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Abstract

Developing synthetic communities (SynComs) and harnessing their functional potential to
create microbe-based solutions across diverse applications, including agriculture,
biotechnology, and medicine, holds promise for improving environmental and human health.
However, defining the composition of SynComs is challenging due to the enormous microbial
diversity in most ecosystems. Implementing the keystone taxa concept into microbiome
research may help develop strategies for defining SynComs and prioritizing the isolating of
microbes that catalyze critical functions in a particular environment. The idea was developed
in the '60s of the last century for macroorganisms and describes organisms that are
disproportionately important in an ecosystem compared to others. Despite this, a
comprehensive definition of microbial keystone taxa has remained elusive. Here, we provide
an 8-point updated definition that characterizes its ecological significance and could contribute
to its identification. We further describe an operational 4-step approach to detect “keystone

taxa candidates” from complex “omics” data and propose strategies for their isolation.

Keywords:
Keystone Taxa; SynCom; Core Microbiome; Co-occurrence Analysis; Metagenomics;

Metabarcoding;
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Introduction

Nature provides ecosystem services that are essential for our life on Earth. In addition, our
direct interaction with nature significantly impacts our health, influencing well-being and
disease prevalencel. However, compared to pre-industrial times, our environment has
changed dramatically due to human activities, resulting in habitat destruction, biodiversity loss,
pollution, climate change, overexploitation of species, and the introduction of invasive
organisms?. These changes have been considered potential causes for notable increases in
environment-related diseases in recent years, including infections, cancer, allergies, and
metabolic disorders®. The growing awareness of the connection between environmental and
human health is reflected in the relatively recent development of holistic concepts, such as
One Health, Planetary Health, or Global Health*. In these concepts, environmental microbes
and their functional potential are recognized as architects of the ecosystem services provided
by nature. Therefore, changes in the environmental microbiome or losses of diversity have
been considered a reason for losses of ecosystem services and reduced resilience towards
environmental stressors. Further, environmental microbes act as a source of microbes, which
humans recruit and implement into their microbiome. Thus, changes in the environmental
microbiome are mirrored in our microbiome and may induce functional changes, which have
been linked to dysbiotic states and disease®. As a consequence, preventing or mitigating the
loss of microbial diversity in nature is crucial for promoting both environmental and human
health.

As the natural re-establishment of microbial biodiversity at an affected site might take decades
or even centuries, in recent years, a growing field of research has focused on compensating
for microbial losses through the targeted reintroduction of microbiota, either as single strains
or synthetic communities (SynCom) into affected ecosystems®. This approach has gained
significant interest, for example, in agriculture, where “biostimulants” (i.e., environmental
probiotics) have been proven to reduce the use of pesticides and the amount of inorganic
fertilizers’. In human medicine, losses in microbial diversity, e.g., after antibiotic therapy, are
compensated by using beneficial microbiota (i.e., probiotics) to reestablish a healthy gut
microbiome®. Recently, industrial biotechnology has also started to implement SynComs in

fermentation and bioprocesses, which can improve bioproduction yields®.

The successful application of SynComs is context-dependent, often limited by the fact that the
needed microbes often remain uncultured due to their specific physiological conditions or the
need for a minimal microbial consortium for their successful establishment®. Thus, a vast part
of current microbiome research aims to develop targeted isolation approaches, using new

omics techniques to identify “the most important” microbes to be prioritized!®. However, this
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can be very challenging, considering the vast microbial diversity in most ecosystems. For
example, one gram of soil may harbor more than 54,000 different microbial species, and the
number of strains might be much higher’. Their unique eco-physiological needs hinder the
successful isolation of most microbial diversity based on current technologies.

Implementing the microbial keystone taxa concept might help prioritize microbes for targeted
isolation and implementation into SynComs. However, although the term has been frequently
used in the microbiome field, it lacks a clear and unifying definition. Here, we provide an 8-
point updated definition, considering its crucial features to understand its ecological
significance and eco-physiological needs for isolation. We further describe an operational 4-
step methodological approach to detect “keystone taxa candidates” from large-scale omics

data and define strategies for its isolation.

How do we define microbial keystones?

Since Paine introduced the idea of “keystone species” in 19692, this concept has been a
central point of interest in ecology and related fields. At that time, Paine was studying a shore
ecosystem, and he realized that the presence of one particular species could mostly control
the ecosystem structure and functioning. That species was the sea star, and he labeled this
species a “keystone species” for that ecosystem??. In the following years, Paine and
colleagues generalized this finding and proposed that “keystone species” disproportionately
impact their community or ecosystem relative to their abundance®® (Box 1.1 High impact
independent of abundance). After its first appearance, the term “keystone species” has been

broadly used in macroecology, especially in food-web studies!®.

More recently, the “keystone species” concept was extended to microbiology in line with
sequencing technology and computational infrastructure developments. The current definition
of microbial keystone taxa refers to specific microorganisms within a microbial community that
play critical roles in maintaining the overall structure, function, and stability of a given microbial
community or an ecosystem?®. Thus, microbial keystone taxa may contribute to essential
ecosystem functions such as nutrient cycling, organic matter degradation, energy flow,
pathogen suppression, and regulation of the host immune system (Box 1.2 Functional
Importance) or regulate the abundance and activity of other microorganisms within the
community through various mechanisms. This regulation may involve competition, predation,
symbiosis, or the production of signaling molecules that modulate microbial interactions and
phenotypes (Box 1.3 Ecological Interactions). Microbial keystone taxa may have specialized

metabolic capabilities that enable them to perform unique or critical roles within their
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community, occupying specific ecological niches within their habitat and exploiting resources
or environmental conditions less accessible to other organisms. Their ability to thrive in these
niches may be facilitated by specialized adaptations or metabolic pathways (Box 1.4 Niche
Specialization). Consequently, their presence and activity may create microhabitats, alter
nutrient availability, or modify physicochemical conditions, shaping the broader ecosystem
landscape (Box 1.5 Ecological Engineering). The presence of keystone taxa enhances the
stability and resilience of microbial communities. The processes behind these phenomena are
still not well understood, but might be linked to larger genome sizes or highly structured
genomes (Box 1.6 Stability and Resilience). This feature might enhance their ecological
roles and adaptability, not only to themselves but also to the community as other microbiota
might incorporate genetic material from the keystone taxa (Box 1.7 Genetic material
reservoir). Vice versa, genetic material could also be transferred to keystone taxa genomes;
arguing that keystone taxa are active in their particular environment due to their central
position in the community network, they might have an enhanced possibility to uptake genetic
information from other microorganisms compared to those microbes which are less active or
dormant — resulting in higher adaptability under changing environmental conditions (for
resent cases see 1%17; Box 1.8 Uptake of genetic material).

From species to strains

However, like many other concepts derived from macroecology, applying the keystone taxa
concept to the microbial world has several potential constraints that must be considered. The
limitations range from the difficulties in directly observing microbial interactions to their high
spatial and temporal fluctuations and issues related to the exchange of genetic information via
horizontal gene transfer, among others!®. The latter —horizontal gene transfer and other factors
— hinders species-level resolution in microbial classification, which raises the question of the
suitable taxonomic level for identifying keystone microbes. Considering that horizontal gene
transfer, rearrangements in the genome, and gene losses can only be detected at the strain
level and that the current definition of a microbial species corresponds to all strains with a DNA
similarity of > 70 % in their genome?!®, we propose that strain-specific resolution should be
considered as the suitable level to define keystone microbes. For example, strains from the
same species can be health-promoting or detrimental to a particular host, depending on their
genomes?. Additionally, bacteria and archaea frequently have an increased genetic change
rate in relation to plants and animals, raising the question about the stability of a particular
strain in its natural environment. Indeed, laboratory experiments have shown transfers of
plasmids from recipients to donors within minutes?! and a very fast rearrangement of genomes
to scope with the applied stress?2?2, As the process of horizontal gene transfer and genome

rearrangement is energy-consuming, transfer rates might be significantly lower in nature, but



179  the dynamics of genomes of strains might still be high. Hence, when referring to
180  microorganisms, the term “keystone taxa™'® is preferred instead of “keystone species”, and the
181  suitable taxonomic resolution depends on whether a function is essential for the life of a
182  bacterial species and part of the corresponding core genome or only present in the
183  pangenome and harbored only by some strains. Moreover, it needs to be discussed, taking
184  the large spatiotemporal dynamics into account if the status of a microbial keystone taxa is
185 permanent — inherent to the taxon itself and its environment — or whether its keystone status
186  might change according to time/space variation such as nutrient availability, pH, temperature,
187  or oxygen gradients, etc 23, In other words, does a particular ecosystem always depend on the
188 same keystone taxa? Or might the keystone status circulate across taxa? Taking recent
189  findings about the different activity patterns of microbes from living to dormant into account?#,
190 the keystone taxa status of an organism might also change in a given ecosystem depending
191 on the environmental conditions present. However, a certain resilience towards natural
192  fluctuations should be expected to allow for the stabilization of the ecosystem itself as well as
193  its microbiome.
194
195 Box 1. Components of a Microbial Keystone Taxa Definition
COMPONENT EXPLANATION ASSESSMENT METHOD
1 High impact Disproportionate influence on the ecosystem  High-resolution taxonomic
independent despite often being in low abundance. identification

regardless of

abundance
2 Functional

Importance

3 Community shape

4 Niche
Specialization
5 Stability and

Resilience

Critical  functions in  ecosystem and
organismal health.

Ability to drive ecological interactions and
regulate microbial community dynamics,
often preventing the overgrowth of other

species populations.

Unique ecological roles often thrive under
specific environmental conditions.

Contribution to the stability and recovery of
communities

microbial following

environmental disturbances.

Metagenomics

Metabolic profiling
Co-occurrence networks
analysis

Experimental interaction
assays

Perturbation experiments
Long-term field experiments
Environmental gradients
Metabolic profiling
Perturbation experiments

Long-term field experiments



6 Ecological Ability to modify its environment can shape the  Controlled experiments

Engineering ecosystem by, for example, altering nutrient

availability or oxygen levels,

7 Genetic material Genomes can contain key genetic material, Genome-wide analyses
reservoir including plasmids or resistance genes that Identification of transposable
enhance community survival. elements

8 Uptake of genetic  Capacity to acquire genetic material from its  Genome-wide analyses
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material environment drives evolutionary adaptability. Identification of transposable

elements

From definition to implementation: A toolbox to define microbial keystone taxa
Although a number of in vivo approaches based on microevolution have been used
successfully to identify SynComs with certain functional properties D, still in silico tools are
more often used to identify microbial keystone taxa . This requires a synergistic and
integrative approach, combining the power of high-throughput sequencing technologies and
bioinformatics with a comprehensive understanding of microbial ecology for a particular

ecosystem (Figure 1).

Step | includes the definition of a “candidate microbial keystone taxa”. Network or co-
occurrence analysis using metabarcoding data based on marker genes like the 16S rRNA
gene for bacteria and archaea, the ITS region of the ribosomal operon for fungi or the 18S
rRNA gene for protists is often used for this purpose (Figure 1a). In the original study on the
role of sea stars, Paine intuitively represented the shore community as a net of species
connected by lines. However, formal network thinking in ecology was just introduced in 2005,
when Proulx and colleagues, taking advantage of the vast theoretical background from the
graph theory, applied the concept of co-occurrence networks to the study of ecological
interaction?®. Even though network analysis has proved to be a valuable tool for representing
community structure, some aspects hinder the direct application to studying environmental
microbiomes?’~2°, One relevant issue is that network analyses — based on co-occurrence or
its derived associations — allow the identification of hubs with a high influence on the network
morphology. These hubs can be interpreted as “keystone taxa candidates” as their
removal/loss significantly alters network morphology. However, the network represents
putative ecological associations that require further assessment to gain mechanistic insights

into the particular community. The cooccurrence networks also may also give information
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about the stability of certain taxa under changing conditions of an ecosystem if samples from
different time points are available. These microbes might be considered as part of the Core
microbiome of an ecosystem (Fig. 1b) 0% and are typically considered important for
maintaining the stability, functionality, and health of an ecosystem facing natural dynamics in
chemical and physical properties, an essential feature of a keystone taxa (see above).
However, in contrast to macro-organisms, where these interactions are visible and functional
dependencies between organisms can be easily assessed, the microbial world network
analysis is a purely statistical analysis, and links to functions are missing. Therefore, a
functional annotation of the “candidate microbial keystone taxa” is needed. Functional
analysis (Fig. 1c) could include high throughput metabolic in vitro profiling®?, single gene
annotation, stable isotope probing (SIP), and, more recently, metagenomics, meta-
transcriptomics, metabolomics, genome-scale metabolic modeling®®, among others®*. These
approaches provide insights into microbiome biosynthetic pathways and metabolic activities,
contributing to understanding the functional roles of specific microorganisms within a
community or environment. “Candidate keystone taxa” inferred from metabarcoding data can
then be mapped with functional data, for example, by mapping to Metagenome-assembled
genomes (MAGs). MAGs can be used to characterize the functional potential of the identified
keystone taxa and to define specific strategies for targeted isolation of the microbiota of

interest.
ﬁ}e".' - col Steplll Step Il Step IV
Identification o olony/consortia SynCom development Sustainable microbial-based technologies
keystone taxa selection
a) Core microbiome
analysis
@
.+ @
PN
o g}
j (¢
@
b) Network analysis
[ |
||
(]

¢) Functional analysis

Fig. 1. Identification of microbial keystone taxa and SynComs assembly for sustainable
microbiome solutions. Step | (a, b, and c¢) include data-analysis techniques for identifying
the environment's keystone taxa: a) Core microbiome analysis involves metabarcoding
taxonomic identification to determine shared taxa among two or more microbial communities
in a given host species or environment. b) Network analysis is also usually based on
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metabarcoding data to determine co-occurrence associations between taxa of the microbial
community, allowing the identification of hubs that strongly influence network morphology. c)
Functional analysis could include high throughput metabolic in vitro profiling®?, single gene
annotation, stable isotope probing (SIP), and, more recently, meta-transcriptomics and
metabolomics, among others®. Step Il includes a combination of isolation techniques that
target the selected taxa or consortia from step I. Step Il includes developing the SynComs,
including development, testing, and preservation. Step IV to the implementation of the
designed SynCom into an affected environment. Created in https://BioRender.com.

Step Il includes the subsequent targeted isolation of the “candidate keystone taxa”. The
development of media and the use of subsequent helper microbes for the isolation play a key
role here, which can be facilitated by the functional mapping described above. After successful
isolation, “classical microbiology” starts by confirming the functional traits defined in silico with
in vitro and in vivo tests, taking Koch’s postulates from 1893 into account, stating that any
postulated trait of a microorganism must be confirmed with the isolates of the respective strain
at in vitro and in vivo models. Koch referred to pathogenic microorganisms, but the statement
also refers to microbes with potential beneficial environmental and human health traits. This
may also include the construction of knockout mutants and their supplementation, which may
become challenging if the protocols for targeted manipulations of desired microbes are still

missing.

Step Il is SynCom development, which combines the selected strains at specific proportions,
generally in vitro, under controlled conditions. The design of the SynCom should consider not
only the strains’ requirements, i.e., nutrient availability, physicochemical conditions, etc. but
also the interactions between strains, which determine the functionality of a SynCom to a large
extent. Although synergies between strains may be essential to obtain the proposed activity
pattern of a SynCom, and some genes might be expressed only if a certain combination of
microbes is present, at the same time, negative interactions need to be considered as
microbes may also interfere with each other, in a way that growth and/or activity is reduced or
even completely blocked, e.g., by the formation of substances with antimicrobial properties by
single members of the SynCom. This third step might imply a loop of sub-steps of testing and
tuning the culture conditions, namely the design-build-test-learn cycle (DBTL)%. This step

should include testing and preservation sub-steps.

Step 1V, the final step, corresponds to implementing the established SynCom into applications.
Any SynCom application must be considered as an invasion of microbes into an ecosystem.
Thus, invasion theories derived from macroecology may help determine the inoculation's

success in advance. In plant seeds, for example, due to the priority effects, SynCom strains
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have shown low environmental invasion capacity but they can modify the seed microbiota
composition, the community size, and the overall seedling®. In general, implementations of
SynComs are more likely to be successful when applied after a significant disturbance or when
the environment is naturally low in microbial diversity. Although not real SynComs but more
quite undefined microbiota, this principle has already been implemented into clinical practice
when using fecal transplants®’. For complex ecosystems, using carrier materials to protect the
inoculated microbes from grazing and allow for a stepwise adaptation to the new conditions
has been proven to increase the success rate for colonization of an ecosystem after
introducing single microbial strains or SynComs=2. Carriers used successfully for soils can be
of organic (e.g., compost, biogas slurry, crushed corn cob, biochar, peat, etc.) or inorganic
origin (e.g., zeolite, perlite, lignite, talc, etc.)*®. The final phenotype of the SynComs in vivo
also depends on the environmental conditions present and can only be predicted for
housekeeping genes or genes with constitutive expression. However, for most genes linked
to the synthesis of beneficial substances or the degradation of harmful substances, the
expression is highly regulated, and phenotypes must be assessed depending on the chemical
and physical conditions present in the ecosystem.

In summary, identifying and understanding microbial keystone taxa is crucial for developing
SynComs and unlocking their potential applications across diverse fields, including agriculture,
bioremediation, and human health. We provide an 8-point updated definition of microbial
keystone taxa, linking each characteristic to its ecological significance and highlighting its
unique roles in microbial ecosystems. To prioritize microbes for isolation and SynComs
development, we suggest a 4-step operational approach based on complementing cultivation-
based approaches with methodologies that bring information about the structure and
functionality of the microbial community. Successfully implementing a SynCom designed to

evaluate the role of a "keystone taxa candidate" could confirm its status as a keystone taxon.
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