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 ABSTRACT 

Fungal–lactic acid bacteria (LAB) co-fermentation represents an emerging, 

eco-efficient biotechnology that integrates fungal enzymatic priming with 

bacterial metabolic refinement to generate functional and microbiologically 

safe foods. This review consolidates current understanding of the ecological 

and biochemical synergy underpinning fungal–LAB interactions, 

emphasizing how enzymatic hydrolysis, nutrient cross-feeding, and 

acidification dynamics enhance food quality, safety, and sustainability. 

Filamentous fungi such as Aspergillus, Rhizopus, and Penicillium initiate the 

process by secreting hydrolases that depolymerize complex macromolecules, 

thereby enriching the substrate with fermentable monomers. LAB including 

Lactiplantibacillus plantarum, Levilactobacillus brevis, and Weissella 

cibaria, subsequently convert these intermediates into organic acids, 

exopolysaccharides, vitamins, and bioactive peptides that stabilize the system 

and improve nutritional bioavailability. The resulting co-metabolism 

enhances protein digestibility, mineral release, and antioxidant potential 

while suppressing spoilage and mycotoxin formation. Recent multi-omics 

advances have revealed inter-kingdom signaling networks and stress-

response mechanisms that enable mutual adaptation and precision control. 

Fungal–LAB partnerships increasingly support agro-industrial waste 

valorization, probiotic carrier development, and sustainable functional-food 

production within the circular bioeconomy. Despite clear promise, challenges 

remain in standardizing starter consortia, optimizing large-scale kinetics, and 

validating health outcomes through clinical studies. Collectively, this 

synergistic microbial model offers a biologically elegant and technologically 

versatile pathway toward next-generation functional foods and resource-

efficient bioprocessing. 
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Introduction 
Fermentation is among the earliest and most sustainable 

biotechnological tools developed by humankind for food 

preservation, nutritional improvement, and flavor 

enhancement. In recent decades, renewed scientific 

interest in traditional fermentations has underscored their 

potential to generate health-promoting foods through 

eco-friendly microbial processes. Among these systems, 

co-fermentation between filamentous fungi and lactic 

acid bacteria (LAB) has emerged as a powerful natural 

platform for transforming plant-based materials into 

functional and microbiologically safe foods. This 

interkingdom partnership integrates the enzymatic 

versatility of fungi with the metabolic adaptability of 

LAB, producing a cascade of biochemical 

transformations that improve digestibility, safety, and 

sensory quality (Yarlina et al. 2023). 

       Filamentous fungi such as Aspergillus oryzae, 

Rhizopus oligosporus, and Penicillium chrysogenum are 

recognized for secreting large arrays of extracellular 

hydrolases such as amylases, proteases, cellulases, and 

lipases, that degrade complex macromolecules into 

fermentable monomers. These enzymatic actions liberate 

carbohydrates, amino acids, and lipids, simultaneously 

conditioning the microenvironment through oxygen 

consumption and moderate acidification. In turn, LAB 

species include Lactiplantibacillus plantarum, 

Levilactobacillus brevis, Pediococcus pentosaceus, and 

Weissella cibaria colonize the pre-digested substrate and 

convert available sugars into lactic and other organic 

acids. This dual-phase process not only reduces pH—

suppressing spoilage microorganisms, but also facilitates 

protein solubilization, mineral release, and activation of 

residual fungal enzymes, resulting in foods that are both 

nutritionally superior and microbiologically stable (Teoh 

et al. 2024, Niyigaba et al. 2025). 

Historically, the concept of co-fermentation 

emerged from traditional food preservation practices 

such as sourdough, tempeh, and kefir production, where 

spontaneous microbial consortia of fungi and lactic acid 

bacteria established stable ecosystems. Early empirical 

methods gradually evolved into controlled fermentations 

through improved starter-culture selection and substrate 

optimization. In recent decades, the industrial landscape 

has shifted toward precision fermentation, employing 

defined fungal–LAB consortia to enhance flavor, texture, 

nutritional quality, and safety of plant-based foods. 

Today, these synergistic systems underpin diverse 

modern applications from probiotic beverages and 

fermented cereals to bioactive compound synthesis and 

agro-industrial waste valorization, illustrating the 

transition from artisanal processes to data-driven 

biotechnological innovation. In traditional systems such 

as koji, tempeh, sourdough, and Miang, the initial fungal 

colonization acts as biochemical priming, while LAB 

carry out secondary fermentation that stabilizes and 

refines the product. The cooperative metabolism between 

both partners yields higher concentrations of free amino 

acids, peptides, and phenolic derivatives than single-

culture fermentations (Vivek & Venkitasamy 2023, 

Pouris et al. 2024).  

These synergistic effects also generate desirable 

flavor volatiles such as esters, ketones, and organic acids, 

that contribute to distinctive sensory identities across 

global food cultures. Beyond preservation and flavor, 

fungal–LAB co-fermentation has become a focus for 

functional-food biotechnology. LAB synthesize 

exopolysaccharides (EPS), B-vitamins (B₂, B₉, K), and 

bioactive peptides with antioxidant, antihypertensive, 

and antimicrobial properties, whereas fungi enhance the 

liberation of bound polyphenols and the biosynthesis of 

pigments and aromatic metabolites (Reffai & Fechtali 

2025, Faizal et al. 2023). Together, these activities 

convert inexpensive or underutilized plant substrates into 

nutrient-dense, bioactive matrices aligned with consumer 

demand for natural and additive-free products.  

To support a comprehensive synthesis, we searched 

Scopus, Web of Science, PubMed, and Google Scholar 

for literature published between January 2000 and 

November 2025. Search terms combined fungal and LAB 

taxa with co-fermentation and functional food 

descriptors. We included peer-reviewed primary studies 

reporting biochemical, nutritional, or process outcomes 

in fungal–LAB systems. Reviews, yeast-only studies, 

and redundant findings were excluded. Eligible sources 

were grouped by fermentation modality and functional 

output to structure the narrative.  

Recent advances in multi-omics technologies have 

clarified the molecular dialogues underlying this 

microbial cooperation. Metagenomic and transcriptomic 

data reveal that co-cultivation triggers stress-response 

and secondary-metabolism genes in both partners, 

reflecting mutual adaptation and metabolic cross-feeding 

(Roșca et al. 2023, Shi et al. 2022, Adeleke et al. 2023). 

Fungal metabolism supplies fermentable sugars and 

peptides that stimulate LAB proliferation, while LAB-

derived acids and signaling molecules modulate fungal 

enzyme activity and sporulation patterns. These 

reciprocal cues create a self-regulating microbial 

ecosystem, capable of maintaining functional stability 

under variable environmental conditions. From a 

sustainability standpoint, fungal–LAB co-fermentation 

directly supports circular-bioeconomy principles. The 

process valorizes agro-industrial by-products such as 

cassava pulp, soybean residue, and cereal bran into high-

value functional foods, thereby reducing waste and 
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energy consumption (Adeleke et al. 2023). Its mild 

operational parameters—ambient temperature, 

atmospheric pressure, and aqueous conditions—make it 

environmentally benign compared with thermal or 

chemical treatments.  

Despite these advantages, several scientific and 

technological gaps persist. Variability in microbial 

composition, substrate heterogeneity, and uncontrolled 

fermentation kinetics hinder reproducibility and large-

scale standardization. Moreover, the molecular basis of 

interkingdom signaling and metabolic flux regulation 

remains incompletely characterized, limiting predictive 

control of product functionality. Addressing these 

challenges demands an integrated approach that 

combines omics-based monitoring, systems biology, and 

data-driven process modeling (Zheng et al. 2021, Sawant 

et al. 2025).  

Despite the expanding body of research on fungal 

and lactic acid bacterial fermentations, a consolidated 

understanding of their interactive ecological and 

biochemical mechanisms remains limited. Most previous 

studies have examined these microorganisms in isolation 

or within specific traditional food contexts, overlooking 

the broader systems-level integration that governs co-

fermentation stability and functionality. Furthermore, the 

molecular dialogue between fungi and LAB—

encompassing signaling, metabolite cross-feeding, and 

stress-response regulation—has not been systematically 

synthesized across fermentation modalities. There is also 

a paucity of comprehensive reviews linking multi-omics 

insights, process optimization strategies, and 

sustainability frameworks within a single conceptual 

model. This knowledge gap constrains the rational design 

of standardized, high-performance fungal–LAB 

consortia for industrial and functional-food applications.   

Therefore, this review aims to provide an integrated 

synthesis of ecological, biochemical, and technological 

mechanisms underlying fungal–LAB co-fermentation. It 

highlights metabolic cooperation, enzymatic priming, 

and cross-kingdom signaling while emphasizing 

sustainable functional-food development, process 

innovation, and future research priorities. Key objectives 

of the current review are: 

i. Synthesize current understanding of the 

ecological and biochemical interactions between 

filamentous fungi and lactic acid bacteria (LAB), 

emphasizing enzymatic priming, nutrient cross-

feeding, and acidification dynamics that 

underpin microbial synergy.  

ii. Explain the mechanistic basis of fungal–LAB 

cooperation, highlighting metabolic integration, 

signaling pathways, and stress-response systems 

that govern co-fermentation stability and 

functionality.  

iii. Compare fermentation modalities—solid-state, 

submerged, and sequential systems—to 

elucidate how environmental and process 

parameters influence microbial succession, 

metabolite profiles, and product quality.  

iv. Evaluate the nutritional, functional, and safety 

benefits arising from fungal–LAB co-

fermentation, including improvements in protein 

digestibility, mineral bioavailability, antioxidant 

potential, and microbial preservation.  

v. Discuss industrial relevance and sustainability 

integration, focusing on waste valorization, 

probiotic carrier development, and circular-

bioeconomy applications of fungal–LAB 

consortia. 

 

1. Role of lactic acid bacteria in fungal 

fermentation 
Lactic acid bacteria (LAB) constitute a 

metabolically diverse group of microorganisms that play 

a pivotal role in shaping the biochemical and functional 

properties of fungal-based fermentation systems. Their 

activity extends far beyond the production of lactic acid, 

encompassing an intricate network of metabolic 

pathways that influence microbial ecology, nutrient 

bioavailability, sensory attributes, and product stability 

(Darwish et al. 2018, Abdelmotilib & Abdel-Azeem 

2022). In co-fermentation systems involving filamentous 

fungi such as Rhizopus, Aspergillus, and Penicillium, 

LAB act as both secondary fermenters and ecological 

stabilizers, converting the complex substrates liberated 

by fungal enzymatic action into valuable metabolites. 

This transformation exemplifies microbial synergy—

where fungal pioneers break down macromolecules into 

simpler sugars, amino acids, and peptides, and LAB 

subsequently convert these intermediates into acids, 

vitamins, and antimicrobial compounds that refine both 

the chemical and microbiological characteristics of the 

fermented matrix (Yarlina et al. 2023, Sawant et al. 

2025).  

Fundamentally, the hallmark of LAB metabolism is 

the conversion of carbohydrates into lactic acid through 

glycolytic pathways. Depending on their metabolic type, 

LAB can be categorized as homofermentative or 

heterofermentative. Homofermentative strains, such as 

Lactiplantibacillus plantarum and Pediococcus 

pentosaceus, utilize the Embden–Meyerhof–Parnas 

(EMP) pathway to produce lactic acid as the principal end 

product, leading to a rapid decline in pH that suppresses 

spoilage and pathogenic microorganisms. In contrast, 

heterofermentative species such as Levilactobacillus 
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brevis and Weissella cibaria employ the phosphoketolase 

(PK) pathway, generating lactic acid along with acetic 

acid, ethanol, carbon dioxide, and volatile flavor 

compounds that enhance aroma and taste complexity 

(Niyigaba et al. 2025). This acidification process not only 

contributes to food safety but also facilitates protein 

solubilization, mineral release, and enzyme activation, 

thereby enhancing digestibility and nutritional 

availability (Starzyńska-Janiszewska et al. 2012). The 

acidic environment produced by LAB also assists in the 

denaturation of antinutritional factors such as phytates 

and tannins, enabling improved absorption of 

micronutrients like iron, zinc, and calcium—an 

especially important function in plant-based diets 

(Adesulu-Dahunsi et al. 2022). 

 

 

 

 

1.1. Metabolic cooperation and acidification dynamics 

The primary contribution of LAB is the conversion 

of carbohydrates released by fungal hydrolysis into 

organic acids, mainly lactic acid, via homofermentative 

or heterofermentative pathways shown in Figure 1). 

homofermentative species (e.g., Lactiplantibacillus 

plantarum, Pediococcus pentosaceus) employ the 

Embden–Meyerhof–Parnas (EMP) pathway to yield 

lactic acid as the sole major product, producing a rapid 

pH drop that inhibits spoilage microorganisms. 

Heterofermentative strains (e.g., Levilactobacillus 

brevis, Weissella cibaria) utilize the phosphoketolase 

(PK) pathway, generating lactic acid along with acetic 

acid, ethanol, and CO₂, which contribute to flavor 

complexity and textural lightness (Niyigaba et al. 2025). 

This acidification not only improves microbial safety but 

also stabilizes fungal enzymes, many of which exhibit 

peak activity at pH 4.0–5.0, thus extending enzymatic 

hydrolysis during the LAB-dominant phase.

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Comparative metabolic pathways of homo- and hetero-fermentative lactic acid bacteria (LAB). Homofermentative LAB 

(left) metabolize glucose through the Embden–Meyerhof–Parnas (EMP) pathway, converting glucose primarily into lactic acid 

with a net yield of 2 ATP per glucose. Heterofermentative LAB (right) utilize the phosphoketolase (PK) pathway, producing 

lactic acid, carbon dioxide, and either ethanol or acetate, with a net yield of 1 ATP. These metabolic distinctions influence 

acidification rate, redox balance, flavour compound formation, and ecological roles in fungal–LAB co-fermentation systems. 

 

 

1.2. Nutritional and functional contributions 

LAB enriches co-fermented foods through vitamin 

biosynthesis, proteolysis, and exopolysaccharide (EPS) 

production. They synthesize B-group vitamins (folate, 

riboflavin, and niacin), release peptides with antioxidant 

and antihypertensive properties, and produce EPS that 

improve viscosity and water-holding capacity (Gaggia et 

al. 2019). The interaction of LAB-derived EPS with 

fungal mycelial networks enhances textural integrity and 

prevents moisture loss in solid-state systems such as 

tempeh and fermented cassava. Through proteolytic 

activity, LAB liberate low-molecular-weight peptides 

and amino acids, complementing fungal proteases and 

significantly improving protein digestibility. The 

combined fungal–bacterial enzymatic cascade thus 
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transforms plant proteins into more bioavailable and 

functionally active forms. 

 

Microbial safety and preservation 

LAB serves as biological preservatives, producing 

lactic and acetic acids, hydrogen peroxide, diacetyl, and 

bacteriocins (e.g., nisin, pediocin, plantaricin) that inhibit 

spoilage bacteria and fungi (Sawant et al. 2025). 

Additionally, many LAB secrete antifungal metabolites 

such as phenyl-lactic acid and cyclic dipeptides, which 

suppress the growth of toxigenic fungi including 

Aspergillus flavus and Penicillium expansum. In co-

fermentation, these compounds synergize with the 

competitive exclusion exerted by non-toxigenic fungal 

species (Rhizopus oligosporus, A. oryzae), collectively 

enhancing product safety and shelf life. 

 

1.3. Ecological stabilization and system balance 

During the transition from aerobic fungal growth to 

microaerophilic LAB proliferation, LAB play a crucial 

role in maintaining ecological stability. The acidified, 

low-oxygen environment created by LAB selectively 

favors beneficial microbes while suppressing 

opportunistic contaminants. Their metabolic activity also 

regulates moisture and redox potential, creating 

conditions that sustain fungal enzyme activity without 

promoting undesirable microbial growth (Faizal et al. 

2023). In industrial processes, defined LAB starter 

cultures, selected for fast acidification, EPS yield, and 

bacteriocin production, enable reproducible fermentation 

trajectories and consistent sensory outcomes (Zheng et al. 

2021). 

 

1.4. Synergistic sensory development 

LAB metabolites such as diacetyl, acetoin, ethanol, 

and short-chain fatty acids combine with fungal volatiles 

(e.g., methyl ketones and aldehydes) to form complex 

aromatic profiles. This interplay defines the distinct 

sensory attributes of co-fermented foods like tempeh, 

sourdough, and fermented cereals. LAB also influence 

texture and color stabilization, giving co-fermented foods 

their characteristic structure and brightness (Park & Kim, 

2021). In summary, LAB act as both biochemical 

transformers and ecological regulators within fungal-

based fermentation. Their metabolic flexibility allows 

efficient conversion of fungal hydrolysates into organic 

acids, vitamins, EPS, and bioactive peptides while 

maintaining microbial safety and enhancing sensory 

quality. These multifunctional contributions make LAB 

indispensable partners in the design of precision-

controlled co-fermentation systems for next-generation 

functional foods. 

2. Microbial synergy and succession in co-

fermentation 
The phenomenon of microbial synergy and 

succession lies at the core of all co-fermentation systems, 

governing both biochemical transformations and 

ecological stability. In fungal–LAB fermentations, 

synergy denotes the cooperative and mutually beneficial 

interactions between filamentous fungi and lactic acid 

bacteria (LAB) that optimize substrate conversion, 

product quality, and system resilience. Succession, by 

contrast, describes the temporal progression in 

community composition and metabolic dominance as 

fermentation advances (Rahman et al. 2025). Together, 

these interlinked processes form a dynamic biochemical 

network in which fungi act as primary colonizers, 

initiating substrate degradation and environmental 

modification, while LAB function as secondary 

fermenters and ecological stabilizers, ensuring 

acidification, spoilage prevention, and product 

maturation (Mishra et al. 2024). 

Empirical evidence confirms this ecological 

choreography across diverse fermented foods. 

Filamentous fungi such as Rhizopus, Aspergillus, and 

Penicillium initiate enzymatic hydrolysis of complex 

carbohydrates and proteins, releasing fermentable sugars 

and amino-nitrogen compounds that form the nutritional 

base for LAB proliferation. Subsequently, LAB 

metabolize these substrates via homo- and 

heterofermentative pathways, producing lactic, acetic, 

and phenyl-lactic acids that lower pH, inhibit 

contaminants, and stabilize the matrix (Pouris et al. 2024, 

Ghodsi et al. 2025, Sawant et al. 2025). 

Comparative studies reveal a conserved ecological 

logic across substrates such as cabbage, soybeans, and 

carrots. Regardless of origin or processing conditions, a 

consistent pattern emerges: filamentous fungi (e.g., 

Rhizopus, Aspergillus) initiate enzymatic priming, 

followed by LAB dominance (Lactiplantibacillus 

plantarum, Leuconostoc mesenteroides, Weissella 

confusa) that completes acidification and metabolic 

stabilization. This sequential transition from aerobic 

fungal colonization to anaerobic bacterial fermentation 

ensures effective nutrient conversion, texture formation, 

and microbiological safety (Tlais et al. 2022). 

Representative examples of fungal–LAB consortia 

illustrating ecological succession patterns are 

summarized in Table 1. This table highlights key 

microbial consortia in vegetable- and fungal-based 

fermentations, highlighting the universality of ecological 

succession in fungal–LAB systems. Across traditional 

and modern fermentations, the ecological interplay 

between fungi and LAB exemplifies a self-organizing, 

cross-kingdom synergy that underpins both the 
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biochemical depth and the cultural continuity of co-

fermented foods. 

These systems collectively exemplify the 

universality of fungal–LAB cooperation, demonstrating 

that ecological succession—from fungal enzymatic 

priming to bacterial stabilization—transcends substrate 

type and cultural context. 

2.1. Comparison of Fungal–LAB and Yeast–LAB 

Systems 

The cooperative metabolism between LAB and 

filamentous fungi shares conceptual parallels with the 

better-known LAB–yeast systems used in sourdough, 

kefir, and kombucha fermentations. However, fungal–

LAB interactions differ profoundly in both spatial 

organization and metabolic scope. 

 

 

Table 1. Representative LAB/Fungal consortia in traditional fermented foods 

Product / 

Substrate 

Dominant Microorganisms* Ecological Role / Fermentation Type References 

Sauerkraut Leuconostoc mesenteroides, 

Lactiplantibacillus plantarum, Weissella 

spp., Pediococcus spp. 

Spontaneous solid-state lactic fermentation of 

cabbage; early heterofermentative 

Leuconostoc/Weissella followed by 

homofermentative 

Lactiplantibacillus/Pediococcus 

Tlais et al. 2022, 

Gaudioso et al. 2022 

Beetroot 

(pickled) / 

Beet–carrot 

kanji 

Lactiplantibacillus plantarum, L. pentosus, 

Leuconostoc mesenteroides, Pediococcus 

pentosaceus 

Spontaneous lactic acid fermentation of beet-

/carrot-based brine; pigment and phenolic 

retention 

Kingston et al. 2010, 

Sharma et al. 2021, Kaur 

et al. 2023 

Kimchi Leuconostoc mesenteroides, Weissella 

koreensis, Lactiplantibacillus plantarum, 

Latilactobacillus sakei 

Dynamic mixed-culture succession; early 

Leuconostoc/Weissella dominance shifting to 

more acid-tolerant 

Lactiplantibacillus/Latilactobacillus 

Choi et al .2024, Cha et 

al. 2024, Kim et al.2025 

Cucumber 

(pickled) 

Lactiplantibacillus plantarum, L. pentosus, 

Levilactobacillus brevis, Pediococcus spp. 

Facultative anaerobic brine fermentation; 

LAB succession drives pH drop and spoilage 

control 

Page & Pérez-Díaz, 

2021, Ahmed et al.2021 

Soy sauce 

(koji → 

moromi) 

Aspergillus oryzae/sojae (koji), 

Tetragenococcus halophilus, Bacillus spp., 

Zygosaccharomyces rouxii, Candida 

versatilis, LAB 

(Lacticaseibacillus/Lactobacillus spp.) 

Sequential fungal–bacterial–yeast 

fermentation; koji solid-state hydrolysis 

followed by high-salt brine fermentation 

Nguyen et al .2023, Tan 

et al. 2022, Chin et al. 

2024 

Carrot kanji 

(black carrot 

beverage) 

Leuconostoc mesenteroides, Pediococcus 

pentosaceus, Lactiplantibacillus plantarum 

LAB-dominant semi-solid / beverage lactic 

fermentation of black carrot brine; high 

antioxidant, probiotic potential 

Sharma et al. 2021, Kaur 

et al. 2023 

Carrot / 

Radish / 

Pepper (mixed 

pickled 

vegetables) 

Leuconostoc spp., Lactiplantibacillus 

plantarum, Weissella spp., Lactococcus 

spp.; early Enterobacteriaceae 

Mixed microbial succession in vegetable 

brines; initial facultative 

aerobes/Enterobacteriaceae followed by 

LAB-driven acidification 

Thierry et al. 2023, Tan 

et al. 2024, Xu et al. 

2024 

Tempeh 

(soybean or 

alternative 

substrates) 

Rhizopus oligosporus / R. oryzae 

(filamentous fungi), Lactiplantibacillus 

plantarum, other lactobacilli, Enterococcus 

spp., Lactococcus spp. 

Classical fungal–LAB co-fermentation; initial 

bacterial acidification, followed by mycelial 

growth and stabilization by LAB 

Teoh et al. 2024, 

Wicaksono et al. 2024, 

Górska et al. 2025 

In yeast–LAB fermentations, synergy is typically 

based on sugar–acid exchange and mutual redox balance 

within a relatively homogeneous, liquid or semi-solid 

matrix (Cheng et al. 2025, Zheng et al. 2021). 

Filamentous fungi, by contrast, form extensive hyphal 

networks that create steep oxygen and moisture gradients 

and act as structural scaffolds for LAB attachment. This 

architecture facilitates biofilm formation, metabolite 

diffusion, and micro-niche diversity that yeasts cannot 

replicate (Adesulu-Dahunsi et al. 2022). 

Metabolically, fungi secrete powerful extracellular 

enzymes—amylases, proteases, phytases, and 

lignocellulolytic enzymes—that hydrolyze complex 

macromolecules. LAB utilize the released monomers, 

converting them into organic acids, short-chain fatty 

acids (SCFAs), and vitamins (Faizal et al. 2023). The 

result is a sequential cross-feeding relationship in which 

fungal enzymatic priming expands substrate 

accessibility, while LAB-driven acidification enhances 

fungal enzyme efficiency. Functionally, this distinction 

makes fungal–LAB systems superior for transforming 
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protein- and fiber-rich substrates such as legumes, 

cereals, and agro-residues, whereas yeast–LAB 

partnerships are optimized for carbohydrate-rich 

matrices like grains and fruit juices (Fernandez 

Castaneda et al. 2024). 

These ecological and biochemical differences 

explain why fungal–LAB co-fermentation achieves 

broader substrate versatility, stronger detoxification 

capacity, and richer aroma development. The fungal 

hyphae not only act as a physical framework but also 

generate reactive intermediates that modulate LAB stress 

responses and trigger adaptive gene expression, leading 

to enhanced resilience and metabolite diversity (Pouris et 

al. 2024). 

During co-fermentation, fungal colonization 

initiates the process by enzymatically degrading complex 

substrates and conditioning the microenvironment 

through oxygen consumption, carbon-dioxide release, 

and redox modification. This stage enriches the substrate 

with soluble sugars, amino acids, and micronutrients that 

support subsequent LAB proliferation. As the bacterial 

phase develops, acidification and exopolysaccharide 

(EPS) production stabilize the matrix, restrict spoilage 

organisms, and promote metabolite exchange. The 

ecological transition from aerobic fungal activity to 

microaerophilic or anaerobic LAB metabolism embodies 

the principle of microbial succession and underpins the 

superior nutritional, sensory, and safety characteristics of 

co-fermented foods. This progression has been verified 

in systems such as tempeh, Miang, sourdough, and 

cassava-based fermentations, where fungal conditioning 

precedes LAB acidification by 24–48 h in solid-state 

systems but may overlap in submerged fermentations 

(Teoh et al. 2024, Fernandez Castaneda et al. 2024). 

At the metabolic level, synergy arises from nutrient 

cross-feeding and co-metabolism. Fungal hydrolysis of 

polysaccharides liberates glucose, maltose, and dextrins 

that serve as substrates for LAB fermentation, while LAB 

acidification enhances fungal enzyme activity at mildly 

acidic pH (4.0–5.0). LAB also produce metabolites—

lactic acid, ethanol, acetic acid—that act as regulatory 

cues for fungal physiology, influencing sporulation and 

secondary-metabolite synthesis (Adesulu-Dahunsi et al. 

2022). This mutualistic exchange yields higher 

concentrations of free amino acids, peptides, and volatile 

compounds than single-culture fermentations. 

The cooperative relationship extends to microbial 

signaling and gene regulation. Transcriptomic and 

proteomic analyses demonstrate that co-cultivation 

induces differential gene expression in both partners: 

Aspergillus oryzae up-regulates carbohydrate-active 

enzymes (CAZymes) and oxidative-stress genes, while 

Lactiplantibacillus plantarum enhances stress-tolerance 

and vitamin-biosynthesis pathways (Pouris et al. 2024, 

Roșca et al. 2023). Short-chain fatty acids, peptides, and 

reactive oxygen species likely act as inter-kingdom 

messengers facilitating this cross-talk (Adeleke et al. 

2023). 

Ecological succession in co-fermentation follows 

three overlapping phases: (1) initiation—fungal 

dominance and substrate conditioning; (2) transition—

LAB proliferation as oxygen declines; and (3) 

stabilization—LAB predominance maintaining 

homeostasis via acidification and antimicrobial 

production. The timing of these stages depends on 

substrate type, temperature, moisture, and inoculation 

strategy (Sawant et al. 2025). Fungi, as aerobes, initiate 

fermentation by consuming oxygen and releasing heat 

and CO₂, whereas facultative-anaerobic LAB assume 

dominance under reduced-oxygen conditions, generating 

a self-regulating ecosystem (Niyigaba et al. 2025). 

From a systems-biology perspective, this 

partnership forms a closed biochemical loop: fungal 

metabolism provides the nutritional foundation through 

macromolecular degradation, while LAB metabolism 

secures community stability through acidification and 

protective metabolite synthesis. Metabolite outputs of 

one group become inputs for the other—fungal 

proteolysis supplies peptides for LAB, and LAB-derived 

acids enhance fungal enzymatic performance. Ethanol 

and acetoin from heterofermentative LAB stimulate 

fungal ester formation, enriching aroma complexity 

(Pouris et al. 2024). Table 2 outlines the representative 

microbial species involved in fungal–LAB co-

fermentation and their corresponding substrates, 

illustrating how functional specialization within these 

communities contributes to the overall biochemical 

synergy. The lactic acid bacteria (Lactiplantibacillus 

plantarum, Leuconostoc mesenteroides, Pediococcus 

pentosaceus) primarily drive acidification, EPS 

synthesis, and bacteriocin production, forming the 

preservation and stabilization core of the system. 

Filamentous fungi such as Rhizopus oligosporus, 

Aspergillus oryzae, and Penicillium roqueforti function 

as enzymatic primers, secreting amylases, proteases, and 

phytases that release soluble carbohydrates and peptides 

essential for bacterial growth. 

Advanced omics analyses confirm that co-cultures 

activate distinct metabolic pathways absent in 

monocultures, boosting yields of bioactive peptides, 

antioxidants, and aroma volatiles. Process parameters 

such as inoculation timing, moisture, pH, and oxygen 

availability can be fine-tuned to steer these interactions 

toward specific nutritional or sensory outcomes (Zheng 

et al. 2021, Roșca et al. 2023, Nsabimana et al. 2024). 

The nutritional and safety advantages of microbial 
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synergy thus arise directly from this structured 

succession: early fungal activity increases macronutrient 

accessibility, while subsequent LAB stages enrich 

vitamins, antioxidants, and antimicrobial compounds, 

concurrently suppressing mycotoxin-producing fungi—

achieving aflatoxin reductions exceeding 80 % in 

Lactiplantibacillus plantarum–Rhizopus oligosporus co-

cultures (Faizal et al. 2023). Spatial cooperation via 

biofilms further enhances stability, with fungal hyphae 

serving as scaffolds for LAB adhesion, promoting 

metabolite exchange and stress tolerance (Adesulu-

Dahunsi et al. 2022).  

In summary, microbial synergy and succession in 

fungal–LAB co-fermentation represents an intricate 

interplay of ecological adaptation, metabolic 

cooperation, and biochemical signaling. Fungi initiate the 

process through enzymatic degradation and 

environmental modification, creating conditions 

favorable for LAB colonization.  
 

 

 

Table 2. Representative microorganisms and functional roles in Fungal–LAB, Yeast–LAB, and related Co-

fermentation systems. 

 
Group Representative 

Genera/Species 

Fermentation 

Substrate or 

Product 

Functional Role and 

Application 

References 

Lactic Acid 

Bacteria (LAB) 

Lactiplantibacillus 

plantarum, 

Levilactobacillus brevis, 

Lacticaseibacillus casei, 

Lactococcus lactis, 

Leuconostoc 

mesenteroides, Weissella 

cibaria, Pediococcus 

pentosaceus 

Tempeh, sauerkraut, 

kimchi, cassava 

dough, sourdough, 

vegetable pickles 

Acidification, flavor 

formation, 

exopolysaccharide (EPS) 

production, detoxification, 

bacteriocin synthesis 

 Kaur & Ahluwalia 

2017, Faizal et al. 

2023, Sawant et al. 

2025  

Filamentous Fungi Rhizopus oligosporus, R. 

oryzae, Aspergillus oryzae, 

Penicillium roqueforti, 

Mucor racemosus 

Tempeh, miso, soy 

sauce, koji, 

fermented cassava 

Enzymatic priming: 

amylase, protease, lipase, 

and phytase secretion; 

nutrient solubilization 

 Pouris et al. 2024, 

Ghodsi et al. 2025, 

Vivek & 

Venkitasamy 2023  

Co-culture Systems 

(Fungi + LAB) 

Rhizopus oligosporus + 

Lactiplantibacillus 

plantarum; Aspergillus 

oryzae + L. rhamnosus; 

Penicillium spp. + 

Weissella spp. 

Co-fermented 

soybeans, cereals, 

legumes, and 

vegetables 

Sequential or synergistic 

metabolism; enhanced 

protein digestibility, 

vitamin synthesis, and 

mycotoxin reduction 

 Adesulu-Dahunsi et 

al. 2022, Pouris et al. 

2024, Sahib et al. 

2025  

Yeasts (supporting 

microbiota) 

Saccharomyces cerevisiae, 

Debaryomyces hansenii, 

Kluyveromyces marxianus 

Bread, kefir, soy-

based ferments, 

mixed LAB–yeast 

beverages 

CO₂ production, flavor 

development, vitamin 

synthesis; synergistic 

interaction with LAB in 

mixed fermentations 

 Zheng et al. 2021, 

Adeleke et al. 2023  

Non-LAB bacteria 

(functional 

adjuncts) 

Bacillus subtilis, 

Acetobacter pasteurianus, 

Propionibacterium 

freudenreichii 

Natto, kombucha, 

cheese 

Enzyme secretion 

(proteases, lipases); 

organic acid production; 

probiotic support 

 Kusumoto et al 

.2021, Maicas 2020 

LAB, in turn, stabilize the community through 

acidification, antimicrobial production, and nutrient 

transformation, completing a cyclical process that 

mirrors natural ecological succession while achieving 

superior nutritional, sensory, and safety outcomes. 

Integrating omics-based monitoring, AI-driven 

modeling, and engineered starter cultures will further 

enhance reproducibility and sustainability, solidifying 

this cross-kingdom partnership as a cornerstone of 

modern food biotechnology. In comparison, yeast–LAB 

co-fermentation systems (i.e., those in sourdough, kefir, 

and wine) demonstrate similar patterns of metabolite 

exchange and acid–alcohol balance, yet differ 

fundamentally in substrate utilization and ecological 

structure. Yeasts primarily ferment simple sugars to 

ethanol and CO₂, relying on LAB for pH control and 

flavor modulation. In contrast, filamentous fungi 

contribute extracellular enzyme systems capable of 
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degrading complex polysaccharides, releasing 

fermentable substrates that drive extended co-metabolic 

cycles. This enzymatic priming distinguishes fungal–

LAB consortia from yeast-based systems, enabling 

broader substrate flexibility and enhanced nutrient 

bioavailability in plant- and agro-residue fermentations. 

 

3. Mechanisms of lactic acid bacteria (LAB) action 

in fungal-based co-fermentation 
The activity of lactic acid bacteria (LAB) in fungal-

based co-fermentation is orchestrated through a network 

of biochemical and regulatory mechanisms that 

coordinate substrate utilization, metabolite exchange, 

and ecological stabilization. Building upon the microbial 

succession outlined previously, LAB represent the 

second and stabilizing phase of co-fermentation, 

converting fungal enzymatic outputs into acids, peptides, 

vitamins, and antimicrobial compounds (Teoh et al. 

2024, Yarlina et al. 2023). Empirical evidence confirms 

that this cooperation proceeds through sequential or 

partially overlapping phases, depending on strain 

compatibility and substrate composition (Han et al. 

2024). Filamentous fungi such as Aspergillus oryzae, 

Rhizopus spp., and Penicillium spp. hydrolyze complex 

macromolecules into fermentable intermediates that 

facilitate LAB colonization, while LAB species 

including Lactiplantibacillus plantarum, 

Levilactobacillus brevis, and Weissella cibaria rapidly 

ferment these substrates into lactic, acetic, and other 

organic acids, reducing pH to 4.0 – 4.5 and stabilizing 

both the product matrix and fungal enzyme activity 

(Rousta et al. 2023).  

Recent multi-omics approaches (metagenomics, 

metabolomics, and transcriptomics) have begun to 

unravel the molecular basis of fungal–LAB synergy, 

while AI-driven modeling now allows prediction of co-

fermentation performance from strain-level datasets. 

Integrating these tools can overcome traditional 

limitations of empirical optimization and promote data-

guided strain selection. 

 

3.1. Molecular mechanisms of carbohydrate catabolism 

and acid tolerance 

As discussed in Section 2.1, lactic acid bacteria (LAB) 

derive their primary energy through carbohydrate 

metabolism, which establishes the biochemical foundation 

of co-fermentation. The foundational energy-generating 

pathways—the Embden–Meyerhof–Parnas (EMP) 

pathway in homofermentative LAB and the 

phosphoketolase (PK) pathway in heterofermentative 

LAB—have distinct bioenergetic and regulatory outcomes. 

The EMP pathway yields a net of 2 ATP per glucose 

molecule, supporting robust growth and rapid acidification 

(Burgé et al.2015). The PK pathway, while less energy-

efficient (1 ATP/glucose), generates a broader array of 

metabolites and helps maintain redox balance through the 

production of acetate and ethanol (Hatti-Kaul & Mattiasson 

2016). 

A critical adaptation for LAB survival in this self-

generated acidic environment (pH < 4.5) is their potent acid 

stress response. To maintain intracellular pH homeostasis, 

LAB employ several key mechanisms: 

1. F₁F₀-ATPase Proton Pumps: These enzymes expel 

protons from the cell at the cost of ATP, serving as the 

primary defence against cytoplasmic acidification 

(Xing et al. 2025). 

2. Acid Shock Chaperones: Proteins such as GroESL 

and DnaK are upregulated to prevent the denaturation 

and promote the refolding of cellular proteins under 

acid stress (Fourie & Wilson 2020). 

3. Amino Acid Decarboxylation Systems: Pathways 

like the glutamate decarboxylase (Gad) system 

consume intracellular protons during the conversion of 

glutamate to γ-aminobutyric acid (GABA), 

simultaneously mitigating acid stress and producing a 

functional metabolite (Sandoval & Shah 2025). 

 

Beyond core energy metabolism, LAB possess 

specialized proteolytic systems comprising cell-envelope 

proteinases, peptide transporters, and intracellular 

peptidases. This system works in concert with fungal 

proteases to hydrolyze proteins into free amino acids and 

bioactive peptides, directly enhancing protein digestibility 

and generating compounds with antihypertensive and 

antioxidant properties (Pessione 2012). 

 

 

3.2. Integrated metabolic pathways 

3.2.1. Carbohydrate catabolism and energy generation. 

Fungal amylases, cellulases, and hemicellulases 

liberate simple sugars that feed LAB glycolysis. 

Homofermentative LAB such as L. plantarum employ the 

Embden–Meyerhof–Parnas pathway to convert glucose 

almost exclusively to lactic acid, ensuring rapid 

acidification and microbial stabilization (Niyigaba et al. 

2025). Heterofermentative LAB including L. brevis and W. 

cibaria follow the phosphoketolase pathway, producing 

lactic acid along with acetic acid, ethanol, and CO₂. 

Although less energy-efficient, this route generates 

aromatic volatiles that enrich flavor complexity in systems 

such as sourdough and tempeh (Obafemi et al. 2022, 

Sawant et al. 2025). 

 

3.2.2. Proteolytic systems and amino-acid metabolism. 

LAB possess cell-envelope-anchored proteinases, 

peptide transporters, and diverse intracellular peptidases 
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that act upon peptides released by fungal proteases. The 

sequential fungal–bacterial proteolysis enhances protein 

digestibility and yields bioactive peptides exhibiting 

antihypertensive, antioxidant, and antimicrobial properties 

(Pouris et al. 2024). Some LAB decarboxylate glutamate to 

γ-aminobutyric acid (GABA), contributing to 

neuroprotective and hypotensive potentials. 

 

3.2.3. Organic-acid production and acid stress response. 

Accumulation of lactic and acetic acids constitutes the 

primary preservation mechanism in these ecosystems. 

LAB tolerate their self-generated acidity via proton-

pumping ATPases, arginine and glutamate decarboxylases, 

and stress-chaperone proteins (GroESL, DnaK). These 

acid-resistance pathways sustain metabolism below pH 

4.0, ensuring continual acid production and fungal enzyme 

stabilization (Yarlina et al. 2023). 

 

3.2.4. Exopolysaccharide (EPS) biosynthesis and 

structural roles 

Under nutrient or acid stress, LAB secrete EPS 

through Wzy-dependent or glucosyltransferase pathways 

(Gaggia et al. 2019). EPS molecules retain moisture, 

protect fungal hyphae from desiccation, and improve 

viscosity and mouthfeel. Certain EPS also exhibit 

antioxidant and immunomodulatory effects, enhancing 

both texture and health functionality (Adesulu-Dahunsi et 

al. 2022). 

 

3.2.5. Vitamin and functional-metabolite biosynthesis 

LAB synthesize B-group vitamins (folate, riboflavin, 

niacin) via up-regulated purine–pterin pathways during 

nutrient limitation (Yarlina et al. 2023). They also 

biotransform polyphenols into more bioavailable forms 

and produce volatile metabolites (diacetyl, acetoin, 

acetaldehyde) that contribute to desirable sensory profiles 

(Manfredini et al. 2020). Some strains generate conjugated 

linoleic acid (CLA) and short-chain fatty acids (SCFAs) 

associated with anti-inflammatory and lipid-modulatory 

effects. 

 

3.2.6. Bacteriocin and antifungal compound production 

Ribosomally synthesized bacteriocins—such as nisin, 

pediocin, and plantaricin—provide an additional 

antimicrobial barrier (Sawant et al. 2025). LAB also 

produce phenyl-lactic acid, hydroxy-phenyllactic acid, and 

cyclic dipeptides that inhibit mycotoxin-producing fungi 

(Aspergillus flavus, Penicillium expansum) (Adesulu-

Dahunsi et al. 2022). These metabolites operate 

synergistically with fungal antioxidants, forming a multi-

layered preservation network. 

 

 

3.2.7. Stress response and environmental adaptation  

LAB adapt to co-fermentation stresses—acidic pH, 

osmotic pressure, oxidative by-products—via regulators 

CtsR, HrcA, and SigB (Niyigaba et al. 2025). Compatible 

solutes (glycine betaine, trehalose) and membrane fatty-

acid remodeling preserve integrity. Exposure to fungal-

derived reactive oxygen species induces antioxidant 

enzymes (superoxide dismutase, NADH oxidase), 

protecting both partners and improving system stability. 

 

 

 

3.3. Mechanistic Integration and Industrial Implications 

LAB mechanisms are deeply intertwined with fungal 

metabolism through bidirectional feedback loops. 

Acidification enhances fungal hydrolase efficiency, while 

fungal hydrolysis supplies the sugars and peptides required 

for continued LAB activity. Fungal exudates—organic 

acids, ethanol, amino acids—modulate LAB gene 

expression, triggering stress-response proteins and 

metabolic enzymes that stabilize the community (Miao et 

al. 2020). In some cases, LAB metabolites induce fungal 

synthesis of flavor compounds (methyl-ketones, esters), 

whereas fungal metabolites stimulate LAB bacteriocin 

pathways (Zheng et al. 2021, Roșca et al. 2023). Multi-

omics analyses reveal co-expression networks linking 

fungal carbohydrate-active enzymes (CAZymes) to LAB 

acid-tolerance genes, confirming a tightly regulated, inter-

kingdom metabolic dialogue. 

A mechanistic understanding of these LAB–fungal 

interactions provide a foundation for precision-engineered 

co-fermentation. Selecting strains with complementary 

enzymatic and metabolic capacities—rapid acidifiers, EPS 

producers, vitamin synthesizers, or potent bacteriocin 

formers—enables targeted optimization of nutritional and 

sensory outcomes. Control of inoculation ratios, aeration, 

and substrate composition can steer metabolic fluxes 

toward higher protein digestibility, lower mycotoxin 

levels, or enhanced flavor. Genetically characterized LAB 

strains integrated with systems-level modeling further 

improve reproducibility under industrial conditions (Shi et 

al. 2022, Adeleke et al. 2023). 

Beyond food fermentation, these mechanisms hold 

potential for waste valorization, bioplastic stabilization, 

and bio-preservative production. Collectively, LAB-driven 

metabolic pathways—carbohydrate catabolism, 

proteolysis, organic-acid synthesis, EPS formation, 

vitamin biosynthesis, and antimicrobial activity—

transform fungal substrates into stable, nutrient-rich, and 

safe matrices. Coordinated through stress-response and 

redox-balancing systems, LAB ensure persistent activity 

and ecological stability throughout fermentation. When 

integrated with fungal metabolism, they form a mutually 
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reinforcing system of metabolic efficiency that defines the 

sustainability and functionality of next-generation co-

fermented foods (Abbaspour 2024, Niyigaba et al. 2025). 

Although the original schematic by Cheng et al. (2025) 

describes yeast–LAB dynamics, its underlying principles 

of metabolite exchange, redox modulation, and ecological 

stabilization are analogous to the cross-kingdom 

interactions observed between filamentous fungi and LAB 

in co-fermentation systems. The interdependence of LAB 

with other fermentative microorganisms is summarized in 

Figure 2, which outlines key metabolic feedback loops 

originally described in LAB–yeast systems but applicable 

to fungal–LAB partnerships as well.  

 

4. Interactions between fungi and LAB: 

fermentation modalities and systemic effects 
The interaction between filamentous fungi and lactic 

acid bacteria (LAB) in co-fermentation represents a 

dynamic system governed by metabolic cooperation, 

ecological succession, and adaptive environmental 

responses. Fungi initiate substrate hydrolysis, releasing 

sugars, peptides, and amino acids, while LAB drive 

acidification, preservation, and biochemical refinement 

(Augustin et al. 2016, Han et al. 2024). In traditional 

systems such as soy fermentations, fungi including 

Aspergillus oryzae, Rhizopus spp., and Penicillium spp. 

dominate early colonization, generating nutrient-rich 

matrices that support subsequent LAB activity (Wang et 

al. 2024). 

 

4.1. Fermentation modalities 

In solid-state fermentation (SSF), which is 

characterized by low moisture content and the absence of 

free water, filamentous fungi typically play a dominant 

role due to their ability to grow across solid surfaces and 

penetrate substrates via extensive mycelial networks. 

This growth pattern enables fungi to secrete extracellular 

enzymes directly into the solid matrix, initiating the 

degradation of starches, proteins, and fibers into soluble 

sugars, peptides, and amino acids. LAB colonize these 

fungal-preconditioned niches, utilizing the soluble 

nutrients and moisture generated during fungal 

metabolism to carry out fermentation under 

microaerophilic conditions (Faizal et al. 2023).  

 

 

 
Fig 1.  Bidirectional feedback between filamentous fungi and LAB during co-fermentation, showing how fungal 

hydrolysis products fuel LAB metabolism, and how LAB-derived acids, peptides, and cofactors regulate fungal 

activity, jointly enhancing hydrolysis, stability, antimicrobial effects, sensory quality, and redox balance. 

 

The spatial structure of SSF allows for close 

microbial contact and efficient metabolite exchange, 

forming localized microenvironments where LAB cells 

often adhere to fungal hyphae to form biofilm-like 

assemblages. These biofilms facilitate continuous cross-

feeding: fungal hydrolysis supplies carbon and nitrogen 

substrates to LAB, while LAB acidification stabilizes 

fungal enzyme activity and inhibits unwanted microbial 

colonizers. The synergistic relationship in SSF is 

particularly well documented in products such as tempeh, 

where Rhizopus oligosporus degrades soy proteins and 

lipids, while Lactiplantibacillus plantarum or 

Leuconostoc mesenteroides contribute to acidification, 

flavor development, and pathogen suppression (Ahnan‐

Winarno et al. 2021, Sawant et al. 2025). This co-culture 

not only enhances the nutritional quality of soybeans 

through improved protein digestibility and vitamin 

synthesis but also extends product shelf life by reducing 

spoilage potential through organic-acid and bacteriocin 

production. 
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In submerged fermentation (SmF) systems, 

which involve liquid or semi-liquid environments, 

microbial interactions differ significantly due to altered 

spatial distribution and oxygen-transfer dynamics. 

Fungal mycelia grow as pellets or dispersed filaments, 

while LAB are suspended freely in the medium. The 

continuous diffusion of metabolites between these 

populations results in faster nutrient exchange but less 

spatial structuring compared to SSF. The high moisture 

content facilitates greater enzyme diffusion and uniform 

nutrient distribution, often leading to higher yields of 

soluble metabolites such as organic acids, peptides, and 

exopolysaccharides (EPS). However, the absence of solid  

surfaces limit the formation of microbial biofilms and 

may reduce direct cell-to-cell signalling intensity 

(Adesulu-Dahunsi et al. 2022).  

In such systems, cooperative metabolism depends 

largely on the coordinated timing of fungal and bacterial 

growth. Fungal hydrolysis releases fermentable sugars 

that LAB convert to organic acids as outlined in Section 

2.1, establishing the cooperative biochemical cycle. 

Conversely, when both are inoculated simultaneously, 

LAB acidification controls fungal morphology and 

metabolism, influencing the production of secondary 

metabolites such as esters, aldehydes, and mycotoxin-

related compounds (Zheng et al. 2021). This fine balance 

underscores the importance of process control in SmF 

systems, where small variations in inoculum ratio or 

aeration can profoundly alter metabolite profiles and 

sensory attributes. 

 

Sequential fermentation (a hybrid modality) 

represents a deliberate attempt to harness the 

complementary advantages of SSF and SmF. In this 

approach, fungi are first cultivated under aerobic 

conditions to generate enzymatic hydrolysates or 

partially fermented substrates, followed by LAB 

inoculation under anaerobic or microaerophilic 

conditions. This two-step design mirrors natural 

microbial succession and allows for precise control of 

metabolic transitions (Faizal et al. 2023). For example, 

fungal fermentation can be optimized for maximum 

hydrolysis of carbohydrates and proteins, while the 

subsequent LAB phase focuses on acidification, 

bioactive compound formation, and safety stabilization. 

Sequential systems have been successfully applied to the 

production of fermented cereal and legume beverages, 

functional protein hydrolysates, and plant-based dairy 

analogs, where pre-digestion by Aspergillus oryzae or 

Rhizopus spp. increases soluble nutrient content and LAB 

fermentation enhances flavor, texture, and preservation 

(Pouris et al. 2024). This modularity provides 

opportunities for industrial scalability, as each stage can 

be independently optimized using bioreactor 

technologies and monitored through online sensors 

tracking pH, redox potential, and metabolite fluxes. 

Figure 3 and Table 3 compare the major fermentation 

modalities used in fungal–LAB co-fermentation, 

emphasizing how oxygen availability, spatial structure, 

and timing of inoculation govern microbial interactions 

and final product outcomes. In SSF, fungi dominate early 

colonization under low-moisture conditions, creating 

biofilm-based ecosystems that favor flavor development 

but require careful moisture management. SmF offers 

uniformity and higher soluble yields through enhanced 

mixing and nutrient diffusion, though biofilm formation 

and shear tolerance remain limiting factors. Sequential 

fermentation integrates the benefits of both systems by 

decoupling enzymatic hydrolysis and acidification into 

distinct, controllable stages, enabling process precision 

and reproducibility. This comparative framework 

highlights that selecting the appropriate modality 

depends on substrate type, target metabolites, and 

scalability requirements.
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Fig 3. Schematic summary illustrating the structural and biochemical distinctions among Solid-State Fermentation 

(SSF), Submerged Fermentation (SmF), and Sequential Fermentation. 

 
 

Table 3. Comparative overview of Fungal–LAB Co-Fermentation modalities. 

 
Modality Typical Oxygen / 

Moisture 

Conditions 

Spatial Ecology Fungal–LAB 

Timing 

Key Advantages Limitations / Critical 

Considerations 

Solid-State 

Fermentation 

(SSF) 

Aerobic or 

microaerophilic 

surface; low 

water activity 

(aw) 

Fungal hyphae 

form a structural 

scaffold 

supporting LAB 

micro-niches 

Sequential — 

fungi initiate 

colonization, 

LAB follow after 

24–48 h 

High flavor 

complexity; low 

energy demand; 

strong biofilm 

stability; reduced 

wastewater 

Localized heat and 

moisture gradients; 

risk of uneven 

aeration; scale-up and 

reproducibility 

challenges 

Submerged 

Fermentation 

(SmF) 

High dissolved 

oxygen; high 

moisture content 

Dispersed fungal 

filaments or 

pellets coexist 

with planktonic 

LAB cells 

Often 

simultaneous; 

rapid metabolite 

exchange 

Homogeneous 

nutrient distribution; 

facile process 

control; high yield of 

soluble metabolites 

(e.g., acids, peptides, 

EPS) 

Weak biofilm 

formation; shear stress 

sensitivity; foaming 

and oxygen limitation 

under high density 

Sequential 

Fermentation 

Stage-dependent 

(aerobic → 

anaerobic or 

microaerophilic) 

Tunable 

between solid 

and liquid 

phases 

Fungal stage 

precedes LAB 

phase (controlled 

transfer) 

Decoupled 

optimization of 

hydrolysis and 

acidification; 

reproducible product 

profiles; suitable for 

industrial scaling 

Additional process 

steps; potential 

contamination during 

phase transition; 

higher monitoring 

requirements 

4.2. Metabolic and molecular integration 

At the molecular and metabolic interface, 

interactions between fungi and LAB are mediated 

through nutrient exchange, environmental modification, 

and chemical signalling. Fungi release extracellular 

enzymes that liberate oligosaccharides, peptides, and 

phenolic compounds, while LAB metabolize these 

intermediates into organic acids, EPS, and volatile aroma 

compounds. This metabolite cross-feeding forms a 

closed biochemical loop that enhances the efficiency of 

substrate utilization (Adeleke et al. 2023). For instance, 

lactic acid produced by LAB lowers the pH to levels that 

stabilize fungal amylases and proteases, maintaining 

their catalytic activity over longer periods. Meanwhile, 

fungal metabolism can detoxify oxygen radicals and 

provide growth factors such as vitamins and amino acids 
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that enhance LAB proliferation. The mutual regulation of 

gene expression in both partners has been observed 

through transcriptomic analyses and demonstrates how 

environmental cues from one organism induce adaptive 

metabolic shifts in the other, forming a dynamic 

equilibrium optimized for co-existence (Roșca et al. 

2023). 

 

4.3. Systemic nutritional and functional effects 

Systemic outcomes of fungal–LAB co-fermentation 

extend well beyond microbial growth, influencing the 

nutritional, functional, and sensory properties of the final 

food matrix. Through cooperative degradation of plant 

polymers, fungi release oligosaccharides, peptides, 

phenolics, and minerals that become more bioavailable, 

while reducing anti-nutritional compounds such as 

phytates, tannins, and trypsin inhibitors (Yarlina et al. 

2023). LAB-driven proteolysis further generates 

bioactive peptides with physiological functions, and 

fungal lipolysis liberates fatty acids that LAB convert 

into short-chain volatile acids, contributing to aroma and 

flavor complexity. 

Co-fermentation also enhances the synthesis or 

accumulation of micronutrients, including folate, 

riboflavin, and other B-vitamins, and promotes the 

formation of functional metabolites such as γ-

aminobutyric acid (GABA) and conjugated linoleic acid 

(CLA) (Adesulu-Dahunsi et al. 2022). These metabolic 

transformations add significant functional value, 

complementing the natural acidification and 

antimicrobial activities of LAB and the detoxification 

and competitive exclusion mechanisms contributed by 

fungi. Collectively, these effects form a natural bio-

preservation system that aligns with increasing consumer 

demand for clean-label and minimally processed foods 

(Sawant et al. 2025).  

Table 4 summarizes the major metabolite clusters 

produced in fungal–LAB systems, highlighting where they 

are typically formed and the mechanisms underlying their 

physiological relevance. The diversity of these metabolites 

reflects the broad metabolic synergy between fungi and 

LAB: soy- and cereal-based substrates tend to generate 

isoflavones and amino-acid derivatives, while vegetable 

fermentations yield glucosinolate-derived organosulfur 

compounds, chlorophyll derivatives, and vitamin-rich 

matrices. LAB-mediated decarboxylation, reduction, and 

esterification reactions complement fungal hydrolysis, 

producing a metabolome enriched in phenolics, vitamins 

(A, C, K, B-complex), and bioactive peptides with 

antioxidant, antimicrobial, or ACE-inhibitory properties 

(Pouris et al. 2024). 

 

4.4. Microbial ecology, probiotic potential, and 

sustainability 

Metagenomic studies reveal that fungal–LAB 

ecosystems support diverse microbial communities, 

selectively enriching beneficial species while 

suppressing contaminants (Zheng et al. 2021, Adeleke et 

al. 2023). LAB–fungi cooperation fosters a selective 

environment that promotes beneficial microbial partners 

while excluding spoilage organisms. This microbial 

community stabilization not only enhances product 

safety but also contributes probiotic potential. Some LAB 

strains, particularly Lactiplantibacillus plantarum and 

Weissella cibaria, can survive gastrointestinal transit, 

suggesting that co-fermented foods may deliver viable 

probiotics to the host, enhancing gut health and immune 

modulation (Adesulu-Dahunsi et al. 2022). The fungal 

matrix itself may act as a natural protective carrier for 

LAB during digestion, further enhancing viability and 

functionality in vivo. 

      The systemic benefits of fungal–LAB co-

fermentation extend to sustainability and food security. 

By valorizing agro-industrial by-products such as 

cassava pulp, coffee husks, or cereal bran, co-

fermentation reduces food waste and transforms low-

value substrates into high-protein, functional foods (Kaur 

& Ahluwalia 2017). The cooperative metabolism 

between fungi and LAB allows efficient utilization of 

carbon and nitrogen sources, minimizing energy inputs 

and chemical additives. Moreover, the acidification and 

bio-preservative properties of LAB reduce the need for 

refrigeration and synthetic preservatives, enabling 

decentralized and low-cost food processing suitable for 

resource-limited environments (Halake & Chinthapalli, 

2020). The approach therefore aligns with circular 

bioeconomy principles and contributes to the United 

Nations Sustainable Development Goals (SDGs) for zero 

hunger and responsible production. 
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Table 4 Key metabolite clusters produced during fungal–LAB co-fermentation, their typical formation environments, 

and major physiological functions. 

 

Functional Cluster / 

Key Examples 

Fermentation 

Ecosystem 

Favouring 

Production 

Mechanistic Route 

(Fungal / LAB / 

Synergistic) 

Dominant 

Physiological 

Mechanism 

Representative 

Studies 

Isoflavone aglycones 

(genistein, daidzein) 

Long-matured 

soybean pastes 

(koji–LAB 

succession) 

Fungal β-glucosidases 

→ LAB-driven 

stabilization 

Enhanced lipid 

metabolism; increased 

antioxidant potential 

Queiroz Santos et al. 

2018 

Microbial structural 

molecules (lipoteichoic 

acids, EPS variants) 

Dairy and probiotic 

LAB-rich matrices 

LAB cell-wall turnover; 

fungal-derived cofactors 

Immune modulation, 

UV-protection, barrier 

strengthening 

Weill et al. 2012, 

Friedrich et al. 2019 

Glucosinolate 

conversion products 

(isothiocyanates, I3C) 

Brassica vegetable 

ferments (kimchi) 

LAB thioglucosidase 

activity influenced by 

fungal redox shifts 

Chemoprotection 

through detoxification 

enzyme induction 

Zhu et al. 2021, Kim et 

al. 2023 

Nitrogen-cycle 

derivatives (ornithine, 

amino-acid metabolites) 

Mixed fungal–LAB 

vegetable 

fermentations 

LAB arginine–

decarboxylation 

enhanced by fungal 

proteolysis 

Metabolic regulation; 

improved nitrogen 

turnover 

Inoue et al. 2022, 

Rakhimuzzaman et al. 

2019 

Vitamin complexes & 

soluble fiber conjugates 

Multi-vegetable 

ferments 

LAB vitamin synthesis 

enhanced by fungal cell-

wall breakdown 

Antioxidant 

reinforcement; immune 

resilience 

Xu et al .2016, Knez et 

al. 2023 

Organosulfur and 

pungency compounds 

(allicin, capsaicinoids) 

Spiced vegetable 

ferments 

Plant precursors → 

microbial conversion 

Antimicrobial effects; 

H. pylori inhibition 

Si et al. 2019 

Chlorophyll derivatives 

& phenolic pools 

Fungal–LAB co-

fermented plant 

substrates 

Fungal hydrolases + 

LAB esterases 

Strong antioxidation; 

chemopreventive 

potential 

Gade & Kumar 2023, 

Adebo & Medina-

Meza 2020 

S-adenosyl-L-

methionine (SAM) 

Soy and grain 

fermentation 

sequences 

Fungal amino-acid 

liberation → microbial 

SAM biosynthesis 

Hepatoprotective and 

mood-regulatory 

activities 

Chu et al. 2012 

HDMPPA and pepper-

derived antioxidants 

Capsicum-rich 

ferments 

LAB-fungal co-

degradation of 

phenylpropanoids 

Anti-atherosclerotic, 

potent antioxidation 

Jeong et al. 2015 

Fibrinolytic and bone-

related metabolites 

(nattokinase, 

menaquinone-K2) 

Natto-type fungal–

bacterial ecosystems 

Bacillus enzyme 

secretion + LAB-

supported maturation 

Cardiovascular 

protection; fibrinolysis 

Duan et al. 2025 

Ascorbic acid and 

vitamin-C derivatives 

Sauerkraut and 

vegetable systems 

LAB stabilization of 

vitamin C in low-pH 

environment 

Enhanced redox 

balance 

Knez et al. 2023 

Ferulic, succinic, 

quercetin, catechin 

derivatives 

Cereal / fungal–

LAB systems 

Fungal esterases + LAB 

reductases 

Anti-inflammatory, 

antioxidant 

Kumar et al. 2025, 

Adebo & Medina-

Meza 2020 

Stilbenes (resveratrol) & 

melatonin-related 

compounds 

Fruit/berry 

fermentations 

LAB/fungal 

biotransformation of 

polyphenols 

Anti-aging; anti-

inflammatory; 

metabolic support 

Bejenaru et al. 2024, 

Costa et al. 2024 

 

4.5. Technological and predictive advancements 

From a biotechnological standpoint, these 

interaction modalities can be strategically engineered for 

precision fermentation through the integration of omics 

data and process modeling. Real-time monitoring of 

metabolite profiles using mass spectrometry and 

spectroscopic sensors allows feedback control of 

environmental variables such as temperature, aeration, 

and pH to guide microbial succession (Shi et al. 2022). 

Machine-learning algorithms trained on large datasets of 

co-fermentation parameters can predict optimal 

inoculation sequences and environmental conditions for 
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target outcomes such as antioxidant enrichment or 

specific flavor generation. Synthetic biology approaches 

further enable the design of genetically tailored LAB and 

fungal strains with enhanced cross-feeding capabilities or 

specialized enzymatic traits, facilitating greater control 

over co-metabolism and system performance. 

      Fungal–LAB co-fermentation represents a multilevel 

interactive system in which metabolic, ecological, and 

environmental factors converge to create a self-

organizing, stable, and productive microbial community. 

Each modality solid-state, submerged, or sequential, 

offers a distinct microecological framework that 

determines the spatial and temporal pattern of 

interactions.  

Table 5. Shelf-life improvements achieved through fungal–LAB co-fermentation, demonstrating synergistic 

preservation mechanisms across traditional and modern fermented foods. 

 
Product Fermentation Type Shelf-Life Gain 

(approx.) 

Key Preservation 

Mechanisms 

Supporting 

References 

Tempeh Fungal (Rhizopus mold) ~7–10 days refrigerated 

(vs. 1–2 days for 

cooked soybeans) 

Mycelial growth forms 

protective cover; mild 

acidification; reduced 

moisture 

Teoh et al. (2024) 

Soy Sauce Mold + LAB + yeast 

(brine) 

Years at ambient 

temperature 

High salt (~18%); 

moderate acidity (pH 

~4.7); ~2% ethanol 

from yeast; Maillard 

antioxidants 

Kusumoto et al.  2021, 

Machida et al. 2008 

Miso Mold + LAB + yeast 

(paste) 

Months to years 

(refrigerated) 

High salt (5–12%); 

enzymatic stability (low 

water activity in paste); 

acid/alcohol from 

fermentation 

Kusumoto et al. 2021, 

Pouris et al. 2024 

Sourdough Bread Yeast + LAB (mixed 

culture) 

1–2 weeks mold-free 

(vs. 3–4 days for 

regular bread) 

Acidic crumb (pH ~4); 

LAB produce antifungal 

acids (propionate, etc.); 

lower aw after baking 

Maicas 2020, 

Adesulu-Dahunsi et al. 

2022a 

Kombucha Yeast + acetic acid 

bacteria (LAB) 

Months in sealed 

bottles 

Low pH (~2.5–3.5); 

acetic acid; residual 

ethanol (~0.5%); 

antimicrobial 

polyphenols from tea 

Niyigaba et al. 2025, 

Pouris et al. 2024 

5. Nutritional, functional, and safety outcomes of 

fungal–LAB co-fermentation 
The synergistic interaction between filamentous 

fungi and lactic acid bacteria (LAB) during co-

fermentation orchestrates a cascade of metabolic and 

biochemical transformations that markedly enhance the 

nutritional, functional, and microbiological quality of 

food products. Through the complementary actions of 

fungal enzymatic priming and bacterial metabolic 

specialization, complex plant-based matrices are 

converted into digestible, bioactive, and 

microbiologically stable systems. This integrated 

bioprocess not only improves nutrient enrichment and 

bioavailability but also contributes to sensory 

optimization, detoxification, and bio-preservation 

(Yarlina et al. 2023, Adesulu-Dahunsi et al. 2022). 

Quantitative studies have demonstrated substantial 

gains in nutrient accessibility, including 20–45% 

increases in protein digestibility, 30–60% enhancements 

in mineral solubility, and 40–70% elevations in total 

phenolic content, depending on substrate type and 

microbial strain combination (Faizal et al. 2023, Sawant 

et al. 2025). Collectively, fungal–LAB co-fermentation 

represents a sustainable and naturally driven 

biotechnological platform for developing functional, 

safe, and eco-efficient foods, aligning with modern 

principles of circular bioeconomy and green food 

processing. 

 

5.1. Nutritional enhancement and bioavailability 

Nutritional enhancement in fungal–LAB co-

fermented foods primarily result from fungal enzymatic 
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hydrolysis coupled with LAB-mediated metabolic 

transformation. Fungal enzymes such as amylases, 

proteases, cellulases, and pectinases degrade complex 

macromolecules into smaller, bioavailable substrates that 

lactic acid bacteria subsequently convert into organic 

acids, short-chain fatty acids (SCFAs), and B-group 

vitamins (Starzyńska-Janiszewska et al. 2012). This 

coordinated process not only enhances nutrient 

bioavailability but also reduces anti-nutritional 

compounds including phytates, tannins, and lectins, 

thereby improving the overall nutritional and functional 

quality of plant-based foods. 

 

5.1.1. Protein digestibility and amino acid availability 

Co-fermentation markedly improves protein 

solubility and digestibility, with reported increases of 20–

45% compared to unfermented controls. In legume-based 

matrices, Rhizopus oligosporus and Lactiplantibacillus 

plantarum act synergistically: fungal proteases initiate 

macromolecular breakdown, while LAB peptidases 

release smaller peptides and free amino acids (Gasparre 

et al. 2024, Faizal et al. 2023). Structural modifications 

of plant proteins such as partial unfolding and exposure 

of hydrophobic residues—further enhance enzymatic 

accessibility and gastrointestinal digestibility, leading to 

improved lysine availability and amino acid balance. 

 

5.1.2.  Mineral bio-accessibility 

The co-fermentation process also enhances mineral 

bioavailability through phytate degradation and acid-

mediated solubilization. Fungal phytases hydrolyze 

phytic acid into lower inositol phosphates, while LAB-

produced organic acids, notably lactic and acetic acid, 

increase mineral solubility. Phytate breakdown rates of 

70–85% have been reported, translating to significant 

improvements in dialyzable iron, zinc, and calcium 

(Sawant et al. 2025). The mild acidification of the 

fermentation matrix additionally promotes mineral 

release from plant cell walls, offering a biologically 

sustainable alternative to chemical dephytinization. 

 

5.1.3. Lipid metabolism and functional fatty acids 

Fungal lipases catalyze the hydrolysis of 

triglycerides into free fatty acids, which LAB can 

transform into SCFAs such as acetate, propionate, and 

butyrate. These metabolites not only contribute to flavor 

development but also exhibit anti-inflammatory and gut-

protective functions. Certain LAB strains further convert 

linoleic acid intermediates into conjugated linoleic acid 

(CLA), a bioactive compound associated with 

cardioprotective and immunomodulatory effects 

(Adesulu-Dahunsi et al. 2022). 

 

5.1.4. Vitamin biosynthesis and micronutrient enrichment 

Beyond macronutrient improvements, fungal–LAB 

co-fermentation enhances vitamin biosynthesis and 

micronutrient retention. LAB strains are known to 

synthesize folate (+35%), riboflavin (+22%), and niacin 

(+18%), while fungal metabolism supplies essential 

precursors such as pterin and para-aminobenzoic acid, 

facilitating vitamin formation (Yarlina et al. 2023). This 

biological enrichment reduces the need for external 

fortification, positioning co-fermentation as a natural 

strategy for nutrient restoration in plant-based foods. 

 

5.2. Generation of bioactive compounds and functional 

properties 

Fungal–LAB co-fermentation generates a diverse 

array of bioactive compounds, including peptides, 

phenolic derivatives, and polysaccharides that 

collectively confer antioxidant, antihypertensive, anti-

inflammatory, and immunomodulatory properties. These 

functional metabolites arise through the synergistic 

transformation of proteins, phenolics, and carbohydrates, 

mediated by complementary fungal and bacterial 

enzymatic systems. 

 

5.2.1.  Bioactive peptides 

Sequential proteolysis by fungal enzymes and LAB 

peptidases produces low-molecular-weight peptides 

(0.5–2.5 kDa) with pronounced ACE-inhibitory and 

radical-scavenging activities. In tempeh-type 

fermentations, such as Rhizopus oligosporus–

Lactiplantibacillus plantarum co-cultures, ACE 

inhibition increases by 30–50%, while antioxidant 

capacity rises by 40–70% compared with monocultures 

(Faizal et al. 2023, Pouris et al. 2024). These peptides not 

only enhance protein digestibility but also exert potential 

physiological benefits relevant to cardiovascular and 

oxidative stress modulation. 

 

5.2.2.  Phenolic transformation and antioxidant potential 

Sequential proteolysis by fungal enzymes and LAB 

peptidases produces low-molecular-weight peptides 

(0.5–2.5 kDa) with pronounced ACE-inhibitory and 

radical-scavenging activities. In tempeh-type 

fermentations, such as Rhizopus oligosporus–

Lactiplantibacillus plantarum co-cultures, ACE 

inhibition increases by 30–50%, while antioxidant 

capacity rises by 40–70% compared with monocultures 

(Faizal et al. 2023, Pouris et al. 2024). These peptides not 

only enhance protein digestibility but also exert potential 

physiological benefits relevant to cardiovascular and 

oxidative stress modulation. 
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5.2.3. Exopolysaccharides and structural functionality 

Under low-pH and nutrient-limited conditions, LAB 

produce exopolysaccharides (EPS) that improve product 

texture, viscosity, and moisture retention while imparting 

prebiotic and immunomodulatory effects (Gaggia et al. 

2019). When combined with fungal β-glucans and 

chitosans, EPS form a cohesive polysaccharide matrix 

that reinforces both structural integrity and probiotic 

viability. This dual-origin polymer network underpins 

many plant-based food analogs and fermented 

biocarriers, providing both functional and sensory 

advantages. 

 

5.2.4.  Flavor and aroma development 

Beyond nutritional enrichment, co-fermentation 

enhances organoleptic complexity. Fungal lipases and 

LAB dehydrogenases jointly produce esters, aldehydes, 

methyl ketones, and short-chain volatiles that create 

nutty, buttery, and fruity flavor notes. Quantitative 

sensory analyses report 1.2–1.8-point increases on 9-

point hedonic scales relative to single-culture 

fermentations (Zhao et al. 2025). These results highlight 

how enzymatic interplay drives not only biochemical 

transformation but also consumer-relevant sensory 

refinement. 

While the generation of bioactive compounds 

through fungal–LAB co-fermentation is well 

documented, the magnitude and reproducibility of these 

effects vary widely across studies. Differences in strain 

compatibility, substrate composition, fermentation time, 

and process conditions account for much of this 

variability. Furthermore, most data derive from 

laboratory-scale or in vitro models, which may not fully 

reflect industrial-scale dynamics or in vivo physiological 

responses. Future research should prioritize standardized 

comparative studies, omics-based profiling, and scale-up 

validation to consolidate mechanistic understanding and 

translate co-fermentation benefits into commercially 

viable functional foods. 

 

5.3. Controversies, limitations, and knowledge gaps 

Although the synergistic benefits of fungal–LAB 

co-fermentation are consistently reported, their 

magnitude and reproducibility remain highly context-

dependent. Antagonistic interactions may arise when 

rapid LAB acidification suppresses fungal enzyme 

activity, or conversely, when fungal oxidative 

metabolism elevates redox potential, impairing LAB 

growth and acidogenesis (Deveau et al. 2006). These 

bidirectional interferences highlight that synergy is not 

universal but instead contingent on strain compatibility, 

inoculation sequence, aeration, and substrate 

composition, factors that collectively govern microbial 

balance and metabolite outcomes (Wu et al. 2023, 

Yarlina et al. 2023). 

From an ecological standpoint, LAB dominance 

under low-pH conditions can hinder fungal hyphal 

expansion and limit extracellular enzyme secretion, 

whereas fungal oxidative enzymes may generate reactive 

intermediates that disrupt LAB cell viability in poorly 

buffered systems (Deveau et al. 2006). Such antagonisms 

underscore the necessity for precise ecological 

calibration, including control of pH dynamics, oxygen 

gradients, and substrate moisture, to sustain co-metabolic 

harmony. 

At the process and industrial level, reproducibility 

remains a central challenge. The absence of standardized 

starter consortia, coupled with a limited understanding of 

interkingdom signaling mechanisms, enzyme kinetics, 

and redox regulation, constrains scalability and product 

consistency (Gänzle et al. 2024). Over 80 % of published 

studies are based on in vitro assays, often emphasizing 

antioxidant or enzyme-inhibition endpoints, while in 

vivo and clinical validations remain scarce (Roșca et al. 

2023, Yarlina et al. 2023). Consequently, functional 

health claims frequently lack mechanistic confirmation 

or translational relevance to human physiology (Faizal et 

al. 2023). Addressing these challenges will require a 

systems-level research framework that integrates multi-

omics profiling (genomics, transcriptomics, 

metabolomics, and proteomics) with metabolic flux 

analysis and predictive modeling (Adesulu-Dahunsi et al. 

2022). These approaches can elucidate causal links 

between microbial dynamics, metabolite networks, and 

functional outcomes (Sawant et al. 2025). Furthermore, 

controlled clinical and bioavailability studies are 

essential to substantiate the nutritional and health benefits 

observed under laboratory conditions (Yarlina et al. 

2023). 

Collectively, these limitations underscore both the 

promise and complexity of fungal–LAB co-fermentation. 

By coupling ecological understanding with data-driven 

modeling and standardized starter design, future research 

can transform this ancient bioprocess into a predictable, 

safe, and scalable platform for sustainable food 

innovation and biofunctional development (Clausen & 

Junne 2025). 

 

5.4. Detoxification and safety improvement 

Fungal–LAB co-fermentation naturally enhances 

food safety through acidification, antimicrobial 

metabolite production, and enzymatic detoxification 

mechanisms. The combined activities of fungi and lactic 

acid bacteria create a self-stabilizing, pathogen-resistant 

matrix that reduces spoilage, suppresses toxins, and 

mitigates allergenic risks. 
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5.4.1.  Antimicrobial protection 

Lactic, acetic, and phenyl-lactic acids produced by 

LAB reduce system pH to approximately 4.0–4.5, 

generating an environment unfavorable to most 

pathogens. These organic acids diffuse through microbial 

membranes, disrupting proton gradients and cytoplasmic 

homeostasis (Sawant et al. 2025). LAB-derived 

bacteriocins such as nisin, pediocin, and plantaricin 

exhibit strong activity against Listeria monocytogenes 

and Staphylococcus aureus, achieving reductions of 3–5 

log CFU g⁻¹ in co-fermented products (Sawant et al. 

2025). 

 

5.4.2.  Mycotoxin control 

Co-fermentation also provides an effective barrier 

against mycotoxin contamination. Lactiplantibacillus 

plantarum and Pediococcus pentosaceus bind or 

enzymatically transform aflatoxin B₁, achieving 

detoxification efficiencies of 80–95 % (Faizal et al. 

2023). Concurrently, non-toxigenic fungi such as 

Rhizopus oligosporus competitively exclude Aspergillus 

and Penicillium species, reducing ecological niches for 

toxigenic strains. This synergy integrates adsorptive 

detoxification by LAB with ecological suppression by 

fungi, providing a sustainable bio-preservation strategy 

without reliance on chemical preservatives. 

 

5.4.3.  Biogenic amine suppression 

Another critical safety benefit involves the 

suppression of biogenic amine (BA) formation. Co-

fermentation limits the accumulation of histamine and 

tyramine to below 25 mg kg⁻¹, well within international 

safety thresholds (Zheng et al. 2021). LAB acidification 

reduces the activity of decarboxylase-positive 

contaminants, while fungal nutrient competition limits 

precursor amino acid availability. Some LAB species 

also degrade preformed BAs through amine-oxidase 

pathways, further enhancing safety and sensory stability. 

 

5.4.4.  Enzymatic detoxification and allergen reduction 

In addition to microbial inhibition, co-fermentation 

facilitates the enzymatic breakdown of toxic and 

allergenic proteins. Fungal and bacterial proteases 

hydrolyze lectins, trypsin inhibitors, and gluten peptides, 

reducing allergenicity by 40–60 % in legume- and cereal-

based substrates (Adesulu-Dahunsi et al. 2022). This dual 

mechanism, combining microbial competition with 

enzymatic neutralization, positions fungal–LAB co-

fermentation as a multilayered bioprotective system 

capable of improving both product safety and consumer 

tolerance. 

 

 

5.5. Health-Promoting and functional outcomes 

The consumption of fungal–LAB co-fermented 

foods has been associated with multiple health-

promoting effects, attributable to both nutrient 

enrichment and the presence of functional metabolites. 

The symbiotic combination of LAB-derived bioactives 

and fungal polysaccharides creates an array of 

compounds with antioxidant, antihypertensive, 

antimicrobial, and immunomodulatory activities. LAB 

such as Lactiplantibacillus plantarum contribute to gut 

microbiota modulation through probiotic action, while 

fungal components such as β-glucans exhibit prebiotic 

effects, enhancing the abundance of beneficial intestinal 

bacteria (Pouris et al. 2024). The resulting modulation of 

gut microbiota composition supports improved digestion, 

barrier integrity, and systemic immune responses. 

Several in-vitro and in-vivo studies demonstrate that 

co-fermented products enhance antioxidant defenses and 

reduce oxidative stress markers. The combined action of 

microbial enzymes increases the total phenolic and 

flavonoid contents, while LAB-generated peptides and 

organic acids act as radical scavengers (Adesulu-Dahunsi 

et al. 2022). Moreover, co-fermented foods may exhibit 

hypocholesterolemic and antihypertensive effects, 

mediated by ACE-inhibitory peptides and bile salt 

hydrolase activity from LAB. The presence of SCFAs 

and CLA further supports lipid regulation and anti-

inflammatory effects. 

At a metabolic level, the probiotic LAB introduced 

through co-fermented foods can lower intestinal pH, 

inhibit harmful bacteria, and stimulate mucosal immune 

function. Some strains have been shown to reduce serum 

cholesterol and modulate cytokine expression, 

demonstrating the potential of co-fermented foods as 

functional dietary interventions. The integration of 

fungal antioxidants and LAB probiotics therefore creates 

a synbiotic system, enhancing both microbial viability 

and host health benefits. While these studies highlight the 

vast functional potential of fungal–LAB co-fermentation, 

not all systems exhibit consistent synergy. The extent of 

improvement in nutrient bioavailability or bioactive 

production varies with strain compatibility, substrate 

type, and fermentation mode. Furthermore, much of the 

current evidence remains based on in vitro or animal 

models, leaving key translational and mechanistic 

questions unresolved. Collectively, these findings 

illustrate that while fungal–LAB co-fermentation offers a 

promising route toward nutritional enhancement and 

health promotion, its broader translation requires 

integrative validation and industrial standardization. The 

following section consolidates these insights into future-

oriented directions for research, technological 
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innovation, and sustainable food development (Berbegal 

et al. 2017). 

 

5.6. Systemic and industrial implications 

Fungal–LAB co-fermentation represents a bio-

integrated platform for producing nutrient-dense, 

microbiologically safe foods with a reduced 

environmental footprint. By valorizing agricultural 

residues and underutilized crops, it converts low-cost 

biomass into high-protein, functional products for human 

and animal nutrition while reducing energy use and waste 

generation—an approach aligned with the circular 

bioeconomy and sustainable food production goals 

(Halake & Chinthapalli 2020). 

From an industrial perspective, process control and 

design flexibility enable tailoring of fermentation 

outcomes. Manipulating inoculation ratios, aeration, and 

temperature can direct the process toward nutrient 

enrichment (via fungal enzymatic hydrolysis) or bio-

preservation (via LAB acidification and antimicrobial 

production). This adaptability allows application across 

diverse substrates, including cereals, legumes, fruit by-

products, and plant-based milk analogs, making co-

fermentation scalable within both artisanal and industrial 

frameworks (Shi et al. 2022, Adeleke et al. 2023). 

     Recent advances in precision fermentation—

including metabolomics, metabolic flux analysis, and 

machine-learning-guided optimization—enable 

predictive control of biochemical outcomes. These 

technologies facilitate real-time monitoring of nutrient 

conversion, microbial succession, and metabolite 

synthesis, ensuring process reproducibility and quality 

consistency. The deployment of genetically characterized 

LAB and fungal strains further enhances product 

reliability, while the intrinsic bio-preservative capacity of 

co-fermentation reduces cold-chain dependence and 

extends shelf life, offering clear advantages for low-

resource or remote markets (Pérez-Alvarado et al. 2022). 

A consolidated summary of the nutritional, functional, 

and safety advantages of fungal–LAB co-fermentation is 

presented in Table 6. 

 

Table 6. Nutritional, Functional, and Safety Outcomes of Fungal–LAB Co-Fermentation 

Category Key Mechanism / Process Resulting Outcome Representative References 

Nutritional Fungal proteases + LAB peptidases → 

synergistic hydrolysis of plant proteins 

↑ Protein digestibility (20–40 

%) and amino-acid 

bioavailability 

Zhao et al. (2025), Faizal et 

al. (2023) 

Nutritional Fungal phytases + organic-acid 

chelation by LAB 

↓ Phytate content → ↑ Fe, Zn, 

Ca bioaccessibility 

Sawant et al. (2025) 

Functional Fungal β-glucosidases + LAB phenolic 

acid decarboxylases 

↑ Free phenolics and 

antioxidant capacity (+40–70 

%) 

Adesulu-Dahunsi et al. 

(2022) 

Functional LAB exopolysaccharides + fungal 

polysaccharides (β-glucans, chitosans) 

↑ Viscosity, texture stability, 

and prebiotic potential 

Gaggia et al. (2019) 

Safety LAB organic acids + bacteriocins 

(nisin, pediocin) 

Inhibition of pathogens and 

spoilage microbes (>90 % 

reduction) 

Yarlina et al. (2023) 

Safety LAB antifungal metabolites + 

competitive fungal growth 

↓ Mycotoxin formation 

(aflatoxin ↓ 70–90 %) 

Faizal et al. (2023) 

Health LAB probiotics + fungal β-glucans → 

synbiotic interaction 

Improved gut microbiota, 

immune response, and lipid 

profile 

Pouris et al. (2024) 

To complement the qualitative discussion, Table 7 

summarizes quantitative outcomes reported across 

representative fungal–LAB systems, showing consistent 

20–70 % gains in digestibility, bioavailability, and 

antioxidant capacity.  
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Table 7. Reported quantitative improvements in nutritional and functional parameters of fungal–LAB co-fermentation 

systems across representative substrates and microorganisms 

 
Parameter Substrate/System % Change Microorganisms Reference 

Protein 

digestibility 

Soybean–tempeh ↑ 35–45 % Rhizopus oligosporus +  

Lactiplantibacillus 

plantarum 

Faizal et al. 2023 

Mineral (Fe/Zn) 

bioavailability 

Fermented cereals ↑ 20–30 % Aspergillus oryzae + L. 

 brevis 

Sawant et al. 

2025 

Antioxidant 

activity (DPPH) 

Cassava pulp ↑ 50–70 % R. oryzae + Weissella cibaria Adesulu-Dahunsi 

et al. 2022 

Folate content Cereal–LAB 

fermentation 

↑ 25–60 µg / 100 g L. plantarum Yarlina et al. 

2023 

Aflatoxin 

reduction 

Maize dough ↓ > 80 % R. oligosporus + L. 

 plantarum 

Faizal et al. 2023 

5.7. Integrative synthesis 

In summary, the nutritional, functional, and safety 

outcomes of fungal–LAB co-fermentation reflect a finely 

tuned ecological and biochemical synergy that 

transforms plant substrates into multifunctional foods. 

Through enzymatic complementarity, these systems 

enhance macronutrient digestibility, vitamin synthesis, 

and bioactive generation while ensuring intrinsic 

microbial safety. The cooperative metabolic network 

linking fungi and LAB bridges traditional fermentation 

wisdom with modern biotechnology. As omics-based 

analytics and predictive modeling enhance precision and 

reproducibility, fungal–LAB co-fermentation is 

emerging as a cornerstone of sustainable food innovation, 

uniting microbial ecology, nutrition, and circular-

bioeconomy design (Nielsen et al. 2018). 

 

6. Emerging trends, challenges, and future 

prospects in fungal–LAB co-fermentation 
Fungal–LAB co-fermentation represents a rapidly 

evolving biotechnological frontier that bridges traditional 

microbial ecology with modern advances in systems 

biology, process engineering, and precision fermentation. 

The last decade has witnessed a paradigm shift from 

empirical and artisanal fermentation toward data-driven, 

mechanistically controlled, and application-oriented co-

cultivation systems. These developments are motivated 

by the need for sustainable food production, functional 

health-oriented foods, and bio-preservation technologies 

that minimize chemical additives. However, while the 

potential of co-fermentation to enhance nutrition, safety, 

and sustainability is increasingly recognized, its broad-

scale application remains constrained by technological, 

regulatory, and biological complexities. Understanding 

these emerging trends and the challenges that accompany 

them provides a roadmap for translating this ancient 

process into a modern, industrially viable biotechnology 

(Zheng et al. 2021, Yarlina et al. 2023). 

 

6.1. Advances in multi-omics and systems biology 

Recent integration of multi-omics technologies—

including genomics, transcriptomics, proteomics, and 

metabolomics—has revolutionized the understanding of 

microbial cooperation in fungal–LAB systems. These 

approaches reveal the intricate crosstalk and metabolic 

complementarity between fungi and LAB at a molecular 

level. For instance, metagenomic analyses have 

uncovered co-expression of carbohydrate-active enzyme 

(CAZyme) genes in fungi with sugar transport and acid-

tolerance genes in LAB, indicating synchronized 

adaptation during co-fermentation (Roșca et al. 2023). 

Transcriptomic profiling further shows that LAB 

modulate their metabolic activity in response to fungal 

exometabolites, upregulating stress-protection and 

vitamin biosynthesis genes when exposed to fungal 

organic acids or phenolics (Adeleke et al. 2023). 

Metabolomics has become particularly instrumental 

in mapping interkingdom metabolite fluxes, allowing 

researchers to identify key intermediate compounds—

such as amino acids, organic acids, and volatile flavor 

precursors—that mediate microbial synergy. When 

integrated into computational network models, these 

datasets enable the visualization of microbial interaction 

networks, highlighting “hub metabolites” that regulate 

co-metabolic efficiency and system stability. Such 

mechanistic insights are now informing rational strain 

selection, inoculum ratio optimization, and bioprocess 

control in industrial settings (Lee et al. 2020). 

 

6.2. Synthetic ecology and precision co-fermentation 

A major trend shaping the future of this field is the 

application of synthetic ecology and precision 

fermentation principles to design predictable and 
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controllable co-cultures. Traditional co-fermentations 

rely on natural microbial consortia with uncertain 

population dynamics, leading to variability in product 

quality. In contrast, precision co-fermentation employs 

defined microbial consortia, where specific fungal and 

LAB strains are selected based on complementary 

enzymatic and metabolic profiles (Shi et al. 2022). By 

regulating inoculation timing, environmental conditions, 

and substrate pre-treatment, it becomes possible to steer 

microbial succession and metabolite production toward 

desired outcomes such as enhanced antioxidant activity 

or specific aroma formation. 

Machine learning and artificial intelligence (AI) are 

now being integrated with fermentation sensors to create 

predictive bioprocess models. These tools analyze real-

time data on pH, redox potential, dissolved oxygen, and 

volatile compounds to anticipate shifts in microbial 

population structure and metabolic activity. AI-assisted 

control systems can autonomously adjust environmental 

parameters to maintain optimal co-fermentation balance, 

marking a transition from empirical process management 

to self-optimizing bio-reactors (Niyigaba et al. 2025). 

Furthermore, advances in microfluidic fermentation 

systems allow microscale co-cultivation of fungi and 

LAB under precisely controlled gradients of oxygen, pH, 

and nutrient flow. Such “lab-on-chip” systems enable 

high-throughput screening of microbial combinations 

and rapid prototyping of fermentation designs before 

industrial scale-up. 

 

6.3. Genetic and metabolic engineering approaches 

Another key frontier is the application of genetic and 

metabolic engineering to enhance functional interactions 

between LAB and fungi. Genome editing tools such as 

CRISPR–Cas9 are being used to construct LAB strains 

with improved acid resistance, EPS productivity, and 

bacteriocin synthesis capacity (Zheng et al. 2021). 

Likewise, fungal genomes are being modified to enhance 

the secretion of hydrolytic enzymes or suppress the 

formation of unwanted secondary metabolites. 

The emerging field of metabolic cross-feeding 

engineering seeks to optimize the exchange of 

metabolites such as amino acids, vitamins, and organic 

acids between co-cultured species. By introducing 

synthetic operons or regulatory switches, researchers can 

fine-tune metabolic pathways to synchronize fungal 

enzyme secretion with bacterial acidification or 

antioxidant production. These developments move co-

fermentation beyond natural microbial evolution toward 

synthetically optimized symbiosis, in which the 

metabolic partnership is designed rather than merely 

observed (Breidt & Caldwell 2011). 

     However, the use of genetically modified (GM) 

strains introduces regulatory and ethical challenges, 

particularly for food applications. Many jurisdictions 

restrict or require extensive labeling for GM-based food 

products. Thus, research is focusing on “naturalized” 

engineering approaches—using adaptive evolution, co-

culture selection, or targeted mutagenesis to achieve 

enhanced traits without transgenic constructs. 

 

6.4. Bioprocess optimization and industrial scale-Up 

Scaling up fungal–LAB co-fermentation from 

laboratory conditions to industrial production presents 

significant technical challenges due to the heterogeneous 

and dynamic nature of microbial interactions. 

Maintaining balanced growth between filamentous fungi 

and bacteria in large-scale bioreactors requires precise 

control of oxygen gradients, mixing intensity, and 

moisture distribution. Solid-state fermentation systems, 

in particular, are difficult to monitor and regulate due to 

their low water activity and spatial complexity. To 

overcome these barriers, innovations in bioreactor 

design—including rotating-drum fermenters, packed-bed 

systems, and hybrid solid–liquid reactors—are being 

developed to provide controlled aeration and temperature 

regulation (Faizal et al. 2023). 

In submerged fermentation, process control focuses 

on maintaining fungal pellet morphology and preventing 

bacterial over acidification. Advanced monitoring 

technologies such as near-infrared spectroscopy (NIR) 

and online gas analysis enable real-time tracking of 

fermentation kinetics, while mathematical modeling of 

heat and mass transfer improves process predictability. 

Integration of these tools facilitates intelligent bioprocess 

management, ensuring consistent product quality and 

yield across scales (Burgé et al. 2015). 

Another emerging concept is semi-continuous or 

modular co-fermentation, where fungal hydrolysis and 

LAB fermentation occur in linked but physically separate 

units. This modular design allows independent 

optimization of enzymatic and bacterial phases, 

improving flexibility and scalability. Such approaches 

are increasingly being applied to plant-based dairy 

analogs, bioactive peptide concentrates, and functional 

beverages (Kaszab et al. 2022). 

 

6.5. Sustainability and circular bioeconomy applications 

Fungal–LAB co-fermentation aligns strongly with 

the principles of the circular bioeconomy, offering 

pathways for waste valorization and sustainable 

production. Agricultural by-products such as cassava pulp, 

coffee husk, wheat bran, and fruit pomace serve as low-

cost substrates that can be transformed into high-protein, 

antioxidant-rich food ingredients (Halake & Chinthapalli 



 

 

 

Abdel-Wahed et al. 2025                                                                                        Microbial Biosystems 10 (4)-2025 

215 

2020). The combined enzymatic power of fungi and LAB 

enables the breakdown of lignocellulosic material and 

complex carbohydrates without harsh chemical 

treatments, significantly reducing environmental impact. 

Beyond food applications, co-fermentation systems 

are also being explored for biotechnological products 

such as organic acids, bioethanol, flavor compounds, and 

biopolymers. LAB-derived exopolysaccharides and 

fungal chitosan are promising biodegradable materials 

for pharmaceutical and packaging industries. 

Additionally, the antimicrobial properties of LAB 

metabolites are being utilized for natural preservation of 

non-food products, such as animal feeds or cosmetics. 

These expansions demonstrate the adaptability of fungal–

LAB systems beyond traditional food domains, 

positioning them as versatile biofactory ecosystems 

(Camacho-Zaragoza et al. 2016). 

 

6.6. Safety, regulatory, and standardization challenges 

Despite its promise, fungal–LAB co-fermentation 

faces several regulatory and standardization barriers that 

limit commercialization. The complexity of multi-

microbial systems poses challenges in ensuring safety, 

reproducibility, and compliance with food safety 

standards. Variability in microbial composition, 

fermentation conditions, and raw material quality can 

lead to inconsistent product characteristics or sensory 

outcomes (Starzyńska-Janiszewska et al. 2012). 

Furthermore, most global food safety frameworks were 

designed for single-strain fermentations, making it 

difficult to classify and approve mixed-culture processes. 

To address these challenges, researchers advocate 

the development of standardized microbial consortia—

defined starter cultures composed of well-characterized, 

Generally Recognized as Safe (GRAS) strains. Whole-

genome sequencing and functional annotation of these 

strains provide traceability and allow for predictive risk 

assessment. The introduction of microbial “passports” 

and digital process documentation systems is expected to 

improve transparency and regulatory compliance in the 

near future.  

Another challenge is ensuring consumer acceptance, 

particularly in regions where fungal-based foods are less 

familiar. Educating consumers about the natural and 

beneficial roles of these microorganisms in improving 

nutrition and safety is essential. The success of traditional 

products like tempeh, sourdough, and kombucha serves 

as a model for introducing co-fermented foods into 

mainstream markets (Kołodziejska et al. 2025). 

 

6.7. Knowledge gaps and research priorities 

Despite rapid progress, several critical knowledge 

gaps remain. First, the mechanisms of interkingdom 

communication, particularly signaling molecules and 

transcriptional regulation between fungi and LAB—are 

not fully understood. While some metabolites such as 

organic acids and peptides have been identified as 

signaling intermediates, the molecular basis of quorum 

sensing and transcriptional synchronization remains 

unclear. Second, the spatial organization of microbial 

consortia in solid-state systems is poorly characterized. 

Understanding how spatial proximity and biofilm 

formation influence metabolite exchange could enable 

better design of structured co-cultures. Advanced 

imaging techniques such as confocal laser microscopy 

and nanoscale secondary ion mass spectrometry 

(NanoSIMS) may elucidate these microecological 

architectures (Chen et al. 2025). 

Third, there is a need for quantitative metabolic 

modeling that integrates omics data with kinetic and 

thermodynamic parameters. Such models would allow 

predictive simulation of co-fermentation outcomes under 

variable conditions, facilitating process optimization and 

scale-up. Finally, the long-term physiological impacts of 

co-fermented foods on human health require rigorous 

clinical validation. Although in-vitro and animal studies 

have shown beneficial effects on antioxidant status, lipid 

metabolism, and gut microbiota, comprehensive human 

trials are limited. Establishing mechanistic links between 

specific microbial metabolites and health outcomes will 

strengthen the functional food claims of co-fermented 

products (Raghuvanshi et al. 2019). 

 

Conclusion and recommendations 

Fungal–LAB co-fermentation exemplifies an 

ecologically balanced and technologically versatile 

approach to food innovation, merging the enzymatic 

versatility of filamentous fungi with the metabolic 

adaptability of lactic acid bacteria. Through this 

partnership, complex plant matrices are converted into 

nutritionally enhanced, functionally bioactive, and 

microbiologically safe products. The process not only 

elevates digestibility and mineral bioavailability but also 

reduces anti-nutritional factors and pathogenic risks, 

positioning it as a natural, low-impact technology for 

sustainable food systems). At the mechanistic level, co-

fermentation operates through a sequence of enzymatic 

hydrolysis, acidification, and metabolite exchange that 

improves nutritional density while generating functional 

compounds such as bioactive peptides, 

exopolysaccharides, and antioxidant phenolics. These 

transformations simultaneously enhance product 

stability, sensory appeal, and health-promoting potential, 

making fungal–LAB systems a cornerstone of modern 

functional food biotechnology.  
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Their inherent bio-preservative capacity and 

adaptability to diverse substrates further align them with 

the goals of circular bioeconomy and resource efficiency. 

Nevertheless, several research and industrial challenges 

remain. The molecular mechanisms governing 

interkingdom communication, particularly signaling 

molecules, transcriptional regulation, and quorum 

sensing, require deeper exploration using integrated 

omics and metabolic modeling. The development of 

standardized, GRAS-certified consortia would ensure 

reproducibility and regulatory acceptance, while 

advances in bioprocess engineering, including hybrid 

reactors, online metabolite monitoring, and machine-

learning control, could enable scalable, self-regulating 

production. Furthermore, systematic clinical validation is 

needed to confirm the health effects of co-fermented 

foods and substantiate functional claims. Finally, 

expanding co-fermentation into waste valorization and 

carbon-neutral biorefineries could maximize its 

environmental and socioeconomic impact. Looking 

ahead, fungal–LAB co-fermentation stands poised to 

evolve into a precision-guided, data-driven 

biotechnology. The convergence of systems biology, 

artificial intelligence, and synthetic ecology will permit 

the rational design of microbial partnerships tailored to 

specific nutritional, sensory, or health objectives. As 

climate and population pressures intensify, this 

biologically elegant process offers a scalable solution for 

sustainable nutrition—linking traditional wisdom with 

contemporary scientific innovation. With continued 

interdisciplinary collaboration and policy support, 

fungal–LAB co-fermentation can become a cornerstone 

of the next generation of resilient, functional, and 

sustainable food systems. Collectively, these insights not 

only establish fungal–LAB co-fermentation as a 

sustainable biotechnological platform but also highlight 

critical avenues for future exploration, as outlined in the 

following recommendations. 

 

Future research recommendations 

Future research on fungal–LAB co-fermentation should 

focus on elucidating the molecular and ecological 

mechanisms underlying interkingdom communication. 

Although current studies have revealed synergistic 

metabolic exchanges between fungi and LAB, the 

signaling molecules, transcriptional regulation, and 

quorum-sensing pathways that coordinate their activity 

remain poorly understood. Integrating advanced omics 

platforms such as meta transcriptomics, proteomics, and 

metabolomics, with computational network modeling 

could uncover the molecular dialogues governing 

substrate utilization, stress response, and metabolite 

synthesis. This mechanistic understanding would enable 

the rational design of microbial consortia with 

predictable interactions and improved process stability.   

A second critical research direction involves the 

development of standardized and defined microbial 

consortia. Most traditional co-fermentations rely on 

spontaneous or mixed natural communities, which, 

although biochemically rich, often lead to inconsistent 

product quality. Future studies should therefore prioritize 

the isolation and characterization of GRAS-certified 

LAB and fungal strains with complementary enzymatic 

and biosynthetic profiles. Establishing well-defined 

consortia would not only enhance reproducibility and 

safety but also facilitate regulatory approval and 

industrial adoption. Genomic annotation and functional 

phenotyping of these strains would provide the 

foundation for constructing starter cultures tailored to 

specific substrates or product outcomes. 

Further research should also emphasize bioprocess 

optimization and scale-up using modern biotechnological 

tools. Maintaining microbial balance between 

filamentous fungi and LAB in industrial-scale systems is 

challenging due to heterogeneous environmental 

conditions. Advanced reactor engineering, coupled with 

continuous monitoring through spectroscopic sensors, 

metabolite profiling, and machine-learning algorithms, 

could enable real-time process control. These 

innovations would support the emergence of self-

regulating bioreactors capable of dynamically adjusting 

environmental parameters to maintain optimal microbial 

synergy and product consistency. 

Another vital research frontier involves clinical 

validation and health-effect substantiation. Although in-

vitro and animal models have confirmed antioxidant, 

antihypertensive, and gut-modulatory effects of co-

fermented foods, well-designed human intervention 

studies are necessary to establish causal relationships 

between specific microbial metabolites and physiological 

outcomes. Future clinical trials should evaluate the 

impact of fungal–LAB co-fermented foods on gut 

microbiota composition, inflammation biomarkers, lipid 

metabolism, and metabolic disorders to substantiate their 

status as evidence-based functional foods. 

Finally, future studies may integrate fungal–LAB 

co-fermentation within sustainable and circular 

bioeconomy frameworks. Utilizing agricultural residues, 

food waste, and renewable biomass as fermentation 

substrates would not only reduce environmental impact 

but also promote food security and resource efficiency. 

Combining co-fermentation with downstream 

biorefinery processes—such as extraction of bioactive 

compounds, biopolymers, or biofertilizers—could 

transform this traditional process into a comprehensive 

green biotechnology platform. In sum, advancing these 
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research directions will solidify fungal–LAB co-

fermentation as a scientifically grounded, technologically 

scalable, and ecologically sustainable solution for the 

future of food innovation. 
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