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Abstract  The human being is a superorganism composed of human cells and its 
associated microbiota. Humans did not emerge alone along evolution but in coexis-
tence and intricate metabolic integration with microorganisms. The microorganisms 
that co-evolve and co-live with humans are called the microbiota. The human gut 
microbiota is a dynamic taxonomically complex community that participates in sev-
eral processes related to normal function of the host-microbiota superorganism, 
maintaining the health status. Changes to the social aspects of the Western civiliza-
tion and technological developments impacted on the evolutionary host-microbes’ 
association. As a consequence of the disruption to this equilibrium, immunological, 
endocrine, metabolic and neurological alterations have arisen. Maternal diet, life-
style, mode of delivery, administration of antibiotics to the mother during preg-
nancy, early nutrition (breastfeeding or formula) and treatment with antibiotics in 
newborns are crucial factors that affect microbiota structure. Microbiota and epig-
enome are involved in the reduced or increased risk to develop different microbi-
ome-associated diseases in adult life.

Keywords  Human-microbes superorganism · Western diseases · Western diet · 
Low diversity · Antibiotics · Epigenetics

�Introduction

The purpose of this chapter is to analyze the emergence of diseases specific to the 
Western civilization and their potential relationship with the depletion of the human-
associated microbiota. This evolutionary perspective takes into consideration the fact 
that integration of systems is a common pattern of life. The human being is a superor-
ganism composed of human cells and organs, and its associated microbiota. Humans 
did not emerge alone along evolution but in coexistence and intricate metabolic inte-
gration with microorganisms. Changes to the social aspects of the Western civilization 
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and technological developments impacted the evolutionary host-microbes’ associa-
tion. The relatively recent alteration of the coexistence between host and microbiota 
has led to the emergence of diseases related to an over reactive immune system. A 
better knowledge of the human superorganism will yield approaches to restore or 
modulate the microbiota to treat or alleviate symptoms of these emergent diseases.

�Origin of the Human-Microbes Superorganism

Maturana and Varela (Varela et al. 1974) created a new term to explain life: autopoi-
esis. Literally, it means self-production. It is the common trait of all living organ-
isms. Cells and organisms produce a myriad of molecules and create a net of 
functionality to maintain their distinctiveness, cohesiveness, and relative autonomy. 
This net of components maintains cell self-production (Varela et al. 1974; Zelený 
1981). According to this perspective, it is not correct to state that the organism nei-
ther adapts to the milieu nor the milieu selects changes in the organisms. The envi-
ronment and the niche do not pre-exist to individuals. Organism and milieu change 
concomitantly. Maturana calls ‘ontogenic drift’ the process in which each organism 
is part of the niche where others organisms change and change it, in reciprocal 
building of their niches. The diversity of species is the result of reproduction and 
maintenance of autopoiesis and the systemic conservation of their organization in 
relation with other organisms or lineages (Maturana-Romesin and Mpodozis 2000).

There is an intrinsic force, inseparable of life, that causes system evolution: dras-
tic changes result in collapse of the system or its re-organization (an evolutive step). 
This should not be confused with vitalism. The inevitable and inseparable propul-
sion of life to evolve is not extern to the organism but a characteristic that defines 
life. So there is nothing outside life that defines what is fit and what is not. Under 
this perspective, there is no selector (because it implies a teleological thinking) and 
natural selection is what an observer sees in the differential reproduction of two 
lineages of organism in different historical moments. The process behind the 
observed “selection” remains hidden. That is, the conservation of phenotypes in a 
natural drift (ontogenic and phylogenetic drift) is inseparable from autopoiesis 
(Maturana-Romesin and Mpodozis 2000). The properties of life imply evolution.

There are crucial mechanisms in evolution that involve the maintenance of this 
autopoiesis and they imply integration. Main steps of evolution are based on inte-
gration processes. A crucial mechanism is symbiogenesis. According to Margulis 
and Sagan (2003) symbiosis is simply the living together of organisms that are dif-
ferent from each other and symbiogenesis is the origin of evolutionary novelty via 
symbiosis (Margulis 2010; Margulis and Sagan 2003). As an example, the emer-
gence of the eukaryotic cell involved the integration of pre-existent bacterial cells. 
Moreover, there is strong evidence that mitochondria and chloroplasts are evolu-
tionary structures originated from different ancestors, with the mitochondria evolv-
ing from proto-Rickettsiales, proto-Rhizobiales, proto-alphaproteobacteria and 
current alphaproteobacterial species (Georgiades and Raoult 2012). The symbioge-
netic theory was developed by Lynn Margulis and, independent and previously, by 
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Ivan Wallin, Paul Poitier, Konstantin Merezhkovski and Boris Kozo-Polianski 
(Kozo-Polyansky and Margulis 2010; Brucker and Bordenstein 2012; Wallin 1927; 
Symbiosis as a Source of Evolutionary Innovation 2017).

Consistently, the nuclear structure of eukaryotes is another example of an evolu-
tionary integration step (Bell 2001; Forterre 2006). The role of viruses in the emer-
gence of nucleus demonstrate the importance of those microoorganisms in 
evolution, based on their ability to integrate into the nucleic acids, modifying 
genomic behaviour and regulation. This integrative process is associated with the 
emergence of new structures (Feschotte and Gilbert 2012; Belyi et al. 2010; Ding 
and Lipshitz 1994; Gifford et al. 2008; Jamain et al. 2001; Medstrand and Mager 
1998; Villarreal and DeFilippis 2000). For example, virus-related genes are 
involved in the process of placentation in mammals (Mallet et al. 2004). Likewise, 
retrotransposons participate in the regulation of genes related to the histocompati-
bility in humans, other mammals and invertebrates (Ding and Lipshitz 1994; 
McDonald et al. 1997; Kidwell and Lisch 2000).

A crucial evolutionary mechanism is horizontal gene transfer (HGT). The high 
prevalence of HGT events in Bacteria, Archaea and Eukaryotes has resulted in the 
mosaicism of genomes. It is difficult to identify a single common ancestor for the 
gene repertoire of any organism. HGT is not only extensive and directional but also 
ongoing, and acquired genes are related to metabolism and biogenesis with crucial 
value in evolution (Deschamps et al. 2014; Fuchsman et al. 2017; Craig et al. 2009; 
Hotopp 2011). HGT has a central importance in evolution of microorganism 
and metazoan hosts. As examples, endogenous viral elements from different 
families (Bornaviridae, Filoviridae, Bunyaviridae, Flaviviridae, Parvoviridae, 
Hapadnaviridae) are part of animal genomes including primates (Holmes 2011; 
Katzourakis and Gifford 2010; Gilbert et al. 2010). Human genome sequencing has 
demonstrated the high content of bacterium- and virus-related genes including ret-
rotransposons (Mallet et al. 2004; Hotopp 2011; Gilbert et al. 2010; Gifford et al. 
2008; Mi et  al. 2000). This reveals that the genomic structure is the result of a 
dynamic equilibrium between genetic and cellular processes. The primary structure 
of the DNA is the result of the continuous feedback between an organism and the 
rest of living beings and the environment in a net of mutual building (Belyi et al. 
2010; Gifford et al. 2008; Casjens 2003; Merhej and Raoult 2012). Evolution of 
species including metazoan is described like a rhizome by some researchers, point-
ing out different and mixed origins of genomic sequences in species (Georgiades 
and Raoult 2011, 2012). Ramulu et al. (2012) have emphasized that many proposals 
have emerged replacing the tree-like pattern, that consider a the existence of a com-
mon ancestor of organisms, with more complex models such as the “reticulate evo-
lution”, “synthesis of life”, “web of life” or “network of life” (Ramulu et al. 2012).

The mechanisms of integration and symbiopoiesis are presently at work. It is 
possible to understand that co-evolution of humans and microorganisms results in 
an intricate metabolism and homeostasis, and this is not possible to maintain if any 
part of this symbiosis is altered or depleted. The microorganisms that co-evolve and 
co-live with humans are called the microbiota. In fact, the human body contains 
more bacterial cells than human cells. Recently, it has been stated that 
human:microorganisms cells ratio is 1,3:1, but that takes into account bacterial cells 
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(Sender et al. 2016), but not eukaryotic components of the microbiota (Parfrey et al. 
2011). All organisms emerge in relation with their environment and the surrounding 
organisms that coevolve with them as a unity. Humans arose with the microorgan-
isms that defined their metabolism, their systems, and their structure.

The human gut microbiota is a dynamic taxonomically complex community that 
participates in several processes related to normal function of the host-microbiota 
superorganism, maintaining the health status (Kau et  al. 2011; Lederberg and 
McCray 2001; Salvucci 2016). These include vitamin production, digestion and 
utilization of carbohydrates and lipids, energy homeostasis, tryptophan metabolism 
regulation, integrity of intestinal barrier and angiogenesis (Arrieta et al. 2014; van 
der Meulen et al. 2016; Evans et al. 2013). As an example, large primates are inca-
pable of vitamin C synthesis. As a consequence, humans have an evolved dependence 
on fruit and vegetables since our genes for vitamin synthesis were lost (Rook 2011).

Short-chain fatty acids (SCFAs), mainly acetic, propionic and butyric acids are 
products of bacterial fermentation in the intestinal tract. Cross-feeding interac-
tions between bifidobacteria and butyrate-producing colon bacteria, such as 
Faecalibacterium prausnitzii (clostridial cluster IV) and Anaerostipes, Eubacterium, 
and Roseburia species (clostridial cluster XIVa) result in an enhancement of butyr-
ate production. SCFAs are a source of ATP for intestinal epithelial cells (IECs) and 
modulate IECs and leukocytes development, survival and function through activa-
tion of G protein coupled receptors (FFAR2, FFAR3, GPR109a and Olfr78). SCFAs 
also modulate enzymatic activity and transcription factors including histone acetyl-
transferase and deacetylase, and the hypoxia-inducible factor (Corrêa-Oliveira et al. 
2016; Kasubuchi et al. 2015).

The gut microbiota produces and regulates compounds with crucial local effects, 
but that also influence the function of distal organs and systems. In fact, metabolites 
generated by the gut microbiota have been shown to influence brain chemistry and 
behaviour independently from the autonomic nervous system, gastrointestinal neu-
rotransmitters or inflammation through the microbiota-brain axis (Foster and McVey 
Neufeld 2013). This is a two-way communication pathway between the central ner-
vous system and the intestine (Foster and McVey Neufeld 2013; Bercik et al. 2012). 
Butyrate has profound effects on mood and behaviour in mice (Schroeder et  al. 
2007). The microbial metabolism in the gut can also influence the level of neu-
rotransmitters or hormones (Allen et al. 2013; O’Mahony et al. 2015). As examples, 
GABA and serotonin, related to anxiety, depression and mood states are influenced 
by the microbiota (Foster and McVey Neufeld 2013; Bercik et al. 2010). Inflammatory 
bowel diseases (IBD) are often accompanied by disorders of the nervous system 
such as irritability, anxiety, and depression (Hayley et al. 2016; Lee and Chua 2011). 
Moreover, dysbiosis can contribute to the development of psychiatric disorders in 
patients with intestinal symptoms (Bercik et  al. 2010; Borre et  al. 2014; Collins 
et al. 2012; Cryan and Dinan 2012; Dinan et al. 2014; Nemani et al. 2014).

The continuum human-microbiota represents a step of symbiosis along the 
genomic evolution. According to this perspective, the human genome would be a 
“hard drive” where is possible to observe integrated sequences of different origins 
as well as the integration processes. The human genome is consequently the result 
of the evolutionary history of the superorganism human-microbiota and their 
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environmental interactions. This superorganism also includes mobile elements like 
plasmids, transposons, integrons, and bacteriophages that are called the ‘mobilome’ 
(Siefert 2009). These genetic elements constitute a genetic pool that fuel HGT and 
a sensitive response to environmental changes.

Main social and environmental changes along history caused variations in the 
human-microbes superorganism. These epidemiological transitions had and have 
today a profound impact on human health.

�Epidemiological Transitions and Western Diseases

Two major epidemiological transitions resulted in dramatic changes to the human 
superorganism (McKeown 2009; Rook 2010). These shifts involved alterations in 
social behaviour and organization, which can be correlated with significant changes 
in the microbiota structure (Fig. 1). Two million years ago humans were nomadic 
hunter-gatherers (Palaeolithic period). With the establishment of populations, 
humans became sedentary. An agricultural revolution ensued with a profound shift 
in human lifestyle (Neolithic period, 10,000 years BC). In this period, new foods 
like cereals and dairy products appeared, and population density increased. It is 
reasonable to assume that dramatic changes occurred in the microbiota after the first 
epidemiological transition. However, this shift did not result in loss of microbial 
diversity because, until the modern era, more than 97% of the population still lived 

Fig. 1  Epidemiological transitions. The second epidemiological transition had great impact on 
human microbiota. Social and technological changes led to a depletion of microorganisms associ-
ated to human being.
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in rural environments (Rook 2011). However, the new lifestyle increased faecal–
oral transmission and prolonged contact with animals (Rook 2012). Viruses that 
were acquired previous to Neolithic have been maintained, including herpes, papil-
loma, adeno-, parvo-, some entero-, and perhaps hepatitis B virus (Rook 2012; Van 
Blerkom Linda 2003; Leal Éde and Zanotto 2000). It is possible that during this 
period characterized by a marked increase in population density, humans started 
suffering from “modern” diseases such as measles, influenza, and dengue (Rook 
2012; Leal Éde and Zanotto 2000). Helminths, Mycobacteria, Helicobacter pylori, 
Salmonella, Toxoplasma and lactobacilli were acquired during this period (Rook 
2011, 2012; Cremonini and Gasbarrini 2003).

The second remarkable shift in human lifestyle and dietary habits started with 
the Industrial Revolution less than 200 years ago, accompanied with a radical move, 
away from local and seasonal foods (McKeown 2009). People started to migrate 
into cities and the use of sanitization increased. This resulted in a diminished or 
delayed contact with microorganisms and viruses. With this second transition there 
were significant lifestyles changes. Sanitization was improved with the use of soap 
detergents, washed food, chlorinated water and, eventually, antibiotics. This transi-
tion was characterized by a significant decrease in orofecal transmission. Life in the 
city implied advances in housing with a wide use of construction materials like 
concrete and asphalt, and less soil material. Less contact with animals also contrib-
uted to de-worming. As a result, changes to the microbiota included decreased hel-
minths, H. pylori, Salmonella, Toxoplasma and Mycobacterium tuberculosis (Fig. 1) 
(McKeown 2009; Rook 2009, 2012).

Changes in dietary habits were important factors in the alteration of the host–
microbe symbiosis during epidemiological transitions since diet drives the genera-
tion of gut microbe-derived bioactive metabolites (Hunter 2008). According to 
recently published studies, the ancestral diet was based on high fiber intake and 
maintained a well-balanced microbiota. The microbiota was more structurally and 
functionally diverse with enhanced polysaccharide breakdown capacities. This 
highly diverse microbiota has been maintained in rural and remote populations from 
developing countries compared to urban industrialized populations (Crittenden 
et al. 2014; West et al. 2015; Turroni et al. 2016; Smits et al. 2017), with gut bacte-
rial taxa or functions that may have disappeared due to cultural Westernization 
(Crittenden et  al. 2014). Conversely, the Western diet is characterized by a high 
intake of animal products and sugars, the use of food preservatives, and a low intake 
of plant-based foods like fruits, vegetables, and whole grain cereals.

Researchers have compared microbiota of communities from Tanzania (Hadza 
tribe) with that from Western countries. Hunter-gatherers that live today as thousands 
years ago maintaining an ancestral diet, showed lower inflammation than individuals 
from the Western hemisphere. Hunter-gatherers have a more diverse enzymatic rep-
ertoire for utilizing carbohydrates in their microbiota than those from healthy 
American subjects (Schnorr et  al. 2014). These studies made possible to identify 
organisms and functions that would have been abundant in the ancestral microbiota, 
but are diminished or absent from the modern city environment (Rook 2009, 2010). 
Specifically, the Hadza microbiota has higher functional capacity for utilization of 
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plant carbohydrates than the microbiota of Americans (Crittenden et al. 2014). The 
community consume tubers and baobab year-round. Conversely, the American 
microbiota with less consumption of fiber-rich diet have a greater mucin-utilization 
capacity than Hadzas (Turroni et al. 2016; Smits et al. 2017). These data are in agree-
ment with other studies that indicate that the microbiota of people in urbanized 
regions is characteristic of a diet limited in plant-derived complex carbohydrates, 
with many bacterial species underrepresented or missing (Kau et al. 2011; Findley 
et al. 2016). Fiber-rich diets fuel the gut microbiota metabolism and maintain resi-
dent bacterial populations (Thorburn et al. 2014; De Filippo et al. 2010). The deple-
tion of microbiota has been clearly intensified by social factors like industrialization 
and Western diets with consequences to equilibrium and homeostasis.

As a consequence of the disruption to the host-microbiota equilibrium, immuno-
logical, endocrine, metabolic and neurological alterations have arisen (Arrieta et al. 
2014; Foster and McVey Neufeld 2013; Hayley et  al. 2016; Rook 2009; Paun and 
Danska 2015; van der Meulen et al. 2016). Human diseases like inflammatory bowel 
diseases (IBD), irritable bowel syndrome (IBS), cancer, diabetes, asthma, allergies, 
obesity and metabolic syndrome appear to be related to the depleted microbiota (Fig. 2).

Obesity and metabolic syndrome have been recognized as epidemic diseases 
associated with Western diets and low microbial diversity. The altered microbiota in 
obese subjects has lower proportion of Bacteroidetes and more Firmicutes than 
healthy individuals (Remely et al. 2014; Ley et al. 2005). The obese microbiota can 
be inherited from parents with high fat diets and it has an increased capacity to har-
vest energy from the diet (Ley et al. 2005; Myles et al. 2013), producing signifi-
cantly higher total body fat. Concomitantly, immunological alterations include 

Fig. 2  Microbiota depletion. Human superorganism lost part of the microbiota along the last 
epidemiological transition. This depletion of microbiota is related to different emergent diseases 
with impact on gut-brain axis, immune system, gut and systemic disorders.
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infiltration of adipose tissue by macrophages, CD8+ T cells and CD4+ T cells, and 
high expression of inflammatory cytokines such as IL-6, IL-17, TNF- alpha and 
interferon-gamma (Kau et al. 2011). Additionally, obese individuals usually have 
high endotoxemia caused by LPS infiltration due to an increased intestinal perme-
ability. A recent study showed that the diversity of the gut microbiota and the degree 
of methylation of the FFAR3 promoter region were significantly lower in obese and 
type 2 diabetic individuals compared to lean individuals. FFAR3 is a G protein 
couple receptor involved in the development and survival of IECs (Kasubuchi et al. 
2015). Prebiotics and Bifidobacterium strains lowered the uptake of LPS from the 
gut lumen reinforcing tight junctions of epithelial cells (Al-Sheraji et  al. 2015; 
Fukuda et al. 2011; Meyer and Stasse-Wolthuis 2009).

The genetic background necessary to develop these disorders (intrinsic factors) 
can be influenced by the metabolism of the gut microbiota (extrinsic factors) 
(Salvucci 2013, 2016; Proal et al. 2009). For example, multiple genetic risk variants 
associated with the type 1 (T1D) and type 2 (T2D) diabetes have been postulated. 
Most T1D-associated variants are in genes controlling immunity (e.g. HLA), whereas 
T2D-associated genes control transcription, adipo-cytokine signals and β cell cycle 
regulation. Naturally, the increased incidence of T1D and T2D is not due to only to 
the genetic background, but the result of gene interactions with dynamic environ-
mental risk factors, particularly impactful in early childhood (Paun and Danska 
2016). In the same way, an altered gut microbiota characterized by low diversity and 
resilience has been associated to T1D and T2D (Paun and Danska 2016).

Crohn’s disease (CD) is a condition in which the lining of the gastrointestinal tract 
becomes inflamed, causing severe diarrhoea and abdominal pain (Reddy and Fried 
2009). The incidence of CD has increased in Western countries. Both CD and ulcer-
ative colitis (UC) are idiopathic pathologies of IBD. The manifestations of this disease 
include an aggressive cellular immune response, over expression of pro inflammatory 
mediators in different T lymphocyte subsets (Th1 and Th17, Th2), abnormal antigen 
presentation, and aberrant thymic education with a concomitant penetration of the 
intestinal barrier by luminal bacteria. Underlying inflammation triggers Crohn’s dis-
ease and the luminal microbiota change. This process leads to nonstandard host-micro-
biota interactions that can aggravate the disease. In fact, CD patients present decreased 
bacterial diversity and richness (Imhann et  al. 2016; Khanna and Raffals 2017). 
Moreover, reports agree that the phyla Bacteroidetes and Proteobacteria are increased, 
while the phylum Firmicutes is decreased in patients with UC. Also Bifidobacterium, 
Roseburia, Faecalibacterium and Phascolarctobacterium are in reduced abundance 
compared with healthy individuals (Imhann et al. 2016; Khanna and Raffals 2017) . 
Recently, it was reported that there are significant differences in the gut microbiota of 
healthy individuals who carried a high genetic risk for IBD, including a decrease in 
species of Roseburia known to be butyrate producers (Imhann et al. 2016).

The remnants of ancestral integration of the microbial DNA into the human 
genome can be detected today. Helicobacter pylori and other potentially pathogenic 
microorganisms, like Toxoplasma, which possibly only infects humans accidentally, 
can co-habit with the host with detrimental effects (Cremonini and Gasbarrini 2003; 
Marini et al. 2007). Likewise, herpes viruses like varicella-zoster remain dormant in 
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the human nervous system after an infection in the cranial nerve ganglia and auto-
nomic ganglia. Viruses can reactivate and cause neurologic conditions (Gilden et al. 
2000). Schizophrenia has been associated with gene loci that include an ancestral 
cytomegalovirus (Børglum et al. 2014). All of the above listed organisms leave entire 
copies or fragments of their genomes, which remain lodged within us for the rest of 
our lives interacting with our nervous system (Kramer and Bressan 2015). Parasite 
co-habitation can drive evolutive changes of host organisms (Vannier-Santos and 
Lenzi 2011). With epidemiological transitions, there was an intensification in sanitiza-
tion and de-worming of humans that might have led to immunological imbalances. 
Parasites could act as regulators of immune system helping to control excessive 
inflammatory responses (Helmby 2015). For example, the induction of suppressive 
regulatory T cells (Tregs) is a common mechanism to regulate inflammatory effects 
(Paun and Danska 2015). Interestingly, activation of Tregs appears to be a feature of 
both microbiota colonization (Gifford et al. 2008; Jamain et al. 2001) and helminth 
parasite infection (Medstrand and Mager 1998). Bacteroides fragilis, Bifidobacterium 
infantis, Clostridium spp., and Lactobacillus spp., as well nematode parasites, such as 
Heligmosomoides polygyrus and Strongyloides ratti can induce or suppress regulatory 
Tregs (Reynolds et al. 2015). Studies in animal models have demonstrated that intes-
tinal helminth infections can inhibit the development of intestinal inflammation (Rook 
2009; Reddy and Fried 2009; Reynolds et  al. 2015). Likewise, pre-clinical assays 
have suggested a beneficial effect of helminth infections on inflammatory bowel con-
ditions, allergies, asthma and multiple sclerosis (Reddy and Fried 2009; Correale and 
Farez 2011). Specifically, treatment with embryonated Trichuris suis eggs resulted in 
significant disease remission in patients with UC and CD (Reddy and Fried 2007).

Microbiota restoration by fecal microbiota transplantation (FMT) is another potential 
emerging therapeutic. This therapy has shown to be a successfully treatment in recurrent 
Clostridium difficile infection (CDI) (Gianotti and Moss 2017). However, CD like other 
autoimmune diseases, has a more complex pathogenesis and the success of FMT can be 
dependant of additional factors including the donor microbial profile, inflammatory bur-
den, and the microbial diversity of the recipient (Gianotti and Moss 2017).

We can conclude from this section that two major epidemiological transitions 
(establishment of nomadic hunter-gatherers and industrial revolution), with the 
accompanying cultural and dietary shifts led to a significant reduction in microbiota 
diversity, with a concomitant loss of function that could be correlated to the increased 
occurrence of auto immune diseases. Restoration of the gut microbiota by FMT and 
helminth therapies are being considered as emergent treatments.

�The Infant Microbiota and the Impact of Antibiotics

The natural drift of human-microbiota superorganism and the maintenance of its auto-
poiesis are observed in inheritance of the microbiota. This superorganism inherited 
epigenetic changes that are responsible of fine tuning along their development. This 
epigenetic landscape is involved in the adaptation to the environment including the 
interaction with the microbiota at different stages of development (Indrio et al. 2017).
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The placental microbiome is composed of four dominant phyla: Proteobacteria, 
Bacteroidetes, Actinobacteria and Firmicutes (Zheng et al. 2017). Then, the moth-
er’s microbiota provides the newborn with a specific microbial inoculum at birth. 
Vaginal delivery supplies the baby with a bacterial composition resembling their 
mother’s vaginal microbiota. Lactobacillus, Prevotella, and Sneathia are the pre-
dominant groups. Babies delivered by Cesarean section acquire bacteria that resem-
bles those present on the skin, like Staphylococcus, Corynebacterium, and 
Propionibacterium (De Filippo et al. 2010; Koleva et al. 2015; Dominguez-Bello 
et  al. 2010, 2016). Vaginal delivery may afford the neonate immediate access at 
birth to microbiota that allows maximal energy harvest during the incipient hours of 
life (Mueller et al. 2015). In fact, studies suggest a correlation between C-section 
delivery and the immune system due to the essential role of the maternal microbiota 
on the development of the perinatal immune system. Increased risk for asthma, 
allergies and obesity has been reported for C-section delivered infants (Ximenez 
and Torres 2017). Coincidentally, babies born via C-section have a different associ-
ated microbiome at least during the first 4 weeks of age. Full-term vaginally deliv-
ered infants present higher diversity compared to C-section babies (Ximenez and 
Torres 2017; von Mutius 2017). They also displayed an increased faecal abundance 
of Firmicutes, Bacteroides and Bifidobacterium and lower abundance of 
Actinobacteria compared to C-section babies (Ximenez and Torres 2017; Hill et al. 
2017). However, the discrepancies between groups gradually disappear and are not 
observed by 6 months of age.

As elaborated in Part III, Chapter “Early Gut Microbiome, a Good Start in 
Nutrition and Growth May Have Lifelong Lasting Consequences”, after birth, 
breastfeeding provides the baby with the microorganisms and immunological com-
ponents to promote optimal growth. Moreover, breast milk also contains complex 
oligosaccharides (prebiotics) that promote the establishment of beneficial bacteria 
like Bifidobacterium longum (Indrio et al. 2017; Mueller et al. 2015). This is can be 
considered as the first example of how bacteria in food “feed” the gut microbiota.

The infant gut microbiota differ significantly from the adult microbiota. In fact 
its compositional structure and function are attained only after dynamic changes 
experienced during the first 3  years of life. Staphylococcus, Streptococcus and 
Enterobacteria are the first colonizers of the gut (Wampach et al. 2017; Voreades 
et al. 2014) . Then, these taxa are replaced by facultative anaerobic bacteria of the 
phyla Actinobacteria and Firmicutes (Turroni et al. 2012). At adulthood, 90% of 
microbes colonizing the gut are represented by only six phyla, Firmicutes, 
Bacteroides, Actinobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobia 
(Arumugam et al. 2011). Other factors impact the infant gut microbiota including 
mom’s diet and environmental factors. The degree of impact is more relevant early 
in life, when the gut microbiota has not yet been fully established.

Antibiotic treatment is a factor that can perturb the microbiota early in life and 
could be a missing link in autoimmunity disorders (Iizumi et al. 2017). Antibiotic 
use in children has become widespread. In fact, children in the US are prescribed a 
mean of three courses of antibiotic treatment before they are 2 years of age. This 
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represents more than the double from European countries. A recent cross-national 
study has shown that South Korean children had the highest rate of antimicrobial 
prescriptions, with 3.41 prescribed courses per child-year during the first 2 years of 
life. Italy and Spain had a mean of 1 and 1.6, respectively, while Norway had only 
0.5 courses per child-year (Youngster et al. 2017).

Antibiotic use, administered either orally or intravenously, reduces gut micro-
biota diversity (Iizumi et al. 2017) (Fig. 2). Repeated exposure to antibiotics during 
the first year of life caused a less stable microbial community, which lasted until 
the third year, and a decreased diversity (Maturana-Romesin and Mpodozis 2000). 
Also an epidemiological study showed that children that received antibiotics in the 
first 6 months of life had a significantly higher risk of being overweight at 7 years 
old (Trasande et al. 2013). Mouse studies have demonstrated the effects of antibiot-
ics on microbiota. For example, penicillin G, V and vancomycin have been associ-
ated with increased weight, fat mass and insulin resistance (Iizumi et al. 2017). 
Likewise, azithromycin significantly increased weight gain risk. Other antibiotics 
including meropenem, cefotaxime and ticarcillin-clavulanate (Gibson et al. 2016) 
administered to preterm neonates affected severely intestinal species richness. 
Macrolides had a similar impact in children aged 2–7 years changing composi-
tion of the gut microbiome, decreased richness, and decreased abundance of 
Bifidobacterium, with increased levels of Proteobacteria (Enterobacteriaceae) and 
Bacteroidetes (Korpela et al. 2016). These changes persisted up to 2 years after 
macrolide treatment and were associated with increased risk of asthma and obesity 
(Korpela et al. 2016).

Administration of antibiotics to the mother during pregnancy may also affect the 
oral microbiota of the newborn. Maternal intrapartum antibiotic treatment is a key 
regulator of the initial neonatal oral microbiota. The oral microbiota of the infants 
was more similar to the oral microbiota than to the placenta or gut microbiota of the 
mother. Families belonging to Proteobacteria were abundant after antibiotics expo-
sure of the mother while Streptococcaceae, Gemellaceae and Lactobacillales domi-
nated in unexposed neonates (Gomez-Arango et al. 2017).

Finally, antibiotics have been shown to delay the maturation of microbiota, due 
to reduction of Lachnospiraceae, Erysipelotrichaceae and Clostridiales. These 
families are very sensitive to antibiotic exposure and this causes a reduction in pro-
duction of butyrate and other SCFA. These reductions impact on infant immunity, 
signalling epithelial cell, colonic T regulatory cells and macrophages and matura-
tion of the gut (Ximenez and Torres 2017). Therefore, Lachnospiraceae is useful as 
an indicator of microbiota maturation.

There is strong evidence that maternal exposure of antibiotics and administration 
of antibiotics in neonates alter and delay the maturation of microbiota. These 
changes have consequences at immunological level and it is associated to higher 
risk of diseases in adult life. Early antibiotic exposure may have other long term 
consequences related to higher risk to inflammatory and immune diseases. Also 
behaviour, anxiety, blood-brain-barrier integrity and brain cytokines expression 
could be related to antenatal and postnatal antibiotic exposure.
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�Epigenetics and the Gut Microbiota

Epigenetics refers to modifications of the genome that do not alter the DNA 
sequence but cause mitotically and meiotically heritable changes (Morgan and 
Whitelaw 2008). There is a wide variety of mechanisms that reduce, activate or 
inactivate genes and regulatory networks influencing early cellular differentiation, 
and creating new phenotypic traits during pregnancy and within the neonatal period 
(Indrio et al. 2017; Liu 2007). A number of antenatal and postnatal factors, includ-
ing diet and composition of the microbiota, contribute to epigenetic changes that 
have an influence on lifelong health and disease by modifying inflammatory molec-
ular pathways and the immune response (Indrio et al. 2017).

The main epigenetic mechanism is the methylation of cytosine residues in 
DNA, which results in remodelling of the chromatin structure and RNA-mediated 
regulation. These modifications may upregulate or downregulate gene expression 
according to the type of change and its position. A group of enzymes catalyze 
DNA methylation. It consists in methylation of cytosine residues followed by gua-
nine or adenine and the consequent suppression of gene expression (Abdolmaleky 
et al. 2015).

Other epigenetic mechanisms are acetylation and phosphorylation. Different 
amino acids of histone tails can be methylated, acetylated or phosphorylated (Alam 
et al. 2017). Action of acetyltransferases results in acetylation of histone residues 
that increases accessibility of nucleosomal DNA to transcription factors, thus 
increasing the expression levels of corresponding genes (Alam et al. 2017).

Epigenetic modifications have key roles in the development of human organs, 
especially the central nervous system during the embryo-fetal, perinatal, and later 
stages of life (Alam et al. 2017; Jablonka and Raz 2009). These mechanisms are 
widely observed in nature acting in response to environmental factors and interact 
in a regulatory network involving more than 1000 microRNAs. Each microRNA 
can target hundreds of transcripts increasing cell adaptability in a tissue-specific 
manner. They demonstrate how environmental factors increase genomic flexibility, 
being maintained through generations (Table 1) (Alam et al. 2017).

Perturbations of the perinatal microbiota by specific practices (lack of skin con-
tact, cesarean delivery, formula feeding, antibiotics) play a role in the susceptibility 
to late-onset diseases like obesity, diabetes, allergies, asthma, and other autoim-
mune disorders potentially by developing a particular genetic repertoire and modu-
lating the immune development through epigenetic modifications (Salvucci 2016; 
Indrio et al. 2017; Jablonka and Raz 2009; Bossdorf et al. 2008). Individuals inher-
ited from parents particular epigenetic changes (acetylation, methylation or phos-
phorylation of genes) that influence the adaptation of the newborn and are related to 
metabolism and immunological status (Myles et al. 2013).

Depletion of the gut microbiota and the related inflammatory, immune and neu-
roendocrine manifestations have shown to be linked by epigenetic changes (Table 1) 
(Myles et  al. 2013; Indrio et  al. 2017; Morgan and Whitelaw 2008; Liu 2007; 
Jablonka and Raz 2009). The fetal epigenetic program is influenced by diet and the 
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Table 1  Epigenetic effect persists in subsequent untreated generation of different organism

Organism Effect and epigenetic mechanism Reference

Arabidopsis 
thaliana

Short-wave radiation increases the somatic homologous 
recombination in a transgenic reporter gene

Molinier et al. 
(2006)

Rats Exposure to glucocorticoids or a low-protein diet causes 
changes in the expression of liver enzymes, elevated 
blood pressure and endothelial dysfunction

Langley-Evans 
(2000) and Jensen 
Pena et al. (2012)

Maternal choline supplementation improved 
development and functioning of the adult rat brain. DNA 
and histone methylation are mechanism implied

Davison et al. 
(2009)

Maternal food restriction resulting in intrauterine growth 
restriction increased risk of obesity, insulin resistance 
and diabetes

Tosh et al. (2010) 
and Park et al. 
(2008)

Mice Maternal supplementation with dietary methyl donors 
(folic acid, vitamin B12, choline, zinc, methionine, 
betaine) increased risk of allergic airway disease in 
offspring. decreased transcriptional activity by excessive 
methylation of Runx3 gene

Hollingsworth et al. 
(2008)

Yeast Prion sup35 activates the expression of “silent” gene 
changing the fidelity in the translation process

Chernoff (2001) 
and Shorter and 
Lindquist (2006)

Drosophila 
melanogaster

Alteration of chromatin regulation. Decrease in heat 
shock protein HSP90 levels in response to environmental 
changes
Stable heritable phenotypes up to 4 generations

Ruden and Lu 
(2008)

Maternal undernutrition and increased risk of metabolic 
syndrome in adulthood. Methylation at the IGF2/H19 
imprinting region

Hernández-Valero 
et al. (2013)

Humans 
(Human-
microbiota 
superorganism)

Lactobacilli and Bifidobacteria. Inhibition of histone 
deacetylase. DNA methylation secondary to methyl 
donor production
Modulation of local and systemic inflammation

Remely et al. 
(2014) and Indrio 
et al. (2017)

Increased Firmicutes/Bacteroides ratio. DNA 
methylation in genes related to SCFA production and 
Toll-Like receptor

Indrio et al. (2017) 
and Sepulveda et al. 
(2010)

Maternal vitamin D deficiency increase risk of 
preeclampsia development in humans and possible 
adverse pregnancy outcomes. Increased DNA 
methylation of CYP27B1, VDR and RXR genes

Anderson et al. 
(2015)

Low maternal dietary intakes of long-chain 
polyunsaturated fatty acids. Vascular dysregulation, 
altered placentation and increased long-term risk of 
cardiovascular diseases. Aberrant DNA methylation 
patterns and alterations in the expression of angiogenic 
factor genes

Khot et al. (2015, 
2017)

Maternal high fat diet increase diabetes risk in their 
grandchildren. DNA methylation, histone modification 
and changes in microRNA

Myles et al. (2013) 
and Kaati et al. 
(2002)

Maternal high-fat diet produce alteration in foetal 
chromatin
structure and increase risk of non-alcoholic fatty liver 
disease. Histone deacetylase. SIRT1 involved. 
Regulation of hepatic Pon1

Suter et al. (2012), 
Strakovsky et al. 
(2014), and Chu 
et al. (2016)

Epigenetics mechanisms that connect risk factor and diseases in animal models and humans
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microbiota along their development. Malnutrition or overnutrition during pregnancy 
cause negative effects on the offspring health at childhood and adulthood (Lee 2015; 
Alfaradhi et al. 2016; Roberts et al. 2015). For example, in a mouse study supple-
mentation with folic acid, vitamin B12, methionine, zinc, betaine, and choline 
resulted in higher rates of allergic airway inflammation due to excessive methyla-
tion of the runt-related transcription factor 3 (RUNX3), a mediator of T-lymphocyte 
differentiation (Håberg et al. 2009) . Zinc status can exert a fundamental influence 
on the epigenome. Zinc deficiency during intrauterine life and childhood could con-
tribute to the development of chronic inflammatory diseases by aberrant methyla-
tion (Tomat et al. 2011).

Microbiota has the ability to induce epigenetic changes in the human-microbiota 
superorganism (Salvucci 2013). Among the mechanisms through which intestinal 
bacteria can influence human health, epigenetic modifications are the most impor-
tant. The epigenome influences the establishment of the microbiota but also micro-
organisms can introduce epigenetic changes in genes relevant to immunological, 
metabolic, and neurological development and functions. For instance, SCFAs that 
regulate gene expression by DNA methylation or histone modifications are crucial 
metabolites of microbiota (Indrio et al. 2017; McKenzie et al. 2017).

The host-microbial interactions that characterize human superorganism start 
before the early postnatal period. In fact, the microbiota found in the amniotic fluid 
starts to modulate the foetus epigenetically since its placental life (West et al. 2015; 
Zheng et al. 2017; Urushiyama et al. 2017). Moreover, diet, antibiotic exposure and 
other environmental factors influence the microbiota composition and their epigen-
etic changes. All these factors contribute the higher or lesser risk to develop aller-
gies and inflammatory diseases (Indrio et al. 2017; Cremonini and Gasbarrini 2003; 
Schaub et al. 2009).

It is difficult to establish a causal relationship between the diversity or prevalence 
of certain species in microbiota and the epigenome. Still, there are some clues 
related to the ratios of Firmicutes/Bacteroides and distinct DNA methylation pro-
files. Ratios associated with metabolic disorders have also differences in methyla-
tion in genes related to obesity, metabolism, and inflammation (Kumar et al. 2014). 
In obesity, there are differences in methylation of the promoter of SCD5 that encodes 
an stearoyl-coenzyme A (CoA) desaturase, which has a key function in the catalysis 
of monounsaturated fatty acids from saturated fatty acids. The promoter was more 
methylated in the groups of individuals with higher Firmicutes/Bacteroides ratio 
(Kumar et  al. 2014). In IBD there are epigenetic marks that define the visceral 
hypersensitivity and modulate stress-induced visceral pain. Altered microbiota pro-
files are concomitant (Indrio et al. 2017; Jeffery et al. 2012).

Epigenetic changes like aberrant DNA methylation, histone modifications and 
dysregulation of micro-RNAs are linked to the pathogenesis of mental disorders. 
Moreover, a number of psychiatric drugs modulates features of the epigenome, for 
instance, tubastatin can restore the reduction in tubulin acetylation observed in 
Rett syndrome (Abdolmaleky et al. 2015). Valproate, lithium, lamotrigine, halo-
peridol, clozapine, olanzapine and risperidone alter the expression of many miR-
NAs (Abdolmaleky et al. 2015) . This implies that epigenetic modifications are a 
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plausible alternative for treatment of mental disorders and, in consequence, 
modulation of gut microbiota can be a blank for therapies. The gut microbiota 
contributes to epigenetic fine-tuning confirming its role as an ontogenic missing 
link in mental illnesses. These changes are not only indirect effects mediated by 
metabolic by-products, it was observed that infection with some bacteria such as 
Helicobacter pylori is specifically linked to DNA methylation and may decrease 
expression of O6-methylguanine DNA methyltransferase (Sepulveda et al. 2010).

Maternal diet, lifestyle, mode of delivery, early nutrition and gut microbiota 
define an epigenome of newborn that potentially has a crucial role in the develop-
ment of microbiota-related diseases. The mother (superorganism) transmits epigen-
etic changes to the foetus that interact with the microbiota and introducing changes 
at this level can be considered the missing link that could define the success of 
treatments like helminth therapy and FMT in the diseases related to the microbiota 
depletion, including mental disorders. The epigenetic heredity allows the child to be 
adapted to the environment that the mother has experienced. Many other antenatal 
and postnatal factors could distort that synchrony. The probiotic treatments and 
modulation of microbiota should take into account the ability of some bacteria to 
induce the epigenetic changes to re-establish the homeostasis. The role for 
microbiota-induced epigenetic modifications and their effects is an emerging 
research field that is in the initial stages and its development will contribute to a 
better understanding of the interrelationship host-microbiota superorganism.

�Conclusions

Scientific and anecdotal evidence seem to suggest that overall loss of microbial 
diversity and the loss of specific bacterial groups associated with two historical epi-
demiological transitions could be potentially correlated with an over-reactive immune 
system and consequent increased occurrence of allergies and other autoimmune dis-
orders (Salvucci 2013; Proal et  al. 2009; Tlaskalová-Hogenová et  al. 2004). The 
common background of immune, inflammatory or systemic imbalance point to treat-
ments aiming to restore the gut microbiota through probiotics, prebiotics and diet are 
plausible treatments for these emergent diseases (van der Meulen et al. 2016).
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