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ABSTRACT

Microorganisms are commonly used in biotechnological and environmental processes

through exploitation of their natural catalytic activities. An indigenous white rot fungus

Ganoderma lucidum IBL-05 was used for Lignin peroxidase (LiP) production using wheat

straw as lignocellulosic substrate in solid state fermentation (SSF). The SSF process for

LiP production was improved by optimizing some physical and nutritional parameters

at pre-optimized pH 4.5 and temperature 35oC. By optimization different physical and

nutritional factors, LiP production by the fungus was substantially enhanced and the

maximum LiP activity (1019.6 IU/mL) was obtained after 48h with Medium III, 60%

moisture level, 5mL inoculum size, glucose as and urea as a carbon and nitrogen source

in 15:1 C/N ratio, 1mL of 2mM Zn2+ as metal ion, 1mL of 4mM 4-MMA as LiP mediator.

Surfactants like Tween-80, Tween-20 and SDS suppressed LiP synthesis by G. luucidum

IBL-05.

LiP produced under optimum conditions was purified by 80% of ammonium

sulphate precipitation, dialysis, ion exchange chromatography and Sephadex G-200 gel

filtration chromatography to 6.4 fold to get 16.8 % yield and 2860.049 U/mg specific

activity. The purified LiP was run on SDS-PAGE to determine its molecular organization

and molecular mass. The presence of two bands (47 kDa and 28 kDa) on SDS-PAGE

confirmed that the enzyme was an oligomeric protein composed of two polypeptide

chains.

Immobilization of LiP using xerogels of different hydrophobicity enhanced its

activity as compared to free LiP. The enzyme entrapped in 1:5 P/T ratio gel was the

most active. Immobilized and free. The immobilized LiP showed optimum pH 3 and

optimum temperature 55oC while free LiP showed the same optimum pH 3 but

optimum temperature was 40oC. Immobilized LiP was more thermostable as compared

to free LiP. The Km values for free and immobilized LiP were 0.83 and 0.5 mM,

respectively and their respective Vmax values were 545.6 and 639.7 mM/min,

respectively. Immobilized LiP was more efficient decolorizer of selected textile dyes and

practical textile industry effluents.
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CHAPTER 1

INTRODUCTION

Fungi and aerobic bacteria take part in the degradation of cellulose and

lignin to low-molecular-weight products yield, some of which are further

metabolized by actinomycetes and facultative, resistant anaerobic soil bacteria

(Rolz et al., 1986). Basidiomycetes have outstanding abilities to adjust in the

adverse conditions of environment due to which it is considered as a very

appealing group of fungi which degrade the natural lignocellulosic material.

Basidiomycetes comprise of various ecological groups i.e. brown rot, white rot

and leaf litter fungi (Cho et al., 2009; Maciel et al., 2010). Basidiomycetes have

been extensively investigated (physiology, ecology) for their biotechnological

uses (Baldrian, 2003; Asgher et al., 2008). White rot fungi (WRF) have been

named so because of the bleached form of the wood attacked by these fungi

(Wesenberg, 2003).

Second most abundant and naturally synthesized heterogeneous and

aromatic biopolymer on earth is lignin. It is usually made of three precursors of

aromatic alcohols (coniferyl alcohol, sinapyl and p-coumaryl). These precursors

also form the subunits (guaiacyl- (G), syringyl- (S) and p -hydroxyphenyl (H),

respectively) in the lignin molecule (Martinez et al., 2005; Wei et al., 2009).

Composition of complex lignin structure depends upon these subunits ratios,

oxidation and coupling of these aromatic alcohols which are monomer in nature

and consequently differ between different groups of plants. That’s the reason

lignin (the non-hydrolysable part of wood) is considered highly resistant and

recalcitrant for its degradation (Wong, 2009). Hemicellulose and cellulose are

linked with each other through the lignin, as well as lignin play a key role as a
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barrier for any solutions or enzymes and also prevents the infiltration of

ligninolytic enzymes to the interior of lignocellulosic structure. Lignin is the most

challenging to degradation among the components of lignocellulosic material,

which is not, astonishing (Himmel et al., 2007; Sanchez, 2009). Although lignin

resists attack by most microorganisms, but WRF are able to degrade lignin

proficiently whereas, some other WRF efficiently work on lignin in a selective

manner (Abbas et al., 2005; Wong, 2009; Dashtban et al., 2010).

White rot fungi are eukaryotic microorganisms that can degraded the

cellulose and lignin by a fascinating developmental process of fruiting bodies

formation when grow on dead trees (Ko et al., 2001). These are the unique

microorganisms having exclusive complex enzymatic machinery for the

degradation of halocellulose components as a source of carbon and energy as

well as lignin removal, along with the removal of polysaccharides also occur

hence, total biomass breakdown usually occurs (Kirkand Moore, 1972; Revankar

and Lele, 2006). Under certain culture conditions WRF use lignin preferentially,

producing soluble monomers, breaking up the cellulose- hemicellulose matrix,

and making the solid, more susceptible to further enzymatic hydrolysis (Rolz et

al., 1986). WRF attack the lignin component of wood and leave the cellulose and

hemicellulose less affected. Those WRF that more preferably degrade the lignin

relatively than cellulose, are called selective degraders. Selective lignin degraders

are especially interesting from the perspective of biotechnological applications,

since they remove lignin and leave the valuable cellulose intact. Lignin

degradation is perhaps due to the secondary metabolism of these WRF and

typically under nutrient and nitrogen deficient conditions (Cabana et al., 2007).

Due to their enzyme systems, ability, efficiencies and selectivity of WRF also

reported for substrates dependent lignin degradation (Hatakka, 2001; Hofrichter,

2002).
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WRF are robust microorganisms, they can also survive even at a wide

range of pH and temperature that enhance their competence and, makes them

high tolerant to toxic environments as well as become ideal for bioremediation

purposes. There are some reasons due to which WRF gaining attractiveness in

the decontamination of pollutants as following (Hattaka, 1994): (I), extensive

variety of toxic xenobiotics compound mineralized by them. (II), they are

ubiquitously present in the natural surroundings. (III), they would be able to

oxidized substrates having low solubility as well as several pollutants by their

extracellular enzymes. (IV), these constitutive extracellular enzymes involved in

lignin degradation obviates the need (in most cases) for these organisms to be

adapted to the chemical being degraded. (V), the substrates are inexpensive and

easily available for the growth of WRF when added as nutrients to the

contaminated places. (VI), these extracellular enzyme are prevalent in many soils

for lignin degradation and also expressed even under suppress conditions of

nutrients. (VII), Due to their hyphal extension they can grow and reach easily on

the pollutant area where the bacteria cannot approach (Reddy, 1995).

WRF have the capability to produce the valuable biocatalysts because of

their extensive specificity to digest the substrates, by their extracellular (i.e.

peroxidases and laccases) enzymes and intracellular (i.e. cytochrome P450

system) (Cerniglia, 1997). This versatility play an important role in degrading the

broad range of xenobiotics and endocrine-disrupting chemicals (EDCs) (Cabana

et al., 2007; Blánquez and Guieysse, 2008; Sei et al., 2008; Marco-Urrea et al., 2008).

WRF are the most efficient basidiomycetes for biological pretreatment of

lignocellulosic materials (Sun and Cheng, 2002; Matui, 2009). In the course of

intensive study of WRF, it comes to know that they can produce extracellular

ligninolytic enzymes, having very low substrate specificity, which allow them to

mineralize a wide variety of recalcitrant xenobiotic compounds and

organopollutants, showing structural similarity with the lignin (Hofrichter,
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2002). White rot fungi secrete these extracellular ligninolytic enzymes (LiP, MnP

and laccase), H2O2-generating enzymes (Glyoxal oxidase and aryl alcohol

oxidase) (Vyas and Molitoris, 1995; Eggert and Eriksson, 1997; Chander and

Arora, 2007) in various combinations (Nerud et al., 1991; Hattaka, 1994). Purified

MnP and LiP have the capability to catalyze partial depolymerization of lignin in

vitro (Wariishi et al., 1991a; Hammel et al., 1993).

Wood-rotting fungi can be divided into 3 groups on the bases of their

ligninolytic enzyme systems (Hatakka, 1994): 1. LiP-, MnP- and laccase-

producing, 2. MnP- and laccase-producing and 3. LiP- and laccase-producing

fungi. These enzymes exhibit a non-specific biocatalyst mechanism and have

been used for bioremediation process to degrade reactive, azo, polymeric and

heterocyclic dyes (Forgacs et al., 2004; Baldrian and Snajdr, 2006). Prospection for

fungi proficient to secret high intensity of lignin-degrading enzymes and novel

enzyme variants, with enviable characteristics for biotechnological

implementation, is intended. On the other hand, substitutable low cost substrates

like agricultural wastes for enzyme production by solid state fermentation (SSF)

offer cost-effective and environmental advantages (Gomes et al., 2009).

Manganese peroxidase (MnPs) (EC 1.11.1.13) present in most WRF cultures.

The production of MnP is actually inadequate to some basidiomycetes and so

far. It has been reported that bacterium, yeast or mold, and also

myccorhiza-forming basidiomycetes are unable to produce these enzymes

(Cairney and Burke, 1998; Hatakka, 2001). Two ecophysiological groups of

basidiomycetes, wood-decaying fungi called white-rot and soil litter

decomposing fungi, secrete MnP mostly in multiple forms into their micro

environments (Dix and Webster, 1995; Steffen et al., 2000). Similar to LiP, MnPs

are glycosylated, heme containing enzymes that functionally require H2O2

(Jensen et al., 1996; Wesenberg et al., 2003) having molecular weight (MW) of 38

to 62.5 kDa, but most purified MnP enzyme has MWs about 45 kDa (Hatakka,
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1994, 2001; Hofrichter, 2002). These isoforms differ generally in their isolectric

points (pIs), which are mostly neutral, quite acidic (pH 3–4) and even less acidic

isoforms were also reported in certain fungi (Lobos et al., 1994; Urzua et al., 1995;

Heinzkill et al., 1998; Steffen et al., 2001).

MnPs are capable of oxidizing and depolymerizing natural and synthetic

lignin as well as entire lignocelluloses (milled straw or wood, pulp) in cell-free

systems (in vitro). In vitro depolymerization is enhanced in the presence of co-

oxidants such as thiols (e.g. glutathione) or unsaturated fatty acids and their

derivatives (e.g. Tween 80) (Hofrichter, 2002). If it become stabilized by

appropriate metal chelators secreted by fungi, Mn oxidizes Mn2+ to Mn3+, which

in turn may possibly attack on the phenolic structures of lignin (Zhang et al.,

2006; Kalmis et al., 2008). Chelates of Mn3- with carboxylic acids (e.g. lactate,

oxalate, malate, malonate and tartrate,) cause one-electron oxidations of various

substrates such as phenolic compounds and aromatic amines respectively

(Wariishi et al., 1992; Kishi et al., 1994; Hatakka, 2001). Chelates of Mn3- and

carboxylic acids (e.g. of oxalate or malonate) can react through one another and

are transformed to alkyl radicals, which go through successive spontaneous

reactions with dioxygen as a result other radicals (e.g. superoxide) are formed

(Kuan and Tien, 1993; Perez and Jeffries, 1996; Hofrichter et al., 1998). These

radicals are might be the source of peroxides that are produced during the

manganese peroxidases production via autocatalytical reactions and can be used

by MnP in the absence of external H2O2 (Hofrichter et al., 1998; Urzua et al., 1998).

Ziegenhagen et al., (2000) has been reported that MnP show properties of both an

oxidase and a peroxidase.

Laccases (EC 1.10.3.2, p-diphenol: dioxygen oxidoreductase) are blue

multicopper oxidases that catalyze the reduction of O2 to H2O and oxidize

aromatic amines (Bonugli-Santos et al., 2010). Laccase are highly glycosylated

having molecular weight of 50 to 100 kDa (Kunamneni et al., 2007) without
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carbohydrate moiety. It has high activity, pH stability and is optimally active

between 30-45°C (Hublik and Schinner, 2000). Laccases catalyze one-electron

oxidation of phenolic compounds with concomitant reduction of oxygen to

water. Laccases are usually secreted during the secondary metabolism of various

fungi growing on natural substrate or in submerged culture (Gayazov and

Rodakiewicz-Nowak, 1996; Gochev and Krastanov, 2007). Laccases play an

important role in lignification and delignification in nature.

Laccases are also widely used in many industrial processes and

environmental bioremediations, due to their broad substrate specificity. In the

presence of mediators such as, 1-hydro-xybenzotriazole (HOBT), N-hydro-

xyphthalimide (NHPI), and 2, 2 -azinobis-3-ethylthiazoline-6-sulfonat (ABTS),

laccase efficiency can be further enhanced for various recalcitrant non-phenolic

compounds substrates which cannot oxidize by laccase itself(Brijwani et al.,

2010). Commercial applications of laccases are found in the pulp and paper

industry, biobleaching, biosensing and beverage refining (Gavrilescua and

Chisti, 2005; Gochev and Krastanov, 2007; Madhavi and Lele, 2009). Laccases

have been applied in removal of a large number of environmental pollutants,

such as alkenes, chlorophenols, dyes, herbicides, polycyclic aromatic

hydrocarbons and benzopyrene (Gianfreda et al., 1999; Cuoto and Herrera, 2006).

In several fungal species role of laccase on the biodegradative mechanisms has

been reported (Archibald and Roy, 1992; Bourbonnais and Paice, 1992;

Leonowicz et al., 2001).

Lignin peroxidases (LiPs) (EC 1.11.1.14 (1,2-bis(3,4-dimethoxyphenyl)

propane-1,3-diol:hydrogenperoxide oxidoreductases, are extracellular

glycosylated heme proteins secreted during secondary metabolism in response to

nitrogen limitation and catalyze the H2O2 dependent one-electron oxidation of

variety of lignin-related aromatic structures (Kirk and Farrell, 1987; Christian et

al., 2005; Shrivastava et al., 2005; Asgher et al., 2008; Dashtban, 2010). LiPs also



8

play a central role in the lignin biodegradation (Piontek, 2001). LiPs are strongly

catalyze the H2O2-dependent oxidation of phenols (e.g. acteosyringone guaiacol,

catechol, syringic acid vanillyl alcohol), polycyclic aromatic hydrocarbons,

aromatic amines, aromatic ethers (Collins et al., 1997), depolymerization of a

various non-phenolic lignin compounds (diarylpropane) and β-O-4 non-phenolic

lignin like compounds. LiPs form intermediate radicals, such as phenoxy radicals

and veratryl alcohol radical cations when oxidize the substrates in a multi-step

electron transfers reactions. In enzymatic reactions these intermediate radicals

undergoes polymerization, radical coupling, side-chain cleavage, rearrangement,

demethylation and intramolecular addition (Figure 1.1). Non-phenolic aromatic

substrates are oxidize due to the unusually high redox potential of MnP and LiP

and do not require the involvement of mediators unlike the other peroxidises

(Wang et al., 2008; Wong, 2009).

The crystal structure of LiP molecule has demonstrated that the heme

group is embedded inside the protein and it can contact to the outer environment

through a channel. Although the size of the channel is not enough to tolerate the

large polymer lignin to access the heme group but small molecules of substrates

can find an appropriate binding site (Piontek et al., 2001). Moreover, some

bacteria (Acinetobacter calcoaceticus NCIM 2890 and Streptomyces viridosporus

T7A) also able to produce Lip (Gottschalk et al., 2008; Ghodake et al., 2009).

The success of development of fermentation process also often depends

upon the selection of suitable substrate. The substrate should be easily and

locally accessible in the excess amount that makes the whole process economical

and cost effective. This particular situation reveals the importance of agro-

industrial wastes. Moreover it has been estimated that about 3.5 billion tones of

agro-industrial wastes produced annually. This low cast material has a potential

for the microbial enzyme production through solid state fermentation which is

defined as the fermentation through solid substrates with low moisture contents
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or in the absence of free water (Robinson and Nigam, 2003; Murugesan et al.,

2006).

Fig. 1.1: Lignin degradation mechanism by ligninolytic enzymes of
basidiomycetes white rot fungi: the major steps and enzymes involved. Lac:
Laccase, LMS: laccases- mediator system, LiP; lignin peroxidase, MnP:
manganese peroxidase, VP versatile peroxidas, H2O2-GO: H2O2- generating
oxidases, AAO: aryl-alcohol oxidase, GLOX: gloxal oxidase, H2O2; hydrogen
peroxide AAD: aryl- alcohol dehydrogenases, QR: quinine reductases and OH:
free hydroxyl redicals.

In the literature most of the work reported on the production of

ligninolytic enzyme system their characterization and applications in

bioremediation through liquid state fermentation (LSF) (Barelay et al., 1995;

Kapich et al., 2004) but only few studies carried out on their production,

optimization and characterization through solid state fermentation (SSF)

(Rodriguez et al., 2001; Verma and Madamwar, 2002). Furthermore liquid state

fermentation could not provide the natural habitats of white rot fungi. In contrast
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SSF has the advantage of supporting the growth and metabolism of

microorganisms under moisture conditions (Pandey, 2003). Fungi take an

important part in solid state fermentation, through their hyphal growth, that

allows them efficiently to penetrate and colonize inside the solid substrate

(Pandey et al., 2000). They can also easily grow and develop their colonies on the

substrate having bound water or in the absence of free water (Tengerdy, 1985;

Peng and Chen, 2008).

Production of enzymes through SSF by using agro industrial residues

gained much attention in biotechnology because of their higher productivities

and less production costs (Pandey, 2000; Murugesan et al., 2007; Toca-Herrera et

al., 2009). Through this method innate microbiological course of action like

composting and ensiling can reproduces. To get a desirable product in a

controlled manner this natural process can also be applied in the industrial scale.

Ideally, almost all the known microbial enzymes can be produced under

SSF systems (Pandey et al., 1999). Since biotechnological applications have need

of the production of economical and huge quantity of enzymes, one of the proper

methods for producing enzymes is the utilization of the potential of agro

industrial residues/by-products. Several of them may contain large amount of

soluble carbohydrates and inducers that ensured the efficient production of

ligninnase enzymes of white rot fungi (Elisashvili et al., 2001; Rosales et al., 2002;

Reddy et al., 2003; Kapich et al., 2004; Songulashvili et al., 2007).

It has been reported that the type, variety, amount and quantity of

enzyme produced by wood rots fungi depends upon the nature and composition

of lignocellulosic substrates (Moredo et al., 2003; Sun et al., 2004). Agro-industrial

wastes are normally selected as substrates in growth media because of their

omnipresence nature, high biodegradability capability, and enriched of carbon as

a nutrient source, otherwise their discarding problems would leading to adverse
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environmental impacts. Literature reveals that many agro-industrial residues

used as a raw materials for the production of various value-added products

(Gassara et al., 2010). Usually, the enzymes production is very expensive and

agriculture raw material reduced into the 40–60% of the production charges. At

present it is accepted that the production of ligninolytic enzymes by using white

rot fungus through SSF is one of the most economical method (Iwashita, 2002).

A great number of lignocellulosic wastes (LCW) have been used as

substrates to produce enzymes. Some of them used as a SSF tool included

grapevine, trimmings dust, sugar cane bagasse, maize bran, rice bran, gram bran,

corncobs, wheat straw, wheat bran, rice straw, fruit peel, rice husk, sago hampas,

saw dust, banana waste, sweet sorghum pulp, tea waste, coconut coir pith,

cassava waste, sugar beet pulp, apple pomace, palm oil mill waste, peanut meal,

mustard oil cake, aspen pulp, coconut oil cake, cassava flour, corn flour,

rapeseed cake, steamed rice, wheat flour, steam pre-treated willow, soyhull and

corn straw starch. Nutritionally, the agro industry divided in to two categories of

residues: brans and fibrous residues (having high and low digestibility). Brans

include peanut, soy, rice and cotton Fibrous residues having high digestibility,

e.g., gluten bran, corn, soy husk, citrus pulp and brewing residues (barley), and

fibrous residues having low digestibility, e.g., peanut husk sugarcane bagasse,

soy straw corn, cotton straw, soy husk, cotton, huskcereal, and harvest leftovers

of forage grass seeds (Pandey et al., 1999; Graminha et al., 2008) etc.

Pakistan has a vast resource of the agrocellulosic waste including corn

cobs wheat straw, corn stover, sugarcane bagasse, rice straw and banana stalks.

Being wastes or by-products from agriculture production, these substrates are

available as low cost and are attractive raw materials for the production of

ligninases and cellulosic enzymes (Hofrichter et al 1999a; Hofrichter et al 1999 b;

Hofrichter et al 1999c).
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Ganoderma lucidum is a great biotechnological important white rot fungus,

having bioactive substances i.e some intracellular and extracellular

polysachrides. Additionaly, it also produces various oxygenated triterpenes

(particularly ganoderic acid). Due to which it has important Due to which  it has

a potential of important therapeutic properties to perform various biological

functions for example inhibition of cholesterol synthesis and absorption,

inhibition of histamine release, cytotoxicity to hepatoma cells, stimulation of

platelet aggregation and inhibition of thrombin-induced platelet aggregation

(Lorenzen and Anke., 1998; Shiao et al., 1994; Shiao, 2003 Fang and Zhong, 2002;

Sliva et al., 2002; Jian et al., 2004; Fujita et al., 2005).

It has been used as one of the most important and renowned conventional

medicinal Chinese herb and also a source of edible food in the Far East for more

than 2000 years (Jong and Birmingham, 1992; Fang and Zhong, 2002). The

extracts and  dried powder both from the fruiting body and mycelia, provide the

evidence about cure of chronic diseases and reduce the several cancer cells

growth (Han, et al., 1995; Lee et al., 1999; Sliva et al., 2002), remarkably,

hypertension (Mizuno et al., 1995; Fujita et al., 2005) diabetes, hepatitis, cancers,

AIDS (Paterson, 2006), bronchitis and nephritis (Kim et al., 1999; Yun, 1999;

Wasser and Weis, 1999). Researchers also reported the inhibitory affect on the

proliferation and migration of prostate cancer cells (Shiao et al., 1994; Jian et al.,

2004). These types of biomedical investigations have been conducted

predominately in Asia, Korea, Japan and the United States of America etc (Sone

et al., 1985; Adaskaveg et al., 1990; Mizushina et al., 1998; Paterson, 2006).

Over 250 Ganoderma species have been described worldwide, most of

them based on different and overlapping characters. Consequently, there are

many synonyms and several species complexes have been recognized. The genus

can be divided into two familiar groups: the Ganoderma Lucidum (Curtis: Fr.) P.

Karst and G. applanatum (Pers.) Pat. complexes (Gottlieb et al., 1998). The
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researchers have screened the species of G. lucidum for their abilities to degrade

the lignin. G. lucidum are important wood decay fungi occurring on conifers,

hardwoods and monocotyledonous species, many tropical perennial crops such

as oil, palm, coconut, betel palm, rubber, tea, coffee, coca and forest and

ornamental trees (Miller et al., 1995; Gottlieb et al., 1998).

Due to its exclusive LMES G. lucidum is considered as an extraordinary

organism which can degrade the lignin to carbon dioxide and water (Paterson,

2007). Asgher et al., (2010) has investigated the novel strain of G. lucidum IBL-06

for the production of ligninolytic enzyme system. Moreover, the preliminary

studies showed the presence of LiP gene homologus sequences in the genomic

DNA of several genera of wood rot fungi (Sambrook et al., 1989). The selection of

the G. lucidum strain is based on its rapid growth rate and on solid media which

is associated with the degradation of wide variety of hard woods (Horvath et al.,

1993). Recently, however different strains of Ganoderma have been used in

bioremediation studies and for the production of lignolytic enzymes (Paterson,

2006; Murugesan et al., 2007).

Immobilization of enzymes describe as “a deliberate restriction and

mobility of the enzyme", due to which mobility of the solutes can also be

effected. Or in other words when enzyme covalently attached to a solid substrate

matrix it remains active for its substrates but cannot move is called

immobilization. The catalytic properties and thermostability of enzyme can be

improved via the use of different immobilization techniques and reaction

conditions (Nawani et al., 2006).

For immobilization of enzyme four classical methods are usually in

practice such as adsorption, covalent attachment to insoluble supports,

crosslinking with bifunctional reagents and entrapment in polymeric matrices

(Asther and Meunier, 1993). A number of studies indicate the great no of
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important factors that can influence the immobilization, but at least three factors

such as protection of nonspecific adsorption of coexisting proteins on the solid

substrate, orientation control and conformation retention of the proteins being

immobilized should be considered in the development of controlled

immobilization methods (Nakanish et al., 2008).

Immobilization of free enzymes provide the stable catalysts with long life

times on an insoluble supports has valuable practical applications with a positive

effect on the process economy owing to its convenience in handling, easy

separation from a reaction mixture of enzymes, improve biocatalysts stability

and reusability that can facilitate the desired products in a continuous operations

(Bouchholz et al., 2005; Jarzeebski et al., 2007). After immobilization of enzyme,

its pH and thermo stability is enhanced and it becomes more resistant to

degradation, denaturation and aggregation (Amorim et al., 2003; Phadtare et al.,

2004; Huang et al., 2008; Vaidya et al., 2008). By considering it lignin modifying

enzymes system (LMEs) are effectively removing the color and phenolic

compounds over broad ranges of temperature and pH with the help of specific

redox mediator oxidation (Kunamneni et al., 2007). To get high catalytic

performance of an immobilized enzyme, the support should be biocompatible.

Due to which the enzymes become more available to substrates and cofactors for

biosensing and biocatalytic application (Shabat et al., 1997).

Porous inorganic material has high rigidity and stability toward light,

chemistry and biodegradation as well as negligible swelling give it importance

and valuable attraction recently as a support material for the immobilization of

enzymes (Takahashi et al., 2000; Wang et al., 2001; Darder et al., 2006; Deere et al.,

2002; Qiu et al., 2009)

Immobilized enzymes have application in a wide array. Now a day’s

immobilized enzymes are also gaining the importance in biotechnology,
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chemical synthesis, and pharmaceutical industry. As well as immobilized

enzymes have application in bioreactors, and these reactors make possible the

screening of enzyme inhibitors, for their complete characterization of binding

interactions and mechanism of reaction. Immobilized enzyme reactors have

importance for the protein digestion in proteomic research because through

proteolysis, study of primary structure of proteins, and investigation of

posttranslational modifications for example phosphorylation, glycosylation,

methylation, etc make it in approachable (Bartolini et al.,2007; Kawakami et al.,

2007; Delattre et al., 2008 ; Krenkova and Svec, 2010).

When enzymes are immobilized, they might be stable, most robust and

proficient for working in a various circumstances (Verdine et al., 2004). For the

immobilization of enzymes although numerous approaches exist, but the science

of enzyme immobilization is in its development phase (Aucoin et al., 2004).

Xerogels for enzyme immobilization has taken considerable interest and used as

a tool for immobilization (Asgher et al., 2006). Xerogels has several benefits for

the enzyme immobilization, they are capable to produce the enzyme in their

distinct form as well as have the ability to manipulate their optical and physical

properties (hydrophobicity and porosity etc (Aucoin et al., 2004). In most of the

cases examined, by the addition of propyl groups, xerogel hydrophobicity would

be increased due to which the hyperactivation and thermostabiliztion of

enzymes would be possible (Reetz et al., 1996, 2000; Chen and Lin, 2003; Aucoin

et al., 2004; Asgher et al., 2006).

LiP enzyme has a biotechnological importance because of its extensive

applications in many fields such as

 In the delignification of lignocellulosic residues that are assumed to be

asubstitute of the diminishing oil resources (Harley et al., 1998).
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 Conversion of coal to low-molecular-mass, which consumed for the

production of many chemicals as a feedstock (Catcheside and Ralph,

1999).

 In the paper industries used in biobleaching and biopulping (Eriksson and

Kirk, 1994).

 In the removal of xenobiotic and recalcitrant noxious wastes or organic

pollutants from the environment (Bumpus et al., 1985; Kwant and Chang-

Jin 1998; Marwaha et al., 1998; Cenek et al., 2004; Levin et al., 2004).

 In the polymer industries for the polymerization of enzymes (Uyama and

Kobayashi, 1999).

It is important to know about the biotechnological application of LiP, the

researchers have started the study of LiP enzyme obtained from local fungal

strains (Shanmugan et al., 1996; Shanmugan et al 1997; Kumari et al., 2002). The

present project was designed out with the following hypotheses and objectives.

Hypotheses:

i- Locally isolated Ganoderma lucidum strain is expected to yield high level of

lignin peroxidase in solid state fermentation that can be further enhanced

through process optimization.

ii- Immobilization is expected to cause hyper-activation and thermo-

stabilization of lignin peroxidase to make it an effective biotechnological

catalytic agent in different industries.

Aims & Objectives:

i- Production of LiP from Ganoderma lucidum during, solid state

bioprocessing of lingo cellulosic agricultural residues.
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ii- Optimization of the production process for economical production of high

activities of LiP.

iii- Immobilization of purified LiP in hydrophobic gels.

iv- Characterization of native and immobilized LiPs through kinetic and

thermostability studies to investigate their suitability for use in industrial

process.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Ganoderma lucidum

The G. lucidum species is largely distributed among the white rot fungi,

flourished in both moderate and hot regions which is associated with the

degradation of a wide variety of woods (Adaskaveg et al., 1990; D’Souza et al.,

1999; Coelho et al., 2010). During the last decades, species of the genus Ganoderma

have taken an important place in various studies because they produce

numerous biologically active compounds of medicinal and pharmaceutical

importance (Berovic et al 2003; Coelho et al., 2010; Stajic et al., 2010). Ganoderma

species are often used in plant pathology research investigations because they

are pathogens of several arboreal species (Silva et al., 2005; Stajic et al., 2010).

G. lucidum has been given for the cure and prevention to several human

beings in diseases conditions in all over the world especially in Asian, China and

many other countries (Lin, 2001; Shiao, 2003; Lu et al., 2004). Methanol extracts of

Ganoderma lucidum are inhibitory to reductase activity and have useful

ingredients for the treatment of benign prostatic hyperplasia (BPH), in castrated

rats it strongly inhibit the testosterone-induced growth of the ventral prostate

(Fujita et al., 2005). Gottlieb et al., (1998) identified dikaryotic isolates of

Ganoderma, morphologically determined as G. adspersum, G. annulare, G.

applanatum, G. brownii, G. lobatoideum, G. lobatum, G. lucidum, G. oerstedii, G.

resinaceum, and G. tornatum by horizontal PAGE for eight enzymatic activities, to

evaluate the relation among the specific taxa by analyzing numerically the

isoenzymatic patterns.
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One of the most significant characteristics of Ganoderma species is

associated with the use of its ligninolytic potential (Silva et al., 2005). Although,

Ganoderma species considered as medicinal mushrooms and due to this aspect

they are comprehensively studied (Jong and Birmingham, 1992) but little is

known about their ligninolytic systems (Mikiashvili et el., 2004; Songulashvili et

al., 2007). Ganoderma lucidum (Curt.Fr.) Karst., synthesizes three extracellular

ligninolytic enzymes: lignin peroxidase (LiP), lacasse and Manganese peroxidase

(MnP) (Asgher et al., 2008; Songulashvili et al., 2011). Now a day, their

ligninolytic enzyme system presents an important area of interest, with the goal

of understanding the types and characteristics of produced enzymes, as well as

possibilities of their applications in various biotechnological and industrial

processes (Stajic et al., 2010). Due to the capability of producing these enzymes,

G. lucidum is able to modify and degrade lignin, lignin model compounds,

aromatic organic compounds and xenobiotics including dyes (Muregesan et al.,

2009; Chathon et al., 2011; Chathon et al., 2012).

The ligninolytic enzymes production varies among WRF species, and even

among strains of same species depends on their physiological demands. The

potential of G. lucidum and its enzymes in bioremediation process still needs a

full attention to explore its characteristics. Lignocellulolitic potential of crude

enzyme extracts gained by Ganoderma applanatum using wheat straw as the

lignocellulosic substrate through SSF has also been reported Ganoderma lucidum

has been found to produce ligninolytic enzymes due to its rapid growth rate

during decolourization of poly R-478 (D´souza et al., 1999).

2.2 Lignin Modifying Enzyme System (LMES)

2.2.1 Lignin peroxidase (LiP)

Lignin peroxidases [EC 1.11.1.14, 1, 2-bis (3, 4-dimethoxyphenyl) propane-

1, 3-diol: hydrogen- peroxide oxidoreductase] catalyze the H2O2-dependent
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oxidative depolymerization of lignin (Tien and Kirt, 1983; Hammel et al., 1993;

Wong, 2009). The overall reaction scheme is presented as following:

1,2-bis(3,4-dimethoxyphenyl) propane-1,3-diol + H2O2 ⇌ 3,4-

dimethoxybenzaldehyde+1-(3,4-dimethoxyphenyl)ethane- 1,2-diol + H2O.

LiP is extensively studied enzyme that can be used in various

bioremediation processes as well as in pulp and paper industry (Mester and

Tien, 2000). LiP is an extracellular ligninolytic enzyme produced by WRF like

other ligninolytic enzymes. Firstly and mostly investigated LiP was produced by

Phanerochaete chrysosporium (Tien and Kirk, 1983). It is reported that the most

abundant LiP isoenzymes (LiP H2 (pI = 4.3) and LiP H8 (pI = 3.7) were secreted

by agitated cultures of P. chrysosporium (Podgornik et al., 2001). LiP is one of the

nonspecific extracellular enzymes towards its substrates having high redox

potential about 1.4 V (vs. ordinary hydrogen electrodes). If the hydrogen

peroxide is present then it can easily oxidize the phenolic aromatic compounds,

different lignin like substrates i.e. non-phenolic compounds and wide variety of

organic substances (Valli et al., 1990). The LiP activity can be easily detected at

310 nm by the increase in absorbance when the oxidation of veratryl alcohol (3,4-

dimethyoxybenzyl alcohol) a natural substrate of LiP to veratraldehyde (VAD)

an aldehyde formation in the presence of H2O2 has been occur by the LiP (Wong,

2009).

Molecular structure

In 1983, Lip was 1st time exposed in Phanerochaete chrysosporium and since

then it has been under intensive consideration for further studies. Various

isoforms of LiP are reported to be present within the Phanerochaete chrysosporium

as well as in a numerous other WRF. The LiP isozymes are glycoproteins in

nature having molecular weight of 38–46 kDa, with 3.2–4.0 pI value. LiP has
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distinguishing characteristics of optimum low pH (~ pH 3). The LiP enzyme has

1 mol of iron protoporphyrin IX per mole of protein. Detailed crystalline

structure of LiP obtained from Phanerochaete chrysosporium has been explained in

many preliminary studies (Edwards et al., 1993; Poulos et al., 1993; Choinowski et

al., 1999; Blodig et al., 2001). The enzyme is a globular protein with a dimension

of 50 × 40 × 40 Å comprised of a proximal (C-terminal) and distal (N-terminal)

domain (Fig. 2.1a). The heme is embedded in a cleft between the two domains,

but is accessible from the solvent via two small channels (Fig. 2.1b).

(a) (Pointek et al., 2001) (b) (Poulos et al., 1993)

Fig. 2.1: Crystal structure of LiP produced by P. chrysosporium (Pointek et al.,
2001; Poulos et al., 1993).

The LiP has eight Cystein residues, all forming intrachain disulfide

bridges. There are two calcium-binding sites, one in each domain, with possible

function of maintaining the integral conformation and topology of the active site.

The enzyme is N-glycosylated at Asn257, and O-glycosylated at Ser334 and

Thr320, all clustered are present at the upper portion of the proximal domain.

The carbohydrate chains may play a significant role in the protection of the C-

terminal peptide from proteolysis. The heme iron is predominantly high spin,
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penta coordinated with His176_Nε2 at the proximal side as the fifth ligand, and

Wat339 H-bonded to the distal His46_Nε2 (Wong, 2009). The heme–porphyrin is

non planar, with the iron displaced 0.1 Å toward the distal His residue (Fig. 2.2).

The Catalytic Cycle of LiP

Several aspects of LiP catalytic cycle are mostly comparable with

horseradish peroxidase and many other peroxidases (Wong, 1995). The universal

catalytic mechanism of LiP is a two step process (Renganthan and Gold, 1986):

(1) A 2e− oxidation of the native ferric enzyme [Fe(III)] to yield compound I

intermediate that exists as a ferry iron porphyrin radical cation [Fe(IV)=O•+, LiP-

I], with the peroxide substrate (H2O2) cleaved at the O–O bond (Fig. 2.3).

Fig. 2.2: The heme iron environment in lignin peroxidase (Wong, 2009).
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Fig. 2.3: Catalytic cycle of lignin peroxidase (Wong, 2009).

A two consecutive 1e− reduction of LiP-I by electron donor substrates to the

native enzyme. The first 1e− reduction of LiP-I by a reducing substrate, such as

VA, yields compound II [Fe (IV) =O, LiP-II] and a VA radical cation (VA•+). A

second 1e−reduction returns the enzyme to the ferric oxidation state, completing

the catalytic cycle. LiP-I can also return to the native (resting) enzyme by a direct

2e− reduction in some cases.

The reaction of LiP-I with a reducing substrate to form LiP-II is pH

dependent, the rate of reaction decreased as with pH increases (Tien and Kirk,

1984; Marquez et al., 1988). When VA is used as a substrate, the rate of reaction

decreases significantly with the increase of pH. The consequent conversion of the

second molecule of reducing substrate with the help of LiP-II  to reproduce the

native enzyme is also depend upon the pH but the rate of reaction is
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comparatively slower. It came’s to know that reduction of LiP-I and LiP-II is a

pH dependent process but the formation of LiP-I is relatively at optimum low

pH. Investigation of crystalline structures of LiP recommends that active site

channel and heme access channel aperture are very little and inaccessible for

reducing substrates, for example veratryl alcohol (VA), but direct interaction

with the ferryl oxygen (Poulos et al., 1993; Choinowski et al., 1999). Site-directed

mutagenesis studies suggest the contribution of Trp171 and Phe267 residues are

required in the binding and oxidation of substrate e.g. VA (Gelpke et al., 2002;

Johjima et al., 2002). Conversely in a solution, LiP molecule stimulated and

recommends the occurrence of deformation and amplification of the access

channel that can make easy the progress of small natural substrates molecules

toward the active site (Gerini et al., 2003).

At pH 3.0, compound III (a catalytic inactive form of the enzyme) is

formed when LiP-II reacts with H2O2 if it is present in surplus amount but

reducing substrate is in deficient amount (Cai and Tien, 1992). The heme of LiP-

III exists as a ferric-superoxo complex [Fe (III) O2•-]. LiP-III can be converted to

the resting enzyme by spontaneous autoxidation or by oxidation with a VA

radical cation through the displacement of superoxide from the active site (Barr

et al., 1994).

Veratryl alcohol (VA, 3, 4- dimethoxybenzyl alcohol), is considered to be a

physiological substrate of LiP which is also produced simultaneously as LiP

secreted by the WRF and along with other analogous species when the lignin

degradation is in process (Rabinovich et al., 2004). Veratryl alcohol cation radical

VA•+ are produced by one-electron mechanism when LiP oxidize the VA

(Godwin et al., 1995; Cameron et al., 2000). Hence LiP creates a powerful diffusing

oxidant that has the capability of oxidation of secondary substrates for example

lignin and polyphenolic compounds, and their free-radical de-polymerisation
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also initiated. Additionally LiP can directly oxidize lignin and lignin like

compounds demonstrating that long-range ET have to occur at the exterior of the

enzyme in the lack of any soluble mediator. Yet, it is still uncertain whether there

are multiple substrate-binding sites that may take part to the wide substrate

specificity of LiP (Ferapontova et al., 2006).

2.2.2 Manganese peroxidases

Manganese peroxidases belong to the family of oxido-reductases

(Martínez 2005; Hammel and Cullen, 2008). Followed by the finding of LiP in P.

chrysosporium, MnP is an extracellular ligninolytic enzyme and also secreted from

the same fungus as other ligninolytic enzyme were produced during the

degradation process (Glenn and Gold, 1985), and consequential researches have

revealed that MnP is present nearly in  all WRF. MnP appear to be most

extensively present among the WRF than the LiP (Hammel and Cullen, 2008). It

oxidized Mn2+ to Mn3+ (Fig. 2.4) which can furter oxidized the phenolic

compound to phenoxyl radicals (Hofrichter, 2002). As a result Mn3+ is formed

that is highly reactive and formed complex with chelating organic acid, such as

oxalate or malate, these organic acid are also produced during the secondary

metabolism of the fungus (Kishi et al., 1994; Galkin et al., 1998; Makela et al.,

2002).

The redox potential of the manganese peroxidase system is lesser than

that of LiP and it has shown in vitro capability to oxidize preferable phenolic

compounds as a substrates. Conversely, many studies have suggested that

contrary to LiP, MnP can oxidize Mn (II) without the addition of H2O2 with

breakdown of acids, and resultant yield of peroxyl radicals that might be

influenced on lignin structure (Hofrichter et al., 1999).
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Fig. 2.4: Catalytic mechanism of MnP (Urzua et al., 1998)

MnP oxidizes Mn2+ to Mn3+ that become stable by organic acid chelators

like malonate, oxalate and glyoxylate so that they play a role as a low molecular

mass, diffusing, and redox mediators. Thus facilitating, it attack nonspecifically

on organic molecules through H2and one electron removal. The organic acids

also make possible the liberation of Mn (III) from the active site of the enzyme.

The one electron oxidation of Mn (II) to Mn (III) is a multi step reaction cycle as

shown below:

MnP + H2O2 → MnP compound I + H2O

MnP compound I + Mn (II) → MnP compound II + Mn (III)

MnP compound II + Mn (II) → MnP + Mn (III) + H2O
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2.2.3. Laccases

Laccases (benzenediol: oxygen oxidoreductase) are extracellular

ligninolytic multicopper blue oxidases (Hoegger et al., 2006; Alcalde, 2007). These

copper-containing enzymes catalyze the oxidation of different compounds

through reduction of O2 to H2O simultaneously (Yaropolov et al., 1994; piontek et

al., 2002). In 1883, Yoshida 1st ly exposed laccases after studying that latex from

the Japanese lacquer tree (Rhus vernicifera) harder in the present of air (Call and

Mücke, 1997; Gianfreda et al., 1999). In view of the fact laccase activity was

observed in many other plants, few bacteria and some insects (Kramer et al. 2001;

Claus, 2003; Claus, 2004; Dittmer et al., 2004). However, mostly fungal laccases

were found among the different microorganisms, moreover through fungal

source of laccases have biotechnological importance than the others (Kalmiş et al.,

2008). Perhaps in 1897 from Laborde first report was come about the existence of

laccase in the fungi (Mayer and Harel, 1979). Over 60 fungal strains belonging to

the phyla Ascomycota, Zygomycota and particularly Basidiomycota produced

laccase (Kiiskinen et al., 2004; Baldrian, 2006).

The catalytic site of laccase is relatively specific with in diverse fungal

species, however the reaming part of enzyme structure is highly diverse (Gochev

and Krastanov, 2007). Laccases produced from Fungi are generally extracellular,

monomeric glycoproteins having 10-20% carbohydrate components that might

be participate in the induction of laccase and enhance its stability (Mayer and

Staples, 2002). The amino acid chain consist of approximately 520-550 amino

acids residues including an N-terminal secretion peptide (Gianfreda et al., 1999).

Laccases are multinuclear enzymes that are powerful oxidizers of a wide

range of substrates, most likely phenolic substances (Bertrand et al., 2002; Piontek

et al., 2002). Presence of mediators like ABTS, broadens their substrate range and

mediators make them capable of oxidizing substances having their high redox

potential. Contrary to LiP and MnP laccase has no need of H2O2 to oxidize its
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substrates. The active site of each laccase molecule has four copper ions: one

type-1 (T1), one type-2 (T2) and two type-3 (T3) coppers. The two copper ions at

T3 site are antiferro-magnetically coupled. The T2 and T3 sites are arranged in a

unique trinuclear cluster that is capable of binding oxygen, the final electron

acceptor in the catalytic mechanism (Fig. 2.5).

Fig. 2.5: Catalytic cycle of a laccase-mediator oxidation system (Kunamneni et

al., 2007).

2.3. Production of ligninolytic enzymes

White rot fungi are well recognized producers of lignocellulolytic enzymes,

including lignin-modifying enzymes, hemicellulases, and cellulases but lignin

degradation are performed by them more proficiently than any other groups of

microorganisms (Shabtay et al., 2009; Zhu et al., 2011). However, most WRF not

only degrade lignin, but also degrade cellulose leading to significant cellulosic

losses, which can be minimized by selecting ligninolytic fungi that do not

produce significant activities of cellulases (Sharma and Arora, 2010).

WRF have been used for producing lignocellulolytic enzymes in submerged

as well as solid state cultures using different unrefined agricultural residues

(Bisaria et al., 1997; Niladevi et al., 2007; Arora and Sharma, 2009; Zeng et al.,

2011). SSF resemble with natural habitats of fungi and produces the natural

environment for optimum fungal growth. This natural process can be utilized on
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industrial scale under controlled pH, temperature and moisture conditions to

produce a desired product in higher quantities. The trend towards the SSF as a

useful tool for production of different enzyme by fungi is shown in table 2.1.

Table 2.1: History and development of Solid state fermentation

Period Development

2,600 BC* Bread making by Egyptians

BC in Asia (recorded
history 1,000 BP**)             Cheese making by Penicillium roqueforti

2,500 BP Fish fermentation/preservation with sugar, starch, salts,
etc.

7th Century                        Koji process from China to Japan by Buddhist priests

18th Century                         Vinegar from pomace, Gallic acid used in tanning, printing,
etc

1860-1900                               Sewage treatment

1900-1920                              Fungal enzymes (mainly amylases), kojic acid

1920-1940                              Fungal enzymes, gluconic acid, rotary drum fermenter, citric
acid

1940-1950                              Fantastic development in fermentation industry-Penicillin
production

1950-1960                          Steroid transformation by fungal cultures and SSF

1960-1980                         Production of mycotoxins, protein enriched feed

1980-present Various other products like alcohol, gibberellic acid, ligninolytic
enzymes

*BC, Before Christ **BP, before present (Pandey, 1992).
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Lignocellulose is the most important constituent of plant biomass, which

considered as a most plentiful renewable organic resource (Villas-Boas et al.,

2002). Approximately half of the agricultural lignocellulose residues (123×106

tons per year) are not properly utilized. It presents major environmental

pollutant through fermentation that can be converted in to numerous important

products (Sánchez, 2009; Simonic et al., 2010). Biotechnological processes are

required to convert lignin to clean or reduce the environmental damage from

these lignocellulosic waste residues as well as causes of cost-effective energy

production and many other useful resources. Ligninolytic enzymes production

from the lignocellulosic residues is considered as a valuable source of substrates

(Niladevi, 2009).

The recent development for production of indigenous ligninase enzymes

according to the demands of local industrial sectors is to consume all such

accessible lignocellulosic wastes. The basic purposes and great importance of

using the agro-industrial wastes for enzymes production are following, 1: this

method facilitates the recycling of agro residues as well as reduces the troubles of

their dumping, 2: the enzymes production from the agro wastes is capable of

developing many industrial applications (Sousa and Correia, 2010).

Greater part of the human population considered wheat as a valuable

staple food and therefore its cultivation is worldwide as a cash crop. Wheat

straw is the stem and leaf parts of the wheat plants that are followed by the

harvesting of grains. Wheat straw contains nearly 31% hemicelluloses, 7% lignin

and 36% cellulose (Niladevi, 2009) and has gross energy for the production of

different enzymes and ethanol. It contains certain amount of soluble

carbohydrates and inducers, necessary for the enzymes production (Morgan et

al., 1993; Mckean and Jacobs, 1997; Hofrichter et al., 1999a), and therefore appears

as a perspective substrate for lignolytic enzymes production. Wheat straw

considered as to be one of the greatest sources of substrates used by numerous
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fungi through SSF for the extracellular ligninolytic enzymes production (Vares et

al., 1995; Berrocal et al., 1997; Arora et al., 2002; Niladevi, 2009).

Ligninnase enzymes production has been extensively studied in

submerged and solid-state cultures using low-cost lignocellulosic substrates as

shown in the Table 2.2.

The ligninolytic enzyme production by G. lucidum is very much

dependent on the nature and composition of lignocellulosic growth substrate.

Although wood is the natural substrate for G. lucidum, that causes extensive

delignification of hard and soft woods, yet  majority of the work reported on

LMEs production by WRF have been performed in defined media (Kirk and

Farrell, 1987; Boominathan and Reddy, 1992). However, LME production when

WRF are grown in wood-containing medddia could be substantially different

from that in defined media (Fukushima and Kirk, 1995; Srinivasan et al., 1995;

Schlosser et al., 1997).

Ganoderma lucidum 447 was grown on corn bran, soy bran, wheat bran,

banana stalk, mandarin peels, kiwi fruits, fruits, chicken feathers and wheat

grains, in submerged fermentation but from soy bran and wheat bran highest

laccase activity was reported through LSF cultures (Songulashvili et al., 2007).

The activity of MnP was noted only in cultures containing poplar as substrate

but not in pine cultures which also suggesting that there may be few particular

substances  appeared during the fermentation process by using wheat bran, MP

and poplar as a substrates that may have triggered MnP production by G.

lucidum.
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Table 2.2: Production of ligninolytic enzymes from agro-industrial residues

Substrates Lignolytic

enzymes

References

Bagasse MnP,  LiP,

laccase

Pal et al., 1995; Pradeep and Datta, 2002, Carillo et al., 2003;

Alam et al., 2009
Coffee pulp Laccase, MnP, Marnyye et al., 2002 ; Niladevi et al., 2007

Wheat bran Laccase, MnP,

LiP

Papinutti et al., 2003 ; Revankar et al., 2007; Bonugli -Santos,

2010
Wheat straw Lip, MnP,

laccase

Vares et al., 1995; Berrocal et al., 1997; Schlosser et al., 1997;

Manpreet sawraj, 2005; Stajic et al., 2010; Simonic, 2010 ;

Kanwal and Reddy, 2011
Rice straw Laccase Niladevi et al., 2007; Kanwal and Reddy, 2011

Orange peelings Laccase Rosales et al., 2007

Olive Pomace LiP Haddadin et al., 2002; Alam et al., 2009

Banana Skin Laccase Osma et al., 2007

Rice bran Laccase Chawachart et al., 2004

Barley bran LiP, Laccase Lorenzo et al., 2002;  Moldes et al., 2004.

Grape seeds Laccase Lorenzo et al., 2002; Couto et al., 2006; Alam et al., 2009

Kiwi friut waste Laccase Rosales et al., 2005; Niladevi, 2009

Oak Saw dust Verstile

peroxidase

Bonugli -Santos, 2010

Rice husk LiP Roushdy et al., 2011

Corn stover Laccase, LiP,

MnP

Zhu et al., 2011

Banana stalk Laccase, LiP,

MnP

Irshad and Asgher, 2011

Yellow passion

fruit waste

laccases, Zilly et al., 2012

Wheat bran Laccase Ozmen and Yesiada, 2012

Pomelo peel

banana peel

Laccase Ding et al., 2012
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The presence of wheat bran in the culture medium also stimulates the

ligninolytic enzyme production by Ganoderma sp. GASI3.4 (D’Souza et al., 1999).

Simonic et al., (2007) screened ten strain of G. lucidum (HAI 109, HAI 657, HAI

626, HAI 447, HAI 246, HAI, 611, HAI 158, Ik-1, Ik-2 and Ik-3) for ligninase

production in SSF. The maximum laccase activity was found with the strain G.

lucidum HAI 957 using corn stem as a substrate whereas, the highest MnP

activity was noticed with strain HAI 246 G. lucidum using wheat straw as a

substrate during fermentation process followed by maximum versatile

peroxidase production by strain HAI 957 in oak sawdust solid state cultivation.

Simonic et al., (2009) has reported the evaluation of the prospective of ten

different strains of G lucidum having word wide origin for production of laccase

and MnP, through selecting different plant residues such as corn stem,

grapevine, oak sawdust andwheat straw. The co-culture of G. lucidum and C.

utilis was better than individual G. lucidum culture for degradation of cellulose

and lignin of rape straw substrate which also enhanced the secretion of Lac, MnP

and LiP (Ke et al., 2011).

Surface area presents and participate an important part for the attachment

to the substrate and supply of mixture of nutrients to the microorganisms their

growth as well as formation required yield during SSF. The accessibility of

surface area also depends on the particle size of the substrate/support matrix

(Beeraka et al., 2008). Particle size of the substrate is a vital aspect for enzyme

production through solid state fermentation. For smaller particles the surface

area for growth is large, interparticle space is less while for larger particles the

less surface area and more space among the particles is available for growth.

Sindhu et al., (2009) has found maximum enzyme production with particle size of

450 - 500 μ and enzyme activity was decreased with further reduction in particle

size. But, enzyme activity was decreased with the substrates having particle size

larger than 850 μ. Shrivastava et al., (2010) used locally collected homogeneous
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particle size (1.5-2.0 cm), of wheat straw dried up at 60°C before performing SSF

process. The unfermented and fermented straws were powdered by milling and

sieved (30 mesh) for analytical purposes from the laboratory mill (Remi Motors,

Delhi, India).

The production of ligninolytic enzymes by G. lucidum is effected by

fermentation types (solid-state or submerged) cultivation period, nutrients

additives such as carbon and nitrogen, C: N ratio, presence or absence of various

inducers, stilling or agitation, pH and temperature provided to the growth

medium, etc. (Silva et al., 2005; Stajic et al., 2006; Stajic, 2010). Although, several

researchers have reported that ligninolytic enzymes are produced during

secondary metabolism under nitrogen limitation conditions (Hammel, 1997;

Master and Field, 1998), the type of nitrogen source and its concentration are

critical variables for ligninase synthesis by WRF (Maltseva et al., 1991; Silva et al.,

2005). Excess supply of carbon and nitrogen as an additives suppress the

ligninase activities of WRF (Pascal et al., 1991). Different nitrogen sources can

produce different effects on ligninolytic enzyme systems (Kirk et al., 1978; Reid,

1983; Shin et al., 1997).

The studies of carbon nitrogen (C: N) ratio are frequently more evident

and evaluated then carbon and nitrogen sources. Weight of biomass decreased

by increasing the C: N ratios pretending that the increase of nitrogen components

may inhibit the fungal growth. At highest carbon and nitrogen ratios, a

difference among extremely elevated C and extremely small N components of

the growth media that may cause suppression of fungal growth (Irshad and

Asgher, 2011). In media containing 10 mM ammonium (C/N 24:5), a high level of

enzyme, reaching a maximum of 1.52 U/mg was reported by Shin et al., (1997).

In P. chrysosporium, LiP formation was optimum in cultures exposed to C/N ratio

of 7.47 (Rothschild et al., 1995). At lowest carbon and nitrogen ratios, the fungus

is carbon and energy starved and having high-nitrogen contents, so that



35

considerable inhibition of ligninase enzymes are reported (Xiaoping and Xin,

2008).

It has also been documented that when the flow of sugar ceases, the fungi

get starved and enter secondary metabolism which promotes lignin degradation

(Paterson, 2007). In a previous study (Mehboob et al., 2011) G. lucidum secreted

maximum LiP (2807 U/ml) in SSF medium of corn cobs after 96 h with 3 mL

inoculum at pH 4.5 and 35°C temperature with substrate to water ratio of 20

ml/5 g, yeast extract, 4%, (NH4)2SO4, 2% as nitrogen additive and cane molasses,

3% as sugar supplement. Ligninolytic enzymes synthesis was better when

glucose added in the medium but having low nitrogen quantity (Jaouani et al.,

2005). When 10 mM diammonium tartrate were supplied to the C. polyzona as a

nitrogen additive, no ligninase enzymes production were recovered irrespective

of the carbon sources such as glycerol or glucose suggesting that both additives

provide the complex carbon and nitrogen supplements and maximum ligninase

enzymes production under a inclusive nitrogen starvation .

Nakamura et al., 1999 also reported the production of lignin degrading

enzymes by P. c h r y s o s p o r i u m and B.  a d u s t a in the nitrogen limited culture.

Although Ganoderma lucidum use hemicellulose and cellulose  as a key source of

energy and carbon supplement (Songulashvili et al. 2007), but both the

magnitude and characteristic of accessible nitrogen sources wield influence on

secretion of ligninases enzymes by wood-rotting basidiomycetes (Leatham and

Kirk, 1983; Eriksson et al., 1990; Jaouani et al., 2006; Levin et al., 2010). Ahammed

and Prema, (2002) found glucose (1%) as the most excellent carbon source and

among the different lignocellulosic substrates used, but 3% concentration of coir

pith increased two fold LiP activity. Peptone and potassium nitrate (KNO3)

completely inhibited the enzyme synthesis by Aspergillus sp. while ammonium

sulfate (NH4)2SO4 at 12.5 mM produced maximum activity. Ammonium

tartarate, (NH4NO3) and ammonium chloride (NH4Cl) gave comparable
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activities. It was observed that nitrogen in the form of nitrates and peptides was

not utilized by this fungus for LiP production.

The pH of cultivation medium significantly affects mycelial cell growth

and ligninase synthesis by Ganoderma lucidurn. A culture system maintained in

pH range 3-6 exhibited improved mycellal cell growth as compared to

uncontrolled pH cultivation (Lee et al., 1999). A great influence of initial pH

value, having various ranges (3.5-7.0), significantly influence on the growth as

well as on required yield by G. lucidum (Songulashvili et al., 2011). G. lucidum

Chaaim-001 BCU grew poorly at temperatures above 30oC and thus appeared

thermo intolerant (Punnapayak et al., 2009). When cultivated on eucalyptus pulp,

G. lucidum Chaaim-001 BCU yielded a laccase activity up to 0.507 U/ml. The

laccase degraded antracene with or without a redox mediator (2 mM 1-

hydroxybenzotriazole)and also degraded benzo[a]pyrene, fluorine, acenapthene,

acenaphthylene and benzo[a]anthracene in the presence of a mediator. It

however, retained its ability to degrade these polycyclic aromatic hydrocarbons

(PAHs) even in the absence of mediator.

Unlike the effect of carbon and nitrogen, Mn2+ also influences

comparatively on the cell in a  specific manner, in which extracellular enzymes

secretion as well as mycelial dry weight formation is not affected nor it effect on

the rates of utilization of carbon and nitrogen as a energy sources (Bonnarme and

Jeffries, 1990). Ahammed and Prema, (2002) reported that Cu2+ inhibited LiP

production markedly and had more suppressing effect as compare to Ni2+ and

K+ which showed slight effect. The heavy metals was not influencing to any great

extent on the ligninolytic enzymes production by G. lucidum in SSF (Murugesan

et al., 2007). Another important observation is that several metal ions (Cu2+, Co2+,

Zn2+) are usually present in textile effluents, that may improved the

decolorization activity. Interestingly Cr6+ (an extremely lethal metal ion) and Fe
2+ has no affect on the activity of enzymes.
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Mediators are a group of low molecular weight organic compounds

(Gochev et al., 2007) that can diffuse far away from the mycelium to the lignin

macromolecule inside the plant cell wall that is hard to approach by the enzyme

itself (Camarero et al., 2004) and thus enhance the range and effectiveness of

substrates of ligninolytic enzymes for degradation of the several recalcitrant,

xenobiotic and phenolic compounds by several fold. In the literature numerous

redox mediators of ligninolytic enzymes have been studied but few of them are

regularly in practical use, including, 1-hydroxybenzotriazole (Call and Mucke,

1997), veratryl alcohol (De Jong et al., 1994), Iodide, Methoxybenzene (Shah and

Aust, 1993), violuric acid, 3-hydroxyanthranilic acid, anthraquinone 2,6

disulfonic acid (van der Zee et al., 2001), 2,2-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid), N-hydroxyacetanilide, phenol red, 3,3,5,5-tetramethyl benzidine,

dichlorophenol red, 2,2,6,6-tetramethylpiperidine-N-oxyl radical, syringaldehyde

and acetosyringone, etc. (Husain and Husain, 2008).

The fungus produced veratryl alcohol (VA) as a secondary metabolite that

can act as a mediator so it enhanced and stimulates the production of LiP as well

as oxidized the lignin biopolymer (Hammel et al., 1991), dyes (Paszezynski et al.,

1991; Ollikka et al., 1993) and a variety of aromatic compounds by the enzyme

(Harvey et al., 1986; Valli et al., 1990; Tunissen and Field, 1998). Moreover, VA

can work as a charge transfer mediator (Harvey et al., 1986), a stabilizer (Cancel et

al., 1993), an inducer (Faison et al., 1986), and a substrate for H2O2-producing

enzymes or a cause of reactive oxygen species (ROS) (De Jong et al., 1994; Jaouani

et al., 2006). Furthermore, it plays significant roles in LiP catalytic cycle and act as

a redox mediator (Goodwin 1995a, Husain and Husain, 2008), increasing the

turnover number of the enzyme, and protect the enzyme from H2O2 inactivation

(Tunissen and Field, 1998).

Lignin peroxidase (LiP) can catalyze the depolymerization of the synthetic

biopolymer lignin in addition to recalcitrant xenobiotic, aromatic and phenolic
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compounds (Valli et al., 1990; Hammel et al., 1993) where as redox mediation is

significant for the oxidation of these compounds (Goodwin et al., 1995b) because

they have lowest redox potential as compared to compound I and compound II

of LiP, but are unreactive with LiP itself (Tunissen and Field, 1998). It has been

reported that LiP cannot oxidized the some mediators such as oxalate and EDTA

until VA is provided in the reaction medium (Akamatsu et al., 1990; Shah et al.,

1992). Furthermore, EDTA and oxalate reduce and reverse the VA cation radical

to VA and then compounds are decarboxylated (Barr et al., 1992; Tunissen and

Field, 1998). Compounds concerned in the natural degradation of lignin through

WRF perhaps derivative form of oxidized components of lignin or fungal

metabolites.

Jaouani et al., (2006) found maximum production of LiP with the addition

of 5 mM veratryl alcohol. LiP alone is practically not able to oxidize (4-

methoxymandelic acid, 4-MMA to anisaldehyde), although these oxidations

occur with excellent effectiveness in the existence of VA (Gerini and Lanzalunga,

2003; Husain and Husain, 2008) as well as in the presence of 2 mM MMA

enhances the oxidation of MMA to anisaldehyde by increasing the VA conc.

(Sutherland et al., 1995; Husain and Husian, 2008). Whereas Ferapontova et al.,

(2006) observed that 4-MMA suppressed the catalytic activity of LiP. LiP

obtained from P chrysosporium can catalyze irreversible oxidative damage to

ferricytochrome c (Cc3+) in the presence of H2O2 and VA (Sheng and Gold, 1998).

LiP and MnP performed direct and indirect oxidation as well as reduction of

xenobiotic compounds involving redox mediators such as VA and Mn2+

(Christian et al., 2005). Contrarily, LiPH2 isozyme from Phanerochaete

chrysosporium is capable to oxidize Mn2+ at pH 4.5, at a more rapid rate (25 times

faster) than in the presence of VA (Khindaria et al., 1995).

According to the literature affect of surfactants as enhancing agents for the

production of LiP. Surfactants are organic molecules having a polar or ionic
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hydrophilic group and a non polar or hydrophobic chain, known as the head and

tail groups, respectively (West and Harwell, 1992; Christofi and Ivshina, 2002).

Surfactants are naturally produced by an extensive diversity of microbes, such as

bacteria, yeast, and fungi. The response of some microbes to a surfactant will

depend on some aspects, for example ultrastructure of cell, conc. of surfactants,

bioavailability, environmental and cultivation conditions (Van Hamme et al.,

2006; Christofi et al., 2002; Bustamante et al., 2010). The purpose of surfactants

addition in to the growth medium enhanced the conversion of cellulose into

soluble sugars during enzymatic hydrolysis of lignocelluloses.

The mechanism is not known for the increase of lignocellulose hydrolysis

by surfactant addition, consequently, numerous surfactants for example

poly(oxyethylene) sorbitan-monooleate (Tween 80) sodium dodecylsulphate

(SDS), octylphenol(ethyleneglycol) ether (Triton X-100), poly(oxyethylene)

sorbitan-monolaurate (Tween 20), octylphenol (ethyleneglycol) ether (Triton X-

114), and Dodecyltrimethylammonium bromide (DoTAB), were investigated for

their capabilities to find out the mechanisms of surfactant effects as well as to

develop the hydrolysis of enzymes (Eriksson et al., 2002).

Garon et al., (2002) evaluated the effect of surfactants on different fungal

strains and observed that growth of the fungi was restricted fungal at the critical

micelle concentration (CMC) by adding an anionic surfactant, whereas the test

dozes of Triton X-100 and Tween 80 (nonionic surfactants) were more accepted

by most of the tested fungi. This depressing effect can be elucidating that the

disturbance of structural lipid mechanism of the cell membranes through

contacting of surfactants (Laha and Luthy, 1992). However, in other studies in

any situation experienced for enzyme production no effect of Tween 80 was

experimentally obtained with P chrysosporium (Asther et al., 1987; Jaouani et al.,

2006). Sindhu, (2009) has also reported that Triton X-100 and sodium dodecyl
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sulphate (SDS) inhibited fungal growth which in turn affected ligninolytic

enzymes synthesis.

Tween 60, Tween 40, Tween 80, Tween 20, and 3-[(3-cholamidopropyl)

dimethylammonio]1-propanesulfonate (CHAPS) these surfactants protected the

both purified LiP and the enzyme in culture fluids (free of biomass), adjacent to

mechanical inactivation caused by shaking (Purwanto et al., 2009). The

surfactants adsorb at the air–liquid interface and therefore, denaturation of

enzymes perhaps prevented when the hydrolytic process occur which will

possibly also enhance the permanence of the enzymes (Kim et al., 1982; Kaar et

al., 1998) and enzyme substrate interactions (Park et al., 1992; Helle et al., 1993).

Furthermore, the surfactant may perhaps modify the characteristics of the

substrates, rising the existing cellulose plane or by eliminating the inhibitory

lignin (Eriksson et al., 2002).

The results of a study carried out by Gassara et al., (2010) showed maximum

LiP activities in 14 days with pulp, pomace and paper, when LiP production be

carried out by P. chrysosporium using 40 gm of solid substrate with moisture

content 60% w/w, pH 4.5, copper sulfate (3 mmole/kg), VA (2 mM/kg) and

Tween-80 (0.5%, v/w). Addition of low concentration of peptone, yeast extract

and Tween 80, 20 % inoculum, 70 % moisture level in SSF using corncob also

enhanced the LiP production to a maximum of 13.7 U/gm in 5 days by P.

Chrysosporium (Asghar et al., 2006a).

Literature studies have shown that all the parameters including fermentation

time, particle size, growth medium composition, size of inoculum, C & N

sources, mediators, surfactant, etc simultaneously participate significantly in the

description of the ultimate morphology of the culture and enzyme production.

However, individual cultivation circumstances effect on unusual morphological

and physico-chemical distinctiveness of fungal hyphal components and
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ligninolytic secretion. It is therefore, important to optimize these conditions for

economical and cast effective enzymes production.

2.4 Purification and characterization of ligninases

A pure protein sample is important before determining its properties and

activities. Different protocols and methods are being used for enzyme

purifications (Fig. 2.6), according to protein’s properties like molecular size,

charge and binding characteristics (Nelson and Cox, 2008). Purification and

characterization of lignocellulosic enzymes is important in order to identify

potential specific isoforms for diverse industrial applications. Chromatographic

techniques are best suited to separate individual proteins into isoenzymes that

can be further characterized through kinetic and thermodynamic studies. The

separated fractions can be resolved in gel electrophoresis which is a powerful

tool for separation of proteins on the basis of charge/ molecular mass ratios.

Another useful technique is isoelectric focusing (IEF) by which protein molecules

are separated as they migrate through a pH gradient under a strong electric field

(Mtui and Nakamura, 2008).
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(A) Centrifugation

(B) Dialysis                                          (C) Ion-Exchange Chromatography

(D) Gel Filtration Chromatography

Fig. 2.6: Enzyme purification techniques
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In general the sequence of routinely followed events in enzyme purification

protocol is as following:

1) Preparation of crude extracts (cell lysis & removal of cell debris for

intracellular enzymes)

2) Ammonium sulphate fractional precipitation

3) Ion Exchange Chromatography (IEC)

4) Confirmation of purification by Native and SDS-PAGE or MALDI-TOF

Many of the enzymes necessary for lignin degradation were not

characterized before the beginning of the 1980s when virtually only laccase had

been known. Since in 1983, 1984 lignin peroxidases (LiPs) and manganese

peroxidases (MnPs) have been isolated from fungi and characterized in detail

respectively (Kirk and Farrell, 1987). Although basidiomycetous white-rot fungi

and related litter-decomposing fungi are the most efficient degraders of lignin,

while mixed cultures of fungi, actinomycetes and bacteria in soil and compost

can also mineralize lignin (Tuomela et al., 2000).

Sugiura et al., 2003 and Hirai et al., 2005 purified lignin peroxidaseYK-Lip2

by anion exchange, followed by gel filtration chromatography, after isolation

from shaking culture of Phanerochaete sordida YK624. The molecular mass of LiP

was approximately 50 kDa and its absorption spectra were almost similar to that

of P. chrysosporium. The steady state kinetics by Veratryl alcohol oxidation

revealed an ordered bi- bi ping -pong mechanism. The enzyme was stable and

more effective in the presence of high hydrogen peroxidase concentration

(˃2.5mM) during break down of dimeric lignin model compounds.

LiP purification protocols involved several steps including 80%

ammonium sulphate precipitation, Sephadex G-100 filtration with a fold of 2.43,

2.76 and enzyme activity of 89500 U L-1,and112200 U L-1.respectively (Roushdy

et al., 2011). Asgher et al., 2006b also purified the Lip produced in SSF medium of
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corncobs by ammonium sulphate, ion exchange and FPLC chromatography.

Purified LiP was characterized and noted an optimum activity at pH 4 and 40 ̊C

temperature. The molecular mass of purified LiP estimated by SDS- PAGE was

38kDa.

Yadav et al., (2009a) also reported the purification of two isozymes of LiP

with molecular mass of 38 kDa & 40kDa produced from Pleurotus sajor caju

MTCC-141 and. Two isozymes of LiP were identified by the Km values for 40

KDa isozyme for VA, n- propanol, H2O2 were establish to be 57µM, 500µM and

80µM, respectively. Optimum pH 3 and temperature 30 ̊C for LiP were observed

but sodium azide inhibited isozymes. But in other study by Yadav et al., (2009 b)

reported that LiP from Loweporus lividus MTCC-1178, in liquid culture growth

medium, by using SDS-PAGE analysis about 40 KDa molecular weight was

noted, the Km values for VA and hydrogen peroxide for the purified enzyme

were 58 µM and 83 µM respectively and calculated kcat value were 2.47 and 2.5

s_1. The optimal pH and temperature of lignin peroxidase to be a 2.6 and 24oC,

respectively. However Wang et al. (2008) purified Lip produced by P.

chrysosporium under optimum condition by 60% (NH4)2SO4 saturation followed

by QFF ion exchange and Sepharyl S-300HR gel filteration chromatography. Two

isozymes LiP1 and LiP 2 were identified by using desalting column purified by

9.6 and 7.6 fold with the 22.9% and 1.8% yield of LiP activity respectively.

The lignin peroxidase was isolated from a liquid culture of P. decumbens

P6 having molecular weight of 46.3 KDa in SDS-PAGE after performing different

purification steps such as (NH4)2SO4 precipitation, DEAE-cellulose and CM-

cellulose as ion exchange chromatography, and Sephadex G-100 as gel filtration.

These improve the enzyme activity, temperature stability and wider pH range

than the earlier reported. The Km and Vmax values of lignin peroxidases were

0.565 mmol L-1 and 0.088 mmol (mg protein)-1 min-1 respectively. This was

similar with the values of white-rot fungal LiPs (Farrell et al., 1989; Glumoff et al.,



45

1990; Rothschild et al., 2002). The optimum pH of P. decumbens P6 lignin

peroxidase was 4 and 70.6% of the relative activity was remained at pH 9.0. The

optimum temperature of the enzyme was 45 oC observed by Yang et al., (2005).

Protein content and lignocellulosic enzyme activities were measured by

photometric methods. Mtui and Nakamura, (2008) reported that enzyme

desalting was done by using PD-10 column (void volume 3.5 ml) parked with

Sephadex G-25 (dextran) gel (Pharmacia Co., Sweden) an ion exchange column

High Load Q Sepharose 26/10 (Pharmacia, Sweden). Purification of lignin

peroxidase from F. flavus, the results are comparable to studies by Raghukumar,

(1999) which showed relative molecular weight of LiP from F. flavus (strain 312)

to be 41.5 kDa. The purification of LiP by ion exchange chromatography gave a

final specific activity of 101.6 U/mg proteins with 8.3 purification-folds. SDS-

PAGE analysis showed major bands of size separated, enzymes from F. flavus at

relative molecular weights between 45 and 70 kDa. The LiP of F. flavus, purified

by ion exchange chromatography, revealed that it has a molecular weight of 46

kDa and isoelectric point (pI) of 3.8. Nakamura et al., (1999) and Mtui and

Nakamura, (2007) also demonstrated successful purification of lignocelluosic

enzymes from terrestrial and marine fungal filtrates.

The enzyme was purified after culture filtration of P. ostreatus having

specific activity of 6.00 U/mg (54.5-fold), with a recovery of 9.9% molecular mass

and carbohydrate content. Further enzyme was purified through gel filtration

chromatography which showed a single peak of native enzyme with molecular

mass of 73 kDa, where as a single band of 71 kDa was found when the enzyme

was subjected to SDS-PAGE. Shin et al., (1997) stated that the LiP enzyme was

stable at 30°C for 1 h in neutral pH (4.0 to 6.0) and having Km values of the

enzyme toward RBBR and H2O2 about 10.99 and 32.97 µM, respectively. The

enzyme had affinity toward various phenolic compounds and artificial dyes, and

it was inhibited by Na2SO5, potassium cyanide, NaN3, and cysteine. Whereas
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Fakoussa & Hofrichter, (1999) studied the different pH ranges (2.0–5.0) for LiP,

with an optimum within the range of 2.5–3.0. At pH 9.0, 70.6% of the relative

activity was still maintained. LiP also showed comparatively high temperature

tolerance and maintained 62.5% of the relative enzymatic activity at 55ºC. The

optimum temperature 45 ºC for P6 LiP was highest than that previously stated

for LiP (Kumari et al., 2002).

ten Have et al., (1998) found that Bjerkandera sp. strain BOS55 excretes at

least seven lignin peroxidase (LiP) isozymes, purified through filteration by

cheese cloth and 85% (NH4)2SO4 precipitation at 0°C, FPLC anion exchanger by

using 15Q pharmica column, LiP-2 and LiP-5 with molecular mass 40-42 kDa,

these isozymes having the same sequences of N-terminal amino acid

demonstrated they are highly similar with LiP isozymes secreted by other white-

rot fungi. Lignin peroxidase was purified (72-fold) from Acinetobacter calcoaceticus

NCIM 2890. The purified lignin peroxidase (55–65 kDa) showed dimeric nature

after purification using DEAE cellulose ion exchange column. LiP-5 (16.7 U/mg)

oxidized VA optimally if H2O2 will be in the medium at pH 3.0 while LiP-2

oxidized in the same manner but with the pH ≤ 2.5 (33.8 U/mg). When kinetics

studied of LiP-2, LiP-5 obtained from Bjerkandera sp. strain BOS55 were

oxidized VA with the presence of H2O2 below pH 2.5 (33.8 U/mg) and near pH

3.0 (16.7 U/mg) respectively. Furthermore at normal physiological pH ranges

(pH 5.0-6.5) required for fungal growth as well as both isozymes were remain

active at these pH ranges. Additionally if characterized both LiP-2 and LiP-5

revealed that the Km for H2O2 strongly decreased with increasing pH.

The LiP activity was stable at pH 5.0 but declined at acidic pH 3 and

increased below pH 7. More than 70% of LiP activity was totally vanished about

at pH 7–11. The temperature ranging from 25 to 75ºC at pH 5 effect on the LiP

stability. 100% LiP activity maintained at 55ºC but almost 75% activity was
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declined at the low temperatures 35°C and 66% of its activity totally lost at about

75ºC (Alam et al., 2009).

In 1996, Bosco et al., stated that from immobilized Phanerochatea

chrysosporium a mixture of LiP isoenzymes were produced and observed that best

oxidation reaction occur at acidic pH and temperatures should be in following

range (25 and 60oC). In another studied, Couto et al., 2006 stated that LiP enzyme

obtained from P. chrysosporium has more stability having an optimum pH and

temperature 4.2 and 34oC respectively. Podgornik and Podgornik, (2002) studied

the kinetic properties of immobilized as well as free enzymes of both isoforms of

LiP (LiP H2 and LiP H8), the result obtained that 3–5 times higher Km value for

VA of both tested isoforms then that of to free enzyme. The value of Kcat just

about 0.5 s−1 for both isoforms.

2.5 Immobilization of LiP

Unlike the chemical catalysts, biocatalysts have a very deep impact on the

global drive towards green and environment welcoming methodologies for

chemical manufacturing. The use of biocatalysts in chemical processes promotes

relatively milder reaction conditions as well as high chemo-, regio- and stero-

selectivities (Sheldon, 2007). Enzymes are biological catalysts, composed of

thousands of atoms in specific arrangements and capable to catalyze the large no

of several chemical reactions occurring in biological cells (Stryer, 1995). Enzymes

also promote high activity, selectivity and specificity in complex chemical

reactions under mild experimental and environmental conditions (Mateo et al.,

2007; Koeller and Wong, 2001; Iyer, 2008; Monier et al., 2010). Hence, application

of enzymes in industrial reactors on the basis of their biological properties is the

current burning field of research.

Modern biotechnological developments have permitted the wide spread

application of these biocatalysts in industrial processes (Patel, 2002; Straathof et
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al., 2002; Schmid et al., 2002). General observation is however, that enzymes are

sensitive, unstable in nature when used in water, so these characteristics make

enzyme imperfect for any catalytic reaction, but for industrial scale applications,

immobilized enzyme are favorable for use due to which it becomes more stable

and less sensitive toward their environment (Chibata et al., 1978; Hamlyn, 1997;

Souze, 1980; Tampion and Tampion, 1987; Yu-Qung et al., 2004; Kierek - Pearson

and Karatan, 2005; Brena and Viera, 2006).

Industrial applications of biocatalysts have been attaining importance in

recent decades as they are broadly used in pharmaceutical and food

biotransformations (Tanaka et al., 1996; Butterfield et al., 2001). The utilization of

enzymes at industrial scale is very limited due to, generally the highest

production cost of the enzymes, unstable nature, limited availability and their

recovery from reaction mixture after completion of any catalytic reaction is very

expensive (Mahmoud and Helmy, 2009). To overcome these limitations

immobilization of enzymes can enhance the stablity of catalysts with long time

span. It is reported that immobilization by covalent coupling enhance the

enzyme activity that can efficiently remove the phenolic compounds and colour

with broad ranges of pH and temperature (Davis and Burns, 1992; Rogalski et al.,

1995; Zille et al., 2003).

Utilization of immobilized molecules is a very interesting topic which

interact almost all fields of our life. It uses the sciences of biology, chemistry,

physics, materials engineering and computer science to develop instruments and

products that are at the cutting edge of some of today’s most promising scientific

frontiers (Elnashar, 2010). If only enzymes or the whole cells can be immobilized

that may facilitates their cost-effective reprocessing and in the improvement of

constant bioprocessessing (Mahmoud and Helmy, 2009). Commonly the word

immobilization refers to the act of the restrictive movement or make unable to

move i.e. slow down the movement (Yu-Qung et al., 2004).
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In other words, the “immobilized enzymes” refers to “enzymes physically

limited or localize in a certain definite region of space with preservation of their

catalytic activities, and which can be used repetitively and constantly’’

(Katchalski -Katzir, 1993). The most important components of immobilization of

enzyme are the enzyme, the matrix, and the mode of attachment (Brena and

Batista-Viera, 2006). The enzymes might be connected to the support through

different interactions from reversible physical adsorption and ionic linkages to

stable covalent bonds (Zaborsky, 1973; Tischer and Kasche, 1999; Yu-Qung et al.,

2003; Arıca et al., 2009; Mahmoud and Helmy, 2009).

For immobilization of an enzyme, it should be considered essentially that

involvement of functional groups of active center could not take part in the

reaction during the immobilization of the enzyme. Moreover immobilization of

enzymes would be carried out under gentle environment, because the tertiary

structure of enzyme protein consists of comparatively weak binding forces, for

example hydrogen, ionic and hydrophobic bonds. When enzyme is stiffed on the

corresponding surface of comparatively rigid support in a multipoint approaches

may possibly delayed the inactivation of the enzyme due to unfolding of the

molecule under denaturing conditions (Martinek et al., 1977). Furthermore,

through immobilization exploration of catalytic mechanisms of some enzymes

acting on complex substrates may possible (Mosbach, 1980; Martinek and

Mozhaev, 1985).

Immobilized enzymes have several advantages over soluble enzymes,

convenient in handling, easy separation of the enzyme from the reaction mixture

as well as from the product yield and the frequent reusability (Tischer and.

Kasche, 1999; Diaz et al., 2002) which makes it cost effective (Buchholz and

Kasche, 1997; Tischer and Wedekind, 1999; Costa et al., 2004; Sheldon, 2007).

Furthermore, there is a possible increase in pH and thermostabiltiy of

immobilized enzyme (Husain, 2010; Lei et al., 2002; Wang, 2006) as well as
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protect the enzymes from denaturation by contamination (Tischer et al., 1999;

Ansari and Qayyum, 2012; Rekuc et al., 2010). Immobilized enzyme depends on

the characteristics of both enzyme and the carrier material. Consequently

immobilized enzyme with altered mechanical, biochemical, chemical and kinetic

attitude observed due to interaction of both of these (Tischer and Wedekind,

1999; Diaz et al., 2002). Immobilized enzymes are used in organic syntheses to

entirely utilize the technical and reasonable advantages of biocatalysts based on

isolated enzymes. Guncheva et al., (2011) reported that immobilized enzyme has

enhanced the thermo stability and showed a half life of 70 h at 55°C with 80 %

enzyme activity after 15 repeated sets for 5hr. More specifically, the yield of

enzyme activity after immobilization depends not only on losses caused by the

binding process but perhaps further reduced as a result of less accessibility of

enzyme molecules (Buchholz and Kasche, 1997).

Methods of Immobilization

One way of organizing the different approaches to immobilizing the

enzymes is in two large groups: Irreversible and reversible methods (Fig. 2.7).

Cell or enzyme immobilization both are in practice having appliance in different

fields. Several studies on the immobilization of enzymes have been published

during the last two decades (Katzir, 1993; Bahulekar et al., 1993). A classification

of immobilization methods according to different chemical and physical

principles is shown in Fig. 2.8.

Enzyme immobilization depends upon  various methods and on/in a

different support, carriers and matrix (Chen et al., 2000; O’Neil et al. 2002; Bora et

al., 2005; Gomez et al., 2006; Rebros et al., 2007; Regan and Banerjee, 2007; Sunjay

and Sugunan, 2006). The hipper activation of the enzyme is observed after

immobilization of the enzyme on the matrix with more hydrophilic nature

(Watanabe et al., 2001; Pierre, 2004; Rochefort et al., 2008).
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a) Irreversible b) Reversible

Fig. 2.7: Approaches to enzyme immobilization, irreversible (a) and reversible

(b) methods at left and right side respectively (Brena and Viera, 2006).

Fig. 2.8: Classification of immobilization methods (Tischer and Wedkind,

1999).
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Several methods such as physical adsorption to a support (Ye et al., 2007),

ionic binding, covalent attachment (Yu et al., 2006; Pahujani et al., 2008; Yang et

al., 2009), cross-linking, matrix entrapment, membrane confinement or the

combination of two or more of these methods shown in the figure can be used for

immobilization of enzymes (Rochefort, 2008; Mahmoud and Helmy, 2009).

Emphasis is on recent developments, for the use of novel supports, e.g.

mesoporous silicas, hydrogels, smart polymers, and some other organic and

inorganic supports/matrices use for immobilization table (2.3) (Sheldon, 2007;

Elnashar, 2010). According to Duran et al., (2002) adsorption and covalent

coupling to solid matrices are considered as the most accepted methods of

immobilization, while entrapment is good process which causes relatively little

damage to the enzyme native structure.

Table 2.3: Chemical classification of enzyme matrices (Elnashar, 2005).

Organic Inorganic

Natural polymers

Polysaccharides

Cellulose

Dextran

Starch

Agar and agarose

Alginate

Carrageenans

Chitin and chitosan

Proteins

Collagen

Gelatin

Albumin

Ferritin

Minerals

Attapulgite clays

Bentonite

Kieselgur

Pumic stone

Hornblend

Diatomaceous earth

Sand

Synthetic polymers Fabricated materials
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Organic Inorganic

Polystyrene

Polyacrylate and polymethacrylate

Polyacrylamides

Hydroxyalkyl methacrylate

Vinyl polymer

Maleic anhydride polymer

Polyethyleneglycol

Aldehyde-based polymer

Non-porous glass

Controlled pore glass

Controlled pore metal oxides

Alumina catalyst

Porous silica

Silochrome

Iron oxide

Stainless

Table 2.4: Comparison of different enzyme immobilization techniques.

Characteristics Adsorption
Covalent

binding
Entrapment

Membrane

confinement

Preparation Simple Difficult Difficult Simple

Cost Low High Moderate High

Binding force Variable Strong Weak Strong

Enzyme leakage Yes No Yes No

Applicability Wide Selective Wide Very wide

Running Problems High Low High High

Matrix effects Yes Yes Yes No

Large diffusional

barriers
No No Yes Yes

Microbial protection No No Yes Yes

One of the major problems faced by using of immobilization technique,

when the enzymes are acting on macromolecular substrates, the loss of catalytic

activity is most important problems related with the immobilized enzymes.
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Because of the limited contact of the substrate to the active site of the enzyme, the

activity may be slow down to the available surface groups of the substrate only.

This steric hindrance might be changed the properties and pattern of resulting

yield from the macromolecular substrate. There are numerous approaches to

avoid these steric hindrance for example selection of supports composed by

networks of isolated macromolecular chains, careful selection of the enzyme

filtrates occupied in the immobilization, and use of hydrophilic and inert spacer

arms (Brena and Viera, 2006).

The most significant aspects manipulating the immobilization methods

are following, 1: carrier characteristics (pore size, particle diameter, available

anchor groups and their amount and material), 2: enzyme stability, existing

attach groups on a protein surface, 3: immobilization conditions (ionic strength,

carrier activators, pH and protein concentration). The number of factors affecting

the enzyme immobilization makes the ‘trial and error method’ the dominant way

to select a carrier and an immobilization procedure for a given enzyme depends

on the requirement (Bryjak et al., 2007). A general method that can be applied to

the immobilization of any enzyme is not available. Typically the approach used

is one of trial and error, until a satisfactory system has been developed.

The major components of an immobilized enzyme are: the enzyme,

matrix and mode of interaction of the enzyme with the carrier (Mahmoud and

Helmy, 2009). Moreover some parameters that can affect the immobilization

should take in to account while using its protocol e.g. size of the enzyme (Mateo

et al., 2007), Conformational flexibility required by the mechanism (Sheldon,

2007), isoelectric point, surface functional groups/charge density, carrier; organic

or inorganic (Faber, 2004; Pierrer, 2004; Bornscheuer et al., 2006), hydrophobic or

hydrophilic (Bornscheuer et al., 2006) and specific factors related to the reaction

system etc (Hanefeld et al., 2009). Synthetic polymers are usually in practice but

because of dumping problems, poor solvent stability and often poor reusability
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substitutable supports are extremely required. It might be revealed that the

nature of the support and the immobilization technique manipulate not only the

product reaction yield, but products distribution also (Pietikainen and

Adlercreutz, 1990; Asther and Meunier, 1993).

Sol-gel technology

In the past decades, inorganic substances particularly silica have been

extensively used as an enzyme support owing to its huge specificity of surface

area, insignificant swelling, highest stability and economical (Takahashi et al.,

2000; Deere et al., 2002; Hudson et al., 2008; Gao et al., 2009, 2010; Rekuc et al.,

2010). The inorganic materials have attained great attraction because of their

unique physicochemical characteristics (Erlebacher et al., 2001; Shin et al., 2003;

Stevens et al., 2002; Qiu et al., 2010). Among immobilization methods, sol-gel

technology application in biosensing (Kunzelmann and Bottcher., 1997; de

Marcos et al., 1999; Wang, 1999) has been of great interest in the last two decades

(Brinker and Scherer, 1990) which opens a simple route to produce materials like

glasses, monoliths, powders, thin films in mild conditions. Silica materials as an

immobilized source have been developed starting with the 1990’s as a versatile

and viable alternative to classical immobilization methods (Avnir et al., 1994;

Reetz et al., 2000, Reetz et al., 2003). Enzymes entrapment in silica gels by sol-gel

route is now a history (Avnir et al., 1994; Gill and Ballesteros, 2000; Retz et al.,

2000; Livage et al., 2001).  In recent years, the research has been focused on new

sol–gel-derived materials to make the network more compatible with the

biomolecules (Gupta and Chaudhury, 2007; Smith et al., 2007).

Due to their physical properties, inorganic carriers have some important

advantages over their organic counter parts, high mechanical strength,

regeneration, good thermal stability, easy handling and high resistance to

organic solvents and microbial attack. Inorganic supports are stable and do not
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alter their structure at environmental changes (pH or temperature) (Kennedy

and Cabral, 1987; Coradin et al., 2006). The three-dimensional Si-O-Si bonds are

formed around the biomolecule which, even though is trapped in the cage,

remains active in the porous network (Fig. 2.9) (Brinker and Scherer, 1990; Gupta

and Chaudhury, 2007). Polymers like alginate, xanthan, gelatin, chitin, chitosan,

carrageenan, hydroxyethyl cellulose, polyvinyl alcohol, polyethylene glycol,

polyacrylamide, 2-hydroxyethyl methacrylate or polyethylene oxide may be

added in the sol-gel matrix. In this hybrid sol-gel materials covalent, hydrogen,

van der Waals bindings or electrostatic interactions may occur between the

inorganic and organic components (Avnir et al., 1994; Coradin et al., 2006).

The xerogel consequently does not have the same structure as the aquagel

(Fig. 2.10). BCL has successfully been immobilized in both xerogels45 and

aerogels (Hanefeld et al., 2009).

Fig. 2.9: The mechanism of sol–gels synthesis is shown in the above figure
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Fig. 2.10:  Sythesis of xerogel from sol-gel (Hanefeld et al., 2009).

The gentle process conditions in aqueous solution at room temperature,

and specific porous structure of sol–gel polymers make sure the detained

enzymes having high activity and effectively constantly entrapped. Particularly,

the enzymes entrapped in sol–gels characteristically illustrate better resistance to

thermal and chemical denaturation, along with better storage and operational

stability (Reetz et al., 1996; Gill and Ballesteros, 2000; Yang et al., 2009). The

immobilization of enzymes by sol–gel technique is also used for the

immobilization of proteins and considered as best developing methodology

because of its advantages of simplicity, zero leaching of the captured protein, it

require no covalent bonding among the matrix and the protein and improvement

in the stability of captured enzyme occur (Diaz et al., 2002).

Candida rugosa lipase was entrapped in sol-gel prepared by acid-catalyzed

polymerization of propyltrimethoxysilane (PTMS)/tetramethoxysilane (TMOS)
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molar ratio = 4:1 95% protein immobilized with 59 times higher specific activity

than the native lipase (Chen and Lin, 2003).

High activity maintained after immobilization was explained, with the

immobilized enzyme activity almost 100% of the free form in optimum

condition. Such a wonderful combination of enzyme with sol-gel polymers has

taken great attention (Avnir and Vraun, 1996; Livage, 1996; Lin and Brown, 1997;

Reetz, 1997; Gill and Ballestros, 2000). Chen and Lin, (2003) stated that xerogels

with different molar ratios entrapped the lipase enzyme. They anticipated that

TMOS and PTMOS in 1: 4 molar ratio was most favorable for entrapment and 5.5

fold improvement of lipase activity.  However, the poor gelation occurs due to

huge quantity of PTMS by lacking the network-forming ability of TMOS. Only

white plastic-like solid could be formed with pure PTMS.

Aucion et al., (2004) elucidated the characteristics of xerogels and source of

lipase entrapment by the xerogels of different hydrophobicity. They reported

that hydrophobicity improved by the addition of propyl groups. They also

established by explaining water affinity as well as noted the relative activity of

enzyme was improved by xerogels. Clifford and Legge, (2005) recommended

that silica xerogels are innovative substance working as solid support for the

entrapment of enzyme appropriate for industrial purposes. They applied the

contact angles to study the hydrophobicity. Nawani and Kapadnis, (2005)

examined the stability of lipase and found that using the method of adsorption

on HP 20 beads and on silica cause 5 fold rise of temperature. Asgher et al., (2006)

entraped LiP by using xerogels after purification through ammonium sulphate

precipitation. The Km and Vmax of free and entrapped LiP was 10.56mg/ml

13mg/ml and 16.67µmol/min 11.76µmol/min respectively.

In literature, few efforts have been reported for the immobilization of LiP

using various supports. LiP immobilized on amberlite support and then applied
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on colored waste-waters taken from pulp industry for decolorization (Peralta-

Zamora et al., 1998). Moreover there are few motives of using immobilized LiP at

industrial scale, most important is pH stabilization. LiP stability significantly

declined at pH below 3 but its activity at the simaltaneously enhanced (Tien et al.,

1986). Asther and Meunier, (1993) reported CNBr-Sepharose as a solid support

for immobilization of LiP and found better stability of LiP towards temperature

and in acidic media also.

The reaction of LiP enzyme with different substrates may be capable of

many steps and depends on multi substrate also. Through immobilization of LiP

enzyme proposes a great opportunity to know about such complex reactions.

Fawer et al., (1991) attempted to characterize LiP by FIA with that veratryl

alcohol, present in the solution enhances the stability of the immobilized enzyme

(to activated glass or acrylic beads and derivatized agarose), whereas H2O2

reduces the enzyme activity comparatively at low concentrations (10µM).

Scouten et al, (1987) selected the covalent bonding to activated polymers as a

most convenient method of immobilization for the LiP stability. Among the four

established techniques usually used for immobilization covalent bonding to

activated polymers appeared to be the most convenient method. The irreversible

nature of the chemical bond among the gel and enzyme tolerates the adaptations

of the enzyme assay medium (ionic strength, EH substrates, etc) devoid of

desorption of the LiP. Marquez et al., (1988) and Tien et al., (1986) reported that

LiP oxidation through VA is fully pH dependent process that shows a strange

optimum pH (low) whereas Tuisel et al., (1990) found immobilized LiP H2

comparatively stable within 4–6.5. pH range.

Furthermore, immobilization has been shown to affect the pH profile of

enzymes depending on the nature of the matrice used. When matrice is charged,

this effect is not reflecting an actual modification of natural characteristics of the

enzyme. Immobilization of LiP has no effect on the pH dependence of the
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catalytic activity. Immobilized and soluble enzymes equally showed the identical

pH profile with an optimum around pH 2.5. Similar values for soluble enzyme

were previously reported ranging between pH 2 and 3 depending on the authors

(Tuissel et al., 1990; Tien et al., 1986; Fawer et al. 1991). Asther and Meunier, (1993)

observed that at about acidic pH 3 native LiP showed optimum activity,

although, pH stability was determined by incubating both free and immobilized

enzyme preparations at two different pHs (2.2 and 2.75) at room temperature

with respect to time. Immobilized LiP showed an increased stability toward

acidic pH. In fact, half-inactivation of immobilized enzyme 15-20 times increased

at both pHs. While soluble LiP was totally inactivated in 4 min at 2.7pH, the

immobilized LiP maintained its initial activity approximately 80% at the similar

time period. 50% inactivation after 15 min incubation is shifted upward by 5~ for

the immobilized LiP.

The stabilization of LiP may allow us to define reactional conditions more

favorable to lignin degradation. The Km value is most useful in probing the

ability of an enzyme to bind its substrate (Yu et al., 2001). In immobilized enzyme

system, the most important criterion is the diffusion of the substrate that is the

target molecules for enzymatic reaction, within the reaction medium. Diffusivity

of the substrate must be carefully evaluated and the construction of the

enzymatic reaction system should be carried out accordingly (Arica, 2000;

Bayramoglu et al., 2004; Shao et al., 2007; Arica et al., 2009). The probability of

covalently attached LiP H2 and LiP H8 to CIM monoliths was investigated.

Owing to its insignificant hindrance in diffusion of the immobilized LiP, is

considered as valuable tools to learn about its properties Immobilization to

epoxy groups was carried out at alkaline environment (borate-phosphate buffer;

pH 7.5). Properties and aspects that manipulate on the biological properties of

immobilized LiP were evaluated. Immobilized LiP demonstrated 3–5 times

greater Km value for Veratryl alcohol for both experienced isoforms in contrast
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to free enzyme. The Kcat was noted about 0.5 s−1 for both isoforms. Immobilized

LiP H8 was used for decolorization of azo dye Mahogany (Podgornik and

Podgornik, 2002).

Nanoporous gold (NPG) with a pore size of 40–50 nm a porous inorganic

material was used for immobilization of lignin peroxidase (LiP). Immobilized LiP

was ca. 40, 10 °C higher than that of free LiP. Initial activity of the immobilized

LiP was still maintained 55% at 45 °C for 2 h of incubated time period. Whereas

the native LiP was entirely unreactive. As well, a highly maintained LiP activity

was achieved by in situ liberation of H2O2 with a co-immobilized glucose

oxidase. Co-immobilization method was verified to be extremely successful for

LiP-mediated dye decolourization (Qiu et al., 2009).

Paszczynski et al., (1986) obtained LiP isoenzyme M2 from Phanerochatea

chrysosporium immobilized on CNBr-Sepharose 4B but no experimental results

were discussed. Cornwell et al., (1990) stated that an immobilization of LiP on

porous ceramic supports that did not badly affect LiP’s stability and would-be

used for degradation of environmentally determined aromatic compounds.

Fawer et al., (1991) characterized the immobilized LiP (CNBr-sepharose 4B) by

flow injection analysis and used for Colour removal obtained from kraft

effluents. The immobilized LiP improved the decolorization by a factor of 2.9

(initial color was 1894 CU and color removal in the free and immobilized forms

was 38%, respectively). LiP immobilized on activated silica produced 20%

mineralization, 65% chemical oxygen demand reduction (initial COD 1560 mg

l−1) and 12% decolorization (Dezotti et al., 1995). The immobilization of LiP on

Amberlite IRA-400 resin exhibited 70% decolorization (initial color 624 CU), 55%

total phenol removal (initial phenol concentration was 10.2 mg l−1) and a total

organic carbon reduction of 15% (initial TOC was 297.5 mg l−1) in 3 h of

treatment (Peralta-Zamora et al., 1998).
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2.6 Potential industrial and biotechnological applications of lignin
peroxidase enzymes

Food Industry

Lignin peroxidase (LiP) and manganese peroxidase (MnP) have potential to

produce natural aromatic flavours, food, brewery wine and fruit juices industries

(Lesage-Meessen et al., 1996; Lomascolo et al., 1999; Elisashvili et al., 2001;

Minussi et al., 2002; Zorn et al., 2003; Kamm and Kamm, 2004; Mikiashvili et al.,

2004; Moldes et al., 2004; Barbosa et al., 2008; Elisashvili et al., 2009; Maciel et al.,

2010).

Pulp and paper industry

Lignin peroxidases (LiP) compared with laccase, are the biocatalysts of choice for

bleaching (Bajpai, 2004; Sigoillot et al., 2005). LiP and MnP were reported to be

effective in decolourizing kraft pulp mill effluents and widely used in the

pollution abatement, especially in the treatment of industrial effluents that

contains hazardous compounds like dyes, phenols and other xenobiotics (Ferrer

et al., 1991; Michel et al., 1991; Crecchio et al., 1995; Call and Muecke, 1997;

Moreira et al., 2003; Wesenberg et al., 2003; Kamm and Kamm, 2004; Elisashvili et

al., 2009; Elisashvili et al., 2009; Macielet al., 2010).

Textile industry

Lignin peroxidases (LiP) were evaluated by decolorizing different synthetic

dyes, phenols and other xenobiotics and denim washing. The role of these

enzymes in textile dye decolourization and degradation of phenolic and

nonphenolic aromatic compounds has been extensively studied (Pazarlioglu et

al., 2005; Cripps et al., 1990; Pointing, 2001; Kamm and Kamm, 2004; Robles-

Hernández et al., 2008; Gomes et al., 2009; Elisashvili et al., 2009; Maciel et al.,

2010).
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Bioremediation

Lignin peroxidases (LiP) present a non specific biocatalyst mechanism. LiP

from P. chrysosporium was one of the first enzymes of basidiomycete capable for

PAH degradation (Bumpus and Aust, 1987; Elisashvili et al., 2001; Mikiashvili et

al., 2004; Moldes et al., 2004; Elisashvili et al., 2009; Maciel et al., 2010).

Organic, medical, pharmaceutical, cosmetic and nanotechnology applications

Lignin peroxidase (LiP) exhibit highest bioelectro-catalytic activity at atomic

resolution and this makes available for commercial development of biosensors

for polymeric phenol or lignin (Christenson et al., 2004). In the future LiP may be

of great interest in synthetic chemistry, where they have been proposed to be

applicable for production of cosmetic and dermatological preparations for skin

(Aaslyng et al., 1996; Belinky et al., 2005) and biosensors (Ferry and Leech, 2005).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Lignocellulosic substrate

The lignocellulosic substrate wheat straw was collected from student’s

research farms, University of Agriculture Faisalabad, Pakistan. After sun drying,

it was dried at 60oC temperature in oven. The dried wheat straw was ground to

different particle sizes (0.3 mm, 0.5 mm, 0.7 mm, 0.9 mm, 1 mm and 2 mm) in

Wiley Mill available in National Institute of Food Science and Technology,

University of Agriculture Faisalabad and stored in airtight polyethylene bags.

3.2 White rot fungus

The indigenous white rot fungus Ganoderma lucidum IBL-05 (Fig 3.1)

available in the Industrial Biotechnology Laboratory, Department of Chemistry

and Biochemistry, University of Agriculture Faisalabad was used for lignin

peroxidase production in SSF of wheat straw. During the study, the fungal

culture was periodically multiplied and raised on potato dextrose agar (PDA)

slants for 5 days, and was preserved at 4°C in refrigerator. The sporulation

medium (Table 3.1a, b) was prepared in 1L conical flask and its pH was adjusted

to 4.5 using M NaOH/M HCl. The flask was autoclaved at 121°C for 15 minutes

for sterilization. The medium was poured into pre-sterilized test tubes and the

test tubes were left undisturbed overnight in slanting position at room

temperature for solidification of slants (Cruickshan et al., 1975). The spores of G.

lucidum were transferred onto the slants with sterilized inoculation loop in

laminar air flow under aseptic conditions. The inoculated slants were incubated

for 5 days at 35oC for multiplication and then stored in refrigerator at 4oC.

Cultures were refreshed periodically at optimal growth conditions.
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Fig. 3.1: G. lucidum growing on natural decaying wood.

Table 3.1a: Composition of sporulation medium* for Ganoderma lucidum IBL-

05

Sr. No. Ingredients Quantity (g/L)

01 Potato extract 250

02 Glucose 20

03 Agar agar 15

04 Ammonium Tartarate 0.22

05 MgSO4.7H2O 0.05

06 CaCl2. 2H2O 0.01

07 KH2PO4 0.21

08 Thiamine 0.001

09 10% Tween-80 10 mL/L

10 100 mM veratryl alcohol 10 mL/L

11 Chloramphenicol 1 cc/L

12 Trace element solution** 10mL

*pH 4.5; temperature, 30ºC
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** Table3.1b: Composition of Trace Element Solution

3.3 Inoculum development

Inoculum medium was the Kirk’s basal nutrient medium (Tien and Kirk,

1986; Asgher et al., 2006), supplemented with 2% Millipore filtered/sterilized

glucose. G. lucidum IBL-05 was grown in inoculum medium (Table 3.2) of pH 4.5.

pH of the medium was adjusted to pH 4.5 using M NaoH/M HCL solutions. The

medium was autoclaved at 121°C for 15min. and inoculated with slant culture

transferred aseptically with the help of inoculation loop in laminar air flow

(Dalton, Japan). After inoculation, the flask was incubated at 35oC in shaking

incubator (Sanyo-Gallenkemp, Japan) at 120 rpm for 5-7 days to get homogenous

spore suspension (1 × 106–108 spores/mL). The number of spore count in the

inoculums was performed using hemocytometer by the method of Kolmer, 1959;

Kay-shoemake and watood, (1996).

3.4 Solid state fermentation of wheat straw

Triplicate flasks contained 5g ground wheat straw moistened to 60%

moisture (w/w) by adding Krik’s basal nutrient medium (Table 3.2) of pH 4.5

(Tien and Krik, 1983). The flasks were sterilized in laboratory scale autoclave

Sr. No Trace elements Quantity (mg/L)

1 CuSO4 0.08

2 H2MnO4 0.05

3 MnSO4.4H2O 0.07

4 ZnSO4.7H2O 0.043

5 Fe2 (SO4)3 0.05
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(Sanyo, Model (MLS-30204/ Japan) Japan), allowed to cool at room temperature

and inoculated with 3 mL homogeneous inoculum of G. lucidum IBL-06. The

inoculated flasks were incubated to ferment at 35oC in still culture without

shaking for varying time periods in a still culture incubator (Sanyo, Model (MIR-

254)/Japan).

Table 3.2: Composition of Krik’s basal medium*

Sr. No Ingredients Quantity

11 Ammonium Tartarate 0.22

12 KH2PO4 0.21

13 MgSO4.7H2O 0.05

14 CaCl2 0.01

15 Thiamine 0.001

16 Tween 80 (10%) 10 mL

17s 100mM veratryl alcohol 10 mL

09 Trace element Solution 10 mL

*pH, 4.5; temperature, 35oC

3.5 Fermented biomass harvesting

In the lignin peroxidase production experiments the triplicate flasks were

harvested at pre-decided time intervals by adding 100 mL distilled water and

shaking the flasks (150 rpm) for half an hour to extract extracellular (LiP)

enzyme. The fermented cultures were filtered through Whatman No. 1 filter

paper (125mm) and residues were discarded. The filtrates were centrifuged (3000

× g, 10 min, 4oC) to remove any fungal pellets and cell constituents. The

supernatants were carefully decanted and used as crude enzyme extracts for

determining the activities of LiP and purification studies.
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3.6 Optimization of LiP production process in SSF

The LiP production process in SSF using wheat straw as substrate was

optimized by varying different physical and nutritional conditions. The classical

strategy of optimization was adopted; varying one variable at a time in triplicate

flasks and maintaining the optimum level of previously optimized parameters.

3.6.1 Effect of particle size of substrate

Particle size of the substrate is a critical factor for fungal growth and

enzyme production in SSF. To select the most appropriate substrate particle size

the sets of triplicate flasks containing wheat  straw (5 g) of different particle sizes

(0.3 mm, 0.5 mm, 0.7 mm, 0.9 mm,  1mm, 2 mm) were moistened to 60% (W/W)

moisture with Kirk basal media and  adjusted to 4.5 pH (table 3.3). The flasks

were sterilized, inoculated (5mL inoculum) with G. lucidum and incubated at

35oC for 10 days under still culture SSF conditions. After every 48 h the flasks

were harvested as described earlier and supernatants were assayed for LiP.

Table 3.3: Plan of experiment to study the influence of varying particle size of
substrate on LiP production by G. lucidum IBL-06

*pH, 4.5; temperature, 35 oC; moisture, 60% (w/w); inoculum, 5mL

Parameters
Treatments

T1 T2 T3 T4 T5 T6

Wheat
straw (g) 5 5 5 5 5 5

Particle size
(mm) 0.3 0.5 0.7 0.9 1 2
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3.6.2 Selection of basal nutrient medium

To develop a simple and economical basal nutrient medium for

moistening the substrate for SSF, Krik’s basal nutrient medium and three

modified simpler media were used (Table 3.4).

Table 3.4: Plan of experiment to study the influence of basal nutrient medium
composition on LiP production by G. lucidum IBL-06

Parameters
Treatments

T1 T2 T3 T4
Wheat straw

(g) 5 5 5 5

Basal nutrient
medium MI MII MIII MIV

*pH, 4.5; temperature, 35 oC; particle size, 0.5mm; moisture, 60% (w/w); inoculum, 3mL

Medium I: It was the Krik’s basal salts medium (Tein and Kirk 1988), containing

(g/L) ammonium tartarate, 0.22; potassium dihydrogen phosphate, 0.2;

magnesium sulfate, 0.05 and calcium chloride, 0.01 along with  thiamine, 1mg/L;

10% tween 80 solution, 10mL/L; 100mM veratryl alcohol, 1mL/L and  trace

elements* solution, 10mL/L. The trace element solution contained (g/L) CuSO4,

0.08; H2MoO4, 0.05; MnSO4.4H2O, 0.07; ZnSO4.7H2O, 0.043 and Fe2 (SO4)3, 0.05.

Medium II: Same as medium-I excluding veratryl alcohol and Tween-80.

Medium III: It was composed of (g/L) Urea, 0.03; KH2PO4, 0.02; MgSO4. 7H2O,

0.1 and CaCl2. 2H2O, 0.05.

Medium IV: This media withstand the following ingredients (g/L) Urea, 0.04;

KH2PO4, 0.1; K2HPO4, 0.2; MgSO4. 7H2O, 0.5 and CaCl2. 2H2O, 0.05.
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3.6.3 Optimization of moisture level

The substrate was moistened with different volumes of MIII basal nutrient

medium to adjust initial moisture contents to varying levels (Table 3.5). Triplicate

flasks were inoculated with 5mL inoculum and fermented in still culture SSF

under optimum conditions. The LiP activity was determined in each case after

every 48h for 10 days.

Table 3.5: Plan of experiment to study the influence of varying moisture

contents on LiP production by G. lucidum IBL- 05

Parameters
Treatments

T1 T2 T3 T4 T5 T6
Wheat

straw (g) 5 5 5 5 5 5

Basal
nutrient
medium

MIII MIII MIII MIII MIII MIII

Particle size
(mm) 0.5 0.5 0.5 0.5 0.5 0.5

Moisture
(%) 30 40 50 60 70 80

*pH, 4.5; temperature, 35 oC; inoculum, 5mL

3.6.4 Optimization of inoculum size

The effect of inoculum size in the range of 1-7mL/5gm substrate on

production of LiP enzyme synthesis by G. lucidum was investigated under

optimum conditions. Triplicate flasks of 5 gm wheat straw with nutrient medium

of optimum moisture level and adjusted 4.5 pH, were autoclaved and inoculated

with varying volume of inoculum (Table 3.6). These were incubated for 10 days

to monitor the maximum LiP activity at 35oC temperature.
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Table 3.6: Plan of experiment to study the influence of varying inoculum size

on LiP production by G. lucidum IBL-06 under optimum conditions*

Parameters
Treatments

T1 T2 T3 T4 T5 T6 T7
Wheat straw

(g) 5 5 5 5 5 5 5

Basal nutrient
medium MIII MIII MIII MIII MIII MIII MIII

Particle size
(mm) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Moisture
content (%) 60 60 60 60 60 60 60

Inoculum
sizes (mL) 1 2 3 4 5 6 7

*pH, 4.5; Temperature, 35 oC

Table 3.7: Plan of experiment to study the influence of varying combination of

carbon & nitrogen sources on LiP production by G. lucidum IBL-05 under

optimum conditions*

Carbon
sources**

(1g)

Nitrogen sources*** (0.2g)

N1 N2 N3 N4 N5

C1 C1 N1 C1 N2 C1 N3 C1 N4 C1 N5

C2 C2 N1 C2 N2 C2 N3 C2 N4 C2 N5

C3 C3 N1 C3 N2 C3 N3 C3 N4 C3 N5

C4 C4 N1 C4 N2 C4 N3 C4 N4 C4 N5

C5 C5 N1 C5 N2 C5 N3 C5 N4 C5 N5

*pH, 4.5; temperature, 35 oC;  particle size, 0.5 mm; medium, III; moisture, 60%;
inoculum, 5mL

** C1, C2, C3, C4, C5 stand for glucose, starch, fructose, lactose and glycerol, respectively

*** N1, N2, N3, N4, N5 stand for ammonium tartarate, ammonium sulphate, urea,
ammonium nitrate and peptone, respectively.
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3.6.5 Effect of additional carbon and nitrogen sources

Nitrogen source and its concentration is very important factor for

microbial growth and enzyme formation. Different carbon and nitrogen

additives were used to investigate their stimulating/inhibitory effects on LiP

production by G. lucidum under optimum conditions. Different carbon sources

(1g) such as glucose, starch, fructose, lactos and glycerol and nitrogen sources

(0.2 g), ammonium tartarate, ammonium sulphate, urea, ammonium nitrate and

peptone (Table 3.7). The combination of carbon and nitrogen additives causing

maximum enhancing effect on LiP production by the fungus was selected.

Table 3.8: Plan of experiment to study the effect of varying Carbon: Nitrogen

ratios on LiP production by G. lucidum under optimum condition*

Parameters Treatments
T1 T2 T3 T4 T5

Wheat straw
(g) 5 5 5 5 5

Particle size
(mm) 0.5 0.5 0.5 0.5 0.5

Moisture
content (%) 60 60 60 60 60

Inoculum size
(mL) 5 5 5 5 5

Nutrient
Medium MIII MIII MIII MIII MIII

Carbon and
Nitrogen source

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

C: N ratio 10:1 15:1 20:1 25:1 30:1

*pH, 4.5; temperature, 35 oC

3.6.6 Optimization of carbon: nitrogen ratio

After selection of best carbon and nitrogen sources, effect of varying C: N

ratios on LiP production by G. lucidum in SSF medium of wheat straw were
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investigated. Taking into consideration, the inherent nitrogen and carbon

contents of wheat straw, and the selected carbon (glucose) and nitrogen (urea)

additives, the triplicate flasks were adjusted to varying C: N ratios (Table 3.8)

after making necessary calculations.

Table 3.9: Plan of experiment to study the effect of varying concentrations of

metal ions on the production G. lucidum IBL-05.of LiP under optimum

conditions*

Parameters Treatments
T1 T2 T3 T4 T4

Wheat straw
(g) 5 5 5 5 5

Particle size
(mm) 0.5 0.5 0.5 0.5 0.5

Moisture
level (%) 60 60 60 60 60

Inoculums
size (mL) 5 5 5 5 5

Nutrient
medium MIII MIII MIII MIII MIII

C & N source Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

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

Metals ion Fe2(SO4)3.

7H2O
CuSO4.
5H2O

MnSO4.
H2O

MgSO4.
7H2O

ZnSO4.
7H2O

Conc of Metal
ion (mM/mL)

0.1, 0.5, 1.0,
1.5, 2.0

0.1, 0.5, 1.0,
1.5, 2.0

0.1, 0.5, 1.0,
1.5, 2.0

0.1, 0.5, 1.0,
1.5, 2.0

0.1, 0.5, 1.0,
1.5, 2.0

*pH, 4.5; temperature, 35oC

3.6.8 Effect of mediators

Ion and ligninolytic enzymes produced by WRF require different

mediators to perform their catalytic role during degradation of lignin and

compounds. When added to the fermentation medium, the mediators enhance

fungal growth and ligninolytic enzymes production and activities. Different

mediators (H2O2, Veratryl Alcohol, Oxylate, 1, 4-Dimethoxybenzene and 4-
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methoxy mandelic acid) of ligninolytic enzymes were added to the optimum SSF

medium of wheat straw (Table 3.10) to investigate their influence on LiP

production by G. lucidum.

Table 3.10: Plan of experiment to study the effect of varying concentrations of

different mediators on LiP production by G. lucidum IBL-05 under optimum

conditions*

Parameters
Treatments

T1 T2 T3 T4 T5
Wheat straw

(g) 5 5 5 5 5

Particle size
(mm) 0.5 0.5 0.5 0.5 0.5

Moisture
level (%) 60 60 60 60 60

Inoculums
size (mL) 5 5 5 5 5

Nutrient
Medium MIII MIII MIII MIII MIII

C & N source Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

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

ZnSO4.7H2O
(mM) 2.0 2.0 2.0 2.0 2.0

Mediators H2O2
Veratryl
alcohol Oxalate

4, methaxy
mendalic

acid

1,4, Di
methoxy
benzene

Conc.
Of mediators

(mM)
1, 2, 3, 4, 5 1, 2, 3, 4, 5 1, 2, 3, 4,5 1, 2, 3, 4,5 1, 2, 3, 4,5

*pH, 4.5; temperature, 35 oC

3.6.9 Effect of surfactants

Surfactants are organic surface acting agents with a polar or ionic

hydrophilic group and a non polar or hydrophobic chain, known as the head and
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tail groups, respectively. Surfactants have the capability of increasing the surface

area for fungal growth on moist solid substrates leading to better penetration

and growth, and enzyme synthesis by fungi. Varying concentrations (0.5, 1.0, 1.5,

2.0, 2.5 mM) of surfactants like Tween- 80, Tween -20, Triton × 100 and SDS were

added to the optimum growth medium (Table 3.11) to investigate their

enhancing/inhibitory effects on LiP synthesis by G. lucidum.

Table 3.11: Plan of experiment to study the effect of varying concentrations of

different surfactants on LiP production by G. lucidum IBL-05 under optimum

conditions*

Parameters Treatments
T1 T2 T3 T4

Wheat straw
(g) 5 5 5 5

Particle size (mm) 0.5 0.5 0.5 0.5
Moisture level (%) 60 60 60 60

Inoculums size (mL) 5 5 5 5

Nutrient Medium MIII MIII MIII MIII

C & N source Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

Glucose &
Urea

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

ZnSO4.7H2O
(mM) 2.0 2.0 2.0 2.0

4, methaxy mendalic
acid as mediator (mM) 4 4 4 4

Surfactants Tween 80 Tween 20 SDS Triton X

Concentrations of
surfactants

(mM)

0.5, 1.0, 1.5,
2.0, 2.5

0.5, 1.0, 1.5,
2.0, 2.5

0.5, 1.0, 1.5,
2.0, 2.5

0.5, 1.0, 1.5,
2.0, 2.5

*pH, 4.5; temperature, 35 oC
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3.7 Analytical

3.7.1 Lignin peroxidase assay

Lignin peroxidase was assayed by the method of Tien and Kirk, (1983).

The assay involves the rate of formation of veratraldehyde as a result of

oxidation of veratryl alcohol by the action of LiP in 100mM sodium tartarate

buffer of pH 3 in the presence of H2O2.

Chemicals required:

Tartrate buffer: Tartarate buffer (100 mM) of pH 3 was prepared by dissolving

3.84g of tartaric acid and 5.6g sodium tartarate in 200 mL distilled water and

making the volume to 500mL mark.

Veratryl alcohol: 4mM solution of veratryl alcohol was prepared by dissolving

0.44g veratryl alcohol in 200 mL distilled water and making the volume to 500

mL mark.

H2O2: 0.2M H2O2 was prepared by pouring two drop of H2O2 in 500mL distilled

water, followed by thorough mixing.

Procedure:

Lignin peroxidase assay mixture contained 1mL tartrate buffer (100mL) of

pH 3, 1 mL of 4 mM veratryl alcohol (3,4-dimethoxybenzylalcohol), 500 µL of

H2O2 and 200 µL of enzyme aliquote. Control test tube contained 200 µL of

distilled water instead of enzyme aliquots. The absorbance of each sample was

read at 310 nm after 10 min intervals. One unit of LiP activity was defined as the

amount of veratraldehyde (µmol) released per mL enzyme solution per min.

Enzyme activity = Absorbance of enzyme solution x Standard factor

Time of incubation (min)
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Where as

Standard factor= (µ / )
Absorbance ∝ path length (l) × concentration (c)

A = ε ×l × c

A =     (Є310 = 9300 M ˉ1 cmˉ1)

Where Є = coefficient

A = Absorbance

c = concentration

l = path length

3.7.2 Determination of protein content

During enzyme purification, the protein contents of the samples were

estimated by following the method of Bradford, (1976) using Bovine serum

Albumin (BSA) as standard.

3.7.2.1 Bradford reagent

The reagent was prepared by dissolving 100mg of Coomasive brilliant

blue G-250 in 50 ml of 95% ethanol, followed by the addition of 100 ml of 85%

concentrated phosphoric acid and the volume was made to 1L mark. The reagent

was filtered through Whatman No.1 filter paper to remove impurities and it was

stored in coloured reagent bottle at 4oC in refrigerator.

3.7.2.2 Standard curve of BSA for protein estimation

The standard curve for protein estimation was constructed by using

varying concentrations of Bovine serum albumin. BSA concentration of 1mg ml-1
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was used as standard stock solution and 100 µl of BSA stock solution was added

to 900µl of distilled water to make the standard solutions that was used for the

preparation of various concentrations of BSA (Table 3.12) to construct the

standard curve (Fig. 3.2). To 1ml of Bradford reagent 100µl of each solution of

BSA was added and mixed on vortex mixer. Reagent blank was prepared by

adding 100µl of distilled water to 1ml of Bradford reagent. Change in absorbance

(∆A) at 595nm for all samples was determined within 15-30 min.

Table 3.12: Standard factors of BSA for determination of protein contents

BSA concentrations
(mg/ml)

Mean absorbance

(at 595nm)
Standard factor

0.01 0.076 1.316
0.2 0.220 0.909
0.3 0.334 0.898
0.4 0.411 0.973
0.5 0.451 1.109
0.6 0.520 1.154
0.7 0.620 1.129
0.8 0.673 1.189
0.9 0.879 1.024
1.0 0.930 1.075

Average standard factor 1.078

3.7.2.3 Protein estimation

Quantity of protein in enzyme samples was determined using standard curve

constructed by plotting different known concentrations of BSA against their

respective absorbance value (Fig. 3.2).

Protein (mg/mL) = Standard factor × Absorbance of sample
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Where

Standard Factor = Slope × dilution factor × volume of sample

Fig. 3.2:  Standard curve for protein estimation

3.8 Purification of LiP enzyme

LiP crude extract produced by G. lucidum IBL-05 under optimum

conditions was filtered through Whattman No.1 filter paper and the filtrate was

centrifuged at 3,000 × g for 15 min at 4oC. The supernatant was collected and

concentrated by freeze drying at -20oC. The supernatant was as crude LiP extract

for isolation, purification, immobilization and characterization studies.
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3.8.1 Fractional precipitation with ammonium sulphate and dialysis

Different quantities of solid ammonium sulphate were added separately

to 1ml of the crude LiP concentrates in appendrof tubes to achieve 10-90%

saturation at 00C. In each saturation step, the crude enzyme concentrate was

placed in ice bath and crystals of ammonium sulphate were added to attain the

particular levels of saturation (%) for LiP. In the supernatant, more crystals of

ammonium sulphate were added to attain next level of saturation. In each step,

the contents of tubes were thoroughly mixed; left overnight at 4OC and the

contents were then centrifuged at 3,000 × g for 15 min. The carefully collected

clear supernatants were assayed for LiP activity and protein content. After each

saturation step, the pellets were collected and dissolved in minimum volume of

tartrate buffer and dialyzed against distilled water for 72h with three changes of

cold water at different intervals to remove ammonium sulphate. Total protein

contents and LiP activity were determined before and after ammonium sulphate

precipitation and dialysis. The purified LiP was freeze dried and used afterwards

for further purification.

3.8.2 Ion-exchange Chromatography:

After dialysis, the partially purified enzyme was loaded (300µL/run) on

DEAE- cellulose ion-exchange column (20×2.0), 50 mM tartrate buffer pH 3 was

used as elution buffer with the flow rate of 1mL/min and fractions were

collected. The fractions were assayed for protein content and LiP activity by

previously described assay methods. The LiP positive fractions were pooled

together and dialyzed against the same buffer. The dialyzed positive fractions

were collected, lyophilized and stored at -20oC.
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3.8.3 Gel filteration

The LiP positive fractions colleceted after passing through DEAE

Cellulose colum were further purified by passing through sephadex G-200

column (16×2.0) using 50 mM tartrate buffer (pH 3) with the flow rate 1ml/min (

Asgher et al., 2006) and 1ml size fractions were collected. The eluted fractions

were analyzed for protein contents and LiP activity determination. After elution,

the column was washed with buffer. The purified LiP containing fractions were

pooled and stored at 20oC in freezer.

3.9 Molecular weight determination by Native and SDS-PAGE

The purified LiP was run on Native polyacryl amide gel electrophoresis

(PAGE) and sodium dodecyl sulphate PAGE (SDS-PAGE) for estimation of its

molecular weight and molecular organization, following the method of Laemmli,

(1970). The lypholized sample of LiP enzyme were dissolved in minium amount

of distelled water and subjected to Native and SDS-PAGE on 10% poly acryl

amide gels. The approximate molecular masses of LiP was determined by

calibiration against broad range low molecular weight (21-116kDa) markers (β-

galactosidase, 116kDA; Phosphorylase B, 97 kDa; Albumin, 66 kDa; Ovalbumin,

45 kDa: Carbonic anhydrase, 30 kDa and Trypsin inhibitor, 21kDa).

Protocol for SDS-PAGE

3.9.1 Reagents and Buffer

3.9.2 Resolving Gel Buffer: The following reagents dissolved thoroughly and make up

to 100mL with water

3.0 M Tris – HCl (pH 8.8)

Tris 36.5 gm
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HCl (2M)         24 mL

3.9.3 Stacking gel buffer: 0.5 M Tris – HCl (6.8)

6g Tris was dissolved in 40mL of water. Titrated with 2M Hydrochloric acid

(approximately 24 mL) to pH 6.8 and volume made to 100mL mark.

3.9.4 Stock Acrylamide Bis Solution

Acrylamide                  30g

Bisacrylamide              0.8g

Water added to 100mL up to mark after the addition of these reagents and

stored in dark colored bottle at 4oC.

Table 3.13: Gel Preparation

Reagents
Composition of

Resolving gel

Compisition of Stacking

gel

Deionized water

Acrylamide/Bis Solution

30%

9.87 mL

8.37mL

3.375 mL

0.83 mL

Tris HCl (1.5 M) pH 8.8 6.25 mL -------

Tris HCl (1.0 M) pH 6.8 --------- 0.62 mL

10% SDS 250 L 50 L

10 % APS 250 L 50 L

TEMED (added last) 10 L 5 L
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Loading of both the gels:

1. The resolving gels were prepared by pouring the above mentioned

mixture into the gel apparatus which was assembled by sandwiching 2

spacers between two glass plates (10cm×8cm×1.5cm). After

polymerization, 1–butanol was layered on the top of the gel to get even

surface. Then 1–butanol was removed and top of the gel surface was

washed many times with distilled water.

2. The stacking gel mixture was then poured on the top of polymerized

resolving gel. The comb (well marker) was immediately inserted and the

stacking gel was allowed to polymerize.

3.9.6 Running buffer (pH 8.3)

Tris base (3.02g) and glycine (18.8g) was mixed to prepare the stock

solution for native gel in distilled water just before use. pH was adjusted to 8.3

with HCL and final volume was made to 1L mark with distilled water. Running

buffer for SDS–PAGE also required 0.1% SDS (w/v).

3.9.7 Preparation of enzyme sample

Individual enzyme sample (50µL) was mixed with equal volume of dye

(running and sample dye) (Fermentos Kit). They were kept in boiling water for

15 min and loaded on the gel. For SDS–PAGE 50 µL of 1% SDS was added.

3.9.8 Preperation of proteins markers ladder

Standard protein markers ladder (Fermentos, UK) consisted of 7 protein

ranging from 14.4 to 116.6 KDa molecular weight. The protein ladder was

supplied in gel loading buffer (50% glycerol, 2% 30mM NaCl, 1mM NaN3

62.5mM, Tris/HCl pH7, 0.01% bromophenol blue and 50mm DTT) and applied

directly to polyacrylamide gel.



84

3.9.9 Running of PAGE

Polyacrylamide gel was run at constant voltage of 100 volts gel

electrophoresis apparatus (Veltec, USA). The PAGE was stopped when traking

dye front reached at bottom of the gel.

3.9.10 Preperation of staining solution

Dissolved 40% methanol, 10% glacial acetic acid and0.25% Coomassie blue

G-250, 1.25g in distilled water up to 500ml mark.

3.9.11 Destaining solution

Methanol (40%) and glacial acetic acid (10%) were dissolved in distilled

water. For making the volume up to 5L, 2L Methanol, 2.5L dH2O and 500mL

glacial acetic acid were added.

3.9.12 Protein Staining of Polyacrylamide Gels

A cut was applied on the lower side of the gel to illustrate the direction of

electrophoresis. The gel was treated with 20% (v/v) isopropyl alcohol in 50 mM

sodium acetate buffer (pH 5) and washed twice or thrice. Then the gel was

immersed in 50 mM sodium acetate buffer (pH 5) to remove isopropyl alcohol.

Three changes of 40 min each were given. The polyacrylamide gels were finally

stained with Coomassie blue G-250 fast stain (Merril, 1990). Gel was soaked in

stain and protein bands were stained in order to improve the intensity of bands.

Gel was left in the stain for hours (Coughlan, 1988).

3.9.13 Destaining the gels

To get clear protein bands, the gel was destained for 3–4 hours by placing

in the destaining solution and replacing the solution till the stain level was

finded. The gels were then taken to the gel documentation system for taking
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picture of protein bands and estimation of molecular weights of lignin

peroxidase or its subunits.

3.10 Immobilization of lignin peroxidase in soluble Xerogels

For immobilization of LiP in hydrophobic sol-gels, the methods described

by Reetz et al., (1996) and Aucion et al., (2004) were followed. Purified native LiP

from G. lucidum was entarapped in sol-gel developed using trimethoxy silane

(TMOS) and proplytetramethoxy silane (PTMS) in T: P ratios of 1:1, 1:2, 1:5 and

1:10.

3.10.1 Developments of gels of different hydrophobicity

Pure LiP was suspended in water (12.5 mg/mL), shaken for 5min and

centrifuged to remove insoluble components. The supernatant (400 μL) was

added to a mixture of aqueous, 4% (w/w) poly vinyl alcohol (12.5 µL) and 164

µL water. The solution was thoroughly shaken and 875 µL PTMS was added,

followed by 147 µL TMOS from their different molar concentration solutions.

The reaction mixtures were vigorously shaken for 5s on a vortex mixer and then

gently shaken by hand. After about 30s, when the mixture formed a clear

homogenous solution and warmed up, it was placed in an ice bath until gel

formation took place.  LiP activity and protein contents of entrapped enzymes (in

gels of different hydrophobicity) were determined. The entrapped enzyme

having high enzyme activity and protein contents were selected for further

characterization.

3.11Characterization of purified free and immobobilized LiP

The purified free and immobilized LiP enzyme was subjected to

characterization through kinetic studies by studying the following.
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3.11.1 Effect of pH on enzyme activity

Free and immobilized LiP were incubated at varying pH buffers ranging

from pH  3-9 (tartarate buffer 3 pH, malonate buffer 4 pH, succinate buffer 5 pH,

phosphate buffer 6, 7 pH, tris buffer 8 pH and carbonate buffer 9 pH

respectively) followed by standard LiP  assay protocols.

3.11.2 Effect of temperature on Lip enzyme activity

Free and immobilized LiP were incubated at varying temperatures in

triplicate ranging from 25-100oC at pH 4.5 for 30 min before carrying out the

previously described LiP assay.

3.11.3 Effect of substrate concentration; determination of Km and Vmax for

free and immobilized LiP

LiP activity was determined using varying concentrations of veratryl

alcohol (1-9 mM) as assay substrate keeping the enzyme concentration constant.

The Michaelis Mention constant (Km) and maximum catalytic activity (Vmax) was

determined by constructing reciprocal plots. Simple Michaelis Menten graphs

were drawn by plotting [s] against initial reaction rate (Vo) and the reciprocal

Lineweaver-Burk plots were constructed by plotting [1/S] against 1/Vo to

determine the accurate values of KM and Vmax (Lehninger, 1982).

3.11.4 Effect of activators/ inhibitors on free and immobilized LiP

Some organic and inorganic compounds have inhibitory effect on LiP

activity and other are activators that enhance LiP activity. Effect of organic

compounds such as TEMED, Mercaptoethanol, EDTA and CTAB and metal ions

such as K2+, Zn2+ and Pb2+ were studied in concentration range of 1-5mM.
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3.12 Application of lignin peroxidase for decolorizationof dyes and

industrial effluents

3.12.1 Decolorization of dyes.

Native and immobilized LiP were used for the decolorization of four

textile dyes including Black B (λmax 596nm), Red P2D (λmax 520nm), Orange

P3R (λmax 423nm) and Methylene Blue (λmax 664nm). 10 mL of the native and

immobilized LiP enzyme solutions were transferred to 100 mL of 0.01%

individual dye solutions and the flasks were incubated at optimum pH 4.5 and

35oC for 4 days in shaking incubator at 120 rpm with and without veratryl

alcohol as mediator.

3.12.2 Decolorization of textile industry effluents

Different dye containing textile industry effluents of different colours

were collected from Sitara Textile, Masood Textle, Khaiber Textile and Kalash

Textile units of Faisalabad. These textile effluents had different pH, colour and

wavelength of maximum absorbance (λmax) as shown in table 3.14. All the

textile industries informed us that they were using mixtures of different dyes to

develop different colors and shades but none of said industries were ready to

disclose the composition of dye baths being used by. Two sets of triplicate flasks

containing 100 mL of the individual effluents were adjusted to pH 4.0 using M

NaOH and M HCl solutions and flasks were sterilized in autoclave. To the

labeled individual sets of effluent flasks 10 mL of free native and immobilized

LiP were transferred, respectively and the flasks were incubated (120 rpm) at

35oC for 4 days with and without veratryl alcohol used as mediator for LiP

action.
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Table.3.14: Characteristics of effluents collected from different industries for

decolourization studies using free and immobilized LiP from G. lucidum IBL-

05

Effluent source Colour λ max (nm) Initial pH

Sitara Textile
(SIT) Green 410 10.86

Masood Textle
(MAT) Burgundy 515 9.82

Khaiber Textile
(KHT) Blue 660 10.81

Kalash  Textile
(KAT) Red 510 8.42

3.12 Statistical analysis

All the experiments and analyses were run in triplicate and the data on

optimization of Lignin peroxidase production, purification and characterization

were subjected to statistical analysis using Analysis of Variance (ANOVA) and

Tukey test as described by Steel et al., 1997; Pizarr et al., 2002. In tables, the data

values have been presented as mean ± S.E (standard error) of three replicates and

in figures the S.E. Tukey test represent the significant differences of the mean

values of original results of lignin peroxidase activites by alphabetic letters in the

same table.
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CHAPTER 4

RESULTS AND DISCUSSION

Physiological demands for ligninolytic enzymes production differ with in

white-rot species, even among various strains of a species (Stajic et al., 2004;

Songulashvi et al., 2007; Stajic et al., 2010). There are several factors which

significantly affect enzyme production such as cultivation type (submerged or

solid state), temperature, pH, C, N sources and their concentrations, C: N ratios,

existence or deficiency of varoius inducers (xylidine, vertryl alcohol, ferulic acid

or guaiacol) (Arora and Gill, 2001a; Gianfreda et al., 1999; Silva et al., 2005; Patrick

et al., 2011) cultivation period, agitation, etc (Songulashvi et al., 2006; Stajic et al.,

2006; Songulashvi et al., 2007). Agro-wastes are the more extensively used

substrates for development of fungal enzymes in SSF. All these sources improve

and enhanced the production of ligninases enzymes, those are important for

improving the different developmental aspects. Literatures provide the evidence

of high ligninolytic enzyme activity by using low-cost agro raw resources. Wheat

straw has served as the one of the best substrates for the production of ligninases

enzymes such as lignin peroxidase lacasse and manganese peroxidase from

numerous fungal species (Vares et al., 1995; Arora et al., 2002) few of them are T.

versicolor (Schlosser et al., 1997) and Streptomyces strains through SSF (Berrocal et

al., 1997; Niladevi, 2009). Simonic et al., (2010) found wheat straw as a good

substrate for laccase production by G. lucidum, Kanwal and Reddy, (2011) used

the wheat straw as efficient inducer substrate for the production of lignin

peroxidase.

In the present study the indigenous white rot fungus Ganoderma lucidum

IBL-05 was used for the production of lignin peroxidase (LiP) in solid state

fermentation using wheat straw as substrate. The enzyme produced by
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Ganoderma lucidum IBL-05 under optimum conditions of SSF was purified and

characterized. The purified LiP was immobilized through sol-gel entrapment

method and characterized to study the effect of immobilization on LiP activity

and stability. The results obtained during the investigation have been discussed

under the following headings:

4.1 LiP production by G. lucidum IBL-05: optimization of fermentation

parameters

4.2 Purification of the lignin peroxidase

4.3 Immobilization of the lignin peroxidase

4.1 LiP producion by G. lucidum IBL-05: optimization of
fermentation parameters

Different experiments were conducted for optimization of some physical

and nutritional parameters such as particle size of substrate, basal nutrient

medium, moisture level, inoculum size, additional carbon and nitrogen sources,

and C: N ratios. The effects of metal ions, mediators and surfactants were also

investigated to maximize the production of LiP produced by Ganoderma lucidum

under pre-optimized conditions of pH 4.5 and temperature 35oC. The classical

strategy of optimization was adopted; varying one variable at a time in triplicate

flasks and maintaining the optimum level of previously optimized parameters.

The carbon and nitrogen sources were varied in one experiment to find out their

best combination for LiP production by G. lucidum IBL-05. After the selection of

best combination of carbon and nitrogen sources, the effect of carbon: nitrogen

ratio was also studied.
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4.1.1Effect of particle size of substrate

Triplicate flasks containing wheat straw (5 g) of different particle sizes (0.3

mm, 0.5 mm, 0.7 mm, 0.9 mm, 1 mm, 2 mm) moistened to 60% (W/W) moisture

were adjusted to 4.5 pH, inoculated (5mL inoculum) with G. lucidum and

incubated at 35oC for 10 days under still culture conditions. After each 48h the

flasks were harvested and culture supernatants were analyzed for LiP activity.

The results showed that G. lucidum IBL-05 produced maximum LiP activity

(288.9 IU/mL) when grown on wheat straw having particle size of 0.5 mm (Table

4.1a). It was observed that LiP production initially increased with increase in

particle size of wheat straw but enzyme production deceased with substrate

particle size bigger than 0.5 mm (Fig.4.1). Statistical analysis by Analysis of

variance (ANOVA) showed a significant (P ≤ 0.05) effect of substrate particle size

on LiP production (Table 4.1b). The means of LiP activities under different

treatments also showed significant difference after applying the Tukey test as

shown in letters form in Table 4.1a. The maximum response found at day 10th

with 0.5 mm particle size.

Particle size of the substrate is very important for fungal growth and

production of enzymes in SSF. In SSF cultivation of fungi, the accessibility for

microbes to attach on the surface area is very important, mass transfer of different

nutrients and substrates, subsequent growth of microbial strain and enzyme production.

The availability of surface area in turn depends on the particle size of

the substrate/support matrix (Beeraka et al., 2008). For small particles size huge

growth will be obtained due to low inter particle space while for larger particle

size less availability of surface area for growth due to extra inter particle space.

Sindhu et al., (2009) has found maximum enzyme production with particle size of

450-500 μ and enzyme activity was decreased with further reduction in particle

size. However, the substrates having particles size larger than 850 μ, showed

lowest enzyme activity. Shrivastava et al., (2010) has used locally collected wheat

straw with identical particle size ranges 1.5-2.0 cm, dehydrated them at
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60°Cbefore following the solid state fermentation. The unfermented and

fermented straws were crushed by refining in the laboratory mill (Remi Motors,

Delhi, India) and sieved (30 mesh) for analytical purposes.

Table 4.1 (a): Production of LiP by G. lucidum IBL-05 with varying particle size

of wheat straw*

Particle size
(mm)

LiP activity (IU/mL)

Days

2 4 6 8 10

0.3 76.6 ± 3.4N 120.8 ± 2.4J 144.3 ± 2.3G 188.5 ± 3.7D 217.4 ± 2.1C

0.5 98.3 ± 3.3L 136.1 ± 2.9H 177.8 ± 2.7E 221.6 ± 3.9C 288.9 ±2.2A

0.7 84.5 ± 2.8M 117.5 ± 2.6J 148.7 ± 2.9G 194.4 ± 3.2D 247.1 ± 2.4B

0.9 73.8 ± 2.9N 103.9 ± 2.8K 129.4 ± 3.6H 179.6 ± 3.7E 213.2 ± 2.5C

1 61.4 ± 3.6O 93.2 ± 3.5L 114.5 ± 3.3J 139.7 ± 2.5H 193.8 ± 2.6D

2 33.7 ± 2.4 Q 58.4 ± 3.9P 97.9 ±  2.7L 121.1 ± 2.1I 167.6 ± 2.5F
*pH, 4.5; temperature 35oC; fermentation time, 10days

Table 4.1 (b): Analysis of variance of the data on LiP activities produced by

Ganoderma lucidum IBL-05 with varying particle size

Source DF Seq SS Adj SS Adj MS F P

PS 5 47401.6 47401.6 9480.3 730.00 0.000

D 4 164711.9 164711.9 41178.0 3170.79 0.000

PS*D 20 4441.9 4441.9 222.1 17.10 0.000

Error 30 389.6 389.6 13.0
Total 59 216945.1
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Fig. 4.1: Effect of particle size of wheat straw on LiP synthesis by G. lucidum

IBL-05

4.1.2 Effect of medium composition

To find out an easy and cost-effective nutrient medium for making wet to

the substrate wheat straw for solid state fermentation, through Krik’s basal as a

nutrient growth medium and three adapted and adjusted easiest media were

tried for LiP production by G. lucidum IBL-05. The maximum LiP (336.9 IU/mL)

activity was obtained when M-III medium was used (Table 4.2a). The production

of LiP in all the four media increased with time and maxium LiP activity was

harvested after 10 days of cultivation (Fig. 4.2). Statistical analysis of the data by

ANOVA (Table 4.2b) showed significant (P≤0.05) influence of medium

composition on LiP production by G. lucidum in SSF of wheat straw. Comparison

of treatment means by Tukey test also revealed significant differences between

all treatment means as shown in table 4.2a in lettering form. The maximum

response found with the media III at the 10th day representing with the letter A
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and so on in the descending order. Poor response observed at media I and 2nd

day.

M-III medium contained urea as a nitrogen source and lower

concentrations of other nutrients that may be essential for the fungal growth. It

was a simple and economical medium as compared to Kirk’s medium (M-I)

containing costly ingredients like varatryl alcohol and tween-80. The basal

nutrients present in the medium are the minimum requirements for fungal

growth in SSF and expression of ligninolytic enzymes by fungi is affected by

nutrients present in liquid medium used to moist the solid substrates in SSF

(Baldrain, 2003) that usually contain inorganic metal ions and micronutrients

supplemented with a nitrogen source (Baldrain, 2006). Boominathan et al., (1990)

also found the similar M-III medium better for lignin peroxidase production by

Phanerochaete chrysosporium.

Table 4.2 (a): Activities of LiP produced by G. lucidum IBL-05 with varying

media compositions*

Media
Compositions

LiP Activity (IU/ mL)

Time (Days)

2 4 6 8 10

I
105.7± 1.7L 144.5±1.4J 189.1±2.9G 229.9±3.3F 296.6±1.6B

II
117.4± 2.4K 178.8±3.3H 224.7±3.7F 267.5±3.7D 304.4±2.8B

III
137.3 ± 2.8J 192.3±1.2G 247.9±1.6E 283.6±2.3C 336.9±2.0A

IV
121. ± 2.6K 158.1± 3.2I 199.2±3.8G 231.8±1.4F 276.3±3.4C

*pH 4.5; temperature 35oC; particle size, 0.5 mm
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Table 4.2 (b): Analysis of variance of the data on LiP activities produced by

Ganoderma lucidumIBL-05 with varying media compositions

Source DF Seq SS Adj SS Adj MS F P

Md 3 13757.3 13757.3 4585.8 496.30 0.000
D 4 163064.4 163064.4 40766.1 4411.91 0.000
Md*D 12 2238.5 2238.5 186.5 20.19 0.000
Error 20 184.8 184.8 9.2

Total 39 179245.0

Fig. 4.2: Effect of medium composition on LiP synthesis by G. lucidum IBL-05

4.1.3 Optimization of moisture level

The substrate was moistened with different volume of M-III nutrient

growth medium to adjust initial moisture contents to varying ranges (% w/w).

As the level raises up to 60% (w/w), LiP synthesis by G. lucidum IBL-05 also

increased (Table 4.3a) and peaked (342.8IU/mL) on 10th day of cultivation. A
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further increase in moisture content of wheat straw showed decline in LiP

activity (Fig. 4.3). Statistical analysis (ANOVA) showed a significant (P ≤ 0.05)

difference among different moisture levels. By applying the Tukey test to find

out the best response of moisture level. Best response is shown as A with 342.8

IU/mL of LiP activity.

Among the several factors influencing microbial growth and enzyme

production under SSF conditions using a particular substrate, moisture

content/water activity is one of the most critical factors (Pandey et al., 1999;

Prakasham et al., 2006). Moisture causes swelling of substrate thus facilitating

better utilization of the substrate. During SSF, increase in moisture content leads

to reduction in product yield due to reduction in inter-particle spaces, decreased

substrate degradation and impaired oxygen transfer (Ramesh and Lonsane, 1990;

Sandhya and Lonsane, 1994; Sindhu et al., 2009).

SSF processes are considered special then the submerged fermentation,

because particles of solid substrates with less in moisture content made it natural

microbial environment for their growth so that required product will be formed

in accessible conditions (Pandey et al., 1999). It is therefore, important to make

available optimum moisture to get highest yield by controlling water action of

the fermenting substrate. Beeraka et al., (2008) observed maximum

enzyme production (3165 U/gds) with 100% moisture content. Linearity between

moisture content and enzyme production was observed up to 100%, and after that,

inhibition of enzymes activity was noted as more levels of moisture contents increased.

Higher the range of moisture contentsreduce the porosity owing to sticky quality of the

substrate; alter the substrate particle formation and directs to poor oxygen supply and

circulation. Prakasham et al., (2005) explained that lesser the moisture level, than

optimum level show the ways of deprived availability and solubility of the nutrients of

the solid substrate, inappropriate substrate swelling and higher water tension.

Revankar et al., (2007) reported 70% moisture content as optimum for the

production of laccase through Ganoderma sp. by means of wheat bran as a
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substrate. Peng and Chen, (2008) used steam-exploded wheat straw with initial

moisture content 75% for optimum growth of Microsphaeropsis sp. at 30oC

temperature for 10 days.

Table 4.3 (a): Activities of LiP produced by G. lucidum IBL-05 with varying

moisture levels*

Moisture
level (%)

LiP activity (IU/mL)

Days

2 4 6 8 10

30 74.3 ± 3.2U 97.1 ± 2.7S 116.4 ±3.7Q 128.2 ± 2.9P 141.3 ± 1.8O

40 91.1 ± 2.5T 107.6 ± 2.3R 126.3 ± 3.6P 146.7 ± 3.3N 173.5± 2.7K

50 119.4 ±2.6Q 141.3 ± 3.7O 182.8 ±2.5J 204.6 ± 3.2G 222.2± 2.1D

60 148.2 ± 3.7N 198.4 ± 2.4H 256.6 ±3.7C 299.2 ± 1.7B 342.8 ± 3.4A

70 126.7 ± 1.9P 164.9 ± 3.5L 188.4 ± 3.8I 213.6 ± 2.1F 227.1 ± 3.2E

80 111.5 ± 2.1R 159.2 ± 3.9M 169.1 ± 3.1L 195.1 ± 1.8H 211.7 ± 1.9F

*pH, 4.5: temperature 35oC: particle size, 0.5 mm: nutrient medium, M-III

Table 4.3 (b): Analysis of variance of the data on LiP activities produced by

Ganoderma lucidumIBL-05 with varying moisture levels*

Source DF Seq SS Adj SS Adj MS F P

Ms 5 115674.2 115674.2 23134.8 1781.43 *0.000
D 4 87379.8 87379.8 21844.9 1682.11 0.000
Ms*D 20 14159.1 14159.1 708.0 54.51 0.000
Error 30 389.6 389.6 13.0

Total 59 217602.7
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Fig. 4.3: Effect of moisture level on LiP synthesis by G. lucidum IBL-05

4.1.4 Effect of inoculum size

For the optimization of inoculum size on LiP formation by G. lucidum, varying

volumes of homogeneous spore suspension/5gm of substrate were used to

inoculate the SSF medium of wheat straw. The LiP production enhanced with

increase in inoculum level and a maximum of 357 IU/mL LiP activity was noted

on 10th day in the SSF flasks receiving 5 mL inoculum (Table 4.4a). A further

increase in spore density showed decline in LiP production (Fig. 4.4). ANOVA of

the data (Table 4.4b) showed a significant (P ≤ 0.05) difference among different

inoculum volumes used to inoculate the SSF of wheat straw. Tukey test applied

to find out the significantly differences of mean value. Significant result obtained

with 5mL inoculum level.
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Table 4.4 (a): Activities of LiP produced by G. lucidum IBL-05 with varying

inoculums size*

Inoculum
size (mL)

LiP Activity (IU/ mL)

Time (Days)

2 4 6 8 10

1 51.85 ± 1.67S 72.4 ± 1.6R 105.2 ± 1.6P 118.6±2.3N 127.48±1.0M

2 69.27 ± 2.9R 147.7 ± 3.5K 209.3 ± 3.1F 288.5±2.5C 169.31 ± 2.5J

3 92.02 ± 2.7Q 119.5 ±1.3N 131.6 ± 1.6L 179.4±1.65I 201.02 ±2.8G

4 109.84 ±1.5P 127.8 ±2.4M 168.9 ± 3.4J 189.1±3.8H 225.5 ± 3.4E

5 156.68 ± 2.6J 207.6 ± 2.2F 269.9 ±2.8D 310.5± 1.6B 357 ± 0.6A

6 113.28 ±2.2O 128.8 ±2.8M 157.3 ± 1.5J 196.9±2.8G 199 ± 1.65G

7 70.54 ± 1.9R 122.9 ±1.8N 145.1 ± 2.7K 155.3±2.69J 128.22±2.4M

*pH 4.5; temperature, 35oC; particle size, 0.5 mm; nutrient medium, M-III;  moisture

level, 60%

Table 4.4 (b): Analysis of variance of the data on activities of LiP produced by

Ganoderma lucidumIBL-05 with varying inoculums size

Source DF Seq SS Adj SS Adj MS F P

In 6 160773.4 160773.4 26795.6 2029.09 0.000
D 4 124052.7 124052.7 31013.2 2348.47 0.000
In*D 24 41037.5 41037.5 1709.9 129.48 0.000
Error 35 462.2 462.2 13.2

Total 69 326325.8
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Fig. 4.4: Effect of inoculum size on LiP synthesis by G. lucidum IBL-05

Length of Lag/adaptation phase in SSF is dependent on the amount of

microorganism added. Usually, lower inoculum level necessitates for longer lag

times of microbes growth to multiply to sufficient and adequate numbers for

efficient utilization of substrate and enzyme synthesis. A large supply of the

inoculum size within optimum limits would make sure a expressive propagation

and biomass production (Vaithanomsat et al., 2010). Though, after a definite

limit, enzyme production may perhaps diminish as a consequence of exhaustion

of nutrients because of the increased biomass formation that would lead lower

metabolic activities of microorganisms (Kashyap et al., 2002). Elevated inoculum

level also increases the water content of SSF medium, thus cause an aeration

problem in solid cultures (Kashyap et al., 2002; Galhaup et al., 2002; Asgher et al.,

2006: Patel et al., 2009). Although several researchers have shown that ligninolytic

enzymes are produced during secondary metabolism under of starved nitrogen

conditions (Hammel, 1997; Master and Field, 1998) yet, the optimum spore

density is important consideration in microbial fermentation. SSF cultures

require higher inoculum density as compared to LSF submerged cultures
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because in SSF, there is no mass transfer and the fungal mycelia have to

penetrate the solid matrix to get access to nutrients. Asgher et al., (2008) found

that 6 mL inoculums of G. lucidum IBL-05 was optimum using rice straw as

lignocelluloseic substrate in soild state fermentation. Mehboob et al., (2011)

reported maximum lignin peroxidase activity using 3 mL inoculums of G.

lucidum IBL-05 in SSF of corn cobs substrate.

4.1.5 Selection of additional carbon & nitrogen sources.

Different carbon and nitrogen additives were used to investigate their

stimulating/inhibitory influence on LiP production by G. lucidum under

optimum conditions. It was observed that combination of glucose and urea as

carbon and nitrogen source, respectively gave higher LiP activity (587.9 IU/mL)

on 6th day of cultivation as compared to all other combinations (Table 4.5a).

Increase in fermentation time resulted in Analysis of Variance of the data

revealed a significant (P ≤ 0.05) difference among various carbon and nitrogen

combinations (Table 4.5b). Tukey test applied on the mean values to find the

significance of results. 587.9 IU/mL at day 6th showed maximum response.

Both the nature and quantity of available carbon and nitrogen sources

influence ligninolytic enzymes production by wood-rotting basidiomycetes

(Songulashvili et al., 2007). Ligninolytic enzymes by most WRF are synthesized in

nitrogen limited media and their activities are suppressed by high nutrient

nitrogen concentrations (Leatham and Kirk, 1983; Eriksson et al., 1990; Jaouani et

al., 2006; Levin et al., 2010). Jaouani et al., (2005) has reported that ligninolytic

enzymes were better produced in glucose based medium with a low nitrogen

level. Glucose and cellobiose were found to be the most effective carbon sources

which were utilized well by Trametes pubescens (Galhaup et al., 2002).
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Table 4.5 (a):  Varying combination of carbon & nitrogen source on lignin

peroxidase activity produced by G. lucidum IBL-05

C-N
Sources

LiP Activity (IU/ mL)

Time (day)

2 4 6 8 10

Control 156.68 ± 2.6J 207.6 ± 2.2F 269.9 ± 2.8D 310.5 ± 1.6B 357 ± 0.6A

C1N1 389.5 ±3.1X 423.3 ±1.4P 487.1 ±3.4H 515.9 ±1.3D 535.6 ±2.4B

C1N2 411.7 ±1.6R 469.9 ±2.8K 499.8 ±2.9F 368.2 ±2.6AA 344.2 ±2.7AF

C1N3 485.7 ±2.6I 528.9 ±1.1C 587.1 ±1.6A 518.9 ±3.7D 478.6 ±1.57J

C1N4 344.4 ±1.2AF 393.6 ±2.4W 443.2 ±2.7N 413.7 ±1.6R 367.6 ±2.9AA

C1N5 327.6 ±2.6AJ 343.9 ±1.2AF 378.1 ±1.1Y 303.1 ±3.3AN 256.7 ±1.5AU

C2N1 396.5±3.4V 466.8 ±2.6L 497.2 ±2.1F 367.3 ±1.7AA 341.2 ±3.5AG

C2N2 479.6 ±1.2J 492.2 ±3.8G 535.6 ±2.6B 417.1 ±1.2Q 269.4 ±2.4AS

C2N3 336.7 ±1.3AH 363.4 ±1.3AB 391.1 ±1.9 W 296.6 ±3.7AO 214.0±2.9AY

C2N4 372.7 ±2.6Z 411.4 ±1.5R 441.3 ±1.6N 327.9 ±2.8AJ 268.1 ±1.7AS

C2N5 249.4 ±3.5AU 318.8 ±1.7AL 358.7 ±1.7AC 278.3 ±3.4AQ 221.9 ±2.5AX

C3N1 443.8 ±1.5N 480.6 ±3.7J 506.2 ±1.7E 352.0 ±1.3AD 369.9 ±1.6AA

C3N2 437.9 ±1.7O 452.8 ±2.9M 482.9 ±2.6I 411.1 ±1.7R 346.7 ±3.8AE

C3N3 463.0 ±3.5L 485.5 ±1.8I 516.0 ±1.9D 341.1 ±2.4AG 271.4 ±1.8AR

C3N4 230.2 ±1.1AW 335.7 ±3.5AI 265.6 ±3.8AS 184.9 ±3.6BB 118.7 ±3.3BF

C3N5 337.6 ±1.2AH 398.0 ±2.6U 358.7 ±1.6AC 214.0 ±3.2AY 167.5 ±1.8BD

C4N1 386.4 ±2.8X 415.0 ±1.2Q 439.9 ±2.4O 367.5 ±1.4AA 232.7 ±1.7AW

C4N2 411.6 ±1.2R 452.8 ±2.3M 339.5 ±2.9AH 271.1 ±2.7AR 165.7 ±3.6BD

C4N3 423.7 ±1.6P 472.1 ±2.7K 489.7 ±1.4H 376.8 ±1.3Y 217.7 ±1.7AY

C4N4 433.8 ±1.4O 489.7 ±1.8H 401.5 ±2.1S 351.2 ±2.2AD 195.0 ±3.9BA

C4N5 321.0 ±1.1AL 207.6 ±3.8AZ 211.3 ±1.0AZ 178.5 ±3.5BC 114.4 ±1.6BF

C5N1 388.6 ±3.6X 414.8 ±2.0Q 399.6 ±1.9T 285.1 ±3.3AP 229.5 ±3.5AW

C5N2 400.6 ±1.4S 359.6 ±2.6AC 285.1 ±1.6AP 232.2 ±1.9AW 213.3 ±1.7AY

C5N3 414.4 ±1.37Q 488.4 ±1.5H 488.7 ±3.7H 335.8 ±2.1AI 244.0 ±2.6AV

C5N4 326.0 ±2.9AK 347.1 ±1.8AE 313.1 ±1.6AM 261.3 ±3.4AT 160.3 ±1.2BE

C5N5 308.8 ±1.8AN 330.2 ±2.2AJ 298.0 ±1.4AN 243.8 ±1.1AV 122.5 ±2.5BF

*pH, 4.5: temperature 35oC: particle size, 0.5 mm: Media, III: 60% moisture level: 5mL

inoculum level
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Table 4.5 (b): Analysis of variance of the data on activities of LiP produced by

Ganoderma lucidum IBL-05 with different combinations of carbon and

nitrogen sources

Source DF Seq SS Adj SS Adj MS F P

C 4 340617 340617 85154 10075.05 0.000
N 4 669440 669440 167360 19801.23 0.000
D 4 888929 888929 222232 26293.46 0.000
C*N 16 406544 406544 25409 3006.27 0.000
C*D 16 201503 201503 12594 1490.05 0.000
N*D 16 58775 58775 3673 434.63 0.000
C*N*D 64 148367 148367 2318 274.28 0.000
Error 125     1056 1056 8

Total 249 2715232

Kanwal and Reddy, (2011) used different carbon sources for ligninolytic

enzymes production such as sucrose, fructose, glucose mannose, sorbose, ribose,

cellobiose, galactose, rhamnose, arabinose, mannitol and xylose and found

maximum growth with glucose, followed by fructose. Asgher et al., (2012) also

reported that combination of glucose and urea was the best for maximum MnP

synthesis (1288.74 U/mL).

Hammed and Rema, (2002) reported that1% glucose gave maximum LiP

activity on 7th day of incubation and glucose limitation, resulted in early onset of

ligninolytic activity and also increased enzyme production. The easily oxidizable

nature of glucose in comparison to the other substrates studied makes it more

favorable for growth and LiP production. Jadhav et al., (2008) reported that

organic nitrogen sources can regenerate NADH, to act as electron donor for

metabolic pathways of microorganisms. It has been stated that fungal growth

was stimulated if substrate contained 40–50% of total nitrogen as a urea form

(Raimbault and Alazard, 1980). Vikineswary et al., (2006) also reported that
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nitrogen supplemented in the form of urea gave highest laccase activity at 6th

day of fermentation.

4.1.6 Optimization of Carbon: Nitrogen Ratio

After selection of best carbon and nitrogen source combination, effects of

varying C: N ratios on LiP production by G. lucidum in SSF medium of wheat

straw were studied. Taking into account the nitrogen and carbon contents of

wheat straw, the optimized carbon (glucose) and nitrogen (urea) sources were

added to adjust varying C: N ratios in the medium. The medium adjusted to 15:1

C/N ratio gave maximum LiP activity (657.4 IU/mL) after 6 days (Table 4.6a).

Further increase in C: N ratio caused decrease in LiP formation (Fig. 4.6) after

that activity declined. Microorganisms require an optimum carbon to nitrogen

ratio (C: N ratio) for synthesis of different molecules including enzyme proteins.

Statistical analysis of the data on LiP activities with varying C: N ratios showed a

significant (P ≤ 0.05) difference among different C: N ratios (Table 4.6b). Due to

significant result obtained by ANOVA so Tukey test applied, maximum

significant mean value 657 IU/ml obtained at day 6th with C: N ratio.

The production of enzyme is highly dependent on C/N ratios and the

effect of C: N ratio is more pronounced as compared to the effect of carbon and

nitrogen sources. Increase in C/N ratio after optimum limits caused decrease in

LiP production by G. lucidum IBL-05. Some WRF grow better under carbon and

nitrogen limitations and others give better performance under carbon and

nitrogen sufficient conditions (Xiong et al., 2008).
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Table 4.6 (a): Activities of LiP produced by G. lucidum IBL-05 with varying C:

N ratios*

C: N Ratio

LiP Activity (IU/ mL)

Time (days)

2 4 6 8

Control 485.7 ±2.6I 528.9 ±1.1C 587.1 ±1.6A 518.9 ±3.7D

10:1 497.7 ± 2.0K 537.2 ± 2.4F 599.3 ± 1.5B 527.4 ± 2.7G

15:1 544.6 ± 2.8E 588.9 ± 3.9B 657.4 ± 2.7A 535.9 ± 3.4F

20 :1 516.4 ± 1.7I 528.3 ± 1.9G 574.8 ± 3.8C 521.1 ± 2.6H

25 :1 504.5 ± 1.6J 518.2 ± 1.3H 553.7 ± 1.4D 495.7 ± 2.2K

30 :1 473.1 ± 3.8L 513.2 ± 1.5I 534.4 ± 2.1F 462.8 ± 3.4L

*pH, 4.5; temperature, 35oC; particle size, 0.5 mm; nutrient medium, M-III; moisture

level, 60%; inoculums, 5mL; carbon & nitrogen sources, glucose & urea

Table 4.6 (b): Analysis of variance of the data on activities of LiP produced by

G. lucidum IBL-05 with varying C: N ratios

Source DF Seq SS Adj SS Adj MS F P

CNR 4 32208.2 32208.2 8052.0 959.38 0.000
D 3 38629.8 38629.8 12876.6 1534.21 0.000
CNR*D 12 5864.5 5864.5 488.7 58.23 0.000
Error 20 167.9 167.9 8.4

Total 39 76870.4
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Fig. 4.5: Effect of C: N ratio on LiP synthesis by G. lucidum IBL-05.

At low C:N ratio, the fungi suffer from carbon limitation and do not show

optimum growth and enzymes formation, while at a high C:N ratio (nitrogen

limitation), fungal cultures produce large amounts of polysaccharides (Xiaoping

and Xin, 2008) due to nitrogen deficency. At higher C/N ratios, an imbalance

between high carbon and low nitrogen content of the medium, leads to fungal

growth inhibition (Irshad and Asgher, 2011).

4.1.7 Effect of metal ions

To enhance the production of LiP by G. lucidum IBL-05, different metal

ions (salted form) at varying concentrations were addedin the optimized growth

media. The triplicate flasks were incubated at optimum conditions of

temperature, pH, moisture level, inoculum size and C: N ratio. The maximum

LiP activity (877.7 IU/mL) was obtained with 2 mM concentration of

ZnSO4.7H2O salt after 4 days, followed by 1mM CuSO4.5H2O (798.7 IU/mL) and

1mM MnSO4. 2H2O (778.1 IU/mL) after 6th and 4th day respectively (Table 4.7a).
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LiP synthesis by the fungus increased with lower concentrations of Zn2+ and

concentrations higher than 1.5mM caused inhibition. Fe2+, Mn2+ and Mg2+ ions

showed inhibitory effects on LiP formation at all concentrations. ANOVA of the

data (Table 4.7b) showed a significant (P ≤ 0.05) difference among different metal

ions and their concentrations. Tukey test revealed the difference among

treatment means as shown in table 4.7a.

Various metal ions can increase or decrease the fungal growth, because of

physiologically and morphologically modification that might be influence on the

reproduction of WRF (Wuyep et al., 2003).  Various species and strains of WRF

vary in their sensitivity towards metals throughout, when grown on the agro

wastes for the production of ligninolytic enzymes (Sathiya-Moorthi et al., 2007).

Metals required for fungal growth consist of nickel, manganese, iron, zinc,

copper and molybdenum (Baldrian, 2003).

Unnecessary metals usually come across comprise on lead, chromium,

silver, mercury and cadmium. White-rot fungi naturally grown on wood

accumulated with Fe, Zn, Cu, and Cd and these metals are also present in their

fruit bodies, while Pb and Mn were excluded. Bonnarme and Jeffries, (1990)

reported that unlike the effect of carbon and nitrogen, Mn2+ influence on the cells

comparatively in a some particular way, in which extracellular protein and

mycelial dry weight  production is not have an effect on the  rates of utilization

of carbon and nitrogen additives.

WRF strain L-25 with the addition of Mn+2 produced MnP with highest

activity (Fujihara et al., 2010).  WRF need of cofactors/prosthetic groups as a vital

metal ions form for example Zn2+, Ca2+, Cu3+, Mg2+, or Mn2+ for various metabolic

enzymes however if these metal ions are there in surplus amount toxic for fungal

growth (Srinivasan and Murthy, 2000).
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Table 4.7(a): Activities of LiP produced by G. lucidum IBL-05 with varying

concentrations of metal ions*

*pH, 4.5; temperature, 35oC; particle size, 0.5 mm: nutrient medium, M- III: moisture

level, 60%: inoculum, 5mL; carbon & nitrogen sources, glucose & urea; C: N ratio, 15:1

Metals ions Conc
(mM)

LiP activity (IU/mL)
Days

2 4 6
Control 544.6 ± 2.8E 588.9 ± 3.9B 657.4 ± 2.7A

Fe2(SO4)3. 7H2O 534.0 ± 1.5AJ 709.5 ± 3.9R 722.6 ± 1.1P

CuSO4. 5H2O 489.2 ± 1.8AM 685.2 ± 3.2U 719.5 ± 3.3P

MnSO4. H2O 0.01 582.6 ± 1.3AH 680.9 ±1.5V 705.0 ± 1.7R

MgSO4. 7H2O 580.5 ± 1.2AH 632.2 ± 2.3AA 686.8 ± 1.7U

ZnSO4. 7H2O 698.5 ± 1.3T 721.1 ± 3.5P 759.3 ± 2.7K

Fe2(SO4)3. 7H2O 596.7 ± 0.8AF 713.3 ± 1.3Q 766.6 ± 1.8I

CuSO4. 5H2O 0.05 592.7 ± 1.3AG 719.1 ± 1.6P 747.7 ± 3.9M

MnSO4. H2O 616.6 ± 1.3AC 722.2 ±2.32P 747.0 ± 2.29M

MgSO4. 7H2O 624.7 ± 1.8AB 671.0 ± 1.3W 784.5 ± 2.1G

ZnSO4. 7H2O 728.8 ± 1.7O 788.1 ±2.6F 796.6 ± 1.9E

Fe2(SO4)3. 7H2O 616.2 ± 2.7AC 742.6 ± 1.6N 790.9 ± 2.3F

CuSO4. 5H2O 659.3 ± 3.3X 763.0 ± 3.5J 798.7 ± 1.9E

MnSO4. H2O 1.00 641.8 ± 2.7Z 778.1 ± 3.8H 703.9 ± 3.9S

MgSO4. 7H2O 638.9 ± 3.5Z 730.5 ± 1.2O 796.4 ± 1.5E

ZnSO4. 7H2O 756.5 ± 2.3K 818.4 ± 1.9D 842.6 ± 1.3C

Fe2(SO4)3. 7H2O 626.9 ± 2.9AB 658.8 ± 3.7X 550.8 ± 1.1AL

CuSO4. 5H2O 1.50 626.9 ± 3.9AB 701.1 ± 1.2S 654.1 ± 1.8Y

MnSO4. H2O 581.0 ± 1.1AH 618.1 ± 1.4AC 667.5 ± 1.4W

MgSO4. 7H2O 711.7 ± 3.3Q 748.9 ± 2.0M 718.8 ± 3.6P

ZnSO4. 7H2O 783.6 ± 1.2G 856.4 ± 1.4B 816.5 ± 2.9D

Fe2(SO4)3. 7H2O 499.5 ± 1.3AL 524.2 ± 2.8AK 585.8 ± 1.8AH

CuSO4. 5H2O 613.9 ± 2.1AD 660.2 ± 1.7X 602.6 ± 2.6AE

MnSO4. H2O 2.00 730.0 ± 1.2O 753.8 ± 2.4L 786.7 ± 2.5F

MgSO4. 7H2O 547.5 ± 1.6AI 666.9 ± 2.9W 602.4 ± 2.3AE

ZnSO4. 7H2O 798.8 ± 2.6E 877.7 ± 2.3A 828.3 ± 1.9D
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Table 4.7 (b): Analysis of variance of the data on activities of LiP produced by

Ganoderma lucidum IBL-05 with varying concentrations of different metal ions

Source DF Seq SS Adj SS Adj MS F P

Met 4 393712 393712 98428 11866.43 0.000
Conc 4 114508 114508 28627 3451.26 0.000
D 2 256839 256839 128419 15482.16 0.000
Met*Conc 16 238502 238502 14906 1797.10 0.000
Met*D 8 13847 13847 1731 208.67 0.000
Conc*D 8 70307 70307 8788 1059.52 0.000
Met*Conc*D32 79034 79034 2470 297.76 0.000
Error 75 622 622 8

Total 149 1167370

In Lentinus squarrosulus and Psathyrella atroumbonata ligninase production

was increased about 2 to 12 fold when Ca+2 and Mn+2 were added to theagro

waste substrate medium (Wuyep et al., 2003). Among the metal ions or any

added ions studied individually by Ahammed and Prema, (2002) showed that

Cu2+ inhibited LiP markedly and had most inhibiting effect while Ni2+ and K+

had the least effect. Baldrian and Gabriel (2002) also noted the significant effect

on enzyme activity when heavy metals such as Zn Cu, Ca, Fe and Mn as well as

added in a trace amount act as inducers besides this these metal ions play a

significant part in the fungal growth also. However the surplus amounts of these

metal ions are extremely dangerous for growth, reproduction, with badly

effecting on physiology and morphology of these WRF. These metal ions caused

hindrance with fungal colonization and enzymes activities in the

biotransformation of xenobiotic and ligninocellulosic compounds by purified

enzyme of WRF and pure culture of WRF (Baldrian, 2003). Irshad and Asgher,

2011 reported that 1mL of 1 mM MgSO4.7H2O was optimum for the production

of LiP (2688 IU/mL).



110

4.1.8 Effect of mediators

To enhance the production of LiP by G. lucidum under optimum

conditions, the  mediators including H2O2, Veratryl Alcohol, Oxalate, 1, 4-

Dimethoxybenzene and 4-methoxy mandelic acid were added to the SSF

medium of wheat straw in varying concentrations. All the mediators were found

to enhance LiP production to different extents. By adding the mediators, there

was a reduction in incubation time from 4 to 2 days to get optimum LiP yield. 4-

methoxy mandelic acid at 4mM concentration showed the maximum LiP (1019.6

IU/mL) on 2nd day, followed by VA and H2O 885.2 IU/mL, 663.3 IU/mL with

3mM and 2mM respectively. Statistical analysis of the data by ANOVA showed a

significant (P ≤ 0.05) difference among different mediators and their

concentrations regarding the production of LiP. Statistical difference between

treatment means observed by applying Tukey test as shown in table 4.8a.

Different natural and synthetic organic and inorganic compounds perform

the role of mediators of LiP catalyzed reaction mechanisms (Asgher et al., 2012).

Mediators are a group of low molecular weight organic compounds (Gochev et

al., 2007) that can diffuse far away from the mycelium to sites that are difficult to

reach by the enzyme itself (e.g., the lignin macromolecule inside the plant cell

wall) (Camarero et al., 2004), and enhance the variety of substrates and effective

degradation of the recalcitrant aromatic and xenobiotic compounds by many

fold. Mediators might be obtained naturally from fungal metabolism during the

degradation of lignin or oxidized units of lignin through white-rot fungi.



111

Table 4.8 (a): Effect of varying mediators and their concentration on the

production of lignin peroxidase activity produced by G. lucidum IBL-05

Mediators Conc
(mM)

LiP activity (IU/mL)
Days

2 4 6

Control 798.8 ±2.6E 877.7 ±2.3A 828.3 ±1.9D
H2O2 630.8 ± 1.7Q 657.6 ± 1.1O 586.3 ± 3.9T
VA 803.7 ± 1.9I 793.4 ± 3.8I 518.3 ± 2.7V

4MMA 1 832.1 ± 3.9H 784.7 ± 3.7J 561.1 ± 3.1U
OA 489.1 ± 3.5X 437.2 ± 1.4AB 353.5  ± 3.5AH

1,4 DMB 511.6 ± 2.8V 427.6 ± 1.1AC 215.5  ± 3.8AM

H2O2

2

663.3 ± 1.7O 639.2 ± 3.5P 426.6 ± 1.2AC
VA 869.4  ± 2.2F 819.7 ± 1.5H 505.2 ± 2.4W

4MMA 2 885.2 ± 1.4D 851.5 ± 3.6G 626.3 ± 2.6Q
OA 636.6 ± 2.7P 413.1 ± 2.7AD 395.2 ± 1.9AE

1,4 DMB 448.2 ± 1.0Z 365.0 ± 2.5AG 134.4 ± 2.7AO

H2O2 459.5 ± 1.9Z 411.0 ± 2.8AD 371.1 ± 3.6AF
VA 885.8 ± 1.1D 722.9 ± 2.8M 616.7 ± 1.5R

4MMA 3 939.8 ± 1.8C 872.7 ± 1.3E 603.5 ± 2.4S
OA 671.2 ± 3.3N 376.3 ± 1.7AF 233.8 ± 3.8AK

1,4 DMB 596.2 ± 1.9S 411.4 ± 1.5AD 220.8 ± 2.4AM

H2O2 392.0 ± 1.7AE 368.2 ± 2.9AF 231.6 ± 3.5AL
VA 853.3 ± 3.5G 751.1 ± 1.1L 597.4 ± 1.82S

4MMA 4 1019.6 ± 2.5A 974.4 ± 1.8B 710.3 ± 1.82M
OA 653.4 ± 3.8O 319.3 ± 3.6AI 238.6 ± 3.9AK

1,4 DMB 440.3 ± 3.6AA 313.0 ± 3.3AI 297.6 ± 1.6AJ

H2O2 365.0 ± 3.7AG 237.7 ± 3.3AK 187.3 ± 2.9AN
VA 769.0 ± 2.6K 674.9 ± 1.8N 470.1 ± 1.6Y

4MMA 5 796.9 ± 1.9I 570.2 ± 2.3U 352.3 ± 2.7AH
OA 587.3 ± 2.5T 314.3 ± 3.7AI 178.8 ± 2.2AN

1,4 DMB 420.8 ± 2.2AC 492.4 ± 3.5X 438.2 ± 2.9AB

*pH, 4.5: temperature 35oC: particle size, 0.5 mm: Media, III: 60% moisture level: 5mL

inoculum level: carbon & nitrogen sources, glucose & urea: C: N ratio, 15:1, ZnSO4.

7H2O,
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Table 4.8 (b): Analysis of variance of the data on activities of LiP produced by

G. lucidum IBL-05 with varying concentrations of different mediators

Source DF Seq SS Adj SS Adj MS F P

Med 4 3770550 3770550 942637 113643.80 0.000
Conc 4 295830 295830 73958 8916.29 0.000
D 2 1738632 1738632 869316 104804.22 0.000
Med*Conc 16 792169 792169 49511 5968.96 0.000
Med*D 8 217816 217816 27227 3282.47 0.000
Conc*D 8 58204 58204 7276 877.13 0.000
Med*Conc*D 32 249544 249544 7798 940.15 0.000
Error 75 622 622 8

Total 149 7123368

Lignin peroxidase (LiP) can catalyze the depolymerization of the aromatic

biopolymer lignin with the oxidation of recalcitrant xenobiotic, phenolic and

aromatic compounds (Valli et al., 1990; Hammel et al., 1993), while redox

mediation is significant for the oxidation of those compounds (Goodwin et al.,

1995), having lower redox potential than compound I and compound II of LiP,

but are un-reactive with LiP itself (Teunissen and Field, 1998).  It was reported

that oxalate and EDTA are not oxidized by only LiP until VA added in the

reaction mixture (Akamatsu et al., 1990; Shah et al., 1992). Besides this, oxalateand

EDTA reduce the VA cation radical to VA and the compounds are along with

this then decarboxylated (Barr et al., 1992; Teunissen and Field, 1998). Veratryl

alcohol is a secondary metabolite of fungi, synthesize and stimulates the LiP

oxidation of synthetic lignin at the same time when LiP produced so (Hammel et

al., 1991), dyes (Paszezynski et al., 1991; Ollikka et al., 1993) and a various

phenolic, aromatic and xenobitic substances (Harvey et al., 1986; Valli et al., 1990;

Teunissen and Field, 1998).  VA can work also as a substrate for H2O2-producing

enzymes or a source of reactive oxygen species (ROS) an inducer, (Harvey et al.,

1986), a stabiliser (Cancel et al., 1993; Faison et al., 1986) and charge transfer

mediator, (De Jong et al., 1994; Jaouani et al., 2006). Furthermore, it also plays a
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significant part in LiP catalysis acting as a redox mediator (Goodwin, 1995a,

Husain and Husain, 2008), assisting in the turnover of the enzyme, and

defending the enzyme from H2O2 inactivation.

Jaouani et al., (2006) found maximum production of LiP with the addition

of 5 mM veratryl alcohol. Teunissen and Field, (1998) found that Poly R-478,

oxalic acid and 4-methoxymandelic acid were oxidized through LiP) in the

existence of the fungal metabolite 2-chloro-1,4-dimethoxybenzene (2Cl- 14DMB),

while no oxidation happened in the deficiency of 2Cl-14DMB. These substrates

obviously repressed the consumption of 2Cl-14DMB and the formation of 2-

chloro-1,4-benzoquinone from 2Cl-14DMB by LiP. LiP unaided is almost not able

to oxidize 4-methoxymandelic acid, 4-MMA to anisaldehyde, but these

oxidations completed by excellent effectiveness in the existence of VA.

Further inspection is that the fungal secondary metabolites such as 1, 4-

dimethoxybenzene (14 DMB) (Harvey et al., 1986; Baciocchi et al., 2002) and 2-

chloro-1, 4-dimethoxybenzene (2Cl- 14 DMB) (Teunissen et al., 1998) can replace

the function of VA in increasing the efficiency of LiP-catalysed oxidations

(Teunissen and Field, 1998; Husian and Husain, 2008). These findings also

provide the innovative proof for the achievable part of fungal metabolites as

redox mediators except VA in lignin degradation (Teunissen and Field, 1998).

The stimulatory character of VA for LiP in P. chrysosporium also previously noted

(Arora and Gill, 2001; Gassara et al., 2010). However, Shin et al., (1997) observed

no difference in the production of enzymes when VA was added to the medium

at different concentrations (0 to 4.0 mM). The difference in mycelial growth rate

was also negligible. Although P. ostreatus and P. sajor-caju produce VA oxidases

in the ligninolytic cultures but VA may not play a central role in the production

of ligninolytic enzymes by all WRF (Sannia et al., 1991).
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Table 4.9 (a):  Effect of varying surfactants and their concentration on the

production of lignin peroxidase activity produced by G. lucidum IBL-05

Surfactants
(10%)

Conc
(mL)

LiP activity (IU/mL)
Days

2 4 6
Control 1019.6  ±2.5A 974.4  ±1.8B 710.3 ±1.82M

Tween 20 663.4 ± 2.4G 733.7 ± 1.4E 441.1 ± 2.2Q
Tween 80 773.2 ± 3.5D 555.4 ± 1.9M 289.9 ± 1.6AF

SDS 0.5 669.3 ± 1.7G 475.6 ± 1.5P 335.6 ± 2.6AC
Triton x 575.8 ± 1.5L 323.7 ± 1.8AD 206.8 ± 1.8AJ

Tween 20 786.1 ± 1.8C 818.9 ± 4.1B 375.5 ± 4.5Y
Tween 80 792.3 ± 3.9C 807.1 ± 1.5B 264.2 ± 3.5AG

SDS 1 569.2 ± 1.8L 490.3 ± 2.5O 358.4 ± 2.0AA
Triton x 570.5 ± 1.4L 583.2 ± 2.4K 379.1 ± 2.6X

Tween 20 728.8 ± 1.7E 628.1 ± 2.7I 718.2 ± 3.5F
Tween 80 624.9 ± 2.7I 643.9 ± 1.4H 321.6 ± 1.8AE

SDS 1.5 431.4 ± 1.8S 473.4 ± 1.9P 413.1 ± 2.0U
Triton x 247.3 ± 2.6AH 444.4 ± 3.7Q 398.1 ± 3.4W

Tween 20 542.9 ± 2.9N 593.4 ± 1.8J 852.6 ± 3.3A
Tween 80 446.6 ± 1.4Q 419.4 ± 1.1T 326.9 ± 3.9AD

SDS 2.0 367.7 ± 2.5Z 448.2 ± 2.9Q 402.3 ± 2.9V
Triton x 240.3 ± 3.9AH 337.8 ±3.4AC 136.6 ± 2.9AL

Tween 20 336.4 ± 3.8AC 415.1 ± 1.4U 447.2 ± 2.7Q
Tween 80 382.8 ± 2.3X 280.8 ± 2.8AF 187.9 ± 1.6AK

SDS 2.5 346.2 ± 2.6AB 433.6 ± 1.3R 374.7 ± 1.8Y
Triton x 227.3 ± 1.4AI 334.8 ± 1.8AC 124.2 ± 2.6AL

*pH, 4.5: temperature 35oC: particle size, 0.5 mm: Media, III: 60% moisture level: 5mL

inoculum level: carbon & nitrogen sources, glucose & urea: C: N ratio, 15:1, ZnSO4.

7H2O, 4mM: 4MMA, 4mM.

4.1.9 Effect of surfactants

Different concentrations (0.5, 1.0, 1.5, 2.0, 2.5 mM) of Surfactants like

Tween- 80, Tween -20, Triton × 100 and SDS were added to the growth media.

All the surfactants at all concentrations were found to inhibit the synthesis of LiP
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by G. lucidum IBL-05 (Table 4.9a). Statistical analysis showed a significant (P ≤

0.05) difference among different surfactants and their concentrations (Table 4.9a,

b).

Table 4.9 (b): Analysis of variance of the surfactants and their concentration

data on lignin peroxidase activity produced by Ganoderma lucidumIBL-05.

Source DF Seq SS Adj SS Adj MS F P

Surf 3 1068050 1068050 356017 42921.14 0.000
Conc 4 833831 833831 208458 25131.53 0.000
D 2 571722 571722 285861 34463.25 0.000
Surf*Conc 12 298379 298379 24865 2997.70 0.000
Surf*D 6 246363 246363 41060 4950.22 0.000
Conc*D 8 585640 585640 73205 8825.55 0.000
Surf*Conc*D 24 368818 368818 15367 1852.69 0.000
Error 60 498 498 8

Total 119 3973301

Contrary to our findings, it has been reported in literature that surfactants

are growth enhancing agents in SSF for the production of LiP. However, the

response of some microbes to a surfactant will depend on many aspects, such as

ultrastructure of cell, conc. of surfactant, bioavailability, environmental and

culture environment (Christofi et al., 2002; Van Hamme et al., 2006; Bustamante et

al., 2010). Surfactants enhance the surface area for microbial growth and

consequently produce an enzyme efficiently. Surfactants are organic molecules

with a polar or ionic hydrophilic group and a non polar or hydrophobic chain,

known as the head and tail groups, respectively (West and Harwell, 1992;

Christofi and Ivshina, 2002).

Surfactants such as poly(oxyethylene) sorbitan-monooleate (Tween 80)

sodium dodecylsulphate (SDS), octylphenol (ethyleneglycol) ether (Triton X-100),

poly(oxyethylene)sorbitan-monolaurate (Tween 20) octylphenol (ethyleneglycol)

ether (Triton X-114), and Dodecyltrimethylammonium bromide (DoTAB), were
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screened for their ability and properties to investigate mechanisms of surfactant

as well as to improve  enzymatic hydrolysis (Eriksson et al., 2002). Garon et al.,

(2002) estimated the effects of surfactants on various fungal species and their

outcomes demonstrated the restricted fungal growth at the critical micelle

concentration (CMC) by an anionic surfactant. Lethal effect was also studied on

the fungus by adding various surfactants such as TW 80, Triton X-100 (nonionic

surfactants) and SDS (anionic surfactant). Results demonstrated that SDS

inhibited the fungal growth while TW 80 and Triton X-100 were better bared up

at the amount estimated in majority of the investigated fungal strains. This

depressing effect can be clarified by interference of the cell membranes during

interactions with structural lipid components (Laha and Luthy, 1992).

Furthermore, no effect of Tween 80 was noted under several experimental

conditions, besides Tween 80 did not increase the enzyme activity as was the

case with P. chrysosporium (Asther et al., 1987; Jaouani et al., 2006). Sindhu, (2009)

has also reported that Triton X-100 and sodium dodecyl sulphate (SDS) inhibited

growth which in turn affected enzyme synthesis.

4.2 Purification of LiP

The crude enzyme extract produced by Ganoderma lucidum IBl-05 was

purified through ammonium sulphate precipitation, followed by dialysis, DEAE

cellulose ion exchange chromatography and Sephadex G-200 gel filtration

chromatography Table 4.10). Complete precipitation of LiP was obtained with

80% ammonium sulphate to specific activity of 503.5 U/mg and 1.1-fold

purification. After dialysis LiP was purified to 973.6U/mg specific activity and

2.1 fold purification. DEAE cellulose ion exchange chromatography (Fig. 4.10)

resulted in 3.9-fold purification with LiP specific activity of 1736.9 U/mg and

17.0% enzyme yield. Gel filtration through Sephadex G-200 column (Fig. 4.11)
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resulted in final 6.4-fold purification and specific activity of 2860.049/mg and

16.8% LiP yield.

ten Have et al., (1998) found that Bjerkandera sp. strain BOS55 excretes at

least seven (LiP) isozymes, purified through filtration by cheese cloth and 85%

(NH4)2SO4 precipitation at 0°C. However, Wang et al., (2008) purified LiP

obtained from P. chrysosporium under optimum condition by 60%

(NH4)2SO4 saturation. Yang et al., 2005 purified P. decumbens P6 LiP through

(NH4)2SO4 precipitation, ion-exchange chromatography on DEAE-cellulose and

CM-cellulose, gel filtration on Sephadex G-100, and non-denaturing,

discontinuous polyacrylamide gel electrophoresis.

Table 4.10: Purification scheme for LiP produced by G. lucidum IBL-05

Sr.
No

Purification
Steps

Volume
of

smaple

(mL)

total
enzyme
activity

(IU)

total
protein
content

(mg)

Specific
activity
(U/mg)

Yield

(%)

purification
fold

1 Crude Enzyme 500 548680 1239.7 442.6 100 1

2
(NH4)2SO4

precipitation
250 244255 485.1 503.5 44.7 1.1

3
Dialyzed

nzyme
150 141681 145.53 973.6 25.8 2.1

4
DEAE-

Cellulose
100 93619 53.9 1736.9 17.0 3.9

5
Sephadex G-

200
100 92494 32.34 2860.049 16.8 6.4

.
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The fractionation of enzyme proteins on the basis of charge was attained

by the DEAE cellulose ion exchange column chromatography technique. Mtui

and Nakamura, (2008) reported enzyme desalting by using PD-10 column

packed with Sephadex G-25 (dextran) gel. An ion exchange column HighLoad Q

Sepharose for purification of lignin peroxidase from F. flavus.

Fig 4.6: Ion exchange chromatography of LiP produced by G. lucidum IBL-05
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Fig. 4.7: Gel filtration chromatography of LiP produced by G. lucidum IBL-05

4.2.2 SDS-PAGE

The presence of two bands on SDS-PAGE confirmed that the enzyme was

adimaric protein having two polypeptide chains as shown in fig 4.8. The method

implemented for LiP purification obtained by G. lucium IBL-05 was especially

easy and performed as ammonium sulphate precipitation, dialysis, ion exchange

chromatography and gell filteration chromatography.

Fig. 4.8: SDS- PAGE for LiP
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In line with our findings, ten Have et al., (1998) found that Bjerkandera sp.

strain BOS55 excretes at least 7 isozymes of LiP. Two of these, LiP-2 and LiP-5

having 40-42 kDa molecular weight respectively) with the samilar N-terminal

amino acid sequence which proved strong homologous with LiP isozymes

secreted by other WRF. Yadav et al., (2009a and b) also reported the purification

of two isozymes of LiP with molecular mass of 38 kDa & 40 kDa from Pleurotus

sajor caju MTCC-141 and Loweporus lividus MTCC-1178, respectively.

Raghukumar, (1999) purified a LiP from F. flavus 332 having molecular weight of

41.5 kDa on Native-PAGE. SDS-PAGE analysis showed major bands of size

separated enzymes from F. flavus at relative molecular weights between 45 and

70 kDa. However, Yang et al., (2005) isolated a single polypeptide LiP from a

liquid culture of P. decumbens P6 having 46.3 KDa molecular weight through

SDS-PAGE. The LiP purified from the culture filtrate of P. ostreatus showed a

single peak of native enzyme with molecular mass of 73 KDa, where as a single

band of 71 kDa was found when the enzyme was subjected to SDS-PAGE (Shin et

al., 1997). However, Asgher et al., (2006) also isolated a monomeric LiP form P.

chrysosporium having molecular mass of 38 kDa estimated by SDS- PAGE.

4.3 Immobilization of LiP in hydrophobic Xerogels
The purified LiP from G. lucidum was entrapped in sol-gels derived from

trimethoxy silane (TMOS)/proplytetramethoxy silane (PTMS) used in 1:1, 1:2, 1:5

and 1:10 ratios. The LiPs entrapped in different T: P ratio gels had different

specific activities (Table 4.11). Gel entrapment enhanced LiP activity that was

maximum for 1:5 T: P ratio gel entrapped LiP. LiP activity in higher T: P ratio

gels was decreased. LiP entrapped in 1:5 T/P ratio gel was therefore, selected for

further characterization of LiP for the comparison of free LiP enzyme.

Various efforts have been performed to immobilize the LiP through

various supports. Amberlite was used for immobilization of LiP due to which it

treat the colored waste-waters comes from pulp industry (Peralta-Zamora et al.,
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1998). Asgher et al., (2007) used xerogels of various molar ratios of TMOS and

PTMOS (1:1, 1:2, 1:5, 1:10) to entrap the LiP from P. chrysosporium and 1:5 molar

T/P ratio was optimum for entrapment of LiP.  Aucion et al., (2004) explained the

properties of xerogels of different hydrophobic natures, hydrophobicity

improved by the addition of propyl group. Clifford and Legge, (2005)

recommended that novel material like silica xerogels is appropriate for industrial

use of entrapped enzymes.

Moreover the potential of using the immobilized enzyme in industrial

purposes there are various motives also to learn about the effect of LiP

immobilization on its activity and stability. Enzymes entrapment in silica gels by

sol-gel route is now a history (Avnir et al., 1994; Gill and Ballesteros, 2000; Livage

et al., 2001; Reetz et al., 2000). In recent years, the research has been focused on

new sol–gel-derived materials to make the network more compatible with the

biomolecules (Gupta and Chaudhury, 2007; Smith et al., 2007). Due to their

physical properties, inorganic carriers have some important advantages over

their organic counterparts, including high mechanical strength, good thermal

stability, high resistance to organic solvents and microbial attack, easy handling

and regeneration. Inorganic supports are stable and do not alter their structure

with environmental changes (Kennedy and Cabral, 1987; Coradin et al., 2006).
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Table 4.11: Activities of lignin peroxidase from Ganderma lucdium IBL-05 after

immobilization using gels of different hydrophobicity

Sr.
No

Specific activity
(U/mg)

Degree of
immobilization

specefic activity
(U/mg)

(corrected)a

Relative
activity

1:1 799.27 0.76 1051.6 1.32

1:2 808.04 0.73 1106.8 1.36

1:5 875.09 0.64 1367.2 1.56

1:10 742.42 0.77 963.6 1.29

4.4 Characterization of free and immobilized LiP: Effect of

immobilization on kinetic and thermostability properties of LiP

4.4.1 Effect of pH on free and immobilized LiP

Free and immobilized LiP were incubated in varying pH buffers ranging

from pH 3-9 for 15 min prior to standard LiP assay protocol. The free and

immobilized LiP showed the same pH optima (pH 3). After the selection of

optimum pH the stability of both enzymes against pH was studied by incubating

the enzyme for 1h in different pH buffers. The immobilized LiP showed fair

stability up to pH 5 but activity of free LiP activity relatively declined after pH 3

(Fig. 4.17).
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Fig. 4.9: Effect of pH on activity of free and immobilized LiP from G. lucidum

IBL-05

Immobilization has been shown to affect the pH profile of enzymes
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al., 1990; Fawer et al., 1991; Asther and Meunier, 1993). Multipoint covalent
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than 2.5 pH (33.8 U/mg) and near pH 3.0 (16.7 U/mg), respectively. At typical

physiological pH for fungal growth (pH 5.0-6.5) both isozymes were remain

active. Further characterization of LiP-2 and LiP-5 revealed that the Km for H2O2

strongly declined with increase in pH (ten Have et al., 1998).

LiP stability significantly declined less than 3 pH whereas its enzyme

activity at the similar instant enhanced (Tien et al., 1986). Asther and Meunier,

(1993) studied immobilized LiP on CNBr-Sepharos solid support and noted

better stability of the enzyme in acidic media. Marquez et al., (1988) and Tien et

al., (1986) reported that LiP catalyzed VA is totally pH dependent which showed

an extraordinarily optimum low pH. While Tuissel et al., (1990) established that

at about 4–6.5 pH immobilizded LiP H2 comparatively show stability.

4.3.3 Effect of temperature on activity of free and immobilized LiP

Free and immobilized LiP were incubated for 1h at varying temperatures

ranging from 25-90oC at pH 4.5. The free LiP showed optimum activity at 40oC

and it rapidly lost its activity at higher temperatures (Fig. 4.18). At 70oC it

completely lost its activity. The optimum temperature for immobilized LiP was

50oC, it showed slower activity loss at higher temperatures as compared to free

LiP. There was a 10oC shift in optimum temperature by immobilization,

indicating that there was a change in enzyme conformation due to

immobilization. For thermostability studies the free and entrapped LiP were

incubated at their respective optimum temperatures for different time periods.

Free LiP started losing its activity after 4 hours and was fully denatured after 12

h. However, the immobilized LiP was completely stable at 50oC for 6 h and it

gradually started losing its activity but was not fully denatured even after 24 h

(Fig. 4.19).

Immobilization often renders the enzymes more efficient, thermostable

and capable of functioning in a wide range of conditions. The stabilization of LiP
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by immobilization may permit us to describe reaction circumstances encouraging

further in industrial applications. Immobilization of enzymes using xerogels has

advantages over other immobilization strategies, and the opportunity to produce

them in definite shapes/thin films and capability to influence their porosity,

hydrophobicity, and optical characteristics (Aucoin et al., 2004). Hydrophobc gel

entrapment has been reported to cause hyperactivation and stabiliztion of

enzymes (Asgher et al., 2006). The optimum temperature of LiP from P.

chrysosporium was 40oC and the enzyme was stable up to 70oC for 1h (Asgher et

al., 2007). Another LiP from Penicillium decumbens P6 had optimum activity at

45oC (Yang et al., (2005). Optimum temperature for LiP isozymes isolated from

Loweporus lividus MTCC-1178 were 25 and 30oC, respectively and the isozymes

were found to be inhibited by sodium azide (Yadav et al., 2009a).

Nanoporous gold (NPG) immobilized LiP from P. chrysosporium, F.F.

Lombard ME446 (ATCC34541) was isolated and purified was incubated for 2 h at

45oC and it retained 55% of the initial activity while the free LiP was completely

deactivated (Qiu et al., 2009). Conversely, Cornwell et al., (1990) reported that

immobilization of LiP on porous ceramic supports enhanced LiP’s stability and

illustrated a prospective for its repeated use for degradation of environmentally

resistant aromatics compounds. The reaction of LiP with various substrates

might be a multi substrate and multistep reaction. An immobilized enzyme

proposes prospective to know about such complex reactions. Fawer et al., (1991)

characterized LiP and found that the presence of VA in the solution enhance the

stability of the immobilized enzyme (to activated glass or acrylic beads and

derivatized agarose), while H2O2 slow down the enzyme activity at

comparatively low concentrations (10 µM).
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Fig. 4.10: Effect of temperature on activity of free and immobilized LiP

produced by G. lucidum IBL-05

Fig. 4.11: Thermostability of free and immobilized Lip produced by

Ganoderma lucidum IBL-05
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4.4.5 Effect of substrate concentration; determination of KM and Vmax for free

and immobilized LiP

The Michaelis Mention kinetic constants (KM & Vmax) were determined by

using varying concentrations of veratryl alcohol while keeping the enzyme

concentration constant. Michaelis Menten reciprocal Lineweaver-Burk plot were

also constructed by plotting [1/s] against 1/vo to determine the values of KM and

Vmax. The KM values for free and immobilized LiP were 0.83 and 0.5 mM,

respectively and respective Vmax values were 545.6 and 639.7 mM/min,

respectively. The lower KM and higher Vmax values for immobilized LiP

suggested that gel entrapment caused a change in active site of the enzyme so

that its affinity for veratryl alcohol and catalytic efficiency increased.

The Km value is most useful in inquiring the capability of an enzyme to

bind its substrate (Yu et al., 2001). In immobilized enzyme system, the most

important criterion is the diffusion of the substrate that is the target molecule for

enzyme catalyzed reaction within the reaction medium. Diffusivity of the

substrate must be carefully evaluated and the construction of the enzymatic

reaction system should be carried out accordingly (Arica, 2000; Bayramoglu et al.,

2004; Shao et al., 2007; Arica et al., 2009).  Contrary to our results, LiP H2 and LiP

H8 from Phanerochaete chrysosporium MZKI B-223 (ATCC24725) were covalently

immobilized using CIM monoliths (made of highly cross-linked porous rigid

monolithic poly (glycidyl methacrylate-co-ethylene dimethacrylate) and there

was negligible substrate diffusion resistance but kinetic parameters found the 3–

5 times higher Km value for VA for both isoforms were investigated to evaluate

with the free enzyme. The value of Kcat was noted about 0.5 s−1 for both isoforms.

Immobilized LiP H8 was noted extra proficient in decolorization of azo dye

Mahogany in contrast to free enzyme (Podgornik and Podgornik, 2002).
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Hirai et al., (2005) stated that in the steady state kinetics veratryl alcohol

oxidation by LiP from Phanerochaete sordida YK-624 revealed an ordered bi- bi

ping -pong mechanism. The enzyme was stable and more effective in the

presence of high H2O2 concentration (2.5 mM) during break down of dimeric

lignin model compounds. Two isozymes of LiP were identified by Yadav et al.,

(2009a), the Km value of 40 KDa isozyme for H2O2, VA and n- propanol, were

noted to be 57 µM, 500 µM and 80 µM, respectively.

But in other study the Km values for VA and H2O2 for the purified

enzyme were 58 and 83 µM, respectively and kcat value of the purified enzyme

using veratryl alcohol as the substrate were 2.47 and 2.5 s_1 (Yadav et al., 2009 b).

The Km and Vmax values of lignin peroxidases produced by P. decumbens P6 using

VA as substrate were 0.565 µM and 0.088 µM (mg protein)-1 min)-1 respectively.

Fig. 4.12: Reciprocal plot for determination of KM and Vmax for free and

immobilized LiP
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4.5 Application of free and Immobized LiPs for decolorizationof

dyes and industrial effluents

4.5.1 Decolorization of textile dyes

Native and immobilized LiP were used for the decolorization of four textile dyes

including Black B (λmax 596nm), Red P2D (λmax 520nm), Orange P3R (λmax

423nm) and Methylene Blue (λmax 664nm). 10 mL of the native and immobilized

LiP enzyme solution having 875.09/mg activity were transferred to 100mL of

0.01% individual dye solutions containing 4mM 4-methoxy mandelic acid as

mediator and the flasks were incubated at respective optimum pH and

temperatures for 4 days in rotary shaker (120rpm). The native LiP decolourized

Orange P3R to 65% followed by Black B (60%), Red P2D (58%) and Methylene

Blue (53% ) while the immobilized LiP enzyme decolourized Orange P3R to 89%,

Black B to 84%, Red P2D to 66% and Methylene Blue to 77%. In general both the

enzymes had different decolorization efficiency for structurally different dyes of

different colors. The higher dye decolorizing efficiency of immobilized LiP was

also in accordance with higher catalytic efficiency (Vmax) for VA as compared to

its free counterpart.

Ligninolytic enzyme producing fungi have been used for decolourization

of variety of textile dyes and industrial pollutants due to their capability to

produce their non specific ligninolytic peroxidase enzymes that efficiently

oxidizer of organic pollutants and relactant compounds (Cenek et al., 2004;

Christian et al., 2005). Phanerochaete chrysosporium immobilized on ZrOCl2

activated pumice decolourized Direct Blue at 15th day and followed the 1st order

kinetics with the initial concentration of dyes (Pazarlioglu et al., 2005).

Immobilized Phanerochaete chrysosporium on calcium alaginate biogel beads also

reported for decolourization potential (Zahmatkesh et al., 2010). Extracellular

enzymes system of Ganoderma lucidum reported for efficient decolourization
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abilities of textile dyes such as anthraquinone, Remazol Brilliant Blue R, Remazol

Black -5, Cibacron TurqoiseP-GR, Solar Golden Yellow R (Murugesan et al., 2007;

Hafiz et al., 2008; Asgher et al., 2008; Bibi et al., 2009; Asgher et al., 2010). Selvam et

al., (2002) reported that lignin peroxidase (LiP) decolourized 10.8%, orange G.

Theeracha et al., 2012 stated that Alizarin Red S and Remazol Brilliant Blue R)

were decolorized in three hours at 50°C by 55 and 70%, respectively by T.

versicolor in agar plate assays. Podgornik and Podgornik, (2002) also reported

that immobilized LiP H8 used for decolorization of azo dye Mahogany.

Table 4.12: Decolourization of different textile dyes by native and

immobilized LiP produced by G. lucidum IBL-05

Textile dyes

(0.01%)

Decolouriztion (%)

Free LiP immobilized LiP

Red P2D 58 ± 2.4 76 ± 2.6

Orange P3R 65 ± 2.6 89 ± 1.5

Black B 60 ± 1.8 84 ± 2.7

Methylene Blue 55 ± 2.1 77 ± 1.9
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Fig. 4.13: % Decolourization of dyes through native LiP and immobilized LiP

produced by G. lucidum IBL-05
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4mM 4-methoxy mandelic acid as mediator and the flasks were incubated
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native LiP decolourized Sitara Textile effluent to 71%, Khaiber Textile to 64%,

Kalash Textile to 57% and Masood Textle to 49% while the immobilized LiP

decolourized Khaiber Textile 77%, Sitara Textile 83%, Masood Textle to 67% and

Kalash Textile by 57%. Both frre and entrapped LiPs had different decolorization

potential for different effluents due to the difference in composition of dye

mixtures used by effluent source industries.

The immobilized LiP had better catalytic efficiency in effluent

decolorizing as compared to its free counterpart. The release of dyes into the

environment constitutes a small proportion of water pollution, and the coloured

50

55

60

65

70

75

%
  D

ec
ol

ur
iz

at
io

n

131

Fig. 4.13: % Decolourization of dyes through native LiP and immobilized LiP

produced by G. lucidum IBL-05

4.4.2 Decolorization of textile industry effluents

Ten mL of the native and immobilized LiP were transferred into the

triplicate flasks containing 100 mL of the individual effluents with additional

4mM 4-methoxy mandelic acid as mediator and the flasks were incubated

(120rpm) at respective optimum pH and temperatures for the two enzymes. The

native LiP decolourized Sitara Textile effluent to 71%, Khaiber Textile to 64%,

Kalash Textile to 57% and Masood Textle to 49% while the immobilized LiP

decolourized Khaiber Textile 77%, Sitara Textile 83%, Masood Textle to 67% and

Kalash Textile by 57%. Both frre and entrapped LiPs had different decolorization

potential for different effluents due to the difference in composition of dye

mixtures used by effluent source industries.

The immobilized LiP had better catalytic efficiency in effluent

decolorizing as compared to its free counterpart. The release of dyes into the

environment constitutes a small proportion of water pollution, and the coloured

Native LiP
Immobilized LiP

Dyes

131

Fig. 4.13: % Decolourization of dyes through native LiP and immobilized LiP

produced by G. lucidum IBL-05

4.4.2 Decolorization of textile industry effluents

Ten mL of the native and immobilized LiP were transferred into the

triplicate flasks containing 100 mL of the individual effluents with additional

4mM 4-methoxy mandelic acid as mediator and the flasks were incubated

(120rpm) at respective optimum pH and temperatures for the two enzymes. The

native LiP decolourized Sitara Textile effluent to 71%, Khaiber Textile to 64%,

Kalash Textile to 57% and Masood Textle to 49% while the immobilized LiP

decolourized Khaiber Textile 77%, Sitara Textile 83%, Masood Textle to 67% and

Kalash Textile by 57%. Both frre and entrapped LiPs had different decolorization

potential for different effluents due to the difference in composition of dye

mixtures used by effluent source industries.

The immobilized LiP had better catalytic efficiency in effluent

decolorizing as compared to its free counterpart. The release of dyes into the

environment constitutes a small proportion of water pollution, and the coloured

Immobilized LiP



132

waste waters represent a serious environmental problem and a public health

concern. Colour removal, especially from textile waste waters, has been a big

challenge over the last few decades (Chacko and Subramaniam, 2011).

Table 4.13: Dcolourization of different textile industry effluents by free and

immobilized LiP produced by G. lucidum IBL-05

Effluents Decolouriztion (%)

Free LiP Immobilized LiP

Khaiber Textile 64 ± 2.4 87 ± 1.4

Sitara Textile 71 ± 1.5 83 ± 4.7

Kalash Textile 57 ± 1.8 76 ± 1.3

Masood Textle 49 ± 2.7 67 ± 2.4

There is extensive contamination of the water streams by unused dyes and

dye intermediates originating from textile industries in the form of industrial

effluents (Asgher et al., 2009). Selvam et al., (2002) reported that a dye industry

effluent was treated by the fungus in batch and continuous modes. A maximum

decolourization of 61% was achieved on the third day in the batch mode and a

maximum decolourization of 50% was obtained by the seventh day in the

continuous mode. Bholay et al., (2012) reported that treatment of paper-pulp mill

effluent gave 60% to 75% color reduction and in case of textile dye- based

effluent 50% to 58% decolourization was observed with the lignin peroxidase.

The heterogeneous combination of lignin peroxidases from mixed consortia gave

80% to 85% color reduction in treatment of paper-pulp mill effluent and 70% to

75% decolourization in treatment of textile dye-based effluent which is

significantly high. Gao et al., 2008 reported that higher decolorization efficiency

(93.5% vs. 15%) and shorter reaction period (3 days vs. 6 days) were achieved in

immobilized cultures in comparison with suspension culture.
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Fig. 4.14: % Decolourization of effluents through native LiP and immobilized

LiP produced by G. lucidum IBL-05

LiP immobilized on activated silica produced 20% mineralization, 65%

chemical oxygen demand reduction (initial COD 1560 mg l−1) and 12% effluent

decolorization (Dezotti et al., 1995).

The immobilization of LiP on Amberlite IRA-400 resin exhibited 70%

decolorization, 55% total phenol removal and a total organic carbon reduction of

15% in 3 h of treatment (Peralta-Zamora et al., 1998). Free enzymes of P. sajor-caju

was able to decolourized Methylene Blue (MB) and Maxilon (Max) completely

after 12 h, but immobilized enzymes of P. sajor-caju removed a range of Max after

2 h (Abo-State et al., 2011).
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LiP immobilized on activated silica produced 20% mineralization, 65%

chemical oxygen demand reduction (initial COD 1560 mg l−1) and 12% effluent

decolorization (Dezotti et al., 1995).

The immobilization of LiP on Amberlite IRA-400 resin exhibited 70%

decolorization, 55% total phenol removal and a total organic carbon reduction of

15% in 3 h of treatment (Peralta-Zamora et al., 1998). Free enzymes of P. sajor-caju

was able to decolourized Methylene Blue (MB) and Maxilon (Max) completely

after 12 h, but immobilized enzymes of P. sajor-caju removed a range of Max after

2 h (Abo-State et al., 2011).

Immobilized LiP
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CHAPTER 5

SUMMARY

Lignin peroxidase (LiP) is one of the ligninlytic enzymes produced by white rot

fungi that have numerous important in different industries. Each particular

industrial application requires enzyme with specific characteristics and there is a

dire need to explore more and more sources of enzymes having suitable

characteristics for diverse industrial scale applications. In this research project, an

indigenous fungal strain Ganoderma lucidum IBL-05 was used for the production

of LiP. In preliminary time course study, the fungus was found to secrete

reasonably high activity of LiP in solid state cultures using wheat straw as

lignocellulosic substrate. To enhance the production of LiP, different parameters

such as particle size, medium composition, moisture content, inoculum size,

carbon and nitrogen sources and carbon to nitrogen ratio were optimized. The

effects of varying concentrations of different metal ions, mediators, and

surfactants were also studied to optimized LiP production by lucidum IBL-05.  By

optimizing different parameters LiP production was significantly enhanced with

the reduction of incubation time period. Maximum LiP production (1019.6

IU/mL) was obtained in 48 h using 0.5 mm particle size wheat straw as a

lignocellulosic substrate, nutrient medium III, 60% moisture level, 5 mL

inoculum size, 15:1 C/N ratio using glucose & urea as a carbon and nitrogen

source, 1mL of 2mM Zn2+ as metal ion and 1mL of 4 mM 4-MMA (4-methoxy

mandelic acid) as a mediator.

After optimization of fermentation parameters, LiP produced under

optimum conditions was purified by 80% (NH4SO4)2 precipitation, dialysis,

DEAE cellulose ion exchange chromatography and Sephadex G-200 gel filtration.
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The four step purification protocol resulted in 6.4 fold purification yielding LiP

having specific activity of 2860.049 U/mg with 11.68% recovery. The purity of

LiP was confirmed by performing SDS-PAGE using low molecular mass protein

markers relative to standard protein markers run parallel with the enzyme

sample. The presence of two bands, (47 kDa and 28 kDa) on SDS-PAGE

confirmed that the enzyme was an oligomeric protein composed of two

polypeptide chains.

The purified LiP enzyme was then immobilized on xerogels of different

hydrophobicity using various molar ratios of PTMOS/TMOS. Immobilized and

free LiP enzymes were characterized and compared by studying the effect of pH

(optimum pH and stability) and temperature (optimum temperature and

thermostability) and substrate concentration (determination of KM and Vmax).

Immobilization of LiP enhanced its activity as compared to free LiP 1:5 P: T ratio

gel entrapped LiP was the most active. The immobilized LiP showed optimum

pH 3 and optimum temperature 55 oC while free LiP showed optimum pH 3 and

optimum temperature 40oC. There was a 10oC increase in optimum temperature

of LiP by immobilization, suggesting a change in enzyme active site as well as

enzyme structure due to immobilization. For thermostability studies the free and

entrapped LiP were incubated at their respective optimum temperatures for

different time periods. Free LiP lost its activity in 4 hours and was completely

inactive after 12 h. However, the immobilized LiP was stable at 50oC for 6 h, loss

of its activity was very slow and it was not fully denatured even after 24 h

incubation at its optimum temperature. The Km values for free and immobilized

LiP were 0.83 and 0.5 mM, respectively and their respective Vmax values were

545.6 and 639.7 mM/min, respectively. Both free and immobilized LiP enzymes

were applied for decolrization of some textile dyes and textile industry effluents.

Immobilized LiP showed better decolourization efficiency on dyes and effluents

than its free counterpart.
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Although the method of immobilization and nature of carrier support

may be different for different enzymes according to their industrial applications,

as well as their demand and requirements, but the purpose of immobilization

remains the same. Immobilized enzymes are highly active, stable, selective, cost-

effective and safe to use.
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