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Abstract | The composition of the intestinal microbiota varies among individuals
and throughout development, and is dependent on host and environmental factors.
However, although the microbiota is constantly exposed to environmental
challenges, its composition and function in an individual are stable against
perturbations, as microbial communities are resilient and resistant to change. The
maintenance of a beneficial microbiota requires a homeostatic equilibrium within
microbial communities, and also between the microorganisms and the intestinal
interface of the host. The resilience of the healthy microbiota protects us from
dysbiosis-related diseases, such as inflammatory bowel disease (IBD) or metabolic
disorder. By contrast, a resilient dysbiotic microbiota may cause disease. In this
Opinion article, we propose that microbial resilience has a key role in health and
disease. We will discuss the concepts and mechanisms of microbial resilience
against dietary, antibiotic or bacteriotherapy-induced perturbations and the

implications for human health.

The ‘insurance hypothesis’ states that
biodiversity insures ecosystems against
decreases in their functionality and is
applicable to most natural ecosystems. In
the gut, this hypothesis implies that the rich
diversity of the intestinal microbiota (the
community of microorganisms that reside
in the gut) is crucial and protective for
sustaining a microbial equilibrium (a stable
composition of species in the microbiota)

and for the integrity of the mucosal barrier'.

This complex ecosystem of intestinal
bacterial communities is characterized by
a capacity for self-regeneration, which is
also known as the resilience phenomenon.
Thus, the intestinal microbiota has the ability
to restore its equilibrium after an external
perturbation, such as infection with a
pathogen or antibiotic treatment.

The theoretical concept of resilience
(BOX 1), which is generally described as the
capacity of an ecosystem to recover from
a modulating perturbation, comprises

four crucial layers: latitude, resistance,
precariousness and panarchy® (BOX 1).
These layers will be explained in the
context of the intestinal microbiota
during health and disease. Perturbations
are important modulating elements of

all ecosystems (BOX 1). In the gut these
perturbations can include acute infectious
diarrhoea, dietary life events (for example,
phases of malnutrition) and treatment
with antibiotics. Although many studies
have associated host-specific factors

with alterations to the microbiome (for
example, through the association of
specific genotypes or studies in genetically
modified mice), relatively little is known
about the context-dependent mechanisms
(for example, environmental factors,

diet and infection) that control the
longitudinal stability and dynamics of

the microbiome. In accordance with this,
few reviews have explored the concept of
microbial resilience®*.

In this Opinion article, we focus on the
interactions between bacteria, the host
and the environment that enable microbial
resilience against dietary, antibiotic or
bacteriotherapy-induced perturbations, and
the implications of microbial resilience for
human health. We briefly consider resilience
in health and disease before introducing the
ecological concepts that explain resilience of
the microbiota and consider the mechanisms
that contribute to this. Last, we propose how
resilience may affect the microbiota during
development, antibiotic treatment and
bacteriotherapy.

Concepts of microbial resilience
The microbial communities that reside in
the human gut are constantly exposed to
environmental perturbations. Throughout
human evolution, the intestinal microbiota
has been challenged by nutrient intake
from diverse energy sources and constant
exposure to new bacteria, fungi, protozoa
and viruses. In the past 50 years, societal and
cultural changes have added exposure to
antibiotics and the constituents of processed
foods and hygiene products (for example,
emulsifiers and artificial sweeteners) as
novel perturbations of microbial ecology,
which have spread with the globalization of
the Western industrialized lifestyle®*°.
Complex ecosystems, such as the
microbial communities in the gut, are
thought to be able to attain a limited number
of stable equilibrium states” (BOX 1). The
term ‘state’ actually reflects a dynamic
equilibrium, which undergoes constant
minor fluctuations that are usually associated
with distinct functions (ecosystem services;
BOX 1). If ecosystem services are beneficial
to the host, the functioning of the ecosystem
(including the host) may be considered
as a complex symbiosis. However, if the
stable equilibrium state is associated with
detrimental services then it is considered
to be in a state of ‘dysbiosis’ (BOX 1).
Dysbiosis occurs when the microbiota
crucially contributes to the manifestation or
continuation of a given disease that cannot
be attributed to a single bacterial species'*".
For example, the intestinal microbiota may
contribute to the development of chronic
disorders, such as metabolic syndrome
or inflammatory bowel disease (IBD).
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Thus, understanding the mechanisms of
microbiota stability in the face of continuous
perturbations is important for human
health (FIG. 1).

In ecology, a perturbation is defined as a
causal event that can change the immediate
environment or directly change the
community', and can vary in magnitude,
rhythmicity and context. Perturbations
are often categorized as pulses or presses,
depending on their duration' (BOX 1).

In general, pulse disturbances are discrete
short-term events, whereas presses are
long-term or continuous.

To understand the reactions to
perturbations in the gut, as a complex
ecosystem, it is important to understand
two general principles of ecology. First,
‘resistance’ defines the attribute of a given
ecosystem to stand unchanged in the face
of a disturbance'® (BOX 1). Second, the
term ‘resilience’ describes the amount of
stress that a system can tolerate before its
homeostatic state shifts towards a new
equilibrium that potentially has different
functions and services”!” (BOX 1). In this
definition, resilience is a complex feature
of ecosystems'®'? that comprises several
crucial components (FIG. 2). First, resistance
is an important first layer of resilience, as
it describes how easily a system can shift
away from its stable state. (FIG. 2a,b) Second,
the latitude of changes is defined as the
maximum extent that a system can be shifted
by a perturbation before it loses its property
to recover to the initial stable state. Third,
the state of precariousness describes the
distance from the initial homeostatic state to
a threshold of no return (also known as the
latitude of changes; FIC. 2d). Fourth, the term
‘panarchy’ describes the influence that the
organizational state of a population (within
an ecosystem) has on its ability to cope with
stress. For example, in the gut this would
relate to the density and spatiotemporal
organization of bacterial subgroups®, which
may affect interactions at the population
level (FIC. 2). Facing a continuous (press)
perturbation (for example, a permanent
change in nutrient availability caused by
a shift from a carbohydrate-rich diet to a
protein-rich diet)***, the composition of
the microbiota may adopt a new beneficial
or detrimental state (known as ‘regime
shift’; FIG. 2¢,d). In addition, it is part of
the plasticity of the normal microbiota to
deliver ecosystem services when confronted
with a changing environment (known as
‘adaptation’; FIC. 2¢).

There is a strong relationship between
species diversity and ecosystem stability
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Box 1| Crucial terms of the concept of microbial resilience

e Latitude: the maximum degree a system can be shifted by a perturbation before it loses its
property to recover to the initial stable state.

e Precariousness: the distance of the initial homeostatic state to a threshold of no return.

e Panarchy: the influence an organizational state of a population (in an ecosystem) has on its ability
to cope with stress.

Terms of perturbation

e Perturbation: an external event that causes a distinct selective pressure on the intestinal
ecosystem'''°, also called a disturbance.

* Pulse perturbation: a defined perturbation that is present for a shorter period of time®® (for
example, a short course of antibiotics).

* Press perturbation: a continuous perturbation with a constant level that is maintained over a
longer period of time"* (for example, a permanent shift in dietary patterns or moving to a location
with different hygiene conditions).

Terms of response

* Ecosystem stability: the property of a system to maintain or return to an initial state after a
disturbance. Stable communities in an ecosystem can be defined in different ways, including the
taxonomical or functional persistence of populations through perturbations or over time!'*!12,
Over time, the microbiota of an individual may fluctuate to a certain extent, but in the absence of
a severe perturbation the microbiota profiles of an individual cluster together distinct from other
individuals'**'**. Thus, microbial stability refers to a dynamic equilibrium.

* Resistance: a measure that describes the property of a community to remain unchanged during a
perturbation, sometimes described as a part of resilience’.

* Resilience: the property of a microbial community that defines how fast, and to what extent, it will
recover its initial functional or taxonomical composition following catastrophic perturbation®.

Terms of functional outcomes

e Stable equilibrium state: a possible dynamic equilibrium that a microbial community may reach
during development or after a disturbance’. The term takes into account the concept that a
limited number of alternative equilibria can be realized, given the requirements of the intestinal
habitat. Communities are likely to return to their initial ‘attractor’ state. The stability of such an
equilibrium is unsteady and undergoes constant spontaneous fluctuations.

* Ecosystem service: a term that describes the benefits of the bacterial-host mutualism to its
individual members'®. It often refers only to the net beneficial output of the microbial consortia
for the human host.

e Dysbiosis: a term that describes an ill-defined state of the intestinal microbial community, which
leads to the loss of intestinal host-microbial balance!*. It is typically related to a loss of diversity
and low-grade spontaneous inflammation at the mucosal barrier. Importantly, this state is linked
to numerous human diseases and may itself be highly resilient to external perturbation (for
example, therapy).

and diverse microbiota can be classified
into ‘enterotypes’ or enterogradients, an
example of the non-random assemblage
of the gut communities. These are
clusters of community types that are
characterized by the dominance of
signature bacterial taxa, including
Bacteroides and Lachnospiraceae®*.
Enterotype-like clusters were observed

in humans, chimpanzees® and mice?"”,
and shifts between clusters, which
correlated with nutritional intake, were
demonstrated in longitudinal studies. It
has been debated whether the observed
clusters are truly discrete or whether they
represent gradients around extremes.
However, evidence suggests that a distinct
number of optimal metabolic assembly
states may exist, depending on the main

(BOX 1), which is known as the insurance
hypothesis. This refers to the buffering
capacities of the community to return

to a stable equilibrium in response to

a perturbation, either through a single
stabilizer or through multiple means*?*'.
A community that contains many species
is less susceptible to perturbation. This is
because as several species compete for
the limited resources, these well-adapted
species limit the influx or overgrowth

of other species’. Thus, high diversity
and functional redundancy seem to be
important factors of microbial resilience.
Interestingly, a decreased diversity in

the microbiota is associated with several
diseases, including obesity, diabetes® %,
chronic IBD***? or recurrent infection
with Clostridium difficile*®. A complex
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Figure 1| Schematic representation of resilience phenomena in health and disease. a| The struc-
ture of the microbial community of an individual is established during the first months of life. During
this period of time, larger fluctuations may occur and the individual is particularly vulnerable to exter-
nal perturbations. Usually, an equilibrium state (stable state A) is attained in adolescence, which
remains relatively stable over the lifetime of a healthy host. The depicted stability in the absence of
perturbations s, in reality, also subject to constant minor fluctuations. Even in the face of catastrophic
external perturbations (n perturbations), the intestinal microbiota has a remarkable ability to restore
its functional state (stable state A), owing to a marked capacity for self-regeneration (the resilience
phenomenon). b | Permanent shift to a detrimental equilibrium state (stable state D) termed ‘dysbiosis’
can occur when resilience of the original community fails. Dysbiosis represents an ill-defined loss of
the typical intestinal host-microbial balance and is associated with numerous systemic and local
human disorders, from chronic infections or inflammatory diseases (for example, inflammatory bowel
disease) to metabolic syndrome. ¢ | Disturbances during the vulnerable period may potentially exert
long-lasting changes to the structure of the microbial ecosystem, possibly causing a predisposition to
chronic disease, which manifests after a lag phase. It is conceivable that such early changes could lead
to especially strong resilience of the dysbiotic communities, which would make attempts to restore a
normal physiological state particularly difficult.

type of dietary energy at a given time
(that is, whether energy is in the form

of plants and fibre, or protein and fat of
animal origin)*. Interestingly, a slight
enrichment of inflammatory markers
was observed in individuals who have the
Bacteroides-dominated state, and in silico
analyses indicated that individuals with
the Bacteroides enterotype have lower
functional redundancy, which suggests
lower resilience™®.

Taken together, the resilience of the
microbiota determines whether a particular
perturbation will permanently shift its
stable state or whether it will return to

its initial homeostatic state following a
disturbance. This has obvious implications
for human health. For example, when
travelling to a country that has a different
level of hygiene or diet, having a healthy
microbiota conformation that has high
resilience to exogenous challenge might
mean protection from food poisoning and
infection. Furthermore, when an individual
becomes sick with a gastrointestinal
infection, resilience also suggests a quick
recovery of the microbiota and a fast
restoration of normal ecosystem services
(that is, of the digestive properties of the
gut)**. In addition, antibiotic treatment

(a marked stressor of the microbiota) may
lead to the overgrowth of previously rare
pathobionts, which are otherwise harmless
bacteria that, under certain conditions, can
cause disease. However, a highly resilient
microbiota can recover to its healthy state.
This could be through competition that
decreases the number of pathobionts and
restores initial homeostasis. In light of the
contribution of the microbiota to human
disease states, resilience also has a dark
side. The acquisition of an unhealthy

and dysbiotic microbiota that has a high
resilience potential may contribute to

the chronicity of human microbiota-
associated diseases, such as IBD, obesity
and metabolic syndrome.

Mechanisms that shape resilience
Resilience and resistance (BOX 1) are intrinsic
properties of communities, including
communities of microorganisms. Thus, the
composition and diversity of the microbiota
are drivers of its resilience potential. Four
mechanisms (reviewed in REF. 44) contribute
to the assembly of the microbiota: dispersal
(new genetic variation; for example,

from mutation or the introduction of

new organisms), diversification (the
movement of organisms through space),
drift (stochastic changes over time) and
selection (fitness-dependent changes).
Perturbations can come under one or

more of these categories. For example, the
mode of childbirth (that is, vaginal delivery
or caesarean section) can cause dispersal
(because it influences the transmission

of microorganisms from mother to
offspring) but also affects selection (by
enhancing or diminishing the pool of
microorganisms that the offspring can select
from). As internal (within the community;
for example, among species in the gut
microbiota) and external (environmental
factors that act on the community; for
example, nutrient availability or host
immune responses) selection are strong
factors for determining the structure of
microbial communities, we will focus on
these mechanisms in the next sections.

External selection mechanisms. External,
mostly host-derived selection mechanisms
crucially contribute to the development

of microbiota communities® (FIG. 3).
Importantly, in contrast to a passive abiotic
environment, the host can actively shape
ecological niches in the gut. Furthermore,
many of these shaping principles (for
example, mucus composition) are modified
in a context-dependent manner following
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perturbation. In this sense, the host actively
contributes to the resilience potential of
the microbiota. First, the host uses several
specific effector mechanisms, which have
presumably evolved to protect against
colonization by pathogens or to select for

a beneficial microbiota. These include

the controlled release of antimicrobial
components of the immune system, such
as antimicrobial peptides*, reactive oxygen
species and immunoglobulins. In addition,
the production of a specialized mucus
layer functions as a protective barrier but
also acts as a nutrient source and substrate
for bacterial adhesion** (FIG. 3). The
regeneration and differentiation of the
epithelial layer, which is responsible for
producing most of these effectors, is tightly
regulated by bacterial®"** and host-intrinsic
signalling pathways (for example,

signalling mediated by interleukin-22
(IL-22))%. Second, the host also controls
other important environmental factors

and physiochemical properties of the
gastrointestinal tract, such as the transit
time (peristalsis), pH, bile secretion and
the input of metabolic products (nutrition
or secondary metabolites), thereby
determining the local niche and growth
conditions, and thus the composition of
the microbiota?******, An important factor
for colonization is the microenvironmental
presence of oxygen, which may inhibit the
growth of oxygen-sensitive bacteria®*’. This
factor could determine the succession of
bacterial colonizers in the neonatal period
or after a perturbation. In support of this,
direct colonization of germ-free mice with
a strictly anaerobic species of bacteria often
fails, whereas secondary colonization with

PERSPECTIVES

the same species works well after primary
colonization with a facultative anaerobic
species of bacteria. This is presumably
due to the consumption and depletion of
oxygen by the primary colonizer, which
then facilitates secondary colonization®.
Diurnal changes in the concentrations and
activity of the microbiota are currently
emerging as prominent features for the
maintenance of host-bacteria symbiosis.
Crucial elements of these changes are a
cyclic reduction of bacterial load through
expulsion® (that is, by defecation in the
case of the intestinal tract)**® and pulsed
nutrient intake®-$* (FIC. 3).

Internal selection mechanisms. Internal
selection mechanisms are the interactions
among the microorganisms that comprise
the microbiota and drive its community
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Figure 2 | Conceptual elements that govern the stability of the intestinal
ecosystem. Several principles contribute to stable ecosystem services of the
intestinal ecosystem. a | The microbial community withstands an external
short-term perturbation (‘pulse’) without any noticeable change in composi-
tion or functional genetic elements (such as a change in gene expression). This
theoretical case would refer to a perfectly ‘resistant’ community. b | A short-
term ‘pulse’ disturbance, such as inflammation, infection, acute diarrhoea,
dietary life events or antibiotic treatment, disrupts community composition.
After alag phase or recovery, a resilient community returns to normal function
and composition (stable state A). c| A long-term ‘press’ perturbation requires
the community of microorganisms to adapt its function and can lead to the
community adopting an alternative stable and beneficial state (stable state B).
It can be assumed that if the selection pressure is released, the alternative
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state will shift to another stable equilibrium that reflects the plasticity of the
ecosystem. d | Failing resilience of the initial microbial community (stable
state A) facing a perturbation may also lead to an alternative stable but detri-
mental state (‘resilient dysbiosis’; stable state D). The latitude of change
describes the threshold of no return, past which the microbial community
cannot return to its initial compositional state (stable state A). Precariousness
is defined as the magnitude of community shift that is necessary to reach the
threshold (for example, the point of no return will be easier to reach ina com-
munity that has non-redundant functions, as loss of a function cannot be
compensated for). Panarchy is another important layer of resilience that is not
depicted in the scheme, as it refers to the spatial and temporal organization
of the microbiota, which may be very different in the gut under different
conditions; for example, owing to changes in transit time.
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as they promote compositional stability in
fluctuating conditions®“. Last, bacteria also
produce effectors of direct antagonism, such
as quorum sensing or quenching molecules,
antibiotics or other toxic substances (for
example, bacteriocins and metal ion binding
proteins), which prevent the growth of
competitors, especially at high cellular
densities®* (FIC. 3). Together, external and
internal selection factors have the potential
to substantially affect the resilience of

Peristalsis and
expulsion
by defecation

microbial ecosystems in the gut.

Resilience during development

The mammalian newborn contains a

simple gut microbial community that has
low diversity, low bacterial load (that is

the number of microorganisms) and low
resilience; therefore, it can be considered

a blank sheet for external colonization.

Thus, after delivery, any environmental
microorganism that the newborn is

exposed to that meets the physicochemical
requirements of the intestinal environment*
can colonize the baby. This includes, for
example, bacteria from the vaginal and

skin microbiota of the mother and/or from
breast milk™. Succession of the developing
microbiota is directional, which means that
the growth of certain species requires prior
growth of other species. This is, in part,
controlled by negative feedback loops, in
which one organism alters the environment
(for example, by its metabolic activity) so that
its own fitness decreases and the fitness of

a competing species increases. The genetic
make-up of the host is another important
factor for determining the succession

and selection process of the developing
microbiota”. This is shown by studies in
mice, which have demonstrated the influence
of innate immune receptors, mucus or
antimicrobial gene loss-of-function variants
in the acquisition of the early microbiota™”>.
Owing to the initially oxidative environment,
facultative anaerobic bacteria, such as
members of the Proteobacteria phylum,
including Escherichia coli or Lactobacillus
spp., are primary colonizers of the intestines
of infants. Once established, these bacteria
decrease the oxygen concentration in the
intestines and thereby promote their own
replacement through successive colonization
by anaerobic bacteria, such as members

of the Bacteroidetes, Actinobacteria and
Firmicutes phyla. Therefore, the composition
of the gut microbiota markedly fluctuates
early in life (FIC. 1), but within the first three
years of life microbial diversity increases

and the community structure stabilizes.

The microbiota is then presumed to steadily

Interaction matrix
(for example, mucin, gradient
of oxygen, physical barrier
and epithelial turnover)

Figure 3 | Mechanisms of resilience. Several selection mechanisms guide the stability and resilience
of microbial consortia in the intestinal habitat. This includes positive selection from the faecal stream,
or by host-bacteria or bacteria-bacteria cooperation. Negative selection mechanisms comprise direct
bacteria—bacteria antagonism and the context-dependent expression of antibacterial effectors by
the host (for example, reactive oxygen species (ROS) and antimicrobial peptides from specialized
Paneth cells). The matrix of the interaction is delivered mainly by intestinal epithelial cells, which
secrete the mucus layer. Their regeneration (stem cells (blue) and proliferating zone (red)) and differ-
entiation potential (goblet cells (grey), enterocytes (light brown) and Paneth cells (green)) influence
positive and negative selection. Biological rhythms, such as nutrient intake (positive selection) and
expulsion by defecation (negative selection; reduction of bacterial load), lead to physiological
fluctuations in the microbial communities and are an important principle of the ecosystem.

structure and resilience potential (reviewed
in REF 63). In the intestinal environment,
microorganisms can cooperate and compete
for resources. For example, auxotrophic
bacteria cannot directly synthesize crucial
compounds by metabolizing dietary
nutrients and rely on the fermentation
products of other primary metabolizers,
thus creating cooperative metabolic chains
(such chains may also involve metabolites
produced by the human host). By contrast,
several microorganisms may inhabit

the same regional or ecological niche

and therefore compete for resources; for
example, by colonizing the mucus layer
and using the same energy substrates®.

In addition to these factors, a substantial
proportion of community members may be
dormant or inactive at any given moment
in time®***. Dormancy describes a strategy
used by organisms to enter a reduced state of
metabolic activity® . Dormancy strategies
may be common among communities that
live in temporally dynamic environments,
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increase its resilience while maturing into

an adult-like state”7¢. Until the microbiota
reaches the adult equilibrium, environmental
factors, such as mode of delivery (vaginal or
caesarean), diet, hygiene and medications (for
example, antibiotics), may substantially affect
its establishment and maturation®®>7%7778,
Controlled longitudinal experiments

are required to investigate the molecular

and environmental determinants of the
development of the early microbiota in
greater detail. Perturbations in the microbiota
early in life seem to be particularly important
and may have long-lasting effects on

host health.

Resilience and antibiotics

The use of antibiotics substantially affects
the microbiota. However, although some
studies indicate that antibiotics only have
transient effects on the microbiota™, others
suggest that antibiotic use permanently
changes the microbiome and disturbs gut
homeostasis and pathways that modulate
the immune response®-%4. Whether these
antibiotic-induced differences in the
microbiota and host physiology revert or
remain after treatment may depend on
whether individuals receive a single dose of
antibiotics or whether they are chronically
exposed, and also on the age of exposure®.
It remains unclear whether all of the
observed effects on the intestinal microbiota
are consequences of the direct action of
antibiotics or are the result of secondary
effects (such as altered physiochemical
parameters in the intestine or the tuning

of immune responses). It is also possible
that the resilience of the microbiota could
affect the response to treatment with
antibiotics. Several observational studies
have investigated resilience phenomena
after antibiotic perturbation in humans.
Human volunteers who were treated with the
broad-spectrum antibiotic ciprofloxacin for
5 days showed rapid shifts in the community
composition of their distal gut microbiota.
Although the gut microbiota stabilized
following treatment, it remained altered
compared with its unperturbed native
form. This was due to the failed recovery
of several bacterial taxa (for example,
Bacteroides dorei, Akkermansia muciniphila
and several Roseburia spp.), which suggests
that this altered state may also lack several
previous community functions®. Another
study showed that 7 days of administration
of clindamycin (another broad-spectrum
antibiotic) resulted in a loss of diversity in
Bacteroides spp. that was not restored, even
2 years after treatment®’. Furthermore, the

widely used antibiotic amoxicillin not only
decreases the abundance of Lactobacillus spp.
in the proximal and distal small intestine but
also decreases the expression of MHC class I
and class IT genes or antimicrobial peptides®.
Short-term (3 days) treatment with the
locally acting antibiotic paromomycin led

to incomplete resilience, and thus changes to
the composition of the microbiota, in almost
all individuals in a healthy volunteer study,
but also changed the mucosal antibody
repertoire®’. This demonstrated that lasting
effects on the microbiota and intestinal
immune responses can be introduced by a
single catastrophic perturbation. Similarly,
mice treated with paromomycin for 3 days
showed that diversified B cell clones were
rapidly distributed to other organs (for
example, from the gut to the mammary
glands). This implies that crosstalk

between intestinal mucosal immune

cells and the perturbed non-resilient
microbiota is an important mechanism for
instructing antibody-dependent systemic
immune processes®.

Infection with C. difficile is a particularly
relevant clinical example of failing
resilience, as it almost exclusively affects
immunocompromised individuals (for
example, newborns and the elderly) after the
administration of broad-spectrum antibiotics,
such as clindamycin, cephalosporins
or fluoroquinolones®. Infection with
C. difficile is often associated with decreased
microbial diversity and is thought to occur
when there is little competition from
commensal microorganisms, thus enabling
colonization and overgrowth of the pathogen.
Interestingly, a recent report demonstrated
that antibiotic-induced depletion of the
microbiota specifically led to a decrease
in the production of secondary bile acids,
which usually inhibit spore germination
and the growth of C. difficile, thus enabling
its colonization®.

Antibiotic use within the first year of life
is associated with an increased risk of the
development of chronic inflammatory
diseases, such as allergy and asthma®’,
IBD®*® or metabolic syndrome®* later in
life. Paradoxically, antibiotic use per capita
is most intensive throughout the first 2 years
of life*>. It is tempting to speculate that
failing resilience and an associated decrease
in functional redundancy of the intestinal
microbiota may be crucial for the observed
association. However, the exact mechanisms
as to how antibiotic press perturbations
(BOX 1) of intestinal microbial communities
translate into complex disease aetiologies
remain to be determined.

PERSPECTIVES

Faecal microbiota transplantation

Faecal microbiota transplantation (FMT)

is the transfer of stool, or portions of stool,
from a donor to the gastrointestinal tract

of a recipient”. This approach may transfer
certain physiological properties of the donor
to the new host, which are thought to depend
on the metabolic functions of the transmitted
microbial consortia. Animal experiments
have shown that the range of transmissible
phenotypes is broad, affecting many organ
systems other than the intestinal tract®*.

FMT is effective at modifying the
gut microbiota and acts as a short-term
pulse perturbation (acting as dispersal
and selection), followed by a recovery or
resilience period. Engraftment, which means
the colonization success of the transferred
microbiota, occurs quickly, with recipient
microbial communities resembling the
composition of the donor. Notably, FMT
has been used to successfully treat recurrent
C. difficile infection (RCDI) and it leads to
the resolution of gastrointestinal symptoms
within 2-3 days post-FMT*-%. After a
transient engraftment of community
members from the microbiota of the donor
and a concurrent increase in diversity,
the microbiome of the recipient generally
returns to baseline after FMT, but some
donor-specific species can be identified up
to 3 months post-FMT in the recipient®%.
In a recent study in humans that investigated
strain engraftment, donor and recipient
strains could coexist; however, the success
of colonization was greater for conspecific
strains (that is, donor strains that belong
to the same species as those present in
the microbiota of the recipient) than
new species’. However, over time, the
recipient microbiota gradually returns to
its baseline-like state. Given the current
lack of conclusive therapeutic effects of
FMT for complex diseases (such as IBD),

a single short-term perturbation of the
dysbiotic microbiota of a patient might be
insufficient, but instead repeated FMTs may
be required to ensure stable engraftment and
a therapeutic value'.

Clinically, FMT has gained much attention
since its use as a procedure to treat RCDI.
First described in 1958 as a treatment
for pseudomembranous colitis'” (an
inflammation of the colon that is associated
with an overgrowth of C. difficile), a recent
seminal clinical study demonstrated more
than 90% clearance of infection after FMT,
with several other groups replicating this
remarkable success rate’'*>1, The overall
clinical efficacy in the treatment of RCDI
has prompted a wider clinical use of FMT
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Figure 4 | Faecal microbiota transplantation as a perturbation to a resilient dysbiotic community.
The interaction between two microbial consortia during bacteriotherapy (for example, faecal micro-
biota transplantation (FMT)) may be regarded as a complex pulse perturbation, which is carried out to
transfer the functional properties of the donor community to a recipient host. a | Several hypothetical
outcomes are possible. First, the host communities return to their initial dysbiotic state (stable state |
and stable state A), as the perturbation is too weak and the transferred microorganisms do not per-
manently succeed. Second, owing to host intrinsic or environmental factors, the final outcome is the
selection of an alternative, but still dysbiotic, state (stable state B). Although distinct in composition,
the microbial community would still carry out the detrimental ecosystem service. Third, resilience of
the donor community (stable state C) in the new habitat would define a new interaction with long-
term transfer of the beneficial properties. b | Hierarchical level of the definition of resilience. Resilience
can be defined at the species or taxonomical level. In this sense, full recovery would only be obtained
if the abundance and composition of the microbiota are identical to its initial state after a perturba-
tion. In conventional B-diversity analyses (left panel; this visualizes the similarity in the composition
and abundance of species between different samples), the alternative dysbiotic state B or the eubiotic
(healthy) state C would simply be recognized as two distinct distant community types. At the
functional level (right panel), the communities in state B and state C are clearly separated. In turn,
afunctional definition of resilience could hypothetically mean complete elimination of initial bacterial
taxa from the microbiota, but full recovery of biological functions and symbiotic interactions with the
host. Understanding the functional elements that are necessary for stable homeostasis and correct
ecosystem services will thus be important for designing rational bacteriotherapy approaches.

for more complex disease phenotypes

in which dysbiosis of the gut microbiota
contributes to the disease process; for
example, type II diabetes mellitus®, irritable
bowel syndrome'” or IBD'%'%, However,
the first results for these complex diseases
are ambiguous and highlight the differences
between treating a chronic infection by

a single species of bacteria (low diversity
and low latitude) and altering the intricate

metabolic and inflammatory properties of
a complex intestinal microbial consortium
(dysbiosis with high resilience potential) as
awhole (FIG. 4).

An important consideration for the
transfer of complex bacterial communities
is the taxonomic level used to analyse the
dynamic equilibrium state before and
after the intervention. This is particularly
important when considering personalized

microbiota interventions as a therapy in

the future. How should we measure the
‘dysbiotic’ state, which has to be shifted in a
patient with inflammatory bowel disease?
What level of organization (for example,
species, family or phylum) has to be corrected
and how can we select the microbial elements
that are required for individual ‘correction’ of
the ecosystem? Several outcomes of an FMT
bacteriotherapy are possible that emphasize
the importance of the hierarchical level

of observation (FIC. 4). First, the dysbiotic
communities are highly resilient and, after

a short period of perturbation, return to a
highly similar composition (full resilience).
Second, after an initial perturbation and
owing to intrinsic characteristics of the

host or lifestyle factors, a new community

is selected that is distinct in composition
but shares functional properties (functional
resilience), thus dysbiosis persists. Last, the
transmitted communities stably colonize
and establish a novel eubiotic (healthy)
microbiota that has distinct functional
properties (resilience of the donor
community). Interestingly, recent work
showed that the transfer of sterile-filtered
faecal material successfully ameliorates
RCDI symptoms'®, which indicates that
bacterial components, metabolites or
bacteriophages may mediate the effects of
FMT. Therefore, it is necessary to improve
our limited knowledge of the dynamics and
molecular language of the forced interaction
between two potentially resilient bacterial
communities (donor and recipient) during
FMT. This will enable the identification of the
crucial factors and signalling networks that
are involved, which could ultimately lead to
the safe and stable transmission of a desired
phenotype into the recipient host.

Conclusions and outlook

A stable homeostatic interaction with our
microbiota is a key requirement for a healthy
human physiology. Resilience and resistance
(BOX 1) of the gut ecosystem are important
elements of this dynamic equilibrium.
Investigating the resilience mechanisms that
govern long-term community stability and
stable ecosystem services while understanding
the countless perturbations of a lifetime are
important to understand the full complexity
of the intestinal physiology. Although
presumably linked to several diseases, from
chronic infections to metabolic syndrome
and IBD, the exact functional details of failing
resilience and the methods for predicting its
essential components (resistance, latitude,
state of precariousness and panarchy) in a
clinical setting remain to be determined.
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Furthermore, an important factor that affects
microbial composition and resilience is

often overlooked: the interactions between
microorganisms, either through competition,
antimicrobial agents or metabolic networks.
Promoting the resilience of beneficial
microbiota assemblies or decreasing

the resilience of dysbiotic microbiota
communities is a promising option to
support a healthy human physiology. Thus,
improving our understanding of microbial
resilience towards external perturbations

will be a key requirement for microbiome-
directed precision medicine; for example,

by pre-selecting and designing suitable,
functionally selected microbial communities
or by the stratification of patients according to
the properties of their microbial communities
to maximize treatment success. Therefore,
modulation of the microbiota remains

a promising therapeutic option for the
treatment of complex diseases, but much
more must be learned to make this vision

a reality, in which understanding resilience
might be key.
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