


“Assessment of the Applications of Agriculturally Important Microorganism in Food, Pharmaceutical, and Agricultural Sectors” 
Abstract
	Microorganisms are a cornerstone of sustainable development due to their versatility and adaptability across diverse ecological niches. Their applications span agriculture, food processing, and pharmaceuticals, where they provide scalable, eco-friendly alternatives to chemical and resource-intensive practices. In agriculture, beneficial microbes such as nitrogen-fixers, phosphate-solubilizers, and plant growth promoting rhizobacteria (PGPRs) enhance soil fertility, nutrient cycling, and plant health while reducing dependence on chemical fertilizers and pesticides. Biopesticides and bioinsecticides derived from microbial metabolites offer targeted action against pests and pathogens with minimal ecological disruption, supporting long-term sustainability. However, the field-level translation of microbial inoculants remains a challenge due to variable colonization efficiency and environmental interactions, prompting new directions in microbiome engineering and inoculant formulation. In the food sector, microorganisms are central to fermentation processes for yoghurt, cheese, bread, cocoa, and beverages. Lactic acid bacteria, yeasts, and other microbial communities improve taste, texture, and shelf life while also synthesizing vitamins and bioactive compounds. Probiotic-rich foods further support gut health, immunity, and overall well-being, reinforcing the nutritional and functional value of microbial food systems. The pharmaceutical industry relies heavily on microbial innovations, with microbes serving as sources of antibiotics, probiotics, vitamins, enzymes, and bacteriocins. Vaccine production illustrates their essential role in global public health. Prepared from inactivated, attenuated, or recombinant microorganisms, vaccines stimulate immune memory and have drastically reduced infectious disease burdens. Routine immunization campaigns against measles, polio, and diphtheria highlight their life-saving impact. Emerging approaches such as phage therapy also offer promise against antibiotic resistance, a major medical challenge. Advances in metagenomics, synthetic biology, and genome editing are unlocking the potential of uncultured microbes, enabling the design of stable microbial consortia for agriculture, novel fermentation strategies, and next-generation therapeutics. Altogether, microorganisms enhance industrial productivity while advancing sustainability goals by reducing environmental footprints, improving food security, and safeguarding human health.
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1. Introduction
	The biological sciences, biotechnology are a fast-developing discipline that has significant uses in sustainable agriculture through products like microbial-based insecticides, biopesticides, and biofertilizers. Increasing agricultural yields and reducing the demand for chemical inputs are made possible by microorganisms. They are also necessary for the fermentation processes used in the pharmaceutical and agricultural industries to produce drugs. This paper demonstrates the industrial significance of microorganisms by illustrating their numerous uses in food production, agriculture, and the pharmaceutical industry [1]. In the developing area of metagenomics, the genomes of uncultured microorganisms are examined in order to uncover new biomolecules and get a more comprehensive comprehension of microbial ecology. Microbes have a great deal of opportunity for microbiological uses, such as the creation of novel genes, enzymes, and bioactive substances, because the majority of them are still uncultured. This area tackles two primary issues: finding really innovative biocatalysts for environmentally conscious industrial chemistry and incorporating found genes and enzymes into useful manufacturing procedures [2]. For decades, classical digestion methods have employed microorganisms to create a wide range of food products. The production of bread, vinegar, beer, wine, cheese, yoghurt, and fermented meats, fish, and vegetables all depend on yeasts, moulds, and bacteria. These microorganisms spontaneously transform unprocessed ingredients into tasty, preserved delicacies. Over time, specific or altered strains have improved fermentation's effectiveness and quality, advancing food safety and innovation. Microbes are ubiquitous and hold great potential for enhancing human health in the pharmaceutical sector. In order to develop treatments for diseases and metabolic disorders, pharmaceutical microbiology studies the variety of bacteria. Its primary objective is to guarantee the safety and efficacy of medicinal products by acknowledging the existence of microorganisms in pharmaceuticals, raw materials, and industrial settings. The discipline has grown to encompass the creation of anti-infective agents, the microbial synthesis of insulin and other hormones, and the testing of medications for mutagenesis consequences. Because microbial fermentation is an affordable way to produce biologically active substances, microorganisms serve as crucial to both pharmaceutical innovation and human health [3].




2. Agricultural industry
	In modern agriculture, microbes are increasingly being used as natural fertilisers in place of hybrid seeds and chemical inputs since they are economical and sustainable. Chemical fertilisers are not only expensive but also have negative environmental effects. According to projections, 321 million tonnes of grain output will need 28.8 million tonnes of nutrients by 2020, but only 21.6 million tonnes will be available because of the growing demand for food, creating a nutritional deficit of 7.2 million tonnes [4]. Microbial fertilisers are an effective and sustainable solution to bridge this gap [5]. In order to increase agricultural output, soil microorganisms are necessary since they recycle nutrients entirely and sustainably. These days, environmentally friendly biological products that promote crop development and soil health are made using naturally occurring bacteria. These include composting agents, biopesticides, and biofertilizers that support environmentally friendly agricultural methods.
A. Biofertilizers
	An essential part of sustainable agriculture is the use of natural fertilisers made mostly of living microbial inoculants, such as bacteria, fungi, and algae, either separately or in combination. These biofertilizers increase the availability of vital nutrients to plants, hence improving soil fertility. They enhance the cycling of nutrients, encourage the growth of plants, and lessen the need for chemical fertilisers. Because they are environmentally benign, they are the best option for preserving the long-term health of the soil [6]. By transforming vital nutrients from unusable forms into usable forms through microbial processes such phosphate solubilisation, nitrogen fixation, biodegradation, and the production of plant growth hormones, biofertilizers improve soil fertility. These procedures enhance the availability of nutrients and encourage robust plant development. Because of their accessibility and simplicity of use, biofertilizers are economical, environmentally friendly, and especially advantageous for marginal farmers. Their use promotes sustainable farming methods and lessens reliance on artificial fertilisers [7]. Utilising microorganisms and their connections to produce biofertilizers has been the subject of extensive investigation. These microorganisms are grouped according to their traits and roles, which include promoting plant development, fixing nitrogen, and solubilising phosphate. In sustainable agriculture, their classification aids in focused application to increase crop production and soil fertility.



B. Rhizobium
	The ability of soil-dwelling bacteria called rhizobia to colonise legume plant root nodules and fix atmospheric nitrogen is well-known [8]. By forming symbiotic relationships with legumes, they transform free nitrogen into a form that plants can use to develop. Rhizobia are thought to contribute nitrogen at the highest efficient rate of any nitrogen-fixing biofertilizer. Their application promotes sustainable crop development and drastically lowers the need for synthetic nitrogen fertilisers [9]. 
C. Arbuscular mycorrhizal fungi
	Higher plants' root cortex and intracellular obligatory microorganisms, primarily those in the genus Glomus, develop symbiotic interactions. These microorganisms are vital to the process by which vital nutrients like sulphur, zinc, and phosphorus are taken up from the soil and made available to plants. They provide a substantial contribution to soil fertility and plant growth by improving nitrogen uptake. By functioning as organic fertilisers, they lessen reliance on synthetic inputs. Their application promotes environmentally responsible and sustainable farming methods. These microorganisms are particularly beneficial in soils that lack nutrients [10]. 
D. Azotobacter
	Rhizobium, Azotobacter is a significant nitrogen-fixing bacterium that is abundant in soil. It can fix air nitrogen on its own without a symbiotic host, adding this vital nutrient to the soil. By increasing soil fertility and encouraging plant growth, a number of Azotobacter species function as efficient biofertilizers. Additionally, they create hormones and vitamins that aid in growth. They are especially helpful when applied to non-leguminous crops. Azotobacter promotes sustainable agriculture by providing an environmentally benign substitute for chemical nitrogen fertilisers [11].
E. Cyanobacteria
	Commonly referred to as blue-green algae, cyanobacteria can coexist with rice crops symbiotically or as free-living organisms. They have the innate capacity to fix nitrogen from the atmosphere and transform it into a form that plants can use. They can provide about 20-30 kg of nitrogen per acre in the right agricultural conditions. 
They are becoming more and more popular as biofertilizers, particularly in rice farming, because of their ability to fix nitrogen. Their use enhances soil health, lowers production costs, and lessens the requirement for chemical nitrogen fertilisers. Additionally, cyanobacteria promote a sustainable and environmentally friendly farming method, which makes them useful for farming systems of the future [12]. 
F. Aspergillus
	The rhizosphere and the intracellular compartments of the root cortex of graminaceous (grass family) plants are home to these advantageous microorganisms. They improve the resilience and growth of plants, making them efficient biofertilizers. Their presence increases drought tolerance, boosts disease resistance, and encourages the synthesis of growth-enhancing compounds. These bacteria promote stress reduction and nutrient uptake, which results in healthier crops and more environmentally friendly farming methods. They have a particularly important function in boosting cereal crop output in difficult circumstances [13]. 
G. Plant growth promoting rhizobacteria
	Beneficial soil bacteria known as Plant Growth Promoting Rhizobacteria (PGPR) can colonise plant tissues and flourish in the rhizosphere. Through a variety of processes, including nitrogen fixation, increased nutrient availability, root growth stimulation, and the development of advantageous plant–microbe interactions, they improve plant growth. Both endophytic (found inside plant tissues) and rhizosphere (found surrounding roots) PGPR are possible. They are being investigated more and more for commercial usage as biofertilizers in sustainable agriculture because of their many advantages. The paper discusses the difficulties in applying PGPR more broadly while highlighting its potential and demonstrated modalities of action [14].
H. Biopesticides
	A significant obstacle in crop production is weed control, and integrated weed management, which includes the application of bioherbicides, is showing promise as a long-term remedy. Phytotoxic plant chemicals or microorganisms that prevent weed development and seed germination are the source of bioherbicides. They damage cell membranes and interfere with vital physiological functions such as hormone synthesis, root cell division, and nutrition uptake in weeds. The plant experiences oxidative stress and aberrant antioxidant activity as a result of these impacts. Nonetheless, a significant drawback of bioherbicides is their uneven effectiveness. Their efficacy is influenced by various factors, including the concentration of bioactive chemicals, formulation type, weed spectrum, and application techniques. To increase their dependability and commercial utilisation, more research and development is essential [15]. Bioinsecticides are environmentally benign microbial agents that reduce the need for toxic synthetic insecticides by controlling insect pests. They are short-lived in the environment and selectively target pests, frequently employing fungus that cause more than 200 documented insect diseases. Their application promotes less environmentally harmful, safer, and sustainable agriculture [16].
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Figer 1. Role of agriculturally important micro-organisms in agriculture
Table 1. Innovative Agricultural Applications 
	Application
	Microbial Solution
	Impact & Notes

	Soil Food Web Restoration via Compost Extracts
	Diverse soil microbes from compost tea-nematodes, fungi, bacteria
	Used in regenerative farming (e.g., Wild Ken Hill) to boost soil biodiversity, improve nutrient absorption, and restore degraded soils; emerging evidence of yield gains but long-term efficacy still under study.

	Microbial Fungus for Carbon Sequestration
	Specialized fungal strains (Loam Bio)
	Doubles soil carbon storage compared to conventional methods while improving water retention and crop productivity-also facilitating carbon credit sales.

	Discovery of New Rhizosphere Bacterium
	Bacillus ayatagriensis
	Newly identified species enhances seed germination and possesses strong antimicrobial traits-potential eco-friendly agricultural inoculant.

	Nano-capsulated Microbial Fertilizer
	Pseudomonas chlororaphis with protective nano-layer
	Nano encapsulation improves survival under stress and increases seed germination rates by up to 150% (crops: corn, dill, radish, bok choy).




3. FOOD INDUSTRY
	Through fermentation, microorganisms improve the quantity and quality of food items, which is why they are so important to the food business. They are employed to turn basic materials into products like bread, cheese, wine, and yoghurt that are safe, nourishing, and tasty. For instance, certain bacterial cultures ferment milk to produce dairy products, and yeasts leaven bread and turn carbohydrates into alcohol. The texture, flavour, shelf life, and digestibility of food are all enhanced by these microbial processes. Microbes are crucial to contemporary food processing because of their controlled use, which also makes it possible to produce food in a safe, effective, and large-scale manner. Below is a description of a few significant industrial food products:
A. Yoghurt production by bacteria
	The probiotic bacteria's capacity to survive 35 days in yoghurt produced from four commercial starter cultures. During processing and storage, parameters such as dissolved oxygen, pH, and titratable acidity showed comparable patterns, although the presence of L. delbrueckii ssp. bulgaricus caused an increase in hydrogen peroxide. The species and strain of probiotics employed determined their survival. While bifidobacteria shown greater stability with L. delbrueckii, L. acidophilus viability declined in its presence. Both probiotics fared better when dissolved oxygen levels were lower. Bifidobacteria viability was impacted by storage temperature, whereas L. acidophilus was unaffected. Bifidobacteria in one culture displayed a 3-log decrease from initial numbers [17]. Certain bacteria, referred to as Lactic Acid Bacteria (LAB), including Streptococcus salivarius, Streptococcus thermophilus, and Lactobacillus bulgaricus, ferment lactose, the natural sugar in milk [18]. Lactic acid is a metabolic by product of the lactose that these bacteria consume. When the pH is lowered by the lactic acid, the milk protein casein coagulates, giving curd or yoghurt its solid consistency. Yoghurt gets its distinct flavour, texture, and tartness from this fermenting process [19]. The product's safety and shelf life are improved by the higher acidity, which also prevents the formation of dangerous microorganisms. It is possible to utilise both pasteurised and unpasteurised milk, and for full fermentation, a variety of bacterial cultures are frequently used. Yoghurt is frequently sweetened or flavoured after fermentation, and fruits are occasionally added at the bottom for presentation and flavour [20].
1. Global Prevalence and Popularity
	Yoghurt is one of the most widely consumed fermented dairy products worldwide. Its consumption spans across cultures, making it a representative example of how microorganisms shape food production on a global scale.
2. Nutritional and Health Benefits
	Yoghurt is rich in proteins, vitamins, calcium, and probiotics, which enhance gut health. It exemplifies how microbial activity not only preserves food but also improves its nutritional profile.
3. Industrial and Scientific Relevance
	Yoghurt production is a controlled fermentation process that has been extensively studied. It serves as a model system for understanding microbial interactions, survival, and probiotic viability during processing and storage.
4. Probiotic Survival Studies
	Yoghurt provides a practical medium for testing probiotic survival (e.g., bifidobacteria and L. acidophilus) under varying conditions of pH, oxygen, and temperature. The referenced study highlights how yoghurt acts as a carrier for probiotics, demonstrating microbial stress tolerance and product shelf life.
5. Economic Importance
	The yoghurt industry is a billion-dollar sector, showing the large-scale economic contribution of microbial fermentation in foods. By choosing yoghurt, researchers can connect microbial biotechnology to tangible market impacts.
B. Cheese production by bacteria and fungi
	Certain microbial cultures are added to milk for the fermentation of carbohydrates creating lactic acid, a substance that is how cheese is made. Milk separates into curd and whey as a result of this acidification, which also lowers pH and causes casein to coagulate. Although several kinds of milk can be used to make cheese, cow's milk is the most widely used. To acquire the desired flavour, texture, and scent, the curd is salted, matured, and pressed once it has formed. Depending on the kind of cheese, the ageing time varies. The ultimate quality and nutritional value of cheese are significantly influenced by the type of milk and microbial culture utilised [21]. The remaining liquid whey is utilised as a nutrient-rich source for protein supplements, livestock feed, and yeast after the curds are separated and formed into the appropriate shapes. The addition of particular bacterial, fungal, or both inoculums ripens the cheese. These microorganisms contribute to the cheese's development of its distinctive flavour, texture modification, and pH reduction. The final cheese's quality, flavour, and kind are all determined by the ripening process [22]. Rennet tablets, which contain the rennin (sometimes called chymosin) enzyme, can be added to milk to precisely control coagulation during the cheese-making process. This enzyme is essential for curdling milk because it selectively targets and breaks down casein, the primary milk protein, causing the curds and whey to separate. Rennin was traditionally taken from the lining of the young calves' stomachs, where it naturally helps in the digestion of milk. However, current biotechnology has made it possible to produce rennin through genetically modified bacteria due to ethical concerns, limited availability, and increased demand in the cheese business. These bacteria can produce rennin in huge amounts under regulated settings because they have been altered to carry the gene that produces it. For cheese making, this microbial rennin is a sustainable substitute because it is widely used, reasonably priced, and functionally equivalent to rennin generated from animals [23]. Lemon juice and vinegar are additional methods for coagulation. Cheese comes in a variety of varieties [24].
	Cheese is classified into the following types based on the bacteria added: 
a. Bacteria is used to enhance the flavour and texture of cheddar cheese.
b. Mould fungus is used to make blue cheese and Roquefort cheese. 
c.    Both bacteria and fungi are used in the production of Camembert cheese. 
D.  Propionibacterium shermanii is used to make Swiss cheese. 
	Cheese typically has off-white to yellow natural colour. The cheese can also be flavoured with herbs and spices [25]. Various cheeses have various flavours and characteristics due to a variety of other elements, such as variations in the amount of fat in the milk, manufacturing methods, ageing duration, and mammal breeds. 
C. Bread production by yeast
	Saccharomyces cerevisiae is the most commonly used species of yeast, a single-celled, saprotrophic fungus that is used extensively in fermentation and baking. It breaks down sugars through the secretion of enzymes and anaerobic respiration, producing ethanol and carbon dioxide, which, in the process of making bread, improves the flavour and aroma of bread and is a necessary natural leavening agent in the baking industry [26]. Because wheat flour contains both starch, which feeds the yeast, and gluten, which gives it elasticity, the addition of yeast to a flour and water mixture causes the starch to ferment into sugars, producing ethanol and carbon dioxide, which is trapped in the dough by the gluten network and gives bread its soft, airy texture, as well as improving the bread's flavour and aroma [27]. This biological leavening process is crucial for modern bread production. The most popular type of yeast for leavening in baking is Saccharomyces cerevisiae, which has been used for a long time. The dough rises as a result of the quick fermentation of the dough's carbohydrates, which releases ethanol and carbon dioxide. It is perfect for baking because of its quick growth and fermentation. Yeast is necessary for bread manufacture because of this process, which also adds flavour and aroma and gives bread its soft texture [28]. Bread gets its light texture from the carbon dioxide (CO₂) created during yeast fermentation, which enables dough to rise by creating air pockets. Baker's yeast is mass-produced under carefully regulated pH, temperature, humidity, and aeration conditions to satisfy the demands of the baking business. These circumstances maximise the effectiveness of fermentation and yeast development. The procedure guarantees reliable, superior yeast production. After that, the yeast is collected and transformed into other forms, such as dry or fresh yeast. In both home and industrial baking, this dependable leavening chemical is crucial [29].
D. Chocolate production by yeast and bacteria
	A vital fermentation phase in the making of chocolate is powered by naturally occurring bacteria and yeasts. Yeasts initially ferment the cocoa pulp's sugars to produce ethanol throughout this process. The ethanol is subsequently transformed into organic acids such as lactic and acetic acids by lactic acid bacteria and acetic acid bacteria. The heat and chemical changes produced by these microbial activities destroy the cacao seeds and provide the flavour precursors that are necessary for chocolate. Enhancing the final chocolate's flavour, fragrance, and quality requires proper microbial fermentation [30]. Lactobacilli and Acetobacter, two naturally occurring yeasts and bacteria, are used to ferment cacao pods in order to extract the seeds and enhance their flavour. Ethanol is produced by yeasts and subsequently transformed into acids by bacteria. By increasing the temperature and killing the beans, this microbial activity prevents germination. These alterations are essential to the quality of chocolate and start the creation of flavour [31]. For chocolate to develop its flavour, aroma, and colour, fermentation is essential. There are two steps involved: first, yeasts turn the sugars in the cocoa pulp into ethanol. This alcohol is subsequently converted to acetic acid by acetic acid bacteria. The beans are killed by the heat and acid created, which also causes chemical reactions that give chocolate its flavour and colour precursors [32].
Advantages of use of microbes in food industry
The benefits of using microbes as a food source are [33]:
· Extended Shelf Life: Microbial fermentation preserves food by producing acids and antimicrobial compounds that prevent spoilage.
· Enhanced Food Safety: Beneficial microbes inhibit harmful pathogens through competition and production of bacteriocins.
· Improved Digestibility: Microbes break down complex food components (like lactose or gluten), making them easier to digest.
· Nutritional Enrichment: Microbial activities increase the availability of vitamins (like B12, K) in some microorganisms, mainly yeasts, have high content of vitamins and improves protein quality. The protein content of microbe’s cells is very high. They have a protein content that is about 40-50% in bacteria and 20-40% in algae.
· Flavor and Aroma Development: Microbes contribute to the unique taste and aroma of fermented foods such as cheese, yogurt, and sauerkraut.
· Detoxification of Substrates: Fermentation can neutralize or reduce natural toxins (e.g., cyanide in cassava).
· Probiotic Effects: Some microbes promote gut health and boost the immune system when consumed in fermented foods.
· Consistency in Production: Use of microbial starter cultures ensures uniformity and quality control in large-scale food processing. 
Table 2. Emerging Food Industry Applications 
	Application
	Microbial Innovation
	Key Advantages

	Para probiotics & Non-Saccharomyces Yeasts
	Inactivated microbial components & novel yeasts (e.g., S. cerevisiae var. boulardii)
	Offer health benefits similar to live probiotics with improved safety useful in fermented juices and sauerkraut.

	Single-Cell Proteins via Precision Fermentation
	Engineered microbes using waste feedstocks
	Provide scalable, low-emission alternative proteins (cultivated meat, precision fermentation) for sustainable food production.

	Synthetic Biology for Improved Flavor & Sustainability
	Engineered strains optimized for fermentation
	Enhance food flavor and nutrition using waste-based feed, accelerating the “microbial food revolution”.

	Plant-Protein Microcapsules for Bioactive Delivery
	Biodegradable microcapsules from plant proteins
	Controlled release of nutraceutical or active ingredients in food, pharma, cosmetics, agriculture; 98% biodegradability.



4. PHARMACEUTICAL INDUSTRY
	Microorganisms are essential for the development of pharmaceutical and medical technologies as well as for the aetiology and treatment of diseases. While certain microbes promote digestive and immunological health, others cause illnesses like HIV. In order to eradicate disease-causing microorganisms without endangering human cells, researchers concentrate on creating tailored medicines. Enzymes, antibiotics, and vaccines are among the significant medicinal proteins that are produced by microbes. For instance, the biotechnologically useful protein Bacteriorhodopsin is produced by Halobacterium salinarum. Overall, the creation of new drugs and the management of disease depend on bacteria [34].
A. Vaccine production
	In pharmaceuticals, therapeutic microbes are utilized to produce vaccines, antibiotics, and other bioactive compounds. Vaccines rely on live, inactivated, or recombinant microorganisms to elicit protective immunity. The term "vaccine" refers to a biological preparation made from disease-causing microorganisms or their components that help provide immunity against specific diseases; it may contain inactivated or weakened pathogens or parts such as proteins or genetic material that mimic the microbe; when administered, it stimulates the immune system to recognise and respond to the pathogen, which helps the body "remember" the disease and react quickly if exposed in the future. Vaccines are extensively tested for safety and effectiveness; they are essential in stopping the spread of infectious diseases, and they have helped control or eradicate a number of serious illnesses around the world [35]. Frequently, weakened or dead microorganisms or components of disease-causing organisms, such as surface proteins or toxins, are used to make vaccines. Without producing disease, these substances safely boost the immune system. The majority of immunisations are safe and only have minor adverse effects, including discomfort or a slight fever. By providing protection against numerous dangerous infectious diseases, routine immunisation programs have significantly decreased childhood mortality. Widespread vaccination campaigns have saved millions of lives. Measles, polio, and diphtheria have all been considerably reduced. Vaccines continue to be a vital component of disease prevention and worldwide public health [36]. There are various vaccines available to reduce risk and improve immunisation effectiveness. Classic antibiotics such as penicillin arise from microbial metabolites, while additional microbial products include probiotics, vitamins, bacteriocins, and enzymes. Innovative approaches such as phage therapy offer promising strategies against antibiotic-resistant infections.
B. Vaccine from killed microorganisms
	Inactivated vaccinations are manufactured from microorganisms that have been killed. The microorganisms in these vaccinations have been rendered incapable of reproducing or causing illness by heat, chemicals, or radiation. They have enough structural integrity to elicit a protective immune response even after being inactivated. Hepatitis A, rabies, and polio (IPV) vaccines are a few examples. Although inactivated vaccinations are usually stable and safe, booster shots are frequently necessary to sustain immunity over the long term. Those with compromised immune systems can use them. Around the world, these vaccines are essential for preventing deadly infectious diseases.
C. Vaccines from live microorganisms
	Weakened strains of disease-causing bacteria that can still multiply but cannot infect healthy people are used to make live attenuated vaccines. With one or two doses, they typically offer robust, long-lasting protection and closely resemble real infections. The BCG, chickenpox, oral polio, and MMR (measles, mumps, and rubella) vaccines are a few examples. Even though they work quite well, those with compromised immune systems shouldn't use them. Despite frequently needing to be refrigerated, these vaccinations are essential to international immunisation campaigns [37].
D. Vaccines from the different products of microorganisms
	Microbial products are used to make subunit, conjugate, and toxoid vaccines. Instead of using entire microorganisms, these employ certain elements such as surface proteins, polysaccharides, or inactivated toxins. Subunit vaccinations, like hepatitis B, employ refined antigens, whereas toxoid vaccines, like tetanus and diphtheria, neutralise toxins. To increase immunity, conjugate vaccines (like Hib) attach bacterial carbohydrates to proteins. Although booster doses may be required, these vaccines are extremely safe, appropriate for all ages, and cannot spread illness [38].
1. Antibiotics
	Antibiotics are chemicals that are either naturally occurring from microorganisms or artificially made that are used to either kill or stop the growth of germs. They function by going after bacterial components like protein synthesis or cell walls. Tetracyclines, macrolides, and penicillins are common varieties. Antibiotics don't work on viral infections; they only work on bacterial ones. Antibiotic resistance brought on by abuse or misuse can make infections more difficult to cure. Maintaining their efficacy requires responsible use and taking medications as directed [39].
2. Probiotics
	In aquaculture, probiotics such as Enterococcus faecium are utilised to improve fish development, increase immunity, and lessen the need for antibiotics. Continuous probiotic feeding increased the tilapia's resistance to Aeromonas hydrophila. Better growth was encouraged by a 7-day pulse feeding technique; however respiratory function was impacted by a 14-day cycle. Blood chemistry and body composition did not significantly change. Probiotics are often successful in managing fish health in a sustainable manner [40]. Probiotics are living microbes that boost immunity and gut health. Bifidobacteria and lactic acid bacteria are common strains. They are added to foods like vitamins and yoghurt, including soy yoghurt. Probiotics aid in better digestion and gut flora balance. Regular consumption of these enhances general health.
In addition to the products mentioned above, a wide range of other valuable products are also derived from microorganisms. Some of these include:
· Protease enzymes, which break down proteins, are commonly produced by microbes like Aspergillus flavus. These enzymes have wide applications in food processing, detergents, and pharmaceuticals. Microbial proteases are favored for their high yield, stability, and cost-effectiveness [41].
· Microbes are used to produce both fat- and water-soluble vitamins through enzymatic processes. For example, Flavobacterium species help synthesize Vitamin K2 by converting quinone precursors. Microbial vitamin production is efficient and widely used in food and pharmaceutical industries [42].
· Bacteriocins are antimicrobial peptides produced mainly by bacteria and serve as alternatives to traditional antibiotics. They are easily engineered, highly specific, and effective in targeting harmful microbes. Bacteriocins are widely used in food preservation and hold promise for medical applications [43].
· Phage therapy uses bacteriophages viruses that infect and kill bacteria as a targeted treatment for bacterial infections. It is a promising alternative to antibiotics, especially for drug-resistant strains. This method is highly specific and preserves beneficial bacteria [44].
Table 3. Advanced Pharmaceutical & Bioproduct Applications
	Application
	Microbial / Biotech Innovation
	Benefits

	Microbial Bioproducts via AI & Synthetic Biology
	Engineered microbes producing biofuels, bioplastics, biosurfactants, nutraceuticals
	Supports a circular economy with sustainable, scalable production of green chemicals.

	Extremotolerant Bacteria with Bioactive Compounds
	New bacteria producing paeninodin, alkylresorcinols, bacillopaline
	[bookmark: _GoBack]Serve as natural biocontrols, preservatives, and therapeutic agents in agriculture, food, cosmetics, and pharma.

	Genetically Modified Microbial Inputs
	Engineered bacterial strains tailored for plant performance
	Aims to improve efficacy of biofertilizers and biostimulants; on-going efforts to adapt biosafety assessment regulations accordingly.



Conclusion
	Microorganisms play a pivotal role in advancing sustainability within agriculture, food, and pharmaceutical industries. They enhance soil fertility, crop productivity, and plant health through biofertilizers and biopesticides while improving food quality, safety, and shelf life via fermentation products such as bread, cheese, yogurt, and chocolate. In pharmaceuticals, microbes are central to antibiotics, vaccines, probiotics, and bioactive compounds, ensuring human health and therapeutic innovation. Emerging fields like metagenomics, synthetic biology, and precision fermentation expand their applications to biofuels, nutraceuticals, and bioplastics. Harnessing microbial potential through innovation and safe commercialization is essential to achieving global food security, environmental sustainability, and human well-being.
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