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Summary

In the last decade, the advent of the Next-Generation high throughput Sequencing (NGS) technologies
allowed to shed light on the composition and functionality of the microbial populations inhabiting
humans and other animals, i.e. microbiota. In humans, it has been estimated that 10'* microorganisms
reside in several compartments of the body such as the surface of skin and in the gastrointestinal,
genitourinary and respiratory tracts. The gastrointestinal tract, which has the large numbers of
microorganisms in humans, included specific compartments such as mouth, esophagus, stomach,
small intestine, large intestine (colon), rectum, and anus. The range of published studies focusing on
this topic revealed that the gut microbiota is largely responsible for the overall health status of the
host. In detail, the complex activities exerted by the gut microbiota impact on several functions of its
host, including gut physiology, intestinal metabolism, and immune system modulation. While the gut
microbiota composition is influenced by factors such as diet, lifestyle and environment, the alteration
of the gut microbiota composition, i.e. dysbiosis, has been associated with a large array of human
disorders and diseases such as inflammatory bowel diseases (IBD) and irritable bowel syndrome
(IBS), colorectal cancer (CRC), metabolic diseases and allergic disease.

The major role of the microbiota in defining the health status of the host led to extensive study of
farm animals. The gut microbiota of healthy animals is supposed to exert a significant role in nutrient
assimilation, vitamin and amino acid production as well as prevention of pathogens colonization.
Moreover, the livestock animal gut microbiota may also act as a source of bacterial pathogens that
can spread to human beings or to exploit a role as a reservoir of antibiotic-resistance determinants,
which can be transferred to other microorganisms including opportunistic pathogens.

The aim of this Ph.D. thesis is to explore the role of intestinal bacteria in human and animal health.
In particular, it aims to investigate compositional and functional differences of poultry animals kept
under different housing regimes and nutritional circumstances. Furthermore, focusing the interest on
human beings, a comparison between all publicly available human gut shotgun metagenomic datasets
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corresponding to urbanized and pre-agricultural societies allowed to validate the assumption that
urbanization/industrialization processes have significantly influenced the composition and
functionality of the human gut microbiome. Additionally, these metagenomic data allowed genome
reconstruction of bacterial taxa that seem to have been lost or gained by individuals living in urban-
industrialized countries. Consequently, this PhD thesis also evaluates the correlation between human
gut microbiota and diseases in order to identify possible microorganisms known as microbial

biomarkers associated with a health/disease status.



Chapter 1

General Introduction



A. General features of the gut microbiota

The human and animal body harbor trillions of microbial cells whose synchronized actions are
supposed to exert a key role in the host life. Such microbial cell populations spread their highest
density in the intestinal compartment where they collectively form a complex microbial community
known as the gut microbiota (Lozupone, et al., 2012). The gut microbiota may be constituted by
microorganisms belonging to any of the three domains of life, i.e. Archaea, Bacteria and Eukarya,
while they also comprise viruses. These microorganisms are known to establish complex trophic
relationships with each other and their human/animal host, ranging from symbiosis to parasitism
(Ventura, et al., 2009). In the gut microbiota may reside autochthonous, also known as indigenous,
and allochthonous or transient microorganisms (Ventura, et al., 2009). Consequently, only a rather
small number of (opportunistic) pathogens are considered inhabitants of the gut microbiota, residing
unperturbed within the enteric host microbiota, only to become a health risk to the host when the gut
ecosystem is altered and the gut microbiota homeostasis becomes disrupted.

The gastrointestinal (GIT) microbiota composition (Figure 1) may be influenced by several
environmental parameters, such as availability of nutrients, water activity, pH, oxygen levels/redox
state and temperature, allowing many populations to flourish and employing diverse activities while
interacting with their environment, including that of their hosts (Ursell, et al., 2012).

The abundant and diverse members of the normal gut microbiota, i.e. microbiota in eubiosis, have
specific function in host nutrient metabolism, xenobiotic and drug metabolism, maintenance of
structural integrity of the gut mucosal barrier, immunomodulation, and protection against pathogens
(Eggesbo, et al., 2003, Huh, et al., 2012, Sevelsted, et al., 2015). In the eubiotic microbiota the
microorganisms spread a climax status represented by the establishment of an homeostasis between
all its members (Tamboli, et al., 2004). The alteration of the normal gut microbiota triggered by a
wide range of factors, i.e. dysbiosis, can cause shifts in this microbiota balance, thus disrupting the

gut microbiota homeostasis. Dysbiosis is usually correlated with harmful effects and may have long-



term consequences leading to disorders or diseases, such as inflammatory bowel diseases (IBD),
irritable bowel syndrome (IBS), colorectal cancer (CRC) as well as metabolic and allergic diseases

(Spor, et al., 2011, Kim, 2015, Matsuoka & Kanai, 2015, Baothman, et al., 2016).



Aerobic organisms Esophagus

(upper GIT) l

Anaerobic organisms l
(lower GIT)

Anus

<103 CFU/ml
Lactobacillus, Streptococcus,
Enterobacteriaceae

Stomach

< 10%-10° CFU/ml
Lactobacillus, Streptococcus,
Enterobacteriaceae

< 10%-10° CFU/ml
Ileum Bifidobacterium, Bacteroides,

Duodenum
Jejunum

Caecum Lactobacillus, Streptococcus,
Enterobacteriaceae, Clostridium

< 101°-102CFU/ml

Bacteroides, Eubacterium,
Clostridium, Peptostreptococcus,
Streptococcus, Bifidobacterium,
Fusobacterium, Lactobacillus,
Enterobacteriaceae,

Colon

Figure 1: Schematic representation of distribution and abundance of bacteria in human gastrointestinal tract.
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Dynamics of the development of the gut microbiota

The microbial communities that populate each individual follow several natural processes, including
dispersal, in situ diversification, environmental selection and ecological drift, regulating their
composition and diversity.

Dispersal is a natural process producing an increase in diversity in local microbial communities,
following the assumption that the human body is continually sampling the pool of available
microorganisms (Costello, et al., 2012). Another ecological process that influences the microbial
communities is local diversification, which provides rapid microbial adaptation via mutation or
recombination (Costello, ef al., 2012). In this context, horizontal gene transfer (HGT) events may
represent one of the chief forces leading microbial variation particularly for those microbes that share
the same ecological niche (Smillie, ef al., 2011).

Environmental selection is another main ecological process, which molds the human and animal
microbiota, and that may be considered as a “habitat filter” consisting of a collection of resources and
conditions allowing and/or support growth of certain microorganisms but not others, highlighting the
selection of microbial features that let outliving and growth in the host. Remarkably, the total profiles
that can originate from environmental selection (niche-based interactions) can differ as a function of
the spatial scale across which these processes occur (Kerr, ef al., 2002).

Furthermore, the ecological process identified as ecological drift or demographic stochasticity may
change microbial taxa abundance. This ecological process is responsible for the disappearance of
low-abundance species (e.g., antibiotic-sensitive strains) except they gain a competitive advantage
across a different ecological niche or become replenished by dispersal from outside the community

(Costello, et al., 2012).
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B. Technical approaches for microbiota

determination

Although microorganisms are abundant and ubiquitous, few are the knowledge regarding the major
roles played by microorganisms in nature, including those residing in the human and animal body
(Biteen, et al., 2016). Until the recent development of novel culturomics approaches (Browne, et al.,
2016), only a very small portion of the human and animal gut microbiota had been isolated and studied
in pure culture (Biteen, ef al., 2016). The assumption that a large proportion of the gut microbiota
was uncultured (Rajilic-Stojanovic & de Vos, 2014) encouraged the development of culture-
independent approaches, such as metagenomics, metatranscriptomics and metaproteomics, in order
to discover the identities, activities and functional roles of the so far uncultivated members of the gut
microbiota (Figure 2). Currently, the standard methodology for profiling complex microbial
communities is based on high-throughput sequencing of a portion of the 16S rRNA gene, i.e. 16S
rRNA gene-based microbial profiling analysis, as a conserved phylogenetic marker. The 16S rRNA
gene-based microbial profiling approach relies on universal primers for amplification of single or
multiple hypervariable regions of the 16S rRNA gene (Hamady & Knight, 2009). The amplicons
obtained are sequenced through next-generation sequencing platform and the generated reads are
processed using bioinformatic pipelines, such as the popular Qiime software suite (Conde, et al.,
2010) or Mothur (Schloss, et al., 2009), so allowing the reconstruction of the microbial composition
of the analyzed environmental sample. This procedure also eases identity assignment of unknown
members of microbial communities by discrimination based on the sequence of their unique
hypervariable regions (Clarridge, 2004). Furthermore, it is possible the use of shotgun metagenomic
sequencing strategies to characterize the full genetic content of the gut microbiota, i.e. microbiome
(Guinane & Cotter, 2013). However, one of the limits of this metagenomic approach is that the
microbiome data does not reveal information on whether or not genes are expressed at any given

time. To overcome this limitation other omics approaches have been developed, including the
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sequencing of the whole microbial RNA pool of a specified sample, i.e. metatranscriptomics, or
analysis of the overall protein content or proteome, i.e. metaproteomics. Notably, the usefulness of
these latter two technologies is limited by the fact that many genes or their homologs (and thus their

products) are not functionally characterized.
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Methodologies for the investigation of the microbiota

composition.

Several gut microbiota studies were based on 16S rRNA gene-based microbial profiling analyses.
The 16S rRNA gene encompasses nine different variable regions, i.e. V1-V9, each flanked by highly
conserved DNA sequences that are appropriate for PCR primer binding (Neefs, et al., 1993).
Nevertheless, no standard protocols exist to select the most appropriate PCR primer pair that is
equally efficient in amplifying part of the 16S rRNA-encoding gene for all taxa and phylotypes
present in biological samples, and very often the choice of the appropriated primer pair to use is based
on historic practice, anecdotal evidence or/and current literature (Sundquist, ef al., 2007, Claesson, et
al., 2010, Turroni, et al., 2012, Milani, et al., 2013). Moreover, none of the currently available DNA
sequencing technologies offers full-length gene sequencing at adequate depth for cost-effective
multiplexing of multiple samples in a single run.

As indicated above, an alternative strategy that allow to profile the gut microbiota is shotgun
metagenomic sequencing. This approach bypasses gene-specific amplification and potentially
sequences all (fragmented) DNA extracted from the analyzed environmental sample, comprising that
from unclassified bacteria and viruses. Shotgun metagenomics reveals more information, including
insights into functional aspects of the microbial community, as compared to 16S rRNA gene-based
microbial profiling. Interestingly, shotgun metagenomics analysis does not present the potential bias
of the amplification reaction required for 16S rRNA gene-based profiling. In detail, shotgun data can
be used to investigate the repertoire of genes involved in a wide range of metabolic processes, such
as those employed in biosynthesis of compounds, e.g. short chain fatty acids, or in the catabolism of
nutrients, e.g. carbon sources. Functional classification of the shotgun metagenomic reads through
the use of customized databases may also allow to evaluate antibiotic resistance, degradation of
conjugated bile salts, presence of (pro)phages, extracellular structures responsible for adhesion and

immunomodulation. Additionally, the complete or partial reconstruction of microorganisms’
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genomes through an assembly-based approach may enable the exploration of the microbial dark
matter mainly represented by the uncultivated taxa (Rinke, ef al., 2013).

Nevertheless, DNA sequencing of complex bacterial communities, such as those residing in the
gastrointestinal tract, produces huge amount of data requiring high computational capacity and
specific bioinformatics tools for sequence information management, interrogation and administration
(Biteen, et al., 2016). Besides, it should be mentioned that underpopulated reference databases and
poor functional characterization of many genes considerably limit the usefulness of the metagenomic

approaches employed to investigate the gut microbiota.
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Approaches to complete a high-definition image of the

gut microbiota composition

16S rRNA gene-based microbial profiling analyses provide insights into the composition of complex
bacterial communities but its main limit is to be accurate only down to genus level (Chakravorty, et
al., 2007). Consequently, in order to overcome this limitation and to acquire a more complete image
of the composition of the gut microbiota, i.e. at species or even subspecies level, it is required to
target a molecular marker that is much more variable at interspecies level compared to the 16S rRNA
gene. A valuable genetic marker for such purpose is represented by the Internally Transcribed Spacer
(ITS) sequence, which represents a spacer region between the 16S rRNA and the 23S rRNA genes
within the rRNA locus. An ITS-based protocol, i.e. known as ITS-bifidobacterial profiling analysis,
was used to attain a detailed image of bifidobacterial communities (Milani, er al., 2014). The ITS-
bifidobacterial profiling analysis can discriminate between closely related bifidobacterial taxa, at the
subspecies level, and thus to disentangle bifidobacterial community composition in complex
ecosystems including the human and animal gut (Milani, et al., 2014, Milani, et al., 2015, Sabbioni,
et al., 2016).

A recently useful approach to profile the gut microbiota composition at high resolution down to strain
level, encompasses the reconstruction of a genome sequence of an individual microbiota member
from shotgun metagenomic data (Lugli, et al., 2017). This metagenomics approach not only reveals
taxonomic information about strain identity, but also provides data correlated to the genetic of the
organism, thus supplying metabolic and evolutionary insights (Lugli, et al., 2017).

An interesting tool, directed at defining the composition of the gut microbiota at high resolution down
to strain level is named MetaPhlAn (Segata, ef al., 2012). This software is based on read mapping to
a pre-computed database of strain-specific marker genes obtained by means of comparative analysis

of all publicly available bacterial genome sequences. The major criticism of this approach is that only

17



beforehand sequenced species can be profiled, so ignoring the presence of as yet unknown/uncultured

members in the population.
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Culturomics

During the last decade, the culture-independent approaches have mostly been applied in order to
reconstruct the human and animal gut microbiota composition, while microbial cultivation techniques
have been partially neglected (Hugon, et al., 2015). This has caused a substantial knowledge gap
between bacterial species inhabiting the gastrointestinal tract, but that have not yet been cultivated,
and those that have been isolated and cultivated (Hugon, et al., 2015). It has been described that
approximately 56 % of gut bacteria detected by metagenomic approaches have -cultured
representatives (Goodman, et al., 2011, Walker, et al., 2014). With the introduction of so-called
culturomic approaches this gap is being closed. Culturomics is based on high-throughput cultivation
conditions in order to explore the gut microbiota. Recently, several culturomics studies of human
stool samples involved the formulation of complex growth media, which allowed the isolation and
cultivation of a large number of novel gut microorganisms (Lagier, et al., 2012, Browne, et al., 2016,

Lagier, et al., 2016).
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C. Unravel the role of microbiota in health:

from human beings to farm animal

Microbiota and diet

Gut microbiota composition is influenced by numerous factors, including host genetics, age
(Dicksved, et al., 2008), pregnancy (Koren, ef al., 2012) and some environmental factors such as the
type of birth (Salminen, et al., 2004), antibiotic intake (Nicholson, et al., 2012) and diet (De Filippo,
etal., 2010, David, et al., 2014). In particular, some major research efforts focused on the correlation
between intestinal microbiota composition and dietary interventions. Comparison of the human gut
microbiota with that of other mammals reveals that the gut microbiota composition of a human being
with a modern lifestyle is typical of omnivorous primates (Ley, ef al., 2008). It has been revealed that
the typical Western diet rich in fat and sugar promotes a shift in the gut microbiota composition
towards high numbers of clostridia and a significant decrease in Bacteroidetes (Turnbaugh, et al.,
2009). In contrast, a diet containing high levels of fibers promotes an increase of Bacteroidetes and a
decrease of Firmicutes (De Filippo, et al., 2010).

Comparison between the fecal microbiota composition of vegetarian vs. omnivorous individuals
exhibited that the latter are enriched with butyrate-producing bacteria belonging to the Clostridium
cluster XIVa (Kabeerdoss, et al., 2012, Matijasic, et al., 2014). Conversely, the gut microbiota of
vegetarians was shown to be enriched with Bacteroides and Faecalibacterium prausnitzii species
(Dominguez-Bello, et al., 2010). Furthermore, specific studies regarding Western-based diet showed
a paucity of fiber-degrading bacteria, such as Prevotella, Succinivibrio, Treponema and bifidobacteria
(Yatsunenko, et al., 2012, Ou, et al., 2013, Schnorr, et al., 2014). In contrast, whole grain products
have been shown to not only exert a bifidogenic effect with the enrichment of bifidobacteria, but also

to rise numbers of Collinsella, Atopobium and Clostridium cluster IV (Carvalho-Wells, et al., 2010).
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The comparison of the gut microbiota composition of two human cohorts, receiving either a plant- or
meat-based diet, highlighting distinct profiles (David, ef al., 2014). In detail, the meat-based diet was
shown to increase the abundance of bile-tolerant bacteria such as Alistipes, Bilophila and Bacteroides,
with a concomitant decrease of Firmicutes, in particular those members that are involved in the
metabolism of plant polysaccharides such as Roseburia, Eubacterium rectale and Ruminococcus
bromii (David, et al., 2014).

Focusing the interest on the influence of specific diet-components on the gut microbiota composition,
it has observed that humans consuming resistant starch (RS), i.e. dietary fiber, undergo a gut
microbiota change with a significant increase in Ruminococcus bromii and other starch-degrading
bacteria such as Oscillobacter and E. rectale (Walker, et al., 2005). Dietary fibers also include inulin,
which is abundant in many vegetables such as artichoke. Several studies have explored the impact of
inulin on the human gut microbiota, and such studies have revealed that a large portion of the gut
microbiota remains unaffected by the presence of this glycan, while just a small number of taxa
increased in abundance, such as Bifidobacterium and Atopobium (Costabile, et al., 2010). However,
it is not understandable how the level of bifidobacteria increases, since they do not possess the
enzymatic arsenal needed for inulin breakdown (Pokusaeva, et al., 2011). However, it is plausible
that bifidobacteria cross-feed on inulin degradation products, i.e. fructo-oligosaccharides (FOS),
produced by other gut members that possess the required extracellular enzymes for inulin breakdown
(Milani, et al., 2015).

The gut microbiota profiling of individual following diets that contain FOS revealed an enrichment
of saccharolytic microorganisms, in particular bifidobacteria and Bacteroides, with an associated
abundance reduction of Faecalibacterium prausnitzii and Roseburia intestinalis species (Benus, et
al., 2010).

Dietary fibers are known to increase growth and activity of butyrate-producing microorganisms such
as Roseburia sps., E. rectale and F. prausnitzii. Moreover, bifidobacterial as well as lactobacilli

populations are stimulated by the presence of dietary fibers directly or indirectly by cross-feeding.
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The influence of fat and protein intake on the gut microbiota composition remains largely
unexplained. Preliminary studies have proposed that dietary fat indirectly alters the gut microbiota
composition through its impact on bile acid secretion and bile acid composition. In this context, it has
been observed that the gut microbiota enriched of Bacteroides is positively correlated with the intake
of saturated fatty acids (Wu, et al., 2015). Conversely, the gut microbiota enhanced of Prevotella
genus shows just a weak association with total fat intake (Wu, et al., 2015).

The investigation of the role of the poly-unsaturated fraction of fat indicated its influence on the
adherence of intestinal bacteria to mucosal surface (Kankaanpaa, et al., 2001). In particular, animal
models fed with a high fat diet displayed a decreased presence of Bacteroides-like bacteria, the E.
rectale-Clostridium coccoides group and members of the genus Bifidobacterium (Cani, et al., 2007).
Besides, high protein diet has been associated with a lower occurrence of Bifidobacterium spp. and

with a reduction of the total bacterial counts (Duncan, et al., 2007, Brinkworth, et al., 2009).
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Disease and microbiota

As indicated above the gut microbiota interacts with dietary constituents, but it also plays more
complex roles such as modulation of the immune system. Moreover, the composition of the gut
microbiota may be important in reducing the chance of contracting particular gut infections. Changes
in the microbiota over the lifetime of an individual are accompanied by modifications in multiple
health parameters, which has prompted intense scientific efforts to understand this complex
interaction. Variations in the presence and/or abundance of certain components of the intestinal
bacteria have consistently been correlated to particular gut associated diseases, named microbial
biomarkers (see below) (Figure 3).

Several studies have been undertaken in order to investigate the relationships between gut microbiota
composition and various diseases such as necrotizing enterocolits (Mai, et al., 2011), inflammatory
bowel disease (Carroll, ef al., 2011, Saulnier, et al., 2011, Matsuoka & Kanai, 2015) and colon cancer
(Sobhani, et al., 2011, Gagniere, et al., 2016, Gao, et al., 2017). Most of these diseases have been
associated with dysbiosis that might be due to several factors including antibiotic treatment, physical

or psychological stresses, radiation, altered peristalsis and dietary shifts (Hawrelak & Myers, 2004).
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Gut microbiota in Inflammatory Bowel Disease (IBD)

Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the colon and small
intestine. Crohn's disease (CD) and ulcerative colitis (UC) are the principal types of inflammatory
bowel disease. Studies based on germ-free mice demonstrated that experimental colitis does not
develop in these animals, whereas the introduction of a single bacterial species can induce mucosal
inflammation further implicates gut bacteria in the pathogenesis of IBD. This observation reinforces
the hypothesis that intestinal bacteria play an important role in the pathogenesis of IBD. Moreover,
reduced bacterial diversity has been demonstrated in mucosal biopsies of patients with active IBD,
with loss of commensal species such as Clostridium leptum, Eubacterium and bifidobacteria (Favier,
et al., 1997, Mangin, et al., 2004). Furthermore, the analysis of the fecal microbiota of patients
suffering from IBD revealed an under-representation of the Firmicutes phylum and particularly the
species Faecalibacterium prausnitzii (Sokol, et al., 2008). More specifically, investigation of the CD
disease has shown an increase of genera belonging to Proteobacteria phylum in patients with this
pathology (Li, et al., 2012). Analysis of samples affected by UC, which are generally characterized
by inflammation and ulceration of the lining of the colon, highlighted a positive correlation of this
disease to bacteria belonging to the Enterobacteriaceae family (Garrett, ef al., 2010, Gerritsen, et al.,
2011).

Although microbial sensing has been implicated in the pathogenesis of IBD, recent research has
shown that the products of bacterial activity have a regulatory effect on inflammation in IBD (Segain,
et al., 2000, Sanderson, 2004). Butyrate is the preferential energy substrate for human colonocytes
(Wong, et al., 2006) and it downregulates mucosal inflammatory responses (Segain, et al., 2000,
Maslowski, et al., 2009). Patients with CD showed a loss of butyrate-producing species and the actual
concentration of butyrate is lower too (van Nuenen, et al., 2004, Manichanh, et al., 2006, Marchesi,
et al., 2007, Nemoto, et al., 2012). Moreover, butyrate has been shown to be an effective topical
treatment of ulcerative colitis (Scheppach, et al., 1992, Hallert, et al., 2003, Song, et al., 2006). This
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reduction suggests that changes in the metabolic activity, as well as composition of intestinal

microbiota are important in the pathogenesis of IBD.
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Colorectal cancer

Gut microbiota has also been implicated in the development of cancer, especially in colorectal cancer
(Davis & Milner, 2009, O'Keefe, et al., 2009, Uronis, et al., 2009). A mechanism by which colonic
microbiota may contribute to the onset of colorectal cancer involves the induction of inflammation
by commensal bacteria. A recent study involving murine models of colorectal carcinoma mice
exposed to carcinogenic agents showed that mice were developing colorectal carcinomas when
housed conventionally, but not when housed under germ free conditions (Uronis & Threadgill, 2009).
Notably, ingestion of lactic acid bacteria has been noticed to prevent carcinogen-induced lesions as
well as tumors in mice (Goldin & Gorbach, 1980, Goldin, ef al., 1996, Rowland, et al., 1998).

Although a single causative organism has not been identified, a number of studies have implicated an
association for Fusobacterium and Campylobacter genera with CRC (Brauner, et al., 2010,
Castellarin, et al., 2012). In detail, it has been hypothesized Fusobacterium nucleatum attaches to the
host epithelial E-cadherin and promotes colorectal carcinogenesis via the fusobacterial adhesin FadA
(Rubinstein, et al., 2013). Additionally, a recent study demonstrated that F. nucleatum promotes
colorectal cancer resistance to chemotherapy. In fact, F. nucleatum modulates a molecular network
of the Toll-like receptor, micro-RNAs, and autophagy to biologically, and mechanistically control
colorectal cancer chemoresistance (Yu, et al., 2017). Moreover, Grivennikov et al. investigated the
mechanisms responsible for tumor-elicited inflammation in CRC and highlighted in a mouse model
of colorectal tumorigenesis an upregulation of interleukin IL-23 and IL-17 that promoted tumor
growth, progression and development. In detail, IL-23 is mainly produced by tumor-associated
myeloid cells that are likely to be activated by microbial products, which penetrate the tumors but not
adjacent tissue. These results indicated that barrier deterioration induced by colorectal-cancer-
initiating genetic lesions results in adenoma invasion by microbial products that trigger tumor-elicited

inflammation, which in turn drives tumor growth (Grivennikov, et al., 2012).
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The microbiota of farm animals

In the last years growing efforts have been directed to analyze the bacterial composition of farm
animals, such as chickens, ruminants and swine, representing an efficient commercial/agricultural
species. The gut microbiota of healthy livestock animals is presumed to play a key role in nutrient
assimilation and prevention of pathogen colonization. Consequently, analysis of the gut microbiota
and its management and/or manipulation may help to solve many of the great challenges facing in
livestock production, such as minimizing dysbiosis and pathogen colonization, maximizing growth
performance and feed efficiency conversion, and maintaining human food safety. Consequently, farm
animals with the larger farmed populations in economically developed regions were most studied,
such as pigs (Niu, et al., 2015, Heinritz, et al., 2016), cattle (Mao, et al., 2015, Fecteau, et al., 2016,
Bessegatto, et al., 2017) and chickens (Choi, et al., 2015, Pourabedin & Zhao, 2015, Wang, et al.,

2016).

28



Pigs and cattle microbiota

Pigs harbor a complex gut microbiota, which establishes strong and complex interactions with the
host. Several studies focused their interest toward the composition of the different gastrointestinal
section of the pigs, such as ileum, caecum and colon (Figure 4) (Looft, et al., 2014). For example, the
ileum lumen samples revealed a lower diversity in terms of bacterial richness and abundance when
compared with other intestinal compartments. This comprises almost exclusively Firmicutes and
Proteobacteria, whereas the phylum-level profiles of the caecum and mid-colon are highly similar
and include mainly Firmicutes, Proteobacteria, Bacteroidetes and Spirochetes (Looft, er al., 2014).
Interestingly, mucosa-associated bacterial communities along GIT are different from those present in
the lumen. However, statistically significant differences were found solely in the ileum between the
mucosal and luminal communities and most lumen-associated bacteria were also found at mucosal
level. Moreover, metagenomics analyses of fecal pigs microbiota showed a predominance of the
orders Clostridiales, belonging to unclassified Firmicutes, Bacteroidales, Spirochaetales, unclassified
Gammaproteobacteria and Lactobacillales. Moreover, functional investigation of the pigs
microbiome highlighted significant difference between animals depending on the breed, diet, health
status, age and environment (Kim, et al., 2012, Arnal, et al., 2014, Looft, et al., 2014). These
evidences suggested that the investigation of pig's gut microbiota is a powerful and versatile tool to
predict effects of new feeding/breeding strategies.

Conversely, even if dairy and beef cattle play a central role in dietary and economy of human beings
only few studies have assessed their gut microbiota composition using metagenomics approaches.
The currently existing 16S rRNA gene sequencing studies targeting these latter ecosystem revealed
a predominance of phyla Firmicutes and Bacteroidetes, followed by the Proteobacteria phylum
(Gomez, et al., 2017). In contrast, the phyla Tenericutes and Verrucomicrobia were detected at lower

abundance. Furthermore, the genus Prevotella was the most abundant taxon and may correlated to
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the typical diet of the ruminant. Future insights into the microbial composition could be important to

better understand the role of microbiotas in cattle animals (Figure 4).

. . Cecum: Ileum, cecum, colon, Rumen, reticulum,
Small intestine: X
Eubacterium rectum: omasum, abomasum:
Streptococcus L. .
g Clostridium Ruminococcaceae Prevotella
Lactobacillus X X
Escherichia coli Lactobacillus Peptostreptococcaceae Ruminococcaceae
Bacteroides Turicibacter Bacteroidales Cecum: Crop:
Stomach: Selenomonas Clostridium Eubacterium Lactobacillus
Streptococcus Clostridium Clostridiaceae
Lactobacillus Fusobacterium Enterococcus
Escherichia coli Bacteroides Bifidobacterium
Enterobacteriaceae
Gizzard:

Lactobacillus
Clostridiaceae
Enterococcus

Figure 4: Overview of the gut microbiota composition of farm animals, i.e. pig, bovine and chicken.
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Chickens microbiota

Chickens are considered an efficient agricultural species in converting feed to lean meat. Recent
studies confirmed the assumption that the gut microbiota of a healthy chicken play (Figure 4) an
important role in nutrient assimilation, vitamin and amino acid production and prevention of pathogen
colonization (Cisek & Binek, 2014). Moreover, the chicken gut microbiota might also act as a source
of bacterial pathogens that can expand to human beings, or act as a reservoir of antibiotic resistance
determinants, which can be transferred to other microorganisms including opportunistic pathogens
(Zhow, et al., 2012). In poultry livestock, antibiotics are usually used to enhance growth performance,
but they are also employed as a prophylactic therapy to prevent disease development and transmission
(Allen & Stanton, 2014). On the other hand, antibiotic therapy is known to change the microbial
composition, thus catalyzing dysbiosis with a resulting disadvantageous impact on physiology and
metabolic performance of the host that may eventually result in the development of gut disorders
(Allen & Stanton, 2014). Consequently, a greater number of studies concern the chicken microbiota.
The chicken gut is subdivided in three upper segments, encompassing the crop, the proventriculus
and the gizzard. The crop is a food storage muscular pouch involved in the breakdown of starch and
in the fermentation of lactate. In the proventriculus start the digestion of the diet, while the gizzard
mills food. The gizzard presents a lower pH and fermentation activity and acts as microbial barrier.
Similar microbial communities were found in the crop and gizzard. The most dominant bacteria
present in these two segments are lactobacilli, facultative and microaerophilic bacteria. Other
abundant species belonged to Clostridiaceae, Enterococcus and in the case of the crop also
Bifidobacterium and Enterobacteriaceae (Figure 4) (Deusch, et al., 2015).

The small intestine consists of three parts, involving the duodenum, the jejunum and the ileum where
the nutrient absorption and food digestion occurs. Due to the low pH, pancreatic and bile secretions,
the bacterial density in the duodenum is comparably low. Notably, Lactobacillus and Streptococcus
are the main colonizer of the jejunum. The chicken's ileum harbors higher abundance of bacteria
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belonging to the genus Lactobacillus and in lower amount Streptococcus, Enterobacteriaceae and
Clostridiaceae (van der Wielen, et al., 2002, Gong, et al., 2007). The ileum is also known to be
colonized by butyrate producing bacteria that may play a pivotal role regarding the availability of
nutrients, absorption rate and chicken performance

The most complex microbial community within the chicken gut is the one resident in the cecum
(Figure 4), which has been shown to be dominated by the phyla Firmicutes, Bacteroidetes,
Actinobacteria and Proteobacteria (Sergeant, et al., 2014). Chickens have two caeca which are
important for recycling urea, the absorption of water, and digestion of cellulose, starch and
polysaccharides (Deusch, et al., 2015). Fermentation of starch polysaccharides leads to the production
of short chain fatty acids (SCFAs) that are adsorbed and catabolized by the host, contributing to
animal nutrition and to inhibition of acid-sensitive pathogens (Turnbaugh, et al., 2006). Previously
studies reported a positive correlation between poultry cecal microbiota and the efficiency of energy
extraction from feed (Stanley, et al., 2013). Furthermore, a number of bacterial phylotypes were
identified that significantly differed in richness between birds with high and low apparent

metabolizable energy extraction ability (Stanley, et al., 2013).
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D. Gut microbiota and microbial

biomarkers

Several recent metagenomic studies regarding gut microbiota allowed to identify specific alterations
of bacterial composition that are correlated to multifactorial causes, such as diet, geography and
health state. These scientific evidences support microbiota composition as an emerging potential
biomarker or indicator of health. Identification of specific microbial biomarkers might help predict
risk of chronic diseases such as metabolic syndrome, colon cancer and intestinal inflammations.
Furthermore, microbiota interventions, i.e. bacterial therapies, might offer a new opportunity for
targeting chronic diseases in the future. Increase knowledge about the interaction between commensal
microbiota, host immunity and host metabolism may result in better understanding of diseases, even
beyond the gastrointestinal tract and lead to better preventive and therapeutic strategies

Table 1 describes the main microbial biomarkers associated with various diseases that have be so far
proposed.

Below is reported a short summary of the main microbial biomarkers so far identified through the
comparison between healthy and disease gut microbiota. In detail, analysis on CRC individuals
displayed instability in the composition of their gut bacterial communities when compared with
healthy controls (Castellarin, ef al., 2012, Liang, et al., 2017). An enrichment of Fusobacterium
nucleatum and Bacteroides fragilis has been shown in CRC samples (Wei, et al., 2016) and inversely
correlated to the CD3+ T cell density, providing mechanistic evidence for the interactive roles of this
microorganism in adaptive immunity (Mima, et al., 2015).

Moreover IBD, including the major IBD phenotypes ulcerative colitis (UC) and Crohn’s disease
(CD), have been associated with higher abundance of taxa such as Enterobacteriaceae, Ruminococcus
gnavus and Desulfovibrio, as well as less abundance of as Faecalibacterium prausnitzii,

Lachnospiraceae and Akkermansia, compared to healthy condition (Berry & Reinisch, 2013).
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Investigation of microbiota composition of individuals affected by Clostridium difficile (CDI)
indicated an association with putative protective components of the microbiota, like Alistipes,
Butyricimonas and Oscillospira that were significantly underrepresented in CDI samples (Milani, et
al., 2016). On the other side, a large number of opportunistic pathogens were overrepresented in
faecal samples collected from individuals affected by CDI (Milani, et al., 2016).

Additionally, recent study identified a specific bacterial family, i.e. Christensenellaceae, that
appeared to be associated with a low body mass index (BMI), or leanness. In detail, germ-free mice
that were treated with Christensenella minuta gained less weight than untreated mice, suggesting that

increasing the amounts of this microbe may help to prevent or reduce obesity (Ley, ef al., 2006).
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Table 1. List of intestinal disease biomarkers identified in public studies

Higher in Disease Higher in Healthy
Disease Articles
Phylum Genera Phylum Genera
Anaerostipes Christensenella
Coprococcus Clostridium
Lachnobacterium Anaerofustis
Firmicutes Veillonella Firmicutes Lachnospira
Eubacterium Roseburia
Faecalibacterium
PMID: 26313691
Ruminococcus
Odoribacter Butyricimonas
Bacteroidetes Bacteroidetes Alistipes
Bacteroides
Escherichia/Shigella
Proteobacteria
Proteus
Faecalibacterium
Firmicutes
Clostridium
Prevotella
Bacteroidetes
PMID: 26922889
Crohn's Escherichia/Shigella
Disease Proteobacteria Pseudomonas
Morganella
Fusobacteria Fusobacterium
Veillonella Dialister
Lachospiaraceae group
Coprococcus
Oscillospira
Firmicutes Firmicutes
Faecalibacterium
Dorea
Erysipelotrichaceae
PMID: 24629344
Ruminococcacea group
Rikenellaceae
Bacteroidetes Parabacteroides
Sutterella
Haemophilus Proteobacteria Bilophila
Proteobacteria
Escherichia/Shigella
Fusobacteria Fusobacterium
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Colorectal
Cancer

Ruminococcus

Firmicutes
Pseudobutyrivibrio
PMID: 23940645 Bacteroides
Bacteroidetes
Prevotella
Verrucomicrobia Akkermansia
Lachnospiraceae group Clostridiales group
Lachnospiraceae group
Firmicutes Firmicutes
Staphylococcous
PMID: 25104642 Ruminococcaceae group
Bacteroidetes Porphyromonas Bacteroidetes Bacteroides
Proteobacteria Enterobacteriaceae group
Fusobacteria Fusobacterium
Fusobacteria Fusobacterium
PMID: 22009990
Firmicutes Streptococcaceae group
PMID: 23497613 Firmicutes Roseburia
Eubacteriaceae group Faecalibacterium
Firmicutes Firmicutes
Clostridiales group Roseburia
Porphymonadaceae group
PMID: 23733170 Bacteroidetes
Fusobacteria Fusobacterium
Proteobacteria Campylobacter
Faecalibacterium
Firmicutes Lachnospiraceae group
Ruminococcaceae group
PMID: 26170900 Bacteroides (uniformis)
Bacteroidetes
Rikenellaceae group
Fusobacteria Fusobacterium
Proteobacteria Providencia
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Clostridium

Enterococcaceae group

Ruminococcaceae group

Lachnospiraceae group

Firmicutes Streptococcaceae group Firmicutes Blautia
Lactobacillaceae group Roseburia
Dorea
. Bacteroides
Bacteroidetes —
Alistipes
PMID: 26383014 . . Actinomycetales . . Collinsella
Actinobacteria - - Actinobacteria
Coriobacteriales
Gammaproteobacteria group
Escherichia/shigella
Proteobacteria Proteus
Klebsiella
Providencia
Fusobacteria Fusobacterium
Veillonella
Firmicutes Streptococcus
PMID: 27481036 Lachnospiraceae group
Bacteroidetes Parabacteroides
Proteobacteria Enterobacteriaceae group
Bacteroidetes Bacteroides
PMID: 2269961 1 o Coprococeus
Firmicutes Roseburia
Streptococcus
Lachnospiraceae group Faecalibacterium
Peptostreptococcaceae Streptococcus
Enterococcus Ruminococcus
Lactobacillus Dorea
Firmicutes Firmicutes Lachnospiracc?ae £roup
Clostridium Blautia
difficile PMID: 23804381 Roseburia
infection Pseudobutyvibrio
Anaerostipes
Subdoligranulum
Verrucomicrobia Akkermansia
Bacteroidetes Alistipes -
Parabacteroides
Actinobacteria Corynebacterium Actinobacteria Bifidobacterium
Bacteroides
Bacteroidetes Alistipes
Barnesiella
Peptostreptococcaceae Lachnospira
L Enterococcus L Faecalibacterium
Firmicutes - Firmicutes -
Veillonella Ruminococcaceae group
Staphylococcus Lachnospiraceae group
PMID: 27166072 Klebsiella
Escherichia/Shigella
Sutterella
. Citrobacter
Proteobacteria
Proteus
Helicobacter
Morganella
Hafnia
Verrucomicrobia Akkermansia
Phascolarctobacterium Blautia
Enterococcus Holdemania
Firmicutes Clostridium X1 Firmicutes Veillonellaceae group
PMID: 25756679 Flavinofractor
Erysipelotrichaceae
. Enterobacteriaceae group
Proteobacteria
PMID: 27531910 Firmicutes Streptococcus
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Ulcerative
Colitis

Enterococcus

Actinobacteria Bifidobacterium
Firmicutes Roseburia
Verrucomicrobia Akkermansia
PMID: 27217061
Haemophilus
Proteobacteria
Phenylobacterium
Actinobacteria Collinsella
Coprobacter
Bacteroidetes Paraprevotella
Odoribacter
vadinBB60 group
PMID: 27604252 Christensenellaceae group
Firmicutes Anaerotruncus
Ruminococcaceae group
Peptostreptococcaceae group
Thalassospira
Proteobacteria
Parasutterella
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Chapter 2

Outline of the thesis



The focus of this Ph.D. thesis is to characterize the gut microbiota of animal and human beings. In
fact, it is now well established that a healthy gut microbiota is largely responsible for overall health
of the host. The alteration of the normal gut microbiota, i.e. dysbiosis, have been associated with a
large array of human and animal diseases. Depth metagenomics analysis, such as 16S rRNA profiling
and shotgun metagenomics, of the gut microbiota of animal and human datasets allowed to collect
information that permitted to better understand the host-microbial interactions.

Chapter 3 shows a comparison of the gut microbiota of chickens used for large-scale commercial
production and those grown in semi-wild conditions in order to investigate compositional differences
of the cecal microbiota of poultry kept under different housing regimes and nutritional circumstances.
Chapter 4 illustrates an in-depth cataloguing of the microbiota composition of free-range, broiler and
feral chickens by means of omics approaches that used metagenomic and culturomics techniques.
Furthermore, various bacterial cultivation approaches based on multiple culture conditions were
applied.

Chapter 5 describes meta-analysis of the human gut microbiome with aim to confirm the notion that
urbanization/industrialization processes have substantially influenced the composition and
functionality of the human gut microbiome.

Chapter 6 discusses the role of the intestinal bacteria in development of gastrointestinal disorder. In
particular, a metagenomics analysis has been performed with the aims to identify a statistically
significant and comprehensive correlation between microbiome and functional constipation.
Chapter 7 describes a meta-analysis evaluating the accuracy of different 16S rRNA gene-targeting
PCR primers, and evaluate their impact on the profiling of the gut microbiota. Furthermore, potential

universal intestinal disease microbial biomarkers were identified through cross-disease comparisons.
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Summary

The gastrointestinal tract of poultry is densely popu-
lated with microorganisms, which are presumed to
interact with the host and ingested feed. Comparison
of the gut microbiota of chickens used for large-scale
commercial production (Broiler Chicken, BC) and
those grown in semi-wild conditions (Free-Range
Chicken, FRC) revealed that at phylum level Firmi-
cutes was the dominant phylum of the gut
community in BC, while the gut microbiota of FRC
contained higher levels of Bacteroidetes and Proteo-
bacteria. Such differences may be due to the diet
and/or the intensive use of antibiotics in BC. Indeed,
analysis of the resistome of the cecal microbiomes
showed a marked richness in BC datasets, with a
modulation of the cecal microbiota toward antibiotic
resistant bacteria. Functional characterization of the
microbiome of FRC samples revealed an increase in
gene pathways involved in degradation of complex
carbohydrates. Furthermore, in silico analyses of the
microbiomes of FRC and BC revealed a higher pres-
ence in genes involved in formate production in BC
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March, 2016. *For correspondence. E-mail marco.ventura@unipr.it;
Tel. ++39-521-905666; Fax ++39-521-905604. TThese authors
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samples. Notably, compared to the BC microbiomes
the FRC microbiomes were shown to contain a higher
abundance of genes involved in the pathway for ace-
tate production.

Introduction

The bacterial taxa that constitute the large and complex
microbial population resident in the gastrointestinal (Gl)
tract of chickens are believed to benefit the host by adding
metabolic potential (Gerritsen et al., 2011), influencing
host nutrition, gut development and physiology (Kau et al.,
2011).

Chickens are considered to represent an efficient agri-
cultural species in converting feed to lean meat, although
their feed is often of low digestibility and their intestines are
smaller, with shorter transit digestion times compared to
those of mammals (Choct, 2009; McWhorter et al., 2009).
The gut microbiota of a (healthy) chicken is presumed to
play an important role in nutrient assimilation, vitamin and
amino acid production and prevention of pathogen coloni-
zation (Apajalahti, 2005). The chicken gut microbiota may
also act as a source of bacterial pathogens which can
spread to human beings, or act as a reservoir of antibiotic-
resistance determinants, which can be transferred to other
microorganisms including opportunistic pathogens (Zhou
et al., 2012). In poultry breeds, antibiotics are widely used
to improve growth performance, while they are also
employed as a prophylactic therapy so as to prevent dis-
ease development and transmission (Allen and Stanton,
2014). However, antibiotic therapy is known to cause sub-
stantial compositional alterations in microbial consortia,
thus catalysing dysbiosis with a consequent detrimental
impact on physiology and metabolic performance of the
host that may ultimately result in the development of gut
disorders (Allen and Stanton, 2014).

The most complex microbial community within the
chicken gut is the one resident in the cecum, which has
been shown to be dominated by the phyla Firmicutes, Bac-
teroidetes, Actinobacteria and Proteobacteria (Sergeant
et al.,, 2014). In this context, the cecal microbiota of a
chicken is implicated in nitrogen recycling from uric acid,
producing essential amino acids and digestion of non-
starch polysaccharides (NSPs) (Jozefiak et al., 2004).
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Fermentation of NSPs leads to the production of short
chain fatty acids (SCFAs) that are adsorbed and catabol-
ized by the host, contributing substantially to animal
nutrition and to inhibition of acid-sensitive pathogens (Turn-
baugh et al., 2006). Previously, Stanley and colleagues
(2013) reported the correlation between poultry cecal
microbiota and the efficiency of energy extraction from
feed. A number of bacterial phylotypes were identified that
significantly differed in abundance between birds with high
and low apparent metabolizable energy extraction ability.

Here, we performed an observational study directed to
investigate the microbiota differences of 84 cecal samples
collected from Broiler Chicken (BC) and Free-Range
Chicken (FRC) animals. The aim of this study was to inves-
tigate compositional differences of the cecal microbiota of
poultry kept under different housing regimes (either reared
in a space-limiting, high-throughput production environ-
ment, or kept under semi-natural, roaming conditions, with
or without antibiotic supplementation) and nutritional
circumstances.
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Results and discussion
16S rRNA profiling of FRC and BC

Cecal samples from 84 chickens were obtained in order to
assess the microbiota composition of FRC and BC
(respectively 35 and 49 samples) based on 16S rRNA-
sequencing analysis as described previously (Milani et al.,
2013). MiSeg-mediated sequencing of 84 samples pro-
duced a total of 6 335 983 sequencing reads with an
average of 75 428 reads per sample (Table S1). Quality
and chimera filtering produced a total of 5 508 392 filtered
reads with an average of 65 576 filtered reads per sample,
and ranging from 8230 to 189 725 reads (Table S1).
Assessment of rarefaction curves based on the Shan-
non and Chaol biodiversity indexes calculated for 10
subsampling of sequenced read pools indicated that both
curves tend to reach a plateau. Therefore, in all cases the
obtained sequencing data was deemed adequate to cover
the vast majority of biodiversity contained within the sam-
ples (Fig. 1A and B). Moreover, average rarefaction curves

b .
p-value < 0.05 Sliannon

6

0 10 2733 5456 8179 10902 13625 16348 19071 21794 24517 27240

FRC

Taxonomy | BC FRC
= Others 2.13% 2.38%
= U. m. of Bacteria kingdom 1.75% 1.11%
= Verrucomicrobia 0.29% 0.12%

Tenericutes 0.73% 0.14%

Synergistetes 0.02% 0.23%
= Spirochactac 0.01% 5.00%
= SHA-109 0.00% 0.04%
= Proteobacteria 10.72% 25.79%
= Nitrospirac 0.00% 0.00%
= Lentisphacrae 0.00% 0.06%
= Fusobacteria 0.02% 0.28%
= Firmicutes 57.22% 31.87%
= Elusimicrobia 0.00% 0.05%
= Deferribacteres 0.01% 1.72%
= Cyanobacteria 0.40% 0.11%

Candidate division TM7 0.00% 0.11%
= Bacteroidetes 25.64% 29.80%
= Actinobacteria 1.06% 1.17%
= Euryarchacota 0.00% 0.03%

*U. m ~Unclassified member

Fig. 1. Evaluation of alpha-diversity in BC and FRC samples. Panel A shows the average rarefaction curve representing variation of the Chaot
diversity index at increasing sequencing depth of BC and FRC samples. Panel B displays the average rarefaction curve representing variation
of the Shannon diversity index at increasing sequencing depth of BC and FRC samples. Panel C represents a bar plot of the identified
bacterial phyla in the 84 analysed samples. The legend reports the average of relative abundance of each phyla in both animal groups.
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reveal a notable difference between the gut microbiota of
FRC and BC poultry (Fig. 1). Specifically, cecal samples
from FRC displayed a higher level of complexity of the gut
microbiota compared to that found in BC samples (Fig. 1).
The two curves are significantly different based on Stu-
dent’s t-test statistical analysis (t-value = 0.031, dfs = 68)
calculated at the highest rarefaction depths reached by all
the samples (Fig. 1).

Differential Gut microbiota composition

Inspection of predicted taxonomic profiles at phylum level
for all samples exhibited that Firmicutes (58.90%) repre-
sented the dominant phylum of the cecal community in BC
chickens, outnumbering the Bacteroidetes (25.70%) and
Proteobacteria (10.73%) phyla. Differences in the gut
microbiota composition were detected in FRC compared
to BC with a comparative reduction of Firmicutes (31.86%)
and a concomitant increase of Bacteroidetes and Proteo-
bacteria, represented by 30.08% and 25.82% respectively
(Fig. 1C). Studies in mice, pigs and humans have sug-
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gested that the Firmicutes to Bacteroidetes (F/B) ratio
based on 16S rRNA gene sequence is often correlated
with weight (Singh et al., 2013). The identified F/B ratio is
3.87 (P-value < 0.01) and 1.25 (P-value < 0.01) for BC and
FRC groups (Fig. 1D) respectively. However, it is not possi-
ble to correlate performances and F/B ratio since no data
about animal weight are available for the samples used in
this study. Interestingly, antibiotic treatment has been
shown to alter gut and fecal bacterial species composition
in chicken (Gong et al., 2008) towards an increased
abundance of Lactobacillus spp., Clostridiales and Entero-
bacteriaceae. Similar results were reported by Singh and
colleagues (2013), who showed that an increase in the F/B
ratio correlated with antibiotic treatment and increase of
body weight, which may in turn be related to modulation of
nutrient absorption by the host.

Furthermore, at a genus level, we identified 252 taxa of
which 217 appear to be present in all samples, while six
and 29 appeared to be uniquely present in cecal samples
of BC and FRC respectively (Fig. 2A). Notably, the
presence or absence of these genera may be the
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Fig. 2. Exploration of the diversity in BC and FRC groups. Panel A depicts a Venn diagram illustrating the total, unique and shared number of
OTUs predicted for BC and FRC datasets. Panel B reports the core set of genera present at an average relative abundance of > 0.5% in at
least one sample group. Panel ¢ shows the variation in terms of relative abundance > 0.4% and showing increase > 50% or decrease < —30%

in FRC data sets as compared to those obtained from BC samples.
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consequence of how the chickens are reared, i.e. being
allowed to freely roam or being kept in a strictly confined
environment, which is likely to impact on the physiology of
the animals. In order to further identify differences in micro-
biota composition between BC and FRC groups, we
focused on 97 genera, which were shown to be present at
an average relative abundance of >0.5% in at least one
sample group (Fig. S1). The core set of genera obtained
(Fig. 2B) and the comparison of the relative abundance
average of BC and FRC (Fig. 2C) revealed a predominant
presence of members of the Firmicutes phylum in BC sam-
ples, such as unclassified members (U. m.) of the
Lachnospiraceae family, U. m. of the Ruminococcaceae
family and Intestinimonas spp. In contrast, FRC-derived
samples were shown to contain a higher diversity (com-
pared to data obtained from BC samples) at the genus
level among the Bacteroidetes, Proteobacteria and Spiro-
chaetes phyla.

Notably, bacterial taxa belonging to both Firmicutes and
Bacteroidetes phyla are known to be involved in the break-
down of otherwise indigestible (by the host)
polysaccharides such as resistant starch and cellulose
(Allen and Stanton, 2014; Stanley et al., 2012). Therefore,
the observed differences in microbial composition between
BC- or FRC-derived cecal samples may influence the food
to energy conversion capacity in chickens housed under
different conditions.

In order to evaluate microbiota differences between BC
and FRC samples, we analysed the beta diversity based
on unweighted UniFrac for these groups, after which the
UniFrac distance matrix was represented through Principal
Coordinate Analysis (PCoA) (Fig. 3). Interestingly, the
samples were shown to group in two different clusters
based on how the chickens had been kept, indicating that
a different diet and/or prophylactic therapy impact on gut
microbiota composition (Fig. 3A). Moreover, environmental
samples included in this analysis, collected from BC and
FRC litters, clustered with the corresponding cecal sam-
ples. Thus, the environment reflected the microbiota
composition of chickens, perhaps due to contamination
from the stool of the animals (Fig. 3A).

Evaluation of the beta diversity of cecal samples isolated
from the BC and FRC groups, each following a particular
feeding type (Fig. 3B), clearly shows a clear separation
between BC and FRC animals. However, the microbiota
composition of animals fed with different cereals, such as
wheat and corn, clustered separately (Fig. 3B).

Analysis of the influence of antibiotic treatments on BC
animals, showed a heterogeneous distribution of the sam-
ples (Fig. 3C), and it seems that different antibiotic mixes
have a divergent impact on microbiota composition.

Such findings about PCoA clustering were confirmed by
the obtained P-value of PERMANOVA statistical analysis
(being < 0.05, dfs =1), when the BC- and FRC-derived

food supplementation and antibiotic treatment data sets
are compared.

Prediction of the cecal microbiomes of FRC and BC

In order to evaluate the overall genetic content of the cecal
microbiota of chickens, we determined the metagenome of
13 animals, representing five FRC and eight BC samples.
Selection of these animals was based on the 16S rRNA
microbial profiling data so as to include those birds that
possess cecal microbial profiles that were closest to the
average of their respective groups (Table 3).

NGS sequencing of these selected 13 samples (Table 3)
produced a total of 3 379 001 raw reads that were filtered
for human DNA and by quality, resulting in 331 216 filtered
reads that were used for further analyses. When the taxo-
nomic distribution predicted from the 16S rRNA profiling
analysis was compared with that from the metagenomics
data, there was a discrepancy in the ratio of Firmicutes
and Bacteroidetes, probably due to differential amplifica-
tion efficiency in the 16S rRNA profiing PCR, as
previously reported (Sergeant et al., 2014). Nonetheless,
the F/B ratio was shown to be higher in BC as compared
to that obtained for FRC samples.

Moreover, functional classification of open reading
frames based on the Cluster of Orthologous Genes (COG)
obtained from assembled metagenomic datasets allowed
detection of significant differences in relative abundance of
COG functional categories between the two datasets.
COG categories including replication, recombination and
repair, energy production and conversion, carbohydrate
transport and metabolism, as well as amino acid transport
and metabolism were shown to be the most over-
represented in both datasets (Fig. 4A). Interestingly, signifi-
cant differences were detected for COG categories that
are known to be involved in energy harvesting from food,
such as energy production and conversion, carbohydrate
transport and metabolism, amino acid transport and
metabolism and lipid transport and metabolism categories
(P-value < 0.05) (Fig. 4A and Table S2).

Identification of the resistome of the chicken gut
microbiome

As above described, antibiotic therapy is widely used in
breeding chickens (Pourabedin and Zhao, 2015). This
practice impacts on the composition of the gut microbiota
and is expected to influence their functionality (Allen and
Stanton, 2014). However, very little is known about the
occurrence of genes responsible for resistance against
antibiotics, i.e. the resistome, in the chicken gut micro-
biome. In order to map and characterize the resistome of
microbial consortia residing in the ceca of FRC and BC,
the collective microbiomes of each of these two groups
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were screened for known bacterial antibiotic-resistance
genes (ARGs).

In silico analyses of shotgun metagenomic datasets
revealed a higher abundance (16.64%) of ARGs in BC
samples as compared to FRC animals (Fig. 4B). Interest-
ingly, B-lactamase-encoding genes were shown to be the
most abundant in all analyzed samples with a slight
increase of 5.40% in BC samples. This might be the con-
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o a3 e e
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Fig. 3. Evaluation of the beta-
diversity in BC and FRC
samples. The predicted PCoA
encompassing all 84 BC and
FRC datasets is reported through
two three-dimensional images as
well as two-dimensional sections.
Panel A shows BC, FRC and

a environmental datasets, and
corresponding clusters are
coloured in purple, red and blue/
orange respectively. Panel B
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sequence of the fact that B-lactam-based antibiotics are
the most commonly used drugs in BCs (Table 1), while B-
lactamase-encoding genes are also the most commonly
detected antibiotic resistance sequences found in soil and
water bacteria (Allen and Stanton, 2014; Cho et al., 2014).
Moreover, differences were noted in the heat map
(Fig. 4B) regarding glycopeptide-based ARGs. In this con-
text, we observed a 117.62% increase in the abundance of
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Fig. 4. Functional changes in the gut microbiome of BC and FRC. Asterisks indicate statistically significant differences between the two datasets
(P-value < 0.05). Panel A depicts the functional annotation of BC and FRC metagenomic datasets according to COG categories. Each COG
family is identified by a one-letter abbreviation (National Center for Biotechnology Information database). Panel B shows relative abundance of
predicted enzymes involved in conveying antibiotic resistance as present in BC and FRC shotgun metagenomic datasets. Names of protein-
coding genes are listed on the left, while names of sample groups used are listed at the top. Panel C exhibits ARGs in the bacterial taxa with
higher variation in relative abundance in both datasets. Different colors represent various ARGs. Panel D shows changes in GH families involved
in starch and plant cellulose/hemicellulose degradation in BC and FRC datasets. Panel E displays variation of pathways involved in formate,

acetate, propionate and butyrate production in BC and FRC samples.

genes encoding for vancomycin resistance in BC samples.
Conversely, we observed an increase (347.24%) of genes
for resistance to teicoplanin in FRC poultry with respect to
BC animals. Furthermore, an increase (9.15%) of chloram-
phenicol acetyltransferase-encoding genes were observed
in BC samples.

Taxonomic classification of shotgun metagenomic reads
corresponding to ARGs allowed the identification of bacte-
rial taxa contributing to at least 1% of the total resistome
(Fig. 4C). In the BC group, we observed a prevalent pres-
ence of ARGs belonging to the Firmicutes phylum
(40.40%). In contrast, the FRC group contains a high
abundance of Bacteroidetes (27.32%) and Spirochaetes
(5.03%) phyla. Focusing on bacterial taxa that exhibit a
higher variation in relative ARG abundance between BC
and FRC samples, we detected an increased abundance
of ARGs in BC taxa compared to FRC, as well as ARGs
unique to the BC group encoding chloramphenicol acetyl-

transferase, teicoplanin resistance protein and vancomycin
resistance protein (Fig. 4C).

Thus, our findings revealed a clear selection of the
microbiota members resistant to these antibiotics. Further-
more, such data confirmed the positive correlation
between supplementation of antibiotics and the F/B ratio
increase as reported above (Fig. 1D).

Functional characterization of the chicken cecal
microbiome

As mentioned above the reconstruction of the cecal micro-
biomes of chickens allowed their functional classification
by means of the EggNog database (Powell et al., 2014).
This analysis showed that a significantly higher number of
functions associated with carbohydrate transport and
metabolism are present in FRC datasets (7.1%) as com-
pared to those obtained from BC (5.7%) (P-value < 0.05).
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Table 1. Chicken samples collected in this study.
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Rearing
Sample name  methods  Origin Feed Antibiotics
P1 FRC Parma 1 (Emilia Romagna, Barley, wheat and wet waste /
P2 FRC ltaly)
P3 FRC
P4 FRC
P5 FRC
P6 FRC
P7 FRC Aulla (Toscana, Italy) Wheat and wet waste /
P8 FRC
P9 FRC
P10 BC Cesena 1 (Emilia Romagna, Cereals (wheat, corn), protein flour (soy, sun- Amoxicillin (20 mg Kg~') and
P11 BC Italy) flower), vegetables oils (soy), mineral colistin (50 mg Kg™").
P12 BC
P13 BC
P14 BC
P15 BC
P16 BC
P17 BC
P18 BC
P19 BC
P20 BC Cremona 1 (Lombardia, Italy) ~ Corn and soy Amoxicillin (50 mg Kg~') and
P21 BC colistin (100 mg Kg™ ).
P22 BC
P23 BC
P24 BC
P25 FRC Aulla (Toscana, Italy) Wheat and wet waste /
P26 FRC
P27 BC Cremona 2 (Lombardia, Italy) Corn and soy Sulfonamide/trimethoprim
P28 BC and colistin (100 mg
P29 BC Kg™ ).
P30 BC
P31 BC
P32 BC
P34 BC
P35 BC
P36 BC
P37 BC Cremona 3 (Lombardia, Italy) Corn and soy Sulfonamide/trimethoprim
P38 BC and colistin (100 mg
P39 BC Kg™ ).
P40 BC
P41 BC
P42 BC
P43 BC
P44 BC
P45 BC
P46 BC
P47 BC Cesena 2 (Emilia Romagna, Cereals (wheat, corn), protein flour (soy, sun- Enrofloxacin (10 mg Kg™"),
P48 BC Italy) flower), vegetables oils (soy), mineral amoxicillin (20 mg Kg™"),
P49 BC tylosin (50 mg Kg~") and
P51 BC colistin (50 mg Kg™").
P53 BC
P54 BC
P55 BC
P56 BC
P57 BC Cesena 3 (Emilia Romagna, Cereals (wheat, corn), protein flour (soy, sun- Amoxicillin (20 mg Kg™ "),
P59 BC Italy) flower), animal fat (pig, cow, chicken oil) tylosin (50 mg Kg~') and
P60 BC and minerals sulfadiazine/trimethoprim
P61 BC (0.3 mlKg™).
P62 BC
P63 BC
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Table 1. cont.

Rearing
Sample name  methods  Origin Feed Antibiotics
P64 BC
P68 FRC Varese (Lombardia, Italy) Wheat, soy and wet waste /
P69 FRC
P70 FRC Reggio Emilia (Emilia Roma- Corn, soy, pea, bram and minerals /
P71 FRC gna, ltaly)
P72 FRC
P73 FRC
P74 FRC
P75 FRC
P76 FRC
P77 FRC
P78 FRC
P79 FRC
P80 FRC
P81 FRC
P82 FRC
P83 FRC
P84 FRC
P85 FRC
P86 FRC
P87 FRC
P88 FRC
P89 FRC Parma 2 (Emilia Romagna, Corn, cereal mix and wet waste /
P90 FRC Italy)
P91 FRC

Rearing methods, origin of samples, feed composition and antibiotic therapies are reported.

Moreover, we observed a difference in the COG family cor-
responding to energy production and conversion in FRC of
1.35% (P-value < 0.05) compared to BC datasets (Fig. 4A
and Table S4). Complex polysaccharides are degraded by
the gut microbiota into monosaccharides and then fer-
mented to (mainly) produce the metabolic end products
H,, CO,, CH4 and SCFAs, which may then be adsorbed by
the host together with any remaining digestible monosac-
charides (Tremaroli and Backhed, 2012). The absorbed
compounds promote hepatic triglyceride synthesis, the
accumulation of triglycerides in adipocytes and subse-
quently, an increase in body fat (Janssen and Kersten,
2015).

In silico characterization of putative glycosyl hydrolases
(GHs) responsible for degradation of complex carbohy-
drates, revealed that the microbiomes of FRC chickens
possess a wider arsenal of GH families involved in starch,
cellulose and hemicellulose degradation compared to BC
samples (Fig. 4D). In particular, genes encoding predicted
members of GH13, GH97 and GH77, as well as genes
that specify proteins containing a CBM48 domain, are
present at higher abundance (from 1.5- to 2-fold, P-val-
ue < 0.05) in the data sets from FRC animals compared to
those of BC data (Fig. 4D and Table S5). GH genes
encoded for «-amylases and «-glucosidases, while
CBM48 is a carbohydrate-binding module known to bind

various linear and cyclic a-glucans derived from starch and
glycogen. Moreover, GH families GH3, GH43, GH29 and
GH5, which represent a-L-arabinofuranosidase, (3-D-xylo-
pyranosidase and «a-fucosidase activities (Matsuzawa
et al., 2015), are more abundant in FRC datasets as com-
pared to BC datasets (Fig. 4D). These differences can be
explained by the higher abundancy of microorganisms
belonging to the Bacteroidetes phylum in FRC chickens as
compared to BC animals, where members of the former
taxonomic groups are known to hydrolyze starch and plant
cell wall compounds (e.g. cellulose, pectin and xylan)
(Thomas et al., 2011).

Moreover, analysis of predicted bacterial metabolic path-
ways for SCFA production, showed a higher number of
genes that are predicted to be responsible for formate pro-
duction in BC compared to that found in FRC microbiomes
(P-value < 0.05) (Fig. 4E, Tables S3 and S6). Formate pro-
duced in the animal gut can be degraded to CO, and H,
(Sergeant et al., 2014). A high amount of hydrogen leads
to reduction in fermentation and/or less energy-efficient
fermentation to butyrate and propionate (Macfarlane and
Macfarlane, 2003). The presence of bacteria that can met-
abolically act as a hydrogen sink, such as Desulfovibrio,
Helicobacter, Megamonas and Campylobacter is expected
to result in an increased efficiency of fermentation and
SCFA production, which would ultimately exert a beneficial
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effect to the host (Sergeant et al., 2014). These
genera were present in the microbiota of both FRC and
BC (Fig. S1).

In contrast, genes involved in acetate production were
shown to be present at a significantly higher number (P-val-
ue < 0.05) in FRC microbiomes compared to BD datasets
(Fig. 4E). This finding suggests a higher acetate production
by the FRC microbiome, a notion that is supported by genes
involved in acetate production, such as N-acetylglucosamine
degradation or mycothiol biosynthesis pathways, which were
shown to be significantly more abundant in FRC compared
to BC (P-value < 0.05). Higher abundance of genes involved
in acetate production in the microbiome of FRC animals may
indirectly result in higher levels of butyrate through acetate-
butyrate conversion, therefore confirming the results
obtained by EggNog analysis.

In contrast, no difference in the abundance of genes pre-
dicted to be part of the metabolic pathways for butyrate
and propionate synthesis was found between FRC and BC
microbiomes with the exception of phosphatidylcholine
resynthesis via the glycerophosphocholine pathway.

Conclusions

Improving growth performance in chickens has been one
of the most important goals in poultry breeding. Recently,
several studies have investigated the bacterial population
that is resident in the chicken Gl tract, using animals that
had been reared under controlled conditions (Schokker
et al., 2015; Stanley et al., 2013). The generated results
suggest that the microbiota conveys benéefits to the host by
adding substantial metabolic potential to enhance nutrient
utilization and energy conversion (Stanley et al., 2013;
Waite and Taylor, 2015). Consistent with our results, these
studies also found that the chicken cecal microbiota is
dominated by Firmicutes and Bacteroidetes.

In this observational study, cecal samples from different
slaughterhouses were collected and rearing conditions
were listed to understand the microbiota composition of
FRC and BC animals that had been kept at uncontrolled
conditions.

The 16S rRNA gene microbial profiling data showed that
the composition of the cecal microbiota of FRC is different
from that of BC. In this context, Firmicutes dominate the
BC animals, while FRC microbiota showed the predomi-
nance of bacteria belonging to the Bacteroidetes phylum.
Furthermore, a distinct microbiota separation was detected
between BC and FRC animals, apparently influenced by
food supplementation and antibiotic treatment.

Analysis of the resistome of cecal microbiomes revealed
that BC datasets contain higher levels of predicted ARGs
compared to those of FRC, and a weak correlation was
found with antibiotics used in the six different farms
involved in this study (Table 1), particularly with amoxicillin.

The gut microbiota of broiler chickens 4735

This observed increase in BC animals indicates that the
use of antibiotics modulates the composition of the cecal
microbiota toward antibiotic-resistant bacteria.

Functional characterization of the microbiome of FRC
samples allowed the identification of key genetic features
of the FRC microbiomes with respect to those of BC ani-
mals, such as an increase in the abundance of gene
pathways involved in degradation of complex carbohy-
drates also encompassing those involved in most of the
commercial chicken diets, grain. While for BC animals a
higher abundance of genes involved in formate production
was detected, in FRC data sets a higher number of genes
was detected that are associated with acetate production,
which in turn can be microbially converted to butyrate, a
SCFA that can be adsorbed by the host as an energy
source.

Experimental procedures
Ethic statement

In accordance with the REG CE No. 1099 of 2009 regarding
the protection of animals at slaughter, this study did not
require project license because no regulated procedures were
carried out. Chickens were humanely killed at a designated
establishment by cervical dislocation, which is an appropriate
method recognized by REG CE No. 1099.

Animals and sampling

For the purpose of this study a total of 84 animals from two dif-
ferent poultry groups, i.e. BC (49 animals) and FRC (35
animals), were investigated (Table 1). BC were reared under
commercial production conditions at six different farming
centres from two geographical areas in Italy (Cesena and
Cremona, Italy). These chickens were restricted in their move-
ments due to high chicken density conditions and also they
did not have access to foods other than that provided to them.
All BC animals came from Salmonella-free breading. FRC
were kept under semi-natural, free roaming conditions. This
group is composed of animals from different geographical
areas in the north of Italy (see Table 1). Feed composition and
antibiotic treatments, i.e. name and dosage, are reported in
Table 1.

All poultry Gl tracts were recovered from different slaughter-
houses where both BC and FRC animals were killed. Cecal
samples were obtained, kept on ice and processed immedi-
ately after dissection. Briefly, each cecum was opened
longitudinally. After removal of the digesta, 0.2 g of sample,
composed of parts of both cecal pouches, were removed and
briefly washed with RNA-later (Qiagen, Germany) to remove
unattached or loosely attached bacteria from the walls. Sam-
ples were subjected to DNA extraction using the QlAamp
DNA Stool Mini kit following the manufacturer’s instructions
(Qiagen).

Moreover, 10 environmental samples recovered from litters
were included in this study. Samples were selected to repre-
sent the different rearing conditions associated with either
large-scale, commercial production or the practice free-
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Table 2. Environmental samples collected in this study.

Sample name Origin Sample type
E4 FRC — Parma 1 (Emilia Romagna, Italy) FRC litter
E5 FRC — Parma 1 (Emilia Romagna, Italy) FRC litter
E7 FRC - Aulla (Toscana, ltaly) FRC litter
E11 BC — Cesena 1 (Emilia Romagna, ltaly) BC litter
E14 BC — Cesena 1 (Emilia Romagna, ltaly) BC litter
E22 BC — Cremona 1 (Lombardia, ltaly) BC litter
E23 BC — Cremona 1 (Lombardia, Italy) BC litter
E25 FRC - Aulla (Toscana, ltaly) FRC litter
E77 FRC — Reggio Emilia (Emilia Romagna, Italy) FRC litter
E79 FRC — Reggio Emilia (Emilia Romagna, ltaly) FRC litter

Origin of samples are reported.

roaming (Table 2). DNA was extracted using the Power Viral
environmental RNA/DNA kit (Mobio, USA) following the manu-
facturer’s instructions.

16S rRNA gene amplification

Partial 16S rRNA gene sequences were amplified from
extracted DNA using primer pair Probio_Uni and/Probio_Rev,
which targets the V3 region of the 16S rRNA gene sequence
(Milani et al., 2013). lllumina adapter overhang nucleotide
sequences were added to the partial 16S rRNA gene-specific
amplicons, which were further processed employing the 16S
Metagenomic Sequencing Library Preparation Protocol (Part
#15044223 Rev. B — lllumina; see also below). Amplifications
were carried out using a Verity Thermocycler (Applied Biosys-
tems). The integrity of the PCR amplicons were analyzed by
electrophoresis on a 2200 TapeStation Instrument (Agilent
Technologies, USA).

MiSeq sequencing of 165 rRNA gene-based amplicons

PCR products obtained following amplification of the 16S
rRNA gene sequences were purified by magnetic purification
step involving the Agencourt AMPure XP DNA purification
beads (Beckman Coulter Genomics GmbH, Bernried, Ger-
many) in order to remove primer dimers. DNA concentration

Table 3. Shotgun metagenomic data.

of the amplified sequence library was determined by a fluori-
metric Qubit quantification system (Life Technologies, USA).
Amplicons were diluted to 4 nM and 5 pl of each diluted DNA
amplicons were mixed to prepare the pooled final library.
Sequencing was performed using an lllumina MiSeq
sequencer with MiSeq Reagent Kit v3 chemicals.

16S rRNA-microbial profiling analysis

The fastq files were processed using QIIME (Caporaso et al.,
2010) as previously described (Milani et al., 2013). Paired-end
reads were merged and quality control retained sequences
with a length between 140 and 400 bp, mean sequence qual-
ity score >25 and with truncation of a sequence at the first
base if a low quality rolling 10 bp window was found. Sequen-
ces with mismatched forward and/or reverse primers were
omitted.

In order to calculate downstream diversity measures (alpha
and beta diversity indices, Unifrac analysis), 16S rRNA Opera-
tional Taxonomic Units (OTUs) were defined at >97%
sequence homology using uclust (Edgar, 2010) and OTUs
with less than 10 sequences were filtered. All reads were clas-
sified to the lowest possible taxonomic rank using QIIME
(Caporaso et al., 2010) and a reference dataset from the
SILVA database (Quast et al., 2013). Biodiversity of the sam-
ples (alpha-diversity) were calculated with Chaol and
Shannon indexes. Similarites between samples (beta-

Sample name Origin Number of reads Final read number
Poultry 1 FRC - Parma 1 (Emilia Romagna, Italy) 260147 29283
Poultry 4 FRC - Parma 1 (Emilia Romagna, ltaly) 263699 22556
Poultry 5 FRC — Parma 1 (Emilia Romagna, Italy) 229129 14840
Poultry 7 FRC — Aulla (Toscana, ltaly) 233002 14355
Poultry 25 FRC - Aulla (Toscana, ltaly) 216209 27550
Poultry 11 BC — Cesena 1 (Emilia Romagna, ltaly) 377079 74856
Poultry 12 BC — Cesena 1 (Emilia Romagna, Italy) 295779 14669
Poultry 13 BC — Cesena 1 (Emilia Romagna, ltaly) 387503 75081
Poultry 14 BC — Cesena 1 (Emilia Romagna, Italy) 324878 32319
Poultry 22 BC — Cremona 1 (Lombardia, Italy) 185450 10757
Poultry 23 BC — Cremona 1 (Lombardia, Italy) 157180 2301
Poultry 28 BC — Cremona 2 (Lombardia, ltaly) 269347 10527
Poultry 36 BC — Cremona 2 (Lombardia, Italy) 179599 2122
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diversity) were calculated by unweighted uniFrac (Lozupone
and Knight, 2005). The range of similarities was calculated
between the values 0 and 1. PCoA representations of beta-
diversity were performed using QIIME (Caporaso et al., 2010).

Shotgun metagenomics

DNA was fragmented to 550-650 bp using a BioRuptor
machine (Diagenode, Belgium). Samples were prepared fol-
lowing the TruSeq Nano DNA Sample Preparation Guide
(Part#15041110Rev.D). Sequencing was performed using an
llumina MiSeq sequencer with MiSeq Reagent Kit v3
chemicals.

Analysis of metagenomic datasets

The generated fastq files were filtered for reads with a quality
score of <25, for sequences of chicken DNA, as well as for
reads < 80 bp. Bases were also removed from the end of the
reads unless the average quality score in a window of 5 bp
was >25. Only paired data were further analysed. The
revised gene/protein set was searched using evolutionary
genealogy of genes: Non-supervised Orthologous Groups
(eggNOG;  http://eggnog.embl.de/version_4.0.beta/)  data-
bases. Interrogation of sequence reads for significant identity
to known ARGs was performed using a custom script based
on RapSearch2 software (Zhao et al,, 2012), htseq-count
(Anders et al., 2015) and the database CARD (McArthur
et al., 2013), which encompasses amino acidic sequences of
enzymes involved in antibiotic resistance. Reconstruction of
GH profiles as well as bacterial metabolic pathways and evalu-
ation of their abundance in the shotgun metagenomics
datasets was performed using custom scripts based on Rap-
Search2 software (Zhao et al., 2012), htseg-count (Anders
et al., 2015) and the CAZy database or the MetaCyc database
(Caspi et al., 2012) respectively.

Statistical analyses

ANOVA and PERMANOVA analyses were performed with
SPSS software (www.ibm.com/software/it/analytics/spss/).

Data deposition

Raw sequences of 16S rRNA gene profiling are accessible
through SRA study accession number SRP064851. Shotgun
metagenomics data are accessible through SRA study acces-
sion number SRP064850.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher's web-site:

Fig. S1. 16S rRNA-microbial profiling of the 84 chicken
samples. Only taxa with a relative abundance of > 0.5% are
shown. Sample names, origin and rearing methods are
explained in Table 1 and in the figure.

Table S1. 16S rRNA microbial 10 profiling data.

Table S2. Average and standard deviation (SD) values of
13 the COG functional categories between the two
datasets.

Table S3. Average and standard deviation (SD) values of
the 17 predicted bacterial metabolic pathways for SCFA
production between the two datasets.

Table S4. Degrees of Freedom (DFs), F distribution and
significance 21 values obtained through Univariate ANOVA
of the COG functional categories between the two datasets.
Only statistically significant values were reported.

Table S5. Degrees of Freedom (DFs), F distribution and
significance 26 values obtained through Univariate ANOVA
of the Glycosyl Hydrolases (GH) and Carbohydrate Binging
Modules (CBM) between the two datasets. Only statistically
significant values were reported.

Table S6. Degrees of Freedom (DFs), F distribution and
significance 31 values obtained through Univariate ANOVA
of the predicted bacterial metabolic pathways for SCFA pro-
duction between the two datasets. Only statistically signifi-
cant values were reported.
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Summary

Different factors may modulate the gut microbiota of
animals. In any particular environment, diet, genetic
factors and human influences can shape the
bacterial communities residing in the gastrointestinal
tract. Metagenomic approaches have significantly
expanded our knowledge on microbiota dynamics
inside hosts, yet cultivation and isolation of bacterial
members of these complex ecosystems may still be
necessary to fully understand interactions between
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bacterial communities and their host. A dual
approach, involving culture-independent and -depen-
dent techniques, was used here to decipher the
microbiota communities that inhabit the gastro intes-
tinal tract of free-range, broiler and feral chickens. In
silico analysis revealed the presence of a core micro-
biota that is typical of those animals that live in
different geographical areas and that have limited
contact with humans. Anthropic influences guide the
metabolic potential and the presence of antibiotic
resistance genes of these different bacterial commu-
nities. Culturomics attempts, based on different
cultivation conditions, were applied to reconstruct in
vitro the microbiota of feral chickens. A unique strain
collection representing members of the four major
phyla of the poultry microbiota was assembled,
including bacterial strains that are not typically
retrieved from the chicken gut.

Introduction

Analysing the microbiota composition of breeding animals
has gained growing interest because this allows a predic-
tion of the compositional structure and associated
metabolites of such communities, which are believed to
fundamentally impact on all aspects of host physiology
(Hiergeist et al., 2015). The compositional analysis of the
gut microbiota has enjoyed rapid advances in recent years
thanks to metagenomic approaches based on high
throughput sequencing methods (Fraher et al, 2012;
Weinstock, 2012; Milani et al., 2013). However, in order to
obtain detailed mechanistic insights into the roles of gut
microorganisms with regards to interactions with their host
and/or other bacteria in their natural ecosystem, isolation
and cultivation of individual members of the gut microbiota
is required (Browne et al., 2016; Lagier et al., 2016).

A large proportion of the gut microbiota of animals,
including that of humans, is represented by not yet cultured
microorganisms, including bacteria that are highly sensitive
to oxygen and/or highly nutritionally exigent, thus prevent-
ing cultivation by classical laboratory approaches (Lagier
et al, 2016). Most of the current knowledge concerning
the gut microbiota is still restricted to humans (Clemente
et al., 2012; Lozupone et al., 2012; Marchesi et al., 2016),
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although information on the gut microbiota of breeding-
animals, including poultry, is increasing (Oakley et al.,
2014; Mao et al., 2015; McCormack et al., 2017). In this
context, both culture-independent and cultivation-based
approaches have revealed that the majority of the human
gut microbiota consists of members of the phyla Bacteroi-
detes and Firmicutes, yet many additional players (i.e.,
other bacterial phyla present in the human gut microbiota,
principally Proteobacteria, Actinobacteria, Fusobacteria
and Verrucomicrobia), are part of this complex ecosystem
(Human Microbiome Project Consortium, 2012; Lozupone
et al., 2012; Mirzaei and Maurice, 2017). Similar results
were reported for farm-based animals, such as broiler
chickens (Mohd Shaufi et al, 2015; Mancabelli et al.,
2016). Nevertheless, and in contrast to human beings, our
current knowledge on the composition of the gut micro-
biota of chickens is still rather underdeveloped, despite
that fact that these animals represent an important food
resource for humans, while also being a potential reservoir
of food-borne pathogens (Oakley et al., 2014).

Feralization is a process by which domesticated species
have escaped their controlled environment and colonized
new habitats. It is also called ‘domestication in reverse’
(Gering et al., 2015; Johnsson et al., 2016), as it involves
the removal of direct anthropogenic control over natural and
sexual selection regimes. Animals, such as poultry, sub-
jected to a feralization process could be useful to elucidate
the impact of human care on the development of microbiota.
With this aim, we report here an in-depth cataloguing of the
microbiota composition of free-range, broiler and feral (i.e.,
formerly domesticated, wild-living) chickens (abbreviated
here as FRC, BC and FC respectively) by means of omics
approaches that used metagenomic and culturomics techni-
ques, and also involved bacterial cultivation approaches
based on multiple culture conditions (Lagier et al., 2015;
Lagier et al., 2016). The results allowed us to understand
what happens to the cecal microbiota of domesticated
chickens during the process of feralization, and to obtain a
unique chicken cecal microbiota strain collection, which
includes representatives of the four major phyla characteris-
tic of this complex bacterial community.

Results and discussion
Microbial diversity of feral chicken

The microbiota composition of 15 cecal samples of chick-
ens originating from Bermuda (Table 1) was assessed
based on 16S rRNA amplicon sequencing as described
previously (Milani et al., 2013). These animals comprised
wild animals or chickens reared under distinct circum-
stances, with variable degrees of human control or
interference, called Bermuda Feral, Free-Range Bermuda
Broilers and Free-Range Bermuda Layers, as described in
the Experimental Procedures section. lllumina-based 16S

rRNA microbial profiling produced a total of 855 136
sequencing reads with an average of filtered 53 177 reads
per sample (Supporting Information Table 1). The micro-
biota analysis of Bermuda poultry (encompassing
Bermuda Feral, Free-Range Bermuda Broilers and Free-
Range Bermuda Layers) obtained here, was compared
with that of 84 previously characterized BC (broiler
chicken) and FRC (free-range chicken) samples (Table 1)
(Mancabelli et al, 2016), where collection of biological
materials and protocols for DNA isolation and 16S rRNA
gene microbial profiling had been performed in an identical
manner to those used here (Mancabelli et al., 2016).

Assessment of rarefaction curves based on the Shan-
non and Simpson biodiversity indexes calculated for ten
subsamplings of sequenced read pools indicated that both
curves tend to reach a plateau. Therefore, in all cases the
obtained sequencing data was deemed adequate to cover
the vast majority of biodiversity contained within the sam-
ples (Fig. 1A and B). Moreover, average rarefaction curves
reveal a difference between the cecal microbiota of BC,
FRC and Bermuda poultry (Fig. 1). Specifically, cecal sam-
ples from Bermuda displayed a higher level of complexity
of the cecal microbiota compared to that found in BC
samples (Fig. 1) (Student's ttest statistical analysis
p-value < 0.05). In contrast, the curves are not significantly
different between Bermuda poultry and FRC (p-val-
ue >0.05) calculated at the highest rarefaction depths
reached by all samples (Fig. 1).

The microbiota of Bermuda Feral was shown to be dom-
inated by the Bacteroidetes phylum (average value 40%),
followed by Firmicutes and Proteobaceria (at average val-
ues of, respectively, 30% and 18%). In particular, the most
abundant bacterial taxa are Unclassified Member (U. m.)
of the Prevotellaceae family (11.74%), Bacteroides spp.
(9.13%) and U. m. of Bacteroidales order (5.46%) (Sup-
porting Information Figures S1, S2 and S3). Non-
significant differences in microbiota composition were
observed in Free-Range Bermuda Broilers, and Free-
Range Bermuda Layers compared to Bermuda Ferals, at
phylum level, despite the finding that the Proteobacteria
phylum was shown to be present at a lower relative abun-
dance (about 10% in both groups) (Supporting Information
Figure S1). Both Free-Range Bermuda Broilers, and Free-
Range Bermuda Layers were dominated by the Bacter-
oides genus (respectively 18% and 30%) followed by U. m.
of Ruminococcaceae family (9% and 7% respectively)
(Supporting Information Figure S3).

Differences in cecal microbiota composition between
BC, FRC and FC chickens

In order to evaluate microbiota differences between
Bermuda poultry, BC and FRC samples, we analysed the
B-diversity based on unweighted UniFrac for these groups,

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00—00
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Table 1. Chicken samples collected in this study.

Cecal microbiota modulation in feral chicken 3

Rearing

Samples name methods  Origin Feed Antibiotics References
BER50, BER52, FC St. George (Bermuda) Wet waste® / This study

BERS53, BER55,

BER56, BER57A,

BER57B, BER58,

BERXX, BER
BER100, BER101, FRC St. George (Bermuda) Wheat and wet waste, /

BER102, BER103, soy-free, corn-free

BER104
P1, P2, P3, P4, P5, P6 FRC Parma 1 (Emilia Romagna, Barley, wheat and wet / (Mancabelli

Italy) waste et al., 2016)

P7, P8, P9 FRC Aulla (Toscana, ltaly) Wheat and wet waste /

P10, P11, P12, P13, BC
P14, P15, P16, P17,
P18, P19

Cesena 1 (Emilia Romagna,
Italy)

P20, P21, P22, P23, BC
P24

Cremona 1 (Lombardia, Italy)

P25, P26 FRC

P27, P28, P29, P30, BC
P31, P32, P33, P34
P35, P36

P37, P38, P39, P40, BC
P41, P42, P43, P44
P45, P46

P47, P48, P49, P51, BC
P53, P54, P55, P56

Aulla (Toscana, ltaly)
Cremona 2 (Lombardia, Italy)

Cremona 3 (Lombardia, Italy)

Cesena 2 (Emilia Romagna,
Italy)

P57, P59, P60, P61, BC Cesena 3 (Emilia Romagna,
P62, P63, P64 Italy)
P68, P59 FRC Varese (Lombardia, Italy)
P70, P71, P72, P73, FRC Reggio Emilia (Emilia
P74, P75, P76, P77, Romagna, ltaly)
P78, P79, P80, P81,
P82, P83, P84, P85,
P86, P87, P88
P89, P90, P91 FRC Parma 2 (Emilia Romagna,

Italy)

Cereals (wheat, corn), pro-
tein flour (soy, sunflower),
vegetables oils (soy),
mineral

Corn and soy

Wheat and wet waste
Corn and soy

Corn and soy

Cereals (wheat, corn), pro-
tein flour (soy, sunflower),
vegetables oils (soy),
mineral

Cereals (wheat, corn), pro-
tein flour (soy, sunflower),
animal fat (pig, cow,
chicken oil) and minerals

Wheat, soy and wet waste
Corn, soy, pea, bram and
minerals

Corn, cereal mix and wet
waste

Amoxicillin (20 mg kg™ ")
and colistin
(50 mg kg™ ).

Amoxicillin (50 mg kg™ ")
and colistin
(100 mg kg ).
/
Sulfonamide/trimethoprim
and colistin
(100 mg kg™ ).
Sulfonamide/trimethoprim
and colistin
(100 mg kg~ ).
Enrofloxacin (10 mg
kg~ "), amoxicillin
(20 mg kg "), tylosin
(50 mg kg™ ") and
colistin (50 mg kg™ ).
Amoxicillin (20 mg kg™ "),
tylosin (50 mg kg~ ")
and sulfadiazine/tri-
methoprim
(0.3mlkg ™).
/
/

a. Wet waste: invertebrates, seeds, shoots, household and business garbage.
Origin of samples, antibiotic treatments and feed composition are reported.

after which the UniFrac distance matrix was represented
through Principal Coordinate Analysis (PCoA) (Fig. 1C).
Such analyses showed that the Bermuda samples
grouped in the FRC group, being clearly separated from
BC. Interestingly, a detailed analysis of the FRC group
revealed a split in two different clusters that do not corre-
late with the geographical origin of the animals (Fig. 1D).
In detail, the first cluster, called the FRC dominant group
(FRC-group) was composed of FRC samples derived from
different geographical areas and or livestock in Italy
(Parma 2, Varese and Reggio Emilia), while the second

one, indicated as the Feral Chicken-dominant group (FC-
group) encompassed samples collected in Italy (Parma 1
and Aulla) and all those obtained from Bermuda (Bermuda
Ferals, Free-range Bermuda Broilers and Free-Range
Bermuda Layers), despite differences in diet and rearing
methods (Table 1). Such findings were shown to be statisti-
cally validated by a p-value of <0.001, as obtained by
PERMANOVA analysis, when the data sets of the two
clusters were compared. Thus, chickens from different life-
styles (FC vs. FRC), ancestries and rearing localities can
exhibit striking similarities in core cecal microbiota.

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00
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A. The average rarefaction curve representing variation of the Shannon diversity index at increasing sequencing depth of Bermuda, BC and

FRC samples.
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FRC samples.

C. The predicted PCoA encompassing all Bermuda, BC and FRC data sets through three-dimensional images.
D. the predicted PCoA encompassing all Bermuda and FRC data sets through three-dimensional images.

Moreover, the existence of a core microbiota, being typical
of chickens that live in different geographical areas with lit-
tle if any human contact and feeding on a natural diet, was
observed (Fig. 1C).

Inspection of the predicted microbiota in FRC, BC and
FC groups

Exploring the predicted taxonomic profiles at phylum level
for the analysed samples clearly shows that the BC, FRC
and FC groups possess a distinct microbiota composition
(Fig. 2A—C and Supporting Information Figs. S1, S2 and
S3). Sample categorization in FRC, BC or FC was per-
formed subsequent to obtaining the results from the
PCoAs as reported in Fig. 1C and D. The bacterial com-
munity of the BC and FRC cecal samples was shown to be
dominated by the Firmicutes phylum, although at a signifi-
cantly different level (p-value <0.05, with an average
relative abundance of 59.8% and 33.4% respectively),
outnumbering the Bacteroidetes (26.2% and 29.2%) and
Proteobacteria (10.9% and 28.3%) phyla (Fig. 2A).

Conversely, the FC-group cecal microbiota was dominated
by members of the Bacteroidetes phylum (with an average
relative abundance of 38.6%). Firmicutes in the FC-
derived samples were present at a lower level in compari-
son with those from BC samples (32%, p-value < 0.05),
while the Proteobacteria phylum was shown to be present
at a significantly lower abundance (18.5%, p-value < 0.05)
in comparison to the FRC cecal samples.

In order to further identify differences in microbiota com-
position between BC FRC and FC, the microbiota
composition was explored at genus level, evaluating differ-
ences of bacterial genera present at an average relative
abundance of >0.5% in at least one sample group
(Fig. 2C and Supporting Information Fig. S3). The defini-
tion of the core microbiota, that is, bacterial species that
are present in all samples of a given sample set (Salonen
et al., 2012), also revealed particular differences between
FC, FRC and BC animals (Fig. 2D). In detail, unclassified
members (U. m.) of the Prevotellaceae family, U. m. of the
Bacteroidales order and Succinimonas spp. were prepon-
derant in FC samples as compared to FRC and BC
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Fig. 2. Evaluation of the predicted microbiota in FRC, BC and FC groups. Sample categorization in FRC, BC or FC was performed
subsequent to obtaining the PCoA results as reported in Fig. 1C and D.
A-C. The 16S rRNA-microbial profiling of aggregate FC, BC and FRC groups at phylum, family and genus level (only taxa with a relative

abundance of > 0.5% are shown) respectively.

D. A heat map reporting the presence/absence of core species detected in the microbiota of the three data sets. Moreover, the relevance of
each genus in the FC, FRC and BC data sets is reported on the right. U. m.: unclassified member.

sample sets (p-value <0.05) (Fig. 2C). In contrast, the
cecal samples from the FRC-group showed a higher pres-
ence, at genus level, of U. m. of the S24-7 family,
Barnesiella spp., Mucirospirillum spp. and Helicobacter
spp. The BC group elicited a preponderance in Alistipes
spp., U.m. of Ruminococcaceae family and Intestinimonas
spp. The microbial genera that were shared among the
three chicken groups, representing a putative ‘core’ cecal
microbiota, that is, defined as persistent members of a
microbial community (Astudillo-Garcia et al., 2017), which
co-evolved with chickens in these different environments,
were predicted to consist of 18 taxa (Fig. 2D). These core
bacterial species belonged to the Firmicutes phylum, indi-
cating the maintenance of a common core phylogeny
under different ecological circumstances.

Prediction of the cecal microbiomes of FC

In order to evaluate the overall genetic content of the cecal
microbiota of chickens, we decoded the microbiomes of
three FC animals (BER, BER50 and BERXX, characterized
as Bermuda Feral) by a metagenomics approach. Selection
of these animals was based on the 16S rRNA microbial pro-
filing data so as to include those birds showing cecal

microbial profiles that were closest to the average of their
corresponding group (Table 2). The obtained data were
then compared to microbiome reconstruction information
from a similar shotgun sequencing effort of three BC ani-
mals (Mancabelli et al., 2016), selected to understand how
anthropometric influences could drive the microbiota com-
position and its capability. Next Generation Sequencing of
these selected six FC- and BC-samples (Table 2) produced
a total of 53 219 426 raw reads that were filtered for human
and poultry DNA and by quality, resulting in 13 876 919 fil-
tered reads that were used for further analyses.

Notably, the taxonomic prediction achieved by the meta-
genomic analyses was consistent with that obtained by
16S rRNA profiling analysis, highlighting a preponderance
in the relative abundance of bacteria belonging to the Bac-
teroidetes and to Firmicutes phyla in FC and BC animals
respectively (Supporting Information Table S2 and Sup-
porting Information Figure S4).

Functional characterization of the feral chicken cecal
microbiome

The reconstruction of the cecal microbiome of feral chick-
ens allowed functional classification through the EggNog
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Table 2. Shotgun metagenomics raw data of FC and BC samples.

Sample name Rearing category

Pe reads pre-filtering Pe reads post-filtering

BER FC
BERS50 FC
BERXX FC
P11 BC
P13 BC
P14 BC

13819331 3260366
19697499 5233692
18613136 4853492
377079 178602
387503 221710
324878 129057

database (Huerta-Cepas et al., 2016). Data were com-
pared with BC data sets (Mancabelli et al., 2016) and
significant differences (p-value < 0.05) were identified for
the EggNog families encompassing Transcription, Cell
wall/membrane/envelope biogenesis, Carbohydrate trans-
port and metabolism, Nucleotide transport and metabolism
and Inorganic ion transport and metabolism (Fig. 3A and
Supporting Information Fig. S3).

Metabolic capability to convert complex carbohydrates
from diet into simpler glycans and to subsequently trans-
form them into short chain fatty acids (SCFAs) is driven by
carbohydrate degrading enzymes, such as glycosyl hydro-
lases (GHs), and by several enzymes belonging to the
SCFA biosynthetic pathways (den Besten et al., 2013). In
silico characterization of putative GHs responsible for the
degradation of oligo/polysaccharides highlighted that the
microbiomes of domesticated chickens (BC) possess a
larger GH repertoire, in particular associated with the deg-
radation of complex glycans derived from plant and
cereals, such as mannan and (arabino)xylan (p-value
<0.05) (Fig. 3B and Supporting Information Table S4). As
reported previously, captive birds fed with grain were pre-
dicted to share a microbiota with increased capability for
carbohydrate metabolism (Waite and Taylor, 2014). In par-
ticular, genes encoding B-galactosidases, a-amylases and
B-glucosidases, encompassing members of the GH2,
GH13 and GH3 families, were the most abundant in cecal
microbiomes of BC (Fig 3B). These BC microbiomes were
shown to be enriched in bacteria belonging to the Firmi-
cutes phylum, which are able to degrade otherwise
indigestible carbohydrates including cellulose and starch
(Stanley et al., 2013).

The level and types of SCFAs that are generated in the
ceca are largely influenced by the amount of starch intro-
duced in the ceca (Roto et al, 2015). It is worth
mentioning that the pronounced presence of genes for
SCFA synthesis is related to acetate and formate produc-
tion for both BC and FC animals (Fig. 3C). In this context,
the FC microbiomes showed a reduced occurrence of
genes predicted to encode enzymes involved in the pro-
duction of formate, acetate, yet also propionate and
butyrate (respectively, 11, 2.5, 4.3 and 3.6 time less)
(Fig. 3C) in comparison to BC microbiomes. Indeed, only
genes involved in a small number of pathways related to

acetate (e.g., chitin degradation to ethanol, vanillin bio-
synthesis and rhamnogalacturonan type | degradation
pathways) and formate production (e.g., tetrahydrobiop-
terin biosynthesis | and I, estradiol biosynthesis | and II,
tryptophan degradation to 2-amino-3-carboxymuconate
semi-aldehyde and formaldehyde oxidation) were
enriched (p-value < 0.05) in the microbiomes of FC, com-
pared to those of BC (Fig. 3D and Supporting Information
Table S5).

The prevalence of genes related to carbohydrate metab-
olism and energy recovery from food is higher in the
microbiomes of BC animals than those from Bermuda.
This may be explained by the fact that farm animals have
undergone a genetic selection toward maximum increase
in body weight in a short time and a concurrent maximal
conversion of diet into body weight. Thus, one may argue
that the cecal microbiota of BC has been selected toward
an enrichment of those microorganisms that perform a
very efficient energy recovery from the diet (Ley et al.,
2008). In contrast, the FC animals have reduced dimen-
sions, are more agile and fast (Gering et al., 2015). Thus,
microbiomes with a lower prevalence of genes related to
carbohydrate metabolism and energy recovery from food,
may convey a selective advantage for balancing mobility
and body size.

Prediction of the resistome of feral chicken

In recent years increasing interest has emerged on how
the gut microbiota may act as a reservoir for antibiotic
resistance genes (ARGs) (Salyers et al., 2004; Hu et al.,
2013; Yassour et al., 2016). In this context, the investiga-
tion of ARGs in the poultry microbiome may represent a
serious global health safety issue since such ARGs may
be subject to horizontal transmission to pathogenic bacte-
ria in the gut environment (von Wintersdorff et al., 2016).
For this reason, the FC resistome, that is, all genes pre-
dicted to be involved in antibiotic resistance (Wright, 2007),
were mapped and compared with data previously obtained
from BC animals (Mancabelli et al., 2016), in which an anti-
biotic therapy was routinely administered (Table 1). In silico
analysis of shotgun data revealed a higher abundance
(70%) of ARGs in BC compared to FC animals. Interest-
ingly, and as reported previously (Mancabelli et al., 2016),
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Fig. 3. Functional changes in the cecal microbiome of BC and FC. Asterisks indicate statistically significant differences between the two data

sets (p-value < 0.05).

A. The functional annotation of BC and FRC metagenomic data sets according to COG categories. Each COG family is identified by a one-
letter abbreviation (National Center for Biotechnology Information database).

B. Changes in carbohydrate degradation related genes in BC and FC data sets. GH, GT, CE, CBM and PL indicate, respectively, glycosyl
hydrolase, glycosyl transferase, carbohydrate esterase, carbohydrate-binding module and polysaccharide lyase.

C. A heat map reporting variation of pathways involved in formate, acetate, propionate and butyrate production in BC and FRC samples.

D. Relative abundance of predicted enzymes involved in conveying antibiotic resistance as present in BC and FC shotgun metagenomic data
sets. Names of protein-encoding genes are listed on the left, while names of sample groups used are listed at the top.

B-lactamase-encoding genes (as well as B-lactamase and
metallo-B-lactamase superfamily) were the most abundant
ARGs in all analysed samples (Fig. 3D), in particular in BC
animals, which all had received amoxicillin, a B-lactamic
antibiotic (Table 1).

Notably, the resistome of FC animals are enriched in
ARGs encoding predicted B-lactamase activity and resis-
tance to bacitracin or chloramphenicol (Fig. 3D and
Supporting Information Table S6). The presence of ARGs
genes in wild animals was previously demonstrated to be
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related to human contact (Osterblad et al., 2001; Thaller

et al., 2010). In this context, the feralization process with
accompanying detachment from human care is correlated
with the reduction of ARGs in the FC microbiome
(Fig. 3D). Notably, a statistically significant difference
(p-value < 0.05) was detected for genes related to B-
lactamase, and resistance to bleomycin or vancomycin,
with an increase of about 66%, 81% and 91% in BC sam-
ples respectively (Supporting Information Table S6).

In vitro reconstruction of the core microbiota of FC

poultry
Culturomics approaches were applied to those cecal sam-

ples of FC and FRC animals that had been included in the
FC-group (Fig. 1C and D) from the 16S rRNA gene micro-
bial profiling. These attempts were developed in order to
reconstruct the microbial community encompassing the
FC cecum. A total of 26 samples were analysed, involving
samples that exhibited a typical FC-type microbiota based

on 16S microbial profiling results and PCoA analysis
conditions

(Fig. 1D). Selective and un-selective growth

based on the use of different modified media as well as
various growth parameters such as 0, availability,
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antibiotics, micro- and macro- nutrient availability, fresh-
sample and frozen sample inoculation, were applied to
assess the microbial composition of these 26 cecal sam-
ples. About 1000 colonies were picked from plates
prepared for all tested cultivation conditions. Furthermore,
each of these colonies was subjected to additional purifica-
tion processes and taxonomic identification based on 16S
ribosomal RNA gene sequencing. Among the different cul-

tivation conditions tested,

the most effective, which

resulted in the isolation of about 40% of the total number
of identified bacterial species-based on the microbiota
analysis, was cultivation on PYG in an anaerobic atmo-
sphere followed by incubation for five days.
These analyses allowed the reconstruction of part of the
FC core microbiota (FC-microbiota) consisting of 417
strains representing 43 different species, representative of
15 genera and belonging to the phyla Actinobacteria,
Bacteroidetes, Firmicutes and Proteobacteria (Fig. 4). The
FC-microbiota isolates were dominated by Firmicutes,
reflecting the abundant presence of this phylum in the
poultry intestine. In detail, Lactobacillus spp., Enterococ-
cus spp. and Escherichia spp. were the most frequently
isolated bacterial genera of FC-microbiota, representing
53%, 10% and 2.5% of the isolates respectively. However,
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Fig. 4. Diversity of the FC
poultry microbiota strain

collection.
The picture shows the UPGMA

phylogenetic tree based on the
analysis of the sequenced 16S
rRNA gene illustrating the
classification of the isolated FC
poultry microbiota members at
species level. Only unique
sequences were used. The tree
is colour coded according to the
phyla. Non-typical poultry
isolates were marked with an
asterisk. Bacterial taxa
identified by culturomic and
shotgun metagenomic
approaches were reported in
bold. The tree was generated
using MEGA v. 7.0.2.
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only a small number of isolates were classified as
belonging to the Bacteroidetes phylum (Fig. 4). Arguably,
conservation, manipulation or cultivation procedures of
samples have impacted on the persistence of members of
this bacterial taxon, apparently being particularly sensitive
to the applied laboratory growth conditions, thus reducing
the variety of isolated bacterial species.

The overall biodiversity of the FC-microbiota based on
these culturomic analyses allowed us to reconstruct the
phylogenetic tree shown in Fig. 4.

Interestingly, of the 420 strains forming the FC-
microbiota, four taxa, that is, Alloscardovia omnicolens,
Enterococcus lactis, Kokuria kristinae and Lactobacillus
colehominis, representing approximately 4% of the number
of taxa of FC-microbiota, have never been isolated from
poultry previously, while the other strains are typical inhabi-
tants of the chicken intestine (Collado and Sanz, 2007;
Stanley et al., 2014).

To assess the relevance of the culturomic approach
reported here, a comparison between the cultivation-
based method and high-throughput shotgun sequencing
data was performed. Only six of the 43 species identified
with culturomic-based methods were detected in shotgun
results (about 15% of the total species detected by culturo-
mics). Interestingly, these six bacterial species were
spread across the four phyla identified using culture-based
methods (Fig. 4).

Notably, comparison of 16S rRNA microbial profiling
data with those achieved with culture-based approaches,
highlighted that 60% of the bacterial genera detected with
the culturomics approach were also identified with molecu-
lar methods. In contrast, just 3% of the bacterial genera
identified by the 16S rRNA microbial profiling approach
were isolated from our cultures of poultry cecal samples.

These findings highlight a substantial discordance
between the sets of bacteria identified by these two
approaches, at both genus and species level (Lagier et al.,
2016). Indeed, the ability of high throughput cultivation-
based approaches to isolate bacteria from environmental
samples that are not detected in genomic and metage-
nomic studies is far from effective. At the same time, large-
scale molecular studies have a detection limit that prevents
the detection of microorganisms that are present below a
particular threshold (Lagier et al., 2012).

Conclusions

Farm animals that undergo feralization follow a reverse
domestication process, where they may gain certain traits
that reflect their ancestors, while maintaining others that
had been selected by humans such as brain dimension
and organization, plumage and animal size (Gering et al.,
2015; Callaway, 2016; Johnsson et al., 2016). Such ani-
mals also represent an intriguing example of microbiota

Cecal microbiota modulation in feral chicken 9

evolution subsequent to human influences, which include
changes in environment, diet and host genetics. To investi-
gate how feralization modulates the microbiome, in silico
and in vitro approaches were used to decipher the cecal
microbiota of FC animals originated from Bermuda (and
compare them to domesticated BC).

Notably, despite the fact that these feral animals live on
an island, are not exposed to human husbandry, and follow
a ‘natural’ diet, the Bermuda Poultry, that is, Feral, Free-
range broilers and layers, microbiota displayed a composi-
tion that still resembles that of FRC cecal samples
collected in very different and distant geographical regions
(Mancabelli et al., 2016). Interestingly, the reconstructed
microbiota of FRC and Bermuda animals were shown to
be characterized by a higher abundance of strains belong-
ing to the Bacteroidetes phylum, being clearly different
from the cecal microbiota of domesticated animals (i.e.,
BC). Furthermore, analysing the cecal microbiota of FC,
BC and FRC, 18 taxa belonging to the Firmicutes phylum
were present in all samples, thus forming a proposed core
microbiota. Although the low number of analysed FC cecal
samples may represent a limitation of this study, the inter-
esting results obtained prompted us to sequence total
DNA of Bermuda Feral cecal samples through a shotgun
metagenomics approach. The functional microbiota char-
acterization highlighted a selection in FC microbiota of
those bacterial genera that are less efficient for energy
recovery (or host weight gain), when compared to BC, yet
carry a lower number of genes related to antibiotic
resistance.

In addition, we performed a first attempt to reconstruct
the cecal microbiota of FC. Culturomics approaches were
applied to in vitro reconstruct the microbiota of FC animals,
providing comprehensive culture conditions simulating or
mimicking the environmental conditions present in the
cecum of chickens. This approach enabled a large-scale
cultivation of bacteria and the generation of a unique strain
collection of about 420 isolates, including bacterial strains
that are not typically retrieved from the chicken gut, and
representing the four major bacterial phyla present in the
cecal microbiota of feral poultry. Many efforts will still be
needed to obtain a complete bacterial collection represent-
ing the complexity of the poultry microbiota, but these 15
samples are a starting point to understand the evolution of
this bacterial community. Additional feral samples collected
from other geographical locations as well as further growth
media/cultivation conditions may result in a more complete
culture collection of the feral chicken cecal microbiome.

Experimental procedures

Ethical statement

Collection and export of samples derived from feral chickens
was approved by the Bermuda Department of Environment
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and Natural Resources in support of the Bermuda Biodiversity
Project. The samples manipulation and DNA extraction proto-
cols were approved by the ‘Comitato di Etica Universita degli
Studi di Parma’, Italy. All procedures were performed in strict
compliance with national guidelines (Decreto legislativo 26/
2014) on the protection of animals used for scientific
purposes.

Animals, sampling and DNA extraction

A total of 15 chickens from St. George’s island, Bermuda,
were investigated (Table 1). Ten animals were reared under
natural conditions, without human control or interference, and
therefore categorized as Bermuda Feral. Bermuda supports a
large, self-sustaining population of feral chickens that have
been living in the wild since at least the mid-1980s. Based on
preliminary genetic and morphological analyses, these birds
appear to be an admixed flock originating from several breeds
that are popular sources of meat and eggs in the Western
hemisphere. Our ad hoc observations of gut content suggest
a highly variable diet including locally-occurring invertebrates
(e.g., snails and insects), local ornamental and/or natural veg-
etation (e.g., seeds and shoots) and garbage from Bermuda
households and businesses. We also sampled five birds from
a Bermuda farm that were categorized as FRC since some
human impact (e.g., shelter, ad libitum formulated diet and
vaccination) was present. Two of these (BER 100-101, Free-
Range Bermuda Broilers) were broiler breed males raised in a
common, large outdoor enclosure and fed an ad libitum diet of
growth-formulated feed. Three female brown pullets (BER
102-104, Free-Range Bermuda Layers) were also included
that were housed in coops with an outdoor run, immediately
adjacent to the broilers. All of the individuals from the
Bermuda farm originated from a hatchery on the mainland
US, where they were vaccinated for Marek’s Disease Virus.

Cecal samples were obtained, kept under anaerobic condi-
tions, transferred to the laboratory and maintained at —80°C
until processing. We selected the ceca as organs of particular
interest as they harbour the highest microbial cell densities
(up to 10" cells g~ '), have the longest residence time (12—
20 h) of digesta in the gastrointestinal tract, and are important
sites for carbohydrate fermentations, water regulation and
recycling of urea (Oakley et al., 2014; Sergeant et al., 2014;
Waite and Taylor, 2014). For DNA extraction, after removal of
the digesta, 0.2 g of sample, composed of parts of both cecal
pouches, were removed and briefly washed with Ringer’s solu-
tion (Sigma, ltaly) to remove unattached or loosely attached
bacteria from the walls. Samples were subjected to DNA
extraction using the QlAamp DNA Stool Mini kit following the
manufacturer’s instructions (Qiagen, USA).

16S rRNA gene amplification and MiSeq sequencing

Partial 16S rRNA gene sequences were amplified from extracted
DNA using the primer pair Probio_Uni and/Probio_Rev, which
target the V3 region of the 16S rRNA gene sequence (Milani
et al., 2013). lllumina adapter overhang nucleotide sequences
were added to the partial 16S rRNA gene-specific amplicons,
which were further processed using the 16S Metagenomic
Sequencing Library Preparation Protocol (Part #15044223

Rev. B — lllumina; see also below) as previously reported
(Mancabelli et al., 2016). Purified amplicons were diluted to
4 nM and 5 pl aliquots of each diluted DNA amplicon were
mixed to prepare the pooled final library. Sequencing was per-
formed using an lllumina MiSeq sequencer with MiSeq
Reagent Kit v3 chemicals.

16S rRNA-microbial profiling analysis

The fastq files were processed using QIIME (Caporaso et al.,
2010) as previously described (Milani et al., 2013). Paired-end
reads were merged and quality control retained sequences
with a length between 140 and 400 bp, mean sequence qual-
ity score >25 and with truncation of a sequence at the first
base if a low quality 10 bp rolling window was found. Sequen-
ces with mismatched forward and/or reverse primers were
omitted.

Shotgun metagenomics

DNA was fragmented to 550-650 bp using a BioRuptor
machine (Diagenode, Belgium). Samples were prepared fol-
lowing the TruSeq Nano DNA Sample Preparation Guide
(Part#15041110Rev.D). Sequencing was performed using an
lllumina NextSeq 500 sequencer with NextSeq Mid Output v2
Kit chemicals.

Analysis of metagenomic data sets

The generated fastq files were filtered for reads with a quality
score of < 25, for sequences of chicken genomic DNA, as well
as for reads < 80 bp. Bases were also removed from the end of
the reads unless the average quality score in a window of 5 bp
was > 25. Only paired data were further analysed. The revised
gene/protein set was searched using evolutionary genealogy of
genes: Non-supervised Orthologous Groups (eggNOG; http://
eggnog.embl.de/version_4.0.beta/) databases. Interrogation of
sequence reads for significant identity to known antibiotic resis-
tance genes (ARGs) was performed using a custom script
based on RapSearch2 software (Zhao et al., 2012), htseg-
count (Anders et al., 2015) and the database CARD (McArthur
et al., 2013), which encompasses amino acid sequences of
enzymes involved in antibiotic resistance. Reconstruction of gly-
cosyl hydrolase profiles and bacterial metabolic pathways, and
evaluation of their abundance in the shotgun metagenomic
data sets was performed using custom scripts based on Rap-
Search2 software (Zhao et al, 2012), htseq-count (Anders
et al., 2015) and the CAZy database or the MetaCyc database
(Caspi et al., 2012) respectively.

In vitro reconstruction of poultry microbiota

For microbiota cultivation, different media were assessed, includ-
ing Proteose Yeast Glucose (PYG) agar modified media (Leibniz
Institut DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH) with modifications (0.5% resistant starch,
0.05% pectin from citrus peel and 0.25% inulin), YCFA agar
(Duncan et al., 2002) supplemented with 0.2% of glucose,
maltose and cellobiose, brain heart infusion (BHI) agar modi-
fied (10 mg L' hemin, and 1 mg L™ vitamin K, 0.05% L-
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cysteine hydrochloride), de Man, Rogosa and Sharpe (MRS)
agar supplemented with 0.05% L-cysteine hydrochloride and
Chicken cecal medium (CCM), based on VL broth prepared as
reported by Nisbet and colleagues (1993) and added with a
chicken cecal content solution (autoclaved at 121°C for 15 min,
5% w/v) at a final concentration of 1% w/v. Finally, PYG
medium was also supplemented with streptomycin (16 pg
ml~") or vancomycin (2 ug mi~") after autoclaving.

All reagents were placed in the anaerobic cabinet (Ruskin,
in which the atmosphere consisted of 17% CO,, 80% N, and
2.99% Hy) for 24 h prior to use in order to create anaerobic
conditions.

Cecal samples were obtained from animals categorized as
FC-group members after 16S rRNA microbial profiling. All
samples were processed immediately after their arrival at the
laboratory.

About 0.2 g of cecum samples were washed with phos-
phate buffer solution (pH=7.0), 10-fold diluted and then
inoculated in all media previously described. Plates were incu-
bated at 37°C for 5 days in anaerobic conditions, in 5% CO,
and in aerobic conditions. Colonies were randomly picked,
pure-cultured and DNA was extracted from each isolate
through rapid mechanic cell lysis as described previously (Tur-
roni et al., 2009). Isolates from each sample were stored at
—80°C in the presence of glycerol (30%, V/v).

Taxonomic identification of FC isolates

&&ldentification of each isolate was performed by PCR ampilifi-
cation of a portion of the 16S rRNA gene using primers PO (5'-
GAAGAGTTTGATCCTGGCTCAG-3) and P6 (5-CTACGGC
TACCTTGTTACGA-3). Each 25 pl PCR reaction contained
approximately 30 ng of genomic DNA, Platinum PCR SuperMix
1X (Invitrogen, USA) and 100 pM of each oligo. PCR reactions
were performed on a Verity Thermocycler (Applied Biosys-
tems, USA). Electrophoretic profiles were visualized by SYBR
Safe DNA gel stain (Invitrogen). PCR product purification was
performed using the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel) following manufacturer instructions.

Each 16S rRNA gene thus generated from individual colo-
nies originating from fecal samples was sequenced and it was
then subjected to a BLAST search against the GenBank
database.

Statistical analyses

ANOVA and PERMANOVA analyses were performed using
Tuckey HSD post hoc test. All statistical analyses were per-
formed with SPSS software (www.ibm.com/softwaref/it/
analytics/spss/).

Data deposition

16S rRNA-based microbial profiling data sets obtained in this
study were deposited in SRA under accession numbers
SRP114489. Shotgun metagenomic data sets are accessible
through SRA study accession number SRP114492.

Cecal microbiota modulation in feral chicken 11
Acknowledgements

This is Contribution #260, Bermuda Biodiversity Project
(BBP), Bermuda Aquarium, Natural History Museum and Zoo,
Department of Environment and Natural Resources. This
work was funded by the EU Joint Programming Initiative — A
Healthy Diet for a Healthy Life (JPI HDHL, http://www.healthy-
dietforhealthylife.eu/) to D.v.S. (in conjunction with Science
Foundation Ireland (SFI), Grant number 15/JP-HDHL/3280)
and to M.V. (in conjunction with MIUR, ltaly). We thank Gen-
Probio srl for financial support of the Laboratory of Probioge-
nomics. L.M. is supported by Fondazione Cariparma, Parma,
Italy. D.v.S. is a member of The APC Microbiome Institute
funded by Science Foundation Ireland (SFl), through the Irish
Government’s National Development Plan (Grant number
SFI/12/RC/2273). EG was funded by the National Science
Foundation under Cooperative Agreement No. DBI-0939454.
Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do not
necessarily reflect the views of the National Science Founda-
tion. The authors declare that they have no competing inter-
ests. Part of this research is conducted using the High
Performance Computing (HPC) facility of the University of
Parma. We thank Mark Outerbridge and Edward Wright for
help with fieldwork and logistics.

References

Anders, S., Pyl, P.T., and Huber, W. (2015) HTSeqg—-a Python
framework to work with high-throughput sequencing data.
Bioinformatics 31: 166—169.

Astudillo-Garcia, C., Bell, J.J., Webster, N.S., Glasl, B.,
Jompa, J., Montoya, J.M., and Taylor, M.W. (2017) Evaluat-
ing the core microbiota in complex communities: a system-
atic investigation. Environ Microbiol 19: 1450-1462.

Browne, H.P, Forster, S.C., Anonye, B.O., Kumar, N., Neville,
B.A., Stares, M.D., et al. (2016) Culturing of ‘unculturable’
human microbiota reveals novel taxa and extensive sporula-
tion. Nature 533: 543-546.

Callaway, E. (2016) When chickens go wild. Nature 529:
270-278.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335-336.

Caspi, R., Altman, T., Dreher, K., Fulcher, C.A., Subhraveti, P.,
Keseler, .M., et al. (2012) The MetaCyc database of meta-
bolic pathways and enzymes and the BioCyc collection of
pathway/genome databases. Nucleic Acids Res 40: D742—
D753.

Clemente, J.C., Ursell, LK., Parfrey, LW., and Knight, R.
(2012) The impact of the gut microbiota on human health:
an integrative view. Cell 148: 1258-1270.

Collado, M.C., and Sanz, Y. (2007) Characterization of the
gastrointestinal mucosa-associated microbiota of pigs and
chickens using culture-based and molecular methodologies.
J Food Prot 70: 2799-2804.

den Besten, G., van Eunen, K., Groen, A.K., Venema, K.,
Reijngoud, D.J., and Bakker, B.M. (2013) The role of short-
chain fatty acids in the interplay between diet, gut microbiota,
and host energy metabolism. J Lipid Res 54: 2325-2340.

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00—00

66



12 C. Ferrario et al.

Duncan, S.H., Hold, G.L., Harmsen, H.J., Stewart, C.S.,
and Flint, H.J. (2002) Growth requirements and fermenta-
tion products of Fusobacterium prausnitzii, and a pro-
posal to reclassify it as Faecalibacterium prausnitzii gen.
nov., comb. nov. Int J Syst Evol Microbiol 52: 2141-—
2146.

Fraher, M.H., O’toole, PW., and Quigley, E.M. (2012) Techni-
ques used to characterize the gut microbiota: a guide for
the clinician. Nat Rev Gastroenterol Hepatol 9: 312-322.

Gering, E., Johnsson, M., Willis, P,, Getty, T., and Wright, D.
(2015) Mixed ancestry and admixture in Kauai’s feral chick-
ens: invasion of domestic genes into ancient Red Jungle-
fowl reservoirs. Mol Ecol 24: 2112-2124.

Hiergeist, A., Glasner, J., Reischl, U., and Gessner, A. (2015)
Analyses of intestinal microbiota: culture versus sequenc-
ing. ILAR J 56: 228—-240.

Hu, Y, Yang, X., Qin, J., Lu, N., Cheng, G., Wu, N., et al.
(2013) Metagenome-wide analysis of antibiotic resistance
genes in a large cohort of human gut microbiota. Nat Com-
mun 4: 2151.

Huerta-Cepas, J., Szklarczyk, D., Forslund, K., Cook, H.,
Heller, D., Walter, M.C., et al. (2016) eggNOG 4.5: a hierar-
chical orthology framework with improved functional anno-
tations for eukaryotic, prokaryotic and viral sequences.
Nucleic Acids Res 44: D286-D293.

Human Microbiome Project Consortium. (2012) Structure,
function and diversity of the healthy human microbiome.
Nature 486: 207-214.

Johnsson, M., Gering, E., Willis, P,, Lopez, S., Van Dorp, L.,
Hellenthal, G., et al. (2016) Feralisation targets different
genomic loci to domestication in the chicken. Nat Commun
7:12950.

Lagier, J.C., Million, M., Hugon, P., Armougom, F., and Raoult,
D. (2012) Human gut microbiota: repertoire and variations.
Front Cell Infect Microbiol 2: 136.

Lagier, J.C., Hugon, P., Khelaifia, S., Fournier, PE., La Scola,
B., and Raoult, D. (2015) The rebirth of culture in microbiol-
ogy through the example of culturomics to study human gut
microbiota. Clin Microbiol Rev 28: 237-264.

Lagier, J.C., Khelaifia, S., Alou, M.T., Ndongo, S., Dione, N.,
Hugon, P, et al. (2016) Culture of previously uncultured
members of the human gut microbiota by culturomics. Nat
Microbiol 1: 16203.

Ley, R.E., Hamady, M., Lozupone, C., Turnbaugh, P.J.,
Ramey, R.R., Bircher, J.S., et al. (2008) Evolution of mam-
mals and their gut microbes. Science 320: 1647—-1651.

Lozupone, C.A., Stombaugh, J.I., Gordon, J.I., Jansson, J.K.,
and Knight, R. (2012) Diversity, stability and resilience of
the human gut microbiota. Nature 489: 220-230.

Mancabelli, L., Ferrario, C., Milani, C., Mangifesta, M., Turroni,
F., Duranti, S., et al. (2016) Insights into the biodiversity of
the gut microbiota of broiler chickens. Environ Microbiol 18:
4727-4738.

Mao, S., Zhang, M., Liu, J., and Zhu, W. (2015) Characterising
the bacterial microbiota across the gastrointestinal tracts of
dairy cattle: membership and potential function. Sci Rep 5:
16116.

Marchesi, J.R., Adams, D.H., Fava, F, Hermes, G.D.,
Hirschfield, G.M., Hold, G., et al (2016) The gut
microbiota and host health: a new clinical frontier. Gut 65:
330-339.

McArthur, A.G., Waglechner, N., Nizam, F., Yan, A., Azad,
M.A., Baylay, A.J., et al. (2013) The comprehensive antibi-
otic resistance database. Antimicrob Agents Chemother 57:
3348-3357.

McCormack, U.M., Curiao, T., Buzoianu, S.G., Prieto, M.L.,
Ryan, T., Varley, P, et al. (2017) Exploring a possible link
between the intestinal microbiota and feed efficiency in
pigs. Appl Environ Microbiol 83:

Milani, C., Hevia, A., Foroni, E., Duranti, S., Turroni, F., Lugli,
G.A., et al. (2013) Assessing the fecal microbiota: an opti-
mized ion torrent 16S rRNA gene-based analysis protocol.
PLoS One 8: e68739.

Mirzaei, M.K., and Maurice, C.F. (2017) Menage a trois in the
human gut: interactions between host, bacteria and phages.
Nat Rev Microbiol 15: 397-408.

Mohd Shaufi, M.A., Sieo, C.C., Chong, C.W., Gan, H.M., and
Ho, Y.W. (2015) Deciphering chicken gut microbial dynam-
ics based on high-throughput 16S rRNA metagenomics
analyses. Gut Pathog 7: 4.

Nisbet, D.J., Corrier, D.E., and DelLoach, J.R. (1993) Effect of
mixed cecal microflora maintained in continuous culture and
of dietary lactose on Salmonella typhimurium colonization
in broiler chicks. Avian Dis 37: 528-535.

Oakley, B.B., Lillehoj, H.S., Kogut, M.H., Kim, W.K., Maurer,
J.J., Pedroso, A., et al. (2014) The chicken gastrointestinal
microbiome. FEMS Microbiol Lett 360: 100-112.

Osterblad, M., Norrdahl, K., Korpimaki, E., and Huovinen, P.
(2001) Antibiotic resistance. How wild are wild mammals?
Nature 409: 37-38.

Roto, S.M., Rubinelli, P.M., and Ricke, S.C. (2015) An intro-
duction to the avian gut microbiota and the effects of yeast-
based prebiotic-type compounds as potential feed additives.
Front Vet Sci 2: 28.

Salonen, A., Salojarvi, J., Lahti, L., and de Vos, W.M. (2012)
The adult intestinal core microbiota is determined by analy-
sis depth and health status. Clin Microbiol Infect 18(Suppl
4): 16-20.

Salyers, A.A., Gupta, A., and Wang, Y. (2004) Human intesti-
nal bacteria as reservoirs for antibiotic resistance genes.
Trends Microbiol 12: 412—416.

Sergeant, M.J., Constantinidou, C., Cogan, T.A., Bedford,
M.R., Penn, C.W., and Pallen, M.J. (2014) Extensive micro-
bial and functional diversity within the chicken cecal micro-
biome. PLoS One 9: €91941.

Stanley, D., Geier, M.S., Denman, S.E., Haring, V.R., Crowley,
T.M., Hughes, R.J., and Moore, R.J. (2013) Identification of
chicken intestinal microbiota correlated with the efficiency of
energy extraction from feed. Vet Microbiol 164: 85-92.

Stanley, D., Hughes, R.J., and Moore, R.J. (2014) Microbiota
of the chicken gastrointestinal tract: influence on health,
productivity and disease. Appl Microbiol Biotechnol 98:
4301-4310.

Thaller, M.C., Migliore, L., Marquez, C., Tapia, W., Cedeno,
V., Rossolini, G.M., and Gentile, G. (2010) Tracking
acquired antibiotic resistance in commensal bacteria of
Galapagos land iguanas: no man, no resistance. PLoS
One 5: €8989.

Turroni, F., Foroni, E., Pizzetti, P.,, Giubellini, V., Ribbera, A.,
Merusi, P, et al. (2009) Exploring the diversity of the bifido-
bacterial population in the human intestinal tract. App/ Envi-
ron Microbiol 75: 1534—1545.

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00

67



von Wintersdorff, C.J., Penders, J., van Niekerk, J.M., Mills,
N.D., Majumder, S., van Alphen, L.B., et al. (2016) Dis-
semination of antimicrobial resistance in microbial ecosys-
tems through horizontal gene transfer. Front Microbiol 7:
173.

Waite, D.W., and Taylor, M.W. (2014) Characterizing the avian
gut microbiota: membership, driving influences, and poten-
tial function. Front Microbiol 5: 223.

Weinstock, G.M. (2012) Genomic approaches to studying the
human microbiota. Nature 489: 250-256.

Wright, G.D. (2007) The antibiotic resistome: the nexus of
chemical and genetic diversity. Nat Rev Microbiol 5: 175—
186.

Yassour, M., Vatanen, T., Siljander, H., Hamalainen, A.M.,
Harkonen, T., Ryhanen, S.J., et al. (2016) Natural history of
the infant gut microbiome and impact of antibiotic treatment
on bacterial strain diversity and stability. Sci Trans/ Med 8:
343ra381.

Zhao, Y., Tang, H., and Ye, Y. (2012) RAPSearch2: a fast and
memory-efficient protein similarity search tool for next-
generation sequencing data. Bioinformatics 28: 125-126.

Supporting information
Additional Supporting Information may be found in the
online version of this article at the publisher’'s web-site:

Fig. S1. 16S rRNA-microbial profiling of the chicken samples
at phylum level, encompassing BC, FRC and FC animals.
Sample categorization in FRC, BC or FC was performed sub-

Cecal microbiota modulation in feral chicken 13

sequent to obtaining the results from the PCoAs as reported
in Figure 1c and d. U. m.: unclassified member.

Fig. S2. 16S rRNA-microbial profiling of the chicken sam-
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animals. Sample categorization in FRC, BC or FC was per-
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Fig. $3. 16S rRNA-microbial profiling of the chicken sam-
ples at genus level, encompassing BC, FRC and FC ani-
mals. Sample categorization in FRC, BC or FC was
performed subsequent to obtaining the results from the
PCoAs as reported in Figure 1c and d. Only taxa with a rel-
ative abundance of >0.5% are shown. U. m.: unclassified
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Summary

Metagenomic studies of the human gut microbiome
have only recently begun to explore the differences in
taxonomic composition between subjects from diverse
geographical origins. Here, we compared taxonomy,
resistome and functional metabolic properties of
publicly available shotgun datasets of human fecal
samples collected from different geographical regions
(Europe, North America, Asia and Oceania). Such
datasets encompassed gut microbiota information
corresponding to 13  developed/industrialized
societies, as well as two traditional hunter-gatherer,
pre-agricultural communities (Tanzanian and Peruvian
individuals). Assessment of the retrieved taxonomic
profiles allowed the most updated reconstruction of
the global core-microbiome as based on currently
available data, as well as the identification and targeted
genome reconstruction of bacterial taxa that appear to
have been lost and/or acquired during urbanization/
industrialization. Functional characterization of these
metagenomic datasets indicates that the urbanization/
industrialization process which occurred in recent
human history has shaped the gut microbiota through
the acquisition and/or loss of specific gut microbes,
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thereby potentially impacting on the overall

functionality of the gut microbiome.

Introduction

The composite activities of the human gut microbiome
impact on various functions of its host, including gut physi-
ology, intestinal metabolism, and immune system modula-
tion (Round and Mazmanian, 2009). During the life span
of its host, the gut microbiota composition is influenced by
factors such as diet, lifestyle and environment (Conlon
and Bird, 2015). Recently, some major research efforts,
such as the European Metagenomics of the Human Intes-
tinal Tract (MetaHIT) (http://www.metahit.eu) project and
the American Human Microbiome Project (HMP) (http://
hmpdacc.org), have dissected the gut microbiome compo-
sition and functionality across different human populations.
In order to better understand the role of the microbiota
and its co-evolution with human host, it's pivotal to com-
pare the microbiome of urbanized/industrialized popula-
tions with pre-agricultural/isolated populations. Currently,
only a small number of studies have compared the micro-
biomes of pre-agricultural/isolated communities and urban-
ized/industrialized populations in order to detect possible
differences in composition and their potential correlation
with disease (risk) and/or metabolic disorders (De Filippo
et al., 2010; Yatsunenko et al., 2012; Schnorr et al., 2014;
Clemente et al., 2015; Martinez et al., 2015; Obregon-Tito
et al., 2015; Rampelli et al., 2015).

Moreover, many investigations of the gut microbiota
were simply interested in microbial cataloguing by
means of 16S rRNA gene-based amplicon sequencing
(De Filippo et al, 2010; Yatsunenko et al., 2012;
Schnorr et al, 2014; Clemente et al., 2015; Dehingia
et al, 2015; Martinez et al, 2015). Nonetheless, an
increasing number of investigative efforts are based on
shotgun metagenomics sequencing, aimed at functional-
ly characterizing gut microbiomes (Qin et al., 2010; Qin
et al., 2012; Karlsson et al., 2013; Li et al., 2014; Lim
et al, 2014; Zeller et al., 2014; Feng et al, 2015;
Obregon-Tito et al., 2015; Rampelli et al., 2015; Voigt
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et al., 2015). The majority of gut microbiota analyses
have focused on specific populations, yet do not provide
any comparative analysis of gut microbiomes from differ-
ent geographical regions or habitation conditions
(Karlsson et al., 2013; Lim et al., 2014; Feng et al.,
2015; Voigt et al., 2015; Raymond et al., 2016).

So far, only a small number of studies have investigat-
ed how the urbanization/industrialization process may
have affected gut microbiota composition (De Filippo
et al., 2010; Yatsunenko et al., 2012; Schnorr et al.,
2014; Clemente et al, 2015; Dehingia et al., 2015;
Martinez et al., 2015; Obregon-Tito et al., 2015; Rampelli
et al., 2015). However, most of these investigations were
interested in the identification of specific microbial taxa
that correlate with the adaptation of human to different
lifestyles without supporting their findings with shotgun
metagenomics analyses (De Filippo et al, 2010;
Yatsunenko et al., 2012; Schnorr et al., 2014; Clemente
et al., 2015; Dehingia et al., 2015; Martinez et al., 2015).
These studies reported a range of differences in the gut
microbiota composition between industrialized and
pre-agricultural societies, reflecting the dietary and envi-
ronmental factors typical of their lifestyle. Particularly, pre-
agricultural communities displayed high abundance of
members of the Prevotella genus, known to harbour
genetic features for the breakdown of cellulose and xylan.
While the taxa Treponema and Brachyspira were undetect-
ed in industrialized populations (Schnorr et al, 2014;
Obregon-Tito et al., 2015; Rampelli et al., 2015). Members
of the genus Treponema were also found in non-human
primates and all traditional populations studied to date,
suggesting that these gut commensals have been lost
from the gut microbiota of human beings associated with
urban-industrialized societies (Obregon-Tito et al., 2015).

So far, only two publications have reported on the use
of shotgun sequencing to perform an in depth functional
analysis of the gut microbiome of Hadza and Matses
populations, which represent pre-agricultural societies
(Obregon-Tito et al., 2015; Rampelli et al., 2015). These
studies reported that Hazda and Matses microbiomes
possess a lower abundance of antibiotic resistance
genes and an extended metabolic potential toward utili-
zation of carbohydrates when compared with human gut
microbiomes from industrialized areas (Obregon-Tito
et al., 2015; Rampelli et al., 2015). Nevertheless, both
studies compared the gut microbiomes of pre-
agricultural populations to very small cohorts of fecal
samples collected from individuals living in urbanized
societies that can not be considered representative of
the general western population (Obregon-Tito et al.,
2015; Rampelli et al., 2015).

In this minireview, we evaluated the notion that
urbanization/industrialization processes have subtantially
influenced the composition and functionality of the

human gut microbiome. This evaluation was performed
from a taxonomic and functional perspective by means
of a meta-analysis of all publicly available human gut
shotgun metagenomic datasets corresponding to urban-
ized and pre-agricultural societies. An overall summary
of the observations discussed in this study, accom-
pained by a comparison with previously published data,
is reported in Supporting Information Table S1.

The urbanized/industrialized populations include indi-
viduals residing in high-income geographical regions
that are densely populated, i.e. metropolitan areas,
towns, but also individuals inhabiting rural areas that
have access to medical care and obtain high hygiene
standards and follow a globalized westernized diet
(Karlsson et al., 2013; Li et al., 2014; Lim et al., 2014;
Zeller et al., 2014; Voigt et al., 2015; Raymond et al.,
2016). In contrast, the pre-agricultural communities
encompass individuals living in isolated areas, who have
no or limited access to medical care, and whose diet is
based on foods gathered and/or huntered from their
immediate environment, which was further processed
only by cooking (Schnorr et al, 2014; Obregon-Tito
et al, 2015). The lifestyle (including diet) of these
human communities resembles that of people from
ancestral human populations (Clemente et al., 2015).
We would also have liked to evaluate the microbiome of
ancestral human populations and microbiota-host co-
evolution at various stages of human evolution, from the
Neolithic to the modern urbanized/industrilized popula-
tions. Unfortunately, such meta-studies that cover
human evolutionary history are currently not possible
due to a lack of corresponding data sets.

These data allow the identification of specific composi-
tional and functional differences between the gut micro-
biome of urbanized/-industrialized vs. pre-agricultural
populations. Furthermore, this metagenomic information
may allow genome reconstruction of bacterial taxa that
seem to have been lost from or gained by individuals liv-
ing in urban-industrialized countries.

The worldwide gut microbiome database

All datasets included in this meta-analysis were collect-
ed from published human gut microbiome studies. Liter-
ature searches allowed us to exclusively select shotgun
metagenomic data generated by lllumina technology, i.e.
the (currently) most preferred and reliable technology to
perform shotgun metagenomics studies (Quail et al.,
2012). Datasets had to be obtained starting from DNA
extracted from fecal samples of healthy and adult human
individuals. In order to obtain comparable sequence
information, it was necessary to exclude those metage-
nomic projects that did not have at least six datasets
with an average quality value of >25 and an average
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read length of > 95 bp (following quality filtering). These
criteria resulted in the selection of 18 publicly available
shotgun metagenomic sequencing projects from 14 dif-
ferent geographical regions covering Africa, Asia,
Europe, North/South America and Oceania (Supporting
Information Table S2).

Metadata of the sequencing projects was employed to
select only datasets of healthy individuals whose age
ranged between 21 and 65, not undergoing any antibiot-
ic or probiotic treatment, and not suffering from gut-
related diseases/disorders. Unfortunately, the metadata
of these collected datasets frequently do not provide
information related to eating habits, diet and associated
nutritional proprieties. This represents a crucial limitation
which prevents us from assessing the role of diet in
shaping the gut microbiota composition. In particular,
human gut microbiomes were obtained for individuals
from Austria, Denmark, France, Germany, Spain, Swe-
den, China, South Korea, Canada (Qin et al, 2010;
2012; Karlsson et al., 2013; Li et al., 2014; Lim et al.,
2014; Zeller et al., 2014; Feng et al., 2015; Voigt et al.,
2015; Nishijima et al., 2016; Raymond et al., 2016), Italy
(SRP079680), Australia (PRJEB6092) and United States
(HMP DACC, http://www.hmpdacc.org). Furthermore,
the gut microbiomes of just two pre-agricultural commu-
nities, i.e. Hadza (from Tanzania) (Schnorr et al., 2014;
Rampelli et al, 2015) and Matses (from Peru)
(Obregon-Tito et al., 2015), were publicly avaiable and
thus included in our analyses. While the avaibility of two
datasets is not sufficient for a comprehensive and statis-
tically significant representation of pre-agricultural popu-
lations in general, these data at least allow us to gain
some initial insights into the effects of urbanization/
industrialization on gut microbiome.

Samples were taxonomically profiled through Meta-
PhlAn2 software (Truong et al., 2015) and the 10 sam-
ples with profiles closest to the average of each
population were chosen as representatives for in-depth
functional analyses. These datasets were included in the
Worldwide Gut Microbiome Database (WGMD), and
encompassed a total of 142 samples, facilitating both a
taxonomic and a functional overview of the covered
countries (Supporting Information Table S2).

Notably, the use of shotgun metagenomic data mini-
mizes biases, in particular when compared with other
taxonomic profiling methods that are based on marker
genes, such as the widely used 16S rRNA profiling. In
fact, for this latter approach there are serious methodo-
logical concerns (e.g. efficiency and universality of the
PCR primers and DNA extraction protocols) (Milani
et al., 2013) that might prevent a faithful comparison
between data sets derived from different studies. More-
over, the use of shotgun datasets allows us to perform
functional investigation of the human gut microbiome,

which is not possible with the use of 16S rRNA profiling
data sets. Thus, despite limitations related to different
procedures concerning stool collection/processing and
DNA extraction protocols followed for the analysed sam-
ples (Qin et al., 2010; 2012; Karlsson et al., 2013; Li
et al.,, 2014; Lim et al., 2014; Schnorr et al., 2014; Zeller
et al., 2014; Feng et al., 2015; Obregon-Tito et al.,
2015; Rampelli et al., 2015; Voigt et al., 2015; Nishijima
et al., 2016; Raymond et al, 2016), the geographical
coverage of the WGMD allows a global gut microbiota
assessment related to both composition and functionality
(Supporting Information Table S2).

Profiling of the global human gut microbiota

A 3-Dimensional Principal Coordinate Analysis (PCoA)
representing the beta-diversity (Caporaso et al., 2010)
based on Bray-curtis dissimilarity index of the different
gut microbiomes encompassing the WGMD, highlighted
an intriguing profiling based on geographical regions
(Fig. 1). In this context, the majority of the samples
group together based on their geographic origin, where-
as Australian, German and South Korean individuals
elicit an uneven distribution (Fig. 1). Notably, the Hadza
and Matses pre-agricultural individuals grouped as two
separate clusters with respect to all other datasets, likely
reflecting their distinct geographical origin, as well as
their unique life style and diet (Supporting Information
Table S3). Nevertheless, an extension of this meta-
analysis with additional pre-agricultural samples is need-
ed in order to statistically validate these results. Overall,
the obtained results are statistically supported by a
PERMANOVA p-value of <0.001. Such findings may
indicate that lifestyle and diet are important factors
influencing the gut microbiota composition. In contrast,
the urbanized populations show partial overlap, which
may point towards the presence of a shared core micro-
biome (see below).

Inspection of predicted taxonomic profiles of the
WGMD at phylum level show a preponderant presence
of members of the Bacteroidetes phylum (Supporting
Information Fig. S1), in particular of the Bacteroides
genus in the urban-industrialized populations (average of
28.76%) (p-value <0.05) (Supporting Information Fig.
S2), whereas the Prevotella genus is highly abundant in
the Hadza community (34.42%) (p-value <0.05) (Sup-
porting Information Fig. S2). Although some members of
the Bacteroides genus are known to metabolize complex
polysaccharides (Xu and Gordon, 2003), recent studies
have shown that the presence of members of the Bac-
teroides genus positively correlates with a diet enriched
in protein and animal fat. The presence of members of
the Prevotella genus on the other hand is associated
with regular consumption of a carbohydrate-based diet,
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as commonly used in rural communities (Wu et al,
2011).

Matses samples are characterized by low abundance
of Bacteroidetes (3.91%) and high abundance of the
phylum Euryarchaeota (15.03%), represented mainly by
the Methanobrevibacter genus (14.90%) (Supporting
Information Fig. S2). Members of this genus, such as
Methanobrevibacter smithii, have been shown to
increase the efficiency of energy extraction from dietary
polysaccharides with consequent impact on host energy
harvest (Samuel et al., 2007). Therefore, M. smithii has
been proposed as a target to reduce energy harvest in
obese individuals (Samuel et al., 2007).

Moreover, individuals from industrialized countries
were shown to elicit a higher abundance of Alistipes
genus (average of 5.12%) as compared with the two
hunter-gatherer  populations (average of 0.02%)
(p-value <0.01). This is in accordance with previous
reports, suggesting a correlation between the Bacter-
oides enterotype and the presence of Alistipes (Wu
et al., 2011). Furthermore, the two hunter-gatherer com-
munities show a higher abundance of the Phascolarcto-
bacterium genus (average of 7.03%) compared with the
abundance of this genus in individuals from industrial-
ized nations (average of 0.35%) (p-value <0.01), being
notably absent from US, Swedish and Asian microbiome
datasets. Members of the genus Phascolarctobacterium
are known to produce high amounts of the short chain
fatty acids (SCFA) acetate and propionate (Watanabe
et al., 2012). The majority of SCFA in the gut is derived
from bacterial fermentation of complex carbohydrates
present in this body compartment, such as dietary solu-
ble fibres or resistant starch, which represent two of the
main glycan components of the hunter-gatherer commu-
nity diet (Watanabe et al., 2012).

The ‘pan-microbiome’ of the human gut

Comparisons between different microbiomes are known
to allow identification of bacterial taxa that are unique
and thus characteristic of a specific metagenomic sam-
ple as well as those microbial groups that are commonly
shared by all the microbiomes (Li et al, 2014). Such
analyses are thus important in the reconstruction of the
so-called ‘pan-microbiome’ (Leung et al., 2016). Interest-
ingly, the pan-microbiome of WGMD reconstructed by
means of MetaPhlAn2 software consists of 147 bacterial
genera of which 48 were found to be present in>90%
of the samples in at least one population (Fig. 2).

The profiling data sets allow the identification of the
human intestinal core microbiota, which represents bac-
teria that are present among all analysed human popula-
tions (Salonen et al., 2012). While the number of core
taxa will be reduced with the addition of future shotgun

datasets covering new populations across the world, we
believe that our iteration represents the most current
and accurate reconstruction of the human core gut
microbiota. These microorganisms are presumed to
include evolutionary selected symbionts that strictly co-
evolved with human beings and exert key roles in the
biology of their host, such as added metabolic abilities,
pathogen resistance and enhanced immune functionali-
ties (Salonen et al.,, 2012). Comparative analyses led to
the identification of 22 genera present in all fecal sam-
ples of the 15 populations included in this study, thus
representing the global human core microbiota (Fig. 2).
Interestingly, in the urban-industrialized and pre-
agricultural communities, this core microbiota encom-
pass on average 82.13% * 8.35% and 46.95% = 6.34%
(p-value < 0.01), respectively, of the total gut microbiota
(Fig. 2). Furthermore, the analysis of the ‘pan-
microbiome’ shows 15 accessory genera, which are not
present in all populations. These taxa represent
11.63% * 9.40% and 39.65% = 9.20% of the microbiota
in individuals living in urbanized-industrialized and pre-
agricultural environments respectively (Fig. 2). Notably,
these findings highlight that the gut microbiota of Hadza
and Matses populations possess higher biodiversity,
thus supporting the notion that urbanization/industrializa-
tion somehow caused a simplification of the microbial
gut community (Schnorr et al., 2014).

Furthermore, the pre-agricultural communities Hadza
and Matses were found to be characterized by the pres-
ence of certain genera, that are absent in all other ana-
lysed populations, examples of which are Treponema
and Brachyspira with average relative abundance of
4.95% and 0.04% respectively (Fig. 2). Notably, while
Treponema is generally linked to infectious diseases
(Giacani and Lukehart, 2014), a recent study reported
that members of this genus may play a functional role in
nutrient extraction from fibrous foods typically abundant
in pre-agricultural diets (Schnorr et al., 2014). Intriguing-
ly, despite the limited availability of datasets from
pre-agricultural populations, the present meta-analysis
highlights that these taxa may represent microorganisms
that were lost during urbanization/industrialization.
Future integration of these datasets with additional shot-
gun metagenomics data from pre-agricultural popula-
tions will be necessary in order to confirm these results.
To explore the functional roles exerted by these possibly
lost gut microbiota members, targeted genome recon-
struction and functional characterization of the main
identified representative of this genus, i.e. Treponema
succinifaciens, starting from shotgun metagenomics
data collected for Hadza and Matses populations, allow
us to obtain insights into the predicted metabolic proper-
ties of these bacteria(see below).
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In contrast, the taxa Unclassified member of Bacteroi-
dales order and Barnesiella (represented mainly by the
species Barnesiella intestinihominis) are identified only
in populations living in developed countries, suggesting
that their presence was promoted by the urbanization/
industrialization process.

Global microbiome functional characterization

The WGMD analysis also provided an updated snapshot
of the global gut microbiome functionalities. In silico
analyses of the predicted glycobiomes of shotgun meta-
genomic reads based on the Carbohydrate-Active
enZYmes (CAZy) database, which includes the overall
enzyme collection involved in glycan metabolism
(Lombard et al., 2014), allowed the detection of signifi-
cant differences in relative abundance of Glycoside
Hydrolase families (GH) between the communities
included in the WGMD. Interestingly, Matses and Hadza
communities show reduced abundance of GH-encoding
reads (average of 1.18%) as compared with urban-
industrialized populations (average of 2.92%) (Fig. 3a).
Moreover, the microbiomes of hunter-gatherer communi-
ties possess a lower number of GH families (an average
of 26) compared with those of the industrialized popula-
tions (an average of 46), based on GH families with an
abundance of >0.01% of the total GH pool. A detailed
analysis of these predicted glycobiomes, i.e., the enzy-
matic arsenal involved in the metabolism of carboydrates
(Lombard et al., 2014), revealed that industrialized com-
munities encompass a higher abundance (an average of
1.35%) of GH families dedicated to the breakdown of
multiple carbohydrate substrates (e.g. GH2, GH3 and
GH43) compared with pre-agriculture microbiomes (with
average of 0.50%) (p-value <0.05), which may be the
consequence of the former group following a diet that is
more diverse in glycan content. The described diet of
pre-agricultural communities (Supporting Information
Table S3) predominantly consists of a limited variety of
tubers, vegetables and fruits gathered from the sur-
rounding environment, while consumption of meat and
eggs is infrequent (Schnorr et al., 2014). Notably, the
advent of agriculture and industrialization brought novel
foods and advanced food processing technologies devel-
oped for food making as well as preservation and nutri-
tion enhancement, which in turn led to new food and
nutrient combinations that were absent in pre-
agricultural human diets (Cordain et al., 2005). More-
over, industrialization led to the development of global
markets that further extended the variety of tubers, veg-
etables and fruits of the Western diet (Popkin et al.,
2012). In this context, our findings indicate that, even if
the diet of pre-agricultural communities primarily con-
sists of vegetables and fruits, it is limited in its glycan

variety as compared with a typical Western diet (Cordain
et al., 2005), which may be responsible for a low GH
diversity in the former case (Fig. 3a). This is in contrast
with previous observations derived from limited compari-
sons between small cohorts of samples (Obregon-Tito
et al., 2015; Rampelli et al, 2015) and highlights the
critical role of a comprehensive and world-wide meta-
analysis.

Pathway prediction of the WGMD gut microbiomes, as
based on the MetaCyc database (Caspi et al., 2012),
show that, on average, 1.4% = 0.47% (Fig. 3b) of the
microbiome data retrieved from pre-agricultural commu-
nities is involved in carbohydrate degradation (Support-
ing Information Table S4), constituting 30 different
pathways with an abundance of >0.01%. In contrast, gut
microbiome metadata obtained from communities living in
developed countries contained an average of 2.15% *+
0.65% (Fig. 3b) reads encoding an average of 38 carbo-
hydrate utilization pathways with an abundance
of >0.01%. Furthermore, Hadza and Matses populations
contain on average a lower number of pathways involved
in alginate (—98.68%), carrageenan (—100.00%) and gel-
lan (—77.62%) degradation, as compared with urban pop-
ulations. Alginate, carrageenan and gellan gum are three
polysaccharides, which are derived from algae or bacte-
ria, and which are widely used in the food industry as sta-
bilizers, thickeners or emulsifying agents (Brownlee et al.,
2005; Burges Watson, 2008; Prajapati et al., 2013).

Moreover, profiling of pathways involved in fatty acid
and lipid metabolism indicates on average a lower level
of triacylglycerol degradation in hunter-gatherer commu-
nities (—96.47%) as compared with industrialized popu-
lations, possibly reflecting the lower (animal-derived) fat
intake of pre-agricultural populations (Supporting Infor-
mation Table S3) (Cordain et al., 2005).

These differences reinforce the notion that increased
diet variety, as associated with an urbanized life style,
has shaped the human microbiome towards an expan-
sion of its carbohydrate degradative abilities.

In order to map and characterize the resistome of the
microbial consortia residing in the gut of humans living
in different geographic regions, the shotgun metage-
nomic datasets encompassing the WGMD were also
screened for known bacterial Antibiotic Resistance
Enzymes (AREs) (McArthur et al., 2013) (Fig. 3c). In sil-
ico analyses show a high abundance of AREs in
Japanese (0.49% = 0.10%), Korean (0.30% = 0.02%),
Austrian (0.32% * 0.08%), Swedish (0.31% * 0.02%)
and Italian individuals (0.43% * 0.05%), while the
remaining eight industrialized countries display a some-
what lower average ARE abundance of 0.25% = 0.03%
(p-value < 0.05) (Fig. 3c). Interestingly, the data obtained
from Tanzanian and Peruvian individuals indicate a sig-
nificantly lower abundance of AREs (average of 0.19%)
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compared with urban populations (p-value < 0.05).
These results are in accordance with the very rare use
of antibiotics by these pre-agricultural communities, con-
sistent with a previous study (Clemente et al., 2015).

Moreover, f-lactamase-encoding genes are the most
abundant in all analysed samples, ranging from 0.15% =+
0.01% to 0.36% = 0.07% in Matses and Japanese popu-
lations, respectively, possibly reflecting the fact that
p-lactam-based antibiotics are the most widespread in
both nature and common medical practice (Zeng and
Lin, 2013).

Genome reconstruction of bacterial strains from shotgun
metagenomic data

A valuable approach to assess functional roles exerted
by bacterial taxa that were lost and/or acquired during
urbanization/industrialization, is the targeted genome
reconstruction [through the MEGAnNnotator pipeline
(Lugli et al., 2016)] of unique gut commensals identified
in the various gut microbiomes of WGMD. Such analy-
ses targeted the reconstruction of Treponema succinifa-
ciens, which has been uniquely identified in the gut
microbiomes of pre-agricultural populations, as well as
that of Barnesiella intestinihominis, which appears to be
specifically present in the gut microbiomes of humans
from developed countries.

Reconstruction of the T. succinifaciens genome was
carried out using the Matses datasets due to its higher
relative abundance in this population compared with that
of Hadza datasets, and resulted in 97 contigs with a
total length of 3.12 Mbp. Danish datasets were
employed to reconstruct the B. intestinihominis genome,
which generated 326 contigs encompassing 3.01 Mbp.
In silico prediction of the glycobiome and identification of
the pathways for degradation of carbohydrates and ami-
no acids by means of the CAZy and MetaCyc databases
provide detailed insights into the carbohydrate degrada-
tion capabilities of these two species (Fig. 4a).

Notably, glycobiome prediction revealed that T. succi-
nifaciens and B. intestinihominis harbor 47 and 118 GH-
encoding genes respectively (Fig. 4a). Furthermore, pro-
filing of pathways for amino acid and carbohydrate deg-
radation predicts that B. intestinihominis possesses a
larger number of genes and pathways associated with
the degradation of carbohydrates and amino acids, as
well as with the metabolism of fatty acids and lipids as
compared with T. succinifaciens (Fig. 4b).

These findings appear to reflect dietary differences
between pre-agricultural and urbanized-industrialized
communities (Cordain et al., 2005). In fact, B. intestini-
hominis has only been identified in urbanized popula-
tions with a diet characterized by an increased diversity
in polysaccharides and an augmented richness in

proteins and lipids as compared with the Matses and
Hadza pre-agricultural communities, which have been
reported to follow a very simple (i.e. undiversified) diet
(Cordain et al, 2005). Functional data sets collected
from human populations living in different countries
across the globe highlight for the first time that changes
in lifestyle and diet as caused by urbanization/industriali-
zation appears to have created a selective pressure
towards an expansion of the microbiome by acquisition
of genes responsible for degradation and metabolism of
a wider range of polysaccharides. In addition, an
increase in protein and lipid intake also seems to have
caused a marked expansion of the genetic repertoire
involved in the metabolism of these energy sources.

Conclusions

In this mini-review, we explored the possibility that urbani-
zation/industrialization processes have shaped the gut
microbiomes as determined by a meta-analysis of various
metagenomic datasets obtained from fecal samples of
healthy human adults living in different countries across
the world, including two pre-agricultural communities.
There has been a considerable paucity of information
regarding this topic. In fact, despite the increasing amount
of scientific literature concerning the characterization of
human gut microbiomes, very few are based on shotgun
metagenomic sequencing focused on specific communi-
ties, while they typically do not involve analysis of datasets
obtained from different geographical regions (Qin et al.,
2012; Karlsson et al., 2013; Lim et al., 2014; Feng et al.,
2015; Voigt et al., 2015; Raymond et al., 2016). The recon-
structed WGMD allows the prediction of the global human
gut core-microbiome, which was shown to encompass
22 genera present in the 18 datasets analysed, and rep-
resentative of 15 nations. The comparison between pre-
agricultural vs. urbanized/industrialized gut microbiomes
of WGMD allowed the identification of particular taxa
that seem to have been acquired (Barnesiella intestini-
hominis) or lost (Treponema succinifaciens) during the
urbanization/industrialization process, perhaps as a
result of dietary changes. In this context, the increase in
dietary diversity and in protein and lipid intake appears
to have caused an expansion of the metabolic capabili-
ties of the human gut microbiome towards degradation
of a wider range of polysaccharides and utilization of a
higher number of available amino acids and lipids. How-
ever, the lack of metadata regarding dietary habits and
lifestyle of the assessed populations prevents us to
make any connection between diet and microbiome
composition. Furthermore, antibiotic resistance profiling
in the analysed datasets underlined a progressive
increase in AREs proportional to the level of
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urbanization/industrialization and corresponding intensi-
ty of antibiotic treatment.

As demonstrated in this mini-review, development and
integration of worldwide metagenomic databases, e.g.
the WGMD, will be pivotal for comprehensive studies
combining novel metagenomic datasets and previous
data from literature. In this context, meta-analyses of
metagenomic datasets will aim to overcome the exten-
sive fragmentation that still characterizes metagenomic
studies, thus resulting in a more comprehensive over-
view of this rapidly expanding research area.
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Functional constipation (FC) is a gastrointestinal disorder with a high prevalence among the general
population. The precise causes of FC are stillunknown and are most likely multifactorial. Growing
evidence indicates that alterations of gut microbiota composition contribute to constipation
symptoms. Nevertheless, many discrepancies exist in literature and no clear link between FCand

gut microbiota composition has as yet been identified. In this study, we performed 16 5 rRNA-based
microbial profiling analysis of 147 stool samples from 68 FC individuals and compared their microbial
profiles with those of 79 healthy subjects (HS). Notably, the gut microbiota of FC individuals was shown

: to be depleted of members belonging to Bacteroides, Roseburia and Coprococcus 3. Furthermore, the

metabolic capabilities of the gut microbiomes of five FC and five HS individuals were evaluated through
shotgun metagenomics using a MiSeq platform, indicating that HS are enriched in pathways involved
in carbohydrate, fatty acid and lipid metabolism as compared to FC. In contrast, the microbiomes
corresponding to FC were shown to exhibit high abundance of genes involved in hydrogen production,
methanogenesis and glycerol degradation. The identified differences in bacterial composition and
metabolic capabilities may play an important role in development of FC symptoms.

'The human gastrointestinal tract is colonized by complex communities of microorganisms, i.e. the gut micro-
biota, that are involved in several physiological functions of the host. These encompass metabolic, nutritional,

: physiological and immunological processes that are vital to maintain the host’s health status!2. In this context,

alterations in the gut microbiota composition have been linked to certain common human intestinal diseases,
such as pseudomembranous colitis (CDI)*%, ulcerative colitis (UC)* ! and Crohn'’s disease (CD)* > 1%, However,
changes in the gut microbiota composition are also considered to play a crucial role in the establishment of
gut related disorders such as irritable bowel syndrome (IBS)!#-'%. Punctional constipation (FC) is a common
gastrointestinal disorder with a prevalence between 5% and 20% of the general population!” !%, provoking a sig-
nificant impact on quality of life'. In fact, it can result in discomforts such as abdominal distension, abdominal

: pain, headache, dizziness and loss of appetite?’. Despite its high prevalence, only a small number of studies have

investigated its possible correlation with particular gut microbiota alterations. Additionally, most of these studies
relied on culture-based methods that are unable to assess the unculturable portion of the gut microbiota? 22,
Moreover, the functional implications of these alterations and their impact on host physiology have never been
assessed. Recently, two metagenomic studies compared the microbial population of stools collected from con-
stipated and healthy individuals, highlighting an altered fecal microbiome associated with constipation®?*.
However, these studies were limited by the small sample size and heterogeneity of participants (including women
or obese children). Furthermore, it is worth mentioning that the observed differences in microbiota composition
among healthy and constipated patients suffer from a number of discrepancies?”.
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Here, in order to identify a statistically significant and comprehensive correlation between microbiota and
constipation, we performed 16 S rRNA-based profiling analysis of 147 stool samples collected from 68 functional
constipated (FC) and 79 healthy subjects (HS). Furthermore, in order to better understand the role of the micro-
biome and its metabolic impact on the host, the gut microbiome of a random subsampling of 10 samples, five FC
and five HS samples, was reconstructed and analyzed in detail by shotgun metagenomic analyses.

Results and Discussion

Patient enrollment and collection of fecal samples. In this study, we collected and analyzed 147
human stool samples from Italian subjects. More specifically, we obtained 68 samples from individuals affected
by functional constipation (FC), while 44 samples were collected from healthy subjects (HS). The HS dataset
was supplemented with data from 35 samples that we published previously®?®. Notably, these samples had been
collected and processed using the same protocols as followed for the 112 samples sequenced in the current
study (see below for details). Moreover, analysis of variance of beta-diversity was performed between each pool
of samples processed in different sequencing runs, and the obtained data showed absence of any batch effects
(Fig. S1a). In order to identify microbial biomarkers of functional constipation across all age ranges, we selected
individuals with an age ranging from 4 to 94 (average age: 42 +22 years) (Table S1). Remarkably, beta-diversity
and PERMANOVA analyses displayed absence of age-related clustering of the samples (Fig. S1b). Moreover, the
enrolled individuals were not taking prebiotics and/or probiotics, not undergoing antibiotic treatment or any
other medical therapy (including those specific for functional constipation such laxatives for one week prior
sampling) and not suffering from acute or severe intestinal diseases such as ulcerative colitis (UC), Crohns dis-
ease, acute inflammatory bowel disease (IBD), intestinal cancer and enteritis. Notably, functionally constipated
individuals also reporting symptoms typical of IBS-C, such as abdominal pain, were excluded from this study. The
selected individuals affected by functional constipation fulfill the ROME-III criteria and manifested infrequent
bowel movements that are defined as three or less defecations per week?. Notably, statistical assessment of diet
homogeneity of FC and HS groups revealed absence of statistically significant differences (Table §2). In order to
avoid discrepancies in the in silico data, all newly sequenced as well as previously published datasets included in
this study were subjected to bioinformatic analysis using the same pipeline based ona custom script for the Qiime
software suite and the same 16 S rRNA database (see Methods for details).

Intra- and Inter-individual variability among healthy and functionally constipated sub-
jects.  Stool samples from the 147 individuals enrolled in this study were obtained in order to assess the micro-
biota composition based on 16 S rRNA-based sequencing analysis, as described previously’”. MiSeq-mediated
sequencing of the samples produced a total of 18,673,728 reads with an average of 127,032 £ 69,090 reads per
sample (Table 52). Quality and chimera filtering produced a total of 10,164,847 filtered reads with an average of
69,149 filtered reads per sample, and ranging from 185,347 to 10,440 reads (Table S2).

Evaluation of rarefaction curves obtained through the Shannon and Chaol biodiversity indeces calculated
for 10 sub-samplings of sequenced read pools showed that both curves tend to reach a platean. Therefore, in all
cases the retrieved sequencing data is considered adequate to cover the vast majority of biodiversity contained
within the samples (Fig. 1). Interestingly, average rarefaction curves revealed a difference between FC and HS
samples in that, on average, the former samples were shown to exhibit a higher level of gut microbiota complexity
compared to the latter samples. Statistical analysis, calculated for the highest sub-sampling point reached by all
samples, i.e. 30,000 reads, showed that the two curves significantly differ based on a one-way analysis of variance
(ANOVA) (p-value < 0.05). The observed dissimilarity of the alpha-diversity between FC and HS is inaccordance
with a previous study?!, being indicative of differences in bacterial composition and corresponding metabolic
potential (see below). In order to evaluate the inter-individual differences between FC and HS samples in more
detail, we assessed the ‘beta—diversity‘28 by means of unweighted UniFrac® and represented the results through a
3-Dimensional Principal Coordinate Analysis (PCoA). The PCoA plot shows that the majority of the samples
are grouped as two different clusters that correspond to FC or HS individuals, thus highlighting an intriguing
difference in microbiota composition between individuals that suffer from functional constipation and healthy
individuals (Fig. 1). Notably, the obtained results were statistically supported by PERMANOVA analyses (p-value
of <0.001).

Taxonomic profiling of the gut microbiota of functionally constipated and healthy individu-
als. Inspection of the predicted taxonomic profiles showed that both FC and HS samples possess a prepon-
derant presence of the phyla Bacteroidetes (50.44% == 18.29% and 58.37% = 16.59%, respectively; p-value < 0.05)
and Firmicutes (44.19% = 17.02% and 36.65% = 15.65%, respectively; p-value < 0.05), although with a signif-
icantly different average relative abundance (Fig. 52). When analyzed at genus level, the FC group displayed
high levels of Bacteroides (34.25% £ 18.56%), Faecalibacterium (6.85% =+ 6.19%), Alistipes (6.48% £ 9.69%),
Lachnospira (4.44% % 6.13%) and Unclassified member of Lachnospiraceae family (3.92% £ 2.40%). Similarly,
the most represented taxa detected in HS samples were Bacteroides (45.23% = 17.90%), Alistipes (5.34% =+ 5.60%)
and Unclassified member of Lachnospiraceae family (4.66% 1 4.38%).

Comparative analysis of the 331 bacterial taxa predicted by genus-level analysis revealed that 23 genera
appeared to be present only in HS samples, while 17 were uniquely present in FC subjects (Table. §3). Analysis of
the proportion of these unique genera found in each group, i.e. the prevalence, showed that these taxa are present
in <20% of FC or HS profiles, thus indicating the absence of specific microbial biomarkers whose presence or
absence is associated with constipation while pointing at a probable role played by the overall gut microbiota at
functional level.
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Figure 1. Evaluation of the alpha- and beta-diversity in the 147 analyzed samples. Panel a reports the average
rarefaction curves based on the Chaol and Shannon index at increasing sequencing depth of FC and HS
samples. Panel b shows the predicted PCoA through two three-dimensional images and two-dimensional
sections. FC and HS datasets and corresponding clusters are colored in blue and red, respectively.

Difference in gut microbiota composition. In order to evaluate possible differences in bacterial
composition, ANOVA statistical analysis was employed to compare the average relative abundance in FC and
HS groups of genera with an absolute percentage difference >0.1% (Fig. 2). Interestingly, the comparison
between HS and FC datasets showed that profiles obtained from HS individuals are characterized by a statis-
tically significant over-representation of Bacteroides (% absolute 1.28%, p-value < 0.01), Roseburia (% abso-
lute 1.28%, p-value < 0.01) and Coprococcus 3 (% absolute 0.14%, p-value < 0.01) and a statistically significant
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Figure 2. Exploration of the diversity in HS and FC groups. The bar plot reports only genera with an absolute
percentage difference between HS and FC averages >0.1% and a p-value < 0.05, evaluated by means of ANOVA
statistical analysis. The table indicates the bacterial genera, the relative abundance and the prevalence of each
group, the relative percentage difference and the p-value.

under-representation of genera belonging to the Ruminococcaceae family such as Faecalibacterium (% abso-
lute —3.54%, p-value < 0.01) (Fig. 2). The depletion of the Bacteroides genus in FC samples may be correlated
with alterations of the intestinal motility and secretory functions due to changes in the amount of available
physiologically active substances in the metabolic environment of the gut?® *°. In fact, the higher abundance of
butyrate-producing taxa, such as Coprococcus and Roseburia, observed in HS samples may explain a faster colonic
transit due to the motility-stimulating effect exerted by butyrate in the gut'. In this context, previous studies have
reported that butyrate-producing taxa may stimulate colonic motility by induction of serotonin release or by facil-
itating cholinergic pathways by means of butyrate production®-32 In contrast, despite being a butyrate-producer,
Faecalibacterium is significantly more abundant in FC samples. Interestingly, this genus has been reported to
contribute to the pathogenesis of constipation via several mechanisms, such as inhibition of mucin secretion and
reduction of stool volume?4.

Metagenomic characterization of FC and HS microbiomes. A total of 10 individuals were selected
among the two clusters obtained from the PCoA analysis (Fig. 1b) as representatives of the FC and HS groups, and
total bacterial DNA extracted from corresponding fecal samples was subjected to [llumina shotgun sequencing.
These samples were selected on the basis of their microbial profiles that were shown to be closer to the average for
each group. Collected read pools ranged from 8,656,289 to 2,885,092 after quality filtering, with an average number
of reads per sample of 6,130,802 (Table $4). These data were then utilized for the reconstruction of metabolic path-
way profiles in the analyzed microbiomes by means of a custom script based on the MetaCyc database®. A com-
parison between the averages of functionally constipated and the averages of healthy samples showed a significant
difference in 629 pathways (p-value < 0.05). Of the latter, 327 and 302 pathways were more abundant in FC and HS
samples, respectively (Table S5). Interestingly, the HS samples exhibited a higher abundance of genes (p-value < 0.05)
involved in carbohydrate (increase of 21.15%) and fatty acid metabolism (increase of 25.93%) as compared to FC
individuals (Fig. 3b). These pathways are implicated in production of short-chain fatty acids (SCFAs) and may play
a role in stimulating ileal propulsive contractions through an enteric cholinergic reflex, thereby counteracting func-
tional constipation®*-3¢. Moreover, FC samples were shown to contain a higher abundance of genes involved in
methanogenic pathways (increase of 24.96%, p-value < 0.01) and a predicted higher capability to produce hydrogen
(increase of 113.69%, p-value 0.05) as compared to HS (Table S5, Fig. 3b). Thus, our data are consistent with previous
observations and suggest that the (abundant) presence of methanogenic and H,-consuming populations influence
colonic motility and visceral sensitivity, and generate chronic constipation along with several correlated symptoms,
such as flatulence and abdominal distension®”*. Interestingly, datasets obtained from functionally constipated indi-
viduals showed lower abundance of genes involved in methylglyoxal degradation as compared to healthy samples
(decrease of —25.18%, p-value < 0.05) (Fig. 3b). Methylglyoxal is produced by intestinal bacteria and it is reported
be a potential toxic metabolite that can be involved in many gut diseases, including functional constipation®.
Furthermore, comparison between HS and FC samples highlights a significant difference in pathways implicated in
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Figure 3. Functional characterization of FC and HS microbiomes. The bar plot shows the relative difference
between the average abundance in HS and FC subjects of each pathway displaying ANOVA with p-value < 0.05.

glycerol degradation (decrease of —58.93% in HS, p-value < 0.05) (Fig. 3b). Glycerol is known to cause an osmotic
effect in the rectum and for this reason is used to treat constipation*’. Therefore, the increased ability to degrade glyc-
erol by FC samples may induce and promote the symptoms of constipation. Nevertheless, despite the fact that the
use of laxatives in the week before sampling was considered as a exclusion criterion, this observation may be linked
to previous and prolonged use of PEG or glycerol suppositories.

In addition, we evaluated co-variance between the bacterial genera and metabolic pathways displaying
difference in abundance (ANOVA p-value < 0.05) in FC as compared to HS subjects. Force-driven network
representation of these data revealed that Bacteroides (124 co-variances, p-value < 0.05), genera belonging
Ruminococcaceae family (a total of 270 co-variances, p-value < 0.05) and the methanogenic genus Gelria (108
interactions, p-value < 0.05) exert a key role in modulating the metabolic functionalities of the gut microbiome
that are altered during FC (Fig. 4a).

Moreover, a force-driven network representation based on the above-discussed pathways that may be related
to FC development revealed that the Firmicutes phylum positively correlates with pathways involved in hydro-
gen production and methanogenesis, while Bacteroides correlates positively with the methylglyoxal degradation
pathways (Fig. 4b). These results reflect the putative beneficial role played by Bacteroides to counter FC as also
suggested by the higher abundance of this genus in HS with respect to FC samples (see above). Notably, an in
depth analysis of 16 S rRNA OTUs of HS samples revealed that 17.33% of the reads belonging to the Bacteroides
genus correspond to unknown species, followed by Bacteroides vulgatus (13.83%), Bacteroides uniformis (4.21%)
and Bacteroides fragilis (1.74%), thus indicating that further genomic analyses are still needed to shed light on the
biological role of this genus in protecting against or in preventing FC.

Conclusions

Functional constipation is a widespread gastrointestinal disorder responsible for difficult or infrequent bowel
movements defined as three or less defecations per week?. Despite the high worldwide prevalence of FC, a clear
anatomical or physiological cause for this disorder has yet to be identified, thus pointing at a possible role exerted
by the gut microbiota. Here, we confirm preliminary findings regarding gut microbiota compositional shifts in
individuals affected by FC as compared to healthy controls, which are concurrent with a statistically significant
increase of the gut microbiota biodiversity. Moreover, statistical analysis revealed alterations in relative abun-
dance of specific taxa, such as Bacteroides and Feacalibacterium. Disregarding the fact that the cause of such
taxonomic changes can’t be linked to a specific physiological cause and may simply reflect altered transit time
or diet, these taxa will be pivotal for diagnostic and prophylactic purposes as statistically-supported microbial
biomarkers of constipation. Intriguingly, identification of taxa typically associated to a healthy gut status, e.g. the
anti-inflammatory genus Feacalibacterium, as a biomarker of functional constipation, highlights that increased
relative abundance of certain taxa in the presence of a gut disorder may not reflect a taxa-specific role in patho-
genesis but may be linked to a global alteration of gut microbiota’s homeostasis. Notably, the taxonomic profiles
retrieved from faecal samples include both the autochthonous as well as the allochthonous microbiota, and may
thus not be fully representative of the resident gut microbial population. In contrast, the use of biopsies from
mucosal samples would be ideal to provide information on the indigenous microbiota*'. Nevertheless, collection
of fecal samples is less invasive and does not require specific clinical procedures. Thus, for a rapid screening aimed
at the identification of biomarkers associated with specific disorders, e.g. functional constipation, the use of stool
samples does not suffer from the aforementioned problems associated with collection of biopsies.

While exploration of the functional role of the gut microbiota in fecal transit time*? has been attempted in
the past through analysis of urine metabolites, the whole gut microbiome metabolic potential and its impact on
host physiology and development of functional constipation has yet to be elucidated. To overcome this gap, we
profiled metabolic pathways of microbiomes corresponding to functionally constipated and healthy individuals.
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Figure 4. Co-variance network of bacterial genera and metabolic pathways with statistically significant
difference in abundance between FC and HS subjects. Panel a shows a force-driven network based on

the predicted co-variances with p-values < 0.05 between the genera and metabolic pathways identified as
statistically altered in FC as compared to HS. Panel b reports a force-driven network based on the predicted co-
varjances with p-values < 0.05 between genera and metabolic pathways putatively involved in FC development.
Co-variances with p-values < 0.05 are used to define the attractive or repulsive force of the edges. The node size
is proportional to the number of co-variances. Node color indicates phylum or pathway category as reported in
the image. The taxonomy, i.e. bacterial genera, of the nodes is indicated with number, as listed in the table.
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The here reconstructed gut microbiome of individuals affected by functional constipation revealed for the first
time that the FC microbiome is characterized by a high abundance of genes involved in hydrogen production,
methanogenesis and glycerol degradation. In contrast, the microbiomes of HS samples showed an increase of
pathways implicated in carbohydrate and fatty acid metabolism, and in methylglyoxal degradation. Alteration of
these metabolic pathways appears to impact on functional constipation and related symptoms, thus highlighting
the key functional role exerted by the gut microbiome in maintaining the health status of the host. Nevertheless,
due to the limited number of samples that were analysed by shotgun sequencing, additional experiments are
needed to validate these observations.

Altogether, taxonomic and functional data reported in this study represent a solid base for future development
of both prophylactic screenings and therapies for functional constipation based on alterations of gut microbiota
composition through personalized diet or pre- and pro-biotic treatments.

Methods

Datasets included in this study.  We enrolled 68 volunteers suffering from functional constipation (FC)
and 44 healthy subjects (HS) in an outpatient clinic setting. The individuals affected by functional constipation
presented infrequent bowel movements and fulfilled the ROME-III criteria. A stool sample, consisting of 6-10g
fresh fecal material, was obtained from each subject and immediately frozen at —80 °C until it was processed for
DNA extraction. DNA was extracted from each stool sample using the QIAamp DNA Stool Minikit (Qiagen Ltd,
Strasse, Germany) following the manufacturer’s instructions (Qiagen Ltd). The study protocol was approved by
the Ethics Committee of the University of Parma. Informed consent was obtained from all participants. All inves-
tigations were carried out following the principles of the Dedlaration of Helsinki.

16S rRNA gene amplification. Partial 165 rRNA gene sequences were amplified from extracted DNA
using primer pair Probio_Uni and/Probio_Rev, which targets the V3 region of the 16 S rRNA gene sequence”.
Mlumina adapter overhang nucleotide sequences were then added to the partial 165 rRNA gene-specific ampli-
cons, which in turn were further processed by employing the 16 S Metagenomic Sequencing Library Preparation
Protocol (Part no. 15044223 Rev. B—Illumina; see also below). Amplifications were carried out using a Verity
Thermocycler (Applied Biosystems). The integrity of the PCR amplicons was analyzed by electrophoresis on a
2200 TapeStation Instrument (Agilent Technologies, USA).

MiSeq sequencing of 16 S rRNA gene-based amplicons.  PCR products obtained following amplifica-
tion of part of the 16S rRNA gene sequences were purified by a magnetic purification step involving Agencourt
AMPure XP DNA purification beads (Beckman Coulter Genomics GmbH, Bernried, Germany) in order to
remove primer dimers. The DNA concentration of the amplified sequence library was estimated through fluori-
metric Qubit quantification system (Life Technologies). Amplicons were diluted to 4 nM and 5pl of each diluted
DNA amplicon sample was mixed to prepare the pooled final library. Sequencing was performed using an
[Mumina MiSeq sequencer with MiSeq Reagent Kit v3 chemicals.

Analysis of 16 S rRNA microbial profiling datasets. The fastq files were processed using QIIME® as
previously described”. Paired-end reads were merged, and quality control implementation allowed the reten-
tion of sequences with a length between 140 and 400 bp, mean sequence quality score >25 and with truncation
of a sequence at the first base if a low quality within a rolling 10-bp window was found. Sequences with mis-
matched forward and/or reverse primers were omitted. 16 S rRNA operational taxonomic units (O'TUSs) were
defined at > 97% sequence homology using ucust*. All reads were classified to the lowest possible taxonomic
rank using QIIME?® and a reference dataset from the SILVA database v. 123*. The microbial richness of the sam-
ples (alpha-diversity) was evaluated with the Chaol and Shannon index through the alpha_rarefaction.py script
included in the Qiime software suite using default parameters. Similarities between samples (beta-diversity) were
calculated by unweighted uniFrac*. Principal coordinate analysis (PCoA) representations of beta-diversity were
performed using QIIMEZ.

Shotgun metagenomics. DNA library preparation was performed using the Nextera XT DNA sample
preparation kit (llumina, San Diego, CA) according to the manufacturer’s instructions. In brief, 1 ng input DNA
from each sample was used for library preparation. The isolated DNA underwent fragmentation, adapter ligation
and amplification. The ready-to-go libraries were pooled equimolarly, denaturated and diluted to a sequencing
concentration of 1.8 pM. Sequencing was performed on NextSeq. 550 instrument (Illumina, San Diego, CA),
according to the manufacturer’s instructions, using the 2 x 150 bp High Output sequencingkit, and spike-in of
1% PhiX control library.

Analysis of metagenomic datasets. 'The generated paired fastq files were filtered for reads with a quality
score of <25, for sequences of human DNA, as well as for reads < 80bp. Bases were also removed from the end
of the reads unless the average quality score in a window of 5bp was >25. Reconstruction of bacterial metabolic
pathways was performed using custom scripts based on htseq-count* and the MetaCyc database®, respectively.

Statistical analyses. QIIME and SPSS software (www.ibm.com/software/it/analytics/spss/) were used to
complete statistical analysis. All data were presented as means = SEM. PERMANQVA were performed using 999
permutations to estimate p-values for differences among populations. Furthermore, differential abundance of
bacteria taxa and metabolic pathways were tested by one-way analysis of variance (ANOVA).
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Data Deposition. 'The 165 rRNA profiling data sequenced in this study were deposited in the Sequence Read
Archive (SRA) database under the SRP106879 accession number. Shotgun metagenomics data are accessible
through SRA study accession number SRP106935.
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Abstract

Intestinal diseases, such as Crohn's disease
(CD), ulcerative  colitis (UC) and
pseudomembranous colitis (CDI), are among
the most common diseases in humans and may
lead to more serious pathologies, e.g.
colorectal cancer (CRC). Next Generation
Sequencing has in recent years allowed the
identification = of  correlations  between
intestinal bacteria and diseases, although
formulation of wuniversal gut microbial
biomarkers for such diseases is only in its
infancy. In the current study, we selected and
reanalyzed a total of 3048 public datasets
obtained from 16S rRNA profiling of
individuals affected by CD, UC, CDI and
CRC. This meta-analysis revealed possible
biases in the reconstruction of the gut
microbiota composition due to the use of
different primer pairs employed for PCR of
16S rRNA gene fragments. Notably, this
approach also identified common features of
individuals affected by gut diseases (DS),
including lower biodiversity compared to
control subjects (CTRL). Moreover, potential
universal  intestinal  disease = microbial
biomarkers were identified through cross-
disease comparisons. In detail, CTRL showed

high abundance of the genera Barnesiella,
Ruminococcaceae UCG-005, Alistipes,
Christensenellaceae R-7  group  and
unclassified member of Lachnospiraceae
family, while DS exhibited high abundance of
Lactobacillus, unclassified member of
Erysipelotrichaceae family and Streptococcus
genera.

Introduction

In the last 50 years, the incidence and
prevalence of inflammatory bowel diseases
(IBD), such as Crohn's disease (CD) and
ulcerative colitis (UC), has increased
worldwide (Cosnes, et al., 2011, Molodecky,
et al, 2012, Ananthakrishnan, 2015),
especially in traditionally low-incident regions
such as Asia, South America as well as
southern and eastern Europe (Lovasz, et al.,
2013, Ng, et al., 2013). Moreover, IBD
represents one of the main risk factors for the
development of colorectal cancer (CRC)
(Kulaylat & Dayton, 2010) which is a major
cause of morbidity and mortality throughout
the world (Haggar & Boushey, 2009).
Furthermore, populations living in
industrialized countries have been affected in
the last fifteen years by an increased incidence
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of Clostridium difficile infections (CDI)
(Reveles, et al., 2014), representing one of the
most common hospital-acquired infections,
and being generally associated with antibiotic
use and responsible for pseudomembranous
colitis (Antharam, et al., 2013). The recent
development of high throughput sequencing
technologies, such as Roche 454, Ion Torrent
and Illumina, allowed profiling of the bacterial
population harbored by the intestinal tract, i.e.
gut microbiota, and characterization of
alterations in this microbiota, sometimes
referred to as gut dysbiosis, associated with
major intestinal diseases (Carding, et al.,
2015).

Although many studies have investigated
possible correlations between gut microbiota
and intestinal diseases, thereby revealing
possible gut bacterial biomarkers (Table S1),
most of such studies would have focused on a
single pathology such as CD (Perez-Brocal, et
al., 2015, Eun, et al., 2016), UC (Duranti, et
al., 2016, Mar, et al., 2016), CRC (Kostic, et
al., 2012, Geng, et al., 2013, Wu, et al., 2013,
Zackular, et al., 2014, Burns, et al., 2015) and
CDI (Yatsunenko, et al., 2012, Antharam, et
al., 2013, Rojo, et al., 2015, Gu, et al., 2016,
Khanna, et al., 2016, Milani, et al., 2016).
Nonetheless, the accuracy of the majority of
published microbiota analyses is very much
dependent on the applied methodology
(Turroni, et al., 2012, Milani, et al., 2013). One
of the most critical steps for accurate 16S
rRNA-based microbiota profiling is the
selection of primer pairs used for amplification
which may lead to under-representation or
selection against single bacterial species or
even complete microbial groups (Klindworth,
etal., 2013).

Here, we evaluate the accuracy of different and
currently used 16S rRNA gene-targeting PCR
primers, and evaluate their impact on the
profiling of the gut microbiota. Furthermore,
we performed a meta-analysis of case-control
studies focusing on 16S rRNA profiling of the
gut microbiota of individuals affected by CD,
UC, CRC and CDI. We selected a total of 3048
datasets, 1252 corresponding to control
subjects (CTRL) and 1796 corresponding to
individuals with intestinal diseases, retrieved
from 24 public studies (Table S2). In detail, we

collected 359, 1457, 512 and 720 samples
belonging to colorectal cancer (Kostic, et al.,
2012, Geng, et al., 2013, Weir, et al., 2013,
Wu, et al., 2013, Zackular, et al., 2014, Burns,
et al., 2015), , Crohn's disease (Gevers, et al.,
2014, Perez-Brocal, et al., 2015, Eun, et al.,
2016), Clostridium difficile infections
(Yatsunenko, et al., 2012, Antharam, et al.,
2013, Rojo, et al., 2015, Gu, et al., 2016,
Khanna, et al., 2016, Milani, et al., 2016) and
ulcerative colitis studies (Gevers, et al., 2014,
Duranti, et al., 2016, Mar, et al., 2016, Shah, et
al., 2016), respectively.

Materials and methods

Selection of databases. All datasets included
in this meta-analysis were collected from
publicly available and published comparative
human gut microbiota studies in the context of
Crohn's disease, ulcerative colitis, colorectal
cancer and Clostridium difficile infections. For
each intestinal disease, we collected 16S rRNA
profiling datasets from a minimum of five
studies. Illumina sequencing technology was
preferred in order to ensure high data coverage
and quality. Nevertheless, if [llumina datasets
were not available, we included data produced
by means of 454 sequencing. Moreover,
selected datasets had to represent both control
and diseased subjects, and obtained from fecal
samples or biopsies collected from the adult
human large intestine (average age of 22 + 18).

Evaluation of primer pairs efficiency. The
performance of primer pairs employed in the
studies included in our meta-analysis (Table
S3) were evaluated through the web-tool
TestPrime 1.0 (Klindworth, ef al., 2013). The
latter performs an in silico PCR using the
SILVA database as template and provides the
percentage of amplified sequences for each
bacterial genus (Klindworth, et al., 2013).

16S rRNA-based Microbiota Analysis. To
avoid biases caused by different bioinformatic
analysis pipelines, the sequence read pools of
each study were filtered and analyzed using the
same custom script based on the QIIME
software suite (Caporaso, et al., 2010). Quality
control retained sequences with a length
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between 140 and 400 bp and mean sequence
quality score > 20 while sequences with
homopolymers > 7 bp and mismatched primers
were omitted. 16S rRNA Operational
Taxonomic Units (OTUs) were defined at > 97
% sequence homology using UCLUST (Edgar,
2010) and OTUs with less than 10 sequences
were filtered. All reads were classified to the
lowest possible taxonomic rank using QIIME
(Caporaso, et al., 2010) and a reference dataset
from the SILVA database v.123 (Quast, ef al.,
2013). In order to assess the bacterial
complexity, the alpha-diversity was evaluated
based on Chaol indexes and represented by
rarefaction curves generated using 10
subsampling of the whole datasets.
Furthermore, the Bray-Curtis dissimilarity
index was used to estimate the beta-diversity
between CTRL and individuals affected by
intestinal ~ diseases. Dissimilarities were
reported through a 3-Dimensional Principal
Coordinate Analysis (PCoA) representation.
QIIME and SPSS software
(www.ibm.com/software/it/analytics/spss/)
were used to compute statistical analyses.
PERMANOVA were performed using 1,000
permutations to estimate p-values for
differences among populations in PCoA
analyses. Furthermore, differential abundance
of bacterial genera and alpha-diversity was
tested by ANOVA. Moreover, covariance
analysis between primer pairs and bacterial
relative abundance was performed through
Pearson correlation coefficient.

Results and discussion

Homogeneity of the samples. 16S rRNA-
based microbiota profiling is a technique that
relies on next-generation sequencing data for a
cost-effective analysis of the bacterial
community present in a given environmental
sample. Due to its accuracy and ability to
profile non-cultivable taxa, 16S rRNA-based
profiling rapidly became the most widely
exploited approach for gut microbiota
characterization. Nevertheless, absence of a
gold standard protocol led to extensive
methodological variation, with consequent
output biases that might prevent reliable and
meaningful comparisons between datasets
derived from different studies (Milani, et al.,

2013). In detail, possible biases may be due to
study design, sample collection, transport and
storage of the samples, DNA extraction and
other variables related to sequencing and
bioinformatics analyses (Milani, et al., 2013).
Among the main reasons for variable data
outputs is the species-specific efficiency and
accuracy of the various sets of PCR primers
employed to amplify part of the 16S rRNA
genes that represent a given sample
community (Milani, et al., 2013). In order to
evaluate the accuracy and efficacy of the 12
primer pairs that are used in the selected
datasets, and that also represent the currently
most frequently used PCR primers in 16S
microbial profiling, we tested the primer pairs
through in silico PCR. Notably, this
assessment  revealed  rather  variable
amplification performances that are expected
to cause genera-specific biases (Table S4).

In silico evaluation of the PCR primers

accuracy. Primer pairs
Probio_Uni/Probio_Reyv, 357F/926R,
338F/806R, 530F/926R, V5F/V6R,

341F/534R and 515F/806R showed an in silico
efficacy of > 90 % in their ability to amplify
the targeted 16S rRNA gene sequences. In
contrast, primer pairs 27F/338R, 8F/357R,
8F/518R, 27F/534R and 8F/530R exhibited a
predicted capacity of < 32 % for their ability to
amplify their specifically targeted 16S rRNA
sequences. We then focused on the evaluation
of genus-specific amplification performances
of intestinal taxa that had been determined to
be present at a relative abundance of > 2% in
at least one sample included in our meta-
analysis (Table S5). Analysis of the 252
selected intestinal genera confirmed the
efficiency observed regarding all bacterial 16S
rRNA sequences. In detail, the bacterial
sequences belonging to 248 genera were
amplified by all primers examined and the
primer pairs used in studies based on 454
sequencing showed the lowest efficiency (< 32
%) with the exception of 341F/534R (Muyzer,
et al., 1993, Juck, et al., 2000) (efficiency at
genus level of 95.54 %), 357F/926R (Liu, et
al., 1997) (efficiency at genus level of 95.38
%) and 515F/806R (Caporaso, et al., 2011,
Walters, et al., 2011) (efficiency at genus level
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of 95.24 %). Moreover, evaluation of the
primer pair-mediated amplication efficiency
for each of the bacterial sequences harboring
the 252 selected taxa showed that 27F/338R
(Hongoh, et al., 2003, Fierer, et al., 2008),
8F/530R (Frank, et al., 2007, Perez-Brocal, et
al., 2013), 8F/357R, 27F/534R (Ben-Dov, et
al., 2006) and 8F/518R (Muyzer, et al., 1993,
Frank, et al., 2007) primer pairs elicited an
amplification efficacy of > 70 % only for the
genera Ethanoligenens, Fretibacterium and
Lachnospiraceae UCG-008. Notably,
Probio_Uni/Probio_Rev (Milani, et al., 2013)
showed the highest in silico predicted PCR
performances amongst all evaluated PCR
primer pairs. In fact, the
Probio_Uni/Probio_Rev primer pair was
predicted to amplify the 16S rRNA gene
sequences of 75.40 % of the 252 selected
genera with an efficiency of > 95 %, followed
by primer pairs 341F/534R (75.00 %) and
357F/926R  (71.03  %).  Furthermore,
530F/926R (Liu, et al., 1997, Dowd, et al.,
2008), 515F/806R (Caporaso, et al., 2011,
Walters, et al., 2011), VSF/V6R (Cai, et al.,
2013) and 338F/806R (el Fantroussi, et al.,
1999, Walters, et al., 2011) displayed an
efficiency > 95 % in less than 70 % of the
assessed 252 genera. In order to evaluate the
correlation between a given primer pair and
corresponding predicted relative abundance at
genus level, we performed a covariance
analysis  through  Pearson  correlation
coefficient based on the 3048 datasets and
primer pair efficiency. This analysis indicated
that 50 genera displayed a positive correlation
to a given primer pair-mediated amplification
efficiency (p-value < 0.05), thereby indicating
that the primer pair in question plays an
important role in the generation of a bias in the
determination of gut microbiota composition.
Notably, when focusing on taxa with a relative
abundance of > 0.1% at least one dataset
(Figure 1), the primer pairs appear to have an
impact on assessing the presence and
abundance of certain taxa that are considered
key gut commensal bacteria, such as
Bifidobacterium, Coprococcus 3, genera
belonging to  Ruminococcaceae  and
Eubacteriaceae. These marked differences in
amplification performance obtained for the

tested 12 primer pairs therefore highlight the
existence of biases in the reconstruction of the
gut microbiota composition as reported by
many published studies (Perez-Brocal, et al.,
2015, Rojo, et al., 2015). This finding
unfortunately prevents a reliable cross-study
meta-analysis of all datasets corresponding to
case and control subjects produced by different
research projects. For this reason, each case-
control sample processed with different
laboratory protocols from several intestinal
diseases, 1.e. CD, UC, CRC and CDI, were
analyzed separately. Subsequently, the study-
specific results were evaluated together to
define a global trend (increase or decrease) for
each bacterial taxon in control versus disease
condition.

Meta- and cross-analysis of the gut
microbiota in intestinal diseases. Quality-
filtering of CD, UC, CRC and CDI samples
produced an average of 49,651, 66,127, 62,242
and 376,768 reads, respectively (Table S2).
This level of DNA sequencing depth is
considered appropriate to infer a thorough
analysis of the gut microbiota (Hamady &
Knight, 2009).

Analysis of the microbiota complexity
evaluated through alpha-diversity cross-study
meta-averages, e.g. averages of all the CTRL
and all affected subjects for each intestinal
disease analyzed, showed higher complexity in
control samples compared to CD (p-value <
0.01) (Figure 2a), CRC (p-value < 0.05)
(Figure 4a) and CDI (p-value < 0.01) (Figure
Sa) samples. In addition, the meta-analyzed
studies of UC samples provided very different
alpha-diversity curves and, as expected,
evaluation of the control and UC cross-study
meta-averages showed a p-value > 0.05.
Therefore, such data may indicate that biases
in taxonomic reconstruction induced by the use
of different analytical protocols, such as
selection of primer pairs, significantly impact
on the observed biodiversity (Hamady &
Knight, 2009) thus precluding cross-study
meta-analysis of alpha-diversity (Figure 3a).
Moreover, cross-study meta-PERMANOVA,
i.e. PERMANOVA obtained for all CTRL
samples and all affected subjects for each
intestinal disease of the meta-analyzed studies,
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based on the Bray-Curtis dissimilarity index
showed a p-value < 0.001 for all comparisons
indicating a taxonomical difference among the
samples from control and diseased subjects
(Figures 2b, 3b, 4c and 5b).

Cross-study meta-ANOVA of the bacterial
profile at phylum level, e.g. averages of all
CTRL and all affected subjects for each
intestinal disease analyzed, showed
predominant abundance of Bacteroidetes in
control samples in mainly disease analyzed,
1.e. average of 44.42 % (p-value < 0.01), 45.43
% (p-value < 0.01) and 34.01 % (p-value <
0.01) compared to CD, UC and CRC,
respectively (Figures 2c, 3c and 4c).
Conversely, when compared to control
samples the gut microbiota of diseased
samples appears to exhibit a higher abundance
of the Proteobacteria phylum, such as in the
case of samples from individuals suffering
from CD (average 19.11 %, p-value < 0.01),
CRC (average 15.11 %, p-value < 0.01) and
CDI (average 22.49 %, p-value < 0.01)
(Figures 2c, 4c and 5c¢).

Comparison between the gut microbiota
composition of control individuals and of
subjects for each intestinal disease analyzed at
genus level, showed higher abundance of
genera belonging to the Bacteroidetes phylum
in CTRL samples (Figure 2d, 3d, 4d, 5d). In
contrast, genera belonging to Proteobacteria
were particularly less abundant in control
samples as compared to  samples
corresponding to each of the investigated
diseases (Figures 2d, 3d, 4d, 5d).
Interestingly, comparison between the gut
microbiota composition of CD and CTRL
samples showed higher abundance of genera
Parabacteroides (increase of 67.10 %, p-value
< 0.05), Faecalibacterium (increase of 18.19
%, p-value < 0.05), Prevotella 9 (increase of
185.24 %, p-value < 0.05) and Bacteroides
(increase of 45.68 %, p-value < 0.05), in CTRL
samples (Figure 2d). In contrast, genera
Escherichia-Shigella (decrease of -39.08 %, p-
value < 0.05) and Haemophilus (decrease of -
39.08 %, p-value < 0.05) were less abundant in
control samples as compared to samples
obtained from individuals with CD (Figure
2d). Notably, CRC samples possess a higher
abundance of bacteria that have been

associated with the development of intestinal
diseases, such as Campylobacter (increase of
950.04 %, p-value < 0.05) (Warren, et al.,
2013, Akutko & Matusiewicz, 2017), or
known to be involved in the transition from
eubiosis, i.e. an optimal balance of gut
microbiota composition (Iebba, et al., 2016), to
dysbiosis, such as Gemella (increase of 118.05
%, p-value < 0.05) (Chen, et al., 2016) (Figure
4d). Interestingly, 16S microbial profiles of
CTRL samples displayed a higher abundance
of members of the genus Faecalibacterium
(increase of 77.91 %, p-value < 0.05), which is
considered a bacterial genus with a beneficial
effect on the human gut (Ventura, ef al., 2014)
and which could have a role in preventing CRC
(Wei, et al., 2016). Interestingly, also the gut
microbiota profiles of CDI samples possess a
higher abundance of opportunistic pathogens
belonging to the phylum Proteobacteria and a
lower abundance of taxa that are associated
with health promoting effects, such as
Bifidobacterium and Faecalibacterium
(Milani, et al., 2014, Ventura, et al., 2014,
Milani, et al., 2015) (Figure 5d).

Moreover, evaluation of the taxonomic trend
(Tables S7, S9, S11 and S13) and the
differences of the gut microbiota composition
at genus level across the meta-analyzed studies
allowed us to identify genera that may
represent suitable bacterial biomarkers of each
analyzed disease. Interestingly, the relative
abundance of 16, 5, 7 and 3 taxa increase wile
2, 4, 4 and 3 taxa decrease respectively in CD,
UC, CRC and CDI subjects when compared to
CTRL individuals in in all meta-analyzed
studies (Table S7, Table S9, Table S11 and
Table S13). A summary of the taxa that may
constitute  specific  disease = microbial
biomarkers were reported in Table 1.

Identification of universal biomarkers. In
order to evaluate the existence of universal
intestinal diseases biomarkers, we performed a
meta-analysis for all datasets corresponding to
studies regarding CD, UC, CRC and CDIL
Cross-analysis of the alpha-diversity showed a
higher biodiversity in CTRL samples with
respect to subjects affected by an intestinal
disease (DS) (p-value < 0.05) (Figure 6a).
These data confirm previous observations that
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intestinal dysbiosis is linked to loss of
microbiota diversity (Sha, et al., 2013, Mosca,
et al., 2016). Moreover, the beta-diversity
cross-analysis indicated a clear division
between CTRL and samples affected by
intestinal diseases (meta-PERMANOVA p-
value < 0.05) (Figure 6b). Therefore, we
focused at the genus level to identify the
differences in gut microbiota composition
between these two groups. In detail, these
analyses revealed a total of 261 genera with a
significantly different abundance (p-value <
0.05) (Table S14), of which 20 with an average
abundance variation of > 0.5 % (Figure 6c¢).

Interestingly, when focusing on the genera
with a significant p-value and a taxonomic
trend with a prevalence of > 80 % (Table S15),
it was possible to identify five and three taxa
characteristic of CTRL and DS subjects,
respectively. In detail, CTRL showed high
relative abundance of the genera Barnesiella
(in 90 % of the studies and p-value < 0.05),
Ruminococcaceae UCG-005 (in 85 % of the
studies and p-value < 0.05), Alistipes (in 80 %
of the studies and p-value < 0.05),
Christensenellaceae R-7 group (in 80 % of the
studies and p-value < 0.05) and unclassified
member of Lachnospiraceae family (in 80 %
of the studies and p-value < 0.05), while DS
displayed high abundance of the taxa
Lactobacillus (in 90 % of the studies and p-
value < 0.05), unclassified member of
Erysipelotrichaceae family (in 80 % of the
studies and p-value < 0.05) and Streptococcus
(in 80 % of the studies and p-value < 0.05).

In previous studies, Barnesiella genus was
identified only in populations living in
developed countries (Mancabelli, et al., 2017)
and was correlated to beneficial effects on
human gut (Kulagina, et al., 2012, Ubeda, et
al., 2013). Moreover, Ruminococcaceae UCG-
005, Alistipes, and unclassified member of
Lachnospiraceae family have been reported to
be butyrate-producing bacteria (Flint, et al.,
2012, Chen, et al., 2017) that may protect
healthy subjects from chronic intestinal
inflammation (Lepage, et al, 2011). In
contrast, the higher relative abundance of
Streptococcus genus in DS confirm its
previously-reported correlation to a range of
gastrointestinal diseases (Murray & Roberts,

1978, Burnett-Hartman, er al., 2008) and
renders it a valuable candidate as a universal
biomarker of intestinal dysbiosis. Furthermore,
bacteria belonging to Erysipelotrichaceae
family were correlated to inflammation
(Kaakoush, 2015) and immunomodulation
(Palm, et al., 2014) but their functional
correlation to intestinal diseases is far from
being fully elucidated.

Notably, the observed higher relative
abundance of the non-pathogenic taxa
Lactobacillus in DS may reflect lower niche-
competition caused by simplification of the
dysbiotic gut microbiota (Walter, 2008).

CONCLUSIONS

A substantial number of studies based on 16S
rRNA gene profiling have reported on the
correlation between human gut diseases and
microbiota composition. Nevertheless, one of
the main biases in the reconstruction of the gut
microbiota composition through 16S rRNA
profiling is the selection of reliable and
universal primer pairs. In silico PCR and
covariance analysis of the 12 primer pairs used
in 24 selected public gut metagenomic studies
confirmed their impact on biased amplification
of the targeted section of the 16S rRNA gene.
To overcome this limitation, we performed a
cross-study meta-analysis of 3048 public
metagenomic datasets, corresponding to 1252
control (CTRL) and 1796 patient subjects, in
order to identify possible bacterial biomarkers
for major intestinal diseases such as CD, UC,
CRC and CDI. Furthermore, we analyzed all
datasets together, in order to identify possible
universal gut disease microbial biomarkers. In
detail, this cross-study analysis showed that
Barnesiella, Ruminococcaceae UCG-005,
Alistipes, Christensenellaceae R-7 group and
unclassified member of Lachnospiraceae
family genera correlated with a healthy state of
subjects. In contrast, subjects that present an
intestinal disease displayed higher abundance
of genera reported to cause intestinal
inflammation, such as unclassified member of
Erysipelotrichaceae family and Streptococcus.
The identification of novel universal
biomarkers as indicators of human gut diseases
may contribute to rapid diagnosis as well as to
predict the course and prognosis of the disease
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and guide therapeutic decisions improving
patient care.
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ic datasets and primer pair efficiency. A heat map illustrating

Figure 1. Covariance analysis based on the selected publ

relative abundance of genera with a significant positive correlation to primer pair efficiency was shown. Only the

.1% in at least one dataset were reported

genera with a relative abundance > 0
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Figure 2. Exploration of the diversity and bacterial composition of CD and CTRL samples. Panel a shows the
rarefaction curves calculated through Chaol index of each study and of CD and CTRL average. Panel b reports the

principal coordinate analysis (PCoA) of the collected case-control belonging to CD studies. Panel ¢ displays the
bacterial composition at phylum level based on cross-study of the CD and CTRL groups. Panel d reports the bacterial

genera present an average abundance variation of > 0.5 %.
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Figure 3. Evaluation of the microbiota composition of UC and CTRL samples. Panel a indicates the alpha-diversity
curves calculated through Chaol index of each study and of UC and CTRL average. Panel b shows the PCoA of the UC

and CTRL groups. Panel ¢ reports a bar plot depicting the bacterial composition at phylum level based on cross-study of

the UC and CTRL groups. Panel d represents the average abundance variation > 0.5 % at genus level.
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Figure 4. Examination of the complexity and bacterial differences between CRC and CTRL samples. Panel a displays

the rarefaction curves of each study and of CRC and CTRL average. Panel b reports the beta-diversity of the collected
case-control belonging to CRC studies. Panel ¢ shows the bacterial composition at phylum level based on cross-study of

the CRC and CTRL groups. Panel d reports the microbiota composition at genus level. The panel reports only the taxa

that present an average abundance difference > 0.5 %.
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of each studied sample and of CDI and CTRL average calculated through Chaol and represented with rarefaction
curves. Panel b reports the principal coordinate analysis (PCoA) of the collected case-control belonging to CDI studies.
reports the taxa composition at genus level reporting only bacteria with an average abundance variation > 0.5 %.

Figure 5. Exploration of the of the microbiota composition of CDI and CTRL samples. Panel a displays the complexity
Panel c displays the bacterial composition at phylum level based on cross-study of the CDI and CTRL groups. Panel d
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Figure 6. Investigation of the microbiota composition of all subjects affected by an intestinal disease (DS) and control
samples. Panel a shows alpha-diversity curves calculated through Chaol index of each study and of DS and CTRL
average. Panel b reports the PCoA of the collected case-control belonging to DS studies. Panel ¢ indicates the bacterial
composition at phylum level based on cross-study of the DS and CTRL groups. Panel d shows the bacterial genera that
present an average abundance difference > 0.5 %.
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Table 1. Summary of the microbial gut biomarkers identified in the study.

Intestinal diseases Samples

Genera

CTRL

Barnesiella
Ruminococcus 2

Crohn's disease
CD

Actinomyces
Eggerthella
Blautia
Peptoclostridium
Flavonifractor
Erysipelatoclostridium
Lactobacillus
Streptococcus
U. m. of Proteobacteria phylum

CTRL

Barnesiella
Odoribacter
Alistipes

Ulcerative colitis

ucC

Faecalibacterium
Streptococcus
Veillonella
U. m. of Enterobacteriaceae family
Haemophilus

CTRL

U. m. of Lachnospiraceae family
Faecalibacterium
Ruminococcaceae UCG-005
Subdoligranulum

Colorectal cancer

CRC

Alloprevotella
Gemella
Parvimonas
Streptococcus
Leptotrichia
Campylobacter

CTRL

Christensenellaceae R-7 group
U. m. of Lachnospiraceae family
Ruminococcaceae UCG-003

Clostridium difficile infection

CDI

Erysipelatoclostridium
Enterococcus
Lactobacillus

Total CTRL

Total diseases

Barnesiella
Ruminococcaceae UCG-005
Alistipes
Christensenellaceae R-7 group
U. m. of Lachnospiraceae family

Total diseases

Lactobacillus
Streptococcus
U. m. of Enterobacteriaceae family
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Chapter 8

General Conclusion



Reconstruction of chickens’ microbiome

The 16S rRNA gene microbial profiling data analysis was performed in order to identify possible
differences in cecal samples of chickens from different rearing conditions. In detail, chickens reared
under commercial production (Broiler chicken, BC), grown in free roaming conditions (Free-range
chicken, FRC) and farm chickens that have undergone a reverse domestication process (Feral chicken,
FC) were collected. Taxonomical analysis between the three poultry groups showed that FC
microbiota displayed a composition that still resembles that of FRC cecal samples. Interestingly, the
reconstructed microbiota of FRC and FC animals were characterized by a higher abundance of strains
belonging to the Bacteroidetes phylum, being clearly different from the cecal microbiota of BC
domesticated animals. Furthermore, analyzing the cecal microbiota of FC, BC and FRC, 18 taxa
belonging to the Firmicutes phylum were present in all samples, thus forming a proposed core
microbiota. Analysis of the resistome of cecal microbiomes revealed that BC datasets contain higher
levels of predicted antibiotic-resistant genes (ARGs) compared to those of FRC and FC. This
observed increase in BC animals indicates that the use of antibiotics may modulates the composition
of the cecal microbiota toward antibiotic-resistant bacteria. The prediction of the functional
capabilities of the FRC microbiome showed high abundance of genes involved in the pathway for
acetate, while BC revealed high presence in genes involved in formate production.

The functional microbiota characterization of FC microbiome revealed a less efficiency in energy
recovery compared to BC. Moreover, it has been completed a first attempt to reconstruct the cecal
microbiota of FC. Culturomics approaches were applied to in vitro reconstruct the microbiota of FC
animals, providing comprehensive culture conditions simulating or mimicking the environmental

conditions present in the cecum of chickens.
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Microbial biomarkers as indicators of human disease

In order to evaluate the correlation between microbiota composition and factors such as diet, lifestyle
and environment, it was performed a comparison of publicly available shotgun datasets of human
fecal samples collected from different geographical regions (Europe, North America, Asia and
Oceania). In detail, it was evaluated the possibility that urbanization/industrialization processes have
shaped the gut microbiomes as determined by a meta-analysis of various metagenomic. This analysis
allows the prediction of the global human gut core-microbiome, which was shown to encompass 22
genera. The comparison between pre-agricultural vs. urbanized/industrialized gut microbiomes
included in the study allowed to identify particular taxa that seem to have been acquired or lost during
the urbanization/industrialization process, perhaps as a result of dietary changes. In this context, the
increase in dietary diversity and in protein and lipid intake appears to have caused an expansion of
the metabolic capabilities of the human gut microbiome towards degradation of a wider range of
polysaccharides and utilization of a higher number of available amino acids and lipids. However, the
lack of metadata regarding dietary habits and lifestyle of the assessed populations prevents us to make
any connection between diet and microbiome composition. Furthermore, antibiotic resistance
profiling in the analyzed datasets underlined a progressive increase in AREs proportional to the level
of urbanization/industrialization and corresponding intensity of antibiotic treatment.

Subsequently, the correlation between gut microbiota and human intestinal diseases was evaluated.
The focus was on functional constipation (FC) that is a widespread gastrointestinal disorder
responsible for difficult or infrequent bowel movements. Analysis of gut microbial composition
revealed alterations in relative abundance of specific taxa, such as Bacteroides and Feacalibacterium.
It also profiled metabolic pathways of microbiomes corresponding to functionally constipated and
healthy individuals. The reconstructed gut microbiome of individuals affected by functional
constipation revealed that the FC microbiome is characterized by a high abundance of genes involved

in hydrogen production, methanogenesis and glycerol degradation. In contrast, the microbiomes of
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HS samples showed an increase of pathways implicated in carbohydrate and fatty acid metabolism,
and in methylglyoxal degradation. Alteration of these metabolic pathways appears to impact on
functional constipation and related symptoms, thus highlighting the key functional role exerted by
the gut microbiome in maintaining the health status of the host.

Moreover, a cross-study meta-analysis of 3048 public metagenomic datasets, encompass control and
diseased samples, was performed in order to identify possible bacterial biomarkers for major
intestinal diseases such as Crohn's disease (CD), ulcerative colitis (UC), colorectal cancer (CRC) and
Clostridium difficile infections (CDI). Furthermore, all datasets were analyzed together, in order to
identify possible universal gut disease microbial biomarkers. In detail, this cross-study analysis
showed that Barnesiella, Ruminococcaceae UCG-005, Alistipes, Christensenellaceae R-7 group and
unclassified member of Lachnospiraceae family genera correlated with a healthy state of subjects. In
contrast, subjects that display an intestinal disease displayed higher abundance of genera reported to
cause intestinal inflammation, such as unclassified member of Erysipelotrichaceae family and
Streptococcus. The discovery and the identification of novel universal biomarkers as indicators of
health of the human intestinal tract may contribute to quick diagnosis as well as to predict the course

and prognosis of the disease and guide therapeutic decisions improving patient care.
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