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Abstract

Early life represents a critical window for the establishment of the gut microbiome, a complex microbial ecosystem that plays a
central role in intestinal health, immune system development, physical growth, and long-term disease risk. In low- and middle-
income countries such as Bangladesh, infants are exposed to a range of nutritional and environmental stressors—including
undernutrition, recurrent infections, and inadequate sanitation—that can significantly disrupt normal microbiome development.
These challenges make the study of early-life microbiome assembly particularly important in this context. This review
synthesizes recent research on gut microbiome development in Bangladeshi infants and explores how deviations from normal
patterns—such as microbiome immaturity, dysbiosis, and the overrepresentation of pathogenic organisms—are associated with
adverse outcomes. These include impaired intestinal function, chronic inflammation, weakened immune responses, and growth
faltering. Studies consistently show that healthy infants typically undergo a predictable succession of microbial colonization,
with beneficial taxa such as Bifidobacterium infantis and other members of the Bifidobacterium longum group dominating early
life, particularly in breastfed infants. These microbes are crucial for metabolizing human milk oligosaccharides and supporting
immune maturation. In contrast, malnourished infants often exhibit delayed or altered microbiome maturation. Their gut
microbial communities resemble those of younger infants, indicating immaturity, and are often enriched with harmful or less
beneficial bacteria. Importantly, conventional nutritional interventions alone have been shown to only partially restore a healthy
microbiome composition, suggesting that more targeted approaches are necessary. Recent advances highlight the potential of
microbiota-directed complementary foods (MDCF) and specific probiotic supplementation in addressing these issues. These
interventions are designed to promote the growth of beneficial microbes and restore microbial balance. Evidence indicates that
MDCEF can accelerate microbiome repair, enhance gut barrier integrity, reduce intestinal inflammation, and contribute to
improved growth outcomes in undernourished children. In conclusion, targeting gut microbiome development during early
infancy offers a promising strategy to improve health outcomes among Bangladeshi children. However, further research is
needed to determine the optimal timing, duration, and sustainability of such interventions, as well as to better understand the
underlying biological mechanisms driving these benefits.
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1. Introduction

1.1. Importance of Early-Life Microbiome

The first months to two years of life are a formative period
for gut microbiome development. Microbiota establishment
influences digestion, nutrient absorption, maturation of gut
barrier, and immune system education.

Disruptions during this period (from poor diet, infection,
antibiotic use, etc.) are linked to long-term consequences: un-
dernutrition, stunting, increased susceptibility to infection,
possibly even metabolic disease [1].

1.2. Bangladesh Context

High burden of undernutrition (wasting, stunting, moder-
ate/severe acute malnutrition).

Environmental challenges: frequent enteric infections, poor
sanitation, diarrheal disease, environmental enteric dysfunc-
tion (EED).

Breastfeeding is common, but weaning foods, complemen-
tary feeding, maternal diet, and early antibiotic exposure vary

(2].

1.3. Rationale for Review

In recent years, substantial research (birth cohorts, RCTs)
has investigated the gut microbiome in Bangladeshi infants,
including its development, associations with health, and re-
sponses to interventions.

Understanding what is known can help guide future policy,
interventions, identify gaps (mechanisms, sustainability, long-
term outcomes) [3].

Intestinal
dysbiosis

Low-grade
inflammation
- 4

Aberrations in
the early gut
colonization

process

Immaturity of the ENS ]

¥

Altered gut motility
(myenteric plexus)

ﬁ

¥

Lower concentrations
of bile acids

T Bacterial proliferation
1 Mucosal barrier

function
=7
¥ ~ Immaturity
Altered mucus of the
production and secretion enterohepatic
(submucosal plexus) circulation

Figure 1. Infantile Colic- Mechanism and management [15].

2. Development of the Gut Microbiome
in Early Infancy [4]

2.1. Microbiome Development and Composition
in Healthy Bangladeshi Infants

1) Succession & Key Taxa

A study of 1,132 infants aged 0-6 months in urban Dhaka
assessed absolute abundances of Bifidobacterium infantis, B.
longum, B. breve. B. infantis starts low at birth, increases
sharply over first two months; B. longum and B. breve remain
lower relatively. Another study of 222 children during first
two years observed that a distinct B. longum clade expanded
with the introduction of solid foods at weaning; this clade has
capacity to use both breast-milk (human milk oligosaccha-
rides, HMOs) and plant/solid food substrates.
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2) Microbiota Maturity (“microbiota-for-age” metrics)

Healthy infants display a progressive increase in microbiota
diversity and richness over the first two years. Models have
been developed (e.g. using 16S rRNA data) to compute “rela-
tive microbiota maturity index” or microbiota-for-age Z score
(MAZ). In healthy Bangladeshi cohorts, these measures in-
crease with age [5].

2.2. Dysbiosis, Immaturity, and Associations
with Malnutrition

1) Microbiota Immaturity & Malnutrition

Children with severe acute malnutrition (SAM) show sig-
nificant immaturity of gut microbiota relative to healthy age-
matched controls; standard therapeutic foods only partially
correct these deviations.

2) Altered Diversity, Taxonomic Shifts

Malnourished children tend to have reduced richness and
diversity, fewer beneficial taxa (e.g. Bifidobacterium,
Prevotella), and overrepresentation of potentially pathogenic
or pro-inflammatory taxa [6].

2.3. Impacts on Intestinal Health, Growth, and
Immune Function [7]

1) Growth Outcomes

Interventions that modify the microbiome, such as MDCF-
2, produce not only weight gain but also improved linear
growth (length-for-age) in Bangladeshi children with moder-
ate acute malnutrition over follow-up.

2) Gut Barrier & Biomarkers

In trials, microbiota-directed complementary foods im-
proved biomarkers of gut health / environmental enteric dys-
function (EED), such as citrulline, reduced markers of gut in-
flammation.

In the study of B. infantis supplementation in infants with
SAM, increased B. infantis was associated with reduced intes-
tinal inflammation markers.

3) Cognitive / Language / Neurodevelopment

Some studies indicate that small intestine bacterial over-
growth (SIBO) is associated with poorer linear growth and
also lower scores on language development (Bayley scales) in
Bangladeshi children.

4) Influence of Feeding, Antibiotics, Delivery Mode [8§]

Feeding patterns (breastfeeding & timing of introduction of
solid foods) importantly influence colonization by Bifidobac-
terium species. Cesarean vs vaginal birth shows some early
differences but these tend to equalize over time. Antibiotic ex-
posure negatively impacts microbiome richness and certain
taxonomic abundance.
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Figure 2. Colorectal Cancer with Polyps [14].

2.4. Interventions Aimed at Modulating the
Microbiome [9]

1) Microbiota-Directed Complementary Foods (MDCF-2)
A randomized controlled trial in children aged 12-18
months with moderate acute malnutrition showed that MDCF-
2 (a food designed to activate beneficial gut bacteria) vs stand-
ard RUSF improved weight gain, and over 2-year follow up,
children receiving MDCF-2 were less stunted. Also changes
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in metagenome-assembled bacterial genomes (MAGs) associ-
ated with growth, as well as in plasma biomarkers consistent
with reduced inflammation and enhanced musculoskeletal /
neurodevelopmental processes.

2) Probiotics / Bifidobacterium infantis

In infants with SAM, supplementation with B. infantis
strain EVCO001 (with or without HMO such as lacto-N-neo-
tetraose) increased B. infantis abundance, improved weight
gain, and reduced intestinal inflammation markers. However,
even after intervention, abundances often remained below
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those seen in healthy, age-matched infants without malnutri-
tion.

3) Iron Supplementation Effects on Microbiome [10]

The BRISC trial in Bangladesh evaluated iron supplemen-
tation and its effects on microbiome. Findings: improved he-
matological indices, but effects on microbiome composition
were relatively modest; some taxa changed depending on
baseline iron status.

3. Microbiome Development: Critical
Phases and Influencing Factors

3.1. Microbiome Maturation: Key Milestones &
Drivers

1) The early colonization by Bifidobacterium (particularly
B. infantis) appears central to healthy microbiome tra-
jectories. These taxa metabolize HMOs in breastmilk,
produce short chain fatty acids (SCFAs), lower gut pH,
which can suppress pathogens.

2) Weaning / introduction of complementary feeding shifts
the substrate supply in the gut, favoring expansion of
taxa able to degrade plant polysaccharides, etc. The tran-
sition phase is critical — improper weaning or low di-
versity diets may impair microbiome maturation [11].

3.2. Malnutrition & Immaturity: Cause,
Consequence, or Both

1) Evidence suggests that immaturity of the microbiome is
not merely a result of undernutrition but contributes to
its pathogenesis. For example, studies in gnotobiotic
mice colonized with microbiota from malnourished vs
healthy Bangladeshi children have shown that microbi-
ota from healthy donors support greater growth.

2) Standard nutritional therapy alone often fails to fully re-
store microbiota maturity or diversity. Interventions that
specifically target microbiome (via prebiotics, HMOs,
probiotics, microbiota-directed foods) show greater
promise [12].
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Figure 3. Crohn’s disease is a chronic inflammatory condition of the gastrointestinal tract [13].

3.3. Mechanisms: How the Microbiome Impacts
Intestinal Health and Immunity

1) Gut barrier integrity: beneficial microbes help maintain
mucosal barrier, produce SCFAs (like butyrate) that feed
enterocytes, stimulate tight junction proteins.

2) Regulation of gut inflammation: mature microbiome
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suppresses inflammatory pathways; dysbiosis can in-
crease translocation of microbial products, chronic low-
level inflammation, associated with environmental en-
teric dysfunction (EED).

3) Immune system education: the microbiome influences
development of innate immunity (pattern recognition re-
ceptors), development of regulatory T cells, influences
responses to vaccines [14-16].
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3.4. Challenges: Gaps, Limitations, and Critical
Questions

1) Temporal dynamics: when is optimal window for inter-
vention? Prenatal? Early postnatal? At weaning?

2) Sustainability: many interventions show benefits while
administered, but long term durability (years later) less
well characterized.

3) Variability: individual differences (mode of birth, mater-
nal microbiome, feeding practices, antibiotic exposure,
environment) influence microbiome. Also geographic /
seasonal variation [17].

4) Mechanistic proof: many studies are associative; need
more mechanistic studies (animal / gnotobiotic models,
omics).

5) Safety issues: risk of introducing probiotics or prebiotics
in contexts of immunocompromise or infection; iron
supplementation may shift taxa toward pathogenic bac-
teria if gut barrier weak; antibiotic resistance [18].

3.5. Implications for Policy & Practice [19]

1) Design of complementary foods should consider micro-
biota-activating ingredients (e.g. HMOs, plant polysac-
charides).

2) Breastfeeding promotion remains critical. Ensuring ma-
ternal nutrition so HMOs in breast milk are optimal.

3) Sanitation, hygiene, and infection control also essential
to reduce perturbations.

4) Monitoring tools: metrics of microbiota maturity could
be used as markers in trials / programs.

3.6. Advances in Multi-Omics Approaches for
Understanding Infant Gut Microbiome
Function [20]

Recent advances in multi-omics technologies—including
metagenomics, metabolomics, and transcriptomics—have
significantly improved the understanding of early-life gut mi-
crobiome dynamics in infants. These approaches allow re-
searchers to move beyond simple taxonomic descriptions to-
ward functional characterization of microbial communities.
For example, metabolomic profiling has demonstrated that
beneficial gut microbes produce metabolites such as short-
chain fatty acids (SCFAs), which regulate epithelial integrity,
enhance mucin production, and modulate immune signaling
pathways. In Bangladeshi infant cohorts, alterations in micro-
bial metabolic activity have been associated with markers of
intestinal inflammation and impaired nutrient utilization. Inte-
grating multi-omics data with clinical and nutritional infor-
mation may therefore provide a more comprehensive under-
standing of host-microbiome interactions and identify novel
biomarkers for early detection of microbiome-associated
growth and immune disorders.

3.7. The Maternal-Infant Microbiome Axis and
Its Role in Early Gut Colonization [21]

Another important consideration for improving infant gut
health in Bangladesh is the maternal-infant microbiome axis.
Maternal nutritional status, gut microbiota composition, and
health conditions during pregnancy can influence the initial
microbial inoculum transmitted to the infant during birth and
breastfeeding. Breast milk not only provides essential nutri-
ents but also contains bioactive components such as human
milk oligosaccharides (HMOs), immune factors, and benefi-
cial bacteria that shape infant microbiota composition. Mater-
nal malnutrition, infections, or antibiotic exposure may alter
these microbial and immunological components, potentially
affecting infant microbiome maturation. Therefore, future in-
tervention strategies should not focus solely on infants but
also include maternal nutrition, antenatal care, and breastfeed-
ing support programs to optimize the microbial and immuno-
logical foundation established during early life.

3.8. Future Research Directions and
Implementation Challenges [22]

Despite increasing evidence supporting the role of the gut
microbiome in infant growth and immune development, sev-
eral research and implementation challenges remain. Many
current studies in Bangladesh rely on observational cohort
data, which limits the ability to establish clear causal relation-
ships between microbiome alterations and health outcomes.
Larger longitudinal studies and well-designed randomized
controlled trials are needed to determine the most effective
microbiome-targeted interventions, including optimal timing,
dosage, and duration. Additionally, translating research find-
ings into scalable public health strategies requires considera-
tion of affordability, cultural dietary practices, and accessibil-
ity in low-resource settings. Strengthening collaborations be-
tween microbiologists, nutritionists, clinicians, and public
health policymakers will be essential for developing sustaina-
ble microbiome-based interventions that can effectively im-
prove child health outcomes in Bangladesh.

4. Conclusions

The gut microbiome in Bangladeshi infants follows charac-
teristic trajectories: early predominance by Bifidobacterium,
increasing diversity with age/weaning; deviation from this tra-
jectory (immaturity, low diversity, overgrowth of inflamma-
tory or pathogenic taxa) associates with malnutrition, growth
faltering, poor gut barrier function, and compromised immun-
ity. Interventions targeted at the microbiome (e.g., microbiota-
directed complementary foods, B. infantis supplementation)
have shown promising results in improving weight, linear
growth, reducing gut inflammation, and ameliorating bi-
omarkers of intestinal health. However, full repair of microbi-
ome maturity is rarely achieved with standard treatments
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alone. Future work should aim to define optimal timing and
composition of interventions, understand long-term outcomes
(including immune function, vaccination response, cognitive
development), and to develop scalable, culturally acceptable
microbiome-modulating strategies in low-resource settings.
Overall, modulating early life gut microbiome offers a potent
avenue for improving intestinal health and immune resilience
among Bangladeshi infants, with potential for high impact in
reducing the burden of undernutrition, infection, and growth
stunting.
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