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Abstract 

Background: Fermentation has shaped human food systems for millennia through 

spontaneous microbial activity that preserved crops, enhanced nutrition, and created 

culturally significant products. Traditional practices relied on indigenous lactic acid 

bacteria, yeasts, and fungi. Rising demand for sustainable, nutrient-dense foods, 

coupled with limitations of conventional agriculture (high resource use, waste 

generation, and nutrient losses), has driven a shift toward controlled bioprocessing. 

Objective: This review examines the evolution from traditional fermentation to 

modern technologies and evaluates their contributions to nutritional quality, resource 

efficiency, waste valorization, and circular bioeconomy approaches in agriculture and 

food production. 

Methods: Peer-reviewed literature was retrieved from PubMed, Scopus, Web of 

Science, and Google Scholar (primarily 2019–2026), using combinations of terms 

related to fermentation technologies, plant substrates, nutritional bioavailability, and 

sustainability. Inclusion focused on experimental and review studies of microbial 

mechanisms, process technologies, and applications in cereals, legumes, and agro-

residues. 

Results: Controlled fermentation with defined cultures or consortia consistently 

reduces antinutritional factors (phytate, tannins), improves protein digestibility and 

mineral bioavailability, generates bioactive peptides and phenolics, and extends shelf 

life via organic-acid production. Emerging platforms—precision fermentation, solid-

state fermentation (SSF), submerged systems, co-cultures, and enzyme-assisted 

hybrids—enable targeted metabolite production and agro-waste conversion. Digital 

tools (AI, biosensors, digital twins) further enhance process control and scalability. 

Conclusion: Fermentation technologies bridge traditional knowledge and modern 

biotechnology, offering scalable routes to more nutritious, lower-impact foods and 

circular use of agricultural resources. Remaining challenges include industrial scale-

up, regulatory harmonization, energy demands of precision systems, and consumer 

acceptance. Continued integration of multi-omics, synthetic biology, and smart 

automation is required to realize full sustainability potential.
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1. Introduction 

Fermentation is among the oldest biotechnological processes used by humans, originating in spontaneous microbial 

transformations of cereals, legumes, vegetables, and dairy that conferred preservation, flavor, and nutritional advantages [1,2]. 

Traditional systems depended on autochthonous communities of lactic acid bacteria (LAB), yeasts, and filamentous fungi, 

producing culturally embedded foods such as sourdough, tempeh, and fermented porridges [3]. 
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Global population growth, climate pressures, and the 

environmental footprint of conventional agriculture and 

livestock systems have intensified the search for resource-

efficient food production strategies [4,5]. Conventional 

processing often fails to fully unlock nutrient potential or 

valorize by-products, generating substantial waste streams. 

Microbial fermentation addresses these limitations by 

converting substrates through enzymatic and metabolic 

activity into more digestible, bioactive, and stable products 

while enabling circular use of agricultural residues [6,7]. 

Microorganisms drive carbohydrate, protein, and lipid 

transformations, degrade antinutritional factors, and 

synthesize vitamins and bioactive compounds [8]. The 

transition from spontaneous to controlled fermentation—via 

starter cultures, bioreactors, and defined conditions—has 

improved reproducibility and safety [9]. Emerging platforms, 

including precision fermentation and AI-supported process 

control, further expand the technological repertoire [10,11]. 

This review synthesizes the scientific evolution, mechanisms, 

technologies, nutritional outcomes, and sustainability 

contributions of fermentation, identifying knowledge gaps 

and future priorities for sustainable food systems. 

 

2. Traditional Fermentation and Its Scientific Evolution 

2.1. Traditional Fermentation Practices  

Cereal fermentations (wheat, rice, maize, sorghum, millet) 

produce porridges, breads, and beverages through mixed 

LAB–yeast activity [3,12]. Legume fermentations, exemplified 

by soy tempeh and fermented pulses, rely on Rhizopus or 

Bacillus species [13]. Vegetable and fruit fermentations 

(sauerkraut, kimchi, pickles) and traditional dairy or plant-

based analogues depend on indigenous microbiota adapted to 

local substrates and climates [2]. 

 

2.2. Microbial Ecology of Traditional Fermentation  

Dominant groups include homo- and heterofermentative 

LAB (Lactobacillus, Lactiplantibacillus, Leuconostoc), 

yeasts (Saccharomyces, Candida), filamentous fungi 

(Aspergillus, Rhizopus), and acetic acid bacteria [8,14]. Mixed 

cultures generate complex metabolic networks that acidify 

the matrix, suppress pathogens, and produce flavor 

compounds [9]. 

 

2.3. Transition to Controlled Fermentation  

Scientific isolation of starter cultures, definition of microbial 

consortia, and control of pH, temperature, and oxygen 

availability enabled reproducible industrial processes [15]. 

Bioreactor systems and process monitoring replaced purely 

spontaneous approaches, facilitating scale-up while retaining 

beneficial metabolic outcomes [16]. 

 

3. Microorganisms and Biochemical Mechanisms of 

Fermentation  

Carbohydrate metabolism proceeds via glycolysis and the 

phosphoketolase pathway, yielding lactic acid, acetic acid, 

ethanol, and CO₂ [8]. Alcoholic fermentation by yeasts 

produces ethanol and CO₂; acetic acid bacteria oxidize 

ethanol to acetate. Proteolysis releases peptides and free 

amino acids; lipid metabolism generates free fatty acids and 

aroma volatiles [17]. 

Key enzymes include phytases that hydrolyze phytic acid, 

tannases that degrade tannins, and amylases that modify 

starch [18,19]. These activities reduce antinutritional factors, 

improve mineral bioavailability, and generate bioactive 

peptides and transformed phenolics with enhanced 

antioxidant capacity [20,21]. Organic acids lower pH, 

contributing to pathogen control and shelf-life extension, 

while certain strains synthesize B vitamins and other 

micronutrients [22]. Collectively, these transformations 

improve nutritional, sensory, technological, and safety 

attributes of the final products. 

 

4. Emerging Fermentation Technologies 

4.1. Precision Fermentation  

Genetically defined microbial cell factories produce specific 

proteins, enzymes, vitamins, and bioactive compounds under 

controlled conditions [10,11]. Advantages include reduced land 

and water use relative to conventional agriculture; challenges 

encompass regulatory frameworks for engineered strains and 

downstream purification costs [5,23]. 

 

4.2. Solid-State Fermentation  

SSF employs low-moisture solid substrates, typically 

agricultural residues, with filamentous fungi or mixed 

cultures [24,25]. It is particularly suited to enzyme and bioactive 

production and residue valorization, offering lower energy 

and water requirements than liquid systems [26]. 

 

4.3. Submerged Fermentation  

Liquid bioreactors allow precise monitoring of dissolved 

oxygen, agitation, pH, and temperature, facilitating scale-up 

and high volumetric productivity [16]. Process control and 

mass-transfer considerations remain critical. 

 

4.4. Co-culture and Mixed-Culture Fermentation  

Synergistic or sequential interactions among LAB, yeasts, 

and fungi enhance substrate utilization, nutritional profiles, 

and sensory complexity compared with monocultures [14,27]. 

 

4.5. Continuous and Semi-Continuous Fermentation  

These modes improve productivity and stability but require 

robust contamination control and consistent feedstock quality 
[28]. 

 

4.6. Enzyme-Assisted and Hybrid Fermentation 

Exogenous enzymes combined with microbial activity 

accelerate hydrolysis and direct bioconversion, enabling 

controlled substrate modification [29]. 

 

5. Fermentation for Nutritional Enhancement and 

Bioavailability  

Fermentation increases protein digestibility and essential 

amino-acid availability through proteolysis [13,17]. Phytate 

degradation by microbial and endogenous phytases markedly 

improves iron, zinc, and calcium bioavailability [18,19,30]. 

Tannin and oxalate reduction further enhances mineral 

accessibility. Bioactive peptides and liberated phenolics 

elevate antioxidant capacity [20,21]. These effects support 

biofortification strategies in cereal- and legume-based 

systems, particularly in regions reliant on plant staples [12,22]. 

 

6. Fermentation of Agricultural Crops and Food 

Resources 

6.1. Cereals, Legumes, and Pseudocereals  

Wheat, rice, maize, sorghum, and millet benefit from reduced 

phytate and improved protein quality [12,31]. Soybean, 

chickpea, lentil, pea, and common beans show enhanced 

digestibility and reduced oligosaccharides after fermentation 
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[13,32]. Quinoa, amaranth, and buckwheat exhibit improved 

mineral accessibility following phytate hydrolysis [30]. 

 

6.2. Plant-Based Protein Systems  

Fermentation of soy, pea, and other legume or cereal proteins 

improves functionality, reduces off-flavors, and supports 

alternative dairy analogues [17,33]. 

 

6.3. Agricultural By-Products  

Bran, husks, pomace, press cakes, and crop residues are 

converted via SSF or submerged processes into enzymes, 

bioactive extracts, microbial protein, and functional 

ingredients, closing material loops [24,26,34]. 

 

7. Fermentation and Sustainable Agriculture 

Fermentation reduces food waste by valorizing residues, 

lowers dependence on synthetic inputs through microbial 

nutrient cycling, and supports low-energy, decentralized 

processing [6,7,35]. Life-cycle comparisons indicate lower land 

and water footprints for precision-fermented ingredients 

relative to animal-derived counterparts [5,10]. Limitations 

include energy demands of large-scale bioreactors and the 

need for renewable energy integration. Overall, fermentation 

contributes to climate-resilient, circular food systems. 

 

8. Food Safety and Quality Control  

Organic-acid production and competitive exclusion suppress 

pathogens [9,14]. Risks include biogenic amines, residual 

mycotoxins, and contamination in uncontrolled systems. 

Starter-culture selection, process standardization, HACCP 

principles, and real-time monitoring mitigate these hazards 
[15,16]. Regulatory frameworks continue to evolve, particularly 

for engineered strains used in precision fermentation [23]. 

 

9. Digitalization, Automation, and Smart Fermentation 

Artificial intelligence, machine learning, biosensors, IoT, 

metabolomics, genomics, and digital twins enable predictive 

modeling, real-time control, and process optimization [36–38]. 

These tools improve reproducibility, reduce batch-to-batch 

variability, and accelerate scale-up of both traditional and 

precision systems. 

 

10. Materials and Methods / Literature Search 

Methodology  

Literature was retrieved from PubMed, Scopus, Web of 

Science, and Google Scholar using combinations of 

“fermentation,” “solid-state,” “precision fermentation,” 

“lactic acid bacteria,” “phytate,” “bioavailability,” “cereal,” 

“legume,” “agricultural waste,” “circular bioeconomy,” and 

related terms. Primary focus was 2019–2026 peer-reviewed 

articles, with foundational earlier works included when 

mechanistically essential. Inclusion criteria required 

experimental or systematic review evidence on microbial 

mechanisms, nutritional outcomes, or sustainability metrics. 

Exclusion criteria removed non-peer-reviewed sources, 

purely descriptive historical accounts without scientific data, 

and studies lacking clear methodological detail. Screening 

proceeded by title/abstract followed by full-text evaluation; 

findings were synthesized thematically by technology, 

substrate, and outcome category. Quantitative data reported 

are those presented in the primary literature; conceptual 

interpretations are clearly distinguished. 

 

11. Results and Comparative Analysis  

Synthesized evidence demonstrates consistent nutritional 

improvements (protein digestibility, mineral bioavailability), 

antinutritional-factor reduction, enhanced bioactivity, and 

safety gains across substrates [12,13,18–22,30–32]. Emerging 

technologies offer superior control and targeted product 

profiles relative to spontaneous processes, with higher 

scalability potential but greater capital and regulatory 

demands [10,16,24]. Sustainability benefits arise principally 

from residue valorization and reduced resource intensity 
[6,7,34,35]. Economic and technical limitations center on energy 

costs, downstream processing, and process standardization. 

 

Table 1: Traditional Versus Emerging Fermentation Technologies 
 

Technology Microorganisms Major Applications Advantages Limitations 
Sustainability 

Potential 

Traditional 

spontaneous 

Indigenous LAB, 

yeasts, fungi 

Cereals, legumes, 

vegetables 

Low cost, cultural value, 

complex flavors 

Variability, safety 

risks 

Moderate (local 

systems) 

Starter-controlled 
Defined LAB/yeast 

consortia 

Bread, dairy analogues, 

plant proteins 
Reproducibility, safety 

Limited metabolic 

range 
High 

Solid-state Fungi, mixed cultures 
Residue valorization, 

enzymes 

Low water/energy, residue 

use 
Heat/mass transfer Very high 

Precision Engineered microbes 
Specific proteins, 

vitamins 
Targeted, land-efficient Cost, regulation 

High (if renewable 

energy) 

AI-enabled smart Any + digital control Process optimization Precision, productivity 
Data/infrastructure 

needs 
High 

 

Table 2: Effects of Fermentation on Nutritional and Functional Properties 
 

Food/Substrate 
Fermentation 

System 
Nutritional Change 

Antinutritional Factor 

Reduction 

Functional/Bioactive 

Effect 

Representative 

References 

Cereals (wheat, rice, 

sorghum) 
LAB/yeast or SSF 

↑ protein digestibility, 

vitamins 
Phytate ↓ 50–90% ↑ antioxidants, peptides [12,18,31] 

Legumes (soy, 

chickpea, lentil) 
Rhizopus/LAB/SSF 

↑ amino acids, 

digestibility 

Phytate, tannins, 

oligosaccharides ↓ 

↑ biopeptides, 

antioxidants 
[13,20,32] 

Pseudocereals LAB or spontaneous ↑ mineral accessibility Phytate ↓ Improved bioavailability [30] 

Bran/husks/pomace Fungal SSF 
Protein enrichment, 

phenolics release 
Phytate, tannins ↓ Enzymes, bioactives [24,26,34] 
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Table 3: Emerging Technologies for Sustainable Fermentation 
 

Technology Principle Major Application Scalability Key Benefits 
Current 

Challenges 

Future 

Potential 

Precision Engineered cell factories Proteins, vitamins Medium–high 
Targeted, low land 

use 
Cost, regulation High with AI 

SSF 
Low-moisture solid 

substrates 
Residue conversion High (modular) 

Resource 

efficiency 
Process control Very high 

Co-culture Synergistic metabolism Nutritional enhancement Medium Complex products Stability High 

Continuous Steady-state operation High productivity High Efficiency Contamination 
High with 

sensors 

Hybrid enzyme–

microbial 
Combined catalysis Controlled hydrolysis Medium Speed, specificity Enzyme cost High 

 

 
 

Fig 1: Evolution of Fermentation Technologies: From Traditional Practices to Modern Bioprocessing 

 

 
 

Fig 2: Integrated Fermentation-Based Circular Bioeconomy Model for Sustainable Food Production 

 

12. Discussion  

Fermentation remains relevant because it simultaneously 

addresses nutritional, safety, and sustainability challenges 

that conventional processing cannot fully resolve [1,6]. 

Controlled systems outperform spontaneous processes in 

reproducibility and pathogen control while preserving or 

amplifying beneficial metabolic outcomes [9,15]. Nutritional 

and functional benefits are well-documented across plant 

substrates [12,13,18–22]. Waste valorization via SSF and related 

technologies directly supports circular bioeconomy goals 

[24,34,35]. 

Industrial scalability is advancing, particularly for precision 

and continuous systems, yet energy intensity, capital costs, 

and regulatory heterogeneity remain barriers [5,10,23]. 

Consumer acceptance of engineered products and process 

standardization require ongoing attention. Laboratory-to-

industry translation is limited by feedstock variability and the 

need for robust, low-cost monitoring. Evidence supports 

fermentation as a complementary rather than universal 

solution; integration with renewable energy and multi-omics 
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strain design will determine long-term impact. 

 

13. Future Perspectives  

Priorities include engineered microbial strains and synthetic 

communities for tailored metabolite profiles, AI-assisted 

optimization and digital twins for real-time control, multi-

omics-guided process design, low-energy and climate-

resilient systems, fermentation-based biofortification of 

staple crops, novel plant-protein applications, and integrated 

agricultural-waste biorefineries [10,11,36–38]. Knowledge gaps 

persist in long-term safety of novel consortia, quantitative 

life-cycle data under industrial conditions, and 

socioeconomic models for decentralized deployment. 

Personalized fermented foods and improved microbial safety 

frameworks represent additional frontiers. 

 

14. Conclusion  

Fermentation technologies have evolved from traditional 

spontaneous practices to sophisticated, controllable 

bioprocesses that enhance nutritional quality, reduce 

antinutritional factors, improve food safety, and enable 

circular use of agricultural resources. Microbial 

biotechnology, particularly through precision, solid-state, 

and digitally supported systems, positions fermentation as a 

core platform for sustainable food production. Remaining 

challenges in scalability, energy efficiency, regulation, 

economics, and reproducibility must be addressed through 

interdisciplinary research. With continued advances, 

fermentation can contribute substantially to resilient, 

nutritious, and lower-impact food systems. 
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