growing single and 

co-cultures of G. lucidum and S. commune utilizing SSF of lignocellulosic substrates. A 
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further goal was to optimize the production of ligninolytic enzyme extracts by selected 

fungal culture using the selected lignocellulosic substrate in RSM. 

 

 
EXPERIMENTAL 
 

All experimental and analytical work was carried out at the Industrial 

Biotechnology Laboratory (IBL) of the Department of Chemistry and Biochemistry at the 

University of Agriculture, Faisalabad (UAF) in Pakistan. Two indigenous white rot fungi 

(WRF), G. lucidum and S. commune, were isolated and used as individual cultures, as 

well as in co-cultures, to produce extracts of ligninolytic enzymes. The fungal 

strains/cultures were screened on different substrates in a SSF to select the hyper-

producing fungal culture on the basis of higher ligninolytic enzymes activities in the 

crude enzyme extract. The physical and nutritional parameters were studied with 

response surface methodology (RSM) to optimize the production of ligninolytic enzymes 

by the selected fungal culture in a SSF on selected substrates. 

 

Production of Crude Ligninolytic Enzymes Extracts 
Lignocellulosic substrates 

Corn stover and banana stalk were collected from local vegetable and fruit 

markets of Faisalabad, Pakistan. Substrates were sliced into pieces, oven dried at 50ºC, 

ground to 40 mm mesh particle size, and stored in airtight plastic jars to avoid moisture 

re-adsorption. 

 
Ligninolytic enzymes producing white rot fungi 

Pure cultures of indigenous strains of G. lucidum and S. commune were obtained 

from the Industrial Biotechnology Laboratory of the Department of Chemistry & 

Biochemistry at the University of Agriculture in Faisalabad, Pakistan. The fungi were 

raised on potato dextrose agar (PDA) slants at pH 4.5. The inoculated slants were 

incubated for five days at 30ºC for spore multiplication and stored in a refrigerator at 4ºC 

for subsequent use in production of crude enzyme extracts. 

 
Inoculum preparation 

Kirk’s basal nutrient media (100 mL) was the inoculum medium used (Tien and 

Kirk 1988).  It was prepared in three separate labeled Erlenmeyer flasks (500 mL) and 

adjusted at pH 4.5 with 1 M NaOH or 1 M HCl. After sterilization for 15 min. at 121ºC, 

the medium was supplemented with Millipore filtered (0.3 µm) 1% glucose. Spores of G. 

lucidum and S. commune were added to the respective sterilized inoculum media from 

slant cultures, and the flasks were incubated in a temperature-controlled still culture 

incubator (EYLA SLI-600ND, Japan) at 30ºC for 5 to 7 days to obtain a homogenous 

spore suspensions of fungi (1×10
6
-10

8
 spores/mL) to use as inoculum. Fresh inoculum 

was prepared for each experiment (Asgher et al. 2006). 

 

Screening of fungi for production of enzyme extracts on different substrates in SSF 

 Two separate sets of flasks for respective lignocellulosic substrates were prepared 

in triplicate using 5 g of the respective substrate moistened with Kirk’s basal medium 

(Tien and Kirk 1988) at pH 4.5 and 60% (w/w) moisture. All the reactor flasks were 

autoclaved in a laboratory scale autoclave (Sanyo, Japan) and inoculated with 5 mL 
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homogenous suspension of each strain. The co-culture flasks received 2.5 mL inoculum 

each of the two fungi. The inoculated flasks were incubated at 30ºC for 10 days. The 

culture flasks were harvested at different time intervals (48, 96, 144, 192, 240 h). To the 

fermented SSF culture flasks, 100 mL of 100 mM sodium succinate buffer (pH 4.5) was 

added; afterwards, the flasks were shaken (120 rpm) in an orbital shaker (Sanyo-

Gallemkemp, UK) for half an hour. The biomass was filtered through a Whatman No.1 

filter paper, and the resulting filtrates were centrifuged at 3000 g for 10 min. at 4ºC to 

remove fungal mycelia and cell debris. The clear supernatants were used to determine the 

activities of LiP, MnP, and laccase. 

 

Optimization of Physical Factors though Response Surface Methodology  
The physical parameters including inoculum size, temperature, pH, moisture 

content, and incubation time were optimized through response surface methodology 

(RSM), using a five factor-five level central composite design (CCD) with six center 

points (=0.5) and six replicates for each center point. A total of 32 runs were employed 

(Table 1). The center point replicates were chosen to verify any change in the estimation 

procedure, as a measure of precision property.  

Once the experiments were performed, a second order polynomial equation (1) 

shown below was used to describe the effect of variables in terms of linear, quadratic, 

and cross product terms 

 
 

where i and j are linear and quadratic coefficients, respectively, while ‘b’ symbols 

represent regression coefficients, Y is the ligninase yield, k the number of factors studied 

and optimized in the experiment, and ‘e’ is random error. When developing the 

regression equation, the test factors were coded  according to the following equation (2), 

   

 
 

where xi is the dimensionless value of an independent variable, Xi is the real value of an  

independent variable, Xo is the real value of the independent variable at the center point, 

and ∆Xi is the step change value.  

 

Table 1. Five Factor-Five Levels Central Composite Design (CCD) Using RSM 
for the Optimization of Crude Ligninolytic Enzymes by S. commune in a SSF 
from Corn Stover 

Independent 
Variables 

Symbols 
 

Levels 

Low  High  

pH 
Temprature (

o
C) 

Inoculum size (mL) 
Moisture (% w/w) 

Incubation time (h) 

A 
B 
C 
D 
E 

4 
25 
2 
40 
48 

6 
45 
6 
80 

240 

               

             (1) 

               

                 (2) 
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Ligninolytic Enzyme Assays 
Lignin peroxidase activity 

LiP was assayed by the method of Tien and Kirk (1983). The LiP assay was 

performed by using 2.6 mL of reaction mixture containing 1 mL buffer of pH 3, 1 mL of 

4 mM veratryl alcohol (3,4-dimethoxybenzylalcohol), 500 µL of 1 mM H2O2, and 100 

µL of the enzyme aliquot. A blank contained 100 µL of distilled water instead of enzyme 

aliquot. The UV/Vis absorbance was read after a 10-minute reaction interval at 310 nm 

(310 =9300 M
-1

cm
-1

). Enzyme activity was defined as µM of veratraldehyde formed per 

min. 

 

Manganese peroxidase Assay  

The activity of MnP was measured by the method of Wariishi et al. (1992). The 

assay mixture (2.6 mL) contained 1 mL of 1 mM MnSO4, 1 mL of 50 mM sodium 

malonate buffer of pH 4.5, and 100 µL of the culture supernatant. Five hundred 

microliters of 0.1 mM H2O2 was added as an oxidizing agent. Manganic ions Mn
+3

 form 

a complex with malonate that absorbs at 270 nm (270 = 11,590 M
-1

cm
-1

). MnP activity 

was defined as µM of MnSO4 oxidized per min. 

 

Laccase assay  

Laccase activity in the crude enzyme extracts was measured by the method of 

Shin and Lee (2000) by monitoring the oxidation 2,2-azinobis(3-ethylbenzthiazoline-6 

sulphonic acid) (ABTS) in a reaction mixture containing 1 mL of 1 mM ABTS in 1 mL 

of 50 Mm malonate buffer (pH 4.5) and 100 µL of the culture supernatant. The reaction 

mixture was incubated at 25ºC and absorbance was taken at 436 nm after a10 min 

interval (436 = 36,000 M
-1

cm
-1

).  

A blank contained 100 µL of distilled water instead of enzyme solution or culture 

supernatant. Laccase activity was calculated as change in absorbance of the assay mixture 

after a ten-minute reaction interval. 

 
 
RESULTS 
 

Screening of WRF Cultures for Production of Ligninolytic Enzymes 
Extracts  

Two white rot fungi, S. commune and G. lucidum, and their co-culture were used 

to produce ligninolytic enzymes extracts in the SSF of corn stover or banana stalks over a 

10-day fermentation period. In case of S. commune, the maximum activities of LiP 

(1007.39 U/mL), MnP (614.23 U/mL), and laccase (97.47 U/mL) were noted on the ninth 

day of incubation in corn stover medium. G. lucidum also showed optimum activities of 

ligninolytic enzyme after nine days of SSF with banana stalk (Table 2). 

However, the fungal co-culture of both strains showed lower activities of 

ligninolytic enzymes as compared to the individual cultures. The lower ligninolytic 

activities produced by the co-culture were unusual because both fungi have almost 

similar growth conditions (Irshad and Asgher 2011). The individual fungi may have 

secreted some metabolites that are antagonistic to each other leading to their growth 

inhibition. 
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Table 2. Production of Ligninolytic Enzymes by Single and Co-culture of S. 
commune and G. lucidum on Different Lignocellulosic Substrates in a SSF * 
 

Time  
period  
(days) 

Enzyme  
activity 
(IU/mL) 

CORN STOVER 
BANANA STALK 
 

S. 
commune 

G. 

lucidum 

 Co-
culture 

S. 
commune 

G. 

lucidum 

 Co-culture 
 

1 

Laccase 44.69±7.31 
14.86± 

6.57 
18.18±10.9 15.20±5.47 5.29±4.47 5.31±1.98 

Mnp 256.4±14.7 113.5±17.1 44.07±10.9 65.80±7.40 52.77±11.5 163.4±23.7 

LiP 261.0±13.1 31.53±12.3 76.33±25.1 46.03±6.47 64.55±25.8 119.0±13.4 

2 

Laccase 51.62±09.7 34.53±15.3 35.05±9.09 24.16±12.0 7.30±3.33 21.01±5.12 

Mnp 273.4±12.6 155.8±10.2 76.91±23.6 100.6±13.4 101.9±13.2 220.4±20.2 

LiP 272.1±10.5 276.7±11.7 80.99±16.2 83.42±11.0                                                                105.2±24.6 146.9±10.5 

3 

Laccase 51.7±05.43 53.30±11.1 21.75±6.72 29.91±9.14 16.10±3.51 26.47±2.83 

Mnp 330.1±13.2 283.2±23.4 101.4±14.2 261.4±18.2 162.7±18.6 272.5±25.7 

LiP 370.5±14.6 356.2±17.4 102.9±14.8 135.5±20.3 211.7±24.9 196.41±5.2 

4 

Laccase 61.06±10.3 55.44±10.1 21.85±6.17 37.12±9.38 19,54±5.00 35.92±3.20 

Mnp 360.1±19.0 303.6±20.5 1380±25.7 418.9±20.7 231.5±27.7 306.2±24.4 

LiP 379.4±14.4 434.3±23.1 115.1±12.9 186.4±8.18 333.7±21.7 249.0±30.2 

5 

Laccase 64.62±10.0 55.82±11.4 36.47±2.47 47.42±16.8 32.49±6.11 36.20±4.01 

Mnp 420.7±12.4 312.4±28.5 135.1±16.5 563.4±12.4 277.5±20.8 346.0±19.2 

LiP 460.3±19.1 525.3±26.1 126.5±13.1 211.9±20.8 416.7±18.5 289.4±16.2 

6 

Laccase 88.29±12.9 57.94±10.4 39.43±3.70 58.01±7.54 57.68±8.58 46.01±4.08 

Mnp 471.6±17.5 438.1±23.0 138.2±15.5 660.6±22.9 314.0±13.9 455.7±22.0 

LiP 524.3±23.3 523.6±24.1 154.4±17.4 430.7±21.2 621.1±20.7 346.9±18.1 

7 

Laccase 75.55±12.5 64.10±9.58 41.74±3.21 90.46±14.3 67.58±11.2 48.51±5.24 

Mnp 528.2±26.4 291.5±26.9 190.7±27.8 729.3±7.13 390.1±19.9 404.7±16.3 

LiP 681.2±19.4 522.9±21.6 177.7±11.7 597.2±15.1 750.8±26.9 305.7±20.3 

8 

Laccase 80.22±7.29 79.64±14.6 41.44±3.62 95.36±16.4 84.64±13.0 46.84±5.98 

Mnp 563.8±22.6 450.5±27.4 193.6±29.3 853.8±10.0 424.3±17.7 331.0±19.0 

LiP 831.7±20.4 516.0±22.6 144.4±14.1 632.0±17.2 827.3±21.7 258.4±21.7 

9 
 

Laccase 97.47±11.1 72.85±8.48 34.88±7.92 91.31±15.3 91.47±15.8 33.09±7.16 

Mnp 614.2±20.2 556.7±15.5 139.7±10.9 952.6±16.2 552.1±25.4 286.3±13.6 

LiP 1007±21.0 448.1±8.06 123.6±7.91 661.6±12.2 942.3±22.4 182.5±26.1 

10 

Laccase 85.92±10.3 76.77±7.02 36.47±2.90 87.44±6.85 86.18±9.24 31.94±2.59 

Mnp 590.5±8.10 458.6±20.2 118.5±17.6 902.0±16.7 495.4±16.8 241.9±20.1 

LiP 915.3±25.7 418.5±23.2 102.62±6.8 655.4±10.4 902.7±10.3 164.10±16.93 

*pH 4.5;   Temperature, 30°C 

 

The genetic variation among the fungi, and the nature and composition of the 

substrates used may be responsible for the better growth of fungi on different substrates 

(Giardina et al. 2000; Patel et al. 2009). Overall, the crude enzyme extract produced by S. 

commune in the SSF of corn stover had maximum activities of ligninolytic enzymes. On 

the basis of these results, S. commune was selected for the optimization of ligninolytic 

enzymes produced by the SSF of banana stalks and corn stover.  
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Optimization of Parameters for Enhanced Production of Ligninolytic 
Enzymes by  S. commume 
Optmization of physical factors through response surface methodology (RSM) 

 RSM was employed with a central composite design (CCD). The independent 

variables (i.e. the main effects) were: inoculum size (A), temperature (B), pH (C), 

moisture (D), and incubation time (E). The optimum ligninase activities were obtained 

with: inoculum size, 4 mL; temperature, 35°C; pH 4.5; moisture, 60%; and incubation 

time, 144 h. The activities of lignin peroxidase (1270.40 U/mL),  mangenese peroxidase 

(715U/mL), and laccase (130.8 U/mL) were substantially enhanced by optimizing the 

process conditions (Table 3). LiP, MnP, and laccase are secreted by different fungi in 

different activity profiles even under the same growth conditions. Some fungi secrete 

more LiP and MnP, and low laccase activity, and some even lack laccase altogether. 

Others are better laccase producers with low or even negligible LiP or MnP activities. 

The production of all three enzymes by a particular white rot fungus is optimum under 

similar physical growth conditions such as pH, moisture, and temperature, but their 

activities are different. However, the optimum conditions for synthesis of individual 

enzymes might be variable under different nutritional conditions.  

 The effects of interactions among the variables on ligninases activities (dependant 

variables) were also studied. The model’s large F-values of 633.56, 178.83, and 11.74 for 

LiP, MnP, and laccase, respectively, indicated the model’s significance. There was 

statistically 0.01% chance that this large F-value of model could occur due to noise 

(Table 4 A, B, & C). Linear (A, B, C, D, E), interaction (AB, AC, AD, BC, BD, BE, CD, 

CE, DE), and quadratic (A
2
,C

2
,D

2
) terms were statistically significant with p-values< 

0.0001. Non-significant F-values for lack-of-fit for LiP (1.50), MnP (0.46), and laccase 

(0.0090), relative to the pure error, confirmed the model’s predictability. A positive value 

of the t-statistic in the case of inoculum size, temperature, moisture, and incubation time 

indicated a positive linear effect, whereas it was found to be negative for pH. The 

coefficient for the interaction between temperature and incubation time (BE) was 

significant with p-value of 0.003, while all other interactions were non-significant with p-

values higher than 0.05. The negative coefficient value for pH in the linear term showed 

that the production of laccase decreased with an increase in pH. The positive quadratic 

term indicated the existence of a minimum for these activities.  

 Justification of the variability in observed response values by the experimental 

factors (variables) and their interactions was measured by R
2
 (coefficient of determina-

tion). The predicted R
2
 values of 0.8158, 0.8062, and 0.4921 by the model for LiP, MnP, 

and laccase were in close agreement with the actual R
2
 values of 0.9976, 0.9909, and 

0.4921, respectively. The adjusted R
2
 was very close to the actual R

2
 value. LiP, MnP, 

and laccase R
2 

values of 0.9991, 0.9968, and 0.9950, respectively, implied that the fitted 

linear, interaction, and quadratic terms could elucidate 99, 99.68, and 99.50% of 

variation, showing satisfactory representation of the process by the model. 

The preciseness and reliability of conducted experiments were confirmed by 

lower values of coefficient of variation (CV) of 0.54, 0.96, and 6.86% for LiP, MnP, and 

laccase, respectively. The measured signal-to-noise ratio indicated adequate precision. A 

desirable ratio should be larger than 4. All the model ratios (106.81, 58.626, and 15.124 

for LiP, MnP, and laccase, respectively) were greater than 4, indicating adequate signals 

that can be used for design space navigation. The standard deviation values of 5.36, 4.08, 

and 5.32 for LiP, MnP, and laccase indicated that the model showed strong compliance 

with predicted response. 
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Table 3. Optimization of Fermentation Parameters using the RSM with a Central 
Composite Design (CCD) 
 
 

Runs Inoculum 
size  
(mL) 

Temperature 
 
(◦C) 

pH Moisture 
 
(%) 

Incubation 
Time  
(h) 
 

LiP MnP Lac 

 
(U/mL) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

6.00 
2.00 
2.00 
6.00 
2.00 
6.00 
6.00 
2.00 
4.00 
3.00 
5.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
2.00 
6.00 
6.00 
2.00 
6.00 
2.00 
2.00 
6.00 

25.00 
45.00 
25.00 
45.00 
25.00 
45.00 
25.00 
45.00 
35.00 
35.00 
35.00 
30.00 
40.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 
35.00 
25.00 
45.00 
25.00 
45.00 
25.00 
45.00 
25.00 
45.00 

4.00 
4.00 
6.00 
6.00 
4.00 
4.00 
6.00 
6.00 
5.00 
5.00 
5.00 
5.00 
5.00 
4.50 
5.50 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
4.00 
4.00 
6.00 
6.00 
4.00 
4.00 
6.00 
6.00 

40.00 
40.00 
40.00 
40.00 
80.00 
80.00 
80.00 
80.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
50.00 
70.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
40.00 
40.00 
40.00 
40.00 
80.00 
80.00 
80.00 
80.00 

48.00 
48.00 
48.00 
48.00 
48.00 
48.00 
48.00 
48.00 
96.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
144.00 
192.00 
240.00 
240.00 
240.00 
240.00 
240.00 
240.00 
240.00 
240.00 

910.25 
998.09 
897.25 
822.82 
850.13 
744.50 
848.48 
700.06 
1002.78 
932.11 
932.04 
1061.29 
1041.43 
1270.40 
1141.28 
1048.25 
1020.82 
1056.33 
1042.48 
1048.51 
1050.04 
1046.29 
1051.93 
1102.87 
1079.93 
1013.87 
1055.61 
1058.10 
1027.51 
1078.76 
1019.65 
1049.22 

381.69 
371.68 
403.49 
350.59 
432.45 
425.08 
383.65 
381.23 
473.55 
429.09 
418.57 
398.25 
390.18 
715.08 
514.89 
420.42 
434.88 
462.84 
452.56 
449.41 
450.32 
451.97 
452.66 
480.64 
391.83 
325.55 
426.74 
432.68 
380.89 
411.51 
445.99 
411.37 

54.49 
48.91 
71.67 
37.92 
75.49 
58.12 
80.04 
53.36 
69.38 
74.71 
79.83 
85.44 
81.66 
130.8 
102.5 
72.08 
76.48 
77.91 
92.63 
86.42 
89.02 
72.86 
79.61 
83.80 
71.72 
70.80 
83.14 
79.53 
94.54 
96.47 
88.60 
87.16 

 

Interaction among variables 

Comparative effects of any two variables were explained by contour plots while 

holding the other factors fixed at their central point values. From response surface (3D) 

and contour plots (2D), the interactive effects of experimental factors on ligninolytic 

enzymes synthesis were determined. 

 

Inoculum size vs.temperature 

The response surface curves (Fig. 1) showed how LiP, MnP, and laccase produc-

tion was a function of inoculum size and temperature by keeping the levels of pH, 

moisture, and incubation time at 4.50, 60%, and 144 h, respectively.  
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Table 4A. Analysis of Variance (ANOVA) for the Quadratic Polynomial Model for 
Lignin Peroxidase Production in SSF 
 

Source Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob> F 

Model 
  A-A 
  B-B 
  C-C 
  D-D 
  E-E 
  AB 
  AC 
  AD 
  AE 
  BC 
  BD 
  BE 
  CD 
  CE 
  DE 
  A

2 

  B
2 

  C
2 

  D
2 

  E
2 

Residual 
Lack of Fit 
Pure Error 
Cor Total 

3.646E+005 
2666.24 
3299.29 
4301.47 
17109.47 
1.672E+005 
2487.27 
10601.28 
3966.80 
53.47 
1564.00 
946.64 
4156.70 
450.18 
2939.54 
12818.20 
35013.99 
1.98 
27734.33 
634.24 
13.86 
316.51 
203.44 
113.07 
3.649E+005 

20 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
11 
6 
5 
31 

18230.15 
2666.24 
3299.29 
4301.47 
17109.47 
1.672E+005 
2487.27 
10601.28 
3966.80 
53.47 
1564.00 
946.64 
4156.70 
450.18 
2939.54 
12818.20 
35013.99 
1.98 
27734.33 
634.24 
13.86 
28.77 
33.91 
22.61 

633.56 
92.66 
114.66 
149.49 
594.62 
5811.86 
86.44 
368.43 
137.86 
1.86 
54.35 
32.90 
144.46 
15.65 
102.16 
445.48 
1216.86 
0.069 
963.87 
22.04 
0.48 
 
1.50 

<0.000significant 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
0.2001 
< 0.0001 
0.0001 
< 0.0001 
0.0023 
< 0.0001 
< 0.0001 
< 0.0001 
0.7979 
< 0.0001 
0.0007 
0.5021 
 
0.3367 not 
significant 

 

Table 4B. ANOVA of CCD for the Quadratic Polynomial Model for Manganese 
Peroxidase Production in SSF 
 

Source 
 

Sum of 
Squares 

df Mean 
Square 

F 
Value 

p-value 
Prob> F 

 Model 
 A-A 
  B-B 
  C-C 
  D-D 
  E-E 
  AB 
  AC 
  AD 
  AE 
  BC 
  BD 
  BE 
  CD 
  CE 
  DE 
  A

2
 

  B
2
 

  C
2
 

  D
2
 

  E
2
 

Residual 
Lack of Fit 
Pure Error 
Cor Total 

56622.87 
2200.79 
1206.19 
801.03 
2308.09 
609.03 
16.56 
0.65 
126.11 
501.98 
59.91 
748.84 
4.37 
1815.61 
5585.32 
110.25 
1745.56 
7847.45 
10463.04 
1277.52 
1798.14 
183.37 
65.62 
117.75 
56806.24 

20 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
11 
6 
5 
31 

2831.14 
2200.79 
1206.19 
801.03 
2308.09 
609.03 
16.56 
0.65 
126.11 
501.98 
59.91 
748.84 
4.37 
1815.61 
5585.32 
110.25 
1745.56 
7847.45 
10463.04 
1277.52 
1798.14 
16.67 
10.94 
23.55 

169.83 
132.02 
72.36 
48.05 
138.46 
36.53 
0.99 
0.039 
7.57 
30.11 
3.59 
44.92 
0.26 
108.91 
335.05 
6.61 
104.71 
470.75 
627.65 
76.64 
107.87 
 
0.46 

<0.0001significant 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
0.3403 
0.8473 
0.0189 
0.0002 
0.0846 
< 0.0001 
0.6188 
< 0.0001 
< 0.0001 
0.0260 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
< 0.0001 
 
0.8112 not significant not significant 
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Table 4C. ANOVA of CCD for the Quadratic Polynomial Model for Laccase 
Production in SSF 
 

Source Sum of 
Squares 

df Mean 
Squares 

F 
Value 

p-value 
Prob> F 

Model 
  A-A 
  B-B 
  C-C 
  D-D 
  E-E 
  AB 
  AC 
  AD 
  AE 
  BC 
  BD 
  BE 
  CD 
  CE 
  DE 
  A

2
 

  B
2
 

  C
2
 

  D
2
 

  E
2
 

Residual 
Lack of Fit 
Pure Error 
Cor Total 

6599.70 
17.47 
483.41 
6.34 
841.02 
2404.16 
52.56 
5.93 
61.70 
20.66 
118.48 
5.625E-003 
393.43 
109.20 
0.073 
3.57 
98.07 
5.097E-004 
961.00 
213.99 
120.51 
311.14 
30.28 
280.86 
6910.84 

20 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
11 
6 
5 
31 

329.98 
17.47 
483.41 
6.34 
841.02 
2404.16 
52.56 
5.93 
61.70 
20.66 
118.48 
5.625E-003 
393.43 
109.20 
0.073 
3.57 
98.07 
5.097E-004 
961.00 
213.99 
120.51 
28.29 
5.05 
56.17 

11.67 
0.62 
17.09 
0.22 
29.73 
85.00 
1.86 
0.21 
2.18 
0.73 
4.19 
1.989E-004 
13.91 
3.86 
2.577E-003 
0.13 
3.47 
1.802E-005 
33.97 
7.57 
4.26 
 
0.090 

<0.0001significant 
0.4485 
0.0017 
0.6451 
0.0002 
< 0.0001 
0.2001 
0.6560 
0.1677 
0.4110 
0.0654 
0.9890 
0.0033 
0.0752 
0.9604 
0.7290 
0.0895 
0.9967 
0.0001 
0.0189 
0.0634 
 
0.9946not significant
  

 

The production of lignin-modifying enzymes was affected by both factors and 

was maximized by the combination of the level of inoculum size and temperature. It was 

observed that inoculum size and temperature had strong interactive effect on production 

of lignin-modifying enzymes (LMEs) by S. commune. LiP, MnP, and laccase showed 

analogous results with maximum activities with 4 mL of inoculum at 35°C. The 

interaction of temperature and inoculum size showed that there is an increase in MnP and 

laccase production with an initial increase in temperature and inoculum size; however, 

high levels of these factors had inhibitory effects. 

 

Inoculum size vs. pH 

 Countour and response surface plots (Fig. 2) showed that there was high 

production of LiP, MnP, and laccase at 4 mL of inoculum size and pH 4.5, but low yields 

at higher levels of these parameters. The contour plot for all lignin-modifying enzymes 

predicted that a pH range of 4 to 4.5 and inculum level of 2 to 4 mL was optimum. 

Response surface plot predicted that a pH range of 5 to 5.5 decreased the synthesis of the 

enzymes. 

 

Inoculum size vs.moisture 

 At a moderate level of moisture (60%) and inoculum size (4 mL), S. commune 

showed optimum production of LMEs (Fig. 3). A further increase in both variables 

decreased the growth of fungus, and hence, the production of enzymes in the SSF. At 
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their initial levels, both inoculum size (2 to 4 mL) and moisture (56 to 64%) showed a 

profound effect on crude enzymes production. Conversely, at higher levels of these 

independent variables, the net LMEs yield decreased. Interaction of inoculum size and 

moisture had a significant effect on LiP, MnP, and laccase production in SSF by S. 

commune using corn stover.  

 
      

Fig. 1. Response surface plots showing the interactive effect of inoculum size and temperature 
on (a) LiP, (b) MnP, and (c) laccase production (hold value: pH, 4.5; moisture, 60%; and 
incubation time, 144 h) 

 
 

Fig. 2. Response surface plots showing the interactive effect of inoculum size and pH on (a) LiP, 
(b) MnP, and (c) laccase production (hold values: temperature, 35°C; moisture, 60%; incubation 
time, 144 h) 
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Fig. 3. Response surface plots showing the interactive effect of inoculum size and moisture on  
(a) LiP, (b) MnP, and (c) laccase production  (hold value: temperature, 35°C; pH, 4.5; incubation 
time, 144 h) 

 
 
Fig. 4. Response surface plots showing interactive effects of inoculum size and incubation time 
on (a) LiP, (b) MnP, and (c) laccase production (at temperature, 35°C; pH, 4.5; moisture 60%) 
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Inoculum size vs. incubation time 

 As the incubation time and inoculum size were increased, the lignin-modifying 

enzymes (LiP, MnP, and laccase) production also increased to a certain extent; however, 

a further rise in both factors caused the inhibtion of enzymes synthesis by S. commune 

(Fig. 4). Inoculum size and incubation time interaction effect was accountable for this 

action. The response surface plot showed that incubation time ranging from 92 to 192 h 

was most effective in increasing the yield of LMEs. The contour plot predicted a strong 

interaction among the two variables for production of enzymes by S. commune in the SSF 

of corn stover. 

 

Temperature vs. pH 

 While considering the pH and temperature, the saddle shape plots for LME 

production (Fig. 5) suggested the differential production of LiP, MnP, and laccase at 

varied pH and temperatures. On maximizing enzyme production, pH and temperature had 

antagonistic, as well as synergistic effects. The optimum temperature and pH for LMEs 

production were found to be 35°C and pH 4. 

 
 
Fig. 5. Response surface plots showing the interactive effect of temperature and pH  on (a) LiP, 
(b) MnP, and (c) laccase production (hold value: moisture, 60%; inoculum size, 4 mL and 
incubation time 144 h) 
 

Temperature vs. moisture 

Response surface plots (Fig. 6) showed that low temperature and high moisture 

enhanced LMEs yield; however, at higher moisture levels (above 64%), enzyme produc-

tion decreased. Maximum activities of LiP, MnP, and laccase were obtained when the 

level of moisture and temperature was 60% and 35°C, respectively, while the hold values 

for inoculum size, pH, and incubation time were 4 mL, 4.5, and 144 h, respectively.  
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Fig. 6. Response surface plots showing the interactive effect of temparature and moisture  on (a) 
LiP, (b) MnP, and (c) laccase production (hold value: inoculum size, 4mL;  pH,  4.5; incubation 
time, 144 h) 
 

Temperature vs.incubation time 

 The interaction between incubation time and temperature for the production of 

LiP, MnP, and laccase showed that an increase in temperature and incubation time 

enhanced enzyme yield; however, at higher temperatures (above 35°C), enzyme activity 

was low (Fig. 7). Optimum LiP, MnP, and laccase predicted yield was 1170.4, 515, and 

103.8U/mL, respectively. The response surface graph predicted that at initial incubation 

time (48 to 96 h) and temperature (25 to 30°C), as well as high incubation time (192 to 

240h) and temperature (40 to 45°C), the LMEs activity was low. 

 

pH vs. moisture 

 Figure 8 shows the effect of pH and moisture on LME production. At the mid-

range values for moisture content (56 to 64%) and pH (4 to 4.5), the optimum LiP, MnP, 

and laccase yield could be attained. From the contour plot, it could be noted that the 

optimum yield of LiP (1270.40 U/mL), MnP (715.08 U/mL), and laccase (130.80 U/mL) 

was obtained at pH 4.5 and 60% moisture content; the interaction among these two 

factors was significant.  
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(a)                                                                     (b) 

 
(c) 

 
Fig. 7. Response surface plots showing the interactive effect of temperature and incubation time 
on (a) LiP, (b) MnP, and (c) laccase production (hold value: inoculum size, 4 mL;  pH, 4.5, and 
moisture, 60%) 

 

pH vs.incubation time 

 Figure 9 shows a response surface plot of pH against incubation time at fixed 

levels of the other three factors. The graph predicted that both factors had strong 

interactive influence on the growth of S. commune in the SSF medium and subsequent 

production of LiP, MnP, and laccase at their highest levels. Response surface plot showed 

that LME activity was high at incubation period of 96 to 144 h and pH 4 to 4.5. The 

optimum pH and incubation time for the maximum production of LMEs were 4.5 and 

144 h, respectively, as shown in both plots. 

 

Moisture vs.incubation time 

 Figure 10 shows the interaction between moisture and incubation time for the 

production of LiP, MnP, and laccase. The response surface graph showed that incubation 

time of 144 to 192 h was efficient for fungus cultivation and optimum yield of crude 

LMEs in the SSF with corn stover. The graphs showed that both factors played a 

significant role in the secretion of LMEs by S. commune. Optimum LME production was 

at 60% moisture after 6 days of incubation time; and at initial (40 to 48%) and higher (72 
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to 80%) level of moisture, the growth of S. commune was low and subsequent low 

production of crude LMEs was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. Response surface plots showing the interactive effect of pH and moisture  on (a) LiP, (b) 
MnP, and (c) laccase production (hold value: inoculum size, 4 mL; temperature, 35°C and 
incubation time, 144 h) 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Response surface plots showing interactive effect of pH and incubation time on (a) LiP, (b) 
MnP, and (c) laccase production (at: inoculum size, 4 mL; temperature, 35°C; moisture, 60%) 
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Fig. 10. Response surface plots showing the interactive effect of moisture and incubation time on 
(a) LiP, (b) MnP, and (c) laccase production (hold value: inoculum size, 4 mL; temperature, 35°C; 
pH, 4.5) 
 

 
DISCUSSION 
 

The culture conditions had significant influence on LMEs production. Maximum 

LME yield was obtained under the optimal conditions of inoculum size (4 mL), 

temperature (35°C), pH (4.5), moisture (60%), and incubation time (144 h (i.e. 6 days)). 

The highest LME activities of LiP, MnP, and laccase achieved were 1270.40, 715.08, and 

130.80 U/mL, respectively, under these optimum conditions by S. commune in SSF of 

corn stover agro-substrate. The most significant factors for white rot reproduction growth 

and LME production in the SSF are oxygen supply, inoculum size, pH, incubation time, 

moisture, and temperature (Barlev and Kirk 1981). Among the factors that strongly 

influence metabolic activity and WRF strains growth were medium composition, 

moisture level, solid substrate (inert carrier), initial pH and temperature levels, and 

inoculum size (Couto et al. 2006). In order to initiate the growth of microorganism a 

lower level of inoculum may not be adequate, whereas competitive inhibition could be 

caused by higher level of inoculum (Sabuet al. 2005). Phellinus robustus (Songulashvili   

et al. 2006) and Schizophyllum commune (Bhattiet al. 2008; Li and Jia 2008) have been 

reported as good producers of LMEs. The synthesis of LMEs depends on growth 

conditions, nutritional factors, surfactants, and inducer/mediators (Praveen et al. 2011).    

Enzyme production was decreased with a further increase in inoculum due to the 

depletion of nutrients, and consequentially, the decrease in metabolic activities of the 
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fungus (Patel et al. 2009). Moisture content is a crucial factor in any SSF process because 

this variable influences growth and biosynthesis of the microbe, as well as the secretion 

of different metabolites such as enzymes. At low or high water content beyond its 

optimal requirement, the production of LMEs is considerably affected. Optimization of 

moisture content could be employed for the management and the modification of 

microorganism metabolic processes (Pandey et al. 1994). Inoculum size and moisture, 

apart from their influence on the production of enzymes, also play a vital part in 

determining the ultimate morphological composition of fungal culture medium (Olsvik et 

al. 1993). Hence, for economical enzyme production, it is of immense importance that 

conditions should be optimized (Ustok et al. 2007). Galhaup and Hatrich (2001) and 

Asgher et al. (2006) reported that 2 and 5 mL of conidial suspension showed maximum 

LiP production with the SSF of lignoocellulosic substrates. Sung-Kwon et al. (2008) also 

reported that crude enzyme production decreased in the case of P. chrysosporium 

immobilized cultures with an increase in the inoculum level. Solid substrate porosity 

decreased at an elevated level of moisture, which eventually inhibits oxygen transport 

and leads to reduced yields of LMEs (Lonsane et al. 1985; Bhatti and Nawaz 2009). On 

the other hand, microbial growth is inhibited at very low moisture content, which leads to 

poor accessibility of WRF to nutrients present in the growth medium (Pandey 1992; 

Shaheen et al. 2008). LiP, laccase, and MnP production is favored at low moisture levels 

by degrading lignocellulosic agricultural waste substrates (Levin et al. 2008). In earlier 

studies (Iqbal et al. 2011), the maximum LME production was attained from rice straw 

when 5 mL of freshly prepared fungal spore suspension was added into the fermentation 

medium.  

 In any SSF method, a vital factor is the incubation time because it has strong 

effect on growth and biosynthesis of the WRF, as well as the production of various 

primary and secondary metabolites, such as enzymes (Vaithanomsat et al. 2010; Lee et 

al. 2011). Shinichi et al. (1996) reported that an incubation period of six days was 

optimum for LiP, MnP production, and a further increase of incubation time showed 

decreased enzyme activity. During the SSF of a lignocellulosic substrate, Achraszapota, 

by Phanerochaete chrysosporium, the LiP activity (2100 U/L) peaked on the seventh day 

of cultivation (Zahamatkesh et al. 2010). Our work is in accordance with Heinzkill et al. 

(1998) who observed that maximum MnP activity was obtained at pH 4.5, temperature 

37°C, and incubation time of six days. Laccase and MnP high activities in the SSF 

medium were obtained after four and eight days, respectively, by cultivating Datronia sp. 

(Vaithanomsat et al. 2010). The time taken by WRF strains for the production of LMEs 

depends on the length of the lag phase and the primary metabolism (Zadrazil and punia 

1995; Asgher et al. 2012). Termitomyces clypeatus was found to produce maximum 

LMEs by utilizing lignocellulosic substrates after an incubation period of six days (Bose 

et al. 2007). In line with our findings, high LME yields were obtained after an incubation 

period of five days by the cultivation of T. versicolor in a SSF medium utilizing 

sugarcane bagasse (Pal et al. 1995; Winquist et al. 2008). After an incubation period of 

six days, the maximum activities of LiP were obtained from P. chrysosporium and S. 

ostrea, followed by a declining trend (Baldrian and Snajdr 2006; Songulashvili et al. 

2006; Praveen et al. 2011). 

WRF showed enhanced growth and secretion of LMEs at medium temperature 

conditions (Toh et al. 2003). For optimum production of LME by various WRF, the 

temperatures optima of 25 to 37°C range have been reported (Zadrazil et al. 1999; Arora 

and Gill 2001; Tekere et al. 2001; Tripathi et al. 2008). Optimal pH and temperature are 
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important for development of microorganism and its metabolic action (Fatima et al. 

2010). In SSF a crucial role is played by the initial pH and incubation temperature since it 

is not feasible to monitor and control medium pH due to the lack of free water and to 

control temperature due to heat and mass transfer issues. Consequently, in SSF, the 

successive regulation of pH and temperature is not possible. Asgher et al. (2006) studied 

optimum crude ligninolytic enzymes production in a SSF medium containing corncobs 

by white rot fungus P. chrysosporium after five days at pH 4 and 40°C. Low activity of 

LMEs at high pH and temperature is attributed to the fact that both factors may alter the 

three-dimensional structure of the enzymes (Kiran et al. 2012). Cheng et al. (2007) 

reported that Schyzophyllum sp. F17 grown on a SSF medium of pinewood produced 

optimum crude LMEs at a temperature of 35°C. Mishra et al. (2011) reported that a pH in 

the range of 5.0 to 7.0 and temperature in the range of 30°C to 35°C had a significant 

effect on laccase production. The yield of laccase was significantly affected by pH and 

temperature when the moisture content was 70%. Optimum yield of crude LMEs was 

obtained by Phanerochaete sordida in a SSF medium containing a lignin-extracted 

milled wood and a pH of 4.5 to 5.0 (Ruttimann et al.1993). The most appropriate 

conditions for the production of LiP and MnP are 32°C and ~4.5 pH, and optimum 

activities of both enzymes are produced under these conditions (Couto et al. 2006). Wen 

et al. (2010) reported the optimum pH of 4.8 for manganese peroxidase production from 

P. chrysosporium. Similar to our findings, the optimum pH of 4 and 5 has been reported 

for the maximum crude LME yield by Coriolus hirsutus and Trametes villosa, 

respectively (Yamanaka et al. 2008). 
 
 
CONCLUSIONS 
 

Schyzophyllum commune IBL-05 produced substantial activities of lignolytic 

enzymes in its enzyme extract when grown on corn stover in solid state fermentation. The 

production process could be further improved by optimizing different factors through 

RSM using CCD. The high activities of enzymes produced by Schyzophyllum commune 

IBL-05 under optimum conditions, suggests the possibility of commercialization of the 

ligninolytic enzymes production process through SSF. 

 
 
REFERENCES CITED 
 

Arora, S. D., and Gill, K. P. (2001). “Effects of various media and supplements on 

laccase production by some white rot fungi,” Biores. Technol. 77(1), 89-91.   

Asgher, M., Asad, M. J., and Legge, R. L. (2006). “Enhanced lignin peroxidase synthesis 

by Phanerochaete chrysosporium in solid state bioprocessing of a lignocellulosic 

substrate,” World J. Microbiol. Biotechnol. 22(5), 449-453. 

Asgher, M., Bhatti, H. N., Ashraf, M., and Legge, R. L. (2008). “Recent developments in 

biodegradation of industrial pollutants by white rot fungi and their enzyme system,” 

Biodegradation 19(6), 771-783. 

Asgher, M., Iqbal, H. M. N., and Asad, M. J. (2012a). “Kinetic characterization of 

purified laccase produced from Trametes versicolor IBL-04 in solid state bio-

processing of corncobs,” BioResources 7(1), 1171-1188. 

javascript:openDSC(38908309,%20487,%20'3876');
javascript:openDSC(38908309,%20487,%20'3876');


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Asgher et al. (2013). “Ligninolytic enzymes by RSM,” BioResources 8(1), 944-968.  963 

Asgher, M., Iqbal, H. M., and Irshad, M. (2012b). “Characterization of purified and 

xerogel immobilized novel lignin peroxidase produced from Trametes versicolor 

IBL-04 using solid state medium of corncobs,” BMC Biotechnol. 12(1), 46, 

(http://www.biomedcentral.com/1472-6750/12/46). 

Asgher, M., Kamal, S., and Iqbal, H. M. N. (2012c). “Improvement of catalytic 

efficiency, thermo-stability and dye decolorization capability of Pleurotus ostreatus 

IBL-02 laccase by hydrophobic sol gel entrapment,” Chem. Central J. 6(1), 110, 

(http://journal.chemistrycentral.com/content/6/1/110). 

Asgher, M., Nadeem, M., and Iqbal, H. M. N. (2011). “Hyperproductivity of extracellular 

enzymes from indigenous white rot fungi (Phanerochaete chrysosporium IBL-03) 

using agro-wastes,” BioResources 6(4), 4454-4467. 

Baldrian, P., and Snajdr, J. (2006). “Production of ligninolytic enzymes by litter-

decomposing fungi and their ability to decolorize synthetic dyes,” Enzyme and 

Microbiol. Technol. 39(5), 1023-1029. 

Barlev, S. S., and Kirk, T. K. (1981). “Effects of molecular oxygen on lignin degradation 

by  Phanerochaete chrysosporium,” Biochem. Biophys. Res. Commun. 99(2), 373-

378. 

Basu, S., Gaur, R., Gomes, J., Sreekrishnan, T. R., and Bisaria, V. S. (2002). “Effect of 

seed culture on solid state bioconversion of wheat straw by Phanerochaete 

chrysosporium for animal feed,” J. Biosci. Bioeng. 93(1), 25-30. 

Benzina, O., Frikha, F., and Zouari-Mechichi, H., Woodward, S., Belbahri, L., Mnif, E., 

and Mechichi, T. (2012). “Enhanced decolorization of the azo dye Sirius rose BB by 

laccase–HBT system,” Biotech. 2(2), 149-157. 

Bhatti, H. N., Akram, N., and Asgher, M. (2008). “Optimization of culture conditions for 

enhanced decolorization of Cibacron Red FN-2BL by Schizophyllum commune IBL-

6,” Appl. Biochem. Biotechnol.149(3), 255-264. 

Bhatti, H. N., and Nawaz, S. (2009). “Production of endoglucanase by Fusarium solani 

grown in solid-state fermentation,” Asian J. Chem. 21(3), 1943-1948. 

Bose, S., Mazumder, S., and Mukherjee, M. (2007). “Laccase production by the white-rot 

fungus Termitomyces clypeatus,” J. Basic Microbiol. 47(2), 127-131. 

Casas, N., Parella, T., Vicent, T., Caminal, G., and Sarra, M. (2009). “Metabolites from 

the biodegradation of triphenylmethane dyes by Trametes versicolor or laccase,” 

Chemosphere 75(10), 1344-1349. 

Champagne, P. P., and Ramsay, J. A.  (2005). “Contribution of manganese peroxidase 

and laccase to dye decoloration by Trametes versicolor,” Appl. Microbiol. 

Biotechnol. 69(3), 276-285. 

Cheng, X. B.,  Jia, R., Li, P. S., Tu, S. Q., Zhu, Q., Tang, W. Z., and Li. X. D. (2007). 

“Purification of a new manganese peroxidase of the white rot fungus Shyzophyllum 

sp. F17, and decolorization of azo dyes by the enzymes,” Enz. Microb. Technol. 

41(3), 258-264.     

Couto, R., Lopez, S. E., and Sanroman, M. A. (2006). “Utilisation of grape seeds for 

laccase production in solid-state fermentors,” J. Food Eng. 74(2), 263-267. 

Elisashvili, V., Kachlishvili, E., Tsiklauri, N., Metreveli, E., Khardziani, T., and Agathos, 

N. (2009). “Lignocellulose-degrading enzyme production by white rot 

Basidiomycetes isolated from the forests of Georgia,” World J. Microbiol. 

Biotechnol. 25(2), 331-339. 

http://www.biomedcentral.com/1472-6750/12/46
http://journal.chemistrycentral.com/content/6/1/110


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Asgher et al. (2013). “Ligninolytic enzymes by RSM,” BioResources 8(1), 944-968.  964 

Fatima, H., Zaher, A. E., and Fadel, M. (2010). “Production of bioethanol via enzymatic 

saccharification of rice straw by cellulose produced by Trichoderma reesei, under 

solid state fermentation,” New York Sci. J. 3(4), 72-78. 

Gadhe, A., Mudliar, S., Pandey, R., Elumalai, S., and Satpute, D. (2011). “Statistical 

optimization of process parameters for the production of vanillic acid by solid-state 

fermentation of groundnut shell waste using response surface methodology,” J. 

Chem. Technol. Biotechnol. 86(12), 1535-1541. 

Galhaup, C., and Haltrich, D. (2001). “Enhanced formation of laccase activity by the 

white rot fungus Trametes pubescens in the presence of copper,” Appl. Microbiol. 

Biotechnol. 56(1-2), 225-232. 

Giardina, P., Palmieri, G., Fontanella, B., Rivieccio, V., and Sannia, G. (2000). 

“Manganese peroxidase isoenzymes produced by Pleurotus ostreatus grown on 

wood sawdust,” Arch. Biochem. Biophys. 376(1), 171-179. 

Heinzkill, M., Bech, L., Halkier, T., Scheider, F., and Anke, T. (1998). “Characterization 

of  laccases and peroxidases from wood rotting fungi,” Appl. Environ. Microbiol. 

64(5), 1601-1606. 

Hye, J. J., Dae, S. L., and Donghee, P. (2008). “Optimization of key process variables for 

enhanced hydrogen production by Enterobacter aerogenes using statistical 

methods,” Bioresour. Technol. 99(6), 2061-2066. 

Iqbal, H. M. N., Asgher, M., and Bhatti, H. N. (2011). “Optimization of physical and 

nutritional factors for synthesis of lignin degrading enzymes by novel strain of 

Trametes versicolor,” BioResources 6(2),1273-1287. 

Irshad, M., and Asgher, M. (2011). “Production and optimization of ligninolytic enzymes 

by white rot fungus Schizophyllum commune IBL-06 in solid state medium banana 

stalks,” Afr. J.Biotechnol. 10(79), 18234-18242. 

Kamei, I., Watanabe, M., Harada, K., Miyahara, T., Suzuki, S., Matsufuji, Y., and 

Kondo, R. (2009). “Influence of soil properties on the biodegradation of 1,3,6,8-

tetra-chlorodibenzo-p-dioxin and fungal treatment of contaminated paddy soil by 

white rot fungus Phlebia brevispora,” Chemosphere. 75(10), 1294-1300. 

Kammoun, R., Naili, B., and Bejar, S. (2008). “Application of a statistical design to the 

optimization of parameters and culture medium for amylase production by 

Aspergillus oryzae CBS 819.72 grown on gruel (wheat grinding by-product),” 

Bioresour. Technol. 99(13), 5602-5609. 

Kiran, A., Ali, S., Asgher, M., and Anwar, F. (2012). “Comparative study on 

decolorization of reactive dye 222 by white rot fungi Pleurotus ostreatus IBL-02 and 

Phanerochaete chrysosporium IBL-03,” Afr. J. Microbiol. Res. 6(15), 3639-3650. 

Lee, C. K., Darah, I., and Ibrahim, C. O. (2011). “Production and optimization of 

cellulase enzyme using USM AI 1 and comparison with Trichoderma reesei via solid 

state fermentation system,” Biotechnol. Res. Int. Vol. 2011, Article 658493, 6 pp.,       

(http://www.hindawi.com/journals/btri/2011/658493/). 

Levin, L., Herrmann, C., and Papinutti, V. L. (2008). “Optimization of lignocellulolytic 

enzyme production by the white-rot fungus Trametes trogii in solid-state 

fermentation using response surface methodology,” Biochem. Eng. J. 39(1), 207-214. 

Li, H., Liang, W. Q., Wang, Z. Y., Luo, N., Wu, X. Y., Hu, J. M., Lu, J. Q., Zhang, X. 

Y., Wu, P. C., and Liu, Y. H. (2006). “Enhanced production and partial 

characterization of thermostable a galactosidase by thermotolerant Absidia sp. 

WL511 in solid state fermentation using response surface methodology,” World J.  

Microbiol. Biotechnol. 22(1), 1-7. 

http://www.hindawi.com/journals/btri/2011/658493/


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Asgher et al. (2013). “Ligninolytic enzymes by RSM,” BioResources 8(1), 944-968.  965 

Li, X., and Jia, R. (2008). “Decolorization and biosorption for Congo red by system rice 

hull- Schizophyllum sp. F17 under solid-state condition in a continuous flow packed-

bed bioreactor,” Bioresour. Technol. 99(15), 6885-6892. 

Lonsane, B. K., Ghildyal, N. P., Budiatman, S., and Ramakrishna, S. V. (1985). 

“Engineering aspects of solid state fermentation,” Enzyme Microb. Technol. 7(6), 

158-65. 

Lotfy, W. A., Ghanem, K. M., and El-Helow, E. R. (2007). “Citric acid production by a 

novel Aspergillus niger isolate: II. Optimization of process parameters through 

statistical experimental designs,” Bioresour. Technol. 98(18), 3470-3477. 

Martorell, M. M., Hipolito, P. F., and de Figueroa, L. I. C. (2012). “Dye-decolorizing 

yeasts isolated from Las Yungas rainforest. Dye assimilation and removal used as 

selection criteria,” Intl. Biodeterior. Biodegradation 66(1), 25-32. 

Mishra, A., Kumar, S., and Pandey, A. K. (2011). “Laccase production and simultaneous 

decolorization of synthetic dyes in unique inexpensive medium by new isolates of 

white rot fungus,” Intl. Biodeterior. Biodegradation. 65(3), 487-493. 

Neifar, M., Jaouani, A., Kamoun, A., Ellouze-Ghorbel, R., and Ellouze-Chaabouni, S. 

(2011). “Decolorization of Solophenyl Red 3BL polyazo dye by laccase-mediator 

system: Optimization through response surface methodology,” Enzyme Res.Vol. 

2011, Article ID 179050, 8 pp., (http://www.hindawi.com/journals/er/2011/179050/). 

Olsvik, E., Tucker, K. G., Thomas, C. R., and Kristiansen, B. (1993). “Correlation of 

Aspergillus niger broth rheological properties with biomass concentration and the 

shape of mycelial aggregates,” Biotechnol. Bioeng. 42(9), 1046-1052. 

Pal, M., Calvo, A. M., Terron, M. C., and Gonzalez, A. E. (1995). “Solid-state 

fermentation of sugarcane bagasse with Flammulina velutipes and Trametes 

versicolor,” World J. Microbiol. Biotechnol. 11(5), 541-545. 

Pandey, A. (1992). “Recent process developments in solid-state fermentation,” Proc. 

Biochem. 27(2), 109-117. 

Pandey, A., Ashakumari, L., Selvakumar, P., and Vijayalakshmi, K. S. (1994). “Influence 

of water activity on growth and activity of Aspergillus niger for glucoamylase 

production in solid state fermentation,” World J. Microbiol. Biotechnol. 10(4), 485-

486. 

Patel, H., Gupte, A., and Gupte, S. (2009). “Effect of different culture conditions and 

inducers on production of laccase by a basidiomycete fungal isolate Pleurotus 

ostreatus HP-1 under solid state fermentation,” BioResources 4(1), 268-284. 

Pazarlioglu, N. K., Urek, R. O., and Ergun, F. (2005). “Biodecolourization of Direct Blue 

15 by immobilized Phanerochaete chrysosporium,” Proc. Biochem. 40(5), 1923-

1929. 

Pointing, S. B. (2001). “Feasibility of bioremediation by white-rot fungi,” Appl. 

Microbiol. Biotechnol. 57(1-2), 20-33. 

Praveen, K., Viswanath, B., Usha, K. Y., Pallavi, H., VenkataSubba Reddy, G., Naveen, 

M., and Rajasekhar Reddy, B. (2011). “Lignolytic enzymes of a mushroom Stereum 

ostrea isolated from wood logs,” Enzyme Res. Vol. 2011, Article ID 749518, 6 pp, 

(http://www.hindawi.com/journals/er/2011/749518/ ). 

Rubilar, O., Diez, M. C., and Gianfreda, L. (2008). “Transformation of chlorinated 

phenolic compounds by white rot fungi,” Crit. Rev. Environ. Sci. Technol. 38(4), 

227-268. 

http://www.hindawi.com/journals/er/2011/179050/
http://www.hindawi.com/journals/er/2011/749518/


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Asgher et al. (2013). “Ligninolytic enzymes by RSM,” BioResources 8(1), 944-968.  966 

Ruttimann, J. C., Salas, L., Vicuna, R., and Kirk, T. K. (1993). “Extracellular enzyme 

production and synthetic lignin mineralization by Ceriporiopsis subvermispora,” 

Appl. Environ. Microbiol. 59(6), 1792-1797. 

Ryan, D., Leukes, W., and Burton, S. (2007). “Improving the bioremediation of phenolic 

wastewaters by Trametes versicolor,” Bioresour. Technol. 98(3), 579-587. 

Sabu, A., Pandey, A., Dand, M. J., and Szakais, G. (2005). “Tamarid seed powder and 

palm kernel cake: Two novel agro residues for the production of tannase under solid 

state fermentation by Aspergillus nigerATCC 16620,” Biores. Technol. 96(11), 

1223-1228. 

Sadhasivam, S., Savitha, S., Swaminathan, K., and Lin, F.-H. (2008). “Production, 

purification and characterization of mid-redox potential laccase from a newly 

isolated Trichoderma harzianum WL1,” Proc. Biochem. 43(2008), 736-742. 

Shaheen, I., Bhatti, H. N., and Ashraf, T. (2008). “Production, purification and thermal 

characterisation of invertase from a newly isolated Fusarium sp. under solid-state 

fermentation,” Intl. J. Food Sci. Technol. 43(7), 1152-1158. 

Sharma, R. K., and Arora, D. S. (2010). “Production of lignocellulolytic enzymes and 

enhancement of in vitro digestibility during solid state fermentation of wheat straw 

by Phlebiafloridensis,” Bioresour. Technol. 101(23), 9248-9253. 

Shin, K. S., and Lee, Y. J. (2000). “Purification and characterization of a new member of 

laccase family from the white rot Basidiomycetes Coriolus hirustus,” Arch. Biochem. 

Biophys. 384(1), 109-115. 

Songulashvili, G., Elisashvili, V., Wasser, S., Nevo, E., and Hadar, Y. (2006). “Laccase 

and manganese peroxidase activities of Phellinus robustus and Ganoderma 

adspersum grown on food industry wastes in submerged fermentation,” Biotechnol. 

Lett. 28(18), 1425-1429. 

Soni, S. K., Goyal, N., Gupta, J. K., and Soni, R. (2012). “Enhanced production of 

amylase from Bacillus subtilis sub sp. spizizenii in solid state fermentation by 

response surface methodology and its evaluation in the hydrolysis of raw potato 

starch,” Starch 64(1), 64-77. 

Stoilova, I., Krastanov, A., and Stanchev, V. (2010). “Properties of crude laccase from 

Trametes versicolor produced by solid-substrate fermentation,” Adv. Biosci. 

Biotechnol. 1(3), 208-215. 

Sung-Kwon, H., Chung, E., Oh, J., Lee, C., and Ahn, I. (2008). “Optimized production of 

lignolytic manganese peroxidase in immobilized cultures of Phanerochaete 

chrysosporium,” Biotechnol. Bioproc. Eng. 13(1), 108-114. 

Tekere, M., Zvauya, R., and Read, J. S. (2001). “Ligninolytic enzyme production in 

selected sub-tropical white rot fungi under different culture condition,” J. Basic 

Microbiol. 41(2), 115-129. 

Tien, M., and Kirk, T. K. (1983). “Lignin-degrading enzyme from the hymenomycete 

Phanerochaete chrysosporium burds,” Science 221, 661-663. 

Tien, M., and Kirk, T. K. (1988). “Lignin peroxidase of Phanerochaete chrysosporium,” 

Methods in Enzymology, Biomass Part B: Lignin, Pectin and Chitin 161(1988), 238-

249. 

Tijani, I. D. R., Jamal, P., Alam, Z., and Mirghani, E. (2011). “Lignin modifying enzyme 

activities by some Malaysian white rot fungi,” ACT- Biotechnol. Res. Comm. 1(1), 

14-19. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Asgher et al. (2013). “Ligninolytic enzymes by RSM,” BioResources 8(1), 944-968.  967 

Toh, Y. C., Yen, J. J. L., Obbard, J. P., and Ting, Y. P. (2003). “Decolourisation of azo 

dyes by white-rot fungi (WRF) isolated in Singapore,” Enzyme Microb. Technol. 

33(5), 569-575. 

Torres-Duarte, C., Roman, R., Tinoco, R., and Vazquez-Duhalt., R. (2009). “Halogenated 

pesticide transformation by a laccase-mediator system,” Chemosphere 77(5), 687-

692. 

Tripathi, M., Mishra, K. A. S., Misra, A. S., Vaithiyanathan, S., Prasad, R., and 

Jakhmola, R. C. (2008).  “Selection white rot basidiomycetes for bioconversion of 

mustard (Brassica compestris) straw under SSF into energy substrate for rumen 

microorganism,” Lett. Appl. Microbiol. 46(3), 364-370.  

Tsutsumi, Y., Haneda, T., and Nishida, T. (2001). “Removal of estrogenic activities of 

bisphenol A and nonylphenol by oxidative enzymes from lignin-degrading 

basidiomycetes,” Chemosphere. 42(3), 271-276. 

Ustok, F. I., Tari, C., and Gogus, N. (2007). “Solid-state production of polygalacturonase 

by Aspergillus sojae ATCC 20235,” J. Biotechnol. 127(2), 322-334. 

Vaithanomsat, P., Apiwatanapiwat, W., Petchoy, O., and Chedchant, J. (2010). 

“Production of ligninolytic enzymes by white-rot fungus Datronia sp. KAPI0039  

and their application for reactive dye removal,”Int. J. Chem. Eng. Vol. 2010, Article 

ID 162504, 6 pp, (http://www.hindawi.com/journals/ijce/2010/162504/). 

Wang, P., Hu, X., Cook, S., Begonia, M., Lee, K. S., and Hwang, H. M. (2008). “Effect 

of culture conditions on the production of lignolytic enzymes by white rot fungi 

Phanerochaete chrysosporium (ATCC 20696) and separation of its lignin 

peroxidase,” World J. Microbiol. Biotechnol. 24(10), 2205-2212. 

Wariishi, H., Valli, K., and Gold, M. H. (1992). “Mananese (II) oxidation by manganese 

peroxidase from the basidiomycete Phanerochaete chrysosporium,” J. Biol. Chem. 

267(33), 23,688-23,695. 

Wen, X., Jia, Y., and Li, J.  (2009). “Degradation of tetracycline and oxytetracycline by 

crude lignin peroxidase prepared from Phanerochaete chrysosporium white rot 

fungus,” Chemosphere 75(8), 1003-1007. 

Wen, X., Jia, Y., and Li, J. (2010). “Enzymatic degradation of tetracycline and 

oxytetracycline by crude manganese peroxidase prepared from Phanerochaete 

chrysosporium,” J. Hazard. Mater. 177(1-3), 924-928. 

Wesenberg, D., Kyriakides, I., and Agathos, S. (2003). “White-rot fungi and their 

enzymes for the treatment of industrial dye effluents,” Biotechnol. Adv. 22(1-2), 161-

187. 

Winquist, E., Moilanen, U., Mettälä, A., Leisola, M., and Hatakka, A. (2008). 

“Production of lignin modifying enzymes on industrial waste material by solid-state 

cultivation of fungi,” Biochem. Eng. J. 42(2), 128-132. 

Yamanaka, R., Soares, C.F., Matheus, D. R., and Machado, K. M. G. (2008). “Lignolytic 

enzymes produced by Trametes villosa CCB176 under different culture conditions,” 

Braz. J. Microbiol. 39(1), 78-84. 

Yang, X., Wang, J., Zhao, X., Wang, Q., and Xue, R. (2011). “Increasing manganese 

peroxidase production and biodecolorization of triphenylmethane dyes by novel 

fungal consortium,” Bioresour. Technol. 102(22), 10,535-10,541. 

Yoshida, S., Yonehara, S., Minami, S., Ha, H.-c., Iwahara, K., Watanabe, T., Honda, Y. 

and Kuwahara, M. (1996). “Production and characterization of ligninolytic enzymes 

of Bjerkandera adusta grown on wood meal/wheat bran culture and production of 

these enzymes using rotary solid fermenter,” J. Mycosci. 37(4), 417-425. 

http://www.hindawi.com/journals/ijce/2010/162504/


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Asgher et al. (2013). “Ligninolytic enzymes by RSM,” BioResources 8(1), 944-968.  968 

Zadrazil, F., and Punia, A. K. (1995). “Studies on the effect of particle size on solid state 

fermentation of sugar cane bagasse into animal feed using white rot fungi,” 

Biores.Technol. 54(1), 85-97. 

Zadrazil, F., Karma, D. N., Isikuemhen, O. S., and Schuchardt, F. (1999). “Bioconversion 

of lignocellulose into ruminant feed with white rot fungi,” J. Appl. Anim. Res. 10(2), 

105-124. 

Zahamatkesh, M., Tabandeh, F., and Ebrahimi, S. (2010).  “Biodegradation of synthetic 

dyes by Phanerochaete chrysosporium fungi; Application in a fluidized bed 

bioreactor,” Iran. J. Environ. Health Sci. Eng. 7(5), 277-282. 

 

Article submitted: November 12, 2012; Peer review completed: December 20, 2012; 

Revised version received: December 27, 2012; Accepted: January 3, 2013; Published: 

January 8, 2013. 


