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Abstract

Molecular technologies, including high-throughput sequencing, have expanded our perception of the microbial world. Unprecedented
insights into the composition and function of microbial communities have generated large interest, with numerous landmark studies
published in recent years relating the important roles of microbiomes and the environment—especially diet and nutrition—in human,
animal, and global health. As such, food microbiomes represent an important cross-over between the environment and host. This is
especially true of fermented food microbiomes, which actively introduce microbial metabolites and, to a lesser extent, live microbes
into the human gut. Here, we discuss the history of fermented foods, and examine how molecular approaches have advanced research
of these fermented foods over the past decade. We highlight how various molecular approaches have helped us to understand the
ways in which microbes shape the qualities of these products, and we summarize the impacts of consuming fermented foods on the
gut. Finally, we explore how advances in bioinformatics could be leveraged to enhance our understanding of fermented foods. This
review highlights how integrated molecular approaches are changing our understanding of the microbial communities associated

with food fermentation, the creation of unique food products, and their influences on the human microbiome and health.
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Introduction

Microbial exposures are critical for health, both with respect to
the human microbiome and from external, environmental organ-
isms. Food microbiomes are uniquely positioned to span both of
these ecologies. This is particularly true of fermented foods, which
are defined as those made through desired microbial growth and
enzymatic conversions of food components (Marco et al. 2021).
These foods consist of >5000 global varieties (Tamang and Kailas-
apathy 2010), many of which are unique to specific locations
and populations. Generally, fermented foods are grouped based
on the food substrate, e.g. dairy, vegetables, and meat. However,
within these groupings there can be many subcategories, and cor-
responding differences in the associated microbiota (Leech et al.
2020). Indeed, even the microbiota of particular families of fer-
mented foods can vary, e.g. temporally or spatially, with conse-
quences for the underlying basic biology, product quality (Walsh
et al. 2016), and induced phenotypes (van de Wouw et al. 2020).
Fermentations can be driven by microorganisms that are en-
dogenous to the raw food substrate or the production environ-
ment, i.e. spontaneous fermentations, or driven by microorgan-
isms that are added to the food (Fig. 1). Traditionally, the latter
was often achieved using ‘backslopping’, which involves adding a
fraction of the previously fermented food to new food substrates
to instigate a new fermentation. This is one example of a broader
approach to the use of undefined cultures, which are consortia of

the microorganisms that are responsible for initiating the fermen-
tation, i.e. starters, as well as adjuncts, which do not contribute
initially but become important later in the process. In the 19th
century, the realization that microorganisms are responsible for
fermentation led to the isolation of strains from foods (Caplice
and Fitzgerald 1999). Subsequently, fermented foods have been
produced in industry using these strains as defined starters, i.e.
known cultures that are added to foods in specific quantities, and
the optimization of these processes has been the subject of exten-
sive research (Gibson et al. 2017, Hatti-Kaul et al. 2018).

Over the last 20 years, molecular profiling techniques have rev-
olutionized our understanding of the microbiota of fermented
foods (Walsh et al. 2017). Genome-based characterization of in-
dividual starters and adjuncts provided valuable initial insights,
while characterization of spoilage and pathogenic microorgan-
isms provided information as to how to better control these
contaminants (Garrigues et al. 2013). Marker gene and metage-
nomic sequencing techniques have proliferated in recent years
(Fig. S1), with the latter approach in particular making it possible
to study the broader microbial ecologies of these foods (De Filippis
et al. 2017), facilitating greater understanding of the taxonomic
composition of the microorganisms present and of their associ-
ated genetic arsenal, responsible for the associated biochemical
changes in an environment. It is important to acknowledge the
limits of high-throughput DNA sequencing (HTS), which include
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Figure 1. Schematic diagram of four methods of fermentation. (A) Spontaneous fermentation: For sauerkraut, cabbage is processed into small pieces.
Saltis added at the ratio of 2% per weight of cabbage. This draws out moisture from the plant cells. The resulting mixture of cabbage, salt, and water is
placed in a vessel and left to ferment for at least 5 days. The microbes present on the cabbage are mainly responsible for fermentation. (B) Simple
starter: Many alcoholic beverages are produced using a simple starter, such as the yeast Saccharomyces cerevisiae. For beer, there are several important
steps: malting, milling, mashing, lautering, boiling, fermenting, conditioning, filtering, and packaging. The simple starter, S. cerevisiae, is added to the
wort after boiling, and then removed after fermentation by filtration. (C) Complex starter: For the production of certain cheese (e.g. cheddar), milk is
innoculated with a multiple-strain (three to six strains) starter culture of known strains and rennet. These strains are typically lactic acid bacteria
such as Lactococcus lactis subspecies cremoris and Lactococcus lactis subspecies lactis. (D) Undefined starter culture: Kombucha can be produced using a
defined starter powder or using a kombucha ‘SCOBY’ (Symbiotic Colony Of Bacteria and Yeast). For the latter traditional method, a microbially
produced SCOBY is added to sugary tea. Roughly 10% of the previous fermented kombucha is also added to the tea. The SCOBY and the added
fermented kombucha contain an undefined community of bacteria and yeasts that ferment the tea over 7-14 days.

strain-level characterization of certain taxa or detection of less
abundant microbes in a given food. Most recently, transcriptomics
have begun to provide information on, how, and when relevant mi-
crobial genes are expressed (De Filippis et al. 2018; Fig. S1). Other
molecular approaches add further layers of information regard-
ing fermentations’ biochemical environments. These include pro-
teomics (Carrasco-Castilla et al. 2012) for identifying important
enzymes and metabolomics for profiling volatile compounds or
other metabolites (Rizo et al. 2020). Studies deploying combina-
tions of these technologies are increasing. These are critical for
understanding, targeting, and developing previously unharnessed
or under-utilized properties and bioactivities of fermented foods.
This is particularly important in light of the current resurgence in
popularity of artisanal fermented foods in Western society, largely
driven by a health-conscious market. This review addresses how
combining information from metagenomic, transcriptomic, and
other molecular studies can be used to address important re-
search questions of relevance to fermented foods, and indeed of
broader significance to microbiology, while also improving upon
the characteristics that consumers and industry seek to fully re-
alize the potential of these foods.

High-throughput sequencing approaches

Food fermentation is the result of the biological activity of mi-
crobes present within food matrices (Marco et al. 2021). HTS en-
ables high-quality culture-independent characterization of mi-

crobial communities, including those present in fermented foods
(Leech et al. 2020). Three different HTS approaches have been
used to characterize the microbiota of fermented foods: amplicon
sequencing, whole metagenome shotgun sequencing, and meta-
transcriptomics (also known as RNA-Seq). We have compiled a
comprehensive list of studies to have used HTS to characterize
the microbiota of fermented foods that includes those published
from 2009 until September 2019 (Table S1).

Amplicon sequencing has been the most frequently used HTS
approach for the characterization of the microbiota of fermented
foods (Cao et al. 2017, De Filippis et al. 2017; Fig. S1). Although
it has yielded many novel insights into the microbial diversity in
these foods (Kergourlay et al. 2015), it has some inherent limi-
tations, including the absence of functional information. Addi-
tionally, in general, short-read amplicon sequencing is limited
to genus-level classification, although it has been demonstrated
that long-read amplicon sequencing can achieve (sub)species-
level classification (Karst et al. 2021). Shotgun metagenomics
yields considerably more information than amplicon sequenc-
ing, including the functional profile of the microbiome (Leech
et al. 2020), but at a higher cost. Strain-level identification is
also possible with shotgun metagenomics but this is often only
suitable for dominant species. It can also be challenging to
disentangle mixtures of strains from the same species within
a sample, although improved tools are starting to make this
achievable (Vicedomini et al. 2021, van Dijk et al. 2022). Notably,



long-read shotgun metagenomics could facilitate improved
strain-level analysis, and tools such as Strainberry have already
been developed that use long reads to recover strain-resolved
genomes from metagenomes (Vicedomini et al. 2021). Metatran-
scriptomics is more costly again, and fermented foods can be dif-
ficult to extract high-quality mRNA. However, it can be a powerful
tool for examining foods as it allows the examination of gene ex-
pression.

Each sequencing approach mentioned above can be used in
conjunction with other omics methods, such as metabolomics or
proteomics, to achieve multi-omic (Franzosa et al. 2015) analyses
of fermented foods (Fig. 2). Such analyses are employed to link
changes in the proportions, functional potential, or gene expres-
sion of microbes with biochemical changes that occur during food
fermentations.

Here, we review studies that have used high-throughput se-
quencing, with an emphasis on shotgun metagenomics, meta-
transcriptomics, or multi-omic approaches that have been used
to analyse several common fermented foods. We discuss the ways
in which the information gained from such analyses might be ap-
plied to enhance food qualities such as flavour. Additionally, we
explore the potential for novel bioinformatics or computational
biology methods to further our understanding of food fermen-
tations. A schematic outline of these approaches is presented in
Fig. 2.

Cataloguing fermented food microbiomes

A cornucopia of fermented foods have been characterized using
HTS, initially by amplicon sequencing (Kim et al. 2002), followed
later by shotgun metagenomics (Jung et al. 2011), propelling our
understanding of these products. The majority of studies have fo-
cused on cataloging what taxa are present in fermented foods.

Like any other microbial ecosystem, HTS can reveal many taxa
that cannot be found by current culture-based techniques, there-
fore revealing deeper insights into these communities. Taxonomic
profiling of fermented foods has revealed a large degree of in-
terchangeability between species/strains fermenting the same
food/substrate, highlighting the variable nature of fermented food
microbiomes. Longitudinal studies that examine the community
dynamics over the course of a fermentation reveal the periods
at which certain taxa dominate, and pairing with metabolomics
data, the contributions of specific taxa for the progression of
the fermentation can be uncovered (Walsh et al. 2016). Such ap-
proaches are vital for understanding the contribution of the over-
all community to the final product.

More recently, several studies have examined large numbers of
fermented foods to examine broader patterns of microbial ecol-
ogy. Walsh et al. (2020) examined 184 cheeses, including 77 new
samples and 107 samples in publicly available databases. The
study included volatile data on the 77 new samples. By exam-
ining multiple samples simultaneously, the authors uncovered
that strain-level differences within the cheese microbiome had
a significant impact on the resulting volatile profile. The authors
also uncovered antimicrobial resistance genes, but with a low
risk of transfer between microbes. This study is also a great ex-
ample of the power of HTS, as the interactions between viruses
and prokaryotes were examined. Analyses of CRISPR and anti-
CRISPR proteins revealed the importance of phage for transfer-
ring genetic information between bacteria. Another recent study
examined the microbial diversity between sourdough starter cul-
tures from four different continents (Landis et al. 2021). Inter-
estingly, the study did not see a geographic effect between sour-
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doughs from different countries. The study uncovered strong co-
occurrence patterns between different microbes, highlighting the
importance of a microbial-mediated community structure. The
study also revealed the importance of acetic acid bacteria and
their contribution to the flavour and dough-rise of sourdough
bread. Finally, Leech et al. (2020) examined 58 artisanal-produced
fermented foods from eight different countries. Again, no geo-
graphic signal was discovered across the 58 food microbiomes.
The authors did uncover strong patterns in microbial ecology
across the different substrates used, showing that dairy-based,
salt-based (foods fermented in 2% saline, e.g. sauerkraut), and
sugar-based (foods containing high sucrose at the beginning of
fermentation, e.g. kombucha) fermented foods had different com-
munities and functional profiles to each other. The study also re-
vealed that dairy-based samples had lower alpha diversity than
salt-based and sugar-based fermented foods. These three studies
are a demonstration of the utility of HTS for looking at broader
patterns across fermented foods, and how these insights can be
useful for the commercial application of these ecological insights.

Applications of fermented food microbiome
research

Fermented dairy products as model microbial communities

A 2014 study by Wolfe et al. pioneered the use of fermented foods
as models to explore the forces that might shape microbiota. The
authors reported that microorganisms from cheese rinds were
easy to culture (Wolfe et al. 2014). Importantly, they were able to
recreate the cheese rind microbiota in vitro. In this study, HTS re-
vealed that moisture influenced the composition of these com-
munities; although this finding was unsurprising, it proved that
fermented foods can be used as models to assess the impact of
abiotic factors on microbiota.

Subsequently, the use of cheeses as models has been extended
to study several processes that might mould microbiota, includ-
ing horizontal gene transfer (HGT). Bonham et al. sequenced the
genomes of 165 bacteria isolated from cheese rinds, and they re-
ported that HGT was frequent between these genomes (Bonham
et al. 2017). Notably, many of the transferred genes were involved
in the acquisition of nutrients from the environment, including
iron, which is limiting on cheese rinds; such findings highlight the
importance of the availability of nutrients on microbiota.

Cheese models have also been used to study interactions be-
tween the members of microbiota. Morin et al. grew mutants of Es-
cherichia coli in cheese rinds to identify genes that were involved in
interactions between microorganisms in this environment (Morin
etal. 2018). The mutants were generated using an approach called
Random Barcode Transposon-site Sequencing (RB-Tn-Seq), which
measures the fitness of genes under a given condition by count-
ing the abundance of random barcodes at transposon insertion
sites. The mutants were co-cultured separately with each mem-
ber of a three-species community (Hafnia alvei + Geotrichum can-
didum + Penicillium camemberti), and they were also grown with
the entire community simultaneously. RB-Tn-Seq indicated that
many of the interactions that occurred when mutants were grown
as part of a pair did not occur when the mutants were grown as
part of the community. In other words, the way in which strains
interacted differed depending on the context in which they were
grown.

Cheese models have highlighted the importance of cross-
kingdom interactions in fermented foods. For example, studies
have shown that the release of siderophores by fungi can in-
fluence the growth of bacteria on cheese rinds. Kastman et al.
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Figure 2. A schematic workflow to determine the contribution of microbes to the development of flavour in fermented foods using omics approaches.
(A) Fermented foods are sampled for microbiome and/or volatilome analysis (red arrows). (B) Metabolic reconstruction to predict what volatiles are
produced by the microbiome (green arrows). (C) Correlation analysis is used to determine whether strains are linked to volatiles (blue arrows). (D)
Statistical approaches are used to predict the volatilome of a food based on its strain-level composition (grey arrows). (E) The information obtained
from at least one of these approaches is used to select starters with desirable (and predictable) properties (gold arrows).

observed that the establishment of Staphylococcus equorum on
cheese rinds was assisted by the mould Scopulariopsis, and RNA-
Seq suggested that this might have been explained by the release
of iron by the mould, which was utilized by the bacterium (Kast-
man et al. 2016). Similarly, Pierce et al. used RB-Tn-Seq to show
that fungi could influence the growth of bacteria on cheese rinds
by modulating the availability of cofactors (Pierce and Dutton
2022). Intriguingly, Zhang et al. discovered that Serratia on cheese
rinds can travel along the hyphae of the fungi Mucor (Zhang et al.
2018). To determine the mechanism by which this phenomenon
occurred, they employed transposon mutagenesis to generate Ser-
ratia mutants, and Whole Genome Sequencing (WGS) of Serratia
mutants revealed that flagella were essential for dispersal along
the hyphae. Elsewhere, Cosetta et al. used metabolomics to show
that volatiles produced by fungi promoted the growth of Vibrio in
cheese rinds (Cosetta et al. 2020).

Aside from cheese models, the kefir microbiome has been pro-
posed as another model for studying microbial communities. Re-
cently, Blasche et al. used integrated approaches to unravel the
interactions between species in kefir over the course of fermenta-
tion (Blasche et al. 2021). 16S rRNA gene sequencing analysis re-

vealed that Lactobacillus kefiranofaciens dominated in the kefir but,
surprisingly, it was found that L. kefiranofaciens was unable to grow
in milk by itself. Consequently, the authors postulated that L. kefi-
ranofaciens needed to cooperate with other members of the com-
munity to propagate during fermentation. Indeed, when L. kefi-
ranofaciens was co-cultured with Leuconostoc mesenteroides, cross-
feeding between the two species was observed, wherein L. kefira-
nofaciens made amino acids available for L. mesenteroides, which in
turn made lactate available for L. kefiranofaciens.

Flavour

Here, we discuss the use of HTS approaches to predict what
volatiles are produced by microorganisms, and we examine
the use of integrated and experimental approaches that com-
bine HTS with metabolomics to understand the relationship be-
tween the microbes and volatiles. We refer to these two ap-
proaches as (a) correlative/predictive (Fig. 2B, C, and D) and (b)
causative/experimental.

The correlative/predictive approach leverages the findings of
research from the 20th century that established the enzymology



of the development of flavours during fermentation (Smit et al.
2005). Specifically, HTS enables us to detect genes that are associ-
ated with the production of volatiles in foods. For example, analy-
sis of the koumiss microbiome, a traditional fermented milk prod-
uct consumed in parts of Central Asia, revealed that it contained
genes that are important for flavour, including those associated
with proteolysis (Yao et al. 2017). In dairy products, proteolysis
of caseins releases amino acids that can serve as precursors to
volatiles. The koumiss microbiome also contained an aminotrans-
ferase involved in the transaminase pathway that initiates the for-
mation of volatiles (e.g. aldehydes, acids, alcohols, esters, etc.) or
lyases that are involved in the production of sulphur compounds.
The Cojita microbiome, a Mexican cheese, contained aldehyde de-
hydrogenases that convert aldehydes to acids, alcohol dehydroge-
nases that can convert aldehydes to alcohols, and genes involved
in lipolysis, a source of volatiles (Escobar-Zepeda et al. 2016).

Metatranscriptomics analysis of an industrial Camembert-type
cheese over a 77-day ripening period indicated that genes in-
volved in the production of sulphur compounds were expressed
mostly by Geotrichum candidum, while those involved in lipoly-
sis were expressed mostly by Penicillium camemberti, which sug-
gested that the contributions of these fungi to the flavour of the
cheese were distinct (Lessard et al. 2014). Interestingly, metatran-
scriptomics analysis of a traditional Italian Caciocavallo Silano
cheese revealed that nonstarter lactic acid bacteria (LAB) con-
tributed to amino acid metabolism during ripening (De Filippis et
al. 2016). Shotgun metagenomic analysis of the cheese rind micro-
biome revealed that Pseudoalteromonas species contained methio-
nine gamma-lyase, which is involved in the production of sulphur
compounds. Only Brevibacterium linens was previously described
to produce this enzyme in cheese (Yeluri Jonnala et al. 2018). In
a recent meta-analysis of the cheese microbiome, metagenome-
assembled genomes were found belonging to species that had not
been characterized before, several of which were predicted to se-
crete compounds that might influence the quality of cheese, in-
cluding acetate (Walsh et al. 2020). Notably, in this study, Walsh et
al. also integrated metagenomics with metabolomics, and it was
found that strain-level variation corresponded to differences in
the volatilome, the set of volatile compounds present in a sample,
which is consistent with results reported elsewhere (Niccum et
al. 2020). For example, two strains of B. linens showed distinct pat-
terns of correlation with butanoic acid, wherein one strain was
significantly positively correlated with the compound, whereas
the second strain was significantly negatively correlated with it.
Such findings highlight that species-level correlations need to be
interpreted with caution.

HTS has been particularly valuable when applied in sponta-
neously fermented foods. Metatranscriptomics analysis of kimchi
revealed that only Leuconostoc species expressed mannitol dehy-
drogenase genes during fermentation, and thus were solely re-
sponsible for mannitol production (Jung et al. 2013). Additionally,
genes involved in the production of the acetoin, diacetyl, and 2,3-
butanediol were highly expressed in L. mesenteroides, further high-
lighting its importance with respect to flavour development in
kimchi (Chun et al. 2017).

An extension of the predictive approaches described above is
metagenome-scale metabolic modelling, a method which uses
the metagenome to predict which enzymes, and ultimately
metabolites, may be produced by the microbiome (Magnusdot-
tir and Thiele 2018). It has been demonstrated that such an ap-
proach accurately predicted the metabolites produced by the gut
microbiota in obese humans (Shoaie et al. 2015). Given the rel-
ative simplicity of fermented food microbiota compared to, e.g.
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the communities found in the human gut, it is plausible that
metagenome-scale metabolic modelling may be applied to these
communities to predict the production of flavour compounds. A
challenge posed by modelling is the requirement for curation to
ensure the quality of models, which, until recently, was done man-
ually (Henry et al. 2010). However, with the release of CarveMe
(Machado et al. 2018), it is now possible to automatically construct
genome-scale metabolic models for the members of a commu-
nity. CarveMe might be used to construct models from genomes
that are recovered from metagenomes, using tools like MetaBAT
(Kang et al. 2015), to predict the volatiles produced by the entire
community or by different combinations of its members. Such an
approach may lead to the large-scale identification of candidates
as starters, but it might also inform efforts to tailor ingredients
for the development of flavours of interest.

The integration of HTS with metabolomics has been employed
to explore the potential contributions of microorganisms to the
flavour of fermented foods. Typically, this has involved correlating
the abundances of taxa with the concentrations of metabolites,
and most studies to use this approach have integrated amplicon
sequencing with metabolomics to examine the contribution of
genera to volatiles. In a study of Chinese liquor fermentations, the
approach revealed that microorganisms that originated from the
surfaces of the facility in which the beverages were produced were
correlated with the levels of metabolites in the products (Bokulich
et al. 2014). Other studies have integrated shotgun metagenomics
with metabolomics to examine the contributions of species to
volatiles. For example, analysis of kefir over the course of 24-hour
fermentations revealed that Lactobacillus kefiranofaciens correlated
with carboxylic acids, ketones and esters. In contrast, Leuconos-
toc mesenteroides correlated with 2,3-butanedione and acetic acid
(Walsh et al. 2016). These correlations suggested a causal relation-
ship between the microbiota and the flavour of kefir, which was
supported by experimental evidence, spiking milk kefir with both
organisms separately. Sensory analysis validated these findings by
showing that a kefir with a high relative abundance of L. mesen-
teroides had a likeable buttery flavour, whereas another kefir with a
high relative abundance of L. kefiranofaciens had a less likeable but
fruitier flavour. Similarly, an integrated approach was employed
to characterize surface-ripened cheeses during a 30-day ripening
period (Bertuzzi et al. 2018). Again, strong correlations were iden-
tified between the relative abundances of individual species and
the levels of flavour compounds in the cheeses. Importantly, these
correlations were supported by evidence from prior studies that
had shown that these species can produce such compounds. In-
terestingly, Staphylococcus xylosus, which had only previously been
associated with sulphur compounds in meats, was also found to
correlate with sulphur compounds in these cheeses.

Itis crucial torecall the adage that ‘correlation is not causation’
when interpreting findings from integrated approaches. Noecker
et al. reported that in simulated microbiome-metabolome
datasets, wherein the producers of each metabolite were known,
correlation analysis produced false-positives in 50% of cases, and
identified relationships between unrelated variables (Noecker et
al. 2016). However, researchers can take factors into account to
mitigate this issue when interpreting correlations, including: (a)
the likelihood that a correlation is valid increases if that correla-
tion persists across subsets of data, and (b) if a microorganism
contains genes associated with the production of a metabolite.
Correlations should also be validated experimentally.

As previously mentioned, strains of the same species can in-
fluence flavour differently (Pereira et al. 2017, Niccum et al.
2020, Walsh et al. 2020, Jimenez-Lorenzo et al. 2021). Strain-level
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characterization can be a challenge but several tools have been
released that enable strain-level characterization of the micro-
biome (Truong et al. 2017, Olm et al. 2021, Vicedomini et al.
2021, van Dijk et al. 2022). The integration of these tools with
metabolomics represents an opportunity to evolve the integrated
approach discussed above (Walsh et al. 2020). Potentially, such
an improvement might help in the identification of strains that
produce volatiles of interest, thus facilitating: (a) the selection of
starters, and (b) the construction of models that can predict the
metabolome of a sample based on the strains that are present in
that sample to track the progress of fermentation.

Ultimately, these approaches can only help us to predict the
role of microbes in the development of flavour, and experimen-
tation would be required to test the validity of these predictions.
For example, such an experiment might involve (1) spiking a fer-
mented food with an inoculum of a given microbe, and (2) per-
forming sensory analysis to determine if the microbe caused a
change in flavour. A Zhenjiang vinegar study is a great exam-
ple of the experimental approach where shotgun metagenomics
combined with pathway analysis indicated that A. pasteurianus, in
addition to Lactobacilli species, had the ability to synthesize ace-
toin (Wang et al. 2016). Co cultures of isolated bacteria from the
vinegar were found to produce more acetoin than mono-cultures
in vitro and in situ when inoculated in vinegar. Also, in Chinese
liquor, metatranscriptomics was used to measure the expression
of genes associated with the production of two sulphur com-
pounds, 3-(methylthio)-1-propanol and dimethyl sulphide. Saccha-
romyces expressed every gene necessary to produce both com-
pounds, while Lactobacilli expressed genes involved in recycling
methionine, a precursor to these compounds. Saccharomyces cere-
visiae and L. buchnerii were isolated from the liquor and culti-
vated in monoculture or co-culture. While L. buchnerii monocul-
tures produced neither compound, co-cultures produced signif-
icantly more of the sulphur compounds than S. cerevisiae mono-
cultures, thus confirming a synergistic relationship between these
species. Finally, as mentioned above, experimental evidence con-
firmed the contribution of specific kefir bacteria to the flavour pro-
file (Walsh et al. 2016). To date, too few studies have adopted such
an approach, but it is crucial that the field moves in this direction
to translate our improved understanding of the fermented food
microbiome into action.

Defects

As discussed above, microorganisms can produce metabolites
that improve the organoleptic qualities of fermented foods. The
opposite is also true: spoilage can be caused by overfermentation,
which occurs when microbial metabolites (e.g. acids, alcohols) are
excessively produced. Often, this can be rectified by modifying
the parameters of fermentation (e.g. duration, temperature). Al-
ternatively, spoilage can be caused by microbial contaminants.
In Chinese rice wine, shotgun metagenomics provided strong ev-
idence that Levilactobacillus brevis caused spoilage of the beverage
(Hong et al. 2016). Taxonomic analysis revealed that this species
was prevalent in spoiled wine, while functional analysis revealed
the presence of genes involved in biotin biosynthesis and short-
chain fatty acid production, which were thought to contribute to
off-flavours (Hong et al. 2016). In nunu, a yoghurt-like, milk-based
fermented product widely consumed in West Africa, Enterobac-
teriaceae genes for the biosynthesis of putrescine, which causes
an unpleasant odour, were identified (Walsh et al. 2017). In fer-
mented seafood, several studies have observed that levels of Ha-
lanaerobium corresponded with increases in spoilage metabolites,
including methylamines (Lee et al. 2014, 2015).

Other defects in the qualities of fermented foods, such as pig-
ments that discolour cheeses, are costly for producers. Shotgun
metagenomics revealed that Thermus thermophilus, which is not
associated with the typical cheese microbiota, has been found to
be enriched in cheeses with a pink discolouration defect (Quigley
et al. 2016). Carotenoid biosynthesis genes were correspondingly
enriched in those cheeses. It was observed that the pinking de-
fect was reproduced in experimental cheeses inoculated with T.
thermophilus (Quigley et al. 2016). Similarly, Psychrobacter has been
linked to the purpling of cheese (Kamelamela et al. 2018). Analy-
sis of Psychrobacter genomes recovered from cheeses revealed that
these bacteria contained an enzyme, which can result in the pro-
duction of the pigment indigo.

Safety

While spoilage during fermentation is unpleasant and can have
economic consequences, in extreme cases, specific pathogens and
negative microbial biochemistry can pose a true health hazard.
In addition to the insights that genomics has provided into vari-
ous food pathogens, HTS can also be used to detect pathogens in
fermented foods and/or associated production facilities. Indeed,
some such studies have detected Enterobacteriaceae in African
fermented milk products (Walsh et al. 2017, Parker et al. 2018)
and, in one instance, shotgun metagenomics of nunu samples
highlighted the presence of pathogenic strains, similar to strains
that had caused illness (Walsh et al. 2017). It is crucial to note
that the sensitivity of shotgun metagenomics for the detection of
pathogens is lower than that of methods such as gPCR (Andersen
etal. 2017), which has a limit of detection of 10*~10° CFU/ml (Haz-
ards et al. 2019). Instead, as currently employed, shotgun metage-
nomics is perhaps more suited for identifying the source of out-
breaks by analysing suspected foods (Buytaers et al. 2021).

HTS has also been used to identify producers of histamine, a
biogenic amine that can be harmful to some consumers, in cheese
and other fermented foods (O’Sullivan et al. 2015). Also of poten-
tial concern is the presence of bacteria with antibiotic resistance
genes (ARGs), especially ARGs present on mobile elements, which
could in principle transfer to members of the gut microbiota after
ingestion (Maeusli et al. 2020). Analysis of the resistome of cheeses
revealed that ARGs were not present on the plasmids of LAB, but
were detected on the plasmids of Enterobacteriaceae (Walsh et al.
2020), which are generally microbial contaminants. Thus, improv-
ing hygiene during cheese manufacture might reduce reservoirs
of resistance in the food.

Preservation

Finally, throughout history, fermentation has been used as a
means of preserving foods. Fermentation continues to contribute
to shelf-stability today as a means to avoid or decrease reliance
on chemical preservatives and to preserve foods in regions where
refrigeration is limited. During fermentation, microorganisms se-
crete compounds (e.g. acids, alcohols, diacetyl, bacteriocins, and
others) that inhibit the growth of contaminants (including spoil-
ers and pathogens) (Ross et al. 2002). Notably, HTS has been used
to screen a variety of fermented food microbiomes for bacteriocin
genes (Leech et al. 2020, Walsh et al. 2020). Approaches available
for bioprospecting of bacteriocin genes in fermented food micro-
biomes include detection by homology to known bacteriocin gene
clusters (Hammami et al. 2010), Hidden Markov models (HMM)-
based tools (Morton et al. 2015, van Heel et al. 2018), or machine
learning (Hamid and Friedberg 2019). The application of these can
contribute to the selection of starters that produce bacteriocins
targeting undesirable microorganisms.



Health, nutrition science, epidemiology, and
translational applications of fermented foods

In addition to food quality considerations for consumers, fer-
mented foods have great potential in maintaining and improving
human health (Fig. 3) (Soedamah-Muthu et al. 2013, Eussen et al.
2016, Wastyk et al. 2021). This has long been of interest, but the
great diversity and variability both of fermentation microbiomes
and of the human microbiome have made it difficult to design
and target benefits in a precision manner. Molecular techniques
now allow us to engineer not just the fermentation process, but
the resulting live cell and chemical effects in human hosts and
populations.

At a population scale, fermented foods, or at least those con-
taining living microorganisms, occupy a unique position with re-
spect to long-term human health, as one of the only practical
ways to ‘chronically’ deliver beneficial live microbes concordantly
with microbial chemical products outside of a specifically thera-
peutic context (Rezac et al. 2018). That is, while live cell thera-
pies and fecal microbiota transplants are under intense study for
treatment of acute conditions (Kelly et al. 2014, Youngster et al.
2016), they are not generally appropriate for regular, long-term
use. Other types of dietary or prebiotic interventions are practical
for maintenance of microbes already present in the gut (Scott et
al. 2008, Cotillard et al. 2013), but they are not capable of reliably
introducing new ones unless part of synbiotics. As food fermen-
tation microbes can have beneficial effects on the gut biochemi-
cal environment during transit, but do not generally engraft sta-
bly after short exposures (Derrien and van Hylckama Vlieg 2015),
adherence to regular consumption must be part of any practical
‘wellness maintenance’ applications of fermented foods.

Despite this potential, to date, there has been a shortage
of large-scale investigations into the relationship between fer-
mented food consumption and with gut microbiome modulation
or, indeed, health biomarkers. It is also important to appreciate
that the microbiomes and metabolomes, of specific fermented
foods can differ greatly and thus the findings from studies with
specific fermented foods cannot be extrapolated across to other
fermented foods. Smaller cohort studies have been carried out
on a range of foods, most commonly dairy, with variable results
(Marco et al. 2017, Markowiak and Slizewska 2017, Stiemsma et
al. 2020). Consistent benefits have been shown for circulating lipid
metabolism and corresponding cardiometabolic health in partic-
ular (Soedamah-Muthu et al. 2013, Chen et al. 2014, Lim et al. 2015,
Eussen et al. 2016), while gut-local conditions such as Inflamma-
tory Bowel Disease (IBD) (Bengmark 2007, Geier et al. 2007), Irri-
table Bowel Syndrome (IBS) (Laatikainen et al. 2016), or diarrhoea
(Parvez et al. 2006, Nagata et al. 2016) often respond in a much
more population- and study-specific manner.

Perhaps one of the most critical, least studied links between fer-
mented foods and health outcomes is their role as part of the ‘dis-
appearing microbiome’ (Segata 2015). During the period of time
during which fermented foods became less popular in Western
society, there was a corresponding increase in the application of
other food preservation approaches. As a consequence, and as in-
troduced above, the shelf life of many products across the globe
has been extended considerably over the past century (Boor et al.
2017). As with other changes in early life microbial exposure—e.g.
livestock (Kim et al. 2019), antibiotics (Langdon et al. 2016), breast-
feeding (Backhed et al. 2015), and Caesarian section (Bokulich et
al. 2016)—it is possible that the decreased exposure to microbes,
either within fermented foods or ‘unwanted’ growth in the form
of nonharmful food spoilage, may have unintended consequences
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on immune development over the course of a lifetime (Olivares
et al. 2006). Indeed, a recent study examining the effect of con-
suming fermented foods found an increase in microbial diversity
and an improvement of the inflammatory status of the partici-
pants who increased their daily fermented food intake (Wastyk et
al. 2021). Despite this promise, a great deal of additional study is
required in this area.

There are frequent misunderstandings about the expected in-
fluences of fermented foods, and associated microorganisms, on
the gut microbiome. In most cases, fermentation-associated mi-
croorganisms evolved to, by definition, ferment food substrates
rather than persistin the human gut (Bachmann et al. 2012). How-
ever, it has been shown that particular species of LAB found in
foods are often closely related to those found in the gut (Pasolli et
al. 2020). As a large bolus of live microorganisms, the presence and
molecular effects of fermentation-associated microorganisms are
transiently quite apparent via HTS or metabolomics (Zhang et al.
2016). Although not always the case, these transient effects can
have quantifiable beneficial influences on resident gut microbiota
structure, metabolism, or host immunity, inflammation or the gut
brain axis (Derrien and van Hylckama Vlieg 2015, van de Wouw
et al. 2020, Wastyk et al. 2021). In human subjects, live microor-
ganisms from fermented foods can remain metabolically active in
the gut, even without long-term engraftment, although the health
consequences are less well understood (David et al. 2014). In lim-
ited cases, individual microbes do persist (Zhang et al. 2016, Milani
et al. 2019) or transfer genetic material (Hehemann et al. 2010).
However, although they may influence the dynamics of the pro-
cess (Derrien and van Hylckama Vlieg 2015), in general, studies
(or atleast studies of faecal microbiomes) indicate that fermented
food strains do not colonize (Fig. 3). In addition to the limitations of
relying on faecal samples, it should also be noted that the major-
ity of these examples derive from fermented milk products, with
only extremely limited data generated to date for other fermented
foods (Han et al. 2015, Abbondio et al. 2019, Jung et al. 2019).

Specific examples of the consequences of transient impacts of
fermented food consumptions, and in some cases its underlying
molecular mechanisms, have been studied both in human sub-
jects and animal models. In one of the earliest HTS-based ex-
amples, while consumption of a fermented milk product did not
change gut microbial composition in gnotobiotic mice, it tran-
siently shifted carbohydrate utilization towards an upregulation
of plant glycan catabolism, possibly due to contributions from Bi-
fidobacterium animalis subsp. lactis (McNulty et al. 2011). Similar ef-
fects proved to be locally anti-inflammatory due to mechanisms
as diverse as resident ecological disruption (Veiga et al. 2010), lipid
metabolism (Bourrie et al. 2018), serotonergic signalling (van de
Wouw et al. 2020), quorum sensing inhibition (Rooks et al. 2017),
and reactive oxygen mitigation (Ballal et al. 2015) in mouse mod-
els.

Atamolecular level, while breaking down complex compounds
to simple molecules, the microorganisms responsible for fermen-
tation synthesize enzymes, vitamins, essential amino acids, bioac-
tive components, and potentially remove undesirable compounds
(allergens, antinutritional factors). This leads to changes in tex-
ture and interaction between macro- and micronutriments. As a
consequence, fermentation can improve the nutritional qualities
and, in turn, health benefits of foods (Tamang et al. 2016, Sanlier
et al. 2019). Kimchi is an example of a nutritionally enriched food
with high levels of vitamins (e.g. vitamin C, 8-carotene, and vita-
min B), minerals, dietary fibers, and other bioactive compounds
such as capsaicin, allyl compounds, gingerol, isothiocyanate, and
chlorophyll. While the quantity of many of the vitamins are
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Figure 3. The effects of fermented foods on humans. Fermented foods are consumed and the components of the product (including microorganisms,
metabolites, prebiotics, and proteins) could modulate the host gut microbiome, which consequently results in increased production of a metabolite.
Subsequently, this metabolite could elicit an immune response and/or enter circulation. Alternatively, the components of the fermented foods
themselves could cause this effect. Typically, the effect of consuming fermented foods is transient, but some effects (e.g. changes in the composition of

the microbiota) may persist afterwards.

enhanced due to the biosynthesis of these vitamins through fer-
mentation, other nutritional benefits are realized through in-
creased bioavailability due to fermentation. These active com-
pounds have, in turn, been associated with many health benefits
attributed to kimchi (Park et al. 2014). The same is true for koumiss
(Dhewa et al. 2015), miso (Watanabe 2013), and many other fer-
mented foods.

In all cases, specific microbiome components are responsible
for the biotransformations, but in some cases, the specific mi-
crobes and enzymatic reactions have been elucidated thanks to
insights provided by metagenomics and metatransciptomics. In
kimchi, metatranscriptomics revealed that genes associated with
folate biosynthesis were expressed by Latilactobacillus sakei, while
genes associated with riboflavin biosynthesis were expressed by
Leuconostoc mesenteroides (Jung et al. 2013). In fermented mung
beans, Rhizopus induces high amounts of free amino acid and y-
amino butyric acid and has been proposed to have antidiabetic
and antioxidant properties (Yeap et al. 2015). In kombucha, genes
involved in the biosynthesis of B-vitamins were present in Koma-
gataeibacter rhaeticus (Arikan et al. 2020) but as with the flavour-
enhancing biochemical mechanisms above, much work remains
to identify nutrition-enhancing pathways in the general case.

Another family of well-characterized nutrition-enhancing bio-
transformations includes the enhancement of antioxidant poten-
tial in fermented foods. Surprisingly, due to this process, some
cheeses can have antioxidant levels close to that of vegetables or
fruit juices (Fardet and Rock 2018). In kombucha, changes in the
microbiota were found to correspond with increases in the levels
of antioxidants, which may have arisen from microorganisms de-
grading polyphenols in the tea (Chakravorty et al. 2016). Further-
more, in tempeh, polyphenol, and isoflavone contents were signif-
icantly enhanced due to Rhizopus oligosporus activities (Kuligowski
et al. 2017). Although it is not clear in each case what caused
these enhancements, correlations within the data set point to-
wards deglucosidation as a mechanism in some strains, but not
in others. Information on the genetic profile and gene expression
of these strains via metagenomics and metatranscriptomics can
supplement such studies to better understand the strain-level dif-
ferences and mechanisms for food enhancement.

Fermentation also provides a natural means to reduce unde-
sirable compounds. Lactose (of concern to lactose-intolerant in-
dividuals) is commonly reduced to free glucose, galactose, and/or

lactate; antinutrients such as phytate and tannins are degraded to
release and enhance bioavailability of minerals such as iron, zinc,
and calcium (Blandino et al. 2003, Poutanen et al. 2009); protease
inhibitors and lectins are reduced in favour of protein absorption
(Nkhata et al. 2018); beta-galactosides responsible for gut discom-
fort (e.g. stachyose and raffinose) are hydrolysed (Mukherjee et al.
2016); and toxic substrates present in raw materials can be elim-
inated. For the latter, examples include reductions in aflatoxin
B1 levels in Ogi (a Nigerian fermented sorghum porridge) (Dada
and Muller 1983), and removal of cyanide from cassava fermented
with S. cerevisiae (Iyayi and Losel 2000). While the reduction of afla-
toxins in fermented foods is mainly attributed to cellular binding
(both viable and heat killed) and growth inhibition of aflatoxin-
producing Aspergillus spp., other toxicity-mitigating mechanisms
are emerging. For instance, Huang et al. (2017) showed that L. plan-
tarum may reduce toxicity by altering gene expression in the liver
of the consumer.

Gaps in our knowledge of fermented food
microbiomes

Some of our most basic gaps regarding fermented food micro-
biomes have been dictated by the assays used to study them to
date. The majority of studies have used amplicon sequencing, i.e.
16S rRNA or ITS sequencing to determine the composition of the
bacteriome and mycobiome, respectively. The adoption of shotgun
metagenomics has been slow relative to other microbial commu-
nity types, and among studies that have adopted the approach,
the greatest focus has remained on taxonomic profiling of the
bacteriome, with corresponding approaches for the mycobiome
being limited by the lower numbers of food-relevant eukaryotic
genomes in reference databases and/or the higher complexity of
eukaryotic genomes (Table S1, Fig. S1).

The application of shotgun metagenomics to study viromes
also remains a relatively emerging area, despite the importance
of phage in fermented foods (O'Sullivan et al. 2015). In the dairy
industry, for example, phage infection remains the biggest cause
of fermentation failure and leads to significant economic loss
(Samson and Moineau 2013). However, phages can also be used
as antimicrobial agents in food production, and thus be used
to prevent contamination (Fernandez et al. 2017). As in most
microbial communities, fermented food viromes are technically



challenging to study. They are best accessed through the en-
richment of viral particles, but protocols for the extraction of
viral nucleic acids from fermented foods are not yet standard-
ized. Chloroform-based preparations adapted from other environ-
ments have been effective for cheeses (Dugat-Bony et al. 2020),
while Muhammed et al. (2017) optimized ultracentrifugation for
the purification of viral particles from dairies. Subsequent in silico
analysis of viral sequences is notoriously challenging due to their
great diversity, and under-representation in reference databases,
limiting their analytical tractability even in the best case (Gar-
maeva et al. 2019, Wang 2020). Therefore, going forward it is im-
perative to expand reference databases, which might be achieved
by sequencing isolates (Lagier et al. 2018) or recovering genomes
from metagenomes in silico (Chen et al. 2020). Long-read sequenc-
ing has emerged as a promising technology that could be used
for the characterization of the virome. Notably, using long-read
metagenome assembly, Somerville et al. (2019) were able to re-
cover phage genomes from natural whey cultures used in the pro-
duction of Swiss Gruyere cheese. Since long-read sequencers gen-
erate reads longer than many phage genomes, long-read sequenc-
ing can also be used to recover complete phage genomes from
samples without the requirement for assembly (Beaulaurier et al.
2020).

Shotgun metagenomics is further hampered by the prevalence
of genes with unknown functions in reference databases. Over
the past decade, the number of available genomes has exploded,
while the annotation of these genomes has stagnated (Salzberg
2019). If we do not know the function of genes in the fermented
food microbiome, shotgun metagenomics by itself cannot explain
the roles of microorganisms in fermentation, completely. Improv-
ing reference databases will be important to address this issue.
This might be achieved by annotating the genomes of isolates
from fermented foods, e.g. CRISPR interference (Wang et al. 2018)
or Tn-Seq (Van Opijnen et al. 2009). Additionally, the utilization
of multi-omics (including metabolomics and metaproteomics) in
parallel might prove useful for inferring the function of mem-
bers of fermented food microbiomes. One approach would be to
replicate communities in vitro and investigate what happens to
the metabolome or metaproteome when a specific strain is added
to or removed from the community. The implementation of such
approaches has the potential to maximize our understanding of
the biology of fermented foods microbiomes. It should be noted
that high-throughput metaproteomics is still somewhat challeng-
ing and, in the context of fermented foods, is further complicated
by the frequently high levels of background proteins present in
the food substrate. If such technical hurdles can be overcome, the
rewards have the potential to be particularly great.

How can we influence fermented food microbiomes?
Once the field is able to fill gaps relating to the composition of
a broader variety of fermented food microbial systems and how
they function, the logical progression is to influence and modify
those functions towards desirable, beneficial outcomes. This is es-
pecially the case for products using ‘undefined starters’, which
contain complex mixtures of microorganisms that can vary with
time. In fermented foods, variability in the microbiota equates to
variability in quality and, potentially, health benefits. The chal-
lenge for industry is to meet this demand while replicating the
products authentically. We propose two avenues that producers
might take to achieve this, i.e. controlling abiotic factors to shape
the microbiota or using defined microbiota.

The first strategy can be used to forcibly shape or select for de-
sirable properties even when beginning from a nominally unde-
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fined community. As mentioned above, Wolfe et al. (2014) demon-
strated that moisture influenced the convergence of cheese rind
microbiota, and temperature can act as a similar, simple selective
pressure. Indeed, De Filippis et al. (2016) showed that an increase
in temperature accelerated the rate at which cheeses ripened by
inducing an increase in the expression of genes involved in the
development of flavour. Controlling the availability of nutrients
can also affect fermented food microbiota. Analysis of kefir re-
vealed that Lactobacillus kefiranofaciens decreased during fermen-
tation. Interestingly, L. kefiranofaciens lacked genes involved in the
biosynthesis of tyrosine, and its decrease coincided with a reduc-
tion in the concentrations of tyrosine during fermentation (Walsh
et al. 2016). Overall, these studies suggest that HTS can inform
efforts to optimize fermentations in ways that favour the growth
of microorganisms with the phenotype of interest, by modifying
abiotic factors.

The second option, i.e. the use of defined starters, is already
standard industrial practice, since it ensures the consistency of
products. This sometimes comes at the cost of desirable proper-
ties lost due to the limitations of these controlled communities.
Defined microbiota can be considered as a possible extension of
this approach whereby strains identified as being key components
of the undefined starters, on the basis of HTS-related insights
into properties relating to flavour, tractability, and health bene-
fits, could be targeted for isolation and combined. With respect to
production, especially at scale, it will also be important to choose
combinations of strains that will grow well together. In limited
cases, it has already been demonstrated that the cheese rind mi-
crobiota can be replicated in vitro (Wolfe 2018), and therefore it is
plausible that this can be done with engineered communities for
other fermented food microbiota.

Understanding the (purported) benefits of fermented foods

Owing to the great variety of fermented foods, health benefit
claims across different regulators and countries are a challenge.
Beyond this, we also suffer from gaps in our basic biological
knowledge of the potential health benefits of many fermented
foods. These health benefits may derive from many sources, likely
in combination: microorganisms in these foods, the metabolites
they produce, or their impact on the raw food substrate on the
host directly or indirectly through the resident human gut mi-
crobiome. Untangling the specific effects of microorganisms and
metabolites/food bioactives can be facilitated through parallel
investigations to determine the health benefits of foods from
which the microorganisms have been removed (e.g. through cen-
trifugation, filtration, or pasteurization) or the microbial cultures
when not grown in the food substrate. These experiments, along
with microbial genetic modifications and whole organism knock-
ins/knock-outs from fermentation communities, can readily be
performed in animal models, as performed by Bourrie et al. (2021),
and in some cases in human subjects, given the wide range of
strains already approved for food use. Multi-omic approaches to
analyse host responses to fermented foods can also play a ma-
jor role in elucidating health benefits. While population-scale ob-
servational studies are useful for investigating potential health
benefits (Taylor et al. 2020), ultimately, there is a need for truly
randomized, blinded, placebo-controlled trials using fermented
foods, which have been largely absent to date. It will be impossible
to standardize precision health or wellness maintenance based on
fermented foods, however, without a much more substantial un-
derstanding of the underlying biochemical and microbial mecha-
nisms.
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Conclusion

The ability to probe the composition and functionalities of the
microbial populations present in fermented foods using the inte-
grated approaches discussed above affords us an unprecedented
opportunity to optimize various attributes of these foods. It is im-
portant that future studies validate observed correlations exper-
imentally so that these insights can be translated. Importantly,
integrated approaches have also helped to establish fermented
foods as models for studying the interaction between microor-
ganism within microbiomes, and we expect that technological
improvements, such as enhancements relating to long-read se-
quencing, will help us to e.g. explore the role of phage in these
microbiomes. Finally, integrated approaches are beginning to pro-
vide insights into impact of fermented foods on our health, al-
though more studies are needed to support some of the claims
attributed to these products. In conclusion, while integrated ap-
proaches have become central to the field of microbiology as a
whole, they have, and are likely to continue to be, particularly
transformative with respect to the microbiomes of fermented
foods.
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