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Flavor is a key factor in consumer choice and food acceptance. Currently, the vast majority of food flavor additives are produced by chemical synthesis. However, alternative production methods have been explored to meet consumer demands for “clean label” foods and “natural” additives. Consumer demand for natural products and the need for environmentally friendly processes are driving the development of novel biotechnology-based technologies for flavor synthesis. The bioproduction of dietary flavor molecules using plant waste has emerged as a viable possibility. This de novo synthesis in flavor production offers a way to create unique and desirable flavor compounds that are not readily available from natural sources. This study focuses on the creation of flavor molecules through microbial biotransformation, with particular emphasis on Solid-State Fermentation (SSF). SSF is a fermentation method in which microorganisms grow on a solid material without free-flowing water. Several microorganisms are used in SSF to produce flavor compounds, including the most commonly used fungi, but also lactic acid bacteria and yeast. The use of abundant and inexpensive vegetable waste produced by agro-industrial processing systems as a viable substrate for microbial flavor chemical production by SSF is highly encouraged from both sustainability and cost efficiency perspectives. Therefore, this review can serve as a basis for further studies aimed at developing effective and low-cost technologies for the extraction of essential flavors from agricultural residues.

Keywords
 agro-industrial waste; flavor; additives; solid-state fermentation; microbial biotransformation


1 Introduction

Flavor is a fundamental aspect of food perception, directly influencing consumer acceptance and preferences. It arises from the combination of olfactory and gustatory sensations, with taste being determined by non-volatile molecules interacting with tongue receptors, while aroma is perceived through volatile organic compounds (VOCs) detected in the nasal cavity (1, 173). Among these VOCs, terpenes, esters, and aldehydes play a key role in defining food aroma, which significantly impacts the sensory appeal of food products and drives innovation in the food industry (2). Traditionally, the majority of flavor compounds have been synthesized chemically, often from petroleum-derived feedstocks. However, growing consumer demand for “clean label” products, combined with increasing environmental concerns, has led to a shift toward sustainable and natural flavor production methods (3, 4). One promising alternative is biotechnological flavor production, where microbial fermentation is used to convert inexpensive substrates into valuable aroma compounds. Agricultural by-products, which are nutrient-rich but often discarded as waste, present an economically viable and sustainable raw material for microbial fermentation (5).

Among biotechnological approaches, solid-state fermentation (SSF) has gained significant attention as an efficient method for extracting natural flavors from agri-food waste (11). Unlike traditional sumerged fermentation (SmF), SSF enables microbial growth on solid substrates without free-flowing water, closely mimicking natural fermentation environments. This process has been successfully applied to transform agricultural residues such as sugarcane bagasse (SCB), coconut husks, and other vegetable by-products into high-value flavor and fragrance compounds (12, 13).

This review explores the potential of microbial biotransformation for flavor production, with a specific focus on SSF as a sustainable approach for utilizing vegetable waste. By examining the role of different microorganisms, fermentation conditions, and substrate selection, this review aims to highlight the feasibility of SSF in generating value-added food additives. Additionally, the challenges and future directions in this field will be discussed to support the development of eco-friendly, cost-effective flavor production technologies.



2 Flavor additives

Food additives include colorants, preservatives, antioxidants, sweeteners, emulsifiers, stabilizers, thickeners, and gelling agents, used to preserve flavor, enhance food taste, appearance, or other qualities (14). In contrast, flavor additives include compounds such as organic acids, humectants, mineral salts, and low-caloric and high-intensity sweeteners (9). These can be artificial, such as most vanillin compounds and the banana-flavored isoamyl acetate, or natural, such as flavor extracts, spices and herbs. It should be noted that some additives are not used exclusively for flavor, as they often have multiple functions (15). For example, sorbitol, a sugar alcohol, is both a humectant and a sweetener. Citric acid is also both a preservative, lowering the pH of the food, and a flavoring agent (16).

Flavor can significantly affect customer pleasure and subsequent food intake (17). Consumers often associate flavor with other product features, including appearance, acidity, salt, and sweetness (18). Research indicates flavor-enhanced food can improve palatability, boost salivary flow and immunity, and minimize chemosensory complaints in older people (19). However, taste improvement is not the only use of food flavoring additives. One of the most important uses is to mask off-flavors, covering up undesirable tastes that might arise from certain ingredients or processing methods, ensuring a more pleasant eating experience (20). Flavor additives are also employed to help maintain a consistent flavor profile across different batches of food, ensuring that consumers receive the same taste experience every time. These additives can also replace undesirable ingredients such as sugar or salt, producing low-calorie or low-sodium foods (7). This is the case for monosodium glutamate, which can enhance the savory taste of food and allow for reduced sodium content without compromising flavor. Additionally, with the demand for specific taste profiles varying by region and culture, flavor enhancers can be used to tailor products to specific consumer preferences (21). A listing of flavor compounds, their classification, sensory characteristics and applications can be found on Table 1.



TABLE 1 Classification of flavor compounds: examples, sensory characteristics, and applications.
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2.1 Natural flavor additives

Natural food additives are substances derived from natural sources such as plants, animals, and minerals (175). These offer a more authentic and often healthier alternative to artificial additives. For example, essential oils are concentrated extracts from plants that capture their flavor and aroma. In the food industry, they are used in beverages, baked goods, and confectionery to impart a robust and natural taste (176). Essential oils regarded as safe for consumption include some citrus oils (lemon, orange), peppermint oil, and clove oil. It is to note that not all essential oils are safe for consumption as a more regulated extraction is necessary to create food-grade essential oils (22).

The most widely used natural additives are plant extracts like vanilla, almond, and mint extract. These extracts are often obtained by soaking raw materials in solvents like alcohol or water over long periods of time and at a certain temperature (23). Vanilla extract, for example, is a staple in baking and desserts for its rich, sweet flavor (24). Spices and herbs can also be classified as natural additives. Since ancient times, they have been used as food flavor additives. Examples include cinnamon, nutmeg, oregano, basil, among many others (25). They are used to enhance the flavor of a wide range of dishes. Industrially, they are often added to savory and sweet foods to provide depth and complexity in flavor (26).

Natural flavors are derived from various plant and animal sources using different extraction techniques (27). The three primary techniques are steam distillation, solvent extraction, and cold pressing. The process of steam distillation involves the use of steam to vaporize the VOCs present in the raw material. Then, the vapors are collected and condensed. Steam distillation is a widely used method for extracting essential oils from peppermint and ginger. This technique efficiently isolates volatile flavor compounds without causing thermal degradation (28). In hydrodistillation, plant material is boiled with water, causing VOcs to be carried away with the steam and condense. The VOCs are then separated from the water and dried over anhydrous sodium sulfate (29). Hydrodistillation is not commonly practiced in the industry because of the long distillation time and the resulting mass not being readily amenable for oleoresin extraction with solvents (28). In the solvent extraction method, solvents like ethanol or hexane are used to dissolve the flavor compounds from the raw material. The solvent is then evaporated, leaving behind the concentrated flavor extract. Solvent extraction is effective for VOC and non-volatile compounds non-VOCs avoid contamination (30). Cold pressing is a mechanical process primarily used for extracting citrus oils. The peel is punctured and pressed to release the oils, which are then separated from the juice and other components. Cold pressing preserves the integrity and quality of the oils, making it suitable for sensitive compounds (31).

Finally, fermented products are widely used as additives in the industry, although they are more common in Asia. These include soy sauce, miso, vinegar and nutritional yeast powder. These fermented products are rich in umami and complex flavors and can be used to enhance the savoriness of flavors or to increase the tanginess, as in the case of vinegar (32). Nutritional yeast is also often used to give a “cheesy” flavor to plant-based cheese or as a lower cost cheesy flavor in snacks (33).



2.2 Artificial flavor additives

Artificial flavor additives are chemically synthesized compounds that mimic or enhance the taste and aroma of natural flavors (34). Additives can be categorized into synthetic aromas and flavor enhancers. Synthetic aromas are chemically derived compounds that replicate the smell and taste of natural flavors. They are created through chemical synthesis rather than being extracted from natural sources (35). Examples of synthetic aromas include the vanilla-flavored vanillin, the banana-flavored isoamyl acetate, the grape-flavored methyl anthranilate and the cherry flavored benzaldehyde (36). The synthesis of vanillin, which is chemically identical to the major flavor component of vanilla beans, can be made chemically from guaiacol and glyoxylic acid or by oxidation of lignin. The process involves several steps, including acetylation of isoeugenol to isoeugenol acetate, oxidation to vanillin acetate, and hydrolysis to vanillin (37). Biotechnological methods have also been employed, using microbial fermentation of substrates like ferulic acid to produce vanillin (38). Other examples include benzaldehyde, a compound with a characteristic almond flavor which is synthesized from toluene or benzyl chloride and ethyl maltol which has a sweet, candy-like flavor and is synthesized through the reaction of maltol with ethylating agents (39).

Flavor enhancers do not impart a specific flavor but intensify the taste of food by interacting with taste receptors. They are widely used in processed foods to enhance palatability. Some examples include monosodium glutamate (MSG), a sodium salt of glutamic acid, used to enhance savory (umami) flavors in a variety of dishes, disodium inosinate and disodium guanylate, often used in combination with MSG, to enhance umami taste (40, 41) and hydrolyzed vegetable protein (HVP), produced by breaking down proteins into amino acids, used to boost savory flavors in soups, sauces, and snack foods (42).



2.3 Benefits and risks of natural vs. artificial flavor additives

The debate between natural and artificial flavors is longstanding, often driven by consumer preferences and perceptions of health and safety (43). Natural flavors, derived from natural food sources, are perceived as superior and healthier by many consumers. On the other hand, artificial flavors, created through chemical processes, are scrutinized for their safety and potential health risks (44, 45).

Both natural and artificial food additives can trigger allergic and immunologic reactions in sensitive natural. These reactions can range from mild to severe and involve various mechanisms. Natural additives, such as menthol and peppermint oil, as well as artificial additives, such as MSG and certain sweeteners, have been associated with allergic responses (46, 175). The safety of food additives is also compromised by contaminants such as heavy metals and formaldehyde, which can be found in both natural and artificial additives (48).

However, scientific evidence does not always support this perception (45). As a matter of fact, natural additives can cause allergic reactions like or even more severe than artificial additives (49). Additionally, natural and artificial additives are chemically identical or similar. For example, vanillin can be extracted from vanilla beans or synthesized chemically, yet the molecular structure and potential health impacts are the same (50, 51).

Overall, the safety of food additives, whether natural or artificial, involves complex considerations of allergic reactions, potential contaminants, and misleading distinctions between “natural” and “artificial” labels. Proper regulatory measures and consumer awareness are essential to ensure the safe use of these substances in the food industry (44).



2.4 Health and safety considerations

Food additives are subjected to rigorous safety evaluations to ensure they do not pose risks to human health. The toxicity and safety levels are assessed through extensive studies, typically involving in vivo analyses, to determine potential adverse effects (52). One risk assessment tool is to identify the highest dose at which no adverse effects are observed, known as the No Observed Adverse Effect Level (NOAEL) (53). The NOAEL is derived from toxicological studies and is crucial for establishing safe exposure levels for humans. For example, when evaluating food additives such as glutamic acid, and its salts, neurodevelopmental toxicity studies revealed a NOAEL of 3,200 mg/kg of body weight per day. This NOAEL is used to calculate acceptable daily intake (ADI) by applying safety factors (54).

Food additives must meet stringent regulatory standards before they can be approved for use. Regulatory agencies such as the U.S. Food and Drug Administration (FDA) and the European Food Safety Authority (EFSA) play critical roles in this process. The FDA evaluates food additives through a comprehensive safety and risk assessment procedure, which includes reviewing toxicological data and determining risk thresholds acceptable exposure limits (55). The FDA uses a safety factor approach, typically applying a 100-fold safety factor to the NOAEL to account for variations (56). The EFSA has a different strategy, conducting thorough re-evaluations of food additives to ensure their safety. For instance, the re-evaluation of silicon dioxide (E551) concluded that while no significant toxic effects were tested at the highest doses, further characterization of particle size distribution was necessary to confirm safety (57). Table 2 summarizes the current food and feed additives legislation in different regions and organizations.



TABLE 2 Overview of current food additives legislation across regions and organizations.
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Consumer perceptions of food additives significantly influence their acceptance. There is a growing concern among consumers about the potential health effects of food additives, particularly in vulnerable populations such as children (58). Ensuring transparency in the regulatory process and providing clear information about the safety and benefits of food additives can enhance consumer trust and acceptance (59). Regulatory bodies are encouraged to continuously update safety assessments and communicate findings effectively to the public (60).




3 Traditional methods of flavor production through SSF

SSF is a traditional method used in the production of various fermented foods in different cultures (61). This process involves the growth of microorganisms on solid materials in the absence of free-flowing water, resulting in unique flavors and textures in the final products. SSF processes are inherently complex, involving dynamic interactions between solid, liquid, and gas phases, as well as intricate mass and heat transfer mechanisms. While traditional SSF methods have been widely used for centuries, many are still based on empirical knowledge rather than rigorous scientific engineering principles (62, 63). However, recent advances in SSF engineering have focused on raw material pretreatment, process parameter detection, and equipment innovation to meet the demands of smart manufacturing and sustainable production (62). Despite these efforts, one of the major challenges in SSF remains the limited understanding of microbial interactions and their impact on fermentation dynamics. This knowledge gap hinders precise control of fermentation outcomes and requires integrated study approaches that combine microbiological and engineering perspectives to identify key variables that affect product yield and quality (62, 64).

The core microbiota in traditional SSF includes specific microorganisms that are critical for the production of metabolites that determine the sensory quality of the final product. For instance, in the production of Chinese Maotai-flavor liquor, the core microbiota includes genera such as Pichia, Schizosaccharomyces, Saccharomyces, Zygosaccharomyces, and Lactobacillus. These microorganisms are involved in the conversion of alcohol to acids, which is essential for flavor development (15, 65). In the case of Chinese cereal vinegar, the metabolic pathways of organic acids such as acetic and lactic acids are regulated by environmental factors like temperature and the presence of acetic acid. The dominant microorganisms in this process are Lactobacillus and Acetobacter, which contribute significantly to the flavor profile (15).

The traditional methods of SSF, while effective, pose challenges related to food safety and quality control (66). There is a growing need to integrate food safety management systems to address concerns such as the accumulation of toxic compounds and to improve the overall safety and quality of fermented foods (67). For example, the SSF process involves complex interactions between various microorganisms, which can pose safety risks if not properly managed. The lack of built-in safeguards against undesirable microbial growth and toxins is a significant challenge (61). Other concerns for small-scale productions are the improper use of chemicals, such as pesticides and antibiotics, and inadequate processing and storage, which can result in the accumulation of toxic compounds like mycotoxins and biogenic amines and the lack of ingredient quality (67).

Despite all this, fermented plant-based foods remain as one of the safest foods in the world to consume as fermenting vegetables not only allows extending the shelf life of food immensely, but also brings other benefits, including inhibiting the growth of pathogenic microorganisms (68).



4 Smf approaches to flavor production

In SmF, microorganisms grow in nutrient-rich media, producing a variety of VOCs. This method is commonly used for umami-enhancing nucleotides, such as inosinate and disodium guanylate, which are derived from yeast or bacterial fermentation (70). Similarly, further biotransformation can convert precursor molecules into complex flavors, such as microbial conversion of ferulic acid into vanillin, offering a cost-effective alternative to vanilla extraction (71, 72).

Various microbial strains are able to produce key aroma compounds under liquid conditions such as esters (fruity), aldehydes (nutty and floral), ketones (buttery), and alcohols (rose-like scents). Esters, responsible for fruity and floral notes, are commonly produced by S. cerevisiae, Lactococcus lactis, and Kluyveromyces marxianus through the interaction of carboxylic acids and alcohols (73, 177). Aldehydes, such as benzaldehyde (almond aroma) and vanillin, are formed via microbial oxidation and reduction pathways (69). Ketones, particularly methyl ketones, contribute to buttery and cheesy flavors. For instance, Penicillium roqueforti, used in blue cheese production, generates methyl ketones through the decarboxylation of fatty acids, resulting in a characteristic aged aroma (74). Alcohols, such as 2-phenylethanol, provide floral and rose-like scents and are commonly produced by K. marxianus and Saccharomyces cerevisiae via amino acid metabolism (71, 74). SmF is also capable of synthesizing terpenes, which contribute to citrus, herbal, and resinous aromas (75). Engineered E. coli strains have been used to biotransform limonene, a key citrus compound, highlighting the potential for microbial production of essential oil components (76, 77). Additionally, pyrazines, which provide roasted, nutty, and cocoa-like flavors, can be produced by Bacillus subtilis and Corynebacterium glutamicum through fermentation processes involving amino acid precursors (78).

SmF remains a valuable tool for scalable and controlled flavor production, particularly for industries requiring consistent and high-yield aroma compounds. However, SSF is gaining traction due to its sustainability and efficiency in utilizing agricultural waste as a substrate.



5 SSF approaches to flavor production

The technique of SSF has attracted attention as a promising method for enhancing flavor production. SSF is a type of fermentation that occurs in the absence of free water (79). This process makes it possible to use significant amounts of organic material as substrates without preparation, creating an environment that mimics nature and allows microorganisms to grow. This approach shows promise, as it involves extracting natural tastes and aromas from microorganisms. This approach requires creating a complex growth medium. This closely resembles the organisms’ natural environment (80). SSF is distinguished from the more widely used SmF by the fact that it involves fermentation on solid particles in the absence of free water (12).

[image: Figure 1]

FIGURE 1
 Solid-state fermentation (SSF) process utilizing low-cost agricultural waste as a substrate. Created with Canva.com.


As previously mentioned, consumers are increasingly seeking clean-label ingredients and favoring fermentation-derived flavors over synthetic additives. SSF aligns with this trend, utilizing natural microbial processes to enhance taste, aroma, and nutritional value, and reducing reliance on artificial flavor enhancers (11). Furthermore, the global shift toward sustainability has increased interest in fermentation methods that repurpose agricultural waste, establishing SSF as a circular economy innovation in food production. SSF’s ability to produce exotic and complex flavors also appeals to the rising demand for premium, artisanal, and plant-based food products, further driving market adoption (81).

SSF has been shown to be able to manufacture aromatic compounds from agricultural and industrial waste such as sugarcane bagasse, coconut husks, and coffee pulp (82). This method reuses the abundant and often underutilized agricultural residues to produce valuable bioproducts, contributing to environmental conservation and economic benefits. This section will explore the various characteristics, advantages, and limitations of SSF to produce food additives using agricultural waste Figure 1.


5.1 Advantages and limitations of SSF over SmF

SSF offers several advantages over SmF, particularly in specific applications such as enzyme production, bioproducts, and nutraceuticals. The unique characteristics of SSF, including its ability to operate in low-water environments and utilize solid substrates, contribute to enhanced productivity, efficiency, and sustainability in industrial fermentation processes (83). The main differences between SSF and SmF are illustrated on Figure 2. One of the key advantages of SSF is its higher productivity, particularly in enzyme production. Studies have shown that enzymes such as invertase, pectinases, and tannases exhibit greater yields and higher specific growth rates in SSF compared to SmF (84, 85). This is attributed to the natural adaptation of many microorganisms, particularly fungi, to grow on solid matrices, leading to improved metabolic activity and enzyme secretion. Additionally, SSF is characterized by lower water and energy requirements, making it a more environmentally friendly alternative to SmF (84). The reduced need for water not only lowers operational costs but also minimizes wastewater generation, which is a significant challenge in large-scale SmF systems. Furthermore, SSF products tend to exhibit higher stability and concentration, which can facilitate storage and transportation while reducing the need for extensive downstream processing (86).

[image: Figure 2]

FIGURE 2
 SSF vs. SmF” (Solid-State Fermentation vs. Submerged Fermentation). Created with Canva.com.


Another major advantage of SSF is the ability to utilize a wide range of solid substrates, including agricultural and industrial waste materials. This feature not only reduces raw material costs but also promotes waste valorization and circular economy principles, further enhancing the sustainability of SSF-based processes. The low water activity in SSF also leads to reduced catabolic repression, allowing for the efficient production of specific metabolites and enzymes that may be inhibited in SmF due to excess water and nutrient dilution (84). A further advantage of SSF is its lower sterility requirements. The limited availability of free water in SSF reduces the risk of microbial contamination, thereby decreasing the need for stringent sterilization procedures and further simplifying production (87). This advantage is particularly relevant for large-scale fermentation operations, where sterility maintenance is a major cost factor. Lastly, SSF offers the potential for mixed microbial cultivation, allowing for the simultaneous growth of different microbial species, particularly fungi, which specialize in breaking down water-insoluble substrates (84). This capability can enhance the diversity and yield of bioactive compounds, further broadening the application of SSF in the production of enzymes, bioactive metabolites, and natural flavors (88).



5.2 Process parameters and optimization

Factors, such as different strains and environmental conditions, can significantly affect the range of flavor compounds found in fruits and flowers. Table 3 provides a detailed overview of SSF parameters, requirements, effects, and other important aspects.



TABLE 3 Overview of SSF parameters, their requirements, and effects.
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Moisture content plays a crucial role in SSF as different microorganisms require specific hydration levels for optimal growth. Fungi typically thrive at 40–60% moisture (89), while bacteria may require up to 85% (90). Maintaining appropriate moisture levels is essential for nutrient availability, oxygen diffusion, and carbon dioxide (CO2) exchange, all of which influence fermentation efficiency (91). Excess moisture can reduce porosity, weaken substrate structure, and restrict oxygen diffusion, creating an environment unfavorable for microbial activity. Conversely, low moisture levels limit nutrient solubility, inhibiting microbial growth, and enzyme production (92). For bacterial cultures, moisture content directly affects microbial development and alters the physicochemical properties of solid substrates, impacting overall productivity (11). Additionally, high humidity levels can cause particle agglomeration, restrict gas exchange, and increase microbial competition (93). The moisture range in SSF typically varies between 30 and 85%, depending on the substrate and microbial strain used (94).

pH plays a critical role in flavor development during SSF, as it directly affects the production of volatile compounds and microbial metabolism (95). Specific pH levels influence the formation of distinct aroma compounds, while fermentation efficiency can also be enhanced through pH regulation. For instance, the use of pH buffers has been shown to increase ethanol output (96). Acidic conditions typically enhance VOC production, whereas alkaline environments facilitate volatile generation by solubilizing organic waste (97). Additionally, microbial diversity influences pH fluctuations during fermentation, impacting flavor profiles. For example, Lu et al. (98), used potato peel fermentation at pH 7 to achieve specific flavor characteristics, highlighting the importance of optimizing pH conditions for desired sensory outcomes.

Temperature is another key parameter affecting microbial activity and product synthesis in SSF. An increase in temperature during fermentation signals microbial growth, particularly in aerobic conditions, where oxygen supply and CO2 exchange generate metabolic heat (99). However, excessive heat can negatively impact microbial survival and enzyme activity, reducing fermentation efficiency (100). In some cases, higher temperatures enhance enzyme production, improving substrate conversion and aroma development (13, 101). Fungal strains in SSF typically thrive between 20°C and 55°C, with optimal conditions varying by species and target metabolites. Many fermentation processes rely on mesophilic microbes, which tolerate temperatures up to 50°C (102). Additionally, metabolic heat is generated during microbial proliferation, influencing the overall SSF process (178).

Inoculum selection and nutrient supplementation are also critical factors in SSF success. The choice of microorganism depends on substrate compatibility and desired flavor outcome (79). While yeast, bacteria, and fungi have all been explored for SSF, filamentous fungi are particularly advantageous due to their ability to grow under low-water activity conditions (103). However, maintaining the correct physiological conditions is essential for secondary metabolite production. For example, Crafack et al. (104), reported that when the inoculum responsible for flavor compound synthesis fails to maintain proper physiological balance, production efficiency declines.

Early fermentation determines the subsequent course of the culture. In the fermentation process, the size of the inoculum determines the development of the microorganisms, since an inadequate inoculum concentration is insufficient to initiate microbial growth, and a large inoculum concentration restricts mass transfer (66, 105). In SSF, inoculum concentration is an important metric (106). Sporulation is influenced by metabolic effects such as carbon, nitrogen, minerals and vitamins. Carbon provides energy for the development of microorganisms, while glucose, starch, cellulose, maltose, lactose and glycerol are sources of carbon (107). Ammonium tartrates, amino acids, sulfates, nitrate, sodium nitrate, peptones, and urea are all nitrogen sources (80).



5.3 Large-scale adaptation of SSF

While SSF offers numerous advantages, its large-scale industrial deployment remains challenging due to reactor design limitations, process scalability, and operational constraints (82). Unlike SmF, which can be easily adapted to traditional stirred-tank bioreactors, SSF requires specialized reactor configurations that accommodate solid substrates while ensuring adequate oxygen transfer, heat dissipation, and microbial stability. The heterogeneous nature of SSF substrates complicates reactor engineering, often leading to issues with mass and heat transfer that can affect productivity on an industrial scale (64, 108).

One of the key steps in scaling up SSF is pilot-scale optimization, where small-scale laboratory processes are tested in intermediate-sized reactors to assess feasibility before full-scale production. Several factors must be optimized in these pilot stages, including moisture control, aeration, and substrate particle size, as these directly impact microbial activity and product yield (109). Unlike SmF, which operates in a homogeneous liquid environment, SSF reactors must maintain a delicate balance between substrate porosity and microbial access to nutrients. Large-scale SSF reactors, such as tray, packed-bed, and rotating drum bioreactors, are being developed to address these challenges, but further improvements are needed to enhance productivity and cost-efficiency. Another major consideration for large-scale SSF adoption is contamination control. While SSF’s low water activity naturally reduces bacterial contamination, maintaining sterile conditions in high-volume production remains a challenge, particularly in open-system fermentations. In contrast, SmF requires highly pure analytical-grade media, increasing production costs and making it less sustainable in terms of raw material utilization and waste generation (108). The ability of SSF to leverage agricultural and food processing waste as substrates makes it a more environmentally friendly approach, promoting circular economy principles (110, 111). The optimization process, including the different scales the process passes through is illustrated on Figure 3.

[image: Figure 3]

FIGURE 3
 Process of producing a new food additive via SSF. Created with Canva.com.




5.4 Vegetable wastes as a sustainable substrate for SSF

Agriculture generates vast amounts of fresh food for consumers and raw materials for the food processing industry (112). However, not all agricultural output is suitable for food and industrial use. Agro-industrial residues, which include harvesting by-products, are a significant component of agricultural waste (92). Each year, approximately 5 billion metric tons of agricultural waste are produced worldwide, with an estimated 1.3 billion tons of food, primarily fruits and vegetables, going to waste (113). Much of this waste is discarded, burned, or buried, resulting in environmental contamination, although some of it is reused as animal feed or bedding (114). The use of agro-industrial waste in SSF presents a unique opportunity for bioconversion into valuable products. Agro-industrial residues such as sawdust, fruit peels, and other plant-based waste are particularly well-suited for SSF due to their abundance, low cost, and chemical composition. These substrates contain cellulosic, hemicellulosic, lignocellulosic, sugar, and protein contents, ranging from 15 to 50%, making them ideal nutrient sources for microbial metabolism (92). Substrate preparation is essential, as breaking down waste into smaller particles facilitates mycelial penetration and colonization, providing both carbon and energy sources for microbial growth (115). Additionally, the solid matrix in SSF acts as both a nutrient source and a support system for microbial adherence (116). Examples of SSF applied to agricultural waste for flavor production can be found on Table 4.



TABLE 4 Flavor creation through the use of microorganisms in the SSF by-products of agricultural and food wastes.
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The choice of substrate significantly influences yield and efficiency in flavor production. Organic waste from the agricultural sector offers an ideal fermentation medium due to its abundant supply, cost-effectiveness, and rich chemical composition (11). By valorizing waste as a substrate, SSF contributes to waste reduction and environmental sustainability. Several factors affect substrate selection, including sugar content, precursor availability, and porosity, all of which influence microbial growth and flavor compound formation. For example, apple peel has been used as a substrate to produce 2-phenylethanol, with optimized substrate compositions incorporating nutrients such as MgSO4, MnSO4, and FeSO4, enhancing production efficiency (117). Particle size is another critical factor in SSF. While small particles offer a greater surface area for microbial adhesion, they may also lead to substrate agglomeration, reducing oxygen diffusion and hindering microbial growth (118). Conversely, larger particles improve aeration efficiency but reduce microbial attachment sites (100). An ideal SSF substrate must contain essential nutrients and may require additional supplementation to support microbial activity (66). Waste materials can be upcycled or valorized into substrates for fermentation, transforming what was once discarded into a valuable resource for aroma production (119). Sterilization is also a crucial consideration, as removing contaminants enhances yeast growth and flavor synthesis. For instance, sterilized orange peel waste has shown improved fermentation efficiency and volatile compound production (120). Thus, carefully optimizing fermentation parameters can increase both the quantity and diversity of flavors derived from agricultural waste (76).




6 Microorganisms in SSF

Microorganisms play a fundamental role in SSF, enabling the production of bioactive compounds and valuable flavor molecules. Bacteria, filamentous fungi, and yeasts are the primary microbial groups involved in SSF, each contributing distinct metabolic activities that influence the fermentation process. While unicellular bacteria and yeasts typically form biofilms, filamentous fungi develop intricate mycelial networks that penetrate and colonize solid substrates (121). The structure of these microbial communities impacts nutrient diffusion, moisture retention, and oxygen availability, all of which are critical for optimal fermentation performance (122). Depending on the desired fermentation outcome, microorganisms can be used individually or in co-cultures to enhance metabolic diversity and improve product yields (179).


6.1 Microbial metabolic pathways in flavor formation

Microorganisms contribute to flavor development through various metabolic pathways. The production of flavor compounds in SSF is driven by the diverse metabolic activities of microorganisms, including bacteria, yeasts, and filamentous fungi (121). Key metabolic pathways involved in flavor formation include proteolysis, lipolysis, carbohydrate metabolism, and amino acid catabolism, each playing a distinct role in generating esters, alcohols, aldehydes, and organic acids. Understanding these metabolic pathways is essential for optimizing fermentation conditions, microbial selection, and substrate composition to improve the yield and quality of natural flavors (123).


6.1.1 Protein metabolism and amino acid degradation

B. subtilis is a well-documented producer of stable serine proteases and alkaline proteases, which play a crucial role in the breakdown of proteins during fermentation (124). These enzymes are essential in the hydrolysis of complex proteins into smaller peptides and free amino acids, which serve as precursors for flavor compounds. The activity of alkaline proteases is particularly significant in high-pH environments, where they enhance the formation of umami-rich peptides, contributing to the depth of flavor in fermented foods. In addition to B. subtilis, fungi such as Rhizopus, Mucor, and Aspergillus oryzae are known for their ability to produce highly active acid proteases, which function optimally in low-pH conditions (125). These enzymes are widely used in food fermentation processes, where they degrade proteins into smaller peptides, free amino acids, and aroma precursors. This enzymatic breakdown not only contributes to the development of savory and complex flavors but also influences the texture and mouthfeel of fermented products (126).

Ammonia is decarboxylated and dehydrogenated to form aromatic compounds such as ketones, aldehydes, acids, alcohols, phenols, and indoles (127). Bacteria can metabolize amino acids in two ways. Amino acid lyase degrades amino acid chains into phenol, indole, and methyl mercaptan, found in yeast, Micrococcus, and Brevibacterium. Microbial metabolism generates taste by transamination, regulating the metabolism of aromatic amino acids like such as tryptophan, tyrosine, and methionine (128). The amino transferase enzyme converts α-ketoic acid to alcohols, aldehydes, ketones, and carboxylic acids, facilitating amino acid metabolism (129). Isoleucine, valine, and leucine, three branched amino acids, can produce fruity and malty flavors via compounds such as 2-methyl-butyral and 3-methyl-butyral. 3-methyl butyral has a fruity flavor, whereas 2-methyl butyral has a malty taste (130, 131). Wickerhamomyces and Clostridium are the primary bacteria involved in amino acid metabolism, affecting the flavor of cheese, wine, and sausages. By breaking down amino acids such as glycine, glutamic acid, alanine, and leucine, these bacteria can produce flavor compounds (132).



6.1.2 Lipid metabolism and fatty acid breakdown

Lipids function as solvents for aromatic components, influencing scent via biological processes. Fermented meats generate taste molecules via lipid oxidation (133). Endogenous enzymes and microorganism-produced lipases, such as Bacillus, Pseudomonas, Candida, and others, promote lipid breakdown by autooxidation and enzymatic oxidation (189). Lipase degrades lipids, releasing fatty acids. β-oxidation produces taste compounds including aldehydes, ketones, and alcohols. Lipid oxidation generates hydroperoxides via a complicated chain reaction involving oxygen (190). Hydroperoxides’ instability leads to the formation of free fatty acids, which can then transform into hydrocarbons, alcohols, aldehydes, ketones, acids, and other compounds by numerous routes (Ayala et al., 2014). Staphylococcus equine or Staphylococcus xylose can degrade fatty acids in sour meat with low salt, producing linoleic acid, octadecenoic acid, palmitic acid, and other fatty acids. These acids are then further oxidized and degraded to produce linear aldehydes like nonanal and 2-heptanal, contributing to the distinct flavors of fermented sour meat, including cheesy, fruity, and sweet notes (180).



6.1.3 Carbohydrate metabolism and nucleotide contribution to flavor

Carbohydrate metabolism impacts food flavor (134). Major pathways include glycolysis, the pentose phosphate pathway, and the tricarboxylic acid (TCA) cycle. Microbial carbohydrate metabolism produces pyruvate, a key taste intermediary, which lowers the food’s pH, inhibits bacteria growth, and gives it a sour taste. Pyruvate converts into flavor molecules via metabolic cycles such as the TCA cycle. LAB convert carbs into lactic acid, amino acids, organic acids, and polysaccharides, affecting horse milk wine’s properties (135). 5′-nucleotides enhance the umami flavor of fish products and are obtained by breaking down adenosine triphosphate (ATP) and free fatty acids (181). The productin of flavor-related nucleotides (adenosine monophosphate [AMP], inosine monophosphate [IMP], and guanosine monophosphate [GMP]) is associated with microbial metabolic activity. Microorganisms employ phosphodiesterase to convert nucleic acids to nucleotides. Nucleotides combine with amino acids to enhance umami flavor and contribute to the Maillard reaction for tastier chemicals. Lactobacillus and Staphylococcus ferment the sour meat with minimal salt, reducing IMP and creating hypoxanthine for a bitter taste (180).



6.1.4 De Novo synthesis and biotransformation

De Novo synthesis involves a comprehensive metabolic process, where proteins, lipids, and carbohydrate catabolism contribute to the formation of primary metabolites. These metabolites are then transformed into a mixture of aromatic compounds, which are key to flavor production (182). When agricultural waste or by-products are used as substrates, sugar supplementation is often required to stimulate microbial growth in the early stages. However, excessive sugar can cause catabolite suppression, limiting further metabolic activity. An alternative approach to overcome nutrient limitations in SSF is the combination of diverse waste substrates, creating a self-sustaining fermentation medium that does not require additional nutrients (12). A crucial strategy in de novo synthesis is the addition of metabolic precursors, which can induce the synthesis of specific flavors. For example, incorporating leucine into agri-food waste fermentation enhances isoamyl acetate production, a compound with a characteristic banana-like scent (136, 174). Optimization of fermentation conditions, such as nitrogen restriction and temperature control, has been demonstrated to enhance fruit fragrance synthesis using SCB and sugar beetroot molasses (137).

The potential of biotechnological methods in ester production has also been explored, with studies demonstrating the synthesis of esters from vegetable waste through SSF of orange peel with yeast cells (120). Similarly, beetroot peels, a common culinary waste, have been investigated as a brewing additive in beer production (138). Moreover, the optimization of Bacillus licheniformis MSJM5 fermentation conditions has proven effective for biovanillin synthesis, highlighting the application of biotechnology in transforming vegetable waste into valuable flavor compounds (139). In addition, in cases where fermentation has been used, there is usually a need for a bioseparation process that includes extraction, purification and chemical recovery. Due to the volatility and limited solubility of many flavor components, their recovery remains a challenge (69). Therefore, a thorough understanding of the properties of the target compound is necessary to select the most efficient extraction method to optimize selectivity and recovery from SSF systems.

Biotransformation, on the other hand, refers to the microbial conversion of precursor compounds into desired flavor molecules, such as the conversion of ferulic acid into vanillin (182). Vanillin, a naturally occurring aromatic aldehyde in Vanilla planifolia pods, has wide applications in the cosmetic, pharmaceutical, and medical industries. To increase vanillin yield while reducing costs, biotransformation utilizes low-cost agricultural substrates (140). In a study on ferulic acid biotransformation, researchers demonstrated that Amycolatopsis sp. could increase vanillin content to 9.2 g after 32 h by supplementing 100 mg of vanillic acid during the fermentation process (183). This optimized concentration was significantly higher than the 212 mg vanillin achieved in fed-batch studies without supplementation. Ferulic acid levels in maize hulls, barley flour, maize bran, and sugar beets have been reported to vary significantly, influencing their suitability for bio-vanillin production (141). Additionally, ferulic acid concentrations in banana, pomegranate, and orange peel by-products range from 0.339 mg/g to 1.55 mg/g, reinforcing their potential use as fermentation substrates (182). Since ferulic acid is a key precursor in bio-vanillin synthesis, both natural and genetically engineered bacteria have been explored for fermentation optimization (142). While biotransformation efficiently yields single-aroma compounds, its commercial viability depends on optimizing fermentation parameters. Furthermore, consumer perceptions of genetically modified organisms (GMOs) present an additional challenge, as many do not regard GMOs as entirely “natural” (143). The biotransformation of ferulic acid into vanillin is illustrated in Figure 4.
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FIGURE 4
 Ferulic acid is converted to vanillin by the enzymes feruloyl-CoA synthetase (fcs) and enoyl-CoA hydratase/aldolase (ech) (162, 188). Created with BioRender.com.


The use of agricultural waste as a fermentation substrate has been widely explored for ferulic acid-based bio-vanillin synthesis, with substrates such as sugar beet pulp, rice bran oil, and fruit and vegetable by-products demonstrating strong potential. A central composite design approach has been used to optimize key fermentation parameters, achieving higher bio-vanillin yields of 0.476 g/100 g, compared to 0.029 g/100 g with unoptimized conditions (185). Additionally, engineered microorganisms hold promise in biotransformation applications, as they can be genetically modified to express specific enzymes required for efficient flavor production (76).

Overall, de novo synthesis and biotransformation offer powerful tools for the sustainable production of flavor compounds, utilizing low-cost agricultural waste to generate high-value aromatic molecules. The integration of advanced biotechnological strategies and process optimization will be essential to improving the efficiency, yield, and commercial viability of these sustainable flavor production methods (76, 144).




6.2 Lactic acid bacteria (LAB) in SSF and flavor enhancement

LAB are Gram-positive, non-spore-forming microorganisms primarily known for their ability to produce lactic acid, a defining feature of their metabolism. LAB play a crucial role in the fermentation of dairy, meat, vegetable, and fruit-based products, significantly influencing their sensory and textural properties. In addition to their role in fermentation, LAB exhibit probiotic properties, and contribute with antibacterial and antioxidant activities that enhance food safety and nutritional benefits (145). LAB’s enzymatic portfolio includes capabilities in aldehyde catabolism, ester production and hydrolysis, phenolic acid degradation, lipolysis, proteolysis, and peptide lysis, all of which contribute to the development of complex flavors and aromas in fermented foods (146). These metabolic activities transform proteins and lipids into free fatty acids, amino acids, and volatile aroma compounds, enhancing the overall flavor profile of food products.

LAB can be classified into homofermentative and heterofermentative species based on their fermentation pathways (147). Homofermentative LAB primarily convert glucose into two molecules of lactic acid, whereas heterofermentative LAB metabolize glucose into lactic acid, ethanol, and carbon dioxide (145). These fermentation mechanisms influence not only the acidity and preservation of food but also the formation of key aroma compounds that contribute to the characteristic flavors of fermented products (148).

LAB serve as starter cultures in numerous fermentation processes, with key genera including Lactobacillus, Pediococcus, Streptococcus, Bifidobacterium, and Leuconostoc. These bacteria are widely employed in the production of fermented dairy products, fermented meats, fruit juices, and vegetables, where they contribute to microbial stability, pH regulation, and the development of distinctive flavors (149). Research has demonstrated the impact of LAB on flavor modification in various fermented products. Studies by Güneşer et al. (150) and Spaggiari et al. (151) have examined LAB-driven flavor changes in fruit juices, dairy products, and meat fermentations, highlighting their role in the sensory enhancement of food. LAB fermentation influences substrate utilization, microbial strain selection, and fermentation modes, all of which affect the yield, purity, and complexity of the final product (152).

Additionally, the metabolic activity of LAB contributes to the production of aromatic compounds and their precursors, influencing the final sensory perception of fermented foods. This process can be strategically applied to enhance desirable aromatic notes or eliminate unwanted flavors, making LAB a crucial component in fermentation-based food processing (153).



6.3 Microbial and substrate interactions in flavor formation during SSF

The chemical and biological composition of vegetable waste plays a fundamental role in flavor compound formation during SSF. Various microbial species, including fungi, yeasts, and bacteria such as Aspergillus sp., B. subtilis, Neurospora sp., Ceratocystis fimbriata, and K. marxianus, have been identified as effective producers of aroma compounds (154). The selection of specific yeast strains can further refine the production of desired fragrance components. For example, H. valbyensis, S. cerevisiae, and H. uvarum have been found to produce fatty acids and associated ethyl esters when grown on apple pomace (177).

The composition of the substrate directly influences volatile compound synthesis. Studies have demonstrated that Hanseniaspora sp. can increase acetic ester production, while S. cerevisiae and K. marxianus fermenting food industry waste mixes have resulted in significant amounts of ε-pinene (12, 186). Additionally, C. fimbriata has been found to produce fruity aroma compounds from coffee waste, with steam-treated coffee husk providing an ideal fermentation substrate when supplemented with 20% glucose (155). In citrus waste applications, citric pulp waste from juice processing, when combined with soya bran and sugarcane molasses, has been successfully used to cultivate C. fimbriata for aroma compound production (29, 69). Similarly, studies using cassava plant bagasse as a substrate for K. marxianus in SSF found that oxygen availability significantly influenced total volatile compound production, particularly in packed bed reactors (186).

SSF has been favored over SmF for aroma compound production due to its ability to provide an optimal microbial growth environment and higher volatile yield. For example, Trichoderma sp. produced 6-pentyl-α-pyrone (6-PP), a compound associated with coconut aromas, more effectively under SSF conditions, with SCB as a dedicated support (156). The interactions between microbial metabolism and substrate composition determine the sensory attributes of the final product. Specific yeast strains, such as Brettanomyces bruxellensis, have been shown to extract phenylethyl alcohol (rose fragrance) from carrot, orange, and apple pomace, yielding 2.68 g/kg wet carrot pomace weight (80). Studies on orange pomace fermentation have identified floral-scented chemicals such as citronellyl formate, nerolidol, and cis-geraniol, while limonene, citral, and valencene contribute to citrus notes (5).

The physicochemical properties of vegetable food matrices influence flavor release and retention. Lipids found in fruit and vegetable peels contain hydrophobic flavor molecules, while proteins interact with volatiles via hydrophobic and electrostatic forces (157, 158). Processing methods such as fermentation, heating, and freezing further impact flavor dynamics (159, 160). The Maillard reaction, which occurs during thermal treatment, results in the formation of furans, pyrazines, and thiols, all of which contribute to complex aromas. Additionally, enzymatic activities release fruity, floral, and spicy volatile compounds (187). The selection of microbial strains remains a key factor in flavor production. Studies have found that K. marxianus-fermented vegetable pomaces contain higher concentrations of isovaleric acid, isoamyl acetate, and phenyl ethyl acetate, while D. hansenii-fermented pomaces exhibit greater amounts of methyl-2-methylpentanoate, demonstrating strain-specific flavor variations (161).




7 Conclusion

SSF of vegetable waste represents a powerful approach to flavor production, offering a sustainable alternative to conventional methods. By harnessing the metabolic activity of microorganisms, SSF enables the conversion of agro-industrial by-products into valuable aroma compounds, addressing both food industry demands and environmental concerns. The ability of fungi, yeasts, and bacteria to generate diverse flavor molecules from nutrient-rich waste underscores the potential of this process in reducing food loss while meeting the growing demand for natural ingredients. The success of SSF depends on multiple factors, including substrate composition, microbial selection, and process optimization. Careful control of fermentation parameters enhances microbial performance, leading to higher yields and improved sensory profiles. While SSF provides advantages such as lower water usage, enhanced product complexity, and sustainability, challenges remain in scalability, process consistency, and efficient compound recovery. Advances in microbial engineering, adaptive fermentation techniques, and bioseparation technologies will be essential in overcoming these hurdles and unlocking the full potential of SSF for industrial applications.

Future research should focus on optimizing microbial metabolic pathways, improving bioprocessing strategies for diverse feedstocks, and integrating SSF with innovative extraction techniques. A deeper understanding of the interactions between microorganisms and substrates will allow for greater precision in flavor development, ensuring reproducibility and economic feasibility. Ultimately, SSF stands at the intersection of biotechnology and sustainability, offering a practical and innovative solution for flavor generation. By transforming agricultural waste into high-value compounds, this process not only contributes to a more circular food system but also aligns with consumer preferences for natural and environmentally responsible products. With continued advancements, SSF has the potential to reshape the future of flavor production, bridging the gap between efficiency, sustainability, and sensory excellence.
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