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SUMMARY 

 

Pectinolytic enzymes, widespread in plants, fungi and microorganism, gain commercial 

importance for improving the yield and nutraceutical properties of juice processing industry, 

degumming of fibre plants and maximum oil recovery. Pectinolytic enzymes degrade the 

complex polysaccharide polymers of plant cell wall into simpler monomer like D-galacturonic 

acids.  

In current study, polygalacturonase (PG), pectin methyl esterase (PME) and pectate lyase 

(PL) from grape skin were purified by salting out with ammonium sulphate, gel filtration 

chromatography on Sephadex G-75 column and ion exchange on Q-Sepharose column 

chromatography. Protein content was determined by Bradford method. Polygalacturonase 

appeared as a protein of 47 kDa molecular weight by SDS-PAGE. The optimum pH of purified 

polygalacturonase activity was found to be 4.5 and stable within pH range 3.5-5.5. Temperature 

dependent studies revealed temperature optimum of enzyme to be 40
0
C and stable up to 60

0
C. Km 

and Vmax values were calculated for PG which were found out to be 0.128 mg ml
-1

 and  

0.65 U ml
-1

. Among substrates, polygalacturonic acid was established as the best substrate for 

polygalacturonase showing its specificity in the hydrolysis of polysaccharide galacturonate chain. 

The presence of Na
+1

 and K
+1 

enhanced polygalacturonase activity upto 110% and 130%, 

respectively when used at a concentration of 1mM, however, the enzyme was almost completely 

inhibited by Pb
+2 

and Hg
+2

.  

Purified PME enzyme after electro-elution was displayed on SDS-PAGE as a monomeric 

protein of 30kDa mass. The optimum pH for PME was found out to be 7.5 and PME was stable 

within pH range 7.0-8.0. Optimum temperature for PME was 30°C and enzyme was stable up to 

40°C. Km and Vmax values were calculated for PME which were found out to be 0.142 mg ml
-1

 

and 0.67 U ml
-1

.   

Purified PL enzyme after electro-elution was displayed on SDS-PAGE as a protein of 

molecular mass 40kDa. The optimum pH for PL was found out to be 8.0 and PL was stable 

within pH range 7.0-8.5. Optimum temperature for PL was 37°C and PL enzyme was stable up to 

50°C.   

Considering the significance of pectinolytic enzymes in industrial applications, PG was 

cloned and expressed in E. coli BL21 (DE3) for PG production in bulk to be used in industrial 

applications.  

In the present study, total RNA was isolated from grape skin and synthesis of cDNA was 

performed. Primers were designed by software DNA Star, NEB Cutter and Oligo Analyzer Tool.  
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PCR reaction was performed to amplify PG gene from grape skin and cloned into E. coli 

DH5α using pTZ57R/T which is a cloning vector. Resulting recombinant plasmid was 

transformed into competent cells of E. coli DH5α. Positive clones were screened by blue white 

screening and confirmed by colony PCR and restriction analysis. E. coli expression system was 

used for expression of PG gene. After confirmation, PG gene (1335bp) was expressed in E. coli 

BL21 (DE3) employing expression vector pET28a(+). IPTG was utilized as an inducer for the 

induction of recombinant protein expression. Effect of various IPTG concentrations (0.2, 0.5, 1.0 

& 1.5 mM) and auto-induction on expression was studied and maximum expression was obtained 

with 1.0 mM IPTG concentration 

Molecular weight of 47 kDa was determined by sodium dodеcylsulphate polyacrylmidе 

gel electrophoresis, DNS method was used to evaluate the recombinant enzyme activity and 

zymogram was used to determine the activity of the expressed protein by using its substrate 

polygalacturonic acid.  

After sequencing of cloned product, sequencing results were analyzed by BioEdit 

software and nucleotide sequence was translated into aminoacid sequence by Expasy Translate 

tool. 3D-modelling and docking analysis of sequenced PG protein was performed by Raptor X, 

Galaxy Refine and CASP10 server. Auto dock Vina and Discovery Studio visualizer were 

employed to view docking results. 

Fruit juices have great nutraceutical potencial and immense health benefits are associated   

with natural products. Important features of natural products can be improved to a great deal by 

employing new trends of biotechnology. Physico-chemical properties of PG treated apple juice 

were determined by employing various methods. Expressed polygalacturonase showed 

pectinolytic effect in juice clarification when used at concentration 5.0 U/ml, incubation time 60 

min and incubation temperature 50
0
C. Maximum clarity of apple juice (95% transmittance), juice 

yield (77%), total soluble solids (
0
Brix up to 14.8), total phenolic content (13.82 mg/ml) and free 

radical scavenging activity of apple juice (77%) were improved after clarification. Whereas, 

viscosity of apple juice after PG treatment was reduced from 2.0 to 1.09 milli pascal second with 

viscosity reduction (45.5%) and remarkable decrease in turbidity of juice was also observed from 

33.9 to 3.9 NTU. Color of juice is an important sensory attribute for consumers, in our study, 

color of apple juice after PG treatment appeared to be very light which is good for consumer 

point of view. Antimicrobial activity of PG treated apple juice was also enhanced (up to 90%) 

due to rise in total phenolic content of apple juice after PG treatment. 

To understand the outcome of juice clarification parameters, statistical analysis (Response 

Surface Methodology) was conducted by minitab and box plots based on surface response 

methodology were developed which demonstrated that independent variables like PG 
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concentration, temperature and incubation time had significantly influenced the dependent 

variables (physico-chemical properties) and improved the overall quality of apple juice.  

Eco-friendly biomaterials have great potential to be used at large scale for the preparation 

of various commercial items. Fiber obtained from natural sources is proved to be a good 

replacement for expensive artificial fiber. No health hazards are associated with natural 

biopolymer as it is biodegradable but with good tensile strength.   

Banana pseudo stem, a waste product after crop harvest, has got excellent features to 

become a commercial fiber. In current trial, pectin hydrolysis of banana pseudo stem by PG 

enzyme was performed to obtain better quality fiber from banana stem. Reducing sugar level 

after PG treatment was enhanced which showed pectin degradation in banana pseudo stem. To 

check the effectiveness of PG treatment on banana pseudo stem, morphological studies were 

performed by scanning electron microscope which clearly displayed pectin degradation within 

the cell architecture of banana pseudo stem after PG treatment. 

Hence, plant polygalacturonase expressed in E. coli expression system would be useful as 

a potential candidate for its biotechnological applications in fruit juice clarification and fiber 

industry. This study suggests a need for implication this technology in other related fields at 

commercial scale.  
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1 Introduction 

 

Enzymes are significant tools in modern food industry because they catalyze various 

reactions and simplify many intermediate processes during food processing. Industrial enzymes 

fall into different groups, out of which the most important group is pectinase. Pectinases are 

prominent enzymes of commercial sector, especially, in the fruit juice industry, these enzymes 

are pre-requisite for obtaining well clarified and stable juice with higher yields (Sandri et al., 

2011). In 1930, pectinolytic enzymes were first time utilized on commercial scale for the 

preparation of fruit juices and wine (Tapre and Jain, 2014). Pectin degrading enzymes have also 

useful applications in paper, fruit and textile industries. Pectinase is considered as one of the 

futuristically useful enzymes in commercial sector (Kashyap et al., 2001). 

Plant cell wall is a complex polymeric network that surrounds the cell and facilitates 

development, structural stability and interactions with external environment. Mechanical 

properties of cell wall control cellular growth which is regulated by constant modulation of 

biochemical components and linkages of polymeric networks (Chebli and Geitmann, 2017). 

Polysaccharides constituting the complex network of plant cell wall are classified into three 

types; cellulose, hemicelluloses and pectin. Cellulose plays a basic structural role in cell wall 

(Endler and persson, 2011). Cellulose is polymer of glucose residue joined by β-(1,4) glycosidic 

linkage and interacts with other cellulosic chains in parallel by hydrogen bonding and Van der 

Waal’s forces. The fundamental role of hemicelluloses is to provide strength to the cell wall by 

developing interaction with cellulose and lignin. Xylans are among the major hemicellulose in 

secondary plant cell wall (Scheller and Ulvskov, 2010).  Pectin is the third important component 

of cell wall and middle lamella of higher plants mainly in vegetable tissues and ripe fruit (Willats 

et al., 2006). It is complex, heterogeneous, multifunctional, high molecular weight (25 to 360 

kDa), negatively charged, acidic polysaccharide and is comprised of mainly linear chains of α-

1,4-linked D-galacturonic acid residues (Jayani et al., 2005; Pedrolli et al., 2009).  

Structural elucidation of pectin skeleton depicts the presence of three structural domains 

Homogalacturonan, rhamnogalacturonan I and rhamnogalacturonan II. Pectin 3D crystalline 

networks are formed by cross linking of structural domains that can entrap water and other 

solutes (Willats et al., 2006). Homogalacturonan or HGA present within the pectin complex 

demonstrate special defense mechanisms. Regulation of modifications like methyl esterification 

of HGA at C6 and acetylation at C2–C3 helps plant to improve the functioning of HGA. Non-

esterified HGA with negatively charged free carboxyl groups may be presented for cross linking 
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with the help of calcium and results in the gel formation necessary for adhesion of cells (Cabrera 

et al., 2008). Structural components of plant cell wall and important enzymes acting on these 

structural components are shown in Fig.1.1. 

 

Fig. 1.1; The plant cell wall. (A) The primary cell wall is made up of network of cellulose 

micro-fibrils, hemicellulose and pectin (B) Cocktail of cell wall degrading enzymes acting 

on plant cell wall and releasing the oligogalacturonides (OGAs), cell wall associated kinase 

which sense the presence of OGAs and monitor the strength of pectin  (Malinovsky et al., 

2014). 

The degradation of plant cell wall structure requires a large number of enzymes with 

different specificity and are divided into groups according to their substrates i.e. cellulases, 

hemicellulases, pectinases and lignases etc. Pectinolytic enzymes or pectinases are a group of 

enzymes that can modify and hydrolyze pectin and are generally classified according to their site 

of cleavage.  

Endopolygalacturonase cleave glycosidic bond within the pectin chain while 

exopolygalacturonase cleave glycosidic bond at the end of the pectin chain resulting in 

hydrolysis of pectin chain. Endopolygalacturonase, exopolygalacturonase, pectin or pectate 

lyase, rhamnogalacturonan hydrolase and lyase, pectin methyl esterase, acetyl esterase and 

rhamnogalacturonan acetyl esterase act on the main chain of pectin. Enzymes acting on side 

chains of hairy region of pectin are arabinofuranosidases, endoarabinase, β-galactosidase, 

endogalactanase and feruloyl esterase. Rhamnogalacturonase acts on rhamnogalacturonic 
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segment and polygalacturonase acts on galacturonic acid. Microorganisms and plants are the 

main sources of pectinolytic enzymes. These enzymes are used to breakdown pectin polymer 

(Sakai et al., 1993).  Polygalacturonase is probably the most studied pectin degrading enzyme 

(Celestino et al., 2006). The classification of pectin degrading enzymes is depicted in table I. 

Table I. Classification of pectinolytic enzymes based on their mode of action (Sieiro et al., 

2012) 

 

Enzymes 

EC 

Number 
Main 

substrate 

Mode of 

action Product 

Esterase     

Pectin methyl esterase 3.1.1.11 Pectin Hydrolysis 

Pectic acid + 

methanol 

Pectin acetyl esterase 3.1.1.6 Pectin Hydrolysis 

Pectic acid + 

methanol 

Depolymerase     

Hydrolases     

Protopectinase  Protopectin Hydrolysis Pectin 

Endopolygalacturonase 3.2.1.1.5 Pectic acid Hydrolysis Oligogalacturonate 

Exopolygalacturonase 3.2.1.6.7 Pectic acid Hydrolysis Monogalacturonate 

Lyases     

Endopectate lyase 4.2.2.2 Pectic acid 

Trans- 

elimination 

Unsaturated 

oligogalacturonate 

Exopectate lyase 4.2.2.9 Pectic acid 

Trans- 

elimination 

Unsaturated 

oligogalacturonate 

Endopectinlyase 4.2.2.10 Pectin 

Trans- 

elimination 

Unsaturated 

methyl-

oligogalacturonate 

 

Pectin hydrolyzing enzymes or pectinolytic enzymes are mainly divided into three types 

based on their sequential activity on pectin polysaccharides; protopectinase, esterase and 

depolymerase (Blanco et al., 1999). Protopectinases are the first enzymes to act on protopectin 

and convert it from insoluble form to soluble form known as pectin. Esterase, for instance, pectin 

methyl esterase (PME) is a ubiquitous enzyme that catalyzes the hydrolysis of methyl esters at 

C6 position of pectin and releases methanol (Rajulapati and Goyal, 2017).   

PME catalyzes de-methyl esterification by three different mechanisms. In multiple chain 

mechanism, substrate-enzyme complex is formed that dissociates after catalyzing a reaction. In 

single chain mechanism, substrate-enzyme complex formed does not detach until the reaction is 

complete. In multiple attack mechanism, substrate-enzyme complex formation occurs and 

enzyme catalyzes several reactions before dissociating the complex. Depolymerases are the 
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enzymes that act upon polygalacturonic acid. The main role of depolymerases is to break bonds 

present between the individual residues of polygalacturonic acid (Sakai, 1992; Whittaker, 1990). 

This can be done by hydrolysis and trans-elimination. Hydrolysis is the general catalytic reaction 

that includes the incorporation of water molecule resulting in breakage of glycosidic bond 

present between the saccharide residues as in case of polygalacturonase (PG) (Annis and 

Goodwin, 1997). PG is of two types depending upon the different hydrolytic mode of action; 

exopolygalacturonases and endopolygalacturonases. Endopolygalacturonases hydrolyze 

polygalacturonan network in a random manner resulting in oligogalacturonides whereas 

exopolygalacturonases catalyze hydrolysis of polymer at non-reducing end and result in 

galacturonic acid (Ferrari et al., 2013). The mechanism of action of pectin hydrolyzing enzyme 

polygalacturonase demonstrates that it hydrolyze the O-glycosyl bonds in the polygalacturonan 

network of pectin and as a result α-1,4-polygalacturonic acid residues are formed as shown in 

Fig. 1.2.  

 

A 

 

 

B 

 

 

 

 

Fig. 1.2; Main chain of low (A) and high (B) methylated pectin skeleton and the site of 

action of pectinolytic enzymes involved in pectin degradation (Sieiro et al., 2012) 

The rate of hydrolysis depends on the length of polysaccharide chain (Pressey et al., 

1989). Pectate lyase performs trans-elimination through catalytic cleavage of polygalacturonic 

acid (Annis and Goodwin, 1997). In β-elimination reaction, the hydrogen atom at C-4 and C-5 

positions of galacturonic acid is removed and a double bond at 4,5-position creates non-reducing 

end. Pectate lyase functions optimally in the alkaline environment (Carpita and Gibeaut, 1993). 

Endo pectate lyases degrade polygalacturonic acid and result in the release of unsaturated 

substance as end product, having non reducing ends of variable lengths and sizes. Whereas, exo 
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pectate lyases only act at the ends and a single product is formed. Both of them require Ca
2+

 ions 

for carrying out their optimum activity as a co factor (Rose, 1980).  

PME occurrence has been reported in plants; Vitis vinifera, Carica papaya, Pouteria sapota, 

Lycopersicum esculentum, Citrus sp, A. thaliana and infectious fungi and bacteria; A. niger, P. 

occitanis, P. solanacearum and S. cerevisiae (Jayani et al., 2005). While PG occurrence was 

noted in different plants like tomato (Ali and Brady, 1982), strawberry (Nogata et al., 1993), 

Zimbabwean wild fruits (Muchuweti et al., 2004), Jamaica cherry (Gayathri et al., 2007), mango 

(Prasanna et al., 2006), ripened banana (Gayathri and Nair, 2015), Solanum macrocarpum L. 

(Chinedu et al., 2017) and many other fruits. Presence of PL has also been reported in banana 

(Payasi et al., 2003; Payasi et al., 2006), mango (Singh et al., 2007), strawberry (Jimenez-

Bermudez et al., 2002), Kluay Hom Thong fruit (Thai banana) (Tadakittisarn et al., 2009) and 

many other fruits. PL occurrence is also in abundance in microorganisms like T.maritima 

(Kluskens et al., 2003) and B. pumilus (Klug-Santer et al., 2006; Basu et al., 2008).  

The primary structure of PME was first elucidated in tomato by sequencing of PME 

isoforms. Based on PRO Domains, Arabidopsis genome sequencing showed two types of PME; 

type I PME had molecular weight of 52-105kDa whereas type II PME had molecular weight of 

27-45kDa (Pelloux et al., 2007).  

Protein sequence comparison of hundred PME from plants and bacterial sources reveals 

signature patterns (five fragments of similar sequence) which are characteristics of PME, some 

aromatic residues; conserved and functionally important and six amino acids which are highly 

conserved (one Tryptophan, one Aspartate, three Glycine and one Arginine residue). The three 

dimensional structure documented for PME explains that it belongs to family of right handed β-

helix. The substrate binding cleft contains aromatic residues at their central part; an attribute of 

carbohydrate binding proteins and is formed by external loops (Jolie et al., 2010). The active site 

of enzyme contains several conserved amino acid residues. Hydrogen bonded Arg225 act as 

nucleophile and targets the carboxy methyl carbon, while Asp136 works as acid/base both; as 

acid at cleavage site where methanol is released and as base to restore the active site by cleaving 

covalent bond between enzyme and substrate. Glu113 and 135 stabilize the negative charge of 

the intermediate (Johansson et al., 2002). 

The 3D structure of PG in various organisms has been determined (van Pouderoyen et al., 

2003). For example, PGs from fungi like C. lupin, A. aculeatus have been analyzed and PG1 and 

PG2 have been crystallized in A. niger (van Santen et al., 1999). Likewise, PGs have also been 

crystallized from various bacteria such as E. carotovora and B. subtilis (Pickersgill et al., 1998). 
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PG possesses many parallel beta sheets which form a helical shaped beta helix. High stability of 

this structure is due to a number of hydrogen bonds and disulfide bonds between strands which 

in turn is very helpful in pectin degradation. Beta helix has a hydrophobic interior (Cho et al., 

2001).  

Starr and Moran (1962) discovered PL for the first time from the cultures of  

E. carotovora and B. polymyxa. PL is broadly included in class of polysaccharide lyases and 

further divided into 5 major families as PL1, PL2, PL3, PL9 and PL10. The structure of PL when 

examined, it was found to be consisted of beta helices and the basic amino acid residues 

appeared to play major role in removal of proton to form double bond at C-5 position. Moreover, 

the structure displayed divalent cations like Ca
+2

 usually carried by the enzyme for proper 

functioning and stabilization of the structure.  

Pectin degrading enzymes have great role in fruit softening and ripening mechanisms. This 

natural role is exploited in utilization of industrial application. The amount of protopectin is high 

before maturation of fruit and it declines afterwards leading to soft and pulpy fruits. The studies 

have revealed that during ripening process, protopectins are converted to the soluble forms of 

pectin (Jayani et al., 2005). Ripening results in textural alteration of the fruits as the structural 

and storage polysaccharides present in cell wall are hydrolyzed turning the fruit into soft and 

pulpy texture that is ready to be ingested. This fruit pulp is also said to be mesocarp that consists 

of thin walled parenchyma cells (Selvaraj et al., 1989; Fuchs et al., 1980). Post-harvest 

deterioration of fruit crop depends on the changes in composition of the cell wall due to the 

action of pectin degrading cell wall enzymes. Softening is dynamic developmental process of 

fruit ripening. PG in this connection executes the most significant role in fruit ripening. An 

increase in the activity of PG is associated with the ripening of the fruit. Hence, during the 

process of fruit ripening endogenous plant PGs actively play their role in the softening and 

sweetening of the fruit (Barnavon et al., 2001).  

PL has also great contribution in fruit ripening. They are also responsible for the growth and 

development of parts of plant and differentiation of cells and elongation of pollen tube. PL also 

found in nematodes that are associated with the plants (Hugouvieux-Cotte-Pattat et al., 2014). 

PME also have a role in seed germination, pollen tube elongation, maturation of fruits, 

elongation of hypocotyl, root growth and microsporogenesis (Micheli, 2001). The pollen tube tip 

growth requires increase in amount of PME at the tube apex that enhances the wall visco- 

elasticity consequently turgor pressure exerts the stretching force on wall for fast growth 

(Guerriero et al., 2014). Solubilization of pectin is an important step of fruit softening. 
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Strawberry fruit undergo decrease in firmness at maturation. The activity of PME decreases till 

ripening stage and abrupt increase in acidic pectin is observed; a suitable substrate for other 

softening enzyme (Draye and Cutsem, 2008). PME ascertained no direct correlation with 

postharvest fruit softening but by de methyl esterification it ensures the availability of pectin to 

other softening enzymes (Ejsmentewicz et al., 2015).  

Several studies documented that cell wall pectin degrading enzymes PME, PL and PG are 

secreted by fungal and bacterial pathogens during initial stages of infection (Lionetti  

et al., 2012). The cell wall of wide range of plant tissues are wide-open for cell wall degrading 

enzymes of phytopathogenic fungi such as PGs (Bonivento et al., 2008). Fungal petinolytic 

enzymes aid in hydrolyzing the pectin skeleton of plant cell wall and making it possible for 

phytopathogenic fungi to retrieve the nutrients from plant tissues (Cho et al., 2001). Endo 

polygalacturonases cleave HGA are the first enzymes secreted by phytopathogenic fungi during 

the course of infections, thereby helping in pathogen entry and degrading cell wall integrity 

(Annis and Goodwin, 1997). As a result of degradation of HGA, oligogalacturonide fragments 

are released which actively initiate defense response (Galletti et al., 2009).  

On commercial level, polygalacturonase has played a role in provision of value added 

products in market. Tomato was the first fruit which was genetically modified to be supplied to 

the stores and it was ideal for the shipping purpose as it had a longer shelf life. Its shelf life was 

increased by delaying its ripening and it was achieved by stopping PG from hydrolyzing pectin 

as a result firm tomatoes were produced. The activity of PG was hindered by the introduction of 

an antisense PG gene. In this way, PG was prevented from causing the ripening and softening of 

the fruit. In spite of the reduction of the activity of the PG by antisense gene the normal color 

development was not affected (Sheehy et al., 1989). 

Fruits are present in large quantities round the globe including Mediterranean, temperate, 

tropical and subtropical regions; this directly is related to the type of fruit and its adaptation to 

the surroundings and environment (Prasanna et al., 2007).  

Fruit and vegetable juice consumption has rapidly grown in recent times and is expected to 

grow more in future due to improved mode of life and profound health awareness (Hyson, 2015).  

Immense nutritional status of fruits is due to the presence of vitamins, minerals, fibers and 

roughage. Some fruits are also rich in phenolic content and antioxidants (Prasanna et al., 2007). 

There is tremendous increase in utilization of food processing enzymes in food industries as 

good quality juice production is impossible without enzyme treatment (Tapre and Jain, 2014). 

Pectinolytic enzymes are used quite often as they help to reduce the viscosity and water binding 
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ability of pectin to release the juice from fruit pulp (Nakkeeran et al., 2011).  Enzymatic 

liquefaction of fruit pulp offer advantages in improvement of soluble components, juice yield, 

colour, aroma, phenolic components and reduced cloudiness (Buchert et al., 2005). PGs are 

mainly used in juice and wine making and in retting and degumming of fibre crops like banana 

pseudo stem, paper making, treatment of pectic waste water, oil extraction and tea and coffee 

fermentation (Kashyap et al., 2001).  

Instead of microbial enzymes, enzymes from plant sources are preferably used in food and 

pharmaceutical industries for multiple reasons (Jach et al., 2010). Sugarcane bagasse, wheat, rice 

bran, soybean husks, coffee husks, cassava bagasse and citric pulp are employed to produce the 

hydrolytic enzymes such as proteolytic, cellulolytic, amylolytic, phytase, pectinase and other 

enzymes using various technique (M’hamdi et al., 2014). As pectinolytic enzymes are evenly 

distributed among plants and microbes, therefore, in present study, grapes skin has been selected 

for extraction of PG enzyme. Grapes generally grown in warm and temperate zone and belong to 

genus “Vitis” and consist of about sixty species. “Vitis vinifera” is the main species from which 

grapes are derived. In Pakistan, only European grapes are cultivated and about seventy percent of 

grapes are grown in largest province Balochistan and Khyber Pakhtoon Khawa with 122 

thousand tons annual production rate (Khan et al., 2008). 

PG have been previously employed for effective clarification of various juice 

preparations like pear, guava, banana, papaya, carrot, beet (Soares et al., 2001), pine apple juice 

(Tochi et al., 2009), fresh apple juice (Ajayi et al., 2011) and lemon juice (Maktouf et al., 2014).  

In the beverage industry, clarification of juice is a process by which the semi-stable 

emulsion is formed. After clarification process, the viscosity of the juice is reduced and the 

turbidity of the cloudy juice is changed (Kilara and Van Buren, 1989). Enzymatic juice 

extraction process followed by clarification and membrane separation is considered as an 

innovative step for concentration of juice. In enzyme treated juice clarification, pectin 

breakdown is greatly influenced by enzyme concentration, incubation time and temperature (Rai 

et al., 2004). Cell wall of fruit hydrolyzes by the action of pectinolytic enzymes due to which 

juice yield, reducing sugar level and galacturonic acid content is raised (Joshi et al., 1991). 

Around the globe, increased antimicrobial resistance against various antibiotics is a 

matter of deep concern regarding public health. Various antibiotics have become ineffective 

against many infectious diseases; therefore, the search for natural antimicrobial agents is 

growing day by day (Bag et al., 2012). Since ancient times, various fruit juices have been 

consumed for their anti-microbial properties (Bansode and Chavan, 2013). The complete 
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mechanism of action of antimicrobial agents is not known yet it is a renowned fact that 

antimicrobials have strong association with phenolic content and organic acids (Negi, 2012). 

Due to improvement in total phenolic content of PG treated juice, the antimicrobial capacity can 

be improved. 

Minor fibers like flax, jute, banana, sisal, ramie and fibers of similar plants have been 

used for more than 8,000 years. Banana is the second largest fruit crops in Pakistan. Banana fiber 

is eco-friendly like jute fiber. The fiber is obtained from the pseudo-stem of banana plant. Stems 

and leaves are thrown away annually as waste but this waste has potential to obtain fiber from 

them. In comparison, chemical based reactions are less specific and frequently result in 

hazardous side effects. These enzymes help in removing the unwanted components from the 

fiber and thus making it soft and of good tensile strength (Shroff et al., 2015). 

Banana fiber can be utilized as raw material in the production of valuable products like 

paper, cardboards, tea bags, currency notes and polymer composite used in fabric materials. It is 

also used in making handkerchiefs. Seat pads are made of strips of dried banana pseudo stem in 

Ecuador (Preethi and Balakrishnan, 2013). Banana fiber is also useful in making grease proof 

paper due to its good tensile strength (Goswami et al., 2008; Brindha et al., 2012). 

A molecular biology tool like recombinant DNA technology is employed to obtain 

recombinant enzymes. Production of proteins at commercial scale has been a challenge for 

biotechnology. The gene of a desirable protein is introduced in an appropriate host system that 

can effectively produce the protein in bulk (Wong, 2006). The structure and function of gene or a 

protein can be characterized and elucidated at molecular level with great ease and valuable 

proteins or enzymes can be produced in a safe, convenient and controlled mode by dint of 

recombinant DNA technology. The recombinant PG has appreciable activity for specific 

applications.  

The favorable properties of PG make it an attractive candidate for potential applications 

in many industries. The aim of current trial is to purify and characterize polygalacturonase, 

pectin methyl esterase and pectate lyase from grapes skin and to clone and express PG in 

expression vector to obtain recombinant PG and its sequence analysis by 3D-modeling and 

docking studies by employing bioinformatics tools and to optimize concentration, incubation 

time and temperature of PG enzyme to execute industrial applications like apple juice 

clarification and further characterization of physico-chemical and anti-microbial properties of 

PG treated and untreated juice using response surface methodology (RSM) and PG treatment 
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with banana pseudo stem and control to study its behavior towards pectin hydrolysis and its 

morphological studies through scanning electron microscope (SEM). 
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2 Literature review  

Polygalacturonase is an outstanding enzyme causing the destruction of pectin 

network present in cell wall of plant which results in sweet and syrupy fruit. This feature of 

PG has been greatly exploited in beverage and fiber industry to produce nectars and pulpy 

drink from fruit and biopolymer from plants respectively. 

Ali and Brady (1982) purified polygalacturonase from tomato fruit. At early ripening 

stage, PG had molecular mass of 115kD. PG retained 50% of its activity at 70
0
C even after 

ten minutes. PG activity was enhanced by divalent metal ion and inhibited by EDTA. 

Three polygalacturonase isoforms (PG1, PG2 and PG3) from strawberry were 

characterized by Nogata et al. (1993). PG2 and PG3 exhibited exo-polygalacturonase activity 

while endo-polygalacturonase activity was displayed by PG1. Strawberries were picked from 

green stage of fruit ripening and three isoforms were extracted and purified. However, with 

rapid growth and ripening of fruit, the total exo-polyglactouronase activity started to decline 

and eventually got diminished in fully ripened form. 

Prasanna et al. (2006) extracted PG from mango and purified it by Ion Exchange 

Chromatography and Gel Filtration Chromatography. Three PG isoforms (I.II, III) with 

molecular mass 40, 51 and 45 kDa respectively were found. The optimum pH range of PG 

isoforms was 3.0-4.0. PG-I had stability over broad pH range 4.0-7.5 while PGII and PGIII 

were stable at pH 4.0 and 5.0 respectively. Three PG isoforms had 40
0
C optimum 

temperature.  

Endopolygalacturonase-3 (PG-3) was purified from jamaica cherry (Muntinga 

calabura) by anion exchange gel filtration chromatography and affinity chromatography. The 

molecular mass of PG-3 was determined as 85kDa by size exclusion chromatography. Two 

prominent bands of 62 and 21kDa for PG-3 were found in SDS-PAGE analysis. The enzyme 

was active optimally at pH 4.0 and temperature 40
0
C. PG-3 was relatively stable up to 60

0
C 

(Gayathri et al., 2007). 

PGI, PGII and PGIII from ripened banana were extracted, purified and characterized 

by Singh and Dwivedi (2008). The molecular mass of PGI in its native form had 120kDa, 

whereas PGII had 105 and PGIII had 65kDa. After SDS-PAGE analysis, PGI was found to 

be homodimer, whereas PGII and PGIII appeared as heterodimers.  Effect of pH, metal ions, 

temperature and concentration of substrate were determined. All of three PGs behaved 
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differently. At high substrate concentration, PGI and PGII were inhibited while no inhibition 

was observed in PGII. 

Isolation, purification and characterization of polygalacturonase from ripened banana 

was reported by Gayathri and Niar (2014). Polygalacturonase was considered as prominent 

enzyme displaying main role in the ripening of banana. After ammonium sulphate 

fractionation, purification of PG was carried out by DEAE cellulose ion exchange 

chromatography and gel filtration chromatography. The purified protein as two subunits was 

resolved on SDS PAGE while native PAGE displayed a single band. PG had maximum 

activity at pH 3.5 and at optimum temperature 40
0
C. Fe

3+ 
greatly enhanced the PG activity 

while Mg
+2 

and Ca
+2

 raised the activity of purified enzyme slightly. 

Banana fruit has great economic importance and nutritional status. Due to softening 

of the pulp during ripening process, banana has got very short shelf life. This is due to 

collective action of pectin degrading enzymes acting on plant cell wall. Gayathri and Nair 

(2015) purified three isoforms of PG by ammonium sulphate precipitation and DEAE 

cellulose ion exchange chromatography and gel filtration chromatography using Sephadex 

G-100. PG1 and PG2 had optimum pH 4.0 and PG3 exhibited maximum activity at pH 3.5.  

Fe
3+ 

activated PG1 and PG2 while activity of all three isoforms lowered by Ca
2+

. 

PG from Solanum macrocarum L. was purified by ammonium sulphate precipitation 

and Gel Filtration Chromatography. The protein content, PG activity and kinetic parameters 

were determined. The protein content and PG activity of fruit juice content were 0.63mg ml
-1

 

and 45.96 Umg
-1

 respectively. PG activity was increased after purification up to 108.3 fold. 

Optimum pH and temperature for PG was 3.0 and 30
0
C. Various divalent cations caused 

inhibition but Mg
+2

 stimulated the enzyme activity (Chinedu et al., 2017). 

PME was extracted and purified from Acerola by ammonium sulphate precipitation, 

anion exchange and gel filtration chromatography (de Assis et al., 2007). Two PME isoforms 

were found on SDS-PAGE with molecular masses 25.10 and 5.2 kDa, the values of Vm 

calculated for isoforms were 204.08 and 158.73 µmol min
-1

 mg
-1

 and values of Km were 0.93 

and 0.08 mg ml
-1

, respectively. Both isoforms displayed optimum activity at temperature 

98°C and retained maximum of their activity when incubated for 60 minutes. 

Mondal et al. (2009) studied the presence of PME in guava fruit during different 

maturation stages. PME activity increased until fruit color change and decreased at the end 

ripening stage. PME was purified by gel filtration chromatography and ion exchange 
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chromatography which revealed protein with 51 kDa molecular mass. The optimized 

conditions for PME activity were 50°C and pH 7.5. Metallic ions Ca
2+

 and Na
+
 increased 

enzyme activity. 

Kant and Gupta (2012) extracted PME from Lycopersicon esculentum and purified by 

ammonium sulphate precipitation and DEAE cellulose column chromatography. Its 

molecular weight was 34 kDa. Vmax and km values for PME enzyme were  

1.03 µmol ml
-1

 min
-1

 and 0.115 mgml
-1

 respectively. Conditions for PME activity were 

optimized at pH 6.5, temperature 50°C and 45 min incubation time. PME showed stability at 

temperature 4°C and 50°C and it retained 70% activity even after 120 min. 

Sood and Mathur (2014) purified and characterized biochemical properties of PME 

from apple. Enzyme extracted was precipitated by ammonium sulphate and purified by 

HPLC. Molecular weight of PME was 43 kDa. Tests for pectin degradation performed for 

the estimation of juicy lump of orange slice when incubated with enzyme and compared with 

control. PME showed stability at temperature and pH ranging from 45-55°C and 4.5-5.5, 

respectively. Enzyme showed powerful antimicrobial activity against pathogens depicting its 

important role in pharmacology as a treatment of microbial infection. 

Unal and sener (2015) purified PME from Alyanak apricot by ammonium sulphate 

precipitation. The values of Km and Vmax calculated were 1.69 mg ml
-1

 and 3.41 U ml
-1

 

respectively. PME showed activity at temperature 60°C while stable at 30-45°C for 10min 

and completely inhibited at 80°C. The pH range for enzyme activity was 7.0-8.0, with 

optimum activity at pH 7.5. 

An endo acting pectate lyase was purified by Takao et al. (2000) from cultures of 

Bacillus species. The enzyme hydrolyzed pectin when incubated at 60ºC. Pectate lyase was 

purified by gel filtration chromatography, ion exchange chromatography and hydrophobic 

interaction chromatography. SDS-PAGE exhibited the molecular weight of PL as 50 kDa. 

The enzyme was highly active at 70ºC and pH 8.0.  

Kluskens et al. (2003) isolated pectate lyase (Pel A) from T. maritime. The protein 

was presented to size exclusion chromatography, 4 subunits were revealed. Most specific 

substrate was polygalacturonic acid (PGA) while it showed less activity with methylated 

pectin when used as substrate. Km value for enzyme was calculated as 0.06 mM and Ca
+2

 

ions were required for its proper functioning. Surprisingly enough, enzyme showed optimum 

activity at extreme conditions like temperature 90ºC and pH 9.0.  
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Payasi et al. (2003) identified the activity of PL in banana and found out that PL 

enzyme was most active under alkaline conditions. Ca
+2

 activated the enzyme activity while 

it was inhibited by EDTA. PL initiated its activity at early ripening stages whereas highest 

level of PL enzyme was attained at the apex of ripening stage and a gradual decline in PL 

activity was observed when ripening process was complete. 

Payasi et al. (2006) purified pectate lyase from banana (Musa acuminata) by 

employing chromatographic techniques like ion exchange chromatography. Separation of pL 

was based on charge, size and hydrophobic properties. The activity of enzyme was 

determined to be 680 pkat/mg of protein. SDS-PAGE displayed the molecular mass of 

protein as 43 kDa and enzyme showed maximum activity at pH 8.5. Certain divalent ions 

like Ca
+2 

behaving as co factor specifically enhanced PL activity. Mg
+2

 and Mn
+2

 also 

activated PL activity but the highest activity was obtained when Ca
+2

 and Mg
+2

 were 

simultaneously used. 

Singh et al. (2007) observed the role of pectate lyase in ripening of mango fruit 

(Mangifera indica). An activity assay was performed by taking absorbance at 232 nm and 

conditions for pectate lyase extraction were optimized. The biochemical characterization of 

PL enzyme showed that optimum pH was 8.5 and Ca
+2

 ions were found to be essential for its 

activity.  

Tadakittisarn et al. (2009) carried out experimentation to find out activity of pectate 

lyase in Kluay Hom Thong banana fruit at multiple ripening stages. Bananas were collected 

from various ripening stages ranging from green to yellow peel. Banana pulp of various 

ripening stages was homogenized and crude enzyme extract was prepared. Ammonium 

sulphate precipitation was performed to obtain 90% saturation and precipitate was further 

dialyzed in sodium phosphate buffer. The activity of pectate lyase was measured at 235 nm 

of each sample. A gradual increase in pectate lyase activity was observed from initial to final 

stage of banana ripening.  

Mukadam et al. (2010) isolated, cloned and characterized PG gene from A. niger. The 

size of amplicon was 1101 bp. The whole cDNA gene with predicted protein of 367 amino 

acids and molecular mass was 38.28 kDa. When the sequence was compared with other 

Aspergillus spp. by applying bioinformatics tools, it showed sequence similarity with  

A. niger and A. fumigatus and 98% homology with PG gene of A. niger.  
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Endo-polygalactouronase was expressed in P. pastoris and recombinant PG was 

characterized by Tu et al. (2013). Recombinant endo-PGI was different from other PG 

enzyme in terms of high activity for its substrate polygalactouronic acid (PGA) and high 

yield was observed. Its optimal activity was found at 45
0
C and it showed stability over a 

broad range of temperature. Endo-PG I showed its optimal activity at pH 6 just as the pH of 

fresh papaya juice so it was comfortably used for papaya juice clarification. Endo-PG I 

showed higher efficiency in clarification of juice with a synergy degree of more than 1.25. 

Due to the useful properties of PG enzyme, it has many industrial applications. 

Maktoufa et al. (2014) treated lemon juice with polygalacturonase at different temperatures 

and concentrations of enzymes and then effect of various concentrations on viscosity of the 

juice was determined. Reduction in viscosity and turbidity was observed up to 77% and 47% 

respectively. Clarified juice had high juice quality as a result of enzymatic hydrolysis of 

pectin present in lemon. It was also suggested that treatment of juice with enzyme along with 

ultrafiltration can have more accurate results in the production of lemon juice of high 

commercial value. 

Bananas are tropical fibers are available in bulk. Presently, bananas are the fourth 

largest fruit crop in the world. After harvest of banana crop, a great amount of banana 

pseudo-stem remains behind and used as organic material. Banana fibers have been used in 

pulp industry and energy is generated by their decomposition (Aziz et al., 2011).  

Specific properties of high permeability, hygroscopic nature and thermal stability of 

banana pseudo stem fibers make them good candidate to be utilized as biopolymer 

composites at industrial level. Previously, a lot of methods like chemical, mechanical and 

enzymatic treatments like PG have been validated to extract fibers from banana pseudo stem 

(Ganan et al., 2004; Sreenivasan et al., 2011; Khan et al., 2013). 

Nadia et al. (2018) isolated polygalacturonase from Streptomyces sp. GHB5 and used 

it in banana fiber hydrolysis, clarification of orange and apple juice and hydrolysis of 

agriculture wastes. Scanning electron micrographs revealed that after enzyme treatment 

banana fiber cells were separated and reducing sugar level was increased by increasing 

enzyme treatment time. In apple juice clarification, juice volume was increased from 7.5 to 

18.3 ml indicating the effectiveness of enzyme treatment in juice clarification process. 
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3 Materials and Methods 

3.1 CHEMICALS AND METHODS 

Different chromatographic techniques were used for protein purification like Gel filtration 

chromatography (Sephadex G-75 Pharmecia Fine Chemicals, Sweden) and Ion-exchange 

chromatography (Q-Sepharose Sigma Chemical Co., USA) and. Protein content was 

determined by Bradford method (1976) and examined on SDS-PAGE as described by 

Laemmli (1970). Agarose gel electrophoresis was carried out using agarose (Sigma Chemical 

Co., USA) as illustrated by Sambrook et al. (1989). RNA extraction from grapes was 

performed by GeneJET
TM

 Plant RNA Purification Mini kit # K0801 (Thermo Scientific). 

cDNA synthesis was performed by using Thermo Scientific™ RevertAid™ First Strand 

cDNA Synthesis Kit #K1622. Primers were designed by software DNA Star, NEB Cutter and 

Oligo Analyzer Tool. PCR reaction was performed to amplify our gene of interest. 

Purification of PCR products was done using the GeneJET
TM

 Gel Extraction Kit K0513 

(Fermentas). Competent E. coli DH5α cells were prepared by chemical method as described 

by Sambrook and Russell (2001). Plasmid was isolated from E. coli DH5α cells as described 

by Sambrook and Russell (2001). The gene of interest was cloned in pTZ57R/T using 

InsT/Aclon
TM

 PCR cloning kit K#1214 (Fermentas). For expression in E. coli BL21 (DE3), 

pET28a(+) expression vector (Novagen) was used. LB agar (Sigma Chemical Co., USA) 

were used in determination of antimicrobial activity and in cloning and expression. After 

sequencing of cloned product from Advance Biosciences International, sequencing results 

were analyzed by BioEdit software and nucleotide sequence was translated into aminoacid 

sequence by Expasy Translate tool. 3D-modelling and docking analysis of sequenced PG 

protein was performed by Raptor X, Galaxy Refine and CASP10 server. Autodock Vina and 

Discovery Studio visualizer were employed to view docking results. Physico-chemical 

properties of PG treated apple juice were determined by employing various methods. 

Statistical analysis (Response Surface Methodology) was conducted by minitab and response 

and box plots were drawn for physico-chemical properties of PG treated apple juice. All 

chemicals used were of analytical grade. 

3.2 PROTEIN EXTRACTION 

Protein was extracted from grape skin by the modified method of Singh and Dwivedi 

(2008). 100 grams of fresh grapes (Vitis vinifera) were collected from the local market. For its 

powder form, the skin of grapes was peeled off and crushed along with liquid nitrogen in 

sterilized pestle and mortar. 30% homogenate of grapes powder was prepared in extraction 
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buffer (50 mM sodium acetate buffer pH 4.5, 20 mM EDTA, 20 mM cysteine, 0.1%  

β-mercaptoethanol and 0.5% triton X-100) and incubated at 4
0
C for 30 min. 

Polyvinylpolypyrrolidone was added before homogenization. Mixture was centrifuged at  

12,000 x g speed (SiGMA® Laborzentrifugen) for 10 min at 4
0
C. Supernatant obtained after 

passing through the filter paper was utilized as a source of enzyme for further investigation. 

3.2.1 Assay of polygalacturonase (PG) enzyme  

PG activity was examined by DNS method described by Miller (1959) using  

D-galacturonic acid as a standard. 0.5 g polygalacturonic acid (PGA) comprising 0.02% sodium 

azide was soaked in 50 mM sodium acetate buffer (pH 4.5) for two hours. Reaction mixture 

having 0.5 ml suitably diluted enzyme and 0.5ml PGA in a test tube was incubated at 40
0
C for 

30 min and then centrifuged at 1000 x g for 10 min. After addition of DNS reagent in subsequent 

supernatant, the mixture was heated in boiling water bath for 5 min and cooled till room 

temperature. Reducing sugars liberated in the reaction mixture were determined at 540nm by 

using the UV/visible light spectrophotometer (UV-2450; Shimadzu). Polygalacturonase activity 

was calculated by using the formula. 

Polygalacturonase Activity (U/ml)   =     Concentration x Dilution factor x 2                                                                          

   

One unit of polygalacturonase activity (U) was defined as the amount of enzyme that catalyzes 

the release of 1 µmol of D-galacturonic acid per minute under standard assay conditions.  

3.2.2 PG diffusion assay 

For determining the PG activity, staining method was used in which wells were prepared 

on PGA agar plate (0.5% polygalacturonic acid, 4% agar in 50 mM sodium acetate buffer  

pH 4.5). Samples with various PG concentrations (0.1-0.3U) were poured in each well and buffer 

was added in one well as negative control, plate was then placed at 37
0
C for two hours. Staining 

was performed with 0.02% congo red dye for 15 min. After destaining with NaCl, zones of PG 

activity were clearly visible.  

 

 

 

Time of incubation 

(min) 
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3.2.3 Pectin methylesterase (PME) activity assay  

PME activity was determined by modified method described by Hagerman and Austin 

(1986). PME hydrolyzes methyl esters from polygalacturonate chain and releases acid which can 

be visualized by change in color of pH indicator. Bromothymol blue indicator changes its 

confirmation from protonated to deprotonated at acidic, neutral and basic pH showing blue, 

green and yellow color, respectively (Salas Tovar et al., 2017). 75 µl of Bromothymol blue 

(0.01%) prepared in 3 mM potassium phosphate buffer (pH 7.5), 1 ml of PGA (0.5%) and 425 µl 

of enzyme extract was mixed and absorbance was measured at 620 nm. The concentration of 

acid produced was calculated from standard curve of D-galacturonic acid (GalA). Standard curve 

was obtained by plotting absorbance against known concentrations (µmol ml
-1

) of GalA. PME 

activity was calculated by following formula. 

 

                PME Activity (U/ml) =         Conc. of acid equivalents (µmol)                                                                          

 

 

One unit of enzyme activity is defined as amount of enzyme that releases 1 µmol of  

D-galacturonic acid (GalA) per minute from citrus pectin under standard assay conditions. 

3.2.4 Pectate lyase (PL) activity assay  

Pectate lyase activity enzyme was checked by using polygalacturonic acid (PGA) as 

substrate. The reaction mixture was prepared by adding PGA (2.5 mg) in 1ml of 50 mM Tris-Cl 

buffer (pH 8.0) along with 1 ml of  CaCl2 (1 mM) and incubated for 5 min at 40ºC. 0.5 ml of 

suitably diluted enzyme extract was added in PGA reaction mixture and allowed to incubate at 

40ºC for 20 min. Absorbance was measured at 235 nm. 0.5 ml of 50 mM Tris-Cl buffer (pH 8.0) 

without enzyme extract was used as blank. PL enzyme activity was determined using following 

formula.                     

PL Activity (U/ml) = ∆A × 1/4.6 × 2.5/0.5 × Dilution 

Where: 4.6 = absorption coefficient of unsaturated bond at 4-5 position of uronic acid residue; 

 2.5 = total volume of reaction mixture; 0.5 = volume of enzyme used 

   Time of incubation (min) x volume of extract (ml) 
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One unit of pectate lyase enzyme activity is defined as the amount of enzyme that is 

required to release about 1 µmol of 4,5 unsaturated product per minute from polygalacturonic 

acid under standard assay conditions. 

3.2.5 Protein estimation 

Bradford method (Bradford, 1976) with bovine serum albumin as a standard (Sigma Chemicals 

Co., USA) was used to measure protein contents in crude extract and in purified preparation of 

PG enzyme. BSA standard graph of known concentrations was plotted against absorbance at 

595nm. 

3.2.6 Preparation of BSA standard graph 

    Stock solution of 1 mgml
-1 

of BSA was prepared and diluted in range of 100 µgml
-1

 to  

900 µg ml
-1

 in distilled water. 5 ml of Bradford reagent (Appendix) with 100 µl distilled water 

used as blank for zero calibration of spectrophotometer (UVD-2950) at 595 nm. 100 µl of each 

dilution was mixed with 5 ml of Bradford reagent and incubated for five min at room 

temperature. Absorbance of each dilution was measured at 595 nm and plotted against 

concentration (µg ml
-1

) to prepare standard curve. For protein estimation, 100 µl of extract with 

Bradford reagent (5 ml) were incubated for five min at room temperature and absorbance was 

measured at 595 nm. Protein concentration was determined from standard curve. 

3.3 PURIFICATION OF PG, PME & PL 

3.3.1 Ammonium sulphate precipitation 

The initial step in purification scheme was to precipitate all proteins present in crude 

extract. The crude extract was obtained after 85% ammonium sulphate saturation. The 

appropriate amount of ammonium sulphate was added gradually to 50 ml of crude extract at 4ºC 

for 30 min with constant stirring. The mixture was placed on magnetic stirrer at 4ºC for 2 hours 

and then subjected to centrifugation for 20 min at 12,000 x g. The pellet containing precipitated 

protein was dissolved in appropriate volume of sodium phosphate buffer (0.1 M with pH 7.0).  

3.3.2 Dialysis 

Dialysis helps to remove salts and impurities from protein sample precipitated by 

ammonium sulphate. Dialysis tubing was cut and boiled in distilled water for 20 min. It was 

further boiled in 20 mM EDTA and 20 mM NaHCO3 to remove any metal ion or grease if 

present and then washed three times with distilled water.  After pouring protein sample in the 
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dialysis tube both end of tubing were tied up and placed in 0.01 M sodium phosphate buffer, pH 

7.0 and left for 12 hours on stirrer at 4°C. Buffer was changed after regular interval of three 

hours to effectively remove salts. After dialysis, proteins were concentrated by lyophilization 

and dissolved in 50 mM sodium phosphate buffer (pH 4.5) and stored at -20°C. 

3.3.3 Gel filtration chromatography 

5 g of Sephadex G-75 (Pharmacia Fine Chemicals, Sweden) was soaked in 250 ml of 

0.01 M sodium phosphate buffer pH 7.0 and placed at 4ºC overnight. The slurry was poured onto 

the column (0.25cm ×30 cm) and allowed to settle. Later, the column was washed with 0.01 M 

sodium phosphate buffer (pH 7.0). 1 ml lyophilized protein sample was loaded on gel filtration 

column and flow rate was maintained as 1 ml/min. Constant supply of buffer was maintained up 

to a specific point to avoid crack in column. About 60 fractions (1 ml) were collected and every 

fraction was assayed for PG, PME and PL activity by using polygalacturonic acid solution as 

substrate. The protein elution was done using same buffer. Enzyme activity and concentration of 

protein of each fraction was determined.   

3.3.4 Q-Sepharose chromatography 

Fractions having enzyme activity were combined and filtered in an amicon ultrafiltration 

cell fixed with 10,000 MW cutoff membrane (Millipore Co., USA) under nitrogen pressure at 

4
0
C. The concentrated enzyme sample was purified on Q-Sepharose (Sigma Chemicals Co.) 

column with dimensions of 1.6 x 10 cm which was equilibrated with Tris-HCl buffer of pH 8.5 

under natural flow rate. The proteins were eluted with the same buffer containing a linear 

gradient of 0 to 1.5 M NaCl. Protein concentration and enzyme activity of fractions obtained  

(1 ml each) was then determined. 

3.3.5 Polyacrylamide gel electrophoresis  

Molecular mass determination of purified PG, PME and PL was done by measuring the 

relative mobility of proteins in SDS-PAGE (Bio-Rad) along with standard protein size marker 

(Invitrogen). 12% SDS-PAGE was prepared for resolving protein after purification as per 

method illustrated by Laemmali (1970).  

Resolving gel was prepared by adding sterile water (1.6 ml), 30% acrylamide-bisacrylamide 

(2.0 ml), 1.5 M Tris-Cl buffer (1.3 ml & pH 8.8), 10% SDS (50 µl), freshly prepared 10% APS 

(50 µl) and TEMED (6 µl) and gel was transferred between two glass plates fixed on casting 
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stand while leaving behind 0.5 inches space at the top. Isopropanol was added to remove the 

bubbles from the gel and left for polymerization for 30 min. 

Stacking gel was prepared by adding sterile water (1.4 ml), 30% acrylamide-bisacrylamide 

(330 µl), 1 M Tris-Cl buffer (250 µl & pH 6.8), 10% SDS (20 µl), freshly prepared 10% APS  

(20 µl) and TEMED (6 µl)  and poured on resolving gel and left for polymerization for 20 min. 

20 µl of protein sample was mixed with 4X loading dye (6.6 µl) (Appendix), glycerol  

(2.5 ml), 10% SDS (3 ml), distilled water (10 ml) and β-mercaptoethanol (125 µl) was added in 

375 µl of already prepared dye just before use and boiled at 95°C for 10 min. Electrophoresis 

was performed with Tris-glycine running buffer (Appendix) at 100 volts. Gel after 

electrophoresis was stained in staining solution (Appendix) with constant shaking on orbital 

shaker. After staining, gel was de-stained in de-staining solution (Appendix), on orbital shaker. 

After destaining the bands on gel were clearly visible. The molecular weight of purified PG, 

PME and PL were determined by comparing with protein ladder (Invitrogen). 

3.3.6 Electro-elution  

  The gel band containing protein was excised from 12% SDS gel and cut in pieces with 

sterile blade and added in dialysis membrane having 1 ml elusion buffer (Appendix). Both ends 

of membrane were tied strongly. Running buffer (Appendix) was added in agarose gel apparatus 

and the tube along with gel pieces was placed perpendicular to the direction of flow of current. 

Electrophoresis was performed at 60 volts for 3.0 hours until the gel pieces in membrane left all 

the protein in buffer present in dialysis tube. The resultant protein after elution was removed by 

micropipette and and analyzed by SDS-PAGE. 

3.3.7 Zymography for PG activity 

To identify the PG activity on the gel directly, modified method described for cellulase 

enzymes was used (Beguin, 1983). Under native condition, 15% polyacrylamidе gel 

еlеctrophorеsis was performed. SDS was omitted and 0.3% polygalacturonic acid solution as 

substrate for polygalacturonase was incorporated in separating gel. After electrophoresis, 

staining of native gel with 0.02% congo red dye for 15 min and destaining with 1 M NaCl 

solution was done. The gel was treated with acetic acid to improve the contrast. 
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3.4 CHARACTERIZATION OF PURIFIED ENZYMES  

3.4.1 Effect of pH on PG, PME & PL activity & stability 

The influence of pH on purified PG, PME and PL activity was noted by keeping pH of 

reaction mixtures using 1% PGA as substrate. Sodium acetate buffer with pH range of 2.5-6.5, 

sodium phosphate buffer with pH range 5.5-7.0 and glycine NaOH buffer with pH range 7.5-

10.0 were used. 

pH stability of PG PME and PL enzyme was determined by incubating purified enzyme 

without substrate in buffer solutions of pH varying from 2.5-10.0 at room temperature for 1 hour. 

The residual enzyme activity was measured under standard conditions. 

3.4.2 Effect of temperature on PG, PME & PL activity & stability  

The optimum temperature of purified PG, PME and PL was determined by incubating a 

known amount of PG, PME and PL activity at various temperatures ranging 10-70
0
C with 1% 

PGA as substrate prepared in optimized buffer.  

The thermal stability of purified enzyme was assessed by incubating them at various 

temperatures (10-70
0
C) for 1 hour prior to the substrate addition. The residual enzyme activity 

was then measured under standard conditions of pH and temperature. 

3.4.3 Substrate specificity of PG 

The substrate specificity of PG was determined after incubating them with different 

concentration (0.5-1.5%) of polygalacturonic acid (PGA), pectin, xylan, cellulose and galactose 

as substrate. The relative activity of each substrate was measured by taking PGA as a control.  

3.4.4 Effect of metal ions and chemicals on PG 

The enzyme was incubated with 1 mM concentration of different metal ions (Na
+1

, K
+1

, 

Ca
+2

, Mn
+2

, Cu
+2

, Mg
+2

, Fe
+3

 Pb
+1 

and Hg
+2

) at room temperature. The residual enzyme activity 

was then measured under standard assay conditions.  

3.5 CLONING & EXPRESSION OF POLYGALACTURONASE 

3.5.1 Isolation of RNA 

RNA was extracted from grape skin by using Thermo Scientific Genе JET™ Plant RNA 

Purification Mini Kit (#K0801) according to given instructions.100 mg of grape skin was 
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meshed up with liquid nitrogen in mortar and pestle and transferred immediately in microfuge 

tube having 500 µl freshly prepared plant RNA lysis solution containing 2 M DTT and 2% PVP. 

Vortexing and incubation of mixture at 56°C and then centrifugation for 5 min at 18,000 x g was 

done. Supernatant was transferred to clean microfuge tube, ethanol was added and properly 

mixed. Then transferred to purification column and centrifuged the column at 12,000 x g for  

1 min. The flow through was thrown away and column was readjusted. Following wash steps 

effectively removed the impurities. After washing steps, collection tube having flow through was 

thrown and purification column was shifted to RNase free collection tube. Under low ionic 

strength setting, elution of pure RNA was performed by the addition of 35 µl sterile water and 

centrifuged at 12,000 x g for 1 min. Finally, the purification column was discarded and purified 

RNA was stored at -20°C until use.  

3.5.2 Removal of genomic DNA from template RNA  

To avoid inhibiting the cDNA synthesis reaction, purified RNA must be free from 

impurities like salts, metal ion, ethanol and phenol. Usually, contaminants in trace amount from 

the template RNA are removed by two washing steps with 96% ethanol. Before cDNA 

synthesis, removal of DNA contamination from template RNA was performed by treating it 

with RNase free DNase I (#EN0521) along with control reaction. The reaction mixture 

consisting of purified RNA (1 µg), 10X reaction buffer (1 µl), RNase free DNase I (1 µl) 

(#EN0521) and 6 µl sterile water was prepared in RNase free tube and placed at 37°C for 30 

min, then 50 mM EDTA (1 µl) was added and kept at 65°C for 10 min. Chelating agent was 

added to avoid RNA hydrolysis with divalent cations upon heating.  RNA prepared was used as 

a template for reverse transcriptase. 

3.5.3 Qualitative analysis of RNA by agarose gel electrophoresis 

The integrity of RNA was determined before cDNA synthesis by preparing 1% agarose 

gel was prepared by dissolving 0.4 g of agarose (Sigma Chemical Co., USA) in 40ml of 1X TAE 

buffer (Appendix). Gel was run at 75V for 30 min. 

3.5.4 Quantification of total RNA 

RNA concentration was determined by Thermo Scientific UV/Vis Multiskan GO 

microplate spectrophotometer. µDrop™ Plate of this instrument has been designed for quick and 

easy measurement of small sample volume (~2 µl). 
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RNA purity was calculated with A260/A280 ratio and concentration was found out from the 

following formula. 

RNA conc. (μg/ml) = A260   Dilution Factor   20 

3.5.5 cDNA synthesis 

First strand cDNA from RNA template was efficiently synthesized by Thermo 

Scientific™ RevertAid™ First Strand cDNA Synthesis Kit#K1622 according to given 

instructions. For cDNA synthesis, the reaction mixture containing Dnase treated RNA (1 µg), 

Oligo (dT) primer (1 µl) and sterile water (1 µl) was prepared in a sterile tube, mixed gently, 

centrifuged and placed at 65°C for 5 min, cooled on ice and then 5X reaction buffer (4 µl), 

RiboLock RNase Inhibitor (1 µl) and 10 mM dNTP mix (2 µl) was added and placed at 37°C for 

5 min. In the end, RevertAid M-MuLV RT (1 µl) was added, mixed gently, spun down and kept 

at 42°C forone hour. The reaction was stopped at 70°C for 10 min. The reverse transcription 

reaction product was directly used in PCR applications. 

3.6 AMPLIFICATION OF PG GENE OF GRAPES   

3.6.1 Primer designing  

The nucleotide sequence of the PG gene available at NCBI site with Gen Bank accession 

number AY043233.1 was used to design forward (PG-F) with EcoRI and reverse primer (PG-R) 

with XhoI restriction sites. The software NEB cutter was employed to check that the restriction 

sites of these enzymes were not found in between the coding sequence of our gene of interest. 

Primers were designed using software DNA Star. Oligo analyzer tool (3.1) software was used to 

check properties like Tm, GC content and to ensure that the primers should not form dimer or 

hairpin structures for exact amplification of gene. The primers were synthesized and supplied by 

e-oligos. The sequence of primers is given in Table II.  

Table II; Forward and reverse primers for PG gene 

 

Primers 

 

Sequence 5'-3’ 

 

Forward (PG-F) 

 

AAGAATTCATGTCTCTACAAAGGCGCTTC  

 

 

Reverse (PG-R) 

 

TGCTCGAGTCAGGCGCAATTTGGAG  
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The tubes having forward and reverse primers were reconstituted in sterile water by making 

stock of 500 pmole and 50 pmole as working solutions.  

3.6.2 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is widely used in molecular biology to form millions of copies 

of specific target sequence. PCR is routinely used in diagnosis of various diseases, gene 

expression analysis, genotyping and sequencing (Nelson and Cox, 2008).  

Amplification of polygalacturonase (PG) gene was performed utilizing Taq DNA 

polymerase along with aforementioned gene specific primers (PG-F and PG-R). Lyophilized 

powder of both the primers was dissolved in nuclease free sterile water separately to achieve 

50pmol concentration. Reaction mixture (25 µl) in a clean PCR tube was prepared with 10X 

PCR buffer (2.5 µl), 25 mM MgCl2 (2.5 µl), 10 mM dNTPs (0.5 µl), 1.25 µl of each PG-F 

forward and PG-R reverse primer (10 µM). 0.5 µl Taq polymerase (5 U/µl), 1 µl cDNA and  

15.5 µl of nuclease free water. 

3.6.3 Thermal cycler profile 

The reaction was performed in thermocycler (BIO-RAD). Initial denaturation was done 

for 5 min at 95   followed by 35 denaturation cycles at 95  for 30 sec, annealing at 53.5  for 

30 sec and extension at 72   for 45 sec, with final extension at 72  for 10 min.  

  

 

 

  

Fig.3.1; Thermal cycler profile of PCR for PG gene 
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3.6.4 Agarose gel electrophoresis 

The PCR products were analyzed on 1% agarose gel since gel electrophoresis is useful technique 

for the resolution and separation of macromolecules of various sizes. Agarose is the gel matrix of 

choice for DNA fragments. Loading of DNA sample is performed in the wells of agarose gel and 

gel is kept flooded with running buffer. Under the influence of electric field, the sample 

fragments in the gel matrix migrate towards anode. The rate of DNA fragment movement relies 

on multiple parameters like fragment size, type of electrophoresis buffer, voltage and 

concentration of agarose. Faster migration of small molecules through matrix is observed as 

compared to larger ones (Wong, 2006). Staining of gel with ethidium bromide helps to 

intercalate it in double helical structure of DNA and varying sizes of DNA fragments appeared 

as distinct bands give fluorescence under ultraviolet light. As being mutagen, ethidium bromide 

was handled carefully. Agarose is the gel matrix of choice for DNA fragments. Agarose gel 

electrophoresis was done as per method illustrated by Sambrook et al. (1989).  

To prepare 1% agarose gel, 0.4g of agarose (Sigma Chemical Co., USA) was mixed in  

40 ml of 1X TAE buffer (Appendix) and heated in microwave oven until transparent and 

uniform consistency of gel was achieved then cooled the slurry up to 55 . 1 µl of ethidium 

bromide (0.5 μg/ml) was added to the slurry, mixed and transferred into a gel casting tray 

meanwhile a comb was also inserted at one side of gel. After polymerizing, the gel was carefully 

immersed in 1X TAE buffer. 2 μl of sample was mixed with 2 μl of 6X loading dye (Appendix) 

and poured in well. 1 µl of 1 kb DNA ladder (SM0311, I Kb, Fermentas Inc.) was used as a 

marker. Electrophoresis of gel was performed at 75V for 45 min till the tracking dye 

(bromophenol blue) covered suitable distance. Gel containing DNA fragment was visualized 

under UV transilluminator and quick snapshot of gel was taken using gel documentation system 

and GeneSnap software. 

3.6.5 Extraction of PCR product    

PCR product was extracted and purified from agarose gel by using Fermentas Genе 

JET™ Gel Extraction Kit (K0513) according to given instructions. 1% preparative gel for PCR 

product was prepared. Gel pieces comprising PCR product were cut with a sterile blade and 

shifted to clean eppendorf and weighed. 100 µl binding buffer was added to 100 mg of gel pieces 

in 1:1 ratio and kept at 60°C for 10 min. The gel solution was decanted in purification column 

and centrifuged at 12,000 x g for 1 min. Left over was thrown and washing of column was done 

with 700 µl wash buffer and centrifuged. After repeat washing step, the elution of bound DNA 
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was done by adding 40 µl elution buffer and centrifuged at 12,000 xg for 1 min. The eluted PCR 

product was examined on 1% agarosе gel and stored at -20°C. 

3.7 CLONING OF PG GENE  

  DNA cloning refers to segregation of specific target gene or DNA segment from a large 

chromosome and its selective amplification. Target gene or DNA segment is usually inserted 

into a suitable vector as a result a modified or recombinant DNA molecule is formed. The vector 

directs the replication of recombinant DNA. The number of host cells and multiple copies of 

cloned DNA in each cell are increased (Nelson and Cox, 2008). PCR product after purification 

from agarose gel was cloned into pTZ57R/T vector employing Fеrmentas InsTAclone
TM

 PCR 

cloning kit (K1214). A-overhangs (single stranded) are needed to form base pairing with the 5’-T 

overhangs present at the arms of pTZ57R/T vector (Fig. 3.2). 

 

 

 

 

 

 

 

Fig. 3.2; Restriction map of cloning vector (pTZ57R/T) (Adapted from Fermentas Inc) 

 

3.7.1 Ligation of PG gene in pTZ57R/T 

Ligation involves a process where an insert or DNA fragment is joined to a suitable 

vector by forming a phosphodiester bond (Nelson and Cox, 2008). Amplified PG gene fragment 

was ligated into pTZ57R/T vector (Fermentas, Inc) to form vector (pTZ57R/PG). The 

constituents of ligation mixture were added in microfuge tube according to insert to vector ratio 

(3:1). The reaction mixture (30 μl) was prepared comprising plasmid vector pTZ57R/T (3 µl), 

PCR fragment (purified) (9 μl), 5X ligation buffer (6 μl), T4 DNA ligase (1 μl) and sterile water 

(11 μl). The tube was centrifuged for 5 sec and incubated at 18°C for 16 h. The ligation mixture 

was stored at -20°C until further use in transformation. 
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3.7.2 Preparation of competent cells 

Foreign DNA can be readily added in bacterial cells if these cells have been pretreated with 

CaCl2. Cells treated with CaCl2 are named as competent cells so as they are capable of taking 

foreign DNA freely (Wong, 2006). Competent cells from E. coli strain (DH5α) were prepared by 

chemical method (Sambrook and Russell, 2001). After streaking E. coli DH5α cells on LB agar 

plate, it was kept at 37°C for 16 h. A single colony was transferred to LB broth (25 ml) 

(Appendix) and incubated in orbital shaker (Optima OS 752) at 200 x g  speed at 37°C until OD 

600 nm of culture was established up to 0.3. The cells were placed on ice for 25 min and then 

harvested at 3,000 x g at 4°C for 10 min.  Pellet was suspended in cold CaCl2-MgCl2 solution 

(Appendix) leaving it on ice for 10 min and cell pellet was achieved by centrifuging at 2,000 x g 

at 4°C for 10 min and suspended in 1 ml ice cold 0.1 M CaCl2 and placed on ice for 

transformation. 

3.7.3 Transformation of competent cells with pTZ57R/PG 

The process of introducing plasmid having target DNA into living competent cells is 

known as transformation. Competent cell is pretreated cell which allows the permeability of 

recombinant plasmid through its membrane. The plasmid is replicated in bacterial cell and forms 

millions of copies of gene of choice. Bacterial cells carrying recombinant plasmid can have 

steady growth only if antibiotic resistant gene is present. 

Ligation mixture was placed on ice after thawing. In a sterile eppendorf tube, 100 µl of 

competent E. coli DH5α cells were mixed with 10 µl of ligation mixture (recombinant vector 

pTZ57R/PG) and incubated on ice for 30 min and then placed on 42°C for 2 min. It was further 

moved to ice for 2 min. 0.8 ml of SOC medium (Appendix) was poured in each tube and 

incubated at 37°C in shaking water bath for 45 min. Transformed cells were spread on pre 

warmed LB agar plate having ampicillin (100 µg/ml), X-gal (20 µg/ml) and IPTG (1 mM). The 

plate was placed at 37°C for 16 h. 

3.7.4 Screening of blue and white colony  

The positive colonies (pTZ57R/PG) were selected by blue and white screening method. 

Replica plating was performed with ten distinct white colonies on fresh LB agar plate (1.5% 

agar) comprising ampicillin (100 µg/ml) and incubated at 37  for 16 h.  
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3.7.5 Screening of transformants by colony PCR 

Above mentioned gene specific primers were used to perform colony PCR to confirm the 

existence of target sequence. Four well separated colonies from replica plates were picked for 

colony PCR with micropipette tip and shifted to PCR tubes comprising 50 µl distilled water. The 

colonies were thoroughly chopped, crushed and denatured at 95   for 10 min. In order to 

remove the cell debris, the tubes were centrifuged at 12,000 x g for 5 min. The supernatant 

achieved was shifted to a new tube and 5 µl of it was used in amplification as template.  PCR 

reaction mixture was prepared as per recipe illustrated in previous section 3.6.2. 

3.7.6 Isolation of recombinant plasmid pTZ57R/PG 

Positive clones for colony PCR were selected for the extraction of recombinant plasmid. 

Extraction was done using alkaline lysis method illustrated by Sambrook and Russell (2001).  

Chromosomal DNA and proteins are denatured and precipitated out under highly alkaline 

conditions, leaving the plasmid DNA behind in supernatant. Transformed bacteria (Single 

colony) was inoculated in LB medium (5 ml) containing ampicillin (100 µg/ml) and incubated at 

37°C for 16 h. Overnight culture (1.5 ml) was centrifuged at 12,000 x g at 4°C for 30 sec. 

Supernatant was discarded and pellet was mixed in 100 µl of chilled ALS I (Appendix) and 

placed on ice for 15 min. 200 µl of freshly prepared ALS II (Appendix) was added and mixed 

gently and placed again on ice for 10 min. 150 µl of ice cold ALS III (Appendix) was added and 

mixed carefully and kept on ice again for 20 min, then centrifuged at 12,000 x g for 5 min at 

4°C.  Plasmid was isolated from supernatant. Same volume of phenol: chloroform mixture was 

added and mixed by gentle inversion of tube for 1 min. Resulting emulsion was centrifuged at 

12,000 x g for 5 min at 4°C. Aqueous phase was carefully shifted to a new microfuge tube, 

ethanol (2 volumes) was added and the tubes were placed on ice for 10 min for precipitation of 

plasmid. The tubes were centrifuged at 12,000 x g for 5 min at 4°C. Supernatant was discarded 

and washing of pellet was done with 1 ml of chilled ethanol. Plasmid DNA was recovered after 

centrifugation at 12,000 x g for 2 min at 4°C. Supernatant was removed and the pellet was dried 

in air and dissolved in 40 µl TE buffer. The purified recombinant plasmid DNA was assessed on 

1% agarose gel and stored at -20°C.  

3.7.7 Restriction of pTZ57R/PG 

The recombinant pTZ57R/PG was digested with EcoRI and XhoI under conditions that 

yielded maximum amount of insert for ligation in pET-28a(+) expression vector. Reaction 

mixture (20 µl) for restriction of recombinant plasmid was prepared in microfuge having plasmid 
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DNA, 10X Tango buffer (Appendix), EcoRI and XhoI enzyme and 6 µl sterile H2O and mixture 

was kept at 37°C for 16 h. The digested mixture was assessed on 1% agarose gel and required 

restricted gene fragment was purified by Fermentas GeneJET™ Gel Extraction Kit according to 

instructions as described previously in section 3.6.5. 

3.8 SUB-CLONING OF PG GENE  

3.8.1 Extraction of pET28a(+) 

Cell stocks of E. coli strain DH5α carrying pET28a (+) (5369 bp) plasmid was streaked 

on a LB-agar plate containing kanamycin (30 µg/ml) and incubated for 16 h at 37 . A single 

colony of cells carrying pET28a(+) plasmids were picked up and inoculated in LB broth 

(Appendix) containing kanamycin (30µg/ml) and incubated at 37  in an orbital shaker. When 

OD600 of bacterial culture was reached up to 0.3, the cells were harvested at 3,000 x g for 15 

min at 4 . Supernatant was discarded and cell pellet was used to extract plasmid by alkaline 

lysis with SDS method. The purified pET28a (+) vector was analyzed on 1% agarose gel and 

then stored at -20 °C. 

3.8.2 Restriction and purification of linearized pET28a(+) vector 

pET28a(+) was used as an expression vector and digested with EcoRI and XhoI 

restriction enzymes. 20 μl reaction mixture contained 1 μl EcoRI (5 U/µl), 1 μl XhoI (5 U/µl),  

4 μl Tango buffer (10X), 8 μl pET28a (+) vector (0.5 µg/µl) and 6 μl of nuclease free water. The 

linearized pET28a(+) vector DNA was excised from gel and purified by Fermentas GeneJET™ 

Gel Extraction Kit described in section 3.6.5. 

3.8.3 Ligation of PG gene and linearized pET28a(+)  

The purified PG gene fragment was ligated into linearized pET28a(+) expression vector 

according to the method described in pET manual (Novagen). Ligation mixture (30 μl) was 

prepared by taking 5X ligase buffer (6 μl), pET vector (5 μl), purified PG gene fragment (10 μl), 

T4 DNA Ligase (1 μl) and sterile water (7 μl). The tube was vortexed and incubated at 22°C for 

16 h. The reaction mixtures were stored at -20°C. 

3.8.4 Competent cell preparation and transformation of E. coli DH5α with 

pET28a(+)/PG 

Cell stock of E.coli DH5α was streaked on a LB agar plate and incubated for 16 h at 

37°C. A medium size single colony was picked up and inoculated in 25 ml LB broth (Appendix). 
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The inoculated culture was incubated in shaker water bath at 500 x g at 37ºC. When the OD600 of 

bacterial culture was reached near 0.3, cells were processed for competent cell preparation as 

discussed earlier in section 3.7.2. 

Ligation mixture of pET28a(+)/PG) was placed on ice after thawing. Competent E. coli 

DH5α cells (100 µl) were mixed with ligation mixture (10 µl) in a tube and placed on ice for 30 

min and then heat shocked by quickly moving it to 42°C for 2 min and then transferred back on 

ice for 2 min. 800 µl of LB medium was added in each tube and incubated in shaking water bath 

for 45 min at 37°C. Transformed cells were spread on LB agar plates containing kanamycin  

(30 µg/ml) and incubated at 37°C for 16 h. 

3.8.5 Screening of transformants by colony PCR 

The E. coli DH5α transformants containing pET28a(+)/PG expression vector were 

confirmed by colony PCR. For colony PCR, 10 well defined colonies (C1-C10) were selected and 

further spotted on LB agar plates containing 30µg/ml kanamycin. Colonies (1mm in diameter) 

were picked, crushed and denatured at 95
0
C and transferred to the PCR tubes containing 50µl 

sterile water. PCR reaction mixture was prepared as previously described in section 3.6.2 and 

5µl of each colony PCR sample was run on 1% agarose gel. 

3.8.6 Isolation of pET28a(+)/PG 

The transformants positive in colony PCR were selected for the extraction of 

recombinant expression vectors (pET28a(+)/PG). 5 ml of LB medium with kanamycin  

(30 µg/ml) was inoculated with cells from a duplicate C2 and incubated for 16 hours at 37°C. 

Recombinant plasmid (pET28a/PG) was isolated by alkaline lysis with SDS as described earlier 

3.7.6. The presence of recombinant plasmid (pET28a/PG) was analyzed on 1% agarose gel. 

3.8.7 Restriction analysis of pET28a(+)/PG 

The recombinant pET28a/PG expression vector isolated from E. coli DH5α was digested 

with EcoRI and XhoI for the confirmation of the insert. Reaction mixture (20 µl) was prepared 

by taking 8 µl of pET28a(+)/PG, 4 µl of10X Tango buffer, 1 µl of EcoRI , 1 µl XhoI and 6 µl 

sterile water and incubated at 37°C for 16 h and digested mixtures were resolved on agarose gel 

(1%). 

 

 



32 
 

3.8.8 Expression of recombinant PG & preparation of competent cells E. coli BL21 (DE3) 

After cloning and sub-cloning of polygalacturonase in E. coli DH5α, recombinant gene 

(pET28a(+)/PG was expressed in expression host E. coli BL21 (DE3). 

The competent cells of expression host E. coli strain BL21 (DE3) were prepared by 

chemical method (Sambrook and Russell, 2001). E. coli BL21 (DE3) was streaked on LB agar 

plate and incubated at 37°C for 16 h. Single colony of appropriate size was taken up and 

inoculated in 50 ml LB broth and incubated in shaking water bath at 500 x g at 37ºC until the 

OD600 of bacterial culture reached near 0.3. Cells were then processed for competent cell 

preparation as discussed before in section 3.7.2.  

3.8.9 Transformation of E. coli BL21 (DE3) with pET28a(+)/PG 

Competent E. coli BL21 (DE3) cells (100 µl) were mixed with 10 µl ligation mixture of 

pET28a/PG expression vector in eppendorf and kept on ice for 30 min. The cells were heat 

shocked at 42°C for 2 min and then quickly kept on ice for 2 min. 800 µl of LB medium was 

added in each tube and incubated in shaking water bath for 45 min at 37°C. The transformed 

cells were spread on pre warmed LB agar plates containing 30 µg/ml kanamycin. The plates 

were incubated at 37°C for 16 h. 

3.8.10 Colony PCR 

The BL21 (DE3) transformants containing pET28a/PG expression vector were confirmed 

by colony PCR as described earlier in section 3.6.2. PCR product was analyzed on 1% agarose 

gel. 

3.9 EXPRESSION OF PG GENE 

For expression studies, a single colony of E. coli BL21 (DE3) transformed with 

pET28a(+)/PG was inoculated in 10 ml of LB broth having kanamycin (30 µg/ml) and incubated 

at 37  with shaking at 150 rpm overnight. 1% of overnight culture was refreshed in 25 ml LB 

medium (30 µg/ml kanamycin) and grown under same conditions as mentioned above. At O.D 

600 nm (0.5-0.8), cells were induced with IPTG (0.5 mM) and grown at 37  upon shaking at 

150 rpm speed. Sample (5 ml) was collected in a separate tube from culture after 4 h and 

centrifuged at 12,000 x g for 5 min. Supernatant having extracellular enzyme fraction was 

shifted to a clean tube and concentrated (10X) with trichloroacetic acid (100%). The pellet was 

resuspended in 1 ml of lysis buffer (Appendix) and sonicated at amplitude (50) for 30 sec cycle 

for 4 min. To separate soluble and insoluble inclusion proteins, cell suspension was centrifuged 
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at 11, 000 x g for 15 min. Supernatant having soluble proteins was collected in  separate tube and 

insoluble enzyme fraction was resuspended in 1 ml lysis buffer (pH 6.0) (without lysozyme). 

Enzymatic activity in each fraction was then determined and level of expression in each fraction 

was assessed on 12% SDS-PAGE. 

3.9.1 PG acitivity assay 

Polygalacturonase activity was checked in the extracellular, soluble and the insoluble 

fraction by DNS method (Miler, 1959) under optimized conditions. After performing DNS, 

expression analysis of the total cell proteins was done by 12% Sodium Dodecyl Sulphate-

Polycrylamide gel electrophoresis.  

3.10 OPTIMIZATION OF EXPRESSION CONDITIONS  

3.10.1 Effect of IPTG concentration 

For the optimization of inducer (IPTG) concentration, transformed E. coli cells containing 

recombinant plasmid (pET28a(+)/PG) were induced with different concentrations of IPTG i.e. 

0.2 mM, 0.5 mM, 1 mM and 1.5 mM for 4 h. All the cultures were grown up to maximum level 

of expression. Sample from culture (1 ml) was taken and centrifuged at 10,000 x g for 5 min. 

Supernatant was discarded whereas pellet was resuspended in lysis buffer (100 µl). After 

sonication, cells were centrifuged at 8000 x g for 10 min. Supernatant of soluble fraction was 

separated in a new eppendorf after centrifugation and resolved on 12% SDS gel. 

3.10.2 Effect of time 

To study the effect of time on the expression of pET28a(+)/PG, 1ml sample was 

withdrawn from the culture after every 2, 4, 6, 8, 10 and 12 h of induction with 1 mM IPTG. 

After centrifugation at 12,000 x g, pellet of sample was separated and resuspended in lysis buffer 

and sonicated. Soluble protein fraction collected after centrifugation was assessed on 12% SDS-

PAGE to check the effect of time on protein expression. 

3.10.3 Effect of auto-induction with lactose 

For the auto-induction studies, 10 ml LB media containing kanamycin (30 µg/ml) was 

inoculated with the single colony of E. coli BL21 (DE3) transformed with pET28a(+)/PG 

recombinant plasmid and incubated overnight at 37 . 1% of the overnight culture was refreshed 

in 10 ml LB broth containing kanamycin (30 µg/ml) and incubated at 37  till O.D600 reached 

0.6-0.8. Cells were induced with lactose (10 mM) and grown at 37  on shaking at 200 x g for 
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14 h. Cells were collected by centrifuging at 12,000 x g for 5 min and post induced fractions 

were resolved on 12% SDS PAGE. 

3.11 ZYMOGRAPHY 

To determine the activity of expressed protein, 15% polyacrylamidе gel еlеctrophorеsis 

was carried out under native condition using procedure described by Davis, (1964).  

In resolving gel preparation, sterile water (1.8 ml), 30% acrylamidе-bisacrylamidе (4 ml), of  

2 ml of Tris-HCl buffеr (2 M conc. & pH 8.0), 0.5% polygalacturonic acid (1 ml), 10% 

ammonium pеrsulphatе (80 µl) and TЕMЕD (8 µl) were taken. For the preparation of stacking 

gel, the following components were taken like sterile water (2.6 ml), 30% acrylamidе-

bisacrylamidе (1 ml), 0.5 M Tris-HCl (1.25 ml & pH 6.8), 0.5% polygalacturonic acid (50 µl), 

APS (50 µl) and TЕMЕD (50 µl). Samples from post induced soluble protein fractions were 

prepared for zymogram analysis by mixing 4X loading dye without 2-mercaptoethanol. After 

sample loading, elеctrophorеsis was performed in Tris-glycinе buffer (without SDS) at 80 volts. 

The gel was stained with 0.1% congo red dye for 30 min and then dеstained with 2 M NaCl 

solution. 

3.12 SEQUENCE ANALYSIS 

Sequencing of cloned product after colony PCR was done from First Base Sequencing 

Company (Advance Bioscience International) and its results were analyzed through BioEdit 

software (version 7.2.5) (Hall, 1999). The nucleotide sequence was translated into amino acid 

sequence by using ExPASy Translate tool (Gasteiger et al., 2003).  

3.12.1 3D-modeling and docking analysis 

The 3D modeled structure of sequenced PG protein was predicted by RaptorX server 

depending on the degree of similarity with available template structures (Kallberg et al., 2012). 

GalaxyRefine server was used to improve the structure (Ko et al., 2012). The refinement method 

used by the Galaxy Refine server has been successfully tested in CASP10 server and also 

analyzed by Ramachandran Plot. To perform docking studies, the coordinate files of ligand were 

prepared in the MGLTools (v.1.5.6). The PG predicted model then subjected to Docking analysis 

with polygalacturonic acid by using Autodock Vina. The docking results were visualized using 

Discovery Studio visualizer (Biovia, 2017). 
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3.13 APPLICATIONS OF POLYGALACTURONASE  

3.13.1 Clarification of apple juice 

Unripe apples were picked, cut in cubes and meshed in mixer blender and pressed by 

double folds of cheese cloth to obtain raw and unclarified juice. Unclarified juice was 

pasteurized and temperature was immediately brought to 37
0
C. Apple juice in the absence of 

purified PG was considered as control and incubated under same condition as that of sample. 

Purified PG (2.5 U/ml and 5 U/ml) was added to 1 ml apple juice (pH 4.0) and reaction was 

incubated at (40 and 50
0
C) for various time (1 and 2 h) in water bath. The reaction was stopped 

by keeping reaction mixture in boiling water bath for 5 min and centrifuged at 5000 x g for 10 

min. The resulting supernatant was analyzed for various characteristics. 

3.13.1.1 Determination of pectin degradation by alcohol test 

The alcohol test helps to check the pectin degradation before and after enzyme treatment. 

Unclarified juice along with PG enzyme was mixed with acidified ethanol in the ratio of 1:2 in a 

test tube without shaking.  If pectin is present, a gel plug is developed containing haze particles 

and air bubbles. With the passage of time, pectin hydrolysis increases, gel plug size reduces and 

completely dissolves when end point is reached. The remaining particles causing turbidity 

coagulate and settle to the bottom and resultantly homogenous suspension in the alcoholic 

mixture is obtained.  

3.13.1.2 Determination of color 

Color is main feature in fruit juice industry. Juices with light color are always well 

enjoyed by consumer. Color of juice was determined by measuring absorbance at 440 nm before 

and after enzyme treatment.   

3.13.1.3 Determination of % yield of juice 

The supernatant was analyzed for % yield of juice before and after PG enzyme treatment 

and compared with control. Yield was determined by following formula. 

% yield= volume/weight of fruit x 100 
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3.13.1.4 Determination of total soluble solids (
0
Brix) of juice 

The supernatant of juice was analyzed for total soluble solids before and after PG enzyme 

treatment and compared with control. Total soluble solids (
0
Brix) were measured by 

refractometer. 

3.13.1.5 Determination of % transmittance 

Clarity (% transmittance) of apple juice in comparison with control was noted at 660 nm 

before and after enzyme treatment. Higher absorbance generally means lower transmittance. 

Absorbance and percent transmittance are related to each other. 

A 660nm= -log (%T/100)  

%T = 10
-A660nm

 x
 
100  

3.13.1.6 Determination of viscosity and turbidity 

The juice viscosity was measured by glass capillary Ostwald viscometer. Juice viscosity 

in the absence of enzyme was considered as control. The specific viscosity rate was calculated 

from the following formula.   

 η juice sample = ( η water × t juice sample × ρ juice sample) / (t water × ρ water) 

  ∆η= (η control – η juice sample) × 100 / (η control)  

Where η = viscosity, ρ = density, t = time, ∆η= Percentage reduction viscosity 

Turbidity was determined by portable turbidity meter and results were reported as nephelometric 

turbidity units (NTU).  

 3.13.1.7 Estimation of total phenolic content 

 Total phenolic content was estimated according to previously reported method of 

Emmons and Peterson, (2001). Folin-Ciocalteu reagent is made up of phosphor-tungstic acid and 

phosphor-molybdic acid. When Folin-Ciocalteu reagent reacts with phenolics present in juice, 

the compounds present in the reagent are reduced to tungsten and molybdenum with appearance 

of blue color. Standard solution of gallic acid was prepared by adding 100 mg of gallic acid in  

10 ml of methanol with the final concentration of 10 mg/ml. 10 times dilution of of Folin- 

Ciocalteu reagent was made by  mixing 5 ml Folin-Ciocalteu reagent in 50 ml distilled water. 

The solution of sodium bicarbonate 7.5% was also made by adding 7.5 g of sodium bicarbonate 
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in 100 ml of distilled water. Gallic acid was used as standard. For the calibration curve of gallic 

acid, dilutions with methanol were prepared from stock ranging 10 mg/ml to 50 mg/ml. 0.5 ml 

from each dilution was taken in test tubes and mixed with 2.5 ml of Folin-Ciocalteu reagent 

(10X diluted) and 2 ml sodium bicarbonate (7.5%). The same procedure was performed with 

apple juice treated with PG enzyme. The tubes were covered with parafilm and kept at room 

temperature for 30 min. Absorbance was measured at 760 nm by UV/Vis spectrophotometer and 

graph was plotted by taking concentration in mg/ml at x-axis and absorbance at y-axis. 

Absorbance at y-axis is the dependent variable as it is the response to the standard sample 

concentration at x-axis which is the independent variable. The concentration of total phenolic 

content of apple juice samples were expressed in milligram gallic acid equivalent per 100 ml (mg 

of GAE/100 ml) of juice. 

3.13.1.8 Estimation of antioxidant capacity  

DPPH is an oxidizing agent with a free proton radical. The antioxidants present in juice 

extracts provide it H-atoms and the color of the DPPH is reduced due to which the absorption is 

decreased.  

 

Fig. 3.3; Principle of DPPH analysis in form of equation (Liang and Kitts, 2014). 

 

Therefore, presence of antioxidants can be estimated by spectrophotometric analysis. The 

solution of DPPH was prepared by adding 4.2 mg of DPPH in 50ml of methanol and stored at 

4ºC in dark. 50 μl of juice along with enzyme was mixed with 1.5 ml of DPPH solution in a 

covered test tube for determining total scavenging activity. After 1 h of incubation at room 

temperature in dark, the absorbance was checked at 517 nm by UV-Vis spectrophotometer 

UVD-2950. The DPPH radical scavenging activity of apple juice was calculated as equation. 

Antioxidant Capacity = (A control ˗ A sample / A control) × 100 
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3.14 STATISTICAL ANALYSIS OF PG TREATED APPLE JUICE  

Response surface methodology (RSM) is a valuable statistical tool helpful in 

demonstration of impact of numerous independent and response variables (Box and Draper, 

1987). The best part of this approach is pictorial representation of response surface and box plots 

for model to depict the impact of independent variables on dependent variables. Response 

surface statistical plan and box plots were the method of choice for present investigation to 

depict correlation between independent and response variables. 

3.15 DETERMINATION OF ANTIMICROBIAL ACTIVITY OF PG TREATED JUICE  

Improvement in total phenolic content and antioxidant activity of juice after enzyme 

treatment greatly improve the antimicrobial activity of juice. Hence, antimicrobial activity of PG 

clarified juice was checked by measuring the zone of inhibition by well diffusion method. 

3.15.1 Well Diffusion Method 

5 μl of E. coli and S. aureus were taken from glycerol stock in 15 ml falcon tubes 

separately containing 10 ml of autoclaved LB broth medium (pH 7.4). The cultures were 

cultivated at 37ºC for overnight in a shaking incubator and stored at 4ºC to stop the further 

bacterial growth.  

LB agar plates were prepared to check the inhibition zones of E. coli and S. aureus. After 

polymerization of the media in plates, 10 μl inoculum of each strain was spread under sterilized 

conditions. Wells were punched in each petri-plate with equal distribution and PG treated juice 

samples were introduced into the wells while one served as a control well. The agar plates were 

incubated at 37ºC for overnight and the antimicrobial activity was observed by the manifestation 

of the inhibition zones around the wells. 

3.16 BANANA PSEUDO STEM FIBER AFTER PG TREATMENT  

Banana fibers were collected from banana pseudo stem by manual stripping and air dried. 

100 mg of banana fiber was treated with 2.5 and 5.0 U/ml of polygalacturonase in a rotary shaker 

at 40
0
C and 45

0
C for 60 and 90 min with 150 rpm speed. The reducing sugar level was checked 

at regular intervals (Miller, 1959) to assess the degradation of pectin present in cell wall of 

banana fiber. Morphological studies of banana pseudo stem after PG treatment was observed 

under scanning electron microscope (SEM). 
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4 RESULTS 

4.1 EXTRACTION OF PECTIN DEGRADING ENZYMES  

Pectin degrading enzymes (PG, PME and PL) were extracted from grapes skin. Crude 

extract was suitably diluted and used to determine the activity of pectin degrading enzymes 

under their respective standard conditions. 

4.2 POLYGALACTURONASE ENZYME 

4.2.1 PG activity assay 

PG activity was determined by estimating the concentration of D-galacturonic acid (GalA) 

released by PG using polygalacturonic acid substrate. Concentration was determined by standard 

curve of D-galacturonic acid as shown in Fig. 4.1A. The assay was performed under standard 

conditions. At the end of reaction, reducing sugars were released in reaction mixture and a 

change in color of DNS reagent from orange to brown was observed showing the completion of 

reaction as shown in Fig. 4.1B. 

 

 

 

Fig. 4.1A; Standard curve for D-galacturonic acid; 4.1B; DNS assay for PG extracted 

from the grape skin; B: blank; S: Sample. 

4.2.2 PG diffusion assay 

For determining the PG activity, staining method was used. PG catalyzes the hydrolysis 

of PGA as it moves through the gel; a light colored zone around the well is formed as congo re 

reacts with un-hydrolyzed PGA. A PG diffusion assay was used to assess the activity of purified 

PG which produced discrete zones of PGA hydrolysis as shown in Fig 4.2.  

A B 
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Fig. 4.2; Circular zones around the wells in PGA-agar plate. Wells having different 

concentration of PG and incubated at 40
0
C for 24 hours. A: Control; B: 0.1U; C: 0.2U; D: 

0.3U of PG. 

 

4.2.3 Purification of PG 

Brief description of PG purification is illustrated in Table III. After dialysis and 

lyophilization, sample was precipitated by ammonium sulphate (85%) and loaded on Sephadex G-

75 which was pre-equiliberated with 50 mM sodium acetate buffer (pH 4.5).  PG activity appeared 

as single peak as depicted in Fig. 4.3. All the fractions having activity were combined and purified 

further by Q-Sepharose chromatography. Proteins bound to column were eluted by linear gradient 

of NaCl (0-1.5 M) in Tris-HCl buffer (pH 8.5) as shown in Fig.4.4. Purified PG enzyme had 

activity of 128.57 U/mg, whereas percentage recovery was 25 and 15.0 times purification fold. 

Table III: Purification scheme of PG from grape skin 

Purification 

steps 

 

Total 

activity 

(U) 

Total 

protein 

(mg) 

Specific activity 

(U/mg) 

Purification 

fold 

Yield 

        

(%) 

Crude extract 360 

 

42 

 

8.57 

 

1 

 

100 

 

Ammonium 

Sulphate 

Precipitation 

 

 

301 

 

30 

 

10.03 

 

1.17 

 

83.16 

Gel filtration 

chromatography 

 

 

200 

 

5 

 

40 

 

4.66 

 

55 

Ion exchange 

chromatography 

 

90 

 

0.7 

 

128.57 

 

15.00 

 

25 
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Fig. 4.3; Gel Filtration Chromatography of grapes PG on Sephadex G-75 column  

 

Fig. 4.4; Q-Sepharose chromatography of PG after concentration by ultrafiltration 
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4.2.4 CHARACTERIZATION OF PURIFIED PG  

4.2.4.1 Molecular weight determination 

  

The molecular mass of purified PG on 12% SDS-PAGE was evaluated as 47 kDa shown 

in Fig. 4.5A. Under native conditions, PG activity was further confirmed by 15% (w/v) 

polyacrylamide gel having 0.3% PGA followed by congo red staining. Enzyme activity was 

appeared as prominent band with red background of gel as presented in Fig. 4.5B. 

 

Fig. 4.5A; SDS-PAGE of PG from grapes. Lane M: Marker; Lane 1: Crude enzyme; Lane 

2: After Q-sepharose chromatography. 4.5B; Zymography analysis of purified PG from 

grapes. Lane 1: 0.5 U, Lane 2: 1.5U. 

 

4.2.4.2 Effect of pH on activity and stability of purified PG 

Purified PG in current study was found to be optimally active at pH 4.5 as appeared in 

Fig. 4.6. Enzyme exhibited its full activity at pH 4.5 while approximately 55% at pH 6.5. 

However, further increase in pH reduced the enzyme activity. 

To study the pH stability of PG, enzyme was added to the buffers of different pH for one 

hour at room temperature, followed by measuring the residual activity. Purified enzyme was 

stable in the pH range 3.5 to 5.5, however above and below this pH, the activity decreased as 

shown in Fig. 4.6. 
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Fig. 4.6; Optimum pH and pH stability of purified PG. The effect of pH on enzyme activity 

was determined at 40
0
C using 0.05 M of various buffers. Buffers used were: sodium acetate 

(2.5-5.0) and sodium phosphate buffer with pH range (5.5-7.0). For pH stability, the 

enzyme was diluted with buffers of pH range (2.5-7.0) and incubated at room temperature 

for 1 h. The data is representative of mean of three experiments. 

 

4.2.4.3 Effect of temperature on activity and stability of purified PG 

In order to determine optimum temperature of purified enzyme, it was incubated for 10 

min at temperature ranging 10-70
0
C. The purified enzyme was optimally active at 40

0
C as 

illustrated in Fig. 4.7. 

Thermal stability of the PG was evaluated by keeping enzyme at different temperatures 

before the substrate added and residual enzyme activity was measured under standard conditions. 

Purified enzyme preserved its activity up to 60
0
C when incubated for one hour and afterwards 

declined sharply as shown in Fig. 4.7. 
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Fig. 4.7; Optimal temperature of PG was determined at different temperatures by 

incubating known amount of enzyme activity with 1% PGA. Temperature stability was 

obtained by preincubating enzyme at various temperatures ranging from 10-70
0
C for 1 

hour prior to the addition of substrate and determined the residual activity. The data is 

representative of mean of three experiments. 

 

4.2.4.4 Substrate specificity of Purified PG  

Various substrates were used for determination of substrate specificity of purified 

enzyme. Polygalacturonic acid was found to be best substrate as shown in Fig. 4.8. However, 

cellulose, xylan and galactose were found to be poor substrates demonstrating reduced approach 

of enzyme to the substrate. Activity of PG was very low against xylan and galactose even when 

enzyme concentration was increased up to 1.5%. 
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Fig. 4.8; Effect of different substrates on purified PG activity. Data are presented as mean 

of three experiments. 

 

4.2.4.5 Inhibition and Activation Studies 

Various metal ions influence the enzyme by activating or inhibiting its activity, therefore, the 

effect of some important metal ions on PG activity was determined in a reaction mixture 

containing 1 mM of each chemical. Na
+1

 and K
+1 

enhanced PG activity up to 110% and 130%, 

respectively when employed at 1 mM concentration (Fig. 4.9). 

 

Fig. 4.9; Effect of metal ions on activity of purified PG. The data is illustrative of mean of 

triplicate experiments. 
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4.3 PECTIN METHYL ESTERASE  

4.3.1 PME extraction and PME activity assay 

PME was extracted from grape skin and suitably diluted enzyme was used to determine PME 

activity by estimating concentration of GalA released by PME when polygalacturonic acid was 

used as substrate. Concentration was determined by standard curve of GalA. The assay mixture 

containing 1ml of 0.5% PGA with 0.075 ml bromothymol blue (pH 7.5) showed greenish blue 

color indicating its neutral nature. However, when 0.425 ml of enzyme extract was added, the 

color was changed at once from greenish blue to yellow which is a clear indication of release of 

acid by the enzyme activity as shown in Fig 4.10. 

 

Fig. 4.10; PME activity assay of PME extracted from grapes skin C: Control, S: Sample. 

4.3.2 Purification of PME 

Brief description of PME purification is illustrated in Table IV. After dialysis and lyophilization, 

sample was precipitated by ammonium sulphate (85%) and loaded on Sephadex G-75 that was 

pre-equiliberated with 50 mM sodium acetate buffer. Purified PME had activity of 13.9 U/mg, 

percentage recovery 17.2 and 2.8 times purification fold.  

Table IV: Purification scheme of PME from grape skin 

 

Purification step Total 

activity 

(U) 

Total 

protein 

(mg) 

Specific activity 

(U/mg) 

Purification 

fold 

Yield 

(%) 

Crude extract 1450 

 

300 

 

4.9 

 

1 

 

100 

 

Ammonium 

Sulphate 

Precipitation 

 

 

       600 

 

75 

 

8 

 

1.6 

 

40 

Gel filtration 

chromatography 

 

 

250 

 

18 

 

13.9 

 

2.8 

 

17.2 



47 
 

 

4.3.3 BIOCHEMICAL CHARACTERIZATION OF PME  

4.3.3.1 Molecular weight determination of PME after electro elution 

The targeted protein was excised from SDS gel by electro-elution method. The eluted 

PME protein was concentrated by lyophilization and dissolved in PBS buffer. Protein was 

appeared on 12% SDS-PAGE as 30 kDa band as shown in Fig. 4.11.  

 

 

 

Fig. 4.11: SDS-PAGE analysis of PME from grapes after electro-elution. Lane M: Marker, 

Lane 1: PME after electro-elution 

 

4.3.3.2 Effect of pH on activity and stability of PME 

Purified PME in current study was found to be optimally active at pH 7.5 as shown in 

Fig. 4.12A. Enzyme exhibited its full activity at pH 7.5. A gradual increase in activity was 

observed from pH 6.0 to 7.5; however, further increase in pH reduced the enzyme activity. 

To study the pH stability of PME, enzyme was added to the buffers of different pH for 

one hour at room temperature, followed by measuring the residual activity. Purified enzyme was 

stable in the pH range 7.0 to 8.0, however above and below this pH, the activity decreased as 

shown in Fig. 4.12B. 
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Fig. 4.12A; Optimum pH of purified PME; Fig. 4.12B; pH stability of purified PME  

 

 

4.3.3.3 Effect of temperature on activity and stability of PME 

In order to determine optimum temperature of purified enzyme, it was incubated for 10 

minutes at temperature ranging 25-50
0
C. The purified enzyme was optimally active at 30

0
C as 

illustrated in Fig. 4.13A.  

Thermal stability of the PME was evaluated by keeping enzyme at different temperatures 

before the substrate added and residual enzyme activity was measured under standard conditions. 

Purified enzyme preserved its activity up to 40
0
C when incubated for one hour and afterwards 

declined sharply as shown in Fig. 4.13B.  

 

  

Fig. 4.13A; Optimum temperature of purified PME; Fig. 4.13B; temperature stability of purified 

PME 

 

 

A B 

A B 
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4.3.4 Enzyme kinetic studies 

Kinetic studies of enzyme reveal information about the catalytic efficiency of enzyme 

and their affinity for substrate. Activity of enzyme in presence of different concentration of 

substrate (2 to 10 mg ml
-1
) was measured. Lineweaver-Burk plot was used to calculate 

Michaelis constant by plotting 1/V against 1/[S]. The plot was linear (R² = 0.997) over 

substrate concentration as shown in Fig. 4.14. For PME, the Michaelis constant calculated 

from reciprocal plots was 0.142 mg ml
-1
 and Vmax value was 0.67 U ml

-1
. For PG, The 

Michaelis constant calculated from reciprocal plots was 0.128 mg ml
-1
 and Vmax value was 

0.65 U ml
-1
. 

 

 Fig. 4.14; Lineweaver-Burk reciprocal plot of PME from grape skin 

4.4 PECTATE LYASE  

4.4.1 Pectate lyase (PL) extraction and activity assay 

PL was extracted from grape skin and suitably diluted enzyme was used to determine PL 

activity by estimating concentration of GalA released by PL when polygalacturonic acid was 

used as substrate. Concentration was determined by standard curve of GalA. Activity of pectate 

lyase was determined by assay method described previously in 3.11 where polygalacturonic acid 

and suitably diluted enzyme was added under standard assay conditions. After incubation, the 

absorbance measured at 235 nm and the specific activity was calculated to be 4.48 U/mg. 

4.4.2 Purification of PL 

Brief description of PL purification is illustrated in Table V. After dialysis and lyophilization, 

sample was precipitated by ammonium sulphate (85%) and loaded on Sephadex G-75. Purified 
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PL enzymes had activity of 7.58 U/mg, whereas percentage recovery was 13.54 and 1.39 times 

purification fold.  

Table V: Purification scheme of PL from grape skin 

 

Purification step 

 

Total 

activity (U) 

Total 

protein (mg) 

Specific activity 

(U/mg) 

Purification 

fold 

Yield (%) 

Crude Extract 201.6 45 4.48 1 100 

Ammonium 

Sulphate 

Precipitation 

100.2 18.4 5.44 1.21 49.70 

Gel Filtration 

Chromatography 

27.3 3.6 7.58 1.39 13.54 

 

4.4.3 BIOCHEMICAL CHARACTERIZATION OF PL  

4.4.3.1 Molecular weight determination of PL after electro elution 

The targeted protein was excised from SDS gel by electro-elution method. The eluted 

protein was concentrated by lyophilization and dissolved in PBS buffer. Protein was resolved on 

12% SDS-PAGE as 40 kDa band as shown in Fig. 4.15.  

 

Fig. 4.15; SDS-PAGE of PL from grapes after electro elution. Lane. M: marker, Lane 1: 

PL after gel elution  
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4.4.3.2 Effect of pH on activity and stability of purified PL 

The optimum pH of PL was determined by incubating enzyme in buffers of pH 4.0 to 10.0 with 

polygalacturonic acid as substrate. The purified enzyme showed its optimum activity at pH 8.0 

as shown in the Fig. as 4.16 A. 

 The pH stability of purified protein was detected by measuring the residual activity after 

incubating in buffers ranging from pH 6.0 to 9.5. The stability was drastically lost when pH was 

raised to 9.0 as shown in Fig. 4.16 B. 

 

 

 

Fig. 4.16A; Effect of assay pH on purified pectate lyase activity. 4.16 B; Effect of pH on the 

stability of purified pectate lyase. 

4.4.3.3 Effect of temperature on activity and stability of purified PL 

The most suitable temperature conditions for enzyme activity were determined by 

incubating enzyme at temperature ranging from 20ºC to 55ºC using polygalacturonic acid as 

substrate. The optimum value at which enzyme showed maximum activity was found to be 37ºC 

as shown in the Fig. 4.17A. 
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The thermal stability of PL enzyme was checked at temperature range from 20ºC to 60ºC. 

It was observed that enzyme remained active and stable up to 50ºC and lost its activity 

drastically when temperature was raised to 55ºC.The graph is shown in Fig. 4.17B. 

 

 

Fig.4.17A: Effect of assay temperature on purified PL enzyme activity; 4.17B; Effect of 

temperature on the stability of purified pectate lyase  

 4.5 CLONING AND EXPRESSION OF PG GENE 

 4.5.1 Extraction of RNA from Grape skin 

Total RNA was extracted from grape skin by using Thermo Scientific Genе JET™ Plant 

RNA Purification Mini Kit (#K0801). The concentration of RNA was 1.04 μg/10μl when 

absorbance was measured at 260 nm. The purity of RNA was assessed by measuring absorbance 

of RNA extract at 260 and 280 nm, ratio A260/A280 was calculated and found to be 2.0. A ratio 

assessed as 2.0 at A260/A280 usually signifies as good quality RNA sample. The concentration of 
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RNA was determined by Thermo Scientific UV/Vis Multiskan GO microplate 

spectrophotometer. The integrity of RNA sample was assessed on 1% agarose gel as shown in 

Fig 4.18 

 

 

 

 

 

 

 

 

 

Fig. 4.18 ; Agarose gel electrophoresis for quantitative analysis of grapes skin RNA. Lane 

M: 1kb DNA ladder (Fermentas #SM1163); Lane 1, 2, 3, 4: grapes skin RNA. 
 

4.5.2 Removal of genomic DNA from template RNA  

To avoid any hindrance in cDNA synthesis reaction, purified RNA must be free of 

contaminants. Therefore, before cDNA synthesis, decontamination of template RNA was 

performed by RNase free DNase I (#EN0521) treatment to remove any DNA if present. 

4.5.3 cDNA synthesis 

First strand cDNA from RNA template was efficiently synthesized by Thermo 

Scientific™ RevertAid™ First Strand cDNA Synthesis Kit#K1622 according to the 

manufacturer’s instructions. Isolated mRNA (1 µg) was used to synthesize first strand cDNA 

required for second strand synthesis and successive cloning experiments. The product achieved 

after reaction was directly used in PCR. Typically, 2 µl of the first strand cDNA synthesis 

reaction mixture was used as template for PCR in 50 µl total volume. 
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4.5.4 Amplification of polygalacturonase (PG) gene 

PCR is a unique technique that has revolutionized the field of molecular biology. It 

amplifies desired target region of nucleic acids in the presence of gene specific primer pair and 

other reagents. The amplification of PG gene was performed by polymerase chain reaction 

(PCR) required for subsequent cloning procedures. 

4.5.5 Primer designing 

The nucleotide sequence of grape skin polygalacturonase (PG) gene is accessible at 

NCBI. Primer designing was done according to desired nucleotide sequence using software DNA 

Star.  Sequence was confirmed by NCBI BLASTn. The result obtained had complete alignment 

with Vitis vinifera polygalacturonase mRNA. Primer BLAST is known for the provision of 

accurate results regarding primer specificity. Therefore, the specificity of primer pair designed 

for target sequence was analyzed by Primer BLAST, it showed that primer pair was specific to 

desired target and no other targets were found against this primer pair in database. 

The primers designed for amplification of grapes skin polygalacturonase (PG) gene are as 

follows: 

Forward (PG-F)                5’- AAGAATTCATGTCTCTACAAAGGCGCTTC-3’ 

Reverse (PG-R)                 5’-TGCTCGAGTCAGGCGCAATTTGGAG-3’ 

4.5.6 PCR amplification of PG gene 

Grape skin PG gene was amplified by PCR by using a pair of gene specific forward and reverse 

primer under specific reaction conditions previously used in section 3.6.2. The preparation of 

reaction mixture for PCR was done as per recipe used earlier and the mixture was allowed to 

initially denature at 95   for 5 min with subsequent 35 denaturation cycles at 95  for 30 sec, at 

annealing temperature (53.5
0
C) for 30 sec, extension (72

0
C) for 45 sec and lastly final extension 

(72
0
C) for 10 min. 1% agarose gel was performed to verify the presence of amplified fragment. 

A 1335 bp amplified product was verified on 1% agarose gel which showed the presence of PG 

gene as shown in Fig. 4.19. 
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Fig. 4.19; Agarose gel electrophoresis of PG gene after PCR amplification. Lane M: DNA 

ladder (1kb) (Fermentas #SM1163); Lane 1, 2, 3 and 4 PCR amplified PG gene 

PCR product was excised from agarose gel and purified with the aid of GeneJET
TM

 Extraction 

Kit (Fermentas K0691) according to method described in previous section 3.6.5 and was further 

assessed on agarose gel (1%) as displayed in Fig. 4.20. 

 

Fig. 4.20; Agarose gel electrophoresis (1%) for purified PG gene. Lane M: 1kb DNA ladder 

(Fermentas #SM1163); Lane 1 and 2 purified PG gene. 
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4.6 T/A CLONING OF PG GENE 

Fеrmentas InsTAclone
TM

 PCR cloning kit (K1214) was used to clone the purified PG gene in 

pTZ57R/T cloning vector. Adenine (A) nucleotide was added by Taq DNA polymerase at the 3’ 

end of amplified PG gene. Overhangs generated in PCR product base pairs with the –T 

overhangs of pTZ57R/T cloning vector. 

4.6.1 Ligation of PG in pTZ57R/T 

To construct the recombinant vector (pTZ57R/PG), T4 DNA ligase mediated the ligation of 

purified PG with pTZ57R/T vector (Fermentas, Inc.). Constituents required for ligation were 

added according to procedure adopted in previous section 3.7.1 and incubated at 18°C for 16 h. 

Ligation was assessed on agarose gel (1%) and subsequently a band of 4221 bp showed the 

ligation of target gene (PG) with pTZ57R/T vector (Fig. 4.21) 

 

Fig.4.21; Agarose gel showing ligation of pTZ57R/T and PG. Lane M: 1kb DNA ladder 

(Fermentas # SM1163; Lane 1: PG gene fragment; Lane 2 pTZ57R/T vector (2886 bp); 

Lane 3: Ligated pTZ57R with PG.  

4.6.2 Transformation of E. coli DH5α with pTZ57R/PG vector 

 E. coli DH5α competent cells were transformed with resultant recombinant plasmid 

pTZ57R/PG. The transformed colonies of choice were nominated by blue-white screening 

method on LB agar plate comprising ampicillin (100 µg/ml), X-gal (20 µg/ml) and IPTG  

(0.1 mM). The presence of white colonies revealed the presence of recombinant vector 

(Fig.4.22). 
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Fig.4.22; Transformation of E. coli strain DH5 with pTZ57R/PG recombinant vector. 

White colonies are with recombinant plasmid while blue colonies are without recombinant 

plasmid. 

4.6.3 Colony PCR 

Verification of transformation of E. coli strain DH5α with pTZ57R/PG vector was assessed by 

picking conspicuous white colonies for colony PCR, gene specific primers were used in colony 

PCR. Selected number of transformed colonies was used in colony PCR according to previously 

described method in section 3.7.5 under same optimized conditions of thermocycler profile used 

for PG gene amplification. The presence of 1335 bp fragment on agarose gel (1%) confirmed 

that PG gene was present in transformed clones as shown in Fig. 4.23 

 



58 
 

 

Fig. 4.23: Colony PCR of DH5α transformant containing recombinant (pTZ57R/PG) vector 

displayed on 1% agarose gel. Lane M: DNA ladder (1 kb) (Fermentas #SM1163); Lane 1-4: 

colony PCR of selected clones.  

4.6.4 Isolation of recombinant pTZ57R/PG 

Clones having positive results in colony PCR were selected for extraction of recombinant 

pTZ57R/PG plasmid by alkaline lysis with SDS method as described by Sambrook and Russell 

(2001). The isolation of pTZ57R/PG plasmid from clones was shown on agarose gel (1%) in Fig. 

4.24. 

4.6.5 Restriction of pTZ57R/PG 

EcoRI and XhoI restriction enzymes were used to perform double digestion of recombinant 

plasmid (pTZ57R/PG). Reaction mixture of total volume 20 μl was prepared for plasmid 

restriction according to procedure adopted previously in section 3.7.7 and then analyzed on 

agarose gel (1%) after incubating the reaction mixture at 37  for 16 h. The two distinct bands 

revealed on agarose gel (1%) verified the successful recombinant plasmid restriction. 2886 bp 

band represented as linearlized  pTZ57R/T vector DNA whereas 1335 bp band represented as 

PG gene is shown in Fig. 4.25.  
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Fig.4.24; 1% Agarose gel electrophoresis analysis of isolated recombinant (pTZ57R/PG) 

plasmid. Lane M: 1 kb DNA marker (Fermentas# SM 0313); lane 1-3: Isolated 

recombinant plasmid (pTZ57R/PG) of 4221 bp from positive clones in colony PCR. 

 

Fig.4.25: 1% Agarose gel electrophoretic analysis of pTZ57R/PG vector restriction 

digestion. Lane M: DNA size marker; Lane 1: Unrestricted pTZ57R/PG plasmid; Lane 2: 

Restricted pTZ57R/PG plasmid.   
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4.7 SUB-CLONING OF PG GENE IN pET28a(+) EXPRESSION VECTOR  

4.7.1 Isolation and linearization of pET28a(+) 

In order to sub clone the recombinant PG gene,  extraction of pET28a(+) was performed 

according to alkaline lysis method described in previous section 3.8.1 and was linearized with 

EcoRI and XhoI restriction enzymes as shown in Fig. 4.26 

 

Fig. 4.26: 1%Agarose gel showing purified pET28a (+) isolated from DH5α. Lane M: 1 Kb 

DNA ladder (Fermentas #SM1163); Lane 1: Purified pET28a (+) vector (5369 bp) 

4.7.2 Ligation of pET28a(+) with PG and transformation of E. coli DH5α 

 Ligation of linearized pET28a (+) with purified PG gene was performed by using T4 DNA 

ligase to develop the recombinant pET28a(+)/PG expression vector as described in section 3.8.3. 

Subsequently, the ligated plasmid (pET28a(+)/PG) was transferred in competent cells of E. coli 

DH5α to stabilize the expression of recombinant gene. Cells were spread on LB agar plates. 

Sufficient number of colonies (transformed ones) was found on plate on following day as shown 

in Fig. 4.27. 
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Fig. 4.27; Transformation of E. coli DH5α with recombinant plasmid (pet28a(+)/PG)  

4.7.3 Colony PCR  

Transformed colonies six in number were nominated and revived on a fresh LB Agar plate 

(containing 30 μg/ml kanamycin) and screened with the help of colony PCR using gene specific 

primers. Positive results generated by colony PCR of nominated clones verified the presence of 

1335 bp PG gene fragment (Fig. 4.28)  

 

Fig. 4.28; Agarose gel analysis (1%) of colony PCR of E. coli DH5α colonies transformed 

with pET28a(+)/PG. Lane M: 1 kb DNA ladder (Fermentas # SM 1163); Lane 1-3: Colony 

PCR of selected clones.   
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4.7.4 Isolation of pET28a(+)/PG 

pET28a(+)/PG (recombinant expression vector) was isolated from clones having positive results 

(after colony PCR) by alkaline lysis with SDS. The presence of 6704 bp recombinant plasmid 

(pET28a(+)/PG) was shown on 1% agarose gel (Fig.4.29).  

 

Fig. 4.29; Isolated recombinant expression plasmid (pET28a(+)/PG) shown on 1% Agarose 

gel. Lane M: 1 kb DNA marker (Fermentas #SM1163); Lane 1: 6704 bp band of 

recombinant plasmid (pET28a(+)/PG) 

4.7.5 Restriction analysis of recombinant plasmid (pET28a(+)/PG) 

The presence of insert was confirmed by digesting the purified recombinant plasmid with EcoRI 

and XhoI restriction enzymes. Reaction mixture (20 µl) was prepared for restriction analysis after 

incubation at 37°C for 16 h then agarose gel electrophoresis was performed. Fragments 5369 bp 

of pET28a(+) and 1335 bp (PG gene) were observed, thereby exhibiting the digestion of 

pET28a(+)/PG and sub-cloning in Fig. 4.30. 
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Fig. 4.30; 1% Agarose gel representing restriction analysis of recombinant expression 

vector pET28a(+).Lane M: 1 kb DNA marker (Fermentas #SM0313); Lane 1: PCR 

product (PG); Lane 2: Undigested recombinant plasmid; Lane 3: Double digested plasmid: 

5369 bp pet28a(+) and 1335 bp PG gene     

4.8 EXPRESSION PG GENE 

The competent cells from E. coli BL21 were prepared by calcium chloride method and 

transformed them with recombinant expression vector (pET28a(+)/PG) by using heat shock 

method as described earlier in 3.8.8. Spreading of transformed cells was done on LB agar plate 

comprising kanamycin (30 µg/ml). The plate was placed at 37°C for 16 h and sufficient numbers 

of colonies were obtained on LB-agar plate (Fig. 4.31) 

  

 

 

  

   

 

 

 

Fig. 4.31; Transformation of E. coli strain BL21-Codon plus containing pET28a(+)/PG 
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BL21 (DE3) transformants having pET28a(+)/PG were verified by colony PCR as described 

earlier in section 3.7.5. Well defined transformed colonies were picked, meshed and centrifuged. 

PCR product was analyzed on agarose gel (1%). A 1335 bp fragment of PG gene confirmed the 

existence of pET28a(+)/PG in E. coli BL21 (DE3) as depicted in Fig. 4.32. 

  

Fig. 4.32;  1% Agarose gel analyses of colony PCR of four E. coli BL21 colonies 

transformed with pET28a(+)/PG. Lane M: 1 kb DNA ladder (Fermentas #SM 1163); Lane 

1 and 2: PCR product of BL21(DE3)  colonies transformed with pET28a(+)/PG 

4.8.1 Induction of PG 

E. coli BL21 cells containing expression vector pET28a(+)/PG were induced with 0.5 mM IPTG 

and grown at 37  by constant shaking at speed 150 rpm. After 4 h of induction, supernatant 

having extracellular enzyme was obtained after centrifugation and concentrated up to 10 fold 

with trichloroacetic acid (100%). Pellet left behind was resuspended in lysis buffer (1 ml) and 

sonicated at amplitude (50) for 4 min at 30 sec cycle. The soluble and insoluble inclusion 

proteins were separated after centrifugation. SDS-PAGE of total induced cell proteins was 

performed to assess the expression level of recombinant gene in extracellular, soluble and 

insoluble fraction. 47 kDa protein expressed at high levels in soluble fraction and at low levels in 

extracellular and insoluble fraction depicted that recombinant gene (pET28a(+)/PG) was 

expressed as an intracellular protein (Fig. 4.33).  
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Fig. 4.33;  12% SDS-PAGE analysis of total cell proteins expressed in E. coli BL21 (DE3) 

transformed with pET28a(+)/PG. Lane M: Prestained Protein Marker (PageRuler™ 

#26616); Lane 1: Cells before induction; Lane 2: IPTG induced extracellular fraction; 

Lane 3: IPTG induced soluble fraction; Lane 4: IPTG induced insoluble fraction 

4.8.2 Polygalacturonase enzyme acitivity  

 The activity of polygalacturonase was determined in total cell protein by employing 

DNS method (Miler, 1959). Activity was determined by using 0.5% polygalacturonic acid as 

substrate. The reaction mixture was prepared as mentioned in previous section 3.2.1 and 

absorbance of test against blank was taken at 540 nm. Maximum polygalacturonase activity was 

detected in soluble fraction while considerable activity of polygalacturonase was not detected in 

other two protein fractions. Recombinant PG was also purified by method previously described 

in section 3.3.3. 

4.9 OPTIMIZATION OF EXPRESSION OF PG  

4.9.1 Effect of IPTG concentration  

Effect of IPTG concentration on expression of recombinant plasmid (pET28a(+)/PG) was 

studied, the transformed E. coli BL21(DE3) cells having recombinant plasmid were induced with 

various concentrations of IPTG i.e. 0.2 mM, 0.5 mM, 1 mM and 1.5 mM (section 3.10.1). The 

post induced samples were centrifuged and the pellet obtained was resuspended in lysis buffer, 

sonicated and centrifuged to separate soluble protein fraction. The fractions induced with 

different concentration of IPTG were resolved on 12% SDS-PAGE.  Level of protein expression 
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augmented with rise in IPTG concentration and maximum level of expression was detected in 

fraction induced with IPTG concentration (1 mM) (Fig. 4.34).  

 

Fig. 4.34; 12% SDS-PAGE depicting expression patterns of recombinant PG gene at 

various IPTG concentration. Lane M: Prestained protein Marker (PageRuler™ #26616); 

Lane 1: Cells induced with 0.2 mM IPTG; Lane2: cells induced with 0.5 mM IPTG; Lane 

3: Cells induced with 1 mM IPTG; Lane 4; Cells induced with 1.5 mM IPTG 

4.9.2 Effect of time  

The effect of time on expression of PG was also studied; 1ml sample was withdrawn from the 

culture after every 2, 4, 6, 8, 10 and 12 h of induction with IPTG (1 mM). Samples were 

centrifuged at 12,000 x g and resultant pellet was dissolved in lysis buffer and sonicated as 

described in section 3.10.2. Soluble protein fractions were obtained after centrifugation and 

analyzed on 12% SDS gel. The highest expression level of PG was detected after 6 h of 

induction as shown in Fig. 4.35. 
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Fig. 4.35; Expression pattern of recombinant gene after 2, 4, 6, 8, 10 and 12 h of induction 

with IPTG. Lane M: Prestained protein Marker (PageRuler™ #26616); Lane 1: 

Expression of cells after 0 h of induction; Lane 2-7: after 2, 4, 6, 8, 10 & 12 h of induction, 

respectively  

 

4.9.3 Auto-Induction with Lactose 

Auto-induction studies with lactose were also performed. 10 ml LB media having 

kanamycin (30 µg/ml) was used to cultivate the transformed E. coli BL21 (DE3) cells, having 

pET28a(+)/PG recombinant plasmid. The cells were induced with 10 mM lactose and grown at 

37  by shaking at 200 x g speed for 14 h. Cells were harvested by centrifugation at 12,000 x g 

speed for 5 min and expression of lactose induced cells was examined on 12% SDS PAGE as 

displayed in Fig. 4.36. 
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Fig 4.36; 12% SDS-PAGE representing auto induction of recombinant PG gene with 

lactose. Lane M: Prestained protein Marker (PageRuler™ #26616); Lane 1: Cells induced 

with lactose. 

4.10 ZYMOGRAPHY 

Activity of expressed recombinant polygalacturonase (PG) was detected by zymography. 

Polyacrylamidе gel еlеctrophorеsis (15%) was performed under native condition by employing 

procedure described by Davis (1964). The gel was prepared by  embedding 0.5% 

polygalacturonic acid in gel as described in previous section 3.11 and the gel  was prepared 

without SDS. After staining and destaining the gel, area of digestion became clearly observable 

as bands were against the dark background therefore indicating that expressed protein was an 

active enzyme (Fig. 4.37). 
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Fig.4.37; 15% Native polyacrylamide gel having 0.5% polygalacturonic acid within the gel 

displaying activity of recombinant (pET28a(+)/PG) gene. Lane 1: 10 μl of 2.5 U/ml enzyme; 

Lane 2: 10 μl of 5.0 U/ml enzyme.  

4.11 SEQUENCE ANALYSIS 

The cloned sequence analysis through BioEdit software and its full length gene sequence is as 

follows; 

TTCTCCTTTGTTTCCCATGTTACTTCAGTTTGCAAGCGAGCCCACCTTATGATTATCTT

GGTGAGGCATCTGGCTATGATTCTCAGGCGAATCATTTGCATTTCAGCACCATTCAA

ACCCGTGAGATTGAGAACTGGCCATGGCGCAAATTTGGAAGTAAAACGGGGAAATC

TTTGGCTTCAGTTAAAATGGTTAACGATTACTATGGAGCTAAAGGTGATGGAAGTGA

TGCCACAGAGGTATATATTCATACCTCTAGAGACTATATGTACTGTTTTGATTGAAT

ACTTTATTAACCTTATAAGAGTGTCCTCATTTGCATCACCTTTCCATTATGATTTGAT

TTCAGCTTGCATTTTGACATTGGCAATAAGTCTTGATGTCTTCTATTTTATAATATTA

AATTATTTACAGGACCAATTATTGTATTCATTATTTAGACGGCTGTTTTTTTTTTGTTC

ATCAACTATTACGAGCCCAATGATTATTTTATACCCTTCTCCTACCAAAACTATTTTT

AGGTCCAAATTAGTATTGTTGGTGGTTTCTTCACGCCTTAAATTATACGCTCGAAGA

CCCCTGTTCCCTGAACGCCGGCATGAAATGGTTTCACCAGTTGATCCTGTGAGGCTC

CTCGATAATGCCGAGTCCAGCCTAAATATAATATTATTGATAATCCTGAGTCTCAGG

GGGTTGATAATGATCATTAACATTGTATTTCTTTTGAATGTCTGTGTGCCATGGCCAA

CTCCTCAGTATTGGAAGCTTAGGATCAGGAGATTCAGAGGCGCACGTTTCGGATGTT

ACAGTGAGCGGCGCAACGCTTTCGGGAACCACAAATGGAGTAATCAAGACATGGCC

AGGGAGGGTCTGGAAGCGCAAGCAACATCAAATTTCAGAACATTGTGCATAACGTG

GAGAACCCTAACCAAAAGTACTGTGACCAAAGCAAACCATGCAAGTCACATCAACT

TGGTTTTATCTCAGAGCTCGGCTGTTCAAGTGCAAAATGTGTTGTACCAGAACATAA

AAGGAACAAGTTCTTCGAAGGAGGCTATATCGCTTGATTGCAGTGCGAAGTTTCCAT

GTCAAGGGATTCTGCTGCGAGACATTGATATAAAAGTTGGAGGAGGAAAGGCAGCC

AATAGCTGTATGCAGCAATGCCAGA 

 

4.11.1 Protein Sequence 

 

The sequenced nucleotide sequence was translated into amino acid sequence by using ExPASy 

Translate tool which is as follows; 
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FSFVSHVTSVCKRAHLMIILVRHLAMILRRIICISAPFKPVRLRTGHGANLEVKRGNLWL

QLKWLTITMELKVMEVMPQRYIFIPLETICTVLIEYFINLIRVSSFASPFHYDLISACILTLA

ISLDVFYFIILNYLQDQLLYSLFRRLFFFCSSTITSPMIILYPSPTKTIFRSKLVLLVVSSRLK

LYARRPLFPERRHEMVSPVDPVRLLDNAESSLNIILLIILSLRGLIMIINIVFLLNVCVPWPT

PQYWKLRIRRFRGARFGCYSERRNAFGNHKWSNQDMAREGLEAQATSNFRTLCITWRT

LTKSTVTKANHASHINLVLSQSSAVQVQNVLYQNIKGTSSSKEAISLDCSAKFPCQGILL

RDIDIKVGGGKAANSCMQQCQ 

 

4.11.2 Translation  

 

1     TTC TCC TTT GTT TCC CAT GTT ACT TCA GTT TGC AAG CGA GCC CAC   45 

1     Phe Ser Phe Val Ser His Val Thr Ser Val Cys Lys Arg Ala His   15 

 

46    CTT ATG ATT ATC TTG GTG AGG CAT CTG GCT ATG ATT CTC AGG CGA   90 

16    Leu Met Ile Ile Leu Val Arg His Leu Ala Met Ile Leu Arg Arg   30 

 

91    ATC ATT TGC ATT TCA GCA CCA TTC AAA CCC GTG AGA TTG AGA ACT  135 

31    Ile Ile Cys Ile Ser Ala Pro Phe Lys Pro Val Arg Leu Arg Thr   45 

 

136   GGC CAT GGC GCA AAT TTG GAA GTA AAA CGG GGA AAT CTT TGG CTT  180 

46    Gly His Gly Ala Asn Leu Glu Val Lys Arg Gly Asn Leu Trp Leu   60 

 

181   CAG TTA AAA TGG TTA ACG ATT ACT ATG GAG CTA AAG GTG ATG GAA  225 

61    Gln Leu Lys Trp Leu Thr Ile Thr Met Glu Leu Lys Val Met Glu   75 

 

226   GTG ATG CCA CAG AGG TAT ATA TTC ATA CCT CTA GAG ACT ATA TGT  270 

76    Val Met Pro Gln Arg Tyr Ile Phe Ile Pro Leu Glu Thr Ile Cys   90 

 

271   ACT GTT TTG ATT GAA TAC TTT ATT AAC CTT ATA AGA GTG TCC TCA  315 

91    Thr Val Leu Ile Glu Tyr Phe Ile Asn Leu Ile Arg Val Ser Ser  105 

 

316   TTT GCA TCA CCT TTC CAT TAT GAT TTG ATT TCA GCT TGC ATT TTG  360 

106   Phe Ala Ser Pro Phe His Tyr Asp Leu Ile Ser Ala Cys Ile Leu  120 

 

361   ACA TTG GCA ATA AGT CTT GAT GTC TTC TAT TTT ATA ATA TTA AAT  405 

121   Thr Leu Ala Ile Ser Leu Asp Val Phe Tyr Phe Ile Ile Leu Asn  135 

 

406   TAT TTA CAG GAC CAA TTA TTG TAT TCA TTA TTT AGA CGG CTG TTT  450 

136   Tyr Leu Gln Asp Gln Leu Leu Tyr Ser Leu Phe Arg Arg Leu Phe  150 

 

451   TTT TTT TGT TCA TCA ACT ATT ACG AGC CCA ATG ATT ATT TTA TAC  495 

151   Phe Phe Cys Ser Ser Thr Ile Thr Ser Pro Met Ile Ile Leu Tyr  165 

 

496   CCT TCT CCT ACC AAA ACT ATT TTT AGG TCC AAA TTA GTA TTG TTG  540 

166   Pro Ser Pro Thr Lys Thr Ile Phe Arg Ser Lys Leu Val Leu Leu  180 

 

541   GTG GTT TCT TCA CGC CTT AAA TTA TAC GCT CGA AGA CCC CTG TTC  585 

181   Val Val Ser Ser Arg Leu Lys Leu Tyr Ala Arg Arg Pro Leu Phe  195 

 

586   CCT GAA CGC CGG CAT GAA ATG GTT TCA CCA GTT GAT CCT GTG AGG  630 

196   Pro Glu Arg Arg His Glu Met Val Ser Pro Val Asp Pro Val Arg  210 

 

https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,1
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,17
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,26
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,69
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,74
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,77
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,161
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,202
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,234
https://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.67705,1,286
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631   CTC CTC GAT AAT GCC GAG TCC AGC CTA AAT ATA ATA TTA TTG ATA  675 

211   Leu Leu Asp Asn Ala Glu Ser Ser Leu Asn Ile Ile Leu Leu Ile  225 

 

676   ATC CTG AGT CTC AGG GGG TTG ATA ATG ATC ATT AAC ATT GTA TTT  720 

226   Ile Leu Ser Leu Arg Gly Leu Ile Met Ile Ile Asn Ile Val Phe  240 

 

721   CTT TTG AAT GTC TGT GTG CCA TGG CCA ACT CCT CAG TAT TGG AAG  765 

241   Leu Leu Asn Val Cys Val Pro Trp Pro Thr Pro Gln Tyr Trp Lys  255 

 

766   CTT AGG ATC AGG AGA TTC AGA GGC GCA CGT TTC GGA TGT TAC AGT  810 

256   Leu Arg Ile Arg Arg Phe Arg Gly Ala Arg Phe Gly Cys Tyr Ser  270 

 

811   GAG CGG CGC AAC GCT TTC GGG AAC CAC AAA TGG AGT AAT CAA GAC  855 

271   Glu Arg Arg Asn Ala Phe Gly Asn His Lys Trp Ser Asn Gln Asp  285 

 

856   ATG GCC AGG GAG GGT CTG GAA GCG CAA GCA ACA TCA AAT TTC AGA  900 

286   Met Ala Arg Glu Gly Leu Glu Ala Gln Ala Thr Ser Asn Phe Arg  300 

 

901   ACA TTG TGC ATA ACG TGG AGA ACC CTA ACC AAA AGT ACT GTG ACC  945 

301   Thr Leu Cys Ile Thr Trp Arg Thr Leu Thr Lys Ser Thr Val Thr  315 

 

946   AAA GCA AAC CAT GCA AGT CAC ATC AAC TTG GTT TTA TCT CAG AGC  990 

316   Lys Ala Asn His Ala Ser His Ile Asn Leu Val Leu Ser Gln Ser  330 

 

991   TCG GCT GTT CAA GTG CAA AAT GTG TTG TAC CAG AAC ATA AAA GGA 1035 

331   Ser Ala Val Gln Val Gln Asn Val Leu Tyr Gln Asn Ile Lys Gly  345 

 

1036  ACA AGT TCT TCG AAG GAG GCT ATA TCG CTT GAT TGC AGT GCG AAG 1080 

346   Thr Ser Ser Ser Lys Glu Ala Ile Ser Leu Asp Cys Ser Ala Lys  360 

 

1081  TTT CCA TGT CAA GGG ATT CTG CTG CGA GAC ATT GAT ATA AAA GTT 1125 

361   Phe Pro Cys Gln Gly Ile Leu Leu Arg Asp Ile Asp Ile Lys Val  375 

 

1126  GGA GGA GGA AAG GCA GCC AAT AGC TGT ATG CAG CAA TGC CAG A-- 1170 

376   Gly Gly Gly Lys Ala Ala Asn Ser Cys Met Gln Gln Cys Gln XXX 389 

4.11.3 3D-Modeling and docking analysis 

Tertiary structure was predicted to be 1 domain structure employing RaptorX web server 

as shown in Fig. 4.38A. The most suitable template used to assess homology modeling was 

Rhamnogalacturonase from A. aculeatus (PDB ID: 1RMG). All amino acid residues (100%) 

were modeled with 10 (2%) of residues in disordered region (Fig. 4.38B). Lower P-value defines 

the quality of model and P-value of our model was 1.16e-05, displaying that the modeled 

structure was of stable nature and of good quality.          
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               A: 3D-model of PG                   B: Ramachandran plot 

 

Fig 4.38A; 3D model of polygalacturonase protein by RaptorX. 4.38B; Ramachandran plot 

showing maximum number of amino acids in red (the most favorable) region 

The active site of PG was located at the bottom of a shallow groove 

enclosed by the β-strand and loops (Fig. 4.39). The predicted binding affinity of all binding 

modes was in the range from -4.8 to -5.3kcal/mol and substrate polygalacturonic acid (PGA) had 

a flexible conformation. Substrate interacted with Gln 61, Tyr 96, Phe 97, Val 103, and Ser 228 

by forming hydrogen bonds. Multiple hydrogen interaction represented the formation of product 

with increased activity (Tu et al., 2015).  
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Fig. 4.39; Representation of substrate polygalacturonic acid docked to PG catalytic pocket. 

Position of substrate in active site shown as in (part “a”) while binding interactions with 

different amino acids shown as in (part “b”) 

4.12 APPLICATIONS OF PG  

4.12.1 Effect of PG on clarification of apple juice 

PG improved the apple juice recovery, total soluble solids, and clarity by increasing  

% transmittance, total phenolic content, and percentage scavenging activity while viscosity and 

turbidity of juice was declined as described in table VI. 
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Table VI. Effect of PG concentration, time and temperature on juice yield, total soluble 

solids, transmittance, viscosity, turbidity, total phenolic content and %DPPH antioxidant 

activity of apple juice 

PG 

enzyme 

Conc. 

 (U/ml) 

Temp. 

(0C) 

Time 

(hr) 

Juice 

yield  

(%) 

Total  

soluble 

solids 

(0Brix) 

%Transmittance 

(660 nm) 

Viscosity  

(m pa s) 

Viscosity 

Reduction 

(%) 

Turbidity  

  (NTU) 

Total 

phenolic 

content  

(mg/ml) 

% DPPH  

antioxidant 

activity 

Control  40 1 20 11.1 22 2.0 - 33.9 1.26 74 

 40 2 25 11.3 30 1.90 5 32.8 1.56 74.5 

 50 1 30 11.4 38 1.90 5 31.7 2.05 74 

 50 2 55 11.6 45 1.85 7.5 31.5 2.12 76 

PG 

enzyme 

conc.  

2.5 U/ml 

40 1 56 12.1 52 1.60 20 28.5 3.5 75 

 40 2 62 12.3 68 1.51 24.5 26.4 7.5 75.5 

 50 1 68 12.6 70 1.48 26 22.4 7.9 75.7 

 50 2 72 13.4 74 1.27 36.5 20.3 10.2 75.9 

PG 

enzyme 

conc.  

5 U/ml 

40 1 71 13.4 70 1.24 38 20.2 11.2 75 

 40 2 73 14.4 85 1.17 41.5 10.9 11.9 75.4 

 50 1 75 14.4 90 1.15 42.5 5.5 12.5 75.7 

 50 2 77 14.8 95 1.09 45.5 3.9 13.82 77 

 

4.12.1.1 Determination of pectin degradation by alcohol test 

Pectin degradation in apple juice before and after enzyme treatment was observed by 

alcohol test. Unclarified juice along with PG enzyme was mixed with acidified ethanol in the 

ratio of 1:2 in a test tube without shaking. A gel plug was developed containing haze particles 

and air bubbles showed the presence of pectin as shown in Fig. 4.40, but after two h interval, 

pectin hydrolysis increased, gel plug size reduced and completely dissolved when end point was 

reached.  
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Fig. 4.40; Formation of gel plug with haze particles showing the presence of pectin in apple 

juice  

 

4.12.1.2 Color of juice 

Color of juice appeared to be very light after enzyme treatment. Absorbance was reduced from 

1.42 to 0.28 after enzyme treatment as shown in Fig. 4.41. 

 

 

 

Fig. 4.41; Color of apple juice before PG treatment (A) and color of apple juice after PG 

treatment (B) 

 

4.12.1.3 Yield of juice 

The yield is improved mainly due to degradation of pectin polymer. Minor changes in yield can 

have a great impact on cost of juice production at commercial level. 150 g chopped apple slices 

were used for extraction of juice. Under optimized conditions, the volume of juice obtained from 

control (without enzyme treatment) was 68 ml whereas, PG treatment of raw juice resulted in the 

improvement of volume up to 116 ml with an increase in percent yield from 55% to 77%.  

A B 
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4.12.1.4 Determination of total soluble solids (
0
Brix) of juice 

Under optimized conditions, the supernatant of juice was analyzed for total soluble solids before 

and after PG enzyme treatment and compared with control. Total soluble solids (
0
Brix) measured 

by refractometer before PG enzyme treatment was 11.6 and after PG enzyme treatment 14.8.  

4.12.1.5 Determination of percentage transmittance 

Significant decrease in absorbance of raw juice from 0.34 to 0.02 was observed at 660nm after 

enzyme treatment with marked increase in % transmittance from 45% to 95% as shown in 

figures. The raw juice without enzyme treatment was viscous and cloudy however, nearly 

transparent juice was obtained after enzymatic usage.  

 

4.12.1.6 Determination of viscosity and turbidity  

Reduction in viscosity and turbidity after enzyme treatment helps to increase the volume and 

clarity of juice. Keeping this in view, the potential of PG was studied. Turbidity of juice was 

determined by Turbidity meter. The turbidity of juice reduced from 33.9 NTU before enzyme 

treatment to 3.9 NTU after enzyme treatment which can be good for food industry.  

The viscosity of fruit juice was measured in milli pascal seconds with the help of capillary 

viscometer and showed a gradual decrease in viscosity with increase in temperature, enzyme 

concentration and time and considerably decreased up to 45.5% after enzyme treatment. 

4.12.1.7 Total phenolic content 

Total phenolic content was improved when juice was treated with PG enzyme. The results of this 

assay were expressed in terms of mg gallic acid equivalent/100ml. Gradual increase in TPC 

under optimized conditions. 

 

                         Fig. 4.42; Standard curve of gallic acid 
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The square of the correlation, called "R-squared" measured the "fit" of regression line to data or 

measure the percent of variation in y explained by the variable x. Total phenolic content before 

enzyme treatment was 2.12 mg/ml (212 mg/100 ml) and after enzyme treatment it was increased 

up to 13.82 mg/ml (1382 mg/100 ml). 

4.12.1.8 Antioxidant capacity 

Higher value of %DPPH antioxidant capacity was observed after enzyme treatment. DPPH 

scavenging activity increased upto 77% after enzyme treatment under optimized conditions. 

4.12.1.9 Statistical analysis of juice treated with PG enzyme 

To assess the relationship between experimental aspects and observed results, response 

surface methodology was employed and to estimate statistical significance of the model, Fisher’s 

test for analysis of variance (ANOVA) was performed. The model was actually significant 

according to ANOVA results as described in table VII showed that the response surface models 

developed for all response variables were adequate. Small p-value depicted that regression was 

statistically significant up to 99% confidence level with p-value <0.05. Interaction of time and 

enzyme concentration was found to be significant. Incubation time, enzyme concentration (U/ml) 

and temperature were described as three independent variables and eleven combinations were 

used. Statistical analysis of the data was done by minitab software. 

The collaborative effect of time and incubation temperature on various parameters of 

apple juice using PG purified from grape skin is indicated in response surface curves and it 

showed that the temperature up to 50
0
C has positive effect. Likewise treatment time has positive 

effect on juice clarification up to one h. Enzyme concentration up to 5.0 U/ml has positive effect 

on clarification.  
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Table VII: ANOVA results of apple juice parameters based on response surface 

methodology 

 
 Source df SS MS F-Value P-Value 

Juice yield% Model 2 3782.0 1891.0 19.08   0.001 

R
2
 = 80.92%    Residuals 9 892.0 99.1   

Total 11 4674.0    

 

% Transmittance Model 2 5370   2685   26.08   0.000 

R
2
= 85.28%    Residuals 9 927    103   

Total 11 6297    

 

% Viscosity Model 2 2847.5   1423.8   62.62   0.000 

R
2
= 93.30%    Residuals 9 204.6     22.7   

Total 11 3052.2    

 

Total phenolic content Model 2 225.17   112.59   36.90   0.000 

R
2
= 89.13%    Residuals 9 27.46     3.05   

Total 11 252.63    

 

% DPPH antioxidant Model 2 2.927   1.463   2.45   0.002 

R
2
= 85.22%    Residuals 9 5.382   0.598   

Total 11 8.309    

 

Total soluble solids (0Brix) Model 2 16.927   8.463   34.94   0.000 

R
2
= 88.59%    Residuals 9 2.180   0.242   

Total 11 19.107    

 

Turbidity   (NTU) Model 2 1024.7   512.3   22.22   0.000 

R
2
= 83.16%    Residuals 9 207.6    23.1   

Total 11 1232.2    

 

 

4.12.1.10 Response surface plots for physico-chemical properties of PG treated apple juice 

PG improved the apple juice recovery, total soluble solids, and clarity by increasing  

% transmittance, total phenolic content, and percentage scavenging activity while viscosity and 

turbidity of juice was declined as described by response surface plots and box plots in Fig. 4.43, 

4.44, 4.45 and 4.46. 
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Fig.4.43; Response Surface plots showing interactive effect of temperature (left panel) and 

time (right panel) on % yield, % transmittance and total soluble solid content (
0
Brix) of 

juice employing various PG enzyme concentrations. 
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Fig. 4.44; Box plots showing interactive effect of temperature (left panel) and time (right 

panel) on % yield, % transmittance and total soluble solid content (
0
Brix) of juice 

employing various PG enzyme concentrations. 
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Fig.4.45; Response Surface plots showing interactive effect of temperature (left panel) and 

time (right panel) on % viscosity reduction, turbidity, total phenolic content  and % DPPH 

antioxidant activity content of juice employing various PG enzyme concentrations 
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Fig 4.46; Box Surface plots showing interactive effect of temperature (left panel) and time 

(right panel) on % viscosity reduction, turbidity, total phenolic content  and % DPPH 

antioxidant activity content of juice employing various PG enzyme concentrations. 
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4.12.1.11 Antimicrobial Activity 

Total phenolic content and antioxidant activity of juice was greatly improved after enzyme 

treatment as a result antimicrobial activity was also improved. When PG clarified juice sample 

interacted directly with microorganisms, clear zone of inhibition around sample well were 

observed which demonstrated increased level of antimicrobial activity shown inFig.4.47A and 

4.47B and table VIII. 

Table VIII; Zone of inhibition studies of PG treated apple juice 

Positive control 

 (Ampicillin) 

   diameter 

Negative control 

 (diameter) 

PG concentration 

(U/ml) 

Apple juice after 

PG treatment 

 (diameter) 

Percentage  

activity     

5.0 mm 0 mm 
2.5 U/ml 3.5 mm 

 

70% 

5.0 U/ml 4.5 mm 

 

90% 

 

 

Percentage activity    =   Zone diameter of test sample - Zone diameter of Negative control x 100                                                               

   

 

Formula (Rojas et al., 2006) 

 

  

         Fig. 4.47A; Inhibition zones of strain of S. aureus well 1; negative control; well 2; 

positive control (ampicillin); well 3; apple juice after PG treatment (2.5 U/ml); well 4; apple 

juice after PG treatment (5.0 U/ml). 4.47B; Inhibition zones of strain of E. coli well 1; 

negative control; well 2; positive control (ampicillin); well 3; apple juice after PG treatment 

(2.5 U/ml); well 4; apple juice after PG treatment (5.0 U/ml) 
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4.12.2 Enzymatic application in banana pseudo stem hydrolysis  

4.12.2.1 Reducing sugar level of banana pseudo stem after PG treatment 

The appreciable enzymatic hydrolysis of pectin present in banana fiber was observed after PG 

treated banana pseudo stem. The level of released reducing sugar increased gradually to 

90μmol/ml shown in Fig. 4.48, indicating the effectiveness of polygalacturonase from grapes 

skin in hydrolysis of banana fiber. 

 

Fig. 4.48; Reducing sugar level of banana pseudo stem after PG treatment 

 

4.12.2.2 Morphological studies of banana pseudo stem after PG treatment 

Under optimized conditions of PG treatement of banana pseudo stem, appreciable enzymatic 

hydrolysis of pectin present in banana fiber was observed under scanning electron microscope 

(SEM). The cells were clearly separated in our PG treated sample as compared to control as 

shown in Fig. 4.49. This showed the effectiveness of the pectin hydolysis process by PG from 

grapes in banana pseudo stem to obtain fiber.  
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Fig.4.49; Morphological analysis of pectin hydrolysis in banana pseudo stem, where A; 

control, B; banana stem after PG treatment (2.5 U/ml PG enzyme, 60 min and 40
0
C), C; 

banana stem after PG treatment (5.0 U/ml PG enzyme, 90 min and 45
0
C)., D; EDX 

analysis (elements; C, O and N with 74.22, 25.64 and 0.19 weight% and 79.33, 20.58 and 

0.11 atomic% respectively) 

 

 

 

 

A 

B 

C 
D 

C 



86 
 

5 Discussion 

Pectinolytic enzymes, abundant in microorganism and plants, constitute about 25% share 

of international trade for food enzymes. Polygalacturonase is extensively studied pectinolytic 

enzymes and has significant importance in the biotechnological applications (Jayani et al., 2005). 

Enzyme treatment in industrial applications is ecofriendly, robust, conserves energy and 

regarded as safe. Enzymes are highly productive as compared to industrial chemicals (Urlaub, 

2002). Instead of microbial enzymes, plant source enzymes are preferably used in food and 

pharmaceutical industries for multiple reasons (Jach et al., 2010). Unfortunately, plants have not 

been actively investigated as source of commercial enzymes except very few enzymes like malt 

amylase, papain and bromelain extracted from barley malt, papaya latex and pineapple, 

respectively (De Roos et al., 2007). 

 

5.1 Extraction and purification of polygalacturonase 

Pectinolytic enzymes were extracted from grape skin. Crude extract was suitably diluted 

and analyzed for enzyme activity and total protein content. An agar plate diffusion assay was 

used to assess the PG activity forming distinctive haloes of PGA hydrolysis. The PGA plate 

clearing approach appears to be semi-quantitative as the diameter of hydrolysis area is directly 

proportional to the amount of enzyme used in the wells.  

Enzyme purification helps to set free the required enzyme from the cluster of proteins 

present in the crude extract. During purification, the purity of the enzyme is usually checked by 

increase in its specific activity. Purified enzyme helps to learn about its catalytic activities and its 

behavior towards regulators that can alter its activity (Arthur, 2009).  Moreover, kinetic and 

product inhibition studies are conducted with purified enzymes.  

After dialysis and lyophilization, protein sample was precipitated by ammonium sulphate 

(85%) and loaded on Sephadex G-75 for Gel Filtration Chromatography. All the fractions having 

activity were combined and further purified by Q-Sepharose chromatography. Purified PG enzyme 

had activity of 128.57 U/mg, whereas percentage recovery was 25.0 and 15.0 times purification 

fold. Many researchers have reported multi-step procedure for purification of PG from various 

sources. PG was purified from ripened banana with high specific activity 79.95 U/mg (Gayathri 

and Niar, 2014) and mango pulp with 34.36 U/mg specific activity and percentage recovery was 

19.4 times purification fold (Prasanna et al., 2006) by two chromatographic steps while Gayathri 

et al. (2007) purified PG from fruit tissues of Jamaica cherry (Muntingia calabura) with  

292.9 U/mg specific activity, 7.8 percentage recovery and 511.2 times purification fold by using 
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three chromatographic steps. Interestingly, Chinedu et al. (2017) have reported single step 

purification of PG from S. macrocarpum with specific activity 10211.47 U/mg and 17.85% 

recovery and 108.3 times purification fold.  

5.2 Properties of Purified PG  

5.2.1 Molecular weight determination 

The molecular weight of purified PG on 12% SDS-PAGE was evaluated as 47 kDa. Under 

native conditions, PG activity was further confirmed by 15% (w/v) polyacrylamide gel having 

0.3% PGA followed by staining with congo red. Nearly similar molecular mass have been 

reported in avocado PG isoforms (46 and 48 kDa) (Wakabayashi and Huber, 2001). However, 

numerous investigators have reported diverse molecular weight of plant polygalacturonase 

contrasting to our study like tomato (115 kDa) by Ali and Brady (1982), papaya (164 kDa and  

34 kDa) by Chan and Tam (1982), mango (120, 105 and 65 kDa) by Singh and Dwivedi (2008). 

5.2.2 Effect of pH on purified PG activity and stability  

Tertiary and quaternary structures of enzymes are greatly affected by pH. Enzymes possess 

both acidic and basic amino acids due to their amphoteric nature. Keeping in view the 

dissociation constants and pH of surrounding, these charged amino acids have profound 

influence on overall charge distribution, thus greatly affecting the enzyme activity, stability and 

its solubility (Chaplin and Bucke, 1990).  

Purified PG in current study was found to exhibit its full activity at optimum pH 4.5 while 

55% activity was retained at pH 6.5. However, further increase in pH reduced the enzyme 

activity. The optimum pH of purified PG enzyme was similar to the pH optima reported in pears, 

pH 4.5 (Pressey and Avants, 1976) and papaya, pH 4.6 (Chan and Tam, 1982). According to 

Chun and Huber (1998), polygalacturonases, usually have optimum pH from 4.0 to 4.5 However, 

polygalacturonase reported from various fruits had optimum pH ranging 3.0-6.0; S. 

macrocarpum had optimum pH 3.0 (Chinedu et al., 2017), ripened banana and mango pulp, pH 

3.5 (Gayathri and Niar, 2014; Prasanna et al., 2006), Jamaica cherry and peach, pH 4.0 (Gayathri 

et al., 2007; Pressey and Avants, 1973), mango PG1, pH 5.0 (Singh and Dwivedi, 2008), 

strawberry, pH 5.5 (Nogata et al., 1993) and PGII and PGIII isoforms of mango had pH 6.0 

(Singh and Dwivedi, 2008). 

  

Since purified PG in our study showed activity in acidic region, therefore it could possibly 

be employed in clarification of fruit juice according to previously reported literature (Kashyap et 

al., 2001). 
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To study the pH stability of PG, enzyme was added to the buffers of different pH for one 

hour at room temperature, followed by measuring the residual activity. Purified enzyme was 

stable in the pH range 3.5 to 5.5, however above and below this pH, the activity decreased. 

Comparable pH stability profile for Jamaica cherry PG (3.0-6.0) is reported by Gayathri et al. 

(2007). PG enzymes are also reported exhibiting pH stability even at broader pH range; pH 

stability of PG from S. macrocarpum was in pH range 3.0 to 9.0 (Chinedu et al., 2017). 

5.2.3 Effect of temperature on activity and stability of purified PG 

Temperature is an important factor that regulates the enzyme activity. Characteristic 

properties of proteins like hydrophobic interactions, hydrogen bonding and ionic strength resist 

the enzymes to thermal denaturation (Voordouw et al., 1976). In order to determine optimum 

temperature of purified enzyme, it was incubated for 10 min at temperature ranging 10-70
0
C. 

The purified enzyme was optimally active at 40
0
C. Similar optimal temperature are also reported 

for PG of mango pulp (Prasanna et al., 2006), ripened banana (Gayathri and Niar, 2014) and 

Jamaica cherry (Gayathri et al., 2007). Low and high temperature optima for PG in different 

fruits are also reported by Chinedu et al. (2017) for S. macrocarpum PG (30
0
C), by Chan and 

Tam (1982) for papaya (45°C) and by Mukherjee (2013) for C. gigantea PG (50°C).  

Temperature stability of the PG was evaluated by keeping enzyme at different temperatures 

before the substrate added and residual enzyme activity was measured under standard conditions. 

Purified enzyme preserved its activity up to 60
0
C when incubated for one hour and afterwards 

declined sharply. Previous reports are comparable to present study like Jamaica cherry (Gayathri 

et al., 2007) and S. macrocarpum (Chinedu et al., 2017). Enzymes having wide pH range and 

temperature stability are favorite candidates for many biotechnological applications as a number 

of biotechnological processes require high temperature and acidic or basic pH values 

(Antranikian, 2009).  

5.2.4 Substrate specificity of purified PG 

Substrate specificity of purified enzyme was found by employing various substrates. 

Polygalacturonic acid at its 1% concentration was found excellent substrate while appreciable 

activity was also achieved when pectin was used. Yang et al. (2011) have reported an endo-

PGA1 showing maximum activity on PGA substrate, followed by pectin. Nevertheless, cellulose, 

xylan and galactose substrates exhibited poor substrate specificity towards purified PG enzyme 

even enzyme concentration was increased from 0.5 to 1.5 U. 

5.2.5 Inhibition and activation studies 

Various metal ions influence the enzyme by activating or inhibiting its activity, therefore, 

the effect of some potential metal ions on PG activity was determined in a reaction mixture 

containing 1mM of each chemical. Na
+1

 and K
+1 

enhanced PG activity. The activation of PG by 
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monovalent metal ions in banana and Jamaica cherry were reported by Pathak and Sanwal 

(1998) and Gayathari et al (2007) while contrasting results in mango were observed as PG 

activity was inhibited or slightly affected by monovalent metal ions (Singh and Dwivedi, 2008).  

In our case, PG activity was partially inhibited by Ca
+2

, Mn
+2

, Cu
+2

, Mg
+2

, Fe
+3 

and almost 

completely inhibited by Pb
+2 

and Hg
+2

. Nevertheless, contrasting results obtained regarding 

divalent (Ca
+2

 and Mg
+2

) and trivalent cation (Fe
+3

) that stimulated PG activity in banana and 

Ca
+2

, Mg
+2

 and Zn
+2

 in mango (Gayathri and Niar, 2014; Prassana et al., 2006). These studies 

revealed that divalent ions may stimulate enzyme activity due to stabilization of negatively 

charged carboxyl groups present in pectin structure (Pathak and Sanwal, 1998). Complete 

inhibition of PG activity in Jamaica cherry by Hg
+1

 and Pb
+2 

(Gayathari et al., 2007) was in 

accordance with present study.  

5.3 Pectin methyl esterase  

Grape berry cell wall is composed of 65% methyl esterified pectin polysaccharides 

(Voragen et al., 2009). PME hydrolyzes these methyl esters of pectin polysaccharide making it 

accessible to other enzymes leading to cell wall loosening and softening. Biochemical 

characterization of grapes PME can provide insight for its use at industrial level. 

5.3.1 Purification of PME 

PME was isolated from grapes, precipitated by ammonium sulphate precipitation and 

dialysis, purified by Gel Filtration chromatography Sephadex G-75 and electro-elution. Purified 

PME had specific activity of 13.9 U/mg, percentage recovery 17.2 and 2.8 times purification 

fold. Purified protein resolved on 12% SDS-PAGE displayed a single band of 30 kDa, depicting 

PME a monomer. Similar molecular mass has been reported in white grapefruit (31.5 kDa) 

(Guiavarc’h et al., 2005) and in orange (32 kDa) (L’Enfant et al., 2015). Closely related 

molecular weight have also been reported in apple (34.5 kDa) (Denes et al., 2000), carrot  

(34.5 kDa) by Ly-Nguyen et al. (2003), tomato (34 kDa) by Kant and Gupta (2012) and  

C. thermocellum (35 kDa) by Rajulapati and Goyal (2017). 

5.3.2 Characterization of PME 

Purified PME from grapes was found to be optimally active at  pH 7.5, similar pH optima 

are reported in grapes, apricot, kiwi, guava, carrot, apple and  A. thaliana (Barnavon et al., 2001, 

Unal and Sener, 2015; Pal et al.,2016; L’Enfant et al., 2015; Mondal et al., 2009; Ly-Nguyen  

et al., 2003; Alonso et al., 2003; Denes et al., 2000). Some fruits PME showed activity at acidic 

and basic pH range like tomato appeared to have optimum pH 4.4 (Anthon and Barrett, 2012) 

and dautra fruit (pH 9.0) (Dixit et al., 2013). 
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Grapes PME optimum activity was found in pH range of 7.0-8.0. Similar finding for pH 

stability is reported in alyanak apricot by Unal and Sener (2015). However, diverse pH stability 

profile is reported for other fruit PME are; 6.5-7.0 for kiwi fruit (Ciardiello et al., 2004), 5.0-10.0 

for carrot (Jolie et al., 2009) and 4.5-5.5 for apple pomace (Sood and Mathur, 2014). 

In this study, purified PME from grapes had optimum temperature 30°C, similar to 

temperature reported in kiwifruit (Pal et al., 2016). Contrasting optimum temperatures of PME as 

compared to current study are reported in various fruit sources like 50°C in guava (Mondal et al., 

2009), 40°C in tomato (Nickolic and Mojovi, 2007), 60°C in apricot (Unal and Sener, 2015). 

Optimum temperature above 90°C is also reported in acerola (De Assis et al., 2007).  

According to present investigation, grapes PME preserved its activity up to 40°C and a 

sudden decline in activity was observed at 50°C (87% loss in activity) indicating enzyme to be 

temperature sensitive. Unal and Sener (2015) reported thermal stability of apricot PME in 

temperature range of 30-45°C, apple PME (45-55°C) (Sood and Mathur, 2014), A. niger with 35-

50°C (Fraeye et al., 2007) and A. aculeatus with 45-50°C (Jiang et al., 2013). 

Low value of Km represents high affinity of enzyme to the substrate and requirement of 

small amount of substrates for saturation. Vmax reveals the turnover number of enzyme.  In 

present trial, the value of Michaelis constant (Km) and maximal velocities (Vmax) calculated for 

grapes PME were 0.142 mg ml
-1

 and 0.67 U/ml.  Previously reported Km and Vmax value of 

PME  in apple was 0.098 mg ml
-1

 and 3.86 U ml
-1

, carrot (0.031 mg ml
-1

 and 6.77 µmol min
-1

), 

orange juice (0.36 mg ml
-1

 and 5.26 µmol min
-1

 mg
-1

) and apricot (0.77 mM and 1.75 µmol min
-1

 

ml
-1

) (Denes et al., 2000; Alonso et al., 2003; Do Amaral et al., 2005; Ozler et al., 2008). 

However, the comparison of Michaelis constant with previously reported data is difficult because 

these values depend on temperature, pH of the assay and pectin source  

(Do Amaral et al., 2005).  

5.4 PECTATE LYASE 

Pectate lyase (PL) is a valuable enzyme among pectinolytic enzymes as it serves a 

conspicuous role regarding maceration of fruit. PL also exhibit its prominent roles in many 

industries like fruit juice production, artificial ripening of fruits, paper bleaching process, retting 

of cotton and extraction of oils. 
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5.4.1 Purification of PL 

PL from grape skin was purified by ammonium sulphate precipitation, Gel filtration 

chromatography and electro-elution. Purified PL enzymes had activity of 7.58 U/mg, whereas 

percentage recovery was 13.54 and 1.39 times purification fold. Upon 12% SDS-PAGE analysis, 

purified enzyme appeared as single subunit having molecular mass of about 40 kDa. The 

molecular mass of purified PL was found to be higher than purified from various organisms like 

F. Oxysporum (25 kDa), B.  licheniformis (33.5 kDa) and B. pumilus (37.3 kDa) (Di pietro et al., 

1996; Berensmeier et al., 2004; Klug-Santner et al., 2006). While the molecular mass of PL 

appeared to be of low value as compared to thermoplhilic B. species (50 kDa), banana peels  

(43 kDa) and B. subtilis (48.6 kDa) (Takao et al., 2000; Payasi et al., 2006; Zhang et al., 2013). 

5.4.2 Characterization of PL 

In current study, optimum pH of purified PL from grape skin was found to be 8.0 that is 

higher than the pH optima of PL in E. chrysanthemi (pH 6.0) and Pel-22 from Bacillus strain (pH 

7.5) (Muslim et al., 2015; Ouattara et al., 2010). However, as compared to current study, high pH 

optima of PL are previously reported in Paenibacillus species (pH 9.2), B. subtilis (pH 9.5), P. 

campinesansis (pH 10.0), T. maritima (pH 9.0) (Li et al., 2014; Zhang et al., 2013; Ko et al., 

2011; Kluskens et al., 2003). Similar result is reported regarding PL purified from A. nidulans 

(pH 8.0) (Zhao et al., 2007), whereas nearly similar results to current study are reported in 

banana peels (pH 8.5) and mango (pH 8.5) (Payasi et al., 2006; Singh et al., 2007). 

Purified PL from grape skin in current trial  was found stable from pH 5.0 to 9.0 whereas, 

previously reported PL from P. campinasensis was stable at broader pH range 7.0 to 11.0 (Ko et 

al., 2011). 

Optimum temperature of purified PL in present study was 37ºC that was greater than 

temperature of previously purified PL from E. chrysanthemi (25ºC) (Muslim et al., 2015) 

whereas high PL temperature optima are reported in F. oxysporum (42ºC), B. pumilus (70ºC), T. 

meritima (90ºC), A. nidulans (50ºC), P. campinasensis (50ºC) and B. pumilis DKS1(75ºC) (Di 

pietro et al., 1996; Klug-Santer et al., 2006; Kluskens et al., 2003; Zhao et al., 2007; Ko et al., 

2011; Basu et al., 2008). 

Present study demonstrated that the stability of purified PL from grapes was up to 55ºC 

whereas previous data revealed that PelA from Bacillus species was stable up to 60ºC and PL 

purified from P. campinasensis was stable up to 70ºC (Soriano et al., 2000; Ko et al., 2011). 
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5.5 CLONING AND EXPRESSION OF PG 

Production of biological products in bulk by means of recombination DNA technology is 

considered as safe and efficient method. The principle behind this technology is to take DNA 

from one organism and introduce it into another organism to replicate or express the original 

DNA in large quantity. This technology has been utilized to produce enzyme or protein in bulk at 

commercial scale and in research purpose. Considering the significance of PG enzyme, 

experiments were performed for its biotechnological applications and to improve its production 

and stability by recombinant DNA technology.   

  In the present study, grape skin PG gene encoding polygalacturonase was amplified, cloned 

in pTZ57R/T which is a cloning vector and consequent sub cloning was performed in pET28a(+) 

employing bacterial strain E. coli. After RNA extraction and cDNA synthesis, PCR was 

performed. The nucleotide sequence of polygalacturonase is available at NCBI. PCR amplified a 

1335 bp fragment. 

After amplification, TA cloning of the amplified product was performed in pTZ57R/T. The 

designing of pTZ57R/T cloning vector (Fermеntas) has been done in such a manner that it is pre-

cleaved and treatment of terminal dеoxynucleotidyl transferasе introduces 3’-ddT overhangs at 

both ends. A circular molecule along with two nicks is generated, when PCR fragment with these 

3’ –dA overhangs is ligatеd into the vector. This circular product can be utilized to transform 

cells of E. coli with great success. This method also avoids recirculation of vector during 

ligation. Therefore, yield of recombinant protein is enhanced up to 90%.  Excision of inserted 

genе from unique polylinkеr of pTZ57R/T can be easily performed and subclonеd in other 

vectors as well (Sambrook and Russel, 2001). 

After construction of recombinant cloning vector pTZ57R/PG, it was transferred to E. coli 

DH5α. Positive clones were recognized by using blue/white screening method. For the 

confirmation of transformation process, colony PCR was performed. Alkaline lysis method was 

adopted to isolate the recombinant cloning vector and was digested with EcoRI and XhoI for the 

excision of gene in order to subclone it into expression vector. The expression of PG gene was 

performed in E. coli strain BL21 (DE3) expression system, using expression vector pET28a(+). 

Under the control of inducible T7 promoter, PG gene was successfully subcloned in pET28a(+). 

This vector possesses a unique advantage of cleaving histidinе tag for appropriate conformation 

of recombinant protein. This vector has high copy number and T7 promoter expression system is 

so effective that it synthesizes mRNA quickly and directly couples to translation (Novagen pET 

Manual). E. coli is abundantly used host in expression purpose due to its simple genome and low 

cost. A large number of other molecular tools are available are compatible to it but sometimes 
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insoluble and/or nonfunctional proteins are resulted after expression of recombinant proteins 

with E. coli system. However, this phenomenon can be avoided by controlling expression of 

protein of interest in an unmodifiеd form or with the help of solubility tags (Sørеnsen and 

Mortensen, 2005).  

In current trial, recombinant gene PG was expressed in E. coli BL21 and induced by IPTG. 

The expression level was assessed by 12% SDS-PAGE which showed a protein with 47 kDA 

molecular mass. High level of expression in soluble fraction indicated that the protein is 

intracellular or transmembrane. Optimization studies showed that maximum expression was 

attained with 1mM IPTG concentration after 6 h of induction time. Auto induction of 

recombinant PG was experimented with lactose. The auto induction process of protein 

expression in E. coli is dependent on diauxic growth ensuing from the function of regulatory 

elements of lac operon (lacO and lacI) in mixture of lactose. Successful performance of auto-

induction is highly reliant on plasmid promoter and reprеssor construction, oxygenation state of 

the culture and composition of the auto induction mеdium (Blommel et al., 2007). 

The activity of induced PG was analyzed by DNS method. Zymogram analysis evidently 

revealed the activity of recombinant PG with its substrate (PGA) indicating that the induced 

enzyme was active.  

5.6 Physico-chemical properties of PG treated apple juice  

Microbial pectinolytic enzymes have potential applications in multiple industries like textile, 

paper, food and beverage industries (Garg et al., 2016). PG has already been reported from 

several plants and their widely use in industrial applications. Throughout the world after orange 

juice, clarified apple juice is amongst the most consumed fruit juices (Kahle et al., 2005). 

Pectinolytic enzymes are gaining increasing interest to be used at commercial level for extraction 

of juices from various fruits and their clarification as well. The raw juice is rich in insoluble 

particles made up of pectic substances. These particles have a protein nucleus with a positive 

surface charge which is coated by negatively charged pectin molecules. The negative charge 

causes the repulsion between pectin molecules. After pectin degradation by pectinases, positively 

charged protein part gets exposed and electrostatic repulsion between pectin molecules is 

reduced and these particles accumulate to form bigger particles and are eventually removed after 

centrifugation and filtration to obtain clear juice to be used by consumers (Renard et al., 1993). 

Juice clarification is affected by pH, temperature, time of incubation and enzyme 

concentration. A juice with low pH will clarify more readily than one with a higher pH, and as 

the temperature increases the rate of clarification also increases as long as the temperature is 

below denaturation temperature for the enzyme (Kilara, 1982).  
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Apples are perishable and delicate fruit and the juice produced has a high nutritional value 

hence the polygalacturonase extracted from grapes was applied to unripe apple juice under 

experimental conditions to study its potential in juice clarification. In present study, purified PG 

from grapes skin improved the apple juice yield, total soluble solids (
0
Brix), clarity 

(%transmittance), total phenolic content and DPPH% scavenging activity while viscosity and 

turbidity of juice was declined after enzymatic clarification. Color of juice is a sensory attribute 

and appearance of clear and light colored juice is well liked by consumers, the reason why, food 

industry has been financing to develop methods that can help to optimize this attribute (Tribess 

and Tadini, 2006).  In current trial, the color of apple juice after PG treatment was very light as 

absorbance value at 440 nm was reduced from 1.42 to 0.28 after clarification. 

 At commercial level, minor changes in yield can have a great impact on cost of juice 

production. In current study, the yield of apple juice after PG treatment was improved up to 77%. 

Extraction of fruit juices by pectinolytic enzymes is considered to enhance the juice yield under 

standard conditions. After enzyme treatment, bael fruit resulted in 17.5% increase in yield of 

juice at optimum enzyme concentration, incubation time and temperature (Singh et al., 2012). 

Moreover, Yusof and Ibrahim (1994) illustrated that increase in enzyme concentration and 

prolonged incubation time upgraded the juice yield. After enzyme treatment, increase in soursop 

juice recovery up to 41% was noted. Before and after enzyme treatment, plum, peach, pear and 

apricot have demonstrated remarkable increase in juice yield like in plum from 52 to 78%, peach 

from 38 to 63% , pear from 60 to 72% and apricot  from 50 to 80% respectively (Joshi et al., 

2011).  

Enzyme treatment has sophisticated effect on juice clarity. In current study, after PG 

treatment, clarity of apple juice was improved as transmittance at 660 nm was increased up to 

95% and total soluble solids (
0
Brix) of apple juice were improved up to 14.8. Yousaf and 

Ibrahim (1994) noted that total soluble solid content of soursop juice after enzyme clarification 

was improved from 6.8 to 7.3 
0
Brix after one hour incubation time. However, increasing 

incubation time did not raise total soluble solids of juice. Enzyme concentration has direct 

relationship with rate of juice clarification and low absorbance value at 660 nm obtained after 

clarification indicates clearer product (Kilara, 1982). A similar behavior was observed in banana 

juice clarification regarding fluctuation in temperature, incubation time and enzyme 

concentration (Lee et al., 2006). Pectinase treatment of juices as compared to untreated juices 

improved brix levels of apricot, pear, mayhaw and banana (Joshi et al., 2011; Trappey et al., 

2007; Shahadan and Abdullah, 1995).   
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In our study, percentage viscosity was reduced from 2.0 to 1.09 milli pascal second (up to 

45.5% reduction) and turbidity value of juice reduced up to 3.9 NTU. Previous findings on 

enzyme based juice clarification have fascinating results which are reported for lemon juice 

clarification by enzymatic treatment (Maktouf et al., 2014).  PG enabled the reduction in 

viscosity and turbidity of lemon juice up to 77% and 47%, respectively by depolymerization of 

insoluble pectin. Comparable results to present study obtained regarding reduction in viscosity 

after clarification which increased juice yield and minimized membrane clogging (De Carvalho 

et al., 2008; Chaudhri and Suneetha, 2012). Storage of juice did not affect the appearance of 

enzyme treated clarified juices. Notable haze formation was not observed even after 2 months of 

storage at room temperature (Singh and Gupta, 2004).  

A great hindrance in clear fruit juice development is presence of high amount of pectin in 

fruits which leads to colloid formation. The presence of pectin may halt the process of juice 

filtration (Sulaiman et al., 1998). Pectin hydrolysis in fruit juices by pectinases has been proved 

to be good alternative to effectively reduce turbidity (Kashyap et al., 2001; Landbo and Meyer, 

2007).  The use of enzymes results in reduction of fruit juice viscosity and disintegration of jell 

like structure to obtain the juice (Singh et al., 2012). In previous reports, the viscosity of the juice 

after enzyme treatment generally decreased. Therefore, to enhance the efficiency of filtration 

process, pectinases are usually introduced in fruit juices to hydrolyze pectin content which is 

responsible for high viscosity value (Cheryan and Alvarez, 1995). The high viscosity greatly 

affected the rheological properties of juice products (Will et al., 2008).  

During present investigation, total phenolic content improved up to 13.82 mg GAE/ml and 

DPPH scavenging activity increased up to 77%.  Hence, nutraceutical potential and organoleptic 

features of apple juice were improved. Interestingly, raw fruits treated with pectinolytic enzyme 

aids in conspicuous release of phenolic content from the fruits (Sharma et al., 2013). Phenolic 

components act as potent antioxidant which helps to improve and maintain general health by 

limiting the risk of debilitating diseases like heart disease and different malignancies (Miller and 

Rice-Evans, 1997). Phenolic content, its composition or structure demonstrate important role for 

improving antioxidant activity (Bhanja et al., 2008). 15% increase in phenolic content of drinks 

after enzyme treatment suggested that dragon fruit beverage is much better than the untreated 

beverage in terms of improved antioxidant capacity (Aliaa et al., 2010). Increased enzyme 

concentration, incubation time and incubation temperature usually increased the total phenolic 

content. However, it was suggested that the total phenolic yield enhanced with the rise in 

incubation temperature  (Landbo et al., 2007)  but higher enzyme concentration and incubation 

time did not affect the total phenolic yield (Landbo and Meyer, 2004).  
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Phenolic compounds and antioxidants present in natural products have great contribution 

in promoting radical scavenging activities to cure certain ailments (Al-Juhaimi and Ghafoor, 

2011). Regular intake of phenolic compounds is helpful in oxidative stress management and 

reduction in obesity (Decorde et al., 2009). Phenolic compounds can also be recommended as 

preferable natural food additives as compared to synthetic antioxidants (Ghafoor et al., 2011). 

The DPPH % scavenging activity method is usually used for detection of antioxidant capacity of 

plant and food extracts (Lim et al., 2010).   

5.7 Statistical analysis of PG treated apple juice 

To assess the relationship between experimental aspects and observed results, response 

surface methodology (RSM) was employed and Fisher’s test for analysis of variance (ANOVA) 

was performed to estimate statistical significance of the model. The model was actually 

significant according to ANOVA results. Small p-value showed that PG treatment on various 

juice properties were statistically significant up to 99% confidence level with p-value <0.05. 

Incubation time, enzyme concentration and temperature were described as three independent 

variables and eleven combinations were used. The coefficient of determination “R
2
” is a key 

output of statistical models and is a measure of the degree of fit (df). It is the proportion of the 

variance in the dependent variable also known as response variables that is predictable from the 

independent variable. The empirical model fits nicely the actual data when “R
2
”

 
reaches unity.  

The collaborative effect of time and incubation temperature on various parameters of apple 

juice using PG from grapes skin was included in response surface curves. The result showed that 

the temperature up to 50
0
C has positive effect and treatment time appeared to have positive 

effect on juice clarification up to one hour. PG enzyme concentration up to 5.0U/ml had positive 

effect while low enzyme concentration was found less effective for juice clarification. ANOVA 

was done using Minitab software which showed that the response surface models developed for 

all response variables were adequate. Interaction of time and enzyme concentration was found to 

be significant. Previous studies for optimum conditions of enzyme based juice clarification have 

nearly similar results. Under optimized conditions of enzyme concentration, temperature and 

incubation time for mango juice clarification by PG from A. awamori MTCC 9166, response 

plots and contour plots based on regression coefficient values showed 60% viscosity reduction of 

mango juice was achieved after clarification (Anuradha et al., 2016). Sapodilla juice was 

clarified by PG purified from S. lydicus and response surface methodology (RSM) was employed 

to establish optimum conditions of juice clarification (Jacob et al., 2008).  
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5.8 Antimicrobial properties of PG treated apple juice 

In the present study, PG treated apple fruit juice was tested for its antimicrobial properties 

due to improved phenolic content after enzyme treatment. The clear supernatant of PG treated 

apple juice was screened using agar well diffusion method and its antibacterial properties were 

assessed by measuring the zones of inhibition. Ampicillin, a known antimicrobial agent, was 

used as standard to compare the antimicrobial activity of PG treated juice. The zone diameter of 

Ampicillin and PG treated juice was observed against the E. coli and S. aureus. Antimicrobial 

activities of apple juice after PG treatment were determined in percentage by comparing its 

activity with ampicillin. Significant increase in antimicrobial activity was exhibited by the apple 

juice after PG treatment.  

  Antibacterial and phytochemical studies on medicinal plants extracts have already been 

reported and phytochemicals of wild apple are reported to contain high amounts of phenolic 

compounds like gallic acid (Ahmad and Beg, 2001).  

5.9 PG treated banana pseudo stem  

Environment friendly natural materials have great potential to be exploited at commercial level 

for the preparation of various products (Baley et al., 2005). Recently, natural fibers have been 

proved to be good alternative to expensive synthetic fibers (Bourmaud et al., 2010; Mejia Osorio 

et al., 2012). Many attractive features of natural fibers are of great value in preparation of eco-

friendly structural composites as they are natural, biodegradabe, renewable, readily available, 

with high tensile strength and above all they are of low cost (Reddy et al., 2013). Previously it 

was found out that the treatment of ramie fibers with pectinase from B. pumilus showed that 

middle lamella of cell wall was hydrolyzed (Sharma and Satyanarayana, 2006). Jacob et al. 

(2008) reported that the treatment of raw banana fibers with PG from S. lydicus improved the 

reducing sugar level from banana pseudo stem sample and scanning electron micrographs 

showed the productivity of the treatment.  

In current trial, pectin hydrolysis of banana pseudo stem by PG enzyme of grapes skin 

expressed in E. coli expression system was performed to obtain better quality fiber from banana 

stem. Reducing sugar level after PG treatment was enhanced which showed pectin degradation 

in banana pseudo stem. The effectiveness of enzyme treatment was monitored by measuring the 

reducing sugar levels after regular intervals by DNS method (Miller, 1959). The increase in 

reducing sugar level after PG treatment represented the pectin hydrolysis in banana pseudo stem.  

To check the effectiveness of PG treatment on babana pseudo stem, morphological studies were 



98 
 

performed by scanning electron microscope which clearly displayed pectin degradation within 

the cell architecture of banana pseudo stem after PG treatment. 
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CONCLUSION 

 

Enzymes possessing distinguished biochemical, physico-chemical features with 

economical production employed in downstream applications have always been attractive in 

research projects. A well maintained upstream process technology is required for the production 

of microbial pectinolytic enzymes which alters overall cost. No such upstream technology is 

required for extraction of enzymes from plants. The benefit of enzyme extraction from plant 

source is that plants itself behaves as bioreactor, thereby, making easy harvest of enzymes 

(Mukharjee, 2013). Clarification of fruit juice can be attributed to biochemical nature of enzyme. 

In present study, purified PG from grapes had pH optima 4.5 and stability in pH range 3.5 to 5.5; 

hence an acidic grape polygalacturonase could cause an improvement in the fruit juice industries.  

Enzyme based juice clarification method has several benefits over mechanical methods. 

Under mechanical extraction, pectin present in fruit pulp has unpleasant effect on juice recovery 

due to reduced filtration. Pectinolytic enzymes are better choice to overcome recovery losses and 

have become part and parcel of modern fruit juice processing industries claiming improvement 

in juice recovery, total soluble solids, clarity, total phenolic content and antioxidant activity and 

significant decline in juice viscosity and turbidity.  

Under optimized conditions of incubation time, enzyme concentration and temperature, 

clarification of apple juice was performed by using grape PG protein cloned and expressed in E. 

coli expression system. For better understanding of juice clarification results, box plots and 

response plots based on RSM were developed which demonstrated that the operating variables 

(PG concentration, temperature and incubation time) had affected the overall quality of apple 

juice by achieving significant results with low p-value (less than 0.05).  

Natural biopolymer is the dire need of hour as health hazards are associated with 

synthetic fiber. Active research is undergoing to replace synthetic fiber with natural biopolymer 

as these are cost effective and safe. In current trial, pectin hydrolysis of banana pseudo stem by 

PG enzyme was performed to obtain better quality fiber from banana stem. Reducing sugar level 

after PG treatment was enhanced which showed pectin degradation in banana pseudo stem. To 

check the effectiveness of PG treatment on babana pseudo stem, morphological studies were 

performed by scanning electron microscope which clearly displayed pectin degradation within 

the cell architecture of banana pseudo stem after PG treatment. 



100 
 

 Hence, plant polygalacturonase expressed in E. coli expression system would be useful as a 

potential candidate for its biotechnological applications in fruit juice clarification and fiber 

industry as it can improve the quality of end products as compared to hazardous chemical 

methods.This study suggests a need for implication this technology in other related fields at 

commercial scale. 
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APPENDIX 

Bradford reagent  

0.1 g Coomassie Brilliant Blue G-250, 100 ml of 85% phosphoric acid and 50 ml of ethanol, 

volume up to 1 L. 

Electro elusion buffer  

0.2 M Tris acetate pH 7.4 and 1% SDS. 

Running buffer of electro-elusion 

50 mM Tris-acetate pH 7.4 and 0.1% SDS. 

4X loading dye  

For 10 ml dye; 0.004 g bromophenol blue, 0.6 ml 1 M Tris (pH 6.8), 2.5 ml 100% glycerol, 3 ml 

10% SDS 

Tris-glycine running buffer  

15 g Tris-base, 72 g glycine and 5 g SDS, Volume up to 1 L. 

Staining solution  

1 g Coomassie Brilliant Blue R-250 (Sigma), 100 ml glacial acetic acid and 500 ml of methanol, 

volume up to 1 L. 

De-staining solution  

70 ml glacial acetic acid and 400 ml of methanol, volume up to 1 L. 

Lysis buffer  

50 mM Tris-Cl pH 8.5, 5 mM EDTA, 1 mM PMSF and 100 mM NaCl. 

5X TAE buffer  

40 mM Tris Cl, 20 mM Acetic acid and 1 mM EDTA of pH 8.0. 

 

1X TAE buffer  
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40 mM Tris Cl, 20 mM Acetic acid and 1 mM EDTA of pH 8.0. 

6X loading dye  

10  mM Tris Cl buffer, pH 7.6, 30% glycerol, 10 mM EDTA, 0.005 % (w/v) bromophenol blue, 

0.005 % (w/v) xylene cyanol FF 

SOC medium  

2% Trypton, 0.5 % Yeast extract, 0.05 % NaCl, 0.1% KCl, 20 mM Glucose having pH 7.4. 

LB broth  

1% Trypton, 0.5 % Yeast extract, and 1% Sodium chloride, pH 7.4 

CaCl2-MgCl2 solution  

80 mM MgCl2 and 20 mM CaCl2 

SOC medium (2% Trypton, 0.5 % Yeast extract, 0.05 % NaCl, 0.1% KCl, 20 mM Glucose 

having pH 7.4) 

Alkaline lysis solution (ALS) I  

25 mM Tris-Cl buffer, pH 8.0, 10 mM EDTA pH 8.0, 50 mM glucose and placed on ice for 15 

min. 200 µl of freshly prepared  

Alkaline lysis solution (ALS) II  

0.2 N NaOH, 1%w/v SDS) was added and mixed gently. The tubes were placed again on ice for 

10 min. 150 µl of ice cold  

Alkaline lysis solution (ALS) III 

 60 ml of 5 M potassium acetate, 11.5 ml of glacial acetic acid and 28.5 ml of H2O 

10X Tango buffer  

33 mM Tris-acetate buffer, pH 7.9, 10 mM Md-acetate, 66 mM potassium acetate, 0.1 mg/ml 

BSA. 


