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Abstract: Fermented foods harbor Unculturable Microorganisms (UMs) that shape flavor formation, safety, and health-
relevant functions. Recent advances—multi-omics, single-cell genomics, culturomics, and Artificial Intelligence (Al)-
driven modeling—are uncovering their metabolic roles and ecological importance. Beyond describing their hidden
diversity, UMs open new futures for fermented food innovation: redesigning starters to enhance amino nitrogen
while reducing precursors of ethyl carbamate and biogenic amines; developing stable UM-derived postbiotics such as
extracellular vesicles for immune modulation; applying Al-guided community design to improve flavor consistency
and microbial resilience; and creating personalized synbiotic strategies aligned with consumer microbiomes. Gut-on-
chip validation and precision fermentation enable scalable translation, while a metabolite-centered safety framework
provides a feasible regulatory path for non-culturable taxa. Framing UMs around deployable functions—rather than
cultivability—positions them as key levers for next-generation probiotics, postbiotics, and precision fermented foods.
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1. Introduction

Fermented foods represent some of the oldest and most diverse microbial ecosystems associated with human
nutrition. Traditionally crafted through artisanal practices, these foods harbor complex consortia of bacteria, yeasts, and
filamentous fungi that drive the biochemical transformations responsible for enhanced flavor, texture, and shelf stability.
While early research mainly focused on culturable organisms capable of growth on standard laboratory media, advances
in culture-independent methods have uncovered a broader spectrum of microbial diversity, including a significant
proportion of Unculturable Microorganisms (UMs) [1, 2].

UMs are defined as microorganisms that cannot be isolated or propagated using conventional culture techniques,
often due to their dependence on specific ecological interactions, stringent nutrient requirements, or unique
physicochemical niches. Although long overlooked, these elusive members are now increasingly recognized for their
functional significance. Metagenomic and metatranscriptomic analyses have uncovered their involvement in essential
fermentation processes, including enzymatic transformations, bioactive metabolite production, and flavor compound
biosynthesis [3, 4]. Pinpointing the role of UMs in fermented foods requires linking their functional signatures to
measurable product attributes. Multi-omics analyses can trace UM-derived transcripts or enzymes to increases in
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amino nitrogen in soybean pastes [5] or the suppression of ethyl carbamate precursors in soy sauce [6]. Metabolomic
profiling has correlated UM-associated volatile compounds with flavor development in vinegar and fish sauces, while
Extracellular Vesicles (EVs) and Short-Chain Fatty Acids (SCFAs) provide markers of immunomodulatory or safety-
related effects [1, 4]. Such correlations demonstrate that UMs, although uncultivable, leave identifiable biochemical
footprints that directly shape food quality, safety, and health-promoting properties. Establishing these associations
provides a practical framework for evaluating UMs not only as hidden microbial community members but also as
functional drivers of fermented food characteristics.

The study of UMs has gained renewed importance in the context of emerging trends in microbiome-based health
strategies. As consumer interest shifts from generalized probiotic supplementation to personalized, microbiome-driven
interventions, UMs are positioned as promising resources for the development of next-generation probiotics, postbiotics,
and targeted synbiotic formulations. Their contributions to immune modulation, gut barrier enhancement, and microbial
ecosystem stabilization suggest that they may offer health benefits surpassing those of conventional culturable
strains [7, 8]. Moreover, technological breakthroughs—such as multi-omics integration, single-cell genomics, high-
throughput culturomics, and Artificial Intelligence (Al)-driven modeling—now enable detailed exploration of UMs at
genetic, functional, and ecological levels [9-11]. These approaches provide unprecedented opportunities to harness the
untapped potential of UMs in functional food innovation, precision nutrition, and microbiome-targeted therapeutics.

This review consolidates current knowledge on UMs in fermented foods, with a focus on modern technological
approaches, their emerging roles in human health, and their applications in functional food design. By doing so, it highlights
UMs as critical, yet underexplored, players in the evolving landscape of microbiome science and personalized health.

2. Technological breakthroughs in studying UMs

The study of UMs in fermented foods has been revolutionized by advances in multi-omics, single-cell analysis,
and computational modeling (Figure 1). These technological breakthroughs provide a comprehensive understanding
of microbial diversity, functional roles, and interactions within complex fermentation ecosystems, overcoming the
limitations of traditional culture-based methods.
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Figure 1. Technological breakthroughs applied to study UMs in fermented foods. Multi-omics platforms, single-cell technologies, culturomics, and
Al-driven predictive modeling are increasingly integrated to reveal UM diversity, activity, and functional roles during fermentation

2.1 Multi-omics platforms

Metagenomics is foundational for characterizing the microbial diversity of complex ecosystems. By sequencing
total community DNA, metagenomics enables the identification of both culturable and unculturable taxa based on
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conserved genetic markers and whole-genome assemblies. This approach allows for taxonomic classification, estimation
of community structure, and prediction of functional gene content without the need for isolation [12, 13]. In fermented
foods such as Yucha (a typical traditional fermented food of China), soy sauce, and fish sauce, metagenomics has
revealed the presence of novel, uncultured species contributing to substrate degradation, amino acid metabolism, and
stress resistance [5, 14, 15]. Metatranscriptomics extends this analysis by profiling actively transcribed genes, offering
a dynamic snapshot of functional activity within microbial communities. This method can determine which UMs are
metabolically active during different fermentation stages and link gene expression to biochemical transformations
such as acidification, volatile production, or bioactive synthesis [16, 17]. In systems like fermented soybean pastes and
kimchi, metatranscriptomic data have uncovered transcriptionally active, uncultured bacteria involved in carbohydrate
fermentation, vitamin biosynthesis, and lactic acid production [18, 19].

Metaproteomics focuses on identifying and quantifying microbial proteins expressed during fermentation. This
method can validate gene expression data from metatranscriptomics and associate enzymatic activities with specific
taxa, including UMs. Functional proteins linked to proteolysis, stress response, and metabolite transport have been
attributed to uncultured microbes in traditional fermented foods [20]. It also enables detection of extracellular enzymes
and signaling molecules involved in microbial interaction and flavor development [21]. Metabolomics complements the
above approaches by profiling the small molecules produced by microbial communities, including potential postbiotic
compounds. These include SCFAs, bacteriocins, peptidoglycans, and other secondary metabolites with health-promoting
or preservative properties [22]. In fermented foods, metabolomic signatures can be mapped to specific metabolic
pathways of UMs inferred from multi-omics datasets. Notably, targeted metabolite profiling during kimchi fermentation
revealed that different capsaicinoid concentrations influenced the dynamics of Lactic Acid Bacteria (LAB) , free sugars,
amino acids, and microbial communities, suggesting a metabolite-microbiome interaction shaped by red pepper cultivar
[23]. Together, these omics layers form an integrated system biology approach to understanding UMs—providing
insight not only into “who is there” but also “what they are doing” and “what they are producing”.

2.2 Single-cell technologies and culturomics

Single-cell technologies and culturomics complement multi-omics by directly attributing functional roles to
UMs in fermented foods. Single-cell genomics isolates and sequences individual microbial genomes using tools such
as microfluidics, flow cytometry, and whole-genome amplification. This approach is particularly powerful for low-
abundance or unculturable taxa, allowing the recovery of nearly complete genomes and the identification of novel
biosynthetic pathways. A representative example is the work of Zhang and colleagues, who employed flow cytometry
and cell sorting to examine Baijiu stacked fermentation grains. They were able to pinpoint metabolically active bacterial
genera such as Herbaspirillum, Chitinophaga, and Ralstonia, alongside fungal members like Aspergillus and Pichia [24],
demonstrating how single-cell resolution uncovers hidden contributors to fermentation dynamics.

Culturomics, in parallel, expands the culturability of UMs by mimicking native ecological conditions under
controlled laboratory settings. By systematically varying pH, redox potential, nutrient sources, salinity, and introducing
co-culture systems, researchers can create micro-niches that enable the growth of otherwise unculturable microbes.
When integrated with rapid identification techniques such as Matrix-Assisted Laser Desorption/Ionization Time-Of-
Flight Mass Spectrometry (MALDI-TOF MS) and genome sequencing, culturomics substantially broadens the catalog
of culturable taxa. For example, a previous study combined culturomics with amplicon-based metagenomics to
analyze Baijiu pit muds, successfully isolating 215 prokaryotic strains, including 19 putative novel species [25].
Co-culture strategies, where UMs are cultivated alongside helper strains or within biofilm-like matrices, have further
revealed metabolites and functional traits that mirror their activity in situ [26]. Together, these techniques validate the
biosynthetic potential of UMs and, when integrated with multi-omics, accelerate the discovery of novel probiotics and
postbiotics in fermented food ecosystems.

2.3 Integration with Al and predictive modeling

The massive datasets generated by multi-omics and single-cell studies necessitate advanced computational
frameworks for meaningful interpretation. Artificial Intelligence (Al)-based modeling, including agent-based
simulations and genome-scale metabolic reconstructions, has been proposed to predict microbial interactions, metabolic
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fluxes, and community dynamics [27, 28]. Agent-based modeling can simulate individual microbial behaviors and
interactions within complex ecosystems, while genome-scale metabolic models reconstruct metabolic networks from
genomic or metagenomic data, enabling prediction of nutritional requirements, syntrophic relationships, and functional
outputs of unculturable taxa [27]. These frameworks provide conceptual avenues for rational prebiotic and synbiotic
design, and for evaluating safety profiles and functional potential of UM-derived metabolites.

Concrete applications of Al in fermented foods are beginning to emerge. For example, machine-learning models
trained on near-infrared spectroscopy and electronic-nose data have been used to classify flour types and predict volatile
compounds in sourdough fermentation with high accuracy [29]. In kimchi, Fourier-transform near-infrared spectra
analyzed by support vector machines and other algorithms successfully discriminated products by geographical origin,
illustrating how Al can capture subtle biochemical and microbial signatures in traditional ferments [30]. Moreover,
smart fermentation platforms integrating Al with biosensors and IoT technologies are being developed for real-time
monitoring and control of microbial dynamics in artisanal fermentations [31]. These studies demonstrate that Al is
not merely a futuristic concept but is already finding practical use in fermented food systems, setting the stage for its
application to UMs as multi-omics datasets continue to expand.

3. Functional roles of UMs in fermentation

UMs though historically overlooked, are increasingly recognized for their functional contributions to fermentation
ecosystems. Even in the absence of isolation and characterization via culture-based methods, metagenomic and
metatranscriptomic analyses reveal that UMs actively participate in key metabolic pathways during fermentation. These
organisms contribute to enzymatic transformations, the generation of bioactive compounds, and the modulation of
sensory properties of fermented foods [32].

One of the primary roles of UMs in fermentation lies in enzymatic activity. Genes associated with carbohydrate-
active enzymes, proteolysis, and lipolysis have been identified in uncultured taxa through metagenomics [33]. These
enzymes are crucial in breaking down complex substrates into smaller molecules, influencing texture and nutrient
availability [34]. Additionally, UMs have been implicated in the production of bioactive compounds such as bacteriocins
[33], SCFAs, vitamins, and antioxidant peptides [5]. In several fermentation systems, functional gene clusters linked
to antimicrobial activity and biosynthesis of secondary metabolites are abundant among uncultured taxa [33]. These
metabolites may contribute to food safety, shelf stability, and potential probiotic effects, even if the originating
organisms are not culturable [33]. The modulation of sensory characteristics—such as aroma, taste, and texture—is
another important function mediated by UMs. Volatile compound profiles in fermented foods are shaped by microbial
metabolic activity, and recent studies have shown that uncultured bacteria play significant roles in the synthesis of
key esters, alcohols, and sulfur-containing compounds. These compounds affect consumer perception and can vary
depending on microbial community structure, including contributions from non-dominant or uncultured members.

In traditional Asian fermented foods, the functional roles of UMs are particularly significant due to the artisanal
and open fermentation conditions. These conditions promote the development of complex microbial communities,
which significantly influence the quality of the final product. In kimchi, for example, unclassified Deferribacterales and
unclassified Bacteria dominate in the early stages of fermentation, but a significant portion of Weissella, Leuconostoc,
and Lactobacillus species play active roles in acidification, vitamin synthesis, and aromatic compound production in the
later stages [35]. These uncultured microbes interact dynamically with starter cultures and native microbes, influencing
the fermentation trajectory and final product quality. In fish sauce (nwéc mdam), one of Southeast Asia’s iconic fermented
condiments, prolonged fermentation (6-12 months) and high salt content create a selective environment where only
halotolerant and osmotolerant microorganisms can survive. While Tetragenococcus halophilus is often isolated as a
dominant LAB, culture-independent methods have uncovered numerous uncultured halophiles and archaea potentially
involved in amino acid deamination, biogenic amine degradation, and flavor compound synthesis [36]. Moreover,
these traditional systems exemplify interactions between indigenous microbes and introduced starter cultures, where
UMs may modulate or be modulated by the metabolic outputs of dominant strains. This includes synergistic effects
(e.g., cross-feeding on metabolites), antagonistic interactions (e.g., production of inhibitory compounds), and niche
partitioning—all of which influence microbial succession, metabolite profiles, and product stability [37]. Understanding
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the functional roles of UMs in these contexts provides new insights into fermentation science and highlights the need to
go beyond the “cultivable core” to fully harness the microbiological potential of fermented foods. Table 1 provides an
overview of UMs in specific fermented foods and their roles.

Table 1. Uncultured microorganisms in fermented foods

Traditional fermented food/

Genera Fermentation system Properties of synthesis Beneficial effects References
Dairy products
. Carbohydrate-active enzymes, .
Lactobacillus, Streptococcus, : : > Influence food flavor, quality
Acetobacter, and Rothia Fermented milk products secondary metabolite clusters, and/or safety [33]
and bacteriocins
. . Secondary metabolites
Actinobacteria, Saccharomyces, : ? . . .
Enterobacteriaceae, and Kefir 1E)ph;}'cllstatm, fer&g}icm};and o Agﬁlnst bacterial and fungal [38]
Lactobacillus acillaene), and also bacteriocins pathogens
(helveticin and zoocin)
. Kazakh artisanal fermented milk Proline iminopeptidase, . . .
Lactobacillus and Lactococcus Ayran in Xinjiang, China dipeptidase, and proteases Coagulation quality of milk [39]
Lactobacillus, Lactococcus, Glycoside hydrolases,
Streptococcus, Enterococcaceae, o, . glycosyltransferases; . . .
Lactobacillaceae, Traditional fermented mill lanthipeptides, unclassified Synthesis of bioactive [40]
; : products from Russia e : compounds
Bifidobacteriaceae, and bacteriocins, nonribosomal
Acetobacteraceae peptides, and polyketides
Enterococcus, Lactococcus, . .
Lactobacillus, Bifidobacterium, Indian ethnic fermented milk Short-chain fatty acids, . . .
antimicrobial peptides, amino Health promoting functionalities [4]
Acetobacter, Streptococcus, and product id d vitami
Leuconostoe acids, and vitamins
{;ﬁ;@‘;‘gigﬁ;ﬂa@goc°°°a"eae’ Naturally fermented milk
and Proteobacteria products in Arunachal Pradesh — — [41]
(Acetobacteraceac) and Sikkim states of India
Lactococcus, Lactobacillus, Dairy and non-dairy fermented ?c?gﬁlgfg);lailsxsfgggﬁ’ 3?2120
Pseudoalteromonas, and foods (mish, jibneh, zabadi, and - i 4 Health effects [42]
S : : : - metabolism, cofactors, and
Streptococcus pickles) in Saudi Arabia L :
vitamin biosynthesis
Soy-based products
Leuconostoc, Staphylococcus,
Te(ragenococcus, Weissella, . . Amino acids, alcohols, acids, and Degradation of nitrite/nitrate,
Wickerhamomyces, Soy sauce in China ldehvd f f : [5]
Zygosaccharomyces, and aldehydes avor formation
Aspergillus
Zygosaccharomyces, Candida,
?;é‘;gig?g;eﬁ?f:;zﬁc fer Ethanol accumulation, urea Reduce the accumulation of
Pseudomonas. Bacillus ’ Soy sauce fermentation accumulation, citrulline, and ethyl carbamate precursors in [6]
Halobacterium, Acinetobacter, arginine content soy sauce
and Halomonas
Firmicutes, Proteobacteria, Amino acids, volatile flavor Flavor formation during koji
Ascomycota, Aspergillus, and  Koji compounds makin £ [43]
Weissella P g
Aspergillus, Bacillus, .
Enterococcus, Lactococcus, ?gybiaa;ll? production from black Production of lactic acid Development of soy sauce flavor [44]
Rhizopus, and Penicillium y
Staphylococcus, Bacillus,
Kurthia, Klebsiella, Aspergillus, Improvine the quality of so
Zygosaccharomyces, Soy sauce fermentation process — sauIZ:e g the quaiity y [45]
Trichosporon, Millerozyma, and
Peronospora
Firmicutes, Proteobacteria, Pe poke, a naturally fermented =~ Amino acids, different vitamins, Health benefits, hygiene, and [34]

Bacteroidetes, and Bacillus soybean food of Myanmar and enzymes general safety in pe poke

Lactobacillus, Pichia,
Enterococcus, Bacillus, and
Acetobacter

a-galactosidase activities, organic

Naturally fermented tofu whey acids

Coagulator
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Table 1. (cont.)

Traditional fermented food/

Genera Fermentation system Properties of synthesis Beneficial effects References
Fish sauces

Halanaerobium, Halomonas,
Tetragenococcus, Halococcus,  Chinese fish sauce (Yu-1u) Volatile flavor compounds Flavor formation
Candidatus, and Fracribacter
éﬁ?gggzlc]f:’f’géap hylococcus, Fish sauces Flavor compounds Flavor generation of fish sauce [15]
Enterobacterales,
Gammaproteobacteria,
leslgzzcetfor;;fzeé raphylococcus, Malaysian fish sauce (bubu) Volatile compounds r?qurilli]ttg]ricr?gmml and fermentation [46]
Lentibacillus, Bacilli, and
Halomonas
Lactobacillales,
E Fermented sauce from

nterococcaceae,
T - Sumbawa, West Nusa Tenggara, — — [47]

etragenococcus, and -
s Indonesia

taphylococcus

Vegetables/Olives
Lactobacillus, Fermented cabbage, carrot, and Inﬂuence‘mlcrobl'al ecology,
: . — fermentation quality, and [48]
Enterobacteriaceae turnip
product safety

Rubrobacteraceae Fermented vegetable samples . Fermented vegetable microbiota

: ; > : Carbohydrate-active enzymes S .
Bifidobacteriaceae, and from China, Ireland, the UK, and antibiotic resistance genes composition and functional [49]
Ruminococcaceae and Germany potentials
Lactobacillus, Celerinatimonas,
Propionibacterium,
Pseudomonas, Pichiaceae, Fermented Kalamata black — — [50]

Pichia, Ogataea, and
Saccharomyces

Enterobacteriaceae,
Lactobacillaceae,
Phaffomycetaceae, and
Pichiaceae

olives from Greece

Fermented Greek Table olives —

— [51]

Note: Evidence type refers to the primary method of identification (omics, culturomics, or single-cell). Food property affected refers to the main
functional or quality attribute influenced (e.g., flavor, amino-nitrogen, SCFA production, or safety). (—) No specific report available

4. UMs and human health: The missing link

Recent insights suggest that UMs are not merely passive inhabitants of fermented food microbiomes but may play
critical roles in modulating human health. Despite the challenges associated with isolating and characterizing UMs,
emerging evidence from multi-omics and functional studies indicates that their metabolites and cellular components
actively influence the host immune system, support gut barrier integrity, and contribute to the stabilization of microbial
ecosystems (Figure 2). Understanding these functional links highlights the potential of UMs as sources of next-
generation probiotics and postbiotics.
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Figure 2. Interactions of UMs with microbial communities and host health, highlighting roles in immune modulation, gut barrier maintenance, and
microbial ecosystem stabilization

4.1 Modulating the host immune system

One of the most significant contributions of UMs is their capacity to modulate the host immune response through
the production of bioactive molecules. Studies have shown that metabolites such as SCFAs, EVs, and bacteriocins
derived from microbial communities—including uncultured members—can directly interact with immune cells,
influencing cytokine production and immune regulation [42, 52]. For example, EVs isolated from conditionally
culturable lactic acid bacteria in fermented soybean pastes have demonstrated the ability to modulate dendritic cell
maturation and promote anti-inflammatory cytokine profiles [52]. Similarly, SCFAs such as butyrate, acetate, and
propionate—frequently associated with uncultured fermentative species—exhibit potent immunoregulatory effects
by promoting regulatory T cell differentiation and suppressing pro-inflammatory signaling pathways [8]. UMs likely
contribute to these effects either through direct metabolite production or by modulating the metabolic output of co-
existing culturable microorganisms within the gut ecosystem. This immunomodulatory potential positions UMs as
promising candidates for developing novel interventions targeting immune-mediated diseases.

4.2 Supporting gut barrier integrity

The integrity of the intestinal barrier is fundamental for maintaining host health and preventing translocation of
pathogenic microorganisms and toxins. Several studies have indicated that metabolites and structural components
derived from UMs may enhance gut epithelial function. SCFAs, particularly butyrate, produced or promoted by
uncultured bacterial groups, strengthen tight junction integrity, stimulate mucus production, and promote epithelial cell
renewal [53, 54]. These effects are crucial for preventing leaky gut syndrome and associated inflammatory disorders.
Furthermore, non-viable microbial components such as peptidoglycans and cell wall fragments from UMs can interact
with Pattern Recognition Receptors (PRRs) on intestinal epithelial cells, triggering protective immune responses that
reinforce barrier function without inducing excessive inflammation. Given that many UMs exist in fermented foods
consumed regularly across various cultures, their cumulative effects on gut barrier health may have been underestimated
in traditional assessments focused solely on culturable probiotic strains.

4.3 Stabilizing microbial ecosystems

UMs also play essential roles in maintaining the stability and resilience of microbial communities within the
gut. Fermented food-derived UMs contribute to microbial ecosystem balance through several mechanisms: cross-
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feeding interactions, competitive exclusion of pathogens, and modulation of environmental factors such as pH and
redox potential [37]. For instance, UMs may engage in syntrophic relationships where metabolic byproducts of one
species serve as substrates for another, enhancing overall metabolic efficiency and community robustness [55]. These
interactions create a more resilient microbiota capable of resisting perturbations such as antibiotic treatment or dietary
shifts. Moreover, certain uncultured halophiles and archaea detected in traditional fermented products like fish sauce
have been implicated in amino acid metabolism and biogenic amine degradation, processes that help maintain microbial
homeostasis and food safety [36, 56]. By contributing to ecosystem stability and diversity, UMs indirectly support host
health, emphasizing the importance of considering the entire microbiome—including unculturable members—when
designing functional foods or therapeutic interventions.

5. Applications of UMs in functional foods and therapeutics

With the advancement of microbiome science, UMs are increasingly recognized not merely as passive members
of microbial consortia, but as potential functional agents in health and nutrition. These applications center around three
emerging domains: next-generation probiotics, postbiotic production, and synbiotic formulation (Figure 3).

Next-Generation Probiotics Postbiotic Producers
_ Anti-inflammatory, Focused on compounds stable
immunomodulatory, and during processing and digestion

metabolic effects (SCFAs, bacteriocins, etc.)

~

gl

Potential
applications
of UMs

o

Synbiotic Formulation
Combining selected prebiotics
to activate potential UMs (Next-
generation synbiotics)

Figure 3. Functional applications of UMs in fermented foods, including their use as next-generation probiotics, postbiotic producers, and targets for
synbiotic formulations

5.1 As next-generation probiotics

Traditional probiotics—such as Lactobacillus and Bifidobacterium—have demonstrated beneficial effects
[57], but they represent only a small fraction of the gut microbiota. Recent studies have turned attention toward
UMs that are abundant, functionally active, yet recalcitrant to classical cultivation techniques, many of which exert
immunomodulatory or metabolic benefits [8]. Two widely studied examples are Akkermansia muciniphila and
Faecalibacterium prausnitzii. These species were previously considered difficult to culture but are now regarded as
next-generation probiotics due to their anti-inflammatory and metabolic regulatory properties. 4. muciniphila enhances
mucin turnover, tight junction integrity, and improves glucose homeostasis and lipid metabolism in animal and human
models [53, 58]. F. prausnitzii produces butyrate and anti-inflammatory peptides, reducing colonic inflammation in
patients with Crohn’s disease and ulcerative colitis [59, 60]. Although not all UMs can be directly cultivated, their
therapeutic potential can still be accessed via their functional components or through engineered delivery systems, such
as encapsulated lysates or synthetic microbial consortia [61].

5.2 As postbiotic producers

UMs, even when non-viable, may act as producers of postbiotics—bioactive compounds derived from microbial
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metabolism or structural components. Postbiotics offer several advantages: they are stable, easier to standardize, and do
not require viability, which is critical for food applications involving high heat or long shelf lives [62]. Compounds such
as SCFAs, bacteriocins, peptidoglycans, exopolysaccharides, and EVs derived from UMs play essential roles in host
immunity, gut barrier integrity, and pathogen suppression [42]. In particular, EVs from uncultured LAB in representative
fermented foods have been shown to carry immunomodulatory molecules that affect dendritic cell maturation and
cytokine profiles [52]. Inactivating UMs through methods like heat treatment or sonication can preserve structural
components such as cell wall fragments and DNA motifs. These preserved structures can interact with host Pattern
Recognition Receptors (PRRs), eliciting beneficial effects similar to those of viable probiotics, while offering enhanced
safety and shelf stability [63].

5.3 Synbiotic formulation

Another promising strategy is the development of next-generation synbiotics, which involve pairing prebiotics with
specific UMs or their functional guilds to promote health. Unlike classical synbiotics—which often combine generic
oligosaccharides with culturable strains—next-gen synbiotics emphasize selective substrate utilization by specific
UMs, supporting their growth and functionality in situ [64]. For instance, certain arabinoxylans, resistant starches,
and flavonoid-rich fibers selectively stimulate the activity of butyrate-producing UMs, including Roseburia spp. and
Eubacterium hallii, which are otherwise challenging to maintain in the gut [65, 66]. Metagenomic-guided prebiotic
design allows for matching substrate specificity to UM metabolic profiles. These personalized synbiotic approaches
hold strong potential in the context of precision nutrition, where host genotype, microbiome composition, and lifestyle
factors guide dietary interventions. In fermented food development, incorporating tailored prebiotics into traditional
substrates may enhance the growth of beneficial UMs, enabling designer foods with specific health claims [67].

6. Industrial innovations: From UMs to products

The functional potential of UMs has catalyzed innovative strategies for their exploitation in the food, nutraceutical,
and biopharmaceutical industries. Given the inherent challenges of cultivating UMs using conventional methods, novel
technological platforms have been developed to harness their benefits through metabolite extraction, synthetic biology,
and advanced in vitro modeling systems. Figure 4 highlights how UMs, though clusive in nature, are increasingly
explored through predictive tools such as gut-on-chip simulations and computational modeling. These approaches
bridge discovery to downstream applications, including synthetic biology and engineered postbiotic products.

Industrial innovations: From UMs to products

Gut-on-chip ‘ Synthetic
UM simulation biology Postbiotic
diSCOVETry — mmmp —_— —_ product
(Elusive taxa) L. ‘ development
Predictive ‘ Engineering
modeling ‘
t |

Feedback loop for predictive modeling

Figure 4. Industrial innovations: from the elusive discovery of UMs to predictive simulations and engineering pathways for postbiotic product generation

6.1 Gut-on-chip simulation for UM evaluation

Gut-on-chip systems replicate the dynamic human gastrointestinal environment using microfluidic devices,
integrating mechanical forces (e.g., peristalsis), fluid flow, and co-cultures of intestinal epithelial cells with microbiota
[68, 69]. Such platforms enable the real-time investigation of UM-derived metabolites and structural components on gut
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health parameters, including barrier integrity, immune signaling, and microbial community dynamics. Importantly, gut-
on-chip models circumvent the need for direct cultivation of UMs by focusing on their functional outputs, offering a
powerful tool for screening postbiotic candidates, evaluating synbiotic efficacy, and studying host-microbe interactions
in a controlled, reproducible environment.

6.2 Synthetic biology: Engineering UM functions

Synthetic biology provides an alternative route to leverage UM functionality by transferring genes or biosynthetic
pathways from UMs into culturable, well-characterized host strains. Using techniques such as modular genetic circuit
design, CRISPR-mediated genome editing, and heterologous expression systems, key enzymes, bacteriocins, or
bioactive metabolite pathways from UMs can be produced at an industrial scale [70, 71]. For example, bacteriocin genes
identified in metagenomic datasets of fermented foods have been successfully expressed in Lactobacillus plantarum,
enhancing its postbiotic production capacity [72]. Such synthetic biology strategies bypass the barriers of cultivation
while enabling precise control over product yield, activity, and quality—critical factors for industrial application.
Moreover, the integration of synthetic biology with predictive modeling allows the rational design of synthetic microbial
consortia tailored for specific health outcomes, utilizing functional traits originally derived from UMs.

6.3 Postbiotic product development

Recognizing the logistical and regulatory challenges associated with live microorganisms, there is a growing shift
toward developing non-viable, microbiome-derived products based on UM metabolites and structural components.
Postbiotic formulations—including purified SCFA blends, EVs, cell-free supernatants, and heat-inactivated microbial
lysates—offer enhanced stability, safety, and standardization [42, 62]. For example, fermented soybean-derived
postbiotics enriched with EVs from uncultured Bacillus spp. have demonstrated immunonutritional benefits and
potential as functional food ingredients [73]. In pharmaceutical applications, targeted delivery systems such as pH-
sensitive capsules and lipid nanoparticles are being explored to ensure the bioavailability and efficacy of UM-derived
postbiotic compounds in the gastrointestinal tract. The industrial scalability of postbiotic production, coupled with
favorable regulatory prospects for non-viable products, positions UM-based postbiotics as a promising frontier in
functional food innovation and microbiome-based therapy development.

7. Regulatory and safety considerations

The application of UMs and their metabolites in functional foods and therapeutics introduces a regulatory grey
zone, primarily due to the inability to cultivate and characterize them using traditional methods. This raises challenges
for safety assessment, standardization, and regulatory approval, particularly when products are intended for ingestion or
therapeutic use.

7.1 Safety challenges due to lack of cultivation

Conventional microbial safety evaluations, such as those required for Qualified Presumption of Safety (QPS) by
the European Food Safety Authority (EFSA) or Generally Recognized as Safe (GRAS) status by the U.S. FDA, rely
heavily on the availability of a pure culture, comprehensive genomic sequencing, and historical data on pathogenicity,
toxin production, and antibiotic resistance profiles [74, 75]. These criteria are difficult to apply to UMs, which by
definition cannot be cultured under standard laboratory conditions. In the absence of culture-based data, UMs cannot
undergo traditional taxonomy-based risk assessment. Their roles within microbial communities remain context-
dependent, and their genetic content is often inferred solely through metagenomic assemblies, which may lack strain-
level resolution [76].
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7.2 Metabolite-centered safety assessment

Given these limitations, a promising shift is underway toward evaluating the safety of UMs-derived products
based on their metabolic outputs, especially when these products are postbiotic in nature. This approach focuses on
measurable and stable compounds such as SCFAs, bacteriocins, peptidoglycans, cell-free supernatants, and EVs, which
can be chemically characterized and quantified. As evidenced by non-viable cells or cell fragments from representative
next-generation UMs with strong immunomodulatory effects, which have shown potential in reducing inflammation
without needing viable cells, suggesting a metabolite-oriented regulatory model [54, 77, 78]. This aligns with recent
EFSA opinions, which recognize that safety can be demonstrated at the compound level, especially when no viable cells
are present.

7.3 Toward specific regulatory frameworks for UMs-derived products

To bridge this gap, experts have proposed expanding existing frameworks or establishing new legal categories
specifically for UMs-based postbiotics. First, the integration of postbiotic-specific criteria into EFSA’s QPS guidelines
could standardize safety assessments. This would include requirements such as metabolite profiling, in vitro and in vivo
toxicity testing, and functionality assays to confirm immunomodulatory or gut barrier-enhancing effects. Second, a shift
from taxonomic identity to function-based classification is warranted—defining “functional postbiotic units” based on
bioactivity rather than microbial origin may better capture the therapeutic value of non-viable cells or their metabolic
products. Finally, for UMs, a dedicated risk evaluation pipeline should be established. This pipeline would combine
high-resolution metagenomic data with biosynthetic pathway annotation (e.g., screening for absence of virulence factors
or toxin genes), and metabolomic profiling to assess bioactive compounds for safety and efficacy.

8. Conclusion and future directions

UMs are increasingly recognized as key players in fermented food ecosystems, contributing to enzymatic
transformations, bioactive metabolite production, flavor development, and microbial stability. Once overlooked due to
cultivation barriers, UMs are now positioned at the center of next-generation microbiome-based strategies. Postbiotics
derived from UMs—such as SCFAs, EVs, and other metabolites—offer attractive alternatives to conventional probiotics
by combining safety, stability, and targeted functionality. Technological advances are gradually transforming UMs from
hidden taxa into actionable resources. Multi-omics approaches reveal their diversity and metabolic capacity, while
single-cell genomics and culturomics help bridge genome inference and cultivation. Gut-on-chip platforms further
allow controlled testing of UM-derived metabolites and host responses, and synthetic biology enables the transfer of
UM pathways into culturable hosts for scalable production. Together, these innovations build the foundation for food,
nutraceutical, and pharmaceutical applications.

Future studies should prioritize in vivo validation of UM-derived metabolites and postbiotics using gut-on-chip
models and animal trials to confirm efficacy and safety. In parallel, longitudinal metagenomic and metabolomic surveys
of traditional fermented foods are needed to establish comprehensive UM reference databases, particularly from
underexplored regions such as Southeast Asia. On the industrial side, scaling up precision fermentation and synthetic
biology approaches will be essential for producing UM-derived compounds at commercial levels. Finally, collaboration
with regulatory agencies should aim to develop standardized metabolite-centered safety frameworks, ensuring that UM-
based innovations can be translated effectively into functional foods and therapeutic applications.
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