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Abstract

Mucus is a viscoelastic gel barrier that covers wet epithelial surfaces throughout the body
including gastrointestinal (Gl), respiratory, reproductive, and urinary tracts (Alemao et al., 2020;
Bansil & Turner, 2018). It is secreted by goblet and mucous cells and achieves a complete layer
already several days after birth (Bunesova et al., 2018). Different roles and functions are carried out
by mucus barrier such as gaseous exchange, nutrient and cofactor adsorption, lubrification, chemical
sensing and an important relationship with the immune system (Anthony P. Corfield, 2015). The
major building block of mucus are represented by mucins glycoproteins (Bansil & Turner, 2018).
Mucins are characterised by an high level of glycosylation, oligosaccharides such as N-
acetylglucosamine (GIcNAc), N-acetylgalactosamine (GalNAc), fucose, galactose and sialic acidic,

constitute up to 80% of their molecular mass (Bansil & Turner, 2006).

The aim of this study was to investigate gut mucin degraders of healthy subjects through a
culture dependent and independent approach. The faeces of five healthy adults were subjected to three
steps of enrichment in a medium with only mucins as carbon and nitrogen sources. The bacterial
community was compared before and after the enrichment by 16S rRNA gene profiling. Only three
species of strict anaerobes able to grow on mucin were isolated: Clostridium celatum, Clostridium
tertium, and Paraclostridium bifermentans. Genome analysis of the strains was carried out and
compared with other available genome present on NCBI GenBank database to better understand their
metabolic and functional potential, and to determine their ability to use mucin. Genes coding for
glycoside hydrolases (GHs) involved in mucin degradation were found in all the genomes, with a
higher abundance in C. celatum that possess at least 25 GHs. The distribution of genes required for
utilization of Gal, GIcNAc and GalNAc were widespread among all the strains, while only C. celatum
degrades fucose.

The three strains were investigated also in terms of physiological characterization and
functional properties. They all were able to grow in a pH range between 5.5 and 8, with an optimum
of pH 6.5-7, producing ethanol, acetic, propionic, formic acids, and hydrogen. Biofilm-forming
ability was observed in C. celatum and P. bifermentans. Like other members of Clostridia class, the
three clostridia produced spore that resisted to stress conditions. To evaluate whether spore formation
improve survival, tolerance to oxygen and high temperature exposure were checked. The three strains
were able to resume vegetative growth after exposure to oxygen, albeit C. celatum resulted more
susceptible to oxygen stress, whereas heat treatment up to 80°C caused a decrease of maximum one

Log.



In vivo experiment on Balb/c mice are in progress, to test the ability of the three strains to
colonize intestinal mucus and to exert some effect on immune system. To assess their impact, the

expression of IL-1pB and IL-10 will be measured after the treatment.



Abstract

Il muco é un colloide viscoso che costituisce una barriera fisica in tutte le superfici epiteliali
del corpo umano, inclusi il tratto gastrointestinale, respiratorio, riproduttivo e urinario (Alemao et al.,
2020; Bansil & Turner, 2018). E secreto dalle cellule mucipare che producono uno strato protettivo
completo gia dopo pochi giorni dalla nascita (Bunesova et al., 2018). La barriera mucosa € coinvolta
in piu funzioni come ad esempio ’assorbimento di cofattori e nutrienti, la lubrificazione ed inoltre
svolge un ruolo fondamentale in correlazione con il sistema immunitario (Anthony P. Corfield, 2015).
Le mucine sono glicoproteine e sono le maggiori costituenti del muco (Bansil & Turner, 2018).
Queste ultime sono caratterizzate da un alto livello di glicosilazione, sono composte da oligosaccaridi
quali N-acetilglucosammina (GIcNAc), N-acetilgalattosamina (GalNAc), fucosio, galattosio e acido
sialico, i quali rappresentano fino all’80% della massa molecolare (Bansil & Turner, 2006).

Lo scopo di questo lavoro e stato quello di identificare, attraverso un approccio cultura
dipendente e indipendente, la popolazione batterica intestinale isolata in soggetti sani che fosse in
grado di degradare la mucina. Le feci di cinque adulti sani sono state sottoposte a tre step successivi
di arricchimento in un terreno di crescita contenente la mucina come unica fonte di carbonio e azoto.
La popolazione batterica ¢ stata confrontata prima e dopo 1’arricchimento mediante la metodica del
16S rRNA gene profiling. Sono state isolate solamente tre specie di anaerobi capaci di sviluppare su
mucina: Clostridium celatum, Clostridium tertium e Paraclostridium bifermentans.

Di queste tre specie ¢ stata effettuata I’analisi genomica e in parallelo un’analisi comparativa
con altri genomi presenti nella banca dati NCBI GenBank, in modo da approfondire gli aspetti
funzionali e metabolici, oltre che determinare la loro capacita di utilizzo della mucina. In tutti i
genomi analizzati, sono stati identificati geni codificanti glicosidasi (GH) coinvolte nella
degradazione della mucina, con un massimo di 25 GH riscontrate nel genoma di C. celatum. | geni
coinvolti nei pathway di utilizzo dei singoli monosaccaridi quali Gal, GIcNAc and GalNAc, sono stati
riscontrati in tutti i tre genomi, mentre solo C. celatum e in grado di utilizzare il fucosio. I tre ceppi
oggetto di studio sono stati inoltre caratterizzati dal punto di vista fisiologico. In tutti i ceppi é stata
registrata crescita batterica in un intervallo di pH fra 5.5 e 8, con un optimum di crescita di pH 6.5-7,
producendo etanolo, acido acetico, propionico, formico e idrogeno. E stata osservata una propensione
a formare biofilm solamente in C. celatum e P. bifermentans. Come altri membri della classe
Clostridia, i tre clostridi sono in grado di produrre spore, attraverso le quali resistere a condizioni di

stress. Per testare se la formazione di spore aumentasse la sopravvivenza, sono stati effettuati dei



trattamenti di esposizione all’ossigeno e alle alte temperature. In seguito all’esposizione all’ossigeno
tutti i ceppi sono stati in grado di ripristinare lo sviluppo delle cellule vegetative, sebbene in C.
celatum sia stata osservata una maggiore sensibilita allo stress indotto da ossigeno. Diversamente, il
trattamento con temperature fino a 80°C ha causato una riduzione massima di circa un ordine
logaritmico in tutte le specie analizzate.

Infine, sono in corso test in vivo su modelli murini Balb/c, per testare la capacita dei tre isolati
di colonizzare la mucosa intestinale e di produrre effetti sul sistema immunitario. Per determinare il
loro impatto sul modello murino a seguito del trattamento, verra valutata I’espressione di

interleuchine come IL-1p e IL-10.
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1. Introduction

1.1 The human gut microbiota

1.1.1 The no longer “forgotten organ”

Human beings, like all the other organisms, live a symbiotic relationship with their coevolved
microbiota (Rajili¢-Stojanovi¢ & de Vos, 2014). Almost 40 trillion of microbes inhabit the human
body (Sender et al., 2016), organized in different microbial communities widespread on external
surfaces covered by skin and on internal surfaces lined with mucus (Wang et al., 2021). The most
concentrated district is the human gastrointestinal tract, colonized by a complex ecosystem of
microorganisms, including bacteria, fungi, archea and viruses, collectively referred to as the gut
microbiota (Puértolas-Balint & Schroeder, 2020).

It has been estimated that an amount of almost 10! cells/g microorganisms reside in human
colon (Rossi et al., 2016), number that is of the same order as the number of human cells, while in
small intestine reaches 108-107 cells/g due to the low pH and the rapid flow of content of these regions
(Sender et al., 2016). The entire microbial genome called “microbiome” express 100 times more
genes than the human genome (Gao et al., 2021), so the human intestinal microbiota can be conceived
as an “organ” that exceeds the liver, which is the most versatile human organ, in terms of biochemical
conversions (Egert et al., 2006).

Gut commensal bacteria play pivotal and essential roles: they digest substrate inaccessible to
host enzymes, synthetize vitamins, are involved in maturation and modulation of immune system,
avoid the proliferation of harmful microorganisms, maintain intestinal epithelial homeostasis and
overall human health (Kostic et al., 2014; Ruan et al., 2020).

Albeit gut microbiota was considered for long time as the “forgotten organ”, in the last 10-15
years the bloom of research has allowed a better comprehension about its composition, functions, and
interactions with the host (Marchesi et al., 2016; Seo & Holtzman, 2020).
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1.1.2 Gut microbiota composition

Gut microbiota is mainly composed by bacteria and its composition (in terms of species and
relative abundance) differs not only between individuals but also between different regions of the gut
(Kudelka et al., 2020). Although humans harbour more than 200 different bacterial species, almost
30% of this population is shared by different subjects, defining the core microbiota (Baldelli et al.,
2021). Most of the identified gut bacteria species are strictly anaerobic and are located in mucosal
regions of the gastrointestinal (GlI) tract.

Bacterial species detected in the human gut are classified in seven different phyla, with two
dominant phyla, Firmicutes and Bacteroidetes, and subdominant ones like Actinobacteria,
Proteobacteria, Verrucomicrobia, Fusobacteria, and Tenericutes (Meng et al., 2018; Pierro, 2021).

Along the GI tract, stomach, small intestine, and colon are characterized by the colonization
of different bacterial communities. Acidic environment of the stomach, due to gastric acids and
proteolytic enzymes, limits the presence of bacteria. Typically, taxa such as Bacillales incertae sedis,
Streptococcaceae, Enterobacteriaceae, Leptotrichiaceae, Veillonellaceae, and Pseudomonadaceae are
found in corpus and antrum of the stomach (Vasapolli et al., 2019). Duodenum, jejunum, and ileum
compose the small intestine, and are the districts where most of the nutrient digestion and absorption
take place. Jejunum is dominated by facultative anaerobes like Streptococcus, Prevotella, Veillonella,
Fusobacterium, Escherichia, Klebsiella, and Citrobacter (Sundin et al., 2017). Duodenum exhibits
similar genera composition as the stomach, while the ileum encompasses Clostridiaceae,
Lachnospiraceae, Peptostreptococcaceae, Ruminococcaceae, Enterobacteriaceae, and Bacteroidaceae
that form a microbiota more similar to the microbial communities of colon (Vasapolli et al., 2019).

Colon is the last section of the Gl tract, and in this district complex carbohydrates fermentation
occurs by the action of bacteria ascribing to the five main bacterial phyla Bacteroidetes, Firmicutes,
Verrucomicrobia, Proteobacteria, and Actinobacteria. A different spatial organization occurs in the
colon, where microorganisms establish an axis from the lumen to the mucosa coating the epithelium
(Ruan et al., 2020).

Bacteroidetes and Firmicutes represent most of the bacteria inhabiting the colon. The phylum
Firmicutes is highly diverse and encompasses the orders Lactobacillales, Clostridiales,
Erysipelotrichia, and Negativicutes. The order Lactobacillales includes some of the most popular
health promoting bacteria, and species commonly used as probiotics (Gareau et al., 2010). The order
Clostridiales includes obligate anaerobic bacteria with wide phylogenetic and metabolic diversity.
Clostridiales obtain energy by a number of fermentative pathways and contribute to feed other

microbes and colonocytes with a plethora of metabolites, being involved in complex cross-feeding
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interactions. The main butyrate producing bacteria, remarkably important to promote a health status,
are members of Clostridiales (Sorbara & Pamer, 2022). On the other side, some Firmicutes members
have been associated with obesity or to exacerbation of inflammatory bowel disease (IBD), such as
Ruminococcus gnavus (Hall et al., 2017).

Bacteroidetes can represent the major taxa of intestinal bacteria, most ascribed to the families
Bacteroidaceae, Prevotellaceae, Rikenellaceae, and Porphyromonadaceae. Bacteroides express a
strong hydrolytic activity, that allows degradation and fermentation of ingested complex
polysaccharides (Wexler & Goodman, 2017). Some species negatively affect the human health, such
as Prevotella copri (Scher et al., 2013) associated with rheumatoid arthritis and Bacteroides fragilis
with colon cancer (Wu et al., 2009), and other are recognized as main proteolytic fermenters.

The phylum Verrucomicrobia includes Akkermansia muciniphila, known to decompose
mucin in the human intestine (Derrien et al., 2004). This abundant species regulates glucose
homeostasis, inflammation, intestinal barrier function, adipose tissue metabolism, fat mass
accumulation, and other metabolic functions of the host. The proximity of A. muciniphila to the
human intestinal favours the interaction between this bacterium and the host, contributing to control
the physiological and homeostatic functions that hinder the onset of obesity and type 2 diabetes
(Everard et al., 2013).

Actinobacteria encompasses the genus Bifidobacterium, that includes major bacteria
associated with early life (Sorbara & Pamer, 2022). The passage from infancy to adolescence and
then to adulthood is related to a decline of the relative abundance of bifidobacteria, that still remain
a main genus of health promoting bacteria. For this reason, bifidobacteria are regarded as the most
robust and validated probiotics, with evidence of effect on treatment or prevention of several diseases
(Agans et al., 2011).

Proteobacteria is the phylum that includes Gram-negative bacteria. The order
Enterobacterales is the most abundant among Proteobacteria, is composed by permanent colonizers
of the human gut that (Sorbara & Pamer, 2022). In healthy conditions, these opportunistic bacteria
are a minor component of the microbiota, and as along as the microbiota is balanced, their overgrowth
is limited. A bloom of Enterobacterales may occurs as a result of microbiota dysbiosis, yielding

pathogen-mediated infections and activating inflammatory host response (Amaretti et al., 2020).
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1.1.3 Microbial colonization throughout life

1.1.3.1 The infant gut microbiota

When human first encounters microbial population remains a debated theme (Silverstein &
Mysorekar, 2021). Over the years, several studies have supported the hypothesis that microbial
colonization occurs in utero, with the detection of bacteria in human placenta, amniotic fluid, and
fetal membranes. Many of these “first” bacteria were detected in placenta samples through a whole-
genome shotgun metagenomic approach, and ascribed to the genera Lactobacillus, Bifidobacterium,
Propionibacterium, Rhodococcus, Streptomyces, Bacteroides, Prevotella, Neisseria, Enterobacteria
and Micrococcus, with E. coli as the most abundant species. The microbiota composition described
had a match with the taxa found in the maternal oral microbiome (Aagaard et al., 2014; Rackaityte et
al., 2020). Recently, Mishra and colleagues (Mishra et al., 2021) demonstrated the presence of low
microbial concentration in fetal tissues, during the 2" trimester of pregnancy, with an enrichment of
seven bacterial genera. Among the isolates, mostly facultative or obligate anaerobes, they identified
Staphylococcus and Lactobacillus like the most abundant. However, other researchers defend the
sterile womb hypothesis ascribing the detected microbial particles to contamination (Senn et al.,
2020).

After birth Gl tract of newborns is rapidly colonised and its microbiota composition is initially
shaped by three main factors: gestational age at birth, delivery mode, and infant feed mode (Milani
et al., 2017). The first cause influencing the microbiota composition is the gestational age of birth.
Indeed microbiota diversity changes between full-term and pre-term neonates, being characterized in
the latter group by the presence of higher abundances of pathogenic facultative anaerobes like
Enterococcus, Enterobacter, Klebsiella, and Staphylococcus (Grech et al., 2021).

In addition, gut bacteria composition of infants is influenced by the mode of delivery. After
natural childbirth, infants harbour bacteria such as Prevotella and Lactobacillus resembling the
mother’s vaginal microbiota. Differently, in case of caesarean section gut microbiota differs not only
in terms of composition but also in timing of colonization, and babies acquire microorganisms like
Staphylococcus, Corynebacterium, and Propionibacterium that mimic “skin”-type bacteria
(Gorkiewicz, 2018; O’Hara & Shanahan, 2006). Several studies have demonstrated that during the
first week of life infants harbour complex and dynamic microbial communities (Favier et al., 2002;
Palmer et al., 2007).

At birth, the gut is colonized by primarily aerobic bacteria, ascribed to the genera
Enterobacter, Staphylococcus, and Streptococcus, many of which potentially harmful for the host.
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These early colonizers begin to change the gut environment consuming oxygen e preparing an
anaerobic environment, allowing the colonization by an increasingly number of anaerobic
microorganisms (Pop, 2012). Overall, the composition of the gut community continuously changes
in response to environmental factors, like type of feeding, weaning, and the successive introduction
of different type of foods, reaching a sort of mature equilibrium around one to three years (Aagaard
et al., 2014; Wopereis et al., 2014). In this time framework, microbial communities of infant are
highly individuals and characterized by a lower diversity index compared to the childhood and
adulthood microbiota diversity (Grech et al., 2021).

Another major cause that shape gut colonization development is represented by infant fed
mode (Milani et al., 2017). Breast milk contains oligosaccharides (HMO-Human Milk
Oligosaccharides) that constitute the third solid component after lactose and fat. HMOs are complex
carbohydrates indigestible for the host, and provide a fermentative substrate for the growth of a
limited number of gut bacteria. These oligosaccharides act as prebiotic stimulating in particular the
growth of bacteria of the genus Bifidobacterium. The presence of this latter group of bacteria is related
to a health status and to strengthening of gut mucosal protection against pathogens (Cresci et al.,
2016). On the other side, microbiota of formula-fed infants’ is characterized by lower abundance of
bifidobacteria and lactobacilli, and higher diversity due to the presence of Bacteroides, Staphylococci,
Enterococci, and Clostridia (Milani et al., 2017).

The infant gut microbiota undergoes a transition from being dominated by Lactobacillus and
Bifidobacterium to being dominated by a more complex population of bacteria (Grech et al., 2021).
Lactobacilli and bifidobacteria promote the development of infant-acquired immunity and innate
immunity in early life, and their relative abundance is related to the risk of developing
noncommunicable diseases, such as obesity and asthma (Bjorkstén et al., 2001). The introduction of
solid foods and dietary fiber fermented by the gut microbiota around 6 months of age, establishes a
microbial community with higher level of diversity. After weaning, it is generally observed a
replacement of Proteobacteria (Enterobacteriaceae) and Actinobacteria (mainly Bifidobacterium),
and a concurrent bloom of anaerobes and fermenters like Bacteroides, Clostridium, Lachnospiraceae
and Ruminoccocaceae. (Koenig et al., 2011; Milani et al., 2017). The beneficial commensal bacteria
A. muciniphila and F. prausnitzii absent in the early infancy, increase in abundance in children at 24

and 12 months, respectively (Yassour et al., 2016).
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1.1.3.2 The adult-like microbiota

Dynamic changes of human gastrointestinal microbiota occur over the whole life. Albeit the
adulthood microbiota has been considered for long time quite stable, other evidence suggested its
continuous development from infancy to adult state (Hollister et al., 2015).Children present a higher
abundance of Bifidobacterium, and their gut microbiota composition is mainly characterized by a
lower diversity compared to the adults. However, during childhood, the phyla of Firmicutes and
Bacteroidetes start being the most dominant, like in adults (Moran-Ramos et al., 2020; Ringel-Kulka
etal., 2013).

This trend of microbiota composition occurs also in the adolescent stage of life (11-18 years).
All these observations are in line with the hypothesis that bifidobacteria slowly decrease in children
from 2 to 18 years, reaching stable level in adult microbiota (Paliy et al., 2009).

However, adolescent and adult microbiota exhibit similar amounts of Clostridia, especially
of the genus Ruminococcus, which is consistent with the role of these members as the primary
carbohydrate fermenters (Agans et al., 2011).

In adult, gut microbiota is mainly dominated by the phyla Firmicutes (especially the order
Clostridiales) and Bacteroidetes, which constitute up to 90% of total bacteria, followed by
Proteobacteria (up to 10%) and Actinobacteria (up to 5%) (Paliy et al., 2009).

1.1.3.3 The aging of gut microbiota

Additional changes on the gut microbiota composition occur in elderly people, where the
decline of diversity is due in part to a decline of the immune system functions (immunosenescence).
This latter feature of aged people concurs to the establishment of a chronic low-grade inflammatory
status, which together with changes in dietary life style is responsible of evolution towards an
unbalanced microbiota (Fan & Pedersen, 2021; Toward et al., 2012). Gut microbiota composition of
elderly is characterized by increased abundance of facultative anaerobes and by a shift in term of the
main species that inhabit gastrointestinal tract (Mariat et al., 2009).

In elderly, the status of inflammation is exacerbated by a decrease in the anti-inflammatory
bacterial species, including F. prauznitzii and bifidobacteria spp. (Thevaranjan et al., 2017). A
reduction of Firmicutes and an increase of Bacteroidetes occurs from adulthood to old age, resulting
in a decreased Firmicutes to Bacteroidetes ratio (Quercia et al., 2014; Vaiserman et al., 2020). As

these phyla represent the majority of gut microbiome, the Firmicutes/Bacteroidetes ratio is critical for
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the production of short chain fatty acids (SCFAS) such as butyrate and propionate. Accordingly, in a
Japanese cohort of healthy subjects, following the changes of microbiota composition from 0 to 104
years, the phylum Firmicutes resulted the most abundant, and its relative abundance started to
decrease at the age of 70. This trend was opposite to the increasing abundance of Proteobacteria
which occurred in elderly people. Furthermore, in old age the phylum Bacteroidetes became more
abundant in a stepwise manner, whereas Actinobacteria decreased progressively (Odamaki et al.,
2016).

Similar results were previously obtained in a study that compared intestinal microbiota of
young adults (>30 years old), elderly (70 years old) and centenarians (100 years old) (Biagi et al.,
2010): in the latter group a shift in gut bacteria composition involved a significant decrease of
Firmicutes subgroup Clostridium cluster XIVa, and an increasing abundance of bacilli and
Proteobacteria. Within the Firmicutes, the families of Ruminococcaceae, Lachnospiraceae, and
Clostridiaceae encompass the main butyrate-producing bacteria of the human gut that positively
influence host health (Louis & Flint, 2017). In the study of Biagi and coworkers (2010), the species
Ruminococcus obeum, Roseburia intestinalis, E. ventriosum, E. rectale, E. hallii, Papillibacter
cinnamovorans, and F. prausnitzii were instead less abundant in centenarians. On the other side, a
bloom of the Proteobacteria Alcaligenes faecalis, Leminorella, Proteus, E. coli, Haemophilus,
Klebsiella pneumoniae, Pseudomonas, Serratia, and Yersinia, positively correlated with the higher
level of pro-inflammatory cytokines IL-6 and IL-8 (Biagi et al., 2010).
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Figure 1 The structure of the human intestinal microbiota across the life cycle. The composition of gut microbiota
changes throughout life. Dynamic changes of the bacterial community take place into infant gut, being shaped by different
factors such as, mode of delivery, gestational age at birth, feeding mode, and weaning. From 2 and 18 years, microbiota
composition begins to resemble the “adulthood” structure, differing from the latter by the higher abundance of
Bifidobacterium. In adult, the phyla Firmicutes and Bacteroidetes are the most abundant, followed by Actinobacteria and
Proteobacteria. The elderly’s microbiota is characterized by increasing abundance of Bacteroidetes and Proteobacteria.
This trend continues in centenarians, in those is also present a concomitant decrease of the phylum Firmicutes. (Haran &
McCormick, 2020)

1.1.4 Saccharolytic and proteolytic metabolism

The intestinal microbiota gains energy and nourishment from polysaccharides and peptides
which are indigestible from human’s enzymes (Ottman et al., 2012).

It is estimated that around 20-30 g of diet-derived carbohydrates reach the colon every day
escaping digestion by the enzymes of the small intestine, and providing the carbon sources for the
saccharolytic bacteria that are the vast majority of the intestinal microbiota. Most of the carbohydrates
reaching the colon are resistant starches (RS), non-starch polysaccharides (NSP) including cell wall
polysaccharides, oligosaccharides, and some mono- and di-saccharides (G. T. Macfarlane &
Macfarlane, 2011).

In the large intestine fermentative metabolism represents the major energy source for
intestinal bacteria, with the polymers broken down by various bacterial enzymes such as

polysaccharides, glycosidases, proteases, and peptidases to smaller oligomers and their component,
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mostly sugars and amino acids. The metabolism of carbohydrates yields the short chain fatty acids
(SCFA) acetate, propionate, and butyrate, and lowers the pH in the large intestine. These three main
metabolites, produced in a ratio of 3:1:1, differ in their utilization pathway and in tissue distribution,
but together participate to maintain gut functions and host immune homeostasis (Scott et al., 2013).
Others minor metabolites such as ethanol, lactate, and succinate do not accumulate in the colon
because they are metabolized by other cross-feeding species (Louis & Flint, 2017).

The production of oxidized substances as acetate is directly associated with ATP generation,
for this reason acetate is the most abundant SCFA released in the colon. It is produced by anaerobic
bacteria as a fermentation product and by acetogenic bacteria, as B. hydrogenotrophica, from Hp,
CO3, and formate (Anand et al., 2016). Acetate is is released in peripheral tissues, reach the highest
concentration in blood, and is involved in lipogenesis (Louis & Flint, 2017). Propionate is mostly
absorbed by the liver where contributes to gluconeogenesis, and is produced through the succinate
and propanediol pathway. The amount of propionate released depends on the relative abundance of
Bacteroidetes and some Firmicutes. In particular, some bacteria from the Bacteroides genus, and also
some members of Ruminococcaceae like R. flavefaciens, are able to form propionate predominantly
by succinate pathway. The propanediol pathway produces propionate from deoxy fucose and
rhamnose, and is utilized by members of the Lachnospiraceae family, such as Roseburia inulivorans
and Blautia spp. (Reichardt et al., 2014; Thursby & Juge, 2017).

Butyrate is mainly released by the families Ruminococcaceae, Lachnospiraceae,
Erysipelotrichaceae, and Clostridiaceae, from carbohydrate fermentation via glycolysis and
acetoacetyl-CoA pathways. The acetate CoA transferase pathway is performed by the most abundant
species that colonize a healthy gut microbiota, including Fecalibacterium prausnitzii, Roseburia spp.,
Eubacterium rectale, Eubacterium halii and Anaerostipes spp., while several members of the genus
Clostridium produce butyrate via phosphotransbutyrylase and butyrate kinase (Louis & Flint, 2009;
Thursby & Juge, 2017).

Butyrate, succinate and propionate are rapidly adsorbed from the gut lumen and serve as
nutrients for the colonocytes. Moreover, they improve solubility and absorption of minerals such as
calcium. SCFA also modulate colonic regulatory T cells and influence the down regulation of pro
inflammatory cytokines, such as IL-6 ad IL-12, in colonic macrophages (Chung et al., 2012; Smith
et al., 2013). The metabolism of dietary complex carbohydrates counteracts the proteolytic
metabolism and reduces the concentrations of potentially harmful metabolites derived from
proteolytic activity in the colon (Hamer et al., 2012).
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Figure 2 Overview of saccharolytic catabolic pathway carried out by intestinal bacteria (Adapted from Louis et al.,
2014)

Another source of carbon and energy for colonic bacteria is represented by proteins. It was
estimated that every day an amount of 13 g of protein and peptides reach the human colon. Most of
dietary proteins are digested and absorbed in the small intestine. Undigested proteins and peptides
that reach the colon are fermented with production of carbon dioxide, ammonia, linear and branched
organic acids (acetate, butyrate, propionate, valerate, isobutyrate, 2-methylbutyrate, and
isolavalerate), phenols, indole derivatives, and other nitrogen or sulphur-containing compounds

(Amaretti et al., 2019; Louis & Flint, 2017).
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Organic acids

Many of these products are detrimental to human health (in particular ammonia, phenols,

indoles, amines, sulfides and N-nitroso compounds), being responsible for a variety of harmful

effects, including systemic toxicity, nephrotoxicity, and carcinogenesis (Guo et al., 2020; Kobayashi,

2018).

In the colon, the first steps in protein breakdown are carried out by a variety of hosts

endopeptidases and bacterial proteases (Cummings & Macfarlane, 1991), that release peptides and/or

amino acids fermented by true amino acid-fermenting through the Stickland reactions or other

fermentation pathways ( Kim et al., 2004; Smith & Macfarlane, 1998).
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Figure 4 General scheme of Stickland fermentation of amino acids

According to MacFarlane and Cummings (1991), intestinal bacteria able to ferment proteins
are ascribed to the genera Bacteroides, Propionibacterium, Clostridium, Fusobacterium,
Streptococcus, Eubacterium and Lactobacillus. In particular, the species Bacteroides
thetaiotaomicron, B. eggerthii, B. ovatus, B. fragilis, Parabacteroides distasonis, Clostridium
bartlettii, and Eubacterium hallii.

A recent paper (Amaretti et al., 2019) aimed to identify intestinal proteolytic bacteria of healthy
subjects by a metagenomic approach on protein enriched fecal cultures, revealed that the families
Enterobacteriaceae, Burkholderiaceae, and Desulfovibrionaceae, and the genera Escherichia-
Shigella, Sutterella, Parasutterella, and Bilophila proliferated in the protein based medium.
Furthermore, many taxa that get enriched were ascribed to the families Lachnospiraceae and
Ruminococcaceae and showed the strongest correlation with products of amino acid fermentation
such as ammonium, indole, and p-cresol. In particular, the genera Anaerotruncus, Dorea,
Oscillibacter, Eubacterium oxidoreducens, Lachnoclostridium, Paeniclostridium, Rombutsia took

advantage in the protein based medium.
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1.1.5 Gut dysbiosis

The intestinal microbiota impacts the host by releasing metabolites, cellular components, and
secreted proteins that can activate a wide range of host receptors mediating effects that range from
inflammation to immunosuppression (Rooks & Garrett, 2016). The rich microbial community play
crucial role in maintaining host physiology and homeostasis (Agus et al., 2021). However, different
factors can contribute to a shift in the microbiota composition, disrupting microbial homeostasis and
leading to dysbiosis (Ventura et al., 2018). Generally, a disease status is associated to a reduced
microbiota diversity that can derive, for instance, from fibre-deficient diets and antibiotic treatments
(Egert et al., 2006). Gut dysbiosis leads to altered metabolism and immune regulation of the host,
moreover the lost of equilibrium between commensal gut bacteria and opportunistic pathogens causes
a major vulnerability to damage and loss of intestinal homeostasis (Di Tommaso et al., 2021).

The healthy gut microbiota handles an active crosstalk with the host cells. A disturbed ecology
of the microbial community has been associated with various human diseases, such as obesity and
metabolic syndromes, non-alcoholic fatty liver disease, coronary heart disease, irritable bowel
syndrome, inflammatory bowel disorders, allergy, and asthma (de Vos & De Vos, 2012). Extensive
research highlighted that those alterations of microbial composition affect the secondary metabolites
produced by bacterial, impairing signalling in distal tissues, such as liver, brain, muscle and adipose
tissues. As a whole, a normal microbiota participates in the activities that maintain a healthy
gastrointestinal status and controls various central nervous systemic activities, while altered gut
microbiota activates neuropsychiatric disorders, such as anxiety, depression, schizophrenia, and
autism (Yarandi et al., 2016).

Genetical features of the host, intestinal microbiota, and the mucosal immune system
participate in the pathogenesis of Crohn’s disease (CD) and ulcerative colitis (UC), the two major
forms of inflammatory bowel diseases (IBD) (Gorkiewicz, 2018). In ulcerative colitis, inflammatory
state is continuous, uniform, and restricted to the superficial layers of the large intestine. On the other
side, CD inflammation involves any region of the intestine in a discontinuous pattern and occurs in
all of the layers of Gl tract (Guan, 2019). Microbiome signatures of these diseases are the decreased
abundance of the butyrate-producer F. prausnizii, and the beneficial commensal A. muciniphila, and
the increase of Proteobacteria, associated to the loss of integrity of the mucosal barrier covering the
epithelium surface of the gastrointestinal tract (Boltin et al., 2013; Kostic et al., 2014; Png et al., 2010;
Matijasi et al., 2016).

Dysbiosis characterized by decreased diversity and abundance of bacteria and fungi is
involved in cardiovascular, neuronal, immune, and metabolic disorders. Microbiota-host interactions
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are affected by the availability of short chain fatty acids, the host inflammatory response, several
signaling pathways, the integrity of the intestinal barrier, and the interaction of the gut-brain axis. In
particular, gut microbiota perturbations induce obesity and type 2 dyabetes through the production of
SCFAs and metabolites that directly influence glucose and insulin regulation, determining immune
dysregulation, altered energy regulation, altered gut hormone regulation, and pro-inflammatory

mechanisms (Agus et al., 2021; Cunningham et al., 2021).

1.2 The mucosal barrier

1.2.1 Mucus

Mucus is a viscoelastic gel barrier that covers wet epithelial surfaces throughout the body
including gastrointestinal, respiratory, reproductive, urinary tracts, and ocular surface (Alemao et al.,
2020; Bansil & Turner, 2018). It is secreted by goblet and mucous cells and achieves a complete layer
already several days after birth (Bunesova et al., 2018). In the gut, different goblet cell populations
regulate the production of mucin in response to variable stimuli, playing distinct roles to maintain
intestinal homeostasis. In healthy condition, in the colon, mucins are continuously secreted at a rate
of ~2—4 um/ min, creating a flow that physically repels microorganisms and turns over the mucus
barrier every hour (Lee et al., 2021). Otherwise goblet cells can be stimulated to quickly release mucin
in response to bioactive factors like neuropeptides, cytokines, and lipids (S. Yang, 2021). The immune
system establishes an important regulation on goblet cell activity, indicating that these cells represent
the gatekeepers of the mucosal immune system (Birchenough et al., 2015). The amount of goblet cells
increases along the Gl tract following the distribution of microbial organisms from duodenum to
colon (Kim & Ho, 2010).

Gastrointestinal tract is the largest mucosal surface in human body and is continuously in
contact with dietary antigens and different microorganisms (Turner, 2009). Almost 10 L of mucus is
secreted into the Gl tract, most of which is digested and recycled (Cone, 2009). The thickness of the
inner mucus layer changes increasing along the intestine, being thicker in the colon than in the small
intestine, correlating with increasing bacterial loads. Along the Gl tract, mucus layer is progressively
converted into a looser and expanded coating through the lytic action of proteases and glycosidases
of both the host and the commensal bacteria. The outer mucus layer is the colonization site of the
commensal microbiota (Johansson et al., 2011). Interaction between the host and gut bacteria
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represents a balanced and symbiotic relationship which benefits both and influences mucus structure
(Belzer & De Vos, 2012). Mucins select bacteria colonizing the mucus, providing carbon and nitrogen
substrates and exposing O-glycan chains that serve as attachment sites for colonization (Johansson et
al., 2011; Tailford et al., 2015). On the other hand, commensal bacteria using oligosaccharides for
their metabolism limit the penetration of harmful microorganisms in the outer layer of the mucus
(Linden et al., 2008). Bacteria tightly interact with the host and modulate mucin gene expression,
glycosylation, and secretion, thus affecting mucus and epithelial homeostasis (Cornick et al., 2015;
Wagner et al., 2018).

Different roles and functions are carried out by mucus barrier such as gaseous exchange,
nutrients and cofactor adsorption, lubrification, chemical sensing and an important relationship with
the immune system. To maintain the defence character of the barrier, it is crucial a continuous
turnover, with a dynamic balance between biosynthesis, secretion, and degradation of the structural
components (Anthony P. Corfield, 2015).

Mucus is composed by water (90-95%), mineral salts, lipids, and several proteins including
antimicrobial immune factors. Electrolyte’s composition changes in different mucous tissues but
generally consists of sodium and potassium chloride, phosphate, magnesium, calcium, and
bicarbonate. This last electrolyte is very important due to its capability to buffer the inner layer, close
to the epithelium, to pH 7. This is crucial in the stomach where bicarbonate exerts a protective effect
against HCI acid secretion (Allen & Flemstrom, 2005). Lipids are approximately 1-2% of mucus.
They interact with mucus proteins and influence wettability, hydrophobicity, and barrier functions of
the mucus layer. The major building blocks of mucus are mucin glycoproteins (Bansil & Turner,
2018).

Zodk
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Figure 5 SEM images of mucin suspension at different magnifications, showing the “bottle brush” like
conformation.

1.2.2 Mucins

The main structural component of mucus are mucins, high weight glycoprotein (Godl et al.,
2002). To date, 21 genes encoding mucins have been identified in human genome, classified
according to their monomeric peptide domain (S. Yang, 2021). Mucins can be secreted into the lumen
or expressed on the cell surface. Secretory mucins are divided in two subgroups, non-gel forming and
gel-forming mucins, the latter being the main component of mucus gel and providing hydration,
transport, protection and lubrication (Theodoropoulos & Carraway, 2007). Synthesis and secretion of
mucins take place in goblet cells of the small intestine and colon, or on the surface mucous cells of
the stomach (Moncada et al., 2003). Membrane-bound mucins act like membrane anchored
glycoproteins, harbouring a monomeric structure that contains different transmembrane domains
involved in signal transduction (Bankole et al., 2021). The expression profile of mucins changes in
the mucosal barrier and is tissue-dependent, with the GI tract being the body district characterized by
the highest and most different level of mucin expression (Linden et al., 2008). Typically, mucins of
the human gut include gel-forming mucins (MUC2, MUC5AC, MUC5B, and MUCS6), non-gel
forming mucin (MUC7), and membrane-associated mucins (MUC1, MUC3A/B, MUC4, MUC12,
MUC13, MUC15, MUC17, MUC20, and MUC21) (Anthony P. Corfield, 2018).

MUC?2 was the first mucin identified and characterized, and represents the major component
of the mucus layer in the small intestine and colon, where weakly expression of MUCS5B is also

present. Gastric mucus in the stomach is mainly composed of MUC5AC and MUCS6, expressed in
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mucous cell neck at the surface of gastric epithelium and in the antrum, respectively (Ringot-destrez
et al., 2018). All types of mucins share the high level of glycosylation. Oligosaccharides such as N-
acetylglucosamine  (GIcNAc), N-acetylgalactosamine (GalNAc), fucose, galactose, N-
acetylneuraminic acid, and smaller amounts of mannose, constitute up to 80% of the final mucin mass
(Bansil & Turner, 2006).

The first step of mucin glycosylation takes place in the Golgi apparatus and is catalyzed by
GalNAc-transferase (GalNAc-Ts) that links GalNAc residue by O-glycosidic bond to the hydroxyl
side chains of threonine (Thr) or serine (Ser), forming GalNAcal-O-S/T, also called Tn antigen
(Jensen et al., 2010). The initial step of glycosylation is crucial, according to the especially high
number of enzymes monitoring the process compared to other protein glycosylation, and to the
abundance of different GaINAc-Ts, each one having preference towards Ser or Thr acceptors (Bennett
et al., 2012; Bergstrom & Xia, 2013; Daniel et al., 2020). These two amino-acids, together with
proline, account for most of the protein core composed by PTS-rich domains (Proline-Threonine-
Serine domains), often repeated in tandem. While Thr and Ser are widely O-glycosylated and confer
a “bottle brush” like conformation (Fig 5), proline ensures that the mucin structure remains unfolded
(Paone & Cani, 2020). Mucin N- and C- terminal regions present reduced O-glycosylation and few
N-glycosylation sites. Furthermore, these regions are characterized by rich cysteine portions
containing von Willebrand factor (vWF) C and D domains, and C-terminal cysteine-knot domains
involved in dimerization via disulphide bond with subsequent polymerization of the dimers to form
multimers (Bansil & Turner, 2006).

The extension of branched oligosaccharides starts on position C3 or C6 of GalNAc, leading
to the formation of eight different mucin core structures (Fig. 6) (Corfield, 2018). The attachment of
galactose or GIcNACc residue to the Tn antigen forms core 1 and core 3, respectively. The further
extension of these cores by the addition of GICNAc at the C6 hydroxyl group of GalNAc shapes the
core 2 and 4 structures (Zhang et al., 2021). Core 1 to 4 are the main core structures commonly found
in human intestinal mucins, with core 3 widespread along the colon and representing the major O-
glycan of MUC2, with more than 100 different O-linked glycans (Holmén-Larsson et al., 2009; Robbe
et al., 2004). Core structures are further elongated by up to 20 residues of galactose, GalNAc, or
GIcNAc leading to linear or branched chains that end with fucose, sialic acid, sulphate groups, or
present ABO and Lewis histo-blood group antigens (Holmén Larsson et al., 2013). These terminal
epitopes are the major responsible for the variety between oligosaccharides chain, presenting a
different distribution among regions of human gastrointestinal tract (Tailford et al., 2015). Using

NMR and mass spectrometry, Robbe and colleagues (2003) have demonstrated the presence of a
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gradient from ileum to colon with a decreasing expression of fucose and ABO blood group, and an
increasing ratio of sialic acid.

The mucin glycosylation patterns differs between Gl tract regions and among individual, and
depends on several factor such as the expression of glycosyltransferases, the health status, and the
microbiota composition (Hansson, 2020). However, this glycan variability is almost absent in human
colon, where a uniform glycosylation profile has been shown. As a whole, healthy individuals present
a qualitatively and quantitatively uniform MUC2 glycosylation profile (Johansson et al., 2011).
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Figure 6: Representation of GI mucin glycan structure. (A) Core 1-8 found in Gl tract. (B) Main glycan epitopes in

Gl mucins. (Tailford et al., 2015).
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1.2.3 Enzymes involved in mucus degradation

Although microbial populations are widespread all-over human body, the colon hosts the most
concentrated microbiota. It is estimated that bacterial community of the colon is larger than any other
body districts by two orders of magnitude (Sender et al., 2016). Fluorescence in situ hybridization
(FISH) analysis has shown that the outer mucus layer of the colon is the colonization site of resident
commensal microbiota, which differs from that of the digesta-associated and fecal content in terms
of relative abundance of the different taxa (Donaldson et al., 2015).

The ability of human microbiota to degrade mucus in the intestinal mucosa depends on the
expression of proteases, sulfatases, peptidase, and of a number of glycosidases that catalyse
hydrolytic cleavage of the oligosaccharides chain, releasing monosaccharides which can be
assimilated as energy source by the intestinal microorganisms (Corfield et al., 1992). In silico analysis
showed that 86% of human gut bacteria encode genes for the cleavage of mucin glycans, and 89%
encode genes for the metabolism of the mucin chain monosaccharides (Ravcheev & Thiele, 2017).
Different CAZyme classes are expressed by gut bacteria, and are involved in mucin degradation. The
first class of enzymes involved in mucin degradation encompasses carbohydrate esterases (CES),
which remove ester substituents from mucin chains, enabling the access to other CAZymes (Berkhout
etal., 2021). Then the degradation of mucin glycans occurs thanks to the sequential action of different
glycosyl hydrolases (GHs) (Lombard et al., 2014). Every GH acts only on a specific O-glycan bond,
underlying the importance of a step-by-step hydrolysis. As a consequence, the absence of certain GH
activities leads to an incomplete catabolism pattern that may influence mucosal surface interactions
and function (Ravcheev & Thiele, 2017). In addition, modification such as sulfation and acetylation
not only affect chemical properties and charge state of the mucus, but also require enzymatic removal
prior to the action of GHs (Marcobal et al., 2013). Most of the GHs are located on the cell surface or
secreted into the environment, and act in the extracellular compartment due to the large size and
degree of polymerisation of the mucin structure (Berkhout et al., 2021).

The first step of mucin degradation is the release of peripheral residues such as sialic acid and
fucose by exo-acting GHs. Sialic acids, derivatives of neuraminic acid, are a class of 9-carbon amino
sugars, among which N-acetylneuraminic acid (Neu5Ac) is the most common in humans. Neu5Ac is
linked to Gal by a(2-3) or a(2-6)-linkages, and to GalNAc by a(2-6)-linkage (Kim et al., 2011). The
removal of sialic acid from non-reducing ends of glycoproteins, glycolipids, and polysaccharides is
carried out by the family GH33 of sialidases (also known as neuraminidases) (Ravcheev & Thiele,
2017). The GH33 family encompasses hydrolytic a-sialidases, trans sialidases, and intramolecular
trans-sialidases (IT-sialidases, anhydrosialidases) (Berkhout et al., 2021). In bacteria, the genes
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involved in the release of sialic acids, such as nanA, nanK and nanE generally cluster together in the
so-called Nan cluster. The nanA/K/E cluster was firstly described in E. coli, and to date it has been
reported only in gut commensals that use it to gain energy, nitrogen, and carbon source, and to obtain
amino sugars for cell wall synthesis. The Nan cluster has been identified in Anaerotruncus
colihominis, Dorea formicigenerans, D. longicatena, F. prausnitzii, Fusobacterium nucleatum, R.
gnavus, L. sakei, L. plantarum, L. salivarius, and B. breve. On the other hand, also pathogens such as
Vibrio cholerae, Clostridium perfringens, C. botulinum, enterohemorrhagic E. coli, Shigella, and
Salmonella enterica encode the cluster and use sialidases to disclose adhesin or toxin-binding sites
(Almagro-moreno & Boyd, 2009; Bell et al., 2020; Juge et al., 2016).

The desoxyhexose L-fucose is connected to galactose residues by a(1,2)-linkage and to

GlcNac by a(1,2), a(1,3), or a(1,4)-linkage. The removal of fucose involves a-L-fucosidases, that are
classified into GH29 and GH95 families. Recently, two new families of fucosidases were added:
GH139 and GH141, other than S-fucosidases belonging to the GH1 and GH30 families (Grootaert et
al., 2020).
Fucosidases characterized until now belong to Bifidobacterium bifidum, B. longum, A. muciniphila,
Bacteroides thetaiotamicron, C. perfringens, and Ruminococcus gnavus (H. Wu et al., 2021). For
instance, B. bifidum releases fucose, that enables the growth of E. halii, an early commensal species
that produce butyrate and propionate from fermentation, which is not able to degrade complex
oligosaccharides (Bunesova et al., 2018). Further removal of terminal sugars involves a- and -
galactosidases, that belong to the families GH4, GH27, GH36, GH43, and to the families GH2, GH20,
GH35, GH42, respectively, and endo-acting p-galactosidases (GH98).

Galactose utilization occurs through two different pathways. In Leloir pathway galactose is
utilized through transformation in UDP-galactose. In another pathway occurring only in
Actinobacteria and Firmicutes, galactose is converted into tagatose-6-phosphate (Ravcheev & Thiele,
2017).

The a-N-acetylglucosaminidases promote the hydrolysis of a(1,4)-linkages between GICNACc
and galactose (GH89 family), whereas -N-hexosaminidases hydrolyse B(1,3)- or B(1,6)-linkages of
GlcNAc with Gal o GaINAc (GH84, GH85, GH3, and GH20 families), resulting in the release of N-
acetylglucosamine (Bell et al., 2020; Fujita et al., 2011).
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Figure 7 Schematic representation of GHs involved in mucin breakdown. Sialidases (GH33), galactosidases
(GH2/20/42), fucosidases (GH29/95), N-acetylglucosaminidases (GH84/85/89) and endo-a-N-acetylgalactosaminidases
(GH101/129). Chain 1 is a hypothetical mucin glycan chain, chain 2 is O-GIcNAc often found on other glycoproteins,
chain3 (Tn antigen) and chain 4 are found in gastro-duodenal mucin (Tailford et al., 2015).

The removal of N-acetylgalactosamine (GalNAc) residues from mucin chain is mediated by
the action of exo-a-N-acetylgalactosaminidases (GH27 family), and the above mentioned B-N-
hexosaminidases (Ravcheev & Thiele, 2017). When the terminal sugars and blood group antigens are
removed, the mucin core glycan are exposed to the action of endo-a-N-acetylgalactosaminidases
(GH101, and GH129) that cleave the linkage with the protein backbone (Ashida et al., 2008). The
GH101 family includes enzymes that release the core-1 O-linked glycans, while GH129 family has
as substrate the GalNAc-a1-Ser/Thr Tn antigen present in mucin glycoproteins (Kiyohara et al., 2012;
Koutsioulis et al., 2008).

The monosaccharides that are released can be used by commensal microbiota as energy and
carbon source, other than complex carbohydrates deriving from diet, being fermented into short-chain
fatty acids (SCFAS) that positively influence host’ health (Hansson, 2012). Gases such as hydrogen
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(H2), methane (CHa4), hydrogen sulfide (H2S), and carbon dioxide (CO.) are also produced from the
fermentation of mucin derived mono- and oligosaccharides (Kaoutari et al., 2013).

Several studies have been shown that in mucus layer bacteria belonging to the phylum
Firmicutes are generally more abundant than Bacteroidetes, both in humans and rodents. Moreover,
based on 16S rRNA gene sequences, mucosa-associated bacteria are mainly Lachnospiraceae,
Ruminococcaceae, Bifidobacterium bifidum, Bifidobacterium longum and bacteria belonging to the
phylum Verrucomicrobia such as Akkermansia muciniphila. In particular, FISH-studies detected in
human mucus Lachnospiraceae, Enterobacteriaceae, Eubacterium rectale, F. prausnitzii,
Eubacterium cylindroides, Clostridium histolyticum, Clostridium lituseburense and A. muciniphila
(Ouwerkerk et al., 2013). A recent work that combines FISH, laser capture microdissection (LCM),
and 16s rRNA gene sequencing of spatially distinct regions of the mouse gut lumen, found out that
intestinal bacteria form a continuous biofilm-like structure coating the mucosa surface of the colon.
This biofilm structure is rich of anaerobic bacteria such as bacteroides and clostridia, the latter having
a role in maintaining the correct balance of the community and the integrity structure, and preventing
the bloom of Proteobacteria (Duncan et al., 2021).

To date mucus degrading bacteria that have been identified belong to Bacteroides spp. that
possess a high number of polysaccharide-utilization loci (PULs), Ruminococcus spp.,
Bifidobacterium spp., A. muciniphila, and Allobaculum mucolyticum (Derrien et al., 2004; Martens
etal., 2009; Png et al., 2010; van Muijlwijk et al., 2021). A. muciniphila has been isolated from human
intestine using only mucins as carbon and nitrogen source by Derrien and colleagues (2004), it has a
small genome encoding almost 60 proteins involved in mucus degradation (Ottman et al., 2017;
Passel et al., 2011).

Mucin glycan degradation requires the cooperation among mucosa-associated bacteria
expressing different type of GHs. Given the extracellular location of most of the enzymes, the
products derived from bacterial enzymatic hydrolysis are released into the environment and could be
available to other microorganisms (Berkhout et al., 2021). For example, B. bifidum possess two
extracellular sialidases that release sialic acid that can be consumed by B. breve (Nishiyama et al.,
2018), or Desulfovibrio piger and Desulfovibrio desulfuricans that benefit from the release of
sulphate by the mucin degraders B. thetaiotamicron and B. fragilis, respectively (Rey et al., 2013).

The ability of mucin-degraders to use different glycan moieties derived from GI mucus may
has a key role in early colonization, providing some bacteria with endogenous nutrient sources before
the introduction of dietary glycans (Koropatkin et al., 2012). Structural similarity between mucin
glycans and HMOs (Human Milk Oligosaccharides) highlights the role of these bacteria in

establishing and maintaining microbial community in the gut (Yu et al., 2013).

pag. 25



Over the life of the host, mucosa-associated bacteria, because of the proximity to host tissues,

play an important role in human health and disease (Tailford et al., 2015).

1.2.4 Compromised mucus, dysbiosis, and diseases

The intestinal barrier is composed of multiple layers. The outer one is formed by the
association of the mucus layer, the commensal gut microbiota, and defence proteins such as
antimicrobial proteins and secretory immunoglobulin A. Mucus prevents antigens, toxins, and
bacteria from directly contacting the underlying epithelium. Intestinal epithelial cells (IECs) form the
middle layer of the barrier, while the inner one is composed of innate and adaptive immunity cells
(Vancamelbeke & Vermeire, 2017). This barrier is a dynamic entity interacting with and responding
to various stimuli.

The role of the mucus layer is to protect intestinal cells from external agents and to facilitate
nutrient absorption. On the other side, the intestinal microbiota regulates the gut environment and
influence the integrity and function of the outer mucus layer. For instance, bacterial products such as
lipopolysaccharide (LPS) and peptidoglycan stimulate mucus secretion and restore mucus properties
(Petersson et al., 2011). Albeit mucous degradation is fundamental for turnover of the layers, in some
cases, the perturbation of the equilibrium between degradation and synthesis of mucins causes a shift
in microbiota composition, or vice versa. In this situation, mucins’ degradation may be related with
the primary stage of mucosal diseases, like in Inflammatory Bowel Diseases (IBDs) (Bankole et al.,
2021).

IBDs, such as ulcerative colitis (UC) and Chron’s disease (CD), are chronic inflammatory
conditions of Gl tract that affect almost 6.8 million people worldwide. Although the pathogenesis of
IBDs remains unclear, it is evident that several factors contribute to the onset of these diseases,
including host genes, environmental factors, immune dysregulation, and alteration of gut microbiota
composition (Kudelka et al., 2020). Intestinal leakiness in patients with IBDs is related to dysbiosis,
inflammatory response, and tight junctions’ modifications. Compared to those of healthy subjects,
microbiota of IBDs patients show enriched population of Enterobacteriaceae (Chen et al., 2014;
Seksik et al., 2003), Fusobacterium and Enterococcus faecalis (Zhou et al., 2016), and reduced
bifidobacteria and butyrate-producing bacteria such as Faecalibacterium, Eubacterium, Roseburia,
Lachnospiraceae and Ruminococcaceae (Kostic et al., 2014). Furthermore, population of mucolytic
bacteria are different in CD and UC, when compared to healthy subjects, with an increased abundance
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of species like R. gnavus and R. torques, and a 10-fold reduction in CD patients and 100-fold in UC
patients of A. muciniphila, which exerts protective and anti-inflammatory role (Png et al., 2010).

Even in absence of acute inflammation, IBD patients present an increase of total mucosa-
associated bacteria (Boltin et al., 2013). In IBD, acute intestinal inflammation leads to a reduction of
goblet cells that results in lower mucin synthesis, and thinner mucus layer. Loss of integrity of
mucosal barrier increases the interactions between epithelium and bacteria, which promotes further
inflammation (Matijasi et al., 2016). Moreover, in active UC inflammation subjects occur an
alteration of glycan profile, which presents a subset of shorter glycans (Larsson et al., 2011). As a
whole, several studies demonstrated that the alteration of mucin glycosylation is linked to increased
inflammation in humans, underling the importance of glycan profile in maintenance of intestinal
homeostasis (Antonini et al., 2019).

Enteric pathogens have developed different strategies to evade the mucosal barrier and start
the infection. These include mechanism to allow efficient penetration of the mucus, through enzyme
activities that degrade mucus layer and/or by the use of carbohydrates released from other commensal
bacteria (Mcguckin et al., 2011). Accordingly, C. difficile does not harbours GHs but uses
carbohydrate moieties released from mucin to colonize the host (Engevik et al., 2020). Mucin
oligosaccharides act as attachment site, establishing an important colonization factor for both
commensal and pathogenic bacteria. For example, H. pylori possesses adhesin which bind to glycan
of MUCS5AC in the stomach. Campylobacter jejuni binds sialylated glycan in MUC2 and stimulates
the expression of virulence factors. The human pathogens Streptococcus gordonii, S. sanguinis and
S. mitis adhere to sialic acids via serine rich region proteins (SRR proteins) or Hss adhesin
(Bovenkamp et al., 2003; Engevik et al., 2020; Mcguckin et al., 2011; Ringot-destrez et al., 2018.;
Tu et al., 2010). Terminal residues of sialic acids represent one of the most frequently targeted
carbohydrate receptors for human pathogen adhesion, with a high number of sialic acid binding
agglutinins, adhesins, and lectins. Among the pathogens that exploits this strategy, there are also V.

cholerae, H. pylori, and E. coli (Lewis & Lewis, 2012).
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1.2.5 The mucosal-microbiome-diet axis

Changes in host diet rapidly affect the mucosal barrier through alteration of microbial
population (Beaumont et al., 2017). Many immune disorders including IBDs, diabetes, rheumatoid
arthritis, psoriasis are associated with alteration of microbiota and are related to the diet (Alemao et
al., 2020). Depending on nutrient availability, gut bacteria are able to switch from using dietary fiber
to mucin glycoproteins as their main energy source, creating a link between host diet, mucin
degradation, and efficiency of mucosal barrier (Mcguckin et al., 2011).

Dietary compounds are divided in macronutrients (lipids, proteins, and carbohydrates) and
micronutrients (vitamins and minerals). A central role in mucus homeostasis is carried out by fiber,
that enriches the gut providing a fermentable source for microbial growth (Fernandez-Tomé et al.,
2021). Fiber are usually defined as edible carbohydrate polymers, derived from plants and fungi, that
cannot be digested by human enzymes, and include inulin, dextrin, pectin, cellulose, arabinoxylans,
resistant starch, and chitin (Coker et al., 2021). Fibers reach undigested the colon, where are
fermented by gut bacteria to produce SCFAs, mainly acetate, propionate, and butyrate. These
products are accessible for both the host and commensal bacteria, the latter taking advantage of cross-
feeding relationship. SCFAs participate in maintaining the mucosal integrity, improve glucose and
lipid metabolism, control energy expenditure, and regulate inflammatory responses (Agus et al.,
2021). Using fermenting dietary fiber, microorganisms can release other metabolites, including
tryptophan metabolites and secondary bile acids, which can modulate intestinal immunity. In absence
or deficiency of dietary fiber, commensal bacteria degrade mucus barrier to gain energy, exposing
the underlying intestinal epithelium to luminal bacteria (Beukema et al., 2020; Desai et al., 2016).

Low intake of fiber is one of the features of a typical “Western-style” diet, together with the
high assumption of sugars and fats, causes a higher permeability of colonic mucus, reduces the
amount of commensal bacteria, including health promoting ones, such as Bifidobacterium spp. and
A. muciniphila, and increases abundance of Proteobacteria, a phylum associated with IBD.
Conversely, administration of accessible fiber favours a higher abundance of Faecalibacterium other
than Bifidobacterium spp., and increases serum SCFAs concentrations (H. Shi et al., 2020). Vitamins
and minerals are substrates and cofactors in several microbial pathways, in this context it is easy to
understand that also micronutrients deficiencies affect human gut microbiota composition. Moreover,
additives of processed food, i.e. dietary emulsifiers, antimicrobial additives, and artificial sweeteners,
improve intestinal permeability and inflammation through an increase of mucin degraders bacteria
and endotoxins (Bolte et al., 2021).
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1.2.6 The intestinal mucosal immune system

A close relationship links luminal bacteria, mucus, and immune system. The intestinal
mucosal barrier is composed by epithelial cells, mucus layer, and immune cells (Perez-Lopez et al.,
2016). Numerous immune cells are widespread in the gut, they can be found between epithelial cells
and deep in the lamina propria, or can be organized in structure such as the lymphoid tissue known
as Payer’s patches and the mesenteric lymph nodes (Rescigno et al., 2008).

Most of the interactions between microbiota and host occur on the mucosa surface. Here, gut
commensal bacteria exert several effects on different cell populations of the mucosal immune system,
which in turn, induces the release of cytokines (Flaherty et al., 2010). To maintain homeostasis and
discriminate between commensal and pathogen bacteria, immune cells activate two pattern
recognition receptor (PRR) systems, the Toll-like receptors (TLRs) located on the surface of immune
cells and the cytoplasmatic NOD-like receptors (NLRs). Different stimuli activate in different way
these two systems, for example lipoteichoic acids and peptidoglycan, components of Gram-positive
cell wall, activate TLR2, while lipopolysaccharide and flagellin activate TLR4 and TLR5,
respectively (Flaherty et al., 2010; O’Hara & Shanahan, 2006).

The first line of defence of the mucosal immune system is represented by the epithelium. The
epithelial cells, especially enterocytes, together with Paneth cells, release antimicrobial peptides
(AMPs) in the mucus, with a decreasing gradient of concentration from the surface that keeps bacteria
away from the epithelium (Birchenough et al., 2015). Within AMPs, defensins represent one of the
main classes. These are divided in a-defensins produced by Paneth cells, and B-defensins ubiquitously
expressed throughout the gastrointestinal tract (Sansonetti, 2004). Small intestinal goblet cells
transfer these AMPs from intestinal lumen to the dendritic cells (DCs) (McDole et al., 2012), playing
a key role in the intestinal immune system. DCs stimulated by the expression of CX3C-chemokine
receptor 1 (CX3CR1) can sample the luminal environment extending dendrites between enterocytes
without disrupting tight junctions, allowing transport of bacteria into mesenteric lymph nodes. Here
bacteria induce B cells to produce IgA, other than the differentiation of T-cells (Perez-Lopez et al.,
2016).

Different population of DCs reside in the lamina propria. In particular, CD11c* and CD103*
subpopulations receive luminal antigens and interact with regulatory T-cells, inducing tolerance
mechanism. To maintain the protective function of mucosal barrier against harmful pathogens,
remaining tolerant to commensal bacteria and dietary antigens, mucosal CD103* DCs cells regulate
a pool of naive T-cells, and induce the expression of CD4" CD25" FoxP3* regulatory T-cell (Coombes
etal., 2007). Regulatory T-cells are mostly located in the lamina propria where they act as gatekeepers
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of immune homeostasis. These cells differentiate in response to the release of cytokines by the innate
immune cells (Littman & Rudensky, 2010).

At the same time, the immune system directly regulates the production of gel-forming mucins
by goblet cells, releasing different cytokines. The release of anti-inflammatory 1L-22 and IL-10 by
regulatory T cells has positive effect on goblet cell function, prevents protein misfolding, and
maintains mucus production in order to preserve the integrity of the mucus barrier. In particular, IL-
22 is produced by CD4'T cells, which differentiation depends on the composition of mucosa-
associated bacteria and by immune cells that amplify the T-helper cells 17 (Th17) response.
Conversely, proinflammatory cytokines IL-1p, IL-4, IL-6, IL-9, and IL-13 are associated with goblet
cells hyperplasia and mucus hypersecretion, that lead to barrier disruption (Hasnain et al., 2013;
Linden et al., 2008). IL-1B cause increasing intestinal tight junction permeability, which increase
intestinal bacteria penetration from the lumen to lamina propria, resulting in colitis in mouse models (Wu
etal., 2022).

Increased evidences in the last few years demonstrate that a dysregulated immune response is
a key cause of human inflammatory disorders (such as IBD), like in the case of aberrant signalling of
regulatory cytokines IL-10 and IL-22 (Ferndndez-Tomé et al., 2021; Kidess et al., 2021). As a whole,
considerable part of the immune system resides in the Gl tract, lies in the subepithelial compartment,

and is ready to react when mucosal layers and epithelial cells lining fail (Pelaseyed et al., 2014).
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1.3 Microbial profiling

The complex ecosystem that populates human gastrointestinal tract is known to be crucial for
host’s health and functions. However, lacking of data on microbial diversity makes difficult to
understand the role of single species (Almeida et al., 2021). Although the culturing studies have been
improved, several microorganisms remain difficult to isolate under laboratory conditions and still
lack of a sequenced genome even if they are prevalent in humans (Fodor et al., 2012). In this regard,
it was estimated that about 40-50% of gut bacteria lack of a reference genome (Nayfach et al., 2019).
Currently, culture-dependent approach allowed the identification of over 1500 microbial species but
according to the recent work of the Unified Human Gastrointestinal Genome (UHGG) there are still
more than 70% of gut bacterial species that remains uncultured (Almeida et al., 2021; Liu et al.,
2021). In this prospective, culture- and single cell- based technologies are helping to fill the gap of
these hard-to-cultured microbes (Fodor et al., 2012). In addition, metagenomic approaches are used
to obtain genomes without requiring isolation or culturing process. They are based on the assembling
of sequence reads into contigs, which are then binned into metagenome assembled genomes (MAGS)
on the basis of nucleotide frequency, abundance and/or co-variation of abundance across a group of
samples (Nayfach et al., 2019). In recent years, the advent of high-throughput technologies and new
bioinformatic tools improved knowledge about human microbiota and are disclosing thus more and
more complex ecosystem (Anantharaman et al., 2016; Parks et al., 2017).

In this context, the Human Microbiome Project (HMP) represents the first attempt to enrich
knowledge of human-associated microbiota, and to discover linkages within the microbial
communities of 18 different human body districts of over 200 healthy volunteers (Peterson et al.,
2009). Thanks to HMP projects and other studies, nearly 5.000 bacterial species of the human body

have been cultured and submitted to whole genome sequencing (Fodor et al., 2012).
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1.3.1 Genomic approaches to study microbial diversity

The advent of high-throughput technologies allowed to overcome the limits of the culture-
dependent approaches, starting a new way to study microbial diversity and communities (Bilal et al.,
2018). Two different ways are possible to achieve this purpose, the first consisting in the sequencing
of a single marker gene, whereas the whole-metagenomes shotgun (WGS) is based on the untargeted
sequencing of all microbial genomes into a sample (Quince et al., 2017).

The 16S rRNA sequencing represents the current standard technique for profiling microbial
communities, given its low cost and time efficiency. This methodology is based on the amplification
of single or multiple hypervariable regions of the 16s rRNA gene using universal primers. Bacterial
16S rRNA has nine hypervariable regions (V1 to V9) each flanked by highly conserved DNA
sequences. The 16S rRNA gene profiling defines a bacterial species as an organism sharing 97% of
16S rRNA sequence identity (Milani et al., 2017).

The introduction of NGS improved the first technology based on Sanger sequencing in terms
of cost and depth of the analysis. The lllumina sequencing platform is the most used, thanks to its
lower cost and deeper level of analysis. It produces reads of 100-150 bases, sequencing only one
hypervariable region of the 16s rRNA gene (Weinstock, 2012). Reads obtained from the amplification
process are processed using a number of bioinformatic pipelines.

The 16s rRNA gene profiling has need of three main steps (Fig 9), the first is the OTUs
generation followed by their richness and abundance estimation. Among the diverse strategies to
generate an OTU table, the algorithm DADAZ2 allows the identification of Amplicon Sequence
Variant (ASVs) sharing 100% identity, that are ascribed to a species or to a higher taxonomic level,
and that are aggregated to generate an abundance table (Rosen et al., 2012). The generated OTUs are
used to define taxonomic profile of the microbial communities examined, quantifying richness
(number of unique taxa), diversity and abundance. Among the diversity indices used in metagenomics
analysis there are the Shannon index and Simpson’s diversity index. The former measures the entropy
and uncertainty of the sampling outcome, whereas the latter measures the probability that two reads
will produce the same taxon (Li et al., 2012).

Whole-metagenomes shotgun (WGS) allows the analysis of whole bacterial genomes,
providing more informations in term of functional aspects, diversity levels, and identified species (Li
et al., 2021). This method is based on the production of several short sequences known as reads that
have to be overlapped in order to obtain a de novo genome assembly. The shorts single reads (DNA
fragments) are overlapped generating a continuous sequences known as contigs, while the paired
reads derived from the end of DNA fragments that are too long to be sequenced, assemble contigs
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into scaffolds. The quality of new genome assemblies is evaluated on the basis of number and length
of scaffold and contigs, their length relative to the genome size, and the number of assembled reads
(Baker, 2012).

Contigs are binned into metagenome assembled genomes (MAGS) on the basis of nucleotide
frequency, abundance and/or co-variation of abundance across a group of samples. The taxonomy
attribution of each MAG is achieved mapping is contig to a reference genomes database. Currently,
several tools allow the analysis of metagenomic sequences without requiring the assembly step. For
example, the tool MetaPhLan elaborate taxonomic attribution mapping the raw reads against its
database of strain-specific marker genes generated through the analysis of publicly available genomes

(Nayfach et al., 2019; Pasolli et al., 2019; Truong et al., 2015).
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Figure 9 General overview on how to study microbial communities through 16S rRNA gene profiling and whole-
metagenomes shotgun (WGS) (Milani et al., 2017).

pag. 33



1.3.2 Microbial taxonomy

Microorganisms represent the largest undefined repertoire of biodiversity on Earth
(Konstantinidis et al., 2006). It has been estimated that millions of prokaryotic species inhabit the
Earth, but to date, only a small number of approximately 20.000 validly published names of
prokaryotic species have been described, belonging to over 3.500 genera (Barco et al., 2020). SILVA
databases encompass over 200.000 bacterial and archaeal species and 60.000 genera according to 16s

rRNA taxonomy attribution (https://www.arb-silva.de/).

According to the small subunit ribosomal RNA (SSUrRNA)-based phylogeny, identified
microorganisms are classified at least in 60 major phyla within the bacterial and archaeal domains,
among which almost the 50% do not have cultivated representatives (so-called ‘candidate’ phyla).
Moreover, more than 88% of all bacterial isolates belong to only four major phyla, the Firmicutes,
Bacteroidetes, Actinobacteria and Proteobacteria (Rinke et al., 2013).

In the first place, phenotypic characters such as morphology, growth requirements, and
pathogenic potential were used for bacterial taxonomy. Nowadays microbial taxonomy employs a
polyphasic approach that encompasses genotypic, phenotypic, and chemotaxonomic data to
characterize a microbial species (Ramasamy et al., 2014). This polyphasic approach takes into
account the DNA-DNA hybridization (DDH), G+C content, 16s rRNA sequence, metabolites such
as fatty acids, polar lipids, and exopolysaccharides, other than morphological and biochemical
characterization (Varghese et al., 2015).

Since the late 1960s, the relatedness between two strains has been assessed by DDH, the “gold
standard” method for species delineation with a settled threshold of 70% (Goris et al., 2007). Several
methods for the measurement of DDH values have been described (Brenner et al., 1969; Crosa, J. H.,
Brenner, D. J. & Falkow, 1973; De Ley, 1970), but the experiments are anyhow time-consuming and
labour-intensive (Hayashi Sant’Anna et al., 2019). Furthermore, the diverse protocols can yield
different results in terms of reassociation values (Grimont et al., 1980).

The 16S rRNA gene sequencing became essential for bacterial taxonomy and nowadays is
still among the first choice for a fast and preliminary identification of new microorganisms (Chun &
Rainey, 2014). A first comparison between DDH and 16S rRNA proposed that strains with a score
similarity of the 16s rRNA gene sequence < 97% could be ascribed to different species (Stackebrandt
& Goebel, 1994). The cut-off was revised over the time, and currently it is comprised between 98.7
and 99% (Stackebrandt & Ebers, 2006). The utilization of 16S rRNA gene sequence for taxonomic
attribution is based on its ubiquitous, stable, and highly conserved character (Hayashi Sant’Anna et
al., 2019). However, 16s rRNA sequence similarity sometimes failed in the separation among two
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closely related species (Chun & Rainey, 2014), with limitations related to the high level of
conservation within some genera (e.g. the genus Brucella) and the possibility of being acquired by
horizontal gene transfer (HGT) (Ramasamy et al., 2014).

Novel instruments for taxonomic delineation was provided by NGS that allowed the
comparison of whole-genome data, leading to replacement of DDH with the digital DDH-like
similarity indices (Kim et al., 2014). The approach of digital DDH (dDDH) was developed to perform
an in silico DDH, its outcome presents good correlation to DDH’s 70% threshold (Meier-Kolthoff et
al., 2013), without presenting its drawbacks. Digital DDH can be accomplished with the software

Genome-To-Genome Distance Calculator (GGDC) (https://ggdc.dsmz.de/ggdc.php).

Another genome based approach to infer taxonomy and phylogeny is Average Nucleotide
Identity (ANI), firstly introduced by Konstantinidis & Tiedje (2005). Originally, ANI represented the
arithmetic mean of the percent identity of all conserved protein coding genes between two strains
identified through BLAST searches. ANI is calculated as the percentage of identity that can be found
in the nucleotide sequences of orthologous genes common in the two genomes (Richter & Rossello,
2009). The robustness of the method is given by its simple use, the derivation from lineage-specific
genes (in addition to the >1000 distributed genes), and the usage of more than a single gene like in
the case of 16s RNA.

ANI value strongly correlates to DDH, in particular 94-95% of ANI is equivalent to 70% of
DDH, and defines a new threshold for the species delineation in bacterial taxonomy (Goris et al.,
2007; Richter & Rossello, 2009). Additional efforts were made to correlate ANI value to the 16s
rRNA gene sequence, and it has been proposed that the sequence similarity threshold of 16S rRNA
gene of 98.65% corresponds to 95-96% of ANI value (Kim et al., 2014). The use of ANI for bacterial
classification is quickly grown, and already leads to re-classification of species within the genera
Pseudomonas (Gomila et al., 2015), Burkholderia (Bach et al., 2017), Acinetobacter (Chan et al.,
2012). However, ANI does not perform well in comparisons between strains belonging to different
genera or higher taxonomic ranks (Qin et al., 2014).

Another method to evaluate relatedness among strains is the average amino acid identity
(AAI) of all the common genes, that compares one-way and two-way reciprocal best hits between
two sets of genomic protein data with BLASTX. In the AAl-based comparison a value of 95-96%
corresponds to the 70% of DDH and defines the species (Konstantinidis & Tiedje, 2005).

Microbial Species Identifies (MiSI) method, takes into account both alignment fractions (AF)
and ANI threshold for species, setting boundaries at 0.6 and 96.5%, respectively (Varghese et al.,
2015). This approach was used by Barco et al. (2020) and showed several taxonomic issues within

the genus Clostridium.
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The definition for the existing taxonomic rank is far from being well delineated, especially at
higher levels than the species. The definition of genera, families, and so on, are still mainly correlated
to biochemical and morphological diversity among prokaryotes (Konstantinidis & Tiedje, 2005). For
genera demarcation, mainly AAI and percentage of conserved proteins (PCOP) have been used, the
former with value ranging from 65 and 72% and the latter with a threshold of 50% (Hayashi
Sant’Anna et al., 2019). The PCOP expresses the ratio between the total conserved proteins of both
the involved genomes and their total number of proteins (Hayashi Sant’ Anna et al., 2019). This metric
was already used to reassemble the genera Chlamydia and Chlamydophila to the single genus
Chlamydia (Pannekoek et al., 2016), and to re-classify Burkholderia andropogonis to the novel genus
Robbsia (Lopes-Santos et al., 2017).

For genus demarcation, 16s rRNA gene sequence has been proposed to a value of 94.5%
(Yarza et al., 2014), even if in some cases this threshold underestimate genera diversity within some
taxa (for example Bacillaceae) or overestimate it in others (Enterobacterales) as was demonstrated
by Barco et al. (2020).

Sorting species into higher taxa still remains a fundamental problems in biology (Yarza et al.,
2014). Nowadays, the illustrated genomic metrics have been recognized useful for taxonomic purpose
even if their utilization is not yet mandatory. Over the past few years, more and more authors and
taxonomists have pointed out the need to integrate genomic informatic on the purpose to better

describe prokaryotes diversity (Barco et al., 2020).
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1.4 Gut members of the order Clostridiales

1.4.1 Clostridiales

Human gut microbiota is composed of two main bacteria phyla, Firmicutes and Bacteroidetes,
that account for more than 90% of total bacteria (Abbeele et al., 2013). Within Firmicutes, the order
Clostridiales represents the major one, encompassing the highest microbial diversity, with the
dominant genera Clostridium, Eubacterium, and Ruminococcus (Béchon & Ghigo, 2021).

Given the heterogeneity in terms of phenotypes and G+C content of the order of Clostridiales,
a first attempt of revision for classification of clostridia was made in 1994 by Collins et al. (1994).
16S rRNA gene sequencing allowed the classification of clostridia in 19 clusters, with cluster | named
as the Clostridium sensu stricto and containing the type strain of the genus, C. butyricum. Within the
cluster I have been also identified species such as C. acetobutylicum, C. beijerinckii, and C. tetani.
According to Collins et al. (1994) reclassification, also C. celatum, C. intestinalis, and C. magnum
ascribed to the cluster I but exhibited loose relations with other species of the same group. The Cluster
XI contained phylogenetically and phenotypically diverse assemblage of bacteria, and included for
example C. lituseburense, C. bifermentans, C. difficile, C. glycolicum, C. sordelli, and C. ghonii.

Since that first classification, the taxonomy of clostridia is in continuous rearrangement, and
leads to the identification of new genera within the family Clostridiaceae and of new families in the
phylum Firmicutes (Chen et al., 2020; Lawson & Rainey, 2016).

According to NCBI Taxonomy, the order Clostridiales encompasses 26 families and a total
of 284 genera, with the genus Clostridium that includes, to date, 153 rod-shaped, gram-positive and

spore-forming anaerobes (Cruz-Morales et al., 2019) (http://www.bacterio.net).

In human and animal gut, Clostridium species represent one of the richest groups, especially the
Clostridium cluster IV (Ruminococcaceae family) and X1Va (Lachnospiraceae family).
The first one is called Clostridium leptum group and contains 4 members, including F. prausnitzii,
whereas the Clostridium cluster XIVa (known as Clostridium coccoides group) encompasses 21
species. This two clusters account for up to 40% of total bacteria in the gut (Guo et al., 2020).
Clostridium species are mainly present in the large intestine, and in particular those belonging to the
families Lachnospiraceae and Ruminococcaceae are concentrated in the mucosal layer of colon
(Nagano & Itoh, 2012).

Commensal clostridia exert multiple benefits to host health. For instance, they are the major

producers of butyrate as end-product fermentation, supplying the most important energy source for
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colonocytes (Lopetuso et al., 2013). Thanks to this capability, Clostridium cluster XIV with the well-
known butyrate producers E. rectale and E. halii, account for nearly 60% of the mucin-adhered
microbiota (Lee et al., 2021). Considering their beneficial role for human health, they can represent
a novel frontiers for the development of new probiotics (Guo et al., 2020).

On the other side, some intestinal Clostridiales are human pathogens, such as C. perfringens,
C. tetani, and C. botulinum (members of Clostridium cluster 1), with the main virulence factor being
the production of toxins (Popoff & Bouvet, 2013).
A few other species not well-studied, including Clostridium tertium, Clostridium cadaveris and
Clostridium paraputrificum, have been correlated with human infections and are likely opportunistic
pathogens (Kiu et al., 2017).
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Figure 10 Phylogenetic tree of Clostridium sensu stricto (Guan & Goldfine, 2021)
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1.4.1.1 Clostridium tertium

Clostridium tertium was firstly described by Herbert Henry in 1917, who isolated the
bacterium from war wounds of soldiers. It was classified into the anaerobes saccharolytic group with
the name of Bacillus tertius. Together with the two strains Bacillus welchii (today C. perfringens)
and Bacillus sporogens (today C. sporogens), the strain C. tertium was among the most frequently
isolates in wounds. According to Henry’s description, the strain appeared like a thin bacillus, non-
motile, spore-forming, capable to ferment mannitol and salicin (Henry, 1918). It was re-classified as
Clostridium tertium in 1923 (Bergey et al., 1923).

C. tertium is a Gram-positive, slightly motile, anaerobic but aerotolerant bacterium that forms
terminal and oval spores (Fig.11). It ferments glucose, fructose, galactose, lactose, mannose, maltose,
sucrose, xylose, trehalose, esculin, mannitol, inositol and salicin while indole formation is negative
(Bergey et al., 1923; Iseki & Okada, 1951). It is found in soil, animal, and human gut, and it is a
component of the oral commensal microbiota. Unlike other clostridia, C. tertium doesn’t produce
toxins and forms spores only in anaerobic conditions (Vanderhofstadt et al., 2010). It produces
enzymes directed against blood group A antigen in presence of glucosamine and GICNAc (Howe et
al., 1957). In 1963 was described the first case of bacteremia and septicemia caused by this strain,
followed by other several clinical cases in literature (Shah et al., 2016; Vanderhofstadt et al., 2010).
Most of these cases regarded neutropenic patients, with some exceptions (Barakat et al., 2018; Tappe
et al., 2005; Wazir et al., 2019).

The pathogenic character of C. tertium remains still unclear and deserves further studies. C.
tertium bacteremia is promoted by gut mucosal injury that allows bacterial translocation to the
bloodstream, neutropenia, and therapy with B-lactam antibiotics, especially third generation
cephalosporins (D. L. Miller et al., 2001; Wazir et al., 2019). Typically, patients who developed
bacteremia are treated with a broad of antibiotics for 15 to 27 days (Shah et al., 2016). Despite the
low pathogenic potential of this strain, it accounts for almost 5% of all clostridial bacteremia, being

the most frequent after C. perfringens (Milano et al., 2019).
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Figure 11 Clostridium tertium

1.4.1.2 Clostridium celatum

Clostridium celatum is a Gram-positive, rod shaped, anaerobic, non-motile that forms large
endospores (Fig.12). It was firstly isolated from stools of healthy adults, and it was as numerous as
C. perfringens. It is a saccharolytic species that ferments cellobiose, fructose, galactose, glucose,
lactose, maltose, mannose, ribose, sucrose, and trehalose. It produces acetic and formic acids other
than ethanol from fermentation of glucose (Hauschild & Holdeman, 1974).

Limited information are available for C. celatum and in the last years two serious cases of

human infection were reported for the first time (Agergaard et al., 2016).

Figure 12 Clostridium celatum
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1.4.2 The genus Paraclostridium

The genus Paraclostridium belong to the family Peptostreptococcaceae of the Clostridia class.
It was proposed in 2016 based on phenotypic features and G+C content, and includes Gram-positive,
rod-shaped, producing endospore cells. Members of this genus are obligate anaerobes, motile, capable
to grow on several substrates. The type species is Paraclostridium bifermentans (Sasi Jyothsna et al.,
2016).

1.4.2.1 Paraclostridium bifermentans

P. bifermentans was firstly isolated from putrefied butcher’s meat in 1902 and classified as
Clostridium into the Clostridium cluster XI. In 2016 it was re-classified into the genus
Paraclostridium (Kutsuna et al., 2019). It is commonly found in soil, sewage, and animal feces (Wong
et al., 2014). This species is part of gut commensal microbiota, oral cavity, and female genital tract.
It is a non-pathogenic bacterium, albeit few clinical infections have been reported in literature since
1980 (Barrett et al., 2020; Sankar et al., 2018). It can be involved in human diseases like
endometriosis, endocarditis, empyema and metastatic osteomyelitis (Kutsuna et al., 2019).

P. bifermentans produces SCFAs such as butyric and acetic acid, lactate, and also formic
acids, ethanol, butanol, carbon dioxide, and hydrogen (Leja et al., 2013). The process of spore
germination in P. bifermentans is similar to that of C. difficile, involving the csp locus, and is

stimulated by amino acids, in particular in response to L-alanine (Bhattacharjee & Sorg, 2018).

X

Figure 13 Paraclostridium bifermentans

pag. 42



2. Alm

Gut microbiota, include more than 1000 heterogeneous species of microorganisms that
constitute approximately 90% of all cells in the human body. Each subject harbours a different
repertoire of hundreds of species, that feature his own microbiota, playing relevant roles in
metabolism, pathogen resistance, immune system, and modulation of gastrointestinal development
(Heintz-Buschart & Wilmes, 2018). A healthy microbiota remains relatively stable and presents high
diversity (Wang et al., 2021), whereas changes in the composition of the gut microbiota are associated
with a variety of diseases, including obesity, malnutrition, and inflammatory bowel disease, colorectal
cancer, irritable bowel syndrome, allergies, type 1 and type 2 diabetes, celiac disease and obesity (de
Vos & De Vos, 2012; Kelsen et al., 2012).

The so claimed mucosa-associated bacteria, are more properly mucus residing ones. In the
large intestine of healthy subjects, the outer loose mucus layer provides a colonization and nutrition
niche for the gut microbiota and contributes to the selection of various commensal microbes that
make up our microbiota. On the other side, the inner layer of mucus is attached to the epithelium and
forms an impenetrable barrier to the bacteria (Paone & Cani, 2020). The nutritive role of mucus
largely stems from mucin glycoproteins, the major structural and functional units of the mucus
barrier, used by mucus-associated gut bacteria as a source of carbon, nitrogen, and energy with
production of short-chain fatty acids (SCFAs). Metabolism of mucin glycans requires the cooperation
of several bacterial species, acting sequentially and concertedly to dismantle this complex structure
(Wang et al., 2021). To date, there are little evidences concerning gut commensal bacteria involved
in mucin degradation, with the species Akkermansia muciniphila, Allobaculum mucolyticum,
Bacteroides spp., Ruminococcus spp., and Bifidobacterium spp. identified as mucinolytic (Berkhout
et al., 2021; van Muijlwijk et al., 2021). Albeit mucus degradation is fundamental for human health,
alteration rate of this process causes an increase permeability of the barrier, the disruption of
microbiota composition and the beginning of inflammatory conditions. In this situation, mucin
degradation may be related with the primary stage of mucosal diseases, like IBDs and cystic fibrosis
(Bankole et al., 2021).

Considering the central role exerted by the intestinal mucus, it is of relevant interest to deeply
investigate mucin degraders of the gut to unveil how mucins influence selection of commensal

bacteria and how specific bacteria shape the mucus layer.
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Major aims of this project were:

1. the isolation of mucin degrading bacteria;

2. the biochemical characterization of the mucinolytic species Clostridium celatum, Clostidium
tertium, and Paraclostridium bifermentans;

3. the comparative genomic of Clostridium celatum, Clostidium tertium, and Paraclostridium
bifermentans;

4. the study of the immunomodulatory properties of Clostridium celatum, Clostridium tertium,
and Paraclostridium bifermentans in an in vivo model;

5. the inventory of Clostridiales encountered in gut microbiota of healthy subjects and the
analysis of phylogenomic relationships among these species.

This research project aimed to identify gut bacteria of healthy subjects able to use mucins,
through a culture dependent approach. The faeces of five healthy adults were subjected to three steps
of strictly anaerobic enrichment in a medium with only mucins as carbon and nitrogen sources.
Taxonomic characterization of the isolates resulted in the isolation of several different strains
belonging to the species Clostridium celatum, Clostridium tertium, and Paraclostridium
bifermentans, able to grow on mucin as sole carbon and nitrogen source. The same enrichment
cultures were used to compare the bacterial community before and after the enrichment by 16S rRNA
gene profiling (Raimondi et al., 2021).

The three mucinolytic species isolated in this study have been poorly characterized and only
few information was available in scientific literatures. To better understand their functional role in
gut, three strains, one for each species, were subjected to biochemical, physiological, and genomic

characterization.

C. celatum, C. tertium, and P. bifermentans were investigated in terms of optimal growth
medium, optimal pH and temperature, substrates fermented, and fermentation products. Phenotypical
description of the isolates included the evaluation of their biofilm-forming ability. Antibiotic
resistances tracked by genome analysis have been validated with broth microdilution method for MIC
determination. Growth of anaerobic clostridia in the vegetative form is generally hampered in
presence of oxygen, whereas in spore form, they can survive under harsh conditions and be exposed
to air without damage (Egan et al., 2021). The tolerance to oxygen and the capability to produce
resistance spores are major drivers of clostridia surviving in aerobic environments, contamination,
and dissemination. As a matter of fact, pathogenesis of clostridia relies on the dormant spore

morphotype (Morvan et al., 2021). Since preliminary evidence suggests a role of these species as
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opportunistic pathogens (Hale et al., 2016; D. L. Miller et al., 2001), spore production and resistance
to stress conditions was assessed for the three strains of C. celatum, C. tertium, and P. bifermentans.
To evaluate whether spore formation improve survival, tolerance oxygen exposure and high

temperature were checked.

Genome sequences were compared with other genomes present on NCBI GenBank database
to better understand their metabolic and functional potential and to determine their ability to degrade
mucin. Cleavage of mucin glycan is a complex process which involves a wide set of carbohydrate-
active enzymes (CAZymes) (Berkhout et al., 2021). Genes coding for glycoside hydrolases (GHSs)
involved in mucin degradation were searched in all the genomes, followed by a comparative study
on the metabolic pathway of single mucins’ monosaccharides based on what was predicted by
Ravcheev & Thiele (2017). To validate the predicted metabolic pathways, the three strains C. celatum
WC 0700, C. tertium WC 0709, and P. bifermentans WC 0705 have been grown in a basal medium
supplemented with each of the mucins’ monosaccharides, fucose, N-acetylneuraminic acid, N-
acetylglucosamine, N-acetylgalactosamine, and galactose.

Gut mucus layers and epithelial cells are the primary gate keepers of bacterial interactions
with the host immune system, playing a key role in host homeostasis and defence. However, little is
known about how mucosa-associated bacteria contribute to maintain mucosal immunity and inhibit
inflammatory condition (N. Shi etal., 2017). In vivo experiment on Balb/c mice have been performed,
to test the ability of the three strains to colonize intestinal gut in the animal model. To assess their
impact on the immune system, the phenotype of dendritic cells (DC) and lymphocytes CD3" in
Peyer’s patches was analyzed, and the expression level of different cytokines, like IFNy, IL-4, IL-17,

was measured.

The availability of the three genomes of C. celatum, C. tertium, and P. bifermentans
encouraged a preliminary investigation of phylogenetic relationships among gut species ascribed to
the class of Clostridiales. First of all, using two different datasets, all the detected species
encompassed in this class were identified, and on the basis of the presence/absence and of relative
abundances, the most frequently and abundant encountered were identified.

Phylogenetic relationships were reconstructed using ANI and AAI-RF, and the consistency of these
outputs with similarities of genes encoding 16S rRNA was assessed.
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3. Material and Methods

3.1 Mucin enrichment

3.1.1 Enrichment cultures

Fecal samples were collected from five healthy adults (3 men and 2 women, aged 25-50 year),
who had not been treated with probiotics in the previous 2 weeks or with antibiotics for at least 3
months prior to sample collection. All the subjects enrolled in this study gave written informed
consent, according to the experimental protocol approved with ref. no. 125-15 by the local research
ethics committee (Comitato Etico Provinciale, Azienda Policlinico di Modena, Italy). Fresh fecal
samples were collected, sealed in anaerobic plastic bags (AnaeroGen, Oxoid, Basingstoke, UK),
transferred in an anaerobic cabinet (Concept Plus, Ruskinn Technology, Ltd., Bridgend, UK) with an
atmosphere of 85% N>, 10% CO», and 5% H>, and homogenized (10%, w/v) in sterile mucin-based
medium (MM).

Mucin porcine stomach type 1l was provided by Sigma-Aldrich and was further purified
according to the protocol by Miller and Hoskins (1981). From 25 g/L mucin suspension in 0.1 M
NaCl containing 0.02 M phosphate buffer, pH 7.6, a clarified solution was obtained by centrifugation
at 10,000 x g for 10 min at 4°C. Mucin was precipitated with ice-cold ethanol at 60% (v/v). The pellet
was dissolved in 0.1 M NaCl, re-precipitated with ethanol (60% v/v) and dissolved in water. This
mucin suspension was dialyzed (14 kDa cut-off) against water, and finally freeze dried. According to
the producer, mucin had a molecular mass of 4,000-5,500 kDa, with a carbohydrate portion of 80—
84%, and a protein portion of 16-20%. Proline, serine, and threonine residues in the peptide backbone
comprised approx. 43% of the amino acid composition.

MM contained 3.0 g/L of purified mucin, 2.0 g/L KH2PQOg4, 4.5 g/L NaCl, 0.5 g/L MgSOs4 *
7H20, 0.045 g/L CaClz « 2H-0, 0.005 g/L FeSO4 « 7H20, 0.01 g/L hemin, 0.05 g/L bile salts (Oxgall,
BD Difco, Sparks, MD, United States), 0.6 mg/L resazurin, 2.0 mL/L minerals solution (0.5 g/L
EDTA, 0.010 g/L ZnSO4 « 7H20, 0.003 g/L MnCl; « 7H20, 0.03 g/L H3BOs, 0.02 g/L CoCl; * 6H20,
0.001 g/L CuCl; « 2H>0, 0.002 g/L NiCl2 « 6H>0, and 0.003 g/L NaM0Og4 * 2H>0), 1.4 mL/L vitamins
solution (1.0 g/L menadione, 2.0 g/L biotin, 2.0 g/L calcium pantothenate, 10 g/L nicotinamide, 0.5
g/L cyanocobalamin, 0.5 g/L folic acid, 4 g/L thiamine, and 5 g/L PABA), and 40 mL/L reducing
solution (12.5 g/L L-cysteine * HC1 and 80 g/L NaHCO3). The basal medium was autoclaved at 121°C
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for 20 minutes and supplemented with filter sterilized (0.22 um) minerals, vitamins, and reducing
solutions.

The fecal slurries were inoculated with a syringe (10% v/v) into butyl-rubber stoppered bottles
containing 50 mL of sterile anaerobic MM. After an incubation of 72 h at 37 °C, these cultures were
utilized to seed (10% v/v) the next passage in MM, repeated to accomplish three enrichment steps.
Once grown, the third enrichment was utilized for isolation of mucinolytic bacteria.

The viable counts of anaerobic mucinolytic bacteria and Enterobacteriaceae in enriched samples were
determined in triplicate onto agar plates of MM and MacConkey, respectively.

For both the media, one-way ANOVA followed by Tukey’s post-hoc analysis was utilized to compare
the counts of the different subjects. Paired samples t-test was utilized to compare MM and
MacConkey counts.

3.1.2 Isolation of mucinolytic bacteria

All the steps of the isolation and purification procedure were carried out in the anaerobic
cabinet. Soft-agar MM plates, containing 8 g/L of agar (BD Difco), were used to count and purify
mucin degraders. While, MacConkey agar plates (BD Difco), were used to count Escherichia coli
and Enterobacteriaceae and to discriminate them from strictly anaerobic isolates.
The EC was serially diluted (1:10) in anaerobic MM, then 1 mL of each dilution was poured into
plates and covered with 20 mL of melted soft-agar MM. The plates were allowed to cool and
incubated in anaerobiosis at 37° C for 72-96 h. Inclusion colonies were picked and checked for
aerobic growth at 37°C in MacConkey agar plates. Colonies unable to grow in aerobiosis were further

purified at least three times by serial dilution and isolation in soft-agar MM.
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3.1.3 RAPD-PCR Fingerprinting

Approximately 10 pure clones per sample were fingerprinted by RAPD-PCR according to
(Quartieri et al., 2016) and clustered into biotypes with a similarity level of 75% using the Pearson
correlation coefficient. The RAPD-PCR mix consisted of Dream Taq Buffer (Thermo Fisher Scientific,
Waltham, MA), 0.5 uM of M13-RAPD primer (5’-GAGGGTGGCGGTTCT-3"), 100 uM of each dNTP,
0.75 U Taq polymerase (DreamTaqg, Thermo Fisher Scientific), and 50 ng of genomic DNA from the
isolates. DNA amplification was carried out with the following protocol: 94°C for 4 min; 45 cycles at
94°C for 1 min, 34°C for 1 min, and 72°C for 2 min; 72°C for 7 min. PCR products were electrophoresed
in a 2% agarose gel (25 x 25 cm) for 4 h at a constant voltage (160 V) in TAE buffer. After staining
with ethidium bromide, RAPD-PCR products were digitally captured with Gel Doc XR+ (Bio-Rad,
USA), and analysed with Gene Directory 2.0 software (Syngene, UK).

3.1.4 Taxonomy assignment

Single biotypes from each sample were taxonomically characterized by partial sequencing of
the 16S rRNA gene (Eurofins Genomics, Ebersberg, Germany), utilizing primers targeting the V1-
V4 regions (Raimondi, Luciani, et al., 2019). Amplification was performed using 16S 500f (5'-
TGGAGAGTTTGATCCTGGCTCAG-3') and 16S 500R (5'-TACCGCGGCTGCTGGCAC-3') primers
within 50 pL of PCR Master Mix (Thermo Fisher Scientific), containing 0,2 uM of each primer, and 50
ng of DNA. Amplification was carried out with the following parameters: 94°C for 4 min; 30 cycles at
94°C for 30 s, 58°C for 30 s, and 72°C for 30 s; 72°C for 7 min.

Sequences were compared to the NCBI refseq_rna database with the alignment tools BLAST
and MUSCLE (https://www.ncbi.nlm.nih.gov/; https://www.ebi.ac.uk/Tools/msa/muscle/).
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3.2 Genomic and physiological characterization

3.2.1 Genomics

3.2.1.1 Genome extraction and sequencing

For whole-genome sequencing, each strain was cultivated in MM at 37°C for 48h under
strictly anaerobic conditions. Biomass was collected by centrifugation for 30 min at 14,000 rpm.
The genomic DNA was extracted with DNeasy Blood & Tissue kit (Qiagen GmbH,
Disseldorf, Germany). Before DNA purification, the pre-treatment for Gram-positive bacteria was
followed, making some modifications:
- incubation for 2 h at 37°C with twofold the volume of enzymatic lysis buffer;
- incubation for 1 h at 56°C with twofold the volume of proteinase K and Buffer AL.
The DNA concentration was quantified with a Qubit 3.0 fluorimeter (Thermo Fisher Scientific,
Waltham, MA, USA). The samples were sequenced with Illumina NovaSeq 6000 by Eurofins

Genomics (Ebersberg Germany). For each sample, 150-bp paired-end reads were obtained.

3.2.1.2 Genome assembly

The raw reads were checked for quality with FastQC v0.11.8 (Andrews, 2010). To trim
Illumina adapters and delete reads with a quality score lower than 20, the tool Cutadapt v1.16 was
used with the following parameters: overlap=15, minimum length=30 and quality-cutoff=20 (Martin,
2011). Once obtained the trimmed reads, they were verified again with FastQC and then assembled
with SPAdes v3.13.0 with parameters -careful, -cov-cutoff auto and -k auto (Bankevich et al., 2012).
The quality of the assemblies was evaluated using QUAST 5.0.2 (Gurevich et al., 2013). Trimming,
quality checking, and assembly were performed on Galaxy platform (usegalaxy.eu) (Afgan et al.,
2018). The annotation was carried out with the tool Prokka v1.14.6 (Seemann, 2014). The taxonomy
attribution was confirmed with tools SpeciesFinder (https://cge.cbs.dtu.dk/services/SpeciesFinder -
(Larsen et al., 2014) and TypeMat of Microbial Genomes Atlas (MIGA-http://microbial-

genomes.org) (L. M. Rodriguez-R et al., 2020).
The completeness of the assemblies was verified with CheckM 1.0.8 (Parks et al., 2015).
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3.2.1.3 Genome analysis

CRISPRs and Cas genes were searched using CRISPRCasFinder (https://crisprcas.i2bc.paris-

saclay.fr/CrisprCasFinder/Index) (Couvin et al., 2018), with default settings and subtype clustering

of Cas genes. The presence of prophage sequences was analysed with PHASTER (https://phaster.ca/)

(Arndt et al., 2016). The identification of antibiotic resistance genes was carried out using the web
tool RGI (Resistance Gene Identifier) of CARD (Comprehensive Antibiotic Resistance Database),

processing the contigs file for “Perfect, Strict and Loose hits” (https://card.mcmaster.ca/analyze/rgi)

(Alcock et al., 2020). Insertion sequences were identified with ISFinder (https:/isfinder.biotoul.fr/,

Siguier et al., 2006). BAGEL 4 server was used to search bacteriocins genes
(http://bagel4.molgenrug.nl/) (Van Heel et al., 2018).

The genomes of the other available C. celatum, C. tertium and P. bifermentans strains were
downloaded from GenBank. The respective accession numbers are reported in Tab.1. As a whole,
comparative genomics investigated 4 genomes of C. celatum, 15 of P. bifermentans and 9 of C.

tertium.

3.2.1.4 Comparative genomics

Average Nucleotide Identity (ANI) and digital-DNA/DNA hybridization (dDDH) were

calculated using the ANI Matrix web tool (http://enve-omics.ce.gatech.edu/g-matrix/) and Genome-

to-Genome Distance Calculator GGDC 2.1 (https://www.dsmz.de/services/online-tools/genome-to-
genome-distancecalculator-Ggdc), with the thresholds for species demarcation of 95% for ANI and
70% for dDDH (Richter & Rossello, 2009). Roary was utilized to calculate the pangenome and to
define core and accessory genes, utilizing Prokka annotation files (Page et al., 2015).

KEGG tools, BlastKOALA and MAPPER, were used to predict functional properties of the
genomes (Kanehisa et al., 2016; Kanehisa & Sato, 2020). The dbCAN2 metaserver
(https://bcb.unl.edu/dbCAN2/) was used for the annotation of Carbohidrate Active Enzyme
(CAZymes) in all the strains (H. Zhang et al., 2018). Only the CAZymes annotated by two out of the
three tools (HMMER, Hotpep and Diamond) used by dbCAN2 were considered. The putative

glycoside hydrolases involved in the mucin degradation were chosen according to the classes reported
by Tailford et al., 2015.
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GenBank

Strain . Isolation source
Accession number
WC 0700 GCA 021412605.1 Human feces
C. celatum D43t1 170807 _C1 GCA 015547475.1 Human feces
DSM 1785 GCA _000320405.1 Human feces
MGYG-HGUT-01423 GCA 902374805.1 Human gut
WC 0705 GCA 021412665.1 Human feces
SU1074NT GCA 002104065.1 Soil
MHMC-14 GCA _003585605.1 Human feces
parabai GCA _006782905.1 Unknown
ATCC 638 GCA 006802875.1 Unknown
Med78 4-601-WT-2 GCA 012843415.1 Pig feces

P. bifermentans

BSD2780061688_150302_D6
BSD2780061688_150302_X7
S01

N73

DSM 14991
MGYG-HGUT-00024

ATCC 19299

PAGU 1678

WYM

GCA_015551995.1
GCA 015668845.1
GCA_017288015.1
GCA 018917045.1
GCA_019916025.1
GCA_902362415.1
GCA 000452225.2
GCA_019650315.1
GCA 000498455.1

Human feces
Human feces
Soil
Monkeys' feces
Soil
Human gut
Unknown
Biobreeding rat feces

Landfill leachate sludge

C. tertium

WC0709

Gcol. A2

Gcol.A43

BSD2780120874 150323 E10

BSD2780120875b_170604_A12

1001275B_160808_H?2

GCA_018967925.1
GCA_003284625.1
GCA_003284645.1
GCA_015560625.1
GCA_015667715.1
GCA_015668435.1

Human feces
Human feces
Human feces
Human feces
Human feces
Human feces

DSM 2485 GCA 017873245.1 Unknown
Clostridium tertium GCA 900217175.1 Preterm infant faeces
MGYG-HGUT-01328 GCA 902373955.1 Human gut

Table 1 List of the strains utilized in this work. In bold the strains isolated during this project.
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3.2.2 Physiological characterization

3.2.2.1 Growth at different pH

Cultures of C. celatum WC 0700, P. bifermentans WC 0705, and C. tertium WC 0709 were
incubated in anaerobiosis at 37° C in MM medium. The initial pH was adjusted to 5.5, 6.0, 6.5, 7.0,
7.5, and 8.0 with 1 M KOH and 1 M HCI solutions. The cultures were seeded (10% v/v) with 48h
MM cultures. After 24, 48, and 72 hours of fermentation, supernatants were recovered after
centrifugation (13,000 xg, 5 min, 4° C) and stored at -20° C. Products such as lactic, succinic,
propionic, acetic, butyric, valeric, isovaleric, formic acid, 2,3-butanediol and ethanol were detected
using a HPLC device (Agilent technologies, Waldbronn, Germany) provided with refractive index
detector (RID) and Aminex HPX-87 H ion exclusion colon. Isocratic elution was performed with
H2S04 0.005 M at 0.6 mL/min according to Amaretti et al. (2013).

3.2.2.2 AP1 50 CHL

The strains C. celatum WC 0700, P. bifermentans WC 0705, and C. tertium WC 0709 were
tested for the fermentation of 49 carbohydrates using API 50 CH test strips (bioMerieux, Marcy-
I’Etoile, France). Bacterial biomass from the surface of M17-agar plates (BD Difco, Sparks, USA)
was harvest with a swab and used to produce a suspension of 2 McFarland in 10 ml of API 50 CHL
Medium. The suspension was used to inoculate each tube of the strip in the anaerobic chamber. The

results were read after 48 h of incubation at 37°C.

3.2.2.3 Biofilm formation

Biofilm-forming ability and mucin adherence of the strains were tested for the three isolates
C. celatum WC 0700, P. bifermentans WC 0705, and C. tertium WC 0709. Purified mucin type Il
was dissolved in phosphate-buffered saline (PBS) pH 7.4 to a final concentration of 1 mg/mL, 200 ul
of mucin suspension were loaded in each well of 96-well microtiter plates, that were maintained
overnight at 4° C. Excess of mucin was removed and wells were washed with PBS (Sadiq et al.,
2021). Cultures grown anaerobically in M17 (BD Difco, Sparks, USA) medium for 48 h were diluted
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(10% v/v) in fresh M17 medium and seeded in mucin-coated and uncoated wells. Plates were
incubated under anaerobic condition for 48 h and biofilm formation was assayed by crystal violet
(CV) staining according to Sicard et al., (2018). Briefly, unattached cells were discarded and each
well washed three times with PBS. Biofilm was stained with CV solution at 0.1% (wt/vol), excess of
staining was removed, and washed three times with PBS. De-staining solution (80% v/v ethanol, and
20% v/v acetone) was added to release the stain, and biofilm was quantified by measuring ODsyo.
Specific biofilm formation (SBF) index was calculated as the ratio between CV absorbance at 570
nm and culture’s turbidity at 620 nm, setting a threshold of 1. E. coli 03.73 and K. pneumoniae 11.71
were used as positive and negative controls respectively (Amaretti et al., 2020; Raimondi, et al.,
2019b).

3.2.2.4 Tolerance to oxygen and temperature

Tolerance to oxygen and to high temperature were tested with cultures grown in M17 broth.
Pure cultures were inoculated (10% v/v) and incubated 48 h at 37° C in anaerobic condition. Portion

of the same cultures were:

- (1) heated at 80°C for 30 minutes.

- (I transferred in a 10x volume baffled flask and exposed to air for an hour during incubation
in an orbital shaker at 180 rpm at 37° C;

- (1) exposure to air (11) than heated at 80°C for 30 minutes.

After each treatment, serial dilutions were made, all incubated in anaerobic condition. Most Probable
Number (MPN) technique was used to estimate microbial population size. Untreated anaerobic

cultures were used as controls.
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3.2.2.5 Antimicrobial susceptibility test

The susceptibility to antibiotic of C. celatum WC 0700, P. bifermentans WC 0705, and C.
tertium WC 0709 was assayed with broth microdilution method according to the International
Standard Organisation (ISO 20776-1:2019). Cultures grown in M17 medium for 48 h at 37° C, were
diluted in fresh M17 broth to obtain a final concentration of 5 x 10° CFU/mL. The antibiotics were
tested at doubling dilutions, from 0.0625 to 64 mg/L for ampicillin, gentamicin, and chloramphenicol,
and from 16 to 0.015 mg/L for penicillin G and tetracycline.

The antibiotic susceptibility was determined after 48 h of incubation at 37°C in anaerobiosis.

MICs were defined according to the European Committee on Antimicrobial Susceptibility Testing

breakpoints (EUCAST- https://www.eucast.org/clinical breakpoints/ version 11.0) for Gram-positive
anaerobes, except for tetracycline and penicillin G, for which breakpoints were defined according to

Clinical and Laboratory Standards Institute (CLSI- https://clsi.org/meetings/microbiology/ M100-

Ed31:2021). No defined breakpoints were available for gentamicin in neither of the two databases.
Indicatively, a gentamicin breakpoint of 16 was indicated in the work of Wei et al., (2020), referring
to the CLSI-M100-S23:2019 database.

3.2.2.6 Growth on mucins’ monosaccharides

The capability of C. celatum WC 0700, C. tertium WC 0709, and P. bifermentans WC 0705
to growth fermenting the single monomeric units composing the oligosaccharides of mucin was
assessed on basal M17 medium, formulated without any carbohydrate, and supplemented of
D+Glucose (Sigma), L-Fucose (Carbosynth), N-Acetylneuraminic acid (Carbosynth), D+Galactose
(Sigma), N-acetyl-D-glucosamine (Carbosynth), and N-acetyl-D-galactosamine (Carbosynth), all at
the final concentration of 20 mM. M17 medium without lactose was used as negative control, while
supplementation with glucose was used as positive control. All the media were adjusted with HCI 1
M to pH of 6.9-7.2.

C. celatum WC 0700, C. tertium WC 0709, and P. bifermentans WC 0705 were grown for
two consecutive steps on M17 medium with lactose (1 g/L) at 37 °C for 48 h, in order to obtain
inocula where the carbon source was depleted. These cultures were used to seed (10% v/v) tubes
containing M17 supplemented with the diverse carbohydrates, and the medium without supplement
as control. For each medium, three passages were carried out, each one in triplicate. Cultures were
incubated at 37 °C for 48 h. At the end of each step, ODsoo Was determined.
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3.2.3 In vivo study

The in vivo study has been performed in UNIPD, under the supervision of Prof. Ignazio
Castagliuolo. The protocol was approved by the Animal Care and Use Ethics Committee of the
University of Padova under license from the Italian Ministry of Health, in compliance with the

national and European guidelines for handling and use of experimental animals.

3.2.3.1 Preparation of cryoprotected cultures

P. bifermentans WC 0705 and C. tertium WC 0709 were grown anaerobically for 48 h in M17
broth. The biomass of each strain was collected after centrifugation and suspended in M17 broth
containing 10% v/v glycerol to obtain single-dose aliquots. The cryoprotected cultures were stored at
— 80 °C.

Because of the volumes, strict anaerobiosis was not possible, and oxygen impacted at different
extent on the viability of the cryoprotected cultures. According to the initial charge evaluated by
MPN, the theoretical charge of the frozen sample (0.1 ml) was expected to be 10*°. However, when
the glycerinates were thawed and enumerated, the live bacteria were 108 in both C. tertium WC 0709

and P. bifermentans WC 0705. Aliquots of each were thawed one by one and daily used.

3.2.3.2 Mice and treatment

Male BALB/c 8 weeks old were purchased from Envigo (San Pietro al Natisone, Udine, Italy).
Mice were housed in groups of 4 per cage and maintained in a temperature-controlled environment
(22 + 2°C) under a 12-hour light/dark cycle with regular chow food and tap water provided ad libitum.
Following a week of acclimation, mice were randomly assigned to receive vehicle alone (control
group), 108 CFU of C. tertium WC 0709 or P. bifermentans WC 0705. The treatments were
administered once a day for 10 days by intragastric gavage (24 gauge, 9-cm catheter) in a total volume
of 100 pl.
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3.2.3.3 Isolation of mononuclear cells

At the end of the treatment, mice were sacrificed. The colon was removed, longitudinally
opened, washed to eliminate the luminal content, and immediately placed in ice-cold RPMI medium.
Using glass coverslips, the mucosa was surgically removed and digested for 30 minutes in 0.15%
DTT/HBSS at room temperature under gentle shaking (70 rpm) to remove residual mucus. The
mucosal strips were rinsed in HBSS and incubated at room temperature in 1 mM EDTA/HBSS for
30 minutes to eliminate epithelial cells. The samples were then rinsed in HBSS, cut into 5-mm-square
pieces, and placed in 5 mL enzymatic digestive solution containing 10 mg/mL collagenase type Il
from Clostridium histolyticum (Merck) and 10 ug/mL type | deoxyribonuclease (Merck). Digestion
was carried on at 37°C for 30 min under continuous shaking. Cells were harvested by centrifugation
(6 minutes, 1600 rpm), resuspended in PBS, and filtered through a 100 um cell strainer to remove

tissue debris. Cell suspensions were counted and used for flow cytometry analysis.

3.2.3.4 Flow cytometry

Freshly prepared cells (1x10%/mL) were incubated for 30 min in ice-cold PBS containing 2%
BSA (wi/vol) to block unspecific bindings. Cells were washed by centrifugation in ice-cold PBS (1600
rpm, 6 min, twice) and incubated at 4°C for 30 minutes with antibodies (Table 2) diluted in blocking
buffer. When required, cells were washed and subsequently incubated with secondary fluorescent
labeled antibodies for 30 minutes. The fluorescent signals were recorded using BD-FACSCalibur
(Becton Dickinson) and CellQuest software (Becton Dickinson). The results were analyzed using the

Flowing Software 2.
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Antibody Clone Source

CD3 PE conjugate 17A2 eBioscience

CD4 Cy7 conjugate 50134-R001 Sino Biological Inc
CD8 Cy7 conjugate 53-6.7 Invitrogen

IL4 FITC conjugate BVD4-1D11 Invitrogen

IFNy FITC conjugate XMG1.2 eBioscience
CD25 APC conjugate 3G10 Invitrogen
Foxp3 FITC conjugate polyclonal Invitrogen

IL17 FITC conjugate TC11-8H4 Molecular probes
CD11c Cy7 conjugate N418 eBioscience
CD80 FITC conjugate B7-1 Invitrogen

TLR2 polyclonal Abcam

TLR4 polyclonal SantaCruz

F4/80 FITC conjugate Cl:A3-1 eBioscience
anti-rabbit FITC Invitrogen

Table 2 Antibodies used in flow cytometry analysis
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3.2.4 Statistical analysis

For counts of enriched samples in MM and MacConkey medium, one-way ANOVA followed
by Tukey’s post-hoc analysis was utilized. Paired samples t-test was utilized to compare MM and
MacConkey counts. In all the experiments, the data reported are the means of three independent
experiments, each carried out in triplicate. The statistical significance was analysed with t-test
(P<0.05). Data from flow cytometry analysis are reported as the mean + standard error. Statistical
analysis was performed using GraphPad Prism 7 software (GraphPad, San Diego, CA, United States).
Statistical differences were assessed by one-way ANOVA and Bonferroni multicomparison post hoc
tests. Differences were considered significant at P < 0.05.
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3.3 Phylogenomic approaches

3.3.1 Metagenomic samples

Two datasets have been used to investigate gut species belonging to the order Clostridiales:
the Human Microbiome Project (HMP- Turnbaugh et al.,, 2007) and 60 publicly available
metagenomes of intestinal microbiota from healthy subjects. Samples of the 60 metagenomes collected
from NCBI Sequence Read Archive (SRA) were obtained from healthy subjects from five different
countries: China (CHN), Ethiopia (ETH), Spain (ESP), United States of America (USA), and Sweden
(SWE), and had the accession numbers: PRINA557323, PRINA504891, PRJIEB33098, PRJIEB27308,
PRJEB7369, respectively. The selected metagenomes were sequenced through whole-genome shotgun
sequencing on Illumina paired-end platforms and produced reads ranging between 100 and 150 bp in
length.

3.3.2 Dataset definition and analysis

Public available composition profiles of 554 HMP stool samples analyzed with MetaPhLan2
(Truong et al., 2015) were used. The 60 metagenomes retrieved from NCBI SRA were profiled with
the same tool, using default parameter, and ignoring viruses and archaea profiling.

590 reference genomes of species belonging to Clostridiales were downloaded from NCBI
Datasets, as of October 2021, and used to filter species found in gut microbiota. Type strain genomes
of Eubacterium rectale, Eubacterium siraeum and Clostridium leptum were added to the defined
subset in order to include other species that are typically related to the human gut microbiota
(Kabeerdoss et al., 2013; Mukherjee, 2020; Newman et al., 2021).

The Average Nucleotide Identity (ANI) and Average Amino acid Identity (AAI) between all
the genomes were calculated with the scripts ANI Calculator and AAI calculator of the enveomics
collection (http://enve-omics.ce.gatech.edu/enveomics/) by all-against-all approach (L. Rodriguez-R
& Konstantinidis, 2016). Whole-genome based Average Nucleotide Identity (JANI) and Alignment
Fraction (AF) were calculated using the MiSI (Microbial Species Identifier;
https://ani.jgi.doe.gov/html/home.php?) as proposed by Varghese et al. (2015). For genera

demarcation, the thresholds proposed by Barco et al. (2020) were utilized (ANI > 73.98; AF> 0.331).
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The genomes in the subset were annotated with Prokka (Seemann, 2014), the 16S rRNA
sequences were extracted from each genome and aligned with Clustal Omega (Sievers et al., 2011).
16S rRNA gene alignment was utilized to generate a phylogenetic tree constructed with the maximum
likelihood method using RAXML tool (Stamatakis, 2014). ANI and AAI distance matrices were used
to compute Unweighted Pair Group Method with Arithmetic mean (UPGMA) unrooted phylogenetic
trees with DendroUPGMA tool (http://genomes.urv.cat/UPGMA/, Garcia-Vallvé et al., 1999). The
genomes in the phylogenetic trees were visualized with iTOL (Letunic & Bork, 2019).

The tree of AAI was compared with those constructed from the alignment of 16S rRNA gene,
ANI and gANI distance matrices utilizing the following ‘generalized’ Robinson-Foulds metrics: the
Jaccard—Robinson—Foulds (JRF), computed with k = 1 (Nye et al., 2006), and the information-based
measures of Mutual Clustering Information (MCI) and Shared Phylogenetic Information (SPI) (M.
Smith, 2020). JRF, MCI, and SPI were computed with the R package ‘TreeDist’, archived at
https://dx.doi.org/10.5281/zenodo.3528123. Comparison relied on matching each informative split
within a tree (i.e. an internal branch of the tree, with at least 2 leaves at each extremity) with an
informative split within the other tree. For each metrics, the comparison yielded a normalized

similarity score in the range 0-1 between two trees and a score for each match of paired tree splits.
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4 Results

4.1 Mucin enrichment
4.1.1 Isolation of mucin degraders

The faeces of five healthy adults were subjected to three steps of strictly anaerobic enrichment
in a medium with only mucins as carbon and nitrogen sources Enumeration and isolation of mucin
degrading bacteria were carried out from enriched samples after the three enrichment steps in MM
broth. To discriminate anaerobic bacteria from mucinolytic Enterobacteriaceae, for the enumeration
step were used MM plates in anaerobiosis and MacConkey plates in aerobiosis (Tab 3). The obtained
isolated from MM plates were confirmed to be strictly anaerobes. Anaerobic mucin degraders were
found in the magnitude of 10® cfu/mL (mean + SD = 8.3 + 0.3 Logio cfu/mL), significantly more
abundant (P < 0.05) than mucinolytic Enterobacteriaceae, that ranged between 107 and 10® cfu/mL
(mean £ SD = 7.6 + 0.4 Logio cfu/mL). The viable counts of both anaerobic mucin degraders and
mucinolytic Enterobacteriaceae did not differ among the enriched samples (ANOVA, P > 0.05).
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Anaerobic

Sample mucinoh-/tic Enterobacteriaceae
bacteria Log (cfu/mL) Isolates
Log (cfu/mL)

EC1 78+0.9 72+05 WC0700
WCO0701

EC?2 8.4+0.7 73+04 WCO0702
WC0703

EC3 85+05 79+05 WC0704
EC4 8.3+0.6 7.6 +0.6 WCO0705
WC0706

ECS5 8.4+0.5 8.0+0.3 WCO0707
WCO0708

WCO0709

Table 3 Cultivable mucin degraders in EC samples. The viable counts of anaerobic mucinolytic bacteria and
Enterobacteriaceae respectively counted onto plates of MM and MacConkey medium is reported. Counts are reported as
mean Log (cfu/mL) + standard deviation, n = 3. For both the media, no significant difference was observed among samples
(ANOVA, P> 0.05). Cultivable anaerobic mucinolytic bacteria were significantly more numerous than Enterobacteriaceae
(paired samples t-test, P < 0.05).
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Based on RAPD-PCR fingerprinting, the anaerobic isolates clustered in 1-3 distinct biotypes

per sample, for a total of 10 strains (Tab. 4). The partial sequences of 16S rRNA genes showed

identity > 98.6% to the following species: Clostridium disporicum (6 biotypes), Clostridium tertium

(1), and Paraclostridium benzoelyticum (3).

Sample  Isolate ref seq ID BLAST result Identity
EC1 WC0700 NR_026491.1 Clostridium disporicum 98.70%
NR_144696.1 Clostridium saudiense 97.98%

WC0701 NR_026491.1 Clostridium disporicum 99.14%
NR_144696.1 Clostridium saudiense 98.14%

EC2 WC0702 NR_026491.1 Clostridium disporicum 99.90 %
NR_144696.1 Clostridium saudiense 98.28%

WC0703 NR_026491.1 Clostridium disporicum 99.44%
NR_144696.1 Clostridium saudiense 97.85%

EC3 WC0704 NR_026491.1 Clostridium disporicum 99.08%
NR_144696.1 Clostridium saudiense 98.01%

EC 4 WCO0705 NR_148815.1 Paraclostridium benzoelyticum  99.43%
NR_113323.1 Paraclostridium bifermentans  99.32%

WC0706 NR_026491.1 Clostridium disporicum 99.50%
NR_144696.1 Clostridium saudiense 98.15%

EC5 WCO0707 NR_148815.1 Paraclostridium benzoelyticum  99.74%
NR_113323.1 Paraclostridium bifermentans  99.65%

WC0708 NR_148815.1 Paraclostridium benzoelyticum  99.77%
NR_113323.1 Paraclostridium bifermentans  99.65%

WC0709 NR_113325.1 Clostridium tertium 99.27%

Table 4 Taxonomic attribution of the isolates. The taxonomy attribution was obtained by alignment of the V1-V4
regions of 16S rRNA gene with the NCBI refseq_rna database using BLAST. The accession number of best hits and the
sequence identity (%) obtained with MUSCLE are reported.
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4.2 Genomic and physiological characterization

4.2.1 Genome features

4.2.1.1 Revised taxonomy

Three isolates, WC 0700, WC 0705, and WC 0709 were selected to whole genome sequencing
analysis. The taxonomic attribution made using SpeciesFinder has defined only the isolate WC 0709
to the C. tertium species but failed for the other two strains. A second approach of attribution, based
on ANI value, was carried out using TypeMat tool of MiGA server and permitted to ascribe the WC
0700 and WC 0705 isolates to the species C. celatum and P. bifermentans, respectively. The 16S
rRNA gene sequence of the isolate WC 0700 had an identity score of 97.02% with the strain C.
celatum DSM 1785 (NR_026167.1), lower than the score obtained with C. disporicum DS1
(NR_026491.1), so the latter was the preliminary taxonomy attribution, that resulted wrong on the
basis of genome sequencing.

To confirm the taxonomic assignment, digital DNA-DNA hybridization (dDDH) and average
nucleotide identity (ANI) values were calculated comparing each isolate with the relative reference
strain available (Tab. 5). All the isolates were over the thresholds for species demarcation, 70% and
95% for dDDH and ANI, respectively (Richter & Rossello, 2009).

Isolate Reference strain dDDH (%) ANI (%)
WC 0700 Clostridium celatum DSM 1785 99.2 99.92
WC 0705 Paraclostridium bifermentans ATCC 638 89.6 98.94
WC 0709 Clostridium tertium DSM 2485 88.7 98.70

Table 5 Digital DNA-DNA hybridization (dDDH) and Average Nucleotide Identity (ANI) of the three isolates and
their relative reference strain.

4.2.1.2 Genome features

Genome of C. celatum WC 0700, P. bifermentans WC 0705 and C. tertium WC 0709 were
submitted to NCBI with the accession number: PRINA781812, PRINA781829, PRINA737738.
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The sequencing run of C. tertium WC 0709 produced 15.916.139 paired-end reads. The draft
genome encompassed 42 contigs with the largest being 1.213.566 nt. The Nso length was 1.159.315
bp, while the Lso value 2. The assembled genome of C. tertium WC 0709 had a size of 3.89 Mbp,
with a GC content of 27.72 % and 1230-fold coverage. A total of 3597 coding sequences (CDS) were
annotated, comprising 6 rRNA genes (three 5S, two 16S, and one 23S) and 74 tRNAs.

For C. celatum WC 0700 the sequencing produced 6.577.366 paired-end reads 150-bp long.
The assembled genome harboured 138 contigs. The Nsg length was 70.096 bp, while the Lso count is
15. The strain had a genome of 3.63 Mbp with 27.75 % of GC content and 542-fold coverage. 3305
CDS were identified and included 3 rRNA genes (one of each subunit) and 62 tRNAs.

The genome of P. bifermentans WC 0705 had 75 contigs with the largest being 858.215 nt.
The N50 value was 510.630 bp and L50 count was 3. The genome was 3.54 Mbp with a GC content
of 28.02% and a 589-fold coverage. 3464 CDS were annotated, among which 8 rRNA (six 5S, one
16S and one 23S) and 46 tRNAs.

None of the three analysed genomes of this work possessed CRISPR-Cas system. Only in the
genome of C. celatum WC 0700 a prophage sequence was identified. CARD revealed the presence
of tetracycline resistance in P. bifermentans WC 0705, while KEGG detected -lactam resistance in
C. tertium WC 07009.

The presence of mobile elements, like genes putatively encoding insertion sequences (ISs)
and transposases was investigated with ISFinder. Seven ISs were identified in C. celatum WC 0700,
belonging to the families 1S1595, 1S6 and 1S200/1S605, and presenting similarities with
Campylobacter jejuni and C. disporicum (1S1595), C. tetani (IS6) and C. perfringens (1S200/1S605).
P. bifermentans WC 0705 encompassed two ISs sequences of the families 1IS607 (C. botulinum) and
1S1182 (Bacillus cytotoxicus). ISs of the families 1S3 and 1S200/1S605 were found in C. tertium WC
0709 and presented similarities with the counterparts of C. beijerinckii and Staphylococcus
epidermidis, respectively.

Genes encoding the UviB bacteriocin were detected by BAGEL 4 in the genome of P.
bifermentans. No match was found in C. tertium and C. celatum genomes, even if in both the genome
was present UviB bacteriocin gene, with an identity of 41.00 % and 53.12%, respectively, with the
counterpart UviB of C. perfringens. C. celatum genome harboured the gene bcn5 encoding another
bacteriocin, with an identity of 41% with the corresponding one of C. perfringens.

According to Prokka annotation, C. tertium WC 0709 has 41.03 % of ORF not annotated, C.
celatum WC 0700 and P. bifermentans WC 0705 has 43.53% and 68.76 %, respectively.
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4.2.1.3 Pangenome

To analyze the pangenomes of the species C. celatum, P. bifermentans, and C. tertium, all the
other high-quality genomes belonging to these species available in GenBank were retrieved. General

genomes information about the other available strains are reported in Tab. 6.

. Genome No. of G+C No. of No. of
Strain size (bp) scaffold NSO L0 (%) CDSs tRNA
WC 0700 3.639.821 138 70.096 15 27.74 3305 62
D43tl 170807 C1 3.637.246 113 63.159 18 27.7 3157 175
C. celatum - -
DSM 1785 3.553.721 122 69.892 15 27.7 3076 27
MGYG-HGUT-01423 3.553.721 122 69.892 15 27.7 3076 27
WC 0705 3.547.401 75 510.638 3 28.02 3464 46
SU1074NT 3.522.921 40 535917 2 28.1 3360 43
MHMC-14 3.552.671 63 208.933 5 282 3429 83
parabai 3.916.009 29  530.207 3 28.43 3707 111
ATCC 638 3.578.393 39 213.403 3 28.1 3461 24
Med78 4-601-WT-2 3.508.699 31 351.239 4 28.1 3318 27
P BSD2780061688 150302 D6 3.623.244 26 732.858 2 28.1 3460 48
bl.ferm'enmnsBSD2780061688_150302_X7 3.629.130 60 119.504 10 28.1 3456 28
S01 3.524.257 43 1.993.941 1 282 3306 98
N73 3.615.727 41 418.592 3 28.2 3478 59
DSM 14991 3.566.216 5 28.61 3354 102
MGYG-HGUT-00024 3.643.390 25 2249377 1 282 3469 &4
ATCC 19299 3.535.241 58 153.781 9 28.1 3400 27
PAGU 1678 3.471.060 126 82.995 13 28.1 3402 69
WYM 3.475.995 180 41.803 26 28 3312 52
WC0709 3.895.757 42 1.159.315 2 27.72 3525 74
Gceol. A2 3.897.924 60 281.242 6 27.8 3519 83
Gcol.A43 3.801.844 55 178423 6 27.8 3382 82

BSD2780120874 150323 E10 3.796.527 88 96.757 13 27.8 3335 55
C. tertium BSD2780120875b_170604 A123.992.931 56 186.453 6 28 3534 66

1001275B_160808 H2 3.851.958 74  107.425 11 27.8 3348 62
DSM 2485 3.877.854 39  184.539 6 27.8 3549 76
Clostridium tertium 3.970.462 49 258765 5 27.8 3662 88
MGYG-HGUT-01328 3.813.122 5 3.226.588 1 27.8 3428 74

Table 6 General genomes features. In bold the three strains isolated in this work.
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The pangenome of C. celatum encompassed 3986 genes, 2883 in the core genome and 1103
in the accessory (Fig 14-panel A). Given the low number of available genomes of C. celatum it wasn’t
possible to calculate the a value to establish if it was a closed or open pangenome (Fig 14-panel B).
The pangenome of P. bifermentans encompassed 8398 orthologous genes, among which 2178 genes
constituted the core genome (~26% of total genes). The accessory genome was composed by 2456
shell genes and 3764 cloud genes. In the C. tertium pangenome 2765 were the genes of core genome,
while 1316 were the shell genes. Cloud genes, identified in a single strain (less than 15% of the
strains), were 1975.

According to Heap’s law, the P. bifermentans and C. tertium pangenomes were considered open, with
ay value of 0.41 and 0.57 respectively (Fig.14) (Tettelin et al., 2008).
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Figure 14 Pangenomes of the three species. (A) Distribution of genes found in each of the three pangenome: core (blue),
shell genes (orange), cloud genes (yellow). (B) Estimation of the pangenome (blue) and the core genome (green) by
including genomes one by one
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4.2.1.4 Reconstructed metabolic pathway

Pathway reconstruction was carried out analyzing the genomes of C. celatum WC 0700, P.
bifermentans WC 0705, and C. tertium WC 0709, utilizing KEGG gene annotation, in order to predict
metabilic functions, including membrane transporters.

The three genomes shared seven complete phosphotransferase system (PTS) transporters of
the families for glucose, GIcNAc, maltose, sucrose, cellobiose-diacetyl chitobiose, GalNAc, and
fructose family. Other complete PTS systems were not shared by all the genomes: transporters of
maltose/glucose family, a-glucoside, galactosamine, galactilol, and nitrogen families were found only
in C. tertium WC 0709; transporters for B-glucoside and trehalose were predicted only in C. celatum
WC 0700 and C. tertium WC 0709; a transporter for L-ascorbate was found in C. tertium WC 0709
and P. bifermentans WC 0705. Genes encoding PTS components of incomplete transporters were
also identified, such as EIIC components with similarity to agaC and EIIBC component, that may
partecipate in the uptake of other substrates in relation with others PTS components. Prokka gene
annotation recognized genes encoding other complete PTS systems in the three genome examined,
such as sorbose and mannitol families in C. tertium WC 0709, mannose family in C. tertium WC
0709 and P. bifermentans WC 0705, -glucoside in P. bifermentans WC 0705.

C. celatum P bifermentans  C. tertium

PhOSphOh’ﬂHSfeI’HSE SYStEIIl (PTS) WC 0700 WC 0705 WC 0709
PtsI PEP-protein phosphotransferase
PtsH PTS phosphocarrier protein HPr
Glc family glucose (*only EIICBA)
Glc family N-Acetyl-D-glucosamine
Gle family Maltose/ Glucose (* only EIIA component)
Gle family Maltose
Gle family Sucrose
Gle family B-glucoside
Gle family a-glucoside (* only EITA component)
Gle family Trehalose
Gle family
Lac family Cellobiose/ Diacetylchitobiose
Man family Manose (*only EIID component)
Man family N-acetylgalactosamine
Man family Galactosamine (* only EIIA component)
Man family Sorbose
Fru family Fructose
Fru family Mannitol
Gat family Galactitol
L-asc family L-ascorbate
Nitrogen (* only EITA)

Table 7 Predicted phosphotransferase system (PTS) of the strain C. celatum WC 0700, P. bifermentans WC 0705,
and C. tertium WC 0709 according to KEGG gene annotation. In green the complete transport system, white the absent
PTS, yellow and light yellow the incomplete systems lacking different component, and blue the PTS system manually
checked with Prokka gene annotation.
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The three genomes shared complete ABC transporters for the uptake of oligopeptides, basic
amino acids, the biogenic amines spermidine and putrescine, choline (referred to as osmopretectant
transporter), ribose and xylose, nucleosides, biotin, phosphate, molybdate, and sodium. Other ABC
systems were predicted only in one or two genomes: complete transporters for oligosaccharides
(raffinose, stachyose, and melbiose), methyl-galactoside, D-methionine, and zinc were found only in
C. tertium WC 0709 and C. celatum WC 0700; tranporters for galctose oligomers and
maltooligosaccharides, lysine, teichoic acid, and lantibiotics were found only in C. tertium WC 0709.
Furthermore, all the three genomes presented several genes encoding ABC transporters with functions
unknown or poorly characterized, including three ABC systems belonging to the eucaryotic-type

subfamily and putatively involved in multidrug efflux system (EfrA/B, MdIA, BplA).
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C. celatum P, bifermentans  C. tertium
WC 0700 WC 0705 WC 0709

ABC

transporters

Mineral and organic ion transporter

ABC transporters Prokaryotic type tungstate

ABC transporters Prokaryotic type molybdate transport

ABC transporters Prokaryotic type spermidine/putrescine transporter

ABC transporters Prokaryotic type osmoprotectant transporter
Oligosaccharide, polyol, and lipid transporter

ABC transporters Prokaryotic type galactose oligomer/ maltooligosaccharide
ABC transporters Prokaryotic type raffinose/stachyose/melibiose

ABC transporters Prokaryotic type lactose/ L-arabinose

ABC transporters Prokaryotic type Aldouronate

ABC transporters Prokaryotic type N-Acetylglucosamine

ABC transporters Prokaryotic type Nucleoside

Monosaccharide transporter

ABC transporters Prokaryotic type Ribose/ Autoinducer2/ D-xylose

ABC transporters Prokaryotic type Methyl-galactoside

Phospate and amico acid transporters

ABC transporters Prokaryotic type Cystine

ABC transporters Prokaryotic type Arginine/ Lysine/ Histidine

ABC transporters Prokaryotic type Lysine

ABC transporters Prokaryotic type D-methionine

Peptide and nickel transporters

ABC transporters Prokaryotic type Oligopeptide

Metallic cation, iron-siderophore and vitamin B12 transporters

ABC transporters Prokaryotic type Zinc

ABC transporters Prokaryotic type Cobalt

ABC transporters Prokaryotic type Nickel

ABC transporters Prokaryotic type Biotin

ABC-2 and other transporters

ABC transporters Prokaryotic type Na+

ABC transporters Prokaryotic type Teichoic acid

ABC transporters Prokaryotic type Lantibiotics

ABC transporters Eukaryotic type ABCB subfamily , EffA/B (multidrug efflux)
ABC transporters Eukaryotic type ABCB subfamily , MdIA (multidrug efflux)
ABC transporters Eukaryotic type ABCC subfamily , BplA (bacteriocin export)

Table 8 ABC transporters of the strain C. celatum WC 0700, P. bifermentans WC 0705, and C. tertium WC 0709
according to KEGG gene annotation. Green box indicates complete system, white box the missing system, light yellow
incomplete systems.

Pathway reconstruction of central carbohydrate catabolism in C. celatum WC 0700, P.
bifermentans WC 0705, and C. tertium WC 0709 yielded complete routes for Embden-Meyerhof
glycolysis, the non-oxidative phase of pentose phosphate shunt (including PRPP synthesis), and
pyruvate oxidation to acetyl-CoA. The alternative glycolytic route of Entner-Douduroff and the
tricarboxylic and glyoxylate cycles were extensively incomplete in all the strains. Leloir’s pathway
for galactose utilization was complete in all the genomes, on the other hand the pathways for the
degradation of ascorbate, glucuronate, and galacturonate were incomplete or missing.

The whole route for the production of UDP-glucose, UDP-galactose and UDP-GICNAc were

recognized in all the genomes. In addiction, glycogen biosynthesis and degradation occurred in C.
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tertium WC 0709 and C. celatum WC 0700, but did not in P. bifermentans WC 0705 that lacked 4-
a-glucotransferase (malQ) or pullulanase (pulA) in the degradation pathway. The three genomes
harbored the whole set or most of the genes for the biosynthesis of nucleotides and deoxy-
ribonucleotides of purines and pyrimidines. Some incompletness in these routes were found only in
P. bifermentans WC 0705, and may be attributed to deficiency in KEGG annotation of the genes.

With regards to the biosynthesis of aminoacids, pathway reconstraction with KEGG
annotation indicated that the anabolic potential of the three bacteria was largely incomplete. Therefore
it should be further investigated whether pathways incompletness arised from defects in gene
annotation or whether it could actually lead to nutritional auxotrophies. The three genomes hardbored
all the genes necessary for the biosynthesis of lysine, through the succinyl-DAP pathway (C. celatum
and C. tertium) or the DAP aminotransferase pathway (P. bifermentans). The metabolic route
branching from lysin biosynthesis and yielding homoserine and then threonine was complete only in
C. celatum WC 0700 and C. tertium WCO0709, while the one transforming homoserine into methinine
was incomplete in all the three genomes. The pathway of de novo biosynthesis of serin was interrupted
in all the genomes, that however were all equipped with the genes necessary to transform preformed
sei into cystein. The pathways yielding valine, leucine, and isoleucine from pyruvate were complete
in C. celatum WC 0700 and C. tertium WCO0709, while any gene for the de novo biosynthesis of
branched chain amino acids were not identified in P. bifermentans WC 0705. Likewise, the pathways
for the transformation of glutamate into proline and into arginine via ornithine were complete in C.
celatum WC 0700 and C. tertium WCO0709, but were incomplete or missing in P. bifermentans WC
0705. A complete shikimate pathway was predicted in all the three genomes, however the routes of
transformation of chorismate into phenylalanine and tyrosine was always incomplete and the one
leading to tryptophan was always missing. A complete pathway for histidine degradation was
identified only in P. bifermentans WC 0705. Genes involved in the interconversions between
glutamate, ornithine, arginine, spermidine, and putrescine, were identified in the three genomes,
however the metabolic modules channeling them to GABA, and finally toward succinyl-CoA for
degradation were interrupted.

As regards the biosynthesis of vitamins and cofactors, the pathways were for the most part
incomplete, with only a few exceptions. De novo cobalamin production is the result of three
consecutive metabolic modules, the transformation of glutamate into siroheme, the transformation of
siroheme into cobyrinate a,c-diamide, and the final production of cobalamin, consisting of 6, 11, and
7 enzymatic reactions. P. bifermentans WC 0705 harbored all the three modules, lacking only one
enzyme in siroheme production module. In C. celatum WC 0700 and C. tertium WCO0709, the central

module was greatly incomplete, despite the first one and the last one were complete. CoA production
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from panthotenate was predicted in all the genomes. C. tertium WCO0709 harbored the pathway for

pyridoxal, while C. celatum WC 0700 and P. bifermentans WC 0705 had pathway for thiamine mono

phosphate salvage (TMP).

4.2.1.5 Mucin utilization

The analysis of CAZymes using the doCAN2 metaserver revealed a total of 162 putative

ORFs encoding proteins involved in metabolism, and transport of carbohydrates in the genome of C.
celatum WC 0700, 95 ORFs in P. bifermentans WC 0705, and 200 ORFs in C. tertium WC 0709.
Only the CAZymes annotated by two out of the three tools (HMMER, Hotpep and Diamond) used

by dbCAN2 were considered for the comparative analysis (Tab. 9).

C. celatum P. bifermentans C. tertium
WC 0700 WC 0705 WC 0709
Cazy class # of # of genes # of # of genes # of # of genes
identified  with signal | identified with signal | identified with signa
genes peptide genes peptide genes peptide
Glycoside Hydrolase (GH) 64 28 24 1 78 15
Carbohydrate esterase (CE) 9 2 9 4 10 4
Glycosyl transferase (GT) 22 0 16 0 30 0
Carbohydrate-binding module (CBM) 27 19 3 1 16 9
Auxiliary activity (AA) 0 0 0 0 0 0
Polysaccharide lyase (PL) 0 0 0 0 4 0

Table 9 CAZymes identified in the three genomes with at least two out the three dbCAN tools.
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The comparative genomic analysis (Fig. 15) identified in the C. celatum strains (Tab. 1) at
least 25 GHs involved in mucin degradation, mostly containing a signal peptide. In particular, there
were 2 sialidases (GH33), 3 fucosidases (GH95), 5 galactosidases (GH2) and 10 hexosaminidases
(GH20/84/89). Among this last group, 5 to 7 GHs were endo-a-N-acetylgalactosaminidases (GH101)
that catalyze the hydrolysis of core 1 Galp1-3GIcNAc from mucin protein backbone (Josenhans et
al., 2020).

In C. tertium there were at least nine GHs that target mucins O-glycans: a sialidase (GH33),
3 or 4 different galactosidases of the family GH2, and in some cases of the families GH35 and GH42.

The C. tertium strains presented a variable number of hexosaminidases including one endo-
a-N-acetylgalactosaminidase (GH101).

P. bifermentans had the smallest set of GHs potentially involved in mucin degradation, with

only one galactosidase (GH2), one hexosaminidase GH20 or in some cases one GH85.

GH33
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Figure 15 Heat map showing the gene copy number of each GH in all the examined genomes. Sialidase (GH33),
fucosidases (GH29, GH95), galactosidases (GH2, GH35, GH42), hexosaminidases (GH20, GH84, GH85, GH89) and a-
N-acetylgalactosaminidases (GH101, GH129).
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To better understand if C. celatum WC 0700, P. bifermentans WC 0705 and C. tertium WC
0709 were able not only to cleave mucin glycans but also to catabolize the corresponding
monosaccharides, a comparative approach of metabolic pathway was carried out based on what was
predicted by Ravcheev & Thiele (2017). (Fig 16)
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Figure 16 Predicted metabolic pathways for the degradation and utilization of the single monosaccharides from

mucin’s structure (Ravcheev & Thiele,

2017).
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According to genome analysis, the distribution of genes required for utilization of galactose,
N-acetylgalactosamine and N-acetylglucosamine were widespread among the three strains C. celatum
WC 0700, C. tertium WC 0709, and P. bifermentans WC 0705. In particular, it was predicted that
galactose was utilized only by the Leloir pathway, which included the expression of galK, galU, galT
and galE genes and use Gal through UDP galactose (Afzal et al., 2015). None of the strains examined
were able to use Gal through the tagatose-6-phosphate pathway, lacking the galactose-6P isomerase
(LacAB) that is the first enzyme of the metabolic chain.

Among the three putative different transport systems for N-acetylgalactosamine (Ravcheev &
Thiele, 2017), only the AgaPTS system was found in the three genomes, that imports GalNAc-6-P
into the cells. The metabolic pathway involves N-acetylgalactosamine-6-phosphate deacetylase
encoded by agaA, galactosamine-6-phosphate isomerase/deaminase (agaS), tagatose-6P-kinase
(agaZ), and tagatose-1,6-biphosphate aldolase (agaY), and results in the production of
glyceraldehyde-3P. Prokka annotated genomes lacked of agaA gene but all the three strains they had
one or two nagA (N-acetylglucosamine-6-phosphate deacetylase) genes. In the genome of C. celatum
DSM 1785 both the genes agaA and nagA were previously identified (Ravcheev & Thiele, 2017).
The annotated agaA sequence was used to make a blast search in our genomes. C. celatum WC 0700
harboured a gene, annotated by Prokka as nagA_2, presenting an identity of 99%, while C. tertium
WC 0709 had an identity of 83,48% with the Prokka annotated nagA_ 1 (accession number:
MBUG6134103.1). No match was found in P. bifermentans WC 0705 that had only one nagA gene.
Taking into account the predicted availability of all the enzyme of the metabolic pathway and the
high number of hypotetical proteins, it is possible that, like in E.coli, the enzyme encoded by nagA
funfill the function of agaA (Hu et al., 2013).

Different GIcNAc-specific transport systems were identified: PTS NagE system was only
found in C. tertium WC 0709 that possess, togheter with C. celatum WC 0700, also the ABC transport
system NgcEFG. NagP permease was identified in C. celatum WC 0700 and P. bifermentans WC
0705. The other enzymes of the N-acetylglucosamine utilization pathway including nagK, nagA and
nagB were detected in all the strain examined.

L-Fucose utilization pathway was present only in C.celatum WC 0700, that harboured the
predicted ABC-type fucose transport system. This monosaccharide is the substrate of fucose
isomerase (fucl), fuculokinase (fucK) and fuculose phosphate aldolase (fucA) genes that produce
lactaldehyde at the end of the metabolic chain.

Even if sialidase GH33 was observed in C.celatum and C. tertium strains, only the latter
expressed all the enzymes involved in N-acetylneuraminic acid utilization. Two different pathway

discernable by the sugar epimerase have been described previously and both involve the nanT

pag. 77



permease and nanA aldolase (Brigham et al., 2009). In C. tertium WC 0709 were identified the nanK
kinase (annotated by Prokka as bglK in C. tertium WC 0709) and the nanE epimerase genes that
convert N-acetylmannosamine-6P to N-acetylglucosamine-6P.

To verify the predicted ability of C. celatum WC 0700, C. tertium WC 0709, and P.
bifermentans WC 0705 to ferment mucin O-glycan monomers, the strains were cultured in a medium
supplemented with the single monosaccharide composing mucin: L-fucose, N-acetylneuraminic acid,
galactose, N-acetyl-D-galactosamine, and N-acetyl-D-glucosamine. Medium supplemented of
glucose was used as positive control.

C. celatum WC 0700 confirmed the predicted metabolic capabilities, growing in M17
supplemented with L-fucose, galactose, and GICNAc. As expected, C. tertium WC 0709 grew on N-
Acetylneuraminic acid, galactose, and GIcNAc. Interestingly, the strain was also able to use fucose
even if the corresponding pathway was not predicted from genome annotation and pathway
reconstruction. In C. celatum WC 0700 and C. tertium WC 0709, growth in presence of GalNAc did
not occur, suggesting that the nagA proteins identified in their genome do not have the N-
acetylgalactosamine-6-phosphate deacetylase function, or are not expressed/functional.

On the other side, P. bifermentans WC 0705 grew only in the medium supplemented with
GalNAc.
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Figure 17 Growth of the three strains on mucin O-glycan monosaccharides. Bacteria were grown in medium
supplemented with individually monosaccharides (20 mM). Graphs show the mean value + SD acquired from three
independent experiments. (t-test, P < 0.05)
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4.2.2 Physiological features

4.2.2.1 Fermentation at various pH condition

Fermentation products of C. celatum WC 0700, P. bifermentans WC 0705 and C. tertium WC
0709 were analysed after 24, 48, and 72 h of incubation in MM set at different initial pH. For all the
tested strains, under all the pH conditions, the maximum biomass yield was generally reached after
24 h (Fig. 18). On the other side, the highest biomass production was obtained at pH values close to
neutrality, the optimal range being 6.5-7.5 for C. celatum WC 0700, and narrower for C. tertium WC
0709 (6.5-7.0) and P. bifermentans WC 0705 (7.0). Sugar fermentation generated organic acids
(formic, acetic, propionic, butyric, valeric, isovaleric, and succinic acids), 2,3 butandiol, and ethanol.
The abundance of each fermentation product depended on the strain and the pH, with acetic acid
being generally the main metabolite generated by the strains in most of the conditions.

At the optimal pH (7.0), C. celatum WC 0700 produced acetic, formic, and propionic acids
during growth, that reached 0.5, 0.2, and 0.1 g/L after 48 h, respectively. Growth was accompanied
also by the generation of isovaleric and lactic acids, both peaking at 24 h (0.2 and 0.1 g/L
respectively), and slightly decreasing towards the end of the fermentation, and by minor amounts of
the other metabolites (always < 0.1 g/L).

At pH 7.0, the main products of P. bifermentans WC 0705 were, in decreasing order, acetic,
propionic, and succinic acids, that reached 0.25, 0.15, and 0.08 g/L, respectively at 48 h. Isovaleric
acid reached 0.15 g/L after 24 h, then slightly decreased, while all the other metabolites always
remained below 0.05 g/L.

In the cultures of C. tertium WC 0709, acetic acid was the most abundant fermentation
product, with 0.3 g/L after 48 h. Propionic and isovaleric acids were also abundantly produced in the
first 24 h (0.2 and 0.1 g/L, respectively) but decreased toward the end of the fermentation. Formic
acid reached 0.05 g/L at 24 h, while all the other metabolites always remained at lower concentration.

Analysis of the headspace by a Gas-Analyzer detected in all the processes CO, and H. as

volatile fermentation products.
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4.2.2.2 Biochemical features

Metabolic capabilities of C. celatum WC 0700, C. tertium WC 0709, and P. bifermentans WC
0705 were assessed using APl 50 CH. The three strains were able to ferment D-ribose, D-galactose,
D-glucose, D-fructose, D-mannose, D-cellobiose, D-maltose, D-lactose, and esculin. Only C. tertium
WC 0709 and P. bifermentans WC 0705 were able to utilize glycerol, D-xylose, D-mannitol, and D-
sorbitol. C. tertium WC 0709 and C. celatum WC 0700 also fermented amygdalin, D-saccharose, D-
melibiose, gentiobiose. C. tertium WC 0709 exhibited the widest range of substrates, fermenting also
D-xylose, L-sorbose, N-acetylglucosamine, arbutin, salicin, D-melezitose, and D-tagatose. P.
bifermentans WC 0705 was the sole strain growing on starch, xylitol, gluconate, and 2-ketogluconate,
while only C. celatum WC 0700 fermented D-trehalose.

On the other hand, the three strain were not able to utilize 21 substrates, among which
erythritol, D- and L-arabinose, L-xylose, methyl-p-D-xylopyranoside, dulcitol, inositol, methyl-a-D-
mannopyranoside, methyl-a-D-glucopyranoside, inulin, D-raffinose, glycogen, D-turanose, D-

lyxose, D- and L-fucose, D- ad L-arabitol, and 5-ketogluconate.
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Table 10 API1 50 CH tests performed on C. celatum WC 0700, C. tertium WC 0709, and P. bifermentans WC 0705.
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4.2.2.3 Biofilm formation

The three strains were tested for biofilm formation in presence and absence of mucin (Fig.
19). The SBF of C. tertium WC 0709 was under the threshold of 1, suggesting the inability to form
biofilm in both conditions. Compared to the positive control E. coli 03.73, slight biofilm occurred in
C. celatum WC 0700 and P. bifermentans WC 0705, with scores of 2.0 and 2.8, respectively. No

statistically difference (paired samples t-test, P<0.05) was observed in presence of mucin coating.
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Figure 19 Biofilm formation in coated and un-coated mucin wells. The SBF is calculated as the ratio between the
crystal violet absorbance at 570 nm and the culture turbidity at 620 nm, setting a threshold of 1 (red dashed line). The
reported data are means + standard deviations of at least three independent experiments, each carried out in triplicate.

4.2.2.4 Tolerance to Oxygen and Temperature

Like other members of Clostridia class, the three isolates of this study C. celatum WC 0700,
P. bifermentans WC 0705, and C. tertium WC 0709 produce spore that allow them to resist to stress
conditions. Survival under oxygen and high temperature exposure was assessed. Estimation of
microbial population size was made with MPN method after the following treatments: (I) exposure

to 80°C for 30 minutes, (1) exposure to oxygen for an hour, and (l11) exposure to oxygen for an hour
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followed by heat treatment at 80°C for 30 minutes. Anaerobic cultures were used as controls

(untreated).

C. celatum P, bifermentans C. tertium
WC 0700 WC 0705 WC 0709

Untreated

I

11

Figure 20 Survival under oxygen and high temperature exposure. Estimation of microbial population after the
following treatments: (I) exposure to 80°C for 30 minutes, (I1) exposure to oxygen for an hour and (lI1) exposure to
oxygen for an hour followed by heat treatment at 80°C for 30 minutes. Untreated: control cultures grown anaerobically
at 37°C.

C. celatum WC 0700 was more sensitive to both oxygen and temperature stress, with a decrease of
one Logio (untreated). Oxygen exposure (11) did not affect microbial size of C. tertium WC 0709 and
P. bifermentans WC 0705, according to MPN enumeration. Heat treatment at 80 °C (I and I11) caused
a decrease of one Logioin C. tertium WC 0709.
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4.2.2.5 Antimicrobial susceptibility test

Genetic determinants for antibiotic resistances were searched in the genome of C. celatum
WC 0700, P. bifermentans WC 0705, and C. tertium WC 0709. The CARD analysis revealed the
presence of tetracycline resistance in P. bifermentans WC 0705, while KEGG detected B-lactam
resistance in C. tertium WC 0709. To validate genomic data, broth microdilution method for MIC
determination were performed.

C. tertium WC 0709 resulted resistant to ampicillin (Tab. 11), with a MIC breakpoint of 8,
and only intermediate to penicillin according to CLSI breakpoints (M100-ED31:2021). All the strains
were susceptible to the chloramphenicol, with breakpoints of 2 in both C. celatum WC 0700 and C.
tertium WC 0709, or 4 mg/L in the case of P. bifermentans WC 0705.

Both, C. tertium WC 0709 and P. bifermentans WC 0705 were resistant to tetracycline with
breakpoints of 16. C. celatum WC 0700 was susceptible to all the antimicrobials tested. Interestingly,
all the strains exhibited resistance to high concentration of gentamicin referring to a breakpoint of 16
indicated in the work of Wei et al. (2020), according to the CLSI-M100-S23:2019 database.

L . MIC range Reference C. celatt_Jm P. bifermeptans C. tertigm
Antimicrobial (mg/L)g breakpoints breakpoints  breakpoints  breakpoints
S I R

Ampicillin 64-0.06 <4 - >8 1 0.125 8

Gentamicin 64-0.06 - - - 32 32 >64
Chloramphenicol 64-0.06 <8 - >8 2 4 2

Penicillin G 16-0.01 <0.5 1 >2 0,25 0.03 1

Tetracycline 16-0.01 <4 8 >16 0,06 16 16

Table 11 Antimicrobial susceptibility of the three isolates. Ampicillin and chloramphenicol breakpoints were defined
according to EUCAST (https://www.eucast.org/clinical breakpoints/ version 11.0) for Gram-positive anaerobes, while
penicillin G and tetracycline breakpoint were defined according to Clinical and Laboratory Standards Institute (CLSI-
https://clsi.org/meetings/microbiology/ M100-Ed31:2021). S: susceptible; I: intermediate; R: resistant
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4.2.3 In vivo effect on the immune system

To evaluate the impact of C. tertium WC 0709 and P. bifermentans WC 0705 on the immune
system, the phenotype of dendritic cells (DC) and lymphocytes in Peyer’s patches was analyzed. 10
days of oral supplementation with either C. tertium WC 0709 or P. bifermentans WC 0705 produced
quite different effects on the mucosal immune system.

Albeit the significant decrease of the percentage of CD3*CD8" lymphocytes observed after
the treatment with C. tertium WCO0709, the ratio of cells producing IFNy and IL-17 increased (Fig.
21 panel B), suggesting a higher activation of these cells. No changes on CD3*CD8"* lymphocytes
population were recorded after the supplementation with P. bifermentans WC 0705, no either a
diverse level of cytokines expressed.

After the treatment with C. tertium WC 0709 or P. bifermentans WC 0705, the level of
CD3"CD4" lymphocytes did not change (Fig. 21 panel A). Since IFN-y/IL-4 ratio was higher in mice
after the C. tertium WC 0709 intervention compared to controls, it seemed that C. tertium WC 0709
mediated the cell-mediated Thl immune response.

Only the supplementation with P. bifermentans WC 0705 exerted a significant effect on Treg
cells, significantly enhancing the percentage in the gut lamina propria (Fig. 22 panel B), and the
expression of FoxP3".
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Figure 21 Effect of daily oral supplementation with 108 CFU of C. tertium WC0709, and P. bifermentans WC0705
on intestinal mucosa immune cells, determined by FACS. CD3 * lymphocytes. * Indicates significant difference versus
the control (t-test, P< 0.05).
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Figure 22 Effect of daily oral supplementation with 108 CFU of C. tertium WCO0709, and P. bifermentans WC0705
on intestinal mucosa immune cells, determined by FACS. CD3 *CD25* cells * Indicates significant difference versus
the control (t-test, P< 0.05).
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Both C. tertium WC 0709 and P. bifermentans WC 0705 determined a significant decrease of
the markers of DC maturation CD80 and TLR2, with major effect exerted by P. bifermentans WC
0705. On the other side, only P. bifermentans WC 0705 drastically reduced the expression level of
TLR4 (Fig. 23).
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Figure 23 Effect of daily oral supplementation with 108 CFU of C. tertium WCO0709, and P. bifermentans WC0705
on intestinal mucosa immune cells, determined by FACS. dendritic cells CD11*. * Indicates significant difference
versus the control ( t-test, P < 0.05).
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4.3 Human gut Clostridiales

The aim of this second part of this project was to investigate the population of Clostridiales
detected in the gut microbiota, using 60 metagenomes of intestinal microbiota from healthy subjects
of five different countries, to determine the overwhelming and the most recurrent species. Once
defined, reference genomes of the Clostridiales species pinpointed in the gut metagenomes have been
compared, to assess the phylogenetic relationships and to verify the role of main lineages within

Clostridiales in the gut microbiota function and composition.

4.3.1 Who and how many

The order of Clostridiales encompasses 26 families, and 281 genera, according to NCBI

database (http://www.bacterio.net). The species of Clostridiales present in the gut microbiota were

searched in two different datasets: 553 samples of the HMP (Human Microbiome Project- Turnbaugh
et al., 2007), and the set of 60 intestinal metagenome of healthy subjects from five geographically
different cohorts assembled by Candeliere et al. (2022). As a whole, 159 species of Clostridiales were
pinpointed in the gut microbiota. Albeit the higher number of metagenomes of the former dataset, all
the species herein identified (74) were present also in some metagenomes of the latter group.

In terms of relative abundance, in the 60 metagenomes Firmicutes accounted for 46.55% of
total bacteria, ranging from 10.42 to 85.42 % (Fig. 24). Most of them were Clostridiales (42.09%),
and in sole two samples Clostridiales were outnumbered by other Firmicutes (Fig. 24).

Among the 159 species detected, 126 had reference genomes in the NCBI database, whereas
the genomes of the type strains Eubacterium rectale, Eubacterium siraeum, and Clostridium leptum
were added to the defined subset to include these relevant species. Furthermore, also the reference
genome of C. tertium was added to the subset.

33.45% of the abundance was referred to the 130 species detected at least once in one of the
two datasets (Fig. 25). Within the 8.64% of Clostridiales that did not reach the species level, relevant
was the weight of Sudoligranulum unclassified (5.05%). The remainder 3.59% was ascribed to 99
other OTUs
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Figure 24 Distribution of Firmicutes and Clostridiales among the 60 analysed metagenomes. Abundance of each is
displayed in the box plot.

The contribution of single species to the relative abundance revealed that Faecalibacterium
prausnitzii was the most abundant one (10.99% of total bacteria), followed by Eubacterium rectale
(7.18%), Ruminococcus bromii (2.35%), Roseburia intestinalis, E. siraeum, R. torques, R.
inulinivorans, Butyrivibrio crossotus, E. eligens, Dorea longicatena, Anearobutyricum halii, Blautia
obeum, Coprococcus eutactus, C. comes (1.18-0.51%) (Fig. 25). Only F. prausnitzii, R. torques, and
R. obeum were present in the whole set of 60 samples, and in 537, 534, and 510 out of the 553 samples
of the HMP, respectively. Other recurrent species not claimed as the most abundant were D.
formicigenerans (57/60; 0.41%), R. hominis (55/60; 0.50%), C. catus (55/60; 0.29%), E. ramulus
(52/60; 014%), Anaerostipes hadrus (52/60; 0.07%), and E. ventriosum (51/60; 0.52%). On the other
side, the species B. crossotus and C. eutactus, that have been reported among the most abundant on
the basis of the whole relative abundance, catched the attention for the extremely rare presence (20/60
and 36/553 B. crossotus; 20/60 and 33/553 C. eutactus). Interestingly, they reached very high relative
abundance in single samples: B. crossotus 34.93% in SWE-01 and C. eutactus 16.15% in SWE-24.
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Figure 25 Mean abundance of Firmicutes, Clostridiales, the sum of the 130 species investigated, and the 14 more
abundant species.

4.3.2 Phylogenomic analysis of gut Clostridiales

We wanted to infer phylogenesis of the intestinal Clostridiales species from metagenome data,
trying to organize the boundaries on the basis of genome similarity. Phylogenetic relationships were
searched within a set of 133 genomes, that included also the 3 genomes of C. celatum WC 0700, C.
tertium WC 0709, and P. bifermentans WC 0705 sequenced in this PhD Project.

Pairwise AAI values were calculated for the data set. AAI represents pairwise comparison
between all protein-coding sequences between a pair of genomes and offers robust resolution between
strains of the same or closely related species. Taking into account to the genus boundaries set at 55-
60% AAI (Rodriguez-R & Konstantinidis, 2014), 35 species did not cluster with others and seem to
belong each to a diverse genus (Fig. 26).

Only the genera Acetivibrio (3 species), Butyrivibrio (2 species), Desulfotomaculum (4
species), Peptostreptococcus (2 species), Ruminoclostridium (2 species), Thermaerobacter (2
species), and Anaerostipes (2 species) are consistent with the current taxonomy, forming clusters that
encompassed all the species (at least among those pinpointed in gut microbiota) ascribed to the genus.
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15 species of Clostridium resulted not associated with any other Clostridiales at genus level.
On the other side, three putative genera were identified, encompassing only Clostridium spp. (1: C.
butyricum, C. saccharobutylicum, C. beijerinckii, C. saccharoperbutylacetonicum; 2: C. celatum, C.
sartagoforme, C. tertium; 3: C. novyi, C. colicanis; 4: C. pasteurianum, C. arbusti; 5: C.
carboxidivorans, C. tyrobutyricum, C. kluyveri, C. autoethanogenum, C. ljungdabhlii;).

Other Clostridium spp. were included on polyphyletic clusters encompassing species currently
ascribed to diverse genera.

Ruminococcus gnavus, R. torques, R. lactaris, Tyzzarela nexilis, C. hylemonae, C. scindens,
Coprococcus comes, Dorea longicatena, and D. formicigenerans represented the putative largest
genus identified. Other expected genera encompass:

e Eubacterium rectale, Roseburia inulinivorans, R. hominis, and R. intestinalis;

e Enterocloster asparagiformis, E. citroniae, E. boltae, and C. clostridiforme;

e Flavonifractor plautii and Pseudflavonifractor capillosus;

e Terrisporobacteri glycolicus, Clostridioides difficile, Paeniclostridium sordellii, and
Paraclostridium bifermentans;

e the species ascribed to the genera Desulfitobacterium (4) and Desulfosporosinus (4);

e Blautia producta and B. hansenii, the latter also presenting a strong relationship with
R. torques, whereas B. obeum and B. hydrogenotrophica, according to the AAI scores,

belong to two other diverse genera.

F. prausnitzii did not cluster with other species, and its closest relative was Subdoligranulum
variabile (AAI = 59.06%).

13 other phylogenetic relationships at higher taxonomic level than genus have been identified
(green boxes in Fig. 26). Desulfotomaculum clusters with Desulfoscipio, Desulfofarcimen, and
Desulfurispora. Eubacterium limosum and Acetobacterium woodii are related.

The putative genus encompassing Terrisporobacter glycolicus, Clostridioides difficile,
Paeniclostridium sordellii, and Paraclostridium bifermentans is related to Peptacetobacter hiranonis
and Intestinibacter bartlettii.

C. perfringens is somehow related to the two Clostridium genera 1. and 2., while a larger
cluster composed by Clostridium genera 3., 4., and 5., also encompasses C. tetani, C. sporogenes,
and C. acetobutylicum.

The species Coprococcus catus, Eubacterium plexicaudatum, Lachnobacterium bovis, E.
ramulus, E. rectale, Roseburia inulinivorans, R. hominis, R. intestinalis, Marvinbryantia

formatexigens, B. obeum, B. hydrogenotrophica, B. producta, B. hansenii, Ruminococcus gnavus, R.
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torques, R. lactaris, Tyzzerella nexilis, C. hylemonae, C. scindens, Coprococcus comes, Dorea
longicatena, and D. formicigenerans are in some way related among each other, and albeit some
species clearly belong to independent genera, can be tracked back to a common evolutive origin.

The genus Anaerostipes, including the intestinal species A. caccae and A. hadrus, is related to

Anaerobutyricum halii.

Some evolutionary relationship is present within the couples of species Johnsonella ignava
and Lachnoanaerobaculum saburreum, Ruminococcus callidus and R. champanellensis, Alkaliphilus

oremlandii and A. metalliredigens, Eubacterium limosum and Acetobacterium woodii.
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Figure 26 AAI heatmap with correlated tree. Close-ups on three different portions of the tree are reported.

The current taxonomy of the 130 species herein considered was analysed in terms of families,
utilizing the output on the metagenome analysis (Fig. 27). Most of the species (41) were ascribed to
the family of Clostridiaceae, with species forming a consistent cluster that corresponds to Cluster |
of the old grouping (Collins et al., 1994).

Two clades of Clostridiaceae were also present within the previously recognized Cluster
XIVa, that encompassed all the Lachnospiraceae (with a sole exception), Eubacteriaceae, and a sole
species of Ruminococcaceae. Major members of the old Cluster IV were Ruminococcaceae and
Oscillospiraceae.

In Cluster XI were included Peptostreptococcaceae and two Clostridiaceae. Peptococcaceae
formed a consistent clade, that included the sole species of Heliobacteriaceae. Cluster VIII
encompassed the three Syntrophomonadaceae, whereas the three species previously ascribed to
Clostridiales family XVII incertae sedis and the sole species of Clostridiales family XVIII incertae
sedis clustered together.
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Figure 27 AAI phylogenetic tree with highlighted families
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To further define the genera relations, the MiSI method (Barco et al. 2020) was applied to the
130 unique species to calculate gANI and AF in all-against-all approach. The tool yielded 16.770
relations. Only 130 showed both values of gANI > 73.98 and AF > 0.331, while the remaining 16.640
presented values lower than the thresholds (Fig. 28). Among the 130 analyzed species, 71 showed no
relation at genus level with any other. The results of MiSI and AAI approaches were consistent, but

MiSI resulted more stringent than AAI.
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Figure 28 AF and gANI pairwise genome comparison. Green dots indicate relation with AF and gANI values higher
than genus thresholds.
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4.3.3 Comparison of phylogenetic trees

The tree of AAI (Fig. 26) was compared with those constructed with ANI (Fig. 29) and gANI
(Fig. 30) identity scores and with the alignment of 16S rRNA gene (Fig. 31). Comparison was carried
out with ‘generalized” Robinson-Foulds metrics: the Jaccard—Robinson—Foulds (JRF) and the
information-based measures of Mutual Clustering Information (MCI) and Shared Phylogenetic
Information (SPI). For each metrics, the comparison yielded a normalized similarity score in the range
0-1 between two trees, reported in Tab. 12. With all the metrics, the tree of 16S rRNA gene presented
the greatest similarity with the AAI one, indicating that it has the highest similarity in the topology
of nodes, branches, and leaves. Comparison with gANI tree yielded scores slightly lower than 16S

rRNA gene, whereas the ANI tree presented the lowest degree of similarity.

JRF MCI  SPI
AAI X ANI 0484 0441  0.361
AAI X gANI 0701 0637 0567
AAI X 16S 0746 0687  0.652

Table 12 Normalized similarity scores obtained from the comparison of ANI, gANI, and 16S rRNA gene trees with
AAI tree, utilizing the generalized’ Robinson-Foulds metrics Jaccard-Robinson-Foulds (JRF), Mutual Clustering
Information (MCI), and Shared Phylogenetic Information (SPI).
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5. Discussion

The gastrointestinal tract is the largest surface of the human body, and is the site where the
highest amount of commensal bacteria are located, particularly in the colon (Pelaseyed et al., 2014).
The epithelial surface of Gl tract, formed by a single layer of active cells, separates immune cells
from a wide range of external stimuli (Melhem et al., 2021). This barrier is represented by the mucosa
surface that covers the entire gastrointestinal tract. The mucus layer provides a physical barrier against
harmful pathogens and a beneficial environment in terms of nutritional resources and colonization
sites for commensal bacteria (Josenhans et al., 2020). As a whole, most of the bacteria-host
interactions take place on the mucosal surface (Flaherty et al., 2010).

Considering the central role exerted by the intestinal mucus, it is crucial to deeply investigate
mucin degraders of the gut to unveil how mucins influence selection of commensal bacteria and how
specific bacteria shape the mucus layer. A healthy microbiota residing in the mucus permits a balance
between mucus degradation and biosynthesis of its components, with optimal defence against
pathogens and negative stimuli. Then, the description of mucus associated bacteria is mandatory
albeit, to date, only few gut commensal bacteria have been indicated as mucin degraders, such as
Akkermansia muciniphila, Allobaculum mucolyticum, Bacteroides spp., Ruminococcus spp., and
Bifidobacterium spp. (Berkhout et al., 2021; Derrien et al., 2004; van Muijlwijk et al., 2021).

In order to fill this gap, this project aimed to unveil gut bacterial population capable to degrade
mucins through a culture dependent and independent approach. Intestinal mucin degraders of healthy

subject were enriched in a medium containing only mucin as the sole carbon and nitrogen source.

The 16S rRNA gene profiling (BioProject ID: PRINA649741) revealed that the main taxa
that took advantages on mucin substrate were ascribed to the phylum Proteobacteria, and were related
to Enterobacteriaceae, according to their role as protein degraders in the gut microbiota. Increased
abundance of several taxa of Firmicutes (e.g Enterococcus, Oscillospiraceae Peptococcaceae,
Lachnoclostridium, and Anaerotruncus) was observed in the enriched samples (Raimondi et al.,
2021). Even though metagenomic analysis disclosed a complex population of bacteria able to use
mucins, only isolates belonging to three anaerobic species of mucin degrading bacteria (C. celatum,
C. tertium, and P. bifermentans) were isolated from the enriched samples of 5 different microbiota.
C. celatum and C. tertium, according to the taxonomical classification belong to the Clostridia cluster
I (Clostridium sensu stricto), whereas P. bifermentans to the family Peptospreptococcaceae. The OTU
of Clostridium sensu stricto | increased in all the samples where it was present, although it did not

reach a significant differential abundance (Raimondi et al., 2021).
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In the gut, a complex community of saccharolytic and proteolytic bacteria is expected to
participate in mucin breakdown, with linkage-specific glycosidases and proteases of primary
degraders providing other bacteria with simpler oligosaccharides, peptides, and monomeric moieties.
It is plausible that several taxa that get enriched in mucin medium, detected by the 16S rRNA gene
analysis, were able to grow on mucins only when co-cultured within a bacterial community where
each species contributed with different hydrolytic activities, while they could not grow in pure
cultures where they did not take advantages from crossfeeding relationships (Raimondi et al., 2021).

The three mucinolytic species isolated in this project are poorly characterized, and only few
informations were available in scientific literatures (Hauschild & Holdeman, 1974; Jyothsna et al.,
2016a; D. L. Miller et al., 2001).

To better understand their functional role in gut, three strains, one for each species identified,
were subjected to biochemical, physiological, and genomic characterization. The genome analysis of
C. celatum WC 0700, C. tertium WC 0709, and P. bifermentans WC 0705 revealed that the three
strains produce a wide set of mucin O-glycan targeting enzymes that allow them to degrade mucins.
In particular, C. tertium WC 0709 had the highest number (200) of putative ORFs encoding proteins
involved in metabolism and transport of mucin carbohydrates, followed by C. celatum WC 0700
(162), and by P. bifermentans WC 0705 (95). C. tertium WC 0709 and C. celatum WC 0700 encoded
diverse glycosyl hydrolases (GH), many of which targeting similar glycoside linkage. For example,
four B-galactosidases (GH2) and four -hexosaminidases (GH20) were detected in the C. tertium WC
0709 repertoire of CAZymes, while C. celatum WC 0700 presented five p-galactosidases (GH2), four
and five f-hexosaminidases of GH20 and GH84 families, respectively. C. celatum WC 0700 also
encoded five endo-a-N-acetylgalactosaminidases (GH101) that catalyze the hydrolysis of core 1
GalpB1-3GIcNAc from mucin protein backbone (Josenhans et al., 2020). This redundancy of
CAZymes with similar function may be related to the high variability of mucin structures in terms of
glycan composition and linkages along the gastrointestinal tract (Robbe et al., 2004; Tailford et al.,
2015). P. bifermentans WC 0705 had the smallest set of GHs, with only one galactosidase (GH2) and
one hexosaminidase (GH20). Furthermore, most of the identified GHs in all the three strains had a
signal peptide, indicating that these enzymes are mainly associated to the bacterial surface or secreted
into the environment, acting in the extracellular compartment because of the large size and degree of
polymerisation of the mucin structure (Berkhout et al., 2021).

Pathways reconstruction was performed, focusing the interest on mucin O-glycans utilization,
according to what was predicted by Ravcheev & Thiele (2017). In this approach, it is noteworthy to

take into account that in the three genomes a large ratio of genes was not annotated, keeping hidden
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a wide part of metabolic and functional potential. Genes required for utilization of galactose, N-
acetylgalactosamine, and N-acetylglucosamine were widespread among the three strains, while only
C. celatum WC 0700 encoded all the putative enzyme for fucose utilization, and C. tertium WC 0709
for N-acetylneuraminic acid degradation. Even if two sialidases GH33 were identified in the genome
of C. celatum WC 0700, the corresponding proteins for sialic acid catabolism were not detected. It is
possible that the expression of GH33 from C. celatum WC 0700 is linked to the removal of N-
acetylneuraminic acid from the terminal position of mucin chain, allowing the degradation of the
underlying glycans. The results obtained for C. celatum WC 0700 were in accordance with the
comparative analysis made by Ravcheev & Thiele (2017). The authors indicated C. celatum DSM
1785 as a generalist mucin degrader, having a glycan-cleavage pattern that includes 50 glycans,
lacking only of a-galactosidase activity. Furthermore, the strain C. celatum DSM 1785 can form
beneficial pairs with Bifidobacterium spp., Lactobacillus spp., and with Enterobacteriaceae.

The predicted ability of C. celatum WC 0700, C. tertium WC 0709, and P. bifermentans WC
0705 to ferment mucin O-glycan monomers, was verified culturing the strains in a medium
supplemented with the single monosaccharides that compose mucin’s structure. Interestingly, growth
of C. tertium WC 0709 and P. bifermentans WC 0705 was determined also without the presence of a
carbohydrate, indicating the capability of these species to ferment other carbon sources, such as amino
acids. Generally, biomass yield of C. tertium WC 0709 was more abundant than that obtained for C.
celatum WC 0700 and P. bifermentans WCO0705. For the latter, the presence of fermentable
carbohydrates such as glucose or N-acetyl-galactosamine determined a limited, but statistically
significant, increase of biomass yield. On the other side, albeit also C. tertium WC 0709 grew without
supplement of carbohydrate, for this strain the availability of fermentable monosaccharides
determined the doubling of the ODsoo, Suggesting a better affinity for carbohydrates. However, on
cultures grow in mucin, the highest biomass yield was obtained by C. celatum WC 0700, in agreement
with a major metabolic capability to ferment mucin components.

Cultures of C. celatum WC 0700 on single monosaccharides confirmed the predicted
metabolic capabilities, with successful growth in M17 supplemented with L-fucose, galactose, or N-
acetylglucosamine. C. tertium WC 0709 grew on N-acetylneuraminic acid, galactose, N-
acetylglucosamine, and fucose. On the other side, P. bifermentans WC 0705 grew only in the medium
supplemented with N-acetylgalactosamine. Albeit the potential to use fucose was highlighted by both
genome analysis and cultures on this carbohydrate, growth on fucose failed for the three strains in the
API test. The use of this carbon source maybe requires some adaptation that is not possible within the
strict time limits of API test. Conversely, this bias can be overcome by the three subsequent steps of

cultivation carried on in cultures with the single monosaccharides.
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The pathway reconstruction was also carried out to predict metabolic functions, including
membrane transporters of C. celatum WC 0700, P. bifermentans WC 0705, and C. tertium WC 07009.
All the strains shared seven complete phosphotransferase system (PTS) transporters for glucose,
GIcNAc, maltose, sucrose, cellobiose-diacetyl chitobiose, GalNAc, and fructose family. In addition,
in C. tertium WC 0709 PTS systems for a-glucoside, galactosamine, galactitol, sorbose, mannitol,
and mannose were predicted. Both C. tertium WC 0709 and C. celatum WC 0700 encoded putative
PTS system involved in B-glucoside, trehalose, and ABC transporters for raffinose, stachyose,
melbiose, methyl-galactoside, D-methionine, zinc, galactose oligomers, lysine, teichoic acid, and
lantibiotics. PTS systems involved in L-ascorbate, mannose, and B-glucoside transport were predicted
in the genome of P. bifermentans WC 0705. The metabolism of several of these substrates were
checked with API 50 CH tests. All the three strains were able to ferment D-ribose, D-galactose, D-
glucose, D-fructose, D-mannose, D-cellobiose, D-maltose, D-lactose, and esculin. C. tertium WC
0709 resulted positive for the metabolism of D-xylose, L-sorbose, N-acetylglucosamine, arbutin,
salicin, D-melezitose, and D-tagatose. P. bifermentans WC 0705 was the sole strain growing on
starch, xylitol, gluconate, and 2-ketogluconate, while only C. celatum WC 0700 fermented D-
trehalose.

According to reconstructed central carbohydrate catabolism, some pathway seemed
incomplete, for example the degradation of ascorbate, glucuronate, and galacturonate, biosynthesis
of aminoacids, and transformation of chorismate into phenylalanine and tyrosine. Particularly,
pathway incompleteness was mostly observed in P. bifermentans WC 0705. This observation may be
related to nutritional auxotrophies or to the deficiency in gene annotation. Indeed, according to Prokka
annotation, P. bifermentans WC 0705 had the highest number (68.76%) of ORFs not annotated,
followed by C. celatum WC 0700 and C. tertium WC 0709 having 43.53% and 41.03% of
hypothetical proteins, respectively. The proportion of protein-coding genes for which a molecular
function cannot be predicted, is higher when these are encoded by species not well described and
characterized (Heintz-Buschart & Wilmes, 2018).

Phenotypical description of the isolates C. celatum WC 0700, C. tertium WC 0709, and P.
bifermentans WC 0705 revealed that all the strains reached the highest biomass production after 24
h of growth at 37° C in anaerobiosis, with optimal pH values close to neutrality (6.5-7). The three
strains fermented mucin producing mainly acetic, formic, propionic acids, and hydrogen, while the
production of isovaleric acids was higher in the first 24 h and then slightly decreased in all the strains.

Several studies indicated that gut bacteria inhabit mucus as polymicrobial biofilm, providing
benefits to the host thanks to the exchange of nutrients on the epithelial surface, and protecting from

pathogens invasion (S. Macfarlane & Dillon, 2007; J. Yang et al., 2020). The strains C. celatum WC
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0700 and P. bifermentans WC 0705 produced a weak biofilm but no differences were observed in
mucin coated surface, indicating the absence of capability to adhere to the terminal residues of the
mucin structure. The biofilm forming ability of P. bifermentans WC 0705 was in line to the definition
of this species as weak biofilm former given by Sadiq et al., 2021.

Some resistance to antibiotics was highlighted. P. bifermentans WC 0705 and C. tertium WC
0709 were resistant to tetracycline and ampicillin, respectively, as predicted by genome analysis.
Many clinical cases of bacteraemia due to C. tertium were described in literature, and highlights its
resistance to aminoglycosides and third generation cephalosporins (D. L. Miller et al., 2001;
Vanderhofstadt et al., 2010). Interestingly, gentamicin resistance was a common trait among all the
three strains although it was not predicted by none of the antibiotic resistance identifier tools.

Endospore formation is a common feature among clostridia, that allow the survive in harsh
conditions (Bhattacharjee & Sorg, 2018). The endospore formation of C. celatum WC 0700, C.
tertium WC 0709, and P. bifermentans WC 0705 was tested under temperature and oxygen stress
condition. After the exposure to oxygen for one hour or heat treatment at 80°C for 30 minutes, the
strains resumed vegetative growth when anaerobic environment was restored, with only a decrease
of one Logio (MPN/mI) in C. celatum after both the treatments, and in C. tertium after the heat
treatment. The ability to resist to oxygen exposure could represents a positive trait for the mucus layer
colonization. Indeed, it was demonstrated that although the O» concentration decrease along the
gastrointestinal tract, an opposite trend was observed from the colon lumen to the intestinal epithelium

where the O tension increase from 0.4% to 5% (Kint et al., 2020).

Oral supplementation with either C. tertium WC 0709 or P. bifermentans WC 0705 produced
quite different effects on the mucosal immune system. C. tertium reduced the number of CD3+CD8+
lymphocytes, but their expression of cytokines IFNy and IL-17, involved in the immune response
toward infective agents, increased. Since IFN-y/IL-4 ratio was greater in mice with C. tertium WC
0709 intervention compared to controls, the data suggest that C. tertium tends to mediate the cell-
mediated Th1 immune response. This polarization of mucosal immune system has been reported with
some probiotic strains such as Lactobacillus rhamnosus GG, and is claimed as a positive effect (C.
Shi et al., 2020). Moreover, an increase in IL-17 promotes the ability of the host to resist infection by
bacteria, mycobacteria, and fungi (Curtis & Way, 2009). Indeed, luminal bacteria such as L.
rhamnosus GG can promote the differentiation of ThO cells into Th17 cells, promoting the expression
of IL-17, regulate immunity and enhance the defences of the host (R. Chen et al., 2016). However,
while L. rhamnosus GG improve the differentiation and promote the balance of Th-17 and Treg cells
to alleviate inflammatory mediated tissue injury (R. Chen et al., 2016; C. Shi et al., 2020), C. tertium

WC 0709 favours a Thl response.
pag. 106



Supplementation with P. bifermentans WC 0705 exerted a significant effect on Treg cells,
enhancing the percentage in the gut lamina propria. The increase of Treg cells in intestinal mucosa is
generally viewed as an extremely favourable event since these cells exert a potent immune-
modulatory effect reducing the severity of inflammatory responses (Jacobse et al., 2021). Regulation
of development and/or effector functions of different immune cell populations (such as Treg cells vs
Th17 cells) depends on the activity of different members of the commensal community. Thus, it is
well accepted that the relative abundance of immunomodulatory members of gut microbiota can
directly influence the host mucosal and systemic immune system (lvanov & Honda, 2012). Indeed,
previous studies have shown that segmented filamentous bacteria can induce interleukin-17-
producing CD4+ T cells whereas combination of indigenous clostridia to conventionally reared mice
or derived from human microbiota can induce Treg cells in the mouse colonic lamina propria and
thereby contribute to protecting mice against colitis and allergic responses (Atarashi et al., 2011;
Ivanov et al., 2009; Narushima et al., 2014).

Interestingly, the effect of indigenous clostridia to regulate Treg cells seem dependent on
productions of short-chain fatty acids (SCFAS) such as that butyrate, that inhibits histone deacetylases
increasing transcription at the Foxp3 promoter, and propionate, that signals through GPR43 to induce
FOXP3+ Treg cells (van der Hee & Wells, 2021). Indeed, C. tertium effectively produces SCFA from
indigested fibers and from mucin, representing an attractive source of butyrate and propionate that

exert favourable effects on gut mucosal immune system.

Since three species of Clostridiales (C. celatum, C. tertium, and P. bifermentans) became the
central topic of this project, we wanted to determine their closest evolutionary relationships and
perform a phylogenomic study of Clostridiales colonizing the intestine of healthy subjects. Two
datasets were utilized: a larger one encompassing 553 metagenomes from the HPM project
(Turnbaugh et al., 2007), and another built in this laboratory to make an inventory of B-glucuronidases
(Candeliere et al., 2022). Interestingly, the second dataset, albeit with a lower numerosity, extracted
a higher number of species than the HMP. Then, the further description of the gut Clostridiales was
made using this database.

This analysis identified 133 species, the importance of which was investigated according to
the whole abundance, to the highest relative amount reached in a sample, and to the frequency of
identification in the metagenomes. Faecalibacterium prausnitzii, an efficient butyrate producer
(Louis & Flint, 2009), was the most abundant Clostridiales among all the samples, followed by
Eubacterium rectale and Ruminococcus bromii. Interestingly, a Subdoligranulum not classified at
species level was one of the dominant bacteria within the gut microbiota. F. prausnitzii, R. torques,

and R. obeum were detected in all the 60 samples. Other recurrent species not recognized among the
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most abundant were D. formicigenerans, R. hominis, C. catus, E. ramulus, Anaerostipes hadrus, and
E. ventriosum.

Diverse phylogenomic approaches were applied to organize the Clostridiales order and
validate current genera and families. AAI was chosen as reference method since ANI is less
performing for distant relationships. Our results had not the ambition to re-organize the order but
wanted to provide some consistent information concerning phylogenesis of intestinal Clostridiales.
Most of the Clusters recognized by Collins (1994) were consistent, and also some families formed
separate clades. However, most of the genera included species that did not cluster together.

As a whole, this preliminary study shed light on the species of Clostridiales detected in human
gut microbiota, with information about the frequency and the abundance. Working on a reduced
number of species and not on the whole set of Clostridiales, allowed to provide a preview of the
reorganization of the order, necessary to obtain a more consistent and robust proposal of genera and

to identify the actual limits of family demarcation.
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Draft Genome Sequence of the Mucin Degrader Clostridium

tertium WC0709

Eliana Musmeci,? Francesco Candeliere,® 2 Alberto Amaretti,>® {©’Maddalena Rossi,>

2Department of Life Sciences, University of Modena and Reggio Emilia, Modena, Italy
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ABSTRACT The draft genome sequence of Clostridium tertium WCQ0709, a gut bacterium
able to use mucin in pure culture as the sole carbon and nitrogen source, is presented
here. The genome sequence of C. tertium will provide valuable references for comparative
genome analysis and for studying the relationship with the host.

lostridium tertium was first described by Henry in 1918 as Bacillus tertius (1) and

was reclassified as Clostridium tertium in 1923 (2). It is a Gram-positive, anaerobic
but aerotolerant, nontoxigenic (3) bacterium that forms spores only under anaerobic condi-
tions. It can be isolated from soil, animals, and the human gastrointestinal tract (4). C. tertium
is an uncommon human pathogen responsible for clinically significant bacteremia (5-7).

The strain C. tertium WC0709 was identified as a mucinolytic bacterium of the human gut
in a previous study approved by the local institutional review board (reference number 125-
15, Comitato Etico Provinciale, Azienda Policlinico di Modena, Italy) (8). Medium containing
mucin as the sole carbon and nitrogen source (MM) was utilized in enrichment cultures inocu-
lated with fresh feces of healthy adults. The isolated strains were taxonomically assigned by
16S rRNA gene sequencing. C. tertium WC0709 grew in pure culture utilizing mucin as the
sole carbon and nitrogen source, without the need of any cross-feeding interaction with other
intestinal bacteria that make possible the use of this complex glycoprotein.

The strain was cultivated in minimal medium (MM) at 37°C for 48 h under strictly
anaerobic conditions. Biomass was collected by centrifugation, and the genomic DNA
was extracted with a DNeasy blood and tissue kit (Qiagen GmbH, Dusseldorf, Germany).
Before DNA purification, the pretreatment for Gram-positive bacteria was followed by
incubation for 2 h at 37°C with 2-fold the volume of enzymatic lysis buffer and for 1 h at
56°C with 2-fold the volume of proteinase K and buffer AL. The DNA concentration was
quantified with a Qubit 3.0 fluorimeter (Thermo Fisher Scientific, Waltham, MA, USA). The
library was generated with the NEBNext Ultra Il FS DNA library prep kit (New England
BioLabs, Ipswich, MA, USA) and sequenced with an Illumina NovaSeq 6000 device by
Eurofins Genomics (Ebersberg, Germany).

The sequencing run produced 15,916,139 paired-end reads that were 150 bp long.
The raw reads were checked for quality with FastQC v0.11.8 (9). To trim lllumina adapters and
remove reads with a quality score lower than 20, Cutadapt v1.16 was used with the following
parameters: overlap = 15, minimum length = 30, and quality cutoff = 20 (10). The trimmed
reads were verified again with FastQC and then assembled with SPAdes v3.13.0 with the pa-
rameters -careful, -cov-cutoff auto, and -k auto (11). The quality of the assembly was evaluated
using QUAST v5.0.2 (12). Trimming, quality checking, and assembly were performed on the
Galaxy platform (usegalaxy.eu) (13). The annotation was carried out with the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP) v5.2 with the methods “best-placed reference protein
set” and “GeneMarkS-2+" (14). The taxonomy attribution was confirmed with SpeciesFinder
(https://cge.cbs.dtu.dk/services/SpeciesFinder) (15). For all the tools, default parameters were
applied unless otherwise specified.
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Sequence Read Archive (SRA) under accession number SRR14829814.

The assembly produced a draft genome sequence encompassing 42 contigs
(=200 nucleotides [nt], 102 in total). The Ng, length is 1,159,315 bp, while the L, count is 2.
The estimated genome size is 3,895,757 bp with a 27.72% G+ C content and 1,230 coverage.
A total of 3,578 coding sequences were annotated, comprising 10 rRNA genes (three 5S, four
16S, and three 23S) and 69 tRNAs.
Data availability. The sequence data were deposited in GenBank under BioProject
accession number PRINA737738 with BioSample accession number SAMN19707909 and
GenBank accession number JAHLZG000000000. The raw reads have been deposited in the
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Identification of mucin degraders
of the human gut microbiota

Stefano Raimondi'3, Eliana Musmeci'3, Francesco Candeliere?!, Alberto Amaretti'? &
Maddalena Rossi%?*

Mucins are large glycoproteins consisting of approximately 80% of hetero-oligosaccharides. Gut
mucin degraders of healthy subjects were investigated, through a culture dependent and independent
approach. The faeces of five healthy adults were subjected to three steps of anaerobic enrichment in
a medium with sole mucins as carbon and nitrogen sources. The bacterial community was compared
before and after the enrichment by 16S rRNA gene profiling. Bacteria capable of fermenting sugars,
such as Anaerotruncus, Holdemania, and Enterococcaceae likely took advantage of the carbohydrate
chains. Escherichia coli and Enterobacteriaceae, Peptococcales, the Coriobacteriale Eggerthella, and
a variety of Clostridia such as Oscillospiraceae, Anaerotruncus, and Lachnoclostridium, significantly
increased and likely participated to the degradation of the protein backbone of mucin. The affinity
of E. coli and Enterobacteriaceae for mucin may facilitate the access to the gut mucosa, promoting
gut barrier damage and triggering systemic inflammatory responses. Only three species of strict
anaerobes able to grow on mucin were isolated from the enrichments of five different microbiota:
Clostridium disporicum, Clostridium tertium, and Paraclostridium benzoelyticum. The limited number
of species isolated confirms that in the gut the degradation of these glycoproteins results from
cooperation and cross-feeding among several species exhibiting different metabolic capabilities.

Mucus is a complex gel barrier that covers the wet epithelial surfaces throughout the body, including the gastro-
intestinal tract, and offers protection against exogenous and endogenous aggressive agents"2 It exerts a variety
of functions such as lubrification, hydration, chemical protection, sensing, nutrient reservoir, and barrier against
pathogen invasion. A continuous turnover, consisting in a dynamic balance between biosynthesis, secretion, and
degradation of its structural components, is crucial for these functions®.

Mucins are major component of mucus, made up by glycoproteins with high level of glycosylation. Residues
of galactose, N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose, and sialic acid, with
relatively small amounts of mannose, constitute the oligosaccharides which represent approx. 80% of mucin
mass*. The protein core is mainly organized in tandem repeated regions rich in serine, threonine, and proline.
Serine and threonine are the site where an O-glycosidic bound links the protein core to GalNAg, the first moiety
of the glycan chain>®.

Among all the sites of human body inhabited by a resident microbial community, the colon hosts the most
complex and concentrated microbiota’. In this site, mucins behave as decoy molecules that avoid the interaction
of bacterial adhesins with receptors of the colonic epithelium. In fact, the gut lumen is coated by a two-layered
mucus system, with an inner dense stratus firmly attached to the epithelium and an outer one, looser and
unattached®. The inner layer is thick and stratified and prevents gut bacteria from reaching the epithelial cell
surface. It is progressively converted into a laxer and expanded coating through the lytic action of proteases and
glycosidases of both the host and the commensal bacteria. The outer mucus layer is the colonization site of the
resident commensal microbiota, which differs from that of the digesta-associated and fecal content in terms of
relative abundance of the different taxa’.

Mucus layers are the frontline of the interaction between the host and the gut bacteria, thus a balanced and
symbiotic relationship which benefits both the former and the latter greatly relies on mucus structure?. Mucin
plays a pivotal role in the selection of bacteria colonizing the mucus by supplying carbon and nitrogen substrates
and exposing O-glycan chains that serve as attachment sites for colonization*®. In turn, commensal bacteria
feeding on and adhering to mucin limit the penetration of pathogens in the outer layer of the mucus'’. These
bacteria tightly interact with the host and modulate mucin gene expression, glycosylation, and secretion, thus
affecting mucus and epithelial homeostasis>!!.
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Anaerobic mucinolytic bacteria | Enterobacteriaceae
Sample | Log (cfu/mL) Log (cfu/mL) Isolated strains Ref_seq ID
Clostridium disporicum WC0700 | NR_026491.1
EC1 7.8+0.9 7.2%£0.5
Clostridium disporicum WC0701 | NR_026491.1
Clostridium disporicum WC0702 | NR_026491.1
EC2 8.4+0.7 7.3+0.4
Clostridium disporicum WC0703 | NR_026491.1
EC3 8.5+0.5 7.9+0.5 Clostridium disporicum WC0704 | NR_026491.1
Paraclostridium benzoelyticum | WC0705 | NR_148815.1
EC4 8.3+0.6 7.6+0.6
Clostridium disporicum WC0706 | NR_026491.1
Paraclostridium benzoelyticum | WC0707 | NR_148815.1
EC5 8.4+0.5 8.0+0.3 Paraclostridium benzoelyticum | WC0708 | NR_148815.1
Clostridium tertium WC0709 | NR_113325.1

Table 1. Cultivable mucin degraders in EC samples.The viable counts of anaerobic mucinolytic bacteria and
Enterobacteriaceae, respectively counted onto plates of MM medium and MacConkey, and the taxonomic
attribution of the predominant anaerobic is reported. Counts are reported as mean Log (cfu/mL) + standard
deviation, n=3. For both the media, no significant difference was observed among samples (ANOVA, P >0.05).
Cultivable anaerobic mucinolytic bacteria were significantly more numerous than Enterobacteriaceae (paired
samples t-test, P <0.05). Taxonomic attribution was obtained by alignment of the V1-V4 regions of 16S rRNA
gene with the NCBI refseq_rna database using BLAST. The accession number of best hits and the sequence
identity (%) obtained with MUSCLE are reported.

This study aimed to investigate mucin degraders of the gut, to unveil how mucins influence selection of
resident bacteria and how specific bacteria shape the mucus layer. A medium containing mucin as sole carbon
and nitrogen source (hereinafter referred to as MM medium) was utilized in strictly anaerobic enrichment
cultures of human gut microbiota, inoculated with fresh feces of 5 healthy adults. The taxa that took advantage
of mucins as growth substrate were identified with a 16S rRNA gene metataxonomic analysis, comparing the
bacterial community of the fecal slurries (hereinafter referred to as FS) and the cultures after three enrichment
steps (hereinafter referred to as EC). The bacteria able to grow using mucin as sole carbon and nitrogen source
were isolated and taxonomically characterized from EC samples.

Results
Cultivable bacteria enriched on mucin. Intestinal mucin degrading bacteria were enumerated and iso-
lated from EC samples, i.e. after three enrichment steps in MM broth. To discriminate anaerobic mucin degrad-
ers from mucinolytic Enterobacteriaceae, the enumeration was carried out with MM plates in anaerobiosis and
MacConkey plates in aerobiosis (Table 1), and the isolates from MM plates were confirmed to be strict anaer-
obes. Strictly anaerobic mucin degraders were found in the magnitude of 10® cfu/mL (mean+SD=8.3+0.3
Log,, cfu/mL), significantly more abundant (P <0.05) than mucinolytic Enterobacteriaceae, that ranged between
107 and 10® cfu/mL (mean+SD=7.6+0.4 Log,, cfu/mL). The viable counts of both anaerobic mucin degraders
and mucinolytic Enterobacteriaceae did not differ among the EC samples (ANOVA, P>0.05).

Based on RAPD-PCR fingerprinting, the anaerobic isolates clustered in 1-3 distinct biotypes per sample, for
a total of 10 strains (Table 1). The partial sequences of 16S rRNA genes showed identity >98.6% to the following
species: Clostridium disporicum (6 biotypes), Clostridium tertium (1), and Paraclostridium benzoelyticum (3).
These strains were not able to grow in MM plates without mucin.

Microbiota of enrichment cultures grown on mucin. The metataxonomic survey of 16S rRNA gene
in FS and EC samples yielded a total 415,051 sequences (31,153-55,162 per sample). The reads were dereplicated
into 522 ASVs hitting a reference sequence in Silva database, and collapsed at the 7th level of taxonomic annota-
tion into 150 OTUs (Supplementary Table 1).

The analysis of microbiota alpha-diversity revealed that the richness (Chaol) and the evenness (Shannon
and Pielou) tended to decrease with the enrichment but did not reach statistical significance (P >0.05) (Sup-
plementary Fig. 1). According to Weighted UniFrac computation of beta-diversity, FS and EC samples clustered
in distinct groups (ANOSIM, PERMANOVA, P <0.05) in a PCoA plot, with the former laying at lower values of
PCol than the latter (Fig. 1A). Escherichia-Shigella presented the most positive contribution to PCol, followed
by ASVs of Bacteroides and of Lachnospiraceae, while other ASV's of Bacteroides, Prevotellaceae NK3B31, and
Roseburia negatively weighted (Fig. 1B). Unweighted UniFrac yielded more dispersed groups (ANOSIM, PER-
MANOVA, P>0.05), with EC samples laying at lower PCo2 compared to the corresponding FS ones (Supple-
mentary Fig. 2A). The ASVs that negatively contributed to PCo2 included Clostridium sensu stricto I and other
Bacteroides, while Prevotellaceae NK3B31 and Eubacterium coprostanoligenes were positive contributors (Sup-
plementary Fig. 2B). Weighted UniFrac computation takes into account abundances of taxa, unlike Unweighted
Unifrac that considers the mere presence or absence. Thus, the taxa that emerged from the former presented
relevant changes in terms of relative abundance, while those that emerged from the latter likely appeared or
disappeared over the enrichment steps.
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Figure 1. Beta diversity analysis of the microbiota in FS and EC samples. (A) PCo1-PCo2 visualization of

distances computed with Weighted Unifrac, that considers phylogenetic relationships among bacteria. Symbols:
FS, empty circle; EC, full circle; different colors correspond to different subjects (1, fuchsia; 2, cyan; 3, green; 4,
red; 5, yellow). (B) PCo1-PCo2 visualization of the contribution of each ASV. The 10 ASVs exerting the highest

effect on PCol are labelled and colored according to their phylum (Firmicutes, green; Bacteroidetes, blue;
Proteobacteria, purple).

The microbiota of FS samples encompassed 125 of the 150 identified OTUs. It was dominated by Bacteroidota
(59.5%), with remarkably high amounts of Bacteroides (39.3%) and Prevotellaceae (8.4%), followed by Firmicutes
(35.3%), especially Lachnospiraceae (15.4%), and Proteobacteria (2.2%; Fig. 2). The microbiota of EC samples
encompassed 101 OTUs, 25 of which became detectable because of the enrichment steps, as they lay below
the limit of detection in FS samples. EC were dominated by Bacteroidota (39.3%) and Proteobacteria (30.8%).
Escherichia-Shigella (with Enterobacteriaceae, Enterobacteriales, Gammaproteobacteria, and Proteobacteria)
presented a significant positive differential abundance in EC compared to FS (Fig. 3) and represented one of
the dominant genera in EC samples (mean = 30.5%), with remarkably high abundance in sample EC-5 (56.7%).
Several taxa of Firmicutes, such as Enterococcus and many Clostridia (e.g., Oscillospiraceae, Peptococcaceae,
Ruminococcaceae UBA1819, Soleaferrea, Lachnoclostridium, and Anaerotruncus), presented a significant increase
in EC samples, but generally remained below a mean abundance of 1%.
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Figure 2. Stacked bar-plot representation of microbiota composition before and after the enrichment in MM,
with taxonomic features collapsed at the level of phyla (A), families (B), and genera (C). The taxa that remained
unclassified at the deeper level or that never occurred with abundance higher than 0.5% are grouped and
marked with “[others]”.

A number of taxa were not detected in any FS sample but appeared after the enrichment: Eggerthella occurred
in 4 EC samples; Clostridium innocuum, Enterococcus durans, Erysipelatoclostridium, and Soleaferrea in 3; Ange-
lakisiella and Eubacterium nodatum in 2 EC samples. These taxa were generally a minor portion of the microbiota
(< 1%), except for Clostridium innocuum that reached the 7.3% in EC-2. Enterorhabdus, Gordonibacter, Dielma,
Enterococcus faecalis and other Enterococcus spp., Catabacter, Ruminiclostridium, Lachnospiraceae FCS020 group,
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Figure 3. Effect of mucin enrichment on faecal microbiota. The taxonomic biomarkers characterizing FS
and EC according to LEfSe are colored in red and green, respectively. (A) Logarithmic LDA scores of the taxa
exhibiting significant differential abundance (P <0.05, logarithmic LDA score >2.0) between FS and EC; taxa
that were > 1% in at least one sample are reported with bars in dark shades. (B) Cladogram visualization of the
taxonomic biomarkers. The figure was created with the software LEfSe, Galaxy version 1.0, available at https://
huttenhower.sph.harvard.edu/galaxy/.
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Figure 4. Pathways related to mucin degradation reconstructed from 16S rRNA profile with PICRUSt2 and
presenting a significant (P <0.05) differential abundance between FS and EC. The figure was created with
STAMP v2.1.3, available at https://beikolab.cs.dal.ca/software/STAMP.

Hydrogenoanaerobacterium, Caproiciproducens, Ruminococcaceae DTUO089, Peptostreptococcus, Peptoniphilus,
Tissierella, Sedimentibacter, Citrobacter, and Cloacibacillus were detected in a single EC sample, generally in very
low concentration, except for Dielma (1%) and Cloacibacillus (1.5%).

Bacteroidota, Bacteroidia, and Bacteroidales, significantly decreased as consequence of mucin enrichment,
albeit the genus Bacteroides remained the most abundant in 4 out of 5 EC samples. The genus Streptococcus also
diminished, leading to significantly lower abundances also of Streptococcaceae. Numerous taxa of Clostridia
decreased during the enrichment steps, such as Eubacterium ventriosum, the genera Faecalibacterium, Fusicateni-
bacter, Blautia, Monoglobus (plus Monoglobaceae and Monoglobales), and Butyricicoccus (and Butyricicoc-
caceae). Furthermore, the abundance of a clade of Lachnospiraceae (NK4A136) and Ruminococcaceae incertae
sedis significantly diminished. Other taxa detected only in some FS samples decreased below the limit of detec-
tion in the EC samples, such as Coriobacteriales incertae sedis, other Eggerthellaceae, Paraprevotella, Deflu-
viitaleaceae_UCG-011, Eubacterium siraeum group, Veillonella, Butyricimonas, Erysipelotrichaceae_UCG-003,
Turicibacter, Coprococcus, Lachnospira, Roseburia, Anaerovoracaceae Family XIII UCG-001, and Haemophilus.

The functions of the fecal cultures’ metagenomes were predicted with PICRUSt2. A significant increase
(t-test, p<0.05) of pathways related to mucin metabolism was detected, i.e. fucose degradation, superpath-
way of N-acetylneuraminate degradation, and superpathway of GIcNAc, N-acetylmannosamine, and N-acetyl-
neuraminate degradation (Fig. 4). In particular, genes encoding N-acetylglucosamine kinase (EC:2.7.1.59),
N-acetylglucosamine-6-phosphate deacetylase (EC:3.5.1.25), N-acetylneuraminate epimerase (EC:5.1.3.24),
N-acylglucosamine-6-phosphate 2-epimerase (EC:5.1.3.9), N-acylmannosamine kinase (EC:2.7.1.60) showed
a statistically significant increase in the enriched cultures.

Discussion

This study aimed to identify and isolate the intestinal bacteria that can have a role in mucin degradation, utiliz-
ing three steps of enrichment where the intestinal microbiota of healthy subjects was inoculated in a medium
containing mucin as the sole carbon and nitrogen source. Mucin can support the growth of gut microbes with
different metabolic capabilities. Both saccharolytic and proteolytic activities are involved in its breakdown,
providing the bacterial community with carbon and nitrogen supply and sustaining growth of both sugar and
amino acid fermenters. Based on the increase of genes and pathways involved in mucin degradation, the cultures
successfully selected bacteria performing mucin breakdown and fermentation.

The 16S rRNA gene profiling highlighted the taxa that proliferated in mucin, likely because of cooperation
and crossfeeding. Proteobacteria and taxa related to Enterobacteriaceae encompassed the main biomarkers of
growth, in agreement with their major role as protein degraders in gut microbiota. As opportunistic commensals,
they may persist in the gut contributing to the mucus homeostasis without interacting with epithelial cells or
they may degrade mucins, reach the epithelium, and initiate disease'>™*. The high affinity of Enterobacteriaceae
for mucins confirms the possibility that they may get in contact with the intestinal epithelial barrier and exert
this pathogenic action. In fact, these bacteria exhibit an intrinsic resistance to the oxygen released from the host
tissue and may concur to disrupt the integrity of the epithelium, promoting a leaky gut and triggering systemic
inflammatory response!>7.

Enterobacteriaceae, Peptococcales/Peptococcaceae, a variety of Clostridia (such as Oscillospiraceae, Lachno-
clostridium, and Anaerotruncus), and the Coriobacteriale Eggerthella, are protein degraders that may have taken
part to the breakdown of protein backbone of mucin'®. The genus Anaerotruncus includes species (Anaerotruncus
colihominis and Anaerotruncus massiliensis) that ferment some amino acids and also a small set of carbohydrates,
including GlcNAc, and may have participated to the degradation of both the protein and saccharidic por-
tions of mucins'®?. Holdemania, a Firmicute belonging to the family Erysipelotrichaceae, and Enterococcaceae
(Lactobacillales) are saccharolytic bacteria, thus their contribution to mucin degradation seems limited to the
carbohydrate chains. Several other taxa, which are still poorly characterized at the physiological level, emerged
as participating in mucin catabolism, for some species representing one of the first sources of functional infor-
mation. Interestingly, the list of bacteria that got enriched in EC includes taxa that are associated to colorectal
adenoma and cancer (e.g. Lachnoclostridium) and are emerging as uncommon human pathogens (Eggerthella
and some Enterococcaceae)?!~%,

Scientific Reports |  (2021) 11:11094 | https://doi.org/10.1038/s41598-021-90553-4 nature portfolio


https://beikolab.cs.dal.ca/software/STAMP

www.nature.com/scientificreports/

Even though the 16S rRNA gene profiling disclosed a complex population of bacteria taking advantage of
mucin, only three species of strict anaerobic bacteria (C. disporicum, C. tertium, and P. benzoelyticum) were
isolated from the cultures enriched with 5 different microbiotas. C. disporicum is a saccharolytic bacterium that
presents epimerase activity resulting in the production of ursodeoxycholic acid®**. C. tertium is an uncommon
pathogen, albeit associated with cases of severe diseases, mostly in immunocompromised and neutropenic
patients®. P. benzoelyticum can ferment some amino acids, including threonine, a major component of mucin
backbone?. Interestingly, the isolates of C. disporicum and C. tertium are all designated as Clostridium sensu
strictu 1 according to SILVA database. The 16S rRNA gene profiling revealed that the OTU Clostridium sensu
strictu 1 increased in all the samples where it was present, although it did not reach a significant differential
abundance, and was composed of four ASV's contributing to FS and EC separation along PCo2 in the plot of
Unweighted UniFrac beta-diversity.

Albeit Clostridium species harbor few glycosyl hydrolases (GH) involved in mucin degradation and, for
instance, genome of C. sporogenes, a closely related species to C. tertium, has no mucin-related GHs, based
on preliminary genomic analysis (data not shown), the genome of C. tertium WC 0709 has at least one exo-a-
sialidase (EC 3.2.1.18) belonging to the GH33 family, involved in the cleavage of the terminal sialic acid, and a
GH3 family B-hexosaminidase (EC 3.2.1.52) that can release GalNac. On the other side P. bifermentans, closely
related to P. benzoelyticum, harbors only the galactosidases GH2 and GH20. Generally, commensal clostridia
do not appear to harbor GH33 or other mucin-related GHs, whereas two pathogenic clostridia degrade mucin
glycans: C. perfingens and C. septicum?®. The capability of C. disporicum, C. tertium, and P. benzoelyticum to dis-
mantle complex mucin glycans deserves deeper investigations and opens new perspectives on the relationship
of these species with the host, that can go beyond the commensalism. Incidentally, C. tertium is described as
an uncommon pathogen associated with various cases of severe diseases’>?. The glycans of intestinal mucins,
enriched in diverse monosaccharides with different positional and stereochemical linkages and branching, are
hydrolyzed by a number of diverse sialidases, hexosaminidases, galactosidases, and fucosidases. The genetic and
functional characterization of the enzymes that in C. disporicum, C. tertium, and P. benzoelyticum play key roles
in disassembling mucin oligosaccharides is a great challenge.

In the gut, a complex community of saccharolytic and proteolytic bacteria is expected to participate to mucin
breakdown, with linkage-specific glycosidases and proteases of primary degraders providing other bacteria with
simpler oligosaccharides and peptides, and eventually with their monomeric moieties. It is plausible that several
taxa detected by the 16S rRNA gene analysis could have grown on mucins only when co-cultured within a bacte-
rial community where each species contributed with different hydrolytic activities, while they could not grow
in pure cultures where they did not benefit from crossfeeding relationships. Only C. disporicum, C. tertium, and
P. benzoelyticum gained carbon, energy, and nitrogen from mucin in pure cultures. The isolates of these species
deserve deeper investigation, including the genome sequencing and physiology studies, aiming to unveil the key
functions that enabled growth on mucin, in particular their set of glycosyl hydrolases and proteases and their
amino acid biosynthetic capability.

To date, Bacteroides and Akkermansia muciniphila have been recognized as main mucin degraders, with novel
insights on endo-acting O-glycanases involved in the first steps of glycan breakdown™. In this study, the relative
abundance of Bacteroides did not increase significantly, even if some ASVs of Bacteroides heavily contributed to
separate samples along both PCol or PCo2 in the Weighted UniFrac analysis, confirming the presence of some
species greatly associated to mucin degradation. It is plausible that different populations of Bacteroides, which
could not be discriminated into species by the partial 16S rRNA gene sequencing, behaved differently with respect
to mucin breakdown, exerting contrary effects and balancing the counts of the genus. Indeed, a wide number of
ASVs attributed to Bacteroides presented opposite contributions along the principal coordinates, in agreement
with the fact that the genus Bacteroides comprises tens of species that supply different and complementary func-
tions to the intestinal community®!.

One of the key members of the colonic mucus-associated microbiota is A. muciniphila. It releases monosac-
charides and amino acids during mucin degradation, providing nutrients to other bacteria of the gut, and exerts
beneficial effects in various metabolic disorders, being generally negatively correlated with inflammation and
metabolic disorders™. In this study, a sole ASV ascribed to Akkermansia was detected in 3 out of 5 set of samples.
In subject 1, it was remarkably abundant in the founding microbiota (8.7%) but was negligible (0.2%) after the
enrichment steps. In samples 3 and 4, Akkermansia was initially < 0.6% and increased by one magnitude over
the enrichment. It is plausible that in sample 1 the high initial load of Akkermansia prevented a net increase of
the abundance, that was further squeezed by major increase in some other groups.

The absence of Bacteroides and Akkermansia also within the isolates is noteworthy. These bacteria likely
encountered some substrate limitation that hampered growth. In fact, the medium did not contain nitrogen
sources other than mucin in order to be as much stringent as possible. Thus, all the amino acids had to be
obtained from the protein backbone of mucin, and this might have been too challenging, in the absence of a
cooperative crossfeeding. The composition of the medium and the choice of the pH are major drivers of microbial
selection and a mucin-based medium with different composition would likely result in the isolation of differ-
ent bacterial species. Another drawback of the present study was the use of mucin from porcine stomach, that
mainly consists of MUC5AC and MUC6 mucins and differs in purity and glycosylation profile from the colonic
one MUC2, but is a cheap and easily available substrate, commonly utilized to culture mucin degraders®*-.

This study shed light on the bacterial taxa thriving in cultures of human microbiota with mucin as primary
substrate for growth. It provided the first information on C. disporicum, C. tertium, and P. benzoelyticum as bac-
teria able to grow in pure cultures utilizing mucin as sole carbon and nitrogen source, complementing the recog-
nized role of Bacteroides and Akkermansia in mucin degradation and turnover. Sequencing of the 10 strains is in
progress, as well as the formulation of a new mucin-based medium allowing a faster growth with higher yields,
in order to better address physiology and metabolism studies. Proteobacteria, including Enterobacteriaceae
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and E. coli, are among the microbial group that most benefit from mucin as substrate, increasing the risk of the
flourishing of opportunistic pathogens or bacteria associated to gut inflammation. Furthermore, metataxonomic
analysis identified Lachnoclostridium, Eggerthella, Anaerotruncus, Enterococcaceae, and Peptococcaceae as taxa
that took advantage, likely in a cross-feeding relationship, in the mucin-based medium. The limited number of
isolated species able to grow on mucin in pure culture confirms that the degradation of these glycoproteins in the
gut results from cooperation and cross-feeding among several species exhibiting different metabolic capabilities.

Materials and methods

Chemicals and media. All the chemicals were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany), unless otherwise stated. Mucin was purified from porcine stomach type II mucin (Sigma-Aldrich),
according to the protocol by Miller and Hoskins®. Briefly, mucin was precipitated with ice-cold ethanol at the
concentration of 60% (v/v) from a clarified solution, obtained by centrifugation (10,000xg for 10 min at 4 °C)
of a 25 g/L mucin suspension in 0.1 M NaCl containing 0.02 M phosphate buffer, pH 7.6. The precipitate was
dissolved in 0.1 M NaCl, re-precipitated with ethanol (60% v/v), and dissolved in water. The mucin solution was
dialyzed with (14 kDa cut-off) against water and finally freeze dried. According to the producer, mucin had a
molecular mass of 4000-5500 kDa, with a carbohydrate portion of 80-84%, and a protein portion of 16-20%.
Proline, serine, and threonine residues in the peptide backbone comprise approx. 43% of the amino acid com-
position.

MM medium contained 3.0 g/L purified mucin, 2.0 g/L KH,PO,, 4.5 g/L NaCl, 0.5 g/L. MgSO,-7H,0, 0.045 g/L
CaCl,-2H,0, 0.005 g/L FeSO,-7H,0, 0.01 g/L hemin, 0.05 g/L bile salts (Oxgall, BD Difco, Sparks, MD, USA), 0.6
mg/L resazurin, 2.0 mL/L minerals solution (0.5 g/L EDTA, 0.010 g/L ZnSO,-7H,0, 0.003 g/L MnCl,-7H,0, 0.03
g/L H,BO,, 0.02 g/L CoCl,-6H,0, 0.001 g/L CuCl,-2H,0, 0.002 g/L NiCl,-6H,0, and 0.003 g/L NaMoO,-2H,0),
1.4 mL/L vitamins solution (1.0 g/L menadione, 2.0 g/L biotin, 2.0 g/L calcium pantothenate, 10 g/L nicotina-
mide, 0.5 g/L cyanocobalamin, 0.5 g/L folic acid, 4 g/L thiamine, and 5 g/L PABA), and 40 mL/L reducing solu-
tion (12.5 g/L L-cysteine-HCl and 80 g/L NaHCOj3). The basal medium was autoclaved at 121 °C for 20 min and
supplemented with filter sterilized (0.22 pm) minerals, vitamins, and reducing solutions. Soft-agar MM plates,
containing 8 g/L agar (BD Difco), were used to count, and purify mucin degraders. MacConkey agar plates (BD
Difco) were utilized to count Escherichia coli and Enterobacteriaceae and to discriminate them from strictly
anaerobic isolates.

Enrichment cultures. This study was carried out under the recommendations of the protocol approved
with ref. no. 125-15 by the local research ethics committee (Comitato Etico Provinciale, Azienda Policlinico
di Modena, Italy), with written informed consent from all subjects following the Declaration of Helsinki. Five
healthy adults (3 men and 2 women, aged 25-50 years) who had not taken prebiotics and/or probiotics in the
previous 2 weeks or antibiotics for at least 3 months were enrolled for feces collection. Fecal samples were col-
lected fresh, sealed in anaerobic plastic bags (AnaeroGen, Oxoid, Basingstoke, UK), transferred in an anaerobic
cabinet (Concept Plus, Ruskinn Technology, Ltd., Bridgend, UK) with an atmosphere of 85% N,, 10% CO,, and
5% H,, and homogenized (10%, w/v) in sterile MM.

The fecal slurries (FS) were inoculated with a syringe (10% v/v) into butyl-rubber stoppered bottles containing
50 mL of sterile anaerobic MM. After an incubation of 72 h at 37 °C, these cultures were utilized to seed (10%
v/v) the next passage in MM, repeated to accomplish three enrichment steps. Once grown, the third enrichment
culture (EC) was utilized for isolation of mucinolytic bacteria. The viable counts of anaerobic mucinolytic bacteria
and Enterobacteriaceae in EC samples were determined in triplicate onto agar plates of MM and MacConkey,
respectively. For both the media, one-way ANOVA followed by Tukey’s post-hoc analysis was utilized to compare
the counts of the different subjects. Paired samples t-test was utilized to compare MM and MacConkey counts.

Isolation of anaerobic mucin degraders.  All the steps of the isolation and purification procedure were
carried out in the anaerobic cabinet. The EC was serially diluted (1:10) in anaerobic MM, then 1 mL of each dilu-
tion was poured into plates and covered with 20 mL of melted soft-agar MM. The plates were allowed to cool and
incubated in anaerobiosis at 37 °C for 72-96 h. Inclusion colonies were picked and checked for aerobic growth at
37 °C in MacConkey agar plates. Colonies unable to grow in aerobiosis were further purified at least three times
by serial dilution and isolation in soft-agar MM.

Approximately 10 pure clones per sample were fingerprinted by RAPD-PCR according to Quartieri et a
and clustered into biotypes with a similarity level of 75% using the Pearson correlation coefficient. Single bio-
types from each sample were taxonomically characterized by partial sequencing of the 16S rRNA gene (Eurofins
Genomics, Ebersberg, Germany), utilizing primers targeting the V1-V4 regions®. Sequences were compared to
the NCBI refseq_rna database with the alignment tools BLAST and MUSCLE (https://www.ncbi.nlm.nih.gov/;
https://www.ebi.ac.uk/Tools/msa/muscle/).

17

16S rRNA gene profiling. Total DNA was extracted from 2 mL of FS and EC samples with the QiAmp
PowerFecal DNA kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol. The DNA was nor-
malized to 5 ng/uL after quantification with a Qubit 3.0 fluorimeter (Thermo Fisher Scientific, Waltham, MA,
USA).

Partial 16S rRNA gene sequences were amplified using Probio_Uni/Probio_Rev primers, which targeted
the V3 region of the 16S rRNA gene. Amplicons were sequenced using a MiSeq platform (Illumina Inc., San
Diego, CA, USA) according to Milani et al.*. Raw sequences were analyzed with the QIIME 2.0 pipeline, ver-
sion 2019.10%°, with appropriate plugins for trimming (CUTADAPT) and denoising (DADA?2) into amplicon
sequence variants (ASVs)*"*2. Taxonomy assignment was carried out with the feature classifier VSEARCH®,
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with SILVA SSU database release 138 (https://www.arb-silva.de/download/arb-files/) as reference and the the
similarity threshold set at 0.97. The appropriate QIIME2 plugins were utilized to compute the alpha- (observed
taxa, Chaol, Shannon, and Pielou’s evenness) and beta-diversity (Unweighted Normalized UniFrac, and Weighted
Normalized UniFrac) and to compare them within and between FS and EC samples (i.e., the Kruskal-Wallis
test for alpha diversity; ANOSIM and PERMANOVA for beta diversity). Differences were considered significant
for P <0.05. Principal Coordinate Analysis (PCoA) was computed with QIIME2, based on the beta-diversity
distance matrices.

Linear discriminant analysis Effect Size (LEfSe, http://huttenhower.sph.harvard.edu/galaxy) algorithm was
utilized to discover distinctive taxonomic features characterizing FS and EC samples*. Taxa presenting a sig-
nificant differential abundance (P <0.05) and logarithmic LDA (linear discriminant analysis) score >2 were
considered as microbial biomarkers of FS or EC samples.

The dataset was analyzed with PICRUSt2 to predict metagenomes’ functions and investigate the presence of
any difference between the FS and EC samples in terms of enzymes and pathways related to mucin metabolism*.
The tool predicted the enzymes and the relative MetaCyc pathways abundances*é. STAMP was used to visualize
the results and conduct statistical analysis’.

The 16S rRNA gene sequences datasets generated and analyzed during the current study are available in the
NCBI repository with the BioProject ID: PRINA649741 (https://www.ncbi.nlm.nih.gov/).
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Abstract: Non-Escherichia coli Enterobacterales (NECE) can colonize the human gut and may present
virulence determinants and phenotypes that represent severe heath concerns. Most information
is available for virulent NECE strains, isolated from patients with an ongoing infection, while the
commensal NECE population of healthy subjects is understudied. In this study, 32 NECE
strains were isolated from the feces of 20 healthy adults. 16S rRNA gene sequencing and mass
spectrometry attributed the isolates to Klebsiella pneumoniae, Klebsiella oxytoca, Enterobacter cloacae,
Enterobacter aerogenes, Enterobacter kobei, Citrobacter freundii, Citrobacter amalonaticus, Cronobacter sp.,
and Hafnia alvei, Morganella morganii, and Serratia liquefaciens. Multiplex PCR revealed that
K. pneumoniae harbored virulence genes for adhesins (mrkD, ycfM, and kpn) and enterobactin (entB)
and, in one case, also for yersiniabactin (ybtS, irp1, irp2, and fyuA). Virulence genes were less numerous
in the other NECE species. Biofilm formation was spread across all the species, while curli and
cellulose were mainly produced by Citrobacter and Enterobacter. Among the most common antibiotics,
amoxicillin-clavulanic acid was the sole against which resistance was observed, only Klebsiella strains
being susceptible. The NECE inhabiting the intestine of healthy subjects have traits that may pose
a health threat, taking into account the possibility of horizontal gene transfer.

Keywords: Enterobacterales; Klebsiella; Enterobacter; Citrobacter; virulence; antibiotic resistance; biofilm

1. Introduction

Important enteric pathogens belong to Enterobacterales, a bacterial order within the phylum
Proteobacteria. This order encompasses permanent colonizers of the human gut that, in healthy
conditions, constitute minor bacterial components of the microbiota. Opportunistic Enterobacterales
can persist as gut commensals without inducing any infections, as long as the microbiota is balanced and
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the complex and dense bacterial community prevents their overgrowth. A bloom of Enterobacterales
may occur as a result of disturbance of the microbiota, yielding pathogen-mediated infections and
triggering inflammatory host responses.

Escherichia coli is the most studied among the Enterobacterales with regards to the traits that
differentiate commensalism and pathogenicity. It normally colonizes the intestine but comprises both
harmless commensals and different pathogenic variants that may instigate infections in the gut or in
other tissues [1,2]. Virulent strains of E. coli isolated from infected patients attracted most research
interest [3,4], but also fecal isolates from healthy subjects and environmental strains are the target of
increasing attention, aiming to determine the pathogenic potential of a wider biodiversity reservoir [5,6].

Many non-E. coli Enterobacterales (hereinafter referred to as NECE) that can colonize the gut
(e.g., Klebsiella, Enterobacter, Citrobacter, and Serratia) also present traits that can confer them virulence and
pathogenicity or phenotypes that may result in severe heath concern, such as multidrug resistance [7-10].
The greatest efforts have been carried out to describe virulent strains, generally isolated from patients
with an ongoing infection, while the pathogenic potential of NECE inhabiting the gut of healthy
subjects has not been thoroughly investigated with genetic and phenotypic analysis, except for some
genera [9]. The research herein presented aims to fill this gap, providing a genotypic and phenotypic
description of the NECE population isolated from the feces of 20 healthy adults, and to complement
a previous study that described the E. coli population of the same cohort of subjects [5]. A set of 32
NECE strains was isolated, taxonomically classified, subjected to PFGE genotyping, and described
in terms of the genotypic determinants and phenotypic traits that may confer on them potential
pathogenicity or invasiveness.

Information on the genes associated to virulence is detailed especially for Klebsiella spp., where
a number of genes associated to harmful traits were identified, such as those encoding adhesins,
siderophores (e.g., enterobactin, aerobactin, yersiniabactin), protectines, or invasins (responsible
for mucoid phenotype and invasiveness), and involved in allantoin metabolism [7,11]. For other
NECE genera, such as Enterobacter, Cronobacter, and Citrobacter, the knowledge of the genetic
determinants associated to virulence and invasiveness is less comprehensive and, with few exceptions
(e.g., Citrobacter koseri), mainly acquired from better characterized pathogens [12-15].

In addition to fimbrial and afimbrial adhesins, the production of surface cellulose structures and
curli favors the adhesion of Enterobacterales and can exert a significant role in enteric biofilm-related
infections [16,17]. Although not directly involved in pathogenic mechanisms, the acquisition of
multiple antibiotic resistances favors the success of opportunistic Enterobacterales pathogens in
invasion, survival, and spread, severely complicating the containment and treatment of infections [9,18].
Therefore, the occurrence of drug resistant bacteria within a commensal population and the possibility
to exchange genetic material by horizontal gene transfer may represent a major health concern.

In the present study, multiplex PCR assays were utilized to screen the NECE, isolated from the
feces of healthy subjects, for the presence of 17 main virulence genes associated to those of Klebsiella
and E. coli [19-21]. From the point of view of the phenotype, the isolates were characterized for the
ability to form biofilm and to yield curli and surface cellulose, were screened for the susceptibility
to the most common antibiotics and for the ability to act as recipients in conjugation experiments,
and biochemical tests were performed to compare the metabolic profile.

2. Results

2.1. Counting and Isolation of NECE

The selective differential medium HiCrome Coliform Agar (HCCA) was utilized to count and
isolate E. coli [5] and NECE from fecal samples of 20 healthy adults. Total counts in HCCA ranged
from 4.6 x 10° to 2.2 x 108 cfu/g (Figure 1). Blue colonies attributed to E. coli overcounted the pink ones
attributed to NECE in all the samples except V11 (Figure 1; Supplementary Figure S1). NECE ranged
between < 10* and 1.3 x 108 cfu/g and, except in V11, accounted for a minority of total Enterobacterales
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(NECE + E. coli), the 75th percentile being the 5.7% (Figure 1). In some cases, NECE were not recovered,
being outnumbered by E. coli. Spearman’s rank correlation analysis excluded any significant correlation
between NECE and E. coli counts.
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Figure 1. Counts of Escherichia coli and non-Escherichia coli Enterobacterales (NECE), enumerated onto
HiCrome Coliform Agar (HCCA) plates. (a) Percentage of colonies attributed to E. coli (blue shades)
and NECE (pink shades) in the feces of 20 subjects. For each subject, different shades indicate
different biotypes according to enterobacterial repetitive intergenic consensus-PCR (ERIC-PCR) and
random amplification of polymorphic DNA-PCR (RAPD-PCR) fingerprinting. The total count of
Enterobacterales (E. coli + NECE) is reported in the top margin. (b) Distribution of the percentage of
NECE colonies. The median (dashed line), the 25th and 75th percentiles (colored box), the 10th and
90th percentiles (whiskers), and outliers (*) are indicated.
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2.2. Taxonomic Attribution and PFGE Genotyping

The isolates putatively attributed to NECE were clustered in 32 different biotypes utilizing ERIC-PCR
(enterobacterial repetitive intergenic consensus-PCR) and RAPD-PCR (random amplification of polymorphic
DNA-PCR) fingerprinting. A representative isolate of each biotype was assigned a taxonomic designation
utilizing 165 rRNA gene sequencing and MALDI-TOF MS (Supplementary Table S1). The genus Klebsiella
was the most represented (14/32), with the species K. pneurmoniae (10 strains) and Klebsiella oxytoca (4) found
in seven and three fecal samples, respectively. The genus Enterobacter was represented by eight strains
belonging to Enterobacter cloacae (6), Enterobacter aerogenes, and Enterobacter kobei (1 strain each). Other strains
belonged to Citrobacter (4 to Citrobacter freundii and 1 to Citrobacter amalonaticus), Cronobacter sp. (2), and to
Hafnia alvei, Morganella morganii, and Serratia liquefaciens (1 strain each).

PFGE highlighted a wide diversity of the NECE isolates, which did not cluster according to the
taxonomic attribution (Figure 2).
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Figure 2. Xbal-PFGE pattern of NECE strains: unweighted pair group method with arithmetic means
(UPGMA) dendrogram derived from Dice’s coefficients, calculated based on the band profile. Strains
are colored based on their MALDI-TOF MS taxonomic attribution.

2.3. Virulence Genotyping

PCR was used to investigate 17 virulence genes encoding adhesins (fimH1, mrkD, kpn, and ycfM),
siderophores (enterobactin, entB; aerobactin, iutA; yersiniabactin, irp-1, irp2, ybtS, fyuA; catechols
receptor, iroN; and other, kfu), protectines or invasins (K2, magA, rmpA, and traT), and involved in
allantoin metabolism (allS).

Most strains of K. pneumoniae harbored the mrkD, ycfM, and kpn encoding adhesins and entB
encoding enterobactin (Figure 3). Only K. pneumoniae 11.55 was positive to the main virulence genes
involved in the synthesis of Yersinia siderophore, including ybtS (encoding for the synthase), irpl and
irp2 (for regulatory proteins), and fyuA (for the siderophore receptor). irp2 was also detected in most of
the other strains of K. pneumoniae although they lacked the counterpart ybtS. All the K. pneumoniae
strains were negative to the genes K2, magA, and rmpA associated with hypermucoid phenotype and
invasivity, except for K. pneumoniae 01.49 that was positive to K2. Similarly, other virulence genes, such
as allS, kfu, and iutA occurred only once among the tested strains.

The strains of K. oxytoca harbored entB (three out of four isolates) but were negative to most of the
other virulence genes. A sole strain harbored ytbS. Most of Cronobacter and Enterobacter isolates were
characterized by the presence of the gene irp2 but never harbored ybtS or other Yersinia siderophore
genes. A few strains were positive to mrkD or entB.

The strains ascribed to Citrobacter, H. alvei, and M. morganii were negative to those virulence genes
whose presence could not be excluded by primer-blast search. The strain of S. liquefaciens was positive
to ytbS.
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Figure 3. PCR assay of the NECE isolates for the presence of virulence genes. Colors: red, positive
amplification; green, negative amplification; grey, PCR analysis not performed since the gene was
putatively absent based on a primer-blast search.

2.4. Biofilm Formation and Production of Curli and Cellulose

NECE strains were tested for biofilm formation in minimal and rich media (M9 and LBWS,
respectively; Supplementary Figure S52). The vast majority of the strains (26 out of 32), belonging to all
the species except E. aerogenes, H. alvei, and M. morganii, formed biofilm in M9 (Figure 4; Supplementary
Figure S2). Biofilm formation was less frequent in LBWS, being observed only in 10 strains of K. oxytoca,
K. pneumoniae, and S. liquefaciens. The extent of biofilm production was always less abundant in the
rich medium compared to M9 (p < 0.05).

Extracellular cellulose was detected in most of Citrobacter and Enterobacter strains, in five strains
of K. pneumoniae and two out of four of K. oxytoca, in H. alvei and in S. liquefaciens. Curli were produced
by nearly all Citrobacter, Cronobacter, and Enterobacter strains and by one isolate belonging to K. oxytoca.
The isolates of H. alvei and M. morganii were also positive to curli. The strains belonging to Citrobacter,
E. cloacae, H. alvei, and K. oxytoca 19.49 produced both cellulose and curli.
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Figure 4. Phenotypic characterization of NECE isolates: biofilm formation in LBWS and M9 media,
curli and cellulose production, conjugation, and antibiotic resistance. Colors: red, positive; green,
negative. For antibiotics: red, resistant; green, susceptible, yellow, intermediate. Antibiotics: amikacin
(AMK), amoxicillin—clavulanic acid (AMC), cefotaxime (CTX), ceftazidime (CAZ), ciprofloxacin (CIP),
gentamicin (GEN), piperacillin-tazobactam (PZT), and trimethoprim-sulfamethoxazole (SXT).

2.5. Conjugation

The strains were challenged as conjugation recipients for receiving pOX38: Cm plasmid from E. coli
N4i. Only two strains of K. pneumoniae, and single strains of Cronobacter and Citrobacter amalonaticus
succeeded in plasmid acquisition (Figure 4).

2.6. Antibiotic Resistance

Phenotypic susceptibility to amikacin, amoxicillin—clavulanic acid, cefotaxime, ceftazidime,
ciprofloxacin, gentamicin, piperacillin-tazobactam, and trimethoprim-sulfamethoxazole was assayed.
Amoxicillin-clavulanic acid was the sole antibiotic against which few isolates presented some resistance,
with all the strains of Enterobacter, Citrobacter, Cronobacter, H. alvei, M. morganii, and S. liquefaciens being
resistant. All the 14 biotypes of Klebsiella spp. were sensitive to the whole set of tested antibiotics,
with the exception of K. pneumoniae 11.71 that was partially resistant to amoxicillin-clavulanic
acid, presenting a minimum inhibitory concentration (MIC) intermediate between resistance and
susceptibility thresholds.
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2.7. Biochemical Characterization

The fermentation of substrates and some distinctive enzymatic reactions and metabolic routes
were assayed utilizing the API 20 E system (Figure 5). Generally, the NECE strains were positive to
-galactosidase. Most strains were capable of utilizing citrate, glucose, mannose, inositol, sorbitol,
rhamnose, sucrose, melibiose, amygdalin, and arabinose. The main exceptions were M. morganii that
could utilize only glucose, H. alvei that fermented a restricted number of sugars, and some Citrobacter,
Cronobacter, and Enterobacter strains that exhibited specific substrate preferences. The majority of the
isolates produced either lysine decarboxylase (Klebsiella) or ornithine decarboxylase (Cronobacter and
Enterobacter). Urease was characteristic of Klebsiella, while arginine dihydrolase was found in most
Enterobacter, Citrobacter, and Cronobacter. Acetoin was produced by Cronobacter, Enterobacter, Hafnia,
and Klebsiella. Indole was produced by K. oxytoca and by few other strains, H»S by two strains of
Citrobacter freundii. Only S. liquefaciens was positive to gelatinase. All the strains except M. morganii
and S. liquefaciens exhibited denitrifying activity, in most cases yielding nitrite. Nitrate reduction to Ny
was observed in K. pneumoniae and few other strains.
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Figure 5. Biochemical reaction profiles of NECE isolates in the API 20 E assay: 3-galactosidase (ONPG),
arginine dihydrolase (ADH), lysine decarboxylase (LDC), ornithine decarboxylase (ODC), citrate
utilization (CIT), production of hydrogen sulfide (H;S), urease (URE), tryptophan deaminase (TDA),
indole (Kovac’s test, IND), acetoin (Voges-Proskauer test, VP), gelatinase (GEL), fermentation of glucose
(GLU), mannitol (MAN), inositol (INO), sorbitol (SOR), rhamnose (RHA), sucrose (SAC), melibiose
(MEL), amygdalin (AMY), arabinose (ARA), and reduction of nitrates to nitrites (N,O) or nitrogen (N,
tested only in case of negative N, O). Colors: red, positive; green, negative.
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3. Discussion

Thirty-two NECE strains were isolated from the feces of 20 healthy adults that did not present any
dysbiosis, and thus as members of a relatively balanced gut microbiota. The load of Enterobacterales
was in the order of millions or tens of millions per gram of feces, with a sole exception where they
reached the magnitude of 108. NECE represented a small population of Enterobacterales, with E. coli
being on average 20 times more abundant, and a minor component of the whole microbiota, being less
than 0.1%. The genus Klebsiella, which is ubiquitous in nature, colonizing humans, animals, and plants,
and frequently detected in waters, sewages, and soils, was the most represented, encompassing 14 of
the 32 strains. K. pneumoniae, the most frequently isolated species (10 strains), was present in 7 out of
20 fecal samples, in accordance to the 35% of healthy adults from which it was isolated in a pioneering
study [22].

K. pneumoniae encompasses opportunistic pathogens that can cause human infections in lungs,
urinary tract, and bloodstreams, mostly to hospitalized and/or immunocompromised patients [23,24].
Virulence of K. pneumoniae is associated to the presence of capsule and pili, to the production of
lipopolysaccharides and siderophores, to allantoin utilization, and to iron uptake systems, efflux
pumps, and type VI secretion systems [7]. Surface molecules, such as capsular polysaccharides and
lipopolysaccharides, are some of the major virulence factors that Klebsiella use to protect itself from
the host innate immune apparatus. Furthermore, the capability to compete for iron has a pivotal role
to the establishment of the infection. The genes involved in iron assimilation are generally clustered
in pathogenicity islands, large chromosomal regions that were likely acquired by horizontal transfer.
Virulence genetic determinants can be located both in the core or in the accessory genome [7], the former
also including metabolic genes required for some species to cause disease.

Among the 10 K. pneumoniae isolates, all but one strain harbored entB, encoding a common
catecholate siderophore located in the core genome, and mrkD, involved in the synthesis of type 3 pili
that promote adherence to the surfaces [19]. The genes encoding other adhesins, such as ycfM and
kpn were detected in nine and five strains, respectively. Only two K. pneumoniae strains were positive
to the yersiniabactin gene ybtS, a common virulence factor associated with human infections [25,26],
and one of the two also harbored irp1. These genes are involved in the synthesis of the siderophore
yersiniabactin by virulent Yersinia strains, which harbor them within the high-pathogenicity island
(HPT). HPI is widely distributed among members of the order Enterobacterales, including E. coli,
K. pneumoniae, Citrobacter spp., Salmonella enterica, Serratia liquefaciens, and Enterobacter spp. [27,28].
In addition, irp2, another marker of HPI, was detected in the majority of the strains of K. prneumonia
and E. cloacae, albeit they lacked the counterpart ybtS.

Although Enterobacterales are normally present as a low fraction of commensal bacteria in
the healthy gut, their numbers can increase in the inflamed gut, and take advantage over other
commensals [29]. Siderophores are major contributors of exploitative competition, since iron is
an essential nutrient present in very low amounts in the gut and may play a role in virulence. Overall,
K. pneumoniae 11.55 was the strain equipped with the broadest set of virulence genes involved in
iron metabolism, including those encoding enterobactin (entB), yersiniabactin (irp1, irp2, and ybtS),
and, the sole strain among the 32 isolates, also the Yersinia siderophore receptor (fyuA).

In agreement with their commensal behavior, none of the K. pneumoniae strains were positive for
the two genes associated with invasive infections, i.e., the mucoviscosity-associated gene magA and the
regulator of mucoid phenotype rmpA [30,31], that are associated with a hypervirulent and hypermucoid
phenotype. In our isolates, the presence of other genetic determinants of virulence was sporadic or
quite rare. In the gut of the healthy host, the Enterobacterales resides in the outer loose mucus layer,
separated from the epithelial mono-cell barrier by an inner dense mucin coat [32]. During the infection,
they penetrate the mucus layer, interact with the epithelial cells, and may breach the mucosal barrier.
In case these enterobacteria strains reach other tissues, biofilm formation may act as a fitness factor
concurring to pathogenesis [33]. Adhesion factors and extracellular matrix components are involved in
formation of biofilms [34]. All but one strain produced biofilm in minimal medium M9, whereas this
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phenotype was less frequent when growth occurred in the rich medium LBWS. The higher extent of
biofilm formation in M9 is consistent with the fact that this mineral medium is more challenging for
these bacteria. Extracellular cellulose structures, determined in five strains, were consistent with the
capability to form biofilm on both media. Curli were found in a sole strain that presented also cellulose
structures (19.58 CA) and produced biofilm on both the substrates.

Based on genetic and functional features, some K. pneumoniae isolates present a higher potential
to cause infections, albeit they are present at low charge in the microbiota of healthy hosts. The link
between colonization and infection by K. pneumoniae in hospitalized patients has been demonstrated,
with robust evidence that their own microbiota is the main source of the infective strains [35,36].
Thus, potentially more virulent K. prneumoniae strains may take advantage of critical conditions,
becoming responsible for nosocomial infections [37].

The isolates of K. oxytoca, another prominent pathogen that may be involved in diseases and
life-threatening infections [38,39], generally encoded the siderophore gene entB, but were negative
to most of the other virulence genes. A sole strain harbored the gene encoding the yersiniabactin
siderophore. Biofilm production was a general feature of the K. oxytoca strains, regardless of the
presence of curli or cellulose structures.

Similar considerations are valid for the other NECE strains herein described, belonging to genera
that may have clinical relevance, such as Enterobacter, Citrobacter, and Cronobacter. The isolates were
generally capable of forming biofilm and producing curli and cellulose and were negative for most
virulence genes. However, unlike Klebsiella that shares many virulence genes with E. coli, the genetic
determinants of virulence of these genera have not been fully disclosed.

In this study emerged that NECE isolates from feces of healthy subjects are still quite susceptible
to most of the antibiotics. This is important, since any treatment of opportunistic outbreaks of
NECE (e.g., in case nosocomial infections) requires antibiotics, but resistance developments would
seriously curb the therapeutic options [40]. All the isolates of Klebsiella were sensitive to the whole
set of tested antibiotics. Amoxicillin-clavulanic acid was the sole antibiotic against which was
detected some resistance: the strains ascribed to the genus Enterobacter and the isolates belonging
to Citrobacter, Cronobacter, Hafnia alvei, Morganella morganii, and Serratia liquefaciens were all resistant
to this combination of antibiotics. Interestingly, Enterobacterales presented the highest increase in
terms of relative abundance in a short-term amoxicillin-clavulanic acid treatment in healthy adults [41].
Some genera belonging to this family, such as Enterobacter and Citrobacter, are recognized as intrinsically
resistant [42], and may take advantage to this antibiotic treatment. In general, the profile of resistance
was independent by the subject of the fecal sample, but two clusters encompassing sensitive or resistant
strains were sharply differentiated by taxonomy.

PFGE genotyping was carried out to evaluate the genetic similarity among the bacterial isolates
of this study and highlighted a wide dispersion of the strains, regardless their taxonomic attribution
and phylogenetic relationships. The spreading of the strains regardless of species or genera may be
attributed to the presence of plasmids, the horizontal acquisition of additional genes from diverse
species of Enterobacterales, and to the exchange of mobile elements that rapidly integrate and promote
DNA shuffling, in agreement with the capability of some strains to accept DNA by conjugation from
E. coli as a donor. However, the biochemical profiling mostly clustered the strains in species (data not
shown), confirming that energy production and conservation, and lipid, amino acid, and nucleotide
metabolism are part of the conserved reactome, despite the genome plasticity.

The Enterobacterales encountered in this study are generally recognized as opportunistic
pathogens, with some potential capability to cause disease, on the basis of predicted virulence
factors. Except for K. pneumoniae hypervirulent strains, NECE virulence seems more associated to the
host features than to the strain traits. According to the similar results obtained for the E. coli isolated
from the same cohort of healthy subjects, the absence of antibiotic resistance for most of the tested
antibiotics does not pose a serious challenge for infection control. This highlights the stratification
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of antibiotic resistance distribution among healthy and hospitalized/diseased subjects, with NECE
associated risk increasing with both illness and antibiotic therapy.

4. Materials and Methods

4.1. Isolation and Enumeration of Enterobacterales

Fresh fecal samples were collected from 20 healthy adult subjects who gave written informed
consent regarding their participation in the study in accordance with the protocol approved by the local
research ethics committee (reference number: 974/2019/SPER-UNIMO-ENTEROPOP; Comitato etico
dell’Area Vasta Emilia Nord, Italy). The subjects—10 males and 10 females aged 35 to 45, following
a western omnivore diet, and who had not been treated with prebiotics and/or probiotics for 1 month
and antibiotics for 3 months—were enrolled among the employees of the University of Modena and
Reggio Emilia and their relatives and were not in relationship with the researchers.

Feces were homogenized (10% wy/v) in isotonic Buffered Peptone Water (Sigma, Steinheim,
Germany), then serial dilutions were spread onto plates of HiCrome Coliform Agar (HCCA, Sigma)
and incubated at 37 °C. The medium differentiates E. coli (blue colonies) from NECE (salmon to red).
For each subject, up to 48 colonies of putative NECE were picked and clustered into biotypes with
ERIC-PCR [43] and RAPD-PCR [44] fingerprint presenting Pearson’s similarity > 75%.

4.2. PFGE Genotyping

PFGE was performed according to PulseNet protocol (http://www.cdc.gov/pulsenet/PDF/ecoli-
shigella-salmonella-pfge-protocol-508c.pdf). The genomic DNA was digested with 50 U of Xbal at
37 °C for 3 h. Fragments were resolved in a CHEF-DRIII apparatus (Bio-Rad, Hercules, CA, USA)
using counter-clamped homogeneous electric field electrophoresis (24 h at 6.0 V/cm; initial switch
time, 2.2 s; final switch time, 54.2 s). The run was digitally captured and analyzed with GelCompare
I 6.0 software (Applied Maths NV, Sint-Martens-Latem, Belgium). Dice coefficient was computed
to evaluate similarity between band profiles (position tolerance, 1%; optimization, 1%) and to derive
an UPGMA dendrogram (unweighted pair group method with arithmetic means). Strains were
ascribed to the same pulsotype if PFGE profile possessed >85% similarity.

4.3. Taxonomic Attribution

A strain for each biotype was taxonomically characterized by partial sequencing of the 165 rRNA
gene sequencing, utilizing primers targeting the V1-V3 portion. Primer sequences and PCR conditions
were set up according to Raimondi et al. [45]. The sequences, obtained from a service provider (Eurofins
Genomics, Ebersberg, Germany), were compared to those in SILVA SSU database utilizing SINA
Aligner v1.2.11 (https://www.arb-silva.de/aligner/).

In addition, the MALDI-TOF MS-based biotyping was carried using the MALDI Biotyper 3.1
system (Bruker Daltonics, Bremen, Germany). Sample preparation for MALDI-TOF MS was performed
as previously described with minor modifications [46]. Briefly, colonies of fresh overnight culture
were placed on a MALDI sample slide (Bruker Daltonics) and dried at room temperature. The sample
was then overlaid with 1 pL of matrix solution (x-cyano-4-hydroxycinnamic acid in 50% acetonitrile
and 2.5% trifluoroacetic acid) and dried at room temperature. A MALDI-TOF MS measurement was
performed with a Bruker MicroFlex MALDI-TOF MS (Bruker Daltonics) using FlexControl software
and a Escherichia coli DH5« protein extract (Bruker Daltonics) was placed on the calibration spot of
the sample slide for external calibration. Spectra collected in the positive-ion mode within a mass
range of 2000-20,000 Da were analyzed using a Bruker Biotyper (Bruker Daltonics) automation control
and the Bruker Biotyper 3.1 software and library (a database with 5627 entries). High confidence
species identification was accepted, if the log(score) was >2.00, low confidence species identification
log(score) values (>1.70 and <2.00) were accepted if the three best matches showed the same species
name. Any results with log(score)<1.70 were considered as an unacceptable identification.
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4.4. Profiling of Virulence Genes

All the isolates were screened by multiplex-PCR for the genes associated to 17 virulence factors:
allS, entB, fimH, fyuA, iroN, irpl, irp2, iutA, K2, kfu, kpn, magA, mrkD, rmpA, traT, ybtS, and ycfM.
Primer sequences and amplification conditions were set up according to El Fertas-Aissani et al. [19],
Compain et al. [20], and Johnson et al. [21]. In order to assess the possibility to obtain the amplicon
in the different NECEs species, a search with the primer-blast tool (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) was performed for all the set of primers developed for K. pneumoniae and E. coli.
The result of PCR amplification was reported only for the species in which the annealing and the
possibility to yield an amplicon were predicted.

4.5. Biofilm and Phenotype Assays

Biofilm formation was quantified with crystal violet in the microtiter assay described in [47].
Two growth media were compared: Luria Bertani without salt (LBWS) and M9 (BD Difco, Sparks, MD,
USA) containing 4 g/L glucose and 0.25 g/L yeast extract. Strains exhibiting a specific biofilm formation
(i.e., the ratio between crystal violet absorbance at 570 nm and culture turbidity at 600 nm) > 1. The data
herein reported are the means of three independent experiments, each carried out in triplicate.

The strains were screened for curli and cellulose production utilizing LBWS agar plates
supplemented with the appropriate stain [48]. Red colonies in Congo red-supplemented plates
were considered positive to curli. Colonies in calcofluor white-supplemented plates that emitted
fluorescence due to UV exposure (315-400 nm) were considered positive to cellulose.

4.6. Solid Mating Conjugation Experiments

The strains were screened as recipients in conjugation experiments with the donor E. coli N4i
pOX38:Cm (N4i: EcN immE?7 Gmr; pOX38:Cm: Tra+ RepFIA+ Cmr) [5]. The donor and the recipient
strains were cultured and put in contact onto LB plates under the conditions described in [5]. HCCA
and HCCA with 20 pg/mL chloramphenicol were utilized to differentiate recipient, transconjugant,
and donor colonies [5].

4.7. Antibiotic Susceptibility

The strains were tested for antimicrobial susceptibility with a Vitek2 semi-automated system
(bioMerieux, Marcy-l’Etoile, France). Minimum inhibitory concentrations (MICs) were interpreted
according to EUCAST (European Committee on Antimicrobial Susceptibility Testing—www.eucast.org)
and susceptibility (S) or resistance (R) were defined based on the following thresholds (mg/L): amikacin,
S < 8 and R > 16; amoxicillin/clavulanic acid, S < 8 and R > 8; cefotaxime, S < 8 and R > 2; ceftazidime,
S <8 and R > §; ciprofloxacin, S < 0.5 and R > 1; gentamicin, S < 2 and R > 4; piperacillin + tazobactam,
S <8 and R > 16; trimethoprim/sulfamethoxazole, S < 40 and R > 80.

4.8. Biochemical Characterization

The strains were tested for distinctive enzymatic reactions and metabolic routes utilizing AP120 E
test system (bioMerieux, France), according to the manufacturer’s instructions.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/5/1847/s1.
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Abbreviations

NECE non-E. coli Enterobacterales

HCCA HiCrome Coliform Agar

MALDI-TOF MS Matrix-assisted laser desorption ionization-time of flight mass spectrometry
ERIC Enterobacterial repetitive intergenic consensus

RAPD Random Amplification of Polymorphic DNA

UPGMA Unweighted pair group method with arithmetic means
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Abstract: Escherichia coli may innocuously colonize the intestine of healthy subjects or may instigate
infections in the gut or in other districts. This study investigated intestinal E. coli isolated from
20 healthy adults. Fifty-one strains were genotyped by molecular fingerprinting and analyzed for
genetic and phenotypic traits, encompassing the profile of antibiotic resistance, biofilm production,
the presence of surface structures (such as curli and cellulose), and their performance as recipients
in conjugation experiments. A phylogroup classification and analysis of 34 virulence determinants,
together with genes associated to the pks island (polyketide-peptide genotoxin colibactin) and
conjugative elements, was performed. Most of the strains belonged to the phylogroups Bl and B2.
The different phylogroups were separated in a principal coordinate space, considering both genetic
and functional features, but not considering pulsed-field gel electrophoresis. Within the B2 and F
strains, 12 shared the pattern of virulence genes with potential uropathogens. Forty-nine strains were
sensitive to all the tested antibiotics. Strains similar to the potential pathogens innocuously inhabited
the gut of healthy subjects. However, they may potentially act as etiologic agents of extra-intestinal
infections and are susceptible to a wide range of antibiotics. Nevertheless, there is still the possibility
to control infections with antibiotic therapy.

Keywords: Escherichia coli; typing; gut microbiota; PFGE (pulsed-field gel electrophoresis); virulence;
antibiotic resistance; conjugation; curli; co-occurrence

1. Introduction

E. coli are permanent colonizers of the human microbiota that may persist as gut commensals
without inducing any intestinal or extraintestinal infections. On the other hand, certain E. coli strains
may instigate infections not only in the gut but also in other districts, such as those caused by the
extraintestinal pathogenic E. coli (EXPEC) [1]. The commensalism or virulence of E. coli derives from
a complex balance between the whole status of the host and the presence and expression of virulence
determinants. Commonly, ExPEC strains reside as harmless commensals in the gut of healthy subjects.
However, these strains can cause an infection in compromised patients, in case they reach a usually
sterile extraintestinal site, such as the urinary tract [2]. The gut microbiota, therefore, act as a powerful
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reservoir of ExPEC strains potentially responsible for infections, with pathogenic and commensal
E. coli generally differing in terms of their phylogenetic backgrounds and virulence attributes [3].

The strains that innocuously colonize the intestine of healthy subjects may differ from those that
are prone to cause diseases, especially those in possession of accessory traits that confer fitness and
competitiveness and shape a specific relationship with the host. The virulence capability of E. coli
depends on adhesion, biofilm formation, attachment, acquirement of nutrients, competition with other
bacteria, toxin production, and avoidance or subversion of host defense mechanisms [4].

Adherence to the epithelial cells is mediated by surface structures or molecules, like fimbrial and
afimbrial adhesins, curli, and outer membrane proteins encoded by the pap cluster and other genes
(afa/draBC, fimH, focG, gafD, hra, iha, sfa/focDE, sfaS, and yfcV) [5]. Furthermore, E. coli exploits several
mechanisms of iron uptake that are associated with siderophores and other binding proteins encoded
by chuA, fyuA, ire, iroN, and iutA [5,6]. Indeed, like other pathogens, needing iron for metabolism,
E. coli must face the host’s response to infection, which involves a reduction in the amount of iron
available via a decrease of intestinal iron absorption, the synthesis of additional iron proteins, and
shifting iron from the plasma pool into intracellular storage. E. coli virulence is also enhanced by the
production of toxins (e.g., cytotoxic necrotizing factor 1, autotransporter toxins, and alpha hemolysin)
that target the cell’s skeleton, metabolism, or cytoplasmic membrane [5,7].

Genetic exchange increases the success of commensals in invasion, intracellular survival, and
spread, providing them with increased fitness and versatility. Hence, the boundary between
commensals and pathogens is made fainter by horizontal gene transfer. Mobile genetic elements, such
as transposons, plasmids, and insertion sequences, contribute to the plasticity of the E. coli genome,
resulting in an extremely large pangenome of more than 16,000 genes [8]. Moreover, horizontal gene
transfer favors the diffusion of antimicrobial resistance (AR) among both E. coli and other commensals,
thereby enlarging the spectrum of resistance and promoting epidemiological success, with a bloom in
worldwide public health concern associated with the misuse of antibiotics. In particular, conjugation is
one of the most important ways for genes to exchange in prokaryotes, leading to genetic variation
within a species and the acquisition of new traits. This process requires complex circuits that regulate
the transcription of conjugation genes, the assembly of conjugative pili, the formation of the mating
pore connecting donor and recipient cells, and the enzymatic processing of plasmid DNA to be
transferred [9].

Research interest has been manly focused on characterizing virulent clinical E. coli. [10], whereas
strains isolated from healthy subjects have been mainly investigated in comparative studies with
patients affected by specific diseases [11,12]. A few studies specifically describing the intestinal E. coli
of healthy subjects mainly focused on antibiotic resistance, without performing a thorough genetic
and phenotypic analysis of the strains [13-15]. The present study aimed to deeply characterize the
population of E. coli isolated from the feces of 20 healthy adults in order to determine whether the
relationship between PFGE genotyping, phylogroups, genetic determinants, and functional features
can be established. A set of 51 strains was analyzed and characterized according to a generally accepted
phylotype classification of E. coli that includes seven phylogroups of E. coli sensu stricto (A, Bl, B2, C,
D, E, and F) [16,17]. Thirty-four virulence determinants were searched, together with the pks island
claimed as a concurrent cause in the development of human colorectal cancer [18], the gene traD, as an
indicator of the presence of conjugative elements [19], the genes encoding E7 colicin (colE7), and the
immunity protein (immE7) [20]. Phenotypical characterization of the isolates included the AR profile,
the capability to form biofilms, and the presence of the surface structures involved in adherence.

2. Results

2.1. Quantitation, Phyloptyping, and Genotyping

E. coli were quantified in the feces of 20 healthy subjects by enumeration onto selective plates
and through qPCR. These techniques yielded consistent values (p = 0.34), ranging from 3.4 x 10° to
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9.3 x 107 cfu, or cells per g of feces (Figure 1; Table S1). The ratio between the E. coli and total bacteria
ranged from 5.6 X 107 to 1.9 x 1073, with a mean of 2.8 x 107°.

12 4

H
(e} o
1 1

> %

Logio (bacteria/qg)

Total bacteria E. coli E. coli
(gPCR) (gPCR) (HCCA)

Figure 1. Counts of E. coli and total bacteria in the feces of 20 subjects. Boxes indicate the median
and 25th and 75th percentiles; whiskers indicate the 10th and 90th percentiles. * indicates the means
that did not significantly differ (p > 0.05, paired samples t-test). HCCA, HiCrome Coliform Agar (the
selective medium for E. coli).

Ninety-six colonies per sample were randomly selected and clustered based on their ERIC-PCR
and RAPD-PCR profiles (Table 1). When profiles were similar across different hosts, an isolate was
picked from each of the subjects. A collection of 51 E. coli strains was obtained, also encompassing
10 B-glucuronidase-negative clones isolated from the same samples during a parallel study that
aimed to characterize Enterobacteriaceae other than E. coli (which were ascribed to this species by
a MALDI Biotyper matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) system
(Bruker Daltonik GmbH, Bremen, Germany) [21]). Within each sample, one to five biotypes were
recognized, with most of the samples (14 out of 20) characterized by a dominant biotype (>80%).
According to the Xbal PFGE analysis, the 51 strains were ascribed to 44 different pulsotypes (Figure 2).

The strains were assigned to a phylogroup according to Clermont et al. [17] (Table 1). The most
prevalent phylogroup was B2 (14 strains), followed by B1, F, A, D, E, and C (12, 7,7, 5, 4, and 2 strains,
respectively). The strains of phylogroup B2 presented the highest absolute charge and were the most
abundant within the E. coli population, accounting for the all colonies recovered from several samples.
B1 phylogroups were detected at lower concentrations and represented a minor subpopulation (Table 1).
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Table 1. E. coli isolates from 20 healthy subjects. The strains were genotyped by ERIC-PCR, RAPD-PCR, and PFGE analysis. The relative abundance represents the
ratio of each strain within the set of E. coli clones analyzed. The charge of the viable cells has been calculated by multiplying the total E. coli count and the relative

amount. Phlylotyping was done according to Clermont et al. 2013 [17]. The presence of 3-glucuronidase was confirmed by growth of blue colonies on the HCCA

medium. The performance of isolates as recipients in conjugation experiments was assessed only in 3-glucuronidase negative strains. Biofilm formation was tested on

LBWS and M9glu media. Curli and cellulose production was determined.

Genotyping and Phyloptyping Phenotype Assays
E. coli
. ERIC-PCR Biofilm
Strain RAPD',PCR Xb “I'P_FGE Phylo-Group p-glu Conju-Gation ——— Cellulose
Profile Relative Abundance Log (cfu/g) Profile Profile LBWS M9

01.01 E01 100% 7.56 RO1 P01 Bl + - - -
02.03 E02 8% 5.22 R02 P02 B2 + - - -
02.16 E03 92% 6.28 RO3 P03 F + + - +
03.25 E04 99% 7.52 R04 P04 B2 + + - -
03.73 E05 1% 5.53 RO3 P05 A + + + -
04.05 E06 5% 4.22 RO5 P06 A + + - -
04.06 E07 70% 5.37 R06 P07 B2 + - - -
04.10 E08 25% 4.92 RO7 P08 E + - - +
05.20 E07 96% 7.78 R02 P09 B2 + - - +
05.47 E09 4% 6.40 RO8 P10 Bl - - - -
06.16 E07 100% 7.28 RO7 P11 B2 + - - -
07.09 E10 100% 6.45 RO4 P12 D + + - -
08.01 El1l 18% 491 R09 P12 D + + - -
08.02 E12 5% 4.37 R10 P13 A + - + -
08.10 E13 5% 437 R11 P14 A + + + -
08.27 E14 36% 5.20 R11 P15 Bl - - + -
08.57 E15 34% 5.18 R12 P16 F - - - -
08.109 El6 2% 3.86 R13 P17 F - - - -
09.13 EO1 92% 7.09 R14 P18 C + + - +
09.21 E17 4% 5.73 R12 P19 F + - - -
09.42 E07 4% 5.73 R12 P09 B2 + - - -
10.17 E04 100% 7.62 R12 P04 B2 + + - -
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Table 1. Cont.

Genotyping and Phyloptyping Phenotype Assays
E. coli
. ERIC-PCR Biofilm
Strain RAPD'_PCR Xb “I'P_FGE Phylo-Group p-glu Conju-Gation —————— Curli Cellulose
Profile Relative Abundance Log (cfu/g) Profile Profile LBWS M9
11.02 E18 50% 7.67 R15 P20 A + - - - -
11.04 E19 9% 6.91 R10 P21 A + - - - -
11.06 E07 37% 7.54 R16 P22 B2 + - - - -
11.16 E20 4% 6.57 R17 P23 B2 + - - - -
12.04 E13 71% 7.43 R18 P24 B2 + - - + -
12.09 El1l 29% 7.04 R18 P25 D + - - - -
13.01 E01 3% 4.98 R19 P26 Bl + - - + -
13.03 El1 1% 4.47 R11 P27 D + - - + +
13.20 E21 97% 6.46 R13 P28 - - - - - -
14.03 E22 100% 6.85 R13 P29 + - - + -
15.01 E07 9% 6.45 R13 P30 B2 + - - - +
15.02 E01 87% 7.45 R11 P31 Bl + + - + +
15.13 E11 4% 6.15 R20 P32 D + - - + -
16.04 E21 1% 5.74 R21 P33 F + - - - -
16.15 E01 1% 5.74 R22 P34 Bl + + - + -
16.27 E21 98% 7.73 R23 P33 F - - - - - -
17.10 E23 87% 7.45 R23 P35 A + - - - -
17.18 E07 13% 6.63 R24 P36 B2 + + - - -
18.03 E24 39% 6.25 R25 P37 Bl + - + - -
18.09 E13 41% 6.28 R25 P24 B2 + - - + -
18.18 E25 19% 5.93 R13 P38 E + - - - +
18.50 E26 1% 4.70 R21 P39 Bl - + - - - -
19.02 E07 100% 7.19 R14 P40 B2 + + - - -
20.04 E27 12% 6.39 R26 P41 Bl + - - + -
20.17 E28 5% 6.01 R12 P42 C + - - + -
20.27 E29 53% 7.03 R27 P43 E + + - + +
20.50 E30 22% 6.65 RO4 P44 Bl - + - - - -
20.51 E31 4% 5.91 R0O6 P44 Bl - + - - - -

20.71 E09 4% 591 RO6 P44 Bl - + - - - -
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Figure 2. The Xbal-PFGE pattern of E. coli strains: a UPGMA dendrogram derived from Dice’s
coefficients, calculated based on their band profiles. Patterns with similarities >85% (dashed line) were

ascribed to the same pulsotype. Strains are colored based on their phylogroup: A, cyan; B1, blue; B2,

green; C, yellow; D, red; E, grey; F, pink.
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2.2. Virulence Factors

Thirty-four genetic determinants encoding virulence factors that potentially enhance the risk of
infections were screened by PCR. Most of the strains were positive for fimH, fyuA, ompT, traT, chuA,
and kpsMTII (47, 36, 35, 35, 32, and 27 strains, respectively). On the other hand, afa/draBC, cnfl, focG,
hlyD, ibeA, rfc, sfa/focDE, and sfaS recurred rarely (< 5 strains), while cdtB, gafD, pic, and vat were absent
in all the strains (Figure 3). Based on virulence factors, all the strains belonging to the phylotypes B2, D
(with an exception), E, and F clustered together (Figure 4). Strains ascribed to the phylotypes C were
grouped in another cluster that also included the majority of B1 and most of the A isolates. A single Bl
strain lay outside both clusters.

Iron binding
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Figure 3. The pattern of genetic determinants in the 51 E. coli strains, ordered on the basis of their
phylotypes. Virulence genes coding for adhesins, toxins, iron binding proteins, and protectins were
screened. The presence of the pks pathogenicity island and other genes involved in the conjugation
machinery were searched. Purple squares, presence; white squares, absence.
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Figure 4. UPGMA dendrogram of E. coli strains, computed from Dice’s distance matrix of the virulence
determinants. Strains are colored based on their phylogroups: A, cyan; Bl, blue; B2, green; C, yellow;
D, red; E, grey; F, pink.

2.3. Other Genetic Determinants Affecting Fitness and Pathogenicity

E. coli strains were screened for the presence of the pks pathogenicity island (Figure 3). The genes
clbB and cIbN, utilized as markers, were found in 11 out of 51 strains, 3 ascribed to phylotype A and
8 to B2.

The presence of traD was investigated to establish the potential in conjugative DNA exchange.
Most isolates were positive to traD (32/51), including the the majority of pks-positive strains (Figure 3).
traD was distributed differently among the phylogroups: most B2, C, D, and F strains harbored the
gene, while only a minority within A and B1 did the same. When the same subject harbored more
biotypes, some isolates bore traD while others did not.

The genes colE7 and immE7, respectively encoding the bactericidal nuclease Colicin E7 and the
corresponding immunity protein, were searched. Two strains harbored both the genes.

2.4. Antibiotic Susceptibility

Phenotypic antibiotic susceptibility tests were carried out on the 51 E. coli strains (Table S1). Nearly
all the isolates were extensively sensitive to the whole set of tested antibiotics (49/51). Only 2 strains
recovered from the same fecal sample, belonging to the phylogroups B2 (17.18) and A (17.10), were
resistant to gentamycin. E. coli 17.10 was also resistant to ciprofloxacin.

2.5. Conjugation

The 10 3-glucuronidase-negative E. coli strains, belonging to phylotypes B1 (6) and F (4), were
challenged as conjugation recipients for receiving the pOX38: Cm plasmid from E. coli N4i (Table 1).
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The plasmid transfer to most of the strains succeeded with high efficiency: all the B1 strains and 2 out
of the the 4 F strains acquired the plasmid.

2.6. Production of Curli and Cellulose and Biofilm Formation

The production of curli was assessed by observing the colonies grown in CR-containing LB agar
plates. B2 and F strains presented the lowest ability to bind CR dye (2/14 and 1/7, respectively), whereas
C, D, and E strains seemed to be inclined to produce curli (Table 1). The occurrence of cellulose-like
extracellular components was analyzed by growing the isolates on LB plates supplemented with CF.
The ability of the strains to bind CF was less frequent (9/51) than their ability to bind CR.

E. coli strains were assayed for biofilm formation in LBWS and M9glu. Most of the strains did
not form a biofilm (Figure 5). Formation occurred more frequently in LBWS than in M9glu (13/51
and 5/51 strains, respectively). Only two strains, both ascribed to phylotype A (03.73 and 08.10),
produced a biofilm in LBWS and M9glu. For five other strains, the score of the biofilm formation
ranged between 0.6 and 0.8. All but one of these strains presented a very high standard deviation
(>0.5; Figure 5), suggesting that biofilm formation was sensitive to environmental conditions that were
hardly controlled by the operator.
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Figure 5. formation of E. coli strains on LBWS (blue bars) and M9glu (yellow bars). The specific biofilm
formation index (SBF) is calculated as the ratio between the crystal violet absorbance at 570 nm and
the culture turbidity at 600 nm, setting a threshold of 1 for biofilm producers (red dashed line). The
reported data are means + standard deviations of at least three independent experiments, each carried
out in triplicate. The names of the strains are colored based on their phylogroups: A, cyan; Bl, blue; B2,
green; C, yellow; D, red; E, grey; and F, pink (hereafter referred to as LBWS and M9glu, respectively).

2.7. Co-Occurrence and Principal Coordinate Analysis (PCoA) Analysis of Genetic and Functional Features

A co-occurrence analysis was applied to the whole set of genetic and function observations
(Figure 6). The presence of pks islands and several virulence determinants was significantly associated
(p < 0.05 or < 0.01) to certain genotypic classifications (such as the ERIC profile, the pulsotype, and
the phylogroup). In particular, the genes encoding some adhesins (iha, papAH, papC, papF, and sat),
iron binding proteins (chuA, fyuA, and iutA), protectins (kpsMTII and traT), and malX, ompT, usp, and
traD were significantly associated to phylogroups and presented a significantly positive tendency to
co-occur within the same strains (p < 0.05 or 0.01).
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Figure 6. Genetic determinants and phenotypic properties evaluated by Cramér’s V metrics. Association
with genotype/phylotype clusters, grey; positive co-occurrence, green; negative co-occurrence, red.
Dark and light shades indicate the levels of statistical significance (p < 0.01 and p < 0.05, respectively).

With regards to the phenotypic features involved in bacterial adhesion, the production curli were
significantly associated with the phylogroup (p < 0.01). Although biofilm formation was not frequent,
curli presented a significant co-occurrence with the biofilm in the LBWS medium.

A Principal Coordinate Analysis (PCoA) was applied to assist in the identification of clusters,
taking into account both their genetic and functional features (Figure 7). The first two coordinates were
the most informative, accounting for approximately 28.9% and 10.2% of the total observed variances.
In the PCoA plot, PCol separated B2 and F strains from B1, C, and E ones (negative and positive PCol,
respectively). F strains were grouped in two clusters. With respect to PCo2, most of the A, C, D, and E
strains lie in the positive quadrants.
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Figure 7. 2D Principal Coordinate Analysis (PCoA) visualization of E. coli strains, computed from
the Dice’s distance matrix of genetic and phenotypic determinants. Strains are colored based on their
phylogroup: A, cyan; Bl, blue; B2, green; C, yellow; D, red; E, grey; F, pink.

3. Discussion

Fifty-one E. coli strains were isolated from the feces of 20 healthy adults and genotypically and
phenotypically characterized. Most of the strains belonged to phylogroups B1 (12) and B2 (14). Several
B2 strains presented a greater attitude to colonization, with higher charges and an overall dominance
in the strains belonging to other phylotypes. This result is consistent with the fact that B2 strains
showed an enhanced ability to persist in the intestinal microbiota, as demonstrated in infants [22,23].
B1 strains, on the contrary, showed lower performance in colonization, generally representing minor
E. coli subpopulations within each sample.

Phylogroup classification and PFGE pulsotypes were consistent, but the strains belonging to
the same phylogroups were spread over different clades of the PFGE dendrogram, with only D
isolates clustered together. PEGE analysis targeted the whole genome, most of which is composed
of accessory genes that can be acquired by horizontal gene transfer. The PFGE fingerprint of E. coli
results from the digestion of a genome, the size of which, including plasmids and prophages, ranges
approximately from 4.6 to 5.9 Mbp, encoding from 4200 to 5500 genes [3]. This huge difference is
mainly due to the genes associated with bacteriophage elements and involved in virulence or resistance
to antimicrobials. The phylotypes recognized in this study were shuffled in PFGE, likely because of the
genome evolution, which was mainly due to the recombination and horizontal transfer that broke the
old phylotype relationships, thereby emphasizing more recent changes. On the other hand, MLST
typing, the gold-standard approach for E. coli classification, allows a phylotyping-consistent analysis,
because MLST is based on the conserved nature of the housekeeping genes of the core genome [24].
However, when both the genetic and functional features of each strain were elaborated together in this
study (Figure 7), the different phylogroups clustered separately in a PCoA space.

The majority of the strains were sensitive to all the tested antibiotics, including amoxicillin plus
clavulanic acid and cephalosporins, the most diffused antibiotics for the first management of infections.
Two sole exceptions, resistant to gentamycin and ciprofloxacin, were isolated from the same subject.
The absence of the AR phenotype does not exclude the presence of AR genes, which may be expressed
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in vivo or can be involved in the diffusion and spread of AR genes [25]. However, the rapid emergence
of resistant bacteria occurring worldwide attributed to the overuse and misuse of antibiotics, healthy
subjects harbor an endogenous E. coli population still sensitive to a wide range of antibiotics, contrary
to the pathogenic strains isolated from different clinical specimens [26—28]. The scarce relevance of
commensal E. coli as an AR carrier disagrees with other studies [29-32] but is consistent with a recent
analysis of metagenomes that investigated AR genes in the gut microbiota of healthy people. As a
whole, the results show that commensal E. coli may not pose a threat by itself in terms of AR, though
major differences are registered among countries [33,34].

The great variability of pathogenicity-associated features suggests that the genetic determinants of
virulence had a role in shaping the genome of the isolates. A significant co-occurrence was observed in
a set of B2 and F strains for pap genes (papAH, papC, papEF), encoding proteins of the fimbria favoring
the ascension of the urinary tract and promoting colonization and infection, sat, which is associated
with a cytopathic secreted autotransported toxin exerting effect, kpsMTII, the marker of K2 capsular
polysaccharides, which plays a main role in pathogenesis, chuA (heme receptor), yfcV (Yfc fimbria),
along with fyuA, malX, usp, ompT (Figure 3; Figure 6). Among them, twelve strains, belonging to the
phylogroups B2 (03.25, 04.06, 06.16, 10.17, 12.04, 18.09, and 19.02) and F (08.57, 08.109, 13.20, 16.04,
and 16.27), presented a pattern of virulence genes similar to that of the strains responsible for urinary
tract infections, on the basis of the presence of the genes chuA (heme receptor), yfcV (Yfc fimbria),
along with fyuA (Yersinia siderophore receptor) and ompT (aspartyl protease) [35]. This reinforces the
idea that it is possible that pathogenic E. coli potentially inhabit the gut of healthy subjects without
instigating infections, although they can act as etiologic agents of extra-intestinal infections, without
a clear distinction between commensal E. coli and pathogens.

Capsular polysaccharides represent a class of macromolecules contributing to the surface properties.
They are involved in important biological processes including adhesion and resistance to the host’s
immune responses, such as complement-mediated killing and phagocytosis [5]. Many strains (27/51)
carried kpsMTII, among which six strains also carried kpsMTIII, encoding another capsular antigen.
Macromolecules on the surface of bacteria confer ultrastructural stability are important for recognition
by, and interaction with, the environment and in pathogenic bacteria form a defensive barrier against
the host’s immune system. All but one strain was negative to the afa/draBC gene, excluding the presence
of afimbrial adhesins encoded by the afa operons [36]. Likewise, for capsular polysaccharides, curli are
involved in adhesion and strengthen E. coli defenses, particularly against complement-mediated killing
by the host, thereby contributing to the pathogenic potential of strains [37]. The positive relationship
between curli and biofilm formation was confirmed in the present study, although the latter feature
was not frequent among the observed strains. Interestingly, the phylogroups B2 and F, which include
the strains with the largest set of potential pathogenic determinants, are less prone to produce curli,
a condition that may increase their susceptibility to host defenses.

E. coli pathogenicity islands serve as integration sites for genetic elements. Thus, virulence genes
and AR determinants can be rapidly and simultaneously acquired, changing commensal strains into
major risk agents [38]. Nineteen stains, representing most of the B2 or F isolates, harbored a PAI
island, which produced a positive result for the maltose- and glucose-specific component Ila of the
phosphoenolpyruvate dependent phosphotransferase system (malX). Furthermore, all the isolates also
carried the gene usp, encoding a putative bacteriocin generally located on the PAI [31]. Eleven out
of 51 strains, belonging to the phylogroups A and B2, harbored the 54-kb polyketide synthases pks
pathogenicity island, encoding the multi-enzymatic machinery for the synthesis of a peptidepolyketide
hybrid genotoxin called colibactin [39]. hlyF, encoding for the toxin x-emolysin [40], occurred in other
strains, which were spread over most of the phylotypes.

The potentiality of the isolates to exchange genetic material was assessed by searching the gene traD
and challenging the 3-glucuronidase negative E. coli strains as recipients in conjugation experiments.
traD is a key gene in the conjugation process, encoding a main component in the transferosome of
type IV secretion systems [19]. The presence of traD has been chosen to screen the presence of the
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conjugation apparatus and the potentiality of the strains to exchange DNA. The majority of the strains
(32/51) carried traD, regardless of the phylotype group. When more than a single E. coli strain was
identified in the same subject (Table 1), some isolates encoded traD and others did not. The 9 strains
harboring the iss gene (responsible for the increased survival of bacteria in the serum and generally
carried by the big virulence plasmid, ColV) were all positive to traD, according to the fact that ColV
plasmids are usually conjugative [41]. The majority of -glucuronidase-negative strains, assayed
as recipients in the conjugation experiment, received the plasmid (8/10), confirming their receptive
aptitude for the genetic exchange and DNA shuffling of commensal E. coli. Interestingly, 2 of the 8
transconjugant strains harbored traD, a putative marker of a conjugative plasmid that is expected to
exclude the acquirement of another plasmid through conjugation.

The fitness and competitiveness of the bacteria can be improved by bacteriocin production, which
is generally associated with the counterpart immunity protein, thereby protecting the producing host
cell from the lethal action of the bacteriocin. Colicins are plasmid encoded toxins produced by E. coli
under conditions of stress and able to kill related bacteria competing for niches and nutrients. Colicin
E7, and its immunity counterpart, InmE?7, have been used to develop bacterial conjugation-based
antimicrobial agents [42,43]. The antibacterial activity of the colicin ColE7, bacterial “kill”—"anti-kill”
antimicrobial system has been determined, thereby offering new perspectives in the development of
E. coli targeted antimicrobials. The strains isolated in this study were screened for the presence of the
colE7 and immE7 genes, in order to investigate the susceptibility of commensal strains to the action
of recombinant antimicrobials. Most of the strains were negative for both the genes, suggesting that,
if necessary, they could be potentially vulnerable to this new approach.

4. Materials and Methods

4.1. Isolation and Enumeration and of E. coli

Fresh fecal samples were collected from 20 healthy adult subjects, who were all caucasians:
10 males and 10 females aged 35 to 45, following a western omnivore diet, who had not been treated
with prebiotics and/or probiotics for 1 month and antibiotics for 3 months. They did not have any
relevant diseases or drug treatments in their medical histories. These subjects were enrolled as
volunteers among the employees of the University of Modena and Reggio Emilia and their relatives
and were not in a relationship with the researchers. All human clinical samples were collected after the
subjects gave written informed consent for their participation in the study. All personal data used in
the study were anonymized.

Fresh fecal samples were homogenized (10% w/v) and serially diluted in isotonic Buffered Peptone
Water (Sigma, Steinheim, Germany). Then, they were spread onto HiCrome Coliform Agar (HCCA,
Sigma) and incubated. After 24 h at 37 °C, the putative E. coli colonies were checked for indole
production with Kovac’s reagent (Sigma). Colonies that exhibited consistent reactions were ascribed to
the species E. coli. Isolates were maintained and propagated in a Luria Bertani (LB) medium aerobically
at 37 °C.

A total of 96 E. coli clones per sample were subjected to ERIC-PCR [44] and RAPD-PCR [45] and
clustered into biotypes with a similarity level of 75% using the Pearson correlation coefficient. For each
strain, the concentration was determined by multiplying the relative abundance and total plate count
of E. coli.

For qPCR quantification, the feces were suspended in PBS pH 7.8 (10% w/w). Bacterial gDNA
was extracted with the QIAmp DNA Stool Mini Kit (Qiagen, Hilden, Germany), quantified with
a NanoPhotometer p-Class (Implen GmbH, Munchen, Germany), diluted to 2.5 ng/uL in a TE buffer
(pH 8), and subjected to qPCR analysis, with primers targeting eubacteria and E. coli. [46]. The mixture
contained 10 pL of SsoFast EvaGreen Supermix, 4 pL of each 2 uM primer, and 2 pL of the template.
qPCR reactions were carried out with the CFX96 Real-Time System (Bio-Rad Laboratories, Redmond,
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WA, USA) according to the following program: 98 °C for 2 min; 45 cycles at 98 °C for 0.05 min, 60 °C
for 0.05 min, and 95 °C for 1 min; 65 °C for 1 min.

4.2. Phyloptyping and PFGE Genotyping

Standard multiplex PCR was used for all the isolates, according to the revisited phylotyping
method published by Clermont et al. [17]. PEGE was performed according to the PulseNet protocol [47].
The genomic DNA was digested with 50 U of Xbal at 37 °C for 3 h. Macrorestriction fragments were
resolved by counter-clamped homogeneous electric field electrophoresis in a CHEF-DRIII apparatus
(Bio-Rad, USA). The run time was 24 h at 6.0 V/cm, with initial and final switch times of 2.2 s and 54.2 s,
respectively. PFGE images were digitally captured and analyzed with the GelCompare II 6.0 software
(Applied Maths NV, Belgium). Dice’s coefficients were calculate based on the band profiles, setting the
position tolerance at 1% and the optimization at 1%. A similarity dendrogram was derived using the
unweighted pair group method with arithmetic means (UPGMA). Strains were ascribed to the same
pulsotype if the PFGE profile possessed >85% similarity.

4.3. Virulence Genotyping

All the isolates were screened by multiplex-PCR for a carriage of 34 genes associated to virulence
factors: afa/draBC, cdtB, chuA, cnfl, cvaC, fimH, focG, fyuA, gafD, hlyD, hlyF, hra, ibeA, iha, ire, iroN, iss,
iutA, KpsMTII, kpsMTIII, malX (PAIL), ompT, papAH, papC, papEF, pic, rfc, sat, sfa, sfaS, traT, usp, vat, and
yfcV. Primer sequences, the pool of primers, and amplification reactions were set up according to
Johnson et al. [48].

4.4. Detection of the Genes traD, colE7, immE7, and of pks Island

A triplex-PCR was utilized to screen the isolates for the presence of the genes colE7,
immE7, and traD, utilizing the primers, colE7-F/colE7-R2 (5'-AAGTCAGATGCTGATGTTGC-3'/
5-ATAGACACCACCATTTTGGC-3'), immE7-F/immE7-R2 (5'-GCAACTGATGATGTGTTAGATG-3'/
5'-TGTTTAAATCCTGGCTTACCG-3'), and traD-F/traD-R2 (5'-GATAAATACATGATCTGGTGCGG-3'/
5 -TTGATGGAAAGCAGTGTGTC-3'), respectively, specifically developed in this study. The amplification
reaction was carried out in a final volume of 50 pL containing 5 uL of 10X Dream Taq Green Buffer, 5 uL
dNTP Mix (2 mM each), 0.25 uL. Dream Taq, 9 pL primer mix (2 uM each), and 50 ng of template DNA.
The thermocycle was: 95 °C for 5 min, 30 cycles at 95 °C for 30 sec, 58 °C for 30 sec, and 72 °C for 1 min;
and 72 °C for 7 min.

The polyketide synthases pks pathogenicity island was searched by duplex-PCR, amplifying the
clbB and cIbN genes located at the 5 and 3’ regions of the island, according to Sarshar et al. [49].

4.5. Antibiotic Susceptibility

Antimicrobial susceptibility was tested with a Vitek2 semi-automated system (bioMerieux,
France). Minimum inhibitory concentrations (MICs) were interpreted according to EUCAST (European
Committee on Antimicrobial Susceptibility Testing—www.eucast.org). Clinical breakpoints for the
tested antibiotics were expressed as mg/L (S, susceptible; R, resistant): for amikacin, S < 8 and R > 16;
for amoxicillin/clavulanic acid, S < 8 and R > 8; for cefotaxime, 1 < 8 and R > 2; for ceftazidime, S < 8
and R > 8; for ciprofloxacin, S < 0.5 and R > 1; for gentamicin, S < 2 and R > 4; for piperacillin +
tazobactam, S < 8 and R > 16; and for trimethoprim/sulfamethoxazole, S < 40 and R > 80.

4.6. Biofilm and Phenotype Assays

Biofilm formation was assayed by crystal violet (CV) staining, as described in [50]. E. coli strains
were cultured in LB without NaCl and in an M9 medium (BD Difco, Sparks, Maryland, USA) containing
4 g/L glucose and 0.25 g/L yeast extract (hereinafter referred to as LBWS and M9glu, respectively). The
specific biofilm formation (SBF) index was calculated as the ratio between CV absorbance at 570 nm
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and the culture’s turbidity at 600 nm, setting a threshold of 1. The data reported here are the means of
3 independent experiments, each carried out in triplicate.

Curli and cellulose formation were assayed in LBWS agar plates supplemented with congo red
(CR) or calcofluor white (CF), respectively, according to [51]. Red colonies were considered positive to
CR. Emission of fluorescence as result of UV exposure (315-400 nm) was considered positive to CE.

4.7. Solid Mating Conjugation Experiments

The donor strain E. coli N4i pOX38: Cm (N4i: EcN immE?7 Gmr; pOX38: Cm: Tra+ RepFIA+
Cmr) was derived from E. coli Nissle 1917 [42,43]. The donor was cultured aerobically at 37 °C in LB
supplemented with 15 ug/mL gentamycin and 20 pg/mL chloramphenicol, while the recipients were
cultured in LB. Overnight donor and recipient cultures were seeded in their respective media (1%
v/v) and aerobically incubated for 2 h. One mL of the recipient exponential culture was centrifuged
(10,000 g for 5 min at 4 °C) and resuspended in 400 pL of the donor exponential culture. The whole
volume was spread onto an LB-agar plate and incubated at 37 °C for 4 h, and then the cells were
collected from the surface with 1 mL of PBS, serially diluted, and spread onto HCCA to differentiate
the recipient and transconjugant from the donor colonies and HCCA supplemented with 20 pg/mL of
chloramphenicol to select and differentiate the transconjugant from the donor colonies.

4.8. Statistical Analysis

Dice’s coefficient was utilized to gauge the distance between strains, based on the sets of binary
data, i.e., the presence/absence of genes or phenotypic properties. Distance matrices between strains
were utilized to compute and display UPGMA dendrograms and Principal Coordinates Analysis plots.
The co-occurrence of genetic determinants and phenotypic properties were evaluated by means of
contingency tables and Cramér’s V metrics, considering the limit of significance as p < 0.01 and p < 0.05.
Statistical analyses were performed with the SPSS Statistics 21 software (Armonk, New York, USA).

5. Conclusions

A characterization of E. coli isolated from fecal samples of healthy subjects was performed. Several
strains had the potential to cause extraintestinal infections because of the presence of genes associated
with adhesins, siderophores, and toxins. The recurrence of strains sharing a pattern of virulence genes
similar to that of potentially pathogenic strains may pose a health threat. However, a main outcome
of this study shows the great sensitivity of the isolates to antibiotics, which are susceptible to the
common antimicrobial therapy used for Gram-negative bacteria, such as amoxicillin/clavulanate. This
suggests that the E. coli populations inhabiting the gut of healthy subjects and of patients are more
likely differentiated on the basis of AR than virulence factors, emphasizing the importance of the
prudent use of antibiotics in the general population.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/7/8/251/s1.
Table S1: Dataset of all the genetic determinants and the phenotypic features of E. coli isolates.
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