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1. Introduction 

Fungi possess an efficient hydrolytic system capable to convert lignocellulosic material to 
essential metabolites for growth. Usually, these fungi secrete enzymes, including cellulases 
(cellobiohydrolases, endoglucanases), hemicellulases (xylanases) and β-glycosidases. In 
terms of enzyme novelty, interest is focused on not only finding enzymes which could break 
down lignocellulose much more rapidly, but also enzymes which could withstand pH, 
temperature and inhibitory agents. Mutant strains of Trichoderma reesei have been selected 
that produce extracellular cellulases up to 35 g/l [1,2]. It has been suggested that increasing 
the specific enzyme activity is the most likely approach to improving the commercial 
prospects of lignocellulose hydrolysis [3]. 

Lignocellulose consists of lignin, hemicellulose and cellulose [4,5]. The major components of 
lignocellulosic biomass are cellulose (C6 sugars), hemicellulose (C6 and C5 sugars) and 
lignins (polyphenols) [6]. Large amounts of lignocellulosic “waste” are generated through 
agricultural practices, paper-pulp industries, and can pose an environmental pollution 
problem. Lignocellulosic waste is often disposed of by biomass burning, which is not 
restricted to developing countries alone, but is considered a global phenomenon [7]. 
However, plant biomass considered as “waste” can potentially be converted into various 
different value added products as illustrated in (Fig 1)including biofuels, chemicals, animal 
feed, textile and laundry, pulp and paper [8,9,10,11]. Production of ethanol and other 
alternative fuels from lignocellulosic biomass can reduce urban air pollution, decrease the 
release of carbon dioxide in the atmosphere, and provide new markets for agricultural 
wastes [12]. 

One effective approach to reduce the cost of enzyme production is to replace pure cellulose 
with relatively cheaper substrates, such as lignocellulosic materials. There are reports of 
successful attempts to produce cellulases on lignocellulosic materials [13]. Environmental 
pollution is a worldwide threat to public health. Biological degradation, for both economic 
and ecological reasons, has become an increasingly popular treatment of agricultural and 
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industrial waste [14]. Continuous accumulation of industrial wastes poses a serious 
environmental problem [15,14,16]. 

 
Figure 1. Lignocellulose bioconversion into value-added by-products Howard et al., (2003) 

1.1. Cellulose 

Cellulose is composed of insoluble, linear chains of glucose units linked by β-1, 4-glucosidic 
bonds (Fig 2). It is composed of highly crystalline regions and (non-crystalline) regions 
forming a structure generally resistant to enzymatic hydrolysis, especially the crystalline 
regions [17]. The cellulose fibers are usually embedded in an amorphous matrix of 
hemicellulose and lignin [18]. The presence of lignin in the biomass lowers the 
biodegradability both of the cellulose and hemicellulose [19]. Numerous pretreatment 
methods including biological methods have been developed for separation of lignocellulosic 
to cellulose, hemicellulose, and lignin [6]. Biological methods based on the enzymology have 
been suggested [20,21]. According to [22] the main problem in cellulose hydrolysis is the 
secondary and tertiary structures, not the primary linkage structure. 

Chemically, cellulose (C6H10O5)n molecules are linear glucans [23,24,18]. Partial hydrolysis of 
cellulose produces a range of oligosaccharides including cellobiose, cellotriose, and 
cellotetrose [25,26]. Intra-molecular hydrogen bonds between hydroxyl groups on the same 
cellulose chains produce the high viscosity, and rigidity associated withcellulose polymers. 
The hydroxyl groups at the ends of each cellulose chain have different chemical properties. 
At one end of the cellulose chain the number one carbon contains an aldehyde hydrate 
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group with reducing activity, while at the other end the number four carbon is an alcoholic 
hydroxyl with non-reducing activity. In native cellulose the cellulose chains are oriented in a 
parallel super molecular structure (Fig 2) in which inter-molecular hydrogen bonding 
between contiguous cellulose molecules, results in a sheet-like structure in the cellulose 
fibers [6]. 

 
Figure 2. Structure of cellulose 

The hydrogen bond strength is 25 KJ/mol, which is almost one hundred times stronger than 
Van der Waals forces (about 0.15KJ/mol), but less than one-tenth the strength of the O-H 
covalent bond (460 KJ/mol) [27]. Both inter and intra chain hydrogen bonds, which result in 
a sufficiently packed structure that prevents penetration, not only by enzymes, but also by 
small molecules, such as water. However, some regions, e.g. non-crystalline regions, permit 
penetration by larger molecules, including cellulases [28]. Obviously, reduction of 
crystallinity of cellulose and removal of lignin and hemicellulose are important goals for any 
pretreatment process [29].  

1.2. Cellulolytic substrates under study (Wood dust). 

Cellulose and hemicellulose are macromolecules from different sugars. The composition 
and percentages of these polymers vary from one plant species to another. Moreover, the 
composition within a single plant varies with age, stage of growth, and other conditions 
[30,5]. Cellulose makes up about 45% of the dry weight of wood.  

Hemicellulose is a complex carbohydrate polymer and makes up 25–30% of total wood dry 
weight. It consists of D-xylose, D-mannose, D-galactose, D-glucose, L-arabinose, 4-O-
methyl-glucuronic, D-galacturonic and D-glucuronic acids. Sugars are linked together by ß-
1,4- and occasionally ß-1,3-glycosidic bonds [31]. Another major difference is the degree of 
polymerization, that hemicellulose has branches with short lateral chains consisting of 
different sugars [12]. 
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Wood is an essential material for man. It is a material source for pulp and paper production, 
manure in the agricultural sector and fuel in the energy sector. Wood debris and by-product 
of wood processing pollutes the environment [32]. Wood wastes and their disposal have 
environmental concern worldwide especially when these wastes are biodegradable to useful 
goods [33]. DuPont, a company with environmental waste management, stated that ‘waste 
manufacturing may be a product looking for a market [34]. The use of biological 
degradation have greater advantages over the use of chemical degradation because 
biotechnological synthesized products are less toxic and environmentally friend [35]. 
Sawdust as a lignocellulosic material can undergo enzymatic degradation to produce 
protein, glucose, and subsequently ethanol [33]. 

1.3. Cellulases  

Cellulases are a group of hydrolytic enzymes capable of hydrolysing cellulose to smaller 
sugar components like glucose [36]. In industry, these celluloytic enzymes have found novel 
applications in the production of fermentable sugars, ethanol, organic acids, detergents, 
pulp and paper industry, textile industry and animal feed [37,38,39, 40, 41,16]. Today, these 
enzymes account for approximately 20% of the world enzyme market, mostly from 
Filamentous fungi, in particular Trichoderma and Aspergillus [42]. Cellulases can be divided 
into three major enzyme activity classes [43,44,45]; endoglucanses or endo1,4β-glucanase 
(EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91) and β-glucosidase (D-glucoside glucohydrolase) 
(EC 3.2.1.21) [46,47,48]. 

 

 
Figure 3. Different type of cellulase and their mode of action on cellulose 

Extensive research efforts have been focused on lowering the cost of enzyme production, 
such as: (1) Screening for organisms with novel enzymes; (2) Improvement of existing 
industrial organisms and enzyme engineering; (3) factors such as substrate, culturing 
conditions and recycling of enzymes [49]. Strain improvement, choice of substrate and 
culture conditions in relation to improvement of fungal cellulolytic enzyme production were 
also studied [50]. Other investigators have looked for cheaper substrates [51,52,48].  
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1.4. Cellulase structure 

Most fungal cellulases consist of two domains, i.e. a larger catalytic domain and a smaller 
cellulose binding domain (CBD) Table (1). These domains are joined by a glycosylated linker 
peptide [53,54]. The catalytic domain contains an active site [55]. The presence of CBD is 
essential to the degradation of solid crystalline cellulose [56,57]. Many studies have shown 
that removal of the CBD typically results in a decrease of about 50-80 % of the activity of 
fungal cellulases [58,59]. The biochemical role of a CBD is to keep the enzyme catalytic unit 
close to the substrate surface [60].  

 
Table 1. Properties of cellulases from Trichoderma reesei (Saloheimo et al., 1997). 

1.5. Cellulolytic organisms  

A wide variety of microbes including bacteria, fungi and actinomycetes are involved in the 
decomposition of cellulose, of which fungi have generally been considered to be the main 
cellulolytic organisms [61,62]. By 1976 more than 14000 fungi active against cellulose and 
other insoluble fibres had been collected [63,1]. Many fungi are capable of growing on 
cellulose as the sole carbon source, including those normally found on wood [64]. Fifty two 
fungal isolates with cellulolytic activities were isolated on Czapex' dox with a filterpaper 
and CMC agar media [65]. The cellulase systems of the mesophilic fungi Trichoderma reesei 

and Phanerochaete chrysosporium are the most thoroughly studied [66]. The production of 
cellulase by the members of genus Fusarium were investigated by several workers [67,68,69]. 
Filamentous fungi, particularly Aspergillus and Trichoderma species, are well known as 
efficient producers of these cellulases [70,71]. Trichoderma species are common soil 
inhabiting fungi with a strong ability to degrade cellulose [72,6]. Trichoderma reesei 
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produce two exo-glucanases (Table1) and at least six endoglucanases and two β- 
glucosidases [57,54,73]. The filamentous fungus Trichoderma reesei has a long history in the 
production of hydrolytic enzymes, which was widely used in the textile, pulp and paper 
industries [3,38].  

1.6. Enzyme applications 

1.6.1. In pulp and paper 

Novel enzyme technologies can reduce environmental problems, eliminating caustic 
chemicals for cleaning paper machines, reduce manufacturing costs and create novel high-
value products. Today recombinant DNA has allowed the cloning of enzymes modified for 
temperature and pH stability [74]. Cellulases have been used in many processes in the paper 
industry [75,76,77]. Endoglucanase treatment of pulps was shown to decrease the viscosity 
and chain length and increase the reactivity of a pulp made from eucalyptus and acacia [78]. 
Despite the progress achieved, more effort is needed for lignocellulosic enzymes and/or 
microorganisms to have significant industrial impact [74].  

1.6.2. Enzymatic deinking  

One of the greatest challenges in paper recycling is removal of contaminants; some of the 
most problematic contaminants are polymeric inks and coating. Toners such as those used 
in laser and xerographic copy machines are thermally fused to the surface of the printed 
page [79]. Cellulases are particularly effective in facilitating the removal of toners from 
office waste papers [30]. Kim et al.,(1991) showed that crude cellulases applied to pulps 
facilitate deinking [80].  

1.6.3. Textile industry 

Cellulases are important tools in the textile industry. They provide an economical and 
ecological way to treat cotton and cotton-containing fabrics. Pretreatment with cellulases 
reduces the pill-formation and increases the durability and softness of the fabric. Currently 
textile enzymes have a market value equivalent to 12% of the industrial enzyme market [81]. 
Today a commercial endoglucanase cellulase product, Cellulsoft Ultra L (expressed in 
genetically modified Aspergillus) is available from Novozymes [82]. 

Endoglucanases have been used to release the microfibrils from the surface of dyed 
cellulosic fabrics and thus to restore the original colors [83,84]. Trichoderma viride cellulase 
that removal of surface fibrils from linen fabrics can be accomplished without high weight 
losses or reduction in tensile strength [85].  

1.7. Bio-fuel 

In the 20th century, the world economy has been dominated by technologies that depend on 
fossil energy, such as petroleum, coal, or natural gas to produce fuels, chemicals and power 
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[86]. However, fossil energy sources are not infinite. Global crude oil production is 
predicted to decline from 25 billion barrels to approximately 5 billion barrels in 2050 [87]. A 
search for other energy sources is advisable. Biomass is a potential renewable energy source 
that could replace fossil energy for transportation [86]. Ethanol is used as a chemical 
feedstock. Brazil produces ethanol from the fermentation of cane juice whereas in the USA 
corn is used. In the USA, gasoline fuels contain up to 10% ethanol by volume [9] Ethanol 
blended with gasoline (10:90) reduces carbon monoxide emissions [12]. By December 2011 
there were nearly 10 million E85-capable vehicles (85% ethanol) on U.S roads [88]. 
Production of fuel ethanol from fermenting sugar or crops such as corn has dropped to 
around 800 thousand barrels per day (kb/d) in the US, according to the International Energy 
Agency’s latest Oil Market Report (OMR) 2012.  

1.8. Enhancing the feeding value of Agro-industrial by-products 

Agro-industrial by-products are wastes, often causing environmental pollution and hazard 
when left unutilized. As grain production remains insufficient to meet human and animal 
needs; the alternative is to employ feed ingredients which do not have direct human food 
value [89]. Changes in the protein and cellulose of agro-industrial by-products after 
fermentation with Aspergillus niger, Aspergillus flavus and Penicillium sp. in solid state [89] 
indicate the possibility of enhancing the feeding value of these by-products. Biological 
treatment of agricultural residues is a new method for improvement of digestibility [90]. 
Attempts are being made to improve the digestibility of lignocellulosic feeds by the use of 
microbial additives [91].  

2. Materials and methods 

2.1. Organism, cultivation and growth conditions 

Trichoderma sp FJ937359 previously isolated from Sharkia, Egypt, was cultivated on Czapek 
medium containing (1%) wood dust as a sole carbon source. The culture was incubated for 
14 days at 30°C on orbital shaker at 150 rpm. At the end of the incubationtime, residues 
were removed and the filtrate was centrifuge at 5000 rpm. The resulting clear supernatant 
was used as the source of crude enzymes [92]. 

2.2. Determination of enzyme activity 

Endoglucanase activity was routinely measured according to [93]. One ml appropriate 
filtrate dilution, was added to 1 ml of 1% carboxymethyl cellulose (CMC) dissolved in 50 
mM sodium acetate buffer, pH 5.0. After incubation at 50 °C for 60 min, the reaction was 
stopped by addition of 3 ml dinitrosalicylic acid. After 10 min in a boiling water bath, the 
enzymatic hydrolysis of CMC was determined at 540 nm. One unit of CMCase activity was 
defined as the amount of enzyme that released 1 μmol of reducing sugars as glucose 
equivalents min−1.  
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2.3. Determination of protein concentration 

The protein content of the crude enzyme was assayed by Folin-phenol reagent, using bovine 
serum albumin as a standard [94]. 

2.4. Purification of endoglucanases (CMCases) 

Trichoderma sp. Shmosa Tri FJ937359 culture filtrate was used as source of crude enzyme. 
Proteinwasprecipitated byslow addition of ammonium sulphate until the desirable 
saturation 80%. The obtained precipitated protein was resuspended in known volumeof 0.1 
M citrate phosphate buffer (pH 5.0) and dialyzed via cellophane bags (MWCO 10 KDa) 
against citrate-phosphate buffer (pH 5.0). A pharmacia sephadex G 100 column (2.5 x 90 cm) 
was used for purification of the dialyzed enzyme. The solid phase consists of sephadex G100 
(10 gm) swollen in 0.1 M citrate phosphate buffer (pH 5.0) for 24 hour at 4.0°C, sodiumazide 
(0.02%) was added to prevent any microbial growth. Fractions were collected and assayed 
for CMCase activity and protein content.  

2.5. Estimation of enzymes molecular weights 

For molecular weight determination, the enzyme preparations and known molecular weight 
markers were subjected to electrophoresis (SDS-PAGE) with 10% acrylamide gel; 0.2% CMC 
was incorporated into the separating gel prior to the addition of ammonium persulphate 
[95]. After electrophoresis, the gel was stained with Coomassie Blue R dye. For CMCase 
activity, the gel washed at room temperature in solution A (sodium phosphate buffer, pH 
7.2, containing isopropanol 40%), solution B (sodium phosphate buffer, pH 7.2) for 1 h, 
respectively then solution C (sodium posphate buffer, pH 7.2, containing 5 mM b- 
mercaptoethanol and 1 mM EDTA) at 4 °C overnight. The gel was then incubated at 37 °C 
for 4 h, stained with 1% Congo red for 30 min, destained in 1 M NaCl for 15 min [96], clear 
bands indicated the CMCase activitiy. 

2.6. Enzyme characteristics 

2.6.1. Effect of substrate concentration on CMCase I and II activities 

The (CMCase) activity was carried out for the two enzymes at different concentrations of the 
substrate (CMC): 0.12, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5 and 3.0 % at pH 5.0 using citrate-
phosphate buffer. Activity was determined using DNS reagent (3, 5-dinitrosalicylic acid) 
[93].  

2.6.2. Effect of reaction time on CMCase I and II activities 

(CMCase) activity was determined for the two enzymes CMCase I and II at different 
incubation time of reaction mixture; 15, 30, 60, 90, 120and 150min. Activity was determined 
as previously described. 
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2.6.3. Effect of reaction temperature on CMCase I and II activities 

The enzymatic activity of (CMCase) was estimated for CMCase I and II at the following 
reaction temperatures 20, 30, 40, 50, 60, 70 and 80C.  

2.6.4. Thermal stability of CMCase I and II 

The thermal stability of (CMCase)activity was tested by preheating of enzymes at 40, 50, 60 
and 70 C. Activity was estimated every 30 min. 

2.6.5. Effect of pH-value of reaction mixture on CMCase I and II activities 

The pH optima of the (CMCase) enzymes were determined at a pH range from 2 to 9, using 
citrate–phosphate buffer (0.1 M citric acid, 0.2 M Na2HPO4, pH 3.0 to 7.0), and Tris buffer 
(0.08 M Tris, 0.1 M HCl, pH for pH 8 and 9.0. The (CMCase)activity at each pH-value was 
estimated as previously described. 

2.6.6. pH-stability of CMCase I and II 

The pH stability of purified (CMCase)enzymes was determined by preincubation of 
enzymes at a pH range from 2 to 9for 24 hours [97] then activities were assayed as 
previously described at each pH value. 

2.6.7. Effect of some metallic ions on CMCase I and II activities 

The effect of KCl, NaCl, CaCl2, CoCl2, CuSO4.5H2O, ZnSO4.7H2O, MgSO4.7H2O, as well as 
EDTA and SDS at a concentration of 20 ug/ml of reaction mixture on CMCase I and II. 
Activities were investigated at optimum conditions as described before.  

2.6.8. Enzyme substrate specificity 

The specificity of the enzymes for their substrate was investigated using different substrates: 
CMC (control), Chitin, Starch, β. glucan, Xylan and Cellobiose.  

3. Experimental results 

3.1. Cellulase production  

There is a growing demand for specific, efficient and cheap cellulases. Therefore it is 
important to gain more information about the production, purification and activity of these 
enzymes produced by microorganisms. Cellulases yield appear to depend on factors like 
carbon source, pH value, temperature, aeration, growth time [98]. To establish a successful 
fermentation process it is necessary to make the environmental and nutritional conditions 
favorable for the microorganism for over-production of the desired metabolite [99]. Sawdust 
is reported to be more suitable for cellulase production as it gave the highest yield of 
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enzyme compared to bagasse and corncob [100]. The highest cellulase productivity with 
sawdust may be due to its very high percentage of cellulose which is the major component 
of cell walls of wood. 

The use of inexpensive biomass resources as substrates can help to reduce cellulase 
production cost [52]. Research efforts have been undertaken to replace the expensive carbon 
and nitrogen sources with cheap raw materials in the media to bring down the production 
cost of cellulases [48]. The use of agro-industrial residues as the basis for cultivation media is 
a matter of great interest, aiming to decrease the costs of enzyme production and meeting 
the increase in awareness on energy conservation and recycling. The negative attitude in 
which wastes are viewed as valueless, has been replaced by a positive view in which wastes 
are recognized as raw materials of potential value [49,101]. Production of low-cost 
cellulolytic enzymes using inexpensive growth media has been investigated by different 
research workers [102,103]. Lignocellulosic materials from crop residues, wood, and wood 
residues are considered as the least expensive sources of cellulosic substrates [104,105]. In 
our study wood dust was selected as substrate for CMCase productionby Trichoderma sp. 

(Tri) Shmosa Tri FJ937359. This selection was due to wood dust being widely available, 
relatively inexpensive and a highly cellulolytic substrate. 

3.2. Cellulases purification and activity 

The crude enzymes obtained from culture filtrate of Trichoderma sp. Shmosa Tri FJ937359 
grown on wood dust was subjected to a purification protocol. Results showed in table (2) 
indicated that specific activity increased to 62.86 U/mg (1.26 fold) by salting out compared 
with the crude enzyme. Many workers used ammonium sulphate for precipitation of 
Cellulase [106,107]. The results showed also that there are two peaks I and II for CMCase 
with specific activities 170.53 and 166.51 U/mg, respectively. The peaks were used for 
subsequent characterization and properties of enzymes. These purification techniques are 
comparable to those reported by [108,109,110,111] using sephadex G-100; sephadex G-150; 
sephadex G -50 and G -200 and superdex-200 HR respectively. 

 
Table 2. Purification profile (CMCases) produced by Trichoderma sp. grown on wood dust 

3.3. Enzymes molecular weights 

The molecular weights of CMCases were estimated using the technique of sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The results showed that two clear 
bands appeared (I, II) when stained with 1% Congo red and destained in 1 M NaCl 
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(zymogram method), indicating the presence of CMCase activity (Fig 4). The results showed 
also that the molecular weights of the 2 enzymes I, II were, 58 KDa and 34 KDa, respectively 
Fig (4). These findings are in agreement with other investigators that reported the presence 
of different isoenzymes with different molecular weights of CMCase produced by various 
microorganisms [112,113,114]. Our results are also in comparable to these obtained by Holt 
and Hartman (1994), they use a zymogram method to detect endoglucanases from 
Trichoderma reesei [115]. The molecular weight of EG endoglucanase purified from the 
culture filtrate of Trichoderma sp. C-4, was 51 kDa [106]. The EGs of the mesophilic fungi 
Trichoderma reesei and Phanerochaete chrysosporium have molecular weight ranges from 25 to 
50 kDa [12]. However carboxymethyl cellulase purified from Trichoderma viride, was 
examined by (SDS-PAGE) and the molecular weight was 66kDa [116]. Two endoglucanases 
were purified to homogeneity (EG-III and EG-IV), from the culture filtrate of a mutant strain 
Trichoderma sp. M7, the molecular weights determined to be 49.7 and 47.5 kDa [114]. The 
difference in the molecular weights of CMCase enzymes may due to the biological aspect of 
the fungal strains, these aspects include intrinsic genomic traits, identity of the gene 
encoding enzyme and the proteomic level. 

 
Figure 4. SDS-PAGE profile of CMCase (I,II) from Trichoderma sp. (M) Standard protein markers, (A) 
Crude enzyme preparation, (B) dialyzed enzyme preparation, (C) active fractions of column 
chromatograph and (D) zymogram stain with Congo red 
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3.4. Effect of substrate concentration on CMCase I and II activities 

The results in Fig. (5) illustrate that the optimum specific activities of CMCase I and II were 
obtained at a substrate concentration of 1% (w/v). Increasing substrate concentration beyond 
1 % (w/v) caused a decrease in the specific activities of both enzymes. This is probably 
because at high substrate concentration, many substrate molecules are around the enzyme 
molecules, crowding the active site or may be bound to regions which are not the active site. 
These results are supported by Bakare, et al., (2005) who reported that the activities of 
cellulases are greatly influenced by the concentration of the substrate [107]. At a fixed 
enzyme concentration, an increase in the concentration of substrate results in an increase in 
enzyme activity until a saturation point is reached beyond which enzyme activity decreases. 
Our results showed also that the Km value of CMCase I and II were 4.0 and 3.1 mg per ml, 
respectively. Km values denote the amount of substrate needed to achieve half the maximal 
initial reaction rate [107]. Petrova et al., (2009) purified two endoglucanases EG-III and IV 
from Trichoderma sp. M7, which exhibited Km’s of 2.9 and 3.8 mg/ml, respectively [114]. 

 
Figure 5. Effect of substrate concentrations on the activities of the purified (CMCase I) and (CMCase II 

3.5. Effect of reaction time on CMcase I and II activities 

The results presented in Fig (6) showed that the highest specific activities of CMCase I and 
CMCase II were recorded after one hour. Our results also indicatethat CMCase I and II 
retained 25.2 and 42.3 % of their activities respectively, after 3 hours of reaction. Our data is 
in agreementwith previous studies that recorded the amount of reducing sugar produced 
under the action of cellulases; for Trichoderma koningii and Aspergillus niger reducing 
sugars gradually increased with the increase in incubation time and reach the maximum at 
60 min [67,117]. 
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Figure 6. Effect of reaction time on the activities of the purified (CMCase I) and (CMCase II). 

3.6. Effect of reaction temperature and thermal stability on CMcase I and II 

Data in Fig (7) illustrates that the specific activities of CMCase enzymes increased with 
increasing reaction temperature, reaching optimum values at 50°C for both CMCase I and II.  

 
Figure 7. Effect of reaction temperature on the activities of the purified (CMCase I) and (CMCase II)  
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In general, cellulases have high temperature optima when compared with other enzyme 
systems [108]. Cellulolytic enzyme activities increased with increasing temperatures up to 
60° to 65°C for the three enzyme components from Trichoderma longibrachiatum [118]. Ülker 
and Sprey, (1990) purified the low molecular weight endoglucanase from Trichoderma 
reesei and found the optimal temperature to be 52°C [119]. Petrova et al., (2009) stated that 
the optimal temperature values for two purified endoglucanases EG-III and EG-IV from 
Trichoderma sp. M7, were found to be 60°C and 50°C, respectively [114]. Our results show 
that the thermal inactivation of the purified CMCase I and II enzymes increased with 
increasing preheating temperature as well as exposure time (Fig 8). The enzymes can 
withstand 60 min at 50ºC without loss of enzymatic activity. The results also illustrate that 
CMCase I and II retained 14.0 and 26.5 % of their original activities after 90 min at 70°C. Our 
findings are in agreement with that reported for CMCase and FPase from Trichoderma sp. 
A-001 that lost 20–33% of their activities when kept at 60°C for 4 hours before assaying, and 
a beta-glucosidase that lost 37% of its activity when maintained at 70°C for 4 h [120]. 
Endoglucanase purified from the culture filtrate of Trichoderma sp. C-4 was assayed at 
various temperatures ranging between 30°C and 70°C and the optimum temperature was 
found to be 50°C. The enzyme showed stability at 50°C for 60 min but lost 50% of its 
maximal activity after 10 min at 60°C [106] 

 

Figure 8. Thermal stability of CMCase I and II  
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The optimum temperature for C1cellulase of Trichoderma viride was found to be 40 °C [121]. 
El-Zawahry and Mostafa (1983) recorded that the optimum temperature for cellulases 
activities produced by Trichoderma viride ranged from 50 to 60 °C [67]. 

3.7. Effect of PH values of reaction mixture and PH stability on CMCase I and II 

Results in Fig. (9) show that the specific activities of CMCase I and II increase gradually with 
increasing pH of the reaction mixtures,reaching a maximal value at pH 5.0 for both CMCase 
I and II, consistent with other researchers [106,114]. Kalra et al., (1986) reported that purified 
enzyme preparations from Trichoderma longibrachiatum showed an optimal pH of 5.0 for 
CM cellulose [118]. However, Carboxymethyl cellulase purified from Trichoderma viride, 
showed an optimum pH 4.0 at 50 °C [116]. We also found that both CMCase I and II 
retained 23.2 and 22.9% of their activity at pH values as high as 9.0, respectively. The results 
in Fig (10) show that CMCase I was active at room temperature after 24 hrs over a broad pH 
range (3.0-9.0). On the other hand CMCase II was relatively stable in pH range (4.0-6.0). In 
general, the pH-stability curves of the enzymes are much broader than the pH-activity 
curves [108].  

Fungal cellulases, in general, are stable at over the pH range 3 – 8 and usually active over 
the pH range 3.5 to 7, in citrate, phosphate or acetate buffers [112]. The optimum activities of 
C1 and CX cellulases produced by Trichoderma viride was obtained at pH 5.0 [67]. Catriona et 
al. (1994) reported that the pH range over which the cellulases were highly active is fairly 
broad (pH 5.0 – 7.0) [123]. The instability of these enzymes at very low or very high pH 
values is due to the fact that they are proteins which are generally denatured at extreme 
pHvalues [124]. 

 
Figure 9. Effect of pH values of reaction mixture on the activities of the purified (CMCase I) and 
(CMCaseII)  
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Figure 10. pH stability of CMCase I and II 

3.8. Effect of some metallic ions and chemicals substances on CMCase I and II 

The obtained results in Fig. (11) show the inhibitory effect of metallic ions on the activities of 
CMCase I and II. CMCase I was found to be more sensitive than CMCase II. Co+2 was the 
most inhibitory ion for CMCase I, while Hg+2 was the most inhibitory ion for CMCase II. 
Heavy metal ions such as Hg+2 and Ag+ have significant or complete inhibitory effect on  

 
Figure 11. Effect of some metallic ions and chemicals on CMCase I and II produced by Trichoderma sp. 
grown 
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CMCase purified from Trichoderma viride [116]. Petrova et al., (2009) proved that Mn+2, 
Cu+2 and Pd+2 strongly inhibited EG-III and EG IVendoglucanases purified from 
Trichoderma sp [114]. These inhibitory effects may be due to the toxic effect of these ions. 
Our results also show complete inactivation of the two enzymes in presence of EDTA. 
EDTA is known as an ionic chelator [125] and its inhibition ability indicates that specific ions 
might be actively involved in the catalytic reaction of the enzyme [126]. EDTA inhibited 
enzyme activity at all concentrations while by low concentrations of Na+ and Mg++ 
stimulated enzyme activity [123]. 

3.9. Substrate specificity of CMCase I and II enzymes 

Both enzymes clearly have high hydrolytic activity towards carboxymethyl cellulose 
CMC,neither showed any hydrolytic activity against chitin, starch and cellobiose (Fig 12). 
On the other hand both CMCase I and II had relatively low hydrolytic activity towards β 
glucan and xylan. Ülker and Sprey, (1990) purified endoglucanase from Trichoderma reesei, 
gave a strong increase in CMC-fluidity but the enzyme had no specificity toward crystalline 
cellulose (Avicel) or xylan [119]. Purified endoglucanases from Trichoderma sp. EG-IV 
catalyzed the hydrolysis of Na-CMC whereas EG-III displayed high activity towards xylan 
[114]. Although Km values may serve only denote the amount of substrate needed to 
achieve half the maximal initial reaction rate [108], Km is a measure of the apparent affinity 
of an enzyme for its substrate [107]. An endo-1,4--D-glucanase I was purified from Bacillus 

circulans F-2. It showed a high-level of activity towards carboxymethyl cellulose (CMC) as 
well as p-nitrophenyl-b-D-cellobioside, xylan, Avicel and filter paper [127]. 

 
Figure 12. Substrate specificity of CMCase I and II 
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Finally, it could be concluded that fungi in generalconsidered to be potential candidates for 
the production of cellulases which seemed to be very important for different 
biotechnological aspects. The use of agro-industrial residues as the basis for cultivation 
media is a matter of great interest, aiming to decrease the costs of enzyme production and 
meeting the increase in awareness of energy conservation and recycling. In our study wood 
dust was selected as substrate for CMCase productionby Trichoderma sp. (Tri). Wood dust is 
a waste by-product from wood processing, as a result it is widely available, relatively 
inexpensive, and a highly cellulolytic substrate. Moroever, as compared to thermal 
degradation of agricultural, industrial wastes, biological degradation has great potential for 
both economic and ecological reasons. 

Our result showed that using wood dust as substrate Trichoderma sp. (Tri) produce high 
levels of endoglucanases (CMCase I and II). In terms of enzyme novelty from an 
applications perspective, interest is focused on not only finding enzymes which could break 
down lignocellulose much more rapidly, but also enzymes which could withstand pH, 
temperature and inhibitory agents. Our result showed that both purified CMCase I and II 
withstand high temperature 70C even after 90 min, making them good candidates for novel 
industrial applications. 

Author details 

Shereen A. Soliman* 
Biology Department, Faculty of Science Jazan University, Saudi Arabia  

Botany department, Faculty of Science, Zagazig University, Egypt 

Yahia A. El-Zawahry and Abdou A. El-Mougith  
Botany department, Faculty of Science, Zagazig University, Egypt 

4. References 

[1] Esterbauer, H, Steiner, W, & Labudova, I. (1991). Production of Trichoderma cellulase in 
laboratory and pilot scale. Biores. Technol., 36, 51-65. 

[2] Jørgensen, H, Erriksson, T, & Börjesson, J. (2003). Purification and characterisation of 
7fivecellulases and one xylanases from Penicillium brasilianum IBT 20888. Enzyme 8 
Microb. Technol., 32, 851-861. 

[3] Béguin, P. (1990). Molecular biology of cellulose degradation. Annu. Rev. Microbiol, 44, 
219-248. 

[4] Zhang, Y, & Lynd, L. (2004). Toward an aggregated understanding of enzymatic 
hydrolysis of cellulose: Noncomplexed cellulase systems. Biotechnol Bioeng., 88, 797-
824. 

[5] Ding, S, & Himmel, M. (2006). The maize primary cell wall microfibril: A new model 
derived from direct visualization. J Agric Food Chem., 54, 597-606. 

                                                                 
* Corresponding Author 



 
Fungal Biodegradation of Agro-Industrial Waste 93 

[6] Lee, Y. (2005). Oxidation of Sugarcane Bagasse Using a Combination of Hypochlorite 
and Peroxide. A Thesis Submitted for partial fulfillment for the degree of Master of 
Science In Food Science. 

[7] Levine, J. (1996). Biomass burning and global change. In: Levine JS (eds) (Remote 
sensing and inventory development and biomass burning in Africa. The MIT Press, 
Cambridge, Massachusetts, USA, 1, 35. 

[8] Gadgil, N, Daginawala, H, Chakrabarti, T, & Khanna, P. (1995). Enhanced cellulose 
production by a mutant of Trichoderma reesei. Enzyme and Microbial Technology., 17, 
942-946. 

[9] Sun, Y, & Cheng, J. (2002). Hydrolysis of lignocellulosic materials for ethanol 
production: a review. Bioresource. Technol., 83, 1-11. 

[10] Beauchemin, K, Colombatto, D, Morgavi, D, & Yang, W. (2003). Use of exogenous 
fibrolytic enzymes to improve animal feed utilisation by ruminants. J. Anim. Sci., 81, 37-
47. 

[11] Doi, R. (2008). Cellulases of mesophilic microorganisms: cellulosome and non-
cellulosome producers. Annals of the New York Academy of Sciences., 1125, 267-279. 

[12] Perez, J, Munoz-dorado, J, De La Rubia, T, & Martinez, J. (2002). Biodegradation and 
biological treatments of cellulose, hemicellulose and lignin: an overview Int Microbio., 
5, 53-63. 

[13] Robinson, T, & Nigam, S. (2001). Solid-state fermentation: A promising microbial 
technology for secondary metabolite production, Appl. Microbiol. Biotechnol., 55, 284-
289.  

[14] Milala, M, Shehu, B, Zanna, H, & Omosioda, V. (2009). Degradation of Agro- waste by 
cellulose from Aspergillus candidusAsian Journal of biotechnology, 1, 51-56.  

[15] Liu, J, & Yang, J. (2007). Cellulase Production by T. koningii, Food Technol. Biotechnol., 
45, 420-425.  

[16] Karmakar, M, & Ray, R. (2010). Extra Cellular Endoglucanase Production by Rhizopus 
oryzae in Solid and Liquid State Fermentation of Agro Wastes.Asian Journal of 
Biotechnology, 2, 27-36.  

[17] Walker, L, & Wilson, D. (1991). Enzymatic hydrolysis of cellulose: An Overview. Biores. 
Technol.,36, 3-14. 

[18] Klass, L. (1998). Biomass for renewable energy, fuels, and chemicals. Academic Press, 
San Diego, California. 

[19] Pareek, S, Azuma, J, Shimizu, Y, & Matsui, S. (2000). Hydrolysis of newspaper 
polysaccharides under sulfate reducing and methane producing conditions. 
Biodegradation., 11, 229-237.  

[20] Banjo, N, & Kuboye, A. (2000). Comparion of the effectiveness of some common Agro-
industrial wastes in growing three tropical edible mushrooms. Proceedings of the 
Internal Conference on Biotechnology: Commercialization and Food Saftly, Nigeria, 
161-168. 

[21] Wuyep, P, Khan, A, & Nok, A. (2003). Production and regulation of lignin degrading 
enzymes from Lentinus squarrosulus (mont) Singer and Psathyrella atroumbonata 
Pengler. Afr. J. Biotechnol., 2, 444-447. 



 

Cellulose – Biomass Conversion 94 

[22] Tsao, G, Ladisch, M, Ladisch, C, Hsu, T, Dale, B, & Chou, T. (1978). Fermentation 
substrates from cellulosic materials: productionof fermentable sugars from cellulosic 
materials: Annual reports on fermentation processes. Chapter 1, Academic Press,New 
York, NY., 2 

[23] Segal, L. (1971). Cellulose and cellulose derivatives, Wiley, New York. 
[24] Bertran, M, & Dale, B. (1986). Determination of cellulose accessibility by differential 

scanning calorimetry. J. Appl. Polym. Sci., 32, 4241-4253. 
[25] Sjöström, E. (1981). Wood chemistry: Fundamental and application. Academic Press, 

New York. 
[26] Feller, R, Lee, S, & Bogaard, J. (1986). The kinetic of cellulose deterioration. Advances in 

Chemistry, 212, 329-347. 
[27] Krässig, H. (1993). Cellulose: Structure, accessibility, and reactivity. Gordon and Breach 

Science Publishers S.A. 6-13, 187-205. 
[28] Lynd, L, Weimer, P, van Zyl, W, & Pretorius, (2002): Microbial Cellulose Utilization: 

Fundamentals and Biotechnology. Microbiology and Molecular Biology Reviews, 66, 
506-577. 

[29]  Wu, Z, & Lee, Y. (1997). Ammonia recycled percolation as a complementary 
pretreatment to the dilute-acid process. Appl. Biochem. Biotech., 65, 21-34. 

[30] Jeffries, T. (1994). Biodegradation of lignin and hemicelluloses, In: Ratledge C (ed.) 
Biochemistry of microbial degradation. Kluwer, Dordrecht. , 233-277. 

[31] Kuhad, R. (1997). Microorganisms and enzymes involved in the degradation of plant 
fiber cell walls Springer Verlag. 

[32] Williams, B. (2001). Biotechnology; from A to Z, 2nd edition, Oxford Press, New York, 
384-385. 

[33] Shide, E, Wuyep, P, & Nok, A. (2004). Studies on the degradation of wood sawdust by 
Lentinus squarrosulus (Mont.) Singer African Journal of Biotechnology., 3, 395-398. 

[34] Keith, D. (1994). Enviro-Mangement: How Smart companies turn environmental costs 
into profit Prentice-Hall, USA, 1-18. 

[35] Liu, C, Wang, Y, Ouyang, F, Ye, H, & Li, G. (1998). Production of artemisimin by hairy 
root cultures of Artemisia annua L in bioreactor. Biotechnol. Lett., 20, 265-268. 

[36] Chellapandi, P, & Himanshu, M. (2008). Production of endoglucanase by the native 
strains of Streptomyces isolates in submerged fermentation. Braz. J. Microbiol., 39, 122-
127. 

[37] Luo, J, Xia, L, Lin, J, & Cen, P. (1997). Kinetics of simultaneous saccharification and 
lactic acid fermentation processes. Biotechnol. Prog., 13, 762-767. 

[38] Oksanen, T, Pere, J, Paavilainen, L, Buchert, J, & Viikari, L. (2000). Treatment of recycled 
kraft pulps with Trichoderma reesei hemicellulases and cellulases. J Biotechnol., 78, 39-
48. 

[39] Miettinen-Oinonen, J, Londesborough, V, Joutsjoki, R, & Lantto, J. Vehmaanper, (2004). 
Three cellulases from Melanocarpus albomyces for textile treatment at neutral pH. 
Enzyme Microb. Technol., 34, 332-341. 

[40] Kaur, J, Chadha, B, Kumar, B, & Saini, H. (2007). Purification and characterization of 
two endoglucanases from Melanocarpus sp. MTCC 3922. Bioresour. Technol., 98 74-81. 



 
Fungal Biodegradation of Agro-Industrial Waste 95 

[41] Zhou, J, Wang, Y, Chu, J, Zhuang, Y, Zhang, S, & Yin, P. (2008). Identification and 
purification of the main components of cellulases from a mutant strain of Trichoderma 
viride T 100-14. Bioresour. Technol., 99, 6826-6833. 

[42] Omosajola, P, & Jilani, O. (2008b). Cellulase production by Trichoderma longi, 
Aspergillus niger, Saccharomyces cerevisae cultured on waste materials from orange. 
Pak. J. Biol. Sci., 11, 2382-2388. 

[43] Goyal, A, Ghosh, B, & Eveleigh, D. (1991). Characterisation of fungal cellulases. Biores. 
Technol., 36, 37 50. 

[44] Rabinovich, M, Melnik, M, & Bolobova, A. (2002a). Microbial cellulases: A review. 
Appl. Biochem. Microbiol., 38, 305-321. 

[45] Rabinovich, M, Melnik, M, & Bolobova, A. (2002b). The structure and mechanism of 
action of cellulolytic enzymes. Biochemistry (Moscow), 67, 850-871. 

[46] Kang, S, Eh, K, Lee, J, & Kim, S. (1999). Over production of glucosidase by Aspergillus 
niger mutant from lignocellulosic biomass. Biotechnol. Lett., 21, 647-650. 

[47] Gao, J, Weng, H, Zhu, D, Yuan, M, Guan, F, & Xi, Y. (2008). Production and 
characterization of cellulolytic enzymes from the thermoacidophilic fungal Aspergillus 
terreus M11 under solidstate cultivation of corn stover. Bioresource Technology, 
99,7623-7629. 

[48] Han, L, Feng, J, Zhu, C, & Zhang, X. (2009). Optimizing cellulase production of 
Penicillium waksmanii F10-2 with response surface methodology African Journal of 
Bio-technology., 8, 3879-3886. 

[49] Howard, R, Abotsi, E, & Rensburg, E. (2003). Lignocellulose biotechnology : issues of 
bioconversion and enzyme production African Journal of Biotechnology., 2, 602-619. 

[50] Persson, I, Tjerneld, F, & Hagerdal, B. (1991). Fungal cellulolytic enzyme production. 
Process Biochem., 26, 65-74. 

[51] Szakacs, G, & Tengerdy, R. (1997). Lignocellulolytic enzyme production on pretreated 
poplar wood by filamentous fungi. World J. Microbiol. Biotechnol., 13, 487-490. 

[52] Wen, Z, Liao, W, & Chen, S. (2005). Production of cellulase/ β glucosidase by the mixed 
fungi culture Trichoderma reesei and spergillus phoenicis on dairy manure. Process 
Biochemistry, 40, 3087-3094. 

[53] Teeri, T, Reinikainen, T, Ruohonen, L, Jones, T, & Knowles, J. (1992). Domain function 
in Trichoderma reesei cellobiohydrolases. J. Biotechnol., 24, 169-176. 

[54] Saloheimo, M, Nakari-setälä, T, Tenkanen, M, & Penttilä, M. (1997). cDNA cloning of a 
Trichoderma reesei cellulase and demonstration of endoglucanase activity by 
expression in yeast. Eur. J. Biochem., 249, 584-591. 

[55] Reinikainen, T. (1994). The cellulose-binding domain of cellobiohydrolase I from 
Trichoderma reesei. Interaction with cellulose and application in protein 
immobilization. Academic dissertation. Espoo: VTT Publications 206. 115 p. + app. 46 p. 

[56] Tomme, P, Van Tilbeurgh, H, Petterson, G, Van Damme, J, Vandekerckhove, J, 
Knowles, J, Teeri, T, & Claeyssens, M. (1988). Studies of the cellulolytic system of 
Trichoderma reesei QM9414: Analysis of domain function in two cellulobiohydrolases 
by limited proteolysis. Eur. J. Biochem., 170, 575-581. 



 

Cellulose – Biomass Conversion 96 

[57] Srisodsuk, M. (1994). Mode of Action of Trichoderma reesei Cellobiohydrolase I on 
Crystalline Cellulose. Finland: VTT Publications, Espoo, Durand H, Clanet M, Tiraby G. 
1988 Genetic improvement of Trichoderma reesei for large scale cellulase production. 
Enzyme Microb Technol., 10, 341-346. 

[58] Reinikainen, T, Teleman, O, & Teeri, T. (1995). Effects of pH and ionic strength on the 
adsorption and activity of native and mutated cellobiohydrolase I from Trichoderma 
reesei. Proteins, 22, 392-403. 

[59] Suurnäkki, A, Tenkanen, M, Siika-aho, M, Niku-paavola, M, Viikari, L, & Buchert, J. 
(2000). Trichoderma reesei cellulases and their core domains in the hydrolysis and 
modification of chemical pulp. Cellulose., 7, 189-209. 

[60] Esteghlalian, A, Srivastava, V, Gilkes, N, Kilburn, D, Warren, R, & Saddler, J. (2001). Do 
Cellulose Binding Domains Increase Substrate Accessibility? Applied Biochemistry and 
Biotechnology, 91-93, 575-592. 

[61] Cowling, E. (1958). A Review Literature on the Enzymatic Degradation of Wood and 
Cellulose. USDA Forest Service Report, (2116) 

[62] Khalid, M, & Yang, W. Kishwar, N; Rajput, Z. and Arijo A. ((2006). Study of cellulolytic 
soil fungi and two nova species and new medium J Zhejiang Univ SCIENCE B, 7, 459-
466. 

[63] Mandels, M, & Sternberg, D. (1976). Recent advances in cellulase technology. Ferment. 
Technol., 54, 267-286. 

[64] Benoliel, B, Fabrício, B, Castelo-branco, A, De Siqueira, S, Parachin, N, & Fernando, A. 
(2005). Hydrolytic enzymes in Paracoccidioides brasiliensis- ecological aspects. Genetics 
and Molecular Research, 2, 450-561. 

[65] Punnapayak, H, Kuhirun, M, & Thanonkeo, P. (1999). Cellulolytic fungi and the 
bioconversion of fiber from Agave sisalana Science Asia., 25, 133-136. 

[66] Kirk, K, & Cullen, D. (1998). Enzymology and molecular genetics of wood degradation 
by white rot fungi. In: Young RA, Akhtar M (eds) Environmental friendly technologies 
for pulp and paper industry. Wiley, New York, 273-307. 

[67] El-Zawahry, Y, & Mostafa, I. (1983). Study on the production of cellulase enzyme by 
non-irradiated and irradiated isolates of Trichoderma viride. Rad. Res., 15, 103-110. 

[68] Singh, A, & Kumar, P. (1991). Fusarium oxysporum: status in bioethanol production. 
Critical Reviews in Biotechnology., 11, 129-147. 

[69] Murali, H, Mohan, M, Manja, K, & Sankaran, R. (2004). Cellulolytic activity of four 
Fusarium spp. World Journal of Microbiology and Biotechnology., 10, 487 

[70] Peij, N, Gielkens, M, Veries, R, Visser, J, & Graaff, L. (1998). The transcriptional 
activator XlnR Regulates both xylanolytic and endoglucanase gene expression in 
Aspergillus niger. Appl. Environ. Microbiol., 64, 3615-3619. 

[71] Singh, A, Singh, N, & Bishnoi, N. (2009). Production of Cellulases by Aspergillus 
Heteromorphus from wheat straw under submerged fermentation. International 
Journal of Environmental Science and Engineering, 1, 23-26. 

[72] Frisvad, J, & Thrane, U. (2000). Mycotoxin production by common filamentous fungi. 
In: Introductionto food and airborne fungi, 6th ed. (Samson et al. Eds.). Centraalbureau 
voor Schimmelcultures, Utrecht, Netherlands., 321-331. 



 
Fungal Biodegradation of Agro-Industrial Waste 97 

[73] Saloheimo, M, Kuja-panula, J, Ylösmäki, E, Ward, M, & Penttilä, M. (2002). Enzymatic 
properties and intracellular localization of the novel Trichodermareesei β-glucosidase 
BGLII (Cel1A). Appl. Environ. Microbiol., 68, 4546-4553. 

[74] Kenealy, W, & Jeffries, T. (2003). Enzyme Processes for Pulp and Paper: A Review of 
Recent Developments, In Wood deterioration and preservation advances in our 
changing world / Barry Goodell, Darrel D. Nicholas, Tor P. Schultz, Chapter 12 page , 
210-239. 

[75] Jacobs, C, Venditti, R, & Joyce, T. (1997). Effect of enzyme pretreatments on 
conventional kraft pulpingtappi pulping conference, San Francisco, 593-601. 

[76] Jacobs, C, Venditti, R, & Joyce, T. (1998). Effects of enzymatic pre-treatment on the 
diffusion of sodium hydroxide in wood”, TAPPI, 81, 260-266. 

[77] Bajpai, P. (1999). Application of enzymes in the pulp and paper industry. Biotechnol. 
Prog., 15, 147-157. 

[78] Rahkamo, L, Siika-aho, M, Vehviläinen, M, Dolk, L, Viikari, P, Nousiainen, p, & 
Buchert, j. (1996). Modification of hardwood dissolving pulp with purified Trichoderma 
reesei cellulases. Cellulose, 3, 153-163. 

[79] Gubitz, G, Mansfield, S, Bohm, D, & Saddler, J. (1998). Effect of endoglucanases and 
hemicellulases in magnetic and flotation deinking of xerographic and laser-printed 
paper, J. BiotechnoL., 65, 209 215. 

[80] Kim, T, Ow, S, & Eom, T. (1991). Tappi Pulping Conference Proceedings. TAPPI PRESS, 
Atlanta. 

[81] Heikinheimo, L. (2002). Trichoderma reesei cellulases in processing of cotton. 
Dissertation for the degree of Doctor of Technology. Espoo. VTT Publications 483.  

[82] Liu, J.; Otto, E.; Lange, N.; Husain, P.; Condon, B. and Lund, H. (2000): Selecting 
cellulases for Bio polishing based on enzyme selectivity and process conditions. Textile 
Chemist and Colorist, 32, 30–36.  

[83] Asferg, L, & Videbaek, T. (1990). Softening and polishing of cotton fabrics by cellulose 
treatment. ITB., 2, 5-8. 

[84] Tyndall, R. (1992). Application of cellulase enzymes to cotton fabrics and garments. 
Textile Chem. Color., 24, 23-26. 

[85] Buschle-diller, G, Zeronian, S, Pan, N, & Yoon, M. (1994). Enzymatic hydrolysis of 
cotton, linen, ramie and viscose rayon fabrics. Textile Res. J., 64, 270-279. 

[86] Paster, M. (2003). Industrial bioproduct: Today and tomorrow. U.S. Department of 
Energy, Office of Energy Efficiency and Renewable Energy, Office of the Biomass 
Program. Washington, D.C. 

[87] Campbell, C, & Laherrere, J. (1998). The end of cheap oil. Sci. Am., 3, 78-83. 
[88] Motavalli, J. (2012). Flex-Fuel Amendment Makes for Strange Bedfellows". The New 

York Times. 
[89] Iyayi, E. (2004). Changes in the cellulose, sugar and crude protein contents of agro 

industrial by-products fermented with Aspergillus niger, Aspergillus flavus and 
Penicillium sp. African Journal of Biotechnology., 3, 186-188. 

[90] Jalk, D, Nerud, R, & Siroka, P. (1998). The effectiveness of biological treatment of wheat 
straw by white rot fungi. Folia Microbiol., 43, 687-689. 



 

Cellulose – Biomass Conversion 98 

[91] Gordon, G, Mcsweeney, C, & Phillips, M. (1995). An important role for ruminal 
anaerobic fungi in the voluntary intake of poor quality forages by ruminants. In: 
Wallace RJ, Lahlou-Kassi A (Eds), Rumen ecology research planning. Proc. Workshop, 
Addis Ababa, Ethiopia. , 91-102. 

[92] Rajoka, M, & Malik, K. (1997). Cellulase production by Cellulomonas biazotea cultured 
in media containing different cellulosic substrates. Bioresource Technology.,59, 21-27. 

[93] Miller, G. (1959). Use of dinitrosalicyclic acid reagent for determination of reducing 
sugar. Anal. Chem., 31, 426-428.  

[94] Lowry, O, Rosebrouch, N, Farr, A, & Randall, R. (1951). Protein measurement with the 
Folin Phenol reagent. J. Biol. Chem., 193, 265-275. 

[95] Bollag, D, & Edelstein, S. (1991). Protein Methods. New York, Chichester, Brisbane, 
Toronto, Singapore, Wiley-Liss. 

[96] Kluepfel, D., 1988. Screening of prokaryotes for cellulose and hemicelluloses degrading 
enzymes. Methods Enzymol., 160: 180-186. 

[97] Hurst, P, Nielsen, J, Patrick, A, & Shepherd, M. (1977). Purification and Properties of a 
Cellulase from Aspergillus niger. Biochem. J., 165, 33-41. 

[98] Immanuel, G, Dhanusa, R, Prema, P, & Palavesam, A. (2006). Effect of different growth 
parameters on endoglucanase enzyme activity by bacteria isolated from coir retting 
effluents of estuarine environment. Int. J. Environ. Sci. Tech., 3, 25-34. 

[99] Ray, A, Bairagi, A, Ghosh, K, & Sen, S. (2007). Optimization of fermentation conditions 
for cellulose production by Bacillus subtilis CY5 and Bacillus Circulans TP3 isolated 
from fish gut. Acta I Chthyologica et piscatoria., 37, 47-53. 

[100] Ojumu, T, Solomon, B, Betiku, E, Layokun, S, & Amigun, B. (2003). Cellulase 
Production by Aspergillus flavus Linn Isolate NSPR 101 fermented in sawdust, bagasse 
and corncob African Journal of Biotechnology., 2, 150-152. 

[101] Acharya, P, Acharya, D, & Modi, H. (2008). Optimization for cellulase production by 
Aspergillus nigerusing saw dust as substrate. Afr. J. Biotechnol., 7, 4147-4152. 

[102] Shamala, T, & Sreekantiah, K. (1987). Successive cultivation of selected cellulolytic 
fungi on rice straw and wheat bran for economic production of cellulases and D- 
xylanase. Enzyme Microb. Technol., 9, 97-101. 

[103] Nigam, P, & Singh, D . (1994). Solid-state (substrate) fermentation systems and their 
applications in biotechnology Journal of Basic Microbiology., 34, 405- 423. 

[104] Chahal, D. (1985). Solid-State Fermentation with Trichoderma reesei for Cellulase 
Production. Appl Environ Microbiol., 49, 205-210. 

[105] Macris, B, Kekos, D, Evangelid, X, Galiotou-panayotou, M, & Rodis, P. (1987). Solid 
state fermentation of straw with Neurospora Crassa for CMCase and B-glucosidase 
production. Biotechnology Letters, 9, 661-664. 

[106] Sul, O, Kim, J, & Park, S. Jun Son, Y.; Park, B.; Chung, D.; Jeong, C. and Han, I. (2004). 
Characterization and molecular cloning of a novel endoglucanase from Trichoderma sp. 
C-4. Appl Microbiol Biotechnol., 66, 63-70. 

[107] Bakare, M, Adewale, I, Ajayi, A, & Shonukan, O. (2005). Purification and 
characterization of cellulose from the wild-type and two improved mutants of 
Pseudomonas fluorescens. African Journal of Biotechnology., 4, 898-904. 



 
Fungal Biodegradation of Agro-Industrial Waste 99 

[108] Tong, C, Cole, A, & Maxwell, G. (1980). Purification and properties of the cellulases 
from the thermophilic fungus Thermoascus aurantiacus. Biochem. J., 191, 83-94. 

[109] Inglin, M, Feinberg, B, & Loewenberg, J. (1980). Partial purification and 
characterization of a new intracellular beta-glucosidase of Trichoderma reesei. Biochem 
J., 185,515-519. 

[110] Sadia, M, Aslam, N, Naim, S, Saleem, H, & Jamil, A. (2005). Purification of 
endoglucanase from Trichoderma harzianum Pakistan Journal of Life and Social 
Sciences, 3, 40-44. 

[111] Dutta, T, Sengupta, R, Sahoo, S, Ray, S, Bhattacharjee, A, & Ghosh, S. (2007). A novel 
cellulase free alkaliphilic xylanase from alkali tolerant Penicillium citrinum: production, 
purification and characterization. Letters in Applied Microbiology, 44, 206-211. 

[112] Bhikhabhai, R, Johansson, G, & Pettersson, G. (1984). Isolation of cellulolytic enzymes 
from Trichoderma reesei QM 9414. J Appl Biochem., 6, 336-345. 

[113] Kim, D, Jeong, Y, Jang, Y, & Lee, J. (1994). Purification and characterization of 
endoglucanase and exoglucanase components from Trichoderma viride Journal of 
fermentation and bioengineering, 77, 363-369. 

[114] Petrova, S, Bakalova, N, & Kolev, D. (2009). Properties of two endoglucanases from a 
mutant strain Trichoderma sp. M7 with potential application in the paper. Applied 
Biochemistry and Microbiology, 45, 150 155. 

[115] Holt, S, & Hartman, P. (1994). A zymogram method to detect endoglucanases from 
Bacillus subtilis, Myrothecium verrucaria and Trichoderma reesei. Journal of industrial 
microbiology and Biotechnology., 13, 2-4. 

[116] Liu, j. and Xia, w. (2006): Purification and characterization of a bifunctional enzyme 
with chitosanase and cellulase activity from commercial cellulase Biochemical 
Engineering Journal. , 30, 82-87.  

[117] Shindia, A. (1990). Studies on fungal degradation of composts in Egypt. Ph.D. Thesis, 
Faculty of Science, Zagazig Univ., Zagazig, Egypt. 

[118] Kalra, M, Sidhu, M, & Sandhu, D. (1986). Partial purification, characterization and 
regulation of cellulolytic enzymes from Trichoderma longibrachiatum. Journal of 
Applied Microbiology., 61, 73-80. 

[119] Ülker, A, & Sprey, B. (1990). Characterization of an unglycosylated low molecular 
weight glucan glucanohydrolase of Trichoderma reesei FEMS Microbiology Letters, 69, 
215- 219., 1, 4. 

[120] Gashe, B. (1992). Cellulase production and activity by Trichoderma sp. A-001 Journal 
of Applied Microbiology., 73, 79-82. 

[121] Mandels, M, & Reese, E. (1964). Fungal cellulases and the microbial decomposition of 
cellulosic fabric. Dev. Ind. Microbiol., 5, 5-20. 

[122] Mandels, M, & Reese, E. (1963). Inhibition of cellulases and β- g1ucosidases in 
Advances in Enzymic hydrolysis of cellulose and related materials. 115- 158. (Reese, E. 
T., Ed., Pergarnon Press, london , 299.  

[123] Catriona, A, Sheila, I, & Thomas, M. (1994). Characterization of a D-glucosidase from 
the anaerobic rumen fungus Neocallimastix frontalis with particular reference to at- 
tack on cello-oligosaccharides. J. Biotechnol., 37, 217-227. 



 

Cellulose – Biomass Conversion 100 

[124] Steiner, J, Socha, C, & Eyzaguirre, J. (1994). Culture conditions for enhanced cellulose 
production by a native strain of Penicillium purpurogenum. World J Microbiol and 
Biotech., 10, 280-284. 

[125] Ali, S. and Sayed, A. (1992): Regulation of cellulase biosynthesis in Aspergillus terreus. 
World J. Microbiol. Biotechnol., 8, 73–75. 

[126] Kotchoni, O, Gachomo, W, Omafuvbe, B, & Shonukan, O. (2006). Purification and 
Biochemical Characterization of Carboxymethyl Cellulase (CMCase) from a Catabolite 
repression insensitive mutant of Bacillus pumilus. International journal of agriculture 
and biology., 8, 286-292. 

[127] Kim, C. (1995). Characterization and Substrate Specificity of an Endo-b-D Glucanase I 
(Avicelase I) from an Extracellular Multienzyme Complex of Bacillus circulans. Applied 
and Environmental Microbiology, 61, 959-965. 


