
Chapter 13
Microbiome and Gut Dysbiosis

José E. Belizário and Joel Faintuch

Abstract The gastrointestinal (GI) tract is the residence of trillions of microorgan-
isms that include bacteria, archaea, fungi and viruses. The collective genomes of
whole microbial communities (microbiota) integrate the gut microbiome. Up to
100 genera and 1000 distinct bacterial species were identified in digestive tube niches.
Gut microbiomes exert permanent pivotal functions by promoting food digestion,
xenobiotic metabolism and regulation of innate and adaptive immunological pro-
cesses. Proteins, peptides and metabolites released locally and at distant sites trigger
many cell signalling and pathways. This intense crosstalk maintains the host-microbial
homeostasis. Diet, age, diet, stress and diseases cause increases or decreases in relative
abundance and diversity bacterial specie of GI and other body sites. Studies in animal
models and humans have shown that a persistent imbalance of gut’s microbial
community, named dysbiosis, relates to inflammatory bowel diseases (IBD), irritable
bowel syndrome (IBS), diabetes, obesity, cancer, cardiovascular and central nervous
system disorders. Notably specific bacterial communities are promising clinical target
to treat inflammatory and infectious diseases. In this context, intestinal microbiota
transplantation (IMT) is one optional treatment for IBD, in particular to patients with
recurrent Clostridium difficile-induced pseudo-membrane colitis. Here we discuss on
recent discoveries linking whole gut microbiome dysbiosis to metabolic and inflam-
matory diseases and potential prophylactic and therapeutic applications of faecal and
phage therapy, probiotic and prebiotic diets.
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13.1 Introduction

The evolution ofHomo sapiens is linked to a mutualistic partnership among bacteria,
archaea, viruses, protozoans and fungi that cohabit many sites of the human body
(Backhed et al. 2012). The number and diversity of the microorganisms are modu-
lated by physiological and environmental factors, such as host genotype, habitat and
mainly diet. The total number of bacteria in a standard adult man of 70 kg is estimated
to be 3.8 � 1013, which is approximately the number of cells in the human body
(Sender et al. 2016). Bacteria are classified morphologically and biochemically based
on cell wall type, cell shape, oxygen requirements, endospore production, motility
and energy requirements. They are also classified phylogenetically based on the
analysis of nucleotide sequences of variable regions of small subunit ribosomal
RNA operons or 16S and 18S rRNA genes (Belizario and Napolitano 2015). The
next generation sequencing (NGS) metagenomic method has been applied to geno-
mic profiling of known and unknown microbes present in diverse human body sites.
The phylogenetic clustering of all bacterial genomes, collectively namedmicrobiomes,
into taxonomic groups (domain, kingdom, phyla, class, order, family, genus and
species) have generated complex microbiome datasets (Qin et al. 2010; Gevers et al.
2012; Flintoft 2012; Li et al. 2014; TheHumanMicrobiome Project Consortium 2012).

The human microbiomes are divided in four major phyla: Firmicutes (65%),
Bacteroidetes (16%), Actinobacteria (9%) and Proteobacteria (5%). Bacteroidetes
and Firmicutes represent more than 90% of the relative abundance of gut microbes
(Arumugam et al. 2011). The phylum Bacteroidetes is composed of Gram-negative,
not spores forming, anaerobic bacteria that tolerate the presence of oxygen but
cannot use it for growth. Firmicutes are a diverse phylum of gut microbiota com-
posed mainly of Bacilli and Clostridia classes. They are Gram-positive, anaerobic
(Clostridia) and obligate or facultative aerobes (Bacilli) characterized by a low GC
content. Clostridium species produce endospores to survive adverse conditions,
allowing them to return only when the ecosystem is favourable for their growth.
In contrast, Actinobacteria, for example Bifidobacterium, are Gram-positive, multi-
ple branching rods, non-motile, non-spore-forming and anaerobic. Proteobacteria
(e.g. Escherichia, Klebsiella, Enterobacter) are aerobic or facultative anaerobic,
Gram-negative, non-spore-forming rods, which inhabit the intestinal tract of all
vertebrates. While Lactobacillus, Staphylococcus and Escherichia coli are examples
of facultative anaerobic bacteria, Bacteroides are obligate anaerobes (Belizário and
Napolitano 2015).

Microbiome studies have identified a large number of microbial compositions
across a range of people from European, South Americans, Indians and Africans
(Qin et al. 2010; Gevers et al. 2012; Flintoft 2012). Phylogenic approaches have
been used to compare modern human microbiomes from those of ancestral popula-
tion (Moeller et al. 2014; Clemente et al. 2013). European children had higher
Firmicutes and Proteobacteria and lower levels depletion of Bacteroidetes, which
contain the fibre degradation species such as Prevotella and Xylanibacter, in the gut
flora (De Filippo et al. 2010). West Africa children had a higher prevalence of
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Bacteroidetes and absence of Firmicutes (De Filippo et al. 2010). The diversity of
bacterial composition, caloric load and nutrient absorption has served to clustering
species-level phylotypes into enterotypes (Arumugam et al. 2011; Koren et al.
2013). A personal enterotype is based on presence in the gut of healthy and
disease-associated microbial strains/species, and it determines the physiopathologi-
cal state of each individual. The human skin, lung, oral, genital and gastrointestinal
tract microbiomes are influenced by environment and microbe colonization and
represent a key step in the dynamic evolution of Homo sapiens (Ley et al. 2008;
Qin et al. 2010; Abubucker et al. 2012; Flintoft 2012; Moeller et al. 2014).

The deeper taxonomic resolution (strains and subspecies) and functional analyses of
single nucleotide polymorphisms (SNPs) and other variant sequences in microbiome
datasets are still being defined (Ley et al. 2008; Qin et al. 2010; Abubucker et al. 2012;
Flintoft 2012; Li et al. 2014). At least as important is the analysis of the metabolome,
which mirrors the multiple functional activities of the microbiome, along with the
corresponding transcriptome and proteome. Human gut tissue-specific genome-scale
metabolic models displaying metabolome maps and networks have been developed for
this particular purpose (Pornputtapong et al. 2015).

The investigation of such numerous and diverse microbiome datasets is a com-
plex task. It requires biological knowledge and skills on a set of tools to accurately
predict the influence of perturbed microbe–microbe interaction network on health
and disease outcomes. Here, we will present and discuss studies exploring the role of
gut microbiomes on aetiology of gastroenterology and metabolic diseases. We also
discuss on emerging nutritional and pharmacological strategies including faecal
transplantation, probiotics, prebiotics and phage therapy to modulate species-level
phylotypes, as well as general bacterial richness and diversity, of the gut microbiota.

13.2 Gut Microbiota Dictates Host’s Immunological
Functions

The gut is colonized by 100–400 trillion of microorganisms that live in a close symbiotic
relationship (Sender et al. 2016). Most of bacteria are tightly adherent to mucus which
forms the outer and inner physical barrier of over 7 m long.Many of these organisms are
transmitted at early life to babies, mainly via mother’s milk, which contains higher
numbers of Bifidobacteria and Lactobacillus (Palmer et al. 2012). In adults, the majority
of the bacteria found in the gut belong to the genera Bacteroides, Parabacteroides
(Bacteroidetes) and Clostridium (Firmicutes) (Eckburg et al. 2005; Lepage et al. 2013).
The gut is an anaerobic environment and aerobic pathogenic species cannot invade and
colonize it; however, anaerobic and facultative pathogenic species can invade it causing
disease. Each site of the GI tract has an unique microbiota; bacteria density increases in
the jejunum/ileum and in the large intestine in comparison with the stomach and
duodenum. The highest cell density is present in the colon, approximately 1012 colony
per units/mL (99%). Colon microbiota population is mostly composed of anaerobes
such Bacteroides, Porphyromonas, Bifidobacterium, Lactobacillus and Clostridium
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(genera that belong to the most abundant phyla: Bacteroidetes, Actinobacteria and
Firmicutes), with anaerobic bacteria outnumbering aerobic bacteria by a factor of
100 to 1000:1.

Host and microbial communities have evolved strategies that promote a steady state
for their mutual benefit. Dysbiosis refers to an imbalance in microbial species abun-
dance, which is commonly linked to impaired gut barrier function and inflammatory cell
activation (Backhed et al. 2012). It is likely that failure to adequately regulate the
composition (microbial diversity) is at the onset and chronicity of many diseases,
including inflammatory bowel diseases (IBD), irritable bowel syndrome (IBS), diabetes,
obesity and cancer (Clemente et al. 2013; Brown et al. 2013a, b; Chang and Lin 2016;
Thaiss et al. 2016). The potential association between intestinal dysbiosis and certain
human diseases can be assigned, for example, by the presence of anti-inflammatory
species, such asFaecalibacterium prausnitzii, which predominate in healthy individuals,
or the presence of potentially pro-inflammatory bacteria Bacteroides and Ruminococcus
gnavus, which are associated with IBD (Swidsinski et al. 2005). A decreased
Bacteroidetes/Firmicutes ratio and low abundance of Bacteroides species have been
associated with obesity in animal model studies (Verdam et al. 2013). Dysbiosis is also
known in other microbiomes, such as in the skin, vagina, oral cavity, stomach and
particularly in the form of small intestine bacterial overgrowth.

The gut microbiota plays a critical role in the development of gut-associated
lymphoid tissues including Peyer’s patches, isolated lymphoid follicles and mesen-
teric lymph nodes, which are responsible for a fully functional immune system
(Round and Mazmanian 2009; Brown et al. 2013a, b). At early life, interactions of
microbes and their products in the gut (intestine) prepare the immune system to
distinguish self from non-self (invaders) (Round and Mazmanian 2009; Hooper et al.
2012; Honda and Littman 2016). The innate immune response is mediated by innate
lymphoid cells (ILCs) formed by natural killer (NK) cells, cytotoxic and
non-cytotoxic and helper lymphoid cell subsets that include ILC1, ILC2 and ILC3.
NK cells and ILC1 produce large amounts of IFN-γ, killer antimicrobial peptides
(AMPs), such as granulysins, cathelicins and defensins, and chemokines (Ostaff
et al. 2013). Together, they exert critical functions on the regulation of microbial
ecology and immune tolerance (Thaiss et al. 2016). Imbalance of either NK activity
or AMP production can lead to the development of local inflammatory diseases as
well as systemic infectious (Fuchs and Colonna 2011; Ostaff et al. 2013).

The intestinal epithelial cells (IECs) and immune cells express a variety of receptors
called pattern recognition receptors (PRR) that mediate the interactions between the
immune system and the commensal microbiota. Toll-like receptors (TLRs) and
nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) are
examples of PRR that recognize unique microbial molecules named pathogen-
associated molecular patterns (PAMPs) including lipopolysaccharides, lipid A, pepti-
doglycans, flagella and microbial RNA/DNA (Sangiuliano et al. 2014). These
receptors activate inflammasomes, which in turn activates pro-inflammatory caspases,
leading to the production of cytokines interleukins IL-1β and IL-18 (Maynard et al.
2012; Brown et al. 2013a, b; Sangiuliano et al. 2014). The different inflammasomes
have redundant roles during infection, and their activation can lead to cell death by
pyroptosis, which protects against infection (Jorgensen et al. 2017).
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Firmicutes are positively associated with TNF-α and IL-1β production, which are
critical cytokines involved in the regulation of immune cells (Maynard et al. 2012;
Clemente et al. 2013; Honda and Littman 2016; Webb et al. 2016). Different
inflammatory diseases are characterized by mutations or loss of some innate response
genes in lymphoid tissues, smaller Peyer’s patches and mesenteric lymph nodes
(Hooper et al. 2012; Honda and Littman 2016). The ability to control systemic
infection is markedly reduced in NOD1�/� as well as NOD2�/� (Maynard et al.
2012; Brown et al. 2013a, b; Sangiuliano et al. 2014). Experiments with NOD2�/�

mice revealed its participation in type 1 diabetes, which is triggered by products from
gut bacterial species not yet identified (Costa et al. 2016). Patients’ immunity status
and genotypes are directly associated with overgrowth of pathogenic microbes.

Luminal bacteria of gut epithelium induce the synthesis and secretion of approxi-
mately 70% of bacterial-specific IgA that prevents invasion of the microorganisms into
the gut tissue (Brown et al. 2013a, b). IgA class switching by mucosal B cells is
maintained by retinoic acid and transforming growth factor-β (TGF-β), which are
critical immune suppressive processes mediated by T helper (Th) 17 cells and regula-
tory T cells (Treg) (Honda and Littman 2016). The use of germ-free (GF) mice and
gnotobiotic mouse models have demonstrated that immunological functions can be
restored by the development of bacterial communities after GF are colonizing with
microorganisms (Honda and Littman 2016; Webb et al. 2016). GF mice display
underdeveloped lymphoid tissues, defective T and B cell function and low numbers
of circulating CD4+ T cells and antibody production. The equilibrium between the
whole body immune system and immune regulatory functions of gut bacteria appears to
be delicate. Loss of a specific species can lead to an overreaction or suppression of the
innate immune system (Round and Mazmanian 2009; Webb et al. 2016).

13.3 Gut Microbiota Control the Host’s Metabolic States

Microorganisms perform their functions largely through enzyme pathways to digest
complex dietary carbohydrates and proteins. The synthesis of a wide range of
low-molecular weight signalling molecules, including methane, hydrogen sulfide
and metabolites, play either harmful or beneficial effects to the host (Wikoff et al.
2009; Tremaroli and Bäckhed 2012). Those products turn on or off both host genes
and genes from other microbes. Thousands of microbiota-derived metabolites have
been identified as components of the human metabolome (Overbeek et al. 2005). The
maintenance of a stable, fermentative gut microbiota requires diets rich in whole plant
foods particularly high in dietary fibre and polyphenols, which are processed by the
enzymes from intestinal microbiota such as glycoside hydrolases and polysaccharide
lyases. Under anaerobic conditions, species belonging to the Bacteroides family, and
to the Clostridiaceae and Lactobacillaceae families, particularly Citrobacter and
Serratia strains, produce short-chain fatty acids (SCFAs). SCFAs produced by
microbiota are acetate (with two carbons), propionate (with three carbons) and
butyrate (with four carbons). Butyrate provides energy for cellular metabolism.
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Acetate and propionate pass into the bloodstream, and they are taken by liver and
peripheral organs, where they can act as substrates for gluconeogenesis and lipogen-
esis, which, in turn, control body weight gain. SCFAs are preferred source of energy
used by colonocytes (colon) (Meijer et al. 2010). SCFAs also bind to the G-protein-
coupled receptors (GPRs), among themGPR41 and 43, which are present in a variety
of tissues, including adipose, gut enteroendocrine cells and inflammatory cells.
Acting in the gut, SCFAs induces the secretion of glucagon-like peptide (GLP-1)
and peptide YY (PYY). PYY inhibits nutrient absorption from the intestinal lumen
and appetite, whereas GLP1 stimulate β-cells of the pancreas to produce insulin. The
gut microbiota contributes to fat deposition through the regulation of the farnesoid X
receptor (FXR), the bile acid receptor that is responsible for the regulation of bile acid
synthesis and hepatic triglyceride accumulation. Moreover, microbiota converts
choline to trimethylamine and thus regulates directly the bioavailability of choline
and indirectly the accumulation of triglycerides in the liver. Therefore, targeting FXR
signalling by bile acid derivatives could help control the gut bacterial community.

SCFAs play a key role in controlling mucosal proliferation, differentiation and
maintenance of mucosal integrity. Impairment in the production of SCFAs, trypto-
phan metabolites, GABA, noradrenaline, dopamine, acetylcholine and 5-HT
(5-hydroxytryptamine or serotonine), all related to microbial metabolism, is involved
in GI abnormalities, metabolic diseases and neuropsychiatric derangements (Round
and Mazmanian 2009; Tremaroli and Bäckhed 2012; Gilbert et al. 2016). Indeed,
several of these molecules are major neurotransmitters. Serotonin, in particular, has
been vigorously investigated in connection with its central roles in appetite, sexuality,
substance addiction, emotions and stress response. There are reasons to believe that
most of the brain serotonin either originates from the gut microbiome or has its
synthesis modulated by the brain–gut axis (O’Mahony et al. 2015).

Furthermore, the microbiota produces large quantities of epigenetically active
metabolites, such as folate and vitamin A. Therefore, changes in gut microbiota
(dysbiosis) can result in the epigenome changes not only directly in adjacent
intestinal cells, but also distant cell populations, such as hepatocytes and adipocytes
(Honda and Littman 2016). SCFA generated by microbial fermentation are critical
for generation of Treg. Finally, bacteria can inhibit the growth of their competitors
by specific microbial communication, cell signalling through cell-to-cell contact,
metabolites and quorum sensing peptides (Miller and Bassler 2001; Ostaff et al.
2013). These phenomena are relevant for the prevention of intestinal infection and
colonization by pathobionts (deleterious microorganisms).

13.4 Gut Dysbiosis Induces Inflammatory and Metabolic
Diseases

Elevated intestinal barrier permeability and translocation of bacteria or endotoxin are
associated with GI diseases. Certain strains are sometimes mentioned such as E. coli,
Klebsiella, Proteus, Enterobacter, Shigella, Salmonella and Serratia. However, it is
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still not clear whether these changes are a contributing factor or a consequence of the
disease (Harley and Karp 2012). Microbiota composition varies between different
locations in the gastrointestinal tract (Eckburg et al. 2005; Arumugam et al. 2011;
Cucchiara et al. 2012; Lepage et al. 2013). However, most microbiome studies reported
in the literature have focused on only distal large intestine or faecal microbiota. The
faecal samples contain over 1000 bacterial species, and up to 50% are uncultivable and
thus uncharacterized molecularly (Qin et al. 2010; Zhou et al. 2014; Li et al. 2014). 16S
rRNA gene sequencing was used to precisely identify 28 clinically relevant species and
genera in stool samples of 897 healthy individuals (Almonacid et al. 2017). This
curated database was used to define a 99% healthy confidence interval for each target
(14 species and 14 genera). Then, the authors used this healthy reference range as a
clinical tool to evaluate for positive and negative associations in people who have one
of various chronic disease and medical conditions, including diarrhoea, constipation,
indigestion, inflammatory bowel syndrome, ulcerative colitis, Crohn’s disease, obesity,
type II diabetes and other conditions. Table 13.1 presents the taxon associated and
inversely associated with one or more condition.

The ratio of potentially pathogenic to beneficial commensal microbes seems to be
more crucial for disease development (Baumler and Sparandio 2016). Clostridium
difficile infection is one of the most common infectious that cause of nosocomial
diarrhoea and colitis, associated with antibiotic use (Antharam et al. 2013). The vast
majority of Firmicutes sequences (70%) are assigned into the Clostridia class, which
is divided into 19 clusters on the basis of growth, metabolic and morphological
parameters (Antharam et al. 2013). Clostridium difficile overgrowth is associated
with the depletion of Ruminococcaceae, Lachnospiraceae and butyrogenic bacteria
belonging to Clostridium cluster IV or XIVa.

IBD is a chronic relapsing inflammatory disorder affecting the GI tract, and its
two main clinical phenotypes are Crohn’s disease (CD) and ulcerative colitis (UC).
IBDs are characterized by the infiltration of neutrophils, monocytes and lympho-
cytes into the intestinal lamina propria causing tissue injury, loss of goblet cells,
fibrosis, erosions and ulcerations. These diseases are associated with Firmicutes and
Bacteroidetes, and increases in Proteobacteria, Actinobacteria, in particular, within the
families Pasteurellaceae, Veillonellaceae, Fusobacteriaceae, Enterobacteriaceae,
and the adherent-invasive E. coli strains. IBS is a heterogeneous clinical condition
diagnosed by abdominal pain, bowel movement irregularity and bloating. Patient’s
faecal samples have decreased Bifidobacterium Lactobacillus, Bacteroidetes and
Actinobacteria and increased Firmicutes and Proteobacteria. The methane production,
which is sometimes elevated, can be measured by breath testing. This is caused by the
archaebacteria Methanobrevibacter smithii.

Obesity, insulin resistance and the metabolic syndromes result from a complex
interaction of genetic, immune and microbial factors produced by associated gut
microbiota (Ley et al. 2006; Cani et al. 2007; Harley and Karp 2012). Metabolic
syndrome is a chronic inflammatory disease characterized by translocation of bac-
teria into blood causing metabolic endotoxemia. The clinical manifestations of
metabolic syndrome include cardiovascular disease, insulin resistance and
type 2 diabetes, hypertension and fatty liver disease. Individuals colonized by
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bacteria of genera Faecalibacterium, Bifidobacterium, Lactobacillus, Coprococcus
and Methanobrevibacter have significantly less tendency to develop metabolic
disturbances and inflammation that lead to type-2-diabetes and ischemic cardiovas-
cular disorders (Ley et al. 2006; Chatelier et al. 2013). These species are character-
ized by their high production of SCFAs as well as hydrogen peroxides, which are
known to inhibit biofilm formation and activity of pathogenic species including
Staphylococcus aureus (Chatelier et al. 2013). Genetic and diet-induced mouse

Table 13.1 Gastrointestinal pathogens with positive and negative association with metabolic and
inflammatory diseases

Taxon Associated Inversely associated

Akkermansia muciniphila Type II Diabetes Obesity, ulcerative colitis
Crohn’s disease

Anaerotruncus colihominis Bloating Obesity

Bacteroides fragilis Flatulence, Diarrhoea

Butyrivibrio crossotus Obesity

Clostridium difficile Diarrhoea

Collinsella aerofaciens IBSa

Desulfovibrio piger IBDb

Dialister invisus Crohn’s disease

Methanobrevibacter smithii Abdominal tenderness Obesity, Constipation

Oxalobacter formigenes Kidney stones

Ruminococcus albus Ulcerative colitis

Salmonella enterica IBS, Diarrhoea

Streptococcus sanguinis Kawasaki disease

Vibrio cholerae Diarrhoea

Alistipes Obesity, IBS

Barnesiella Obesity

Bifidobacterium Constipation , Crohn's disease, IBS

Campylobacter IBS, Diarrhoea

Clostridium Diarrhoea

Escherichia/Shigella Crohn’s disease, IBS

Fusobacterium IBD

Lactobacillus Obesity Obesity, Type II Diabetes
IBS, Diarrhea

Odoribacter Ulcerative colitis, Crohn’s disease

Prevotella Ulcerative colitis

Roseburia Type II Diabetes

Ruminococcus Ulcerative colitis

Salmonella Diarrhoea

Veillonella IBS

Associated: taxa in stool microbiome data more abundant in people who have this condition
Inversely Associated: taxa in stool microbiome less abundant in people who have this condition
Adapted from Almonacid et al. (2017)
aIrritable Bowel Syndrome (IBS)
bInflammatory Bowel Disease (IBD)
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models of obesity have shown that Firmicutes/Bacteroidetes ratio is increased in the
obese animals as compared to non-obese animals (Ley et al. 2006; De Filippo et al.
2010; Chatelier et al. 2013; Verdam et al. 2013). However, conflicting results exist
regarding the overall gut microbiome taxonomic differences (Harley and Karp 2012;
Debelius et al. 2016; Almonacid et al. 2017). Metabolic disturbances in human and
animal models of obesity may be caused by increased intestinal permeability and
diffusion of LPS through circulation, which in turn promotes low-grade inflamma-
tion and insulin resistance (Cani et al. 2007; Cani and Delzenne 2011; Kootte et al.
2012). Recently, one study described the effects of high-fed diet on acetate produced
by intestinal microbiota using a rat model (Perry et al. 2016). Through its effects on
both digestive tract and parasympathetic system, acetate plasma levels may be
responsible to increased glucose-stimulated insulin secretion, increased ghrelin
secretion, hyperphagia and obesity (Perry et al. 2016). As stated by the authors,
variation of acetate levels could explain why consumption of calorically concen-
trated foods in abundance promotes obesity and insulin resistance.

The gut–brain axis may be crucial for controlling the animal metabolic states and
metabolic diseases (Seeley et al. 2015). Gastric bypass surgery named Roux-en-Y
Gastric Bypass (RYGB) was applied to study food preference in rats (Hankir et al.
2017). Experimentally, RYGB induces anatomic changes, and the enteroendocrine
adaptations modify intestinal gene-encoding hormone expression. Normally, a fatty-
acid derivative named oleoylethanolamide (OEA) is produced when fat is ingested
and it directly activates PPAR-α receptors, which is responsible to promote satiety
via vague nerve that controls dopamine release in the brain (Hankir et al. 2017).
Dopamine-suppressed obese animals have low levels of OEA and dopamine. By
means of surgically increasing the levels of OEA and dopamine 1 receptor (D1R)
expression, a shift in GI–brain axis signalling is speculated to altering animal
behaviour and leading them to prefer low fat food. An ongoing human pan-omics
protocol is exploring RYGB-induced genetic and enteroendocrine changes in the GI
mucosa and the impact of gut microbiome metabolites in humans (Sala et al. 2016).
There has been a lot of expectation that dysbiosis associated with gastrointestinal
diseases, obesity and diabetes could be treated by targeted modulation of some
bacteria species and/or phyla in intestinal tract.

13.5 Targeting Gut Microbiota Dysbiosis

13.5.1 Faecal Microbial Transplant (FMT)

Antibiotics have been used to treat infectious diseases over the past century. However,
it is clear that antibiotic treatment can change gut microbial community significantly
(Dethlefsen et al. 2008; Forslund et al. 2013). High doses and frequent use of
antibiotics particularly against anaerobes, such as vancomycin, can disrupt and desta-
bilize the normal bowel microbiome (Andersson and Hughes 2014). One of the
consequences could be Clostridium difficile colitis. The chronic recurrent nosocomial
pattern of this colitis is associated with two toxins, TcdA and TcdB, produced by
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C. difficile (Baumler and Sparandio 2016). Antibiotic resistant infections, which are
not uncommon, are associated with pathogens named “ESKAPE” which include
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumanii, Pseudomonas aeruginosa and Enterobacter species (Baumler and
Sparandio 2016).

Faecal bacteriotherapy refers to transference of microbiota of unprocessed stool,
via the upper or lower GI tract. FMT has been used as a clinical procedure, in which
a liquid suspension of stool from a human (a family member, or a disease-free,
screened donor) is inoculated, in order to treat refractory cases of C. difficile
colorectal infection (Gough et al. 2011; Rupnik 2015). The faecal preparation
contains from 3.0% to 10% of viable and dead bacteria and colonic cells.

It is a matter of discussion whether bacteria and cell’s components affect trans-
plant outcomes, by enhancing ILCs immunostimulatory functions (Bojanova and
Bordenstein 2016). Among over 150 on-going clinical trials involving FMT, most of
them– in the USA, only few target kidney- and liver-transplanted patients, however,
with antibiotic-resistant bacterial colonization or infection (https://clinicaltrials.gov).

About 90% of the patients that receive microbiota transplantation for C. difficile
infection are cured, versus 31% of those receiving vancomycin (Van Nood et al.
2013). A few species, including Lactobacillus, Enterococcus, Bifidobacterium and
Bacteroides species, have inhibitory activities against C. difficile. Some problems
remain to be solved before FMT becomes widespread (Brandt and Reddy 2011). It is
known that a variety of viruses, archaea, fungi, parasitic species and metabolites are
transferred together with commensal bacteria (Bojanova and Bordenstein 2016).
One of the pending questions is their role, potentially both positive and negative, in
intestinal immunity and restoration of microbiome normality.

Pediatric Crohn’s disease patients were treated with FMT from suitable donors
(Suskind et al. 2015). In this study, 31 species in the faecal microbiome following
FMT at two weeks were highlighted, including Ruminococcus torques, Odoribacter
splanchnicus, Bacteroides caccae, Alistipes shahii, A. putredinis and Parabacteroides
merdae. E. coli expansion contributed to disease outcome and may be a helpful
predictor of efficacy of faecal therapy (Suskind et al. 2015).

In animals, the gut microbiome plays a crucial role in weight gain and obesity
(Ley et al. 2006; Harley and Karp 2012; Tremaroli and Bäckhed 2012). In ob/ob
mice, there is a 50% reduction in Bacteroidetes, with proportional increases in
Firmicutes and Archaea in obese mice (Turnbaugh et al. 2006). Transferring the
microbiota from fat mice to germ-free hosts induces greater weight gain than in those
receiving the microbiota from lean donors (Ley et al. 2006). High-fat intake
increases intestinal permeability. In contrast, the administration of Bifidobaterium
infantis reduced the production of proinflammatory cytokines and white adipose
tissue gain in mice (Cani et al. 2007).

Results in human metabolic disorders have not been conclusive. Transfer of
intestinal microbiota from lean donors mildly increased insulin sensitivity in subjects
with metabolic syndrome (Vrieze et al. 2012). So far, however, these results have not
been confirmed in larger protocols. In 75 obese and prediabetic volunteers that
underwent an 8-day antibiotic treatment (amoxicillin and vancomycin), dysbiosis
did not alter gut permeability (Reijnders et al. 2016). Neither did LPS blood levels,
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used as biomarker of systemic inflammation, nor enzymes involved in the regulation
of hepatic metabolism of lipids and cholesterol, despite tremendous alterations in gut
microbiota (Reijnders et al. 2016).

The use of microbiome-modulating therapies to treat obesity is still a big chal-
lenge (Debelius et al. 2016). Novel preventive and therapeutic approaches to obesity
depend on better experimental techniques. In this way, recently scientific commu-
nities have initiated global efforts to standardization, which has the support of the
Unified Microbiome Initiative consortium and the Microbiome Quality Control
Project (Alivisatos et al. 2015, http://www.mbqc.org/).

13.5.2 Probiotics and Prebiotics

Probiotics are defined as live microorganisms that can survive and temporarily
colonize the gut. The gastric juice pH ranges from 3 to 5, and this is the first major
obstacle that one probiotic must overcome in clinical practice to recover the gut
microbiomic dysbiosis. Lactobacillus plantaraum and Bifidobacterium are probiotic
bacteria capable of modulating negative effects of high fat diets and even to manage
immunological reactions mediated by inflammatory diseases (Maynard et al. 2012;
Hooper et al. 2012). Non-pathogenic lactic acid producer such as bioengineered E. coli
strains named Nissle 1917 (Ukena et al. 2007) act also as probiotics. Lactobacillus
rhamnosus and gasseri and Bifidobacterium lactismay reduce adiposity, body weight,
and weight gain in humans (Mekkes et al. 2014). Furthermore, these probiotics can
prevent or ameliorate clinical symptoms of irritable bowels syndrome, inflammatory
and necrotizing enterocolitis and acute diarrhoea (Whelan and Quigley 2013).

Dietary prebiotics are selectively fermented ingredients that can change the
composition and activity of the gastrointestinal microbiota in beneficial ways
(Roberfroid 2007). Dietary prebiotic components include poorly digestible carbo-
hydrates, such as non-starch polysaccharides, resistant starch, non-digestible oligo-
saccharides and polyphenols. Colonic bacteria produce carbohydrate hydrolysing
enzymes and via fermentation of prebiotics produce hydrogen, methane, carbon
dioxide and SCFAs, which can affect host energy levels and gut hormone regulation.
Mixtures of probiotic and prebiotic ingredients can selectively stimulate growth or
activity of health promoting bacteria (Roberfroid 2007). Large-scale metagenomics
studies have confirmed that synergic association of pro- and prebiotics really change
the gut microbial specie dynamics at the genomic level.

13.5.3 Phage Therapy and CRISPR/Cas9 System

Phages have been used as antimicrobials in human medicine in Eastern Europe as
replacement of antibiotics for over 90 years (Abedon 2014). Phage therapy consists
of using bacterial viruses (known as phages) as vector for controlling microbial
populations (Sulakvelidze et al. 2001; Abedon 2014). Bacteriophages attach to
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specific receptors in the host membrane and then inject their genetic material into
bacteria. Phage infection can result in lysis, lysogeny or resistance. Lytic bacterio-
phages induce host cell death. Lysogenic (or temperate) phages insert their genome
into the host DNA bacteria as a prophage that can transfer it to another during
excision-infection process. Temperate and lytic bacteriophages can be programmed
to sensitize and kill antibiotic-resistant bacteria.

The use of phages as antibacterial therapeutics has gained new frontier with discov-
eries of single targeted bacterial specific phage therapies to Pseudomonas aeruginosa,
Salmonella, Klebsiella pneumonia, Shigela dysenteriae, Vibrio cholerae, Vancomycin-
resistant Enterococcus,methicillin-resistant Staphylococcus aureus (MRSA) strains and
Escherichia coli referred to as extended-spectrum beta-lactamase producing E. coli
resistant to several classes of antibiotics (Rhoads et al. 2009; Kutter et al. 2015). Clinical
studies have confirmed the effectiveness of large spectrum commercial bacteriophage
cocktails, such as Enko-phage, SES-bacteriophage, Pyo-bacteriophage and Intesti-
bacteriophage. However, the uses of these generic phage cocktails have been approved
only in few Eastern European countries (Pelfrene et al. 2016).

Bacteria and archaea have evolved various mechanisms of defence against phage
infections (Sampson et al. 2010). Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR associated proteins (Cas) system is an RNA-mediated
DNA interference mechanism of defence identified in both Archaea and Bacteria
domain (Garneau et al. 2010; Zhang et al. 2013; Haeussler and Concordet 2016).
Cas genes encode a heterogeneous family of nucleases, helicases, polymerases, and
polynucleotide-binding proteins. This adaptive immune system is triggered upon
phage invasion. Bacteria integrate in its genome short fragments of the foreign
DNA, called protospacers. These sequences are integrated into specific regions of
the host chromosome known as “CRISPR arrays” that are rich in short palindromic
invariable repeats. The protospacer becomes a spacer sequence, which is flanked by
the repeated regions. The spacer and the invariable repeats are then transcribed into a
CRISPR-RNA (crRNA), which guides specific endonuclease Cas9 to a target DNA
containing regions complementary to the spacer fragment of the crRNA. Upon
recognition, Cas9 cleaves invasive DNA preventing phage infection.

CRISPR/Cas9 system has served as tool for many genetic studies, particularly
genomic editing (Jiang et al. 2013; Haeussler and Concordet 2016). One of its
enormous potential is the manipulation of bacterial genome (Garneau et al. 2010;
Vercoe et al. 2013; Selle and Barrangou 2015; Yosef et al. 2015; Marraffini and
Sontheimer 2008). Engineering of commensal bacteria with CRISPR/Cas9 system
can be used to introduce specific mutations into essential, antibiotic resistance, viru-
lence genes encode resistance genes and lytic phages. CRISPR/Cas system may
constitute an effective vaccination tool in public health for prevention of diseases.
However, much work is needed to be done in order to anticipate undesired off-target
effects and efficiency of delivery system.

A healthy human gut contains viral communities—the human gut “virome” (over
1012 per person) that infect host cells and other types of microorganisms that inhabit
us (Virgin 2014). The viral communities, many of which were unknown so far, may
affect human health and disease as do bacteria and archaea. Metagenomic DNA
sequencing remains the unique way to identify the growing number of bacteriophages
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in commensal and pathogenic bacteria present in human body. Lytic phages have also
been identified in environmental reservoirs such as zoo composting and human and
domestic animal faecal sewages (Amgarten et al. 2017). These are promising tools for
the development of more adequate phage-based therapies.

Finally, the functional exploration of pathogen-specific bacteriophages and gene
therapy depends on development of in vitro microbiome-mediated disease models
that are not so easy to standardize (Fritz et al. 2013). Next, proof-of-concept for phage
therapy approaches needs to be addressed in well-designed human clinical trials.

13.6 Conclusions and Perspectives

Metagenomic DNA sequencing of human microbiomes has revealed the high
complexity and diversity of microbial communities living in various sites of the
human body. These human–microbiota ecosystems are critical in health-promoting
processes, and thus clinical studies have highlighted the unexpected and wide-
ranging consequences of killing bacteria with antibiotics. Therefore, bacteriotherapy
has been explored as a strategy to the steady-state control of bacterial community in
disease-causing processes, although yet to be fully determined. The annotation and
analyses of many human microbiomes have shown that absence of specific microbial
species facilitate the breakdown of epithelial-immune cell barrier and dissemination
of pathogenic species into the distant sites. Cultivated and uncultivated microbes
may contribute to aetiology of human disorders. Emerging new biomarkers for better
discriminatory phyla and species will contribute to diagnosis of type II diabetes,
obesity, metabolic disorders, inflammatory bowel diseases and even certain cancers
(Fig. 13.1).

The use of antibiotics compromises genome defence and increases bacteria’s
ability to acquire antibiotic resistance. Prebiotics, probiotics, synbiotics, phage
therapy and CRISPR/cas systems are emerging as tools to eradicate and modulate
pathogenic bacterial species in microbial communities. Genetic engineering and
synthetic biology offer alternative and complementary approaches to the production
of quorum sensing natural products and their analogues. Engineering of multidrug
resistant bacteria-specific bacteriophages will be possible and fully explored in near
future. The use of novel pharmaceuticals and nutraceuticals to manage microbial
colonization and development of healthy gut microbial community at early child-
hood will help the adult human body functions and prevent the occurrence of several
pathologies.
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