GMR

GUT MICROBIOME DYSBIOSIS IN PEDIATRIC
INFLAMMATORY BOWEL DISEASE: FROM FOUNDATIONAL
16S EVIDENCE TO SHOTGUN METAGENOMICS AND A
DEVELOPMENTAL INSTABILITY FRAMEWORK

Bashaer E. Alattas’?, Reem M. Farsi!, Turki S. Abujamel*3

The Original

'Department of Biological Sciences, Faculty of Science, King Abdulaziz University, Jeddah, Saudi Arabia.
“EcoHealth Unit, King Fahd Medical Research Center, King Abdulaziz University, Jeddah, Saudi Arabia.
SDepartment of Medical Laboratory Sciences, Faculty of Applied Medical Science, King Abdulaziz University, Jeddah, Saudi Arabia.

ABSTRACT

Pediatric inflammatory bowel disecase (IBD) frequently emerges during periods of active immune maturation and
microbiome assembly, suggesting that age at disease onset fundamentally shapes host—microbe interactions and disease
architecture. Here, we synthesize evidence from foundational 16S rRNA and pediatric shotgun metagenomic studies,
integrating taxonomic, functional, and host genetic findings into a developmental instability framework for interpreting
dysbiosis in early-onset disease. Across independent pediatric cohorts, particularly in Crohn’s disease, a reproducible
dysbiosis signature has emerged, characterized by reduced alpha diversity, depletion of major short-chain fatty acid
(SCFA)-producing obligate anaerobes, including Faecalibacterium, Roseburia, and Blautia, and expansion of facultative
anaerobes, especially members of the Enterobacteriaceae. Building on these compositional observations, shotgun
metagenomic studies provide species- and strain-level resolution together with direct functional characterization,
revealing pathway-level remodelling that includes reduced butyrate biosynthetic potential, disrupted bile acid and
tryptophan metabolism, and altered nitrogen and amino acid metabolism. Longitudinal investigations further demonstrate
coordinated ecological restructuring during exclusive enteral nutrition and biologic therapy, while mucosal datasets
consistently reveal stronger host—microbe coupling than stool profiles alone. Host genetic variants in NOD2, ATG16L1,
IL23R, CARD9Y, and FUT2 further shape microbial ecosystem development through distinct biological mechanisms
whose frequencies and effects vary across ancestries, providing a biological rationale for population-specific pediatric
cohorts, including those from Saudi Arabia and the broader Middle East. Collectively, these findings support a
developmental instability framework in which inflammation arises within an incompletely stabilized immune—
microbiome ecosystem shaped in parallel by host genotype. Future longitudinal, compartment-resolved, age-stratified,
and genotype-informed multi-omics studies will be essential to clarify causal relationships and identify therapeutic
windows for precision microbiome-based interventions.
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1. INTRODUCTION

Pediatric-onset inflammatory bowel disease (IBD) is increasingly recognized as a biologically distinct disease entity rather
than merely an earlier manifestation of adult IBD (Levine et al., 2011; Ruemmele et al., 2014). The global incidence of
pediatric IBD continues to rise, particularly in rapidly industrializing regions, highlighting the contribution of
environmental exposures acting during critical windows of developmental susceptibility (Ng et al., 2017; Kuenzig et al.,
2022). Beyond these epidemiological trends, pediatric IBD exhibits distinctive clinical, immunological, and molecular
characteristics. Compared with adults, affected children more frequently present with extensive colonic involvement in
ulcerative colitis (UC) and ileocolonic or pan-enteric Crohn’s disease (CD), phenotypes formally captured by the Paris
classification (Levine et al., 2011). In addition, age-dependent ileal immune intensification, altered antimicrobial peptide
expression, and distinctive mucosal immune responses further distinguish pediatric CD from adult disease (Haberman et
al., 2019). Collectively, these observations suggest that host—microbe interactions in pediatric IBD are fundamentally
shaped by developmental biology rather than representing a simple manifestation of established microbial dysbiosis.
Pediatric IBD typically develops during a period of active immune maturation and microbiome assembly, when
bidirectional communication between the host and the intestinal microbiota remains highly dynamic. Early life represents
a critical window for mucosal immune education and the establishment of microbial tolerance, during which microbial
exposure shapes regulatory immune networks, epithelial barrier integrity, and long-term immune homeostasis (Belkaid &
Hand, 2014; Gensollen et al., 2016). Simultaneously, the gut microbiome undergoes a structured ecological succession,
progressively diversifying toward an adult-like community during early childhood (Yatsunenko et al., 2012; Béackhed et
al., 2015). These compositional changes are accompanied by maturation of microbial metabolic functions, including the
production of short-chain fatty acids (SCFAs), particularly butyrate, which supports epithelial integrity and regulatory T-
cell differentiation (Furusawa et al., 2013). Disruption of these developmental processes, for example through early-life
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antibiotic exposure, may induce persistent strain-level alterations that influence immune calibration and microbial
resilience long after the initial perturbation (Korpela et al., 2016). Together, these observations indicate that both microbial
composition and microbial function are established during a highly dynamic developmental period, rendering childhood
uniquely susceptible to ecological perturbations.

Because pediatric IBD frequently manifests during or shortly after these critical phases of immune—microbiome co-
maturation, interpretation of dysbiosis requires a developmental perspective. While previous reviews have primarily
focused on describing taxonomic alterations associated with pediatric IBD, relatively few have integrated compositional,
functional, genetic, and developmental evidence into a unified conceptual framework. In this review, we synthesize
evidence from foundational 16S rRNA studies and emerging pediatric shotgun metagenomic investigations while
incorporating recent advances in microbial functional profiling, host genetic susceptibility, and multi-omics approaches.
Rather than viewing pediatric IBD as a simple deviation from a mature microbial steady state, we propose a developmental
instability framework in which disease arises from ecological instability during immune—microbiome co-maturation.
Within this framework, microbial composition, metabolic function, and host genetic architecture interact dynamically to
shape disease susceptibility, progression, and therapeutic responsiveness.

The principal pediatric IBD microbiome cohorts discussed throughout this review are summarized in Table 1.

Table 1. Representative pediatric IBD microbiome studies included in this review (2014-2026)
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2.Foundational 16S rRNA Evidence in Pediatric IBD

The initial characterization of the pediatric IBD microbiome was largely driven by 16S rRNA gene sequencing studies
conducted in treatment-naive Crohn’s disease (CD) cohorts. These investigations established a reproducible dysbiosis
signature that has remained remarkably consistent across geographically distinct populations. The landmark multicentre
study by Gevers et al. provided the first comprehensive description of this microbial profile in newly diagnosed pediatric
CD, demonstrating reduced alpha diversity, expansion of Enterobacteriaceae, Pasteurellaceae, Veillonellaceae, and
Fusobacteriaceae, together with depletion of obligate anaerobic members of the order Clostridiales (Gevers et al., 2014).
Importantly, mucosal biopsies outperformed stool samples in discriminating disease status, emphasizing spatial
heterogeneity and indicating that host—microbe interactions are more pronounced at the mucosal interface. This study
established the conceptual foundation for subsequent pediatric microbiome research by demonstrating that microbial
alterations are reproducible, compartment-dependent, and detectable at disease onset.

Subsequent investigations validated these findings across independent pediatric cohorts. De Meij et al. and Kowalska-
Duplaga et al. independently reported reduced microbial diversity, depletion of obligate anaerobic commensals, and
expansion of facultative bacteria in newly diagnosed pediatric IBD despite differences in geography, cohort
characteristics, and study design (de Meijj et al., 2018; Kowalska-Duplaga et al., 2019; El Mouzan et al., 2025a). Together,
these studies established that pediatric CD is characterized by a conserved microbial signature rather than cohort-specific
observations.

The biological relevance of these compositional alterations was further strengthened by integration with host
transcriptomic profiling. Haberman et al. demonstrated coordinated ileal transcriptomic and microbiome changes that
linked epithelial antimicrobial dysfunction with microbial dysbiosis in pediatric CD (Haberman et al., 2014). In a
subsequent study, the same group showed that older children exhibited greater Thl-associated immune activation and
reduced o-defensin expression despite broadly similar microbial profiles, suggesting that comparable dysbiotic
communities may interact differently with age-dependent immune environments (Haberman et al., 2019). These findings
support the concept that pediatric IBD should be interpreted within the context of immune—microbiome co-maturation
rather than microbial composition alone.
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Across these studies, several bacterial taxa consistently emerged as hallmarks of pediatric dysbiosis. Treatment-naive
pediatric CD is characterized by depletion of major SCFA-producing obligate anaerobes, particularly Faecalibacterium,
Roseburia, and Blautia, together with expansion of facultative anaerobes, most notably members of the Enterobacteriaceae
family (Gevers et al., 2014; Mottawea et al., 2016). Additional genera, including Akkermansia, Bacteroides, Collinsella,
Veillonella, and Fusobacterium, have also been implicated, although their abundance patterns appear more variable and
are influenced by disease location, inflammatory activity, treatment status, and sampling compartment (Zheng et al.,
2023). Rather than representing isolated taxonomic changes, these recurrent alterations indicate coordinated ecological
restructuring of the pediatric gut microbiome.

Despite establishing a robust compositional framework, 16S rRNA sequencing remains inherently limited by its genus-
level taxonomic resolution and inability to directly quantify microbial functional capacity or resolve strain-level
heterogeneity (Quince et al., 2017). Consequently, while these studies identified the microorganisms consistently
associated with pediatric IBD, they provided only limited insight into the metabolic pathways and biological mechanisms
through which dysbiosis contributes to disease pathogenesis. Addressing these questions required the transition to shotgun
metagenomics, which enables direct characterization of microbial genes, metabolic pathways, and functional potential.

3.Emergence of Shotgun Metagenomics: From Compositional Dysbiosis to Functional Remodelling

While foundational 16S rRNA studies established a reproducible compositional dysbiosis signature in pediatric Crohn's
disease (CD), they were inherently limited by insufficient taxonomic resolution and the inability to directly characterize
microbial functional capacity (Quince et al., 2017). The introduction of shotgun metagenomic sequencing represented a
major methodological advance by enabling species- and strain-level profiling together with comprehensive
characterization of microbial genes and metabolic pathways. Rather than simply identifying which microorganisms are
present, shotgun metagenomics provides insight into how microbial communities function and how these functions are
altered during disease progression and therapeutic intervention.

One of the earliest applications of shotgun metagenomics in pediatric IBD examined the effects of exclusive enteral
nutrition (EEN), the first-line induction therapy for pediatric CD. Quince et al. demonstrated that EEN induced coordinated
restructuring of both microbial composition and functional gene content, indicating that clinical remission is accompanied
by ecological reorganization rather than a simple restoration of the pre-disease microbiota (Quince et al., 2015).
Subsequent integration of metagenomics with metabolomic profiling further strengthened this concept. Diederen et al.
identified coordinated microbiome—metabolome changes during EEN-induced remission, including alterations in amino
acid-related metabolites and reductions in compounds such as trimethylamine and cadaverine, suggesting that microbial
metabolic activity may better reflect disease status and therapeutic response than taxonomic composition alone (Diederen
et al., 2020).

These studies shifted the interpretation of pediatric dysbiosis from a purely compositional phenomenon toward one of
functional remodelling. Gene-centric metagenomic analyses enable direct reconstruction of microbial genes and metabolic
pathways, providing mechanistic insight beyond that achievable with 16S rRNA sequencing. Consequently, attention has
increasingly focused on metabolic pathways disrupted in pediatric IBD, including short-chain fatty acid (SCFA)
biosynthesis, bile acid transformation, nitrogen and amino acid metabolism, and microbial tryptophan catabolism.
Among the functional alterations identified to date, impairment of SCFA production has emerged as one of the most
consistent features of pediatric IBD. SCFAs, particularly butyrate, are produced through bacterial fermentation of dietary
fiber and serve as the primary energy source for colonocytes while promoting epithelial barrier integrity and regulatory
T-cell differentiation (Furusawa et al., 2013; Smith et al., 2013). Shotgun metagenomic analyses have demonstrated
reduced representation of butyrate biosynthetic genes in pediatric CD, paralleling the depletion of major butyrate-
producing genera, including Faecalibacterium, Roseburia, and Blautia (Quince et al., 2015; Mottawea et al., 2016). These
findings provide direct functional evidence that depletion of beneficial anaerobes translates into diminished metabolic
capacity, thereby establishing a mechanistic link between microbial dysbiosis and impaired mucosal immune homeostasis
(Sokol et al., 2008).

Functional alterations extend beyond SCFA metabolism to include profound disturbances in bile acid transformation.
Under physiological conditions, intestinal bacteria convert primary bile acids into secondary bile acids through
deconjugation and 7a-dehydroxylation, generating metabolites that regulate epithelial renewal, barrier integrity, and
immune signalling through receptors such as FXR and TGRS5. Pediatric IBD is associated with depletion of bacterial taxa
responsible for these transformations, resulting in reduced production of secondary bile acids and disruption of host
signalling pathways involved in intestinal homeostasis (Peterson et al., 2025). Notably, many microorganisms responsible
for bile acid metabolism overlap with those involved in SCFA production, suggesting that depletion of a relatively small
group of obligate anaerobes simultaneously compromises multiple protective metabolic functions.

Another important aspect of functional remodelling involves alterations in nitrogen and amino acid metabolism.
Metagenomic and metabolomic studies have demonstrated changes in microbial pathways related to amino acid utilization
together with altered concentrations of fecal amino acids in newly diagnosed pediatric IBD (Jagt et al., 2022). In parallel,
expansion of hydrogen sulfide-producing pathobionts, including Atopobium parvulum and other inflammation-associated
taxa, has been linked to impaired mitochondrial function and epithelial injury at the mucosal surface (Mottawea et al.,
2016). These findings indicate that functional remodelling extends beyond energy metabolism to include pathways
directly involved in epithelial injury and immune activation.

Tryptophan metabolism represents another important component of this functional landscape. Commensal bacteria
convert dietary tryptophan into indole derivatives that activate the aryl hydrocarbon receptor (AhR), thereby promoting
IL-22 production, epithelial repair, and maintenance of mucosal barrier function (Zelante et al., 2013). Reduced abundance
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of tryptophan-metabolizing bacteria may therefore limit AhR signalling and contribute to chronic intestinal inflammation
(Moutusy & Ohsako, 2024). This pathway also provides an important biological connection between microbial function
and host genetics, as variants in genes such as CARD?9 influence microbial production of AhR ligands (Lamas et al.,
2016), highlighting the close interplay between microbial metabolism and host susceptibility.

Beyond individual metabolic pathways, shotgun metagenomics has increasingly been integrated with complementary
multi-omics approaches to provide a more comprehensive understanding of pediatric IBD. Studies combining
metagenomics with metabolomics, transcriptomics, microRNA profiling, epigenomics, and host genomics demonstrate
that microbial functional alterations occur in parallel with changes in host molecular pathways rather than in isolation (Lv
et al., 2024; Kulecka et al., 2025; Lloyd-Price et al., 2019; Serrano-Gomez et al., 2025). These integrated datasets reinforce
the concept that disease-associated dysbiosis reflects disruption of the entire host—-microbiome ecosystem.

Functional annotation platforms such as KEGG and MetaCyc have further enhanced interpretation of shotgun
metagenomic data by organizing microbial genes into biologically meaningful metabolic pathways. These analytical
frameworks consistently demonstrate enrichment of inflammation-associated pathways together with depletion of
pathways involved in carbohydrate fermentation and other health-associated microbial functions (Beghini et al., 2021;
Caspi et al., 2020; Ning et al., 2023; Franzosa et al., 2019; Heinken et al., 2021; Vich Vila et al., 2023). Although pathway-
resolved pediatric datasets remain relatively limited, convergence of metagenomic, metabolomic, and host-derived
molecular evidence strongly supports the presence of conserved functional remodelling across childhood-onset disease.
Beyond metabolic pathway alterations, shotgun metagenomics has also improved understanding of strain-level
pathogenicity. For example, adherent-invasive Escherichia coli (AIEC) strains have been identified in pediatric CD,
suggesting that expansion of Enterobacteriaceae reflects not only ecological imbalance but also increased abundance of
bacteria possessing specific virulence characteristics (Conte et al., 2014). Experimental studies further indicate that
inflammation-associated increases in epithelial oxygenation selectively favor facultative anaerobes, providing a plausible
ecological mechanism for their expansion during disease (Cevallos et al., 2019).

Collectively, these findings demonstrate that shotgun metagenomics has fundamentally transformed the study of pediatric
IBD by shifting the focus from identifying which microorganisms are present to understanding which biological functions
are altered. Rather than representing isolated taxonomic changes, pediatric dysbiosis is increasingly recognized as
coordinated functional remodelling involving microbial metabolism, host signalling, and immune regulation. This
functional perspective provides the conceptual foundation for understanding the broader ecological interactions that
characterize pediatric IBD, including those involving fungi, viruses, and other members of the intestinal microbiome.

4.Multi-Domain Ecosystem Disruption in Pediatric IBD

Although pediatric microbiome research has historically focused on bacterial community composition, accumulating
evidence indicates that pediatric inflammatory bowel disease (IBD) involves disruption of an interconnected microbial
ecosystem rather than alterations confined to bacterial communities. This broader ecological perspective recognizes that
bacteria, fungi, and viruses interact continuously within the intestinal environment, collectively influencing microbial
stability, immune regulation, and mucosal homeostasis. Consequently, dysbiosis in pediatric IBD is increasingly
understood as a multi-domain phenomenon involving coordinated perturbations across multiple microbial kingdoms.
Among these non-bacterial components, the intestinal mycobiome has emerged as an important contributor to ecosystem
disruption. Fungal dysbiosis has been reported in treatment-naive pediatric IBD, with alterations in fungal community
composition already evident at disease onset (Mukhopadhya et al., 2015). More recently, pediatric studies have shown
that bacterial and fungal communities undergo coordinated restructuring during therapeutic interventions such as
exclusive enteral nutrition (EEN), indicating that ecological recovery extends beyond bacterial restoration alone
(Gerasimidis et al., 2023). Although the underlying mechanisms remain incompletely understood, these observations
suggest that intestinal inflammation disrupts ecological equilibrium across microbial kingdoms and that restoration of
microbial homeostasis likely requires recovery of both bacterial and fungal communities.

Parallel advances have highlighted the importance of the intestinal virome in pediatric IBD. Early investigations identified
alterations in bacteriophage communities associated with pediatric Crohn's disease (Wagner et al., 2013), while more
recent work demonstrated distinct gut virome signatures in treatment-naive Saudi children with ulcerative colitis (El
Mouzan et al., 2025b). Because bacteriophages regulate bacterial abundance through predation and facilitate horizontal
gene transfer, alterations in viral communities have the potential to reshape both microbial composition and functional
capacity. These findings extend the concept of dysbiosis beyond bacterial and fungal communities, recognizing viruses as
active participants in host-microbiome interactions rather than passive bystanders.

Beyond community-level alterations, specific bacterial strains may contribute disproportionately to disease through
specialized pathogenic traits. Adherent-invasive Escherichia coli (AIEC), for example, has been identified in pediatric
Crohn's disease and exhibits enhanced abilities to adhere to, invade, and persist within intestinal epithelial cells and
macrophages (Conte et al., 2014). These strain-specific characteristics illustrate that disease progression depends not only
on broad shifts in community composition but also on the expansion of microorganisms possessing enhanced virulence
potential, adding another layer of complexity to pediatric dysbiosis.

Collectively, these findings support a conceptual shift from viewing pediatric IBD as a disorder of bacterial dysbiosis to
recognizing it as disruption of an integrated intestinal ecosystem composed of interacting bacterial, fungal, and viral
communities. Understanding how these microbial kingdoms influence one another, together with their interactions with
the host immune system, will be essential for developing a comprehensive model of pediatric IBD pathogenesis. Future
longitudinal multi-domain studies integrating bacterial, fungal, viral, and host multi-omics data will be critical for defining
the ecological mechanisms that govern disease initiation, progression, and therapeutic response.
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5.Cross-Study Comparative Synthesis: Convergence, Divergence, and Design-Dependent Signals

Comparison across pediatric microbiome studies reveals several recurring patterns that extend beyond individual datasets.
One of the most consistent determinants of study outcomes is the sampling compartment. Mucosal biopsies consistently
provide stronger disease discrimination than fecal samples in treatment-naive Crohn's disease (CD), reflecting microbial
communities located at the epithelial interface rather than within the intestinal lumen (Gevers et al., 2014). Likewise,
integration of ileal transcriptomics with mucosal microbiome profiling has revealed coordinated host—microbe interactions
that are considerably less apparent in stool-based analyses (Haberman et al., 2014). Together, these findings indicate that
stool samples primarily capture broad ecological shifts, whereas mucosal sampling more directly reflects biological
processes occurring at the host—-microbial interface.

This interpretation is further supported by recent methodological evidence comparing mucosal washes, brushes, biopsies,
and luminal samples. Martinez-Medina et al. demonstrated that mucus-associated microbial communities vary according
to sampling approach and showed that mucosal washes and brushes recover higher proportions of bacterial DNA with
reduced host DNA contamination compared with conventional biopsies while preserving comparable microbial diversity
profiles (Martinez-Medina et al., 2025). These findings emphasize that sampling compartment represents a biologically
meaningful source of variation rather than merely a technical consideration and likely contributes to some of the
heterogeneity reported across pediatric microbiome studies.

Study design similarly influences interpretation of the pediatric microbiome. Most investigations remain cross-sectional
and focus on newly diagnosed patients, limiting causal inference and making it difficult to distinguish microbial alterations
that precede disease onset from those that develop as secondary consequences of intestinal inflammation (Ni et al., 2017).
In contrast, longitudinal therapeutic studies, particularly those evaluating exclusive enteral nutrition (EEN), demonstrate
dynamic restructuring of both microbial composition and functional capacity during clinical remission (Quince et al.,
2015; Dunn et al., 2016; Diederen et al., 2020; Hécker et al., 2024). These observations indicate that pediatric dysbiosis
is not a static phenomenon but retains substantial ecological plasticity. Importantly, treatment-associated restructuring
does not necessarily represent restoration of a healthy microbiome; instead, it may reflect the establishment of alternative,
partially stabilized ecological states.

Taken together, these observations illustrate the evolution of pediatric IBD microbiome research from descriptive
taxonomic profiling toward mechanistic and systems-level understanding. Foundational 16S rRNA studies established
reproducible compositional signatures of dysbiosis, whereas shotgun metagenomics and subsequent multi-omics
approaches increasingly linked these alterations to microbial metabolism, host—microbe interactions, and developmental
biology. Collectively, these converging lines of evidence support the developmental instability framework proposed in
this review, which integrates microbial composition, functional remodelling, host genetics, and developmental immune—
microbiome interactions into a unified conceptual model of pediatric IBD (Figure 1).
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Figure 1. Evolution of pediatric IBD microbiome research from descriptive taxonomic profiling toward a
developmental instability framework.

6.A Developmental Instability Framework for Pediatric IBD

When considered collectively, the compositional, functional, and ecological evidence presented throughout this review
supports a conceptual model that extends beyond conventional descriptions of microbial dysbiosis. Rather than
representing isolated alterations in microbial composition, pediatric inflammatory bowel disease (IBD) appears to reflect
disruption of an immune—microbiome ecosystem undergoing active developmental maturation. We therefore propose a
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developmental instability framework, in which inflammation emerges within an incompletely stabilized ecological system
during childhood rather than from disruption of an already established adult microbial steady state (Figure 2). This
framework integrates microbial composition, functional metabolism, host immunity, spatial organization, and genetic
susceptibility into a unified biological model capable of explaining many of the reproducible observations reported across
pediatric cohorts.
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Figure 2. Proposed developmental instability framework illustrating disruption of immune—microbiome co-
maturation in pediatric inflammatory bowel disease.

Unlike adults, children develop IBD during a period in which both the intestinal microbiome and the mucosal immune
system continue to undergo coordinated maturation. Early-life microbial communities progressively diversify while
simultaneously educating epithelial and immune regulatory networks responsible for maintaining intestinal homeostasis
(Belkaid & Hand, 2014; Gensollen et al., 2016). Perturbations during this developmental window may therefore exert
biological effects that extend beyond transient microbial imbalance.

Rather than simply reducing microbial diversity, dysbiosis may interrupt the normal establishment of immune tolerance,
epithelial barrier function, and host—microbiome equilibrium, thereby increasing susceptibility to persistent intestinal
inflammation. In this context, the biological consequences of microbial disruption may be greater during childhood than
in adulthood because regulatory immune networks and ecological resilience have not yet fully stabilized.

Among the most consistent functional alterations identified in pediatric Crohn’s disease is depletion of obligate anaerobic
bacteria responsible for producing short-chain fatty acids (SCFAs), particularly butyrate. Experimental studies have
demonstrated that SCF As promote epithelial integrity, enhance regulatory T-cell differentiation, and contribute to mucosal
immune homeostasis (Furusawa et al., 2013; Smith et al., 2013). Pediatric cohorts consistently demonstrate depletion of
major butyrate-producing genera, including Faecalibacterium, Roseburia, and Blautia (Gevers et al., 2014; Kowalska-
Duplaga et al., 2019), while shotgun metagenomic studies reveal reduced representation of butyrate-associated metabolic
pathways during active disease (Quince et al., 2015).

Within a developmental context, these findings suggest that impaired microbial metabolism may influence immune
calibration during a period when regulatory networks are still being established. Loss of butyrate-producing capacity may
therefore have broader and more persistent consequences than a comparable perturbation occurring after immune and
microbial maturation has been achieved.

Functional disruption extends beyond SCFA depletion to encompass multiple microbial metabolic pathways that regulate
intestinal homeostasis. Altered bile acid transformation may impair FXR- and TGR5-mediated signalling involved in
epithelial repair and inflammatory regulation, while disturbances in microbial tryptophan metabolism reduce production
of aryl hydrocarbon receptor (AhR) ligands that normally support IL-22 secretion and mucosal barrier maintenance
(Zelante et al., 2013; Lamas et al., 2016).

Alterations in nitrogen metabolism and other microbial metabolic networks further illustrate that pediatric dysbiosis
represents coordinated functional remodelling rather than isolated taxonomic change. Microbial metabolites may therefore
constitute a central mechanistic interface through which ecological disruption influences epithelial function and immune
regulation during childhood.

Inflammation itself may further amplify developmental instability through reciprocal ecological feedback. Experimental
models have shown that inflammatory increases in epithelial oxygen availability selectively favor facultative anaerobes,
particularly members of the Enterobacteriaceae, thereby reinforcing microbial imbalance (Cevallos et al., 2019).
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Consistent with this mechanism, treatment-naive pediatric Crohn’s disease cohorts reproducibly demonstrate expansion
of Enterobacteriaceae together with depletion of obligate anaerobes (Gevers et al., 2014; Kowalska-Duplaga et al., 2019).
The identification of adherent-invasive Escherichia coli (AIEC) strains in pediatric CD further suggests that inflammation
not only alters community composition but also promotes expansion of bacterial populations possessing enhanced
pathogenic potential (Conte et al., 2014). Oxygen-driven ecological restructuring and inflammatory activation may
therefore form a self-reinforcing cycle in which microbial imbalance intensifies mucosal inflammation, and inflammation
in turn creates ecological conditions that further destabilize the microbial community.

These ecological interactions are also influenced by the spatial organization of the intestinal microbiome. Mucosal
profiling studies consistently demonstrate stronger host-microbe coupling than stool-based analyses, emphasizing that
microbial communities residing at the epithelial surface more directly reflect disease-associated biological processes.
Integration of ileal transcriptomics with mucosal microbiome profiling revealed coordinated epithelial antimicrobial
dysfunction and microbial imbalance in pediatric Crohn’s disease (Haberman et al., 2014).

Subsequent work demonstrated age-dependent immune intensification despite broadly similar dysbiotic microbial profiles
(Haberman et al., 2019). Together with recent methodological comparisons of mucosal sampling strategies (Martinez-
Medina et al., 2025), these findings indicate that the biological consequences of dysbiosis depend not only on microbial
composition but also on developmental timing and spatial proximity to the intestinal epithelium (Conrad et al., 2024).
Pediatric IBD may therefore represent a failure of immune—microbiome co-stabilization occurring during active
developmental change rather than a simple alteration in luminal microbial composition.

This developmental instability does not occur independently of host genetics. Several major IBD susceptibility genes
influence microbial ecology through distinct but interconnected biological mechanisms. NOD2, the first and most
consistently replicated Crohn’s disease susceptibility gene, regulates bacterial sensing and Paneth cell antimicrobial
peptide production, with loss-of-function variants associated with reduced microbial diversity and altered mucosal
community composition (Uniken Venema et al., 2017).

ATGI16L1 links autophagy to bacterial handling and epithelial antimicrobial function, complementing the epithelial
abnormalities observed in pediatric ileal disease (Liu et al., 2022). IL23R influences Th17- and IL-22-mediated barrier
responses, whereas CARD9 directly affects microbial conversion of tryptophan into AhR ligands, providing one of the
clearest examples of a genotype—microbiome—metabolite—-immune axis in IBD (Lamas et al., 2016). FUT2 secretor status
further modifies the mucosal glycan environment available to commensal bacteria, thereby influencing the composition
of mucosa-associated microbial communities (Rausch et al., 2011).

These observations demonstrate that host genetics shape not only immune responsiveness but also the ecological landscape
within which microbial communities develop and function. The developmental instability framework therefore positions
genotype as an active determinant of ecological resilience rather than as a background susceptibility factor operating
independently of the microbiome.

The influence of these susceptibility loci varies substantially across populations, providing a strong biological rationale
for population-specific pediatric microbiome studies. Saudi Arabian investigations have reported that several NOD2 and
IL23R variants identified in European genome-wide association studies show limited association with pediatric IBD in
Saudi cohorts (Alharbi et al.,, 2022). Additional computational and structural analyses suggest that the biological
consequences of these variants may differ according to population-specific genetic architecture (Nasser & Shinawi, 2023).
Similar observations have been reported in neighboring Middle Eastern populations (Siddique et al., 2021), indicating that
both host genetic susceptibility and microbiome composition are influenced by ancestry. Genotype—microbiome
interactions characterized predominantly in European and North American cohorts therefore cannot be assumed to apply
universally.

This limitation is particularly relevant for Saudi Arabia, where patterns of genetic diversity, consanguinity, diet, and
environmental exposure differ from those of the populations underpinning many foundational pediatric microbiome
studies (El-Sayed et al., 2024). Population-specific investigations integrating shotgun metagenomics with host genomic
profiling are therefore essential for determining whether developmental instability follows shared biological pathways
across populations or is modified by ancestry-specific genetic and ecological contexts.

Overall, the evidence reviewed here supports a shift from viewing pediatric IBD as a disorder of isolated microbial
dysbiosis toward understanding it as a disease of immune—microbiome developmental instability. Within this framework,
microbial composition, metabolic function, host immunity, spatial microbial organization, and genetic susceptibility
interact continuously throughout childhood to determine ecological resilience or vulnerability.

Rather than emerging from disruption of a mature microbial ecosystem, pediatric IBD may arise because this ecosystem
fails to achieve stable co-maturation with the developing immune system. The framework integrates findings from
taxonomic, metagenomic, metabolomic, and host molecular studies while also generating testable hypotheses regarding
disease mechanisms, age-dependent therapeutic responsiveness, and optimal windows for microbiome-targeted
intervention.

Future longitudinal, compartment-resolved, age-stratified, and genotype-informed multi-omics studies will be essential to
determine whether restoration of normal immune—microbiome developmental trajectories can modify disease progression
and ultimately enable precision microbiome-based therapeutic strategies for pediatric IBD.

7.Limitations and Evidence Gaps

While the developmental instability framework provides a biologically plausible interpretation of the current evidence,
several important limitations continue to constrain mechanistic inference and cross-study comparability. First, most
pediatric IBD cohorts remain modest in size compared with large adult multicentre studies, limiting statistical power for
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analyses stratified by age, disease location, clinical phenotype, and treatment history. Second, substantial heterogeneity
in sampling strategies—including stool versus mucosal specimens, anatomical site, and timing relative to diagnosis or
therapy—as well as differences in laboratory protocols and bioinformatic pipelines reduce reproducibility and complicate
comparisons across studies. Third, cross-sectional case—control designs continue to dominate the literature, limiting causal
inference and making it difficult to distinguish microbial alterations that precede disease onset from those that arise
secondary to intestinal inflammation.

Additional knowledge gaps remain within specific pediatric disease subgroups. Pediatric ulcerative colitis (UC) and very
early-onset IBD (VEO-IBD) are considerably underrepresented, particularly in shotgun metagenomic investigations,
resulting in weaker functional resolution and less consistent taxonomic characterization than is available for Crohn's
disease (CD). Likewise, multi-kingdom profiling of the intestinal mycobiome and virome remains relatively limited and
is frequently underpowered, restricting interpretation of cross-domain ecological interactions and their contribution to
disease pathogenesis.

Another important limitation is the limited population diversity represented in current pediatric microbiome research.
Most microbiome and host-genetic cohorts, including the majority of the foundational studies summarized in Table 1,
have been conducted in European and North American populations. However, genetic association studies from Saudi
Arabia and neighboring Arab populations suggest that several IBD susceptibility variants identified in European cohorts
do not consistently replicate in these populations (Alharbi et al., 2022; Siddique et al., 2021). Consequently, the extent to
which currently recognized taxonomic signatures, functional pathways, and host—microbiome interactions can be
generalized across genetically distinct populations remains largely unknown.

Finally, many functional conclusions continue to rely on inference from microbial gene and pathway abundance rather
than direct biological validation through paired metabolomics, host transcriptomics, proteomics, or experimental models.
As a result, several mechanistic pathways proposed to contribute to pediatric IBD remain insufficiently validated within
pediatric tissue contexts.

Addressing these limitations will require well-powered longitudinal studies that integrate compartment-resolved sampling,
host genomics, shotgun metagenomics, complementary multi-omics, and experimental validation. Such approaches will
be essential for distinguishing causal mechanisms from secondary inflammatory effects, refining the proposed
developmental instability framework, and advancing precision microbiome-based therapeutic strategies for pediatric IBD.

8.CONCLUSION AND FUTURE DIRECTIONS

Evidence from treatment-naive 16S rRNA studies and emerging pediatric shotgun metagenomic investigations supports
the existence of a reproducible dysbiosis signature in pediatric Crohn's disease (CD), characterized by reduced microbial
diversity, depletion of obligate anaerobic short-chain fatty acid (SCFA)-producing communities, and expansion of
facultative taxa. Viewed collectively across independent cohorts, sampling compartments, and analytical platforms, these
findings suggest that pediatric inflammatory bowel disease (IBD) is not simply a disorder of altered microbial composition
but rather reflects ecological instability arising during immune—microbiome co-maturation.

The developmental instability framework proposed in this review provides a conceptual model that integrates microbial
composition, functional remodelling, metabolic perturbation, host immunity, and genetic susceptibility within the unique
biological context of childhood. Although current evidence remains insufficient to establish causality, the convergence of
taxonomic, functional, experimental, and host-derived molecular findings supports the hypothesis that disruption of
developmental ecological trajectories contributes to pediatric IBD pathogenesis.

Future progress will require well-powered longitudinal, age-stratified, compartment-resolved multi-omics studies
supported by standardized analytical pipelines capable of tracking microbiome development throughout childhood.
Priorities include strengthening mechanistic validation through paired metabolomics and host tissue profiling, expanding
shotgun metagenomic investigations in pediatric ulcerative colitis (UC) and very early-onset IBD (VEO-IBD), and
incorporating multi-kingdom approaches that simultaneously characterize bacterial, fungal, and viral communities. In
addition, emerging long-read sequencing technologies may improve strain-level resolution, genome reconstruction, and
characterization of mobile genetic elements, providing new opportunities to refine our understanding of host—microbiome
interactions. Such strain-resolved analyses may help determine whether disease-associated microbial signatures primarily
reflect broad taxonomic shifts or expansion of specific pathogenic lineages, including adherent-invasive Escherichia coli
(AIEC) and other functionally important microorganisms.

Beyond technological advances, the developmental instability framework also generates several testable biological
hypotheses. First, children who subsequently develop IBD may exhibit delayed, divergent, or unstable microbiome
maturation trajectories before clinical disease onset. Second, age-dependent differences in immune—microbiome
interactions may influence disease phenotype, progression, and therapeutic responsiveness, indicating that pediatric IBD
should not be regarded as a biologically uniform condition across developmental stages. Third, interventions capable of
restoring normal developmental ecological trajectories may prove more effective than strategies focused solely on
suppressing inflammation. Testing these hypotheses will require prospective pediatric cohorts integrating longitudinal
microbiome profiling, host immune phenotyping, environmental exposure assessment, and repeated sampling across
critical developmental windows.

Continued integration of metagenomics, metabolomics, transcriptomics, epigenomics, and host genomic data will further
accelerate the development of precision microbiome medicine for pediatric IBD. Future therapeutic strategies may move
beyond broad anti-inflammatory approaches toward individualized interventions guided by microbial functional capacity,
ecological maturity, and host-microbiome interaction profiles. Such approaches may ultimately identify critical
therapeutic windows during immune maturation when restoration of microbial ecosystem stability is most achievable.
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Ultimately, one of the most important unanswered questions in pediatric IBD research is whether restoration of normal
immune-microbiome developmental trajectories can alter disease course. Addressing this challenge will require moving
beyond descriptive characterization of dysbiosis toward a mechanistic understanding of how microbial ecosystem
development, immune maturation, host genetics, and environmental exposures interact to shape disease susceptibility and
progression throughout childhood. If successful, this transition will not only refine our understanding of pediatric IBD
biology but also establish the foundation for developmentally informed, precision microbiome-based therapeutic
strategies.
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