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The Pathobiome in Animal and Plant Diseases
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A growing awareness of the diversity and ubiquity of microbes (eukaryotes, prokaryotes, and
viruses) associated with larger 'host’ organisms has led to the realisation that many diseases
thought to be caused by one primary agent are the result of interactions between multiple
taxa and the host. Even where a primary agent can be identified, its effect is often moderated
by other symbionts. Therefore, the one pathogen-one disease paradigm is shifting towards
the pathobiome concept, integrating the interaction of multiple symbionts, host, and environ-
ment in a new understanding of disease aetiology. Taxonomically, pathobiomes are variable
across host species, ecology, tissue type, and time. Therefore, a more functionally driven under-
standing of pathobiotic systems is necessary, based on gene expression, metabolic interactions,
and ecological processes.

Disease in a Microbe-Dominated World

The pathobiome (see Glossary) concept arose from human studies in which disruption of a health-
promoting and ecologically stable gut microbiome resulted in dysbiosis: a microbiome community
of low-diversity and modified metabolic state, exposing the gut to invasion by, and proliferation
of, pathogenic agents [1,2]. Dysbiotic communities can subvert the immune system and lead to
further deleterious effects [3]. This concept is being adopted for research into the pathology of other
animals and plants because attempts to explain syndromic conditions by identifying a single patho-
genic agent are often incomplete (i.e., the one pathogen—one disease paradigm is often insufficient
to explain many diseases [4-6]).

Pathobiomes differ from those assemblages representing healthy or ‘normal’ states. What is ‘normal’
likely encompasses a range of assemblages that need to be understood before a pathobiome can be
reliably distinguished from them. There is a lack of consistency in defining ‘pathobiome’ in the liter-
ature, ranging from a single pathogenic agent interacting with its biotic and abiotic environments
(e.g., [5]) to the effects of interacting communities of microbes on host health [7]. Our synthesis
(Box 1) is based on the effects of multiple symbionts, across all domains of life, on host health.
The term 'microbiome’ generally excludes eukaryotes; therefore, in this review, we use the term
‘symbiome’ to describe the whole assemblage of associated organisms excluding the host, and
‘symbiont’ for individual taxa within that assemblage. This definition is concordant with an inclusive
scheme of symbiosis acknowledged in [9], which ranges from neutralism (neutral effect on both
partners) to mutual beneficial effects and mutual antagonistic effects, and all other possible combi-
nations of neutral, beneficial, and antagonistic effects. The duration of the association need not
necessarily be long-term, as interactions can be effective on even short timescales; great variability
in duration of association is both possible and likely. This inclusive definition is not inconsistent
with some previous usages of the term, and is required by the large diversity of associations that
are being revealed by ongoing research, most of which are not currently recognised, and an even
greater proportion of which are not characterised.

What Are Pathogens?

Microbial diversity is now known to be more diverse than previously thought in both environmental
and host-associated habitats. Examples include high levels of protistan [13-17], bacterial [18], and
viral [19] diversity revealed by environmental (e)D/RNA-style studies of host-associated (e.g.
tissue, gut contents, and skin epibionts) and actual environmental samples (e.g., water, sediment,
and soils) [20,21]. This diversity includes many lineages that are (or may become) host associated
and can form part of pathobiomes. These include ‘cryptic’ or ‘emerging’ pathogens, which fall into
several categories: (i) new lineages that are more or less closely related to known pathogens; (ii)
previously unknown pathogens related to free-living lineages; and (iii) lineages that act transiently
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or opportunistically as pathogens, including commensals switching to pathogenic mode [22]. Our
appreciation of what constitutes a ‘pathogen’ has diversified, and will probably continue to do so
as we better understand the complexity of the pathogenic process.

Context-Dependent Pathogenesis and Cryptic Infections

Opportunistic and transient pathogenic modes depend on context. For example, most ciliates, abun-
dant and diverse protists in most environments, are generally free-living heterotrophs, but they may
take advantage of larger hosts for nutrition, sometimes triggered by a wounded or stressed host, with
pathogenic effects resulting from aggressive feeding [22]. Such opportunism may involve multiple
agents, amplifying the pathogenic affect. Vibrio spp. are frequently detected opportunistic bacterial
pathogens in aquatic environments, associated with a range of hosts [23]. Photosynthetic algae, both
bacterial and eukaryotic, can also infect a range of vertebrate hosts, causing dermatological and
systemic pathologies. Examples of algal infections include Chlorochytrium in cichlid fish, Chlorella
in sheep and other vertebrates [24,25], and cyanobacteria associated with black band disease of
corals [26]. Cryptic infections include pathogens with dormant life stages that may asymptomatically
infect a diversity of hosts or tissues, and be triggered to cause negative effects in response to
environmental changes [9].

Pathogenic Transitions

Perturbation of a balanced, ‘healthy’ microbiome into a pathobiome is a high-level example of a path-
ogenic transition [6]. However, pathogenic transitions have many triggers, including temperature,
toxicity, physical site in host, the surrounding microbiota, shifts in symbiont community structure,
host resistance, nutritional, and reproductive status, and environmental stressors [27].

Many potential pathogens can be common members of a symbiome in the absence of disease, but an
accumulation or change in the relative abundance of recognised pathogens in a host can result in
greater disease incidence or severity. Ryan reports that it is ‘normal’ to detect a range of enteropath-
ogens in infants and young children in resource-limited settings, and suggests that elevated levels of
one or more of these contributes to a tipping point between non-diarrhoeal and diarrhoeal states
[28]. This ‘pathogen excess’ context for ascribing particular pathogens to an outbreak is a clear path-
obiome scenario.

Interactions within the Symbiome: Mechanisms and Dynamics of Pathobiomes
Interactions between Low Numbers of Symbionts

Concurrent infections are common, and co-infection can result in antagonism or synergism among
infecting agents [29-31]. Even apparently simple interactions can produce a diversity of outcomes.
For example, interactions between strains of Aeromonas resulted in enhanced virulence compared
with the effects of individual strains [32]. These enhanced effects were only seen in pairs of strains
belonging to the same species. Enhanced deleterious effects can also result from pathobiotic rela-
tionships between symbionts from different domains of life. For example, increased mortality was
observed in channel catfish, Ictalurus punctatus, when infected by both the trematode Bolbophorus
damnificus and the enteric septicaemia-causing bacterium Edwardsiella ictaluri [33]. Contrastingly,
the virulence of one microbe may be reduced by co-infection with another, as has been shown for
the bacterium Acinetobacter baumannii, which inhibits virulence factors of the yeast Candida
albicans during infection of Caenorhabditis elegans [34]. More complex relationships can occur,
for example when some symbionts are parasites of others: plant-attacking wireworms (Coleoptera)
are more susceptible to the ascomycete fungus Metarhizium brunneum, often highly prevalent as
latent infections, in the absence of certain bacteria in the microbiome of the wireworms, which
may mediate the resistance of wireworms to the fungus [35].

Pathobiotic Mechanisms

Mechanisms underlying symbiont interactions include quorum sensing (QS); for example, signal
sharing between the non-pathogenic bacterium Erwinia toletana and pathogenic Pseudomonas
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Glossary

Dysbiosis: a microbiome commu-
nity of low-diversity and modified
metabolic state, exposing the gut
to invasion by, and proliferation of,
pathogenic agents.

Holobiont: a unit of biological
organisation comprising a host
and its associated bacteria,
Archaea, viruses, and eukaryotes.
Microbiome: a term used variably,
from (implicitly) including only
bacteria and Archaea, to a more
inclusive usage incorporating
bacteria, Archaea, viruses, pro-
tists, and fungi. However, due to
this ambiguity, and because it
does not generally include larger
symbionts, such as symbiotic
metazoans and multicellular algae
and/or plants, we prefer the use of
the term ‘symbiome’ to include
the full range of host-associated
organisms, and use ‘microbiome’
in the original more (but not
exclusively) prokaryote-oriented
sense, where investigated as such
by studies cited in this review, and
when referring to environmental
(i.e., not necessarily host-associ-
ated) microbial diversity.
Pathobiome: the set of host-
associated organisms (encom-
passing prokaryotes, eukaryotes,
and viruses) associated with
reduced (or potentially reduced)
health status, as a result of in-
teractions between members of
that set and the host.
Pathobiotic: adjective describing
a compromised health status
associated with a symbiont com-
munity interacting with its host in
the context of all relevant factors
(ecological, chemical, physical,
genetic, immunological, etc.),
where such factors are known. It
may simply refer to a pathobiome
or a syndromic condition if no
other information is available.
Symbiome: the full range of host-
associated organisms and viruses,
but excluding the host.
Symbiont: a member of the
symbiome.

Symbiosis: interactions or associ-
ations between different species
that may be mutually beneficial,
antagonistic, or neutral, or any
combination of those. The in-
teractions or associations may
persist on short or long
timescales.
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Box 1. What Is a Pathobiome?

We use the term ‘pathobiome’ to refer to the set of host-associated organisms (crucially encompassing prokaryotes, eukaryotes, and viruses) associated
with reduced (or potentially reduced) health status, as a result of interactions between members of that set and the host. These interactions are inevitably
moderated by the environment within the host and immediately surrounding it (Figure I). A pathobiome comprises a host with anything from two non-
hostlineages up to a complex symbiont community. However, a full understanding of pathobiomes cannot rely on inventories of the organisms involved
alone, but should incorporate the nature of their interactions and relationship with their host in the context of all relevant factors (ecological, chemical,
physical, genetic, immunological, etc.). Therefore, we prefer the use of the term ‘pathobiotic’ to capture this bigger picture in addition to the solely
organismal set inferred by the suffix '-biome’.

Pathobiomes should be considered as host compartment specific, and are also likely to be context dependent (e.g., moderated by host condition and response,
environmental conditions, etc.) [8,10] (see Figure 1 in main text). The pathobiome may be temporally structured, differing according to the stage and severity of
disease, from subclinical to late clinical stages and death (see Figure 2 in main text). Therefore, a range of host-microbe scenarios can legitimately be considered
‘pathobiomes’, even within a single host species. Furthermore, because most hosts, especially aquatic organisms, live in a ‘microbial soup,’ predicting the risk of
pathobiont infection will depend on understanding the composition and activity of environmental microbiota. Ectoparasites and attached epibionts (including
opportunistic or environmentally driven biofouling; e.g., [11]) can also usefully be considered members of a pathobiotic community.

To fully understand pathobiome-mediated disease aetiology, itis important to integrate other factors, as for single pathogen models. In 1974, Snieszko outlined
a fundamental model of the interactions between pathogen, host, and environment, in which disease is an outcome of their interaction [12]. This was recently
updated to include the microbiota of hosts and their environment, and anthropogenic factors acting on those, (i.e., animal husbandry including antibiotic appli-
cation, climate change, pollution, and species introductions) [4]. However, the presence of more than one pathogen was not required in either of these models.

@ Fish gut microbiome

© Fish tissue and blood microbiome
@  Fish skin microbiome

©  Water microbiome

@ Sediment microbiome

X Fish pathogen
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Figure I. Microbial Complexity in a Typical Host-Symbiont-Environment System.

Symbionts (including viruses, bacteria, fungi, and eukaryotes) in the fish gut, other tissues and organs, blood, and from the skin surface can be released to the
water column and may appear in samples of sediment and within other hosts residing in the same environment. Similarly, microbes that originate within the
water column and sediment may be detected on the skin surface and within the gut and tissues of the fish. Extension of this principle to consider exchange
of symbionts between other hosts from the same system (in this case crustaceans, molluscs, annelids, and macroalgae) underlines the intricacy of potential
symbiont relations, even within simple systems. Disruption to the microbial profile within different compartments of the fish (i.e., gut, tissue, blood, or skin)
caused by infection with pathogens, starvation, overcrowding, in-breeding, or via a range of environmental perturbations that may also affect other hosts
within the system, is consistent with the development of a pathobiome (see Figure 1 in main text). In the diseased state, the detection of specific pathogens
(here denoted by ‘X) may occur alongside an altered microbial profile, the combined effects of which may elicit the clinical signs detected in the host.
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savastanoi pv. savastanoiin olive knot disease of Olea europaea [36]. These two symbionts co-localise
in the knot, likely facilitating signal sharing and metabolic interaction. The latter could also include
sharing of metabolites; in silico recreation of their metabolic pathways indicates complementing
metabolic pathways. In response to QS, quorum quenching enables some bacteria to outcompete
their rivals by inhibiting QS pathways, another means by which bacteria can interact in a pathobiome
context [37]. Specialisms, including those associated with pathogenicity, can evolve in bacteria by
mutualistic sharing of gene products and associated loss of genes by inefficient producers, leading
to an interdependency between taxa (Black Queen Hypothesis [38]).

Bleaching disease in the red alga Delisea pulchra is caused by host stress and invasion by secondary
bacterial pathogens from several families (Rhodobacteraceae, Saprospiraceae, and Flavobacteria-
ceae), but no single bacterial lineage has all bleaching-enriched bacterial genes [39]. A related
concept is the distribution between co-infecting lineages of bacteria of ‘community-dependent
essential genes’ required for infection [40]. Such situations may be a host-associated parallel of
that recently determined in freshwater Actinomycetes, which have highly streamlined genomes but
are interdependent: they need to coexist with strains of complementary capacities to flourish [41].
This genomic streamlining strategy has balancing benefits in speed of growth and metabolic lability,
which are likely advantageous in limiting and/or challenging environments.

Virulence capacity can be enhanced in a pathobiotic system by horizontal gene transfer, which
could explain the emergence of some opportunistic pathogens [37]. Bacteria may become
(more) pathogenic by acquiring and utilising DNA from other (e.g., co-occurring) bacteria [42,43],
via plasmids, genomic islands, transposons, insertion sequence elements, and bacteriophages
[44]. The importance of microorganisms as vectors of other microbes or viruses into the holobiome
should not be overlooked, given, for example, the role of the protistan root parasite Polymyxa in
transmitting a range of pathogenic viruses into crop plants [45]. The pathogenic and functional
consequences of hyperparasitic associations have not received much attention (but see, for
example, [46]), compounded by the fact that the extent of microbial hyperparasitism is likely
underestimated (e.g., [47,48]).

More Diverse Communities of Symbionts

Symbiont community shifts and dysbioses analogous to those studied in humans have recently been
reported in other animals, plants, and macroalgae, such as impoverished and less stable bacterial
community networks associated with diseased Acropora corals relative to healthy individuals [7].
When diversity and community connectivity are reduced, invasion by pathogens may be more likely,
such as the reduced bacterial diversity of asymptomatic bark tissue of horse chestnut (Aesculus hip-
pocastanum) with disease caused by Pseudomonas syringae pv aesculi [49]. In this case, symptomatic
compared with asymptomatic tissue harboured elevated levels of plant disease agents and opportu-
nistic pathogens, such as Serratia and Brenneria, suggesting enhanced opportunity for further infec-
tion by other pathogens.

Although symbiont community shifts are often strongly associated with host health shifts, describing
these does not in itself reveal the mechanisms by which they operate. Cause and effect can rarely be
determined from the association alone (Figure 1). Symbiome-wide association studies often result in
spurious associations between specific microbes and host disease state [50]. Whether a symbiont
community shift occurs before, and causes a change in, health status, or is a consequence of a change
in health from a different cause, is a key question for understanding pathobiotic dynamics, and is
increasingly being addressed in experimental studies (e.g., [51,52]).

In the horse chestnut example described earlier, further studies using either temporal sampling
or experimental manipulation of the symbiome composition should determine whether the
reduced bacterial diversity of asymptomatic tissue of diseased trees is an a priori state that predis-
posed the tree to disease, or whether the compromised health state of the trees itself drove
changes in the bacterial community. Parallel work from a tomato model system suggests that
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Figure 1. Different Pathobiomes in Discrete Compartments of the Host.

Defining the pathobiome necessitates the contextualisation of data pertaining to the symbiont profile with observations consistent with definition of a
disease state (e.g., clinical signs). Since disease is often associated with specific host compartments (e.g., gut lumen, skin, epithelia of internal organs,
etc.) it is relevant to consider the pathobiome also operating within these compartments. Furthermore, given that many diseases involve a progressive
departure from the healthy state, the pathobiome associated with this progression may also be expected to change, leading to specific symbiont
profiles (pathobiomes) in early, established, and late stages of disease (see Figure 2). The recognition of such spatial and temporal changes in the
symbiont profile of a given host (and its compartments) has the potential to complicate definition of a single ‘pathobiome’ associated with a specific
disease state. In the model shown here, the composition of a simple microbiome (containing four taxa, defined by dots of different colours) may differ
spatially in one or more compartments and, in time, in a host undergoing progression from healthy to diseased states (diseased tissue in grey). We
propose that changes in profile occurring within specific compartments may also differ (i.e., the pathobiome associated with the skin will not necessarily
be the same as that observed in the blood or gut). We do not predict whether changes in profile drive the appearance of disease within specific
compartments or, conversely, that diseased tissue precedes changes in the profile. Furthermore, it is not assumed that a pathobiome is less diverse than
that observed during health. As such, the pathobiome associated with diseased tissue should be defined relative to the symbiont profile occurring in
the healthy state.
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the phyllosphere microbiome is directly linked to reduced P. syringae colonization, and that the de-
gree of protection is dependent on microbiome diversity [53]. Recent work on Sea Star Wasting
Disease, adopting a temporal sampling approach, showed that microbiome shifts towards imbal-
ance and colonisation by both pathogenic and opportunistic bacteria were consistently found at
disease onset [54].

Some taxonomic characteristics of pathobiomes are frequently encountered; for example, certain
bacterial taxa (notably Vibrio and Photobacterium) are consistently elevated in diseased animals
[55-59]. Patterns such as these can be uncovered through microbiome-wide association studies,
where microbial consortia can be linked to disease states [60]. However, it is also clear that micro-
biomes associated with both health and disease differ between host species, and are additionally
influenced by the ecological and geographical provenance of their hosts [59-62]. Geographically
disparate Cladocora corals harbour a common core microbiome, suggested as key players in the
coral holobiont, but microbial assemblages associated with diseased corals were more influenced
by sampling location [61]. The inference that pathobiomes may be particularly influenced by
geographical distance and local ecological conditions is consistent with the ‘Anna Karenina’ princi-
ple, which posits that dysbiotic individuals vary more in microbial community composition compared
with healthy individuals [63]. This may occur via ‘priority effects’ [64] mediated by the local conditions.
Also referred to as the primary symbiont hypothesis, these effects have been reported in plants: bot-
tlenecks in endophyte diversity associated with individual plant seeds are proposed to impact sub-
sequent plant microbiome diversity [65].

Pathobiotic communities are not always less diverse than healthy ones [61,66]. In the Cladocera
example described earlier [61], there was no significant difference in symbiont diversity
between healthy and diseased individuals at the most pristine of the sites sampled. Similarly, a
study of white band and white patch diseases of coralline algae showed that, although diseased
tissue in both cases had compositionally distinct bacterial communities dominated by different
operational taxonomic units (OTUs) compared with healthy tissue, the bacterial diversity of
band disease was comparable to (and in some cases higher than) healthy tissue, whereas patch
disease communities were significantly less diverse [66]. A similar association has been observed
between human cervical intraepithelial neoplasia disease and increased vaginal microbiome
diversity [67].

Primary Causative Agents in a Pathobiome Context

Some diseases thought to be caused by a primary pathogen in fact have different aetiologies (the
‘moving target hypothesis’ [68]). For example, white pox disease (WPX) of the coral Acropora, orig-
inally ascribed to Serratia marcescens, is now thought to have multiple aetiologic agents, with
elevated Vibrio abundance consistently associated with WPX relative to healthy samples [55]. Vibrio
spp. may act within, or emerge from, nonspecific heterotrophic blooms rather than acting as primary
pathogens.

Even cases where a primary agent is recognised can be elucidated by investigations into the
associated pathobiome, because the presence of other pathogens or particular symbiont profiles
may increase their chances of infection and/or subsequent virulence. Acute hepatopancreatic ne-
crosis disease (AHPND) of shrimp is specifically associated with toxin genes expressed from the
plasmid of Vibrio parahaemolyticus. An increase in copy number of the AHPND toxin-producing
plasmid has been associated with a shift of the microbiome to domination by Vibrio and Candida-
tus bacilloplasma, and decreases in complexity and species connectivity. A co-occurrence pattern
was predicted between V. parahaemolyticus and several resident and transit members within
Candidatus bacilloplasma and cyanobacteria. Conversely, the key hub taxon in healthy shrimp
was Lactobacillus, which appeared to inhibit the growth of Vibrio, the pathogen that becomes
the main hub in diseased shrimp [29]. Therefore, the one pathogen-one disease paradigm should
be reassessed even in cases where a primary pathogen has been considered the sole pathogenic
agent.
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Ecological Processes and Interaction Networks

Bacterial communities are shaped by a balance of facilitative and antagonistic processes, including
competition for shared resources, interactions via metabolic and molecular signalling, and
production of other molecules that negatively or positively affect other members of the community
[69-71]. Pathobiomes can be modelled as outcomes of networks of interacting symbionts. This
has been shown in the pathobiome associated with the causal agent of oak powdery mildew (the
ascomycete fungus Erysiphe alphitoides) in oak (Quercus robur) phylloplane communities [72].
The type (facilitative—antagonistic) and strength of pairwise bacterial interactions can reliably
predict the outcome of invasions in more complex communities, and antagonistic communities
can directly inhibit invading microbes through both antagonistic interactions and resource competi-
tion [73].

Structural equation modelling has been used to show that the significant differences between
gut bacterial communities of cohabiting normal, overgrown, and retarded shrimp were strongly
related to digestive activities, in turn affecting shrimp growth rate [74]. Gut communities of the nor-
mally grown shrimp showed higher taxonomic diversity and evenness than either abnormal category,
hypothesised to result as a legacy of priority effects during larval gut colonisation ([64] and see
earlier).

Interactions with the Host

Commensal bacteria are critical for the maturation of host innate and adaptive immunity responses.
Protection against pathogens is mediated by the immunity response and host microbiome [37].
For example, host stress, diet, and antibiotic use can have consequences for the composition of
its microbiome, potentially leading to dysbiosis. In turn, dysbiosis can lead to enhanced horizontal
gene transfer, promoting further pathogen evolution by transferring and amplifying virulence
and antimicrobial resistance. Therefore, interaction with the host is an essential feature of patho-
biome mechanisms, and pathobiomes can promote their own evolutionary trajectory to further
pathogenicity.

Symbiomes Associated with Resistance to Disease

Some symbiont communities protect from disease. Amphibian skin microbiota can be significantly
different from that of the surrounding environment, the dermal habitat selecting and promoting
rare lineages [75]. Frogs resistant to the chytrid pathogen Batrachochytrium dendrobatidis (Bd)
had different skin microbiota depending on whether Bd was present at the sampling site. Where it
was absent, non-susceptible frogs had similar skin bacterial communities dominated by Pseudo-
monas and Acinetobacter. However, where Bd was present, the skin microbiomes were less diverse
due to increased relative abundance of bacteria that inhibit the pathogen [76,77]. An agricultural
parallel is provided by disease-suppressive soils, which variously have the properties of suppressing
a range of plant pathogens. Multifactorial analyses, combined with the recent ability to identify a
range of taxa in such complex environments via molecular techniques, is starting to reveal a variety
of mechanisms by which suppression operates [78,79].

Considerations of time are important in symbiont-host relationships (Figures 1 and 2), and are
probably often overlooked. For example, Knutie et al. showed that bacterial diversity in tadpoles
was negatively correlated with establishment of an ascarid gut worm in the corresponding adult frogs,
while bacterial diversity during parasite exposure as adults was not correlated with parasite establish-
ment [80].

Experimental Insights into Pathobiomes

Experimental approaches are key for determining the most important factors in pathobiome opera-
tion, distinguishing between cause and effect, and avoiding the danger of making spurious associa-
tions between symbiomes and host health status [51,52]. Existing frameworks, such as Koch’s
Postulates, will require adaptation away from single agents to pathobiomes [81]. Most existing
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Figure 2. Temporal Shifts in the Pathobiome Relating to Host Health and Disease Status over Time.

The healthy symbiome (top left of figure, and associated with a particular body compartment; see Figure 1) is
altered (to a pathobiome) when the host enters a progressive disease state. During early (‘subclinical’) stages of
disease, the altered symbiome may precede detection of specific symptoms (in humans) and signs (in humans,
animals, and plants). During later stages of disease, where symptoms and clinical signs are apparent, the
pathobiome may be further altered in specific host compartments, although not necessarily as a direct cause or
effect of those symptoms and signs detected. Where recovery of the host occurs (e.g., where infection by a
specific agent is cleared, a treatment is provided, or an immune response occurs), reversion to a healthy
symbiome may occur. In other cases, where disease progression leads to death, the disease-associated
pathobiome gives way to microbial decay of host tissues. In the latter, the consortium of microbes associated
with the decaying host and its compartments should not be classified as a ‘pathobiome’.

experimental studies investigate the functional complexities of pathobiomes, from genomic, metab-
olomics, and microbial ecology perspectives, or combinations thereof.

Multi-omics, combining large molecular data sets such as metagenomes, metatranscriptomes,
and metaproteomes, are becoming increasingly feasible as technology costs decrease and analytical
capacity increases. Broberg et al. used these techniques to characterise host-microbiota relation-
ships associated with Acute Oak Decline in both community and functional terms [82], for example
by functional annotation of phytopathogenic virulence genes [83]. They revealed polymicrobial—
host interactions and measured the relative lesion activity of several bacteria, including some not pre-
viously known to be associated with this disease. Multiple ‘'omic’ data can be used to integrate taxo-
nomic information, microbial networks, and bacterial defensive function and metabolism, to enable
intervention and mitigation of diseases, such as chytridiomycosis of amphibians [76].
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Given that microbiome community structures are often highly variable, functional traits, such as gene
expression patterns at different levels (e.g., core and non-core functions), and metabolic interactions,
may provide complementary perspectives with different patterns of variability, from which to under-
stand pathobiotic mechanisms ([84] and references therein).

Somewhat contrastingly, reductionist approaches can be used to disentangle the complex interac-
tions of microbiota and host, including experiments using synthetic microbial communities to
complement environmental studies. Thus, the effects of modifying microbial, host, and environ-
mental parameters can be measured within a testable system [85]. Using specific pathogen-free
(SPF) animals could offer a 'blank canvas’ on which host-symbiont-environment experiments can
be conducted [86].

Hypothesis-free integrative systems biology approaches [87] may be developed to generate novel
hypotheses that were previously undefinable due to the complexity of pathobiotic systems. Well-
designed network analyses can reveal a lot about how symbiont interactions operate, for example
the phylogenetic and spatial distribution of different kinds of interaction (e.g., competitive, cooper-
ative, or exploitative). A study of polymicrobial urinary tract infections found that competitive and
cooperative interactions were more strongly represented than exploitative ones, and that simple
pairwise interaction models may be insufficient to predict higher-order interactions; different
interaction dynamics were ascribed to different bacterial taxa [88].

Applied Pathobiotics

Knowledge about pathobiotic systems can facilitate their manipulation, either from within the host or
via the surrounding environment. De Bruijn et al. reviewed a range of ways to achieve this, including
emerging practices of introducing or augmenting beneficial microbes, and taking into account
different host life stages, nutrition, genotype, and so on [89]. There is potential for monitoring and
manipulating the environmental microbiome as a tool for managing and monitoring host health,
particularly in aquaculture settings [90], but significant research is required before this becomes a
reliable reality. Extending the (human) microbial dysbiosis concept to ecosystems should enable
definitions of disease and pathogenesis in those systems to be reconsidered [91] from a holobiont
perspective [6,92-94].

An improved understanding of the spatial and temporal changes as a host symbiome transi-
tions to a pathobiome state will undoubtedly provide a new perception of what we mean by
‘disease’ (e.g., [54] and Figures 1 and 2). In pathobiotic settings, detection of individual 'known’
agents (of which the diagnostician has pre-existing knowledge and established protocols to
detect) will inevitably underestimate the role of other elements of the symbiome before the
observation of clinical signs or symptoms. In extreme cases, it may be that application of specific
diagnostics towards single known agents has the potential to incorrectly assign causality to that
agent, disregarding the contributions of other symbionts. Where data sets relating to the
symbiome are available for large numbers of hosts exhibiting certain disease states, or where
data relating to predisease (healthy) hosts are available, early-stage interventions to avoid develop-
ment of a pathobiome state could be envisaged [95]. In such cases, temporal analyses that reveal
the potential for shifts in the symbiome to equate to specific symptoms or clinical signs (i.e.,
progression towards the disease state) will be required for specific host-disease models (Figures
1 and 2).

We predict that understanding the symbiome and formation of the pathobiome will become a crucial
element of mitigating disease in global food production systems [96,97]. In most cases, disease out-
breaks are considered departures from the normal health status of the host associated with infection
by a specific agent. Accordingly, bodies such as the World Organisation for Animal Health (OIE)
define a list of emerging and notifiable diseases associated with infection by specific agents, against
which diagnostic tests and management strategies can be designed. Due to the focus on specific
pathogens, the elimination of the pathogen threat forms the basis of most biosecurity strategies.
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Outstanding Questions

Given the increasing recognition that
host-associated microbiomes have a
role in shaping the outcome of infec-
tion and disease, how and when
should we draw a line between a
pathogen and a pathobiome?

Just as disease has classically been
modelled as an interaction be-
tween the host and pathogen ge-
notype (a G x G interaction), how
can we usefully move towards a
predictive framework when the
outcome is the result of interactions

among many genotypes?

What factors determine the varia-
tion within ‘normal’ microbiomes
and pathobiomes, and can they al-
ways be reliably distinguished
from each other?

Is the best basis for distinguishing
pathobiomes their taxonomic pro-
files or functional characteristics?

Are low diversity microbiomes
associated with disease generally
a result of pre-existing pathogen
infections, or do they have a wider
range of causes and predispose
hosts to infection?

Can a framework, such as Koch's
Postulates, be updated in the light
of knowledge of pathobiotic sys-
tems, to identify causative relation-
ships between pathobiomes and
diseases?

What factors enable hosts to maintain
'healthy’ microbiomes under condi-
tions where conspecifics develop
dysbioses and/or pathobiomes?

In terms of treatment options for
pathobiome-related diseases, can
we devise combination treatments
to reduce the likelihood of resis-
tance evolution and increase the
likelihood of success?

Can the likelihood of disease emer-
gence be predicted by sampling
and undertaking molecular ana-
lyses of the environments in which
hosts live (e.g., aquaculture ponds
or agricultural soils)?

How might existing ecological and
evolutionary theory (e.g., commu-
nity ecology, network analyses, or



Global standard setting provided by such bodies is important for controlling the of spread of animal
pathogens via cross-border trade [98]. However, such legislation does not take into account broader
scale symbiont profiling of hosts and, therefore, the role that the symbiome may have in agent-asso-
ciated disease outbreaks. Furthermore, it does not consider the effect of specific pathogen exclusion
on susceptibility of hosts to remaining components of the symbiome or to the emergence of new
diseases associated with these symbionts.

The increasing propensity to farm hosts with an artificially altered symbiome (e.g., in the case of
SPF or even specific-pathogen resistant, SPR, hosts) may require more careful analysis in the light
of the pathobiome concept. Exclusion of specific pathogens from host systems via these means
has potential to either create space for (previously excluded) perfect competitors [99] or to alter in
some way the remaining symbiome to the detriment of the host [100]. Although successful strategies
for prevention of specific pathogens exist within certain farming systems, the role of pathogen exclu-
sion in driving alternative pathogen emergence (possibly via a disrupted symbiome) requires further
consideration.

Concluding Remarks

The essence of the pathobiome concept is to provide a framework within which the combined
effect of more than one symbiont on host health can be understood, taking into account environ-
mental influences and host response and/or condition. We have shown that pathobiotic systems
are diverse in terms of the types and numbers of symbiont involved, and the processes by which
their influence manifests. What constitutes a pathogen is strongly context dependent. Similarly,
pathobiotic effects vary from the activity of a primary pathogen being modified by other symbionts
to truly synergistic activity of multiple symbionts. Much work is required to identify consistent and
predictive aspects of pathobiotic systems (see Outstanding Questions). These must be temporally
dynamic, and take into account different compartments within the host, as well as the external envi-
ronment. Describing pathobiotic systems in terms of functional traits, rather than, or in addition to,
taxonomic profiles may be key to this understanding. The pathobiome concept may eventually be
extended beyond the individual, leading to models in which pathobiotic elements shared between
individuals form part of ecological networks that determine health and persistence at the host
population level.
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