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Factors influencing development of the infant microbiota:
from prenatal period to early infancy
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During early life, the gut microbial composition rapidly changes
by maternal microbiota composition, delivery mode, infant
feeding mode, antibiotic usage, and various environmental
factors, such as the presence of pets and siblings. An integrative
study on the diet, the microbiota, and genomic activity at the
transcriptomic level may give an insight into the role of diet in
shaping the human/microbiome relationship. Disruption in the
gut microbiota (i.e., gut dysbiosis) has been linked to necrotizing
enterocolitis in infancy, as well as some chronic diseases in later,
including obesity, diabetes, inflammatory bowel disease, cancer,
allergies, and asthma. Therefore, understanding the impact
of maternal-to-infant transfer of dysbiotic microbes and then
modifying infant early colonization or correcting early-life gut
dysbiosis might be a potential strategy to overcome chronic
health conditions.

Key words: Gut microbial composition, Maternal-to-infant
transfer, Gut dysbiosis

Key message

- Microbial colonization primarily occurs after birth but there
may be some colonization in utero, although this remains
highly controversial.

- Maternal factors during pregnancy affect the infant microbiota:
diet, weight, gestational weight gain, and antibiotic usage.

- Microbes are passed from mother-to-infant during and after
birth. Delivery mode, breastfeeding, early life antibiotic, and
proton pump inhibitor treatment have the largest effects on
microbial composition in early life.

- The early life gut microbiome plays an important role in the

development of the immune system and metabolism.

Introduction

The collection of bacteria, archaea, and eukarya colonizingthe
gastrointestinal tract is termed the "gut microbiota.” The
microbiota offers many benefits to the host through a range of
physiological functions such as strengthening gut integrity or

shaping the intestinal epithelium,? harvesting energy,® pro-
tecting against pathogens,” and regulating host immunity.> The
newborn infant microbiota is highly dynamic and undergoes
rapid changes in composition through the first years of life
toward a stable adult-like structure with distinct microbial
communities of unique composition and functions at specific
body sites.*” Markedly, multiple mother-infant studies have
indicated the vertical transmission of microbes from mother-
to-infant that can contribute to microbiota colonization.!%!!)
During early life, the gut microbial composition rapidly changes
by maternal microbiota composition, delivery mode, infant
feeding mode, antibiotic usage, and various environmental
factors such as the presence of pets and siblings.!? Disruption
in the gut microbiota (i.e., gut dysbiosis) has been linked to
necrotizing enterocolitis in infancy as well as some chronic
diseases in later life, including obesity, diabetes, inflammatory
bowel disease, cancer, allergies, asthma,'® and neurological
diseases associated with the gut-brain axis.'® This review focuses
on the process of early colonization to elucidatethe factors
influencing microbial colonization of the infant gut.

Early colonization in healthy newborns (Fig. 1)

1. Inuterocolonization

The uterus and fetus are considered sterile environment unless
clinical infection occurs, such as in chorioamnionitis; however,
a growing body of evidence indicates that the intrauterine
environment is not sterile but that maternal-fetal transmission
of microbiota occurs during pregnancy. Nonpathogenic bac
teria are detected in the placenta, umbilical cord,''® and
the meconium of healthy newborns independent of delivery
mode,!” and its composition is associated with gestational
age. Interestingly, in a healthy pregnancy, intrauterine bacteria
appear to be similar to those of the mother's oral cavity.!¥
Animal experiments revealed the maternal provision of the
same bacteria in the oral cavity and the placenta.’” These data
demonstrate mother-to-fetus transmission of bacteria during
gestation. Potential mechanisms of maternal-fetal microbiome
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interactions and delivery outcomes remain to be elucidated.
2. Prenatal factors influencing early colonization (Fig. 1)

1) Maternal obesity

Obesity is characterized by an imbalance in the Firmicutes-
to-Bacteroidetes ratio in the gut.??) Birth cohort studies dis-
close that infants born to overweight or obese mothers were
profusely colonized with bacterial genera belonging to the phyla
Firmicutes, mainly of the Lachnospiraceae family, and three times
more likely to be overweight by 1 year of age, a rate that increases
to 5 times in infants born by cesarean section (C-section).?”
Weight gain during pregnancy is a normal physiological res
ponse; however, excessive gestational weight gain (defined as
16 kg or above for women with a body mass index [BMI] of
19.8-25 kg/m? or 11.5 kg/m? or above for women with a BMI
>25 kg/m?) has been shown to result in the increased relative
expansion of Bacteroides,*? Enterobacteriaceae, and Escherichia
coli and a reduction in Bifidobacterium and Akkermansia
muciniphila.”) Moreover, a metagenomics analysis reported
that gestational weight gain impacts infant microbiome func
tion* by significantly reducing the community of bacteria
involved in metabolic signaling and energy regulation, including
Enterococcus, Acinetobacter, Pseudomonas, and Hydrogeno-
philus. Infant gut dysbiosis associated with maternal obesity
increases gut permeability and directly initiates pathways of
nonalcoholic fatty liver disease.? Infants delivered by C-section
to overweight mothers are at higher risk of becoming overweight
later in life than those born vaginally to overweight or obese
mothers.2®

Maternal weight status might also affect maternal milk com:
position.””*® Cabrera-Rubio et al.?®) observed higher total
bacterial counts, the expansion of Staphylococcus and Lacto-
bacillus, and reduced levels of Bifidobacterium in the milk of
obese versus normal weight women during the first 6 months of
lactation. This suggests an additional mechanism explaining the
intensified obesity risk in infants born to obese and overweight
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mothers.

2) Maternal diet

Longitudinal cohort data showed that a maternal high-fat diet
altered early bacterial colonization independent of maternal
obesity. In association with a maternal high-fat diet, the neonatal
meconium microbiome varied with a significant immediate
relative depletion in Bacteroides that persisted until 6 weeks
of age.3” A maternal high-fat diet rather than just maternal
obesity profoundly shapes the gut microbiota early in life.3) A
combination of a high-fat/high-sugar diet led to gut dysbiosis
in mice’? and the dietary intake of refined sugars modulates
the gut microbial composition to that of an inflammatory-type
microbiota.’¥ Since the maternal milk microbiota is hypo-
thesized to originate from the maternal gut microbiota, gut
dysbiosis associated with the maternal diet might be transferred
to the maternal milk and further exacerbate dysbiosis seen in the
early gut microbiome in breastfed infants. However, research
is lacking of the long-term impact of maternal lifestyle and
health status during gestation and lactation on the infant's gut
microbiota.

3) Maternal antibiotic exposure

Antibiotic exposure during gestation has an extensive effect
on the microbiome by reducing microbial load and altering
composition as well as long-term influences on the developing
infant gut microbiome.> Because microbial colonization in
early life coincides with key neurodevelopmental periods,
antibiotic-induced perturbation in the infant gut microbiota
mightbe linked to disruption of the gut-brain axis and potentially
related to neurodevelopmental disorders such as autism.>®
Antibiotic treatment can also affect the breast milk microbiome.
Higher Bifidobacterium counts were found in the breast milk of
mothers who did not receive antibiotics versus those who did.>®)
Antibiotics during lactation reduced the microbial community
of breast milk, including lactobacilli and bifidobacteria, and is

associated with lower bacterial diversity in breast milk.3”®
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Fig. 1. Maternal factors on the infant gut microbiome and its implications on childhood health.
health. BMI, body mass index; HMO, human milk oligosaccharide; NAFLD, nonalcoholic fatty liver

disease.
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4) Other prenatal factors

Maternal allergies may affect the microbiome of the breast
milk. Depleted levels of Bifidobacterium in breast milk have been
reported in mothers with allergies.?”

Low to moderate levels of ethanol exposure in combination
with artificial sweeteners reduced Clostridium and Bacillus and
increased Eubacterium levels in the gut microbiota of pregnant
versus control mice.*0)

Early life exposure to maternal and environmental smoke
increased the levels of Ruminococcus, and Akkermansia in the
infant gut microbiota was associated with a higher risk of over-
weight and obesity at 1-3 years of age.*?

Air pollution is hypothesized as a potential factor of neonatal
gut dysbiosis, particularly the depletion of the Firmicutes
phylum.*?

Jasarevi¢ et al.*» showed that maternal stress in the first week
of pregnancy caused lasting disruption in fecal microbial diversity,
community composition, and composition of the vaginal micro-
biota during gestation and after birth.

Gestational diabetes mellitus-related dysbiosis can be vertically
transmitted to the offspring. Increases in Corynebacterium, Bac-
teroides, and Bevundimonas were seen in the stool of infants of
mothers with gestational diabetes mellitus in one study,*® but the
longer term effects of this finding are not fully understood.

5) Maternal probiotic supplementation

Several studies have shown relatively favorable effects of
probiotic administration during the perinatal period.**” Mater-
nal supplementation with Lactobacillus rhamnosus GG (LGG;
2x10° CFU/day) during late pregnancy (30-36 weeks) showed
colonization with LGG in the infant's gut that was stable for up
to 24 months in some cases.*® In contrast, LGG administration
(1.8x10'° CFU/day) from 36 weeks of gestation until delivery
enhanced the intestinal colonization of Bifidobacterium species
but not LGG in breastfed infants.*” Interestingly, the mother-to-
infant transfer of LGG reportedly establishes more diversity in
Bifidobacterium in the infant gut.’® Some studies examined the
safety of probiotic administration during pregnancy. However,
they did not show a significant adverse effect. Investigations
revealed that probiotic supplementation during pregnancy is both
safe and effective in protection against preeclampsia, gestational
diabetes, vaginal infections, maternal and infant weight gain, and
later childhood diseases.*® Maternal probiotic supplementation
only during gestation resulted in the appearance of bacteria in
the fecal samples of their breastfed neonates, even in those born
by C-section and thereby lacking exposure to the vaginal micro-
biome.*" This emphasizes the important role of breast milk in the
transfer of microbes to infants.

2. What happens at birth?
1) Delivery mode

The mode of delivery is generally accepted as a major factor
determining initial colonization.’” Infants born by C-section

can have altered immune development and are at higher risk of
numerous noncommunicable diseases such as obesity, allergy,
asthma, and atopy.’¥ Infants delivered vaginally are colonized
with bacteria present in the maternal vagina,’? whereas those
delivered by C-section are colonized with bacteria similar to those
of the maternal skin and oral cavity.>*%> Although most vaginal
and skin bacteria do not seem to take hold in the infant gut,
their presence may differentially affect the colonization abilities
of other bacteria. Longer-period studies that have followed
microbiota composition in infants during the first 2 years of
life have confirmed an association of C-section with delayed
colonization of the Bacteroidetes phylum, and with lower total
microbial diversity up to 2 years of age.*® Additionally, differences
between the microbiotas of C-section and vaginally born infants
were detected in analyses performed at 7 years of age.’”) The
C-section delivery mode impacts the microbiota through several
means: (1) lack of exposure to the mother's vaginal and fecal
microbes will alter microbial type and diversity that colonize
the gut at birth; and (2) the different starting points in terms of
microbial exposure and immune environment will mark the
course of microbiota.’® The microbial origin in C-section-born
infants is distinct between infants born by elective or emergency
C-section. The source of the gut microbiota in infants born by
emergency C-section is reportedly the skin and vagina, whereas
the skin is thought to be the predominant microbial origin
of the gut microbiota in infants born by elective C-section.>
These differences may be due to fetal membrane rupture, which
commonly occurs before emergency C-section, leading to
infiltration by vaginal microbes.

2) Gestational age at delivery

Gestational age at delivery impacts the bacterial microbiota.®”
Preterm infants are precociously exposed to extensive use of
antibiotics and often long-term hospitalization; they require
mechanical ventilation and usually receive parenteral nutrition.
Each one of these conditions may produce irreversible changes
in the natural gut microbiota colonization and development
processes.®) The analysis of the knowledge about a preterm
infant's microbiota and its relationship with clinical outcomes
(sepsis, necrotizing enterocolitis, and bronchopulmonary dyspla-
sia, but it may also impact growth rates, immune function, and
the risk for various chronic diseases and conditions) showed that
facultative anaerobes dominated the preterm infant gut, including
Enterobacteriaceae, Enterococcus, and Staplrylococcus.®?

3. After birth (Fig. 2)

Microbial colonization of the infant gut occurs rapidly
after birth and is influenced by delivery mode, feeding, and
many other factors, such as environmental factors (including
geographic location) and household exposure (e.g., siblings and
furry pets). The infant microbiota composition changes rapidly
in the first weeks following birth and then stabilizes until the
infant is weaned off an exclusive milk diet and started on solid

foods.
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1) Feeding

(1) Maternal milk-commensal microbes

Recent studies reported that human milk is not sterile and
is a primary and main factor that drives the acquisition and
evolution of the gut microbiota in early life.>>*¥ Mother-
to- child transmission studies support that mother-to-infant
bacterial transfer occurs via the breast milk.>¢” Breast milk
contributes significantly to the metabolism, development of gut
integrity, and maturation of the immune and neuroendocrine
systems.®®®) Breastfeeding confers protection against respira-
tory and gastrointestinal infections and decreases the risk
of sudden infant death syndrome and certain inflammatory
diseases such as dermatitis, asthma, obesity, and types 1 and
2 diabetes.”®”" Breast milk itself is also a source of commensal
bacteria that are naturally present in this secretory fluid. Breastf-
ed infants reportedly ingest between 1x10* and 1x 10° bacteria
daily’ (Table 1).7¥ Streptococci (mitis and salivarius groups)
and coagulase-negative staphylococci are potentially able to
compete with the establishment of undesired pathogens (e.g.,
Staphylococcus aureus) in the infant gut. Propionibacterium
acnes can prevent the growth of S. aureus.”® Bifidobacterium
and Lactobacillus spp. in breast milk are known to activate
immunoglobulin A-producing plasma cells in the neonatal
gut. An association was shown between low levels of intestinal
Bifidobacterium microbiota during infancy and an increased
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Fig. 2. Factors influencing the development of the infant microbiota.

Table 1. Microbes identified in human milk

Staphylococci
Streptococci
Corynebacteria
Propionibacteria
Lactobacillus spp.
Bifidobacterium spp.

risk of atopy later in life.”>”” As with the composition of breast
milk itself, its associated microbiome changes during the lactation
period. Different factors are thought to be responsible for its
composition and diversity, such as gestational age, lactation
stage, environmental exposures, geographical location,”8-89
daily breastfeeding practices, infant sex, and maternal factors
(BMI, parity, and delivery mode).?? As previously discussed,
obesity influences the maternal gut microbiota, but it also
affects the milk microbiota.3283) Breast milk microbial alterations
might be attributed to the physiological stress and/or hormonal
changes that occur with labor or an emergency C-section.”®
Indeed, breast milk dysbiosis was only observed in mothers who
underwent an elective C-section. Vaginal delivery might induce
intestinal permeability and enhance bacterial translocation
from the gut to the mammary gland and breast milk.*¥ Human
milk contains human milk oligosaccharides (HMOs), a type of
prebiotic. HMOs promote the growth of specific bifidobac:
teria, supporting an early Bifidobacteria-dominated gut micro-
biome.?% Over 200 different oligosaccharides have been identi-
fied in human milk.3¢)

2) Medication

(1) Antibiotic usage

Antibiotic administration is another major factor that inter-
feres with the composition of the gastrointestinal microbiome.
In particular, antibiotic exposure within 1 month of birth alters
the balanced development of the microbiome momentarily and
persistently.?” Resistance of some gut microbes to antibiotic
agents may also occur, and these resistant genes can possibly
be transferred to pathogens. Immune homeostasis will be
challenged, disrupting the T-reg/Th balance.®® Therefore, anti-
biotic administration increases the risk of developing immune-
mediated diseases, such as cow milk protein allergy, diabetes,
and asthma.’®) The younger the patient, the more frequently this
occurs, and the larger the spectrum of antibiotic agents admi-
nistered, the stronger the association with overweight status.®”

(2) Proton pump inhibitors

The impact of proton pump inhibitors (PPIs) and other acid-
blocking medications in young infants is gaining more attention,
as disturbances in the microbiome have been reported. PPI
usage for 8 weeks resulted in a decrease in Lactobacilli and
Stenotrophomonas and an increase in Haemophilus. Additional
ly, the relative abundances of the phyla Firmicutes, Bacteroidetes,
and Proteobacteria changed significantly.’® The specific adverse
effects associated with PPIs include necrotizing enterocolitis, late-
onset sepsis in premature infants, Clostridium difficile infection,
asthma, obesity, and small intestine bacterial overgrowth in
young children.”? PPI use is associated with hypergastrinemia
and hyperplasia of enterochromaffin-like cells. PPIs also induce
hypochlorhydria, which interferes with gastric bactericidal
function, and their long-term use can predispose patients to
enteric infections. The exact mechanism of PPl-induced C.
difficile infection is not well known, but a hypothesis suggests
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that C. difficile spores are acid-resistant. Vegetative forms that are
susceptible to acidity and, therefore, buffering the acidity with
PPIs may allow C. difficile to proliferate.

3) Early life prebiotic and probiotic supplementation

Intervention with probiotics as a means of maintaining a
healthy gut ecosystem in early life has become popular. In at
tempts to mimic the composition of human milk, the design of
some infant formulas includes the addition of probiotics. It is
important to note that not all probiotics are equally safe, and the
effects demonstrated from one strain cannot be extrapolated to
another strain, even if they belong to the same species.”?

Supplementation with bifidobacteria strains to infant formula
from birth does not seem to compensate for the differences in
gut microbiota composition observed between breastfeeding
and formula feeding in early life in full-term infants.” However,
other data in preterm infants showed that, compared with
Bifidobacterium animalis subsp. lactis supplementation, Bifido-
bacterium infantis significantly increased the fecal bifidobacteria
levels in formula-fed preterm infants.” This might be because,
among bifidobacterial strains, B. infantis is the only one that has
the ability to consume HMOs because of its specific genome
sequence.”

Adding LGG to an extensively hydrolyzed casein-based com-
mercially available formula designed for infants at high risk
for allergic manifestations associated with immunoglobulin
E-mediated cow's milk allergy reduced the incidence of other
allergy manifestations and improved the development of oral
tolerance to cow's milk.”® The beneficial effect of LGG might
be attributed to the alterations in the strain level bacterial
community structure expanding butyrate-producing bacterial
strains in food allergic infants.””

A recent review of clinical trials and case studies that evaluated
several probiotics (e.g., Bacillus, Bifidobacterium, Lactobacillus,
Saccharomyces, and probiotic mixtures) in premature infants
with low or very low birth weight found that a probiotic
mixture with Bifidobacterium reduced the risk of necrotizing
enterocolitis.”® Moreover, probiotic supplementation in pre-
mature infants reportedly improved the intestinal barrier,
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enhanced the production of immunoglobulin A and anti-inflam-
matory cytokines, increased the diversity and functionality of
the gut microbiota, and reduced pathological bacterial translo-
cation.””

Although human milk is rich in prebiotics (HMOs), bovine
milk also contains oligosaccharides, some of which are struc
turally similar to HMOs. Attempts are being made to stimulate
the growth of bifidobacteria and lactobacilli in the infant gut to
levels detected in breastfed infants by the addition of various
kinds of prebiotics (e.g., fructo-oligosaccharides and galacto-
oligosaccharides) to infant formula.'® By inducing a fecal
microbiota that closely resembles the microbiota of breastfed
infants,'®" prebiotic supplementation in infants may improve
the gut mucosal barrier and prevent enteric pathogen infection

and bacterial translocation.'0%103)

4) Effects of weaning on microbiota composition

The impact of breastfeeding on the microbiome after weaning
from milk to solid food is correlated with the duration of
exclusive breastfeeding rather than the age at which weaning
occurs.'®19) Early (vs. later) introduction to solid foods in
infancy is associated with altered gut microbiota composition
and BMI in early childhood; however, these associations differ
by duration of breastfeeding.'% The effects of breastfeeding on
the postweaning microbiota decrease with time; Bifidobacterium
spp. are replaced as the dominant species with a concurrent
increased relative abundance of members of the phyla Bac-
teroidetes and Firmicutes such as Bacteroides, Bilophilia,
Roseburia, Ruminococcus, and Clostridium.'*%1% The types of
complementary food also affect the microbiota composition and
diversity.!% Increased intake of protein and fiber in foods such
as meat, cheese, and rye bread is associated with an increase in

alpha diversity.

Conclusions (Figs. 3, 4)

Maternal and infant factors can influence the composition
and development of the infant gut microbiota. Microbial coloni-
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Fig. 3. Factors shaping the intestinal microbiota.
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Fig. 4. Early-life factors and dysbiosis in neonatal gut microbiome.

zation primarily occurs after birth, but there may be some
colonization in utero, although this remains highly controversial.
Maternal factors during pregnancy that can affect the infant
microbiota include maternal diet, weight, gestational weight
gain, and antibiotic usage; however, their overall impact is low
compared to that of birth mode, infant diet, and antibiotic treat
ment. Microbes are passed from the mother to the infant during
and after birth. Delivery mode, breastfeeding, and intrapartum
and early life antibiotic treatment have the largest effects on
microbial composition in early life.

The early life gut microbiome plays an important role in the
development of the immune system and metabolism. Emerging
data demonstrating the importance of early life gut microbiome
development as a protective factor against gut dysbiosis-related
diseases later in life support the rationale for targeted therapies to
restore the early life gut microbiome.

Therefore, understanding the impact of maternal-to-infant
transfer of dysbiotic microbes and then modifying infant early
colonization or correcting early life gut dysbiosis is a potential
strategy to overcome chronic health conditions.
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