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ABSTRACT 
 
 The level of polygalacturonases (PGases) activity was tracked upon incubation of T. reesei F418 on a 
mixture of lemon peel and rice straw under solid state fermentation system. Two polygalacturonases PGI and 
PGII have been purified and characterized. They were purified to homogeneity by ammonium sulfate 
precipitation, gel filtration and ion exchange chromatography. They have molecular weights of 50 and 72 kDa, 
respectively as determined by gel filtration and confirmed by SDS-PAGE. They have optimum activity at pH 
5.0 and retained 70% of activities at pH 9.0. They showed optimum activity at 40 and 45oC, with activation 
energies of 29.5 and 28 kJ mol-1, respectively. They were activated by cysteine-HCl, dithiothreitol and 
significantly inhibited by Cu2+, Hg2+, phenylmethylsulfonyl fluoride (PMSF) and p-hydroxymercuribenzoic acid 
(p-HMB). This could be due to the involvement of serine/or cysteine residues in the catalytic process. They have 
specificity towards pectins with different degrees esterification, apple pectin and citrus pectin. The Km values for 
hydrolysis of different pectins by PGI and PGII ranged from 1.0-5.0 and 0.77-6.7 mg ml-1, respectively. Such 
properties made the enzymes attractive for industrial applications in fruit juices extraction. 
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lemon peel.  
 
Introduction 
 
 Pectic substances are ubiquitous in the plant kingdom and form the major components of the middle 
lamella, a thin layer of adhesive extracellular material found between the primary cell walls of adjacent young 
plant cells (Heerd et al., 2012, Fissore et al., 2013). They are constitute a complex of heteropolysaccharides with 
a linear backbone comprised of α-1,4-linked galacturonic acid residues whose carboxyl group may be 
methylated, forming an ester. Some backbone residues may be L-rhamnose, which may bear side-chains of 
arabinose, galactose and xylose (Silva et al., 2007).  
 The complete breakdown of pectin is achieved by the synergistic action of pectin esterase (PE), 
polygalacturonase (PGase), pectate lyase (PL) and pectin lyase (PNL) on the basis of their mode of action which 
are broadly known as pectinases (Arunachalam and Asha, 2010; Gomes et al., 2011). The commercial 
importance of pectinases derives from their use in the fruit juice industry. Their use is essential for the 
clarification of fruit juices and in the extraction of juice and coloured materials necessary for the preparation of 
fruit nectars and vegetable purees (Gummadi and Panda, 2003). Pectinases have also industrial applications in 
several conventional processes including textile, tea and coffee fermentation, waste water treatment, degumming 
of plant fiber, retting of plant fiber, paper and pulp industry and animal feeds (Gummadi and Panda, 2003; 
Jayani et al., 2005; Tari et al., 2008; Arunachalam and Asha, 2010). The presence of polygalacturonase (PGase) 
is essential for these applications. 
 PGase (poly [1,4-α-D-galacturonide] glycanohydrolase, EC3.2.1.15) is a backbone-depolymerizing 
enzyme, which catalysis the hydrolytic cleavage of glycosidic linkages between galacturonic acid residues in 
polygalacturonan, a major fraction of plant pectins (Diana, 2001; Aminzadeh et al., 2006). In most industrial 
applications, fungal PGases prove to be very useful owing to the higher enzyme activity and their optimum 
activity at a lower pH range, which is suited to most fruit- and vegetable- processing applications. 
 Major impediments to the exploitation of commercial enzymes are their yield, stability, specificity and the 
cost of production. New enzymes for use in commercial applications with desirable biochemical and physico-
chemical characters and a low cost of production have been the focus of much research. Application of agro-
industrial wastes as carbon source and usage solid-state fermentation method (SSF) not only reduce the cost of 
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production, but also help to overcome the problems of pollution and solid waste management (Silva et al., 
2002). 
 PGases have been produced via SSF by different species of bacteria and fungi using agro-industrial residues 
(Castilho et al., 2000; De Gregorio et al., 2002; Martin et al, 2004; Phutela et al., 2005; Costa et al., 2007; Silva 
et al., 2007; Mamma et al., 2008; Salariato et al., 2010; Abbasi et al., 2011). PGases production in low cost 
separation in an efficient way and maintaining the desired level of enzyme activity over a long period of time 
and improving its stability are important parameters taken into account before usage in the biotechnological 
applications. The knowledge gained will improve the potential and its effective usage in such diverse and broad 
industrial areas. Furthermore, it will help to establish additional information required to maintain the desired 
level of enzyme activities over a long period of time and improve their stability. 
 T. reesei F418 exhibits a major potential for PGases production using a mixture of lemon peel and rice 
straw in a ratio of 2:1 under the examined optimized cultured conditions (Mohamed et al., 2013). Purification 
and characterization of the individual isoenzymes improve our understanding of their biochemical properties, 
structure and catalytic performance. 
 Therefore, this report will complement our previous study. Hence, the objectives of the present study are 
estimating the maximum time for PGase production under the re-optimized culture conditions and purification 
of two PGase isoenzymes. In addition, the physicochemical characterization of T. reesei PGases will be 
compared with those recorded for commercial PGases used for industrial applications.    
  
Materials and Methods 
 
Raw materials: 
 
 Rice straw (RS) in a dry form was obtained from Kalubia governorate and dry lemon peel was provided by 
a local lemon processing industry. They were dried and milled individually in a hammer mill to pass through a 
0.75 mm screen before use. 
 
Microbial growth conditions:  
 
 Trichoderma reesei F418, was obtained from Microbial Chemistry Dept, National Research Centre, Cairo, 
Egypt, cultivated and maintained on slants of potato dextrose agar (PDA 4.3) (potato 20%, dextrose 2%, and 
agar 2%). The prepared medium was transferred to cotton plugged test tubes and autoclaved at temperature of 
121oC and 1.1 kg/cm2 pressure for 30 minutes. After cooling, the PDA slants were inoculated with the mother 
culture of the organism and incubated at 28oC for 7 days to allow the spore to germinate. The fungus was 
maintained, kept at 4oC prior to use and subcultured every three months. 
 
Inoculum: 
 
 Under sterile conditions, 10 ml of sterile distilled water was added to the tube containing the spore culture. 
After scraping the surface of PDA, the spore suspension was transferred to a sterilized tube and used for 
inoculation.  
 
Medium for SSF and enzyme production: 
 
 The composition and processing of the SSF has been demonstrated previously (Mohamed et al., 2013). 
Briefly, 4 g aliquots of a 2:1 (W/W) mixture of lemon peel and RS as the carbon source were placed in 50 ml 
Erlenmeyer flask and hydrated to 85% moisture with the modified Toyama's mineral salt solution (g L-1) 
(NH4)2SO4 4.0, KH2PO4 5.0, CaCl2 0.3 and MgSO4.7H2O 0.40. The moistening medium was also supplemented 
with trace elements consisting of (g L-1): FeSO4.7H2O 0.005, MnSO4.4H2O 0.0016, ZnSO4.7H2O 0.0014 and 
CoCl2.6H2O 0.002, 10% (V/V) of Tween 80 and 6.0 % peptone. The pH of the medium was measured and 
adjusted to 6.5. The medium was then autoclaved for 60 min at 121oC under 1.1 kg/cm2 pressure. After cooling, 
the flasks were inoculated with 1 ml of spore suspension containing 107 spores/g substrate and incubated at 
28oC. The flasks were gently tapped intermittently to mix the contents. 
 
Effect of incubation time on PG production: 
 
 For tracking time course for PG production by the fungal T. reesei F418, culture flasks as previously 
described were removed at different time intervals from zero to 8-days of incubation, followed by enzyme 
extraction. 
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Enzyme extraction: 
 
 After incubation, at the desired time intervals, 10 ml of 50 mM sodium acetate buffer, pH 5.0 was added to 
each flask and the mixtures were shaken at room temperature for 15 min at 60 Oscillations min-1. Solids were 
separated by filtration and this extraction was repeated three times. The three supernatants were pooled, 
centrifuged at 10,000Xg for 10 min with cooling and designated as cell-free supernatant and stored at -20oC 
until used. 
 
PGase assay: 
 
 The activity of PGase was routinely assayed according to Panda et al. (1999) by measuring the release of 
reducing groups from polygalacturonic acid (PGA) as substrate using 3,5-dinitrosalicylic acid (DNS) method 
(Miller, 1959). The reaction mixture that contained 50 mM sodium acetate buffer, pH 5.0, 5 mg PGA and 
appropriate dilution of enzyme solution in a total volume of 0.5 ml were incubated for 30 min at 37oC. One unit 
(IU) of PGase activity was defined as the amount of enzyme that released 1 µmol of galacturonic acid (GA) per 
min under standard assay conditions. Protein content was determined by Coomassi brilliant blue G-250 dye 
using bovine serum albumin as a standard (Bradford, 1976). 
 
Purification of PGase isoenzymes: 
 
 Unless otherwise stated all steps were performed at 4-7ºC. The purification of PGase isoenzymes were 
carried out by ammonium sulfate fractionation, gel filtration and ion exchange chromatography. Solid 
ammonium sulfate was added slowly to the cell-free supernatant with continuous stirring and cooling to a final 
concentration of 20% (W/V). The mixture was stirred for 15 min and the precipitate (AI) was collected by 
centrifugation at 15,000Xg for 15 min with cooling. The ammonium sulfate concentration of the supernatant 
was increased to 85% with constant stirring and cooling for 30 min and leaves it overnight in cooled room. The 
precipitate (AII) was recovered by centrifugation at 15,000Xg for 15 min with cooling and dissolved in 2 ml of 
50 mM acetate buffer, pH 5.0. The ammonium sulfate fraction AII was applied on a Sephacryl S-300 column 
(150 X 1.2 cm i.d.) pre-equilibrated with 50 mM acetate buffer, pH 5.0 and developed at a flow rate of 20 ml/h. 
Sephacryl S-300 fractions have enzymatic activities were pooled and applied on a DEAE-Sepharose column (11 
x 1.25 cm i.d.) pre-equilibrated with the same buffer. The adsorbed materials were eluted with a stepwise 
gradient NaCl ranging from 0.0 to 0.5 M NaCl at a flow rate of 60 ml/h. Fractions exhibiting PGase activity 
were eluted with 0.2 and 0.3 M NaCl and designated as PGI and PGII, respectively. DEAE-Sepharose fractions 
that have the highest enzymatic activities were collected and subjected for enzyme characterization. 
 
Polyacrylamide gel electrophoresis (PAGE):  
 
 For examining the homogeneity of the final preparation of PGI and PGII, electrophoresis under non-
denaturing conditions was performed using 10% (W/V) acrylamide slab gel according to the method of Davis 
(1964) using a Tris-glycine buffer, pH 8.3. The slab gel was carried out using BIO-RAD MINI PROTEAN 
apparatus. 
 
Molecular weight determination: 
 
 The molecular weights (Mrs) of purified PGI and PGII were estimated by two methods. The first method is 
by loading the enzymes individually into a Sephacryl S-300 column (150 x 1.2 cm i.d.) previously calibrated 
with molecular weight markers proteins ranged from 12.4 kDa to 200 kDa. The second method includes SDS-
polyacrylamide gel electrophoresis (Laemmli, 1970) using BIO-RAD MINI PROTEAN apparatus. SDS-
denatured marker proteins ranged from 14.4 kDa to 94 kDa were used to establish the calibration curve. The 
protein bands were visualized by staining the gel by Coomassie Brilliant Blue R-250. 
 
Results: 
 
Time course of PGases production: 
 
 The time course of extracellular PGases production by T. reesei F418 using a mixture of lemon peel and 
rice straw in a ratio of 2:1 as a carbon source under previously reported optimum culture conditions (Mohamed 
et al., 2013) was tracked over 6 days (Fig. 1). PGases activity steady increased from the 1st day to the 3rd day of 
incubation followed by a significant increase on the 4th day of incubation (40.1 ±0.98 IU/g dry weight (DW)). 
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Thereafter, a decline in enzyme activity was observed by increasing the time of incubation till the 6th day of 
inoculation (15.1±1 IU/g DW). 

 
Fig. 1: Time course for polygalacturonase production by T. reesei F418 under SSF system using lemon peel and 

RS mixture. 
 
Purification of T. reesei F418 PGases: 
 
 Purification steps of PGases from T. reesei F418 are summarized in Table 1. The cell-free supernatant was 
subjected to ammonium sulphate fractionation, chromatography on gel filtration using Sephacryl S-300 and 
anion exchanger on DEAE-Sepharose. Most of the enzyme activity (90%) was recovered in the second 
ammonium sulphate fraction (A2) with specific activity of 12.3 IU mg-1 protein. By chromatographic studies 
using Sephacryl S-300 (Fig. 2), the specific activity increased to 22 IU mg-1 protein with 1.9 fold purification. 
By chromatography on DEAE-Sepharose (Fig. 3), two PGase isoenzymes, PGI and PGII, were resolved by 0.2 
and 0.3 M NaCl, respectively with specific activities of 61.1and 168 IU mg-1 protein with 5.4 and 14.7 fold 
purification, respectively.  
 
Table 1: Purification scheme of PGases from T. reesei F418 via SSF using lemon peel and RS as carbon source. 

Step Total Protein  
(mg) 

Activity* 
(IU) 

S. A** 
(IU/mg protein) 

Recovery 
(%) 

Fold Purification 

Crude 88.1 1005 11.4 100 1.0 
Ammonium sulphate 

precipitate (AII) 
73.4 900 12.3 90.0 1.1 

Sephacryl S-300 35.7 784.8 22.0 78.1 1.93 
DEAE-Sepharose      
PGI (0.2M NaCl) 5.4 330 61.1 32.8 5.4 
PGII (0.3M NaCl) 2.5 420 168 41.8 14.7 

* One unit of xylanase activity was defined as one μmole galacturonic acid liberated per minute under standard assay conditions. S. A**, 
represents the specific activity.  

 
Homogeneity:  
 
 T. reesei F418 PGI and PGII are homogenous on polyacrylamide gel (Fig. 4) under non-denatured 
conditions by demonstrating a single protein band. 
 
Molecular weight: 
 
 The molecular weights of T. reesei PGases were estimated to be 50 and 72 kDa for PGI and PGII, 
respectively by gel filtration on Sephacryl S-300 (Fig. 5). This result was confirmed by SDS-PAGE (Fig. 6) as 
they migrated as single subunit indicating their monomeric forms. 
 
Characterization of PGases: 
 
 It is essential to take into attention the biochemical data, such as pH optimum, pH stability, optimum 
temperature for activity and stability, specificity and affinity towards substrates (Kms) and knowledge about the 
selective inhibitor of each PGase isoenzymes before using in the various biotechnological applications.  
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Fig. 2: A typical elution profile for the chromatography of T. reesei F418 PGase ammonium sulfate fraction AII 

on Sephacryl S-300 column (150 x 1.2 cm i.d.) that is previously equilibrated with 50 mM acetate 
buffer, pH 5.0 at a flow rate of 20 ml/h and 3 ml fractions. Absorbance at 280 nm (x___x) and PGase 
activity (●____●). 

 
 
Fig. 3: A typical elution profile for the chromatography of T. reesei F418 PGase pooled active fractions of 

Sephacryl S-300 on DEAE-Sepharose column (11 x 1.25 cm i.d.) that is previously equilibrated with 
20 mM acetate buffer, pH 5.0 at a flow rate of 60 ml/h. Absorbance at 280 nm (x___x) and PGase 
activity (●___●). 

 
 
Fig. 4: Native PAGE for homogeneity of T. reesei PGase isoenzymes. 
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Fig. 5: A Calibration curve for the molecular weight estimation of T. reesei PGases by gel filtration on 

Sephacryl S-300 column. 
 

 
 

Fig. 6: Molecular weights determination by SDS-PAGE for T. reesei PGases. Purified PGI and PGII isoenzymes. 
Molecular weight marker proteins (M). 

 
The optimal pH for activity and stability of PGases:  
 
 In the present study T. reesei F418 PGI and PGII have optimal activity at pH 5.0 using 50 mM sodium 
acetate buffer (Fig. 7a).  They were stable upon incubation for 30 min at pH range from 4.5-9.0 with 73 and 
71% recovery, respectively at pH 9.0 (Fig. 7b).  
 
Optimum temperature and thermal stability of PGases: 
 
 T. reesei F418 PGases were active over a temperature range of 30-60oC with temperature optima at 40oC 
and 45oC for PGI and PGII, respectively. They showed 34 and 66% of their activities at 60oC (Fig. 8a). The 
thermostability of the purified T. reesei F418 PGI and PGII were determined by measuring the residual activity 
after preincubation at various temperatures ranging from 25 to 80oC for 30 and 60 min (Fig. 9, a and b), 
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respectively.  PGII is more thermostable than PGI where 78% and 46% of enzyme activity were recovered upon 
incubation for 1 h at 50oC and 60oC, respectively. However, PGI retained only 32% and 18% of its activity upon 
incubation under the same conditions. 
 

 

 
Fig. 7: pH optimum (a) and stability (b) of T. reesei PGI and PGII. 
 
Activation energy: 
 
 The activation energy (Ea) for T. reesei F418 PGases were determined using an Arrhenius model, according 
to Dixon and Webb (1964): 
                                                         2.3026 R T2 T1 Log V2/V1 

                            T2 – T1 

 
 Where V1 and V2 are the first and second enzyme activities, respectively; T1 and T2 are the first and second 
absolute temperatures, respectively; Ea is the energy of activation (kcal mol-1) and R is the gas constant (1.987 
cal degree-1 mol-1). Using the temperature range 25-40oC, the Arrhenious plots for T. reesei F418 PGI and PGII 
were linear and the activation energies in terms of kJ were found to be 29.5 and 28 kJ mol-1 for T. reesei F418 
PGI and PGII, respectively (Fig. 8b). 
 
Effect of different compounds:  
 
 The effect of various compounds on the activities of T. reesei F418 PGases at different concentrations was 
examined (Table 2). EDTA as a chelating agent has no stimulatory or inhibitory effect on PGases at different 
concentration ranging from 1-10 mM. Cysteine-HCl, β-mercaptoethanol and dithiothreitol (DDT) at a 
concentration of 1 mM stimulate T. reesei F418 PGases with fold increase ranged from 1.1-2.1 compared to 
control.  In contrast, PMSF, p-HMB and IAA have an inhibitory effect on PGI and PGII and such effect ranged 
from 40-100% and the inhibitory effect proportional to the concentration used in the range of 1-10 mM.  

Ea =
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Fig. 8: Optimum temperature (a) and activation energies (b) for T. reesei F418 PGases.  
 

 

 
 
Fig. 9: Thermal stability of T. reesei PGI and PGII. The enzymes pre-incubated for 30 min (a) and for 60 min (b) 

at different temperatures. 
 
Effect of metal cations:  
 
 The effect of various metal cations at a concentration of 10 mM on T. reesei F418 PGases was examined 
(Table 3). T. reesei F418 PGases are not affected by metal cations except for Ca2+. Stimulation by the addition 
of Ca2+for PGI and PGII up to 6.4 and 14.2%, respectively was recorded by. The divalent cations Hg2+ and Cu2+ 
strongly inhibited T. reesei F418 PGI and PGII with percent inhibition ranged from 82.8 to 97.7%, respectively.  
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Table 2: Effect of different compounds on T. reesei PGases. 
Compound Concentration (mM) Relative activity (%) 

PGI PGII 
NONE  100 100 

Cysteine-HCl 1 139 154.7 
DTT 1 210.4 176.9 

β-mercaptoethanol 1 110.6 119.8 
EDTA 1 99.5 96.8 

 5 92.2 90.2 
 10 85.8 88.9 

p-HMB 1 90.9 93.3 
 5 48.4 56.4 
 10 40.1 12.1 

IAA 1 99.1 100.7 
 5 59.4 68.6 
 10 53.0 43.7 

PMSF 1 60.5 56.2 
 5 20.6 14.9 
 10 12 0 

The enzymes were preincubated for 30 min at 37oC with the listed compounds individually at the final concentration indicated prior to 
substrate addition. Activity in absence of compounds was taken as 100%. Each value represents the average of three experiments. 

 
Table 3: Effect of metal cations on T. reesei PGases. 

Metal Relative activity (%) 
PGI PGII 

NON 100 100 
Al3+ 38.31 31.4 
Ba2+ 98.6 99.3 
Ca2+ 106.4 114.2 
Co2+ 77 71.2 
Cu2+ 10 17.2 
Fe2+ 9.1 6.4 
Hg2+ 8.8 2.3 
K+ 84.9 92.9 
Li+ 95.4 91.2 

Mg2+ 53.6 50.4 
Mn2+ 57.9 53.4 
Na+ 90.7 93.6 
Ni2+ 33.4 43.5 
Zn2+ 90.2 84.7 

Enzymes were pre-incubated for 30 min at 37oC with 10 mM of the listed cations as a final concentration prior to substrate addition. Activity 
without added metal cation was taken as 100 %. Each value represents the average of three experiments. 
 
Substrate specificity:  
 
 A study of substrate specificity for T. reesei F418 PGases was estimated by using pectins with different 
degrees of esterification (DE), methylation, PGA and non-pectin polysaccharides (Table 4). T. reesei F418 
PGases were active on PGA, esterified pectin, apple and citrus pectin and the extent of hydrolysis decreased by 
increasing the degree of esterification or methylation. However, T. reesei F418 PGases showed very low 
specificity towards all the examined non-pectin polysaccharides compared to pectins. 
 
Table 4: Relative activities of T. reesei PGases towards different substrates. 

Compound Relative activity (%) 
PGI PGII 

PGA 100 100 
Pectin (DE 26%) 112.9 114.6 
Pectin (DE 89%) 109.4 111.9 
Pectin (DE 93%) 103.8 100.9 

Pectin apple (methyl 7.8%) 144 150.6 
Pectin citrus (methyl 8%) 120 125 

Glycogen 0.2 2.1 
Amylopectin 18.4 16.11 

Dextrin 19 30.5 
α-cyclodextrin 3.7 3 
β-cyclodextrin 0 0.43 

Starch 6.6 2.3 
Relative activity using PGA was taken as 100%. Each value represents the average of three separate experiments. 
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Kinetic parameters for PGases:  
 
 The kinetic parameters of T. reesei F418 PGases for hydrolysis PGA and pectins were obtained by double 
reciprocal Lineweaver Burk plots (Table 5). Generally, the Km values were increased by increasing the degree of 
estrification or methylation of the pectins. T. reesei PGI and PGII exhibit Km values for hydrolyzing different 
pectins ranged from 1.0 to 5.0 and 0.77 to 6.7 mg ml-1, respectively. They exhibit Km values of 2.0 and 1.43 mg 
ml-1 for hydrolysis of PGA.  
 
Table 5: Kinetic parameters for T. reesei Pgases. 

Substrate PGI PGII 
Km Vmax Vmax/Km Km Vmax Vmax/Km 

PGA 2.0 0.5 0.25 1.43 0.57 0.4 
Pectin (ES 26%) 1.82 0.29 0.16 3.3 0.4 0.12 
Pectin (ES 89%) 4.0 0.67 0.17 4.0 0.4 0.1 
Pectin (ES 93%) 5.0 0.8 0.16 6.7 0.5 0.07 

Pectin apple (methyl 7.8%) 1.0 0.8 0.8 0.77 1.0 1.3 
Pectin citrus (methyl 8%) 2.5 0.22 0.08 3.0 0.5 0.17 

 

Discussion: 
 
 Trichoderma reesei is well known as a  producer of pectinolytic enzymes. T. reesei F418 exhibits a 
potential for PGases production from a mixture of lemon peel and rice straw, agro-industrial residues, under 
optimized culture conditions and SSF (Mohamed et al., 2013). In the present investigation, the time required for 
maximal PGases production by T. reesei F418 (4th day of incubation) is consistent with that recorded earlier for 
different species of Aspergillus (Runco et al., 2001; Malvessi and da Silveira, 2004; Pedrolli et al., 2008), P. 
viridicatum RFC3 (Silva et al., 2005) and Moniliella spp. (Martin et al., 2004). The enzymatic level of T. reesei 
F418 PGases (40.1 ± 0.98 IU/g DW) is higher by several folds ranged from 1.5-26.5 than those reported earlier 
by pectinolytic genera such as Aspergillus (Garzon and Hours, 1992; Castilho et al., 1999; Taragano and 
Pilosof, 1999), Penicillium (Garzon and Hours, 1992; Silva et al., 2002) and Trichoderma (Abbasi et al., 2011) 
using different agricultural and agroindustrial wastes under SSF conditions. 
 An important aspect of this study is the purification and characterization of T. reesei PGases in terms of 
optimum temperature and pH for activity and stability. Such studies should be helpful to understand the true 
potentialities of PGases in its industrial applications. Therefore, purification and characterization of PGase 
isoenzymes were restricted from the 4-day-old culture medium of T. reesei F418. 
 Two T. reesei F418 PGI and PGII have been purified to homogeneity by ammonium sulfate precipitation, 
gel filtration and anion exchange chromatography. They have specific activities of 61.1 and 168 IU mg-1 protein, 
respectively.  These values are higher than the specific activities estimated for PGases from F. moniliforme 
(18.7) (Niture and Pant, 2004) and Tetracoccosporium sp. (26.4) (Aminzadeh et al., 2006). However, they are 
lower than that of T. harzianum (276 IU mg-1 protein) (Mohamed et al., 2006) and A. kawachii (430 IU mg-1 
protein) (Contreras-Esquivel and Voget, 2004). The purification fold of T. reesei PGII (14.7) is in agreement 
with that recorded for T. harzianum (Mohamed et al., 2006), F. moniliforme (Niture and Pant, 2004) and  
Tetracoccosporium sp. (Aminzadeh et al., 2006). 
 T. reesei F418 PGI and PGII exhibit molecular weights of 50 and 72 kDa, respectively by gel filtration 
which are confirmed by SDS-PAGE. A variable molecular weights of PGases from different microbial sources 
has been recorded (Gummadi and Panda, 2003; Jayani et al., 2005; Jyothi et al., 2005; Niture, 2008). The 
molecular weight of PGI is in agreement with the values of 50 and 52 estimated for Bacillus sp. Ts47 (Takao et 
al., 2000) and Botrytis cinerea (Cabanne and Doneche, 2002), respectively. However, it is higher than that of T. 
harzianum (31 kDa) (Mohamed et al., 2006). While, the molecular weight of PGII is congruent to the molecular 
weight (70 kDa) recorded for Fusarium oxysporum (Di Pietro and Roncero, 1996) and Penicillium frequentaus 
(dos-Santos Cunha Chellegatti et al., 2002)  and comparable equal to that recorded for T. reesei PGases (67, 66 
kDa) (Mohamed et al., 2003). 
 The pH optimum for several PGases purified from different microbial sources have acidic pH ranged from 
3-6 (Gummadi and Panda, 2003; Niture and Pant, 2004; Martin et al., 2007; Schnitzhofer et al., 2007; Niture, 
2008; Salariato et al., 2010). T. reesei F418 PGases had optimal activity at pH 5.0. This finding is interesting 
and important for the fruit processing because it matches with the acidic pH of juices. A similar pH optimum for 
activity was recorded for different species of Trichoderma (Mohamed et al., 2003; 2006) and Aspergillus 
(Sakamoto et al., 2002; Jayani et al., 2005; Tari et al., 2008; Gomes et al., 2011). The stability of PGases is 
affected by pH and the maintaining of the desired level of activity over a wide pH range is an important point 
considered for selection of PGase suitable for an industrial application. T. reesei F418 PGases were stable upon 
incubation at pH range 4.5-9.0 and such character is in accordance to that recorded for Aspergillus sojae (4.0–
9.0) (Dogan and Tari, 2008) and Aureobasdium pullulans (5.0-7.5) (Manachini et al., 1988).  
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 Temperature has a profound influence on enzyme activities of PGases and most of them work in a 
temperature range 30-40oC (Jayani et al., 2005; Niture, 2008). T. reesei F418 PGases have temperature optima 
at 40oC and 45oC, respectively. Typical results for temperature optima (40oC and 45oC) were reported for two 
PGases produced by F. moniliforme (Niture and Pant, 2004). Other authors estimated the same range of 
optimum temperature (from 40 to 50oC) for PGases from Bacillus sp. (Kobayashi et al., 2001), Mucor flavus 
(Gadre et al., 2003), A. niger (Kayshap et al., 2000) and different species of Trichoderma  (Mohamed et al., 
2003, 2006) and Tetracoccosporium sp. (Aminzadeh  et al., 2006). In this sense, our results showed an 
interesting applicability of these enzymes under high temperature as in the industries of syrups, juices and other 
drinks. As a close comparison, the optimum temperature of the commercial enzyme Rapidase C80 was 
estimated at 55oC as well (Ortega et al., 2004). 
 The thermostability of an enzyme is defined as the ability to resist thermal unfolding in the absence of 
substrate. It is an important parameter, especially in fruit juice extraction. Before the PGases addition, fruits are 
first cooked to release more juice. This, releases most of pectin into the juice, resulting in a thick and a cloudy 
appearance (Tari et al., 2008). In apples juice manufacturing, enzymatic clarification may be carried out at 15oC 
for 12 h or at 50oC for 1 h (Moyo et al., 2003). Thus, the higher temperature is limited by the temperature 
tolerance of the enzyme mixture. The thermal inactivation curves of T. reesei PGases could be relevant to the 
industrial applications. T. reesei PGII has an optimum activity at 45oC and thermostable at 50oC, where 78% of 
the activity was retained after 1h incubation and completely lost at 80oC for 30 min incubation (Fig. 9 a,b). 
Assis et al., (2004) reported that PGase used must keep the initial activity for longer times in the range from 40-
50oC and must be inactivated after any application. In another work available in the literature, Zheng and Shetty 
(2000) showed that PGase used for fruit industries is stable until 50oC, and completely lost upon incubation at 
85oC for 20 min. In the present study the enzymatic activities of T. reesei PGI and PGII retained 65 and 90% of 
their activity upon incubation for 30 min at 50oC. Therefore, it can be concluded that T. reesei PGases have 
great potential to be used primarily in the fruit juice industry. 
 The activation energies (Eas) of T. reesei F418 PGases were estimated using an Arrhenius model.  T. reesei 
F418 PGI and PGII have Eas 29.5 and 28 kJ mol-1, respectively. These values are close to the values reported for 
Pycnoporus sanguineus (22.5 kJ mol-1) (Quiroga et al., 2009), commercial exo-PGases like Rapidase C80 (26.5 
kJ mol-1) (Ortega et al., 2004), Rhizopus oryza spp. (27.2 kJ mol-1) (Manjon et al., 1992). Compared to a study 
conducted by Ortega et al., (2004), the current activation energies in the present study is higher and lower of 
commercial exo-PGases in Pectinex 3XL (4.2 kJ mol-1) and Pectinase CCM (45.6 kJ mol-1), respectively. These 
close approximations with the current commercial enzymes indicated that T. reesei F418 PGases could be good 
candidates for various industrial applications. 
 EDTA had no effect on the enzyme activity. Such behavior, had earlier been reported for Rhizopus sp. 
(Elegado and Fujio, 1994), suggesting that the enzymatic activity is cation-independent and confirmed by the 
result of the effect of metal cation discussed below. Cysteine-HCl, β-mercaptoethanol and DDT have 
stimulatory effects on PGI and PGII suggesting that disulphide linkages do not have a critical role in maintaining 
an appropriate conformation of the enzyme for their catalytic activities. Consistently, β-mercaptoethanol 
stimulated PGII A. sojae PGase (Dogan and Tari, 2008) by 3.63-fold. In contrast, the inhibitory effect of PMSF, 
p-HMB and IAA on T. reesei F418 PGases was partly in agreement with the studies conducted by Mohamed et 
al., (2006) and Kapoor et al. (2000) whose estimate the inhibitory of both PMSF and IA on T. harzianum PGII 
and IAA on Bacillus sp., respectively. Such inhibitory effect could be due to the involvement of serine and/or 
cysteine residues in the catalytic process or close to the active sites of T. reesei F418 PGases confirming the 
above results. 
 Different results on the effect of metal cations on PGases were obtained depending on the ion used and the 
source of the PGase (Dogan and Tari, 2008). Generally, T. reesei PGases are not dependant on metal cations 
except for Ca2+. The current study revealed that Ca2+ stimulated T. reesei PGI and PGII up to 6.4 and 14.2%, 
respectively. Similarly, the stimulatory effect of Ca2+ has been recorded for Bacillus MG-cP-2 (Kapoor et al., 
2000), A. sojae (Dogan and Tari, 2008), and Sporotrichum thermophile Apinis (Kaur et al., 2004). The 
inhibitory effects of Cu2+ and Hg2+ have earlier been reported for S. sclerotiorum (Riou et al., 1992) and for P. 
viridicatum PGases (Silva et al., 2007). The activity of Mucor rouxii (Saad et al., 2007) was reduced also down 
to 22 and 9.5 by Cu2+ and Hg2+, respectively, and S. sclerotiorum (Riou et al., 1992) and P. viridicatum (Silva et 
al., 2007) were completely inhibited. Such metal ions block thiol groups on the protein (Pauza et al., 2005; Silva 
et al., 2007). Besides this effect, Cu2+ induces protein polymerization by forming His-Cu-His bridges between 
adjacent peptide chains (Follmer and Carlini, 2005) and can interfere in the structure of some proteins through 
its coordination geometry (Pauza et al., 2005). 
 Polygalacturonases from different microbial sources have specificity towards pectins with different degree 
of esterification and methylation (Zhang et al., 1999; Contreras-Esquivel and Voget, 2004; Mohamed et al., 
2006; Saad et al., 2007; Silva et al., 2007; Niture et al., 2008). T. reesei PGases showed higher specificity 
towards pectins with different degrees of esterification, apple pectin and citrus pectin than polygalacturonic acid 
(PGA) as 100%. The specificity decreased with increasing the degree of esterification or methylation.  
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 The estimated Km value is an indicator for the affinity of an enzyme towards the substrate. Several PGases 
from different microbial sources exhibit Km values ranged from 0.0016-5.0 mg ml-1  for hydrolysis of PGA 
(Jayani et al., 2005; Aminzadeh et al., 2006; Mohamed et al., 2006;  Silva et al., 2007; Quiroga et al., 2009). T. 
reesei PGI and PGII exhibit Km values 2.0 and 1.43 mg ml-1, respectively for PGA hydrolysis. They have higher 
affinity towards PGA (lower Km values) compared to PGases of Neurospora crassa (Lourdes et al., 1991), T. 
harzianum (Mohamed et al., 2006), Tetracoccosporium sp. (Aminzadeh et al., 2006), which have Km values 
ranged from 3.2-5.0 mg ml-1. While the affinity of T. reesei PGII towards PGA is comparable to that recorded 
for commercial enzymes Rapidase C80, Pectinase CCM and Pectinex which have Km values of 1.05, 1.1 and 
1.24 mg ml-1, respectively (Ortega et al., 2004). The current study demonstrated that the Km values of T. reesei 
PGases increased (affinity decreased) with increasing the degree of esterification or methylation of the pectin. 
Such results have been congruent to that recorded earlier (Zhang et al., 1999; Gadre et al., 2003; Mohamed et 
al., 2006; Saad et al., 2007). 
 The catalytic efficiency value provides a useful model for selecting the most efficient enzyme for an 
industrial process, using a fixed initial substrate concentration (Ortega et al. 2004). In the present investigation, 
the analyzed kinetic parameters (Km and Vmax) and the catalytic efficiency (Vmax/Km) demonstrated that T. reesei 
F418 PGases more efficient for apple pectin hydrolysis than esterified pectins or citrus pectin. 
 In conclusion, T. reesei F418 PGases was found to be able to degrade esterified pectin, apple and citrus 
pectins efficiently in the absence of a methylesterase. This will be highly beneficial during fruits processing 
since the pectin in nature is generally esterified. The enzymes exhibit a pH profile and optimum activity and 
stability that make them potential candidates for industrial applications under acidic conditions as fruit juice 
extraction. Such knowledge of the nature and properties of T. reesei PGases is important for their efficient and 
effective use, since PGases applications are widening in several fields.   
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