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Abstract
In recent years, microbiomes and their potential applications for human, ani-
mal or plant health, food production and environmental management came 
into the spotlight of major national and international policies and strategies. 
This has been accompanied by substantial R&D investments in both pub-
lic and private sectors, with an increasing number of products entering the 
market. Despite widespread agreement on the potential of microbiomes 
and their uses across disciplines, stakeholders and countries, there is no 
consensus on what defines a microbiome application. This often results in 
non- comprehensive communication or insufficient documentation mak-
ing commercialisation and acceptance of the novel products challenging. 
To showcase the complexity of this issue we discuss two selected, well- 
established applications and propose criteria defining a microbiome applica-
tion and their conditions of use for clear communication, facilitating suitable 
regulatory frameworks and building trust among stakeholders.
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MICROBIOME FUNCTIONS 
R AISE OPPORTUNITIES FOR 
NOVEL APPLICATIONS TO 
ENABLE SUSTAINABLE AGRI- 
FOOD PRODUCTION AND 
TO IMPROVE HUMAN AND 
ENVIRONMENTAL HEALTH

Microbiomes are defined as characteristic communi-
ties of microorganisms occupying well- defined habitats 
with distinct physico- chemical properties. The micro-
biome consists of an assembly of microorganisms, in-
cluding bacteria, archaea, fungi, protists and algae, and 
their “theatre of activity”, including structural and mo-
bile elements, enzymes, metabolites, signal molecules, 
and the surrounding environmental conditions (Berg 
et al., 2020). Microbiomes “are in, on and all around 
us” and have a crucial role in maintaining life on Earth 
(Małyska et al., 2019). Recent data demonstrates that 
all higher eukaryotes depend on specific interactions 
with “their” microbiome and the related functional traits. 
Animals and humans have established a symbiotic re-
lationship with microbial communities that substantially 
influence their physical and mental health, nutrition and 
behaviour (Ogunrinola et al., 2020; Peixoto et al., 2021; 
Sessitsch et al., 2023; Simon et al., 2019). Similarly, 
the plant microbiome is key to abiotic and biotic stress 
resilience, health and growth of plants (Chepsergon 
& Moleleki, 2023; De Mandal & Jeon, 2023; Hassani 
et al., 2018; Sessitsch et al., 2023). This high impor-
tance of microbiomes for the health of their particular 
host has been acknowledged in the term metaorganism 
or holobiont (Rosenberg & Zilber- Rosenberg, 2016). 
Consequently, microbiome innovations can potentially 
bring benefits to all fields of life, enabling the pro-
duction of more sustainable food, feed and biobased 
products, as well as improving the health of humans, 
animals, plants, and the environment, while underpin-
ning the principles of circularity (D'Hondt et al., 2021). 
For example, microorganisms have been exploited for 
plastic degradation, lowering CO2 emissions or treating 
and recycling wastewater (Antranikian & Streit, 2022). 
This potential has been acknowledged by policymak-
ers (EC, 2020; FAO, 2019), and substantial public 
and private funds have been invested in the develop-
ment of microbiome applications (Eisenstein, 2022; 
Hadrich, 2020), with products starting to enter the 
market (Olmo et al., 2022). The ongoing transition 
from R&D to product development has raised various 
issues/questions that must be addressed to ensure the 
successful implementation of these novel applications. 
Therefore, an extensive exchange between diverse 
stakeholder groups is needed to improve public aware-
ness of microbiomes and acceptance of microbiome 
applications, as well as to manage expectations. To fa-
cilitate this, more coherent communication is essential. 
At the same time, there is no clear concept of what a 

microbiome application is, with different fields and sec-
tors following different rationales and employing differ-
ent concepts. End- users, e.g., consumers, farmers and 
healthcare professionals, must understand the concept 
of current and upcoming microbiome applications, their 
benefits, current limitations and potential risks or down-
sides. Unclear communication can result in misper-
ception and mistrust, but also in overly optimistic and 
unrealistic expectations among non- expert end- users, 
policymakers, funders and regulators. Raising expec-
tations and not delivering on them could jeopardise 
trust and consequently negatively affect the develop-
ment of the microbiome field through reduced funding 
and private investment, diminished policy support and 
consumer acceptance, and thus prevent full exploration 
and exploitation of these valuable natural resources. 
This disparity also poses a significant challenge to the 
establishment of an appropriate and unified regulatory 
framework, with the current legislative landscape being 
fragmented over different fields of applications. Even 
though regulatory organisations have recognised the 
need to include microbiomes in the regulatory scientific 
assessment of risks and benefits (Cordaillat- Simmons 
et al., 2020; Merten et al., 2020; Trivedi et al., 2021), the 
development of regulatory guidelines for assessing the 
risk and benefits of microbial strains and consortia is 
still in progress.

CATEGORISING AND DEFINING 
MICROBIOME APPLICATIONS

Tremendous advances in microbiome research in the 
last decade have led to the development of diverse 
microbiome solutions. Currently, many of these solu-
tions are based on the application of single microbial 
strains, such as probiotic strains in the food industry 
or microbial inoculants used to improve crop produc-
tion, and/or microbial modulation approaches like 
prebiotics. However, more complex and diverse so-
lutions are in development, including, for example 
the application of more complex microbial consortia 
(Qian et al., 2020; Shayanthan et al., 2022), precision 
microbiome- modulating compounds (Silva et al., 2022; 
Tian et al., 2020) or microbiome prediction tools and 
diagnostics (Marcos- Zambrano et al., 2021; Wilhelm 
et al., 2022). Considering the increasing complexity 
of microbiome applications, it is even more important 
to consider natural microbiome fluctuations, such as 
those caused by changes in management practices, 
lifestyle or environmental factors, as well as the grow-
ing understanding of the functioning and interconnect-
edness of microbiomes throughout different systems 
(Sessitsch et al., 2023).

Several concepts related to microbiome applications 
have been elaborated. Foo et al. (2017) defined microbi-
ome engineering as altering the microbial composition 
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to improve host phenotypes and ecosystem quality. 
They presented a range of microbiome engineering 
strategies, including enzymes, prebiotics, probiot-
ics, microbiome transfer, signalling molecules, drugs, 
agricultural management, and synthetic biology ap-
proaches. Additional strategies include the application 
of synbiotics (Swanson et al., 2020) or phages (Federici 
et al., 2021; Khan Mirzaei & Deng, 2022) and genetic 
improvement (Arnold et al., 2023). A somewhat differ-
ent perspective focuses on the ecological principles of 
microbiome engineering that could be used to design 
and control microbiomes (Bernstein, 2019). Although 
it is indisputable that all strategies will affect microbial 
composition and/or function, the question arises of 
whether all these strategies can be categorised as mi-
crobiome applications. Debatable issues include how 
to categorise the use of individual microbial strains ver-
sus more complex microbial communities or how to ad-
dress different management practices, such as specific 
soil fertilising or dietary/feeding regimes or the use of 
specific antibiotics, that are known to affect microbiome 
composition and/or function. Here, we have not consid-
ered approaches wiping out a major part of the microbi-
ome, like detergents or broad- spectrum antibiotics.

We propose that a microbiome application is 
knowledge- based and/or microbiome data- driven, with 
measurable and predictable effects on the microbiome 
(function, diversity), thereby also having beneficial ef-
fects on the targeted host or (eco)system. Ideally, the 
mode of action is understood. Within these criteria, 
microbiome applications can comprise highly complex 
microbial communities, strain combinations or individ-
ual strains. Also, specific microbiome modulators and 
data- driven approaches, e.g., diagnostics, are included 
in the proposed concept (Table 1). With the upcoming 
deluge of increasingly comprehensive datasets on mi-
crobiomes and their interactions with the environment 
and within the holobiont, it can be expected that an in-
creasing number of precision microbiome applications 
will reach the market. According to these criteria, we 
propose that a microbiome application is either (i) the 
direct use of microorganisms, microbial consortia, me-
tabolites, or enzymes, or (ii) the manipulation of envi-
ronmental or process variables to achieve a desired, 
beneficial functional effect on a targeted system.

Overall, we consider it important to distinguish be-
tween natural microbiome fluctuations (representing un-
targeted microbiome effects) or black box approaches, 
semi- understood and precision interventions (Figure 1). 
The composition, functionality and activity of microbi-
omes are affected by a wide range of factors, including 
environmental factors (e.g., temperature, oxygen con-
tent, nutrient availability, pH, humidity, host genotype) 
and, where relevant, lifestyle of the host (e.g., diet, 
physical activity, stress). Natural or induced changes in 
these factors will inadvertently affect the composition 
and/or function of the microbiome; however, they have 

no target. We suggest explicitly excluding untargeted 
microbiome modulations, like different diets or fertili-
sation regimes, from the concept of microbiome appli-
cations. Notwithstanding, these correlations should be 
addressed in communication activities to raise aware-
ness about the dynamic nature of microbiomes.

Microbiome applications that are currently commer-
cialised or in more advanced stages of R&D (Table 1) 
can be classified as semi- understood microbiome ap-
plications. Based on their nature, we can distinguish 
between applications containing microorganism(s) that 
provide a direct service and microbiome modulators, 
i.e., applications that modulate the naturally occurring 
microbiome in a way that results in the targeted bene-
ficial effect. Both types are based on the knowledge of 
the microbial activities but do not consider the individ-
ual interaction with the particular holobiont or environ-
ment to which they are applied and the other influencing 
factors. Examples would include microbial inocula or 
microbiome- directed foods altering the composition of 
a microbiome in a desired way (Hibberd et al., 2024; 
Silverstein et al., 2023).

Emerging applications of well- understood microor-
ganisms or microbiome modulations could be defined 
as precision applications if the mode of action and 
effects on the environment or the targeted microor-
ganism are clearly understood. Such comprehensive 
knowledge will provide the basis for very specific fine- 
tuning, adjustment and improvement of any application. 
The understanding of the interactions between micro-
biomes and their environments (including holobionts) 
deepens, and there are efforts to integrate microbiome 
data with other “big data” from the targeted (eco)sys-
tem, (e.g., environmental/lifestyle data, genotypic and 
phenotypic data of the host) to develop data- driven and 
tailor- made (“personalised”) precision microbiome ap-
plications (French et al., 2021; Zhang et al., 2023). For 
instance, microbiome, - omics and environmental data 
might be used to predict which type of microorganism 
will best perform in a specific environment or holobiont, 
or multiple data can be used to clearly define the envi-
ronmental parameters to yield a desirable microbiome 
exhibiting certain functions. The integration of artificial 
intelligence approaches is expected to further advance 
development of the precision microbiome applications 
(Kumar et al., 2022; Xiong et al., 2024). While also 
semi- understood microbiome applications might yield 
the expected effects, we expect that precision applica-
tions, based on the holistic understanding of the tar-
geted (eco)system and utilising prediction models, will 
have a high probability of eliciting the expected bene-
ficial effects. Furthermore, corresponding microbiome 
diagnostics can be used to reinforce the link between 
applications and effects. The implications and poten-
tial impact of such comprehensive and interdisciplin-
ary/systemic approaches were highlighted by Zhang 
et al. (2023) who advocated for the establishment of 
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microbiota medicine as a new branch of modern clini-
cal medicine that would include the study of the inter-
action between microbiome and the host, development 
of microbiome diagnostic techniques and therapies, 
conservation of human microbiome diversity and devel-
opment of appropriate healthcare policies and medical 
education.

The importance and impact of the proposed definition 
criteria are indicated in Table 1. Below we elaborate our 
concept in more detail on two widely recognised and 
used microbiome applications: probiotics for human/
animal use (example 1) and microbial bioremediation 
solutions (example 2).

Microbiome application example 1: 
Probiotics for human/animal use

Probiotics are defined as live microorganisms that, 
when administered in adequate amounts, confer a 
health benefit on the host (Hill et al., 2014). Different 
probiotics are widely available on the market, and con-
sumer acceptance is high. There is clinical evidence 
supporting some probiotic health benefits (Sanders 
et al., 2016). However, the evidence for their effective-
ness in reducing disease risk factors in healthy pop-
ulations is still lacking (Kristensen et al., 2016). The 
International Scientific Association for Probiotics and 
Prebiotics (ISAPP; https:// isapp scien ce. org/ ) strongly 
advocates for high- quality research to deepen the un-
derstanding of this microbiome application and enable 
evidence- based communication, development of appli-
cable regulatory frameworks and improvement of end- 
user trust (Hill et al., 2014; Jackson et al., 2019).

Fermented foods are a (re- )emerging food trend, 
rising in popularity due to the widely perceived health 
benefits (Ibrahim et al., 2023; Soemarie et al., 2021). 
There is evidence that fermented foods can affect the 
gut microbiome (Leeuwendaal et al., 2022; Mukherjee 
et al., 2023; Stiemsma et al., 2020), however, these 
effects are currently neither targeted nor predictable. 
Even though some specific types of fermented animal 
feed, have been shown to have a targeted, lasting posi-
tive effect on the gut microbiome that is even more pro-
nounced if the change of feed regime is initiated prior to 
animal insemination (Olmo et al., 2022). Still, according 
to the proposed microbiome application definition crite-
ria, the consumption of fermented foods would be seen 
as an untargeted application. This is in agreement with 
the recent opinion of the ISAPP that comprehensively 
elaborates on the potential and the limitations of fer-
mented foods and calls for the application of stringent 
criteria, i.e., documented health benefit, sufficient prod-
uct characterisation and testing, for the classification 
as probiotics (Vinderola et al., 2023).

Probiotic supplements with known composi-
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evidence- based benefit claims would fulfil the proposed 
criteria and could thus be classified as microbiome ap-
plications. Nevertheless, how these are applied would 
differentiate between semi- understood and precision 
applications. Currently, there is insufficient scientific 
evidence to inform the determination of intake rec-
ommendations for the general population (Kristensen 
et al., 2016; Marco et al., 2020). Accordingly, the use 
of a randomly selected universal probiotic mix by 
the healthy individual would be classified as a semi- 
understood microbiome application. The beneficial ef-
fects of probiotic supplements for alleviating specific 
conditions are, on the other hand, better documented 
(Hutchinson et al., 2021; Sanders et al., 2016). Based 
on the growing scientific evidence, knowledge- based 
decision- making tools are emerging. For example, the 
Alliance for Education on Probiotics (AEProbio; https:// 
aepro bio. com/ ) provides the Clinical Guide to Probiotic 
Products (https:// aepro bio. com/ get-  the-  guide/  ). This 
guide is based on the annual extensive, systematic 
literature review to evaluate and provide an unbiased 
summary of the scientific evidence for specific brands 
of probiotics. It enables healthcare providers to se-
lect the appropriate product, dose, and formulation 
for a specific condition and clearly indicates the level 
of evidence on which this recommendation is based. 
Accordingly, the occurrence of desired and targeted 
beneficial effects is more probable. This was also 
showcased in several recent reviews assessing the 
effects of single-  or multi- strain probiotic formulations 
on Parkinson's disease patients (Chu et al., 2023; Leta 

et al., 2021; Tan et al., 2021). Most prominently, posi-
tive effects on constipation were demonstrated through 
supplementation with Lactobacillus casei Shirota, a 
mix of Streptococcus salivarius subsp. thermophilus, 
Enterococcus faecium, Lacticaseibacillus rhamnosus 
GG, L. paracasei, Lactobacillus acidophilus, L. del-
brueckii subsp. bulgaricus, Lactiplantibacillus plan-
tarum, Bifidobacterium breve and B. animalis subsp. 
lactis or a mix of Lactobacillus acidophilus, L. reuteri, 
L. gasseri, L. rhamnosus, Bifidobacterium bifidum, 
B. longum, Enterococcus faecalis and E. faecium (Tan 
et al., 2021). This approach is thus fully compliant with 
the proposed criteria for the precision microbiome 
application.

Microbiome application example 2: 
Microbial bioremediation

Microbial bioremediation is making use of microor-
ganisms and/or their derivatives to clean up contami-
nants (Tekere, 2019). The potential of microorganisms 
for bioremediation is well documented (Ayilara & 
Babalola, 2023; Kour et al., 2022). However, it is often 
a complex process and, accordingly, challenging to 
optimise and control, esp. in situ, i.e., in the natural 
environment (Tekere, 2019). The bioremediation ef-
ficiency depends on the suitability of the selected 
microorganism(s) and environmental parameters, such 
as concentration of the contaminants, nutrient and oxy-
gen availability, pH and temperature.

F I G U R E  1  Overview of different microbiome approaches in relation to the underlying knowledge and probability of success (i.e., the 
probability to reproducibly elicit a targeted beneficial effect). The proposed threshold for defining microbiome applications is based on the 
current level of knowledge and selected to distinguish between natural fluctuations or black box approaches and targeted, knowledge- 
based interventions. It is to be expected that some of the microbiome applications, listed in Table 1 as semi- targeted, within the next few 
years may move to the category of precision microbiome applications for the benefit of people, animals, plants and soil.
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For example, members of the genus Dehalococcoides 
are well- known as key dechlorinating bacteria in 
sites contaminated with chlorinated ethene (Saiyari 
et al., 2018). The first described member of this genus 
was Dehalococcoides mccartyi strain 195, which was 
reported in 1997 to reductively dechlorinates tetrachlo-
roethene to ethene (Maymó- Gatell et al., 1997). Even 
though available literature does not provide evidence of 
failed bioremediation application attempts, considering 
the underlying complexity of Dehalococcoides spp.- 
based bioremediation, it is safe to hypothesise that the 
semi- understood application of Dehalococcoides spp. 
would have a low probability of success. The genome 
analysis of D. mccartyi strain 195 (published in 2005) 
revealed the organism's complex nutrient requirements 
and provided a foundation for developing assays for 
environmental detection and monitoring of this organ-
ism (Seshadri et al., 2005). In their comprehensive 
review published in 2018, Saiyari et al. (2018) showed 
the progress made in the understanding of the sys-
tem and its critical parameters, i.e., the concentration 
of Dehalococcoides sp. in the targeted environment 
and composition of the microbial community, pres-
ence of specific metabolic pathways, environmental 
conditions. They exemplified that the development of 
precision applications necessitates a fully integrated 
approach and the establishment of a broad knowledge 
base which is in agreement with the proposed criteria 
for defining microbiome applications. The successful 
use of D. mccartyi in bioremediation is nowadays evi-
dent in the availability of commercialised products such 
as SDC- 9™ (RNAS Remediation Products) or KB- 1® 
(SiREM) bioaugmentation cultures that are character-
ised through known product composition, cell concen-
tration and targeted application guidelines.

DEFINING MICROBIOME 
APPLICATIONS FOR THE BENEFIT 
OF DIFFERENT STAKEHOLDERS

Depending on the intended use and applicable regu-
lations, microbiome products have to fulfil different 
criteria regarding their safety and efficacy. Existing 
regulations do not specifically consider upcoming 
microbiome applications like complex microbiomes, 
specific microbiome modulators or microbiome- based 
diagnostics. Furthermore, the regulatory landscape is 
highly complex and greatly depends on the geography 
of approval or application and, most importantly, on the 
claims made. For example, the safety assessment of 
probiotics considered to be novel foods, i.e., strains 
that have not been consumed to a significant degree by 
humans before 15 May 1997, is performed according to 
the principles outlined in the EU Regulation 2020/1824 
on Novel Foods. At the same time, probiotics belong-
ing to species with a history of safe consumption and 

QPS (qualified presumption of safety) compliance are 
commercialised without additional safety assessments. 
The use of specific health claims requires, however, 
an additional assessment under the EU Health Claims 
Regulation 1924/2006, while the use of the term probi-
otic as a generic nutritional claim depends on national 
laws. Also, in the United States, the Food and Drug 
Administration's (FDA) regulation of products contain-
ing probiotics is complex and largely depends on the 
claims that are made for the product. They can be 
regulated as foods, dietary supplements, cosmetics, 
or drugs/biologics. Plant protection products with mi-
croorganisms as active ingredients are regulated in the 
EU according to the Regulation 1107/2009, whereas 
microbial fertilisers are regulated in the EU Fertilising 
Products Regulation. Microorganisms used for bioreme-
diation are rarely regulated. Currently, most regulations 
consider the application of individual microorganisms 
or a limited number of strains, and more complex prod-
ucts or applications need to be implemented. A general 
framework on different types of microbiome applica-
tions will help to identify common issues related to as-
sessing the safety and potential risks of microbiome 
applications and will help to overcome the fragmented 
regulatory landscape. Furthermore, considering that 
precision microbiome applications are based on in-
creasingly comprehensive and multi- disciplinary data-
sets, it can be expected that risk assessment, function 
and efficacy prediction and validation will become key 
components of product development and will facilitate 
regulatory approval.

We need to acknowledge that microbiome applica-
tions are slowly, but surely leaving the “scientific eco-
system” and entering the realm of other stakeholders 
that have different expertise, expectations and needs. 
Therefore, it is essential to establish accurate and 
evidence- based communication anchored in a coher-
ent and precise understanding of key concepts. This 
is in line with the concept recently proposed by the 
International Microbiology Literacy Initiative (Timmis 
et al., 2024).

We believe that establishing coherent criteria, such 
as those proposed here, for defining microbiome ap-
plications is essential as it would provide common 
understanding, facilitate acceptance by stakeholders 
and end- users through consistent and evidence- based 
communication and ensure that emerging regulations 
are suitable and knowledge- based. The needs and 
benefits of a clear framework for different stakeholder 
groups are shown in Box 1. Furthermore, a precise cat-
egorisation (Table 1, Figure 1) will also help to develop 
consensual, efficient and effective procedures required 
for licensing, registration and bringing microbiome ap-
plications to the market, ultimately strengthening micro-
biome research, use and impact at large.

Finally, we would like to emphasise that the proposed 
categorisation of current and upcoming microbiome 
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applications and the threshold for implementation 
(Figure 1) are based on the current level of knowledge 
and represent the first effort to address this issue co-
herently. With future advancements in knowledge and 

data availability, the microbiome application concept 
will evolve, and more restrictive thresholds might be-
come applicable.

AUTH O R CO NTR I BUT I O N S
Tanja Kostic: Conceptualization; writing – original draft; 
funding acquisition; project administration. Michael 
Schloter: Conceptualization; writing – review and editing. 
Paulo Arruda: Conceptualization; writing – review and 
editing. Gabriele Berg: Conceptualization; writing – re-
view and editing. Trevor C. Charles: Conceptualization; 
writing – review and editing. Paul D. Cotter: 
Conceptualization; writing – review and editing. George 
Seghal Kiran: Conceptualization; writing – review and 
editing. Lene Lange: Conceptualization; writing – review 
and editing. Emmanuelle Maguin: Conceptualization; 
writing – review and editing. Annelein Meisner: 
Conceptualization; writing – review and editing. Leo van 
Overbeek: Conceptualization; writing – review and edit-
ing. Yolanda Sanz: Conceptualization; writing – review 
and editing. Inga Sarand: Conceptualization; writing – 
review and editing. Joseph Selvin: Conceptualization; 
writing – review and editing. Effie Tsakalidou: 
Conceptualization; writing – review and editing. Hauke 
Smidt: Conceptualization; writing – review and editing. 
Martin Wagner: Conceptualization; writing – review and 
editing. Angela Sessitsch: Conceptualization; writing – 
original draft; funding acquisition; project administration.

ACK N OW LE DG E M E NT S
All authors received funding from the European Union's 
H2020 Research and Innovation Programme under 
grant no. 818116 (MicrobiomeSupport).

CO N FLI CT O F I NT E R EST STAT E M E NT
The authors declare no competing interests.

DATA AVA I L A B I L I T Y STAT E M E NT
Data sharing is not applicable to this article as no new 
data were created or analyzed in this study.

O RCI D
Tanja Kostic  https://orcid.org/0000-0003-4972-4141 
Angela Sessitsch  https://orcid.
org/0000-0003-0137-930X 

R E FE R E N C E S
Antranikian, G. & Streit, W.R. (2022) Microorganisms harbor keys 

to a circular bioeconomy making them useful tools in fighting 
plastic pollution and rising CO2 levels. Extremophiles, 26, 10.

Arnold, J., Glazier, J. & Mimee, M. (2023) Genetic engineering of res-
ident bacteria in the gut microbiome. Journal of Bacteriology, 
205, e00127- 23.

Ayilara, M.S. & Babalola, O.O. (2023) Bioremediation of environmen-
tal wastes: the role of microorganisms. Frontiers in Agronomy, 
5, 1183691.

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Vergès, M.- C.C., 
Charles, T. et al. (2020) Microbiome definition re- visited: old 
concepts and new challenges. Microbiome, 8, 103.

BOX 1 Needs and benefits of different 
stakeholder groups from a framework de-
fining microbiome applications

The General Public, including consumers 
and potential users of microbiome applica-

tions, aims to not only have access to safe, ef-
ficient and sustainable products or applications, 
but also should have the knowledge basis to 
make good product choices. Literacy on benefi-
cial microorganisms is still poor and microorgan-
isms are frequently considered as detrimental. 
Therefore, there is a need to communicate both 
the principles of microbiology and microbiome 
applications, their potential benefits and risks 
to the general public in an understandable and 
non- misleading way. A framework laying out the 
different application types and creating aware-
ness of different applications, e.g., being either 
microorganisms, certain metabolites or prebiot-
ics, will help consumers/users understand the 
basic principles and how to distinguish from un-
targeted microbiome modulations, e.g., through 
diet or agricultural management.

Policymakers and Regulatory authorities 
have the responsibility to pave the path for 

the market introduction of new products, based 
on their benefits for the consumer and the society, 
and after careful risk assessment. The policy sec-
tor needs to develop suitable policies and strat-
egies to assess the safety of new products. For 
an emerging technology, such as that based on 
microbiomes, a framework categorising different 
microbiome application types will help to frame 
risk assessment strategies according to the target 
but also to the type of application.

The industry aims to exploit the potential 
of microbiome- based (or microbiome modu-

lating) applications and needs to develop safe, 
efficient and (economically and environmen-
tally) sustainable products. Regulatory approval 
procedure(s) and timing will greatly influence 
the costs of a product and determine the time to 
market entry. A regulatory framework and clear 
guidelines will inform companies on the needed 
data for approval and enable them to deal ef-
ficiently with regulatory issues. The industry will 
also benefit from educated users and consum-
ers being able to make qualified product choices.

 17517915, 2024, 9, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.14550 by W
ageningen U

niversity A
nd R

esearch Facilitair B
edrijf, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-4972-4141
https://orcid.org/0000-0003-4972-4141
https://orcid.org/0000-0003-0137-930X
https://orcid.org/0000-0003-0137-930X
https://orcid.org/0000-0003-0137-930X


10 of 11 |   KOSTIC et al.

Bernstein, H.C. (2019) Reconciling ecological and engineering 
design principles for building microbiomes. mSystems, 4, 
e00106- 19.

Chepsergon, J. & Moleleki, L.N. (2023) Rhizosphere bacterial in-
teractions and impact on plant health. Current Opinion in 
Microbiology, 73, 102297.

Chu, C., Yu, L., Li, Y., Guo, H., Zhai, Q., Chen, W. et al. (2023) 
Meta- analysis of randomized controlled trials of the effects 
of probiotics in Parkinson's disease. Food & Function, 14, 
3406–3422.

Cordaillat- Simmons, M., Rouanet, A. & Pot, B. (2020) Live biothera-
peutic products: the importance of a defined regulatory frame-
work. Experimental & Molecular Medicine, 52, 1397–1406.

De Mandal, S. & Jeon, J. (2023) Phyllosphere microbiome in plant 
health and disease. Plants, 12, 3481.

D'Hondt, K., Kostic, T., McDowell, R., Eudes, F., Singh, B.K., Sarkar, 
S. et al. (2021) Microbiome innovations for a sustainable future. 
Nature Microbiology, 6, 138–142.

EC. (2020) Food 2030 pathways for action. The microbiome world: a 
life science opportunity for our society and our planet.

Eisenstein, M. (2022) Early investments powering the ascent of 
microbiome therapeutics. Biopharma Dealmakers, Published 
online 30 November 2020. https:// www. nature. com/ artic les/ 
d43747- 020- 01178- x

FAO. (2019) Microbiome: the missing link?
Federici, S., Nobs, S.P. & Elinav, E. (2021) Phages and their po-

tential to modulate the microbiome and immunity. Cellular & 
Molecular Immunology, 18, 889–904.

Foo, J.L., Ling, H., Lee, Y.S. & Chang, M.W. (2017) Microbiome en-
gineering: current applications and its future. Biotechnology 
Journal, 12, 1600099.

French, E., Kaplan, I., Iyer- Pascuzzi, A., Nakatsu, C.H. & Enders, L. 
(2021) Emerging strategies for precision microbiome manage-
ment in diverse agroecosystems. Nature Plants, 7, 256–267.

Hadrich, D. (2020) New EU projects delivering human microbiome 
applications. Future Science OA, 6, FSO474.

Hassani, M.A., Durán, P. & Hacquard, S. (2018) Microbial interac-
tions within the plant holobiont. Microbiome, 6, 58.

Hibberd, M.C., Webber, D.M., Rodionov, D.A., Henrissat, S., Chen, 
R.Y., Zhou, C. et al. (2024) Bioactive glycans in a microbiome- 
directed food for children with malnutrition. Nature, 625, 
157–165.

Hill, C., Guarner, F., Reid, G., Gibson, G.R., Merenstein, D.J., Pot, 
B. et al. (2014) The international scientific Association for 
Probiotics and Prebiotics consensus statement on the scope 
and appropriate use of the term probiotic. Nature Reviews. 
Gastroenterology & Hepatology, 11, 506–514.

Hutchinson, A.N., Bergh, C., Kruger, K., Sűsserová, M., Allen, 
J., Améen, S. et al. (2021) The effect of probiotics on health 
outcomes in the elderly: a systematic review of randomized, 
placebo- controlled studies. Microorganisms, 9, 1344.

Ibrahim, S.A., Yeboah, P.J., Ayivi, R.D., Eddin, A.S., Wijemanna, 
N.D., Paidari, S. et al. (2023) A review and comparative per-
spective on health benefits of probiotic and fermented foods. 
International Journal of Food Science and Technology, 58, 
4948–4964.

Jackson, S.A., Schoeni, J.L., Vegge, C., Pane, M., Stahl, B., Bradley, 
M. et al. (2019) Improving end- user trust in the quality of com-
mercial probiotic products. Frontiers in Microbiology, 10, 739.

Khan Mirzaei, M. & Deng, L. (2022) New technologies for develop-
ing phage- based tools to manipulate the human microbiome. 
Trends in Microbiology, 30, 131–142.

Kour, D., Khan, S.S., Kour, H., Kaur, T., Devi, R., Judy, C. et al. 
(2022) Microbe- mediated bioremediation: current research and 
future challenges. Journal Of Applied Biology & Biotechnology, 
10, 6–24.

Kristensen, N.B., Bryrup, T., Allin, K.H., Nielsen, T., Hansen, T.H. & 
Pedersen, O. (2016) Alterations in fecal microbiota composition 

by probiotic supplementation in healthy adults: a systematic re-
view of randomized controlled trials. Genome Medicine, 8, 52.

Kumar, P., Sinha, R. & Shukla, P. (2022) Artificial intelligence and 
synthetic biology approaches for human gut microbiome. 
Critical Reviews in Food Science and Nutrition, 62, 2103–2121.

Leeuwendaal, N.K., Stanton, C., O'Toole, P.W. & Beresford, T.P. 
(2022) Fermented foods, health and the gut microbiome. 
Nutrients, 14, 1527.

Leta, V., Ray Chaudhuri, K., Milner, O., Chung- Faye, G., Metta, V., 
Pariante, C.M. et al. (2021) Neurogenic and anti- inflammatory 
effects of probiotics in Parkinson's disease: a systematic re-
view of preclinical and clinical evidence. Brain, Behavior, and 
Immunity, 98, 59–73.

Małyska, A., Markakis, M.N., Pereira, C.F. & Cornelissen, M. (2019) 
The microbiome: a life science opportunity for our society and 
our planet. Trends in Biotechnology, 37, 1269–1272.

Marco, M.L., Hill, C., Hutkins, R., Slavin, J., Tancredi, D.J., 
Merenstein, D. et al. (2020) Should there be a recommended 
daily intake of microbes? The Journal of Nutrition, 150, 
3061–3067.

Marcos- Zambrano, L.J., Karaduzovic- Hadziabdic, K., Loncar 
Turukalo, T., Przymus, P., Trajkovik, V., Aasmets, O. et al. 
(2021) Applications of machine learning in human microbiome 
studies: a review on feature selection, biomarker identification, 
disease prediction and treatment. Frontiers in Microbiology, 12, 
634511.

Maymó- Gatell, X., Chien, Y., Gossett, J.M. & Zinder, S.H. (1997) 
Isolation of a bacterium that reductively dechlorinates tetra-
chloroethene to ethene. Science (1979), 276, 1568–1571.

Merten, C., Schoonjans, R., Di Gioia, D., Peláez, C., Sanz, Y., 
Maurici, D. et al. (2020) Editorial: exploring the need to in-
clude microbiomes into EFSA's scientific assessments. EFSA 
Journal, 18, e18061.

Mukherjee, A., Breselge, S., Dimidi, E., Marco, M.L. & Cotter, P.D. 
(2023) Fermented foods and gastrointestinal health: underlying 
mechanisms. Nature Reviews. Gastroenterology & Hepatology, 
21, 248–266.

Ogunrinola, G.A., Oyewale, J.O., Oshamika, O.O. & Olasehinde, 
G.I. (2020) The human microbiome and its impacts on health. 
International Journal of Microbiology, 2020, 1–7.

Olmo, R., Wetzels, S.U., Armanhi, J.S.L., Arruda, P., Berg, G., 
Cernava, T. et al. (2022) Microbiome research as an effective 
driver of success stories in agrifood systems – a selection of 
case studies. Frontiers in Microbiology, 13, 834622.

Peixoto, R.S., Harkins, D.M. & Nelson, K.E. (2021) Advances in mi-
crobiome research for animal health. Annual Review of Animal 
Biosciences, 9, 289–311.

Qian, X., Chen, L., Sui, Y., Chen, C., Zhang, W., Zhou, J. et al. (2020) 
Biotechnological potential and applications of microbial con-
sortia. Biotechnology Advances, 40, 107500.

Rosenberg, E. & Zilber- Rosenberg, I. (2016) Microbes drive evolu-
tion of animals and plants: the hologenome concept. mBio, 7, 
e01395- 15.

Saiyari, D.M., Chuang, H.- P., Senoro, D.B., Lin, T.- F., Whang, L.- M., 
Chiu, Y.- T. et al. (2018) A review in the current developments 
of genus Dehalococcoides, its consortia and kinetics for biore-
mediation options of contaminated groundwater. Sustainable 
Environment Research, 28, 149–157.

Sanders, M.E., Merenstein, D.J., Ouwehand, A.C., Reid, G., 
Salminen, S., Cabana, M.D. et al. (2016) Probiotic use in at- risk 
populations. Journal of the American Pharmacists Association, 
56, 680–686.

Seshadri, R., Adrian, L., Fouts, D.E., Eisen, J.A., Phillippy, A.M., 
Methe, B.A. et al. (2005) Genome sequence of the PCE- 
dechlorinating bacterium Dehalococcoides ethenogenes. 
Science (1979), 307, 105–108.

Sessitsch, A., Wakelin, S., Schloter, M., Maguin, E., Cernava, 
T., Champomier- Verges, M.- C. et al. (2023) Microbiome 

 17517915, 2024, 9, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.14550 by W
ageningen U

niversity A
nd R

esearch Facilitair B
edrijf, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.nature.com/articles/d43747-020-01178-x
https://www.nature.com/articles/d43747-020-01178-x


   | 11 of 11DEFINING MICROBIOME APPLICATIONS

interconnectedness throughout environments with major 
consequences for healthy people and a healthy planet. 
Microbiology and Molecular Biology Reviews, 87, e00212- 22.

Shayanthan, A., Ordoñez, P.A.C. & Oresnik, I.J. (2022) The role of 
synthetic microbial communities (SynCom) in sustainable agri-
culture. Frontiers in Agronomy, 4, 896307.

Silva, M., Cueva, C., Alba, C., Rodriguez, J.M., de Pascual- Teresa, 
S., Jones, J. et al. (2022) Gut microbiome- modulating proper-
ties of a polyphenol- enriched dietary supplement comprised of 
hibiscus and lemon verbena extracts. Monitoring of phenolic 
metabolites. Journal of Functional Foods, 91, 105016.

Silverstein, M.R., Segrè, D. & Bhatnagar, J.M. (2023) Environmental 
microbiome engineering for the mitigation of climate change. 
Global Change Biology, 29, 2050–2066.

Simon, J.- C., Marchesi, J.R., Mougel, C. & Selosse, M.- A. (2019) 
Host- microbiota interactions: from holobiont theory to analysis. 
Microbiome, 7, 5.

Soemarie, Y., Milanda, T. & Barliana, M. (2021) Fermented foods 
as probiotics: a review. Journal of Advanced Pharmaceutical 
Technology & Research, 12, 335.

Stiemsma, L.T., Nakamura, R.E., Nguyen, J.G. & Michels, K.B. 
(2020) Does consumption of fermented foods modify the human 
gut microbiota? The Journal of Nutrition, 150, 1680–1692.

Swanson, K.S., Gibson, G.R., Hutkins, R., Reimer, R.A., Reid, 
G., Verbeke, K. et al. (2020) The International Scientific 
Association for Probiotics and Prebiotics (ISAPP) consensus 
statement on the definition and scope of synbiotics. Nature 
Reviews. Gastroenterology & Hepatology, 17, 687–701.

Tan, A.H., Hor, J.W., Chong, C.W. & Lim, S. (2021) Probiotics for 
Parkinson's disease: current evidence and future directions. 
JGH Open, 5, 414–419.

Tekere, M. (2019) Microbial bioremediation and different bioreac-
tors designs applied. In: Jacob- Lopes, E. & Zepka, L.Q. (Eds.) 
Biotechnology and bioengineering. London, UK: IntechOpen.

Tian, Y., Gui, W., Koo, I., Smith, P.B., Allman, E.L., Nichols, R.G. 
et al. (2020) The microbiome modulating activity of bile acids. 
Gut Microbes, 11, 979–996.

Timmis, K., Hallsworth, J.E., McGenity, T.J., Armstrong, R., Colom, 
M.F., Karahan, Z.C. et al. (2024) A concept for international 
societally relevant microbiology education and microbiology 
knowledge promulgation in society. Microbial Biotechnology, 
17, e14456.

Trivedi, P., Mattupalli, C., Eversole, K. & Leach, J.E. (2021) Enabling 
sustainable agriculture through understanding and enhance-
ment of microbiomes. New Phytologist, 230, 2129–2147.

Vinderola, G., Cotter, P.D., Freitas, M., Gueimonde, M., Holscher, 
H.D., Ruas- Madiedo, P. et al. (2023) Fermented foods: a 
perspective on their role in delivering biotics. Frontiers in 
Microbiology, 14, 1196239.

Wilhelm, R.C., van Es, H.M. & Buckley, D.H. (2022) Predicting mea-
sures of soil health using the microbiome and supervised ma-
chine learning. Soil Biology and Biochemistry, 164, 108472.

Xiong, F., Su, Z., Tang, Y., Dai, T. & Wen, D. (2024) Global WWTP 
microbiome- based integrative information platform: from 
experience to intelligence. Environmental Science and 
Ecotechnology, 20, 100370.

Zhang, F., Wang, W., Nie, Y., Li, J. & He, X. (2023) From micro-
bial technology to microbiota medicine as a clinical discipline: 
sustainable development goal. Microbial Biotechnology, 16, 
1705–1708.

How to cite this article: Kostic, T., Schloter, M., 
Arruda, P., Berg, G., Charles, T.C., Cotter, P.D. 
et al.  (2024) Concepts and criteria defining 
emerging microbiome applications. Microbial 
Biotechnology, 17, e14550. Available from: https://
doi.org/10.1111/1751-7915.14550

 17517915, 2024, 9, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.14550 by W
ageningen U

niversity A
nd R

esearch Facilitair B
edrijf, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1751-7915.14550
https://doi.org/10.1111/1751-7915.14550

	Concepts and criteria defining emerging microbiome applications
	Abstract
	MICROBIOME FUNCTIONS RAISE OPPORTUNITIES FOR NOVEL APPLICATIONS TO ENABLE SUSTAINABLE AGRI-FOOD PRODUCTION AND TO IMPROVE HUMAN AND ENVIRONMENTAL HEALTH
	CATEGORISING AND DEFINING MICROBIOME APPLICATIONS
	Microbiome application example 1: Probiotics for human/animal use
	Microbiome application example 2: Microbial bioremediation

	DEFINING MICROBIOME APPLICATIONS FOR THE BENEFIT OF DIFFERENT STAKEHOLDERS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


