
npj | science of food Review
Published in partnership with Beijing Technology and Business University & International Union of Food Science and Technology

https://doi.org/10.1038/s41538-026-00740-8

Adopting omics-based approaches to
facilitate the establishment of microbial
consortia to generate reproducible
fermented foodswith desirable properties
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Erkang Zhang1,2, Marcus J. Claesson2,3 & Paul D. Cotter1,3,4

The quality of fermented foods is governed by the composition, function, and interactions of their
microbial communities. However, fermentations carried out using traditional approaches are often
variable with respect to their composition and are difficult to control, thereby limiting industrial
reproducibility. Recent advances in omics technologies—including metagenomics,
metatranscriptomics, metaproteomics, metabolomics, and culturomics—have greatly enhanced our
ability to analyze and reconstruct the microbial ecosystems in fermented foods. This review first
highlights the importance of omics analyses for characterizing microbial composition, metabolic
potential, and functional interactions. It then discusses the bipartite structure of defined microbial
consortia (DMCs), distinguishing between the core microbiome, comprising taxa consistently
associatedwith fermentation performance, and the supplementarymicrobiome, consisting of variable
species that influence flavor diversity and system stability. Finally, we describe a multi-omics–guided
strategy for the design and refinement of DMCs, framed within the Assembly–Assessment–Redesign
(A-A-R) workflow, which enables iterative optimization of microbial consortia for reproducible and
desirable fermentation outcomes. Integrating omics insights with DMC engineering provides a
systematic approach for precision fermentation, paving the way for next-generation fermented food
production.

For centuries, fermentation has served as ameans not only to preserve foods
and beverages but also to enhance their sensory qualities, nutritional value,
and health benefits. Traditional fermentations depended on empirical
techniques such as backslopping or spontaneous fermentation. More spe-
cifically, spontaneous fermentation processes depend on the activities of
naturally occurring microorganisms present in the raw ingredients, sur-
rounding environment, and/or production equipment, while backslopping
involves incorporating a portion from a previously successful fermentation
into fresh substrate to serve as the starter culture for the next fermentation
cycle1. However, those traditional fermentation methods rely on undefined
microbial communities, which can lead to instability, inconsistency and, in
some cases even food safety concerns2. To address these issues, modern
fermented foodproductionprocesses have increasingly relied on the use of a
standardized starter strain or community of strains to control themicrobial
composition present during fermentation. In this case, the concept of

defined microbial consortia (DMCs) has been proposed. DMCs are
reconstructed consortia forwhich themicrobial composition is defined and/
or has been prepared with a view to the production of specific metabolites,
flavour compounds or other end products.

However, designing and establishing DMCs still presents numerous
challenges. The first challenge lies in the difficulty of screening and isolating
the strains to produce optimalDMCs for a specific need3. Therefore, reliable
information about the taxonomic classification of isolates and their specific
functional potential is needed. Another challenge relates to the assembly
strategy when designing/creating DMCs. Currently, two primary strategies
are employed for design control to harness attributes from artisanal fer-
mented foods: the top-down and bottom-up approaches. The top-down
strategy entails guiding naturally occurring microbial communities toward
simplified, representative consortia. The bottom-up approach instead
focuses on constructing novel microbial communities, deliberately
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assembled based on defined objectives or principles4. Both benefit from
having a comprehensive understanding of the specific roles played by
microorganisms indrivingkey biochemical conversions and influencing the
quality of traditionally fermented foods, together with genomic-based
insights into theirmetabolic potential. However, regardless of the approach,
using a reconstructed consortium to start the fermentationmay still result in
products that lack character and regional identity, have insufficient and/or
monotonous flavors, and/or the absence of specific bioactive compounds5.
This risk can be reduced by usingmultiple approaches to better understand
the microbes, their metabolites and the mechanisms via which they can
potentially impact, health, flavour or other attributes. More specifically, by
capturingmicrobial andmolecular complexitymore effectively than single-
omics, multi-omics analyses provide deeper insights into the underlying
mechanisms of fermentation to facilitate the construction of consortia.

The successful application of multi-omics approaches, and accom-
panying bioinformatics analyses, hold the potential to provide a solid
foundation for generating reproducible fermented foods with desirable
properties. Despite this potential, there has, to date, been only relatively
limited use of multi-omics approaches to: (i) obtain optimal microbial
isolates from traditional fermented foods, (ii) construct functionally stable
consortia, and (iii) ultimately produce fermented products with desired
quality attributes. In this review,weoutlinehowmulti-omics techniques can
be employed to establishDMCs and subsequently review recent advances in
DMCs applications for fermented food production, culminating in a pro-
posed standardizedworkflow for DMCs construction and implementation.

Omics analyses of great relevance to fermented food
analysis and re-contruction
Metagenomics
The concept of ‘metagenomics’ was first introduced in 19984, referring to
methods designed to analyze and understand the genomes of diverse
microbial communities. Since then, advancements in sequencing technol-
ogies, coupled with a substantial decline in sequencing costs, have sig-
nificantly mitigated previous limitations in microbial research. These
developments now enable the acquisition of genomic information directly
from microbial communities within their native environments. Conse-
quently, instead of analyzing individual species in isolation, researchers can
investigate entire microbial ecosystems, comprising thousands of species,
simultaneously. The application of next-generation sequencing technolo-
gies in metagenomic research has led to the generation of vast sequence
datasets from a variety of environments, including soil, the human body,
and marine ecosystems6–8. Analysis of these datasets has provided unpre-
cedented insight into the extensive taxonomic and functional diversity of
microbial communities inhabiting these environments.

In recent years, a substantial number of studies utilizing metage-
nomic approaches to study fermented food microbiomes and their
metabolic potentials have been published9–11. For example, the microbial
composition and function of a collection of 69 different water kefir grains
and their fermented products was revealed by Breselge et al. in their recent
publication12. In this study, a metagenomic approach was employed to
investigate the core genera with water kefir microbial community. Based
on the occupancy of taxa, they established that the core microbiome
consists of yeasts (Saccharomyces, Zygotorulaspora, Pichia, Brettano-
myces), acetic acid bacteria (AAB;Gluconobacter,Acetobacter), lactic acid
bacteria (LAB; Liquorilactobacillus, Lacticasebacillus, Lentilactobacillus,
Leuconostoc, Oenococcus), as well as Bifidobacterium and Zymomonas.
Their findings offer important references for the future development of
reconstructed water kefir. In another study focused on kombucha
microbiomes, researchers assigned Komagataeibacter rhaeticus and
Brettanomyces bruxellensis as the core components of kombucha micro-
biomes based on their metagenomic sequencing results, reflecting the
observation that thesewere themost prevalent species amongbacteria and
yeasts, respectively13.

Although previous studies already have highlighted the potential to
leverage metagenomic data to gain insights into the diverse and abundant

microbial community in fermented foods, they still fall short in terms of
accurately capturing microbial activities in situ. For instance, sequenced
DNAmay also derive fromcellswith limited activity during fermentation or
post-ingestion, thus gene detection may not accurately reflect gene
expression dynamics. Apart from this, it should be noted that the inter-
pretation of metagenomic data in fermented food systems is influenced by
multiple experimental andbiological factors. Parameters such as sequencing
depth, sampling strategy, and the choice between repeated sampling of the
same product versus comparative sampling across different fermented
foods can affect the apparent diversity and structure of microbial commu-
nities. In addition, different fermented foods may inherently differ in the
flexibility or constraint of their core microbiomes due to matrix composi-
tion, processing conditions, and fermentation dynamics. Thus, to gain a
more comprehensive understanding of the functional dynamics within
complex microbial communities, it is therefore essential to integrate
metagenomics with other molecular omics approaches, including meta-
transcriptomics, metaproteomics, and metabolomics14.

Metatranscriptomics
Unlikemetagenomics,which involves the collectionofmicrobialDNAfrom
a community to infer taxonomic composition and functional potential,
metatranscriptomics targets the extraction of messenger RNA (mRNA),
providing specific insights into the transcriptional activity and functional
expression of the microbial community. In particular, it enables the eluci-
dation of the detailed transcriptional activities of metabolically active
microbial populations15.

Although metatranscriptomics holds significant potential, its appli-
cation in food and nutrition sciences remains relatively limited to date;
however, interest and utilization in this field are steadily increasing.
Recently, metatranscriptomic sequencing has been utilized to understand
the microbial processes underlying flavor development in food fermenta-
tion, including various fermented foods based on different substrates, such
as pickled vegetables16–18, liquor19 and soy sauce20. In a recent investigation
concerning fermented noni (Morinda citrifolia L.) juice21, metatran-
scriptomics was employed to comprehensively investigate the active
microbial community and key metabolic functions involved in the natural
fermentation of noni fruit. Metatranscriptomics results showed that during
the initial phase of fermentation, the microbial community was primarily
dominated byAcetobacter sp., whereas, in the later stages (beyond 30 days),
Acetobacter aceti andGluconobacter sp. emerged as the principal functional
taxa driving the fermentation process. However, noni fruit can have an
unpleasant odor due to presence of butanoic and hexanoic acids, and this
problem persisted in the fermented product due to the absence of the genes
associated with the degradation of these compounds. Subsequently, in
another study published by the same laboratory, the researchers decreased
the content of hexanoic acid, octanoic acid and butanoic acid by inoculating
an Acetobacter strain isolated from naturally fermented noni juice22. This
effectively demonstrates the potential of metatranscriptomics in generating
reproducible fermented foods with desirable properties.

Despite its potential usefulness, this technique has multiple inherent
limitations and deficiencies that warrant careful consideration. Firstly,
obtaining high-quality mRNA, with corresponding depletion of the highly
abundant ribosomal RNA (rRNA) from certain food samples can be chal-
lenging compared to DNA. Also, the limited stability of mRNA complicates
the detection of rapid and transient responses to environmental changes.
Another challenge can relate the analysis and interpretation of the resulting
datasets, due to the lack of established reference genomes, computational
tools and/or pipelines23. Finally, it should be noted that mRNA expression,
protein levels, and related enzymatic or functional activity may not always
show consistent relationships. Therefore, robust microbiome characteriza-
tion ideally involves integratedanalysis acrossdifferentmulti-omicsdatasets.

Metaproteomics
By the 1970s, two-dimensional gel electrophoresis laid the foundation for
proteomics, and subsequent advances in mass spectrometry have greatly
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increased the speed and sensitivity of protein detection24. In parallel,
improvements in bioinformatics tools for 2-D gel andMSdata analysis have
enabled researchers to quickly identify proteins within databases25. Beyond
simple protein identification, metaproteomics can also offer quantitative
dynamic profiling of expressed proteins and their post-translational mod-
ifications. This capability proves particularly valuable for detecting
stimulus-dependent temporal variations in protein composition.

In fermented food studies, metaproteomics has become a valuable
omics tool for characterizing complex microbial interactions, fermentation
kinetics, metabolic network dynamics, and functional diversity ofmicrobial
ecosystems26. In a reconstructed wine fermentation study, researchers
employedmetaproteomic approaches to investigate bothmonocultures and
co-cultures of Saccharomyces cerevisiae with non-Saccharomyces yeasts
(Metschnikowia pulcherrima and Lachancea thermotolerans)27. The results
demonstrate that fermentation kinetics are influenced by yeast-specific
protein secretion profiles. Comparative analysis revealed significant differ-
ences between the proteomes ofmonocultures versus co-cultures, providing
direct evidence of microbial interactions through altered protein secretion
patterns. The complex interplay between S. cerevisiae, non-Saccharomyces
yeast species, and lactic acid bacteria forms the biochemical basis of wine
flavor development27. Deciphering these microbial interactions and their
collective metabolism represents a crucial step toward controlled quality
improvement in winemaking.

Metaproteomics centers on examining the overall biological properties
of microbial ecosystems, emphasizing the relationship between species
composition and metabolic functions, as well as the interactions between
microbial communities and their surrounding environments. However,
some information cannot be revealed by metaproteomics, such as inter-
mediate metabolic functions of RNAwith poly-A tails28 and the scaffolding
capabilities of long noncoding RNA29. Moreover, metaproteomics alone
cannot always predict the actual metabolic end products or their relative
quantities. Therefore, integrating metabolomics data becomes essential to
capture the final outcomes of microbial metabolism and to provide a more
complete understanding of the functional dynamics within these
ecosystems.

Metabolomics
By employing high-resolution mass spectrometry (MS) for accurate mass
determination, advanced NMR spectrometers for structural elucidation,
ultra-high-pressure liquid chromatography (UPLC/HPLC) for rapid com-
pound separation, and advanced bioinformatics tools for spectral and
chromatographic data processing, researchers can now detect and char-
acterize dozens of small-molecule metabolites simultaneously within min-
utes, rather than analyzing just one or two compounds at a time30. The
small-molecule metabolites analyzed include a wide variety of endogenous
and exogenous chemical compounds, including peptides, amino acids,
nucleic acids, carbohydrates, organic acids, vitamins, polyphenols, alkaloids,
minerals, and any other substance that a cell or organism can utilize, ingest,
or synthesize31. Larger molecules, such as DNA, RNA and protein, are
excluded from metabolomic datasets.

Food metabolites, such as sugars, organic acids and volatile com-
pounds, can influence the taste and flavour of fermented foods. Most flavor
compounds are typically secondary metabolites derived from food com-
ponents, characterized by low molecular weight, low abundance, and high
volatility. Metabolomics approaches enable comprehensive analysis of the
composition and concentration of these volatile substances, thereby facil-
itating the optimization of food production and processing to enhance
flavor quality in the final products30. A notable trend that has recently
emerged in which researchers seek to elucidate the relationships between
specific microbial communities and their associated metabolic outputs
through integrative metagenomic and metabolomic approaches. For
instance, Zhang and co-authors successfully identified correlations between
the core microbial community of cheese and free amino acids (FAAs),
volatile organic compounds (VOCs), and differential metabolites32. They
found that Lactococcus and Acinetobacter actively participated in flavor

compound and beneficial amino acid formation processes, whereas Strep-
tococcus and Serratiamediated aminoacidbreakdownprocesses. In another
study focused on the fermentation of a traditional Chinese red sour soup,
metabolomic analysis and 16S rDNAamplicon sequencing of soup samples
were performed to determinemicrobial diversity andmetabolite contents33.
Correlation analysis demonstrated significant positive associations between
Lacticaseibacillus rhamnosus abundance and differentially enriched meta-
bolites (lactic acid, ascorbic acid, and chlorogenic acid), known to positively
influence red sour soup’s flavor profile and nutritional quality.

However, relationships identified using correlation-based approaches
(such as Pearson or Spearman) may not accurately capture biological sig-
nificance and often fail to account for the complexity of microbial
interactions34. Most studies lack experimental validation, failing to recapi-
tulate observed/imputed findings through culture-based approaches. A
comprehensive approach to validate the obtained relationship should
include, for example, a reproduction of particular food properties after
fermentation with specific isolated strains, relative to controls.

Culturomics
As outlined in the previous section, many potential metabolic features of
fermented food microorganisms have not yet been tested by culture-based
methods. To develop the synthetic microbial communities that can help to
start a more controllable fermentation, we therefore need a high-precision
and high-throughput technique to screen and isolate microorganisms in
fermented food samples. Indeed, culturomics technology, a high-
throughput method to culture and identify microorganisms at the strain
level, possesses inherent potential to address this research challenge35,36.

Culturomics was developed based on culture techniques and has, for
example, been employed to isolate and identify previously uncharacterized
bacteria residing in the human gut35. In terms of fermented food related
studies, several studies have systematically isolated, characterized, and even
commercialized strains derived from traditional fermented foods, with
predominant emphasis on lactic acid bacteria and limited yeast species37–39.
Xu and colleagues successfully isolated 19 novel strains from a traditional
Chinese liquor, Baijiu, via 27 different culture conditions (media/gas/
reagent additives), which were absent from prior isolations of this
beverage40. Likewise, Li et al. employed culturomics techniques on naturally
fermented milk, including different incubation temperatures and culture
media41. This strategy resulted in the successful isolation of over four
hundred strains, including four that had not been reported previously. The
strains obtained via culturomics are expected to substantially expand the
strain library available for the fermented food synthetic microbial
communities.

While culturomics offers the advantage of obtaining pure and tax-
onomically well-defined isolates, thereby addressing some of the limitations
inherent in metagenomic data, the isolation of rare or novel bacteria from
natural fermented food is still a significant challenge. The presence of some
microbes in a viable but non-culturable state can be very difficult to isolate
by artificial media. Therefore, more culturomics strategies should be pro-
posed, which rely on amore comprehensive understanding of themetabolic
features of the different microbial composition in fermented food. Such
understanding could be derived from comprehensive data mining of the
metagenomics, metatranscriptomics, metaproteomics and metabolomics
datasets.

Why and how can multi-omic approaches be combined?
To create both form and function, all biological systems rely on the
interplay of information (genomics), function (transcriptomics and
proteomics), and environment (with implications for metabolomics)34.
Furthermore, to obtain a reproducible, controllable synthetic microbial
community that can consistently produce final fermented products with
desirable properties, it is important to use nucleic acid sequencing (both
DNA and RNA) combined with metabolomics or metaproteomics to
uncover composition, genomic features, and metabolic characteristics of
the traditional fermented foods.
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To be more specific, metagenomic sequencing is widely employed to
characterize the taxonomic structure and potential functional pathways of
fermented food microbial communities. In parallel, metatranscriptomics
allows for the examination of active gene expression profiles via RNA
sequencing, enabling researchers to identify which metabolic processes are
actively occurring during fermentation. Furthermore, metaproteomics
contributes by elucidating the proteomic landscape of the microbial com-
munity, therebyofferingdirect insights into the functional proteins involved
and theirmetabolic roles. In this process, culturomicswill also play a pivotal
role, it can serve as an indispensable bridge between omics data and func-
tional validation through culture-based experiments (Fig. 1).

In most relevant studies, shotgun metagenomics data have been con-
ventionally employed to identify ‘core microbiome’ in microbial

communities (Table 1). Their criteria for the ‘core microbiome’ is usually
based on relative abundance data obtained from this metagenomic dataset.
However, high abundance does not necessarily equate to functional dom-
inance in fermented food ecosystems, as rare taxa can disproportionately
influence community dynamics and metabolic outputs. To address this
limitation, multi-omics integration offers a more comprehensive view. For
example, integrated analysis of metagenomic and metatranscriptomic data
can effectively distinguish the roles of various community strains. The
analysis of spontaneous sourdough metagenomic and transcriptomic data
uncovered a hierarchical microbial structure, comprising dominant, sub-
dominant, and satellite species, each participating in different functional
pathways42. Such results have facilitated their de novo reconstruction of a
synthetic microbial community. Similarly, co-occurrence analysis at a

Fig. 1 |Multi-omics strategies used to facilitate the establishment ofmicrobial consortia. The schematic highlights the types of information provided by individual omics
approaches (A) and how their combined analysis can yield novel insights for the construction of DMCs (B). (Created in bioRender.com).
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metagenomic and metabolomic level also helps identify spontaneous food
fermentationmicrobiota core species43. This integrative approach holds the
potential to elucidate microbial dynamics and reveal the associations
between specific microorganisms and flavor compound formation, which
can provide guidance for the optimization process. Apart from this, the
protein expression levels within a sample as well as microbial community
relationships can be obtained through metagenomic-metaproteomic cor-
relation analyses. Notably in this regard, Zhao and colleagues used such an
approach to establish that Aspergillus was the dominant fungus and major
source of identified proteins in the fermentation of Pu-erh tea44.

The insights gained from thesemulti-omics integrations rely heavily
on advanced bioinformatics approaches. Commonly utilized data ana-
lysis approaches include metagenome/transcriptome assembly and
annotation, differential expression analysis, correlation analysis (Person
correlation and Spearman correlation), regression (Chi-square, logistic
regression, multinomial regression, and general linear model), and net-
work analysis45. These findings can be visualized through PCoA plots,
abundance plot of pathway, metabolic pathways network, PCA plots, bar
plots, correlation heatmap and dendrograms. Meanwhile, there has been
a growing adoption ofmachine learning (ML) in data analysis over recent
years, emerging as a popular methodological paradigm. ML analysis
approaches include unsupervised ML methods (clustering method, K-
cluster), supervisedMLmethods (NB, SVM, k-NN, andRF),multivariate
analysis (MVA) – including supervised MVA (OPLS-DA, PLS-DA, and
PLSR) and unsupervised MVA (MANOVA, PCA, and PCoA), deep
learning, and dimensional reduction/feature selection46,47. However, the
application of these approaches in fermented food research remains
limited. A recently published study used three ML models (Logistic
Regression, KNN, and Random Forest) combined with multi-omics to
successfully identify several microbial markers and flavor markers, to
develop a classification model for abnormal fermentation of Baijiu48.
Further application of ML can enhance predictive analytics in fermented
food. Integrating machine learning with multi-omics data enables
researchers to pinpoint key metabolites, detect subtle changes in meta-
bolic profiles, and forecast the presence of specific compounds, thereby
provide more insights to facilitate the building a reproducible synthetic
microbial community of fermentation.

The bipartite structure of DMCs
A reconstructed consortium for fermented foods can be systematically
categorized into two parts (Fig. 2). The first is ‘core microbiome,’ which is
responsible for reconstructing the essentialmetabolic pathways required for
fermented foods fermentation, such as carbohydrate/pyruvate and nitrogen
metabolism. The second is ‘supplementary microbiome’, which can be
introduced into the core microbiome to enhance the properties of the
reconstructed fermented food, including flavor, nutritional value, and other
desirable qualities. Recent work on the rational design of fermented-food
microbiomes further supports this framework. For example, Arrigan et al.
highlight the potential benefits of developing novel ferments through the
integration of traditional fermentation practices with rational microbiome
design, emphasizing community-level design principles that distinguish
essential fermentation functions from auxiliary traits49. This perspective
reinforces a function-driven definition of core microbiomes, in which a
minimal set of microorganisms underpins the completion of fermentation,
while supplementary microbiomes provide context-dependent modulation
of product attributes. Such a framework offers a practical conceptual basis
for the rational design of reproducible and adaptable microbial consortia in
fermented food systems.

The ‘core microbiome’
The core microbiome must be capable of completing the fermentation
process; in other words, it can also be referred to as ‘the minimal microbial
community required to complete the fermentation of fermented foods’.
Generally, fermentation is a microbial process that breaks down complex
organicmolecules into simpler compounds,while simultaneously serving as
a natural means to enhance the nutritional profile—by increasing vitamins
and essential amino acids, reducing anti-nutrients, and improving protein
quality—as well as refine sensory attributes such as appearance, flavor, and
aroma of foods. However, the specific processes and reactions may vary
across different types of fermented foods (Fig. 3).

Depending on the predominant end products and the principal bio-
chemical pathways involved, fermentation can be classified into lactic,
acetic, alcoholic, and alkaline types50. Lactic acid fermentation involves the
conversion of sugars into lactic acid and represents a defining process in the
production of fermented foods such as yogurt, kimchi, and fermented

Fig. 2 | The bipartite structure and definition of DMCs (Created in bioRender.com).
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cereals. This fermentation pathway is predominantlymediated by LAB. In a
similar manner, acetic fermentation is characterized by the oxidation of
organic substrates, such as alcohols and sugars, into acetic acid. This process
is predominantly carried out by acetic acid bacteria. As a key biochemical
pathway, acetic fermentation underlies the production of a range of tradi-
tional fermented foods and beverages, including water kefir, kombucha,
cocoa, and vinegar51. Alcoholic fermentation, by contrast, is primarily car-
ried out by yeasts that transform sugars into ethanol and carbon dioxide,
thereby underpinning the production of bread, beer, and wine. Distinct
from these pathways, alkaline fermentation, typically mediated by Bacillus
species and related microorganisms, results in the breakdown of proteins
into ammonia and other alkaline compounds, contributing to the pre-
servation and unique umami flavor of traditional foods such as natto,
kinema, and ugba42. One or more of these key fermentation reactions are
widely present during food fermentation. Together, these pathways indicate
that the core microbiome of fermented foods generally comprises LAB,
AAB, yeasts, and/or Bacillus species.

As a key component of the coremicrobiome inmany fermented foods,
LABs contribute to extended shelf life and enhanced nutritional value, fla-
vor, and texture by fermenting available carbon sources in the native food
matrix into lactic acid and other flavor compounds52,53. The production of
lactic acid lowers the pH, inhibiting the growth of undesirable micro-
organisms. LABs also play a crucial role in flavor development, generating a
wide range of aroma compounds during fermentation, including alcohols,
aldehydes, ketones, fatty acids, esters, and sulfur-containing compounds.
For example, acetoin, aldehydes, and ketones derived from LAB pyruvate
metabolism impart characteristic aromas such as boiled cherries and rose54.
In addition, many peptides and amino acids produced by LAB contribute
distinctive tastes, including the umami of glutamic acid and the sweetness of
proline55. AABs are also commonly found in fermented foods and bev-
erages, although their specific functional roles and contributions to
microbial interactions are less well characterized. A defining feature of AAB
is their ability to directly oxidize carbohydrates and sugar alcohols, accu-
mulating large quantities of the corresponding oxidation products while
deriving energy from this process. This “oxidative fermentation”, driven by
membrane-bound dehydrogenases, is a hallmark of AAB physiology56. In
many fermentations, AABs coexist with yeasts in a commensal relationship,

relying on yeast-derived ethanol and sugars as substrates. Yeasts hydrolyze
sucrose into glucose and fructose and preferentially convert fructose into
ethanol, which is subsequently oxidized by AAB into acetic acid, con-
tributing to the characteristic sourness of fermented products. In addition,
yeasts playkey roles inflavordevelopment andgasproduction. For instance,
during sourdough fermentation, yeast-derived ethanol and carbon dioxide
are critical determinants ofdough texture and structure56.Certain yeasts also
generate succinic acid, carbonyl compounds, and esters, further enhancing
flavor, texture, and overall sensory qualities in fermented foods57. In addi-
tion to LAB, AAB, and yeasts, Bacillus species are also important members
of the core microbiome in many fermented foods. Fermented foods con-
taining Bacillus species are typically prepared using legumes or tubers as
substrates and are traditionally produced in regions of East Asia, Africa, and
South America. During fermentation, Bacillus species secrete amylases and
proteases, as well as extracellular polysaccharides, polypeptides, and lipo-
peptides with antimicrobial activity58. Our understanding of the functional
roles of these core microbiome members is largely derived from systematic
investigations using multi-omics approaches.

Beyond sustaining fermentation performance, the activity of core
microbiome may also give rise to downstream outcomes, including the
generation of metabolites with potential probiotic or health-promoting
effects. Contributing functionalities such as modulation of gut microbiota,
production of bioactive compounds, or enhancement of host health. At
present, direct evidence supporting the intentional incorporation of such
health-oriented core microbiomes in reconstructed fermented foods
remains limited. Nevertheless, recent advances in gut microbiome research
suggest the feasibility of defining functional microbial assemblages asso-
ciated with host health. For example, Wu et al. proposed that a core
microbiome signature can serve as an indicator of health, highlighting the
potential to identify minimal, functionally relevant microbial sets linked to
specific physiological outcomes59. Although these concepts have not yet
been extensively translated to fermented food systems, they provide a
conceptual framework for exploring health-orientedmicrobiomes in future
studies.

Ultimately, within each functional group, only a limited subset of
species consistently contributes to the coremicrobiomeof a given fermented
food, depending on the substrate, processing conditions, and stage of

Fig. 3 | Overview of major fermentation processes, key microbial contributors, and their corresponding end products (Created in bioRender.com).
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fermentation. Building on the above understanding of fermentation, multi-
omics approaches can be employed to identify the core microbiome of
different fermented foods at species level, thereby enabling a comprehensive
characterizationofmicrobial community composition, functional potential,
and gene expression patterns. Such integrative analyses are essential for
revealing the key microorganisms and metabolic pathways that sustain the
fermentation process and determine the quality and functionality of the
final products, thereby facilitating construction of the DMCs. For example,
Calabrese and co-authors characterized both the taxonomic composition
and the functional redundancy of spontaneous sourdoughs using metage-
nomic and metatranscriptomic analyses42. Based on these datasets, the
principal metabolic pathways underpinning key functional activities were
reconstructed. This foundational knowledge was then applied to design
specifically depletedDMCs, in which individual species were systematically
removed from the consortium, thereby enabling the monitoring of tran-
scriptomic changes associated with microbial interactions42. Numerous
related studies have recently adopted a similar strategy, employing multi-
omics approaches to define the core microbiomes of diverse fermented
foods and, on this basis, constructing DMCs that enabled the development
of preliminary reconstructed fermented foods (Table 1).

The ‘supplementary microbiome’
As discussed above, the identified coremicrobiomes have been employed to
develop reconstructed fermented products. These products, however, often
exhibit various limitations, such as incomplete flavor profiles, suboptimal
texture, or reduced nutritional functionality. For instance, authors found
that a kombucha fermentedwith a traditional starter containedhigher levels
of esters, terpenes, and norisoprenoids compared to another made by
DMCs60. These compounds play a central role in the aroma profile of
fermented beverages, often imparting desirablefloral and fruity odors61,62. In
particular, esters often contribute to the enhanced perception of tea and
white fruit aromas63. Additionally, in another study related to milk kefir,
researchers constructedDMCs using nine different strains and found that a
total of 51 compounds differed between the fermentations with traditional
grains and reconstructed kefir consortia after 18 h of fermentation64. Fer-
mentations initiated with kefir grains were distinguished by higher levels of
ethanol and a greater relative abundance of ester compounds, particularly
ethyl acetate.

To improve the characteristics of such reconstructed fermented foods,
a variety of research efforts have explored different strategies. Wang et al.
aimed to alter the ratio of acetic acid to gluconic acid in kombucha, as a
higher proportion of gluconic acid has been shown to improve the taste of
the beverage65. They established a reconstructed kombucha using the
highest-yielding strains of key functional metabolites: Starmerella daven-
portii, Komagataeibacter saccharivorans, and Gluconacetobacter inter-
medius. The results demonstrated that themicrobial community composed
of these strains increased the gluconic acid content threefold and sig-
nificantly improved sensory quality as well as higher concentrations of key
functionalmetabolites65.Moreover, in a reconstructed vinegar study, Zhang
et al. reported that intensive supplementation with Pediococcus acidilactici
AAF1-5 into themicrobial community stimulated the growthofAcetobacter
and Lactobacillus and enhanced the production of flavor compounds66.
Compared with the control, the concentrations of non-volatile acids, lactic
acids, and amino acids in vinegar increased by 53%, 14%, and 32%,
respectively66. In addition, the authors of a study on fermented fish reported
that the introduction ofWeissella cibariaM3, compared with fermentation
carried out solely with Lactococcus lactis M10, led to a shorter time to
complete fermentation67.

Overall, these studies illustrate how building on the core microbial
community can enhance the production of key metabolites and improve
sensory quality. More specifically, additional microbial members—referred
to as the ‘supplementary microbiome’—can be introduced to further
modulate fermentation outcomes, such as flavor complexity, nutritional
value, and functional properties, beyond what is achievable by the core
microbiome alone.

Multi-omics–guided design and refinement of
the DMCs
The selection of core and supplementary microbiomes are critical steps in
the rational design of reconstructed fermented foods. To achieve precise
selection at species level, multi-omics approaches, includingmetagenomics,
metatranscriptomics, metaproteomics, and metabolomics, provide com-
prehensive insights into microbial community structure, functional
potential, and active metabolic pathways. These datasets enable the iden-
tification of keystone species and functional redundancies, which are crucial
for determining both core and supplementary microbiomes. Furthermore,
the iterative assembly–assessment–redesign cycle serves as a powerful fra-
mework to optimize these microbiomes: reconstructed communities are
assembled, their fermentationperformance is experimentally evaluated, and
the results inform subsequent refinements (Fig. 4). Through repeated
iterations, this process ensures the development of robust, predictable, and
application-specific microbial consortia.

The identification of core and supplementary microbiomes
The selection of the core microbiome should adhere to multiple criteria,
such as microbial abundance, occurrence frequency, inter-microbial inter-
actions, and microbial functionality68,69. First, in the selection of a core
microbiome, the abundance of microorganisms provides a measure of
community richness, whereas their occurrence across different samples
reflects the extent to which they are universally distributed within a given
ecosystem. In this context, metagenomics plays a pivotal role, as it enables
comprehensive profiling of microbial community composition and the
discovery of taxa that might not be detectable through culture-dependent
methods. In a study of Chinese traditional rice wine fermentation, the core
microbiome was delineated based on both relative abundance and occur-
rence frequency. This analysis revealed that Lactobacillus (80.88%), Acet-
obacter (12.36%), Weissella (5.35%), and Bacillus (0.58%) constituted the
principal bacterial taxa, which overall accounted for 99.17% of the total
bacterial population70. However, defining the core microbiome solely based
on abundance andoccurrence has its limitations, and it is important that the
inter-microbial interactions should also be taken into consideration. In
fermentation environments, the formation and stabilization of community
structures rely on continuousmetabolic exchanges and signaling, which are
facilitated by the close spatial organization of microorganisms. From a
macro perspective, most candidate species within the core microbiome
should exhibit positively correlated growth patterns. Amensalism, compe-
tition, commensalism, and mutualism are four basic motifs of microbial
interactions in fermented foods.However, when considering the selectionof
the core microbiome, particular emphasis should be placed on commens-
alism and mutualism, as these interactions often underpin community
stability and functional complementarity in fermentation ecosystems. In
contrast, excessive competition or strong amensalistic effects may destabi-
lize the community, reduce diversity, and impair the overall quality and
reproducibility of the fermentation process. Commensalistic interactions
have been reported in a proposed kombucha core microbiome, where
Brettanomyces bruxellensis can stimulate Komagataeibacter intermedius
growth, by breaking down sucrose to provide glucose and ethanol, which is
consumed by Komagataeibacter intermedius71. Furthermore, in numerous
fermented foods, the coexistence of yeasts and LAB is characterized by
mutualism, where both groups of microbes benefit from one another’s
metabolic activities, driving community stability and product quality. For
example, within the water kefir core microbiome, Lactobacillus hordei and
Lactobacillus nagelii contribute to the environment by secreting lactic acid,
which creates favorable conditions for the growth of Zygotorulaspora flor-
entina and Saccharomyces cerevisiae. In a reciprocal manner, these yeasts
provide essential metabolites such as amino acids and vitamin B6, thereby
stimulating and sustaining the growth ofL. hordei andL. nagelii72. Although
speciesoccurrence and interactionpatterns shed light on the ecological basis
of fermented food microbiomes, these features alone cannot fully capture
the essential contributions of microbes to fermentation outcomes. There-
fore, the selection of the core microbiome must also incorporate criteria of
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microbial functionality. In the previous section, we have discussed the
contributions of the four major microbial groups in fermented foods;
however, a more detailed species-level functionality profiling relies on the
information provided by multi-omics approaches.

In contrast, the selection of the supplementary microbiome should be
guided by different principles, as these microorganisms are not necessarily
dominant or ubiquitous but instead provide auxiliary functions, enhance
resilience, or contribute to specific product qualities under certain fermen-
tation conditions. Generally, an ideal reconstructed fermentation process is
one that combines efficiency and quality: it produces the target product
rapidly and economically, while fully preserving its sensory characteristics,
nutritional content, functional attributes, and hygienic standards. Such a
process may also ensure enhanced stability and prolonged shelf life, thereby
optimizing overall reconstructed fermented product integrity and value.
Supplementary microbiomes are intended to assist the core microbiome in
achieving these objectives. To identify candidate supplementary micro-
biomes, metagenomic analysis can first be used to predict the biochemical
traits of isolates, followed by validation through culturomics screening,
enabling the selection of strains with the desired functional characteristics.
However, most current studies have primarily focused on using culturomics
screening to identify strains with specific desirable traits. For example, Li
et al. evaluated various S. davenportii and G. intermedius isolates for their
ethanol and gluconic acid production capacities and subsequently selected
suitable strains for microbial community reconstruction65. This approach
effectively increased the proportion of gluconic acid, thereby improving the
taste quality of kombucha. Apart from this, researchers also tried to screen
for acid-producing strains in pickles microbiome, which was used in sub-
sequent mustard leaves fermentation73. However, such culture-based
approaches generally involve small sample sizes, limiting the diversity of
strains that canbe isolated and failing to fully capture the functional potential
of the naturalmicrobiome.At the same time,wenote that a growingnumber
of studies have integrated metagenomic and metabolomic datasets to
uncover correlations between specific microbial species and distinct func-
tional or sensory properties of fermented foods. For instance, by integrating
metagenomic sequencing data with GC–MS metabolite profiling,
researchersdemonstrated thatLactobacillus,Saccharomyces,Clavispora, and

Candida showed significant correlations with the majority of volatile com-
pounds responsible for the flavor characteristics of Chinese Light-Aroma-
Type liquor43. Similarly, in another study on Chinese Strong-Aroma-Type
liquor, researchers identified that Aquabacterium exhibited a positive cor-
relation with all detected desirable flavor compounds, further highlighting
this genus as a key contributor to the brewing this liquor74. Nevertheless,
while these omics-based approaches provide valuable insights into potential
functional contributors, the lack of systematic wet-lab validation still ham-
pers the confirmation of causal microbial roles in fermentation outcomes.
Therefore, integrating culture-based screening with multi-omics analyses
represents a promising strategy to both validate and harness the functional
potential of candidate supplementary microbiomes, enabling more rational
design of reconstructed fermentation communities.

While the above criteria provide a structured framework for selecting
components of the core and supplementary microbiomes in reconstructed
fermentation systems, their practical relevancemaybe influencedbyprocess
duration and ecological complexity. This is especially apparent in long-
maturing fermentation systems, such as hard and semi-hard cheeses, where
microbial contributions are distributed across multiple stages of product
development. Moreover, microbial functions inferred from omics-derived
correlations do not always translate directly into measurable phenotypic
outcomes, particularly in systems characterized by strong metabolic cou-
pling, spatial structuring, or dynamic niche partitioning. Under such cir-
cumstances, static community descriptors may oversimplify functional
relationships within reconstructed consortia. Therefore, while multi-omics
approaches provide a powerful foundation for microbiome selection, their
effective application benefits from integration with targeted cultivation,
stage-resolved experimentation, and hypothesis-driven validation. This
integrative strategy enables a more nuanced interpretation of microbial
functionality and supports the rational designof reconstructed fermentation
communities across diverse fermentation contexts.

Assembly–Assessment–Redesign (A-A-R) framework for DMCs
optimization
At present, most studies on fermented foods have remained at the stage of
proposing or assembling preliminary DMCs; however, systematic

Fig. 4 | The “Assembly–Assessment–Redesign” approach of DMCs (Created in bioRender.com).
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evaluation and iterative optimization of their functional performance, sta-
bility, and reproducibility are still largely lacking. These initial consortia
therefore often fall short of being directly applicable to industrial-scale
fermentation, since theymay exhibit instability under varying conditions or
fail to fully realize their functional potential. Hence, to achieve efficient and
reproducible fermentation outcomes, the optimization of DMCs can be
conceptualized within an assembly–assessment–redesign cycle (Fig. 4).

In the assembly stage, candidate strains drawn from the defined core
microbiomes are systematically combined, with their selection guided by
multi-omics insights to ensure functional complementarity and ecological
compatibility. For example, functional complementarities, such as acid-
ificationbyLABs to supportAABsgrowthor ethanolproductionbyyeasts to
benefit AABs, are taken into account when designing the initial consortium.

During the assessment stage, the performance of the assembledDMCs
is experimentally evaluated using comprehensive, high-throughput assays.
Metrics include fermentation kinetics (substrate consumption, pH
dynamics), metabolite profiles (flavor compounds, organic acids), com-
munity stability (species abundance and functional redundancy), and final
product quality attributes, such as texture, flavor, and shelf life. At this stage,
advanced tools suchasmicroplate fermentations75 or dropletmicrofluidics76

can accelerate performance evaluation and provide detailed data on inter-
species interactions.

Based on these experimental insights, the redesign stage involves
iterative refinement of the consortium. Strategies may include adjusting
strain ratios to enhance key functions, removing antagonistic or redundant
members, introducing complementary taxa to improve flavor or nutritional
properties, or even employing targeted strain engineering to strengthen
specific metabolic pathways. Integration of multi-omics datasets with
computational modeling or machine learning further informs these
refinements, enabling prediction of community dynamics and functional
outcomes.

Through repeated iterations of this cycle, DMCs can be progressively
optimized toward stable, efficient, and predictable fermentation systems
that consistently deliver high-quality products.Ultimately, theA–A–Rcycle
provides a systematic, data-driven approach to engineer robust, functional,
and application-specific synthetic microbial communities for reconstructed
fermented foods.

Conclusions and future prospects
Advances in multi-omics technologies have revolutionized our under-
standing of the microbial ecology that underpins traditional fermented
foods. These approaches have enabled researchers to move beyond
descriptive community analyses toward a more mechanistic comprehen-
sion of how microbial consortia function, interact, and collectively shape
fermentation outcomes. By integrating metagenomic, metatranscriptomic,
metaproteomic, and metabolomic data, scientists can now identify core
microbiomes that are essential for fermentation stability and product con-
sistency, as well as supplementary microbiomes that contribute auxiliary or
condition-specific functionalities. This knowledge provides a robust foun-
dation for the rational reconstruction of DMCs that can emulate or even
improve upon natural fermentation processes.

Despite these advances, the practical implementation of DMCs in
fermented food systems remains in its infancy.Most current studies remain
at the conceptual or laboratory scale, and many DMCs have yet to be
validated under industrial fermentation conditions. Looking forward, sev-
eral key directions can help accelerate progress in thisfield. First, integrating
multi-omics datasets with computational modeling and machine learning
will allow the prediction of community behaviors and metabolic outcomes
before physical testing, reducing experimental costs and time. Second,
emerging high-throughput co-culture platforms will provide new avenues
for systematically testing strain compatibility and optimizing metabolic
interactions in real time. Finally, the establishment of standardized assess-
ment metrics—such as community stability, metabolic efficiency, and
sensory quality—for evaluating reconstructed fermentation productswill be
essential for translating laboratory success into industrial-scale reliability.

It is also important to recognize thatmany traditional fermented foods
are produced under strict production specifications or disciplinary frame-
works, such as PDO/PGI (Protected Designation of Origin/Protected
Geographical Indication) schemes or national regulations, which may sig-
nificantly constrain the practical deployment of DMCs. These regulatory
frameworks areprimarily intended topreserve the authenticity, typicity, and
cultural heritage of traditional products, and therefore often require the
maintenance of established raw materials, processing conditions, and fer-
mentation practices. In this context, the introduction of selected, tailor-
made, or engineered starter cultures may be regarded as an artificial inter-
vention that could alter the characteristic microbial succession, metabolic
profiles, and sensory attributes that define a protected product. Moreover,
many PDO/PGI specifications explicitly mandate the use of spontaneous
fermentation or indigenousmicrobiota, thereby limiting the legal feasibility
of replacing native communities with reconstructed consortia, even when
such consortia are rationally designed based on multi-omics insights. As a
result, the immediate application of DMCs in real production systems may
be limited, particularly for products that rely on spontaneous fermentation
or legally protected traditional practices. Under these conditions, multi-
omics technologies may currently play a more realistic role in the in-depth
characterization andmonitoring of autochthonousmicrobial communities,
the identification of key functional members within naturally occurring
consortia, and the support of process consistency and product authentica-
tion, rather than in the direct replacement or engineering of starter cultures.
Acknowledging these regulatory and technological constraints is essential
for aligning multi-omics-driven strategies with real-world fermentation
practices.

To sum up, the convergence of multi-omics-guided microbiome
selection, assembly–assessment–redesign optimizationworkflow, and data-
driven engineering approaches will pave the way for the next generation of
precision-designed fermented foods. Such innovations promise not only to
preserve the cultural and sensory heritage of traditional fermentation but
also to achieve unprecedented control, reproducibility, and functionality in
modern food biotechnology.

Data availability
Data sharing is not applicable to this article as no datasets were generated or
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Received: 2 November 2025; Accepted: 26 January 2026;

References
1. Kim, D.-H., Jeong, D., Song, K.-Y. & Seo, K.-H. Comparison of

traditional and backsloppingmethods for kefir fermentation based on
physicochemical and microbiological characteristics. Lwt 97,
503–507 (2018).

2. Graham, A. E. & Ledesma-Amaro, R. The microbial food revolution.
Nat. Commun. 14, 2231 (2023).

3. Steen, A. D. et al. High proportions of bacteria and archaea across
most biomes remain uncultured. ISME J. 13, 3126–3130 (2019).

4. Chen, L. et al. Non-gene-editing microbiome engineering of
spontaneous food fermentation microbiota—Limitation control,
design control, and integration. Compr. Rev. Food Sci. Food Saf. 22,
1902–1932 (2023).

5. Li, S. et al. Innovative beverage creation through symbiotic microbial
communities inspired by traditional fermented beverages: Current
status, challenges and future directions.Crit. Rev. Food Sci. Nutr. 64,
10456–10483 (2024).

6. Mardis, E. R. The impact of next-generation sequencing technology
on genetics. Trends Genet. 24, 133–141 (2008).

7. Goodwin, K. D. et al. DNA sequencing as a tool to monitor marine
ecological status. Front. Mar. Sci. 4, 107 (2017).

8. Garg, D., Patel, N., Rawat, A. & Rosado, A. S. Cutting edge tools in the
field of soil microbiology. Curr. Res. Microb. Sci. 6, 100226 (2024).

https://doi.org/10.1038/s41538-026-00740-8 Review

npj Science of Food |           (2026) 10:90 10

www.nature.com/npjscifood


9. Zhang,E. et al. Agenomics-based investigationof acetic acidbacteria
across a global fermented food metagenomics dataset. iScience 28
(2025).

10. Leech, J. et al. Fermented-food metagenomics reveals substrate-
associated differences in taxonomy and health-associated and
antibiotic resistance determinants.MSystems 5, 00522–00520 (2020).

11. Carlino, N. et al. Unexplored microbial diversity from 2,500 food
metagenomes and links with the human microbiome. Cell 187,
5775–5795. e5715 (2024).

12. Breselge, S. et al. The core microbiomes and associated metabolic
potential ofwater kefir as revealedbypanmulti-omics.Commun.Biol.
8, 415 (2025).

13. Landis, E. A. et al. Microbial diversity and interaction specificity in
kombucha tea fermentations.Msystems 7, e00157–00122 (2022).

14. Junge,K.,Cameron,K.&Nunn,B. inMicrobial diversity in thegenomic
era 197-216 (Elsevier, 2019).

15. Bashiardes, S., Zilberman-Schapira, G. & Elinav, E. Use of
metatranscriptomics in microbiome research. Bioinforma. Biol.
Insights 10, S34610 (2016).

16. Zhao, Y., Wu, Z., Miyao, S. & Zhang, W. Unraveling the flavor profile
and microbial roles during industrial Sichuan radish paocai
fermentation bymolecular sensory science andmetatranscriptomics.
Food Biosci. 48, 101815 (2022).

17. Xiao, M. et al. Metatranscriptomics reveals the gene functions and
metabolic properties of themajor microbial community during Chinese
Sichuan Paocai fermentation. Food Microbiol. 98, 103573 (2021).

18. Zhao, Y. et al. Integrating metabolomics and metatranscriptomics to
explore the formation pathway of aroma-active volatile phenolics and
metabolic profile during industrial radish paocai fermentation. Food
Res. Int. 167, 112719 (2023).

19. Pan, Y. et al. Metatranscriptomics unravel composition, drivers, and
functions of the active microorganisms in light-flavor liquor
fermentation.Microbiol. Spectr. 10, e02151–02121 (2022).

20. Kim, K. H., Chun, B. H., Kim, J. & Jeon, C. O. Identification of biogenic
amine-producing microbes during fermentation of ganjang, a Korean
traditional soy sauce, through metagenomic and metatranscriptomic
analyses. Food Control 121, 107681 (2021).

21. Zhang, L. et al. Metatranscriptomic approach reveals the functional
andenzymedynamicsof coremicrobesduringnoni fruit fermentation.
Food Res. Int. 141, 109999 (2021).

22. Zhang, L. et al. Acetobacter sp. improves the undesirable odors of
fermented noni (Morinda citrifolia L.) juice. Food Chem. 401, 134126
(2023).

23. Bikel, S. et al. Combining metagenomics, metatranscriptomics and
viromics to explore novel microbial interactions: towards a systems-
level understanding of human microbiome. Computational Struct.
Biotechnol. J. 13, 390–401 (2015).

24. Pedersen, S., Bloch, P. L., Reeh, S. & Neidhardt, F. C. Patterns of
protein synthesis in E. coli: a catalog of the amount of 140 individual
proteins at different growth rates. Cell 14, 179–190 (1978).

25. Pandey, A.&Lewitter, F.Nucleotide sequencedatabases: a goldmine
for biologists. Trends Biochemical Sci. 24, 276–280 (1999).

26. Yang, L., Fan, W. & Xu, Y. Metaproteomics insights into traditional
fermented foods andbeverages.Compr. Rev. FoodSci. FoodSaf. 19,
2506–2529 (2020).

27. Belda, I. et al. Microbial contribution to wine aroma and its intended
use for wine quality improvement. Molecules 22, 189 (2017).

28. Huang, R., Han, M., Meng, L. & Chen, X. Transcriptome-wide
discovery of coding and noncodingRNA-binding proteins.Proc. Natl.
Acad. Sci. 115, E3879–E3887 (2018).

29. Ribeiro, D. M. et al. Protein complex scaffolding predicted as a
prevalent function of long non-coding RNAs. Nucleic Acids Res. 46,
917–928 (2018).

30. Farghal, H. H., Mansour, S. T., Khattab, S., Zhao, C. & Farag, M. A. A
comprehensive insight on modern green analyses for quality control

determination and processing monitoring in coffee and cocoa seeds.
Food Chem. 394, 133529 (2022).

31. Wishart, D. S. Metabolomics: applications to food science and
nutrition research. Trends Food Sci. Technol. 19, 482–493 (2008).

32. Zhang, X., Zheng, Y., Feng, J., Zhou, R. & Ma, M. Integrated
metabolomics and high-throughput sequencing to explore the
dynamic correlationsbetween flavor relatedmetabolites andbacterial
succession in the process of Mongolian cheese production. Food
Res. Int. 160, 111672 (2022).

33. Zhou, X. et al. The correlationmechanismbetween dominant bacteria
and primary metabolites during fermentation of red sour soup. Foods
11, 341 (2022).

34. Santiago-Rodriguez, T. M. & Hollister, E. B. in Seminars in
perinatology. 151456 (Elsevier).

35. Lagier, J.-C. et al. Culturing the human microbiota and culturomics.
Nat. Rev. Microbiol. 16, 540–550 (2018).

36. Niccum, B. A., Kastman, E. K., Kfoury, N., Robbat, A. Jr. &Wolfe, B. E.
Strain-level diversity impacts cheese rind microbiome assembly and
function.Msystems 5, 00149–00120 (2020).

37. Karim, A. Y. Isolation and characterization of lactic acid bacteria with
probiotic potential from traditional fermented special Kurdish cheese
(Zhazhi) in Kurdistan region, Iraq. Cell. Mol. Biol. 69, 75–83 (2023).

38. Zhang, J. et al. Cultivating the uncultured: Harnessing the “sandwich
agarplate”approach to isolateheme-dependentbacteria frommarine
sediment. Mlife 3, 143–155 (2024).

39. Yoon, S. et al. Multifunctional probiotic and functional properties of
Lactiplantibacillus plantarum LRCC5314, isolated from kimchi. J.
Microbiol. Biotechnol. 32, 72 (2021).

40. Xu, J. et al. Culturingbacteria from fermentationpitmudsof Baijiuwith
culturomics and amplicon-based metagenomic approaches. Front.
Microbiol. 11, 1223 (2020).

41. Li, Y. et al. Culturomics: A promising approach for exploring bacterial
diversity in natural fermented milk. Food Biosci. 62, 105383 (2024).

42. Calabrese, F. M. et al. Metabolic framework of spontaneous and
synthetic sourdough metacommunities to reveal microbial players
responsible for resilience and performance. Microbiome 10, 148
(2022).

43. Wang, S., Wu, Q., Nie, Y., Wu, J. & Xu, Y. Construction of synthetic
microbiota for reproducible flavor compound metabolism in Chinese
light-aroma-type liquor produced by solid-state fermentation. Appl.
Environ. Microbiol. 85, e03090–03018 (2019).

44. Zhao, M. et al. An integrated metagenomics/metaproteomics
investigation of themicrobial communities andenzymes in solid-state
fermentation of Pu-erh tea. Sci. Rep. 5, 10117 (2015).

45. Wen, L. et al. Applications of multi-omics techniques to unravel the
fermentation process and the flavor formation mechanism in
fermented foods. Crit. Rev. Food Sci. Nutr. 64, 8367–8383 (2024).

46. Tan, M. S., Cheah, P.-L., Chin, A.-V., Looi, L.-M. & Chang, S.-W. A
review on omics-based biomarkers discovery for Alzheimer’s disease
from the bioinformatics perspectives: statistical approach vsmachine
learning approach. Computers Biol. Med. 139, 104947 (2021).

47. Khorraminezhad, L., Leclercq, M., Droit, A., Bilodeau, J.-F. &
Rudkowska, I. Statistical andmachine-learning analyses in nutritional
genomics studies. Nutrients 12, 3140 (2020).

48. Li, S., Han, Y., Yan, M., Qiu, S. & Lu, J. Machine learning and multi-
omics integration to reveal biomarkers and microbial community
assembly differences in abnormal stacking fermentation of sauce-
flavor baijiu. Foods 14, 245 (2025).

49. Arrigan, D., Kothe, C. I., Oliverio, A., Evans, J. D. & Wolfe, B. E. Novel
fermentations integrate traditional practice and rational design of
fermented-food microbiomes. Curr. Biol. 34, R1094–R1108 (2024).

50. Sawant, S. S., Park, H.-Y., Sim, E.-Y., Kim, H.-S. & Choi, H.-S.
Microbial Fermentation in Food: Impact on Functional Properties and
Nutritional Enhancement—A Review of Recent Developments.
Fermentation (Basel) 11 (2025).

https://doi.org/10.1038/s41538-026-00740-8 Review

npj Science of Food |           (2026) 10:90 11

www.nature.com/npjscifood


51. Yassunaka Hata, N. N., Surek, M., Sartori, D., Vassoler Serrato, R. &
Aparecida Spinosa, W. Role of acetic acid bacteria in food and
beverages. Food Technol. Biotechnol. 61, 85–103 (2023).

52. Landete, J. M. A review of food-grade vectors in lactic acid bacteria:
from the laboratory to their application. Crit. Rev. Biotechnol. 37,
296–308 (2017).

53. Zhang, K. et al. The regulation of key flavor of traditional fermented
food by microbial metabolism: A review. Food Chem.: X 19, 100871
(2023).

54. Wang,Y., Zhang,C., Liu, F., Jin, Z. &Xia, X. Ecological successionand
functional characteristics of lactic acid bacteria in traditional
fermented foods. Crit. Rev. Food Sci. Nutr. 63, 5841–5855 (2023).

55. Zheng, Z. et al. Effects of assorted radisheson the flavor development
and bacterial community succession of radish paocai during
fermentation. LWT 187, 115377 (2023).

56. Lynch, K. M., Zannini, E., Wilkinson, S., Daenen, L. & Arendt, E. K.
Physiology of acetic acid bacteria and their role in vinegar and
fermented beverages. Compr. Rev. Food Sci. Food Saf. 18, 587–625
(2019).

57. Jayaram, V. B., Cuyvers, S., Verstrepen, K. J., Delcour, J. A. &Courtin,
C. M. Succinic acid in levels produced by yeast (Saccharomyces
cerevisiae) during fermentation strongly impacts wheat bread dough
properties. Food Chem. 151, 421–428 (2014).

58. Li, Z., Zheng, M., Zheng, J. & Gänzle, M. G. Bacillus species in food
fermentations: An underappreciated group of organisms for safe use
in food fermentations. Curr. Opin. Food Sci. 50, 101007 (2023).

59. Wu, G. et al. A core microbiome signature as an indicator of health.
Cell 187, 6550–6565. e6511 (2024).

60. Ferremi Leali, N. et al. Reconstructionof simplifiedmicrobial consortia
to modulate sensory quality of kombucha tea. Foods 11, 3045 (2022).

61. Black, C., Parker, M., Siebert, T., Capone, D. & Francis, I. Terpenoids
and their role in wine flavour: recent advances. Aust. J. Grape Wine
Res. 21, 582–600 (2015).

62. Saerens, S. M., Delvaux, F. R., Verstrepen, K. J. & Thevelein, J. M.
Production and biological function of volatile esters in
Saccharomyces cerevisiae. Microb. Biotechnol. 3, 165–177 (2010).

63. Tran, T. et al. Use of a minimal microbial consortium to determine the
origin of kombucha flavor. Front. Microbiol. 13, 836617 (2022).

64. Bourrie, B. C. et al. Use of reconstituted kefir consortia to determine
the impact ofmicrobial composition on kefir metabolite profiles. Food
Res. Int. 173, 113467 (2023).

65. Li, R. et al. Enhancing the proportion of gluconic acid with a microbial
community reconstruction method to improve the taste quality of
Kombucha. Lwt 155, 112937 (2022).

66. Zhang, Q. et al. Bioaugmentation by Pediococcus acidilactici AAF1-5
improves the bacterial activity and diversity of cereal vinegar under
solid-state fermentation. Front. Microbiol. 11, 603721 (2021).

67. Bao,R. et al. Shortening fermentationperiod andquality improvement
of fermented fish, Chouguiyu, by co-inoculation of Lactococcus lactis
M10 and Weissella cibaria M3. Front. Microbiol. 9, 3003 (2018).

68. Eng, A. & Borenstein, E. Microbial community design: methods,
applications, and opportunities. Curr. Opin. Biotechnol. 58, 117–128
(2019).

69. Kong, W., Meldgin, D. R., Collins, J. J. & Lu, T. Designing microbial
consortia with defined social interactions. Nat. Chem. Biol. 14,
821–829 (2018).

70. Wang, H. et al. Core microbes identification and synthetic microbiota
construction for the production of Xiaoqu light-aroma Baijiu. Food
Res. Int. 183, 114196 (2024).

71. Huang,X., Xin,Y.&Lu,T.Asystematic,complexity-reductionapproach
to dissect the kombucha tea microbiome. Elife 11, e76401 (2022).

72. Stadie, J., Gulitz, A., Ehrmann, M. A. & Vogel, R. F. Metabolic activity
and symbiotic interactions of lactic acid bacteria and yeasts isolated
from water kefir. Food Microbiol. 35, 92–98 (2013).

73. Liu, Z. et al. Screening of strains from pickles and evaluation of
characteristics of different methods of fast and low salt fermented
mustard leaves (Brassica juncea var. multiceps). Food Res. Int. 201,
115557 (2025).

74. Jiao,W.et al. Identificationof coremicrobiota in the fermentedgrainsof
a Chinese strong-flavor liquor from Sichuan. Lwt 158, 113140 (2022).

75. Zhao, X., Kerpes, R. & Becker, T. Evaluation of microtiter plate as a
high-throughput screening platform for beer fermentation. Eur. Food
Res. Technol. 248, 1831–1846 (2022).

76. Li, X., You, B., Shum, H. C. & Chen, C.-H. Future foods: Design,
fabrication and production through microfluidics. Biomaterials 287,
121631 (2022).

77. Motoshima, H., Fujioka, I. & Uchida, K. Identification of dominant
species common to kefir grains from seven origins for kefir grain
reconstruction. J. Dairy Sci. (2025).

78. Wu, L. et al. Improving the aroma profile of inoculated fermented
sausages by constructing a synthetic core microbial community. J.
Food Sci. 88, 4388–4402 (2023).

79. Degenhardt, R. et al. Detectionof enteric virusesandcoremicrobiome
analysis in artisanal colonial salami-type dry-fermented sausages
from santa catarina, Brazil. Foods 10, 1957 (2021).

80. Huang, T. et al. Constructing a defined starter formultispecies vinegar
fermentation via evaluation of the vitality and dominance of functional
microbes in an autochthonous starter. Appl. Environ. Microbiol. 88,
e02175–02121 (2022).

81. Zhou, Q. et al. Unraveling the core bacterial community responsible
for quality and flavor improvement of the radish paocai during
spontaneous fermentation. Food Biosci. 55, 102956 (2023).

82. Zhao, N. et al. Illumination and reconstruction of keystonemicrobiota
for reproduction of key flavor-active volatile compounds during
paocai (a traditional fermented vegetable) fermentation. Food Biosci.
56, 103148 (2023).

83. An, F. et al. Investigating the coremicrobiota and its influencing factors
in traditional Chinese pickles. Food Res. Int. 147, 110543 (2021).

84. Zong,C. et al. Construction andmetabolomics of silage-derived lactic
acid bacteria-based consortia. J. Appl.Microbiol. 136, lxaf178 (2025).

Acknowledgements
Figures 1–4were createdwithBiorender.com. Funding statementResearch
inPDC´s group is funded throughResearch Ireland (RI) under grant numbers
23/FFP-A/11857 (InFer), SFI/12/RC/2273 (APCMicrobiome Ireland), and RI
together with the Irish Department of Agriculture, Food and theMarine, SFI/
16/RC/3835 (VistaMilk), by theEnterprise Ireland fundedFoodHealth Ireland
project and by the European Commission under the Horizon Europe
program under grant numbers 101060218 (DOMINO) and 101084642
(Co-Diet).

Author contributions
E.Z. and P.D.C. conceived the study idea and design. E.Z. wrote the
manuscriptwith contributions fromM.J.C. andP.D.C.P.D.C. supervised the
project.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Paul D. Cotter.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41538-026-00740-8 Review

npj Science of Food |           (2026) 10:90 12

http://www.nature.com/reprints
www.nature.com/npjscifood


Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

https://doi.org/10.1038/s41538-026-00740-8 Review

npj Science of Food |           (2026) 10:90 13

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjscifood

	Adopting omics-based approaches to facilitate the establishment of microbial consortia to generate reproducible fermented foods with desirable properties
	Omics analyses of great relevance to fermented food analysis and re-contruction
	Metagenomics
	Metatranscriptomics
	Metaproteomics
	Metabolomics
	Culturomics

	The bipartite structure of DMCs
	The &#x02018;core microbiome&#x02019;
	The &#x02018;supplementary microbiome&#x02019;

	Multi-omics–guided design and refinement of the DMCs
	The identification of core and supplementary microbiomes
	Assembly–Assessment–Redesign (A-A-R) framework for DMCs optimization

	Conclusions and future prospects
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




