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ARTICLE INFO ABSTRACT

Keywords: The intestinal commensal microbiota provides a myriad of benefits to the healthy host, including colonisation
Gut resistance against pathogens. Perturbations of the intestinal microbiota (dysbiosis) may adversely affect the
Intestinal microbiota health status of an individual and prevent protection against colonisation. The whole range of antibiotic re-
Antibiotic resistance sistance genes (resistome) in a specific microbiota is found in pathogenic and non-pathogenic bacteria. The
:szllt) iic;;ves administration of antibiotics may cause dysbiosis, contributing to the loss of colonisation resistance followed by
an increment of the resistome in the intestinal microbiota. Treatments to control the current increase of multi
drug-resistant (MDR) bacteria are extremely limited. In this context, the administration of healthy faecal mi-
crobiota to restore colonisation resistance and displace MDR bacteria emerges as a promising therapeutic al-

ternative.
This brief review describes the role of the intestinal microbiota as a reservoir of MDR bacteria, the impact of
different groups of antibiotics in the selection of MDR bacteria and crucially, the potential use of faecal mi-
crobiota transplantation using “healthy” or “MDR-free microbiota” to displace MDR bacteria and restore colo-

nisation resistance.

Introduction

The intestinal microbiota constitutes a diverse ecosystem that con-
tains thousands of different microbial species [1]. Most of these species
belong to the Bacteroidetes, Firmicutes, Actinobacteria, and to a lesser
extent Proteobacteria phyla. However, the relative proportions of each
taxa vary dramatically between individuals and even within individuals
over their lifetime. The composition of an individual’s microbiota is
influenced by many factors [2,3], namely age, geographical provenance
and environment, dietary habits, co-morbidities and use of probiotics,
prebiotics and antibiotics. Human immune homeostasis [4], modula-
tion of gastrointestinal development [5] and metabolism of nutrients
[6] all benefit from the intestinal commensal microbiota. Moreover, the
host is endowed by the intestinal microbiota with resistance against a
wide range of pathogens, a mechanism known as colonisation re-
sistance. Colonisation resistance results from (1) indirect mechanisms,
i.e., the activation of innate immune defences in the mucosa and the
production of protective metabolites such as secondary biliary acids,
antimicrobial peptides and short-chain fatty acids; and (2) direct me-
chanisms, through direct competition, secretion of bacteriocins, and
nutrient depletion [7,8]. In essence, the perturbation of the normally
stable gut microbiota, known as dysbiosis, may adversely affect the
health status of an individual and, critically, cause the loss of protection

against colonisation. Indeed, changes in the taxonomic composition of
an individual’s microbiome either through loss of diversity or loss of
specific taxonomic groups has been associated with enhanced suscept-
ibility to different conditions [9-11], namely gastrointestinal infec-
tions, diabetes, obesity, liver disease, colon cancer and inflammatory
bowel disease. Nevertheless, a healthy microbiota has the ability to
reverse dysbiotic changes to their original state. The ability of the mi-
crobiota to restore a healthy microbiome ecosystem, also known as
“resilience”, depends on (i) external factors such as diet or class of
antibiotic received by the individual and (ii) internal factors, like age
and presence of co-morbidities.

This short review describes the role of the intestinal microbiota as a
reservoir of multi drug-resistant (MDR) bacteria, the potential impact of
antibiotics in the selection of MDR bacteria and, finally, the emerging
use of faecal microbiota transplant (FMT) using “healthy” or “MDR-free
microbiota” to displace MDR bacteria and restore colonisation re-
sistance. The outline of this review is summarised in Fig. 1.

Intestinal microbiota resistome
Antibiotic resistance is a significant global public health threat [12].

Reservoirs of MDR bacteria are ubiquitous, and they can merge with the
gut microbiome via two mechanisms: firstly, exogenous MDR bacteria
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Fig. 1. Intestinal microbiota as a reservoir of multi drug-resistant (MDR) bac-
teria. The intestine resistome refers to the antibiotic resistance genes found in
the intestinal microbiota. Exogenous MDR bacteria can be acquired by the host
from the environment and previously susceptible bacteria may become resistant
through selection of antibiotic-resistant mutants mediated mainly by the pre-
sence of antibiotics. Faecal microbiota transplant using “healthy” or “MDR-free
microbiota” can displace MDR bacteria and restore colonisation resistance.

can be acquired by the host and colonise the intestinal epithelium;
secondly, previously susceptible bacteria may become resistant through
selection or induction of antibiotic-resistant mutants mediated by the
presence of antibiotics or by gene transfer events.

The concept of “antibiotic resistome” was first coined [13] to de-
scribe the collection of antibiotic resistance genes found in the en-
vironment. The whole range of antibiotic resistance genes can be found
in both pathogenic and non-pathogenic bacteria. However, the anti-
biotic resistance genes found in pathogenic bacteria represent just the
tip of the iceberg of the resistome. A large reservoir of AR genes exists
in various ecosystems, such as the human body, including in commensal
bacteria [14]. In this sense, AR genes known from available databases
to date, are likely to represent just a small fraction of the “true” po-
pulation of AR genes, with plenty of new AR genes that will be dis-
covered as new sequenced bacterial genomes become available [15]. In
addition, resistome can be defined at multiple levels. Globally, the re-
sistome refers to a large reservoir of antibiotic-resistance genes found in
the environment. Locally, the intestinal resistome refers to the anti-
biotic resistance genes found in the intestinal microbiota and finally, at
the bacterial level, it refers to the resistant genes carried by a specific
bacterial species.

The resistome is established in the first few months of life or perhaps
during birth. Moore and colleagues [16] reported the presence of an-
tibiotic resistant genes in 14 out of 18 antibiotics from 8 drugs classes
tested in a sample of 22 healthy infants and children without prior
exposure to antibiotics. Another study characterising the intestinal
microbiome of 6 month-old infants without prior exposure to anti-
biotics found diverse antibiotic resistance genes against aminoglyco-
sides and beta-lactam antibiotics [17]. This research supports the view
that infants acquire resistant bacteria either directly from their mothers
or through contact with external non-human sources of resistant bac-
teria. A metagenomic analysis of the microbiome established that the
microorganisms found in the early phase of colonisation of the gas-
trointestinal tract of premature infants were also detected in the en-
vironment of the neonatal intensive care unit, probably indicating the
existence of a cycle between the environment and the infant’s intestine
[18].

Interestingly, Forslund and colleagues [19] reported geographical
differences in the analysis of the resistome (including 68 classes and
subclasses of antibiotics) of faecal samples from different countries.
They concluded that the resistome of individuals from Spain, France
and Italy was higher than those from Denmark, Japan and the United
States. These changes correlated with a higher consumption of anti-
biotics in the former group, and suggested a potential link between the
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use of antibiotics in both human and animals and the resistant de-
terminants in the human intestinal microbiome. In a similar study, the
number and abundance of resistance genes was higher in the faecal
samples of 162 Chinese individuals than in the Spanish and Danish
groups studied [20].

Antibiotics are administered to animals therapeutically but also as
growth promoters in the farming industry. Consequently, the con-
sumption of meat from these animals represents an additional exposure
to antibiotics for the human microbiome and thus, it may increase
antimicrobial resistance through selective pressure. The intestinal mi-
crobiota of farming animals play an important role in the mechanisms
for the antibiotic growth effect [21]: reduction of growth-depressing
microbial metabolites, reduction of microbes competing for host nu-
trients, inhibition of subclinical infections, and enhanced uptake of
nutrients through thinning of the intestinal walls. Although therapeutic
doses of antibiotics are designed to achieve concentrations that are
inhibitory to bacterial targets, it is plausible that antibiotic sub-in-
hibitory concentrations for some bacteria can be found in some organs/
tissues. Also, antibiotic-resistant bacteria exist in the environment, in-
cluding animal intestinal ecosystems. The selection and persistence of
resistance driven by antibiotics on commensal bacteria creates a re-
servoir of resistance acquisition for both bacterial pathogens and
human foodborne pathogens.

The impact of the use of some specific antibiotics in the diversity of
gut microbiota and in the resistome of gut microbiota have extensively
been shown [11,22,23]. Overall, different features of the antibiotic such
as class, potency, spectrum and regimen can affect in different ways the
intestinal microbiota and hence antibiotic resistant mutants can be se-
lected, for instance, by over-expression of an efflux pump and produ-
cing resistance to multiples pathogens.

Impact of antibiotics in human intestinal microbiota

The administration of antibiotics may contribute to or cause dys-
biosis by directly eliminating the bacterial populations that confer co-
lonisation resistance to the intestinal microbiome. Most research pub-
lished on colonisation resistance has followed the 1956 original
observation by Miller and colleagues [24], which demonstrated that the
dose of Salmonella enterica serovar Typhimurium required to cause an
infection was 100 000-fold lower in mice who had previously received
antibiotics. Furthermore, the extensive use of antibiotics has led to the
expansion of antibiotic-resistant bacterial species and an increased
abundance of antibiotic resistance genes within commensal bacteria
that can be transferred to invading pathogens. The following factors
might influence the impact of antibiotics on the intestinal microbiota
[2,25,26]: class of antibiotic, pharmacokinetics, pharmacodynamics,
range of action, dosage, duration, and administration route.

One of the dominant phyla of the healthy intestinal microbiota, the
Bacteroidetes phylum, includes a number of bacterial species that pro-
tect the host against pathogens. For example, Bacteroides thetaiotaomi-
cron [27] confers protection against viral infections by increasing the
expression of type I IFN-induced GTPases and against Gram-positive
bacteria through the expression of the C-type lectins REGIIly and RE-
GIIIP. This microorganism also produces a soluble factor that represses
toxin production by enterohaemorrhagic Escherichia coli [28]. Lipopo-
lysaccharide and flagellin stimulate Toll-like receptor 4 positive stromal
cells and Toll-like receptor 5 plus CD103 positive dendritic cells to
enhance expression of REGIIIy, and avoid colonisation by vancomycin-
resistant Enterococcus spp. (VRE) [27]. In the Firmicutes phylum, Lac-
tobacillus spp. maintains intestinal colonisation by expressing mucus-
binding pili. Interestingly, a clinical trial conducted in 2003 reported
that the administration of vancomycin in combination with Lactoba-
cillus plantarum decreased the number of recurrences of Clostridium
difficile infection when compared with the administration of vanco-
myecin alone [29]. In another study, a 7-day course of vancomycin given
to people with obesity decreased bacterial diversity in these patients
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and reduced the proportion of Firmicutes [30]. This phylum has been
involved in the production of short-chain fatty acids (SCFAs) and bile
acid metabolism, and in this study they found an increased adipose
tissue gene expression of oxidative pathways and decreased immune-
related pathways after vancomycin treatment [30]. SCFAs, like acet-
ates, propionate and butyrate, are produced by the microbiota as a
result of the fermentation and decomposition of resistant starches and
dietary fiber [31]. Different receptors for SCFAs with an important role
in immune regulation and metabolism have been identified in intestinal
epithelial cells, immune cells, and adipocytes. Moreover, the produc-
tion of SCFAs is one of the protective mechanisms used by the en-
dogenous microbiota to prevent attachment and invasion of enteric
pathogens to the intestinal epithelium. Specifically, the protection re-
sults from inducing the production of LL-37, a cathelicidin with anti-
microbial properties [32]. Maintaining an appropriate concentration of
SCFAs is critical to preserve intestinal homeostasis and the mechanisms
that underlie colonisation resistance. Since the phyla Firmicutes and
Bacteroidetes include species that predominantly contribute to the pro-
duction of SCFAs [31], the loss of these phyla commonly found after
antibiotic treatment is likely to have a major impact in the normal
functions of the intestinal microbiota.

Several reviews attempt to unify all the literature regarding the
effect of the different groups of antibiotics in the intestinal microbiota
[2,25,29,33]. However, it is difficult to obtain conclusive evidence from
these studies due to the small sample sizes and heterogeneity of the
data, namely co-administration of other antibiotics or other drugs,
previous antibiotic exposure or hospitalization, age groups, dosing re-
gimens and method of microbiome analysis (culture, Denaturing Gra-
dient Gel Electrophoresis, Terminal Restriction Fragment Length Poly-
morphism, cloning and sequencing, and Next Generation Sequencing).
Although advances in metagenomic sequencing have improved our
understanding of the intestinal microbiome, the diversity of protocols
implemented (DNA extraction, 16S rRNA analysis versus shotgun,
bioinformatics pipeline, databases and statistical analysis) have failed
to consistently identify those antibiotics with the highest or lowest
impact on the intestinal microbiome. It is possible that by designing
studies that compare the impact of specific antibiotic for specific in-
dications on the intestinal microbiota, we will be able to ascertain the
degree of dysbiosis associated with a particular antibiotic class. In this
context, describing the dysbiotic potential could become a new para-
meter to consider when developing new antibiotics [34].

To date, the best clinical example to illustrate the potential impact
of antibiotics on the intestinal microbiome is the infection by
Clostridium difficile. This microorganism primarily causes infections in
hospitalised patients and residents of long-term health care facilities
following the use of broad-spectrum antibiotics. C. difficile is the most
common cause of nosocomial diarrhoea, with a clinical presentation
that ranges from mild diarrhoea to potentially fatal pseudomembranous
colitis and toxic megacolon. Although most antibiotics increase the risk
of developing C. difficile colitis, this condition is generally associated
with the use of fluoroquinolones, cephalosporins and primarily, clin-
damycin [35], which has a broad-spectrum activity against Gram-po-
sitive and obligate anaerobic bacteria. Clindamycin is excreted in bile
and thus reaches high concentration in faeces. In experimental models,
a single dose of clindamycin markedly reduces the diversity of the in-
testinal microbiota [36].

Also, another source of antimicrobial activity in the human gut are
non-ribosomal peptides and polyketides. These secondary metabolites
have widespread effect as antimicrobials, antifungal, antiparasitic
agents [37].

Can we control the resistome? Current strategies to eliminate MDR
bacteria

The increasing proportion of infections caused by MDR bacteria that
infect patients has triggered, in many hospitals, the screening of MDR
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carriage, in particularly in patients admitted to critical care units. The
treatments available to control the surge in prevalence of MDR bacteria
is very limited. To control the spread of antimicrobial resistance within
the health services, the strategies put in place are early identification of
MDR bacteria in rectal swabs of patients at high risk of being colonised,
i.e., patients with prior hospital admissions, critical care patients and
patients who have recently received broad-spectrum antibiotics, fol-
lowed by patient isolation in case of positive results, which has major
logistic and economic implications.

The screening strategies rely on the identification of particular mi-
croorganisms on selective media, namely carbapenem-resistant
Enterobacteriaceae (CRE) and extended-spectrum beta-lactamases-pro-
ducing Enterobacteriaceae (ESBL-E).

However, the current evidence indicates that our ability to control
the spread of AR genes is far from effective, as evidenced by the recent
emergence of MCR-1. This plasmid-mediated resistance against poly-
myxins, heralds the loss of effective tools against the last resource
available against multi-drug resistant bacteria [38].

Faecal microbiota transplant as a solution

The administration of healthy faecal microbiota to restore coloni-
sation resistance and displace MDR bacteria is becoming widely ac-
cepted as a therapeutic alternative. Indeed, FMT is already the re-
commended treatment for recurrent C. difficile infection (CDI) [7,27].
Indirect evidence from studies evaluating the clinical efficacy of FMT in
CDI has shown that the mean number of antibiotic-resistance genes of
34.5 ( = 6.7) prior to FMT significantly decreased to 12.2 ( = 7.0), 1 to
3 weeks after FMT. This observation together with evidence from an-
imal models suggesting that VRE and CRE can be eliminated following
FMT supports the clinical potential for this procedure to control the
resistome.

So how does FMT work?

The increasing number of successful reports of FMT to treat CDI, in
addition to the experimental models, has shed some light on the me-
chanism underlying the beneficial effects of FMT. Indeed, the restora-
tion of colon microbiota in patients with CDI can effectively displace
the infective pathogen by restoring the activity of antimicrobial pep-
tides, inhibiting spore germination and vegetative growth mediated by
bile acids, and activating immune-mediated colonisation resistance
[39]. All these mechanisms are inhibited or absent in the dysbiotic
intestine. Intuitively, the residual flora (microbiota) remaining in the
colon of CDI dysbiotic patients should not be difficult to displace with a
sudden influx of approximately 102 “healthy” bacteria with optimal
reproductive fitness. The question remains if these mechanisms play a
role in patients colonised by MDR bacteria, since the degree of dysbiosis
is possibly minor than in CDI patients.

Successful reports of MDR-bacteria elimination with FMT to date

Since 2014, 21 studies with a total of 111 patients have been pub-
lished to address the potential use of FMT to eliminate antibiotic-re-
sistant microorganisms, mainly CRE, ESBL-E and VRE (Table 1). The
majority of these reports are observational studies resulting from pa-
tients treated for recurrent CDI who were known to be colonised with
MDR bacteria which disappear after FMT was conducted. The propor-
tion of successful decolonisation ranged from 79% for CREs, 83% for
VREs to 93% for ESBL-E. Follow-up times ranged from 2 weeks to
8 months. Although the success rate is remarkably high, 9 of these
studies were single-patient reports. However, the two studies with the
higher sample size (N = 20) unequivocally showed a decrease in co-
lonisation or a reduction in the number of antibiotic resistance genes
[40].
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Table 1
Use of FMT for patients with intestinal tract colonization with resistant bacteria.

Study design N° Patients VRE ESBL-E CRE Others Intervention for FMT Results Ref.

Case report 1 X Naso-duodenal tube Decolonized for at least 8 months [41]

Case report 1 X Naso-duodenal tube Decolonized after 2 weeks and for at least 12 weeks [42]

Case report 1 X Enema Colonized at 3 months [43]

Case report 1 X X Colonoscopy Decolonized for at least 2 years [44]

Case report 1 X Naso-duodenal tube VRE relative abundance: 84% before FMT, 24% after [45]
3 weeks, 0.2% after 7 months

Case report 1 X Naso-duodenal tube Decolonized after 7 days and for at least 14 days [46]

Prospective single-centre study 8 X Oral 8/8 titers decreased > 2-fold at 4 weeks [47]

Prospective single-centre study 5 X Naso-jejunal tube 5/5 decolonized of MRSA for 3 months [48]

Case report 1 X X Naso-duodenal tube Decolonized at 10 days [49]

Case report 1 X Colonoscopy Decolonized after 6 weeks and for at least 6 months [50]

Prospective multicentre study 9 X NA 9/9 decolonized at first time point post-FMT [51]

Prospective single-centre study 11 X Enema 72.7% (8/11) decolonized after 6 months [52]

Prospective single-centre study 20 X X X Colonoscopy 20/20 reduction in number and diversity of antibiotic [53]
resistance genes

Prospective single-centre study 8 X X X X Colonoscopy 8/8 reduction in number and diversity of antibiotic [54]
resistance genes

Case series 3 X Enema 3/3 Colonized for 3 months [55]

Case report 1 X Naso-duodenal tube Colonized after 1 week and 3 months [56]

Case report 1 X Upper gastrointestinal Decolonized at 15, 45, and 100 days [571

endoscopy
Pilot prospective multicentre 8 X X Naso-duodenal tube 25% (2/8) decolonized after 1 month and 37.5% (3/8) after [58]
study 3 months

Prospective single-centre study 20 X X X X Naso-duodenal tube 75% (15/20) decolonized after 1 month and 93% (13/14)  [59]
after 6 months

Prospective single-centre study 8 X X X Enema 37 and 95 antimicrobial resistance genes were acquired by [60]
or removed respectively

Case series 1 X Colonoscopy Decolonized at 6 weeks [61]

Abbreviations: VRE, Vancomycin Resistant Enterococcus; CRE, Carbapenem Resistant Enterobacteriaceae; ESBL-E, Extended Spectrum Beta Lactamase Producing-

Enterobacteriaceae; FMT, faecal microbiota transplant.
Limitations and challenges ahead

Although the number of antibiotic-resistance (ABR) genes has been
reported to be higher in patients with CDI, the amount of ABRs in the
healthy population is not negligible. In the Human Microbiome Project,
the estimated mean number of ABR genes in healthy controls was 6,
with a range from O to 39 genes. The translation of research results from
microbiome studies to patient care requires carefully designed clinical
trials and safe manufacturing and delivery strategies. It is essential to
conduct trials to elucidate the benefits that can be expected from FMT.
It is biologically plausible that a combination of a minimal set of species
may account for the majority of beneficial effects of FMT. However, the
ecological impact on the microbiome of this strategy in conditions other
than CDI has not been studied in detail.

Conclusions

The increasing number of hospital-acquired infections caused by
MDR bacteria indicates a large and uncontrolled reservoir of these
microorganisms, which seamlessly transit between hosts and the im-
mediate environment. The value of FMT in the elimination of MDR
bacteria has become more evident in recent years with an increasing
number of reports showing that FMT can re-establish colonisation re-
sistance as well as other functions associated with a normal intestinal
microbiota. However, most studies published to date are of limited
sample size and few have been designed to address this specific ques-
tion. Nonetheless, the promising results on the potential use of FMT to
control the resistome warrant novel and specifically designed large
scale studies to gauge the impact of this intervention. Once conclusive
evidence is available to support its use, FMT may change the way we
manage patients infected or colonised by MDR bacteria and the control
of MDR bacteria in the community.
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