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ABSTRACT

The use of metagenomics in the study of gut
bacterial ecosystems has helped to define a
standard, functional genetic profile in newborn
infants, so that a bacterial ecosystem will be
deemed more “normal” the more similar its
functional genetic profile is to a standard. The
development of a specific functional enterotype
in the first days of life after birth is critical for
the priming of the immune system with certain
bacterial antigens.

Regardless of whether the first gut bacteria are
acquired before or just after birth, the newborn
microbiota will result from the symbiosis with the
environmental microbial flora, especially with the
bacterial flora of the mother. The type of delivery,
the administration of perinatal antibiotics,
the environment, and nutritional exposure,
especially breastfeeding, have demonstrated
an important relationship with the prevalent
gut microbiome.
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INTRODUCTION

The first notes on the taxonomic
classification of life were published
in 1753 by Swedish botanist Carl
Linnaeus in his Species plantarum.
Linnaeus established a classification
based on exclusive categories from
the animal or plant kingdom. Then, in
1894, Haeckel defined three kingdoms
(Protista, Plantae, and Animalia), which
were extended to five kingdoms by
Whittaker in 1959 (Monera, Protista,
Fungi, Plantae, and Animalia). The most
recent and currently valid taxonomic
classification is the one proposed by
Richard Woese in 1990. Woese used
the knowledge of genetic testing about
16S or 185 ribosomal ribonucleic acid
(RNA), common to all living beings, to
establish a phylogenetic classification

based on three domains (Bacteria,
Archaea, and Eukarya) (Figure 1).!

Woese described the existence of a
common ancestor about which there is
no valid information and from which
the three domains mentioned above
derive as a result of their adaptation
to the environment.?

The set of microorganisms that are
normally located in several sites of a
multicellular organism is defined as
microbiota. The set of genes carried by
all microorganisms included in the
microbiota is the microbiome, which is
the basis for the metagenomic studies
that will be explained below. The term
metagenomics was first used by Robert
M. Goodman?® in 1998 to refer to an
original approach to genetic testing
by treating the set of sequenced genes
in a sample as if it were a single
genome. Metagenomics may also
refer to the set of genomic techniques
used to study microbial communities
in their natural environment, thus
preventing isolation and culture
of each species that make up their
natural environment. With this
technique, research based on the study
of the 16S gene as metagenomic using
human fecal samples has observed
that only 7-9 of the 55 phyla of the
Bacteria domain are present. In
particular, more than 90 % of the
Bacteria domain forms correspond to
the Bacteroidetes and Firmicutes phyla.*

Among the genes identified
in the gut, 98 % are bacterial, and
between 1000 and 1150 bacterial
species have been described, with a
mean of 160 species per individual.
As established by the development
of the Human Microbiome Project,*
microbiome diversity is unique to each
individual and strongly related to the
microbial habitat. At the gut level,
the extent of the bacterial community
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varies depending on the bowel segment under
study, from the cecum to the rectum. However,
when considered as a whole, the gut flora
remains relatively stable. Microbiome stability
as a whole appears to be the standard; local
changes in the habitat may temporarily alter the
bacterial composition but, when considering
an individual’s body microbiome, it tends to be
stable.?

Two large projects are currently under way
to try and decode the structure and function of
the human gut flora and its relation to health and
disease status. On the one side, the Metagenomics
of the Human Intestinal Tract (MetaHIT) project,
funded by the European Union, and on the
other side, the Human Microbiome Project,
sponsored by the United States National Institutes
of Health. The latter has helped to define, to date,
5177 microbial taxonomic profiles with a catalog
of 5 million bacterial genes at gastrointestinal
level, which code proteins involved in
20 000 biological functions.

Undoubtedly, a key aspect to define a healthy
bacterial ecosystem is the fact that “in spite of
the great inter-individual variability in terms
of bacterial taxonomy, the functional genetic
profile expressed by the bacterial community is
rather similar in healthy individuals”. That is
to say, the ecosystem will be more “normal” the
more similar its functional genetic profile is to
a standard. This led to describing the enterotype
concept, which may be associated with diet,
geographic area, medication use or body habits.

FiGure 1. Taxonomic classification of life as per C. R. Woese'

An enterotype is a classification of living organisms
based on their bacteriological ecosystem in
the gut microbiome. Three basic enterotype
profiles have been described, represented by the
predominance of a phylum and a bacterial class.®
Enterotype 1, the most common one, regardless
of the geographic area considered, is related to a
protein- and fat-rich diet, and is characterized by
the prevalence of Bacteroidetes, Bacteroides class.

Enterotype 2 is related to dysbiosis
circumstances with a prevalence of the
Bacteroidetes phylum but at the expense of
the Prevotella class. Prevotella and Lactobacillus
populations are antagonistic, so an increase
in Prevotella is associated with a decrease in
Lactobacillus. Enterotype 2, specifically the
prevalence of Prevotella, has been related to a strict
vegetarian diet. Prevotella is a common component
of the oropharyngeal microbiome; outside this
site, it has been related to vaginal dysbiosis
(vaginosis) or chronic bowel inflammation.”

Enterotype 3, which is less common than
the other two, has been related to a prevalent
carbohydrate intake. It has been linked to a
prevalence of Ruminococcus (Firmicutes phylum,
Clostridia class), a bacterium indicative of
dysbiosis, and childhood atopy.®

It has been considered that the bacterial
density attained by the Firmicutes (Lactobacillus)
and Actinobacteria (Bifidobacterium) phyla are
critical to warrant an adequate development of
the newborn immune system. The development
of these two bacterial phyla at the gut helps to
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establish adequate conditions for the emergence
of the Bacteroidetes phylum and, especially,
the Bacteroides class, therefore establishing the
enterotype 1.

The type of delivery affects the predominant
enterotype development process. Wampach
et al.,’ observed that Firmicutes and Actinobacteria
functional pathways, transferred to the newborn
infant, are less developed in those born via
C-section, while they are over-represented in the
bacteria transferred after a vaginal delivery.

The lipopolysaccharide biosynthesis functional
pathway, found in the membrane of Gram-
negative bacteria, is well represented in the gut
microbiome of newborn infants born via vaginal
delivery, which promotes the release of pro-
inflammatory cytokines, leading to the priming
of the neonatal immune system. Infants born
via C-section with a lower lipopolysaccharide
content, due to the lower Gram-negative bacterial
load, have a smaller immunostimulatory potential
at the level of the gut microbiome. Another
functional pathway that may interact with
the human immune system is the synthesis of
cationic antimicrobial peptides (CAMPs). This
pathway may evade detection by the human
immune system through the modification of the
microbial lipopolysaccharide structure and has
been identified in all bacteria of the Bacteroidetes
phylum.’

Based on the foregoing, the optimal functional
microbiome in the first days of life may be
defined as that made up of a combination of the
Firmicutes (Lactobacillus) and the Actinobacteria
(Bifidobacterium) phyla, which enable the
environmental conditions necessary for the
expansion of the Bacteroidetes (Bacteroides) phylum
in terms of anaerobiosis. The expansion of a
bacterial or other phylum is relevant because it
defines the dominant functional pathway and the
short-chain fatty acid developed predominately
at the gut level. A prevalent Firmicutes phylum is
associated with a prevalent butyrate production
during the complex carbohydrate fermentation
process; whereas the Bacteroidetes phylum is
associated with a predominant propionate
production.

It is worth noting that butyrate has been
described as an agent capable of modifying
the histone acetylation state; therefore, it has
epigenetic effects, which are currently starting to
be understood.™
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Early bacteria. The dogma of the sterile womb

Since the beginning of modern perinatology, it
has been assumed that both the placenta and the
fetus or its environment are sterile and that any
alteration in these conditions during gestation
may, at times, lead to a preterm birth or the
development of chorioamnionitis.! The dogma of
the sterile womb takes place in parallel with early
20% century microbiology.

In this period, some investigators found,
more than three decades ago, evidence against
the fetal-uterine sterility, but the idea that the
placenta may have a completely developed
microbiome did not gain credibility until 2014,
when a research team led by Aagaard identified
bacterial deoxyribonucleic acid (DNA) in the
placental tissue.’? Until then, the isolation of
any type of bacteria in placenta or amniotic
fluid was necessarily considered an intrauterine
infection and, therefore, it was expected to
identify the inflammatory processes associated
with an increase in acute phase reactants and
the concurrent or subsequent development of a
clinical infection. The identification of a placental
microbiome is not necessarily associated with
clinical or analytical signs of infection; sometimes,
gestation comes to full term."

These findings, together with the observations
by Mysorekar et al.,'* about the absence of
an inflammatory response in the presence of
placental bacteria, may suggest that the neonatal
microbiome could develop before birth. If this
is true, bacteria would be a normal, maybe even
critical, part of pregnancy by regulating the
developing immune system."

Josef Neu, a neonatologist working at the
University of Florida (USA), identified bacterial
DNA in the meconium of newborn infants.!
According to this investigator, findings seem
to confirm that the neonatal microbiome starts
developing before birth. He observed a high level
of agreement between the identified microbiome
in the meconium and that identified in the
amniotic fluid. These observations are not exempt
from controversy because sterility is lost after
the amniotic sac breaks open. Even if a baby is
born via C-section, hours or days may pass until
the first meconium is produced, which is a large
enough time window to acquire bacteria outside
the womb.

After birth, the neonatal digestive system goes
from a relative intrauterine sterile environment
to a dense bacterial colonization in the first few
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weeks of life. Factors like the type of delivery,
the administration of perinatal antibiotics, the
environment, and nutritional exposure, especially
breastfeeding, have demonstrated an important
relationship with the prevalent gut microbiome.'

After gut colonization, the establishment
of the gut flora and the development of the
microbiome in neonates and infants are closely
related to environmental factors; diet and the
nutrients that gut bacteria receive through it are
a critical factor. Human milk oligosaccharides
are a heterogeneous group with more than
200 compounds described so far. There is a
quantitatively higher amount of human milk
oligosaccharides than milk proteins, and they
account for the element that differentiates
human and other animal species milk. Current
evidence appears to indicate that protein or fat
intake in the mother’s diet does not significantly
change the proportion of milk macronutrients,
although it does alter the proportion of milk
oligosaccharides.'*!

Ninety-eight per cent of oligosaccharides are
not absorbed; they reach the colon, where they are
digested by the bifidogenic flora, for which they
become a nutritive substrate. Only 1-2 % of the
total amount of milk oligosaccharides consumed
is absorbed and eliminated in the urine. It has
been suggested that the type and amount of
maternal milk oligosaccharides determine the
type and density of the bifidogenic gut flora.

The breast microbiota starts developing during
the last trimester of pregnancy and disappears
after weaning. In breastfed infants, the neonatal
microbiome is greatly similar to the microbiome
observed in the mammary gland which, in turn,
is very similar to the mother’s gut microbiome.
Some studies'® appear to indicate that Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria
are the bacterial phyla usually present in breast
milk, with a microbiome that is highly similar to
the one observed in the maternal gut. It has been
considered that some gut bacteria against which
the breastfeeding mother has developed tolerance
may be transported in the lymphatic pathway to
the mammary gland and may help to develop the
mammary gland microbiota. This implies that the
infant’s microbiota may be regulated through the
mother’s mammary gland and gut microbiota.’®

Evolutionary speaking, the microbiota
observed in breast milk changes from a very
diverse flora identified in the colostrum, where
maternal skin and gut bacteria prevail, to a flora
identified in the mature milk, where diversity

is highly reduced and the infant’s mouth and
skin bacteria predominate. After weaning,
bacterial density decreases drastically until almost
disappearing.'®

Regardless of whether or not prenatal bacterial
colonization takes place in the fetus, as suggested
by different authors,'>*® birth marks the moment
of an extensive exposure to fecal, vaginal, skin,
and environmental microbial communities, so
this event has a deep impact on the newborn’s
gut colonization. Even aspects related to the
type of maternal nutrition, in addition to the
type of infant feeding, may affect the neonatal
microbiota.'*

The initial microbial biomass is small in
the first neonatal fecal samples. With cesarean
deliveries, it has been observed that the neonatal
gut colonization is delayed and that it coincides
with the flora from the mother’s skin, whereas
in vaginal deliveries, colonization takes place
preferably with the flora from the birth canal
and the mother’s gut. After a cesarean delivery,
newborn infants have a smaller proportion of
Bacteroides and less Bifidobacteria.

In addition, a different response to humoral
immunity has been described in these newborn
infants. That is to say, newborn infants born via
vaginal or cesarean delivery would have different
enterotypes.?! If the total number of gut bacteria
per gram of feces at the month of life was counted,
it would be significantly higher in vaginally-born
infants. Such findings have encouraged some
investigators to propose a vaginal flora transplant
from the mother to infants born via C-section, as a
way of “normalizing” the neonatal gut microbiota
and, thus, contributing to the maturation of the
immune system.??#

Since there are no conclusive studies
developed with an adequate experimental model,
there is controversy about the effectiveness and
long-term usefulness of this type of interventions.
The initial differences in the neonatal microbiota,
depending on the type of delivery, tend to
disappear with breastfeeding, especially in the
infant once complementary feeding is started.?

Another factor that may alter the initial
neonatal microbiota is antibiotic use in the
mother or newborn infant during the perinatal
period. Intrapartum antibiotics are routinely
administered to all pregnant women who carry
group B Streptococcus. This is referred to as
intrapartum antibiotic prophylaxis. Apart from
the consequences on the neonatal bacterial
flora and microbiome, the benefits of a reduced



mortality due to neonatal sepsis of vertical
transmission caused by group B Streptococcus are
evident.*

Recent studies have shown, in pregnant
women receiving intrapartum prophylaxis with
ampicillin, a reduction in the Actinobacteria
(Bifidobacterium) phylum in the neonatal fecal
flora; however, other bacteria of the Firmicutes
phylum, which encompasses Lactobacillus and
Clostridia, are not affected.”® Changes in the
microbiota related to intrapartum antibiotic use
are consistent with the antimicrobial spectrum of
ampicillin, which fights Gram-positive bacteria,
and this would account for the superabundance of
Gram-negative bacteria, mainly the Proteobacteria
phylum, after antibiotic therapy.?

The restoration of the inter-species balance
after antibiotic therapy is affected by the
spectrum of the antibiotic used. F. Hildebrand
et al.,?® described a situation of monodominance
following antibiotic therapy, which is defined
as the predominance of a bacterial phylum
in more than 60 % of its ecosystem. Borkfalki
ceftriaxensis, which is part of the Firmicutes
phylum, Clostridia class, predominates in one-
third of the population, although it is uncommon
at an individual level. Monodominance is a
critical step for the expansion of other evolving
species in the ecosystem towards stable bacterial
communities. This process is related to the
fermentation metabolism of B. ceftriaxensis that
occurs in multiple sources of carbohydrates,
which produces short-chain fatty acids that
may suppress, among other effects, antibiotic-
associated diarrhea. In this process, carbohydrate
availability at the gut level is critical in the
restoration of the gut ecosystem. For this reason,
B. ceftriaxensis may be used as a probiotic
treatment following antibiotic therapy.?

Situations that are inherent to maternal health,
such as obesity, may also condition microbiota.
Obese pregnant women have shown a 50 %
reduction in Bacteroides, compared to non-obese
controls who had the same diet. Actually, a
reduced amount of Bifidobacterium and Bacteroides
and a greater number of staphylococci and
enterobacteria have been observed in overweight
pregnant women.?” The larger number of
enterobacteria was related to an increase in
ferritin and transferrin, whereas more Bacteroides
were related to a greater level of high-density
lipoproteins (HDL) and folic acid.

Different gut colonization patterns are
observed in children from industrialized or
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developing countries.?” In addition, gestational
diabetes may cause dysbiosis in the meconial
microbiota of newborn infants. Soderborg et al.,”
observed that Neisseria / Leptotrichia predominated
in the maternal oral microbiota and positively
related them to blood glucose values, which
conditioned the final maternal and neonatal
microbiome.

CONCLUSIONS

The early signs of life on Earth date back more
than 3.5 billion years. From then to the present,
environmental conditions have made evolution
possible, from primitive forms of life to other,
more evolved ones, including the human species.
In this period, the collaboration among species has
been the standard, and the most recent findings
appear to indicate that it starts in the perinatal
period. Evolution is founded on the achievements
made by evolutionary inferior species. Such
knowledge underlines the importance of promoting
breastfeeding due to its benefits, both nutritional
and microbiological, and encouraging a reasonable
use of perinatal antibiotic therapy and deliveries
by cesarean section, given their consequences on
neonatal microbiota.
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