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Abstract

Microbiomes are foundational components of the environment that provide essential services relating to food security, carbon se-
questration, human health, and the overall well-being of ecosystems. Microbiota exert their effects primarily through complex inter-
actions at interfaces with their plant, animal, and human hosts, as well as within the soil environment. This review aims to explore
the ecological, evolutionary, and molecular processes governing the establishment and function of microbiome-host relationships,
specifically at interfaces critical to One Health—a transdisciplinary framework that recognizes that the health outcomes of people,
animals, plants, and the environment are tightly interconnected. Within the context of One Health, the core principles underpin-
ning microbiome assembly will be discussed in detail, including biofilm formation, microbial recruitment strategies, mechanisms
of microbial attachment, community succession, and the effect these processes have on host function and health. Finally, this re-
view will catalogue recent advances in microbiology and microbial ecology methods that can be used to profile microbial interfaces,
with particular attention to multi-omic, advanced imaging, and modelling approaches. These technologies are essential for delineat-
ing the general and specific principles governing microbiome assembly and functions, mapping microbial interconnectivity across
varying spatial and temporal scales, and for the establishment of predictive frameworks that will guide the development of targeted
microbiome-interventions to deliver One Health outcomes.
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Introduction

The interface between neighbouring ecosystems represent a con-
fluence of unique habitat characteristics including nutritional re-
sources, physiochemical processes, and environmental properties
(Naiman and Décamps 1997). These liminal spaces, the borders
of which shift over broad spatial and temporal scales, are of-
ten referred to as ecotones, a term used to describe the tension
existing between adjacent ecological systems and host environ-
ments. Frequently, these interfaces will support greater rates of
speciation and more diverse biological communities with com-
plex interactions than the sum of the two neighbouring ecosys-
tems would predict (Kark and Van Rensburg 2006). Additionally,
these boundary regions act as portals for the movement of organ-
isms between discrete ecological compartments (Alvarez-Garrido
et al. 2019), a feature that is especially true for microorganisms,
whose metabolic versatility and resilience enable many to thrive
across a diversity of hosts and environments (Meyer-Dombard

et al. 2011, Raymond and Alsop 2015). At the microscopic scale,
microbial interfaces may be physical (e.g. the root-soil inter-
face of the rhizosphere or the respiratory tissue-air boundary) or
functional (e.g. bidirectional relationships of the gut-brain axis
or root-phyllosphere). These interfaces can connect disparate
microbial and microfaunal communities, and facilitate the ex-
change of nutrients, energy, and genetic material; while serv-
ing as a cauldron of selective pressures that block the migra-
tion of specific microbes (e.g. human skin, with its acid mantle,
immune cells, and antimicrobial peptides shield the body from
pathogens).

Over the past two decades, the field of microbial ecology has
grown considerably, in part driven by advances in nucleic acid
sequencing approaches that have enabled culture-independent
and community-level interrogation of microbial taxonomy, func-
tion, and host interactions. This new paradigm has reposi-
tioned microbes as foundational organisms within global ecol-
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ogy: from the provision of essential ecosystem services linked to
nutrient cycling, food production, carbon sequestration, green-
house gas emissions, and ecosystem health; to their intimate
relationship with plant, animal, and human health. Further, mi-
crobes functioning at submicrometre levels can have significant
consequences at global scales through the production and con-
sumption of greenhouse gases (Tiedje et al. 2022). The growing
recognition that human health is intrinsically tied to the health
of the environments we inhabit and the organisms we share
them with has given rise to the concept of One Health, defined
by the World Health Organization as “an integrated, unifying ap-
proach to balance and optimize the health of people, animals
and ecosystems” (www.who.int). The emergent complexity of this
dynamic and interconnected system-populated with organisms
from every branch of the tree of life, exercising every possible
trophic strategy—challenges modelling efforts aimed at predicting
the impact of global, regional, or microscopic perturbation on vital
ecosystem services and human health.

Bacteria inhabit and thrive in almost every habitat on the
planet, from the deepest ocean sediments to the highest moun-
tains and are even present in upper reaches of the atmosphere.
These organisms are not only ubiquitous but are extremely ver-
satile in their ability to generate energy for cellular processes
as well as capturing nutrients needed for persistence and repro-
duction. As such, bacterial metabolism is responsible for all of
the major biogeochemical cycles on the planet. Indeed, without
their function, life on Earth would cease. Not surprisingly, this
metabolic versatility has enabled bacteria to evolve intimate re-
lationships with other organisms, where they are associated with
enhanced function of that system. For example, microbial activi-
ties at the root-soil interface (rhizoplane) are well-known for their
role in enhanced plant nutrition and health and overall produc-
tion (Gupta and Sharma 2021). Given their intimate relationships
with most habitats and hosts on the planet, it is not surprising
that there is considerable interest in studying how microbes me-
diate these effects both in terms of their physical interaction and
functional connectivity. This is challenging due to the diversity
and complexity of these microbiomes and hence, many studies
have focused on individual organisms in the context of their spe-
cific biomes. Despite being keystone components of this complex
system, microbial ecotones remain understudied, likely due to dif-
ficulties in obtaining representative samples from systems with
dynamic spatial and temporal boundaries, and technological lim-
itations associated with capturing the multiplex interactions and
processes that occur within them. However, it is clear that func-
tional microbiomes are the sums of the many species (even phy-
logenetically diverse groups), that not only interact with their the-
atre of activity, but also interact with other species. Thus, it is es-
sential to consider the microbiome in toto rather than specific in-
dividuals in isolation. Further, the species in these microbiomes
may be distantly related, but nonetheless provide similar ecosys-
tem services, known as functional redundancy. In this way, it is
also clear there is a need to study such communities with an un-
derstanding of the essential function of the community in rela-
tion to the biomes to better understand the drivers of ecosystem
health and function.

This review will first address microbial interfaces through a
lens of One Health: first defining the distinct microsites of micro-
biome and host or environment interactions or “theatres of activ-
ity” critical to One Health: soils, the root, the ruminant, and hu-
man gut and subsequently will discuss how colonization of those
sites, biofilm formation, occurs. Next, we will address the differ-
ent components of host-microbe interactions at these interfaces

in terms of generalizable principles, such as factors that drive mi-
crobial community assembly, mechanisms of microbial attach-
ment, growth and succession, and the effect these processes have
on host function and health (Fig. 1). The review will then evalu-
ate current and emerging technologies and modelling approaches
that will facilitate a greater understanding of microbiomes in—
and across-specific niches and how they interact with their host
as well as predict functional outcomes. The review will conclude
with current state of the art as well as new and emerging ap-
proaches to modification of the microbiome for improved and
strategic outcomes.

Microbial interfaces critical to One Health

Soil surfaces

Soils serve as global and dynamic reservoirs of microbial diversity,
making them both providers of essential ecosystem services that
can strengthen global food security and mitigate anthropogenic
impacts (climate change and soil pollution), as well as sources
of devastating pathogens and antibiotic resistance genes (Zhu et
al. 2019). As such, there is increasing pressure to more firmly en-
trench soil health into the broader One Systems Health approach
(Banerjee and van der Heijden 2023, Singh et al. 2023). This rep-
resents an enormous challenge, as a single handful of healthy
soil contains more microorganisms than all the human beings
that have ever lived (~117 billion) and yet, due to its enormous
surface area, far less than 1% of soil surfaces are actively colo-
nized by microbes (Young and Crawford 2004). These communi-
ties are not evenly distributed, but instead form transient biofilms
in soil pores and aggregates that wax and wane spatially in re-
sponse to a variety of factors. Complicating matters further, only
a small fraction of this microbial diaspora is metabolically active
and contributes to physiochemical processes at a given point in
time, as microbial dormancy facilitates the persistence of com-
munity members over extended periods of unfavourable condi-
tions (Lennon and Jones 2011).

The root surface

Roots are the plant’s primary site of nutrient and water acquisi-
tion, and its exposure to microbial life; necessitating the plant to
carefully navigate an assortment of immunological, nutritional,
and symbiotic signals to optimize its own growth, health, and de-
velopment. Several studies have estimated the total surface area
of root systems in a variety of species and environments to far
exceed aboveground plant surface area (Jackson et al. 1997, But-
ler et al. 2013, Urban et al. 2015). Thus, the intersection between
plant roots and the surrounding soil (known as the rhizosphere)
represents a truly enormous theatre of activity for soil microbes,
and can be viewed as a semicontinuous ecotone between the in-
terior of the root (the endosphere; including cortical and endoder-
mal cells), the root surface (the rhizoplane; including root epider-
mal cells and secreted mucilage), and the thin layer of soil sur-
rounding the root (the ectorhizosphere). Microbial diversity has been
shown to decrease dramatically between the ectorhizosphere and
the interior of the root (Trivedi et al. 2020), highlighting the crit-
ical gating role played by the rhizoplane in regulating microbial
entry into the root. Additionally, microbial community composi-
tion has been shown to differ significantly between the roots of
different plant species (Chaluvadi and Bennetzen 2018), different
root types within the same plant species [e.g. seminal or nodal
roots; (Kawasaki et al. 2016), and even along the axes of a single
root (Kawasaki et al. 2021)].
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Figure 1. Core principles of microbiome assembly and function across host and environmental interfaces that are critical to One Health. The outer
circle represents the hosts and environmental interfaces that are critical to One Health, including soils, the plant root, the rumen, and the human gut.
A representative electron micrograph displaying microbial community colonization at each interface has been provided. The inner circle represents
the conserved sequence of events that enable the formation of microbial communities on host or environmental interfaces. Recruitment can be via
vertical or horizontal transmission and relates to the behavioural and physiological strategies employed by the host to gain access to, selectively
attract, and incentivize the beneficial microbes. Attachment to host and environmental interfaces is governed by fundamental physical, chemical, and
biological processes that enhance the survival and colonization of microbes. Growth and Succession encompass a multitude of complex
microbe-microbe and microbe-host/environment interactions in the developing communities, resulting in beneficial or detrimental outcomes. Impact
on Host (Host response) reflects the influence the microbiome has on shaping aspects of the host phenotype, nutrition, and health, such as

developmental trajectories, immunity, longevity, and behaviour.

The ruminant gut

The almost 4 billion domestic ruminants (O'Hara et al. 2020) in the
world synthesize energy from low-quality forages via microbial
fermentation in a specialized foregut chamber, the rumen. There,
carbohydrates and nitrogen-containing compounds are either as-
similated into microbial biomass or fermented into volatile fatty
acids (VFA) that are absorbed into the bloodstream. The microbial
proteins are vital for the host muscle and milk synthesis (Bach et
al. 2005), while VFAs can supply up to 70% of the host’s energy re-
quirements (Bergman 1990). Microbial composition in the rumen
varies with diet, age group, breed, and geographical location (Hen-
derson et al. 2015, Dixit et al. 2022). It is a functionally redundant
community of bacteria, fungi, methanogenic archaea, ciliate pro-
tozoa, and viruses with cellulolytic, hemicellulolytic, amylolytic,
proteolytic, and lipolytic activity (Morais and Mizrahi 2019). Dif-
ferences in rumen microbiome profiles have been associated with
economically and environmentally important traits such as feed
efficiency (Xue et al. 2022, Zhao et al. 2022b), methane emission

(Ramayo-Caldas et al. 2020, Cardinale and Kadarmideen 2022),
and milk composition (Stergiadis et al. 2021). In contrast, the role
of the lower-gut microbiota in ruminants’ health and production
has not been extensively studied. However, it was shown to influ-
ence traits such as feed efficiency (Welch et al. 2020), milk produc-
tion (Monteiro et al. 2022), and immune response (Malmuthuge
et al. 2013). This is partially because the large intestine is a site
for microbial fermentation of the remaining fibre and other com-
plex polysaccharides, but importantly, it is also a highly active re-
gion in terms of immune function and has a crucial role in the
production and metabolism of hormones, neurotransmitters, and
other bioactive compounds that can influence host health includ-
ing physiology, behaviour, and stress response (Freestone and Lyte
2010, Du et al. 2023).

The human gut

In humans, the gastrointestinal (GI) tract is one of the largest in-
terfaces (250-400 m?) between host and microbes, which harbours
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about 100 trillion microorganisms (Thursby and Juge 2017). This
complex and dynamic population of gut microbiota plays a crit-
ical role in human health (Ursell et al. 2012). Bacterial coloniza-
tion is vital for maintaining the structure and function of the hu-
man Gl tract, development of the mucosal immune system, and
breakdown of nondigestible nutrients (Jandhyala et al. 2015). The
established bacteria interact with other microbes to form the gut
ecosystem, which forms a symbiotic relationship with the host
under normal circumstances (Jansma and El Aidy 2021). However,
many factors can challenge the homeostasis and lead to imbal-
anced gut microbiota, such as infection with pathogens, antibiotic
use, unhealthy diet and lifestyle, and other environmental factors.

Examples of other interfaces that provide suitable habitats for
microbiome-host or microbiome-environment interactions in-
clude the skin-environment (air, soil, and water), water-sediment,
phyllosphere-environment, mucosa-environment and so on, but
are not the focus of this review.

Biofilm formation

The process of biofilm formation and its consequences have been
well-reviewed over the past few years; thus, this section will
present some of the salient features of biofilms relevant to mi-
crobiomes and their role in One Systems Health. Specific mech-
anisms and consequences of biofilms in relation to the ecotones
they inhabit will be discussed separately, below. Biofilms are ubig-
uitous across Earth’s biomes with relevance for human, animal
and plant health, terrestrial and aquatic ecosystems, as well as
natural and human-made surfaces (Flemming et al. 2016, Sen-
tenac et al. 2022). They can be found at the interfaces between
plant roots and soil, lumen and gut wall (in both, rumen and
human), food particle and lumen, oral biotic/abiotic surface, as
well as those that are immersed at solid-liquid interfaces such
as rocks, sand grains, decaying wood, and so on. (Flemming and
Wuertz 2019, Sentenac et al. 2022). Thus, the formation of a
biofilm may be one such universal trait associated with micro-
biome members. Biofilms are generally described as the sum of
the microbial species present as well as the three-dimensional ex-
tracellular matrix (e.g. polysaccharides, proteins, lipids, and extra-
cellular DNA) that holds them together and enables the establish-
ment of many of the emergent properties of biofilms. A constant
and dynamic dialogue between the biological and physical forces
modulated by microbiome members and host/environment have
been suggested to shape and maintain microbial biofilms (Wong
et al. 2023).

While biofilms are predominantly studied in the laboratory
as mono-species systems, in natural and engineered habitats,
they almost always are comprised of multiple species and these
biofilms may be attached to a substratum, such as soil particles,
the root surface or intestinal wall, or may be aggregates that are
bound together but floating in an aqueous environment, such as
biosolids in wastewater treatment plants or marine snow, and
the lumen of the human gut. The presence of multiple species
in a biofilm community also means that the number of func-
tional genes present in the community scales with the number of
different species present and gives the community an expanded
metabolic and phenotypic potential. For example, analyses of the
diversity of 1073 Pseudomonas genomes found 200839 protein-
coding gene families encoded in the pangenome (Jun et al. 2016),
while a Bacillus pangenome size of 155747 genes was reported
from only 20 genomes (Alcaraz et al. 2010). Given this expanded
“community genome” it is also recognized that biofilm formation
has several beneficial consequences for the associated bacteria,

such as increased stress tolerance (e.g. predation; Queck et al.
2006) and antibiotic resistance (Yan and Bassler 2019), enhanced
nutrient acquisition, as well as habitat modification and facilitat-
ing species interactions. For example, Pseudomonas aeruginosa was
demonstrated to confer surfactant tolerance to two co-occurring
species that were individually sensitive to the surfactant (Lee et
al. 2014). Similarly, mixed species communities have enhanced
metabolic potential, which can be harnessed for the remediation
of contaminated soils (Li et al. 2020). The process of biofilm forma-
tion has also been well studied and represents a life cycle, where
bacteria colonize a surface, develop into a mature structure and
then disperse to colonize new sites. Further, biofilm formation fa-
cilitates interaction and enables niche habitat modification (e.g.
reduced O, tension through respiration to enable anaerobes to
grow in an otherwise aerobic habitat).

In the One Health context, biofilms may facilitate the trans-
fer of bacteria between systems or biomes. For example, bacte-
rial biofilms on the surface of fresh fruits and vegetables can be
transmitted to the gut of humans and animals. These newly intro-
duced communities have the potential to then disturb the exist-
ing microbiome through invasion or displacement of the existing
“healthy” community. This disturbance may lead to a new stable
state for the gut community, which may have healthy or disease-
promoting impacts. Additionally, these ecotone-associated com-
munities may also transfer both beneficial and deleterious func-
tional genes from one habitat to another e.g. antibiotic resistance
genes transferred from one habitat to another potentially con-
tributing to the spread of resistance, or enhanced competence of
specific members of the oral microbiome when the biofilm under-
goes stress. While the process of biofilm formation may be fairly
generalizable, the specific factors that facilitate microbes to coa-
lesce as a community around a host or specific habitat are often
quite specialized. Below, we will explore the primary processes
that drive microbiome establishment around their host, i.e. re-
cruitment, attachment, growth, succession, and impacts to the
host.

Microbial recruitment at the interfaces

The prevailing attitude that microbial symbiosis is an elemen-
tary principle of all organisms is being increasingly challenged by
growing reports of organisms with transient or completely absent
microbiomes (see Moran et al. 2019 for an excellent review). How-
ever, in the case of most organisms, whose healthand develop-
ment rely on the vital contributions of a resident microbiome, it
becomes crucial to employ various behavioural and physiological
strategies aimed at (i) gaining access to beneficial microbes, for
example, via seed, vaginal delivery, and breastfeeding, (ii) selec-
tively attracting advantageous microorganisms, such as through
the secretion of plant flavonoids to entice nitrogen-fixing rhizo-
bia, and (iil) incentivizing the growth of beneficial microbes, for
example, by providing them with essential nutrients like photo-
synthates in the case of root-associated symbionts. These strate-
gies, collectively known as microbial recruitment, can be vertical
in nature (e.g. the transmission of microbes from parent to off-
spring) or horizontal (e.g. the transmission of microbes from envi-
ronmental sources) and serve to increase the likelihood that only
those with desirable traits (e.g. an enzymatic repertoire that can
extend the host’'s metabolism or pathogen-suppressing activities)
are selected from the highly diverse pool of microbes present in
the environment. The term “recruitment” in the human and ani-
mal gut environments generally denotes to “seeding or coloniza-
tion” as the gutis not an open system and the recruitment process



in the gutis more passive rather than active. Itis also important to
note that ongoing microbial recruitment is impacted by the host’s
extant microbiome, as newly recruited microbes may benefit from
the habitat-facilitating activities of early colonizers or be compet-
itively excluded by microbes with similar ecological requirements
(Darcy et al. 2020).

Sources and mechanisms for microbial
recruitment

Several recent studies have shown that a sizeable proportion of
the microbes that inhabit plant roots, especially in seedlings dur-
ing early colonization, are inherited in the form of seed-borne
endophytes, particularly bacteria of the genera Bacillus and Pseu-
domonas (Truyens et al. 2015, Abdelfattah et al. 2021, Moroenyane
etal. 2021). This vertical transmission occurs via vascular connec-
tions with the maternal plant or harboured within the male ga-
metes (pollen; Frank et al. 2017) and provides beneficial microbes
with priority effects that enable the establishment of founder
populations, with profound implications for downstream micro-
biome assembly and niche partitioning in the adult plant (Toju
et al. 2018). Despite this, plants also have an impressive capac-
ity to modify their environment to cultivate beneficial microbes
or hinder disease-causing pathogens, through a process known
as rhizodeposition (Carrién et al. 2019, Kawasaki et al. 2021). The
best described example of this is root exudation, which involves
the delivery of up to 30%-40% of a plant’s photosynthetically
fixed carbon into the soil (Whipps 1990), predominantly in the
form of primary metabolites (e.g. sugars, amino acids, and organic
acids) and bioactive secondary metabolites (e.g. flavonols, glucosi-
nolates, and indole compounds). Primary metabolites represent a
valuable source of energy and nutrients for soil microbes and pro-
mote the selective proliferation, and thus recruitment, of a subset
of the bulk soil community into the rhizosphere. In contrast, spe-
cialized secondary metabolites, amongst many other roles, me-
diate the molecular dialogue between the root and symbiotic mi-
crobes. For example, root-secreted flavones attract nitrogen-fixing
rhizobial species and can initiate their presymbiotic program-
ming (Compton and Scharf 2021), while strigolactone-rich exu-
dates promote symbioses with arbuscular mycorrhizal fungi (Ba-
nasiak et al. 2020). In addition to soluble secondary metabolites,
recent interest has turned to root-emitted volatile organic com-
pounds (VOCs), which serve as potent chemoattractants of bene-
ficial bacteria and, due to their unique physiochemical properties,
can readily diffuse across gas- and water-filled pores and greatly
increase the effective range of root microbial recruitment (Schulz-
Bohm et al. 2018). Plant-secreted VOCs have also been demon-
strated to signal neighbouring plants to alter their root exudate
composition to effectively synchronize root microbiomes across
neighbours (Xiao et al. 2021). In response to these chemical sig-
nals, soil microbes employ a variety of chemotactic strategies to
migrate to the root. For example, while sessile bacteria (e.g. the
spores of Streptomyces spp.) may stochastically translocate via the
passive flow of water through the soil pore matrix, they may also
tether themselves to motile bacteria or fungal hyphae, affect-
ing a form of microbial hitchhiking (Muok et al. 2021). Bacterial
appendages, such as flagella, enable motile microbes (e.g. Bacil-
lus subtilis, Rhizobium leguminosarum, and Azospirillum brasilense) to
swim through water-filled pores and liquid films, or swarm across
solid surfaces towards the origin of the chemoattractant (Jarrell
and McBride 2008). Microbes employing filamentous growth forms
(primarily fungi but also some Actinobacteria) have a distinct ad-
vantage over motile bacteria, as their mycelia can span air-filled
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spaces, a feature that is especially useful under unsaturated (low
connectivity) soil conditions (Wolf et al. 2013).

Despite physiological and morphological differences between
humans and ruminants, the maternal microbiota reservoir is the
primary source for the initial microbial recruitment for both or-
ganisms (Wang et al. 2020, Liu et al. 2023). However, the timing of
microbial recruitment, whether it begins in prenatal intrauterine
locations or during and after delivery is debatable in both humans
(Kennedy et al. 2023, Xiao and Zhao 2023) and ruminants (Hum-
mel et al. 2022). Low biomass and low diversity of microbes and
microbial signals have been reported in human and ruminant foe-
tus (Stinson et al. 2019, Guzman et al. 2020, Amat et al. 2022), but
currently, there is no evidence supporting the presence of stable
and abundant colonizers in a healthy foetus under normal cir-
cumstances (Kennedy et al. 2023). A few studies suggest that the
maternal gut, vagina, and oral cavity could potentially serve as
sources for seeding the foetal microbiome via the placenta during
pregnancy (Aagaard et al. 2014, Gomez-Arango et al. 2017, Wang
et al. 2021a, Hummel et al. 2022, Xiao and Zhao 2023). A study
in sheep, investigating the routes through which nonpathogenic
bacteria can enter the foetus, was unable to recover live bacteria
from foetal tissue (Yu et al. 2021). However, the same study showed
that DNA and proteins derived from bacteria introduced into the
maternal mouth could be detected in the foetal brain and trigger
alterations in foetal gene expression, representing an intriguing
avenue of communication between the foetus and its mother’s
environment, and a potential mechanism to ready the foetus for
ex-utero life. So far, the exact mechanisms and routes of micro-
bial migration from the mother’s body parts to the womb remain
unclear.

Regardless of the uncertainty of intrauterine microbial recruit-
ment, the main recruitment of early life microbes occurs during
birth when the baby passes through the birth canal and encoun-
ters maternal vaginal and colonic microbiota (Walker 2017). Af-
ter birth, neonates continue to recruit microbes via breast milk
and skin-to-skin contact with the mother (Pannaraj et al. 2017).
This vertical transmission is essential for the development of a
healthy intestinal tract both for humans and ruminants (Zhang
et al. 2021a). In fact, during the first few weeks after birth, infants
and calves are the most similar in terms of digestion, as liquid feed
ingested by preweaned ruminants bypasses the rumen through
the oesophageal groove and is digested and absorbed in the small
intestine. Under optimal colonizing conditions, early acquired hu-
man microbes include Bacteroides, Bifidobacteria, and Lactobacillus
(Walker 2017, Kim and Yi 2020), which play important roles in
the development of protective immunologic functions (Walker
2017). Similarly, in milk-feeding calves, Bacteroides, Lactobacillus,
and in particular Bifidobacteria were shown to quickly become the
dominant bacterial groups after birth, replacing initial aerobic
and facultative anaerobic bacteria (Rada et al. 2006, Vlkova et
al. 2006, Zhang et al. 2021a). Horizontal transmission also occurs
in the initial stage of life through the surrounding environment,
nonbreastfed feeding practices, and interactions with nonmother
individuals.

Challenges to microbial recruitment

Recruitment is the first step of microbiome assembly across a
variety of microsites, therefore, even minor disturbances to this
process can impact the structure and function of the result-
ing microbial community, with significant consequences for the
host’s health and development. For instance, factors challenging
a healthy maternal microbial community (e.g. overall health, im-
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mune status, stress levels, nutrition, and exposure to antimicro-
bial compounds) or limiting the exposure of neonates to this ver-
tical mode of transmission (e.g. caesarean section, alternatives
to breastfeeding) are likely to impact early-life microbial estab-
lishment. In addition, challenges related to environmental dis-
turbances (such as invasive agricultural practices and climate
change), microbial competition for resources and niches, and dis-
ruptions due to the use of antimicrobials and other chemicals,
can impact horizontal transmission. On the other hand, recruit-
ment also presents a valuable opportunity for early targeted in-
terventions to improve health and productivity, for instance us-
ing probiotics. However, evidence of long-lasting effects of these
interventions are still scarce, suggesting that probiotic strains
are rarely effectively recruited or retained when introduced into
the gut.

The widespread use, and occasional misuse, of antimicrobial
products across broadacre agriculture (e.g. seed dressing with
fungicides; Zaller et al. 2016), livestock husbandry (e.g. prophy-
lactic use of antibiotics; Low et al. 2021), and clinical settings
(e.g. indiscriminate antibiotic use; Antunes et al. 2011), can have
profoundly negative consequences on the vertical and horizon-
tal transmission of microbes. First and foremost, antimicrobials
can greatly decrease the abundance and diversity of microbes
available for horizontal recruitment (Karlsson et al. 2014), as their
modes-of-action invariably have nontarget effects that fail to dis-
criminate between beneficial microbes and target pathogens. The
consequence of this is particularly apparent in agricultural soils,
where the frequent use of fungicides and herbicides can lead to
the accumulation and persistence of active residues that are toxic
to plant mutualists, such as mycorrhizal fungi and nitrogen-fixing
rhizobia (Hemida Abd-Alla et al. 2000, Khan et al. 2020). Antimi-
crobials can also impact the vertical transmission of microbes.
For example, in perennial ryegrass, foliar applications of fungicide
were shown to reduce the vertical transmission of Epichloé festu-
cae, an agriculturally significant fungal endophyte that can protect
plant hosts from insect herbivory (Chynoweth et al. 2012, Ruppert
et al. 2017). In humans, antimicrobials are widely used before and
after birth, with up to 30% of mothers in developed nations re-
celving intrapartum antibiotic prophylaxis to prevent early-onset
group B streptococcal infection in newborns during vaginal deliv-
ery (Moore et al. 2003, Cox and Blaser 2014). Using metagenomic
approaches, Li et al. (2021) showed that perinatal antibiotic use
resulted in an almost 50% reduction in the vertically transmissi-
ble gut microbiome of infants 3-7 days after birth, as well as en-
hanced horizontal transmission of potentially pathogenic species
from the hospital environment. In dairy cattle, milk containing
antibiotic residues is considered unsuitable for human consump-
tion. However, this waste milk is often used to feed calves, making
it possible for antibiotic-resistant microbial strains to establish in
the underdeveloped GI tract of newborns by taking advantage of
the limited competition for resources (Langford et al. 2003, Pereira
et al. 2018). Finally, antimicrobial compounds can also impact mi-
crobial chemotaxis, with recent research showing that P. aerugi-
nosa will migrate towards the source of antibiotics, all while re-
leasing their own arsenal of bacteriocins and antibiotics (Oliveira
et al. 2022). This is hypothesized to be a consequence of misdi-
rected “competition signalling”, with the bacteria mistaking the
antibiotic for a competing bacterial colony and suicidally attack-
ing it. Thus, not only can antibiotics kill beneficial microbes di-
rectly, but they can also compete with the chemoattractant strate-
gies of hosts, further obstructing microbial recruitment.

In addition to the use of antibiotics, the increase in Caesarean
section (C-section) deliveries and the decline of breastfeeding are

important factors challenging the initial seeding and establish-
ment of the microbiota in the human gut. Worldwide, C-section
rates in humans are on the rise (Hoang et al. 2021). In Australia
alone, ~37% of infants were born via C-section in 2020 (Australian
Institute of Health and Welfare 2023). Infants delivered via C-
section miss the opportunity to acquire maternal vaginal and fae-
cal microbes, instead acquiring microbes from the hospital envi-
ronment and mother’s skin (e.g. Klebsiella, Enterococcus, and Enter-
obacter; Long et al. 2021). In contrast to infants delivered vaginally,
those born via C-section exhibit a gut microbiota characterized
by reduced levels of Bifidobacterium spp. and Bacteroides spp. How-
ever, opportunistic pathogens such as Klebsiella and Enterococcus
are overrepresented (Reyman et al. 2019, Zhang et al. 2021b). The
C-section-induced dysbiosis observed in early life is strongly asso-
ciated with respiratory infections in the first year of life (Reyman
et al. 2019) and several long-term health problems such as food
allergies, asthma, diabetes, and obesity (Zhang et al. 2021a). To
combat this, the seeding of C-section-born neonates with vaginal
microbiota is gaining increasing attention as a therapeutic treat-
ment (Mueller et al. 2023). Compounding the issue of C-section-
induced dysbiosis, breastfeeding rates are declining (Breastfeed-
ing Rate in Australia, Australian Breastfeeding Association). Al-
though exclusive breastfeeding is recommended for the first 6
months of life (World Health Organization 2023), in some high-
income countries, more than one in five babies are never breast-
fed (UNICEF 2018). Nonbreastfed infants have a distinctive micro-
biota profile compared to exclusively breastfed infants, with lower
alpha-diversity (Ma et al. 2020), fewer Bifidobacteria and a higher
relative abundance of opportunistic pathogens such as Clostrid-
ioides difficile (Pannaraj et al. 2017). A similar result regarding op-
portunistic pathogens was observed in ruminants since bottle-
fed lambs showed higher levels of Escherichia/Shigella compared
to suckled lambs (Bi et al. 2019). Supplementation of infant for-
mula with probiotic strains, such as Bifidobacterium longum and
Lactobacillus rhamnosus, has become a common practice (Braegger
et al. 2011, Indrio et al. 2022). However, due to the heterogeneity
of trial design and outcomes, no evidence currently supports the
hypothesis that probiotic supplemented formula can effectively
shift infant gut microbiota towards a desirable initial configura-
tion (Indrio et al. 2022).

In cattle, mineral or methionine supplementation during ges-
tation showed a positive effect on the calf microbiome, poten-
tially limiting pathogen colonization (Elolimy et al. 2019, Hum-
mel et al. 2021). In contrast, in ruminants, the low frequency of
caesarean section (C-section) deliveries results in little concern
regarding its implications to microbial recruitment in calves, al-
though evidence suggests that the mode of delivery might influ-
ence the microbial profile in the preruminant phase (Cunningham
et al. 2018) However, in comparison to human, in calf-feeding pro-
grams the use of waste milk (i.e. unsuitable for human consump-
tion), milk replacers, and/or starter concentrate after colostrum
feeding is common practice. Although the composition of some
of these postcolostrum diets can negatively influence bacterial
colonization, for example, by causing diarrhea in calves due to
the presence of pathogenic bacteria in unpasteurized waste milk
(Calderén-amor and Gallo 2020), different formulations of milk re-
placer diets also represent an opportunity for optimization of gut
bacterial colonization. Administering probiotics to calves, such as
dry yeast or compound probiotics containing multiple strains of
live bacteria, can promote the establishment of beneficial gut mi-
crobiota, maintain microbiota stability, inhibit pathogen growth,
and improve fermentation capacity (Du et al. 2023). However, the
long-term effects of diet-influenced microbial colonization needs



to be evaluated, as differences due to starter diets might disap-
pear in adult life, limiting the effects on adult performance (Dill-
McFarland et al. 2019).

Microbial attachment to interfaces critical to
One Health

Microbial attachment is fundamental to microbiome formation
atinterfaces, whether it occurs on soil particles (Mills 2003), roots
(Wheatley and Poole 2018), or within hosts (Klemm and Schembri
2000). By attaching to interface surfaces, microorganisms can en-
hance their survival and colonization via biofilm formation (dis-
cussed in the section “Microbial interfaces critical to One Health”).
In soil, plant root, and gut interfaces, a key benefit of attachment
and biofilm formation is facilitating access to nutrients. Surfaces
can attract nutrients by charge-charge or hydrophobic interac-
tions, while other nutrients arrive passively via diffusion through
aqueous environments (Beveridge et al. 1997). In the soil, attach-
ment can also facilitate the transfer of electrons directly to sur-
faces (Nealson and Finkel 2011), minerals (Shi et al. 2016), or hu-
mic substances (Lovley et al. 1996). In the rumen, attachment
to food particles is essential for microorganisms to efficiently
breakdown complex plant cell walls and indigestible fibres to ac-
cess nutrients (McAllister et al. 1994). In contrast, in the human
gut, microbes attach to the outer mucus layer gaining access to
mucins and mucin glycoproteins as a nutrient source. Further-
more, mucins play a complex role in mediating the spatial orga-
nization of gut microorganisms, thus impacting cooperation and
cross-feeding interactions, and the transport of nutrients (Wang
et al. 2021b).

In soils, attachment and biofilm formation can also help mi-
croorganisms evade or resist predatory pressures, for example
from protists and nematodes (Matz and Kjelleberg 2005, Martins
etal. 2022). In host-associated interface microbiomes, attachment
processes can stimulate host immune responses which can offer
the commensal community (as well as the host) protection from
invading pathogens or predators (Weng and Walker 2013). For ex-
ample, Lactobacilli and Bifidobacteria, which colonize the outer mu-
cus layer in the human gut, are known to modulate the immune
system. The varied mechanisms used to influence the immune
system are yet to be fully characterized and ore research is re-
quired.

Attachment to surfaces is governed by fundamental physical,
chemical, and biological processes (Muhammad et al. 2020) which
explains the ubiquity of this behavioural phenomenon across mi-
crobial taxa and biomes. Universal binding forces (e.g. van der
Waals forces, electrostatic forces, and hydrophobic interactions)
underpin these processes (Berne et al. 2015). Initial, reversible
attachment is mediated by environmental factors (Renner and
Weibel 2011). Cell appendages (e.g. flagella, pili, and fimbriae)
can be involved in this reversible attachment phase. More spe-
cific mechanisms, in particular surface proteins and extracel-
lular polymeric substances (EPS), then facilitate irreversible at-
tachment. The mechanisms can vary with species and environ-
mental conditions of specific biomes. The transition between re-
versible and irreversible attachment is regulated by intracellular
secondary messengers such as cCAMP and c-di-GMP. These trans-
duce environmental signals and trigger specific attachment pro-
cesses including the production of cell appendages, surface pro-
teins, and EPS (Toyofuku et al. 2016). Thus, itis ultimately the com-
plex interplay between abiotic, biotic, and host factors that influ-
ences attachment of microbes in interface systems.
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Abiotic factors impacting microbial attachment

Abiotic factors that influence microbial attachment can include
chemical (e.g. pH levels, salinity, and the presence of specific ions),
physical (e.g. surface area, roughness, pore spaces, fluid flow, and
hydrophobicity) as well as environmental (temperature, oxygen
availability, and moisture levels) conditions (De Weirdt and Van
de Wiele 2015, Jiang et al. 2021). In the soil, for example, chemical
influences such as ionic strength, pH (Palmer et al. 2007) and the
physicochemical attributes of the substratum’s surface including
surface charge can impact the electrostatic and binding forces.
These elements play a crucial role in fostering initial microbial
attachment to particle surfaces (Carniello et al. 2018, Muhammad
et al. 2020).

In interfaces such as soil and the rumen, particle size is a phys-
ical factor which influences attachment success. For soil ecosys-
tems, particle size shapes the abundance and size of pore spaces,
which can increase or decrease the number of available attach-
ment sites and alter the availability of essential resources like
water and nutrients (Griffin and Quail 1968, Hayashi et al. 2006,
Goebel et al. 2011). In the rumen, the size of food particles influ-
ences their transit rate, and therefore, the time available for mi-
crobes to form attachments (Bowman and Firkins 1993). Conse-
quently, perturbations or deliberate interventions that alter par-
ticle sizes are likely to influence attachment and subsequent mi-
crobiome composition in these systems. For instance, in the case
of ruminants, altering the diet to modify food particle size and
nutrient availability could change microbiome assembly. This, in
turn, could result in functional changes like alterations to propor-
tions of bacteria with the ability to break down substances such
as cellulose or amylose (Bowman and Firkins 1993).

Finally, environmental features play a considerable role in at-
tachment at interfaces and subsequent biofilm formation. It is
noteworthy that certain host biomes, such as the plant rhizo-
sphere and the human gut, exhibit both phylogenetic and func-
tional parallels (Ramirez-Puebla et al. 2013). Both of these systems
are open environments featuring large surface areas populated
by microorganisms and in both, environmental factors such as
gradients in oxygen and fluid shape the formation of distinct and
diverse communities (Macfarlane et al. 2011, Mendes and Raaij-
makers 2015).

Biotic factors impacting microbial attachment

Various biological mechanisms facilitate or inhibit attachment in
diverse systems including soil particles, plant roots, the rumen,
and human gut. Adhesins can aid attachment to both abiotic sur-
faces (Berne et al. 2015) including soil particles (DeFlaun et al.
1999) as well as biological surfaces, such as specific plant (Tomlin-
son and Fuqua 2009) and animal tissues (Kline et al. 2009, Chag-
not et al. 2012, Donaldson et al. 2016). Some bacteria (e.g. lacto-
bacilli) can bind to the mucus layer using specific adhesins, such
as mucus-binding proteins, that recognize carbohydrate struc-
tures on the mucins (Etzold et al. 2014). Unlike symbiotic com-
mensals that maintain a balance between mucin production and
breakdown, pathogenic bacteria can secrete enzymes such as gly-
cosidases and proteases, that break down the mucin polymers
damaging the mucous layer to colonize deeper into the epithe-
lial cells (Rogers et al. 2023). Many bacterial pathogens includ-
ing Vibrio cholerae, P. aeruginosa, and Salmonella enterica serovar Ty-
phimurium have Type VI secretion systems that are expressed
during bacterial colonization and deliver various types of viru-
lence factors, increasing pathogen fitness and facilitating adhe-
sion to host cells (Hachani et al. 2016, Logan et al. 2018, Soria-
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Bustos et al. 2020). Understanding the role adhesins play during
attachment offers possibilities to alter colonization behaviour and
select for desirable taxa (Pham et al. 2017).

Cellular appendages such as pili and flagella, normally asso-
ciated with cell movement, also play a role in attachment. It
was shown for P. fluorescens that increased piliation was positively
correlated with both increased levels of hydrophobicity and at-
tachment to corn roots (Vesper 1987). Interestingly, pandemic V.
cholerae strains associated with cholera require the toxin coreg-
ulated pilus to colonize the gut and this adhesin is encoded by
the filamentous CTX phage, highlighting the complexity of adhe-
sion between the host and bacteria (Herrington et al. 1988). The
involvement of flagella in attachment has been demonstrated for
A. brasilense on wheat roots (Croes et al. 1993), and for S. enterica
serovar Typhimurium on plant cell walls of fresh produce with im-
plications for public health (Tan et al. 2016). In the rumen, there is
a predominance of cellulolytic bacteria such as Ruminococcus albus
and Fibrobacter succinogenes, which lack flagella or cilia (Miron et al.
2001). However, pilin-like appendages have been implicated in R.
albus fibre adherence, together with glycocalyx and cellulosomes
(Christopherson et al. 2014).

Other biotic factors, including competition for attachment
sites, predation, and quorum sensing can also influence attach-
ment. Different mechanisms of how plant-beneficial microorgan-
isms can outcompete pathogens in the rhizosphere and on roots
have beenreviewed extensively (Wanget al. 2021c, Boro et al. 2022,
Dow et al. 2023). However, attachment plays a critical role in this,
which has been demonstrated for root colonization behaviour of
B. subtilis leading to exclusion of Escherichia coli cells (Massalha et
al. 2017). In the human gut, some bacteria such as Bacteroides spp.,
Ruminococcus spp., and Bifidobacteria spp. can metabolize complex,
host-indigestible carbohydrates and degrade mucin, which can
significantly impact attachment and colonization of other micro-
bial species (Ventura et al. 2012, Wang et al. 2021d).

Host factors impacting microbial attachment

Furthermore, when considering host-microbiome interfaces, the
genetic makeup of the host can influence mutual interactions be-
tween host and microorganisms, as well as host defence mech-
anisms, which can either facilitate or hinder microbial attach-
ment. Host defences influencing attachment include physical bar-
riers (e.g. cell walls or cuticles), or molecular components (e.g.
pattern recognition receptors, antimicrobial peptides, and hor-
mones). Host secretions, like mucus in the gut or root exudates,
can provide a medium for microorganisms to attach (Swamy et
al. 2016, Ruan et al. 2020), while secreted antimicrobial peptides
may be inhibitory (e.g. for pathogenic microorganisms; Zong et
al. 2020). In the human gut for example, the secretion of MUC2,
as the main component of the mucus layer, influences bacterial
attachment, while gene expression has been shown to be upreg-
ulated by specific probiotic strains (reviewed in Wu et al. 2020).
Host immune responses include phagocytosis, the production of
proinflammatory molecules, and the induction of adaptive im-
mune responses, such as the production of T and B cells in hu-
mans (see the section “Impacts of microbial colonization to the
host” for more details). These factors play a role in promoting at-
tachment and maintaining beneficial microorganisms while lim-
iting harmful pathogens (Hepworth et al. 2013, Doron et al. 2023).

Attachment is the first step towards colonization, community
growth, and establishment of a functional microbiome that can
interact with its host or environment. Interventions or perturba-
tions during this early stage have the possibility of long term ben-

eficial or adverse outcomes. Therefore, it is crucial that research
continues to uncover the complex mechanisms mediating micro-
bial attachment processes, including the precise molecular and
metabolic signalling pathways and spatio-temporal relationships
with physico-chemical and biotic factors including changes in the
microhabitat environment.

Microbial growth, community development,
and succession

Following attachment, microorganisms take advantage of the
benefits available in their new microhabitat (outlined in the pre-
vious sections) and start growing and dividing to form micro-
colonies. Interestingly, different microbial taxa will often employ
divergent growth strategies, even within the same genus. For ex-
ample, Heydorn et al. (2000) showed that P. aeruginosa rapidly cov-
ered the substratum in a flat uniform biofilm, whereas P. putida ini-
tially formed microcolonies, then developed into 300 um high cell
clusters before transitioning to a filamentous form. Rapid prolifer-
ation and the ability to spread allows biofilm-forming microorgan-
isms to occupy their target ecological niche, likely to the exclusion
of competitors. Furthermore, biofilm thickness and substratum
coverage are influenced by nutrient availability, such as for P. au-
reofaciens, where a positive correlation has been found with higher
concentrations of the added electron donor citrate (Heydorn et al.
2000), while biofilm formation was enhanced when higher con-
centrations of nutrients were supplied to soil (Wu et al. 2019). On
plant roots, colonization and initial growth of B. subtilis were ob-
served just above the growing Arabidopsis thaliana (Arabidopsis)
root tip, which subsequently led to biofilm formation elsewhere
along the whole root and exclusion of other bacteria (Massalha
et al. 2017). This may be related to substrate stiffness which im-
pacts early biofilm formation by modulating twitching motility in
Pseudomonas (Gomez et al. 2023).

In nature, most biofilms are composed of several species of mi-
croorganisms. This extends the genetic and metabolic capabili-
ties of the biofilm as a habitat and allows interspecies collabora-
tion (e.g. syntrophy; Sadiq et al. 2021). In the rumen, for example,
syntrophic bacteria and archaea are positioned within the biofilm
based on attraction to gradients of their preferred substrates (Leng
2017). Additionally, fungi within the biofilm, often located within
plant material, contribute to its degradation process (Leng 2017).
In the rumen, biofilm formation ensures the continuous pres-
ence of the microbial community on ingested plant particles de-
spite the vigorous mixing and rumination, allowing for sustained
degradation of the feed that would otherwise be indigestible to the
animal. In humans, multispecies biofilms have been found in var-
ious parts of the human body, such as the oral cavity (Anderson
et al. 2020) and the appendix (Palestrant et al. 2004) or, similar to
the rumen, attached to food particles (Macfarlane and Macfarlane
2006). However, their existence on mucosal surfaces is still under
debate and bacteria often occur as aggregates or microcolonies
rather than fully developed biofilms (Tytgat et al. 2019). However,
biofilm formation by pathogens can lead to disease in the human
gut. For example, biofilms dominated by Bacteroides fragilis and Fu-
sobacterium nucleatum are associated with increased incidence of
inflammatory bowel disease and colorectal cancer (Tytgat et al.
2019).

The benefits of growth on surfaces and biofilm formation are
conveyed by the produced matrix of EPSs. This matrix provides
habitat diversity, helps capture resources and enhances resistance
against antimicrobials and toxic metals (Flemming et al. 2016).



However, the structure, size, and composition of the matrix influ-
ence the interactions between members of the biofilm and enable
microenvironments (niches), and thus heterogeneity to emerge
(Gordon et al. 2019). For example, biofilms attached to the rumen
epithelium differ in terms of microbial diversity and community
structure compared to the bacterial communities attached to feed
particles (De Mulder et al. 2016). It is expected that different niches
within the rumen exhibit specific microbial characteristics based
on the resident microorganisms as well as the chemical compo-
sition of the ingested feed (Liu et al. 2016). Other factors shap-
ing the growth and dynamics of microbial communities in terms
of competition and cooperation are cross-feeding and the pro-
duction of various microbial substances such as quorum sens-
ing (QS) signals, bacteriocins, hydrogen peroxide, and lactic acid
(Wu et al. 2019, Ruan et al. 2020). By secreting these substances,
bacteria can influence biofilm formation and microcolonization
by other microbiomes, as well as their growth and development.
For example, autoinducer-2, a QS signal that regulates the be-
haviour of bacteria, increased the abundance of Firmicutes in the
gut in a mouse model study (Thompson et al. 2015), promoted
root colonization of beneficial rhizobacteria, Bacillus velezensis, in
plants (Xiong et al. 2020), and was shown to be an abundant QS
mechanism in the rumen (Won et al. 2020). Faust et al. (2012)
reported significant co-occurrence and coexclusion relationships
in the human microbiome both within and between body sites
and showed the competition between dominant commensal taxa
such as Prevotellaceae and Bacteroides in the gut and co-occurrence
of some pathogens like Treponema and Prevotella in the dental
plaque.

Mechanisms of growth, community
development, and succession

Growth and biofilm formation generally continues unabated un-
til adverse effects occur, some of which are elicited as a conse-
quence of growth, such as nutrient or oxygen limitation or nega-
tive interactions with other microbes (Rendueles and Ghigo 2015)
or the host (Rudrappa et al. 2008, Watters et al. 2016). For exam-
ple, oxygen limitation has been shown to induce dispersal from
the biofilm (Thormann et al. 2005) or can select for the subse-
quent growth and succession of anaerobes. Biofilms in soils in-
fluence the movement of water and air as their EPS was docu-
mented to fill pores of more than 50 um in size (Hand et al. 2008).
The change from aerobic to anaerobic metabolism can cause acid-
ification of the local milieu and have consequences on the via-
bility of different members of the biofilm microbiome (Flemming
et al. 2016).

Predation by protists and bacteriophages play an important
role in the growth, community assembly, and succession of micro-
bial communities with functional significance and overall biofilm
dynamics at interfaces (Béhme et al. 2009, Hungate et al. 2021).
Protozoan feeding shapes microbiome assembly in the rhizo-
sphere (Gao et al. 2019), rumen (Williams et al. 2020, Solomon
et al. 2022), and human gut (Chabé et al. 2017). Similarly, phages
also control the size and composition of these microbiomes
(Koskella and Taylor 2018, Gilbert et al. 2020, Holtappels et al.
2023). The mechanisms of predation, be it via protozoan graz-
ing or lysis by phages, represent an understudied but promis-
ing intervention tool to elicit benefits for the host including nu-
trient supply (Gao et al. 2019, Gilbert et al. 2020) or biocontrol
of pathogens (Chabé et al. 2017, Baliyan et al. 2022, Holtappels
et al. 2023).
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Growth, community development, and
succession at soil and plant root surfaces

Early growth of soil bacteria and their capacity to form biofilms on
surfaces was studied by Burmglle et al. (2007) using a biofilm flow
model. They showed that B. circulans was an early colonizer per-
sisting, however, only for 1 day. It was succeeded by several Pseu-
domonas strains that in turn were outcompeted by Dyadobacter fer-
mentans after 7 days. Both B. circulans and D. fermentans were char-
acterized as monospecies biofilm formers given their dominance
in the biofilm community at certain timepoints. Interestingly, only
one of the Pseudomonas strains was classified as a biofilm former.
This trait was enhanced when it was grown in a multispecies
biofilm with a Chryseobacterium strain suggesting that cooperation
between the two strains lead to stronger biofilm formation than
each strain exhibited on their own. In an experiment with arti-
ficial soil (Wu et al. 2019) biofilm formation increased microbial
diversity, evenness, and metabolic activity.

Successional patterns of rhizosphere communities are influ-
enced by plant development and growth stages (Ajilogba et al.
2022), climatic conditions (Durdn et al. 2022), root exudates
(Kawasaki et al. 2021, Duran et al. 2022), root binding site (Donn
et al. 2015), and soil type (Qlao et al. 2017). Chaparro et al.
(2014) reported that rhizosphere communities (specifically Aci-
dobacteria, Actinobacteria, and Bacteroidetes) associated with the
model plant Arabidopsis at the seedling stage differed signifi-
cantly from other developmental stages, e.g. vegetation, growth,
and flowering. However, it is not clear how these communities
change after plants senesce and begin a new growing season.
In the common annual grass Avena fatua, rhizosphere bacte-
rial communities followed consistent patterns across two grow-
ing seasons, even though the initial communities were different
(Shi et al. 2015). For example, the relative abundance of Alpha-,
Betaproteobacteria, and Bacteroidetes increased as the relative
abundance of Acidobacteria, Actinobacteria, and Firmicutes de-
creased. Seasonal differences (temperature, photoperiod, and
light intensity) between northern and southern Europe strongly
influenced adaptive differentiation between two Arabidopsis pop-
ulations, while differences in soil factors only had a weak ef-
fect. In contrast, subterranean differences in soil properties were
more important than climatic differences in differentiating rhi-
zosphere microbiomes (Duran et al. 2022). Strategies to enrich
certain microbiomes, such as through the application of probi-
otic consortia (Zhang et al. 2020) to seeds, led to reorganization
of the associated microbiome (Zhang et al. 2019). For example,
pepper seedlings treated with B. velezensis resulted in changes in
the composition of the rhizosphere microbiome during two sea-
sons in field experiments (Zhang et al. 2019). Similarly, the nod-
ule endophyte Agrobacterium sp. 10-C2 affected the richness and
structure of the common bean rhizosphere bacterial communities
(Adeleke et al. 2022). Microbiome succession in the rhizosphere
and rhizoplane environments is also influenced by the presence of
fungal pathogens. For example, specific disease suppressive endo-
phytic root microbiomes were activated in the presence of Rhizoc-
tonia solani (Carrién et al. 2019). During root rot disease in Avocado,
Phytophtora increased the relative proportion of Pseudomonas and
Burkhoderiales, while the abundance of other fungal opportunis-
tic pathogens also changed (Solis-Garcia et al. 2021). These exam-
ples highlight that the stability and succession of some microbial
consortia can be influenced by the presence of certain microbial
species.

Although rhizosphere microbiomes differ from those of the sur-
rounding soil, little is known about how these root-associated mi-
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crobial communities are developed or stabilized over growing sea-
sons. Rhizosphere succession was characterized by a significant
reduction in both taxonomic and phylogenetic diversity accom-
panied by decrease in both richness and evenness compared to
background soil communities (Shi et al. 2015). Growth and de-
velopment of rhizosphere microbiomes is driven by various fac-
tors and challenges. Nutrient availability in the soil is one of the
limiting factors for the enrichment of certain members of the
microbiome. Plant exudates provide the carbon source for the
microbiome and influence their functional activity and diversity.
However, many microbes cannot thrive on plant exudates alone
and presumably also require additional nutrients from the soil
(Tkaczetal. 2015). Soil pH is another key factor that can challenge
the successful establishment of microbial communities, with en-
dosphere, rhizosphere, and bulk soil and endosphere microbial
communities showing different tolerances to pH ranges (Fierer
and Jackson 2006). Alkaline soil pH affects bulk soil, rhizosphere,
and root endosphere microbiomes of plants growing in a Sand-
hills ecosystem (Lopes et al. 2021). Both the developmental age
of plants and abiotic factors (e.g. soil type and chemistry, cli-
mate) exert a strong selective force on the composition of rhizo-
sphere microbial community. In contrast, timing of soil exposure
was more important for shaping the root microbiome composi-
tion at maturity than plant age and soil related factors (Aleklett
et al. 2022).

Growth, community development, and
succession in the rumen

Rumen development starts with a nonrumination phase in the
first weeks after birth when animals feed almost exclusively on
liquid feed, then moves to a transition phase where small quanti-
ties of solid feed are ingested, reaching the final rumination phase
around 8 weeks after birth concomitant with the increase of solid
feed (Yafiez-Ruiz et al. 2015). Ruminal bacterial colonization re-
flects those phases, starting with Proteobacteria and Firmicutes
acquired from the dam’s vaginal canal, saliva, and milk, as well
as from the environment, which switch from aerobic or faculta-
tive aerobic to strictly anaerobic communities. This process re-
sults in Proteobacteria being replaced by Bacteroidetes, which in-
cludes genera capable of using components in milk (Bacteroides)
and some commonly found in mature ruminants (Prevotella and
Ruminococcus). Finally, Bacteroidetes and Firmicutes become the
dominant phyla with an increase of genera capable of utilizing
starch and fibre from solid feed, such as Prevotella and Ruminococ-
cus (Li et al. 2023). Although both phyla are present across vari-
ous microenvironments within the adult rumen, Firmicutes (par-
ticularly Clostridiales, Lachnospiraceae, Mogibacteriaceae, Christenel-
laceae, and Erysipelotrichaceae) are more abundant in fluid com-
munities, whereas Bacteroidetes (specifically Muribaculaceae and
Prevotellaceae) are predominant in mucosa-associated communi-
ties (Pinnell et al. 2022). Early in life, the rumen is also colonized
by methanogenic archaea. Not much is known about their via-
bility and metabolic activity during the first stages of rumen de-
velopment when, without solid food, archaea depend on bacteria
such as Geobacter spp. and Ruminococcus flavefaciens for essential
hydrogen and electrons for methanogenesis (Guzman et al. 2015).
However, methanogenic archaea are unevenly distributed into
the four rumen factions (solid-fraction, liquid-fraction, protozoa-
associated, and epithelium-associated) with higher presence in
the liquid fraction and relative abundances being influenced by
age, diet, and weaning (Wang et al. 2017a, Pinnell et al. 2022).
Anaerobic fungi also seem to establish quickly after birth and go

through different phases before reaching stability as more solid
food is ingested (Yin et al. 2022). Ciliate and flagellate protozoa
appear later in the development, around 15 days after birth, and
are transferred from animal to animal through saliva (Li et al.
2023). Therefore, the first weeks of a ruminant’s life provide a win-
dow of opportunity to influence microbial colonization in the ru-
men to support better feed utilization, decrease methane produc-
tion and optimize overall health (Yafiez-Ruiz et al. 2015, Huuki
et al. 2022).

Different types of feed and dietary changes can affect the rumi-
nal microbial population and its ability to efficiently degrade spe-
cific feed components. High-grain diets or sudden dietary changes
can lead to a decrease in ruminal pH, causing acidosis. Suba-
cute rumen acidosis (SARA) is a highly prevalent disease in dairy
cows that can lead to breakdown of the rumen epithelial bar-
rier resulting in increased circulating lipopolysaccharide (LPS), a
marker of bacterial translocation (Krogstad and Bradford 2023).
SARA-susceptible cows were shown to have a higher proportion
of starch-degrading bacteria (e.g. Prevotella) in relation to fibre-
degrading bacteria (e.g. Ruminococcaceae, Ruminococcus, and Papil-
libacterin) in their rumen causing an increased production of VFAs
which, in excess, can disrupt metabolic homeostasis (Zhang et al.
2022). The influence of SARA in other areas of the animal is cur-
rently being investigated, including hindgut dysbiosis induced by
a reduced faecal pH (Neubauer et al. 2020, Krogstad and Brad-
ford 2023) and mastitis, possibly due to increased presence of Pro-
teobacteria in the rumen (e.g. Stenotrophomonas) and circulating
LPS (Hu et al. 2022, Zhao et al. 2022a). Other factors that can be
detrimental to microbial population due to changes in ruminal pH
or decrease in feed intake include environmental stressors, such
as heat stress (Kim et al. 2022), animal transportation (Li et al.
2019), or changes in management practices (Sanjorjo et al. 2023)
which can, for example, favour the growth of lactate-producing
bacteria such as Streptococcus, Enterobacteriaceae, and Lactobacil-
lus. In addition, feed ingredients or plants containing natural
toxins can have unintended consequences on ruminal micro-
bial development, leading to imbalances in the rumen micro-
biota (Loh et al. 2020). These imbalances or sudden shifts in the
ruminal environment can adversely affect the microbial com-
munity, leading to a decline in rumen health and fermentation
efficiency.

Growth, community development, and
succession in the human gut

In the early stages of human development, the microbiota is
generally low in diversity and, during the first few years of life,
undergoes a series of transitions gradually evolving towards a
more complex, adult-like composition (Tamburini et al. 2016).
Three main phases occur including the development phase (3—-
14 months) characterized by a low-diversity microbiota includ-
ing Actinobacteria, the transitional phase (15-30 months), and the
stable phase (older than 31 months) with significantly higher di-
versity and richness (Stewart et al. 2018, Vatanen et al. 2018). As
an infant begins to consume breast milk and solid food the micro-
biome becomes more diverse and dominated by obligate anaer-
obic bacteria, such as Bifidobacteria and Lactobacilli (Milani et
al. 2017), which are specialized in breaking down complex sug-
ars in milk and other food. Many studies showed that by the age
of 2.5 years, when solid food has become the main component
of the diet, the microbiome composition stabilizes and resembles
the adult microbiota mainly composed of Firmicutes and Bac-
teroidetes (Stewart et al. 2018, Ahearn-Ford et al. 2022). Changes



in this composition are driven by strong deterministic processes
(Béckhed et al. 2015) and factors such as age, geographical loca-
tion, host, genetics, diet, immune system development, exposure
to chemicals, and the initial colonizers’ founder effects (Donald-
son et al. 2016). However, founder colonizers and diet are sug-
gested to have the greatest impact on the establishment of micro-
bial communities in the long term due to the syntrophic interac-
tions (Conlon and Bird 2014) as shown when comparing the micro-
biomes of the Hadza hunter-gatherers with people on a western
diet (Fragiadakis et al. 2019). The early microbiome provides im-
portant benefits, such as training the immune system, producing
vitamins and other nutrients, and regulating metabolism. Martin-
Peldez et al. (2022) showed in a recent systematic review that
the use of prebiotics and probiotics such as Lactobacillus, Bifidobac-
terium, Propionibacterium, and Streptococcus during pregnancy and
lactation have positive impacts on the development of the gut mi-
crobiota of C-sectioned newborns, especially regarding Bifidobac-
terium colonization (Martin-Peldez et al. 2022). Beneficial bacteria
can also be introduced into the gut through probiotic supplements
and fermented foods. The effects of probiotics in inhibiting poten-
tial pathogens and supporting a healthy gut microbiota has been
widely accepted (Hill et al. 2014), although the efficacy of probi-
otics varies depending on the specific strains, doses and formula-
tions. Additionally, the viability and stability of probiotic strains
are crucial to ensure a successful probiotic recruitment into the
human gut, where they can confer health benefits (Wendel 2022).

The human GI tract poses several challenges for the growth and
development of gut microbiota as microcolonies. Some of these
challenges are: the low pH of the stomach and duodenum, the
presence of bile acids in the small intestine, the thick and fast-
shedding mucus layer that covers the intestinal epithelium, the
high turnover rate of epithelial cells, the mechanical stress from
the movement of intestinal fluid and stool and the presence of an-
timicrobial agents produced by the host or other microbes (Ruan
et al. 2020, Arias and Brito 2021). Some bacteria establish better in
the human gut and dominate the community because they have
adapted to the specific environmental conditions and interactions
with other microbes and the host. For example, Lactobacillus, Strep-
tococcus, Staphylococcus, and Enterobacteriaceae are the main bacte-
ria in the stomach because they can persist in this environment
of high acidity and enzymatic activity. Moreover, the presence of
Helicobacter pylori may affect the diversity and microbiome compo-
sition of the stomach and lower GI tract (Dash et al. 2019, Ye et al.
2020). In adults, while Lactobacillaceae and Enterobacteriaceae are the
dominant families in the small intestine because they can grow
quickly in the presence of bile acids, the microbiome in the colon is
highly enriched and diverse and dominated by Bacteroidaceae, Pre-
votellaceae, Rikenellaceae, Lachnospiraceae, and Ruminococcaceae en-
abling the fermentation of complex carbohydrates from foods and
fibres that have not been digested (Derrien and van Hylckama
Vlieg 2015, Ruan et al. 2020). Moreover, the small intestine has
higher oxygen and nutrient concentrations than the colon, which
favours aerobic or facultative anaerobic bacteria. In contrast, the
colon is mostly anaerobic with complex carbohydrates and lower
oxygen levels and thus supports the growth of obligate anaerobic
bacteria that produce SCFAs and micronutrients (Conlon and Bird
2014, Kastl et al. 2020, Ruan et al. 2020).

Overall, growth, biofilm formation, and succession encompass
a myriad of complex microbe-microbe and microbe-host interac-
tions, which can result in beneficial or detrimental outcomes for
the organisms involved. While some of the effects of establishing
biofilms were already touched on in this section, they will be more
critically evaluated below.
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Impacts of microbial colonization to the
host

Thus far, we have discussed the underlying mechanistic prin-
cipals that shape microbiome assembly at interfaces across a
range of biome/ecosystem boundaries. These processes lead to
the formation of microbial communities with emergent func-
tional properties that can reciprocally shape host phenotype and
health. Associations between microbiomes and a range of host
traits have been described, including developmental trajectories
(Dominguez-Bello et al. 2019), immunity (Tripathi et al. 2018),
longevity (He et al. 2022), and even behaviour, such as feeding and
mating preferences (Sharon et al. 2010, Ezenwa et al. 2012) as well
as fear-response in prey species (Boillat et al. 2020). Thus, micro-
biomes impact the adaptive evolution of their hosts as both se-
lective forces, and modalities of host adaptation to environmental
pressures (Kolodny et al. 2020). For example, host evolution may
be influenced by the presence of gut microbiota that expand a
host’s dietary niche (Moran et al. 2019), or provide it with essential
limiting nutrients (Salem et al. 2014). There is also evidence that
imperfect vertical transmission of microbiota is selected for in un-
stable environments (e.g. variable extremes in climate or fluctu-
ating resource availability), as it enhances microbiome variation
and thus the phenotypic adaptability of host populations (Brui-
jning et al. 2022). To understand these complex associations, re-
search has begun to focus on microbiome-wide association stud-
ies that link microbial community structure and function to host
phenotypes (Gilbert et al. 2016, Awany et al. 2019). Such studies
have also begun incorporating microbiome features (e.g. taxon-
omy or microbial genomes) into genome-wide association studies
to explore the mechanisms by which microbiomes mediate the
translation of host genotype into phenotype (Tiezzi et al. 2021).

Host nutrition

Microbiomes play crucial roles in enhancing host nutrition across
the key microsites discussed in this review, primarily in the form
of enzymatic transformation of unavailable resources (e.g. recal-
citrant food items and soil organic matter) and the biosynthe-
sis of essential nutrients and vitamins. In the rhizosphere, bac-
teria and fungi enhance the bioavailability of limiting nutrients,
such as nitrogen, phosphorus, and ferric iron, via mineralization,
acidification, and the production of scavenging compounds (e.g.
siderophores; Masood and Bano 2016). Specialist fungi and bac-
teria take this process further, forming intimate symbiotic as-
sociations with plant roots that have arisen independently sev-
eral times throughout plant evolution. For example, current es-
timates suggest that 40 000-50 000 fungal species can form myc-
orrhiza with plant hosts (van der Heijden et al. 2015), effectively
extending the range of the root system and enhancing the uptake
of phosphorus, nitrogen, and water. Similarly, diazotrophs, both
symbiotic (Rhizobium and Frankia) and nonsymbiotic (e.g. Azospir-
illum and Azotobacter), have the enzymatic machinery required to
generate ammonia by atmospheric nitrogen fixation, contribut-
ing to their host nutrition in return for energy-rich carbohydrates.
The root microbiome also influences the plant’s innate ability
to absorb and utilize essential nutrients by altering the expres-
sion of the host transcriptome to enhance nutrient transport
and metabolism (Castrillo et al. 2017). For example, using a col-
lection of synthetic communities (SynComs; Wang et al. 2021a)
demonstrated that the root microbiome of soybean could enhance
phosphate uptake of the host by triggering plant systemic phos-
phate starvation signalling cascades. In the rumen of livestock,
the resident microbiome expands the host’s enzymatic repertoire



12 | FEMS Microbiology Reviews, 2024, Vol. 48, No. 2

to enable the hydrolysation of complex cellulosic materials, which
form the core of their diet, into simpler compounds like VFAs.
These are central energy sources for ruminants, with recent find-
ings suggesting that ~70% of the energy content of plant polysac-
charides is maintained and delivered to the host in this form (Rus-
sell et al. 2009). The procedural breakdown of complex plant mat-
ter in the rumen is highly coordinated, as the metabolic products
of specific taxa serve as substrates for subsequent catabolic re-
actions by different microbes (Xu et al. 2021). The rumen micro-
biome also plays a role in nitrogen metabolism, converting vege-
tal proteins into microbial proteins that can be utilized by the host
and its microbiome for growth and cellular maintenance. The evo-
lutionary contract between ruminants and their microbiome has
resulted in complete reliance, such that the loss of the metabolic
functions of the rumen microbiome would rapidly result in star-
vation and death. This absolute level of dependence on gut micro-
biota for nutrition can also be found in certain insect species (e.g.
termites) and phytoplankton. In the human gut, the microbiome’s
contribution to nutrition is more peripheral. In common with the
rumen microbiome, the human gut microbiota break down com-
plex carbohydrates, such as dietary fibre, that are resistant to di-
gestion by human enzymes. The resulting SCFAs serve as energy
sources for the cells lining the colon and are involved in regulat-
ing various physiological and immunological processes. Crucially,
as in the rumen, the human gut microbiota is responsible for the
production of essential micronutrients, such as B-group vitamins,
which serve as precursors of indispensable metabolic cofactors
(Rodionov et al. 2019).

Host immune function

The most extensively studied connections between microbiomes
and host phenotypes relate to the profound effects the micro-
biome exerts on various aspects of host immunity via direct and
indirect means, such as antibiosis with pathogens, colonization
resistance, defensive priming of host immunity, and maintenance
of immune homeostasis (Santhanam et al. 2015, Ritpitakphong
et al. 2016). For example, microbiomes of the human gut (Rea et
al. 2011), livestock rumen (Shi et al. 2023), and plant root (Hol
et al. 2015) have been shown to directly inhibit pathogen pro-
liferation through the production of an assortment of antimi-
crobial compounds. The target specificity of these compounds
ranges from those with high precision e.g. bacteriocins, which
primarily target closely related or competing bacterial strains;
through to kingdom-spanning bioactives e.g. gramicidins, which
have been shown to exhibit antibiotic (Weinstein et al. 1980), an-
tifungal (Kondejewski et al. 1996), and antiviral (Enayathullah et
al. 2022) activities. Microbiomes can also indirectly promote re-
sistance to pathogens by defensively priming the host’s immune
system. For example, the proliferation of Bacteroidetes in the
postweaned gut of mice have been shown to prime the produc-
tion of intestinal interleukin (IL)-36, which elicits macrophage-
dependent protection against the pathogen Klebsiella pneumoniae
(Sequeira et al. 2020). In animals, these processes are largely me-
diated by the gut-associated lymphoid tissue, which is a sprawling
immune organ associated with the intestine and thus frequently
exposed to foreign antigens. Immunomodulatory compounds pro-
duced by the gut microbiome (e.g. SCFAs, tryptophan derivatives,
and LPS) play essential roles in this process. For example, SCFA
produced via the microbial fermentation of dietary fibre stimu-
lates the synthesis of anti-inflammatory cytokines, while deriva-
tives of tryptophan catabolized by intestinal bacteria such as in-
dole, indole acetic acid, and kynurenine are modulators of the

aryl hydrocarbon receptor pathway, which regulates natural killer
T-cell levels and moderates inflammatory responses (Ghiboub
et al. 2020).

Similarly, compounds produced by the root microbiome aid in
the maturation of the plant’s innate immune system, facilitating
both local tolerance to beneficial microbes and priming plant im-
munity via induced systemic resistance (ISR), enabling the plant
to respond more rapidly and with greater intensity to pathogen
infection. The method of ISR induction, mediated by the phyto-
hormones jasmonic acid and ethylene signaling pathways is sur-
prisingly distinct from that of pathogen induced stress responses,
which primarily develops via signaling cascades involving sali-
cylic acid (Pieterse et al. 1998). Mycorrhizal fungi have been shown
to enable root colonization through the suppression of localized
plant defence signalling, mediated by the delivery of small, se-
creted effector proteins into the host root (Plett et al. 2014) while
also enhancing the levels of plant-produced compounds asso-
ciated with pathogen defence, such as phytoalexins (Yao et al.
2003) and hydrolytic enzymes (chitinases and glucanases; Pozo et
al. 2002). There is extensive literature discussing rhizobacterial-
mediated ISR, particularly among bacteria belonging to the genera
Pseudomonas, Bacillus, and Serratia. The large genomes of these bac-
teria endow them with a large repertoire of signalling molecules
and phytohormones, with which they influence plant develop-
ment and defense processes (Abdelaal et al. 2021). For example,
VOCs released by several root-associated Bacillus were shown to
trigger an ethylene-dependent ISR in Arabidopsis seedlings, which
significantly reduced their disease severity upon infection with
the pathogen Erwinia carotovora (Ryu et al. 2004). Similarly, the
rhizobacteria P. fluorescens was shown to trigger systemic resis-
tance in Arabidopsis against several pathogens and insect her-
bivores by priming leaf expression of jasmonic acid-responsive
genes (Pozo et al. 2008). The impact of beneficial root microbes
on plant health is not restricted to biotic interactions, as they have
also been shown to alleviate a plethora of abiotic stress conditions
(Dimkpa et al. 2009), including but not limited to salinity (Nadeem
etal. 2007), drought (Yuwono et al. 2005), and heavy metal toxicity
(Xiao et al. 2021).

The influence microbiomes exert on host immunity is not re-
stricted to localized interactions, as many sophisticated signalling
mechanisms bridge distant tissues and organs to elicit systemic
responses in host immunity. For example, the gut-brain axis
bridges the gut microbiome, the enteric nervous system of the gut,
and the central nervous system. As a consequence of multisystem
involvement, the gut-brian axis plays a crucial role in the pro-
duction and regulation of neurotransmitters, such as serotonin,
dopamine, and gamma-aminobutyric acid, which are essential
for mood regulation and cognitive processes. These metabolites
travel via portal circulation, where they can impact the local neu-
ronal cells of the enteric nervous system, as well as the afferent
pathways of the vagus nerve, establishing direct signalling with
the brain. Intestinal bacteria such as Bacteroides, Parabacteroides,
Lactobacillus, Bifidobacterium, and Escherichia spp. produce gamma-
aminobutyric acid, the primary inhibitory neurotransmitter (Bar-
rett et al. 2012, Strandwitz et al. 2019). Similarly, microbially pro-
duced indoles have been shown to impact brain function, be-
haviour, and aging (Jaglin et al. 2018). This recent research has
triggered a paradigm shift in our understanding of neurological
disorders, revealing a previously underappreciated link between
the microbiome and the brain. Recent reports have implicated
dysbiosis of gut microbiota in neurological and neurodegenera-
tive disorders such as anxiety, depression, Parkinson'’s disease,
Alzheimer’s disease, and autism spectrum disorder (Morais et al.



2021). In patients with Parkinson’s disease for example, reduced
levels of butyrate, propionate and acetate have also been reported
(Aho et al. 2021), while toll-like receptor 4-mediated intestinal dys-
function triggered by microbiome-derived LPS has been shown to
contribute to intestinal and central nervous system inflammation
(Perez-Pardo et al. 2019).

Similar organism-spanning mechanisms of microbial interac-
tion have also been shown in plants. During plant infection,
microbial-derived small RNAs (sRNAs) have been demonstrated
to migrate between the pathogen and the host, remotely altering
the plant’s immune response through RNA interference (Weiberg
et al. 2013, Regmi et al. 2021). For example, SRNAs of the fungal
pathogen Botrytis cinera were shown to translocate into Arabidop-
sis and tomato cells and downregulate plant defence-related
genes, such as transcription factors, receptor like-kinases, and cell
wall modifying enzymes; promoting host diseases susceptibility
(Weiberg et al. 2013, Wang et al. 2017b). Similarly, in head blight
disease in wheat, the pathogenic fungus Fusarium graminearum
was shown to utilize SRNAs to silence the resistance-related gene
Chitin Elicitor Binding Protein (Jian and Liang 2019). These remote
means of modulation are not limited to host-pathogen interac-
tions, as rhizobial tRNA-derived sRNAs have been shown to reg-
ulate host nodulation (Ren et al. 2019), while in silico analysis has
provided evidence for the involvement of cross-kingdom RNA in-
terference in the arbuscular mycorrhizal association between Gi-
gaspora margarita and its plant host (Silvestri et al. 2020). There
is growing evidence that analogous signalling pathways are also
present between pathogenic bacteria and human hosts. For ex-
ample, Legionella pneumophila (Sahr et al. 2022) and P. aeruginosa
(Koeppen et al. 2016) have been found to excrete sRNAs via outer
membrane vesicles that mimic host microRNAs and act to repress
host immune defence signalling pathways. The remarkable ca-
pacity of microbial sRNAs to modulate host gene expression and
phenotypic outcomes creates new and exciting avenues for agri-
cultural and therapeutic interventions, highlighting the potential
for microbiome-based alternatives to conventional agrichemicals
and antibiotics, in the prevention and treatment of globally sig-
nificant diseases in crops, livestock, and humans.

Influence of the soil microbiome on human,
animal, plant, and environmental health

The global soil microbiome is an abundant reservoir of micro-
bial diversity and function, the characteristics of which have both
near and far-reaching impacts on environmental and biological
systems. Here, we highlight how soil microbiome features and
processes mediate impacts on the global environment and biotic
hosts, reinforcing the utility of a One Health, systems biology ap-
proach to all microbiome science.

Soil microbiomes directly influence soil features and processes
such as soil acidity, carbon sequestration, nutrient cycling (pro-
duction and consumption of various mineral and organic forms
of carbon, nitrogen, phosphorus, sulfur, iron, and so on), pathogen
suppression and degradation or transformation of xenobiotic
compounds and heavy metals (Fierer 2017). These phenomena
have a number of large-scale indirect effects on biological hosts.
For example, the role of soil microbiomes in carbon sequestra-
tion has global consequences for all ecosystems and organisms
due to its role in mitigating climate change (Bhattacharyya et al.
2022). Carbon use efficiency of a microbial community is critically
important to promoting soil carbon storage globally, highlighting
the importance of soil microbiomes on a planetary scale (Tao et al.
2023). Similarly, soil microbiome biodegradation and transforma-
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tion of toxic compounds impacts plant productivity, water quality,
and ecosystem services and thereby indirectly influences global
human and animal health (Singh et al. 2023).

Grazing behaviour of ruminants, such as sheep and cows, often
leads to the direct consumption of soil and plant-associated mi-
crobes (Banerjee and van der Heijden 2023). A proportion of these
microbes may colonize the rumen microbiome and contribute to
the breakdown of recalcitrant plant matter, though little is known
about the contribution of soil- and plant-borne organisms to this
process, relative to the native rumen microbiome (Attwood et al.
2019). Pathogens may also be transmitted from soil and plants
consumed by ruminants. For example, survival and transmission
of Bacillus anthracis, the aetiological agent of anthrax, is thought to
be influenced by both soil communities and its interactions with
plant matter highlighting the interconnectedness of soil, plant,
and animal microbiomes (Ganz et al. 2014).

Soil microbiomes may impact humans in several ways. The
continuum from soil to plant to food being a key pathway for this
influence. On this continuum, the soil microbiome impacts hu-
mans via its influence on the nutritional quality of the plants we
consume (Banerjee and van der Heijden 2023). Additionally, soil-
derived plant-associated organisms that are consumed may have
beneficial or detrimental effects. For example, soil microbial diver-
sity has an inverse relationship with the survival of E. coli 0157:H7,
an enteropathogen that often causes large-scale outbreaks of GI
disease via contamination of produce—indicating soil biodiversity
may control transmission of certain human pathogens (van El-
sas et al. 2011). Furthermore, soil-derived plant-borne organisms
can carry antimicrobial resistance genes, which may lead to in-
creased gut carriage of drug resistant commensals and oppor-
tunistic pathogens, increasing the risk of mortality or fatality if
infection occurs (Brinkac et al. 2017).

The diversity and composition of soil microbiomes, along with
the functions performed by specific microbial species, have been
linked to various effects on environmental, human, and animal
well-being as part of interconnected microbiomes. To translate
an understanding of microbiomes into improved health and en-
vironmental outcomes, it is important to fully comprehend these
relationships, identify the drivers for functional benefit, and effec-
tively address the challenges posed by global change. To achieve
this, it is necessary to employ systems biology approaches that
can uncover underlying mechanisms, enable accurate predic-
tions, and facilitate targeted interventions. Such comprehensive
understanding and conservation efforts are essential to elevate
our knowledge and response to the profound transformations oc-
curring worldwide.

Approaches for microbiological research for
the study of microbiome interactions

Current and emergent technologies provide an ever-expanding
toolkit with the potential to address outstanding questions re-
garding microbiome development, function, and interactions in
unprecedented detail. Genomics, transcriptomics, proteomics,
metabolomics, and meta-variants thereof, theoretically allow re-
searchers to access the full spectrum of the molecular biology of
a microorganism or microbial community and integrate these ob-
servations with the abiotic chemistry of a given ecology. Advances
in instrumentation for these approaches are supported by novel
analytical methods capable of integrating various ‘omics data
combinations such as factor analysis, network analysis, metabolic
modelling, and machine-learning methods. Imaging technology
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Figure 2. Illustration of the techniques and tools available to study the taxonomic composition, functions, and interactions of microbiomes with hosts
and the environment. The four primary technologies used to characterize the major biopolymer classes (DNA, RNA, amino acids, and metabolites) in
complex microbiome samples (left side of diagram) have been defined as sequencing based e.g. metagenomics and metatranscriptomics; and mass
spectrometry based e.g. metaproteomics and metabolomics. Coinciding with this progression of approaches, these techniques provide insights into
microbial community composition and functional potential, through to the characterization of community functions and interactions with the host.
On the right side of the diagram, emerging technologies utilizing specific DNA sequence-based labelling (FISH) and isotopically enriched molecule
probing (SIP) tools provide insights into the spatial distribution of microbial communities and their functionality in vitro and in vivo.
FISH—fluorescence in situ hybridization; SC-SIP—single cell stable isotope probing; and NanoSIMS—nanoscale secondary ion mass spectrometry.

provides the opportunity to contextualize such molecular obser-
vations in physical space, a dimension that is typically lacking in
‘omics approaches. The successful integration of ‘omics, imaging
and in silico methods can facilitate significant advances in un-
derstanding of the core functional principles at microbiome in-
terfaces (Fig. 2). Here, we will briefly describe the cutting-edge
methods, discuss their benefits, limitations, and complementarity
within the context of the central principles of microbial interfaces.

Multi-omics

The core molecular biology toolbox for studying whole mi-
crobial communities comprises metagenomics, metatranscrip-
tomics, metaproteomics, and metabolomics, targeting DNA, RNA,
proteins, and metabolites, respectively (Box 1). Over the past
decade, these approaches have all been used in isolation to drive
unprecedented progress in microbial ecology. In the same way
that these “meta-" methods facilitated a shift from organism-
focused to community-based microbial ecology, their integration
(known as “multi-omics”, Box 1) converts the separate composi-
tional, functional, and phenotypic approaches into a systems bi-
ology approach, capable of moving the field beyond taxonomic de-
scription into functional prediction. In a multi-omics approach,

the core ‘omics methods complement one another, either adding
an additional modality or ameliorating the shortcomings of an-
other.

Metagenomic data acts as a cornerstone, providing the
blueprint of genetic potential against which metatranscriptomics
and metaproteomics data can be aligned and the theoretical
suite of pathways against which metabolomics data be mapped
for the development of metabolic models (Box 1). Sample-
specific metagenomic databases can reduce reliance on reference
databases for other 'omics data types. They ensure functions are
assigned to taxonomic units present in the sample as opposed
to the nearest previously identified match, though a combina-
tion of both sample-specific and reference databases may be op-
timal (Jouffret et al. 2021). This is particularly important for en-
vironmental studies where the wealth of taxonomic diversity is
poorly characterized, in contrast to mammalian-associated mi-
crobial communities such as humans and ruminants. For exam-
ple, Rodriguez-Ramos et al. (2022) integrated metagenomics with
their metaproteomic, metabolomic, and geochemical data, allow-
ing them to resolve roles for specific bacteria, archaea, and viruses
in carbon and nitrogen cycling in river sediments. Metagenomics-
based approaches now benefit from cutting edge methods such



Lawetal. | 15

Box 1. Relevant -omics technologies

Multi-omics: generation and integrated data analysis, of two or more ‘omics data types. Multi-omic approaches can provide cross-
validation of component methods (e.g. proteins identified from metaproteomic data can be attributed to a host and genomic location via
paired metagenomic data for the same sample) or generate novel insights (e.g. a highly expressed gene identified in metatranscriptomic
data could map to multiple proteins indicating the occurrence of post-transcriptional splicing of the gene product).
Metagenomics: sequencing of all DNA in a sample with the aim of reconstructing the phylogenetic and metabolic diversity present in
the original microbial community. Latest approaches include:
® Long read sequencing: produces higher contiguity in community reconstruction than short read technologies, resulting in
metagenome-assembled genomes (MAGs) (Huang et al. 2023, Bickhart et al. 2022).
® High-throughput stable isotope probing (HT-SIP): provides insights into wild type microbial community metabolism by adding a
labelled carbon source and detecting the accumulation of labelled carbon in the DNA backbone of organisms capable of consuming
it (Nuccio et al. 2022).
® Metagenomic Hi-C: couples DNA cross-linking with metagenomic sequencing to cosequence DNA that is physically linked within
host cells. This increases the number and quality of MAGs generated and can also link extrachromosomal elements such as plasmids
to their hosts (Bickhart et al. 2019, 2022).

Metatranscriptomics: sequencing of all RNA in a sample to understand community level gene expression. Typically applied to reveal
microbial community responses to biological, chemical, or physical changes in a given niche and particularly useful for studying the
dynamics of temporal responses. Recent advances in metatranscriptomics include:

® Host-microbiome cosequencing: for host-associated microbiomes such as those found in the rhizosphere, human gut, or rumen,
sequencing both host and microbial RNA can reveal networks of molecular communication between them (Law et al. 2022).

® Spatial metatranscriptomics: novel approaches such as seqFISH (see below) allow the projection of metatranscriptomic data into
physical space, revealing important spatial aspects of transcription within or between microbes, and between microbes and their
host tissues or physical niches (Saarenpaa et al. 2023).

Metaproteomics: analysis of the complete suite of proteins from the variety of microorganisms present. This approach allows for a direct
connection between the metagenome and the metabolic outputs (phenotype) of the microbes. By employing metaproteomics, insights
into the functional aspects of microbiomes and investigate how they interact with their host environment can be gained. Additionally,
this method enables the detection of post-translational modifications. Metaproteomic analysis can be approached through targeted or
untargeted strategies (Sasson et al. 2022).

Metabolomics: The measurement of small molecules (chemicals with molecular masses of < 2000 Da e.g. polar metabolites, nonpolar,
and lipids). Metabolomics can be targeted and untargeted, and the main platforms are MS (e.g. LC-MS and GC-MS) and NMR-based
(Bauermeister et al. 2022). However, the coverage of metabolites is limited by the extent to which molecules can be extracted, detected, and
identified. No single approach can capture all metabolites, however, different methods usually provide complementary data (Vernocchi

et al. 2016, Gupta et al. 2022).

as long-read sequencing and Hi-C metagenomics, which gener-
ate greater assembly contiguity and numbers of metagenome-
assembled genomes (Bickhart et al. 2019, Haryono et al. 2022).
This allows higher resolution of the microbial community via ac-
cess to intraspecies diversity, identification of new species and
biosynthetic gene clusters. Such approaches can also reveal the
relationships between taxa across kingdoms and linking of mo-
bile genetic elements, which are critical agents in microbial com-
munity formation, function, adaptive fitness, and antimicrobial
resistance transmission, to their hosts and environments (Bick-
hart et al. 2022, Hwang et al. 2023, Sereika et al. 2023). Finally,
high-throughput sequencing with stable isotope probing (HT-SIP)
is perhaps the most revolutionary metagenomic approach in that
it allows genuine functional inference from metagenomic data by
identifying the accumulation of isotopically labelled substrates in
the DNA of specific species within an in situ microbial community
(Nuccio et al. 2022).

In turn, metatranscriptomics augments metagenomic data
with functional insights, revealing gene expression networks
within complex communities and allowing functional assign-
ments to taxonomic units (Box 1). For example, Van Goethem et
al. (2021) effectively combined long-read metagenome assemblies
and metatranscriptomics, exploiting the benefits of both, to reveal
a network of dynamic responses of cyanobacterial biosynthetic
gene cluster expression to light and wetting events. The latest
approaches in metatranscriptomics, for microbial communities
at host interfaces, involve cocapture of host and microbial com-

munity transcriptomes. Simultaneous gene expression analysis of
the host and its associated microbiome can expose the complex
molecular dialogue that coordinates their interactions. This can
reveal synergistic effects arising in host-community interactions
(Sola-Leyva et al. 2021) including mutualistic symbioses, such as
mycorrhizal associations (Law et al. 2022), or organ-pathogen in-
teractions during disease progression (Rajagopala et al. 2021). Fu-
ture spatially resolved metatranscriptomic analyses of microbial
communities at interfaces will increasingly require the precise de-
lineation of spatial boundaries and time-dependent phase transi-
tions. Alhough methods addressing are still in their infancy, such
methods have been used to identify spatial bacterial burden in
lung cancer cells (Wong-Rolle et al. 2022) and have yielded simul-
taneous host-transcriptome and microbiome wide characteriza-
tion of Arabidopsis leaf tissues at 55 um resolution (Saarenpdi et
al. 2023). These approaches in ‘omics-based imaging, discussed
below, remain challenging but will be essential to functionally
profile complex microbiomes at spatial scales that are relevant
for microbes and their host and that also reflect the high degree
of spatial heterology of host and environmental interfaces.
Metaproteomics and metabolomics bridge the gap between
genotype and phenotype connecting genes and their expression
levels to proteins and metabolites (Box 1). Such data can then
be interpreted in the context of the milieu of interactions in
microbial communities and host and environmental interfaces
(Gloag et al. 2013, Regmi et al. 2022). For example, Sasson et
al. (2022) demonstrated the increased depth of insight possible
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with metaproteomic data paired with metagenomic data in the
rumen microbiome. Their study revealed associations between
protein production profiles of specific metagenome-assembled
genomes (in addition to phyla) and cattle feed efficiency phe-
notypes. Metaproteomics has a high degree of complementarity
with metatranscriptomics and metabolomics. For example, a cer-
tain transcript, protein, or metabolite not identified via a single
method might be identified via the other methods. Alternatively,
such discordance between transcripts, proteins, and metabolites
might result from a genuine biological process such as post-
translational modifications to proteins or temporal and spatial dy-
namics of expression and function. Hagen et al. (2021) illustrated
the complementarity of metatranscriptomic and metaproteomic
methods as they elucidated the role of poorly characterized anaer-
obic fungi in plant fibre degradation via CAZyme production in the
rumen.

Metabolomics enables characterization of metabolic functions
and interactions occurring at host- and environment-microbiome
interfaces (Box 1). Capturing both microbial and host endogenous
metabolites and exogenous molecules enables system-wide inter-
rogation of complex metabolic processes and relationships. These
include production and exchange of nutrients, metabolic compet-
itive, detoxification, or bioremediation processes as well as small
molecule chemical signalling. Previous reviews provide compre-
hensive detail and examples of metabolomics use in plant, ru-
men, and human gut microbiome research (Vernocchi et al. 2016,
Newbold and Ramos-Morales 2020, Gupta et al. 2022). Addition-
ally, spatially resolved methods (e.g. mass spectrometry imaging
(MSI)—see Box 2), fluxomics (using stable isotope labelling and
mass spectrometry to quantify rates of metabolite flow through
pathways in organisms or communities). The combination of both
can provide further advances for improving our understanding
and ability to manipulate metabolism and composition of total
or functional-specific microbiomes at interfaces.

Advanced imaging techniques to study microbial
communities

Whilst “omics”-based research can link compositional and func-
tional dimensions of microbial community ecology on temporal
scales, spatial dimensions remain a challenging frontier in the
quest for a three-dimensional view of these unseen worlds (Fig.
2). Adding the spatial dimension is not only useful for studying
specific interfaces and scaling up the knowledge from microscale
to larger system level responses and functioning, but also en-
riches the pool of data available to modelling approaches. Imag-
ing techniques have been successfully integrated with microbial
community DNA, rRNA, mRNA, and metabolites revealing spatial
aspects through both taxonomic and functional lenses (Shi et al.
2021). Such studies can help to refine inferences about interact-
ing species, where colocalizing species are more likely to interact
through metabolic and genetic exchange than spatially separated
species. The methodological specifics of spatial “omics” are capa-
bly reviewed elsewhere, so here we aim to briefly highlight the
most cutting-edge methods, examples of their application to mi-
crobial interfaces, and future possibilities. Taxonomically, HiPR-
FISH (Box 2) has been demonstrated to spatially resolve microbes
at the genus level in mouse gut and human oral microbiomes,
however, it can be hampered by taxa-specific differences in ribo-
some accessibility, density, and competition between probes for
the same ribosomal target (Shi et al. 2020). The seqFISH technique
(Box 2), which targets mRNA transcripts, has been applied to re-
veal intercellular heterogeneity of gene expression for 105 target

genes in communities of P. aeruginosa (Dar et al. 2021). Although
application to a complex community is yet to be demonstrated,
one can imagine the unprecedented level of information relevant
to the central principles of microbial community assembly and
function achievable, via biome-scale taxonomically and spatially
resolved metatranscriptomics, if HiPR-FISH and seqFISH could be
simultaneously implemented. As for the truly functional side of
spatial “omics”, MSI (Box 2) allows untargeted mapping of metabo-
lites, proteins and lipids to infer the organization of metabolic
function in a given sample. metaFISH pairs MSI and FISH to link
microbial taxa and their metabolic functions in the same tis-
sues sample. For example, metaFISH applied to deep sea mussels
helped to identify linkages between the host metabolome and in-
tracellular bacteria (Geier et al. 2020, Box 2). Other MSI methods
include nanoSIMS and Raman microspectroscopy (Box 2). It is no-
table that most spatial “omics” techniques favour host-associated
microbiomes, which generally have relatively lower diversity mi-
crobiomes on surfaces hence facilitate physical sectioning along
a gradient or within the confines of a eukaryotic cell as opposed to
the hyperdimensional, and higher diversity environmental micro-
cosms such as soil. Techniques that address this will be critical in
translating gains from host-associated research to environmental
studies.

Just as each “omics” method has its strengths, each has their
own technical and conceptual limitations. Biases, many of which
are effectively unavoidable but can be minimized, may be intro-
duced at all stages including sampling, extraction, sample prepa-
ration, sequencing, mass spectrometry, and via in silico meth-
ods (Nearing et al. 2021). Notable limitations include the rela-
tive, nonabsolute nature of abundance data for any molecule,
the inability to disentangle microbial contributions from host
in shared metabolic pathways and the fact that snapshot sam-
pling cannot provide access to dynamic processes occurring over
timescales shorter than practicable sampling intervals. Addition-
ally, there are currently challenges in separating host and micro-
biome molecules prior to sequencing or delineating them in silico
as well as incomplete reference databases for annotation of ana-
lytes or species identification. Overall, it is important to remember
that ‘omics studies may not always provide a full explanation for
certain phenomena, but rather are hypothesis generating engines
for subsequent follow up and validation.

Data integration and modelling of microbial
dynamics

Multi-omics data should contain information regarding a myriad
of intimately linked molecular phenomena, however, it is inher-
ently large, highly dimensional, noisy, and sparse, which may ren-
der elucidating such linkages, their dynamics and driving factors
a significant analytical challenge, particularly when ‘omics lay-
ers chosen for a given experiment are discontinuous (e.g. metage-
nomics paired with metabolomics). Sequence-based methods are
most readily integrated due to their direct relationship allow-
ing dynamic insights between conditions via correlation between
gene presence, gene expression, and protein expression. Corre-
lation based approaches may also integrate nonsequence data
types including metabolomic data and abiotic factors. This type
of integration was demonstrated in a study of oleaginous micro-
bial communities from a wastewater treatment plant, which re-
vealed host-specific gene expression changes that are influenced
by substrate availability and physiochemical parameters in anaer-
obic bioreactors (Herold et al. 2020). A variety of dimension re-
duction methods, which aim to identify biotic or abiotic factors
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Box 2. Imaging

Fluorescence in situ hybridization (FISH): used for linking spatial information with phylogenetic and/or functional information, whereby
fluorescent probes are designed to hybridize with conserved phylotyping genes or transcripts of interest (such as 16S rRNA genes or
transcripts) allowing taxa to be visualized via fluorescence under confocal microscopy. Notable variants include:
® HiPR-FISH: high-phylogenetic resolution FISH utilizes binary encoding of fluorophore probes to significantly increase the number of
probes that can be used, and hence the phylogenetic diversity that can be detected (Shi et al. 2020).
® seqFISH: application of FISH to mRNA molecules to reveal spatial dimensions of gene expression (Dar et al. 2021).
metaFISH: multimodal method combining atmospheric pressure matrix-assisted laser desorption/ionization (AP-MALDI) with rRNA
FISH to allow simultaneous resolution of taxa and metabolic landscape in tissue samples (Geier et al. 2020).

Mass spectrometry imaging (MSI): a technique for resolving chemical and metabolic landscapes in fixed tissue samples. Samples are
typically ablated and ionized to infer the localized molecular composition. A prominent example is nanoSIM S(nanoscale secondary ion
mass spectrometry), which involves integration of stable isotopes into substrates that are then introduced to a bacterial community
(Chadwick et al. 2019). MSI of finely sectioned tissue samples then allows inference of metabolism of these substrates at single cell
resolution.

Raman microspectroscopy: a nondestructive alternative to MSI approaches, relying on detection of changes in the frequency of light

applied to a sample and allowing downstream ‘omics analyses on the same sample (Ivleva et al. 2017).

that explain variation in “omics data” or act as indicators for a
given treatment or sample, are increasingly popular as correla-
tive approaches encounter an unmanageable number of compar-
isons in multi-omics datasets. Packages enabling these methods
include mixOmics, MOFA, and MEFISTO, the latter of which han-
dles spatio-temporal data that fails assumptions of the former
models (Rohart et al. 2017, Argelaguet et al. 2020, Velten et al.
2022). These approaches can also handle discontiguous combina-
tions of “omics” data. Beyond these modes of integration, mod-
elling approaches driven by multi-omics data, modern computing
power, and statistical methods take data integration from the de-
scriptive and explanatory into the area of simulation, prediction,
hypothesis generation and testing.

Computational modelling can complement and expand exper-
imental techniques in exploring the drivers of assembly, compo-
sition, and function of interface microbiome communities. Math-
ematical models can provide a framework to facilitate the inte-
gration and interpretation of experimental data, including multi-
omics (Dahal et al. 2020), to gain a system-wide perspective of mi-
crobiome function. Their generality means they can be applied
to any interface-microbiome system and model predictions can
be used to generate hypotheses. For example, modelling can help
make predictions about how host and microbiome responds to
perturbation, cross-species interactions, spatiotemporal dynam-
ics, and emergent community properties, that can then be exper-
imentally tested. Microbiome modelling approaches can be data-
driven, or process based, encompassing a broad spectrum that
spans from ecological scales to molecular and metabolic levels
(refer to reviews by Qian et al. 2021, Nagarajan et al. 2022, van
den Berg et al. 2022), as well as physics-based.

As an example of a data-driven approach, ecological models
can predict and analyse population dynamics, including tempo-
ral changes in abundances. This makes them useful for examin-
ing microbial and community assembly, growth, and succession.
Although ecological models offer a comprehensive understand-
ing of microbe-microbe interactions at a macroscopic level, they
often lack insights into the underlying molecular mechanisms.
However, when combined with other modelling approaches, they
can synergistically reveal mechanistic foundations. For example,
Clark et al. (2021) used a combination of ecological and regression
modelling to design a beneficial high butyrate-producing commu-
nity from human-gut associated microbes. A dynamic ecological
model (generalized Lotka—Volterra) was used to accurately predict
community assembly and paired with a linear regression model

to establish a connection between community composition and
metabolic function. Through this comprehensive approach, Clark
etal. (2021) identified hydrogen sulphide production, environmen-
tal pH, and resource competition as critical factors influencing bu-
tyrate production.

Genome-scale metabolic modelling, a process-based ap-
proach, employs mathematical representations of metabolic re-
actions encoded in an organism or community’s (meta)genome.
Genome-scale metabolic models (GEMs) enable the simulation
of metabolic phenotypes under specific constraints (e.g. through
flux-balance analysis, FBA; Price et al. 2004). Growth rates, intra-
cellular fluxes, secretion or uptake rates, and responses to inter-
ventions or perturbations can be predicted using FBA and GEMs
(Heinken et al. 2021). Application of GEMs to interfacial microbial
communities, could enable the exploration of nutrient-microbe,
microbe-microbe and host-microbe metabolic interactions, thus
revealing mechanistic insights into community assembly rules
and host responses (Colarusso et al. 2021). Furthermore, GEMs can
be used as input for dynamic agent-based models to predict mi-
crobiome metabolism and growth through space and time to bet-
ter understand how nutrient accessibility and diffusion or con-
vection of mass affect community dynamics in a spatially struc-
tured environment. Indeed, tools such as CASINO (Shoaie et al.
2015), BacArena (Bauer et al. 2017), COMETS (Harcombe et al.
2014), and IndiMeSH (Borer et al. 2022) have been developed to fa-
cilitate this. For example, Borer et al. (2022) used spatiotemporal
(IndiMeSH) community GEMs, representing communities in soil
environments, to predict how the emergent bacterial community
composition is shaped by trophic interactions and diffusion con-
straints (in the context of soil pore spaces). The model findings
were validated in vitro by synthetic communities. Their results
could be applied to inform manipulations in soil communities for
example, to improve carbon sequestration and nutrient cycling.
This highlights the benefits of harnessing genomics, modelling,
spatial representations, and synthetic communities to enhance
prediction of microbiome function in specific interface niches.

While promising, it should be noted that current GEM ap-
proaches have mostly been limited to a small number of species
(i.e. up to five species). The challenge of scaling them needs to be
addressed for them to have utility for complex multispecies mi-
crobiomes. Databases of GEMs have been developed to facilitate
construction of compartmentalized multispecies GEMs, includ-
ing host-microbiome models. For example, AGORA and AGORA2
(Heinken et al. 2023) contain GEMs of human gut microbiota
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members (1738 species and 7302 strains), which are compatible
with Recon2 (human GEM; Thiele et al. 2013), while modelSEED
(Seaver et al. 2021) and plantSEED (Seaver et al. 2018) databases
contain plant, bacteria, and fungal GEMs in plant-root-soil com-
munities as well as a biochemical database to facilitate new
model reconstructions. Furthermore, improvements in genome
annotation and the incorporation of functional omics and pheno-
type data will aid in improving the accuracy of GEMs and thereby
their utility in the emerging microbiome community FBA space.

Finally, physics-based mechanistic models (PBMM) can incor-
porate physical principles into microbiome community modelling
and offer an approach to explore the interplay between physical
and biochemical processes, and microbial dynamics. PBMM in-
volves the development of mathematical formulas that capture
the essential laws of physics and biochemical principles (Baker et
al. 2018, Kalirad and Sommer 2022). These formulas aim to ac-
curately predict the expected inputs and outputs of the model,
aligning them with real-life observations. Physical factors, includ-
ing fluid flow (e.g. water movement in soil), diffusion and nutri-
ent transport, pH gradients, physical barriers (e.g. gut mucus lay-
ers), and structure (e.g. plant root architecture) can be modelled
along with biological and biochemical processes (e.g. microbial
recruitment, attachment, growth and succession, genetic regula-
tion, host-microbe, and microbe-microbe interactions). Combin-
ing these parameters enables simulation of microbial and com-
munity behaviours within specific environments (e.g. bacterial
colonization of root tips in soil, and food digestion in the rumen
or human gut). For example, Dupuy and Silk (2016) developed a
mechanistic model of the root-soil compartment to analyse the
factors that explain the maintenance of microorganisms on the
tip of growing root. Further, Labavi¢ et al. (2022) demonstrated
the application of hydrodynamic laws, bacterial growth kinetics,
and metabolic activity to highlight that specific genetic variants
exhibited a greater likelihood of achieving dominance and per-
sistence in the human gut environment in contrast with a well-
mixed chemostat system. This implies caution in the interpreta-
tion of in vitro studies of the gut. While PBMMs show promise in
making predictions about real-world microbiome scenarios, the
complexity and uncertainty of the system can be a limitation. PB-
MMs require empirical data for model development, parameter
estimation, and validation. Therefore, PBMMs are commonly de-
signed for a specific aim and consider only limited and relevant
aspects of the system they aim to model.

While in silico modelling approaches offer advantages for ex-
ploring complex interface microbiome communities, significant
challenges remain. These include the inherent biological and
physical complexity of these interface systems and the compu-
tational resources required for extensive mathematical formula-
tions. Improving high-throughput generation and integration of
phenotype, multi-omics data, spatial and temporal data, enhanc-
ing parameterization and validation, promoting standardization,
and advancing computational infrastructure will help advance
in silico modelling in microbiome research. This will ultimately
lead to a deeper understanding of interface microbiome dynamics
and their implications for diverse fields such as agriculture, and
ecosystem, animal, and human health.

Importance for One Health interventions

Here, we have highlighted the complex relationship between mi-
croorganisms and their respective hosts (or environment), the
parallels and differences across different host and environmen-
tal interfaces, as well as their significant effects in relation to
One Health. Research into the links among microbiomes of soil,

plants, animals, and humans has underscored the possibility of
interactions across systems that extend beyond direct transfer of
microbes. For instance, when the soil microbiome is effectively
managed, it not only bolsters plant health but also improves the
nutritional value of the crops through improved nutrient avail-
ability (Babin et al. 2021). In turn, consumption of these plants
can influence the composition and function of animal and hu-
man gut microbiomes, producing a One Health nexus between
soil and GI microbiomes. This connectivity can also be leveraged
when designing deliberate interventions to optimize microbiome
function.

Functional prediction has emerged as a crucial tool in under-
standing and harnessing the potential of microbiomes. Addition-
ally, as functional potential and microbial taxonomic composi-
tion are not necessarily linearly related due to functional redun-
dancy, effective functional prediction is necessary to determine
and manage the contribution of microbial communities to ecosys-
tem processes. We have discussed the cutting-edge technologies,
including omics and imaging-based approaches, to decipher the
metabolic potential, rules governing assembly, and intricate in-
teractions within microbial communities. By integrating these
data through advanced bioinformatics and in silico modelling ap-
proaches, the ability to predict the functional capabilities of mi-
crobiomes has vastly improved. Further technological and infor-
matics development, including better spatial and temporal res-
olution and pipelines to support the integration of experimental
and mathematical modelling methods, will drive future advances
in our ability to predict and manipulate microbiome function.

Current deliberate intervention strategies have proven effec-
tive in leveraging the microbiome’s potential to promote host
health and environmental sustainability. For example, microbial
inoculants have been promoted with agricultural crops to en-
hance nutrient uptake, improve plant resilience to stress, and re-
duce reliance on chemical inputs (Backer et al. 2018). The reduced
reliance on chemicals has One Health implications as well, with
lower risk of biomagnification of those chemicals as well as over-
all improved system health. Similarly, in human health, deliber-
ate manipulation of the gut microbiome through probiotics, pre-
biotics, and faecal microbiota transplantation has shown promise
in managing various disorders and improving overall well-being.
However, with many of these strategies, the mechanisms are
still not fully understood. For example, though faecal microbiota
transplants can be highly effective at treating C. difficile infection
post antibiotic stress (Baunwall et al. 2022), these communities
are undefined with unknown interactions that currently require
careful customization due to unpredictable nature of outcomes
(Kazemian et al. 2020). The unknown contributions of individual
constituents in these complex communities make it challenging
to optimize or tailor microbial treatments to target specific func-
tional outcomes.

Despite these current challenges, the area of synthetic commu-
nity design has growing potential to enable precision microbiome
manipulation. Synthetic microbiomes, with reduced complexity
and control of initial community composition, have provided in-
sights into causal interactions influencing community assembly
and functional outcomes (Venturelli et al. 2018, de Souza et al.
2020). Moreover, successful applications of synthetic communities
have been demonstrated in experimental models. For example,
Niu et al. (2017) introduced a simplified synthetic community to
axenic maize roots, which successfully suppressed the growth of
the plant-pathogenic fungus Fusarium verticillioides, thereby con-
ferring protection to the host plant. However, there are still chal-
lenges with the widespread industrial application of synthetic mi-
crobiomes, particularly in more complex interface systems. This



is primarily because of our incomplete understanding of the in-
herent associated risks (e.g. spread of antimicrobial resistance
genes) and fundamental processes that govern microbiome as-
sembly, such as recruitment, attachment, growth and succession,
and trophic interactions (Fig. 1). Thorough understanding of these
elements is necessary to accurately predict how a novel synthetic
community would establish, function within, and alter a complex
environment that may already be populated by a diverse array of
species.

Microbiome engineering approaches are also emerging as a vi-
able option to design probiotics or inoculants for specific envi-
ronmental, agricultural, or human health benefits. This process
entails introducing functional modifications to one or more or-
ganisms within a community, thereby influencing the overall per-
formance of the entire microbiome. Approaches can involve ex
situ engineering of organisms prior to community reintegration to
assess functional changes, or in situ modification of multiple or-
ganisms or communities. Althouh the latter is the most challeng-
ing, it is potentially the most rewarding as it works with the na-
tive community and does not require reintroduction of modified
species, which may not be competitive (reviewed by Ke et al. 2021).
Briefly, techniques to enable high-throughput functional screen-
ing, a necessity to assess the effects of any targeted intervention,
include transposon mutagenesis (TnSeq) and CRISPR-enabled
trackable genome engineering (CREATE). Targeted methods for in-
tegration of synthetic genetic material include conjugative broad
host range (BHR) plasmids, integrative and conjugative elements
(ICE), chassis-independent recombinase-assisted genome engi-
neering (CRAGE), environmental transformation sequencing and
DNA-editing all-in-one RNA-guided CRISPR-Cas transposase (ET-
Seq + DART; Rubin et al. 2022), and MAGIC (metabolomics alter-
ation of gut microbiome in situ conjugation). Applied examples in-
clude functionalized soil amendments (Pham et al. 2017, Mathes
et al. 2020), transfer of IncP plasmids from diverse hosts to multi-
ple bacterial phyla in a soil community (Klimper et al. 2015), mini-
ICE-mediated delivery of a biosynthetic gene cluster to a synthetic
soil community in situ and genomic modification in 297 micro-
bial species within the murine gut (Brophy et al. 2018, Ronda et
al. 2019). Due to their novelty and practical limitations associated
with the complexity of the methods, widespread application of
these techniques to the key microbial interfaces under review is
still limited. Nonetheless, the scale of benefit achievable by their
successful implementation will continue to drive research and in-
novation in this space.

Microbiome interventions should consider the multilayered
interactions and connectivity between hosts or environments
and microbiome niches, which drive community behaviour and
phenotypes. This complexity provides challenges and opportu-
nities to engineer or influence microbiomes. Advancements in
functional prediction and deliberate interventions have paved
the way for precision microbiome manipulation, enabling re-
searchers to optimize microbial communities for improved host
and environmental well-being. By further exploring the complex-
ities of microbiome assembly, understanding the ecological and
molecular mechanisms that shape these communities, and lever-
aging technological advancements, we can unlock the full po-
tential of microbiomes to achieve beneficial outcomes for One
Health.

Conclusions

The Anthropocene is a phase in our planet’s history marked by
the impact of human activities on planetary health, largely due to
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unprecedented levels of human population growth, rapid indus-
trialization, and the relentless exploitation of natural resources.
Already, shrinking habitats, biodiversity loss, and the extinction of
keystone species have begun to undermine the resilience of frag-
ile ecosystems worldwide. Meanwhile, the escalating frequency
and intensity of extreme weather events driven by climate change
is placing increasing strain on existing agricultural systems and
supply chains to maintain global food security and ecosystem
health. Finally, the steady rise of AMR genes in clinical and agricul-
tural settings are growing existential threats, as the list of effec-
tive treatment options that are critical to modern medicine con-
tinues to shrink. Despite the seemingly insurmountable nature of
these challenges, the Anthropocene has also seen the emergence
of new technologies that have ushered in a greater understanding
of the natural world and an increased appreciation for the inter-
connectedness of human, animal, plant, and ecosystem health.
This One Health framework encourages integrative approaches,
with the collaborative efforts of diverse scientific disciplines shap-
ing new global health policies, conservation strategies, and the
implementation of sustainable and evidence-based solutions. No
field of scientific endeavour is better placed to contribute to this
framework than that of microbiome research, which over the past
decade alone, has provided viable alternatives to antibiotics in
the treatment of human diseases, microbial inoculants to boost
plant productivity and resilience, and soil amendments to en-
hance carbon sequestration. What the next decade of microbiome
research holds for the realization of One Health aims makes for
exciting speculation. Will we see the commonplace prescription
of precision-formulated microbial communities to treat patients
with Gl issues? Will it be possible to completely replace synthetic
fertilizers and chemical pesticides across agriculture with micro-
bial inocula and still meet global food requirements? Will the
restoration of forests and grasslands worldwide involve seeding
these ecosystems with bespoke microbial communities to ensure
plant vigour and the efficient accumulation of stable soil organic
carbon? The body of literature covered in this review illustrates
a growing understanding of the core principles governing micro-
biome assembly across interfaces crucial to One Health and high-
lights the technologies that will be needed to achieve these goals
and promote the well-being of all life within our rapidly changing
environment and world.
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