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Abstract

The infant microbiome consists of trillions of microorganisms and is shaped by a combination of genetic,
environmental, and dietary influences. Its development is vital for the infant's immune system and overall well-
being, underscoring the necessity of comprehending these processes to enhance health outcomes.

The formation of the microbiome commences at birth, with infants encountering microorganisms during delivery,
whether through vaginal birth or cesarean section. Research suggests that infants born vaginally acquire a
microbiome that closely mirrors that of their mothers. The evolution of the infant microbiome is a multifaceted
process that initiates at birth and continues to develop throughout the early years of life. This microbiome plays a
pivotal role in health, affecting immune function, metabolism, resistance to pathogens, neurodevelopment, and long-
term health outcomes. Gaining insight into its significance can guide strategies aimed at optimizing infant health and
preventing diseases.

Investigating the infant microbiome from birth through early development highlights its essential function in
influencing health and growth. Understanding the various factors that affect microbial colonization can lead to
strategies that foster healthy microbiome development, potentially reducing health risks linked to microbial
imbalances. Probiotic strains such as Lactobacillus rhamnosus GG, Bifidobacterium bifidum, and Lactobacillus
reuteri have proven to be particularly effective for infants. Ongoing research in this field is crucial for uncovering
the complexities of the microbiome, its effects on lifelong health, and for developing various strategies to promote

well-being and minimize disease risk.
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Introduction

Infants are typically defined as children from birth until around one year of
age, after which they are referred to as toddlers. The term originates from the
Latin word "infantem," which translates to "babe in arms" as a noun and
"unable to speak" as an adjective (CDCP, 2013; Maggie, 2022). Following
birth, infants generally experience a weight loss of about 5% to 10% of their
initial weight. By the time they reach two weeks of age, they should begin to
gain weight rapidly. By four to six months, an infant's weight is expected to
be double that of their birth weight. Growth tends to slow during the latter
half of the first year. Between the ages of one and two, toddlers typically
gain around 5 pounds (2.2 kilograms) (Onigbanjo et al., 2020). The infant
microbiome, consisting of trillions of microbes, is essential for health and
development from birth through early childhood, influencing immune and
neurological health (Yang et al., 206; Frerichs and Niemarkt, 2024; Koren et

al., 2024). Maternal gut microbiota impacts fetal immune and
neurodevelopment indirectly via microbiota-derived metabolites (Koren et
al., 2023). These metabolites can cross the placenta during pregnancy,
triggering a fetal immune response (Aburto and Cryan, 2024). Research
indicates that the human fetal intestine has a diverse metabolome as early as
12 weeks gestation, with metabolites and metabolic pathways linked to
neurodevelopment being particularly enriched (Li et al., 2020). Probiotic
strains such as Lactobacillus rhamnosus GG, Bifidobacterium bifidum, and
Lactobacillus reuteri have been identified as particularly effective for infants
(Segers et al., 2014; Martinelli et al., 2020; Depoorter and Vandenplas,
2021). The field of microbiome interventions for infants is rapidly
advancing, exploring various strategies to enhance health and mitigate
disease risk.
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Gut microbiota:

Gut microbiota consists of various microorganisms, including bacteria,
yeast, and viruses. The microbial microbiome contains approximately 3.3
million active genes, significantly outnumbering the 22,000 human genes.
The gut microbiota comprises organisms residing in the gastrointestinal tract,
contributing to about 60% of the dry weight of feces, with 99% being
anaerobic bacteria. While bacteria dominate the microbiome, the presence of
viruses, archaea, and eukaryotes, although less abundant, is also noteworthy
(Ursell et al., 2012). From a taxonomic perspective, bacteria are categorized
into phyla, classes, orders, families, genera, and species. A limited number
of phyla encompass over 160 species (Laterza et al., 2016). The primary gut
microbial phyla include Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia, with Firmicutes and
Bacteroidetes together accounting for 90% of the gut microbiota (Arumugam
etal., 2011). The Firmicutes phylum includes more than 200 genera, such as
Bacillus, Lactobacillus, Clostridium, Enterococcus, and Ruminicoccus, with
Clostridium making up 95% of this phylum. Bacteroidetes is primarily
represented by genera like Bacteroides and Prevotella. The Actinobacteria
phylum is less abundant, mainly represented by the Bifidobacterium genus
(Arumugam et al., 2011; Rinninella et al., 2018). Through assembly and
curation, researchers identified 10,000 viral species from 248 virus family-
level clades (VFCs) in fecal viromes of 647 one-year-old children (Shah et
al., 2025). Additionally, it has been observed that phages can influence the
composition and function of the gut microbiota (Rasmussen et al., 2020;
Liang et al., 2020). The composition and structure of gut microbiota are
influenced by various host and microbial factors. Host factors include age,
genetic background, overall health, dietary habits, medication use, intestinal
pH, peristalsis, transit time, mucus secretions, mucous immunoglobulin, and
tissue oxidation-reduction potentials. Microbial factors also play a
significant role.

Bacterial Colonization:

The human fetus is believed to grow in a sterile environment devoid of
bacteria (Dominguez-Bello et al., 2010). Following birth, the infant's gut is
swiftly populated through a multifaceted process influenced by various
interrelated factors, such as the delivery method and feeding type (Pannaraj
et al., 2017). Right after birth, the newborn's intestinal microbiota is initially
dominated by Enterobacteriaceae and Staphylococcus (Matsuki et al., 2016),
which are subsequently supplanted by Bifidobacterium and certain lactic
acid bacteria (Mitsuoka et al., 2014). This Bifidobacterium-rich microbiota,
referred to as Bifidus flora, persists until complementary foods are
introduced (Palmer et al., 2007; Valles et al., 2014). In the immediate
postnatal period, the first microorganisms to colonize the infant originate
from the mother's microbiota, which can be found in the vaginal area, feces,
breast milk, mouth, and skin, as well as from the surrounding environment
(Matsumiya et al., 2002; Makino et al., 2011). The first year of life is crucial
for development, as the microbiota becomes increasingly diverse and stable
(Yatsunenko et al., 2012; Levin et al., 2016; Laursen et al., 2017). Initially
low in diversity at birth, the microbiota evolves into a more intricate and
adult-like composition by the age of 1 to 2 years (Stewart et al., 2018).
During the early years, the gut microbiome consists of facultative anaerobic
bacteria. However, in the following weeks, these initial colonizers are
gradually replaced by conventional anaerobic bacteria, which ultimately
dominate the intestinal microbiota (Clemente et al., 2012). As the infant
nears weaning, the proportion of Bacteroides increases, leading to the
competitive exclusion of Bifidobacterium within the gut microbiota. Post-
weaning, the Bifidus flora is supplanted by adult-type microorganisms,
primarily including Bacteroides, Prevotella, Ruminococcus, Clostridium,
and Veillonella (Valles et al., 2014). By the age of three, an infant's gut
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microbiota closely resembles that of an adult (Yatsunenko et al., 2012).
Various factors, including maternal nutrition, health conditions, and the use
of antibiotics during pregnancy and childbirth, can significantly affect the
infant's initial microbial profile (Taylor et al., 2012). The colonization of gut
bacteria generally begins at birth. Infants delivered vaginally are exposed to
their mother's vaginal and fecal microbiota, whereas those born through
cesarean section may initially acquire bacteria from the skin (Dominguez-
Bello et al., 2010). Once breastfeeding commences, breast milk introduces
additional prebiotics. Colostrum, in particular, is abundant in human milk
oligosaccharides (HMOs), which cannot be digested by human enzymes
alone. The production of these oligosaccharides can represent up to ten
percent of the total energy used in human milk synthesis (Bode, 2012) and
supports the proliferation of beneficial gut microbes (Newburg et al., 2007;
Thum et al., 2018). In vitro research indicates that HMOs selectively
promote the growth of beneficial bacteria such as Bifidobacterium longum
while inhibiting harmful pathogens like Escherichia coli and Clostridium
perfringens (Yu et al., 2013; Kunz et al., 2017). The metabolic byproducts
of HMOs, including lactate and short-chain fatty acids (SCFAS) produced by
Bifidobacterium longum subspecies infantis (B. infantis), also suppress the
growth of E. coli and C. perfringens. When cultivated on HMOs, B. infantis
demonstrates a higher affinity for binding to intestinal epithelial cells and
exhibits enhanced barrier-supporting and anti-inflammatory properties (Sela
et al., 2011; Chichlowski et al., 2012). B. infantis has been shown to
dominate the gut microbiota of breastfed infants, providing several benefits
to the host, such as accelerating immune response maturation, modulating
the immune system to reduce inflammation, enhancing intestinal barrier
integrity, and increasing acetate production (Chichlowski et al., 2020).

Origins of the Infant Microbiome:

The development of the microbiome starts at birth. Infants encounter
microorganisms during the delivery process:

1. In Utero Development: Recent research challenges the notion that the
fetal environment is completely sterile. Studies have found bacteria present
in amniotic fluid, meconium, and placental tissues, indicating that microbial
exposure begins before birth (Aagaard et al., 2014).

2. Birth Method: The way an infant is delivered plays a crucial role in their
initial microbial colonization. Infants born vaginally are generally exposed
to their mother's vaginal and gut microbiota, while those delivered via
cesarean section may acquire microbes from the skin and the surrounding
hospital environment (Dominguez-Bello et al., 2010; Selma-Royo et al.,
2020). Research has shown that cesarean delivery is linked to a lower
diversity of gut microbiota in infants, which may have lasting health effects
(Rahman et al., 2022).

3. Feeding Method:

a. Breastfeeding: Breast milk significantly contributes to the infant
microbiome, providing not only essential nutrients but also prebiotics and
beneficial bacteria that support the growth of specific gut microbiota (WHO,
2009; Martin-Rodriguez et al., 2022). The bacterium B. infantis has been
found to dominate the gut microbiota of breastfed infants (Chichlowski et
al., 2020).

b. Formula Feeding: Infants who are formula-fed typically exhibit a different
microbial profile, often showing a higher prevalence of pathogenic bacteria
(Béckhed et al., 2015; Rahman et al., 2022).

Developmental Stages of microbiota:

Development infant of microbiota can be classified into 3 stages including:



Clinical Trials and Clinical Research
1. Initial Colonization (0-6 Months):

The initial phase of colonization is characterized by a swift increase in
bacterial populations, predominantly from the Bacteroidetes and Firmicutes
phyla. This stage is essential for laying the groundwork for the gut
microbiome (Yatsunenko et al., 2012). A study conducted by Ma et al.
(2022) aimed to analyze the gut microbiota of healthy infants, focusing on
the effects of delivery methods and feeding practices. The infants were
exclusively breastfed or given specific formulas for over four months post-
birth. The composition of fecal bacteria was assessed at 40 days, 3 months,
and 6 months of age. Introduction of solid foods occurred between 4 to 6
months, which did not influence the microbiota prior to 4 months. Based on
the delivery methods (vaginal delivery (VD) or cesarean section (CS)) and
feeding types (breast-fed (br) or formula-fed (fo)), the infants were
categorized into four groups: VD-br, VD-fo, CS-br, and CS-fo. The findings
revealed that at 40 days, o diversity was lower in breast-fed infants compared
to formula-fed infants. By 3 months, the o diversity was notably reduced in
the CS-br group, although no significant differences were detected following
the introduction of solid foods. Bifidobacterium was the most prevalent
genus across all groups at each time point, followed by Enterobacteriaceae.
At 40 days of age, the levels of Bifidobacterium were significantly higher in
the CS-br group compared to the CS-fo group, while no notable differences
were observed between the VD-br and VVD-fo groups. By 3 and 6 months of
age, the variations in Bifidobacterium levels among the groups had
diminished. Additionally, at 40 days, the abundance of Streptococcus and
Enterococcus was considerably lower in the br infants than in the CS-fo
group. By 3 months, Enterococcus levels were significantly reduced in the
CS-br group compared to the fo infants, although no significant difference
was found for infants delivered via VD. The interplay between delivery
methods and feeding types significantly influences the gut microbiota of
infants. Breastfeeding and vaginal delivery may mitigate the potential
negative effects of formula feeding or cesarean delivery on gut microbiota,
fostering a more stable and advantageous gut environment for infants.

2. Stabilization and Diversification (6-12 Months):

As infants begin to consume solid foods, the microbiome becomes more
diverse, with increasing representation of various bacterial taxa. This
diversification is shaped by dietary changes and environmental exposures
(Korpela, 2021, Rutayisire et al.,2016).

3. Maturation (1-3 Years):

By the age of three, the infant microbiome resembles that of adults,
characterized by increased stability and diversity. However, it continues to
be influenced by diet, lifestyle, and exposure to pathogens (Faith et al.,
2013).

Impact of Environmental Factors:

Numerous elements contribute to the formation of the infant microbiome.
Key factors include the method of delivery, nutritional choices (such as
breastfeeding versus formula feeding), the administration of antibiotics
during birth or in early infancy, and exposure to various environmental
factors, including pets and siblings. The use of antibiotics, in particular, can
significantly disrupt the microbiome, reducing its diversity and potentially
resulting in health complications (Rahman et al., 2022).

Interactions with family members, pets, and the surrounding environment
introduce new microbial species, further influencing the microbiome's
development. Early exposure to a variety of environments can foster a more
robust microbiome (Lloyd-Price et al., 2016; Mahurkar et al., 2027).
Research indicates that infants who grow up in households with pets or older
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siblings often exhibit a more diverse gut microbiota (Lax et al., 2014).
Additionally, exposure to different microbial environments, such as those
found in rural versus urban areas, can affect the microbiome and may play a
role in the development of allergies. Evidence suggests that residing in rural
settings, where there is greater exposure to animals and a wider array of
microbes, correlates with lower rates of allergies (Rook, 2010).

2. Antibiotic Use:

The use of antibiotics during pregnancy or in early infancy can disrupt the
normal development of gut microbiota. Antibiotics can reduce microbial
diversity and may lead to an increased risk of conditions such as obesity and
allergies later in life (Jernberg et al., 2010). Antibiotic treatment during
infancy can disrupt the normal development of the microbiome, leading to
long-term consequences on health, including increased susceptibility to
infections and allergies (Zimmermann and Curtis, 2020).

Components of the Infant Microbiome:
Infant gut microbiota including
a. Bacterial Components:

The gut microbiome of infants is predominantly characterized by the
presence of Bifidobacteria and Lactobacilli. These beneficial
microorganisms play a crucial role in digestion and the absorption of
nutrients (Arrieta et al., 2014; Sarkar et al., 2021). As the infant matures, the
microbiome becomes more diverse, influenced by changes in diet and
exposure to the environment, which includes the introduction of bacteria
from the mother’s microbiome and the surrounding surroundings
(Kapourchali and Cresci, 2020). The microbiota of infants mainly consists
of various bacterial communities, including:

1. Bifidobacteria:

Bifidobacteria are among the first microorganisms to inhabit the gut of
infants, particularly those who are breastfed, typically colonizing within days
to weeks after birth and accounting for 40% to 80% of the gut microbiota
(Tannock, 2002; Ling et al., 2016; Makino et al., 2015). These bacteria are
transmitted from the mother through the vaginal canal, gastrointestinal tract,
or breast milk (Duranti et al., 2017). Infants delivered vaginally tend to have
higher levels of Bifidobacterium spp. compared to those born via cesarean
section, although the differences in gut microbiomes become apparent only
after five days and tend to diminish by the time the infant reaches 30 days of
age (Chen et al., 2007; Milani et al., 2015; Wampach et al., 2017; Gronlund
etal., 2011).

Reduced levels of Bifidobacterium spp. have been linked to chronic
conditions such as asthma and obesity, as well as diminished responses to
vaccines (Ly et al., 2011; Huda et al., 2014). Henrick et al. (2018) proposed
that the decrease in Bifidobacterium spp. in developed nations may be a
factor inthe increasing prevalence of allergic and autoimmune disorders. The
presence of these bacteria can also be influenced by factors such as diet,
antibiotic consumption, and the onset of puberty (Voreades et al., 2014;
Yatsunenko, 2012). Importantly, B. infantis is the dominant strain in the gut
microbiota of breastfed infants, playing a crucial role in immune
development, inflammation regulation, intestinal barrier enhancement, and
acetate production (Underwood et al., 2015).

3. Bacteroides:

The initial establishment of Bacteroides in infants primarily occurs through
maternal transmission during childbirth. Infants delivered vaginally
generally exhibit higher concentrations of Bacteroides, as these bacteria are
commonly found in the vaginal microbiota (Dominguez-Bello et al., 2010;
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Fouhy et al., 2012). Additionally, human milk contains oligosaccharides that
facilitate the proliferation of Bacteroides and other beneficial
microorganisms (Underwood et al., 2013). Following birth, infants
encounter various microbes from their environment, including those from
caregivers and the home setting, which can further enhance the colonization
of Bacteroides (Rautava et al., 2012).

Bacteroides serve several essential functions within the gastrointestinal tract
of infants. They are crucial for the early establishment of the gut microbiome
(Matharu et al., 2022). These bacteria play a significant role in the digestion
of complex carbohydrates and dietary fibers, thereby supporting nutrient
absorption (Martens et al., 2011).

4. Escherichia coli (E.coli) as a Component of Infant Gut Biota:

Some strains of bacteria are advantageous and support gut health, while
others can be harmful (Kaper et al., 2004). E. coli is crucial for the formation
and upkeep of the infant gut microbiota. Its early presence facilitates
metabolic processes and the development of the immune system, thereby
enhancing the infant's overall health. While certain E. coli strains are well-
known for causing foodborne illnesses, many others are benign and play an
essential role in the gut microbiota, especially in infants (Nataro and Kaper,
1998). The development of gut microbiota in infants is vital for their growth
and health, affecting various physiological functions and the maturation of
the immune system.The infant gut microbiome starts to form at birth, shaped
by factors such as the delivery method (vaginal or cesarean), maternal health,
and feeding practices. E. coli is among the first bacteria to colonize the
gastrointestinal tract of newborns (Fouhy et al., 2012). Research indicates
that E. coli can be found in the feces of infants within the initial days of life
(Martinez et al., 2016). Infants born vaginally typically acquire E. coli strains
from the birth canal, whereas those delivered by cesarean section may
experience a delay in colonization of E. coli and other beneficial bacteria due
to limited exposure to maternal microbes (Dominguez-Bello et al., 2010). In
a study examining the prevalence of uropathogenic lineages in Swedish
infants and enteropathogenic lineages in Pakistani infants, Nowrouzian et al.
(2019) analyzed ExXPEC and EPEC strains of E. coli belonging to B2
phylogenetic subgroups/STcs that colonize these populations. A total of 120
gut commensal E. coli B2 strains were collected from Swedish infants (n =
87) and 19 from Pakistani infants (n = 12), which were categorized into B2
subgroups. The presence of bundle-forming pili and intimin adhesin was
assessed in the EPEC lineages. Previous research had established the
virulence markers of EXPEC and the duration of strain persistence in the
microbiota. The findings revealed that 84% of the strains from Swedish
infants and 47% from Pakistani infants were classified into one of the ten
primary B2 subgroups (P = 0.001). Among the Swedish strains, the
predominant B2 subgroups included IX/STc95 (19%), I1/STc73 (17%),
VI1/STc12 (13%), and 11/STc127 (11%), each exhibiting unique sets of
EXPEC virulence markers. In contrast, EPEC lineages with limited EXPEC
characteristics represented 47% of the Pakistani B2 strains, while only 7%
of the Swedish B2 strains fell into this category. The distribution of B2
subgroups within the phylogenetic group varied significantly between the
two populations. Uropathogenic B2 subgroups were more prevalent in the
gut microbiota of Swedish infants, whereas EPEC lineage 1 strains were
more commonly found in the intestines of Pakistani infants. Additionally,
EXPEC virulence genes were found to be more widespread among Swedish
strains compared to their Pakistani counterparts. The absence of exposure to
maternal vaginal and fecal microbiota may result in a delayed colonization
of E. coli and other beneficial bacteria (Dominguez-Bello et al., 2010).
Breast milk is rich in prebiotics that support the growth of beneficial bacteria,
including E. coli, whereas infants who are formula-fed may develop a
different microbial profile, often associated with a higher occurrence of
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potentially harmful strains (B&ckhed et al., 2015). E. coli plays a vital role in
various metabolic processes within the gut. It participates in carbohydrate
fermentation and the synthesis of SCFAs such as acetate, propionate, and
butyrate, which are essential for maintaining gut health and can affect
systemic inflammation (Morrison and Preston, 2016). Additionally, E. coli
aids in the education of the immune system, fostering tolerance to non-
harmful antigens while enabling effective responses to pathogens (Round
and Mazmanian, 2009). It is crucial for caregivers to maintain proper hygiene
and food safety practices to reduce the risk of exposure to harmful strains,
particularly among vulnerable groups such as infants (Nataro and Kaper,
1998). The colonization of E. coli in infants generally commences shortly
after birth. Research indicates that E. coli can be identified in the feces of
infants within the first week of life, with a notable increase in diversity and
abundance in the subsequent months (Martinez et al., 2016). The prevalence
of E. coli in infants is influenced by geographic location, health status, and
environmental conditions. In healthy infants, studies have reported a high
occurrence of E. coli within the gut microbiota. One study involving a cohort
of infants found that E. coli was present in over 90% of fecal samples during
the first year of life (O’Sullivan et al., 2016).

E. coli present in the infant gut is generally divided into two main types:
commensal (non-pathogenic) and pathogenic strains:

a. Commensal E. coli: These strains are vital components of the gut
microbiota, contributing significantly to metabolic functions and the
development of the immune system. They assist in nutrient absorption and
the production of essential vitamins (Morrison and Preston, 2016).

b. Pathogenic E. coli: In contrast, pathogenic strains can lead to
gastrointestinal diseases and are further classified into several categories.
Enterotoxigenic E. coli (ETEC) is associated with diarrhea in infants and
travelers, producing toxins that result in fluid loss. Enteropathogenic E. coli
(EPEC) is linked to infant diarrhea, as it adheres to intestinal cells and
disrupts their normal function. Shiga toxin-producing E. coli (STEC) is
notorious for causing severe gastrointestinal illnesses and can result in
hemolytic uremic syndrome (HUS), a serious complication (Nataro and
Kaper, 1998). Additionally, certain environmental conditions, such as
inadequate sanitation and contamination, can heighten the risk of
encountering these harmful strains (Kaper et al., 2004).

5. Enterococcus bacteria in the gut of infants:

Enterococcus species are gram-positive cocci that form a part of the normal
gut microbiota in humans and various mammals. Notably, Enterococcus
faecalis and Enterococcus faecium are significant for gut health, exhibiting
both beneficial and pathogenic characteristics. These species typically begin
to colonize the gut of infants shortly after birth. Research has shown that
Enterococcus can be identified in the feces of newborns within the initial
days of life (Favier et al., 2002). The colonization process is affected by
multiple factors, including the mode of delivery and feeding methods. Infants
delivered vaginally are exposed to their mother's microbiota, which includes
Enterococcus, during the birthing process. Conversely, infants born via
cesarean section often present a different microbial profile, resulting in
variations in the timing and diversity of Enterococcus colonization
(Dominguez-Bello et al., 2010). Breastfeeding has been demonstrated to
support the establishment of beneficial gut bacteria, including Enterococcus.
Breast milk contains prebiotics that foster the growth of these bacteria, while
formula-fed infants may show different patterns of colonization (Béckhed et
al., 2015). Enterococcus species are frequently detected in the feces of
healthy infants, with studies indicating that they can represent a substantial
portion of the gut microbiota during the first year of life (O'Sullivan et al.,
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2016), often reaching levels that are comparable to or even surpass those of
other dominant gut bacteria (Penders et al., 2006).

Enterococcus can cause various infections, such as urinary tract infections
and bacteremia (O’Brien et al., 2015). While commensal strains of
Enterococcus may play a role in nutrient metabolism and the development
of the immune system, certain opportunistic strains are linked to infections,
especially in individuals with weakened immune systems (Lebreton et al.,
2014). The types of Enterococcus found in the infant gut include:

a. Enterococcus faecalis: This species is one of the most prevalent
Enterococcus types in the infant gut and is typically regarded as a commensal
bacterium.

b. Enterococcus faecium: Another frequently identified Enterococcus
species in the infant microbiome, which includes both commensal and
opportunistic strains (Weinstein et al., 1997).

¢. Enterococcus avium: This species is less commonly found in the infant gut
compared to E. faecalis and E. faecium. Although most Enterococcus strains
are henign, some can develop antibiotic resistance, complicating treatment
for infections. Enterococcus faecium has been particularly noted for its
association with multidrug-resistant infections in clinical environments
(Leclercq, 2001).

6. Helicobacter pylori infection:

Helicobacter pylori (H. pylori) is a flagellated, spiral-shaped, Gram-negative
bacillus that inhabits the human gastric mucosa, leading to an inflammatory
response in the gastric lining, as well as the potential development of gastric
and/or duodenal ulcers, intestinal metaplasia, or even gastric cancer (Patel
and Underwood, 2018). The characteristics of H. pylori infection in children
differ from those in adults, particularly in terms of prevalence, complication
rates, diagnostic challenges, and a higher incidence of antibiotic resistance.
In developing countries, the prevalence of H. pylori in children is
significantly higher at 20%, compared to just 0.5% in developed nations
(Kalach et al., 2017). Furthermore, H. pylori infection in children is
associated with an increased risk of gut colonization by Prevotella,
Clostridium, Proteobacteria, and Firmicutes, whereas uninfected children
tend to have a higher presence of Bacteroides. These alterations in gut
microbiota linked to H. pylori infection may contribute to the onset of
chronic gastrointestinal diseases and antibiotic resistance (Yap et al., 2016).
The incorporation of probiotics containing L. acidophilus, L. casei DN-
114001, L. gasseri, Bifidobacterium infantis 2036, or Lactobacillus reuteri
Gastrus, has shown similar beneficial effects during H. pylori treatment
(Emara et al., 2014). Various studies have indicated that specific probiotic
strains may exhibit inhibitory effects against H. pylori, while others can
mitigate the side effects of antibiotic therapy, thereby enhancing the rate of
H. pylori eradication (Sharma, 2020).

b. Viral components:

Large-scale investigations into the composition and structure of the early life
virome remain limited, and studies on the human virome face significant
challenges due to the vast amount of unexplored viral diversity, often
referred to as the viral 'dark matter' issue (Aggarwala et al., 2017). Recent
research has identified three new caudoviral families within human gut
metagenome data (Benler et al., 2021). Additionally, the notable gut phage
family Crassviridae has been reclassified as the viral order Crassvirales
(Yutin et al., 2021), which is part of the newly proposed viral class
Caudoviricetes, encompassing caudoviruses (Koonin et al., 2020). Recent
findings indicate that transferring gut viral content from healthy individuals
can effectively treat recurrent Clostridioides difficile infections (Ott et al.,
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2017), reduce diet-induced obesity (Rasmussen et al., 2020), and prevent
necrotizing enterocolitis in preterm infants (Brunse et al., 2022). While the
underlying mechanisms remain unclear, they likely involve the modulation
of gut microbiota composition through viral infections, as the majority of gut
viruses are bacteriophages that specifically target bacteria (Shkoporov and
Hill, 2019). A recent study by Shah et al. (2025) thoroughly examined the
viral diversity in fecal viromes from 647 one-year-old children participating
in the Copenhagen Prospective Studies on Asthma in Childhood 2010, an
unselected cohort of healthy mother-child pairs in Denmark. Through
assembly and curation, the study identified 10,000 viral species across 248
virus family-level clades (VFCs), with the majority (232 VFCs) being
previously unidentified and belonging to the Caudoviricetes viral class.

c. Bacteriophages:

Certain phages have the potential to induce chronic infections, resulting in
the persistent release of viral particles (Hobbs and Abedon, 2016). In
response, bacteria employ various defense mechanisms (Bernheim and
Sorek, 2020), including the clustered regularly interspaced short palindromic
repeat (CRISPR)—-Cas systems. This adaptive immune strategy involves the
storage of DNA records (spacers) from previous viral infections within a
chromosomal CRISPR array, enabling bacteria to fend off future phage
assaults (Sorek et al., 2008).

Phages can also influence the composition and functionality of the gut
microbiome (Rasmussen et al., 2020; Liang et al., 2020) and may provoke
immune responses in the human host (Fluckiger et al., 2020; Gérski et al.,
2018; Dufour et al., 2019), indicating a complex interaction that could affect
host health. The initial documentation of the viral metagenome (virome) in
the infant gut dates back over ten years (Breitbart et al., 2008), with recent
findings highlighting the impact of cesarean delivery and formula feeding on
the infant virome (McCann et al., 2018).

In a study by Shah et al. (2025) examined the viral diversity in fecal viromes
from 647 one-year-old children and identified 79% of the phages using
CRISPR spacers found in bacterial metagenomes from the same children.
Notably, Bacteroides-infecting crAssphages were outnumbered by
previously uncharacterized phage families targeting Clostridiales and
Bifidobacterium. The lifestyles of phages were consistent at the viral family
level, comprising 33 virulent and 118 temperate phage families, with virulent
phages being more abundant, while temperate phages exhibited greater
prevalence and diversity.

Role of the Microbiome in Early Growth:

The infant microbiome not only affects immune function but also contributes
to metabolic processes that influence growth and development. Microbial
metabolites, such as SCFAs, are produced during the fermentation of dietary
fibers. These SCFAs play critical roles in gut health and metabolism, linking
the microbiome directly to the regulation of appetite and energy balance
(Xiao, and Kang, 2020). SCFAs produced by the fermentation of dietary
fibers by gut bacteria, play a critical role in immune regulation and gut health
(Wu, and Wu, 2011, Zheng et al., 2020). These metabolites can influence
inflammation and the development of the immune system (Arpaia et al.,
2013).

The functional capacity of the microbiome, determined by the genes present,
influences metabolic pathways related to nutrient metabolism, immune
modulation, and protection against pathogens (Qin et al., 2010). Research
suggests that the infant microbiome may even influence neurological
development, gut microbiota has been shown to communicate with the brain
via the gut-brain axis, impacting mood and behavior (Dinan and Cryan,
2017).
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Microbial Diversity and Health Implications

The diversity of the gut microbiome is closely linked to various health
outcomes. A more diverse microbiome is often associated with better
immune response and reduced incidence of allergies, obesity, and other
metabolic disorders (Zhao et al.,2023). For instance, research has shown that
infants with less microbial diversity in their gut are at a higher risk for
developing conditions such as asthma and obesity later in childhood
(Petraroli et al., 2021, Squillario et al., 2023).

Infant Microbiome in normal and diseased condition:

The infant microbiome has significant implications for long-term health
outcomes, influencing various physiological and immunological processes.

The differences between the microbiome in healthy infants and those with
diseases are marked by variations in microbial composition, immune
interactions, metabolic functions, and long-term health outcomes. Here are
some Kkey areas where the infant microbiome plays a crucial role:

a. In Healthy Infants: Typically characterized by higher diversity and
abundance of beneficial bacteria, particularly Bifidobacteria and Lactobacilli
(Arrieta et al., 2014, Sarkar et al., 2021).

1. Immune System Development:

The microbiome plays a key role in the maturation of the immune system,
promoting tolerance to non-harmful antigens and enhancing responses to
pathogens (Kau et al., 2011). In Healthy Infants: The microbiome is essential
for the maturation of the immune system. Early microbial exposure helps
train the immune system to differentiate between harmful pathogens and
non-harmful antigens, promoting immune tolerance (Kau et al., 2011).
Fermentation of dietary fibers by gut bacteria, play a critical role in immune
regulation and gut health (Wu, and Wu, 2011, Zheng et al., 2020). These
metabolites can influence inflammation and the development of the immune
system (Arpaia et al., 2013). presence of Bacteroides in the gut contributes
to the maturation of the immune system, helping to establish tolerance and
prevent inflammatory responses (Mazmanian et al., 2005, Yatsunenko et al.,
2012). By occupying ecological niches and producing antimicrobial
substances, Bacteroides can inhibit the growth of pathogenic bacteria,
thereby enhancing gut health (Shin et al., 2011). Treg Cell Regulation: The
microbiome helps in maturity of the immune system, particularly by
promoting the development of regulatory T cells (Tregs), which are crucial
for maintaining immune tolerance to non-harmful antigens (Kau et al., 2011).
Specific bacteria, such as Bifidobacteria, are known to stimulate the
production of regulatory T cells (Tregs), which play a key role in preventing
allergic reactions and autoimmune diseases (Arrieta et al., 2014, Sarkar et
al., 2021). Cytokine Production: Beneficial microbes can influence the
production of cytokines, shaping the immune response towards a balanced
state rather than excessive inflammation (Donald, an Finlay, 2023,
Wiertsema et al.,2021). Immune Tolerance: A healthy infant microbiome
promotes immune tolerance, helping the body differentiate between harmful
pathogens and non-harmful antigens. This may reduce the risk of allergies
and autoimmune diseases later in life (Kau et al., 2011). Infection Resistance:
A well-developed microbiome provides a protective barrier against
pathogens, reducing the likelihood of infections that can have long-term
health consequences (Aziz et al.,2022, Thanert et al., 2021).

b. Infants with Disease: Often exhibit dysbiosis, characterized by reduced
microbial diversity and an imbalance in microbial composition (Shan et al.,
2021). Increased presence of pathogenic bacteria and reduced levels of
beneficial microbes are common, which can exacerbate health issues. Long-
term Disease Risk: A diverse and balanced microbiome in infancy is
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associated with a reduced risk of chronic diseases, obesity, including asthma,
allergies, and inflammatory bowel diseases (IBD) (Rook, 2010, Rook, 2013,
Kapourchali, and Cresci, 2020, Morreale et al., 2023).

1. Dysbiosis: An imbalance in the microbiome, known as dysbiosis, has been
associated with various conditions, including allergies, asthma, and
gastrointestinal disorders (Shan et al., 2021). Increased presence of
pathogenic bacteria and reduced levels of beneficial microbes are common,
which can exacerbate health issues. A lack of diversity or an imbalance in
microbial populations (dysbiosis) has been linked to increased susceptibility
to allergic diseases, such as asthma and eczema (Shan et al., 2021). The use
of antibiotics in infancy can disrupt the developing microbiome, leading to
long-term health issues, such as increased susceptibility to infections and
obesity (Sawicki et al., 2017). Dysbiosis, alterations in the gut microbiome,
and low microbial diversity of the preterm neonate significantly correlate
with a higher risk and raised rate of complication of necrotizing enterocolitis
and, consequently, the development of late-onset sepsis. Low microbiota
diversity may provoke pathogenic bacteria overgrowth, a significant risk
factor that promotes NEC development (Zhuang et al., 2019). Dobbler et al
(2017) found powerful domination of Citrobacter koseri and/or Klebsiella
pneumoniae, reduced diversity, less Lactobacillus abundance, and an altered
microbial-network structure during the first days of life, correlate with NEC
risk in preterm infants.

2. Role in Inflammation: Dysbiosis can lead to increased intestinal
permeability and systemic inflammation, which are implicated in conditions
like inflammatory bowel disease (IBD) (Sartor, 2008).

3. Autoimmune Conditions: Changes in the microbiome have been
implicated in the development of autoimmune diseases, highlighting the
importance of early microbial exposure in shaping immune responses (Rook,
2010, Morreale et al., 2023).

4.Protection Against Pathogens

A healthy microbiome acts as a barrier against pathogens, preventing their
colonization and reducing the risk of infections such as necrotizing
enterocolitis in preterm infants (Aziz et al.,2022, Thénert et al., 2021).

6.Barrier Function:

Intestinal Permeability: A healthy microbiome supports the integrity of the
gut barrier. Disruption of this barrier can lead to increased permeability,
allowing allergens to enter the bloodstream and triggering allergic reactions
(Sartor, 2008).

Antibiotic resistance in infant biota:

Antibiotic resistance in the microbiota of infants presents a complex
challenge with significant consequences. The premature administration of
antibiotics can disturb the natural microbiome, promoting the development
and retention of resistance genes (Samarra et al., 2023). Excessive antibiotic
use is linked to immature microbiota, which may result in metabolic
disorders, malnutrition, infections, and an increased risk of colon cancer
(Langdon et al., 2016). Furthermore, antibiotic treatments can enhance the
prevalence of microbes harboring antibiotic resistance genes (ARGS), which
may facilitate the transfer of these genes to pathogenic bacteria, complicating
infection management (Ferreiro et al., 2018). Resistance genes can be
exchanged among bacteria through horizontal gene transfer. The infant
microbiome may serve as a reservoir for antibiotic resistance, potentially
undermining the efficacy of antibiotics for treating infections in later life
(Bernabeu et al., 2024). Instances of resistance genes, including those that
provide resistance to p-lactams, aminoglycosides, and macrolides, have been
identified in the microbiota of infants (Samarra et al., 2023). A study
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involving 662 stool samples from one-year-old children utilized shotgun
metagenomics, revealing 409 distinct types of ARGs associated with 34
different drug classes. Notably, 167 out of these 409 types (40.8%) were
identified as conferring multidrug resistance (Li et al., 2021). Every child in
the study exhibited at least one type of multidrug resistance ARG in their
gut, with a median count of 43 + 18. In the gut resistomes, antimicrobial
resistance genes were categorized into three levels: important, highly
important, and critically important (WHO, 2018; Li et al., 2021). Infants
delivered by cesarean section exhibited a tendency towards a higher
likelihood of possessing unique antimicrobial resistance genes (ARGS)
[relative risk = 1.12 (95% CI: 0.97-1.29)], as well as an elevated risk for
overall ARG relative abundance [relative risk = 1.43 (95% CI: 1.12-1.84)]
at one year of age compared to those born vaginally. Additionally, ARGs
have been detected in the first stools of infants shortly after birth, even before
any direct exposure to antibiotics (Yassour et al., 2018). Research indicates
that the prevalence of ARGs in the infant gut tends to decline with age
(Moore et al., 2015). Furthermore, ARGs can be transferred horizontally
among bacteria via mobile genetic elements or vertically within the infant
gut (Parnanen et al., 2018).

Microbiome interventions strategies to promote health and reduce
disease risk:

Research is actively exploring various microbiome interventions for infants,
focusing on probiotics, dietary strategies, and novel therapeutic approaches.
These interventions aim to optimize the infant microbiome for better health
outcomes through:

1. Probiotics and Prebiotics:

Probiotic Research is currently investigating the role of specific probiotic
strains in infants to mitigate issues such as allergies, colic, and
gastrointestinal ~ disorders. For instance, certain Lactobacillus and
Bifidobacterium strains are being studied for their ability to alleviate atopic
dermatitis (Kalliomaki et al., 2001). Probiotic supplementation can enhance
the metabolic functions of the intestinal microbiota and alter their
composition by suppressing the growth of harmful bacteria, breaking down
their antigens, producing antimicrobial agents, and boosting mucosal IgA
levels. Additionally, probiotics contribute to the enhancement of mucosal
barrier function and the maintenance of its integrity by reinforcing epithelial
junctions and stabilizing intestinal permeability. They also influence the
immune responses of intestinal epithelial and mucosal cells, promoting T-
cell apoptosis. As a result, probiotics play a role in regulating immune
responses and reducing the production of pro-inflammatory factors
(Salminen et al., 2006; Morais and Jacob, 2006). The use of probiotics in
treating inflammatory bowel diseases (IBDs) remains a topic of debate;
however, the administration of Saccharomyces boulardii has shown promise
in maintaining remission and improving intestinal permeability and bowel
sealing in patients with Crohn's disease (Vilela et al., 2008). E. coli
Nissle1917, B. breve, B. bifidum, and L. acidophilus had a promising effect
on in maintaining the remission phase in patients with ulcerative colitis as
effective as the standard mesalazine therapy but with high safety and
tolerability profiles (Kato et al,2004, Kruis et al,2004).

Prebiotic Formulations: Research is evaluating prebiotics, such as
oligosaccharides found in breast milk, to enhance beneficial gut bacteria and
improve immune responses (Arrieta et al., 2014, Sarkar et al., 2021).

2. Dietary Interventions:

Early Introduction of Allergenic Foods: Trials are assessing the timing and
types of solid foods introduced to infants, particularly allergenic foods like
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peanuts and eggs, to determine their role in allergy prevention (Du Toit et
al., 2015, Trogen et al., 2022).

Diverse Diets: Studies are investigating how introducing a variety of foods
can influence microbiome diversity and overall health outcomes (Morreale
etal., 2023).

3. Birth Mode and Microbiome Restoration:

Cesarean Delivery: Research is being conducted on interventions for infants
born via cesarean section, who may have altered microbiome development.
Some studies are exploring the potential benefits of "microbiome
restoration” techniques, such as administering maternal vaginal fluids to
cesarean-born infants (Dominguez-Bello et al., 2016).

4. Fecal Microbiota Transplantation (FMT):

FMT in Infants: While still experimental, some studies are examining the
safety and efficacy of fecal microbiota transplantation in infants with severe
dysbiosis or conditions like Clostridium difficile infection (Hourigan, 2016,
Korpela et al.,2020).

5. Longitudinal Studies:

Microbiome Development: Long-term studies are being conducted to track
the changes in the infant microbiome over time and how these changes
correlate with health outcomes, including allergies, obesity, and autoimmune
diseases (Kapourchali, and Cresci, 2020).

Promoting a beneficial microbiome in infants:

Promoting a beneficial microbiome in infants involves several strategies that
focus on early life practices and environmental exposures. Effective ways
parents can encourage a healthy microbiome including:

1. Breast feeding:

Exclusive Breastfeeding: For the first six months, exclusive breastfeeding
provides essential nutrients and prebiotics that promote the growth of
beneficial bacteria (Schack-Nielsen et al., 2005, Krol, and Grossmann,
2018). Longer Duration: Continued breastfeeding beyond six months,
alongside appropriate complementary foods, can further support microbiome
diversity (Arrieta et al., 2014, Sarkar et al., 2021).

2. Introduction of Solid Foods:

Diverse Diet: Introduce a variety of solid foods around six months, focusing
on fruits, vegetables, whole grains, and proteins to enhance microbial
diversity (Morreale et al., 2023).

Early Allergenic Foods: Introducing allergenic foods (e.g., peanuts, eggs)
early can help reduce the risk of allergies and support a balanced microbiome
(Du Toit et al., 2015, Trogen, et al., 2022).

3. Avoiding Unnecessary Antibiotics: Only use antibiotics when prescribed
by a healthcare professional. Avoid unnecessary antibiotic prescriptions, as
these can disrupt the microbiome. If antibiotics are necessary, discuss
strategies for microbiome recovery with a healthcare provider (Sawicki et
al., 2017).

4. Promoting a Healthy Environment:

Natural Exposure: Allowing infants to explore different environments (e.g.,
outdoor play, contact with pets) can enhance microbial diversity and
resilience (Rook, 2010, Rook, 2013).
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Hygiene Practices: While hygiene is important, overly sterile environments
may limit microbial exposure. Balance cleanliness with opportunities for
microbial interaction.

5. Probiotics and Prebiotics:

Consider Probiotics: Consult with a healthcare provider about the use of
specific probiotic supplements that may benefit infants, particularly for those
with gastrointestinal issues (Kallioméki et al., 2001).

Here are some of the most effective probiotic strains in promoting gut health
and overall well-being in infants, L. rhamnosus GG can prevent and manage
gastrointestinal infections and reduce the incidence of diarrhea in infants
(Kalliomaki et al., 2001). B. bifidum is well Known for enhancing immune
function and improving gut health, B. bifidum is one of the predominant
bacteria in healthy infant guts (Arrieta et al., 2014, Sarkar et al., 2021). B.
lactis usually supports overall gut health and has been linked to
improvements in digestive issues and colic in infants (Koukou et al.,2023).
B. breve is beneficial for infants, particularly in breastfeeding, as it helps
digest human milk oligosaccharides and supports immune health (Morreale
etal., 2023). L. reuteri has been shown to reduce crying time in infants with
colic and to improve gastrointestinal health (Savino et al., 2010). L. casei can
helps in modulating the immune response and improving gut microbiota
composition, contributing to overall health (Koukou et al., 2023).

6. Prebiotic Foods: Incorporate prebiotic-rich foods (e.g., bananas, onions)
into the infant’s diet as they can support beneficial gut bacteria.

7. Regular Pediatric Check-ups:

Regular check-ups by monitor growth and development can help ensure the
infant is developing healthily and can address any microbiome-related
concerns early on. Research indicates that routine pediatric visits facilitate
the monitoring of growth parameters, such as weight and height, which are
essential indicators of overall health (American Academy of Pediatrics,
2019). These visits also allow healthcare providers to discuss dietary
practices, vaccination schedules, and developmental milestones, thereby
addressing any concerns that may arise. Moreover, the infant microbiome
plays a significant role in health, influencing immune function and metabolic
processes (Backhed et al., 2015). Regular check-ups can help identify
microbiome-related issues, such as gastrointestinal disturbances or allergies,
allowing for early intervention and management strategies to support a
healthy microbiome.

Studying the infant microbiome:

Studying the infant microbiome involves various methods that allow
researchers to analyze microbial composition, diversity, and function. Here
are some methods used in this field:

1. Sampling Techniques:

Stool Samples: The most common method for studying the gut microbiome
is through stool samples, which provide a non-invasive way to assess
microbial composition (Kapourchali, and Cresci, 2020).

Swabs: Oral and skin swabs can also be used to study the microbiome of
different body sites, offering insights into the microbial communities present
in infants (Dominguez-Bello et al., 2010).

2. DNA Sequencing:

16S rRNA Gene Sequencing: This method targets the 16S ribosomal RNA
gene, which is present in all bacteria. It allows for the identification and
comparison of microbial taxa in samples (Caporaso et al., 2011).
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Metagenomic Sequencing: This approach sequences all genetic material in a
sample, providing a comprehensive view of microbial diversity, including
bacteria, fungi, and viruses (Qin et al., 2010). This method can reveal
functional capabilities of the microbiome.

3. Bioinformatics Analysis:

Data Processing: Sophisticated bioinformatics tools are employed to analyze
sequencing data, allowing researchers to identify microbial species, assess
diversity, and explore functional characteristics (Belkaid, and Hand, 2014).

Statistical Analyses: Various statistical methods are used to evaluate
differences in microbial communities across populations, dietary conditions,
or health statuses (Mallick et al., 2017, 2021).

4. Culture Techniques:

While less common due to the complexity of the microbiome, traditional
culture methods can be used to isolate and study specific bacterial strains in
the lab (Joynt et al., 2006). This approach is useful for understanding the
metabolic activities of individual species.

5. Functional Studies:

Metabolomic Analysis: This involves studying metabolites produced by the
microbiome, such as short-chain fatty acids, to understand their role in health
and disease (Salzman, 2014).

Animal Models: Researchers often use germ-free or gnotobiotic animal
models to investigate the effects of specific microbial populations on health
outcomes (Round and Mazmanian, 2009).

6. Longitudinal Studies:

Cohort Studies: Longitudinal studies track the microbiome over time in the
same individuals, providing insights into how it changes with diet,
environment, and development (Morreale et al., 2023).

Conclusion:

The exploration of the infant microbiome from birth to early growth reveals
its critical role in shaping health and development.

The development of infant gut microbiota is a dynamic process influenced
by various factors, including mode of delivery, feeding practices,
environmental exposures, and antibiotic use. Promoting a healthy
microbiome from infancy is essential for long-term health. The infant
microbiome is established through a combination of genetic, environmental,
and dietary factors. The infant microbiome significantly influences long-
term health outcomes by shaping immune function, metabolism,
neurological development, and susceptibility to chronic diseases.
Understanding these relationships underscores the importance of promoting
a healthy microbiome from infancy. Highlighting the importance of
understanding these processes to promote better health outcomes. Probiotics
strains like L. rhamnosus GG, B. bifidum, and L.s reuteri are the most
effective in infants.

Understanding how various factors influence microbial colonization can
inform strategies for promoting healthy microbiome development,
potentially mitigating health risks associated with microbial imbalances.
Continued research in this area will be essential for unveiling the
complexities of the microbiome and its impact on lifelong health.
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