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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).
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tion (strain designations and quantities) and ideally M

ic
ro

bi
om

e 
ap

pl
ic

at
io

n 
ch

ar
ac

te
ris

tic
s

A
pp

lic
at

io
n 

ex
am

pl
es

K
no

w
le

dg
e 

ba
se

Pr
ec

is
io

n 
le

ve
l e

xa
m

pl
es

 (s
em

i-
un

de
rs

to
od

 ⇒
 p

re
ci

si
on

 a
pp

lic
at

io
n)

C
ur

re
nt

 s
ta

tu
s 

of
 te

ch
no

lo
gy

 &
 

ke
y 

re
gu

la
to

ry
 a

sp
ec

ts

N
ut

rit
io

na
l p

ra
ct

ic
es

 
kn

ow
n 

to
 m

od
ul

at
e 

m
ic

ro
bi

om
es

 in
 a

 
de

si
re

d 
m

an
ne

r

Th
er

ap
eu

tic
 fo

od
s

M
ea

su
ra

bl
e,

 ta
rg

et
ed

 e
ffe

ct
s;

 
M

ic
ro

bi
om

e-
m

od
ul

at
in

g 
ef

fe
ct

 
de

fin
ed

Sp
ec

ia
l d

ie
t f

or
 a

ll 
in

di
vi

du
al

s 
su

ffe
rin

g 
sp

ec
ifi

c 
he

al
th

 c
on

di
tio

ns
⇓ Pe

rs
on

al
is

ed
 d

ie
t f

or
 th

e 
in

di
vi

du
al

 
su

ffe
rin

g 
sp

ec
ifi

c 
he

al
th

 c
on

di
tio

n 
or

 fi
tn

es
s 

im
pr

ov
em

en
t (

ba
se

d 
on

, e
.g

., 
in

di
vi

du
al

 
ge

no
ty

pe
 a

nd
 g

ut
 m

ic
ro

bi
om

e 
co

m
po

si
tio

n)

Em
er

gi
ng

 u
se

, s
til

l m
os

tly
 in

 R
&D

 
ph

as
e;

 In
cr

ea
si

ng
 a

m
ou

nt
 o

f d
at

a 
w

ill
 le

ad
 to

 a
 b

et
te

r k
no

w
le

dg
e 

ba
se

 a
nd

 d
at

a-
dr

iv
en

 a
pp

ro
ac

he
s

D
ia

gn
os

tic
s

M
ic

ro
bi

om
e 

in
di

ca
to

rs
 o

f (
hu

m
an

, 
an

im
al

, p
la

nt
) d

is
ea

se
s

Es
ta

bl
is

he
d 

da
ta

ba
se

 a
nd

 d
at

a-


dr
iv

en
 id

en
tif

ic
at

io
n 

of
 d

ia
gn

os
tic

 
in

di
ca

to
rs

/m
ar

ke
rs

Pr
ec

is
io

n 
ap

pl
ic

at
io

n 
pe

r d
ef

in
iti

on
Em

er
gi

ng
 u

se

T
A

B
L

E
 1

 
(C

on
tin

ue
d)

 17517915, 2024, 9, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1751-7915.14550 by H
elm

holtz Z
entrum

 M
uenchen D

eutsches Forschungszentrum
, W

iley O
nline L

ibrary on [14/10/2024]. 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://isappscience.org/


      |  7 of 11DEFINING MICROBIOME APPLICATIONS

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.
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