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Abstract
Enzymes are high molecular weight proteins which are well known to increase the rate of a reaction. These enzymes are the real key for the success of an industry. Proteases are one such well known industrially useful biocatalyst. They held the largest share among all industrial enzymes. Alkaline proteases find their applications in wide industries including detergent, leather, textile, pharmacy, food, beverages, agriculture, paper and pulp and many more. They are produced by organisms including plants, animals, and microbes. Microbial proteases especially fungal proteases are advantageous over others due to simple requirements including solid state and submerged fermentation and easy and cheap down streaming processes.
The current study deals with the study of best-known fungi for producing alkaline proteases, their isolation, optimization, qualitative and quantitative estimation, purification, immobilization methods and applications of fungal proteases in various fields for human welfare. Our study supports the fact that with further advancement in the technology, these fungal isolates could be proved as the economic factory for enzyme production and also, they can replace certain chemicals and hence offers a green approach.
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1.     Introduction
Industrial enzymes are essential for bioprocesses, with proteases dominating the market (~60% of sales) across segments like food, feed, detergents, leather, and textiles [1].​
Proteases, produced by bacteria, plants, and animals, catalyze protein hydrolysis and find wide use in detergent, leather, feed, waste, dairy, and textile industries. Microbial, especially fungal sources are preferred for rapid growth, low cost, genetic modifiability, and simple downstream processing [2]. 
1.1  Protease
Proteases constitute one of the most significant classes of hydrolytic enzymes, functioning as biocatalysts that cleave peptide bonds to generate shorter peptides and free amino acids. They are universally distributed across prokaryotic and eukaryotic systems, participating in fundamental physiological processes such as cell growth, differentiation, and protein turnover. Proteolytic enzymes are broadly categorized into endopeptidases, which hydrolyse internal peptide bonds, and exopeptidases, which act on terminal residues at the N- or C-termini of polypeptides [3].

Beyond their natural biological roles, proteases hold exceptional industrial and biotechnological relevance. They are extensively employed in diverse sectors including detergents, leather processing, food and nutraceutical formulation, diagnostics, and healthcare product development [4]. Their catalytic efficiency under varied physicochemical conditions has made them indispensable in large-scale bioprocesses and environmental applications.
1.2  Alkaline protease
Alkaline proteases represent a major subclass of proteolytic enzymes with extensive industrial relevance, particularly in the detergent and leather sectors. Their ability to function optimally under alkaline conditions has positioned them as essential biocatalysts in processes requiring high pH stability, substrate specificity, and robust catalytic performance [1]. The growing emphasis on sustainable and eco-efficient biotechnologies has further intensified efforts to develop alkaline proteases with enhanced activity, stability, and biodegradability [1].
Although proteases can be derived from plants, animals, and microorganisms, microbial sources remain the most advantageous due to their rapid growth, cost-effective cultivation, and amenability to genetic manipulation. Microbial systems, mainly Bacillus species producing serine proteases, are central to large-scale industrial enzyme production and serve as model organisms for enzyme engineering [5].
Economically, proteases account for approximately 60–65% of the global enzyme market, with alkaline proteases constituting nearly one quarter of this share. Among these, microbial alkaline proteases dominate due to their yield efficiency and biochemical versatility, representing nearly two-thirds of all commercially produced proteolytic enzymes [2].

2.  Classification of Proteases
Proteases are classified under group 3 (hydrolases) and subgroup 4 (enzymes hydrolyzing peptide bonds) in the Enzyme Commission (EC) system [6]. Based on their mode of peptide bond cleavage, they are broadly divided into endopeptidases, which act on internal peptide linkages, and exopeptidases, which hydrolyze terminal peptide bonds at the N- or C-termini of polypeptide chains [7]. While endopeptidases have greater industrial relevance due to their broad substrate range and catalytic versatility, exopeptidases including aminopeptidases (acting on N-terminal residues) and carboxypeptidases (cleaving C-terminal bonds). They continue to hold specialized commercial importance .
2.1  Serine Proteases
Serine proteases contain a nucleophilic serine residue at their catalytic site, essential for peptide bond hydrolysis. They are typically active within a neutral to alkaline pH range (approximately pH 7–11) and are known for their broad substrate specificity and high catalytic efficiency, making them valuable in detergent and food processing applications [8.9].
2.2  Cysteine (Thiol) Proteases
Cysteine proteases, also referred to as thiol proteases, possess a cysteine residue at the active site that participates in catalysis through nucleophilic attack. Their optimal activity occurs between pH 6 and 8. These enzymes are activated by reducing agents and inhibited by oxidizing compounds, reflecting the redox sensitivity of the thiol group essential for catalysis [10].
2.3  Aspartic Proteases
Aspartic proteases, or acidic proteases, are characterized by the presence of two aspartic acid residues at their catalytic centers. They exhibit maximal activity under acidic conditions (pH 3–4) and selectively cleave peptide bonds adjacent to bulky or aromatic amino acid residues. Microbial aspartic proteases are further categorized into pepsin-like and rennin-like subgroups, commonly produced by molds and yeasts for applications in food and beverage industries [11].
2.4  Metalloproteases
Metalloproteases require divalent metal ions, typically zinc or calcium, as cofactors for catalytic activity. These metal ions stabilize enzyme structure and participate directly in catalysis by activating water molecules for nucleophilic attack on peptide bonds. Metalloproteases are resistant to sulfhydryl reagents and phosphate esters but are inhibited by chelating agents that sequester the essential metal cofactors, thereby suppressing enzymatic activity [12].

3.  Protease-Producing Organisms
Proteases are synthesized by a wide range of biological systems, including plants, animals, and microorganisms, reflecting their essential roles in metabolic regulation and protein turnover. Among these, microbial sources are the most preferred for industrial exploitation due to their high productivity, process scalability, and potential for genetic optimization [13].
3.1  Plant Proteases
Plants synthesize proteases throughout their development, which can be extracted from seeds, fruits, and leaves through aqueous maceration processes. Prominent plant-derived proteases include papain from Carica papaya and bromelain from Ananas comosus, both cysteine proteases widely utilized in food industries, particularly in cheese-making and meat-tenderization as rennet substitutes. However, plant proteases generally exhibit optimal activity within an acidic to near-neutral pH range (4–7) and possess limited thermostability. Consequently, their industrial applications are constrained in sectors requiring alkaline stability, such as detergents and leather processing [14].
3.2  Animal Proteases
Animal-derived proteases play crucial physiological roles, including digestion and coagulation. Pepsin, an acidic enzyme active between pH 2 and 4, and the pancreatic serine proteases trypsin and chymotrypsin (optimal pH 7–9) are the most studied representatives. While some, such as trypsin, find use in meat tenderization and diagnostic applications, large-scale production from animal tissues is economically unviable and ethically restrictive. Variability in activity and the high cost of extraction further reduce their competitiveness compared to microbial protease production systems [15].
3.3  Microbial Proteases
Microbial systems represent the premier source of alkaline proteases, encompassing both bacterial and fungal species. Alkalophilic microorganisms predominate in high-yield production, driven by their capacity for extracellular secretion and adaptation to industrial fermentation conditions . These proteases benefit from microbial advantages including rapid growth, cost-effective cultivation, and amenability to genetic engineering for enhanced stability and specificity [16].
3.3.1  Bacterial Proteases
Among bacterial producers, Bacillus species stand out as the most prolific generators of extracellular alkaline proteases, with established applications across food processing, leather tanning, detergent formulations, and pharmaceutical manufacturing. Their robust enzyme profiles, high volumetric productivity, and compatibility with submerged fermentation make them industrially dominant [13].
3.3.2  Fungal Proteases
Fungi constitute another potent microbial source for commercial protease production, valued for their diverse enzymatic profiles, straightforward downstream purification, and adaptability to solid-state fermentation. These organisms thrive in natural and engineered environments such as wastewater, agricultural soils, decomposing plant matter, and food waste, and can be readily isolated using casein-supplemented media like Reese agar . Representative strains include Aspergillus flavus, which yields proteases suitable for multiple biotechnological applications [17].
 
4.  Methods of Isolation and Identification
The isolation and accurate identification of fungal strains are essential steps in evaluating their enzymatic potential and biotechnological applicability. In the present study, fungi were isolated from naturally decomposed food substrates and screened for proteolytic activity using selective culture techniques. Both morphological and molecular approaches were employed to ensure reliable identification of potent isolates. Conventional culturing and microscopic examination facilitated preliminary characterization, while molecular analysis provided precise taxonomic confirmation of selected high-performing fungal strains.
4.1  Fungal Isolation
Fungal strains were isolated from decaying food substrates, specifically injera (a fermented Ethiopian flatbread) allowed to develop mold at ambient temperature for 5 days. Surface mold was collected and cultured on potato dextrose agar (PDA) using the dilution plating technique, followed by incubation at 30°C for 5 days to promote mycelial growth. Preliminary identification relied on microscopic examination after staining with lactophenol cotton blue, corroborated against standard morphological references and reference slides [18].
Proteolytic potential was screened on skimmed milk agar (SMA) plates, where protease-producing isolates were distinguished by clear hydrolytic zones surrounding colonies [19].
4.2  Molecular Identification of Fungi
High-performing isolates, exhibiting robust casein hydrolysis on SMA, underwent molecular identification via amplification and sequencing of the 18S rRNA gene. This approach provides species-level resolution and phylogenetic confirmation, essential for characterizing novel or industrially promising fungal strains [20].
 
5.  Methods of Qualitative Assessment
Qualitative assessment of proteolytic activity was carried out to evaluate the enzyme-producing potential of the isolated fungal strains. Screening procedures were designed to detect extracellular protease production through substrate hydrolysis using plate-based assays and diffusion techniques. These methods enabled rapid identification of potent protease-producing isolates based on visible zones of protein degradation. Both culture-dependent screening and enzymatic confirmation assays were employed to ensure reliable evaluation of proteolytic efficiency prior to quantitative analysis [21].
5.1  Screening for Proteolytic Activity
Plate-based screening: Proteolytic capability was initially assessed on skimmed milk agar (SMA) plates, where enzyme-producing colonies generated clear hydrolytic zones around growth. This qualitative assay was complemented by incubation on yeast nitrogen base medium supplemented with 0.5% casein, 0.5% glucose, and 2% agar (w/v) at pH 7.0 for 7–8 days at 28°C. Zones of casein clearance were visualized after flooding plates with 1 mol L⁻¹ HCl to precipitate unhydrolyzed substrate [22].
Isolation and purification workflow: Proteolytic fungi were isolated from environmental samples (e.g., soil) using Reese agar with casein as the sole protein substrate. Colonies were subcultured on potato dextrose agar (PDA), incubated at ambient temperature for 7 days to achieve axenic cultures exhibiting robust mycelial growth and spore formation [23].
Caseinolytic confirmation: Supernatants from fungal cultures were tested for protease activity by incubating 1 mL enzyme sample with 4 mL of 0.625% (w/v) casein at 40°C for 30 min. The reaction was terminated with 5 mL of 5% trichloroacetic acid, and hydrolysis quantified spectrophotometrically via a modified Folin-Ciocalteu procedure, using enzyme-inactivated casein as blank [24].
5.2  Plate Assay by Agar Well Diffusion Method
Qualitative zone assay: Proteolytic activity was evaluated using the agar well diffusion technique on casein, gelatin, and skimmed milk agar plates. Wells (receiving 0.5 μL crude enzyme) were punched into solidified media, and plates were incubated at ambient temperature for 48 h. Hydrolytic zones were visualized as clear areas of substrate degradation surrounding wells. Casein plates were flooded with 5% bromocresol green, while gelatin plates received acidic HgCl₂ solution to enhance zone demarcation. Zone diameters were measured using a standard scale [25].
Quantitative caseinolytic assay (modified Yang & Huang method): One unit of protease activity was defined as the amount of enzyme releasing 1 μmol tyrosine equivalents per mL per minute under assay conditions . The reaction mixture comprised 1 mL crude enzyme and 2 mL of 1% casein in glycine-NaOH buffer (pH 10.0), incubated at 40°C for 30 min. Precipitation was induced with 3 mL of 10% trichloroacetic acid (TCA), followed by centrifugation at 9000 rpm for 10 min. Supernatant absorbance was recorded at 280 nm against a blank, with enzyme activity calculated from tyrosine standard curves. Total protein content was quantified using the Lowry method with bovine serum albumin (BSA) as the standard [24].
 
6.  Methods of Optimization
6.1  Physical Parameters
Fermentation pH and temperature critically influence fungal morphogenesis, metabolic flux, and extracellular protease secretion by modulating cellular physiology and enzyme stability [2,26].
6.1.1  Optimum pH
Medium pH effects: Fermentation medium pH exerts direct and indirect control over fungal proliferation and protease biosynthesis through alterations in cell surface charge, nutrient uptake, and protein folding [27,28].
pH stability assay: Enzyme stability across pH 6–12 was evaluated by pre-incubating crude protease (1:1 ratio) in respective buffers—sodium phosphate (pH 6–7), Tris-HCl (pH 8–9), and glycine-NaOH (pH 10–12)—for 12 h at 40°C. Residual activity was quantified using the standard caseinolytic assay [29].
Optimal activity profiling: Protease activity optima were determined using 1% (w/v) casein substrates prepared in 0.05 M buffers spanning pH 6–12 (phosphate pH 6–7; Tris-HCl pH 8–9; glycine-NaOH pH 10–12). Reaction mixtures were incubated at 40°C for 30 min, followed by standard enzymatic quantification [30].
6.1.2  Optimum Temperature
Fungal alkaline proteases typically exhibit maximal activity between 40–60°C, with thermostability often augmented by divalent cations such as Ca²⁺. Strain-specific optima reflect adaptations to native environments: Conidiobolus brefeldianus protease retains ~60% activity after 24 h at 28°C and 50% after 1 h at 50°C but denatures above 50°C; Penicillium sp. peaks at 45°C (pH 6.5–9); Aspergillus tamarii at 50°C (pH 9); and Aspergillus clavatus at 40°C (pH 9.5) [31].
Temperature governs fungal metabolic rates, enzyme conformation, and secretion kinetics, with fungal optima generally lower than bacterial counterparts, constraining their utility in high-temperature industrial processes [32].
6.2  Chemical Parameters
6.2.1  Effect of Carbon Sources
The impact of carbon substrates (1% w/v fructose, glucose, sucrose, lactose, maltose) on protease production was assessed by supplementing basal broth in individual flasks prior to fungal inoculation. Cultures were incubated at 28°C for 5 days, followed by supernatant enzyme quantification [33].
6.2.2  Effect of Nitrogen Sources
Fermentation media were amended with organic (yeast extract, peptone) and inorganic (ammonium sulfate, urea) nitrogen sources, substituting the basal formulation. Protease titers were compared post-incubation to identify optimal supplementation strategies [34,35].
6.2.3  Effect of Metal Ions
Divalent cations frequently stabilize fungal alkaline proteases: Ca²⁺ (1–20 mM) markedly enhances thermostability (e.g., Conidiobolus coronatus retains 56.9% activity at 50°C/3 h vs. 17.4% control; Aspergillus tamarii shows 100% activation at pH 9–10), while Mg²⁺ provides moderate protection (41.7–65%). Trichoderma koningii activity is augmented by Co²⁺ and Fe²⁺ (1 mM) but suppressed by Na⁺, Ag⁺, K⁺, and Pb²⁺. Heavy metals (Hg²⁺, Cu²⁺) generally inhibit catalysis. Serine proteases are specifically blocked by phenylmethylsulfonyl fluoride (PMSF) through irreversible sulfonation of the active-site serine residue [36,37,38].
 
7.  Methods of Purification
7.1  Purification of Fungal Alkaline Proteases
Standard multistep protocols for fungal alkaline proteases typically involve ammonium sulfate precipitation (30–70% saturation), desalting by dialysis, gel filtration (Sephadex G-75/G-100), and anion- or cation-exchange chromatography (DEAE- or CM-Sepharose) [39,40].
Representative purification outcomes include:
· Aspergillus clavatus ES1 protease: 7.5-fold purification (29% recovery) via acetone precipitation, Sephadex G-100, and CM-Sepharose, with optimal activity at pH 8.5 [41].
· Aspergillus niger protease: 6-fold purification (74% recovery) using (NH₄)₂SO₄ precipitation and Sephadex G-100, yielding a 30–35 kDa enzyme active at pH 8.5–10 [42].
· Penicillium nalgiovense protease: 12-fold purification via (NH₄)₂SO₄ precipitation, dialysis, and ultrafiltration, verified as 45 kDa by ESI-MS [43].
7.2  SDS-PAGE Analysis
Purity assessment was conducted on 12% SDS-PAGE gels under denaturing conditions using FPLC-purified fractions. Coomassie Brilliant Blue R-250 staining revealed multiple bands in crude extracts and ammonium sulfate precipitates, indicative of complex protein mixtures. Purified fractions exhibited a single band corresponding to ~35 kDa, confirming homogeneity [44].
 
8.  Applications of Alkaline Protease
Microbial alkaline proteases underpin diverse industrial processes in food, pharmaceuticals, leather, detergents, and waste valorization, enabling eco-efficient production of high-value commodities [2,45,46].
8.1  Detergent Industry
Fungal alkaline proteases enhance stain removal under alkaline and moderate-temperature conditions prevalent in laundry formulations. Conidiobolus coronatus protease retains 43% activity in the presence of 25 mM Ca²⁺, glycine, and commercial Indian detergents, indicating compatibility as a detergent additive [47]. These enzymes synergize with lipases, amylases, and cellulases to hydrolyze proteinaceous stains (blood, egg, milk, gravy) at high pH, reducing reliance on chemical surfactants [48].
8.2  Leather Industry
Alkaline proteases with elastolytic and keratinolytic properties facilitate eco-friendly leather processing, including soaking, dehairing, and bating [49]. Enzymatic dehairing hydrolyzes hair follicle proteins, swelling roots for facile removal while minimizing chemical inputs like sodium sulfide, preserving hide integrity, and generating less effluent [50]. Conidiobolus coronatus protease demonstrates efficacy across these stages (US Patent No. 6,777,219, 2007).
8.3  Photographic Industry
Fungal and bacterial alkaline proteases enable environmentally sustainable silver recovery from radiographic films by hydrolyzing gelatin matrices that encapsulate 1.5–2% metallic silver [51]. Strains such as Bacillus subtilis, Streptomyces avermitilis, and Conidiobolus coronatus efficiently liberate silver, outperforming hazardous chemical methods [52]. Thermostable mutants from Bacillus sp. B21-2 further enhance process viability for industrial-scale recycling .
8.4  Medical Field
Alkaline proteases exhibit therapeutic potential across diverse formulations, including ointments, non-woven dressings, and immobilized enzyme bandages derived from Bacillus subtilis . Aspergillus oryzae proteases serve as oral supplements for lytic enzyme deficiencies and digestive aids [53]. Notably, alkaline fibrinolytic proteases demonstrate substrate selectivity for fibrin degradation, positioning them as candidates for thrombolytic therapies and anticancer interventions [54].
8.5  Soy Product Processing
Fungal alkaline proteases accelerate soy protein hydrolysis, enhancing flavor development and yield in traditional soy sauce and fermented products [55].
8.6  Waste Management
Keratinolytic fungal proteases (Aspergillus oryzae, Chrysosporium indicum, Trichophyton sp., A. terreus, Microsporum gypseum, Fusarium oxysporum) degrade recalcitrant keratin from poultry feathers (5% body weight, rich in protein) and leather waste, converting them into nutritionally viable feed and fertilizer while mitigating environmental pollution from chemical treatments [56,57].
8.7  Silk Degumming
Alkaline proteases selectively hydrolyze sericin (silk gum) under mild alkaline conditions, yielding superior fiber strength, luster, and texture compared to soap-based methods. Fungal enzymes minimize fiber breakage while enabling high-efficiency degumming [58].
8.8  Feed and Food Industry
Heat-labile fungal proteases partially hydrolyze gluten in dough, accelerating fermentation before thermal inactivation during baking. Microbial enzymes generate bioactive peptide hydrolysates for functional foods, allergen-free infant formulas, and nutraceutical supplements, enhancing nutritional profiles and digestibility [59,60].
8.9  Dairy Industry
Fungal proteases from Rhizomucor miehei, R. pusillus, and Aspergillus oryzae serve as rennet substitutes for milk coagulation in cheese production, offering scalable alternatives to bovine sources. A. niger var. awamori extracts provide commercial milk-clotting powders [61].
8.10  Brewing Industry
Proteases enhance mashing efficiency by liberating fermentable extracts from cereals and facilitate beer clarification during cold proofing. Mucor pusillus rennet exhibits particular efficacy in haze reduction, complementing plant-derived enzymes like papain and bromelain [62].

Conclusion
Alkaline proteases, particularly those from fungi, catalyze transformative bioprocesses in detergents, leather tanning, food hydrolysis, and waste valorization under alkaline conditions that challenge chemical alternatives. Fungal strains offer scalable production through solid- and submerged-state fermentation on agro-wastes, simplifying downstream recovery via mycelial filtration and yielding thermostable serine enzymes compatible with industrial extremes.
Soil and wastewater microbiomes harbor untapped alkaliphilic diversity, where genetic engineering and AI-driven optimization promise higher titers and specificity for niche applications like silk degumming and silver recovery. Directed evolution targeting Ca²⁺-enhanced stability will further expand their role in circular bioeconomies, mitigating effluent loads while meeting surging enzyme demands.
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