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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 1014 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
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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-
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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).
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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, et 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, et 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, et 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, et 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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Figure 2: An illustration with the main steps in metagenomic, metatranscriptomic, metaproteomic and metabolomic 
approaches
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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, et 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, et 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, et 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, et 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 
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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, et 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, 

et al., 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, et 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, et 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, et 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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Figure 3: Schematic representation of the functional roles of key members of the human gut microbiota in health and 
disease. 
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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, et 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, et 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).
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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, et 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). 

 

 

 

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 

(Zhou, 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, et 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, et al., 2006). 
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Table 1. List of intestinal disease biomarkers identified in public studies 

 

Disease Articles 
Higher in Disease Higher in Healthy 

Phylum Genera Phylum Genera 

Crohn's 
Disease 

PMID: 26313691 

Firmicutes 

Anaerostipes  

Firmicutes 

Christensenella 

Coprococcus Clostridium 

Lachnobacterium Anaerofustis 

Veillonella Lachnospira 

Eubacterium Roseburia 

 Faecalibacterium 

 Ruminococcus 

Bacteroidetes 

Odoribacter 

Bacteroidetes 

Butyricimonas 

 Alistipes 

 Bacteroides 

Proteobacteria 
Escherichia/Shigella   

Proteus     

PMID: 26922889 

  
Firmicutes 

Faecalibacterium 

  Clostridium 

  
Bacteroidetes 

Prevotella 

   

Proteobacteria 

Escherichia/Shigella   

Pseudomonas   

Morganella   

Fusobacteria Fusobacterium     

PMID: 24629344 

Firmicutes 

Veillonella 

Firmicutes 

Dialister  

 Lachospiaraceae group 

 Coprococcus 

 Oscillospira 

 Faecalibacterium 

 Dorea 

 Erysipelotrichaceae 

 Ruminococcacea group 

 

 

Bacteroidetes 

Rikenellaceae 

 Parabacteroides 

 Sutterella  

Proteobacteria 
Haemophilus Proteobacteria Bilophila 

Escherichia/Shigella   

Fusobacteria Fusobacterium     
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Colorectal 
Cancer 

PMID: 23940645 

    

Firmicutes 

Ruminococcus 

  Pseudobutyrivibrio 

  

Bacteroidetes 

Bacteroides 

  Prevotella 

Verrucomicrobia Akkermansia     

PMID: 25104642 

Firmicutes 

Lachnospiraceae group 

Firmicutes 

Clostridiales group 

 Lachnospiraceae group 

 Staphylococcous 

 Ruminococcaceae group 

Bacteroidetes Porphyromonas Bacteroidetes Bacteroides 

Proteobacteria Enterobacteriaceae group   

Fusobacteria Fusobacterium   

PMID: 22009990 

Fusobacteria Fusobacterium     

Firmicutes Streptococcaceae group     

PMID: 23497613 Firmicutes Roseburia     

PMID: 23733170 

Firmicutes 

Eubacteriaceae group 

Firmicutes 

Faecalibacterium 

Clostridiales group Roseburia 

  

Bacteroidetes 

Porphymonadaceae group 

   

Fusobacteria Fusobacterium   

Proteobacteria Campylobacter     

PMID: 26170900 

    

Firmicutes 

Faecalibacterium 

  Lachnospiraceae group 

  Ruminococcaceae group 

  

Bacteroidetes 

Bacteroides (uniformis) 

  Rikenellaceae group 

Fusobacteria Fusobacterium   

Proteobacteria Providencia   
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Clostridium 

difficile 
infection 

PMID: 26383014 

Firmicutes 

Clostridium  

Firmicutes 

Ruminococcaceae group 

Enterococcaceae group Lachnospiraceae group 

Streptococcaceae group Blautia 

Lactobacillaceae group Roseburia 
 Dorea 

  
Bacteroidetes 

Bacteroides 
  Alistipes 

Actinobacteria 
Actinomycetales 

Actinobacteria 
Collinsella 

Coriobacteriales  

Proteobacteria 

Gammaproteobacteria group   

Escherichia/shigella   

Proteus   

Klebsiella   

Providencia   

Fusobacteria Fusobacterium     

PMID: 27481036 

Firmicutes 

Veillonella     

Streptococcus   

Lachnospiraceae group   

Bacteroidetes Parabacteroides   

Proteobacteria Enterobacteriaceae group     

PMID: 22699611 

    Bacteroidetes Bacteroides 
  

Firmicutes 

Coprococcus 
  Roseburia 

    Streptococcus 

PMID: 23804381  

Firmicutes 

Lachnospiraceae group 

Firmicutes 

Faecalibacterium 

Peptostreptococcaceae Streptococcus 

Enterococcus Ruminococcus 

Lactobacillus Dorea 

 Lachnospiraceae group 

 Blautia 

 Roseburia 
 Pseudobutyvibrio 
 Anaerostipes 
 Subdoligranulum 

Verrucomicrobia Akkermansia   

Bacteroidetes 
Alistipes   

Parabacteroides     

PMID: 27166072 

Actinobacteria Corynebacterium  Actinobacteria Bifidobacterium  
  

Bacteroidetes 

Bacteroides 
  Alistipes 
  Barnesiella 

Firmicutes 

Peptostreptococcaceae 

Firmicutes 

Lachnospira  

Enterococcus Faecalibacterium 

Veillonella Ruminococcaceae group 

Staphylococcus Lachnospiraceae group 

Proteobacteria 

Klebsiella   

Escherichia/Shigella   

Sutterella   

Citrobacter   

Proteus   

Helicobacter   

Morganella   

Hafnia   
  Verrucomicrobia Akkermansia  

PMID: 25756679 

Firmicutes 

Phascolarctobacterium 

Firmicutes 

Blautia 

Enterococcus Holdemania 

Clostridium XI Veillonellaceae group 

Flavinofractor  

Erysipelotrichaceae  

  
Proteobacteria 

Enterobacteriaceae group 

      

PMID: 27531910 Firmicutes Streptococcus     
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Ulcerative 
Colitis 

Enterococcus   

Actinobacteria Bifidobacterium   

PMID: 27217061 

    Firmicutes Roseburia 

  Verrucomicrobia Akkermansia 

Proteobacteria 
Haemophilus   

Phenylobacterium     

PMID: 27604252 

    Actinobacteria Collinsella 

  

Bacteroidetes 

Coprobacter 

  Paraprevotella 

  Odoribacter 

  

Firmicutes 

vadinBB60 group 

  Christensenellaceae group 

  Anaerotruncus 

  Ruminococcaceae group 

  Peptostreptococcaceae group 

  
Proteobacteria 

Thalassospira 

    Parasutterella 



 
  

 

 

Chapter 2 

Outline of the thesis
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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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Insights into the biodiversity of the gut 
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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 universal 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 



   95 
 

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, 

et al., 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 Illumina 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, et 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, et al., 
2013). In order to assess the bacterial 
complexity, the alpha-diversity was evaluated 
based on Chao1 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_Rev, 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), V5F/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, i.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 
5a) 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, 
i.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, et 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 CDI. 
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, et 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 



   100 
 

and guide therapeutic decisions improving 
patient care. 
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Figure 1. Covariance analysis based on the selected public datasets and primer pair efficiency. A heat map illustrating 
relative abundance of genera with a significant positive correlation to primer pair efficiency was shown. Only the 

genera with a relative abundance > 0.1% in at least one dataset were reported. 
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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 Chao1 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 c 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 %. 



   107 
 

 

Figure 3. Evaluation of the microbiota composition of UC and CTRL samples. Panel a indicates the alpha-diversity 
curves calculated through Chao1 index of each study and of UC and CTRL average. Panel b shows the PCoA of the UC 
and CTRL groups. Panel c 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 c 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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Figure 5. Exploration of the of the microbiota composition of CDI and CTRL samples. Panel a displays the complexity 
of each studied sample and of CDI and CTRL average calculated through Chao1 and represented with rarefaction 

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

reports the taxa composition at genus level reporting only bacteria with an average abundance variation > 0.5 %. 
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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 Chao1 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 c 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 

Crohn's disease 

CTRL 
Barnesiella 

Ruminococcus 2 

CD 

Actinomyces 

Eggerthella 

Blautia 

Peptoclostridium 

Flavonifractor 

Erysipelatoclostridium 

Lactobacillus 

Streptococcus 

U. m. of Proteobacteria phylum 

Ulcerative colitis 

CTRL 
Barnesiella 

Odoribacter 

Alistipes 

UC 

Faecalibacterium 

Streptococcus 

Veillonella 

U. m. of Enterobacteriaceae family 
Haemophilus 

Colorectal cancer 

CTRL 

U. m. of Lachnospiraceae family 
Faecalibacterium 

Ruminococcaceae UCG-005 

Subdoligranulum 

CRC 

Alloprevotella 

Gemella 

Parvimonas 

Streptococcus 

Leptotrichia 

Campylobacter 

Clostridium difficile infection 

CTRL 
Christensenellaceae R-7 group 

U. m. of Lachnospiraceae family 
Ruminococcaceae UCG-003 

CDI 
Erysipelatoclostridium 

Enterococcus 

Lactobacillus 

Total diseases 

Total CTRL 

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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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.  

 

 

 



   115 
 

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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