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1 | INTRODUCTION

The first forms of life on Earth, about 2.9-4 billion years ago, were
anaerobic bacteria.! Because Earth started as a bacterial planet, all
eukaryotic forms of life, including the current plants, animals, and
humans, have evolved in the presence of bacteria. The long history
of shared ancestry and alliances between humans and microbes is
reflected in their genomes. Analysis of the large number of full-ge-
nome sequences presently available reveals that most life forms
share approximately one-third of their genes, including those en-
coding central metabolic pathways.2 Many human genes are homo-
logues of bacterial genes that are mostly derived by descent, but
occasionally by gene transfer, from bacteria.

Besides their common ancestry with microbes, humans have
evolved in the continuous presence of, and in symbiosis with, mi-
crobes. The human body hosts approximately as many microbial cells
as human cells,® and the microbial cells on and in the body carry
genes that outnumber human genes by at least a factor of 100.% The
human body lacks the specialized enzymes required for numerous
chemical reactions (eg, nutrient breakdown) and therefore has to
rely on its microbial symbionts to carry out these functions. As much
as one-third of the human metabolome (ie, the diversity of mole-
cules circulating in blood) has a microbial origin.2 In return, microbes
receive their favorite food from the host and a place to live. As a
result of the mutualistic symbiosis there is continuous host-microbi-
ota crosstalk. Commensal microorganisms form the first line of de-
fence and prevent exogenous microbes from becoming established:
they train the immune system to recognize a “friend” from a “foe”
by downregulating the pro-inflammatory response toward commen-
sals and upregulating this response against invaders.> As a result
of its indispensable functions for the host, the microbiome could

be regarded as a well-organized tissue of the body. Indeed, during
health, at a functional level, the properties of the human microbi-
ome are evenly distributed and prevalent across individuals and even
across the various body sites.® However, these global functions are
performed by a highly personalized repertoire of microbiota, shaped
by complex interplay between the genetic makeup and the immune
system of the host under the influence of local and external environ-
mental factors, such as exposure to microbes, the particular body
niche, and the behavior of the individual host (Figure 1).

Acquiring the microbial symbionts that would match the indi-
vidual host is thus of utmost importance for the wellbeing of the
individual. How does this process take place? How do humans pass
on their microbes to their offspring? In this review, we address 3
chronological phases—prenatal, perinatal, and postnatal—from being
a fetus, through childhood, and toward adolescence, and discuss the
role of different host and environmental factors in acquiring and es-

tablishing the commensal oral microbiota (Figure 2).

2 | PRENATAL PERIOD

The oral health and oral microbiota of a woman may directly affect
her pregnancy and her developing fetus. A recent review of 23 sys-
tematic reviews on the relationship between maternal periodonti-
tis and pregnancy complications concluded that if the mother has
periodontal disease, she has a 1.6 (95% confidence interval: 1.3-2.0)
times higher risk for giving preterm birth, 1.7 (95% confidence inter-
val: 1.3-2.1) times higher - for delivering a low-birth-weight infant,
2.2 (95% confidence interval: 1.4-3.4) times higher - for preeclamp-
sia, and 3.4 (95% confidence interval: 1.3-8.8) times higher - for
preterm birth plus delivery of an infant of low birth weight.7 It may
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seem more than reasonable to treat periodontal diseases during
pregnancy in order to reduce these risks. However, currently there is
insufficient evidence to conclude that periodontal treatment during
pregnancy is effective in reducing the risks for adverse pregnancy
outcomes.® It has been proposed that periodontal pathogens or their
by-products reach the placenta and spread beyond it to the fetus.”
Recently the traditional dogma of sterile womb has been chal-
lenged by reports of microbiomes in placenta, amniotic fluid, umbil-
ical cord blood, and meconium in complication-free pregnancies.®!
Additionally, after analyzing over 300 placental biopsies and com-
paring the results with those of the Human Microbiome Project, for

|12

multiple body sites, Aagaard et al*“ concluded that the placental mi-

crobiome resembles those of tongue and tonsils. The coevolution of
the host and its microbes, and the knowledge that microbial symbionts

13-16

ininvertebrates are transmitted vertically, makes one hypothesize

about what the biological role of the placental microbiome might be.
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FIGURE 1 Interplay of factors contributing to acquisition and
establishment of a personalized microbiome

It has been proposed that the placental microbiome is there to
seed the fetus with microbes.? However, assessment of the placen-
tal microbiome is performed by analysis of the bacterial DNA and
not by isolation of bacteria. Finding culturable bacteria in meconium
is used as an argument for microbial seeding in utero. A closer look
at these studies shows that the presence of bacteria in meconium
correlates with a longer time elapsed since delivery, thus indicating
that bacteria are introduced at birth rather than during pregnancy.11
Delivery mode-related differences in infant microbiota” also oppose
the hypothesis of intrauterine seeding. If microbiome was seeded in
utero, it would not be possible to deliver axenic (germ-free) mam-
mals, including humans, by Cesarian section.’* Taken together, we
can rule out the hypothesis that intrauterine microbial seeding is the
biological function of the placental microbiome.

If bacteria or their fragments are transported to the placenta
but are not seeding the fetus, what possible functions may they
perform? Our group proposed that during pregnancy, the placenta
becomes an antigen-collecting site for the fetal immune system to
be “trained” in antigen tolerance (Figure 3).'® Pregnant women de-
velop increased gingival inflammation, also known as pregnancy gin-
givitis.!” This process is initiated by pregnancy hormones and leads
to opening of the vascular bed, allowing hematogenic passage of
oral microbes to placenta, either directly or by being engulfed and
transported by the immune cells of the mother.**'® Microbial cells or
their fragments are trapped in the placental tissue to be presented
to the fetal immune system. In the prenatal period, fetal antigen-pre-
senting cells may interact with the mother's microbial antigens and
return to fetal peripheral lymphoid organs. It has been shown that
human fetal regulatory T cells become functionally suppressive after
stimulation with maternal alloantigens and persist at least until early
adulthood.?® If our hypothesis holds true, the fetus would develop
prenatal tolerance to the microbiome of the mother and would re-
gard it as “safe” during postnatal encounters with these bacteria. In
other words, the development of fetal tolerance toward the micro-
biome of the mother during pregnancy could be the major factor for
successful acquisition of a normal microbiome.

Recently, Macpherson and his group demonstrated, through
a series of elegant experiments with germ-free mice, that the
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microbiota from fetus through childhood
and toward adolescence
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maternal microbiota indeed shapes the immune system of the
fetus.?! To achieve gestation-only colonization, they used a system
in which pregnant germ-free mice are transiently colonized with a
genetically engineered strain of Escherichia coli. As this strain does
not persist in the intestine, pregnant mice become germ-free again
before term and then deliver germ-free pups. It was found that ma-
ternal colonization reprogrammed intestinal transcriptional profiles
of the offspring, increased certain populations of innate lymphoid
and mononuclear cells in the pups, and led to better avoidance of
inflammatory responses to microbial molecules and penetration of
intestinal microbes. Numerous radiolabeled (*3C) bacteria-derived
molecules were passed from mother to offspring during pregnancy
and these molecules (eg, natural microbial ligands for the aryl hydro-
carbon receptor or their precursors) were present in maternal milk
orin tissues of offspring. This study shows that many aspects of epi-
thelial development and innate immunity, thus far thought to be part
of normal development of newborns, are actually shaped through
colonization by maternal microbes.?*

To summarize the prenatal phase of microbiome acquisition: ma-
ternal microbiome is not passed directly to the fetus but prepares
the fetus for postnatal microbial encounters by training and tuning

Oral mucosa of mother
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the immune system of the developing fetus. Good maternal oral
health and an oral microbiota in balance with the mother’s body are
thus of utmost importance for a healthy child.

3 | PERINATAL PERIOD
In utero, the fetus grows in a very safe environment with a constant
temperature, is protected from microbial assaults, and receives nutri-
ents and oxygen from the placenta via the umbilical cord. Following
birth, all these factors change. At birth, the newborn immediately
has to be able to regulate its thermal and respiratory homeostasis
and glucose level, and it has to combat exposure to microbes. All
these adaptations require modifications to the respiratory, meta-
bolic, immune, and central nervous systems.?%2°

Most infants are born by vaginal passage or vaginal delivery in
the labor process. Some are delivered by Cesarian section, a life-sav-
ing surgical operation that reduces the mortality of mother and/
or child during delivery in medically compromised cases. In vaginal
delivery, during passage through the vaginal canal, the fetus is com-
pressed and the umbilical cord is occluded, leading to an increase in
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FIGURE 3 Hypothesis on the role
of the placental microbiome in the
development of fetal tolerance toward
the (oral) microbiome of the mother, as
proposed by Zaura et al*® (Figure with

permission from the authors) lymphoid tissue
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6 — Fetal antigen-presenting cells (APCs) acquire the alloantigen information in placenta

7 — Fetal APCs return to fetal peripheral lymphoid organs

8 — Fetal regulatory T cells (Tregs) that recognize mother’s microbiome as “safe” are generated in fetal
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the level of stress hormones, of up to 20- to 100-fold, in the neona-
tal blood.?* Cortisol and catecholamines are the primary mediators
that prepare the fetus for birth and support the required physiologic
adaptations.22 Besides increased levels of stress hormones, neo-
nates delivered vaginally have higher levels of hormones involved in
metabolism, blood pressure, and thermoregulation, leading to higher
lipolysis, blood pressure, hematocrit, temperature, and appetite in
the first few days after delivery than neonates delivered by prela-
bor Cesarian section (Figure 4).2° The immune phenotype is also af-
fected: cord blood of vaginally delivered infants has higher counts
and activities of immune cells and higher concentrations of a number
of cytokines.®

Interestingly, the main substrate for a neonate’s microbiota—
the breast milk of the mother—is also influenced by the delivery
mode. The colostrum (breast milk collected within the first few
days post-delivery) produced after vaginal delivery has signifi-
cantly higher antioxidative capacity than that produced after
Cesarian section, in which an increased level of oxygen free radi-
cals is observed, especially if the delivery is performed under gen-
eral anesthesia.?®> Additionally, total protein content in colostrum
is significantly higher after vaginal delivery than after Cesarian
section.?® Besides the chemical content, the microbiota of the
colostrum is affected by the delivery mode.?”?® Next to these
compositional differences, the intake of breast milk by infants de-
livered by Cesarian section is lower, over the first 6 days of life,
than by those delivered vaginally.?’

At birth, vaginal delivery leads to direct exposure of the newborn
to maternal vaginal and rectal microbes, while delivery by Cesarian
section allows their microbes of the maternal skin and hospital envi-
ronment to be the first to seed the neonate. Infants of <5 minutes of
age were shown to have undifferentiated microbial communities on
their skin and in their oral and nasal cavities, reflecting the delivery
mode: vaginal microbiota, such as Lactobacillus species, Prevotella
species, and Sneathia species, were dominant in vaginally delivered
infants (n = 4), whereas skin-associated microbes (Staphylococcus
species, Corynebacterium species, Propionibacterum species) pre-
dominated after Cesarian section (n = 6).1” Within 2 days of delivery,
saliva of Cesarian section- delivered infants (n = 53) had significantly
lower bacterial counts and a lower prevalence of selected oral taxa
(eg, Actinomyces odontolyticus, Rothia dentocariosa, Bifidobacterium
dentium, Streptococcus sanguinis) than the saliva of those delivered
vaginally (n = 95).%° This is in line with numerous studies on the
microbiome of the infant gut, in which lower diversity and delayed
colonization by certain microbiota is observed following a Cesarian
section delivery.®!

In a proof-of-principle study, 4 Cesarian section-delivered neo-
nates were exposed to maternal vaginal microbiota by rubbing their
mouth, face, and the rest of their body with gauze incubated for 1 h
in the vagina of their mother.%2 The authors found that the microbi-
omes of Cesarian section-delivered infants exposed to vaginal fluids
resembled those of vaginally delivered infants, particularly during

the first week of life.

Although delayed exposure to the vaginal and perianal microbi-
ota of the mother during Cesarian section, as opposed to immediate
exposure during vaginal delivery, is claimed to be the main reason
for the differences observed in the microbiota, there is evidence
that the microbiome of the infant is shaped not solely by the mode
of delivery but also by antibiotics: buccal microbiomes of 3-day-old
infants (n = 36) clustered not according to the mode of delivery but
to maternal exposure to antibiotics during delivery.®® The oral mi-
crobiome of infants exposed intrapartum to antibiotic(s) had lower
similarity to the maternal oral microbiome compared with unex-
posed neonates and contained higher proportions of several, mainly
nonoral, taxa from the phylum Proteobacteria (Bradyrhizobiaceae,
Sphingomonadaceae, Comamonadaceae, Oxalobacteriaceae, and
Neisseriaceae); by contrast, bacterial families from the phylum
Firmicutes (Streptococcaceae, and Gemellaceae) and the order
Lactobacillales predominated in the unexposed neonates.® As anti-
biotics are advised to be routinely used in Cesarian section deliver-
ies,3* this might confound the microbial findings associated with the
delivery mode.

A recent study from China described the effects of maternal
vulval disinfection with povidone iodide—a common procedure per-
formed during vaginal examination preceding vaginal delivery in that
country—on the oral microbiome of newborns.®> Oral samples ob-
tained from 10 infants immediately after Cesarian section and from
20 infants born by vaginal delivery (of which 10 were preceded by
povidone iodide disinfection of the vulva) were compared. Infants
delivered vaginally with no vulval disinfection step had the lowest
oral bacterial diversity and their oral microbiome was dominated by
bacteria of the genus Lactobacillus, while both Cesarian section-de-
livered infants and those delivered vaginally after vulval disinfection
lacked this genus and harbored a significantly more diverse microbi-
ome with higher proportions of several genera, including Prevotella,
Escherichia, Shigella, Staphylococcus, and Klebsiella.

Based on the available studies, there is consensus that the de-
livery mode-related differences in the oral microbiota are clearly
evident in the first 3-8 months of life,3>%¢%” and at the individ-
ual taxa level they are still discernable in children at least up to

4-5 years of age,*®%

and perhaps even longer. Saliva of infants
delivered vaginally (n = 73), followed from birth through 1, 3, and
6 months of age, demonstrated greater diversity at all sampling
time points, and showed closer similarity to the salivary microbiota
of the mother than saliva of infants delivered by Cesarian section
(n = 44).30 Higher diversity of salivary microbiota in the vaginal
delivery group was confirmed in a study on saliva of 3-month-old
infants.®® Slackia exigua was exclusively found in the infants de-
livered by Cesarian section (n = 38); these infants also showed
a higher prevalence of certain lactobacilli and Streptococcus
parasanguinis, and a lower prevalence of Haemophilus parainfluen-
zae, Leptotrichia/Sneathia, S. sanguinis, and Cardiobacterium than
vaginally delivered infants (n = 25).3¢ Another study, of a cohort
of 83 Irish infants (43 of whom were delivered by Cesarian sec-

tion), confirmed significant differences in diversity and microbial
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composition of saliva in the first week since delivery, while in the
follow-up samples, collected at weeks 4 and 8 and at months 6 and

.4 A recent

12, the difference according to delivery mode was los
study on the salivary microbiome of Swedish children, followed
from birth until the age of 7, did not confirm the differences in
microbial diversity, but did find significant delivery mode-related
differences at the microbial profile level up to the age of 6 months,
followed by a convergence in similarity of the microbial profiles
over time.*! At the age of 7 years, quite in contrast to the direction
of the finding from the study, described above, on 3-month-old in-
fants,® a significantly higher proportion of genus Haemophilus was
found in saliva of children delivered by Cesarian section (n = 12)
compared with children delivered vaginally (n = 68).41 This con-
troversy again indicates that the sample size of these studies®®*
might have been too low to assess this issue reliably. Another plau-
sible explanation could be the different microbial detection meth-
ods used in the 2 studies.

The most commonly studied oral microorganism in infants and chil-
dren is certainly Streptococcus mutans. Intriguingly, there is no consen-
sus on the relationship between the prevalence of this caries-associated
microorganism and the delivery mode: some studies did not find any

relationship,37’42

whereas others found a higher prevalence of S. mutans
in the vaginally delivered group.*®? The findings of the only longitudi-
nal study on this topic contradict the results of those studies described
above: in this study, mother-infant pairs (127 underwent vaginal deliv-
ery and 29 underwent Cesarian section delivery) were followed from
birth until the children were 4 years of age; children in the Cesarian
section group acquired S. mutans at a younger age (17.1 months) than
children in the vaginal delivery group (28.8 months).%® Larger longitudi-
nal studies are necessary to dissect this issue.

Cesarian section is a life-saving operation. However, at a popu-
lation level, the association between Cesarian section and the de-
crease in mortality outcomes is lost if the rate of Cesarian section
is above 9%-16%.*% In some countries, the Cesarian section rates
are reaching epidemic proportions. In 2015, Cesarian section was
performed in 21.2% of live births globally, in 44.3% of all deliver-
ies in Latin American and Caribbean regions, with Brazil hitting the
top with a Cesarian section rate of 56%.** These extremely high
Cesarian section rates are alarming because epidemiological studies
show that children delivered by Cesarian section have higher risk
for immunological disorders and diseases, such as asthma, allergic
rhinitis, wheezing, allergic sensitization, food allergy, systemic con-
nective tissue disorders, juvenile arthritis, inflammatory bowel dis-
eases, immune deficiencies, leukemia, obesity and type 1 diabetes,
compared with children delivered vaginally.*> Only a few studies
have looked into the potential mechanisms behind these epidemi-
ological findings. For instance, Cesarian section-delivered Finnish
infants were shown to have a stronger nonspecific humoral immune
response: they had higher total numbers of IgA-, 1gG-, and IgM-
secreting cells in blood than their vaginally delivered counterparts
throughout the first year of life.*® Taken together, the mode of deliv-
ery might influence the maturation of the immune system and affect

the programming of long-term health.
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In summary, transition from prenatal to postnatal life involves
multiple crucial adaptations in respiratory, metabolic, immune, and
central nervous systems of the neonate. These adaptations, together
with exposure to antibiotics and maternal microbes, are highly influ-
enced by the mode of birth, which in turn is shown to affect the peri-
natal period and might even have long-lasting effects on the general
health of the individual.

4 | POSTNATAL PERIOD

While the previous section focuses on the first days of neonatal
life, here we address the factors contributing to the transmission
and niche-specificity of the oral microbiota, the role of dietary and
behavioral habits, the effect of medication, current knowledge on
the influence of the genetic background, changes from deciduous
to permanent dentition, and hormonal effects during puberty, on
the acquisition and establishment of the oral microbiota throughout
childhood and toward adolescence.

4.1 | Microbial trafficking between the oral
cavity and other sites in the body

Shortly after birth, the neonatal microbiomes are homogenous
among gut, oral, nasal, and skin communities.*”"*’ The oral micro-
biome in low-birth-weight newborns was shown to seed the gut
microbiome, which diverged within 2 weeks to a gut-specific com-
munity.*” Microbiota change over time, with body sites serving as a
primary determinant of the composition of the microbial community
and its functional capacity.48 This is probably driven by differences
in the local environment. The oral microbiota in 6-month-old infants
exhibit high similarity with the microbiota of their mothers’ oral cav-
ity, breast milk, and mammary areola.*’ The same tendency was
shown between skin and gingival microbiota, with the microbiota of
the nares as a bridge between the two.*® These results show that
constant contact between microbial communities influences their
composition.

As a result of its liquid nature, saliva is thought to serve as a car-
rier of microbiota and to transport microorganisms from one body
site to another. In adults, most bacteria are inactivated in the acidic
environment (pH 1-2) of the lumen of the stomach. However, the
gastric pH of infants is higher because of the combined effects of a
high buffering capacity and the high pH of human milk: the average
prefeeding gastric pH measured in 25 full-term healthy 5- to 13-day-
old infants was 3.5 (range: 2-6.1), and it rose above pH 6 (range: 5.2-
7.1) within 30 minutes of starting a feed, thereafter remaining above
pH 4 for 2-4 hours.® This probably leads to the influx and establish-
ment of bacteria in the gut. In adult patients who use proton pump
inhibiting medication for treating stomach ulcers, gastric pH is also
increased. In these individuals, the abundance and diversity of gut
commensals was reduced, with an associated significant increase in

the abundance of oral commensals in the gut.>!
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Recently it was shown that hands function as an important vec-
tor for the transfer of oral and fecal microbes within families.>? The
palms of the hands of infants (<2 years of age) have a higher propor-
tion of tongue bacteria than the palms of the hands of children aged
2-18 years, with the proportion of tongue bacteria decreasing with
increasing age; by contrast, the proportion of palm bacteria sourced
from stool increases with increasing age.

Medication use is shown to disturb the development of a nor-
mal microbial community and to promote the spread of oral taxa
outside their normal habitat. Infants who experienced multiple re-
spiratory tract infections in their first year of life and received an-
tibiotics to treat these infections showed aberrant development of
the nasopharyngeal microbial community compared with the control
group.53 These aberrant microbial communities were less stable and
were enriched with oral taxa, including Neisseria and Prevotella, while
children with higher stability of their nasopharyngeal microbial com-

munities were more resistant to respiratory tract infections.

4.2 | Single oral cavity—multiple distinct
microbial niches

The famous words of the Dutch microbiologist Baas-Becking:
"4 apply to
any ecosystem, including the oral cavity. The local environment (eg,

“Everything is everywhere but the environment selects

the structure of the surface to which bacteria adhere, and the availa-
bility of oxygen and nutrients) influences the composition of the mi-
crobiota. This is reflected in finding distinct microbial communities
at different oral niches, such as tongue, buccal mucosa, supragingival
plaque, and subgingival pIaque.SE"57 The dorsum of the tongue, for
example, with its papillae and crypts, provides optimal conditions
for strict anaerobes. Similarly, eruption of the teeth can be seen as
a milestone in the development of microbial communities because
it creates a unique, nonshedding surface for accumulation of both
supra- and subgingival plaque (Figure 5), and leads to an increase in
microbial diversity.55

As a gateway to the gastrointestinal tract, the oral cavity har-
bors a unique environment, which can serve as a safe haven or a

Buccal mucosa

short-term parking site for microorganisms. Whether microorgan-
isms traverse the oral cavity without attaching to an oral surface
depends on their ability to adhere. Adherence between a microor-
ganism and a surface, or between 2 microorganisms, takes place
when a receptor (usually a salivary or a bacterial component)®® and
an adhesin (usually a cell-wall component, fimbriae, or 2 adhesins)
connect.”” The oral cavity contains 3 distinct types of surfaces for
microorganisms to adhere to: the teeth; the oral mucosa; and other
bacteria (through a process called coaggregation).

After the tooth surface is cleaned, it becomes covered with a
thin proteinaceous layer, called the acquired enamel pellicle. This
pellicle consists of proteins (eg, statherin, histatin, albumin, acidic
proline-rich-proteins), enzymes (eg, amylase, lysozyme, peroxidase),
glycoproteins and mucins (mucin-1, mucin-2, mucin-5B), and lipids.®©
Early colonizers, such as streptococci and actinomycetes, are able to
adhere to specific molecules in this pellicle. By doing so, they become
an attachment site for other microorganisms, such as Fusobacteria,
Veillonella, and Rothia.®! Less well studied is the mucosal pellicle, the
main components of which are mucins (mucin-5B and mucin-7) and
secretory IgA.60 This mucin-rich layer covers the mucosal surfaces of
the oral cavity and its physiological role in, for example, maintaining
mucosal integrity and promoting or preventing microbial coloniza-
tion of mucosal surfaces, is still to be disclosed.

Besides promoting the adhesion of bacteria, there are sev-
eral mechanisms that are aimed at preventing the colonization of
microorganisms in the oral cavity. One such mechanism involves
secretory IgA, an antibody delivered by salivary secretion and
concentrated within the mucosal pellicle.® Secretory IgA binds to
and blocks bacterial adhesins, precluding adherence of bacteria
to the surfaces.®? There are 2 subclasses of secretory IgA—IgAl
and IgA2—with saliva and human milk containing mainly IgAl.63
The hinge region of the IgA1 chain is protected from traditional
proteolytic enzymes. However, a number of bacterial pathogens
(eg, Neisseria meningitidis, Streptococcus pneumoniae) and some
oral commensals (eg, S. sanguinis, Streptococcus oralis, Prevotella
species, and Capnocytophaga species) produce highly specific IgA1
proteases that are able to cleave IgA1l in the hinge region. In vitro
studies have shown that bacteria expressing these proteases are
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able to negate the inhibitory effect of secretory IgA on their adher-
ence®?; thus, they possess a colonization advantage. A longitudinal
study on 50 infants followed from 2 to 24 months of age assessed
their oral streptococci and found that all infants harbored IgA1l
protease-positive streptococci at 2 years of age and, moreover,
that IgA1 protease activity was already present in salivary isolates
from 76% of the infants when they were 2 months of age.** The
main species that produce IgAl protease are Streptococcus mitis
biovar 1 (especially during the first year of life), S. oralis, and S. san-
guinis. By inhibiting certain species of bacteria and promoting the
establishment of others, the immunological actions of the host
influence bacterial colonization, exemplifying the symbiotic evo-
lution of humans together with their microbes.

Saliva, in this sense, has quite an ambivalent function. On the
one hand, it carries the microorganisms throughout the mouth to
potential colonization surfaces and it contains adhesion-promot-
ing components. On the other hand, saliva contains IgA, which
prevents microorganisms from adhering, and aids the removal
of microorganisms during swallowing. In addition, salivary flow
may mechanically affect the colonization of oral surfaces. A re-
cent study in which over 9000 oral samples were analyzed shows
that, regardless of tissue type (teeth, alveolar mucosa, keratinized
gingiva, or buccal mucosa), surface-associated bacteria vary along
an ecological gradient from the front to the back of the mouth.®®
These results imply that salivary flow influences the spatial orga-
nization of microbial communities.

Only a few studies have assessed the microbial composition of
multiple distinct oral niches in infants (Table 1) and the majority
demostrate limitations, such as small sample size, studying specific
microorganisms only, or the absence of longitudinal data. Based on
these limited findings it is clear that more than 1 oral niche should
be sampled because sampling only saliva®® or plaque,®” for exam-
ple, does not reveal all genotypes of S. mutans and S. sobrinus, and
therefore is not representative of the entire oral ecosystem. A re-
cent longitudinal study characterized maturation of the salivary and
dental plaque microbiome in 119 caries-free children and their pri-
mary caregiversf’s; it was demonstrated that, in 1-year-old children,
the salivary microbiome had a significantly higher number of bac-
terial taxa than dental plaque. In the follow-up samples, collected
when children reached 2.5 and 4 years of age, the diversities of both
niches were comparable but significantly higher than the diversity of
samples collected from children when 1 year of age. Overlap in taxa
(determined using zero-radius operational taxonomic units) between
the overall saliva and plaque datasets increased with age, from 72%
in 1-year-old children to 83% in 4-year-old children. Interestingly,
within an individual child, the shared proportion of zero-radius op-
erational taxonomic units between plaque and saliva varied greatly:
in a single child there were no shared zero-radius operational taxo-
nomic units at all, while the maximum overlap between the individ-
ual paired saliva and plaque samples collected at the same time point
was 65% zero-radius operational taxonomic units.

In addition, age-related differences in the colonization of specific

pathogens at oral sites have been observed. Streptococcus mutans
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and S. sobrinus were found earlier in saliva than on the tongue or
in plaque of children®” and the presence of S. sobrinus on tongue
surfaces decreased with increasing age of the child, whereas
its presence in supragingival plaque increased over time.”® In a
cross-sectional study, most species were detected more frequently
on the tongue than in dental plaque, suggesting that the tongue is a
potential microbial reservoir.”!

Samples of saliva are easy to obtain, and saliva is not a niche
per se but rather a mixture of microorganisms dislodged from var-
ious oral niches. The total surface area of the oral cavity of 5-year
old children with a full primary dentition is estimated to be about
118 cm?; teeth represent 13% of the surface area and mucosal sur-
faces represent the remaining 87% (12% palate, 22% gingival and
alveolar mucosa, 26% buccal mucosa, 13.5% ventral surface of the
tongue and floor of the mouth, and 13.5% dorsum of the tongue).72
Even from these conservative estimates, in which the area for mi-
crobes to attach (eg, within the crypts of the dorsum of the tongue)
has been underestimated, it is clear that dental surfaces are by far
outnumbered by the mucosal area. The difference in area between
mucosal surfaces and teeth is the most likely explanation of why
salivary microbiota resembles those from mucosal surfaces and
not those from teeth: data from the Human Microbiome Project, in
which microbiomes of different intraoral niches in over 200 adults
were compared, demonstrates that bacterial profiles of saliva are
more similar to those of mucosal sites (tongue, tonsils, hard pal-
ate) than to those of dental surfaces (supragingival and subgingival
plaque).”®

In summary, the mouth is a complex ecosystem with multiple
distinct niches and microbial habitats. The oral cavity of infants has
not been as extensively sampled as that of adults, and large-scale
longitudinal studies on multiple oral niches are lacking. Although
several methods have been used to collect oral samples from infants
(eg, saliva, buccal mucosa, tongue or alveolar ridge swabs), it remains
unclear which method or which combination of methods would give

the most informative results.

4.3 | Acquiring specific oral microbial taxa

As already mentioned, because of its association with caries, S. mu-
tans is one of the most investigated oral microorganisms in infants.
Its source and colonization have been the scope of numerous stud-
ies. Two ‘windows of infectivity’ for colonization with S. mutans have
been proposed: the first between 19 and 31 months of age”; and the
second after eruption of the first permanent molars.”® Colonization
with S. mutans might occur earlier in individuals with high caries risk,
as shown in a longitudinal study on American Indian children, in
which 58% of the children had S. mutans by the age of 16 months.”®
Although not common in modern society, in more traditional cul-
tures the mother premasticates the food for her infant.”” A study
on S. mutans colonization found that food prechewing, together with
high maternal salivary S. mutans counts, were associated with in-

creased colonization of infants with this microorganism.%’
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TABLE 1 Studies assessing microbial composition of multiple oral niches in infants

Study
Reference Study design population Sample type
Gronroos Cross- 7 children Supragingival plaque
et al®® sectional (3-7y) (from caries-free
enamel and caries
lesions); saliva (5
children)
Klein et al®’ Longitudinal 16 mothers, Mothers: saliva;
cohort 16 infants Children: saliva,
(20 mo (mean age: tongue dorsum,
follow-up) 59+15 alveolar ridge
mo) mucosa, supragingival
plaque
Lindquist Longitudinal 15 mothers Mothers: saliva;
et al®’ (birthto 7 y) and Children: saliva,
newborns tongue dorsum,
supragingival plaque
Milgrom Cross- 179 children Supragingival plaque
etal’® sectional (n =45, (from caries-free
6-12 mo; enamel or caries
n =86, lesions), tongue
13-24 mo; dorsum
n =48,
25-36 mo)
Tanner Cross- 171 children Supragingival plaque
etal’t sectional (n=57, (from caries-free
6-18 mo; enamel or caries
n=114, lesions), tongue
19-36 mo) dorsum

Although S.mutans preferably colonizes teeth, its DNA has been
found in tongue samples from predentate infants’* and it has been
repeatedly cultured from swabs of the alveolar ridges of infants be-

fore tooth eruption,78'79

providing evidence that this microorganism
can also colonize mucosal surfaces.

Infants acquire S. mutans primarily by vertical transmission from
their mother, although horizontal transfer from other caretakers and
family members and from children in nurseries also occurs.?982 To
identify strain-level relatedness, different strain-typing methods are
available.®® Depending on the typing method used, mother-child
transmission of S. mutans has been shown to range from 50% to
85%, with multilocus sequence typing being the most discriminatory
among the methods.®*

Factors that promote transmission of S. mutans from mother
to child include high S. mutans counts in the mother’s saliva and
a diet rich in sucrose, and it has been suggested that the produc-
tion of mutacin by the S. mutans strains harbored by the mother

may also enhance this process.> Transmission of S. mutans can be

Microbial
analysis

Author’s conclusions and reviewer’s
comments

Culture, PCR S. mutans colonizes hard tissues. Saliva sample
does not necessarily reveal all genotypes.
When assessing mutans streptococci, it is
necessary to sample multiple oral sites

Small sample size; only S. mutans assessed

Culture, PCR The majority of S. mutans and S. sobrinus
genotypes and strains were isolated from
dental plaque. Dental plaque alone was not
representative of all genotypes detected in
the children’s oral cavity

Only S. mutans and S. sobrinus assessed

S. mutans and S. sobrinus were detected earlier
in saliva than in dental plaque or on the
tongue. There was a tendency for S. sobrinus
to be detected earlier in saliva than in
plaque or tongue. Saliva could be a source of
microbes that seeds the other niches

Only S. mutans and S. sobrinus assessed

Culture,
ribotyping

DNA-DNA
hybridization

There was a tendency for earlier colonization
of tongue than of supragingival plaque by
S. mutans and S. sobrinus. S. sobrinus was
found on tongue more often in the youngest
age group, but in supragingival plaque more
often in the oldest age group

Only S. mutans and S. sobrinus assessed

DNA-DNA
hybridization

Detection rates of S. mutans (70%), S. sobrinus
(72%), P. gingivalis (23%), B. forsythus (11%),
and A. actinomycetemcomitans (30%) in
tongue samples were similar in children 6-18
and 19-36 mo of age. Strong association
was found between species detected in
supragingival plaque and tongue . Most
species were more frequently detected on
tongue than on supragingival plaque in 6- to
18-mo-old children, suggesting that the
tongue is a potential microbial reservoir

effectively reduced if mothers from a high-caries-risk population
regularly use xylitol-containing chewing gum, as concluded in a re-
cent meta-analysis.®¢

Both, predentate and dentate children are more likely to har-
bor not only S. mutans, but also Streptococcus sobrinus, Actinomyces
species, Campylobacter rectus, Fusobacterium nucleatum, Prevotella
intermedia, and Porphyromonas gingivalis, if their caregivers also
carry these taxa.’” Similarly, detection of Capnocytophaga gin-
givalis, Capnocytophaga ochraea, Capnocytophaga rectus, and
Treponema denticola between 3- to 9 year-old children and their
mothers was highly consistent.®® Concordance in colonization
status with P. gingivalis has been observed among different fam-
ily members, including fathers and their children.?? Intra-familial
transmission of Prevotella, between 23 mothers and their chil-
dren of 2-3 years of age, was found for Prevotella nigrescens and
Prevotella pallens, but not for P. intermedia, and this transmission
was more obvious in periodontally healthy mothers than in those

with periodontal disease.?® A larger group of mother-child pairs
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and a higher number of isolates should be assessed to investigate
the reproducibility of these findings and to address the potential
mechanisms behind the observed differences in transmissibility of
Prevotella species.

One of the few longitudinal studies on oral microbiota of in-
fants assessed salivary anaerobic bacteria from 44 infants during
their first year of life, at 2, 6, and 12 months of age.91 Veillonella
species and Prevotella melaninogenica (both obligate anaerobes),
as well as facultatively anaerobic Actinomyces species were fre-
quently present in the earliest samples taken, when infants were
just 2 months old, and the frequency of F. nucleatum, nonpigmented
Prevotella species, Porphyromonas catoniae, and Leptotrichia spe-
cies increased remarkably between 2 and 6 months of age.91
Actinobacillus (now Aggregatibacter) actinomycetemcomitans, P. gin-
givalis, and Bacteroides forsythus (now Tannerella forsythia) were
not isolated at any time point. Large interindividual differences
in the complexity of the anaerobic microbiota among the infants
were observed (eg, 0-8 anaerobic species were isolated from saliva
of 2-month-old infants, all still predentate). These findings support
the studies above, in which caregivers were compared with their
infants, and strengthen the notion that not the presence of the
teeth as such but rather exposure to the various species of bacte-
ria from family members determines the timing of the acquisition
of anaerobes at an early age.91 At the clonal level, the turnover
rate of some bacterial taxa (eg, P. melaninogenica) is shown to be
high in children compared with adults, while clones of other taxa
(eg, A. actinomycetemcomitans) remained very stable, once coloniz-
ing the individual.”? These interesting, yet quite limited, findings
make us realize that it will not be possible to elucidate the com-
plexity of microbial acquisition at an individual level in the absence
of large-scale detailed longitudinal studies in which microbial pro-
file analyses from both children and their direct caregivers (includ-
ing assessment of strain transmission and colonization persistence
and genetic background) are performed, as discussed later, under

heritability of the oral microbiome.

4.4 | Feeding habits and other behaviors
during infancy

The mammalian nature of humans provides the best food for their
infants—breast milk. Breast milk contains the optimal nutrients—com-
plex proteins, lipids and carbohydrates, as well as numerous bioactive
factors including antimicrobial enzymes, antibodies, immune cells,
microbiota and even stem cells—to promote healthy development
of the child.”®>? To match the needs of the infant, the composition
of the breast milk changes during a single feed and throughout dif-
ferent phases of the lactation period.93 The first milk produced, the
colostrum, is compositionally very different from mature milk: it is
high in whey protein, secretory immunoglobulins, human milk oligo-
saccharides, and leukocytes, and very low in casein, lactose, and fat
compared with mature milk.”>?¢ This suggests that the primary role

of colostrum is immunologic and that of mature milk is nutritional.
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The immune system of a newborn does not function properly: it
has incomplete physical and chemical barriers, poor innate immune
cell function, limited and delayed secretory IgA production, incom-
plete complement cascade function, and insufficient anti-inflam-
matory mechanisms of the respiratory and gastrointestinal tracts.”
Breast milk, with its antimicrobial properties (eg, lactoferrin and lyso-
zyme) and active and passive immunity components (eg, leucocytes,
secretory immunoglobulins), thereby functions as a gatekeeper until
the infant’s own immune system matures. For instance, among in-
fants admitted to hospital intensive care, an inverse relationship was
found between the concentrations of the defense proteins—derm-
cidin and lysozyme—in the breast milk of the mother and oral yeast
colonization status in her child.””

Over a decade ago, the first reports on bacteria as a natural com-
ponent of breast milk appeared. The sources of bacteria in breast
milk are suggested to be both extrinsic (from the skin surface of
the mother and her infant, and from the oral cavity of the infant)t'J8
as well as intrinsic (from the mother) via the entero-mammary
pathway.99 It has been estimated that breast milk contains about
10° bacterial cells per mL,*°° the most predominant genera being
Streptococcus, Staphylococcus, Bifidobacterium, Propionibacterium,
and Lactobacillus.}®* Different factors, including maternal body mass
index, delivery mode, and duration of lactation, have been reported
to affect the species of microbes present in breast milk.?” Several
studies have demonstrated the transfer of specific bacterial strains
from a mother to her infant via breast milk,”® suggesting that the
natural role of breast microbiota is to seed the gastrointestinal tract
of the infant. The role of human milk oligosaccharides, the main car-
bohydrates of the breast milk and indigestible by the infant, is to
provide nutrients for these newly acquired microbiota.”®

It has been demonstrated that, during breastfeeding, infant saliva
reacts with the breast milk and produces reactive oxygen species.'%?
Saliva of neonates contains high levels of purine metabolites (xan-
thine, hypoxanthine, adenosine, inosine, and guanosine), which grad-
ually decrease with time, reaching the levels found in adults when
the infant is about 6 months of age. Xanthine and hypoxanthine
are substrates for xanthine oxidase, an enzyme strongly expressed
in breast milk and, together with the enzyme lactoperoxidase, are
involved in hydrogen peroxide production. This suggests a unique
biochemical synergism between the infant saliva and the breast milk
components that could shape the oral and gut microbiota.'®?

The World Health Organization and the United Nations
Children’s Fund recommend initiation of breastfeeding within an
hour of birth and exclusive breastfeeding for the first 6 months of
life.'%% Sometimes, however, breastfeeding is impaired or impossible,
and industrially produced infant formula, based on cow’s milk or soya
milk and prepared from powder or liquid, is used instead, as a breast
milk substitute. Although attempts are made by the manufacturers
to mimic the composition of breast milk as closely as possible (eg, by
supplementing the formula with iron, nucleotides, various mixtures
of lipids and fatty acids, probiotics, and other compounds),104 the
versatility of natural breast milk, individually tailored for each infant,

will never be mimicked in a factory.
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Knowing the striking differences between the 2 nutrient
sources—breast milk and formula milk—it is not surprising to find
differences in the oral microbiota of infants fed by these different
modes. For instance, buccal mucosal swabs from 4- to 8-week-old
formula-fed infants showed a higher proportion of species from
the phylum Bacteroidetes, especially those of the genus Prevotella,
than breastfed infants.'®® The microbial profiles of oral swabs of
3-month-old infants, exclusively breastfed, differed significantly
from those who were formula-fed.’°® The number of species of
bacteria detected was significantly lower in the breastfed infants,
and they had a higher prevalence of Actinomyces gerencseriae and
Streptococcus australis, compared with formula-fed infants, who
were more frequently colonized by Prevotella, Lautropia mirabilis,
Neisseria, TM7, Kingella, Granulicatella, Leptotrichia, Solobacterium
moorei, Haemophilus, and Veillonella.X°® The same group found that
lactobacilli colonized the oral cavity of 4-month-old breastfed infants
significantly more frequently than that of formula-fed infants.*%” The
dominant Lactobacillus species was Lactobacillus gasseri, which was
detected at higher levels in breastfed infants than in formula-fed
infants and displayed probiotic traits, such as inhibition of several
caries and periodontal disease-associated taxa in vitro.}%” A recent
study found that bacterial diversity of saliva was still lower in 2-year-
old children who were breastfed for 12 months than in those who
were breastfed for <6 months, and that salivary microbial profiles
of these 2 groups differed, even at the age of 7 years.*! These find-
ings suggest that initial differences in the feeding mode, originally
influencing the acquisition of the microbiota, might actually have
long-lasting consequences on the oral microbiota of the child.

A recent study followed acquisition of the salivary microbiome
in 9 infants from birth until 12 months of age at monthly intervals
and concluded that this process occurs in an organized pattern.108
Interestingly, the transition from liquid to solid food, rather than
eruption of the teeth, seemed to introduce major compositional
changes in the microbiome.

If infants are exposed to sweetened liquids during the bot-
tle-feeding period or to sugar-containing foods and snacks once they
consume solid foods, this becomes a major ecological factor in driv-
ing changes in the oral microbial communities. Natural nutrients for
oral microbiota are salivary glycoproteins, the degradation of which
requires complex microbial interactions.’®? As a result of frequent
acidification of the environment by microbial metabolism of sucrose
or other fermentable sugars, microbial diversity is lost and aciduric
and acidogenic taxa are enriched—the microbial changes frequently
observed in infants and children with early childhood caries.**® This
topic will not be discussed further here because it goes beyond
development of a healthy oral microbiome and has recently been
reviewed.!!

Besides feeding habits, the use of a pacifier has been shown to
affect the oral microbiota of infants. Its use has been associated with
higher salivary levels of lactobacilli and yeasts.}*214 Significant rela-
tionships were found between recovery of yeasts, the use of a pac-
ifier in infants over 12 months of age, and the mother cleaning the

child’s pacifier in her own mouth.'*> Interestingly, pacifier-cleaning

habits (boiling the pacifier versus the parent sucking it) have been
shown to affect the salivary bacterial profiles of infants and, if par-
ents regularly sucked the pacifier instead of boiling it, their children
had a reduced risk for allergy development at an older age.!*¢

As already mentioned previously, medication use influences
the microbiome. The effect of antibiotics in the first 2 years of life
on oral microbiota later in life was recently assessed in saliva of 90
Swedish children who were followed-up until 7 years of age.** Of
the 90 children included, 30% had received antibiotics (amoxicillin
or phenoxymethylpenicillin) in the first year of life and 44% had re-
ceived those antibiotics in the second year of life, mainly to treat
early otitis media. The authors found that the genera Prevotella and
Actinomyces, and species belonging to the genera Fusobacterium,
Veillonella, and Lactobacillus, were present in saliva at higher levels
in 7-year old children who were exposed to antibiotics early in life,
whereas Neisseria and Streptococcus mitis/dentisani were elevated in
subjects not exposed to antibiotics as infants.*!

Predentate infants with mothers who smoked had significantly
different oral microbial profiles compared with those of infants
with mothers who did not smoke, and exhibited higher proportions
of F. nucleatum and Campylobacter concisus.>” As the oral microbial
communities of smokers have been shown to be different from

17118 it s not

those of nonsmokers and are enriched for anaerobes,
surprising that infants have acquired these taxa.

One behavioral aspect that certainly influences the oral microbial
communities at any age, is the level of oral hygiene. The age when
parents started brushing the teeth of their children correlated with
caries prevalence in 5- to 8-year-old children,'*? supporting the ad-
vice to start toothbrushing as soon as the first tooth begins to erupt.
Poor oral hygiene was associated with a more diverse salivary micro-
biome, with reduced levels of streptococci and increased species of
the genus Veillonella in 7- to 15-year-old Thai children,*?° and with a
more diverse supragingival plaque microbiome, enriched in the gen-
era Corynebacterium, Leptotrichia, Porphyromonas, and Selenomonas,
and depleted in the genera Neisseria, Actinomyces, Streptococcus, and
Rothia, in 6- to 14-year-old Dutch children.'?!

Taken together, not only the immune system and general health
of infants, but also their oral microbiota, are shaped by exposure to
the chemical, immunological, and microbiological components of
breast milk. In addition, many other behavioral habits, such as diet,
oral hygiene, and pacifier use, and also exposure to antibiotics early
in life and maternal smoking, influence the oral microbiota that be-
comes established in the child.

4.5 | Heritability of the oral microbiome

Symbiotic coevolution of the host with its microbes makes it plau-
sible that human genes (genome) may shape microbial communi-
ties toward those that are most beneficial for the individual host.
There is indeed an increasing body of evidence that, besides envi-
ronmental factors, such as diet and microbial exposure, the genetic

background of the host influences the microbiome.'?? A pioneering
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study, which set the stage for studies on the role of the genome of
the host in shaping the oral microbiota, was performed 60 years
ago and found significant heritability for salivary streptococci and
unclassified bacteria, as well as for different salivary properties,
in 14- to 38-year-old twin pairs.'?® The second study on this sub-
ject appeared 4 decades later, in which colonization with S. mutans
was found to be significantly heritable in 3-year-old Brazilian twins,
where 52% of colonization was heritable and 48% attributable to
environmental factors.’?* The same group assessed the levels of 82
different species of oral bacteria in plaque from primary dentition
of monozygotic and dizygotic twin pairs, with and without caries.*?’
Besides moderate (47%) heritability for S. mutans in the caries
group, high (80%) heritability was reported for Gemella morbillorum
and moderate-to-high heritability (56%-60%) for Abiotrophia defec-
tiva, Gemella haemolysans, and streptococcal species, all associated
with caries-free children.

Several Australian twin cohorts have been set up to study tooth
emergence and oral health.*?® Using a monozygotic twin model, col-
onization with S. mutans in 151 monozygotic twin pairs was assessed
from birth, every 3 months, until 3 contiguous positive scores for both
twins were obtained. The mean age of colonization was 12.7 (standard
deviation: 6.1) months, with the earliest colonization at 2.4 months and
the latest being at just over 2.5 years.”” The concordance for coloniza-
tion with S. mutans was low in these children. In a classical twin study
model of the same cohort, no difference was found in concordance for
colonization with S. mutans or lactobacilli between monozygotic and
dizygotic twins,'?’ leading the authors to conclude that environmental
or epigenetic factors may affect colonization with S. mutans and lacto-
bacilli more than the genetic background of the individual.

A recent publication on 2 Australian twin cohorts in which the
supragingival plague microbiome of over 240 monozygotic and dizy-
gotic twin pairs, 5-11 years of age, was compared, reported higher
similarity in microbial profiles of the monozygotic twins than of the
dizygotic twins.'?® None of the heritable taxa was associated with
caries but decreased with age, and the most heritable were Prevotella
pallens, uncultured Veillonella species, unclassified Pasteurellaceae,
and Corynebacterium durum. In line with the ecological plaque hy-
pothesis,'?? the taxa associated with dental caries (including S. mu-
tans) were not heritable but driven by environmental factors, such as
frequency of sucrose consumption.

Another recent, largest-to-date twin salivary microbiome study
(N = 752 twin pairs, 11-24 years of age, US) found that heritability
extended across nearly all observed taxa except fusobacteria.**° By
comparing, using genome-wide association analysis, the salivary mi-
crobiome and the genetic variants in 1480 individuals unrelated to
the twins and to each other, individual loci in chromosomes 7 and 12
that were significantly associated with different microbiome pheno-
types were identified.

In contrast to the findings above, a longitudinal study (N = 45
twin pairs, followed for over 10 years, US) failed to find any differ-
ence in similarity between the salivary microbiomes of the mono-

zygotic and dizygotic twin pairs,** which could be a result of the
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much smaller sample size of this study than the studies by Gomez

1'28 and Demmitt et al.**° Similarly, another even smaller twin

et a
study (N = 16 twin pairs) failed to find a difference in subgingival
microbiomes between the monozygotic and dizygotic pairs.’*? The
role of shared environment was demonstrated by higher similarity
between the microbial profiles of the co-twins, irrespective of their
zygosity, than between unrelated individuals,****%? and the fact that
this similarity decreased significantly with age or when the twins no
longer cohabited.*®!

It seems that, provided the study has a sufficient sample size,
the genotype of the host influences the selection of the beneficial
(health-associated) microbial taxa, at least in relation to dental car-
ies. Microbiome composition across different body sites, including
the oral cavity, has been shown to correlate with genetic variation
in immunity-related pathways,'®® implying that the taxa usually as-
sociated with gingival inflammation might also be influenced by the
host genotype. An association between host human leukocyte anti-
gen class I, tumor necrosis factor alpha genetic profile, and coloni-
zation of S. mutans, Lactobacillus casei, and Lactobacillus acidophilus
has been demonstrated in African American women.?** The role of
host factors in mother-to-child transmission of human papillomavi-
rus was recently demonstrated by a study in which mother-infant
concordance in a certain human leukocyte antigen-G genotype in-
creased the risk of human papillomavirus positivity in the infant’s
oral mucosa.'®® Different salivary properties, important in maintain-
ing oral health, also have a genetic component. For instance, sev-
eral studies have demonstrated heritability of: salivary flow rate,

123

pH, and amylase activity; < salivary agglutinin activity, parotid flow

rate, and total protein;136 lactoferrin and peroxidase;137 and size-
able heritable components for testosterone and estradiol concen-
trations in saliva of adolescents.'®® The relationship among salivary
enzymatic activities, salivary pH and microbial composition of saliva
was demonstrated in young healthy adults.*®’ A recent study found
a relationship between copy number variation in the salivary amy-
lase gene, AMY1, and microbiome composition and function in both
saliva and gut: the microbiomes of subjects with high copy numbers
of AMY1 had higher levels of salivary Porphyromonas species, while
their gut microbiota had increased abundance of resistant starch-de-
grading microbes, produced higher levels of short-chain fatty acids,
and drove higher adiposity when transferred to germ-free mice.!4°
Taken together, different host-determined salivary properties are in-
volved in shaping the composition of both oral and gut microbiomes
of the host.

In addition to the genetic factors, which are determined by the
linear sequence of DNA (the genes), the phenotype can be altered
as aresult of epigenetic modifications of chromatin structure. These
include DNA methylation and covalent modifications of proteins
that bind DNA, resulting in altered gene activity and expression.141
Maternal smoking, delivery mode, exposures to medications early
in life, and most probably also the first encounters with microbiota,
are only a few of the epigenetic factors that may affect the individ-

ual phenotype and should be the focus of future studies.
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4.6 | Microbial changes with age: Transition from
childhood to adolescence

At around the age of 6 years, the primary teeth start to exfoli-
ate and are replaced by the permanent teeth. This period, during
which both primary and permanent teeth are present, is called the
mixed-dentition period. Eruption of the permanent dentition be-
gins with the mandibular central incisors and the first mandibular
and maxillary molars and is usually complete at around the age
of 12, with eruption of the second molars.**?> During the mixed-
dentition period, the oral ecosystem undergoes various changes
related to the eruption of permanent teeth as well as caused by
the onset of puberty.

When microbial profiles of plaque from children with primary,
mixed, and permanent dentition are compared, supragingival
plague from the permanent dentition has higher levels of both
gram-positive and gram-negative anaerobic species than the pri-
mary dentition. Subgingival plaque from the mixed dentition is in
the stage of greatest transition regarding microbial composition
and has a significantly higher proportion of gram-negative anaer-
obes than subgingival plaque from either primary or permanent
dentition.?” Several other studies, using targeted microbiological
approaches, also report an increase in anaerobic taxa with transi-
tion to the mixed-dentition phase.l‘”'148 As occlusion is not com-
plete, dental plaque and food remnants stagnate at the occlusal
surfaces of partially erupted permanent molars.**’ The gingival
swelling around the erupting teeth may interfere with oral hygiene
measures, explaining the finding of more mature dental plaque,
while reduced tissue resistance around the erupting teeth may in-
crease gingival bleeding. Indeed, preschool children with primary
dentition are shown to have low susceptibility to gingivitis, which
gradually increases at the age of 6-8 years with the eruption of
the first permanent teeth and may become aggravated around
10-13 years of age,**° coinciding with increased hormonal activity
around puberty.

During puberty, 2 hormonal cascades, released by the hypotha-
lamic-pituitary-gonadal axis and the hypothalamic-pituitary-adrenal
axis, play critical roles in the development of important body sys-
tems, including the reproductive and immune systems. The hypotha-
lamic-pituitary-gonadal axis controls development by secretion of
gonadotropin-releasing hormone: this leads to the release of lutein-
izing hormone and follicle-stimulating hormone, which promote the
production of testosterone and progesterone in female gonads and
the production of testosterone in male gonads.***°2 |n both male
and female individuals testosterone is converted to estradiol, which
has high circulating levels and mediates growth spurts and sexual
changes during puberty.’>® The hypothalamic-pituitary-adrenal axis
isinvolved in the response to physiological or psychological stressful
stimuli by releasing stress hormones, such as cortisol, to help indi-
viduals cope with stressful events; responses include mobilization
of energy stores, reduction of inflammation, and enhanced immune
activity.?>*1%° This is reflected in increased cortisol levels in saliva

during puberty. 124157

Mombelli and colleagues assessed changes in the subgingival mi-
crobiota throughout puberty in 42 children (20 girls) from the age of
11, every 4-5 months for 4 years, and compared these changes with
the oral clinical status and pubertal maturation of the children.!>81¢°
The gingival bleeding and total bacterial counts increased at the
onset of puberty and decreased after the age of 14 years. The prev-
alence of A. odontolyticus and Capnocytophaga species increased
with time. In boys, the initial pubertal phase was associated with in-
creases in gingival bleeding and in the prevalence of Bacteriodes spe-
cies (now P. intermedia and P. melaninogenica), while in girls puberty
started with increases in gingival bleeding and in the prevalence of
A odontolyticus. Gingival bleeding was preceded by an increase in
Capnocytophaga species in the subgingival plaque, while the extent
of the bleeding correlated positively with the prevalence and pro-
portion of spirochetes, Eikenella corrodens, and negatively - with
the proportion of Actinomyces viscosus. The increase in frequency
of black pigmented Bacteriodes (P. intermedia) was secondary to
the increase in gingival bleeding. This study, among others on this
topic, suggests that the changes in subgingival microbiota during
puberty are caused by increased gingival inflammation,*® and re-
moval of plaque by oral hygiene is key to manage puberty-associated
gingivitis.161
The effects of sex hormones on other microbial niches, such as

162 and rodent gut,163 have recently been

human vaginal microbiota
demonstrated. Although the relationship with the oral microbiota
has so far not been directly shown in clinical studies, exposure of
individual microbiota to estradiol or to stress hormones does affect
their growth and/or virulence properties in vitro. For instance, the
growth of single cultures of P. intermedia and P. melaninogenica was
enhanced when menadione (vitamin K), necessary for their growth,
was replaced with estradiol in the growth medium,®* as was the
growth and virulence of C. rectus.}®> Additionally, estradiol was
shown to impair the T-helper 17 immune response mounted against
Candida albicans.*®® When the presence of stress hormones—cate-
cholamines and cortisol—was tested on selected periodontitis-asso-
ciated taxa in vitro,*” none of the hormones affected the growth of
P. gingivalis, whereas growth of P. intermedia and E. corrodens was in-
hibited and the growth of F. nucleatum and T. forsythia was enhanced.
Interestingly, ex vivo exposure of dental plaque from a periodontally
healthy individual to cortisol for 2 hours resulted in changes in mi-
crobial activity, mainly enhancing the metabolism of F. nucleatum
and Leptotrichia goodfellowii,“’8 suggesting that exposure to corti-
sol resembles the community-wide expression profiles observed in
periodontitis and its progression in vivo. In a recent study, salivary
cortisol levels in 59 Swedish children at 6, 12, and 24 months of age
were compared with salivary microbial composition, and an inverse
relationship between cortisol and the most common taxon (deter-
mined using operational taxonomic units), classified to the family
Streptococcaceae, was observed.'®’ Taken together, the microbiota
is able to respond to changes in hormonal levels.

Other factors, besides physiological changes during the
mixed-dentition stage and puberty, are known to influence the com-

position of the oral microbiota during adolescence; these include
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changes in behavioral habits, such as increased frequency of intake of
sugar-containing snacks and beverages, smoking, alcohol consump-
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tion, and orthodontic treatment with fixed appliances

4.7 | Beyond bacteria—acquisition and
establishment of other microbes

Besides bacteria, other microbes, such as fungi, Archaea, viruses,
the newly classified candidate phyla radiation group of ultra-small
bacteria and even protozoa, are part of the oral microbiome.”¢77
There is an increasing body of evidence that this “dark matter” of
the human microbiome has important functions and contributes to
shaping and maintaining the microbiome and the immune system of
the host.”” As a result of difficulties in their isolation, culture, and
identification, the majority, however, is still poorly described.

In the oral cavity, very few studies have looked beyond the bac-
terial component, with fungal studies being the most commonly
studied from the list of the “forgotten” microbes. Several culture
studies have addressed vertical transmission of fungi from mother
to infant. Infants delivered vaginally to mothers with vaginal colo-
nization by Candida had a higher prevalence of oral Candida than
infants delivered by Cesarian section or infants delivered vaginally
to mothers without vaginal Candida colonization.'’87? A recent sys-
tematic review on this topic concludes that vaginal delivery appears
to promote oral yeast colonization in early life, and that there is no
difference between breastfed and bottle-fed infants.'®® During the
first year of life, the oral cavity of 15% of 100 Swedish infants was
colonized by Candida and its colonization at the age of 6 months
correlated negatively with the concentration of lactoferrin in breast
milk 18!

Based on a traditional culture approach, C. albicans and Candida
parapsilosis have been identified as the most prevalent Candida spe-

114 and in older children.!®? Interestingly, in a study on

cies in infants
53 newborns in Chile, an oral Candida glabrata infected with intracel-
lular Helicobacter pylori was isolated from a newborn,*®® suggesting a
potential fungal role in mother-infant transmission of microbes.

A recent study on the entire fungal community (mycobiome) of
skin, oral, and anal swabs of infants (N = 17; 7 born vaginally) from
birth over the first 30 days of life found that each body site har-
bored site-specific mycobiomes that were highly variable over the
first month.*®* The oral mycobiome was significantly less diverse
than the skin or the anus, with the most prevalent or abundant oral
taxa being C. parapsilosis (96% of samples, average 25% of reads),
Candida tropicalis (89% of samples, 15% of reads), Saccharomyces
cerevisiae (64% of samples, 11% of reads), Candida orthopsilosis
(63% of samples, 10% of reads), C. albicans (57% of samples), and
Cladosporium velox (8% of reads). The individual mycobiome was
often dominated by 1 specific taxon. The fungal communities re-
mained highly variable in time, and did not increase in diversity
during the first month of life. There was no difference in the com-
position of the oral mycobiome according to delivery mode, apart

from finding a higher proportion of C. orthopsilosis after Cesarian
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section.® Another recent mycobiome study, comparing dental
plaque from 17 children (7-10 years old), with and without car-
ies, found higher fungal diversity in caries-free children, with the
most prevalent taxa being Saccharomyces, C. albicans, Naganishia
diffluens, and Rhodotorula mucilaginosa,185 indicating that there is
still much to be discovered with respect to the oral mycobiome.
Reports on fungal involvement in shaping human innate and adap-
tive immunity*®® highlight the need for studies on the early acquisi-
tion and establishment of oral fungal communities.

Viruses, including both eukaryotic and prokaryotic viruses found
in and on the human body, are collectively called the virome.'®’
When samples from different body habitats of 102 healthy adults,
participating in the Human Microbiome Project, were analyzed for
eukaryotic DNA viruses, each individual appeared to have unique
viral fingerprints at different body sites.!® In the oral cavity, the
most prevalent eukaryotic DNA virus was Roseolovirus (97% of
subjects), followed by Lymphocryptovirus (29%), Betapapillomavirus
(21%), Mastadenovirus (18%), and Polyomavirus (15%).1%8 A study
on the entire virome (both eukaryotic viruses and bacteriophages
[viruses infecting bacteria]), in saliva of 21 adults, found only a few
homologues to viruses of eukaryotes (herpesviruses and circovi-
ruses), with the vast majority being bacteriophages.'® In most of the
subjects, the virome consisted predominantly of viruses specific for
the bacterial phyla Proteobacteria, Firmicutes, and Actinobacteria.
Additionally, the finding of viral homologues in study participants
who shared the same household led the authors to propose that
sharing the same environment has a role in shaping salivary viral
ecology.'® The salivary virome of 11 unrelated adults, repeatedly
sampled over 60 days, appeared to be highly stable, and consisted
predominantly of bacteriophages.190 No studies to date have as-
sessed the oral virome in children. A recent study on the delivery
mode and virome found a strong correlation between vaginal birth
mode and diversity and composition of the gut virome in children at
1 year of age.w1

Although the role of bacteriophages in the oral cavity remains
unclear, it is highly likely that they contribute to shaping the bacte-
rial community.*”>* Their relationship with oral health was demon-
strated by Wang et al,'”* who associated cross-infective phages
(phages that could infect different bacterial taxa besides their puta-
tive bacterial host) with commensal bacteria and periodontal health
and the absence of these phages with periodontal disease. How bac-
teriophages are acquired and transmitted, and their actual role in the
oral ecosystem, remain to be established.

Archaea, genetically distinct from bacteria and eukaryotes,
also called the third domain of life, are methanogens that uti-
lize hydrogen to reduce carbon dioxide, acetate, and a variety of
methyl compounds into methane.!?>1%¢ No studies have assessed
archaeal oral colonization in infants, while studies in adults find
these anaerobic microbes in subgingival plaque of periodon-
tally healthy individuals and report their increase in prevalence
and abundance with periodontal disease.!” The fact that these
microbes are acquired early in life was demonstrated by finding

Methanobrevibacter smithii in gastric juice of newborns. Their
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abundance was associated with breastfeeding, suggesting trans-
mission from mother via breast milk.*?” Additionally, when meth-
ane was measured in the exhaled air in 112 volunteers aged
1-80 years, exhaled methane levels were higher than the inhaled
air levels in all cases, including the children.1?8

Recently, the tree of life has been expanded with yet another
group of microbes—ultra-small bacteria, classified as the can-
didate phyla radiation group.'’” The candidate phyla radiation
is a major bacterial lineage or superphylum, containing over 70
phyla, 3 of which are detected within the human oral microbiome:
Saccharibacteria (formerly TM7), SR1, and GNO2; Saccharibacteria
is the most abundant phylum and associated with gingivitis and
periodontitis.”? The common feature of these microbes is their
small genome and cell size and restricted metabolic capacities.
So far, only a single candidate phyla radiation representative—
Saccharibacteria member, Nanosynbacter lyticus strain TM7x—has
been cultivated.?°° The experiments with this first isolate have re-
vealed that it is an obligate parasitic bacterial epibiont and needs
to infect another bacterial species, such as A. odontolyticus, to sur-
vive. It affects the morphology and physiology of the host bacte-
rium, suppresses the expression of tumor necrosis factor alpha in
macrophages, and is potentially able to modulate the normal host
immune response.””00 Again, as with viruses and archaea, there
are no studies to date that address the colonization of infants with
this group of microbes. Most likely, members of the oral candidate
phyla radiation group are acquired together with their bacterial
hosts via vertical and horizontal transmission. The role of the can-
didate phyla radiation group in shaping the oral microbiome and
their interplay with other microbial members is yet another excit-
ing field to be studied.

Among the single-celled eukaryotes or protozoa, Entamoeba
gingivalis has been associated with periodontal disease in adults,?°*
and is presumably acquired through contact with water and con-
taminated foods. A single study, in which oral carriage of E. gingivalis
in children (N = 154, 2-18 years of age) was assessed, found higher
E. gingivalis counts among Polish children from urban areas than
from rural areas; the authors did not report the actual prevalence
and abundance data of E. gingivalis or the relationship with the age of
children.?%? A recent longitudinal study from Luxembourg, in which
colonization of infant gut with bacteria, protozoa, fungi, and Archaea
was followed in 15 infants from birth for 12 months, showed that
all these types of microbes could be found in infant feces, although
colonization with protozoa was not stable throughout the first year
of life.?®3

In summary, the role of microbes other than the bacterial com-
ponent of the microbiome on the establishment and maintenance of
a healthy oral microbial ecosystem is highly understudied. A holistic
view on microbial interactions will certainly bring valuable insights
into how the equilibrium among all the different members of the oral
ecosystem is established and preserved, and how that contributes to

the wellbeing of the human host.

5 | CONCLUDING REMARKS

Acquisition and establishment of a healthy microbiota is of great im-
portance for a symbiotic host-microbiota relationship. Early expo-
sure to certain microbes seems pivotal in development of a healthy
immune system, and may even have long-term consequences on
general health. Based on the current literature, we can conclude
that the oral microbial ecosystem is shaped in utero, by, most likely,
exposure of maternal antigens to the immune system of the infant,
in this way preparing the infant for postnatal microbial encounters.
This makes a healthy oral ecosystem of the mother of paramount im-
portance. The modes of birth and feeding, as well as perinatal expo-
sure to medications, determine which microbes will be encountered
first and if at all. Teeth eruption and oral hygiene habits, together
with sugar consumption, exposure to antibiotics, maternal smok-
ing, and oral health status of the caregiver affect the developmental
trajectories of infants’ and childrens’ oral microbiota. Besides these
environmental factors, there is a growing body of evidence that the
health-associated oral microbiota has a heritable component.

This review has also identified a number of outstanding
questions for future research. To name just a few: What are the
mechanisms of mother-fetus microbiota crosstalk? Is this cross-
talk selective to certain groups of microbiota? The oral cavity of
infants has not been as excessively sampled as that of adults and
longitudinal studies on multiple oral niches are required. Although
several methods have been used to collect oral samples from in-
fants (eg, saliva, buccal mucosa, tongue, or alveolar ridge swabs), it
remains unclear which method, or which combination of methods,
would give the most informative results. To elucidate the complex-
ity of the microbial acquisition at an individual level, large-scale
detailed longitudinal studies, in which microbial profile analyses
of both children and their direct caregivers are performed, and
which also include a holistic assessment of all microbiota, investi-
gate the transmission and colonization persistence of strains, and
determine the genetic and epigenetic backgrounds of the host,

will be required.
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