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Summary

Clostridioides difficile is a bacterial species well known for its ability to cause C. difficile
infection (also known as CDI). The investigation of the role of this species in the human
gut has been so far dominated by a disease-centred perspective, focused on studying
C. difficile in relation to its associated disease.

In this context, the first aim of this thesis was to combine publicly available
metagenomic data to analyse the microbial composition of stool samples from patients
diagnosed with CDI, with a particular focus on identifying a CDI-specific microbial
signature.

However, similarly to many other bacterial species inhabiting the human gut, C.
difficile association with disease is not valid in absolute terms, as C. difficile can be
found also among healthy subjects. Further aims of this thesis were to 1) identify
potential C. difficile reservoirs by screening a wide range of habitats, hosts, body sites
and age groups, and characterize the biotic context associated with C. difficile
presence, and 2) investigate C. difficile within-species diversity and its toxigenic
potential across different age groups.

The first part of the thesis starts with the description of the concepts and
definitions used to identify bacterial species and within-species diversity, and then
proceeds to provide an overview of the bacterial species at the centre of my
investigation, C. difficile. The first Chapter includes a detailed description of the
discovery, biology and physiology of this clinically relevant species, followed by an
overview of the diagnostic protocols used in the clinical setting to diagnose CDI.

The second part of the thesis describes the methodology used to investigate
the questions mentioned above, while the third part presents the results of such
investigative effort. | first show that C. difficile could be found in only a fraction of the
CDI samples and that simultaneous colonization of multiple enteropathogenic species
able to cause CDl-like clinical manifestations is more common than previously
thought, raising concerns about CDI overdiagnosis. | then show that the CDI-
associated gut microbiome is characterized by a specific microbial signature,
distinguishable from the community composition associated with non-CDI diarrhea.
Beyond the nosocomial and CDI context, | show that while rarely found in adults, C.
difficile is a common member of the infant gut microbiome, where its presence is
associated with multiple indicators typical of a desirable healthy microbiome
development.

In addition, | describe C. difficile extensive carriage among asymptomatic
subjects, of all age groups and a potentially novel clade of C. difficile identified
exclusively among infants.

Finally, | discuss the limitations, challenges and future perspectives of my
investigation.






Zusammenfassung

Clostridioides difficile ist eine Bakterienart, die fur ihre Fahigkeit bekannt ist, eine C.
difficile-Infektion (auch bekannt als CDI) zu verursachen. Die Untersuchung der Rolle
dieser Spezies im menschlichen Darm wurde bisher von einer krankheitszentrierten
Perspektive dominiert, die sich auf die Untersuchung von C. difficile in Bezug auf die
damit verbundene Erkrankung konzentrierte.

In diesem Zusammenhang war das erste Ziel dieser Arbeit, Offentlich
verfugbare metagenomische Daten zu kombinieren, um die mikrobielle
Zusammensetzung von Stuhlproben von Patienten mit diagnostizierter CDI zu
analysieren, mit besonderem Fokus auf der ldentifizierung einer CDI-spezifischen
mikrobiellen Signatur.

Wie bei vielen anderen Bakterienarten, die den menschlichen Darm bewohnen,
ist jedoch die Assoziation von C. difficile mit einer Krankheit nicht absolut gultig, da C.
difficile auch bei gesunden Probanden gefunden werden kann. Weitere Ziele dieser
Arbeit waren 1) die ldentifizierung potenzieller C. difficile-Reservoirs durch das
Screening einer Vielzahl von Habitaten, Wirten, Korperstellen und Altersgruppen und
die Charakterisierung des mit der Prasenz von C. difficile verbundenen biotischen
Kontexts und 2) Untersuchung von C. difficile innerhalb der Artenvielfalt und ihr
toxigenes Potenzial Uber verschiedene Altersgruppen hinweg.

Der erste Teil der Dissertation beginnt mit der Beschreibung der Konzepte und
Definitionen, die verwendet werden, um Bakterienarten und innerhalb der Artenvielfalt
zu identifizieren, und fahrt dann fort, einen Uberblick tber die Bakterienarten zu
geben, die im Zentrum meiner Untersuchung, C. difficile, stehen. Das erste Kapitel
enthalt eine detaillierte Beschreibung der Entdeckung, Biologie und Physiologie dieser
klinisch relevanten Spezies, gefolgt von einem Uberblick (iber die diagnostischen
Protokolle, die im klinischen Umfeld zur Diagnose von CDI verwendet werden.

Der zweite Teil der Arbeit beschreibt die Methodik zur Untersuchung der oben
genannten Fragen, wahrend der dritte Teil die Ergebnisse dieser Untersuchungsarbeit
prasentiert. Ich zeige zunachst, dass C. difficile nur in einem Bruchteil der CDI-Proben
gefunden werden konnte und dass die gleichzeitige Besiedlung mehrerer
enteropathogener Spezies, die CDI-ahnliche klinische Manifestationen verursachen
konnen, haufiger vorkommt als bisher angenommen, was Bedenken hinsichtlich einer
CDI-Uberdiagnose aufkommen lasst. Ich zeige dann, dass das CDl-assoziierte
Darmmikrobiom durch eine spezifische mikrobielle Signatur gekennzeichnet ist, die
sich von der Gemeinschaftszusammensetzung unterscheidet, die mit Nicht-CDlI-
Diarrhoe verbunden ist. Uber den nosokomialen und CDI-Kontext hinaus zeige ich,
dass C. difficile, obwohl es bei Erwachsenen selten vorkommt, ein haufiges Mitglied
des Darmmikrobioms von Sauglingen ist, wo seine Anwesenheit mit mehreren
Indikatoren verbunden ist, die typisch fur eine winschenswerte gesunde
Mikrobiomentwicklung sind.



Daruber hinaus beschreibe ich die ausgedehnte Beforderung von C. difficile bei
asymptomatischen Patienten aller Altersgruppen und eine potenziell neue Gruppe von
C. difficile, die ausschlieBlich bei Sauglingen identifiziert wurde.

AbschlieBend diskutiere ich die Grenzen, Herausforderungen und
Zukunftsperspektiven meiner Untersuchung.
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Chapter 1. Introduction

When observed for the first time in 1676 by the Dutch microscopist Antonie van Leeuwenhoek,
microorganisms appeared to be silently present everywhere, from rain water to the human
mouth (Lane 2015). While at the time it was not known what these microorganisms were eating
or how they were reproducing, it was clear that they could cover a wide range of shapes and
sizes. The modern term “bacteria" (latinization from the Greek Baktrpiov, meaning “small
staff’), now used to refer to these microorganisms, was introduced in 1838 by German
naturalist Christian Gottfried Ehrenberg (Hoppe 1983).

The sheer variety of bacteria led to the necessity to label them, and organize the
available knowledge into a more comprehensive scheme. The first modern attempt to classify
bacteria was done in 1923 with the publication of Bergey’s Manual of Determinative
Bacteriology (Hugenholtz et al. 2021). The classification was mostly based on morphology,
cultivation conditions and pathogenicity, and was composed of nested hierarchical levels of
relatedness, ranging from rank to species-level (similarly to what was already established for
the classification of animals and plants). However the bacterial classification on the basis of
phenotypic traits is intrinsically subjective and inaccurate, especially at the species level
(Hugenholtz et al. 2021).

The introduction of genome sequencing techniques in the past decades offered an

alternative and much more reliable and quantitative approach to classify bacteria (Hugenholtz
et al. 2021). Genome sequencing also enabled the study of bacteria, not only as single
isolates, but also as an integral part of their microbial community.
Bacterial species, in particular in the gut, modulate and are modulated by the surrounding
bacteria, via an intricate network of direct and indirect interactions. The investigation of such
interactions can help identify potential therapeutic strategies to contrast the overgrowth of
pathogenic species, such as Clostridioides difficile.

In the first part of this Chapter, | discuss the concept of prokaryotic species and how
its operational definition allows the targeted investigation of specific bacterial species using
metagenomic data. | then discuss the drivers of diversity within species and how such
variability can be stratified.

In the second part of this Chapter, | provide an overview of Clostridioides difficile, the
pathogenic bacterial species at the centre of our investigation, recently listed among the most
urgent threads in hospital-acquired infections worldwide ((u.s.) and Centers for Disease
Control and Prevention (U.S.) 2019), and of its associated disease (C. difficile infection).

1.1 Species and within-species bacterial diversity

The efforts to identify widely-accepted and biology-driven definitions of species and within
species diversity have been fueled by the necessity to classify bacterial genomes, either
obtained via cultivation or metagenomic sequencing, and quantify their relatedness. In
metagenomics, species-level profiling, based on an operational definition of species, allows
to study a specific species of interest, distinguishing it from the rest of the sequenced
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community, while within-species-level profiling allows a more in-depth analysis of phenotypic
traits and sequence variation.

1.1.1 Operational definitions for genome-based species boundaries

For many decades, the operational definition of bacterial species was based on
genome similarity, measured using DNA-DNA hybridization (DDH), with genomes belonging
to the same species (conspecific genomes) characterized by DDH >70%. More recently,
sequencing methods introduced another metric, based on the average nucleotide identity
(ANI) (Whitman et al. 2016; Truper and Euzeby 2009), with >70% DDH corresponding
approximately to >94% of ANI, if computed on the core genome, and >96% ANI, if computed
on universal marker genes (Goris et al. 2007; Konstantinidis and Tiedje 2005; Richter and
Rossell6-Méra 2009; Mende et al. 2013).

To date, more than twenty different definitions of species are available in the literature
(Mayden 1997; Wilkins 2003; Hey 2001; Bapteste et al. 2009), with some debating the
existence of bacterial species altogether (Doolittle 2012). The most widely accepted definition
identifies the operational bacterial species boundary at ~95% ANI, when computed on whole
genomes, and 96.5% ANI, when computed on marker genes. These specific thresholds,
suggested by early studies (Konstantinidis and DelLong 2008; Caro-Quintero and
Konstantinidis 2012), have been recently confirmed by large-scale metagenomic analyses
(Olm et al. 2020; Rodriguez-R et al. 2021) and are widely used in practice.

However, even within the same species, genomes can substantially differ in terms of
mutations and gene content, potentially leading to different phenotypic traits. For example, the
Escherichia coli species includes a wide variety of environmental and host-associated strains,
the latter ranging from commensal to highly pathogenic and even carcinogenic ones (Cuevas-
Ramos et al. 2010; Loman et al. 2013). Different strains of Helicobacter pylori have been
associated with different risks for gastric cancer (Blaser et al. 1995), while some strains of
Eggerthella lenta have been shown to inactivate the cardiac drug digoxin (Haiser et al. 2013).
Other examples include Clostridioides difficile and Bacteroides fragilis, for which only some
strains are pathogenic (Natarajan et al. 2013; Jasemi et al. 2020).

In the following paragraphs, | briefly describe how variation within species is generated
and selected, and how it can be quantified and stratified in a meaningful way.

1.1.2 Mechanisms of variation generation and selection within a species

Similarly to the species level, within-species variants are subject to constant pressure
from diverging and cohesive forces (Figure 1). Diverging forces tend to increase the genetic
variability within a species. They include mutations (such as the ones induced by DNA
replication errors, DNA repair errors or exposure to mutagenic substances), and within-
species gene flow (such as horizontal gene transfer (HGT), homologous recombination (HR)
and acquisition of plasmids).
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Cohesive forces instead reduce the genetic variability within a species, and include

habitat-associated pressure and population size (Charlesworth 2009). The generated within-
species variation is then shaped by genetic drift and selective pressure (Figure 1).
However, several mechanisms have a double nature, as they can either increase or decrease
the genetic variability within a species. An example of such mechanisms is HGT-mediated
gene flow. If an HGT event transfers a gene to a cell of a naive population, it will increase the
genetic diversity within the naive population, while if the HGT event spreads a gene across all
cells within a population, it will decrease the genetic diversity within that population. Factors
influencing selective pressure can be habitat-specific (such as age, diet and lifestyle in human
and animal hosts, or salinity in the ocean) or can be found across multiple habitats (such as
temperature, nutrient availability and oxygen concentration) (Figure 1).

Diverging and cohesive forces are constantly shaping microbial communities across
all hierarchical levels. However, it is at the within-species level that minor changes in the
equilibrium between these forces can considerably alter the structure of bacterial species.

Figure 1. Mechanisms behind variability generation and selection of variants within bacterial
species. The arrows indicate if the mechanisms can increase (divergent mechanisms) and/or
decrease (cohesive mechanisms) the genetic variability. Figure and caption adapted from
(Van Rossum et al. 2020).

When cohesive forces are dominating the diverging ones, the cells within a population
are characterized by a very limited genetic variability. This kind of species are called monotypic
or “smeared”, and they usually have a limited geographic distribution and/or a limited range of
host variability. An example of monotypic species is Chlamydia trachomatis (Smelov et al.
2017). When diverging forces dominate, the resulting population is genetically extremely
diverse (polytypic or “clustered”), often observed for bacteria able to adapt to a vast variety of
hosts and environments (Bobay and Ochman 2018). An example of polytypic species is
Escherichia coli (Tenaillon et al. 2010).

The middle ground in between these extremes represents by far the most common
case, where a population contains elements of genetic variability but such variability is still not
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dominating. If an increase in mutation rate is paired with reduced recombination within a
species, the population may start diverging and subdividing into subgroups in which the intra-
subgroup cohesion is higher than the inter-subgroup one. This process, if sustained in time,
can lead to the generation of subspecies, which can be considered groups of strains that are
on their way to speciation.

1.1.3 Within-species variability definition

While the 95% to 97% ANI species-level range (for whole genomes) is widely accepted
(Jain et al. 2018; Olm et al. 2020), and is accompanied by a sharp reduction in the horizontal
gene transfer (HGT) and homologous recombination (HR) (Fraser, Hanage, and Spratt 2007;
Bobay and Ochman 2017; Moldovan and Gelfand 2018), the area above 97% ANI remains
loosely defined. Usually the term “strain” is used to refer to higher than species-level
resolution, but no universally accepted definition of this term exists. The existing definitions
are contrasting and dependent on the field of study (Van Rossum et al. 2020) (Supplementary
figure 1A).

Figure 2. Stratification of the terminologies used to identify within-species variability, ordered
by resolution, ranging from a single nucleotide variation in the whole genome (100% ANI) to
97% AN, the recognised species-level boundary. For each bar, the colored portion refers to
the recommended scope of use, while the grey portions refer to nonspecific common use.
Figure and caption adapted from (Van Rossum et al. 2020).

To quantify, and ultimately stratify, within-species variability, genome similarity is

commonly evaluated via SNV- or gene content-based profiling. While not all SNVs are equally
26



capable of influencing the phenotype, a correlation exists between the core genome identity
of within-species variants and their gene content overlap (Van Rossum et al. 2020; Maistrenko
et al. 2020; Andreani, Hesse, and Vos 2017) (Supplementary figure 1B). In (Van Rossum et
al. 2020), me and co-authors describe the range of genetic variation below the species level
using three terms, officially recognised by the International Code of Nomenclature of
Prokaryotes (Truper and Euzeby 2009), and with increasing more divergent SNV profile:
genome, strain and subspecies (Figure 2).

Since there is no clear biology-driven threshold to identify how many SNVs are needed
to differentiate between strains, the operational definitions are usually driven by the choice of
tool used. In the Results discussed in Chapter 3.3, the tool metaSNV (Paul Igor Costea et al.
2017) was used to investigate the SNV profiles associated with within-species variability in
Clostridioides difficile genomes and metagenomes.

1.2 Overview of the clinically relevant pathogenic species
Clostridioides difficile

1.2.1 Introduction to Clostridioides difficile

Clostridioides difficile is an obligately anaerobic, motile, Gram positive bacterial
species, isolated for the first time by Ivan Hall and Elizabeth O’Toole in 1935 from the stools
of four out of ten healthy breast-fed newborns sampled within the first ten days of life (Hall and
O’toole 1935). C. difficile was initially named “Bacillus difficilis because of the unusual difficulty
encountered in its isolation and study (Latin: difficilis, meaning difficult)” (Hall and O’toole
1935). In the following decades researchers identified C. difficile in the stools of guinea pigs
and rodents that died after the administration of large amounts of penicillin, suggesting that
the widely used antibiotic could have serious side effects and trigger C. difficile overgrowth
(Hamre et al. 1943; Green 1974). However, it is only in 1978 that John Bartlett and colleagues
discovered the toxins produced by C. difficile and could characterize their role in causing
antibiotic-associated pseudomembranous colitis (J. G. Bartlett et al. 1978). Together with the
better understanding of the disease-causing mechanisms of C. difficile, new questions arose
about its correct taxonomic classification.

After its initial naming, C. difficile was placed among the Clostridium genus, being
therefore named Clostridium difficile. However this genus was at the time used to classify any
anaerobic Gram positive bacteria able to produce spores, and was therefore extremely
heterogeneous in its composition. Due to its significant differences with the representative
species of the Clostridium genus, C. butyricum, a tentative proposal to rename Clostridium
difficile as Peptoclostridium difficile was published in 2013 (Yutin and Galperin 2013).
However, due to the considerable number of commercially available diagnostic tests for C.
difficile, as well as ongoing clinical trials, renaming C. difficile to P. difficile would have been
extremely expensive from a financial point of view. For this and other reasons, another study
in 2016 (Lawson and Rainey 2016) suggested to solve the taxonomic conundrum by creating
a new genus, named Clostridioides, and renaming Clostridium difficile as Clostridioides
difficile, therefore keeping the abbreviated form unchanged.
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As C. difficile-related research grew over the decades (Figure 3), C. difficile was found
not only in the human gut but also in the gastrointestinal tract of farmed as well as wild animals,
in fresh and wastewaters, in soil, and on hospital and long term care home surfaces (al Saif
and Brazier 1996; Diaz, Seyboldt, and Rupnik 2018; J. S. Weese 2010). In soil, transient
presence of C. difficile can be considered a hallmark of fecal contamination (Dharmasena and
Jiang 2018).
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Figure 3. Growth of C. difficile-related research since its first description in 1935, as of June
2021 in Pubmed. The major milestones in C. difficile research are highlighted in red.

Due to its obligate anaerobic nature, C. difficile in its vegetative form can not survive
for extended periods of time in oxygen-rich environments such as surfaces, freshwater and
wastewater. However, in the form of spores, C. difficile can survive extreme conditions,
including desiccation, elevated temperatures and prolonged exposure to an oxygenated
environment (Lawler, Lambert, and Worthington 2020).

C. difficile sporulation, believed to be initiated by quorum sensing and lack of nutrients,
is regulated by the transcription regulator SpoOA. Spo0A is highly conserved and is key in the
sporulation initiation not only in C. difficile but in all Bacillus and Clostridium species (Deakin
et al. 2012). Once in a favourable environment, such as the gastrointestinal tract of a host, C.
difficile spores germinate and enter the vegetative growth phase.

1.2.2 C. difficile in the human gut microbiome

C. difficile is one of the several hundreds of bacterial species that can inhabit the
gastrointestinal tract of a human host. As for any other member of the gut microbiome, C.
difficile survival and metabolism is influenced by a variety of factors, such as the host immune
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system, host lifestyle (including diet and usage of antibiotics), and neighboring bacterial
species.

A healthy gut microbiome is able to inhibit C. difficile germination and vegetative
growth in multiple ways, the most important ones being via direct competition, production of
secondary bile acids and production of short chain fatty acids (SCFAs). While the precise
definition of a healthy microbiome remains elusive (Eisenstein 2020), a healthy gut
microbiome usually has a high species diversity (Lozupone et al. 2012). In the colon, where
the bacterial density is the highest (Donaldson, Lee, and Mazmanian 2016), the competition
for nutrients is fierce and some species can outcompete C. difficile in harvesting mucus-
derived sugars (Pereira et al. 2020). Some species, including Bacteroides thetaiotaomicron,
Akkermansia muciniphila, Ruminococcus gnavus and Bifidobacterium longum (Juge, Tailford,
and Owen 2016), are able to cleave and release sialic acids from the mucosal layer, which
are then metabolized by other members of the gut microbiome, leaving not enough nutrients
for C. difficile to grow and expand (Ng et al. 2013; Ley 2014).

Figure 4. Overview of the community-wide changes that are associated with the transition
from a healthy to a diseased gut microbiome, upon antibiotic intake, and the processes that
allow the members of the gut microbiome to influence C. difficile sporulation, germination and
blooming. Abbreviations: reactive oxygen species (ROS), reactive nitrogen species (ROS),
interferon (IFN).

In the large intestine, around 5% of the primary bile acids produced by the liver is
converted by anaerobic bacteria into secondary bile acids (Theriot, Bowman, and Young 2016;
Theriot and Young 2015) (Figure 4). In vitro studies showed that low concentrations of primary
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bile acids and high concentrations of secondary bile acids inhibit C. difficile germination and
growth (Theriot, Bowman, and Young 2016; Theriot and Young 2015).

In addition to producing secondary bile acids, a diverse microbial community also
produces high quantities of SCFAs, such as butyrate, acetate and propionate, as an end
product of the anaerobic fermentation of carbohydrates ((Theriot, Bowman, and Young 2016;
Theriot and Young 2015) (Figure 4). In vitro assays showed that butyrate can reduce the pH
in the gastrointestinal lumen and inhibit C. difficile growth (Theriot and Young 2015; Theriot,
Bowman, and Young 2016; Riviere et al. 2016). Butyrate is able to promote mucosal layer
production (Cornick, Tawiah, and Chadee 2015; Gaudier et al. 2004; Willemsen et al. 2003),
to modulate the epithelial immune response (Ghimire et al. 2020) as well as cell-to-cell tight
junctions (Abt, McKenney, and Pamer 2016; Riviére et al. 2016) and has been also associated
with a protective effect against C. difficile toxins (Fachi et al. 2019).

Antibiotic treatment, particularly with broad spectrum antibiotics, reduces the microbial
diversity in the gut, resulting in reduced secondary bile acids concentration and loss of key
species for the production of SCFAs, such as Faecalibacterium prausnitzii, Eubacterium
rectale, Eubacterium hallii, Anaerostipes caccae, Anaerostipes hadrus, Roseburia faecis,
Roseburia inulinivorans, Roseburia intestinalis and Roseburia hominis (Riviere et al. 2016).
Loss of butyrogenic species was found in the gut of patients diagnosed with CDI and
nosocomial diarrhea (Antharam et al. 2013).

In addition, in the reduced microbial community following an antibiotic treatment, sialic
acids are still released in abundance in the gastrointestinal lumen, but they are not readily
metabolized by the few surviving gut bacteria, leaving high concentrations of sialic acid
available for C. difficile consumption (Ng et al. 2013; Ley 2014). Degradation of the mucosal
layer via the release of sialic acids, combined with the lack of mucosal growth promotion (due
to the low levels of butyrate), lead to an overall reduction of the mucosal layer thickness
(Figure 4), which has been associated with increased probability of bacterial tissue invasion,
immune response instigation and release of reactive oxygen species (ROS) (Cornick, Tawiah,
and Chadee 2015; Aviello and Knaus 2017). As butyrogenic species are particularly sensitive
to ROS (Devaux, Million, and Raoult 2020), their release further reduces the microbial
diversity, fuelling the vicious cycle (Figure 4). Antibiotic treatment has also been associated
with intraluminal increase of reactive nitrogen species (RNS) (Faber et al. 2016).

Together, these changes drastically alter the niche and nutrient availability in the lumen
and in the proximity of the mucosal layer, favouring C. difficile expansion and the progressive
shift to a more dysbiotic state (Figure 4).

While the community-wide changes described in Figure 4 are generally well
understood, their interpretation is complicated by the incredible versatility of C. difficile, which
is able to metabolise a vast array of nutrients depending on the situation (Fletcher et al. 2021;
Jenior et al. 2017; Theriot and Young 2015) and the surrounding microbial species (Lopez et
al. 2020; Melinda Anne Engevik et al. 2020), and to adapt and react to different types of stress
(Knippel et al. 2020).
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1.2.3 Clinical relevance of C. difficile

C. difficile represents a serious burden for the healthcare system, with over 223,900
estimated hospitalizations and 12,800 estimated deaths in 2017 in the US alone ((u.s.) and
Centers for Disease Control and Prevention (U.S.) 2019). However, not all C. difficile strains
are toxigenic and can therefore cause disease (C. difficile infection also known as CDI). The
prevalence of non-toxigenic C. difficile is highly variable, depending on the testing method,
health status and host age (Natarajan et al. 2013). Non-toxigenic C. difficile isolates have been
found in human hosts as well as from animal and environmental sources, suggesting that non-
toxigenic C. difficile might be widespread (Natarajan et al. 2013).

Toxigenic C. difficile isolates possess the pathogenicity locus (PaLoc), a 19.6kb long
stretch of sequences that includes the two toxin genes, tcdA and fcdB, and several other
regulatory genes (such as tcdD, tcdE and tcdC) (Voth and Ballard 2005) (Figure 5A). Several
truncated versions of PaLoc are known (Rupnik 2008). TcdA substantially increases the
intestinal permeability, while TcdB leads to intense inflammation of the colon. Despite TcdB
being about 1000 times more potent than TcdA, they both have cytotoxic effects (causing cell
death by apoptosis and necrosis) and proinflammatory activity (Voth and Ballard 2005).

Both TcdA and TcdB have an A/B-type structure: composed of an A-subunit, the
enzymatically active subunit, and a B-subunit, which is responsible for binding with the host
cell’s receptor and the intracellular intake (Gerhard 2017). Both toxins are able to bind to a
wide range of cell types in a variety of host species (Gerhard 2017).

Once the toxins contact the receptors on the intestinal cells, they inactivate the Rho-
GTPase proteins in the host cell's cytosol via glucosylation (Sun, Savidge, and Feng 2010),
resulting in dysregulation of the actin cytoskeleton, microtubule dynamics, cell-to-cell contact,
epithelial barrier functions and cytokine production (Figure 5B). C. difficile toxins damage cell-
to-cell junctions and favour bacterial invasion and increase the passage of water into the
lumen, causing diarrhea. Another effect mediated by the endocytosis of TcdA and TcdB is the
production of cytokines, responsible for the inflammation response. However, the link between
the Rho glucosylation pathway and the host immune response activation remains unclear
(Sun, Savidge and Feng, 2010).

Furthermore, upon the activation of the host inflammatory response, C. difficile is able
to alter its metabolism and exclude members of gut microbiome (in particular belonging to the
Bacteroides genus) via nutrient competition (Fletcher et al. 2021), exacerbating the vicious
cycle described above.
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Figure 5. Mechanism of action of C. difficile toxins in the human gut. (A) Structure of C. difficile
pathogenicity locus (PaLoc), including two toxin genes TcdA and TcdB and three additional
regulatory ORFs. tcdD and tcdC are (positive and negative, respectively) regulators of the
toxin gene expression, while fcdE is a putative holin protein, suspected to mediate toxin
release through its ability to disrupt the bacterial cytoplasmic membrane. (B) Overview of the
cascade induced by the endocytosis of C. difficile TcdA and TcdB in the host cell. Cytopathic
and cytotoxic effects are mediated directly by the toxins or by Rho-dependent mechanisms.
Toxins also induce the activation of pro-inflammatory pathways, inducing the production of
cytokines. Figure and caption adapted from (Voth and Ballard 2005; Chen et al. 2015; Fortier
and Sekulovic 2013).

Besides TcdA and TcdB, another toxin, called binary toxin (CDT), can be present. CDT
can be found in 17-23% of cases ((Eckert et al. 2015), but estimations are complicated by the
fact that most of the toxin tests used in the diagnostic and clinical setting are targeting TcdA
and/or TcdB and not CDT (see Chapter 1.2.4 for more detailed discussion on diagnostic
methods).

The binary toxin is encoded by two genes (cdtA and cdtB), both located in the CDT
locus (CdtLoc), for which so far only a single truncated version is known (Stare, Delmée, and
Rupnik 2007). When found together with TcdA and TcdB, CDT has been associated with
increased disease severity. Sole presence of CDT (A-/B-/CT+) is rare and usually identified in
animal hosts (Schneeberg et al. 2013; Knight, Squire, and Riley 2015; Eckert et al. 2015).
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Toxigenic C. difficile strains can be commonly found among asymptomatic patients (Eyre et
al. 2013; Alasmari et al. 2014). It remains unclear whether non-toxigenic C. difficile originated
from toxigenic C. difficile isolates or vice versa (Natarajan et al. 2013). Carriage and
expression of toxin genes is highly energy-consuming. In fact, C. difficile toxin production was
found to be negatively correlated with growth rate, suggesting that toxin production might be
a much more energetically demanding process than previously thought (Tschudin-Sutter et al.
2016).

As toxigenic and non-toxigenic C. difficile are likely to compete for nutrients and niche
occupancy, non-toxigenic C. difficile can be protective against the colonization of toxigenic C.
difficile (Natarajan et al. 2013). However, HGT of the PaLoc from toxigenic to non-toxigenic
C. difficile is possible, raising safety concerns on the preventive colonization with non-
toxigenic isolates as protective procedure (Brouwer et al. 2013, 2016).
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Figure 6. Updated C. difficile clades divergence, using BacDating and BEAST. Figure from
(Knight et al. 2021).

The phylogenetic diversity of C. difficile isolates is usually investigated via multilocus
sequence typing (MLST). MLST typing steps involve i) PCR amplification and DNA
sequencing of the internal fragment (usually 400-500bp long) of up to seven housekeeping
genes, ii) assignment of allele numbers to the unique sequence variants within species for
each housekeeping gene, and iii) combination of the allelic numbers to obtain the sequence
type (ST) (Maiden et al. 1998; Ruppitsch 2016). In other words, sequence types are assigned
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based on the allelic variants of seven highly conserved housekeeping genes (Stabler et al.
2012).

There are 8 known phylogenetic clades (or monophyletic groups) of C. difficile,
including both toxigenic and non-toxigenic sequence types (Knight et al. 2021) (Figure 6).
Clades 1-5 include many of the most prevalent CDI-causing sequence types worldwide.
Clades C-I, C-ll and C-lll, called cryptic clades, are less characterized and recent data
suggests that they have emerged before the other clades (Knight et al. 2021) (Figure 6).

Overall, as non-toxigenic sequence types are not associated with disease, they have
been so far overlooked, with the vast majority of the research effort focused on the study of
toxigenic sequence types and their clinical implications.

1.2.4 C. difficile infection (CDI) diagnosis

Risk factors associated with CDI include antibiotic treatment for an extended period of
time, advanced age, previous hospitalization, use of proton pump inhibitors, and presence of
other comorbidities (Bagdasarian, Rao, and Malani 2015). CDI can present itself with varying
degrees of severity, ranging from mild (diarrhea <3 times per day) to life threatening (systemic
infection, megacolon or ileus) (Allen et al. 2013).

The first step in CDI diagnosis is the identification of the symptoms, which can include
fever, abdominal pain, nausea, vomiting, diarrhea and, occasionally, pseudomembranous
colitis (John G. Bartlett and Gerding 2008). Diarrhea is by far considered the most common
symptom of CDI and presence of 3 or more unformed stools in 24 hours usually grants further
investigation (Bagdasarian, Rao, and Malani 2015). Pseudomembranous colitis (PMC)
prevalence varies from 10% (Sartelli et al. 2019) to 25% (Karanika et al. 2016) of CDI cases,
however this number is likely an underestimation as detection requires invasive procedures
and is therefore performed in a limited number of cases. Following the presence of symptoms,
a wide range of laboratory tests can be used to verify the presence of toxigenic C. difficile in
the patient’s stools (Table 1). These tests vary considerably in what they target, in their
sensitivity, specificity, cost and execution time.
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Test Type | Detected substance | Mayor advantages Mayor limitations

Toxigenic | C. difficile bacterium | gold standard time consuming (24-48h)

culture or spores

CCNA Presence of active C. | gold standard time consuming (24-48h);
difficile toxin fresh stools are needed
production

GDH EIA GDH (C. difficile rapid and cheap unable to distinguish
common enzyme) toxigenic and non-toxigenic

isolates; wide range of
sensitivity and specificity

Toxin EIA | Presence of active C. | rapid and cheap wide range of sensitivity
difficile toxin and specificity
production

NAAT C. difficile toxin genes | viable cells not more expensive than EIA

needed, rapid

Table 1. Overview of the diagnostic tests available for CDI diagnosis. Adapted from (Lee et
al. 2021; Monique J. T. Crobach et al. 2018; Martinez-Meléndez et al. 2017). Abbreviations:
CCNA, cell cytotoxic neutralization assay; GDH, glutamate dehydrogenase; EIA, enzyme
immunoassay; NAAT, nucleic acid amplification test;

The gold standard definition of CDI includes presence of symptoms, evidence of
pseudomembranous colitis and positive toxigenic test for C. difficile (Keighley et al. 1978).
The diagnostic tests available for diagnosing CDI can be divided into two major categories,
based on their rapidity (and therefore applicability in the nosocomial context). Rapid tests
include NAAT and EIA tests (targeting GDH or toxins). Non-rapid tests include toxigenic
culture and CCNA (Table 1). Below, | briefly describe the sub-categories of diagnostic tests
available to aid in the CDI diagnosis:

e |n the toxigenic cultivation, C. difficile spores are recovered from the patient’s stools,
and germination is promoted by the use of cycloserine-cefoxitin-fructose-agar (CCFA)
with the addition of biliary salts (Sorg and Sonenshein 2008; George et al. 1979). The
ability of C. difficile strains to produce toxins is then tested on a variety of cell lines or
in combination with EIA tests (Martinez-Meléndez et al. 2017). Despite being a
reference standard, toxigenic culture is rarely performed in the clinical setting, as they
take time (up to 48 hours) and require dedicated equipment and trained personnel
(Bagdasarian, Rao, and Malani 2015).

e Cell Cytotoxic Neutralization Assay (CCNA) is the gold standard for toxin detection.
The patient’s stools filtrate is directly tested on selected cell lines. The test is positive
if there is a visible cytopathic effect (cell rounding) and if it can be successfully reversed

35



by an antitoxin (Planche and Wilcox 2011). For this test, fresh stools are needed to
have reliable results (Freeman and Wilcox 2003).

e GDH assays target glutamate dehydrogenase (GDH), produced by all C. difficile
strains, with the important function of protecting C. difficile from oxidative stress.
However, GDH is produced in both toxigenic and non-toxigenic C. difficile strains, and
for this reason GDH tests should always be paired with more specific, toxin-targeting
tests (Shetty, Wren, and Coen 2011).

e Enzyme immunoassays (EIA) tests aim at detecting C. difficile toxins TcdA and/or
TcdB. Tests targeting both toxins are now more common, as symptomatic cases
associated with single toxin production have been reported (M. J. T. Crobach et al.
2016). EIA are very frequently used in the hospital context, as they can be rapidly
performed and are relatively cheap. However, these tests are also the most
inconsistent ones, with sensitivity ranging from 51% to 94% and specificity ranging
from 75% to 100% (Lee et al. 2021; Martinez-Meléndez et al. 2017). In addition,
considerable variation of these parameters can be found across different
manufacturers (Martinez-Meléndez et al. 2017).

e Nucleic Acid Amplification Tests (NAAT) target the toxin genes. Compared to EIA,
NAAT are more sensitive (>62.1%) and more specific (>87.5%), even though
considerable differences persist between manufacturers (Martinez-Meléndez et al.
2017; M. J. T. Crobach et al. 2016).

Recommended international guidelines strongly discourage the use of stand-alone
tests, and advise a two-step algorithm (M. J. T. Crobach et al. 2016): a first test characterized
by high sensitivity, followed in case of a positive result by a second test with high specificity.
One of the recommended combinations of tests is the use of NAAT or GDH EIA, followed by
toxin EIA (targeting both TcdA and TcdB). If the second test is positive, CDI is considered
likely, while if negative, a third optional testing (toxigenic culture or NAAT, if the first test was
GDH EIA) is recommended to help the clinical diagnosis (M. J. T. Crobach et al. 2016). In
alternative, another recommended combination is the use of GDH EIA and toxin EIA (targeting
both TcdA and TcdB). If both tests are positive, CDI is considered likely, while if only one is
positive a second optional test (toxigenic culture or NAAT) is recommended (M. J. T. Crobach
et al. 2016).

While CDI cases are for the vast majority affecting adult and elderly subjects, pediatric
and neonatal CDI cases are possible (Lees et al. 2016). However, the definition and
assessment of disease severity in pediatric CDI patients is complicated by the lack of a
standardized scoring system (Lees et al. 2016). As both toxigenic and non-toxigenic C. difficile
are known to be common in asymptomatic newborns and children below the age of 3, testing
for toxigenic C. difficile or for its toxins is discouraged by the recommended guidelines (M. J.
T. Crobach et al. 2016). Irrespective of the age, a “test of cure” is also discouraged (McDonald
et al. 2018), due to the elevated asymptomatic carriage of C. difficile.

The first line of treatment against CDI is antibiotic administration (in particular
metronidazole, vancomycin or fidaxomicin) (Wu et al. 2020; Gateau et al. 2018), combined
with the discontinuation of other unnecessary antibiotic treatments (Martinez-Meléndez et al.
2017). The efficacy of C. difficile-targeting antibiotic treatment can be reduced by the presence
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of biofilms (organized bacterial communities composed by single or multiple species) at the
interface with the mucosal layer of the gastrointestinal tract of the host.

The majority of relapses are in fact traceable to the same ribotype responsible for the
initial episode (Figueroa et al. 2012), suggesting that mechanisms such as biofilms might play
an important role in C. difficile ability to escape the action of antibiotics. A recent study showed
that C. difficile-containing biofilms can act as reservoir for recurrent CDI (rCDI), and that
specific members of the gut microbiome can modulate the biofilm formation rate (Normington
et al. 2021; Melinda A. Engevik et al. 2021). In case of rCDI, fecal microbiota transplantation
(FMT) is considered. Despite its very high success rate (Kim et al. 2019), FMT has been
associated with long-term adverse events, such as obesity and immune-mediated disorders
(Park and Seo 2021). In addition, the complex composition of donor’s stools poses important
challenges in the complete characterization of its components (Gupta, Allen-Vercoe, and
Petrof 2016). These reasons pushed the US Food and Drug Administration (FDA) to consider
the FMT donor stools comparable to drugs (Gupta, Allen-Vercoe, and Petrof 2016).

1.3 Thesis outline

In Chapter 2, | describe in detail the methods behind the data collection, analysis and
interpretation.

In Chapter 3.1, | discuss the results of the meta-analysis aiming at characterizing the
microbial signature associated with C. difficile infection (CDI), at the species level.

In Chapter 3.2, | describe the results of a broader survey for C. difficile, including
samples from a wide variety of habitats, hosts, body sites, health status and age groups. In
particular, | compare C. difficile prevalence, relative abundance and biotic context in infant
and adult subjects.

In Chapter 3.3, | discuss C. difficile within-species diversity and the toxigenic potential
of C. difficile, as well as other enteropathogenic species, across age groups.

In Chapter 3.4, | provide an overview of the technical limitations of this study and the
future perspectives.

Final remarks are discussed in Chapter 4.
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Chapter 2. Methods

This Chapter describes in detail how the raw data were collected and how they were
subsequently analyzed.

Public metagenomes collection

The investigation of C. difficile carriage and its association with other members of the gut
microbiome was carried out in two groups of samples: an extended collection of samples from
all over the world, including a wide range of habitats, hosts, age ranges and diseases (global
C. difficile survey), and a smaller subset of samples from cohorts including patients diagnosed
with CDI (CDI meta-analysis). As described in Chapter 1.2, the gut microbiome in CDI is
characterized by drastic changes, compared to the healthy counterparts, therefore deserving
a dedicated meta-analysis.

Global metagenomic survey of C. difficile

A total of 42,814 publicly available metagenomic samples from 253 different study populations
were downloaded (Supplementary Table 2). The collection includes samples from 84
countries, 25 animal species and 6 different human body sites: gastrointestinal tract (stools,
rectal swabs and biopsies), vagina, skin, oral cavity, respiratory tract and milk.

CDI metagenomic survey of C. difficile

A subset of 10 CDI or diarrhea-associated publicly available cohorts were used for the
downstream analysis of CDI samples (Supplementary Table 1). Out of 294 samples in total,
100 were identified as CDI and 194 as controls. Samples were divided in three groups: (i) CDI:
including samples from subjects diagnosed with CDI, (ii) D-Ctr, including samples from
subjects with diarrhea but no CDI diagnosis, or subjects without diarrhea but diagnosed for a
disease other than CDI and (iii) H-Ctr, including samples from subjects identified as “control”
in the study’s metadata.

Data download

Metagenomes publicly available on the 1% of January 2020 were downloaded using fetch-data
(Coelho et al, in revision). Only shotgun metagenomic samples sequenced using lllumina
platforms have been included. No minimum number of samples per study or minimum
sequencing depth threshold was applied during data download.

Metadata collection

The metadata collected for each dataset include: bodysite, sample type (stools, rectal swabs
or biopsy), health status (healthy or diseased), age (in months), age group, geography
(country and continent), westernised lifestyle or not, diagnosis for C. difficile infection (CDI),
use of antibiotics, delivery mode, gestational age (pre-term or full-term), sex and diet (for
infants: exclusive formula feeding, exclusive breastfeeding and mixed, for the other age
groups: omnivorous, vegetarian, vegan or other).

Age group was defined as follows: infants from birth to 1 year of life (included), children from
1 year to 10 years (included), adolescents from 10 to 18 years (included), adults from 18 to
65 years (included) and elderly above 65 years of age. In the cases lacking specific age, a
range of age was provided when possible.
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Given the broad range of perturbations in the gut microbiome associated with
antibiotics intake, in particular in the context of C. difficile carriage, an extended definition of
“diseased” subjects was used, including (i) subjects diagnosed with any kind of disease and/or
(ii) subjects taking antibiotics at the time of the sampling. Metadata about antibiotic intake prior
to sampling was scarce, therefore | could not take this aspect into consideration in our
analysis. However, the majority of studies had “exposure to antibiotics in the 6 months prior
sampling” among the exclusion criteria for healthy controls.

For animal samples, the following metadata were collected: host species, bodysite,
sample type (stool or rectal swab), health status, age group (juvenile or adult), geography
(country and continent).

Preliminary quality control and filtering

Two consecutive filtering steps were performed on the total number of reads mapping to
mOTU marker genes for each sample: (i) samples with zero reads were discarded (n=1,091)
and (ii) samples with less than 59 reads mapping to mOTU marker genes, corresponding to
95%ile calculated on the remaining samples, were discarded (n= 2,050). An additional third
read count filtering was performed only on human gut stool samples, corresponding to 99%ile,
removing samples with less than 100 reads mapping to mOTU marker genes (n=132
samples). The resulting file included 39,106 samples, of which 26,421 were human gut stools.

Taxonomic profiling of the downloaded metagenomic samples

The downloaded datasets were taxonomically profiled at the species level with mOTUs v2.0°,
using two marker genes. In brief, taxonomic profiling of microbial communities can be
achieved using specific genes. Previous studies identified 40 universal marker genes (Sorek
et al. 2007; Ciccarelli et al. 2006) that occur in single copy in the majority of known bacterial
species and that can be used to delineate prokaryotic organisms at the species level (Mende
et al. 2013). mOTUs v2.0 utilizes 10 of the 40 marker genes described above, and clusters
them to generate a database of marker genes-based operational taxonomic units (mOTUs).
Marker genes are extracted from both prokaryotic reference genomes (ref-mOTUs) and
publicly available metagenomes (meta-mOTUs). Alignments against this database are then
used to taxonomically classify metagenomic reads. All data analyses were conducted in the
R Statistical Computing framework v3.5 or higher.

Identification of timeseries-representative samples
Out of 26,421 samples, 24,331 had subject metadata and were associated with 12,012 unique
subjects. For 3,545 subjects multiple timepoints were available. Mean number of timepoints
per subject was 2.02 (2.98 for infants, 2.30 for children, 2.01 for adolescents, 1.60 for adults
and 1.56 for elderly), with a maximum of 205 timepoints per subject. In order to avoid under-
or over-estimating the prevalence of C. difficile, only one sample per timeseries was used in
the downstream analyses. In a timeseries, three cases were possible:
e All samples had C. difficile. In this case, the sample with the highest C. difficile read
count was selected as representative and the corresponding subject was considered
C. difficile positive.
o None of the samples had C. difficile. In this case, the sample of the first timepoint was
selected as representative and the corresponding subject was considered C. difficile
negative.
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e Some samples in the timeseries had C. difficile, while some didn't.

o In case all samples of the timeseries had the same health status (all healthy or
all diseased), the sample with the highest C. difficile read count was selected
as representative and the corresponding subject was considered C. difficile
positive.

o In case the subject over the course of the timeseries changed health status (i.e.
from healthy to diseased): the timeseries was split into portions with consistent
health status, and the representative sample for each portion was identified
based on the cases described above.

Additionally, for 2,090 samples no subject metadata were available. In this case, we assumed
one sample per patient. One representative sample for each time series was used for all
downstream analyses, if not specified otherwise.

Prevalence and abundance estimations of C. difficile

Prevalence estimations of C. difficile over life time were based on human gut samples (stools,
rectal swabs and biopsies) for which the precise age in months was available (samples with
“na” or age ranges too big to fit into one of the plotted age ranges were discarded). C. difficile
mOTUs (“‘ref_mOTU_0051" and “ref_mOTU_0052") were considered as cumulative sums in
the downstream analyses. For C. difficile relative abundance estimates in humans, only C.
difficile positive samples from stool samples with precise age metadata available were
included. For C. difficile relative abundance estimates in animals, all C. difficile positive
samples were considered, independently of the age group.

Logistic regression and ANOVA

In order to identify the association of factors such as antibiotics usage, age, sex, health status,
delivery mode or prematurity, with the presence of C. difficile | used logistic regression
combined with ANOVA (R packages: car v3.0-6, rsq v2.0). For this analysis, only human stool
samples with complete metadata regarding age, prematurity, delivery mode, sex, antibiotics
use, westernisation, geography, healthy status and presence of C. difficile a diagnosied
infection were included. In total, 4,096 metagenomic samples passed these selection criteria.

Alpha diversity calculation

Alpha diversity calculation was performed on human gut stool samples only, with at least 100
reads mapping to mOTU marker genes per sample, with known age group and health status
and from studies with at least two C. difficile positive samples. Unclassified fraction (“-1”) was
preemptively removed. Rarefied per-sample taxa diversity (‘alpha diversity’, averaged over
100 rarefaction iterations) was calculated as effective number of taxa with Hill coefficients of
g=0 (i.e., taxa richness), q=1 (exponential of Shannon entropy) and gq=2 (inverse Simpson
index), and evenness measures as ratios thereof. Unless otherwise stated, results in the main
text refer to taxa richness. Differences in alpha diversity were tested using ANOVA followed
by post hoc tests and Benjamini-Hochberg correction for multiple hypothesis tests, as
specified in the main text.

Species co-occurrence analysis
Human gut stool samples, with at least 100 reads per sample and with known age group and
health status were considered for this analysis. One representative sample per time series
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was considered. From the mOTUs v2.0 profiles (Milanese et al. 2019), the unclassified fraction
and taxa with prevalence <1% were removed. Fisher's exact test, followed by Benjamini-
Hochberg correction, were applied to the contingency table.

Machine learning modelling

L1-regularized LASSO logistic regression models to predict CDI status were built using the
SIAMCAT R package with 10-fold cross-validation. For this analysis, | focused on the subset
of 10 CDI or diarrhea-associated datasets (Supplementary Table 1) and then trained two
different sets of models: one set of models to distinguish CDI samples and samples from
healthy controls (excluding controls from diseased subjects) and another set of models to
distinguish CDI samples and any type of control samples. In order to minimize overfitting and
to counter batch effects (Wirbel et al. 2021), datasets across studies were pooled in a leave-
one-study-out approach. In short, all except one study were jointly processed to train a LASSO
model that was then used to predict the left-out study. Additionally, to check if the microbial
signature for CDI was independent of C. difficile, another set of models was trained with the
same cross-validation splits but excluded C. difficile from the feature table. Feature weights
were extracted from the models, normalized by the absolute sum of feature weights, and
averaged across cross-validation folds. For the heatmap in Figure 11, all microbial species
that were assigned non-zero weights in at least 80% of cross-validation folds were included.

Linear mixed effect model

In order to test for differential abundance of microbial species between CDI and non-CDI
samples while taking into account possible confounding factors, linear mixed effect models
were implemented via the ImerTest package (Kuznetsova, Brockhoff, and Christensen 2017).
After filtering for prevalence (prevalence of at least 5% in three or more studies), the log-
transformed abundance of each microbial species was tested using a linear mixed effect
model with "CDI status" as fixed and "Study" and "Age group" as random effects. Effect size
and p-values were extracted from the model and p-values were corrected for multiple
hypotheses using the Benjamini-Hochberg procedure.

Evaluation of toxigenic potential in metagenomes

Identification of tcdA and tcdB toxin-coding genes was performed using the Virulence Factor
DataBase (VFDB (B. Liu et al. 2019), as downloaded in March 2021. Evaluation of C. difficile
binary toxin gene was not included, since its presence has been not associated with disease
severity (Goldenberg and French 2011).

Analysis of C. difficile within-species diversity from metagenomic samples
C. difficile subspecies detection was performed on all C. difficile positive samples with
MetaSNV (Paul Igor Costea et al. 2017). Briefly, MetaSNV is a tool for single nucleotide variant
(SNV) analysis in metagenomic samples that uses nucleotide sequence alignments to
reference genomes to perform SNV calling for individual samples as well as for the whole set
of samples. Output included allele frequencies and nucleotide diversity per sample as well as
distances across samples.
Reads were mapped against the progenomes v1 (Mende et al. 2017) species representatives
genomes for 3 species in the Clostridioides genus:

e specl_v2 0051 (NCBI taxonomy ID 272563, PRJNA78) Clostridioides difficile

e specl_v2 0052 (NCBI taxonomy ID 1151292, PRINA85757) Clostridioides difficile
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e specl_v2_1125 (NCBI taxonomy ID 1408823, PRINA223331) Clostridioides
mangenotii

By mapping to multiple genomes and only using the uniquely mapped reads, we focused on
the species-specific core. Mappings that had at least 97% identity across at least 45bp were
kept. Mapping and filtering was performed using BWA (Li and Durbin 2009) and ngless
(Coelho et al. 2019). Reads that mapped uniquely across the 3 reference genomes were used
to call SNVs using metaSNV with default parameters. SNVs were detected at 48,482 positions
in 307 samples, after filtering for prevalence across the sample population. Substructure within
the population was assessed in the resultant SNV profiles according to a previously reported
approach (Paul I. Costea et al. 2017).
Briefly, dissimilarities between samples were calculated based on SNV abundance profiles
(produced by metaSNV) and the resultant distance matrix was tested for clusters using the
Prediction Strength algorithm (Tibshirani and Walther 2005). No clusters passed the cluster
detection threshold (threshold was 0.8, max value found was 0.63). Distance matrix is plotted
using R and the pheatmap package with average clustering. Six samples with extreme
dissimilarity to all other samples were removed from the distance matrix for illustrative
purposes (SAMNO08918181, SAMNO09980608, SAMN10722477, SAMN13091313,
SAMN13091317, SAMN13091322). C. difficile reference genomes for each of the known C.
difficile clades were randomly selected from the Supplementary table 1 of (Knight et al. 2021):
ERR1024380, ERR125919 and ERR125977 for Clade 1, ERR029530, ERR031688 and
ERR026854 for Clade 2, ERR232393, SRR3630175 and SRR3938313 for Clade 3,
ERR1015455, ERR125966 and ERR232390 for Clade 4, ERR1854834, ERR1854840 and
ERR232396 for Clade 5, ERR2216002, ERR232401 and ERR789085 for Clade C-l,
ERR3296451, SRR3629287 and SRR3654506 for Clade C-ll, ERR2215981 and
ERR2216003 for Clade C-lll. Reference genomes from Clade C-l and C-Ill did not pass the
initial filtering steps (mapping to reference genome lower than 97% identity threshold), and
are therefore not shown in Figure 26.
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Chapter 3. Results and discussion

Over the decades, C. difficile has been predominantly investigated from the disease-
centred perspective, mostly studying its burden in subjects diagnosed with C. difficile infection
(CDI). However the metagenomic characterization of the gut microbial communities
associated with C. difficile presence in CDI patients is limited by low sample size and narrow
geographical span. To overcome these limitations, | performed a meta-analysis combining 10
publicly available CDI cohorts, including a total of 534 samples.

In the first part of this Chapter (Chapter 3.1), | discuss the microbial diversity and
community composition associated with C. difficile presence in CDI patients, and the
prevalence and abundance of other potential enteropathogens able to cause CDlI-like
symptomatology.

However, as C. difficile can be found not only in CDI patients but also in healthy
subjects of all ages, | extended the metagenomic survey of C. difficile beyond the disease-
centred perspective, including 42,814 public metagenomic samples, covering a wide range of
habitats, hosts, health status, host age ranges and geographic locations.

The second part of this Chapter (Chapter 3.2) is dedicated to present the results of
this extended meta-analysis. | discuss C. difficile prevalence, abundance and C. difficile-
associated microbial community composition first in the human gut over lifetime, then in other
hosts and environments.

In the last part of this Chapter, | provide an overview of C. difficile diversity below the
species level, discussing a potentially novel clade of C. difficile found exclusively in infants. |
also discuss C. difficile toxigenic potential over lifetime, via the identification of toxin-producing
genes from metagenomic reads (Chapter 3.3). | then conclude this Chapter presenting the
limitations of my meta-analysis and its future developments (Chapter 3.4).

3.1 CDI-specific gut microbial signature and potential CDI
overdiagnosis revealed by metagenomic meta-analysis

3.1.1 C. difficile identified in only 30% of CDI metagenomic samples

In the survey | included 534 gut metagenomic samples, from 10 publicly available
cohorts (Supplementary table 1). 43% of the samples were obtained from CDI patients, 21%
from diseased individuals (hospitalized, with diarrhea but no CDI diagnosis, or hospitalized
and without diarrhea) and 36% from healthy subjects. The species-level composition of the
microbial community associated with C. difficile presence was investigated in all three sample
groups.

| detected C. difficile among 30.8% of CDI samples, 2.6% of diseased controls and
1.1% of healthy controls (Figure 7A). About half of the C. difficile positive samples, or 15.4%
of the total number of CDI samples, were carrying toxin genes (Figure 7A). No case of C.
difficile toxin gene detection was found among C. difficile negative samples.

In line with previous studies (Berkell et al. 2021; Schubert et al. 2014), CDI samples
were characterized by a significantly reduced species richness compared to diseased and
healthy controls, independently of the presence of C. difficile (Figure 7B). Diseased controls
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had a less diverse community than healthy controls (Figure 7B). No clear clustering by
species composition was found when comparing sample groups (Supplementary figure 2).

C. difficile detection rate varied considerably across different studies (9.2%-92.3%)
(Figure 8A). While counterintuitive, absence of C. difficile in samples from CDI diagnosed
subjects was previously reported in other shotgun metagenomic-based studies (Vincent et al.
2016; Zhou et al. 2016), as well as 16S rRNA- and laboratory assay-based studies (Daquigan
et al. 2017; Seekatz et al. 2016). It has been hypothesized that low sequencing depth could
be related to the lack of C. difficile in CDI samples (Vincent et al. 2016). However in our meta-
analysis, | found that our C. difficile detection approach based on marker genes (Milanese et
al. 2019) was not impacted by sequencing depth (ANOVA, adjusted p=0.4533; R?=0.01).

This apparent over-diagnosis of C. difficile could be due to differences in the diagnostic
approaches used between different studies. Correct CDI diagnosis is challenging. Diarrheal
symptoms can be caused by other entopathogenic species (Polage, Solnick, and Cohen 2012;
Larcombe et al. 2018; Chia et al. 2017; Zollner-Schwetz et al. 2008; Kiu and Hall 2018),
besides C. difficile, such as Klebsiella oxytoca, Clostridium innocuum, Citrobacter
amalonaticus, Clostridium perfringens, Staphylococcus aureus, Enterococcus faecalis,
Enterobacter cloacae and Pseudomonas aeruginosa. Even pseudomembranous colitis
(PMC), once considered a hallmark of CDI, can be the result of an E. coli or C. innocuum
infection (Tang, Urrunaga, and von Rosenvinge 2016; Chia et al. 2018). Despite the wide
variety of laboratory tests available for CDI diagnosis (see Chapter 1), none have sufficient
specificity and sensitivity to be used as a stand-alone test (Gateau et al. 2018).

Figure 7. (A) Samples used in the meta-analysis from 10 public CDI or diarrheal cohorts,
divided by groups: CDI (n=234), diseased controls (n=114), and healthy control (n=186)
samples. (B) Rarefied species richness across the three sample groups. Mean comparison p-
values calculated using t-test.
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Reliance on a single test, even when in presence of symptoms, has been associated with
elevated rate of CDI over- and mis-diagnosis (Polage et al. 2015; Lee et al. 2021). For two of
the 10 studies included in our meta-analysis no information on the used CDI diagnostic
protocol was available. Out of the remaining studies, 62.5% (5 out of 8) did not comply with
the recommended guidelines on CDI diagnostic procedure (see Chapter 1 and (Gateau et al.
2018; M. J. T. Crobach et al. 2016)). Reasons for full or partial non compliance with the
guidelines may include costs, limited testing capacity or test availability, and turnaround times
of each hospital (Tenover et al. 2011). In the report of a recently failed phase 2 clinical trial of
a Microbiome Therapeutic for CDI, CDI over-diagnosis due to reliance on a single test is listed
among the potential underlying reasons for the failure (Vincent Bensan Young 2021).

In addition to the diagnostic challenges mentioned above, even when considering the
combination of tests recommended in the guidelines (M. J. T. Crobach et al. 2016), there is a
significant degree of variability in both sensitivity (>77%) and specificity (>91%) across
different manufacturers, with more sensitive tests not necessarily being the most specific ones
and vice versa (M. J. T. Crobach et al. 2016; Martinez-Meléndez et al. 2017; Lee et al. 2021).
Moreover, different studies assessing specificity and sensitivity of the same diagnostic test
from the same manufacturer produced contrasting results, with estimates at times differing by
more than 40% (M. J. T. Crobach et al. 2016). To help put these variability ranges in
perspective, a study found that a reduction of only 1.2% in the specificity of C. difficile toxins-
targeting ELISA batch resulted in 32% increase in CDI diagnosed cases in a hospital in
Missouri, in a pseudo-outbreak of C. difficile (Litvin et al. 2009).

Unfortunately, the description of the CDI diagnostic procedure was not available for all
cohorts, and several studies adopted multiple alternative diagnostic protocols, confirming how
little standardized the diagnostic procedures are, even within the same hospital and study
population. This aspect, combined with the lack of per-sample detailed information on how the
CDI diagnosis was carried out, prevented us from assessing which diagnostic protocols were
associated with the highest detection rate of C. difficile.

3.1.2 Enrichment of multiple enteropathogens in the gut microbiome of CDI patients

Considering the procedural pitfalls described in the previous paragraph, | hypothesized
that when C. difficile was not present in CDI samples, other enteropathogenic bacterial
species could explain the clinical symptomatology (diarrhea and/or PMC). All studies included
in our meta-analysis had at least 3 species, besides C. difficile, known to be able to induce
antibiotic-associated diarrhea (AAD) (Figure 8A).

90.1% of CDI samples lacking C. difficile had at least one AAD-species (excluding C.
difficile), and 11.7% had more than 3 (Figure 8B). In C. difficile positive CDI samples, 98.6%
had at least another AAD-species, and 25% had more than 3, suggesting that simultaneous
colonization of multiple enteropathogenic species is significantly more common than
previously estimated (Hensgens et al. 2014) (Figure 8B).
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Figure 8. (A) Prevalence of C. difficile and other antibiotic-associated diarrhea (AAD) species,
divided by study. For C. difficile only, the portion of samples with potentially toxigenic C. difficile
is shown (dotted segments). CDI diagnosis procedure is shown on top of each study. Each
row represents the diagnostic algorithm (combination of tests) used to diagnose CDI. Tests
performed are indicated with black dots (white if not). For example, in “Langdon et al. 2021”,
CDI was diagnosed if symptoms were present and toxigenic culture for C. difficile was positive,
or if symptoms were present and the enzymatic immunoassays for C. difficile was positive, or
if pseudomembranous colitis was identified. Diagnostic protocols legend: “symptoms” refer to
diarrheal stools, “EIA”: Enzymatic ImmunoAssays, “GDH”: glutamate dehydrogenase, “NAAT”
nucleic acid amplification test (including PCR), “PMC”: pseudomembranous colitis. (B)
Prevalence of the number of AAD species (C. difficile not included) identified in each CDI
sample, divided by C. difficile positivity.

All the AAD-species mentioned above were more prevalent in CDI samples, with the
only exceptions of P. aeruginaosa and E. faecalis, more prevalentin diseased controls (Figure
9). C. innocuum, until recently considered innocuous (Chia et al. 2017, 2018), was found in
CDI as much as in diseased controls. However when looking at the relative abundance, C.
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innocuum was the only one associated with a significantly higher relative abundance in CDI
samples compared to both diseased and healthy controls (Figure 9).

Figure 9. Prevalence and relative abundance of species known to be able to induce antibiotic-
associated diarrhea (AAD) among CDI and control samples. Mean comparison p-values
calculated using t-test.

Species enrichment analysis, comparing CDI samples against all controls altogether,
showed that K. oxytoca, C. amalonaticus, S. aureus and C. perfringens were significantly
enriched in CDI samples (Figure 10). Enterobacteriaceae sp., by far the most enriched mOTU
cluster in CDI samples, includes Shigella flexneri and E. coli.

Other enriched species included species typically found in the oral cavity, such as Veillonella
parvula and Veillonella atypica and probiotic species, such as Lactobacillus rhamnosus and
Lactobacillus salivarius (Figure 10).
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Figure 10. Species significantly enriched (in yellow) or depleted (in blue) in terms of relative
abundance in CDI compared to diseased and healthy controls, as seen by linear mixed effect
model analysis. Species known to cause antibiotic-associated diarrhea (AAD) are highlighted
in red. C. difficile is not included in the analysis. Study and age group were considered as
random effects. To be noted that Enterobacter sp. (ref_mOTU_0036) includes Shigella flexneri
and Escherichia coli. Analysis performed in collaboration with Jakob Wirbel.

To identify the microbial signature associated with CDI samples, LASSO-regularised logistic
regression models were trained using a cross-validated leave-one-study-out approach (see
Methods in Chapter 2). The most predictive species for CDI samples included C. difficile, as
expected, and multiple AAD enteropathogens (such as S. aureus or C. perfringens). AAD
enteropathogens predictive signature was particularly pronounced in CDI samples lacking C.
difficile (Figure 11). Several oral species (Veillonella parvula, Veillonella atypica and Rothia
dentocariosa) and common probiotic species (Lactobacillus casei, L. plantarum and L.
fermentum) were found among the most predictive species of CDI. These results, in line with
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what described in Figure 10, suggest that CDI patients might be characterized by an
increased oral-gut microbial transmission, similarly to what is found in other diseases (Schmidt
et al. 2019). The enrichment in Lactobacilli species among CDI patients might be associated
with probiotic intake, possible during CDI hospitalization (Goli¢ et al. 2017; Na and Kelly 2011).
However, an alternative explanation could involve the extended antibiotic resistance typical of
Lactobacilli (Tynkkynen, Singh, and Varmanen 1998; Klare et al. 2007), which could therefore
be better equipped to survive the antibiotic treatments typically associated with CDI.

Figure 11. Microbial signature associated with the three sample groups, as seen by the
LASSO model. List of the study population included in the model can be found in the
Supplementary Table 1. Analysis performed in collaboration with Jakob Wirbel.
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CDI samples were characterized by a specific microbial signature, distinguishable from
the signature associated with diseased and healthy controls (Figure 11). CDI signature was
not dominated by a single species, but was instead community-wide, as demonstrated by the
high prediction accuracy obtained when excluding C. difficile from the community composition
(Figure 12). This indicates that the gut microbiome of CDI patients is overall profoundly
different from the one of a healthy individual or an individual diagnosed with other diseases
(including non-CDI diarrhea), even in absence of C. difficile.

Figure 12. AUC values of the LASSO model for all samples as well as for single study
populations. AUC values on the left refer to the comparison between CDI samples and healthy
and diseased controls combined, while the AUC values on the right refer to CDI compared
with healthy controls only. The AUC value of “Vincent 2016” when comparing CDI to healthy
control sample is left intentionally blank as only diseased controls (D-Ctr) are available for this
study population (see Supplementary Table 1). Analysis performed in collaboration with
Jakob Wirbel.

Overall, the LASSO models identified the CDI-signature with high accuracy, with an
average area under the receiver operating characteristics curve (AUROC) of 0.78. AUROC
varied significantly across study populations, ranging from 0.56, for (Vincent et al. 2016), to
0.98, for (Kumar et al. 2017) (Figure 12). The predictive accuracy was higher when comparing
CDI samples with healthy controls only (average AUROC = 0.81) (Figure 12), compared to
CDI with both healthy and diseased controls.
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C. difficile is not the only bacterial species inhabiting the gut that is able to cause
diarrhea and to potentially carry toxigenic genes. We found that, compared to diseased
controls, CDI samples were significantly enriched in toxin gene-carrying C. difficile, S. flexneri,
C. perfringens and S. aureus species and that 58% of CDI samples lacking C. difficile had at
least one strain of E. coli, S. flexneri, S. aureus or C. perfringens harbouring toxin genes
(Figure 13).

Figure 13. Prevalence of toxin genes-carrying species found among C. difficile positive and
C. difficile negative samples, divided by sample group. Besides AAD species, also E. coli and
S. flexneri can cause diarrhea, but not in an antibiotic-dependent manner. Cumulative
prevalence across multiple strains is shown: C. difficile 630, E. coli CFT073, 044:H18 042
and O157:H7 str. EDL933, S. flexneri 2a str.301, P. aeruginosa PAO1, C. perfringens str.13
and SM101, S. aureus RN4220, subsp. aureus MW2 and N315.

Toxin gene-carrying S. flexneri can produce Shigella enterotoxin 1 (ShET1) and 2
(ShET2), that can cause diarrhea by altering electrolyte and water transport (Fasano 2002),
while S. aureus and C. perfringens can produce a wide variety of toxins with different
mechanism of action (Navarro, McClane, and Uzal 2018; Otto 2014). In our survey, the most
commonly found toxin genes among CDI samples included senB from S. flexneri; toxA and
toxB for C. difficile; sat and astA for E. coli; tsst-1, esaD and lukD for S. aureus; cdtA and cdtB
from C. jejuni; nagH, nagK and nagJ for C. perfringens (Supplementary Table 2). Multiple
species able to produce toxins were also found in C. difficile positive CDI samples, suggesting
that even in presence of toxin gene-carrying C. difficile, other species might be contributing to
or even leading the toxin-mediated inflammatory process associated with the clinical
manifestations.

53



Together, these results suggest that potential mis- and over-diagnosis of CDI are
serious concerns and that further studies are needed to discern the real burden of C. difficile
from the burden of other enteropathogens capable of producing toxins, especially in case of
simultaneous infection with multiple enteropathogenic species. Our results indicate that CDI
mis- and over- diagnosis might be rampant, which besides inflating the numbers of infections
and deaths associated with C. difficile, might also lead to the systematic under-estimation of
the burden of other enteropathogenic species. CDI mis- and over-diagnosis have also serious
financial implications. Hospital-acquired CDI is associated with a length of hospital stay up to
21.3 days, costing up to $29,000 per patient (Gabriel and Beriot-Mathiot 2014). Unnecessary
treatment due to an incorrect CDI diagnosis can damage the health of the patient, increase
antimicrobial resistance and rapidly drain the resources of a hospital (Lee et al. 2021).

3.2 C. difficile prevalence, abundance and biotic context across
age, geography, health and disease

3.2.1 Age-dependent prevalence and abundance of C. difficile in human gastrointestinal
tract

In order to investigate the global prevalence of C. difficile in a more exhaustive manner,
42,814 publicly available shotgun metagenomic samples were analysed, in what, to our
knowledge, is the largest cross-habitat survey of C. difficile to date (Figure 14A and
Supplementary table 3). Samples from 253 public study populations were included, covering
a wide range of human body sites (gastrointestinal tract, oral cavity, skin, vagina, respiratory
tract and human milk) and well as a broad geographical area (84 countries). The collection
also included several thousand samples from the gastrointestinal tract of 25 animal species
and from environmental sources such as indoor surfaces, soil, freshwater, wastewater and
harbours (Figure 14A). The 28,347 human gut samples included all age groups, spanning
from 1 day to 107 years of age, and both healthy and diseased subjects. Healthy adults
represented the biggest category (7,538 samples), followed by healthy infants (4,972) and
diseased adults (4,305). 19.7% of the human gut samples could not be assigned to a specific
age group and/or health status (Figure 14B). Here, | considered as diseased those subjects
who either had a medical diagnosis of any kind or that were under antibiotic treatment at the
time of the sampling (see Chapter 2 for details).

Species-level taxonomic assignment was performed via mOTU v2.0 (Milanese et al.
2019). In the entirety of our sample collection, 2,441 samples (5.7%) were C. difficile positive
(Figure 14C). C. difficile was predominantly found in the human gut, in particular in the stools
of healthy infants (15.9%) and diseased children (7.8%). Besides in stools, | identified C.
difficile also in biopsy samples from the colon, cecum and terminal ileum lumen, and from the
colon (all segments) and rectal mucosal tissue of healthy adult subjects. While typically found
in the large intestine (cecum, colon, rectum and anal canal), previous reports confirm that C.
difficile can also be sporadically found in the small intestine (duodenum, jejunum and ileum)
and that incidence of small intestine C. difficile carriage might be underestimated
(Navaneethan and Giannella 2009; Schubl et al. 2016).
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Figure 14. (A) Overview of the dataset collection composed of 42,814 samples, from 253
publicly available studies. Our dataset collection, mainly composed of samples from
developed Westernized countries (left), includes both host-associated and environmental

55



samples (right, internal ring). These two categories can be further divided into human and
animal body sites, and different types of environmental habitats (right, external ring). Only
countries with >200 samples are shown. (B) Stratification of the human gut samples, divided
by age category and health status. Numbers refer to the number of samples prior to read
filtering. (C) Overview of the C. difficile positive samples, as seen by mOTUs v2.0 (Milanese
et al. 2019), using 2 marker genes. Total values refer to the number of samples after the initial
read filtering and before time series dereplication (see Methods).

C. difficile was identified in 1.7% of animal gut samples (including stools and rectal
swabs) and in a sporadic manner (0.19%) also in the hospital surfaces of a neonatal intensive
care unit (NICU), in an urban freshwater sample from Singapore (0.88%), and in the
respiratory tract of a diseased child affected with pneumonia (0.37%). The child did not receive
any antibiotic treatment in the month prior to sample collection (nasopharyngeal swab), and
was diagnosed with Mycoplasma pneumoniae infection (Dai et al. 2019). It is possible to
speculate that in this case the increased mucus production in the airways (Zhang et al. 2021)
might have contributed to create an anaerobic environment suitable for the survival of C.
difficile. Persistence of C. difficile on hospital surfaces has been previously recorded (Claro,
Daniels, and Humphreys 2014; Brown et al. 2018), but, to the best of our knowledge, there is
no previous report on C. difficile presence (without CDI diagnosis) in the human airways. No
other body site resulted positive for C. difficile, indicating that this species is particularly well
adapted at surviving in the human and animal gastrointestinal tract and only occasionally
found elsewhere.

Figure 15. C. difficile prevalence in human stool samples. Diseased subjects are defined by
either presence of a medically diagnosed condition and/or antibiotic intake at the time of the
sampling. Prevalence was calculated based on presence/absence of C. difficile from mOTUs
v2.0 taxonomic profiles.
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This survey provided, for the first time, an in-depth survey of C. difficile prevalence,
with bimestral resolution within the first year of life, for a large pool of healthy as well as
diseased infants. While C. difficile was extremely common among healthy infants (25.5%) and
children (7%), with significant fluctuations during the first year of life, it was rarely found in the
gut of older subjects, independently of their health status (Figure 15).

Despite the significant reduction after the first year of life, C. difficile prevalence
remained above 40% until the fourth year of life (Figure 15), in contrast with previous studies
reporting an average prevalence ranging from 5 to 10% between the first and the second year
of life (Lees et al. 2016; Jangi and Lamont 2010). However, it is important to highlight that,
due to the metagenomic nature of the survey, these might be conservative estimations.
Doubling the window of persistent elevated asymptomatic carriage of C. difficile in infancy and
early childhood has important implications for surveillance purposes, as healthy infants
colonized with C. difficile are believed to be an important reservoir for community-acquired
cases of C. difficile infection in adult and elderly subjects (Rousseau et al. 2012).

C. difficile prevalence was elevated in infants born via C-section (Figure 16A), and in
premature infants (Figure 16B), in line with previous smaller scale studies (Stoesser et al.
2017; Ferraris et al. 2019). Indeed, premature birth and C-section were more strongly
associated with C. difficile prevalence than health status (Figure 16C). In fact, when looking
at the average prevalence of C. difficile across the first four years of life, the highest carriage
was found among diseased premature infants born via C-section, while the lowest was in
diseased full-term vaginally delivered infants (Figure 16C).

C. difficile prevalence varied considerably across these groups within the first semester
of life (from 5.9% to 39.9% in healthy subjects, from 40.6% to 52.4% in diseased subjects),
suggesting that high-resolution stratification, considering precise age, health status,
prematurity and delivery mode altogether, is needed in this age group to ensure appropriate
comparative meta-studies. Higher C. difficile prevalence in preterm and C-section born infants
could be due to an increased exposure to environmental sources of bacteria, such as
prolonged hospital stay, admission to neonatal intensive care unit (NICU), higher exposure to
(also preventive) antibiotic treatments, and higher influx of maternal non-gut bacterial strains
(Lees et al. 2016). C. difficile prevalence was also differentially associated with dietary intake
in infants. In particular, exclusively formula-fed infants were characterized by a significant
increase in C. difficile carriage, compared to exclusively breast-fed infants or infants fed with
a mixture of formula and breast milk (Figure 16D). This result, in line with a previous study
(Drall et al. 2019) suggests that, at least for C. difficile carriage, breastfeeding is considered
protective, independently of the dosage.
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Figure 16. C. difficile prevalence in stool samples divided by (A) health status and delivery
mode, (B) health status and prematurity, (C) combination of health status, delivery mode and
prematurity and by (D) feeding mode.

The availability of time series in our meta-analysis enabled us to investigate C. difficile
first appearance in the infant and child gut microbiome, during the first four years of life (Figure
17). It was previously suggested that C. difficile first colonization predominantly takes place in
two stages: immediately after birth, as a result of hospital exposure, and in the second
semester of life (Rousseau et al. 2012). Here, | confirm that indeed C. difficile first colonization
is not equally distributed over the first year of life. However, despite early (within the first month
of age) colonization events, | identified two peaks in the C. difficile first appearance distribution:
one between 2-4 months of age, and the second between 8-10 months.
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Figure 17. Time of the first appearance of C. difficile in infants and children timeseries. The
grey line indicates the total number of samples per age interval.

| hypothesize that these two intervals coincide with increased exposure of the infant
gut microbiome to environmental species. In particular, the interval between 2-4 months
coincides with the beginning of mouthing, the practice typical of infants of this age to start
exploring the surrounding environment and objects by putting them in the mouth. In my
previous study on infant microbiome development over the first 4 months of life, this time
interval was associated with an overall increase in non maternal strains influx (Ferretti et al.
2018). The peak between 8-10 months of first appearance of C. difficile was prominent in
healthy full-term babies fed with a mixture of formula and breast milk (Figure 17). 66% of the
samples in our survey in this age interval are from UK infants, and interestingly this interval
coincides with the maximal duration of maternal paid leave in that country (Thevenon, Adema,
and Clarke 2016), suggesting that at this age infants might start day care and therefore be
exposed to a variety of new bacterial sources from the environments as well as from peers
and day care staff. Introduction of solid food (starting from the sixth month of age) is likely
another contributing factor, but the available solid diet metadata was not enough to investigate
this aspect.

Infants born via C-section and premature infants were characterized by a higher
prevalence of C. difficile acquisition during the first month of life (Figure 17) compared to
vaginally born or at-term infants, suggesting that early acquisition of C. difficile might be related
to increased exposure to the hospital environment.

The abundance of C. difficile relative to the rest of the bacterial community was highest
in the first two months of life, then gradually decreasing later in life, with the lowest values
found in elder subjects, independently of health status (1.1x102 and 3.8x107 for healthy and
diseased infants, 3.1x10* and 3.4x107 for healthy and diseased adults) (Figure 18A and
18B). The highest C. difficile relative abundance (50%) was found in a healthy two weeks old
premature infant (data not shown). C. difficile gradual reduction in terms of relative abundance
was less linear in diseased subjects, compared to healthy ones, probably a result of the less
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stable gut microbiome that can characterize diseased subjects. When comparing health status
within age groups, diseased infants and adults had significantly higher relative abundance of
C. difficile compared to age-matched healthy subjects and the gap was more pronounced in
adults than in infants (Figure 18C).

Figure 18. C. difficile relative abundance over life time in human stool samples of (A) healthy
and (B) diseased subjects. (C) Differential relative abundance of C. difficile divided by health
status and age group. Mean comparison p-values calculated using t-test.
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Besides providing age-specific estimations on C. difficile prevalence and relative
abundance, at times with monthly resolution, our collection of 42,814 samples allowed us to
investigate C. difficile carriage in over 84 countries, representing over 40% of the countries in
the world. In healthy populations, C. difficile prevalence variability within continents was as
pronounced as between continents (Supplementary figure 3). In healthy adults, the only
countries with prevalence above 1% were Canada (4.2%), China (2.5%) and UK (1.3%). C.
difficile is recognized as a globally distributed species (K. E. Burke and Lamont 2014), with
symptomatic carriage rate estimations varying considerably between countries, year of
investigation, studies and detection method used (Stabler et al. 2012; Argamany et al. 2015;
Zhao et al. 2021). For this reason, combined with the lack of metagenomics-based extensive
C. difficile surveillance and the scarcity of C. difficile carriage in asymptomatic subjects, it is
difficult to put our results in perspective of the currently available literature.

3.2.2 Enrichment of C. difficile across diseases

C. difficile was found in a wide range of diseases, including conditions not directly
related to the gastrointestinal tract, such as cystic fibrosis, breast cancer, tuberculosis, liver
cirrhosis and atherosclerotic cardiovascular disease (Figure 19).

Figure 19. Prevalence of C. difficile across diseases (left) and drugs (right), across all age
groups (grey bar) and divided by age group (colored dots). Number of cohorts used for
prevalence estimations in each disease or drug is reported in the lower part. Abbreviations:
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NEC: “Necrotizing enterocolitis”; ASCVD: “atherosclerotic cardiovascular disease”; T2D: “Type 2
diabetes”; CRC: “Colorectal cancer”; ADA: “advanced adenoma”; NAA: “non-advanced adenoma”.

Infants taking antibiotics had the highest C. difficile prevalence (81.1%), followed by
infants diagnosed with cystic fibrosis (78.8%) and neonatal sepsis or NEC (53.7%). Later in
life, C. difficile prevalence associated with antibiotic intake was significantly lower (25.3% in
adolescents and 23.5% in elderly subjects). In diseased adults, C. difficile was more
commonly found in CDI patients (29.7%), to an extent comparable to what found in patients
suffering from generic unspecified diarrhea (25.9%), and Crohn’s disease patients (14.4%).

High C. difficile carriage rate in cystic fibrosis patients has been previously reported
(Deane et al. 2021; Bauer et al. 2014), and is thought to be associated with the increased
exposure to the nosocomial context and the frequent use of antibiotics for prolonged periods
of time (Bauer et al. 2014). Cystic fibrosis patients are frequently colonized with toxigenic C.
difficile, independently of age, but rarely develop CDI (D. G. Burke et al. 2017; Chaun 2001;
Welkon et al. 1985; Tamma and Sandora 2012). At the moment there are only speculations
as to why, despite the elevated prevalence of toxigenic C. difficile, the rate of symptomatic
manifestations remains low.

| used logistic regression to identify which parameters could be predictive of C. difficile
presence in the infant and adult gut microbiome (Supplementary figure 4). In univarite
models, parameters such as health status in adult subjects, and geography, sex, gestational
age, delivery mode and feeding practice in infants were significantly associated with C. difficile
presence. However, almost none of these associations remained significant when considered
in combined models. In combined models, geography (p=2.1x10"°) and feeding pattern
(p=7.8x107°) were predictive of C. difficile carriage in infants; geography (p=2.1x10*) and BMI
(p=2.2x107%) in adults. As previously mentioned in Chapter 3.1, sequencing depth was not
predictive of C. difficile presence in any of the combined models (p=0.5).

3.2.3 Increased diversity and resemblance to the maternal gut associated with C. difficile
presence in the gut microbiome of healthy infants

Our collection of 42,814 samples allowed us to investigate, besides the prevalence of
C. difficile over life, also the prevalence of other clinically relevant species, such as the AAD-
species mentioned in Chapter 3.1. Overall, prevalence of AAD-species was higher in
diseased subjects compared to healthy ones, but trends over lifetime varied significantly
among species within the same health status (Supplementary figure 5). In healthy infants,
E. faecalis and C. innoccuum were the most prevalent species, with the latter resembling the
trend seen for C. difficile in the first four years of life, with over 80% average prevalence
between 10 and 12 months of age (Supplementary figure 5A). C. innocuum was present at
high prevalence also in elderly subjects, independently of the health status. Diseased infants
were characterized by an increased prevalence of C. perfringens, K. oxytoca and E. faecalis
(Supplementary figure 5B).
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These results show that first, even among healthy infants carriage of opportunistic
enteropathogens different from C. difficile is common; second, that in diseased infants,
diarrheal manifestations could be ascribed to species other than C. difficile, similarly to what
has been hypothesized for CDI patients (see Figure 8B).

Precise estimates of C. difficile prevalence and abundance over life time and across
healthy as well as diseased populations are essential for tailoring surveillance programs and
guide future studies. However in order to investigate C. difficile as a member of the gut
microbiome, it's important to look at the broader picture and evaluate community-wide
changes associated with C. difficile presence. Species richness is one of the parameters that
can be used to evaluate microbial community composition, by counting the number of
microbial species present in a sample.

While species richness over the first year of life has been extensively investigated
(Ferretti et al. 2018; Stewart et al. 2018; Roswall et al. 2021; Guittar, Shade, and Litchman
2019), much less is known about the overall trend over lifetime. Leveraging our extensive
collection of samples, | calculated species richness for healthy and diseased individuals, from
birth up to 107 years of age (Figure 20). Species richness gradually increases over lifetime,
with the biggest increase taking place between infancy and childhood, as shown also in
(Yatsunenko et al. 2012; Roswall et al. 2021). Species richness did not significantly increase
from adulthood to elder age in healthy subjects, but it did in diseased ones. When taking into
account C. difficile presence, C. difficile positive samples had a significantly lower species
richness than samples without C. difficile, across almost all age groups. The sole exception
were infants, where presence of C. difficile was significantly associated with higher species
richness. While postulated in a previous study (Drall et al. 2019), this is the first time this trend
is confirmed empirically, with sufficient statistical power.

Figure 20. Species richness across all human stool samples, age groups and health status in
presence or absence of C. difficile. The number of samples per group is shown under each
boxplot. Mean comparison p-values calculated using t-test.
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Moreover, | found that the increase in species richness associated with C. difficile
positive samples was significant independently of health status (Figure 21), delivery mode,
gestational age and geography (Figure 21A-B).
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Figure 21. Species richness of human stool samples in presence or absence of C. difficile,
divided by (A) delivery mode, prematurity and health status. (B) Species richness in healthy
adult and infant gut stool samples across continents. Continents with at least five C. difficile
positive samples are shown. The number of samples per group is shown under each boxplot.
Mean comparison p-values calculated using t-test.

Health-related implications of an increased species richness have to be carefully
evaluated. Reduced species richness has been identified in subjects taking antibiotics,
subjects diagnosed with IBD (Lozupone et al. 2013), CDI (as | showed in Chapter 3.1), liver
disease (Qin et al. 2014), chronic fatigue syndrome (Giloteaux et al. 2016) and cancer patients
(C. Liu et al. 2017), compared to healthy counterparts. In particular in infants, reduced species
richness is associated with cesarean delivery and premature birth (Rutayisire et al. 2016;
Chernikova et al. 2018). In healthy infants, exclusive breastfeeding is associated with a
reduced Bifidobacteria-dominated community, compared to infants exclusively or partially fed
with formula (Roger et al. 2010; Roger and McCartney 2010; Bridgman et al. 2017). In the
infant gut, bifidobacteria are able to metabolise human milk oligosaccharides, known as
HMOs, and dominate the community (Garrido, Barile, and Mills 2012; Taft et al. 2018).
Therefore, in the context of the infant gut microbiome, an increased species richness per se
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can be associated with both beneficial (i.e. vaginal at-term birth) as well as with sub-optimal
practices (i.e. formula feeding). However, there are multiple reasons to consider the increased
species richness observed in infants in presence of C. difficile beneficial, rather than
detrimental. First, overall, the gut microbiome of every infant experiences an expansion in
terms of species diversity (species richness) over time. Such expansion might be delayed or
reduced in amplitude due to antibiotic treatment, hospitalisation, C-section or premature birth,
but will take place sooner or later as it is a necessary step towards the maturation to an adult-
like state. Second, introduction of solid food is associated with an increase in microbial species
richness, in both formula- and breast-fed infants (Moore and Townsend 2019). For these
reasons, the increase in species richness in infants can be considered, overall, as beneficial
and as part of the normal infant gut development towards an adult-like state, as suggested
also by (Backhed et al. 2015; Ferretti et al. 2018).

Species evenness represents another method to evaluate community-wide changes
in the microbiome, by describing the relative differences in the abundance of different species
(Vincent B. Young and Schmidt 2008). In other words, this parameter describes how evenly
represented different species are in the community.

| found that C. difficile presence was associated with significantly elevated species
evenness in healthy full-term infants, independently of delivery mode (Supplementary figure
6A-B). In adults, C. difficile was associated with a significant reduction in evenness
(Supplementary figure 6). While the evenness reduction was found in both healthy and
diseased subjects, the difference between samples with and without C. difficile was more
pronounced in healthy subjects. Therefore, while in healthy full-term infants C. difficile is
associated with a more even community (less dominated by few microbial species), in adults
C. difficile is associated with a community dominated by fewer bacterial species. Together
these results suggest that C. difficile presence is associated with age-specific community
structure, with a significant and opposite trend in infants compared to adults.

Over the first year of life, the maturing infant gut microbiome becomes more diverse
and more homogeneous in terms of abundance, as well as more similar to the maternal gut
microbiome composition (Ferretti et al. 2018). Investigation of gut microbiome similarity in
healthy infant-mother pairs revealed that the gut microbiome of healthy infants colonized with
C. difficile was significantly more similar to the gut microbiome of their mothers, in terms of
species composition, compared to the infants that did not harbour C. difficile (Figure 22). The
similarity was more pronounced between 4 and 10 months, compared to the first months of
life. However, the opposite trend was found starting from the tenth month of age, as infants
above this age and children colonized with C. difficile had a significantly lower similarity with
their mothers’ microbiome, compared to infants that were not colonized with C. difficile (Figure
22).
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Figure 22. Bray-Curtis dissimilarity of healthy infant-mother pairs in presence or absence of
C. difficile in stools across the first four years of life. The number of samples per group is
shown under each boxplot. Mean comparison p-values calculated using t-test.

An increased similarity of the infant gut microbiome to the maternal microbiome during
the first year of life is, similarly to the increase in species richness previously discussed,
usually considered beneficial and highlighted as part of the normal development of the infant
gut microbiome (Ferretti et al. 2018; Backhed et al. 2015).

3.2.4 The unique biotic context associated with C. difficile in healthy infants

To further characterize the microbial community in terms of species composition, |
calculated pairwise associations between each bacterial species and C. difficile using Fisher
tests, identifying co-occurrence or avoidance patterns (see Methods in Chapter 2).

Two clusters of species emerged, hereafter called Group 1 and Group 2 (Figure 23A).
Group 1 was composed of species consistently co-occurring with a C. difficile across all age
groups, independently of the health status. Despite this overall trend, Enterobacter sp.,
Streptococcus mitis, Streptococcus pseudopneumoniae and Streptococcus pneumoniae were
co-occurring with C. difficile only in diseased infants. In Group 1, not a single species was
found to be consistently co-occurring with C. difficile across all age groups in healthy subjects
but not in diseased, or vice versa.

Group 1 included several species typically found in the oral cavity, such as Veillonella
parvula, Veillonella atypica and Veillonella dispar. Interestingly, while an enrichment in oral
species was previously found among adult and elderly CDI patients, here these species co-
occur with C. difficile in healthy subjects and diseased infants, but show neutral association in
diseased adults and elderly. This might indicate that the mechanism underlying the presence
of oral species in CDI patients (i.e increased oral-gut leakage) is different from the co-
occurrence of oral species in the C. difficile-colonized gut of infants and healthy subjects.
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Additionally, Group 1 was characterized by several opportunistic enteropathogens, such as
Klebsiella oxytoca, Clostridium perfringens, Clostridium innocuum and Citrobacter
amalonaticus.

To further characterize the species in this group, | included, for each species, the
species oxygen requirement, its prevalence over life time and its enrichment in Westernized
populations (Figure 23B). Only 64% of species in Group 1 were obligate anaerobic species.
An increase in oxygen tolerant species in the gut microbiome of adult subjects has been
associated with IBD and Salmonella proliferation (Rigottier-Gois 2013; Rivera-Chavez et al.
2016). Furthermore, the increased intra-luminal concentration of oxygen is hypothesized to be
the consequence of a compromised mucosal barrier, ongoing inflammation and subsequent
release of ROS and NOS (Daniel, Lécuyer, and Chassaing 2021; Swidsinski et al. 2007).

Contrary to Group 1, species in Group 2 co-occurred with C. difficile almost exclusively
in healthy infants, but not in diseased infants nor in later stages of life (Figure 23A). The sole
exceptions were “unknown Peptostreptococcaceae (meta_mOTU_7331)”, co-occurring with
C. difficile in both healthy and diseased infants; Eubacterium sulci, positively associated with
C. difficile in healthy infants and healthy adults; and Clostridium sp. and Clostridium
sporosphaeroides, found with C. difficile in healthy infants and diseased adults. Group 2 also
included several butyrate producing species, such as Roseburia sp., Faecalibacterium
prausnitzii or Anaerostipes hadrus. Butyrate producers are important members of the gut
microbiome, as butyrate production is involved in a myriad of processes that ultimately
constitute the first line of defence against C. difficile toxins (Pruitt and Lacy 2012)), such as i)
production of mucin, an important component of the gastrointestinal mucosal layer, ii)
regulation of cell-to-cell tight junctions, essential to the integrity of physical barrier against
pathogen invasion, and iii) inflammation inhibition (Cornick, Tawiah, and Chadee 2015) among
other functions (Zheng, Kelly, and Colgan 2015). While a previous 16S rRNA-based study on
a small cohort (Rousseau et al. 2011) identified relevant associations between C. difficile and
species such as K. pneumonia and R. gnavus, in our study neither of these species was
positively or negatively associated with C. difficile in any category.

Among the species co-occurring with C. difficile in healthy infants (Group 2), there were
also several species known for their ability to degrade the intestinal mucus, such as
Akkermansia municiphila, Ruminococcus bromii and Ruminococcus torques (Yang et al.
2017; Tailford et al. 2015). As previously discussed in Chapter 1.2.2, the thickness of the
mucosal layer is directly and indirectly influenced by the gut microbiome species, and it
represents an important line of defence against the action of C. difficile toxins. However, in
breastfed infants mucin degrading species might not be degrading the mucosal layer after all.
A recent study showed that HMOs found in breastmilk are structurally similar to the host’s
mucin, and suggested that dietary mucin intake could prevent mucin degraders from
consuming the host mucosal layer (Pruss et al. 2021)

It is possible to speculate that the combination of inflammation inhibition and increased
mucin production (both associated with an enrichment in butyrate producers) and lack or
reduced rate of mucin degradation, may help explain the low rate of CDI symptomatology
among healthy infants, especially if partially or exclusively breast-fed. However, as the gut
microbiome of breast-fed infants is usually dominated by Bifidobacteria , which are particularly
efficient at metabolising HMOs (Garrido, Barile, and Mills 2012; Taft et al. 2018), it is likely
that nutrient competition and niche exclusion play an important role in the low rate of CDI
among this age group.
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Figure 23 (A) Positive (orange) and negative (blue) species associated with C. difficile divided
by age group and health status. Number of samples per each category shown in the lower
part. (B) Annotation of those species includes oxygen requirement, prevalence trends over life
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time in the healthy human gut, and enrichment in westernised vs non-westernised populations.
Negative Spearman Rho values indicate that the species is more commonly found in the gut
of healthy infants or children, rather than in the gut of adults or elderly. Positive Spearman
Rho values indicate the opposite trend. Only species significantly associated either positively
or negatively, with C. difficile in at least one age group are shown. Mean comparison p-values
calculated using t-test.

In terms of oxygen tolerance, all the species in Group 2 with known oxygen tolerance
were obligate anaerobes. While presence of oxygen tolerant species could be considered
deleterious in the adult gut, anaerobes and facultative anaerobic species are commonly found
in the infant gut microbiome after birth (Rodriguez et al. 2015; Houghteling and Walker 2015).
However, within months, the community shifts from being mildly aerotolerant to being
dominated by obligate anaerobic bacteria. This transition, confirmed in several studies
(Ferretti et al. 2018; Backhed et al. 2015; Rodriguez et al. 2015; Houghteling and Walker
2015), can be considered part of the normal infant gut microbiome development towards the
adult-like state, and therefore beneficial. Therefore, while Group 1 was enriched in oxygen
tolerant species, considered detrimental in adulthood, Group 2 was almost exclusively
composed of obligate anaerobes, considered beneficial in infancy.

In terms of prevalence over lifetime, Group 2 was significantly enriched in species
typically found in the gut of healthy adult subjects (Figure 23B). This analysis was performed
looking at the prevalence of each species in the stools of healthy individuals, from infancy to
elderhood, and assigning a trend score (Spearman Rho). Positive values are associated with
higher prevalence of the target species in adulthood and lower in infancy, with negative values
associated with the opposite trend.

The species consistently co-occurring with C. difficile across (almost) all age groups
(Group 1), were more commonly found in infancy than in adulthood, compared to Group 2.
This is consistent with the observations on oxygen tolerance, as many of the species more
commonly found in infancy were indeed oxygen tolerant species. | also found that species in
Group 2 were significantly enriched in species more commonly found in the gut of healthy
Westernised individuals, compared to healthy non-Westernised ones (Figure 23B).

Together these results suggest that not all the microbial communities harbouring C.

difficile are equal, and that significant age-related differences exist when comparing the C.
difficile-positive infant microbial communities with the adult ones, both in terms of community
richness, evenness, composition and oxygen tolerance.
In particular, in healthy infants, C. difficile was found to be associated with higher resemblance
to the maternal gut microbiome, enrichment in obligate anaerobes and in species typically
found in the gut of healthy adults. As all of these parameters are considered beneficial and
are considered important milestones in the healthy infant gut microbiome development
towards an adult-like state (Backhed et al. 2015; Yassour et al. 2016; Ferretti et al. 2018; Chu
et al. 2017; Rodriguez et al. 2015). These reasons, combined with the elevated asymptomatic
carriage rate of C. difficile in infancy, indicate that C. difficile might be considered a hallmark
of a desirable microbiome development in healthy infants.

Our study is, to the best of our knowledge, the largest metagenomic-based survey to
date to investigate the microbial associations with C. difficile among healthy infants, and the
first to suggest the commensal role of C. difficile in the gut microbiome of healthy infants.
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3.2.5 Limited similarity between human and animal gut microbiomes harboring C. difficile

Investigations for C. difficile carriage in animal hosts predominantly focused on animals
with clinical manifestations and/or on animals in direct contact with human populations. As no
clear genetic distinction was found between C. difficile strains from humans and strains from
animals (J. Scott Weese 2020), the study of C. difficile potential reservoirs is of paramount
importance. C. difficile has been identified in a variety of animal species, ranging from
domestic and farm animals to wildlife.

Rats living in urban areas were characterized by elevated carriage rate of human-
associated ribotypes, suggesting that exposure to human waste can increase interspecies
transmission of C. difficile (“Carriage of Clostridium Difficile by Wild Urban Norway Rats
(Rattus Norvegicus) and Black Rats (Rattus Rattus)” n.d.; Lim, Knight, and Riley 2020).

In healthy domestic animals, the majority of studies identified C. difficile carriage to be
around or below 6% (J. Scott Weese 2020). However certain factors, such as hospitalization
and direct contact with human elderly care facilities, are associated with increased carriage
rates (up to 58%) (Sandra L. Lefebvre et al. 2009; S. L. Lefebvre et al. 2006).

While providing invaluable case-studies and statistics, these studies are usually
performed on a limited geographical scale and are characterized by a reduced number of
samples. To investigate C. difficile carriage in animal hosts on a global scale, 46 publicly
available cohorts of shotgun metagenomic samples were collected, including 35 animal
species spanning over 24 different countries (Supplementary table 4 and Figure 24A).

The majority of samples (85.4%) were from healthy adult animals (Figure 24B), while
only a small fraction (1.3%) were diseased. The remaining fraction (13.3%) did not have any
available health status metadata. Taxonomic classification via mOTUZ2.0 identified C. difficile
in 69 samples (1.7%). In line with previous studies, | found that dogs were characterized by
the highest carriage rate (7%), followed by cattle and cats (3.6% and 3.2%, respectively)
(Figure 25A). In healthy subjects, the average C. difficile carriage rate and relative abundance
in humans was higher than in any other animal host, suggesting that future studies aiming at
characterizing C. difficile role in healthy individuals should prioritize human subjects. Worth of
note is that cows were the only animal species with C. difficile relative abundance comparable
to humans (Figure 25B).
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Figure 24. (A) Geographical and (B) age group distribution of the samples included in the
global survey of C. difficile across animal species.

Overall, the species co-occurring with C. difficile in the gastrointestinal tract of humans
did not significantly overlap with those of other hosts, with the sole exception of Clostridium
paraputrificum and Clostridium neonatale (Figure 25C-D). Co-presence of C. difficile with C.
paraputrificum has been associated with an increased biofilm production, compared to C.
difficile alone (Normington et al. 2021).
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Figure 25. C. difficile (A) prevalence and (B) relative abundance in animal stool samples,
compared to humans, as seen by mOTUs v2.0, using two marker genes. Only healthy animals
and humans are included. Relative abundances are shown for only the C. difficile positive
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samples. Mean comparison p-values calculated using t-test. Species co-occurring (logOR>0)
with C. difficile across gut stool samples from (C) humans (n=14,095) and (D) animals
(n=3,967).

The scarce overlap in terms of species composition between human and animal C.
difficile positive samples can be attributed to the anatomical, physiological and biochemical
differences in the digestive system structure between humans and other animals (Kararli
1995). Literature on C. neonatale and C. paraputrificum is extremely scarce (Kiu et al. 2017;
Smith et al. 2011), highlighting the need to better characterize these species, especially in
relation to C. difficile colonization, in both human and animal hosts.

3.3 Unexplored C. difficile within-species diversity and
pathogenicity potential over lifetime

3.3.1 Metagenomic-based identification of a potentially novel clade of C. difficile
exclusively found in infants

As described in detail in Chapter 1, C. difficile strains can be grouped into eight
different monophyletic clades. To investigate within-species diversity, C.difficile-positive
samples were analysed via metaSNV (Paul Igor Costea et al. 2017). Of the initial 2441
samples, 197 passed the requirements for robust SNV calling (8%) and 179 could be used to
detect subspecies presence, see Chapter 2 for detailed description). As only human stool
samples passed this filtering stage, an adequate comparison in terms of subspecies between
human, animal and environmental C. difficile positive samples could not be performed.

Two subspecies emerged (Figure 26): one composed of 121 samples where sub-
structures were clearly present, called subspecies 1 and one with almost identical SNV profile,
composed of 58 samples, hereafter called subspecies 2. The two subspecies could not be
clearly separated by study population (not shown), geography, nor health status of the
subjects. However, subspecies 1 was significantly enriched in C. difficile harbouring toxin
genes (Fisher Test p-value: < 2.2e-16, odds ratio 62.0, Figure 26), and subspecies 2 was
exclusively found in infant samples (Fisher Test p-value: 5e-05, odds ratio 14.7, Figure 26-
27). Three samples, despite being within the thresholds for being grouped together with the
other samples in subspecies 1, showed a divergent SNV profile (Figure 26). All three samples
belonged to diseased subjects, one was an adult (affected by chronic kidney disease) and two
were infants (one under antibiotic treatment, the other affected by cystic fibrosis).

In order to put our results in perspective of the current literature, we included reference
genomes for all the eight currently known clades of C. difficile (Knight et al. 2021) (described
in detail in Chapter 1.2.3). The genetic similarity between genomes of different clades was in
line with previous studies (Knight et al. 2021). However, the C. difficile positive metagenomes
obtained from our global survey showed a much wider genetic variability than the currently
known clades of C. difficile. Many of the metagenomic samples in subspecies 1 did not cluster
with any known clade, with few cases clustering with C. difficile genomes from Clade 1 and
Clade 2.
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Figure 26. SNV similarity across C. difficile positive metagenomic samples from our global
survey, and genomes from known C. difficile clades. Genomes from the cryptic clades C-l and
C-Ill did not pass filtering steps. All metagenomes and genomes have ANI similarity >95%. In
health status and age group, white is used for missing metadata. See Methods in Chapter 2
for detailed analysis description.

The C. difficile metagenomic samples belonging to subspecies 2 were not represented
by any of the known clades (Figure 26). The existence of a new clade of C. difficile, found
exclusively in infants, can therefore be hypothesized. However, while subspecies 2 was
observed exclusively in infant samples, infant samples were not exclusively identified in
subspecies 2. In fact, several infant samples were clustered with Clade 1 genomes (Figure
26). The existence of this new C. difficile clade might have been previously overlooked as the
investigative efforts on C. difficile pathogenicity mechanisms have been predominantly
focused on the adult and elderly population, leaving the infant population (especially when
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asymptomatic) significantly under-studied and under-represented in the current C. difficile
clade classification.

In three cases both subspecies of C. difficile co-existed within the same sample: in a
6 months old infant diagnosed with cystic fibrosis and in two premature infants at birth born
via C-section (data not shown). In all three cases subspecies 1 was the most abundant one.

3.3.2 Extensive asymptomatic carriage of potentially toxigenic C. difficile over lifetime

While able to provide important information on the C. difficile population structure
across age and health status, subspecies analysis does not necessarily reflect the finer-scale
resolution differences in terms of toxigenic potential. As mentioned in Chapter 1.2, not all C.
difficile strains carry the toxin genes encoding for Toxin A (TcdA) and Toxin B (TcdB). TcdA
and TcdB are the major C. difficile toxins, however a small fraction, ranging from 17% to 23%,
of C. difficile strains carries also an additional toxin called Binary Toxin (CDT, see Chapter
1.2.3 for detailed explanation) (Eckert et al. 2015). Its presence has been associated with
increased symptoms severity (Gerding et al. 2014), but A-/B-/CT+ (presence of CDT, lacking
both TcdA and TcdB) are considered possible but rare (Eckert et al. 2015), and are usually
found in animal hosts (Schneeberg et al. 2013; Knight, Squire, and Riley 2015). For these
reasons, the results are from hereafter focused on assessing the presence of TcdA and TcdB
toxin genes. Toxin genes detection was applied to C. difficile positive samples only, as in the
smaller collection of CDI study populations discussed in Chapter 3.1, all samples with either
one or both C. difficile toxin genes were C. difficile positive (Figure 3.1).

In our analysis, C. difficile toxin genes were found in both healthy and diseased
subjects of all ages (Figure 27A). The prevalence of potentially toxigenic C. difficile in healthy
infants (22.6%) was higher than previous estimations (Kubota et al. 2016; Rousseau et al.
2012), but comparable to the levels found in healthy adults (28.6%).

Diseased subjects were characterized by an increased carriage of toxin gene-carrying
C. difficile, compared to healthy subjects (Figure 27A). In particular, C. difficile toxin genes
were found in 50% of CDI patients (as previously mentioned in Chapter 3.1) 46% of cystic
fibrosis patients, 45.5% of infants suffering from neonatal sepsis or NEC, 43.8% of Crohn’s
disease patients and in 42% of subjects taking antibiotics (Supplementary figure 7). None of
the biopsy samples harboured C. difficile toxin genes (data not shown).
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Figure 27. Prevalence of toxigenic C. difficile in the stools of (A) healthy and diseased across
age groups, (B) diet during the first year of life, (C) delivery mode and gestational age.
Toxigenic potential defined via detection of either one or both of C. difficile Toxin A (TcdA) or
Toxin B (TcdB) genes. Prevalence is calculated on the number of C. difficile positive samples.
C. difficile toxin genes were exclusively found among human stool samples.
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The similarity in toxin burden between these two age groups is in contrast with the
stark discrepancy observed in terms of C. difficile prevalence between infants and adults
(Figure 15). Furthermore, while the average C. difficile prevalence was higher in the second
semester of life compared to the first one, the C. difficile toxins carriage appears to be higher
during the first semester, independently of the health status (+8.7% in healthy infants and +5%
in diseased infants) (Figure 27A). The differential composition at the species level identified
between healthy infants and subjects from different age groups and status, discussed in
Figure 27A, was not influenced by C. difficile toxin genes presence (data not shown).

Healthy infants exclusively fed with formula milk were characterized by higher
prevalence of potentially toxigenic C. difficile (10.2%), compared to infants fed a diet mixed of
formula and breastmilk (6.2%) and infants exclusively fed with breast milk (2.2%) (Figure
27B). In diseased infants, while exclusive breast milk remained associated with the lowest C.
difficile toxin burden, no significant difference was found when comparing exclusive formula
with mixed feeding.

In terms of delivery mode and gestational age, the highest C. difficile toxin genes
carriage rate was found in premature infants born via C-section, followed by preterms vaginally
delivered, full-term babies born via C-section and full-terms born naturally (Figure 27C). This
trend was observed in both healthy and diseased infants, suggesting that both gestational age
and delivery mode have a higher impact on C. difficile toxin burden, than health status alone.
This result is in line with what was previously described in Figure 16C, in terms of C. difficile
prevalence across delivery mode and gestational age.

The parameters used for our toxin detection approach were conservative (see
Methods in Chapter 2), to reduce at the minimum the possibility of false positives. However
the presence of false negatives is possible, and therefore | suggest to consider these
estimations on potentially toxigenic C. difficile carriage as lower limit estimations.

C. difficile was not the only species harbouring toxin genes found in healthy subjects:
S. flexneri (16.2%% and 6.8% in infants and adults, respectively), E. coli (14.4% and 8.7%)
and C. perfringens (13.2% and 1.6%) were found in both infants and adults at higher
prevalence than C. difficile (Figure 28). Diseased subjects were characterized by a significant
increase in carriage rate of potentially toxigenic species, compared to healthy subjects (Figure
28).
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Figure 28. Prevalence of potentially toxigenic species other than C. difficile, in infants and
adults, divided by health status. Toxigenic potential identified via detection of species-specific
toxin genes published in VFDB (B. Liu et al. 2019) (see Chapter 2 for detailed Methods
description).

Known high prevalence of asymptomatic carriage of toxigenic C. difficile in infants is
the main reason why C. difficile testing is generally discouraged by pediatric guidelines and
why, even when in presence of diarrheal symptoms, the investigation of alternative etiologies
is recommended (Schutze et al. 2013; McDonald et al. 2018).

While in our study was limited at the investigation of the toxins genes, C. difficile toxins
are not uncommon in healthy infants (Viscidi, Willey, and Bartlett 1981; Kubota et al. 2016),
and the apparent protection from CDI symptomatology has been so far ascribed to the lack of
toxin receptors in the immature infant gut within the first two years of life. However, this
hypothesis originated from a study from 1986 that showed no toxin uptake in the intestinal
cells obtained from two fetuses aborted in the second trimester (Chang, Sullivan, and Wilkins
1986). Following studies on piglets and young rabbits came to contrasting results (Keel and
Songer 2007; Eglow et al. 1992) and human-based validation of this claim is still missing.
Therefore, while it is possible that the infant gut immaturity might play a role in the apparent
protection of healthy infants from C. difficile infection, this should not prevent evaluation of
alternative or complementary mechanisms.

Our analysis showed that no subspecies structure could be identified when comparing
C. difficile found in healthy infants with C. difficile from diseased infants or older subjects. This,
together with the presence of potentially toxigenic C. difficile in healthy infants indicates that
presence of this species and its toxigenic potential are not enough to distinguish between
asymptomatic and symptomatic subjects. Furthermore, multiple studies found that also C.
difficile toxin concentration may not be a reliable proxy to infer disease presence and its
severity (Jackson et al. 2016; Tang, Urrunaga, and von Rosenvinge 2016; Polage et al. 2015;
Toltzis et al. 2012). In this context, the unique composition of the microbial community | found
associated with C. difficile in healthy infants suggests that the gut microbiome might have an
important and previously overlooked role in C. difficile-associated symptomatology.

The metagenomic approach, on which this study was based, offers unique
advantages, such as the ability to provide a snapshot of the whole microbial community, with
little to no a priori knowledge, allowing detection of a vast range of known or suspected
pathogenic species that might co-occur with C. difficile. Another important advantage is that
metagenomics has been extensively adoperated to investigate a wide range of age ranges,
medical conditions, lifestyles, hosts and environments, which are publicly available and offer
invaluable insight on the global characterization of C. difficile.

3.4 Study limitations and future perspectives

Our meta-analysis has several limitations associated with the use of metagenomics.
First, the identification of toxin genes confirms the pathogenicity potential of a bacterial
species, but cannot provide information as to whether the toxins are in fact produced, nor in
which concentration (Polage et al. 2015). Second, our results refer to C. difficile in its
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vegetative form, and not in its endospore form, since the efficiency of many DNA extraction
protocols from endospores is limited (Felczykowska et al. 2015). Third, metagenomic-based
results can be affected by sequencing depth and therefore not detect species present at very
low relative abundance (<107%), although we confirmed that sequencing depth was not
associated with C. difficile detection in our dataset. Fourth, DNA-based detection of C. difficile
could also derive from non viable cells, although the consistent detection of C. difficile over
numerous timeseries suggests that C. difficile was continuously present over time and
therefore likely indicative of viable cells. Finally, while our results indicated important
associations between C. difficile and certain groups of other bacterial species, as well as
multiple indicators of a desirable infant gut microbiome development, they do not prove causal
relationships. Therefore, whether and how C. difficile might be directly involved in the
maturation of the healthy infant gut microbiome remains the object of future studies.

While this study helped elucidate previously unknown aspects of C. difficile as a
member of the gut microbiome, and its associations with other microbial species, several
aspects require further investigation. In future studies, the combination of traditional
laboratory-based tests with metagenomics will likely provide a better insight into the
interpretation of C. difficile role in the gut microbiome across different life stages and health
status. Nutrient availability, neighbouring bacterial species and stress level, which vary over
lifetime, are able to profoundly influence C. difficile and its potential associated health
outcome, and therefore need to be carefully considered. Further study is also required in the
unbiased characterization of the potential roles of C. difficile toxins, beyond their capability to
cause host damage. In fact, toxins have been suggested to be able to modulate niche
establishment, motility and biofilm formation (Rudkin et al. 2017).
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Chapter 4. Concluding remarks

Since its discovery almost a century ago, C. difficile has been extensively studied, with
more than 18 thousand publications available on PubMed as of today. However, this imponent
effort has been almost exclusively focused on C. difficile in diseased cohorts, in particular
those affected by C. difficile infection, with only a small fraction focusing on C. difficile in
healthy individuals. Low prevalence of C. difficile among healthy adults and the low prevalence
of symptomatic carriage of toxigenic C. difficile in infants are among the main reasons for this
biased investigative effort.

While more studies are needed to elucidate the precise role of C. difficile in human
health, | here found that the definition of C. difficile as a pathogen falls short in multiple ways.
| showed that C. difficile prevalence, abundance and biotic context varied over lifetime. While
associated with a less desirable community composition in adults and elderly, C. difficile in
healthy infants was associated with multiple beneficial indicators of a healthy gut microbiome
development.

Such dichotomy is less typical of a pathogen, and more suited for an opportunistic
pathogen or a pathobiont. While the distinction between these two terms remains blurry
(Jochum and Stecher 2020), decoupling C. difficile from the purely pathogenic perspective is
of paramount importance. Quoting the famous novelist Toni Morrison, “definitions belong to
the definers, not the defined”. How we label a species, in this case C. difficile, does not change
the nature of the species itself, nor its interaction with the host, but it can affect our perception
of the species and potentially how we decide to investigate it.

| therefore advocate for a shift from the so-far-adopted disease-centred investigation
of C. difficile, to a more neutral species-centred investigation. Simultaneously, my results raise
concerns for potential CDI overdiagnosis, and suggest that CDI-like symptomatology could be
attributed to other, so far overlooked, pathogenic species. Thus, as it holds the potential to be
associated with beneficial traits as well as with disease, C. difficile classification as pathogen
needs to be reconsidered, and expanded beyond the disease-centred perspective.

81



82



Appendix

Supplementary figure 1. (A) Overview of the different operational definitions of “strain” in
three fields of investigation: classical microbiology (as single cultured isolate), phylogenetics
(a leaf of a phylogenetic tree) and metagenomics (a metagenomic assembled genome, MAG).
(B) Correlation between similarity of the core genome (measure via ANI) and similarity of the
gene content (measure via Jaccard Index) in conspecific isolate genomes from 155 bacterial
species. Each dot is a pairwise comparison of one isolate genome against all other conspecific
ones. While a correlation exists (Spearman correlation R=0.57, p < 2.2e-16), many genomes
with core genome ANI >99% have <80% gene content in common, with isolated cases below
50%. Data from (Maistrenko et al. 2020), analysis performed by Dr.Oleksandr Maistrenko.

Figure and caption adapted from (Van Rossum et al. 2020).
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Supplementary figure 2. Taxonomic composition at the species level for CDI and control
samples. Species with minimum relative abundance = 0.01 and prevalence = 0.1 are shown.

Studies with at least 3 samples per study are shown.
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Supplementary figure 3. Geographical distribution of C. difficile prevalence in the stools of
healthy infants (left) and adults (right) divided by country and continent. For healthy adults,
only countries with C. difficile prevalence above 1% are shown.
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Supplementary figure 4. Logistic regression adjusted ANOVA p-values, divided by age
group. Single models are indicated as “single factor”, while combined models are indicated as
“sequential”’. The order of factors used in the combined models is the same as the column
order in the plot. “Total MG coverage” is used as a proxy for the sequencing depth.
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Supplementary figure 5. Prevalence of species known from the literature to be able to induce
antibiotic-associated diarrhea (AAD), across (A) healthy and (B) diseased human gut stool
samples over lifetime.
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Supplementary figure 6. (A) Species evenness (as the inverse Simpson index divided by
Richness) across age groups and health status. (B) Evenness in infant samples divided by
delivery mode, prematurity and health status. The number of samples per group is shown
under each boxplot. Mean comparison p-values calculated using t-test.
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Supplementary figure 7. Prevalence of C. difficile toxin genes in the stools of diseased
patients, divided by disease type or drugs. In dark blue are highlighted the diseases or drugs
directly affecting the gastrointestinal (Gl) tract, in light blue the ones affecting other body sites.
Prevalence calculated on the per-disease total number of C. difficile positive samples. Only
diseases with more than 10 C. difficile positive samples are shown. Abbreviations: NEC:
“Necrotizing enterocolitis”; CD: “Crohn’s disease”; ASCVD: “atherosclerotic cardiovascular
disease”; UC: “Ulcerative colitis”.
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Supplementary table 1. List of publicly available CDI studies used for the C. difficile CDI
meta-analysis. Abbreviations: “CDI": C. difficile infection; “D-Ctr”: Diseased controls; “H-Ctr”:
Healthy controls. See Methods for detailed description of sample groups.

Study Study name N. N. N. N.
accession on samples | samples | samples | samples
ENA CDI D-Ctr H-Ctr

PRJNA420371 | PRINA420371_Alabama | 26 17 - 9
PRJNA339012 | Kumar_2017 13 7 - 6
PRJNA564397 | Monaghan_2020_India 93 32 22 39
PRJEB23489 | Smillie_2018 26 22 - 4
PRJNA478949 | Stewart_2019 24 10 - 14
SRP064400 Vincent_2016 96 4 92 -
PRJEB39023 | Podlesny 2020 _FMT 16 8 - 8
PRJEB33013; | Kim_2020_CDI 87 26 - 61
PRJEB35738

PRJNA674880 | Langdon_2021_RCDI 141 98 - 43
PRJNA701961 | Watson_2021_FMT 12 10 - 2

Total 534 234 114 186
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Supplementary Table 2. Most prevalent toxin genes found in CDI samples (in order of

prevalence).

Toxin gene | Toxin extended name Species

senB enterotoxin ShET2 S. flexneri 2a str. 301

sat Secreted auto transporter toxin E. coli CFTQ73
Sat

toxA toxin A TcdA C. difficile 630

toxB toxin B TcdB C. difficile 630

nagH hyaluronidase mu-toxin C. perfringens str. 13

esaD type VIl secretion system S. aureus subsp. aureus MW2
secreted protein

nagK hyaluronidase mu-toxin C. perfringens str. 13

colA collagenase kappa-toxin C. perfringens str. 13

nagJ hyaluronidase mu-toxin C. perfringens str. 13

plc phospholipase C alpha-toxin C. perfringens str. 13

nagl hyaluronidase mu-toxin C. perfringens str. 13

lukD leukotoxin leukocidin S. aureus subsp. aureus MW2

nagL hyaluronidase mu-toxin C. perfringens str. 13

pfoA perfringolysin O theta-toxin/PFO | C. perfringens str. 13

astA exotoxin A precursor ExoA E. coli O44:H18 042

toxA heat-stable enterotoxin 1 EAST1 | P. aeruginosa PAO1

tsst-1 toxic shock syndrome toxin-1 S. aureus subsp. aureus N315
TSST-1

cpe enterotoxin Cpe CPE C. perfringens SM101

sell staphylococcal enterotoxin L S. aureus subsp. aureus MW2
precursor Enterotoxin-like L

sec staphylococcal enterotoxin C S. aureus subsp. aureus MW2
precursor Enterotoxin C

esaG9 antitoxin protein EsaG homolog S. aureus subsp. aureus MW2
Type VIl secretion system

cdtB RTX toxin RtxA C. jejuni subsp. jejuni NCTC 11168

cdtA cytolethal distending toxin B C. jejuni subsp. jejuni NCTC 11168
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esaG1 cytolethal distending toxin A S. aureus subsp. aureus MW2
esaG2 staphylococcal enterotoxin D S. aureus subsp. aureus MW2
precursor SE
sed antitoxin protein EsaG Type VII S. aureus RN4220
secretion system
rtxA antitoxin protein EsaG homolog V. cholerae O1 biovar El Tor str.

Type VIl secretion system

N16961
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Supplementary table 3. List of the 253 publicly available studies used in the C. difficile global
meta-analysis.

Supplementary table 4. List of animal species included in our global C. difficile survey, listing
their scientific and common names, the number of samples per each species and the country
of sampling.

Animal species Animal species N. Country
scientific name common name samples
Sus scrofa domesticus Domestic Pig 1708 Netherlands (185), Denmark

(220), China (295), Canada (67),
Australia (902), Austria (939)

Gallus gallus domesticus Domestic chicken 752 Netherlands (178), China (499),
UK (74), Peru (1)

Bos taurus Domestic cow 695 Canada (60), US (215), UK
(281), Finland (13), Sweden (13),
Iceland (6), Brazil (23), France
(61), ltaly (19), El Salvador (4)

Mus musculus Mouse 213 Denmark (22), China (15), US
(123), Sweden (20), Norway (33)

Canis lupus familiaris Domestic dog 184 US (182), Peru (2)

Felis catus Domestic cat 124 US (36), UK (88)

Apis mellifera carnica Bee 54 Switzerland

Papio cynocephalus Yellow baboon 48 Kenya

Coragyps atratus Black vulture 45 na

Gymnogyps californianus California condor 31 us

Macaca mulatta Rhesus macaque 29 us

Elaphurus davidianus Pére David's deer 27 China

Gorilla gorilla gorilla Gorilla 23 Cameroon

Macaca fascicularis Crab-eating macaque | 20 China

Ailuropoda melanoleuca Giant panda 16 China

na Oyster 15 us

Oncorhynchus mykiss Rainbow trout 13 us

Ailurus fulgens Red panda 6 China

Strigops habroptilus Kakapo 4 New Zealand
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Manis javanica Sunda pangolin 2 China
Anser indicus Bar-headed goose 2 China

Cavia porcellus Guinea pig 2 Peru
Centrocercus urophasianus | Greater sage-grouse | 2 us

na Turtle 1 Peru

Indri indri Indri lemur 1 Madagascar

Supplementary table 5. Metadata table for the 42,814 metagenomic samples used for the C.
difficile global meta-analysis.

Supplementary table 6. mMOTU2.0 taxonomic profiles (using 2 marker genes) for the 42,814
metagenomic samples used for the C. difficile global meta-analysis.

Supplementary tables 3, 5 and 6 are provided in the online version of the thesis.
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