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Glossary

BEA Bilis esculin agar (culture medium)
BHI Brain heart infusion (culture medium)
BSI Blood-stream Infection
CA Community-associated
CDI Clostridium difficile infection
CLABSI Central line associated blood-stream infection
CR Colonization resistance
CRISPR Clustered regularly interspaced short palindromic repeats
DEPC Diethylpyrocarbonate (used to inactivate RNAses)
DNA Deoxyribonucleic acid
EARS-Net European Antimicrobial Resistance Surveillance Network
ECDC European Centre for Disease Prevention and Control
EHEC Enterohemorrhagic Escherichia coli
HA Hospital associated
HAI Hospital associated infection
HGT Horizontal gene transfer
HSCT Hematopoietic stem cell transplant
IBD Inflammatory bowel disease
IG Intra-gastric
ILC Innate lymphoid cell
ILC3 Innate lymphoid cell of type 3
LB Luria-Bertani (culture medium)
LPS Lipopolysaccharide
MGE Mobile genetic element
MIC Minimal inhibitory concentration
MLN Mesenteric lymph nodes
MLST Multi-locus sequence typing
mRNA Messenger RNA
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NaAc Sodium acetate
NCBI National Center for Biotechnology Information
NIAID National Institute of Allergy and Infectious Disease
nr genes Non-redundant genes
O/N Overnight
ORF Open reading frame
OTUs Operational taxonomic units
P.O Per os (orally)
PAI Pathogenicity island
PBP Penicillin binding protein
PBS Phosphate buffer solution
PPP Pentose phosphate pathway
PTS Phosphotransferase system
R.A Reumathoid arthritis
RM Restriction-modification
RNA Ribonucleic acid
RPKM Reads per kilobase million
RT Room temperature
SC Sub-cutaneous
SCFA Short-chain fatty acid
Tm Temperature medium of hybridation
TPM Transcripts per million
VRE Vancomycin resistant Enterococcus
WHO Word Health Organization
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Abstract

Antibiotic resistant bacteria, such as vancomycin-resistant Enterococcus (VRE) are
an increasing problem in hospitalized patients and commonly cause infections following
antibiotic therapy. Infections with VRE generally begin by colonization of the intestinal
tract. In normal conditions, our gut is colonized by hundreds of commensal bacterial
species, the microbiota, that suppress intestinal colonization by VRE, a phenomenon
known as “colonization resistance” (CR). However, administration of antibiotics alters
the composition of the microbiota, which allows VRE to densely colonize the intestine
and subsequently disseminate to the bloodstream where it can put in serious danger the
life of the patient. Thus, understanding how and which members of the microbiota confer
CR and how antibiotics promote intestinal colonization by VRE, is crucial if we want to
prevent VRE infections. Unfortunately, the absence of techniques to study complex bac-
terial populations has hampered, until the last recent years, the research in this clinically
relevant field. For this reason, it is not completely understood how antibiotics change
the microbiota and promote infections by VRE, which are the members of the microbiota
that are key for conferring colonization resistance against VRE and the mechanisms by
which they confer protection.

Thus in this thesis, the main objectives proposed are (i) to understand how antibiotics
change the composition of the microbiota and subsequently promote intestinal coloniza-
tion by VRE, (ii) identify commensal bacterial species that are key for conferring protec-
tion and (iii) study mechanisms by which these commensal bacteria may confer protection
against VRE.

We first studied the effect of oral vancomycin treatment on the human gut microbiota
through 16s rRNA high-throughput sequencing. This antibiotic is frequently given to
patients to treat Clostridium difficile infections and subsequently can promote secondary
infections by VRE. Our analysis showed that vancomycin promotes drastic changes on
the composition of the microbiota, including the depletion of all bacterial species from the
phylum Bacteroidetes, one of the most prevalent phyla inhabiting in the human intestinal
tract. Moreover, our analysis indicates that the microbiota never recovers its baseline
state, even after 22 weeks post-antibiotic cessation. Importantly, the microbiota recovery
rate was different depending on the subject analyzed. While some patients recovered most
of their baseline bacterial species, up to 89% of their baseline bacterial species were not
recovered in other patients. Moreover, using a mouse model we were able to demonstrate
that the microbiota recovery rate upon vancomycin treatment was clinically relevant since
a lower microbiota recovery upon vancomycin cessation is associated with an increased
susceptibility to VRE intestinal colonization.
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Subsequently, using the same VRE infection mouse model, we analyzed the impact of
other antibiotics of different spectrum (ciprofloxacin, neomycin, ceftriaxone, ampicillin,
clindamycin, besides vancomycin) on the gut microbiota composition and on the VRE
colonization capacity, both during the treatment and two weeks after antibiotic cessation.
Our analysis shown, as expected, that different antibiotics promoted different changes in
the composition of the microbiota, being vancomycin and clindamycin those that pro-
moted a higher number of changes, while neomycin or ciprofloxacin had a minor effect
on the microbiota composition. The changes in the composition of the microbiota were
associated with the capacity of VRE to colonize the intestinal tract since those antibi-
otics that promote more alterations on the microbiota allowed a higher level of VRE
intestinal colonization. Subsequently, applying correlation analysis and Linear Discrimi-
natory analysis, we were able to identify several bacterial taxa that are associated with
VRE resistance. These taxa include the genera Alistipes, Barnesiella, Oscillibacter and
some members of the families Lachnospiraceae and Ruminococcaceae. We next isolated
and administered these bacteria to vancomycin-treated mice to test their capability to
restore colonization resistance. We demonstrated that the administration of a combina-
tion of 4 bacterial isolates to mice (Alistipes, Barnesiella, Oscillibacter and a bacterium
from Ruminococcaceae family) drastically diminished the capacity of VRE to colonize the
intestinal tract of antibiotic-treated mice.

We next performed metatranscriptomic and metabolomic analysis to identify in vivo
functions expressed and metabolites produced by the identified protective commensal
bacteria in order to determine possible mechanisms by which these bacteria could be
suppressing VRE intestinal colonization (e.g. production of inhibitory molecules, com-
petition for nutrients). In addition, we also analyzed the in vivo transcriptome of VRE
to determine the functions express by this pathogen to colonize the intestinal tract, and
we performed nutrient arrays to identify nutrients that the pathogen could be using for
its growth in the intestinal tract. The analysis performed determined that (i) oral in-
oculation of mice with the protective bacterial mixture restores the expression of genes
encoding for transporters that internalize saccharides (cellobiose, N-acetyl-galactosamine,
N-acetyl-glucosamine) and amino acids (serine), whose expression was diminished upon
antibiotic treatment. (ii) Increased expression of these genes was associated with di-
minished intestinal availability of several nutrients including saccharides (i.e. cellobiose)
and amino acids (i.e. serine, proline, leucine and threonine). (iii) Some of the nutrients
consumed upon administration of the protective commensal bacteria may be crucial for
VRE growth in the intestinal tract. Indeed, analysis of the VRE transcriptome in colo-
nized mice revealed that VRE highly express in vivo transporters for the internalization
of saccharides (i.e. cellobiose, N-acetyl-galactosamine, N-acetyl-glucosamine) and several
branched-chain aminoacids (i.e. proline). Moreover, out of 190 carbon sources tested,
the saccharides cellobiose, N-acetyl-glucosamine and N-acetyl-galactosamine are among
the 10 carbon sources that promote the highest VRE growth under anaerobic conditions.
Thus, although additional experiments should be performed for validation, our results
support a model in which the administered protective bacteria decrease the intestinal
levels of nutrients that can be utilized by VRE for growth, which reduces the capacity of
this pathogen to colonize the intestinal tract.



1. Introduction

1.1 Nosocomial diseases
According to the last report of the World Health Organization (WHO), a nosocomial

infection — also called “hospital-acquired infection” can be defined as: (i) an infection
acquired in the hospital by a patient who was admitted for a reason other than that
infection [1], (ii) an infection occurring in a patient in a hospital or other health-care
facility in whom the infection was either present or incubating at the time of admission.
This also includes infections acquired in the hospital but appearing after the discharge,
and occupational infections among staff of the facility [2].

These nosocomial infections have considerable economic costs, mainly by increasing the
length of the stay for infected patients and by the additional treatments required [3–5].
Moreover, it is one of the leading causes of death, at least in the USA [6]. It occurs
worldwide and affects both developed and resource-limited countries [2].

1.1.1 Relevance
Hospitals are crowded environments where both infected people and people with in-

creased risk of infection congregate.
Many factors promote infection among hospitalized patients: decreased immunity

among patients; the increasing variety of medical procedures and invasive techniques
creating potentially new routes of infection; and the transmission of drug-resistant bac-
teria among crowded hospital populations, where poor infection control practices may
facilitate transmission.

According to these factors, infection rates are higher among patients with increased
susceptibility because of extreme ages (very young or old hospitalized people), underlying
disease, or chemotherapy. Any factor that affects the immunity of the patients, like
malnutrition, or that increases their hospitalization, time, such as chronic disease (diabetes
mellitus, renal failure, malignant tumors, leukemia, or the acquired immunodeficiency
syndrome) is susceptible to increase their risk to suffer infections by an opportunistic
pathogen [7]. Infections by opportunistic pathogens involve organisms that are normally
innocuous but that may become pathogenic due to the specific situation of the patient.

Besides the immunocompromised state of the patient that increases its susceptibility
to suffer an opportunistic infection, the invasive medical techniques, which disrupt the
physical protection of the host, can generate access to an otherwise sterile part of the
body [8]. Indeed, in an European study conducted in 2011, the most frequently reported
hospital-associated infections (HAIs) types were surgical site infections (19.6%), respira-

3
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tory tract infections (pneumonia 19.4% and lower respiratory tract 4.1%), urinary tract
infections (19.0%) and bloodstream infections (10.7%) [7].

Another important factor to take into account when considering the nosocomial dis-
eases are the organisms themselves. The probability of exposure leading to infection
depends partly on the characteristics of the microorganisms, including their resistance to
antimicrobial agents, intrinsic virulence, and amount of the infectious agent. According
to the last surveillance report of the European center for disease prevention and control
(ECDC), the microorganisms most frequently isolated from HAIs were, in decreasing or-
der, Escherichia coli (15.9%), Staphylococcus aureus(12.3%), Enterococcus spp. (9.6%),
Pseudomonas aeruginosa (8.9%)Klebsiella spp. (8.7%), Coagulase-negative staphylococci
(7.5%), Candida albicans (6.1%), Clostridium difficile (5.4%), Enterobacter spp.(4.2%),
Proteus spp. (3.8%) and Acinetobacter spp. (3.6%). The predominant families of microor-
ganisms were gram-positive cocci in surgical site and bloodstream infections, Enterobac-
teriaceae in urinary tract infections, non-fermenting gram-negative bacteria (especially P
aeruginosa and A.baumanni) in respiratory tract infections and anaerobes (especially C.
difficile) were the most frequently reported family in gastrointestinal tract infections [7].

Among the pathogens previously cited, a large number have acquired some antibiotic
resistance gene that complicates their treatment. This is the case for example of Ente-
rococcus faecium, the microorganism studied in this thesis, that shows a high prevalence
of multi-resistant strains. Regarding this aspect, the hospital environment is especially
dangerous due to the intensive use of antibiotics. Indeed, the constant environmental con-
centration and usage of antibiotics promote the emergence of multidrug-resistant strains
through selection and exchange of genetic resistance elements [6].

The environmental properties of the hospital facilitate the transmission of nosocomial
bacteria and the development of antimicrobial resistances. This can result in multi-
resistant bacterial infections, with a bad prognostic, since we have very limited treatment
options. Thus, it is primordial to investigate new alternative treatments to combat these
type of infections.

1.1.2 Antibiotics
As we mentioned before, the antimicrobial resistance problem awoke a huge concern

in public health sector and in the population in general as it is extensively broadcast. For
this same reason it is important to highlight to which extent the antibiotics have greatly
helped humanity, diminishing the rate of mortality for infectious diseases (death at birth,
in childhood, in case of wound,...).

The use of antibiotics in human society by means of the diet or of specific medicinal
plants is in fact very ancient. It was possible to detect tetracycline in the human skeletal
remains from ancient Sudanese Nubia dating back to 350–550 CE, although we cannot
be sure whether they specifically ingested it to combat an infection or if it was present
in their normal diet [9, 10]. Another example is the use for millennia of medical plants
with active compounds in traditional Chinese medicine. Thus, even if the antimicrobial
resistance was really described as a problem since last century, the human exposure to
antibiotics is far older.

The modern "antibiotic era", started approximately with the XX century, with the
synthesis in 1909 by Erlich of an organoarsenic derivative to treat syphilis, the discovery
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of Fleming’s penicillin in 1928, and the use of the precursors of sulfonamide [11]. Com-
pounds from most of the antibiotic classes that we use nowadays were isolated by the
early sixties. In chronological order, β-lactames, sulfonamides, aminoglycosides, tetracy-
clines, chloramphenicol, macrolides, glycopeptides, ansamycins and, in the early sixties,
quinolones were isolated. Since then, relatively few compounds of new classes have been
discovered or they are a synthetic derivative of compounds from other classes, modified
to overcome resistance, to achieve a better distribution or a more specific spectrum. For
example, the streptogramins quinupristin/dalfopristin are hydro soluble derivatives of
pristinamycin, discovered in 1965 [12,13]. Glycylcyclines (such as tigecycline) are deriva-
tives of tetracycline but alterations to the molecule resulted in an expanded spectrum
of activity and decreased susceptibility to the development of resistance when compared
with other tetracycline antibiotics [14].

Table 1.1: Summary of mode of action, class and spectrum of antibiotics.

Mode action Class Example Spectrum
depolarization of cell wall lipopeptides daptomycin Gram-positive
inhibition of cell membrane function polymixins colistin Gram-negative
inhibition of cell wall synthesis β-lactams ampicillin Broad-spectrum

glycopeptides vancomycin Gram-positive
inhibition of de novo folate synthesis sulfonamide thrimetoprim-sulfamethoxazole Broad-spectrum 1
inhibition of DNA replication nitroimidazole metronidazol Anaerobic bacteria

quinolones ciprofloxacin Broad-spectrum
inhibition of ribosomal protein synthesis (30S) tetracycline tetracycline Broad-spectrum

aminocyclitol spectinomycin Broad-spectrum 1
aminocyclitol-aminoglycoside neomycin Broad-spectrum 1

inhibition of ribosomal protein synthesis (50S) amphenicol chloramphenicol Broad-spectrum
streptogramin dalfopristin/quinupristin Gram-positive
oxazolidinone linezolid Gram-positive
macrolide erythromycin Gram-positive, 2
lincosamide clindamycin Gram-positive, 2

inhibition of RNA synthesis rifamycins rifampin Specific use 3
Compilation of information from [15,16] 1: only aerobic bacteria, 2: also against anaerobic bacteria 3: used mainly against Mycobacterium
tuberculosis

The classification of antibiotics is done according to their molecular structure. All of
them exert their effect by either one of 4 different mechanisms, namely (i) inhibition of
DNA replication, (ii) inhibition of RNA synthesis, (iii) inhibition of cell wall synthesis or
(iv) inhibition of protein synthesis (Table 1.1 ) [15]. They can be either bacteriostatic
or bactericidal, changing the duration of the treatment required to achieve the effect.
According to their molecular structure, they will display a different spectrum of action.
This aspect is especially important as nowadays it is broadly described that antibiotics
do no only act against one specific pathogen but also get rid of a larger spectrum of
commensal bacteria at the same time. As we will later discuss, a side effect of the
antibiotic treatments is the alteration of the commensal bacteria, which can result in an
increased susceptibility to a range of bacterial infections [17].

Within the same class of antibiotic, the compounds vary in their pharmacokinetic
characteristics. The election depends obviously on the specific characteristics and re-
quirements of the patient. Concerning the present work, we are specially interested into
the metabolization and way of excretion (biliary/urinary excretion). Indeed, antibiotics
that are excreted biliary in an active form are susceptible to alter the gut microbiota no
matter the way of administration (IV, SC,...), possibly increasing the host susceptibility
to intestinal colonizations by bacterial pathogens and promoting the selection of resistant
strains as the concentration reached are sub-lethal.
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An important feature of the modern "antibiotic era" is the extent to which bacte-
ria, pathogens and commensals, are exposed to antibiotics and the conditions of use
that promote the selection and widespread of resistances. As mentioned before, the use
of antibiotic substances is documented before the "antibiotic era" and, moreover, genes
conferring resistance to several classes of antibiotics already existed in the nature [18].
However, the increased use of antibiotics as well as their inappropriate use has promoted
the selection of resistant strains. Among the inappropriate uses, we can cite (i) the no
compliance of antibiotic treatment by patients, (ii) the discharge of antibiotics and other
wastes (i.e. biocides such as chlorhexidine or metals) in the environment and (iii) the
administration of antibiotics in livestock food as a growth promoter. In these cases, the
concentration of the antibiotic reached are lower than the effective one, promoting the
selection of resistance [11, 19]. As a consequence, some bacteria have acquired a broad
resistance to the majority of the antibiotic commonly used. For example, it has been
demonstrated that multidrug-resistant Enterococcus, similar to clinical isolates, can be
isolated from pigs farm environment [20]. As we mentioned in the previous paragraph,
infections by multidrug-resistant bacteria are difficult to treat. Then, in an attempt to
tackle the increasing problem of multi-resistance, the European commission has banned
in 2006 the use of antimicrobials for growth promotion in animal husbandry [21].

In summary, the antibiotics have improved our life expectancy but their intensive use
and misuse have promoted the selection of multi-resistant bacteria, really complicated
to combat as they are resistant to most of the therapeutic options we have. This is the
case of the pathogen I did study in the present thesis, vancomycin-resistant Enterococcus
(VRE), that, as specified by its name, is resistant to vancomycin in addition to other
antibiotics.

1.2 Enterococcus
Among the multi-resistant organisms that arose in the last decades, Enterococcus has

acquired an especially broad spectrum of resistance to antibiotics. As we mentioned
before, Enterococcus is the third main microorganism responsible for HAIs in Europe,
and the fifth one in the USA [22]. Because of its high prevalence, Enterococcus is already
an important health concern, being E. faecalis the most abundant one, followed by E.
faecium. However, as we will discuss it later, the problem of the multi-resistance is
changing its epidemiology, with an increase in infection by multi-resistant E. faecium.

1.2.1 Characteristics
The enterococci are gram-positive, non-spore-forming, facultative anaerobic oval cocci

arranged in pairs or chains of various lengths; they are especially resistant, with a partic-
ular ability to survive under harsh conditions (including high salt concentrations) and at
a wide range of temperatures (from 10 °C to >45 °C) [23]. They typically grow in broth
containing 6.5% NaCl, and hydrolyze esculin in the presence of 40% bile salts [24]

Almost all of them are catalase reaction negative, and do not express a complete
cytochrome. They are usually homofermentative, producing lactic acid as the end product
of glucose fermentation, without production of gas [25, 26]. Some species are motile,
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such as E. gallinarum and E. casseliflavus [27]. Pigmentation is a variable trait in the
genus Enterococcus, with a few yellow-pigmented species [27,28], pigmented species being
commonly found among plants [29].

1.2.2 Habitats and nutritional requirements
Currently, the genus Enterococcus consists of 56 species described in the NCBI database

(21 January 2017), although the vast majority of clinical enterococcal infections in humans
are caused by Enterococcus faecalis and E. faecium.

Enterococci are ubiquitous in guts but they constitute a small proportion of the gut
consortium, typically comprising less than 1% of the adult microbiota [29]. They are
regarded as harmless commensals. However, they can cause invasive diseases when the
commensal relationship with the host is disrupted. Principally, Enterococci can cause
urinary tract infections, bloodstream infections, endocarditis, and are also associated
with peritonitis and intra-abdominal abscesses. [30]

In addition to the broadly known human association, the genus Enterococcus consists
of species distributed in the whole animal reign as well as in various biotopes of the
environment.

Different species of Enterococcus have been isolated from the gut of insects, birds,
reptiles and mammals. In a large variety of insects, including beetles, flies, bees, termites,
and worms, E. faecalis and E. faecium are predominant while other species occur at
lower prevalence [31]. As mentioned before, Enterococcus has also been isolated from
reptiles [32], birds [33] and a wide range of mammals such as donkeys [34], mouse, rat,
guinea pig, rabbit, dog, rat, chicken, fly, and monkey [35]. In a thorough analysis of the
occurrence of enterococci in animals and natural environments conducted in 1963, Mundt
and colleagues [32] described a high prevalence of Enterococcus in the feces of mammals
(71% of 216 samples) and reptiles (86% of 70 samples), and a lower prevalence in birds
(32% of 22 samples) [32]. A striking fact is that enterococci occurred only sporadically
among the primarily herbivorous mammals, whereas it appeared to naturally colonize
rodents and larger animals with diversified diets [32]. The most commonly encountered
enterococcal species in the gut of mammals are E. faecalis, E. faecium, E. hire, and E.
durans. Others species are found only occasionally [36].

Besides its wide distribution in the animal kingdom, Enterococcus has been isolated
in various types of plants [37, 38], algae [39], beach wrack [40, 41], submerged vegetation
[42,43], flowering plants [37], and forage crops [44,45]. Recently, some Enterococcus species
have also been recovered from both fresh and marine water [45–47], fresh or marine water
sediments [48,49], soils [45], and sand [50,51]. Thus, Enterococcus is quite ubiquitous, as
illustrated in the figure 1.1.

Enterococcus serves to monitor microbiological water quality, as an assessment of fecal
contamination. Thereupon, it is difficult to conclude whether the environmental presence
of Enterococcus is transient, due to fecal contamination and the high resistance of the
bacteria or whether the environment constitutes a habitat where the bacteria is actually
able to grow.

In any case, the presence of the genus Enterococcus in insects, reptiles, birds and
mammals suggests a very ancient association with the gut environment, before the di-
versification of these different taxa [52]. Several characteristics of the genus Enterococcus
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Figure 1.1: Distribution in nature of species of the genus Enterococcus. The
dendrogram shows phylogenic relationships. The sources of isolation are indicated for
each species. A simplified food chain is shown. Red and black symbols indicate species
that have been described in human infections or colonization, respectively. Reproduced
from [29].
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advocate for an important adaptation to the gut environment. For example, Enterococcus
have relatively reduced genomes (from 2.7 Mb to 3.6 Mb across species sequenced until
2014) [52]. A reduced genome is a distinctive feature of symbionts that do not have to
express the full range of functions expected for their own survival as they obtain some
specific nutrient from the host. Thus, the reduced genome of Enterococcus suggest their
adaptation to a specific ecological niche.

Table 1.2: Enterococcus auxotrophy for amino acids.

Amino acid E. faecium ATCC 8043 E. faecalis V583
L-Arginine + -
L-Isoleucine + -
L-Leucine + -
L-Threonine - +
L-Histidine - -
L-Methionine - -
L-Tryptophan - -
L-Valine - -

Comparison for the amino acid requirement from E. faecium [53] and E.
faecalis [54]. -: auxotrophy, +: the bacteria can synthesize the aminoacid.

Indeed, Enterococcus is known to be auxotroph for various amino acids, although
there is an important variation between species. For example, Enterococcus faecalis
V583 is known to be auxothroph for L-arginine, L-histidine, L-isoleucine, L-leucine,
L-methionine, L-tryptophane and L-valine whereas E. faecium ATCC8043 absolutely
requires L-histidine, L-methionine, L-treonine, L-tryptophane and L-valine (Table 1.2
) [53,54]. They also require some vitamins to grow. For example, E. faecium ATCC8043
does require folate, pyridoxal, D-pantothenic acid, nicotinic acid and D-biotin [53, 55].
Regarding their capacity to use carbohydrate sources, Enterococcus express few enzymes
to catabolize complex carbohydrates, they do have a β-glucosidase but no β-glucuronidase
and only E. faecium possess an α-galactosidase [56]. On the other hand, they can use an
important number of monosaccharides to grow (Table 1.3 ) [56,57].

The important nutritive requirement of the genus Enterococcus and its presence in the
gut of very diverse animals suggest an adaptation to the gut environment. Thus, its broad
distribution in the environment, exposed to very different conditions, is quite surprising.
Nowadays, it is not clear whether this genus live freely in the environment (and how),
being actually able to grow and divide, or whether it can only survive.

The wide distribution of Enterococcus increases the possibility of acquisition and se-
lection of resistant genes in the environment contaminated with sub-lethal antibiotic con-
centration and where, moreover, the resistance genes are being poured through human
and livestock waste water.

Indeed, several vancomycin-resistant Enterococcus were isolated in the wild, from
fishes, Iberian wolf and lynx [58–60]. Nowadays, it is not clear to what extent the gener-
ation of multi-resistant bacteria in the environment contribute to the spread of antibiotic
resistance in the hospital. As we will see later, the infection by Enterococcus faecium of
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Table 1.3: Carbohydrate utilization in the genus Entero-
coccus.

Metabolized Not metabolized
N-acetyl glucosamine D-arabinose
Amygdalin Eythritol
Arbutin Fucose
Cellobiose Glycogen
D-fructose Alfa-methyl-D-xyloside
Galactose Pullulan
Beta-gentiobiose L-xylose
Glucose
Lactose
Maltose
D-mannose
Methyl-beta-D-glucopyranoside
Ribose
Salicin
Trehalose
Compilation of data from [56].

animal origin cluster apart from the nosocomial isolates. However, this genus possesses
an impressive capacity to exchange genetic material by horizontal gene transfer. Thus, it
is possible that the generation of multi-resistance in the environment could be transferred
to clinical isolates.

1.2.3 Epidemiology
As we mentioned before, various Enterococcus species were isolated from patients but

the two mains ones are Enterococcus faecalis and Enterococcus faecium, described here.
Enterococci are intrinsically resistant to a broad range of antimicrobial agents including
cephalosporins, sulphonamides and low concentrations of aminoglycosides. Moreover,
through mobile elements, they have the ability to acquire additional resistance, which
severely limits the number of treatment options, especially in the case of the vancomycin
resistance.

In the late 1970s, Enterococcus faecalis accounted for 90–95 % of clinical enterococ-
cal isolates in United states and represented also the majority of isolates identified in
Europe [23]. Associated with the increased use of vancomycin and broad-spectrum an-
tibiotics, the prevalence of Enterococcus faecium, which is much more frequently resistant
to vancomycin and ampicillin than E. faecalis, drastically increased in clinical enterococcal
isolates [23]. Indeed, vancomycin resistance in Enterococcus faecium was first reported
in France as early as 1988 and in England the year afer [61, 62], but showed the most
dramatic increase in the United States where it was attributed to the widespread use of
vancomycin in hospitals [23].
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This change in species is of paramount clinical importance, as E. faecium tends to
acquire resistance to a higher number of antibiotics and, thus, is by far more difficult
to treat. For example, in the United States, the percentage of E. faecium isolates that
were resistant to vancomycin rose from 0 % before the mid 1980s to more than 80 %
by 2007; by contrast, only 5 % of E. faecalis isolates were vancomycin resistant [23].
Regarding the current situation in Europe, both enterococci display a high-level resistance
to aminoglycoside, accounting to 28.8 % of the isolates according to the last European
report from 2014 [30]. The situation in respect to the vancomycin resistance is not so
problematic as in the United States. The prevalence remained low in the case of E.
faecalis and ranged from 0 to 45.1% for E. faecium in the European countries in 2014
[30]. Nevertheless, there was an increasing trend in the period 2011-2014 as the mean
percentage for vancomycin resistance rose from 6.2 % in 2011 to 7.9 % in 2014 [30].
Vancomycin-resistant E. faecium is an increasing threat in Europe because of the limited
number of existing therapeutic options and its capacity to rapidly acquire new resistance
genes. As I will describe, there are already documented cases of infection by isolates
resistant to the newest antibiotics.

1.2.4 Genomic characteristics
In order to design an efficient strategy to control the increasing prevalence of infections

by vancomycin-resistant E. faecium, it is necessary to understand the main characteristics
of the genus allowing its expansion in the hospital environment.

Several studies have demonstrated the separation of Enterococcus faecium into two
subpopulations, one containing primarily commensal/community-associated (CA) strains
and one that contains most clinical or hospital-associated (HA) strains [63–66]. Thus, the
clinical-associated strains present specific characteristics responsible for their success in
the hospital environment. It can be highlighted that animal isolates cluster apart, but
are more similar to HA strains than to CA strains (Figure 1.2) [67,68].

One important difference between both human-associated clusters is the expansion of
the accessory genome, generally acquired through horizontal gene transfer (HGT) [64,
65]. Indeed, the HA subpopulation more frequently has insertion sequence (IS) elements,
transposons, pathogenicity island(s), and plasmids or genes associated with antibiotic
resistance, colonization, and/or virulence [65]. Thus, the primal characteristic that drove
the separation of both clusters seems to be a difference in the capacity to acquire foreign
DNA.

The acquisition of foreign DNA is a vital characteristic of prokaryotes that allow them
to adapt to new environments. However, the HGT can also be detrimental, allowing para-
sitism. To control the possible invasion by foreign DNA, the host cell possesses two main
post-transfer barriers : restriction-modification (RM) systems, and clustered, regularly
interspaced short palindromic repeats (CRISPR). The RM system is unspecific, recogniz-
ing all the sequence that do not share the host methylation pattern while CRISPRs are
defense systems that provide a type of acquired immunity against specific sequences [69].

As mobile elements constitute a significant part of the genome of Enterococcus faecium
nosocomial isolates, Palmer and Gilmore [70] assessed the presence of the CRISPR-cas
system in these isolates as well as in CA strains to check whether the highest acquisition
of foreign DNA in HA strains was related to a compromised bacterial immunity. They
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Figure 1.2: Phylogenetic reconstruction of E. faecium RAxML SNP-based tree
based on the concatenated alignments of DNA sequences of 1,344 single-copy core genes
in 73 E. faecium genomes. Bootstrapping was performed with 1,000 replicates. The
origins of the strains are indicated. The dates for the split between the clades, estimated
by a BEAST analysis, are indicated (ya, years ago). The infectivity score reflects the
number of strains of a particular ST isolated from infection. The clades are color coded
as follows: clade B (similar to the CA strains) in dark blue, clade A1 in red (similar to
the HA strains), and clade A2 (principally animal associated strains) in gray. Reproduced
from [67].
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found a highly significant correlation between the absence of a CRISPR-cas locus and the
presence of acquired antibiotic resistance in both E. faecalis and E. faecium [70]. Thus,
the absence of CRISPR system in clinical isolates seems essential to allow the acquisition
of resistance genes.

The same group also checked that the presence of a functional RM and CRISPR-cas
system, both individually and collectively, significantly diminish the capacity of conjuga-
tive plasmids to be transfered into Enterococcus faecalis [71].

Taken together, it seems that the nosocomial isolates have a compromised genome
defense and consequently a higher capacity to acquire antibiotic resistance and virulence
genes through HGT. Probably, the antibiotic use in the hospital setting selects for ente-
rococcal strains with this higher capacity to acquire antibiotic resistance.

According to this observation, HA isolates display a greater accessory genome com-
pared to CA isolates. However, the differences between both clades are not only defined
by their accessory genome. The analysis of a subset of 100 core genes of Enterococcus
faecium showed a significant separation between isolates from the CA and HA clades,
suggesting that there is no population admixture between both groups [66].

Possibly, the diversification of E. faecium into a clade adapted to the nosocomial
environment could be due to the absence of RM and CRISPR-cas systems in the HA
isolates. In the absence of defensive systems, IS elements could integrate inside non-
essential genes for the subsistence of the bacteria in such environment, leading to their
deletion. These evolutionary patterns have been detected in genomes of E. faecalis and E.
faecium, where the expansion of IS elements volatilized regions of a pathogenicity island
(and possibly other regions of the chromosome), leading to an extremely high rate of
pseudogene [52,64].

The antibiotic usage in the hospital setting alters the gut microbiota and thus, the
genes required for survival of the multiresistant Enterococcus in this specific conditions are
different than those required for the survival in an untreated human. In these conditions,
some genes, usually essential for Enterococcus survival, are not required anymore and
can be lost, possibly leading to the diversification of E. faecium into a cluster whose
chromosome is specifically adapted to the nosocomial environment.

The difference in the HA core genome could affect the virulence of the strains in case
of loss of functions implicated in the interaction with the host. This phenomenon was
described in Bordetella pertussis where, through the proliferation of an IS resulting in the
loss of determined functions, has lost the ability to colonize the host in a non-pathogenic
manner [52,72]

Despite the description of differences in the core genomes, based on the current knowl-
edge, the success of Enterococcus faecium as a nosocomial opportunistic pathogen is re-
lated to its capacity to acquire antibiotic resistance and virulence genes, which we will
describe further.

Resistance to antibiotics The resistance to antibiotics is an essential characteristic
that enables the spread of Enterococcus in the hospital setting. As previously mentioned,
this genus can acquire numerous genes of resistance by HGT and, moreover, it is intrin-
sically resistant to a broad range of antimicrobial agents.

First, E. faecium is resistant to β-lactams and cephalosporins that inhibit the wall cell
synthesis by binding to the enzyme, named penicillin binding proteins (PBPs), responsible
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Figure 1.3: Main mechanisms of enterococcal antibiotic resistance. Enterococci
are intrinsically resistant to several antibiotics and can acquire mutations and exoge-
nous genes that confer resistance to additional drugs. The main mechanisms of antibiotic
resistance are shown. Enterococcus faecium exhibit intrinsic low-level resistance to amino-
glycosides such as streptomycin or gentamicin owing to low uptake of these highly polar
molecules. High-level resistance results from the acquisition of aminoglycoside-modifying
enzymes (acetylation) or, for streptomycin, can result from ribosomal mutations that re-
sult in altered target binding (methylation of the 16S rRNA encoded by the gene efmM). In
Enterococcus faecium, resistance to ampicillin occurs through the production of penicillin-
binding protein 5 (PBP5), which has low affinity for β-lactams. Although unusual, some
strain can produce a β-lactamase. Resistance to the glycopeptide vancomycin occurs
through a well-characterized mechanism of reduced vancomycin-binding affinity, involv-
ing alterations in the peptidoglycan synthesis pathway (The pentapeptide involved in
the peptidoglycan structure, normally ending in a D-Ala-D-Ala motif can be modified
to D-Ala-D-Lac or D-Ala-D-Ser). Resistance of Enterococcus spp. to the streptogramin
quinupristin–dalfopristin (Q–D) involves several pathways, including drug modification
(by virginiamycin acetyltransferase (Vat)), drug inactivation (through virginiamycin B
lysase (Vgb))and drug efflux (via MsrC and VgaD ABC-efflux pumps) [73]. Resistance to
the oxazolidinone linezolid is rare, but the most common pathway involves mutation in
the 23S ribosomal RNA ribosome-binding site. Resistance of E. faecalis and E. faecium
to the lipopetide daptomycin has been shown to involve altered interactions with the cell
membrane and requires the membrane protein LiaF and enzymes involved in phospho-
lipid metabolism, such as a member of the glycerophosphoryl diester phosphodiesterase
family (GdpD) and cardiolipin synthase (Cls). Reprinted by permission from Macmillan
Publishers Ltd: Nature Reviews Microbiology ( [23]), copyright (2012).
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for the cross-linkage of pentapeptide precursor molecules into a peptidoglycan cell wall.
Enterococcus are intrinsically resistant to these antibiotics due to the production of a low-
affinity PBPs (PBP5 in E. faecium, PBP4 in E. faecalis) that bind weakly to β-lactam
antibiotics [74]. Moreover, different levels of expression of the gene coding for PBP5 in
various E. faecium clades correspond to different levels of resistance [75].

Second, due to the inability of the antibiotic to enter the cell, both E. faecium and
E. faecalis are intrinsically resistant to low concentrations of aminoglycosides, a class
of antibiotics that act by inhibiting ribosomal protein synthesis [73]. Besides, they can
acquire a high resistance to this antibiotic through the inactivation of the antibiotic or
the modification of the 16S rRNA, resulting in a lower affinity of the ribosome targeted
by the amynoglycosides [76,76].

In the case of the lincosamides and streptogramins, antibiotics that inhibit the protein
synthesis by targeting the ribosome, E. faecalis are intrinsically resistant to clindamycin
(lincosamide), quinupristin (streptogramin B class) and dalfopristin (streptogramin A
class) through the production of an efflux pump [77, 78]. Fortunately, E. faecium has
a distinct efflux pump, which provides only a low level resistance to streptogramin B
class [79]. The E. faecium strains that have not acquired resistance to streptogramin A
class can still be targeted by the synergistic action of quinupristin-dalfopristin.

The association trimethoprim-sulfamethoxazole targeted the de novo folate synthesis,
necessary in most bacteria to produce nucleic acids. Enterococcus can absorb folic acid
from the environment, thus this antibiotic association is ineffective [73].

Apart from the intrinsic resistances, Enterococcus can acquire a broad spectrum of
resistance through sporadic mutations or through the acquisition of foreign genetic mate-
rial. So far, the Horizontal transfer among enterococci has been described via conjugation
or bacteriophage promoted transduction [80].

Due to the transfer of mobile elements, resistance to tetracycline and erythromycin
is widespread, as well as Enterococcus faecium resistant to aminoglycosides [26, 76, 81].
Resistance to aminopenicillins and ureidopenicillins has emerged in E. faecium through
mutations of PBP5, yielding strains resistant to all β-lactam antibiotics and highly resis-
tant to the cephalosporins [82]. Although infrequent in enterococci, they can also reach
a high β-lactam resistance through the production of β-lactamases [83].

Resistance to glycopeptides, such as vancomycin, once optimistically assumed to be
unachievable, is now widespread in E. faecium in the USA and is increasing in Europe.
These antibiotics inhibit the bacterial cell wall synthesis by binding with high affinity
to the pentapeptide precursors, preventing their incorporation into the peptidoglycan
cell wall [83]. Currently, eight phenotypic variants of acquired glycopeptide resistance in
enterococci have been described, two of which have clinical relevance. The first and most
prevalent one, VanA, confers a high-level resistance to vancomycin and a variable level of
resistance to teicoplanin whereas the second one, VanB, confers variable levels of resistance
to vancomycin [83]. Both VanA and VanB are located in transposons, initially identified
in plasmids of the pMG1 family, and can be transferred both by plasmids and through
conjugative transposition [30, 84]. This resistance is specially worrying as vancomycin is
the main option to treat Enterococcus infections.

As a result of its intrinsic resistance to various antibiotics and its capacity to acquire
resistance to most of the antibiotics habitually used, Enterococcus faecium is fully adapted
to the hospital environment. Indeed, although they have been reported only occasionally
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for now, it has also developed resistance to some newer antibiotics, such as linezolid, tige-
cycline, and daptomycin, that are used to treat vancomycin-resistant enterococci (Figure
1.3) [68].

Factors of virulence Besides its stunning broad range of antibiotic resistance, Entero-
coccus can also acquire numerous factors of virulence, that can be transferred intra- and
interspecifically. A large number of mobile elements have been described in Enterococcus
faecalis, as summarized in [23,52,85]. In the present work we will uniquely refer to those
Enterococcus faecium mobile elements with a possible implication in virulence, mainly in
relation to the capacity of adhesion and the usage of carbohydrates.

Factors of virulence related with the adhesion. E. faecium nosocomial isolates are
enriched in various functional adhesins, which have been shown to intervene in biofilm
formation as well as in in-vivo pathogenicity. The esp gene, integrated in a pathogenicity
island (PAI), encodes a surface protein with a signal sequence for transport and a LPxTG-
like motif for cell wall anchoring. This gene contributes to biofilm formation [68,86]. Esp
does not seem to intervene in gastrointestinal colonization [87] but it has been shown to
contribute to urinary tract infection [88] and endocarditis [89] in animal models.

Besides, three collagen binding proteins of the MSCRAMM family (i.e. Acm, Scm and
EcbA) have been identified and their activity demonstrated [90–92]. They bind to different
subunits of the collagen and fibrinogen. Acm have been demonstrated to intervene in the
Enterococcus attachment to the heart valve in a rat endocarditis model [93]. In addition,
Hendrickx et al. [92] uncovered a nidogen-binding LPXTG surface adhesin, SgrA, that
binds to the fibrinogen. Moreover, it was demonstrated in vitro that SgrA promotes E.
faecium adhesion to intestinal epithelial cells although it is not essential [92].

Other factors of adhesion are known in E. faecium. Based on the premise that a
virulence factor will be regulated by host specific characteristics, Guzmán Prieto et al. [94]
identified proteins that were thermo-regulated, higher produced at mammal temperature
of 37℃. Following this approach, they identified a peptidoglycan-anchored surface protein,
PrpA (proline-rich protein A), that (i) binds to the extracellular matrix proteins fibrinogen
and fibronectin and (ii) interacted with both non-activated and activated platelets [94].

Finally, in 2010, Sillanpaaet al. [95] described the operon ebpABCfm, that encodes a
pili implicated in the ability of Enterococcus faecium to form biofilm and to cause infection
in an ascending UTI model [95].

Thus, none of the factors implicated in adherence have been demonstrated to play a
role in intestinal colonization. Their virulence is associated with the biofilm formation and
related infections (catheter related infections such as UTI and cardiac valve infections).

Capacity to metabolize carbohydrates as a factor of virulence. In the case of
Enterococcus, its capacity to metabolize carbohydrates seems related with the virulence.
Indeed, recent studies have highlighted that clinical Enterococcus faecium strains carry a
increased number of genes associated with the usage of amino sugars (e.g., galactosamine),
which occur on epithelial cell surfaces and in mucin [96].

The capacity to metabolize carbohydrates can also be acquired through HGT. For
example, the PAI where esp is located can alternatively carry either elements that encode
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a phosphotransferase system (PTS) and a glycoside hydrolase or a gene cluster putatively
encoding a pathway for the metabolism of inositol [65]. On a second genomic island,
also specifically enriched in clinical strains, Enterococcus faecium can display elements
putatively implicated in the uptake and metabolism of complex carbohydrate substrates
[97].

In addition to the high prevalence of genes associated with the carbohydrate usage
in clinical strains, Zhang et al. [98] demonstrated that the possibility to use specific car-
bohydrates influences the capacity of intestinal colonization during antibiotic treatment.
Through a fitness competition experiment, they highlighted that a mutant defective in a
PTS specifically associated with clinical strains was outcompeted by the wild type. Con-
sequently, they demonstrated the importance of this PTS for the gut colonization in the
condition tested, that is to say after an antibiotic treatment.

Finally, the megaplasmid pLG1, specifically enriched in Enterococcus faecium clinical
isolates, is known to intervene in gastrointestinal colonization under antibiotic pressure
and to increase the lethality of E. faecium in a mouse peritonitis model [99–101]. However,
it is not clear which elements of the pLG1 are responsible for the virulence. The plasmid
pLG1 encodes for the pilA/fms21-fms20 gene cluster, that encodes for a pilus structure,
and several genes involved in carbon uptake and metabolism, as well as genes that confer
resistance to heavy metals and antibiotics [99, 102].

Note that, first, it was thought that the pLG1 mediated virulence was due to the hyl
gene. Initially erroneously classified as a hyaluronidase, this gene is likely to encode a
family 84 glycosyl hydrolase, which may function as a β-N-acetylglucosaminidase [103,
104]. It was demonstrated that the specific deletion of the hyl gene did not lead to lower
virulence in a mouse peritonitis model, which indicates that other genes encoded by the
plasmid pLG1 contribute to virulence [104].

In summary, we have seen that E. faecium clinical isolates differ from the commensal
ones both considering their core and accessory genome. One important difference is the
absence of CRISPR-cas system in the clinical isolates, which confers a higher capacity to
acquire mobile genetic elements (MGE). These mobile elements are enriched in genes con-
tributing to the antibiotic resistance and virulence. This resistance to several antibiotics
allows the survival of Enterococcus in the hospital environment, specially of Enterococcus
faecium which has the highest prevalence of vancomycin resistance, an antibiotic com-
monly used to threat Enterococcus infections. Besides the antibiotic resistance, MGE
carry other virulence factors mainly implicated, on the one hand, in the adhesion and
biofilm formation and, on the other hand, in the metabolism of carbohydrates. Impor-
tantly, the enhanced metabolism of carbohydrates has been demonstrated to influence the
capacity of intestinal colonization during an antibiotic treatment. As we will discuss along
this work, antibiotics treatments alter the gut microbiota composition. Thus, the viru-
lence factors acquired by multiresistant Enterococcus provide the opportunistic bacteria
with a competitive advantage in this altered environment.

1.2.5 Infection mechanisms
Enterococcus is normally present in low abundance in the gastro-intestinal tract. In

case of being a resistant strain, this opportunistic pathogen can expand upon antibiotic
treatment, prescribed for an unrelated disease. It has been described that antibiotics,
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especially the broad spectrum ones, alter the microbiota and disrupt its protective capac-
ity against the colonization of external bacteria (this capacity is known as "colonization
resistance") [105, 106]. Thus, the antibiotic treatment enables the expansion of VRE to
high loads in the intestine and, as it is resistant to harsh environmental conditions, it
can spread through fecal contamination of the hospital environment, including inanimate
objects and the hands of health-care workers and visitors. Indeed, the application of
the standard hospital hygiene protocols does not totally prevent a cross-contamination
between patients (Figure 1.4A) [23].

Starting from a heavily intestinal colonized patient, VRE can colonize extra-intestinal
sites, such as catheters, from the same patient or others, causing an infection (Figure
1.4B) [23]. Thus, it is important to understand the factors that can promote the VRE
intestinal expansion, such as the alterations of the microbiota, in order to prevent its
spread to the hospital environment and avoid infections in susceptible patients. Indeed,
this is one of the main objective of my thesis, as I will explain later.

In the event that the intestinal expansion of VRE could not be prevented, the bacteria
can contaminate the skin or form biofilms on catheters. As we have mentioned in the
previous section, the VRE clinical isolates are indeed enriched in various virulence factors
implicated in the adhesion and the formation of biofilms. Then, the enterococci can spread
from the infected catheter, producing various types of enterococcal infection, the most
common one being the urinary tract infection [107]. Starting from this focal point, the
bacteria can disseminate to the blood, causing a bacteriemia.

Nosocomial enterococcal bacteremias are considered to be mainly acquired from in-
travascular or urinary catheters [83]. In the US, this pathogen is responsible for 18% of
all central line-associated bloodstream infections (CLABSIs), ranking second overall [83].
In addition to CLABSIs, other paths could lead to bloodstream infection (i.e. direct
dissemination from the gut to the bloodstream).

Kamboj et al. [108] showed that VRE can be detected in blood without being detected
in the catheters of patients with neutropenia due to cytotoxic chemotherapy [108].

The chemotherapy used in these patients, such as cyclophosphamide, causes both
neutropenia and damage the intestinal mucosa [109, 110]. Thus, the pathogen could
translocate directly from the damaged intestine to the blood.

Indeed, Miyazaki et al. demonstrated that the concomitant administration of an
antibiotic mix and of cyclophosphamide increased the translocation of VRE to MLN,
blood, liver and spleen of VRE orally infected mice. This result was not observed when
only antibiotics or cyclophosphamide were administered. Thus, the cumulative effect of
the antibiotic-driven increase of intestinal VRE load and chemotherapy administration
were necessary to cause a translocation of VRE from the gut to the systemic level [111].
Similarly, the intestinal domination by VRE precedes the bloodstream infection in patients
treated with a cytotoxic chemotherapy [112,113].

In summary, VRE can reach high intestinal levels upon an antibiotic treatment. This
high VRE level can lead to a bacteremia through fecal contamination of catheters or
directly by translocation from the intestine in patients undergoing a cytotoxic chemother-
apy. Finally, bacteremia by Enterococcus can lead to endocarditis, one of the most serious
enterococcal infections [83,107] .
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Figure 1.4: Major routes of nosocomial VRE transmission and infection.
(A)The main risk for colonization and subsequent nosocomial infection with vancomycin-
resistant enterococci (VRE) include close physical proximity to patients who are infected
or colonized with VRE (or to the rooms of these patients); a long period of hospitalization;
hospitalization in long-term facilities, surgical units or intensive-care units; the presence
of a urinary catheter; and the administration of multiple courses of antibiotics. Antibiotic
treatments increase the density of VRE organisms in the gastrointestinal tract, which, in
turn, facilitates the spread of these organisms through fecal contamination of the hospi-
tal environment, including inanimate objects and the hands of health-care workers and
visitors. Enterococci can survive for long periods on environmental surfaces, including
medical equipment, toilets, bed rails and doorknobs, and are tolerant to heat, chlorine
and some alcohol preparations. (B)Enterococci from the gastrointestinal tract can access
the bloodstream by moving across the intestinal lining and passing through the liver. In
the bloodstream, these organisms can reach the heart and then potentially cause infective
endocarditis. Fecal contamination of the environment (which can then be a source for col-
onization of other patients) and of the patient’s skin (the main source of infections of the
urinary tract and of intravenous catheters) frequently occurs. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Microbiology [23], copyright (2012).

1.2.6 Treatments
The nowadays guidelines on pharmacological treatment for VRE recommend the use

of ampicillin monotherapy for any ampicillin-susceptible VRE infection that does not
require bactericidal activity, inclusive for bacteremia. If bactericidal activity is required
for the treatment of an endovascular infection, a synergistic combination of a β-lactam
with an aminoglycoside (gentamicin or streptomycin) is recommended.

In case of serious ampicillin and vancomycin-resistant enterococcal infections with
high-level resistance to aminoglycosides, the treatment options are very limited. The only
treatment left are daptomycin, linezolid, tigecycline, the combination of quinupristin/dalfopristin
or, to treat urinary tract infection, nitrofurantoin and fosfomycin.

Worryingly, resistance to these antibiotics, used to treat VRE, has already been re-
ported [68, 73]. Thus, another option is to target specific mechanisms of VRE necessary
for the colonization of the host. For example, Flores-Mireles et al. [114] produced an
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antibody specific for a pili of Enterococcus faecalis limiting the formation of biofilms in
catheters.

Considering that the first step of the VRE infection is the gut colonization, another
approximation would be to reduce the intestinal expansion responsible for the latter trans-
mission and infection.

As we have already commented, the VRE intestinal growth relies on a previous dis-
ruption of the microbiota. So, to tackle this problem different approaches are being
considered. In one hand, new drugs, more selective for a specific pathogen, are being
designed [115, 116]. On the other hand, it should be possible to restore the colonization
resistance normally proportionated by the healthy microbiota. Indeed, some bacteria,
mainly from the genus Lactobacillus, have been tested as non-antibiotic strategies against
vancomycin-resistant enterococci in mammals [117,118].

In the present work, we take advantage of the recent advances in the techniques and
knowledges concerning the microbiota to analyze how antibiotic treatments affect the gut
microbiota and which commensal bacterial taxa could effectively inhibit VRE colonization
after an antibiotic treatment. A main part of my thesis will be the identification of these
taxa as well as the mechanisms of inhibition implicated.

1.3 Microbiota

1.3.1 Description
The microbiota is the collection of microorganisms, including bacteria, viruses, fungi

and single-cell eukaryotes that inhabit a particular habitat, such as our Gastrointestinal
tract. In the present work, we will study the most abundant fraction of the gut microbiota,
the bacteria, later referred also as "microbiota".

The microbiota composition has been thoroughly studied across the whole body,
including the gut, stool, several locations of oral cavity, skin, airway and the vagina
[119–122]. Importantly, alterations in its composition (dysbiosis) are associated with an
ample panel of diseases such as obesity [123,124], tumorigenesis in genetically predisposed
individuals [125], psoriatic arthritis [126], inflammatory bowel disease (IBD) [127, 128],
diabetes type 2 [129], alteration of mental health [130,131] or periodontitis [132].

The gut microbiota, the most densely populated part of our body, has some specific
characteristics. First, it is a site of interaction with the external environment through
the diet. In this regard, the microbiota is essential because the complete genomic com-
position of this microbial community (microbiome) encodes metabolic functions that we
do not express on our own, improving our ability to extract energy and nutrients from
our diet [133]. Consequently, the kind of diet and microbiota we have will determine the
metabolites that our organism absorb through the gut and can have systematic reper-
cussions through the modulation of the immune system. For example, gut microbiota
metabolism of dietary fiber has been demonstrated to influence the allergic inflammation
in lung [134, 135]. As we will later discuss, numerous factors can deeply influence the
microbiota composition and affect the host.
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1.3.2 Healthy state
As we mentioned in the section 1.3.1, a dysbiotic gut microbiota has been related to

several diseases. Thus, it is important to identify what is actually a healthy microbiota.
This is a complicated question to deal with. Indeed, the microbiota composition

exhibits a relatively high intra-individual stability over wide scale period but the inter-
individual variability is very important [136]. At a broad scale, the phyla Bacteroidetes
and Firmicutes usually dominate the microbiota of adults, whereas Actinobacteria, Pro-
teobacteria and Verrucomicrobia, although found in many people, are generally minor
constituents. Methanogenic archaea (mainly Methanobrevibacter smithii), eukaryotes
(mainly yeasts) and viruses (mainly phages) are also present [137] .

In a first attempt to define a core set of species in the adult microbiota, it was deter-
mined that Faecalibacterium prausnitzii, Roseburia intestinalis and Bacteroides uniformis
were present in almost all the individuals, but in some individuals even these represented
less than 0.5% of the microbiota [121,137–140]. Given the huge variability in the species
present, and their relative proportions across individuals, besides variations at the strain
level [140], the existence of a phylogenetic core community in human gut is very unlikely.

The second approach to determine a few clearly distinguishable stable states in the
healthy human population, was obtained with the definitions of the enterotypes. An-
alyzing 39 fecal samples, the authors stratified the human microbiome into three dis-
tinct host–microbial symbiotic states driven by groups of co-occurring species and genera,
which are characterized by a relatively high representation of Bacteroides, Prevotella or
Ruminococcus. They were able to stratify the subjects included in the study in three
specific groups although being very variable both regarding their nationality as well as
their physiological condition (i.e. healthy, obese or elderly and two subjects had IBD),
thus the results could be extrapolated to the population [141]. However, a subsequent
study performed with a higher number of healthy adults failed to show the same pat-
tern [136]. Now, it is accepted that the enterotypes are not defined states but a gradient
of variation between different types of composition. It seems that gut bacterial community
structure is driven by greater abundance and high variability in populations of Prevotella
and Bacteroides against a diverse background assemblage of Firmicutes. Particularly,
Prevotella and Bacteroides are nearly mutually exclusive in communities dominated by
Bacteroidetes [139] (Figure 1.5).

Another important feature of a healthy microbiota could be the absence of specific
bacteria known to be detrimental to the host. Taking as unwanted the bacteria listed by
the National Institute of Allergy and Infectious Disease (NIAID), the Human Microbiome
Project Consortium [136] confirmed the absence of NIAID class A–C pathogens above
0.1% abundance (aside from S. aureus and E. coli) from the healthy microbiome of 242
adults. They also discarded, for the level of sensitivity of the study, the presence of canoni-
cal pathogens including Vibrio cholerae, Mycobacterium avium, Campylobacter jejuni, and
Salmonella enterica. Nonetheless, they detected 56 out of the 327 opportunistic pathogens
defined in PATRIC database (at >1% prevalence of >0.1% abundance) [136,143,144]. Ac-
cording to these results, a healthy microbiota can be defined by the absence of particularly
detrimental microbes [136].

This study also demonstrated that, despite the highly divergent composition of gut mi-
crobiota across individuals, the functional gene profiles are quite similar [121,136]. Given
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Figure 1.5: Enterotypes represent a continuum with regard to the relative
abundance of dominant taxa. Each circle represents a single individual, and the data
in each panel are identical but have been color-coded based on the relative abundance of
Bacteroides (phylum Bacteroidetes) (left panel), Prevotella (phylum Bacteroidetes) (mid-
dle panel), or Firmicutes (right panel). From this analysis, it is apparent that the subjects
do not cluster into three distinct enterotypes but instead represent a continuum with re-
gard to the relative abundance of dominant taxa. Reprinted from Cell Host & Microbe,
12/5, Fredrik Bäckhed,Claire M. Fraser,Yehuda Ringel,Mary Ellen Sanders, R. Balfour
Sartor,Philip M. Sherman,James Versalovic,Vincent Young,B. Brett Finlay, Defining a
Healthy Human Gut Microbiome: Current Concepts, Future Directions, and Clinical
Applications, 611-22, Copyright (2012), with permission from Elsevier. This figure was
already an adaptation of [142].

that individuals share genes encoding specific metabolic functions, or clusters of ortholo-
gous groups, possibly a healthy microbiota could be in reality defined by a functional core
microbiome or core microbiome-encoded gene set [139, 140, 145]. Both a dysbiotic and a
healthy microbiota should express some basic functions, namely house-keeping functions
necessary for individual microbial life (i.e. transcription, translation, energy production,
and structural components) and the functions specific to microbes’ niches in the human
ecosystem such as adhesion to host cell surfaces. Unlike a dysbiotic microbiota, a healthy
“functional core” should also express the genes necessary for the production of compounds
implicated in host–microbe interaction (including essential vitamins, such as vitamin K,
and immunostimulatory compounds) [140].

As it was already described that the microbiota displays an important variability across
the human body-site habitats related with different environmental characteristics [136], it
is logical that different body habitats each have their own specialized core functions [146].
For example, in the gut, core functions include glycosaminoglycan biodegradation, the
production of several short-chain fatty acids, enrichment for specific lipopolysaccharides,
and the production of vitamins and essential amino acids [140].

Thus, if we recapitulate the characteristics of a healthy microbiota, it does present
a huge phylogenetic variability in the population and a relatively conserved functional
core. At the individual level, a healthy microbiota is usually very stable. The microbiota
composition changes with the modification of the diet and host conditions, but the range
of this modifications is reduced in the absence of an important disruptive factor. Indeed,



Chapter 1. 1.3 Microbiota 23

the uniqueness of each individual’s microbial community appears to be stable over time
relative to the population as a whole [136, 139]. To adapt to the changing conditions
and, in the same time, maintain its stability over time, the microbiota must (i) have
the capacity to come back to an initial state upon a perturbation and (ii) be able to
resist to colonization by external bacteria [137, 139, 140] These important properties of
the microbiota are known as the resilience and the resistance.

The resilience of the microbiota rely upon the functional response diversity, that is
to say the degree to which species that contribute to the same function in an ecosystem
vary in their sensitivity to ecosystem changes. As we have seen, the human microbiota
displays a huge phylogenetic diversity in its composition whereas the functional core is
more conserved. This implies that phylogenetically disparate microbes, with different re-
sistance to antibiotics and other factors susceptible to affect the microbiota, often perform
similar metabolic functions. In consequence, the functional core will be preserved upon
a partial alteration of the microbiota composition, maintaining the existing metabolic
network. Thus, a high diversity is an important feature of a healthy microbiota as it is
necessary for its resilience.

On the other hand, species-rich communities are less susceptible to invasion because
they use limiting resources more efficiently [137]. Thus, the richness would also be a
characteristic of a healthy microbiota. Indeed, a low richness is associated with various
diseases, such as obesity, IBD (inflammatory bowel disease) and the loss of colonization
resistance upon an antibiotic treatment, which we will study further in the present work
[147–149].

So far, we have highlighted several important characteristics of a healthy microbiota.
Nevertheless, the definition of such a state is difficult. Indeed, the microbiota can be
made up of bacteria normally present according to our definition and still cause a disease
in the host. The bacteria implicated in such a relation, the pathobionts, are commensal
bacteria that, due to the specific condition of the host or to the abnormal proportion
they reached, drive disease through the disregulation of the mucosal immunity and the
disruption of the mucosal barrier [150].

To sum up, a healthy microbiota could be defined by a site-specific functional core
which implies a high richness and diversity that contribute to the stability of the ecosys-
tem. The absence of specific pathogens is key, as well as the adequate interaction of the
microbial community with the host.

This observation has several implications. In the absence of a taxonomic defined core
microbiota, and given that the healthy state of the microbiota relies on its adequate
interaction with the host, a microbiota can be defined as healthy only in relation with the
specific background of its host. Thus, the transplant of the complete microbiota from a
healthy donor, as done to treat Clostridium difficile infection, could result deleterious for
the receptor. The analysis of the microbiota changes totally our way to apprehend several
diseases and the possibility to manipulate it broadens our treatment options. However, it
is primordial to study the mechanisms and act cautiously as an alteration of the microbiota
can have important consequences for the host.
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1.3.2.1 Differences in the gut microbiota by sites

When considering the gut microbiota, we have to take into account that it is consti-
tuted by different ecosystems.

The host absorbs nutrients in the small intestine. For this reason, the host has devel-
oped several mechanisms to limit the growth of bacteria that would compete for the usage
of these nutrients. For example, the small intestine has a higher concentration of oxygen,
a low pH and secrete several antimicrobial agents, including the bile, that inhibits the
bacterial growth. Moreover, the transit time is shorter than in the colon and therefore,
bacteria need to express factors that allow their adherence to the epithelium or mucus
to colonize this part of the intestine. In these conditions, the bacterial load is smaller
in the small intestine and mainly include fast-growing facultative anaerobes (i.e certain
Clostridium spp. and Proteobacteria in the human whereas in mice Proteobacteria and
Lactobacillaceae are enriched) [120].

In the cecum and the colon, the reduced availability of simple carbon sources facilitates
the growth of fermentative polysaccharide-degrading anaerobes. Humans have a small
pouch-like cecum where the appendix is attached, whereas the mice have a bigger one.
Due to their relative isolation and protection to disruptive factors, the appendix, as well
as the crypts of the colon, have been hypothesized to play a possible effect in re-seeding
bacteria [120].

Both the cecum and the colon harbour strictly anaerobic fermentative bacteria and,
although very similar, the cecum is enriched in species of the families Ruminococcaceae
and Lachnospiraceae whereas the colon is enriched in members of the Bacteroidaceae and
Prevotellaceae (Figure 1.6) [120,151].

As well as the variation in microbial community composition longitudinally within
the gut, various host factors drive community differences over the cross-sectional axis
of the gut. Throughout the small intestine and colon, specialized epithelial cells called
goblet cells secrete a mucus layer of varying thickness, being organized as a single layer
in the small intestine and in two layers in the colon. In the large intestine, the external
mucus layer serves as nutrient source for certain bacteria and, in comparison with the
central lumenal compartment, the colonic mucus is enriched in mucin degrader bacteria,
such as various Bacteroides species or Akkermansia muciniphila. The inner layer, denser,
serves as a physical barrier for microorganisms. This effect is reinforced by the secretion
of antimicrobial molecules and oxygen from the epithelium. Moreover, the mucus is
continuously secreted and the outer layer is constantly renewed and eliminated in the
feces. As a result, the inner mucus layer present almost no bacteria. However, some
symbionts capable both to modulate the immune system and use specific host-derived
nutrients, such as B. fragilis, have already been described entering crypts of the proximal
colon of healthy mice [120].

In the present work we analyze fecal samples to determine the compositional alteration
of the gut microbiota. The microbiota composition of feces is much more similar to that
of the colon than to the one of the small intestine. The analysis of fecal samples gives
us an approximation of the alterations that occur in the cecum and colon without the
necessity to sacrifice the mice. As I will describe in chapter 2, this condition is essential
in our experimental design because it allows us to analyze the microbiota composition
and to latter infect the same mouse with a pathogen. Second, one of the main objectives
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Figure 1.6: Microbial habitats in the human lower gastrointestinal tract. The
dominant bacterial phyla in the gut are the Bacteroidetes, Firmicutes, Actinobacteria,
Proteobacteria and Verrucomicrobia. The dominant bacterial families of the small intes-
tine and colon reflect physiological differences along the length of the gut. For example,
a gradient of oxygen, antimicrobial peptides (including bile acids, secreted by the bile
duct), and pH limits the bacterial density in the small intestinal community, whereas the
colon carries high bacterial loads. In the small intestine, Lactobacillaceae and Enterobac-
teriaceae dominate, whereas the colon is characterized by the presence of Bacteroidaceae,
Prevotellaceae, Rikenellaceae, Lachnospiraceae and Ruminococcaceae. A cross-section of
the colon shows the digesta – which is dominated by Bacteroidaceae, Prevotellaceae and
Rikenellaceae – and the inter-fold regions of the lumen – which are dominated by Lach-
nospiraceae and Ruminococcaceae. Reprinted by permission from Macmillan Publishers
Ltd: Nature Reviews Microbiology [120], copyright (2015)
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of the present work is the identification of bacteria that inhibit the intestinal colonization
by VRE to prevent the contamination of the hospital environment. Thus it is logical to
analyze the intestinal compartments that have the highest bacterial load and the highest
probability of interaction between bacteria.

Finally, we used cecal samples to determine the mechanisms of inhibition against VRE.
Both the cecum and the colon exhibit a similar composition but the murine cecal content
is greater than the one from the colon. Indeed, the cecum contains the critical amount of
sample necessary to perform both a metabolic and meta-transcriptomic study analysis,
that were also performed in this thesis.

1.3.3 Functions of the microbiota
The microbiota affects the host by the production of specific metabolites and by the

presentation of microbial-associated molecular patterns (MAMPs), such as lipopolysac-
charides (LPS), to the immune system [152–154]

For example, Short-Chain Fatty-Acids (SCFAs), derived from the bacterial fermen-
tation of fibers, feed enterocytes, modulate immune functions and influence the host
metabolism [155, 156]. Commensal bacteria also transform primary bile acids into sec-
ondary bile acids and produce vitamins of the B and K groups [155]. Overall, the mi-
crobiota influences substantially the metabolites landscape and its composition can have
systemic consequences.

The systemic effects of the microbiota are illustrated by its influence on autoimmune
encephalomyelitis, sclerosis multiple, crohn disease, respiratory diseases or metabolic dis-
eases, as we have just mentioned. [127,131,135,157]

Part of the effects of the microbiota are due to its interaction with the immune system.
The microbiota is at the interface with the immune system and has been demonstrated
to participate in its maturation. It is now known that during pregnancy, the mother’s
microbiota already participate in shaping the fetus gut mucosal immune system through
the transfer of molecular signals through antibodies transport [158]. After birth, in case of
breast-feeding, the transfer of IgA, bacterially loaded dendritic cells and several metabo-
lites have been proposed to contribute to neonatal immune imprinting [159]. It is also
evident from germ-free mouse models that normal immune development is dependent of
the presence of commensal microbiota, particularly in the gastrointestinal tract. For ex-
ample, germ-free mice show an altered immune phenotype, with deficits in both innate
and adaptive immune components of the gut mucosa [160,161].

The microbiota participates in the maturation of the immune system and also interacts
with it on a daily basis. To maintain the homeostasis at the gut level, it is important to
segregate the bacteria from the host. This is achieved first by the production of a thick
mucus layer by the goblet cells as well as the secretion of antimicrobial peptides by the
epithelial cells and expression of IgA specifics against the commensals by B cells [159].
The presence of the microbiota is necessary for the generation of these defenses. For
example, the lipopolysaccharides (LPS), constituents of the cell wall of gram-negative
bacteria, induce the production of antimicrobial peptides by the epithelial cells [162]. The
homoeostasis is a dynamic state that requires constant adaptation to the fluctuations of
the gut environment. Thus, the host has developed several mechanisms to regulate its
interaction with the microbiota. Indeed, the commensals bacteria are in constant contact
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Figure 1.7: The mucosal firewall. (1) The mucus represents the primary barrier lim-
iting contact between the microbiota and host tissue preventing microbial translocation.
(2) Epithelial cells produce antimicrobial peptides that also play a significant role in lim-
iting exposure to the commensal microbiota. (3) Translocating commensals are rapidly
eliminated by tissue-resident macrophages. (4) Commensals or commensal antigens can
also be captured by CD103+ CD11b+ DCs that traffic to the mLN from the lamina
propria but do not penetrate further. Presentation of commensal antigens by these DCs
leads to the differentiation of commensal-specific regulatory cells (Treg), Th17 cells, and
IgA-producing B cells. Commensal-specific lymphocytes traffic to the lamina propria and
Peyer’s patches. In the Peyer’s patches, Treg can further promote class switching and IgA
generation against commensals. The combination of the epithelial barrier, mucus layer,
IgA, and DCs and T cells comprises the “mucosal firewall,” which limits the passage and
exposure of commensals to the gut-associated lymphoid tissue, preventing untoward ac-
tivation and pathology. Reprinted from Cell, 157/1, Yasmine Belkaid,Timothy W. Hand,
Role of the Microbiota in Immunity and Inflammation, Pages No. 121-141 , Copyright
(2014), with permission from Elsevier.
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with the immune system of the host through the translocation of antigens or complete
bacteria to the lamina propria. Next, these antigens can be directly eliminated by resident
macrophages or sampled by dendritic cells and transferred to the mesenteric lymph nodes
where they will trigger (i) the differentiation of B cells for the production of IgA specific
against commensals and (ii) the proliferation of Treg cells as well as Th17 cells. Treg
cells are important producer of IL-10, a powerful anti-inflammatory cytokine and Th17
cells produce IL-17 and IL-22. IL-22 is especially important for the gut homeostasis as
it does promote the regeneration of epithelial cells as well as it induces the production of
antimicrobial peptides and mucus (figure 1.7) [159].

Thus, the commensal microbiota interacts with the host immune system and pro-
motes its own containment, which prevents the development of an excessive inflammatory
response by the host [163].

Due to the importance of the microbiota and its possible alteration by numerous fac-
tors, it was suggested, as a continuity of the "hygiene hypothesis", that the increase in the
prevalence of metabolic diseases such as diabetes type 2, IBD, allergy, etc. in the western
countries could be due to the type of diet consumed and the administration of numerous
antibiotic treatments which promote a low microbial diversity in these populations. It
was named the “disappearing microbiome hypothesis” [140].

1.3.4 Factors that influence the gut microbiota composition
As we mentioned during the description of a healthy microbiota, its composition is

subjected to a huge inter-human variability. Numerous factors intervene to shape the
microbiota. First, the delivery mode will influence the early colonizers of the new-born
gut, vaginally delivered newborns having a microbiota similar to their mother vaginal
microbiota and cesarean delivered ones will have a microbiota more similar to the mother’s
skin microbiota [164]. Independently of this first colonization, it seems that by 6 weeks
the infant adopt a site-specific microbiota and that the delivery mode does not allow to
segregate both groups anymore [165].

Then, the feeding method will shape the development of the microbiota. On the
one hand, the breast-feeding allow the transfer of antibodies from the mother, including
Proteobacteria-specific IgAs that have been proven to regulate the maturation of the
intestinal microbiota [166]. On the other hand, milk oligosaccharides cannot be used by
newborns for nutrition and also serve to guide the composition of the developing infant
gut microbiota (reviewed in [167]). For this reason, the preponderance of Bifidobacterium
species during the first year of life is explained by their capability to break down milk
oligosaccharides [167].

Clearly, the genetics of the host influence also the construction of the microbiota
community through a cross-talk between the immune system and the microbiota. Like
so, it is described that genetically modified mice defective in different parts of the immune
system present an altered microbiota [168].

The diet is probably one of the most important and most studied factors that normally
shape our microbiota. It can promote rapid shifts in the microbiota, but a recuperation
is achievable by a return to the old diet [169]. The influence of the high fat/high sugar
western diet on the microbiota composition and its relation with various diseases has
been especially studied. It has been seen, for example, that the combination of both the
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dysbiosis related to a western diet and a susceptible phenotype exert a cumulative effect
that alters host barrier function favouring adherent-invasive Escherichia coli colonization.
This phenomenon triggers an inflammation response in the host that could intervene in the
onset of inflammatory bowel diseases [170]. Similarly concerning, the interaction between
high-fat-diet induced dysbiosis and a susceptible phenotype were also demonstrated to
promote intestinal carcinogenesis [125].

All these factors act on a relatively long time-scale. On the opposite, antibiotic ad-
ministration, as reviewed by multiple authors [155,171,172], modify drastically the micro-
biota, overcoming its resilience capacity and rapidly promoting a dysbiosis with possible
metabolic consequences and lost of colonization resistance.

The tremendous effect of antibiotics on the gut microbiota is illustrated by one of
the earliest studies in which high throughput sequencing was applied. They explored the
impact of a short-course ciprofloxacin treatment on the gut microbiota from three healthy
adults [173]. After administration of a standard posology for the treatment of urinary
tract infections, the authors detected a dramatic, albeit differing, impact of ciprofloxacin
treatment on the relative abundance of 30% of taxa in the gut.

Other studies compared the effect of antimicrobial agents of different spectrum of ac-
tion on the composition of the microbiota. Rea et al. [174] saw that vancomycin and
metronidazol provoked a diminution in the richness and the diversity in a human dis-
tal colon model. Both treatments resulted in a decrease of the phyla Firmicutes and
Bacteroidetes, with a corresponding increase in Proteobacteria, although in distinct pro-
portions. Compared to the relative abundance present in untreated mice, the Firmi-
cutes decreased from 67.7% to 28%(vancomycin) and 20%(metronidazol), whereas the
corresponding shift in Bacteroidetes was from 19.6% to 4.2% (vancomycin) and 0.17%
(metronidazol). Proteobacteria assignments increased from just 5.1% in the control to
74%(metronidazol) and 55% (vancomycin). Overall, these results demonstrate that an-
tibiotics of different spectrum cause different alterations on the microbiota.

The antibiotic-driven alterations of the microbiota have several consequences, the most
direct one being the loss of the colonization resistance as we will see in more details in an-
other section of this thesis. To give an example, C. difficile infection are treated by the ad-
ministration of vancomycin or metronidazol. This antibiotic treatment present secondary
effects itself as the patient can undergo a recurrence of the C. difficile infection or an infec-
tion by another bacteria, such as VRE, the opportunistic pathogen studied in the present
work. In this case too, the treatment by vancomycin or metronidazol impacts differently
the gut microbiota. Lewis et al. found that mice treated with metronidazol alone experi-
enced relatively transient disruptions in their fecal microbial communities, and returned
to a state similar to pretreatment composition by 1–2 weeks after stopping the treatment.
In contrast, animals treated with vancomycin or metronidazol plus vancomycin experi-
enced a profound shift in their microbiota composition, with taxa such as Bacteroidales
falling permanently below the limit of detection. In parallel, bacterial species present
at low or undetectable levels before antibiotics expanded greatly, including members of
the genus Enterococcus, unclassified Proteobacteria, and members of Lactobacillus and
Clostridium genus [175]. As a consequence of the difference in the alteration of the gut
microbiota, metronidazol and vancomycin affected differently the colonization ability of
vancomycin-resistant Enterococcus, carbapenem-resistant Klebsiella pneumoniae, and Es-
cherichia coli. Mice recovered the colonization resistance against these pathogen seven
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days after the withdrawal of metronidazol whereas the pathogens still highly colonized
vancomycin-treated mice, as long as 14 days after completing the treatment.

The drastic perturbations of the microbiota caused by antibiotics treatment can also
have systematic consequences on the host. As described in the section 1.3.3, the com-
mensal microbiota promote the maturation of the host immune system. In consequence,
perinatal antibiotic exposure can also have long-lasting consequences and is indeed related
with exacerbated allergic syndromes [176]. On the other hand, in a previous section we
also described the influence of the microbiota on the metabolic landscape of the host,
including the production of short-chain fatty acids (SCFAs) that modulate immune func-
tions [155]. Alteration of the microbiota that lead to a diminution of SCFAs-producers,
as seen during vancomycin treatment, disrupt the microbiota-host relationship. It was
indeed demonstrated that treatment with antibiotics leads to a subtle elevation of some
inflammatory markers in the intestinal mucosa [172].

Similarly, it has been described that an antibiotic treatment alters the metabo-lic
profile of fecal samples, such as the bile acid metabolism, the metabolism of steroid
hormones and the eicosanoid synthesis pathway. These alterations can have systemic
consequences as steroids and eicosanoids are important inflammatory mediators and have
been implicated in immunological responses to infection [177].

As mentioned, antibiotic treatments cause drastic alterations on the microbiota com-
position and, moreover, these alterations can be long-lasting. For example, one study
reported that healthy volunteers treated with clindamycin experimented alteration of the
gut microbiota lasting as long as 6 months to 2 years after the treatment. The alteration
included a dramatic loss in diversity as well as in representation of specific taxa, appari-
tion of antibiotic-resistant strains, and upregulation of antibiotic resistance genes [178].
Similarly, antibiotic treatment in mice recapitulates the impact and long-term shifts in
human gut communities. For example, a single dose of clindamycin has been shown to
induce profound changes in mouse microbiota composition and, consequently, to confer
long-lasting susceptibility to C. difficile infection [179].

Most of the antibiotics used nowadays are broad-spectrum. Thus, they alter the
microbiota community to such an extend that they exceed its resilience capacity. Another
potential explanation for the magnitude and duration of antibiotic effects in vivo is the
interdependence of different bacterial taxa. That would explain the observation that gram-
negative commensals can be depleted by vancomycin, which is a gram-positive targeting
drug [112].

In summary, antibiotic treatments affect the composition of the microbiota. Theses
alterations change the metabolites landscape of the intestine, with important consequences
for the host physiology. In addition, antibiotic treatment can cause long-lasting effects on
the intestinal microbiota, far beyond the actual period of administration of the antibiotic.

In the present work, we are specially interested in the alterations caused by vancomycin
as this antibiotic is associated with VRE infections. Nowadays, most studies performed
in humans included patients that already received a previous treatment, thus, the specific
effect of vancomycin cannot be inferred. In addition, the long-lasting effects of this an-
tibiotics are not known. Consequently, one of our objectives in the present work will be to
explore on a long scale time the alterations caused by vancomycin treatment in humans
that had not received previous antibiotic treatment.
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1.3.5 Relevance for infectious diseases
The microbiota, besides its preponderant role in the metabolism of the host, also

protects it from infectious diseases. The capacity to prevent the colonization by canonical
or opportunistic pathogens is known as the colonization resistance.

The microbiota exerts that colonization resistance by direct interaction with the bac-
teria present in the same ecosystem or by stimulation of the host immune defenses.

1.3.5.1 immune independent

The immune independent mechanisms rely on the direct interaction of the microbiota
with the pathogenic bacteria. The cecum is a highly competitive environment, there is
an important pool of nutrients but also an important community of bacteria with very
varied functional capacity. Thus, one mechanism by which the microbiota inhibit the
colonization of external bacteria is the nutritional competition.

For example, E. coli O157:H7 infections can be prevented in mice that have been
pre-colonized with two commensal E. coli strains (HS and Nissle 1917) that compete for
the same sugars [180]. Each of these commensal strains can utilize some but not all of
the five most important sugars consumed by the pathogen in the gut. Thus, if only one
strain is present, some sugars are still available and the pathogen can grow but in case of
the concomitant administration of both commensal strains, all five sugars are depleted,
preventing gut colonization by E. coli O157:H7. This example is specially interesting
for us, as it illustrates the possible necessity to combine several bacteria to achieve the
inhibition of colonization through a nutritional competition mechanism.

Consistent with the effect that the microbiota has on resistance to infection through
nutrient depletion, antibiotic clearance of commensal bacteria can lead to pathogen ex-
pansion through liberation of nutrient sources. This mechanism was demonstrated in the
case of Clostridium difficile infection. Upon an antibiotic treatment, commensals that
liberate sialic acid from the mucus survived while numerous bacteria that were using it
disappear. In this condition, C. difficile take advantage of the newly available nutrient
source to expand [181].

In the case of Enterococcus, it is known that in normal conditions the commensal
strains outcompete the hospital specialized one (VRE) [182]. Indeed, VRE is unable to
colonize an undisturbed gut and it relies on the alteration of the microbiota, for example
due to an antibiotic treatment, to reach high intestinal levels [112].

As it is known that VRE is not able to ferment complex polysaccharides but can
use various monosaccharides, Pultz et al. [183] investigated if VRE could, similarly to
Clostridium difficile, use simples sugars liberated by commensals and made available
upon an antibiotic treatment. Using the enzymatic extract of Ruminococcus torques or
of human fecal sample to digest mucus and other complex polysaccharides that could be
found in the intestine, they determined that VRE was able to grow on the carbohydrate
fragments liberated. In this case, however, it is not known if the antibiotic treatment will
increase the availability of these carbonhydrates, subsequently promoting VRE growth.

Another mechanism by which the microbiota confers protection is through the direct
antibiosis. Commensal strains can produce and secrete small molecules with bacteriostatic
or bactericidal activity, such as bacteriocins or microcins produced by gram-positive and
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gram-negative Enterobacteriaceae species, respectively [184,185]. For example, a commen-
sal Enterococccus faecalis strain is capable of clearing vancomycin-resistant Enterococcus
(VRE) from the intestinal tract of mice through the expression of a plasmid-encoded bac-
teriocin [184]. In the case of gram-negative bacteria, Escherichia coli strain Nissle 1917
produce microcins that reduces intestinal colonization by Salmonella enterica serovar Ty-
phimurium [185].

On the other hand, the intestinal microbiota may also confer resistance through the
production of short-chain fatty acids (SCFA) which, in vitro, markedly suppress the
growth of the pathogenic E. coli strain O157:H7 [186]. The SCFA, as well as some bacterial
products such as the quorum-sensing (QS) signal AI-2, can also influence the coloniza-
tion capacity of pathogens by altering the expression of virulence genes [187, 188]. For
example, the concentration of different SCFAs regulate the expression of S. typhimurium
pathogenicity island 1 (SP1), required by this pathogen for invasion of intestinal epithelial
cells (IECs) [188].

In addition to bacterial-synthesized molecules, host-derived molecules can be metab-
olized by commensals, resulting in the production of secondary metabolites that play a
crucial role in defense against pathogens. For example, the bile acids, synthesized in the
liver and secreted as primary bile acids into the intestinal tract, are converted into sec-
ondary bile acids by specific commensals. These secondary bile acids inhibit the growth
of Clostridium difficile while high concentrations of untransformed primary bile acids
promote the germination of its spores [189,190].

1.3.5.2 immune dependent

Innate-immune derived mechanisms of protection. The layer of mucus that cov-
ers the intestinal tract epithelium can be considered the first line of host defense against
pathogens as it segregates the microbiota from the intestinal epithelium situated under-
neath. The epithelium, which is composed of different cell types, such as enterocytes,
paneth cells and goblet cells is especially important for its secretion of the mucus and
the production of antimicrobial peptides. Both phenomena are driven by the micro-
biota. For example, administration of an antimicrobial therapy can diminish the level of
microbiota-derived lipopolysaccharide (LPS). This molecule stimulates the production by
the enterocytes of RegIII-γ, a bactericidal C-type lectin effective against gram-positive
bacteria. As a consequence of the antimicrobial therapy and subsequent diminution of
LPS and RegIII-γ level in the gut, mice were rendered susceptible to vancomycin-resistant
enterococcus (VRE) infection [162]. Beneath the epithelium, several specialized innate
immune cells are necessary to create an adequate response against intestinal pathogens.
Within these cells, the recently identified innate lymphoid cells (ILCs) have been de-
scribed protecting the host against different pathogens [191]. These cells depend of the
microbiota stimulation to produces several cytokines, such as IL-22, which induces the
production of RegIIIγ by the enterocytes [191–193].

On the other hand, myeloid cells are also influenced by the microbiota as a study
demonstrated that GFM possess lower numbers of splenic macrophages, monocytes and
neutrophils. Importantly, this alteration of the innate immune system undermined pro-
tection against systemic L. monocytogenes infection [194]
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Adaptive-immune derived mechanisms of protection Microbiota induction of the
adaptive arm of the immune system, including B cells and T cells, plays a central role in
the defense against intestinal pathogens in the gastrointestinal tract [195].

Within the intestinal tract, two major T-cell subsets with very different functions
are greatly influenced by commensal microbes: Th17s, which synthesize IL-17 and IL-22
cytokines and play a major role in pathogen protection but also in autoimmune disorders
due to their pro-inflammatory potential; and Tregs, which synthesize immunosuppressive
cytokines such as IL-10, TGF-β or IL-35, and play a key role in controlling inflammation
to avoid excessive tissue damage upon infection [195].

Th17 cells, through the production of IL-22, promotes the secretion of antimicrobial
components by the enterocytes. They may also confer protection against infection by
increasing the translocation of IgA into the intestinal lumen [196].

Intestinal Tregs play an important role in diminishing the tissue damage caused by
the immune response against pathogenic bacteria. Importantly, Treg cells also promote
the synthesis of IgA by B cells. These immunoglobulins intervene in the control of specific
pathogens. Moreover, IgA are essential to regulate the interaction between commensals
and the host [197–199]. Indeed, most of the IgA generated target commensals that could
otherwise translocate and cause inflammation in the lamina basal [159,200,201].

Tregs development and functionality in the intestinal tract depend on the presence
of specific commensal microbes, such as Clostridia [202, 203]. Among other mechanisms,
these commensals influence the differentiation of Tregs through the production of SCFAs
[203].

In summary, most of the immune-mediated mechanism of defense against the intestinal
colonization by pathogens rely on an adequate relation between the microbiota an the
host. Thus, disruption of the microbiota, as seen upon antibiotic treatment, diminishes
the immune protection of the host at multiple levels.

1.3.6 Microbiota-based therapy to eliminate VRE
Enterococcus is a commensal host of the human and, as such, can acquire a detri-

mental behavior only in determined circumstances. For example, when expanding in the
intestinal tract upon antibiotic treatment. In the hospital environment, VRE is especially
associated with treatment of C. difficile infections [204, 205]. Indeed, the recommended
pharmacological treatment of Clostridium difficile is metronidazol or vancomycin in case
of a first episode [206] and alteration of the microbiota caused by both antibiotics have
been demonstrated to highly promote VRE colonization.

Due to the difficulty to treat this increasing multi-resistant bacteria and knowing
that the normal microbiota inhibit its growth, a number of laboratories are investigating
the mechanisms that mediate this colonization resistance against VRE. Indeed, recently
acquired knowledge on the microbiota and the mechanism of interaction with pathogens,
as described in the section 1.3.5, allow the design of news therapeutic approaches to treat
VRE infections. For example, it was proposed to use a commensal Enterococcus expressing
a plasmid encoding a bacteriocin specific against VRE [184].

On the other hand, several strategies have been designed to restore the levels of
RegIIIγ, an antimicrobial peptide that can kill VRE.Whereas antibiotic treatment markedly
reduces the expression of Reg3γ in the small intestine of mice, oral administration of LPS
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to stimulate TLR4 or systemic administration of flagellin to stimulate TLR5 can restore
murine Reg3γ expression and enhance resistance to dense colonization by VRE [162,207].
Recently, it was also demonstrated that oral administration of TLR7 agonist indirectly
activate the ILCs with the subsequent production of IL-22 and restoration of Reg3γ pro-
duction [208]. However, the risks of innate immune receptor stimulation are not negligible
and include potentially inducing acute or chronic inflammation and enhancing existing
inflammatory diseases.

Another solution to restore the colonization resistance after an antibiotic treatment
would be to transfer a complete bacterial community. The fecal transplant (the transfer of
a healthy microbiota to another person) has already been applied to cure numerous cases
of recurrent Clostridium difficile infection [209]. It is indeed becoming so popular that a
European consensus conference on fecal microbiota transplantation in clinical practice was
published [210]. It can be highlighted that they do not recommend the fecal transplant
for other applications than the treatment of recurrent Clostridium difficile infection.

It is also important to highlight possible safety issues. Indeed, the inability to fully
define the composition of feces raises concerns in patients with compromised immune
defenses. In order to achieve the safest practice possible and discard the transfer of
infectious agents, they recommend checking numerous conditions for the donor (through
a questionnaire and extensive blood and stool analysis) [210]. Furthermore, recently
discovered associations of fecal microbiota composition with a range of metabolic and
inflammatory diseases raise concerns about the long-term impact of fecal transplantation
from heterologous donors.

Similarly to the fecal transplant administration that has resulted highly efficient in
order to clear Clostridium difficile from multi-recidivist patients, it was demonstrated
that the transfer of a healthy microbiota to ampicillin treated mice was sufficient to clear
VRE [211]. These authors also achieved the clearance of VRE through the administra-
tion of a strictly anaerobic culture of a fecal sample. Thus, the complete microbiota is
not necessary to achieve the colonization resistance and the bacteria implicated can be
cultivated [211]. Moreover, investigating the relation between the microbiota composition
on the VRE colonization capacity, they identified Barnesiella, a Bacteroidetes, as being
the most negatively correlated with VRE load, suggesting a possible implication of this
bacterium in the colonization resistance observed [211].

Therefore, the administration of defined bacterial populations after an antibiotic treat-
ment may facilitate the reestablishment of colonization resistance, overcoming the diffi-
culties associated with a fecal transplant.

So far, a relatively low number of potential probiotics have been tested as non-
antibiotic strategies against VRE in mammals [117]. Lactobacillus rhamnosus was suc-
cessfully tested in mice and human although no mechanism was proposed. In mice,
Lactococcus lactis and Pediococcus acidilactis were shown to be effective through the pro-
duction of a bacteriocin whereas no mechanism was proposed for the action of Bacillus
coagulans.

In the present work, we aim to identify the key commensal bacteria that confers
resistance against VRE using a mouse model. Also, we aim to identify mechanisms by
which this commensal bacteria could confer protection. The results obtained in this study
could therefore lead to novel therapeutic approaches to combat infections by VRE.



Objectives

The general objective of the present work is to understand the role of the intestinal
microbiota in the defense against intestinal colonization by vancomycin-resistant Entero-
coccus. We will (i) study changes in the microbiota composition derived from antibiotic
treatment that promote intestinal colonization by this pathogen, (ii) identify the com-
mensal bacterial species that are key for conferring protection and (iii) study mechanisms
by which these commensal bacteria may confer protection against the pathogen.

The specific objectives are:

(I) To investigate the alterations of the human gut microbiota associated with oral
administration of vancomycin, an antibiotic that promotes intestinal colonization by
VRE. Subsequently, we will assess, using a mouse model, the effect of the microbiota
changes induced by vancomycin on the intestinal capability of VRE to colonize the
gut.

(II) To understand, using a mouse model, how other antibiotics of different spectrum
including ampicillin, ciprofloxacin, clindamycin, ceftriaxone and neomycin, promote
changes in the gut microbiota composition.

(III) To study, using a mouse model, how alterations of the gut microbiota caused by
antibiotics of different spectrum impact the ability of VRE to colonize the intestinal
tract, which will allow us to identify commensal bacteria, associated with protection
against the intestinal colonization by VRE.

(IV) To obtain a collection of murine commensal bacterial isolates in order to test their
capabilities of restoring colonization resistance against VRE intestinal colonization
after antibiotic treatment.

(V) To restore resistance against VRE intestinal colonization, lost after antibiotic treat-
ment, through the administration of the murine isolated commensal bacteria, found
to be associated with protection against VRE (objective III). This objective will be
studied using a mouse model.

(VI) To study, in mice, changes in the transcriptome and metabolome upon the admin-
istration of the identified protective bacteria against VRE intestinal colonization.
This objective will allow us to identify bacterial functions and changes in metabo-
lites that may be relevant to confer protection against VRE colonization. This
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objective will suggest possible mechanisms of microbiota-derived protection against
VRE intestinal colonization.

(VII) To study, using a mouse model, genes expressed by VRE in vivo and to identify
nutrients utilized by VRE using in vitro culture arrays under anaerobic conditions.
This last objective will enhance our understanding of the nutritional and genetic
requirements for VRE intestinal colonization. Results from this objective will also
enhance our understanding of how commensal bacteria could be providing protection
against VRE through competition for specific nutrients.



2. Material and methods

2.1 Vancomycin effect on the human fecal microbiota:
rationale and subjects

To analyze the impact of the oral vancomycin on the human intestinal microbiota, we
analyzed fecal samples collected during a clinical study that was performed in patients
with rheumatoid arthritis (RA) [212].

This study was performed to investigate the possible positive effect of vancomycin on
the inflammatory status of RA patients. The rationale behind the use of vancomycin
in these patients was based on pre-clinical observations in animal models (K/BxN). It
was observed that this antibiotic led to a dramatic reduction of segmented filamentous
bacteria (SFB), a decrease in Th17 cells activation and proliferation and the abrogation
of inflammatory arthritis when treating mice with vancomycin. Of note, this study was
initiated several months prior to the realization that SFB was not a normal inhabitant of
the human intestinal microbiota.

After consent was obtained, we randomly divided new-onset RA (see definition be-
low) patients into 2 arms groups. The first group (the vancomycin-treated group) re-
ceived vancomycin orally (250 mg four times a day) for 2 weeks, followed by treatment
with methotrexate (treatment for RA) starting 6 weeks after discontinuation of antibiotic
therapy. The second group (control group) received methotrexate from the beginning of
the study and did not receive vancomycin. This control group was included to identify
changes in the microbiota due to methotrexate administration. Importantly, as described
below, no alterations in the gut microbiota composition were observed at any studied
time-point in the control group.

Although vancomycin treated group did not display an improvement of RA symptoms
in comparison with the control group, this study enabled us to investigate the effect of
vancomycin on patients that had not previously received antibiotic treatments and in the
absence of any pathogen.

This study was approved by the Institutional Review Board of New York Univer-
sity School of Medicine, protocol number 09-0658. Further details are published in
www.ClinicalTrials.gov website, Identifier NCT01198509. Among criteria of inclusion,
persons of both sex between 18 and 70 years old were accepted. Patients met American
College of Rheumatology (ACR)/European League Against Rheumatism 2010 classifica-
tion criteria for RA [213]. Subjects included in this study had new-onset RA which was
defined as disease duration of a minimum of 6 weeks and up to 6 months since diagnosis,
and absence of any treatment with disease-modifying anti-rheumatic drugs (DMARDs),
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biologic therapy or steroids (ever). To select a group of patients homogeneous respect to
the activity of the disease, only patients that had a Disease Activity Score 28 (DAS28)
greater than or equal to 5 were incorporated. The DAS28 accounts for the number of
swollen or tender joints out of 28 ones, the erythrocyte sedimentation rate (ESR) or C
reactive protein (CRP) and takes into account the patient perception of his own global
health state. A DAS28 score of 5 or above indicates the RA is highly active. As all the pa-
tients presented a DAS28 score into the highest range of clinical activity, we did not assess
differences in the baseline microbiota due to different states of disease activity. Exclusion
criteria were as follows: recent (<3 months prior) use of any antibiotic therapy, current
extreme diet (e.g., parenteral nutrition or macrobiotic diet), current consumption of pro-
biotics or proton pump inhibitors, known inflammatory bowel disease, known history of
malignancy, any gastrointestinal tract surgery leaving permanent residua (e.g., gastrec-
tomy, bariatric surgery, colectomy), or significant liver, renal, or peptic ulcer disease. All
patients included in the study fulfilled the exclusion criteria until study completion.

2.2 Mice experiments
All mouse procedures were performed in accordance with institutional protocol guide-

lines at the “Servei Central de Suport a la Investigació Experimental” at the University
of Valencia. Mice were maintained accordingly to the National guidelines (RD 53/2013),
under protocols approved by University of Valencia Animal Care Committee describing
experiments specific for this study. Experiments were done with 7-week-old C57BL/6J
purchased from Charles River laboratories and housed with autoclave-sterilize food and
autoclave-sterilize water.

2.2.1 Mice experiments: antibiotic treatments
To investigate the effect of different antibiotics on the murine gut microbiota and

their relationship with VRE colonization capacity, mice were treated for 1 week with
oral vancomycin (0.5g/l, Alfa Aesar), ampicillin (0.5g/l, AppliChem), neomycin (1g/l,
Calbiochem) or streptomycin (0.45g/l, Fluka) in their drinking water. Treatment with
ceftriaxone (2.4mg/ml; 500µl SC, Sigma), clindamycin (1.4mg/ml; 500µl SC, Fluka) and
ciprofloxacin (0.6mg/ml; 150µl IG, Fluka) were administered twice daily for one week.
In the model without recovery, after one week of antibiotic treatment, mice were orally
challenged with 10E6 CFUs of VRE (stock no. 700221; ATCC). A fecal sample was
retrieved before the infection and conserved at -80ºC in order to determine the microbiota
composition (see section 2.3). Two days after infection, VRE counts were determined by
plating serial dilutions of collected fecal samples in Gelose BEA plates (Biokar) containing
8 µg/ml of vancomycin (Alfa,Aesar) and 10 µg/ml of ampicillin (AppliChem). We will
refer to this medium as BEA AV plates along the present work. Alternatively, in the model
with recovery, we assessed VRE colonization capacity after letting the mouse recover their
microbiota for two weeks. In this case, mice received the treatment for one week then
it was withdrawn to allow the microbiota to recover. Two weeks after the antibiotic
withdrawal, a fecal sample was retrieved and conserved at -80ºC in order to determine
the microbiota composition (see section 2.3). Next, mice were orally challenged with
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10E6 CFUs of VRE and the level of VRE was assessed as previously described two days
post-infection (figure 2.1).

Figure 2.1: Schematic representation of the performed mouse experiments to
study the effect of antibiotic treatment on microbiota composition and VRE
colonization as well as testing the protective action of specific bacteria. Mice re-
ceived an antibiotic treatment for 1 week, then, according to the model (A) the treatment
was maintained, a fecal sample was collected to determine the microbiota composition
and mice were orally challenged with 10E6 VRE CFUs, (B) after the withdrawal of the
treatment, the microbiota was allowed to recover for two weeks, (in some experiments,
as we will indicate in the text, specific bacteria or fecal pellets were administered orally
during the first three days after the antibiotic withdrawal). After two weeks of recovery, a
fecal sample was collected to determine the microbiota composition and mice were orally
challenged with 10E6 VRE CFUs. In both models, cages were changed the day of the
infection and the next day to avoid the re-infection of the mice by coprophagy. The lev-
els of VRE were assessed by plating fecal samples on selective media two days after the
infection.

To check that no bacteria present in the microbiota of the mice was able to grow in this
medium and that there was no mice contamination with VRE previous to the infection, we
plated on the BEA AV medium fecal samples collected before the infection. As expected,
no colony was detected on BEA AV plates when fecal samples obtained before infection
were grown .

A summary of antibiotics and posology used can be found in the table 2.1, as well as an
overview of their spectrum of action in figure 2.2. These antibiotics were selected to target
the different fractions of the microbiota (gram positive, gram negative and anaerobes).
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Table 2.1: Antibiotics tested in the mouse model

antibiotics Concentration/daily dose administration route

ampicillin 0.5g/l drinking water
vancomycin 0.5g/l drinking water
ciprofloxacin 0.6mg/ml;300µl Intra-gastric, IG
ceftriaxone 2.4mg/ml;1 ml subcutaneous, SC
clindamycin 1.4mg/ml;1 ml subcutaneous, SC
neomycin 1g/l drinking water
streptomycin 0.45g/l drinking water

Figure 2.2: Antibiotics spectrum. Adapted from the Wellingtonicu.com drug manual.
MRSA : Methicillin Resistant Staphylococcus aureus, MSSA : Methicillin Sensitive Staphylococcus aureus,
ESCAPPM : bacteria with β-lactamase activity: Enterobacter spp., Serratia spp., Citrobacter freundii,
Aeromonas spp., Proteus spp., Providencia spp., Morganella morganii

2.2.2 Mice experiments : fecal transplant
To verify that the restoration of a normal microbiota do reestablish the colonization

resistance against VRE, we performed a fecal transplant in antibiotic-treated mice and
allowed them to recover for two weeks. Subsequently, mice were challenged with VRE
as described in section 2.2.1. The fecal solution administered consisted of fecal pellets
from untreated mice resuspended in phosphate-buffered saline (PBS) (3 fecal pellets/1
ml of PBS). For each experiment, several fecal pellets from different untreated mice were
resuspended together in PBS. A total of 100 µl of the resuspended pool fecal material was
given by oral gavage to antibiotic-treated mice over 3 consecutive days, starting 1 day after
antibiotic treatment was stopped. Two weeks after stopping the antibiotic treatment, a
fecal sample was retrieved from these mice and conserved at -80ºC in order to determine
the microbiota composition (see section 2.3). Immediately after the collection of the fecal
sample, mice were challenged with VRE as previously described.

2.2.3 Mice experiments : probiotics administration
To assess the capacity of specific bacteria to restore the colonization resistance against

VRE, several mice were treated with 0.5g/l of vancomycin in water for one week and the
bacteria to be tested were orally administered over 3 consecutive days, starting one day
after the antibiotic withdrawal.
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The bacteria were selected as explained in the section 3.2.5 and they were isolated as
described in the section 2.6. To preserve the viability of anaerobic bacteria, manipulations
were performed inside an anaerobic chamber (Whitley DG250 Anaerobic Workstation,
Don Whitley Scientific Limited), supplied with a 10% CO2, 10% H2 and 80% N2 com-
pressed gas mixture (Linde AG®). The material used for bacterial growth, solid or liquid
media, was let to reduce overnight (O/N) inside the anaerobic chamber previously to its
use.

Bacterial isolates were grown under anaerobic conditions at 37°C on Columbia Blood
Agar plates (VWR) for 3 days (Alistipes (CU159), unclassified ruminococacceae (CU153),
Barnesiella (Cu46)), for 6 days (Oscillibacter (Cu176)) or on schaedler agar plates (Conda)
for 3 days (Allobaculum (Cu185)) (Table 2.2). The grown bacterial colonies were resus-
pended in PBS complemented with glycerol (20% v/v) and cysteine (0.1% w/v). These
bacterial suspensions were used individually or combined according to the bacteria we
wanted to test, maintaining an individual absorbance of 0.5 (OD600). In order to di-
minish the contact of these anaerobic bacteria with the atmosphere (containing oxigen)
during their administration, individual mixes (one per cage) were prepared to be unfrozen
and directly administered.

Table 2.2: Bacteria isolated and tested in a mouse model.

ID Genus Growth medium Growth time (days)

Cu159 Alistipes CBA 3
Cu185 Allobaculum Sch 3
Cu46 Barnesiella CBA 3
Cu176 Oscillibacter CBA 6
Cu153 un. Ruminococcaceae CBA 3

CBA: Columbia blood agar. Sch: Schaedler agar. un: unclassified.

To test the bacteria, we used the model with recovery after antibiotic treatment as
described in 2.2.1. Briefly, mice were treated with vancomycin (0.5g/l in the drinking
water) for one week and, starting next day after the antibiotic withdrawal, the bacterial
isolates were administered by oral gavage for three consecutive days. Then, two weeks
after the antibiotic withdrawal, a fecal sample was retrieved and conserved at -80ºC in
order to determine the microbiota composition (see section 2.3). Next, mice were orally
challenged with 10E6 CFUs of VRE and the level of VRE were assessed two days after
VRE inoculation as previously described in the section 2.2.1(Figure 2.1).

To control that a bacteria that should not affect VRE colonization capacity does not
diminish VRE levels in our model, we administered to another group of mice Klebsiella
pneumoniae (KPN) (clinical isolate obtained from a bacteremia in the Memorial Sloan
Kettering Cancer Center, New York), instead of the commensal bacteria isolated. We
selected this bacteria because it is not negatively correlated with VRE levels (see result
section 3.2.5) and it was demonstrated to occupy a distinct niche in the intestine and not
to compete with VRE [214].

KPN was grown aerobically in LB agar (Pronadisa) for one day and resuspended in
PBS to achieve the absorbance of 0.5 (OD600). The mouse model was identical as the one
used to test the protective activity of the bacteria isolated. In order to identify the levels
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of KPN after the inoculation, fecal pellets from mice were grown on LB agar (Pronadisa)
plates containing 100 µg/ml of ampicillin (AppliChem) and 50 µg/ml of neomycin sulphate
(Calbiochem). In order to identify the levels of colonization of the others isolates that
were administered, 16s rDNA high-throughput sequencing was performed as indicated in
section 2.5.7.

In these experiments, two mice were co-housed during the recovery period and sepa-
rated just before the infection with VRE. This design allowed the sacrifice of one unin-
fected mouse to retrieve cecal samples (for metabolomic and metatranscriptomic study)
whereas the second mouse can be infected to assess VRE levels.

2.3 DNA extraction
For human fecal samples, bacterial DNA was extracted using the MoBio power soil

DNA extraction kit, based on cell membrane disruption by high-speed shaking in the
presence of beads [212]. In this case, the DNA extraction was performed by the group of
Jose Scher, New York University School of Medicine, New York, United States.

For mice fecal samples analyzed to determine the effects of various antibiotic treat-
ments and to check the effect of bacterial administration on VRE levels, bacterial DNA was
extracted using the QIAamp® DNA Fast Stool Mini kit (QIAGEN, Spain, ref 50951604).Ex-
tractions were performed according to manufacturer instructions with introduction of a
previous mechanic disruption step with beads beating. Basically, samples resuspended in
the first buffer of the extraction kit were shaken on a Vortex-Genie 2 equipped with a
Vortex Adapters (Mobio, ref 13000-V1-24) at maximum speed for 5 minutes in the pres-
ence of 500µl of glass micro-beads (acid-washed glass beads 150-212 µm, Sigma®). DNA
was eluted in 50 µl of milliQ water and was quantified using Qubit 3.0 Fluorometer.

2.4 16s rRNA gene high-throughput sequencing
The bacterial gene 16S rRNA is broadly used to determine the taxonomy of bacteria.

This gene is present in all the bacteria and contains nine hyper-variable regions (V1–V9)
that allow the phylogenetic classification of bacteria, to the species level if the complete
gene is sequenced.

Using second-generation sequencing, it is possible to sequence the 16S rRNA gene of
the different bacteria present in an environment to determine its microbiota composition.
However, these high-throughput techniques can produce only a partial sequence of the
16S rRNA gene ( 100–500 bp), thus it is possible to give a taxonomic assignation only to
the genus level. Nevertheless, subsequent non-taxonomic analysis that cluster sequences
by similarity can define Operational Taxonomic Units (OTUs), which can aid to the study
of the microbial diversity to a level similar to that of the species taxonomic level.

For human samples, V1-V2 regions of the 16s rRNA gene was amplified and sequenced
on a 454 GS FLX Titanium platform (454 Life Sciences, Branford, CT, USA) to a depth of
at least 2,600 reads per subject. For each sample, 3 replicate 25-µl PCRs were performed,
each containing 50 ng of purified DNA, 0.2 mM dNTPs, 1.5 mM MgCl2, 1.25 U Platinum
Taq DNA polymerase, 2.5 µl of 10x PCR buffer, and 0.2 µM of the modified primer 8F
and 338R designed to amplify the V1-V2 region (Table 2.3). Cycling conditions were
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94°C for 3 minutes, followed by 25 cycles of 94°C for 30 seconds, 52°C for 30 seconds,
and 72°C for 1 minute. Replicate PCRs were pooled, and amplicons were purified using
the Qiaquick PCR Purification Kit (Qiagen) A library of the PCR products was prepared
using emPCR Kit Lib-L (adapters were added to the amplicons to allow their sequencing
by the high-throughput technique) and sequenced on a 454 GS FLX Titanium platform
following the 454 Roche recommended procedures. Sequences are accessible in the NCBI
Sequence Read Archive under the accession number SRP023463.

Fecal samples collected from the experiments performed in mice in order to identify
changes in the microbiota induced by antibiotic treatments (section 3.2 of results) were se-
quenced on a 454 platform. For each sample, 2 replicate 25-µl PCRs were performed, with
each containing 20 ng of purified DNA, 0.25mM deoxynucleoside triphosphates (dNTPs),
0.6U of Taq DNA polymerase (Thermoscientific), 2.5 µl of 10X PCR buffer, and 0.2mM
of the modified primer 8F and 534R, designed to amplify the V1-V3 region (Table 2.3).

Table 2.3: Primers used to sequence the 16s rRNA gene using the 454 platform

Primer Sequence (5’-3’)

modified primer 8F CCTATCCCCTGTGTGCCTTGGCAGTCTCAGAGAGTTTGATCCTGGCTCAG
modified primer 338R GCCTCCCTCGCGCCATCAGNNNNNNN NTGCTGCCTCCCGTAGGAGT
modified primer 534R CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNN ATTACCGCGGCTGCTGG

underlined: 454 Lib-L primer (B in case of 8F and A for 338R and 534R). italics: universal bacterial primer.
NNNNNNN: a unique barcode.

Cycling conditions were 94ºC for 5 min, and 22 cycles of 94ºC for 30 sec, 56ºC for
30 sec and 68ºC for 30 sec, and a final elongation cycle at 68ºC for 5 min. Replicate
PCRs were pooled, and amplicons were purified using the ExcelaPure 96-Well UF PCR
Purification Kit (EdgeBio, REF: 95674). A library of the PCR products was prepared
using emPCR Kit Lib-L and sequenced using GS FLX Titanium Sequencing Kit XL+ on
a 454 GS FLX Titanium platform following the 454 Roche recommended procedures.

Due to the discontinuity of 454 platform and possibility to obtain a higher number
of sequences by pyrosequencing, samples proceeding from antibiotics experiments were
re-sequenced on a MiSeq platform (Illumina). Mice samples derived from experiments in
which specific bacterial isolates were administered to mice to test their protective effect
against VRE, were directly sequenced on this platform. In this case, the V3-V5 region of
the 16s rRNA gen was amplified (Kapa HiFi HotStart Ready Mix), indexed with Nextera®
XT Index Kit (96 indexes, 384 samples) and sequenced as described in the manual for
“16S Metagenomic Sequencing Library Preparation” of the MiSeq platform (Illumina)
using Miseq Reagent Kit V3.

2.5 High-throughput sequencing analysis of the 16s
rRNA gene

Sequence data were compiled and processed using MOTHUR V1.34.4 and V1.36. [215].
We specify in the next section the parameters used for the analysis of the different types
of data.
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Due to the high variety of data analyzed and the use of two high-throughput tech-
niques, we divided this section in several subsections.

First, we describe the parameters used in the pretreatment of the data sequenced
by 454 and by illumina. This section includes the removal of remaining sequence of the
primers from the obtained sequences and the control of quality. Both sequencing platforms
present different outputs and for this reason it is necessary to adapt the parameters of the
pretreatment to each of the sequencing platforms. Moreover, the size of the subsampling
has to be adapted to each sequencing analysis (in each analysis we analyze for all the
samples the same amount of sequences which are equal to the lowest number of sequences
present in one of the samples to be analyzed in that particular analysis). Therefore, it is
necessary to specify the parameters selected for each analysis.

Afterwards, we describe the analysis step performed on the cleaned sequences that
are similar to the different type of data processed. This section includes the removing of
chimeric sequences, the taxonomic assignation and the clustering of sequences in OTUs
(Operational taxonomic unit, which are groups of sequences that present a minimal simi-
larity of 97%). In the sequencing by high-throughput technique, the size of the fragments
obtained reach between 200bp and around 500bp. We do not sequence the complete 16s
rDNA, thus it is not possible to assign a taxonomy to the species level using these tech-
niques. As we have previously indicated, to be able to discriminate the diversity present
in a bacterial community to a deeper level than the genus, OTUs are generated as an
intra-experiment approximation of bacterial species.

Finally, we describe additional analysis performed on each experiment. The purpose
of the different experiments were different and thus specific analysis were performed for
each particular experiment.

2.5.1 Pretreatment of 454 sequencing data
2.5.1.1 Vancomycin effect on human gut microbiota data

Sequences were converted to standard FASTA format. Sequences shorter than 200 bp,
containing undetermined bases or homopolymer stretches longer than 8 bp, with no exact
match to the forward primer or a barcode, or that did not align with the appropriate
16S rRNA variable region were not included in the analysis. Using the 454 base quality
scores, which range from 0–40 (0 being an ambiguous base), sequences were trimmed using
a sliding-window technique, such that the minimum average quality score over a window
of 50 bases never dropped below 30. Sequences were trimmed from the 3′-end until this
criterion was met.

2.5.1.2 Antibiotics effect on the murine gut microbiota determined by 454
sequencing data

The analysis was done as previously described except that the minimum sequence
length was 250 bp and that the average quality score over a window of 50 bases never
dropped below 25.

The parameters of this analysis differ from the ones applied to the human samples
because the primers used are different, thus we were able to obtain larger amplicons.
Regarding the quality parameter, the data were sequenced on a distinct platform and it
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was necessary to diminish a bit the threshold of quality to obtain a higher number of
sequences to follow the analysis.

Because of the low number of sequences obtained with this technique, we did not
perform a subset to the number of sequences in the sample with the lowest deep of
sequencing. Nevertheless, the analysis comparing the different groups were performed
normalizing the data by the number of sequences obtained per sample.

2.5.2 Pretreatment of illumina Miseq sequencing data
The sequencing data obtained thanks to the 454 Roche platform or by Miseq illumina

sequencing are quite different. The 454 sequencing output consist of unique reads (the
amplicons are sequenced from one extreme) whereas the output of illumina sequencing
by pair-end consists of pair-reads for each amplicon (2 sequences per amplicon). The
amplicon is sequenced by both extremes and the resulting reads must be assembled on
the overlapping region. For this reason, the pretreatment differs between both techniques.

For each sample a forward and reverse pair-end sequences are retrieved. Quality
assessment of sequences was performed using printseq-lite program [216]. Sequences were
trimmed using the sliding-window technique, such that the minimum average quality score
over a window of 20 bases never dropped below 30. Sequences were trimmed from the 3’-
end until this criterion was met. Then, trimmed forward and reverse pair-end sequences
were assembled using fastq-join from ea-tools suite [217] applying default parameters
(maximum 8 percent of difference and minimum overlap of 6bp). Assembled pair-end
sequences larger than 400 bp were kept for the subsequent analysis.

Since different number of sequences per sample could lead to a different diversity, in
order to compare the diversity of different fecal samples, we rarefied all samples to the
number of sequences obtained in the sample with the lowest number of sequences. The
number of sequences subsampled for each analysis can be consulted in the table 2.4.

Table 2.4: Subsampling size for the different sequencing analysis performed.

Analysis Nºsequences by sample

Effects of oral vancomycin on the human intestinal microbiota 2883
Effect of antibiotics on the gut microbiota 29667
Study of the bacterial diversity in different media 10000
Study of the microbiota composition upon bacterial isolate administration to mice 19947
Selection of the samples included in the metatranscriptomic study 22904

2.5.3 Identification of OTUs and taxonomy performed on cleaned
sequencing data obtained from the 454 and illumina Miseq
platforms

Sequences were aligned to the 16S rRNA gene, using as a template the SILVA reference
alignment [218], and the Needleman-Wunsch algorithm with the default scoring options.
Potentially chimeric sequences were removed using the ChimeraSlayer [219] option for
454 data and Uchime [220] for illumina data in MOTHUR. To minimize the effect of py-
rosequencing errors in overestimating microbial diversity [221], rare abundance sequences
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that differ in 1% from a high abundance sequence were merged to the high abundance
sequence using the pre.cluster option in MOTHUR. Sequences were grouped into OTUs
using cluster.split with the average neighbor algorithm method for 454 data and the faster
implementation of Vsearch [222], cluster, with the abundance based agc method, for the
Miseq data. Sequences with distance-based similarity of 97% or greater were assigned to
the same OTU. It is known that 454 platform produce an error on homopolymers (in-
del) while substitution type miscalls are the major source of errors for Illumina sequenc-
ing [223]. As a result, the 454 sequences present less variability due to the sequencing
process than the Miseq data (the pretreatment filtering include a parameter of filtering
on homopolymers). For this reason, we decided to remove the rare OTUs (singletons)
for the analysis of Miseq data. Then, we subsample the data without singleton to obtain
again the same number of sequences by sample. OTU-based microbial diversity was es-
timated by calculating the Shannon diversity index [224]. Phylogenetic classification was
performed for each sequence using the Bayesian classifier algorithm described by Wang
and colleagues with the bootstrap cutoff 60% [225]. Classification was assigned to the
genus level when possible; otherwise the closest level of classification to the genus level
was given, preceded by “unclassified”.

2.5.4 Sequencing analysis performed to study the effects of oral
vancomycin on the human intestinal microbiota.

Sequences were processed as described in 2.5.1.1 and 2.5.3. In order to compare the
overall microbiota similarity between different fecal samples (Figure 3.2 and 3.9), we cal-
culated for every pair of samples the unweighted UniFrac phylogenetic distance [226].
This distance is calculated by generating a phylogenetic tree containing all the 16s rRNA
sequences identified in the samples under comparison. Subsequently, the UniFrac distance
is calculated as the fraction of the total branch length of the tree which is not shared be-
tween the two samples under comparison. UniFrac distance values range from 0 to 1,
being 1 the distance obtained between a pair of samples that do not share any branch of
the phylogenetic tree (their microbiota is totally different and do not share any bacterial
lineage), and 0 the distance obtained between a pair of samples that have exactly the
same microbiota. To perform UniFrac analysis we first inferred a phylogenetic tree using
clearcut [227], on the 16s rRNA sequence alignment generated by MOTHUR. Unweighted
UniFrac, which tabulates the presence or absence, but not the proportion, of different bac-
terial lineages within the tree, was run using MOTHUR. We then applied the Unweighted
Pair Group Method with Arithmetic mean (UPGMA) hierarchical clustering to the ma-
trix of UniFrac distances generated in order to cluster samples by microbiota similarity
(Figure 3.2A). The Shannon index was calculated for each sample using MOTHUR.

To compare human and mouse microbiota changes after vancomycin administration
(Figure 3.9A and B), only the shared part of the 16s rRNA, the V1-V2 regions, were
taken into account. Sequences were analyzed essentially as described above except that
800 sequences (minimum number of sequences found in one of the mouse samples) were
used from each sample to calculate the number of OTUs shown in Figure 3.9B.

To calculate the correlation of microbiota recovery upon vancomycin cessation with
VRE intestinal colonization levels (Figure 3.9D), sequences from murine fecal samples were
obtained using the MiSeq platform. For this reason, sequencing analysis was performed
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essentially as described in the section 2.5.2 except for the minimum average quality score
over a window of 20 bases never dropped below 20. Sequences were trimmed from the
3’-end until this criterion was met. 13078 sequences of assembled, non-chimeric sequences
were used from each sample in order to define the OTUs and calculate the UniFrac
distances to untreated mice.

2.5.5 Sequencing analysis performed to study the effects of an-
tibiotics on the gut microbiota and its influence on VRE
colonization

For the section 3.2.1, we calculated in MOTHUR the number of OTUs and shannon
index on the data without singleton OTUs (data obtained by illumina sequencing). The
biomass was directly calculated from the concentration of DNA extracted from the sample
(ng of DNA/g of feces) as previously described [228].

For the section 3.2.2 we performed the analysis as explained below:

Non Metric Multidimensional Scaling (NMDS) To verify that the sample are
grouped according to the treatment given, we performed a non metric multidimensional
scaling (NMDS) in two dimensions on the genus abundance matrix using function metaMDS
with the Braycurtis distance [229]. This analysis present the advantage of combinating
all the information on two dimensions whereas the PCA generates as many axis as the
number of variables (taxa) present in the matrix. In a PCA, the axis one allows the
separation of the most dissimilar samples. However, a high number of axis, not easily
visualized, could be necessary to explain the separation of an important number of sam-
ples with a very distinct microbiota (as obtained administering antibiotics of different
spectrum). Moreover, the NMDS analysis support matrix with a high number of values
equal to zero (which is not the case of PCA). This property is important because the
administration of antibiotics can eliminate specific bacteria. Then, we determined the
taxa that best explain this separation using an adaptation of the bioenv function [230].
Basically, a new matrix of distance is calculated on the table of abundance of the specific
bacterial combination tested. Then, this table of distance is correlated with the complete
one. Only combinations of taxa that give a minimal correlation are kept. In our case,
aleatory combinations of a maximum of 16 bacteria were tested. Starting from a single
bacteria, the correlation of the distance matrix is assessed. In case that the bacteria or
the combination gave a rho value of 0.95, it is selected. In the opposite case, a bacteria is
added and the new combination is tested (with a maximum of 16 bacteria tested). Then,
a backward analysis is conduced on the combination of bacteria that give a rho value of
0.95 or on the mix of 16 bacteria. All the combinations with bacteria removed are tested
and the best one is selected. The complete process is performed 10 times to avoid the
selection of a local optimum and the best combination is selected. We finally mapped the
abundance of these bacteria on the NMDS plot using envfit.

In figure 3.21, we calculated and plotted the Braycurtis distance of each group (by
antibiotic, with recovery or not) to the untreated mice. For each sample, we used the
mean of the distance from this sample to the five untreated mice. To determine the Bray-
curtis distance between the microbiota of recovered mice and of mice under treatment, we
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calculated the mean distance of each recovered sample to the samples under treatment.
In the case of untreated mice, we calculated the mean distance of each sample respect
to the four others untreated mice, thus we could obtain the basal microbiota Braycurtis
distance among untreated mice.

Heatmap of fold changes at the genus and phylum level. To determine the taxa
significantly altered by each antibiotic treatment, we performed a wilcoxon test comparing
the level of individual taxa in untreated mice and in mice that received ciprofloxacin,
neomycin, ceftriaxone, ampicillin, clindamycin or vancomycin. The p-value obtained were
adjusted for multiple testing thanks to the false discovery rate (FDR) method [231]. We
selected the taxa with an adjusted p value< 0.05 and with a fold change (increase or
decrease) superior to 2 in order to distinguish the major alterations associated with each
treatment. The analysis was conduced both at the phylum and the genus level.

Barplot of the mean abundance by treatment. Numerous low abundant bacteria
are significantly altered upon antibiotic administration. Thus, with the heatmap of fold
changes only, we cannot appreciate well which are the changes in the most abundant
populations of the microbiota. To obtain an overall view of the microbiota composition
resulting from each treatment, we represented in the figures 3.14 and 3.22 the genus whose
mean abundance reach 5% in untreated mice or upon administration of an antibiotic. The
other genus were grouped in "other bacteria".

Determination of putative protective bacteria against VRE colonization Using
the information obtained with the 454 platform we started the isolation of the commensal
bacteria identified to be associated with the protection against VRE. Subsequently, we
tested using a mouse model the role in the protection of the isolated bacteria. For this
reason, I will hold on the 454 data to describe the selection of bacteria as potential VRE
colonization inhibitors. In this case, an average of 2652 sequences/sample were obtained.
We used the data of different antibiotic driven gut dysbiosis in relation with VRE load two
days post infection to identify commensal bacteria associated with resistance against VRE.
In order to identify commensal bacteria that associates with VRE colonization levels, we
performed a correlation between the levels of each commensal bacteria and the levels of
VRE with the spearman method using the R functions cor and cor.test [232]. Due to the
high number of bacteria tested, it is necessary to adjust the p-value obtained to avoid
the selection of false positives. In the present case, the p-value obtained were adjusted
for multiple testing using the false discovery rate (FDR) method [231] implemented with
p.adjust. Adjusted p values <0.05 were considered significant.

Within those commensal bacteria that had a significant negative correlation with VRE
levels, we decided to isolate and test their protective effect against VRE. Those commensal
bacteria that were highly prevalent in untreated mice were selected. A taxa was considered
present if at least 2 sequences were detected. Only the taxa detected in the five untreated
mice were selected. In the case of the bacteria positively correlated with VRE load,
we selected all the taxa with an adjusted spearman p.value < 0, 05. In this case we
did not apply any criteria of minimal prevalence as we do not expect these bacteria to
be abundant in untreated mice (these bacteria were basically found in antibiotic-treated
mice, and absent or very low-abundant in untreated-mice).
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In order to confirm that a specific commensal bacteria was negatively associated with
the VRE levels, we separated the samples into two groups with high and low VRE level
(Figure 3.26). Most of the mice presented levels of VRE colonization lower than < 10E4
ufc/g or higher than > 10E6 ufc/g. Thus, these thresholds of VRE colonization were used
to define the two groups of mice (highly susceptible or resistant to VRE colonization).
Both groups were constituted by a similar number of mice (N=23 for the mice with low
VRE level and N=25 for the mice with high VRE level).

Subsequently, we used LEfSe (Linear discriminant analysis effect size) [233] a tool de-
veloped by Huttenhower’s group to define the major microbiota differences that discrim-
inated two groups of samples. Briefly, LEfSe pairwise compares abundances of all taxa
(e.g., bacterial genus) between groups using the Kruskal-Wallis test, requiring all such
tests to be statistically significant. Vectors resulting from the comparison of abundances
between groups (e.g., unclassified Ruminococcaceae relative abundance) are used as input
to linear discriminant analysis (LDA), which calculates an effect size. The main utility of
LEfSe over traditional statistical tests is that, besides the evaluation of the significancy
thanks to the p or q value, an effect size is calculated which allows the identification of
those taxa that mostly contribute to the differences observed among groups.

The LEfSe analysis was performed online using the galaxy interface with the default
parameters. (https://huttenhower.sph.harvard.edu/galaxy/).

2.5.6 Sequencing analysis performed to study the bacterial di-
versity upon growth of a cecal samples in different media.

As we will mention in the section 2.6, we cultived a mouse cecal sample in various
agar media to determine which media allowed the growth of the bacteria of interest that
we wanted to isolate. The overall bacteria that grew in each media was identified using
high-throughput sequencing of the 16s rRNA gene with the Miseq platform. For this
purpose we utilized the pretreatment parameters described in 2.5.2 and the general step
of sequencing analysis described in the section 2.5.3. We calculated in MOTHUR the
shannon index to determine which medium presented the highest diversity. In addition,
we also defined the taxonomic groups that were able to grow in each media using as
a template the SILVA reference alignment [218], and the Needleman-Wunsch algorithm
with the default scoring options as described in the previous section.

2.5.7 Sequencing analysis performed to study the microbiota
composition and bacterial colonization upon the adminis-
tration of specific bacterial isolates to mice

After determining the putative protective bacteria against VRE colonization, we tested
their protective effect using a mouse model. The isolation of the bacteria and the sequenc-
ing of their 16s rRNA are described in the sections 2.6, 2.7 and 2.8. Here we describe
how we determine their capacity to colonize the intestinal tract using the 16s rRNA high-
throughput sequencing approach. For this purpose, we determined which OTU of the
murine microbiota correspond to each bacteria administered. To do this, we first created
a Blast database using the 16s rRNA sequences obtained of the administered bacteria.
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Subsequently, we obtained a representative sequence from each OTU detected in the
mouse microbiota. Then, the representative sequences from the OTUs of the mice mi-
crobiota were compared to the database of the 16s rRNA from the bacteria administered
with blastall. The OTUs of the microbiota that gave a best match with the administered
bacterium (>99% of similarity and >99% alignment length) were considered to be the
administered bacterium.

2.6 Intestinal bacteria growth and isolation
To be able to test the protective effect of the bacteria negatively correlated with VRE,

we needed to isolate them from the murine gut.
Since all the bacteria that we wanted to isolate were anaerobic, in order to preserve the

viability of anaerobic bacteria, manipulations were performed inside an anaerobic chamber
(Whitley DG250 Anaerobic Workstation, Don Whitley Scientific Limited), supplied with
a 10% CO2, 10% H2 and 80% N2 compressed gas mixture (Linde AG®). The material
used for bacterial growth, solid or liquid media, was deoxygenated overnight inside the
anaerobic chamber previously to its use.

In order to grow and isolate intestinal anaerobic commensal bacteria from the mice,
we collected the cecum content of 7-week-old female mice SPF-C57BL/6J purchased from
Charles River laboratory. The cecum content was immediately resuspended in PBS/0.1%
cysteine previously reduced and transported to the laboratory in an anaerobic jar. Back in
the laboratory, working in the anaerobic working station Whitley DG250, glycerol/cystein
0.1% was added to the suspension in order to obtain 7 ml PBS/glycerol 20%/ cystein 0.1%.
The suspension was frozen at -80ºC in aliquots of 150 µL. One aliquot was plated on the
culture media Columbia Blood Agar(VWR), Schaedler(Pronadisa), Reinforced Clostrid-
ium(Oxoid) and Brucella(Pronadisa) agar (dilution from 10E-2 to 10E-6). Plates were
incubated in the anaerobic chamber for 6 days at 37ºC (Columbia Blood Agar was also
incubated at 28ºC). Subsequently, we collected the bacteria growing in each medium
and sequenced them by Illumina Miseq. As a control we also sequenced an uncultivated
cecum sample. Briefly, DNA was extracted using QIAamp® DNA Stool Mini kit (QIA-
GEN, Spain, ref 51504) as mentioned in the section 2.3, the 16s rRNA gene was PCR
amplified as described in protocol “16S Metagenomic Sequencing Library Preparation”.
Obtained amplicons were sequenced on a MiSeq platform (Illumina). Sequences were an-
alyzed as described in section 2.4, with filtering quality parameters set to minlength=200,
qaverage=25, maxambig=0 and maxhomop=8. To standardize the number of reads, sam-
ples were downscaled to 10000 reads. The analysis performed allow us to identify which
bacteria grows in each media as well as their relative abundance and indicate the most
appropriate media to isolate specific bacteria. After selection of the medium, we re-saw
a cecal aliquot in the selected medium (CBA, see result section 3.3) at an appropriate
dilution to obtain individual colonies. Colonies were resuspended in 30µl of PBS, 5µl
being used to determine their taxonomy (see section 2.7), 1µl was used to grow them on
a new plate and subsequently store in the case the identified bacteria was of interest, and
the rest was frozen in case we had to repeat the PCR.

As will be explained in the results section 3.3, Lactobacillus, Parasutterella, Es-
cherichia and Bacteroides were the most abundant bacteria in the medium selected.
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Since the bacteria that we were more interested in were strictly anaerobic (see results
section 3.2.5) we decided to add a filtering step to discard the facultative anaerobes
(i.e.Lactobacillus, Parasutterella and Escherichia). For this purpose, we also re-saw the
colonies identified in CBA agar in the media Schaedler and LB under aerobic conditions.
Only bacteria that present no growth in aerobic condition were further analyzed as explain
in the next section.

2.7 Bacterial taxonomic identification through 16s
sanger sequencing

In order to characterize taxonomically the colonies grown in culture media, we se-
quenced their 16s rRNA gene. In a first step, we amplify this gene through PCR using
universal primers F27 and R553. Later, we used the universal reverse primer R803 or
R1492 in combination with the primer F27 to obtain a larger sequence.

Table 2.5: Sequence of primers used to verify the identity of bacteria

Primer Sequence (5’-3’)

F27 ACGAAGCATCAGAGTTTGATCMTGGCTCAG
R553 TTACCGCGGCKGCTGGCACG
R803 CTACCAGGGTATCTAATCC
R1492 CGGTTACCTTGTTACGACTT

Ruminococcaceae F16 AACGCCGCGTGARGGAAGAM
Ruminococcaceae R310 CCGCTACTCHVGGAATTCCG

Primers in the lower part were designed using PRIMROSE to facilitate the
isolation low-abundant taxa, as explained in the section 2.8.

Each PCR reaction was done in a total volume of 25µL, using Thermopol® Reaction
Buffer 10x (2,5 µL), dNTPs 10 mM (0,625 µL), primer forward 10 µM (0,5 µL), primer
reverse 10 mM (0,5 µL), Taq-polymerase (0,5 µL), 1 or 5 µL of bacteria resuspended in PBS
as DNA source (according to the concentration of the bacterial suspension) and ultrapure
water to adjust the volume to a total of 25µL. The parameters of PCR reaction were :
initial denaturation (5 min, 94ºC); 35 cycle of denaturation (30 sec, 94ºC), hybridization
(30 sec, 56ºC), elongation (30 sec, 68ºC). After the 35 cycles, the reaction finalizes with
an elongation (5 min, 72ºC).

To check that the PCR amplification did work, we performed an electrophoresis in
agarose gels. PCR products mixed with the loading buffer (LB-6X) in proportion 4:1
were loaded on agarose gel (1,4%) (Sigma-Aldrich®) with 1µL RedSafe™ Nucleic Acid
Staining Solution (20x). Electrophoresis was performed during 30 min at 120V. Separated
PCR amplified products were visualized using an Ultra Violet Light Chamber (Bio rad).
To assess the size of the fragments, we used the molecular weight marker GeneRuler 1
kb DNA Ladder (Thermo Scientific™) mixed with LB-6X in the same proportion as the
PCR products. LB-6X used was commercialized bought (Thermo Scientific™ 6X Orange
Loading Dye).
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After confirmation that the PCR amplification did work, PCR products were purified
using purification plates ExcelaPure™ 96-well Ultrafiltration plate (EdgeBio). According
to manufacturer guide, ultra-pure water was added to the PCRs products to obtain a fi-
nal volume of 100 µL. After 5 minutes of incubation at room temperature, centrifugation
(3500 x g in a Hermle Z400 centrifuge) was applied for 10 minutes. The flow-through
was discarded, samples were resuspended with 100 µL of ultra-pure water and the incu-
bation and centrifugation process was repeated. The DNA retained in the well filter was
resuspended with 50 µL of ultra-pure water. Subsequently, DNA was incubated at RT
for 5 min before resuspending carefully the purified samples and transferring them to new
tubes. If necessary, samples were conserved at -20ºC.

The purified amplicons were used as a template to perform the dye-terminator reaction
in order to obtain their sequences. To verify the identity of the bacterial isolate, a unique
reaction with the primer 27F was performed.

The dye-terminator reaction was performed using for each sample : ultra-pure water (4
µL), BigDye® Terminator v3.1 Sequencing Buffer 1,5x (1,6 µL), BigDye® Terminator v3.1
(0,4 µL), purified PCR products (1 µL), primer 27F (1 µL, 5µM). Reaction conditions were
99 cycles of : 94ºC for 10 seconds, 50ºC for 5 seconds and 60ºC for 4 minutes. The resulting
product was sent to the "Servicio Central de Soporte a la Investigación Experimental
(SCSIE)" where the purification and capillary electrophoresis were performed . Quality
of retrieved sequences in ab.1 format was manually checked using Trev program from
package Staden (avaible at http://staden.sourceforge.net/) and sequenced were kept in
fasta format. Phylogenetic classification of the sequences was done using MOTHUR [215].

For those bacteria that we selected to test in the mouse model, we also obtained
the complete sequence of their 16S rDNA gene, since this would allow us to identify
and characterize them better. To obtain the complete 16S rDNA sequence, a bacteria
suspension was PCR amplified and purified as described previously, except that we used
the primers F27 and R1492. Next, the purified amplicons were used as a template in
three dye-terminator reactions, with one primer per reaction which was either 27F, 533F
or 1100F. The resulting product was also sent to the "Servicio Central de Soporte a la
Investigación Experimental (SCSIE)" and, after the quality check, the three overlapping
fragments were assembled with Geneious software to obtain the complete sequence of the
16S rDNA gene. As before, the phylogenetic classification of the sequences was done using
MOTHUR [215].

2.8 Isolation of low-abundant bacteria
As described in the results (see section 3.3), the strategy used to isolate the commensal

bacteria described in the section 2.6 allowed us to isolate most of the bacteria we were
interested in, except Oscillibacter, a member of the family Ruminococcaceae.

To isolate these very low abundant taxa, we designed specific primers of the family
Ruminococacceae that could allow us to differenciate bacteria belonging to this family
from the rest of the bacteria grown in the Columbia blood agar medium directly by
performing a PCR from a bacterial colony. Subsequently, we could confirm the taxonomy
of positive clones through 16s rRNA sequencing. This strategy could facilitate this task
since it will avoid us the need of sequencing thousands of colonies.
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Design of oligonucleotides specific for the family Ruminococcaceae was done using
PRIMROSE Version 2.17 [234]. It was not possible to design primers specific for Oscil-
libacter since other genera from the same family Ruminococcaceae share a very similar
16s sequence. PRIMROSE program uses a rRNA 16S sequence database and generates
the complementary oligonucleotides for the selected sequences of the database (e.g. Ru-
minococcaceae) while optimizing differences with the other sequences included in the
database. To construct this database, we used the aligned sequences of the OTUs de-
tected in Columbia blood agar culture (37ºC) (see section 2.6), where Oscillibacter was
in higher abundance respect to the other media investigated.

For the construction of the specific oligonucleotides, we selected the OTUs classified
within the family Ruminococcaceae (Pseudoflavonifractor, Clostridium IV and Oscil-
libacter). In the parameter to generate the oligonucleotides, we selected a mean length of
20 nucleotides, which ensures a temperature of hybridization high enough. We selected
forward-reverse pair of nucleotides with a similar Tm and a minimal distance of 200 bp
to ensure the generation of a PCR product long enough to separate it, in an agarose gel,
from any primer dimer generated during the PCR reaction. We selected the primer-pairs
that had the highest number of mismatches respected to the other OTUs present in the
media (not belonging to the family Ruminococcaceae), with a preference for mismatches
in region 3’ end (hybridization in this position is important to ensure the capacity of
the polymerase to start elongation of the DNA during the PCR). The sequences of the
identified primers are indicated in table 2.5.

The isolation of Oscillibacter was done as described in the section 2.6 except that
the first PCR was performed both with the universal primers and the newly designed
one (the hybridization temperature was 61ºC for these specific primers). We selected the
bacteria for which we obtained an amplification product in the PCR reaction with the
specific primers. The PCR reaction with the universal primers served as a control that the
amplification did work and was subsequently sequenced to verify that the colony isolated
was in fact Oscillibacter.

2.9 Genome sequencing and analysis
In order to determine the protective mechanism by which the bacteria isolated prevent

the colonization by VRE and the contribution of each of the bacteria present in the mix,
we needed to know which functions they encode. For that, we sequenced their complete
genome, including also the genome of the VRE strain used in the mouse experiments.
We also performed a meta-transcriptomic analysis to determine the functions implied in
the protection (see results 3.5). In this case, by mapping the meta-transcriptome to the
genome of each bacteria administered, we can determine, emphin vivo, what functions
are expressing each of the bacteria administered.

The bacteria of interest were cultured in anaerobic conditions on Columbia blood agar
or Schaedler agar according to their requirements (see section 2.2.3). Enterococcus faecium
was cultivated in aerobic condition on BHI agar (Pronadisa). Bacteria were resuspended in
PBS and DNA was extracted using QIAamp® DNA Fast Stool Mini kit (QIAGEN, Spain,
ref 50951604) as described in 2.3. Subsequently, a genomic DNA library was elaborated
with the kit Nextera® XT DNA Sample Preparation Kit according to manufacturer guide.
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The samples were indexed with Nextera® XT Index Kit and the genome sequencing was
performed with an Illumina MiSeq® System, using Miseq Reagent Kit V3 (paired-end).

An average of 1,114,877 paired-end reads per isolate were obtained. Remaining adaptor
sequences were removed from the raw data using Cutadapt v. 1.10 [235]. On average,
4% of the reads contained adaptor sequences and were trimmed accordingly. Cleaned
sequences were then filtered by quality using UrQt v.1.0.18 (last update September 2016)
[236]. UrQt trims low quality read extremes, to avoid data loss. Nevertheless, to avoid
possible misclassification of the short reads, only reads with a size of 75 or higher were
further processed. In total, 8.5% of the bases were trimmed, and 1,65% of the reads
were removed.

Cleaned genomic data was assembled using SPAdes v. 3.7.1 using the “careful” algo-
rithm to improve the contig reconstruction [237]. A multi-kmer Bruijn graph reconstruc-
tion was followed as it has been suggested to improve the assembly outcome. We used
6 different kmer lengths (21, 33, 55, 77, 99, 127), as it is the best kmer combination for
estimated read sizes over 250bp. SPAdes resulted in an average draft genome assembly
of 258 contigs with a N50 of 101,450bp (Given a set of contigs, each with its own length,
the N50 length is defined as the shortest sequence length at 50% of the genome. Thus,
summing the contigs starting from the biggest one, the smallest contig included to cover
50% of the genome is 101,450bp long in this assembly). The average basepair coverage
was 27.17X. Open-reading frames (ORFs) were identified and annotated using PROKKA,
resulting in an average of 2486,6 ORFs per genome [238]. To maximize the annotation,
ORFs were translated into amino-acids and queried against three independent databases:
Pfam v.27.0 [239], EggNOG v.4.5 [240] and KEGG (last accessed October 2014) [241].
Annotation was performed using HMMer v.3.1.2 [242] with the following parameters:
only Hits with an e-value lower than 0.05 and a minimum coverage of 0.50 were kept as
significant results. For each ORF, only the best hit per database was kept.

2.10 Acquisition of meta-transcriptomic and
metabolomic samples

In order to determine the protective mechanism by which the bacteria isolated prevent
the colonization by VRE, we decided to detect the metabolites and the transcripts that
are differentially expressed upon the administration of the protective bacteria.

By comparing the metabolome of cecal samples from antibiotic-treated mice that
received the protective bacteria or not, we aim to determine how the cecal environment
and the availability of nutrients (i.e. carbonhydrates,..) is altered. These differences,
detected before the challenge with VRE, can influence its growth capacity.

We also sequenced the meta-transcriptome of the same samples. This will allow us
to determine which functions drive the alterations detected at the metabolome level and
it can allow the identification of other mechanisms, such as the synthesis of bacteriocins.
Moreover, mapping the meta-transcriptomic data against the genome of the bacteria
administered (see 2.9), it is even possible to determine the individual action of the different
bacteria administered.

Samples for metabolomic and meta-transcriptomic study were obtained from the same
mice. As described in section 2.2.3, mice were co-housed (2 mice by cage) for 2 weeks
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after removal of antibiotic treatment. The control group, which received only suspension
media (PBS/glycerol 20%/cystein 0.1%) instead of the bacterial suspension, were co-
housed similarly. The same day as we performed the VRE infection, mice were separated
in individual cages and one mouse was orally infected with 10E6 cfu VRE/200µl whereas
the other mouse was sacrificed in order to collect the cecum for the metabolomic and the
meta-transcriptomic analysis.

Importantly, we already demostrated that co-housed mice present similar microbiota
and VRE colonization levels when challenged (see Results section 3.5.1). Thus, by co-
housing two mice, we can sacrifice one to obtain the samples pre-infection whereas the
second one is challenged with VRE to determine the colonization load associated with
this microbiota composition.

The cecal content of each sacrificed mouse was resuspended in twice its volume of
phosphate buffer (100 mM Na2HPO4 pH 7.4) respect to weight (considering 100 mg as 100
µl), homogenized and centrifuged (13 200g, 1 min). The supernatant was separated and
frozen using a dry ice bath whereas the pellet was resuspended in 1 ml RNAlater (Ambion)
and kept at 4ºC for 24h before preservation at -80ºC. Next two days after infection, VRE
counts were determined in the infected mice by plating serial dilutions of collected fecal
samples in Bile Esculin agar plates containing 8 µg/ml of vancomycin (Alfa,Aesar) and
10 µg/ml of ampicillin (AppliChem). As control, fecal samples from every mouse were
plated before infection in VRE selective plates. No colonies were identified in the fecal
samples plated before infection in VRE selective plates.

2.10.1 Verification of the microbiota likeness in co-housed mice
As described in the previous section 2.10, to obtain the samples for metabolomic and

metatranscriptomic studies, we use mice that were co-housed. We obtained the sample
necessary for the metabolomic and meta-transcriptomic studies from one mouse whereas
the other one reports the VRE colonization levels after orally challenging it. For this
purpose, we first performed an experiment to verify that co-housed mice indeed present
a similar microbiota composition and VRE loads when challenged. Mice were treated
with antibiotics, separated two by cage (co-housed) and allowed to recover for two-weeks.
Next, a fecal sample of each mouse was retrieved to assess the gut microbiota composition
and they were infected with VRE after separation in individual cages. The VRE levels
were assessed by plating fecal samples two days after the infection.

The consistency and conformity of VRE colonization levels in co-housed mice were
checked by calculating the intraclass correlation coefficient (ICC) on fecal VRE levels
detected at day two post-infection in co-housed mice. The function used, ICCest from
ICC package, is similar to a one-way analysis of variance (ANOVA), where the total
variance is split into within-subject and between-subject variability.

To check that co-housed mice also shared a similar microbiota, we sequenced and
analyzed the 16s rRNA (as described in 2.3, 2.4 and 2.5). If co-housed mice share a
similar microbiota, the unweighted unifrac distance between two co-housed mice should
be smaller than the mean distance between the different samples of the same group.
To test this, we calculated the unweighted unifrac distance on the data excluding the
singleton OTUs using MOTHUR V1.36. Then, we compared, using Wilcoxon test, the
mean distance between co-housed mice with the mean distance between all the samples.
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2.11 Metabolomic study
In order to determine the protective mechanism by which the bacteria isolated prevent

the colonization by VRE, we compared the metabolome of the cecum from treated mice
that received a mix of protective bacteria or not. This analysis can highlight differences
in concentration of metabolites, such as nutrients, between the group that received the
protective bacteria or that did not received the mix.

This analysis was performed in collaboration with Leonor Puchades, in the laboratory
of Antonio Pineda-Lucena, part of the nuclear magnetic resonance service of the Research
Center Principe Felipe (CIPF), Valencia, Spain.

2.11.1 H-NMR spectroscopy measurement protocols
Supernatants obtained as described in section 2.10 were diluted with cold buffer (75

mM Na2HPO4 pH 7.4, 100% D2O) to obtain a dilution 1:30 from the initial cecal sample.
After homogenization, 1 ml of the sample was centrifuged (11000g, 4ºC, 20 min), filtered
with a cellular filter (pore size 100 µm, 732-275VWR) through centrifugation (1000 rpm,
5 min). The resulting filtrate was centrifuged (11000 g, 4ºC, 15 min) and the supernatant
was filtered (pore size 0.2 µm, 25mm, Acrodisc 4612). 500µl of this last filtrate was mixed
with 100µl of RMN buffer (100 mM Na2HPO4 pH 7.4, 4.6 mM TSP, 100% D2O) for
acquisition of data.

All spectra were recorded using a Avance III spectrometer equipped with a 5mm TXI
probe and operated at a 500MHz 1H resonance frequency. All spectra were recorded
jointly and in a random order for the different sample groups included in the study. The
temperature was set to 300K and a representative sample was used for NMR probe tuning
and matching, determination of the transmitter offset value for water pulse presaturation
(25 Hz). These parameters were kept for all the samples of the experiment. The impedance
of the probe was adjusted automatically for each sample using the wobble curve and a
pulse adjustment of 90º.

A representative sample of each group was used to determine the required number of
repetitions to obtain a good relation signal/noise (S/N). All spectra were acquired and
performed using the TopSpin software package version 3.1 (Bruker Biospin, Rheinstetten,
Germany).

For every sample included in the study, a 1D-NOESY experiment was run and for
determined samples a second experiment, 1H-1H TOCSY, was run.

2.11.2 Data reduction and metabolomics analysis
Phase correction and baseline correction were carefully performed, and the 1H chem-

ical shifts referred to the doublet signal of alanine (δ 1.47). The corrected NMR spectra
corresponding to the chemical shift range between δ 0.2–10.0 were imported into AMIX
3.9.5 (Bruker Biospin, Rheinstetten, Germany), and all of the spectra were reduced into
integral regions with equal lengths of 0.005 ppm.The spectra was integrated in two regions
from both sides of the resonance from residual water (δ 0.5–4.5 and δ 5.0-8.5). To re-
duce the concentration differences between samples, the data was normalized to the total
spectral area (100%).
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The datasets were analyzed by pattern recognition methods using the software pack-
ages Simca-P, version 11.5 (UmetricsAB, Umea, Sweden), and MetaboAnalyst 3.0. To
make the skewed distributions more symmetric, log transformations were used for nonlin-
ear conversions of the data. To explain the maximum variation between samples, a PCA
bilinear decomposition method was used to view the clusters within the multivariate data.
To eliminate the effect of inter-subject variability among the participants and identify en-
dogenous metabolites that significantly contributed to the classification, OPLS-DA was
applied to remove linear combinations of variable X orthogonal to the Y vector. The
specific metabolites between classes were interpreted using VIP (variable importance in
the projection), considering as important all the variables with a VIP above 1.

2.12 RNA extraction and metatranscriptome sequenc-
ing

In order to determine the protective mechanism by which the bacteria isolated prevent
the colonization by VRE, we studied the meta-transcriptome of the cecum from treated
mice that received a mix of protective bacteria or received PBS instead. This analysis can
highlight differences in transcript expression between the group that received the bacterial
suspension and the one that received the PBS. This study can serve to confirm results
obtained through the metabolomic approach and can also highlight other mechanisms
such as the expression of bacteriocins.

The samples were obtained as described in the section 2.10. Samples conserved in
RNAlater were unfrozen on ice and a volume corresponding to 100-250 mg of cecal sample
was transferred to a weighted 2.0 ml eppendorf. Each subsample was diluted with a volume
of ice cold DEPC water equal to its weight and centrifuged for 5 minutes at 13400 rpm,
4ºC. The samples conserved in RNAlater were diluted 1:2 with ice cold DEPC water
before their centrifugation to diminish the viscosity and to be able to retrieve the pellet.

The supernatant was discarded and the resulting pellet was weighted. RNA was
extracted from the obtained pellets using the kit Power Microbiome RNA isolation kit
(reference 26000-50, Mobio) according to manufacturer protocol with slight modifications.
First, to improve the process, the first step was performed combining a phenol-chloroform
extraction (pH5) and bead disruption, as suggested in the kit protocol and already doc-
umented [243]. Second, to improve the elimination of the DNA, the DNAse treatment
step was increased to 45 min at 37ºC instead of 15 min at room temperature . Third,
in the final step, the RNA was eluted with 100µl of PM8 for 5 min (instead of 1 min).
After the extraction, the purity of RNA was checked performing a qPCR with bacterial
16s rRNA universal primer 27F (sequence:AGAGTTTGATCMTGGCTCAG) and 338R
(sequence:TGCTGCCTCCCGTAGGAGT). If the PCR is positive, it means that DNA
remains in the sample. In case of amplification, the sample was treated with Baseline-
ZERO Dnase (Epicentre) to completely remove the remaining DNA. A standard ethanol
precipitation protocol was used to precipitate RNA and wash out the Stop solution that
could interfere with the following steps. The RNA was precipitated by mixing 22µl of
sample, 2.2µl NaAc 3M pH5.2 and 72.6µl ethanol absolute ice cold and letting the mix
overnight at 4ºC. Next day, the eppendorf was centrifuged for 15 min, 13200 rpm, and
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the ethanol was removed. Subsequently, the pellet was washed with ethanol 70%, dried
at 65ºC for about 10 min and finally resuspended in DEPC water.

Because we were interested in identifying the functions express by protective bacteria,
we were mainly interested in the mRNA. However, most of the RNA present in a cell
is rRNA, thus we needed to remove it before performing the sequencing. To remove the
rRNA, every sample was treated with Ribo-Zero rRNA Removal Kit (Bacteria) (Illumina).
The library for sequencing was constructed using the ScriptSeq Complete Kit Bacteria
according to the manufacturer protocol. Libraries were sequenced on a Nextseq high
(150bp, pair-end) according to the manufacturer protocol.

2.13 Metatranscriptome analysis
To obtain a high coverage, we limited the number of samples to be inluded in the

run. We included one sample to determine VRE in vivo transcriptome and 6 samples
of each group (untreated mice, treated mice that received PBS and treated mice that
received the protective bacterial mix) from the experiment conduced to determine the
metatranscriptomic alterations related with the administration of the bacterial mix. We
selected the most representative samples for each group, that is to say the nearest one to
the log10 median level of VRE at day two post infection.

2.13.1 Metatranscriptomics sequencing data processing
A total of 19 metatranscriptomics samples were sequenced with Illumina MiSeq using

paired-end technology. An average of 4.67*10E6 paired-end reads was obtained for each
sample. Adaptor sequences and low-quality reads were removed using Cutadapt and UrQt
(see 2.9). Although the RNA extraction method utilized contained a step to remove the
ribosomal RNA, this step does not remove the 100% of the ribosomal RNA. For this
reason, cleaned metatranscriptomic data was mapped against a Short Ribosomal Subunit
database (including 16S and 18S rRNA reference data) from SILVA [244] using bowtie
v.2.2.9 [245], and discarded. The remaining reads were re-mapped against the Long
Ribosomal Subunit database from SILVA and the Mouse reference genome v.38 from the
NCBI reference repository [246]. Hits mapping any of both databases were discarded in
further analyzes.

2.13.2 Assembly and Annotation of metatranscriptome NGS
data

Cleaned genomic data was assembled using SPAdes v. 3.7.1 using the “rna” algorithm
to improve the transcript reconstruction. A multi-kmer de Bruijn graph reconstruction
was followed as it has been suggested to improve the assembly outcome. We used 6
different kmer lengths (21, 33, 55, 77, 99, 127), as it is the best kmer combination for esti-
mated read sizes over 250bp. ORFs were identified and annotated using MetaGeneMark
v.1.0.1 [247]. Only ORFs with a minimum size of 50aa and with at least one extreme
complete were kept. To maximize the annotation, ORFs were translated into amino-acids
and queried against three independent databases: Pfam v.27.0 [239], EggNOG v.4.5 [240]
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and KEGG (last accessed October 2014) [241] Annotation was performed using HMMer
v.3.1.2 [242] using the following parameters: only Hits with an e-value lower than 0.05
and a minimum coverage of 0.50 were kept as significant results. For each ORF, only the
best hit per database was kept.

2.13.3 Metatranscriptomic data analysis
A catalogue of non-redundant ORFs (NR) was constructed. ORFs were clustered

at 90% identity, as described in [248], using vsearch using the “cluster smallmem” al-
gorithm [222]. Non-redundant ORFs were annotated using KEGG and Pfam databases
using HMMSearch. To calculate the average coverage and the total number of mapped
reads per ORF, the cleaned metatranscriptomic data was mapped against the formatted
NR catalogue using bowtie2 [245]. Read counts were converted to transcript reads per
million (TPM), by first dividing the number of read counts by the length of each ORF
(RPK). Then we have divided the number of RPK per sample by 1,000,000 (resulting in
a scaling factor) and finally dividing each RPK by the scaling factor. This normalization
results in each sample summing up to 1,000,000 TPMs (transcript per million). Cleaned
metatranscriptomic data was also mapped against the bacterial genomes obtained from
the protective bacteria (see section 2.9)) using bowtie2, in order to identify which tran-
scripts are expressed by the protective bacteria.

2.14 VRE in vivo transcriptome analysis
To analyze the transcriptome of VRE emphin vivo, we infected mice that were receiv-

ing vancomycin treatment with 10E6 VRE CFU (see section 2.2). During vancomycin
treatment, VRE represents more than 1 percent of the microbiota and, by sequencing the
metatranscriptome, we can obtain enough reads that map against VRE genome. Conse-
quently, we can analyze the specific transcriptome of VRE.

RNA was extracted and sequenced as described in 2.12. Low quality sequences and
ribosomal sequences were removed as described in section 2.13. Then, using bwa, the
filtered reads were aligned against the VRE ATCC700221 genome sequenced. Next, using
SAMtools we retrieved the number of reads that map on each gene [249]. Subsequently, the
number of reads that map on each gene was normalized as TPM, as previously described.
To control the specificity of the genes that map against the VRE genome, we mapped
against the metatranscriptome of treated mice. We only found 29 ORFs from a total of
2718 ORFs detected to be expressed by VRE. Indicating that the great majority of the
sequences that match the VRE genome, in mice colonised with VRE, where indeed genes
expressed by VRE.

2.15 Phenotype Microarrays assays
To determine the capacity of VRE ATCC700221 to grow on different nutrients in

anaerobic conditions, we used Biolog plates PM1 and PM2a (carbon sources) following
the "PM Procedures for Anaerobic Bacteria (no dye)" protocol. The PM panels are 96
well plates where each well contains a different and unique source of carbon.
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PM panels and inoculating fluid IF-0a GN/GP Base or IF-0a, were bought from Biolog,
Inc. (Hayward, CA, USA). Other chemicals needed to perform the microarrays assays
were purchased from Sigma-Aldrich except for the yeast extract (YE) that was purchased
from Oxoid (UK).

To inoculate panels PM1 and PM2a, a mix of IF-0a with yeast extract was used (see
table 2.6). Briefly, VRE was grown overnight on BHI plate in an anaerobic chamber
(Whitlet DG250 ), at 37ºC with a gas atmosphere of 10% H2, 10% CO2, and 80% N2.
The inoculation mix as well as 4 ml of IF-0a were reduced in the anaerobic chamber. PM
panels were reduced in an oxoid anaerobic jar because some reagents are sensitive to the
high relative humidity present in the anaerobic chamber.

Table 2.6: Biolog plates inoculation mix

PM1,2 – for one plate (ml)
Cells in AN IF-0a (1.2x) 0.750
AN IF-0a (1.2x) 9.104
Glucose (1M, filtered sterile) 0.000
Yeast (20%, filtered sterile) 0.030
Sterile water 2.116
total 12.000

Inoculation of the panels was done rapidly in aerobic conditions. VRE was resus-
pended in reduced IF-0a and washed to remove possible nutritive contamination from
the growth medium. After centrifugation, the supernatant was discarded and replaced
by fresh reduced IF-0a. 750 µl of this suspension normalized to an absorbance of 0.3979
(corresponding to the transparency of 40%T specified in the manufacturer protocol) was
added to the mix corresponding to the specific PM plate tested, obtaining a total volume
of 12 ml. The PM plate was inoculated with 100 µl/well of this inoculation mix. We
also plated several dilutions of this inoculation mix on BHI agar to determine the exact
number of VRE CFUs that were used in each experiment.

The incubation and lecture were performed outside of the anaerobic chamber, thus,
to maintain the anaerobic conditions, 30 µl of autoclaved mineral oil was added on the
top of each well. The anaerobic condition was checked first growing a strictly anaerobic
bacteria in the same conditions (see section 3.7.1) and using a redox marker, methylene
green, that turn green in case of oxidation.

The lecture was performed in a Tecan Infinite F200 at a wavelength of 610 nm using the
program Magellan (incubation for 24h at 37ºC). The absorbance was measured every 20
minutes. For analysis of the results, the background of each well at time 0 was subtracted.

The experiment was replicated for each type of panel, and only those nutrients with
consistent growth of VRE in both replicas were considered to be important for VRE
growth. In addition to the absorbance result, we confirmed the grow of VRE by plating
each well of the replicated plate after the 24h growth. Finally, we considered that nutrients
for which we observed a growth of 2 folds or more respect to the control were utilized by
VRE as carbon source for its growth.
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2.16 Statistical analysis
Statistical analysis was performed using R [232] or GraphPad Prism (GraphPad Soft-

ware). To compare the VRE levels obtained by plating fecal samples, we used the Mann-
Whitney-Wilcoxon test when the number of samples was too small to perform a test of
normality and when the groups did not followed a gaussien distribution according to the
D’Agostino and & Pearson omnibus normality test.

When all the values of one group are similar (for example, the level of VRE in un-
treated mice at day two post-infection is equal to 0), it is not possible to apply the non
parametric Mann-Whitney-Wilcoxon test. In this case, we used an unpaired t-test with
Welch correction to account for the unequal variance between groups.

When analysing the microbiota composition, we used a Wilcoxon test adjusted by FDR
to determine the bacteria whose abundance vary between two groups. In this case, we
perform an high number of comparisons thus it is necessary to adjust the p.value obtained
through the FDR approach to avoid the selection of false positives. Other statistical tests
used and parameters are described in each of the analysis performed, in the corresponding
sections of the present Material and methods chapter or directly in the results.





3. Results

3.1 Short- and long-term effects of oral vancomycin
on the human intestinal microbiota.

Vancomycin resistant Enterococcus (VRE) infections frequently occu after antibiotic
treatment, mainly in hospitalized patients. In particular, VRE are highly prevalent in
patients previously infected by C.difficile [205]. This might be due to the antibiotics
used to treat C.difficile infections (CDI), metronidazol and vancomycin. Indeed, it has
already been demonstrated in mice that vancomycin provokes a greater loss of microbiota-
mediated colonization resistance (CR) to C.difficile infection as compared with metron-
idazol [175]. In this article, they studied in mice the effect of both antibiotic for a period
of 21 days. By the end of the study, vancomycin treated mice had not recovered their
microbiota and were still susceptible to C.difficile infection, albeit in lower level. Looking
at the impact of the treatment on opportunistic infections, they also demonstrated that
mice were susceptible to VRE infection as far as 14 days after antibiotic cessation.

Given the high impact of vancomycin, we decided to investigate the alterations induced
by this treatment in the much more variable human gut microbiota. Unlike the publication
mentioned, we studied the recovery on a long period (six months post-antibiotic cessation)
to assess whether the microbiota could fully recover. Finally, we wanted to assess the
relevance of the alterations observed in the microbiota on the capacity of VRE to colonize
the intestinal tract.

We had the opportunity to study the effect of vancomycin in patients that had received
no antibiotic treatment in the previous three months thanks to a clinical trial in patients
with new-onset rheumatoid arthritis (RA) that received oral vancomycin. Thus, we could
analyze in these patients the exclusive effect of vancomycin on the human microbiota, as
opposed to other studies that had evaluate the effect of vancomycin on patients infected
with C. difficile, which previously had been treated with other antibiotics.

The rationale behind the use of vancomycin in these patients was based on pre-clinical
observations in animal models (K/BxN). It was observed that this antibiotic led to a
dramatic reduction of segmented filamentous bacteria (SFB), a decrease in Th17 cells
activation and proliferation and the abrogation of inflammatory arthritis when treating
mice with vancomycin. Of note, this study was initiated several months prior to the
realization that SFB was not a normal inhabitant of the human intestinal microbiota.

Independently of the outcomes of this clinical trial, we used the samples collected to
explore the effect of vancomycin on an undisrupted microbiota. A total of 21 subjects were
included in the study, 9 of which received vancomycin orally for 2 weeks while 12 of them
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Table 3.1: Demographic and clinical data among control patients or patients
treated with vancomycin.

Characteristic Vanco (n=9) Control (n=12)

Age, years, mean (median) 36 (32.5) 37.7 (36)
Female, % 75,00% 67,00%
Disease duration, months, mean (median) 7.5 (4) 6.7 (4)
Disease activity parameters
ESR, mm/h, median 24,2 28,2
CRP, mg/l, median 12 10
DAS28, mean (median) 5.3 (5.0) 5.2 (5.5)
Patient VAS pain, mm, mean (median) 74.5 (80) 57.7 (50)
TJC-28, mean (median) 11 (11.5) 7.6 (6.0)
SJC-28, mean (median) 7.0 (7.0) 7.7 (7.0)
Medication use at baseline
Antibiotics (previous 3 months), % 0,0% 0,0%
PPI, % 0,0% 0,0%
Methotrexate, % 0,0% 0,0%
Prednisone, % 0,0% 0,0%
Biological agent, % 0,0% 0,0%

Two sided t-test or Fischer’s exact test was applied to study differences among groups. No
significant differences were observed among groups in any of the analysed characteristics
(p>0.05). Abbreviations:ESR, erythrocyte sedimentation rate; CRP, C-reactive protein;
DAS28, Disease Activity Score with 28 joint count; VAS, visual analog scale; TJC-28,
tender joint counts with 28 joint count; SJC-28, swollen joint counts with 28 joint count;
PPI, proton pump inhibitors.

remained untreated. Importantly, no significant differences in clinical or demographic
characteristics were observed between both groups of patients (Table 3.1).

Fecal samples were obtained immediately before the initiation of vancomycin treat-
ment, the day the treatment was ended, and 2, 6, 14, and 22 weeks after antibiotic
discontinuation. Samples from untreated patients were obtained at the same time points
as controls. With only a few exceptions, samples for most time points were included in
the study for all vancomycin-treated (4.9 ± 0.9 out of 6 time points; mean ± standard
deviation), and untreated patients (4.2 ± 1.1) (Figure 3.1).

16s rRNA sequences from human samples were analyzed with mothur as described in
2.5. A total number of 1 434 274 sequences (average of 10393 sequences per sample) passed
our quality thresholds. Samples with lower coverage (<2500 sequences) were removed from
the analysis. In order to avoid any bias due to different sample coverage, 2883 sequences
(minimum number of sequences found in a sample) were selected from each sample for
subsequent analysis: taxonomic characterization and operational taxonomic units (OTUs)
identification.
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Figure 3.1: Samples included in the study. The fecal samples that were included
for the microbiota analysis are shown in blue. The ID of the patient is indicated. Specific
samples at specific time points were not analyzed because either the sample could not be
collected at that specific time point or the number of obtained sequences was too low to
be included it in the analysis. w: weeks.

3.1.1 Vancomycin induces persistent changes in the human mi-
crobiota structure.

First, to have a global view of the changes induced by vancomycin, we quantified
microbiota similarities among fecal samples using unweighted UniFrac [226] and applied
UPGMA hierarchical clustering to group samples by microbiota similarity as described
in section 2.5.4 of materials and methods. Fecal samples were clustered into two major
groups (Figure 3.2A): (1) baseline samples and prospective samples from untreated (UT)
patients, and (2) samples obtained immediately after vancomycin treatment and most of
the samples obtained after antibiotic cessation from the majority of vancomycin treated
(T) patients. This result indicates that vancomycin induces a major shift in the over-
all structure of the intestinal microbiota, which persists in most patients even 22 weeks
after antibiotic cessation. Interestingly, samples from cluster (2), could be further clus-
tered into two major subgroups: (2a) which includes samples obtained immediately after
vancomycin therapy, and (2b) which includes samples obtained weeks after antibiotic ces-
sation. This result indicates that, irrespective of the baseline microbiota, vancomycin
treatment promotes similar community perturbations. However, following antibiotic dis-
continuation, the microbiota alterations are of a different nature. In some cases, these
changes lead to a completely new state of microbial composition that differs significantly
from that of the baseline biologic community, even 22 weeks after antibiotic cessation (i.e.
patients T2, T4, T3, T5). In other cases, the microbiota recovers to a greater extent
(i.e. samples after antibiotic cessation from patients T6 and T8 cluster together with
their respective baseline samples). As expected, samples from untreated patients clus-
tered with their respective baseline samples, indicating that the microbiota of untreated
patients is stable with inter-individual taxonomic differences maintained through the 6
months study period, even in the presence of methotrexate. These results were confirmed
by applying Principal Coordinate of Analysis to the UniFrac distances (Figure 3.2B). The
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Figure 3.2: Vancomycin induces persistent changes in the human microbiota
structure. Patients were treated with vancomycin for 2 weeks (T, treated) or left un-
treated (UT). Fecal samples were obtained immediately before treatment (baseline), the
day of antibiotic cessation (vanco) and 2, 6, 14 and 22 weeks after antibiotic cessation
(Vanco Recov). As control, fecal samples from untreated patients were obtained at similar
time points. (A) UPGMA hierarchical clustering based on unweighted UniFrac distances
among the fecal microbiota samples analyzed from vancomycin and untreated patients.
Colors indicate the time frame where the fecal sample was obtained. Numbers indicate
the patient ID. Those samples obtained at the last time point (22 weeks post-antibiotic
withdrawal) are labelled with asterisks. (B) Values from the first principal coordinate of
analysis obtained after applying PCoA to the unweighted UniFrac distance matrix gener-
ated from the comparison between the microbiota identified in fecal samples from treated
and untreated patients. (C) UniFrac distances between samples obtained at a given time
point and the corresponding baseline sample from the same patient. Boxes extent from
the 25th to 75th percentiles. The line at the middle of the box represents the median.
Whiskers extent from the minimum to the maximum values. **p<0.01, ***p<0.001,
two-tailed t-test. N= 5-12 per group and time point except for the second time point of
untreated patients were N=3.

first coordinate differentiated patients by treatment. Notably, following antibiotic ces-
sation, the microbiota from some vancomycin-treated patients gradually returned to the
baseline state, while in others remained significantly altered. Nevertheless, patients that
developed a greater microbiota recovery after treatment, showed a greater dissimilarity
from their baseline microbiota than did samples from untreated patients (Figure 3.2C).
This result suggests that persistent changes in the microbiota composition occur in all
vancomycin-treated patients, although to a different degree depending on the patient.

3.1.2 Vancomycin treatment diminishes the richness and diver-
sity of the human microbiota.

Subsequently, we analyzed the impact of vancomycin treatment on microbiota richness,
measured as the number of identified OTUs. The number of OTUs did not differ over
time in patients that did not receive vancomycin (Figure 3.3A, Figure 3.4A).
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Figure 3.3: Vancomycin diminishes the human microbiota richness and diver-
sity. (A) Number of OTUs, (B) phylodiversity index and (C) Shannon diversity index
calculated from the microbiota of fecal samples obtained at baseline, immediately after
treatment (vanco) and 2, 6, 14 and 22 weeks after the antibiotic cessation (Recovery).
For comparison, the same indices were calculated from the fecal samples obtained at
similar time points in untreated patients. Bargraphs represent mean ± SEM. * p<0.05,
**p<0.01,***p<0.001, ns: not significant, two-tailed t-test. N= 5-12 per group and time
point except for the second time point from untreated patients were N=3.
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By contrast, microbiota richness was greatly reduced upon vancomycin administration.
Following antibiotic cessation, microbiota richness gradually increased, although it never
recovered baseline levels. A similar result was obtained when the phylodiversity index
was calculated, which takes into consideration the number of OTUs and the phylogenetic
relation among them (Figure 3.3B).

Similar results were obtained when the Shannon diversity index was calculated (Figure
3.3C, Figure 3.4B), which takes into account the number of OTUs and their relative
proportion. A reduction in the Shannon index upon vancomycin treatment was observed
for the majority of the patients, although it did not reach statistical significance. Up to
14 weeks after antibiotic cessation, the Shannon index remained lower compared to the
baseline in most patients. However, baseline levels were recovered 22 weeks after antibiotic
withdrawal.
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Figure 3.4: Individual variation of the human microbiota richness and diversity
upon vancomycin treatment. The (A)Number of OTUs and (B)Shannon diversity
index identified before vancomycin treatment (baseline) was compared with the number
of OTUs or Shannon index identified in samples collected from the same patients treated
with vancomycin for two weeks (vanco) or from fecal samples collected 2, 6, 14 and
22 weeks post antibiotic cessation (Recov). The number of OTUs or Shannon index
was also calculated in vancomycin-untreated (control) patients at similar time points for
comparison. Lines connect those samples that come from the same patient. * p<0.05,
**p<0.01, ns: not significant, two-tailed t-test. N= 5-12 per group and time point except
for the second time point from control patients were N=3.
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3.1.3 The abundance of most intestinal bacterial taxa is altered
during vancomycin treatment.

Considering the large effect of vancomycin on the overall microbiota structure and rich-
ness, we decided to examine its effects on specific taxa. We focused on those taxa that
were present in at least 50% of the patients (either at baseline or after treatment). Van-
comycin treatment highly reduced the levels of the Bacteroidetes phylum (Figure 3.5A).
In contrast, the Proteobacteria and Fusobacteria phyla underwent a drastic expansion
after vancomycin therapy. The abundance of most analyzed genera and OTUs was also
significantly altered by vancomycin treatment (Figure 3.5B,C). Indeed, most genera and
OTUs from the Bacteroidetes or Firmicutes phylum could not be detected in any of the
patients after vancomycin treatment. By contrast, some Firmicutes increased after van-
comycin treatment (i.e. Megasphaera, Veillonella, Phascolarctobacterium, Lactobacillus ),
likely explaining why, overall, the Firmicutes phylum did not diminish upon vancomycin
treatment (Figure 3.5A). Importantly, several genera and/or OTUs belonging to the Pro-
teobacteria phylum (i.e., Escherichia/Shigella, Klebsiella, Kluyvera and Proteus ) or the
Fusobacteria phylum (i.e. Fusobacterium), which are known pathogens, increased after
antibiotic administration.
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Figure 3.5: The abundance of the majority of taxa and OTUs is altered dur-
ing vancomycin treatment. (A) Phyla relative abundance of patients treated with
vancomycin at baseline or 2 weeks after treatment initiation. Only phyla that are present
in at least 50% of the patients at baseline or after vancomycin treatment are shown.
**p<0.01,*p<0.05, FDR<0.2, two-tailed wilcoxon test. ns: not significant. (B) Log2
average fold-change (FC) between the genera abundance from samples obtained immedi-
ately after vancomycin treatment compared with their respective baseline samples. Only
genera that are present in at least 50% of the patients at baseline or after vancomycin
treatment are shown. Genera are sorted by phyla, FC difference and then alphabeti-
cally. (C) Heatmap representing the relative abundance (%) of OTUs present at least
in 50% of the patients at baseline or after vancomycin treatment. The genus taxonomy
of OTUs that increased or were unaffected by the treatment is indicated. Both for B
and C: black squares indicate significant changes (p<0.05, FDR<0.1); grey squares indi-
cate close to significance changes (p<0.073, FDR<0.1); two-tailed wilcoxon test. N= 5.
UC=unclassified.
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3.1.4 Incomplete and individualized microbiota recovery after
vancomycin withdrawal.

We next examined the capacity of the different commensal bacteria to recover after
antibiotic cessation (Figure 3.6).

Figure 3.6: Changes in the human microbiota following vancomycin with-
drawal. Heatmap representing the average fold change of (A) phyla, (B) genera, (C)
OTUs that were significantly increased (red) or decreased (green) (p<0.05, FDR<0.2,
two-tailed wilcoxon test) in a given time point as compared to the baseline. Time 0 rep-
resents the sample obtained the day of vancomycin withdrawal. N=6-9 per time point.

We focused on those commensals whose relative abundance significantly changed dur-
ing vancomycin therapy. At the phylum level, Bacteroidetes and Fusobacteria recovered
within 2 weeks post-vancomycin cessation. The abundance of the phylum Proteobacte-
ria was increased 2 weeks after discontinuation, however, it returned to baseline levels
4 weeks later. At the genus level, most taxa recovered rapidly, within 2 weeks post-
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cessation. However, the abundance of some genera including Klebsiella or Clostridium
XIVa, continued to be increased 6 weeks post-antibiotic withdrawal, while Oscillibacter
was still reduced at this time point. No differences at the genera level were observed
14 and 22 weeks post-antibiotic withdrawal as compared to baseline samples. A similar
picture could be observed at the OTU level. In this case, however, the abundance of most
of the OTUs that were altered by vancomycin 2 weeks post-antibiotic cessation remained
significantly different as compared to baseline. In addition, one OTU from the genera
Oscillibacter never recovered its baseline levels. None of these microbiota changes were
observed at any time point in untreated patients.

Figure 3.7: Different OTU recovery upon vancomycin cessation. The relative
abundance of OTU23 and OTU15 in vancomycin treated patients at baseline or 22 weeks
post-vancomycin cessation. Lines connect those samples that come from the same patient.
N=6.

The performed analysis allowed us to identify perturbation patterns common to all pa-
tients after antibiotic cessation. For example, OTU23 abundance was significantly reduced
22 weeks post-antibiotic cessation since this OTU was not recovered in any of the patients
analyzed (Figure 3.7). However, this type of analysis does not allow the identification of
inter-individual differences in the microbiota recovery. For example, OTU15 abundance
was diminished 22 weeks post-antibiotic cessation, but this change was not significant
due to the variable recovery of this OTU among patients. Considering that previous
analysis (Figure 3.2) suggested that major shifts in the microbiota of some patients still
occurred 22 weeks post-antibiotic cessation, we decided to characterize the level of taxa
recovery at the individual level for each patient0. To this end, we identified and plotted
the most abundant OTUs present at baseline for each patient (>10 counts), and analyzed
the recovery of those OTUs after antibiotic withdrawal (Figure 3.8). As expected, there
was inter-individual variation in the recovery pattern. For example, patients T6 and T8,
whose recovery samples clustered with their baseline samples (Figure 3.2), recovered the
majority of their most abundant OTUs. Nevertheless, at the last time point (22 weeks)
from these “high-recovery” patients, 42.1% and 15.4% of their most abundant OTUs still
could not be detected. Among those patients whose recovery samples did not cluster with
their baseline samples 3.2 A, a different degree of recovery was observed. In the most
affected patient, T5, as few as 10.7% of its most abundant OTUs could be detected 22



74 Chapter 3.

Figure 3.8: Incomplete and individualized recovery of the human microbiota
after vancomycin withdrawal. (A) Relative abundance at baseline (Bs) and at differ-
ent weeks post-antibiotic cessation of OTUs whose abundance was greater than 10 counts
in the baseline sample of the analyzed patient. Note that each patient baseline OTUs are
distinct. The ID of each patient is indicated. As control, samples at similar time-points
were analyzed from patients not receiving vancomycin. 4 representative patients from
each group are shown (the 4 untreated patients for which we were able to collect and
analyze fecal samples at every time point and 4 out of the 5 vancomycin treated patients
for which we were able to collect and analyze fecal samples at every time). (B) Percentage
of detected OTUs or (C) genera at different time-points post-antibiotic cessation, whose
abundance was greater than 10 counts in the baseline sample. ***p<0.001,**p<0.01;
two-tailed t test. N=6-12 per time point.
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weeks post-antibiotic withdrawal, while on patient T4, 70% of its most abundant OTUs
could be detected. Untreated patients did develop a few changes over time, and some
OTUs were absent in a given time point. However, in most cases, the missing OTUs
were detected at subsequent sampling. Overall, in untreated patients, 90.6 ± 8.1% of the
most abundant OTUs at baseline could be detected at any time point (Figure 3.8B). By
contrast, in vancomycin treated patients, we could only detect 39.0±21.9% of the baseline
most abundant OTUs at the last time point. A similar result was obtained at the genus
level, although the recovery rate was greater than the one observed for OTUs (Figure
3.8C).

3.1.5 Microbiota recovery rate after vancomycin cessation in-
fluences the level of susceptibility to VRE colonization.

We have demonstrated that upon vancomycin cessation, the human microbiota recov-
ers to a different extent in a subject-specific manner. It is conceivable, therefore, that
antibiotic-driven dysbiosis and the microbiota recovery rate observed after vancomycin
cessation could impact susceptibility to infection, with “slow recoverers” being at higher
risk. Because vancomycin also induces long lasting intestinal microbiota perturbations
in mice, allowing for intestinal colonization by VRE [175], we used this model of infec-
tion to investigate if a different microbiota recovery pattern upon vancomycin cessation
could influence susceptibility to infection. We focused on the microbiota recovery at 2
weeks post-antibiotic cessation since: 1) previous reports indicate that CDI patients are
mainly at-risk for the development of intestinal infections during the first 3 weeks after
vancomycin cessation [250]; and 2) we have found that at 2 weeks post-vancomycin with-
drawal, there are already major differences in the microbiota recovery among different
patients (Figure 3.8).

We first examined whether vancomycin induces similar microbiota changes in mice
compared to humans. As shown in Figure 3.9, alterations observed in the murine mi-
crobiota during vancomycin treatment were strikingly similar to those observed in pa-
tients, including: a) decrease in microbiota richness (Figure 3.9B), b) depletion of all
Bacteroidetes OTUs and most Firmicutes OTUs, and c) increase of Proteobacteria OTUs
(Figure 3.9A).

Moreover, 2 weeks post-antibiotic cessation, mice recovered a subset of their baseline
OTUs (Figure 3.9A), leading to an increase in the phylodiversity index and the number
of OTUs (Figure 3.9B). Noticeably, and in line with the observation in humans, this
recovery was variable. We next evaluated, using this mouse model, the extent to which
a different microbiota recovery rate after vancomycin administration could impact VRE
intestinal colonization. As shown in Figure 3.9C and previously reported [175], untreated
mice were resistant to VRE colonization, while mice that received oral vancomycin were
highly susceptible to VRE colonization. 2 weeks after antibiotic cessation, mice were still
susceptible to VRE colonization, but with a high degree of interindividual variability. We
then analyzed the fecal microbiota composition immediately before infection, on mice that
recovered from vancomycin treatment and correlated the degree of microbiota recovery
with the VRE levels. Notably, there was a significant negative correlation between the
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Figure 3.9: Microbiota recovery rate after vancomycin cessation influences
the level of susceptibility to VRE intestinal colonization. (A) Heatmap showing
the most prevalent OTUs (>10 counts per group of mice) found in the feces of mice
treated with vancomycin for seven days (Vanco), two weeks after antibiotic cessation
(Recov) or in mice that remained untreated (Untreat.). (N=5 per group). (B) Number
of OTUs and phylodiversity index identified in fecal samples from untreated mice or
humans, or mice/humans that were treated with oral vancomycin, the day the treatment
was stopped (Vanco) or two weeks post-antibiotic cessation (Recov). Boxes extent from
the 25th to 75th percentiles. The line at the middle of the box represents the median.
Whiskers extent from the minimum to the maximum values. (N=5-12 per group). (C)
VRE CFUs/10mg of feces 2 days post-infection in untreated mice (UT), mice that received
vancomycin for 1 week and were infected immediately after vancomycin therapy (vanco)
or two weeks post-antibiotic cessation (Recov). N=5 for NT and Vanco group, N=27 for
Recov group. (D) Correlation analysis between variable in y axis: log2 VRE CFUs/10mg
of feces detected the second day after infection in mice that were infected 2 weeks after
vancomycin cessation, and variable in x axis: (i) phylodiversity index identified in the
infected mice, the day of infection, divided by average phylodiversity index identified in
untreated mice or (ii) the average UniFrac distance between infected mice, the day of
infection, and untreated mice. N=27. ***p<0.001,**p<0.01; two-tailed t test. N=6-12
per time point.
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phylodiversity index and the number of VRE CFUs in feces, indicating that mice that
recovered a phylodiversity index closer to that of untreated mice were less susceptible
to VRE colonization (Figure 3.9D). In addition, mice that recovered a microbiota more
similar to that of untreated mice (lower UniFrac distance) were less susceptible to VRE
colonization (Figure 3.9D). In conclusion, the microbiota recovery rate after vancomycin
cessation influences the level of susceptibility to intestinal colonization by VRE.

3.1.6 Verification that the sequencing depth does not affect the
conclusions of the study.

Additional sequencing analysis were performed using a different rarefaction strategy
to demonstrate that the results obtained in this study do not depend on utilizing just a
subset of 2883 sequences per sample.

First, we increased the number of sequences analyzed from human fecal samples by
rarefying samples collected from a particular patient to the lowest number of sequences
found in the samples collected from that particular patient, instead of rarefying to the
lowest number of sequences in the entire dataset (i.e. 2883). The individual (intra-patient)
rarefaction step allowed for an increase in the number of sequences analyzed (see figure
3.10, where the exact number of sequences included for each patient sample is indicated).

Subsequently, we calculated, for each patient, the number of OTUs, phylodiversity
index and Shannon index using the newly obtained set of sequences. We then calculated
the fraction of OTUs identified at each time-point (post-treatment) as compared to the
number of OTUs obtained from the baseline sample for each particular patient. The
same analysis was performed for the number of OTUs obtained using 2883 sequences for
all samples (the number of sequences used in the main Figures). As shown in the Figure
3.10 A, the same richness (number of OTUs) changes upon vancomycin treatment were
observed using a higher number of sequences per sample. Similar results were obtained
for the Phylodiversity index and Shannon index (Figure 3.10 B). Thus, independently
of the number of sequences used per sample, we observed a reduction of richness and
diversity respect to baseline, both immediately after vancomycin treatment or weeks after
antibiotic cessation.

In order to demonstrate that a subset of 800 sequences (utilized in Figure 3.9) is
representative of the changes observed in the microbiota of mice after vancomycin ad-
ministration, we performed a rarefaction curve with all the sequences obtained from the
murine samples (Figure 3.11).

As shown in this figure, as the number of analyzed sequences is increased, the number
of OTUs detected also increases. Nevertheless, the conclusions on microbiota richness
changes after vancomycin treatment does not seem to be affected by analyzing a lower
number of sequences. As shown in Figure 3.11, independently of the sequence depth, the
number of OTUs is greatly reduced during vancomycin treatment. However, two weeks
after vancomycin cessation, some of the mice partially recover their microbiota OTUs
richness, although this recovery was variable depending on the mouse.
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Figure 3.10: Similar microbial richness reduction after vancomycin treatment
was observed using different sequencing depth. The number of (a) OTUs or (b)
Shannon index was calculated for each sample after rarefying to the lowest number of se-
quences found in any sample (2883) or rarefying to the lowest number of sequences within
each patient, as indicated. The fold change difference between the richness and diversity
obtained in a given sample compared to its respective baseline sample was calculated
and plotted for each patient. The dash line indicates those samples with no fold change
difference as compared to the baseline sample. The same level of richness and diver-
sity reduction, immediately after vancomycin treatment (vanco) or weeks after antibiotic
cessation (recovery), was observed using a higher number of sequences per sample.
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Figure 3.11: The number of sequences included in the analysis does not affect
the changes in microbiota richness observed after vancomycin administration
in mice. The number of OTUs identified for each sample using different number of
sequences was calculated and plotted. Fecal samples analyzed were obtained from mice
that were treated with vancomycin for 1 week (vanco), mice that were allowed to recover
for 2 weeks after vancomycin treatment (recov) or mice that did not receive antibiotics
(untreated). The dash line intercepts the x-axis at the value 800, the number of sequences
used in the analysis shown in Figure 3.9B. Rarefaction curves show that the conclusions
obtained with the mouse sequencing data are independent on the number of sequences
included in the analysis.
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3.2 Effect of antibiotics on gut microbiota and influ-
ence on VRE colonization

It has been previously described that antibiotics, by disrupting the gut microbiota,
annihilate the CR normally proportionated by a healthy gut microbiota [17,112,251]. We
just demonstrated that the rate of recovery after vancomycin treatment (alternatively, the
extent of perturbation) of the microbiota correlate significantly with the level of coloniza-
tion by VRE [252]. It has also been shown that recovery of the microbiota through a fecal
transplant restores the CR to VRE lost upon antibiotic treatment [112]. Thus, commensal
bacteria have a key role in conferring protection against VRE intestinal colonization. On
the other hand, not every bacteria is important for suppressing VRE intestinal coloniza-
tion. For example, administration of Klebsiella to antibiotic treated mice do not prevent
VRE colonization [214]. Consequently, it is probable that specific commensal bacteria
and functions are responsible for the CR against VRE infection. However,these bacteria
and functions have not been not fully identified nowadays.

Taking advantage of the mouse model that we developed in the previous study to
assess the effect of vancomycin on gut microbiota and VRE colonization, we decided to
study how antibiotics of various spectrum affect the gut microbiota and promote VRE in-
testinal colonization. This data will improve our understanding of the association between
antibiotic treatments, alteration of the microbiota and secondary infections.

Moreover, these data, associating different alterations of the gut microbiota and the
level of VRE intestinal colonization will enable us to identify bacteria that are associ-
ated with the resistance against this opportunistic pathogen. We expect that VRE will
colonize in high levels the intestinal tract when the antibiotic treatment suppresses com-
mensal bacteria that are relevant for conferring resistance against VRE. These relevant
bacteria will still be present in those mice receiving an antibiotic that do not promote
VRE intestinal colonization. Of course, the antibiotic should not have any direct effect on
VRE growth. Thus, by analyzing the effect of several treatments with different spectra of
action on the microbiota composition and capabilities of VRE to colonize the intestine,
we expect to identify the commensal bacteria whose presence is related with a low VRE
load while its elimination is consistently related with a higher VRE colonization. The
identified bacteria may be key in conferring protection against VRE colonization.

For this purpose, we used antibiotics with a described spectrum of action against (I)
gram positive bacteria (vancomycin), (II) gram negative bacteria (neomycin), (III) gram
positive and anaerobes (clindamycin), (IV) a mix activity against both gram positive and
gram negative bacteria (ceftriaxone, ciprofloxacin, ampicillin) (Table 2.1 and Figure 2.2).

For each treatment, we analyzed the microbiota composition before challenging the
mice with VRE. The alterations in the microbiota and the capability of VRE to colonize
the intestine were evaluated both during the antibiotic treatment and also after a two-
week period of recovery (Figure 2.1). Thus, we can also evaluate how the microbiota
recovers in each case and how it does affect the colonization by VRE. in the following
sections, we will name these two different conditions: (i) “during treatment” or “without
recovery” and (ii) “with recovery” respectively.

The present study was performed in 2013, using the Roche 454 platform to sequence
the samples (see 2.5.1.2). Using this approach, we obtained a mean of 2652 sequences per
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sample. With the advent of Illumina technology, we decided to sequence again these sam-
ples to obtain a higher sequencing coverage. The following results were obtained thanks
to this second sequencing approach. We identified similar changes in the microbiota com-
position as the ones detected previously with 454 but, moreover, we were able to detect
also low abundant species.

3.2.1 The amplitude of the gut microbiota dysbiosis depends on
the type of antibiotic treatment

To assess the extent of the alterations provoked by each treatment, we first estimated
the total bacterial load calculating the biomass (quantity of DNA/g faeces) as previously
described [228] (Figure 3.12 A). A trend to a biomass diminution was detected for all the
given treatments, being ceftriaxone the treatment causing the highest diminution but also
the most variable effect among different mice. The diminution in biomass was significant
for all the treatments except for ciprofloxacin.

Subsequently, we assessed the bacterial richness (the number of OTUs) present dur-
ing the different treatments. All the treatments caused a significant diminution of the
bacterial richness by comparison with the level observed in untreated mice. The smallest
diminution was detected after neomycin administration, an intermediate diminution was
detected after ciprofloxacin, ceftriaxone or ampicillin treatment and the highest diminu-
tion occurred after the administration of clindamycin or vancomycin (Figure 3.12 B).

To have a better idea of the microbiota alterations resulting from the antibiotic ad-
ministration, we calculated the shannon index. This index accounts both for the number
of species present and for the relative abundance of each one: for the same number of
species present, if they are equally abundant, the score will be higher than if there is a
dominant species and the other ones are very low abundant. The shannon index calcu-
lated in ciprofloxacin treated mice was similar as the one calculated in untreated mice.
Except for this treatment, all the antibiotics administered caused a significant diminution
of the diversity calculated with the shannon index. Neomycin caused a small diminu-
tion of the diversity respect to the index calculated in untreated mice, ceftriaxone and
ampicillin caused a significant and similar diminution whereas the biggest diminution of
diversity was registered after clindamycin and vancomycin treatment (Figure 3.12 C).

Thus, as expected, antibiotics of different spectrum have a different effect on the total
intestinal biomass, microbiota richness and diversity.



82 Chapter 3.

Figure 3.12: Alterations of the biomass, microbiota richness and diversity
after administration of different antibiotics Mice were treated during 7 days with
different antibiotics. The day of antibiotic withdrawal, a fecal pellet was collected and
analyzed as described in 2.5.5. A) Biomass measured as ng of DNA per g of feces. This
value represents an approximation of the total bacteria load as indicated in [228]. B)
Number of OTUs detected in each sample out of 29010 sequences. This is a measure of
richness. C) Shannon index. NT: Untreated, Cipro: Ciprofloxacin, Neo: Neomycin, Cef:
Ceftriaxone, Amp: Ampicillin, Cl: clindamycin, Van: Vancomycin. n=5 per group except
for Cef were N=3. The asterisks depict the significance of the Mann-Whitney test respect
to values of untreated mice: ns not significant, * p.value<0.05, ** p.value<0.01. In case
the p.value was almost significant, the exact p.value is indicated.



Chapter 3. Results 83

3.2.2 Antibiotic treatments of different class alter the abun-
dance of different intestinal bacterial taxa

As we have just shown, different antibiotics cause different amplitude of alterations
in the gut microbiota total bacterial load, richness and diversity. We next investigated
whether the alterations are specific of each treatment or if some patterns are shared.

First, we verified that the samples were segregated according to the treatment admin-
istered. As shown on the non-metric multidimensional scaling (NMDS) plot, antibiotics
affect the microbiota composition differently and specifically (Figure 3.13, see Material
and Methods 2.5.5 for the parameters of the analysis). For example, vancomycin and
ciprofloxacin cause contrary effects, vancomycin induced changes being characterized by
an increased in the abundance of Proteobacteria (i.e. Escherichia/Shigella and Parasut-
terella). In the same way, clindamycin treated mice displayed a microbiota diametrically
opposite to the one of the untreated mice and of the neomycin-treated mice. The un-
treated mice present a higher abundance, among others, of Alistipes and Unclassified
Porphyromonadaceae, while clindamycin treated mice contained a higher abundance of
Enterococcus and Bacteroides. We have just mentioned antibiotics that affect very dif-
ferently the microbiota. On the opposite, ampicillin and ceftriaxone, both antibiotics
belonging to the class β-lactams, seem to produce relatively similar alterations (inter-
mediate between the untreated microbiota and the drastic alterations associated with
clindamycin or vancomycin).

Taking into account that this NMDS plot is a two-dimensional representation of the
variability in the microbiota composition among samples, we performed a ANOSIM test
to assess whether the samples really cluster due to the treatment administration. The
ANOSIM statistic compares the mean of ranked dissimilarities between groups to the
mean of ranked dissimilarities within groups. An R value close to 1 indicates dissimilarity
between groups while an R value close to 0 indicates that there are no differences between
groups [253]. The ANOSIM test R value was 0.78 (significance: 0.001, 999 permuta-
tions), therefore we can conclude that the antibiotics affect the microbiota composition
differently.

In order to have a general view of the changes in the microbiota produced by each
antibiotic, we plotted the relative abundance of the most abundant genera identified in all
the mice analyzed (mean abundance minimal of 5% in at least one group) (Figure 3.14).
In decreasing order of abundance, untreated mice were dominated by Barnesiella (35%)
and unclassified Porphyromonadaceae (10%). After treatment with (1) ciprofloxacin, the
microbiota was dominated by Barnesiella (37%) and unclassified Lachnospiraceae (31%);
(2) neomycin: the microbiota was dominated by Barnesiella (24%), Bacteroides (14%)
and Akkermansia (13%); (3) ceftriaxone: the microbiota was dominated by Bacteroides
(31%), Barnesiella (24%) and Akkermansia (22%); (4) ampicillin: the microbiota was
dominated by Bacteroides (30%), Barnesiella (26%) and Akkermansia (15%); (5) clin-
damycin: the microbiota was dominated by Bacteroides (55%) and Barnesiella (28%); (6)
vancomycin: the microbiota was dominated by Akkermansia (55%), Lactobacillus (16%)
and Escherichia/Shigella (12%). Thus, the most abundant bacteria, Barnesiella, is main-
tained upon ciprofloxacin and neomycin treatment. The two β−lactams, ceftriaxone and
ampicillin, present similar dominant bacteria (accounting for more than 70% of the total
microbiota). Notably, the dominant one was Bacteroides which represents only 3% of
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Figure 3.13: Microbiota composition separation according to the antibiotic
treatment administered Mice were treated during 7 days with different antibiotics.
The day of antibiotic withdrawal, a fecal pellet was collected and analyzed as described
in 2.5.5. NMDS representing the differencessimilarities in the microbiota among different
samples. Taxa that presented the best correlation with the topology of the samples are
displayed. NT: Untreated, Cip: Ciprofloxacin, Neo: Neomycin, Cef: Ceftriaxone, Amp:
Ampicillin, Clin: clindamycin, Van: Vancomycin. NMDS was calculated with Braycurtis
distance on two dimensions. Stress: 0.1
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Figure 3.14: Abundance of the most prevalent genus in untreated mice and
upon different antibiotic treatments. Barplot of the microbiota composition in un-
treated mice and mice treated with antibiotics for one week. Genera whose mean abun-
dance reach 5% in untreated mice or upon administration of an antibiotic are represented.
The other genera are grouped in “other bacteria”. NT: Untreated, Cip: Ciprofloxacin,
Neo: Neomycin, Cef: Ceftriaxon, A: Ampicillin, Cl: Clindamycin, Van: Vancomycin.
n = 5 by group, except for ceftriaxone n = 3.
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the microbiota in untreated mice. In the case of clindamycin treatment, this bacterium
represents also more than half of the gut microbiota.

Finally, the major alteration was observed upon vancomycin treatment: the most
abundant bacteria, which sum up 83% of the total microbiota, are normally relatively low
abundant in untreated mice. Indeed, in untreated mice the mean abundance of Akkerman-
sia, Lactobacillus and Escherichia/Shigella represents 5%, 3% and 0.06%, respectively.

Knowing that the different antibiotics tested alter differently the most abundant bac-
teria, we next focused on the specific taxa altered by each treatment, included the low
abundant ones. As depicted in the figure 3.15 A, all the antibiotics cause significant alter-
ations already visible at the phylum level. Two low abundant phyla, Actinobacteria and
the candidate division TM7, were consistently diminished upon the administration of any
antibiotic. On the opposite, the phylum Verrumicrobia increased after the administration
of most of the treatments tested except clindamycin. Indeed, this treatment causes the
diminution of most of the phyla and an increase of Proteobacteria.

In the case of neomycin treatment, only the low-abundant phylum (Actinobacteria,
Deferribacteres, Tenericutes and TM7) were statistically diminished and only Verrumi-
crobia was increased.

The two β-lactams, ceftriaxone and ampicillin caused similar alterations at the phylum
level (i.e. a diminution of Firmicutes, Actinobacteria, TM7 and an increase of Verrumicro-
bia), except that ceftriaxone also diminished the abundance of the phylum Proteobacteria.

Concordantly with the opposite situation of vancomycin and ciprofloxacin in the
NMDS plot (Figure 3.13), ciprofloxacin caused a decrease in Proteobacteria abundance
whereas the abundance of this phylum increased in after vancomycin treatment. Sur-
prisingly, except for these two antibiotics and neomycin, most of the treatment tested
caused a significant diminution of the phylum Firmicutes. It is especially striking that
vancomycin, an antibiotic treatment with a spectrum against gram positive (Figure 2.2)
did not cause significant alteration of the phylum Firmicutes, whose members are mainly
gram positive.

Vancomycin caused a significant increase of the very low abundant phylum (i.e Defer-
ribacteres, Proteobacteria, Tenericutes) and of the phylum Verrumicrobia, whereas the
abundant phylum Bacteroidetes was significantly diminished after vancomycin treatment.
Specifically, the increase of the phylum Tenericutes is not surprising because these bacteria
do not have a cell wall, the target of the vancomycin treatment.

To understand better the discrepancy between the spectrum of action and the alter-
ations detected upon vancomycin administration, we examined the modifications of the
microbiota at the genus level (Figure 3.15 B).

The decrease in the phylum Actinobacteria observed upon administration of any treat-
ment is associated with the diminution of the three taxa Aldercreutzia, Olsenella and
Bifidobacterium.

The alteration of each of the phyla Verrucomicrobia, Deferribacteres and Tenericutes
were related with changes in a unique genera in each phyla (i.e Akkermansia, Muscispir-
illum and Anaeroplasma, respectively).

The increase of the low abundant phylum Tenericutes observed after the administra-
tion of vancomycin, was associated with an increase in an unique genus, Anaeroplasma.
As we mentioned, it is not surprising as this bacteria do not present any cell wall and
thus cannot be directly affected by the antibiotic.
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Figure 3.15: Taxa significantly altered according to the antibiotic treatment
administered. Mice were treated during 7 days with different antibiotics. The day of
antibiotic withdrawal, a fecal pellet was collected and analyzed as described in 2.5.5. A)
heatmap representing the statistically significant fold changes respect to untreated mice
at the phylum level. B) heatmap representing the statistically significant fold changes
respect to untreated mice at the genus level. Genus are ordered by taxonomy and, inside
each phylum, by fold change in decreasing order. Fold change respect to untreated mice
was calculated for each treatment. Only taxa whose FDR adjusted p value was < 0.05 and
with a fold change (increase or decrease) superior to 2 are colored (white : taxa that do
not fulfill these criteria). The color bar on the left indicates the relative abundance of the
bacteria, different shades of grey indicate that the bacteria is abundant in untreated mice
and brown indicate that this bacterium reach a relative abundance superior to one percent
after administration of antibiotic treatment (Tt). NT: Untreated, Amp: Ampicillin, Neo:
Neomycin, Van: Vancomycin, Cef: Ceftriaxone, Cip: Ciprofloxacin, Cl: Clindamycin.
n = 5 per group, except for ceftriaxone where n = 3.
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The phylum Proteobacteria, is normally also very low abundant in the gut. On
the other hand, it includes numerous known oportunistic pathogens belonging to the
genera Escherichia, Klebsiella or Salmonella. The Proteobacteria genera Escherichia
and Cronobacter were found to be increased in 3 out of the 6 treatments (ampicillin,
clindamycin and vancomycin) while Parasutterella and Desulfovibrio diminished after
neomycin and ciprofloxacin treatment.

After comparing how the antibiotics tested affect the phylum Proteobacteria, we fo-
cused our attention on the phylum Bacteroidetes. The effect of antibiotics on this phylum
was highly variable both considering the antibiotic administered and the genus affected.
For example, Bacteroides increased after administration of most of the antibiotics, mean-
while, Alistipes, Prevotella and Odoribacter usually decreased. Regarding the effect of
each antibiotic on the genus from the phylum Bacteroidetes, we noticed that most of
the antibiotics treatment tested affected differently various genus, increasing one specific
genus at the same time they do decrease another one. On the opposite, vancomycin consis-
tently decreased the abundance of all members of the phylum Bacteroidetes (as described
also in the previous chapter of my thesis), while neomycin increased their abundance.

Finally, the antibiotic effects on the phylum Firmicutes, normally abundant in the
gut microbiota, were also different depending on the treatment. For example, the genus
Enterococcus was highly increased after the administration of ampicillin, clindamycin
and, in a lower extent, by ceftriaxone. On the other hand, after the administration
of ciprofloxacin, Oscillibacter and other genus increased. On the opposite, numerous
genera diminished upon administration of the antibiotics tested (i.e. Dorea, Turicibacter,
Ruminococcus, Allobaculum, Butyricicoccus, Coprobacillus, Holdemania, Anaerovorax and
Acetanaerobacterium). Within the different antibiotics, ciprofloxacin and neomycin did
not affect significantly the relative abundance of the Firmicutes phylum. Indeed, they
caused the increase of some genus and the decrease of others, within this phylum. In
the case of ceftriaxone, ampicillin and clindamycin, the diminution was significant at
the phylum level as most of the genus were diminished and the only taxa that increased,
Enterococcus, represents a very low abundant genus. In the case of vancomycin treatment,
most of the genus from the phylum Firmicutes were also diminished. However, the genus
Lactobacillus, one of the most abundant genus of the phylum Firmicutes, increased. Thus,
the overall abundance of the phylum Firmicutes was not significantly diminished after
vancomycin treatment.

As a summary of the overall alterations at the genera level, we identified the total
number of genera significantly altered after the administration of each antibiotic to eval-
uate the extent of their impact. Clindamycin and vancomycin caused the highest number
of alterations whereas ciprofloxacin, neomycin, ceftriaxone and ampicillin altered a lower
number of taxa.

We also identified the total number of genera significantly diminished after the admin-
istration of each antibiotic to evaluate the extent of their impact. The decrease of taxa
can be due to the direct action of the antibiotic or to an indirect effect by the loss of a
syntrophic member of the microbiota. On the opposite, the increase of one taxa is mainly
an indirect effect of the antibiotic. Taking into account only the genus significantly di-
minished, we could separate the antibiotics in three levels of alteration: ciprofloxacin and
neomycin cause fewer alterations, ceftriaxone and ampicillin a medium number of alter-
ations whereas clindamycin and vancomycin decreased a higher number of taxa (Figure
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3.15 B). This separation of the antibiotics was also concordant with the shannon index
(Figure 3.12 C).

In the present data, we described the significant alterations of the microbiota produced
by each antibiotic. Although the number of alterations detected is high, it is important
to highlight that most of the altered taxa are normally present in very low abundance, as
indicated by the color code on the left of the figure 3.15 B.

3.2.3 Antibiotic treatments diminish the diversity within spe-
cific taxa

We saw that specific genus, such as Bacteroides can account for more than half of the
microbiota composition. This genus includes numerous species but, unfortunately, we are
not able to define them accordingly to the data obtained with the 16s rRNA sequencing
approach. For this reason, we used the OTU approximation to explore the alteration of
the gut microbiota to a deeper level than the genera level. This approach allowed us to
estimate the extent of the diversity included within the genus of interest and also in the
unclassified sequences that could not be attributed to a taxonomic level more precise than
the family, as for example the unclassified Lachnospiraceae. We focused this analysis on
the most prevalent OTUs (OTU detected in at least 80% of the samples of the group and
that present a minimum relative abundance of 0.1% in at least one sample (see section
2.5.5 for the parameters of this analysis)). We first represented the relative abundance of
these OTUs in every mice analyzed (Figure 3.16). Seeing that some antibiotics depleted
an important number of OTUs, we calculated the richness within the phylum represented
(number of OTUs identified within the phylum) as well as within the genus Bacteroides,
Barnesiella, Parabacteroides and Alistipes (the genus identified that presented at least 5
prevalent OTUs).

Interestingly, the genera Bacteroides and Parabacteroides presented a high number
of OTUs detected only after administration of specific antibiotics (Figure 3.18 C-D). In
the case of ciprofloxacin and clindamycin treatment, few OTUs are detected within these
genera and indeed only one OTU of the genus represented the majority of the genus
Bacteroides ( 98 % and 99%, respectively) in mice treated with theses antibiotics. In
both treatments, the most abundant OTU is different, maybe reflecting a difference in
resistance or a difference in metabolism which would influence their fitness in the presence
of the antibiotic-altered bacterial community.

As we have just mentioned, ciprofloxacin is characterized by the presence of few OTUs
of the genus Bacteroides. One of them is very abundant and responsible for the increase in
the relative abundance of the genus 3.16. This antibiotic is associated with a diminution
of the diversity of different genus of the phylum Bacteroidetes (Bacteroides, Barnesiella,
Parabacteroides, unclassified Porphyromonadaceae and Alistipes). Thus, even if there is no
significant diminution in the relative abundance of the phylum Bacteroidetes, ciprofloxacin
diminish the diversity within this phylum (Figure 3.17 A).

In the case of neomycin treatment, only the low-abundant phylum (Actinobacteria,
Deferribacteres, Tenericutes and TM7) were statistically diminished. whereas the abun-
dance of the phylum Bacteroidetes, Firmicutes and proteobacteria were not statistically
altered. Although the relative abundance of the phylum Bacteroidetes did not vary, its
intra-phylum richness(number of OTUs within the phylum) was increased respect to the
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Figure 3.16: Abundance of the most prevalent OTUs in untreated mice and
upon different antibiotic treatments. Heatmap of microbiota composition in un-
treated mice and during antibiotic treatment. Each column represents one mouse, each
row represents one OTU (grouped by phylum). The redder, the higher the number of
sequences of the represented OTU. Only OTUs present in at least 80% of samples per
treatment group and with an abundance superior to 0.1%, in at least one sample, were
selected. NT: Untreated, Cip: Ciprofloxacin, N: Neomycin, Cef: Ceftriaxon, A: Ampi-
cillin, Cl: Clindamycin, Van: Vancomycin. n = 5 per group, except for ceftriaxone where
n = 3.
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Figure 3.17: Number of prevalent OTUs detected within different phyla after
antibiotic treatments. A-C) Number of OTUs detected within each phyla. The same
criteria as in figure 3.16 were followed. Basically, OTUs present in at least 80% of samples
per treatment group and with an abundance superior to 0.1%, in at least one sample, were
selected. NT: Untreated, Cipro: Ciprofloxacin, Neo: Neomycin, Cef: Ceftriaxone, Amp:
Ampicillin, Cl: Clindamycin, Van: Vancomycin. n = 5 per group, except for ceftriaxone
where n = 3. Mann-Whitney test comparing each group of samples with the group NT,
ns not significant, * p-value <0.05, ** p-value <0.01.
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Figure 3.18: Number of prevalent OTUs detected within different genus after
antibiotic treatments. A-D) Number of OTUs from specific genera of the phylum
Bacteroidetes. The same criteria as in figure 3.16 were followed. Basically, OTUs present
in at 80% of samples per treatment group and with an abundance superior to 0.1% in
at least one sample were selected. NT: Untreated, Cipro: Ciprofloxacin, Neo: Neomycin,
Cef: Ceftriaxone, Amp: Ampicillin, Cl: Clindamycin, Van: Vancomycin. n = 5 per
group, except for ceftriaxone where n = 3. Mann-Whitney test comparing each group of
samples with the group NT, ns not significant, * p-value <0.05. In red : when one of the
compared group presented in all mice the same number of a particular OTU, a t-test was
performed.
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richness calculated in untreated mice (Figure 3.17 B). Curiously, the few genera whose
abundance were increased after neomycin treatment, Bacteroides and Parabacteroides,
also presented an increase in richness (higher number of OTUs detected) (Figures 3.18 C
and D). On the opposite, the intra-genus richness of Barnesiella and Alistipes, two gen-
era of the phylum Bacteroidetes whose relative abundance did not vary upon neomycin
treatment, was not altered (Figures 3.18 A and B).

The β−lactams antibiotics ceftriaxone and ampicillin caused both similar alteration at
the genus and phylum level, although the amplitude of the fluctuations can vary (Figure
3.15 A and B). The alterations produced in the richness within phylum were mainly
observed within the Firmicutes phylum, where a reduction of the number of OTUs was
observed upon treatment with these two antibiotics(Figure 3.17 A).

Clindamycin treatment induced an important loss of richness, as seen on figure 3.16.
The microbiota after this treatment contained very few OTUs that were present in high
abundance. It is very striking that only one OTU from each of these genera: Bacteroides
(55%), Barnesiella (28%), Escherichia/Shigella (6%), Parasuterella (5%) and Enterococ-
cus(3%), accounted for 97% of the total microbiota.

As seen on figure 3.16, after vancomycin treatment, the phylum Bacteroidetes and Fir-
micutes were broadly depleted. Some very low abundant OTUs of the phyla Bacteroidetes
and Firmicutes were detected (relative abundance <0.001%) and one OTU of the phylum
Firmicutes (identified as Lactobacillus) presented a higher abundance. (Figures 3.17 A-B,
3.18 A-D and 3.16). Unlike clindamycin treatment, there was no decrease in the number
of OTUs from the phylum Proteobacteria, as seen on figure 3.17 C). Nevertheless, the
relative abundance of these OTUs clearly increased upon vancomycin treatment (Figures
3.15 A and 3.16)

In summary, we have demonstrated that each antibiotic cause specific alterations on
the microbiota. Similar alterations of the abundance at the phylum level can produce
very different patterns of alterations at lower taxonomic level, such as the genus level.
Moreover, antibiotics can cause drastic changes in the richness within each genera. In
the most extreme case, this disminution in the richness can lead to the domination of the
complete microbiota by a few OTUs, as observed after administration of clindamycin.

These important alterations in the composition of the bacteria and the drastic diminu-
tion of the richness are worrying (1) for the capacity of the microbiota to perform its
normal functions (such as the colonization resistance) and (2) for the possibility of not
recovering a healthy microbiota after the withdrawal of the antibiotic treatment. We
mentioned in the introduction that the microbiota presents a high resilience only if the
alterations are not too drastic and that its stability rely on a high richness. For this
reason, we next investigated the recovery of the gut microbiota after the administration
of the same antibiotics.

3.2.4 The microbiota recovers partially after the withdrawal of
the antibiotic treatment

Seeing the huge variability in magnitude and type of microbiota alterations associated
with different treatments, as well as the loss of diversity, we decided to assess to which
extent these alterations persist after the withdrawal of the antibiotic. Thus, after admin-
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istering the antibiotic for one week, we allowed the microbiota to recover for two weeks
and analyzed the resulting microbiota (Figure 2.1).

As expected, the alterations (measured by the biomass, the number of OTUs and
the shannon index) are smaller if we allow the microbiota to recover for two weeks after
the antibiotic treatment (Figure 3.19). Except for ciprofloxacin, no treatment caused a
significant loss of biomass two weeks after its withdrawal (Figure 3.19 A). This is especially
important in the case of ceftriaxone since a high decrease of biomass was detected during
the treatment.

On the other hand, after this period of recovery, we still identified a significant diminu-
tion of the richness (number of OTUs detected) in four out of the six treatments tested
(Figure 3.19 B, ciprofloxacin, ceftriaxone, clindamycin and vancomycin). Neomycin dis-
played levels of richness similar to the one of the untreated mice (Figure 3.19 B). In the
case of ampicillin, most of the mice had lower levels of microbiota richness but, due to
the small number of samples and the high variability, this decrease was not significant.

The shannon index, that mesures the diversity in a sample, was lower in all the
antibiotic-treated groups except for neomycin (Figure 3.19 B). Notably, only clindamycin-
treated mice experimented an important increase in diversity upon recovery (Mann-
Whitney test, p-value<0.01). In the case of ceftriaxone treatment, the shannon index
was very variable among different mice.

The number of OTUs detected and the shannon index indicate that in most cases
the microbiota does not fully recover two weeks after the withdrawal of the antibiotic
treatment.

Next, we performed a NMDS analysis to assess the relative similarity between the
microbiota observed during the treatment and upon recovery. In agreement with the low
number of differences detected between neomycin-treated and untreated mice, samples
obtained during the treatment and after the withdrawal were very close to those of un-
treated mice on the NMDS plot (Figure 3.20). In addition, the NMDS analysis showed
that the microbiota after two weeks of recovery is relatively similar to the one obtained
during the treatment in the case of neomycin, ciprofloxacin, ampicillin and vancomycin
treatment. Surprisingly, as we will describe later, more alterations of the microbiota were
detected after two weeks of recovery than during the treatment with ceftriaxone. Indeed,
the recovered microbiota was drastically different from the one observed during the treat-
ment. After clindamycin treatment as well, we observed very different states during the
treatment and upon recovery. In this case, both states seem to be very different to the
untreated one (Figure 3.20).

As there are more groups to segregate than in the first analysis performed only on
the sample obtained during the treatment, the taxa indicative of their separation can
differ slightly from the previous analysis. The neomycin-treated and untreated samples
were characterized by an increase in Alistipes and, to a less extent, by the presence
of Adlercreutzia and Anaerovorax. This result is similar as the one obtained compar-
ing only the samples of mice treated with antibiotics without a recovery period (Figure
3.13). Ciprofloxacin treatment promoted a higher abundance of Oscillibacter (genera
from the Ruminococcaceae family) and unclassified Ruminococcaceae. As we described
previously, clindamycin treatment was characterized by very high levels of Bacteroides.
However, the group after recovery shifted to dominance by unclassified Lachnospiraceae.
Similarly, the group of mice treated with ceftriaxone presented high levels of unclassified
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Figure 3.19: Alteration of the microbiota two weeks after the withdrawal of
antibiotics A) Biomass measured as ng of DNA per g of feces. This value represents
an approximation of the total bacteria load as indicated in [228]. B) Number of OTUs
detected in each sample out of 29010 sequences, which is considered as a measure of
microbiota richness. C) Shannon index, which is considered as a measure of microbiota
diversity. Data during the treatment are proportionated for comparison. NT: Untreated,
Cipro: Ciprofloxacin, Neo: Neomycin, Cef: Ceftriaxone, Amp: Ampicillin, Cl: Clin-
damycin, Van: Vancomycin. Data after two weeks of recovery: Cipro-R, Neo-R, Cef-R,
Amp-R, Cl-R, Van-R. n=5 per group except for Cef in which n=3. The asterisks depict
the significance of the Mann-Whitney test respect to untreated mice: ns not significant,
* p.value<0.05, ** p.value<0.01, the values almost significant are indicated.
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Figure 3.20: Microbiota composition separation according to the antibiotic
treatment administered Taxa that presented the best correlation with the topology
of the samples are displayed. NT: Untreated, Cip: Ciprofloxacin, Neo: Neomycin, Cef:
Ceftriaxone, Amp: Ampicillin, Cl: Clindamycin, Van: Vancomycin. Data after two
weeks of recovery: Cip-R, Neo-R, Cef-R, Amp-R, Cl-R, Van-R. NMDS was calculated
with Braycurtis distance on two dimensions. Stress: 0.16



Chapter 3. Results 97

Lachnospiraceae and Lactobacillus upon recovery. In the case of vancomycin treatment,
both groups during the treatment and upon recovery are characterized by high levels of
Akkermansia and Proteobacteria (i.e Escherichia/Shigella and Parasuterella).

We have seen that the microbiota after two weeks of recovery is relatively similar to
the one obtained during the treatment in the case of neomycin, ciprofloxacin, ampicillin
and vancomycin treatment. To assess whether there was a significant recovery of the
microbiota, we calculated the Braycurtis distance from each sample to the untreated
ones. If the distance between samples after two weeks of recovery to untreated mice is
smaller than the distance during the treatment to untreated mice, we can deduce that
there is a recovery (Figure 3.21).

Figure 3.21: Recovery of microbiota after administration of different antibiotic
treatments. Mice received an antibiotic treatment for one week than a fecal sample was
collected to determinate the microbiota composition (treatment). Alternatively, mice were
allowed to recover for two weeks between the withdrawal of the antibiotic treatment and
the colletion of the sample used to analyse the microbiota composition (recovery). Mean
Braycurtis distance to untreated samples. The red line indicates the distance comparing
the untreated samples between them. It is the baseline distance due to the intra-group
variation. NT: Untreated, Cip: Ciprofloxacin, Neo: Neomycin, Cef: Ceftriaxone, Amp:
Ampicillin, Cl: clindamycin, Van: Vancomycin.

That way, we determined that two weeks after ciprofloxacin or ampicillin treatments,
there was no significant recovery of the initial microbiota state (Figure 3.21). On the
opposite, the recovery was clear after the withdrawal of neomycin, the microbiota being
similar to the initial microbiota state (Mann-Whitney test to untreated mice, not sign-
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nificant) (Figure 3.21). Two weeks after the withdrawal of clindamycin, the microbiota
composition was as dissimilar to the untreated samples as the microbiota observed during
the treatment (Figure 3.21). In the case of ceftriaxone treatment, a higher number of
alterations were detected after the recovery than during the treatment (Figure 3.15), re-
sulting in a microbiota more different from the one of the untreated mice (Figure 3.21). As
described when we performed the NMDS plot, upon two weeks of recovery the microbiota
adopted an alternative state, different from the untreated one after the administration of
ceftriaxone and clindamycin (Figure 3.20).

Consistent with the results from the first section of the thesis, the treatment with
vancomycin caused important alterations of the microbiota that persist after the antibiotic
withdrawal, as indicated by the high Braycurtis distance to untreated mice observed both
in treated mice and after two weeks of recovery (Figure 3.21). Nevertheless, a trend to
recovery, visible in the NMDS plot ((Figures 3.20), was confirmed by the significant lower
distance to untreated mice after the recovery (Figure 3.21).

Then, we assessed, as before, the overall composition of the microbiota two weeks
after the recovery from each antibiotic treatment (Figure 3.22). In decreasing order of
abundance, untreated mice were dominated by Barnesiella (35%) and unclassified Por-
phyromonadaceae (10%). After treatment with (1) ciprofloxacin, the microbiota was
dominated by unclassified Lachnospiraceae (36%) and Barnesiella (29%); (2) neomycin:
the microbiota was dominated by Barnesiella (31%), unclassified Lachnospiraceae (14%)
and unclassified Porphyromonadaceae (12%); (3) ceftriaxone: the microbiota was domi-
nated by unclassified Lachnospiraceae (60%) and Lactobacillus (15%); (4) ampicillin: the
microbiota was dominated by Barnesiella (31%) and Akkermansia (21%) and Bacteroides
(18%); (5) clindamycin: the microbiota was dominated by unclassified Lachnospiraceae
(56%); (6) vancomycin: the microbiota was dominated by Akkermansia (50%) and un-
classified Lachnospiraceae (14%);

As described, we still observed alterations of the microbiota two weeks after the with-
drawal of the antibiotic treatments. Thus, we explored the taxa altered at the phylum
on genus level. Taking into account that most samples obtained after the recovery period
grouped with the ones obtained during the treatment and far apart from the untreated
mice, it was not surprising that we still detected numerous significant alterations after 2
weeks of recovery (Figure 3.23).

At the phylum level, three of the six treatments (ciprofloxacin, ampicillin and neomycin),
display alterations that affect the very low abundant phyla (Figure 3.23 A). Ciprofloxin
caused a small decrease of Proteobacteria and alteration of the low abundant phyla Acti-
nobacteria, Deferribacteres and Tenericutes. Ampicillin administration also caused a
small decrease of Proteobacteria, of the low abundant phyla TM7 and an increase of Ver-
rucomicrobia. Neomycin only caused a small diminution of very low abundant phyla (i.e
Deferribacteres, Tenericutes and TM7) and of Verrucomicrobia.

The three other treatments, ceftriaxone, clindamycin and vancomycin affect signifi-
cantly almost all of the phyla.

Both ceftriaxone and clindamycin decreased the majority of the phyla and especially
the Verrucomicrobia. In the case of clindamycin treatment, the phyla Bacteroidetes also
suffered a drastic diminution. These two antibiotics increased the phyla Firmicutes and
moreover ceftriaxone increased the phylum Tenericutes whereas ceftriaxone increased the
Proteobacteria. In the case of clindamycin, the alterations were similar to the ones ob-
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Figure 3.22: Abundance of the most prevalent genus. Barplot of the microbiota
composition in untreated mice (NT), in treated mice (data proportionated for comparison)
and two weeks after the withdrawal of antibiotic treatment (R: recovery). Genus whose
mean abundance reach 5% in untreated mice or upon administration of an antibiotic
are represented. The other genus are grouped in “other bacteria”. NT: Untreated, Cip:
Ciprofloxacin, Neo: Neomycin, Cef: Ceftriaxone, Amp: Ampicillin, Cl: Clindamycin,
Van: Vancomycin. n = 5 by group

served during the treatment except for the significant diminution of the Bacteroidetes.
Interestingly, ceftriaxone caused a higher number of alterations after the recovery than
during the treatment.

The alterations observed upon recovery from vancomycin treatment were similar to
the ones observed during the treatment. Actinobacteria and TM7 decreased whereas
the other low abundant phyla (namely Verrucomicrobia, Deferribacteres and Tenericutes)
increased. The abundant phyla also experiment the same alterations seen during the
treatment: the Proteobacteria increased whereas the Bacteroidetes were depleted and no
significant alteration was detected for the phylum Firmicutes.

At the genus level, some taxa experimented a diminution upon recovery from most
antibiotic treatments (Figure 3.23 B). That is the case for (i) the Bacteroidetes Barne-
siella, Alistipes, Prevotella and Odoribacter, (ii) the Firmicutes Anaerovorax, Allobaculum,
Turicibacter, Ruminococcus and for (iii) Adlercreutzia and Bifidobacterium.

On the opposite, some bacteria showed an increase upon recovery from several an-
tibiotics. This is the case for some Proteobacteria genera (i.e Escherichia, Enterobacter,
Cronobacter) and a few Firmicutes (i.e. Enterococcus, Blautia, Clostridium, Anaerostipes).

In the case of ciprofloxacin, the post-recovery alterations were similar to the ones
observed during the treatment although on a smaller scale. For example, the abundance
of the Proteobacteria Parasuterella was less diminished. In the case of the Bacteroidetes,
all the taxa altered went in the same direction (reduction) whereas the alterations among
the Firmicutes were in different direction (increase or decrease) depending on the genera.
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Figure 3.23: Taxa significantly altered two weeks after the withdrawal of the
antibiotic administered. Mice were allowed to recover for 2 weeks after withdrawal of
the antibiotic treatment and the microbiota was analyzed. A) heatmap of statistically
significant fold changes respect to untreated mice at the phylum level. B) heatmap of
statistically significant fold changes respect to untreated mice at the genus level. Genus
are ordered by taxonomy and, inside each phylum, in decreasing order of fold change.
Fold change respect to untreated mice was calculated for each treatment. Only taxa
whose FDR adjusted p value was < 0.05 and with an absolute fold change (increase
or decrease) superior to 2 are colored. The color bar on the left indicates the relative
abundance of the bacteria, different shades of grey indicate that the bacterium is highly
abundant(> 1%, > 5%) in untreated mice and brown indicate that this bacterium reach a
relative abundance superior to one percent after administration of an antibiotic treatment.
NT: Untreated, Cip: Ciprofloxacin, Neo: Neomycin, Cef: Ceftriaxone, Amp: Ampicillin,
Cl: Clindamycin, Van: Vancomycin. n = 5 per group
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In the case of neomycin, there were very few alterations of moderate magnitude. This
result is in agreement with the small distance detected in the NMDS plot between samples
collected from mice treated with neomycin and the samples collected from untreated mice
(Figure 3.20).

The microbiota of mice treated with ampicillin also presented relatively few alterations
upon two weeks of recovery. Alterations of genera from the phylum Proteobacteria were
observed. In addition, within the Bacteroidetes phylum, it was the only treatment that
still presented an increase in the genus Bacteroides and Parabacteroides after two weeks
of recovery. It is interesting to highlight that the genus Bacteroides was increased during
most of the treatments but not upon their recovery. This could indicate its capacity to
survive during the dysbiosis although it may not be a good competitor with the rest of the
microbiota as it does not maintain its supremacy upon the withdrawal of the treatment.

The three antibiotics that caused the highest number of alterations on the microbiota
two weeks after their withdrawal; ceftriaxone, clindamycin and vancomycin, induced some
common alterations. First, they caused a significant diminution of all the Actinobacteria
and Bacteroidetes. The three of them also increased the relative abundance of the lactic
acid bacteria Enterococcus and Lactobacillus.

In the case of ceftriaxone and clindamycin, an important decrease in the abundance
of Akkermansia and an increase in the Firmicutes Blautia, Clostridium, Anaerostipes and
Paenibacillus were observed. The main difference between these two antibiotics concerns
the Tenericutes Anaeroplasma that was increased upon ceftriaxone treatment and dimin-
ished after administration of clindamycin.

Clindamycin and vancomycin shared a high increase in the relative abundance of the
taxa Escherichia/ Shigella. Unlike ceftriaxone and clindamycin, vancomycin caused a
high increase in the abundance of the genera Akkermansia and Muscispirillum.

In summary, after two weeks of recovery, the effect of the different antibiotics was
still detectable although the relative abundance of several taxa was restored. None of the
antibiotic-treated microbiota had come back to the initial state, except for neomycin ( the
microbiota resulting from a 2-weeks recovery after neomycin treatment was not different
from the untreated microbiota according to the Braycurtis distance, however, some taxa
were still significantly altered). Usually, the alterations detected two weeks after antibiotic
cessation were similar to the ones detected during the treatment except for specific taxa
such as Bacteroides. However, in the case of ceftriaxone and clindamycin treatment, the
alterations identified upon recovery were drastically different to the ones detected during
the treatment (Figure 3.22 C).
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Figure 3.24: Abundance of the most prevalent OTUs in untreated mice and
two weeks after the withdrawal of different antibiotic treatments Heatmap of
microbiota composition in untreated mice and two weeks after the withdrawal of antibiotic
treatments. Each column represents one mouse, each row represents one OTU (grouped
by phylum). The redder, the higher the relative abundance. Only OTUs present in at
least four out of five mice per treatment group (three in the case ceftriaxone) and with an
abundance superior to 1% in a sample were selected. NT: Untreated, Cip: Ciprofloxacin,
Neo: Neomycin, Cef: Ceftriaxone, Amp: Ampicillin, Cl: Clindamycin, Van: Vancomycin.
n = 5 per group
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3.2.5 Determination of putative protective bacteria against VRE
colonization

Until now, we have described the effect of the antibiotics on the microbiota during
the treatment and upon recovery. In both cases, the mice were latter orally infected with
VRE and its levels were assessed two days post-infection as described in the section 2.2.1
(Figure 2.1). Doing this, we were able to link specific alterations of the microbiota with
different levels of colonization by VRE.

These data, associating different alterations of the gut microbiota and level of VRE
colonization, enabled us to identify bacteria that promote the resistance against the col-
onization by this opportunistic pathogen. The premise was that the antibiotic treatment
would have depleted important bacteria for protection when VRE was able to colonize the
gut in high level whereas these relevant bacteria for protection would be present in case
of a low VRE colonization. It is important to highlight that each antibiotic also eliminate
bacteria that do not affect VRE colonization. Thus, by analyzing several treatments with
different spectrum, we wanted to select the bacteria whose presence was related with a low
VRE load while its elimination was consistently related with a higher VRE colonization.

Figure 3.25: Colonization by VRE after administration of antibiotics Mice
received an antibiotic treatment for one week than a fecal sample was collected to de-
terminate the microbiota composition (treatment). Alternatively, mice were allowed to
recover for two weeks between the withdrawal of the antibiotic treatment and the colletion
of the sample used to analyse the microbiota composition (recovery). VRE counts two
days post infection. NT: Untreated, Cip: Ciprofloxacin , Neo: Neomycin, Cef: Ceftriax-
one, Amp: Ampicillin, Cl: clindamycin, Van: Vancomycin. n=5 by group. The asterisks
depict the significance of the Mann-Whitney test respect to values of untreated mice : ns
not significant, * p.value<0.05, ** p.value<0.01.

First, we used the model without recovery, in which the mice are challenged with
VRE while still under antibiotic treatment (Figure 2.1). We determined the colonization
capacity by plating fecal samples at day two post infection on selective media. According
to the different alterations of the microbiota associated which each treatment, we also
observed different VRE colonization capacities (Figure 3.25). In increasing order of mag-
nitude, VRE present the lowest colonization capacity during the ciprofloxacin treatment,



104 Chapter 3.

followed by neomycin, ceftriaxone, clindamycin, ampicillin and finally reached the highest
level during the administration of vancomycin. (median level of 1.09E+02, 1.84E+03,
1.54E+05, 7.62E+06, 1.14E+07, 2.12E+07 CFUs/10mg feces, respectively)

In the section 3.2.2, we suggested the separation of the antibiotics in three levels of
alteration: ciprofloxacin and neomycin caused fewer alterations, ceftriaxone and ampicillin
a medium number of alterations while clindamycin and vancomycin depleted the highest
number of genus. Thus, in agreement with the result observed in the section 3.1.5, the
treatments that cause the highest number of alterations of the microbiota were associated
with a higher capacity of colonization by VRE.

We described in the previous section that when we allowed the microbiota to recover
for two weeks after the withdrawal of the antibiotic, we observed a partial recovery or a
remodelation of the microbiota (see 3.2.4). Consequently, when we challenged with VRE
the mice two weeks after the withdrawal of the treatment (model with recovery), the
level of colonization obtained was always lower than the level observed when challenging
the mice without letting them recover from the antibiotic treatment (Figure 3.25). For
example, VRE levels reach 2±2E+03 CFUs/10mg feces when VRE was administered while
the mice were being treated with neomycin. However, VRE was not able to colonize the
mice when we allowed them to recover from neomycin for two weeks before VRE challenge.

Again, the level of VRE colonization when mice were allowed to recover from antibi-
otics treatment before VRE challenge, depends on the level of the microbiota alterations
respect to untreated mice. We described in the section 3.2.4 that neomycin, ciprofloxacin
and ampicillin recovered a microbiota more similar to that of untreated mice as compared
to ceftriaxone, clindamycin or vancomycin (Figure 3.22 A) In agreement, mice that recov-
ered from neomycin, ciprofloxacin and ampicillin treatment presented the lowest median
level of colonization by VRE (0, 0 and 1.7E01 CFUs/10mg feces respectively) In the case
of ceftriaxone and clindamycin treatment, the VRE levels were intermediate (3.2E+05
and 8.0E+03 CFUs/10mg feces), although lower than when mice were challenged during
the treatment administration. Notably, the overall composition of the microbiota was
still very different from that of untreated mice (Figure 3.21) but mice treated with these
antibiotics recovered a microbiota that was also different from the microbiota identified
during treatment (Figure 3.20) Thus, it seems that the new configuration of the micro-
biota adopted upon removal of ceftriaxone or clindamycin treatment (see 3.2.4) restores
partially the CR against VRE. Regarding vancomycin treatment, the microbiota suffered
drastic alterations during the treatment and did only slightly recover upon antibiotic
withdrawal (Figure 3.21). Consequently, the median VRE level detected upon recovery
from vancomycin treatment was still high (1.6E+05 CFUs/10mg feces), although lower
than during the antibiotic administration (1.1E+07 CFUs/10mg feces).

The aim of associating different microbiota alterations with the VRE colonization
capacity was to identify bacteria that could be responsible for the CR in untreated mice.
These bacteria of interest will be depleted after the administration of antibiotics that
promote high levels of VRE. Thus, to determine the bacteria that correlate negatively
with VRE colonization (the bacteria that are absent when VRE is present in high levels),
we performed a spearman correlation test on the data with and without recovery (Table
3.2)(see 2.5.5 for the parameters used).

Notably, we found that Unc.Ruminococcaceae, Oscillibacter, unc.Lachnospiraceae,
Barnesiella, Allobaculum, unc.Bacteroidetes, Alistipes and unc. Porphyromonadaceae
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Table 3.2: Prevalent taxa that present a significant negative correlation with VRE.

Genus spearman.cor adj.spearman.p.value.BH abundance in NT mice (%)

unclassified_Ruminococcaceae -0.73 1.07E-09 4.45
Oscillibacter -0.60 3.81E-06 0.80
unclassified_Lachnospiraceae -0.52 2.14E-04 4.88
Barnesiella -0.46 1.85E-03 27.10
Allobaculum -0.46 1.85E-03 30.97
unclassified_Bacteroidetes -0.45 1.97E-03 0.69
Alistipes -0.36 1.40E-02 5.00
unclassified_Porphyromonadaceae -0.30 4.25E-02 7.53

NT: not treated. Some sequences could not be attributed to the genus level. In this case, they were attributed to
the last taxonomic level possible preceded by “unc.” (standing for unclassified).

correlated negatively with the levels of VRE, suggesting that these bacteria may be asso-
ciated with the protection against the pathogen (Table 3.2).

As indicated in the figure 3.26, mice that were colonized with low levels of VRE (<10E4
ufc/g) contained high fecal levels of the identified commensal bacteria. On the contrary,
mice with high levels of VRE (>10E6 ufc/g) presented low fecal levels of these bacteria
(see section 2.5.5 for the definition of the high and low-level VRE groups.) These results
indicate that the taxa identified are associated with resistance against VRE colonization.

It is also possible that some bacteria that expanded upon antibiotic treatment pro-
moted the colonization by VRE. Indeed, several bacteria presented a significant positive
correlation with VRE, the most significant one being Escherichia.Shigella (Table 3.3).
These bacteria could also simply be a biomarker of sensibility to VRE colonization, with-
out influencing it. For example, the positive correlation with Enterococcus may reflect
that changes that promote the growth of the endogenous Enterococcus could also promote
the growth of the exogeneous VRE administered (Table 3.3).

Table 3.3: Taxa that present a significant positive correlation with VRE.

Genus spearman.cor adj.spearman.p.value.BH abundance in NT mice (%)

Escherichia/Shigella 0.67 6.04E-08 0.0
Enterococcus 0.42 3.40E-03 0.0
Akkermansia 0.42 3.40E-03 1.0
unclassified_Enterobacteriaceae 0.40 5.69E-03 0.0
Parasutterella 0.36 1.30E-02 1.6
unclassified_Burkholderiales 0.32 3.55E-02 0.0
Lactobacillus 0.31 3.66E-02 1.6
unclassified_Desulfovibrionaceae 0.30 4.25E-02 0.0

NT: not treated

Taking advantage of the separation of the samples in a high and low-VRE level group,
we applied a Linear Discriminiant Analysis (LDA) using LEfSe software [233] to determine
which taxa characterized each group of mice.

By doing so, we wanted to confirm that the bacteria negatively correlated with VRE
levels were indeed characteristic of the low-VRE level group. This algorithm selected the
continuous variables that best discriminate between two groups.
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Figure 3.26: Commensal bacteria level in fecal samples of antibiotic-treated
mice. The relative abundance of the bacterial genus and family that were negatively
associated with VRE colonization are shown. Bacteria are organized from left to right
and up to down starting from the highest negative spearman correlation. Sample were
separated into those mice with high or low level of VRE in feces two days post-infection.
green : low VRE level (<10E4 ufc/g faeces, N = 23) red : high VRE level (>10E6 ufc/g
faeces, N = 25) Mann-Whitney test, * p.value<0.05, ** p.value<0.05, *** p.value<0.001.
Mean with SEM.

The results of the LDA analysis, represented as a cladogram, confirmed that Barne-
siella, Porphyromonadaceae, Alistipes, Ruminococaceae and Oscillibacter are related with
low VRE loads. Allobaculum was not detected as being of importance (Figure 3.27). Sim-
ilarly, as obtained with the spearman correlation, we can highlight an association between
high VRE load and high levels of proteobacteria (Escherichia-Shigella, Parasutterella ).

We also performed a spearman correlation test comparing the OTUs identified in the
data with and without recovery against VRE levels. The lowest correlation factor was
of -0.59, and corresponded to a Barnesiella OTU. Indeed, 10 out of 12 of the OTUs
with a correlation factor lower than -0.50 corresponded to Barnesiella or the Porphy-
romonadaceae family (unc. Porphyromonadaceae). Thus, different OTUs of the genus
Barnesiella may exert a similar protective effect. A similar result was obtained for other
genera associated with resistance against VRE.

The correlation analysis was also performed on the data obtained by illumina in order
to confirm the results obtained with 454. As expected, all the taxa identified to be
associated with the VRE resistance when performing the analysis on the 454 data were
also identified to negatively correlate with VRE levels when performing the analysis on
the data obtained by illumina (not shown).
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Figure 3.27: Result of the LDA analysis. Cladogramm of the bacteria significantly
related with an high or low VRE load post-infection. The bacteria are organized by
taxonomy. The taxa characteristic of one of the two group are colored. green : low VRE
level (< 10E4 ufc/g faeces). red : high VRE level (> 10E6 ufc/g faeces). The taxa that
present a negative correlation with VRE are indicated by a grey spot.

3.3 Intestinal bacteria isolation
Having determined the bacteria associated with the resistance against VRE coloniza-

tion, we decided to test them in a mouse model to check their protective activity against
VRE. Most of the bacteria available in the biological resource centers were isolates from
in human samples. In a first attempt, we determined by comparison of 16s rRNA which
bacteria of the DSMZ database were the most similar to the one we were interested in.
We test the DSMZ isolates in our mouse model, however, most of the bacteria purchased
from DSMZ were not able to colonize the mice (result not shown). Thus, we isolated the
bacteria of interest directly from the murine gut.

Although the main purpose was to isolate the bacteria necessary to protect against
the VRE intestinal colonization, we also wanted to obtain a library of murine bacteria
for other projects of the laboratory. For this reason, we did not use a specific method to
isolate the bacteria of interest except if it was indispensable.

Until recently, the specific conditions required for the growth of most of the intestinal
bacteria where unknown and thus, an important fraction was uncultivable [254, 255]. To
determine which medium could allow us to isolate the targeted bacteria, we sowed the
culture medium Columbia Blood Agar, Schaedler, Reinforced Clostridium and Brucella
agar with an aliquot of untreated-mice cecum content. We preferentially plated a cecum
sample over a fecal sample based on the assumption that some bacteria from feces may
not be active and therefore more difficult to grow in vitro.
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Figure 3.28: Different culture media allow the growth of different bacterial
diversity. (A)Phylogenetic classification of 16S rDNA frequencies in the medium tested
and from the cecal sample used to sow them. Each bar represents the microbiota compo-
sition from one medium. The most predominant bacterial taxa (relative abundance above
1%) are shown and labeled with different colors as indicated. Those bacterial taxa with a
relative abundance lower than 1% are combine in the group other bacteria. Bacterial taxa
were obtained by classification of 16s rDNA sequences to the genus level using mothur. In
case a sequence could not be classified to the genus level, the closest level of classification
to the genus level was given, preceded by unclassified. (B)Shannon index. In both figures,
the tested medium are : Columbia Blood Agar at 28℃(B28) or at 37℃(B37), Brucella
agar (Brucella), Schaedler agar (SCH), Reinforced Clostridium agar (Reinf.Cl) and the
cecal sample (C).

Plates were incubated in anaerobic condition for 6 days at 37℃(except for Columbia
Blood Agar that was also incubated at 28℃). The medium Columbia Blood Agar is a
rich medium, used to grow fastidious taxa, thus we expected a high diversity of bacteria
to grow in it. For this reason, we also tried a lower temperature, 28℃, to verify whether
it would be possible to grow bacteria that were outcompeted at 37℃. Subsequently, we
collected the bacterial colonies from each medium and identified by 16s high-throughput
sequencing which bacterial taxa could be grown in each particular medium. As a control,
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we also sequenced an aliquot of the cecal sample that was grown in the different media
(see section 2.6).

Among the different media tested, we were interested in the one with the highest
diversity, as it would allow us to isolate the highest number of bacteria. We evaluated the
diversity present in the different media thanks to the Shannon index. As explained in the
previous sections, this index account both for the number of OTUs present and for the
relative abundance. As indicated by the shannon index, Columbia Blood Agar grown at
37ºC presented the highest diversity, although lower than the cecal sample (Figure 3.28
B). In the heatmap representing the relative abundance of the different genus it is also
visible that a higher number of genera were identified in this medium (Figure 3.29).

Figure 3.29: Relative abundance of the most abundant taxa in different media.
Heatmap representing the relative abundance of taxa identified in the different culture
medium tested and in the cecal content of an untreated mouse. Each row correspond
to a taxa and each column to a medium. The color represent the relative abundance,
darker meaning an higher abundance, as depicted in the key. The relative abundance
of the most predominant genus is shown (relative abundance above 0.1% in one of the
samples tested). The tested media are : Columbia Blood Agar at 28℃(B28) and at
37℃(B37), Brucella agar (Brucella), Schaedler agar (SCH) and Reinforced Clostridium
agar (Reinf.Cl). Bacterial taxa were obtained by classification of 16s rDNA sequences to
the genus level using mothur. In case a sequence could not be classified to the genus level,
the closest level of classification to the genus level was given, preceded by unc. The genus
of interest are in bold.

As mentioned, we wanted to isolate the highest number of taxa possible, but our main
objective was to isolate the bacteria that presented a negative correlation with VRE, as
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determined in the previous section (Table 3.2). These bacteria grown on the Columbia
Blood Agar and no bacteria of interest was present in high levels in any of the other media
tested (Figure 3.30). Of note, we already had one strain of Allobaculum that was isolated
from Schaedler agar (SCH), thus we did not need to design a specific strategy to isolate
this genus. Consequently, we decided to use only Columbia Blood Agar grown at 37ºC to
isolate commensal bacteria.

In this medium, Barnesiella, Alistipes, unclassified Porphyromonadaceae and unclas-
sified lachnospiraceae presented a relative abundance superior to 0.1% (figure 3.28 A).
Thus, we could isolate them by simply testing an high number of colonies (see section
2.6). With this approach, we were able to isolate most of the taxa of interest (Barne-
siella, Alistipes, Allobaculum and unc. Ruminococacceae) as well as other high abundant
bacteria from the gut (Figure 3.30). Besides of the bacteria represented in the figure 3.30
(high abundant bacteria), we were able to isolate some low abundant bacteria, that were
enriched in the medium used (Olsenella, Aldercreutzia, unc. coriobacteriaceae, Desulfovib-
rio, Enterobacter, Enterococcus, Enterorhabdus, EscherichiaShigella and Mucispirillum).

Figure 3.30: Summary of the number of taxa isolated in comparison with their
relative abundance in untreated mice. Each bar represent the mean abundance of
the taxa in untreated mice (mean calculated on five fecal samples). The color correspond
to the phylum specified in the legend. The number above each bar indicates the number of
isolates obtained from that particular taxa. Only taxa with a relative abundance superior
to 0.1% in untreated mice are shown.



Chapter 3. Results 111

Unfortunately, we were not able to isolate the very low abundant genus Oscillibacter,
one of the genera that we found to be associated with resistance against VRE. In order to
isolate Oscillibacter, it was necessary to use a more specific approach. This taxa represents
less than 0.01% of the bacteria grown in Columbia Blood Agar at 37℃, and is not present
at a higher level in the other media tested (Figure 3.29). Thus, we would have to test
more than 10 000 colonies following the previous approach to isolate one strain.

Figure 3.31: Test of the specificity of the primers pair designed. Upper part: spe-
cific primers tested. Lower part: universal primers for 16s rRNA. (1) unc.ruminococaceae,
(2) unc.lachnospiraceae, (3) Lactobacillus, (4) Bacteroides, (5) Parasuterella, (6) Barne-
siella, (7) Allobacullum, (8) Escherichia coli, (-) negative control. 1,4% Agarose gel,
electrophoresis of 120V for 30 minutes. Molecular weight ladder: gene ruler 1 kb Plus
DNA Ladder (Thermo Fisher Scientific).

To isolate Oscillibacter, we designed specific primers that could allow us to check the
taxonomy of the bacteria grown in the Columbia blood agar medium by performing a
PCR from a bacterial colony. Subsequently, we could confirm the taxonomy of positive
clones through 16s rRNA sequencing. This strategy could facilitate our task since it would
avoid us the need of sequencing thousands of colonies.

The first intention was to design a pair of primers specific for Oscillibacter. How-
ever, there were very few differences in the 16s rRNA sequence of taxonomically closely
related bacteria (Oscillibacter vs other bacteria from the family Ruminococaceae). For
this reason, we decided to found a primer that would allow us to identify bacteria within
the family Ruminococacceae (both Oscillibacter and other unc. Ruminococacceae). For
this purpose, we used the program PRIMROSE as described in the section 2.8. This
program allows the selection of primers that anneal with selected bacteria and not with
other bacteria from a given database. The final primers pair selected is indicated in the
table 3.4.

To test that the primer pair worked, we used, as a positive control, the unc.ruminococaceae
that we had already isolated. In order to assess the specificity of the primers, we used
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Table 3.4: Sequence of primers designed to isolate low-
abundant bacteria.

Primer Sequence (5’-3’)

Ruminococcaceae F16 AACGCCGCGTGARGGAAGAM
Ruminococcaceae R310 CCGCTACTCHVGGAATTCCG

one isolate classified as unc.lachnospiraceae and one isolate of the taxa Lactobacillus,
Bacteroides, Parasuterella, Barnesiella, Allobacullum and Escherichia coli.

We performed a PCR with the specific primers and as a control we performed also
a PCR with the universal primer pair 27F-553R. As expected, a PCR product of the
expected size was detected in all the bacterial isolates tested when the universal primers
were utilized. The product of the PCR with the specific primers should be around 250bp
(third band from the bottom of the molecular weight ladder). As shown on the figure
3.31, we obtained a band of the expected size (250bp) when we utilized as template the
unc. Ruminococacceae isolate. Since the region of 16s rRNA where the primers hybridize
is identical in Oscillibacter, this indicated that the specific primers designed will allow us
to detect it. As it can be seen, a PCR product of the expected size was also detected
when isolates from unc. Lachnospiraceae and Barnesiella were utilized as template. To
avoid amplification of Barnesiella and unc. Lachnospiraceae, we increased the annealing
temperature to 61ºC. Unfortunately, by increasing the temperature, we did not detect
a PCR product even when we utilized the unc. Ruminococacceae isolate as template.
Nevertheless, the 16s of the most abundant bacteria in the medium Columbia Blood
Agar at 37ºC (i.e. Lactobacillus, Bacteroides, Parasuterella or Escherichia coli) were
not amplified by these primers (Figure 3.31). Therefore, this primer pair, although not
perfect, was adequate to improve our capacity to isolate Oscillibacter. Indeed, thanks to
these primers, we were able to isolate Oscillibacter and five news strains of the unclassified
Ruminococcaceae taxa 3.32.

In summary, we were able to isolate the different genus of interest (those with negative
correlation with VRE) plus other commensal bacteria.
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Figure 3.32: Final summary of the number of taxa isolated in comparison
with their relative abundance in untreated mice. Each bar represent the mean
abundance of the taxa in untreated mice (mean calculated on five fecal samples). The
color correspond to the phylum specified in the legend. The number above each bar
indicates the number of isolates obtained from that particular taxa. Only taxa with a
relative abundance superior to 0.1% in untreated mice are shown.

3.4 Study of the protective effect of the isolated in-
testinal bacteria against the intestinal coloniza-
tion by VRE

3.4.1 Selection of the mouse model to test the commensals bac-
teria.

Ubeda et al. [211] demonstrated that the administration of a fecal transplant post-
antibiotic treatment restores the microbiota and prevents VRE colonization. That partic-
ular study showed that the administration of a complex bacterial population can restore
the CR, lost after an antibiotic treatment.

Based on this, we could administrate the specific bacteria in mice that received an-
tibiotics to verify that they restore the CR against VRE. We determined in the previous
section (see 3.2.5) that several antibiotics promoted a high level of colonization by VRE.
Consequently, we could use this mouse model to test if the bacteria selected are able to
prevent VRE colonization. However, the bacteria isolated are sensitive to the antibiotic
treatments. For this reason it is necessary to administrate them after the removal of
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Figure 3.33: Effect of different antibiotics on the gut microbiota richness,
diversity and the capacity of colonization by VRE.Mice were allowed to recover for
two weeks between the withdrawal of the antibiotic and the determination of microbiota
composition as well as subsequent oral infection with VRE. (A) VRE levels observed at day
2 post-infection, (B) biomass, (C) number of OTUs, (D)Shannon index. (B-D) samples
were recovered before the infection with VRE. NT:untreated mice, Cipro:ciprofloxacin,
Neo:neomycin, Cef:ceftriaxone, Amp:ampicilin, Cl:clindamycin, Van:vancomycin. Mann-
Whitney test, ns: not significant, * p.value<0.05, ** p.value<0.01. The exact p.value is
indicated when it is close to the threshold of significance.
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the antibiotic. Thus, we could use the mouse model in which the antibiotic treatment is
followed by a two-weeks recovery. Indeed, when testing the effect of antibiotics on the
gut microbiota, we constated that after a two-weeks recovery, important alterations per-
sisted (see subsection 3.2.4) and that these alterations enabled the colonization by VRE
(Figure 3.33 A). Similarly as Ubeda et al. [211], we administrated the bacteria for three
consecutive days from the following day after the withdrawal of the antibiotic treatment.
Two weeks after the antibiotic withdrawal, we inoculated mice with VRE and tested the
protective effect of the administered bacteria against VRE.

From all the antibiotics that we tested previously, 3.2, we choose to treat mice with
vancomycin in order to test the protective effect of isolated bacteria for several reasons: (i)
it allows VRE colonization in high levels upon recovery, (ii) the majority of the commensal
bacterial species are depleted and do not recover after 2 weeks of antibiotic cessation and
(iii) the bacterial density is similar as in untreated mice, thus we can assume that the
enhanced colonization by VRE is related to the absence of specific bacteria and not to
an unspecific diminution of the total bacterial biomass. As can be seen on the figure
3.33, also clindamycin fulfill this criteria, however, since VRE colonization is higher upon
vancomycin cessation than upon clindamycin withdrawal, we preferred to use vancomycin
in order to test the protective effect of the commensal bacteria associated with protection
against VRE.

Ubeda et al. [211] verified that the administration of a fecal transplant after an ampi-
cillin treatment restored the CR to VRE. As we decided to use another antibiotic in
our mouse model (vancomycin), we checked that the administration of a fecal transplant
would also restore the CR against VRE in our model. Therefore, we could verify that the
administration of a complex mixture of commensal bacteria is sufficient to restore the CR
against VRE.

For that purpose, we treated mice with vancomycin for one week, then, starting the
day following the withdrawal of the treatment, we orally inoculated treated mice with
feces from untreated mice during three consecutive days. We allowed the microbiota to
recover for two weeks, then we challenged the mice with an oral administration of 10E6
cfu VRE/200µl. As a control, we also inoculated VRE to untreated mice and to a group
of mice that was treated with antibiotics but that did not received a fecal transplant. In
our model, the fecal transplant diminished VRE colonization.

At day two post-infection, VRE was completely cleared from untreated mice and very
low levels were found in the group that received the fecal transplant (Figure 3.34 B). In
contrast, the vancomycin treated group that did not received the fecal transplant pre-
sented very high levels of VRE the second day post-infection (Figure 3.34 A,B). Thus, in
our model, the administration, post-treatment, of a bacterial community proceeding from
untreated mice prevents the intestinal colonization by VRE. The protection conferred by
the fecal transplant was probably due to the fact that the fecal transplant restored par-
tially the microbial community. Indeed, a smaller weigthed unifrac distance to untreated
mice was detected in the group of mice that received the fecal transplant as compared
to the distance between untreated mice and mice treated with vancomycin that did not
received the fecal transplant (Figure 3.34 C).
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Figure 3.34: A fecal transplant restores the colonization resistance against
VRE. Mice were treated with vancomycin for one week, then one group received a fecal
suspension from untreated mice for three days. The microbiota composition was deter-
mined two weeks after the withdrawal of the treatment, before infecting the mice orally
with 10E6 CFUs VRE and determining the colonization levels. (A) VRE levels observed
at day 2 post-infection, (B) Weigted unifrac distance to untreated mice (454 sequencing).
In (B), each point represents the mean distance to the five untreated mice. In the case of
the untreated mice, we represented the distance respect to the four others untreated mice.
This indicate the basal distance associated with the intra-group variability. NT:untreated
mice, Van-FT:vancomycin- fecal transplant, Van:vancomycin. (A) Mann-Whitney test,
ns not significant, * p.value<0.05, ** p.value<0.01, *** p.value<0.001. (B) Unpaired
t-test with Welch correction, ns not significant, * p.value<0.05, ** p.value<0.01, ***
p.value<0.001.

3.4.2 Selection of the isolated commensal bacteria to be tested
against VRE colonization

After selecting the antibiotic to be used in our model, we needed to select the com-
mensal bacterial strains to be tested in our mouse model from the ones that we isolated
(section 3.3). According to the results of the spearman correlation (Table 3.2), the taxa
unc. Ruminococcaceae, Oscillibacter, unc. Lachnospiraceae, Barnesiella, Allobaculum,
Alistipes and unc. Porphyromonadaceae were associated with the protection against in-
testinal colonization by VRE.

During the treatment with vancomycin, the group unclassified lachnospiraceae is sig-
nificantly increased respect to the levels observed in the untreated mice (Table 3.5). There-
upon, we decided not to administer this taxa.

In the case of the unclassified Porphyromonadaceae group, this taxa is phylogeneti-
cally very close to Barnesiella, genus within the Porphyromonadaceae family. Moreover,
as we mentioned in the section 3.2.5, Barnesiella presented a higher negative correlation
with VRE and was more abundant in untreated mice than the unclassified Porphyromon-
adaceae group. Consequently, we decided to administer only Barnesiella. The other taxa
that could not be classified to the genus level, the unc. Ruminococcaceae, displayed the
highest negative correlation (-0.73) and was more abundant than Oscillibacter in un-
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Table 3.5: Changes of the selected commensal bacteria after administration
of vancomycin.

taxon Fold change from van to NT Adj fdr p-value

unclassified_Lachnospiraceae 8.340 0.008
Oscillibacter 1.467 0.117
unclassified_Ruminococcaceae 0.459 0.118
Alistipes 0.025 0.008
Barnesiella 0.008 0.008
Allobaculum 0.006 0.008

Fold change were calculated as the mean abundance of the taxa in vancomycin-
treated mice after a two-weeks recovery respect to the mean abundance in untreated
mice. Wilcoxon test corrected with FDR. n=5 by group.

treated mice (Table 3.2), thus, we administered it. For the different bacteria selected, in
case of having several isolates, we selected the isolate whose sequence was more similar
to the most abundant OTU of the genus present in untreated mice.

Thus, we finally decided to administrate 5 isolates: Alistipes (Cu159), unclassified
Ruminococacceae (Cu153), Barnesiella (Cu46), Oscillibacter (Cu176) and Allobacullum
(Cu185).

3.4.3 Incidence of the administration of a bacterial mix on VRE
colonization

We used the mouse model described in 2.2.3, treating the mice with vancomycin for
1 week, then we administered for three consecutive days the bacteria whose protective
activity against VRE had to be tested. Subsequently, mice were allowed to recover for
two weeks. After this period, mice were inoculated orally with 10E6 CFUs VRE/200µl.
As a control, another group of mice that did not received the commensal bacteria and
received instead PBS was also inoculated with VRE.

First, we checked that the bacteria administered did actually colonize the mice. The
abundance of Barnesiella, Alistipes and Allobaculum were significantly diminished upon
vancomycin treatment and the administration of the bacteria of interest allowed a recovery
to levels similar to the ones observed in untreated mice (the levels reached were slightly
higher in the case of Alistipes and slightly lower in the case of Barnesiella (Figure 3.35
A). The specific OTUs administered within this genus, were responsible for the recovery
of the whole genus in untreated mice (Figure 3.35 A). As expected, since several OTUs of
the genus Barnesiella and Alistipes are normally present in the untreated mice, the OTU
administered do not account for the abundance of the whole genus (Figure 3.35 A).

The ruminococcaceae family, which includes both Oscillibacter and the bacteria unc.
Ruminococcaceae, presented similar levels in the treated group that received the bacterial
mix or PBS instead. These levels were lower than the ones observed in untreated mice
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Figure 3.35: Colonization of the bacteria administered and effect on VRE
colonization. Mice were treated with vancomycin for one week. Subsequently, mice
received 3 consequence days PBS (Van-PBS) or a bacterial mix (Van-Mix) containing
Barnesiella, Alistipes, Allobaculum, Oscillibacter and unc. Ruminococacceae. Two weeks
post antibiotic cessation, the fecal microbiota was analyzed and mice were challenged
with 10E6 CFUs VRE. (A) Levels of colonization of the commensal bacteria administered
(Barnesiella, Alistipes and Allobaculum). The analysis was performed at the genus and
OTU level. For comparison, a group of untreated mice was also analyzed. by probiotics
administered, 16s rRNA sequencing determinated at the genus and the OTU level. (B)
Levels of colonization of the family Ruminococacceae.
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Figure 3.35: (C) Levels of colonization of the commensal bacteria administered (Os-
cillibacter and unc. Ruminococacceae). The analysis was performed at the genus and
OTU level. box represent median with range. For (A-C) Untreated n=6, Van-Mix n=10,
Van-PBS n=7. (D)Biomass. Van-Mix n=10, Van-PBS n=7. (E)VRE levels detected at
day 2 and day 7 post-infection. Black : Van-PBS, n=19. Grey : Van-Mix, n=23. Results
of 3 experiments. For (A-E) Mann-Whitney test, * p.value<0.05, ** p.value<0.01, ***
p.value<0.001, ns no significant.

(Figure 3.35 B). A similar result was observed when we studied alone the Oscillibacter
levels and the unc. Ruminococacceae levels.

At the OTU level, the Oscillibacter OTU matching the isolate administered presented
variable levels in the treated group that received the bacterial mix and the treated group
that received PBS instead. The levels of this OTU were similar in both groups of mice
(Figure 3.35 C). Moreover, the number of reads assigned to this OTU is low in the group
of mice that received the bacterial mix. Thus, the Oscillibacter administered did not
colonize efficiently the mice to which it was administered.

On the other hand, the specific Ruminococacceae OTU we administered was depleted
upon the antibiotic treatment and restored to the level observed in untreated mice through
the administration of the bacterial mix (Figure 3.35 C).

In summary, from this analysis, we can indicate that the bacterial isolates (OTUs)
present in the mix colonized the mice to which they were administered except for the
Oscillibacter isolate. Administration of these isolates were sufficient to restore the levels
of Barnesiella, Alistipes, Allobaculum, but not the levels of Ruminococacceae.

After checking that most of the probiotics did colonize the mice, we compared the
biomass (ng of DNA/ gr feces), an approximation of the total bacteria load [228], be-
tween the treated group that received the bacterial mix or PBS instead. The biomass was
not significantly different between both groups, indicating that the administration of the
bacterial mix does not influence the total bacterial load (Figure 3.35 D). Subsequently,
we assessed the effect of the bacterial mix administration on the colonization resistance
against VRE by comparing the VRE levels post-infection in these two groups. Mice that
did received the bacterial mix contained lower levels of VRE (median, 4.39*10E3 and
2.79*10E2 CFUs/10mg at day 2 and 7 post-infection) than mice that did not received
the bacterial mix (median, 5,40*10E5 and 2.67*10E5 CFUs/10mg at day 2 and 7 post-
infection) (Figure 3.35 E). Results obtained using the Mann-Whitney test indicated that
the difference observed in VRE abundance between both groups was statistically signifi-
cant (p.value<0.0001 at day 2 and 7 post-infection). Thus, the administration of a mix of
5 bacteria after the antibiotic treatment allowed the partial recovery of CR against VRE.

3.4.4 Simplification of the bacterial mix
Having checked that the administration of the bacterial mix post vancomycin-treatment

proportionated a protection against intestinal VRE colonization, we tried to understand
the individual action of the bacteria included in the mix. The aim was to verify whether
the protective action was due to an individual bacteria or if the complete bacterial mix
was required. For this purpose, we administered to vancomycin treated mice each individ-
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ual bacteria instead of the complete mix. As a control, we used a group of mice that did
received the complete mix and a group of mice that received PBS instead of the bacterial
suspension.

Figure 3.36: Impact of commensal bacteria administration on the colonization
capabilities of VRE after antibiotic treatment. Mice were treated with vancomycin
for one week and than were allowed to recover. One day after stopping the antibiotic
treatment, mice received PBS, specific comensal bacteria or a bacterial mix. Two weeks
after antibiotic cessation, mice were orally inoculated with 10E6 CFUs and the levels of
colonization of VRE were quantified in feces 2 days post-VRE inoculation. The figure
shows the fold change of VRE level observed at day 2 post-infection in the group that
received a specific comensal bacteria or a bacterial mix, respect to the group that re-
ceived PBS of the same experiment. A) from left to right, the complete mix (Alistipes,
Allobacullum, Barnesiella, unclassified Ruminococacceae and Oscillibacter), and the indi-
vidual bacteria :Alistipes, emphAllobacullum, Barnesiella, unclassified Ruminococacceae,
and Oscillibacter. B) from left to right,the complete mix (Alistipes, Allobacullum, Bar-
nesiella, unclassified Ruminococacceae and Oscillibacter), the mix without Oscillibacter
and the mix without Allobacullum. Boxes extent from the 25th to 75th percentiles. The
line at the middle of the box represents the median. Whiskers were done with Tukey. The
red line is placed at 1 on the y axis (no VRE level change as compare to control). Every
group displays a significant diminution of the colonization by VRE except the group that
received the individual bacteria Oscillibacter (wilcoxon test respect to 1).

Due to the high number of mice required, it was necessary to perform several experi-
ments separately. We observed a similar difference of the VRE colonization loads between
the treated groups that did received the complete bacterial mix as compared to those that
received PBS, across all the experiments (fold change between 0.002 and 0.008). Never-
theless, the absolute level of VRE detected can change across experiments. Thus, to be
able to join the different experiments performed, we normalized each experiment respect
to its own control by calculating the fold change between the VRE load observed in the
different groups receiving the different bacteria respect to the treated-group that did not
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received any bacteria. Thus, values inferior to one indicate a diminution of the coloniza-
tion by VRE after administration of a particular bacterium, whereas a value superior to
one indicates an increase.

The administration of the individual bacteria Alistipes, Allobacullum, Barnesiella or
unclassified Ruminococacceae caused a significant diminution of the colonization by VRE,
as it can be seen by their fold change inferior to one (Figure 3.36 A). The VRE load range
from 20 to 50 times lower than control mice receiving PBS, depending on the bacteria
administered. In the case of Oscillibacter, the levels detected were very variable and
there was no significant diminution of the VRE load (Figure 3.36 A, the fold change is
not significantly different from one, Wilcoxon signed rank test). Although the individual
bacteria diminished the VRE colonization, the diminution was higher in the group that
received the complete bacterial mix (Figure 3.36 B, diminution by 1000 times according
to the median fold change).

Since Oscillibacter did not seem to exert a protective action against VRE, we decided
to test if removing Oscillibacter from the mix would have any impact on the capacity
of the mix to confer protetion against VRE colonization. In addition, we shown in the
figure 3.35 B that this bacterium could be naturally recovered after the administration
of vancomycin. Thus, it was reasonable to assume that Oscillibacter may not exert
a protective effect against VRE in this particular mouse model. Surprisingly, the mix
without Oscillibacter was less efficient than the complete mix, the median fold change
was similar to the one observed when administrating an individual bacteria (median
fold change of 0.02, thus a diminution by 50 times in VRE levels as compared to the
control)(Figure 3.36 B). Consequently, we decided to maintain this bacterium in the mix.

Second, we tried to remove Allobacullum from the mix because, when we determined
the bacteria that were associated with the protection against VRE, Allobacullum was
negatively correlated with VRE but this association was not confirmed in the LDA analysis
(see section 3.2.5 and figure 3.27). As shown on figure 3.36, the mix without Allobacullum
produced a diminution of VRE colonization similar to the complete mix (Mann-Whitney
test, not significant).

In summary, we could achieve a high level of CR by administering a mix containing
four bacteria (i.e. Alistipes, Barnesiella, unclassified Ruminococacceae and Oscillibacter).
We did not have an objective reason to remove any particular bacteria from the bacterial
mix as they confer similar protection against VRE individually (except for Oscillibacter,
whose removal effect was already tested). Thus, we decided to maintain this mix of four
bacteria to explore mechanisms by which these bacteria confer protection.

3.4.5 Administration of commensal bacteria not associated with
VRE protection does not inhibit VRE colonization

Our previous results indicate that administration of commensal bacteria that associate
with protection against VRE do not inhibit the capacity of VRE to colonize the intestinal
tract. To confirm that specific bacteria confers protection and that not any bacteria
can exert a protective effect against VRE, we colonized antibiotic treated mice with K.
pneumoniae.

On one hand, it has already been demonstrated that K. pneumoniae an VRE co-
localized in the intestine without competing with each other [214]. On the other hand,
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we can easily assess the levels of K. pneumoniae by plating the fecal samples on specific
media. We, thus, decided to use K. pneumoniae (Cu39) as a control. As can be seen on
the figure 3.37, K. pneumoniae was able to colonize the intestine of mice, however it did
not confer protection against VRE.

Figure 3.37: VRE or K. pneumoniae levels observed at day 2 post-infection.
Mice were treated with vancomycin for one week. A group of mice received orally K.
pneumoniae strain after antibiotic withdrawal (Van-Klebsiella), while the other group
received PBS. Two weeks after antibiotic cessation, mice were orally inoculated with
10E6 VRE CFUs. VRE levels and K. pneumoniae levels were identified in both groups
of mice two days after VRE infection. n=6 mice per group. Mann-Whitney test, ns: not
significant. VRE levels observed on both group were similar and Klebsiella was detected
only in the group of mice that received it.

3.5 Study of the bacterial mediated mechanism of
protection against VRE colonization : in vivo
meta-transcriptome and metabolome analysis

Before performing the meta-transcriptome and metabolome analysis described in this
section, we performed several in-vitro experiments to try to identify a possible mechanism
by which the commensal bacteria could confer protection against VRE colonization. First,
we grew VRE in (1) the filtrates of cecum obtained from treated mice that received
the bacterial mix or PBS and (2) the same filtrates complemented with BHI (a culture
medium that support VRE growth). The growth observed after 2, 4, 6 and 22 hours
was similar in all cases (result not shown). Moreover, to test if one of the bacteria
administered produced a bacteriocin, we co-cultivated in agar media each of the bacteria
administered and VRE. We did not observed any inhibition (result not shown). Thus, in
the in vitro conditions used for both tests, we were not able to detect any inhibition by
the commensal bacteria. Thus, we decided to study in more detail in vivo which bacteria
functions express the protective commensal bacteria and how these functions change the
gut metabolica landscape to identify possible mechanisms of protection (e.g. inhibitory
products, competition for nutrients).
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3.5.1 Verification of the recovery of a similar microbiota in co-
housed mice

In order to decipher possible mechanisms of protection of the bacterial mix contain-
ing the four bacterial strains, we performed an in vivo transcriptomic and metabolomic
study on the cecal content from mice that were treated with vancomyin and subsequently
received the bacterial mix or PBS. Samples were taken two weeks after antibiotic cessa-
tion in mice that were not infected with VRE so that we could identify changes in the
metabolome and transcriptome induced exclusively by the protective bacterial isolates
and not derived from the metabolism of VRE. Since we observed some variability in VRE
colonization among different mice experiments and also, in a particular experiment, be-
tween different mice of the same group, we decided to check that the mice that were going
to be analyzed behave as expected in terms of CR against VRE. This test must be done
indirecly (we cannot test the level of CR in the mouse that will be analyzed because we
do not want VRE to interfere with the metabolome and transcriptome). For this reason,
we decided to co-house two mice per cage, one of this mouse will serve as a reporter of
CR (it will be colonized with VRE) while the other one will supply the cecal samples
for metatranscriptomic and metabolomic analysis. Mice are coprophagous and previous
results from Ubeda et al. [112], have shown that mouse from the same cage recover a
similar microbiota after antibiotic cessation.

To demonstrate that mice from the same cage will behave similarly in terms of CR
capabilities against VRE we calculated the intraclass correlation coefficient (ICC) on
the fecal VRE levels detected at day two post-infection in co-housed mice. Taking into
account 25 cages of co-housed mice (vancomycin + PBS: n=11, vancomycin + bacterial
mix: n=14), we demonstrated the agreement in the VRE colonization levels of co-housed
mice (ICC = 0.91 [0.81,0.96], within group variance = 0.23, among group variance = 2.26)
as depicted in figure 3.38 A.

On the other hand, we sequenced the 16s rRNA of a subset of these co-housed mice
to check that they shared a similar microbiota. As expected, sample were grouped (i)
according to the treatment received (vancomycin + PBS or vancomycin + bacterial mix)
and (ii) by cage, indicating that those mice that were housed in the same cage recovered
a similar microbiota (Figure 3.38 B).



124 Chapter 3.

Figure 3.38: Co-housed mice share similar microbiota and sensibility to VRE
colonization. (A) Comparison of VRE levels detected in co-housed mice. Representa-
tion of logarithms in base 10 of VRE count in feces at day 2 post-infection (cfu/10mg) for
co-housed mice A and B. N=25. (B) Microbial community distance. Tree representation
of the unweighted unifrac distance between samples of co-housed mice that received van-
comycin (N=10) or vancomycin and the mix of bacteria (N=14). Each rectangle represent
co-housed mice. Data was obtained from 2 experiments.
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3.5.2 Selection of samples for the metatranscriptomic study
After verifying that (i) the administration of the selected bacteria in our vancomycin-

treated mouse model confers protection against VRE colonization and (ii) co-housed mice
present similar microbiota and levels of VRE colonization upon oral challenge with the
pathogen, we performed an experiment to obtain the samples necessary to study the
mechanism of protection. Briefly, mice were treated with vancomycin for one week, then
after the antibiotic treatment cessation, pairs of mice were housed in the same cage. A
group of pairs of mice received PBS while the other group received the bacterial mix. Two
weeks after the antibiotic cessation, one mouse was sacrificed to obtain the cecal sample
free of VRE while the other mouse from the cage was infected with VRE to check the
level of CR.

The administration of the bacterial mix caused a significant diminution of VRE col-
onization, by 237 times at day two post infection (median mice recaiving the bacterial
mix=497.5 and mice receiving PBS=117900 CFUs/10mg feces)(Figure 3.39 A). Seven
days after the VRE challenge, the difference of colonization between both groups was
even bigger, the median VRE level being 7351 times lower in the group that received
the bacterial mix (median Vancomycin + mix=20.5 and Vancomycin + PBS =147400
CFUs/10mg feces). It is noteworthy that VRE was no longer detected in 6 out of the
12 mice that received the bacterial mix (Figure 3.39 B). We checked the VRE coloniza-
tion by plating fecal samples to be able to follow the evolution of VRE levels until day
7. Then, we sacrificed the mice and plated also the cecal content on day 7 to verify we
obtained similar results, since we will be using the cecal content instead of feces for the
metabolomic and transcriptomic study (Figure 3.39 C). Similar VRE levels were detected
both in feces and fecal contents in each group of mice. Then, we sequenced the 16sr-
RNA to assess the microbiota composition of the samples and verify that the bacteria
administrated could colonise the intestine. First, we assessed the shannon index in order
to investigate if the administration of the bacterial mix increased the overall diversity
(Figure 3.39 D). Notably, the bacterial diversity was similar in the two groups of treated
mice, independently on the administration of the commensal bacteria, and lower in these
two groups than the diversity of the untreated mice samples. Thus the administration of
the commensal bacterial mix did not increase the overall diversity of the microbiota.

To vizualize the effect of the treatment and the administration of the bacterial mix
on the bacterial composition of the mice included in the experiment, we performed a
PCA on the unweighted unifrac distances (which takes into account the phylogenetic
relations). The first axis separated the untreated mice from the treated ones. The second
axis, however, separated the treated mice that received the bacterial mix from the ones
that did not (Figure 3.39 E). Thus, as expected, the microbiota of mice that received the
bacterial mix differs from those that received just PBS, and the bacterial mix did not
restore the complete microbiota.

We then focused on the analysis of the commensal bacteria that we administered
(Barnesiella, Alistipes, unc. ruminococcaceae and Oscillibacter). As shown in figure
3.40, and consistent with the results obtained in the previous experiment (3.35 A and B),
Barnesiella and Alistipes levels were significantly increased by the administration of the
bacterial mix. As expected, the increase in these two genera was due to the bacteria that
we administered since a single OTU of each genus, with the same sequence as the isolate
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Figure 3.39: Characteristics of the samples collected to analyze by
metabolomics and transcriptomics the effect of the protective bacteria. Mice
were treated with vancomycin for one week, then one group received the protective bacte-
rial mix for three days. The microbiota composition was determined two weeks after the
withdrawal of the treatment, before infecting the mice orally with 10E6 CFUs VRE and
determining the colonization levels. We used 12 cages with two co-housed mice for each
group included in the experiment and 3 mice-pair for a control group to which we ad-
ministered Klebsiella (sequenced : vancomycin treated (n=24), vancomycin-mix (n=24),
untreated mice (n=6), control (n=6)). A: VRE levels in fecal samples at day 2 post-
infection. B: VRE levels in fecal samples at day 7 post-infection. C: VRE levels in cecum
samples at day 7 post-infection. D: Shannon index. E: PCoA of unweighted unifrac dis-
tances. black = untreated mice (NT), red = vancomycin, green = vancomycin-mix, pink
= control, vancomycin-Klebsiella ns not significant, * p-value<0.05, ** p-value<0.01, ***
p-value<0.001. Mann-Whitney U test. line represent the median.
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we administered, was responsible for the increase observed in these two genera (Figure
3.40 B and C).

Figure 3.40: Levels of Barnesiella and Alistipes in fecal samples of mice that
will be used for the metatranscriptomic and metabolomic studies. Mice were
treated with vancomycin for one week, then one group received the protective bacterial
mix for three days. The microbiota composition was determined two weeks after the
withdrawal of the treatment, before infecting the mice orally with 10E6 CFUs VRE and
determining the colonization levels. NT: untreated mice Van-mix: vancomycin treated
mice that received the bacterial mix. Van: vancomycin treated mice that received PBS.
***: p-value<0.001, Mann-Whitney test

On the other hand, unclassified ruminococcaceae levels were similar in mice that were
treated with vancomycin, independently if they received the bacterial mix or PBS instead
(Figure 3.41 A). At the OTU level, however, as previously shown, the relative abundance
of the specific unc. Ruminococacceae OTU that we administered, was found to be higher
in mice that received the bacterial mix as compared to mice that received PBS, and did
not differ from the levels identified in untreated mice (Figure 3.41 B). In the case of
Oscillibacter, as previously shown (Figure 3.41 C), the levels were similar between the
three groups (untreated mice, mice treated with vancomycin and those that received the
bacterial mix after antibiotic treatment) both at the genus and the OTU levels (Figure
3.41 D). This last result indicates that in these particular mice, Oscillibacter may not
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be relevant to explain the differences in CR observed among the different groups of mice
analyzed.

In summary, as previously shown in the experiment shown in the figure 3.35, here also
(i) the administration of the bacterial mix significantly diminished the capacity of VRE
to colonize the gut and (ii) reconstituted the levels of the genera Barnesiella and Alistipes
and the unc. ruminococcaceae OTU42.

After checking whether the bacteria administered were able to colonize the mice, we
investigated further alterations of the microbiota that could be induced by the adminis-
tration of the commensal bacteria. For this, we determined the bacteria whose levels were
significantly different in the treated groups that received the bacterial mix or the PBS
instead (Table 3.6). As expected, the bacteria most significantly increased in the group
that received the bacterial mix were Alistipes and Barnesiella, the taxa that best colo-
nized. Moreover, The genus Olsenella and some unclassified family were also increased.
Interestingly, some genus were more abundant in the treated group that did not received
the bacterial mix (Table 3.6).

Table 3.6: Taxa whose abundance is significantly different between the group of mice treated
with vancomycin that received either PBS (van) or the protective bacterial mix (van-mix).

taxon fold change - increase in van-Mix group adj.fdr.p.value

Alistipes 442.93 6.73E-04
Barnesiella 166.51 7.69E-08
unclassified_Porphyromonadaceae 18.78 4.30E-08
Olsenella 3.35 3.52E-04
unclassified_Coriobacteriaceae 2.21 8.73E-03
unclassified_Sphingobacteriaceae 1.48 1.81E-02

taxon fold change - increase in van group adj.fdr.p.value

Enterococcus 5.66 6.90E-03
Anaeroplasma 5.35 1.81E-02
Escherichia/Shigella 4.30 1.92E-02
Lactobacillus 2.56 2.79E-03
Parasutterella 2.35 5.54E-03
unclassified_Lactobacillaceae 2.19 1.78E-02
unclassified_Lachnospiraceae 1.71 4.59E-02

Fold changes were calculated as the mean abundance of the taxa in vancomycin-treated mice after a
two-week recovery, both in the group that received the bacterial mix or PBS. Bacteria administered are
in bold. Wilcoxon test corrected with FDR. n=6 by group.

After verifying that the bacterial mix administered effectively diminished the coloniza-
tion by VRE, we sought to understand the mechanism of the protective action associated
to the administration of this bacterial mix. For that, we decided to analyze, using high
throughput sequencing, the gut meta-transcriptome of treated mice that received the bac-
terial mix and compare it to the metatranscriptome from untreated mice or mice that were
treated with vancomycin and received PBS instead of the bacterial mix. However, due to
the high cost of this technique and in order to achieve a good coverage per sample, we
decided to limit the number of samples analyzed to 6 per group. Representative samples
from each group were selected as described in the section 2.13. The VRE levels and a
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Figure 3.41: Levels of Unc. Ruminococacceae and Oscillibacter in fecal sam-
ples of mice that will be used for the metatranscriptomic and metabolomic
studies. Mice were treated with vancomycin for one week, then one group received the
protective bacterial mix for three days. The microbiota composition was determined two
weeks after the withdrawal of the treatment, before infecting the mice orally with 10E6
CFUs VRE and determining the colonization levels. Unclassified ruminococcaceae(A-
B). Relative abundance at genus (A) or OTU (B) level. Oscillibacter(C-D). Relative
abundance at genus (C) or OTU (D) level. Relative abundance- ns: not significant, **
p-value<0.01, Mann-Whitney test.
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PCA performed on the unweighted unifrac distance of the selected samples is represented
on the figure 3.42.

Figure 3.42: Samples selected for the metatranscriptomic study. Samples for the
metatranscriptomic study were selected as mentioned in methods section 2.13. A) PCA
on the weighted unifrac distance among samples that received vancomycin +PBS(red)
or samples that received the vancomycin + bacterial mix (green) B) VRE level in fecal
samples at day 2 post-infection of mice that received vancomycin +PBS(V) or the bacterial
mix (V-mix) ** p-value<0.01, Mann-Whitney U test.

On the other hand, we also sequenced an untreated group of mice to assess the basal
level of expression of the different microbiota genes.

3.5.3 Metatranscriptomic study
3.5.3.1 Segregation of samples according to their metatranscriptomic profile.

The samples obtained for the meta-transcriptomic study were processed as described
in the section of material and methods 2.13. After processing the raw data, a database of
the unique genes present in the samples was created and annotated. We obtained a total
of 1.030.675 non redundant (nr) genes. In average, the untreated group presented 120.453
nr genes per samples, the group that received vancomycin treatment, 80.609, and the
group that received the bacterial mix after antibiotic treatment had on average 93.696 nr
genes per sample. 132.291 of the nr genes could be annotated using the KEGG database
(HMMER e-value lower than 0.05). These genes can inform us on possible mechanisms
by which the bacteria administered exert their protective effect.

To identify differences in the detected genes among different samples, we focused our
study on the most prevalent ones (genes present in at least five out of six samples of one
group of mice). Following this criteria, 74.658 nr genes were taken into account across the
three groups, of which 13.798 were annotated in the KEGG database (HMMER e-value
lower than 0.05).

As displayed on the PCoA (Figure 3.43 A), this sub-sampling allowed a clear sepa-
ration of the untreated group from the other two ones (the three groups are different,
adonis test with 1000 permutations, p.value< 0.001). A similar result was obtained tak-
ing into account only the genes annotated with the KEGG database (Figure 3.43 B and
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Figure 3.43: Separation of samples according to their metatranscriptomic pro-
file. Mice were treated with vancomycin. After the antibiotic treatment withdrawal they
received either PBS (Van) or the protective bacterial mix (Van-mix). Two-weeks after
antibiotic cessation a cecal sample was collected and processed for metatranscriptomic
studies. A group of untreated mice was used as control. (A) Principal coordinate analysis
performed on the Braycurtis distance matrix of all the genes present in at least 5 out
of 6 samples of a group. (B) Principal coordinate analysis performed on the Braycurtis
distance matrix of genes that could be annotated with KEGG database and present in
at least 5 out of 6 samples of a group. (C) Average Braycurtis distance to untreated
samples. The distance comparing the untreated (NT) samples between them is shown for
comparison. It is the baseline distance due to the intra-group variation. Mann-Whitney
test. **: p-value<0.01, ns: not significant, values near the threshold of significance are
written.
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C) (the three groups are different, adonis test with 1000 permutations, p.value< 0.01).
Interestingly, although the first two principal coordinates of the analysis did not separate
the mice treated with antibiotics that reveived PBS from those that received the bacterial
mix, the overall metatranscriptome was more similar between untreated mice and mice
that received the bacterial mix, as compared to those that received PBS after antibiotic
treatment (lower Bray-curtis distance values between untreated mice and mice that re-
ceived the bacterial mix as compared to mice that received PBS)(Figure 3.43 C). This
last result suggest that the bacterial mix could restore some of the bacterial functions lost
after antibiotic administration.

Additionally, the Bray-curtis distance between the untreated mice group and both
treated groups that received the bacterial mix or PBS is lower than 0.5 (Figure 3.43 C),
indicating that these groups share an important part of the meta-transcriptome with the
untreated mice (the Bray-curtis distance can take a value between 0 and 1, 0 indicating
that samples are identical and one that the samples are totally different).

3.5.3.2 Effect of the bacteria administered on the metatranscriptomic profile.

As we have seen, the complete meta-transcriptome of the different groups share nu-
merous functions (the Braycurtis distance to untreated mice is inferior to 1).

In order to study in more details possible transcriptome differences among the different
groups of mice, we first focused on the genes expressed by each of the bacterial isolates
administered. For that, we mapped the genes expressed in each sample to the genome of
the bacteria administered, as described in material and methods (section 2.9 and 2.13.3).

As expected, the total number of expressed genes that match those encoded in the
genome of the bacterial isolates administered was higher in the groups of mice treated
with the antibiotics that received the bacterial isolates, as compared to those that just
received PBS (Mann-Whitney test, p.value <0.01) (Figure 3.44 A and B ). Notably, the
number of genes expressed by the bacterial isolates in untreated mice was not significantly
different from the treated mice that received the bacterial isolates (Figure 3.44 A and B).
We next studied, separately, the level of expression of each particular isolate administered.

The number of genes expressed by Barnesiella and Alistipes isolates was drastically
reduced after the vancomycin treatment and could be restored by the administration of
the bacterial mix (Figure 3.44 C). On the opposite, the functional profile of Oscillibacter
and unc. Ruminococcaceae is similar in the three groups (Figure 3.44 C). A higher number
of functions corresponding to Oscillibacter were detected, which could be explained by the
bigger size of its genome (4068 ORFs detected whereas the genome of Barnesiella, Alistipes
and the unclassified Ruminococacceae contain 2796, 1994 and 1867 ORFs respectively).
Unc. Ruminococcaceae presented the lowest number of genes expressed. In total, only
73% and 43% of the genes encoded by of Oscillibacter and unc. Ruminococcaceae were
detected to be expressed accross all the samples whereas 87% and 88% of the genes
encoded by Barnesiella and Alistipes were detected to be expressed. It is possible that
in reason of the lower abundance of Oscillibacter and unc. Ruminococcaceae, only their
highest expressed functions could be detected. Indeed, among the samples included in
the metatranscriptomic study, Oscillibacter represented at maximum the 4.5% of the
microbiota of a sample, unc. Ruminococcaceae the 3.0% whereas Barnesiella and Alistipes
represented more than 30%.
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Figure 3.44: Separation of samples according to their metatranscriptomic pro-
file. Mice were treated with vancomycin. After the antibiotic treatment withdrawal they
received either PBS (Van) or the protective bacterial mix (Van-mix). Two-weeks after
antibiotic cessation a cecal sample was collected and processed for metatranscriptomic
studies. A group of untreated mice (Untreated) was also analyzed. (A) Level of expres-
sion of bacterial genes in cecal samples from mice. Only the non-redundant genes codified
by the bacteria administered were taken into account. (B) number of genes codified by
the bacteria administered that were found to be expressed in the cecal samples analyzed.
(C) boxplot representing the number of genes expressed by the bacteria specified in each
group of samples. For B and C, boxes represent the interquartile range with the IC95,
and the line represent the media.
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Thus, the probiotics administered restore the expression of specific nr genes. The
restoration of the genes depended mainly of the isolates belonging to the genus Barnesiella
and Alistipes. In contrast, the isolates belonging to the taxa Oscillibacter and the unc.
Ruminococcaceae do not seem to exert an important influence on the gene expression
profile of the different groups.

3.5.3.3 Bacterial functions that differentiate the group of mice that received
the bacterial mix compare to those that received PBS.

In an attempt to identify mechanisms by which the inoculated bacteria could con-
fer colonization resistance to VRE, we compared the specific functions identified in the
metatranscriptome of the group of mice treated with antibiotics with the ones identified
in the group of mice that besides antibiotic treatment was inoculated with the protective
bacteria. Although the most likely scenario is that a function expressed by an adminis-
tered protective bacteria is key for conferring protection, it is possible that the inoculated
bacteria will influence on the expression of other commensal bacteria which will promote
resistance. Moreover, as we described in 3.5.2, the abundance of others bacteria was also
alterered upon the administration of the bacterial mix. For this reason, we expand our
metatranscriptomic analysis to all the genes identified in the metatranscriptome, irrespec-
tively if they were encoded by the inoculated bacteria.

For this analysis also, we considered only the prevalent genes (those found to be
expressed in at least five out of the six samples in at least one group). Applying this
parameter, we take into account only the functions that are really representative of each
group of mice.

From the selected genes, we determined the ones that were significantly altered com-
paring the treated group respect to both the untreated group and the mice treated with
antibiotics that received the protective bacteria (FDR adjusted p.value<0.1). From a
total of 74658 genes analyzed, 11271 were significantly different between these groups of
mice. Only 167 nr genes were consistently increased both in the untreated group and the
group that received the bacterial mix, as compared to the treated mice that received PBS
(wilcoxon test p value<0.05, FDR adjusted p.value<0.1).

Of this 167 nr genes, 33 could be annotated with the KEGG database to infer their
functions (as described in 2.13.3), Doing so, some unique genes mapped to the same KO
(Kegg Orthology). Thus, we summed their TPM and finally obtained 28 KOs that were
not present in mice treated with vancomycin that received PBS but were expressed both
in untreated mice and in the mice that received the bacterial mix (Figure 3.45).

Of all the KOs identified, four are implicated in the bacterial chemotaxis. They were
annotated as a chemotaxis system K03407 and K03408; cheA-cheW), a serine sensor
receptor (K05874; tsr), an aerotaxis receptor (K03778; aer) and the flagellin (K02406;
fliC).

In addition, three genes were identified to be involved in the membrane transport
belonged to the ABC transporters family (K10188; LacE for the acquisition of the car-
bohydrates lactose/L-arabinose; K10240; CebE for the acquisition of the carbohydrate
cellobiose and K17208; IbpA for the the acquisition of myo-Inositol) and two genes be-
long to the phospho-transferase system (PTS) (K02745; AgaV and K17466; DgaC that
are implicated in the assimilation of the carbohydrates N-Acetyl-galactosamine and D-
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Figure 3.45: Bacterial KOs whose expression, lost after vancomycin treat-
ment, was recovered upon the inoculation of the protective bacteria. Mice
were treated with vancomycin for one week, one group received a bacterial mix for three
days, while the other group received PBS. The cecal samples used to perform the meta-
transcriptome analysis were collected two weeks after the withdrawal of the treatment.
Heatmap representing the expression of the functions whose expression was significantly
different in the treated group respect to Only the nr genes whose expression was altered
by the vancomycin treatment and could be restored by the administration of the bacterial
mix are shown. Theses genes were mapped to the KEGG database using HMMSearch
as described in the section 2.13.3. The TPM of the nr genes that mapped to the same
KO were combined (the differences were still signifiant, adjusted p.value<0.01). In order
to facilitate the comparison of the expression of the different functions between groups,
for each function, the data was normalized between 0 and 1, being 0 the least expressed
sample and 1 the most expressed one.
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Figure 3.46: Functions implicated in the carbon metabolism lost after van-
comycin treatment and restored upon administration of the bacterial mix.
Subgraph of the KEGG carbon metabolism pathway. The functions that were signif-
icantly increased in the group that received the bacterial mix in comparison with the
treated group that received PBS are indicated in red (K00169, K00615, K01803, K01938,
K03737).
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Glucosaminate or N-Acetyl-glucosamine) [256]. Moreover, one KO corresponding to the
bacterial secretion system type 2 was also increased (K03076; secY).

Interestingly, we also detected an increase in different KOs related to the metabolism of
carbohydrates (Figure 3.46). These functions are mainly related to the pentose phosphate
pathway (PPP), implicated in the metabolization of different saccharides.

Two of the KOs over-expressed represent important steps related with the synthesis of
the histidine (K01496) and O-lysine (K00215). Other proteins detected are implicated in
the homologous recombination or are part of the ribosome. Two KOs were also implicated
in the metabolism of cofactors and vitamins, specifically, of the vitamin B6 (K03472) and
of folate (K01938).

On the other hand, the proteins porA (K00169) and por (K03737), which were found
to be absent in treated mice and recovered in mice that received the protective bacteria,
are implicated in the butanoate and the propanoate metabolism.

In summary, several KOs, which could be involved in the colonization resistance
against VRE (e.g. transporters of carbohydrates that could diminish the level of spe-
cific nutrients for VRE) were recovered upon inoculation of the protective bacteria.

3.5.4 Metabolomic study
Taking into account that several bacterial funtions were recovered upon commensal

bacterial inoculation, we next decided to study how these functions could modify the gut
metabolite landscape which could affect VRE intestinal colonization (e.g. depletion of
specific sugars require for the growth of VRE or increase in inhibitory molecules). For
this reason, we performed a metabolomic study using the cecum filtrate of the mice ana-
lyzed by RNA-seq. This analysis could allow us to determine the levels of nutrients (e.g.
carbonhydrates) or inhibitory substances (e.g. SCFA) that may be involved in the protec-
tion against VRE colonization. In the present metabolomic study, performed by nuclear
magnetic resonance (NMR), the most difficult step is the assignation of metabolites to
each peaks given by the NMR spectra. For this reason, a statistic analysis is first per-
formed on the spectra to determine which peaks are different between the groups. Then,
only the selected peaks are further studied for the identification of the metabolite that
they represent. These steps were performed as described in the section of material and
methods 2.11. Following, we will describe the identified peaks and assigned metabolites,
whose abundance differ between mice treated with antibiotics and those that in addition
received the protective bacteria.

3.5.4.1 Carbohydrates, end products of fermentation and bile acids

When analyzing the metatranscriptomic profile, we have already seen differences in
the expression of genes implicated in the carbohydrates uptake and metabolism. Thus,
we first focused our attention on the concentration in carbohydrates in the mice cecum.
Most of the RMN spectra present in the region corresponding to the oligosaccharides
(3.4-4.25ppm) could not be attributed to specific carbohydrates (Figure 3.47). However,
there is a visible increase of this region in the treated group, which suggest an increase
in oligossacharides available after the administration of the antibiotic, as documented by
Zhao et al. [257]. We cannot discard the presence of additional signals corresponding to
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other molecules in this region, thus the integration of the corresponding area would be
erroneous.

Interestingly, it was possible to identify one of the carbohydrates, the cellobiose (Figure
3.48 A). Different peaks were attributed to the cellobiose. Although the relative abun-
dance was not similar in all the cases, its concentration was the highest in the treated
group and the lowest in the untreated group. The group that received the bacterial mix
(treated-mix), presented intermediate levels. This result is consistent with an increase in
available oligosaccharides in the treated group and a diminution in the group that received
the bacterial mix.

Secondly, we observed an increase in phenol, a product of the fermentation of aromatic
amino acids, in the untreated group and the treated group that received the bacterial mix
as compared to the treated group that received PBS (Figure 3.48 B).

Additionally, we also detected that the total amount of bile acids was lower upon the
treatment and partially restored in the group that received the bacterial mix (Figure 3.48
C). Unfortunately, it was not possible to distinguish between primary and secondary bile
acids, which could influence differently the intestinal colonization by pathogens.

The fermentation of the carbohydrates and of the amino acids results in the production
of SCFAs. Thus, a higher level of oligosaccharides in the intestine, not fermented by the
microbiota, should result in a decrease in the concentration of SCFAs. Concordant with
the increase in oligosaccharides that was detected in the mice treated with vancomycin,
the relative abundance of most of the SCFAs was decreased in this group (Figure 3.48 D).
The normally high abundant SCFAs butyrate and propionate were diminished upon the
antibiotic treatment, as well as the less abundant SCFAs 2-methylbutyrate and valerate.

On the opposite, the group of mice treated with vancomycin presented the highest
level of lactate, probably related with the increase of the lactate producer Lactobacillus.

Importantly, the administration of the bacterial mix restored partially the relative
abundance of the different SCFAs, decreasing the relative abundance of lactate and in-
creasing the relative abundance of the other ones.

3.5.4.2 Amino acids and metabolites containing nitrogen

The NMR allowed the relative quantification of numerous amino acids (Figure 3.49).
The relative abundance of most of these aminoacids was increased in the group of mice
treated with vancomycin (i.e proline, leucine, serine, threonine) (Figure 3.49 A) and the
relative abundance of one aminoacid, the phenylalanine, was decreased (Figure 3.49 B).
Inoculation of the bacterial mix restored partially the levels of these aminoacids.

Finally, the relative abundance of trimethylamine was lower during the treatment and
the administration of the bacterial mix restored the levels observed in the untreated group
(Figure 3.49 C).
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Figure 3.47: The region of the RMN spectra corresponding to the oligosac-
charides present different patterns in the three analyzed groups. Mice were
treated with vancomycin for one week (Van), then one group received a bacterial mix for
three days (Van-Mix). The cecal samples used to perform the metabolome study were
collected two weeks after the withdrawal of the treatment. To be able to assess the level
of the metabolites in healthy conditions, the cecal samples of mice without treatment
(Untreated) that were accomodated in the same conditions and for the same period as
the two other groups of mice were also collected. RMN spectra of three representative
samples by group. The region corresponding to the oligosaccharides is indicated in red.
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Figure 3.48: Relative abundance of metabolites in the cecum of untreated
mice and treated mice that received either PBS or the bacterial mix. Mice
were treated with vancomycin for one week (Van), then one group received a bacterial
mix for three days (Van-mix). The cecal samples used to perform the metabolome study
were collected two weeks after the withdrawal of the treatment. To be able to assess the
level of the metabolites in healthy conditions, the cecal samples of mice without treatment
(Untreated) that were accomodated in the same conditions and for the same period as the
two other groups of mice were also collected. (A) Cellobiose. (B) Phenol. (C) Bile acids.
It was not possible to distinguish between primary and secondary bile acids. (D) Short
chain fatty acid (SCFAs). Relative abundance of butyrate, 2-methylbutyrate, valerate,
propionate and lactate. When several peaks corresponding to a unique metabolite were
identified, the result corresponding to the different peaks are represented. The relative
abundance of the different metabolites was determined by NMR, and was normalized
between 0 and 1 for the representation, being 0 the least expressed sample and 1 the
most expressed one. Only the metabolites whose abundance differed between the Van
group and the Van-Mix are represented (wilcoxon p.value<0.05, adjusted p.value<0.1).
Wilcoxon test, ns not significant, * p.value<0.05, ** p.value<0.01, *** p.value<0.001.



Chapter 3. Results 141

Figure 3.49: Relative abundance of metabolites with nitrogen in the cecum of
untreated mice and treated mice that received either PBS or the bacterial mix.
Mice were treated with vancomycin for one week (Van), then one group received a bacterial
mix for three days (Van-Mix). The cecal samples used to perform the metabolome study
were collected two weeks after the withdrawal of the treatment. To be able to assess
the level of the metabolites in healthy conditions, the cecal samples of mice without
treatment (Untreated) that were accomodated in the same conditions and for the same
period as the two other groups of mice were also collected. (A) Relative abundance of
the amino acids increased in the group of mice treated with vancomycin. (B) Relative
abundance of the amino acid decrease in the group of mice treated with vancomycin (c)
Relative abundance of trimethylamine. When several peaks corresponding to a unique
metabolite were identified, the result corresponding to the different peaks are represented.
The relative abundance of the different metabolites was determined by NMR, and was
normalized between 0 and 1 for the representation, being 0 the least expressed sample and
1 the most expressed one. Only the metabolites whose abundance differed between the Van
group and the Van-Mix are represented (wilcoxon p.value<0.05, adjusted p.value<0.1).
Wilcoxon test, ns not significant, * p.value<0.05, ** p.value<0.01, *** p.value<0.001.
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3.6 Study of the transcriptome of VRE in vivo
The previous results have demonstrate that the inoculation of the protective bacteria

restore some bacterial functions lost upon vancomycin treatment and subsequently alter
the metabolic landscape of the murine intestinal tract. These results have suggested pos-
sible mechanisms by which the protective bacteria could confer resistance (e.g. depletion
of specific carbohydrates or amino acids). In order to identify mechanisms of protection,
besides understanding which genes are expressed by the commensals, it will be important
to study the genes expressed by the pathogen in vivo, which may give us some clues about
how the commensal counteract the ability of the pathogen to colonize the gut.

To determine which genes are expressed by VRE during the intestinal colonization,
we decided to sequence its transcriptome in vivo. The first idea was to sequence the
transcriptome of VRE grown in the same conditions as when we tested the probiotics,
that is to say, infecting treated mice that were first allowed to recover for two weeks after
vancomycin treatment. However, VRE represents a very low fraction of the microbiota
in this condition and the RNA quantity from VRE that could be retrieved would not be
sufficient to sequence its transcriptome. For this reason, we used as an approximation
the mice model without recovery, administering VRE while the mice are being treated
with vancomycin. In this case, VRE represents more than one percent of the microbiota.
Therefore, we could sequence the meta-transcriptome of cecal samples from mice colonized
with VRE, and determine the specific VRE transcriptome retrieving the sequences that
match with its genome.

Although we were going to analyze three samples from mice colonized with VRE, only
one sample gave enough RNA quantity for sequencing. Therefore, the results described in
this section were originated from a single mouse colonized with VRE. Replicates should
be done in order to confirm the results that we present here. The sequences were analyzed
and mapped as described in the section 2.14. The analyzed sample contained 14.206.970
sequences, of which 1.178.624 (8.3%) mapped to the VRE genome.

2718 out of the 2827 ORFs encoded in the VRE genome were found to be expressed in
vivo and only 789 could be annotated with KEGG database, which represents 526 unique
KOs.

Among the one percent most expressed genes by VRE in vivo, only 6 could be an-
notated with KEGG database. Interestingly, one of these gene codify for a D-Ala-D-Ala
dipeptidase (K08641, vanX) implicated in the resistance to vancomycin. The cecal sam-
ple analysed was collected from a mouse under vancomycin treatment to promote the
expansion of the pathogen and sequence its transcriptome. The high expression of a
gene of resistance to vancomycin indicate that the approximation used to determine the
VRE transcriptome in vivo was effective. The others genes codify for a superoxide dis-
mutase (K04564), a protein of the ribosome (K02970) and three enzymes implicated in
carbon metabolism (i.e. glyoxylate reductase (K00015), aspartate carbamoyltransferase
(K00608) and ribose-5-phosphate isomerase B (K01808)). This last enzyme is part of the
pentose phosphate pathway, which is recovered upon the administration of the bacterial
mix (Figure 3.46).

As we have previously showned that the protective bacteria administered may be com-
peting for the use of specific oligosaccharides, we determined which PTS transporters,
ABC transporters and two-component systems VRE expresses in vivo. This is a first
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Figure 3.50: VRE in vivo expression of the PTS system subunits specific for
the N-acetylgalactosamine and the cellobiose internalization. (A) Expression
of the PTS system, N-acetylgalactosamine-specific. K02744: PTS-Aga-EIIA; K02745:
PTS-Aga-EIIB; K02746: PTS-Aga-EIIC; K02747: PTS-Aga-EIID. (B) Expression of the
PTS system, cellobiose-specific. K02759 PTS-Cel-EIIA; K02760 PTS-Cel-EIIB; K02761
PTS-Cel-EIIC. Both transporters are highly expressed. For comparison the median TPM
value of all the genes annotated with KEGG in VRE is indicated with a red line (213
TPM).

approximation to determine which saccharides VRE is using in vivo. VRE was expressing
13 KOs of a two-component system, two of which were implicated in the internalization
of malate (K00027, ME2 and K11616, maeN). In the category ABC transporter, VRE
expressed 8 KOs. They were mainly implicated in the internalization of metals (K02012,
afuA and K02015, ABC.FEV.P for the iron, K02008, cbiQ, for the cobalt and K02020,
modA, for the molybdate). Moreover, one ABC transporter was implicated in the absorp-
tion of the biotin (K03523, bioY) and two for the absorption of amino acids (K01998, livM
for the branched-chain amino acids and K02001, proW, a glycine betaine/proline trans-
porter). For the internalization of amino acids, VRE also expressed an arginine/ornithine
permease (K02205 rocE).

In the category of the PTS transporters, VRE expressed 13 different KOs. Interest-
ingly, the complete systems for the internalization of N-acetylgalactosamine (4 subunits)
and cellobiose (3 subunits) were expressed (Figure 3.50).

3.7 Determination of the nutritional requirements of
VRE

The results obtained above indicate that the protective commensal bacteria can restore
specific bacterial functions involved in the uptake of sugars including N-acetylgalactosamine
or cellobiose. Moreover, we were able to demonstrate that the expression of this functions
impact the metabolites and nutrients available in the intestinal tract (i.e. depletion of
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cellobiose). In addition, we have shown that VRE highly express in vivo PTS systems
involved in the uptake of similar sugars (i.e. cellobiose and N-acetyl galactosamine) sug-
gesting that these sugars may be utilized by VRE as carbon source and its reduction after
administration of the protective bacteria could impede VRE intestinal colonization.

To further explore the hypothesis of a nutritional competition between the bacteria
administered and VRE as a mechanism by which commensal bacteria confer protection, we
determined on which nutrients VRE could grow most efficiently in anaerobic conditions.
For this, we determined the growth of VRE in minimal medium complemented with a
unique source of carbon as described in material and methods section 2.15.

3.7.1 Verification of anaerobic condition
To determine the capacity of VRE ATCC700221 to grow on different nutrients in

anaerobic conditions, we used Biolog plates PM1 and PM2a (carbon sources), which are
96 well plates where each well contains a different and unique source of carbon. This
plates can be incubated in a Biolog OmniLog phenotype microarray system, which allow
the analysis of numerous plates at the same time.

As we did not have a Biolog OmniLog phenotype microarray system in the laboratory,
the device usually used for this kind of experiments, we measured the bacterial growth in
a plate reader Tecan Infinite F200, which allow the incubation at a controlled temperature
and the measure of the absorbance of a unique plate.

In contrast with the Biolog system, the space where the array is introduced is smaller,
it is then impossible to enclose the array in a plastic bag with an anaerobic atmosphere
generator. Therefore, in order to maintain an anaerobic atmosphere, we used the method
applied in the API strip from Biomérieux : we covered the liquid medium with sterile
mineral oil. To check the maintenance of the anaerobic condition, we grew a strictly
anaerobic bacteria, Barnesiella (Figure 3.51). Barnesiella was able to growth in the
described conditions, demonstrating that we could utilize the microarrays from Biolog in
anaerobic conditions using our Tecan instrument to measure the absorbance over time.
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Figure 3.51: Growth curve of the anaerobe Barnesiella. We measured the growth
of the anaerobe Barnesiella CU46 in the conditions selected to test the metabolic require-
ments of VRE in anaerobiosis.

3.7.2 VRE growth on unique carbon sources
After 24h of incubation at 37ºC in anaerobic conditions, VRE grown significantly with

73 of the 192 carbon sources tested.
For these 73 carbon sources, the number of CFUs had duplicated respect to the control

(fold change superior or equal to 2). Focusing on the carbon sources that promoted the
highest growth of VRE, only 30 carbon sources produced an increase in VRE CFUs by
at least 5 times respect to the control (without carbon source). The range goes from a
fold change of 5.3 for malic acid to 47.9 in the case of D-galactose (Figure 3.52). Only
11 metabolites promoted a 20-fold growth of VRE or superior (i.e: in decreasing or-
der, D-galactose, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, D-trehalose, alpha-
cyclodextrin, D-mannose, gentibiose, maltose, D-cellobiose, D-mannitol and D-ribose).
As one can appreciate, two of the most important carbon sources for VRE growth are
two of the carbohydrates (cellobiose and N-acetyl-D-galactosamine) that the protective
bacteria could be depleting in the gut (expressing ABC transporters for internalizing these
sugars). Moreover, as we have previously shown in the metabolome analysis, cellobiose
levels are reduced after protective commensal bacterial inoculation, suggesting a possible
role of cellobiose depletion in VRE growth inhibition by the protective commensal bac-
teria. Interestingly, VRE is able to use also the amino acid D-serine as a unique carbon
source, one aminoacid that was reduced upon administration of the protective commensal
bacteria.

The last objectives of the present work were to identify the bacteria that could perform
a protective action against VRE intestinal colonization and to define the mechanism of
this protection. The analysis of (1) the metatranscriptomic and metabolomic differences
existing between the treated group that received the bacterial mix of PBS and (2) the
determination of VRE requirements, performed by the study of its transcriptome during
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Figure 3.52: Carbohydrates sources that allowed the highest growth of VRE
in vitro. The inoculate and the suspension of the different wells incubated for 24h at
37ºC was grown on BHI agar to determine VRE growth respect to the inoculate. VRE
growth is expressed as the fold change (number of CFUs) respect to control (no growth)
in the presence of an unique carbon source.

the infection as well as studying the influence of different carbon sources on its growth,
allowed the formulation of several hypothetical mechanisms of protection.

The main mechanisms retained and to be tested are (I) the nutritional competition
for oligosaccharides, especially for cellobiose and N-Acetyl-galactosamine, (II) the nutri-
tional competition for aminoacids, especially for threonine, serine, proline and leucine,
(III) a possible nutritional competition for choline, betaine, (IV) the possible inhibition of
biofilm formation-adhesion to intestinal epithelium by phenol or the liberation of phenol
compounds with an inhibitory activity against VRE, (V) the inhibitory activity of the SC-
FAs whose levels were partially restaured upon the baterial mix administration, especially
valerate. Therefore, we will discuss further these mechanisms in the discussion section
and some of the experiments that we will perform to test these possible mechanisms of
protection.



4. Discussion

4.1 Short- and long-term effects of oral vancomycin
on the human intestinal microbiota.

In the first part of the present work, we have investigated, using a high-throughput
sequencing approach, both the short and long-term impact of vancomycin on the human
intestinal microbiota. Our results have revealed that vancomycin depletes most bacterial
OTUs found in the intestinal tract, including all detected baseline OTUs from the phy-
lum Bacteroidetes. In contrast, vancomycin did not alter the abundance of the Firmicutes
phylum. The obtained results are somehow paradoxical since vancomycin has a theoretical
spectrum against gram-positive bacteria. A priori, the depletion of the Firmicutes phy-
lum (gram-positive) and expansion of the Bacteroidetes phylum (gram-negative), besides
the expansion of the other two gram-negative phyla (Proteobacteria and Fusobacteria),
were expected to occur. Consistent with its effect against gram-positive bacteria, the
abundance of most of the identified Firmicutes genera diminished during vancomycin
treatment. However, certain Firmicutes significantly increased, which could compensate
for the loss of the rest. For example, an increase of specific Lactobacillus OTUs occurred
during treatment, perhaps due to a known resistance to vancomycin of certain Lactobacil-
lus strains [258]. As expected, the phyla Proteobacteria and Fusobacteria increased after
the treatment.

Specifically, an expansion of the genera Escherichia-Shigella, Klebsiella (Proteobac-
teria phyla) and Fusobacterium (all gram-negative bacteria and highly resistant to van-
comycin (Minimum inhibitory concentration 50, MIC50=128-1024 µg/ml) [259–263] was
observed during vancomycin treatment. However, bacteria belonging to the Bacteroidetes
phylum did not expand but were completely depleted by vancomycin treatment. Bacte-
ria belonging to this phylum are also resistant to vancomycin, but typically to a lower
extent (MIC50=4-128 µg/ml) (Figure 4.1). It is well established that vancomycin is not
absorbed in the intestine, reaching very high concentrations in feces when administered
orally (500 µg/g) [264]. Thus, it is conceivable that the opposed directional changes
observed in the gram-negative phyla Bacteroidetes as compared to Fusobacterium and
Proteobacteria were mainly due to their different sensitivity to vancomycin. Notably, the
C. difficile’s vancomycin MIC90 range is typically low (0.5-4 µg/ml), while the concen-
trations achieved by vancomycin in feces to treat CDI widely exceed its MIC90. In the
future, it will be important to test if lower doses of oral vancomycin could still maintain
efficacy while decreasing the impact on the Bacteroidetes phylum, whose significance in
maintaining a healthy state has been extensively documented [265].

147
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Figure 4.1: Vancomycin MIC50 of different commensal species MIC50 data for
the different isolates was obtained from previous studies [259–263]. If the MIC50 for the
same type of bacterium was analyzed in more than one study, the average of the MIC50
obtained for that particular organism in the different studies was calculated. Bacteria are
sorted from left to right according to their phyla classification (Firmicutes, Bacteroidetes,
Proteobacteria, Fusobacteria).
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Our results showing Bacteroidetes depletion and a concomitant expansion of Pro-
teobacteria are in agreement with previous studies utilizing lower resolution techniques
to study the effects of vancomycin in CDI patients [266, 267]. Importantly, our high-
throughput sequencing approach allowed us to define that essentially all highly prevalent
OTUs belonging to the Bacteroidetes phylum were affected by vancomycin. Consistent
with our results but using a microarray lower throughput approach, Vrieze and co-workers
also observed a decrease in the levels of Faecalibacterium and Ruminococcus [268].

We acknowledge several limitations of our study. First, we analyzed the effects of
vancomycin on patients with rheumatoid arthritis (RA), a population that demonstrates
microbiota features usually absent in normal healthy subjects (i.e. higher levels of Pre-
votella copri) [212]. Therefore, it is possible that different changes could be observed in a
healthy human population. Nevertheless, the fact that a) similar changes were observed
in healthy mice, and b) comparable alterations at the phylogeny level had been identi-
fied using lower resolution techniques, suggest that vancomycin effects are expected to be
similar in healthy human subjects. Importantly, our study was performed in a human
population that had not recently received other antibiotic treatments. This is in contrast
to other studies performed in CDI patients, where most patients had received other an-
tibiotics before vancomycin administration. This has allowed us to define the long-term
effects of vancomycin administration in the absence of confounding factors such as ex-
posure to other antibiotics. Besides vancomycin treatment, RA patients did also receive
methotrexate. For this reason, as a control group, we enrolled patients with RA that
did not receive vancomycin but were treated with methotrexate from the very beginning
of the study. We did not observe any significant intestinal microbiota changes in any of
the analyzed time-points in this control group, suggesting that microbiota perturbations
observed in the vancomycin-treated group were solely induced by vancomycin. Similarly
to our results, a recent study showed that methotrexate has a minor effect on the fecal
microbiome composition [269]. A second limitation of our study may be the low number
of participants included. Nevertheless, due to the drastic changes induced by vancomycin
in the microbiota composition, even with this small number of participants, we were able
to detect statistically significant changes upon vancomycin administration. Thus the in-
clusion of further participants would have not substantially changed the conclusions of
the study.

Beyond analyzing the short-term effects of vancomycin, we also examined its long-
lasting consequences on the intestinal microbiota. Despite the drastic microbiota disrup-
tion observed in the treated patients as a group, 22 weeks after cessation we could only
identify changes in 2 OTUs, probably due to the variable microbiota recovery among pa-
tients. Similarly, a recent study identified significant changes in just 2 OTUs, 4 months
after stopping either ciprofloxacin or clindamycin treatment [270]. In that study, only
changes in the microbiota common to all subjects were analyzed. Here, in contrast,
we further analyzed the extent to which each subject was able to recover the baseline
microbiota. Interestingly, we found a wide inter-individual variability in microbiota re-
covery after vancomycin cessation. This result is highly relevant because a subset of
CDI patients develop secondary infections after vancomycin therapy, including VRE in-
fections [271–273]. Although the reasons for developing these secondary infections are
not completely understood, it has been proposed that alterations of the microbiota after
vancomycin treatment may enhance intestinal colonization by bacterial pathogens and
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subsequent infections. This could have direct clinical implications, as a different micro-
biota recovery rate upon oral vancomycin therapy in hospital settings (i.e., CDI treatment)
could ultimately influence the susceptibility to intestinal colonization by pathogens such
as VRE. In fact, the results obtained in mice showing a significant negative correlation
between the microbiota recovery rate and the intestinal VRE levels strongly support this
hypothesis.

Altogether, our results demonstrate the negative long-term consequences of oral van-
comycin administration, an antibiotic highly associated with secondary VRE infections.
In addition, our results highlight the potential value of monitoring microbiota dynamics
on each patient before and after antibiotic administration. Microbiota tracking could lead
to the identification of patients at higher risk of suffering the collateral negative effects
of vancomycin (i.e. infections) and eventually inform the potential need for microbiota
restoration through fecal transplantation or probiotic administration.

4.2 Study of the effect of antibiotics of different spec-
trum on the gut microbiota using a mouse model.

4.2.1 Characteristics of the taxa altered by several treatments
It has been previously described that antibiotics, by disrupting the gut microbiota,

annihilate the colonization resistance normally proportionated by a healthy gut microbiota
[17,112,251]. This colonization resistance to the infection by VRE can be restored through
a fecal transplant [112]. Thus, commensal bacteria have a key role in conferring protection
against VRE intestinal colonization.

In the first part of this thesis, we have investigated the effects of a specific antibiotic,
vancomycin, on the gut microbiota. We were also able to establish a relationship between
the rate of recovery of the microbiota and the intestinal VRE colonization capacity.

However, we did not study how other antibiotics would affect the microbiota and the
VRE colonization capacity nor which commensal bacterial species not recovered after the
vancomycin administration were crucial for conferring the protection.

For this reason, we studied how antibiotics of various spectrum (ciprofloxacin, neomycin,
ceftriaxone, ampicillin, clindamycin, in addition to vancomycin) affect the gut microbiota
and promote VRE intestinal colonization. We are conscious that to infer the effect of
different antibiotics on the microbiota as well as their recovery, it would have been better
to collect samples pretreatment, during the treatment and during the recovery from the
same mice for the different treatments tested. However, the study was designed with
the main objective of analyzing the effect of the different antibiotics on VRE coloniza-
tion levels. For this reason, we had to use different animals for studying changes in the
microbiota during antibiotic treatment and upon recovery from antibiotic treatment.

Our results have shown that, as expected, different antibiotics of different spectrum
have a different effect on the microbiota composition, being clindamycin and vancomycin
the ones that caused more alterations. All the antibiotics tested caused a decrease in
microbial richness and all but ciprofloxacin also caused a decrease in the biomass and
diversity. However, the decrease observed was clearly different depending on the antibiotic
(Figure 3.12).
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In this section of the discussion, I will first describe the taxa commonly altered by
the antibiotic treatments and I will review the properties of these bacteria that could
influence the colonization resistance against VRE.

Interestingly, numerous genera diminished upon administration of any of the antibi-
otics tested (i.e. Dorea, Turicibacter, Ruminococcus, Allobaculum, Butyricicoccus, Co-
probacillus, Holdemania, Anaerovorax and Acetanaerobacterium). This could suggest a
broad sensitivity to all the antibiotics tested or that these bacteria rely on a syntrophic
relationship with other members of the microbiota. The existence of syntrophic relation-
ship among members of the gut microbiota has indeed been demonstrated [274]. Thus it
is possible that after administration of the different treatments, these syntrophic bacteria
would lose part of their syntrophic network and thus their capacity to grow. Further stud-
ies should be performed in order to demonstrate the mechanisms by which the abundance
of these particular genera diminish upon administration of all the antibiotics tested.

Observing the changes at the phylum level, one of the most abundant one, the phyla
Firmicutes, presented fewer alterations, probably because this phyla is composed by dif-
ferent genera, and the expansion of some genera compensate for the reduction of other
genera (Figure 3.15). Indeed, we already saw in the first part of the present work that the
administration of vancomycin do not alter the phylum Firmicutes, which seemed quite
surprising knowing that this antibiotic affects the gram positive bacteria (most of the Fir-
micutes). As we already mentioned, most of the genera from the phylum Firmicutes were
indeed diminished upon the administration of vancomycin but the expansion of at least
one abundant genus, Lactobacillus, compensated it. Considering the other antibiotics
tested, very few genera from the phylum Firmicutes increased after their administration.
The two most remarkable ones were Enterococcus, which increased after the adminis-
tration of β-lactams or clindamycin and Lactobacillus, one of the most abundant genus
of the phylum Firmicutes, which increased after the administration of vancomycin. In
addition, we also detected an increase of Anaerostipes (another genera belonging to the
phylum Firmicutes) in the case of ceftriaxone and clindamycin treatment. At the same
time, we detected an important decrease of Muscispirillum and Akkermansia after the
administration of these two antibiotics. In contrast, these taxa are increased after the
treatment with vancomycin. These bacteria are related with the inflammation and the
high turn-over of the mucus layer. Knoop et al. [275] have indeed shown in mice that
a single dosis of vancomycin promoted intestinal inflammation. Therefore, it would be
interesting to verify if these bacteria promote an inflammatory environment in the mice
that have undergone the vancomycin treatment in comparison with the other two treat-
ments. The inflammation can boost the growth of Proteobacteria [276] and would explain
the increase in Proteobacteria observe during the vancomycin treatment. In addition, as
we will comment later, Proteobacteria have been associated with an increased intestinal
colonization by VRE.

The effect of antibiotics on the phylum Bacteroidetes was highly variable both con-
sidering the antibiotic administered and the genus affected. For example, the genus Bac-
teroides increased after administration of most of the antibiotics, meanwhile Alistipes,
Prevotella and Odoribacter usually decreased.

Bacteroides was able to reach high levels after administration of most of the antibiotic
treatments tested, even when these antibiotics should be active against gram negative
bacteria (i.e: neomycin, ceftriaxone, ampicillin). Moreover, we also observed an higher
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intra-genus richness after the administration of neomycin, ceftriaxone or ampicillin (Fig-
ure 3.18). Probably, very low abundant Bacteroides, not detectable in untreated mice,
expanded to reach detectable levels (Figure 3.16). This result is not that surprising know-
ing that specific strains from this genus are resistant to the antibiotic administered, for
example by producing β-lactamases [277]. On the other hand, this genus presents an
extended metabolic capacity, especially for the use of carbohydrate substrates [278]. Pos-
sibly, due to its wide metabolic capacity, this genus does not rely on the interaction with
other genus from the microbiota to survive. Thus, upon any dysbiosis, it may be able
to take advantage of the nutrients newly available. This advantage, however, is lost af-
ter antibiotic cessation since this genus was not increased two weeks after the recovery
from the therapy. Interestingly, when we studied the Bacteroides genus at the OTU level,
different OTUs expanded after different antibiotic treatments. For example, in the case
of ciprofloxacin and clindamycin treatment, few OTUs were detected within these genera
and indeed only one OTU of the genus represented the majority of the genus Bacteroides
( 98 % and 99%, respectively) in mice treated with theses antibiotics. Notably, the OTU
that expanded was different after clindamycin treatment and after ciprofloxacin treatment
suggesting that different resistance to different antibiotics or a difference in metabolism
which would influence their fitness in the presence of the antibiotic-altered bacterial com-
munity. (Figure 3.16). If the first hypothesis is correct (resistance to different antibiotics),
this result would suggest that certain Bacteroides OTUs, present in the murine micro-
biota, are resistant to specifics antibiotics, and there is no a superbug that is resistant
to everything. Nevertheless, it seems that, except for vancomycin, the mouse microbiota
always contained some Bacteroides OTUs, resistant to the antibiotic administered, that
could expand during antibiotic therapy (Figure 3.16).

Consistent with our results, Jernberg et al. [178] described an important loss of diver-
sity within the genus Bacteroides following a 7-day treatment with clindamycin. They
determined that the dominant Bacteroides after the treatment, B. thetaiotaomicron, had
acquired some resistance to clindamycin. Surprisingly, they highlighted that other re-
sistant Bacteroides did not expand during the treatment. Thus, the Bacteroides that
expands must probably be both resistant to the treatment administered and present spe-
cific characteristics necessary for its survival in the altered bacterial community. A similar
selection of Bacteroides clindamycin-resistant strains could be occuring in the microbiota
of the mice that we have studied. Indeed, our results indicated that a single OTU rep-
resented the 99% of the Bacteroides genus identified in clindamycin treated mice, while
other few Bacteroides OTUs could also be identified but their relative abundance was
very low (<0.4% of the microbiota).

It is noteworthy that the presence of the genus Bacteroides in higher abundance defines
the human enterotype type 1 [141]. Later, this enterotype has been related with a diet
rich in protein and animal fat, such as the well-characterized western diet [279], and has
been demonstrated to be more prevalent in the western society [280]. So far, the difference
in the prevalence of the enterotype associated with Bacteroides has been attributed to
difference in the diet. In the light of the present results, it is possible that the high
use of antibiotics in the western society could have contributed to the high prevalence of
Bacteroides in this population.

In mice also the existence of this enterotype has been confirmed [281, 282]. However,
in mice only two types of microbiota were detected in contrast to the three enterotypes



Chapter 4. 4.2 Study of the effect of antibiotics of different spectrum on the gut
microbiota using a mouse model. 153

found in humans. The second enterotype found in mice is characterized by a higher
abundance of Ruminococcaceae or Lachnospiraceae, as seen in the human enterotype type
3 [141]. Interestingly, we observed that the microbiota post-recovery of mice treated with
ciprofloxacin, ceftriaxone or clindamycin was also dominated by the taxa Lachnospiraceae.

Finally, the equivalent of the human-enterotype type 2, defined by an increase in
Prevotella, was not detected in the studies conduced in mice [141,281,282]. The authors
hypothesized that the reduce sized of their sample could impair the detection of this
cluster as it is the least prevalent one [281]. Moreover, the experiments in laboratory
were conduced administrating a similar diet to all the mice, which could diminish the
diversity [282]. We were able to identify Prevotella in the untreated mice analyzed in
our study. Neverteless, Prevotella was not a dominant member of the murine microbiota.
In humans, Prevotella is usually associated with communities from rural areas, with an
undisturbed microbiota. Interestingly, the taxa Prevotella was totally depleted after most
of the antibiotics treatments (i.e. ciprofloxacin, ceftriaxone, clindamycin and vancomycin)
in mice.

These results suggest that the antibiotic consumption could influence the prevalence
of specific enterotypes, meaning the dominance of the microbiota by a specific genus.
Nevertheless, further studies should be performed to validate this hypothesis.

Apart from the alterations in the phylum Bacteroidetes, we identified that other phyla,
which could constitute a lower proportion of the microbiota, including the phyla Acti-
nobacteria and TM7, were essentially diminished upon any antibiotic administration.
These taxa could be susceptible to the diffrents antibiotics tested or rely on a high sym-
biotic relationship with the microbiota, explaining why these bacteria are diminished no
matter how the microbiota is altered.

Among the phylum Actinobacteria, the genus Bifidobacterium is used as a probiotic
for its immunomodulatory activity as it diminishes the inflammatory status in the gut
through TLR2 recognition [283]. Thus, the diminution of this genus abundance (which
was observed upon administration of all the antibiotics tested) could have repercussions
on the inflammatory status of the host. It was demonstrated in mice that numerous
antibiotic treatments (among which vancomycin and ampicillin) promote intestinal in-
flammation [275]. Future studies should elucidate if the antibiotic driven diminution of
the taxa Bifidobacterium, along with alteration of others taxa such as Akkermansia or
Muscispirillum, could be responsible for an enhanced inflammatory status in the gut.

The phylum Verrucomicrobia is usually increased after administration of antibiotics.
The unique member of the Verrucomicrobia significantly altered, Akkermansia, is a mucin
degrader normally present in the human intestine [284]. Being located at the interface
between the intestinal lumen and epithelium, Akkermansia influences both the micro-
biota and the host [286]. This bacteria activates the TLR2 and TLR4 (which reduces the
diabetes incidence) [287,288] and improves the metabolic disorders associated with high-
fat induced obesity [289]. When degrading the mucus, Akkermansia produces acetate,
propionate and releases oligosaccharides. Being in direct vicinity with the host epithe-
lium, the SCFAs produced (i.e. acetate and propionate) can also influence the immune
system and metabolic pathways of the host [286]. On the other hand, Akkermansia is
associated with an hyperplasia of the goblets cells and an increased number of intestinal
tumors [285]. Futhermore the oligosaccharides released upon the mucus degradation can
stimulate the growth of bacteria that colonize close to the mucus layer [286]. Future
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studies should elucidata how changes in Akkermansia, upon antibiotic treatment, could
influence metabolites in the gut, colonization of the mucus layer by other bacteria and
the immune system.

Finally, the phylum Proteobacteria is increased both during and two weeks after the
treatment with clindamycin and vancomycin whereas it is decreased during the treatment
with ciprofloxacin. It was already described that fluoroquinolones such as ciprofloxacin
diminish the level of Proteobacteria in gut microbiota [113]. Similarly, the increase in Pro-
teobacteria after the administration of vancomycin and clindamycin had been previously
documented [179,288].

The increase of the abundance in Proteobacteria upon vancomycin or clindamycin
treatment could be clinically relevant. Indeed, it has been demonstrated that domination
by members of the Proteobacteria phylum increased the risk of bacteremia with aerobic
gram-negative bacilli [113]. Moreover, in a study comparing untreated mice with the same
mucus thickness but with different penetrability, it was seen that mice with a penetrable
mucus layer had higher levels of Proteobacteria and TM7 bacteria in the distal colon
mucus [293]. Moreover, in one study at least, it was demonstrated that the co-colonization
of mice with Klebsiella, a member of the Proteobacteria phylum, and VRE promoted the
dissemination of VRE to the MLNs [214]. Thus, it could be interesting in future studies
to define if those antibiotics that promote the increase of Proteobacteria could promote
the dissemination of bacteria to the bloodstream taking into account also the presence of
other bacteria such as Akkermansia or Muscispirillum that influence the mucus layer.

4.2.2 Specific effect of each antibiotic treatment on the gut mi-
crobiota.

I have discussed the principal bacteria whose abundance was altered during an antibi-
otic treatment. Now, I will discuss the different alterations associated with each treatment.

Neomycin. In the case of neomycin treatment, this antibiotic was administered in com-
bination with other antibiotics in the different publications that investigated the gut mi-
crobiota alterations. Thus, we have no comparison for the alterations we have observed.
Of note, this aminoglycoside presents a broad spectrum against the aerobic bacteria and
is the unique antibiotic tested that target only aerobic bacteria. As the main part of the
microbiota are anaerobic bacteria, it is not surprising that it caused the smallest alter-
ations and that the microbiota observed after a two-week recovery was not significantly
different from the untreated one.

Beta-lactams : ampicillin and ceftriaxone. Interestingly, the two β-lactams, cef-
triaxone and ampicillin presented very similar alterations during the treatment (Figure
3.15).

Ubeda et. al. [112] analyzed the alterations of the microbiota during the treatment
with ampicillin and two weeks after its withdrawal. Although the microbiota pretreatment
was different from the one present in our mice, after a two-week recovery, we also observed
a recovery of taxa from the phylum Firmicutes. Similarly, Raymond et. al. [294] saw
that, administering a cephalosporin of second-generation in healthy humans, the most
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consistent effect was an increase of Lachnospiraceae, as we have also observed. In our
study, we used a cephalosporin of third-generation, ceftriaxone. The spectrum of action
is quite similar except that the third generation presents an increased resistance to β-
lactamases and thus can be more active against specific gram negative (i.e. clinical E.
coli or Klebsiella isolates) [295].

Ciprofloxacin and Clindamycin. In a study performed on healthy humans, Rashid
et. al. [270] investigated the alterations produced by ciprofloxacin and clindamycin.

In the study by Rashid et. al., ciprofloxacin and clindamycin caused a diminution of
anaerobic gram positive bacteria post-treatment (which are mainly Firmicutes), although
the diminution was more important upon the administration of clindamycin, as we also
detected with our analysis. In particular, they found that ciprofloxacin diminished the
genus Faecalibacterium and unclassified Ruminococcaceae. Clindamycin diminished the
abundance of several genus of the family lachnospiraceae (Coprococcus, Roseburia, Lach-
nospira, Dorea, unclassified Lachnospiraceae) and of Ruminococcus, as we also detected.

The gram negative aerobic bacteria (which are mainly Proteobacteria) were impor-
tantly drastically diminished upon ciprofloxacin treatment, as detected in our study. Af-
ter a few days, their level increased. We also detected an increase in the Proteobacteria
letting the microbiota recover for two weeks after the administration of clindamycin.

In the study by Rashid et. al., the gram positive aerobic bacteria (which mainly in-
clude Enterococcus and Lactobacillus) were increased upon recovery from both antibiotics.
Consistently with their results, we observed an increase in Enterococcus, both during the
administration of clindamycin and after a two-week recovery.

The gram negative anaerobic (which are mainly Bacteroidetes), were unaffected by
any of these antibiotics in their study. We observe the same result at the phylum level.
However, as we mentioned before, the abundance of the Bacteroidetes is drastically altered
when looking at the genus level.

In that particular study, Rashid et. al. performed a q-PCR to determine the abun-
dance of some precise taxa that were altered. Using this approach, they found that the
genus Bacteroides was increased whereas the genus Alistipes was decreased after the ad-
ministration of ciprofloxacin. We found a similar result. However, our high-throughput
sequencing approach allowed us to define that ciprofloxacin caused a drastic diminution
in the diversity within the genus Bacteroides and that the increase in abundance was
associated with the expansion of mainly one OTU of this genus. In a study conduced on
three subjects, Dethlefsen et al. [173] already detected that the abundance of the genus
Bacteroides was not altered but that the relative abundance of the different OTUs varied
upon the administration of ciprofloxacin.

The ciprofloxacin treatment caused a number of alterations, detected at the phylum
and the genus level, similar to the neomycin, ampicillin or ceftriaxone treatment. How-
ever, the ciprofloxacin group was far more different from the untreated mice than were the
neomycin, ampicillin or ceftriaxone treated groups (Figure 3.13). This may be explained
by the important alterations of the intra-genus diversity following the ciprofloxacin treat-
ment.

We also observed an alteration of the intra-genus diversity following the clindamycin
treatment. In agreement with our results, Buffie et al. already described in mice that
a single dose of clindamycin caused a loss of 90% of the normal microbiota of the ce-
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cum [179]. In this study, the bacteria present the day following the clindamycin admin-
istration were, by order of abundance, Enterobacteriaceae, Lactobacillus, Enterococcus,
Turicibacter and a Tenericutes. As mentioned before, we also observed a drop in the
bacterial diversity and an increase in the abundance of Proteobacteria and Enterococcus.
Nonetheless, in our model, the most abundant bacteria during the antibiotic treatment
were Bacteroides and Barnesiella followed by Enterobacteriaceae. This difference could
be due to the different initial microbiota present in the mice. Interestingly, two weeks
after the withdrawal of the antibiotic treatment, our results agree on that the dominant
bacteria is a Lachnospiraceae (Blautia in their study and an unclassified lachnospiraceae
in ours). Similarly the abundance of the Enterobacteriaceae and the taxa Lactobacil-
lus and Enterococcus were increased in both studies. Thus, although the administration
of clindamycin resulted in a different microbial composition during treatment, in both
studies the microbiota adopted a similar structure upon two-weeks of recovery.

Vancomycin. Finally, the highest alterations were observed after the administration
of vancomycin. During the treatment and upon recovery, bacteria normally very low
abundant in untreated mice dominated the microbiota.

The alterations we detected are consistent with the ones described in humans in the
first part of this work and by others authors [175, 296]. We also observed an important
depletion of the phylum Bacteroidetes and of most of the Firmicutes except Lactobacillus
whereas the phylum Proteobacteria increased.

A study focused on the C. difficile colonization capacity after antibiotic treatments
also explored the effect of vancomycin on the mouse gut microbiota [175]. They described
similar alterations as we observed (an important decrease of the phylum Bacteroidetes
and of most of the Firmicutes whereas Akkermansia, Lactobacillus and Proteobacteria
expanded). Interestingly, their results vary according to the microbiota that was present
before treatment. For example, in a repetition of this experiment, they detected an
expansion mainly of Klebsiella, instead of Akkermansia and Lactobacillus.

Thus, the alterations associated with the vancomycin treatment can vary sligtly ac-
cording to the baseline microbiota as we discussed before for clindamycin treatment.

In summary, our results, obtained in mice, show similar changes as the ones described
by other authors in humans (specifically clindamycin, ciprofloxacin and vancomycin).
Thus, our results indicate that at least for these antibiotics mice could represent a good
model to study the effects of antibiotics on the microbiota and subsequent impact on
health.

4.3 New microbiota state upon antibiotic cessation
Upon neomycin treatment, the microbiota recovered and almost did not differ from

that of untreated mice. On the other hand, upon vancomycin treatment, the microbiota
slighly recover but basically resemble to the one observed during vancomycin treatment.
Interestingly, ceftriaxone and clindamycin treatment caused the aggregation of a different
bacterial community upon the two-week recovery period.

Ceftriaxone promoted a drastic diminution in the total bacterial load (biomass) during
the treatment (see 3.12 A). To what extent the bacteria detected by high-throughput
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sequencing upon ceftriaxone treatment are alive, dead or even come from an external
sources is unknown. It is possible that only a few of the bateria detected were alive
commensals and the expansion of these few bacteria would promote the development of
a new microbiota state.

In the experiment of Raymond et. al. [294] that we previously mentioned, the authors
also observed an variable alterations of the microbiota during the treatment with cefprozil,
a second generation cephalosporin, and after its withdrawal. Especially, some patients also
showed a total remodeling of their microbiota community after a recovery period [294].

The establishment of an alternative state after the treatment by clindamycin (Figure
3.22 C) is not surprising if we take into account that the stability of the gut microbiota
depends on the diversity of the community, and we have seen that during the treatment
only five OTUs accounted for 97% of the clindamycin-treated microbiota (see 3.2.3). Af-
ter the withdrawal of the antibiotic, there could be a reshape of the bacterial community.
As the alteration experimented was so extreme, there could be an establishment of a new
community instead of resilience to the untreated state. The onset of a totally different
microbial community following the clindamycin treatment was also evident in the study
of Buffie et al. [179], even if the experiment was not designed with the aim to explore the
alteration caused this antibiotic. Nevertheless, although our results suggest the possibility
of new microbiota states upon antibiotic recovery, additional experiments such as moni-
toring the changes in the microbiota of the same mouse during and after recovery should
be performed to confirm our results. If these results are confirmed in future studies, an
interesting line of research would be to try to understand how these different microbiota
states are developed, to what extent are they randomly generated or to what extent they
depend on the changes observed during antibiotic treatment or on the baseline microbiota
before treatment.

4.4 Influence of antibiotics on VRE colonization
The alteration of the microbiota caused by an antibiotic treatment (i.e. vancomycin)

is associated with an increased susceptibility to secondary infections, as we have demon-
strated in the first part of this work.

Using another pathogen, other groups already assessed the effect of precise antibiotics
on the susceptibility to secondary infections. For example, a single dose of clindamycin
caused a sustained susceptibility to C. difficile infection [179].

Because the microbiota is essential to prevent the colonization by this opportunistic
pathogen, fecal transplantation has been used with success for the treatment of recurrent
CDI in order to restore the colonization resistance against this pathogen. Nevertheless,
the fecal transfer approach suppose several difficulties, including the possible transmission
of diseases in which the microbiota is involved. For this reason, other solutions have been
investigated, such as the administration of specific commensal bacteria. For example, it
has been demonstrated that the administration of 4 bacteria in a mouse model is sufficient
to diminish significantly the colonization by C. difficile [189]. This study demonstrate that
it is possible to restore the colonization resistance by administration of specific commensal
bacteria. Moreover, it has been demonstrated that the administration of a specific fraction
of the microbiota, cultivated in columbia blood agar media, was sufficient to achieve the
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restoration of the resistance to the colonization by VRE whereas the administration of the
aerobic fraction was not [211]. Thus specific bacteria are implicated in the colonization
resistance and they are cultivable.

In order to define bacteria that could restore the colonization resistance against VRE,
we studied the relation between several antibiotic-driven microbiota alterations and the
capacity of VRE to colonize the intestinal tract.

Infecting mice receiving a treatment with any of the studied antibiotics (i.e. ciprofloxacin,
neomycin, ceftriaxone, ampicillin and clindamycin or vancomycin) lead to a significant
colonization by VRE (Figure 3.25), although the levels of colonization were different de-
pending on the antibiotic received. After a two-week recovery, for all antibiotics, the VRE
colonization levels were lower, suggesting that the recovery of important microbial taxa
and subsequent colonization resistance occurred after antibiotic cessation.

As expected, the more the changes an antibiotic produced in the microbiota, the
more the colonization resistance was abrogated. Neomycin and ciprofloxacin were the
antibiotics that produced less alterations in the microbiota diversity (as measured by
the shannon index), and less alterations on the different genera analyzed. These two
antibiotics allowed low levels of VRE colonization. However, vancomycin and clindamycin,
which promoted the highest decrease in the overall microbiota diversity and richness, were
the ones that allowed a higher colonization by VRE.

Previous studies also reported the effect of certain antibiotics on the ability of VRE
to colonize the intestinal tract.

It was already known that vancomycin and treatments against anaerobic bacteria
(ie.e.metronidazol) promoted high levels of intestinal colonization by VRE [204], although
the microbiota alterations associated with the loss of colonization resistance were not de-
scribed. In 2015, a study analyzed the alterations of the microbiota associated with
these two treatments, principally in relation with Clostridium difficile colonization capac-
ity [175]. Moreover, they verified that in their model vancomycin but not metronidazol
allowed the colonization with high levels of VRE [175]. However, in this article, the
authors did not try to determine which bacteria of the commensal microbiota were re-
sponsible for the colonization resistance against VRE.

The antibiotic treatment that we tested that targeted the anaerobic bacteria, clin-
damycin, enabled VRE to colonize the intestine at high levels. Clindamycin administered
orally has been shown to increase the VRE burden in a patient previously colonized with
VRE [106, 251]. However, the specific alterations of the microbiota related to the loss of
colonization resistance were not investigated in this study.

In the description of a model to infer microbial community ecology, applied to C.
difficile infection, the authors described a sub-network of interactions in which they pro-
posed that Coprobacillus promoted the expansion of Akkermansia and Blautia and that
these three bacteria would inhibit Enterococcus growth [297]. Upon a treatment with
clindamycin, the three bacteria that inhibit Enterococcus growth would be depleted, then
Enterococcus could grow and promote C. difficile colonization. Akkermansia is an impor-
tant taxa for the intestinal homeostasis, and possibly its combination with Coprobacillus
and Blautia inhibits Enterococcus growth. However, we have detected a positive associa-
tion between Akkermansia and VRE when we analyzed the combined data obtained from
all the antibiotics tested, suggesting that the negative interaction between Akkermansia
and Enterococcus may occur exclusively in the case of the clindamycin treatment.
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Subcutaneous administration of ceftriaxone, which is secreted into human bile at high
concentrations, was demonstrated to promote a high colonization with VRE, as we also
detected in our model [106, 298, 299]. In the case of ceftriaxone, we mentioned that the
recovered microbiota can be very variable and, consequently, also the VRE colonization
capacity.

The administration of ciprofloxacin in colonized patients decreased the VRE bur-
den although the VRE isolates proceeding from these patients were highly resistant to
ciprofloxacin in vitro [106, 251]. Consistent with these results, ciprofloxacin did not pro-
mote high levels of VRE colonization in our mouse model.

In summary, the impact on the VRE colonization capacity of the different antibiotics
administered was already known. However, most of theses studies did not investigate
the relation between the loss of colonization resistance with the alterations in the gut
microbiota which we indeed performed and will be discussed in the next section.

4.4.1 Relation between the microbiota alterations and VRE col-
onization

To determine which changes in the microbiota could be associated with the higher
capability of VRE to colonize the intestine and therefore to identify commensal bacterial
candidates that could have a role in the protection against VRE colonization, we per-
formed a spearman correlation test between the VRE load and the relative abundance
of the different commensal bacteria. Using this approach, we determined that unclas-
sified Ruminococcaceae, unclassified Lachnospiraceae, Oscillibacter, unclassified Porphy-
romonadaceae, unclassified Bacteroidetes, Allobaculum, Barnesiella and Alistipes were
negatively associated with VRE (Table 3.2).

As we mentioned in the methodology, we performed this analysis first using the 454
platform to evaluate changes in the microbiota composition. This analysis has several
limitations. First, the number of sequences achieved using 454 Roche sequencing is rel-
atively low in comparison with the actual output achievable with illumina, so we could
focus our analysis only in commensal bacteria with high abundance. Nevertheless, we re-
sequenced the samples with illumina and verified that the commensal bacteria identified
by 454 to be associated with the resistance against VRE, were also identified by illumina
sequencing. In our model, the bacteria finally selected and tested achieved an important
diminution of VRE load. Thus, the methodology followed was useful. Nevertheless, VRE
colonization was not completely abrogated in some mice that received the bacterial mix.
Thus, it is likely that other bacteria that we did not test could have a role in protection
againste VRE. In addition, the analysis that we performed to select the protective com-
mensal bacteria allows to detect the existence of a relation between a unique bacterial
taxa and the level of VRE. Thus, we are not taking into account the interactions between
several bacteria and we could be overlooking a synergistic effect.

Of notes, we were surprised that ampicillin caused few alterations during the treatment
but still allowed an important colonization by VRE whereas upon recovery, even without
a significant recovery of the microbiota, the VRE colonization capacity diminished so
much. We then determined which genus were significantly increased upon the recovery
period to check whether it was one of the bacteria selected. Among the few genus that
increased upon the recovery period, Ruminococcus and Dorea were the most important
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one (increased by 123 and 10 times, wilcoxon test, p.value=0.02 and 0.04). Interestingly,
these taxa are member of the family Ruminococcaceae and Lachnospiraceae, that showed
a significant negative correlation with VRE, thus confirming the suitability of the bacteria
selected.

Interestingly, the strongest negative correlations were obtained with the Firmicutes
Unc. Ruminococcaceae and Oscillibacter. Among the Bacteroidetes, Barnesiella pre-
sented the highest negative correlation. This bacteria had already been associated with
a protective effect against VRE colonization, confirming the validity of our approxima-
tion [211]. From all the commensal bacteria that we identified to be associated with
VRE protection, we finally decided not to include in the protective mix the unc. Lach-
nospiraceae and Allobacullum. Unc. Lachnospiraceae increases in mice after withdrawal
of vancomycin treatment (the mouse model to test the protective effect of commensal
bacteria). So we thought that adding unc. Lachnospiraceae to the mix would not make
any difference in terms of VRE protection. On the other hand, LEfSe analysis did not
identified Allobaculum to be clearly associated with resistance against VRE. As shown
in the result section, removal of Allobaculum from the bacterial mix did not reduce the
capacity of the mix to confer protection. Thus, we were able to reduce the bacterial mix
administered to four bacteria (i.e. Barnesiella, Alistipes, Oscillibacter and a specific unc.
Ruminococcaceae isolate).

As just mentioned, from these four bacteria selected, Barnesiella had already been
associated with the resistance against VRE colonization [211].

The genus Alistipes has been associated with a protection against C. difficile coloniza-
tion [301]. C. difficile and VRE co-infections can occur in the same patient [205], sug-
gesting that certain microbiota changes may enhance colonization by these two pathogens
and therefore that some commensal bacteria important for suppressing C. difficile may
be also important for suppressing VRE.

Interestingly, Zhao et. al. [257] described the gut metabolic profiles associated with
the administration of gentamicin and ceftriaxone. Upon administration of these treat-
ments, they highlighted a decrease in Prevotella, Barnesiella and Alistipes (two of the
bacteria that we found negatively correlated with VRE) and a concomitant increase in
the genus Enterococcus. Enterococcus was positively correlated with the levels of deoxy-
cholic acid (DCA) (a secondary bile acid) and the oligosaccharides raffinose, stachyose
and cellobiose. On the other hand, it was negatively correlated with the SCFAs acetate,
propionate, N-butyrate and various amino-acids (alanine, methionine, valine and tyro-
sine). On the opposite, Barnesiella, Alistipes and Prevotella were negatively correlated
with the levels of raffinose and stachyose whereas they were positively correlated with the
levels of SCFAs acetate, propionate, N-butyrate and various amino-acids (alanine, valine,
lysine and tyrosine). The authors hypothesized that the unaltered microbiota, rich in
Barnesiella, Alistipes and Prevotella, was able to catabolyze the oligosaccharides, thus
decreasing their concentration. Consequently, the depletion of these three genera during
antibiotic treatment liberate certain nutrients sources that could be used by Enterococ-
cus to expand (oligosaccharides cellobiose, raffinose and stachyose) whose levels positively
correlate with Enterococcus. At the same time, the taxa Barnesiella and Alistipes would
ferment the monosaccharides produced as well as some amino-acids to produce the SC-
FAs. Interestingly SCFA have been shown to inhibit the growth of some pathogens (i.e.
E. coli) [186]. Thus providing a second mechanism by which the depletion of Barnesiella
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and Alistipes could promote the expansion of the genera Enterococcus. As we will discuss
below, some of the possible mechanisms of interaction between these different bacteria
are in agreement with the possible mechanisms of resistance that we have identified by
which the bacterial mix may be suppressing VRE colonization.

The other genus identified, Oscillibacter is relatively new, it was described for the first
time in 2007 and its whole genome was sequenced in 2012 [302,303]. The most interesting
capability in relation with the possible role in VRE inhibition is its capacity to produce
the SCFA valeric acid as its main metabolic end product [302, 304]. Thus, for the case
of Oscillibacter also, the production of SCFA may have a role in its negative association
with VRE.

We cannot a priori investigate in the literature what function could be doing the unc.
Ruminococcaceae strain administered. Moreover, as we will describe when referring to the
metatranscriptomic analysis, we found that it did express a low number of functions in the
three groups of mice analyzed (mice treated with vancomycin that received PBS or the
bacterial mix and untreated mice). Probably, this bacterium is not the main responsible
for the colonization resistance achieved with the administration of the bacterial mix.
Moreover, all of the bacteria administered did not colonize in the same proportion. From
the four bacteria administered, only Barnesiella and Alistipes levels were significantly
higher in the mice that received the bacterial mix as compared to those that received
PBS (Figures 3.40 and 3.41). Consequently, these taxa are probably responsible for
a significant part of the metabolomic alterations observed upon administration of the
bacterial mix. Importantly, the administration of the bacterial mix did not restore the
bacterial diversity (Figure 3.39 D), distinctly from the results obtained by Lawley et
al. [305]. In their study, Lawley et al. [305] were able to eliminate C. difficile from
colonized mice through the administration of six bacteria. The administration of these
bacteria were associated with a restoration of the microbiota diversity, which could be the
mechanism of C. difficile elimination. In our case, we did not observed a restoration of the
diversity, thus it is probable that the bacteria administered are responsable themselves
for the restoration of the colonization resistance against VRE. This is the case also for the
results published by Buffie et. al [189] in which a cocktail containing four bacteria was
able to protect against C. difficile infection without increasing the microbiota diversity.

On the other hand, we also detected bacteria positively associated with the pres-
ence of VRE (i.e. Escherichia/Shigella, Enterococcus, Akkermansia, unclassified Enter-
obacteriaceae, Parasutterella, unclassified Burkholderiales, Lactobacillus and unclassified
Desulfovibrionaceae) (Table 3.3). These bacteria could be associated positively with VRE
colonization just because they could be taking advantage of the dysbiosis for expansion,
similarly as with VRE, without influencing VRE levels. These bacteria could therefore be
used as a biomarker of the dysbiosis and the associated risk of VRE colonization. Alter-
natively, these bacteria could promote the colonization by VRE. For example, Caballero
et. al [214] demonstrated that the co-colonization of VRE and Klebsiella (a member
of the family Enterobacteriaceae) in mice, slightly increased the VRE intestinal load in
comparison with the VRE levels observed in those mice that did not received Klebsiella.

The endogenous Enterococcus was found to be one of the commensal bacteria to be
positively correlated with VRE levels. Contrary to our results, it has been described that
different strains of the genus Enterococcus can also compete between them. For exam-
ple, it has been demonstrated that native commensal strains of Enterococcus faecalis are
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able to selectively kill through a pheromone mechanism the multidrug-resistant Entero-
coccus faecalis V583. The fact that we detected a strong correlation between the level
of commensal Enterococcus and the VRE colonization capacity (see Table 3.3) suggests
that the commensal Enterococcus present in our mice does not express a bacteriocin to
out-compete VRE and both are probably adapted to the same conditions. Thus, the
outgrowth of the commensal Enterococcus indicates that the antibiotic treatment and
the resulting dysbiosis created the perfect conditions for Enterococcus growth (both the
endogeneous and the exogeneous). This observation is reinforced by the fact that Entero-
coccus increase during treatments is higher upon administration of antibiotics that allow
the highest VRE colonization levels (ceftriaxone, ampicillin, clindamycin) (Figure 3.15),
except for vancomycin which is active against the endogeneous Enterococcus but not the
exogeneous administered VRE.

On the other hand, we also detected a positive correlation between VRE and Lacto-
bacillus. This is probably due to the fact that this genus increased in the mice that received
the treatments that promote the higher colonization by VRE (i.e.ceftriaxone, clindamycin
and vancomycin) (Figure 3.23 and 3.25). Nevertheless, we cannot discard that the en-
dogeneous Lactobacillus may be somehow facilitating VRE colonization, which should be
further studied in future investigations.

In summary, despite the limitation of the study, we were able to identify and test
a mix of four bacteria that were very effective in diminishing the intestinal colonization
capabilities of VRE.

Interestingly, a study that was published, while writting this thesis, also identified
other commensal bacteria that confer protection against VRE colonization using a mouse
model [308]. The bacteria identified belong to the Clostridium cluster XIVa and includes
the species Blautia producta and Clostridium bolteae. Thus different commensal bacteria
can confer protection against VRE. Among the bacteria we administered, Barnesiella
and Alistipes colonized with higher levels and are probably responsable for the effect
detected, since they restore several bacterial functions, lost after vancomycin treatment,
as shown in the metatranscriptomic studies. Especially, Barnesiella had already been
associated with the resistance against VRE colonization. Results from previous studies
suggest that this bacterium could be consuming different oligosaccharides and modify the
concentration in aminoacids and SCFAs, which would influence Enterococcus colonization
capacity. Oscillibacter was shown to produce the SCFA valerate, however, its contribution
as well as unc. Ruminococcaceae effect are uncertain as their intestinal levels are very low,
as compare to Barnesiella and Alistipes. In addition, as we will discuss later, when we will
talk about the transcriptomic studies, their functional contribution to the microbiome is
minimal as compare to that one from Barnesiella or Alistipes.

4.5 Mechanism of protection against VRE coloniza-
tion associated to the administration of a defined
bacterial mix

To investigate the mechanisms by which the bacteria administered inhibit VRE colo-
nization, we first tried to determinate in vitro if any of the bacteria administered produced
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a bacteriocin or if we could highlight a nutricional competition. We did not observed any
phenotype in the conditions tested, thus we decided to perform metatranscriptomic and
metabolomic studies in order to obtain information about the functions expressed by these
bacteria in vivo and how this functions may have change the metabolic landscape of the
gut, subsequently influencing VRE gut colonization.

We observed a clear separation of the metatranscriptomic profile of the untreated mice
as compared to those mice that received vancomycin treatment. On the other hand, the
overall metatranscriptomic profile was not significantly different among mice treated with
antibiotics that received either PBS or the protective bacteria. Interestingly, however,
we did find differences in the microbiota structure of these two groups when we studied
taxons instead of functions (Figure 3.43 C). It has been demonstrated that the functional
profile of the gut microbiota is more conserved than the phylogenetic one [139]. Thus,
it is possible that the administration of a few bacteria do not modify the overall meta-
transcriptome, although it could have a higher influence at the taxonomical level: increase
in the phylum Bacteroidetes(Barnesiella and Alistipes) which is depleted by vancomycin
treatment.

As expected by their significantly higher abundance, we found that the number of
functions expressed by the Alistipes and Barnesiella isolates administered was higher in
the mice that received the commensal bacteria as compared to those mice that were treated
with vancomycin but did not received the protective bacteria. Moreover, the number of
functions expressed by these two isolates was similar both in vancomycin treated mice
that received the bacterial mix and in untreated mice. This result indicates that the
commensal bacteria administered were not only able to colonize the gut after vancomycin
treatment but also expressed similar functions as in untreated mice, in the absence of
other commensal bacteria (present in untreated and not in vancomycin treated mice). The
number of functions expressed by the Oscillibacter isolate was not significantly higher in
the group that received the commmensal bacteria as compared to the treated mice that
received PBS. This is what we expected since the level of the OTU administered did not
differ in the these two groups of mice, at least in this particular experiment. On the other
hand, the number of functions expressed by the unc. Ruminococcaceae was very low in
all groups of mice analyzed. These results indicate that probably the most important
bacteria in terms of conferring resistance in our model were Barnesiella and Alistipes.

Within specific bacterial functions that could be important for conferring colonization
resistance, we identified the levels of 33 nr genes that could be annotated with the KEGG
database (KO) to be restored or partially restored after the administration of the bacterial
mix to treated mice.

Several of these KOs were implicated in the bacterial chemotaxis. Basically, they
allow the movement in response to an attractant (such as a nutrient) or a repellent. The
methyl-accepting chemotaxis proteins (MCPs) detected, CheW and CheA form a complete
bacterial chemotaxis system. In Clostridium acetobutylicum this system transmit the
movement to the flagellin fliY [312]. In our case, we detected a higher expression of
CheW, CheA, and of the flagellin fliC. In E. coli, chemotaxis systems have been implicated
in the response of attraction to ribose, galactose, aspartate, serine and peptides [313].
Thus, one could hypothesize that the presence of this chemotaxis system could enhance
some commensal bacteria to gain access to particular nutrients in the gut. This would
be compatible with a mechanism of nutritional competition with VRE, in which the
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commensal bacteria could most efficiently reach nutrients, as compared to VRE that
does not express this type of chemotaxis system. Nevertheless, it would be necessary to
investigate the exact function of the chemotaxis system detected.

On the other hand, the increase of the flagellin fliC after commensal bacterial inocula-
tion, could influence the immune response of the host. It has indeed been demonstrated
that the systemic administration of flagellin can restore the murine Reg3γ expression
by stimulation of the TLR5 receptors and subsequently enhance the resistance to dense
colonization by VRE [207].

Among the KOs identified to be restored by administration of the protective bacteria,
the ABC transporters codify for the internalization and use of several saccharides, includ-
ing the cellobiose. The results obtained by the metabolomic studies are consistent with a
decrease of this sugar upon administration of the bacterial mix (Figure 3.48 A). Moreover,
we have demonstrated in vitro that this is one of the saccharides that promote the highest
growth of VRE and that VRE is highly expressing a transporter for internalization of this
sugar in vivo (Figures 3.52 and 3.50). These results suggest a mechanism by which a
nutritional competition for cellobiose upon the administration of the bacterial mix could
impair VRE colonization.

In addition, inoculation of the protective bacteria also restored the levels of others
sugar transporters that were also depleted after the vancomycin treatment, such as KOs
corresponding to the PTS system for the transport and internalization of two sugars, N-
Acetyl-galactosamine and N-Acetyl-glucosamine. Notably, N-Acetyl-galactosamine and
N-Acetyl-glucosamine are to of the carbon sources that promote higher VRE growth in
vitro. Thus, consumption of these two sugars upon administration of the protective com-
mensal bacteria could also represent another mechanism by which these bacteria confer
resistance against VRE. Interestingly, these two sugars originate from the degradation of
the host mucus and commensal bacteria such as Akkermansia, which degrades the mucus,
could liberate these types of sugars and make them accessible to VRE [314]. Notably, as
we shown in figure (Figure 3.15B), an expansion of Akkermansia occurs after vancomycin
treatment. This bacteria was positively correlated with VRE colonization (Table 3.3).
Thus, it is possible that Akkermansia, by making available sugars that can be efficiently
utilized by VRE, may promote VRE colonization.

Although our results suggest that the protective commensal bacteria may be inhibit-
ing VRE colonization by consuming sugars that are essential for VRE growth, further
studies must be performed to validate this hypothesis. One of such studies will be the
identification of the levels of sugars in the intestinal tract of the different groups of mice
analyzed. We were able to detect the levels of cellobiose, one of the sugars that may
be consumed by the protective commensal bacteria. Unfortunately, most of the NMR
spectra present in the region corresponding to the oligosaccharides (3.4-4.25ppm) could
not be attributed to a specific carbohydrate (Figure 3.47). For this reason, we could not
detect the levels of N-acetyl-galactosamine. Nevertheless, a visible increase of this region
in the mice that received the antibiotics could be detected, which suggest an increase in
oligosaccharides available after the administration of the antibiotic, as documented by
Zhao et al. [257]. Still, we cannot discard the presence of additional signals corresponding
to other molecules in this region. For this reason, we are planning to perform experiments
using mass spectrometry (MS) which will allow the identification and cuantification of the
different sugars.
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Interestingly, we also observed an increase in other KOs related to the use of carbohy-
drates (Figure 3.46). These functions are mainly related to the pentose phosphate shunt
(PPP). The non-oxidative branch of the PPP metabolizes the glycolytic intermediates
fructose 6-phosphate and glyceraldehyde 3-phosphate as well as sedoheptulose sugars,
yielding ribose 5-phosphate for the synthesis of nucleic acids and sugar phosphate precur-
sors for the synthesis of amino acids. Moreover, the PPP appears to be the only pathway
allowing bacteria to utilize sugars such as 3-xylose, 3-ribose, and 3-arabinose [315]. The
recovery of the functions corresponding to the main steps of the PPP pathway also support
an increased capacity to metabolize oligosaccharides in the group that received the com-
mensal bacteria respect to the mice that just received PBS after vancomycin treatment.
Especially, it has been demonstrated in E. coli that the saccharide N-Acetyl-galactosamine
is metabolized to tagatose 1-6 biphosphate, whose products of degradation can enter the
pentose phosphate pathway [316]. Thus, the expression of numerous enzymes from the
pentose phosphate pathway in the group of mice that received the bacterial mix is com-
patible with an increased consumption of the N-Acetyl-galactosamine.

Taken together, the bacterial mix may influence VRE colonization capacity by using
saccharides, mainly the cellobiose and the N-Acetyl-galactosamine, and diminishing their
availability in the intestinal tract.

Studies performed with prebiotics have already demonstrated that the abundance
of different oligosaccharides influence the microbiota composition. For example, it was
demonstrated that a mix of cellobiose, raffinose, isomaltulose and an oat β−glucan hy-
drolysate, increase the phylum Firmicutes, especially Lactobacillus [317], whose levels are
positively associated with VRE colonization.

On the other hand, Pultz et al. [183] have demonstrated that VRE can grow on an
enzymatically degraded mucin and on monosaccharides components of mucins and plants
polysaccharides. Curiously, all the VRE tested were able to use the N-Acetyl-glucosamine
whereas only one out of nine isolates was able to ferment the N-Acetyl-galactosamine.
Thus, the mechanism of competition for this sugar could be strain specific. Interestingly,
the differential use of carbohydrates has been suggested as one of the main drivers of
the divergent evolution of the different E. faecium clades [67]. Especially, the nosocomial
clades were found to be enriched in genes coding for the expression of PTS systems and
enzymes for the interconversion and metabolism of lactose/cellobiose, glucose, mannose,
N-acetylneuraminate, N-acetylmannosamine, and other sialic acids [67]. Therefore, it may
be possible to specifically target the clade associated with the nosocomial infections by
depleting the specific carbonhydrates utilized by this clade.

The increase in oligosaccharides availability could be responsible for the VRE colo-
nization following the treatment with different antibiotics. After the administration of
the vancomycin treatment, as we have demostrated, some oligosaccharides are increased
(i.e cellobiose) and probably others that we were not able to identify through NMR. This
increase in sugars may be associated to both the expansion of certain mucus degrader
bacteria (e.g. Akkermansia) and to the extinction of members of the microbiota that
utilize sugars.

During the administration of the other antibiotic treatments tested (ciprofloxacin,
neomycin, ceftriaxone, ampicillin and clindamycin), we observed an increase of the genus
Bacteroides. Members of this genus can release simpler carbon sources from the complex
carbohydrates of the diet or from the mucus, influencing the microbiota composition [274].
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For example, the presence of high levels of Bacteroides thetaiotaomicron was associated
with an enhanced susceptibility to the infection by Salmonella typhimurium, Clostridium
difficile or Citrobacter rodentium, a natural mouse pathogen homologous to the pathogen
enterohemorrhagic Escherichia coli (EHEC) [181,318]. Thus, the high level of Bacteroides
detected during several treatments may facilitate the colonization by VRE through an
increased availability of simple carbohydrates.

Besides competition for carbohydrates, the metabolomic analysis allow us to consider
others alterations of the intestinal environment that could possibly influence the VRE
colonization capacity.

The relative abundance of phenol was increased in the group that received the commen-
sal protective bacteria. Phenolic compounds are derived from the microbial catabolism of
aromatic amino acids (phenylalanine and tyrosine) and from the degradation of polyphe-
nolic compounds of the diet such as the flavonoids, the anthocyanins or the oleuropein,
typically found in the virgin olive oil, to monophenolic compounds [319,320]. Since we de-
tected an increase in aromatic amino acids after admnistration of the protective bacteria,
the increase observed in phenol after the administration of the bacterial mix is probably
not derived from the metabolism of aromatic amino acids but probably from the metabo-
lization of polyphenolic compounds from the diet. Interestingly, the phenolic compounds
can influence the microbiota composition [321]. Especially, the antimicrobial activity of
numerous phenolic compounds has been evaluated, identifying compounds highly active
both against vancomycin-resistant Enterococcus faecium FN-1 and Enterococcus faecalis
NCTC12201 [322, 323]. Moreover, it has been described that phenol can inhibit the bac-
terial biofilm formation [324]. VRE produces biofilm, which is clinically relevant as it
is responsable for the VRE CLABSIs (Central Line Associated Blood-Stream Infection).
Several genetic elements implicated in the VRE biofilm production have been identified
(i.e adhesins and pili) [68, 86, 92, 95]. On the other hand, it has been demostrated in a
Vibrio fisheri model that the proteins involved in the the biofilm formation (i.e. type IV
pili) are also implicated in the intestinal colonization [325]. Thus, the increase in phenol
could be linked with a diminished VRE colonization capacity through a diminished ad-
hesion to the intestinal epithelium or through an inhibition of VRE growth by specifics
phenolic compounds.

The levels of four aminoacids (i.e threonine, serine, proline and leucine ) were increased
upon the administration of the vancomycin and partially restored in the treated group to
which the bacterial mix was administered. Interestingly, the E. faecium ATCC 8043 is
auxotroph for the threonine [53]. Thus, it would be important to verify whether our strain,
VRE ATCC 700221, also imperatively requires this amino acid from the environment, in
which case the bacterial mix could be decreasing the VRE colonization through a nutritive
competition for this amino acid.

On the other hand, serine is a central amino acid that can be converted to glycine
and tryptophan. Moreover, VRE is able to use this aminoacid as unique carbon source,
thus a lower availability of serine could affects its growth. We detected an increased
expression of a chemotaxis system and of a serine sensor receptor (tsr) in the treated
group that received the bacterial mix compared to the treated group that received PBS
instead, which supports an increase use of serine and subsequent decreased concentration
of serine in this group.
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Among the others amino acid whose concentration was diminished in the group that
received the commensal bacteria, the proline and leucine are especially interesting. We
have seen that VRE was expressing in vivo a glycine betaine/proline transporter and a
transporter for the internalization of branched-chain amino acids (such as leucine). Thus,
the diminished availability of these amino acids may be influencing the growth of VRE
in vivo and its colonization capacity.

The aromatic aminoacid phenylalanine was increased in the group that received the
commensal bacteria, as was the aromatic molecule phenol. Similarly, the relative abun-
dance of trimethylamine was lower during the treatment and the administration of the bac-
terial mix restored the levels detected in the untreated group (Figure 3.49 C). Trimethy-
lamine is generated from degradation of choline, betaine, and carnitine by members of the
gut microbiota [326]. As we have just mentionned, analysing the functions restored upon
the administration of the bacterial mix, we detected that a betaine/proline transporter
was expressed in the untreated mice and in the vancomycin treated group that received
the bacterial mix, but not in the vancomycin treated group that received PBS. Thus, the
restoration in the cecal level of trimethylamine could be due to the restoration of the
utilization of betaine by the gut microbiota upon the administration of the bacterial mix.

Finally, the administration of the bacterial mix increased the level of the SCFAs
butyrate, 2-methyl-butyrate, valerate and, to a less extend, of propionate. SCFAs are
metabolic products derived from the bacterial fermentation of the non digestible carbo-
hydrates. The SCFAs have been demonstrated to inhibit the growth of specific pathogens
such as E. coli strain O157:H7 or to influence the colonization capacity by altering the ex-
pression of virulence genes, as seen with S. typhimurium pathogenicity island 1 [186,188].
Thus, the increase of the SCFAs may be also contributing to the diminution of the VRE
colonization in the group that received the protective bacteria. However, a direct effect of
SCFA on VRE growth is unlikely since previous experiments performed in the laboratory
did not detected in vitro a negative effect of SCFA (i.e. acetate, butyrate and propionate)
on VRE growth. Nevertheless, Oscillibacter, a known producer of valerate, presented one
of the highest negative correlation with VRE levels. Thus, the impact of valerate on the
VRE growth, which we have not analyzed yet, should be tested.

In the present state of our study, we reached a significant inhibition of VRE colo-
nization post antibiotic treatment through the administration of four bacterial isolates.
The different approaches used to characterize the mechanism of the protection generated
several hypotesis that need to be tested and confirmed. Especially, the analysis of the
metatranscriptomic data is still in process but, due to the administrative imperative to
present this work in the present date, we were not able to include it. For the analysis
of the metatranscriptomic data, we still need to determine the contribution of each com-
mensal bacteria administered to the changes observed in the different KEGGs. On the
other hand, the statistical analysis was conducted on nr genes. Subsequently we defined
the KEEGs of statistically significant nr genes. Alternatively, we are planning to do the
analysis the other way around: first define the KEGGs for every nr gene and secondly de-
termine the statistically significant KEEGs among different groups of mice. Nevertheless,
the results obtained with our first approach, shown in this thesis, have identified changes
in some bacterial functions, which indeed correlate with changes in different metabolites
(i.e. increase in the expression of cellobiose transporters and decrease in cellobiose), which
have allowed us to generate some hypothesis regarding the mechanisms of protection by



protective commensal bacteria. The definitive demonstration of these mechanisms will
require additional experiments as we will discuss below.

From the results obtained to date, the main mechanisms retained and to be tested are
(I) the nutritional competition for oligosaccharides, especially for cellobiose and N-Acetyl-
galactosamine, (II) the nutritional competition for aminoacids, especially for threonine,
serine, proline and leucine, (III) a possible nutritional competition for choline, betaine,
(IV) the possible inhibition of biofilm formation/adhesion to intestinal epithelium by
phenol or the liberation of phenol compounds with an inhibitory activity against VRE,
(V) the inhibitory activity of the SCFAs whose levels were partially restored upon the
baterial mix administration, especially valerate.

From the results obtained, the first hypothesis to be tested will be the nutritional com-
petition for the oligosaccharides (I) as it was supported by the different analysis performed
(both when we studied the changes in the metatranscriptome and metabolome due to the
commensal bacteria administered, and when we studied the VRE transcriptome). We
plan to first verify in vitro that the bacteria administered can use these oligosaccharides.
Next, we will perform a mass spectrometry analysis to determine the concentration of
the different oligosaccharides in the untreated mice and the treated mice that received
either the bacterial mix or PBS. Knowing the concentration present in the treated mice
that received PBS, we will be able to perform an in vitro competitive assay between the
probiotic(s) that use it and VRE to assess whether their presence can limit the VRE
growth through this mechanism.

To test a possible mechanism of nutritional competition for the aminoacids threonine,
serine, proline and leucine (II), we will first determine whether VRE ATCC700221 is
auxothroph for these aminoacids and if the probiotics are able to use it. Next we will
determine the intestinal concentration of these aminoacids and we will also perform an in
vitro competitive assay between the probiotic(s) that use it and VRE to assess whether
their presence can limit the VRE growth through this mechanism.

As we have already mentioned, (V) the inhibitory effect of the SCFAs acetate, butyrate
and propionate on VRE growth was already tested in vitro. Thus, we will only test how
different concentrations of valerate and 2-methybutyrate affect the VRE growth in vitro.

The others mechanisms proposed present less support and will be tested secondarily.
The possible nutritional competition for choline or betaine (III) was infered from the
increased concentration of its product of degradation, trimethylamine, in the treated mice
that received the bacterial mix respect to the treated mice that received PBS. Moreover, a
transporter for betaine/proline was also increased in the group that received the bacterial
mix.

Finally, to assess the possible action of phenol (IV) on VRE intestinal adhesion, we
would test the effect of different concentrations of phenol on VRE adhesion to a Caco-2
cells culture (colonocytes).



Conclusions

Study of the effect of oral vancomycin administration on the composition of
the human gut microbiota.

(I) Oral vancomycin induces drastic and consistent changes in the human intestinal mi-
crobiota, including the depletion of all the operational taxonomical units belonging
to the phylum Bacteroidetes.

(II) Upon vancomycin cessation, the microbiota recovery rate varies considerably among
subjects, which could influence, as validated in mice, the level of susceptibility to
VRE intestinal colonization.

Study of the gut microbiota alterations caused by the administration of dif-
ferent spectrum antibiotics on the VRE intestinal colonization capacity.

(III) Antibiotic treatments of different spectrum (ciprofloxacin, neomycin, ceftriaxone,
ampicillin, clindamycin and vancomycin), cause broader alterations in the murine
gut microbiota than expected according to their spectrum of action.

(IV) All antibiotics studied (ciprofloxacin, neomycin, ceftriaxone, ampicillin, clindamycin
and vancomycin) cause a decrease in murine microbiota richness. Two weeks after
the end of the treatment, the microbiota richness only recovers its baseline levels in
the case of neomycin treatment. Most of the antibiotics studied (with the excep-
tion of ciprofloxacin) also cause a decrease in the murine microbiota diversity and
biomass. Two weeks after the withdrawal of the antibiotic treatments, the micro-
biota diversity does not recover the baseline levels except after neomycin treatment.
In contrast, microbiota biomass recovers its baseline levels two weeks after the ces-
sation of any of the antibiotics studied.

(V) All the antibiotic treatments tested in the present work (ciprofloxacin, neomycin,
ceftriaxone, ampicillin, clindamycin, vancomycin) cause a decrease in the abundance
of the phyla Actinobacteria and TM7 and the genera Turicibacter, Ruminococcus,
Allobaculum and Coprobacillus in the fecal murine microbiota.

(VI) The Firmicutes phylum abundance in murine fecal samples is diminished by the
treatment with ampicillin, ceftriaxone and clindamycin, whereas vancomycin, whose
spectrum of action should target this phylum, do not decrease the abundance of this
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phylum both in murine or human fecal samples. However, except for ciprofloxacin,
all the antibiotics decrease the bacterial richness within the phylum Firmicutes in
fecal samples from mice.

(VII) Bacteroidetes phylum abundance is decreased by vancomycin treatment but not
by ciprofloxacin, neomycin ceftriaxone, ampicillin or clindamycin, which indeed in-
duce an increase of the Bacteroidetes genus Bacteroides. On the other hand, the
bacterial richness within this phylum increases after neomycin treatment and de-
creases after ciprofloxacin, ceftriaxone, clindamycin and vancomycin. Two weeks
after vancomycin, clindamycin and ceftriaxone cessation, mice recover a microbiota
with lower abundance of the phylum Bacteroidetes.

(VIII) Vancomycin and clindamycin increase the abundance of the Proteboacteria phyla
whereas ciprofloxacin and ceftriaxone treatment decrease the abundance of this phy-
lum in murine fecal samples. Alterations observed within this phylum are detected
during the treatment and two weeks after its withdrawal.

(IX) Antibiotic treatments that cause more alterations of the gut microbiota promote
higher levels of VRE murine intestinal colonization, being in decreasing order van-
comycin, clindamycin, ampicillin, ceftriaxone, neomycin and ciprofloxacin, the treat-
ments that promote the highest VRE intestinal colonization levels. Two weeks af-
ter the withdrawal of the treatment, vancomycin, clindamycin and ceftriaxone still
promote high levels of intestinal colonization by VRE, ampicillin and ciprofloxacin
promote intermediate levels and neomycin, like untreated mice, does not allow VRE
intestinal colonization

Study of the protective capacity of commensal isolates against VRE intestinal
colonization.

(X) Higher relative abundances of Alistipes, Allobaculum, Barnesiella, Oscillibacter and
unclassified taxa from the families Lachnospiraceae, Porphyromonadaceae and Ru-
minococacceae are associated with resistance against VRE intestinal colonization in
mice.

(XI) Higher relative abundances of Escherichia/Shigella, Enterococcus, Akkermansia,
Parasutterella, Lactobacillus and unclassified taxa from the families Enterobacte-
riaceae, Burkholderiales and Desulfovibrionaceae are associated with higher levels
of VRE intestinal colonization in mice.

(XII) Oral inoculation of mice with a bacterial mixture containing three isolates belonging
to the taxa Alistipes, Barnesiella, Oscillibacter and an isolate from the family Ru-
minococacceae decreases by 3 orders of magnitude the VRE intestinal colonization
levels.

Study of the mechanisms by which the identified protective commensal bac-
teria decrease VRE intestinal colonization.
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(XIII) Oral inoculation of mice with a bacterial mixture containing three isolates belong-
ing to the taxa Alistipes, Barnesiella, Oscillibacter and an isolate from the family
Ruminococacceae restores the expression of genes, reduced upon vancomycin treat-
ment, that codify for saccharides transporters (cellobiose, N-acetyl-galactosamine,
N-acetyl-glucosamine), for a serine sensitive receptor and for genes involved in the
synthesis of SCFAs.

(XIV) Oral inoculation of mice with a bacterial mixture containing three isolates belong-
ing to the taxa Alistipes, Barnesiella, Oscillibacter and one isolate from the family
Ruminococacceae decreases the intestinal concentration of the oligosaccharide cel-
lobiose, the SCFA lactate and the aminoacids proline, serine, leucine and threonine,
which are increased upon vancomycin treatment. On the other hand, administra-
tion of these bacteria increase the concentration of trimethylamine, phenylalanine,
phenol, biliary acids, and the SCFAs butyrate, 2-methylbutyrate, valerate and pro-
pionate, which are decrease upon vancomycin treatment.

(XV) During colonization of the murine intestinal tract, VRE expresses the different sub-
units of the transporters responsible for the internalization of cellobiose an N-acetyl-
galactosamine and transporters that allow the internalization of branched-chain
aminoacids, proline and arginine.

(XVI) Out of 190 carbon sources tested, N-acetyl-glucosamine, N-acetyl-galactosamine and
cellobiose are among the 10 carbon sources that promote the highest VRE growth
in vitro under anaerobic conditions. Moreover, VRE can grow using uniquely the
aminoacid serine as a carbon source in vitro under anaerobic conditions.

(XVII) Although additional studies should be performed for validation, the results pre-
sented in this thesis support a model in which the administered bacteria Alistipes,
Barnesiella, Oscillibacter and the unclassified isolate from the family Ruminoco-
cacceae decrease the intestinal levels of nutrients that can be utilized by VRE for
growth, which reduces the VRE capacity of colonizing the intestinal tract.





Resumen de la Tesis

Introducción
El tracto gastrointestinal está colonizado por centenares de especies de bacterias

comensales. Se ha visto en los últimos años que dichas bacterias presentan un papel
crucial en la prevención y resolución de enfermedadesinfecciosas. La microbiota comen-
sal inhibe a patógenos oportunistas mediante mecanismos (i) de interacción directa, por
producción de sustancias inhibitorias o competición por nutrientes (ii) indirectos, por
la inducción del sistema inmune. El tratamiento con antibióticos altera la composición
de la microbiota intestinal promoviendo la colonización intestinal por patógenos opor-
tunistas [179]. Dicha situación es preocupante especialmente en el ámbito hospitalario
debido al conjunto de (I) un uso intensivo de los antibióticos, (II) una alta concentración
de patógenos multi-resistentes, (III) la presencia de pacientes especialmente susceptibles
por su situación fisiológica (catéteres) y baja inmunidad [23]. Por ello, se registran un
gran número de enfermedades nosocomiales, especialmente complicadas de tratar por el
carácter multi-resistente de las cepas colonizadoras. Entre ellas, Enterococcus faecium
Vancomicina Resistente (EVR) es importante porque su prevalencia ha aumentado de
6.2% en 2011 a 7.9% en 2014 en Europa y es resistente a la mayoría de los antibióticos
disponibles [30].

Objetivos
En la primera parte del presente trabajo, hemos investigado la relación entre el

tratamiento antibiótico y la alteración de la microbiota intestinal. Los objetivos de
esta primera parte son: (I) entender las alteraciones en la microbiota asociadas con el
tratamiento por vancomicina tanto en pacientes como en el modelo de ratón. Vancomic-
ina es uno de los antibióticos relacionados con la colonización intestinal y con septicemias
por EVR, por ello quisimos evaluar la influencia de las alteraciones producidas en la mi-
crobiota por este antibiótico con la capacidad de colonización de EVR. (II) Estudiar la
influencia de otros antibióticos de diferente espectro anti-bacteriano al de vancomicina
sobre la microbiota intestinal así como la capacidad de recuperación de la misma tras el
cese de tratamiento antibiótico utilizando un modelo de ratón

Conociendo el efecto de diferentes antibióticos sobre la microbiota, nos centramos en
la relación entre alteraciones de la microbiota y la capacidad de colonizar de EVR. En
este caso nos planteamos: (III) relacionar las alteraciones de la microbiota provocadas por
diferentes antibióticos con la pérdida de resistencia a la colonización por EVR, (IV) identi-
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ficar bacterias comensales de la microbiota intestinal que protegen frente a la colonización
intestinal por el EVR, (V) restaurar la resistencia frente a la colonización mediante la
administración de dichas bacterias, (VI) identificar mecanismos por los cuales estas cepas
bacterianas comensales protegen frente a EVR.

Metodología
Estudio de los cambios producidos por vancomicina en la microbiota intestinal
de pacientes. Para cumplir el primer objetivo, hemos analizado los datos de la micro-
biota fecal de un estudio clínico realizado en pacientes con artritis reumatoide (AR) [212].
El propósito del estudio era evaluar la posible acción benéfica de la vancomicina sobre
AR mediante la disminución de bacterias pro-inflamatorias, sensibles a dicho antibiótico.
Para ello, un grupo de pacientes con AR nuevamente diagnosticada se reclutaron y reci-
bieron vancomicina vía oral durante dos semanas (250 mg cuatro veces al día) seguido de
metotrexato (tratamiento para la AR). Como control, un grupo de pacientes solamente
recibió metotrexato. Entre los criterios de inclusión, los pacientes no debían haber recibido
tratamiento antibiótico en los últimos tres meses. Por tanto, este estudio nos permitió
evaluar los cambios de la microbiota asociados al tratamiento por vancomicina sin previo
tratamiento antibiótico (lo cuál aun no se había descrito en comparación con otros estu-
dios donde los pacientes evaluados, además de recibir vancomicina habían recibido otros
antibióticos).

Se recolectaron muestras fecales antes del tratamiento, al finalizar el tratamiento con
vancomicina y a las 2, 6, 14 y 22 semanas tras finalizar el tratamiento. Se extrajo el ADN
bacteriano de estas muestras y se determinó su composición microbiana mediante secuen-
ción masiva de la región V2-V3 del 16s rRNA, un gen presente en todas las bacterianas
que permite clasificarlas taxonómicamente.

Se evaluó la diversidad bacteriana en las muestras según el tratamiento recibido así
como su recuperación tras el cese del tratamiento. Para ello se utilizó la distancia de
disimilitud de la microbiota (Unweighted Unifrac distance), se calcularon el número de
OTUs (unidad taxonómica operacional, similar al nivel de filogenético de especie), el
indice de filodiversidad y el indice de Shannon. Por otro lado se identificaron las abun-
dancias relativas a nivel de filo, género y OTUs para cada una de las muestras. Con
el fin de analizar cambios en cada uno de los parámetros analizados, se utilizó el test
no-paramétrico de wilcoxon y se comparó cada uno de los tiempos post-tratamiento con
el tiempo pre-tratamiento. Estos análisis nos indicaron las alteraciones en la microbiota
que ocurrieron en la mayoría de los pacientes. Por otro lado, evaluamos también las al-
teraciones en la microbiota a nivel individual para cada uno de los sujetos, calculando
que porcentaje de las OTUs presentes antes del tratamiento que se recuperaban tras el
cese del tratamiento antibiótico. Así, hemos demostrado que la la tasa de recuperación
de la microbiota después de la retirada del tratamiento era muy variable entre sujetos.
Mientras que algunos pacientes llegaban a recuperar la mayor parte de su microbiota,
otros no llegaban a recuperar el 89% de las bacterias más abundantes de su microbiota,
incluso 22 semanas tras parar el tratamiento antibiótico.
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Estudio del efecto de los cambios producidos en la microbiota tras el tratamiento
con vancomicina en la capacidad de colonización de EVR. Como a nivel clínico
un porcentaje de los pacientes tratados con vancomicina son colonizados por patógenos,
a nivel intestinal, después de la finalización del tratamiento con vancomicina, decidimos
evaluar si la diferencia observada en la recuperación de la microbiota podría influenciar la
capacidad de colonización intestinal por el patógeno EVR. Para ello, hemos desarrollado
un modelo de infección por EVR en ratones tratados con vancomicina.

Los experimentos con ratones fueron llevado a cabo en el “Servei Central de Suport
a la Investigació Experimental” de la Universidad de Valencia, utilizando hembras de 7
semanas C57BL6J compradas a la compañía Charles River laboratories. Se trataron los
ratones con vancomicina (en el agua de bebida, 0.5g/l) durante una semana, se cogió una
muestra fecal para analizar la composición de la microbiota, posteriormente se infectaron
oralmente con 10E6 UFCs200 ul de EVR y se evaluaron los niveles de colonización in-
testinal a los dos días post-infección. Por otro lado, para otro grupo de ratones, se dejó
un periodo de recuperación de dos semanas entre el final del tratamiento y la toma de
muestra y infección. Para evaluar la colonización intestinal por EVR a los dos días de
la infección, se plaquearón varias diluciones de una muestra fecal en medio BEA agar
complementado con vancomicina y ampicilina.

En nuestro modelo de tratamiento oral con vancomicina en ratones, se inducen cambios
drásticos y consistentes en la microbiota intestinal, tál y como se observó en humanos.
Utilizando un número de muestras elevado, se observó también una variabilidad inter-
individual que nos permitió evaluar la relación entre tasa de recuperación de la microbiota
después de finalizar el tratamiento y capacidad de colonización por EVR. Gracias a este
modelo, hemos podido demostrar que la diferencia en la tasa de recuperación de la micro-
biota después de finalizar el tratamiento es clinicamente relevante ya que una recuperación
de la microbiota menor en ratón se correlaciona con una capacidad de colonización por
EVR significativamente más alta.

Estudio de las alteraciones de la microbiota provocadas por el tratamiento con
antibióticos de distinto espectro y de su efecto en la capacidad de colonización
de EVR. Posteriormente, hemos utilizado este modelo de infección en ratones para
investigar el impacto de antibióticos de varios espectros en la microbiota intestinal y
relacionar esas alteraciones con la capacidad de EVR de colonizar el intestino. Además,
estos datos nos permitieron identificar bacterias comensales de la microbiota capaces de
proteger frente a la colonización por EVR.

Para ello, hemos tratado los ratones con antibióticos de distinto espectro (ciprofloxacina,
neomicina, ceftriaxona, ampicilina, clindamicina y vancomicina), lo cual nos permitió con-
seguir diferentes tipos de disbiosis (alteración de la microbiota). Posteriormente, hemos
infectado vía oral con EVR a los ratones tratados. Los niveles de EVR excretados en
heces fueron determinados por recuento de colonias en medio específico y se analizó la
composición de la microbiota de los ratones gracias a la secuenciación masiva del gen 16s
rRNA. En este caso también, se infectaron ratones durante el tratamiento o después de
dos semanas de recuperación.

Para cuantificar las alteraciones asociados a diferentes tratamientos antibióticos, hemos
evaluado la perdida de biodiversidad (número de OTUs, Shannon) y de biomasa (ng
ADN/g heces), una aproximación de la carga bacteriana total. Se observó una dismin-
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ución de la biomasa y del indice de Shannon después de todos los tratamientos excepto
ciprofloxacina. Las alteraciones más drásticas fueron asociadas al tratamiento con clin-
damicina y vancomicina.

Por otro lado, también hemos evaluado cuanto diferentes eran las microbiota resul-
tantes tras la administración de los diferentes antibióticos mediante NMDS (Non-metric
Multi-Dimensional Scaling) y determinado los taxa significativamente alterados (a nivel
de phylum y genus). Además, hemos evaluado la perdida de diversidad intra-filo e intra-
género, lo que nos ha permitido determinar que durante el tratamiento con clindamicina,
apenas 5 OTUs consituyen el 97% de la microbiota total. Realizando los mismos análisis
sobre las muestras obtenidas después de dos semanas de recuperación, se observó una re-
cuperación de la microbiota en la mayoría de los casos y el establecimiento de un estado de
microbiota alternativo en el caso de los ratones tratados con ceftriaxona y clindamicina.

Posteriormente, el análisis conjunto de las alteraciones producidas por los distintos
antibióticos con los niveles de EVR permitieron identificar aquellas bacterias comensales
intestinales que se asocian a la resistencia frente a la infección (su eliminación por de-
terminados antibióticos se asocia a un incremento de los niveles intestinales de EVR).
Para ello, se realizó una correlación de spearman y se seleccionaron las bacterias por las
cuales obtuvimos una correlación negativa entre su abundancia y los niveles de EVR de-
tectados en heces a los dos días de la infección ( p-valor ajustado <0.05). Como segundo
criterio, las bacterias tenían que estar presente en todos los ratones no tratados. De este
modo, evitamos seleccionar bacterias no detectadas normalmente en la microbiota de los
ratones pero que hubieran expandido en los tratamientos que promueven bajos niveles de
colonización intestinal por EVR y nos aseguramos la posibilidad de aislar las bacterias se-
leccionadas para testar su capacidad protectora . Se confirmaron los resultados mediante
un LDA (“linear discriminant analysis”), el cual está menos influenciado por valores ex-
tremos. De este modo, se determinó que la presencia de los géneros bacterianos Alistipes,
Allobaculum, Barnesiella, Oscillibacter y de miembros no identificados de las familias La-
chospiraceae, Porphyromonadaceae y Ruminococacceae se asocian a la resistencia frente
a la colonización por EVR. Por otra parte, se detectó que los géneros bacterianos Es-
cherichia/Shigella, Enterococcus, Akkermansia, Parasutterella, Lactobacillus y miembros
no identificados de las familias Enterobacteriaceae, Burkholderiales y Desulfovibrionaceae
se asocian positivamente con la colonización por EVR.

Aislamiento de bacterias comensales de interés. Para testar la capacidad protec-
tora de las bacterias asociadas a la resistencia frente a la colonización por EVR, fue nece-
sario aislarlas desde la flora intestinal de ratones no tratados. Para ello, se han estudiado
los medios y las condiciones adecuadas para su crecimiento y aislamiento. Concretamente,
se crecieron muestras cecales en varios medios de cultivos, se recogieron las comunidades
bacterianas crecidas y se secuenció el gen 16s rRNA por secuenciación masiva mediante
Miseq Illumina para determinar que bacterias eran capaces de crecer en cada condición.
Se determinó el indice de Shannon para averiguar que medio presentaba la mayor diversi-
dad bacteriana al mismo tiempo que se identificaron cada una de los taxones presentes en
cada medio. Todas las bacterias de interés crecían en el medio “Columbia Blood Agar”
incubado a 37ºC en condiciones anaérobicas por lo que utilizamos este medio para aislar
las bacterias de interés. Posteriormente, una vez seleccionado el mejor medio para aislar
las bacterias de interés, crecimos una muestra cecal en el medio “Columbia Blood Agar”
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en una dilución adecuada para obtener colonias individuales. Las colonias crecidas se
aislaron y se identificaron mediante secuenciación del gen 16s rRNA por la metodología
de Sanger. Esta aproximación nos permitió aislar la mayoría de los taxones de interés
excepto Oscillibacter, que presentaba una abundancia relativa inferior a 0.01% en las
condiciones de cultivo utilizadas. En este caso, se diseñaron una par de cebadores es-
pecíficos de la familia Ruminococcaceae (a la cual pertenece el género Oscillibacter) para
poder determinar directamente por PCR (sin necesidad de secuenciar el gen 16s rRNA) si
la bacteria crecida era este taxón o no. Finalmente, fuimos capaces de conseguir aislados
de las diferentes bacterias de interés, incluyendo Oscillibacter.

Estudio de la capacidad protectora frente a la colonización por EVR de las
bacterias comensales aisladas. Posteriormente, la capacidad protectora de las bacte-
rias aisladas fue testada en un modelo de ratones tratados con vancomicina. Se trataron
los ratones una semana con vancomicina, se les administró una mezcla de las bacterias
de las cuales queríamos testar la capacidad protectora los tres días siguientes a la final-
ización del tratamiento. Dos semanas tras parar el tratamiento antibiótico, se recogió una
muestra fecal que nos permitió verificar mediante secuenciación masiva del gen 16s rRNA
si dichas bacterias habían colonizado los ratones. Tras la recogida de dicha muestra, los
ratones se infectaron vía oral con EVR. Los niveles de colonización intestinal por EVR se
determinaron mediante plaqueo de muestras fecales a los dos días tras la infección, como
en los previos experimentos ya descritos. Como grupo control, se infectó un grupo de
ratones tratados con vancomicina que no recibió la mezcla de bacterias protectoras.

En este modelo de ratones tratados con vancomicina se administraron Alistipes, Al-
lobaculum, Barnesiella, Oscillibacter y miembros no identificados de las familia Ruminoco-
cacceae. No se administraron bacterias de la familia Lachnospiraceae (también asociadas
con la resistencia frente a EVR, porque de manera habitual el ratón recupera estás bacte-
rias tras el tratamiento con vancomicina mientras que no recupera las bacterias que si se
administraron). Mediante este modelo, se obtuvo una disminución de más de 100 veces
en la capacidad de EVR de colonizar el intestino, en el grupo que recibió las bacterias
comensales en comparación con el grupo de ratones que no las recibió. Como control
del experimento, administramos la bacteria Klebsiella pneumoniae, no asociada con la
resistencia a la colonización por EVR. Como cabía esperar, la administración de dicha
bacteria no confirió protección.

Posteriormente, verificamos que la biomasa (aproximación de la abundancia bacteri-
ana) de los ratones tratados con vancomicina no estaba disminuida con respecto a los
ratones no tratados, indicando que probablemente el mecanismo por el cual las bacte-
rias comensales suministradas protegían frente a EVR no se trataba de un mecanismo de
inhibición inespecífico debido a la ocupación de un nicho vacío.

Antes de averiguar el mecanismo de protección frente a la infección por EVR, inten-
tamos simplificar la mezcla de bacterias administrada. Para ello, se utilizó el modelo
descrito para probar la actividad protectora de la mezcla de bacterias, administrando las
bacterias individualmente. Ninguna bacteria administrada por si misma consiguió una
disminución de la colonización por EVR igual a la obtenida tras la administración de la
mezcla completa, aunque varias de las bacterias administradas si que disminuyeron la ca-
pacidad de colonización por EVR pero en menor medida. Posteriormente, se administró la
mezcla de bacterias, eliminando Oscillibacter de la misma (individualmente no producía
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ningún tipo de disminución de la colonización por EVR) ó Allobaculum (los análisis por
LDA no lo habían identificado como una de las bacterias más relevantes dentro de las
asociadas con la resistencia frente a EVR). Como resultado, decidimos administrar una
nueva mezcla de bacterias que contenía Alistipes, Barnesiella, Oscillibacter y un aislado
no identificado de las familia Ruminococacceae.

Estudio del mecanismo de protección por el cual las bacterias comensales iden-
tificadas protegen frente a EVR. Posteriormente, para averiguar el mecanismo de
protección frente a la infección por EVR, nos hemos centrado en dos enfoques complemen-
tarios, (i) la determinación de las alteraciones a nivel intestinal, entre otros el cambio en la
disponibilidad de los diferentes nutrientes, asociados con la administración de la mezcla
de bacterias y (ii) la caracterización de los requerimientos genéticos y nutricionales de
EVR para colonizar el intestino y crecer.

(i) Para determinar como nuestros probióticos influencian la colonización por EVR,
nos hemos centrado en mecanismos de interacción directa (competición por nutrientes,
producción de sustancias inhibitorias). No hemos estudiado mecanismos de acción indi-
recta (inducción de la respuesta inmune) ya que en un estudio anterior se describió que
la microbiota es capaz de eliminar EVR en ausencia de componentes fundamentales del
sistema inmune [211].

Hemos decidido investigar la actividad de los probióticos mediante técnicas ómicas que
nos permiten apreciar tanto la producción de substancia inhibitorias como mecanismos
de competición nutricional.

Para conseguir las muestras necesarias para dicho estudio, hemos tratados ratones con
vancomicina durante una semana y posteriormente los ratones alojados de dos en dos en
jaulas, recibieron las bacterias protectoras o PBS (Tampón fosfato salino). Dos semanas
después de finalizar el tratamiento, se separaron los ratones y uno fue sacrificado para
conseguir el contenido del ciegomientras que el otro ratón fue infectado con EVR para
determinar los niveles de colonización intestinal. Ratones que se encuentran en la misma
jaula recuperan una microbiota muy similar tras el cese del tratamiento antibiótico por
lo que el ratón infectado con EVR nos indicaba si esa microbiota protege o no frente a la
infección, mientras que el otro ratón de la misma jaula nos aporta las muestras necesarias
para los estudios ómicos.

Posteriormente, se realizó un análisis meta-transcriptómico sobre las muestras de estos
ratones tratados que recibieron la mezcla de bacterias protectoras o no, así como de ratones
no tratados, con el fin de determinar que funciones bacterianas se recuperaban gracias a
la administración de las bacterias protectoras. 28 KOs (Kegg Orthology, ORFs anotados
con la base de datos KEGG) no se detectaron después del tratamiento con vancomicina
pero estaban expresados en el grupo de ratones que recibió la mezcla de bacterias protec-
toras y en los ratones no tratados. Estos KO codifican entre otros para transportadores
que permiten la internalización de azucares (transportadores lactosa/L-arabinosa; para la
celobiosa, el myo-inositol, la N-acetil-galactosamina y el D-glucosaminato), así como su
metabolización (restauración del la vía de las pentosas fosfatos). Se detectó también el
incremento de un receptor sensitivo a la serina así como KOs correspondientes a pasos de
la síntesis de la histidina y de la lisina.

Para averiguar si estas diferencias en expresión génica entre el grupo de ratones que
recibió las bacterias intestinales o no se reflejaban en cambios en la concentración de
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los diferentes metabolitos, hemos analizado el metaboloma intestinal de las muestras an-
teriores. Este análisis se hizó en colaboración con el centro de investigación Príncipe
Felipe (CIPF) mediante estudio de resonancia magnética nuclear (RMN). Gracias a este
estudio, hemos confirmado que (i) la disponibilidad intestinal en azucares es baja en ra-
tones no tratados (ii) dicha disponibilidad aumenta drásticamente después del tratamiento
con vancomicina (iii) la administración de nuestras bacterias protectoras disminuye la
disponibilidad intestinal de azucares después del tratamiento. Concretamente, hemos po-
dido demostrar estas conclusiones para la celobiosa (un azúcar de la dieta). Además, se
ha constatado que las bacterias protectoras modifican el metaboloma intestinal incremen-
tando algunos metabolitos que se han asociado con la interferencia frente a la colonización
intestinal por patógenos (i.e. ácidos grasos de cadena corta, fenol). Por otra parte, se
detectó una alteración importante de las concentraciones de varios aminoácidos. Entre
ellos destacamos un aumento de la concentración de serina durante el tratamiento y su
disminución en el grupo de ratones que recibió las bacterias protectoras.

Estos resultados sugieren que las bacterias administradas podrían estar compitiendo
con EVR para el consumo de diferentes azucares y posiblemente de algunos amino ácidos.
Además, el incremento en ácidos grasos de cadena corta y fenol podría participar en la
resistencia a la colonización por EVR inhibiendo su crecimiento.

Por otro lado, averiguamos los requerimientos nutricionales de EVR.Con este fin,
hemos identificado los genes expresados por EVR in vivo. En primer lugar hemos se-
cuenciado el genoma de EVR. En segundo lugar, utilizando secuenciación masiva, hemos
obtenido el transcriptoma de EVR in vivo en ratones tratados con antibióticos y coloniza-
dos por EVR. Se secuenció el meta-transcriptoma completo de la muestra y posterior-
mente se mapearon las secuencias obtenidas contra el genoma de EVR. Así, se determinó
el transcriptoma de EVR in vivo en presencia de la microbiota intestinal.

Los resultados obtenidos indican que unos de los genes altamente expresados in vivo
por EVR corresponden a transportadores de N-acetil-galactosamina y celobiosa, justo los
azúcares que podrían estar siendo utilizados por las bacterias comensales, como indicaron
nuestros estudios metabolómicos y metatranscriptómicos. Por otra parte, EVR expresaba
transportadores para la internalización de varios amino ácidos (i.e un transportador para
la internalización de glicina betaina/prolina, arginina/ornitina y aminoácidos ramifica-
dos).

Posteriormente, para determinar que relevancia tiene la disponibilidad de diferentes
fuentes de carbono para el crecimiento de EVR, hemos realizado un “array” de nutrientes
(metodología Biolog). Básicamente, un “array” consiste en una placa de 96 pocillos
con una única fuente de carbono por cada pocillo. Se inocula el “array” con EVR en
un medio que contenga los nutrientes necesarios a su crecimiento excepto el carbono.
Posteriormente, midiendo el crecimiento de EVR en cada pocillo, se puede determinar
que fuentes de carbono la bacteria testada utiliza y con que eficacia.

Hemos puesto a punto la metodología necesaria con el fin de poder realizar dichos
“arrays” en las condiciones anaeróbicas que se encontrarían en el intestino (aplicación
de un aceite en la superficie del pocillo del “array” con el fin de impedir la entrada de
oxígeno). Los resultados obtenidos del “array” de nutrientes indican que el crecimiento
de EVR está influenciado por el tipo de fuente de carbono disponible. Cabe destacar que
unos de los azúcares que permiten un mayor crecimiento de EVR son la N-acetilgalactosa
y la celobiosa, los azúcares que podrían estar siendo secuestrados tras la administración de
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las bacterias protectoras identificadas. Curiosamente, EVR es capaz de crecer utilizando
a la serina como única fuente de carbono.

El conjunto de nuestros resultados sugiere la hipótesis de una competición nutricional
para la celobiosa y la N-acetilgalactosa como mecanismo de protección frente a la colo-
nización intestinal por EVR. Se ha visto que EVR utiliza muy eficientemente estos dos
azucares in vitro y que expresa los transportadores para su utilización in vivo. Por otra
parte, la administración de las bacterias protectoras disminuye la disponibilidad de azu-
cares in vivo, entre los cuales se pudo identificar la celobiosa. Además, se vio un incremento
de transportadores para el consumo tanto de celobiosa como de N-acetilgalactosa en el
grupo de ratones que recibió las bacterias protectoras.

Además, se ha visto que EVR puede utilizar la serina como fuente de carbono y que
las concentraciones de este aminoácido están incrementadas después del tratamiento con
vancomicina y disminuidas en el grupo de ratones que recibió las bacterias protectoras. En
concordancia con la disminución de las concentraciones de serina en el grupo de ratones
que recibió las bacterias protectoras, se detectó la expresión de un receptor sensor de
serina (tsr). Sin embargo, el análisis realizado no nos permitió identificar transportadores
asociados a la utilización de serina in vivo por EVR.

Finalmente, el incremento de ácidos grasos de cadena corta y de fenol en el grupo
de ratones que recibió las bacterias protectoras podría intervenir en el mecanismo de
protección frente a la colonización por EVR, inhibiendo su crecimiento.

Para confirmar que nuestras bacterias compiten con EVR mediante la utilización de
nutrientes requeridos para su crecimiento, especialmente de los azucares celobiosa y la N-
acetilgalactosa, será necesario confirmar (i) confirmar la disminución de N-acetilgalactosa
mediante espectrometría de masas, ya que no pudo ser detectada por NMR, (ii) realizar
ensayos de competición por el nutriente entre las bacterias comensales administradas y
EVR con el fin de demostrar su papel como mecanismo protector frente a EVR.

Conclusiones
Estudio del efecto de la administración oral de vancomicina sobre la composi-
ción de la microbiota intestinal humana.

(I) La vancomicina oral induce cambios drásticos y permanentes en la microbiota in-
testinal humana, incluyendo la eliminación de todas las unidades taxonómicas op-
erativas (OTUs) pertenecientes al filo Bacteroidetes.

(II) Al parar el tratamiento con vancomicina, la tasa de recuperación de la microbiota
varía considerablemente entre distintos sujetos, lo que podría influir, tal y como se
ha validado en ratones, el nivel de susceptibilidad a la colonización intestinal por el
Enterococo-vancomicina resistentes (EVR).

Estudio de las alteraciones en la microbiota intestinal causadas por la admin-
istración de diferentes antibióticos de distinto espectro sobre la capacidad de
colonización intestinal por EVR.
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(III) Los tratamientos con antibióticos de diferente espectro (ciprofloxacino, neomicina,
ceftriaxona, ampicilina, clindamicina y vancomicina), causan alteraciones más am-
plias en la microbiota intestinal murina de lo esperado según su espectro de acción.

(IV) Todos los antibióticos estudiados (ciprofloxacino, neomicina, ceftriaxona, ampicilina,
clindamicina y vancomicina) provocan una disminución de la riqueza de la micro-
biota de ratón. Dos semanas después del final del tratamiento, la riqueza de la mi-
crobiota sólo recupera sus niveles basales en el caso del tratamiento con neomicina.
La mayoría de los antibióticos estudiados (con la excepción de la ciprofloxacina)
también causan una disminución en la diversidad y biomasa de la microbiota de
ratón. Dos semanas después de la retirada de los tratamientos antibióticos, la diver-
sidad de microbiota no recupera los niveles basales excepto después del tratamiento
con neomicina. Por el contrario, la biomasa de la microbiota recupera sus niveles
basales dos semanas después del cese de cualquiera de los antibióticos estudiados.

(V) Todos los tratamientos probados en el presente trabajo (ciprofloxacina, neomicina,
ceftriaxona, ampicilina, clindamicina, vancomicina) provocan una disminución en
la abundancia de los filos Actinobacteria y TM7 y los géneros Turicibacter, Ru-
minococcus, Allobaculum y Coprobacillus en la microbiota fecal de ratón.

(VI) La abundancia del filo Firmicutes en muestras fecales de ratón se ve disminuida
por el tratamiento con ampicilina, ceftriaxona y clindamicina, mientras que la van-
comicina, cuyo espectro de acción está dirigido frente a este filo, no disminuye la
abundancia de este filo en muestras fecales tanto de ratón como humanas. No ob-
stante, a excepción de la ciprofloxacina, todos los antibióticos disminuyen la riqueza
bacteriana detectada dentro del filo Firmicutes en muestras fecales de ratones.

(VII) La abundancia de filo Bacteroidetes disminuye con el tratamiento con vancomic-
ina, pero no ciprofloxacina, neomicina, ceftriaxona, ampicilina o clindamicina, que
de hecho inducen un aumento del género Bacteroides, incluído dentro del filo Bac-
teroidetes. Por otro lado, la riqueza bacteriana dentro de este filo aumenta después
del tratamiento con neomicina y disminuye después de ciprofloxacina, ceftriaxona,
clindamicina y vancomicina. Dos semanas después de parar el tratamiento con
vancomicina, clindamicina o ceftriaxona, los ratones recuperan una microbiota con
menor abundancia del filo Bacteroidetes.

(VIII) Vancomicina y clindamicina aumentan la abundancia del filo Proteboacteria mien-
tras que el tratamiento con ciprofloxacino y ceftriaxona disminuye la abundancia de
este filo en muestras fecales de ratón. Las alteraciones observadas dentro de este
filo se detectan durante el tratamiento y dos semanas después de su retirada.

(IX) Los tratamientos antibióticos que causan más alteraciones en la microbiota intesti-
nal promueven niveles más altos de colonización intestinal de EVR en el intestino
de ratón, siendo en orden decreciente, vancomicina, clindamicina, ampicilina, cef-
triaxona, neomicina y ciprofloxacina, los tratamientos que promueven los niveles
más altos de colonización intestinal de EVR. Dos semanas después de la retirada
del tratamiento, vancomicina, clindamicina y ceftriaxona aún promueven niveles al-
tos de colonización intestinal por EVR, la ampicilina y la ciprofloxacina promueven
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niveles intermedios y la neomicina, al igual que los ratones no tratados, no permite
la colonización intestinal por EVR.

Estudio de la capacidad protectora de los aislados comensales bacterianos
frente a la colonización intestinal por EVR.

(X) Una mayor abundancia relativa de Alistipes, Allobaculum, Barnesiella, Oscillibacter
y taxones no clasificados de las familias Lachnospiraceae, Porphyromonadaceae y
Ruminococacceae se asocia con resistencia frente a la colonización intestinal por
EVR en ratones.

(XI) Mayores abundancias relativas de Escherichia Shigella, Enterococcus, Akkermansia,
Parasutterella, Lactobacillus y taxones no clasificados de las familias Enterobacte-
riaceae, Burkholderiales y Desulfovibrionaceae se asocian con mayores niveles de
colonización intestinal por EVR en ratones.

(XII) La inoculación oral de ratones con una mezcla bacteriana que contiene tres aislados
bacterianos pertenecientes a los taxones Alistipes, Barnesiella, Oscillibacter y un
aislado bacteriano de la familia Ruminococacceae disminuye en más de 3 órdenes
de magnitud los niveles de colonización intestinal por EVR.

Estudio de los mecanismos por los cuales las bacterias comensales protectoras
identificadas disminuyen la colonización intestinal de EVR.

(XIII) La inoculación oral de ratones con una mezcla bacteriana que contiene tres aislados
bacterianos pertenecientes a los taxones Alistipes, Barnesiella, Oscillibacter y un
aislado de la familia Ruminococacceae restauran la expresión de genes, reducidos
tras el tratamiento con vancomicina, que codifican para transportadores de azúcares
(celobiose, N Acetil-galactosamina, N-acetil-glucosamina), para un receptor sensible
a serina y para genes implicados en la síntesis de ácidos grasos de cadena corta
(AGCC).

(XIV) La inoculación oral de ratones con una mezcla bacteriana que contiene tres aislados
bacterianos pertenecientes a los taxones Alistipes, Barnesiella, Oscillibacter y un
aislado de la familia Ruminococacceae disminuyen la concentración intestinal del
oligosacárido celobiosa, el AGCC lactato y los aminoácidos prolina, serina, leucina
y treonina, que incrementan con el tratamiento con vancomicina. Por otra parte, la
administración de estas bacterias aumenta la concentración de trimetilamina, feni-
lalanina, fenol, ácidos biliares y el butirato, 2-metilbutirato, valerato y propionato
de AGCC, que disminuyen con el tratamiento con vancomicina.

(XV) Durante la colonización del tracto intestinal de ratón, EVR expresa las diferentes
subunidades de los transportadores responsables de la internalización de celobiosa y
N-acetil-galactosamina y transportadores que permiten la internalización de aminoá-
cidos ramificados, prolina y arginina.
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(XVI) De las 190 fuentes de carbono analizadas, la N-acetil-glucosamina, la N-acetil-
galactosamina y la celobiosa se encuentran entre las 10 fuentes de carbono que pro-
mueven el mayor crecimiento de EVR in vitro en condiciones anaerobias. Además,
EVR puede crecer utilizando únicamente serina como fuente de carbono in vitro en
condiciones anaeróbicas.

(XVII) Si bien deben realizarse estudios adicionales para su validación, los resultados pre-
sentados en esta tesis apoyan un modelo en el que las bacterias Alistipes, Barnesiella,
Oscillibacter y el aislado no clasificado de la familia Ruminococaceae disminuyen la
concentración intestinal de nutrientes que pueden ser utilizados por EVR para su
crecimiento, lo que reduciría la capacidad de EVR de colonizar el tracto intestinal.
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