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CHAPTER # 1 

                                                   INTRODUCTION 

Enzymes are the most versatile and robust biological catalysts which offer many more 

competitive applications in industrial processes as compared to the chemical catalysts. A large 

number of enzyme catalyzed reactions have been utilized and commercialized for the production 

of valuable products. A variety of strategies have been adopted like screening of enzymes from 

natural sources, immobilization and random mutations in order to get enzyme with great 

stability, specificity and catalytic efficiency to exploit their biological potential (Elleuche et al., 

2014; Choi et al., 2015). The role of enzymes in different processes and their existence 

associated with ancient work of Greece who used microbial origin enzymes for cheese making, 

brewing, baking and alcohol production have been well known since ancient time (Haki and 

Rakshit, 2003; Sarrouh et al., 2012).  

Enzymes are being produced by fermentation technology using different microorganisms 

including bacteria and fungi under controlled optimum conditions (Sarrouh et al., 2012). 

Production of enzymes deal with the selection of an enzyme, selection of production strain, 

development of overproducing strains by genetic engineering, optimization of culture medium 

and production conditions, optimization of recovery process and formation of stable enzyme 

product (Leisola et al., 2002). 

Lignocellulosic waste materials are being used for enzyme production because they are most 

attractive to be used as economical renewable and natural resources crucial to the functioning of 

the industrial society. These agricultural waste materials are mostly generated as byproducts of 

crop production (Perez et al., 2002). Lignocellulosic biomass has hidden potential to be 

convertible into useful products. Its renewable nature has drawn attention towards its 

constructive utilization instead of its disposal by biomass burning and landfilling that is not 

limited to developing countries as well (Iqbal et al., 2013; Ofori and Lee, 2013; Irshad et al., 

2014).  

Lignocellulosic biomass is made up of lignin, cellulose and hemicelluloses. Lignin is complex 

structure of three dimensional bulky network forms as a result of complex reaction between 

sinapyl alcohol, coniferyl alcohol, p- coumaryl alcohol, p- hydroxycinnamyl alcohol and their 
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acetylated forms resistant to degradation due to its recalcitrant nature (Martinez et al., 2009; 

Sanchez, 2009; Jiang et al., 2010). Cellulose is a homogeneous linear syndiotactic polymer of 

glucose linked β- D- glucopyranose sugar units (Bertero et al., 2012; Iqbal et al., 2013). While 

hemicellulose is a macromolecule made up of repeating polymer of pentose, hexose and variety 

of sugar acids. 

White rot basidiomycetes have explored many strategies for the depolymerization and 

demineralization of recalcitrant polymers of lignocellulosic material having similar properties 

with a little bit difference in their matrix morphology and chemical composition. The non 

specific system of these fungi including dehydrogenases, oxidoreductases, activated oxygen 

species plus lower molecular mass metabolites acts concomitantly for effective removal of lignin 

barrier from the complex lignocellulosic material by providing access to the carbohydrate 

moieties of the plant (Martinez et al., 2011).  

The exploitation of white rot fungi and their enzymes are not only limited to the removal of 

lignin barrier but it is also responsible for the transformation of other lignocellulosic compounds 

into useful products. In order to develop commercially important and non expensive technologies 

for ligninolytic enzymes production two approaches have been adopted involving the exploration 

of powerful enzyme producer strains as well as consumption ability of lignocellulosic waste 

residues. Many studies revealed that structure and composition of lignocellulosic materials and 

types of different mushroom species and their cultivation techniques play an important role in the 

enzyme production potential of white rot fungi during solid state fermentation (Reddy et al., 

2003; Elisashvili et al., 2008; Kurt and Buyukalaca, 2010; Patrick et al., 2014). Enzymatic 

pattern of white rot fungi is strongly influenced by the composition of the substrate (Papnutti, 

2003). 

Ligninolytic enzyme producing fungi are wide spread in nature including species from 

basidiomycetes, ascomycetes, brown rot fungi and white rot fungi (Ljungdahl, 2008; Dashtban et 

al., 2009). Degradation of plant biomass with fungi is mainly carried out by variety of mixture of 

ligninases, hemicellulases and cellulases depending on the nature and species of the biomass 

(Yoon et al., 2007; Wang et al., 2008; Dashtban et al., 2009; Sanchez, 2009). A multiple 

complex of enzyme activities is required for the astonishing conversion of lignocellulosic plant 

biomass into valuable products by the application of white rot fungi (Nagendran et al., 2009). 
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Production of enzymes using white rot fungi is a growing field of interest because of their ability 

to catalyze reactions in less time.  

Pleurotus is a genus of gilled mushrooms belongs to phylum basidiomycota which includes 

many species of edible mushrooms like Pleurotus ostreatus. Species of Pleurotus are also known 

as oyster mushrooms (OM) because they produce oyster shaped basidiocarps. Other names 

include abalone or tree mushrooms and there are most commonly cultivated mushrooms from 

temperate to tropical regions in the world (Shu-Ting and Miles, 2004; Patel et al., 2012; 

Abdulmalk, 2013). Pleurotus species may be stalked or sessile, white to variously coloured, 

above or underground. Pleurotus species easily grows on different types of lignocellulosic 

substrates by producing oyster mushrooms rich in minerals, vitamins and proteins with low 

amount of sugar and extremely low cholesterol (Patel et al., 2012). The genus Pleurotus is a 

universal group of ligninolytic fungi high nutritional value and many biotechnological 

applications (Cohen et al., 2002; Bettin et al., 2011).  

Pleurotus nebrodensis is commonly known as Funcia di basilica that grows on limestone. It is 

creamy white to yellow colour and it has angled gills. It is also described as the most delicious 

mushroom of Silician mycoflora (Estrada and Royse, 2008). Other names of this mushroom are 

white sanctity mushroom and Bailinggu oyster. It contains a number of biologically active 

compounds having therapeutic activities like inhibition of tumor growth, lowered blood lipid 

concentrations and prevention of high blood pressure (Choi et al., 2005; Alam et al., 2011).  

Pleurotus sapidus is also known as Phoenix oyster, Indian oyster or lung oyster mushroom. It is 

similar to the Pleurotus ostreatus the pearl mushroom with some limited differences. The caps of 

Pleurotus sapidus are of pale colour and shorter than Pleurotus ostreatus. Pleurotus sapidus 

prefer to grow in warm weather with a good taste (Stamets, 2000). Pleurotus eryngii are mostly 

found in central Asia, North Africa and Europe. It is also known as king oyster mushroom 

having its unique flavor. Its cap is cream to grey brown coloured (Kong, 2004).  

Pleurotus sajor caju is similar to Pleurotus sapidus and it grows in tropical and sub tropical 

regions. It produces a variety of enzymes including laccases and peroxidases which makes easy 

its growth on a variety of different substrates (Soden et al., 2002; Liu et al., 2009; Bettin et al., 

2011).  
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Production of ligninolytic enzymes by using white rot fungi through solid state fermentation of 

lignocellulosic material is field because of its biotechnological significance (Patrick et al., 2014). 

Ligninolytic enzymes include laccases and peroxidases like lignin peroxidase, versatile 

peroxidase and manganese peroxidase. All these enzymes have enormous environmental, textile, 

biotechnological and pharmaceutical applications due to their hidden biotechnical potential. 

Laccase is a multicopper containing blue oxidase enzyme belongs to oxidoreductases that 

catalyzes the oxidation of variety of phenolic compounds, diamines, aromatic amines and 

electron rich substrates accompanied by simultaneous mono- electronic reduction of molecular 

oxygen to water (Octavio et al., 2006; Subramanian et al., 2014).  The laccase structure is similar 

to ascorbate oxidase having three cupredoxin domains. Laccases are glycoproteins in nature 

having molecular mass from 60 to 80 KDa with isolelectric point pI 3-6 (Isroi et al., 2011). 

Laccases enhance the conversion of phenoxyl radicals to ketone, demethoxylation, cleavage of 

carbon carbon in phenolic structures. Oxidation of non phenolic structures of lignin is also 

carried out by laccase in the presence of different mediators Enzymatic hydrolysis of plant 

biomass is affected by different structural features of biomass including complex components of 

celluloses, lignin, hemicelluloses and acetyl groups.  

Laccase was first discovered by Yoshida in 1883 during his work on latex from Japnese lacquer 

tree Rhus Vernicifera and it was named as fungal enzyme in 1896 by Bertrand and Laborde 

(Desai and Nityanand, 2011; Viswanath et al., 2014). Laccases have been found in some higher 

plant species, insects, some bacteria and fungi (Dittmer et al., 2004). White rot fungi are the 

highest laccase enzyme producers but these are also secreted by ectomycorrhizal and litter 

decomposing fungi (Chaurasia et al., 2013). Fungal laccases have a great contribution in 

development of fruiting bodies, sporulation, plant pathogenesis and lignin degradation as well as 

pigment production (Mayer and Staples, 2002). Laccases are responsible for degradation of 

organo pollutants including organochlorines, 2, 4, 6- trinitrotoluene and polychlorinated 

biphenyls, polyaromatic hydrocarbons and different wood preservatives (Pointing, 2001).  

Mostly solid state fermentation is used for the treatment of lignocellulosic material by white rot 

fungi as solid state fermentation SSF have shown higher enzyme production than submerged 

fermentation SmF (Xu et al., 2001; Isroi et al., 2011). Different factors are involved to influence 

the activity of enzyme as well as degradation of lignin like aeration, fungal strain, temperature, 
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composition of different nutrients (Carbon and nitrogen sources) and moisture level (Patel et al., 

2009). These factors need to be controlled in order to get optimum conditions for efficient 

working of white rot fungi. Response surface methodology (RSM) is a set of statistical and 

mathematical techniques which is mostly used to develop a model and analysis of problems in 

which a response of interest is affected by many variables and the main objective is to optimize 

this response (Montgomery 2005). RSM has been applied for optimization purpose as a powerful 

statistical technique in biotechnology (Palvannan and Satishkumar 2010; Diwaniyan et al., 

2012). RSM is also used to study the interactions among different factors at changing levels 

(Vivekanadan et al., 2014). 

Fermentation process involves the solid state fermentation and submerged fermentation. 

Submerged fermentation is that type of fermentation in which microorganism is grown on liquid 

medium having nutrients while solid state fermentation SSF involves the growth of 

microorganism on solid moist substrate (Pandey 2003; Martins et al., 2011).  Solid state 

fermentation is preferred of submerged fermentation SmF due to use of cheaper raw materials 

and easily available agricultural waste materials. SSF gives the greater yield and good quality as 

compared to submerged fermentation SmF. The use of lower water content in SSF makes it 

economical because of small fermenter size, lessened downstream processing and minimum 

sterilization costs (Raghavarao et al., 2003; Teixiera et al., 2011). Many disadvantages are 

associated with solid state fermentation like difficulty during scale up process due to excessive 

heat transfer and problem of culture congruity (Di Luccio et al., 2004; Mussato et al., 2011) but 

the work is in progress in order to overcome these problems by improvement of bioreactors.  

It is important to choose the suitable microorganism and solid support during SSF. Fungi yeast 

are commonly used microorganism for SSF because of their potential to grow under suitable 

moist conditions while the selection of microorganism to be utilized in solid state fermentation 

depend on the desirable product (Nigam 2009). SSF has a unique potential to produce many 

compounds from the natural sources. Solid state fermentation SSF provides an environment 

friendly substitute for usage of agroindustrial wastes.  

There are many applications of laccase enzyme in paper and pulp industry, food industry and 

textile industry (Maciel et al., 2010). High redox potential of fungal laccases makes them 

applicable in biotechnology as well as food industry (Mohammadian et al., 2010). Laccases are 
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being used for food processing, the stabilization of fruit juices and bioremediation of waste water 

(Morozova et al., 2007; Ribeiro et al., 2010; Ramachandran et al., 2013) including production of 

hormone derivatives and delignification of wood pulps (Widsten and Kandelbauer, 2008; 

Koschorreck et al., 2009; Brijwani et al., 2010, Asad et al., 2012). 

Due to many applications of laccase enzyme in industry it is important to search new methods 

for laccase enzyme production by fermentation bitotechnology. Extensive knowledge and 

understanding regarding recent technology and scientific matters is essential in order to establish 

an industry including identification of exotic biological sources and their genetic manipulation 

through mutation for over-production, partial purification and stabilization for production of 

versatile enzymes (Azevedo et al., 2012). 

Enzyme immobilization can be defined as the attachment of free or soluble enzymes to the 

different types of insoluble supports which results in the reduction in mobility of enzyme. 

Properties of these biocatalysts are greatly influenced by selection of an immobilization strategy. 

In order to get fully biological active enzyme its attachment to the support must be firm without 

altering its functional and chemical properties (Krajewska, 2004). The enzymes are immobilized 

in order to avoid thermal instability, high sensitivity of free enzyme to denaturing agents, 

susceptibility of free enzyme to attack by proteases, activity inhibition and difficulty in 

separation and reuse of free catalyst at the end of reaction from its reaction mixture (Khan et al., 

2006).  

Enzymes can be immobilized by physical methods which involve weak interaction between 

support and enzyme as well as by chemical methods which involve covalent bond formation with 

the enzyme (Kirk et al., 2002; Sheldon, 2007). There are many methods of enzyme 

immobilization like adsorption, inclusion or entrapment and microencapsulation. Physical 

method belongs to the containment of enzyme in membrane reactor. Adsorption of enzyme may 

be physical or ionic on a water insoluble matrix. New designs and strategies regarding 

immobilization support material are under research as well as surface characteristics and 

structure of target enzymes have been worked out (Krajewska, 2009). Easy separation of enzyme 

from product and reusability of enzyme are these two most considerable benefits which 

stimulated the interest in synthesis and preparation of immobilized enzymes (Khan et al., 2005; 

Edet et al., 2013).  



8 
 

Immobilized enzymes are thermostable and reusable. New immobilization techniques are also 

under consideration like microwave irradiation technology, single enzyme nanoparticles, photo 

immobilization technology, enzymatic immobilization of enzyme and multistep immobilization 

(Parmar et al., 2000; Langen et al., 2002; Kumar and Nahar, 2007; Wong et al., 2008; Zho, 

2009; Hegedus and Nagy, 2009). There are many applications of immobilized enzymes including 

their use in medicine, antibiotics production, food industry, biodiesel production and 

bioremediation (Carpio et al., 2000; Giordano et al., 2006; Oh, 2007; Tiwari et al., 2007; Khan 

and Husain, 2007). 

The benefit of laccase immobilization is increase in its thermostability and resistivity to chemical 

reagents and extreme conditions. Moreover, immobilized laccase enzyme can be easily separated 

from reaction products by allowing enzyme to be applied in continuous bioreactor operations 

(Georgieva et al., 2008; Arica et al., 2009; Fernandez et al., 2012). Entrapment may be defined 

as the physical retention of enzyme in solid porous matrix like collagen, alginate, polyacrylamide 

or gelatin (Timur et al., 2004; Moeder et al., 2004; Lu et al., 2007; Dayaram and Dasgupta, 

2008; Niladevi and Prama, 2008; Phetson et al., 2009). Entrapment is easy method without 

altering the enzyme structure (Brady and Jordaan, 2009).  

While microencapsulation is the confinement of bioactive agent to core micro size spheres made 

up of semi permeable material. Different semi permeable membranes like polyethyleneimine and 

inorganic material like silica surrounds the microencapsulated laccase enzyme (Rochefort et al., 

2008). Covalent binding method of immobilization has been the most commonly used method. 

Covalent binding method of immobilization has been the most commonly used method for 

immobilization of laccase during last few decades. In this method, the chemical groups of 

support material are stimulated to react with nucleophilic groups of enzyme proteins (Russo et 

al., 2008). Currently, a new variety of self immobilization methods have been developed 

recognized as spherical catalytic macro particles or sphere enzymes (SZs). The first example of 

this method applied to laccase was reported by Jordan (Jordan et al., 2009).  

Dyes are made up of carcinogens like aromatic compounds and benzidine so recent concern is 

growing towards effective and economic removal of these carcinogenic compounds from waste 

water generated by textile industries. So effective solutions regarding use of laccases seems an 

excellent strategy for degradation of complex structure dyes including synthetic dyes too 
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(Rodriguez et al., 2006). Biological decolorization of dyes by using different micro-organisms is 

cost effective and eco friendly alternative to the chemical methods. About 10 % dyes solution 

enter into environment by different water channels and alters the chemical and physical 

properties of water. The capability of laccase to degrade chromophore compounds like triaryl 

methane, indigo dyes, anthraquinonic compounds and azo dyes suggests its application for 

industrial dye decolorization process (Subramanian et al., 2014). 

One of the major environmental problems include the contamination of water, soil and air by 

toxic chemicals mostly generated through textile dyeing industries which produces waste water 

in large volumes by consuming large amount of water from the different steps of dyeing and 

finishing processes and this waste water contain color, residues of reactive dyes, chemicals and 

different complex compounds including alkaline and acidic contaminants. These dyes consist of 

heterocyclic and aromatic compounds which are difficult to degrade and continuous source of 

pollution (Shaolan Ding et al., 2010).  

Laccase enzymes are also under consideration for their use as an effective agent for producing 

stone washing effects on denim fabric in the presence or absence of mediators (Pazarloglu et al., 

2005). Denim is heavy grade cotton with adsorbed dye on the surface of fibers and due to this 

reason a fading effect can be produced it without loss of its strength. The traditional technology 

of producing stone washed look in denim jeans/ fabric deal with the washing of the fabric in the 

presence of pumice stones to give it desired erosion of the fabrics.  

Cellulases can be used to replace the load of pumice stones which have an abrasive effect on 

surface of fiber by producing a stone washed look. Laccases are also used to bleach indigo dyed 

denim fabric to shade for biostoning (Campos et al., 2001). The large amount back staining, 

excessive requirement of pumice stones and wear and tear effect of machine provide a stimulus 

for utilization of laccase and cellulose enzymes instead of pumice stones (Pazarloglu et al., 2005; 

Mojsov et al., 2011). A small quantity of enzyme is enough to replace kilograms of pumice 

stones. Bio- stoning was first introduced in 1984 in Europe then it was adopted in USA. 

Moreover, bio- stoning is environment and eco friendly and most friendly process. 
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Objectives 

The present study will be focused on the following objectives: 

 Screening of different strains of Pleurotus through solid state fermentation (SSF) for 

laccase enzyme production 

 Process optimization for overproduction of  laccase enzyme by selected strains of 

Pleurotus through response surface methodology (RSM) 

 Purification and characterization of  laccase enzyme from selected strains 

 Application of laccase enzyme for bioremediation of textile dyes and bio-stoning of dyed 

cotton fabrics 
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CHAPTER # 2                                              

                                      REVIEW OF LITERATURE 

To exploit potential of microorganisms to produce valuable products by utilization of different 

lingo-cellulosic waste materials through fermentation technology is of considerable interest. A 

lot of work has been performed and cited in literature regarding biotechnological applications of 

white rot fungi in a variety of industrial processes. In the present study we have investigated the 

potential of various strains of Pleurotus including P. nebrodensis, P. eryngii, P. sapidus, P. 

sajorcaju and P. spodoecus for laccase enzyme production by their growth on different 

lignocellulosic substrates through solid state fermentation technology. The previous and latest 

knowledge in literature on lignocellulosic biomass, the wood rotting fungi specifically white rot 

fungi WRF and their enzyme extracts, process optimization of different fermentation conditions 

by unique statistical design like response surface methodology for enhanced enzyme production, 

their purification and immobilization and their applications for bioremediation of textile dyes and 

bio- stoning of dyed jeans has been reviewed under the following subheadings 

2.1. Lignocellulosic Biomass 

Organic material from stems of plants, agriculture crops, shrubs and trees is generally referred as 

lignocellulosic plant biomass. Biomass is excellent renewable resource used for the production 

of many value added products (Yang et al., 2015). Sufficient amount of organic waste material 

with suitable composition is supplied by agroindustrial, urban and industrial waste residues 

(Weland et al., 2006; Parsad et al., 2007; Liguori et al., 2013). A rapidly growing interest in 

lignocellulosic biomass is due to its low cost, renewable and non toxic nature (Asgher et al., 

2013; Kalia et al., 2014). A large amount of lignocellulosic biomass can be transformed into 

many useful bioproducts (Isroi et al., 2011; Iqbal et al., 2013). Green biotechnology associated 

with lignocellulosic biomass has gone through many improvements over the past several years 

(Asgher et al., 2013; Irshad et al., 2014). Pretreatment of lignocellulosic biomass is necessary 

step before its conversion into value added products. Methods of pretreatment includes chemical, 

biological methods and enzymatic hydrolysis (Wyman et al., 2005; Chen et al., 2007; Cheng et 

al., 2010; Sills and Gossett, 2011; Xiao et al., 2012; Abdulkhani et al., 2013).  The concept of 

biorefinery to produce biochemicals from renewable energy sources is good to overcome the 

increasing demand of value added products. The main purpose of biorefinery concept is to 
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generate energy and useful chemicals from lignocellulosic biomass by different industrial sectors 

(Fitz- Patrick et al., 2010; Iqbal et al., 2013). A broad spectrum of lignocellulosic biomass is of 

considerable importance both academically and industrially because of its unique properties to 

use as inexpensive carbon and energy source for formation of lignocellulolytic and ligninolytic 

enzymes (Baldrain and Gabriel, 2003; Alvira et al., 2010; Iqbal and Asgher, 2013).  

 

 

 

 

 

 

 

 

 

                              

 

      Fig 2.1.  Bioconversion of biomass into Value added Bio products (Iqbal et al., 2013) 

 

2.1.1. Composition of Biomass 

Lignocellulosic biomass is mainly composed of lignin (10-25%), hemicelluloses (20-30%), 

cellulose (40-50%), organic extractives including mixture of various organic compounds and 

some inorganic components (Kumar et al., 2009; Iqbal et al., 2013; Irshad et al., 2014; Kalia et 

al., 2014). Lignin, cellulose and hemicelluloses collectively comprises 75% of lignocellulosic 

material including high molecular weight polymers too (Abril and Abril, 2009). Cellulose and 

hemicelluloses are complex polysaccharides that can be converted into simple sugars by 

hydrolysis but their digestibility is limited by many factors including complex composition of 

lignin and its degree of polymerization (Fig 2.1). Moreover, acetyl groups bonded to 
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hemicelluloses, surface area, pore volume and particle size of biomass also create hurdle in their 

conversion into simplest sugars (Alvira et al., 2010; Isroi et al., 2011). 

Lignin is made up of three aromatic alcohols including coniferyl, sinapyl and p- coumoryl 

alcohol which are produced through biosynthetic process and serve as protection seal around 

cellulose and hemicellulose (Menon and Rao, 2012; Irshad et al., 2014; Tanzila et al., 2014). On 

the other hand, hemicelluloses are polymers made up of pentoses and hexoses with repeated 

pattern and cellulose is a structural component which provide mechanical strength to plant cell 

wall (Calvo- Flores and Dobado, 2010). Composition of all these lignocellulosic components 

vary due to genetic variations in different sources (Monsalve et al., 2006; Bertero et al., 2012; 

Iqbal et al., 2013).  Being a renewable source of energy lignocellulosic biomass utilization for its 

potential biotechnical exploitation involves different pretreatment methods including 

mechanical, physical, biological and chemical (Mosier, 2005; Hendricks and Zeeman, 2009; 

Isroi et al., 2011; Iqbal et al., 2013; Irshad et al., 2014). The most attention has been diverted 

towards biological methods inspite of physical and chemical pretreatment methods because of 

several advantages including high substrate specificity, high yield and low pollution (Kirk and 

Chang, 1981; Isroi et al., 2011). 

 

                 Fig. 2.2.  Framework of lignocelluosic Plant Biomass (Menon and Rao, 2012) 

Interest has been developed towards investigation of biological methods for effective utilization 

of biomass and development of environment friendly process (Yu et al., 2009; Dias et al., 2010; 
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Taniguchi et al., 2010; Isroi et al., 2011). Biological methods make use of microorganisms and 

their unique enzymatic machinery in order to break and alter complex lignocellulosic 

components. The most attractive microorganism for biological pretreatment are white rot fungi 

(WRF). 

2.2. White rot Fungi 

Fungi are eukaryotic, spore forming microorganisms that have ability to degrade lignin and 

cellulose by forming special fruiting bodies on dead trees by attractive developmental process 

(Sun and Cheng, 2002; Batool et al., 2013). Fungi have been classified into three major groups 

depending on their ability to degrade lignocellulosic biomass. These are white rot fungi, soft rot 

fungi and brown rot fungi (Batool et al., 2013). White rot fungi have ability to decompose all 

complex components of plant biomass like lignin, cellulose and hemicelluloses by leaving the 

wood with white powdery appearance. The ability of white rot basidiomycetes to degrade lignin 

depends on the fungal species and environmental conditions (Isroi et al., 2011; More et al., 2011; 

Batool et al., 2013). 

White rot fungi alter the chemical and physical properties of lignocellulosic biomass by a non 

specific oxidative process. The exotic enzymatic pattern of white rot fungi is also responsible for 

the bioremediation of industrial dyes (Songulashvili et al., 2007). Many species of white rot 

fungi including Pleurotus ostreatus, Shyzophyllum commune, Pleurotus eryngii, Phanerochaete 

Chrysosporium, Ganoderma lucidum, Trametes versicolor, Iprex lacteus, Fomes fomentarius, 

phelebia radiate and Dichomitus have been reported as best lignocellulose degraders (Hatakka, 

2001; Patel et al., 2007; Isroi et al., 2011). White rot fungi use hardwood including aspen and 

birch for their growth. While other species including Heterobasidium and Phellimus pini prefer 

soft woods like pine and spruce (Blanchette, 1993; Isroi et al., 2011). Selective and non- 

selective decay regarding degradation of lignin by white rot fungi is dependent on specific source 

of lignocellulosic species. White rot fungi posses selective and non selective mode of action. The 

large polymer of lignin, its complex bonding arrangement and stereo irregularity pattern affects 

the white rot fungi potential to degrade lignin (Wong, 2009).  

White rot fungi produce ligninolytic enzymes that are responsible for conversion of waste 

lignocellulosic material into useful products. Among the white rot fungi Pleurotus species have 
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been reported to be the best laccase as well as peroxidase enzymes producers (Kachlishvili et al., 

2006). Research is still in progress in order to explore new fungal strains for their exquisite 

potential to produce ligninolytic enzymes including laccase and peroxidases (LiP, MnP and VP). 

White rot fungi make use of their enzymatic and non enzymatic mechanisms to degrade all 

lignocellulosic components of plant biomass (Fackler et al., 2007; Singh and Singh, 2014). 

Pleurotus mushrooms are healthy foods rich in vitamins, chitin, minerals and proteins and lower 

in fat. The extracts of Pleurotus species have been found effective in protection of brain, heart 

and liver of aged rats. Antioxidant properties of Pleurotus sajor caju have also been investigated 

(Chirinang and Intrapichet, 2009). 

2.2.1. Pleurotus nebrodensis 

Pleurotus nebrodensis (Fig 2.3) belongs to genus Pleurotus, family Pleurotaceae and order 

Agaricales. Pleurotus nebrodensis was first discovered in 1866 by and Italian Botanist Inzenga. 

The older name of this mushroom was Agaricus nembrodensis and it was well known for its 

delicious tatse (Estrada and Royse, 2008). It was declared as critically endangered species 

because of its less production due to lack of its natural habitat (Venturella, 2006). The cultivated 

forms of this fungus are known for their good flavor and aroma. Research is still in progress on 

Pleurotus nebrodensis for exploration of its medicinal potential and properties. Antioxidant 

potential of P. nebrodensis has also been evaluated by using fungal fruiting bodies (Alam et al., 

2011). Up till now about 70 species of Pleurotus have been reported. While work on discovery 

of new species has been in progress (Kong, 2004).  

                             

                                              Fig 2.3.  Pleurotus nebrodensis 
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Pleurotus nebrodensis has ability to produce ligninolytic enzymes. Cotton seeds, maize cobs and 

saw dust are mostly used for its cultivation. Copper plays important role in the growth and 

development of its fruiting body. It also improves physiological activity of Pleurotus 

nebrodensis (Xiu et al., 2014). Pleurotus nebrodensis produce laccase as well as peroxidase 

enzymes by utilizing the agroindustrial waste products in fermentation process (Tellez et al., 

2013. 

2.2.2. Pleurotus eryngii 

It is also known as king oyster mushroom. Pleurotus eryngii (Fig 2.4) belongs to family of king 

oyster mushrooms which are edible, saprophytic and basidiomycetic (Lewinsohn et al., 2002; 

Moonmoon et al., 2010). The phylogenetic relation between different taxa of Pleurotus eryngii 

species was studied by complex molecular analysis followed by gene isolation, cloning and DNA 

sequencing (Rana et al., 2013). The yield and growth of Pleurotus eryngii is affected due to 

difference in genotype of different strains and varying nature of the substrates (Moonmoon et al., 

2010). Cultivation of Pleurotus eryngii at commercial level has gained interest because of its 

exotic texture and excellent flavor. Versatile peroxidase was first discovered in Pleurotus eryngii 

on straw based culture medium. The first versatile peroxidase was isolated from Pleurotus 

eryngii by cloning method (Camarero et al., 2001). The Pleurotus eryngii has also potential to 

utilize lignocellulosic waste material by secretion of extracellular enzymes. Moreover, 

mushroom production by using lignocellulosic biomass LB is an economical way for its better 

accommodation in order to avoid environmental pollution (Carlile et al., 2001).  

                                

                                           Fig 2.4. Pleurotus eryngii 



17 
 

Pleurotus eryngii have been investigated for their potential to produce ligninolytic enzymes 

through solid state fermentation (Urek and Akpinar, 2014). Toxic chemicals are being degraded 

by Pleurotus eryngii using solid state fermentation as well as liquid state fermentation (Cheng 

and Cheng, 2014).  

2.2.3. Pleurotus sajor caju 

Mushrooms are great source of protein and medicine and it is also used in many dishes including 

pizza. Pleurotus sajor caju (Fig 2.5) is an edible mushroom. It can be grown on agricultural 

waste material because of its ability to work under diversified climatic conditions (Asghar et al., 

2007). Pleurotus sajor caju potentially convert the banana stalk substrates into useful products 

(Siqueira et al., 2011). Amino acids production from Pleurotus ostreatus and Pleurotus sajor 

caju have also been reported. Pleurotus sajor caju has been cultivated on various agroindustrial 

wastes including wheat straw, sunflower stalk in order to determine their ability for yield 

enhancement and biological effectiveness (Patil, 2012; Shauket et al., 2012; Survase, 2012).  The 

antimicrobial activity of Pleurotus sajor caju have been investigated followed by formation of 

silver nano particles (Ragunathan and Nithya, 2009). 

                          

                                                  Fig 2.5. Pleurotus sajor caju 
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2.2.4. Pleurotus sapidus 

Pleurotus sapidus is also known as phoenix mushroom (Fig 2.6) and it resembles to some extent 

with Pleurotus ostreatus. It is widely distributed in tropical and sub tropical regions (Kong, 

2004). Pleurotus sapidus can degrade lignin to produce biotechnically important products. 

Lignin degrading enzymes has been reported by cultivation of Pleurotus sapidus on different 

lignocellulosic substrates during submerged fermentation (Salem, 2014). It has the ability to 

degrade β- carotene by producing a versatile peroxidase enzyme (Hammel and cullen, 2008). 

The heterologus expression of versatile peroxidase enzyme by Pleurotus sapidus has been 

studied recently (Schuttmann et al., 2014). The studies on different characteristics of Pleurotus 

ostreatus and Pleurotus sapidus are still in progress using polymerase chain reaction techniques 

(PCR) which serve as molecular identification tools (Abdulmalk, 2013). 

                                  

                                                   Fig 2.6. Pleurotus sapidus 

2.3. Ligninolytic Enzymes of Pleurotus species 

Ligninolytic enzymes belongs to group of extracellular enzymes which are oxidative in nature 

and produced as a result of fungal secondary metabolism. The products produced during 

secondary metabolism are species specific and differ according to their chemical composition 

(Dhouib et al., 2005; Patrick et al., 2014). Ligninolytic enzymes production is a rapidly growing 

field of biotechnology involving solid state fermentation of lignocellulosic materials by white rot 

fungi (WRF). These enzymes change the whole composition of lignocellulosic substrate 

resulting in the good growth and development of mushroom followed by conversion of large 
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molecular weight polymers into low molecular weight compounds which are then used as energy 

and nutrient source essential for enlargement of mushroom fruiting bodies (Kurt and 

Buyukalaca, 2010).  

Ligninolytic enzymes are crucial to development and growth of mushrooms (Kuforiji and Fasidi, 

2008; Patrick et al., 2014). Ligninolytic enzymes that are capable of lignin degradation lignin 

peroxidase LiP, manganese peroxidase MnP and blue copper containing laccase enzyme. A new 

group of heme containing versatile peroxidase has also been discovered and first isolated from 

Pleurotus ostreatus and Pleurotus eryngii (Cohen, 2002). Moreover, glyoxal oxidase and aryl 

alcohol oxidase are also regarded as part of ligninolytic enzyme system. Lignin degrading 

enzymes are extracellular, non specific and oxidative in nature responsible for breakdown of 

complex aromatic structure of lignin. The ligninolytic enzymes use H2O2 and different 

mediators for their catalytic activities (Table 2.1). 

     Table 2. 1. Ligninolytic Enzymes and their Reactions (Hatakka, 2001) 

Enzyme  

Abbreviation 

Substrate,mediator Reaction 

Lignin Peroxidase, 

LiP 

Veratryl alcohol Aromatic ring oxidized to cation radical 

Manganese Peroxidase, 

MnP 

Mn, organic acids as 

chelators,thiols 

unsaturated 

 fatty acids 

Mn (II) oxidized to Mn (III); chelated Mn 

(III) oxidizes phenolic compounds to 

phenoxyl radicals; other reactions in the 

presence of additional compounds 

Laccase Phenols, mediators e.g. 

hydroxybenzotriazole 

Phenols are oxidized to phenoxyl radicals, 

other reactions in the presence of mediators 

Versatile peroxidase, 

VP 

Mn, veratryl alcohol, 

compounds similar to LiP 

and MnP 

Mn (II) oxidized to Mn (III), oxidation of 

phenolic and non phenolic compounds and 

dyes 

Glyoxal oxidase, 

GLOX 

Glyoxal,  

methyl glyoxal 

Glyoxal oxidized to glyoxal acid; H2O2 

production 

Aryl alcohol oxidase, 

AAO 

Aromatic alcohols 

(Anisyl, veratryl alcohol 

Aromatic alcohols oxidized to aldehydes: 

H2O2 production 

Other H2O2  

producing eznymes 

Many organic compounds O2 reduced to H2O2 
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2.3.1. Laccase 

Laccases are most efficient group of multicopper blue oxidses (Fig 2.7) responsible for 

monoelectronic oxidtion of phenolic subcomponents of lignin and aromatic amines. Laccases are 

reported to be produced by brown rot fungi, soft rot fungi but specifically white rot fungi with a 

huge variation in amounts (Wong, 2009; Isroi et al., 2011). Trametes versicolor was the first 

white rot fungus from which the complete crystalline structure of laccase having four copper 

atoms was published (Piontek et al., 2002). Laccases are N-glycosylated heme containing 

glycoproteins having molecular mass of 60-80 KDa distinguished by presence of three 

cupredoxin domains similar to that of ascorbate oxidase (Hatakka, 2001; Bertrand et al., 2002). 

For several decades, function and activity of laccase has been extensively investigated 

(Leonwicz et al., 2001). Many process relevant to formation of fruiting bodies, sporulation, 

pigments synthesis and lignin degradation are efficiently contributed by fungal laccases (Mayer 

and Staples, 2002). Phenoxyl radicals formation is accompained by laccases catalytic mechanism 

(Fig 2.8) which leads to alkyl aryl cleavage, demethylation, carbon α hydroxyl oxides to ketone 

and cleavage of Cα- Cβ in phenolic subcomponents of lignin. Non- phenolic components of 

lignin are also degraded by laccases in the presence of low molecular mass mediators like 

hydroxybenzotriazole. 

 

                                              Fig 2.7. Structure of Fungal Laccase 
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2.3.2. Mechanism of action of laccase 

 

 

                                  

                        Fig 2.8.  Catalytic cycle of laccase enzyme (Guzik et al., 2014) 

2.3.3. Laccase enzyme production by different strains of Pleurotus 

Laccase enzyme have been produced by different strains of white rot fungi through solid state 

fermentation of lignocellulosic biomass. The constitutive production of laccase by many fungi 

have been reported (Lomascolo et al., 2003). The genus Pleurotus belongs to white rot fungi 

because of their ability to secrete extracellular ligninolytic enzymes and degarde lignin (Stajic et 

al., 2006). They can be grown on various lignocellulosic substrates which generates as a result of 

agricultural practices. The ligninolytic enzymes are produced by fermentation. Different 

nutritional factors like carbon and nitrogen sources also play an important role in ligninolytic 

enzymes production. 
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Lignocellulosic biomass degradation by white rot fungi and ligninolytic enzymes is affected by 

many factors including different fungal strains, sources and concentration of carbon and 

nitrogen, moisture content, pH, temperature, aeration, addition of different metal ions including 

Cu2+ and Mn2+. All three factors regulate the activity of white rot fungi. All the physical and 

nutritional factors control the mechanism of lignin degradation simultaneously or selectively in 

the submerged as well as solid state fermentation (Isroi et al., 2011). These factors should be 

essentially considered in order to get maximum production of ligninolytic enzymes and for 

enhanced degradtion of lignin.  

Pleurotus sajor caju P1- 27 has been reported best MnP and laccase enzyme producer when 

cultivated on defined medium supplemented with glucose (Rivela et al., 2000). In order to select 

appropriate and right isolate with maximum ligninolytic enzyme activity the screening is must 

among large variety of fungal isolates. Moreover, substrate selection and nitrogen concentration 

are also an important factor for the growth of fungi in solid state and liquid state fermentation 

medium. Nitrogen concentration affect also varies according to species and strains of white rot 

fungi (Dorado et al., 2001). The lower ligninolytic enzyme activity has been observed in case of 

Pleurotus ostreatus when medium was supplemented with inorganic nitrogen sources but lower 

concentrations of organic nitrogen like peptone increased ligninolytic enzyme formations 

(Mikiashivili et al., 2006).   

The variation in nitrogen metabolism is the main cause of variable responses among the different 

strains and species of white rot fungi. The variation in behaviour of different Pleurotus species 

have been reported with the supplementation of different nitrogen sources. Pleurotus eryngii 

showed maximum laccase and peroxidase enzyme activity in the presence of ammonium 

sulphate as nitrogen source. Whereas, maximum peroxidase activity was found in case of 

Pleurotus ostreatus culture supplemented with peptone (Stajic et al., 2006). Inorganic nutrients 

strongly affect the production of ligninolytic enzymes and lignin degradation (Tychanowicz et 

al., 2006). Enhanced activity of laccase enzyme has been observed when it was supplemented 

with copper in case of Pleurotus pulmonarius verifying the role of copper as a part of crystalline 

structure of laccase (Palmieri et al., 2000; Polyakov et al., 2009).  

Moisture is also an important factor which affects the degradation of lignin by affecting fungal 

growth (Shi et al., 2008). Increased laccase production by Pleurotus pulmonarius was observed 
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with the initial increase in moisture level (Patel et al., 2009). pH is also an important parameter 

which affects the activity of enzyme by altering the three dimensional structure leading to lower 

enzyme activity. Fungal physiology is also affectec by temperature (Patel et al., 2009).  

Solid state fermentation is a robust technology for growth of fungi which replaces the 

conventional fermentation technologies due to its effectiveness, simplicity and maintenance 

requirement (Bhatnagar et al., 2008). Response surface methodology has been successfully 

adopted for the optimization of laccase enzyme production by different microorganisms 

(Niladevi et al., 2009; Zhang et al., 2012). The optimization of fermentation conditions using 

response surface methodology results in enhanced production of enzymes (Zhang et al., 2012) 

and is a better strategy as compared to the classical method (Table 2.2). Pratheeba et al., 2013 

observed enhanced laccase enzyme production by Pleurotus ostreatus using response surface 

methology. Response surface methodology has also been applied for optimization of different 

physical and nutritionl fctors for production of laccase enzyme by Streptomyces psamoticus 

(Niladevi et al., 2006).  

                    Table 2.2. Comparison of RSM and Conventional Classical method 

Response Surface Methodology (RSM) Conventional Classical Method 

RSM is collection of statistical and 

mathematical techniques useful for analyzing 

the effects of several independent variables 

simultaneously. 

Conventional method involves the variation of 

one variable at a time by keeping all other 

variables constant. It only involves the impact 

of that particular variable on the process 

performance. 

RSM determines the relationship among 

independent variables and dependent response. 

It does not determine the relationship between 

independent variables and dependent response. 

RSM detremines the simultaneous, systematic 

and efficient variation of important 

components by identifying the possible 

interactions, higher order effects and optimum 

operating conditions. It is time saving 

technique. 

Coventional method is laborious, time 

consuming, incomplete and incapable of 

reaching a true optimum owing to interaction 

among variables. 
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              Table 2.3. Comparison of solid state and liquid state fermentation 

Solid State Fermentation Liquid State Fermentation 

The culture media are simple. Some substrates 

can be used directly as a solid media or enriched 

with nutrients. 

Composition of medium is slightly expensive 

and additional nutrients are required for 

enhanced growth. 

The used inoculum is the natural flora of the 

substrates, spores or cells. The inoculation with 

spores facilitates its uniform dispersion through 

the medium. 

Less inoculum is required and it may be in the 

form of aqueous spore suspension to generate 

free water culture. 

The low humidity content and greater inoculum 

used in SSF reduce vastly the possibilty of a 

microbial contamination. This allows working in 

aseptic conditions. 

Large amount of water is required which 

increases the chances of contamination. 

Higher levels of aeration are required, especially 

adequate in those processes demanding an 

intensive oxidative metabolism. 

No problem of aeration due to continuously 

shaker and use of probes. 

Solid state fermentation is characterized with low 

energy requirement which reduces the production 

cost at industrial level as autoclaving, or vapour 

treatment, mechanical agitation and aeration are 

not often necessary in some cases. 

SmF is cosltly due to higher energy requirements 

and expenive chemicals. Moreover, mechanical 

shaking varies and high amount of moisture is 

necessary. 

The product of interest is concentrated which 

facilitates its purification.  

 

The quantity of waste generated is smaller than 

SmF. 

The enzymes are low sensitive to catabolic 

repression or induction. 

The products obtained in SSF are more 

thermotolerant to their counterparts obtained in 

SmF. 
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Solid state fermentation and and submerged fermentation are biotechnologically important 

processes mainly concerned with the production of valuable products including organic acids, 

vitamins, biofuels and biopesticides. Lower production of laccase enzyme was observed in 

submerged fermentation of Streptomyces chartreusis due to presence of strong proteolytic 

activity (Chhaya and Modi, 2013). The metabolic divergence among these two fermentation 

technologies (Table 2.3) have blunt effect on fungal growth and physiology (Holker et al., 2004). 

2.4. Purification of laccase enzyme 

A lot of work has been done on production of ligninolytic enzymes as well as their purification by 

different purification techniques. Laccase enzyme has been purified by ion exchange 

chromatography IEC on DEAE cellulose and gel filtration on superdex- 75 isolated from Pleurotus 

nebrodensis. Laccase from Pleurotus nebrodensis showed its appearance as single band on SDS-

Page and its molecular mass reported to be similar with other mushroom laccases (Baldrain, 2006; 

Tian et al., 2012). Aslam and Asgher partially purified the laccase and peroxidase enzyme obtained  

by size exclusion chromatography followed by ammonium sulphate precipitation and dialysis. They 

observed the enhanced laccase enzyme production during solid state fermentation of wheat straw 

than submerged fermentation. A number of laccase isozymes have been reported from different 

Pleurotus species. Mansur et al., 2003 purified the four laccase isozymes from strain of Pleurotus 

ostreatus and observed the difference in their elution properties and their mobilities on SDS- PAGE. 

Laccase I and laccase II reported to have molecular mass of 60 and 65 KDa while laccase 3 and 

laccase 4 having molecular wieghts round about 80 and 82 KDa. 

Schyzophyllum commune has been reported to produce maximum laccase enzyme after its 

purification by gel filtration chromatography on sephadex G 100 (Irshad et al., 2010). Uptill now 

more than 100 laccases from different fungal species have been purified and characterized by many 

researchers for more than 36 years and multiple isoforms of laccase have been produced by variety of 

white rot fungi (Palmieri et al., 2000; Baldrain, 2006; Viswanath et al., 2014). Purification of laccase 

enzyme from culture filtrates is carried out by series of multiple steps including ultrafiltration, 

precipitation by using organic solvents or ammonium sulphate, ion exchange and gel filtration 

chromatography (Baldrain, 2006). Vivekanandan et al., 2014 isolated and purified laccase enzyme 

from Aspergillus nidulans with molecular mass of 66KDa. Laccase enzyme has also been produced 

and purified from Ganoderma species (Sivakumar et al., 2010). Purification of laccase enzyme from 

Neurospora crassa by celite chromatography showed increase in specific activity (Grotewold et al., 
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1998; Shraddha et al., 2011). Various methods of purification including ethanol precipitation, 

sephadex G 100, phenyl sepharose and DEAE- sepharose have also been adopted for purification of 

laccase enzyme by Trametes versicolor (Hess et al., 2002). Laccase from different white rot fungi 

including Trametes versicolor and Stereum ostrea is purified with ion exchange chromatography and 

ammonium sulphate precipitation followed by gel filtration and sephadex G 100 column 

chromatography (Cordi et al., 2007; Viswanath et al., 2008).  

Purification of laccase from fruiting bodies of different fungal strains have also been reported 

(Kammuang and Sarnthima, 2009). The laccase enzyme produced from marine fungus 

Trematosphaeria mangrovei showed improved enzyme characteristics after purification (Attala et al., 

2013). The laccase enzyme isolated from a mushroom Hypsizygus ulmarius exhibited molecular 

mass of 63 KDa followed by different purification steps (Ravikumar et al., 2012). Laccase enzyme 

isolated from Funalia trogii purified chromatographically showed molecular weight of 58KDa on 

SDS-PAGE (Patrick et al., 2009). Asgher et al., 2012 investigated the properties of purified laccase 

enzyme from Trametes versicolor by solid state fermentation of corn cobs. 

2.5. Immobilization of Laccase enzyme 

Immobilization of enzymes is most important in order to get enzyme with enhanced stability, 

substrate specificity and activity for their beneficial utilization in industry (Katzir and Kraemer, 

2000). There are different techniques that are used for enzyme immobilization including adsorption, 

covalent binding, entrapment and affinity immobilization.  

 

            Fig 2.9  Evolvable enzyme properties for its utilization in industries (Singh et al., 2013) 
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Different materials are also used for immobilization including natural polymers, inorganic materials 

and organic supports (Datta et al., 2013). Immobilization of laccase enzyme in sol gel matrix have 

been proven good for degradation of of textile dyes industrial effluents (Irshad et al., 2012). 

Moreover, immobilization of laccase from Pleurotus ostreatus using sol gel entrapment method 

showed good decolorization ability (Asgher et al., 2012). The improved stability and reusability of 

laccase immobilized on silica SiO2 nanoparticles have been reported by Patel et al., 2014. Laccase 

enzyme exhibited efficient decolorization of synthetic dyes after  its immobilization in the alginate 

gelatin mixed beads (Mogharabi et al., 2012). Immobilization of laccase on polyethyleneimine 

grafted chitosan films showed a good effect on its stability (Metin, 2013). Sudies on preparation of 

cross linked enzyme crystals of laccase showed good thermal stability than the native enzyme in the 

organic solvents (Roy and Abraham, 2006). Immobilization by using chitosan as support material has 

been performed to immobilize laccase on chitosan beads (Biro et al., 2008). Surface adsorption is not 

as effective as adsorption entrapment technique (Otero et al., 2008). Improvement in thermal and 

operational stability of laccase have been observed by its adsorption on porous supports like on 

mesoporous molecular sieve MCM-41 (Wang et al., 2008). Different supports including silica based 

supports and magnetic supports such as kaolinite or nanoparticles have been used for laccase 

immobilization covalently by offering advantage of quick separation in magnetic field (Hu et al., 

2007; Zhao et al., 2008; Salis et al., 2009; Fernandez et al., 2012). 

A number of studies on sodium alginate beads reported that it is an ideal matrix for the 

immobilization of laccase enzyme (Duran and Espsito, 2000). Immobilization of commercial laccase 

enzyme on green coconut fibers  improved the enzyme capability to decolorize various textile dyes 

(Cristova et al., 2012). 

2.6. Bioremediation of Textile Dyes 

Enzymes have an important role in the degradation of environmental pollutants which generate 

through textile industries (Kiiskinen et al., 2004; Shraddha et al., 2011). Blanquez et al., 2004 

utilized Trametes versicolor laccase for complete decolorization of reactive Blue  15, Tropaeolin, 

Amaranth, reactive Black 5 and Congo Red. While partial decolorization have been observed in case 

of Brilliant Yellow 3B-A, Ramazol blue R and Brilliant Red 3 G-P with a small amount of dye 

sorption. Treatment of dyes solution with laccase enzyme results in removal of toxicity from some 

dyes (Ramsay and Nguyen, 2002). Decolorization of different synthetic dyes including Congo red, 
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methyl green, methylene blue, pink and toluidine blue by using laccase from different bacterial strain 

have been reported also (Romero et al., 2006). 

 

               Fig 2.10.  Overview of Enzymology of biological remediation (Whiteley and Lee, 2006) 

 Laccases are also being used for dechlorination processes (Unal and Kolankaya, 2001). A laccase 

obtained from Pleurotus ostreatus showed less degradation of 3- hydroxy biphenyl as compared to 4- 

hydroxy analogues (Keum and Li, 2004). Laccase of Trametes villosa proved efficient for 

remediation of soil by degradation of 2,4, dichlorophenol (Ahn et al., 2002). Mtui and Nakamura, 

2008 found efficient decolorization results of reactive dyes after 12 days by using marine 

basidiomycete Flavodon flavus. While more significant and effective decolorization of different 

aromatic dyes have been reported from terrestrial fungi (Raghukumar et al., 2004). Different 

polycyclic aromatic hydrocarbons that are produced from usage of fossil fuels and natural oil deposit 

are found to be biodegraded by fungal laccases (Bressler et al., 2000). Removal of aromatic and 

phenolic amines from water has been reported by the application of laccase enzyme followed by 

enzymatic oxidation of pollutants to free radical and quinones (Paavola and Viikari, 2000). Laccases 

from Clavariopsis aquatica efficiently degrade xenoestrogen noxylphenol (Viswanath et al., 2014). 

Potential of immobilized laccase enzyme from Pleurotus ostreatus on perlite has also been studied 

for its dye decolorization (Pezzella et al., 2014). Indigo dye decolorization have been reported by 
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different bacterial strains like Bacillus pumilus and Bacillus cereus  (Khelifi et al., 2009). 

Degradation and decolorization of dyes using mixed and pure cultures have been reported under 

anaerobic and aerobic conditions. Best decolorization and degradation have been found with 

microbial consortia as compared to pure cultures (Kuhad et al., 2004). 

2.7. Biostoning of Denim Jeans 

Laccases are also being used for the bleaching of dyed denim fabric to produce high shades without 

any harm to fabric strength and weight (Asgher et al., 2008; Chatha et al., 2011). Laccase enzyme 

produced from Ganoderma lucidum IBL- 05 proved good for efficient decolorization of dye from 

cotton fabric (Abadulla et al., 2000; Asger et al., 2014). Laccase of S. rolfsii and Trametes hiruste 

showed good degradtion of indigo dye on dyed fabric (Chatha et al., 2011). Cleaner production of 

denim jeans have also been reported by applying one step enzymatic treatment with different 

enzymes from different microorganisms including laccases, amylases and cellulases (Maryan and 

Montazer, 2013). Degradation of indigo on fabric have been reported from laccases of Sclerotium 

roflsii and Polyporus sp. (Abadulla et al., 2000; Campos et al., 2001;; Pazarloglu et al., 2005). 

 

 

                 Fig 2.11. Mechanism of denim bio stoning (Maryan and Montazer, 2013) 
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CHAPTER # 3 

                                          MATERIALS AND METHODS 

All the experimental and analytical work was carried out in Industrial Biotechnology Laboratory 

(IBL), Department of Biochemistry, University of Agriculture, Faisalabad. Five different strains 

of Pleurotus including P. nebrodensis, P. eryngii, P. sapidus, P. sajor caju and P. spodoecus 

were used to check their potential for laccase enzyme production through solid state fermentation 

of different lignocellulosic substrates. The fungal cultures of five different strains of Pleurotus 

were screened on different lignocellulosic substrates through solid state fermentation in order to 

select the hyper producer fungal culture and substrate on the basis of higher laccase enzyme 

activities in crude enzyme extract. The physical and nutritional parameters were optimized in 

response surface methodology RSM to enhance the production of laccase enzyme by the selected 

fungal culture in SSF of selected substrate. The enzyme extract produced under optimum SSF 

conditions were purified and immobilized by different techniques and then these were used for 

bioremediation of textile dyes and bio- stoning of denim jeans. 

 

3.1. Production of Laccase enzyme Extract 

 

3.1.1. Fungal Strain 

Pure cultures five different strains of Pleurotus were obtained from Mushroom Laboratory, 

Department of Plant Pathology, University of Agriculture Faisalabad, Pakistan. The fungi were 

raised on potato dextrose agar (PDA) slants at pH 4.5. The flask containing PDA medium (Table 

3.1) was adjusted to pH 4.5 using M NaOH/ M HCl and sterilized by autoclaving at 1210C (15l 

lb) for 15 min. The medium was transferred to pre-sterilized test tubes that were left undisturbed 

over night in slanting position at room temperature for slants solidification (Criickshank et al., 

1975). The spores of five different strains of Pleurotus were aseptically transferred onto the 

slants by sterile loop streaking in laminar air flow. The inoculated slants were incubated for five 

days at 300C for spore multiplication and stored in refrigerator at 40C for subsequent use in 

production of crude enzyme extracts in SSF using lignocellulosic substrates. Cultures were 

recultivated periodically at optimal growth conditions. 
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3.1.2. Substrate Collection and Preparation 

Six different substrates were used for laccase enzyme production. These include sugarcane 

baggase, wheat straw, rice straw, banana stalk, corn stover and corn cobs. These substrates were 

obtained from Industrial biotechnology laboratory and CPC rafhan Mill Faisalabad. All these 

substrates were dried in oven at 800C and then ground in an electric grinder to powder form of 

40mm mesh size. These were stored in air tight plastic jars to keep them moisture free. 

 

3.1.3. Inoculum Development 

Homogeneous spore suspension of Pleurotus nebrodensis WC 850 was prepared by growing the 

fungus in inoculums medium for 5-8 days. The inoculums medium was that of Kirk (Tien and 

Kirk, 1988) supplemented with 1% (w/v) glucose. The medium pH was adjusted to 4.5 and it 

was sterilized at 1210C temperature in laboratory scale autoclave (Sanyo, Japan) for 15 minutes. 

A loopful of P. nebrodensis WC 850 spores was then transferred to moderate cool sterilized 

inoculum medium under sterile conditions in laminar hood (Dalton, Japan) and the inoculated 

flask was incubated at 310C for 9 days in shaker (Sanyo- Gallemkemp, UK) with continuous 

shaking to obtain the spore concentration of 1×106 to 1×108 spores/mL (Kay-Shoemake and 

Watwood, 1996). 

 

3.1.4. Screening Experiments for best substrate selection 

Five different strains of Pleurotus were grown on all six substrates. Experiments were conducted 

in triplicate using 250 mL Erlenmeyer flasks in a temperature controlled incubator. The flasks 

contained 5g of respective substrates were moistened with 10mL of the basal medium without 

glucose. Each flask was sterilized at 1210C in an autoclave for 15 minutes and inoculated with 

5mL of freshly prepared inoculum medium. The inoculated flasks were kept at 300C for 1-10 

days in temperature controlled incubator to determine the suitable substrate with high enzymatic 

activity. After the end of stipulated fermentation time period, the experimental and control flasks 

were harvested by adding 100mL of distilled water and kept in shaker for 30minutes. The 

filtrates were then centrifuged at 10,000 rpm for 10minutes at room temperature. The 

supernatants were collected carefully and stored in sterilized glass bottles for enzyme activity 

determinations. 
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Table 3.1. Composition of PDA slants for white rot fungi 

Sr No.                               Ingredients Quantity (g/L) 

1                                   PDA      39g/L 

2                        Ammonium tartarate      0.22 

3                                KH2PO4      0.21 

4                             MgSO4. 7H2O      0.05 

5                               CaCl2.2H2O      0.01 

6                                 Thiamine     0.0001 

7                            10% Tween 80     10mL 

8                       100mM Veratryl Alcohol       1mL 

9                        **Chloramphenicol       1mL 

10                     ***Trace element solution      10mL 

 

*: pH 4.5; temperature, 300C (Tien and Kirk, 1988) 

**:Chloramphenicol is used to resist bacterial growth 

***The trace element solution contained (g/L): CuSO4, 0.08; H2MnO4, 0.05; MnSO4.4H2O, 0.07; 

ZnSO4.7H2O, 0.043; Fe2(SO4)3, 0.05 
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Table 3.2 Composition of inoculum medium for white rot fungi 

Sr. No.                        Ingredients   Quantity (g/L) 

1                          Glucose           10 

2                 Ammonium tartarate          0.22 

3                       KH2PO4          0.21 

4                    MgSO4.7H2O          0.05 

5                           CaCl2          0.01 

6                        Thiamine         0.001 

7                     10% Tween 80          10mL 

8                  Chloramphenicol          1mL 

9                100mM veratryl alcohol          1mL 

10                 Trace element solution          10mL 

*pH 4.5; Temperature, 300C         

 

3.1.5. Laccase enzyme Assay 

Laccase activity in the crude enzyme extract was measured by the method of Shin and Lee, 2000. 

 

Chemicals required and preparation of reagents 

 

1mM ABTS: 0.041 g of ABTS was dissolved in distilled water and the volume was made to 

250mL mark. 

 

50mM Sodium malonate buffer 

2.025 g malonic acid and 0.91 g sodium malonate were dissolved in the distilled water and 

volume was made upto 500 mL mark.  

 

Assay Procedure 

The activity of laccase was determined by monitoring the 2,2 azinobis (3- ethylbenzthiazoline-6-

sulphonate (ABTS) oxidation in a reaction mixture containing 1 mL of 1mM ABTS in 1 mL of 

50mM malonate buffer (pH 4.5) and 100 µL of culture supernatants. The reaction mixture was 
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incubated at 250C and absorbance of each sample was taken 420 nm after 10 min interval 

(€420=36000 M-1 cm-1). Blank contained 100 µL of distilled water instead of enzyme solution or 

culture supernatant. Laccase activity was calculated by using the formula as under: 

                               A= €420 cl 

      Where 

                                  €= coefficient 

                                  A= Absorbance 

                                  c= concentration 

                                   l= path length 

 

3.2. Optimization of Laccase enzyme production by selected strains of Pleurotus 

In the screening experiments, the enzyme extracts of P. nebrodensis, P. eryngii and P. sapidus 

using wheat straw and banana stalk as substrates in SSF medium expressed higher laccase 

enzyme activities as compared to the enzyme extracts of P. sajor caju and P. spodoecus using 

sugarcane baggase and corn cobs as substrates. The process of solid state fermentation was 

optimized in order to improve the activities of the enzymes in crude enzyme extract. 

 

3.3. Optimization of culture conditions for enhanced laccase enzyme production by RSM 

under central composite Design 

Five different parameters including pH, temperature, inoculums size, incubation time and 

moisture level were optimized by advance optimization method response surface methodology 

RSM, using five factor five level central composite design (CCD) with 6 center points (alpha= 

0.5) and 6 replicates in each center point (Table 3.3). CCD model of RSM involves full factorial 

search by examining simultaneous, systematic and efficient variation of important components 

applied in fermentation process, identify possible interactions and higher order effects, and 

determines the optimum operational conditions (Khuri and Cornell, 1987). However, RSM is 

useful for small number of variables (up to five) but is impractical for large number of variables, 

due to high number of experimental runs required (Sharma and Satyanarayana, 2006). All 

experiments were performed in triplicate, which was necessary to estimate the experimental 

variability of measurements (Neifar et al., 2011) 
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Table 3.3.  Experimental Units of independent variables in actual and coded form 

Independent Variables                                       Coded Levels 

                    (-1)                     (+1) 

pH                       2                      6 

Temperature (0C)                      20                     40 

Inoculum Size (mL)                       2                      6 

Incubation Time (h)                      48                     240 

Moisture                      40                      60 

 

A total of 32 experiments were employed (Table 3.4). The center point replicates were chosen to 

verify any change in the estimation procedure, as a measure of precision property. Statistical 

calculations, the variable Xi was coded as xi according to the following relationship: 

 

                                       Xi = Ui – Ui
0/ ΔU                               (1) 

Where xi is the coded value of the variable, Xi is the actual value of the variable, X0 is the center 

point value and X is the step change between the levels. The quadratic model equation for 

predicting the response function i.e. optimum production laccase activities U/mL was expressed 

using second order polynomial according to Eq. (2) 

 

   η = β0+ β1X1 + β2X2+ β3X3+ β11X1
2+ β11X1

2+ β22X2
2  

                    +β33X3
2+  β12X1X2+ β13X1X3+ +β23X3X3                 (2) 

 

Where η  = Laccase enzyme yield; X1,X2, X3=  independent variables, β0= intercept, β1, β2, β3= 

Coefficients of the polynomial for linear effects;  β11, β22, β33= coefficients of the polynomial for 

quadratic effects; β12, β13, β23=Coefficients of the polynomial for interaction effects. 
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Table 3.4.  Central Composite Design for optimization of laccase production by selected strains of 

Pleurotus on their respective substrates 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Run pH Temperature 

(0C) 

Inoculum Size 

(mL) 

Incubation Time 

(h) 

Moisture 

(%) 

1 4 35 4 144 50 

2 5 30 4 144 50 

3 6 20 6 48 60 

4 6 40 6 240 60 

5 2 40 6 48 60 

6 4 30 4 144 50 

7 6 20 6 240 40 

8 2 40 6 240 40 

9 2 20 6 48 40 

10 6 20 2 240 60 

11 2 40 2 48 40 

12 6 20 2 48 40 

13 4 30 4 144 50 

14 4 30 4 144 45 

15 4 30 4 96 50 

16 4 30 4 144 55 

17 2 20 2 240 40 

18 2 20 6 240 60 

19 6 40 2 240 40 

20 4 30 4 192 50 

21 4 30 4 144 50 

22 4 30 4 144 50 

23 3 30 4 144 50 

24 4 30 3 144 50 

25 6 40 2 48 60 

26 4 30 5 144 50 

27 6 40 6 48 40 

28 4 25 4 144 50 

29 4 30 4 144 50 

30 4 30 4 144 50 

31 2 40 2 240 60 

32 2 20 2 48 60 
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3.3.1. Effect of carbon and nitrogen Sources: 

To find out a suitable carbon and nitrogen sources different carbon sources such as glucose, 

sucrose, fructose and glycerol were used in combination with different inexpensive nitrogen 

sources (Table 3.5) including yeast extract, peptone, urea and Corn steep liquor (CSL) for 

maximum laccase enzyme production under some pre optimized growth conditions. 

Table 3.5. Design of experiment to study the effect of carbon and nitrogen sources on 

laccase enzyme production by selected strains of Pleurotus under pre-optimized conditions 

 

3.3.2. Effect of Carbon: Nitrogen ratio 

After selection of carbon and nitrogen sources, varying carbon to nitrogen ratios were adjusted to 

study the effect of C: N of the medium on laccase enzyme production (Table 3.6) 

 

Table 3.6. Design of experiment to study the effect of C: N ratios on laccase enzyme 

production by selected strains of Pleurotus under pre-optimized conditions 

 

Conditions 

                                     

                         Treatments 

 

T1 T2 T3 T4 T5 

Carbon sources Glycerol Glycerol Glycerol Glycerol Glycerol 

Nitrogen sources Urea Urea Urea Urea Urea 

C:N ratio (w/w) 10:1 15:1 20:1 25:1 30:1 

 

  Carbon sources 

           (1%) 

                           Nitrogen sources (0.2%) 

N1 

Urea 

N2 

Yeast extract 

N3 

Peptone 

N4 

Corn steep liquor 

C1 Glucose C1N1 C1N2 C1N3 C1N4 

C2 Fructose C2N1 C2N2 C2N3 C2N4 

C3Sucrose C3N1 C3N2 C3N3 C3N4 

C4Glycerol C4N1 C4N2 C4N3 C4N4 
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3.3.3. Effect of mediators: 

Varying concentration of different mediators viz 1mM (0.1- 0.5mL) of ABTS, veratryl alcohol, 

manganese sulphate MnSO4, oxalate and H2O2 were used as mediators (Table 3.7) to enhance the 

production of crude laccase enzyme by selected strains of Pleurotus under  pre-optimized growth 

conditions.  

Table 3.7 Design of experiment to study the effect of mediators on laccase enzyme 

production by selected strains of Pleurotus under pre- optimized conditions 

Parameters                                       Treatements 

T1 T2 T3 T4 T5 

Substrate (g) 5 5 5 5 5 

Temperature (0C) 30 30 30 30 30 

Inoculum size (mL) 4 4 4 4 4 

Incubation time (h) 144 144 144 144 144 

Moisture (%) 50 50 50 50 50 

Glucose (g) 1 1 1 1 1 

Urea (g) 0.2 0.2 0.2 0.2 0.2 

C:N ratio 15:1 15:1 15:1 15:1 15:1 

Mediator (0.1-0.5mL) ABTS Veratryl alcohol MnSO4 Oxalate H2O2 

 

3.3.4. Effect of metal Ions 

Effect of varying concentrations of metal ions CaCl2, FeSO4, CuSO4, MgSO4 and ZnSO4 on 

production of laccase enzyme by selected strains of Pleurotus was investigated in SSF medium 

of respective substrates under pre-optimized conditions (Table 3.8). 
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Table 3.8. Design of experiment to study the effect of metal ions on laccase enzyme 

production by selected strains of Pleurotus under pre-optimized conditions 

Parameters                                       Treatements 

T1 T2 T3 T4 T5 

Substrate (g) 5 5 5 5 5 

Temperature (0C) 30 30 30 30 30 

Inoculum size (mL) 4 4 4 4 4 

Incubation time (h) 144 144 144 144 144 

Moisture (%) 50 50 50 50 50 

Glucose (g) 1 1 1 1 1 

Urea (g) 0.2 0.2 0.2 0.2 0.2 

C:N ratio 15:1 15:1 15:1 15:1 15:1 

Oxalate (mL) 0.3 0.3 0.3 0.3 0.3 

Metal ions (0.1-0.5mL) CaCl2 FeSO4 CuSO4 MgSO4 ZnSO4 

 

3.4. Protein estimation 

Bradford micro assay (Bradford,1976) was used to determine the amount of proteins in the 

enzyme extract before and after partial purification and gel filteration. Bovine serum albumin 

(BSA) at a concentration of mgml-1 in distilled water was used as a stock solution. 100µl of BSA 

stock solution was added to 900µl of distilled water to make the standard solution (0.1 mg mL-1), 

similarly standard solution with the concentration of (0.2-0.8 mg ml-1) were also prepared. To 

1mL of Bradford reagent 100 µL of each standard solution were added and incubated at 300C for 

15 minutes. Reagent blank was run by adding 100µl of distilled water ton1mL of Bradford 

reagent. Change in absorbance (∆A) at 595nm for all samples was determined on 

spectrophotometer. A graph (standard curve) was plotted by taking absorbance versus 

concentration. For each concentration of standard protein solution absorbance was calculated and 

the arithmetic mean of all the ratios provided the standard factor which was multiplied later by 

the absorbance value for the crude enzyme extract to determine the total protein present and 

expressed as mg/ml. 
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Standard factor calculation 

   Standard factor was calculated by using the formula  

             Standard factor= Concentration/ absorbance 

3.5. Purification of laccase enzyme 

The purification of laccase enzyme consists of: 

 Ammonium sulphate precipitation 

 Dialysis 

 Ion Exchange Chromatography 

 Gel filteration chromatography 

3.5.1. Purification by ammonium sulphate precipitation 

The first step for the purification of laccase enzyme was carried out by ammonium sulphate 

precipitation. Crude enzyme extract obtained from still cultures of P. nebrodensis, P. eryngii and 

P. sapidus were centrifuged at 4,000 rpm for 10 minutes to increase clarity of the product. The 

cell free supernatant/ filtrates were first brought to 60% saturation by gradual addition of solid 

crystals of ammonium sulphate (183g/500mL and 129g/500mL) and kept for overnight at 40C. 

The resulting precipitate was collected by centrifugation at 10,000 rpm for 20 minutes at 40C. 

The pellets of precipitated proteins were discarded and in the supernatant, more crystals of 

ammonium sulphate (122g/500mL and 86g/500mL) were added in order to achieve 40% 

saturation. It was again kept for overnight at 40C and centrifuged at 10,000 rpm for 20 minutes at 

40C. After centrifugation the supernatants were discarded and sediments were dissolved in a 

minimal volume of 50mM sodium malonate buffer of pH 4.5. 

3.5.2 Desalting by Dialysis 

The solution was kept in a dialysis bag and after sealing securely it was dialyzed against assay 

buffer several times to salt out ammonium sulphate completely. Laccase activity was determined 

before and after dialysis by spectrophotometric method as described above. 
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3.5.3. Ion Exchange Chromatography 

 After dialysis, enzyme was purified by ion exchange chromatography following the method of 

Zia et al., 2007. 

3.5.3.1. Preparation of 0.05N HCl 

A volume of 41.7 mL of 37% pure HCl was added to distilled water to make the volume 

1000mL. 

3.5.3.2. Preparation of 0.05N NaOH 

Twenty (20g) of NaOH was dissolved in distilled water and made the final volume upto 

1000mL. 

3.5.3.3. Preparation of Column 

The column of DEAE- cellulose (Diethy amino ethyl cellulose) was prepared by the method as 

described below 

 The slurry was prepared in small glass beaker by gradually adding DEAE-cellulose resin 

into distilled water and heating in water bath at 950C for 5 h with continuous stirring 

 Added distilled water continuously in slurry so that slurry not become dry 

 Arranged a glass column and transferred slurry into the column 

 Left the column undisturbed overnight 

3.5.3.4. Washing of the column with base 

The column was washed with 30 mL of 0.05 N NaOH solution. The distilled water was passed 

through the column until the pH of eluted was maintained to 7. 

3.5.3.5 Washing of the column with acid 

The column was washed with 30 mL solution of 0.05 N HCl. The distilled water was passed 

through the column until the pH of elute was maintained to 7. 
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3.5.3.6. Equilibration of the column 

The column was equilibrated with phosphate buffer of pH 7.4 (10mM). The buffer was passed 

through the column until the pH of elute become equal to that of the buffer pH 7.4. 

3.5.3.7. Application of sample 

 With the help of micropipette 0.25 mL of the desalted sample was applied on to the 

column bed so that top layer of the column was not disturbed 

 The column outlet was opened and the sample was allowed to penetrate 

 The sample was eluted out with the help of 10mM phosphate buffer of pH 7.4 so that the 

drop rate remained constant 

 In this way 50 fractions with 1.5 mL of eluted were collected for further analysis 

3.5.4. Gel filtration chromatography 

The laccase enzyme obtained after ion exchange chromatography was subjected to further 

purification by gel filtration chromatography using sephadex G- 100 column. The column was 

prepared according to method of Zia et al., 2007.  

3.5.4.1. Preparation of Resin 

1g of dry sephadex G- 100 was soaked in 15 mL of phosphate buffer and heated in a water bath 

at 950C for 3 h without drying. When sephadex G- 100 was swelled like slurry; it was ready to 

be packed in column. 

3.5.4.2. Preparation of the Column 

The column was set in vertical position at most stable vibration free place. Outlet was filled with 

distilled water and the slurry was poured into it. It was left undisturbed overnight so that water 

and gel layer separated distinctly. 

3.5.4.3. Equilibration of column 

 Transferred 10mM phosphate buffer pH 7.4 at top of the column by using glass pipette 

 Checked the pH of eluted liquid from the column 

 Checked the pH of the column until pH of inlet buffer and outlet was equal 
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3.5.4.4. Application of the sample 

 The outlet of the column was opened and the distilled water present on the top of the 

column was removed until a thin layer remained at the top of the gel 

 Then 1.5 mL of the sample was applied on the top of the column and outlet was opened 

 Sample was allowed to penetrate in packed column. Elution was carried out by 50 mM 

malonate buffer of pH 4.5. A total of 23 fractions were taken at constant drop rate of 0.5 

mL/min 

 3.6. SDS- PAGE for molecular mass determination 

The molecular mass of laccase produced by three different strains of Pleurotus was analyzed by 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- PAGE). Gel electrophoresis 

was performed on 5% stacking and 10 % resolving gel according to method of Laemmli 1970 

using Mini- gel electrophoresis apparatus (Major Science). 

Chemicals Required 

4x Sample Buffer 

0.25 M Tris HCl, pH 7, 30% glycerol (v/v), 10 % 2- mercaptoethanol (v/v), 8% SDS (w/v), 

0.001% bromophenol blue (w/v); To 17.5 mL of distilled water added 12.5 mL Tris HCl (1M, 

pH 7), 15 mL Glycerol, 5 mL 2- mercaptoethanol, 4g SDS, 2mg Bromophenol blue and stored at 

40C (Upto 50mL volume, all ingredient volume according to the above percentage and molarity 

maintained). 

Running Buffer 

 To 1500 ml distilled water added 6.04 g Tris base, 37.6 g Glycine, 20 mL SDS (10%) and 

adjusted pH to 8.3 and made the final volume to 2 L. 

1.5 M Tris HCl (pH 8.8) 

Dissolved 18.171 g tris base in 25 mL distilled water adjust the pH to 8.8 and made the volume 

up to 100mL. 
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1 M Tris HCl (pH 6.8) 

Dissolved 12.114 g tris base in 25 mL distilled water adjust the pH to 6.8 and made the volume 

up to 100 mL. 

Acrylamide (30%) 

To 100 mL distilled water added 29.2 g of acrylamide, 0.8 g bisacrylamide, filter and stored in 

dark at 40C. 

Ammonium persulphate (10%) 

 0.05 g of APS was dissolved in 500 µL of distilled water. Always prepare fresh. 

Sodium dodecyl sulphate (SDS) (10%) 

10g of SDS was dissolved in 100 mL of distilled water. 

Coomassie blue staining solution (4): Glacial acetic acid (1): dH2O (5) 

1.25 g of coomassie blue was dissolved in 500 mL of destaining solution. 

Destaining Solution 

To 2L methanol, 2.5 L distilled water was added then 500 mL of glacial acetic acid was added to 

above solution. 

Electrophoresis was performed at room temperature for 3 h with 120 volts and the gel was placed 

in fixing solution (Methanol, 30 mL; acetic acid, 10 mL and H2O, 60 mL) for 20 min, followed 

by washing with distilled water. The protein bands were observed by staining with coomassie 

brilliant blue G- 250. The molecular mass of the purified laccase was estimated in comparison to 

standard molecular weight markers (Fermentas). Standard protein markers were: β- 

Galactosidase, 116 KDa; Phosphorylase B, 97 KDa; albumin, 66 KDa; ovalbumin, 45 KDa; 

carbonic anhydrase, 30 KDa and trypsin inhibitor; 21 KDa. The gels were documented on gel 

documentation unit. 
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                          Table 3.9: Composition of 10% separating gel 

 

                            Table 3.10. Composition of 5% stacking gel 

 

 

 

 

 

 

                                      Table 3. 11. Various Percentage Gels 

 

 

 

 

 

 

 Gel 1 Gel 2 Gel 3 Gel 4 Gel 5 Gel 6 

dH2O 1.9 mL 4.0 mL 6.0 mL 8.0 mL 9.9 mL 11.9 mL 

1.5M Tris HCl pH 8.8 1.3 mL 2.5 mL 3.8 mL 5.0 mL 6.3 mL 7.5 mL 

30% Acrylamide 1.7 mL 3.3 mL 5.0 mL 6.7 mL 8.3 mL 10.0 ml 

10% SDS 50 µL 100  µL 150  µL 200  µL 250 300  µL 

10% APS 50 µL 100  µL 150  µL 200  µL 250 300  µL 

TEMED 2 µL 4  µL 6  µL 8  µL 10 12  µL 

 Gel 1 Gel 2 Gel 3 Gel 4 

dH2O 1.4 mL 2.7 mL 4.1 mL 5.5 mL 

1 M Tris HCl pH 6.8 250 µL 500 µL 750 µL 1.0 mL 

30% Acrylamide 330 µL 670 µL 1.0 mL 1.3 mL 

10% SDS 20 µL 40 µL 60 µL 80 µL 

10% APS 20 µL 40 µL 60 µL 80 µL 

TEMED 2 µL 4 µL 6 µL 8 µL 

 6% 8% 12% 15% 

dH2O 2.6 mL 2.3 mL 1.6 mL 1.1 mL 

1 M Tris HCl pH 6.8 1.3 mL 1.3 mL 1.3 mL 1.3 mL 

30% Acrylamide 1.0 mL 1.3 ml 2.0 mL 2.5 mL 

10% SDS 50  µL 50 µL 50 µL 50 µL 

10% APS 50  µL 50 µL 50 µL 50 µL 

TEMED 4  µL 3 µL 2 µL  2µL 
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3.7. Immobilization Methods 

3.7.1. Immobilization of Laccase enzyme on Chitosan Beads 

3.7.1.1. Preparation of chitosan beads 

It was carried out by the previously described method of Krajewska et al., 1990 with slight 

modification. Briefly, 1 % chitosan powder was well dissolved in 1.5 % acetic acid solution by 

mild heating at 500C temperature with continuous stirring. During preparation of chitosan beads 

different concentrations of chitosan (2-5%) were tried with the aim of obtaining beads with better 

mechanical strength. The chitosan solution was filled in a syringe and allowed to fall drop wise 

into 1 M KOH solution kept for continuous stirring in order to get spherical size of beads. This 

solution was kept for stirring at a slow rate for 2 h at 300C to get ripened beads. Eventually, 

beads were collected through filtering with whatman No. 1 filter paper then washed with Milli Q 

water and stored in sodium acetate buffer at 40C until used. 

3.7.1.2. Activation of chitosan beads 

The prepared beads were incubated with various concentrations of glutaraldehyde solution (1-4% 

v/v) at 300C for 3 and 6 h. The activated beads were separated from the solution and then 

thoroughly washed with sodium acetate buffer (20 mM, pH 5.0) to remove unbound 

glutaraldehyde from the bead surface. Then beads were stored in same buffer at 40C, until used. 

3.7.1.3. Immobilization of Laccase onto activated chitosan beads 

The chitosan immobilized laccase was stored at 40C. The activated chitosan beads were 

incubated with purified laccase enzyme produced by selected strains of Pleurotus (02.-0.6 

mg/mL) for 24 h at 40C for immobilization. Then beads were washed gently for 2- 3 times with 

sodium acetate buffer (pH 5.0) in order to remove unbound enzyme molecules from the bead 

surface and directly used for measurement of laccase activity at 420 nm. 

Immobilization efficiency  (%) was evaluated for chitosan entrapped enzyme as follows 

% Immobilization = Total activity of immobilized enzyme/Total activity of free enzyme × 100 
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3.7.2 Immobilization of Laccase through Ca- alginate beads 

Immobilization of laccase enzyme through Ca- alginate beads was performed according to 

methodology described by Gulay and Sanl- Mohamed, 2012. For this various concentration of 

sodium alginate (1%- 4%) was investigated to acquire beads with greater stability and reliable 

concentration was used for immobilization the maximum yield of immobilization was obtained. 

The partially purified enzyme was mixed with 4 % sodium alginate solution and 50 mM 

malonate buffer (pH 4.5) in 1:1:1 ratio. To this mixture add 0.1 mL glutaraldehyde solution, mix 

gently for several minutes at 40C. This is first cross linking reaction time. The resultant solution 

was extruded drop wise from a height of approximately 20 cm into 0.2 M CaCl2 solution with 

continuous shaking using a syringe micropipette to form beads of uniform size. The beads were 

then transferred to a fresh solution of 0.2 M CaCl2 and incubated for 1 hour at 40C to allow them 

to attain rigidity. The alginate beads were then recovered by decantation and immersed in 

glutaraldehyde solution (0.02 % v/v) for 2nd cross linking reaction at 40C to further enhance their 

mechanical strength. After immobilization the beads were then washed 3-4 times with distilled 

water and finally with 50 mM sodium phosphate buffer (pH 4.5) until the absorbance of the 

washings at 420 nm were less than 0.01. The beads were dried and stored at 40C for further 

studies and percent immobilization was determined. Enzyme loading efficiency (LE) and 

immobilization yield (IY) was determined according to the equations indicated below 

                    LE= Total Enzyme – Free Enzyme/Total Enzyme × 100              

               IY= Specific activity of immobilized enzyme/Specific activity of free enzyme × 100 

3.8. Cahracterization of free and immobilized laccase enzyme 

Effects of various kinetic parameters like pH, temperature and substrate concentration were 

studied on free and immobilized laccase enzyme produced by three selected strains of Pleurotus. 

3.8.1. Effect of pH on free and immobilized enzyme activity 

In order to determine the pH optima for free and immobilized laccase enzyme produced by three 

selected strains of Pleurotus , reaction mixtures were incubated for 15 min in buffers of varying 

pH i.e. 3 to 10 (Table 3.12). 
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Table 3.12. Effect of varying pH conditions on free and immobilized laccase enzyme 

produced by three strains of Pleurotus 

Enzyme                                               pH 

T1 T2 T3 T4 T5 T6 T7 T8 

Free Enzyme 3 4 5 6 7 8 9 10 

Immobilized Enzyme 3 4 5 6 7 8 9 10 

 

3.8.2. Effect of Temperature on free and immobilized enzyme 

To determine the optimum temperature for laccase activities, different temperatures were 

selected to determine the best one. Laccase was incubated with respective buffer for 15 minutes 

prior to carrying standard enzyme assay (Table 3.13). 

Table 3.13. Effect of varying temperatures on free and immobilized laccase enzyme 

produced by three strains of Pleurotus 

 

3.8.3. Effect of substrate concentration on free and Immobilized enzyme 

The effect of substrate concentration on free and immobilized laccase enzyme activity was 

examined by carrying out enzyme assay using varying concentrations of ABTS (0.1, 0.2, 0.3, 

0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 mM) as substrate in 50 mM sodium malonate buffer (pH 4.5). 

Lineweaver Burk reciprocal plots were constructed between 1/ [S] and 1/ [V0] and kinetic 

parameters of Michaelis- Menten (KM and Vmax) were determined. Free and immobilized laccase 

enzyme were assayed at optimum pH and temperature. All the parameters were carried out in 

triplicates (Table 3.14). 

 

Enzyme                                            Temperatures (0C) 

T1 T2 T3 T4 T5 T6 T7 T8 T9 

Free Enzyme 30 35 40 45 50 55 60 65 70 

Immobilized Enzyme 30 35 40 45 50 55 60 65 70 
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Table 3.14. Effect of varying substrate concentrations on free and immobilized laccase 

enzyme produced by three strains of Pleurotus 

Enzyme                                        Substrate Concentration (mM) 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

Free Enzyme 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Immobilized Enzyme 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

 

3.9. Analysis of immobilized beads via EDX 

The control and immobilized laccase enzyme beads were subjected to EDX analysis for the 

confirmation of enzyme specific element presence in beads. The beads were used in their 

original form to study their EDX spectrum. No treatment is required for analytical study. 

3.10.  Dye decolorization studies by free and immobilized laccase enzyme 

Six different industrial dyes including Drimaren Red, Drimaren Yellow, Drimaren black, 

Drimaren Terquoise, Foron Terquoise and Foron blue were used to investigate the decolorization 

capability of free and immobilized laccase enzyme produced by three strains of Pleurotus. All 

the measurements were repeated three times and the average values were used for all 

calculations. Control experiments for each test were carried out using un-inoculated medium 

with dye addition. The free and immobilized laccase enzyme beads were transferred to 250 mL 

Erlenmeyer flasks having 100 mL of individual dye solution (0.01g/ 100mL) prepared in 50 mM 

sodium malonate buffer of pH 4.5. The decolorization flasks were incubated at 300C temperature 

on rotary shaker (150 rpm) for 3 days. Samples were taken after every 24 h and centrifuged to 

eliminate the suspended particles. Residual dye concentrations in the supernatants were 

determined by measuring absorbancies at corresponding wavelengths (λmax of original dye 

solution in 50 mM sodium malonate buffer of pH 4.5). The following equation was used to 

estimate the percent dye decolorization. 

            Decolorization=  (Ai) – (At)      ×  100 

                                              Ai 
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Where Ai is the absorbance of untreated dye and At is the absorbance after treatment with 

free/immobilized laccase enzyme at incubation time t. 

3.11. Analysis of Industrial Effluents after treatment with Crude Enzyme Extracts 

Textile wastewater is characterized mainly by measurement of biochemical oxygen demand 

(BOD), chemical oxygen demand (COD) and total organic carbon. These are important 

parameters in water pollution control analysis. The original and maximally decolorized effluents 

after enzymatic treatment were subjected to the analysis for the determination of BOD, COD, 

TOC and formaldehyde. 

3.11.1 Biochemical Oxygen Demand (BOD) 

BOD is measure of biodegradable organic material present in wastewater and can be defined as 

the amount of oxygen required by aerobic microorganisms to decompose the organic matter in a 

sample of water such as that polluted wastewater. 

Procedure 

The test samples along with specified microorganism were incubated in an airtight bottle of 

specified at 250C for 5 days. Dissolved oxygen was measured initially and after incubation, and 

BOD was computed from the difference between initial and final DO. Because initial DO was 

determined shortly after the dilution was made, all oxygen uptakes occurred after this 

measurement (Greenberg et al., 1985). 

3.11.2 Chemical Oxygen Demand (COD) 

The COD is considered mainly the representation of pollution level of domestic and industrial 

waste water or contamination level of surface, ground and potable water. This is determined in 

terms of total oxygen required to oxidize the organic matter to CO2 and water. The COD values 

include the oxygen demand created by biodegradable as well as non-biodegradable substances 

because it involves oxidation of organic matter with strong oxidizing chemicals. As a result, 

COD values are greater than BOD and may be much greater when significant amounts of 

biologically resistant organic matter is present. 
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Chemicals Required and Preparation of reagents 

Digestion Solution: It was prepared by adding 2.6g of K2Cr2O7, 8.33g of HgSO4 in 42 mL of 

H2SO4 (98% concentrated ) and then diluting it to 250mL with deionized water. 

Catalyst Solution: 5.06 g Ag2SO4 was dissolved in 500mL conc. H2SO4 and placed it for 48 h to 

ensure that Ag2SO4 dissolved completely. 

Standard solution of Potassium hydrogen phthalate 

A standard solution of potassium hydrogen phthalate (KHP) was prepared from a stock solution 

(1g KHP/1L) of 425 ppm concentration in deionized water. 425 ppm solution of KHP gives 500 

mg/L COD. 

Procedure: 

Digestion vials with cap were washed with 20% sulfuric acid to prevent contamination. 1.5 mL 

digestion solution and 3.5 mL catalyst solution was added in digestion vial, then 2.5 mL of 

sample solution was taken in vial. Blank was prepared by adding all reagents (e.g. acid and 

oxidizing agent) to a volume of deionized water. The vials were placed in oven at 1500C for 2 h, 

and allowed to cool to room temperature. COD was estimated taking absorbance at 600nm. The 

absorbance of blank sample was subtracted from absorbance of original sample to ensure a true 

measurement of organic matter. COD was measured as COD mg O2L
-1 (Greenberg et al., 1985). 

Calculations 

The COD was calculated by using the following formula;  

COD= Standard factor×absorbance 

Standard factor was calculated from the standard by using the formula given below  

Standard factor= concentration of standard/absorbance of standard 
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3.11.3. Total Organic Carbon (TOC) 

In recent years, TOC has steadily gained importance in wastewater analysis. In relationship to 

COD in particular, it provides specific information about the type and origin of organic loads in 

wastewater.  

Chemicals Required and Preparation of Reagents 

2N potassium dichromate solution (K2Cr2O7) 

It was prepared by dissolving 98.06 g of K2Cr2O7 per litre of deionized water. 

Procedure: 

1mL of 2N K2Cr2O7 solution and 1.6 mL of H2SO4 (98%) was added in the digestion vials. 

Then 4mL of sample solution was added in to the digestion vials. The solution in digestion vials 

having 1 mL of 2N K2Cr2O7 solution and 1.6 mL of H2SO4 served as blank. The vials were 

placed in the oven for 1.5 hours at 1100C. After digestion, they were cooled; results were read 

directly on spectrophotometer at λmax 590nm. The absorbance of blank sample was subtracted 

from absorbance of the sample. 

3.11.4 Formaldehyde 

1mL of 2N K2Cr2O7 solution and 1.6 mL of H2SO4 (98%) was added in the digestion vials. 

Then 4mL of sample solution was added in to the digestion vials. The solution in digestion vials 

having 1 mL of 2N K2Cr2O7 solution and 1.6 mL of H2SO4 served as blank. The vials were 

placed in the oven for 1.5 hours at 1100C. After digestion, they were cooled; results were read 

directly on spectrophotometer at λmax 590nm. The absorbance of blank sample was subtracted 

from absorbance of the sample. 

3.12 Bio- stoning of Denim Jeans 

Biostoning activity of laccase enzyme was checked by following method of Kumar et al., 2012. 

Flasks of 250mL were prepared with 95 mL sodium malonate buffer of pH 4.5. Pieces of dyed 

jeans were placed in flasks having buffer. Then 5mL enzyme was added in it. Flasks were kept at 

shaker for 30mints in a shaker having temperature of 500C. Then these pieces were soaked in 
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100mL of 10mM NaOH solution. Then it was finally rinsed with tap water and then dried at 

1050C. The colour from control and treated fabric was observed. 
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CHAPTER # 4 

                                             RESULTS AND DISCUSSION 

The present work was executed to investigate the potential of different strains of Pleurotus 

including Pleurotus nebrodensis, Pleurotus sapidus, Pleurotus eryngii, Pleurotus sajor caju and 

Pleurotus spodoecus for laccase enzyme production by growing them on six different 

lignocellulosic substrates. The present study comprehends four major segments and the results 

have been described and discussed under the following four sections: 

Section 4.1. Screening experiments for substrate and strain selection for production of 

laccase enzyme in solid state fermentation (SSF) 

Section 4.2. Process optimization for overproduction of laccase by selected strains of 

Pleurotus through Response Surface Methodology (RSM) 

Section 4.3. Purification and characterization of laccase enzymes from selected strains 

Section 4.4. Application of free and immobilized laccase enzyme for bioremediation of 

textile dyes and biostoning of dyed denim fabric 

Section 4.1. Screening experiments for substrate and strain selection for production of 

laccase enzyme in solid state fermentation (SSF) 

Five strains of Pleurotus were used to produce laccase enzyme in solid state fermentation of six 

lignocellulosic substrates in a screening experiments of 10 days. P. eryngii, P. sapidus and P. 

nebrodensis showed maximum laccase enzyme production 240.25 U/mL, 250.94 U/mL and 

145.10 U/mL in SSF of banana stalk and wheat straw on 6th and 8th days, respectively. Other 

strains of Pleurotus including P. sajor caju and P. spodoecus showed lower laccase enzyme 

production that was 99.38 U/mL and 102.95 U/mL after 8th and 10th day on sugarcane baggase 

and corn cobs, respectively (Table 4.1). It was noted that among the five strains of Pleurotus 

three strains were found best for laccase enzyme production including P. sapidus, P. eryngii and 

P. nebrodensis in SSF of banana stalk and wheat straw, respectively.  
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Table. 4.1. Production of Laccase Enzyme by Different Strains of Pleurotus on Different 

lignocellulosic Substrates through Solid State Fermentation 

pH 4.5; Temperature, 280C      (Tien and Kirk, 1988) 

This variation among the different strains is due to fact that the enzyme pattern of each fungal 

strain is different due to genetic variations and difference in composition of each substrate 

(Hofrichter, 2002; Patel et al., 2009; Irshad and Asgher, 2011; Yasmeen et al., 2013). 

 

Time 

Period 

(Day) 

 

Substrates 

                      

                  Enzyme activities (U/mL) of  Pleurotus Strains 

  P. spodoecus P. nebrodensis P.sapidus P.eryngii P.sajorcaju 

2 Corn cobs 120.10±5.3 113.34±3.09 186.30±10.90 102.30±23.09 69.72±16.01 

Corn Stover 90.10±1.23 112.68±12.13 100.25±9.15 96.25±8.17 66.11±7.30 

Sugarcane Baggase 60.28±1.09 118.32±4.23 110.15±5.36 81.15±7.18 81.67±16.26 

Banana Stalk 65.09±1.19 91.40±5.13 167.10±10.20 174.10±1.13 60.22±1.15 

Wheat Straw 63.33±2.29 135.01±4.60 168.10±3.40 138.10±2.17 80.27±2.30 

Rice straw 44.30±3.01 105.48±6.12 174.20±7.08 108.20±6.30 62.20±7.13 

4 Corn cobs 109.23±7.11 117.76±7.09 165.10±10.14 125.10±9.12 65.56±8.11 

Corn Stover 102.78±8.17 113.88±8.15 183.45±9.30 138.45±9.17 76.68±11.08 

Sugarcane Baggase 109.44±4.70 118.90±3.31 172.25±7.09 72.25±7.23 81.68±8.11 

Banana Stalk 75.60±1.20 104.06±4.01 200.15±3.33 238.15±7.70 56.55±3.40 

Wheat straw 85.10±5.13 125.10±3.13 193.10±4.15 159.13±1.09 78.33±3.30 

Rice Straw 108.33±11.01 100.34±5.10 190.12±6.13 200.12±11.17 70.05±11.04 

6 Corn Cobs 100.01±9.09 120.56±6.07 160.92±7.30 140.92±6.04 58.90±5.01 

Corn Stover 99.20±11.06 116.24±7.09 173.11±8.18 73.11±3.13 84.46±4.01 

Sugarcane Baggase 90.30±13.13 127.78±8.10 172.40±9.15 72.40±9.11 99.10±10.30 

Banana Stalk 79.25±14.30 136.16±9.04 228.25±13.01 240.25±11.12 79.05±13.08 

Wheat Straw 98.32±15.10 145.10±7.11 179.25±7.10 185.25±15.01 88.58±13.09 

Rice Straw 105.15±16.11 101.34±16.32 186.43±7.08 120.43±3.01 59.1±5.10 

8 Corn Cobs 110.02±8.91 116.22±6.15 147.10±4.12 127.10±13.15 73.34±13.09 

Corn Stover 103.61±7.09 113.32±8.30 175.25±4.30 75.25±6.30 60.56±7.14 

Sugarcane Baggase 56.59±9.10 116.10±9.10 163.15±5.60 63.15±7.13 102.95±8.10 

Banana Stalk 80.27±11.30 130.16±11.30 250.94±7.14 172.25±5.76 68.38±5.19 

Wheat straw 99.78±11.40 133.12±8.30 199.10±8.10 200.10±3.39 100.95±4.10 

Rice Straw 95.30±7.50 104.02±15.06 100.11±9.15 95.11±9.01 60.11±7.07 

10 Corn Cobs 99.38±8.90 117.10±15.30 132.10±9.30 122.10±2.46 65.58±3.56 

Corn Stover 90.89±1.15 114.44±1.30 138.26±8.13 63.26±4.09 72.78±3.07 

Sugarcane Baggase 67.90±3.13 120.56±2.40 155.05±5.50 55.05±1.13 88.90±1.16 

Banana Stalk 101.08±4.05 138.21±3.13 195.10±6.17 125.10±3.78 68.72±4.56 

Wheat Straw 100.67±11.90 135.68±1.30 213.25±7.30 199.25±7.09 61.67±1.76 

Rice Straw 94.10±13.08 108.40±1.35 165.11±9.13 65.11±5.11 59.23±6.13 
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Section 2 

4.2. Process optimization for overproduction of laccase enzyme by selected strains of 

Pleurotus through Response Surface Methodology RSM 

Response surface methodology RSM is a set of statistical and mathematical techniques used for 

the modeling and analysis of different problems in which response of interest is affected by 

many variables and the main purpose is to optimize that response (Montgomery, 2005). It is a 

suitable method to design an efficient growth medium for white rot fungi. The effect of 

independent variables like pH, temperature, inoculums size, incubation time and moisture were 

studied on laccase enzyme production (Response) produced by three selected strains of 

Pleurotus. All the experiments were performed in triplicate and the activity of laccase enzyme 

was taken as response and dependent variable selected for study. All the different levels of five 

variables were studied in three replicates.  

Regression analysis is a form of mathematical analysis used to determine relationship between a 

group independent variables and response. On the other hand, multiple regression analysis is 

used to study the effect of more than two independent variables. Response surface methodology 

is unique statistical technique which is used to sort out multivariable equations for multiple 

regression analysis (Kotzamindis et al., 2002; Yasmeen et al., 2013). Response surface 

methodology usually finds out the relationship among different factors and the response surface 

(Yasmeen et al., 2013). 

Single dimensional search considering one factor at a time is a conventional method which 

involves the alteration in one independent variable by keeping the other variables engaged at 

specific level. This approach is incomplete, time consuming and laborious and not suitable to 

find an optimum level (Gao et al., 2013). While RSM is an effective strategy which explores the 

optimum operating conditions for multivariable system as well as it also examines the 

simultaneous, systematic and effective variation of crucial components and determines the 

possible interaction among higher order effects which results in enhanced enzyme yield (Sharma 

et al., 2006; Roriz et al., 2009; Kiran et al., 2010; Yasmeen et al., 2013). Moreover, it is an 

economical and time saving technique. 
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Table 4.2.Central Composite Design for optimization of laccase production by selected strains of 

Pleurotus on their respective substrates 

 

 

 

 

Run pH Temperature 

(0C) 

Inoculum Size 

(mL) 

Incubation Time 

(h) 

Moisture 

(%) 

Laccase Enzyme Activities (U/mL) 

P.nebrodnsis P.eryngii P.sapidus 

1 4 35 4 144 50 130.06 194.81 240.06 

2 5 30 4 144 50 171.63 247.43 281.62 

3 6 20 6 48 60 127.88 99.3 230.88 

4 6 40 6 240 60 137.12 199.6 242.9 

5 2 40 6 48 60 141.69 47.3 253.7 

6 4 30 4 144 50 154.28 198.13 263.82 

7 6 20 6 240 40 142.24 202.8 250.22 

8 2 40 6 240 40 108.51 182.04 219.51 

9 2 20 6 48 40 127.23 130.18 231.3 

10 6 20 2 240 60 148.66 184.22 259.66 

11 2 40 2 48 40 123.89 174.14 234.89 

12 6 20 2 48 40 134.49 123.68 243.49 

13 4 30 4 144 50 150.85 202.35 263.85 

14 4 30 4 144 45 140.14 199.13 251.14 

15 4 30 4 96 50 157.85 176.49 269.85 

16 4 30 4 144 55 144.96 184.86 256.9 

17 2 20 2 240 40 130.61 215.97 239.9 

18 2 20 6 240 60 126.96 187.86 235.9 

19 6 40 2 240 40 144.22 204.03 256.2 

20 4 30 4 192 50 160.23 227.43 269.23 

21 4 30 4 144 50 149.8 195.24 259.8 

22 4 30 4 144 50 150.1 200.97 261.1 

23 3 30 4 144 50 169.09 262.44 279.09 

24 4 30 3 144 50 143.03 141.15 253.03 

25 6 40 2 48 60 127.07 25.04 238.07 

26 4 30 5 144 50 139.52 141.11 249.52 

27 6 40 6 48 40 116.86 86.46 227.86 

28 4 25 4 144 50 132.75 206.63 243.75 

29 4 30 4 144 50 150.1 200 261.1 

30 4 30 4 144 50 150.88 199.26 260.88 

31 2 40 2 240 60 137.17 215.36 247.17 

32 2 20 2 48 60 144.15 100.12 255.15 



58 
 

Central composite design is used to study the combined effect of different variables and it also 

determines the good combination which is responsible for laccase enzyme production (Poojray 

and Mugeraya, 2012). Moreover, central composite design CCD illustrates the nature of response 

surface in optimum region (Pratheeba et al., 2013). A five level, five factor central composite 

design requiring 32 experiments was performed in this study. Responses including laccase 

enzyme activities from three different strains of Pleurotus were measured. The laccase enzyme 

activities are means of the triplicate experimental flasks and results are shown in (Table 4.2). The 

optimum laccase enzyme activity from P. nebrodensis and P. sapidus were obtained at pH 5, 

temperature 300C, inoculums size 4 mL, incubation time 144 h and moisture 50% respectively. 

While in case of P. eryngii the optimum laccase activity obtained at pH 3, temperature 300C, 

inoculum size 4 mL, incubation time 144 h and moisture 50 %. 

The data obtained from experiments conducted were analyzed and narrated by using design of 

experts DOE version 9.0. Three dimensional (3 D) response graphs were also constructed using 

this software. The response variables were laccases obtained from three different strains of 

Pleurotus. Different responses have been shown for laccase production from three different 

strains of Pleurotus under conditions optimized. The results obtained from response surface 

methodology were used to set a second order polynomial equation in order to explain the 

behavior of system in the form of linear, cross product and quadratic expressions (Eq. 1) 

Y= β0 + ∑βiXi + ∑βiiXi
2 + ∑βijXiXji                                                    (1) 

Where Y is the response variable representing laccase yield, β0 is the regression coefficient 

(Regression intercept) while i, j and X are linear, square and interaction coefficients, 

respectively. The test variables were coded according to the following equation during the 

development of new regression equation (Eq. 2) 

Xi = Ui- Ui
0/∆U 

Where Ui is independent variable, Ui
0 is real value of independent variable on center point and 

∆Ui is the step change value (Murat, 2004; Zhang et al., 2012). The ANOVA tables were 

accomplished and the effect and regression coefficients of linear, interaction and square terms 

were determined. The full multiple regression equation analysis of data provided the following 
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regression equation for laccases produced by Pleurotus nebrodensis (Y1), Pleurotus eryngii (Y2) 

and Pleurotus sapidus (Y3) listed in equations 3, 4 and 5, respectively. 

Y1 = (150.28) + (2.40 A) + (-2.8513 B) + ( -3.85 C) + (2.03 D) + (3.94 E) + (-0.64 AB) + (0.068 

AC) + (6.23 AD) + (-3.55 AE) + (0.34 BC) + (0.17 BD) + ( 2.28 BE) + (-1.87 CD) + (0.94 CE) 

+ (-0.87 DE) + (82.16 A2) + (-73.66 B2) + (- 34.18 C2) + (36.88 D2) + (-29.08 E2)                     

(3) 

Y2 = (200.18) + (-8.20 A) + (-7.03 B) + ( -6.49 C) + (50.37 D) + (-16.22 E) + (-4.97 AB) + 

(13.09 AC) + (6.67 AD) + (2.68 AE) + (-6.21 BC) + (8.16 BD) + ( -3.64 BE) + (0.78 CD) + 

(7.85 CE) + (14.06 DE) + (216.84 A2) + (-0.019 B2) + (-238.38 C2) + (4.94 D2) + (-34.92 E2)     

(4) 

Y3 = (260.91) + (2.00 A) + (-1.70 B) + ( -5.09 C) + (2.17 D) + (3.81 E) + (-0.77 AB) + (-0.55 

AC) + (6.33AD) + (-4.54 AE) + (1.10 BC) + (-0.85 BD) + ( 1.67 BE) + (-1.66 CD) + (0.56 CE) 

+ (-1.28 DE) + (79.89 A2) + (-73.91 B2) + (-36.43 C2) + (36.63 D2) + (-25.45 E2)     (5) 

 ANOVA to check adequacy of the Model 

Coefficient of determination R2 is usually used to measure the fitness relationship among the 

estimated model and experimental data. The value of R2 usually lies between 0 and 1. When R2 

is closer to 1, the better the estimation of regression equation fits the sample data. R2 usually 

measures the percentage of variation (Chen et al., 2009; Pratheeba et al., 2013). 

The values of predicted R2 0.9597, 0.8807 and 0.9106 by the model for laccase enzyme 

production by P. nebrodensis, P. eryngii and P. sapidus were in close agreement with adjusted 

R2 values of 0.9910, 0.9970 and 0.9871, respectively. The value of adjusted R2 will be smaller 

than R2 if small number of factors is used in model with little sample size. The close values of 

adjusted R2 to actual R2 value in case of laccase produced by P.  nebrodensis, P. eryngii and P. 

sapidus indicated that the linear, square and interaction terms could illustrate 99.68, 99.89 and 

99.54% of variation. This showed satisfactory representations of process by the model. The 

preciseness and reliability of conducted experiments were confirmed by lower values of 

coefficient of variation of 0.95%, 1.71% and 0.67%, respectively. 
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Table 4.3. Analysis of Variance ANOVA for response surface model for laccase enzyme 

produced by three strains of Pleurotus 

Source Pleurotus nebrodensis Pleurotus eryngii Pleurotus 

sapidus 

Standard deviation 1.34 2.97 1.67 

Mean 141.06 173.61 250.99 

C.V % 0.95% 1.71% 0.67% 

PRESS 247.68 20172.31 3278.53 

R-squared 0.9968 0.9989 0.9954 

Adj R- squared 0.9910 0.9970 0.9871 

Pred R-squared 0.9597 0.8807 0.9106 

Adequate precision 58.67 97.23 46.27 

 

Adequate precision is used to measure the signal to noise ratio and a higher than 4 values is 

considered desirable. In our case, all model ratios 58.67, 97.23 and 46.27 were greater than 

indicating adequate signals. These can be used to navigate design space. The values of standard 

deviation showed that model has strong resemblance with the predicted response (Laccase 

enzyme by three selected strains of Pleurotus).  

4. 2. 1. ANOVA for Laccase enzyme by P. nebrodensis 

It was observed that all the parameters including pH, temperature, inoculums size, incubation 

time and moisture had positive effect on laccase enzyme production by P. nebrodensis in solid 

state fermentation. Fischer’s test is used to identify the statistically significant effect of 

parameters. The model F- value 171.62 in case of laccase produced by P. nebrodensis indicated 

that model is significant (Table 4.4 A). There is only 0.01 % chance that large F- value may 

occur due to noise. In this case, linear terms A, B, C, D, E interactions AD, AE, BE, CD, CE,DE 

and square terms A2, B2, C2, D2, E2 are significant model terms. While F- value of lack of fit 0.35 

indicates that it is not significant relative to pure error. Fitness of model is usually confirmed by 

non significant lack of fit. F- value is also known as Fischer’s variance ratio. It is ratio of mean 

square of regression to mean square of error. It is used to determine the variation in calculated 

data. In order to accurately predict the model the tabulated F- value must be less than calculated 

F- value (Yasmeen et al., 2013).  
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Table 4.4 (A). Analysis of variance table for quadratic polynomial model for laccase 

production by P. nebrodensis 

Source Sum of 

Squares 

Df Mean 

Square 

F- Value P- value 

Prob>F 

 

Model 6130.76 20 306.54 171.62 <0.0001 Significant 

A: pH 95.04 1 95.04 53.21 <0.0001  

B: Temperature 134.08 1 134.08 75.07 <0.0001  

C:Inoculum Size 244.57 1 244.57 136.93 <0.0001  

D: Incubation Time 67.69 1 67.69 37.90 <0.0001  

E: Moisture 256.53 1 256.53 143.63 <0.0001  

AB 6.64 1 6.64 3.72 0.0800  

AC 0.074 1 0.074 0.042 0.8422  

AD 620.63 1 620.63 347.48 <0.0001  

AE 201.71 1 201.71 112.93 <0.0001  

BC 1.84 1 1.84 1.03 0.3316  

BD 0.49 1 0.49 0.27 0.6121  

BE 83.22 1 83.22 46.59 <0.0001  

CD 55.84 1 55.84 31.26 0.0002  

CE 14.01 1 14.01 7.84 0.0173  

DE 12.23 1 12.23 6.85 0.0240  

A2 1053.91 1 1053.91 590.06 <0.0001  

B2 847.03 1 847.03 474.23 <0.0001  

C2 182.37 1 182.37 102.10 <0.0001  

D2 212.37 1 212.37 118.90 <0.0001  

E2 132.00 1 132.00 73.91 <0.0001  

Residual 19.65 11 1.79    

Lack of Fit 5.79 6 0.97 0.35 0.8842 Not significant 

Pure Error 13.86 5 2.77    

Cor Total 6150.41 31     

 

P- value is used to examine the significance of each coefficient. Low p value and high F- value 

predicts the experimental results efficiently. Low probability value significantly contribute to the 

model. Fitness of model is usually confirmed by non- significant lack of fit and high F- values 

(Ghoshal et al., 2012). Moreover, significant effect of each model term can be concluded by 

prob> F values less than 0.05. 

4. 2. 1. 1.  Regression Coefficient for laccase production from P. nebrodensis 

In case of regression coefficient model, the positive and negative coefficient of any factor 

indicates that it has significant effect on laccase enzyme production. The positive value of linear 
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coefficient indicates that production of laccase enzyme increased with initial increase in pH, 

incubation time and moisture. While the negative linear coefficient for temperature and 

inoculums size indicated that at higher levels of these factors laccase activity decreased.  

Table 4.4 (B). Estimated regression coefficients for laccase production by Pleurotus 

nebrodensis in SSF of Wheat straw 

Term Coefficient SE Coefficient T P 

Constant 150.28 0.34 442 0.000 

pH 2.40 0.33 7.27 0.000 

Temperature -2.85 0.33 -8.64 0.001 

Inoculum size -3.85 0.33 -11.66 0.080 

Incubation Time 2.03 0.33 6.15 0.000 

Moisture 3.94 0.33 11.94 0.000 

pH*Temperature -0.64 0.33 -1.94 0.080 

pH*Inoculum size 0.068 0.33 0.21 0.841 

pH*Incubation Time 6.23 0.33 18.87 0.000 

pH*Moisture -3.55 0.33 -10.76 0.060 

Temperature*Inoculum Size 0.34 0.33 1.03 0.333 

Temperature*Incubation Time 0.17 0.33 0.52 0.611 

Temperature*Moisture 2.28 0.33 6.91 0.000 

Inoculum Size*Incubation Time -1.87 0.33 -5.66 0.050 

Inoculum size*Moisture 0.94 0.33 2.85 0.000 

Incubation Time*Moisture -0.87 0.33 -2.64 0.010 

pH*pH 82.16 3.38 24.31 0.021 

Temperature*Temperature -73.66 3.38 -21.79 0.081 

Inoculum size*Inoculum Size -34.18 3.38 -10.12 0.023 

Incubation Time*Incubation Time 36.88 3.38 10.91 0.000 

Moisture*Moisture -29.08 3.38 -8.60 0.009 

 

While interaction between pH*incubation time, temperature*moisture and inoculums 

size*moisture also had limited effect on laccase enzyme yield. On the other hand, the interaction 

between other factors did not have significant effect on laccase enzyme production due to 

undesirable p- value. Positive quadratic terms of pH and incubation time indicated their 

significant effect on laccase enzyme yield while negative quadratic coefficient illustrated the 

optimum laccase yield at some level of these factors (Table 4.4 B). The t and p values are usually 

applied to analyze the significance of each coefficient. Greater the t test value and lower the p 
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value depicts greater significance of corresponding coefficient (Arunkumar et al., 2014). P 

values P≤0.01 predicts that model terms are highly significant. 

4. 2. 2. ANOVA for laccase production by Pleurotus eryngii 

The model F- value of 520.67 (Table 4.5 A) suggested the significance of model. There is only 

0.01% chance that this large F-value could occur due to noise. In this case, linear terms A, B, C, 

D, E interaction terms AB, AC, AD, AE, BC, BD, BE, CE,DE and quadratic terms A2, C2,E2 

were significant. While non- significant lack of fit confirms the fitness of model. 

Table 4.5 (A). Analysis of variance table for quadratic polynomial model for laccase 

production by P. eryngii 

Source Sum of 

Squares 

Df Mean 

Square 

F- Value P- value 

Prob>F 

 

Model 91875.13 20 4593.76 520.67 <0.0001 Significant 

A: pH 1110.20 1 1110.20 125.83 <0.0001  

B: Temperature 816.50 1 816.50 92.54 <0.0001  

C:Inoculum Size 694.40 1 694.40 78.70 <0.0001  

D: Incubation Time 41865.28 1 41865.28 4745.12 <0.0001  

E: Moisture 4341.12 1 4341.12 492.03 <0.0001  

AB 395.81 1 395.81 44.86 <0.0001  

AC 2740.52 1 2740.52 310.62 <0.0001  

AD 711.29 1 711.29 80.62 <0.0001  

AE 114.92 1 114.92 13.03 0.0041  

BC 616.53 1 616.53 69.88 <0.0001  

BD 1064.72 1 1064.72 120.68 <0.0001  

BE 211.99 1 211.99 24.03 0.0005  

CD 9.70 1 9.70 1.10 0.3168  

CE 986.90 1 986.90 111.86 <0.0001  

DE 3161.25 1 3161.25 358.30 <0.0001  

A2 7340.78 1 7340.78 832.02 <0.0001  

B2 5.603-005 1 5.603E-005 6.250E-006 0.9980  

C2 8871.46 1 8871.46 1005.51 <0.0001  

D2 3.81 1 3.81 0.43 0.5245  

E2 190.36 1 190.36 21.58 0.0007  

Residual 97.05 11 8.82    

Lack of Fit 66.62 6 11.10 1.82 0.2630 Not significant 

Pure Error 30.43 5 6.09    

Cor Total 91972.18 31     
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4. 2. 2. 1.  Regression Coefficient for laccase production by P. eryngii 

The t and p values for linear, interaction effects and quadratic terms are given in Table 4.5 B . A 

positive value of t in case of incubation time showed positive linear effect while it was found to 

be negative for pH, temperature, inoculums size and moisture. It was noted that the coefficients 

of interaction terms including pH*incubation time, pH*moisture, temperature*incubation time, 

inoculums size*incubation time, inoculums size*moisture and incubation time*moisture were 

significant. While interactive effects like pH*temperature, pH*inoculums size, 

temperature*inoculums size and temperature* moisture were non significant. The large value of 

coefficient for incubation time (Table 4.5 B) in linear term depicts its significant effect on 

laccase production. The positive linear coefficient value illustrates that production of laccase 

enzyme increased with increasing incubation time and negative coefficient values for pH, 

temperature, inoculums size and moisture showed maximum production of laccase at moderate 

level of these factors but their production decreased at higher levels. On the other hand, positive 

square term represents the existence of minimum for these activities. The greater value of 

inoculums size and negative quadratic coefficient showed that the activity of laccase enzyme was 

maximum at some levels of these factors but beyond these points these factors had inhibitory 

effects. 
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Table 4.5 (B). Estimated regression coefficients for laccase production by P. eryngii in SSF 

of Banana Stalk 

Term Coefficient SE Coefficient T P 

Constant 200.18 0.77 259.97 0.000 

pH -8.20 0.73 -11.23 0.067 

Temperature -7.03 0.73 -9.63 0.078 

Inoculum size -6.49 0.73 -8.89 0.012 

Incubation Time 50.37 0.73 69 0.000 

Moisture -16.22 0.73 -22.22 0.088 

pH*Temperature -4.97 0.74 -6.72 0.090 

pH*Inoculum size -13.09 0.74 -17.69 0.089 

pH*Incubation Time 6.67 0.74 9.01 0.000 

pH*Moisture 2.68 0.74 3.62 0.000 

Temperature*Inoculum Size -6.21 0.74 -8.39 0.011 

Temperature*Incubation Time 8.16 0.74 11.03 0.000 

Temperature*Moisture -3.64 0.74 -4.91 0.310 

Inoculum Size*Incubation Time 0.78 0.74 1.05 0.000 

Inoculum size*Moisture 7.85 0.74 10.61 0.000 

Incubation Time*Moisture 14.06 0.74 19 0.000 

pH*pH 216.84 7.52 28.84 0.000 

Temperature*Temperature -0.019 7.52 -0.002 0.999 

Inoculum size*Inoculum Size -238.38 7.52 -31.70 0.234 

Incubation Time*Incubation Time 4.94 7.52 0.66 0.000 

Moisture*Moisture -34.92 7.52 -4.64 0.521 

 

4. 2. 3. ANOVA for laccase production by P. sapidus 

The F- value of model 119.62 (Table 4.6 A) showed the significance of model while the low 

value of probability P<0.001 confirmed the goodness of this model with better explanation of 

experimental data. Lack of fit value 0.98 showed that lack of fit is not significant relative to pure 

error. 

4. 2. 3. 1.  Regression Coefficient for laccase production by P. sapidus 

The regression coefficient the t and p values for all linear, interaction and quadratic term have 

effect on laccase production are provided in Table 4.6 B  . A positive value of t in case of pH, 

incubation time and moisture indicates a positive linear effect while it was negative for 

temperature and inoculums size. The negative value of linear coefficient for temperature and  
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Table 4.6 (A) Analysis of variance table for quadratic polynomial model for laccase 

production by Pleurotus sapidus 

Source Sum of 

Squares 

Df Mean 

Square 

F- Value P- value 

Prob>F 

 

Model 6667.32 20 333.37 119.62 <0.0001 Significant 

A: pH 66.10 1 66.10 23.72 0.0005  

B: Temperature 47.67 1 47.67 17.10 0.0017  

C:Inoculum Size 427.79 1 427.79 153.50 <0.0001  

D: Incubation Time 77.72 1 77.72 27.89 0.0003  

E: Moisture 240.09 1 240.09 86.15 <0.0001  

AB 9.36 1 9.36 3.36 0.0940  

AC 4.91 1 4.91 1.76 0.2115  

AD 640.60 1 640.60 229.86 <0.0001  

AE 329.24 1 329.24 118.14 <0.0001  

BC 19.23 1 19.23 6.90 0.0235  

BD 11.56 1 11.56 4.15 0.0665  

BE 44.56 1 44.56 15.99 0.0021  

CD 44.02 1 44.02 15.80 0.0022  

CE 4.97 1 4.97 1.78 0.2086  

DE 26.16 1 26.16 9.39 0.108  

A2 996.49 1 996.49 357.56 <0.0001  

B2 852.77 1 852.77 305.99 <0.0001  

C2 207.16 1 207.16 74.33 <0.0001  

D2 209.51 1 209.51 75.18 <0.0001  

E2 101.10 1 101.10 36.28 <0.0001  

Residual 30.66 11 2.79    

Lack of Fit 16.56 6 2.76 0.98 0.5202 Not significant 

Pure Error 14.10 5 2.82    

Cor Total 6697.97 31     

 

inoculums size indicates that there is a decrease in laccase enzyme activity with increase in 

temperature and inoculums size. The large value of positive quadratic coefficient for pH showed 

existence of minimum for these activities. While negative value of coefficient for quadratic term 

showed existence of maximum of laccase activities at certain level of these factors but beyond 

these points these factors had inhibitory influence. 

Coefficients of incubation terms pH*incubation time, pH*moisture, temperature*moisture and 

inoculums size*incubation time were significant with p value 0.000 while pH*temperature, 

pH*inoculums size, temperature*inoculums size, temperature*incubation time, inoculums 

size*moisture and incubation time* moisture were not significant. 
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Table 4.6. (B). Estimated regression coefficients for laccase production by Pleurotus sapidus 

in SSF of Banana Stalk 

Term Coefficient SE Coefficient T P 

Constant 260.91 0.43 606.77 0.000 

pH 2.00 0.41 4.88 0.000 

Temperature -1.70 0.41 -4.15 0.876 

Inoculum size -5.09 0.41 -12.42 0.123 

Incubation Time 2.17 0.41 5.29 0.000 

Moisture 3.81 0.41 9.29 0.000 

pH*Temperature -0.77 0.42 -1.83 0.090 

pH*Inoculum size -0.55 0.42 -1.31 0.080 

pH*Incubation Time 6.33 0.42 15.07 0.000 

pH*Moisture -4.54 0.42 -10.81 0.000 

Temperature*Inoculum Size 1.10 0.42 2.62 0.020 

Temperature*Incubation Time -0.85 0.42 2.03 0.060 

Temperature*Moisture 1.67 0.42 -3.98 0.000 

Inoculum Size*Incubation Time -1.66 0.42 3.95 0.000 

Inoculum size*Moisture 0.56 0.42 1.33 0.200 

Incubation Time*Moisture -1.28 0.42 -3.05 0.010 

pH*pH 79.89 4.23 18.89 0.000 

Temperature*Temperature -73.91 4.23 -17.47 0.000 

Inoculum size*Inoculum Size -36.43 4.23 -8.61 0.000 

Incubation Time*Incubation Time 36.63 4.23 8.66 0.000 

Moisture*Moisture -25.45 4.23 -6.02 0.000 

 

4. 2. 4. Interaction among Variables 

The relationship between independent variables and dependent variable (Laccase enzyme) in 

case of different strains of Pleurotus can be analyzed graphically by 3 D response surface plots. 

Interaction among experimental factors and response (Laccase enzyme) can be represented 

graphically by three dimensional 3 D response surface plots which can be used to determine 

optimum conditions. 

4. 2. 4. 1. pH v/s Temperature 

The laccase enzyme produced by three different strains of Pleurotus is influenced by both factors 

(Fig 4.1). In case of laccase produced by P. nebrodensis and P. sapidus, the interaction of pH 

and temperature is non- significant. While for laccase production by P. eryngii the interaction 

effect of pH and temperature was significant. The optimum pH and temperature for laccase 
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enzyme synthesis by P. nebrodensis and P. sapidus was pH 5 and temperature 300C. While 

optimum pH and temperature for laccase formation by P. eryngii was pH 3 and temperature 

300C.   

(A)                                                                           (B)         

            

                                                                     (C) 

                                       

Fig. 4.1. Response surface plots showing interaction of pH and temperature on laccase 

production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4. 2. 4. 2. pH v/s Inoculum size 

In case of laccase production by P. nebrodensis and P. sapidus response surface plot indicated 

that the pH range of 4.5- 5 and inoculums size 3-4 mL was optimum. While in case of P. eryngii 

pH range 4.5-6 was not suitable for laccase enzyme production. At high pH it showed decreased 

laccase activity (Fig 4.2). 

                            (A)                                                                            (B) 

  

                                                                       (C) 

                                        

Fig. 4.2. Response surface plots showing interaction of pH and Inoculum size on laccase 

production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4. 2. 4. 3. pH v/s Incubation Time 

The relationship among pH and incubation time for laccase enzyme production by three different 

strains of Pleurotus showed that in case of P. nebrodensis and P. sapidus laccase production was 

influenced by both these factors at their middest levels (Fig 4.3). Response surface plot showed 

that at pH 5 and incubation time 144 h laccase enzyme production was maximum. But in case of 

laccase produced by P. eryngii the optimum pH was found 3 with incubation time of 144 h. 

                          (A)                                                                                 (B) 

              

                                                                             (C) 

                                           

Fig. 4.3. Response surface plots showing interaction of pH and Incubation time on laccase 

production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4. 2. 4. 4. pH v/s Moisture 

Fig 4.4 shows that the effect of pH and moisture on laccase enzyme production. It could be seen 

from the response surface graphs that optimum laccase enzyme was produced at pH 5 and 

moisture 50% by P. nebrodensis and P. sapidus while in case of P. eryngii optimum laccase 

yield was found at pH 3 and 50 % moisture. 

                             (A)                                                                             (B) 

           

                                                                           (C) 

                                            

Fig. 4.4. Response surface plots showing interaction of pH and Moisture on laccase 

production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.4.5. Temperature v/s Inoculum size 

In case of laccase enzyme produced by P. nebrodensis and P. sapidus temperature and 

inoculums size have antagonistic effect. There is increase in enzyme yield with initial increase in 

temperature and inoculums size. Similarly, in case of P. eryngii same result can be seen (Fig 

4.5). 

                        (A)                                                                                    (B) 

            

                                                                       (C) 

                                       

Fig. 4.5. Response surface plots showing interaction of Temperature and Inoculum size on 

laccase production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.4.6. Temperature v/s Incubation Time 

Fig 4.6 shows that with the initial increase in temperature and incubation time there is increase in 

laccase enzyme yield by three strains of Pleurotus. 

(A)                                                                            (B) 

                       

                                              (C) 

Fig. 4.6. Response surface plots showing interaction of Temperature and Incubation time 

on laccase production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.4.7. Temperature v/s Moisture 

Response surface plots showed that low temperature and moderate moisture content enhanced 

the laccase enzyme yield while at high moisture level enzyme activity decreased (Fig 4.7). 

(A)                                                                         (B) 

                 

                                                                       (C) 

                                          

Fig. 4.7. Response surface plots showing interaction of Temperature and Moisture on 

laccase production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.4.8. Inoculum size v/s Incubation Time 

The laccase enzyme produced by P. nebrodensis and P. sapidus and P. eryngii showed optimum 

yield at 4 mL inoculum size and 144 h. There is increase in laccase enzyme yield with initial 

increase in inoculum size and incubation time (Fig 4.8). 

(A)                                                                              (B) 

             

                                                                   (C) 

                                   

Fig. 4.8. Response surface plots showing interaction of inoculum size and incubation time 

on laccase production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.4.9. Inoculum size v/s Moisture 

At initial levels both inoculums size and moisture showed a good effect on laccase enzyme 

production but at higher levels of these factors a decrease in enzyme activity was observed (Fig 

4.9). 

(A)                                                                                  (B) 

                  

                                                                          (C) 

                                         

Fig. 4.9. Response surface plots showing interaction of inoculum size and moisture on 

laccase production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.4.10. Incubation time v/s Moisture 

Incubation time and moisture are also important factors to be considered. The 3 D surface graph 

the optimum laccase activity at 144 h and 50 % moisture. In case of laccase production by P. 

eryngii significant effect of both factors can be seen while in case of laccase produced by P. 

nebrodensis and P. sapidus it is not so influenced (Fig 4.10). 

(A)                                                                                         (B) 

                     

                                                                       (C) 

                                               

Fig. 4.10. Response surface plots showing interaction of incubation time and moisture on 

laccase production by (A) P. nebrodensis (B) P. eryngii and (C) P. sapidus 
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4.2.5. Correlation between Actual and Predicted Values 

A close correlation can be observed in actual and predicted values for laccase enzyme production 

by P. nebrodensis, P. eryngii and P. sapidus in solid state fermentation of wheat straw and 

banana stal (Fig 4.11). A strong correlation between actual and predicted values is used to 

determine the precision and accuracy of central composite design CCD (Zhu et al., 2011). 

(A)                                                                                          (B) 

                       

                                                                       (C) 

                            

Fig 4.11. Correlation between actual and predicted values of Laccase enzyme produced by 

(A) P. nebrodensis (B) P. eryngii (C) P. sapidus based on central composite design 
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4.2.6. Normal % Probability Plots 

Model adequacy is judged by residuals from the least square fit (Roriz et al., 2009). A check was 

made for assumption of normality by making a normal probability plot of residuals of model 

design for laccases produced by P. nebrodensis, P. eryngii and P. sapidus (Fig 4.12). 

(A)                                                                        (B) 

       

                                

                                                                                                                                                                                                                    

Fig. 4.12. Normal % probability versus internally studentized residuals in reduced 

quadratic model for laccase enzyme produced by (A) P. nebrodensis (B) P. eryngii (C) P. 

sapidus 
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4.2.7. Box Cox Plot 

The natural logarithm of residual sum of square against lambda was one and dip suddenly with 

minimum in the region of best optimum value 1.67, 0.82, 2.58 (Fig 4.13) for laccase enzyme 

produced by P. nebrodensis, P. eryngii and P. sapidus respectively. 

(A)                                                                       (B) 

    

                                                                        (C) 

           

Fig 4.13. Box Cox plot for laccase enzyme produced by (A) P. nebrodensis (B) P. eryngii (C) 
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This data did not need any change because current value of lambda was close to optimum value. 

The model showed the lower values of -0.93, 0.58, -3.69 and higher values of 3.60, 1.07 and 7.17 

respectively (Fig 4.13). 

Varying levels of pH, temperature, inoculum size, incubation time and moisture were optimized 

by response surface methodology under central composite design to check their effect on laccase 

enzyme production. It was predicted by our results that the effect of pH is obvious and the 

amount of laccase increased with the initial increase in pH upto 5 but further increase in pH 

lowered the enzyme activity. High pH may affect the activity of enzyme due to conformational 

changes in enzyme structure (Tavares et al., 2006; Kiran et al., 2012; Vivekanandan et al., 

2014)). Response surface analysis showed that pH in range of 3.0- 5.0 has significant effect on 

increased laccase enzyme production by Trametes versicolor (Singh et al., 2008). The optimized 

pH for laccase enzyme falls in the range 4.5-6.0 (Sivakumar et al., 2010).  The growth pattern of 

white rot fungus is tolerant to wide range of pH indicated that white rot fungus has flexibility to 

adapt according to different ecological conditions (Pandey et al., 2001; Rinu et al., 2012).   

Temperature is also an important factor which play vital role in enhancement of enzyme activity. 

White rot fungi is capable of secreting the laccase enzyme under optimum conditions (Yasmeen 

et al., 2013). Dhakar and Pandey, 2013 investigated that suboptimal temperatures 15- 350C are 

suitable for enhanced laccase enzyme production. Our results are in close agreement with 

findings of Snajdar and Baldrain 2007 who reported maximum laccase enzyme activity by 

Trametes versicolor between 25 and 300C. Yasmeen et al., 2013 reported that optimum 

temperature range of 250C to370C is best optimum range for the production of laccase enzyme. 

Optimum pH and temperature are crucial factors for the appropriate growth and metabolic action 

of microorganism (Couto et al., 2006; Fatma et al., 2010; Yasmeen et al., 2013). 

The growth of microorganism in solid substrate fermentation medium is also influenced by 

inoculum size. Low inoculum size is not suitable for growth of microorganism while large 

quantity of microorganism cause competitive inhibition (Sabu et al., 2005). Large quantity of 

inoculum results in lowered metabolic activities of microorganism due to lack of nutrients (Patel 

et al., 2009). Muhammad et al., 2012 found the lowered enzyme yield at higher and lower 

inoculum levels. In our case medium level of inoculum 4mL showed best laccase enzyme 

production by Pleurotus nebrodensis WC 850 when grown on wheat straw. 
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Moisture content is also an important factor to be considered for the growth of microorganism. 

According to our results moderate moisture level 50% proved best for increased laccase enzyme 

production. High level of moisture content affects the substrate porosity and results in ceased 

oxygen transport leading to low enzyme yield (Chhaya and Modi, 2013). While low moisture 

content caused inhibition of microbial growth by limiting the access of white rot fungi to 

essential nutrients (Shaheen et al., 2008; Chhaya and Modi, 2013). 

Incubation time is also an important factor which affects the biosynthesis of fungus. Our results 

are in line with Nadeem et al., 2014 reported that maximum laccase activity in Pleurotus 

ostreatus after 6th days of incubation. Asgher et al., 2012 reported that the time taken by 

microorganism in order to produce laccase enzyme is due to long lag phase and primary 

metabolism. Wang et al., 2011 also reported the maximum activity of laccase enzyme after six 

days of incubation. Our current results suggest that response surface methodology is a unique 

and advance technique that not only considers one or more factors at one time but it also 

determines the interaction among different factors and their significant effect on increased 

laccase enzyme production in less time. 

Among five different strains of Pleurotus, P. nebrodensis, P. eryngii and P. sapidus were 

selected as best laccase enzyme producer strains on the basis of their highest enzyme activity 

after screening experiments. Effect of different carbon and nitrogen sources, C:N ratio, mediators 

and metal ions were also noted on laccase enzyme production by these selected strains of 

Pleurotus. 
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4.2.8. Effect of Carbon and Nitrogen Sources 

Carbon and nitrogen sources are most important factors for the laccase enzyme production. 

Nature and type of carbon and nitrogen sources also have significant effect on enzyme 

production (Chhaya and Modi, 2013). Different sources of carbon including glucose, fructose, 

sucrose and glycerol were used in combination with different nitrogen sources like urea, yeast 

extract, peptone and corn steep liquor in the solid state fermentation medium of banana stalk to 

study their stimulatory/inhibitory effect on synthesis of laccase by P. nebrodensis, P. eryngii and 

P. sapidus under pre- optimized conditions. Maximum laccase activities 281.62 U/mL, 270.83 

U/mL and 179.17 U/mL were observed in solid state fermentation medium receiving glucose as 

carbon source and urea and peptone as nitrogen source in case of P. sapidus and P. eryngii while 

fructose and urea were best carbon and nitrogen source in case of laccase produced by P. 

nebrodensis (Table 4.7). 

Ligninolytic enzymes production during secondary metabolism and microbial growth is usually 

enhanced by the presence of different carbon and nitrogen sources. Production of laccase enzyme 

by white rot fungi is strongly dependent on adequate nitrogen levels as high nitrogen level 

suppress the enzyme production. In line with our findings, Asgher et al., 2010 reported 

maximum laccase enzyme production in fructose and urea after three days of incubation. 

Maximum activity of laccase enzyme was found with glucose at the concentration 1.5 % but 

further increase in glucose concentration caused decrease in enzyme yield (Nadeem et al., 2014). 

Maximum laccase enzyme activity was observed in combination of yeast extract and glucose 

(Asgher et al., 2012). However, maximum laccase enzyme activity was observed in case of 

Lentinus kauffmani with fructose at 0.1 % concentration (Jhonsy and Kaviyarasan, 2011). Yeast 

extract and peptone are reported to have significant influence on laccase enzyme production as 

inorganic nitrogen source. Peptone also found good for maximum laccase enzyme production by 

influencing the growth of A. tabescens (Niladevi, 2008; Junyao et al., 2014). The carbon and 

nitrogen are the most crucial factors that regulate the synthesis of ligninolytic enzymes by 

different white rot fungi (Songulashvili et al., 2007). Highest laccase enzyme yield was observed 

with combination of glucose as carbon source and yeast extract as nitrogen source (Revankar and 

Lele, 2006). On the other hand, the inhibitory effect of excessive concentration of glucose as 

carbon source studied by Krastanov et al., 2007 on the cultivation of laccase producing fungus. 
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Table 4.7. Effect of carbon and nitrogen sources on laccase enzyme produced  by three  strains of 

Pleurotus under optimized conditions 

Carbon sources 

(1%) 

                                         Laccase enzyme activities produced by three different strains of Pleurotus 

                                                                     Nitrogen Sources (0.2%) 

  Urea (N1) Yeast extract (N2) Peptone  (N3) Corn Steep Liquor 

(N4) 

Glucose 

(C1) 

Pleurotus nebrodensis 153.33±1.12 143.89±7.72 157.77±12.09 150.00±9.37 

Pleurotus eryngii 114.45±2.09 111.11±12.07 270.83±13.10 131.67±3.89 

Pleurotus sapidus 281.62±6.56 125.00±3.98 136.94±6.13 117.22±4.82 

Fructose  

(C2) 

Pleurotus nebrodensis 179.17±1.09 142.78±4.48 147.22±6.23 143.89±29.09 

Pleurotus eryngii 114.17±15.30 127.23±9.06 107.78±7.69 103.89±23.01 

Pleurotus sapidus 137.78±3.30 133.89±8.90 138.05±13.82 131.66±27.01 

Sucrose 

(C3) 

Pleurotus nebrodensis 163.89±8.09 154.72±11.09 152.22±7.95 148.61±8.97 

Pleurotus eryngii 93.00±1.09 94.17±4.43 90.83±5.98 82.50±18.96 

Pleurotus sapidus 118.89±3.05 105.00±13.92 106.39±14.29 109.17±8.30 

Glycerol 

(C4) 

Pleurotus nebrodensis 151.67±8.45 159.45±16.90 152.50±6.10 141.11±10.03 

Pleurotus eryngii 121.67±5.89 122.50±7.98 123.05±6.30 123.05±7.65 

Pleurotus sapidus 69.44±17.20 98.33±23.21 107.22±23.09 110.22±3.89 

Substrate, 5 gm: pH, 5 and 3, Temperature 300C, Inoculum size, 4 mL; Incubation time, 144h: 

moisture 50% 
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4.2.9. Effect of Carbon to Nitrogen ratio 

Carbon to nitrogen ratio play an important role in enzyme production. In some cases, low carbon 

to nitrogen ratio was found best for laccase enzyme production while in some cases high carbon 

to nitrogen ratio found best for laccase enzyme production (Ravikumar et al.,2012). Different 

carbon to nitrogen ratio 5:1, 10:1, 15:1,20:1,25:1 were used to study their effect on laccase 

enzyme production. Maximum laccase enzyme production 182.23 U/mL, 295.72 U/mL and 

275.74 U/mL was found using wheat straw and banana stalk as solid substrate by different 

strains of Pleurotus (Table 4.8). 

It was noted that laccase production increased with an initial increase in C:N ratio from 5:1 to 

15: 1 but further increase in C:N ratio caused a decrease in enzyme formation by the white rot 

fungi. The C:N ratios of fermentation medium strongly influence the production of laccase 

enzyme by white rot fungi (WRF) (Kurt and Buyukalaca, 2010; Asgher et al., 2012). The C:N 

ratio of 30:1 was reported to be good for maximum production of laccase enzyme by Pleurotus 

pulmonarius in solid state fermentation of corn cobs as solid substrtae (Tychanowicz et al., 

2004). Mixing of carbon and nitrogen contents in appropriate ratio affects the fungal growth by 

providing complete source of nutrients without need of additional nutrients necessary for 

propagation and synthesis of enzyme (Nadeem et al., 2014). Kannaiyan et al., 2012 also found 

15:1 best C:N ratio for maximum laccase enzyme production. Irshad and Asgher, 2011 also 

reported that 15:1 is the best C:N ratio for ligninolytic enzymes production. 

Table 4.8. Effect of different carbon to nitrogen ratios on laccase enzyme produced  by three strains 

of Pleurotus under pre-optimized conditions 

Substrate, 5 gm:pH, 5 and 3, Temperature 300C, Inoculum size, 4 mL; Incubation time, 144h: 

moisture 50% 

Source of Laccase 

enzyme       

 Laccase enzyme activities produced by three different strains of  Pleurotus                                                                          

   C:N ratio 

 5:1 10:1 15:1 20:1 25:1 

Pleurotus nebrodensis 179.16±7.34 179.72±4.13 182.23±7.89 180.84±6.13 178.61±3.87 

Pleurotus eryngii 161.11±7.30 200.83±7.09 275.74±17.01 235.65±3.78 258.05±11.36 

Pleurotus sapidus 153.88±1.46 209.16±13.96 295.72±6.98 211.12±7.43 219.44±5.34 
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4.2.10. Effect of Mediators 

Different volumes of 1 mM of different mediators such as ABTS, veratryl alcohol, manganese 

sulphate MnSO4, oxalate and H2O2 were used to the solid state fermentation medium of wheat 

straw and banana stalk to enhance the production of laccase enzyme by P. nebrodensis, P. 

eryngii and P. sapidus under pre-optimized conditions, respectively. All the mediators had 

stimulatory effect on laccase enzyme production by three strains of Pleurotus and their effects on 

enzymes were highly variable. Veratryl alohol found more effective for laccase enzyme 

production by P. nebrodensis and P. sapidus while oxalate had considerable effect on laccase 

enzyme production by P. eryngii. The maximum activities of laccase enzyme 189.01 U/mL, 

280.38 U/mL and 300.10 U/mL were noted in culture supernatants of flasks receiving 0.3 mL of 

veratry alcohol and oxalate and 0.2 mL of veratryl alcohol, respectively (Table 4.9). 

White rot fungi have the ability to utilize different lignocellulosic substrates efficiently in the 

presence of different mediators e.g. H2O2, ABTS, veratryl alcohol and different organic acids 

(Dashtban et al., 2010). Irshad and Asgher (2011) reported the highest laccase enzyme 

production in the presence of veratryl alcohol by Schyzophyllum commune through solid state 

fermentation of banana stalk. Veratryl alcohol and oxalate had good effect on ligninolytic 

enzymes production (Yasmeen et al., 2013). Veratryl alcohol also act as a redox mediator for 

ligninolytic enzymes production (Christian et al., 2005). 
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Table 4.9. Effect of mediators on laccase enzyme produced  by three strains of Pleurotus under 

optimized conditions 

Mediators 

(1mM) 

 

   Laccase Source 

Laccase enzyme activities produced by three different strains of Pleurotus                                                                     

                  Mediator volume (mL/5g substrate) 

0.1 0.2 0.3 0.4 0.5 

ABTS Pleurotus nebrodensis 122.10±3.95 159.44±7.23 153.20±15.02 140.31±17.21 125.15±3.18 

Pleurotus eryngii 109.30±17.20 135.05±16.03 191.34±13.30 206.67±7.29 175.10±9.04 

Pleurotus sapidus 183.01±10.32 177.30±15.27 201.10±16.78 216.94±17.18 166.20±17.70 

Veratryl  

Alcohol 

Pleurotus nebrodensis 147.33±14.31 163.10±17.80 189.01±15.90 121.41±13.03 113.32±18.09 

Pleurotus eryngii 200.31±5.40 209.72±3.98 180.10±10.32 163.15±11.38 157.31±18.10 

Pleurotus sapidus 288.10±1.34 300.10±2.65 266.10±1.02 291.01±3.03 220.30±8.09 

MnSO4 Pleurotus nebrodensis 133.12±13.14 148.39±4.90 166.66±15.02 135.10±6.13 121.41±12.03 

Pleurotus eryngii 119.60±5.30 150.30±3.19 156.67±13.01 143.01±9.64 145.30±7.04 

Pleurotus sapidus 200.13±7.23 203.15±15.10 209.72±1.26 195.10±3.03 177.41±1.87 

Oxalate Pleurotus nebrodensis 148.31±7.13 156.66±6.13 140.15±7.17 135.21±1.09 127.35±4.96 

Pleurotus eryngii 129.01±11.30 259.51±9.03 280.38±5.43 277.01±8.03 221.10±2.06 

Pleurotus sapidus 167.50±1.13 178.30±9.5 193.33±6.19 183.91±4.09 161.62±4.87 

H2O2 Pleurotus nebrodensis 120.11±14.07 136.13±1.20 123.37±7.13 145.60±9.45 140.08±14.17 

Pleurotus eryngii 188.37±7.17 200.56±8.16 176.08±3.30 190.34±1.09 175.10±11.2 

Pleurotus sapidus 135.03±1.89 140.30±2.09 169.91±3.17 197.22±1.54 183.60±1.78 

Substrate, 5 gm:pH, 5 and 3, Temperature 300C, Inoculum size, 4 mL; Incubation time, 144h: 

moisture 50 
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4.2.11. Effect of Metal Ions 

The effect of different metal ions including CaCl2, FeSO4, CuSO4, MgSO4, ZnSO4 was studied 

under optimized conditions pH 5.3, temperature 300C, inoculums size 4 mL, incubation time 

144h, moisture 50%; carbon sources glucose and fructose; nitrogen sources urea and peptone; 

C:N ratio 15:1 on laccase enzyme produced by P. nebrodensis, P. eryngii and P. sapidus. Metal 

ions have significant effect on enzyme yield. The optimum production of laccase enzyme 

produced by P. nebrodensis was found in medium containing best metal ion CaCl2 200.12 U/mL 

and best metal ion for laccase enzyme produced by P. sapidus was MgSO4 with enzyme yield 

310.12 U/mL while in case of laccase produced by P. eryngii the best metal ion was CuSO4 with 

enzyme yield 299.10 U/mL (Table 4.10). 

All the metal ions showed stimulatory effect on activity of extracellular laccase enzyme when 

added in limited concentration range. Different metal ions are required in limited amount for 

growth of fungi and ligninolytic enzymes production but their excessive amount have toxic 

effect (Bohmer et al., 2011). Improved laccase enzyme production was studied in the presence of 

MgSO4 by applying response surface methodology RSM (Zhang et al., 2012). Irshad and 

Asgher, 2011 reported higher laccase enzyme activity in the presence of 1 mM MgSO4.7H2O in 

SSF of banana stalk by S. commune.  

Maximum activity of laccase enzyme was also reprted in the presence of 1 mM CuSO4 copper 

sulphate (Niladevi and Prema, 2007; Sivakumar et al., 2010). Copper play an important role in 

regulation and expression of laccase genes while interaction of copper ions with other proteins 

and nucleic acids is attributed to copper toxicity (Abo- State et al., 2011; Nadeem et al., 2014). It 

was also observed that CuSO4 increased laccase enzyme production by T. versicolor and 

maximum laccase activity was found in flask containing 1 mM Cu SO4 (Asgher et al., 2012). 

Metal ions have strong influence on growth of white rot fungi and extracellular enzymes 

production (Baldrain, 2003; Asgher et al., 2012). 
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Table 4.10. Effect of metal ions on laccase enzyme produced by three strains of Pleurotus under 

optimized conditions 

Metal Ions 

(1mM) 

      

  Laccase Source      

Laccase enzyme activities produced by three different strains of Pleurotus                                                                                                          

Mediator volume (mL/5g substrate) 

0.1 0.2 0.3 0.4 0.5 

CaCl2 Pleurotus nebrodensis 191.33±11.04 200.12±7.10 188.10±3.93 180.30±3.13 168.04±4.19 

Pleurotus eryngii 183.16±4.03 210.11±6.36 199.39±1.93 179.18±8.03 159.06±4.01 

Pleurotus sapidus 279.07±3.65 285.10±4.90 267.29±5.02 250.60±7.19 237.10±9.30 

FeSO4 Pleurotus nebrodensis 147.39±7.8 154.09±8.01 160.12±3.17 141.08±6.89 120.08±7.63 

Pleurotus eryngii 129.30±13.01 136.71±13.18 167.10±2.04 189.30±3.34 131.25±2.12 

Pleurotus sapidus 97.30±1.20 119.33±14.09 149.53±9.54 160.12±7.18 124.30±7.20 

CuSO4 Pleurotus nebrodensis 110.31±10.14 118.60±2.76 125.10±8.01 100.13±9.12 90.09±3.02 

Pleurotus eryngii 237.8±6.23 260.08±8.16 299.10±7.23 213.41±6.20 201.10±3.92 

Pleurotus sapidus 169.30±2.78 183.10±8.70 200.06±8.29 225.60±7.56 199.10±13.65 

MgSO4 Pleurotus nebrodensis 167.13±8.30 185.20±7.35 147.10±5.89 157.09±16.09 136.41±8.13 

Pleurotus eryngii 103.10±3.89 151.30±8.90 170.30±14.06 160.10±15.10 148.90±7.90 

Pleurotus sapidus 257.33±4.91 289.90±17.03 310.12±3.01 271.10±11.08 260.10±8.04 

ZnSO4 Pleurotus nebrodensis 58.99±13.30 45.10±3.06 69.30±10.08 100.00±13.09 78.60±16.11 

Pleurotus eryngii 81.02±8.3 97.10±11.30 107.12±12.8 115.10±10.30 100.30±2.76 

Pleurotus sapidus 60.90±12.4 77.80±13.01 81.20±8.12 99.02±16.09 60.10±9.13 

Substrate, 5 gm:pH, 5 and 3, Temperature 300C, Inoculum size, 4 mL; Incubation time, 144h: 

moisture 50 
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Section 3  

4.3. Purification of Laccase enzyme produced by three strains of Pleurotus 

Laccase enzyme produced by P. nebrodensis, P. eryngii and P. sapidus were purified by 

ammonium sulphate precipitation, dialysis, ion exchange chromatography and gel filtration 

chromatography. Crude extract of laccase enzyme was obtained from 6 days old incubated 

culture (600mL) of P. nebrodensis, P. eryngii and P. sapidus on different lignocellulosic 

substrates like wheat straw and banana stalk respectively under optimized fermentation 

conditions was filtered and centrifuged for 15 minutes at 9000 rpm under temperature of 40C to 

remove particular material. The supernatant obtained after centrifugation was subjected to 

different purification steps. 

4.3.1. Protein Estimation 

Amount of proteins in enzyme extract was determined by Bradford microassay (Bradford, 1976) 

before and after ammonium sulphate precipitation, ion exchange chromatography and gel 

filtration chromatography. Standard factor was determined by calculating the absorbance for 

each concentration of standard protein solution and by taking arithmetic mean of all the ratios. 

Standard factor was calculated by using the formula  

                                    Standard Factor= Concentration/Absorbance 
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Table. 4. 11.  Standard Factors of BSA 

Concentration of BSA 

(mg/mL) 

Mean Absorbance 

(595nm) 

Standard Factors 

0.01 0.565 1.77 

0.02 0.663 3.02 

0.03 0.716 4.19 

0.04 0.774 5.17 

0.05 0.846 5.91 

0.06 0.871 6.89 

0.07 0.938 7.46 

0.08 0.970 8.25 

0.09 1.021 8.81 

1.0 1.071 9.30 

Average Standard Factor 6.077 

 

Fig. 4. 14.  Standard Curve of BSA 
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4.3.2. Ammonium sulphate Precipitation 

The crude enzyme extract produced from culture filtrates of P. nebrodensis, P. eryngii and P. 

sapidus were purified to homogeneity as summarized in Table 4. 12 (A), 4. 12 (B) and 4.12 (C). 

Laccase enzyme produced by P. nebrodensis, P. eryngii and P. sapidus get full saturated with 

ammonium sulphate at 80 %, 85% and 60% to 1.01, 1.27 and 1.04 fold purification with specific 

activity of 172.16 U/mg, 209.78 U/mg and 174.80 U/mg respectively. The enzyme was observed 

3.47, 2.44 and 3.05 fold purified with specific activity of 659.65 U/mg, 401.62 U/mg and 512.60 

U/mg at the end of four purification techniques. 

 50- 80% saturation level found best for the separation and recovery of purified ligninolytic 

enzymes obtained as a result of different purification techniques (Al el Gammel et al., 2001; 

Mtui and Nakamura, 2008). Our results are in line with Aslam and Asgher, 2011 who have found 

65% saturation point for laccase enzyme produced by Pleurotus ostreatus. Laccase enzyme 

produced by Trametes versicolor showed 209- fold purification with specific activity of 91443 

U/mg (Han et al., 2005). Sadhasivam et al., 2008 purified laccase enzyme produced by 

Trichoderma harzianum. Patrick et al., 2009 found that 80% saturation with ammonium sulphate 

proved good for isolation of laccase enzyme produced by Basidiomycete. Ashger et al., 2012 

reported that 80% saturation with ammonium sulphate results in 76% laccase enzyme yield. 

Chen et al., 2004 also found 80% saturation point of ammonium sulphate best for isolation of 

laccase enzyme produced by Pleurotus ostreatus. Hadri et al., 2014 also found that 60% 

saturation point was optimum for isolation of lacacse enzyme among different concentrations of 

ammonium sulphate. 

4.3.3. Ion exchange chromatography and Gel filtration chromatography 

Crude laccase enzyme produced by three different strains of Pleurotus obtained after ammonium 

sulphate precipitation and dialysis was loaded on DEAE- Cellulose ion exchange column. Two 

peaks were obtained as shown in Fig 4. 15 (A) , 4.16 (A) and  4.17 (A) . The highest eluted peaks 

were pooled and then these were run on Sepahdex G- 100 gel filtration column for further 

purification and for confirmation of presence of only one fraction. The activity of laccase 

enzyme produced by P. nebrodensis, P. eryngii and P. sapidus were determined before and after 

each purification step.  
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The graphical representation of DEAE chromatography graph shows that maximum activities of 

laccase enzyme were observed two times. In case of laccase enzyme produced by P.  

nebrodensis fractions 5 to 8 and 41 to 45 showed high laccase enzyme activity. While in case of 

P. eryngii and P. sapidus fractions 7 to 11 and 12 to 15 showed maximum enzyme activities at 

first time respectively. Second time fractions 47 to 51 and 49 to 54 showed maximum laccase 

enzyme activities respectively Fig 4.15 (B), 4.16 (B) and 4.17 (B). 

Purification summary for laccase enzyme produced by three different srains of Pleurotus have 

been showed in Table 4. 12 (A), 4.12 (B) and 4.12 (C) which represents the different purification 

steps which start from ammonium sulphate precipitation, DEAE cellulose chromatography to gel 

filtration chromatography with the purification fold increase in every step reaching 3.47, 2.44 

and 3.05 respectively in the last purification step. After passing through the sephadex G- 100 

column the total volume of sample decreased upto 9mL with laccase enzyme activity 2368.80 

U/mL, 3647.07 U/mL and 2302.11 U/mL respectively. 
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Fig 4.15 (A). DEAE- Cellulose ion exchange chromatography of Laccase produced by 

Pleurotus nebrodensis 

 

 

Fig 4.15 (B) . Gel Filtration chromatography of Laccase produced by Pleurotus nebrodensis 
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Fig 4.16 (A). DEAE- Cellulose ion exchange chromatography of Laccase produced by 

Pleurotus eryngii 

 

Fig 4. 16. (B). Gel Filtration chromatography of Laccase produced by Pleurotus eryngii 
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Fig 4.17 (A). DEAE- Cellulose ion exchange chromatography of Laccase produced by 

Pleurotus sapidus 

 

Fig 4. 17 (B) . Gel Filtration chromatography of Laccase produced by Pleurotus sapidus 
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Table. 4. 12 (A) . Purification Summary for Laccase enzyme produced by Pleurotus 

nebrodensis through solid state fermentation of wheat straw 

Purification Step Total volume 

(mL) 

Enzyme 

activity 

(U/mL) 

Protein 

Contents 

(mg/mL) 

Specific 

activity 

(U/mg) 

Purification 

Fold 

Crude Enzyme 600 190800 1005.6 189.73 1 

Ammonium Sulphate ppt. 35 10955 57.01 192.16 1.01 

Dialysis 34 9775 34.03 287.25 1.51 

DEAE- Cellulose 15 4186.5 10.25 408.44 2.15 

Sepahdex G- 100 6 2368.80 3.591 659.65 3.47 

 

 

Table. 4. 12 (B) . Purification Summary for Laccase enzyme produced by Pleurotus eryngii 

through solid state fermentation of banana stalk 

Purification Step Total volume 

(mL) 

Enzyme 

activity 

(U/mL) 

Protein 

Contents 

(mg/mL) 

Specific 

activity 

(U/mg) 

Purification 

Fold 

Crude Enzyme 600 280332 1703.4 164.57 1 

Ammonium Sulphate ppt. 35 16005.85 76.3 209.78 1.27 

Dialysis 34 14697.18 68.03 216.04 1.31 

DEAE- Cellulose 15 6379.50 17.84 357.60 2.17 

Sepahdex G- 100 9 3647.07 9.081 401.62 2.44 
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Table. 4. 12 (C) . Purification Summary for Laccase enzyme produced by Pleurotus sapidus 

through solid state fermentation of banana stalk 

Purification Step Total volume 

(mL) 

Enzyme 

activity 

(U/mL) 

Protein 

Contents 

(mg/mL) 

Specific 

activity 

(U/mg) 

Purification 

Fold 

Crude Enzyme 600 191328 1139.4 167.91 1 

Ammonium Sulphate ppt. 35 10554.6 60.38 174.80 1.04 

Dialysis 34 9712.44 48.62 199.76 1.19 

DEAE- Cellulose 15 4054.95 12 337.35 2.01 

Sepahdex G- 100 9 2302.11 4.491 512.60 3.05 

 

4.3.4. Molecular Mass Determination by SDS –PAGE 

In order to find out the molecular mass of purified enzyme by all purification techniques 

including ammonium sulphate precipitation, ion exchange chromatography and gel filtration 

chromatography laccase enzyme produced by three different strains of Pleurotus was separated 

on SDS-PAGE and it was stained with Coomassie blue R- 250. The enzyme from different 

strains of Pleurotus appeared as single band on SDS- PAGE having molecular mass of 60KDa, 

65KDa and 59KDa, respectively (Fig 4.18 A, B and C). 

The molecular mass of laccase produced by Pleurotus eryngii was observed within the range of 

40- 60 KDa that is 65 KDa. Vivekanandan et al., (2014) reported that molecular mass of laccase 

produced by Aspergillus nidulans was 66 KDa. Laccase enzyme produced from mushroom 

Hypsizygus ulmarius showed a single protein band of molecular weight 63 KDa (Ravikumar et 

al., 2012). Laccase enzyme produced by different WRF have been reported to be the 

extracellular proteins with molecular masses ranging from 59-90KDa (Asgher et al., 2008; 

Asgher et al., 2012). Laccase enzyme produced by Funalia trogii have been reported to be of 58 

KDa which is so close to the our laccase enzyme molecular mass which is 59 KDa produced by 

Pleurotus sapidus (Patrick et al., 2009). Asgher et al., (2012) found the molecular weight of 67 

KDa for purified laccase enzyme produced from Pleurotus ostreatus which is so close to 

molecular weight of laccase produced by Pleurotus eryngii. Irshad et al., (2012) found laccase as 
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a homogenous monomer having a single band on SDS-PAGE of molecular mass 66KDa. The 

purified laccase enzyme produced from Tricholoma mongolicum was found as single band on 

SDS-PAGE with a molecular weight of 66KDa (Miao et al., 2010). High molecular mass laccase 

have also been reported by Han et al., (2005) for Trametes versicolor that is 97 KDa. A novel 

laccase of molecular mass of 64KDa has also been reported by freshly isolated fruiting body of 

Pleurotus nebrodensis. 

 

                                        

              Fig 4.18 (A).  SDS-PAGE Band Of Laccase enzyme by Pleurotus nebrodensis 
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                          Fig 4.18 (B). Laccase by Pleurotus eryngii on SDS-PAGE 

                                            

                       Fig 4.18 (C).  Laccase by Pleurotus sapidus on SDS-PAGE 
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Section 4.4 

4.4.1. Immobilization of Laccase enzyme produced by three different strains of Pleurotus 

on Chitosan beads 

Laccase enzymes produced by three different strains of Pleurotus were immobilized on chitosan 

beads. The chitosan beads serve as efficient biocompatible surface with immobilization 

efficiency of 72%, 80% and 70% for laccase enzyme produced by three different strains of 

Pleurotus including Pleurotus nebrodensis, Pleurotus eryngii and Pleurotus sapidus 

respectively. Different concentration solutions of chitosan in the range of 1 to 5% were tested in 

order to get the chitosan beads of required mechanical strength. Immobilization of laccase 

enzyme was found best using 2.5% chitosan solution. Different concentrations of glutaraldehyde 

solutions were used to treat chitosan beads in order to determine their coupling efficiency with 

enzyme. The highest laccase entrapment efficiency was found using 2% glutaraldehyde after six 

hours of incubation in case of Pleurotus nebrodensis. While in case of laccase produced by 

Pleurotus eryngii the best entrapment efficiency was found with 1 % glutaraldehyde solution 

after 6 hours of incubation (Table 4.13).  

There are many reactive amino and hydroxyl groups which are generated after chemical 

modifications of enzyme protein and are responsible for coupling of enzymes with 

immobilization supports (Biro et al., 2008). Increased immobilization efficiency results after 

formation of Schiff base with amino group of enzyme followed by generation of some aldehyde 

groups on the surface of chitosan beads which form as a result of treatment with glutaraldehyde. 

In this way the entrapment process is improved by the presence of many amino groups on 

backbone of chitosan beads. 
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                                A                                                                                 B 

  

 

                                     C                                                                            D 

Fig 4. 19 . Chitosan beads (A) Normal Chitosan Beads (B) P. nebrodensis Laccase bound 

Chitosan beads (C) P. eryngii Laccase bound Chitosan beads (D) P. sapidus Laccase bound 

Chitosan beads  
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Table 4. 13. Effect of varying concentrations of gluataraldehyde on immobilization 

efficiency of  chitosan beads for laccases produced by different strains of Pleurotus 

Glutaraldehyde 

(%) 

Activation Time 

(h) 

                          Immobilization (%) 

P. nebrodensis P. eryngii P. sapidus 

0 3 58 49.30 45 

 6 50 60 54 

1 3 70 65 69 

 6 79 70 71 

2 3 75 68 70 

 6 68 62 76 

3 3 63 55 65 

 6 55 50 58 

4 3 50 45 63 

 6 60 58 51 

 

4. 4. 2. Immobilization of Laccase enzyme produced by different strains of Pleurotus on Ca-

alginate beads 

Entrapment of laccase enzyme in Ca- alginate beads is the most efficient and economical way for 

the improvement of biocatalytic properties enzymes. The immobilization of laccase enzyme 

produced by Pleurotus nebrodensis, Pleurotus eryngii and Pleurotus sapidus in ca-alginate beads 

was performed by using different concentrations of sodium alginate solution (2-5%) resulting in 

maximum immobilization efficiency of 69.10%, 65% and 60%, respectively. The highest 

immobilization yield observed in case of Pleurotus nebrodensis, Pleurotus eryngii and Pleurotus 

sapidus were 12.13%, 12.13% and 23.41 %, respectively (Table 4.14). Best immobilization 

efficiency was found at concentration of 4% sodium alginate in case of Pleurotus nebrodensis 

and Pleurotus sapidus while in case of Pleurotus eryngii the best immobilization efficiency was 

observed with 3% sodium alginate concentration. Higher concentrations of sodium alginate were 

not good for immobilization of laccase enzyme due to high viscosity of enzyme entrapped in 

beads and low gel porosity as well as substrate diffusion limitation (Ahmed et al., 2011). 
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                                A                                                                      B 

 

Fig 4.20. Ca alginate beads (A) Normal Beads (B, C, D) Alginate beads immobilized with 

laccase enzyme produced by different strains of Pleurotus 
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Table 4. 14.  Standardizing the concentration of sodium alginate for immobilization of laccases 

produced by different strains of Pleurotus 

sodium alginate 

concentration (%) 

                                        Immobilization (%) 

P. nebrodensis P.eryngii P.sapidus 

2 43 34 40 

3 66 72 56 

4 70 65 69 

5 50 45.30 35 

 

4.5. Characterization of free and immobilized Laccase enzyme 

4.5.1. Effect of pH on free and immobilized laccase enzyme 

The effect of pH on free and immobilized laccase enzyme was checked by their incubation for 5 

to 10 minutes at different pH values ranging from 2 to 10 by using following buffers sodium 

tartarate buffer, pH, 3.0, Sodium malonate buffer, pH, 4, sodium phosphate buffer, pH 5, Sodium 

phosphate buffer, pH 7 and pH 8 citrate and sodium carbonate buffer, pH 9 and 10. Then the 

normal enzyme assay was carried out after 5-10 minutes of incubation on spectrophotometer on 

their respective wavelength. The laccase enzyme activity from three different strains of 

Pleurotus at different pH values for free and immobilized laccase enzyme are shown in Table. 

4.15 (A), 4.15 (B) and 4.15 (C). It was revealed by the results of enzyme assay that the optimum 

pH for free laccase enzyme produced by Pleurotus nebrodensis was 3. While laccase enzyme 

immobilized with chitosan beads showed maximum enzyme activity (401.01 U/mL) at pH 7 and 

laccase enzyme immobilized in ca-alginate beads showed maximum enzyme activity at pH 3 Fig 

4.21 (A). 

Laccase enzyme produced by Pleurotus eryngii showed good enzyme activity (461.67 U/mL) at 

pH 4 while laccase enzyme immobilized on chitosan beads showed maximum enzyme activity 

(470.1U/mL) at pH 9. On the other hand, laccase enzyme immobilized on ca-alginate beads 

showed maximum enzyme activity 440.1 U/mL at pH 6 Fig 4.21 (B). 

In case of Pleurotus sapidus, the laccase enzyme showed maximum enzyme activity at pH 3 

while immobilized laccase enzyme on chitosan beads showed maximum activity at pH 8 and 

laccase enzyme immobilized on ca-alginate beads showed maximum activity at pH 5 Fig 4.21 

(C). The optimum pH for laccase enzyme have been reported by Kumar et al., 2014 who 
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prepared cross linked laccase enzyme aggregates at pH 4. The immobilization of laccase enzyme 

on different supports allow it to act over a wide range of pH than that of free laccase due to 

strong attachment of laccase molecules with the amino groups of immobilized support (Kim et 

al., 2010; Xu et al., 2011; Kumar et al., 2014). 

The effect on free and immobilized on polyethylene imine grafted chitosan films were 

determined by Metin, 2013. The laccase enzyme immobilized on chitosan grafted polyethylene 

imine films showed increase in enzyme activity with increase in pH upto pH 6.5 as compared to 

free laccase enzyme which showed optimum activity at pH 5.5. The optimum pH range for free 

laccase enzyme produced by different strains of Pleurotus have been reported to be 3-5 (More et 

al., 2011). Moreover, the free laccase enzyme produced by Schyzophyllum commune has bee n 

reported to be stable between the pH ranges 5-8 (Irshad et al., 2011; Abdulredha et al., 2014). 

Table 4. 15 (A). Effect of pH on free and immobilized laccase enzyme produced by P. nebrodensis 

pH                          Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

2 199.1±3.12 75.1±1.16 369.19±2.03 

3 322.22±1.18 100.3±9.01 400.1±9.81 

4 223.89±1.09 150.14±2.30 389.25±1.34 

5 218.19±2.03 193.21±3.78 367.09±2.09 

6 117.5±1.45 240.14±7.20 275.1±4.34 

7 118.05±1.02 409.01±8.10 246.2±2.87 

8 99.05±6.09 365.13±1.04 200.02±1.35 

9 50.01±5.10 315.01±1.11 185.33±2.12 

10 25.10±2.98 285.25±1.17 101.4±3.07 

 

Table. 4.15. (B). Effect of pH on free and immobilized laccase enzyme produced by P. eryngii 

pH                          Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

2 330.4±3.09 102.3±8.41 120.09±6.20 

3 400.33±6.10 185.1±4.09 199.2±2.09 

4 461.67±2.95 213.1±3.06 222.3±1.69 

5 420.35±2.60 290.15±6.02 388.4±3.31 

6 388.2±3.02 321.1±1.09 440.1±3.34 

7 367.8±4.11 375.3±9.11 420.25±5.12 

8 345.1±6.01 400.23±4.10 355.1±1.23 

9 289.9±1.20 470.1±3.09 270.1±1.34 

10 260.01±1.71 445.3±1.54 188.01±3.11 
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Table 4.15. (C) .Effect of pH on free and immobilized laccase enzyme produced by Pleurotus 

sapidus 

pH                          Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

2 315.3±1.03 145.1±7.10 250.23±5.01 

3 388.89±2.84 190.35±3.20 379.1±6.10 

4 341.5±2.54 280.1±4.56 400.29±7.02 

5 350.1±1.14 301.05±3.09 410.2±3.03 

6 210.11±3.11 385.28±2.20 399.01±4.40 

7 202.78±2.67 429.1±2.78 325.11±2.09 

8 201.1±1.73 460.5±9.01 299.1±3.93 

9 167.37±5.5 399.35±11.11 235.19±2.18 

10 127.1±2.19 225.1±2.71 195.25±4.07 

 

 

 

 

Fig. 4.21 (A). Effect of pH on free and immobilized laccase enzyme produced by Pleurotus 

nebrodensis 
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Fig. 4.21 (B). Effect of pH on free and immobilized laccase enzyme produced by Pleurotus eryngii 

 

Fig. 4.21 (C). Effect of pH on free and immobilized laccase enzyme produced by Pleurotus sapidus 
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4.5.2. Effect of Temperature on free and immobilized laccase enzyme 

The experiments were performed to check the effect of different temperatures on free and 

immobilized laccase enzyme in the range of 25- 800C with 50C intervals. After five to ten 

minutes of incubation under different temperature controlled conditions enzyme assay were 

performed to determine the effect of temperature on enzyme activity with the same procedure as 

described earlier. 

The optimum temperature noted for the free laccase enzyme produced by Pleurotus nberodensis 

was 350C with the enzyme activity 390.1 U/mL Fig 4.22 (A). While in case of immobilized 

laccase enzyme on chitosan beads optimum temperature was 500C with enzyme activity 462.5 

U/mL. Laccase enzyme of Pleurotus nebrodensis immobilized on ca-alginate beads showed 

increased enzyme activity at 550C with enzyme activity 404.11 U/mL (Table 4.16 A, 4. 16 B and 

4.16 (C). Our results are in line with Sadhasivam et al., 2008 who reported the maximum activity 

of laccase enzyme at 350C produced by Trichoderma harzianum WL- 1. Dominguez et al., 2007 

has also reported 300C is optimum temperature for free laccase enzyme. Most of the laccases 

produced by different white rot fungi have been reported to lose their activities above 600C and 

they are found to be active and stable in the temperature range of 30-500C (Nagai et al., 2002; 

Asgher et al., 2012). 

The results of our research on immobilization of laccase enzyme produced by Pleurotus eryngii 

on chitosan and ca-alginate beads are same with the work of Singh et al., 2010 who reported that 

the best temperature range for immobilized laccase enzyme falls in temperature range 50-800C 

than the free laccase enzymes. Asgher et al., 2012 has also reported that optimum temperature 

for immobilized laccase enzyme was 600C.  The decrease in free laccase enzyme activity at 

higher temperature was observed due to the fact that immobilization provides protection to the 

entire backbone of the laccase enzyme resulting in its resistance to heat. 

In case of laccase enzyme produced by Pleurotus eryngii the free laccase enzyme showed its 

maximum activity at 400C Fig 4.22 (B). Our results are so close to work of Minussi et al., 2007 

who reported the optimum activity of free laccase enzyme at 400C produced by Trametes 

versicolor. Asgher et al., 2012 also found that the optimum temperature for free laccase enzyme 

was 400C. The activity of free laccase enzyme was lost due to thermal denaturation of laccase 
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enzyme at higher temperatures. The optimum temperature for immobilized laccase enzyme was 

600C. 

In case of laccase enzyme produced by Pleurotus nebrodensis immobilized on chitosan and ca-

alginate beads our findings are at variance with the observation of and optimum temperature for 

immobilized laccase enzyme 500C and 550C respectively. On the other hand, laccase enzyme 

produced by Pleurotus sapidus has showed maximum activity at 400C while immobilized laccase 

enzyme on chitosan and alginate beads showed maximum activity at 600C and 650C Fig 4.22 

(C). The free laccase enzyme produced from Lentinula edodes have been reported to be active at 

400C (Nagai et al., 2002). 

Table 4.16 (A). Effect of temperature on free and immobilized laccase enzyme produced by P. 

nebrodensis 

Temperature                          Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

25 125.10±2.09 273.5±5.40 250±9.30 

30 225.30±3.05 256.94±3.09 261.11±6.12 

35 390.10±4.86 259.72±8.10 277.78±4.23 

40 305.30±3.12 306.94±4.12 294.44±5.34 

45 210.051.10± 400±5.13 338.89±5.78 

50 177.01±1.14 462.5±6.30 341.67±3.10 

55 140.01±2.13 397.22±7.13 404.11±2.09 

60 100.30±2.02 333.34±9.43 385.4±3.67 

65 85.05±6.12 319.44±3.09 230.3±7.01 

70 51.99±3.72 285±2.10 199±7.19 

 

Table 4. 16 (B). Effect of temperature on free and immobilized laccase enzyme produced by P. 

eryngii 

Temperature                          Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

25 255.10±1.09 305.55±6.45 218.05±8.30 

30 291.30±3.98 344.44±3.98 262.5±4.75 

35 350.10±4.15 347.27±5.12 280.55±6.01 

40 401.30±6.10 355.55±5.68 308.33±5.30 

45 365.30±7.34 390.74±6.08 322.22±4.01 

50 310.25±2.10 443.51±3.12 420.84±3.10 

55 250.10±2.13 452.78±7.15 493.05±12.10 

60 205.30±4.30 483.33±6.19 506.95±1.2 

65 185.10±6.09 369.44±3.10 441.66±6.18 

70 102±2.12 201±7.30 310±3.61 
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Table 4. 16 (C). Effect of temperature on free and immobilized laccase enzyme produced by P. 

sapidus 

Temperature                          Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

25 290.10±3.06 238.89±6.13 205.55±3.95 

30 340.25±4.12 247.22±2.90 255.56±4.12 

35 399.10±5.14 258.34±4.65 265.28±3.67 

40 410.31±2.45 266.67±4.32 279.16±7.12 

45 335.01±6.45 269.44±1.34 334.72±4.30 

50 297.15±2.23 300±2.45 354.17±9.31 

55 225.3±2.48 308.33±6.13 385.14±7.12 

60 150.1±1.28 366.67±2.98 400.10±3.34 

65 100.3±3.28 330.56±3.29 430.30±5.10 

70 87±8.20 202±4.41 310±7.13 

 

 

 

Fig 4.22 (A).Effect of temperature on free and immobilized laccase enzyme produced by P. 

nebrodensis 
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Fig 4.22 (B). Effect of temperature on free and immobilized laccase enzyme produced by P. eryngii 

 

 

Fig 4.22 (C). Effect of temperature on free and immobilized laccase enzyme produced by P. sapidus 
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4.5.3. Effect of substrate concentration on Free and Immobilized laccase enzyme 

Different concentrations of ABTS (0.1mM-1.0mM) were prepared to check the effect of 

substrate concentration on laccase enzyme activities produced by three different strains of 

Pleurotus and to find the kinetic parameters of laccase enzyme. The KM and Vmax values for 

free and immobilized laccase enzyme were also determined. Enzyme activities were noted under 

standard assay conditions and the results were used to construct a double reciprocal plot using 

lineweaver burk plot (Table 4. 17 (A), 4.17 (B) and 4.17 (C). The reciprocal of laccase enzyme 

activity 1/[V] in U/mL was plotted against reciprocal of substrate concentration 1/[S] in µM. 

The KM and Vmax value in case of free enzyme produced by Pleurotus nebrodensis were 

111µM and 308 U/mL. While KM and Vmax value for immobilized enzyme on chitosan beads 

were 120µM and 597 U/mL. In case of laccase immobilized on alginate beads KM and Vmax 

values were 190µM and 496 U/mL. On the other hand KM and Vmax values for free laccase 

enzyme by Pleurotus eryngii were 103µM and 380 U/mL. While KM and Vmax values for 

laccase enzyme immobilized on chitosan and alginate beads were 154µM and 685 U/mL and 

100µM and 539 U/mL, respectively. Qiu et al., 2009 reported that although immobilized laccase 

has higher KM than soluble laccase yet immobilized laccase has excellent thermostability and 

reusability and equipped permanence due to higher Vmax. 

In case of free laccase enzyme produced by Pleurotus sapidus the KM and Vmax values were 

114µM and 370U/mL. While KM and Vmax values for laccase enzyme immobilized on chitosan 

and alginate beads were 100µM and 580 U/mL and 123µM and 548 U/mL respectively. There 

are so many KM and Vmax values that has been reported for laccases by using different types of 

substrates. Some of the other reported KM values with different substrate for laccase are 480µM, 

230µM and 210µM by using 2,6 dimthoxyphenol, catechol and m-cresol as substrates (Hadri et 

al., 2014). 
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Table 4.17. (A). Effect of substrate concentration on free and immobilized laccase enzyme produced 

by P. nebrodensis 

Substrate 

Concentartion 

                         Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

0.1 150±8.12 321±5.30 229±4.29 

0.2 183.33±3.87 335±2.65 245±7.30 

0.3 190±4.34 330±3.54 259±6.13 

0.4 200±5.67 535±2.84 310±5.24 

0.5 410.09±3.56 501±7.18 285±3.87 

0.6 225±2.76 489±8.03 425±4.13 

0.7 293±1.18 506±7.13 485±5.20 

0.8 259±2.20 556±4.09 387±8.16 

0.9 265±3.61 501±5.39 451±2.15 

1.0 230±2.76 527±8.17 357±3.16 

 

Table 4. 17. (B). Effect of substrate concentration on free and immobilized laccase enzyme 

produced by P. eryngii 

Substrate 

Concentartion 

                         Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

0.1 189±3.78 349±5.69 280±3.21 

0.2 210±2.67 332±6.32 399±4.56 

0.3 217±1.23 369±2.67 441±7.56 

0.4 423±1.76 526±3.92 500±2.34 

0.5 398±5.13 555±3.56 470±5.12 

0.6 320±7.87 535±2.94 505±4.23 

0.7 298±8.90 591±2.34 510±8.23 

0.8 279±12.12 568±3.74 525±4.13 

0.9 389±11.01 588±4.51 431±5.29 

1.0 290±3.18 589±5.01 460±7.17 

Table 4. 17. (C). Effect of substrate concentration on free and immobilized laccase enzyme 

produced by P. sapidus 

Substrate 

Concentration 

                         Enzyme activities (U/mL) 

Free enzyme Chitosan Beads Alginate Beads 

0.1 175.90±7.33 286±6.71 277±9.01 

0.2 205.99±6.16 436±1.27 299±9.02 

0.3 220.10±6.23 457±7.30 387±3.48 

0.4 298±7.31 400±6.31 415±3.45 

0.5 430±8.21 358±2.90 425±6.10 

0.6 421.09±9.10 555±1.29 481±7.13 

0.7 189±1.23 588±5.25 501±11.01 

0.8 299±1.67 434±5.02 441±3.60 

0.9 384.61±2.39 593±7.61 499±2.18 

1.0 259±3.41 527±1.94 475±8.12 
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                                                                        (C) 

Fig 4.23 (A). Effect of varying substrate concentration on free and immobilized laccase 

enzyme produced by Pleurotus nebrodensis through Michaelis-Menton equation 

The relationship between rate of reaction and concentration of substrate is dependent on affinity 

of enzyme for its substrate expressed as KM of enzyme. Low value of KM shows that laccase has 

high affinity for its substrate (xiao et al., 2004; Asgher et al., 2012). Immobilization results in 
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modification of functional groups on catalytic site and on surface of enzyme which results in 

lower KM (Arica et al., 2009). 

 

 

 

Fig 4.23 (B). Comparison of Km and Vmax by Lineweaver Burk Plot for free and 

immobilized laccase produced by Pleurotus nebrodensis with ABTS as substrate 
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                                                                           (C) 

Fig 4.24 (A). Effect of varying substrate concentration on free and immobilized laccase 

enzyme produced by Pleurotus eryngii through Michaelis-Menton equation 
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Fig 4.24 (B). Comparison of Km and Vmax by Lineweaver Burk Plot for free and 

immobilized laccase produced by Pleurotus eryngii with ABTS as substrate 
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Fig 4.25 (A). Effect of varying substrate concentration on free and immobilized laccase 

enzyme produced by Pleurotus sapidus through Michaelis-Menton equation 
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Fig 4.25 (B). Comparison of Km and Vmax by Lineweaver Burk Plot for free and 

immobilized laccase produced by Pleurotus sapidus with ABTS as substrate 

4.6. Elements Detection for confirmation of laccase immobilization in beads by EDX 

Energy dispersive X- ray analysis was used to confirm the presence of copper elements in 

laccase immobilized beads as copper is the characteristic element of laccase enzyme. EDX 

analysis of laccase immobilized enzyme beads revealed that copper is present in the beads which 

confirm the presence of enzyme in immobilized beads. The comparison of standard and enzyme 

immobilized beads revealed that copper was only present in those beads which were 

immobilized with laccase enzyme while copper was absent in those beads which were not 

immobilized with enzyme (Table 4. 18). 
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Table 4. 18. Elements detection by EDX for confirmation of enzyme presence in Beads 

Immobilization  

Technique 

                    Elements detected by EDX  

Chitosan Beads Standarad C K O K Na K K K    

P. nebrodensis C K O K Na K K K       -     - Cu K 

P. eryngii C K O K Na K K K Cl K  Cu K 

P. sapidus C K O K     - K K      -      - Cu K 

Ca alginate beads Standarad C K O K Na K     - Cl K Ca K  

P. nebrodensis C K O K Na K P K Cl K Ca K Cu K 

P. eryngii C K O K Na K P K Cl K Ca K Cu K 

P. sapidus C K C K  P K Cl K Ca K Cu K 
*C for carbon, K for Potassium, O for Oxygen, Na for Sodium, P for phosphorus, Cl for Chloride, Ca for 

Calcium, Cu for Copper 

 

 

Fig 4. 26 (A). EDX image of standard chitosan beads without immobilized Enzyme 
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Fig 4.26 (B). EDX image of chitosan beads immobilized with laccase enzyme produced by 

P. nebrodensis 

 

Fig 4.26 (C). EDX image of chitosan beads immobilized with laccase enzyme produced by 

P. eryngii 
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Fig 4.26 (D). EDX image of chitosan beads immobilized with laccase enzyme produced by 

P. sapidus 

 

Fig 4.26 (E). EDX image of standard Ca- alginate beads  
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Fig 4.26 (F). EDX image of Ca- alginate beads immobilized with laccase enzyme produced 

by P. nebrodensis  

Fig 4.26 (G). EDX image of Ca- alginate beads immobilized with laccase enzyme produced 

by P. eryngii 
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Fig 4. 26 (H). EDX image of Ca- alginate beads immobilized with laccase enzyme produced 

by P. sapidus 

4.7. Decolorization of reactive dyes by Laccase enzyme 

Research efforts have been continued to investigate the decolorization potential of different 

ligninolytic enzymes produced by white rot fungi. As compared to individual use of white rot 

fungi, the use of ligninolytic enzymes stimulates the efficient decolorization of dyes. The 

ligninolytic enzymes application than direct use of white rot fungi is considered because 

estimated dosage of enzymes can be used for decolorization of dyes by following easy 

standardization methods and enzymatic decolorization of dyes is simple as compared to the use 

of full microorganism pure or mixed culture and considered decolorization methodology can be 

modified according to the characteristics of the dyes to be used for decolorization. Moreover, 

intermediate metabolites are easy to analyze produced as a result of enzymatic treatment as 
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compared to those metabolites which are produced through the application of white rot fungi 

(Boer et al., 2004; Malgarejo et al., 2006). 

 A large number of microorganisms including bacteria and fungi have been reported to play an 

excellent role in the decolorization of different dyes. The enzymatic decolorization of industrial 

dyes including reactive, synthetic and disperse dyes is a big challenge due to diversity of 

complex structures and components of dyes (Wesenberg et al., 2002; Akhtar et al., 2005). 

Enzymes act on complex recalcitrant structures of dyes solution to degrade them via 

precipitation or by conversion of dyes components into other products (Akhtar and Husain, 

2006). Other enzymes can also be used for decolorization purpose like hydrogen peroxide 

producing enzymes e.g glucose-2-oxidase enzyme with phenol oxidase enzyme and laccase. 

Peroxidase enzymes are heme containing enzymes widely spread in plant and different 

microorganisms (Duarte et al., 2003). Different fungal species including Candida tropicalis, 

umbelopsis isabellin and Debaryomyces polymorphus have been tested to degrade reactive blue 

5 dye showed efficient decolorization by producing manganese peroxidase (Yang et al., 2003). 

The significant feature of manganese peroxidase have been proved Lentinula edodes which 

showed decreased activity in the absence of hydrogen peroxide and manganese ions. The 

specialty of manganese peroxidase is confirmed by decreased in vitro activity of dye 

decolorization (Boer et al., 2004; Ramachandran et al., 2013). The manganese peroxidase of 

Phanerochaete sordid showed maximum decolorization of anthraquinone and azo dyes about 90 

% (Harazono and Nakamura, 2005).  

Previously, the comparison study for degradation of reactive blue 5 dyes by enzymatic treatment 

and various fungal isolates was made for the decolorization of reactive blue 5 dyes and it was 

found that the degradation capacity of manganese peroxidase was 1.5 times higher than the 

fungal isolates (Mohorcic et al., 2006). Lignin peroxidase is also ligninolytic enzyme and it is 

known as diarylpropane oxygenase has an important role in dyes decolorization. Many studies 

have been carried out by using this enzyme for dye decolorization purposes. LiP of 

Phanerochaete chrysosporium found effective for the decolorization of azure B and methylene 

blue (Leitao et al., 2003). Lan et al., 2006 reported the degradation of fuchsine, rhodamine B, 

xylene and cynol dye by coupling of lignin peroxidase with glucose oxidase obtained from 

Pseudomonas desmolyticum NC1M2712. This coupling action found effective with improved 
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efficacy of degradation in the presence of lignin peroxidase and hydrogen peroxide. Lignin 

peroxidase obtained from Acinetobacter calcoaceticus found effective for 85 % decolorization of 

reactive brilliant red K-2BP (Yu et al., 2006; Ramachandran et al., 2013). 

4. 7. 1. Laccase as dye decolorizer 

Laccase has been reported to oxidize a huge variety of organic substrates and it avoids formation 

of toxic aromatic amines due to presence of multicopper phenolic compounds. Laccase secreted 

by different strains of white rot fungi including Trametes versicolor, Phlebia radiate, Penicillium 

chrysogenum and Polyporus pinistus. Trametes hirusta laccase has been reported for its best 

decolorization potential of various textile dyes upto 80% (Ramachandran et al., 2013). Laccase 

obtained from pycnoporus cinnabarinus has been utilized for Chicago sky blue dye degradation 

(Sugano et al., 2000). Laccases from some marine derived cultures NIOCC#2 proved good for 

efficient decolorization of synthetic dyes like congo red and brilliant green (Dsouza et al., 2006). 

Efficient decolorization of azo dyes have been reported by purified laccase enzyme of Trametes 

trogii (Mechichi et al., 2006). Laccases of different bacterial strains have been found efficient for 

degradation of azo dyes (Kalyani et al., 2009). 

Table 4.19 (A). Decolourization of textile dyes by Laccase enzyme produced by P. 

nebrodensis 

Time  

(h) 

Drimaren  

Red 

Drimaren 

Black 

Drimaren  

Yellow 

Drimaren 

Terquoise 

Foron 

Terquoise 

Foron  

Blue 

24 61.27±.20 45.35±4.13 30.91±2.76 73.76±5.92 72.46±12.01 80.05±7.23 

48 77.84±1.09 66.82±9.23 32.74±3.98 74.50±6.12 75.24±2.3. 81.52±8.20 

72 82.56±2.09 68.08±3.20 81.87±4.02 81.04±7.23 86.20±6.09 82.62±7.23 

96 82.91±3.27 83.13±7.12 82.26±2.06 82.50±7.29 88.68±2.98 84.30±9.43 

120 83.99±7.12 85.21±9.12 88.63±7.20 83.34±8.10 89.98±3.01 86.60±1.29 

 

Table 4.19 (B). Decolourization of textile dyes by Laccase enzyme produced by P. eryngii 

Time  

(h) 

Drimaren  

Red 

Drimaren 

Black 

Drimaren  

Yellow 

Drimaren 

Terquoise 

Foron 

Terquoise 

Foron  

Blue 

24 59.41±0.01 33.04±0.02 82.13±0.10 29.53±1.20 57.37±0.1 70.33±1.17 

48 82.35±0.1 35.77±0.03 83.21±0.23 81.52±0.23 73.76±1.2 78.44±1.23 

72 82.39±0.01 41.50±0.00 84.34±0.08 82.69±0.01 80.00±1.13 79.92±0.81 

96 84.25±0.00 70.1±0.12 84.38±0.12 81.74±0.04 80.18±0.08 86.12±0.16 

120 86.12±0.04 85.81±0.23 84.69±1.30 84.12±0.17 86.90±0.02 87.64±1.13 
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Table 4.19 (C). Decolourization of textile dyes by Laccase enzyme produced by P. sapidus 

Time  

(h) 

Drimaren  

Red 

Drimaren 

Black 

Drimaren  

Yellow 

Drimaren 

Terquoise 

Foron 

Terquoise 

Foron  

Blue 

24 16.34±6.10 19.28±5.17 12.23±2.34 53.23±5.20 81.80±8.23 76.43±0.01 

48 28.31±2.29 24.03±5.32 18.82±6.30 70.09±4.30 81.99±4.87 77.35±2.98 

72 76.06±2.32 63.50±7.01 20.30±7.10 72.55±4.20 86.97±3.67 78.46±3.21 

96 82.26±2.89 64.59±9.01 32.95±3.19 76.92±3.08 88.50±8.39 78.76±6.11 

120 82.95±3.10 66.07±0.01 36.55±2.01 78.58±2.10 89.65±1.98 82.83±12.09 

 

Table 4. 20. Name, Classification, maximum absorbance and removal percentage of six 

dyes using chitosan immobilized laccase enzyme by selected strains of Pleurotus 

Dyes Classification λmax Dye removal (%) by Different 

strains of Pleurotus 

Drimaren Red Reactive 547 P. nebrodensis 90±0.01 

P. eryngii 94±0.08 

P. sapidus 91±1.0 

Drimaren Black Reactive 585 P. nebrodensis 89±1.2 

P. eryngii 87±1.3 

P. sapidus 85±1.9 

Drimaren Yellow Reactive 417 P.nebrodensis 92±0.2 

P. eryngii 90.01±0.7 

P. sapidus 89.99±0.5 

Drimaren Terquoise Reactive 622 P. nebrodensis 96±1.2 

P. eryngii 95.10±1.9 

P. sapidus 91.01±0.03 

Foron Terquoise Disperse 748 P. nebrodensis 90.02±0.01 

P. eryngii 91.12±1.4 

P. sapidus 88.89±2.9 

Foron Blue Disperse 541 P. nebrodensis 81.10±0.04 

P. eryngii 82.07±0.07 

P. sapidus 86.19±0.01 

 

4. 7. 2. Determination of Optimum wavelength 

The optical wavelength and the optical density of the dyes samples were monitored with a 

double beam UV-Vis spectrophotometer. The dyes solutions were held in the object beam in 

quartz glass, 10mm path lengths cuvette, with the reference beam cuvette containing distilled 

water. Here the absorption spectra of 6 control dye solutions and free and immobilized enzyme 

treated solutions are presented in the below mentioned figures. 
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Fig 4. 27 (A). UV- Vis spectra of textile Drimaren Red Dye Control 

 

 

Fig 4. 27 (B). UV- Vis spectra of textile Drimaren Black Dye Control 
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Fig 4. 27 (C). UV- Vis spectra of textile Drimaren Yellow Dye Control 

 

Fig 4. 27 (D). UV- Vis spectra of textile Drimaren Terquoise Dye Control 
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Fig 4. 27 (E). UV- Vis spectra of textile Foron Terquoise Dye Control 

 

Fig 4.27 (F). UV- Vis spectra of textile Foron Blue Dye Control 
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Fig 4.28 (A). Comparative UV- Vis absorption spectra of textile dye Drimaren Red: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. nebrodensis) and 

Green Curve (Treated with immobilized laccase enzyme of P. nebrodensis) 

------

 

Fig 4.28 (B). Comparative UV- Vis absorption spectra of textile dye Drimaren Black: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. nebrodensis) and 

Green Curve (Treated with immobilized laccase enzyme of P. nebrodensis) 
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Fig 4.28 (C). Comparative UV- Vis absorption spectra of textile dye Drimaren Yellow: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. nebrodensis) and 

Green Curve (Treated with immobilized laccase enzyme of P. nebrodensis) 

 

Fig 4.28 (D). Comparative UV- Vis absorption spectra of textile dye Drimaren Terquoise: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. nebrodensis) and 

Green Curve (Treated with immobilized laccase enzyme of P. nebrodensis) 
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Fig 4.28 (E). Comparative UV- Vis absorption spectra of textile dye Foron Terquoise: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. nebrodensis) and 

Green Curve (Treated with immobilized laccase enzyme of P. nebrodensis) 

 

Fig 4.28 (F). Comparative UV- Vis absorption spectra of textile dye Foron Blue: Maroon 

Curve (Control); blue curve (Treated with Free enzyme of P. nebrodensis) and Green 

Curve (Treated with immobilized laccase enzyme of P. nebrodensis) 
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Fig 4.29 (A). Comparative UV- Vis absorption spectra of textile dye Drimaren Red: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. eryngii) and Green 

Curve (Treated with immobilized laccase enzyme of P. eryngii) 

 

Fig 4.29 (B). Comparative UV- Vis absorption spectra of textile dye Drimaren Black: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. eryngii) and Green 

Curve (Treated with immobilized laccase enzyme of P. eryngii) 
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Fig 4.29 (C). Comparative UV- Vis absorption spectra of textile dye Drimaren Yellow: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. eryngii) and Green 

Curve (Treated with immobilized laccase enzyme of P. eryngii) 

 

Fig 4.29 (D). Comparative UV- Vis absorption spectra of textile dye Drimaren Terquoise: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. eryngii) and Green 

Curve (Treated with immobilized laccase enzyme of P. eryngii) 
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Fig 4.29 (E). Comparative UV- Vis absorption spectra of textile dye Foron Terquoise: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. eryngii) and Green 

Curve (Treated with immobilized laccase enzyme of P. eryngii) 

 

Fig 4.29 (F). Comparative UV- Vis absorption spectra of textile dye Foron Blue: Maroon 

Curve (Control); blue curve (Treated with Free enzyme of P. eryngii) and Green Curve 

(Treated with immobilized laccase enzyme of P. eryngii) 
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Fig 4.30 (A). Comparative UV- Vis absorption spectra of textile dye Drimaren Red: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. sapidus) and Green 

Curve (Treated with immobilized laccase enzyme of P sapidus) 

 

Fig 4.30 (B). Comparative UV- Vis absorption spectra of textile dye Drimaren Black: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. sapidus) and Green 

Curve (Treated with immobilized laccase enzyme of P sapidus) 
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Fig 4.30 (C). Comparative UV- Vis absorption spectra of textile dye Drimaren Yellow: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. sapidus) and Green 

Curve (Treated with immobilized laccase enzyme of P sapidus) 

 

Fig 4.30 (D). Comparative UV- Vis absorption spectra of textile dye Drimaren Terquoise: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. sapidus) and Green 

Curve (Treated with immobilized laccase enzyme of P sapidus) 
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Fig 4.30 (E). Comparative UV- Vis absorption spectra of textile dye Foron Terquoise: 

Maroon Curve (Control); blue curve (Treated with Free enzyme of P. sapidus) and Green 

Curve (Treated with immobilized laccase enzyme of P sapidus) 

 

Fig 4.30 (F). Comparative UV- Vis absorption spectra of textile dye Foron Blue: Maroon 

Curve (Control); blue curve (Treated with Free enzyme of P. sapidus) and Green Curve 

(Treated with immobilized laccase enzyme of P sapidus) 
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4. 8. Evaluation of treated dye samples through quality assurance parameters 

4. 8. 1. Biochemical oxygen demand 

Biochemical oxygen demand is the amount of dissolved oxygen needed by aerobic biological 

organisms in a body of water to break down organic material. It can be considered as organisms 

in a body of water to break down organic material. It can be considered as an index of the 

organic quality of water. Both untreated and treated samples of synthetic dyes under study were 

analyzed to determine the value of BOD (mg/L). The results for BOD measurement of all dyes 

by different strains of Pleurotus are presented in the (Table 4.21). Significant decrease in BOD 

level was observed in all dyes samples treated with both free and immobilized enzymes. 

 

Table 4.21. Water quality parameter BOD evaluation of decolourized dye samples by three 

different strains of Pleurotus 

Dyes Pleurotus 

strains 

                                                         BOD (mg/L) 

Untreated                        Treated 

 With free Enzyme With Immobilized Enzyme 

Drimaren Red P. nebrodensis       223           32.17                 17.29 

P. eryngii       340          100.30                 16.18 

P. sapidus      210.99           48.11                 15.03 

Drimaren Yellow P. nebrodensis       354          115.01                 13.10 

P. eryngii        313           35.07                 13.99 

P. sapidus      228.32           50.12                 10.12 

Drimaren Terquoise P. nebrodensis       220           40.14                 12.01 

P. eryngii       210           37.21                 14.32 

P. sapidus      237.35           33.60                 14.01 

Drimaren Black P. nebrodensis       392           101.12                 16.08 

P. eryngii       228           25.10                 11.00 

P. sapidus     199.30           30.17                 17.80 

Foron Terquoise P. nebrodensis       233           33.76                 14.28 

P. eryngii       305          21.20                 12.01 

P. sapidus     331.07          29.13                 11.33 

Foron Blue P. nebrodensis      301          24.01                 10.36 

P. eryngii      236          20.15                 17.10 

P. sapidus      300.90          25.20                 13.01 
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4. 8.2. Chemical oxygen method 

Measurement of COD was performed in order to provide information about concentration of 

organic matter present in dyes samples after treatment with free and immobilized enzymes used 

in the present study. Both treated and untreated samples of dyes were analyzed to determine the 

value of COD (mg/L). The results for COD measurement of all dyes are presented in the table. 

Significant decrease in COD was observed in all samples treated with crude and immobilized 

enzymes (Table 4.22). The values of COD of treated samples were found to fell in permissible 

limits after treatmen which is 30 mg/L. 

 

 

Table. 4. 22. Water quality parameter COD evaluation of decolourized dye samples by 

three different strains of Pleurotus 

Dyes Pleurotus 

strains 

                                                         COD (mg/L) 

Untreated                        Treated 

 With free Enzyme With Immobilized Enzyme 

Drimaren Red P. nebrodensis       738.13           139.01                 44.31 

P. eryngii       670.13          145.01                 40.10 

P. sapidus      613.33           144.07                 30.09 

Drimaren Yellow P. nebrodensis       717.20          148.60                 38.20 

P. eryngii        636.15           133.10                 35.09 

P. sapidus      601.09           131.01                 40.11 

Drimaren Terquoise P. nebrodensis       660.12           115.30                 33.40 

P. eryngii       570.19           116.36                 47.80 

P. sapidus      555.01           146.10                 44.10 

Drimaren Black P. nebrodensis       615.01           109.16                 40.11 

P. eryngii       499.10           120.40                 38.11 

P. sapidus     545.11           135.22                 36.23 

Foron Terquoise P. nebrodensis       560.18           150.12                 39.12 

P. eryngii       423.10          125.11                 45.16 

P. sapidus     710.10          130.15                 38.01 

Foron Blue P. nebrodensis      510.19          130.10                 41.30 

P. eryngii      535.19          100.30                 38.01 

P. sapidus      405.60          125.77                 48.30 
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4. 8. 3. Total organic Carbon 

Untreated and treated samples of dyes were analyzed to determine the value of TOC (mg/L). The 

decolorization potential was evaluated by reduction in TOC of dye after treatment with crude and 

modified enzymes. A significant reduction in TOC was found for all treated samples (Table 

4.23).  

Table. 4.23. Water quality parameter TOC evaluation of decolourized dye samples by three 

different strains of Pleurotus 

Dyes Pleurotus 

strains 

                                                         TOC (mg/L) 

Untreated                        Treated 

 With free Enzyme With Immobilized Enzyme 

Drimaren Red P. nebrodensis       240.2           151.2                 55.2 

P. eryngii       607.10          99.30                 45.10 

P. sapidus      424.50           100.32                 45.30 

Drimaren Yellow P. nebrodensis       330.30          94.13                 56.05 

P. eryngii        633.09           80.10                 36.02 

P. sapidus      530.60           85.10                 40.13 

Drimaren Terquoise P. nebrodensis       425.10           61                 46.78 

P. eryngii       710.23           90.35                 51.30 

P. sapidus      701.14           78.13                 23.31 

Drimaren Black P. nebrodensis       500.23           51.15                 37.15 

P. eryngii       535.13           65.06                 39.40 

P. sapidus     680.19           63.09                 31.10 

Foron Terquoise P. nebrodensis       400.25           95.30                 29.39 

P. eryngii       700.20          89.77                 20.50 

P. sapidus     400.11          70.30                 37.80 

Foron Blue P. nebrodensis      413.36          90.72                 27.72 

P. eryngii      600.56          75.80                 28.10 

P. sapidus      550.10          59.01                 50.23 

 

4. 8. 4. Formaldehyde Test 

Both untreated and treated samples of dye were analyzed for formaldehyde content produced 

during degradation. It was observed that untreated dye samples contained relatively high amount 

of formaldehyde that was significantly reduced when treated with free and immobilized 

ligninolytic enzymes of three different strains of Pleurotus (Table 4.24).  After treatment very 

less amount of formaldehydes were found in the treated sample. 
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Table 4. 24. Water quality parameter formaldehyde evaluation of decolourized dye samples 

by three different strains of Pleurotus 

 

Dyes Pleurotus 

strains 

                      Formaldehyde (mg/L) 

      Untreated                        Treated 

Drimaren Red P. nebrodensis             3.7                          ˃1 

P. eryngii             4.4                          ˃1 

P. sapidus             6.4                          ˃1          

Drimaren Yellow P. nebrodensis             4.8                          ˃1 

P. eryngii             6.1                          ˃1 

P. sapidus             7.5                          ˃1 

Drimaren Terquoise P. nebrodensis             6.7                          ˃1 

P. eryngii             7.3                          ˃1 

P. sapidus             4.6                          ˃1 

Drimaren Black P. nebrodensis            5.6                          ˃1 

P. eryngii            3.10                          ˃1 

P. sapidus             8.1                          ˃1 

Foron Terquoise P. nebrodensis             7.2                          ˃1 

P. eryngii              9.1                          ˃1 

P. sapidus             4.8                          ˃1 

Foron Blue P. nebrodensis             9.0                          ˃1 

P. eryngii             8.2                          ˃1 

P. sapidus              6.2                          ˃1 

 

4. 9. Effect of Crude and Immobilized enzyme on Dyed cotton fabric 

The effect of crude and immobilized laccase enzyme by different strains of Pleurotus was 

checked to determine the effect of decolorization on dyed cotton fabric. In case of 2% dyed 

cotton fabric, maximum strength of dyed fabric reduced upto 50%, 45% and 51% when treated 

with crude enzyme extract of P. nebrodensis, P.eryngii and P. sapidus. While after treatment 

with immobilized laccase enzyme it was reduced upto 40%, 39% and 42%.In case of 4% dyed 

cotton fabric, the decrease in strength was observed upto 60%, 67% and 63% when treated with 

crude enzyme extract and 45%, 47% and 44% decrease in dyed fabric strength was observed 

when treated with immobilized enzyme. In case of 6% dyed cotton fabric a decrease in dyed 

cotton fabric was observed upto 68%, 70% and 71% was observed after treatment with crude 

enzyme and 50%, 55% and 53% was observed after treatment with immobilized enzyme by three 

different strains of Pleurotus (Table 4.25). 
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Table 4.25. Effect of crude and immobilized laccase enzyme on Dyed cotton fabric 

produced by selected strains of Pleurotus 

Different % age 

of Dyed jeans 

 

Treatment Type  

 

Effect of Enzyme treatment on dyed denim fabric 

               (% Decolorization) 

  P. nebrodensis  

 

P. eryngii  

 

P. sapidus  

 
2% Standard 

 

100 100 100 

With crude enzyme  

 

50 45 51 

With Immobilized 

Enzyme  

 

40 39 42 

4% Standard 

 

100 100 100 

With crude enzyme  

 

60 67 63 

With Immobilized 

Enzyme  

 

45 47 44 

6% Standard 

 

100 100 100 

With crude enzyme  

 

68 70 71 

With Immobilized 

Enzyme  

 

50 55 53 

 

Diverse biotechnological significance of laccase enzyme in different industries has led to a 

drastic increase in the demand for this enzyme in recent years. Ligninolytic enzymes including 

laccases are promising to replace the conventional chemical processes of several industries. 

Thus, this is a broad field of investigation that is almost entirely open to new findings for laccase 

enzyme production and its application in industries. The future work in this regard will be 

laccase immobilization to increase its thermostability, catalytic efficiency and resistance to 

chemical reagents and reusability. Moreover, immobilized laccase enzyme can be easily 

separated from reaction products. New designs and strategies regarding immobilization support 

material are still under research and there is tremendous amount of work yet to be done before 

industrial application. Easy separation of enzyme from product and reusability of enzyme are 

these two most considerable benefits which stimulate the interest in synthesis and preparation of 

immobilized enzymes. 
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CHAPTER # 5                                                          

                                                                 SUMMARY 

The present project was planned to investigate the potential of different strains of Pleurotus 

including P. nebrodensis, P. eryngii, P. sapidus, P. sajor caju and P. spodoecus for laccase 

enzyme production by SSF of six different lignocellulosic substrates like sugarcane baggase, 

banana stalk, corn cobs, corn stover, rice straw and wheat straw. Screening experiments were 

conducted to select the best laccase enzyme producer strains and best lignocellulosic substrates 

after 10 days of fermentation. P. nebrodensis, P.eryngii and P. sapidus were selected as best 

laccase enzyme producer strains after 6th and 8th days of fermentation on wheat straw and banana 

stalk, respectively. The crude enzyme extracts of P. nebrodensis, P. eryngii and P. sapidus were 

collected at optimum fermentation time and used for purification and characterization of laccase 

enzyme. Moreover, the enzyme extract from selected strains were used for immobilization and 

applied for bioremediation of textile dyes and bio-stoning of dyed denim jeans. 

Optimization for enhanced laccase enzyme production was carried out using response surface 

methodology RSM statistical techniques that provides a more accurate and precise means of 

designing the best medium. The components were varied according to central composite design 

CCD and the effects of independent variables including pH (A), temperature (B), Inoculum size 

(C), incubation time (D) and moisture (E) were investigated on the response of laccase enzyme 

produced by P. nebrodensis, P. eryngii and P. sapidus. The optimum conditions for laccase 

enzyme production by P. nebrodensis and P. sapidus were: pH 5, temperature, 300C, inoculum 

size, 4 mL, incubation time 114 h and moisture level, 50% and highest laccase enzyme activites 

were 171.63 U/mL and 281.62 U/mL. While the optimum conditions in case of P. eryngii were: 

pH, 3, temperature, 300C, inoculum size, 4 mL, incubation time, 144 h and moisture level 50% 

and laccase enzyme activity was 262.44 U/mL. 

After optimization of different factors through response surface methodology (RSM), the effects 

of carbon and nitrogen sources, C: N ratio, mediators and metal ions were on laccase enzyme 

production by selected strains of Pleurotus were also investigated under pre-optimized 

conditions. Addition of carbon and nitrogen sources increased the laccase enzyme production 

and combination of fructose (1%) and (0.2%) urea gave maximum laccase activity 179.17 U/mL 
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in case of P. nebrodensis. In case of P. eryngii and P. sapidus, increase in laccase enzyme 

activity 270.83 U/mL and 281.62 U/mL was observed with combination of glucose and peptone 

and glucose and urea. C: N ratio also play an important role in enhancement of laccase enzyme 

activity upto182.23 U/mL, 295.72 U/mL and 275.74 U/mL by P. nebrodensis, P.eryngii and P. 

sapidus. Mediators also enhanced the laccase enzyme production and maximum laccase enzyme 

activity 189.01 U/mL and 280.38 U/ mL was noted with 0.3 mL of 1mM veratryl alcohol and 

oxalate in case of P. nebrodensis and P.eryngii while in case of P. sapidus it was increased upto 

300.10 U/mL by addition of 0.2 ml veratryl alcohol. Among various metal ions used, best metal 

ions were CaCl2, CuSO4 and MgSO4 for maximum laccase enzyme activity upto 200.10 U/mL, 

299.10 U/mL and 310.12 U/mL. Results of optimized experiments indicated that different 

parameters like pH, temperature, inoculum size, incubation time, moisture content, inexpensive 

carbon and nitrogen sources, different C: N ratios, low molecular weight mediators and various 

metal ions have a significant influence on the growth of P. nebrodensis, P. eryngii and P. 

sapidus by affecting the laccase enzyme production. 

The crude enzyme extracts obtained from P. nebrodensis, P. eryngii and P. sapidus under 

optimum conditions using wheat straw and banana stalk were used for purification and 

immobilization. The crude enzyme extracts produced under preoptimized conditions were 

purified by ammonium sulphate precipitation, ion exchange chromatography and gel filtration 

chromatography. The four step purification protocol resulted in 3.47, 2.44 and 3.05 fold 

purification yielding laccase by P. nebrodensis, P. eryngii and P. sapidus. The purity of laccase 

enzyme produced by three strains of Pleurotus was confirmed by SDS-PAGE using low 

molecular weight protein markers relative to standard protein markers run parallel with the 

enzyme sample. The presence of single band 60 KDa, 65 KDa and 59 KDa on SDS-PAGE 

confirmed that the enzyme from three strains of Pleurotus was a monomeric protein composed of 

single polypeptide chain. 

The purified laccase enzyme from P. nebrodensis, P. eryngii and P. sapidus were then 

immobilized according to two immobilization methods. The relative catalytic activity and 

stability of immobilized laccase enzyme were examined at different conditions. The 

immobilization of laccase on to carriers was analyzed with energy dispersive X- ray (EDX). 

Immobilized and free laccase enzymes were characterized and evaluated by studying the effect 
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of pH, temperature and substrate concentration (Determination of KM and Vmax). After 

characterization the free and immobilized laccase enzyme was used for bioremediation of textile 

dyes and bio-stoning of denim fabric. From the findings of the study it was concluded that the 

immobilized laccase enzyme has good potential to decolorize the dyes as compared to free 

enzyme. While best dye removal from dyed denim fabric was observed in case of laccase 

enzyme extract. 

Characterization of textile dyes under study was made by analyzing the various parameters like 

BOD, COD, TOC and formaldehyde. It was observed that characteristic values of utreated dyes 

solutions were beyond the permissible limits set by the National Quality Standards (NQS) for the 

discharge into sewage treatment facilities. The removal efficiency in the level of BOD, COD, 

TOC suggests the use of laccase enzyme extracts for industrial scale bioremediation of textile 

dyes. In conclusion statistical experimental designs and response surface methodology are 

important tools to optimize the conditions for production of laccase enzyme and play important 

role in enhancement of laccase enzyme activity by considering various factors simultaneously. 
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