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SUMMARY Microbiomes have highly important roles for ecosystem functioning and carry
out key functions that support planetary health, including nutrient cycling, climate regula-
tion, and water filtration. Microbiomes are also intimately associated with complex multicel-
lular organisms such as humans, other animals, plants, and insects and perform crucial roles
for the health of their hosts. Although we are starting to understand that microbiomes in
different systems are interconnected, there is still a poor understanding of microbiome
transfer and connectivity. In this review we show how microbiomes are connected within
and transferred between different habitats and discuss the functional consequences of
these connections. Microbiome transfer occurs between and within abiotic (e.g., air, soil,
and water) and biotic environments, and can either be mediated through different vectors
(e.g. insects or food) or direct interactions. Such transfer processes may also include the
transmission of pathogens or antibiotic resistance genes. However, here, we highlight the
fact that microbiome transmission can have positive effects on planetary and human
health, where transmitted microorganisms potentially providing novel functions may be im-
portant for the adaptation of ecosystems.

KEYWORDS microbiome interconnectedness, microbiome transfer

INTRODUCTION

icroorganisms are (almost) everywhere on our planet and provide critical contribu-

tions to the establishment and functioning of terrestrial, marine, and freshwater envi-
ronments. Furthermore, eukaryotes, including plants and animals, are typically associated
with complex microbial communities that are pivotal for health and functioning of their
host. These microbial communities are also referred to as microbiomes, defined as assemb-
lages of bacteria, archaea, fungi, viruses, protozoans, and other microeukaryotes, as well as
their activities in the context of a given (a)biotic habitat (1). Microorganisms drive local and
global elemental cycles on our planet; for example, they determine soil fertility at a local
scale, but also drive and react to changes acting at a global scale, such as greenhouse gas
emissions, climate change, and climate change mitigation. Microbiomes play an essential
role in many elements of our society, such as the microbiomes associated particularly with
the digestive tract of humans and other animals, in the treatment of domestic, agricultural,
and industrial waste streams, in fermentative food production, and in the biotechnological
production of bulk and fine chemicals (2). Hence, microbiomes occupy and shape the vast
array of ecological niches available in natural and engineered environments. The microbial
composition and functional capacity in many of these environments is a major theme of
current research, often with the goal of understanding the contributions of microbiomes
to the functioning and health of these environments. Although it is widely accepted that
microorganisms are transmitted between ecosystems, microbial connections between eco-
systems have not yet been explored at large scale, at least in part due to fragmentation of
resources (3, 4). Such interconnectivity is now recognized in what has been coined the
One Health approach (5, 6). Nevertheless, to date this approach has often focused on nega-
tive aspects of microbial transmission, such as the spread of (zoonotic) pathogens and anti-
biotic resistance genes or organisms related to the production of molecules with adverse
activities, such as mycotoxins (7). In contrast, the potential and extent of more positive
aspects of microbial transmission have not been addressed with equal attention, even
though their impact and importance were recently emphasized (5). Such knowledge, how-
ever, and particularly quantitative aspects of microbial transmission routes as well as the
conditions that determine these, would be essential for the optimization and/or de novo
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FIG 1 Microbiome transfer between environments and modes of transfer.

design of microbiome-inspired intervention strategies that can allow safer, more sustain-
able, and healthier food and feed production (3). To this end, this review will provide an
up-to-date summary of our current understanding of microbial transmission within and
across different environments (Fig. 1), including both the supportive and negative aspects
of microbiome transmission and circularity. This analysis is illustrated with examples from
the different domains within food production systems and beyond. We conclude with pre-
dictions of the future directions needed to exploit microbiomes to their full potential.

MICROBIOME TRANSFER AND INTERACTIONS IN ENVIRONMENTAL MICROBIOMES
The Soil-Plant Continuum

The soil-plant system represents a continuum of microorganisms, which are able to
survive both in the plant and in the soil environment and may be exchanged between
the two. Because of this close relationship, the type of vegetation, soil management
practices or environmental conditions greatly influence microbiome diversity and com-
position of soil as well as of plant-associated microbiomes (8, 9). This connection has
been extensively investigated, although connectivity over large distances or to envi-
ronments beyond the soil-plant system is less well understood.

Dispersal of microorganisms or microbiomes may occur locally, within a field or site,
as well as more widely between different environments. Typical dispersal routes in the
soil environment include dispersal from the air above the vegetation, from nearby veg-
etation and leaf litter near the soil surface or from litter below the top layer (10).
Microbial dispersal may also occur via pollen, seeds, or soil-associated animals or mo-
bile fungi (11, 12). Different dispersal routes transport distinct microbial communities
that differentially influence microbiota composition in the recipient environment (6).
Dispersed microorganisms may establish over the long term or may only exist transi-
ently, depending on the microbiome already present (5, 13, 14). However, even tran-
sient invaders may drive microbial community shifts (15).
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Soils serve as major reservoirs of plant-associated microbiota comprising plant ben-
eficial, neutral, or pathogenic microorganisms. Particularly prominent is the symbiosis
of plants with mycorrhizal fungi or of legumes with nitrogen-fixing rhizobia. Other ben-
eficial microorganisms may have direct effects, e.g., by mobilizing and providing im-
portant plant nutrients, alleviating plant stress (such as drought), or by protecting
plants from pests and pathogens through competition, antibiosis, or the production of
enzymes or metabolites (16). Indirect benefits include, for example, the induction of
plant responses leading to improved resistance to pathogens. The soil microbiome,
the environmental parameters, as well as the physiology of plants all determine which
microorganisms are transferred to and establish within and upon plants.

Within the plant, there are multiple niches enabling the growth of diverse microbial
communities. In roots, for example, a microbial continuum extends from the rhizosphere
soil to the rhizoplane and different niches within the endosphere. Microorganisms coloniz-
ing the plant endosphere can comprise obligate or facultative endophytes (17). The latter
are often environmentally derived, utilizing the presence of a compatible plant tissue as an
interim habitat and resource rather than being dependent on it. Thus, depending on the
plant species and genotype, microbial properties, and environmental conditions, different
subsets of rhizosphere microbial communities enter and colonize roots as endophytes (18).

A range of formal interactions and opportunistic events enable rhizosphere micro-
organisms to reach inner root tissues (19). These include intricate “chemical dialogues”
between the plant and compatible microorganisms (e.g., legumes and rhizobia) that
lead to modification of the host and microorganisms, colonization of root hairs, and
formation of new organs. Less formally, compatible or opportunistic microbes can
enter root systems through cracks (e.g., when lateral roots form) or by cell wall degra-
dation (18). Once inside the plant, microorganisms can disseminate to below- and
above-ground tissues by colonizing the apoplast or the vascular system. Overall, a
plethora of opportunities exist for members of the soil microbiome to enter and colo-
nize plant root systems, spread within the plant, and even be disseminated to new
environments and generations of plants by movement of pollen, seed, or other tissues.

Plant Seeds as Vehicles of Microbiota Transmission

Some endophytes colonize reproductive organs such as flowers, fruits, and seeds
(20), the latter in particular, being increasingly recognized as habitats for functionally
important microorganisms. Microorganisms colonizing seeds and the spermosphere,
i.e., the area around the germinating seed, can improve germination and increase
seedling vigor, but also protect seeds against rotting or the emerging seedling against
disease (21-23). Seed microorganisms are, to a great extent, horizontally acquired, as
many of them derive from the soil environment (23, 24), where soil microorganisms
colonize and then enter roots and then systemically colonize plant tissues and seeds.
In addition, microorganisms from alternative sources (e.g., insects, air, and rain [25, 26]
may colonize reproductive and disseminative plant organs by using stems, flowers, or
fruits horizontally [27-29]). The colonization of pollen grains by microorganisms may
result in the subsequent colonization of the ovule and the seed after pollination (30).

The vertical transmission of seed microbiota has been increasingly identified as an
important route for delivering microorganisms to the next generation plants, especially
at early vegetation stages. Well-known examples of vertical transmission of plant endo-
phytes are members of the fungal genus Epichloé (Neotyphodium for anamorphs) (31).
Similarly, the vertical transmission or microbial inheritance of bacteria has received
considerable attention. Abdelfattah et al. (32) identified two consecutive stages of ver-
tical transmission — from parents to seeds and from seeds to seedlings. The authors
also defined a third stage, i.e., the phase of seed dormancy, which requires that micro-
organisms are able to survive the harsh conditions of limited nutrient and water avail-
ability. Vertical transmission of seed microbiomes has been demonstrated in many dif-
ferent plant species, including maize, rice, wheat, barley, sugarcane, soybean, tomato,
and oak, as well as in model plants (11, 24, 25, 33-35). A survey of seed microbiomes
and their transmission routes in several monocot and dicot plant species showed that
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the bacterial family Enterobacteriaceae, particularly members of the genera Pantoea,
Enterobacter, Klebsiella, and Massilia, are vertically transmitted (13, 24). However, it was
shown that pathogenic Escherichia coli was not able to penetrate seed embryonic tis-
sue, neither via the parental vascular tissue, nor via the flower receptacle (36). Among
fungal endophytes, nonpathogenic Fusarium and Alternaria were commonly vertically
transmitted. Seeds may be widely dispersed (e.g., by wind, water, or animals) in nature
and are much more widely disseminated in the frame of agricultural systems going
hand in hand with a wide dissemination of seed-borne microbiomes.

The Plant Phyllosphere and Exchange of Airborne Microbiota

The phyllosphere refers to the plant leaf as a microbiome habitat. The phyllosphere is
an open system which is exposed to, and thereby connected with, the surrounding envi-
ronment (37). As such, microbial immigration to the phyllosphere can originate from multi-
ple sources, both local and remote. Importantly, arrival of microorganisms from the sur-
rounding environment potentially represents a constant flow of new microorganisms (38),
where areas such as agricultural and horticultural land, forests, grasslands, and even urban
environments are sources of microbial inocula (39, 40). Overall, the phyllosphere commu-
nity composition is therefore the outcome of multiple factors, such as host-based selection,
priority effects, natural successional processes, and stochastic influences (41). Given its ex-
posure to the environment, the composition of the phyllosphere may be in a constant
state of flux.

While environmental sources of phyllosphere microbiomes can be diverse, two are of
particular importance: (i) the local vegetation, including both living plants and decompos-
ing plant material such as leaf-litter or fallen wood, and (ii) the soil. Movement of the micro-
biome from these sources to the phyllosphere can occur via direct physical interactions, for
example, movement and contact of leaves across the surfaces of adjacent plants (42), or
via transmission vectors such as invertebrates or other animals. However, air transport is of-
ten the primary mechanism for movement of material from neighboring environments to
the phyllosphere, particularly when wind combined with other disturbances, such as rain
droplets, drive microorganisms into the atmosphere (43-46).

The efficiency and randomness of airborne transport provide an effective way for dis-
persal and exchange of plant-associated microbiomes. This has been well characterized for
foliar plant pathogens (38, 44). Indeed, movement of microbiome members from plant
surfaces into the air, and then transport within the air column, is an effective means to
overcoming geographic barriers. Bacteria, because of their small size, may have extended
atmospheric residence times and, thereby, have potential for long distance transport (see
below). However, bacterial cells are often clumped, and/or attached to plant fragments
such as leaf material. While this is anticipated to protect their viability during transport, it
also limits potential dispersive capability (47).

Water droplets are important for microbial transport into and subsequent survival
within the atmosphere. Using population genomics, Monteil et al. (48) demonstrated that
Pseudomonas sp. strains pathogenic to cantaloupe plants could be identified within the
atmospheric water cycle (e.g., rain and snow). Similarly, rain has also been shown to be a
key reservoir of phyllosphere microbiota for other plant species (e.g., tomato) (49).

It is increasingly apparent there is a reciprocal connection between the phyllobiome
and the atmospheric microbiome, driven by atmospheric processes occurring at global
scale. The phyllosphere is theoretically immense: globally, plant leaf surface area (adax-
ial and abaxial) is estimated between 2x 108 and 1x10° km? (50). For perspective, this
is up to twice the Earth’s entire surface area. On these leaves, and directly exposed to
the atmosphere, some 102* to 102 microbial cells are thought to be present (38) and
therefore potentially accessible to atmospheric transport.

Understanding the microbiomes of these environments and the processes that affect re-
ciprocal exchange, assembly and function of these microbiomes, is critical to understanding
plant health and agriculture. Indeed, it is time to consider these compartments — the micro-
biome of the plant (and other terrestrial or aquatic organisms) and the atmosphere - as a
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singular holobiome, where especially the plants, microorganisms, and the atmosphere have
coevolved and are therefore to some extent interdependent.

Airborne Transport of Microorganisms

Microorganisms are transported long distances by aeolian (wind) processes (51, 52).
Transport can be as autonomous bodies such as fungal spores, as cells adsorbed to the
external and internal surfaces of mineral particles (dust), or in liquid microbodies (aero-
sols) (46, 53). Both the extent of transport and the distance transported are likely to be
affected by both the particle size of the dust, and cell body size of the microorganism
(54). Dust plumes generated from farmlands, drylands and deserts can transport micro-
organisms hundreds or thousands of kilometers from their emissive source (51). Dust
can rise to very high altitudes within the Earth’s troposphere (as high as 38 km above
sea-level) and persist in the atmosphere for long periods (55).

The air masses of the Earth impose some constraints on long distance aeolian transport.
The major tropospheric air masses circulate in the northern and southern hemispheres, with
limited mixing at the equatorial boundary (56). This barrier might limit transfer of particulate
material, aerosols, and microbial cells between the two hemispheres (57). Another barrier is
the limited vertical mixing above the troposphere due to thermal inversion (58). Similarly,
the westerly airflows over the Southern Ocean probably limit transfer of aerial particulates
from the lower latitudes of the Southern Hemisphere to the Antarctic continent.

While the process of aeolian dissemination and deposition of microorganisms is recog-
nized (59), the ecological consequences of these processes are still being determined.
Microbial activities in the atmosphere impact cloud formation, hydrologic cycles (60), atmos-
pheric chemistry, and processes integral to climate regulation (61). Cloud condensation and
ice nucleation, for example, are common traits across a range of bacteria, fungi, and other
microorganisms, particularly those associated with plants (62). Furthermore, there is evi-
dence that plant, animal, and human pathogens are present in long-distance aeolian trans-
ported microbiomes (63, 64). These also might be associated with disease outbreaks (65).
For instance, a recent study by Bjornham et al. (64) showed that the foot-and-mouth disease
virus could be transmitted over distances of up to 50 km. Dust-associated microbiomes har-
boring diverse antibiotic resistance genes have also been detected downwind (c.f. upwind)
of cattle feed yards (albeit from near-surface sampling) (66). Human pathogen signals have
also been detected in aerial microbiomes (63). These include the presence of, e.g., Neisseria
meningitides in Saharan dust (67), which was associated with an outbreak of meningococcal
meningitis in Barcelona (68). Microorganisms are not only dispersed via bioaerosols, but
have also shown to be metabolically active (69, 70).

Fungal taxa are prevalent in the atmosphere due to their resilience and ease of air-
borne (spore and conidia) transmission, and several fungal pathogens have been
detected in atmosphere microbiomes. This includes plant pathogens such as Blumeria
graminis (corn mildew disease) and Sclerotinia sclerotiorum (white mold) (71, 72). Fungal
allergens such as those found in species of Aspergillus and Alternaria have also been
detected at high concentrations in dust (73, 74), and the presence of these has been
linked to increased risk of respiratory diseases (75). Despite these reports on the transfer
of pathogens, there is little understanding on the transfer of nonpathogenic microorgan-
isms via aeolian transport but this is very likely to occur. Phyllosphere inhabitants, includ-
ing plant beneficial microorganisms may be lifted into the atmosphere and transported
over long distances and return to phyllosphere habitats. Overall, aeolian transport may
mediate long-distance transfer of microbiomes with potential impact on weather, as well
as plant, animal, and human health.

Insects and Microorganism Transmission

Hundreds of microbial symbioses are known to exist with insects. Many of those are
ancient, extending back 30 to 250 million years (76). Given the time for coevolution, it
is not surprising that the symbionts span a range of different relationships, from tran-
sient pathogens to obligate, highly specialized mutualists (77). Microorganisms play
diverse and unexpected roles in the functioning and life of insects such as allowing
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host diet specialization (78), provision of specific nutrients or detoxification of chemi-
cals (79, 80), as well as enhancing resistance to pathogens and parasitoids (81 and
references therein). Generally, given the diversity of insects and the importance of mi-
crobial endosymbionts in conferring many traits and impacting their fitness (81), we
have not yet even begun to realize the full extent of microbiome symbiosis among
insects.

Many microbial symbionts, especially those colonizing reproductive organs, are inher-
ited via vertical transmission. These are also termed primary endosymbionts. Vertical trans-
mission via eggs is common in endosymbionts such as Wolbachia spp., Ricksettia spp.,
Spiroplasma spp., Buchnera spp., certain yeast-like symbionts, protists, and viruses (77).
There is increasing interest in understanding the role of microbial-microbial interactions in
vertical transmission. For instance, the type of hereditary microorganisms positioning
themselves first in the next generation of offspring may influence community assembly
and composition (priority effects) of other microorganisms, thereby influencing offspring
health and evolutionary fitness (77, 82).

Secondary endosymbionts are often facultative symbionts. These may be transmit-
ted vertically as well as horizontally (83). They colonize different tissues and organs of
their hosts, such as the gut system, muscles or the hemocoel, and usually show lower
abundances than primary endosymbionts. Primary endosymbionts are highly adapted
to their hosts, whereas secondary endosymbionts may be transferred intra- and inter-
specifically (84). Horizontal transmission of endosymbionts has been postulated to pro-
vide direct fitness effects to the insect host (81). An additional form is social transmis-
sion, i.e., via transmission between colony mates (85) and sexual partners (86).

Insects and other invertebrates represent important vectors of plant pathogens, includ-
ing bacteria, fungi, protists, and viruses. The importance of insect vectors in transmission of
numerous phytopathogens is well understood (87). However, insects may also transmit
mutualists or entire microbial communities. Lopez-Fernandez et al. (27), for example, dem-
onstrated that the American sap-feeding leafhopper Scaphoideus titanus mediated the
transfer of entire plant endophytic bacterial communities between grapevine plants. At
the same time, the endophyte communities influenced the leathopper’'s microbiome (27).
Such transfer events can have implications for plant fitness and performance. Furthermore,
plants shape the soil microbiome and insects feeding on plants which are grown on these
differently conditioned soils respond to these changes (88). Hannula et al. (89) performed a
study with herbivorous caterpillars fed on dandelion leaves and showed that the soil
microbiome was partly transferred to the feeding insects.

Herbivore-associated bacteria have been reported to suppress plant defenses. For
instance, the Colorado potato beetle secretes symbiotic bacteria capable of manipulating
plant defense responses. These microorganisms elicit salicylic acid-regulated defense,
which counteracts jasmonate signaling. This disruption makes plants unable to fully acti-
vate their jasmonate-mediated resistance against the herbivore (90). Furthermore, different
volatile organic compounds emitted by microorganisms may affect insect behavior. For
instance, Fusarium proliferatum, F. poae, and F. culmorum can attract Tenebrio molitor larvae,
whereas F. avenaceum can repel the same insect (91). Another study showed, that varia-
tions in chlorosis caused by Russian wheat aphid (Diuraphis noxia) feeding are determined,
in part, by aphid-associated bacteria (92).

Many angiosperm plant species are visited by honeybees (Apis mellifera L.) which
collect nectar from flowers. While feeding, the external surface of bees contacts the
nectar, allowing microbial exchange between the bee and nectar. Similarly, microor-
ganisms in the nectar may be ingested by bees (93, 94). Altogether, these findings sug-
gest that flowers may act as key hot spots for microbial exchange, including horizontal
gene transfer (HGT) events. Different insects visiting a flower may all receive similar
microbiomes. For example, Manirajan et al. (95) found a Lactobacillus species in flowers
as well as in adults and larvae of seven megachilid bee species. Furthermore, pollen
microbiomes of insect-pollinated plant species were found to be more similar than
those of wind-pollinated plants (95). This indicates that insects and the transmission of
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microorganisms play an important role for pollen-associated microbiomes and a single
flower may be involved in a series of transmission events.

Despite high sugar content and osmotic pressure, a range of microorganisms such as
yeasts, yeast-like fungi, filamentous fungi, and bacteria are found in nectar (93, 96). This
“nectar microbiome” has been shown to be functional, modifying sugar and amino acids
content (97), and impacting volatile release (98). This is important, as different nectar prop-
erties can impact attractiveness of a given flower to pollinators, thus affecting the plants’
success. Indeed, alteration of the nectar microbiome may impact visitation frequency of
insects (99) and reproductive success of the plant.

Fungal growing termites (containing the fungus Termitomyces) and leaf-cutting ants
(containing the fungus Leucoagaricus) collect plant materials, respectively, dry straw, and
green leaves, and bring it to their subterranean nests (100) where it is used as the substrate
for a mutualistic basidiomycetous fungal colony. In return, the termites and the leaf-cutting
ants harvest specialized fungal structures, rich in protein and sugars, and use these as feed
for their larvae. This unique biomass converting system has been intensely studied, a strong
interconnectedness between the microbiomes of the plant materials, the subterranean fun-
gal colony, and the insect has been observed.

We have provided only a few of the many known examples of insect-microbiome
transmissions. Nevertheless, they demonstrate the fundamental importance of micro-
biomes to insects, and how coevolutionary processes between insects and their micro-
biomes are not only important for the animal host, but also other components of the
ecosystem such as plants. Indeed, it is clear, that the connection of the microbiomes
across these systems can influence critical outcomes that affect pollinator and plant
success, and thereby ecosystem functioning.

Microbiome Interconnectedness in Aquatic Environments

Microorganisms are discharged as spray aerosols over water bodies (e.g., sea, lakes,
and rivers). These are produced at the surface of water bodies by wind or transported
into the atmosphere over long-range distances. Certain taxa such as Actinobacteria,
certain Gammaproteobacteria, and lipid-enveloped viruses show high transfer rates to
sea sprays, whereas Flavobacteriia and some Alphaproteobacteria are transferred less
frequently (101). Understanding the role of marine and other water bodies as a source
and sink of microorganisms and the transfer of airborne bacteria could deliver impor-
tant understanding of microbial diversity, spatial distribution, and the interaction
between aquatic and terrestrial microbiomes. A survey on the genetic diversity of air-
borne and ocean-surface bacterial communities across the northwest Pacific and sub-
tropical north Atlantic showed that 3% of all taxa identified were shared between both
oceans (102). This study also showed that the atmospheric microbial community com-
position over the Atlantic Ocean was dominated by terrestrial, typically dust-associated
microorganisms.

The ocean environment harbors microbiomes that have evolved and adapted
through convergent evolution. Coral reef ecosystems are highly productive and diver-
sified marine habitats that have photosynthetic and primary production features in
common with terrestrial ecosystems. The coral itself is a holobiont and represents a
well-recognized model system for symbiosis. In particular, recruiting or shuffling stress-
tolerant microbial symbionts in corals are important for the recovery from stress events
(e.g., coral-reef bleaching) (103). These “symbiosis shuffles” can also alter the metabolic
repertoire of the coral at large (104). Similarly, sponges are filter-feeding animals host-
ing extensive microbial assemblages, where the microbial component may represent
up to 35% of the sponge biomass (105). Most sponge-associated fungi are likely to be
sourced from the surrounding environment and belong to the genera of terrestrial
fungi adapted to the marine ecosystem (106). Comparative genome analysis of
Actinobacteria associated with a marine sponge showed genomic signatures of envi-
ronmental niche adaptation, indicating both terrestrial affiliation and sponge niche ad-
aptation (107).

The coastal marsh soil microbiome sits at the interface of the terrestrial and marine

September 2023 Volume 87 Issue 3

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00212-22

8


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00212-22

Microbiome Interconnectedness

ecosystems. Both ecosystems host a wide range of microorganisms involved in critical
biogeochemical cycles. At this interface, sea level rise is a threat potentially leading to
the loss of marshes and their associated microbiomes. For instance, increased salinity
due to a rising sea level could negatively impact the microbial metabolism of organic
matter by suppressing carbon cycling genes and their metabolites (108). Salt marshes,
which are located at intertidal wetlands in temperate zones, are one of the marine-ter-
restrial transition zones for microorganisms.

Transmission of Human Pathogens and Antimicrobial Resistance Genes in Agricultural
Production Systems

The agricultural ecosystem is a congruence, where microbiomes from soil, plants, and
livestock (including manure) come together. Often these systems also include microbiomes
originating from irrigation water, wildlife, wastewater, food chains (e.g., waste and residues
fed to livestock) and humans. How the microbial communities from these different sources
amalgamate in agricultural production systems has consequences for food and feed pro-
duction, as well as the health of humans, livestock, and wild animals. The focus here is on
the transmission of foodborne pathogens and antimicrobial resistance.

Human pathogens can be present in animal manure and other products of animal origin
used for soil fertilization in some countries. They can be transmitted from irrigation water or
airborne propagules, including open water bodies (e.g., surface water, collected rainwater)
that stay in contact with wildlife such as migratory birds, or which are mixed with agricul-
tural runoff water or sewage effluent after episodes of severe rainfall (109). Crops that are
consumed fresh, especially those that are harvested after short production cycles, are of
greatest concern for transmission of pathogens to humans. The most commonly observed
pathogens in products of plant origin (e.g. vegetables, fruits, herbs, spices, and nuts) are
zoonotic pathogens; e.g., pathogenic E. Coli strains, Salmonella Typhimurium, Campylobacter
jejuni, and Listeria monocytogenes. These species prevail in the plant environment (110, 111),
and it is now generally accepted that plants serve as secondary habitats for these zoonotic
species (112). The persistence of human pathogens within plant systems raises concerns for
the emergence of new and possibly more virulent or resistant lines. The rhizosphere is con-
sidered a hot spot for HGT and when microorganisms from different sources accumulate in
this environment, new traits making human pathogens better adapted to selective circum-
stances that prevail in primary food production systems may develop (113).

A serious foodborne disease outbreak related to consumption of a plant-derived prod-
uct with a huge impact from human and economic perspectives, occurred in Hamburg in
2011. This outbreak was caused by an unusual enterohemorrhagic E. coli 0104:H4 (EHEC)
type that was presumably present on, or inside fenugreek seeds used for sprout produc-
tion. The origin of the outbreak strain was human and not zoonotic, indicating that contact
must have taken place between the fenugreek seeds and sewage either at the production
site or at seed storage or transport locations. From genomic studies it became clear that
this strain must have acquired new traits via HGT, making it more aggressive but also more
resistant to particular antibiotic classes (114).

Large foodborne disease outbreaks related to consumption of plant-derived prod-
ucts are rare in comparison to outbreaks associated with consumption of animal prod-
ucts, but the impact of such outbreaks can be significant. Microbiome interconnectivity
within primary food production pipelines is therefore critical in understanding the con-
sequences of mixing microorganisms from different ecosystems in relation to food
safety. Similarly, it is important for human and animal health to understand how anti-
microbial resistant microorganisms are transmitted via food or feed to our microbiome.
Food safety and health aspects related to microbiome interconnectivity should there-
fore be taken into account in existing (intensive) agro-production systems, and particu-
larly in more extensive systems that receive inputs from side-stream materials obtained
from other production systems.

Contamination of soils with antibiotics and antibiotic resistance (AMR) genes is a
global health concern. Soil contamination is mostly due to the utilization of animal ma-
nure (115) or contaminated water used for irrigation (116). Recent surveys documented
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the role of HGT in movement of AMR genes from and among microbiomes in soil to
plant tissues (117, 118). Agricultural management practices such as fertilizer applica-
tion favored HGT. Plant microbiomes may also host microorganisms resistant to antibi-
otics and may serve as a gateway for the transfer of AMR to human or animal micro-
biomes (119-122).

Livestock and livestock production are also important sources and zones of AMR genes
and HGT, with rumen and gut microbiomes being hot spots for HGT. Comparisons of
microbiomes and antimicrobial resistance patterns in animals have revealed a higher abun-
dance and diversity of AMR genes in intensive farming compared to extensive farming
(123). In particular, antibiotic administration to animals during intensive farming exerts a
strong selection pressure leading to the enrichment of AMR in agricultural systems (124).
Enrichment of AMR genes within the food chain, especially when these genes are located
on mobile genetic elements (MGEs), is a significant risk for a downstream transfer into the
food chain. Even within foods such as fermented meat and dairy products, horizontal trans-
fer of genomic elements (e.g., via bacteriophages [125]) can further induce exchange of
AMR genes within dietary microbiomes. Given the importance of food microbiomes in
human health, a more holistic understanding of the exchange of pathogens and AMR
genes from the environment to plants, animals, food, livestock, and human populations is
needed.

FOOD DERIVED MICROBIOTA AND THE HUMAN (GUT) MICROBIOME
The Edible Microbiome

Plant microorganisms, particularly endophytes, are a fundamental component of human
diets and animal feed. In human diets, fresh vegetables are often eaten raw and contain dif-
ferent microbiomes: reflecting the plant species and its origin (126). Fresh vegetables and
fruits are therefore an important route for the introduction of microorganisms in the gut
(127-129). For instance, Wassermann et al. (128) calculated that approximately 100 million
bacterial cells are consumed with each apple. However, postharvest of fruit can dramatically
change the number, types and type of microorganisms ingested (128, 130). Even after proc-
essing (e.g., air-drying, boiling, or preparing a puree), about one third of the original micro-
bial load was maintained, but with a substantial compositional shift (e.g., higher abundan-
ces of Pseudomonas spp. and Ralstonia spp., and lower abundances of Bacillus spp.) (131).

There is a growing body of evidence indicating that both the soil and plant micro-
biomes may influence the flavor of food products (132). Winemakers have long known
that the soil is central to the physiology of the grapevine and the production of flavor
compounds in the wine itself. Grapes of the same variety grown in different regions
(132) have different metabolic and flavor profiles. The famous terroir of the wine has a
microbiome element that extends from the soil microbiome, through direct and indi-
rect impacts on vine physiology and health, to microbiomes in and on grapes that
impact their metabolome during growth and into fermentation (133, 134).

Microorganisms ingested from plants can at least transiently colonize the human gut
but this largely depend on their ability to survive stress conditions of the gastrointestinal
tract (135), although it is not yet clear how food microorganisms interact with and influ-
ence the human gut microbiome (136). The processes of transfer and persistence of micro-
organisms in the food system have generally not been explored in depth, and current
studies are mostly limited to pathogens (reviewed in 137) or probiotics (138). Food-associ-
ated fermentative bacteria, including probiotics, may temporarily complement resident mi-
crobial communities, thus forming part of our transient microbiome (138). The application
of longitudinal multiomics approaches, including high-throughput cultivation, confirmed
the hypothesis that bacteria (in particular bifidobacteria) of parmesan cheese possess the
ability to colonize and persist in the human gut (139). More studies of this nature are
required if our fundamental understanding of the links between food ingested and the gut
microbiome is to progress.

Along with bacteria, fungi are ingested from food and are transferred to, and interact
with, the gut microbiome. As a part of the gut mycobiota, the genera Penicillium,
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Aspergillus, and Saccharomyces are typically ingested with plant-based foods (140),
Yarrowia with fermented meats (141), and Kluyveromyces with dairy products (142).
Complex relationships between gastrointestinal bacteria and fungi from food origins
have been reported in humans. For example, the cooccurrence of pathogenic fungi and
inflammatory bacteria and of potentially antiinflammatory fungi and bacteria clearly
showed how the different components of the mycobiota interacted and suggested that
these organisms my impact the inflammatory process in the human gut (143). These
findings demonstrate the importance of a wider view of the microbiome rather than fo-
cusing on bacteria only. More studies bringing together prokaryotes, fungi, protozoa and
viral components of the entire microbiome, and addressing how these interact and
impact the host gut system, are required.

Microorganism Transfer at the Interface between Environments and Foods of Animal
Origin

The transfer of microorganisms from the environment to food of animal origin
(including fish) is an important factor for the understanding and prevention of food
spoilage. While fresh meat and fish products harbor bacterial communities from the
gut and skin of animals as well as from food processing, they also host a core micro-
biome often derived from the environment (144). For example, cod and salmon meat
samples were shown to contain different core microbiota, with cod containing more
bacteria from seawater than salmon. In cod, an uncharacterized taxon of Fusobacteria
was identified, which was also found as a dominant taxon in the spoiled cod fillet
(144). Overall, the transfer of microbiota from the environment at the initial stages of
production of foodstuffs of animal or plant origin is not the result of a simple “contami-
nation” but of microbiome exchange in the environment.

The connection between microbiomes within the dairy production/processing
chain has been widely investigated. This has, for example, included tracing origins of
microorganisms present in raw milk. One such study highlighted differences in the raw
milk microbiomes in connection to production systems, comparing those with stock
predominantly located indoors (winter) or outdoors. Regardless of these systems, the
teat surface and, to a lesser extent, feces were identified as the primary sources of raw
milk microorganisms (145). Consumption of raw milk has the potential to expose the
consumers to many food pathogens and is generally not recommended. Much of the
world’s milk production is processed before consumption or production of other dairy
products, but its microbiome can, in some circumstances, have a major influence on
the final dairy product. In some cases, the microbiomes found within the processing fa-
cility can also have a considerable influence (146). Overall, these studies indicate the
important link between environmental and animal microbiomes influencing food
safety and food production processes, ultimately all determining food quality and
nutritional value.

Microbiome Exchange in the Food/Feed (Production) Environment

The food microbiome derives from the interaction of microorganisms from primary pro-
duction, raw materials, operators, environment, and production systems (147). While these
microorganisms may be present at a low relative abundance in the environment, their lev-
els and contribution to food and feed safety and quality can be considerable. These rela-
tionships between different types of microorganisms can be illustrated by the fermentation
process, which is one of the oldest forms of food processing, where fermented foods are a
natural reservoir of complex microbiomes. Fermentation processes involve interactions
between different types of microorganisms as well as multiple metabolic reactions, includ-
ing food biomass conversion. The specific role of microorganisms present in fermented
foods in human health is not always clearly evidenced. The fact that many of these micro-
organisms are lactic acid bacteria (LAB), and are related to probiotic strains, suggests that
at least some confer health benefits (148). Indeed, a study of the overlap between LAB
strains found in fermented food and human gut (via fecal sampling) microbiomes has
highlighted that closely related strains occur in both food and gut environments, providing
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evidence that fermented foods can be indeed regarded as a possible source of LAB for the
gut microbiome (136). LAB in fermented foods are not exempt from the risk of transfer of
AMR genes, as evidenced by microbial transfer events and pointed out as concern by the
European Food Safety Agency (149).

Many types of microorganisms can be exchanged in the food-producing environ-
ment. Fungi, protozoa, bacteria, and viruses can all be transferred in food systems; e.g.,
from humans (150), materials (151), animals and plants (152) as well as soil and water.
In some cases, their transfer can change the microbial diversity of food ingredients,
potentially contributing to fermentation characteristics and/or modifying the sensorial
characteristics of a food product (153). However, most research has focused on the risk
of transfer of pathogens. For example, transfer of foodborne pathogens from contami-
nated hands to food represents a potential risk to human health (154). Similarly,
human pathogens can be transferred from animal sources to humans via poor hygiene
of food handlers or contaminated equipment (155). As such, food service establish-
ments are frequent places of microorganism transfer (156).

Microbiomes of built environments, from stable walls, floors, and instrument surfaces
are a key source of inoculum to food/feed production. Particularly in industrial meat pro-
duction facilities, the built environment provides both a contact source for exchange of
microbiomes to foods and also a route for inocula. For instance, in a production facility
housing pigs with unhealthy gut systems and attendant diarrhea, treatment by changing
feed alone is inefficient. However, when the animals are initially treated with pro- and pre-
biotics, accompanied by a change in the feeding regime (containing more gut health-pro-
moting feed), improvements in livestock health can be realized (157). Such practices can
result in a stronger and more resilient piglet health and less reliance on antibiotics, hereby
also lowering risk of antimicrobial resistance (157).

Exchange of microorganisms and ARM genes can also involve sources such as silage,
which is often used to enhance the storage stability of animal fodder. However, this feed
source may also facilitate the transfer of microorganisms from the plant microbiome to the
animal gut. Most silage is produced by a conversion of the animal feed carried out by the
microbiome already present in and on the harvested plant materials (viz a mixed culture,
via anaerobic fermentation). Silage conditions favor specific types of bacteria, e.g., different
types of LAB, potentially contributing to a more diverse animal gut microbiome (158).
Finally, it is well known that food microbiomes can also be a hot spot of MGEs, including
ARM genes. These microbiomes can be readily exchanged between environments, opera-
tors, among foods, and finally to consumers (159). The processing systems of meat and in
particular fermented meat are considered one on the main source of ARM genes (160).

Microbial exchange in the feed/food production environment has been mostly
investigated in light of food safety and potential contamination with pathogens and/
or AMR. Nevertheless, there is also exchange of nonpathogenic and potentially benefi-
cial microorganisms, such as, e.g., in fermentation processes, playing a role for the pro-
duction process itself, but also for providing unique features like taste or nutritional
value.

Vertical Transmission and Breastfeeding as Driver for Microbiome Development at
Early Stages of Life

The human gut hosts diverse microbial communities which are subject to microorgan-
ism exchange between humans. Already at birth, about 50% of the infant's gut microor-
ganisms originate from the mother's gut, vagina, or skin. Within just 2 to 5 days after birth,
mother and infant microbiomes can have up to 72% of shared species (161).

During and after birth, an infant is exposed to maternal vaginal, fecal, and skin
microbes, and exposure depends on the mode of birth. However, vaginal and skin micro-
organisms are usually only transiently found in infant fecal samples, whereas the infant
gut is permanently colonized by gut bacteria that are partly of maternal origin (162).
Predominantly, Bifidobacterium spp. and Bacteroides spp. are transferred from mother to
child (163): both taxa have the ability to utilize human milk oligosaccharides (164). Due
to their oxygen sensitivity and lack of spore formation, it seems that these taxa rely
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mostly on vertical transmission at birth, after which they persist indefinitely (162), unless
antibiotics or toxins are ingested (165). Conversely, caesarean-born babies, harbor dis-
tinct microbial communities, that are more similar to skin surface and allow colonization
of nosocomial opportunistic bacterial pathogens causing short- and long-term adverse
health effects (166, 167). Post birth, a significant fraction of the infant gut microbiota is
derived from breast milk (first transport route of microorganisms by “food”) during the
first year of life. Breast milk may provide over 800,000 bacterial cells per day, serving as
pioneer colonizers of the infant's gut (168). Microbial signatures shared between breast
milk and infant stools were 88% 1 week after birth, declining to 70% at week 12 (169).
The percentage microbiome shared between mother and infant increased with frequency
of breast milk sconsumption (170). Key shared microorganisms include Escherichia/Shigella,
Bifidobacterium longum, Bacteroides fragilis, Bacteroides thetaiotaomicron, Bilophila wad-
sworthia, and Enterococcus faecalis (171).

Many other animals exchange microorganisms in a similar way: for example, some
of the calf fecal microbiota seem to derive from inoculation from the birth canal of the
dam (172). Other routes of transmission can include the calf licking the dam, from the
environment during and immediately after birth, and from the dam licking the calf
clean immediately post birth. Taxa which showed the highest abundance in calf mouth
samples taken within first 30 min of life included Acinetobacter spp. and Solibacillus
spp., also detected in fecal calf and cow samples. However, their abundance in fecal
samples decreased with time (172).

Postbirth vertical transmission routes provide the first exposure of newborns to rich
and diverse microbiomes and thereby provide the initial inoculum for the develop-
ment of their own gut microbiome. Due the overall importance of a healthy gut micro-
biome for human/animal health and well-being, breast-feeding and similar exchanges
represent highly important transmission routes of microbiomes.

OTHER LIFESTYLE FACTORS WHICH INFLUENCE THE HUMAN MICROBIOME
The Relevance of the Environment and Social Interactions for Microorganism Transfer
Environmental microorganisms are thought to play an important role in triggering
the immune system at early stages of life, making the human immune system more
resilient toward challenges as adults (173). Children growing up on farms, for example,
are exposed to a high microbiome diversity from the environment, and subsequently
develop a more diverse gut and body microbiome. Evidence suggests that such chil-
dren are less prone to allergy development in later life than children from urban areas
(174). The exposure of children to diverse food and environmental microbiomes is thus
important (175) and is the basis of the “hygiene theory” (176), i.e., an intimate connec-
tion between microbial diversity in the environment, microbial community structure
and function at barrier organs of the human body and subsequent health and well-
being, potentially via the interaction of microorganisms and the immune system (173).
Social interactions represent a route for microorganism exchange between individ-
uals with systems-level implications. Studies in humans have shown that proximity and
frequent social physical contact result in microorganism exchange. Individuals living
together showed increased gut microbial diversity and abundance of potentially bene-
ficial microorganisms (177, 178). Kort et al. (179) reported that the salivary microbiome
may be influenced by intimate kissing. Also, there is evidence that oral and gut micro-
biota are shared in close social networks (mothers and infants and marital partners), as
well between females but less between males (178). Furthermore, there is increasing
evidence that microbiota are transmitted along the gastrointestinal tract, and that the
large intestine can be colonized by oral microorganisms (180), When comparing the
gut microbiomes of spouses to those of sibling pairs, spouses had more microbial spe-
cies in common than siblings, even after accounting for dietary factors (177). Humans
sharing the same household, including unrelated individuals, harbored more similar
gut microbiota than individuals living in different houses (181). A recent study by
Valles-Colomer et al. (182) analyzed more than 9,700 human metagenomes and
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computational strain-level profiling revealed extensive bacterial strain sharing across
individuals. Different transmission patterns were identified for mother-to-infant, intra-
household, and intrapopulation transmission patterns. Overall, these findings indicate
that social interactions are important in shaping the human microbiome, and that this
factor may exert an even stronger influence than shared genetic factors and early life
environments supporting previous findings (177). The patterns observed within house-
holds extends to other socially shared spaces such as schools, workplaces, and public
transportation (183).

From the current evidence for microbial interconnections between hosts and ecosys-
tems, the concept of the social microbiome (collective metacommunity) has emerged. It is
defined as the microbiome of a given group that can be transmitted horizontally across
members of a group or acquired from the environment where it socializes (178).

Poor social integration relates to an increased risk of developing diseases, ranging from
metabolic disorders to mental conditions. The links between alterations in the human
microbiome and mental health (the gut-brain-axis) are well described (184). On this basis,
it has been hypothesized that social life may bring health benefits (and sometimes disbe-
nefits; SARS-CoV-2, for example) through microorganism transmission among members of
a social group. Furthermore, microbiomes may influence the ability of their hosts to coop-
erate and interact, for example in displaying paternal care behavior (185). The connection
between the gut and brain means that microbiomes can influence social behavior and de-
cision-making through emotions and cognitive processes (186).

Theories about the implications of socialization in microbial transmission are still
grounded on preliminary evidence. To date, only a few studies have controlled for rele-
vant variables (dietary, environmental, and genetic), and even fewer have investigated
microbial transmission via strain tracking and linked transmission with health out-
comes. Yet emerging work on primate populations highlights the intimate connection
between microbiota composition, functional links to immune status (e.g., antiinflam-
matory taxa), and social behavior (187). Inevitably, some key research questions have
emerged from animal and human studies: how social-microbial communities of (mam-
mal) hosts participate in their selection by modifying the host's or the group’s behav-
ior; does this phenomenon transcend individual and closely living groups; and is there
a role of coevolution of humans and microbiomes of social behavior, demographic
changes, and global health?

Exchange of Microbiota between Pets and Humans

Humans have been sharing living spaces and food resources with companion ani-
mals for millennia. Dogs were domesticated 30 thousand and cats 10 thousand years
ago. Humans and horses have been in close proximity for over six thousand years.
Such long periods of mutual exposure have most likely enabled coevolution of the
microbiomes of both humans and animals: it is not just the pets that were domesti-
cated, but their microbiomes, too.

Short-term studies have shown that cohabitation with pets results in an alteration
of gut microbiota diversity and composition in both humans and animals (188). These
alterations have functional implications. For instance, Du et al. (188) showed that cat
ownership was associated significantly changed metabolic pathways, e.g., increased
metabolism of amino acids, nucleotides, biological oxidation carbohydrates, vitamins,
and lipids. Also, intriguing interactions were observed for microbiome exchange
between cats and their owners with respect to the gender and physiology of owners.
To this end, differences in the exchange of different bacterial families from cats to
human females and males have been observed, and between feline pets as well as
between healthy and overweight owners (188).

Wetzels et al. (189) analyzed skin bacterial communities of wolves and dogs living
in outdoor packs and compared these with human care-takers and their pet dogs.
Even though humans had more distinct and less diverse bacterial communities than
other studied groups, bacterial communities of individuals in close contact with out-
door pack animals showed more similarities to the bacterial communities of these
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animals. In particular, both the ratio of Gram-negative to Gram-positive microorgan-
isms on the skin and the phylum-level diversity were increased.

The intimate relationship between pets and owners potentially represents a public
health concern in terms of AMR gene development and transmission (190). Indicative
evidence has been provided in several studies where AMR genes present in fecal sam-
ples of humans and their companion animals were characterized (191-193). In a more
comprehensive metagenomic study, Zhao et al. (194) compared the gut AMR genes,
the MGEs and the microbiota among dogs and their owners as well as kennel dogs.
Owned dogs shared 70% of AMR genes with their owners, whereas only 52% of
observed AMR genes were shared between kennel dogs and owners. More detailed
analysis focusing on dog-owner pairs has indicated that AMR genes, MGEs, and micro-
biota composition correlated significantly with each other. The shared microbiome
(sensu bacterial community) between the owner and pet was considered to be the
main basis of the cooccurrence in AMR genes. Despite the increasing knowledge of the
microbiome exchange between pets and their owners involving also the exchange of
AMR genes, little understanding exists on the functional consequences of these trans-
fer events.

Microorganism Transfer in the Built Environment

Buildings are typically complex ecosystems that not only provide shelter for their
inhabitants, but also harbor trillions of microorganisms that can interact with each
other (195). The two primary mechanisms of microbiome transfer in the built environ-
ment are (i) bioaerosols, and (ii) via physical contact/exchange from surfaces.

As outlined earlier in this review, bioaerosols are airborne particles of biological ori-
gin. They can include bacteria, fungi, archaea, viruses, pollen, and their cell wall com-
ponents and/or metabolic products. Overall, bioaerosols can be considered an imprint
of the environment (58) where they derive from. They are important in the transmis-
sion of pathogenic organisms and/or their metabolic products to plants, animals, and
humans, resulting in the spread of diseases within populations (196, 197).

In built environments, the quantity of air circulation and the type of environment
will affect the mechanism and magnitude of the transfer of microorganisms via bioaer-
osols (198). For instance, Triado-Margarit et al. (199) showed a 22% overlap of bacterial
taxa in microbiomes found in different locations of the Barcelona subway, such as
inside trains, the platform, or the lobby. This is indicative of the flow of microorganisms
between different locations.

Fungal spores are efficiently spread in many environments. While airborne spores of
pathogens such as Aspergillus fumigatus are typically inhaled without harmful consequen-
ces, for immunocompromised people, airborne fungal spores may result in invasive asper-
gillosis or skin infections (200). Similarly, immunocompromised patients can more readily
acquire fungal skin infections caused by dermatophytic fungi. Dermatophytic fungi were
shown to have a set of keratin-degrading enzymes, enabling them to invade through the
skin of humans or animals (201). In contrast, healthy skin microbiota (particularly bacteria
and yeasts) do not have such set of keratin-degrading proteases (201).

Residents leave their microbial fingerprint mainly from their skin (202), but less is known
about the transfer of microbiota from plants to the built environment. First indications that
plants substantially contribute to the microbial abundance and diversity in the built envi-
ronment were found in a study on the surface microbiome of intensive care units of a uni-
versity hospital (203). Transfer of microorganisms from plants to surfaces in a building may
be mediated by window ventilation. Kembel et al. (195) showed that the phylogenetic di-
versity of airborne bacterial communities was lower indoors than outdoors, and mechani-
cally ventilated rooms contained less diverse microbial communities than window-venti-
lated rooms. The initial observations were later experimentally confirmed by analyzing the
microbiome of the spider plant Chlorophytum comosum and its surrounding environment
(204). The abundance of archaea, bacteria, and fungi increased on the floor and wall surfa-
ces near the plant within 6 months, whereas the microbial abundance on plant leaves and
in the indoor air remained stable. Moreover, a clear shift in the composition of the
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microbiota was observed; bacterial diversity on surfaces increased significantly, while fun-
gal diversity decreased. This study demonstrated for the first time that indoor plants can al-
ter the microbiome of a built environment, which supports the significance of plants and
provides insights into the complex interplay of plants, microbiomes, and human beings
(204).

Kozdrdj et al. (198) evaluated the exposure of visitors and workers to airborne bac-
teria and fungi at different botanical garden sites, including within the garden glass-
houses. Not surprisingly, the concentrations of bioaerosol microbiota and their diver-
sity were higher in the glasshouses compared to those found in the outdoor air of the
garden area. The bacterial taxa present in adjacent streets were also found in the glass-
house and garden, suggesting substantial microorganism exchange.

Exposure to diverse environmental microbiota has been suggested to confer protection
against immune-mediated disorders (205). For example, vegetation around homes was
shown to be associated with health-related changes in gut microbiota composition sug-
gesting a transmission route via built environments (206). However, additional studies will
be required to understand how to specifically utilize indoor plants to modulate the indoor
microbiota for health benefits. Interestingly, such potential links equally inspire scientists
and artists, in the attempt to define human identity in the broader perspective of the sur-
rounding environment and biosphere (207).

Transfer of microorganisms from the built environment to humans is particularly
impactful in the hospital environment. According to the World Health Organization, 7
to 15% of patients in acute-care hospitals acquire at least one health care-associated
infection during their hospital stay, often with severe or fatal outcomes that are aug-
mented when resistant microorganisms are involved (208). Recently, the persistence of
pathogens on inanimate surfaces was reviewed (209) and direct transfer to patients
was demonstrated in several studies. For example, a human-pathogenic plant patho-
gen (Exserohilum rostratum) originated from the laboratory where corticosteroid injec-
tion fluids were produced, and caused the deaths of many patients treated with this
corticosteroid in various hospitals (210). Cason et al. (211) used whole-genome
sequencing-based typing of vancomycin-resistant enterococci to analyze the genetic
relationships between bacterial isolates originating from patients and the hospital
environment. Five out of eight identified clusters of closely related strains (=3 alleles
differing between the genotypes) contained both environmental and patient isolates,
providing strong evidence of the exchange of microorganisms between hospital envi-
ronments and humans.

Microbiomes in the built environment and their dispersal in bioaerosols have only
been recently recognized as an important issue for human health. Apart from the
transmission of pathogens or allergenic molds, airborne microorganisms are also likely
to beneficially influence human health and well-being, e.g., by out-competition or an-
tagonism of pathogens. Microbiome dynamics in the built environment and its impact
on air quality requires further understanding, and bioaerosol microbiomes may be sub-
ject of new approaches to improve the health and well-being of humans in their home
and working environments.

Microbial Transmission from Humans to the Environment

Vast numbers of microorganisms (primarily prokaryotes) are discharged from
humans to wastewater treatment plants. Typically, 0.5 kg feces are discharged per per-
son per day, with each gram containing 10° bacterial cells: i.e., ~5 x 10" bacterial cells
per person per day. With a world population of 7.8 billion people, 3.9 x 10?4 bacterial
cells are released from humans into the environment daily, from fecal waste alone.

Given the sheer numbers of bacteria discharge by humans, perhaps it is no surprise
there are overlaps between the microbiomes of the human gastrointestinal tract, municipal
sewer systems (212), and municipal wastewater treatment plants (213). For example, phylo-
genetically related members of the family Lachnospiraceae, which currently comprises 80
genera and 176 species (https://Ipsn.dsmz.de/family/lachnospiraceae), have been recov-
ered from both human feces and environmental samples (214).
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A unique example of horizontal interkingdom transfer of a human opportunistic patho-
gen (Propionibacterium acnes) to the domesticated grapevine (Vitis vinifera L.) was shown
by Campisano et al. (215). The authors showed that this bacterium colonizes different plant
tissues, such as bark and inside pith tissues, both inter- and intracellularly. Phylogenetic
and comparative genomics analyses indicated that the establishment of the grapevine-
associated P. acnes as an obligate endophyte was due to a recent transfer event, likely dur-
ing the Neolithic period when the grapevine was domesticated.

THE EXCHANGE OF VIROMES BETWEEN ENVIRONMENTS

The COVID-19 pandemic has focused attention on the role and impact of the envi-
ronmental virome on human health, socio-political and economic systems, and on
planetary health. During the COVID-19 pandemic, the testing of municipal wastewater
by gPCR and genome sequencing were invaluable in the surveillance and informed
responses to the disease. These tools allowed science to inform decision-making which
directly impacted human health and wellbeing, while seeking to maintain essential
services and business where possible. The application of these tools enabled estimat-
ing the extent of SARS-CoV-2 infection within populations, and determining the rela-
tive abundance of genetic variants that arose over time (216).

To better understand viral transfer processes, virome surveillance can potentially be
applied in a more generalized manner, for example to educational institutions, long-term-
care facilities and hospitals, cruise ships, farms, airports, and aircraft (217). The technology
and approaches are widely applicable to human and animal viruses, whether they be RNA
viruses, such as SARS-CoV-2, or DNA viruses, such as monkey pox (218).

Viruses that impact human health directly are of high priority. However, human health
is dependent on a safe and abundant food supply. As such, environmental virome surveil-
lance is an emerging tool for detection of virus outbreaks more broadly. Shotgun metage-
nomics analysis has revealed that the most abundant RNA viruses in municipal wastewater,
by far, are plant viruses such as the widespread tobamoviruses (219). These infect a wide
range of common crop plants, and new variants commonly arise (e.g., the tomato brown
rugose fruit virus [220]). The presence of these plant viruses is almost certainly of dietary or-
igin, rather than agricultural sources such as runoff from vegetable greenhouse operations.
This suggests that the incidence and distribution of viruses infecting crop plants is far
greater than previously thought. Routine surveillance through testing of plant tissue sam-
ples would be laborious and would suffer from inadequate coverage. Alternatively, sam-
pling of the proximate environment such as irrigation runoff has the potential to detect
viruses and other pathogens far more effectively.

Viromes in the environment are still poorly understood, however, the COVID-19
pandemic and other viral diseases have increased the awareness of their importance.
Virome transfer may not only indicate the presence of a disease but may also induce
microbiome changes in the receiving environment with yet unknown effects on eco-
system functioning.

MICROBIOME ESTABLISHMENT AND ADAPTATION IN NEW ENVIRONMENTS
Establishment of microorganisms in new ecosystems occurs via a phased process
(221). First, microorganisms have to be transferred to a new habitat via microbial dis-
persal (i.e., by horizontal or vertical transmission). Then, the introduced microorgan-
isms need to establish and adapt to their new environments which may, or may not,
lead to a viable and self-sustaining population. As the system stabilises and processes
such as initial environmental filtering have been completed, the importance of longer-
term environmental selection and species competition become stronger (222).
Establishment of new microorganisms and reassembly of microbiomes in a new ecosys-
tem mainly depend on the selectivity of the environmental conditions, the original struc-
ture of the microbiome, the dilution rate upon transfer, the availability of free ecological
niches in the place of transfer, and the evolutionary capacity and fitness of the transferred
strains. Selectivity of the new environmental conditions spans a continuum of neutral to
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highly selective; these have differing impacts depending on microbial diversity (222). For
example, in the case of the soil microbiome, it has been shown that soil pH is a key predic-
tor of microbial community structure before or after transfer (7). In human milk, oligosac-
charides may act as a selective factor for the outgrowth of Bacteroides spp. and
Bifidobacterium spp. upon maternal fecal microbiota transplantation to caesarean-born
infants (223). Most fermented foods go through ecological succession with early growth of
prevailing autochthonous bacteria. As the pH of the food decreases, overgrowth of LAB
occurs (224). Refeeding of sourdough (back-slopping propagation) shapes the microbiome
and selects specific LAB species depending on the age and other parameters of the starter
and receiving materials. For example, Fructilactobacillus sanfranciscensis is a dominant spe-
cies in mature wheat and rye sourdoughs with short fermentation times, whereas more
acid-tolerant Limosilactobacillus reuteri is found in sourdough with long fermentation cycles
at higher temperatures (225).

The resident microbiome may prevent the colonization of newcomers in the ecosystem
by providing resistance and competition against the intruders, which is well known for the
establishment of pathogens. For example, pathogens do not readily establish in soils due
to soil suppression (226). Likewise, in the human gut, the microbiome prevents the estab-
lishment of pathogens via colonization resistance (227). Both processes are mediated by
the resident microbiome.

The availability of unoccupied niches in the place of transfer may increase the likelihood
of invasion by transferable microorganisms. Availability of niches to occupy can enable
direct colonization or adaptive radiation processes. This is observed in the efficacy of fecal
transplantation treatments for patients suffering from recurrent infection with Clostridioides
difficile. In these patients, the very low diversity of colonic microbiota with limited microbial
interaction networks enables higher transplantation success and better health outcomes
than for patients with nonintestinal infectious diseases (228). Success of the transplantation
also depends on the characteristics of the donor’s microbiota when comparing subjects
with the same condition (229). The outcome of microbiome transfer also depends on the
size of the transferable aliquot. A dilution effect could significantly reduce the taxonomic
and functional diversity of reassembled bacterial communities (230).

Upon transfer to the new environment individual microbiome members can become
maladapted. At the strain level, adaptation to new conditions could include alteration of the
physiological state, HGT, or the selection of new mutations. The process of strain adaptation
to the new environment depends not only on intrinsic abilities of the strain (e.g., genome
size and encoded life strategies), but also on the members of the surrounding community. It
has been shown that there is stronger evolutionary response in low-diversity communities
(231).

Microbiome establishment is key to a long-lasting microbiome transfer. It is there-
fore not only important to understand how individual strains can establish but also
how a complex microbiome can establish and how this is influenced by microbial inter-
actions or environmental effects.

CONCLUDING REMARKS

The ecology and functioning of microbial communities are typically studied in one
specific environment at a time, and microbiome transmission between different envi-
ronments has been generally overlooked. Most studies on microbiome transmission
have addressed horizontal or vertical transmission routes of microbiomes associated
with higher organisms, such as humans (181, 182), plants (24, 32) or insects (77, 85).
Also, transmission routes of pathogens and of AMR genes have been investigated in
some detail, particularly the transfer from primary habitats to those affecting human
health. However, microbiome connectivity between different environments is vast
(Fig. 1) and has a magnitude that has been little considered or understood.

Some transmission events have detrimental effects, such as the transmission of
pathogens, whereas many microbiome connections have positive effects on ecosystem
functioning or human health (Fig. 2). Examples of the positive effects of microbiome
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transfer include the methods used to, e.g.,, promote plant health and productivity
(232), improve environmental health (233), and establish diverse and healthy human
gut microbiomes (probiotic treatments, fecal transplants) (228, 234).

It is evident that microbiome transmission between environments occurs continu-
ously and between most environments on Earth (Fig. 1). Considering the ubiquitous
nature of microbiome transfer, we can reasonably assume that the consequences of
microbiome transfer on global ecosystem functioning and the health of our planet are
very large, even if we do not yet fully understand the magnitude of the process.

As microbiomes play key roles in most, if not all, global environments, the fluidity of
microbiome diversity and composition may be associated with a gain or loss of functions,
with potentially positive or negative consequences for the environment. Transmission of
microbiomes can provide a mechanism for ecosystem or holobiont adaptation. For instance,
plants receiving new microbiome members from other plants, soils, insects, or bioaerosols
may acquire positive attributes such as increased pathogen or stress resistance. Similarly,
the human acquisition of microorganisms from other humans, animals or pets, plant-
derived food, or even bioaerosols may affect their immune status or even social behavior.

The development of high-throughput nucleic acid sequencing technologies has facili-
tated the rapid analysis of complex microbiomes and their transfer between environ-
ments. While the majority of such studies are based on amplicon sequencing of phyloge-
netic markers, there is an increasing trend of whole-metagenome analysis (e.g., 183).
Metagenome-based studies make it possible to investigate the functional potential of
microbiomes, but also facilitate strain-level profiling of microbiomes. The latter is impor-
tant for investigations of the transmission of individual strains, e.g., either pathogens (such
as specific outbreak strains) or beneficial microbiota. Metagenome information may be
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also used to study the effect of MGEs on the transmission of particular traits, for example,
those enhancing ecological competence in the new environment.

There is a critical need to link microbiome and metagenome information with phe-
notypic or functional data to better understand the functional consequences of micro-
biome transmission events for the microbial community as well as the ecosystem/host.
Metatranscriptomics of source and sink communities can address the issues of gain or
loss of functionality during or after transfer events. Other “omics” approaches, includ-
ing metaproteomics, metabolomics, and high-throughput cultivation, can all generate
critical information on microbiome functionality.

It is widely accepted that a more holistic approach to understanding microbiome
transmission processes would be advantageous, even if technically demanding. Given
that most microbiomes contain taxa from all three kingdoms (e.g., bacteria, fungi, pro-
tozoa, archaea, and viruses, in addition to MGEs), and given that many of these may
interact in multiple, complex and poorly understood ways, a multitaxon approach to
studying microbiome transfer processes is likely to reveal novel and potentially excit-
ing results. There is also yet limited knowledge of the adaptation processes of individ-
ual microbiome members upon transfer to a new and different environment.

The fact that microbiomes of different environments are connected and exchanged
needs to be considered in global practices such as agricultural management. Microbiome
interconnectedness also has potential to be used as an approach to modulate micro-
biomes in the selection or provision of desirable traits. For instance, the human gut micro-
biome could be modulated by “designing” plant microbiota of plant-derived food (e.g., fer-
mented food or salads). Similarly, plants enriched in probiotic strains could help to enrich
bioaerosols to support the human immune system, supporting the respiratory system or
skin functions. Such microbiota-enriched plants could potentially be used in the built envi-
ronment, on green walls or other type of plant “installations.” As there is a connection
between microbiomes, atmosphere and dispersal, local weather, and global climate, it is
important to increase our understanding of the role microorganisms have in hydrological
cycles, and how phyllosphere microorganisms impact and are impacted by weather. Such
advanced understanding will not only help to quantitate the role of microorganisms in the
global climate but may assist in the design of novel strategies employing transferrable
microbiomes to define new solutions for improving human health and the health of our
planet.
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