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The presence of microbes exerts such a profound influence
on animals that they are best considered holobionts — an
organism comprised of multiple biological partners. The
concept of dysbiosis is disease states that result from unde-
sirable interactions between the partners in a holobiont.
Many molecular mechanisms that link the gut microbiome
with host health and disease have now been established and
these are giving rise to new insights in healthcare. In essence
these studies show that our microbiome is so closely inter-
twined with our physiology that microbiome composition is
reflective of many aspects of our health. Of special impor-
tance is recognition of the intersection between chronic diet
habits and the microbiome in driving changes in our phys-
iological state. In the foreseeable future it is likely micro-
biome profiling will be a standard diagnostic test in diverse
areas of medicine and that interventions targeting the

microbiome will be developed.

All animals are associated with microorganisms for the majority of
their life, only embryonic stages are microbe-free. However the
complexity of animal-microbe interactions and the nature of their
outcomes vary. For some animals their associations with microbes
include obligate partnerships with a specific microbe that has
obvious benefits for the animals life history (e.g. Coral:Zooxanthel-
lae, Squid:Vibrio, Aphid:Buchnera). For others, the animal may
have a specialised structure in which it receives obvious benefits
from microbes (e.g. the rumen), but these arise via a community of
many microbial species. In contrast microbes can also interact with
animals to cause disease. For the majority of animals such specific
pathogens have historically been the focus of scientific attention.

The remaining microbes were traditionally viewed as commensals.

The past decade has seen a dramatic, and ongoing, revision of this
view with recognition that those microbes that form communities
of stable composition at various body sites (our microbiomes)
influence many aspects of our postnatal development and physiol-

ogy. This is especially true of the gut microbiome.

The links between the gut microbiome and host physiological
properties are now known to be important to the pathophysiology
of metabolic and immunological diseases. Studies of germ-free (GF)
animals have demonstrated robust connections between the gut
microbiome and host development and physiology. These include
roles in vascular development' and immune cell maturation®”.
A consequence of such developmental effects is that emergent
aspects of animal health and physiology such as inflammatory tone®,
energy balance®®, feeding behaviour and even mood and gross
anatomy can differ in germ-free animals. Three key points that have
emerged from these studies are schematically represented as they
might apply to human biology in Figure 1. First, the existence of GF
animals indicates the presence of microbes is not essential for the
viable development and physiology of an animal. However, GF
animals are different, with significant constraints on their environ-
mental fitness, including susceptibility to systemic infection should
they be exposed to pathogens and having additional nutritional
demands (Figure la). Second, if microbes are non-essential to
normal physiological processes of animals it is arguable that their
most fundamental contribution to the animals state is alteration of
how the animal system perceives and responds to its environment,
both internal and external. Finally, both microbiome association
studies and transplant studies show that different compositions of
the microbiome are associated with different host states. Where the

microbiome composition gives benefits to desirable host functions
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Figure 1. Schematic representation of current understanding of the impact of the presence of microbes on human health. The critical site for
host-microbiome interaction is the intestinal interface where nutrients are absorbed and critical signals for regulation of homeostasis of the animal
system originate. Animal studies have shown that microbes contribute directly to differences between monobionts (a) and holobionts (b) in the
structure of the intestinal interface and in the breakdown of food. Differences in microbial composition can drive differences in animal health via

immune and neuroendocrine signalling.

such as improved nutrition on available foods or reduced immu-
nopathology we may view the stable host-microbiome system as a
healthy holobiont (Figure 151). Where the microbiome composi-
tion is stable, but results in undesirable host functions such as
impaired energy balance or inflammation we may view the holo-

biont as being in a state of dysbiosis (Figure 152).

Although various studies have proposed some key beneficial
microbes for gut health (e.g. Faecalibacterium prausnitzii, Copro-
coccus sp., Ruminococcus bromii, Bacteroidetes spp.), it is rare

that presence or absence of any one microbe is specifically

associated with health. This reflects a high degree of functional
redundancy in the gut community, whereby multiple microbes with
similar functions comprise ‘guilds’ that have broadly similar eco-
logical roles within the community. Thus either benefit or detriment
to the host system is typically an emergent property of the whole
microbial community. Details of the mechanisms by which
variations in the gut community impact host nutrition and physiol-
ogy are now emerging. Broadly speaking microbes contribute to
nutrition through the production of metabolites and impact phys-
iology through both metabolites and structural components.

Microbial conversion of digestion resistant carbohydrate to short
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chain fatty acids (SCFAs) or production of vitamins both result in
increased capacity for the host system to extract nutrition from
food®’. The SCFAs also exert other effects in the host system,
particularly butyrate which is a primary energy source for colono-
cytes, and therefore important for maintaining epithelial health.
SCFAs also impact the function of other tissues and organs in
the host by acting as signalling molecules for G-coupled protein
receptors (e.g. GPR41, GPR43). Known regulatory roles of SCFAs
include: appetite regulation, epigenetic state, gut motility, energy
metabolism, endocrine functions, and immune regulationg'm. Since
these SCFAs are primarily microbial metabolites it could be argued
that the host is monitoring the activity of its microbiome via
metabolite sensors and integrating this information into homeo-
static regulation. Similarly the host also monitors microbial presence
via pattern recognition receptors and signalling pathways contribute
to regulation of diverse aspects of immune and metabolic functions.
Significantly, disruption of the key metabolite receptors (e.g.
GPR41") or PRRreceptors (e.g. TLR5'%) in mouse knockout models
is capable of eliciting disease states, highlighting the importance
of microbial signalling for dysbiosis. Collectively these observations
show that change in the nature or strength of various microbiome
signals, rather than presence/absence of specific microbes, is the
primary determinant of health or dysbiosis. Given this, in order
to understand dysbioses we must ask what drives disturbance

to this?

Inwild type animals this signalling-based disturbance to host-micro-
biome interactions is thought to primarily arise through changes in
microbial composition or activity. Since different microbes (e.g.
Gram-positive vs Gram-negative) contain different microbe-associ-
ated molecular patterns (MAMPs) they drive different PRR-signalling
pathways. Similarly since microbes differ in their capacities to
degrade macromolecules and which metabolites they produce,
changes in community composition will also drive changes in
metabolite-signalling pathways. Although diverse factors including
anatomical, genotypic, cultural and environmental factors can in-

fluence the gut microbial community*> >

,itis chronic diet patterns
that are thought to be the dominant factor, since what we eat, and
the pattern of food consumption, impact the availability of nutrients
to gut bacteria for their growth and metabolism. Arguably, the key
insight is not the role of the microbes, but rather the role of diet as a
key modulator of the interaction between microbes and the
host®!1°, This reflects that major mechanisms of microbial influ-
ence are via small molecules that are uniquely microbial cellular
components or metabolites. In summary, the concepts of dysbiosis,
and animals as holobionts, are changing the way we view human

biology, especially modern diseases with a lifestyle component.

In general terms there are two routes to improve health via under-
standing of the microbiome; diagnostics and interventions. In
diagnostics, microbiome signals are included in our evaluation of

the host state to inform disease prognosis or intervention

plans. In intervention the microbiome is itself the target of manip-
ulation (e.g. prebiotics or probiotics). Greater understanding of
host-microbiome interactions can inform both routes through:
(1) identification of biomarkers of health or disease in microbiome
association studies (e.g. cancer diagnostics'’); (2) identification
of specific microbes or consortia of microbes that are capable of
effecting change if introduced'®*’; or (3) intervention in signalling
pathways that derive from microbes®’. Progress toward these
objectives could be achieved across a very wide range of diseases
and conditions if microbial community profiling were broadly
adopted as a standard test. However, standardised experimental
protocols and metadata collection (e.g. sample collection, DNA
extraction method®?, diet formula) need to be implemented in
order to discern patterns that are robust across geographically and

culturally diverse populations’.
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