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Abstract 
[bookmark: _GoBack]Fermentation with microorganisms is the principal technology for manufacturing a vast array of food products and alcoholic beverages. The process is synonymous with the process involving microorganisms like bacteria, yeasts, and molds that transform carbohydrates into a vast spectrum of compounds. Fermentation is pivotal in the preservation, flavor enhancement, and quality improvement of many delicate commodities. The increased interest in nutritious and sustainable food resources has injected a sense of optimism in microbial biotransformation in the food industry, wherein microorganisms chemically alter food constituents to enhance their functional characteristics and nutritive value. The current review provides a comprehensive overview of the latest findings in microbial fermentation with an emphasis on food quality, nutritive enhancement, and public health viewpoints. Historically, microbial fermentation has been an integral aspect of food preparation and storage, serving not only as a tool to enhance the sensory and functional values of foods but also to extend their storage lives. This review spotlights the significant influence of microbial fermentation on nutritive value and functional characteristics in fermented foods. Biochemical functions of key microbial varieties, i.e., molds, yeasts, and lactic acid bacteria, are elaborated upon in response to their roles in diminishing anti-nutritional constituents, enhancing nutrient availability, and biosynthesis of bioactive chemicals. The process of fermentation involves probiotics, anti-aging chemicals, and antibiotics to improve the quality, flavor, and nutritional value of food.
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1. 	Introduction
Fermentation by microorganisms is a biochemical process that converts carbohydrates like sugars, grains, or carbohydrate-containing foods into alcohols, gases, or acids under anaerobic conditions (Tamang et al., 2016). Widely used in food and beverage production to induce preservation, flavor, texture, and nutrient variability, this process is a main stimulator across a wide range of foods and beverages, such as wine, beer, bread, cheese, yogurt, kimchi, sauerkraut, soy sauce, and vinegar  (Bourdichon et al., 2012). In addition, microbial fermentation also results in the development of unique and, in most instances, desirable microbial populations, which not only contribute flavor and texture to fermented foods but can also have health-promoting properties. For example, probiotics produced during fermentation can aid digestion and support immune function, contributing to the functional popularity of these foods in modern diets.
During fermentation, microorganisms' activity gives rise to the production of a vast diversity of metabolites—including organic acids, aldehydes, alcohols, and esters—that together underlie the rich flavors and aromas typical of fermented food products (Smid & Lacroix, 2013). The special action of microbial populations brings about all these sensory changes. Their microbial communities, which are predominantly composed of bacteria, yeasts, and molds, play a crucial role in both the sensory characteristics and health benefits of the resulting product (Marco et al., 2017). Yeasts and bacteria that form esters, for example, have a crucial role in developing the flavor profile of beers and wines, while amino acid transformations are pivotal to creating the umami tastes that result during the maturation of cheeses and fermentation of soy sauce (S. Q. Liu, 2003). The following digestion process further breaks down proteins, fats, and gases via a series of chemical reactions and causes transformations such as the breakdown of solids to gels and changes between liquid to solid states that then influence mouthfeel and texture (Ozturk & Hamaker, 2023; Sensoy, 2021).
The impact of fermentation is more than sensory. Beyond food quality improvement and provision of a long storage life, fermentation also produces a group of compounds with inherent bioactivity that can deliver health benefits. Fermentation by microorganisms is a key component of food biotechnology, combining traditional techniques with modern inventions. Fermentation improves the safety of food, raises the nutritional value, and enhances flavor attributes, apart from providing possible health effects. With all these benefits, it is no wonder that consumer interest has grown. Increased consumer interest in lightly processed and natural foods has further escalated the role of fermentation in the food and beverage production industries.
With a surging world population, the introduction of more sustainable methods of food production and processing that preserve natural resources is needed to provide long-term stability in food and nutrition (Figure 1).  This is a comprehensive analysis of microbial fermentation, highlighting its developmental history, importance in food preservation, effect on flavor enhancement, and value in enhancing the nutrient quality of food products.
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Figure 1. 	Flowchart of the fermentation process and its effects on food properties.


2.       Fermentation Process.
Fermentation is among the oldest techniques for preserving food, relying on the activity of microorganisms to maintain its stability. The word “fermentation” originates from the Latin fervere, meaning “to cook.” This process has been used since prehistory to transform and generate several food products. Accidentally or not, humans observed that food storage changed its characteristics—at times, producing desired tastes that were meant to be exploited with preservation goals. Fermentation is an old tradition of food processing that has been adopted by various cultures for centuries, promoting flavors, preservation, and nutrient values. Fermented foods have formed roughly one-third of the world's dietary consumption for millennia (Campbell-Platt, 1994). Their manufacture is principally based on microbial activity, which accelerates specific biochemical changes that promote both the flavor and nutrient profile of the starting materials (Campbell-Platt, 1994; Nagarajan et al., 2022). These microbial activities yield metabolites rich in probiotic, antioxidative, and antimicrobial activities (Nagarajan et al., 2022). Fermented foods such as breads, cheeses, a diversity of soybean-based foods, cassava, vegetables, and sausages have been a staple in the human diet for millennia.
Fermentation, as a food processing process, preserves and converts highly perishable, water-rich substrates (vegetables, milk, fruits, tubers, legumes), utilizing microbial metabolism. Different food groups can be fermented, including meats, fish, milk products, grains, fruits, and vegetables. The outcome is increased shelf life, improved sensory characteristics, increased digestibility, and a higher level of nutrient and functional quality. Fermented foods are an integral component of world eating behaviors, consumed due to their organoleptic profiles along with their preservation and health-improving activities. Specific processing parameters, such as acidifying, salting, control of water activity, and oxygen levels, define acceptability, palatability, and nutrient profile. Particular microorganisms, either as a starter culture or autochthonous strains, are primarily involved in fermentation. The metabolic activities of microbes have an impact on lowering pH values, creating flavor moieties, producing antimicrobial compounds, and in a small number of instances, even reducing the levels of toxins in the food product (Dimidi et al., 2019; Marco et al., 2017)During fermentation, biochemical transformations occur: sugars are converted into organic acids (especially lactic acid), alcohols, aldehydes, ketones, and sometimes other compounds. These contribute to flavor, aroma, and preservation by lowering pH, inhibiting pathogens, and improving safety. Key microbial genera implicated include Lactobacillus, Lactococcus, Leuconostoc, Enterococcus, Streptococcus, Saccharomyces, and molds such as Penicillium (Cuamatzin‐garcía et al., 2022). During fermentation, yeasts are key providers of food, specifically in the production of bread, as well as beer and wine manufacture. Lactic acid bacteria are also able to generate antimicrobial peptides named as bacteriocins that are utilized to control food spoilage microorganisms and pathogenic bacteria and extend the shelf life of a wide range of products, including yogurt and nono. 
Fermentation of food is the oldest form of biotechnology and bears a profound impact on the flavor, texture, storage life, and health-beneficial characteristics of fermented products. Globally, a wide range of instances like beer, bread, sauerkraut, pickles, cheese, yogurt, and sausages illustrate its potential for creating new products (Figure 2). This process involves a series of microbial and enzymatic processing of food products and their components to achieve beneficial outcomes, which include increased storage life, enhanced safety, favorable flavor, improved nutritive quality, and increased health benefits (Nkhata et al., 2018).
Fermentation has a positive effect on the nutrient status of food products through the biosynthesis of vitamins, indispensable amino acids, and proteins, while also enhancing the digestibility of proteins and fiber. Moreover, fermentation also elevates the availability of micronutrients and facilitates the breakdown of anti-nutritional factors. Besides sensory improvement and storage preservation, fermentation can detoxify specific consumables. For instance, during the fermentation of cassava tubers before fufu and gari preparation, toxic cyanogenic compounds are minimized. Furthermore, fermentation can lower anti-nutritional constituents (e.g., phytates), promote accessibility of vitamins (e.g., specific B-vitamins, vitamin K), and produce entities with antioxidant, antimicrobial, and immune-modulation activities (Álvarez et al., 2025; Dimidi et al., 2019). 
Fermented products can also support metabolic health. There is evidence of several benefits, including modulation of gut microbiota, reduction in inflammation, improvement in glucose metabolism, and possible control of weight. Evidence also keeps rising, with mechanism including increased nutrient availability, production of bioactive peptides, activity by live microbial cells, and modulation of immune responses (Marco et al., 2017). Interest in fermented foods has increased considerably in recent years, with increasing evidence that they can contribute to the prevention or management of metabolic diseases (e.g., obesity), food allergies and intolerances (e.g., lactose, gluten), and compatible diets with vegetarian or vegan diets. Most consumers today are searching for "natural" or "minimally processed" products, believing that classical fermentations deliver healthy live microorganisms, and chemicals that are related to health and long life (Marco et al., 2017).
Today, there is a growing global interest in fermented foods (Fox et al., 2016), as fermentation enhances texture characteristics, digestibility, and a fuller, more nutritious profile. Fermented foods find a niche position both in terms of nutrition and food security in most developing nations  (Samtiya et al., 2020). Nigeria, for example, has a rich repertoire of traditional fermented food products that are commonly eaten. This list includes tuber-based products such as gari and fufu, cereal-based products like ogi, legume-based products like dawadawa or iru, self-made dairy cheeses, and drinks like palm wine. These food products have a rich value in dietary practices and are popular due to their contributions toward both daily nutrition and cultural identity (Samtiya et al., 2020).
Recent advances in molecular analytical techniques, such as gene expression studies, have increased the ecological understanding of yeasts, allowing for the production of a wide variety of products and impacting their quality in general. Complex relationships between many different strains and species, including bacteria and other fungi, determine the growth and metabolism of yeast. Many yeast strains are used as a form of fungal spoilage control in food as a biocontrol agent, while others are used as new probiotics. Moreover, associations with yeast hold promise for dealing with new issues in food safety, such as opportunistic infections and other adverse outcomes in humans (Fleet, 2007).
Overall, fermented traditional foods have multiple functions: they preserve food, enhance its palatability and quality, reduce or neutralize toxins and pathogens, support health (particularly gut and metabolic health), and hold significant social and economic importance (such as expanding markets, providing employment, and reducing poverty). In Nigeria and other areas, we have heard that such foods are not just critical based on culture and consumer preference, but they also have great promise in enhancing quality in the diet and resolving problems related to health. Moreover, fermentation serves as a significant energy-providing component by utilizing non-edible substrates to produce edible food products. Fermentation also plays a role in providing food safety by decreasing the amount of harmful chemicals like aflatoxins and cyanogens, and by synthesizing antimicrobial compounds—viz. Lactic acid, bacteriocins, carbon dioxide, hydrogen peroxide, and ethanol—to suppress or eradicate food-borne microorganisms. Experiments on the applications of bacteriocins in ogi and fufu assessed the bio-preservative activity during a span of 60 days. The investigation documented that the storage life of ogi was possibly enhanced up to 60 days, with fufu even exceeding 60 days of storage at a refrigerated temperature compared to uninoculated control samples (L. et al., 2017). Fermentation can potentially be a contributor to the scientifically based quality control of pesticide residues in foodstuffs (Regueiro et al., 2015). Many fermented foods also have several specific therapeutic effects. Besides its nutrient, safety, and preservation values, fermentation also diversifies diets by providing a wide range of varieties in flavors, texture, and aroma. Fermentation extends the storage life of foods with a decrease in preparation energy requirements and also significantly contributes to increasing the value-added levels of farm products, thereby providing scopes for income generation and job provisions (Nkhata et al., 2018; Park & Mannaa, 2025).
Fermentation's most key function in human nutrition has often been its ability to complement the existing natural nutrients inherent in raw food materials, making them tastier than their non-fermented counterparts. This process has been critical for the supply of food, with a direct effect on the quality of the nutrition in foods significantly (McFeeters, 1988).
[image: ]

Figure 2. 	Overview of common fermentation types, associated microorganisms, and resulting end product.
3.	Historical Perspective
Fermentation was also used in antiquity. Archaeological findings based on evidence in Mesopotamia show that the fermentation processes of bread and beer existed over 6,000 years ago (Mukherjee et al., 2022). The age-old method served as the foundation of primitive societies. Since the early beginning of human societies, fermentation has played a key role in preserving food during harsh times of the year and was also used during rituals to enhance flavor and quality sense (K.A. Usha KIRAN1, K.A. Anu APPAIAH2*, 2012).
These customs evolved into distinct regional products. Many traditional products, including yogurt, kimchi, sauerkraut, and soy sauce, are good representatives of the specific microbial communities and cultural traditions found in different geographic areas. The fundamental process relies on microbial action. The method relies upon microorganisms, such as yeasts, bacteria, and molds, to convert carbohydrate-rich substrates into products like alcohol, organic acids, gases, and other metabolites (Pashaei et al., 2022; Tamang et al., 2016). Additionally, this process aids in the development of desired unique flavors and textures, facilitates the preservation of seasonal and perishable food products, and yields desired compounds, including vitamins. 
[bookmark: _Hlk208222714]Technological advances have transformed modern fermentation. Today, microbial fermentation plays a central role not just in the production of many commonly consumed foods and beverages but also in a wide range of industrial applications. Considerable advances in microbial fermentation include the utilization of a starter culture to increase the quality and reliability of products, the introduction of new varieties that are developed with consumer interests in mind, e.g., artisan and probiotic foods, and advances in bioreactor designs (Tsafrakidou et al., 2020). A significant advance is the gradual move away from dependence on feral microbes to the adoption of pre-adapted starter strains. 
[bookmark: _Hlk208222768][bookmark: _Hlk208222844]The development of starter cultures has been a key innovation. Selectively balanced mixed cultures are especially desirable, as they deliver a larger set of flavors and volatile metabolites with higher reliability and consistency to suit a broad spectrum of fermented products (Binta Buba ADAMU et al., 2025). Research continues to push the boundaries of fermentation. Furthermore, novel probiotic strains have been identified, and ongoing studies on mixed-culture fermentation are exploring the creation of new functional beverages (Filannino et al., 2015). Advances in genetic engineering have also enabled improvements in starter cultures, allowing modifications that enhance yield, efficiency, and resilience (Raveendran et al., 2018).
4.	Fermented Foods: Production Methods and Nutritional Properties.
Fermented alcoholic beverages and foods are the oldest industrial food products found throughout the globe. They are a continuum of foods, including wine, beer, sauerkraut, kimchi, cultured milk, yogurt, and several varieties of fermented sausages. Fermented foods have been valued for their long storage lives, higher toleration to storage and handling issues, and refined tastes due to their long-standing existence. They have a cultural and worldwide role in the human diet. Fermented foods and beverages are a key component of many diets around the world, with a plethora of studies highlighting their potential health benefits. Fermented foods are rich in nutritional values (vitamin K, trace minerals, B-vitamins, and probiotics), with their easy preparation and availability making them a more economical diet from a health perspective. Bulgarians have a high consumption of fermented milk and Kefir, whereas Turkish people are famous for their Ariana drink alongside their meals. Asians have a habit of preferring and consuming pickled vegetables such as cabbage, turnips, eggplant, cucumbers, onions, squash, and carrots. In contrast, Middle Easterners use yogurt to accompany almost every meal and different types of fermented foods (Ansorena & Astiasarán, 2015). 
4.1	Types of Fermented Food and Beverage Products
The production of these diverse foods is based on microbial action. Fermentation is based upon the biochemical activity performed by several microorganisms, namely bacteria, yeasts, and molds. Yogurt is a typical example amongst milk products, being created by the activity of particular bacteria, namely Lactobacillus bulgaricus and Streptococcus thermophilus (Savaiano & Hutkins, 2021). Cheese is another group of fermented milk products, commonly manufactured with the aid of bacteria from the Lactobacillus genus and molds from the Penicillium genus. Moving on to alcoholic fermented products, yeasts play a central role here too; e.g., beer is mostly brewed with Saccharomyces cerevisiae (also termed brewer's yeast), while wine manufacturing uses both varieties of Saccharomyces cerevisiae along with several varieties of wild yeasts and bacteria. Similarly, cider fermentation employs native indigenous wild yeasts and bacteria (Olsen et al., 2023). Salami fermentation utilizes lactic acid bacteria like Lactobacillus spp., which collaborate with molds such as Penicillium spp. (Roselli et al., 2024). On the contrary, fish fermentation utilizes salt-resistant bacteria, yeasts, and molds  (Tsai et al., 2022). Sauerkraut is an example of fermented vegetables, manufactured with the aid of Leuconostoc mesenteroides (Fernandes, 2010), and kimchi with a combination of Lactobacillus plantarum along with several varieties of yeasts and molds (Roselli et al., 2024). Sourdough bread is a result of fermentation of grains and legumes using wild yeasts (Tsai et al., 2022), namely Saccharomyces cerevisiae combined with several varieties of lactic acid bacteria such as Lactobacillus sanfranciscensis (Lau et al., 2021; Rosenberg et al., 2013; Zhu et al., 2020). A similar fermentation process is used in tempeh manufacturing, originating from a fermentation containing soybeans by Rhizopus oligosporus. The diversity in microbial populations engaged is accountable for the unique flavor and preservation characteristics found in fermented foods.
Microbial processes are crucial for delivering health benefits. They are also exceedingly crucial due to their ability to provide functional and nutritional effects. Fermentation processes modify ingredients and yield active or functional ingredients, a feature that has generated growing interest in modern table practices. Most fermented foods contain live bacteria that are similar to probiotic bacteria. Studies conducted in various geographical areas have associated the microorganisms found in products such as agave fructans, kefir, kombucha, cheeses, fermented vegetables, and certain yeasts with positive health outcomes. The benefits include aid with weight control, lowered risks for heart and gut diseases, antidiabetic activities, constipation relief, improved glucose and lipid level regulation, enhanced immunity, anticancer activities, and lowered mortality, this latter leading to a general health improvement (Machlik et al., 2021; Marco et al., 2017; Nsogning Dongmo et al., 2016; K. Zhang et al., 2019). Although clinical studies that assess their health effects are not extensive, existing studies have demonstrated a benefit that exceeds the inherent nature of the starting food commodities.  (Marco et al., 2017). More studies will be needed to clarify the role of functional fermented foods and beverages in health disorder prevention or control (Cuamatzin‐garcía et al., 2022; Dimidi et al., 2019). 
The fermentation business sector is evolving to meet modern needs. Today, the food market is under pressure to develop higher-grade plant foods with enhanced nutritional, functional, and sensory profiles, driven by the growing concern that approximately 79 million consumers are adopting a vegan diet. To address this, researchers are exploring natural and sustainable ingredients to design innovative food alternatives (Bernaerts et al., 2018; Delgado et al., 2019). Within the dairy sector, particular importance is placed on ensuring the survival of probiotic bacteria during the production and storage of fermented milk. Recent research has investigated the addition of microalgae to milk as a means of improving probiotic viability.


4.2. 	Economic Importance of Food Fermentation
The global market for fermented foods is significant and growing. Since the 1970s, global consumption of fermented foods has increased tremendously, reflecting changing eating behaviors and growing public awareness of their health benefits. This group includes everyday products that are commonly eaten, like yogurt, cheese, buttermilk, fermented meats, sourdough bread, and alcoholic beverages, as well as fermented vegetables, fruits, sauces, and ethnic foods like kefir and koumiss (Marco et al., 2017).
An important factor behind this positive trajectory is the perception that fermented foods are natural and healthy, and beneficial to health. Consumers are ever more enlightened that they contain billions of live, beneficial bacteria—mostly lactic acid bacteria and yeasts—and their metabolites, consisting of organic acids, peptides, and vitamins, without raising a note of concern for their safety (Ansorena & Astiasarán, 2015; Savaiano & Hutkins, 2021). Given their long history of safe consumption in many cultures, fermented foods are also universally viewed as trustworthy and credible ones (Silva, 2024).
The principles of fermentation are now inspiring food preservation developments. By embracing the reported safety characteristics, latest reports propose that antimicrobial compounds formed intrinsically during fermentation, e.g., by phenolic compounds, organic acids, and by bacteriocins, can be incorporated as bios-preservatives in non-fermented foods. Future applications can decrease chemical preservative dependency, extend shelf life, and address consumer interests in less-processed foods with clean labels (Cizeikiene et al., 2015; Sharma et al., 2020).
5. 	Microorganisms and Food Fermentation
5.1 	Beneficial Microorganisms and Starter Cultures
Microorganisms are essential to the fermentation industry, where they are exploited for the production of a wide range of metabolites, including organic acids, alcohols, enzymes, antibiotics, and polysaccharides. Fermentation is inherently complex, involving the conversion of agricultural raw materials—of both plant and animal origin—through the metabolic activity of either indigenous microflora or intentionally introduced starter cultures. These biotransformations not only extend shelf life but also improve nutritional quality, deliver health benefits, and enhance the sensory profile of foods in terms of taste, texture, and aroma (Saha Turna et al., 2024; L. Zhang et al., 2022). The effective control of industrial fermentation requires detailed knowledge of microbial physiology, metabolic networks, and genetic characteristics, as well as an understanding of their roles in food safety, sensory quality, and shelf life. 
The dominant microbial groups involved in these processes are lactic acid bacteria (LAB), molds, and yeasts. Among these, LAB represent the major microflora in the fermentation of dairy products, vegetables, and sourdough. Within this group, species such as Lactobacillus and Pediococcus are widely employed as starter cultures in meat fermentation, where they promote acidification, improve safety, and generate compounds that enhance flavor and aroma.
Notably, certain yeasts and filamentous fungi are metabolically versatile and indispensable in food biotechnology. They not only contribute to alcoholic fermentation but also produce vitamins, organic acids, hydrolytic enzymes, and volatile aromatic compounds that influence the sensory and functional qualities of fermented foods. For example, Saccharomyces cerevisiae is the cornerstone of bread, beer, and wine fermentations, while Penicillium camemberti and Aspergillus niger are vital in cheese ripening and enzyme production, respectively (Y. Liu et al., 2025). For example, Saccharomyces cerevisiae is widely utilized in the production of beer, bread, wine, cider, sake, and kefir (Steensels et al., 2014), whereas Candida miller plays a role in the fermentation of products such as kombucha, sourdough, and kefir (Marsh et al., 2014). 
The contribution of specific filamentous fungi to food fermentation is significant. Aspergillus oryzae plays a central role in the production of traditional Asian foods such as soy sauce, miso, sake, rice vinegar, and koji (Machida et al., 2008). Penicillium camemberti is employed in the manufacture of soft cheeses, including Camembert and Brie, which are highly valued in Western cuisine (Fox et al., 2016). Various species of Rhizopus, particularly Rhizopus oryzae, serve as the primary fermenting agents in tempeh and other traditional fermented products (Nout & Kiers, 2005). Additionally, the mold Neurospora crassa, commonly referred to as koji, is utilized in the production of soy sauce, miso, and sake (Zhao et al., 2018).
Different cultural traditions reflect distinct emphases in fermentation. In Western contexts, fermentation has historically been applied primarily for preservation via acidification. In contrast, Asian fermentation practices are frequently based on fungal metabolism under solid-state conditions, leading to the development of protein-rich foods with unique flavors and functional properties. Examples include the production of soy sauce, miso, tempeh, and sake, where fungi such as Aspergillus oryzae, Rhizopus oryzae, and yeasts such as Saccharomyces cerevisiae play indispensable roles (Y. Liu et al., 2025; Steensels et al., 2014) (Table 1).








Table 1. 	Selected microorganisms involved in major food fermentations
	Microorganism
	Substrate/Product
	Function/Contribution

	Lactobacillus spp.
	Dairy, vegetables, meat
	Acidification, flavor, preservation

	Pediococcus spp.
	Meat, vegetables
	Acid production, microbial safety

	Saccharomyces cerevisiae
	Bread, beer, wine
	Alcohol, CO₂, flavor compounds

	Aspergillus oryzae
	Soy sauce, miso, sake
	Enzyme production, flavor, proteolysis

	Rhizopus oryzae
	Tempeh, fermented soy products
	Protein hydrolysis, texture

	Penicillium camemberti
	Cheese (Camembert, Brie)
	Flavor, aroma, ripening

	Aspergillus niger
	Enzyme production, citric acid
	Hydrolytic enzymes, organic acids


5.2. 	Unwanted Bacteria
Nevertheless, fermented foods are rarely produced under sterile conditions and may still harbor contaminant microbes. Dairy products, for example, can contain yeasts, molds, and bacteria that compromise quality and safety (Donkor et al., 2025; Montel et al., 2014). 
In cheese, acid-tolerant bacteria dominate after fermentation, but insufficient acidification or delayed pH reduction can permit spoilage organisms and pathogens to persist. Additionally, pH increases during ripening may allow previously suppressed microbes to re-emerge (Fox et al., 2016; Settanni & Moschetti, 2010).  Recent systematic reviews show that pathogens like Listeria monocytogenes, Salmonella spp., and Escherichia coli O157:H7 can persist in foods for weeks to months, and in some cases over a year, depending on environmental conditions (Montel et al., 2014). This highlights the importance of species- or strain-level microbial monitoring rather than relying solely on broad groups such as coliforms or lactic acid bacteria (Y. Liu et al., 2025; Settanni & Moschetti, 2010)The problem is intensified by the ability of pathogens to adapt to sub-lethal stresses encountered during processing and storage (Leyer & Johnson, 1993; Liu et al., 2025; Nank, 2024). Persistence is also shaped by stress-response mechanisms (e.g., tolerance to pH, salt, temperature) and the formation of microcolonies or biofilms, which enhance microbial resilience (Flemming et al., 2016; Nank, 2024). Methodological challenges in recovery—such as underestimation of viable but non-culturable (VBNC) cells—further complicate detection. 
Food manufacturing, distribution, and storage often apply hurdle technologies, where multiple inhibitory stresses are combined to suppress undesirable microorganisms (Leistner & Gorris, 1995). 
6. 	Nutritional Enhancements from Fermentation
Microbial biotransformation plays a key role in enhancing the nutritional quality of foods through fermentation, as it alters their biochemical composition. This process not only improves nutrient bioaccessibility but also decreases anti-nutritional compounds and reshapes the overall nutritional profile of food products (Samtiya et al., 2021). Such transformations are fundamental to the development of functional foods with improved health-promoting properties.
6.1. 	Bioavailability of Nutrients Post-Fermentation
Bioavailability describes the fraction of ingested nutrients that is absorbed and effectively utilized by the body. Fermentation enhances this process, as microorganisms such as bacteria, yeasts, and molds secrete enzymes that hydrolyze complex macromolecules into simpler, more digestible forms—for instance, proteins into amino acids, carbohydrates into simple sugars, and lipids into free fatty acids (Kumari & Platel, 2020).
The limited bioavailability of minerals in plant-based foods is largely attributed to their association with non-digestible compounds that form complexes resistant to digestion. Fermentation helps overcome this limitation by degrading such complexes and thereby increasing mineral accessibility (Nkhata et al., 2018). Many staple crops, especially cereals and legumes, contain phytic acid, an anti-nutritional factor that chelates essential minerals like iron, zinc, calcium, and magnesium, thereby limiting their absorption (Ferruzzi et al., 2020). Lactic acid bacteria (LAB) and other fermentative microbes produce phytases that degrade phytic acid, releasing bound minerals and improving their bioavailability in the gastrointestinal tract (Hendek Ertop & Bektaş, 2018). A well-known example is the fermentation of soybeans in Asian diets, which enhances the bioaccessibility of iron and zinc otherwise restricted by the high phytic acid content of raw soybeans (Samtiya et al., 2021).
During fermentation, enzymes such as α-amylase and phytase play important roles in improving mineral bioavailability by degrading starch and phytate, respectively, and thereby dismantling complexes that hinder mineral absorption. Certain fermenting microorganisms also degrade dietary fibers, loosening the food matrix and facilitating the release of bound minerals (Liang et al., 2008). Fermentation additionally promotes mineral absorption by reducing pH, which increases phytase activity and enhances iron solubility through the conversion of ferric to the more bioavailable ferrous form. Pre-processing techniques such as grinding further improve these effects by disrupting cellular structures and increasing the surface area for enzymatic action (Castro-Alba et al., 2019). The effectiveness of these processes, however, depends on food composition; for instance, high fiber content can reduce the accessibility of some minerals. Complementary strategies, including seed germination and enzymatic treatments with phytase or polyphenol oxidase, further enhance mineral availability by lowering phytate or tannin levels (Sarvani et al., 2020). 
In many fermented foods, higher levels of minerals such as zinc, calcium, iron, and magnesium have been observed, primarily due to the breakdown of phytates (Ahmed et al., 2020). Nonetheless, the apparent rise in mineral concentration may partly reflect the reduction of dry matter as fermenting microbes metabolize proteins and carbohydrates (Day & Morawicki, 2018). Additionally, fermentation reduces anti-nutritional factors like phytates and oxalates, which otherwise sequester minerals, ultimately improving the bioavailability of key nutrients such as iron, phosphorus, and calcium (Hajimohammadi et al., 2020).
Research in various grains has further highlighted the beneficial role of fermentation in enhancing mineral bioavailability. In sorghum and finger millet, natural fermentation over 96 hours led to phytic acid reductions of 64.8% and 72.3%, respectively, with corresponding increases in calcium, manganese, and iron availability (Makokha et al., 2002). Likewise, fermentation of quinoa flour with Lactiplantibacillus plantarum for 16–18 hours at 30 °C significantly improved iron levels while lowering phytic acid content compared with unfermented controls (SVANBERG et al., 1993). More recent investigations demonstrated that fermentation with specific lactic acid bacteria, such as Levilactobacillus spicheri DSM 15429, can elevate mineral concentrations in rice sourdough (Chis et al., 2020). In addition, the use of phytase-producing strains like Pediococcus pentosaceus enhanced mineral solubility in whole wheat flour by nearly 30% (Cizeikiene et al., 2015). 
Beyond mineral availability, fermentation also alters carbohydrate composition: in carrot juice, for instance, fermentation resulted in a 52% increase in polysaccharides and a 27% decrease in monosaccharides. This effect was attributed to fructosyltransferase enzymes produced by starter cultures such as Lactobacillus gasseri DSM 20604 and DSM 20077, which catalyze the conversion of simple sugars into inulin-type polysaccharides (Xu et al., 2020).
Fermentation has been shown to enhance protein digestibility by hydrolyzing complex proteins into smaller peptides and free amino acids (FAAs). This effect is particularly relevant in legumes such as soybeans, which, despite their high protein content, also contain anti-nutritional factors that impair protein absorption. Fermentation with Lactobacillus species has been reported to improve the digestibility and overall bioavailability of soy proteins (Álvarez et al., 2025). In soybeans, the high protein content contributed to a marked rise in FAAs—from 3.74 to 64.30 µg/mL—likely facilitated by proteolytic enzymes secreted by Bacillus subtilis natto (L. Zhang et al., 2022). Consistently, controlled fermentations with Lactiplantibacillus plantarum C48 and Levilactobacillus brevis AM7 increased FAA concentrations in various legumes, a change that correlated with reduced tannin levels (Curiel et al., 2015). Comparable improvements have also been documented in fermented lentils, where significantly greater amounts of digested protein were observed relative to unfermented controls (Sánchez-García et al., 2022).
Cao et al. (Li et al., 2025) recently demonstrated that yeast fermentation can improve the nutritional profile of soybean meal, with crude protein and acid-soluble protein contents increasing to 542.5 g kg⁻¹ and 117.2 g kg⁻¹, respectively, alongside a 17.9% rise in essential amino acids. These findings reinforce the potential of fermentation to enhance both protein quality and digestibility in legumes. Beyond proteins, fermentation of grains, vegetables, and other plant-based foods has been shown to reduce anti-nutritional factors, thereby improving the bioavailability of essential minerals. Nevertheless, the extent of improvement is highly variable and influenced by factors such as the microbial strains employed, fermentation parameters, and the intrinsic characteristics of the food matrix. This variability underscores the difficulty in standardizing fermentation approaches to ensure consistent nutritional benefits. Addressing this challenge will require more profound insights into the metabolic pathways and microbial mechanisms that drive nutrient bioavailability. The integration of advanced analytical tools, including metabolomics and proteomics, could play a critical role in unraveling these processes and guiding the development of more precise and reliable fermentation strategies.
6.2 	Reduction in Anti-Nutritional Factors
Anti-nutritional factors are naturally occurring compounds in foods that can reduce the efficiency of nutrient digestion and absorption. These include goitrogens, phytic acid, saponins, tannins, amylase inhibitors, lectins, antivitamins, and protease inhibitors, which plants synthesize as defense mechanisms against herbivores and to adapt to environmental stresses (Idate et al., 2021). Depending on their properties, these compounds may be either heat-stable or heat-sensitive. For instance, proteinase inhibitors commonly found in seeds can hinder digestive processes by blocking enzymes such as trypsin, pepsin, and other proteases, thereby impairing protein digestion and utilization (Samtiya et al., 2020; Yegrem et al., 2022). Similarly, tannins interfere with digestive enzyme activity and reduce the bioavailability of essential nutrients, including proteins and carbohydrates (Yegrem et al., 2022). Such effects highlight the dual role of these compounds as both protective agents for plants and limiting factors for human and animal nutrition.
Addressing the limitations posed by anti-nutritional factors is crucial for enhancing the nutritional value of foods. Among the available strategies, microbial biotransformation through fermentation has emerged as one of the most effective approaches for reducing these compounds. Notably, phytic acid, which is abundant in cereals and legumes, represents a major anti-nutritional factor targeted by such interventions.
7. 	Health Risks Associated with Fermented Foods and Their Management
7.1	Health Benefits of Fermented Foods
Fermented foods are widely acknowledged for their functional benefits, including modulation of gut microbiota, enhancement of nutrient bioavailability, and support of immune health (Figure 3). In addition to these health-related attributes, fermentation serves as an effective strategy for food preservation, extending shelf life, improving sensory qualities, and maintaining nutritional value. As a result, fermented products remain an integral component of dietary practices across diverse cultures, underscoring their longstanding role in human nutrition and health promotion. Nevertheless, the fermentation process is not without risks; inadequate control can introduce microbiological and chemical hazards that compromise food safety. Consequently, a balanced evaluation of both the beneficial and adverse aspects of fermentation is essential to inform consumer protection and evidence-based public health recommendations, particularly for sensitive populations. 
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Figure 3. Fermented Foods with Enhanced Quality and Health Benefits

7.2. 	Health Risks and Associated Management
7.2.1. 	Microbiological Hazards
A major safety concern associated with fermented foods is the potential contamination by pathogenic microorganisms. While fermentation typically relies on beneficial microbes, such as lactic acid bacteria (LAB), to suppress undesirable species, pathogens, including Listeria monocytogenes, Escherichia coli, Salmonella, and Clostridium botulinum may persist if process parameters are not adequately controlled (Todorovic et al., 2024). Documented cases, such as Listeria outbreaks linked to soft cheeses and C. botulinum intoxications from improperly fermented fish and vegetables, highlight these risks. Effective risk mitigation requires strict adherence to hygienic practices and rigorous control of fermentation parameters such as temperature, acidity, and anaerobic conditions. Furthermore, the application of well-characterized starter cultures, alongside standardized production protocols, can enhance microbial safety. Equally important is consumer education on appropriate storage and handling of fermented products, particularly in household settings, to minimize the incidence of food-borne illness.
7.2.2. 	Chemical Contaminants
Chemical hazards in fermented foods are predominantly associated with the accumulation of biogenic amines during fermentation. Compounds such as histamine, tyramine, cadaverine, and putrescine are formed through microbial decarboxylation of amino acids in the food matrix. Excessive concentrations of these metabolites are linked to adverse health outcomes, including headaches, hypertension, nausea, and allergic reactions, particularly in individuals with reduced metabolic capacity for amine detoxification (Saha Turna et al., 2024; Todorovic et al., 2024). Histamine poisoning, for example, is frequently associated with fermented fish products such as dried or salted fish when fermentation or storage practices are inadequate (Saha Turna et al., 2024). Similarly, tyramine accumulation in fermented cheeses and certain alcoholic beverages can induce hypertensive crises in individuals taking monoamine oxidase inhibitors. The presence of these amines not only raises public health concerns but also poses regulatory challenges for food safety. Mitigation strategies focus on strict monitoring and control of fermentation parameters to minimize biogenic amine formation.
7.2.3.	Vulnerable Populations
Certain population groups are particularly susceptible to the health risks associated with fermented foods. Pregnant women, infants, the elderly, and immunocompromised individuals face a higher likelihood of severe illness from food-borne pathogens such as Listeria monocytogenes and Salmonella. For instance, pregnant women are advised to avoid soft-ripened cheeses like Brie and Camembert due to the risk of listeriosis, which can result in miscarriage, stillbirth, or neonatal infection (Todorovic et al., 2024). Likewise, immunocompromised individuals may experience adverse effects even from typically safe microorganisms such as lactic acid bacteria or probiotic strains, as their weakened immune systems may be unable to effectively control potential pathogens. For these vulnerable groups, careful consideration of the type of fermented product consumed, along with strict adherence to safe preparation and storage practices, is essential to reduce risk.
7.2.4.	Regulatory and Safety Practices
With the growing global consumption of fermented foods, effective risk management is essential to safeguard consumer health. Regulatory authorities, including the European Food Safety Authority and the U.S. Food and Drug Administration, have established guidelines addressing fermentation practices and acceptable contaminant levels. Central to these frameworks are microbial standards and the implementation of Hazard Analysis and Critical Control Points (HACCP) to identify and mitigate risks during production. Nonetheless, current regulations—particularly for non-dairy fermented foods—remain relatively underdeveloped (Mukherjee et al., 2022). The diversity and rapid expansion of fermented food products present a regulatory challenge, as existing frameworks often struggle to keep pace with emerging innovations and novel production techniques. 
To bridge existing gaps in food safety oversight, initiatives such as promoting innovation in fermented foods (Todorovic et al., 2024) emphasize the need for systematic evaluation of health risks. This framework combines evidence from human studies, detailed product characterization, and mechanistic insights to establish a more robust risk–benefit assessment for fermented foods. Such an approach not only guides manufacturers in improving safety standards but also provides consumers with clearer health information, particularly for emerging and novel products. Transparent labeling—highlighting potential allergens, biogenic amine content, and storage requirements—represents another key strategy for reducing risk and empowering informed consumer choices. Complementing regulatory oversight, public awareness and education play a critical role in minimizing hazards, especially for homemade fermentation practices, where proper handling, fermentation time, and storage conditions are essential. Strengthening both regulation and consumer education will be pivotal in ensuring the safe integration of diverse fermented foods into global diets. Ensuring consumer protection will therefore require adaptive regulatory approaches capable of addressing this evolving landscape. 
8. 	Challenges and Future Perspectives
8.1. 	Challenges
Microbial biotransformation offers considerable potential for improving the functional and nutritional attributes of foods, yet several challenges must be overcome before its widespread application. A major limitation lies in the variability of microbial activity, which depends on substrate composition, fermentation conditions, and strain specificity. Such variability can result in inconsistencies in product quality and hinder the transition from laboratory-scale studies to industrial applications. Achieving process optimization at large scale, while ensuring microbial stability under fluctuating environmental conditions, remains a key bottleneck. Furthermore, the scale-up of fermentation systems introduces complex biological interactions that may compromise consistency and reproducibility. In addition to technical hurdles, economic constraints pose significant barriers: large-scale fermentation demands substantial capital investment in infrastructure and sustained costs for raw materials, energy, and maintenance. These financial and operational challenges complicate efforts to expand production while maintaining quality and sustainability.
8.2. 	Future Perspectives
Future directions in food fermentation research should prioritize sustainability while enhancing the health-promoting properties of fermented products. A central focus lies in the strategic selection of crop substrates with the capacity to generate bioactive compounds during fermentation. Certain crops, when fermented, release bioactive peptides, antioxidants, and other functional metabolites that contribute to improved health outcomes. Emphasizing substrates with high potential for bioactive production will allow researchers to optimize the nutritional and functional value of biotransformed foods while supporting sustainable food systems.
The development of novel fermented foods represents a rapidly advancing frontier in food science. By carefully selecting raw materials and starter cultures, it is possible to design products with enhanced functional attributes and health benefits. Innovations in this area often involve the use of nontraditional substrates, the incorporation of novel microbial strains, or synergistic combinations of both. For example, introducing new microbial species as starter cultures or pairing unique substrates with tailored microbial consortia can generate distinctive bioactive profiles with added health value. Nonetheless, the successful commercialization of such products depends on rigorous safety validation and securing consumer acceptance.
Future research should place strong emphasis on innovative fermentation strategies that integrate synthetic biology to produce nutritious, sustainable, and high-quality foods, including plant-based alternatives. Emerging tools such as synthetic biology and metagenomics provide powerful avenues for designing engineered strains and microbial consortia tailored to specific functional outcomes, thereby improving both the efficiency and scalability of microbial biotransformation. In addition, harnessing agricultural byproducts and underutilized crops through precision fermentation, supported by advanced bioengineering techniques, represents a key opportunity for optimizing production processes and promoting sustainability. Effective implementation of these approaches will require interdisciplinary collaboration among food scientists, microbiologists, and regulatory authorities to address scientific and safety challenges. 
9. 	Conclusions
For thousands of years, fermented foods have played a central role in human diets, valued for their enhanced flavor, preservation, and nutritional benefits, long before the microbial processes behind them were understood. This review has highlighted the microbial and biochemical transformations that underpin these foods, emphasizing their functional contributions to health, including potential cognitive benefits. By integrating insights from microbial ecology, biochemistry, and food science, the evidence underscores the essential role of microorganisms in shaping the safety, quality, and health-promoting properties of fermented foods. Looking forward, advancing this understanding will be critical for developing innovative, sustainable, and health-oriented fermented products for future generations.
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