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    FOREWORD




    


    


    


    


    


  




  

    Microbes, or microscopic organisms, are widely used in large-scale industrial processes. They are crucial for the production of a variety of metabolites, such as ethanol, butanol, lactic acid, and riboflavin, as well as the transformation of chemicals that help in reducing the environmental pollution. For instance, microbes can be used to create biofertilizers or to reduce metal pollutants. Certain non-microbial products can also be used to produce certain microbial products, such as the diabetes medication insulin.




    The immense use of chemical fertilizers, pesticides, fungicides, and weedicides has diminished the soil texture, quality, and ecosystem of the soil. It also leads to an unfavourable environment for favourable soil microbes. It may also lead to the development of resistant pathogenic strains, which may have devastating effects on the plants. Therefore, it seems that it is the best time to reduce the use of chemicals in agriculture and farmers should opt for biologically derived chemicals in their fields. The beneficial soil microbes, upon interaction with the plants, enhance productivity. They directly or indirectly take part in various enzymatic activities, leading to various byproducts beneficial to plants and ultimately animals, including human beings. Therefore, the use of natural bio-molecules will not only increase soil productivity but will also be environmentally eco-friendly.




    This book, which deals with "INDUSTRIAL APPLICATION OF SOIL MICROBES" Vol. 2, is a timely, appreciable, and praise-worthy contribution to the field of Industrial Microbiology. The different chapters of this book, written by various experts in their fields, have made this book more valuable and highly scientific. A team of a galaxy of experts has explained the dynamics of soil microbes and the knowledge about their direct or indirect use in agriculture and industry. This book will help to launch a programme to make every family farm a bio-fortified farm in the days to come. I, therefore, hope that this book will be widely read by students, teachers, and researchers and will serve the purpose of being an important reference book.




    I congratulate all the contributors and members of the editorial board for preparing this script of microbiological wisdom.






    

      Prof. K.R. Maurya


      M.Sc. (Ag) Kanpur, D.Phil. (Allahabad)


      F.H.S.I., Former Vice-Chancellor - RAU, Pusa


      Samastipur (Bihar) and M.J.R.P. University


      Jaipur (Rajasthan), Director (Horticulture)


      AKS University, Satna


      Madhya Pradesh, India

    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Modern agricultural practices largely rely on high inputs of mineral fertilizers to high yields and involve the application of chemical pesticides to protect crops from diseases and pests. These practices are now being reevaluated and coming under scrutiny as our awareness of potential health and environmental consequences of excessive mineral fertilizers and chemical pesticide usage improves. It is widely recognized that the application of mineral fertilizers (especially nitrogen) can result in soil sickness and groundwater contamination by nitrates leaching through the soil profiles. To preserve our most precious natural resources like soil and water, this is high time to go for organic agriculture.




    Thus, the present condition of soil and groundwater again requires scientists and researchers to maintain their productivity as well as quality. As the world population is increasing enormously, there is a need to sustain agriculture and increase the yield of agricultural products by using biochemicals instead of synthetic chemicals to reduce the negative impact on the soil and water environment. Using these biochemicals not only the productivity of soil will increase due to microorganism activity, but also the ecosystem could be saved.




    For the use of soil microorganisms as biochemicals or the bioproducts obtained from them, one should know about the soil microorganisms effectively and their utility, which has been established over the years of research. Various chemicals like enzymes, vitamins, minerals, organic acids, biopigments, antibiotics, etc. have been successfully isolated from these microorganisms and are being exploited in various industrial fields like pharmaceuticals, Agriculture (biofertilizers, biopesticides, etc), food industries, beverages, and dairy industries.




    Several studies have been conducted to exploit these microorganisms to produce helpful biochemical for not only humans but also for animals and the environment. However, these research findings are in scattered form. Although, the subject of microbes and their use in agriculture is very important there is a dearth of research-based books. Hence in this text, we have tried to collect the research findings of several eminent scientists and compile them in the form of a book. Therefore, this book will provide exhaustive knowledge about microbes and their uses for the welfare of mankind. The industrialists, professors, extension workers, scientists, and students will get most of the information about these soil microbes and their uses in one place.




    The editors are highly thankful to the publisher of this text. Since this is the first edition, it may contain some errors that crept in inadvertently in spite of all editorial care. So, we are always interested to hear comments and suggestions from the learned readers.




    

      Shampi Jain


      


      Ashutosh Gupta
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      Abstract




      For human beings, the diversity of microorganisms is still an undiscovered aspect. For the well-being of society, the huge microbial population performs many vital activities. Microorganisms play an important role in sustainable agriculture, environmental protection, and human and animal health. Microorganisms have a major contribution to agricultural issues like crop productivity, plant health protection, soil health maintenance, and environmental issues like bioremediation of soil and water from many pollutants. In addition to these activities, microorganisms also produce many products, either directly or through industrial processes, which are essential for human survival. In this chapter, we deal with various industrial products that are produced by microorganisms through different reactions, like antibiotics, enzymes, natural food preservatives, vitamins, fermentation products, amino acids, and agricultural products.
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      INTRODUCTION




      Microorganisms are mainly used to provide a large number of products and services. Because of the ease of their mass cultivation, speed of growth, use of cheap substrates (which are mainly wastes), and the diversity of potential products, they are considered very beneficial to human beings. As for the ease of their genetic manipulation, they have limitless possibilities for new products and services from the fermentation industry. The branch of biotechnology and microbiology that mainly deals with the study of various microorganisms and their applications in industrial processes is referred to as industrial microbiology. Even before the existence of microorganisms was known, they were used in industrial processes. Microorganisms play multiple roles in the industry. There are




      many ways to manipulate microorganisms so that product yields will be increased. The microorganisms are manipulated to produce many products like antibiotics, vitamins, enzymes, amino acids, solvents, alcohol, and dairy products. The discovery of microorganisms with their multiplicity of highly specific biochemical activities has stimulated a steady growth of industrial fermentation processes.




      Microbes are widely used to synthesize several products valuable to human beings in industrial processes. Numerous industrial products have been derived from microbes such as:





      

        	Antibiotics




        	Enzymes




        	Natural food preservatives




        	Vitamins




        	Fermentation products




        	Amino acids




        	Agricultural products


      


    




    

      ANTIBIOTICS




      For medical applications, the production of new drugs synthesized by a specific organism for medical purposes is the main focus of industrial microbiology. Antibiotic treatment is essential for many bacterial infections. Many naturally occurring antibiotics and precursors are produced through the fermentation process. As the microorganisms grow in a liquid medium, the population size can be controlled to maximize the amount of the product. During the production of antibiotics, the nutrient environment, pH, temperature, and oxygen should be controlled to produce a maximum number of cells without any mortality.




      Certain microbes produce antibiotics, which function either by killing or retarding the growth of harmful microbes without affecting the host cells. Since 1928, when Alexander Fleming discovered the first antibiotic penicillin from the fungus Penicillium notatum, several microorganisms (fungal and bacterial) have been reported to produce many other antibiotics. Antibiotics such as streptomycin, tetracycline, chloramphenicol, erythromycin, vancomycin, and neomycin have been isolated from various Streptomyces spp. (to treat many bacterial infections), while antifungals such as Amphotericin B and Nystatin have also been isolated from Streptomyces spp. Bacitracin is an antibiotic that has been isolated from Bacillus subtilis [1].




      Most of the antibiotics are produced by fungi or actinomycetes, whereas bacteria produce subtilin and bacitracin. But the latter is used very limitedly because of its toxic effect.




      Steroids can be produced by microbial biotransformation. Steroids can be consumed either orally or by injection. Arthritis is mainly controlled by the use of steroids. Cortisone is an anti-inflammatory drug that fights against arthritis as well as several skin diseases. Testosterone is also a steroid, which is produced from dehydroepiandrosterone by using Corynebacterium sp.


    




    

      ENZYMES




      The biological catalysts that are mainly used to control certain biochemical reactions in the living system are enzymes. Enzymes have a wide range of applications both in the medical and non-medical fields. The enzymes, which are obtained from certain microbes, are referred to as microbial enzymes. Industrial enzymes are mainly produced by microorganisms through safe gene transfer methods. In the year 1896, from fungal amylase, the first industrially produced microbial enzymes were obtained and were used for indigestion and other digestive disorders. Some enzymes synthesized by microorganisms with their uses are described as follows [1]:




      

        Proteases




        These are obtained mostly as neutral proteases or zinc metalloprotease from Aspergillus spp. and Bacillus spp., along with some alkaline serine proteases.




        

          Uses





          

            	Biological detergents: The alkaline proteases are used in this, which are produced by Bacillus licheniformis and B. subtilis.





            	Baking: dough modification/gluten reduction and flavour enhancement




            	Beer brewing: used to chill proof beer to remove protein haze.




            	Tendering and baiting with leather




            	Cheese processing: coagulation of milk protein, accelerated ripening, and flavoring.




            	Tenderization of meat and removal of meat from bones




            	Flavoring control and food product production




            	Waste management: Silver recovery from used photographic films


          


        


      




      

        Lipases




        These are mainly produced by various species of Bacillus, Aspergillus, Rhizopus, and Rhodotorula.




        

          Uses




          These are used as biological detergents, in leather processing (for fat removal), in the production of flavour compounds and to accelerate ripening in dairy and meat products.


        


      




      

        Carbohydrases




        These are also mostly obtained from Aspergillus spp. and Bacillus spp. Some are mentioned below:




        

          α-Amylase




          It can be obtained from Aspergillus and Bacillus spp.




          Uses




          It is used in starch processing, baking, brewing, textile manufacturing, and as biological detergents.


        




        

          β-Amylase




          It is obtained from Bacillus spp., Streptomyces spp., and Rhizopus spp.


        




        

          Uses




          It is used in maltose syrup production and in the brewing industry (to increase wort fermentability).


        




        

          Amyl Glucosidase (Glucoamylase)




          It is obtained from Aspergillus niger and Rhizopus niveus.


        




        

          Uses




          It is generally used in glucose syrup production (for complete starch saccharification), baking (to improve bread crust colour), in the brewing industry (for the production of low-carbohydrate beer), and to remove starch from wine and fruit juice.


        




        

          β-Galactosidase (Lactase)




          It is obtained from various species of Bacillus, Kluyveromyces, and Candida.


        




        

          Uses




          It has various important industrial uses, such as in whey syrup production (to give greater sweetness), in the processing of milk and dairy products to reduce lactose, and in ice-cream manufacturing.


        




        

          Glucose Isomerase




          It is obtained from species of Actinoplanes, Arthrobacter, and Streptomyces.


        




        

          Uses




          It is used in the manufacture of high-fructose syrups.


        




        

          Glucose Oxidase




          It is mainly produced by Aspergillus niger and Penicillium notatum.


        




        

          Uses




          It can be used as an antioxidant (used along with catalase to remove oxygen from various food products).


        




        

          Inulinase




          It is obtained from Aspergillus niger, Candida spp., and Kluyveromyces spp.


        




        

          Uses




          It is used in the processing of Jerusalem artichoke tubers (for hydrolysis of polyfructans and levans).


        




        

          Invertase




          It is obtained from Saccharomyces spp. and Kluyveromyces spp.


        




        

          Uses




          It is used in the sweets and confectionery industries (for the liquefaction of sucrose) and to invert sugar production, i.e., sucrose conversion to glucose and fructose.


        




        

          Pullulanase




          This is obtained mainly from Klebsiella pneumoniae and B. acidopullulyticus.


        




        

          Uses




          It is used in starch processing (for debranching of starch in sugar syrup manufacture and brewing).


        




        

          Pectinases




          These are a mixture of enzymes such as polygalacturonase, produced by Aspergillus niger and Penicillium spp.


        




        

          Uses




          These are used in the extraction and clarification of plant juice, oil, fruit and wine clarification, and coffee bean fermentation.


        


      




      

        Hemicellulases and β-Glucanases/Cellulases




        β-Glucanases (cellulases) are obtained from Trichoderma reesei, Penicillium funiculosum, Aureobasidium pullulans, and Bacillus spp.




        

          Uses




          These are used in the production and processing of fruit juice and olive oil, wine and beer, malting (to speed modification of grains) in textile industries, and in wood pulp processing.


        




        

          Hemicellulases




          These are obtained from Cryptococcus and Trichosporon.


        




        

          Uses




          These are used in baking, brewing, animal feedstuffs, nutraceuticals, and wood pulp processing.


        


      




      

        



        Miscellaneous Enzymes and Their Uses




        

          



          Catalase




          It is obtained from Aspergillus niger, Corynebacterium glutamicum, and Micrococcus lysodeikticus. It is used in textiles for bleaching and cheese manufacturing.


        




        

          



          Phytase




          It is used in feeds for monogastric animals (to release phosphate from phytic acid).


        




        

          Urease




          It is obtained from Lactobacillus fermentum. It is used in wine production and in ceramics manufacturing.


        


      


    




    

      ENZYMES IN MISCELLANEOUS BIOTRANSFORMATION PROCESSES




      

        Penicillin and Cephalosporin Acylases (Amidases)




        Bacillus megaterium and Escherichia coli produce penicillin acylase, and Pseudomonas species produce cephalosporin acylase. These are used for antibiotic conversion to remove the side groups of penicillins or cephalosporins to form 6-aminopenicillanic acid or 7-aminocephalosporanic acid, respectively.


      




      

        L-Amino Acid Acylases




        These are obtained from Aspergillus spp. and used for the resolution of L-amino acids from acylatedracemic mixtures of D, L-amino acid mixtures.


      


    




    

      



      NATURAL FOOD PRESERVATIVES




      Many organic acids, enzymes, and antibiotics are produced by microorganisms (Fig. 1). Organic acids, mainly lactic acid, are extensively used in food preservation, and bacteriolytic microbial enzymes similar to lysozyme exhibit preservative potential. Antibiotics, mainly those used in chemotherapy, cannot be used as food preservatives due to fears of their toxicity and allergenicity. Several compounds originating from microorganisms are widely used as food additives and preservatives. A vast list of them is there and some of them are worth mentioning, such as acidulants (e.g., citric acid from Aspergillus niger, Candida guilliermondii, and Candida lipolytica; lactic acid from Lactobacillus delbrueckii and Lactobacillus bulgaricus) and amino acids (e.g., lysine from Corynebacterium glutamicum and Brevibacterium flavum; tryptophan from Klebsiella aerogenes).




      Some microorganisms have been used as colouring agents to produce colour, such as β-carotene (from Blakeslea trispora and Dunaliella salina), lycopene (from Blakeslea trispora and Streptomyces chrestomyceticus), zeaxanthin (from Flavobacterium species), lutein (from Spongiococcum excentricum and Chlorella pyrenoidosa), etc.




      Various products used as flavours and flavour enhancers have been isolated from microorganisms, e.g., vanillin (from Saccharomyces spp.), monosodium glutamate (from Corynebacterium glutamicum and Brevibacterium flavum), etc.


    




    

      VITAMINS




      Organic compounds like vitamins perform many life-sustaining functions inside the human body. Just like essential micronutrients, the requirement for vitamins is in small quantities for the metabolism of the body. As our body cannot synthesize these vitamins, they need to be supplied through the diet. Apart from plant and animal sources, microbes are also capable of synthesizing vitamins. A group of microbes living in the digestive tracts of both humans and other animals called the gut microbiota help in synthesizing these vitamins. Vitamin K is synthesized by these microbes. Other examples of microbial vitamins include thiamin (vitamin B1), riboflavin (vitamin B2), pyridoxine (vitamin B6), cobalamin (vitamin B12), biotin, folic acid, l-ascorbic acid (vitamin C), β-carotene (provitamin A), ergosterol (provitamin D2), and pantothenic acid. Some vitamins can be produced by direct fermentation processes, whereas many are produced through biotransformations or combined chemical and microbiological processes [1].




      Vitamins have also been isolated from various microorganisms, such as β-carotene (from Blakeslea trispora and Dunaliella salina), lycopene (from B. trispora and Streptomyces chrestomyceticus), zeaxanthin (from Flavobacterium spp.), cantaxanthin (Cantharellus cinnabarinus and Rhodococcus maris) and astaxanthin (from Agrobacterium aurantiacum, Haematococcus pluvialis, and Mycobacterium lacticola).


    




    

      



      FERMENTATION PRODUCTS




      In the fermentation process, sugar can be converted into gas, alcohol, or acids. The fermentation reaction occurs in the absence of oxygen, i.e. anaerobically. Many products are produced by yeasts and bacteria. One of the oldest known fermentation processes is acetic acid (vinegar) fermentation, which occurs naturally as unwanted spoilage of wine. Acetic acid is the active ingredient in vinegar, which is produced through the oxidization process of an alcohol containing fruit juice by acetic acid bacteria (Acetobacter sp.). Production of vinegar occurs in two stages. In the first stage, yeast such as Saccharomyces cerevisiae produces ethanol from plant sugar, and in the second stage, acetic acid bacteria like Acetobacter and Gluconobacter are involved in the aerobic fermentation process. Alcohol, which is consumed as ethanol, is also used in powering automobiles as a fuel source.




      From natural sugars like glucose, drinking alcohol is produced, and during the reaction, carbon dioxide is produced as a side product, which can be used for making bread and carbonated beverages (Saccharomyces cerevisiae). Alcoholic beverages like beer and wine are fermented anaerobically by microorganisms. Acetone-butanol production by Clostridium acetobutylicum is the most famous industrial fermentation [2]. During the First World War, acetone, sorely needed for the manufacture of cordite, was produced by the fermentation process. Nowadays, microorganisms are involved in the production of fuels and chemical feedstocks. Some of those worth mentioning are acetone (from Clostridium sp.), butanol (from Clostridium acetobutylicum), ethanol (from Zymomonas mobilis and Saccharomyces cerevisiae), methane (from methanogenic archaea), etc.




      
[image: ]


Fig. (1))


      Schematic representation of production of various organic acids by different bacteria [3].

    




    

      AMINO ACIDS




      Amino acids and organic solvents are synthesized by microbes. The essential amino acids such as L-methionine, L-lysine, L-tryptophan and the non-essential amino acid L-glutamic acid are used mainly for feed, food, and pharmaceutical industries. These amino acids are produced by Corynebacterium glutamicum through the fermentation process. C. glutamicum produces L-lysine and L-glutamic acid. L-glutamic acid is used for the production of monosodium glutamate (MSG), which is used as a food flavouring agent. Previously, in E. coli, diaminopimelic acid (DAP) was produced from which L-lysine was synthesized but when C. glutamicum was discovered for the production of L-glutamic acid, this organism and other autotrophs were used to yield other amino acids such as lysine, aspartate, methionine, isoleucine, and threonine. L-lysine is used for the feeding of pigs and chickens as well as to treat nutrient deficiency and viral infections. Corynebacterium and E. coli produce L-tryptophan through the fermentation process. Though the production is not as large as other amino acids, it is produced for pharmaceutical purposes since it can be converted and used to produce neurotransmitters.


    




    

      AGRICULTURE APPLICATION




      The increasing need for various fertilizers and pesticides enhances the demand for agricultural products. The overuse of chemical fertilizers and pesticides has long-term effects on soil and the environment. The soil becomes infertile for growing crops due to the excessive use of chemical fertilizers and pesticides. To alleviate the bad effects of chemicals, biofertilizers, biopesticides, and organic farming are the only alternatives.




      From these naturally occurring substances, biochemical pesticides can be produced, which can control pest populations in a non-toxic manner. Garlic and pepper are used as biochemical pesticides, which can repel insects from the desired location. As a microbial pesticide, primarily a virus, bacterium, or fungus is used, which can control pest populations more specifically. The most commonly used microbe for the production of microbial biopesticides is Bacillus thuringiensis, also known as Bt. The delta-endotoxins produced by this spore-forming bacterium cause the insect or pest to stop feeding on the crop or plant as the endotoxin destroys the lining of the digestive system.




      Several microbes that live in association with plants, like Rhizobium, mycorrhiza, and free-living fungi, are there. They have many functions in the promotion of plant growth by different mechanisms. Phosphate solubilization is one such example, and the organisms involved in this activity are known as phosphate solubilizers. Many other bacteria that promote the growth of plants are termed PGPR (plant growth promoting rhizobacteria), including species of Azotobacter, Azospirillum, Acetobacter, Burkholderia, and Bacillus. Free-living non-deleterious bacteria which could promote plant growth directly or indirectly may be considered as PGPR [4].




      Of the fungi species, around 12,000 species can be considered mushrooms, of which at least 2,000 species have different degrees of edibility. From the wild species, around 200 species of mushroom have been collected and used for medical purposes. Commercially, 35 mushroom species have been cultivated till now, out of which 20 are cultivated on an industrial scale. Small-scale mushroom production becomes an opportunity and option for landless farmers.The organic wastes of different agricultural and food processing by-products can be used as growing media for edible fungi.


    




    

      CONCLUDING REMARKS




      Resource utilization and environmental perturbation have increased rapidly with the rise of the world’s population. The exploitation of unexplored microbial diversity and available culturable microbes is the major challenge of the twenty-first century. For industrial technology, it is very useful to manipulate the genetic potential of various microorganisms. Applications of microbes for future research and extension will have to go a long way towards the improvement of industrial products, environmental quality, agricultural productivity, human health, and novel uses such as global climate change. Our future efforts should be directed towards (1) Exploration of various unexplored habitats of microbial resources; (2) Exploitation of plant health, plant genome promotion, and bioremediation research; (3) The role of microbes in global climate change; and (4) The role of microbes in new drug development and transgenic development.
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      Abstract




      There are many bacteria in the soil, but they have less biomass because of their small size. Soil-inhabitant bacteria are an essential source of nutrients for plants. Some studies highlighted their industrial importance, like in the pharmaceutical industry, perfume manufacturing, and agriculture product scale-up production, including biofertilizers. Most of the studies have been carried out on Actinobacteria and Nitrobacter because of their potential to produce biofertilizers and chemical constituents on a large scale. This chapter discussed their taxonomic and morphological characteristics and gathered details about their practical applications from limited studies carried out in this field.
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      INTRODUCTION




      Soil harbours a variety of bacterial communities. One gram of soil contains 103 to 106 unique species of bacteria. Most of these bacteria have not been fully characterized. However, through recent molecular advancements, we have gained in-depth knowledge of these bacteria from cellular to molecular level [1]. This data provided crucial information about the ecology of these bacteria and their importance to the soil ecosystem. Several taxa of these bacteria have been well studied in terms of their ecology, morphology, life cycle and importance in the industry. These are as follows:





      

        	
Actinobacteria act as an essential nutrient (calcium, phosphorus and sodium) regulator in the soil [2].




        	
Streptomyces act as a catabolic organism and increase soil fertility by converting xylan, lignin, cellulose and lignocellulose into organic matter [3].




        	
Azospirillum acts as an influencer of growth due to its ability to fix nitrogen and stimulate auxin production [4].




        	
Azotobacter acts as a phytohormone accelerators (e.g., indole 3 acetic acid), metabolizes heavy metals, and pesticides and degrades oil globules [5].




        	
Rhizobium acts as a nitrogen fixer [6].




        	
Nitrobacter acts as a nitrite oxidizer by oxidizing nitrite into nitrate, which is a primary source of inorganic nitrogen [7].


      




      This chapter discusses the physiological characteristics of soil-inhabiting bacteria and their importance in various industries.


    




    

      ACTINOBACTERIA




      Actinobacteria are freely distributed in both aquatic and terrestrial environments. These are Gram-positive filamentous bacteria. The feeding nature of these bacteria is saprophytic, which means they feed on organic matter. These bacteria are found abundantly in alkaline soil containing high organic matter content, whereas they are less abundant in water or air. These bacteria inhibit the upper surface and deep ground up to 1.5 m of soil [8].




      

        Morphological Characteristics and Life Cycle




        The characteristics of Actinobacteria mainly relate to cell wall composition, phospholipids, type of menaquinone, and sugar content of cells. Fragmented mycelium is regarded as a unique form of vegetative reproduction. However, these bacteria usually reproduce by asexual spores. Moreover, various morphologies have been observed in these bacteria, mainly the absence or presence of aerial and substrate mycelium. Besides, mycelial colouring and diffusible melanoid pigment production are also considered as one the criteria to distinguish between actinobacteria species [9]. It reproduces from both types of mycelia depending on the conditions, i.e., it reproduces from aerial hyphae to form spores on a solid surface. On the other hand, substrate mycelia develop from germinating spores (Fig. 1).
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Fig. (1))


        Schematic illustration of the life cycle of typical actinobacteria.



        

          Industrial Importance and Applications of Actinobacteria




          Several genera of actinobacteria have been described for their industrial importance. The main industrial applications of these bacteria deal with biomedical science and biotechnology. Through recent advancements in bioinformatics tools and DNA sequencing, we can understand metaproteomics (proteomics for large-scale production of microbial enzymes) [10]. Actinobacteria have been deeply explored for their potential to produce amylases, proteases, cellulases, pectinases, chitinases, and xylanases. With their applications in paper, pulp, waste management, detergents, and agriculture, some of these industrially essential enzymes are listed in Table 1.




          

            Table 1 Industrially important enzymes synthesized using actinobacteria.




            

              

                

                  	Enzyme



                  	Bacterial Strain



                  	Optimum Conditions



                  	Industrial Application



                  	Reference

                


              



              

                

                  	Amylase



                  	Thermobifida fusca



                  	60oC & 6 pH



                  	Pulp, paper, and textile



                  	[11]

                




                

                  	Streptomyces erumpens



                  	45oC & 9 pH



                  	Detergent and baking



                  	[12]

                




                

                  	Pectinase



                  	Streptomyces lydicus



                  	45oC & 6.5 pH



                  	Textile and beverage



                  	[13]

                




                

                  	Cellulase



                  	Thermobifida halotolerans



                  	45oC & 7 pH



                  	Pulp, paper, and textile



                  	[14]

                




                

                  	Streptomyces ruber



                  	37oC & 6 pH



                  	Detergent



                  	[15]

                




                

                  	Chitinase



                  	Nocardiopsis prasina



                  	55oC & 7 pH



                  	Leather



                  	[16]

                




                

                  	Streptomyces thermoviolaceus



                  	60oC & 6 pH



                  	Textile



                  	[17]

                




                

                  	Protease



                  	Streptomyces thermoviolaceus



                  	65oC & 6.5 pH



                  	Detergent, food, and brewing



                  	[18]

                




                

                  	Streptomyces pactum



                  	40oC & 7 pH



                  	Leather and pharmaceutical



                  	[19]

                




                

                  	Lipase



                  	Nocardiopsis alba



                  	30oC & 7 pH



                  	Cosmetics and detergent



                  	[20]

                




                

                  	Streptomyces exfoliates



                  	37oC & 6 pH



                  	Pulp and paper



                  	[21]

                




                

                  	Keratinase



                  	Actinomadura keratinilytica



                  	70oC & 10 pH



                  	Leather



                  	[22]

                




                

                  	Xylanase



                  	
Actinomadura sp.



                  	70oC & 4 pH



                  	Animal feed



                  	[23]

                




                

                  	
Streptomyces spp.



                  	50oC & 9 pH



                  	Pulp and paper



                  	[24]

                


              

            




          


        


      


    




    

      CYANOBACTERIA




      Cyanobacteria are Gram-negative filamentous bacteria. They inhibit all types of environments, i.e., terrestrial, marine, and freshwater. Because of this fact, they can fix nitrogen and are photosynthetic. Their ecological importance can be assessed because the “red sea” is named after the cyanobacteria (Trichodesmium erythraeum) that produce red-colour [25].




      

        Morphological Characteristics and Life Cycle




        Cyanobacteria are filamentous, unicellular, and colonial. The filament consists of a mucilage sheet, and multiple strands are called trichomes (Fig. 2). These filaments are subdivided into two types: undifferentiated homo-cysts and differentiated hetero-cysts [26]. Their prokaryotic cells have a peptidoglycan wall that surrounds 70S ribosomes, DNA, and photosynthetic unit thylakoid. They increase their progeny by asexual reproduction, including fragmentation, monocytes, binary fission, exospore, endospore, and akinetes (Fig. 2). In comparison, sexual reproduction is absent in these bacteria [27].
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Fig. (2))


        (A) Morphological illustration of cyanobacteria trichome and (B-E) various types of asexual reproduction.

      




      

        Industrial Importance and Applications of Cyanobacteria




        Cyanobacteria have gained massive attention in recent years due to their possible applications in industry and agriculture. These bacteria are considered a potential source of biologically active complexes with antibacterial, antifungal, antiviral, and anticancer activities [28]. Some strains of these bacteria accumulate polyhydroxyalkanoates (PHA), which are used as a supernumerary for photochemical-based non-biodegradable plastics [29]. Recent studies showed that cyanobacteria were found in abundance in the oil spill area because of their ability to degrade oil components. These bacteria help other oil-degrading bacteria by providing them with the required fixed nitrogen and oxygen [30]. Hydrogen produced by cyanobacteria is considered a potential alternative source of energy. In addition to these essential applications, cyanobacteria are also being used in wastewater treatment, food, aquaculture, fertilizers, pharmaceuticals, and the manufacturing of secondary metabolites such as vitamins, toxins, and exopolysaccharides. Some of the industrially important strains of cyanobacteria and their applications are given in Table 2.




        

          Table 2 Industrially important strains of cyanobacteria and their applications.




          

            

              

                	Biologically Active Compounds Producing Cyanobacteria

              




              

                	Species



                	Biologically Active Compound



                	Application



                	Reference

              


            



            

              

                	Lyngbya lagerheimii



                	Sulpholipid



                	Antiviral



                	[31]

              




              

                	Lyngbya majuscule



                	Cyclic polypeptide, lyngbyatoxins, malyngolide, and curacin A



                	Antiviral and antibacterial



                	[32]

              




              

                	Phormidium tenue



                	Galactosyl diacylglycerols



                	Antiviral and antialgal



                	[33]

              




              

                	
Nostoc spp.



                	Nostocyclamide



                	Antifungal



                	[34]

              




              

                	
Synechocystis spp.



                	Naienones A-C



                	Anticancer



                	[35]

              




              

                	PHA Producing Cyanobacteria

              




              

                	Chlorogloea fritschii



                	PHA Type



                	Additive material for biochemically produced non-biodegradable plastic



                	[36]

              




              

                	P (3HB)

              




              

                	Trichodesmium thiebautii



                	[37]

              




              

                	
Synechocystis spp. PCC6803



                	[38]

              




              

                	Oscillatoria limosa



                	P (3HV)



                	[39]

              




              

                	Hydrogen Producing Cyanobacteria

              




              

                	Anabaena cylindrical



                	Optimum Conditions



                	Hydrogen production



                	[40]

              




              

                	Air with photon fluence rate of 20 μE m-2 s-1


              




              

                	
Microcystis PCC 7820



                	[41]

              




              

                	
Synechocystis PCC 6714



                	[42]

              




              

                	Biofertilizer Producing Cyanobacteria

              




              

                	
Nostoc commune TUBT 05



                	Target crop



                	Biofertilizer



                	[43]

              




              

                	
Oryza sativa L.

              




              

                	
Anabaena spp.



                	
Zea mays L. hybrids



                	N-supplement



                	[44]

              




              

                	
Aulosira prolifica,


                Stigonema dendroideum,


                Nostoc muscorum,


                Nostoc calcicola,


                Anabaena oryzae,


                Scytonema varium,


                Tolypothrix tenuis, and Schizothrix vaginata




                	
Zea mays, Triticum aestivum, and Hordeum vulgare




                	Growth promoter



                	[45]

              


            

          




        


      


    




    

      NITROGEN-FIXING BACTERIA




      Biological nitrogen fixation (BNF) is the process of converting nitrogen from the environment into a more complex form that plants can absorb. It plays a vital role in nitrogen cycling and is performed by specific prokaryotic groups with an enzyme called nitrogenase [46]. This ATP-dependent and oxygen-sensitive enzyme catalyzes the reduction of nitrogen gas (N2) into ammonia (NH3) coupled with the reduction of protons into hydrogen gas (H2) [46, 47]. BNF is a highly regulated process using different nitrogen fixation genes (nif) in response to varying levels of fixed nitrogen, carbon, ATP, and oxygen [46]. The ubiquitous soil-inhabiting bacteria capable of BNF are termed diazotrophs. They are a physiologically diverse group of organisms with a complex phylogenetic relationship (Fig. 3) [48]. Traditionally, they can be classified into three groups based on their way of life [49]. Free-living diazotrophs such as Azotobacter spp. do not have direct interaction with plants. Associative diazotrophs such as Azospirillum spp. form close interactions with some groups of plants in a system known as the rhizosphere. As for endosymbiotic diazotrophs, they rely on a host plant for nutrients while they fix nitrogen into a usable form for their host in a structure called a rhizosphere [49]. One of the most studied and well-understood rhizospheres of endosymbiotic diazotrophs is the root nodules of leguminous plants, usually colonized by Rhizobium spp. or Bradyrhizobium spp [50]. Using molecular techniques, the subsets of diazotroph communities in the soil can be established using the nifH marker gene as a fingerprinting tool [51, 52]. In this section, some common diazotrophs will be described with their morphology, physiology, plant-microbe interaction, and commercial applications. Moreover, some methods of culturing common diazotrophs under laboratory conditions are briefly described.
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Fig. (3))


      Phylogenetic relationship of non-associative and associative diazotrophs [48].



      

        Azotobacter




        Azotobacter is a genus of Gram-negative ovoid or spheroid gamma-proteobacteria capable of forming thick-walled cysts under stressful conditions. It is comprised of free-living diazotrophs, with six currently reported species [5]. BNF is carried out by three metal-dependent nitrogenases (molybdenum, vanadium, and iron only), which are oxygen-sensitive [5, 53]. The cells are capable of forming a thick wall made of alginate exopolysaccharide to prevent the diffusion of oxygen in the cytoplasm that can disrupt the activity of nitrogenases [54]. Although considered as free-living, Azotobacter spp. can be found in the rhizosphere soil portion [52, 55]. A culture-based method such as the use of selective medium (Ashby’s nitrogen-free agar) coupled with 16S rDNA for molecular identification or a non-culture-based method by using nifH gene sequencing can reveal the diversity of Azotobacter spp. in soils [52].


      




      

        Azospirillum




        Azospirillum is a genus of Gram-negative, twisted, rod-shaped, non-spore-forming alpha-proteobacteria capable of BNF. Members of this genus usually form an association in the soil component of the rhizosphere of non-leguminous plants such as maize, rice, sugarcane, and wheat [49]. BNF is carried out by an oxygen-sensitive nitrogenase complex with two components [4]. Cells from soil samples can be grown in Nfb (nitrogen-free bromothymol blue) semisolid medium. Azospirillum isolates can be grown in Nfb solid medium for morphological and biochemical analysis [56].


      




      

        Rhizobium




        Rhizobium is a genus of rod-shaped Gram-negative alpha-proteobacteria with an endosymbiotic relationship with leguminous plants (Fabaceae) in structures known as root nodules. Nitrogen fixation is catalyzed by an oxygen-sensitive nitrogenase complex similar to Azospirillum [57]. The bacterial cells known as bacteroids are found inside the host plant’s root cells, where the mutualistic relationship occurs. The Rhizobium-legume symbiosis involves the interplay of plant-microbe factors. The process starts when the root cells of the host plant release flavonoids and isoflavonoids [58], which are signalling molecules for the expression of nodulation (nod) genes of the bacteria. Once expressed, the bacterial cells release lipo-chito-oligosaccharide signalling molecules that trigger root hair coiling and cortical cell division. The invasion of plant cells by bacterial cells eventually results in the formation of root nodules used for nitrogen fixation [57]. Root nodule-inhabiting diazotrophs can be isolated from the nodules and cultured in YEMA (yeast extract, mannitol, and agar) medium containing bromothymol blue [59].


      


    




    

      INDUSTRIAL IMPORTANCE AND APPLICATIONS OF COMMON NITROGEN-FIXING BACTERIA




      The productivity of agriculture relies on the availability of essential nutrients such as nitrogen, phosphorus, and potassium. Globally, these nutrients are mainly supplemented in the form of chemical fertilizers. However, the excessive use of these fertilizers results in ecological perturbations and eutrophication. Thus, sustainable methods in agriculture should be practiced [58]. One approach that is environment-friendly involves the utilization of BNF performed by diazotrophs. BNF is most productive in endosymbiotic diazotrophs, but associative and free-living species also contribute significantly, accounting for around 30% of global BNF [58]. Legumes comprise 14% of the total cultivated crops globally [50], while the remaining crops are non-legumes that produce the bulk of human food [49]. As an alternative to chemical fertilizers, biofertilizers are commercially produced to increase the absorbable nitrogen for plants through BNF. Rhizobium, Bradyrhizobium, Azotobacter, and Azospirillum are common diazotrophs [58]. Some strains of Rhizobium, including Agrobacterium rhizogenes, are considered necessary. These stains produce biologically active compounds such as protocatechuate, p-coumarate, cholinium lysinate, 1-ethyl-3-methylimidazolium acetate, α-pinene, and d-limonene. These compounds have been reported to have industrial importance as bio-jet-fuel candidates, fragrance candidates, and cleaning product components [43, 60]. Azotobacter is considered a unique biofertilizer for maintaining the nitrogen level in soil and promoting plant growth by affecting gibberellins and indole acetic acid release. Due to their ability to enhance plant growth, these bacteria can be used universally to promote agricultural yield [61]. Several studies have highlighted the importance of Azospirillum as a biofertilizer in agriculture [62, 63]. Azospirillum has been shown in studies to provide sulphate and phosphorous to plants through the oxidation of organic compounds such as phytates, resulting in plant growth [63, 64].


    




    

      



      CONCLUDING REMARKS




      The soil ecosystem is the habitat of many microbial species that are beneficial for plants because they provide essential nutrients such as nitrogen and phosphorous. Simultaneously, many bacterial species produce industrially important chemicals such as α-pinene and d-limonene for perfume production. Mass scale culturing of these bacteria can be a step towards sustainable and environmental-friendly green industry and agriculture approaches. Although there are benefits to these soil-inhabiting bacteria, few publications address the importance of soil bacteria, especially industrial importance. There is a need to focus on important environmental-friendly industries to sustain the economy and achieve a greener and waste-free ecosystem.
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