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Abstract

:

Around 70 million metric tonnes of fruit and vegetable waste (FVW) are produced each year and are eventually discarded as wholesale garbage. Microorganisms decompose this FVW, which has led to environmental contamination, greenhouse gas emissions, and other impacts related to climate change. If FVW are used properly, they can reduce environmental damage and also boost a nation’s economy. FVW contain vast amounts of biopolymers, viz., pectin, cellulose, and starch, all of which are hydrolysed by microbes with the aid of the pectinase, cellulase, and amylase enzymes, respectively. Therefore, in light of this, the intervention of microorganisms for the production of pectinase, cellulase, and amylase could be a safe, cost-effective, and eco-friendly approach for the precise utilisation of FVW. Nowadays, thermophilic multienzymes are extracted from a group of hot spring microbes. Thermophilic multienzymes are more capable of surviving at high temperatures and have less degrading capability. Moreover, through this advancement, we can obtain vast amounts of pectinase, cellulase, and amylase enzymes within a short period of time. This microbial enzyme preparation might be helpful in food, textiles, paper, pulp, animal feed supplements, detergents, juice/pulp clarity, leather, and other related sectors.
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1. Introduction


Enzymes are proteins that work as biological catalysts, which means that they accelerate the rate of biochemical reactions. All living things including bacteria, plants, and animals depend on enzymes for their metabolism and other biochemical pathways. The commercial use of certain bio-catalysts for the cost-effective synthesis of various goods on an industrial scale is of particular interest. These are a superior choice for many processes than their chemical counterparts because of their eco-friendliness, low energy requirement, and cost-effectiveness [1]. The global market for food enzymes was valued at $6.4 billion USD in 2021 and is expected to reach $8.7 USD billion in 2026, at a compound yearly growth rate of 6.3 percent, according to BCC research published in August 2021 [2].



Enzymes are primarily produced by three major sources: microbial, animal, and plant intervention. Microbial enzymes are widely utilised and most preferred due to their superiority over plants and animal-derived enzymes because of their economic viability, high stability, and rapid and high-yield production in an eco-friendly manner [3,4]. Moreover, microbial extracellular enzymes are a better option due to their simple downstream processing [5]. Because of these factors, the majority of enzymes employed in many industries come from microbial sources.



A range of sectors need a mixture of enzymes rather than just one, such as the detergent industry [6], biofuel production by hydrolysis of lignocellulosic biomass [7], bio-deinking [8], biohydrogen production [9], and improvement in the quality of animal feed [10]. For such applications, a single organism that can produce multiple enzymes is preferred due to the economic benefit. Additionally, inexpensive substrates are a crucial requirement for industrial use or commercialisation to produce goods at a reasonable cost.



The improper disposal of garbage that is produced in the form of agroindustrial waste (AIW) and fruit and vegetable waste (FVW) causes environmental pollution and worsens the clean-up issues [11]. Considering this scenario, attention has been given to the utilisation of agroindustrial waste and fruit and vegetable waste (peel, pulp, stones, seeds, and other portions that are not edible) leftover as biodegradable trash by processing industries. In general, these wastes are abundant in bio-constituents such as pectin, cellulose, hemicellulose, lignin, starch, phenolics, and pigments [12]. The ingredients present in abundance in the AIW and FVW may be utilised for wealth purposes. The use of such substances as substrates for microbial cultivation can be aimed at producing cellular proteins, organic acids, secondary metabolites, or even enzymes and other industrial products [13]. Notably, microbial enzymes can function as both a tools and as end products in various bioprocesses. Therefore, AIW and FVW are excellent substrates for the development of microorganisms that produce ligninolytic, hemicellulolytic, and cellulolytic enzymes. In this way, several researchers have made efforts to produce multienzymes (pectinase, cellulase, and amylase) by exploiting AIW and FVW.



Different types of microorganisms are known that can produce extracellular, intracellular, and extra-intracellular enzymes using a range of accessible, affordable, and biodegradable substrates as carbon sources. Even though many microbes have been isolated and investigated for their capacity to produce various enzymes, considering the enormous diversity found in nature, microbial bioprospecting aids in discovering new enzyme sources [14].



This review study reports the feasibility of exploiting FVWs as substrates for microbial enzyme preparation including pectinase, cellulase, and amylase. FVW may decrease the enzyme production costs in bio-refinery processes using a low-cost substrate. The flowchart of the solid-state fermentation of FVW for enzymes or multienzyme production by microbial intervention is depicted in Figure 1.




2. Screening of Microorganisms for Pectinase, Cellulase, and Amylase (PCA) Production


For the production of PCA enzymes, microorganisms such as bacteria, fungi, and actinomycetes are good sources. Numerous studies have already proven that microorganisms produce PCA with good quality. An earlier study proved that microorganisms could exploit FVW and AIW as substrates for producing PCA [15]. Therefore, ongoing research into microorganisms has become essential to meet the industrial needs [16]. The screening of microorganisms for PCA production is the primary selection process. For the isolation of microorganisms that produce enzymes, the corresponding substrate-rich medium (1% of the total volume) can be employed as the sole source of carbon. In primary screening, the substrate is often quantified using an indicator, which could be a dye or other substance (Table 1) [17,18]. On the other hand, the methods used for secondary screening typically involve enzyme quantification assays.




3. Multienzyme Production


Multienzymes are a cocktail of two or more enzymes that act on multiple substrates and increase multiple catalyst reactions at the same time. A variety of enzymes can be produced by a few microbes, especially bacteria and fungi that are accustomed to doing so [21]. A single organism that can produce several enzymes is preferred for these applications due to the cost–benefit ratio. Such enzymes must be developed under process conditions to be used in various industrial applications.



The production of multienzymes by the microbial fermentation of FVW is depicted in Figure 2. These multienzymes are very useful for industries and are frequently favoured over chemical catalysts [1]. For industrial application or commercialisation, it is also necessary to produce an item at a reasonable cost using inexpensive or waste substrates. In light of these issues, AIW and FVW could be used as commercially viable microbial substrates for the simultaneous production of several enzymes. Microorganisms play a vital role in the breakdown of FVW and AIW into pectin, cellulose, and starch-rich substrates through the production of pectinase, cellulase, and amylase. There have been few reports of the solid-state fermentative production of multienzymes using the peels of FVW, viz., mango, pomegranate, apple, banana, orange, etc. The utilisation of Citrus limetta peels can be used as a substrate for the production of multienzyme preparation by using a yeast consortium [18,22,23]. To date, there are various reports available on the production of a single enzyme, but only a few microbial strains have been reported regarding the production of multienzyme preparation such as pectinase, cellulase, and amylase, etc. This multienzyme preparation can be useful for juice clarification/extraction from substrates rich in pectin, fibre, and starch, thus the use of individual enzymes can be avoided.




4. Thermostability of Pectinase, Cellulase, and Amylase (PCA)


In general, plant-based multienzyme extracts viz., PCA are not more thermally stable, meaning that when the temperature rises, the enzyme activity decreases or is destroyed [24]. The reason for the decline in enzymatic activity performance is that enzyme denaturation occurs at higher temperatures [17]. The majority of industrialists aim to produce thermally stable PCA for long-term activity and stability. In this view, the production of many thermo-stable multienzymes of microbial origins is of great concern. Therefore, thermally stable multienzyme PCA makes them a better choice for industrial applications.



The multienzyme contains Gln, Cys, Ala, and His amino acids, which are predominant in mesophilic (20–45 °C) enzymes, whereas Lys, Ile, Tyr, and Gly amino acids are often abundant in thermophilic enzymes. Thermophilic enzymes may stabilise and function at high temperatures due to salt bridges that are formed as a result of the electrostatic interaction between the amino acids Lys, Glu, and Arg [25].



Nowadays, thermostable pectinase, cellulase, and amylase are found in Trichoderma asperellum at 65 °C [18]. The study by Ejaz et al. [26,27] revealed the thermo-stable cellulolytic enzyme production by Bacillus aestuarii, Brevibacillus borstelensis, and Aneurinibacillus thermoaerophilus by using sugarcane bagasse as a substrate.




5. Process Improvements for PCA Production


The two primary types of fermentation conditions—solid-state fermentation and submerged fermentation conditions—can be used to identify process improvements for the production of various fermentative products, by-products, and enzymes. Solid-state fermentation (SSF) is often considered as an advantageous process over submerged fermentation for the production of multienzymes. For example, FVW and AIW are used as solid substrates as well as the sole source of carbon and nitrogen to increase the product concentration. Moreover, the solid base supports the growth of a wide range of microorganisms and enhanced the stability of the product [8,17,18].



Pectin, lignocellulosic, hemicellulose, and other components are present in AIW and FVW; these can be utilised as substrates for the production of PCA enzyme by the interaction of microorganisms during the solid-state fermentation process. Numerous modifications can be made to speed up the downstream process including the addition of macronutrients (such as nitrogen, phosphorus and potassium) and micronutrients (such as calcium, magnesium, zinc, and iron) as non-protein cofactor concentrations as well as the optimisation of abiotic factor viz., temperature, pH, gradients, aerations, and moisture. Optimisation can be a better technique for high-yield enzyme production from microbial sources using submerged and SSF technology. The end-product of enzymes can also be produced by utilising the same specific substrate used for enzyme production by microbial strains [17,18,28].




6. Strategies for Improvement of Efficiency, Shelf-Life, and Reusability of PCA


Basically, enzymes are immobilised via adsorption, covalent binding, entrapment, and cross-linking methods. PCA has more drawbacks for industrial catalysts such as poor stability, high degradability, and short incubation time [29]. Various strategies have been employed to increase the efficiency and reusability. For increased effectiveness, functional longevity and reusability, the enzymes (pectinases, cellulases and amylases) are loaded in particular enzyme support matrices including calcium alginate beads, bagasse fibres, a nylon matrix, and other immobilised support matrices. According to a study by Martin et al. published in 2020 [30], agar alginate beads could be utilised up to five times, with the sixth cycle retaining roughly 61% of the enzyme’s original activity. Nowadays, enzyme immobilisation techniques are most interested in nanotechnology, which has provided a wealth of diverse nanoscaffolds. Furthermore, the advantages of industrial enzyme application are due to easy handling, separation, economic cost, high stability, and reusability of the catalyst reaction of enzymes. Nanoparticles and nanofibres, nanomagnetics, and nanobiosensors are also trending techniques used for enzyme immobilisation because nanomaterials are the key factor for the efficiency of biocatalysts [29,31].




7. Pectinase


The demand for microbial pectinase has expanded globally as a result of its increased use in many industries. Pectin is one of the primary components of cereals, vegetables, fruits, and fibres, and can be used as a substrate for the production of pectinase or pectinolytic enzyme [32]. It is also defined as a polysaccharide that is rich in sugars, galacturonic acid, and methanol components. Pectin is mostly found in the plants’ cell walls and middle lamellae, which are intracellular components of plants.



Microorganisms, particularly bacteria, fungi, and yeast, are the principal suppliers of pectinase [33]. To produce pectinase, inexpensive AIW and FVW can be preferred as substrates. Pectinases were first used for commercial purposes in the 1930s. They support the plants’ cell wall expansion, tissue softening during maturation and storage, and maintenance of the degradation and recycling of waste materials. In the food industry, pectinase enzymes are widely used, especially in the clarification and extraction of fruit juice [34]. In addition, endo-polygalacturonases, which are produced by fungi, bacteria, yeasts, plants, and some plant parasites and belong to the subgroup of the pectinase family, are also used for industrial purposes [35]. The microbial pectinase enzyme is involved in the reaction catalysed by esterases:


   Pectin +  H 2  O   →  Pectinesterase    Pectate +  CH 3  OH   











7.1. Production of Pectinases from Microbial Sources Using FVW as the Substrate


FVW have sources of carbohydrates (pectin, cellulose, hemicellulose, starch, etc.) and other components that can be helpful for the growth of microbes. The production of pectinase has been conducted with different fruit and vegetable waste used as a substrate by microbial intervention because this waste is a rich source of a pectin substrate for the feasible production of pectinases (endo and exo). Various researchers obtained good results for the production of pectinase by microbial intervention. Mosambi peel (Citrus limetta) wasteis utilised as carbon sources for the production of multienzymes (pectinase, cellulase, and amylase) with the intervention of the Trichoderma species. The efficient production of pectinase by Trichoderma asperellum was observed at pH 5.5 with an incubation temperature of 30 °C for 10 days of fermentation and optimised nutrient addition [17,18]. In another study, the safe and highly active pectinase production from Egyptian onion (Allium cepa L.) skins using Trichoderma viride, but not more than citrus, was observed by Ismail and coworkers [36]. Similarly, the optimal production of pectinase by the fermentation of citrus peel using Trichoderma harzianum in SSF at pH 5.5 and 28 °C for 72 h was recorded [37]. Pectinase (6.5%, w/v) was achieved after 4 days of incubation under submerged fermentation (SMF) cultures at a temperature and pH of 30 °C and 4.0, respectively. The aforementioned data show that the pH and temperature conditions can also play a main role in the downstream process of optimal pectinase production. The optimal production of enzymes at a specific temperature and pH can vary from genera to genera or even species to species.



Apart from the Trichoderma species, several other fungi viz., Aspergillus oryzae, Aspergillus fumigatus, Rhizomucor pusilis, Lactobacillus sp., and Penicillium atrovenetum have also been previously accounted as able to produce pectinase using different types of FVW [30,35,38,39,40,41] (Table 2).




7.2. Application of Pectinase


Pectinase applications are widely used for various industries such as in the extraction of juice yield [18,44], is involved in coffee, the fermentation of coffee, cocoa, and tea, the preparation of jams and jellies, and in the softening process for the pickling industry [45]. Pectinases are also used in the agricultural sector for the widespread purification of plant viruses, oil extraction, retting, degumming process, and the bio-scouring of cotton fibre. They are also used as animal feed supplementary enzymes to create an increase in nutrient properties [46]. It has potential applications used in the food, paper, and textile industries [47]. Acid pectinases bring down the cloudiness and bitterness of fruit juice [48] and have many applications in food, pharmacy, and cosmetics as gelling, stabilising, emulsifying, and binding agents. In medicinal applications, it reduces cholesterol, blood sugar, ulcers, and cancer and stimulates the immune response [49,50].





8. Cellulase


Nowadays, all industrial sectors have shifted from dangerous chemicals to green, eco-friendly-based chemistry methods, which has fulfilled the increased demand for enzymes as well as the cost-effectiveness.



Cellulose is known as a biopolymer or linear homopolymer of carbohydrates. Plant waste biomass (Table 3) has major components of cellulose, hemicellulose, and lignocellulose because it has unique properties of biodegradability [51]. It is present in about 70% of the stalks, leaves, and roots of the plants [52] and can potentially be used widely for bioconversion to value-added bio-products [53].



Cellulases are the enzyme-protein groups of hydrolytic enzymes. Microbial-extracted cellulase enzymes are the basic principle that catalyse the cleavage of the glycosidic bonds of cellulose [54]. The cellulases can be extracted from microbial intervention using all types of degrading lignocellulolytic materials used as the substrate as well as plants and insects that also have pectinase [55]. Cellulase consists of three proteins: β-glucosidase, endo-1,4-β-D-glucanase (endoglucanase), and exo-1,4-β-D-glucanase. The components of cellobiohydrolases and endocellulases are a cellulose binding domain, a catalytic domain, a hinge region rich in Pro, Thr, and Ser residues, and a signal peptide that facilitates secretion [27,56].





 





Table 3. Biomasses containing lignin and cellulose [57].






Table 3. Biomasses containing lignin and cellulose [57].





	Residue
	Cellulose (%)
	Hemicellulose (%)
	Lignin (%)





	Sugarcane bagasse
	38.1
	26.9
	18.4



	Corn cob
	45.0
	35.0
	15.0



	Sorghum stover
	29.7
	15.4
	25.9



	Wheat straw
	30.0
	50.0
	15.0



	Rice straw
	34.2
	24.5
	23.4



	Cotton
	80–95
	5–20
	0



	Wood hard stalks
	40–55
	24–40
	18–25



	Paper
	85–99
	0
	0–15








8.1. Production of Cellulases from Microbial Sources Using Fruit and Vegetable Waste as the Substrate


Various researchers have modified the protocol for cellulase production from microbial cells using different types of FVW. The utilisation of FVWis very cheap, economical, and low cost for the commercial or industrial production of cellulase [58]. Agricultural biodegradable waste, rice bran, and wheat straw have been found to be the best carbon source for the production of cellulase from cellulose sources [59]. Different lignocellulolytic agricultural wastes have been used as substrates for the production of cellulases such as rice husks, millet husks, banana peels, wheat bran, coir waste, and sawdust using the potential intervention of fungal strain (Aspergillus and Trichoderma)and bacterial (Bacillus spp.) strains. These two strains are the most important for cellulase production from the FVW and AIW in Table 4. The cellulase assay activities were measured by two main methods: CMCase and FPase [60]. Mostly fungi strains, under submerged or solid-state fermentation with agricultural cellulosic waste materials, have been used as substrates for the conversion of cellulose to enzyme [54]. The different types of food waste are generated from food industries such as olive mills, tomato pomace, grape pomace, and some others. The Trichoderma sp. strain was able to grow on food waste in both liquid and solid parts. Cellulase and β-glucosidase activities were found in the liquid culture [61]. As per the data, agro and straw waste have a higher amount of cellulose, so these types of waste act as substrates for the production of the cellulase enzyme.



The aforementioned details in Table 4 can help to increase the economic feasibility of cellulase production. The main key role of this study was to reduce the economic cost of cellulase production by using cellulolytic waste as a substrate for microbial enzyme production. Sugarcane bagasse, which contains roughly 40–50% cellulose, 25–35% hemicellulose, and 17–20% lignin, was utilised as a cellulolytic substrate by the fungal strain Trichoderma reesei to produce cellulase [68].



A study by Pinotti et al. [62] looked into the submerged fermentation (SmF) method of producing cellulases by utilising two bacterial species (Bacillus megaterium and Bacillus subtilis) and various filamentous fungi (Trichoderma koningii, Penicillium species, and Rhizomucor species). The temperature (28, 33, and 38 °C) and sugarcane bagasse concentration (0.5, 1.6, and 2.7% w/v) were the two cultivation variables that were assessed for each microorganism. Three categories of sugarcane bagasse were also evaluated: natural, pre-treated with acid-alkaline, and pre-treated with hydrogen peroxide solutions. They found that T. koningii worked well for cellulase production by natural sugarcane bagasse under SmF. The production of cellulose-degrading enzymes was carried out by utilising rice husks and sugarcane bagasse waste as the substrate with the intervention of Aspergillus terreus under solid-state cultivation [53]. According to Singh et al., the production of multienzymes (pectinase, cellulase, and amylase) from Mosambi peel used as a substrate by Trichoderma asperellum and Bacillus subtilis was conducted at temperatures of 30 and 35 °C and pH 5.0 and 5.5, respectively [17,18].



Ibrahim et al. reported a study conducted on crude cellulase production from oil palm empty of the fruit bunch, pre-treated with 2% NaOH, and a palm fruit bunch containing 59.7% cellulose, 21.6% hemicellulose, and 12.3% lignin using Trichoderma asperellum and Aspergillus fumigatus [64].



Paenibacillus sp. Strain MTCC 5639I was used for gene-encoding ß-glucosidase and endoglucanase. Escherichia coli DH5α (Invitrogen, Waltham, MA, USA) was used as the host strain for gene cloning and protein expression and the pQE30 vector was used for cloning and expression through the recombinant enzymes obtained open reading frame (ORF) of 1347 bp, which was detected in the amplified product that encoded a 448-amino-acid-long 51.7-kDa polypeptide [69]. Fischer et al. stated that several insect species like Dictyoptera, Orthoptera, and Coleoptera produce cellulases in the midgut or salivary glands, and putative cellulase genes have been identified in other orders [67].



Ibrahim et al. [64] showed that the fungal cultures of T. asperellum UPM1 produced higher β-glucosidase (5.01 U/mL), whereas A. fumigatus UPM2 produced a higher amount of CMCase at 24.24 U/mL and FPase at 1.10 U/mL using an oil palm empty fruit bunch as the substrate.




8.2. Application of Cellulase


Cellulases are widely used in the beverage, textile, paper, pharmaceutical, food, pulp, wastewater treatment of residue effluents, brewing, laundry, biofuel, and detergent industries as well as used in food supply and food preservation [24,70,71]. Animal feed supplement enzymes can be used as prebiotic and probiotic-rich feed supplementary enzymes and increase the nutritional value of animals [70,71,72].





9. Amylase


Amylase hydrolyses starch into glucose. There are three main types of amylase: alpha, beta, and gamma. Alpha and beta-amylase are the fastest-acting enzymes. Amylase belongs to the hydrolase enzyme family and can be extracted from various amylolytic sources including plants, animals, and microorganisms. Microbial amylases are mostly used in various food and beverage industries for starch degradation. There are many important crops where starch is present such as wheat, rice, maize, tapioca, and potato, etc. These waste parts of the aforementioned plants can be used as the substrate for amylase production by microorganisms [73].



9.1. Production of Amylases from Microbial Sources Using Fruit and Vegetable Waste as the Substrate


Globally, 50% of food, fruit, and vegetable waste is lost, and it may be that this chain increases with the fruit and vegetable production in developing countries as they are more lost in the form of peels, pulp, seeds, and kernels, etc. If we utilised this waste as the substrate for the production of amylase, other enzymes, and by-products, it could increase the country’s economy [74]. Workers and researchers have used FVW as a substrate for the cheap production of amylases; mostly the starch present in barley, rice plants, and cassava mash waste-water has been used as a substrate for the production of α-amylase (Table 5).




9.2. Application of Amylase


High blood glucose (sugar) levels cause vascular complications such as retinopathy, neuropathy, nephropathy, and damage to vital organs. The main role of α-amylase (α-1,4-glucan-4-glucanohydrolases), which is secreted from the human pancreas, catalyses the hydrolysis of a (1,4)-glycosidic linkage, converting starch and glycogen to maltose and glucose while α-glucosidaseconverts maltose to glucose in the small intestine. The α-amylase is consumed or degrades starches and branched maltodextrins [83].



Nowadays, amylases are used very widely in industries. They play a great role and have multiple applications in various industries such as dairy, soft drinks, human diet, chocolate, pharmaceuticals, food processing, leather, textile, paper, wine, meat, fish processing and many others. α-Glucosidase can digest dietary starch into glucose [83]. Current uses of amylase include biotechnology/microbiology processes such as starch degradation, detergents, foodstuff, pharmaceuticals, food, liquefaction and saccharification, textile, clinical, medical, analytical chemistry, and paper manufacturing as well as the pharmaceutical industry for the production of glucose syrups, high fructose corn syrups, maltose syrups, and the reduction in the viscosity of sugar syrups [84].





10. Future Prospects of Pectinase, Cellulase, and Amylase


This multienzyme is a group of enzymes that can mostly be used in various food industries. In the 21st century, this can be obtained from different microbial sources using cost-effective carbon-rich substrates such as FVW and lignocellulosic waste materials. Nowadays, new technologies are drifting toward increased knowledge about the structure of enzymes including genomics, next-generation sequencing, metagenome, and transcriptomics. The microbial production of the multienzyme (PCA) and their role in industrial prospects are very important for fulfilling and increasing the demands of food enzymes.



A report by CAGR (2023–2030) of the research and analysis provided within the Bio Enzymes Market Research is meant to benefit stakeholders, vendors, and other participants in the industry [85]. The bioenzyme market is expected to grow annually significantly (https://www.360researchreports.com/enquiry/request-sample/21572379 accessed on 15 June 2024). The genetically modified bacterial and fungal strains as well as thermo-stable, alkaline-resistant cellulase production are very useful for future prospects and industrial applications of cellulase in the future [86]. The use of novel molecular technologies for enzyme production through gene expression, proteogenomics analysis, enzyme design, etc. will enhance this field. These emerging strategies used for metagenomics and bioinformatic tools, viz., sequence homology, docking studies, and de novo enzyme design will be useful in this regard [87].




11. Challenges for the Production of Multienzyme


Besides the issues and challenges for microbial multienzyme production from FVW and valuable products, the PCA yield from microbial cultures may be influenced by factors such as the microbial strain, fermentation conditions, and substrate complexity. The strain selection for improved enzyme production could address the optimisation of fermentation parameters (e.g., pH, temperature, agitation, nutrient additions, and aeration) [88]. Transitioning from lab-scale to industrial-scale production poses difficulties in terms of the process scalability, reactor design, and logistics, as does approaching the environmental and economic benefits, limitations, and challenges. The issues of the FVW composition can vary widely depending on factors like seasonal variations, type of produce, and processing methods. Nowadays, the challenge is to ensure consistent multienzyme production and PCA activity levels across different batches of substrate, achieving high enzyme yields, and maintaining the optimal enzyme activity throughout the production process. However, the enzyme immobilization techniques, formulation strategies (e.g., encapsulation) and storage conditions could impact the enzyme stability and shelf life and consequently lower the product formation [89,90,91].




12. Conclusions


Agricultural, mandi, municipal, and industrial wastes are generated in huge quantities, causing pollution in the environment and developing various types of diseases for humans. This waste can be utilised as a substrate for the production of multienzymes by microbial intervention so that this biodegradable waste can be completely utilised as a multienzyme preparation, by-products, and other products. However, the studies analysed of the characteristics of pectinases, cellulases, and amylases such as their production, shape, size, application, and faster time and obtained more cheaply as substrate. The pectinase, cellulase, and amylaseare multienzymes, which is novel and identical to the biotechnological or microbiological potential for production. Many of the findings listed (references) in this review update the evidence of degradation by various microbial pectinolytic, cellulolytic, and amylolytic multienzymes present in the waste. This microbial multienzyme may gain in importance and be used for commercial production by several industries including food and beverage, animal feed supplements, bio-fuel, paper industry, textile, detergent, and liquefaction/clarification industries.







Author Contributions


Conceptualisation, N.G., P.M. and S.K.S.; Writing—original draft preparation, S.K.S. and B.S.; Writing—review and editing, N.G., S.K.S. and B.S.; Supervision, N.G. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by the ‘Application of Microorganisms in Agriculture and Allied Sectors’ (AMAAS) networking project of the Indian Council of Agricultural Research, New Delhi, India.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to thank the Director, ICAR-Central Institute for Subtropical Horticulture, Lucknow, India, for providing guidance and support.




Conflicts of Interest


The authors declare that there are no conflicts of interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Nigam, P.S. Microbial enzymes with special characteristics for biotechnological applications. Biomolecules 2013, 3, 597–611. [Google Scholar] [CrossRef]

	



BCC, Publishing, (Aug 2021) BIO030L. Available online: https://www.bccresearch.com/market-research/biotechnology/global-markets-for-enzymes-in-industrial-applications.html (accessed on 16 June 2024).

	



Sharma, R.; Oberoi, H.S.; Dhillon, G.S. Fruit and vegetable processing waste: Renewable feed stocks for enzyme production. In Agro-Industrial Wastes as Feedstock for Enzyme Production; Dhillon, G.S., Kaur, S., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 23–59. [Google Scholar] [CrossRef]

	



Ranjith, S.; Kanchana, D.; Pratheep, S. Cellulase production from Aspergillus niger using paddy straw as a Substrate and Immobilization. Int. J. Pure App. Biosci. 2018, 6, 1081–1084. [Google Scholar] [CrossRef]

	



Tufvesson, P.; Fu, W.; Jacob, J.; John, W. Process considerations for the scale-up and implementation of biocatalysis. Food Bioprod. Process. 2010, 88, 3–11. [Google Scholar] [CrossRef]

	



Naganthran, A.; Masomian, M.; Rahman, R.N.Z.R.A.; Ali, M.S.M.; Nooh, H.M. Improving the efficiency of new automatic dishwashing detergent formulation by addition of thermostable lipase, protease and amylase. Molecules 2017, 22, 1577. [Google Scholar] [CrossRef] [PubMed]

	



Binod, P.; Gnansounou, E.; Sindhu, R.; Pandey, A. Enzymes for second generation biofuels: Recent developments and future perspectives. Bioresour. Technol. Rep. 2019, 5, 317–325. [Google Scholar] [CrossRef]

	



Singh, A.; Kaur, A.; Yadav, R.D.; Mahajan, R. An efficient eco-friendly approach for recycling of newspaper waste. 3 Biotech 2019, 9, 51. [Google Scholar] [CrossRef]

	



Ye, X.; Wang, Y.; Hopkins, R.C.; Adams, M.W.; Evans, B.R.; Mielenz, J.R.; Zhang, Y.H. Spontaneous high-yield production of hydrogen from cellulosic materials and water catalyzed by enzyme cocktails. Chem. Sus. Chem. 2009, 2, 149–152. [Google Scholar] [CrossRef]

	



Alsersy, H.; Salem, A.Z.M.; Borhami, B.E.; Olivares, J.; Gado, H.M.; Mariezcurrena, M.D.; Yacuot, M.H.; Kholif, A.E.; El-Adawy, M.; Hernandez, S.R. Effect of mediterranean saltbush (Atriplex halimus) ensilaging with two developed enzyme cocktails on feed intake, nutrient digestibility and ruminal fermentation in sheep. Anim. Sci. J. 2015, 86, 51–58. [Google Scholar] [CrossRef]

	



Das, A.K.; Islam, M.N.; Billah, M.M.; Sarker, A. COVID-19 pandemic and healthcare solid waste management strategy—A mini-review. Sci. Total Environ. 2021, 778, 146220. [Google Scholar] [CrossRef] [PubMed]

	



Lucarini, M.; Durazzo, A.; Bernini, R.; Campo, M.; Vita, C.; Souto, E.B.; Lombardi-Boccia, G.; Ramadan, M.F.; Santini, A.; Romani, A. Fruit wastes as a valuable source of value-added compounds: A collaborative perspective. Molecules 2021, 26, 6338. [Google Scholar] [CrossRef]

	



Sanchez, S.; Demain, A.L. Metabolic regulation and overproduction of primary metabolites. Microb. Biotechnol. 2008, 1, 283–319. [Google Scholar] [CrossRef]

	



Arekemase, M.O.; Omotosho, I.O.; Agbabiaka, T.O.; Ajide-Bamigboye, N.T.; Lawal, A.K.; Ahmed, T.; Orogu, J.O. Optimization of bacteria pectinolytic enzyme production using banana peel as substrate under submerged fermentation. Sci. World J. 2020, 15, 56–63. [Google Scholar]

	



Crognale, S.; Liuzzi, F.; D’Annibale, A.; de Bari, I.; Petruccioli, M. Cynaracardunculus a novel substrate for solid-state production of Aspergillus tubingensis cellulases and sugar hydrolysates. Biomass Bioenergy 2019, 127, 105276. [Google Scholar] [CrossRef]

	



Premalatha, N.; Gopal, N.O.; Jose, P.A.; Anandham, R.; Kwon, S.W. Optimization of cellulase production by Enhydrobacter sp. ACCA2 and its application in biomass saccharification. Front. Microbiol. 2015, 6, 1046. [Google Scholar] [CrossRef] [PubMed]

	



Singh, B.; Garg, N.; Mathur, P.; Soni, S.K.; Vaish, S.; Kumar, S. Microbial production of multienzyme preparation from mosambi peel using Trichoderma asperellum. Arch. Microbiol. 2022, 204, 313. [Google Scholar] [CrossRef]

	



Singh, B.; Garg, N.; Mathur, P.; Vaish, S.; Kumar, S. Production of multi enzyme preparation by Bacillus subtilis using mosambi peel as substrate. J. Environ. Biol. 2022, 43, 612–621. [Google Scholar] [CrossRef]

	



Islam, F.; Roy, N. Screening, purification and characterization of cellulase from cellulase-producing bacteria in molasses. BMC Res. Notes 2018, 11, 445. [Google Scholar] [CrossRef]

	



Mengistu, F.; Pagadala, V.K. Isolation and screening of amylase producing thermophilic spore-forming Bacilli from starch-rich soil and characterization of their amylase activity. Afr. J. Microbiol. Res. 2017, 11, 851–859. [Google Scholar]

	



Chugh, P.; Soni, R.; Soni, S.K. Deoiled rice bran: A substrate for co-production of a consortium of hydrolytic enzymes by Aspergillus niger P-19. Waste Biomass Valorization 2016, 7, 513–525. [Google Scholar] [CrossRef]

	



Li, P.J.; Xia, J.L.; Shan, Y.; Nie, Z.Y. Comparative study of multi-enzyme production from typical agro-industrial residues and ultrasound-assisted extraction of crude enzyme in fermentation with Aspergillus japonicus PJ01. Bioprocess Biosyst. Eng. 2015, 38, 2013–2022. [Google Scholar] [CrossRef] [PubMed]

	



Shariq, M.; Sohail, M. Citrus limetta peels: A promising substrate for the production of multienzyme preparation from a yeast consortium. Bioresour. Bioprocess. 2019, 6, 43. [Google Scholar] [CrossRef]

	



Daniel, R.M.; Dines, M.; Petach, H.H. The denaturation and degradation of stable enzymes at high temperatures. Biochem J. 1996, 317 Pt 1, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.P.; Li, M.; Zhou, Y.; Yang, L.R.; Xu, G. Introducing a salt bridge into the lipase of Stenotrophomonas maltophilia results in a very large increase in thermal stability. Biotechnol. Lett. 2015, 37, 403–407. [Google Scholar] [CrossRef] [PubMed]

	



Ejaz, U.; Muhammad, S.; Hashmi, I.A.; Ali, F.I.; Sohail, M. Utilization of methyltrioctyl ammonium chloride as new ionic liquid in pretreatment of sugarcane bagasse for production of cellulase by novel thermophilic bacteria. J. Biotechnol. 2020, 317, 34–38. [Google Scholar] [CrossRef]

	



Ejaz, U.; Sohail, M.; Ghanemi, A. Cellulases: From bioactivity to a variety of industrial applications. Biomimetics 2021, 6, 44. [Google Scholar] [CrossRef] [PubMed]

	



de Castro, R.J.S.; Sato, H.H. Enzyme production by solid-state fermentation: General aspects and an analysis of the physicochemical characteristics of substrates for agro-industrial wastes valorization. Waste Biomass Valori. 2015, 6, 1085–1093. [Google Scholar] [CrossRef]

	



Ansari, S.A.; Husain, Q. Potential applications of enzymes immobilized on/in nano materials: A review. Biotech. Adv. 2012, 30, 512–523. [Google Scholar] [CrossRef] [PubMed]

	



Martin, M.C.; DellÓlio, G.A.G.; Villar, M.A.; Morata, V.I.; López, O.V.; Ninago, M.D. Preparation and characterization of an immobilized enological pectinase on agar alginate beads. Macromol. Symp. 2020, 394, 1900208. [Google Scholar] [CrossRef]

	



de Souza, S.P.; Junior, I.I.; Silva, G.M.A.; Miranda, L.S.M.; Santiago, M.F.; Leung-Yuk Lam, F.; de Souza, R.O.M.A. Cellulose asan efficient matrix for lipase and transaminase immobilization. RSC Adv. 2016, 6, 6665–6671. [Google Scholar] [CrossRef]

	



Voragen, A.G.J.; Coenen, G.J.; Verhoef, R.P.; Schols, H.A. Pectin, a versatile polysaccharide present in plant cell walls. Struct. Chem. 2009, 20, 263–275. [Google Scholar] [CrossRef]

	



Haile, S.; Ayele, A. Pectinase from microorganisms and its industrial applications. Sci. World. J. 2022, 2022, 1881305. [Google Scholar] [CrossRef]

	



Jayani, R.S.; Saxena, S.; Gupta, R. Microbial pectinolytic enzymes: A review. Process. Biochem. 2005, 40, 2931–2944. [Google Scholar] [CrossRef]

	



Gautam, A.; Yadav, S.; Yadav, D. Purification and characterization of polygalacturonase from Aspergillus fumigatus MTCC 2584 and elucidating its application in retting of Crotalaria juncea fiber. 3 Biotech 2016, 6, 201. [Google Scholar] [CrossRef]

	



Ismail, A.S.; Abo-Elmagd, H.I.; Housseiny, M.M. A safe potential juice clarifying pectinase from Trichoderma viride EF-8 utilizing Egyptian onion skins. J. Genet. Eng. Biotechnol. 2016, 14, 153–159. [Google Scholar] [CrossRef]

	



Nabi, N.G.; Asgher, M.; Shah, A.H.; Sheikh, M.A.; Asad, M.J. Production of pectinase by Trichoderma harzianum in solid State fermentation of citrus peel. Pak. J. Agric. Sci. 2003, 40, 3–4. [Google Scholar]

	



Garg, N.; Singh, B.; Vaish, S.; Kumar, S. Enzyme production from different fruit and vegetable waste using lactic acid fermentation. J. Eco-Friendly Agric. 2021, 16, 74–76. [Google Scholar] [CrossRef]

	



Adeleke, A.J.; Odunfa, S.A.; Olanbiwonninu, A.; Owoseni, M.C. Production of cellulase and pectinase from orange peels by fungi. Nat. Sci. 2012, 10, 107–112. [Google Scholar]

	



Ramos-Ibarra, J.R.; Miramontes, C.; Arias, A.; Arriola, E. Production of hydrolytic enzymes by solid-state fermentation with new fungal strains using orange by-products Guatemala G, Corona González RI. Rev. Mex. Ing. Quim. 2017, 16, 19–31. [Google Scholar] [CrossRef]

	



Siddiqui, M.A.; Pande, V.; Arif, M. Production, purification, and characterization of polygalacturonase from Rhizomucor pusillus isolated from Decomposting orange peels. Enzyme Res. 2012, 2012, 138634. [Google Scholar] [CrossRef] [PubMed]

	



Rayhanea, H.; Josianea, M.; Gregoriac, M.; Yiannisc, K.; Nathaliea, D.; Ahmedb, M.; Sevastianosa, R. From flasks to single used bioreactor: Scale-up of solid-state fermentation process for metabolites and conidia production by Trichoderma asperellum. J. Environ. Manag. 2020, 252, 109496. [Google Scholar] [CrossRef]

	



Bech, L.; Herbst, F.A.; Grell, M.N.; Hai, Z.; Lange, L. On-site enzyme production by Trichoderma asperellum for the degradation of duckweed. Fungal Genet. Biol. 2015, 5, 126. [Google Scholar] [CrossRef]

	



Shrestha, S.; Khatiwada, J.R.; Zhang, X.; Chio, C.; Kognou, A.L.M.; Chen, F.; Han, S.; Chen, X.; Qin, W. Screening and molecular identification of novel pectinolytic bacteria from forest soil. Fermentation 2021, 7, 40. [Google Scholar] [CrossRef]

	



Kubra, K.T.; Ali, S.; Walait, M.; Sundus, H. Potential applications of pectinases in food, agricultural and environmental sectors. J. Pharm. Chem. Biol. Sci. 2018, 6, 23–34. [Google Scholar]

	



Tedesco, D.E.A.; Scarioni, S.; Tava, A.; Panseri, S.; Zuorro, A. Fruit and vegetable wholesale market waste: Safety and nutritional characterisation for their potential re-use in livestock nutrition. Sustainability 2021, 13, 9478. [Google Scholar] [CrossRef]

	



Yadav, S.K.; Yadav, P.K.; Yadav, D.; Yadav, K.D.S. Pectin lyase: A review. Process. Biochem. 2009, 44, 1–10. [Google Scholar] [CrossRef]

	



Kashyap, D.R.; Vohra, P.K.; Chopra, S.; Tewari, R. Applications of pectinases in the commercial sector: A review. Bioresour. Technol. 2001, 77, 215–227. [Google Scholar] [CrossRef]

	



Pacheco-Quito, E.M.; Ruiz-Caro, R.; Veiga, M.-D. Carrageenan: Drug delivery systems and other biomedical applications. Mar. Drugs 2020, 18, 583. [Google Scholar] [CrossRef]

	



Morin-Crini, N.; Lichtfouse, E.; Torri, G.; Crini, G. Applications of chitosan in food, pharmaceuticals, medicine, cosmetics, agriculture, textiles, pulp and paper, biotechnology, and environmental chemistry. Environ. Chem. Lett. 2019, 17, 1667–1692. [Google Scholar] [CrossRef]

	



Mehandzhiyski, A.Y.; Zozoulenko, I.A. A Review of cellulose coarse-grained models and their applications. Polysaccharides 2021, 2, 257–270. [Google Scholar] [CrossRef]

	



Bendaoud, A.; Lahkimi, A.; Kara, M.; Moubchir, T.; Assouguem, A.; Belkhiri, A.; Allali, A.; Hmamou, A.; Almeer, R.; Sayed, A.A.; et al. Field study and chemical analysis of plant waste in the fez-Meknes region, Morocco. Sustainability 2022, 14, 6029. [Google Scholar] [CrossRef]

	



Kumar, A.K.; Parikh, B.S. Cellulose-degrading enzymes from Aspergillus terreus D34 and enzymatic saccharification of mild-alkali and dilute-acid pretreated lignocellulosic biomass residues. Bioresour. Bioprocess. 2015, 2, 7. [Google Scholar] [CrossRef]

	



Zapata, Y.M.; Galviz-Quezada, A.; Osorio Echeverri, V.M. Cellulases production on paper and sawdust using native Trichoderma asperellum. Univ. Sci. 2018, 23, 419–436. [Google Scholar] [CrossRef]

	



Nargotra, P.; Sharma, V.; Lee, Y.C.; Tsai, Y.H.; Liu, Y.C.; Shieh, C.J.; Tsai, M.L.; Dong, C.D.; Kuo, C.H. Microbial lignocellulolytic enzymes for the effective valorization of lignocellulosic biomass: A review. Catalysts 2023, 13, 83. [Google Scholar] [CrossRef]

	



Maravi, P.; Kumar, A. Optimization and statistical modeling of microbial cellulase production using submerged culture. J. Appl. Biol. Biotechnol. 2021, 9, 142–152. [Google Scholar] [CrossRef]

	



Orencio-Trejo, M.; De la Torre-Zavala, S.D.; Rodriguez-Garcia, A.; Avilés-Arnaut, H.; Gastelum-Arellanez, A. Assessing the performance of bacterial cellulases: The use of Bacillus and Paenibacillus Strains as enzyme sources for lignocellulose saccharification. BioEnergy Res. 2016, 9, 1023–1033. [Google Scholar] [CrossRef]

	



Ellilä, S.; Fonseca, L.; Uchima, C.; Cota, J.; Goldman, G.H.; Saloheimo, M.; Sacon, V.; Siika-Aho, M. Development of a low-cost cellulase production process using Trichoderma reesei for Brazilian biorefineries. Biotechnol. Biofuels 2017, 10, 30. [Google Scholar] [CrossRef] [PubMed]

	



Patel, K.; Patel, H.; Shah, G. Production and optimization of cellulase enzymes from newly isolated fungi. J. Pure Appl. Microbiol. 2014, 8, 4163–4169. [Google Scholar]

	



Jadhav, A.R.; Girde, A.V.; More, S.M.; More, S.B.; Khan, S. Cellulase production by utilizing agricultural wastes. Res. J. Agric. For. Sci. 2013, 1, 6–9. [Google Scholar]

	



Gordillo-Fuenzalida, F.; Echeverria-Vega, A.; Cuadros-Orellana, S.; Faundez, C.; Kähne, T.; Morales-Vera, R. Cellulases production by a Trichoderma sp. using food manufacturing wastes. Appl. Sci. 2019, 9, 4419. [Google Scholar] [CrossRef]

	



Pinotti, L.M.; Paulino, L.B.; Agnezi, J.C.; Santos, P.A.; Silva, H.N.L.; Zavarise, J.P.; Salomão, G.S.B.; Tardioli, P.W. Evaluation of different fungi and bacteria strains for production of cellulases by submerged fermentation using sugarcane bagasse as carbon source: Effect of substrate concentration and cultivation temperature. Afr. J. Biotechnol. 2020, 19, 625–635. [Google Scholar] [CrossRef]

	



Gama, R.; Van Dyk, J.S.V.; Pletschke, B.I. Optimisation of enzymatic hydrolysis of apple pomace for production of biofuel and biorefinery chemicals using commercial enzymes. 3 Biotech 2015, 5, 1075–1087. [Google Scholar] [CrossRef]

	



Ibrahim, M.F.; Razak, M.N.A.; Phang, L.Y.; Hassan, M.A.; Abd-Aziz, S. Crude cellulase from oil palm empty fruit bunch by Trichoderma asperellum UPM1 and Aspergillus fumigatus UPM2 for fermentable sugars production. Appl. Biochem. Biotechnol. 2013, 170, 1320–1335. [Google Scholar] [CrossRef] [PubMed]

	



Gimba, Y.A.; Idris, A.; Hassan, A.; Hassan, O.N. Isolation and optimization of the fermentation condition of cellulolytic microbial isolates from cassava waste water. GSC Biol. Pharm. Sci. 2021, 14, 11–17. [Google Scholar] [CrossRef]

	



Jasani, H.; Umretiya, N.; Dharajiya, D.; Kapuria, M.; Shah, S.; Patel, J. Isolation, optimization and production of cellulase by Aspergillus niger from agricultural waste. J. Pure Appl. Microbiol. 2016, 10, 1159–1166. [Google Scholar]

	



Fischer, R.; Ostafe, R.; Twyman, R.M. Cellulases from insects. Adv. Biochem. Eng. Biotechnol. 2013, 136, 51–64. [Google Scholar] [CrossRef]

	



Motaung, T.E.; Anandjiwala, R.D. Effect of alkali and acid treatment on thermal degradation kinetics of sugar cane bagasse. Ind. Crop. Prod. 2015, 74, 472–477. [Google Scholar] [CrossRef]

	



Adlakha, N.; Sawant, S.; Anil, A.; Lali, A.; Yazdani, S.S. Specific fusion of β-1,4-endoglucanase and β-1,4-glucosidase enhances cellulolytic activity and helps in channeling of intermediates. Appl. Environ. Microbiol. 2012, 78, 7447–7454. [Google Scholar] [CrossRef]

	



Kumar, D.; Yadav, K.K.; Singh, M.; Garg, N. Biochemical utilization of agro-industrial lignocelluloses rich waste for cellulase production. Res. J. Agric. Sci. 2012, 44, 184–191. [Google Scholar]

	



Sartori, T.; Tibolla, H.; Prigol, E.; Colla, L.M.; Costa, J.A.; Bertolin, T.E. Enzymatic saccharification of lignocellulosic residues by cellulases obtained from solid-state fermentation using Trichoderma viride. BioMed Res. Int. 2015, 2015, 342716. [Google Scholar] [CrossRef]

	



Kuhad, R.C.; Gupta, R.; Singh, A. Microbial cellulases and their industrial applications. Enzym. Res. 2011, 2011, 280696. [Google Scholar] [CrossRef]

	



de Souza, P.M.; de Oliveira Magalhães, P. Application of microbial α-amylase in industry—A review. Braz. J. Microbiol. 2011, 41, 850–861. [Google Scholar] [CrossRef] [PubMed]

	



Okino-Delgado, C.H.; Prado, D.Z.; Fleuri, L.F. Brazilian fruit processing, wastes as a source of lipase and other biotechnological products: A review. An. Da Acad. Bras. De Ciências 2018, 90, 2927–2943. [Google Scholar] [CrossRef]

	



Hasan, M.M.; Marzan, L.W.; Hosna, A.; Hakim, A.; Azad, A.K. Optimization of some fermentation conditions for the production of extracellular amylases by using Chryseobacterium and Bacillus isolates from organic kitchen wastes. J. Genet. Eng. Biotechnol. 2017, 15, 59–68. [Google Scholar] [CrossRef]

	



Balakrishnan, M.; Jeevarathinam, G.; Kumar, S.K.S.; Muniraj, I.; Uthandi, S. Optimization and scale-up of α-amylase production by Aspergillus oryzae using solid-state fermentation of edible oil cakes. BMC Biotechnol. 2021, 21, 33. [Google Scholar] [CrossRef]

	



Namashivayam, S.K.R.; Nirmala, D. Enhanced production of alpha amylase using vegetable waste by Aspergillus niger strain SK01 marine isolate. Indian J. Geo-Mar. Sci. 2011, 40, 130–133. [Google Scholar]

	



Msarah, M.J.; Ibrahim, I.; Hamid, A.A.; Aqma, W.S. Optimisation and production of alpha amylase from thermophilic Bacillus spp. and its application in food waste biodegradation. Heliyon 2020, 6, e04183. [Google Scholar] [CrossRef]

	



Olakusehin, V.O.; Oyedeji, O. Production of α-amylase from Aspergillus flavus S2-OY using solid substrate fermentation of potato (Solanum tuberosum L.) peel. Int. J. Biol. Chem. Sci. 2021, 15, 1950–1967. [Google Scholar] [CrossRef]

	



Panicker, S.G.; Bhumbar, D.; Borate, M.; Joshi, A. Production, purification and analysis of biocleaners (enzymes) from fruit peels by using bacteria and yeast. Int. J. Recent Sci. Res. 2021, 12, 40979–40985. [Google Scholar]

	



Simair, A.A.; Qureshi, A.S.; Khushk, I.; Ali, C.H.; Lashari, S.; Bhutto, M.A.; Mangrio, G.S.; Lu, C. Production and Partial Characterization of α-amylase Enzyme from Bacillus sp. BCC 01–50 and Potential Applications. BioMed. Res. Int. 2017, 2017, 9173040. [Google Scholar] [CrossRef]

	



Erdal, S.; Taskin, M. Production of alpha-amylase by Penicillium expansum MT-1 in solid-state fermentation using waste Loquat (Eriobotrya japonica Lindley) kernels as substrate. Rom. Biotechnol. Lett. 2010, 15, 5342–5350. [Google Scholar]

	



Ullah, H.; Uddin, I.; Rahim, F.; Khan, F.; Sobia, T.M.; Taha, M.U.; Khan, M.U.; Hayat, S.; Ullah, M.; Gul, Z.; et al. In vitro α-glucosidase and α-amylase inhibitory potential and molecular docking studies of benzohydrazide based imines and thiazolidine-4-one derivatives. J. Mol. Struct. 2022, 1251, 132058. [Google Scholar] [CrossRef]

	



Sivaramakrishnan, S.; Gangadharan, D.; Nampoothiri, K.M.; Pandey, A. Alpha amylases from microbial sources—An overview on recent developments. Food Technol. Biotechnol. 2006, 44, 173–184. [Google Scholar]

	



CAGR, 2023. Available online: https://www.360researchreports.com/enquiry/request-sample/21572379 (accessed on 15 June 2024).

	



Imran, M.; Anwar, Z.; Irshad, M.; Asad, M.J.; Ashfaq, H. cellulase production from speciesof fungi and bacteria from agricultural wastes and its utilization in industry: A review. Adv. Enz. Res. 2016, 4, 44–55. [Google Scholar] [CrossRef]

	



Talavera-Caro, A.G.; Alva-Sánchez, D.L.; Sosa-Herrera, A.; Sánchez-Muñoz, M.A.; Hernández-De Lira, I.O.; Hernández-Beltran, J.U.; Hernández-Almanza, A.Y.; Balagurusamy, N. Chapter 11-Emerging trends and future perspectives on enzyme prospection with reference to food processing. In Value-Addition in Food Products and Processing through Enzyme Technology; Academic Press: Cambridge, MA, USA, 2022; pp. 139–151. [Google Scholar] [CrossRef]

	



Singh, B.; Soni, S.K.; Vaish, S.; Mathur, P.; Garg, N. Immobilization of microbial multienzyme preparation on calcium alginate beads or by lyophilization with mosambi peel matrix improved its shelf-life and stability. Folia Microbiol. 2023, 69, 37498405. [Google Scholar] [CrossRef] [PubMed]

	



Singh, B.; Soni, S.K.; Mathur, P.; Garg, N. Precise utilization of fruit and vegetable waste as a substrate for the multienzyme production by Bacillus subtilis NG105 and Trichoderma asperelllum NG125. Biocatal. Agric. Biotechnol. 2023, 51, 102797. [Google Scholar] [CrossRef]

	



Adamu, H.; Bello, U.; Yuguda, A.U.; Tafida, U.I.; Jalam, A.M.; Sabo, A.; Qamar, M. Production processes, techno-economic and policy challenges of bioenergy production from fruit and vegetable wastes. Renew. Sust. Energ. Rev. 2023, 186, 113686. [Google Scholar] [CrossRef]

	



Khaswal, A.; Mishra, S.K.; Chaturvedi, N.; Saini, S.; Pletschke, B.; Kuhad, R.C. Microbial enzyme production: Unlocking the potential of agricultural and food waste through solid-state fermentation. Bioresour. Technol. Rep. 2024, 27, 101880. [Google Scholar] [CrossRef]








[image: Applmicrobiol 04 00084 g001] 





Figure 1. Flowchart of the solid-state fermentation of FVW for enzymes or multienzyme production by microbial intervention. 
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Figure 2. Flowchart of enzyme production by the fermentation process. 
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Table 1. Primary screening by the zone visualization method.






Table 1. Primary screening by the zone visualization method.





	Enzyme
	Medium
	Indicator Dye
	Observation
	References





	Pectinase
	Medium with pectin substrate
	Congo Red
	Blue-violet or Red
	[17,18]



	Cellulase
	Medium with carboxymethylcellulose
	Congo Red
	Blue-violet or Red
	[19]



	Amylase
	Medium with starch
	Iodine
	Brownish
	[20]










 





Table 2. Production and optimisation of pectinase from biodegrading waste using microbial isolates.
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	Waste
	Source of Isolation
	Organisms
	pH
	Temp. (°C)
	References





	Mosambi peel
	Organic substrate
	Trichoderma asperellum
	5.5
	30
	[17]



	Sunn hemp fibre
	MTCC (Microbial Type Culture Collection)
	Aspergillus fumigatus
	10.0
	30
	[35]



	Citrus peel
	NIBGE (National Institute for Biotechnology and Genetic Engineering)
	Trichoderma harzianum
	5.5
	28
	[37]



	Mango, Mosambi, banana, cabbage, etc.
	ATCC 8014TM
	Lactobacillus sp.
	-
	35
	[38]



	Orange peels
	Orange peels and soil
	Penicillium atrovenetum
	5.5
	35
	[39]



	Orange peels
	Rotten orange residues
	Fusarium sp., C. oxysporum, Mucor racemosus, Penicillium minioluteum, and Trichoderma reesei
	-
	30
	[40]



	Orange peels
	Soil and decayed fruits
	Rhizomucor pusilis
	5.0
	50
	[41]



	Mixture of vine shoots, jatropha cake, olive pomace, and olive oil
	IRD/IMBE
	Trichoderma asperellum
	7.0
	25
	[42]



	Wheat bran and duckweed
	Westerdijk Fungal Biodiversity Institute
	Trichoderma asperellum
	5.5
	30
	[43]










 





Table 4. Production and optimisation of cellulase from biodegrading waste using microbial isolates.
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	Waste
	Isolation Source
	Organisms
	pH
	Temp. (°C)
	Km/Vmax
	References





	Paddy straw
	Spoiled coconut
	Aspergillus niger
	20~40
	5.5~7.0
	
	[4]



	Mosambi peel
	Organic substrates
	Bacillus subtilis
	35
	5.5
	-
	[18]



	Mosambi peel
	Organic substrates
	Trichoderma asperellum
	30
	5.5
	2.0/114.9
	[17]



	Orange peels
	Orange peels and soil
	Aspergillus flavus
	5.5
	40
	-
	[39]



	Rice straw and sugarcane bagasse
	Degraded straw
	Aspergillus terreus
	45
	-
	12.0/16.1
	[53]



	Rice bran and wheat straw
	Agricultural and agro-industry
	Fungal and bacteria
	28
	7.0
	-
	[59]



	Rice husks, millet husks, banana peels, wheat bran, coir, and sawdust
	-
	Aspergillus niger
	3–9
	10–50
	-
	[60]



	Sugarcane bagasse
	ATCC
	Bacillus megaterium and Bacillus subtilis
	33
	-
	-
	[62]



	Apple pomace
	-
	-
	25–60
	3.0–4.5
	
	[63]



	Oil palm empty fruit bunch
	-
	Trichoderma asperellum and Aspergillus fumigatus
	35 and 45, respectively
	7.0 and 6.0, respectively
	-
	[64]



	Cassava wastewater
	-
	Bacillus subtilis and Aspergillus niger
	30~80
	3~9
	-
	[65]



	Wheat straw and bran
	Soil and agro-waste
	Aspergillus fumigateus and Aspergillus niger
	28
	4.2
	-
	[66]



	Saw dust
	MTCC
	Trichoderma reesei
	30
	6.5
	1.07/4.67
	[67]










 





Table 5. Production and optimisation of amylase from biodegrading waste using microbial isolates.
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	Waste
	Source of Isolation
	Organisms
	pH
	Temp. (°C)
	Km/Vmax
	References





	Mosambi peel
	Organic substrates
	Trichoderma asperellum
	5.0
	30
	1.0/134.8
	[17]



	Mosambi peel
	Organic substrates
	Bacillus subtilis
	5.5
	35
	-
	[18]



	Kitchen waste
	Municipal solid waste
	Chryseobacterium sp. and Bacillus sp.
	5.0 and 7.0
	50
	-
	[75]



	Edible oil cake, groundnut oil cake, coconut oil cake, and sesame oil cake
	MTCC
	Aspergillus oryzae
	32.5
	4.5
	-
	[76]



	Vegetable waste
	Marine water
	Aspergillus niger
	9.0
	70
	-
	[77]



	Fruit and vegetable waste
	Kitchen food waste
	Bacillus subtilis, Bacillus licheniformis
	6.0
	45
	-
	[78]



	Potato peel
	Soil of cassava waste dumpsite
	Aspergillus flavus
	5.0
	25
	-
	[79]



	Fruit peel
	-
	Trichoderma, Bacillus sp., S. cerevisiae
	6.0
	-
	-
	[80]



	Molasses
	-
	Bacillus sp.
	8.0
	50
	-
	[81]



	Loquat kernels
	Fermented loquat kernels
	Penicillium expansum
	6.0
	30
	-
	[82]
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