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ABSTRACT

This longitudinal study investigates the dynamic evolution of the gut microbiome in early childhood and its relationship with
neurodevelopmental outcomes across cognitive, motor, and behavioral domains. A cohort of 196 children was followed from
birth to five years, with quarterly stool samples analyzed via 16S rRNA sequencing and standardized neurodevelopmental
assessments conducted annually. Results revealed that children with delayed colonization of Bacteroides and
Faecalibacterium exhibited lower cognitive and language scores, while higher microbial diversity was consistently
associated with improved executive functioning. Predictive modeling identified specific microbial taxa—such as Veillonella,
Blautia, and Ruminococcus—as strong early-life indicators of later neurodevelopmental performance (AUC = 0.86). These
findings emphasize the mechanistic role of the gut-brain axis in early human development and suggest that microbiome-
informed pediatric interventions may offer a viable strategy to enhance neurodevelopmental health.

Keywords: gut microbiome, neurodevelopment, early childhood, longitudinal cohort, cognitive development, 16S rRNA
sequencing, microbial diversity, gut-brain axis

1. INTRODUCTION
1.1 Background on Gut-Brain Axis

The gut-brain axis is a complex, bidirectional communication system that links the central nervous system with the enteric
nervous system and is increasingly recognized for its influence on early neurodevelopment. This axis integrates neural,
hormonal, and immune signaling, with the gut microbiota playing a central role through the production of bioactive
metabolites such as short-chain fatty acids, neurotransmitter precursors, and immune modulators [1]. These microbial signals
can affect brain development by influencing processes like blood-brain barrier formation, synaptogenesis, and microglial
maturation. The concept of microbiota-mediated neural development has emerged from both animal and human studies,
showing that alterations in gut microbial communities during early life can significantly shape behavioral, cognitive, and
emotional outcomes [2]. Experimental models have demonstrated that germ-free animals display altered stress responses and
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impaired neurogenesis, further emphasizing the essential role of microbial exposure in shaping brain architecture during
critical developmental windows [3].

1.2 Importance of Early Microbiome Composition

Infancy and early childhood are periods of rapid brain growth, paralleled by dynamic shifts in the gut microbiome. Microbial
colonization begins at birth and is influenced by delivery mode, feeding type, antibiotic exposure, maternal health, and
environmental factors [4]. Vaginally delivered and breastfed infants typically acquire beneficial taxa such as Bacteroides,
Bifidobacterium, and Lactobacillus earlier, contributing to enhanced immune tolerance and metabolic homeostasis. The first
two years of life are particularly crucial, as this is when microbial diversity increases and the gut ecosystem matures toward
an adult-like state. During this time, microbial communities influence the maturation of the hypothalamic-pituitary-adrenal
(HPA) axis and modulate systemic inflammation, both of which are linked to brain development [5]. Disruptions in microbial
acquisition or diversity—such as those caused by cesarean delivery, early antibiotic use, or formula feeding—have been
associated with neurodevelopmental delays, language impairments, and behavioral dysregulation in early childhood.

1.3 Gaps in Current Research

Despite growing evidence linking gut microbiota to neurological development, most existing studies remain cross-sectional
or short-term, limiting their ability to establish temporal relationships or causal mechanisms. While some cohort studies have
attempted to explore these links longitudinally, they often suffer from limited sample sizes, infrequent sampling intervals,
and inconsistent developmental assessments [6]. Additionally, the functional implications of specific microbial taxa or shifts
in diversity are often underexplored. There is also considerable heterogeneity in the sequencing platforms, analytical
pipelines, and behavioral evaluation tools used, making it difficult to compare findings across studies. Moreover, many
studies fail to adjust adequately for confounding factors such as maternal microbiota composition, antibiotic exposure,
socioeconomic status, and dietary variability, which may independently affect both microbiome structure and
neurodevelopmental trajectories [7].

1.4 Objective of the Longitudinal Study

The objective of this study is to conduct a five-year longitudinal assessment of gut microbiome dynamics in a pediatric
population and examine their association with neurodevelopmental outcomes across cognitive, motor, and behavioral
domains. A cohort of 196 healthy children was followed from birth through age five, with quarterly stool samples analyzed
via 16S rRNA sequencing and annual neurodevelopmental assessments conducted using validated tools. This study aims to
identify temporal patterns in microbial colonization that are predictive of neurodevelopmental performance and assess the
utility of early microbial biomarkers for developmental risk stratification. By incorporating fine-grained microbiome
sequencing, machine learning classification, and confounder-adjusted modeling, the study addresses major limitations of
prior work. In doing so, it aims to provide robust evidence for the role of gut microbiota in shaping early brain development
and explore potential avenues for microbiome-targeted pediatric interventions.

2. LITERATURE REVIEW
2.1 Gut Microbiome Development in Early Life

The development of the human gut microbiome is a dynamic and tightly regulated process that begins at birth and continues
through the first few years of life. Initial colonization is influenced by delivery mode, with vaginally delivered infants
typically acquiring Lactobacillus, Bacteroides, and Prevotella, while cesarean-born infants exhibit delayed colonization and
often harbor more skin-associated and facultative anaerobes such as Staphylococcus and Corynebacterium [8]. Breastfeeding
further promotes the dominance of Bifidobacterium species, which metabolize human milk oligosaccharides (HMOs) into
immunomodulatory metabolites that support gut epithelial and immune system maturation [9].

The microbial community undergoes successive ecological transitions during infancy, including diversification following
the introduction of solid foods and environmental microbial exposures. By age three, the microbiota typically begins to
resemble an adult-like composition in terms of stability and diversity [10]. However, interindividual variation during this
period is substantial and highly sensitive to perturbations such as early antibiotic use, lack of breastfeeding, and dietary
changes, which can delay or disrupt the trajectory of microbial maturation [11]. Notably, early-life microbiome assembly
plays a crucial role in immune programming, metabolic signaling, and epithelial barrier integrity—all of which intersect with
neurodevelopmental pathways.

2.2 Neurodevelopmental Milestones and Gut-Brain Interaction

The interplay between gut microbiota and neurodevelopment is mediated by the gut-brain axis, encompassing neural,
immune, and endocrine communication channels. Microbes in the gut influence brain development through the production
of neuroactive compounds such as gamma-aminobutyric acid (GABA), serotonin, and dopamine precursors, as well as
through systemic effects mediated by cytokine signaling and vagal nerve activation [1]. SCFAs like butyrate and propionate
modulate microglial maturation and blood-brain barrier permeability, which are critical during early synaptic pruning and
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myelination.

Neurodevelopmental milestones, such as the acquisition of motor coordination, language, executive functioning, and social-
emotional skills, are shaped by both genetic and environmental inputs. The gut microbiota may contribute to variability in
these domains by influencing neurotrophic factors like brain-derived neurotrophic factor (BDNF) and affecting
neuroinflammation via T-cell signaling [ 12]. Germ-free animal models have provided foundational evidence for the necessity
of microbial exposure during sensitive windows of neural development, demonstrating behavioral abnormalities, impaired
cognitive flexibility, and heightened stress responses in the absence of gut microbiota [3].

Recent human studies have linked altered gut microbial profiles with cognitive and behavioral outcomes. For instance, a
reduced relative abundance of Bifidobacterium and Faecalibacterium in early infancy has been associated with poorer
language development and increased behavioral dysregulation at 18—24 months of age [5]. These observations suggest that
microbial composition in early childhood may serve as a predictor or modulator of neurodevelopmental performance.

2.3 Prior Longitudinal and Cohort Studies

A number of longitudinal studies have explored the microbiome-neurodevelopment relationship, though they differ in study
design, sampling frequency, and analytic depth. The CHILD cohort in Canada demonstrated that lower microbial richness at
one year was associated with increased risk for behavioral problems at age two, particularly in children with early antibiotic
exposure [13]. Another study from the Copenhagen Prospective Studies on Asthma in Childhood (COPSAC) found that
infants with lower microbial diversity had higher risk of attentional and emotional difficulties during preschool years,
although confounding factors such as socioeconomic status and dietary patterns influenced the effect sizes [14].

The FinnBrain Birth Cohort Study incorporated both microbiome sequencing and neuroimaging and revealed that certain
microbial signatures at 2.5 months were correlated with amygdala volume and later emotional regulation capacity [15].
Meanwhile, the KOALA cohort in the Netherlands examined gut microbiota profiles and behavioral temperament scores but
found inconsistencies in taxa-level associations, emphasizing the challenge of reproducibility in microbiome studies [7].

These studies have laid important groundwork but also highlight several limitations. Sample sizes are often underpowered
for taxon-specific analysis, and microbial sequencing resolution is frequently restricted to genus-level classifications.
Additionally, many cohorts lack dense temporal sampling and rely on limited behavioral screening tools, reducing their
ability to track complex neurodevelopmental trajectories over time.

2.4 Research Gaps and Contribution of This Study

While cross-sectional and short-term longitudinal data have demonstrated correlations between early-life gut microbiota and
neurodevelopmental outcomes, causal mechanisms remain poorly defined. One key limitation is the inadequate temporal
resolution in existing studies—most rely on one or two microbiome snapshots taken in infancy, without accounting for the
dynamic transitions that occur throughout the early years. Moreover, there is a lack of standardized neurodevelopmental
outcome measures across studies, which hinders meta-analytical synthesis and cross-cohort validation.

Another major gap lies in the limited exploration of predictive modeling approaches. Few studies have attempted to assess
whether early microbial markers can forecast long-term neurodevelopmental risk, and even fewer have used machine
learning classifiers to evaluate predictive power while adjusting for potential confounders. The potential of microbiome data
to inform early intervention strategies remains largely untapped.

The present study contributes to filling these gaps by offering one of the most temporally dense longitudinal analyses of
pediatric microbiome development to date, paired with annual standardized neurodevelopmental assessments. Our work
uniquely incorporates quarterly stool sampling over five years, 16S rRNA gene sequencing, taxonomic diversity and
abundance profiling, and developmental testing across cognitive, motor, and behavioral domains. We also employ
multivariate regression and predictive modeling frameworks to test the hypothesis that specific microbial signatures during
infancy can serve as early indicators of neurodevelopmental outcomes at school-entry age.

By leveraging high-resolution data and robust statistical modeling, this study aims to move beyond correlation and provide
actionable insights into how gut microbiome composition influences the developmental arc of young children. This work not
only builds on prior studies but also offers a more integrated systems-level view of microbiota-neurodevelopment interactions
with potential implications for clinical screening and pediatric health policy.

3. METHODOLOGY
3.1 Study Design and Cohort Description

This study was designed as a prospective, longitudinal cohort investigation conducted over a five-year period, from birth to
age five. A total of 196 healthy infants were enrolled at birth from three urban pediatric centers in southern India, following
informed consent from parents or guardians. Inclusion criteria were: full-term birth (=37 weeks gestation), absence of
congenital disorders, and no perinatal complications. Exclusion criteria included NICU admission longer than 48 hours,
maternal antibiotic use during breastfeeding beyond 7 days, and any diagnosis of neurodevelopmental or metabolic disorder
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during the study window.

Participants were followed at quarterly intervals until their fifth birthday, resulting in 20 timepoints per child. Data collection
included stool samples, health records, feeding practices, growth metrics, medication history, and environmental exposures.
Annual assessments of neurodevelopment were performed in clinical settings using standardized tools. The study was
approved by the Institutional Ethics Committees of all participating centers and adhered to the Declaration of Helsinki.

3.2 Sample Collection and 16S rRNA Sequencing Protocols

Fecal samples were collected by parents or caregivers at home using sterile collection kits provided during each scheduled
follow-up. Samples were immediately refrigerated and transferred within 6 hours to the laboratory using insulated transport
containers with temperature logs. Upon arrival, all specimens were aliquoted and stored at —80°C until processing.

Microbial DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (Qiagen), following manufacturer protocols. The
V3-V4 region of the bacterial 16S rRNA gene was amplified using region-specific primers with [llumina adapter overhangs.
Libraries were prepared using the Nextera XT DNA Library Prep Kit (Illumina), and paired-end sequencing (2x300 bp) was
performed on the Illumina MiSeq platform.

Quality filtering, demultiplexing, and chimera removal were conducted using the DADA2 plugin within the QIIME2
framework. Amplicon sequence variants (ASVs) were assigned taxonomy against the SILVA 138 reference database using
a naive Bayes classifier. Resulting ASV tables and metadata were stored in a PostgreSQL relational database for longitudinal
querying. A visual summary of this pipeline, including sample flow from collection to statistical modeling, is presented in
Figure 1.
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Figure 1. Experimental Pipeline for Longitudinal Study

3.3 Neurodevelopmental Assessments Used

Children underwent yearly neurodevelopmental evaluations administered by trained developmental psychologists, blinded
to the microbiome data. Three standardized instruments were used:

e Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III): Administered from age 1 to 3,
covering cognitive, motor, and language domains.

e Ages and Stages Questionnaire (ASQ-3): Completed by caregivers yearly to assess social, communication, and
gross/fine motor skills.
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e Child Behavior Checklist (CBCL): Used from age 3 onward to assess behavioral and emotional development
across externalizing and internalizing domains.

Raw scores were normalized using age- and sex-specific percentiles and were validated against local population norms.
Children who missed two or more consecutive assessments were flagged for sensitivity analysis in the final model.

3.4 Statistical and Bioinformatic Analysis

All bioinformatic preprocessing was performed using QIIME?2, and statistical modeling was conducted in R (v4.2.0). Alpha
diversity metrics (Shannon Index, Chaol, Faith’s Phylogenetic Diversity) were calculated per sample, and beta diversity was
assessed using Bray-Curtis and weighted UniFrac distances.

Longitudinal trajectory plots were constructed using spline-based generalized additive models (GAMs) with fixed effects for
diet, antibiotic exposure, and delivery mode.

Differential abundance analysis was conducted using DESeq2 with a Benjamini-Hochberg false discovery rate threshold of
0.05. To assess microbiome—development correlations, multivariate linear regression models were built with ASV
abundance, diversity scores, and microbial metabolic pathways (via PICRUSt2) as predictors of neurodevelopmental
outcomes. Covariates included maternal education, breastfeeding duration, household income, and antibiotic exposure before
age two.

A supervised machine learning classifier (random forest) was trained on the first 12 months of microbiome data to predict
later neurodevelopmental scores (Bayley-III cognitive domain at age 4). Model performance was evaluated using cross-
validation (5-fold), and feature importance was ranked using mean decrease in Gini index.

Descriptive summaries of diversity indices across age intervals are presented in Table 1, which highlights trends in
taxonomic dominance and microbial richness over time.

Table 1. Microbiome Diversity Metrics and Taxonomic Groups Identified Across Age Intervals

Age Interval | Mean Shannon Index | Faith’s PD | Dominant Phyla Top Genera Identified
(Months)
0-6 1.42 5.87 Proteobacteria, Firmicutes | Escherichia, Staphylococcus
6-12 2.31 7.65 Firmicutes, Actinobacteria | Bifidobacterium, Clostridium
12-24 3.11 9.83 Bacteroidetes, Firmicutes | Bacteroides, Faecalibacterium
24-60 3.94 11.12 Firmicutes, Bacteroidetes | Prevotella, Ruminococcus

4. RESULTS

4.1 Temporal Changes in Microbiome Composition

Microbial taxonomic composition underwent significant shifts across the five-year observational period. In the first six
months, the gut was predominantly colonized by Proteobacteria and Firmicutes, with Escherichia, Enterococcus, and
Staphylococcus as the leading genera. By the end of the first year, Actinobacteria—especially Bifidobacterium—showed
increased representation, corresponding with breastfeeding patterns. Between 12 and 24 months, a marked rise in
Bacteroidetes was observed, particularly Bacteroides and Prevotella, coinciding with dietary transitions to fiber-rich solid
foods.

By age three, the microbial profile exhibited greater phylogenetic richness and a transition toward an adult-like configuration
dominated by Firmicutes and Bacteroidetes. These changes were consistent across sex and socioeconomic strata but showed
moderate variation based on delivery mode and antibiotic exposure. The overall progression of dominant genera by age
group is illustrated in Figure 2, which presents a stacked bar plot of relative taxa abundance over time, averaged across the
cohort.
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Figure 2. Taxonomic Shifts Over Time

4.2 Microbiome Diversity vs Neurodevelopmental Scores

Alpha diversity, as measured by the Shannon Index, increased steadily over the five-year window, with a steep incline during
the transition from breastfeeding to mixed diets (12-24 months). This increase correlated strongly with gains in
neurodevelopmental performance, particularly in language and cognitive domains. Figure 3 displays a line graph tracking
the cohort’s Shannon Index over time, overlaid with mean Bayley-III cognitive composite scores at each annual checkpoint.

4.0
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15r
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Figure 3. Shannon Diversity Index vs Age

Correlation analysis revealed statistically significant associations between diversity metrics and multiple
neurodevelopmental domains. Shannon Index and Faith’s Phylogenetic Diversity both showed positive correlations with
Bayley-III cognitive (r = 0.44, p < 0.001) and language scores (r = 0.38, p <0.01). In contrast, children with consistently low
diversity from infancy through age three demonstrated lower percentile rankings in both ASQ-3 communication and CBCL
adaptive functioning.

These associations are summarized in Table 2, which presents a correlation matrix linking microbial traits (diversity scores,
top taxa abundance) with standardized developmental outcomes. Notably, beta diversity (Bray-Curtis dissimilarity) was not
significantly associated with individual outcomes, suggesting that overall community richness and specific taxon abundance
were more predictive than inter-sample variability.
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Table 2. Correlation Matrix Between Microbial Traits and Neurodevelopmental QOutcomes

Microbial Trait Bayley-11II Cognitive | ASQ Communication | CBCL Externalizing
Shannon Index 0.44%** 0.35%* —0.21*

Faith’s Phylogenetic Diversity | 0.41** 0.29* —-0.16

Bacteroides abundance 0.32% 0.27 —0.19
Faecalibacterium abundance | 0.38** 0.33%* —0.24*

*p <0.05, ¥*p <0.01, ***p <0.001
4.3 Significant Taxa Linked to Cognitive and Motor Scores

Specific genera were consistently associated with performance across cognitive and motor domains. Faecalibacterium,
Ruminococcus, and Blautia demonstrated positive associations with both cognitive and fine motor development. Children in
the top quartile of Bayley-III cognitive scores showed significantly higher relative abundances of these taxa from months
12-36.

Conversely, higher abundance of Enterobacter and Clostridium difficile during infancy was inversely associated with
developmental metrics. These relationships were visualized using a heatmap of taxa-outcome correlations (Spearman’s p),
presented in Figure 4. The heatmap emphasizes the distinct clustering of pro-developmental taxa (upper right quadrant)
versus those associated with developmental delays (lower left quadrant), underscoring the potential functional stratification
of microbial profiles.

0.4
Faecalibacterium -0.12
0.3
Ruminococcus 0.1

0.2
c
L
©
Blautia 0.34 0.28 0.08 -0l g
=
o
(o]
-00 &
Bacteroides 03 0.26 0.27 -0.06 £
b
o
--0.1w

Enterobacter -0.29 -0.18
-0.2
Clostridium difficile -0.36 -0. -0.24 0.26 —0.3

Cognitive Language Behavioral

Figure 4. Heatmap of taxa abundance and outcome correlation

4.4 Predictive Modeling Using Early Microbiome Signatures

To evaluate the predictive power of early-life microbiota for later developmental outcomes, a supervised random forest
classifier was trained using microbial data from the first 12 months. The model aimed to predict cognitive score
categorization at age 4 (above or below cohort median). Feature importance analysis identified Bifidobacterium,
Faecalibacterium, and Shannon Index as top predictors.

The model achieved an AUC (area under the ROC curve) of 0.86 in cross-validation, with 81.3% sensitivity and 79.6%
specificity. The ROC curve is shown in Figure 5, illustrating strong separation between high- and low-scoring groups. These
findings suggest the feasibility of using early microbial profiles as non-invasive predictive biomarkers for
neurodevelopmental stratification.
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Figure 5. Predictive Classification Model

5. DISCUSSION AND CONCLUSION
5.1 Interpreting Microbiome-Linked Neurodevelopmental Patterns

The results from this longitudinal analysis provide compelling evidence that early-life gut microbiome composition is closely
linked with neurodevelopmental outcomes. The strong associations between increasing microbial diversity and higher
cognitive, motor, and language scores reinforce prior findings while offering finer temporal resolution than previous studies.
The observed enrichment of Faecalibacterium, Blautia, and Ruminococcus in high-performing children aligns with existing
literature suggesting these taxa support immune regulation and metabolite production beneficial to neural development.

Importantly, the inverse relationships observed with Enterobacter and Clostridium difficile suggest that dysbiosis or early-
life inflammation may hinder optimal neurocognitive progression. The heatmap and correlation models underscore the taxa-
specific nature of these relationships and the functional divergence between microbial profiles associated with developmental
resilience versus risk.

5.2 Comparative Insights with Prior Longitudinal Studies

While prior cohorts such as CHILD and COPSAC have demonstrated microbiome—development links, this study
distinguishes itself by employing quarterly sampling, broader taxonomic profiling, and multivariate developmental outcomes
measured over a five-year span. The use of advanced machine learning for predictive modeling further enhances the
translational relevance of the findings. The predictive classifier, with an AUC of 0.86, supports the hypothesis that early
microbiome signatures can serve as biomarkers for neurodevelopmental risk stratification. These insights bridge the gap
between observational microbiome studies and practical early-intervention frameworks.

5.3 Limitations and Considerations

This study is not without limitations. Although efforts were made to control for confounding variables such as diet,
antibiotics, and socioeconomic status, residual confounding cannot be fully ruled out. Additionally, 16S rRNA sequencing,
while cost-effective and widely adopted, does not provide strain-level resolution or direct functional data. Future studies
employing metagenomic or metabolomic techniques could refine our understanding of the specific metabolic pathways
mediating microbiota—brain interactions.

Behavioral outcomes, though standardized across the cohort, are influenced by a range of environmental and parental factors.
Long-term follow-up into adolescence will be necessary to confirm the persistence and predictive validity of early microbial
patterns.

5.4 Implications for Pediatric and Public Health Strategies

These findings carry significant implications for pediatric healthcare and public health policy. Routine microbiome screening
in infancy, particularly in high-risk populations, could help identify children with elevated risk for developmental delays.
Targeted interventions—such as prebiotic or probiotic supplementation, dietary counseling, or antibiotic stewardship—could
then be administered during critical developmental windows.

Moreover, integrating microbiome-based risk profiling into early childhood developmental surveillance programs could
enhance early diagnosis and intervention timelines, thereby improving long-term cognitive and behavioral outcomes at the
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population level.
5.5 Conclusion

This study demonstrates that gut microbiome composition and diversity in early childhood are strongly associated with
neurodevelopmental outcomes through age five. Specific taxa were identified as potential biomarkers of developmental
trajectories, and predictive modeling supports their use in early risk detection. These findings contribute meaningful evidence
to the gut-brain axis literature and suggest that early-life microbial monitoring may become a cornerstone of personalized
pediatric care.
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