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ABSTRACT 

 

Pectinases, also known as pectolytic or pectic enzymes, belong to the family of 
polysaccharidases that contribute to the breakdown of pectins from a variety of plants. 
Due to versatility in types and reactions catalyzed by these pectin degrading enzymes 
they have been the focus of research from many decades. The day by day growing 
demand of pectinases to be employed at commercial level has rendered the research of 
finding novel pectinases with improved activities and their modification for higher 
thermal and operational stabilities with affordable costs. 
In the first step of the present study, cultural conditions were optimized for enhanced 
production of exo-PG by Penicillium notatum and Cariolus versicolor. Different 
agricultural wastes were used as substrates for their potential to be used for the production 
of exo-PG under solid state fermentation conditions.  Among these, the wheat bran was 
proved to be the best substrate for production of exo-PG under solid state fermentation 
conditions. Under optimized conditions the enzyme activity was observed to be 113 
U/gds and 100 U/gds using Penicillium notatum and Cariolus versicolor respectively. 
Penicillium notatum provided higher activities of exo-PG so it was selected for further 
production optimization studies under RSM approach which resulted in 131% 
improvement in activity of exo-PG. Penicillium notatum exo-PG was purified to 
homogeneity by 3 step purification strategy to achieve 3.05 fold purified enzyme with 
2.5% recovery and a specific activity of 27.79 U/mg. 2 different isoforms of exo-PG were 
detected during column purification with molecular weight of one isoform 20 kDa while 
other showed 85kDa after SDS-PAGE.  Exo-PGI was optimally active at pH 6.0 and 50 
°C. The Michaelis-Menten constants km and Vmax of exo-PGI from Penicillium notatum 

for pectin hydrolysis at optimum temperature were 16.6 mg/mL and 20 mol/mL min-1 

respectively. The Penicillium notatum exo-PGI was stable in the broad acidic pH range, 
with maximum stability in the range of 4.5-6.0. The enzyme followed biphasic 
deactivation kinetics. Phase-I of the exo-PGI showed a half-life of 6.83 min and 2.39 min 
at 55 and 80 °C respectively and phase-II of the enzyme showed a half-life of 63.57 min. 
and 22.72 minutes at 55 and 80 °C respectively. The activation energy for denaturation 
was 51.66kJ/mole and 44.06kJ/mole for the phase-I and phase-II of the exo-PGI 
respectively. The enzyme activity was enhanced significantly by Mn2+. Exposure to 
hydrophobic environment (urea solution) decreased the enzyme activity. Then the 
Penicillium notatum exo-PGI was immobilized by carrier bound techniques of 
immobilization on sodium alginate support in order to improve the thermal stability 
characteristics. Covalent immobilization was more efficient in terms of high relative 
activity and immobilization efficiency as compared to adsorption immobilization on Na-
alginate. Both the immobilization techniques greatly enhanced the thermal stability of 
enzyme. Temperature optima for exo-PGI activity shifted to higher temperatures as 
compared to free enzyme. The reusability of immobilized enzyme was very good in both 
cases of immobilization. Finally the application potential of this exo-PGI from 
Penicillium notatum was checked by treating various fruit juices. Exo-PGI treatments 



   

resulted in significant clarification of fruit juices as evaluated by turbidity, viscosity and 
absorbance (660nm) measurements. 
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Chapter 1          

                                                                            INTRODUCTION                   

Statement of the problem 

Catalysts of biological systems i.e., enzymes were discovered in the second half of the 

19th century, and since then have widespread uses in several industrial processes 

(Hoondal et al., 2002). The specific characteristics associated with the use of enzymes are 

that they catalyze reactions in the moderate pH range, at ambient temperatures, without 

extremes of pressure, highly specific for their substrates, accelerate the rate of reaction 

from million to trillion times so they can provide an ecologically acceptable and 

sustainable method of performing many reactions that otherwise may require extreme 

reaction conditions and high energy input (Li and Zong, 2010; Clark and Macquarrie, 

2002). Hence enzymes are responsible for reducing the impact of manufacturing on the 

environment by reducing the consumption of chemicals, water and energy, and the 

subsequent generation of waste. With the help of enzymes, some or all of the negative 

aspects associated with chemical transformation processes can be practically eliminated 

and biocatalytic processes most often provide a product of higher quality than the 

corresponding chemical process, consequently providing an impulse for the continuing 

exploration of the use of biological catalysis at industrial scale (Clark and Macquarrie, 

2002; Aehle, 2007). The result is that in the last three decades enzymology is 

continuously gaining momentum (Ahlawat et al., 2009) and boosted up to find more and 

more enzymes that can take up their industrial space, and hence enzyme industry has 

grown magnificently. So it’s not surprising that the global market of all industrial 

enzymes was valued at $3.1 billion in 2009 and reached about $3.6 billion in 2010. The 

estimated market for 2011 was about $3.9 billion. It is expected that this market would 

boost up at a compounded annual growth rate (CAGR) of 9.1% to reach $6 billion by 

2016. The food and beverage enzymes occupied the largest segment of the enzyme 

industry with revenues of nearly $1.2 billion. This market grown up in its revenue to $1.3 

billion by 2011 and further it will boost up to $2.1 billion by 2016, with a CAGR of 

10.4%(http://www.bccresearch.com/marketresearch/biotechnology/enzymesindustrialappl

ications markets-bio030g.html). And among all the food and beverage enzymes, 
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pectinases alone account the 25% share in the global food enzyme production for 

industrial use (Jayani et al., 2005). 

Pectinases, member of the hydrolases family of enzymes, are today one of the important 

enzymes of the commercial sector. Primarily, these enzymes are responsible for the 

degradation of the long and complex molecules called pectin that occur as structural 

polysaccharides in the middle lamella and the primary call walls of young plant cells 

(Jayani et al., 2005). Pectinases are now an integral part of fruit juice and textile 

industries as well as having various other biotechnological applications (Kashyap et al., 

2001). Based on their modes of action against the galacturonan backbone of pectins, 

pectinolytic enzymes are divided into 2 main categories i.e., depolymerizing pectinases 

and de-esterifying pectinases. The de-esterifying group catalyze the de-esterification of 

methoxyl group of pectin forming pectic acid, while the depolymerinzing group split the 

α-(1-4)-glycosidic bonds in pectins either by introduction of water molecule across the 

oxygen bridge (Polygalacturonases;hydrolases) or by  trans-elimination without any 

participitation of water molecule across the oxygen bridge (pectin lyases). Depolymerases 

catalyzing the reaction randomly are termed as endo, the other catalayzing the reaction 

terminally are termed as exo (A-Theuil et al., 2011; Jayani et al., 2005; Alkorta et al., 

1998). Among all the pectinolytic enzymes, polygalacturonases (PGases) are the most 

widely studied that hydrolyse the cleavage of the polygalacturonic acid and pectin chain 

with the addition of water across the oxygen bridge (Jayani et al., 2005). 

The activity of polygalacturonases is due to inserted stretches of amino acid residues that 

transform the active site from the open-ended channel to a closed pocket that restricts the 

enzyme to the exclusive attack of the non-reducing end of oligogalacturonide substrates 

(Abbott & Boraston, 2007). Catalytic aspartate residues are involved in the protonation 

and de-protonation events across the reaction co-ordinates and mutation of any of them 

ablates the catalytic activity. It has been reported in the literature that the catalytic 

aspartate residues are functionally conserved between exo and endo-acting 

polygalacturonases (Abbott & Boraston, 2007; Pijning et al., 2009). Whereas the arginine 

residues are involved in the flexible binding of the negatively charged substrate molecules 

to the enzyme surface, preventing its release, at the same time, flexible enough to guide 

the substrate molecule to the active site (Pouderoyen et al., 2003). Some authors reported 

the cystein residues as part of the active sites of polygalacturonases (Hadj-Taieb et al., 

2006). While some people have stated that the tryptophane residues are involved in the 
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binding of substrate and histidine residue was responsible for the catalytic efficiency 

(Gummadi & panda, 2003). 

 

 

 

Fig. 1.1: Modes of action of pectinases: (a) R = H for PG and CH3 for PMG; (b) PE; and 

(c) R = H for PGL and CH3 for PL. The arrow indicates the place where the pectinase 

reacts with the pectic substances. PMG, polymethylgalacturonases; PG, 

polygalacturonases (EC 3.2.1.15); PE, pectinesterase (EC 3.1.1.11); PL, pectin lyase (EC-

4.2.2.10). 

These pectin degrading enzymes have been used in several conventional industrial 

processes, such as textile, plant fiber degumming process, in fermentation of tea and 

coffee, extraction of oil, flavors and pigments from plants,  treatment of pectinacious 

industrial wastewater, maceration of plant tissues, purification of some plant viruses, 

clarification of fruit juices and wine, modification of pectin containing agro industrial 

wastes for the production of valuable products of industrial significance, sugar chain 

modification of steroidal saponins of pharmaceutical significance, desizing, scouring and 

bleaching of fabric, paper making industry, in the preparation of cellulose fibres for the 

linen, jute and hemp manufacture, in animal feed industry, in the modification of 
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cellulose containing biomass for bioethanol production, in the modification of 

commercial pectin used in jams, jellies and marmalades, citrus peel infusion, wood 

preservation, plant pathology, protoplast fusion technology etc. They encompass the one 

quarter share of the global food enzyme production for commercial sector so for this 

reason they are the target of the studies that aim at obtaining the expression system on 

large scale (Ruiz et al., 2012; Goncalves et al., 2012; Alkorta et al., 1998; Rashmi et al., 

2008; Freitas et al., 2006; Kapoor et al., 2000; Jayani et al., 2005; Ahlawat et al., 2009; 

Pedrolli et al., 2009). 

Pectinases are widely distributed in higher plants where they majorly participate in the 

ripening of fruits by the modification of pectic substances during maturation. Micro-

organisms like fungi, bacteria and yeasts are the other major factories of pectinases. 

Rotting and spoilage of fruits, vegetables and some other plant materials by the attack of 

phytopathogenic fungus is the major manifestation of pectinolytic enzyme (A-Theuil et 

al., 2011; Jayani et al., 2005). Solid state fermentation techniques are being extensively 

used for the production of these utmost important pectin degrading enzymes not only 

because this technique offers the advantage of the use of agro-industrial wastes as 

substrate but also offers great improvements in production yields of pectinases (Pericin et 

al., 2007; Amin et al., 2013; Ruiz et al., 2012; Heerd et al., 2012). The pectinases 

produced through SSF process have greater degree of survival against the extreme 

reaction conditions, affected by less catabolic repression and possess better characteristics 

as compared to submerged culture pectinases (Blandino et al., 2002; A-Arguelles et al., 

1995). Fungus culturing is mostly done under SSF conditions while bacterial and yeast 

culturing is favored under liquid state fermentation because of the resemblance of the 

natural habitat for the growth of these microfloras (Hoondal et al., 2002; Castilho et al., 

2000). 

Fermentation processing is benefiting the mankind in such a way that agricultural and 

food industry wastes responsible for polluting the whole biosphere are being converted 

into useful products through controlled biological degradation (El-Sheekh et al., 2009). 

These agricultural and food industry wastes like wheat bran, rice bran, residue leftovers 

from food industries, fruit pomaces, orange bagasse, orange peels, sugarcane bagasse and 

so many others are being used at industrial scale for the production of these utmost 

important enzymes especially under SSF. These wastes materials are rich source of pectin 

besides other nutrients, hence it can serve as important natural substrates for pectinase 

production (Joshi et al., 2006). 
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Aspergillus niger is the universally used fungus for the commercial production of 

pectinases (Ruiz et al., 2012; Zhou et al., 2011; Mrudula and Anitharaj, 2011). Various 

other species of Aspergillus , Fusarium, Saccharomyces, non-Saccharomyces yeast, 

Penicillium, Rhizomucor, Triochderma, Rhizoctonia, Bacillus, Pectobacterium etc. are 

recently reported in literature for the efficient production of pectinase under solid state 

and liquid state fermentation techniques (Dhillon et al., 2013; Zhang et al., 2013; Zou et 

al., 2013; Kant et al., 2013; Esaway et al., 2013; Sandri et al., 2013; A-Theuil et al.,2011; 

Nakkeeran et al., 2011; Damak et al., 2011; Glinka & Liao, 2011; Adeleke et al., 2012; 

Goncalves et al., 2012; Siddiqui et al., 2012; Maisuria and Nerukar, 2012; Heerd et al., 

2012). 

One of the most efficient methods for obtaining the improved activity of enzymes is the 

implementation of some statistical designs to get over-production under optimized 

medium conditions. The most popular of these is RSM strategy being used extensively 

since the last decade. This technique is not only able to carry out the optimization process 

efficiently but also equally effective and useful for the study of mutual interaction of 

factors which cannot be studied under the laborious and time consuming method of one 

factor at a time approach. Various authors have reported the use of RSM-methodology as 

very efficient tool for the enhanced production of pectinases under different process 

variables (Goncalves et al., 2012; Ustok et al., 2007; Amin et al., 2013). On the other side 

genetic engineering techniques like gene cloning, expression, mutation etc. seems to be 

hot area of research these days as these techniques are very efficient in getting the 

overexpression of proteins even at desired levels. Various researchers have made 

tremendous progressions especially in gene expression studies in bacterial and yeast 

cultures for the speedy and efficient production of these enzymes with less investment in 

time and energy being an overall cost effective process (A-Theuil et al., 2011; Zou et al., 

2013; Zhang et al., 2013; Yang et al., 2011). 

There are 2-major limiting factors involved in the industrialization of pectinases. One is 

the lack of pectinases having the specific required thermostability characteristics, lack of 

process stability, difficult recovery and reuse of the enzyme and the 2nd limiting factor is 

the higher production costs of enzymes for industrial employment. To overcome these 

inadequacies research has been focused to discover more and more pectinases and explore 

their characteristics for industrial biotransformation and syntheses (Contesini et al., 

2013). So in order to cover all these inadequacies, scientists all over the world are 
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competing each other in developing strategies for the discovery of new pectic enzymes 

and exploring their characteristics for industrial biotransformations. And efforts have 

been made to explore new micro-organisms for the lower cost and efficient production of 

these enzymes with good thermostability characteristics for applications in biocatalysis of 

different processes. Genetic engineering techniques like recombinant DNA technology 

are also widely implemented and have made great contributions in lowering the 

production costs (Contesini et al., 2013; Yang et al., 2011). High producing mutant 

strains are also very popular among scientists for the quick and sufficient supply of these 

enzymes (Goncalves et al., 2012). On the other side some researchers have chemically 

modified the pectinases in order to make them more thermostable and labile (Contesini et 

al., 2013; Gummadi & Panda, 2003). While other important area of interest for the 

scientists working with pectinases to impart improved thermostability characteristics is 

the use of immobilization techniques. Immobilization techniques enable the reuse and 

recovery of pectinases and it allows for the continuous operation which is highly favored 

in industrial environments. Immobilization also offers enhanced thermal stability and 

storage, better operation control, flexibility of reactor design, better grip on the 

conformational stability (Contesini et al., 2013; Sheldon, 2007). Immobilization 

techniques can involve adsorption, entrapment or covalent bonding of enzyme into an 

insoluble support, or carrier free methods i.e., precipitation using crosslinking agents. 

Different immobilization methods used for pectinases to improve their stability 

characteristics recently are done by the covalent immobilization on Na-alginate support, 

on Nylon-6 by covalent binding, entrapment on polyvinyl alcohol sponge, on 

microporous resin coated with chitosan, covalent binding onto amino functionalized silica 

coated magnetic nanoparticles, on polysulphone membranes respectively (Li et al., 2007; 

Alkorta et al. 1996; Esaway et al 2013; Liu et al., 2012; Seenuvasan et al., 2013; 

Eschaverria et al., 2012). 

All the studies conducted so far in pectinase enzyme engineering has two specific 

purposes, first the industrial processes need pure pectinolytic enzyme cocktail with 

improved stability characteristics, secondly there is a potential market for the new and 

cheaper alternative sources of pectinases in order to avoid the cost of existing commercial 

fungal pectinases, so more fundamental investigations are of equal importance. So 

keeping an eye on the significance of these important food enzymes, their ample 

production with improved activity from fungal sources using agro-wastes and 
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immobilization technology to get improved thermostability characteristics, this research 

plan was designed to get the pectinases from indigenous fungal strains using local agro-

industrial wastes as cheaper food source for micro-flora under solid state fermentation. 

Different fungal strains and agro-industrial wastes were screened at initial step. 

Optimization of different process parameters was done for the enhanced pectinase 

production under CRD and RSM methods. After purification and characterization of the 

enzyme obtained after fermentation, it was immobilized by carrier bound methods i.e., (a) 

covalent immobilization on Na-alginate support using gluteraldehyde as cross linker and 

(b) adsorption immobilization on sodium alginate matrix. And finally it was subjected to 

evaluation for food industry potential.  

Aims and Objectives  

 Indigenous fungal strains screened for improved production of pectinases 

 Screening of different agro-industrial wastes locally available for their potential 

application  for the production of pectinases 

 Optimization of different process variables for the improved production of 

pectinases using classical strategy (CRD) 

 The best process variables, screened under classical approach, fed into central 

composite design (CCD) under Response Surface Methodology (RSM) to further 

boost the production of pectinases 

 Purification of pectinases up to homogeneity level 

 Kinetic and thermodynamic characterization 

 Effect of different denaturants on the activity of pectinases 

 Immobilization of pectinases for the achievement of improved thermo-stability 

and reusability 

 Applications in food industry 



8 
 

Chapter 2   

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 REVIEW OF LITERATURE 
2.1: Pectic Substances  

“Pectic substances” is the common name used for the biological polymers acted upon by 

the pectinolytic enzymes (Jayani et al., 2005). They are the glycosidic polysaccharides of 

high molecular weight, negatively charged and acidic in nature. These are ubiquitous in the 

plant kingdom and many species of algae (Alkorta et al., 1998) and form the major 

components of middle lamella, acting as the thin layer of cementing material found 

between the primary cell walls of neighboring young plant cells (Hoondal et al., 2002). The 

American Chemical Society classified pectic substances into four main types i.e., 

protopectins, pectinic acids, pectins and pectic acids showing the dynamic nature of plant 

cells. Protopectins are water insoluble in nature while the other three are either totally or 

partially soluble in water (Alkorta et al., 1998; Jayani et al., 2005; Jacob, 2009). These 

substances are a group of complex colloidal polymeric materials, composed largely of a 

backbone of anhydrous D-galacturonic acid monomeric units. They are of key importance 

for plants as they are involved in physiological functions in plants like cell growth and 

softening of some tissues hence determining rigidity and integrity of plant tissues (Jayani et 

al., 2005). Chemically the pectic substances comprise of two parts, one part is called the 

“smooth region” while the other part is known as the “hairy region”. The smooth region is 

called the homogalacturonan (HG) whereas the hairy region is known as the 

rhamnogalacturonan (RG). The smooth region consist of a backbone of the α-1, 4 linked 

D-galacturonic acid residues that may be partial methoxylated at the carboxyl group and 

O-acetylated on O-2 and/or O-3. The other region rhamnogalacturonan (RG) comprise of 

stretches of 1,2-α-L-rhamnose-1,4-α-D-galacturonic acid dimmers. L-Arabinose and 

D-galactose may be attached to the rhamnose residues (Pedrolli et al., 2009; Hoondal et al., 

2002; Yadav et al., 2009; Shimizu et al., 2002; Silva et al., 2011). The extent of branching 

depends on the source of pectin i.e., apple, citrus, sugar beet, potatoes or others (Silva et al., 

2011). It is one of the most intricate bio-macromolecules existing in nature and it can be 

composed of at least seven different polysaccharides (Jacob, 2009), so a large variety of 

pectic substances exist in nature (A-Theuil et al., 2011). These pectic substances are being 

extensively studied in the current era of biotechnology for a better knowledge of the 

chemical structure of industrial pectins in order to improve their technological applications. 
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Apart from their role in maintaining the cell wall integrity, they also host the 

phytopathogenic micro-organisms in plants during pathogenesis. Phytopathogens attack 

the pectic substances and are responsible for the rotting and spoilage of fruits and 

vegetables. Traditionally the pectic substances have found their applications in food 

industry most often as gelling agent, stabilizers, and as nutritional fibre (Pedrolli et al., 

2009; Alkorta et al., 1998; Silva et al., 2011). They are also being used in modern 

biotechnology for the conversion of raw pectic materials into bio-functional fibers and 

oligosaccharides as described by (Silva et al., 2011). 

2.2: Pectinases 

More than a century ago in 1886 De Bary put forward the important role of pectinases as a 

virulence factor in the decomposition of plant cell wall pectin (Lang and Dornenburg, 

2000). Later on, during the older biotechnology era, pectinases found an important place as 

food processing agents at domestic level and their first use in industrial sector was observed 

in the year 1930. During the 1960s when scientists became more aware of the chemical 

constitution of plant tissues, they started using a greater range of enzymes more efficiently 

(Kashyap et al., 2001). Consequently pectinases today have a 25% share in the world food 

enzyme production for the commercial sector (Nakkeeran et al., 2011; Jayani et al., 2005). 

These enzymes are responsible for the degradation of the complex pectic substances from a 

variety of plants, and are also called polysaccharidases (A-Theuil et al., 2011). As 

mentioned above, a variety of pectinacious materials exist in environment so a large variety 

of pectic enzymes responsible for their degradation are also present in nature (Siddiqui et 

al., 2012). Pectinases are classified according to their attack on the galacturonan backbone 

of the pectic material and according to the reaction mechanisms they follow to degrade the 

pectin (Jayani et al., 2005: Kashyap et al., 2001). Basically 3-types of pectinolytic enzymes 

exist: de-esterifying enzymes (pectin esterase), depolymerizing enzymes (hydrolases and 

lyases) and proto-pectinases. Pectin esterase (PE) catalyzes the hydrolysis of the methyl 

ester of the pectin forming pectic acid. Polygalacturonases and polymethylgalactunase 

(hydrolases) breakdown the pectate and pectin by mechanism of hydrolysis with the 

addition of water molecule across the oxygen bridge. Polygalacturnate lyases and 

polymethylgalacturonate lyases catalyze the breakdown of glycosidic bond of pectate and 

pectin by trans-elimination without the introduction of water molecule across the bridge 

resulting in an unsaturated oligo-galacturonide unit. Protopectinases catalyze the restricted 
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hydrolysis of protopectin converting the insoluble protopectin into highly polymerized 

soluble pectin (Alkorta et al., 1998; Jayani et al., 2005; Kashyap et al., 2001). Depending 

upon the pattern of action, i.e. random or terminal, these enzymes are termed as endo or exo 

enzymes, respectively (Pedrolli et al., 2009; Jayani et al., 2005). Their ability to catalyze a 

large variety of reactions makes them incredibly attractive to biocatalysts for application in 

the commercial sectors (Hoondal et al., 2002). The reasons for the enormous 

biotechnological potential of microbial pectinases include the facts that they (a) are 

versatile in nature (b) possess wide-substrate specificity (c) inducible in nature (d) can act 

on a large variety of pectic substances so they are an indispensible part of the enzyme 

cocktail used in fruit juice processing (Hoondal et al., 2002; A-Theuil et al., 2011; Pedrolli 

et al., 2009). The high versatility of pectinases, recognized as the most important and 

versatile group of biocatalysts in biotechnology allows their applications in different 

industries like food, pharmaceutical, textile, cosmetic, paper, animal feed, functional foods 

and so many others (Yadav et al., 2009; Jayani et al., 2005; A-Theuil et al., 2011; Hoondal 

et al., 2002; Lang and Donenburg, 2000; Pedrolli et al., 2009). 

2.3: Occurrence of Pectinases 

Pectinases differ greatly with respect to their source & characteristics and they catalyze a 

broad range of pectic substrates. With the discovery of more and more pectinases with 

improved characteristics, research on pectinases received attention and were discussed 

more frequently in the field of biocatalysis in this era of 21st century. Pectinases are 

produced by plants, insects and micro-organisms such as bacteria, yeast and fungi. 

Tomatoes and oranges are the major sources of plant pectinases. Among the animal 

sources, polygalacturonases are obtained from whole-body extracts of the rice weevil, 

Sitophilus oryzae (Jacob, 2009). Because of the biodiversity and enhancement by the green 

and genetic manipulations and short life time, micro-organisms are proven to be more 

attractive and incredible sources of pectinase (Jacob, 2009; El-Sheek et al., 2009) and more 

than 30 different genera of bacteria, fungi and yeasts have been reported for the production 

of pectinases (F-Torres et al., 2006). Pectinases originated from fungi and yeasts are acidic 

in nature while those from bacterial origin work best in alkaline environments (Hoondal et 

al., 2002; A-Theuil et al., 2011; Kashyap et al., 2001). Aspergillus niger possesses a 

complete family of PG encoding genes, and it produces several PG isoenzymes that display 

considerable differences with respect to substrate specificity, cleavage rate, and optimal pH 

for activity (Lang and Dornenburg, 2000). This fungus is being used extensively for the 
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commercial scale production of pectinases because of its GRAS status; and because its 

metabolites can be used securely (Kant et al., 2013; Esaway et al., 2013; Ruiz et al., 2012; 

Gummadi and Panda, 2003). Many other species of Aspergillus are also reported in 

literature for the production of acidic pectinases (Nakeeran et al., 2011; Adeleke et al., 

2012; Ruiz et al., 2012; Heerd et al., 2012). Several other acidic pectinase producing fungi 

and yeasts are mostly from the genera Penicillium sp., Rhizomucor sp., Rhizopus sp., 

Trichoderma sp., Aureobasidium sp., Thermotoga sp., Saccharomyces sp., Candida sp., 

Pichia sp., Shizosaccharomyces sp., Kluyveromyces sp., whereas Bacillus sp., Klebsiella 

sp., Cryptococcus sp., Pseudomonas sp., are reported for the alkaline pectinases production 

(Jayani et al., 2005; A-Theuil et al., 2011; Hoondal et al., 2002). Phyto-Pathogenic 

micro-organisms known for the secretion of these important enzymes are from species of 

Aspergillus, Alternaria, Claviceps, Agrobacterium, Ralstonia (Asgher et al., 2013) and 

Moniliophthora (Carvalho et al., 2013). Pectinase producing strains have been isolated 

from decomposing plants materials, soils and wastes from food industries (Lang and 

Dornenburg, 2000). Many pectinases produced by fungal, bacterial and yeasts cultures are 

available on a commercial scale (Kashyap et al., 2001). 

2.4: Production of Microbial Pectinases 

2.4.1:  Fermentation Techniques 

Fermentation techniques frequently used for the cultivation of micro-organisms for the 

production of pectinases are solid state fermentation (SSF) and liquid state cultivations also 

known as submerged fermentation (SmF). Immobilized cells culture technique also offers 

several advantages for the production of pectinases but it is less common. Immobilized cell 

culturing is mostly carried out in liquid state fermentations and the only difference is that 

the fermentation is done with immobilized cells. Liquid state fermentation is common for 

commercial enzyme producers because it is well developed for industrial scale application 

and 90% of the enzymes are produced through SmF technique at industrial scale (Pedrolli 

et al., 2009).  However the comparative studies conducted between SmF and SSF 

cultivations claim higher yields and other biotechnological advantages for fermentation 

products offered by SSF. In industrial applications this natural process of SSF can be 

utilized in a controlled way to produce a desired product in a very economical way (Couto 

and Sanroman, 2006; Hoondal et al., 2002; Gupta et al., 2008). The immobilized cell 

culturing is also gaining attention and in progress where the final product must be freed 
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from any microbial contamination and enables reusability as well as good stability of the 

enzyme (Hoondal et al., 2002; Kapoor et al., 2000).  

2.4.1.1: Liquid state fermentation 

Microbial enzymes are mostly produced by submerged fermentation technique at industrial 

level. The yield of enzyme obtained depends on the type of strain used and several physical 

and nutritional parameters such as substrate, pH, incubation time, additional nutritional 

sources, aeration, temperature, agitation, extraction methods etc. Microbial pectinolytic 

enzymes are the extracellular expression products of the respective genes so inducers also 

play a role in their induction i.e., can be produced when needed and contribute to the natural 

carbon cycle. There are many reports in the literature with pectinase production under 

submerged fermentation technique. Bacterial and yeast cultures are fermented under liquid 

state fermentation because they require a higher water activity (>0.9). Bacterial culturing 

results in alkaline pectinases whereas yeasts pectinases are acidic in nature. However there 

are some reports in the literature explaining the production of alkaline pectinases from 

fungal strains which are associated with food spoilage, soft rot and from some 

actinomycetes under liquid state fermentation. Different fungal, bacterial and yeasts 

isolates produce different types of pectinases depending upon their environment and 

genetic backgrounds (Pedrolli et al., 2009; A-Theuil et al., 2011; Hoondal et al., 2002; 

F-Torres et al., 2006).  

Kapoor et al. (2000) conducted a study in which they isolated a thermo-alkali stable PG 

under submerged fermentation using Bacillus sp. MG-cp-2. The process resulted in 98 

U/mL in enriched medium. Ahlawat et al. (2009) conducted a study for the production of 

pectinase with a potential application in textile industry under liquid culturing and 

succeeded in gaining 381 U/mL by optimizing the culture conditions. Sharma and 

Satyanarayana, (2006) carried out the production of alkaline and theromstable pectinase 

using Bacillus sp. in submerged fermentation using statistical strategy. An overall 34 fold 

and 41 fold increase in enzyme production was achieved in shake flasks and fermenter by 

using statistical approaches respectively. Patil and Dayanand, (2006) experimented on the 

production of pectinases which resulted in 30.3 U/mL under liquid culture strategy using 

Aspergillus niger. Zhou et al. (2011) reported 512.7 U/mL of pectinase enzyme under 

mixed cultures of Aspergillus and saccharomyces sp. Glinka and Liao, (2011) succeeded in 

gaining 329 U/mL of pectin methyl esterase after optimizing various processing variables. 

Rehman et al. (2012) observed a Bacillus sp. pectinase with 1015 U/mg of PGase at neutral 

pH. Teixeira et al. (2000) studied the production of Aspergillus sp. pectinase with 
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maximum titres of 5.7 U/mL by optimizing various nutritional variables. Saadoun et al. 

(2013) conducted a study for the best production medium conditions for pectinases from 

Streptomyces sp. and achieved the goal with enzyme titers of 1122 U/L. Martos et al. 

(2013) isolated Wickerhanomyces anomalus yeast which is a potential producer of 

pectinase with 51 U/mL under liquid culturing. Joshi et al. (2013) presented in their 

manuscript that 24.18 U/mL of pectinase was achieved using food waste in submerged 

fermentation. Padma et al. (2011) identified a pectinase positive yeast screened from 

various species isolated from spoiled fruits, vegetables and cold soil and obtained 

maximum pectinase titers of 21 U/mL using orange peel as substrate under liquid state 

fermentation.   

360.0 IU/mL, 76.0 IU/mL, 20.5 IU/mL and 6.0 IU/mL of pectinase have previously been 

reported in literature using liquid culture strategy from various strain of Bacillus and 

Streptomyces (Kapoor et al., 2002; Kuhad et al., 2004; Sharma and Satyanarayana, 2006; 

Cao et al., 2000 respectively). 

2.4.1.2: Solid state fermentation 

Solid state fermentation is very tempting for the scientists in the recent era of 

biotechnology because of the particular benefits associated with it. The benefits offered by 

the solid state culturing are that (1) it allows the use of agro-wastes as substrate for the 

micro-organism to grow (2) products obtained possess better and improved characteristics 

when compared to products achieved through SmF (3) overall cost effective (4) 

straightforward downstream processing (5) requires less input of energy (6) green and 

sustainable practice (7) hyper production of microbial metabolites (8) microbes have less 

catabolic repression (Blandino et al., 2002; Pedrolli et al., 2009; F-Torres et al., 2006; 

A-Aguelles et al., 1995; Jacob, 2009). 

SSF proved to be a more promising tool for the culturing of fungi because of their 

resemblance of natural habitat in moist conditions (Castilho et al., 2000). However there 

are some reports of the bacterial and yeast culturing in SSF under some controlled 

conditions to produce the pectinases under high water activity and these investigations 

have resulted in good yields of enzyme (Ahlawat et al., 2008; Li et al., 2005; Afifi, 2011). 

The final yield of the pectinases depend on several process variables like the strain used, 

pH, temperature, incubation time, kind of substrate, additional nutritional sources, inducers 

etc. 

Hamid et al. (2008) reported maximum pectinase activity of 102.21 U/g from Fusarim 

solani using orange peels as substrate. Ustok et al. (2007) conducted SSF production of 
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PGase by Aspergillus sp. with 30.55 U/g under optimized conditions following statistical 

methods. Pericin et al. (2007) also conducted a very interesting research work with the 

utilization of pumpkin oil cake for the production of pectinase under koji fermentation 

using Penicillium roqueforti which resulted in enzyme productivity of 1451.75 U/g. Sandri 

et al. (2013) screened 60 fungal isolates from rotting fruits and one isolate belonging to 

species Aspergillus was the hyper producer of pectinase with 74.0 U/mL. Mrudula and 

Anitharaj, (2011) optimized various process parameters for the enhanced production of 

pectinase using A. niger and achieved a yield of 1211 U/g. Adeleke et al. (2012) identified 

an isolate of Aspergillus sp. with a potential to produce pectinase enzyme titers up to 12 

U/mL under SSF. Ruiz et al. (2012) produced pectinase enzyme under SSF column tray 

bioreactor using Aspergillus niger and succeeded in achieving the goal with production 

level of 2181 U/L. Heerd et al. (2012) evaluated the comparison of 3 Aspergillus sp. with a 

potential of pectinase secretion and one isolate was able to reach a peak of pectinase titers 

of about 33.4 U/g. Bastos et al. (2013) examined the optimal conditions for the cultivation 

of Cladosporium cladosporioides under SSF with the potential of producing different types 

of pectinases and investigation reached at 1340 U/mL for PME and 106.7 U/mL for PG. 

Amande et al. (2013) accomplished the production of pectinase from Aspergillus sp. and 

enzyme titers were reached at a maxima of 141 U/g at day 3 of fermentation. Zheng and 

Shetty, (2000) used the technique of SSF using Lentinus edodes for the production of 

pectinolytic enzymes using different food wastes and gained maximum titers of 29.4 U/g. 

2.4.1.3: Immobilized cell culture 

Immobilization of micro-organisms on inert solid support offers several benefits when 

considering practical applications. These advantages include reusability of enzyme, easy 

product separation without contamination of microbes, easy separation of biomass from 

products and better stability of enzyme. Whole cell immobilization on polyurethane foam 

(PUF) as inert support for pectinases production, under liquid state and as well as in solid 

cultures, has gained attention by many researchers (D-Godinez et al., 2001; Kapoor et al., 

2000). The process of dynamic immobilization on PUF involves the inoculation of the 

sterile fermenter system having the inert pieces of PUF. After inoculation, the cell growth 

take place in an intrinsic way on the surface of PUF and consequently cells become 

immobilized on the surface of PUF. A huge variety of micro-flora has successfully been 

used for immobilization on PUF surface successfully (Hoondal et al., 2002). 

D-Godinez et al. (2001) immobilized the Aspergillus niger cells on polyurethane cubes for 

comparison of exo-pectinase production by SmF and SSF, studying the effect of sucrose 
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addition and water activity. The excess enzyme yield was observed under SSF using whole 

cell immobilization on PUF cubes and they finally concluded that the higher enzyme titers 

in SSF is related to higher biomass production without catabolite repression. Kapoor et al. 

(2000) also conducted the whole cell immobilization of Bacillus bacteria on inert support 

of polyurethane foam (PUF) and successfully achieved the 1.5 fold augmentation in 

enzyme yield under SSF compared to SmF. 

2.4.1.4 Genetic engineering and production of microbial pectinases 

Tools of recombinant DNA technology like gene cloning, expression, mutation etc. are hot 

area of research in the recent biotechnology era for the efficient production of industrial 

enzymes. With the help of these amazing techniques scientists are not only able to study a 

particular gene of interest but also helping them gain the targeted expression and 

over-expression of specific protein of particular interest. Enzymes have long been the 

targets of studies that aim at obtaining the expression systems on a large scale because of 

their large potential for industrial applications and for this reason genetic engineering is 

providing the enzymologists with a variety of techniques to produce a particular enzyme of 

interest on large and abundant scale in a very economical way. Various pectinolytic genes 

have been cloned and expressed successfully in a vast range of host organisms to obtain 

their homologous as well as heterologous expression with less input in energy, cost and 

time (Loera et al., 1999; Pedrolli and Carmona, 2010; Goncalves et al., 2012; A-Theuil et 

al., 2011). 

Goncalves et al. (2012) used a genetically modified construct of Penicillium griseoseum in 

their study to achieve the hyper production of pectinases.  This recombinant construct, 

coupled with additional copies of pectinase genes, cultured in liquid medium resulted in 13 

folds and 424 folds hyper production of pectin lyase and PGase respectively when 

compared to wild type strain. Zhang et al. (2013) carried out the high level extracellular 

production of alkaline polygalacturonate lyase (PGL) in Bacillus subtillus with optimized 

regulatory elements associated with gene expression and PGL titers reached 632.6 U/mL 

with productivity of 17.6 U/mL. Zou et al. (2013) improved the production of alkaline 

polygalacturonate lyase by homologous overexpression in Bacillus subtillus bacterial 

strain and achieved the hyper production of this enzyme at 2138 U/mL.  
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2.4.2: Fermentation Media Optimizations and Developing Strategies for 

Pectinases Production 

The composition of the growth medium, cultivation conditions, pH, temperature, aeration, 

moisture, additional nutrients i.e., salts, carbon and nitrogen sources etc., type of strain 

used, inducer etc. greatly affect the production of pectinases. 

Agricultural-food industry waste materials harbor all the necessary nutritional components 

required for the growth of micro-organisms for production of pectinases. According to a 

report from the US department of energy, up to 500 million tons of these industrial waste 

materials are made available in the USA alone each year. This bulk of agro-food wastes are 

mostly disposed off in the open environment and biotechnologists have explored their use 

with potential applications in several biotechnological processes with major emphasis on 

fermentation and biocatalysis principles in a sustainable way. Enzymes are one of those 

useful products being produced on microbial technology via industrial fermentation of 

these agro-food wastes (Nigham and Pandey, 2009). Fermentation processes are usually 

affected significantly by the nature of the substrates and screening of numerous 

agro-industrial leftovers can be done by process optimizations (Martins et al., 2002; 

Blandino et al., 2001). The agro-food wastes like wheat bran, rice bran, residue leftovers 

from food industries, fruit pomaces, orange bagasse, orange peels, sugarcane bagasse and 

many others are being used on industrial scale for the production of these very important 

enzymes. These wastes materials are rich source of pectin and other nutrients; hence it can 

serve as important natural substrates for pectinases production (Silva et al., 2005; Patil and 

Dayanand, 2006; F-Toress et al., 2006). The use of these waste materials as fermentation 

substrates has been reported by several authors and their use in fermentation biotechnology 

is highly appreciated by biotechnologists (Ahlawat et al., 2009; Kashyap et al., 2003; 

Hamid et al., 2008; Pericin et al., 2007; Mamma et al., 2008). 

Various other synthetic media based on defined composition like sugar, starch, 

polysaccharides, and some complex compositions like yeast extract, peptone, malt extract 

etc. has satisfied the nutritional requirements for the growth of microbes and hence play 

their role in pectinase expression (Teixeira et al., 2000; Goncalves et al., 2012). A 

combination of synthetic and agro-waste based media can also be used for the production 

of pectinolytic enzymes (Zhou et al., 2013; Sandri et al., 2013; Hadj-Taieb et al., 2006). 

Media optimizations are mostly conducted to get the hyper production of enzymes. Various 

researchers across the globe are developing strategies like synthetic media development 
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and optimizations (optimization of each component that make up the growth medium and 

other physical parameters such as pH, temperatures, aeration etc.), utilizing the agro-wastes 

to get efficient production of enzymes using classical and statistical optimization 

approaches, and some have bridged the genetic engineering with enzyme biotechnology to 

get the protein expression at desired levels. All the researchers working and developing 

these type of strategies have met considerable success in achieving the desired goals at 

required levels (Jacob and Prema, 2006; Goncalves et al., 2012; Zhang et al., 2013).  

2.4.2.1: Optimization of fermentation media for bacterial strains 

Bacterial culturing is mostly done under liquid state fermentation because they always 

require a higher water activity during the course of fermentation however several authors 

have successfully reported their use in SSF under high moisture ratios and optimized the 

process to attain the benefits of improved characteristics of metabolites which are offered 

by SSF only as reported by (Kashyap et al., 2003; Li et al., 2005). 

Kapoor et al. (2000) optimized the production of an alkaline and thermostable PGase from 

Bacillus sp. in enriched wheat bran media supplemented with mineral salt solution with a 

substrate to moisture level of 90%. Beg et al. (2000) found that the addition of amino acids 

in fermentation media worked as stimulating factors, acting synergistically, in the 

production of pectinase from Streptomyces sp. QG-11–3, and increased the optimum 

response by up to 5.62-fold. Jacob and Prema, (2006) optimized the synthetic media for 

Streptomyces lydicus and process resulted in significant titers of PGase when media 

supplemented with wheat bran and ammonium sulphate. Sharma and Satyanarayana, 

(2006) optimized the fermentation media supplemented with 11 variables, 7 nutritional 

(C:N ratio, Na2HPO4, MgSO4, K2HPO4, yeast extract , NaCl, micronutrient solution) 1 

physical variable of pH and 3 dummy variables (to estimate error) using the strategy of 

Placket-Burman design, finally concluding the result with 41 fold of marked enhancement 

in pectinase production from Bacillus pumilus. Gupta et al. (2008) used the optimization 

strategy of RSM which resulted in 2.0 fold increase (5769.2 IU/g) of pectinase production 

by Bacillus subtillus using wheat bran enriched and moistened with mineral salt solution 

having KH2PO4, MgSO4.7H2O, CaCl2 and NaCl. Kashyap et al. (2003) successfully 

enhanced the production of pectinase by Bacillus sp. by optimizing different solid 

substrates, different salts, and carbon, nitrogen and vitamin supplements. A combination of 

Neurobion at 27 µl/g and polygalacturonic acid at 3% (w/w) enhanced pectinase 

production by 75% at 37 ºC for 36 hour fermentation period. Ahlawat et al. (2008) 

optimized the production of Bacillus sp. pectinase under SSF using dry bacterial bran as 
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substrate (5943 U/g).  Li et al. (2005) used a newly isolated bacterial strain B. gibsonii S-2 

to optimize the isolation of alkaline pectinase using sugar beet pulp and achieved 3600U/g 

at 35 ºC after 48 hours of incubation. Ahlawat et al. (2009) carried out the optimized 

production of pectinase using Bacillus subtillus in basal media supplied with different 

additives like glycerol, olive oil, oleic acid, Triton X-100, Tween-80, and Tween-20 at 

different concentration levels, resulting in a yield of 381 IU/mL of pectinase with potential 

application in textile industry. Ouattara et al. (2011) studied the potential of a bacterial 

isolate belonging to Bacillus sp. to produce the pectate lyase and conducted the 

optimization process by replacing the glucose contents with pectic compound which finally 

resulted in 18 U/mg of bacterial dry weight. Rehman et al. (2012) studied the production of 

pectin depolymerizing enzyme from Bacillus sp. and found that among the various carbon 

sources tested apple pectin (1%) proved to be promising in optimizing the response with 

1015 U/mg of PGase at neutral pH. Arjit et al. (2013) obtained highest yield of pectinase 

(1520 U/l) from Streptomyces sp., screened from various isolates, using 0.3% pectin, 0.1% 

tryptone at an initial pH of 8.5 with a fermentation time of 6 days. Among the various 

surfactants studied, cetrimide enhanced the enzyme secretion. 

2.4.2.2: Optimization of fermentation media for yeast strains  

Mostly two types of yeasts are involved in the production of pectinolytic enzymes, one 

group is constitutive in nature i.e., not able to use pectic substances or their hydrolysis 

products as carbon source. This group of yeast is mainly responsible for the secretion of 

endopolygalacturonases. The other group encompasses the yeasts like filamentous fungi, 

and can secrete pectinase upon induction using pectinacious materials, suggesting a more 

complex enzymatic system in them. This group could be considered as partially 

constitutive in nature. C. albidus and Candida boidinii possess such characteristics. Both 

groups of yeasts envisage a different origin of pectinases. Such types of behaviors in both 

groups have been revealed by studying the origin of different pectic genes in yeasts. Yeast 

pectinases are mostly extracellular in nature (Blanco et al., 1999). 

Almeida et al. (2003) used immobilized Kluyeromyces marxianus cells on spent grains for 

continuous production of pectinase using two types of reactors using glucose as the carbon 

source. Significantly higher pectinase activities oscillating between 2.45 U/mL and 7.82 

U/mL were achieved using packed bed bioreactor while in continuous stirred tank 

bioreactor ranged between 0.08 U/mL to 1.01 U/mL. A-Villena et al. (2011) conducted the 

statistical optimization strategy for the production of pectinase using genetically modified 

yeast with grape skin as the carbon source and agitation and peptone were statistically 



                                                                     Review of Literature 

19 
 

significant factors. Padma et al. (2011) screened various cold active pectinase positive 

yeast isolates and one isolate identified as Saccharomyces cerevisiae showed the highest 

pectinolytic activity at 5 ºC using raw fruit pectin as substrate. One of the authors Zhou et 

al. (2011) used the mixed culture of Saccharomyces and Aspergillus sp. to optimize the 

pectinolytic response with a total yield of 512.7 U/mL which was twofold higher than that 

of the culture without the inoculation of S. cerevisiae J-1. Afifi, (2011) used commercial 

baker’s yeast for the production of a highly effective pectinase, at temperature 25 ºC, pH 

range of 4-4.5 and ferric chloride as additive in solid state fermentation using potato waste. 

Pectinase activity was stimulated by urea and resulted in 70.20% viscosity reduction. 

Taskin, (2013) studied the production of pectinase by free and immobilized cells of 

Rhodotorula glutinis MP-10. Exoplygalacturonase was obtained with 26.9 U/ml with free 

cells and 28.6 U/ml with immobilized cells. The immobilized cells were repeatedly used 

between 14 and 18 cycles and at the end of 18 successive cycles a total of 503.1 U/mL was 

observed for polygalacturonase. 

2.4.2.3: Optimization of fermentation media for fungal strains 

Fungal species are extensively studied by biotechnologists and most of the commercial 

pectinases are produced by fungal genera. Fungal strains utilize the agro-food industry 

wastes more devotedly and produce a lot of microbial metabolites. Many authors have 

contributed a lot in fungus species culturing for the production of pectinases. 

Castilho et al. (2000) employed soy and wheat bran as raw material for the production of 

pectinases under SSF with Aspergillus niger cultivation and found that moisture contents of 

40% and fermentation time of 22 hours enhanced the production of pectinase. Teixeira et 

al. (2000) optimized the yields of various pectinases from Aspergillus niger using various 

carbon sources to see the marked effect. The final conclusion of their finding for best 

enzyme activities were obtained with 0.5 % pectin (Pectin esterase), 0.2% pectin and 0.2% 

glycerol (endo polygalacturonase) and 0.5% pectin associated with 0.5% glucose (exo 

polygalacturonase). Freitas et al. (2006) studied two fungal strains thermophilic Monascus 

sp. N8 and thermotolerant Aspergillus sp. N12 on solid state fermentation for their optimal 

potential to secrete PGase. They found that thermotolerant species were the best producer 

when supplied with wheat bran and orange bagasse mixture (10 U/ml). Hadj-Taieb et al. 

(2006) used a constitutive mutant species of Pecillium occitania and found that this mutant 

strain was able to show the high capacity to produce pectinase on gruel in fermenter system 

which is a low nutritional value agro waste. Ustok et al. (2007) employed two stage 

optimization processes using D-optimal and face centered central composite design (CCD) 
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in solid state fermentation using Apergillus niger and finally gained pectinase units of 

29.093 U/g with inoculum level and incubation time as the most significant factors 

statistically. Pericin et al. (2007) investigated the kinetics of enzyme production under SSF 

using pumpkin oil cake (PuOC) as substrate and found that a water activity of 0.932 and 5 

days of fermentation were the most promising variables in getting the high titers of 

exopolygalacturonase (1450 U/g). Hamid et al. (2008) reported the fermentation media 

optimization using orange peel as substrate using Fusarium solani and successfully gained 

the enhanced pectinase yield with glucose and peptone at 1% level (102.21 U/g). Khairnar 

et al. (2009) screened two different Aspergillus niger strains and 2 different substrates to 

obtain the maximum yield of pectinase and found that wheat bran was proved to be more 

promising with Aspergillus niger NCIM in getting higher enzyme titers as compared to 

pectin. Mrudula and Anitharaj, (2011) optimized the pectinase yield (1211.2 U/g) at 

temperature of 50 ºC, pH 5, incubation time of 96 hours and inoculum size of 2.5×107 and 

found that a combination of yeast extract and ammonium sulphate contributed a lot to the 

final optimized yield. Glinka and Liao, (2011) found the maximum production of pectin 

methyl esterase (PME) after 14 days culturing of Fusarium asiaticum grown on potato 

tuber extract or 1% glucose as the sole carbon source (2.5 U/mL). Adeleke et al. (2012) 

used 3 fungal species i.e., Penicillium atrovenetum, Aspergillus flavus, Aspergillus oryzae 

and optimized the pectinolytic potential of enzyme secreted and evaluated various process 

variables having the critical role in fermentation. They concluded that 3 isolates enhanced 

the production of pectinase at pH 5, 40 ºC, 0.2% ammonium persulpahte using Czapek-Dox 

media with citrus pectin as carbon source. Siddiqui et al. (2012) screened various fungal 

isolates and identified one isolate recognized as Rhizopus pusillus as a potential isolate for 

the production of pectinases. Ruiz et al. (2012) used lemon peel pomace as carbon source 

for the production of pectinase by Aspergillus niger in SSF bioreactor and concluded that 

the particle size distribution of 2.0-0.7 mm was critical in achieving the optimized goal 

(2181 U/L). Heerd et al. (2012) evaluated a comparison of 3 different Aspergillus sp. and 

found that, of all the strains Aspergillus sojae ATCC 20235 was the strongest and 

promising candidate of polymethylgalacturonase and polygalacturonase with both endo 

and exo activities. Khan et al. (2012) tested various fungal strains for their pectinolytic 

potential and found Aspergillus niger ATCC 16404 as hyper producer (5.38 U/mL) of 

pectinase using a substrate combination of wheat bran and mosambi peel as carbon source 

moistened with micro-nutrient solution under SSF cultivation at 65% moisture and 5% 

pectin as additional carbon source. 
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2.4.2.4: Recombinant DNA technology and fermentation media optimization  

Industrial enzymes are being produced on a large scale through fungal sources mainly over 

the last 60-70 years. However most of the fungal strains produce complex mixture of 

enzymes which is responsible for the contamination of one enzyme of interest. Though this 

mixture can be used in certain applications with effective results, there are certain 

disadvantages associated with the use of the complex mixture of enzymes. These 

disadvantages include (1) difficult to elucidate which enzyme for what function (2) 

economic loss in reasonable production because it is difficult to optimize without 

knowledge of any particular gene (3) difficulty in improving the enzyme without study of 

particular enzyme. As a result more and more enzymes are produced by recombinant 

technology. These technologies can give us the enzyme of high purity with high yields thus 

providing new contrivances for functional studies through careful selection of expression 

in considerably high purity (Dalboge, 1997). 

Scientists started using recombinant DNA technology for the study, function and 

expression of genes during the early 90’s in yeasts host systems. These techniques are not 

only important in study, function and identification of particular gene of interest but are 

also helpful to get the over-expression of a particular protein of industrial significance 

(A-Theuil et al., 2011). Several authors have reported the expression of pectic enzymes 

genes in various host systems and some of them have optimized the expression by 

regulating various elements involved in gene expression as discussed below.  

Lang and Looman, (1995) successfully achieved the expression of Aspergillus niger PG 

gene in Saccharomyces cerevisiae. The recombinant protein obtained was much improved 

in its biochemical characters with reference to thermo stability due to the possible 

glycosylation in the recombinant protein secreted by Saccharomyces cerevisiae. Gognies et 

al. (1999) cloned, sequenced and overexpressed the Saccharomyces cerevisiae SCPP yeast 

endopolygalacturonase encoding gene (PGL1). A shuttle vector pVT102U was used to 

overexpress the gene in S. cerevisiae strain. The activity of the enzyme was detected by the 

plate assay method. The assay resulted in the formation of large halos on PG acid 

containing plates stained with ruthenium red. Parisot et al. (2002) cloned and 

overexpressed an exopolygalacturonate lyase gene from thermophilic bacterium 

Thermotoga maritima. The coding sequence for the pectate lyase was subcloned into 

pET21d(+) vector and the resulting plasmid pETpelTM was transformed into E. coli BL21 

cells. The resulting overexpressed enzyme was biochemically characterized. Parisot et al. 

(2003) cloned and expressed exoplygalacturonase from hyperthermophilic Thermotoga 
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maritima. The gene was cloned into T7 expression vector and transformed into E. coli 

expression system. Bacterial cells were grown at 30 ºC followed by a 6 h cultivation at this 

temperature after addition of isopropyl 1-thio-b-D-galactopyranoside (IPTG) in order to 

induce the expression of a functionally active enzyme. Later on over-expressed enzyme 

was purified (SDS-PAGE Mol. wt: 51 kDa) and biochemically characterized. Yuan et al. 

(2011) cloned a pectate lyase gene (pl A) from Klebsiella sp. Y1 and heterologously 

expressed in E. coli BL21 strain using an expression vector pET-22b(+). Transformed 

strain was grown in LB medium and after induction with IPTG, culture supernatant and cell 

lysate showed 4.5 U/mL and 1.2 U/mL of pectate lyase. Yang et al. (2011) cloned an 

endopolygalacturonase gene (pga1) from an acidophilic fungus Bispora sp. MEY-1 and 

expressed in Pichia pastoris GS115. They used pPIC9 as an expression vector. 

Transformed Pichia pastoris was cultivated in yeast extract peptone dextrose medium at 30 

ºC in batch-scale set up and successfully expressed pectinolytic enzyme extracellulary with 

methanol induction for 72 hours with a gain of 50 U/mL. Singh et al. (2012) carried out the 

cloning, expression and characterization of metagenome derived thermoactive protein. 

pQE30 expression vector containing the pectinase gene was expressed in Escherichia coli 

strain M15 as a recombinant fusion protein containing an N-terminal 69 His tag. Enzyme 

expression was induced optimally with 3 hours induction at 0.1% IPTG concentration 

resulting in optimum specific activity of the enzyme in lysate 20 U/mg. Zhang et al. (2013) 

achieved high level extracellular production of alkaline PG lyase in Bacillus subtillus by 

optimizing regulatory elements. They screened 6 signal peptides for extracellular 

expression and found that bpr signal peptide directed the efficient PG secretory expression 

and increased the titers to 313.7 U/mL. During further optimization, they applied the strong 

promoter P43 and shine-Dalgarno sequence, leading to titers of 446.3 U/mL. This 

recombinant strain reached the highest titers of 632.6 U/mL when cultured in fed-batch 

strategy in 3L fermenter. Zou et al. (2013) improved the production of alkaline 

polygalacturonate lyase by homologous overexpression of pelA gene in Bacillus subtillus 

7-3-3 using the shuttle plasmid pNW33N-pelA. The PGL activity was increased to 2138 

U/mL at 44 hours, with average productivity of 48.58 U (mL/hour) in a 7.5L fermentor. 

Loera et al. (1999) conducted the pectinase production by using a diploid construct from 2 

Aspergillus niger overproducer mutants. Arginine auxotrophy (Arg- ) was induced in these 

two strains. Only one of these auxotrophs was transformed with a plasmid containing A. 

nidulans argB gene. A diploid of these two auxotrophs was then generated via parasexual 

recombination and characterized with respect to pectinase production. This diploid 
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construct resulted in 127% higher production of pectinase in submerged cultures when 

compared to wild type strain of Aspergillus niger. 

Hadj-Taeib et al. (2002) genetically improved the Penicillium occitanis with a single round 

of nitrous acid mutagenesis. A hyper pectinolytic mutant was selected which secreted about 

50 times more of endo and exopectinase activities than the wild type strain. Most 

interestingly, the selected mutant was fully constitutive in nature since it produced all 

pectinases on glucose and glycerol, known as repressors of pectinolytic genes. Goncalves 

et al. (2012) used a recombinant strain Penicillium griseoroseum T20 for the production of 

pectin lyase and polygalacturonase under RSM enabled determination of optimal 

production. This strain possesses additional copies of the genes plg1 (PL) and pgg2 (PG) 

both under control of strong and constitutive promoter of the gene gpd and termination 

region of A. nidulans trpC gene. This strain yielded the enzyme titers of 2883 U/mL for PL 

and 5281 U/mL for PG which is 424 and 14 folds higher respectively as compared to wild 

type strain. 

2.5: Purification of Microbial Pectinases 

Crude enzyme extracts comprise a mixture of enzymes and analysis of the activity of an 

enzyme within the crude extract is very uncertain and tentative. It is very difficult to 

determine whether the activity if is the segregated action of single enzyme or there is a  

multi-enzyme system working synergistically on substrate. In addition the use of enzymes 

in industries like food and pharmaceutical requires that the enzyme must be in pure form, 

otherwise it may affect the quality of the final product. The flavor, and color changes due to 

the use of crude enzyme are also avoided with the use of pure preparations of enzymes. 

Purification of enzymes also eliminates the risk of potential inhibition by other 

contaminating substances present in crude mixture. The usefulness of enzymes is 

advocated in any industry by studying their characteristic properties to make it a beneficial 

industrial product and the special characteristics of a biocatalyst can only be studied with 

perfection if the enzyme is in pure preparation. We can say that purification is a prerequisite 

for the characterization study. The characterization of purified enzymes is an important 

area of research since it focuses on being able to distinguish between the enzymatic 

complex components of the substrate degradation mechanism, optimum conditions for 

enzymatic activity, and the regulation of enzyme synthesis (Pedrolli and Carmona, 2010; 

Pedrolli et al., 2009). Their commercial application of pectinolytic enzymes especially 

food applications require that they must be in pure form and in this regard many researchers 
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have contributed a lot to their purification strategies. 

2.5.1: Purification strategies for the purification of pectinolytic enzymes 

The extent of purification of a catalyst depends on its final application. The main issues 

associated with traditional purification strategies are that they result in low yield, are time 

consuming and laborious. Today inexpensive, fast, high yielding, low time taking and 

applicable purification plans are now in great demand for industries. Many authors have 

worked on different strategies for purification of pectinolytic enzymes and the details are 

discussed below. 

2.5.1.1: Concentration of the crude enzyme extract 

The crude extract obtained after the fermentation process is usually subjected to 

concentration of protein mixture. Ammonium sulphate precipitation is a widely used 

technique for the concentration of crude enzyme preparations. However some organic 

solvents, rotary evaporators and millipore filters are also used for concentration purposes in 

the case of pectinases. Precipitation of enzyme is very useful in handling the large 

quantities of enzyme and it involves less non protein interferences. Precipitation methods 

are usually accompanied with high yield as compared to other techniques used to 

concentrate the sample (Glinka and Liao, 2011; Kant et al., 2013; Damak et al., 2011; 

Esquivel and Voget, 2004). To concentrate the enzyme extracts and to separate the biomass 

from culture filtrate, integrated membrane processes (IMP) and alginate affinity 

precipitation (AAP) techniques are also used nowadays (Nakkeeran et al., 2009; Vasu et al., 

2012). Poly-sulphone (PS), poly-acrylonitrile (PAN) and regenerated cellulose membranes 

with different cut size ranging from 1 to 1000 kDa are usually employed. Alginate affinity 

technique utilizes the hetero-bifunctional ligand, which, in addition to having affinity for 

the target protein, possesses another function for controlling precipitation. The latter 

component comprise of polymer which can be made reversibly soluble and insoluble by 

altering a specific parameters such as pH and temperature (Gupta et al., 1996). 

2.5.1.2: Chromatographic separation 

The crude extract after the concentration is subjected to different chromatographic steps 

after dialysis of the precipitated protein. The extent of separation required and the choice of 

scheme is always dependent on the initial pectinase preparation as well as on the final 

application of the purified product. A highly purified preparation of pectinase is achieved 

through a combination of 2-3 different chromatographic steps. Most used chromatographic 

techniques for the pectinases purification are ion-exchange followed by gel filtration while 

costly hydrophobic interaction and affinity chromatography are rarely used in case of 
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pectin degrading enzymes. 

Anion-exchange and gel-exclusion chromatography techniques have proved very versatile 

in the purification of pectinases. Cation-exchangers like carboxy-methyl cellulose 

(CM-cellulose), Sepharose FF CM, and anion-exchangers like diethyl aminoethyl (DEAE), 

Mono-Q are frequently used ion-exchange resins. While Sephadex G-100, Sephadex 

G-200, Sephadex G-150, Sephacryl S-100 resins are more popular resins for gel filtration 

steps (Yadav et al., 2008; Dong and Wang, 2011; Kant et al., 2013; Damak et al., 2011; 

Quiroga et al., 2009; Jacob and Prema, 2008; Hamday, 2005; Kashyap et al., 2000). Glinka 

and Liao, (2011) utilized affinity chromatography using a column of Con A agarose for the 

purification of pectinases. Friexo et al. (2008) used a modified column of Sepharose 

6B-BDGE 30-IDA, or simply as BDGE 30 resin for the purification of polygalacturonase 

prepared by epoxy-activated agarose gel made to react with iminodiacetic acid as the 

chelating agent and the stationary phase thus obtained was referred to as BDGE 30. 

2.5.1.3: Aqueous two phase system (ATPS) 

Aqueous two-phase systems are formed when two mutually incompatible polymers or 

polymer and salt are mixed above certain concentration. Aqueous two-phase systems 

provide mild environment, high selectivity and good results in purification of fragile 

biomaterials. Partitioning in ATPS is an energy efficient and easily scalable operation with 

a rapid mass transfer due to low interfacial tension. Most of the difficulties associated with 

conventional purification methods can be overcome by conducting the bioseparations in 

aqueous two-phase systems (ATPS). Molecular weight of a polymer as a constituent of an 

ATPS is the important factor for partitioning in aqueous two-phase systems and it has a 

strong influence on separation of biomolecules in these systems. Most common polymers 

used are poly ethylene glycol (PEG) and dextran (Prodanovic and Antov, 2008). 

Physico-chemical characteristics such as charge, size and hydrophobicity of proteins affect 

their partition in two phase aqueous system. Partitioning also depends on the pH, mass of 

polymer, changing polymers, addition of detergent or salt. The technique can be used for 

the enzyme extract with cells and cell debris, and is accompanied with the advantages like 

high speed, volume reduction, high capacity and mildness (Gupta et al. 1996; Prodanovic 

and Antov, 2008; Castilho et al., 2000). There are few reports in literature of ATPS 

purification/extraction with reference to pectinases (Prodanovic and Antov, 2008; Castilho 

et al., 2000). 
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2.6: Purification of microbial pectinolytic enzymes 

Using the above mentioned techniques many microbial pectinase have been purified to 

homogeneity level and molecular weight determinations. Extensive purifications are also 

essential for the crystallization of proteins leading to 3D structural analysis. Purification 

factor and % recovery are two important features associated with the success and level of 

purification. 

An Aspergillus niger exo-PG was efficiently purified using DEAE-cellulose column eluted 

with 0.2M sodium acetate buffer (pH 4.6). An increase in specific activity of 209-fold with % 

recovery of 8.6 was observed. Enzyme was fully active in the presence of Hg2- ions only 

(Mill, 1966a). Another polygalacturonase was purified from crude extract with an increase 

in specific activity of 205 folds. This PG was different in behavior with respect to pH and 

did not require any Hg2- ions to display its activity and was active in the presence of metal 

chelates (Mill, 1966b). A purification scheme and strategy was progressed for the 

purification of extracellular PMG, PG and PE. After salting out with ammonium sulphate, 

the enzyme was passed through Sephadex G-25 column. The fractions obtained were 

precipitated with ethanol. Afterwards repeated elutions through DEAE-Cellulose column 

lead to homogenous preparation of enzyme (Benkova and Slezarik, 1966). Exo-PG, 

endo-PG and pectinesterase from Trichderma reesei were succesfully extracted through the 

Sephadex step of purification (Markovic et al., 1985). A 10 fold purification by ethanol 

purification was observed for a  Rhizopus stolonifer PG. Afterwards the enzyme was 

passed through CM-Sepharose 6B ion exchange and gel filtration (Sephadex G-100) 

chromatography to attain the enzyme at homogeneity level (Manachini et al., 1987). PG 

and PL produced by Aureobasidium pullulans LV10 have been purified by following the 

chromatographic combination of  ion-exchange (CM Sepharose) followed by 

DEAE-cellulose and gel filtration on Sephadex G-100 (Manachini et al., 1988). PG and PL 

were extensively purified to homogeneity by both cation and anion-exchange 

chromatography followed by hydrophobic interaction chromatography. A pectate lyase 

(PGL) from Amylocta species was also purified using the same scheme (Bruhlmann, 1995). 

A pectinase from Clostridium aectobutylicum ID 91-36 (a UV mutant) was separated from 

crude mixture by using the strategy of cation exchange chromatography using Sepharose. 

The column was eluted with NaCl and the whole process yielded a 4-fold increase in 

specific activity with 37% recovery (Seethaler and Hartmeier, 1992). A Bacillus specie 

endo-lyase was salted out using ammonium sulphate. The precipitated lyase was purified 
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using DEAE-Sephadex A-50 chromatogrpahy followed by CM-cellulofine separation 

(Miyazaki, 1991). An Erwnina carotovara endopectate lyase was purified using the 

schemes of CM-Sepharose, Sephadex G-200 gel filtration followed by isoelectric focusing 

(Tanabe et al., 1984). The first bacterial exo-PG from a species of Bacillus (KSM-P443) 

was purified to homogeneity levels. The special characteristic associated with this purified 

preparation was that this bacterial pectinase released mono-galacturonic acids upon 

hydrolysing the polyglacaturnic acid (PGA) in addition to di, tri, tetra and penta 

galacturonic acids (Kobayashi et al., 2001). A purified extracellulary expressed endo-PG 

from Aspergillus awamori was attained using the combination of cation exchange and size 

exclusion chromatographic techniques (Nagai et al., 2000). A crude culture filtrate of 

Bacillus subtillus was purified by Sakomoto and co-workers using hydrophobic interaction 

chromatography on butyl-toyopearl 650 M, cation exchange chromatography on CM 

toyopearl 650 M and gel filtration on sepharose 12 HR. The purified enzyme showed better 

pH and thermo-stability characteristics (Sakomoto et al., 1994). An Erwinia caratovora 

endo-pectate lyase has been co-precipitated with lipo-polysaccharides lipid complex 

produced during the course of fermentation along with pectinases. The enzyme extract, 

freed from all cell debris, was concentrated and purified with an achievement of a specific 

activity of 710 U/mg of protein using gel filtration chromatography. pH and ionic strength 

are important parameters affecting the co-sedimentation of enzymes (Fukoka et al., 1990). 

Shear stress does also have an effect on the purification of enzymes as studied by Denis and 

coworkers working on purification of 5-isozymes, in ultra-filtration equipment, of pectate 

lyase produced by Erwinia chrysanthemi. 7 hours pumping under shear stress did not affect 

the activity of enzyme and after 25000 passes 36% activity was lost (Denis et al., 1990). 

New affinity matrices with better mechanical and chemical stability have been developed 

for better purification of pectinases. Crude heterogeneous mixture of enzyme was salted 

out and desalting was done using Sephadex G-25 resin packed column. This resin was 

supported with silanized controlled pore glass and other support checked was silica gel 

silanized with 5-aminopropyl triethoxysilane. Activation of all these supports was done 

using 3-(3-dimethylaminopropyl) carbodiimide. Silanized controlled pore was proved as 

the best support (Lobarzewski et al., 1985). An affinity precipitation technique was 

developed by Mattiasson and coworkers for the separation of target proteins using 

hetero-bifunctional ligands. A soluble form of the alginate ligand for affinity binding was 

used for separation of protein complex (Gupta et al., 1996). Wu and Coworkers used the 

aqueous two phase system (ATPS) to study the partitioning behavior of endo-PG and total 
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protein from Kluvermyces marxianus culture broth in polyethylene glycol (PEG) and 

PEG-potassium phosphate. In the bottom phase both enzyme and total protein were 

partitioned in both systems. Since enzyme protein concentration was higher as compared to 

other proteins in the culture broth, they concluded that the separation of endo-PG could be 

considered as concentration rather than separation in ATPS (Wu et al., 2000). In a study on 

the fractionation of commercial pectic enzymes, immobilized metal ion affinity 

polysulphone hollow-fiber membranes with a high capacity for protein adsorption were 

tested. The unbound fractions were higher in activity of pectin lyase and no activity of PE 

was detected in the flow through due to the retention of PE on column resin (Camperi et al., 

2000). A rapid and simple method was developed by Savary to purifiy the PE from PG and 

other pectinolytic activities in potato enzyme preparations using perfusion chromatography 

methods. It was observed that PE was eluted out at low salt concentrations (80mM NaCl) 

while PG was eluted at higher salts strengths (300 mM NaCl). These types of column 

developments in the purification of enzymes can lead to cost effective and very promising 

strategies (Savary, 2001).  

Extracellulary expressed endo-polygalacturonase from Mucor falvus was purified up to 

homogeneity levels by 2-repeated loadings of enzyme extract  on  ion-exchange column 

using CM-sepharose CL 6B using a Pharmacia FPLC system and eluted with linear 

gradient of NaCl (100-300mM). There was a gain in specific activity of 1326 µmol 

mg/protein and molecular weight of 40 kDa determined by SDS-PAGE. Loaded enzyme 

was concentrated by ultra-filtration (Gadre et al., 2003). A glycosylated 

endo-polygalacturonase was separated from the culture filtrate using an FPLC system with 

total gain in specific activity of 430 U/mg with recovery of 40%. This attainment in 

purification was achieved using a chromatographic scheme of Sepharose Q  and Sephacryl 

S-100 columns (Esquivel and Voget, 2004). 10 fold concentrated exo-pectinase from A. 

nainiana was subjected to 3 step purification procedure and applied to Sephacryl S-100 

column, followed by DEAE-Sepahrose ion exchange chromatography. Active fractions 

were pooled and loaded on Sephadex G-50 column which resulted in 9.37 fold purification 

with 60.62% recovery (Celestino et al., 2006). PG-I and PG-II were isolated from 

fermented broth of the hyper producer strain Sclerotium rolfsii. A newly introduced 

preparative electrophoretic device (isoelectric focusing mode of free flow electrophoresis) 

was also used in the purification protocol using HMPC (hydroxypropylmethyl cellulose) 

and PGs were localized by activity measurements. Further gel purification was performed 

with Superdex-200 in order to remove the HMPC and column was flushed by citrate buffer 
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(pH 6). Homogenous fractions obtained were revealed by SDS-PAGE (PG-I: 39.5kDa, 

PG-II: 38kDa) (Schnitzhofer et al., 2007). Aspergillus flavus pectin lyase was separated 

from the culture broth using ammonium sulphate concentration, anion exchange 

chromatography (DEAE cellulose) and gel filtration chromatography (Sephadex G-100). 

In the last step of purification specific activity went up to 18.33 U/mg with 58-folds gain in 

purification factor. Homogeneity was confirmed by 10 % SDS-PAGE with molecular 

weight of 38 kDa (Yadav et al., 2008). Prodanovic and cowoker used ATPS for possible 

partitioning and purification of pectinase from Penicillium cyclopium. The maximum yield 

was obtained using 10% (w/w) polyethylene glycol 1500/5% (w/w) dextran 500 000/85% 

(w/w) crude enzyme, with partition co-efficient of 2.11 and yield of 85.68% with 

purification factor of 1.28 was obtained in case of endo-pectinase. In the case of 

exo-pectinase using the same system the values obtained were 1.89, 84.28% and 3.82 

respectively (Prodanvic and Antov, 2008). Immbolized metal affinity chromatography 

(IMAC) was developed to study the chromatographic behavior of P. ostreatus 

polygalacturonase. Epoxy-activated agarose was made to react with iminodiacetic acid as 

the chelating agent and the resultant stationary phase was referred to as Sepharose 

6B-BDGE 30-IDA, or simply as BDGE 30. A one-step purification of polygalacturonase 

was accomplished by using a column of Sepharose 6B-EPI 30-IDA-Cu(II). Purified 

enzyme exhibited a specific activity of about 1600 U/mg protein, with a final recovery of 

80% and a purification factor of about 65 (Freixo et al., 2008). Quiroga and Co-workers 

studied the purification of exo-cellular polygalacturonase (PGase I) produced by 

Pycnoporus sanguineus using single step chromatography. Protein from the fermented 

broth was salted out by ammonium sulphate and 4mL of dialysate was applied to Sephadex 

G-150 column which provided 54% yield of enzyme with 200 fold purification (Quiroga et 

al., 2009). A PG produced by a soil isolate Penicillium sp. was purified from the crude 

mixture by size exclusion and ion exchange chromatography techniques. This purified 

enzyme displayed extraordinary activity when compared to crude mixture i.e., showed 

12-folds higher activity (98.66 U/mL) as compared to crude extract (Patil and Chaudhari, 

2010). Pedrolli and Carmona obtained a purified PG of Aspergillus giganteus after two 

simple steps of ammonium sulphate saturation (70% level) and anion exchange 

chromatography on DEAE-Sephadex A-50 column. The enzyme retained 86% of its initial 

activity with purification yield of 86 %, displaying a specific activity of 419 U/mg (Pedrolli 

and Carmona, 2010). An exo-polygalacturonase, isolated from Fusarium oxysporum, was 

purified through successive steps of ultra-filtration, gel filtration chromatography 
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(Sephacryl S-100) and cation-exchange chromatography (Sepharose FF CM). During the 

process the specific activity increased from 3.59 to 21.30 U/mg. This purified PG only 

showed the galacturonic acid as end product confirming that it is an exo-PG (Dong and 

Wang, 2011). A pectate lyase from Pectobacterium carotovorum purified from culture 

supernatant using ion-exchange column chromatography, was more than 95% pure, with 

34% yield giving 23-fold purification. The size of the purified PL was found be 

approximately 40kDa by SDS-PAGE (Maisuria and Nerurkar, 2012). A purification study 

of an Aspergillus niger PG was conducted and culture filtrate precipitated with 60% 

ethanol yielded 1.68-fold purification. This concentrated enzyme when loaded on 

Sephacryl S-100 gel filtration column provided 6.52-fold of purification. SDS-PAGE study 

revealed that this is a heterodimer PG with subunits sizes of 34 and 69 kDa. Homogeneity 

level was checked by Native PAGE and molecular weight was found to be 106 kDa (Kant et 

al., 2013). 

2.7: Characterization of Pectinolytic Enzymes 

Employment of enzyme at industrial scale requires that each and every aspect of the 

enzyme should be comprehensively studied to make it more acceptable and applicable to 

industry. This comprehensive study is conducted basically in terms of pH, temperature, 

metal ions effect, inhibitors effect etc. These characteristics studies are not only important 

from industrial aspects but are also equally helpful in the study of activity-function 

relationships. Since pectinolytic enzymes have wide range of industrial applications, a 

huge and vast study is devoted to their special characteristics study. A brief overview of 

these characteristics is presented below. 

2.7.1: Optimum pH, temperature and associated stability characteristics  

Optimum pH and temperature play a vital role in deciding the application of pectinases. For 

example if the pectinase is alkaline in nature it is suitable for textile industry applications 

while acidic pectinase is preferable for food industry. The enzymes show maximum 

performance at optimal temperature; an enzyme that has high optimum temperature can be 

applied in high temperature operations, while enzymes with low optimal temperature are 

suitable for low temperature operations and limited industrial applications (Ward and 

M-Young, 1988). 

Thermostable enzymes are more preferable for industrial scale operations because they are 

responsible for reducing the cost of industrial process. Every 10 ºC rise in temperature 

approximately doubles the reaction rate assuming that the enzyme is stable at elevated 
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temperature. With the help of thermostable enzymes not only the enzymatic conversion 

time can be shorted but the amount of enzyme needed can be also reduced. However it is a 

general fact associated with the use of enzymes that their stability decreases with rise in 

temperature. Stability of enzymes at elevated temperatures and different pH is an intrinsic 

property and is determined by the primary structure of proteins. Thermal stability and pH 

stability are inter-related parameters and pH of maximum thermal stability may often be the 

iso-electric point of the enzyme rather than optimum pH (Gummadi and Panda, 2003; Ward 

and M-Young, 1988). Stability studies also provide valuable information about structure 

and function of enzymes. Enhancing the stability and maintaining the desired level of 

activity over a long period are two important points considered for the selection and design 

of pectinases (Gummadi and Panda, 2003). For this purpose microbial pectinases have 

been extensively studied in terms of pH stability and thermostability characteristics. 

An Aspergillus niger purified polygalacturonase was characterized with respect to pH and 

temperature. This PG displayed its full repertoire of its activity at 45 ºC and pH 4.8. 

Stability study revealed that pH range of 4.0-4.5 was best for the working of enzyme for 60 

minutes. After 108 hour it lost its 50% activity at 4 ºC while at room temperature this much 

loss was observed after 3 hours (Kant et al., 2013).  Tomlin et al. (2013) studied the high 

hydrostatic pressure (HHP) protection of commercial pectinase cocktail against thermal 

denaturation. Kinetics of inactivation was studied at a pressure range of 0.1-400MPa and 

temperature range of 55.0 – 85.0 ºC. Their investigation revealed that HHP successfully 

reduced the rate of enzyme inactivation at inactivating temperature conditions by up to 

19-fold at 77 ºC and 350Mpa of pressure when compared to the experiment conducted at 

atmospheric pressure and the same temperature. Energies of activation for thermal 

denaturation at high pressure range (200-400MPa) were lower (107.3-154.4 kJ/mol) than at 

lower pressure (0.1MPa) which was 195.6 kJ/mol. An alkaline pectate lyase from 

Pectobacterium carotovorum was thermally characterized. Enzyme followed non-linear 

inactivation trend at 50 ºC and 60 ºC which was fitted to three-fraction first order model. 

Thermodynamic studies revealed that alkaline pH of 8.0 favored the thermal stability at 

50 ºC and 60 ºC. This thermostable enzyme possessed the alkaline pH optima of 8.5 

having a great potential to be used for textile industry applications (Maisuria and 

Nerurkar, 2012). Siddiqui and Co-workers characterized a Rhizomucor sp. PG which 

displayed it optimal activity at 55 ºC at pH 5.0. This enzyme showed its maximum stability 

up to 50 ºC for 2 hours of incubation and pH conditions between 4.0 - 5.0. However this 

enzyme did not show good results of stability above 60 ºC and pH 5.0 (Siddiqui et al., 
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2012). Maciel et al. (2011) stated in their article that pH 5.0 was the optimal working pH for 

endo-PG, while PL exhibited maximum activity at 7.0 pH. Stability studies showed that 

endo-PG and exo-PG were stable enough at pH range of 3.5 – 11.0 at temperatures of 50 ºC 

and 80 ºC respectively. While PL displayed stability at pH 5.0 and temperature of 50 ºC. A 

thermoactive pectate lyase from Penicillium occitanus was biochemically characterized 

and optimal activity of enzyme was observed at pH 9.0 and 60 ºC temperature. Its halftime 

at 60 ºC was 6 min. at pH 8.0, 14.2 min. at pH 7.0, and 16.4 min. at pH 9.0. The presence 

of calcium ions increased the half-life time at pH 9.0 (Damak et al., 2011). Dong and 

Wang, (2011) expressed two pectinase encoding genes into Pichia pastoris. Recombinant 

products were characterized in terms of stability characteristics and found that optimal 

working pH and temperature of these proteins were 5 and 50 ºC respectively.  pH stability 

experiments revealed the fact that PG recombinant enzymes retained greater than 70% 

activity at pH range of 3-6 at 4 ºC. Thermostability profile of these recombinant proteins 

showed that greater than 50% activity was retained when incubated at temperatures of 

10-50 ºC for 2 hours. Joshi et al. (2011) isolated a pectinase from Aspergillus niger and 

evaluated its characteristics and found that the purified form of this enzyme was stable for 

up to 60 days. It displayed its heat stability up to 55 ºC and completely denatured at 90 ºC. 

This enzyme was very acidic in nature (pH 3.5) and proved very attractive for fruit juice 

applications. A Penicillium chrysogenum pectinase was optimally active at 50 ºC and pH 

6.5, thermal stability profile of this enzyme was not very good and it was only active up to 

40 ºC (Banu et al., 2010). Gomes et al. (2011) conducted a very interesting work regarding 

the characterization of pectinase with the help of statistical method (CCRD 22). Higher 

activity of pectinase was observed at 37 ºC at pH 5.5. By keeping the enzyme at 55 ºC at pH 

5.0 the PG activity was retained for longer times. They also studied the lower temperatures 

(4, -10, -80 ºC) range in order to check the storage capacity of PG and concluded that at all 

the studied temperature range the enzyme was able to retain its initial activity for 40 days of 

storage. Aspergillus giganteus polygalacturonase was characterized with aspects of pH and 

temperature and exhibited maximum activity at pH 6 and temperature range of 55-60 ºC. 

This PG was stable in acidic and alkaline media. Its thermostability profile indicated the 

half-lives of 115, 18, and 6 minutes at 40, 50 and 55 ºC respectively (Pedrolli and Carmona, 

2010). Mohamed et al. (2009) characterized a Trichoderma harzianum PG which was 

stable up to a broad range of pH to display its maximum activity (4.5 to 7.0). This PG 

displayed maximum thermal activity at 55 ºC and showed stability of up to 50 ºC after 

incubation of 30 minutes. Optimum pH of 4.8 and stability between 3.8 - 8.0 was shown by 
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Pycnoporus sanguineus exo-PG. It showed optimum thermal activity between 50-60 ºC 

and major part of the enzyme activity was lost up to 80 ºC (Quiroga et al., 2009). Dogan 

and Tari, (2008) determined the optimum pH and temperature of maximum activity of 

Aspergillus sojae exo-PG which were found to be 4.0 and 55 ºC respectively. This enzyme 

showed extraordinary stability at both alkaline and acidic range of pH. Energy of activation 

for thermal denaturation was estimated to be 68.41 kcal/mol with half-life of 3.6 hours at 75 

ºC. Jacob et al. (2008) characterized a purified PG from Streptomyces lydicus. It was 

optimally active at 50 ºC and pH 6.0. The enzyme was stable from pH 4.0 to 7.0 and at or 

below 45 ºC for 90 min. and the enzyme lost 25% and 41% of its activity at 50 and 60 ºC, 

respectively. An Aspergillus sojae exo-PG was characterized with respect to 

thermostability characteristics. pH of 5 and temperature of 55 ºC were found to be 

optimal to show maximum activity. A broad range of pH did not affect its performance 

(60-70% activity retained). It retained 80% of its initial activity at 65 ºC for 1hour. The 

energy of activation for thermal inactivation was found to be 152 kJ/mol with half-lives 

of 3.6 and 1.02 hours at 75 and 85 ºC respectively (Tari et al., 2008). Yadav et al. (2008) 

characterized a purified alkaline pectin lyase from Aspergillus niger. pH and temperature 

optimal was found to be 8.0 and 50 ºC. It showed stability for 24 hours in the pH range of 

4.0-10.0. The enzyme showed maximum stability up to 50 ºC when incubated for 1hour. 

It showed extra stability up to 70 ºC when ammonium sulphate was added to the reaction 

mixture. Dinu et al. (2007) biochemically characterized a set of different pectinolytic 

enzymes produced by Aspergillus niger. The optimum pH values of the purified proteins 

ranged between 4.2-6.0. PG was optimally active at pH of 4.6. PME showed maximum 

activity at pH 4.2 - 4.4. One of the pectate lyase had an optimum pH of 6.0; second one 

displayed optimal performance at 4.8, the third one was maximally active at pH of 4.2. 

Temperature of 40 ºC was found as optimal for PG and PME. Temperature optima for one 

of the pectate lyase was 35 ºC, in the case of a second and third pectate lyase it was found 

to be 50 ºC. An extensive characteristics study of an extracellularly expressed pectinase 

by thermophilic fungus Acrophialophora nainiana was conducted. This enzyme was 

optimally active at 60 ºC and pH 8, showed high thermostability with half-life of 7 days at 

50 ºC. However with a rise in temperature to 60 and 70 ºC, a half-life value decreased to 

20 and 3 minutes respectively. Flourescence and circular dichroism techniques were used 

to further explore the stability of this pectinase. Unfolding transition region was observed 

between 45 and 70 ºC using fluorescence method and a major fall in stability was found 

at 70 ºC. Circular dichroism measurements at pH range of 5-9 showed a transition 
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temperature range of 50-55 ºC. The whole thermodynamic analysis lead to the conclusion 

that this pectinase was thermally stable and exhibiting maxima of stability (∆G25) of 

22.65 and 19.19 kcal/mol at pH 8 and 9 respectively (Celestino et al., 2006). 

2.7.2: Kinetic study of pectinase catalyzed reactions (Vmax, km) 

Kinetics study is the oldest approach to understanding the mechanism of enzyme action and 

still remains the most important. There are many theories presented by scientist to study in 

depth the enzymes reaction kinetics. Michaelis-Menten model is one of the most popular 

among all of the theories presented. Michaelis–Menten kinetics correlates the initial 

velocity with the initial substrate concentration of an enzymatic reaction. This approach 

assumes a quasi-steady state approximation where the concentration of the enzyme 

substrate complex is constant over time and produces a time-independent hyperbolic 

relation of the two. Since its introduction in 1913, including the Briggs–Haldane 

modification in 1925, the Michaelis–Menten model has been widely used to describe 

enzymatic processes. It has been proven to be a simple yet powerful approach in the 

determination of enzyme parameters km and Vmax (Exnowitz et al., 2012). Pectinases are 

very versatile catalysts that act on a large variety of substrates by following different 

mechanisms, their affinity for each substrate is different and this difference also varies 

according to the source of pectinase, so they possess different values of km and Vmax. 

One of the PG isolated from A. niger possessed a higher affinity for its substrate with km 

value of 0.083mg/mL and the reaction speed was estimated with Vmax of 18.21µmol of 

galacturonic acid/min (Kant et al., 2013). A pectin lyase produced by Rhizopus oryzae 

followed first order kinetics with low pectin concentration while at higher concentration of 

pectin the reaction become zero order and and recorded Vmax for purified enzyme was found 

to be 297µmol/ml/min. The apparent km value calculated from the data was 3.87mg/mL for 

pectin as substrate (Hamday, 2005). Kaur et al. (2004) investigated the kinetics of a PG of a 

thermophilic mould Sporotrichum thermophile and found that using pectin as substrate 

would give a Vmax value of 0.52 µmol/mg/min and the affinity for the substrate (km) was 

found to be 0.416mg/mL. A PG II enzyme with 30.6kDa molecular weight was discussed 

by Niture and co-worker and their findings relating to kinetic study revealed that PG II 

possessed a Vmax of 13.33mmol/min/mg, km of 0.166 mg/mL and kcat of 403/min (Niture 

and Pant, 2004). Ortega et al. (2004) used three commercial preparations of pectinolytic 

enzymes i.e., Rapidase C80, Pectinase CCM and Pectinex 3XL to study the kinetic 

properties for potential application in fruit juice clarification and specificity constants 

(Vmax/km) were estimated to be 44.4, 12.8 and 12.8 respectively. A thermostable Aspergillus 
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sojae PG reported by Tari and co-worker was also extraordinary on its kinetic properties 

and the authors stated that using the polygalacturonic acid (PGA) as substrate at pH 6.6 and 

25 ºC, enzyme provided a numerical value of 0.424g/l in terms of its affinity to substrate 

(km) and maximum velocity of the reaction (Vmax) was 80 µmol/min. This estimated km 

value was 1.7 and 1.87 times lower than the A. niger and Sclerotinia sclerotiorum 

polygalacturonases, respectively indicating that this polygalacturonase has a higher affinity 

for PGA than the other two reported earlier (Tari et al., 2008). Wang et al. (2007) studied 

the degradation kinetics of an alkaline PG in bioscouring of cotton fibres. The maximum 

rate of degradation (Vmax) of cotton fabric was determined using different pectinase 

concentrations and it was found to be 0.00566 mg/mL/min with 5% pectinase 

concentration. Again an alkaline pectin lyase from Aspergillus flavus reported by Yadav 

and fellows showed good kinetic behavior and values of km and kcat of the enzyme were 

found to be 0.59 mg/ml and 52.2/s respectively (Yadav et al., 2008). 

2.7.3: Effect of different chemical agents on pectinase activity 

There are many reports in the literature describing the effects of different metal ions, 

inhibitors, chelating agents etc. on the activity of pectinases. The effects of different 

additives on pectinase activities are related to their sources. 

Polygalacturonate lyases essentially need Ca2+ ions for their catalytic activity and hence 

metal chelates such as EDTA (Ethylene Diamine Tetra Acetic acid) proved to be their 

potential inhibitors. Whereas polymethyl galacturonate lyases do not need any metal cation 

in order to show their catalytic performance however metal cations like Ca2+ are potential 

stimulators of their activity (Jayani et al., 2005). A recent study was devoted solely to the 

effect of phytic acid and various metals on the activity of pectin degrading enzymes. Phytic 

acid has strong antioxidant and metal chelating property and 20mM concentration of phytic 

acid thwarted the enzyme activity to show 70% performance in pectin degradation. They 

also studied separately different metals i.e., Cu2+, Al3+ and V4+ to check the inhibitory effect 

on enzyme activity and these metals ions at 20mM concentration showed the extent of 

inhibition up to 37.2%, 79% and 53% respectively (Asgher et al., 2013). There are many 

other reports in the literature describing in detail about the effects of different metal ions on 

the activity of pectin degrading enzymes (Hamday, 2005; Kapoor et al. 2000; Kashyap et 

al., 2000;  Kaur et al., 2004; Yadav et al., 2008). Yadav et al. (2008) observed in a study 

conducted with reference to thermostability and found that ammonium sulphate was 

responsible for imparting more rigid and labile character in pectinases. 0.6 and 1.8 M of 

ammonium sulphate provided complete stability at 60 and 70 ºC respectively. In another 
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study, surface-active detergents such as Tweens, Triton X-100 and SDS stimulated the 

polygalacturonase activity up to 41%, while iodoacetamide and iodoacetic acid completely 

inhibited the enzyme activity (Kapoor et al., 2000). Kashyap et al. (2000) found that CaCl2 

stimulated the activity of pectinases up to 50% and the presence of EDTA in reaction 

mixture resulted in 83% loss in the activity of enzyme. In the experiment of testing the 

different chemical agents (1mM level) on the activity of pectinase they found that only 

mercaptoethanol increased the enzyme activity by 1.5-fold whereas urea, ascorbic acid and 

cysteine had no any alterations in the enzyme activity and only glycine resulted in 18% loss 

of activity. 

2.8: Immobilization of Pectinases 

A key issue for industrial application of an enzyme is cost-effectiveness. This takes into 

consideration both the production costs and the operational lifetime of the biocatalyst. The 

production of industrial enzymes by genetically modified microorganisms using 

recombinant DNA, which has been widely implemented, has made a significant 

contribution to reduce production costs. The quest for cheaper fermentative production 

media, such as agro-industrial, is another strategy for lowering the costs of enzyme 

production. Despite all this, should the enzyme be discarded after its use, the 

cost-effectiveness of many enzyme-based processes could be severely jeopardized. 

Enzyme immobilization and use of the resulting immobilized biocatalyst may provide a 

sound approach to resolve this. Using immobilized enzymes enables the reuse of the 

biocatalysts, since they can be easily recovered, and it allows for continuous operation, 

which is clearly favored in an industrial environment. Moreover, immobilization may 

stabilize the enzymes, making them less sensitive to environmental conditions; improve the 

control of the reaction, avoid product contamination with the enzyme and enhance enzyme 

activity (although, this feature is less common) (Contestini et al., 2013; Sheldon, 2007). 

Since the 1960s, isolated and immobilized enzymes have been used in large scale industrial 

reactors. Nowadays substantial research and development (R and D) efforts are being 

dedicated to optimize carrier materials’ structure for preserving or improving the enzyme 

activity (Netto et al., 2013). Many researchers have reported the immobilization of 

pectinases, entrapment and covalent binding to a carrier are the most popular and 

frequently used methods for immobilization of pectinases. The most common procedures 

of immobilization can be divided as irreversible and reversible. Irreversible 

immobilizations prevent the enzyme from leaching while reaction take place but once the 
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enzyme activity decays the support must be discarded together with enzyme. However, the 

reversible immobilizations permit the recovery of the supports after the enzyme 

inactivation. 

2.8.1: Irreversible immobilizations 

It involves the covalent attachment of the enzyme to a surface, or the entrapment within a 

matrix or microencapsulation and cross linked enzyme aggregates. Enzyme immobilization 

by covalent binding to an insoluble support is particularly advisable when the absence of 

enzyme in the product stream is a strict requirement, given the stable nature of the bonds 

established between active amino acid residues located on the surface of the enzyme and 

active functional groups present at the surface of the carrier. A drawback to this approach is 

that it often involves the use of chemicals and/or operational conditions that are hazardous 

for enzyme activity, features that were particularly noticeable in the early developed 

carriers and methods. This has been overcome through the use of less aggressive 

techniques and supports, namely the introduction of pre-activated supports (Contestini et 

al., 2013; Netto et al., 2013). Carrier free methods like cross-linked enzyme aggregates are 

not very common for family of pectinases.  

Alkorta et al. (1996) immobilized a pectin lyase on Nylon-6 by covalent attachment in 

order to compare the biochemical characteristics of immobilized and free enzyme. 

Immobilized enzyme showed an acidic behavior and more stability in acidic region of pH 

as compared to soluble counterpart. Similarly the immobilized enzyme showed a marked 

enhancement in thermostability characteristics and also showed very good storage stability 

at 4 ºC. Even 12 cycles of repeated use of immobilized enzyme did not affect the activity 

profile. Immobilized enzyme caused a low decrease in viscosity of pectin solutions 

however when this immobilized enzyme was used for the clarification of fruit juices it 

caused a marked decrease of viscosity of fruit juices. Li et al. (2007) also used the strategy 

of covalent binding of the enzyme on sodium alginate support using gluteraldehyde as 

cross linking agent and it retained 66% of initial activity. A shift in pH optima from 3.3 to 

3.5 was observed after immobilization but the temperature optima remained the same for 

both counterparts. Immobilization resulted in improved thermal stability, reusability and 

showed 80% of initial activity even after 11 cycles of repeated use in batch reactions. 

Seenuvasan et al. (2013) conducted some work for the fabrication of nanobiocatalyst by 

covalent bonding of the pectinase onto amino functionalized silica-coated magnetic 

nanoparticles through gluteraldehyde activation. Transmission electron microscopy was 

used to characterize the particle size and morphology of the nanoparticles. The various 
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surface modifications and pectinase binding to nanoparticles were confirmed by fourier 

transform infrared spectroscopy. The immobilized pectinase showed improved stability in 

acidic region of pH to act against pectin with greater affinity as compared to the free 

enzyme. Thermal optima of the free pectinase and fabricated nanobiocatalyst was 50 ºC, if 

temperature exceeded from this optima a decrease in activity was observed, however an 

increase in percentage relative activity of fabricated nanobiocatalyst over free pectinase 

was noticeable at high temperatures.  

Buga et al. (2010) immobilized an Aspergillus niger polygalacturonase by entrapping in 

calcium alginate beads. km and Vmax for the immobilized enzyme were 11.1 mg/mL and 

1.65 µmol/min/mg respectively. Optimum pH for the immobilized counterpart was 4.5 and 

it showed more stability to pH changes as compared to the free enzyme. Temperature 

optimum was 40 ºC. In the second and third cycle of repeated use the activity was reduced 

to 34.56% and 14.81% respectively. Half-life value and the activity loss per minute on 

thermal storage were 10 minutes and 0.0213 µmole of D-galacturonic acid. Esaway et al. 

(2013) entrapped an Aspergillus niger pectinase in polyvinyl alcohol (PVA) sponge. After 

immobilizing the enzyme in PVA sponge, a shift in pH from 4 to 6 and temperature shift to 

50 ºC from 40 ºC was observed. pH stability and thermal stability profile was much 

improved when compared to free enzyme. The immobilized counterpart was successfully 

used in orange juice clarification with 12 cycles of use with only 9% loss in activity. A 

significant change in the kinetics of immobilized enzyme catalyzed reaction was noted. 

Rehman et al. (2013) optimized the entrapment immobilization process for a Bacillus sp. 

pectinase on calcium alginate support. The optimal sodium alginate and calcium chloride 

concentration was 3.0% and 0.2M respectively. The reaction time and the temperature for 

the optimum catalytic performance of immobilized enzyme showed an increment however 

the optimal pH remained the same for both the counterparts. Immobilized enzyme retained 

more than 80% of activity after 5 days at 30 ºC compared to free enzyme with 30% residual 

activity. A good operational stability was also observed for the immobilized enzyme and 65% 

activity was retained during 3rd cycle of use. Spagna et al. (1995) used immobilized 

pectinlyase (PL, EC 4.2.2.10) for the depectinization of fruit juice. The authors performed 

the immobilization on three synthetic polymers: Eupergit C, Nylon 6 activated with 

glutaraldehyde and XAD7 activated with trichlorotriazine. Suitable activity results were 

obtained only with activated Nylon 6 and XAD7 (110 and 335 U/g, respectively). An 

increase in stabilization was obtained by the rigidification of the enzyme structure through 

cross-linking with glutaraldehyde. The pH profile remains unaltered, however, the 
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optimum temperature of the immobilized enzyme was higher (8–10 °C) than that of the free 

enzyme. Rehman et al. (2014) immobilized a pectinase from Bacillus licheniformis KIBGE 

IB-21 in agar-agar matrix using entrapment technique. They investigated the effect of 

different concentrations of agar-agar on pectinase immobilization and it was found that 

maximum immobilization was achieved at 3.0% agar-agar with 80% enzyme activity. 

Immobilization increased the optimum temperature of the enzyme 5 degrees higher and 

reaction time from 5 to 10 minutes as compared to free enzyme. km of immobilized 

enzyme slightly increased from 1.017 to 1.055 mg ml−1, while Vmax decreased from 

23,800 to 19,392 µM min−1 as compared to free enzyme. After 120 h entrapped pectinase 

retained their activity up to 82% and 71% at 30 °C and 40 °C, respectively. The entrapped 

pectinase showed activity until 10th cycle and maintained 69.21% activity even after   

the third cycle. 

2.8.2: Reversible immobilizations 

In this method, the simplest procedure is the direct adsorption to the surface. In this process 

Gibbs free energy of the reaction decreases with reaction progress as this process is highly 

entropic. The interactions between the support and enzyme can be promoted by hydrogen 

bonds, van der Waals forces, ionic bonding or hydrophobic interactions hence constant 

operational conditions are required. Adsorption is easy and cheap to perform, and 

negligible enzyme deactivation is typically observed as an outcome of immobilization 

procedure. Adsorption can be of particular interest in non-aqueous media, considering the 

intrinsic insolubility of the enzyme in organic solvents. Electrostatic binding can also be 

performed in order to obtain a reversible immobilized system. The use of immobilized 

polymeric ligands modulates protein-matrix interactions, but the kinetics can be influenced 

by the electrostatic charges near the enzyme. Affinity binding can also lead to reversible 

immobilizations. The use of streptavidin-biotin affinity is commonly employed for protein 

immobilization on magnetic nanoparticles in immunoassays. Some methods include the 

use of gold-shell coated magnetic nanoparticles. Reversible immobilization methods also 

include metal chelation by applying Cu(II) or Ni(II) coordination on the support, with 

further coordination of the enzyme surface to the metal (Contestini et al., 2013; Sheldon, 

2007; Netto et al., 2013). 

Sarioglu et al. (2001) immobilized a commercial pectinase onto anion exchange resin with 

electrostatic adsorption. Activity of the enzyme, in terms of viscosity reduction of the 

pectin solution, was optimum at pH 4.5 and 35 ºC. Vmax and km were found to be 0.0091% 

(w/v) and 2.172% (w/v) for immobilized pectinase. The energy of activation of the enzyme 
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catalyzed reaction was found to be 9.424 for free enzyme and 11.98 kcal/mol for the 

immobilized enzyme. Demir et al. (2001) adsorbed a pectinase on anion exchange resin 

particles with 0.05M phosphate buffer at pH 4.5. pH and temperature optima were found to 

be 4.5 and 35 ºC respectively with activity of 1.252-pectin (w/v, %)/s ml. A 20% loss of 

activity was detected after the nineth batch reaction. Busto et al. (2006) immobilized a 

commercial pectin lyase on alginate beads. The optimal conditions found for the best 

immobilization efficiency were 0.17g alginate/mL, 1.2% (w/v) enzyme concentration and 

acetic-HCl/glycine-HCl buffer at pH 3.6 or tris-HCl/imidazole buffer at pH 6.4. pH and 

temperature optima were same in case of both enzymes i.e., 7.2 and 55 ºC respectively. 

Similarly thermostability profile was not changed after immobilization. Immobilized and 

free pectinase reduced the viscosity of highly esterified pectin solution from 1.09 to 0.72 

and 0.70 mm/s after 30 minutes at 40 ºC respectively. Furthermore, the immobilized 

enzyme could be re-used through 4 cycles and the loss in viscosity reduction was found to 

be only 9.2%. Echavarria et al. (2012) developed a strategy to obtain an enzyme membrane 

reactor for use in clarifying apple juice with 12% soluble contents. Pectinase immobilized 

on the polysulphone membranes showed better catalytic performance because of the 

precise location of its activity and its life cycle increased significantly representing the 

membrane system to a compact multifunctional system.  

2.9: Biotechnological Applications of Microbial Pectinases 

Pectinase have been used in several conventional industrial processes, such as textile, plant 

fiber processing, tea, coffee, oil extraction, treatment of industrial wastewater, containing 

pectinacious material, etc. (A-Theuil et al., 2011; Jayani et al., 2005). On the bases of their 

applications, pectinase are mainly of two types: acidic pectinase and alkaline pectinase 

(Kashyap et al., 2001). 

2.9.1: Acidic pectinases 

Acidic pectinases are often from fungal and yeast sources and Aspergillus niger is the 

universally known fungal species for the commercial scale production of acidic pectinases 

while among the yeast species Saccharomyces and Kluyveromyces look very promising for 

their origin as these species are Generally Regarded As Safe (GRAS) (A-Theuil et al., 2011; 

Kashyap et al., 2001; Hoondal et al., 2002).   

The largest industrial application of acidic pectinolytic enzymes is in fruit juice extraction 

and clarification. Pectins contribute to fruit juice turbidity and viscosity. A mixture of 

pectinases in combination with other depolymerases is used to clarify fruit juices. It 
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decreases filtration time up to 50%. Treatment of fruit pulps with pectinases also showed an 

increase in fruit juice volume from banana, grapes and apples. They have been successfully 

used in the preparation of sparkling clear juices (apple, pear, grape juices) and juices with 

clouds (citrus juices, prune juices, tomato juice and nectars). Pectinases in combination 

with other enzymes have also been used to increase the pressing efficiency of fruits for 

juice extraction. Vacuum infusion of pectinases has a commercial application to soften the 

peel of citrus fruits for removal. This technique may expand in future to replace hand 

cutting for the production of canned segments. Infusion of free stone peaches with PME 

and calcium results in four times firmer fruits. This may be applied to pickle processing 

where extensive softening may occur during fermentation and storage. Pectinolytic enzyme 

added to macerated fruits before the addition of wine yeast in the process of producing red 

wine resulted in improved visual and chromatic characteristics with better stability as 

compared to untreated wines. A-Theuil et al. (2011) reported in their article that wine 

fermentation carried out with pectinolytic yeast strain of Saccharomyces cerevisiae, 

facilitated the clarification process up to a great extent with filtration time being reduced by 

up to 50% in some cases. Some yeast strains with constitutive PG expression property were 

used on cocoa beans for the extraction of cocoa juice. In a study conducted in Ghana, 

Dzogbefia et al. (2008) showed that a crude pectic enzyme preparation from locally 

produced S. cerevisiae could be effectively used for starch extraction from cassava. Some 

acidic yeast pectinases produced under controlled conditions under heterologous 

expression system were found suitable in paper manufacturing process. The cationic 

demand due to the remaining pectin carboxylic groups of peroxide-bleached mechanical 

pulp can also be reduced by using pectinases leading to low consumption of water 

(A-Theuil et al., 2011). 

These enzymes are also being used in food processing e.g., the making of unicellular 

products. Unicellular products are formed by the transformation of organized tissue into a 

suspension of intact cells, resulting in products that can be used as base material for pulpy 

juices and nectars, as baby foods, as ingredients for the dairy products e.g., puddings and 

yogurt and as protoplasts for various biotechnological applications. Pectinase are part of 

the cocktail of enzymes needed for the production of fermentable sugars from agricultural 

waste materials, they give liquefaction of the material and release the intracellular 

carbohydrates and fermentable sugars. They are also being used in the enzymatic process 

for the isolation of the protoplasts and hence play an important part in many plant breeding 

programmes which require many desirable combinations of characters to transmit to other 
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plant species (Pedrolli et al., 2009; Jayani et al., 2005). 

2.8.2: Alkaline pectinases 

Alkaline pectinases are generally produced by bacteria, particularly species of Bacillus, but 

are also made by some filamentous fungi and yeasts (Kashyap et al., 2000; Hoondal et al., 

2000; Kapoor et al., 2001). They may be used in the pretreatment of waste water from 

vegetable food processing that contains pectin residues; the processing of textile fibers 

such as flax, jute and hemp, coffee and tea fermentation, vegetable-oil extraction and the 

treatment of paper pulp (Kashyap et al., 2001; Hoondal et al., 2000; Zhang et al., 2000). 

Pectinolytic enzymes have been applied to the degumming of jute, sunn hemp, flax, ramie 

and coconut fibers for textile application (Zhang et al., 2000; Bruhlmann et al., 1994). 

Degumming can be done by adding pectinolytic mixtures or by fiber fermentation (dew 

retting) using pectinase-producing microorganisms (Sharma, 1987; Molina et al., 2001). In 

order to remove the non-cellulosic gummy material composed mainly of pectin and 

hemicellulose, Kapoor and Co-workers (Kapoor et al., 2001) had run three treatments on 

ramie and sunn hemp bast fibers: enzymic, chemical and chemical associated with enzymic 

treatment. Of the three treatments, the third one was the most promising for degumming. 

The scanning electron microscopic studies revealed the complete removal of non-cellulosic 

gummy material from the surface of ramie and sunn hemp fibres. 

Bioscouring is an alternative and more environmentally friendly method to remove 

non-cellulosic “impurities” from raw cotton by specific enzymes to make the surface more 

hydrophilic (Li and Hardin, 1998). Pectins are responsible for the hydrophobic properties 

of raw cotton and its degradation by pectinolytic enzymes was suggested to facilitate also 

removal of waxes and could thus lead to a considerable reduction rate of water and 

chemicals consumption and of effluent discharge. In contrast to drastic alkaline conditions 

conventionally used, this treatment with pectin degrading enzymes would not affect the 

cellulose backbone and thus avoid fiber damage (Klug-Santner et al., 2006; Waddell, 2002). 

Klug-Santner and coworkers reported up to 80 % of pectin removal from the outer layer of 

cotton by a purified endo-pectate lyase from Bacillus pumilus BK2. 

During papermaking, alkaline peroxide bleaching of mechanical pulps solubilizes acidic 

polysaccharides which are troublesome interfering substances. Some of these acidic 

polysaccharides are pectins, or polygalacturonic acids. The ability of polygalacturonic 

acids to complex cationic polymers (cationic demand) depends strongly on their degree of 

polymerization, so monomers, dimers, and trimers of galacturonic acid did not cause 

measurable cationic demand, but hexamers and longer chains had high cationic demand. 
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Pectinases can degrade polymers of galacturonic acid, and consequently lower the cationic 

demand of pectin solutions and the filtrates from peroxide bleaching (Reid and Ricard, 

2000; Reid and Ricard, 2004). Enzymes involved in the breakdown of plant cell wall 

polyssaccharides can be used to extract vegetable oils, coconut germ, palm, sunflower seed, 

rape seed olives and kernel oils which are traditionally produced by extraction with 

expensive and toxic organic solvents, such as n-hexane (Kashyap et al., 2001). By 

degrading cell wall components like pectin enzymes promote the oil liberation. According 

to Angayarkanni and coworkers (Angayarkanni et al., 2002), adding pectinases in 

association with cellulases, hemicellulases and proteinases to the tea-leaf fermenting bath 

raises the tea quality index by 5 %. 
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Chapter 3 

                                                    MATERIALS AND METHODS 

All the experimental work during this study was conducted in the Environmental 

Chemistry Laboratory of the Department of Chemistry & Biochemistry, University of 

Agriculture, Faisalabad, National Institute of Food Science and Technology, UAF and 

Cell Culture Lab, Department of Chemical Engineering & Materials Science, University 

of Minnesota, USA. All the chemicals used were of analytical grade, and mainly 

purchased from the Sigma-Aldrich, Thermo scientific, USA and the DNA purification kit 

was a gift from Zymoresearch.com USA. 

3.1: Preparation of substrates 

Six different agro-industrial wastes including, wheat bran, rice bran, orange peels, peanut 

shells, canola oilseed cake and sugarcane bagasse were collected from the local market of 

Faisalabad, Pakistan. All the substrates were dried until a constant weight was achieved. 

The samples were ground in an electric mill and then sieved to obtain homogenous 

particle size by using Octagon Sieve (OCT-Digital 4527-01). The substrates were then 

stored in air tight jars to be used in further study. 

3.2: Collection of the fungal strains 

Fungal strains used during the study were obtained from the Department of Plant 

pathology, University of Agriculture, Faisalabad. The six strains were Penicillium 

notatum, Cariolus versicolor, Ganoderma lucidum, Schizophyllum commune, Penicillium 

fellutanum and Trametes hirsuta respectively. The strains were maintained on potato 

dextrose agar slants. They were revived every week and stored at 4 °C in refrigerator for 

further use. 

3.3: Slant preparation 

Spores of fungi were maintained on PDA slants. Potato dextrose agar (PDA) medium 

(sporulation medium) was prepared by taking 39 g of PDA in 1000 mL of distilled water. 

The solution was boiled for about 5 minutes with constant stirring. The cooled PDA 

solution was equally distributed in sterilized test tubes and petri-plates. The test tubes 

were first cotton plugged and then with aluminium foil, and autoclaved at 121°C for 15 

minutes. This slants and petri-plates were inoculated with the spores of the fungus under 

aseptic conditions in laminar air flow before being incubated at 30 °C till sporulation and 

stored at 4 °C for further use 
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3.4: Inoculum preparation 

Erlenmeyer flasks (250 mL) containing 100 mL medium consisting of (g/L): KH2PO4, 5; 

NH4NO3, 2; (NH4)2SO4, 4; MgSO4.7H2O, 0.2g/L; trisodium citrate, 2.5 g/L; peptone, 2 

and yeast extract 0.1, were used as inoculum medium with 2% final glucose 

concentration. Chromic acid washed small gravels (5-6) were added to obtain the 

homogenous suspension of spores by breaking the mycelia of the fungi. The medium was 

then autoclaved at 121°C for 15 minutes. Seed culture (inoculum) was prepared by 

inoculating a loop full of three days old stock culture from the slants to the autoclaved 

medium under sterilized conditions, followed by incubation at 30 °C and agitation at 120 

rpm. The 72 hours old culture with spore count of 1×108
 spores/mL was used as 

inoculum. 

3.5: Exo-polygalacturonase production by solid state fermentation 

Ten grams of substrates was transferred in a series of 250 mL erlenmeyer flasks, 

moistened with water (40-60 %), and sterilized at 15 lbs/in at 120 °C for 20 minutes. 

After sterilization the flasks were cooled and inoculated with 2 mL of spore suspension. 

After inoculation, the flasks were cotton plugged and incubated at 30-35 °C for 72-96 

hours. 

3.6: Production optimization studies 

Optimization studies for the maximum production of exo-PG was conducted in two steps: 

Step one was screening and optimization of various influential factors using the classical 

approach under completely randomized design (CRD). Then the statistically significant 

factors screened through CRD were then fed into central composite design under response 

surface methodology (RSM) in order to further maximize the response variable.   

3.6.1: Classical approach: CRD 

Media optimization for maximum exo-PG production was carried out following the 

classical approach, by varying one factor at a time, while keeping others as constant. The 

fundamental factors influencing the exo-PG production studied were: moisture (30 – 100 

%), pH (2 – 8), temperature (25 – 45 °C), time of incubation (24 – 192 h), supplementary 

carbon sources (glucose, galacturonic acid, molasses, xylose, pectin, glycerol, sucrose, 

maltose, lactose), effect of various salts (MnSO4-4H2O, MgSO4-7H2O, KCl, NaCl, CaCl2-

2H2O, Na-potassium-tartrate & KH2PO4) and nitrogen sources (Ammonium sulphate, 

ammonium nitrate, urea, peptone, yeast extract, malt extract, glycine, di-ammonium 
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tartrate, ammonium chloride, sodium nitrate & ammonium acetate). All additional 

nutritional sources were supplied at 1% final concentration. 

3.6.2: Statistical optimization: Response Surface Methodology (RSM)  

Central composite design (CCD) was used for determining optimum levels of critical 

variables (identified by completely randomized design) for enhanced enzyme production 

under RSM. The statistical software ‘Design Expert 7.0’ was used to generate and 

analyze the experimental data. A narrow range of the levels of the factors were selected 

for this optimization to get the optimized response. The minimum and maximum levels of 

the factors chosen were incubation time (2-4 days), pH (2-4), temperature (25–35°C) and 

categorical factor nitrogen sources (glycine and ammonium chloride). These factors were 

fed into the DOE statease software version-7 following the central composite design 

resulting in 40 experimental units. The design comprised 6 central, 26 factorial and 8 

axial points. The exo-PG production was analyzed by using a second order polynomial 

equation and the data were fitted into the equation by quadratic regression procedure 

(Amin et al., 2013). 
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3.7: Harvesting of the growth media  

At the end of fermentation, the crude enzyme was extracted by mixing the fermented 

substrate with 70 mL of 0.1 M phosphate buffer (pH 7) and then shaking the mixture in 

an orbital shaker at 150 rpm. The extract was taken and 30 mL of the buffer was mixed in 

the residue and again shaken at 150 rpm. The crude extract obtained was filtered and 

subjected to exo-PG assay and protein estimation. 

3.8: Expression of the Penicillium notatum exo-polygalacturonase gene 

in yeast host system: A case study 

Penicillium notatum exo-PG gene was expressed into the yeast host system with the aim 

of getting the overexpression of fungal gene in Saccharomyces cerevisiae in a shorter 

period of time with less energy input. Penicillium notatum gene sequence was found on 

http://www.ncbi.nlm.nih.gov and 

http://fungicyc.broadinstitute.org:1555/PCWC541255/NEW-IMAGE?type=LOCUS-

POSITION&object=G53-1206&detail-level=2&chromosome=NIL&show-tracks=on 

from the whole genome sequence (8770 bp) of Penicillium chrysogenum Wisconsin 54-

1255 and blasted on http://www.ncbi.nlm.nih.gov/BLAST against many sequences of PG 
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genes from other fungal sources. After confirming its identity by BLAST analysis the 

1278 bp gene sequence was ordered with added restriction enzyme cut sites BamHI and 

XbaI and synthesized by Eurofins MWG operon USA. 

3.8.1: Strains, Plasmids and growth conditions 

Saccharomyces cerevisiae yeast strain was selected for the expression of pectinolytic 

gene and it was maintained in YPD media (Bactopeptone 20g/L, Yeast extract 10g/L, and 

final concentration of 2% glucose) at 30 °C. Shuttle plasmid pYES2 with GAL1 promoter 

was used for the cloning and expression purposes and this expression vector was provided 

by the Division of Molecular Biology, Molecular & Cellular Biology (MCB) University 

of Minnesota USA. The competent E.coli cells XL 10 used for the cloning were 

maintained on Luria-Bertani broth (LB) media at 37 °C. The recombinant construct of 

Saccharomyces cerevisiae harboring the pYES2-exo-PG gene was proliferated, 

maintained and cultured on minimal media without uracil and with the following 

composition: 6.7g/L yeast nitrogen base without amino acids, 1.92g/L of yeast synthetic 

drop-out medium supplement without uracil and final 2% glucose concentration with 100 

µg/mL ampicillin, pH of the medium was maintained at 6.5-7 and 2% galactose was used 

for protein induction. 

3.8.2: Cloning of gene insert into competent cells  

The exo-PG gene construct obtained after synthesis from Eurofins MWG operon USA 

was gel-purified using DNA purification kit Zymoresearch USA. The gel purified insert 

DNA was ligated to BamHI and XbaI digested pYES2 vector using DNA ligase at room 

temperature and then subsequently cloned into E.coli XL10 cells by thawing the cells on 

ice for 10 to 20 minutes. The cloned mixture was plated on LB agar plates with ampicillin 

(100µg/mL) and incubated overnight at 37 °C. The next day 4-5 colonies from cloned E. 

coli XL10 cells were picked and cultured separately in1-2mL LB media with 100 µg/mL 

ampicillin overnight at 37 °C at 150rpm. After overnight culturing, plasmid DNA was 

isolated, purified and after restriction digestion with BamHI and XbaI, was run on 1% 

agarose gel electrophoresis in 1X TAE buffer at 250 volts using 1kb plus DNA ladder. 

The gel was examined under UV-light for the insert DNA and plasmid DNA band and 

then transformed into yeast cells.  

3.8.3: Yeast transformation 

The plasmid DNA was transformed into S. cerevisiae cells freshly cultured in YPD media 

with 2% glucose as carbon source using the following protocol. Yeast cells were 
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centrifuged and washed twice with DNA free water followed by centrifugation then 

added; 

1. 50% PEG (Polyethylene glycol)    240 µl 

2. 1M Lithium acetate  36 µl 

3. 2 µg/ µl boiled ssDNA       50 µl       

4. DNA free water       29 µl       

5. Insert DNA 5 µl 

6. Total volume = 360 µl 

The sample was vortexed for 2-3 seconds after mixing and incubated in a water bath at 

42 °C for 40 minutes. After the transformation the cells were centrifuged at 15000 rpm 

for 30 seconds, washed twice with sterile ddH2O followed by centrifugation at 15000rpm 

for 1 minute, dissolved in 100 µl of DNA free water and finally plated on minimal media 

agar plate with 2% glucose as carbon source with 100 µg/mL ampicillin. The inoculated 

plate was incubated at 30 °C for 2 days. 

3.8.4: Culturing of recombinant construct 

The intracellular expression of pectinolytic gene was carried out in shake flasks 

fermentation in minimal media without uracil with 100µg/mL ampicillin. 

Recombinant construct of Saccharomyces cerevisiae was cultivated in 5mL of minimal 

media without uracil using 2% glucose as carbon source and cultured overnight at 30 °C 

followed by centrifugation (10,000g, 10 minutes) and washing the cells several time with 

sterile distilled water. The cells were then grown in 100mL of minimal media without 

uracil with 2% glucose as carbon source at 30 °C until OD660 reached 2.0. After 

proliferation the cells were centrifuged, washed several times with sterile distilled water 

and transferred to minimal media without uracil with 2% galactose as inducer and 

cultured at 30 °C at 150rpm for different time periods. Wild yeast cells were also cultured 

side by side in order to check the background noise. Different aliquots of cells were taken 

at different time intervals (0 minute, 7 hours, 14 hours and 24 hours), centrifuged, washed 

with sterile distilled water several times and dissolved in tris-HCl lysis buffer (pH 6.8). 

Glass beads of 250 µm size were added in the cells suspended in tris-HCl lysis buffer 

followed by vortexing for 5 minutes at one minute interval by keeping the cells on ice. 

After vortexing, the cells were subjected to sonication for 5 minutes at one minute 

interval by keeping the cells on ice. After the sonication the lysed cells were centrifuged 

at 15000rpm for 15 minutes at 4 °C. The supernatant obtained after centrifugation (10000 

rpm, 20 minutes) was subjected to protein estimation and enzyme activity. Protein 
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production after each induction time was further confirmed by the separation of the 

expressed protein by running sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE; 4% stacking gel and 12% separating gel) by monitoring the flow with 10-

250 kDa protein ladder. 

3.9: Enzyme assay 

Exo-PG (exo-polygalacturonase) activity was determined by measuring the reducing 

groups released from the pectin solution using 3, 5-dinitrosalicylic acid (DNS) method as 

described by Miller, (1959). D-Galacturonic acid monohydrate was used as the standard. 

A suitably diluted enzyme (0.1 mL) was added to reaction mixture containing 1% pectin 

solution and 50 mM acetate buffer (pH 5.5). The reaction mixture was incubated at 40°C 

for 30 minutes and terminated by adding 1 mL of 3, 5-dinitrosalicylic acid (DNS) reagent 

followed by heating in boiling water bath for 5 min. The reducing sugars formed in the 

solution were measured at 535 nm.  

Activity units were determined by the following formula 

Exo‐PG	activity 	
Abs.	of	sample	 standard	factor

Time	of	reaction	 enzyme	extract	in	mL
 

One unit (U) of exo-PG was defined as the quantity of enzyme that liberates one 

micromole of galacturonic acid per minute at 40°C and pH 5.5. Enzyme production in 

solid state fermentation was expressed in units per gram of dry substrate (U/gds). 

3.10: Protein estimation 

Total protein was estimated by using Bradford method (Bradford, 1976). Bovine serum 

albumin (BSA) was used as standard. In a test tube containing appropriate amount of 

enzyme i.e., 100 μL, 0.9 mL of Bradford reagent was added and absorbance was recorded 

at 595nm on spectrophotometer after 10 to 15 minutes of incubation at room temperature. 

Control blank was made using equal volume of distilled water as took for the enzyme. 

3.10.1: Standard curve for protein estimation 

Bovine serum albumin (25 mg) was dissolved in 25 mL of distilled water. The standard 

stock solution (0.1 mg/mL) was prepared by ten times dilution of the above BSA solution. 

Different dilutions e.g. 0.02 mg/mL, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 and 0.1 

mg/mL were prepared. Then from each solution 100 μL was added in a test tube 

containing 900 μL of Bradford reagent. 100 μL of distilled water was added into a further 

test tube containing 0.9 mL of Bradford reagent, for the blank. The absorbance of all the 

samples were recorded at 595 nm after 10-15 minutes of incubation at room temperature. 
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Standard curve was plotted between absorbance and concentration of protein & standard 

factor was found to be 0.36. 

 

Fig. 3.1: Standard curve for protein estimation 

3.11: Purification of exo-polygalacturonase 

Purification of exo-PG was carried out by subjecting the crude enzyme solution to the 

following techniques: 

 Ammonium sulphate precipitation 

 Ion-Exchange (DEAE-cellulose) chromatography 

 Gel-filtration (Sephadex G-75) chromatography 

 SDS-PAGE 

3.11.1: Ammonium sulphate precipitation 

Different amounts of solid ammonium sulphate were added separately to the 10 mL of the 

crude enzyme in numbered test tubes to get 25 % to 90 % saturation at 4 °C. Test tubes 

were kept overnight at 4 °C. The residue was collected by centrifugation at 10,000 rpm at 

4 °C for 10 minutes. The supernatant and residue both were assayed for exo-PG activity 

after dialysis. After optimization, 80% ammonium sulphate was added to the crude exo-

PG solution dropwise at 4 °C with gentle shaking. The solution was left overnight at 4 °C 

and then centrifuged at 10,000 rpm at 4 °C for 15 minutes. The supernatants were 

discarded and the residue in the form of palette was dissolved in 50mM phosphate buffer 

(pH7) and dialyzed overnight against 25mM phosphate buffer (pH7) (Bhatti et al., 2007). 
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3.11.2: 2-step column purification of exo-polygalacturonase 

The exo-PG after ammonium sulfate precipitation was loaded on activated DEAE-

cellulose anion exchange column and 10mL (57mg of protein) of enzyme was passed 

through the column at a flow rate of 1 ml/min. A linear gradient of NaCl (0.5 M to 2.5M) 

was used as elution buffer. The enzyme active fractions containing exo-PG were pooled, 

dialyzed, lyophilized and applied to a gel-filtration (Sephadex G-75) column and elution 

was carried out with 50 mM sodium phosphate buffer pH 7 at a flow rate of 1.0 ml min-1. 

Enzyme active fractions were collected, pooled and lyophilized. The pooled fractions 

after each purification step were dialyzed extensively against distilled water at 4 °C and 

total enzyme activity (Miller, 1959) and proteins contents (Bradford, 1976) were 

estimated in all the fractions. 

3.11.3: Determination of molar mass: SDS-PAGE 

The subunit molecular weight of exo-PG was determined by subjecting the exo-PG to 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4% stacking and 12% 

resolving) (SDS-PAGE), according to the method described by Laemmli, (1970). The 

relative molecular mass of the exo-PG protein was determined using molecular weight 

markers (Fermentas prestained ladder, 10-250 kDa). Protein bands were visualized by 

Coomassie Blue R-250 staining the gel. 

3.12: Characterization of exo-polygalacturonase 

Purified exo-PG was characterized in terms of activity and stability profiles comparative 

to pH, temperature, effects of metal ions, chemical agents, and inhibitor etc. (Bhatti et al., 

2006 and 2007). 

3.12.1: Effect of temperature on exo-PG activity 

The effect of temperature on pectin hydrolysis was determined by incubating the enzyme, 

substrate mixture at various temperatures (25-90 °C) under standard assay conditions. 

Activation energy (Ea) was calculated by Arrhenious plot. 

The effect of temperature on the rate of reaction was expressed in terms of temperature 

quotient (Q10), which is the factor by which the rate increases due to a rise in the 

temperature by 10 °C. Q10 was calculated by rearranging the equation as described by 

(Riaz et al., 2007). 

Q10 	antilogε
E	 10

RT2
  ------- 3.1 

where E = Ea = activation energy 
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3.12.2: Kinetic and thermodynamic study of substrate hydrolysis 

The kinetic constants (km, Vmax) were determined by incubating fixed amount of exo-PG 

with varied concentration of pectin. Exo-PG activity was determined in each substrate 

concentration while keeping the enzyme concentration constant. Line-Weaver Burk plot 

was plotted between inverse of substrate concentration (%) and inverse of velocity, taking 

1/[S] along x-axis and 1/[V] along y-axis. From the graph the values of Vmax and km 

(Michaelis-Menten constant) were calculated. 

The thermodynamic parameters for substrate hydrolysis were calculated by rearranging 

the Eyring’s absolute rate equation derived from the transition state theory (Riaz et al., 

2007): 

∆H# 	Ea‐RT --------- (3.2) 

R the gas constant = 8.314 JK−1 mol−1,  

∆G# Free	energy	of	activation 	‐RTln	 kcath
kbT

 ------ (3.3) 

Where kcat can be described as  

kcat 	 kbT

h
	e

∆H#
RT e

∆S#
R      ------- (3.4) 

where kb is the Boltzmann’s constant (R/N) = 1.38×10−23 JK−1, T the absolute temperature 

(K), h the Planck’s constant = 6.626×10−34 J s, N the Avogadro’s number = 6.02×1023 

mol−1, R the gas constant = 8.314 JK−1 mol−1. ∆H# the enthalpy of activation and ∆S# is 

the entropy of activation for hydrolysis of substrate. 

∆S# 	 ∆H
# ∆G#

T
 ---------- (3.5) 

3.12.3: Effect of pH on exo-PG activity 

The optimum pH of exo-PG preparation was established by incubating the purified 

enzyme between pH 2.5–10.0 using the standard assay conditions (Bhatti et al., 2006). 

The following buffers were used for the said purpose: Glycine/HCl (pH 2.5-3.5) Na-

acetate/acetic acid (pH 4-5.5), Na-phosphate buffer (6.0-7.5) and Glycine/NaOH (pH 8.0-

10). 

3.12.4: Effect of pH on exo-PG stability 

The enzyme stability at various pHs was determined by measuring the residual exo-PG 

activity after incubating with buffers of different pH ranging from 2.5-10 for 24 hours at 4 

°C. 

 

 



                                                                                                          Materials and Methods 

53 
 

3.12.5: Thermostability characteristics and thermodynamic parameters 

Thermal stability was determined by incubating the enzyme at different temperatures (55 

-80 °C) in the absence of substrate. Aliquots were withdrawn at periodic intervals and 

cooled in an ice bath prior to assay. The residual activity was calculated as: 

Residual	exo‐PG	activity	 % 100
Ct
Co

 

where Ct is the activity at time t (min.), and Co is the activity at time t= 0 min. 

Activation enthalpy (ΔH*) was calculated according to the following equation: 

∆H* 	Ea* 	RT 

Where R = 8.314 J K-1 mol-1is the universal gas constant and T the absolute temperature 

(K). The values for free energy of inactivation (ΔG*) at different temperatures were 

obtained from the following equation: 

∆G* 	‐RTln
kdh
kT

 

Where h is the Planck’s constant and kd can be defined as  

kd 	
kbT
h

	e
∆H#

RT e
∆S#

R  

Activation entropy (ΔS*) was calculated using the following equation: 

∆S* 	
∆H*‐	∆G*

T
 

All the experiments were conducted in triplicate and results are expressed as mean ±SD. 

3.12.5.1: Models for exo-PG inactivation kinetics 

3.12.5.1.1: First-order model 

Inactivation of enzymes can often be described by a first-order kinetic model, i.e., 

enzyme activity decreases log-linearly as a function of time as described in the following 

equation 

Ln
Ct
Co

	‐kt 

where Ct , is the enzyme activity at time t, Co is initial enzyme activity, t is treatment 

time, and k is the first order inactivation rate constant. 

3.12.5.1.2: Biphasic deactivation model 

Ling and Lund, (1978) proposed a simple method for analyzing the thermal inactivation 

kinetics of an enzyme system formed by 2 groups differing in their thermal stability, a 

heat labile fraction & a heat resistant fraction. The 2-fraction model assumes that each 
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fraction of enzyme follows first order kinetics and mathematically is expressed as 

follows:  

Enzyme	activity	 % 	
KLEL0e kLt KRERoe kRt

KLELo KRERo
100 ------------------  (1) 

Where ‘t’ is the time treatment at constant temperature; ELo and ERo are initial 

concentrations of the heat labile and heat resistant isoenzyme fractions, respectively; kL 

and kR are first order rate constants for thermal inactivation of the heat labile and heat 

resistant isoforms of the enzyme, respectively; and KL and KR are the reaction rate 

constants for the respective isoenzyme fractions with the substrate.  

As indicated by Ling and Lund, (1978) to simplify interpretation of thermal inactivation 

data, 2 limiting conditions can be applied to Eqn. 1 since a vast difference between k 

values corresponding to heat labile and heat resistant fractions is always found. The 

authors further demonstrated that at long heating times less than 1% of the heat labile 

isoenzyme fraction would still be active. This makes acceptable the assumption that all 

heat labile fractions are inactivated. A similar criterion was applied by Rodrigo and 

others, (1997) to estimate the initial activity of the heat resistant fraction of commercial 

horseradish peroxidase. Thus, when heating time is long, e-kLt will close to zero and eqn. 1 

becomes: 

Enzyme	activity	 % 	 KRERoe kRt

KLELo KRERo
100  --------------- (2) 

 

After linearizing Eqn. 2 gives, 

 Log	 Enzyme	activity	% log KRER0
KLELo 	KR	ER0

	 100 ‐	 kR

2.303
t									  ---------   (2a)             

During the short heating period the heat resistant fraction would undergo some thermal 

inactivation. However, according to Ling & Lund (1978) when the heating time (t) is 

short, little of the heat resistant fraction is inactivated and Eqn. 1 can be approximated 

and rearranged as:  

 Enzyme	activity	 % KRER0
KLEL0 	KR	ER0

	 100 	
KL		E

L0		e	kLt

KLEL0 KRER0
100 ----------------- (3)     

 

Also, linearizing Eq.3 gives,  

 

 log Enzyme	activity	 % 	 KRER0
KLEL0 	KR	ER0

	 100 log KLEL0
KLEL0 KRER0

100 kL

2.303
t			-----

--------   (3a)                                                                                 
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The total initial activities in percentage of the heat resistant and heat labile fraction of 

enzyme systems are equal to the values of the antilogarithms of the intercepts of Eqs.2a 

and 3a, respectively. Thus, the following mathematical expression is verified: 

 

KRER0
KLEL0 	KR	ER0

	 100 	 KL	EL0
KLEL0 KRER0

100 100      ------------ (4) 

 

If KL ≈ KR, the values of the left side of Eq.4 would represent the relative proportions of 

the heat resistant and heat labile isoenzyme fractions, respectively. 

3.12.5.1.3: Temperature dependence of rate constants 

The first order rate constants (kL and kR) of thermal inactivation of the respective 

isoenzyme fractions were related to temperature using Arrhenious Eq. as follows: 

kL 	koLe
EaL
RT           ------------  (5) 

kR 	koRe
EaR
RT        ---------------  (6) 

Where koL and koR are Arrhenious constants, R is the gas constant (R = 8.31 J/ mol K), T 

is the absolute temperature (K). EaL and EaR are activation energy constants for thermal 

inactivation of the heat labile and heat resistant isoenzyme fractions. Linearizing Eq. 5 

and 6 gives: 

Ln	 Ln	koL‐	
EaL
R
.	 1
T
  ------------ (7) 

Ln	 Ln	koR‐	
EaR
R
.	 1
T
 ------------- (8) 

The estimation of the kinetic parameters was obtained by the 2 step linear regression 

method. In the first regressions, kR and kL constants at each temperature were estimated 

from the slopes of Eqs. 2a and 3a respectively. In the second regressions EaL and EaR 

values were calculated from Eqs. 7 and 8 respectively. 

3.12.6: Effect of different metal ions on exo-PG activity 

For the effect of metal on activity of exo-PG enzyme different metal solutions were 

prepared i.e., Co2+, Mn2+, Cr3+, Mg2+, Sr2+, Al3+, Cu2+, Cd2+, Zn2+, Ca2+, Hg2+ and Ni2+. In 

a cuvette containing buffered substrate solution, metal solution was added and the 

mixture (with final concentration of metal 2mM) was assayed as described earlier. 

3.12.7: Effect of different enzyme inhibitors 

The effects of enzyme inhibitors i.e. urea and sodium azide on exo-PG activity were 

measured by incubating the enzyme with the respective compound for 1 h at 35±1 °C. 
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Aliquots were withdrawn at different time intervals and immediately assayed using the 

standard method as described above. 

3.12.8: Effect of various chemical agents on the activity of exo-PG 

Various other chemical agents like SDS, triton X-100, tween-80, EDTA, citric acid etc. 

were also checked in order to see the effect on enzyme activity. In a test tube containing 

buffered substrate solution, 100µl of the 1% chemical was added and enzyme assay was 

conducted as described earlier.  

3.13: Immobilization of exo-polygalacturonase 

Two methods were used for the immobilization of exo-PG, (a) covalent immobilization 

using gluteraldehyde as crosslinking agent on sodium alginate support and (b) adsorption 

immobilization on sodium alginate support.   

3.13.1: Covalent immobilization of Penicillium notatum exo-PG 

Immobilization of exo-PG by covalent attachment was done by following the method 

reported by Li et al. (2007). 5 ml of 4% (w/v) sodium alginate solution (at 4 °C) was 

mixed with exo-PG in 5 ml 0.04 M phosphate buffer (pH 3.5). To this mixture, 0.1 ml 

glutaraldehyde solution (4°C) was added and mixed gently for several minutes (1st 

crosslinking reaction time). The resultant solution was then added drop wise into 0.2 M 

CaCl2 solution (4°C) using a syringe to form beads with diameter 1.5–2.0 mm; the beads 

were then transferred to a fresh 0.2 M CaCl2 solution and then incubated for 1 h at 4°C. 

The alginate beads were recovered by decantation and immersed in glutaraldehyde 

solution (0.02%, v/v) for further crosslinking (2nd crosslinking reaction time) at 4°C. 

After immobilization, the alginate beads were washed several times with distilled water 

until the absorbance of the washings at 280 nm was less than 0.01. The amount of enzyme 

protein loaded onto the alginate beads was evaluated by subtracting the residual protein 

content in the solution from the initial protein content. The protein content was quantified 

by the Bradford (1976) method. 

3.13.2: Adsorption immobilization of Penicillium notatum exo-PG on Na-alginate 

support 

The second method used for the immobilization of exo-PG was the adsorption of the 

enzyme on sodium alginate support. The alginate beads used as immobilization support 

were prepared by dropping 50ml of 2% (w/v) sodium alginate through a peristaltic pump 

into 100ml of a 0.2M CaCl2 solution under continuous stirring over 12 h. Beads were then 

stored at 4 °C in a 0.2M CaCl2 solution prior to use. To immobilize the pectolytic 
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enzyme, an appropriate amount of alginate beads was mixed with 15ml of enzyme 

solution in 0.1M sodium acetate buffer under gentle shaking conditions at 4 °C for 2-3 h. 

The beads (3.3–3.5mm in diameter) were then washed with distilled water until no 

enzyme activity was detected. The amount of enzyme protein loaded onto the alginate 

beads was evaluated by subtracting the residual protein content in the solution from the 

initial protein content. The protein content was quantified by the Bradford (1976) method. 

3.13.3: Immobilization efficiency 

The efficiency of immobilization was evaluated in terms of immobilized exo-

polygalacturonase, specific activity and relative activity (%). The amount of enzyme 

immobilized or enzyme loaded illustrates the efficiency of immobilization technique in 

terms of its ability to hold the enzyme. This parameter was determined by subtracting the 

amount of protein leached from the initial amount of protein used. Bradford (1976)’s 

method was used to quantify the protein contents. 

Enzyme (protein) immobilized = Enzyme introduced for immobilization – Enzyme 

Leached 

Immobilization	efficiency 	
Protein	immobilized
Protein	loaded

100 

Relative activity is another parameter determining the efficiency of immobilization 

technique in terms of loss or gain in the enzyme activity. It was determined by comparing 

the specific activities of free and immobilized enzyme. 

Relative	activity
Specific	activity	of	immobilized	enzyme

Specific	activity	of	free	enzyme
 

3.13.4: Characterization of immobilized enzyme 

The immobilized enzyme preparations were typically used to see the effect of temperature 

on the activities and stabilities of immobilized enzyme preparations in comparison to the 

free enzyme with major emphasis on thermostability behavior. Michaelis-Menten 

kinetics, effect of pH and stability was also checked in order to see the improvement in 

stability. Kinetic and thermodynamic parameters for thermal denaturation were 

determined as described above. 

3.13.5: Reusability of immobilized enzyme preparations 

The immobilized exo-PG preparations were reused many times for repeated cycles. At the 

end of each cycle the immobilized enzyme was removed from the reaction medium and 

then washed with distilled water several times to remove any residual product or substrate 
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in the immobilisates. Fresh aliquots of substrates were added to the immobilized enzyme 

again for a new reaction cycle. 

3.14: Applications of exo-PG in food industry: fruit juice clarification 

Exo-PG was finally tested for its potential for food industry and different fruits juices like 

apple, peach and grapes were treated with different amounts of exo-PG. The methods of 

Sandri et al. (2013) and Tu et al. (2013) were used with modifications as treatment 

procedure for the clarification of fruit juices. 

40-200 Units of enzyme (40 Units for apple juice, 200 Units for peach juice and 30 units 

for grapes juice) were added to 50 mL juice samples and incubated in an orbital shaker at 

120rpm at 50 °C for 1 hour followed by centrifugation at 10,000 rpm for 20minutes. 

Control experiments were also conducted side by side and the same volume of distilled 

water was used as for the enzyme. The clarification of the juices following each treatment 

was evaluated in a spectrophotometer by adding absorbance results at 660nm. The 

viscosity of the juices was measured in 50-mL samples at room temperature by using a 

viscometer (Brookfield model DV-E, USA) and expressed in centipoise units. Juice 

turbidity following the enzyme treatment was evaluated in a turbidimeter by Engineered 

Systems and Design Model-800 at room temperature and results were presented in 

nephelometric turbidity units (NTU).  

3.15: Statistical analysis 

All experiments were performed in triplicate and the results were discussed by reporting 

means along with standard deviations. Data was subjected to statistical analysis using 

regression techniques and analysis of variance main points were highlighted through 

appropriate graphs as described by Steel et al. (1997). All the data analysis was done by 

using Microsoft Excel (Version-2010). 
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Chapter 4 
                                                            RESULTS & DISCUSSION 
 
The main objective of this study was to investigate the potential of indigenous fungal 

strains for their potential to produce exo-polygalacturonase (Exo-PG) through the 

consumption of domestically available suitable agro-industrial waste materials as 

substrate. The production of exo-polygalacturonase (exo-PG) was conducted in two steps 

of optimizations under solid state fermentation technique. In the primary step various 

process variables, considered most influential in the production of exo-PG, were screened 

and optimized. In secondary step optimum exo-PG production was assessed with the help 

of Response Surface Optimization Strategy (RSM). Purification of exo-PG up to 

homogeneity level and its characterization to determine the catalytic attributes and 

thermostability characteristics under different conditions was the next step of this study. 

Immobilization on some suitable carrier was conducted with the aim of improving the 

thermostability behavior and operational stabilities. 

4.1: Screening of fungi for the production of exo-polygalacturonase 

The use of solid state fermentation (SSF) for the production of enzymes with the 

utilization of food and agriculture wastes has been well established (Couto and Sanroman, 

2005; Pandey, 1992) and pectinolytic enzymes are widespread among fungal species as 

discussed in detail in chapter 2. 

Six fungal strains Penicillium notatum, Cariolus versicolor, Ganoderma lucidum, 

Penicillium fellutanum, Schizophyllum cummune and Trametes hirsuta were screened for 

their potential to secrete the pectinolytic enzyme under solid state fermentation. All these 

fungal strains were grown on wheat bran with 40-60% (v/w) initial moisture contents at 

pH 4-5 and incubated for 3 to 4 days at 30 °C. All the fungal strains showed considerable 

production of exo-PG (p-value 0.0021) with Penicillium notatum being the highest 

producer with 83.46 U/gds. Cariolus versicolor and Ganoderma lucidum were 2nd and 3rd 

highest producers after the Penicillium notatum with 73.21 U/gds and 62.29 U/gds 

respectively. Trametes hirsuta was the lowest producer of exo-PG with 47.15 U/gds while 

Schizophyllum cummune and Penicillium fellutanum produced exo-PG upto 59.50 U/gds 

and 54.64 U/gds respectively. The first two highest exo-PG producers were selected for 

further study. All of these fungal strains were also evaluated for their potential to produce 

other pectinolytic activities and among all the strains only Penicillium notatum was pectin 

lyase (PL) positive with small titers of 22.89 U/gds. PL activity was measured by 
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following the method of Albersium, (1966). However any further study of PL was not a 

part of this dissertation. 

 

Fig. 4.1: Screening of different fungal strains for the production of exo-PG by SSF 

using wheat bran as solid substrate.  Initial moisture contents used were 40-60%, pH 4-

5, incubation time 3-4 days and temperature 30-35 °C. Experiments were done in 

triplicates and error bars represent the standard deviation (SD). 

4.2: Selection of substrate 

Six different food and agro-industrial wastes, the byproducts of agriculture and food 

processing industry and easily available at domestic level, named wheat bran, rice bran, 

sugarcane bagasse, canola oil cake, orange peels and peanut shells were screened to select 

the substrate with maximum nutrients for the growth of Penicillium notatum and Cariolus 

versicolor for the maximum production of exo-PG under SSF. Statistical analysis of the 

results showed that the variation of substrates has a highly significant and pronounced 

effect on exo-PG production (p-values<<<0.05; Tables 4.1 and 4.2). The experiments 

were conducted with initial moisture value of 40% for P.notatum and 60% for 

C.versicolor at 30-35 °C for 72-96 hours at pH 4 and 5 respectively. All the necessary 

nutrients required for the growth of fungi were provided by the substrates only. It is clear 

from the Figure 4.2 that wheat bran showed the most pronounced effect on exo-PG 

production with an achievement of 82.92 U/gds in case of P.notatum and 71.92 U/gds 

were gained in case of C.versicolor while all other substrates proved to be poor enough in 

nutritional supply to the fungi to produce significant titers of exo-PG. So wheat bran with 
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highest units per gram was selected as the best substrate for the production of exo-PG 

under SSF cultivations of P.notatum and C.versicolor. The use of wheat bran for the 

pectinase enzyme production is well established as many works previously have been 

accomplished for the production of pectinolytic enzymes using wheat bran as substrate. 

74 U/mL were reported by Sandri et al. (2013) using wheat bran under SSF cultivation of 

Aspergillus niger. Heerd et al. (2012) found that 33.4 U/g for exo-PMG, 28.3 U/g for 

exo-PG as well as highest endo-enzyme activity of 32.9U/g PMG, and 30.1 U/g PG was 

observed by Aspergillus sojae ATCCC 20235 using wheat bran as substrate under SSF. 

Freitas et al. (2006) reported 6.6 U/mL of exo-PG using combination of substrates i.e., 

wheat bran/sugar cane bagasse/orange bagasse mixture from Monascus sp. and 10 U/mL 

were gained using wheat bran/orange bagasse mixtures from Aspergillus sp.  

Several authors have also successfully gained high activities of pectinases with the use of 

orange peels as substrate for the production of pectinases i.e., 1211 U/g (Mrdulua and 

Anitharaj, 2011), 32.57 U/mL (Siddiqui et al., 2012) and 512 U/mL (Zhou et al., 2011) 

using Aspergillus niger, Rhizomucor pusillus and mixed culture of Aspergillus niger and 

Saccharomyces cerevisiae respectively. However in the present study orange peels were 

not proven to be a promising substrate and the least amount of pectinolytic activities were 

observed i.e., 16.46 U/gds using P.notatum and 13.0 U/gds using C.versicolor. This might 

be due to an excess amount of reducing sugars (33.88 mg/g) present in this substrate and 

this higher amount of free sugars catabolically repressed the fermentation process which 

in turn might be dependent on the type of strain used for the production of enzyme. Our 

observations regarding the use of orange peels for pectinase production are in agreement 

with Diaz et al. (2012) who observed no hydrolytic enzyme activity after 12 days of 

culturing due to the presence of excess reducing sugars (1.009±0.005 mmol/g of dried 

solids) in the grape pomace used as substrate in bioreactor fermentation process. 
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Fig.4.2: Different substrates effect on the production of exo-PG by 2-different fungal 

strains. Initial moisture level used was 40%, pH 4, temperature 30 °C, incubation time 72 

hours in case of P. notatum and initial moisture level of 60%, pH 5, temperature 30 °C 

and incubation period of 96 hours were used in case of C. versicolor. Experiments were 

conducted in triplicates and error bars represent the SD. 

4.3: Screening and optimization of various process variables for exo-PG 

production by P. notatum and C. versicolor under SSF 

As it is clear from the previous section that Penicillium notatum and Cariolus versicolor 

are more efficient exo-PG producer using wheat bran as substrate, so they were selected 

for production optimization study in order to get higher enzyme titers under the influence 

of a variety of parameters. This step was initialized with the help of completely 

randomized design (CRD) to screen and optimize some important factors having the most 

persuasive effect on exo-PG production by Penicillium notatum and Cariolus versicolor 

which will be discussed in this section.  

4.3.1: Effect of incubation time 

Time course for the production of exo-PG was varied from 24 hours to 192 hours (1-8 

days). This factor was one of the most significant factor effecting the exo-PG production 

(p-value<<<0.05) by both the strains. Maximum exo-PG activity in the case of 

Penicillium notatum was observed after 72hours of incubation while for C.versicolor it 

was observed after the completion of 4th incubation day. Quadratic regression model 

fitted to the data to better predict the optimums revealed the optimum incubation time of 
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56.98 hours in case of P. notatum and 107.52 hours for C. versicolor. Prolonged 

incubation beyond these limits decreased the yield of exo-PG up to a great extent as 

shown in Figure 4.3 below. An interesting fact observed during these experiments was 

that the moisture level reduced up to a high extent during the course of fermentation due 

to evaporation from the substrate bulk at prolonged incubation times and the reduced 

enzyme activity observed at longer incubation times (beyond the optimum) might be 

related to this fact. Diaz and co-authors are in agreement with our statement (Diaz et al., 

2009a). Other related facts about the decrease of enzyme yield beyond the optimum 

incubation time might be due to the depletion of nutrients at sub-optimal levels available 

to fungus or due to change in medium pH because of microbial production of organic 

acids in the medium (Giese et al., 2008) or enzyme might be denatured due to prolonged 

incubation at respective temperatures. The results obtained in current investigation are 

consistent with Martins et al. (2002) and Friexo et al. (2008) who observed a peak in PG 

production (43 IU/gds, 2181 U/L) from Thermoascus aurantiacus and P. ostreatus 

respectively after incubation period of 3days. Diaz et al. (2009b) observed maximum exo-

PG enzyme production in SSF bioreactor from Aspergillus awamori after 5 days of 

fermentation. Swain et al. (2009) observed the maximum production of exo-PG from 

Bacillus subtilis after 6 days of incubation under SSF.  

 

Fig.4.3: Effect of incubation time on the production of exo-PG by fungal strains. 

Initial moisture level of 40%, pH 4, temperature 30 °C were used in the case of P. 

notatum and 60% moisture level, pH 5 and 30 °C temperature were used in the case of C. 
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versicolor. Experiments were done in triplicates and error bars represent the standard 

deviation (SD). 

4.3.2: Effect of initial moisture level 

Moisture is the basic requirement for fungal metabolism in solid state fermentation 

(Gervais and Molin, 2003). To see the marked effect of water contents in SSF production 

of exo-PG, solid substrate wheat bran was moistened with varying amounts of initial 

moisture contents equal to 30%, 40%, 50%, 60%, 70%, 80%, 90%  and 100% (v/w) at pH 

4-5. Distilled water was used as moistening agent. Statistical analysis of the results 

revealed that moisture content parameter played a significant role in the production of 

exo-PG (p-values<0.05, Tables 4.1 and 4.2). The p-value for P. notatum was found to be 

0.0007 and for C. versicolor it was 0.019 showing that moisture level significantly 

affected the production of enzyme. Results depicted in Fig. 4.4 states that 40% and 60% 

initial moisture levels were optimal for the maximum production of exo-PG from 

P.notatum and C.versicolor respectively. Whereas the optimums predicted by the 2nd 

order polynomial regression model fitted to the data were 30.68% for P. notatum and 

64.14% for C. versicolor. Moisture content is one of the critical factors in the SSF 

processes and is very influential on the growth, biosynthesis and secretion of different 

microbial metabolites. A low moisture ratio is responsible for reduction in the nutrient 

solubility of the substrates with a low degree of swelling and high water tension. Higher 

moisture level causes low yields of enzyme due to steric hindrance of the growth strain by 

reduction in porosity within the matrix of substrate and is also responsible for low oxygen 

transfer. Keeping an eye on the economic production, micro-organism should be grown in 

optimal moisture levels to maximize the production of enzymes of industrial importance 

(Mamma et al., 2008; Gervais and Molin, 2003). 

The results obtained in present investigation are in agreement with previously published 

data which indicated the requirement of 65% and 60% initial moisture ratio for the 

maximum production of exo-PG from Aspergillus awamori and Fusarium solani 

respectively as reported by (Botella et al., 2007; Hamid et al., 2008).  Polygalacturonase 

activity was reported to be enhanced when initial moisture levels were set at 40% level 

(Castilho et al., 2000). Debing et al. (2006) described a new experiment for maximum 

production of pectinase using Aspergillus niger and they suggested the environmental 

humidity levels of 60% to get the optimized response. Blandino et al. (2002) found that 

higher pectinase titers were obtained at 60% initial moisture level using Aspergillus 

awamori as fermentative organism. 
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Fig. 4.4: Effect of initial moisture levels on the production of exo-PG by P. notatum 

and C. versicolor. pH 4, temperature 30 °C and incubation period of 3 days was used for 

P. notatum whereas pH 5, temperature 30 °C and 4 days fermentation time was used for 

C. versicolor. This experiment was done in triplicates and error bars represent the SD. 

4.3.3: Effect of pH 

pH of the growth medium is a vital factor, which greatly affects the microbial growth and 

enzyme production during solid state fermentation. Each microorganism possesses a 

unique optimum pH and pH range for its growth and activity (Sun and Xu, 2008) it is 

very difficult to control and measure the pH in SSF process. However the agro-industrial 

wastes employed in SSF processes usually have good buffering capacity due to their 

complex chemical constitution (Mamma et al., 2008). Exo-PG production using P. 

notatum and C. versicolor grown on wheat bran under SSF, with initial moisture of 40% 

and 60% (v/w) respectively, different initial culture at that pH was analyzed over a period 

of 72-96 hours. Statistical analysis of results revealed that change in pH caused a severe 

variation in the response variable with p-values of 0.00054 observed in the case of P. 

notatum while a p-value of 0.026 was indicated in the case of C. versicolor (Tables 4.1 

and 4.2). Penicillium notatum was able to produce the maximum yield of exo-PG at pH 

3.0 while in the case of Cariolus versicolor optimum yield was observed at pH 5. The 2nd 

order polynomial regression model describing the data mathematically predicted the pH 

optimum of 3.20 for P. notatum and 5.01 for C. versicolor which are in reasonable 
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agreement with the experimental data. pH values above and below the optimum levels 

resulted in significant inhibition of exo-PG production by both strains. 

Previous results showed that the optimum yield of pectinases were attained at pH 6 using 

Penicillium sp. (Patil and Chaudhari, 2010), pH 5 using Penicillium atrovenetum 

(Adeleke et al., 2012), pH 6 for Fusarium solani (Hamid et al., 2008), pH 5 in case of N. 

crassa DSM (Mamma et al., 2008), pH 7 using Sporotrichum thermophile (Kaur et al., 

2004) and pH 5 using Aspergillus niger (Bari et al., 2010). 

 

Fig.4.5: Effect of pH for the maximum production of exo-PG using P. notatum and 

C. versicolor. Initial moisture level of 40%, incubation time of 72hours, and a 

temperature at 30 °C were used for P. notatum and an initial moisture level of 60%, 

incubation time of 96hours and temperature of 30 °C was used for C. versicolor. Error 

bars represent the SD with n = 3 experiments. 

4.3.4: Effect of temperature 

Temperature is also one of the important parameters determining the success of 

optimization process of enzymes. In order to see the effect of different temperatures on 

the production of exo-PG using P. notatum and C. versicolor, SSF fermentation was 

carried out under various temperature ranges i.e., 25 °C, 30 °C, 35 °C, 40 °C and 45 °C. It 

is clear from Fig. 4.6 that temperature significantly affected the fermentation process for 

the production of exo-PG (p-values<<0.05, Tables 4.1 and 4.2). P. notatum was able to 

give maximally the exo-PG titers at 35 °C while C. versicolor was more efficient at 30 °C 

for exo-PG production. While quadratic regression analysis revealed the optimum 
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temperature of 33.80 °C for P. notatum and 30.54 °C for C. versicolor. Temperature 

levels above the optimum resulted in a sharp decrease of enzyme production especially 

this effect is more drastic in case of C.versicolor with only 6.72 U/gds left at 45 °C. A 

possible justification for this drop in activity might be related to the fact that as 

temperature progress above the optimum in case of mesophilic micro-organisms, the 

chemical reactions occur less efficiently and growth slows. The temperature reaches a 

point where growth stops, and cell components begin to actually be damaged by heat. 

Enzymes are proteins that change structurally when heated to their limit of tolerance. 

Likewise, membranes, which contain lipids, change in structure, and their function of 

protecting and regulating the internal environment of the cell becomes compromised 

(Burge, 2006). Some authors justified the reduced production of enzymes at higher 

temperatures due to the release of proteases as Gutarra, (2003) found high levels of 

proteases when fermentation was carried out at higher temperatures for the production of 

lipase by Penicillium simplicissimum cultivated in babassu cake medium.  

The results of current investigation are similar to those reported for Aspergillus niger at 

30 °C (Ruiz et al., 2012), 37 °C (Gomes et al., 2011) and 25 °C (Joshi et al., 2006) as 

optimums for pectinase, polygalacturonase and pectin esterase production respectively. 

However the results obtained are significantly different from those reported by Freitas et 

al. (2006), Swain et al. (2009) and Joshi et al. (2013) for the maximum production of 

exo-PG from culture media of Aspergillus sp. and Monascus sp., (45 °C optimum), 

Bacillus subtilis (50 °C) and Bacillus subtilis (40 °C optimum) respectively.  
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Fig. 4.6: Effect of temperature on the production of exo-PG using P. notatum and C. 

versicolor. Initial moisture content was 40%, pH 4, incubation time of 3days for 

Penicillium notatum and initial moisture level of 60%, pH 5 and incubation time of 4days 

were used in case of Cariolus versicolor. Error bars represent SD with n=3 experiments. 

       SSF processes are very popular in biotechnology due to the advantage of hyper 

production of enzymes associated with it and allowing the use of solid agro-industrial 

residues as substrate. These solid substrates not only provide the essential nutrients for the 

microbial metabolism but also act as harbor for the cells (Pandey et al., 2000; Kashyap et 

al., 2003), thereby allowing them to utilize the substrate more efficiently. However, at the 

same time, it is possible that some of the nutrients in these fermentation substrates may be 

present at sub-optimal levels, or even may not be present. So in the present study, in order 

to meet this problem, wheat bran was supplemented with different nutritional sources like 

salts, carbon and nitrogen sources to evaluate their effect on exo-PG production using P. 

notatum and C. versicolor at 40% and 60% initial moisture levels respectively. The 

detailed study of these added nutrients is discussed in the following paragraphs. 

4.3.5: Effect of different salts on the production of exo-PG 

Different salts like MnSO4-4H2O, MgSO4-7H2O, KCl, NaCl, CaCl2-2H2O, Na-potassium-

tartrate and KH2PO4 (1% final concentration) were used to investigate their effect on the 

production of exo-PG from P.notatum and C.versicolor. Statistical analysis of the results 

showed that variation in this independent variable significantly affected the production of 

exo-PG (p-values 0.0019 and 0.0013 respectively, Tables 4.1 and 4.2). The significant 
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improvement in the production of exo-PG was observed in case of P.notatum with 

MnSO4-4H2O as top activity enhancer as it is clear from the Fig. 4.7 below. This 

augmentation in the exo-PG yield caused by salts observed in case of P. notatum is due to 

the increased regulation of the respective gene at transcriptional level. In summary it can 

be concluded from the results obtained that potential effect of these salts seems to be 

strain dependent and is related to other complex means of gene regulation (A-Theuil et 

al., 2011). 

Kashyap and co-workers (2000) succeeded in achieving significant enhancement in the 

final yield of bacterial alkaline pectinase with relative activities of 128 (CaCl2-2H2O), 

102 (CoCl2-2H2O) and 104.8 (MnSO4.4H2O) observed as compared to control (100). 

Several authors have reported the use of metal salt solution or as single salt supplement in 

fermentation medium optimization and successfully boosted up the production of 

pectinases as reported by (Sandri et al., 2013; Carvalho et al., 2013; Kant et al., 2013; 

Rehman et al., 2012).  

 

 
Fig.4.7: Effect of various salts supplemented to the fermentation media for the 

production of exo-PG using P. notatum and C. versicolor. Initial moisture level 40%, 

pH 4, incubation time of 3days and temperature of 30 °C for Penicillium notatum and 

initial moisture contents of 60%, pH 5, incubation time 4days and temperature of 30 °C 

for Cariolus versicolor. Experiments were conducted in triplicates and error bars 

represent standard deviation. 
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4.3.6: Effect of additional nitrogen sources 

The growth medium consisting of wheat bran was supplemented with different organic 

and inorganic nitrogen sources to determine the effect on exo-PG production using P. 

notatum and C.versicolor. Ammonium sulphate, ammonium nitrate, urea, peptone, yeast 

extract, malt extract, glycine, di-ammonium tartrate, ammonium chloride, sodium nitrate 

and ammonium acetate were used for this investigation. Statistical analysis of the results 

gained (p-values<<<0.05, Tables 4.1 and 4.2) showed that this independent variable 

significantly caused a variation in response variable and a great improvement in activity 

of final yield of exo-PG was obtained. Maximum exo-PG activities were obtained with 

glycine along with ammonium chloride as runner up in the case of P. notatum while 

ammonium sulphate showed a better performance in yield of exo-PG followed by peptone 

using C. versicolor. The use of ammonium sulphate in enhancing the production of 

pectinolytic enzymes is well established as it is reported by Zhou et al. (2011) who 

observed the enhanced production of PG with 310±11 U/mL in SSF media of orange 

peels supplemented with (NH)2SO4 using mixed cultures of A. niger and S. cerevisiae. 

Similarly Zou et al. (2013) improved the production of alkaline PL (2138 U/mL) in fed-

batch fermentation of wheat bran media supplemented with (NH)2SO4. Yeast extract and 

peptone also proved to be promising in gaining the hyper production of pectinase using A. 

niger as reported by (Mrudula and Anitharaj, 2011). (Adeleke et al., 2012) stated in their 

manuscript that ammonium persulphate proved to be a very good nitrogen source in 

gaining the maximum titers of pectinases using Penicillium atrovenetum.  
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Fig.4.8: Effect of additional nitrogen sources to the fermentation media for the 

production of exo-PG using P. notatum and C. versicolor. Initial moisture level 40%, 

pH 4, incubation time of 3days and temperature of 30 °C for Penicillium notatum and 

initial moisture contents of 60%, pH 5, incubation time 4days and temperature of 30 °C 

for Cariolus versicolor. Experiments were conducted in triplicates and error bars 

represent SD. 

4.3.7: Effect of additional carbon sources 

The effect of different carbon sources on the production of pectinolytic enzymes is 

studied extensively and various authors have described in details those positive findings 

related to this effect as reported by (Teixeira et al., 2000; Hamid et al., 2008; Mrudula 

and Anitharaj, 2011). Keeping in mind the high stimulatory effect of carbon sources on 

the production of pectinolytic enzymes as reported previously, in this study wheat bran 

was supplemented with different carbon sources (at 1% level)  i.e., glucose, galacturonic 

acid, molasses, xylose, pectin, glycerol, sucrose, maltose and lactose. However contrary 

to the previous findings published earlier, in this investigation the supplementation of the 

carbon sources was not proved to be stimulatory on exo-PG production using P. notatum 

and C. versicolor. Though the effect is highly significant statistically (p-values 2.96×10-9 

and 2.35×10-5 respectively) but only pectin enhanced the activity of exo-PG by up to 

4.81% only using P. notatum which is in agreement with Siddiqui et al. (2012) while no 

significant improvement in activity was observed in the case of C. versicolor. Maltose 

and lactose were proved to be repressors of exo-PG production from P. notatum which 

0

20

40

60

80

100

120

P
ec

ti
n

as
e 

ac
ti

vi
ty

 (
U

/g
d

s)

Penicillium notatum

Cariolus versicolor



                                                                                                             Results & Discussion 

72 
 

might be due to the catabolic repression leading to the conclusion that wheat bran is a 

naturally enriched substrate with carbon sources and external addition of any of the 

carbon source resulted in catabolic repression of the fermentation process. The results 

obtained in the present investigation are in contradiction to those reported previously. 

Goncalves et al. (2012) reported the optimum production of pectinase in a cultivation 

medium supplemented with sucrose using a recombinant strain of Penicillium 

griseoroseum T20. Similarly Hamid et al. (2008) also successfully gained the enhanced 

pectinase yield using glucose at 1% level. Carvalho et al. (2013) reported the first 

analysis of PG regulation in Moniliopthora perniciosa. In their study, galactose or 

mannose supplemented fermentation medium resulted in higher activity of non-secreted-

PG while the supplementation of galactose, glucose, fructose or mannose to the liquid 

fermentation medium resulted in hyper activity of secreted PG while lower activity of PG 

was observed with supplementation of sucrose and mannitol. They also stated that 

supplementation of cacao extracts (as carbon source) enhanced the activity of secreted-

PG.  

 

Fig.4.9: Effect of external carbon sources to the fermentation media for the 

production of exo-PG using P. notatum and C. versicolor. Initial moisture level at 40%, 

pH 4, incubation time of 3days and temperature of 30 °C for Penicillium notatum and 

initial moisture contents of 60%, pH 5, incubation time 4days and temperature of 30 °C 

for Cariolus versicolor. Experiments were conducted in triplicates and error bars 

represent SD. 
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Table 4.1: Analysis of variance for the factors effecting the exo-PG production using 

Penicillium notatum 

Serial 
# 

Source of 
Variation SS df MS F P-value F crit 

1 Diff. Substrates 3104.47 8 388.05 18.11861 0.000109 3.22
2 Salts effects 4650.69 8 581.33 8.737982 0.001906 3.22
3 Nitrogen Sources 6938.62 11 630.78 41.1307 8.49E-08 2.71
4 Carbon Sources 11193.7 11 1017.61 73.31116 2.96E-09 2.71
5 Temperature 2687.69 4 671.92 27.872 0.001295 5.19
6 pH 2336.67 6 389.44 18.80576 0.000543 3.86
7 Incubation Time 5347.54 7 763.93 51.11137 5.14E-06 3.50
8 Moisture Effect 3841.35 7 548.76 13.68386 0.000707 3.50

 

Table 4.2: Analysis of variance for the factors effecting the exo-PG production using 

Cariolus versicolor 

Serial 
# 

Source of 
Variation SS df MS F P-value F crit 

1 Diff. Substrates 6486.57 5 1297.31 43.26655 2.88E-07 3.10
2 Salts effects 3145.11 8 393.13 9.526088 0.00138 3.22
3 Nitrogen Sources 2422.55 11 220.23 8.506417 0.00043 2.71
4 Carbon Sources 2087.37 11 189.76 14.99462 2.35E-05 2.71
5 Temperature 5266.51 4 1316.63 36.70313 0.000673 5.19
6 pH 670.11 6 111.68 5.009409 0.026425 3.86
7 Incubation Time 5069.28 7 724.18 40.50252 1.26E-05 3.50
8 Moisture Effect 2295.22 7 327.88 4.977467 0.019081 3.50

 

During the initial step of this study, Penicillium notatum followed by Cariolus versicolor 

proved to be promising in exo-PG production using wheat bran as substrate under SSF 

cultivation. The amount of exo-PG secreted by these fungal strains initially was 

promising, so an optimization study was decided in order to improve the activity in crude 

extracts. During the first step of optimization using the classical strategy no significant 

enhancement in activity was observed and 113 U/gds were gained in case of P. notatum 

while 100 U/gds were observed in the case of C.versicolor. The second-step of 

optimization was conducted using Response Surface Methodology (RSM). As it is clear 

from the results stated above that P. notatum is major exo-PG producer as compared to C. 

versicolor so all further studies were conducted using this fungal strain only. 3-numerical 

and 1-categorical factors were selected from the classical optimization approach to further 

improve the production optimization. The selection of these factors was based on 

statistical significance as well as the maximum response gained during the selection. 
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Incubation period (p-value 5.14×10-6), pH (p-value 0.000543), temperature (p-value 

0.0012) and nitrogen sources were selected to conduct the RSM optimization using P. 

notatum under SSF cultivations. Though nitrogen sources selected in this study has higher 

p-value (8.49×10-8) as compared to carbon sources (2.96×10-9) but most of the carbon 

sources catabolically repressed the exo-PG production in case of Penicillium notatum, so 

nitrogen source was selected (with lower p-value as compared to salt effect) as 

categorical factor to be studied in RSM optimization which will be discussed in the 

following section. 

4.4: Response Surface Optimization for maximum production of exo-PG 

using P. notatum 

The key variables that have the maximum influence on the final response of the system, 

identified by classical approach were examined through RSM following central 

composite design (CCD). The minimum and maximum levels of the factors chosen were 

incubation time (2-4 days), pH (2-4), temperature (25–35°C) and categorical factor 

nitrogen sources levels (glycine and ammonium chloride at 1% level),  fixing substrate 

and moisture at 10g and 40% levels respectively. These factors at specified levels were 

fed into the DOE statease software version-7 following the central composite design 

resulting in 40 experimental units. The design was comprised of the 6 central, 26 factorial 

and 8 axial points. Responses obtained after running 40 experimental units were fed to 

Design of Expert Software version-7 and analyzed by standard analyses of variance 

(ANOVA). Linear terms, interactive effects and p-values are shown in ANOVA Table 

4.3. Effects of various parameters applied in RSM for the optimum production of exo-PG 

are presented in Fig. 4.10. The p-values indicate the significance of each of the regression 

coefficients. Values lower than 0.05 are considered significant. In this case AC, A2, C2 

are significant model terms. Values greater than 0.1000 indicate the model terms are not 

significant. The significant effect marks the performance of the response. When a factor 

has a remarkable effect, the response is higher at higher level, and when a factor has a 

negative effect the response is low at high levels (Haaland, 1989). It was possible to 

observe that the regression model was significant. The regression equation obtained 

indicated R2 value of 0.7669 for exo-polygalacturonase production indicating a 

satisfactory agreement between experimental and predicted values and could explain 

76.69% of the variability in the response. The model F-value of 6.58 implies the model is 

significant. A signal to noise ratio greater than 4.0 is desirable. 
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Table 4.3: Regression analysis of the CCD data for the optimization of process 

variables for the maximum response (Y) of enzyme 

Source Regression 
Coefficients 

F-value Prob>F 

Model 
Incubation time (A) 
pH (B) 
Temperature (C) 
Nitrogen source (D) 
AB 
AC 
AD 
BC 
BD 
CD 
A2 
B2 
C2 

138.16 
-4.46 
-4.97 
-8.23 
8.08 
10.39 
21.83 
1.37 
3.46 
-0.77 
-0.13 
-28.51 
2.73 
-19.19 

6.58 
0.97 
1.20 
3.30 
4.65 
3.08 
13.61 
0.091 
0.34 
0.029 
8.218E-004 
41.79 
0.38 
18.94 
 

<0.0001 
0.3338 
0.2828 
0.0807 
0.0404 
0.0911 
0.0010 
0.7654 
0.5634 
0.8670 
0.9773 
<0.0001 
0.5416 
0.0002 
 

R-Squared                                                                          0.7669 

Adj R-Squared                                                                   0.6504 

 

The maximum exo-PG activity could be predicted by the following regression equation 

using glycine as nitrogen source. 

R 	 165.30 3.060A 72.50B 29.26C 10.38AB 4.36AC 0.692BC

28.50A 2.72B 0.767C  

The following equation describes the prediction of optimum response as 163.599 U/gds 

by using ammonium chloride as nitrogen source. 

R 	 151.19 5.79A 74.04B 29.21C 10.38AB 4.36AC 0.692BC

28.50A 2.72B 0.767C  

Where R is the response, A, B and C are time of incubation, pH and temperature  

respectively. RSM helps in evaluating the relationship between dependent and 

independent variables and in the last decade it was used extensively in the optimization 

studies in spite of having some drawbacks as reported by Goncalves et al. (2012). The 

model for the variable response of exo-PG production, the estimated parameters and the 

corresponding p-values show that the linear effect of nitrogen source and interaction 

effect of temperature and incubation time had a significant effect on exo-PG production. 

The model for exo-PG production presented a non-significant lack of adjustment (p-value 

of 0.0558), indicating a good fit between experimental data and model. Fig. 4.11 explains 

this agreement with R2 of 0.77. 
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Fig. 4.10: Exo-PG activity (U/gds) obtained from Penicillium notatum grown on 

various treatments in central composite design (CCD). Error bars represent the 

standard deviation of experimental and predicted responses. 

 

Fig. 4.11: Relation between experimentally calculated and predicted values for the 

maximum production of exo-PG production using P. notatum under RSM. 
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4.4.1: Response surface and contour plot 

 Response surface and contour plots obtained by analysis of the experimental data of 

CCD helps evaluation of relationship between independent and dependent variables and 

the activity of the model can be seen in the difference between observed and predicted 

values. The surfaces of response described by the regression models for the significant 

interaction are presented in Figures 4.12 and 4.13. These figures help in elucidating the 

data observed by varying the temperature (°C) and the incubation time (days) at constant 

value of pH 3 and nitrogen source (glycine). It shows that an initial increase in incubation 

time with simultaneous increase in temperature resulted in the steepest increase in exo-PG 

production. However, increase in temperature and incubation period beyond a certain 

limit had negatively affected the exo-PG production. Fig.4.12 shows evidence that the 

model encompassed the optimum region of cultivation time and temperature for exo-PG 

production, which decreased in the extreme values of both variables. The maximum 

production time was located in the region between 2.25 and 3.0 days at temperature of 

27 °C. 
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Fig. 4.12: Quadratic response surface of exo-PG production by P.notatum using 

CCD showing significant interaction between temperature and incubation time. 

 

 
Fig. 4.13: Contour plot of exo-PG production by P.notatum using CCD showing 

significant interaction between temperature and incubation time. 
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4.4.2: RSM analysis for the maximum production of Exo-PG 

In this study high similarity was observed between the predicted and experimentally 

calculated response (Fig. 4.11) which shows that the RSM modeling is adequate and 

accurate to determine the optimum points of the variables to have the maximum enzyme 

yields under solid state fermentation. The maximum enzyme units obtained by applying 

the RSM technique were 190.21 U/gds. These units were attained after 3days of 

incubation at 30 °C keeping the pH of the medium at 1.318 using ammonium chloride as 

nitrogen source. The enzyme production declined after 3days of incubation. It may be due 

to the loss of moisture contents in the SSF system due to prolonged incubation 

(Gangadharan et al., 2006). Maximum exo-PG production was achieved at pH 1.318 with 

increase in pH above this optimum, a reduction in enzyme production was observed. 

However, this strain was capable of producing significant enzyme titers over a wide range 

of pH used in the regression model. The optimum condition that was predicted by this 

design suggested the use of pH 3, incubation time of 2.55 days at temperature of 27.18 °C 

using ammonium chloride as nitrogen source to attain the 161.097 U/gds with which 

81.12 % validation would be obtained. The results obtained in this optimization strategy 

are in agreement with previously published literature. 

Goncalves et al. (2012) recently used RSM strategy for the optimization of pectin lyase 

and PG through recombinant strain Penicillium griseoroseum T20. They successfully 

optimized the laboratory scale and fermenter scale production of both enzymes using 

RSM strategy. The regression model for the response surface showed R2 values of 0.4437 

and 0.2984 explaining that the model is only able to explain 44.37 % and 29.84 % of the 

data in spite of the fact that it resulted in significant titers of PL and PG (2883 U/mL and 

5281 U/mL respectively). They finally concluded their study in discussing some 

drawbacks of the RSM modeling. However, they successfully utilized this strategy in 

their optimization studies. At the same time Shankar and Isaiarasu, (2012) also carried out 

the cellulase optimization by using the RSM technique based on central composite 

design. The R2 values of 0.7943 suggested that the models were able to explain the 

variation observed in the experimental results. They reported the 0.5751 IU/mL of 

cellulase production observed by the model. Ustok et al. (2007) also conducted an 

optimization study to gain the maximum yield of polygalacturonase. They found that 

second order polynomial regression model fitted the R2 of 0.9963 which was in excellent 

agreement with predicted and experimental values. Their RSM study under SSF resulted 

in 48% more polygalacturonase activity as compared to the SmF study under individually 
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optimized conditions. Kammoun et al. (2008) reported the production of alpha-amylase 

by Aspergillus oryzae CBS 819.72 optimized by RSM through different experimental 

plans, such as the full factorial, the Box–Wilson and the rotatable central composite 

design. The adjusted model proved significant and the R2 value of 0.957 indicated that 

model was able to explain the 95.7% of the data. The low CV value of 2.22% indicated 

high precision and experimental reproducibility. 

The RSM optimization has proven to be a well-established method to be used in the 

optimization studies during the last decade. It encompasses many drawbacks in that not 

efficient too often in explaining the variability of the model but still successfully helpful 

not only in maximizing the response but also determine the interacting relationship 

between the independent variables. In the current study RSM study resulted in 68% 

(190.21 U/gds) improvement in activity of response variable, when compared to the 

enzyme units gained during optimization under completely randomized design 

(113U/gds), and an overall 131% improvement in activity was achieved when compared 

to enzyme activity of 82 U/gds gained during the initial screening experiments. The 

regression equation obtained during this study indicated R2 value of 0.7616 for exo-

polygalacturonase production which shows a reasonable agreement of fit to the data for 

the quadratic regression model with insignificant lack of adjustment (p-value 0.0558). 

Overall this study demonstrated that P. notatum is very good candidate for the production 

of exo-PG under SSF cultivation, an enzyme with very high commercial importance. 

Using a statistical tool it was possible to point out the interactive effects of incubation 

time and temperature which are of high importance in SSF processes. The optimized 

regions obtained through this technique will give the end user flexibility to decide on the 

ranges to be used depending on the response of interest, whether this might be in the 

enzyme industry, food industry.  
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4.5: Exo-PG gene expression in yeast host system: A case study 

4.5.1: Gene sequence and synthesis 

The gene of pectinase enzyme from Penicillium notatum was found on 

http://www.ncbi.nlm.nih.gov and 

http://fungicyc.broadinstitute.org:1555/PCWC541255/NEW-IMAGE?type=LOCUS-

POSITIONandobject=G53-1206anddetail-level=2andchromosome=NILandshow-

tracks=on from the whole genome sequence (8770 bp) of Penicillium chrysogenum 

Wisconsin 54-1255 (NCBI Accession no. AM920416). The locus tag of this pectinase 

gene in the whole genome on NCBI was Pc22g22930 and blasted 

(http://www.ncbi.nlm.nih.gov/BLAST) against many sequences of PG genes from other 

fungal sources to further confirm its identity and it showed high similarity index 

maximum up to 84% when blasted against Penicillium griseoroseum CCT 

polygalacturonase gene (pgg1) sequence (NCBI Accession number AF085238). It also 

showed 79% similarity with Penicillium digitatum polygalacturonase gene (NCBI 

Accession no. AB015286) and 82% similarity with Penicillium olsonii pg1 gene for 

polygalacturonase with Accession no. AJ243521 on NCBI. However no significant 

similarity was found when blasted against the Penicillium janthinellum DNA for 

polygalacturonase (Accession no. D79980) and Penicillium expansum polygalacturonase 

(pepg1) gene (Accession no. AF047713). 

After identification, the nucleotide sequence (Pc22g22930) with 1278bp coding for the 

exo-polygalacturonase enzyme with 425 amino acid residues was ordered from Eurofins 

MWG operon USA, a gene synthesis company. The gene was ordered (without introns) 

with added restriction enzyme cut sites BamHI and XbaI. The following is the sequence 

of the pectinase gene which was ordered and delivered by the company ligated into the 

pEX-K vector (2507 bp). 

ATGAAGATTTCAAATACCTTGACCCAGGCCTTTGGGCTTTTGTTACCACTCAG

CGCCGCAGTTCAGGCCAAGGAATACTCCCGAAGCGAGGTGTGCCAGCCGAAC

CATCCGTTCAAGCCCCTTCCGGGCAGCCAAGCCAGAACTCGCACCTGTCATGT

AGCTAACCATGGCGATGGCCGCGACGATTCAGCCAATGTTCTTAGCGCATTG

AAGCAATGCAACAATGGAGGAAAGGTCGTCTTCGATGCCGACAAGAAGTATA

CGATTGGGAAGGCACTTGACATGACTTTTTTGAAGCATGTGGACCTCGAAATC

CAAGGACATGTCCAATTTAGCGATGACACGGATTATTGGCAAGAAAATTCAT

TCAAGCAAATCTTCCAAAATGCCACAACATTCTTCCAGATCGGTGGTGAGGAT
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GTCAATGTCTACGGCGAGGGCACCCTGGATGGTAATGGTCAGGTCTGGTATG

ACTTATATGCTGAGGACCCCCTCATCTTGCGCCCAATTCTGGTTGGTATAGTT

GGGCTAAATGGTGGTACCATTGGACCTCTCAACCTTCGTTATTCGCCTCAGTG

GTATCAATTCGTGGCAAACTCATCGAACGTCCTTTTCGACGGAATTGATATCA

GTGGGTACAGTAGCAGTGAGAATGAGGCCAAGAACACCGACGGATGGGACC

TTTATCGTTCAACGAATGTTGTTATCCAAAACTCTGTGATCAACAATGGAGAT

GACTGCGTCTCCTTCAAGCCCAATGTTACCGACATTCTGGTCCAGAACCTCCA

TTGCAACGGCTCGCACGGTATCTCTGTTGGCTCTCTGGGCCAATACCCGGGCG

AGGTTGATATCGTGCAGAACGTGCTCGTGTACAATATTTCCATGTTTAACGCA

TCGGATGGTGCGCGTATCAAGGTTTGGCCTGGAGGTTCCGCTGCGATGTCGAC

CGATCTACAGGGCGGCGGCGGATCAGGTCTGGTAAAGAACATTACTTACGAT

GGCATGACCATTGATAATGTTGACTATGCCATCGAAGTGACCCAGTGCTATGG

CCAGAAGAATTTGACTCTCTGCAACGAGTTCCCTAGCAAACTTGCCATTGAAG

ATATCGTCTTCAAGAATTTCAAGGGCGTCACCTCTGGTAAACGTGACCCTGAT

GTGGGAATGATTGTCTGCTCAAGTCCCGATGTCTGCTCAAATATCAAGGCTAG

TAACATCGACGTTGTTAGCCCCGATGGGGATGATCAGTTCACTTGCACAAATG

TAAGTTTACTTTAA 

4.5.2: Cloning of plasmid DNA into E. coli XL 10 competent cells and its 

transformation into Saccharomyces cerevisiae 

After the gel purification of the Pc22g22930-pEX-K delivered by the company, we 

ligated the 1278bp sequence of exo-polygalacturonase gene (Pc22g22930) with BamHI 

and XbaI digested pYES2 vector (5.2kb) and then cloned the resulting plasmid into the E. 

coli XL10 by thawing the cells on ice. The cells were then grown in LB agar plates in an 

incubator overnight at 37 °C. Successful clones were checked by running 1% agarose gel 

electrophoresis the next day after restriction digestion of the purified plasmid and the 

results are shown in Figure 4.14. Insert-DNA was then successfully transformed into the 

freshly cultured Saccharomyces cerevisiae cells using the method described in chapter 3 

and proliferated on minimal media plate with 100µg/mL ampicillin. Chemicals used in 

these experiments were gifted by zymoresearch.com.  
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Figure 4.14: Agarose gel electrophoresis of successful clones after restriction 

digestion: 1% agarose gel electrophoresis in 1X TAE buffer, run time 30 minutes at 

250Volts. A: 1kb plus DNA ladder; B, C, D: restriction digested plasmid DNA samples 

after cloning in E. coli XL10. 

 

 

Fig. 4.15: pYES2 vector map 
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The expression system of this yeast was driven by the strong GAL1 promoter in pYES2 

vector, which is induced by inexpensive galactose. An important advantage of this system 

is its ability to achieve extremely high cell densities and efficient protein production. 

4.5.3: Gene expression  

We initially tried to express this gene in E. coli BL21 host cell system using pZElac 

vector with IPTG (Isopropyl β-D-1-thiogalactopyranoside) induction but the experiments 

did not  give productive results and no amount of pectinolytic activity was detected in the 

cell lysates. It was then decided to express the fungal pectinolytic gene in a yeast host 

system and Saccharomyces cerevisiae was selected for expression purposes.  

Transformed yeast cells were grown at 30 °C in shake flask fermentation followed by a 

maximum of 48hours cultivation in minimal media without uracil but with ampicillin 

(100µg/mL) at the same temperature after the addition of 2% galactose in order to induce 

the expression of a functionally active enzyme. This yeast was proved to be a good host 

for expression purposes of fungal gene in our experiments as compared to the E. coli 

expression system. The gene was expressed at its maximum level in 24 hours of induction 

and thereafter the induction decreased leading to low enzyme activity. The enzyme titers 

obtained after the gene expression are presented in Table 4.4. Enzyme assay was 

conducted using the DNS method (Miller, 1959) as described earlier and protein was 

checked by following the method of Bradford, (1976) and the enzyme encoded by gene 

was further confirmed by SDS-PAGE experiment (unpurified enzyme). The wild yeast 

and control were also cultured side by side to collect the background noise which showed 

little enzyme activity. While in the engineered strain the activity was at its peak at 24 

hours of fermentation as after exceeding this time it decreased as it is shown in the results 

presented in Table 4.4.  

Table 4.4: Exo-polygalacturonase gene expression results after various times of 

induction 

Samples Protein in mg/mL Enzyme activity U/mL 

Wild yeast 7.27±0.106 1.189±0.072 
Control (0min induction) 1.20±0.049 1.158±0.073 

7 hours induction 5.34±0.148 3.46±0.106 
24 hours induction 7.69±0.275 6.67±0.141 
48 hours induction 4.92±0.106 2.59±0.056 
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Figure 4.16: SDS-PAGE of the exo-PG enzyme expressed in Saccharomyces 

cerevisiae 

A: Control-No induction  

B: 7 hours induction 

C: 24 hours induction 

D: 48 hours induction 

E: Molecular weight marker 10-250 kDa (Fermentas prestained protein ladder) 

From the SDS-PAGE separation analysis of the expressed exo-PG, it seemed that this 

might be a dimeric protein as we observed two strong protein bands after the 

electrophoretic run. As it is clear from lane C (maximum induction) of Figure 4.16, one 

band was observed at 20-25 kDa and another band was observed at 70 kDa. This flow 

was monitored by 10-250 kDa prestained protein ladder. 

The intensity of the bands observed in SDS-PAGE further confirmed that gene expression 

gradually increased with increasing induction time and was at its peak after 24hours of 

induction and later on decreased after exceeding that time. 

Previously many authors have worked on gene expression of pectinolytic enzymes and 

they successfully achieved the high expression levels. Yang et al. (2011) gained 50 U/mL 

of an endo-PG after methanol induction of 72 hours in shake flasks fermentation. Zou et 

al. (2013) homologously overexpressed polygalacturonate lyase (PGL) gene in B. 

                                 Exo-PG 70 kDa 

                              Exo-PG 20-25 kDa 
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subtillus 7-3-3 to increase the gene copies and improve the PGL production. The resulting 

PGL activity was 2138 U/mL at 44 hours which reached approximately 48.58 U 

(mL/hour) in 7.5 L fermentor. Zhang et al. (2013) optimized several regulatory elements 

to achieve secretory production of alkaline polygalacturonate lyase (PGL) and 

successfully attained PGL titer to 313.7 U/mL and by optimizing and applying strong 

promoter P43 and Shine-Dalgarno sequence, higher titer of 446.3 U/mL PGL was 

achieved. 

The present gene expression study was conducted with the aim of improving the activity 

of exo-polygalacturonase by gene overexpression to get higher titers of exo-

polygalacturonase in less time. The results stated above explain that the gene was 

expressed successfully resulting in a total of 4.323 U/mL (by subtracting the background 

noise) in 24 hours of induction but unfortunately we did not end up in getting the 

overexpression of protein and we were not able to make a good comparison with our 

previous studies of fungal enzyme production which provided approximately 15-20 U/mL 

of exo-polygalacturonase through SSF fermentation of wheat bran (Sections 4.3 and 4.4). 

Therefore the gene expression studies were discontinued here and no further studies of 

yeast expressed protein were conducted because of attainment of low expression levels of 

exo-PG protein.  

All the further studies were conducted with Penicillium notatum exo-polygalacturonase 

enzyme produced through SSF fermentation of wheat bran used as substrate. 
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4.6: Purification of Penicillium notatum exo-Polygalacturonase 

 The following purification protocols were used to purify the crude enzyme extract. 

 Ammonium sulphate precipitation 

 DEAE-Cellulose anion-exchange chromatography 

 Sephadex-G75 gel-filtration chromatography 

4.6.1: Concentration of enzyme extract 

Ammonium sulphate precipitation technique was used to partially purify the crude 

enzyme extract. The maximum exo-PG activity was detected in residues at 80% 

saturation level and the supernatant obtained was totally free from enzyme activity. The 

pellets of residues obtained after centrifugation were dissolved in minimum amount of 

phosphate buffer (50mM pH-7) and subjected to overnight dialysis against 25mM 

phosphate buffer at 4 °C to remove the salts. Total recovery of the enzyme after this 

purification step was 19.63% and 1.72 fold purification was achieved with specific 

activity of 15.59 U/mg. 

4.6.2: DEAE-Cellulose anion-exchange chromatography 

Partially purified enzyme obtained after ammonium sulphate precipitation was further 

purified by DEAE-cellulose column chromatography. Precipitated enzyme sample was 

loaded on the column and eluted using a linear gradient of NaCl (0.5 M to 2.5M). The 

elution was carried out at a flow rate of 1mL/minute and a total of 63 fractions were 

collected. Each fraction was subjected to enzyme (Miller, 1959) and protein assay 

(Bradford, 1976). In this step of chromatography, exo-PG was eluted with NaCl in 

concentrations  of approximately 0.5-1.5 M. Enzyme activity was detected in the fraction 

numbers 8-23 eluted with 0.5 to 1M NaCl while fraction numbers 30-38 eluted with 1.5M 

NaCl also showed activity which might possibly be another isoform of the exo-PG 

(Figure 4.11) as Pedrolli and Carmona (2010) have stated previously that fungi usually 

produce a set of pectinolytic enzymes, including two or more PG isoforms. Exo-PG 

active fractions were pooled, dialyzed, lyophilized and used for further purification. The 

total recovered enzyme after this step of purification was 2.94% with 2.07 fold 

purification with specific activity of 18.73 U/mg. 
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Fig.4.17: Anion-exchange chromatogram for the purification of exo-PG from 

Penicillium notatum: using a linear gradient of NaCl (0.5 to 2.5M). 

4.6.3: Gel-filtration chromatography 

Partially purified exo-PG obtained after DEAE-cellulose chromatography was then 

subjected to Sephadex G-75 column chromatography. The enzyme loaded column was 

eluted with phosphate buffer pH-7 at flow rate of 1mL/min. A total of 64 fractions were 

collected. Each fraction was subjected to enzyme and protein assay by using the method 

described earlier. In this experiment, again two peaks of exo-PG were observed as it is 

clear from the gel-filtration elution profile-Figure 4.18 which further confirmed that P. 

notatum produced different isoforms of exo-PG. One form of exo-PG (most probably 

produced in greater amount by Penicillium notatum) referred to as exo-PGI, was active in 

fraction numbers 7-26 with high molecular weight and the other isoform, exo-PGII  

(might be produced in lower amounts by Penicillium notatum), was active in fraction 

numbers 30-34 that had low molecular weight. Enzyme active fractions were pooled, 

lyophilized and subjected to SDS-PAGE analysis for homogeneity level. After this step of 

purification, specific activity increased up to 27.79 U/mg with 3.07 fold purification level. 

The final amount of total protein left after gel-filtration was 0.43mg with a total of 12 

units of exo-PG.  

The 3-step purification procedure of exo-PG from P. notatum resulted in an increase in 

specific activity of 3.07-fold with a 2.51% final recovery (Table 4.3). Specific activity of 

the enzyme was affected by the protein content, through ion exchange chromatography of 
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the unwanted protein could be eluted with buffer and made the wanted protein purer. 

Therefore, the lower specific activity of exo-PG might be caused by that step. 

 

Fig.4.18: Gel-filtration chromatogram for the purification of exo-PG from 

Penicillium notatum on Sephadex G-75 column eluted with phosphate buffer (pH 7).   

Table 4.5: Summary of the purification of exo-Polygalacturonase from Penicillium 

notatum 

Purification 
steps 

Total 
Units (U) 

Total protein 
595nm (mg) 

Specific 
Activity 
(U/mg) 

Purification 
factor 

% 
Recovery 

Crude 1431.31 158.43 9.03 1 100
Partial 
Purification 908.88 58.28 15.59 1.72 19.63
Anion-
exchange 22.44 1.19 18.73 2.07 2.94

Gel-filtration 12.00 0.43 27.79 3.07 2.51
 

Many studies of the purification of pectinases had been investigated previously. Borin et 

al. (1996) purified an extracellular endo-polygalacturonase from Penicillium frequentans 

using gel-filtration with 4.18 folds purification and 20.59% yield with specific activity of 

58.04 U/mg. Celestino et al. (2006) employed ultrafiltration, gel-filtration and ion-

exchange chromatography techniques for the purification of pectinase from 

Acrophialophora nainiana and achieved final recovery of 60.62% with 9.37 folds. Damak 

et al. (2011) worked on the purification of a pectate lyase from a hyper mutant strain of P. 
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occitanis and single step of purification using anion exchange column resulted in a total 

specific activity of 194.3 U/mg with 35% yield and 71-folds purification. Kant et al. 

(2013) gained 1.68-folds purification of a polygalacturonase from Aspergillus niger, 

using ethanol precipitation and a final gain in specific activity was achieved at 54.3 U/mg 

level with 6.52-folds purification using Sephacryl S-200 gel-filtration chromatography. 

Most of the methods for purifying fungal and bacterial PGs that have been published to 

date are associated with undesirable enzyme losses during the purification process, with 

the recovery level being, in most cases,<50% (Barense et al., 2001; Esquivel and Voget, 

2004; Kobayashi et al., 2001; Saito et al., 2004; Semenova et al., 2003) and, 

occasionally,<1% (Cabanne and Doneche, 2002; Niture and Pant, 2004) depending upon 

the properties of the enzyme. These considerable enzyme losses are mainly caused by the 

relatively high number of steps required in the purification process which, in turn, also 

increase the cost of the purification process. Consequently, many purification processes 

are economically unattractive for application on an industrial scale. 

4.6.4: Molecular weight of exo-PG: SDS-PAGE 

Purified exo-PG active fractions were subjected to SDS-PAGE analysis to check the 

homogeneity level. Two protein bands were observed on 12 % polyacrylamide gel as it is 

clear from figure 4.19 below confirming our previous observations that there are different 

isoforms/subunits of the exo-PG produced by P. notatum. Molecular weight 

determination was carried out by comparing the value of band with standard protein 

marker (Fermentas prestained ladder 10-250 kDa). The molecular weight of exo-PGII 

was found to be 20 kDa while the other isoform showed a molecular weight of 85 kDa 

(Fig.4.19). 
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Fig.4.19: SDS-PAGE of the purified Penicillium notatum exo-PG: Lane A: Crude 

enzyme mixture after ammonium sulphate precipitation, Lane B: Enzyme after 3 steps of 

purification, Lane C: Molecular weight marker (Fermentas prestained ladder) 10-250 

kDa. 

Molecular weight of pectinolytic enzymes is diverse and depends on the nature and 

source of the enzyme. Various authors have biochemically characterized the different 

types of pectinase from other species of Penicillium i.e., Damak et al. (2011) reported 39 

kDa molecular weight of pectin lyase from Penicillium occitanis, Borin et al. (1996) 

reported 20 kDa of endo-polyglacturonase from Penicillium frequentans and Banu et al. 

(2010) reported 31 kDa of a pectinase from Penicillium chrysogenum. Various pectinases 

from a variety of other species have also been biochemically characterized i.e., Kashyap 

et al. (2000) reported a molecular weight of 106 kDa of a Bacillus sp. DT7 pectinase. Kar 

and Ray, (2011) reported 63 kDa of a thermostable exo-PG from Streptomyces erumpens. 

31 kDa of pectin lyase from Rhizopus oryzae (Hamday, 2005), 42 kDa of PG from 

Aspergillus carbonarius (Nakkeeran et al., 2011), 30.6 kDa of PG II from Fusarium 

moniliforme (Niture and Pant, 2004), 69.7 kDa of PG from Aspergillus giganteus 

(Pedrolli and Carmona, 2010), 37.3±4.8 kDa of PL from Bacillus pumilus (Klug-Santner 

et al., 2006), polygalacturonase heterodimer with molecular weight of 34 and 69 kDa 

subunit from Aspergillus niger (Kant et al., 2013) and 39.5 kDa of PG I and 38 kDa of 

                                   Exo-PGII  

                                        Exo-PGI 
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PG II from Sclerotium rolfsii (Schnitzhofer et al., 2007) have also been reported 

previously. 

The strategy used for the purification of exo-PG from P. notatum in this step of research 

work was quite successful and the enzyme was purified up to homogeneity level. Two 

isoforms of purified Penicillium notatum exo-PG were observed on SDS-PAGE with one 

isoform, exo-PGII, showing a molecular weight of 20 kDa and other isoform, exo-PGI 

showing a molecular weight of 85 kDa. The broadness of the peaks of exo-PGI observed 

in the chromatograms may be an indication of the presence of different other isoforms of 

this enzyme which may have different structural density but the same molecular weight. 

According to the amount of protein eluted through purification columns as well as the 

strength of bands obtained in SDS-PAGE, it was concluded that the exo-PGI isoform is 

more commonly produced by Penicillium notatum fungal strain while the exo-PGII was 

produced in lesser amounts. However because of the lower production and as well as 

lower recovery of exo-PG obtained in the purification steps, the rest of the study was 

conducted with 2-step purified (ammonium sulphate precipitation and anion exchange 

chromatography) exo-PGI enzyme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                             Results & Discussion 

93 
 

4.7: Characterization of exo-PGI 

4.7.1: Effect of pH on enzyme activity and stability 

Pectinases are divided into acidic or alkaline enzymes. Acidic pectinases mostly come 

from fungal and yeast source, while alkaline pectinases come mostly from bacterial 

sources. This exo-PGI isolated from Penicillium notatum worked efficiently in the acidic 

pH range. The range for the effect of pH on the activity of exo-PGI used was 2.5 to 10 

with the optimum being observed at pH 6.0. However this enzyme also showed a very 

good activity profile at pH 4.5, 5.0 and 5.5. These are the most common pH optima 

reported in the case of polygalacturonases. The pH stability of purified exo-PGI from 

Penicillium notatum was tested by 24 hours pre-incubation of the purified enzyme in 

appropriate buffers at different pH values ranging from 3 to 10. The purified enzyme was 

stable in the acidic pH range. The change in pH affects the ionization of essential active 

site amino acid residues, which are involved in substrate binding and catalysis, i.e., the 

breakdown of substrate into products. Ionization of these residues may cause distortion of 

the active site cleft and hence indirectly affect the enzyme activity. Pectinases which are 

active and stable in acidic media have great potential for the food industry and therefore 

are very attractive. The results about pH optimum and stability in this investigation are in 

100% agreement with others reported previously. Borin et al. (1996) reported the 

optimum pH of endo-PGI in a range between 4.0-4.7 from Penicillium frequentans, and at 

pHs above 6.0 the P. frequentans enzyme was inactive. Gomes et al. (2009) reported best 

working pH of 5.0 for exo-polygalacturonase from Penicillium viridicatum. Gomes et al. 

(2011) reported that pH optimum for polygalacturonase from Aspergillus niger was found 

to be 5.5. Their pH stability results revealed that this enzyme showed higher stability at 

pH 5 with half-life of 173 hours. Gadre et al. (2003) reported that an endo-PG from 

Mucor flavus was optimally active between pH 3.5 and 5.5. Kant et al. (2013) reported 

pH optima of 4.8 of a PG from Aspergillus niger and the pH stability profile showed 

stability at pH range of 4.0 to 5.5 for 1hour. Rhizomucor pusillus polygalacturonase was 

optimally active at pH 5 and showed good stability at pH conditions between 4.0-5.0 

(Siddiqui et al., 2012). Banu et al. (2010) stated that activity of pectinase from P. 

chrysogenum was optimum at pH 6.5. Dinu et al. (2007) reported pH optimum of 4.6 and 

4.2-4.4 for polygalacturonase and pectin methyl esterase from Aspergillus niger 

respectively. 
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Fig.4.20:  Effect of pH on the activity of exo-PGI from P. notatum. Incubation 

temperature for the experiment was 40 °C, time 30 min. Data presented are average 

values ±SD of n = 3 experiments. 

 

 

Fig. 4.21: pH stability profile of exo-PGI from Penicillium notatum. For the activity 

assay temperature was 40 °C, time 30 min. and data presented are average values ±SD of 

n = 3 experiments. 
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4.7.2: Temperature optima and thermodynamics of substrate hydrolysis 

Among the PGs obtained from different fungal sources, most have optimal temperature 

range of 40–60 ºC. The purified exo-PGI isolated from P. notatum was optimally active at 

50 °C, pH 5.5. A significant loss of activity of this enzyme was observed at temperatures 

greater than 50 °C which is due to lower stability of enzyme at higher temperatures. 

Similar results have been shown previously for fungal polygalacturonases. An Aspergillus 

giganteous purified PG showed maximum activity between 55 and 60 °C (Pedrolli and 

Carmona, 2010). An exo-polygalacturonase from Penicillium viridicatum showed 

temperature optima over 50-55 °C (Gomes et al., 2009). Aspergillus niger 

polygalacturonase showed higher stability at 55 °C (Gomes et al., 2011). Maximum 

activity of polygalacturonases was observed at 60 ºC for enzyme from Monascus sp. and 

50 ºC for that produced by Aspergillus sp. (Freitas et al., 2006). Schnitzhofer et al. (2007) 

reported 2 pectinases from Sclerotium rolfsii and found that PG 1 was optimally active at 

60 ºC while PG 2 had maximum activity at 55 ºC. 

  

 

Fig. 4.22: Effect of temperature on the activity of exo-PGI from Penicillium notatum. 

pH of the experiment was adjusted to 5.5. Data presented are average values ±SD of n = 3 

experiments. 

The minimum amount of energy (Ea) required for conversion of the enzyme-substrate 

complex into the products was found to be 40.40 kJ/mole. The thermodynamic 

parameters i.e., enthalpy of activation (∆H#), free energy of activation (∆G#) and entropy 
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of activation (∆S#) for the hydrolysis of substrate were estimated to be 37.71 kJ/mole, 

91.28 kJ/mole and -0.165 J/mole/K respectively. These thermodynamic parameters 

provide an idea about the functionality of the enzyme towards its substrate and the values 

obtained for this exo-PGI functionality showed that a sufficient amount of energy is 

required by P. notatum exo-PGI to catalyze the reaction. The value of enthalpy (∆H#) 

indicates that fruitful collisions taking place in the enzyme catalyzed reaction gained 

37.71 kJ/mole of energy for the formation of transition state complex to convert the 

substrate into the products. This enthalpy value also shows that the efficiency of the 

enzyme for the formation of transition state complex between enzyme and substrate is an 

energy dependent process. Gibbs free energy of 91.28 kJ/mole also indicated that 

conversion of the transition state complex into the products is not a spontaneous process 

but is energy demanding and the entropy of activation showed that transition state 

complex formed during the biocatalysis had less disorder. The free energy changes for the 

activation of the substrate binding (∆G#
E–S) and free energy changes for the formation of 

the activation complex (∆G#
E–T) of the exo-PGI were determined as 7.54 kJ mol−1 and 

8.52 kJ mol−1 respectively. Temperature quotient (Q10) for this enzyme was 2.75. 

Maisuria and Nerurkar, (2012) conducted a detailed study on the thermodynamics of 

pectate lyase from Pectobacterium carotovorum subsp. carotovorum BR1. 

Thermodynamic parameters for the hydrolysis of two different substrates of this enzyme 

were quite interesting and indicated good efficiency of the enzyme for the hydrolysis of 

substrates. The ∆H#, ∆S# and ∆G# of PL for polygalacturonic acid hydrolysis were 0.098 

kJ mol−1, -193.73 J mol−1 K and 58.8 kJ mol−1 respectively, while for 70% DE pectin 

hydrolysis these values were 0.098 kJ mol−1, -191.97 J mol−1 K and 58.267 kJ mol−1 

respectively. 
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Fig.4.23: Arrhenious plot for the determination of energy of activation for substrate 

hydrolysis. 

4.7.3: Kinetic parameters of exo-PGI 

The km indicates the concentration of substrate to fill half the active sites of an enzyme. It 

is also a measure of strength of the enzyme-substrate (ES) complex. A high km value 

indicates weak binding and vice versa. In this investigation, using the Lineweaver-Burk 

plot, the kinetics of purified exo-PGI from P. notatum was calculated in terms of Vmax and 

km. 

The Vmax and km of the purified exo-PGI were found to be 20 µmoles/mL/min and 16.6 

mg/mL respectively at 40 °C, pH 5.5 whereas the kcat and second order rate constant 

(kcat/km) were found to be 14.45/min and 0.870 respectively. Michaelis-Menten 

parameters reported for the pectinolytic enzymes are different and depend on the source 

of enzyme and the reaction being catalyzed. Schnitzhofer et al. (2007) reported a Vmax of 

0.0041mPa and a km of 5.77 g/l for PG 1 from Sclerotium rolfsii, while PG 2 from the 

same species showed a Vmax of 0.0129mPa and a km of 11.55 g/l. Rashmi et al. (2008) 

reported a km and Vmax values of 0.178 g/dl and 11.62 IU/mg protein of an extracellular 

pectinase from Aspergillus niger. Klug-Santner et al. (2006) reported a km of 0.24 g l−1 

and a Vmax of 0.72 g l−1 min−1 of a pectate lyase from Bacillus pumilus using 

polygalacturonic acid as substrate. Pedrolli and Carmona, (2010) reported a Vmax of 669.6 

and 602.8 µmol mg-1 min-1 and a km of 3.25 and 1.16 mg ml-1 for exo-polygalacturonase 
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from Aspergillus giganteus with citrus pectin and polygalacturonic acid as substrates, 

respectively. 

 

Fig 4.24: Lineweaver-Burk plot for the determination of kinetic parameters (Vmax, 

km) for the pectin hydrolysis at 40 °C, pH 5.5 by Penicillium notatum exo-PGI. Data 

presented here represents average values ±SD of n = 3 experiments. 

4.7.4: Thermal stability kinetics 

Thermal stability of enzymes is very important and interesting from industrial point of 

view and thermostable enzymes have considerable potential for many industrial 

applications. Some specific applications in industry are mostly carried out at high 

temperatures in order to reduce microbial contaminations, accelerate the reaction rate and 

improve the final yield of the product. Therefore there is some emphasis on the 

interpretation and explanation of thermal deactivation mechanisms and development of 

some strategies for the enhanced stabilities of enzymes (Ortega et al., 2004; Asther and 

Meunier, 1990). Thermal stability is the ability of the enzyme to resist thermal unfolding 

in the absence of substrate while thermophilicity is the potential of enzymes to resist 

thermal unfolding in the presence of substrate (Riaz et al., 2007; Bhatti et al., 2006).  

The rate of irreversible thermal denaturation was determined at 50, 55, 60, 65, 70, 75 and 

80 °C. Exo-PGI from Penicillium notatum was blanched at different temperatures (55 – 

80 °C) for different time intervals and first order plots were applied to determine the 

extent of thermal inactivation (Fig. 4.25). In order to determine the thermodynamic 

parameters for irreversible thermal stability, the energy of activation for thermal 
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denaturation was determined by applying Arrhenius plot (Fig. 4.26). The kinetic and 

thermodynamic parameters for thermostability of Penicillium notatum exo-PGI were 

calculated by rearranging the Eyring absolute rate equation derived from transition state 

theory (Eyring and Stearn, 1939) as described previously (Bhatti et al., 2006). 

It is clear from the Figure 4.25 that inactivation curves of the exo-PGI from P. notatum  

do not follow a linear trend but rather a biphasic nature is evident which indicates that 

enzyme deactivation was not following simple pseudo-first order kinetics that are 

commonly observed  in the enzyme inactivation. Multi-fraction deactivation kinetics have 

been reported for other pectic enzymes as Maisuria and Nerurkar, (2012)  reported that 

pectate lyase from Pectobacterium carotovorum subsp. carotovorum BR1showed the 

multi-fraction deactivation kinetics. The authors fitted the non-linear regression equation 

of multi-fraction inactivation kinetics to the pectate lyase inactivation curves at 50 °C and 

60 °C with R2 of 0.993 and 0.988 respectively. This multi-fraction behavior of the 

enzyme might be due to the two groups of thermostable and thermo-labile subunits or iso-

enzymes or due to formation of enzyme aggregates during thermal-inactivation, as 

observed by (Nath et al., 1996; Eze et al., 2010). 

In the present investigation non-linear biphasic behavior was shown by exo-PGI from P. 

notatum, evident from the deactivation curves and the different slopes exhibited at shorter 

and longer incubation times. The biphasic first order deactivation model was fitted to the 

inactivation results obtained for exo-PGI from nonlinear curves for temperatures of 55 °C 

to 80 °C. In general, the plots show a rapid reduction in activity during the first 10 

minutes of blanching. For longer heating times (20 minutes and above) there is a 

pronounced change in slope and another linear reduction in activity but in smaller 

amounts, when the residual activity apparently tends to stabilize. This biphasic 

deactivation trend is also known as two-fraction deactivation kinetic and indicated that 

there might be different subunits of the this enzyme with different thermostability, one 

isoform is labile form and is deactivated rapidly and other isoform is more resistant form 

which cannot be inactivated rapidly. To determine the denaturation constant values kL for 

the labile form, the short heating period was fixed to include the first 10 min. To calculate 

the kR values, a time of 20 minutes was established as the beginning of the long heating 

periods. Two phases of exo-PGI deactivation at higher rates were designated as Phase-I 

and Phase-II. 

The temperature dependence of the inactivation rate constant (k) is explained with the 

concept of activation energy. The rate constants k1 and k2 for the first and second phase 
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respectively, calculated from the slopes of plots of Ln% residual activity against time, 

increased logarithmically with temperature. The activation energy for thermal 

denaturation, Ea, were obtained from the slopes of Lnk1 and Lnk2 plotted against the 

inverse of absolute temperature (Figure 4.26), using the Arrhenius equation. For the first 

phase of inactivation, larger values of Ea (51.66 kJ/mole) were obtained while for the 

phase-II energy of activation for the thermal inactivation was calculated to be 44.06 

kJ/mole. A larger value of Ea indicates that more energy is required to inactivate the 

enzyme and the process of inactivation is strongly temperature dependent and thus at 

lower temperatures, rate becomes insignificant. Our results are in agreement with (Eze et 

al., 2010; Morales-Blancas et al., 2002). Maisuria and Nerurkar, (2012) reported 3-

fraction inactivation model for the denaturation of pectate lyase and Ea for thermal 

denaturation for phase-I, phase-II and phase-III was found to be 95.94 kJ mol−1, 97.05 kJ 

mol−1 and 143.81 kJ mol−1 respectively. 

 

Fig.4.25: Biphasic-First order thermal inactivation curves of exo-PGI from P. 

notatum at various temperatures. The enzyme solution was incubated at various 

temperatures (55 – 80 °C). For the activity assay the temperature was 40 °C, pH 5.5. Data 

presented here are average values ±SD of n = 3 experiments. 
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Fig.4.26: Arrhenious plot for the determination of Ea for irreversible thermal 

deactivation (Ea) of Penicillium notatum exo-PGI phase-I and phase-II. 

The estimated rate constants for the inactivation of exo-PGI provided values for the 

enzyme half-life (t1/2) in minutes and are summarized in Tables 4.6 and 4.7.  It is assumed 

that t1/2 values are additive (Busto et al., 1999) and therefore t1/2 values for Penicillium 

notatum exo-PG can be calculated by combined t1/2 values for phase I and phase II. The 

time required for half the original enzyme activity (t1/2 values) for the labile phase for 

exo-PGI were 6.83, 5.77, 3.32, 2.65, 2.55 and 2.39 min. at 55, 60, 65, 70, 75 and 80 °C, 

respectively. This rapid loss of activity is due to the inactivation of the labile isoform of 

the enzyme. The remaining half of the enzyme activities was inactivated more slowly. 

This second slow phase was observed from the inactivation of the more resistant form of 

the exo-PGI which indicates that the phase-II form of the exo-PGI was more heat stable 

as compared to the phase-I form of the enzyme. Conformationally intact proteins at 

higher temperatures show slower denaturation. This slower inactivation due to 

complexity in protein structure and determines the upper temperature limit for enzyme 

activity (Daniel, 1996).  

The rate-limiting step for the irreversible heat-inactivation of enzymes is the formation of 

an unfolded enzyme (U) state at moderate temperatures, describing irreversible 

inactivation as a two stage reaction: 

N⇔U→I (and N→I overall) 
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where N is the native conformation for exo-PGI, U is the heat induced unfolded enzyme 

and I is the irreversible inactivated exo-PG. The results described in Tables 4.6, 4.7 and 

Fig.4.26 show thermodynamic parameters associated with the formation of a transition 

state (Tn*) according to the following relation 

N↔Tn∗↔U 

Thus, ∆H* and ∆S* are the enthalpy and entropy change respectively for the N→Tn* 

transition. 

The thermodynamic study of enzymes at higher temperatures is very important for 

understanding the structure function relationships. ∆H* and ∆S* are two important 

parameters which are related to structure-function of enzymes and the numerical values of 

these two parameters are determined by structure and solvent effects (Gummadi, 2003). 

Enthalpy provides a measure of the number of non-covalent bonds broken and entropy 

measures the net enzyme and/or solvent disorder change associated with N→Tn* 

transition. There are various stabilizing forces which participate in the stable 

conformation of the enzymes such as covalent disulfide bonds, hydrogen bonds, 

electrostatic forces of ion pairs, van der Waals and hydrophobic interactions.  

It is generally assumed that at higher temperatures the hydrogen bonding present in the 

water molecules is responsible for the disruption of the intermolecular hydrogen bonding 

of the enzyme which participate in the stability of the enzyme. Due to this solvent effect, 

hydrogen bonds of enzymes sharing its part in the conformational stability of enzyme 

make hydrogen bond with water molecule and as a result the internal forces of the 

enzyme become weaker leading to reduced thermal stability at higher temperatures 

(Ortega et al., 2004; Gummadi, 2003). Ortega and coworkers stated in their article 

published in 2004 that the formation of the Tn* state in polygalacturonase is accompanied 

by the disruption of up to 30 non-covalent bonds.  

The free energy, (ΔG*), enthalpy, (ΔH*), and entropy (ΔS*) of thermal inactivation at each 

temperature were calculated using equations described in chapter no. 3. 

For the phase-I ∆H* at 55 °C is 48.93 kJ/mole and at 80 °C 48.72 kJ/mole which indicates 

labile nature of phase-I form of the exo-PGI and a decrease observed in the value of 

entropy ∆S* (Tables 4.6 and 4.7) with rise in temperature is due to the aggregation and 

compaction of the partially unfolded enzyme molecules at higher temperatures which 

predominates during the exposure of proteins at higher temperatures (Owusu et al., 1992; 

Ortega et al., 2004). In the phase-II form of the exo-PGI (Table 4.7) the value of ∆H* at 

55 °C is 41.39 kJ/mole and at 80 °C 41.19 kJ/mole. These enthalpy values are lower than 
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phase-I indicating the resistant and robust nature of phase-II of the enzyme. 15.40% 

decrease in the value of enthalpy of deactivation (∆H*) was observed at 55 °C and 

15.45% decrease was observed at 80 °C when the phase-II form of the exo-PGI was 

compared with phase-I form of exo-PGI. These results further confirm the robust and 

resistant nature of the phase-II of the enzyme and labile nature of the phase-I of exo-PGI. 

The large activation enthalpy values are characteristic of protein denaturation reactions 

(Ortega et al., 2004). 

An increase in gibbs free energy of thermal inactivation (∆G*) with rise in temperature is 

due to the resistance against thermal unfolding because of the intrinsic contribution of the 

polypeptide chains of enzyme molecules. There are various factors which contribute in 

the ability of enzyme to resist against thermal unfolding i.e., hydrophobicity, hydrogen 

bonds and ionic stabilizations. In phase-I of the exo-PGI inactivation the value of ∆G* 

increased up to 4.69% (97.99 to 102.59 kJ/mole) while in phase-II of the enzyme an 

increase of 4.93% (104.06 to 109.20 kJ/mole) was observed. Overall an increase of 6.19% 

was observed at 50 °C and 6.44% increase was observed at 80 °C when phase-II form of 

the enzyme was compared with phase-I form further confirming the heat stable nature of 

phase-II of enzyme resisting against thermal denaturation at higher temperatures. D-

values indicate the duration of heat treatment at a given temperature required to reduce 

enzyme activity by 10% of original value. 

There is a correlation between the stability, structural density and hydrophobicity of 

protein molecule (Ahmad et al., 1998; Dixit et al., 2004), more complex will be the 

structure more stable will be the enzyme (Daniel, 1996). Lower conformational stability 

of the exo-PGI enzyme observed in phase-I might be due to less complexity in bulk 

structural density and/or smaller hydrophobic core in the native protein resulting in 

reduced stability at higher temperatures while other isoform of exo-PGI i.e., phase II 

which is resistant towards denaturation at higher temperatures might have more 

complexity and density in its bulk structure to tolerate the higher temperatures and/or 

might have higher number of hydrophobic amino acid residues in the center of the protein 

as compared to the hydrophilic amino acids. It may also be possible that Penicillium 

notatum exo-PGI might have became aggregated and/or compacted (Eze et al., 2010) due 

to longer heating at temperatures above optimum which might be responsible for the 

biphasic deactivation kinetics of this enzyme. 

Multifraction inactivation kinetics have previously been observed by a number of authors 

in the case of pectinases because a lot of micro-organisms especially fungi produce a set 
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of pectinolytic enzymes including two or more isoforms. Maisuria and Nerurkar, (2012) 

studied the thermostability characteristics of pectate lyase (PL) from Pectobacterium 

carotovorum subsp. carotovorum BR1. They fitted the nonlinear inactivation curves of 

pectin lyase (PL) at 50 and 60 °C to a three fraction first order model and the t1/2 value of 

PL in phase-III at 50 °C was 119 fold greater, whereas at 60 °C the value was 25 fold 

higher than combined values of phase-I and -II. 

Ortega et al. (2004) studied the thermal behavior of 3 commercial pectinases for 

application in juice industry. Thermal inactivation curves of all 3-commercial pectinases 

followed biphasic deactivation kinetics. The half-life values suggested that Pectinase-PG 

had higher thermal stability with highest t1/2 of 61.78/min, ∆G* of 104-105 kJ/mole and 

lowest ∆H*of 73.9 kJ/mole shown by phase-II of pectinase CCM. 

Eze et al. (2010) studied the inactivation kinetics of peroxidase, polyphenol oxidase and 

lipoxygenase from white yam. Denaturation study was resolved by using first order 

biphasic inactivation model in terms of enthalpy, entropy and gibbs free energy. They 

described the observed nonlinearity of curves due to the presence of number of isoforms 

of enzymes and further explained that this biphasic deactivation is a multistep process 

involving stable intermediates, or involving the formation of thermostable aggregates. 

They further elaborated the step wise inactivation kinetics could be due to the recovery 

and regeneration of activity or be due to micro heterogeneity of covalently bound 

oligosaccharide residues at molecular levels or follows the series types of inactivation 

kinetics. 

The study of enzyme deactivation kinetics is of prime importance as we can have better 

control over biocatalytic process. The study of structure-activity relationship of enzyme 

through thermodynamics point of view is very helpful. These thermodynamic studies 

contribute to better facilitate the application of enzymes. 
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Table 4.6: Thermodynamic parameters for the irreversible thermal denaturation of 

exo-PGI from P. notatum-Phase 1 

Temp.(K) kd/min. t1/2 min. ∆H* (kJ/mole) ∆G* (kJ/mole) ∆S*(J/mole/K) D-value 

328 0.1014 6.83 48.93 97.99 -149.56 22.71 

333 0.1201 5.77 48.89 99.07 -150.68 19.17 

338 0.2082 3.32 48.84 99.04 -148.49 11.06 

343 0.2609 2.65 48.80 99.89 -148.92 8.82 

348 0.2717 2.55 48.76 101.28 -150.90 8.47 

353 0.2899 2.39 48.72 102.59 -152.59 7.94 

 

Table 4.7: Thermodynamic parameters for the irreversible thermal denaturation of 

exo-PGI from P. notatum-Phase 2 

Temp.(K) kd/min. t1/2 (min.) ∆H* (kJ/mole) ∆G* (kJ/mole) ∆S* (J/mole/K) D-values 

328 0.0109 63.57 41.39 104.06 -191.04 211.28 

333 0.024 28.87 41.35 103.51 -186.64 95.95 

338 0.0135 51.33 41.31 106.73 -193.53 170.59 

343 0.0241 28.75 41.27 106.70 -190.74 95.56 

348 0.0236 29.36 41.23 108.36 -192.88 97.58 

353 0.0305 22.72 41.19 109.20 -192.66 75.50 

 

4.7.5: Effect of metal ions on the activity of exo-PGI 

Some metal ions are known to have an effect on enzyme activity. The effects of each 

mineral on purified exo-PGI activity from Penicillium notatum are shown in Table 4.8. 

From the table it is clear that Mn2+ stimulated the exo-PGI activity, whereas Hg2+ had 

inhibitory effect. The stimulatory effect of Mn2+ is in agreement with our previous 

investigation in production optimization step of this research work (Section 4.3). From 

CRD results, it was known that MnSO4.H2O enhanced the pectinase production up to a 

great extent and from metal ion effect Mn2+ enhanced the enzyme activity significantly 

leading us to a statement that Mn2+ metal ion might be a possible cofactor of exo-PGI and 

this statement is in agreement with (Maisuria and Nerurkar, 2012). Mn2+ might be present 

in the active site of this enzyme via non-covalent association with carboxylic acid amino 
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acid residues. Our this statement will get more stronger in coming pages where we have 

described the effect of EDTA on enzyme activity which reduced the activity of enzyme 

significantly by chelating this possible metal cofactor necessary for proper enzyme 

function. 

Co2+ also stimulated the activity of exo-PGI in addition to Mn2+ and Exo-PGI was 

resistant to most metal ions studied in this work. Our results are in agreement with 

Pedrolli and Carmona (2010) who studied the effect of MnSO4, CoCl2, ZnSO4, BaCl2, 

Pb(CH3COO)2 and CuCl2 on the activity of exo-PG from Aspergillus giganteous. In their 

investigation Mn2+ significantly enhanced the activity of exo-PG up to 132% at 5mM 

level with Co2+ as runner up with activity enhancements up to119% at 5mM level taking 

control (no ion) as 100%. On the other hand exo-PG showed resistance towards Pb2+
, Ba2+ 

and Zn2+ with relative activities of 87.5%, 86.3% and 88.5% respectively. Cu2+ reduced 

the activity of enzyme by 48.2%. Kobayashi et al. (2001a) studied effects of various 

metal ions on the enzyme activity by adding 0.4 mM each to the reaction mixture. Mg2+, 

Mn2+, Fe2+, Pd2+, Ca2+ Fe3+, and Sr2+ ions stimulated the enzyme activity to 160%, 136%, 

131%, 130%, 118%, 116% and 115% respectively, when the activity without metal ion 

was taken as 100%. On the other hand, Zn2+, Cu2+ and Ni2+ ions inhibited the enzyme 

activity by 94%, 69% and 28% respectively. 

Table 4.8: Effect of various metal cations on the activity of exo-PGI from P. 

notatum* 

Metal 
cations 

Concentration 
(mM) 

Relative 
activity (%) 

Control  
(no ion) - 100 

Co2+ 1 111±1.0 
Mn2+ 1 126±4.8 
Cr3+ 1 64±1.7 
Mg2+ 1 66±5.4 
Pb2+ 1 75±2.0 
Sr2+ 1 88±2.6 
Al3+ 1 68±4.2 
Cu2+ 1 73±6.5 
Cd2+ 1 70±4.9 
Zn2+ 1 64±2.6 
Ca2+ 1 61±0.2 
Hg2+ 1 50±3.1 
Ni2+ 1 74±6.3 
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*The enzyme was incubated with 1mM metal solutions. Control was incubated with 

deionized water. For the activity assay the pH and temperature were 5.5 and 40 °C 

respectively. Data presented here represent an average ±SD of n = 3 experiments. 

4.7.6: Effect of various chemical agents on the activity of exo-PGI 

The effect of various other chemical additives like tween-80, triton X-100, SDS, citric 

acid and EDTA on the activity of exo-PGI was evaluated. 1% solution of each chemical 

was prepared and 100µl was used for enzyme assay.  

From the results it is clear that EDTA reduced the activity of the enzyme up to a great 

extent and the enzyme reached 44% of its initial activity in the presence of EDTA, 

confirming that this exo-PGI from P. notatum may require a metal ion to exhibit its 

catalytic activity efficiently, which is most probably the Mn2+ metal ion (discussed in the 

previous section). SDS, the absolute denaturant of proteins, reduced the activity of the 

enzyme by up to 55%. Triton X-100 enhanced the activity by up to 114% and enzyme 

showed stability towards tween-80 and citric acid with 91% and 89% of relative activities 

respectively. 

Similarly Damak et al. (2011) also reported that EDTA is potential inhibitor of the pectin 

lyase activity which requires Ca2+ ions for its activity. In their study 2mM EDTA 

completely abolished the activity of the enzyme. Kapoor et al. (2000) reported that the 

activity of an alkaline polygalacturonase from Bacillus sp. was stimulated by surface-

active detergents such as Tween-80, Tween-60, Tween-40, Tween-20 and Triton X-100 

stimulated the activity of the enzyme by 141%, 124%, 123%, 115% and 140% 

respectively. SDS was also an enzyme activity stimulator by 41%. These activity 

stimulations vary among the family of pectinolytic enzymes and mainly depend on the 

source of enzyme, molecular density and structural complexity. 
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Figure 4.27: Effect of various chemical agents on the activity of exo-PGI from 

Penicillium notatum. The enzyme was incubated with 100µl of 1% chemical solution. 

Control was incubated with deionized water. For the activity assay the pH and 

temperature were 5.5 and 40 °C. Data presented here represents average ±SD of n = 3 

experiments. 

4.7.7: Effect of denaturants 

4.7.7.1: Effect of urea 

 Urea mostly denatures protein which has smaller hydrophobic amino acid residues as 

compared to hydrophilic amino acid residues as it usually destroys the hydrophilic sites of 

the enzyme. In the present investigation urea (8M) decreased the activity of exo-PGI with 

respect to time by following the first order kinetics. From these results, it can be deduced 

that this exo-PG from Penicillium notatum might have a small number of hydrophobic 

amino acid residues as it is not resistant to denaturation by urea for longer periods of 

time. Kashyap et al. (2000) stated that a Bacillus sp. DT7 alkaline pectinase showed 

100% activity in the presence of 1mM urea with but the work of Kashyap and coworkers 

cannot be compared with ours because urea is mostly used at 8M level to study its effect 

on protein denaturation.  

4.7.7.2: Effect of sodium azide (NaN3) 

Sodium azide is mostly used at 0.02-0.05% levels to preserve the protein solutions and 

prevent microbial contaminations. The denaturant effect of sodium azide has been 

observed in our laboratory previously many times and in some cases it completely 
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denatured the enzyme even at low concentrations. The effect of sodium azide on the 

activity of exo-PGI was investigated by incubating the exo-PGI in Na-azide solution for 

different time intervals. From the graph below it is evident that sodium azide greatly 

reduced the activity of exo-PGI with respect to time by following the first order kinetics 

and the denaturant effect was more drastic as compared to urea. We can conclude that 

Penicillium notatum exo-PGI will not be able to show high stability and activity in the 

sodium azide environment for a long period of time. 

We were unable to find any report related to the effect of urea and sodium azide on the 

activity of pectinases in respect to denaturation. 

 

Figure 4.28: Effect of urea on the stability of Penicillium notatum exo-PGI. For the 

activity assay the pH and temperature were  5.5 and 40 °C. Data presented here represents 

average ±SD of n = 3 experiments. 
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Figure 4.29: Effect of sodium azide on the stability of Penicillium notatum exo-PGI. 

For the activity assay the pH and temperature were 5.5 and 40 °C. Data presented here 

represents average ±SD of n = 3 experiments. 

     In this section, the Penicillium notatum exo-PGI was observed to have a high activity 

for the hydrolytic cleavage of pectin to form the monosaccharide end products measured 

through DNS method (Miller, 1959). The P.notatum exo-PGI showed an optimum 

activity at 50 °C and pH 6.0, with a high stability observed in acidic pH range. This exo-

PGI showed biphasic deactivation kinetics which is common among the family of 

pectinases especially from fungal sources. The value of km was 16.6 mg/mL with 20 

µmoles/mL/minute of Vmax. Furthermore lower stability of exo-PGI was observed in urea 

and sodium azide containing environment. Good stability of this Penicillium notatum 

exo-PGI was observed in an acidic pH range with good temperature optima (50 °C) 

render this exo-PGI a potential candidate for applications in food industry like fruit juice 

clarification, food processing, pharmaceutical applications, functional food applications, 

animal feed industry etc.  

Keeping in mind  the high enzyme yield with interesting biochemical properties 

Penicillium notatum exo-PGI was immobilized for enhanced thermal stability and 

reusability using two conventional techniques i.e., (a) covalent immobilization of exo-

PGI in sodium alginate matrix using gluteraldehyde as cross linker (b) adsorption 

immobilization on Na-alginate beads. 
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4.8: Immobilization of Penicillium notatum exo-PGI 

In this section, experimental results for the immobilization of Penicillium notatum exo-

PGI via carrier bound methods of immobilization i.e., covalent immobilization in sodium 

alginate support using gluteraldehyde as cross linking agent and simple adsorption 

immobilization on sodium alginate matrix are presented and major emphasis was given to 

improved thermostability characteristics. The methods used here for the immobilization 

of exo-PGI on sodium alginate matrix is not only cheaper but also very easy and 

convenient to carry out under extremely mild reaction conditions, therefore the potential 

for industrial application is considerable. 

Various other immobilization methods were also tested to immobilize Penicillium 

notatum exo-PGI like xerogel method, entrapment in polyacrylamide gel, cross-linked 

enzyme aggregates but these methods did not give reproducible results and resulted in 

almost complete suppression of the biocatalytic activity of exo-PGI.  

4.8.1: Covalent immobilization of Penicillium notatum exo-PGI in Na-Alginate 

matrix using gluteraldehyde as coupling agent  

Penicillium notatum exo-PGI was covalently immobilized on sodium alginate support. 

This covalent attachment on sodium alginate matrix was coupled with two crosslinking 

reactions using gluteraldehyde as cross linker. The method followed for this 

immobilization is reported by (Li et al., 2007). Performance of the immobilized enzyme 

was determined in terms of immobilization efficiency, apparent activity and relative 

activity of immobilized enzyme. Immobilization of enzyme is usually accompanied with 

problems like possible leaching of immobilized enzyme, lower relative activity values 

due to reduced mass transfer and enzyme denaturation. However the results from this 

study are very interesting and useful in this regard. They indicated a good immobilization 

efficiency of 71.6% and 2.4 mg of protein was immobilized per gram of beads. After 

immobilization apparent activity of the beads was observed to be 28.5 U/g of beads, with 

relative activity of 45.89% in comparison to the free enzyme, Table 4.9.  

4.8.2: Adsorption immobilization of exo-PGI on sodium alginate support  

The second method used for immobilization of Penicillium notatum exo-PGI was simple 

adsorption on sodium alginate support (Busto et al., 2006) which also yielded 

reproducible results. The immobilization by ionic or physical adsorption is a simple and 

cheap method of preparing an immobilized enzyme, although adsorbed enzymes are 

mostly susceptible to desorption from the carrier. 
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The results of adsorption immobilization indicated a good immobilization efficiency of 

68.18% and 3.0 mg of protein was immobilized per gram of beads. Apparent activity of 

the beads was observed to be 32.68 U/g of beads and relative activity of 41.31%, Table 

4.9.  

The ionic bonding of carboxylate group of sodium alginate with Ca2+ ions lead to the 

formation of mechanically stable networks of alginate gel. Therefore optimum levels of 

Na-alginate and CaCl2 for enzyme immobilization were used in this investigation in order 

to get the best results. The optimum values of Na-alginate (final concentration 2%) and 

CaCl2 (0.2M) used in this study for the immobilization of exo-PGI were reported by (Li et 

al., 2007 and Rehman et al., 2013) respectively. Rehman et al. (2013) reported that CaCl2 

concentration beyond this optimum of 0.2M decreased the immobilization yield which 

may be due to change in pH due to CaCl2 resulting in declined activity of calcium 

entrapped pectinase.  Li et al. (2007) observed 66% of relative activity of pectinase using 

2% final concentration of Na-alginate. When the support concentration was increased the 

activity of immobilized pectinase decreased most probably due to the lower enzyme 

concentration per area of support (Busto et al., 2006). 

In the present investigation the relative activities observed for the immobilized enzyme 

i.e., covalently attached to sodium alginate support by gluteraldehyde and adsorption 

immobilization resulted in values of 45.89%, and 41.31% with immobilization 

efficiencies of 71.6%, and 68.18% respectively. These relative activities are higher than 

those reported by Busto et al. (2006) with 10.6% only and covalent immobilization in the 

present study resulted in 45.89% of relative activity which is approximately equal to the 

46% of relative activity reported by Rehman et al. (2013). However Li et al. (2007), 

Ramirez et al. (2013) and Ipsita et al. (2003) have reported 66%, 60% and 56% of 

relative activity of immobilized pectinases respectively when compared to the free 

enzyme. Sarioglu et al. (2001) and Alkorta et al. (1998) reported that immobilization of 

pectinase on anion exchange resin and nylon-6 respectively resulted in reduced relative 

activities of the enzyme. The lower activity of exo-PGI observed after immobilization 

might be due to the fact that immobilization mostly leads to reduced exposure of the 

active site of the enzyme, as a result substrate binding sites of the enzyme are effected as 

well as diffusional constrains being imposed in biocatalytic process which ultimately 

leads to lower enzyme activity (Bautista et al., 1998; Rehman et al., 2013).  

The immobilization efficiencies obtained for both immobilization methods i.e., covalent 

and adsorption immobilization were 71.6% and 68.18% with 2.4mg and 3.0 mg of protein 
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immobilized per gram of carrier respectively.  In the previous literature the authors have 

mainly focused on the amount of protein bound per gram of the supports used for 

immobilization in their discussions rather than immobilization efficiencies and our results 

are higher than Li et al. (2008) with an optimum enzyme dose of 0.52mg/g of agar-gel 

support. They further demonstrated that the low amount of protein immobilized on 

immobilization supports avoid substrate diffusion problems during activity assays. But 

our results are in contradiction with those of Lei and Bi (2007) with 247.8 mg/g with 

activity retention of 62.2% on silica coated chitosan particles, Lei et al. (2007) with 416.8 

mg/g protein bound to composite membranes with combined magnetic and covalent 

immobilization, Esaway et al. (2013) with 66% yield of immobilization with enzyme 

dose of 12.2 mg/g of polyvinyl alcohol, Li et al. (2007) with maximum of 97% protein 

loading on sodium alginate beads, Bahrami and Hejazi (2013) with maximum enzyme 

loading of 610.5 mg/gram of negatively charged AOT-Fe3O4 nanoparticles and Ramirez 

et al. (2013) with maximum protein dose of 7.9 mg/g with 70% immobilization yield.  

Increased interest has been devoted to the immobilized pectinase preparations during the 

last 2 decades for practical industrial applications using a variety of support materials and 

methodologies, but it is also matter of fact that satisfactory results without any limitation 

in all these practices have rarely been achieved by the scientists. The coupling of the 

enzyme to any support material mostly results in a decrease in the enzyme activity and in 

some cases other characteristics of enzyme action mode are also changed.   

Despite the low activity yield values obtained in this investigation, a 35% and 40% 

reductions in viscosity in reaction mixture by covalently immobilized and adsorbed exo-

PGI respectively (with a 37% reduction in viscosity observed with free enzyme under 

same conditions) have been observed after 30 minutes of incubation at 40 °C. This is 

good compared to Alkorta et al. (1996) who observed 36% reduction in viscosity of 

reaction mixture by an immobilized PL after 105 minutes of incubation. All these results 

obtained in the present investigation illustrate the good performance of immobilized 

enzyme on sodium alginate supports. The good immobilization efficiencies, activity of 

the immobilized counterparts and viscosity reduction suggest their efficient use for 

industrial scale operations especially in the food industry.    
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Table 4.9: Summary of immobilization efficiency of Penicillium notatum exo-PGI immobilized via covalent attachment and 

adsorption onto Na-alginate beads 

 

Immobilization 

type 

Protein 

loaded 

(mg) 

Enzyme 

immobilized 

mg/g 

Immobilization 

efficiency % 

Apparent activity of 

beads U/g 

Specific activity 

of free enzyme 

U/mg 

Specific activity of 

immobilized 

enzyme U/mg 

Relative 

activity % 

Covalent 25 2.4 71.6 28.5 25.67 11.78 45.89 

Adsorption 35.2 3 68.18 32.68 25.67 10.89 41.31 

 

Relative	Activity
Specific	activity	of	immobilized	enzyme

Specific	activity	of	free	enzyme	
100 

 

Immobilization	Efficiency
Protein	immobilized
Protein	loaded

100 

 

Where	immobilized	protein Protein	loaded protein	leached 
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4.8.3: Biochemical characterization of immobilized exo-PGI 

The immobilized enzyme was biochemically characterized with respect to optimal pH, 

temperature, kinetic constants (km and Vmax) and major emphasis was given to its 

thermostability characteristics.  

4.8.3.1: pH optima and pH stability profile of immobilized exo-PGI  

The effect of different pH on the catalytic activity of immobilized exo-PGI was examined 

by performing the enzyme assay in the reaction mixture using different pH ranging from 

2.5 to 10.0 (Fig. 4.30). Similarly pH stability of immobilized enzyme was also checked 

by incubating the immobilized counterparts in respective buffers for 24 hours at 4 °C 

prior to assay (Fig. 4.31). It was noticed that immobilized exo-PGI (covalently attached 

and adsorbed onto sodium alginate beads) displayed maximum activity at pH 5.5 as 

compared to free enzyme that showed optimum activity at pH 6.0 and immobilization 

protected the enzyme from severe alkaline environments as relative activities of the 

immobilized counterparts  in alkaline region were higher as compared to the free enzyme. 

Almost same type of trend was observed in pH stability experiment and enzyme showed 

good stability in acidic region and its stability was little higher in alkaline pH as 

compared to free enzyme.  

The variation of optimum pH value of the enzyme depends on the nature of the enzyme as 

well as the structure and constitution of support used for immobilization, this might be 

responsible for variation of the optimum pH value for full enzyme activity (Rehman et 

al., 2014). According to Alkorta et al. (1996) this shift to low pH values is commonly 

observed when supports used for immobilization possess a positive net charge due to 

alteration of the H+ ions distribution between the bulk phase and neighborings of the 

bound enzyme. As compared to sodium alginate matrix used for exo-PG immobilization 

used in this study, Rehman et al. (2013) reported no any change in pH optima of 

pectinase entrapped within Na-alginate matrix. The change in pH of immobilized exo-

polygalacturonase observed in this study might be due to the operational and 

conformational stability within microenvironment of immobilization matrix. Similar type 

of results were observed by Alkorta et al. (1996) for a pectin lyase from Penicillium 

italicum immobilized by covalent binding to nylon and immobilization resulted in an 

acidic shift of optimum pH (5.0) as compared to the free enzyme and also showed more 

pH stability in acidic region of pH. Similarly Lei et al. (2007) observed that the optimum 

pH of immobilized pectinase was moved to 3.5, 0.5 U lower than that of free enzyme and 
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the relative activity of immobilized enzyme above the optimum pH was a little higher 

than that of free enzyme whereas the behavior of activity below optimum pH was almost 

same as that of the free enzyme. This immobilized pectinase reported by Lei et al. (2007) 

showed acceptable pH stabilities over a broad experimental pH range. However the 

immobilization of an Aspergillus niger pectinase in polyvinyl alcohol sponge resulted in a 

shift of optimum pH from 4 to 6 and its pH stability results revealed that immobilization 

process protected the enzyme strongly from severe alkaline pHs (Esawy et al., 2013).  

Phosphate buffer system was proved to be unsuitable/good for characterization study of 

enzymes entrapped in Na-alginate systems according to this investigation as we have 

observed during pH study and stability experiments that Na-alginate beads were unable to 

maintain their integrity in phosphate buffer range (6 to 7.5) and depolymerized. It is clear 

from the Figures 4.30 and 4.31 that no activity of immobilized counterparts was detected 

in pH range of 6 to 7.5 (Na-phosphate buffer) and the reason for this is that Na-metal ions 

present in the phosphate buffer used in enzyme assay depolymerized and opened the Na-

alginate structure (http://www.eng.umd.edu/~nsw/ench485/lab7b.htm). However in 

previously reported literature we were unable to find any problem reported in the use of 

phosphate buffer for pH optima and stability determinations of pectinases immobilized in 

Na-alginate matrix as Rehman et al. (2013) reported a good relative activity of 

immobilized counterparts in phosphate buffer used for the pH optima and stability 

measurements of Na-alginate entrapped pectinase. 
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Fig.4.30: Effect of pH on the activity of free and immobilized enzyme. Temperature 

for the reaction was 40 °C using 1% pectin as substrate. Error bars represent the SD with 

n=3 experiments. 

 
Fig.4.31: pH stability profile of free and immobilized exo-PGI from Penicillium 

notatum. Enzyme pre-incubated in respective buffers for 24 hours at 4 °C and then assay 

was performed at 40 °C using 1% pectin as substrate. Data presented are average values 

±SD of n = 3 experiments. 
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4.8.3.2: Effect of temperature on the activity of immobilized exo-PGI and energy of 

activation (Ea) 

Effect of temperature on free and immobilized enzyme was determined by measuring the 

activities at various temperatures. The results shown in Fig. 4.32 revealed that 

immobilized Penicillium notatum exo-PGI exhibited higher temperature optimum of 55 

°C in both cases of immobilization as compared to the free enzyme which showed 

temperature optima of 50 °C (Fig. 4.32). This minor rise in optimum working temperature 

for the immobilized exo-PG might be due to the fact that immobilized enzyme mostly 

require greater amount of energy of activation (but not always) as compared to the soluble 

form of enzyme which is readily available in the hydro-environment of the reaction 

medium. Ea for the covalently immobilized exo-PGI using gluteraldehyde was found to 

be 33.80 kJ/mole and for exo-PGI immobilized via adsorption it was estimated to be 

54.01 kJ/mole while free enzyme required 40.40 kJ/mole for the hydrolysis of substrate. It 

is clear from the Figure 4.32 below that immobilization of exo-PGI also expanded the 

range of optimum temperatures to a considerable extent and immobilized exo-PGI 

showed greater relative activities at temperatures above the optimums as compared to the 

soluble form of enzyme. It has been reported that thermal optima of pectinases, 

immobilized within calcium alginate beads, on agar-agar support through covalent 

binding and onto magnetic cornstarch microspheres raised the temperature up to 10 °C 

(Rehamn et al., 2013; Li et al., 2008; Wang et al., 2013) respectively and entrapment in 

agar-agar support raised the temperature optima up to 5 °C as reported by (Rehman et al., 

2014) when compared to the free enzyme.  

An increase in relative activities of immobilized counterparts of exo-PGI from 

Penicillium notatum observed at higher temperatures in the present investigation might be 

caused by the increased hydrophobic character of the enzyme due to reduced solvent 

effect and conformational rigidity imparted after immobilization and as a consequence the 

enzyme showed better performance at higher temperatures (Bhatti et al., 2007; Maisuria 

and Nerurkar, 2012).  
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Fig.4.32: Effect of temperature on the activity of immobilized and free P. notatum 

exo-PGI. pH of the reaction was 5.5 with 1% substrate concentration, and a reaction time 

of 30 minutes. Data presented represents the average ±SD of triplicate experiments. 

4.8.3.3: Michaelis-Menten kinetics (Vmax and km) 

Different concentrations of substrate (pectin) were used to investigate the kinetic 

parameters of immobilized exo-PGI at constant temperature 40 °C and pH 5.5. 

Lineweaver-Burk plot was used to determine the km and Vmax of the immobilized exo-

PGI. It was observed that affinity of enzyme towards its substrate (km) was reduced after 

immobilization and Vmax of covalently immobilized exo-PGI decreased up to 66.7% while 

the Vmax of adsorbed exo-PGI on Na- alginate beads increased up to 150% as compared to 

the free enzyme. km and Vmax observed after the covalent immobilization and adsorption 

immobilization of exo-PGI on Na-alginate beads were calculated to be 40mg/mL, 

100mg/mL and 6.66 µmoles/mL/min., 50 µmoles/mL/min. respectively whereas the free 

enzyme showed a km of 16.6 mg/mL and Vmax was found to be 20 µmoles/mL/min.  

A lower km is observed due to reduced accessibility of substrate to the active site of the 

enzyme because of substrate diffusion problem which ultimately reduce the affinity of 

enzyme towards its substrate and as well as the rate of enzyme catalyzed reaction being  

also decreased. Similar findings were reported about the increased km and decreased Vmax 

of enzymes after immobilization using different supports (Esawy et al., 2013; Lei and Bi, 

2007; Sarioglu et al., 2001; Rehman et al., 2014). An increase in Vmax value after 

immobilization might be due to the negligible steric hindrance in the active sites of 
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immobilized biocatalyst and less diffusional resistance in enzyme-substrate reaction as 

observed by (Seenuvasan et al., 2013). 

 

Fig. 4.33: Lineweaver-Burk plot for the determination of kinetic constants (Vmax and 

km) for the covalently immobilized Penicillium notatum exo-PGI on Na-alginate 

matrix using gluteraldehyde as cross linker: Temperature 40 °C, pH 5.5, time 30 

minutes. Data presented are average values ±SD of triplicate experiments. 

 

Fig. 4.34: Lineweaver-Burk plot for the determination of kinetic constants (Vmax and 

km) for the Penicillium notatum exo-PGI immobilized on Na-alginate support via 
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adsorption; temperature 40 °C, pH 5.5, time 30 minutes. Data presented are average 

values ±SD of triplicate experiments. 

4.8.3.4: Thermal stability of immobilized enzyme 

All the proteins, including biocatalysts are very susceptible biological molecules which 

get denatured under extreme physical and chemical environments with the only exception 

being extremophiles which can tolerate the harsh industrial environments. Higher 

temperatures mostly cause alteration in the structure of many proteins directing them 

towards denaturation and as a consequence loss of function of biocatalyst occurs. On the 

other hand, high temperature may also induce some minute structural changes resulting in 

higher activity of enzyme. So thermal stability of enzyme at higher temperatures is very 

meaningful and worthwhile in determining their respective industrial applications and 

higher stability of enzymes is considered very fundamental from industrial point of view 

and these studies are also helpful in defining the internal structure of proteins.  

Thermal stability study of immobilized counterparts of exo-PGI was determined at 60, 65, 

70, 75, 80 and 90 °C for different time intervals. Maximum blanching time chosen for the 

thermal stability study of immobilized enzyme was 60 minutes and first order plots were 

applied to determine the thermal stability (Fig.4.35 to 4.40) and compare it with the free 

enzyme. The energy of activation for thermal denaturation was determined by applying 

Arrhenious plot (Fig. 4.41 and 4.42). The kinetic and thermodynamic parameters for 

thermostability of Penicillium notatum exo-PGI were calculated by rearranging the 

Eyring absolute rate equation derived from transition state theory (Eyring and Stearn, 

1939) as described by Siddique et al. (1997). 

Two steps as shown below are involved in thermal denaturation of enzymes: 
 

N↔U→I 
 
Where “N” is native enzyme, “U” is the unfolded inactive enzyme which could be 

reversibly refolded upon cooling and “I” is the inactivated enzyme formed after 

prolonged exposure to heat and therefore cannot be recovered upon cooling. Thermal 

denaturation of enzyme is accompanied by the disruption of non-covalent linkages, 

including hydrophobic interactions, with concomitant increase in the enthalpy of 

activation (Daniel, 1996). Opening up of the enzyme structure is accompanied by an 

increase in disorder or entropy of activation (Vielli and Zeikus, 1996). 

 



                                                                                                           Results and Discussion 

122 
 

It is clear from Figures 4.35 to 4.40 and Table 4.10 that immobilized exo-PGI showed 

greater thermostability behavior compared to the free enzyme. At 60 °C covalently 

immobilized exo-PGI on Na-alginate support retained more than 99% and 96% of 

residual activity after 10 and 60 minutes of heating respectively while exo-PGI adsorbed 

onto sodium alginate support showed 99% and 98% of residual activity at 10 and 60 

minutes of blanching respectively while under the same conditions the free enzyme was 

able to retain 74% and 47% of residual activity respectively. With further increase of 

temperatures the immobilized counterparts were able to show resistance towards 

unfolding because of the conformational stability imparted by immobilization while free 

enzyme retained only 5.2% of residual activity after 60 minutes of heating at 80 °C. Free 

enzyme did not show any activity at 90 °C while immobilized counter parts were still 

active at 90 °C with bulk of residual activities as shown in Table 4.10. This increased 

thermal stability imparted to the exo-PGI after immobilization was due to the protection 

of enzyme from thermal denaturation by polymeric network of sodium alginate matrix. 

Table 4.10: Comparison of residual activities (%) retained during thermal 

denaturation of free and immobilized exo-PGI after 10 min and 60 minutes of 

incubation.  

Temperature 

 

Free enzyme: 

Residual activity 

(%) 

 
Covalently 

immobilized: Residual 

activity 

(%) 

Adsorption 

immobilization: 

Residual activity 

(%) 
 

( °C) 10 min. 60 min.  10 min. 60 min 10 min. 60 min. 
60 74 47 99 96 99 98
65 55 39 99 96 99 96
70 43 18 99 96 99 96
75 41 11 99 96 99 96
80 37 5 98 95 98 95
90  -  - 98 92 96 91
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Fig.4.35: First order plot for thermal denaturation of free and immobilized P. 

notatum exo-PGI on Na-alginate support at 60 °C. Activity assay was performed at pH 

5.5, 40 °C temperature for 30 min. Data presented are average values ±SD of n = 3 

experiments. 

 

Fig.4.36: First order plot for thermal denaturation of free and immobilized P. 

notatum exo-PGI on Na-alginate support at 65 °C. Activity assay was performed at pH 

5.5, 40 °C temperature for 30 min. Data presented are average values ±SD of n = 3 

experiments. 
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Fig.4.37: First order plot for thermal denaturation of free and immobilized P. 

notatum exo-PGI on Na-alginate support at 70 °C. Activity assay was performed at pH 

5.5, 40 °C temperature for 30 min. Data presented are average values ±SD of n = 3 

experiments. 

 

Fig.4.38: First order plot for thermal denaturation of free and immobilized P. 

notatum exo-PGI on Na-alginate support at 75 °C. Activity assay was performed at pH 

5.5, 40 °C temperature for 30 min. Data presented are average values ±SD of n = 3 

experiments. 
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Fig.4.39: First order plot for thermal denaturation of free and immobilized P. 

notatum exo-PGI on Na-alginate support at 80 °C. Activity assay was performed at pH 

5.5, 40 °C temperature for 30 min. Data presented are average values ±SD of n = 3 

experiments. 

 

 

Fig.4.40: First order plot for thermal denaturation of free and immobilized P. 

notatum exo-PGI on Na-alginate support at 90 °C. Activity assay was performed at pH 

5.5, 40 °C temperature for 30 min. Data presented are average values ±SD of n = 3 

experiments. 
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4.8.3.4.1: Thermodynamics of thermal inactivation of immobilized enzyme 

In order to understand and get accurate evidence of protein unfolding during thermal 

inactivation, it is necessary to have a clear understanding of thermodynamics because 

thermodynamic properties (enthalpy, entropy and free energy) are helpful in 

understanding the protein stability at higher temperatures. 

The results illustrated in Tables 4.11 and 4.12 indicate that the immobilization increased 

the thermal stability of exo-PGI up to a great extent. The half-life of the covalently 

immobilized and adsorbed exo-PGI on sodium alginate support at 60 °C was 346.5 

minutes (5.77  hours), this is the 50.68 fold increase compared to phase-I form of native 

enzyme and 5.44 fold increase compared to phase-II form of the native enzyme. These 

half-life values of immobilized exo-PGI sustained up to 75 °C and 70 °C for covalently 

immobilized and adsorbed enzyme respectively. At 90 °C the half-life of covalently 

immobilized exo-PGI was recorded to be 138.6 minutes (2.3 hours) while exo-PGI 

adsorbed on sodium alginate matrix showed a half-life of 115.5 minutes (1.925 hours). 

While the phase-I of the free form of enzyme showed a half-life of 2.39 minutes at 80 °C 

and phase-II showed a half-life value of 22.72 minutes. The D-values indicate the 

duration of heat treatment at a given temperature required to reduce activity by 10 % of 

its initial value. 

Entropy is another useful parameter in understanding the stability of enzymes at higher 

temperatures. It can be seen from the results given below that entropy values were 

recorded to be negative and these values of entropies were much lower as compared to 

the free enzyme which indicates that immobilization imparted orderness and hence 

stability in the system. With the rise of temperature entropy showed a decreasing trend 

which might be due to the compaction/aggregation of the enzyme molecules at higher 

temperatures.   

Biocatalytic processes mostly encounter negative values of entropies which contradict the 

second law of thermodynamics which states that entropy of the system is positive. Foster, 

(1980) suggest that the numerical values of these parameters are mostly governed by (i) 

solvent effect-arising from the surrounding water molecules due to exposure of the 

hydrophobic groups of enzyme and (ii) structural effects-conformational changes 

occurring in the enzyme molecule during unfolding. The compaction of enzyme 

molecules at higher temperatures could arise due to the formation of charged particles and 

the associated gain and the ordering of solvent molecules. The interaction of non-polar 

amino acids with water is very important in forming the stable structure which is called 
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the hydrophobic effect which results in the burial of the hydrophobic residues in the 

center of protein. Water tends to form ordered structure around the non-polar molecule 

and this leads to a decrease in entropy i.e., negative entropy (Gummadi, 2003).    

Table 4.11: Thermodynamic parameters for covalently immobilized exo-PGI on Na-

alginate support using gluteraldehyde. 

Temp. K kd/min t 1/2 (min) ∆H* kJ/mol ∆G* kJ/mol ∆S* J/mol/K D-Values 

333 0.002 346.5 31.15 110.39 -237.95 1151.5

338 0.002 346.5 31.10 112.09 -239.60 1151.5

343 0.002 346.5 31.06 113.79 -241.171 1151.5

348 0.002 346.5 31.02 115.49 -242.73 1151.5

353 0.004 173.2 30.98 115.15 -238.42 575.75

363 0.005 138.6 30.90 117.84 -239.52 460.6
 

Table 4.12: Thermodynamic parameters for exo-PGI immobilized via adsorption on 

sodium alginate beads. 

Temp. K kd/min. t 1/2 (min) ∆H* kJ/mol ∆G* kJ/mol ∆S* J/mol/K D-value 

333 0.002 346.5 34.24 110.4 -228.69 1151.5

338 0.002 346.5 34.20 112.11 -230.48 1151.5

343 0.002 346.5 34.16 113.8 -232.18 1151.5

348 0.003 231 34.11 114.32 -230.46 767.66

353 0.003 231 34.07 116.01 -232.10 767.66

363 0.006 115.5 33.99 117.28 -229.43 383.83
 

Ea for thermal denaturation of covalently immobilized exo-PGI on sodium alginate 

support was determined to be 33.92 kJ/mole while Ea for thermal denaturation of exo-PGI 

adsorbed on sodium alginate support was determined to be 37.01 kJ/mole. 

∆H* and ∆S* basically provide the heat and entropy change for the conversion of the 

enzyme from its native state to transition state complex during thermal inactivation. 

These two parameters provide information about the number of non-covalent bonds 

broken (mostly H-bonds) and the net solvent-enzyme disorder change associated during 

thermal inactivation respectively. The large activation enthalpy (∆H*) values are 

characteristic of protein denaturation reaction (Ortega et al., 2004) and 

thermostabilization of enzymes is mostly accompanied by a decrease in ΔS* and ΔH* 

(Bhatti et al., 2007). 

 



                                                                                                           Results and Discussion 

128 
 

From the results presented here it is clear that there is a 36.28% and 36.41% reduction in 

the value of ∆H* (enthalpy of activation for thermal denaturation) for covalently 

immobilized exo-PGI at 60 °C and 80 °C respectively as compared to the phase-I form of 

native enzyme. The adsorption immobilization showed 29.96% and 30.06% reduction in 

∆H* at 60 °C and 80 °C respectively as compared to the phase-I of the native enzyme. 

Similarly 24.74% and 24.78% reduction in ∆H* observed at 60 °C and 80 °C in case of 

covalently immobilized exo-PGI as compared to the phase-II form of the native enzyme 

while the adsorbed exo-PGI on sodium alginate showed a reduction of 17.27% at 60 °C 

and 17.28% at 80 °C when compared to phase-II form of native enzyme. The decrease of 

ΔH* as enzyme stability increased mainly reflects the decrease in cooperation of 

inactivation and unfolding. For example, heat-labile enzyme denatures in a smaller 

temperature range, leading to the sharp slope of the Arrhenius plots and subsequently to 

high activation energy Ea and ΔH*. Such high cooperativity probably originates from the 

lower number of interactions required to disrupt the active conformation 

(http://www.ukessays.com/essays/biology/thermalstabilization-parameters-of-

polygalacturonase-biology-essay.php). Low values of ΔH* observed in this work indicates 

that immobilization reduced the disrupting effect of solvent (water) to a great extent and 

imparted conformational rigidity to enzyme to perform its catalytic work efficiently at 

higher temperatures. 

The free energy of activation for thermal denaturation (∆G*) showed an increasing trend 

with rise of temperature and these ∆G* values are higher as compared to the free form of 

exo-PGI. 10.25% and 10.90% increase in value of ∆G* was observed at 60 °C and 80 °C 

respectively in case of covalently immobilized exo-PGI as compared to phase-I of free 

enzyme while 6.23% and 5.16% increase was observed compared to phase-II of free 

enzyme at 60 and 80 °C respectively. Similarly a good increase in ∆G* values was also 

shown by adsorption immobilization and in this case 10.26% and 11.56% rise was shown 

at 60 and 80 °C respectively as compared to phase-I of free enzyme. A 6.24% and 6.59% 

increase was shown at 60 and 80 °C compared to phase-II of the enzyme respectively. 

The increase in values of ∆G* clearly depicts that immobilization of exo-PGI enhanced 

the intrinsic ability of polypeptide chains of enzyme protein to resist against thermal 

unfolding, restricting its conformational motion and hence unfolding which rendered 

immobilized enzyme more thermostable to efficiently work at challenging temperatures. 

This forms the basis of enzyme applications for variety of applications which require high 

operating temperatures. 
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The results from this study showed a very good thermal stability profile of immobilized 

Penicillium notatum exo-PGI as compared to the previously published reports. Esaway et 

al. (2013) reported that immobilized pectinase on polyvinyl alcohol sponge was able to 

retain the 52.9% activity after 2 hours incubation at 70 °C. Alkorta et al. (1996) reported 

that when a pectin lyase was immobilized to nylon it retained 70% of initial activity when 

incubated at 100 °C for 1hour. A pectin degrading Fe3O4–SiO2 nanobiocatalyst showed 

denaturing trend after exceeding the optimum of 50 °C, resulting in the loss of activity 

(Seenuvasan et al., 2013). Delcheva et al. (2007) reported that immobilization of 

pectinase onto polyacrylonitrile copolymer membrane decreased the thermal stability of 

enzyme at 30, 40 and 50 °C. Rehman et al. (2014) immobilized a pectinase on agar-agar 

support which showed 50% residual activity at 50 °C after 72hours.  Wu et al. (2013) 

reported an enhancement in the activity of pectinase at 65 °C after immobilization onto 

polyethyleneimine-coated pulp fiber and this enhancement probably was ascribed to the 

change of physical properties of the enzyme after immobilization. 

 

 

Fig.4.41: Arrhenius plot for the determination of Ea for thermal denaturation of 

Penicillium notatum exo-PGI covalently immobilized on sodium alginate matrix 

using gluteraldehyde as coupling agent. 
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Fig.4.42: Arrhenius plot for the determination of Ea for thermal denaturation of 

Penicillium notatum exo-PGI immobilized on sodium alginate matrix by adsorption. 

4.8.3.5: Operational stability of immobilized enzyme 

Repeated use of enzyme are one of the major concerns in their application on industrial 

scale, as  reuse of biocatalyst allows the cost reduction and increase the process feasibility 

and increased stability of enzyme can make immobilized enzyme more preferable than its 

free counterparts. The operational stability of immobilized exo-PGI was confirmed by 

reusing defined amount of immobilized counterparts and substrate. After completion of 

each batch reaction, new substrate was added for new reaction and consecutive 7 batch 

reactions were studied for operational stability of both immobilized counterparts 

(Fig.4.43). It was observed that after the first batch reaction, the catalytic activity of 

covalently immobilized exo-PGI was started to decrease and approximately 22, 26, 28 

and 40% activity was lost after 2, 3, 4 and 5th batch reaction respectively. After 

completing 6th batch reaction it retained 50% of the initial activity. Similarly the exo-PGI 

adsorbed on sodium alginate support lost 19, 21, 27 and 53% of the initial activity after 2, 

3, 4 and 5th batch reaction. After the completion of the 6th batch reaction it retained 41% 

of the initial activity. The loss in the activity of the immobilized enzyme might be due to 

the conformational changes of repeatedly reusing the enzyme or enzyme may be lost or 

leached due to excess washing after each batch reaction.  

The results obtained are much higher as reported earlier in case of a pectinase entrapment 

in agar-agar support, immobilized on sodium alginate support and on oxidized pulp fiber 
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(Rehman et al., 2014; Busto et al., 2006; Wu et al., 2013) respectively and lower than that 

obtained using covalently bonded pectinase on sodium alginate matrix and immobilized 

pectinase on activated agar agar gel support (Li et al., 2007; Li et al., 2008).  

 

Fig.4.43: Reusability of immobilized Penicillium notatum exo-PGI; Immobilization 

was performed at 4 °C. Temperature for the operational stability study was 40°C, pH 5.5 

and reaction time was 30 minutes. Data presented are average values ±SD of n=3 

experiments.  

      From this part of study it is shown that we were able to immobilize the Penicillium 

notatum exo-PGI by carrier bound techniques of immobilization i.e., covalent 

immobilization of exo-PGI on sodium alginate support with the help of gluteraldehyde as 

coupling agent and adsorption immobilization of exo-PGI on sodium alginate matrix. 

Initially various other methods (xerogel entrapment, polyacrylamide gel entrapment and 

cross linked enzyme aggregates) were also conducted to immobilize the exo-PGI but all 

these methods suppressed the activity of enzyme and only these two methods produced 

reproducible results. In terms of immobilization efficiency, relative activity and 

thermostability characteristics covalent immobilization of exo-PGI on sodium alginate 

support using gluteraldehyde as cross linker proved to be more efficient and promising as 

compared with adsorption immobilization on Na-alginate beads. Thermodynamic 

parameters i.e., half-life values (t1/2), enthalpy of activation of thermal denaturation (∆H*) 

and free energy of activation for thermal denaturation (∆G*) gained for exo-PGI by 
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adsorption immobilization. Overall thermostability behavior shown by the immobilized 

counterparts was excellent when compared to the free enzyme and we were not able to 

find any previous work published earlier comparable to this research work. High 

immobilization efficiency, characteristics of immobilized exo-PGI such as better relative 

activity, excellent thermostability characteristics and reusability gained during this work 

make these methods very attractive and suitable for use in food industry. 

4.9: Clarification of fruit juices using Penicillium notatum exo-PGI 

Pectin degrading enzymes are an indispensible part of fruit juice industry almost since the 

beginning of fruit juice processing in the industrial sector. From the early 1930s these 

enzymes were used on a domestic level for the clarification of wine and fruit juices 

(Vasic-Racki, 2006). These pectinolytic enzymes are used to assist in the extraction and 

clarification of juices from many fruits (Abdullah et al., 2007; Pinelo et al., 2010; Sandri 

et al., 2011 and 2013). The presence of polysaccharides (pectin, cellulose, hemicellulose 

and starch), tannins, proteins and metal ions are responsible for the cloudiness of fruit 

juices (Vaillant et al., 2001; Sandri et al., 2013). Pectin is present in abundance in fruit 

juices which forms colloidal dispersions, which is one of the main problems in fruit juice 

clarification. The presence of pectin in fruit juices is responsible for the increase in 

viscosity which hinders the process of filtration for the removal of suspended particles 

(Sulaiman et al., 1998).  

Due to the high commercial importance of pectinolytic enzymes, this part of study was 

aimed in predicting the application potential of Penicillium notatum exo-PGI in 

operations characteristics of fruit juice industry. Efficiency of the exo-PGI in clarification 

of apple, peach and grapes juices was analyzed in terms of viscosity, turbidity and 

clarification.  

4.9.1: Turbidity 

One of the important parameter used to measure the efficiency of clarification is the 

turbidity test. Turbidity of the juice is caused by the presence of pectinacious materials 

and addition of pectin degrading enzymes will degrade the pectin and hence reduce its 

turbidity (Abdullah et al., 2007; Lee et al., 2006).  

As it is clear from the Fig.4.44 below that untreated juices of apple, peach and grapes 

were highly turbid with 54.83, 112.7 and 93.93 NTU. These turbidity values indicate the 

presence of solid suspended colloidal particles in the juice samples. When these juices 

were treated with exo-polygalacturonase at 50 °C for 1 hour at 120rpm, turbidity 
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decreased to a great extent and 60.78%, 61.18% and 86.63% reduction in turbidity for 

apple, grapes and peach juices was observed respectively. 

 

 
 

Fig.4.44: Effect of Penicillium notatum exo-PGI treatment on turbidity of apples, 

grapes and peach juice. Treatment time 1hour, temperature of 50 °C, 120 rpm shaking 

speed. 40 units of exo-PGI for apple juice, 200 units for peach juice and 30 units for 

grapes juice. Control experiments were conducted using same volume of distilled water 

as was used for the enzyme. Data presented are average ± SD with n = 2 experiments. 

4.9.2: Viscosity  

Pectinacious materials possess a very high water holding capacity and develop a cohesive 

network structure. These pectin materials are directed towards degradation by the addition 

of pectinolytic enzyme leading to reduced water holding capacity of pectin and 

consequently free water is released to the system and reduces the viscosity thus 

facilitating the filtration (Lee et al., 2006; Abdullah et al., 2007). 

It is clear from Figure 4.45 below that control juice samples possess higher viscosities 

due to the presence of pectin material in the juices. When these juices were treated with 

exo-PGI the viscosity was reduced to a great extent and 63.72%, 82.53% and 79.71% 

reduction in viscosity of apple, grapes and peach juices was observed respectively. 
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Fig.4.45: Effect of Penicillium notatum exo-PGI treatment on viscosity of apples, 

grapes and peach juices. Treatment time 1hour, temperature of 50 °C, 120 rpm shaking 

speed. 40 units of exo-PGI for apple juice, 200 units for peach juice and 30 units for 

grapes juice. Control experiments were conducted using same volume of distilled water 

as was taken for the enzyme. Data presented are average ±SD with n = 2 experiments. 

 
4.9.3: Clarity (660nm) 
 
Clarity is another important index of clarified juice. Clarified juice is a natural juice that 

is pulpless and does not have cloudy appearance. There is a direct relationship between 

the decrease in turbidity and the increase in clarification as observed by Lee et al. (2006) 

and Abdullah et al. (2007).  

When the juice samples were treated with exo-PGI a great amount of clarity was achieved 

and apple, grapes and peach juices treated with exo-PGI showed 94.25%, 69% and 

91.79% reduction in absorbance (660nm) values/increase in clarity respectively. 
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Fig.4.46: Effect of Penicillium notatum exo-PGI treatment on the clarity of apples, 

grapes and peach juices. Treatment time 1hour, temperature of 50 °C, 120 rpm shaking 

speed. 40 units of exo-PGI for apple juice, 200 units for peach juice and 30 units for 

grapes juice. Control experiments were conducted using the same amount of distilled 

water as took for the enzyme. Data presented are average ±SD with n=2 experiments. 
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Figure 4.47: Experiment showing the efficiency of Penicillium notatum exo-PGI for 

the clarification of apple juice. Control sample was conducted without enzyme and 

same volume of distilled water was used as for the enzyme.  

 

 

 

Figure 4.48: Experiment showing the efficiency of Penicillium notatum exo-PGI for 

the clarification of grapes juice. Control sample was conducted without enzyme and 

same volume of distilled water was used as for the enzyme.  
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Figure 4.49: Experiment showing the efficiency of Penicillium notatum exo-PGI for 

the clarification of peach juice. Control sample was conducted without enzyme and 

same volume of distilled water was used as for the enzyme. 

From the above results, it can be concluded that the clarification of apple, grapes and 

peach juices was greatly affected by exo-PGI treatments proving it is a potential 

candidate for the food industry especially for the fruit juice industry. Turbidity, viscosity 

and clarity could be used to evaluate the clarification of fruit juices. 40 units for apple 

juice, 200 units for peach juice and 30 units for grapes juice were used to evaluate the 

clarification of juices and the methods followed were reported by Sandri et al. (2013) and 

Tu et al. (2013) with modifications. The different units of exo-PGI used in these 

experiments were based on the different ratios of pectic substances present in these juices. 

Depending upon the variety and ripening of the fruits, pectin contents in fruit juices may 

exist with various degrees of esterification. 

In addition, commercial pectinases, which are blend of different enzymes, are used in 

clarification of different fruit juices due to the presence of different compounds in the 

juices especially cellulose, starch, poly phenolic compounds. However in the present 

findings the purified exo-PGI from Penicillium notatum was evaluated for its potential for 

clarification of apple, grapes and peach juices.  

Sandri et al. (2011) used the crude pectinolytic enzyme preparations from Aspergillus 

niger T0005007-2 (TE1) and Aspergillus oryzae IPT 301 (TE2) for the clarification of 

apple, butia palm fruit, blueberry and grape juices. They also compared the efficiency of 

commercial pectinolytic enzyme preparation in the clarification of fruit juices and 
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concluded that crude enzyme preparations produced in the laboratory offered better 

clarification for butia palm and grape juice. Abdullah et al. (2007) used the Response 

Surface Methodology (RSM) approach for the optimum clarification of carambola fruit 

juice using commercial pectinase enzyme preparation and evaluated that using enzyme 

concentration of 0.10% at 30 °C with 20 minutes incubation time a maximum 

clarification of fruit juices was obtained with minimum of 12.23 NTU units, a minimum 

absorbance of 0.006 (at 660nm), minimum viscosity of 0.0012 Pas. with 61.38 maximum 

L*-value in color. Lee et al. (2006) optimized the conditions for enzymatic clarification of 

banana juice using Response Surface Methodology (RSM). They calculated the response 

functions from the polynomial equation, and the optimized responses for the clarification 

were filterability (0.073 s-1), clarity (0.006 Abs. at 660nm), turbidity (0.92 NTU) and 

viscosity (1.89 cps). Tu et al. (2013) used a novel endo-pectinase from recombinant strain 

of Pichia pastoris for papaya juice clarification. This endo-pectinase reduced the 

viscosity of papaya juice by 17.6% and increased the transmittance by 59.1%. However 

when this endo-pectinase was combined with commercial pectin methylesterase, it 

showed much higher efficiency degree of synergy of more than 1.25. 

From this part of the study it is evident that exo-polygalacturonase from Penicillium 

notatum worked very well in the clarification of fruit juices and the parameters values 

estimated are much better than previously reported in the literature. Thus it can be said 

that this exo-PGI from Penicillium notatum is good and a cheaper candidate in the 

commercial enzyme market to be used for food and beverage applications.     
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Chapter 5  

                                                                                       SUMMARY 

Pectinases, also known as pectolytic or pectic enzymes, belong to the family of 

polysaccharidases that contribute to the breakdown of pectins from a variety of plants. 

These enzymes only act on the HG (homogalacturonan) and RG (rhamnogalacturonan) 

regions of pectins. Due to versatility in types and reactions catalyzed by these pectin 

degrading enzymes they have been the focus of research from many decades. The day by 

day growing demand of pectinases to be employed at commercial level has rendered the 

research of finding novel pectinases with improved activities and their modification for 

higher thermal and operational stabilities with affordable costs. 

This study was aimed to investigate the potential of indigenous fungal strains and agro-

industrial residues for exo-polygalacturonase production, and then thermostability 

characteristics of this fungal exo-PG were investigated. This work was further devoted to 

investigate the immobilization of the screened Penicillium notatum exo-PG for the 

enhanced thermal and operational stability. Finally the potential of this exo-PG was 

investigated and various fruit juices like apple, grapes and peach juices were treated with 

exo-PG isolated from Penicillium notatum.   

During the study first of all screening of exo-PG producing fungi and some agro-

industrial wastes was done. Penicillium notatum and Cariolus versicolor were screened as 

the best fungal strains and wheat bran as best fermentative substrate for the production of 

exo-PG employing solid state fermentation.  

Production optimization of exo-PG was conducted in two steps. The first step was done 

using the completely randomized design and various influential factors affecting the exo-

PG production were screened and optimized. The optimized levels of different factors for 

Penicillium notatum were incubation period of 56.98 hours, temperature of 33.80 °C, 

optimum moisture of 30.68% and pH of 3.20. Incubation period of 107.52 hours, 

temperature of 30.54 °C, moisture of 64.14% and pH of 5.01 were the optimized levels of 

different factors for the exo-PG production by Cariolus versicolor. Addition of nitrogen 

and salts concentration to fermentation media also significantly affected the exo-PG 

production while carbon sources catabolically repressed the exo-PG production in case of 

Penicillium notatum. During this step of optimization only 38% improvement in activity 

of exo-PG was obtained. So a second optimization step was conducted under RSM-

methodology using Penicillium notatum (hyper producer) as fungal strain. Statistically 
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significant factors from CRD optimization i.e., temperature (p-value 0.0012), pH (p-value 

0.00054), time course for fermentation (p-value 5.14×10-6), nitrogen sources (p-value 

8.49×10-8), glycine and ammonium chloride, were used for RSM optimization. Response 

Surface Methodology resulted in significant enhancement in exo-PG production with 

overall 131% improvement in activity of exo-PG using Penicillium notatum as fungal 

strain. Expression of exo-polygalacturonase gene in Saccharomyces cerevisiae resulted in 

maximum of 4.323 U/mL after 24 hours of induction with 2% galactose as inducer acting 

under strong GAL1 promoter of pYES2 shuttle vector.    

Crude Penicillium notatum exo-PG extract was subjected to purification by a combination 

of ammonium sulphate precipitation, anion-exchange chromatography followed by gel-

filtration chromatography with 3.07 fold purification with recovery of 2.51%. Molecular 

weight of purified exo-PG was determined by SDS-PAGE i.e., one isoform Exo-PGII 20 

kDa and other isoform Exo-PGI with 85 kDa.  

The purified Penicillium notatum exo-PGI was characterized in terms of various 

parameters like optimum pH, temperature, pH and thermal stability etc. Effect of different 

denaturants i.e., urea and sodium azide on the stability of exo-PGI were determined. pH 

and temperature optimum were 6.0 and 50 °C respectively with high stability in acidic pH 

range. Michaelis–Menten constants km and Vmax were estimated to be 16.6 mg/mL and 

20μmol/mL/min respectively. Among the different metal ions, Mn2+ and Co2+ in the 

reaction medium enhanced the exo-PGI activity significantly. Enzyme was observed to be 

not much stable in hydrophobic environment. Thermostability of this enzyme was quite 

interesting and followed biphasic deactivation kinetics. The phase-I of the enzyme 

denatured immediately and had a half-life of 6.83 min. and 2.39 min. at 55 and 80 °C 

respectively. While in phase-II the enzyme showed a half-life of 63.57 min. and 22.72 

minutes at 55 and 80 °C respectively.  

Immobilization of exo-PGI was carried out by (a) covalent immobilization using 

gluteraldehyde as cross linker on sodium alginate support and (b) adsorption 

immobilization on sodium alginate matrix. Protein immobilization efficiency was 71.6%, 

68.18% and relative activity was 45.89% and 41.31% for covalently immobilized exo-

PGI on sodium alginate and adsorbed onto sodium alginate matrix respectively. 

Temperature optimum for the immobilized enzyme in both cases of immobilization 

shifted five degrees higher than free enzyme. pH optima shifted in acidic region of pH. km 

and Vmax values showed a decrease after immobilization. However exo-PGI adsorbed onto 

sodium alginate showed an increase in Vmax value. Thermostability characteristics of 
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immobilized counterparts improved up to great extent. The immobilized enzyme was 

reusable for 6 times with 50% and 41% retention of initial activity after 6th batch reaction 

for covalently immobilized and adsorbed onto sodium alginate support respectively.  

Finally the food industry application potential of Penicillium notatum exo-PGI was 

evaluated and various fruit juices like apple, peach and grapes were treated with purified 

enzyme. There was 60.78%, 61.18% and 86.63% reduction in turbidity, 63.72%, 82.53% 

and 79.71% reduction in viscosity and 94.25%, 69% and 79.41% reduction in absorbance 

(660nm) values/increase in clarity of apples, grapes and peach juice respectively. 

In the light of present findings it can be concluded that exo-polygalacturonase from 

Penicillium notatum is a potential candidate for industrial scale applications. It has good 

stability at higher temperatures and good hydrolytic activity as well so it can be 

successfully used in fruit juice and wine industry, pharmaceutical industry, food 

processing industry, protoplast fusion technology, functional foods, maceration of plant 

tissues, purification of some plant viruses, in animal feed industry etc. 
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