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ABSTRACT 

	Fungi are a highly diverse group of microorganisms with significant roles across various aspects of human life. The successful utilization of fungi, particularly in industrial applications such as enzyme production, largely depends on the isolation of potent and efficient species. In the present study, filamentous fungi were isolated from soil samples and assessed for their potential to produce cellulase enzymes. Cellulolytic enzymes are vital for the conversion of lignocellulosic biomass and are widely used in industries such as textiles, paper and pulp, and biofuel production. However, the high cost associated with commercial cellulase enzymes, coupled with growing industrial demand, and has driven increased research efforts to identify cost-effective production strategies, particularly those utilizing agro-industrial residues as sustainable substrates. In the present study, twenty-six microbial cultures were isolated from soil collected from the Himalayan region of Uttarakhand using standard serial dilution technique. All the fungal isolates were screened for cellulase enzyme activities both qualitatively and quantitatively. Among the total microbes recovered, the selected potential fungal isolate PSF2 showed maximum FPase (0.781 U/ml) and β-glucosidase (0.786 U/ml) enzyme activities during quantitative screening. From this study, a PSF2 fungus was identified as a potent cellulase producer for future studies.
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1. INTRODUCTION 
Nature is endowed with a plethora of microorganisms, most of which are beneficial for the environment. Among them, fungi play a crucial role in agriculture by decomposing organic residues and aiding in environmental waste management. The exploration and identification of novel fungal species or strains have increasingly attracted researchers' interest, particularly for their potential in cellulase enzyme production as an enzyme of significant industrial importance (Naher et al., 2021).
Cellulose is the most prevalent carbohydrate polymer in nature and is widely utilized for the production of valuable industrial materials, including biofuels and various chemicals. As a biodegradable material, cellulose forms a major component of plant cell walls, comprising approximately 40% of the total cell biomass (Yan et al., 2011). It is the most abundant component of plant residues entering terrestrial ecosystems. Despite the annual production of a substantial amount of cellulose, it does not accumulate extensively in the environment. This is primarily due to the activity of fungi and bacteria, which efficiently degrade cellulose to utilize it as a carbon and energy source for their growth, thereby playing a crucial role in recycling carbon back into the ecosystem (Jun et al., 2009).Cellulose is a long-chain polymer composed of glucose molecules, which are interconnected through β-1,4-glycosidic bonds (Sibtain et al., 2009). It can be directly hydrolyzed into monomeric glucose using chemical methods, enzymatic processes, or a combination of both. However, chemical degradation is often considered inefficient and uneconomical compared to enzymatic hydrolysis, as it generates a higher number of byproducts at elevated temperatures and contributes to environmental pollution.
Cellulase enzymes capable of hydrolyzing cellulose are broadly categorized into three types: endoglucanase (endo-1,4-β-glucanase, EC 3.2.1.4), exoglucanase (exo-1,4-β-glucanase, EC 3.2.1.91), and β-glucosidase (1,4-β-glucosidase, EC 3.2.1.21) (Sukumaran et al., 2005). Cellulases are crucial industrial enzymes and have many commercial values used in many industrial applications, including the textiles industry, leather industry, detergents industry, food and feed industry, baking, pulp and paper industry, waste treatment, biofuel production, fruit juice, and agriculture (Kuhad et al., 2011). Cellulase enzymes, widely applied across various industries, are particularly valued in the textile sector for their role in enzymatic treatments that enhance fabric softness, improve performance, and achieve desirable surface finishes. They are commonly used in the biopolishing of cellulosic fabrics such as cotton to remove microfibrils, reduce fuzziness, and enhance fabric smoothness and appearance (Anish et al., 2007; Buschle-Diller et al., 1994; Videbaek et al., 1993).
Soil ecosystems are inhabited by a wide array of microorganisms, including bacteria, actinomycetes, algae, and fungi, each contributing to crucial biochemical processes. Among these groups, fungi play a particularly pivotal role in the decomposition of organic matter, thereby significantly influencing soil fertility and nutrient cycling. Cellulase enzymes, which catalyze the hydrolysis of cellulose, are predominantly produced by a wide range of soil microorganisms, notably bacteria and filamentous fungi. Many types of microorganisms, especially bacteria and fungi, are known to produce cellulase enzymes that break down cellulose. Some of the most effective producers of these enzymes include Cellulomonas, Pseudomonas, Bacillus, Actinomycetes, Aspergillus, Humicola, Trichoderma, and Penicillium. The ability of these microorganisms to release cellulolytic enzymes highlights their role in breaking down biomass, recycling organic matter in soil, and industrial processes. The ability of these microorganisms to secrete cellulolytic enzymes underlines their importance in biomass degradation, soil organic matter turnover, and industrial bioconversion processes (Maurya et al., 2012). The complexity of fungal cellulases is generally lower compared to bacterial cellulases, and fungi tend to produce these enzymes extracellularly in significant quantities (Sukumaran et al., 2005). Among filamentous fungi, Aspergillus niger is particularly notable for its high cellulase activity. When cultivated in liquid media, A. niger efficiently synthesizes cellulases through both surface and submerged fermentation techniques. Moreover, recent advancements have demonstrated that solid-state fermentation (SSF) provides an even more effective approach for enhancing cellulase production by A. niger, offering advantages such as higher yields, lower energy requirements, and the utilization of agro-industrial residues as substrates (Ikram-Ul-Haq et al., 2005). Production of cellulase was also reported by using substrates like cellulose, xylose, and lactose using T. reesei (Muthuvelayudham et al., 2005).
Cellulolytic microbes play a crucial role in the degradation of accumulated lignocellulosic carbohydrates in nature, contributing significantly to sustainable development. Although cellulolytic fungi have been extensively studied for their role in lignocellulosic biomass valorization, cellulolytic bacteria have recently garnered increasing interest due to their metabolic versatility and greater amenability to genetic manipulation (Sethupathy et al., 2021). Isolation and identification of new taxa is the current topic of interest under various natural habitats. Cellulase enzymes being very expensive, there is a need for microbial production of cellulase enzymes. To address this problem, the isolated fungi can further be exploited on a large scale and check its industrial importance.
2. material and methods 
2.1 Collection of soil samples
Soil samples were collected from the Himalayan forest of Pithoragarh, Uttarakhand (29.4° N latitude and 80° E longitude), and the samples were stored at 4 °C for further study.
2.2 Isolation of cellulase-producing fungi
The soil samples were serially diluted 10⁻¹ to 10⁻⁶ with sterilized water, and then the dilutions were cultivated on PDA (potato dextrose agar) medium at 28°C for 5 days to obtain isolated colonies (Clark, 1965). 
2.3 Qualitative screening for cellulase-producing fungi
Fungal isolates were qualitatively screened for cellulase activity following the method described (Wang et al., 2003). The isolates were cultured on an carboxy methyl cellulose (CMC) agar medium [% w/v: peptone, 1.0; CMC 1.0; MgSO4.7H2O, 0.03; (NH4)2SO4,0.25; K2HPO4, 0.2; and agar,2.0, pH 7.0] containing CMC as sole carbon source were inoculated with active cultures and incubated for 5-7 days at 28±2℃ till the appearance of sufficient growth. After incubation, the plates were flooded with 1% Congo red solution and left to rest for 20 minutes at ambient temperature. The plates were subsequently decolorized using a 1M sodium chloride solution. The formation of a clear zone around the fungal colonies, against a dark red background, indicated positive cellulase activity. Fungal strains demonstrated that prominent clearance zones beyond the colony margins were selected for further investigation (Shankar et al., 2011). 
2.4 Quantitative estimation of cellulolytic enzymes
The isolated fungal colonies were cultivated in a minimal salt medium supplemented with carboxymethyl cellulose (CMC), containing the following components (g/L): NH₄NO₃ (0.39), MnSO₄ (0.002), Na₂HPO₄ (5.67), Na₂NO₃ (2.5), K₂HPO₄ (1.0), KH₂PO₄ (0.5), MgSO₄ (0.5), KCl (0.1), FeSO₄ (0.01), CaCl₂ (0.01), dextrose (10.0), and CMC (10.0) (Sajith et al., 2014). Aliquots were sampled every 3rd day, the culture broth was centrifuged at 10,000 rpm for 10 minutes at 4°C. The pellets were eliminated, and the supernatant was presumed to include the extracellular cellulolytic crude enzymes used for estimating enzyme production.
2.4.1 Exo β-1,4-glucanase (FPase)
Filter paper activity (FPase) enzyme activity was determined following the method described (Mandels et al., 1976). The assay mixture consisted of 1 mL of 0.05 M citrate buffer (pH 4.8) and 50 mg of Whatman No. 1 filter paper (cut into strips of 1 × 6 cm), incubated at 50°C for 1 hour. The amount of reducing sugars released was quantified as glucose using the method outlined by Miller (1959). One unit of FPase activity was defined as the amount of enzyme required to release 1 micromole of reducing sugars (expressed as glucose) per minute under the assay conditions.
2.4.2 β-glucosidase assay 
The activity of β-glucosidase was assessed using p-nitrophenyl-β-D-glucopyranoside (pNPG) as the substrate (Berghem et al., 1974). The cultures in the liquid CMC media were centrifuged at 13,000 rpm for 4 minutes, and the supernatant was incubated in 50 mM citrate buffer containing 5 mM pNPG as substrate at pH 5.0 and a temperature of 50°C for 30 minutes. The reaction was terminated by adding 10% sodium carbonate, leading to the release of p-nitrophenol, which was measured by recording absorbance at 405 nm using a UV-visible spectrophotometer. One unit of β-glucosidase activity was defined as the amount of enzyme required to release 1 micromole of p-nitrophenol per minute under the assay conditions.
3. results and discussion
3.1 Preliminary selection of native cellulolytic microbes based on ICMC indices during plate assay
A total of 26 microbial strains—19 bacteria and 7 fungi—were recovered from plating the samples on PDA. Among them, 07 strains of fungi (PSF1, PSF2, PSF3, PSF4, PSF5, PSF6, and PSF7) were screened for their ability to produce cellulase. The Congo red plate assay was done for the 07 fungal isolates, of which 03 isolates showed positive results by the formation of a halo zone around the colony using the Congo red dye indicator. Based on the colony diameter and halo zone formation, the relative enzyme indices (ICMC) were calculated. The selected isolates, showing zone of clearance greater than 1.0 cm, were considered as extracellular cellulase producers.  According to the results, maximum ICMC value was observed for the fungal isolate PSF7 (1.60) followed by the fungal isolate PSF6 (1.05) while least values were shown by the isolate PSF2 (1.04) (Table 1). Results presented in Figure 1 showed both positive and negative cellulase producers for plates flooded with Congo red. Clearing zones surrounding microbial growing colonies after incubating for a suitable period indicates their ability for cellulase production. The formation of a halo zone indicates a positive result for cellulolytic activity, whereas the retention of Congo red dye on the plate signifies the presence of non-hydrolyzed β-1,4-D-glucosidic bonds (Lamb et al., 2005).
Table 1 Relative cellulase enzyme activity indices (ICMC) of fungal isolates based on qualitative plate assay using CMC as substrate
	Microbial Isolates
	*Relative cellulase activity indices (Icmc)

	PSF2
	1.04 ± 0.02

	PSF6
	1.05 ± 0.02

	PSF7
	1.60 ± 0.21

	


*Values present a mean ± SD of three replications
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Fig. 1 (a) Qualitative detection of cellulase enzyme production by PSF2 using CMC as sole carbon source (b) Untreated (control) plate assay of cellulose
3.2 Quantitative assay of cellulase
The previously screened three isolates were subjected to quantitative enzyme activity studies. After mass multiplying the cultures in the CMC liquid medium for 18 days at regular intervals, the supernatant collected by centrifugation contained the crude enzyme portion that was subjected to quantitative studies at regular time intervals of 3 days. Among them, the fungal isolate PSF2 showed the highest FPase activity and the highest β-glucosidase activity. The FPase enzyme activity pattern obtained shows a slight increase in enzyme production from day 0 to the third day. The pattern changed and gradually increased from the third day to the twelfth day. A noticeable decrease in FPase enzyme activity was seen after the twelfth day onwards. Meanwhile, maximum FPase production (0.781 U/mL) by PSF2 occurred on the twelfth day (Figure 2a). The β-glucosidase enzyme activity showed a slight increase from day 0 to day 3, followed by a gradual rise until day 9. After the ninth day, a noticeable decline in enzyme activity was observed. The maximum β-glucosidase production by PSF2 (0.786 U/mL) was recorded on the ninth day, the value being significantly higher than that recorded for all the other cultures (Figure 2b). Azzaz et al. (2012) investigated cellulase production by various fungal species, including Aspergillus niger, Fusarium oxysporum, Fusarium avenaceum, and Cephalosporium acremonium. Among these, A. niger exhibited significant cellulase production, demonstrating CMC-ase activity of 0.076 U/ml. Moreover, cellulase and xylanase activities were evaluated in various strains of Trichoderma species, including Trichoderma harzianum, and Trichoderma viride 01PP, to assess their potential for enzyme production (Pandey et al., 2014).Sri Lakshmi and Narasimha (2012) investigated cellulase production in four fungal cultures—three from the genus Aspergillus and one from Penicillium. Among them, fungal isolate 3 (Aspergillus sp.) demonstrated the highest cellulase activity, with FPase at 14.16 U/mL, CMCase at 64 U/mL, and β-glucosidase at 0.014 U/mL.





Fig. 2 (a) Extracellular cellulase (FPase) and (b) β-glucosidase enzyme activities in the crude enzyme of selected PSF2 fungal culture at different time interval

Microbial cellulases have garnered considerable academic interest due to their cost-effectiveness compared to traditional methods. In contrast, alternative approaches such as chemical hydrolysis, physical treatments, thermochemical processes, and solvent-based methods are often more expensive, energy-intensive, and environmentally detrimental. Consequently, microbial cellulases are recognized as a more sustainable and economical choice for various industrial applications. This has led to increased research efforts focused on replacing costly substrates like pure cellulose or carboxymethyl cellulose (CMC) with naturally abundant, cellulose-rich biomass from agricultural and forestry residues (de Almeida et al., 2019; Crognale et al., 2019).


4. Conclusion
In the present investigation, it can be concluded that the fungal isolate PSF2, obtained from soil samples collected from the Himalayan region of Uttarakhand, demonstrated strong potential for cellulolytic enzyme production. The isolate was subjected to qualitative and quantitative screening for its extracellular cellulase activities, specifically filter paperase (FPase) and β-glucosidase activities. The results confirmed that PSF2 is a promising candidate for efficient cellulase production. Fungi offer the possibility of providing important resources for sustainable industrial processes and environmental management initiatives. Future research can now be directed toward identifying the fungal strain PSF2, optimizing the growth conditions, genetic improvement, and large-scale fermentation strategies for PSF2 to maximize its cellulase production capabilities and explore its broader industrial potential.
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