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Gut microbiome stability and resilience: elucidating
the response to perturbations in order to modulate

gut health

Marina Fassarella,' Ellen E Blaak,” John Penders,’ Arjen Nauta,* Hauke Smidt,’

Erwin G Zoetendal © '

ABSTRACT

The human gut microbiome is a complex ecosystem,
densely colonised by thousands of microbial species.

It varies among individuals and depends on host
genotype and environmental factors, such as diet and
antibiotics. In this review, we focus on stability and
resilience as essential ecological characteristics of the
gut microbiome and its relevance for human health.
Microbial diversity, metabolic flexibility, functional
redundancy, microbe—microbe and host-microbe
interactions seem to be critical for maintaining
resilience. The equilibrium of the gut ecosystem can be
disrupted by perturbations, such as antibiotic therapy,
causing significant decreases in functional richness

and microbial diversity as well as impacting metabolic
health. As a consequence, unbalanced states or even
unhealthy stable states can develop, potentially leading
to or supporting diseases. Accordingly, strategies have
been developed to manipulate the gut microbiome

in order to prevent or revert unhealthy states

caused by perturbations, including faecal microbiota
transplantation, supplementation with probiotics or
non-digestible carbohydrates, and more extensive dietary
modifications. Nevertheless, an increasing number of
studies has evidenced interindividual variability in extent
and direction of response to diet and perturbations,
which has been attributed to the unique characteristics
of each individual’s microbiome. From a clinical,
translational perspective, the ability to improve resilience
of the gut microbial ecosystem prior to perturbations,
or to restore its equilibrium afterwards, would offer
significant benefits. To be effective, this therapeutic
approach will likely need a personalised or subgroup-
based understanding of individual genetics, diet, gut
microbiome and other environmental factors that might
be involved.

INTRODUCTION

The human gut microbiome is a diverse and
complex ecosystem, inhabited by thousands of
microbial species which coevolved within the host
and are known to play an important role in health
and disease.' > Gut microbiota composition varies
among individuals and throughout development,
and is dependent on host genotype and environ-
mental factors.® * Early microbial exposure, diet,
age, geography and antibiotics exposure have
all been implicated in the onset and maintenance
of microbial diversity in the gut.’ Among those,

Significance of this study

What is already known on this subject?

» Perturbations to the human gut microbiome can
disrupt the stability of the ecosystem, possibly
resulting in recalcitrant (resilient) unhealthy
states associated with diseases.

» The responses of the gut microbiome to
perturbations and modulatory strategies are
highly individual-specific.

What are the new findings?

» The tipping points that mark the critical switch
to unhealthy states of the gut microbiome
following perturbations are only beginning to
be elucidated.

» Strategies to modulate the gut microbiome
towards healthy resilient states are in their
infancy.

How might it impact on clinical practice in the

foreseeable future?

» Understanding the mechanisms shaping and
determining gut microbiome resilience will
allow the development of modulatory strategies
to increase resilience of healthy states, or rather
decrease and ultimately overcome resilience of
unhealthy states.

» The future of microbiome-based medicine
should comprise the characterisation of
individual gut microbiomes and personalised
strategies, with the expansion of next-
generation ‘omics’ tools and sophisticated
statistics methods to the clinical practice.

particular attention has been given to diet and its
role in shaping gut microbiota composition.®”’
Although the gut microbiome is constantly
exposed to external challenges, it has the ability to
restore its equilibrium after a perturbation, such as
infection with a pathogen or antibiotic therapy.®
This capacity for self-regeneration is also known as
the resilience phenomenon’ (table 1). The acqui-
sition of an unhealthy microbiota that has a high
resilience potential may contribute to the chronicity
of human microbiota-related diseases,'® including
obesity and insulin resistance,!’ type 2 diabetes
mellitus  (T2DM),"? gastrointestinal ~ disorders®
and recurrent infection with Clostridioides difficile
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(formerly named Clostridium difficile)."*
E 595

‘WyBLAdoo Aq pajosioid esuyiolqgig Un usbulusbep 18 120g ‘6 Arenigad uo /wodfwqginb/:dny woly papeojumoqd "0202 1990100 €1 U0 1/ 12€-0202-1ulinb/9g L 101 e paysiignd isiy 1N


http://www.bsg.org.uk/
http://gut.bmj.com/
http://orcid.org/0000-0002-7149-0727
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2020-321747&domain=pdf&date_stamp=2021-02-04
http://gut.bmj.com/

Recent advances in basic science

Table 1  Terms and definitions used in this review
Terminologies Definition References
Alternative healthy state (of A health-associated microbial composition and functionality, which develops after a perturbation and ~ Sommer et a/°

the gut microbiome) differs from the initial state

Faecal microbiota
transplantation

Functional redundancy

microbiota associated with disease

functions
Gut microbiome

Transfer of faeces suspension from a ‘healthy’ donor to a recipient who harbours an altered gut
Measures the number of different populations within a community that are able to perform the same

The entire gut ecosystem, including all the microorganisms (bacteria, archaea, lower and higher

van Nood et a/'*

Blakeley-Ruiz et a/**

Marchesi and Ravel**

eukaryotes, as well as viruses), their genomes, associated functions and actual activity and the

surrounding environmental conditions
Gut microbiota

Healthy state (of the gut
microbiome)
or homeostatic state
Metabolic flexibility
environment

Microbial diversity

Non-digestible carbohydrate A carbohydrate that resists host digestion, and thus reaches the colon where it can be metabolised by

Collection of microorganisms present in the gut environment

The number and abundance of distinct types of microorganisms in a particular ecosystem

Marchesi and Ravel®*

A health-associated state, characterised by a high microbial diversity, which favours functional diversity Byndloss et a/** and Lloyd-Pric et a/*®
and microbe—microbe and host-microbe interactions. Also referred as equilibrium state, balanced state

Capacity of a given species to metabolise distinct substrates, in adaptation to changes in the nutritional Rowland et a/’

Human Microbiome Project Consortium?
Gibson et a/”

microbes. Also referred to as dietary fibre. Certain NDCs are classified as prebiotics

Opportunistic pathogens
perturbation to the gut ecosystem

Microbial symbionts or organisms from the environment that can become pathogenic following a

Buffie and Pamer®’

Perturbation An external event that causes a distinct selective pressure on the ecosystem, also called a disturbance. ~ Sommer et a/° and Relman®*
It can be either:
Pulse: relatively discrete, short-term perturbation
Press: long-term or continuous perturbation
Prebiotic A substrate that is selectively utilised by host microorganisms conferring a health benefit Gibson et a”
Probiotic Live microorganisms, which when administered in adequate amounts confer a health benefit on the Hill et a/®
host
Resilience The property of a microbial ecosystem that defines how fast, and to what extent it will recover its initial Sommer et a/°
functional or taxonomical composition following perturbation
Resistance Capacity of an ecosystem to remain unchanged on perturbation Sommer et af’
Stability Attribute of a given ecosystem to maintain a state of equilibrium and resist perturbations, or to show  Lozupone et a/**
resilience after a perturbation
Tipping points Critical aspects that determine the switch of the gut microbiota composition and/or functionality toa  Lahti et a/’’

different state following a perturbation
Unhealthy state (of the gut
microbiome)
Xenobiotics

environmental chemicals

Ecosystem often characterised by a low microbial diversity, with a depletion of health-associated
microbes and expansion of pathogens; state associated with disease, also called dysbiosis

Foreign molecules to the human body, comprising among others food additives, pharmaceuticals and

Briissow®®

Atashgahi et al*®

NDCs, non-digestible carbohydrates.

Understanding mechanisms that confer resilience to stable
states of the gut microbiota is urgently needed to allow the devel-
opment of modulatory strategies to increase resilience of healthy
states, or rather decrease or overcome resilience of unhealthy
states.”’ In order to achieve this, approaches comprising a
personalised understanding of gut microbiome, individual
genetics, diet and other environmental factors would be neces-
sary.'® 7 Therefore, the aim of this review is to give an overview
of potential mechanisms involved in gut microbiome resilience
that may govern the response to perturbations, and to determine
whether dietary components can shape gut microbiota composi-
tion and function towards resilient healthy states.

Human gut microbiome: an overview

The microbial cells that colonise the human body are at least
as abundant as the somatic cells and collectively contribute far
more non-redundant genes than the human genome.' Zooming
in to the gut ecosystem of a single individual, it is estimated
that over 1000 bacterial species, with a collective metagenome
of several million genes, reside in the gut."® The predominant
bacterial phyla are Actinobacteria, Bacteroidetes, Firmicutes,

Proteobacteria and Tenericutes, while Fusobacteria, Sacchari-
bacteria, Spirochaetes, Synergistetes and Verrucomicrobia are
present at lower abundance."’

Various studies have indicated the existence of a core gut
microbiota, comprising prevalent gut microbial populations,
genes and essential functions for bacterial life in the ecosystem,
which are observed in most individuals and persist over time.?’
Key microbial species have shown to be conserved in the gut,
despite regular fluctuations in their abundances, potentially
contributing to the maintenance of a health-promoting, mutual-
istic microbiota configuration.?! 2*

Stability, resistance and resilience of the human gut
microbiome

Stability, resistance and resilience are essential ecological charac-
teristics of the gut microbiome, given its importance for human
health.” In the absence of a perturbation, the gut microbial
community oscillates around a stable ecological state, showing a
dynamic equilibrium.?* The gut microbiota is often highly resil-
ient to perturbations, allowing a host to keep key species for
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— Black arrows = perturbation

*  Color arrows = recovery

—

@/ Spirals = normal fluctuations

Healthy state

_(@°

Unstable state

i .;: Tipping points

Unhealthy state I

A.

Alternative state

Figure 1

Gut microbiome resilience landscape. The adult gut microbiome comprises a stable, yet also dynamic system, which can be represented

in a landscape. The valleys correspond to stable states, around which the gut microbiota oscillates. Three stable states of the gut microbiome are
depicted in this figure: healthy, alternative (healthy) and unhealthy. On perturbations, the stable ecosystem can be pushed towards an unstable

and transient state, represented by the peak, after which it will recover to either its initial state or to another stable state. The extent and speed of
recovery will depend on tipping points, which are critical aspects that determine the switch between alternative states of gut microbiota composition

and/or functionality.

long periods. In healthy adults, the gut microbiota composition
can be stable for years,” although the relative abundance of each
microbe fluctuates over time, and it varies between individuals
and within individuals over the course of their lives.® Conse-
quently, it is an open empirical question as to how many and
which species actually provide benefits and whether or not they
are associated with gut microbiome stability and resilience.

Although some reviews have extensively discussed resilience
concepts,”* and predictive models have been used for a better
understanding of resilience in silico,”® applying them to the
complex gut ecosystem is still challenging. The threshold for
transitions of the gut microbiota to different states is not yet
clear, and which tipping points®” mark the critical switch to stable
unhealthy states following perturbations are only beginning to
be elucidated. To this end, the knowledge gained with respect to
resilience in other ecosystems can be used as a powerful tool in
this progress.?s %

Elucidating the response of the gut microbiome to perturba-
tions can shed light on the mechanisms of resilience presented by
an individual microbial ecosystem. In this context, the duration
and severity of perturbations, which are classified either as pulses
or presses, will greatly determine its impact on the microbial
community.”* External perturbations can lead the stable micro-
bial ecosystem to be pushed towards an unstable and transient
state, after which it might recover to its initial state. However,
they can also lead to the formation of an alternative stable state
(healthy), or to an unhealthy stable state associated with diseases.
Figure 1 represents these transitions in the form of a landscape.

A critical aspect for conferring stability and resilience to
the gut microbiome is microbial diversity, which seem to be
governed by several selective pressures within host habitats.>
A high microbial diversity results in an increased level of func-
tional redundancy, which is generally believed to play a role in

stabilising microbiota functions during perturbations, and thus
supporting resilience.’! The coexistence of microorganisms with
a similar role in the ecosystem may be positive for the host,
since other microbes can compensate for the loss of a beneficial
strain by providing the same benefit. In fact, two given micro-
bial communities that differ in compositional terms, may behave
very similarly in functional terms, yielding comparable protein
and metabolite profiles.**

Which microbial species persist in the gut will depend on host
control, together with their ability to compete within the set of
ecological networks existing in the microbial ecosystem.* Micro-
bial interactions, ranging from mutualism and commensalism all
the way to competition and amensalism, as well as the symbiotic
relationship between microbes and their host can be considered
essential factors in shaping resilience.>* To date, most gut micro-
bial interactions described in the literature involve bacteria, and
to some extent, archaea. However, increasing attention has been
given to the role of viruses®® and eukaryotes, particularly para-
sites,’® in shaping gut microbiota composition via interactions
with other microorganisms. An overview of various types of
potential interactions in the gut is depicted in figure 2.

A stable microbial community can resist the invasion of non-
native bacteria and the expansion of opportunistic pathogens,
resulting in the phenomenon known as colonisation resistance.®’
The capacity of forming biofilms within the gut can be a funda-
mental aspect in this process, offering several competitive advan-
tages, such as increased bacterial residence time by providing
protection from stressors, and enhanced bacteria~host synergy,
with improved exchange of nutrients between them.*® While
the formation of biofilms by beneficial bacteria in the gut is still
being investigated, biofilms in the unhealthy gut are well docu-
mented, such as in the case of IBD, in which they have been
shown to be formed by Bacteroides fragilis.>

Fassarella M, et al. Gut 2021;70:595-605. doi:10.1136/gutjnl-2020-321747

597

"JyBuAdoo Aq palosioid yeaylolgig yn usbulusbep 1e |20z ‘6 Arenige4 uo /wod fwqginb;:diy woiy papeojumoq "020g 189000 €1 Uo i/ 12e-0202-ulinb/og | L' se paysijgnd isii 1Ino


http://gut.bmj.com/

Recent advances in basic science

Microbial Description Effects on gut microbiome Examples in the gut
interactions stability and resilience ecosystem
Amensalism A —— _B - Promotes cc:_lonisgtion resistance | - Pr_'oc_luctiqn of

and prevents invasion of antimicrobials [45]
Production of molecules | Pathogens
that harm other microbes
Antagonistic oua - Transfer of genes that increase - Coevolution, and
= . %7 L= fitness of the bacteria in the gut horizontal gene transfer
coevolution _ - Maximises or minimises the by lysogenic
Phages Bacteria efficiency of nutrient metabolism {temperate)
by bacteria bacteriophages [35]
Reciprocal evolution of - Promotes microbial diversity
host defence and parasite
infectivity
Competition A T . B - Selection for s.;:r_e-:;ies;f straing. - Iron uptake [85] )
that are better suited to colonise | - Adhesion to epithelial
the gut cells [38]
O”fz outcompetes the other | _ Persistence in the gut, when
[ resources or space able to outcompete and colonise
surfaces
Commensalism A —— + B - Ideal enyironme_n_t for micro_bial - Colonisation of
growth, with provision of nutrients | mucosal surfaces [37]
. and protection, allowing microbe- - Utilisation of
OnThber]eﬁts, Whlkil the microbe interactions microbially produced
UL IsgppZLen Y - Modulation of hest immune acetate to produce
unaffect tolerance butyrate [81]
Cooperation A+=— ; B - Collective response to - Quorum-sensing [49]
_— environmental perturbations - Cross-feeding
. - Adaptation to changes, by using [42]
dNot—o(l;Ilgatory co- the complementary nutrient-
ependence among degrading capabilities of each
symbionts other
A+ = 4+ B - The mutual benefits result in the | - Digestion of complex
Mutualism persistence of the microbes in the | carbohydrates [7]
) ut, promoting stabili - Production of vitamins
Obligatory co-dependence gut. p 9 ty [84]
among symbionts, in
which both partners
experience increased
fitness
I E_D - Selective pressure, inducing - Protozoan infections,
Parasitism = o changes in microbial composition production of
_ metabolites and
Parasite Host interactions with the
host immune system
One organism benefits at [38]
the expense of the other
. S - Promotes mic_robial diversity, by - Lyticl(\rirulent)
Predation (E =\ |=" Y = applying selective pressure bacteriophages [35]
] - Lysis of bacterial cells releases
Phages Bacteria nutrients into the enviranment
One organism (predator)}
engulfs or attacks the
ather (prey), usually
resulting in the death of
the prey

Figure 2 Microbial interactions and potential implications for gut microbiome stability and resilience. Microbial interactions existing in the gut are
described, including the possible effects on the gut microbiome as well as examples of each type of interaction.

In line with that, the mucus layer covering the gut epithelium
can act as a biofilm matrix, enabling adhesion and protecting the
inhabiting microbes, which then become persistent and resilient
in the gut environment.*® Furthermore, the mucus layer is a key
contributor to the structural and functional stability of the gut
microbiome and its tolerance by the host, playing a crucial role
in the gut by spatially compartmentalising microorganisms to the
lumen, besides producing host-derived antimicrobials and secre-
tory IgA, which contributes to the exclusion of microorganisms
from the epithelial surface.*' Besides that, mucin, a component

of the mucus layer, is degraded as preferable carbon source by
certain species, such as Akkermansia muciniphila, a prominent
bacterium in the human gut.** Other members of the gut micro-
biota, like Bacteroides thetaiotaomicron, are able to switch their
metabolism to utilise host-derived glycans when dietary polysac-
charides are scarce, showing a high metabolic flexibility, which
also contributes to their persistence in the gut.*

Antagonism is another interaction among gut microbes that
can prevent the overgrowth of specific species and thereby
reduce the risk of opportunistic pathogens to flourish. This can
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be achieved by competition for nutrients, as well as amensal-
istic activity through the production of bacteriocins and toxic
metabolites.** Microcins produced by Escherichia coli in the gut,
for example, exhibit activity against other members of Entero-
bacteriaceae.® Microbial metabolites, like short-chain fatty
acids (SCFAs), can also inhibit other microorganisms*® by either
lowering the pH in the lumen, or through additional bacteri-
cidal and bacteriostatic mechanisms of action, protecting the gut
against colonisation by sensitive pathogens.*’

In contrast, many microbes employ cooperative traits to
remain competitive within communities. Bacteria can use
quorum sensing signalling molecules, called autoinducers,
which function as a communication system to report on cell
density, diffusion conditions and species composition of the
surrounding environment, enabling the microbes to collectively
modify behaviour in response to changes.*® Such communication
within and between different microbial species can influence the
network of interactions occurring in the ecosystem, and thus
altering microbiota composition.*’

Another particular type of interaction among gut microbes is
known as cross-feeding or syntrophy, whereby microorganisms
form highly efficient cooperative metabolic processes, in which
they exchange nutrients or other compounds.”® Gut micro-
organisms can exploit the complementary nutrient-degrading
and vitamin-production capabilities of each other, which
sustain the production of metabolites for reciprocal exchanges.
Mucus degradation and fermentation by A. muciniphila, for
example, result in the liberation of oligosaccharides and subse-
quent production of acetate, which becomes available to other
gut microbes.*? Bifidobacterial populations can also cooperate
among themselves, as well as with other members of the gut
microbiota by means of cross-feeding, in which they collectively
use their extensive saccharolytic features to metabolise carbohy-
drates.’® Interspecies hydrogen (H,) transfer is another example
of a mutually beneficial process in the gut, in which one micro-
organism degrades organic compounds, such as polysaccharides,
and releases reducing equivalents in the form of H,, which, in
turn, are used by the second microorganism as electron donor.**

Besides interactions between microbes, host—microbe interac-
tions are equally important for a stable and resilient microbiome,
and are principally based on the same types of interactions as
described above. The relationship between host, gut microbes
and health are profound and intricate. The list of benefits
provided by the microbiota to human health is increasing and
includes improved food digestion and nutrition,” regulation of
human metabolism and immune system,’” prevention of coloni-
sation and invasion of the host by pathogens,** as well as xeno-
biotic metabolism.*® At the same time, the indigenous microbes
benefit from this symbiosis, which involves the acquisition of
nutrients, habitat and an effective means of dispersal.”*

Host—microbiota interactions are site-specific and determine
intestinal function and physiology. Recent insights suggest that
hosts are under strong natural selection to shape their micro-
biota to be beneficial.*® For this reason, the human host might
be able to control microbial numbers in the small intestine to
avoid competition for simple sugars and amino acids, as well as
limit oxygen availability in the large intestine to obtain micro-
bial fermentation products from dietary fibres.”* Additionally,
the acidic pH found in the stomach is considered a first line
of protection against foreign microbes,” and the bile acids,
secreted at the proximal end of the small intestine, are bacteri-
cidal to certain species and known to broadly shape the compo-
sition of the microbiota.” Furthermore, peristalsis is one of the
greatest negative selection pressures in the gut, which removes

millions of viable microbial cells, indicating that adhesion to
human gut epithelium might be essential for the persistence in
the environment.*’

Interactions between the human host and the gut microbiota
require a delicate balance that must be actively maintained by
both host and microbe to achieve a healthy steady state.** Poten-
tial factors involved in this balance are represented in figure 3.
In the context of stability and resilience, a healthy functional
microbiome would comprise not a single static state but rather
a dynamic ecosystem with the ability to recover to an equilib-
rium state after stress and perturbation.’® When the stability of
healthy states is disrupted, unhealthy stable states can develop
ultimately, with negative implications to the host.”®

Unhealthy states of the gut microbiome

Among the factors implicated in the development of unhealthy
states of the gut microbiome are drastic alterations in dietary
patterns, microbial infections and high exposure to xenobiotics,
including the extensive use of medications, particularly antibi-
otics.” 7

Unhealthy states of the gut microbiota are often characterised
by significant compositional and/or functional microbiome alter-
ations, with marked decrease in diversity,’® potentially resulting
in a depletion of health-associated bacteria,"” as well as an
expansion of pathogenic microbes.* > Unhealthy states of the
gut microbiome are usually the consequence of a major pertur-
bation and can either: (1) be transient and last for a short time,
recovering to the initial healthy state prior to the perturbation;
(2) develop into a stable unhealthy state with negative impli-
cations for the host, which consists of an altered composition
and functionality that persists over time, making it resilient or
resistant to perturbations in the form of (medical) treatments.

Resilient or resistant unhealthy states of the gut microbiome
may explain the unsuccessful therapeutic interventions applied
to microbiota-mediated conditions, and therefore have been
associated with the chronicity of several diseases. Classic exam-
ples of such states are IBD"® and recurrent C. difficile infection.'*
In these cases, the therapy itself can be considered a perturba-
tion (a term not frequently used in the literature in this context),
varying from supplementation of probiotics and prebiotics, anti-
biotics administration, as well as faecal microbiota transplan-
tation, which usually are not sufficient to push the ecosystem
towards a healthier stable state, meaning that it returns to
the initial unhealthy state.” A limiting aspect in defining these
different states is the lack of sufficient evidence to distinguish the
unhealthy state as a cause or consequence of disease.®’

Stability and resilience in unhealthy states of the gut micro-
biome have not yet been fully understood, and more studies
are necessary to determine why those ecosystems are resilient,
despite being often less diverse. One possible explanation would
be the presence/maintenance of the essential microbial functions
in the gut, with an overexpression of functions associated with
disease due to the high abundance of pathogens, as well as the
establishment of a new set of microbial interactions, that ulti-
mately make the ecosystem stable and therefore resilient.

Antibiotics perturbation: impacts on the gut ecosystem

Antibiotic therapy induces one of the most drastic perturba-
tions to the gut microbiome, affecting not only the pathogens to
which they are directed but also members of the microbiota.®!
These impacts will depend greatly on the chemical nature of the
drug, including the target spectrum, pharmacokinetic and phar-
macodynamic properties, but also on dose and duration, route

Fassarella M, et al. Gut 2021;70:595-605. doi:10.1136/gutjnl-2020-321747
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Gut microbiota

A
Microbial Functional Metabolic Microbial Colonisation Biofilm
diversity redundancy flexibility interactions persistence formation
[ ]
L - L
Gut microbes ] \ i ° / ®
’
« " 4 L 4 [=3 Pl
C 4 - LY . (] (
Mucus layer
Epithelial cells = = = = =
Nutrients Immune Protection Hast-microbe Peristalsis Oxygen
provision tolerance mucus layer interactions levels
B
Host control

Figure 3 Characteristics of the host-microbiome holo-organism determining gut microbiome stability and resilience. Resilience of the gut
microbiome seems to be governed by several intrinsic features, which shape microbial composition and consequently the characteristics of the gut
ecosystem. These features can be classified into two groups—(A) characteristics of the gut microbiome: microbial diversity, functional redundancy,
metabolic flexibility, microbial interactions, colonisation persistence, biofilm formation, all play a role in the maintenance of a stable ecosystem in

the gut; (B) host control: various selective pressures exerted by the host, like the nutrients provided, immune tolerance, protection by the mucus layer,
host—-microbe interactions, peristaltic movements, oxygen level control, among others, contribute to determining which microbes are able to grow and

persist in the gut environment.

of administration and excretion, as well as on the residing gut
microbiota.® ©

Oral administration of antibiotics puts a prominent selective
pressure on the gut microbiota due to direct effects on microbial
growth, as well as alterations in the gut environment, such as
reduction of the inner mucus layer, loss of antimicrobial peptides
and immune tolerance,*' besides a decrease in the production of
butyrate, a microbial metabolite important for the maintenance
of anaerobiosis in the gut.*” Consequently, antibiotics perturba-
tions can result in the replacement of the complex community
of anaerobes, typical of the healthy adult gut microbiome, by a
community of lower overall microbial diversity and increased
abundance of facultative anaerobes,”® such as E. coli and Salmo-
nella spp.”’

Essentially, the degree and direction of alterations in response
to antibiotic treatment are highly individual-specific.®®
Supporting evidence shows that the initial composition of the
gut microbiota, prior to antibiotic treatment, significantly deter-
mines the impact of the drug on the ecosystem. Lower initial
microbiota diversity seems to be favourable to the enrichment of
opportunistic pathogens as shown, for example, after cefprozil
treatment.” Contrary to that, the gut microbiota of healthy
young adults seems to be resilient, as evidenced after an anti-
biotics intervention (meropenem, gentamicin and vancomycin
administered orally for 4 days), indicating that the recovery of
individual species in this case was modulated by their arsenal of
antibiotic resistance genes.®

The overly exposed human microbiome has become a signif-
icant reservoir of resistance genes,®® which can persist in the
microbial community long after the antibiotic therapy has ended,
contributing to the increasing difficulty in controlling bacterial

infections. Higher susceptibility to infections is one of the most
imminent threats of gut microbiota alterations after antibiotic
use, which can be a consequence of loss of colonisation resis-
tance against pathogens.** In particular, antibiotic-associated
diarrhoea due to the nosocomial pathogen C. difficile occurs
frequently.'"* To overcome that, administration of microbial
species to correct a clinically relevant microbiome deficiency,
compensating for loss of original gut inhabitants after antibi-
otic treatment has been proposed.®” For example, colonisation
resistance to C. difficile infection was restored in mice with the
supplementation of C. scindens, via a secondary bile acid medi-
ated process.®®

Antibiotics with strong and broad activity against anaerobes,
such as ciprofloxacin and clindamycin, typically cause long-
lasting effects on microbiota composition, for example with
decrease in the relative abundance of Bifidobacterium in both
treatments, as well as of Bacteroides in the clindamycin group.®
Interestingly, clindamycin-induced unhealthy state was mini-
mised in a murine study with the administration of Lactobacillus
paracasei CNCM 1-3689, which promoted the recovery of Bacte-
roidetes members, and reduced the faecal level of vancomycin-
resistant enterococci.”’

Depletion of butyrate-producing bacteria is considered one of
the main drivers of the development of unhealthy states of the
gut microbiome. Oral administration of vancomycin has been
associated with reduction in the relative abundance of butyrate
producers, such as Coprococcus eutactus and Faecalibacte-
rium prausnitzii, accompanied by a systemically lower butyrate
concentration in the plasma.®® Restoration of butyrate produc-
tion in the gut could be achieved by either the administration
of butyrate producers as probiotics, which are currently being
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developed,”* or with the supplementation of substrates to specif-
ically promote their growth.”

Overall, bacterial diversity usually decreases during the week
immediately following antibiotic therapy and then begins to
recover in a secondary succession being capable of returning to
a composition similar to the original one, but the initial state is
often not fully recovered.’® ®* The response and recovery of the
gut microbiota after antibiotics therapy seem to depend on four
major aspects of the microbiome: (1) microbiota composition
prior to treatment, (2) functional redundancy, (3) level of oppor-
tunistic pathogens and (4) level of antibiotic resistance genes.
Therefore, here we review and devise strategies to counteract the
impact of antibiotics, considering each of these factors (figure 4).

Despite the potential negative consequences of antibiotics
therapy to human health, their use is the most reliable approach
to treat bacterial infections. In this perspective, it would be
particularly relevant to find ways to reduce their unwanted
impacts on the gut microbiome, or to increase the resilience of
the microbial ecosystem before antibiotic exposure. The devel-
opment of a higher resilience state of the gut microbiome could
be achieved by favouring the maintenance of the microbiota
composition and stability during perturbations, or contributing
to a faster recovery by either stimulating key microbial species
involved in resilience mechanisms, or replacing microbes and
functions that might have been lost in system. To this end,
modulation with diet, including the supplementation with non-
digestible carbohydrates (NDCs),”* 7 the use of probiotics®” 7
or defined microbial communities,” as well as faecal microbiota
transplantation,'’ ' are promising avenues.

Diet shaping gut microbiome resilience

A balanced diet, according to the dietary recommendations,
provides the right intake of macronutrients (carbohydrates,
proteins and fat), as well as micronutrients (vitamins and
minerals), resulting in homeostasis and human health.”® Long-
term diet is strongly associated with the composition, activity
and dynamics of the human gut microbiome, while short-term
dietary changes are often not sufficient to elicit major changes in
the ecosystem.**”” Since nutrients mediate fundamental processes
in microbes and can be provided by a balanced diet, they repre-
sent a potential target for reshaping microbial communities.

Modulation of the human gut microbiome with dietary inter-
ventions has been extensively studied, mainly focusing on the
supplementation of NDCs.”*”* 7 However, the impact of dietary
components on the stability and resilience of the gut ecosystem
has been barely addressed. This may be partially attributable
to gaps that still exist in our knowledge about the underlying
mechanisms.

From an ecological point of view, diet is one of the strongest
selective pressures for microbial communities within the gut,™*
which is partially mediated by competition for nutrients, and
increased fitness by cross-feeding interactions.’’ The ability to
extract energy from nutrients that are non-digestible by the
host provides an evolutionary driving force for microorganisms
to maintain residency in the host gut.*® Notably, the highest
concentration of microorganisms is found in the colon, which
acts as a fermenter system for dietary compounds that escape
digestion and absorption by the host.” While the proximal colon
has predominantly saccharolytic activity, protein fermentation
increases distally, as well as pH, through the transverse colon
and into the distal colon.®

NDCs are quantitatively the main substrate for microbial
growth in the colon. The capacity of degrading NDCs in the

gut varies greatly among microbial species, depending on the
presence of carbohydrate-active enzymes.?! Certain predomi-
nant Bacteroides species, for example, possess broad metabolic
capacity, being able to switch readily between different NDCs
available in the environment.* On the other hand, nutritionally
specialised bacteria appear to play critical roles in the commu-
nity by initiating the degradation of complex substrates such as
polymeric NDCs.*

Specific promotion of bacterial growth at the level of species
and strains can be achieved through the administration of NDCs
with prebiotic effects, thus altering the composition of the gut
microbiota by selectively enriching for the desired microor-
ganisms. This particular approach has been effectively applied
in vivo, for example, with the supplementation of galacto-
oligosaccharides after amoxicillin treatment,”* and human
milk oligosaccharides such as 2’-fucosyllactose, exhibiting a
bifidogenic effect in the gut of healthy adults.”” Furthermore,
the supplementation of NDCs to promote SCFA production,
particularly butyrate, for example aiming at the modulation of
T2DM with non-resistant starch,”® or improving fat oxidation in
overweight/obese men with the administration of inulin,’* has
been successfully achieved. These results indicate the potential
of NDC supplementation to modulate gut health after antibi-
otics therapy, since certain antibiotics have been shown to reduce
the abundance of bifidobacteria and butyrate producers in the
gut.®® In this context, in vitro tests with the addition of fructo-
oligosaccharides and xylo-oligosaccharides, were able to mini-
mise the effects of either amoxicillin, doxycycline or clindamycin
on the gut microbiota, as both substrates modulated microbial
composition, resulting in higher butyrate production.”

The increased consumption of a Western-style diet, low in
NDC s, is believed to have selected for a microbiota with altered
composition and functionality over time, including the loss
of some carbohydrate-degrading species.*> When NDCs are
limited, bacteria can turn to alternative energy sources from the
diet, or may degrade host glycans present in the gut mucus layer,
contributing to the development of inflammatory states associ-
ated with allergies, infections and autoimmune diseases.*! Other
substrates that can be used by gut bacteria when NDCs are not
available are proteins and fat. Fermentation of proteins results
in the production of branched-chain fatty acids, ammonia,
hydrogen sulfide, phenolic and indolic compounds, as well as
amines and polyamines.®® These metabolites can be toxic for the
gut and have been associated with obesity-related complications
such as non-alcoholic fatty liver disease, insulin resistance and
T2DM." Fat consumption, on the other hand, usually has indi-
rect effects on the gut microbiome, mediated by the secondary
metabolism of bile salts by bacteria in the colon, shaping gut
microbiota composition due to their antimicrobial properties,
acting against bacterial cell membranes and inducing DNA and
protein damage.”

Although less attention is given to vitamins and minerals,
they seem to be equally important in the symbiotic relationship
between host and microbes, and may also play a role in shaping
microbial composition in the gut. Vitamin K and B group vita-
mins are available in the diet but can also be synthesised by gut
bacteria and then shared among species via cross-feeding inter-
actions.** Competition for minerals, which are required cofac-
tors for several human and microbial metabolic processes, can
also determine the species able to grow and persist in the gut
ecosystem. High iron levels in the gut, for example, have been
associated with increased growth of pathogens.®

Altogether, a diet rich in NDCs, along with adequate intake of
macro and micronutrients is associated with higher gut microbial
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Figure 4 Approaches to counteract the effects of antibiotics on the human gut microbiome. Four main factors are known to play an essential
role in the resilience of the human gut microbiome and its recovery after antibiotics perturbations. Specific approaches to counteract the impacts
of antibiotics are listed on the right side. (I) Microbiota composition: high diversity seems to be associated with resilience of the gut ecosystem.
Which species are present and their abundance also plays a crucial role. (Il) Functional redundancy: different microbes have distinct functions in
the gut ecosystem. Microbial diversity is essential for the maintenance of functions when one or more species are lost due to a perturbation. (lll)
Opportunistic pathogens: the number and abundance of potentially pathogenic species already present in the gut will determine their ability to
expand after a perturbation. (IV) Antibiotic resistance: the level of antibiotic resistance genes in the gut can be critical for the response of the

gut microbial community to new antibiotic perturbations. For a highly antibiotic-resistant microbiota, the impacts of a given antibiotic therapy
would already be minimised in the ecosystem. However, modulatory strategies might be necessary in the case of expansion of antibiotic-resistant

opportunistic pathogens.
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diversity and is considered beneficial for human health.®® On the
contrary, a highly processed diet, rich in fat, refined sugars, salt
and additives, and low in NDCs, is linked to a decreased microbial
diversity in the gut, negatively affecting host health.*! % Reduced
diversity usually is associated with the loss of key species essential
to keep the equilibrium of the ecosystem, potentially impacting
microbial resilience and resulting in disease. This has been
evidenced by studies determining the gut microbiota composi-
tion of individuals when consuming a natural unprocessed diet,
more similar to that of ancient populations, as compared with
the modern industrialised diet.*®®”

The long-term benefits of consuming a natural, unprocessed
diet appear to be the consensus among the majority of studies
on human gut microbiome, nutrition and health. In addition
to that the highly individual response to diet®® * highlights the
need for personalised recommendations, based on different
gut microbiota compositions, as well as on distinct metabolic
phenotypes.”

Personalised dietary interventions for unique microbiomes

To date, the disappointing efficacy of nutritional interventions to
manage microbiota-associated diseases may stem from the lack
of attention for interindividual variabilities in dietary responses
and gut microbiota profile.’®”® Another limitation is the supple-
mentation of already processed NDCs, which seem to be less
effective than the unprocessed alternatives and/or strategies
combining slowly and rapidly fermentable NDCs.

The current need for translating microbiome research into
targeted modulations has been discussed and acknowledged.
A recent review'” highlighted the potential of applying preci-
sion microbiome diagnostics and management, described by
the authors as the use of the gut microbiome as a biomarker to
predict the effect of specific dietary components on host health
and the use of these data to design precision diets and interven-
tions that ensure optimal health at the level of individuals.

The future of microbiome-based precision nutrition shall
comprise the expansion of next-generation ‘omics’ tools and
sophisticated statistics methods, extensively applied for research
purposes, to the clinical practice.”’ This would include gut micro-
biome taxonomic and metagenomic profiling for identification
of gaps in key microbes and their functions involved in the main-
tenance of stability in the healthy ecosystem, allowing the devel-
opment of tailored strategies for supplementation or enrichment
of these species and functions. Metaproteome analyses can be
used to search for essential functions lost in the system, which
can be restored by the administration of species known to
produce the lacking proteins. Lastly, the absolute abundance of
specific microbes associated with health and disease states can be
assessed by approaches including quantitative PCR and fluores-
cent in situ hybridisation technologies. In parallel, for the assess-
ment of host health, a detailed metabolic phenotypic evaluation
may be performed, comprising measurements of body composi-
tion and tissue-specific insulin resistance, complementary to the
classical global methods.

In the perspective of personalised microbiomes, the identi-
fication of high-level clusters, such as enterotypes, which aim
at stratifying individuals based on their gut microbiota compo-
sition, can be considered a step forward in the direction of
tailored approaches.” In line with this, the concept of entero-
types paved the way for other efforts towards subject-specific
therapies, exemplified by the two distinct strategies for weight
loss proposed for either the Prevotella-enterotype or Bacteroides-
enterotype, considering their different responses to NDCs.”?

Similarly, recent studies proposed a treatment stratification
based on host genome and gut microbiome for IBD," and the
stratification of patients based on the composition of their gut
microbiota for the prescription of cancer therapeutic drugs.”
The establishment of personalised recommendations and inter-
ventions will require a deeper knowledge of the factors shaping
each individual’s gut microbiota composition, to advance beyond
the current strategies for stratification. Applying precision nutrition
to improve the recovery of the gut ecosystem after perturbations
will depend fundamentally on better understanding the mecha-
nisms underlying stability and resilience.”* With this information,
it will be possible to identify which dietary components, prebiotics
or probiotics are likely to be the most effective for an individual
patient, along with consideration of the optimal daily intakes.

CONCLUSIONS

Gut microbiota diversity and stability, as well as the set of micro-
bial interactions and host-microbe symbioses, seem to be crit-
ical aspects for the resilience of healthy states. From a clinical,
translational perspective, the ability to predict resilience of the
human gut microbiome prior to perturbation, or to restore this
property in degraded ecosystems, would offer significant bene-
fits. One of the next steps is to further understand the microbial
interactions and the functions of the microbiome, along with
the mechanisms associated with health and disease. These results
hold promise for novel treatment strategies, where individual
gut microbiotas are characterised and therapies are personalised,
either by targeting key bacteria or involving specific combina-
tions of prebiotics and probiotics in order to restore ecosystem
stability and function.

Unhealthy states of the gut microbiome can be resilient,
possibly causing a predisposition to chronic diseases and a resis-
tance to the efficacy of treatments. Although a balanced diet
has been recognised as the main factor shaping gut microbiota
composition, the current nutrition recommendations remain
fundamentally general, not considering the particularity of host
genetics and personalised microbiomes.

In order to formulate meaningful and clinically relevant dietary
advice to improve gut microbiome resilience, studies on the micro-
biome, both in health and in disease, must integrate population-
scale epidemiology with narrow but deep clinical studies in the
setting of personalised nutrition, including approaches to help
understanding the mechanisms behind individual responsiveness
to modulatory interventions. Furthermore, future research should
investigate beyond the single-nutrient approach, and focus on the
effect of the whole diet on the gut microbiome.
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