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SUMMARY The human gut microbiota is engaged in multiple interactions affecting
host health during the host’s entire life span. Microbes colonize the neonatal gut
immediately following birth. The establishment and interactive development of this
early gut microbiota are believed to be (at least partially) driven and modulated by
specific compounds present in human milk. It has been shown that certain genomes
of infant gut commensals, in particular those of bifidobacterial species, are geneti-
cally adapted to utilize specific glycans of this human secretory fluid, thus represent-
ing a very intriguing example of host-microbe coevolution, where both partners are
believed to benefit. In recent years, various metagenomic studies have tried to dis-
sect the composition and functionality of the infant gut microbiome and to explore
the distribution across the different ecological niches of the infant gut biogeography
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of the corresponding microbial consortia, including those corresponding to bacteria
and viruses, in healthy and ill subjects. Such analyses have linked certain features of
the microbiota/microbiome, such as reduced diversity or aberrant composition, to
intestinal illnesses in infants or disease states that are manifested at later stages of
life, including asthma, inflammatory bowel disease, and metabolic disorders. Thus, a
growing number of studies have reported on how the early human gut microbiota
composition/development may affect risk factors related to adult health conditions.
This concept has fueled the development of strategies to shape the infant microbi-
ota composition based on various functional food products. In this review, we de-
scribe the infant microbiota, the mechanisms that drive its establishment and com-
position, and how microbial consortia may be molded by natural or artificial
interventions. Finally, we discuss the relevance of key microbial players of the infant
gut microbiota, in particular bifidobacteria, with respect to their role in health and
disease.

KEYWORDS microbiome, microbiota, infants, metagenomics, virome, bifidobacteria,
gut commensals, probiotics, gut microbiota

INTRODUCTION
General Features of the Infant Gut Microbiota

he human body harbors trillions of microbial cells whose coordinated actions are

believed to be important for human life. Such microbial cell populations reach
their highest density in the intestinal compartment, where they collectively form a
complex microbial community known as the gut microbiota (1) which develops over
the course of host infancy to eventually reach its adult form (2-4). Gut microbiota
members may belong to any of the three domains of life, i.e., Archaea, Bacteria, and
Eukarya, and also include viruses, and they are known to establish complex trophic
relationships with each other and their human host, ranging from symbiosis to para-
sitism (5). The human gut microbiota is composed of autochthonous, also known as
indigenous, microorganisms and allochthonous or transient microorganisms (6). In this
context, only a relatively small number of (opportunistic) pathogens are considered to
be members of the gut microbiota, residing unperturbed within the enteric host
microbiota and becoming a health threat to the host only when the gut ecosystem is
disturbed and the gut microbiota homeostasis becomes disrupted (see below).

The gastrointestinal microbiota composition may be affected by a number of
environmental parameters, such as pH, oxygen levels/redox state, availability of nutri-
ents, water activity, and temperature, enabling various populations to thrive and exert
different activities while interacting with their environment, including that of the
human host (7).

The abundant and diverse members of the human gut microbiota exert critical roles
in the maintenance of human health by assisting in the breakdown of food substances
so as to liberate nutrients that would otherwise be inaccessible to the host, by
promoting host cell differentiation, by protecting the host from colonization of patho-
gens, and by stimulating/modulating the immune system. Various epidemiological
studies have established a clear correlation between factors that disrupt the gut
microbiota during childhood on the one hand and immune and metabolic disorders
later in life on the other (8-10). Thus, there are increasing experimental data that
support long-term health benefits elicited by the infant gut microbiota and that also
implicate the early human gut microbiota in modulating risk factors related to partic-
ular adult health conditions (11). This realization has in turn fueled the development of
strategies to influence the development, composition, and activities of the infant
microbiota by use of nutraceutical products (e.g., probiotics and/or prebiotics).

An intriguing feature of the adult gut microbiota is that the development of such a
microbial assemblage reaches a climax status represented by the establishment of a
homeostasis among all its members (12). A wide range of factors can cause shifts in this
microbiota balance, thereby disrupting the gut microbiota homeostasis and causing a
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FIG 1 Microbiota composition across the different infant body sites. A global overview of the relative
abundances of key phyla of the infant microbiota composition in different body sites and at different
stages of early life is shown. Concentric cake diagrams schematically represent interindividual variability.

so-called state of dysbiosis. There is controversy on the exact meaning of dysbiosis,
simply because of the lack of an accurate description of a “normal” or healthy
microbiota. Dysbiosis is usually associated with harmful effects and may have long-term
consequences leading to disorders or diseases, including obesity, diabetes, and inflam-
matory bowel disease (IBD) (13-17). In addition, fluctuations occur in the gut microbi-
ota composition throughout host development from infancy to early childhood, from
young to aging adulthood, and during pregnancy.

Gut Microbiota Development and Dynamics

Each individual can be viewed as an island that consists of various habitats which are
colonized by microbial communities and which follow rules that create and shape
diversity in local assemblages, including dispersal, in situ diversification, environmental
selection, and ecological drift (18, 19) (Fig. 1).

Dispersal is a natural process causing an increase in diversity in local microbial
communities, consistent with the view of the human body as an ecological “island,” an
area of habitat, which is continually sampling the pool of available colonists (19).
Another ecological process that impacts microbial communities is local diversification,
which is based on rapid microbial adaptation via mutation or recombination (19). In this
scenario, horizontal gene transfer events, often driven by phages, may represent one of
the main forces responsible for microbial diversification, especially for those microbes
that share the same ecological niche (20).

Environmental selection represents another key ecological process which shapes
the human microbiota and which may be viewed as a “habitat filter” consisting of an
assemblage of resources and conditions that allow and/or support growth of certain
microorganisms but not others, underscoring the selection of microbial features that
permit survival and growth in the host. Such a scenario assumes that the host
determines the microbiota rather than the other way around. Notably, the overall
profiles that can originate from environmental selection (niche-based interactions) may
vary as a function of the spatial scale across which these processes occur (21).

In addition, the abundances of microbial taxa can change due to another ecological
process, identified as ecological drift or demographic stochasticity. Such an ecological
process is responsible for the disappearance of low-abundance species (e.g., antibiotic-
sensitive strains) unless they gain a competitive advantage across a different ecological
niche or become replenished by dispersal from outside the community (19).

Finally, the microbiota composition and relative abundance of each bacterial mem-
ber are also influenced by phage predation, which acts as a very powerful force that
impacts community structure and dynamics (see below).
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The Holobiont Concept Applied to Infants

The human body is considered a host symbiont or holobiont, which acts as an
ecosystem under selection to minimize conflict between individual members (22). The
holobiont concept does not consider macrobes as autonomous individuals but as
highly organized biological units, which not only consist of the entire eukaryotic cell
arsenal that makes up the host’s body but also include the microbiota contained on or
within the host (23, 24) (Fig. 1). The holobiont concept emphasizes the important role
of coevolution in the assembly and dynamics of the human ecosystem and highlights
that long- and short-term selective pressures on the human microbiota are not inevi-
tably aligned. In this context, genetic variation among the hologenomes, i.e., the
combined genetic content of the host, its organelles, and its associated microbiota, may
happen due to changes in the host genome or modifications of the genomes of the
constituent symbiotic microorganisms (25, 26). Overall, the microbiomes, and conse-
quently their encoded phenotypes, may change through variations in the relative
abundances of specific microorganisms, through modification of the genomes of
existing resident microorganisms, or through loss or gain of microbial symbionts into
holobionts. Interestingly, the genetic variation that may occur within a microbiome
greatly exceeds that of the host genome, while it also develops much more rapidly than
that of the host genome. Therefore, microbial sources of hologenomic variation are
potential targets for evolution, and the microbiome should consequently be considered
in the overall study of human evolution.

An emerging perception from recent studies is that the microbial communities
which belong to the holobiont are particularly important for host health during the
establishment of the infant gut microbiota (27). This developmental trajectory involves
crucial steps such as choreographed gut colonization by bacterial populations, dynamic
alteration in the virome structure, and transkingdom interactions between host and
microbial cells.

Projects Directed To Assess the Composition/Functionality of the Infant Gut
Microbiota

As mentioned above, the microbial gut community plays an important role in
human health (28). Alterations and aberrations in the gut microbiota composition
during neonatal life, which represents the first month of life from the moment of birth,
as well as during infancy, which spans 1 month until 2 years of age, have been
associated with pediatric disorders and the onset of disease in later life (29). We may
assume that the early gut microbiota contributes to disease progression later in life and
that the foundation for a stable adult gut microbiota is already established in infancy.
This notion explains the need for an in-depth comprehension of the infant microbiota
composition and development, the interactions of microbiota members with each
other and their infant host, and the mechanisms by which such host-microbiota
interactions maintain gut homeostasis. Indeed, a number of research efforts, in-
cluding the JPI-HDHL projects EarlyMicroHealth, EarlyVir, and GI-MDH and the French
Epiflore, the Irish Infantmet, and the NIH-funded MOMS-PI projects, in addition to other
publicly and privately funded initiatives, are aimed at understanding the factors that
determine the infant intestinal microbiota composition, establishment, and develop-
ment and their associated long-term health consequences.

In the following sections, we assess the current knowledge about the infant gut
microbiota by analyzing the technical approaches employed to catalogue infant gut
microbial consortia and reconstruct the functionalities exerted by these communities.
In addition, we discuss the mechanisms responsible for development, transmission,
establishment, and persistence of microorganisms in the infant gut and their implica-
tions for health in regard to early and long-lasting outcomes. We also analyze how the
microbial consortia can be modulated by natural and/or artificial interventions. Fur-
thermore, we discuss the relevance of some of the most dominant microbial members
of the infant gut in terms of current knowledge regarding their biological role(s).
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FIG 2 General overview of the bioinformatic pipelines for the 16S rRNA gene microbial profiling and shotgun metagenomics. Starting from DNA extraction of
a microbial community and subsequent sequencing, the pipeline generates taxonomic profiling of the microbiota and the reconstruction of microbial genomes
with corresponding functional analyses of the genes.

TECHNICAL APPROACHES FOR MICROBIOTA DETERMINATION
General Features

Although microorganisms are abundant and ubiquitous, we currently lack a funda-
mental mechanistic understanding of many of the key roles played by microorganisms
in nature, including those that reside in the human body (30). Until the recent
development of novel culturomics approaches (31), only a very small fraction of the
human gut microbiota had been isolated and studied in pure culture (30). The pre-
sumption that a large proportion of the human gut microbiota was uncultured (32)
prompted the development of culture-independent approaches, i.e,, metagenomics,
metatranscriptomics, and metaproteomics, to discover the identities, activities, and
functional roles of the so-far-uncultivated members of the gut microbiota (Fig. 2).
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 represents
the current standard methodology for profiling complex microbial communities, al-
though shotgun metagenomics is progressively replacing 16S rRNA gene-based micro-
bial profiling analysis (see below). The 16S rRNA gene-based microbial profiling ap-
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proach relies on universal primers for amplification of single or multiple hypervariable
regions of the 16S rRNA gene (33). Reads of the obtained amplicons, having been

AQ: A retrieved from a next-generation sequencing (NGS) platform, are processed using
bioinformatic pipelines, such as the popular Qiime software suite (34) or Mothur (35),
thus allowing the reconstruction of the microbial composition of the analyzed envi-
ronmental sample. This methodology also facilitates identity assignment for unknown
members of microbial communities through discrimination based on the sequences of
their unique hypervariable regions (36). Furthermore, sequencing of a microbiome, an

AQ:B approach called metagenomics, has been developed to confirm both the phylogenetic
and the functional gene repertoire of the gut microbiota (37). However, one of the
limitations of metagenomic approaches is that the microbiome data do not provide
information on whether or not genes are expressed at any given time. Other omics
approaches have been developed to counteract these limitations, including the se-
quencing of the whole microbial RNA pool of a given sample, i.e.,, metatranscriptomics,
or analysis of the overall protein content or proteome, i.e.,, metaproteomics. Notably,
similar to the case for the metagenomics approach, the usefulness of the latter two
technologies is limited by the fact that many genes or their homologs (and thus their
products) are not functionally characterized. Finally, assessment of the (microbially)
produced metabolites, i.e.,, metabolomics, will generate an overall signature represent-
ing microbial activities.

The Gold Standard Methodology for Microbiota Determination

Many human gut microbiota studies have relied on 16S rRNA gene-based
microbial profiling analyses. The 16S rRNA gene encompasses nine different vari-
able regions, i.e., V1 to V9, each flanked by highly conserved DNA sequences that
are suitable for PCR primer binding (38). However, no standard approach exists 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 biolog-
ical samples, and very often the decision to employ a particular primer pair is based
on historic use, anecdotal evidence, or/and current literature (39-42). In addition,
none of the currently available DNA sequencing technologies offers full-length
gene sequencing at sufficient depth for cost-effective multiplexing of multiple
samples in a single run.

As mentioned above, an alternative to human gut microbiota cataloguing through
16S rRNA gene microbial profiling is shotgun metagenomic sequencing. This approach
bypasses gene-specific amplification and potentially sequences all (fragmented) DNA
extracted from the analyzed environmental sample, including that from unclassified
bacteria and viruses. Shotgun metagenomics provides substantially more information,
including insights into functional aspects of the microbial community, than 16S rRNA
gene-based microbial profiling. In this regard, it does not suffer from the potential bias
of the amplification reaction required for 16S rRNA gene-based profiling. More specif-
ically, shotgun data can be employed to explore the repertoire of genes partici-
pating in a wide range of metabolic processes, such as those involved in biosyn-
thesis 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 provide insights into a plethora
of functional aspects of the gut microbiome, such as antibiotic resistance, degra-
dation of conjugated bile salts, presence of (pro)phages, extracellular structures
responsible for adhesion, and immunomodulation. Moreover, an assembly-based
approach can be exploited to reconstruct complete or partial genomes of so-far-
uncultivated taxa, enabling the exploration of what until recently was referred to as
microbial dark matter (43).

However, interpretation of the enormous amount of data obtained from DNA
sequencing of complex bacterial communities, such as those residing in the gas-

AQ:C trointestinal tract (GIT), requires substantial processing power and bioinformatic
pipelines for sequence information management, interrogation, and administration
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(30). Moreover, it should be mentioned that underpopulated reference databases
and poor functional characterization of many genes considerably limit the use-
fulness of the metagenomic approaches employed to investigate the gut micro-
biota.

Novel NGS-Based, Cutting-Edge Approaches To Achieve a High-Definition Image
of the Gut Microbiota Composition

16S rRNA gene-based microbial profiling analyses provide insights into the compo-
sition of the human gut microbiota at a taxonomic level that is mostly higher than
species level (44). Thus, in order to overcome this limitation and to obtain a more
detailed image of the composition of the human gut microbiota, i.e., at the species or
even subspecies level, it is necessary to target a molecular marker that is much more
variable at the interspecies level than the 16S rRNA gene. The internally transcribed
spacer (ITS) sequence, which represents a spacer region between the 16S rRNA and the
23S rRNA genes within the rRNA locus, represents a valuable genetic marker for such
a purpose. An ITS-based protocol known as ITS bifidobacterial profiling analysis was
applied to achieve a detailed image of bifidobacterial communities (45). This ITS-based
approach can differentiate between closely related bifidobacterial taxa at the subspe-
cies level and thus can resolve the bifidobacterial community composition in complex
ecosystems, including the human gut (45, 46). In this context, the ITS bifidobacterial
profiling approach was shown to identify bifidobacterial strains from the infant micro-
biota that apparently had been acquired by vertical transmission (from the correspond-
ing mother) (47).

Complete genome analysis of the human gut microbiome implies decoding the
complete genome sequence of each constituent strain. The possibility of achieving this
goal is very challenging because of the complexity of the gut microbiota, which may
include hundreds of operational taxonomic units (OTUs). In addition, the inability to
simulate, under in vitro testing, the essential conditions of the ecological niches renders
the cultivation of most members of the gut microbiota even more difficult. Single-cell
genomics can productively contribute to the genomic characterization of the micro-
biome. Standard approaches to single-cell analyses involve the physical isolation of the
microbial cell, followed by extraction of chromosomal DNA from each cell and ampli-
fication of its genomic content (48). Notably, single-cell genome sequences can be
obtained directly from crude samples, thus generating reference genome sequences
for those gut microorganisms that are recalcitrant to cultivation (49, 50) or that
represent rare community members (51). However, the currently available single-
cell approaches are still not particularly efficient, while the quality of the attained
data and the possibility of contamination may skew output data compared to that
obtained by standard genomic methods. Furthermore, single-cell data sets enable
the recovery of only about 35% of the genomic data. Single-cell genomics, in
particular if this technique can be further improved, is expected to fill important
gaps in our understanding of the contents and structure of the human gut
microbiome. Nonetheless, despite promising developments of microfluidic technol-
ogies for microbial single-cell analysis, actual implementation of this approach
remains very challenging.

A recently applied approach to infer the gut microbiota composition at high
resolution down to the strain level without performing any isolation and cultivation of
bacterial strains involves the reconstruction of a genome sequence of an individual
microbiota member from shotgun metagenomic data (52). Such an NGS approach not
only provides taxonomic information about strain identity but also provides very useful
data related to the genetic makeup of the organism, thereby providing metabolic and
evolutionary insights (52).

An interesting tool aimed at determining the composition of the human gut
microbiota at high resolution (down to the strain level) is named MetaPhlAn (53). This
software relies on read mapping to a precomputed database of strain-specific marker
genes generated through comparative analysis of all publicly available bacterial ge-
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nome sequences. The main criticism of this approach is that only previously sequenced
species can be profiled, thus ignoring the presence of as-yet-unknown/uncultured
members in the population.

Culturomics Approaches

During the last decade, the above-mentioned culture-independent approaches have
been applied mostly in order to dissect the human gut microbiota composition,
whereas microbial cultivation techniques have, to a degree, been neglected (54). This
has caused a substantial knowledge gap between bacterial species that reside in the
human gut but have not yet been cultivated and those that have been isolated and
cultivated (54). It has been reported that approximately 56% of gut bacteria detected
by NGS approaches have cultured representatives (55, 56). With the advent of so-called
culturomic approaches, this gap is being closed. Culturomics employs high-throughput
cultivation conditions to investigate the human gut microbiota. Recently, various
culturomics studies of human stool samples involved the formulation of complex
growth media, which allowed the isolation and cultivation of a considerable number of
novel gut microorganisms (57-59).

ESTABLISHMENT AND DEVELOPMENT OF THE INFANT INTESTINAL MICROBIOTA
Microbial Colonization of the Infant Intestine

Colonization of the infant gut represents the de novo assembly of a complex
microbial community (19), a process that is influenced by several environmental and
host factors (60) (Fig. 3). Until recently this colonization process was thought to begin
at birth. However, this dogma of a sterile in utero environment has been challenged. A
growing body of scientific evidence has provided indications of bacterial presence in
the placenta, umbilical cord, and amniotic fluid in healthy full-term pregnancies
(61-63). While these observations suggest that microbial exposure may start before
delivery, thereby allowing colonization of the fetus with early pioneers derived from the
maternal microbiota, several other studies have put forward arguments against such a
possibility of in utero gut colonization (for further details, see elsewhere in this review)
(64-66).

The development and maturation of gut microbiota constitute a dynamic and
nonrandom process, in which positive and negative interactions between key microbial
taxa take place (67, 68). This process is influenced by various perinatal conditions, such
as mode of delivery, type of feeding, and antibiotic usage. Diet, the mother’s age and
metabolic status, and family genetics and lifestyle have also been reported to impact
the infant microbiota, although these are more difficult to determine and quantify in
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humans. In the following section, we describe how these factors are thought to
influence the development of the infant gut microbiota.

Main Drivers of the Microbial Colonization of the Infant Intestine

Mode of delivery. As indicated above, in full-term infants, the delivery mode is
recognized as an important driver of the early gut microbiota composition (69).
Vaginally delivered infants come into contact with the maternal vaginal and fecal
microbiota, which results in neonatal gut colonization by vagina-associated microbes
such as Lactobacillus and Prevotella (70, 71). In contrast, caesarean section (C-section)-
delivered infants are not directly exposed to maternal microbes and are thus more
likely to become colonized by environmental microorganisms from maternal skin, the
hospital staff, or the hospital environment (2, 60, 71-73). Several studies using different
culture- and molecular-based methodologies, including the recently employed high-
throughput sequencing technologies and metagenomics approaches, have described a
deviating gut microbiota in these infants (2, 70, 73). Proteobacteria and Firmicutes were
reported to be the main phyla represented during the first days of life, with Actino-
bacteria appearing in the feces of C-section-delivered babies at day 7 to 15 following
birth (74). Infants born by C-section also show a reduced complexity of the gut
microbiota and are less often colonized by microorganisms such as Bifidobacterium and
Bacteroides, while being more frequently colonized by members of Clostridium sensu
stricto (cluster 1) and Clostridium difficile (70, 71, 74-79).

These differences between vaginally and C-section-delivered babies gradually de-
crease, but C-section-delivered infants remain more heterogeneous than vaginally born
infants up to 12 months of life (73, 80). Notably, persistent differences in the gut
microbiota between C-section- and vaginally delivered children have been detected in
children as old as 7 years (77, 78, 81). In contrast, a very recent publication reported no
discernible effect of C-section on the early microbiota beyond the immediate neonatal
period (82, 83). The observed microbiota differences between vaginally delivered and
C-section-delivered babies have been associated with the protective effect of natural
birth, particularly since it has been suggested that C-section has long-term health
implications. In fact, the levels of various cytokines have been shown to be remarkably
reduced in infants born by C-section (76, 84), while C-section delivery has also been
associated with an increased risk of immune disorders such as asthma (85), allergy (86),
and type 1 diabetes (T1D) (87) and with a higher incidence of obesity (88). Notably, the
finding that the mode of delivery impacts the health status throughout adulthood,
while the effects on gut microbiota composition decrease after the first years of life,
underlines the relevance of early gut microbiota in the maturation and development of
the host’s immune system.

Gestational age at birth. Gestational age is another important factor in the estab-
lishment of the infant gut microbiota. Neonates are termed preterm when they are
born prior to 37 full weeks of gestation (89). Preterm infants may initially, depending on
the degree of prematurity, have to overcome serious health challenges. They often
present with an immature gut and with immune, respiratory, and neurological issues,
while they suffer from exposure to extensive antibiotic and other drug treatments.
These neonates usually endure long stays in hospitals, frequently being put on artificial
respiration and fed artificially or parenterally. All these factors are likely to interfere with
the natural pattern of microbiota acquisition and development, thus resulting in an
aberrant establishment or deviating composition of the intestinal microbiota. Several
studies have reported differences in the fecal microbiotas of premature and full-term
neonates. Preterm neonates exhibit delayed gut colonization with commensal anaer-
obic microbes, such as Bifidobacterium or Bacteroides, where instead their stools contain
significantly higher levels of Enterobacteriaceae, Enterococcus, and other (opportunistic)
pathogenic microorganisms than fecal material from full-term neonates (79, 90-94).
Gram-positive bacteria, such as Staphylococcus, Enterococcus, and clostridia, dominate
the gut microbiota of very premature infants during the first month of life, while
Gram-negative microorganisms such as Enterobacteriaceae and Veillonella may be
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variably present in such cases (95). A pattern of colonization and succession of bacterial
classes from Bacilli to Gammaproteobacteria to Clostridia was observed in a very-low-
birth-weight (VLBW) premature population (96). In the latter study, the microbiota
seemed to evolve with periods of abrupt population changes and with a common
endpoint where the premature gut was shown to be colonized by anaerobes, partic-
ularly clostridia (96).

Although gestational age has been proposed to be the most important driver of the
premature gut microbiota establishment, a huge interindividual variability is observed,
likely related to the cooccurrence of a variety of factors cited above. It is important to
underline that the aberrancies observed render the preterm infant microbiota more
unstable than that of full-term equivalents, and a premature infant microbiota is
believed to be associated with a delay in the transition to and establishment of an
adult-type signature microbiota (97). These alterations may dramatically affect short-
and long-term health. Indeed, the interaction between the altered premature neonatal
microbiota and their immature immune system may cause inflammatory responses and
facilitate infectious disease (98, 99). In fact, the composition of the intestinal microbiota
of the preterm infant has been correlated to an increased risk of necrotizing entero-
colitis (NEC) or sepsis (100-102), as discussed below. Moreover, the premature gut
microbiota is different not only in composition but also in functionality. The main
short-chain fatty acids (SCFAs) produced by the intestinal microbiota were found at
lower levels in fecal samples from premature and VLBW infants than in the feces of
full-term babies (92, 103). Metabolic pathways potentially affected by prematurity have
also been identified by the use of functional inference analyses, with a higher frequency
of genes related to xenobiotic biodegradation and metabolism and lipid metabolism
and a lower frequency of genes related to energy metabolism and biosynthesis of
cofactors and vitamins being present in fecal samples of premature infants than in
those of full-term counterparts (103). Premature neonates were found to display an
enrichment of bile acid derivatives, showing an altered lipid metabolism (79). Moreover,
the metabolomes of urine samples from premature infants were shown to be higher in
vitamins D and E (79).

Infant feeding mode. Feeding type is another major factor determining early
microbial colonization and, therefore, influencing the neonatal gut microbiota compo-
sition and gastrointestinal function. The differences in the gut microbial composition
between breastfed and formula-fed infants are well documented (4, 104), with in-
creased levels of bifidobacteria being present in the former group of infants. Breast-
feeding provides a mix of nutrients and promicrobial and antimicrobial agents, which
favors the development of a so-called “milk-oriented microbiota.” IgAs obtained from
breast milk promote a regulatory and more “tolerogenic” immune system (105). Breast
milk also contains human milk oligosaccharides (HMOs), which can selectively shape
the growth and function of beneficial microbes (see below).

The gut microbiota of breastfed infants exhibits lower diversity than that of bottle-
fed counterparts (106). Transcriptomic analyses of intestinal epithelial cells has shown
that the infant feeding type also affects host gene expression, with breastfeeding
enhancing transcription of genes that are associated with immunological and meta-
bolic activities (73, 107). Formula-fed infants are exposed to different carbohydrates,
bacteria, and (micro)nutrients, causing different microbial colonization patterns of the
gut. In this context, several publications have reported that stools of breastfed infants
contain higher levels of bifidobacteria and lactobacilli and lower levels of potential
pathogens than those of their formula-fed counterparts, with the latter being associ-
ated with a more diverse gut microbiota that is dominated by staphylococci, Bacte-
roides, clostridia, enterococci, enterobacteria, and the genus Atopobium (78, 80, 106,
108-110). As a consequence of these microbiota differences, the levels of SCFAs are
also different in the stools of breastfed versus formula-fed infants, with propionate and
butyrate being present at higher levels in the latter group (111). Furthermore, it seems
that infants fed with formula milk achieve an early divergence toward an adult-like
microbiota composition (73).
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During the exclusive milk-feeding period, the infant microbiota seems to fluctuate
and the bacterial succession phenomenon continues, progressively diversifying until
weaning, when it changes toward the adult-like microbiota in becoming more stable
and complex (112-114). The impact of the weaning stage on microbiota development
has been considerably less investigated than that of the early (exclusively milk) feeding
stage (113, 114). During weaning, due to the complementary introduction of a variety
of novel food substances and nutrients, the alpha diversity increases, resulting in the
replacement of Proteobacteria and Actinobacteria by Firmicutes and Bacteroidetes phyla
as the dominant members of the infant microbiota (112, 113). A survey of the gut
microbiota development during the complementary feeding period, between the 9th
and 18th months following birth, revealed an increase in the relative abundances of
some major bacterial families, including Lachnospiraceae, Ruminococcaceae, Eubacteri-
aceae, Rikenellaceae, or Sutterellaceae (115). In contrast, the relative abundances of
Bifidobacteriaceae, Actinomycetaceae, Veillonellaceae, Enterobacteriaceae, Lactobacil-
laceae, Enterococcaceae, Clostridiales incertae sedis Xl, Carnobacteriaceae, and Fusobac-
teriaceae decreased during the transition from the infant to the toddler stage (115),
which is in agreement with previous reports (3, 73, 80, 116, 117). Increased protein
intake was shown to be correlated with an increase in Lachnospiraceae and a decrease
in saccharolytic bacteria such as members of the Bifidobacteriaceae family, which are
generally associated with breast milk and early infant feeding, while ingestion of fiber
was demonstrated to be associated with higher levels of Prevotellaceae (115). Interest-
ingly, two species, Faecalibacterium prausnitzii and Akkermansia muciniphila, which are
either absent or present at very low levels during early infancy, increase in abundance
to adult levels at 12 months and 24 months, respectively (3). In the latter case, the
increase may reflect the gradual increase of the production of mucin, which is the main
carbohydrate fermented by A. muciniphila and which is present at very low level during
early infancy (see below).

The cessation of breastfeeding and the transition to more varied, solid foods is
considered to cause an increase in alpha diversity of the infant gut microbiota (73, 115,
118). Moreover, the changeover from human milk to formula (i.e., bovine) milk also
strongly influences the development of gut microbiota. Just 5 days after breast milk
cessation, an increase in the relative abundances of the Bacteroides, Blautia, and
Ruminococcus genera, among others, and a decrease in the relative abundances of
Bifidobacterium, Lactobacillus, and enterobacteria have been observed, with an increase
in alpha diversity and fecal pH (119). In addition, the observed bacterial diversity
increase contributes to functional changes. An increase in total levels of SCFAs, in
particular butyrate, has been reported (80, 113). The dietary shift from exclusively
milk-based to solid foods induces the development of a mature microbiota with genes
responsible for complex carbohydrate, starch, and xenobiotic degradation as well as
vitamin production (113). The adult-like microbiota is functionally more complex and is
structured to metabolize plant-derived polysaccharides from the adult diet, providing
mutual benefits to host and microbe (116).

Maternal diet. There is growing interest in understanding the effects of maternal
body mass index (BMI) on the infant gut microbiota (72). Recently, it has been observed
that the infant’s fecal microbial composition is influenced by the BMI and weight gain
of the mother during pregnancy (120). Overall, fecal Bacteroides and Staphylococcus
concentrations were shown to be significantly higher in infants of overweight mothers
during the first 6 months of life; on the other hand, bifidobacterial counts were
determined to be higher in infants from nonobese mothers. These observations have
not, however, been confirmed by other authors (121). Moreover, information regarding
the impact of breastfeeding and its correlation with the mother’s weight and number
of children is currently not available. These parameters may act as confounding factors,
thus indicating the need for further investigations.

Environment (family lifestyle and geographical location). Family members and
close relatives (siblings) have also been described as a relevant environmental factor
that may influence the pattern of infant gut microbiota colonization (60), but as yet,
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definitive evidence of the effects of family size, structure, and birth order has yet to be
established (72). Infants 1 month of age, who were recruited from the KOALA Birth
Cohort Study in The Netherlands, with older siblings were shown to have a higher
number of bifidobacteria in their gut microbiota than infants without siblings (78). It
was also reported, in this case as part of the ALLERGYFLORA study, that infants without
older siblings had increased proportions of non-Escherichia coli enterobacteria as well
as clostridia in the gut but also a lower anaerobe-to-facultative anaerobe ratio (75). In
a recent study performed with a Danish cohort, the presence of older siblings was
shown to be associated with increased gut microbial diversity and richness during early
childhood, while the presence of household pets had less-pronounced effects on the
gut microbiota (122). The concept of the “sibling effect,” which may contribute to the
substantiation of the hygiene hypothesis, remains controversial, and more studies in
this area are needed.

Geographical location may also have an impact on the microbiota, as microbiota
differences appear to be related to dietary patterns and lifestyle in a specific area (60).
Additionally, different ethno-geographic populations have distinct regional diets and
cultural practices (123). For example, children living in a rural village in Africa harbor a
microbiota different from that of children living in an urban region in Italy (124), while
several other studies have investigated the geographical effect, as linked to ethnicity
and/or diet, on microbial diversity and composition (4, 112, 125-128). Fecal sample
analyses of children living in an urban slum in Bangladesh point to a gut microbiota
significantly different from that of children of the same age range in an upper-middle-
class suburban community in the United States. In particular, children from these two
different geographical locations had a distinct fecal bacterial community composition
and structure, with the microbiota of Bangladeshi children being enriched in Prevotella
and depleted in Bacteroides compared to that of U.S. children (126). Another analysis
comparing southeastern African and northern European infants reported distinctions in
bacterial group composition, with the genus Bifidobacterium and the group Bacteroides-
Prevotella being present at a higher abundance in African children (125). Overall, it
seems that home structure and family settings (rural versus urban) affect colonization
of the gut microbiota after birth, although more studies are needed to establish the
exact contributing factors.

Host genetics. There is growing scientific evidence indicating that host genetics
influences the acquisition and development of the infant gut microbiota (129-131). In
this context, the contribution of host genotype in shaping the microbiota composition
and structure has been assessed in human twins and family relatives. In this regard, a
study with children younger than 10 years old reported higher levels of microbial
similarity in genetically identical twins than in fraternal twins and unrelated controls
(132). However, subsequent analyses performed by other authors did not identify
significant differences in bacterial diversity between monozygotic and dizygotic twins
(133, 134). Remarkably, a recent analysis of a large cohort (1,539 individuals; age range,
18 to 84 years) established a clear association between host genotype and the relative
abundances of different bacterial taxonomies in adulthood. In that work, the authors
(135) found that single nucleotide polymorphisms (SNPs) located in the LCT locus
(responsible for human lactase production) are related to varying abundance of Bifi-
dobacterium and found an association between host genetics and intake of dairy
products. This highlights the need for further research on the interaction between
human genotype, diet, and microbiota development.

Altogether, the almost infinite combinations of these environmental, family-
associated, and genetic factors are responsible for the unique bacterial population
harbored by the gut of each individual.

POTENTIAL MATERNAL-FETAL TRANSFER OF MICROBIOTA
Is There Actually a Maternal-Fetal Transfer of Microbiota?

The notion that the human fetal environment is sterile under physiological condi-
tions (the “sterile womb paradigm”) has been an accepted dogma for decades. Ac-
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cording to this concept, microbial colonization of the healthy newborn intestinal tract
starts during and after birth, by both vertical (from the mother’s microbiota) and
horizontal transmission. Most studies that established the sterile womb paradigm
employed traditional culture-based methods and microscopy, which, despite their
limitations (such as their failing to detect viable but noncultivable microbes), are still
considered valid today.

In contrast, many recent studies (most of them employing state-of-the-art,
cultivation-independent techniques) have challenged this traditional view and have
proposed that acquisition of the human microbiota begins in utero (see subsections
below). If certain, this notion would change our understanding of gut microbiota
acquisition and its role in human development. However, while it is possible that not
all healthy babies are born sterile as was previously assumed, it is also true that the data
that support the “in utero colonization hypothesis” must be taken with extreme caution,
since most of them were obtained with particular methodological limitations (136).

For example, the detected bacterial DNA may belong to dead organisms, rather than
viable microorganisms, which have been found in only very few studies in samples that

AQ:D originated from the fetal environment (66). Furthermore, it has been pointed out that
the highly sensitive molecular techniques employed to study the low-abundance,
fetus-related microbiome tend to detect contaminating microbes, thereby generating
false-positive results. Avoiding contamination is nearly impossible when collecting
samples related to the in utero environment within a clinical setting. Furthermore, the
presence of contaminating DNA in PCR reagents, DNA extraction kits, and molecular
biology-grade water (137, 138) is a particularly relevant challenge when working with
samples that contain an extremely low (or no) microbial biomass, such as those
obtained from the placenta, amniotic fluid, or meconium of healthy subjects. Therefore,
if contaminating DNA is present and amplified during the PCR step, this will cause
incorrect results and conclusions (139). A low level of (or no) bacterial target DNA in a
sample has been shown to correlate with a higher proportion of bacterial sequences
being attributable to contamination (64, 65). In this context, it has been reported that
only an estimated 0.002 mg of bacterial DNA can be extracted from each one-gram
placental tissue (63).

Contaminating DNA sequences typically correspond to water- and soil-associated bac-
terial genera, including Acinetobacter, Alcaligenes, Bacillus, Bradyrhizobium, Herbaspirillum,
Legionella, Leifsonia, Mesorhizobium, Methylobacterium, Microbacterium, Novosphingobium,
Pseudomonas, Ralstonia, Sphingomonas, Stenotrophomonas, and Xanthomonas. Interest-
ingly, a high proportion of the taxa considered “the placenta microbiome” (including
core members) in a highly cited publication overlaps with the microbial groups
indicated above (63). In a recent study, placental samples from healthy deliveries and
a matched set of controls (to check for the impact of contaminations) were subjected
to 16S rRNA gene sequencing and microbiota analysis, which indicated that the
microbiota data obtained from placental samples and controls could not be distin-
guished (64, 65, 140).

Although the presence of contaminating DNA has been acknowledged in the
literature, its possible impact on 16S rRNA gene-based profiling and shotgun metag-
enomic analyses of samples that typically contain low biomass has not properly been
taken into consideration in the currently available infant gut microbiomes (64, 65).

The presence of microorganisms in meconium and amniotic fluid is frequently
considered evidence supporting the in utero colonization hypothesis. However, it has
been argued that only a relatively small subset of such samples contains detectable
microbes, which could be, at least partly, the result of postnatal colonization in the case
of meconium samples or of prelabor rupture of membranes in that of amniotic fluid (66,
140, 141).

Finally, gnotobiology has been claimed as the strongest evidence against the
existence of microbiomes in the fetal environment because of the ability to derive
germfree animals via C-sections and subsequently raise the offspring in a sterile
environment (66). This fact has to be taken in account, although on the other hand, it
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may be challenging to transfer results obtained in a germfree system to those derived
from a conventional host (142).

In conclusion, concerns have been raised by the scientific community regarding the
“in utero colonization hypothesis” because most of the studies employed molecular
approaches that are unsuitable to study “low-biomass” microbial populations, lacked
appropriate controls to account for contamination, and/or did not show bacterial
viability (64, 66). However, the unambiguous presence of bacteria has occasionally been
found in fetus-related samples (143). Although “in utero colonization” skeptics argue
that this finding is due to subclinical conditions, it also indicates that fetal colonization
may, at least occasionally, occur and that this subject (and its relation to maternal, fetal,
and infant health) deserves further research. In addition, it is widely accepted that
exposure of the fetal environment to microbial metabolites and compounds (including
DNA) from the maternal microbiota may have a major impact on the pregnancy
outcome and infant development (144-146). However, research regarding the role of
viable bacterial cells or their DNA must be strictly controlled for DNA contamination
during sample collection and processing in order to determine which observations are
scientifically accurate. Recommendations to reduce the impact of contaminants in
sequence-based, low-biomass microbiota studies have already been made (64, 65). The
sections below should therefore be read with caution, keeping in mind that this is still
a highly controversial area.

The Reproductive Microbiota before Pregnancy

As we learn more about the human microbiota, it appears that its complex inter-
actions with the host occur on most epithelial and mucosal surfaces, even those
belonging to organs that in the past were considered sterile under physiological
conditions (Fig. 4). Until recently, the concept of a reproductive tract microbiota,
playing active roles in health and disease, was limited to the vaginal cavity (147, 148).
As an example, bacterial vaginosis, a condition that is characterized by a deviating or
so-called dysbiosis state, is the most prevalent vaginal disorder and is associated not
only with an increased incidence of intra-amniotic infection, a higher incidence of
preterm delivery, and spontaneous abortion (149-152) but also with a reduced ability
to conceive (153, 154).
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In contrast to the case for the vagina and cervix, the anatomical site of conception
and overall fetal environment, which encompass the fallopian tubes, endometrium,
placenta, and amniotic fluid, were believed to be sterile (155). In fact, the notion that
fetuses are sterile in utero and that microbial colonization of the newborn starts during
and after birth had been widely accepted since the beginning of the 20th century. Thus,
the search for microorganisms in samples from such environments was pertinent only
when there were signs of infections related to adverse obstetric outcomes such as
preterm rupture of membranes, chorioamnionitis, miscarriage, and preterm deliveries
(62, 148, 156-163).

However, various publications have reported on the presence of a physiological
microbiota at every stage and in every location related to human reproduction body
compartments, including the reproductive tracts of both females (e.g., ovary,
follicle, oocyte, fallopian tube, uterus, cervix, and vagina) and males (e.g., testes,
semen/spermatozoa, prostate, and seminal glands), as well as fetal structures such as
the placenta and umbilical cord (155, 164, 165). The understanding that these bacteria
form their own biofilms in the human reproductive tracts, allowing complex interac-
tions with the gametes, embryo, or fetus and with the maternal tissue interface, may
provide new insights in the field of fertility and lead to advances in assisted reproduc-
tive technology (165).

The Endometrial Microbiome
As stated above, the uterus has traditionally been considered sterile in the absence
AQ:E of infection (166). In 1989, Hemsell isolated up to 231 bacterial species from 49 out of
55 endometrial samples collected from asymptomatic women without a history of
previous uterine infection, providing the first deviating view on this (until then)
uncontroversial subject (533). However, the number of subsequent studies dealing with
the uterine microbiota in healthy women has remained very small, even after the
availability of culture-independent techniques.

Recently, the microbiota composition of endometrial tissue and mucus samples
from 19 nonpregnant women scheduled for hysteroscopy, yet without uterine anom-
alies, has been analyzed by 16S rRNA gene microbial profiling (167). Notably, such
analyses highlighted the occurrence of bacteria in all samples, thus supporting the
notion of a natural microbiota in these body compartments (167).

Furthermore, the endometrial microbiota in women undergoing single-embryo
transfer was characterized (168) by 16S rRNA gene microbial profiling. Remarkably,
microbial taxonomy assignments were carried out in samples from 33 patients, of
whom 18 became pregnant and 15 did not. Several dominant bacterial genera, such as
Flavobacterium and Lactobacillus, were present in both patient groups (women with or
without ongoing pregnancy), while others appeared to vary by outcome. However, the
differences in the relative abundances of these taxa between the patient groups did not
reach statistical significance.

Recently, data from another study have reinforced the hypothesis that the compo-
sition of the endometrial microbiota influences the rate of success of implantation
(169). Notably, the results of this work, involving patients undergoing in vitro fertiliza-
tion, showed that the bacterial communities identified in the collected endometrial
fluid and vaginal aspirate samples are distinct. Interestingly, the microbiota composi-
tion in the endometrial fluid could roughly be classified as “Lactobacillus dominated” or
“non-Lactobacillus dominated,” where the presence of a non-Lactobacillus-dominated
endometrial microbiota was associated with significant decreases in implantation,
pregnancy, ongoing pregnancy, and live birth rates (169).

It is probable that the uterine microbiota influences the immune environment
during conception, since it has been reported that the cytokines involved in endome-
trial receptivity and embryo development are affected by infection (170). An altered
microbial consortia in endometrial fluid may trigger an inflammatory response in the
endometrium compromising the success of embryo implantation, since a tight regu-
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lation of inflammatory mediators is required during the adhesion of the blastocyst to
the endometrial wall (171).

Other recently published studies using culture-dependent and -independent tech-
niques not only have reported the presence of live bacteria and bacterial DNA,
respectively, in endometrial samples (172) but also have indicated that dysbiosis in the
uterine microbiota may be related to a variety of adverse gynecological or obstetric
outcomes, including endometritis, endometriosis (173), endometrial polyps (174), and
endometrial cancer (175).

The process of conception and implantation is very complex, and recent findings
suggest that reproductive success is defined not exclusively by endometrial histology
and eukaryotic gene expression but also by the contribution of the microbiota residing
in the reproductive tract (176).

Microbiotas of the Placenta and Meconium

Relatively few analyses have examined the uterine microbiota associated with
healthy, full-term pregnancies, partly because of the enduring influence of the sterile
womb paradigm but also because of technical and ethical issues that make it hard to
obtain representative samples from healthy pregnancies before birth (89). However, the
presence of bacteria in amniotic fluid was first reported in 1927 in samples collected
during C-sections (161). Later, a culture-based study was able to isolate bacteria from
21% of placentas after noninfected, full-term deliveries (177). During the last decade, a
more overt challenging of the in utero sterility dogma has led to an increasing number
of reports describing the presence of bacteria or bacterial DNA in a healthy placental
environment (161, 178, 179).

With the isolation of commensal bacteria in meconium samples from healthy
neonates born by either vaginal delivery or caesarean section, the presumption of
sterility of in utero fetuses has been challenged (180). Such findings suggest that
full-term fetuses are not completely sterile and that a mother-to-fetus efflux of com-
mensal bacteria mediated by the placenta may occur. Bacteria belonging to Enterococ-
cus faecium, Propionibacterium acnes, Staphylococcus epidermidis and Streptococcus
sanguinis were also isolated from umbilical cord blood of healthy neonates born by
caesarean section (61). Bacterial counts ranged from 30 to 300 CFU/ml after an
enrichment step, suggesting that the initial bacterial numbers in such samples must be
extremely low. The identified species associated with the umbilical cord are naturally
present in infants immediately after birth (181, 182), being generally regarded as
commensals in healthy infant hosts.

In situ hybridization using a fluorescent probe targeting a highly conserved region
of the 16S rRNA gene allowed the detection of bacteria in most fetal membrane
samples (>73%) after term delivery (183).

A careful microbiological investigation indicated the occurrence of intracellular
bacteria of diverse morphologies in the maternal basal plate in 27% of 195 sampled
placentas, although no results beyond Gram classification and cell morphology were
obtained in that work (143). No differences were observed between placental basal
plates from preterm or term gestations, and intracellular bacteria were detected in
placentas without clinical or pathological chorioamnionitis. These results were corrob-
orated by a culture-based study, which identified bacteria in 16.4% of placentas from
noninfected pregnancies (184).

Recently, application of whole-genome shotgun metagenomics to placental speci-
mens collected under sterile conditions from 320 subjects suggested that the placenta
harbors a low-abundance yet metabolically rich site-specific microbiome, composed
largely of nonpathogenic commensals that belong to the Firmicutes, Tenericutes, Pro-
teobacteria, Bacteroidetes, and Fusobacteria phyla (63). At the species level, Escherichia
coli appears to dominate placental bacterial communities. Notably, the microbial
profiles that have been found in the placenta and their associated genomic composi-
tion revealed intriguing similarities with those identified in the oral environment (185).
Furthermore, the dominance of E. coli sequences suggests a direct or indirect connec-
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tion between the placental microbiota and that of the maternal gut, where this species
is a common and abundant microbial resident. Altogether, these data indicate that the
entire maternal digestive tract, i.e., from the oral cavity to distal colon, plays a key role
in placental colonization.

It has been found that the placental microbiota varies depending on the birth
weight of full-term neonates, where the relative abundance of Lactobacillus sequences
appears to be negatively associated with birth weight (186). Interestingly, the taxo-
nomic profiles that seem to be associated with either term or preterm pregnancies are
accompanied by changes in bacterium-encoded metabolic pathways, which are inde-
pendent of delivery mode (185). It is well known that metabolic syndrome and obesity
are linked with a state of inflammation and dysbiosis. In fact, obesity during pregnancy
has been associated with macrophage accumulation and inflammation in the placenta
(187-189) and also with preterm delivery (190-192). Recently, it has been shown that
the placental microbiota varied among 320 women with spontaneous preterm birth
depending on their excess gestational weight gain but not on obesity (193). Excess
gestational weight gain was shown to be associated not only with significant changes
in the placental microbiota (including decreased species richness) but also with alter-
ations in the associated microbiome-encoded metabolic pathways (193).

Studies investigating nonbacterial components of the human reproductive micro-
biota are urgently required since they may play relevant, yet still unknown, roles in
supporting or preventing successful and healthy reproduction upon interaction with
bacteria and host cells. For example, it has been suggested that commensal bacteria
that are present in or on the mucus layer covering the uterine epithelium promote
induction of regulatory factors by trophoblast and decidual macrophages. In turn,
macrophages would secrete antimicrobial products to control commensal overgrowth
and prevent invasion by pathogenic bacteria. Recognition of bacterial products by
trophoblasts enhances expression of anti-inflammatory factors, expands T regulatory
cells, and promotes tolerance (194). However, viral infection at the implantation site
inhibits the capacity of macrophages to control bacterial growth, thereby disturbing
the symbiosis among microbiota, trophoblast, and immune cells at the implantation
site and leading to an inflammatory condition responsible for preterm birth (195). In a
murine model, infection of the placenta with murine herpesvirus 68 elicited a fetal
inflammatory response and sensitized the mother to bacterial endotoxin, which in turn
induced preterm labor (196). Consequently, it has recently been postulated that when
trophoblast cells interact normally with commensal bacteria (194), their durable ho-
meostatic relationship contributes to a fine regulatory tuning of the maternal-fetal
interface. However, disturbances in this relationship may be the basis for an inflam-
matory state, which generally characterizes preterm birth and other adverse pregnancy
outcomes.

Microbiotas of Amniotic Fluid and Meconium

Amniotic fluid surrounds and is continuously swallowed by fetuses. There are several
findings supporting the lack of microbiological sterility of umbilical cord blood, amni-
otic fluid, or fetal membranes in human beings without any clinical or histological
evidence of infection or inflammation (61, 197). These data are further corroborated by
the isolation of viable bacteria in the first meconium belonging to the same or similar
species previously isolated from umbilical cord blood (198). A recent 16S rRNA gene
microbial profiling study reported that within the same mother-infant pair, the bacterial
communities in meconium samples are very similar to those in the mother’s placenta,
regardless of the method of delivery, and that both differ from those found in the
maternal vagina (199). From these pioneering studies, it is now generally accepted that
the meconium harbors a complex microbial community and, similar to the case for the
placenta microbiota, various studies have investigated the microbial diversity of meco-
nium (141, 200-204).

Assessment of the microbiota composition of the first-secreted meconium from 15
healthy term infants following vaginal delivery indicated that about 66% of the infants
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carried viable bacteria in their meconium (141). Each of the neonates enrolled in this
analysis contained between one and five microbial groups, with Bifidobacterium, En-
terobacteriaceae, Enterococcaceae, and Bacteroides-Prevotella being the most prevalent.
This analysis thus indicates that low numbers of bacteria are present in first-pass
meconium samples from healthy, vaginally delivered, breastfed, term infants. Several
studies have also detected DNAs from different bacteria in the meconium of healthy
neonates (74, 200, 202, 204-206), further supporting the notion that gut microbial
colonization begins before birth.

So far, there is only fragmentary information available regarding the influence of
other maternal or infant health conditions on the bacterial communities in meconium.
In this context, there is experimental evidence indicating that the overall bacterial
content in meconium significantly differs depending on maternal health status (202).
Specifically, the phylum Bacteroidetes and the genus Parabacteroides were enriched in
the meconium of infants from mothers affected by diabetes, while there was a higher
Proteobacteria abundance in the meconium of infants from nondiabetic mothers. It has
also been suggested that meconium microbiota types dominated by lactic acid or
enteric bacteria are differentially associated with maternal eczema and respiratory
problems in infants (200).

Overall, data from various independent laboratories indicate that the microbial taxa
found in meconium samples are uniquely distinct from those found in subsequent fecal
samples, irrespective of gestational age (201, 203, 207).

Origin of the Pregnancy-Related Microbiome

Several routes have been proposed to explain how bacteria are able to colonize the
uterine cavity during pregnancy, including a retrograde pathway through the abdom-
inal cavity or invasive procedures such as amniocentesis. Several possible routes have
been put forward in the context of intrauterine infections and adverse pregnancy
outcomes (159). In relation to healthy pregnancies, there are two main pathways that
are currently being considered (179): (i) vertical ascension from the vagina and/or
urinary tract and (i) a hematogenous route through the placenta after translocation
from the digestive tract (oral cavity and gut). However, the fact that some bacterial
species (e.g., Lactobacillus salivarius, Streptococcus agalactiae, Streptococcus mitis, En-
terococcus faecalis, or E. coli) can be found in more than one ecological niche within the
same female has made it difficult to elucidate the origin of the bacteria that colonize
the uterine environment.

Early investigations suggested that the vagina is the origin of pathogenic bacteria
that ultimately reach the placenta and fetus through translocation across the chorio-
decidual plate (159, 160). This process is believed to start during the second trimester
of pregnancy, although the actual timing is still unknown. The low frequency of
detection of lactobacillus DNA in samples of meconium from infants born by C-section
(204) suggests that the primary source of lactobacilli in the infant gut is mainly from the
maternal vaginal and rectal microbiota during vaginal delivery, and this may explain, at
least partly, the differences observed in the infant fecal microbiota depending on the
delivery mode (70). In contrast to the case for placental samples, the finding of (high
levels of) lactobacillus DNA in endometrial samples from nonpregnant women may
reflect the technical difficulty, or even impossibility, in retrieving samples free of vaginal
contamination when sampling devices are introduced through the vagina.

Although long-lasting paradigms in the context of preterm birth suggests that most
intrauterine bacteria originate in the lower genital tract and ascend into an otherwise
sterile intrauterine environment, many bacteria isolated or detected in the placenta
with culture-dependent or independent techniques are not found in the urogenital
tract but rather represent commensal species common to the digestive tract (179, 208).
The alternative mechanism that may explain early colonization of the fetus represents
hematogenously derived sources such as the maternal mouth (161, 209) and the
maternal intestinal tract due to higher intercellular junctional permeability and/or
dendritic cell transport (179).
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The mechanisms by which digestive bacteria may translocate and reach this human
niche are poorly understood. While the digestive epithelial barrier generally prevents
microbial entry into the circulatory system, dendritic cells can actively penetrate the
digestive tract epithelium, take up bacteria from the lumen, and transport live bacteria
throughout the body as they migrate to lymphoid organs (210). To test whether
maternal gut bacteria can be provisioned to fetuses in utero, two pioneering studies
investigated whether oral administration of genetically labeled Enterococcus faecium to
pregnant mice resulted in its presence in the amniotic fluid and meconium of term
offspring after sterile C-section (61, 198). Remarkably, E. faecium with the genetic label
was cultured from the amniotic fluid and meconium of pups from inoculated mothers
but not from pups of control mice. In addition, other murine studies have reported not
only significant similarities between the oral and placental microbial communities but
also transmission of diverse oral bacteria to murine placenta, which further suggests
that the placental microbiome may be established, at least partly, by hematogenous
spread (211-215). In this context, a previous study carried out in pregnant women and
focusing on the impact of oral microbiota composition on pregnancy outcome showed
that certain bacteria, such as Actinomyces naeslundii, are associated with lower birth
weight and earlier delivery, while others, such as lactobacilli, are positively correlated
with a higher birth weight and later delivery date (216).

Many transient anatomical and physiological changes occur during pregnancy,
thereby providing a suitable framework for the development of the fetus first and the
neonate later. These changes affect virtually all systems, including the cardiovascular,
respiratory, genitourinary, and digestive tracts. Interestingly, such adaptations may
favor an increased bacterial translocation during late pregnancy and lactation (210,
217). Globally, this offers the possibility that modulation of the oral and gut microbiome
during (pre)pregnancy may impact the pregnancy outcome and fetal and infant health.

HUMAN MILK OLIGOSACCHARIDES CONTRIBUTE TO SHAPING MICROBIAL
COMMUNITIES
General Features

Human milk is a rich source of components that contribute to shaping the infant gut
microbiota through a variety of mechanisms. After lactose and lipids, oligosaccharides
are the third most abundant component of human milk. One liter of mature human
milk contains 5 to 20 g of these complex sugars, which often exceeds the concentration
of all human milk proteins combined. Oligosaccharide concentrations in colostrum, an
early form of milk that is secreted in late pregnancy and shortly after delivery, are even
higher.

Human Milk Oligosaccharides Are a Diverse Group of Complex Glycans

Human milk oligosaccharides (HMOs) consist of the five monosaccharide building
blocks glucose (Glc), Galactose (Gal), N-acetylglucosamine (GIcNAc), fucose (Fuc), and
the sialic acid N-acetyl-neuraminic acid (Neu5Ac). The combination of these building
blocks in defined glycosidic linkages yields several dozen (up to more than 100) structurally
distinct HMOs. All HMOs carry lactose (GalB1-4Glc) at the reducing end. Lactose can be
further elongated by the addition of B1-3- or B1-6-linked lacto-N-biose (GalB1-3GIcNAc-,
type 1 chain) or N-acetyllactosamine (GalB1-4GIcNAc-, type 2 chain). Elongation with
lacto-N-biose appears to terminate the chain, whereas N-acetyllactosamine can be further
extended by the addition of one of the two disaccharides. A B1-6 linkage between two
disaccharide units introduces chain branching. Lactose or the elongated and branched
oligosaccharide chain can be fucosylated (addition of Fuc) in «al1-2, «1-3, or al-4
linkages and/or sialylated (addition of sialic acid Neu5Ac) in «2-3 or a2-6 linkages. For
example, fucosylation of the terminal Gal in lactose in an «l1-2 linkage yields 2'-
fucosyllactose (2'FL). Sialylation of the terminal Gal in lactose in an «2-6 linkage yields
6'-sialyllactose (6'SL). Addition of two sialic acids to the tetrasaccharide lacto-N-tetraose
(GalB1-3GIcNAcB1-3Gal 31-4Glc), one on the terminal Gal in an «2-3 linkage and one on
the subterminal GIcNAc in an a2-6 linkage, yields an HMO called disialyllacto-N-tetraose
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(DSLNT). HMOs can carry fucose, sialic acid, both, or neither. Thus, structural diversity
derives from both the complexity of the underlying backbone (chain elongation and
branching) as well as modification (fucosylation and sialylation).

HMO Composition Varies between Women

The molecular structures of more than 100 different HMOs have been characterized,
but it is important to note that total amount and composition are highly variable
between different women. In other words, not every infant who receives human milk
is exposed to the same set of HMOs with respect to total amount and structural
composition. In fact, a recent cross-sectional, observational study revealed that the
HMO composition produced by healthy women varies geographically (218). However,
maternal genetic and environmental factors that determine HMO composition are
not well understood. HMO fucosylation corresponds to the mother’s secretor (Se)
and Lewis (Le) blood group characteristics, which are determined by two genetic
loci encoding the a1-2-fucosyltransferase FUT2 (encoded by the Se gene) and the
a1-3/4-fucosyltransferase FUT3 (encoded by the Le gene) (219-225). Individuals with
an active Se locus are classified as secretors. Milk of secretor women is abundant in 2'FL,
lacto-N-fucopentaose 1 (LNFP 1), and other a1-2-fucosylated HMOs. In contrast, nonse-
cretors lack a functional FUT2 enzyme, and their milk contains very low concentrations
of al1-2-fucosylated HMOs. Individuals with an active Le locus are classified as Le
positive. They express FUT3, which transfers Fuc in a1-4 linkage to subterminal GIcNAc
on type 1 chains (226). In contrast, the milk of Le-negative women contains very low
concentrations of these specific a1-4-fucosylated HMOs, e.g., LNFP II. Based on the
combination of active or inactive FUT2 and FUT3 enzymes, HMO profiles can be roughly
separated into four different groups: (i) Lewis-positive secretors (with active FUT2 and
active FUT3), (ii) Lewis-negative secretors (with active FUT2 and inactive FUT3), (iii)
Lewis-positive nonsecretors (with inactive FUT2 and active FUT3), and (iv) Lewis-
negative nonsecretors (with inactive FUT2 and inactive FUT3). While FUT2- and FUT3-
dependent fucosylation is almost an all-or-nothing phenomenon (the respective HMOs
are either present or absent), differential expression of genes that encode other
components of the cellular glycosylation machinery likely contributes to some of the
more subtle variations in HMO composition between women as well as slight changes
over the course of lactation. However, the influence of environmental exposures, such
as maternal diet, exercise, and medical or recreational drugs, on HMO composition is
currently unknown.

Once ingested, HMOs resist the low pH in the infant’s stomach as well as digestion
by pancreatic and brush border enzymes. HMOs are not degraded by the infant and
thus reach the distal small intestine and colon in an intact form, where they are
available to help shape microbial communities and host-microbe interactions.

HMOs Are Human Milk Prebiotics

HMOs are considered natural prebiotic compounds because they actively stimulate
the growth of specific members of the infant gut microbiota. In these terms, HMOs are
often considered “bifidogenic,” since they specifically enhance growth of bifidobacteria,
although it should be noted that only certain bifidobacterial taxa efficiently use HMOs
as a sole carbon source (227-230). HMO utilization is conserved within the Bifidobac-
terium longum subsp. infantis lineage (231). Bifidobacteria that are associated with an
adult microbiota, such as Bifidobacterium adolescentis, are unable to use the HMO core
structures (lacto-N-tetraose [LNT] or lacto-N-neo-tetraose [LNNnT]). Thus, it is important
to note that the “bifidogenic” effect of HMOs is rather specific and favors B. longum
subsp infantis, and in part a few other infant-associated bifidobacteria, but not all
bifidobacteria alike (see below).

Other bacteria may also be able to utilize HMOs, in least in part, and thus HMO may
have not only specific “bifidogenic” effects but prebiotic effects in general. It is
important to note that the prebiotic effects of HMOs are likely structure specific, and
HMOs may not always be fully interchangeable. For example, bacterium A may have a

December 2017 Volume 81 Issue 4 e00036-17 mmbr.asm.org 21


http://mmbr.asm.org

oOor-oo

F5

zmr-mmbr/zmr00417/zmr2472d17z | xppws | 5=6 | 10/13/17 | 13:37 | 4/Color Fig: 1,2,3,4,56,7,89,10 | ArtD:00036-17 | DOI:10.1128/MMBR.00036-17CE: sj |

Milani et al.

HMOs Enzymes Products
Bifidobacterial @
species within : Fucose
infant gut | Fucosidase FAN
encoding
enzymes
for HMOs : Lactose
breakdown: | B-hexosaminidase @&
» B. breve -
- B. bifidum ) @ )
8. longum : Lacto-N-biose
subsp. infantis § | Lacto-N-biose phosphorytas%
5
= =
n 27 :
:&_\/f /}}: A ] @ Sialic acid
S \
=7~ o | | Sialidase .
Q Galactose
EE"'“’:"I J | b G Galactose
-acetylglucosamine F
A\ Fucose B 4 OxD | P-galactosidase 0
 sialic acid i

FIG 5 Chemical structures of human milk oligosaccharides and related enzymatic degradation. On the
left are listed the bifidobacterial species that encode enzymes for HMO breakdown retrieved into the
infant gut, while on the right are reported the products of the enzymatic reactions.

fucosidase to cleave fucose from the underlying HMO backbone, while bacterium B
may not. Instead, bacterium B may produce sialidases that remove sialic acid. A diet rich
in fucosylated HMOs would favor growth of bacterium A, while sialylated HMOs favor
bacterium B. These fucosidases and sialidases are often structure specific in a way that
3’SL can be cleaved but 6'SL cannot or vice versa. The same is true for the underlying
HMO backbone. Some bacteria can metabolize type 1 structures (terminal GalB1-
3GIcNAC); other bacteria prefer type 2 structures (GalB1-4GIcNAc). Some bacteria may
be able to metabolize branched HMOs, while other bacteria cannot metabolically
access such structures.

Microbial Communities May Act in Concert To Fully Utilize HMOs

Only very few bacteria express the entire HMO-degrading machinery (e.g., B. longum
subsp. infantis ATCC 15697) (232), while other bacteria can only cleave and metabolize
specific elements of a complex HMO molecule (Fig. 5). However, microbial communities
might be able to act in concert, sequentially degrade, and metabolize complex HMO
structures in a team effort through cross-feeding activities (see below). A first set of
bacteria may be able to cleave a1-2 linked fucose and expose an underlying HMO
structure to the breakdown activities of other bacteria. In turn, a different set of bacteria
that was unable to remove the terminal fucose now would be able to utilize the
remaining HMO backbone. It is important to emphasize the structure specificity of
prebiotics for several reasons. First, oligosaccharides that are structurally different from
HMOs, mostly galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS), were
added to infant formula years ago in an attempt to introduce complex sugars that in
part mimic the prebiotic effects of HMOs. GOS represent galactose oligomers, and
FOS are fructose oligomers, not lacto-N-biose or N-acetyllactosamine oligomers like
HMOs, and neither GOS nor FOS are fucosylated or sialylated. In fact, fructose itself
is not part of human milk. It is easy to imagine that entirely different structures drive
the enrichment of different microbial communities. Second, feeding one or two differ-
ent specific HMOs such as 2'FL or LNNnT instead of a mixture of dozens of structurally
distinct HMOs is also likely to enrich different microbial communities, namely, those
that can utilize 2'FL and LNnT. Other bacteria that specialize in sialic acid degradation
would not find useful substrates in these specific HMOs. As a result, a balanced and
diverse microbial community may suffer from overgrowth of a limited number of
bacteria that thrive on these specific HMOs, while other bacteria are left at a disad-
vantage. Third and finally, since HMO composition varies between women, milk from
different women has different effects on infant microbial communities.
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HMOs and Antimicrobial Effects

As described above, HMOs may exploit prebiotic features toward certain bacterial
groups, while they may have opposite effects on others. For example, group B Strep-
tococcus (GBS) stops growing in the presence of HMOs (233). This bacteriostatic effect
seems to be linked to specific HMO structures that disrupt proper bacterial membrane
glycosylation (233). In contrast, HMOs do not directly impact growth of Candida
albicans yet alter hyphal morphology and length, which impacts the yeast’s attachment
to epithelial cells (234). Disseminated candidiasis is a frequent life-threatening infection
in premature infants, with rates as high as 23% in those born at extremely low birth
weights (<1,000 g) (235).

HMOs and Antiadhesive Properties

In addition to their prebiotic and antimicrobial effects, HMOs contribute to shaping
the infant gut microbiota through various other mechanisms as well. Pathogens often
need to attach to epithelial surfaces to be able to colonize and in some cases invade
the host to cause disease. Pathogen attachment is often facilitated by protein-glycan
interactions either when pathogens are covered by glycans that bind to proteins on
epithelial cells or when pathogens express specific proteins that bind to glycans on the
host cell surface (glycocalyx). HMOs resemble some of these glycans and serve as
soluble analogs that can block pathogen attachment. For example, in vitro studies in
tissue culture models revealed that Campylobacter jejuni binds to «1-2-fucosylated
glycans and that 2'-fucosyllactose (2'FL) might be able to compete with cell surface
glycans to block C. jejuni attachment. Accordingly, feeding a1-2-fucosylated HMOs
reduces C. jejuni colonization in mice (236). Infants that receive human milk rich in
al1-2-fucosylated HMOs are less likely to develop C. jejuni-associated diarrhea (237).
Similar antiadhesive effects have been shown for enteropathogenic E. coli (EPEC) both
in tissue culture and in mice (238). These effects are not limited to bacteria, as HMOs
also block adhesion of Entamoeba histolytica, a protozoan parasite that infects 50
million people worldwide and causes amebiasis, which is responsible for over 100,000
deaths annually (239).

HMOs May Affect Microbial Communities in Niches Other than the Infant Gut

As mentioned above, there are multiple different mechanisms by which HMOs help
to shape microbial communities in the infant gut: HMOs are prebiotics as well as
antimicrobials that directly affect growth of specific bacteria, while they also act as
antiadhesives that block the attachment of certain bacteria to epithelial cell surfaces,
with potential consequences for colonization and invasion. In addition to influencing
microbial communities and host-microbe interactions in the infant gut, HMOs may
already have an effect on microorganisms in the oral cavity and upper respiratory tract,
potentially even the skin, at least around the mouth. Furthermore, HMOs are absorbed
in the infant gut, reach the systemic circulation, and are eventually excreted in an intact
form with the infant’s urine. Although the concentrations of HMOs in the urinary tract
are much lower than those in the infant gut, it is possible that HMOs also impact
microbial communities in the infant’s urinary and genital tracts, with potential effects
on health outcomes, e.g., reducing urinary tract infections (240).

The microbiota-shaping effects of HMOs might occur even earlier, before they reach
the infant. Human milk itself is not sterile and contains bacterial communities that live
within the milk matrix while still in the mammary gland, waiting to be expressed (241).
Recent studies revealed that Firmicutes and Proteobacteria are the dominant bacterial phyla
found in human milk samples, with Lactobacillus, Streptococcus, Pseudomonas, and Staph-
ylococcus being the most abundant genera (242-245). In addition, the occurrence of
bifidobacteria has very recently been demonstrated in human milk samples as well as in the
milk of other mammalian species (246). Moreover, no statistically significant difference
was observed between bacterial communities harbored by the milk of women who
delivered at term or preterm, delivered vaginally or by caesarean section (C-section), or
gave birth to boys or girls (242). Nevertheless, it must be underlined that the low
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bacterial abundance that is typical of human milk samples may lead to biases caused
by bacterial contaminants (65). Milk microbiota and HMOs colocalize in the mammary
gland between feeding or pumping episodes, potentially influencing each other
through mechanisms similar to those that have been described for the infant gut.
However, HMOs may act on microbial communities even earlier than that, potentially
even before the baby is born.

The Use of Individual HMOs Alone May Bear Risks

Individual HMOs such as 2'FL or LNnT are now available on large scales to be used
in a wide range of products with the goal to treat or even prevent diseases that are
associated with dysbiosis. Future research needs to investigate whether or not the use
of individual HMOs is harmful when they are used alone and not in concert with dozens
and potentially hundreds of other oligosaccharides as they naturally occur in human
milk.

It is important to emphasize that HMO composition varies between women. Thus,
infants receive a distinct set of HMOs with their mother’s milk, and the composition
changes over the course of lactation. In that sense, human milk can be regarded as
“personalized nutrition” and HMOs as “personalized prebiotics” that help shape a
distinct infant gut microbiome dependent on what HMOs are present in the mother’s
milk. Every mother provides a distinct HMO mix to her infant(s), shaping distinct infant
microbial communities with potential short- and long-term consequences.

Oligosaccharides in the Milk of Other Mammals

Oligosaccharides in the milk of many other mammals have been studied, but no
other animal matches the large amount and high structural diversity of HMOs (re-
viewed in reference 247). Oligosaccharide concentrations in milk of most farm animals,
including cows, goats, sheep, and pigs, are 100- to 1,000-fold lower than that in human
milk, with a lower number of different oligosaccharides and a higher abundance of
sialylated and a lower abundance of fucosylated oligosaccharides (248-252). Compar-
ative analyses have shown that oligosaccharides in the milk of primates, including
humans, are more complex and exhibit greater diversity than those in nonprimate milk
(253, 254). In humans, 50 to 80% of the oligosaccharides are fucosylated, depending on
the Se/Le group, which is followed by those in chimpanzees, at around 50%, and
gorillas, with only 15%. Most other species, including cows, show very low levels of
fucosylation (<1%). In humans, 10 to 30% of the oligosaccharides are sialylated, and
similar values are found in chimpanzees, rhesus macaques, and gorillas. Interestingly,
primate milk oligosaccharide cluster analysis does not follow primate phylogeny,
suggesting an independent emergence of milk oligosaccharides, potentially driven by
distinct pathogen exposures (254).

TRANSFER OF BACTERIA FROM MOTHER TO CHILD
Maternal Inheritance of Bacteria

According to the holobiont concept when applied to reproduction, not only is the
eukaryotic body reproduced, but so is its symbiotic microorganisms, or at least part of
them. Thus, birth may be viewed as the passage from one set of symbiotic relationships
to another (255). According to this view, the two main partners are the mother and the
conceptus (fetus and then child), with a third player in this symbiotic arrangement
being represented by the mother’'s microbiota. The mother is a holobiont, whose
associated microorganisms are actively metabolizing nutrients, while the maternal
blood which the fetus receives may also be substantially modified by metabolic
activities of the mother’s microbiota (256, 257). Indeed, it has been shown, for example,
that in mice almost all blood-derived serotonin is produced by symbiotic bacteria (256).
Consequently, we can argue that the fetus is not free of the mother's symbiotic
associations, even assuming the concept of sterility of the fetus.

Upon birth, the infant is moving from one set of symbiotic assemblies to another,
transitioning from the mother’s microbiota to its own (255). According to the com-
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monly accepted scientific literature on this topic (although that is being challenged [see
above]), the fetus is developing under sterile conditions in the amnion, and the
microbial colonization occurs only when the amnion breaks and the conceptus moves
through the birth canal (258). Then, according to this assumption, the fetus passes
through the cervix and the vagina, and the microbiotas of these two body sites may
colonize the newborn. Interestingly, based on the hologenome concept, the micro-
biome can be viewed as an additional set of inherited genes, (some of) which, together
with the parental genes, are passed on from one generation to the following (259).

Such inheritance can be vertical in the case of a direct transmission of microbial
genes from mother to offspring or horizontal in the case of acquisition of microbial
genes from the environment. The mammalian newborn does not just leave the uterus
and passively acquire a new microbiota, but the mother seems to actively transfer
certain members of the microbiota to her offspring and may thus directly influence
(e.g., by the selective nourishment with prebiotic milk compounds certain microorgan-
isms such as bifidobacteria [see above]) the development of the new microbiota of her
child.

From a bacterial perspective, a newborn baby represents an essentially uninhabited
island, where the first colonizers are provided with a choice of settling options, thereby
creating opportunities or restrictions for the next set of microbial colonizers (19). As
discussed in other sections of this review, elements of the gut and vaginal microbiotas
of the mother initiate new host-symbiont relationships, which are considered to be
pivotal for the health of the new holobiont (260).

Vertically Transmitted Microorganisms

Recently, investigators have tried to answer how the infant gut microbiota is
assembled soon after birth using metagenomic approaches. In this context, it has been
reported that Lactobacillus rhamnosus LGG, which had previously been supplemented
to their mothers, was detected by quantitative PCR (qPCR) in stool samples from infants
(261). Notably, half of the children with detected LGG shared the same strain with their
corresponding mothers and appeared to be heavily colonized by LGG at the very early
stages of life (before 3 months of age) (261). However, the observed colonization with
strain LGG seems to be transient, since no noticeable microbiota differences between
probiotic and placebo groups were identified at 1 year of age.

Recently, a comparative analysis of fecal microbiota data obtained by 16S rRNA gene
microbial profiling and involving 415 mothers and their children highlighted a highly
shared microbial population for each mother-newborn pair (67). Notably, the number
of phylotypes or OTUs that were shared between mothers and their children increased
with age. In this context, the OTUs that are shared between mother-baby pairs were
enriched in Bacteroidia and depleted of Clostridia, Gammaproteobacteria, and Erysip-
elotrichia (67). This indicates that the acquisition of the latter groups of bacteria, which
represent dominant members of the adult gut microbiota (262), occurs during the very
early phase of life (263). Furthermore, bifidobacteria appear to be subject to mother-
baby transfer (47, 67). Specifically, shared OTUs that correspond to Bifidobacterium
breve and Bifidobacterium bifidum were observed between mothers and their corre-
sponding children, which were shown to persist until 3 months and 1 year of life,
respectively (67). Similar findings were obtained in another recent study focusing on
the identification of vertically acquired bifidobacterial strains (47) (Fig. 6). Such analyses
involved a combination of shotgun metagenomics, ITS bifidobacterial profiling analyses
(45), and culturomics and resulted in the isolation of two bifidobacterial strains, i.e., B.
breve BBRI4 and Bifidobacterium longum subsp. longum BLOI2, which were identified in
two mother-infant pairs and were also shown to persist in the infant gut until 6 months
of age (47) (Fig. 6). Recently, a detailed profiling of bifidobacterial communities in 25
mother-offspring pairs through ITS bifidobacterial profiling analyses followed by an
culturing approach revealed a large number of bifidobacterial strains that are com-
monly identified in mother and infant guts, as well as the corresponding human milk
sample (264). These data are further reinforced by the identification of an identical
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FIG 6 Strain-specific tracing of bifidobacteria from mother to infant. Each panel displays the protocol for
shotgun sequencing of the high-abundance bacterial target and their corresponding tracing in mother
and infant gut microbiota samples.

scenario in other primate and nonprimate mammals, where bifidobacteria were shown
to be commonly transmitted from a mother to her offspring and where the mother’s
milk represents an important means to drive such events (265).

One may argue that bifidobacteria, despite their decline following weaning, persist
following their initial transfer to the infant gut and are then maintained at (very) low
levels in the adult gut, to be ultimately transferred to the next generation (47). Such a
transfer process may be the consequence of millennia of strict coevolution between
these bacteria and their mammalian host.

DYNAMICS OF THE MICROBIOTA COMPOSITION OF THE INFANT GUT
Dynamics of Colonization of the Infant Intestine

Immediately following birth, the neonatal intestine becomes rapidly colonized. As
stated above, during this early postnatal period, facultative and aerotolerant microor-
ganisms dominate the intestinal ecosystem. These microorganisms will reduce oxygen
levels in the intestine, thereby facilitating the subsequent proliferation of a complex
community dominated by anaerobic bacteria (74). In spite of this common pattern, the
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neonatal gut microbiota shows large interindividual differences, being more variable,
over time and between individuals, than that of adults (4, 113). However, the high initial
beta diversity is already reduced by 12 months of age (in contrast to alpha diversity,
which is increased as a function of time), indicating that the neonatal community
becomes more complex over time, while interindividual diversity progressively de-
creases to that typical of adults (73, 113). The exact age at which a stable adult-like gut
microbiota structure is formed is still unclear, but generally this happens at an age of
around 2.5 to 3 years (4, 113, 116). At this age, most bacterial groups have already
reached a state of adult microbiota stability, whereas other microbial groups may still
need more time to reach such a steady state (266). In fact, some differences seem to
persist up to preadolescent age (267). Backhed et al. (73) observed that 1-year-old
infants are more similar to their mothers in terms of microbiota composition and
function than when they are younger yet have differences awaiting further maturation.

The dynamics of the colonization process shows differences depending on the
perinatal factors present. While in full-term infants, delivery and feeding modes are
reported to represent the major drivers of microbiota development, in preterm infants,
the gestational age seems to have the biggest impact on the gut microbiota assembly
process (73, 96). The existence of a microbiota “core” of OTUs in full-term babies,
independently associated with delivery mode and lactation stage, has been reported,
providing support for the Savage theory, which predicts the creation of a conserved
stable microbiota, predicted to consist of approximately 30 OTUs, followed by a
variable microbiota (74).

Due to the high instability of early-life gut microbiota, the high interindividual
variability, and the multitude of factors (pre-, peri-, and postnatal) affecting the estab-
lishment of the microbiota, the definition of a “standard,” “normal,” or “healthy” infant
gut microbiota is still difficult. Nevertheless, some general trends can be inferred from
the different studies available. While the adult gut microbiota is dominated by mem-
bers of the Firmicutes and Bacteroidetes phyla, the neonatal intestinal microbiota is
initially represented by microorganisms from Proteobacteria and Actinobacteria, becom-
ing more diverse later on with the rise of Firmicutes and Bacteroidetes (13, 268).
Bifidobacterium has been considered to represent the dominant bacterial genus in the
breastfed infant gut microbiota (41, 269), but recent studies have also shown a high
occurrence of enterobacteria in such an infant population. It has been observed that
Proteobacteria (mainly Enterobacteriaceae) dominate the infant intestinal microbiota
during the first weeks, with bifidobacteria being the second microbial population,
which then increases over time with a concomitant decrease of enterobacteria (93).
These results were in concordance with observations in other cohorts, in which fecal
samples from the first days of life were also characterized by high levels of Enterobac-
teriaceae, with samples from 6-month-old infants being dominated by Bifidobacterium,
Collinsella, or Bacteroides (2, 270). Similarly, Yassour et al. (3) reported that Enterobac-
teriaceae were present at higher levels than Bifidobacterium in fecal samples of infants
of up to 2 months of age, followed by replacement of the latter microbial group by
members of the Lachnospiraceae and Ruminococcaceae families by 12 months of life.
Members of the phylum Firmicutes were also detected in different studies, always
showing a low abundance during the first weeks after birth (93, 270). Interestingly, it
has been shown that members of the Firmicutes phylum, such as the families Staphy-
lococcaceae, Clostridiaceae, Lachnospiraceae, and Veillonellaceae, are more numerous in
breastfed infants than in formula-fed, full-term infants, whose microbiota was found to
be dominated by enterobacteria up to 6 months after birth (271, 272). In contrast, a
recent study showed a high abundance of Bifidobacterium from the first week following
birth and lasting until the age of 6 months (79). According to other recent studies,
another common intestinal bacterial phylum, Bacteroidetes, seems to be present,
although at low levels, from the early stages after birth (3, 79, 93). In contrast, Koenig
et al. (113) reported the absence of Bacteroides from the infant microbiota until the
introduction of solid food in a single baby. Other differences between these studies
may be due to the fact that the subjects originated from different countries and
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FIG 7 Infant health status and microbiota establishment. The schematic representation shows several
diseases related to the colonization of bacteria that are claimed to be pathogens.

represented distinct populations, yet they may also be due to confounder factors, often
present in the neonatal population, which may not have been considered, or to
technical/methodological issues that significantly influence the results (see also above)
(6). This variability observed for different studies calls for serious caution when inter-
preting and comparing published data, while it also illustrates the need for further
investigations in order to determine how to best characterize the infant gut microbiota.

The Infant Intestinal Colonization Process: the Foundation of Health

As indicated above, during the initial colonization steps, the microbiota remains
unstable and may suffer from sudden microbial succession phenomena that will
continue until the infant is 2 to 3 years old, at which point the microbiota reaches
a composition that resembles that of an adult microbiota (4). In spite of the
extended duration of this stepwise microbiota evolution, we now know that
microbiota-host cross talk is especially important during this period. These early
moments of microbiota-host communication constitute key events that underpin
appropriate maturation of the human host, with subsequent establishment and main-
tenance of the homeostasis of the host microbiota during early life, events that may
have immediate and long-term health consequences (Fig. 7).

The establishment of the early microbiota provides a massive antigenic stimulus
necessary for the adequate maturation of the gut and associated immune system
(273-275). This stimulus also affects the maturation of distal organs, affecting the host
at systemic level (276-278). Thus, it is likely that the basis for a healthy microbiota
throughout life is set up during its initial development, with the establishment and
development of the microbiota being critical for the maturation of the host and
long-term well-being (123, 260, 279). As an example of this, it was recently shown that
fecal levels of IgA, an important characteristic potentially related to the risk of disease,
may be determined by the presence of specific microbiota members (280). In this
context, it seems logical to assume that the neonatal microbial colonization process is
linked to the health of the infant and may represent a risk factor for disease later in life.
Indeed, evidence is accumulating in this respect, with different studies reporting early
microbiota alterations preceding disease development (281-284).

The key role of these early life microbiota events is demonstrated by in vivo trials
involving murine models in which conventional animals are compared with germfree
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counterparts. These investigations have clearly demonstrated the serious health con-
sequences caused by the absence of any microbiota-host interaction (285). Moreover,
several authors have studied the effect of recolonizing germfree animals, at different
ages, on restoring the parameters altered by the lack of microbial exposure. Interest-
ingly, recolonizing animals in early life, as opposed to during adulthood, is needed to
restore the altered phenotypes found in germfree models. For example, animals lacking
a microbiota (germfree) were shown to exhibit increased levels of certain immune cells
in the mucosae, a phenomenon that is reverted (to normal levels) when these animals
are recolonized during early life, yet this reversion does not occur when recolonization
is facilitated at adulthood (286).

Therefore, an altered early colonization pattern may represent a risk with immediate
consequences for infant health and development yet may also present a risk for
long-term effects (as discussed below). Another corollary is that the use of germfree
mice colonized at some moment in time with human microbiota may be compromised
by an altered sequence of immune priming events.

Infant Intestinal Microbiota and the Risk of Neonatal Pathologies

During the neonatal period, due to immune immaturity, the risk of early- or
late-onset nosocomial infection is high (Fig. 7). Nosocomial sepsis in preterm infants is
often related to the use of catheters, with Gram-positive microorganisms from the
genus Staphylococcus being the main causative agent, followed by Gram-negative
bacteria, mostly enterobacteria such as E. coli or Klebsiella (92, 93, 287). Moreover,
especially in the case of premature neonates, this sepsis risk is exacerbated, as well as
the risk of developing necrotizing enterocolitis (NEC), which is a very serious and often
fatal condition (288). In a significant number of cases, infants who develop NEC will also
develop sepsis, commonly caused by a dominant member of the gut microbiota of
preterm infants such as enterobacteria (92, 93).

Although particular microorganisms have been proposed as causative agents (289),
the etiology of NEC remains unclear. However, specific characteristics have been
observed in the microbiota of infants developing NEC. These infants typically exhibit a
reduced bacterial diversity in combination with increased levels of potentially patho-
genic microorganisms (290, 291). However, the trials that have been performed so far
have not identified a clear pattern of dysbiosis, though they have repeatedly identified
an increased abundance of Proteobacteria as well as Clostridium perfringens preceding
NEC development (291-295). Moreover, a potential protective role of high levels of
bifidobacteria has been suggested (296). Specific metabolic pathways associated with
NEC have been reported (288), and metabolome alterations have been observed in the
sera of these infants (296).

It has been postulated that an intensified immune response caused by high levels
of intestinal Proteobacteria may increase the risk of bacterial translocation and sepsis
(98). Various metagenome-based studies have shown lower bacterial diversity and
reduced levels of Bifidobacterium and Bacteroides, with a predominance of enterobac-
teria, in infants who develop late-onset sepsis compared with healthy counterparts
(100-102). However, available evidence is still limited, and additional investigations are
needed before drawing conclusions on the potential role that early microbiota altera-
tions play in determining the risk of infection and sepsis.

Infant Intestinal Microbiota and Growth

The early microbiota may also impact infant malnutrition/growth impairment. Dur-
ing the last few years an increasing number of studies have reported associations
between infant microbiota and neonatal growth (92, 297). Moreover, the microbiota of
malnourished children was found to be different from that of their healthy counter-
parts, and experiments with microbiota transplantation into germfree animals have
shown that receiving the microbiota from undernourished donors hampers weight gain
(298). The same researchers have also employed different animal models to demon-
strate a microbiota-dependent enhancement of growth after supplementation of the
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diet with certain (bovine) milk oligosaccharides (299). Several potential mechanisms
may explain this microbiota-growth association, among them the production of growth
hormones (300). Although more research is needed to fully understand the mechanis-
tics of this phenomenon, the potential relationship between infant malnutrition and
gut microbiota may constitute the basis for the development of microbiota modulation
strategies aimed at restoring normal infant growth and development (301).

ROLE OF EARLY-LIFE MICROBIOTA IN PROGRAMMING FUTURE HEALTH
Impact of Early-Life Microbiota on Long-Lasting Physiological Effects

Microbial colonization of the human gut is believed to be responsible for the
concurrent programming of our immune system and the simultaneous development of
the intestinal tract and associated metabolism. A continuous dialogue between the
microbiota and the host must occur in order to orchestrate these physiological pro-
cesses. Therefore, intestinal dysbiosis may disrupt or modify this dialogue, which may
in turn result in long-lasting physiological effects and health disorders (302). Among
these, extensive research has been carried out regarding the potential effects of
early-life microbiota on immune disorders. Some of the most convincing results come
from animal experiments and point to a very close relationship between early exposure
to microorganisms and development of immune pathologies. Although this relation-
ship has been known for decades, some recent findings are decisively contributing to
understand the mechanisms behind the long-term effects of our microbiota on (shap-
ing) the immune response. In this regard, it has been shown that microbial factors
regulate the activity of chemokine ligand CXCL16, which modulates the accumulation
of invariant natural killer T cells in the colon and lungs, and that neonatal colonization
of germfree mice with a conventional microbiota protects them from this accumulation
(286). In this context, it has been suggested that the early-life microbiota triggers
long-lasting effects, and the absence of such a microbial stimulus may induce later-life
inflammatory responses related to IBD and asthma (286). Recently, the importance of
a critical period in which disruption of the intestinal microbial balance can have
long-lasting consequences in immune pathologies has been suggested, and the or-
dered establishment of an adequate dialogue between commensals and the mucosal
surfaces of our body and its pivotal importance for the development of our immune
defenses have been highlighted. This cross talk is facilitated by host-microbial interac-
tions during the earliest days of life or even through microbial colonization during
pregnancy, suggesting that disease risk is programmed during early life, including the
prenatal period (273).

Allergy (Atopic Eczema and Asthma)

Among the immune pathologies related to a particular microbiota establishment,
allergy, mainly in the form of atopic eczema and later asthma, has been linked to
specific microbial features. Numerous epidemiological studies suggest that early de-
velopment of the infant gut microbiota influences the risk of allergic diseases later in
life (303). This has been attributed to an inappropriate development of gut microbiota
and associated disruption of immune homeostasis during the first year of life (304).

Chronic recurring atopic eczema is the main symptom of atopic disease during the
first years of life (305). Various research investigations involving infant cohorts have
provided valuable information on the potential role of gut microbiota in the develop-
ment of atopic eczema. More than a decade ago, pioneering analyses already reported
microbiota alterations at an early age in infants who subsequently developed atopic
diseases (283, 306). These investigations revealed differences, such as increased levels
of clostridia and reduced levels of bifidobacteria, in the early-life gut microbiota
composition of infants who did or did not develop atopic disease by the age of 2 years.
Similarly, in a recent study, a reduced abundance of bifidobacteria and other intestinal
anaerobes, such as Faecalibacterium, and an altered fecal metabolome were observed
in 3-month-old infants who later developed atopy (determined at 2 years of age) or
asthma (evaluated at 4 years) from a U.S. cohort (281). Another analysis using culture-
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independent PCR-based molecular techniques (quantitative real-time PCR) in a cohort
of 957 infants showed that differences in the gut microbiota composition at the age of
1 month precede the manifestation of atopic symptoms within the first 2 years of life.
In particular, the presence of E. coli was associated with a higher risk of developing
eczema, and the presence of C. difficile was associated with several atopic outcomes,
including eczema, wheeze, and allergic sensitization (307). Similarly, a nested case-
control study based on quantitative real-time PCR and PCR-denaturing gradient gel
electrophoresis (DGGE) analyses directed to explore the composition of the gut micro-
biota of a cohort of 646 infants revealed an association between the colonization by E.
coliin infants of 1 month and the development of IgE-associated eczema within the first
year of life (308). Subsequent studies have indicated that a reduced microbial diversity
of early-life microbiota directly correlates with later development of atopic eczema. In
two of these analyses, a correlation between a low microbiota diversity at 1 week and
infants having atopic eczema at 12 and 18 months of age (309, 310). Next generation
sequencing methodologies and metagenomic approaches have shown that infants
with IgE-associated atopic eczema have a low microbiota diversity and a lower diversity
of the bacterial phylum Bacteroidetes during the first month of life, compared with a
control group of infants without allergic manifestations until 2 years of age was
identified (311). Furthermore, a phylogenetic human intestinal tract chip (HITChip) was
used to analyze the intestinal microbiota signatures associated with eczema symptoms
in 6-month-old infants and the microbial changes associated with the physiology of this
disease during the following 3 months. Such analyses highlighted that a decrease in the
severity of eczema during the 3-month follow-up period was directly related to an
increase of the butyrate-producing bacterium Coprococcus eutactus (312). Although
these results do not correlate an early microbiota profile with a decrease of atopic
eczema ailment, they indirectly point to the potential protective role of a butyrate-
producing bacterium in the development of atopic eczema. In fact, it has been shown
that a low relative abundance of butyrate producers precedes the development of
atopic eczema (284).

A direct association of specific microbial patterns early in life with the development
of asthma years later has not yet been unequivocally established, since genetic,
epigenetic, and other environmental factors also affect the development of the disease.
Nevertheless, it is becoming increasingly clear that the intestinal microbiota plays a
crucial role in the perinatal programming of asthma (313). Animal trials have repeatedly
reported the importance of the intestinal microbiota in determining the levels of
immune cells and their recruitment to various tissues (286, 314, 315) or in the devel-
opment of immune tolerance (316). As discussed below for metabolic diseases,
antibiotic-induced modification of the early-life microbiota has been shown to increase
the risk of allergic asthma in laboratory animals (317). In addition, epidemiological data
sets have provided support for the notion that a link exists between perinatal antibiotic
exposure and the risk of subsequent allergic disease development (318-320). In this
regard, recent evidence suggests that the risk of suffering from asthma is higher in
infants who exhibited gut microbiota dysbiosis during the first 100 days of life and that
this risk is associated with particular bacterial groups. Analysis of the gut microbiota
compositions of 319 subjects of a Canadian cohort showed that infants at risk of asthma
display significantly decreased relative abundances of the genera Lachnospira, Veillo-
nella, Faecalibacterium, and Rothia. Furthermore, these differences in abundance of
bacterial taxa were linked to different levels of fecal bacterial metabolites. Inoculation
of these bacteria in germfree mice reduced airway inflammation in their progeny,
suggesting that some microbes play a causal role in the development of asthma (321).
Furthermore, a reduced gut microbiota diversity during the first month of life is
associated with a higher prevalence of asthma in 7-year-old children (322), and lower
levels of Lachnospira and higher levels of Clostridium spp. at 3 months are positively
associated with asthma risk at 4 years of age. These findings suggest that the ratio
between these two genera can be used as a microbial biomarker to predict the risk of
asthma development (323). Notably, colonization by Clostridium difficile detected at 1

December 2017 Volume 81 Issue 4 e00036-17 mmbr.asm.org 31


http://mmbr.asm.org

zmr-mmbr/zmr00417/zmr2472d17z | xppws | 5=6 | 10/13/17 | 13:37 | 4/Color Fig: 1,2,3,4,56,7,89,10 | ArtD:00036-17 | DOI:10.1128/MMBR.00036-17CE: sj |

Milani et al. Microbiology and Molecular Biology Reviews

month was positively associated with asthma at age 6 to 7 years (324). In addition, early
IgA responses targeting the fecal microbiota during the first year of life differed
between healthy children and children having asthma at up to 7 years of age (325).

Metabolic Disorders

The gut microbiota composition and function have been associated with obesity
and obesity-related disorders. By increasing energy harvest, the so-called obesogenic
microbiota regulates obesity behavior and peripheral metabolism. It has been sug-
gested that different factors that impact gut microbiota establishment during infancy
may contribute to the risk of obesity later in life (326). Microbiota-related obesity
studies in animal models, particularly in rodents, have broadened our understanding of
the role played by the gut microbiota in metabolic disorders. However, in recent years
it has become clear that one should be cautious in extrapolating the results of animal
studies to humans, thus highlighting the need for human clinical trials (327). In human
beings, it has been suggested that early microbial patterns may predict overweight in
children. In this context, it has been observed that the abundance of the bifidobacterial
population at 6 and 12 months inversely correlates with overweight in 7-year-old
children (282). Furthermore, in a large cohort study, quantitative PCR was used to
determine the levels of several bacterial groups in 909 1-month-old infants, and body
mass index (BMI) was reported from 1 to 10 years of age. That analysis showed that
Bacteroides fragilis levels at T month of age are significantly associated with a higher
BMI in children (328).

The maintenance of a properly functioning intestinal barrier seems to be critical for
metabolic health, but different factors that disturb the microbial balance during early
life play a pivotal role in overweight, obesity development, and child adiposity in later
life. Among such factors, nutrition, maternal obesity, delivery mode, intestinal perme-
ability, pathogenic infections, and antibiotic use have been highlighted (270, 329-331).
In addition, recent literature also implicates microbiota-related epigenetic changes
during early development (332). Furthermore, the impact of gut microbiota on brain
developmental programming of obesity has also been suggested (333). Moreover,
considerable attention has been drawn to investigating the role of early-life antibiotic
therapy in being an important driver for subsequent development of metabolic dis-
eases. Several analyses involving murine models have shown that altering the gut
microbiota with antibiotics during early life will have long-lasting metabolic conse-
quences, including adiposity, weight gain, insulin resistance, type 2 diabetes, and liver
disease (334-336). In one of these studies, the authors observed that the effect on host
metabolism was sustained over time, even when the microbiota alterations had dis-
appeared following the discontinuation of the antibiotic treatment, which underlines
the importance of microbiota-host interactions during early life. Nevertheless, a recent
study encompassing a large cohort of more than 260,000 individuals proposed that
childhood obesity is positively correlated only with untreated infections and not with
antibiotic use during infancy (337). These above-mentioned analyses also demon-
strated a causal role of the microbiota as opposed to an antibiotic effect, since such an
antibiotic-modified microbiota, when transferred to germfree mice, was able to pro-
mote growth (335). Other murine trials have observed differences in the microbiota and
host physiology depending on the antibiotic used (96). Notably, these analyses suggest
that an association exists between early-life antibiotic-induced dysbiosis and alterations
of host metabolism in later life. Epidemiological studies in humans have also demon-
strated that antibiotic exposure is associated with long-term metabolic effects, includ-
ing weight gain and obesity in children and adults, and this antibiotic-microbiota-
obesity trinomial has attracted a substantial level of public interest (338). Investigations
involving a large infant cohort showed an association between early-life antibiotic
exposure and childhood obesity (339). In fact, it has been suggested that disturbances
of the intestinal microbiota caused by antibiotics, during either prenatal or postnatal
periods, increase the risk of becoming obese (340). However, more evidence from
human epidemiological studies is needed to definitively establish a causative link
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between early-life antibiotic-induced dysbiosis and subsequent metabolic conse-
quences in later life.

Other Long-Lasting Effects of the Infant Gut Microbiota

Early infant dysbiosis has also been associated with other chronic disorders that may
manifest later on in life; in particular, IBD, irritable bowel syndrome (IBS), and type 1
diabetes (T1D) have received a lot of interest from the scientific community in recent
years in this context.

T1D is an autoimmune disease characterized by the destruction of insulin-producing
beta cells. Several environmental factors may affect T1D, and accumulating evidence
supports the proposed role of intestinal microbiota in the development of this disease.
Longitudinal studies in patients with T1D have shown a lower diversity and significant
differences in the ratios of the most abundant intestinal phyla, including Firmicutes and
Bacteroidetes, as well as a decreased abundance of the butyrate producer F. prausnitzii
in diabetic children (341). Indeed, butyrate-producing species are more abundant in
nondiabetic children, and it has been suggested that these bacteria play a key role in
reducing the risk of developing T1D (342). Furthermore, how early intestinal coloniza-
tion can influence the subsequent progression of T1D has also been investigated.
Experiments in rodents have shown that early-life microbiota modifications, notably by
low-dose or pulsed therapeutic antibiotic treatments, alter intestinal microbiota and
T cell populations, increase the risk of T1D, and accelerate T1D development in a
nonobese diabetic (NOD) murine model (343). Regarding human trials, recent findings
suggest a role of early dysbiosis in future development of T1D (344). It has been shown
that microbiota perturbations during early infancy may generate a proinflammatory
environment that facilitates the development of autoimmune disease. In this regard,
pioneering investigations by Kostic and coworkers reported different microbial patterns
in the fecal microbiota of infants who later developed T1D compared with those who
did not progress to diabetes (345). However, only a limited number of analyses have
tried to correlate infant microbiota and T1D development. Therefore, the monitoring of
human cohort studies, together with mechanistic studies, is needed to establish a
causal relationship between microbiota and T1D.

Diseases that involve intestinal inflammatory symptoms have also been related to
early-life microbiota colonization events. The notion that the human intestinal immune
system is “trained” during early microbial colonization presumes a link between pio-
neering microbial inhabitants of the gut and subsequent intestinal inflammatory
disease, notably IBD and IBS. A small number of trials have suggested that early-life
shifts in the populations of specific bacterial groups precede onset of intestinal
inflammatory diseases at later stages of life (346-349). However, convincing and
consistent data about the long-term effects of early-life dysbiosis in the development
of IBD and IBS in children and adults are scarce and do not allow the establishment of
causality. Thus, future work with animal models and human epidemiological studies
may shed light on microbiota-mediated immune and physiological responses that may
result in the onset of these diseases.

MICROBIAL BIOMARKERS ASSOCIATED WITH THE CORE INFANT GUT
MICROBIOTA
The Core Infant Gut Microbiota

Relative to the gut microbiota of adults or older children (age of >1 year), the infant
gut microbiota exhibits low diversity, and the microbiota structure is generally unstable
and highly dynamic (see above) (123). In contrast, the gut microbiota of adults is
specific to an individual and is relatively stable (350). Nevertheless, bifidobacteria are
typically found in large amounts in infants, particularly breastfed infants, and thus are
considered a key member of the infant gut microbiota (41, 116, 123, 351).

Notably, despite the large variability at the intraindividual level during the period
from initial assemblage of the infant gut microbiota to the establishment of an adult
gut microbiota, the infant gut microbiota can be classified into six main types (Fig. 8)
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FIG 8 The infant gut core microbiota. A 16S rRNA gene-based tree involving the infant bacterial core microbiota is displayed. The colors
of the branches indicate the six main phylogenetic groups of the infant gut microbiota. An electron microscopic image of the key infant
gut bacterial taxon is displayed for each branch of the tree.

(114). Such infant gut microbiota types are determined according to the composition
of the gut microbiota and the occurrence of dominant bacterial groups. In detail, these
dominant groups encompass the following: group 1, consisting of Enterobacteriales;
group 2, formed by Bacteroidales and Verrucomicrobiales; group 3, encompassing
members of Selenomonadales as well as the Clostridiales genera Pseudoflavonifractor

AQ:F and Subdoligranum and Deltaproteobacteria Desulfovibrio; group 4, including all Pas-
teurellales; group 5, comprising most of the Clostridiales; and group 6, involving the
Clostridiales genera Anaerostipes and Faecalibacterium and the Lactobacillales and
Bifidobacteriales (114) (Fig. 8). Nevertheless, additional investigations that involve large
data sets for infants from multiple geographic regions are needed to confirm these
observations. Interestingly, the genera that dominate the infant gut microbiota in
different individuals are represented by Bifidobacterium, Veillonella, Streptococcus, Cit-
robacter, Escherichia, Bacteroides, and Clostridium, which are also abundant in the gut
microbiota of adults (114). Notably, further detailed analyses allowed the identification
of an additional 10 genera that are shared between adults and infants, though at very
different abundancies: Bacillus, Bacteroides, Bifidobacterium, Clostridium, Enterococcus,
Escherichia, Eubacterium, Lactobacillus, Prevotella, Ruminococcus, and Streptococcus.
These core bacteria of the gut microbiota include members of four of the phylogenetic
groups described above (group 1, Escherichia; group 2, Bacteroides and Prevotella;
group 5, Clostridium and Eubacterium; and group 6, Bifidobacterium, Enterococcus,
Lactobacillus, Ruminococcus, and Streptococcus) (114).
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Bifidobacteria and the Gut Microbiota of Infants

As described above, bifidobacteria represent one of the dominant members of the
core infant gut microbiota, and several ecological studies based on culture-dependent
as well as culture-independent approaches have confirmed such findings (3, 41, 42, 67,
80, 117, 351-354). Interestingly, bifidobacteria are presumed to be particularly abun-
dant in the colon, while they are identified at lower densities in the oral cavity (355).
Bifidobacteria were first isolated from feces of a breastfed infant by Tissier in 1899 and
are classified as a distinct genus, i.e., Bifidobacterium, belonging to the Actinobacteria
phylum (356-358). The genus Bifidobacterium currently includes 59 different taxa, five
of which have been isolated from fecal samples from the human gut (265, 359, 360). An
ecological clustering of the currently described members of the Bifidobacterium genus
distinguishes seven different ecological niches encompassing the GITs of humans,
nonhuman mammals, birds, and social insects, wastewater, and human blood and oral
cavity (352). Notably, these apparently unrelated ecological origins may represent an
ecological niche that is common to all these habitats, represented by the fact that
bifidobacterial hosts are social animals whose offspring enjoy parental care. Therefore,
perhaps their ecological distribution is facilitated by direct transmission of bifidobac-
terial cells from mother/carer to newborn. Such a hypothesis has recently been
experimentally confirmed by the identification of bifidobacterial strains that are com-
mon between mothers and their corresponding children (see above) (67, 354). Further
detailed classification of bifidobacteria based on the ecological origin suggests the
occurrence of (sub)species, such as Bifidobacterium animalis subsp. lactis/animalis,
Bifidobacterium adolescentis, Bifidobacterium dentium, and Bifidobacterium catenulatum,
that are found in different animals and which are therefore also known as cosmopolitan
bifidobacterial species (361). In contrast, other species, such as Bifidobacterium bifidum,
Bifidobacterium breve, and Bifidobacterium longum, appear to be less widely distributed
than the above-mentioned species, and thus it was not possible to identify a strict
host-specific adaptation of bifidobacterial species (265). Among those species identified
in primates (including humans) it is possible to distinguish bifidobacterial taxa that are
typically found in adults, e.g., B. adolescentis and B. catenulatum, while others are much
more commonly found in the guts of breastfed infants, such as B. bifidum, B. breve, and
B. longum subsp. infantis (41). Nevertheless, there does not seem to be a strict
infant-versus-adult subdivision of bifidobacterial taxa. This makes sense in the context
of vertical transfer of bifidobacterial species from mother to offspring, which also
includes adult-type members such as B. adolescentis (362, 363).

Contribution of bifidobacteria to the infant host. Due to their well-described
saccharolytic features, bifidobacteria make a major metabolic contribution to their host
through the degradation of diet-derived glycans and host-provided carbohydrates
(known as host glycans and including mucins and HMOs) (364). The glycan-based
metabolic activities exerted by bifidobacteria are pivotal in their establishment and
persistence in the gut at the early stages of life (365). In this context, genome analyses
of Bifidobacterium longum subsp. infantis ATCC 15697 and Bifidobacterium bifidum
PRL2010 have revealed how these two microorganisms are able to utilize host-derived
glycans (HMOs and mucin). In particular, the genome of B. longum subsp. infantis ATCC
15697, a strain that was originally isolated from a breastfed infant, contains genes that
encode enzymes predicted to be involved in the degradation (such as fucosidase,
sialidase, B-hexosaminidase, and B-galactosidase) and internalization (such as extracel-
lular solute binding proteins and permeases of ABC transporter systems) of HMOs (232).
Furthermore, the genome of this strain encompasses an operon involved in the metabolism
of urea, an important source of nitrogen in human milk (232). Notably, maternal geno-
types that determine fucosylation patterns of HMOs are implicated in the assemblage
of infants’ microbiota (366, 367). As mentioned above, specific infant-associated bifi-
dobacteria such as B. longum subsp. infantis efficiently metabolize HMO components,
e.g., lacto-N-tetraose (232, 368), although metabolic differences have been observed
with respect to HMO utilization profiles between bifidobacterial species.
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Mucin is another host-produced glycan that constitutes one of the main barriers
covering the GIT mucosa. The main glycan components of these glycoproteins are
N-acetylglucosamine, N-acetylgalactosamine, fucose, and galactose, and mucins are
frequently covered by sialic acid and/or sulfate groups (369). In order to metabolize
these glycoproteins, a number of specific glycosyl hydrolases are required, such as (i)
endo-a-N-acetylgalactosaminidase, catalyzing the hydrolysis of O-glycosidic a-linkages
between galactosyl B1-3-N-acetylgalactosamine and serine or threonine residues (370),
and (i) fucosidases, liberating the L-fucose from the oligosaccharide core of the mucin
structure (371). Additional enzymes responsible for the complete breakdown of mucin
encompass N-acetyl-B-hexosaminidases, B-galactosidases, and sialidases (372). More-
over, the core oligosaccharide structure of mucin is formed by galacto-N-tetraose,
which is known to be metabolized by certain members of the human gut microbiota,
including specific bifidobacterial species, into galacto-N-biose (368) and then trans-
ported in the cytoplasm through a specific ABC-type transporter, phosphorylated by a
galacto-N-biose phosphorylase, and finally utilized in the glycolytic and glycoprotein
metabolic pathways (372).

Only a few members of the human gut microbiota can directly access mucin as
a C source, including Bifidobacterium bifidum and Akkermansia muciniphila (373-
376). Notably, in silico genome analyses of B. bifidum PRL2010, a strain isolated from infant
stool, revealed a gene set responsible for mucin metabolism, encoding extracellular en-
zymes that include sialidases, fucosidases, a putative cell wall-anchored endo-a-N-
acetylgalactosaminidase, N-acetyl-B-hexosaminidases, and B-galactosidases (375). This
genetic repertoire is part of the unique core genome of members of the B. bifidum
species (377), providing an intriguing case of coevolution of a human gut commensal
to the (human) intestine, where glycans produced by the host act as a carbon and
energy source for the establishment and survival of certain bifidobacterial species
within the human gut (375).

Interestingly, among the bifidobacterial communities that reside in the gut of
human infants and adults, certain species are present, such as Bifidobacterium breve,
which possess carbohydrate breakdown capabilities toward both dietary and host-
derived glycans (378-382). Notably, while B. breve is not able to grow to any appre-
ciable density on mucin or HMOs, host-derived mono-/oligosaccharides may become
available through hydrolytic activities of other (bifido)bacteria present in the human
gut microbiota through cross-feeding activities (364, 383-386).

Modulation of the infant gut microbiota by cross-feeding activities operated by
bifidobacteria. Within the human gut microbiota, bifidobacterial communities are
believed to establish several trophic interactions with each other and with other
members of the gut microbiota, leading to competition for or cooperative sharing of
nutrients. Commonly, microbe-microbe interactions can either positively or negatively
influence the fitness of the affected organisms (387) by the release of molecules in the
environment (388, 389). Due to cross-feeding strategies, enteric microorganisms pro-
mote an expansion of their carbohydrate acquisition abilities, thereby positively influ-
encing the ecological fitness of a specific proportion or even the overall gut microbiota
(364). Cross-feeding actions in the gut are commonly exploited by primary microbial
degraders such as bifidobacteria, which, due to partial extracellular hydrolysis of
specific complex carbohydrates (e.g., host-produced glycans), provide monosaccha-
rides and oligosaccharides to other microbial gut inhabitants (390). In addition, their
fermentative metabolism of these carbohydrates generates end metabolites, such as
acetate, which in turn may act as a substrate for secondary microbial degraders such as
the butyrate-producing enteric bacteria (391-394).

Examples of cross-feeding activities in bifidobacterial communities have been ex-
perimentally demonstrated between two infant-type bifidobacteria (B. bifidum PRL2010
and B. breve UCC2003) when these bacteria were cultivated on sialyl lactose as the
unique carbon source (384, 385). Recently, the cross-feeding activities of various
bifidobacterial strains such as B. bifidum PRL2010, B. breve 12L, B. adolescentis 22L, and
B. thermophilum JCM7017, when grown on plant-derived glycans such as starch and
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xylan, have been evaluated (383). Notably, cocultivation trials coupled with transcrip-
tomic and metabolomic analyses revealed that the concurrent presence of the above-
mentioned bifidobacterial strains results in enhanced metabolic activity of B. bifidum
PRL2010, suggesting that PRL2010 cells benefit from the presence of other bifidobac-
terial strains.

The existence of cross-feeding activities between various bifidobacterial strains
resembling the infant bifidobacterial communities, i.e., B. bifidum PRL2010, B. longum
subsp. infantis ATCC 15697, B. adolescentis 22L, and B. breve 12L, has been further
assessed under in vivo conditions in a conventional murine model (395). Remarkably, in
this study, transcriptomic experiments coupled with metagenomic analyses of single,
dual, or multiple associations of bifidobacterial strains uncovered cross-feeding behav-
jor that caused an apparent expansion of the murine gut glycobiome toward its
enzymatic potential related to the breakdown of plant-derived carbohydrates such as
xylo-oligosaccharides, arabinoxylan, starch, and host glycan substrates. Furthermore,
these analyses revealed distinct strategic responses by the different bifidobacterial
strains toward glycans; for example, a “selfish” behavior was exhibited by B. longum
subsp. infantis ATCC 15697 as it internalizes HMOs prior to degradation, thereby
limiting opportunities for resource sharing by other enteric microorganisms. In contrast,
B. bifidum PRL2010 actively participates in extracellular breakdown of host glycans and
thus in the release of simple sugars that can in turn be utilized by other members of
the (bifido)bacterial community (395).

How bifidobacteria interact with the human gut. The molecular mechanisms by
which bifidobacteria interact with the human host are still largely unexplored.
However, bifidobacterial colonization at the early stages of life seems to play an
important role in the host (see above). It has recently been demonstrated that many
bifidobacterial species encode cell surface-associated exopolysaccharides (EPSs),
cell surface-protruding proteinaceous appendages called fimbriae or pili, and/or a
secreted serine protease inhibitor, all of which seem to be involved in host interactions
(352, 396-401) (Fig. 9).

EPSs are carbohydrate polymers present as an extracellular layer covering the
surfaces of various Gram-positive microorganisms (402). EPS can have two seemingly
opposing functions: bacterial EPS can act as a virulence factor in particular diseases but
may also elicit positive effects on human health by exploiting an immune modulatory
effect on the host (403, 404). The EPS synthetized by certain lactic acid bacteria (LAB)
can be classified in two groups: homopolysaccharides, consisting of just a single
repeated monosaccharide type, and heteropolysaccharides, which are composed of a
repeated oligosaccharide (405). Specifically, EPSs synthesized by bifidobacteria are
composed of various monosaccharides, such as p-glucose, p-galactose, and L-rhamnose,
and are thus classified as heteropolysaccharides (396). However, EPS gene clusters are
not conserved in different Bifidobacterium species or even between strains of the same
species. Several studies demonstrated that EPS production is linked with their ability to
modulate the host immune response (398, 406) and/or their ability to shape the
composition and activity of the gut microbiota (396). In this context, it has recently
been shown that the EPS produced by B. breve UCC2003 cells positively modulates the
small intestinal cell shedding response in IBD by reducing apoptotic signaling in the
epithelial compartment. Notably, such novel findings imply that capsular structures of
bifidobacteria play an important role in their host against pathological cell shedding
(407). Furthermore, it has been shown that EPS produced by B. longum 35624 exerts an
immune modulatory role by dampening proinflammatory host responses, while loss of
EPS production results in the induction of local TH17 responses (408, 409).

Another key cell surface structure considered to be crucial in bifidobacterial inter-
actions with its host, possibly with other members of the gut microbiota, is represented
by pili or fimbriae (352). So far, in the various members of the genus Bifidobacterium
two different types of pili have been described, the tight-adherence (Tad) pili and the
sortase-dependent pili (353). Tad pili in bifidobacteria are encoded by a genetic locus
which was originally found in the genome of B. breve UCC2003 (399). The main tad
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FIG 9 Extracellular structures identified among members of the Bifidobacterium genus. The bifidobacterial phylogenetic tree is based on the core gene
sequences conserved in each bifidobacterial (sub)species. Colored dots show the presence of the different extracellular structures distributed among the
Bifidobacterium genus. The bifidobacterial colors are related to the ecological origin of each bifidobacterial (sub)species.

locus of UCC2003 is similar to that of the type IVb pilus-encoding gene cluster of
Actinobacillus actinomycetemcomitans, though bifidobacteria harbor one tad gene
which is separated from the main tad locus (399). The main tad locus of B. breve
UCC2003 encodes proteins involved in pilus assembly and localization (TadB, TadA,
TadC, and TadZ), as well as the Flp prepilin and two pseudopilins (TadE and TadF), while
the second locus consists of a single gene, tadV, which is responsible for the processing
of pilin precursors to mature pilin proteins (399). The main tad locus was identified
through transcriptome analysis of B. breve UCC2003, which showed that upon murine
colonization, transcription of this gene cluster is induced, while it is not transcribed
under laboratory conditions. Thus, such extracellular structures may be produced only
when B. breve UCC2003 is found in its natural environment (399). Notably, a mutational
analysis of the tadA gene highlighted the crucial importance of the tad locus in the
colonization and persistence of UCC2003 cells in the mammalian gut. The tad locus is
highly conserved among sequenced bifidobacterial strains, which supports the hypoth-
esis that such extracellular structures mediate host colonization by bifidobacteria (353,
399). Further extracellular appendages that are believed to be pivotal for colonization
and/or the interaction of bifidobacterial cells with the mammalian host are represented
by sortase-dependent pili (401). Such structures were shown to promote adhesion of
bifidobacterial cells to human enterocytes through extracellular matrix (ECM) proteins
as well as the interaction with the immune system of the host by eliciting a local
proinflammatory response, which may be crucial in the first stages of life of the human
host (401). In fact, the neonatal immune system is immature, and the presence of
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proinflammatory stimuli such as those exerted by bifidobacterial pili may be essential
in developmental immunological programming. In this context, it is well known that
decreased antigenic exposure has adverse effects on the budding immune system and
increases the likelihood of developing atopic disorders (410).

Another protein that seems to be involved in bifidobacterium-host interaction is the
serine protease inhibitor (serpin), which is a member of the serpin superfamily (411).
Bifidobacterial serpins act as inhibitors of the human neutrophil and pancreatic elas-
tases (411). Serpin-encoding genes in bifidobacteria are present in the genomes of only
B. breve, B. longum, and B. dentium species (412). Functional analyses involving tran-
scriptomics and targeted gene inactivation revealed that transcription of the serpin-
encoding gene is enhanced when B. breve cultures are exposed to various host-derived
proteases, such as pancreatic elastase, human neutrophil elastase, thrombin, papain,
kallikrein, trypsin, a-antitrypsin, chymotrypsin, and plasmin (412, 413). This finding is
highly relevant since many of these proteases are typically found within the human gut,
and thus the presence of a protease inhibitor may provide an ecological advantage to
bifidobacteria since serpin activity may protect them against these host proteases.

Bifidobacterial cells have also been characterized for the synthesis of an interspecies
signaling molecule known as the quorum sensing molecule Al-2 (414, 415). Synthesis of
Al-2 is modulated by an enzyme that forms an essential part of the activated methyl
cycle, i.e, LuxS, which is involved in recycling S-adenosylhomocysteine (416). The
LuxS-encoding gene belongs to the core genome of the genus Bifidobacterium (417)
and has been molecularly characterized in B. breve UCC2003 (415). Insertional inacti-
vation and complementation experiments indeed demonstrated that a functional luxS
gene is necessary for bifidobacterial Al-2 synthesis. Furthermore, these analyses showed
that the UCC2003 /uxS mutant, compared to the UCC2003 wild-type strain, is less
effective in iron sequestering and unable to colonize the murine gastrointestinal tract,
while this mutant was also shown to confer less protection against Salmonella infection
in a nematode model (415).

Other Members of the Core Infant Gut Microbiota

The Clostridia class. Members of the genus Clostridium have recently been reclas-
sified into several genera that all fall within the Clostridia class (418). These species are
commonly found among microbial taxa present in the infant gut microbiota. So far, 72
different species of the Clostridia class have been isolated from the human gut (32).
Among the infant gut microbiota-associated members of the Clostridium sensu stricto
(cluster 1) group, we should mention C. perfringens, while also worth mentioning is a
member of the Peptostreptococcaceae family, Clostridiodes difficile, the recently reclas-
sified Clostridium difficile (418, 419). Both of these species are known as pathogenic
microorganisms that may cause bacteremia and pseudomembranous colitis, and their
presence at high densities is interpreted as an indicator of an unhealthy microbiota
(420). Historically, cultivation-based analyses have revealed that C. perfringens and other
Clostridium sensu stricto members can be present in infants at densities of up to 107 CFU
g~ fecal content (421).

The Clostridia class also includes certain common human gut commensals such as
species belonging to the Ruminococcaceae and Lachnospiraceae families, formerly
known as Clostridium clusters IV and XIVa (422). Notably, the Ruminococcaceae and
Lachnospiraceae families encompass highly diverse species, many of which produce
SCFAs (423-425). Thus, a depletion of Ruminococcaceae and Lachnospiraceae is corre-
lated with reduced production of SCFAs, e.g., butyrate, and the onset of IBD.

The genus Bacteroides. Members of the Bacteroides genus are dominant compo-
nents of the adult gut microbiota (262), although they may also be present in the infant
gut microbiota, where their presence seems to be modulated by HMOs in a fashion
similar to that for bifidobacteria (365). Notably, in mouse experiments, it has been
shown that gut colonization by Bacteroides spp. is a result of the recognition and
selection by the immune system of the host (426), mediated through Toll-like receptors
(TLRs) (404) and other specific microbe-host interactions (427). Members of this genus
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are classified as saccharoclastic bacteria that are able to metabolize host-produced
glycans, such as HMOs and mucins, but also complex plant polysaccharides such as
starch, cellulose, xylans, and pectins (428, 429). Bacteroides species commonly possess
proteolytic activity due to the action of extracellular proteases (430). Other key meta-
bolic functions exploited by members of the Bacteroides genus encompass deconju-
gation of bile acids (431).

(i) How Bacteroides cells interact with the host. Among the Bacteroides genus, B.
fragilis has been described as a member that can produce multiple capsular polysac-
charides (432), known as polysaccharide A (PSA), which act as important mediators of
gut microbiota colonization, host-microbe cross talk, and/or immune modulation (433).
In various Bacteroides species, capsular polysaccharides are predicted to alter the
physical properties of cell surfaces and to play a key role in host-bacterial commen-
salism (434). Cells of B. fragilis are able to produce multiple capsular polysaccharides,
and any experimental attempts to eliminate capsule-mediated protection against the
host immune system lead to competitive defects of noncapsular mutants with subse-
quent spontaneous phenotypic reversion (432, 434-436). This reversion is explained by
the finding that B. fragilis acapsular mutants are capable of reestablishing capsule
production. The establishment of the production of other capsular polysaccharides
restores the reduced fitness of acapsular mutants in the gut.

The genera Veillonella and Streptococcus. A minor component of the core infant
gut microbiota is represented by bacterial taxa belonging to the Veillonella genus.
These bacteria are saccharolytic and utilize end products of carbohydrate fermentation
(e.g., lactate) of other infant gut bacteria, such as Streptococcus spp. and Bifidobacterium
spp., to produce propionate, forming an important trophic chain. This short-chain fatty
acid is considered a beneficial product of the gut microbiota as it displays anti-
inflammatory features, and influences glucose and energy homeostasis and increases
insulin sensitivity (437).

Specific members of the genus Streptococcus also form part of the core infant gut
microbiota and are among the first established bacteria in the infant gut, where they
can be identified within the first 24 h following birth (200, 438).

The genus Collinsella. Members of the genus Collinsella have recently been shown
to reach high numbers when they are associated with an infant gut microbiota
dominated by bifidobacteria (270). The Collinsella genus was identified from the
reclassification of Eubacterium aerofaciens based on a 16S rRNA gene sequence diver-
gence and the presence of a unique peptidoglycan type compared to other members
of the genus Eubacterium (439). So far, the Collinsella genus includes five species,
Collinsella aerofaciens, Collinsella intestinalis, Collinsella stercoris, Collinsella ihuae, and
Collinsella tanakaei, which were all isolated from the human gastrointestinal tract
(439-441). However, the biology of these bacteria is still largely ignored, and only
recently a genome sequence of a member of this genus has been published (442).

The genus Lactobacillus. Lactobacilli are known to be present in the infant gut
microbiota, although they are present at lower numbers in the large intestine than the
above-mentioned bacterial genera yet are present soon after delivery (438). In this
context, lactobacilli belonging to the Lactobacillus gasseri, Lactobacillus ruminis, Lacto-
bacillus casei, Lactobacillus reuteri, Lactobacillus sakei, Lactobacillus plantarum, and
Lactobacillus brevis species were detected in the meconium, where their abundance is
higher in vaginally delivered (VG) neonates than in caesarian section-delivered (CS)
newborns (204). Follow-up studies of lactobacilli revealed that compared to that in VG
infants, the rate of detection of the Lactobacillus genus remained significantly lower in
CS infants at different time points during the first 6 months of life (204). It may be
argued that vertical transmission of Lactobacillus species present in the maternal
vaginal tract represents the origin of this early infant Lactobacillus microbiota compo-
nent. In this context, preliminary genetic insights supporting the occurrence of the
enzymatic arsenal for HMO metabolism have recently been discovered in the genomes
of L. casei (443).
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The genus Akkermansia. A. muciniphila is the sole intestinal representative of the
Verrucomicrobia that is present, though at very low levels, in the human gut since early
life (444, 445). The presence of A. muciniphila has been correlated with intestinal
integrity, and its relative abundance and absolute numbers are known to increase
rapidly with age and specifically after weaning (446). Mouse experiments confirmed the
effect of A. muciniphila on intestinal barrier function and demonstrated that its admin-
istration protects against diet-induced obesity (447). Recently, a mechanistic explana-
tion involving TLR signaling via a specific pilus-associated protein has been provided
(448, 449). These findings and the indications that A. muciniphila may ferment HMOs
(450) make this species a relevant inhabitant in the early-life gut, even at low abun-
dance, and a potential target for therapeutic developments aimed at increasing barrier
function (451, 452).

MICROBIAL BIOMARKERS ASSOCIATED WITH INFANT HEALTH
General Features of Microbial Biomarkers

Alterations in the infant gut microbiota composition have been linked to multiple
diseases and disorders (see above). Although the precise mechanisms and causalities of
these associations still have to be uncovered, microbiota changes across various stages
of disease/disorder might be utilized for novel diagnostic and prognostic tests, also
known as microbial biomarkers. We categorize microbial markers in the following
groups, which will be discussed further below: (i) microbiota maturation, (ii) microbial
diversity, (iii) presence and abundance of bifidobacteria, (iv) presence and abundance
of butyrogenic bacteria belonging to the Lachnospiraceae and Ruminococcaceae fam-
ilies, (v) concentration of SCFAs and pH, and (vi) microbial cell wall products.

Microbiota Maturation as a Marker for Health

Different aspects of the microbiota can be indicative of differences between healthy
and disease states (453). Single microbial taxa or microbial products are preferable as
health markers, since these make strategies for nutritional interventions or therapy
most feasible. However, in many cases, if differences are found between a healthy
microbiota and that of an ill person, the microbial biomarkers are not particularly
specific. They are described as differences in community structure or differences in
transition of the complete microbiota. Microbiota maturation has been defined as the
rate at which the infant gut microbiota develops, as measured by age-dependent
succession stages (2). A “mature” microbiota contains certain taxa that are biomarkers
for the particular age group of the child/infant, while an “immature” or delayed
microbiota resembles that of a younger child/infant (2). Delayed microbiota maturation
is associated with physiological disturbances in the host. Typical factors that can
hamper the process of microbiota maturation are premature birth as well as formula
feeding, undernutrition, and antibiotic use (2, 73, 83, 454).

Microbial Diversity as a Biomarker for Health

In adults, microbial diversity is considered to represent a biomarker that can be
associated with either health or disease. A decrease in microbial diversity, calculated as
either Chao1, Simpson, Shannon, or phylogenetic diversity, is reported in states of
disease. Notably, a decrease in metagenomic richness of the microbiota is described as
a biomarker for metabolic syndrome, despite the fact that the sole evaluation of
changes in biodiversity is not considered to be sufficient to reliably identify and confirm
the presence of an ongoing pathological condition (455). In contrast, a healthy intes-
tinal microbiota in early life is associated with a low microbial diversity (4, 269). Infants
born preterm or by caesarean section show an even further reduced diversity com-
pared to infants born vaginally at term. Milk typically makes up the complete nutrition
of infants in the first months following birth. Depending on the milk source, either
breast milk or formula, the microbiota is less or more diverse, respectively (456). HMOs
in human breast milk render the microbiota low in diversity and richness and high in
bifidobacteria (456). In this context, compared to that of a breastfed infant (of the same
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age), the microbiota of a formula-fed infant is usually higher in diversity and richness
yet with lower abundance of bifidobacteria (73). During and after weaning, the changes
that occur in microbial diversity are more pronounced in breastfed than in formula-fed
infants (2). This is due to a rapid decrease of bifidobacteria, being replaced in relative
abundance by Bacteroides spp. and members of the Lachnospiraceae and Ruminococ-
caceae families.

When the infant microbiota is exposed to antibiotics the diversity can drop to an
even lower value compared to that of a reference non-antibiotic-treated, breastfed
infant (2, 457). In this case, the low diversity and decrease of bifidobacteria are
considered a biomarker for hampered microbiota development and risk for later-life
health. The decline of bifidobacterial and Bacteroides sp. counts leads to higher relative
abundances of enterobacteria and enterococci. The latter groups contain opportunistic
pathogens and increase the risk of infections and disease (456). In prematurely born
infants, microbial colonization is hampered, and low microbial richness and the abun-
dance of facultative anaerobic species from the enterobacteria and enterococci are
directly linked to an increased risk of NEC development (458).

In early life, low microbial diversity has been described to be correlated with colic
and atopic dermatitis (456, 459). In infants suffering from colic, the increase of microbial
diversity in the first weeks of life was less marked than that observed in healthy control
subjects. This lower microbial diversity in colic infants continued across the first 2 years
following birth and was accompanied by a significantly lower abundance of bifidobac-
teria and lactobacilli in such colic infants compared to healthy controls. The manifes-
tation of colic symptoms is most pronounced in the first 6 weeks after birth; therefore,
the reduced diversity and specific microbiota signature observed in infants with colic in
the first weeks of life suggest a potential role of microbiota development in the etiology
of colic (459).

Microbial diversity is a nonstable factor in early life as it gradually increases toward
adulthood. Deviations in this transition, such as lower diversity at certain stages in this
transition, might be a measure for risk of certain early-life disease. Specific microbial
signatures accompanied with this diversity measure are important and are further
discussed below.

Presence and Abundance of Bifidobacteria as a Biomarker for Health

Bifidobacteria colonize the intestine early in life, and bifidobacterial levels become
lower yet remain relatively stable in adulthood, tending to decrease as a result of
senescence. As discussed above, infants typically possess a microbiota dominated by
bifidobacteria. When considering a vaginally delivered, breastfed infant as a healthy
reference, formula-fed infants have a more diverse microbiota and infants born preterm
or by caesarean section show a delayed colonization by bifidobacteria (83, 123).
Bifidobacterial presence and abundance are described to be associated with a positive
health status and can therefore be considered a potential microbial biomarker.

There are examples of early-life disease, such as colic and NEC, as well as later-life
development of obesity, celiac disease, and autoimmune diseases, that are correlated
with diminished levels of bifidobacteria in the infant intestine (460, 461). Malnutrition
in children is typically characterized by lower abundances of B. longum and puts these
children at increased risk for impaired learning ability and physical stunting in later life
(454).

The use of antibiotics shifts the composition of the gut microbiota toward an
increased abundance of Proteobacteria by further reducing Bifidobacterium populations.
Antibiotic use in the first days of life delays colonization by bifidobacteria in the gut.

AQ: G Antibiotics are routinely administered perinatally during caesarean sections, which is a
confounder in analyses where bifidobacteria have been shown to be transmitted
vertically with vaginal but not caesarean delivery. The decreased amounts of bifido-
bacteria and increased amounts of specific Firmicutes, including different Clostridia class
groups such as members of the families Ruminococcaceae and Lachnospiraceae, have
been associated with the development and onset of allergic diseases (456). Further-
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more, in celiac disease and childhood constipation, there is a reduced proportion of
Bifidobacterium spp. (279, 462). At the same time, bifidobacteria have been suggested
to alleviate gastrointestinal symptoms of adult celiac patients and have been associated
with reduced abdominal pain and discomfort in healthy adults, thus opening novel
opportunities for nutritional intervention to treat disease with low abundance of
bifidobacteria.

The protective ability of bifidobacteria against early-life disease is suggested to work
through specific immune stimulation and acidification of the intestinal environment
through the production of SCFAs and lactate. It is unclear whether specific strains of
bifidobacteria or even a diverse community of different bifidobacteria elicits different
effects. The colonization of B. longum subsp. infantis has been associated with normal
development of immune tolerance, and the species has been shown to be capable of
normalizing the permeability of the intestinal mucosa (463, 464). B. animalis subsp.
lactis has been shown to protect against infections in infants (465).

The presence of aberrant bifidobacterial numbers is one of the most frequently
observed intestinal microbiota alterations (461) in early-life-associated diseases. This
fact suggests an important role for the bifidobacterial population in establishing
intestinal homeostasis. Bifidobacteria may therefore be used as a biomarker to assess
the intestinal status with regard to a putative dysbiosis. In addition, increasing bifido-
bacterial levels in the gastrointestinal tract may be considered a target to prevent
and/or alleviate microbiota-associated diseases.

The Lachnospiraceae and Ruminococcaceae Families as a Marker for Health

The commonly described microbial fermentation product butyrate is not typically
the most abundant SCFA in the early-life intestine, where bifidobacteria dominate.
Butyrate-producing bacteria that are present in the adult human gut have been
proposed to reduce pain sensation, as pointed out by studies relying on butyrate
enemas (466). Butyrate serves as a primary energy source for colonic epithelial cells, and
it is also described as beneficial for gut health by causing, for example, decreased
intestinal permeability. Signatures of butyrate-producing bacteria are, however, detect-
able in the infant microbiota and described as markers for health. Colonization by low num-
bers of butyrogenic microorganisms early in life is thought to help the fast transition of
microbes during the process of weaning, which rapidly changes the bifidobacterium-
dominated microbiota to a microbiota rich in Bacteroides spp. and Clostridium spp. In this
context, it should be noted that a negative association between crying and butyrate-
producing bacteria in infants with colic symptoms has been reported (459).

Acidity as a Result of Bifidobacteria and LAB in the Early-Life Intestine

Acetate is the most abundantly produced SCFA in the colons of adults, and its
production is a common feature of most gut microbiota members (453). Compared to
those in adults, the levels of fecal SCFAs in breastfed infants are characterized by higher
relative proportions of acetate, lower proportions of propionate, and an almost com-
plete absence of butyrate. Furthermore, lactate is more commonly detected in the feces
of infants, while it is usually found at low levels (<5 mM) in healthy adults. Acetate and
lactate are the precursors for butyrate production by certain microbiota members, and
these organic acids are therefore rapidly converted in the adult intestine. The high
levels of acetate and lactate in breastfed infants reflect the dominance of bifidobacteria
and lactobacilli. As such, breastfed infants have a lower fecal pH (average of ~5.8) than
formula-fed infants (average of ~7.1) (467). It has been suggested that the higher
relative abundance of lactic acid in breastfed infants drives this pH difference. The low
acidity in the early-life intestine is thought to play a beneficial role, as it is prohibitive
to the colonization of pathogens (468).

Microbial Lipids and Proteins as Modulators of Gut Health

As described above, aspects of microbiota maturation, microbial diversity, and
abundance of microbial taxa can be indicative of health status in early life. Such
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characteristics may be used for future diagnostic methods to identify predisease states
and states of disease. Apart from the use of the microbiota as a tool, it can be exploited
as a target. Stimulation of the right microbes and combinations of microorganisms in
the early-life intestine can modulate infant health. The exact mechanisms by which
microbiota maturation, diversity, or taxon abundance are able to modulate the onset
and severity of various disease states are still lacking. Mechanistic insights into micro-
bial functionality in host-microbe interaction processes are scarce. The role of SCFAs in
the intestinal tract and their effects on intestinal health and physiology represent nice
examples of the direct effects of the microbiota toward host-microbe interactions.
Microbially produced lipids and proteins represent two other major biological com-
pounds that are directly encountered by the host epithelial cells.

Clinicians commonly use the differences in the outer membrane compositions of
Gram-negative microorganisms as a first tool to identify pathogenic isolates. The
categorization of Gram-positive and Gram-negative bacteria is based on the expression
of lipids on the cell surface of bacteria. Gram-positive microorganisms have a thicker
peptidoglycan layer and a lower lipid content, whereas in Gram-negative bacteria the
outer membrane contains a high lipopolysaccharide (LPS) content and only a thin layer
peptidoglycan below it. In the host gut, epithelial cells have evolved separate mech-
anisms dedicated to sense the presence of these different components. Toll-like
receptor 4 (TLR4) is specialized in monitoring LPS from microbiota members, while TLR2
is responsive toward peptidoglycan. LPS is a precursor for host inflammatory responses.
This might be related to the fact that Gram-negative bacteria induce a more severe
inflammatory response than Gram-positive bacteria (469). A higher relative abundance
of Gram-negative bacteria is associated with several inflammatory and metabolic
disease states in adults, despite the fact that certain Gram-negative taxa, such as
members of the genus Bacteroides, have been shown to exert anti-inflammatory
activities. In infants, a higher abundance of Gram-negative bacteria, such as those from
the phylum Proteobacteria, is associated with colic symptoms, constipation, and atopic
dermatitis (456, 459, 462).

Bifidobacterium spp. and Bacteroides spp. are typically the most abundant microor-
ganisms in the infant microbiota. Both Bifidobacterium spp. and Bacteroides spp. have
been reported to have anti-inflammatory properties. They are, for example, rich in TLR9
ligands; TLR9-mediated stimulation is known to both enhance epithelial integrity and
direct immune responses, with the ability to direct the cellular and physical maturation
of the developing immune system (470). Furthermore, polysaccharide A produced by
Bacteroides has been shown to promote immunological tolerance through induction of
regulatory T cells, causing suppression of an interleukin-17 (IL-17)-mediated response in
mice (404). Bioactive factors secreted by B. longum subsp. infantis have been shown to
induce the expression of tight-junction proteins, thus increasing gut barrier function. As
described above, the exopolysaccharide of B. breve masks other surface antigens and
allows such bacteria to remain immunologically “invisible” (398). The beneficial effects
of Bifidobacterium spp. and Bacteroides spp. may be diminished in allergic subjects, who
tend to carry reduced numbers of these microorganisms in their gut (456).

There is evidence, however, that species belonging to the Bifidobacterium or Bac-
teroides genus do matter in terms of immune regulation when present as part of the
microbiota. In this context, B. longum subsp. infantis, for example, does not induce
production of IL-10 by dendritic cells, while B. bifidum, B. longum subsp. longum, and B.
pseudocatenulatum do activate dendritic cells to produce IL-10 (471).

As another example, recent findings indicate that LPS from Bacteroides dorei harbors
tetra- and penta-acylated lipid A structures, as opposed to the hexa-acylated lipid A
observed in E. coli (472). Children in countries with high susceptibility to autoimmunity
more often harbor Bacteroides species in the microbiota that produce the immune-
inhibitory LPS. It has been argued that the immune-inhibitory properties of Bacteroides
LPS may prevent early education of the mucosal immune system and contribute to
development of type 1 diabetes (472).
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FIG 10 Contribution of phages to gut microbiota development through human aging. Putative factors
influencing the virome biodiversity from infant to adult are schematically represented as factors of the
curve’s formula. Phage and bacterial loads are schematically represented to express the concept that
while the phage load decreases during aging, the gut microbial population increases in complexity and
abundance. The number of bacterial or phage particles schematically represents the number of species
and complexity of the population.

Altogether, these publications suggest that the host has established many processes
to detect and respond to both commensal bacteria and pathogens by differentiating
the responses toward the different microbial cell structures on their cell walls. Early in
life, the developing immune system is trained to develop immunological tolerance.
Examples of both immune stimulation and immune inhibition are reported as beneficial
in this process during early life and in the potential effects on autoimmune diseases
that may occur in later life. Before microbial cell wall products can be used reliably as
biomarkers, more insights are needed to understand the differences between different
members of the same genus within the microbiota.

ROLE OF THE INFANT GUT VIROME IN MODULATING THE INFANT GUT
HOMEOSTASIS
General Features of the Gut Virome

The gut virome is defined as the portion of the intestinal microbiome representing
viruses that target either eukaryotic host cells (eukaryotic virome), bacteria (bacterial
virome), or archaea (archaeal virome). It also includes all virus-derived genetic elements
which are found integrated in host chromosomes (prophages or endogenous viral
elements) (473). It is estimated that the human gut is host to more than 10'2 bacterial
cells, which in turn are outnumbered by their infecting or associated viral counterparts
(bacteriophages or phages) by an estimated ratio of 10:1. The predation of bacterial
populations by these phages is believed to play an important role in shaping the
bacterial community structure of the gut (Fig. 10) (474).

An aberrant gut microbiota in early life may cause an imbalance between resident
gut bacteria, which in turn may result in incorrect immune system maturation with
consequences in later life (60). In this regard, a better understanding of the interactions
between the bacterial gut community and its associated virome is necessary in order to
devise strategies to positively influence gut microbiota development in a newborn
and/or restore an anomalous gut microbiota to a “normal” one.

Compared to bacterial microbiome investigations, the study of the virome is still
in its infancy (27). Virome analysis has greatly benefited from modern culture-
independent approaches, using next-generation sequencing technologies (e.g.,
shotgun metagenomics) combined with advanced bioinformatic tools (475). Detec-
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tion of virus-associated sequences in metagenomic data sets has to overcome the
challenge of detecting relationships between extremely divergent sequences, where
the majority of genes (up to 90%) identified in viral metagenomic data sets have no
known function (476, 477). However, as viral DNA represents only 2 to 5% of the total
gut community DNA (478), metagenomic sequencing may not provide the desired
depth of data for downstream analysis. Therefore, specific enrichment approaches have
been developed to obtain data sets representing deep DNA sequencing (479).

A recent study has established that viruses targeting bacteria are found in abun-
dance in the infant gut (Fig. 10) (480). A hypothesis of transkingdom interactions
occurring between viruses and bacteria has been proposed, in which both parties are
responsible for modulating their relative composition and impacting the health status
of the host (27). This dynamic relationship is exemplified by their progression from early
infancy to adulthood (Fig. 10). Immediately following birth and up to 2 to 3 years of age,
the infant gut microbiota appears to be extremely dynamic, undergoing a process of
rapid expansion and diversification to result in an adult-like microbiota. Very little is
known about the factors that drive this early gut microbiota development; however,
recent studies have indicated that the gut virome plays a role in this dynamic microbial
(re)shaping process (480).

Similar to the bacterial microbiota, the virome appears to be highly dynamic during
infant microbiota development, with the highest diversity of bacteriophages, especially
Caudovirales (i.e., tailed phages), observed during the first months after birth (27, 480,
481). Subsequently, the bacteriophage virome (or phageome) undergoes a mechanism
of contraction and loss of diversity, shifting toward a Microviridae-dominated compo-
sition (480, 481). The development and diversification of the gut microbiota appear to
occur at the expense of the phage community (27). Interestingly, the aforementioned
virome contraction occurs during the same period when the infant microbiota adopts
an adult-like composition, which indicates that the resultant reduction in predator
numbers facilitates the establishment of a diverse bacterial community in the gastro-
intestinal tract (27).

In contrast, the eukaryotic virome is observed to be low in diversity during the first
days of life (average, 2.6 days), with an increase in richness over a period of 24 months
in a study involving four sets of twins. This suggests that eukaryotic viruses are
obtained primarily from environmental sources (480). Anelloviridae have repeatedly
been identified as the most prevalent eukaryotic DNA virus in infant fecal samples (482).
In a longitudinal study, an increase in prevalence of such viruses was observed in fecal
samples from infants at 6 and 12 months, yet they were rarely detected before the age
of 3 months. It was suggested that the expansion of the annellovirus complement is
linked to the immunocompromised state of the infant following reduction of maternal
antibodies (480). The virome composition in the gut can be influenced by several
factors, among which geography and diet appear to have strongest influence. Inter-
estingly, it has been shown that individuals who follow the same dietary habits have a
tendency to harbor a similar virome, likely reflecting a diet-dependent microbiota,
allowing the proliferation of phages infecting the more dominant members of this
microbiota (483). This becomes even more relevant in the context of early infancy, a
crucial period when host immune maturation and various metabolic developments
take place.

Particularly relevant information on the virome community has been derived from
the study of twins. Comparative analysis of twin-derived viromes has shown that the
fecal viromes of corresponding twins are more similar to each other than to those of
unrelated individuals, a phenomenon that appears to persist throughout life (477, 480,
481). A longitudinal study following monozygotic and dizygotic twins for 30 months
reaffirmed that the viromes of twin pairs (regardless of zygosity) are more similar to
each other than to any other group and are distinguishable from those of their mothers
or nontwin siblings. Moreover, the viromes of unrelated twins of the same age were
found to be more similar to each other than to those of any relative, suggesting that
the age of the infant represents a relevant factor in virome composition (481).
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Phage-associated sequences of the gut virome may also be detected as integrated
genetic elements or prophages within the bacterial chromosome, and as such they
constitute part of the bacterial mobilome. Furthermore, their persistence in the host
chromosome and subsequent acquisition by lateral transfer between members of a
bacterial community make them an important source and catalyst of intraspecies
diversity (484).

Integration of temperate phage genomes into the chromosome of their bacterial
host(s) may act as a modulating factor of the gut microbiota through lysogenic
conversion. Such lysogenic conversion may impart phenotypic alterations on the host
cells that provide a competitive advantage (e.g., in the form of phage resistance). For
this reason, the carriage of prophages by bacteria may promote their dominance
among other competing strains cohabiting the same niche. This phenomenon may
explain the apparent lack of “kill-the-winner” phage-host dynamics in the human gut,
as phage-resistant lysogenic hosts are allowed to persist (485). Through the analysis of
18 infant fecal samples collected over a time frame of 14 months, an inverse trend was
observed between the abundance of a specific taxon (e.g., Bifidobacterium scardovii or
B. longum) and bifidobacterium-associated phage (or bifidophage) DNA. This observa-
tion indicates that phages impact bifidobacterial establishment and prevalence in the
gut and suggests that these phages may enter the lytic cycle, thereby modulating
bifidobacterial colonization of the gut and their relative abundance in the gut (486).

These findings therefore support the notion that the virome plays a role in influ-
encing the bacterial microbiome composition and establishment, necessitating the
introduction of community-scale genetic approaches for further analyses (487). There-
fore, future microbiota engineering methodologies may be aimed at restoring micro-
biota imbalances by in situ manipulation of bacterial communities using (selected)
phages.

PROBIOTIC/PREBIOTIC THERAPIES AS EXTERNAL MODULATORS OF THE INFANT
GUT MICROBIOTA
General Features

The recent identification of differences in gut microbiota composition between
healthy and diseased individuals makes it a valuable tool that can be exploited as a
support for diagnostics and treatment. Disruption of natural development of the infant
microbiota may increase the neonate’s risk of gastric, metabolic, and immune diseases.
The best-known risk factors for differential development of the infant microbiota are
caesarean section delivery, pre-/perinatal antibiotic use, and formula feeding. Different

AQ:H strategies are available, and those involving the use of orally supplied pre- and
probiotics to influence and direct the microbiota development in these early stage of
life are the most common. Another strategy is the transfer of the mother’s vaginal and
fecal microbiota immediately following birth.

While the literature on probiotic applications is promising, it is unclear how strain
specific the beneficial effects are and if combinations of strains might be more efficient.
It is also of great importance that safety is taken into account when probiotic trials are
performed in infants, especially those infants who are at increased risk for infections,
such as prematurely delivered and antibiotic-treated infants. A literature review of
studies addressing the safety of probiotics concluded that “there is a lack of assessment
and systematic reporting of adverse events in probiotic intervention studies, and
interventions are poorly documented” (488). Future research should therefore focus on
the different strains and combinations of strains, the timing of administration, safety,
and whether or not these probiotics are more efficacious in conjunction with prebiotics.

Probiotic Therapy during Pregnancy or for Infant Nutrition

The fact that infants encounter their first microbiota during the birthing process has
led to the development of strategies to modulate the maternal fecal and vaginal
microbiota during pregnancy. Treatment of women during the second and third
trimesters of pregnancy with L. rhamnosus resulted in maintenance of a vaginal
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microbiota free of pathogenic microorganisms and helped to maintain a low vaginal pH
(489). Probiotic supplementation of the mother during and after pregnancy has also
been shown to alter the infant’s microbiota. In this context, L. rhamnosus, supplied to
women during and after pregnancy, was shown to colonize the intestines of their
infants and was correlated with an increase in the abundance of bifidobacteria in the
infant gut (490, 491). Noticeably, treatment of mothers before delivery and subse-
quent supplementation of the infants after delivery with L. rhamnosus GG also
positively correlated with the abundance of bifidobacteria and lactobacilli in the
infant microbiota.

A culture-based study evaluated a synbiotic treatment of newborns with Lactoba-
cillus plantarum and FOS and found that the synbiotic resulted in rapid microbial
colonization of the infant gut. Infants even remained colonized several months after
therapy was terminated (492). However, probiotic gut colonization has also been
shown to result in lower levels of colonization or in transient colonization (109). The
efficacy with which different probiotic microbes are capable of colonizing the gut may
underlie this variability.

Preterm-delivered infants are at high risk for the development of gastric infections
due to immune immaturity, antibiotic treatments, and delayed microbial colonization.
Several publications show that oral probiotics, using either bifidobacteria, lactobacilli,
Saccharomyces boulardii, or a combination of different bifidobacteria with Streptococcus
thermophilus, reduce the risk of or prevent NEC in preterm-delivered infants (493-495).

Furthermore, the effects of probiotics on pediatric diseases/disorders include effects
on allergies, obesity, gastrointestinal infections, or colic (496-498). As such, L. reuteri
DSM 17938 has been evaluated for its effects on infantile colic. Average crying and
fussing were significantly less in infants from the probiotic group than in infants in the
placebo group (499-501). The potential of L. rhamnosus GG in alleviation of colic
symptoms has also been reported (502, 503). In contrast, it was recently also shown that
L. reuteri DSM 17938 or Lactobacillus salivarius CEC5713 is not effective in protecting
newborns from colic (504, 505). While the impacts of these and other data are discussed
elsewhere (505), these findings should help to design future clinical approaches for the
development of specific therapies for colic prevention and alleviation.

In infants at risk for allergic diseases, the administration of B. longum BB536 and L.
rhamnosus GG during the first 6 months of life was not shown to influence the overall
composition of the gut microbiota, and the probiotic bacteria did not persist once
administration was stopped (506). Based on a systematic literature review, there is
evidence suggesting that probiotics can in some cases alleviate allergic symptoms but
are usually not effective in modulating microbiota composition and overall are not
sufficient for the treatment of allergic diseases in early life (507). However, combina-
tions of bifidobacteria with Streptococcus thermophilus have been shown to be effective
in the prevention and treatment of antibiotic-associated diarrhea in children (508).

Proposed mechanisms of probiotic action include enhanced epithelial barrier func-
tion, enhanced mucosal IgA responses, direct antagonism against pathogens, compet-
itive exclusion of pathogens, prevention of apoptosis, production of anti-inflammatory
cytokines, and downregulation of proinflammatory pathways (109). The exact mecha-
nism of probiotics is probably strain dependent. The overall complexity of the micro-
biota and its interaction with the immune system make it rather hard to assess. It has
been reported, however, that lactobacilli and bifidobacteria exert direct effects on
intestinal epithelial barrier function by decreasing intestinal permeability and improv-
ing intestinal epithelial resistance (109).

Microbiota Modulation through Prebiotics

The knowledge that bifidobacteria are the main microbes benefitting from the
prebiotic HMOs in breast milk has led to the administration of prebiotic bifidogenic
fibers to pregnant women and infants. Nondigestible oligosaccharides that are added
to formula have shown results similar to those of breastfeeding in reducing the colonic
pH and increasing the production of SCFAs and lactate. Prebiotics were also shown to
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be effective in selectively increasing the abundance of bifidobacteria and lactobacilli in
both pregnant women and formula-fed infants (509, 510). The consumption of infant
formula containing prebiotics promotes the development of a neonatal gut microbiota
similar to that of breastfed infants (108). Nevertheless, such studies evaluated the
microbiota composition at the genus level, and thus species-specific effects of probi-
otics with respect to HMOs still need to be fully elucidated. The main prebiotics that are
used in infant formula are GOS, FOS, and polydextrose (PDX). For both GOS and
inulin-type fructans, there is strong clinical support that they are beneficial for digestive
and immune health (511, 512).

In pregnant women, GOS/long-chain FOS (IcFOS) was shown to significantly in-
crease fecal bifidobacterial levels, with potential benefits for the transmission of
microbes to their infant host during birth (513). Feeding with infant formula containing
either oligofructose/FOS, GOS/FOS, or standard formula indicated that the bacterial
composition in the first two formulas better resembles that of breastfed infants (509,
514). Addition of GOS or a GOS/FOS mixture to infant formula has a positive effect on
bifidobacterial abundance (509, 515-517). GOS alone was shown to increase lactobacilli
(509, 516, 517). The proportion of bifidobacteria was reported to be higher in a
prebiotic group treated with GOS/FOS. Notably, B. breve numbers were higher and
those of C. difficile were lower in infants that were fed GOS than in those fed control
formula (518). Even though prebiotic administration may cause the microbiota com-
position to be more similar to that of breastfed infants, this does not mean that these
probiotics are also effective for host immune response regulation. In a recent study, the
feeding of GOS-containing infant formula did not lead to changes in the incidence of
infection or allergic manifestation even though the formula produced a definite
prebiotic effect as evident from changes in microbiota composition, stool consistency,
and stool frequency (518).

Supplementation of infants with the prebiotic PDX also caused an increased abun-
dance of bifidobacteria (519). It is worth mentioning that the metabolic activity of the
prebiotic-stimulated bifidobacteria is probably similar to that exerted by breast milk: a
semisynthetic medium containing GOS showed a transcriptional effect similar to that of
human milk for B. longum subsp. longum under in vitro conditions (520).

Finally, high-risk, prematurely born infants given FOS-supplemented formula were
shown to have a positive response in terms of the (increased) numbers of bifidobacteria
present in fecal samples and a corresponding significant reduction of E. coli and
enterococci (521). Furthermore, results from a randomized controlled trial showed that
oral synbiotics given to preterm babies alter the composition of their gut microbiota
and decrease their risk of developing atopic diseases (522), while also reducing the
levels of fussing and crying (502).

The use of prebiotics in infant formula is already a common practice in infant
feeding systems. There is no clarity about functional differences between the effects of
different types of prebiotics, the combination of different prebiotics, or even synbiotics.
Usually, the effect of prebiotics is measured as an increase of bifidobacteria in the infant
gut. However, information on the type of stimulated bifidobacteria and the direct
effects on immune stimulation is still lacking. It is hoped that future research will
provide more insights into the mechanisms of pro/prebiotics and their further use in
infants.

Mode of Delivery Impacts Microbiota Transfer from Mother to Infant

As described above, the mode of delivery has a major impact on the composition of
the microbiota of newborns. In particular, early-colonizing bacteria may commonly be
acquired from the infant’s mother, while late-colonizing bacteria may be the result of
environmental contamination. In order to trace vertical transmission events, several in
silico pipelines have recently been developed (45, 523). Vaginally delivered infants
harbor bacterial communities resembling those of the maternal vagina, whereas cae-
sarean section-delivered infants are enriched in skin microbiota (70). The deviation of
microbiota development is associated with long-term effects on host metabolism and
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impaired immune development. Restoration of the microbiota development of infants
born via caesarean section could be achieved by exposure of the neonate to maternal
vaginal and fecal contents. Recent results suggest that the fecal, skin, and oral micro-
biotas of the exposed neonates more closely resemble those from vaginally born than
from caesarean section-born babies (524). Although the long-term health conse-
quences of restoring the microbiota of caesarean section-delivered infants remain
unclear, these results demonstrate that vaginal microbes can be partially restored at
birth in caesarean section-delivered neonates.

While the risks involved in this procedure should be similar to those during vaginal
delivery, research is warranted to optimize the safety and mechanism of such exposure.
Given the rapid development of the infant microbiome, early introduction of key
founder populations may be crucial in facilitating a more natural microbial ecological
succession and host immune and metabolic responses.

CONCLUSIONS

The gut microbiota represents a prime example of how an environment which is
considered sterile, or at least poorly colonized, at birth is rapidly occupied by a plethora
of microbial communities. Notably, this colonization appears to follow typical trajec-
tories that are governed by stochastic processes and microbe-host coevolution forces.
In this context, only specific microorganisms that are maternally inherited are, under
natural circumstances, driving the establishment of the infant gut microbiota. The
subsequent development of this early gut microbiota is then modulated by specific
dietary compounds present in human milk that support selective colonization. It has
been shown that the genomes of infant gut commensals, in particular bifidobacteria,
are genetically adapted to utilize specific glycan components of this human secretory
fluid (232). This represents a very intriguing example of host-microbe coevolution,
where both partners are believed to benefit. There is growing evidence that such a
mechanism, by which host products act as key agents for the modulation of the gut
microbiota, thus acting as natural prebiotics, is a common scheme not limited to
humans or other primates but extending to all species across the mammalian tree of
life. Notably, other maternally linked forces responsible for the establishment of the
very early infant gut microbiota include the mode of delivery, host genetics, gestational
age, and maternal diet. There are intriguing indications that the infant gut is not always
sterile at delivery and that fetal colonization might sometimes occur, with a concurrent
transfer of maternal microbiota to the fetus during pregnancy. In this context, the early
stages of life represent a more opportunistic period of human life where the gut
microbiota may be more prone to changes by interventions involving probiotics,
prebiotics, phages, or combinations of these.

In recent years, a substantial number of publications in the field of microbiology
have focused on dissecting microbial (infant) gut communities and their interaction
with their human host, being a determining factor in host physiology and metabolic
activities. Such studies have highlighted a reduction of microbial diversity and/or an
aberrant microbiota composition, also known as dysbiosis, both of which have been
causally linked to a number of intestinal diseases in infants, such as NEC, or diseases
that manifest themselves at later stages of life, including chronic diseases such as IBD
as well as metabolic disorders such as obesity or IBS. Thus, there is preliminary data that
suggest that the early human gut microbiota influences risk factors related to both
childhood and adult health conditions. However, clinical data about the long-term
effects of early dysbiosis in the development of IBD in children and adults are very
scarce, most likely because such analyses will require clinical data collected during very
long periods of time and ideally during the entire human life span. Thus, future
or-already ongoing works (525) involving both animal models and human epidemio-
logical studies must shed light on microbiota-mediated immune and physiological
responses that may cause the onset of IBD.

We are only beginning to understand this early-life interaction, which may already
be initiated during gestation (206, 526), and its long-term effects on health. Therefore,

December 2017 Volume 81 Issue 4 e00036-17 mmbr.asm.org 50


http://mmbr.asm.org

zmr-mmbr/zmr00417/zmr2472d17z | xppws | 5=6 | 10/13/17 | 13:37 | 4/Color Fig: 1,2,3,4,56,7,89,10 | ArtD:00036-17 | DOI:10.1128/MMBR.00036-17CE: sj |

The Infant Gut Microbiota Microbiology and Molecular Biology Reviews

it may be time to put forward alternatives for favoring the correct development of the
microbiota in those cases in which, for various reasons, this process is challenged.

This concept has fueled the development of various strategies based on various
nutraceutical products (e.g., probiotics and/or prebiotics) to shape the infant microbi-
ota. This intervention theory is linked to an appropriate evaluation of the composition
of the infant gut microbiota and the identification of shifts in the abundance of those
microorganisms considered to have a crucial role in the establishment of diseases, i.e.,
the microbial biomarkers. The identification of microbial biomarkers is very challenging
for future prophylactic approaches as well as for early diagnosis of diseases. Currently,
substantial efforts have been made to investigate the dominant members of the infant
gut microbiota, e.g., bifidobacteria, and to understand their impact on the physiology
of the infant gut as well as in the priming of the immune system and the metabolism
of the host. Nevertheless, the level of understanding of their interactive behavior with
the host as well as with other members of the gut microbiota is still very preliminary
and largely restricted to a few species and strains. However, in contrast to the case for
other infant gut commensals, in the case of bifidobacteria, some effort is being made
beyond the cataloguing of OTUs in order to understand the individuality of strains and

AQ: 1 species and their impact on the microbiota and their associated host. Notably, the
contribution of bifidobacteria to the overall gut microbiota composition displays
regional differences much more than other microorganisms typically found in the
infant gut. In this context, the presence of bifidobacteria is markedly reduced in the
offspring ecosystem of industrialized areas (2). In contrast, surveys of the infant gut
microbiota composition from babies born in Africa, as well as Asia, showed a higher
occurrence of bifidobacteria (125, 527, 528).

Such findings are also complemented by early studies performed in industrialized
countries of Northern Europe, displaying higher a abundance of bifidobacteria in the
infant gut (529-531). Thus, comparing data related to bifidobacterial occurrence in
infants described in older literature with those in recent publications, one may argue
that bifidobacteria represent one of the “missing microbes,” i.e., bacterial taxa that have
been lost or are now present in low abundance. This apparent process of extinction of
bifidobacteria may have been due to modifications of the human diet, including the
widespread use of formula milk instead of breast milk, yet may also be due to or
compounded by other factors, such as the use of antibiotics, increased hygiene, and
C-sections.

As described in this review, bifidobacteria represent the dominant norm for the
infant gut microbiota, and their use as health-promoting microorganisms for infants is
already exploited by the food industry. However, most of the probiotic bifidobacterial
strains do not fulfill any scientific criteria in terms of ecological origin, i.e., autochtho-
nous origin, as well as knowledge of the molecular basis of their health-promoting
effects (532).

Future probiotic interventions directed to prevent and/or counteract gut microbiota
dysbiosis may necessarily involve “next-generation” probiotic bacteria, which may
include “classical” probiotic bacteria belonging to the Bifidobacterium or the Lactoba-
cillus genus yet may also consist of other microbial groups of the infant core gut
microbiota.

It is expected that investigations of the infant gut microbiota will be central to
understand human health and disease. Novel experimental approaches available in the
coming years will no doubt lead to pivotal discoveries that can be applied in functional
food and nutraceutical industries or in medical settings.
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Summary: The human gut microbiota is engaged in multiple interactions
affecting host health during the host’s entire life span. Microbes colonize the
neonatal gut immediately following birth. The establishment and interactive
development of this early gut microbiota are believed to be (at least partially)
driven and modulated by specific compounds present in human milk. It has
been shown that certain genomes of infant gut commensals, in particular
those of bifidobacterial species, are genetically adapted to utilize specific
glycans of this human secretory fluid, thus representing a very intriguing
example of host-microbe coevolution, where both partners are believed to
benefit. In recent years, various metagenomic studies have tried to dissect the
composition and functionality of the infant gut microbiome and to explore
the distribution across the different ecological niches of the infant gut
biogeography of the corresponding microbial consortia, including those
corresponding to bacteria and viruses, in healthy and ill subjects. Such
analyses have linked certain features of the microbiota/microbiome, such as
reduced diversity or aberrant composition, to intestinal illnesses in infants or
disease states that are manifested at later stages of life, including asthma,
inflammatory bowel disease, and metabolic disorders. Thus, a growing
number of studies have reported on how the early human gut microbiota
composition/development may affect risk factors related to adult health
conditions. This concept has fueled the development of strategies to shape the
infant microbiota composition based on various functional food products. In
this review, we describe the infant microbiota, the mechanisms that drive its
establishment and composition, and how microbial consortia may be molded
by natural or artificial interventions. Finally, we discuss the relevance of key
microbial players of the infant gut microbiota, in particular bifidobacteria,
with respect to their role in health and disease.
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