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Abstract

For thousands of years, humans have enjoyed the novel flavors, increased
shelf-life, and nutritional benefits that microbes provide in fermented foods
and beverages. Recent sequencing surveys of ferments have mapped pat-
terns of microbial diversity across space, time, and production practices. But
a mechanistic understanding of how fermented food microbiomes assem-
ble has only recently begun to emerge. Using three foods as case studies
(surface-ripened cheese, sourdough starters, and fermented vegetables), we
use an ecological and evolutionary framework to identify how microbial
communities assemble in ferments. By combining in situ sequencing sur-
veys with in vitro models, we are beginning to understand how dispersal,
selection, diversification, and drift generate the diversity of fermented food
communities. Most food producers are unaware of the ecological processes
occurring in their production environments, but the theory and models of
ecology and evolution can provide new approaches for managing fermented
food microbiomes, from farm to ferment.
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1. INTRODUCTION

Fermented foods and beverages rely on the growth of microbial communities to produce diverse
flavors and aesthetics (63, 92). Various types of microbial cultures and different combinations of
plant and animal materials have been used to create hundreds of different ferments around the
world for many centuries (65, 102). Not only do these foods play key economic and cultural roles
in many societies (1, 29, 89, 93), but they also have the potential to provide a range of health
benefits (62-64, 111).

With the widespread application of high-throughput sequencing, a deluge of descriptive mi-
crobiome studies have cataloged the microbial diversity of fermented foods made around the world
(2,12,13,25,26,46,57-61,75, 82, 86,91, 106, 109, 116). This foundational work has been help-
ful in determining what bacteria, fungi, and other microbes live in these microbial foods and how
microbial composition of fermented foods correlates with specific food production techniques or
parameters. Historically, each of these studies focused on individual foods produced in specific re-
gions and used just a single technique to describe fermented food microbial diversity (14, 15, 28).
More recently, larger-scale studies have attempted to provide more comprehensive surveys (tens
or hundreds of samples from many geographic regions) of the full spectrum of fermented food
diversity and/or have used more integrative approaches that combine genomics, metabolomics,
sensory tools, and experimental manipulations (6, 40, 54, 55, 58, 113, 115).

One major gap in our current understanding of fermented food microbial diversity is the lack
of a mechanistic and predictive framework for how microbiomes in fermented foods assemble. We
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have a very strong understanding of the patterns of microbial diversity in fermented foods, but
we do not understand what ecological and evolutionary processes control the formation of most
fermented food microbiomes. Much of the vast literature on fermented food microbes has taken
a food technology approach, where specific process parameters or ingredients are manipulated to
understand how to control food quality (43). Many of these studies have not explicitly considered
the natural history, ecology, and evolution of the microbes in fermented foods to dissect patterns
and processes in these microbiomes. Our main argument in this review is that tools and concepts
from ecology and evolution can provide novel and synthetic frameworks for understanding and
managing fermented food microbiomes.

To help build a mechanistic and generalizable understanding of how fermented food micro-
biomes assemble and function, several ecological and evolutionary approaches have emerged in
fermented food research over the last decade (8, 22, 33, 35, 38, 114). Our goal is to synthesize
major findings from these approaches and highlight some key open questions in the ecology and
evolution of fermented food microbial communities. Using a widely adopted community assembly
framework (73, 110), we aim to answer the following questions:

m How do top-down approaches used by fermented food producers (recipes, technical
specifications, etc.) drive the assembly of microbial communities in fermented foods?

m Whatare the most important ecological and evolutionary processes shaping fermented food
microbiome diversity?

m How do these processes vary across different types of fermented foods?

m How can we use ecological processes to control the quality and safety of fermented foods?

Our goal is to create a shared understanding and vocabulary among microbiologists, ecologists,
evolutionary biologists, food scientists, and fermented food producers. We hope to facilitate the
application of ecological principles to fermented food production and the use of fermented food
systems to learn general principles of microbial community assembly.

Before we review what is known about microbiome assembly in fermented foods, we need
to clearly define several terms that will be used throughout this manuscript. We adopt the In-
ternational Scientific Association for Probiotics and Prebiotics consensus statement definition of
fermented foods as “foods made through the desired microbial growth and enzymatic conversions
of food components” (63). The fermented food microbiome includes all microbes (bacteria, fungi,
viruses, and other types of microbes) that live in and on the food throughout the whole life of the
product, from raw ingredients to final consumed food.

The key ecological term that we will use throughout this manuscript is community assembly
or microbiome assembly. Community assembly refers to the processes that determine the types
of organisms and their abundances within a community. One component of community assembly
is the species pool, the collection of all species available to join a community. In fermented foods,
the species pool can consist of microbes in the raw ingredients, the food production environment,
and perhaps even the people producing the food (12, 30, 70, 84). The other main component of
community assembly is environmental filters: abiotic factors like temperature and pH that can
determine what species from the species pool can persist in a habitat.

The community assembly framework that we will apply to fermented food microbiomes was
developed by Mark Vellend (110) and has been widely adopted by microbial ecologists (73).
This framework consists of four main processes: dispersal, selection, diversification, and drift
(Figure 1). Dispersal includes the various processes that impact how propagules move from a
species pool and establish within a microbial community. Selection includes how both the abiotic
environment and biotic environment (microbial interactions) can impact the fitness of individ-
ual species and ultimately shape species abundances within communities. Diversification is the
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Dispersal, selection, diversification, and drift shape the diversity of ecological communities, including fermented food microbiomes.
This framework is based on processes described in References 73 and 110 and applied here to fermented food microbiomes. Round
shapes of different colors represent cells of different microbial species. In dispersal, microbial cells arrive at the fermented food
substrate from a broader species pool. In selection, the abiotic environment (nutrients and stressors, represented by red hexagons) and
biotic environment (microbial interactions, as indicated by lines with plus and minus signs) combine to impact the fitness of individual
cells and subsequently the growth or decline of populations. In diversification, novel genetic and/or phenotypic lineages arise from
within the local community (indicated by the emergence of the orange-colored, oval cells from initial genotypes of the yellow-colored,
oval cells). Drift causes stochastic changes in species abundances within microbial communities and may explain why some rare
microbes go extinct within ferments.
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generation of new genetic diversity within microbial communities that can shape community com-
position. Drift, perhaps the most elusive and hard to measure of the four processes, is the change
in microbial species abundances within communities over time due to demographic stochasticity.

2. THREE FERMENTED FOODS SERVE AS MICROBIOME ASSEMBLY
CASE STUDIES

This review will not comprehensively describe the diversity of fermented food microbiomes, as
this has been done elsewhere (34, 41, 42, 85, 105-108). Instead, we will focus on microbial com-
munities of three different fermented foods to illustrate various microbiome assembly concepts:
fermented vegetables, surface-ripened cheeses, and sourdough starters (Figure 2).

Fermented vegetables are produced when vegetables are chopped up, salted, and placed into
anaerobic conditions (Figure 24). These are some of the easiest ferments because no advanced
equipment is needed and specialized starter cultures are not required. Lactic acid bacteria that
naturally occur on the vegetables (known as the phyllosphere microbiome) are enriched in the
anaerobic conditions and produce organic acids that acidify the fermentation environment. A
huge range of vegetables are fermented, but some of the most widely consumed products, in-
cluding sauerkraut and kimchi, have a large proportion of cabbage as their base ingredient (27).
While various genera of lactic acid bacteria are the dominant members of most fermented vegeta-
bles, yeasts can sometimes be found in these products (19, 50, 95). The main nutrients available for
microbial fermentation are carbohydrates (fructose, galactose, etc.) released from plant cells dur-
ing preparation of the ferment. Salt and acidification by lactic acid apply strong abiotic selection to
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Microbiomes of fermented vegetables, surface-ripened cheeses, and sourdough serve as case studies to understand microbiome
assembly across fermented foods. (#) Vegetables with lactic acid bacteria living in the phyllosphere are chopped up and placed in an
anaerobic environment with salt and spices to create kimchi, sauerkraut, and other fermented vegetables. (9) In the production of
surface-ripened cheeses, milk, rennet, and cultures are mixed together to first transform milk into curds. These curds are then aged to
allow a rind community to form on the surface. (¢) Sourdough starters can be formed in two ways. De novo starters develop from the
dormant microbial cells present in flour. When water is added to the flour and it is repeatedly subcultured, a community of lactic acid
bacteria, yeasts, and acetic acid bacteria develops. Alternatively, an already established starter culture community can be used and
maintained by repeatedly adding it to fresh flour to provide new carbohydrates and other nutrients to fuel microbial fermentation.
Photos of fermented vegetables in panel # by Benjamin Wolfe. Photo of the cheese in panel 4 reproduced with permission from Adam
DeTour. Photos of the sourdough starter and bread in panel ¢ reproduced with permission from Lauren Nichols.

limit the growth of undesirable bacteria. After initial mixing of ingredients, most fermented veg-
etables are closed fermentations, limiting opportunities for additional dispersal after fermentation
has initiated.

Surface-ripened cheeses, such as Camembert, Limburger, and clothbound Cheddars, are aged
to intentionally grow a microbial biofilm on their surface. After milk has been fermented by lactic
acid bacteria and the resulting curds are shaped into a form, the cheese is salted and placed in
an aging facility (cave or other climate-controlled environment) where a community of bacteria,
yeast, and filamentous fungi forms an aerobic aging community on the cheese surface (Figure 25).
This microbiome decomposes the cheese curd and through enzymatic activity and other processes
adds additional flavor as the cheese ripens for weeks, months, or sometimes years. Cheese makers
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can use a mix of industrial starter cultures to inoculate cheeses to grow defined microbes in their
products. Cheese rinds are relatively open systems where microbes in raw milk or in the aging
environment can easily colonize the cheese surface and establish in a rind community. A wide
range of community types have been characterized for surface-ripened cheeses, ranging from just
a few taxa in some highly inoculated cheeses to more than 20 species in some washed-rind cheeses
(44, 94, 113). Most easy-to-metabolize carbohydrates are scarce after the lactic fermentation, and
microbes compete intensely for other resources including amino acids, lipids, and iron (68). Salt
provides a strong abiotic selection mechanism that only allows salt-tolerant microbes to flourish
(68).

Sourdough starters form when flour is made into a wet dough and a microbial community is en-
riched through successive rounds of refreshing the dough with flour (Figure 2¢). These starters
contain lactic acid bacteria, acetic acid bacteria, and yeasts that produce organic acids, carbon
dioxide, and other metabolites that give sourdough unique flavor and structural properties. Many
bakers obtain an established sourdough starter from a colleague or commercial source, leading to
the widespread dispersal of sourdough microbial communities across wide geographic distribu-
tions (55). De novo sourdough starter community formation is also possible because viable yeast
and lactic acid bacteria cells are present in raw flours. Once a starter community is established,
the sourdough microbiome tends to be a relatively closed system where the same microbial com-
munity is propagated repeatedly. Sourdough starter communities range from two to ten species,
with many reproducible community types forming across wide geographic regions (55). Variation
in sourdough community structure has been correlated with functional properties of the bread,
including aromas, dough rise, and bread structure (55, 87, 112). Competition for carbohydrates
(e.g., maltose) and peptides as well as acid and alcohol production provide strong abiotic selection
in sourdough starters (26).

All these foods contain multispecies communities with co-occurring bacteria and fungi, but
there are some striking contrasts in production processes that could impact how their commu-
nities assemble. For example, the “openness” of each community, based on how they are aged or
produced, can affect dispersal of microbial cells into the system. Fermented vegetables and cheese
rinds generally experience a single round of community formation, whereas sourdough is repeat-
edly subcultured as the starter is fed and maintained over many generations. Repeated rounds
of community assembly have the potential to impact diversification processes that may not hap-
pen in the short timescales of cheese and fermented vegetable production. Each of these varying
properties will be explored in each microbiome process described below.

3. MICROBIAL DISPERSAL IN FERMENTED FOODS
3.1. Dispersal of Starter Cultures and in Spontaneous Ferments

The first step in fermented food microbiome assembly is the introduction of microbes to the
substrate via immigration. Dispersal of microbes into fermented foods can be facilitated and ma-
nipulated through inoculation with starter cultures. In some cases, fermenters control dispersal
through mixing individual microbial species with known abundances in industrial starter cultures.
For example, in the production of surface-ripened cheeses, industrial starter cultures with pure
cultures of bacteria, yeasts, or molds can be added to help improve ripening (5, 76). Alternatively,
dispersal may be manipulated using starters of unknown composition that have produced desired
ferments in the past, as is the case for sourdough.

In contrast to heavily inoculated ferments, spontaneous ferments rely on uncontrolled im-
migration from any number of species pools. Before the advent of industrial starter culture
production, many ferments were spontaneous and relied on the naturally widespread distribution
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Dispersal processes in fermented food microbiomes. Circular shapes of different colors represent cells of different microbial species.

(@) Both source (top) and dispersal (bottonz) limitation can explain the abundances of microbes in fermented food microbiomes. In source
limitation, there is a low abundance of propagules in the species pool, causing limited dispersal to the fermented food environment. In
dispersal limitation, dispersal agents (humans, wind, animals, etc.) are not available to move propagules of a species from a species pool
to a fermented food substrate. (b) Different species pools that can serve as sources of fermented food microbiomes and their relative
contributions to cheese, sourdough, and fermented vegetable microbiome assembly. Figure adapted from Reference 66.

of microbes in species pools and their dispersal to fermentation substrates (106). Most fermented
vegetables, such as sauerkraut and kimchi, are still often produced using spontaneous fermentation
(78, 106). In these ferments, raw materials are gathered and processed and the microbes that live
on those materials serve as the inoculum for fermentation. Spontaneous ferments can also rely on
dispersal from species pools beyond raw ingredients (69).

3.2. Propagule Limitation as a Dispersal Framework for Fermented Foods

One useful framework for dissecting dispersal in fermented foods is propagule limitation, where
initial community dispersal processes can be broken into two distinct parts: source limitation and
dispersal limitation (66) (Figure 3). The power of compartmentalizing the dispersal process is
that it enables researchers and food fermenters to pinpoint exact areas where this process could
influence microbial community structure (20, 66, 81). In this review, propagules are microbial cells,
spores, or any microbial entity that is capable of dispersal and regrowth from a parent population
into a new habitat.

Source limitation occurs when a low abundance or a complete absence of propagules in feeder
communities (species pools) limits the abundance of microbial species in a particular habitat
(Figure 3a). Source limitation is particularly important for fermented foods that are sponta-
neously fermented, because the fermentation of those foods relies on microbes naturally present
in the environment. For example, a recent study from our group provided evidence for source lim-
itation in vegetable fermentation (66). When we surveyed various farms throughout New England
for the presence of lactic acid bacteria that drive fermentation of vegetables, we found that they
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are generally quite rare in local species pools and are variable from one farm to another. This work
suggests that source limitation of lactic acid bacteria can lead to variable fermentation outcomes,
depending on the specific microbiome of the farm environment. The widespread use of large
quantities of starter cultures in many ferments circumvents the challenges of source limitation.

Characterizing and managing the species pools that contribute to specific fermented foods
can be essential for understanding how source limitation would influence community structure
(Figure 3b). Much of the research on where microbes are present in fermented food environ-
ments has focused on pathogens as part of food safety surveillance programs (23, 72, 77). This
is critical for maintaining safe food production practices, but ignoring the beneficial microbes in
fermentation environments means we have a limited understanding of how microbes disperse to
and among ferments. The source-tracking approach developed for pathogens has helped to begin
to fill this gap. For example, a study of a cheese aging facility in California mapped the microbial
communities throughout the facility and the final cheese product and determined that microbes
in the production environment were abundant on the surfaces of washed-rind cheeses (14). Sim-
ilarly, a study of a fermented vegetable production facility determined that the raw cabbage— and
vegetable-handling surfaces could be the main sources of inoculum for the final fermented prod-
uct (30). This illustrates that unlike classic ecological theory, the species pool reflects not just the
surroundings of the fermented food but also the material contributing to the substrate, akin to a
seed bank in plant ecology.

Dispersal limitation occurs when dispersal agents (wind, insects, humans, etc.) or actively dis-
persing microbes (e.g., motile bacteria) are unable to move propagules of microbial species from
the species pool to a developing community. Dispersal limitation can occur at multiple scales
within ferments. At small scales, microbes may not be able to disperse to all portions within an
individual ferment, leading to spatial structure within the final microbial community. An exam-
ple would be lactic acid bacteria in vegetable ferments not being able to grow throughout a vat
of fermenting cabbage, leading to patchiness of acidity and variation in flavor. At medium scales,
microbes may not be able to move from a species pool within a production facility to the fer-
mentation substrate. For example, fermented food aging environments use specialized filtration
to reduce dispersal of microbes within the production facility.

At large spatial scales, dispersal limitation could be a driver of geographically distinct microbial
communities that form across the same type of fermented food product. If some microbial species
that impart distinct flavor or other properties in ferments are restricted in their dispersal at large
spatial scales, ferments made in particular regions may have unique properties. One way to test
for this pattern is to identify whether similarity in community composition is correlated with ge-
ographic distances between production locations, commonly called distance-decay relationships
in ecology (100). In our own work, we have found limited evidence for dispersal limitation in
surface-ripened cheeses and sourdough starters. When we sampled both fermented foods across
wide geographic regions, we did not find that community dissimilarity increased with geographic
distance between ferments. This lack of large-scale dispersal limitation makes sense considering
how the starter cultures used in these ferments are distributed around the globe, which effectively
provides a globally shared species pool. In contrast, spontaneous ferments and ferments inocu-
lated with locally enriched cultures show stronger signals of large-scale dispersal limitation. For
example, several studies of microbial communities associated with wine grapes have demonstrated
regional differences in species and strains of microbes that could contribute to fermentation (16,
37). Similarly, a study of fermented milk matsoni inoculated with undefined cultures that were
serially propagated within a facility found distinct bacteria and fungi at broad geographic scales
(10).
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4. ABIOTIC SELECTION IN FERMENTED FOOD MICROBIOMES

4.1. Abiotic Selection Can Differentially Prevent and Promote Microbes
in Fermented Foods

Once microbial propagules have dispersed to a food substrate, abiotic selection plays a key role in
structuring microbiome assembly. Abiotic conditions can prevent or facilitate the establishment
of newly arrived taxa. For example, salt is a widely used abiotic selection tool that directly limits
the growth of many undesirable organisms and promotes the growth of salt-tolerant ferment-
ing microbial species. Abiotic selection can also change species interactions and the outcomes of
competition to indirectly shape the community. Because it is relatively easy to manipulate en-
vironmental aspects of ferments, abiotic selection is the most widely manipulated and studied
component of fermented food microbiome assembly. Salt concentration, temperature, and avail-
ability of nutrients such as simple sugars are some of the most common tools producers use to
shift community composition in ferments.

Despite this wealth of information on how to control the growth of microbes in ferments,
much of this research has been compartmentalized to specific food production processes or en-
vironments. Few studies have explored how abiotic selection, from farm to ferment, can shape
the assembly of fermented food microbiomes. We argue that abiotic selection varies dramati-
cally based on the timing and location of production. The fermentation process has three broad
phases—in the raw ingredient environment, the production environment, and the fermentation
and aging environment—that can each provide different abiotic selection pressures that serve as
distinct filters for microbes (Figure 4). The sequential nature of these phases means that the final
fermentation community is a product of all three filters. In the following sections we evaluate the
selection pressures provided by each phase.

4.2. Abiotic Selection During Ingredient Production Determines the Microbes
Available for Fermentation

Before raw ingredients arrive at a fermentation production facility, abiotic selection can play a role
in determining what microbes are available for the fermentation (Figure 44). As the raw ingre-
dients are grown, processed, packaged, and distributed, they experience various abiotic selection
pressures that filter out some microbes and favor others. This process is especially important for
plant-based ingredients where microbes associated with plant materials (often lactic acid bacteria)
are the main fermentation microbes.

Abiotic selection of ingredient microbiomes can be driven by human activities on the farm
where the plant or animal material used for fermentation is grown. For example, in a farm-
to-ferment study of sourdough, organic versus conventional farming practices influenced the
bacterial communities of wheat milled for flour and ultimately made into sourdough starters
(87). The abiotic environments created by these farming practices drove differences in sourdough
starter composition and affected key quality properties of the bread, including crust color.

Abiotic selection of fermentation microbes on farms can also be driven by intrinsic processes
generally beyond human control. We examined the role of the plant environment on the distribu-
tion of lactic acid bacteria on vegetables used for fermentation (66). Despite their critical roles in
driving the successful fermentation of sauerkraut, kimchi, and other vegetable ferments, lactic acid
bacteria are typically quite low in abundance in the phyllosphere of plants (117). Why they are so
rare on plants and how this impacts fermentation outcomes are largely unknown. Using a gnoto-
biotic cabbage system in which we could inoculate highly controlled combinations of bacteria on
plant leaves (67), we determined that most lactic acid bacteria struggled to survive in the phyllo-
sphere when they were grown alone, and many slowly died over time. Other plant-associated
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Figure 4

Abiotic selection, from farm to ferment. Using three case studies, this figure illustrates how final microbiomes in fermented foods result
from multiple rounds of abiotic selection at different stages in production. We visually illustrate this with surface-ripened cheeses. Note
that the abiotic selection examples provided are not comprehensive and may vary across specific products and production practices.
Cow teat photo (#) by Muhammad Mahdi Karim and used under GNU Free Documentation License. Cheese vat (b) and cheese shelf
(¢) photos reproduced with permission from Jasper Hill Farm. Cheese photo (d) reproduced with permission from Adam DeTour.
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microbes that are adapted to the low-nutrient, dry, and high-light conditions of the phyllo-
sphere grew quite well. These experiments demonstrate that abiotic selection in the phyllosphere
environment can shape the pool of microbial species available for spontaneous ferments.

Beyond abiotic selection on the farm, how raw materials are packaged and distributed may
impact microbial quality of the raw ingredients. For example, Kable et al. (47) found that raw
milk sampled from two dairy farms across seasons hosted a consistent core milk microbiome.
Once milk was transported, the abiotic selection pressures accompanying different transportation
modes (silos and tanker trucks) dramatically altered milk microbiomes. This milk was not intended
for raw-milk cheese production, but the study illustrates how selection during raw ingredient
distribution can alter fermentation potential.

Most studies of abiotic selection have focused on the ferment itself, and not the raw materials
used for fermentation. As the examples above illustrate, ecological processes can shape the micro-
bial composition of raw materials used in fermentation and that microbial composition can in turn
impact fermentation outcomes. Additional studies that consider farm-to-ferment abiotic selection
will continue to make these systems-level connections more apparent. These types of studies are
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also needed to identify management strategies that can be used to alter the microbial quality of
raw ingredients used in fermentation. If we can diagnose the timing and location in production
during which microbiomes are most variable, fermented food producers can prioritize controlling
abiotic selection pressures at that specific stage to ensure a consistently reproducible product.

4.3. Abiotic Selection in Fermentation Production Facilities Creates a Built
Environment Species Pool That Affects Ferments

The second major abiotic filter in the production of fermented foods is determined by the built
environment (Figure 45). The built environment has its own microbiome independent from the
raw ingredients and cultures used in fermentation. Microbiome community composition and di-
versity in such built environments are tightly correlated with abiotic factors like temperature,
relative humidity, source of ventilation air, and rate of airflow (52). Prior to production, an exist-
ing “house” microbiome already experiences a suite of abiotic selection pressures that determines
the local species pool of microbes that can interact with ferments (12).

Several studies illustrate how the built environment microbiome can interact with fermented
food microbiomes. In a study of a surface-ripened cheese production facility, environmental or-
ganisms found throughout the facility were also common on washed-rind cheeses (14). The
investigators found evidence for spatial variation of microbes associated with different niches
within the facility, suggesting that different environments in the facility were selecting for spe-
cific microbial taxa. A more recent study of a different surface-ripened cheese facility also found
that each processing room in the facility harbored unique microbial community compositions,
which contributed to the microbes surveyed on ingredients used for cheese production (103). To
explore the origin of microbes within a sauerkraut production facility, a recent study found that
food surfaces hosted distinct microbial communities relative to different locations within the fa-
cility (30). Similar built environment and ferment interactions have been demonstrated for sake
and beer (11, 15).

4.4. Both Fermentation Conditions and Substrate Types Determine Microbial
Community Composition of Ferments

Once ingredients for a ferment are mixed and placed in a controlled fermentation environment,
fermentation conditions (temperature and salt concentration) and substrate (nutrients and other
resources available in raw food materials) play the final role in abiotic selection of community com-
position (Figure 4¢). Numerous studies of cheese, fermented vegetables, sourdough, and other
ferments have documented how microbial community diversity at the initial stages of fermenta-
tion dramatically decreases as selection only allows certain microbes to persist within fermentation
communities (31, 32, 118).

Because fermentation substrates (raw food ingredients) affect nutrient availability for micro-
bial growth, they can serve as one of the most important abiotic drivers of microbial community
composition across different fermented food products. The types of carbon and nitrogen sources
as well as macro- and micronutrients vary widely across the many materials that are fermented,
including milk, flour, and fresh vegetables (43). This variation in resource availability selects for
microbes that are adapted to efficiently utilize different nutrients. Some of the best data to support
the importance of substrate in driving microbial composition in fermented foods come from a
recent broad survey of many fermented foods with divergent substrates. Specifically, Leech at al.
(58) surveyed 58 fermented food types across multiple countries and categorized them as brine,
coconut kefir, dairy, soy, and sugar substrates. They found little evidence for geography explaining
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microbial community composition, whereas substrate type, and more specifically its nutrient
composition, explained the most variation in fermented food microbial community composition.

At a finer scale within specific fermented food types, abiotic selection due to production prac-
tices may play a larger role than substrate in shaping microbial community composition. For
example, our lab found that rind communities from cheeses sampled across North America and
Europe were consistently dominated by 24 species and that community composition of these
species was tightly correlated with cheese rind type—but not geography, milk treatment, or milk
source (113). This suggests that abiotic pressures such as temperature during ripening, salt concen-
trations, and water availability are the most relevant filters for cheese-rind microbial communities.
Likewise, Kamimura et al. (49) found that production conditions and starter cultures were the
strongest predictors of microbial community composition in cheese.

5. BIOTIC SELECTION IN FERMENTED FOOD MICROBIOMES
5.1. Identifying Biotic Selection in Fermented Foods

While microbes are dispersing to a fermented food and being filtered out by abiotic selection,
biotic selection can play an important role in determining winners and losers within fermented
food microbiomes. Historically, the role of biotic selection in fermented foods has received less
attention compared to abiotic selection. It is much easier to alter salt concentrations or tempera-
ture in a ferment than it is to change how and when microbial species interact. However, microbial
interactions are increasingly acknowledged as important drivers of microbiome composition and
fermented food quality and safety (22, 45, 79, 96, 97, 114). In addition to dispersal and abiotic
selection, interactions may provide critical tools for management of fermented food microbiomes.

One reason that biotic selection has received less attention is that it is experimentally more
challenging to characterize how biotic interactions alter community assembly in fermented foods
compared to abiotic selection. One approach is to use patterns of species co-occurrence across
large sequencing surveys to predict which species may have positive or negative interactions.
There are many caveats to this approach, including the potential for two species to have a sig-
nificant pattern of occurrence across many fermented foods simply because they have the same
abiotic niche (22). However, survey-based approaches can help generate hypotheses about species
interactions for targeted manipulative studies. In our work with both surface-ripened cheeses and
sourdough starters, we observed striking patterns of co-occurrence from metagenomic sequencing
surveys that we were able to recapitulate in lab experiments with cocultures (51, 55, 113).

Another more intensive approach is to simply measure the outcomes of experimental interac-
tions between microbial species as a screen (8). By growing microbes in pairwise combinations or
as whole communities where microbes are added or removed, it is possible to identify microbial
species with strong interaction phenotypes that can alter microbiome assembly. Because we have
a good understanding of the nutrients and growth factors required by many of the microbes in
fermented foods, most can be readily cultured in the lab for these types of interaction studies.
This approach does not necessarily start with in situ patterns of diversity, and these interactions
measured in the lab may not translate to the real world of food production. But it can pinpoint the
biotic levers within communities that could be used by food producers to manipulate communities
and alter product quality.

5.2. Direct and Substrate-Mediated Interactions in Fermented Foods

We find it helpful to divide microbial interactions in fermented foods into two broad categories:
direct interactions and substrate-mediated biotic interactions (Figure 5). Direct interactions
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biotic selection biotic selection

Bacteriocin/toxin production Deacidification/acidification of fermented
alters permeability of cell walls substrates to promote/inhibit the growth

of pH-sensitive microbes

Antibacterial production by
filamentous fungi inhibits cell growth Hydrolysis of disaccharides
to release monosaccharides
Phages infect, lyse, and
kill bacteria cells Degradation of proteins

via extracellular proteolysis
to release free amino acids

Consumption of limiting resources from
substrates, inhibiting the growth
of neighboring microbes

Figure 5

Biotic selection in fermented foods. Two broad categories of biotic selection—direct and substrate-
mediated—dominate the types of interactions between species in fermented foods. Substrate-mediated
interactions are especially important in fermented foods where microbes are breaking down and
transforming raw food substrates during fermentation. The green circles represent a resource being broken
down into available subunits via an enzyme pictured by red triangles on the right. A variety of examples
illustrate the two broad types of biotic selection. These are not exhaustive lists. Circular shapes of different
colors represent cells of different microbial species. Red hexagons and green stars indicate potential negative
and positive mediators of direct microbial interactions.

include cases where a microbe produces a metabolite or other substance that directly inhibits
or promotes the growth of a neighboring microbial species. The outcome of the interaction is not
dependent on the producer microbe modifying the environment because the metabolite is pro-
duced directly by its cells and directly interacts with neighboring cells. A classic example of this is
the production of bacteriocins by lactic acid bacteria that cause damage to the cell membranes of
neighboring bacteria (24, 53).

Substrate-mediated interactions (sometimes referred to as indirect interactions) occur when
a microbial species alters the environment in a manner that impacts the fitness of neighboring
microbial species. In these cases, there is no direct secretion of chemicals that directly alter the
growth of other microbes. Instead, a microbe produces a metabolite or grows in a particular way
that alters the environment and that subsequently can change the growth of other microbes. A
classic example of substrate-mediated interactions in fermented foods is the secretion of extracel-
lular enzymes that break down the food substrate and release nutrients that other microbes can
use (51).

Distinguishing between these two types of interactions is important for understanding how bi-
otic interactions can impact microbiome assembly in fermented foods. Direct interactions tend to
be specific and can impact only part of the microbial community. For example, bacteriocins pro-
duced by lactic acid bacteria in vegetable ferments often target a narrow spectrum of microbes and
would only negatively impact a subset of the community. In contrast, substrate-mediated interac-
tions are often more generalized and can impact a wide swath of microbial diversity in ferments.
For example, the deacidification of cheese curd by fungi in surface-ripened cheeses promotes the
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growth of a range of Proreobacteria, Actinobacteria, and other pH-sensitive bacteria (71, 113). The
breakdown of proteins and release of aminos acids by extracellular proteases can positively impact
a range of species in sourdough, cheese, and other ferments (36, 51).

5.3. Advancing Biotic Selection Research in Fermented Foods

A major limitation of biotic selection research in fermented foods is that most work (including
most of our own research) has focused on the causes and consequences of pairwise interactions,
and not all potential interactions within a community. A main reason for this bias is that mapping
out interaction networks within microbial communities is simplified by focusing first on how pairs
of species affect each other’s fitness. But when whole fermented food communities are assembling
in real-world ferments, many species are interacting with one another simultaneously, and higher-
order interactions may completely change the outcomes of pairwise interactions (104). In order to
make biotic selection a useful tool for managing ferments, we need to understand how interactions
unfold in more complex communities (79).

To help advance biotic selection research in ferments, one approach is “leave-one-out” or
species addition types of experiments. By constructing experimental communities that exclude
or include individual species one at a time, we can measure the resulting impact of a species on the
rest of the community (71). This helps to quickly identify highly impactful or interactive species
that could have major roles in shaping the entire microbiome assembly process, as well as cap-
turing the consequences of both direct and indirect interactions. For example, when we added
or subtracted different fungal species from experimental cheese rind communities, we found that
Proteobacteria species were often the most responsive to the presence of certain fungi (21, 119).

Another major gap in our understanding of biotic selection in fermented foods is the mecha-
nisms underlying most interactions. We frequently observe that one species alters the growth of
another species or a whole fermented food community, but we typically do not understand what
is driving these interaction outcomes. With mechanistic insights we can potentially engineer bet-
ter ferments that contain species with compatible biotic selection. For example, building on the
“leave-one-out” type of experiments described above with methods like RNA sequencing or ran-
dom barcode transposon site sequencing, it is often possible to identify the molecular or cellular
underpinnings of microbial interactions. In our own work with cheese rinds, we have used these
approaches to determine that flagellar motility in bacteria is critical for their growth promotion by
filamentous fungi (119) and that fungi relieve bacteria of amino acid and iron limitation (51, 80).

6. DIVERSIFICATION OF MICROBIAL SPECIES AND COMMUNITIES
IN FERMENTED FOODS

As dispersal introduces populations from the species pool and selection filters some of them out,
diversification can add novel genetic and phenotypic diversity to a community, generally on a
longer time frame. When new mutations arise and are established, the community of a ferment
no longer reflects merely a filtered subset of the local species pool. Many fermented food microbial
communities are reassembled from the same inoculum source. For example, sourdough starters
are maintained over months or years by repeatedly refreshing the dough nutrients by adding fresh
flour. This repeated subculturing of the entire microbial community also happens with many other
ferments, including kombucha, kefir, vinegar, and many others (8, 54). The sustained growth of
microbial populations in relatively stable environments with ample resources creates the poten-
tial for microbes to adapt to the fermented food substrate and generate new strains with novel
ecological functions. Microbial adaptation to fermented food environments may have caused the
domestication of numerous microbes used in fermentation (38).
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can help illustrate the consequences of diversification within ferments.

Despite this great potential for evolution within fermented food microbial communities, we
are unaware of studies that have tracked the genomic or phenotypic evolution of fermented food
microbes in situ. This would require repeatedly sampling the same fermented food community
over many months or years as it was being used in food production. There are many challenges of
this approach, including costs of lost product by the producer and difficulties capturing the best
temporal and spatial scales of sampling. To overcome these issues, several other approaches have
been used to provide evidence for diversification within fermented food microbiomes.

One widely used observational approach to study diversification is to measure the genomic
and phenotypic diversity of strains within a microbial species and correlate that with abiotic
properties of the fermented food environment (Figure 64,b). Numerous studies have revealed
extensive strain diversity within widespread fermentation microbes such as Saccharomyces cerevisine
(33), Penicillium roqueforti, Penicillium camemberti (90), Debaryomyces bansenii, Aspergillus oryzae (39),
Lactiplantibacillus plantarum (98), Fructilactobacillus sanfranciscensis (88), and many others. These
comparative genomic and phenotypic studies have demonstrated the key traits that have allowed
each of these species to thrive in fermented food substrates. This type of research reveals that di-
versification has happened, but it does not reveal specific ecological or evolutionary mechanisms
that have facilitated the diversification process.

Experimental evolution offers an alternative approach that can reveal mechanisms of diversi-
fication within fermented food microbial communities. By experimentally passaging fermented
food microbes in different abiotic conditions in a simulated fermentation environment, these
studies have revealed the phenotypic and genomic mechanisms of adaptation to fermented food
substrates (3, 4). Because new strains that are better adapted to a substrate are likely to outcom-
pete their progenitors, these experiments are likely to capture joint diversification and selection
in the form of widespread loss or gain of traits. In our own work with Penicillium molds from
surface-ripened cheeses, we were able to observe rapid (over just a few weeks) loss of many traits
(toxin production, pigment production, sporulation) in a strain of P. biforme as it was repeatedly
subcultured on cheese curd media (9). This experimental evolution process mimics the predicted
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domestication of molds used in Camembert production and revealed underlying metabolic and
transcriptomic mechanisms that could explain fungal adaptation to the cheese environment.

While most work on diversification in ferments has studied individual microbial species in
isolation, species in a community evolve in the context of one another. The mutations that per-
sist as species evolve depend on the effects of other community members. By exposing ferment
communities to novel substrates or novel combinations of strains that originated from divergent
products, whole-community evolution experiments have the potential to reveal how diversifica-
tion operates within ferments at the community level (Figure 6¢). We are unaware of any studies
using this approach in fermented foods, but several studies outside of fermentation have adapted
whole communities to novel environments (17, 56, 83). In these experiments, interactions among
species and whole-community functions often shift during evolution, including the strength of
species interactions and how resources are utilized (56, 83). A directed evolution approach like
this may be useful for developing whole fermented food communities that could have novel qual-
ity and safety functions (18). For example, evolving dairy starter culture communities to grow on
plant “milk” substrates could provide novel starter communities for emerging plant-based cheese
products.

Another largely unexplored area in the diversification of fermented food microbiomes is how
this diversification can impact microbiome assembly. Most studies in this field have focused on the
evolution of an individual species and how adaptation impacts the traits of that species. We are not
aware of many studies that have examined how genetic and phenotypic changes resulting from di-
versification can have ecological impacts on microbiome assembly. A recent study from our group
demonstrated how in situ diversification of cheese rind communities can impact microbiome as-
sembly and function (74). We isolated the same three species of bacteria from nine geographically
isolated natural-rind cheeses (Figure 6d). When we assembled those nine bacterial communities
in a standard lab cheese environment, we observed divergent community compositions and func-
tions of the communities despite identical initial starting conditions (identical cell input densities,
identical cheese substrate properties). This demonstrates that as taxonomically identical commu-
nities of microbes diversify in different fermented food production environments, they can shift
in their assembly dynamics and how they impact the aesthetics and quality of the fermentation.
Future studies that use experimental evolution to recreate this community-level diversification
will better understand how whole-community evolution has contributed to the unique properties
of fermented foods produced in different regions.

7. ECOLOGICAL DRIFT IN FERMENTED FOODS

Drift—changes in population abundance due to the randomness of births and deaths—is perhaps
the most difficult process to study in fermented food microbiome assembly. In the absence of
selection (i.e., if all species were functionally identical), drift would be the only source of changes
in relative abundance of species. When species become functionally distinct, however, the effect
of drift diminishes. Trying to experimentally manipulate and measure random births and deaths
of species within communities is remarkably challenging. The interaction between drift and other
ecological processes makes it hard to disentangle when ecological dynamics within communities
are driven by stochastic processes like drift or deterministic processes like abiotic selection (101).
By its very definition, drift is unpredictable and is therefore not something that most fermented-
food producers may want to occur in their ferments.

Drift has the largest impact when populations are small, i.e., when individual random births
and deaths represent larger changes in relative abundance. This means that drift should have a
greater impact on community structure during establishment of a new ferment community (when
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all populations are small) and may cause the stochastic extinction of seemingly viable species or
strains immediately after dispersal or diversification (when that individual population is small)
(11, 70). For example, in sauerkraut, kimchi, and other fermented vegetables, the rare and variable
abundances of lactic acid bacteria on raw vegetables may cause them to be especially subject to drift
in the early stages of fermentation (66). Drift may also impact the composition of ferments that
are serially passaged and experience strong population bottlenecks, such as sourdough starters.
"To help us better understand the potential contribution of drift in structuring ferment commu-
nities, high-resolution time series data from simple ferments are needed. We are unaware of any
studies that have followed the same ferment for many generations and tracked species composition
over time. If these data from a sourdough or other serially passaged ferment were available, they
could then be used in combination with models of drift developed for microbial communities (99).

8. CONCLUSIONS

As we have illustrated above, the dispersal-selection-diversification-drift framework is a useful
approach for illuminating the ecology and evolution of fermented food microbiomes. But how
can food producers use this framework to manage and manipulate the quality and safety of their
products? In addition to very specific examples highlighted throughout the review, the framework
has several general applications.

First, this framework can be especially helpful in diagnosing and managing microbial defects
in fermented food products. When recipes and quality protocols are followed, most batches of
ferments are high quality and contain microbial communities that are considered desirable. But
with some frequency, batches of ferments cannot meet consumer expectations and never make it to
market (7). In our own work in our lab, we have used the dispersal-selection-diversification-drift
framework to solve economically devastating microbial defects. After we identify the microbes
that are putative agents of defects in ferments (48), we then consider how all four processes may
explain why the microbes in question have become problematic in a product or production fa-
cility. For example, we survey species pools throughout the production pipeline to identify how
new dispersal processes may be contributing undesirable microbes. We also consider how abiotic
or biotic selection might be used to decrease the abundance of microbes associated with quality
defects.

Second, by understanding the mechanisms of microbiome assembly, we can also use ecology
and evolution to develop novel fermentations. For example, if we want to add novel microbial
species to traditional ferments to alter their aesthetics or flavor, we need to understand the ecolog-
ical and evolutionary constraints operating within that ferment. What abiotic selection pressures
will promote or inhibit the establishment of novel species? Are there ways that we can promote
diversification of existing strains to facilitate the addition of novel species?

Finally, a strong ecological and evolutionary framework can also provide a conceptual and theo-
retical foundation for preserving fermented food microbial communities. With new technologies
and shifting climates, the biodiversity of microbes in traditional ferments may be changing. By
integrating surveys of microbial diversity of previously unexplored ferments with mechanistic
studies that identify how fermented food microbial communities assemble, we can develop mi-
crobiological, social, and political frameworks that can maintain these economic and culturally
significant food microbiomes.
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