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s u m m a r y

Background and aims: Childhood obesity is a growing public health concern increasingly linked to gut 
microbiota. We analysed associations between microbiota composition, functionality, and weight status 
in 1134 children aged 3–6 years from the CORALS cohort.
Methods: The baseline cross-sectional study stratified participants by weight status (underweight, 
normal weight, overweight, obesity) and performed shotgun metagenomic sequencing of stool samples. 
Analyses in R assessed alpha/beta diversity, taxonomic composition, enterotypes, and microbial 
pathways.
Results: Alpha diversity decreased with increasing BMI, particularly in obesity (Shannon 
adj.P = 0.00301; Simpson adj.P = 0.00158). Beta diversity revealed distinct microbial structures across 
groups (p = 0.001). Four enterotypes were identified: obesity was associated with Enterotype 3 
(Segatella-dominated, p = 0.023), while Enterotype 1 (Alistipes, Akkermansia, Coprococcus) was 
enriched in underweight/normal weight. Species linked to obesity included higher Phocaeicola dorei 
(adj.P = 0.003) and Segatella hominis (adj.P = 0.001), and lower Longicatena caecimuris (adj.P = 0.03) and 
Blautia parvula (adj.P = 0.003). Functional analyses showed downregulation of vitamin and nucleotide 
biosynthesis pathways and reduced carbohydrate metabolism in overweight/obesity.
Conclusions: Gut microbiota composition and functionality are strongly associated with weight status in 
early childhood, suggesting microbial biomarkers and metabolic pathways relevant to understand early 
obesity development.
ClinicalTrials.gov ID NCT06317883.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND 

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Childhood obesity is a major public health concern. In 2024, the 
WHO estimated that 35 million children under 5 had excess 
weight, and obesity among those aged 5–19 increased from 2 % in 
1990 to 8 % in 2022 [1]. In Spain, the 2023 ALADINO study found 
36.1 % of children aged 6 to 9 had overweight or obesity [2]. 
Childhood obesity often persists into adulthood [3] and is associ-
ated with significant physical [4,5] and psychological conse-
quences [6]. Growing attention has focused on the gut microbiota 
in obesity development [7]. At birth, diverse microbial commu-
nities, including Archaea, Bacteria, Eukarya and Viruses, colonize 
the gastrointestinal tract and undergo rapid changes in early life 
[8]. This community regulates host immunity, supporting overall 
health, and maintaining metabolic homeostasis [9]. Early-life gut 
microbiota development is critical for long-term metabolic health 
[10], and is shaped by maternal, environmental and host-related 
factors [11,12]. Prenatal influences include maternal diet and 
weight, placental function, gestational age, and gestational weight 
gain [13,14]. After birth, delivery mode, infant feeding, food al-
lergies, and the child's diet further shape colonization [15–17], 
which matures by age 3–5 [18]. Gut microbiota plays a key role in 
childhood obesity [19], and compositional differences have been 
linked to distinct weight status profiles [20,21]. Lower alpha di-
versity, reflecting reduced within-individual microbial diversity, 
has been linked to excess body weight [22,23]. In contrast, studies 
on beta diversity indicates distinct gut microbial compositions 
between individuals with and without obesity [24,25]. A key 
mechanism by which gut microbiota may influence host energy 
metabolism is through fermentation of dietary fiber into short-
chain fatty acids (SCFAs) such as acetate, propionate, and buty-
rate [26], which stimulate the secretion of peptide YY and 
glucagon-like peptide-1 [27], hormones that promote satiety and 
regulate glucose metabolism [28]. Altered SCFA signaling has been 
implicated in obesity, contributing to impaired appetite regulation 
and positive energy balance [29]. Recent research has identified 
gut enterotypes, clusters of microbial communities dominated by 
specific taxa, which may influence obesity risk and metabolic 
outcomes. Understanding the relationships between enterotypes,

microbial function, and childhood obesity could inform targeted 
prevention strategies [30]. Despite growing interest, this area re-
mains underexplored, and well-designed studies are needed to 
clarify these mechanisms specially in childhood [31].
The aim of this study was to evaluate the composition and 

functionality of the gut microbiota in relation to weight status in 
children aged 3–6 years. Specifically, this study sought to perform 

a metagenomic analysis to assess alpha and beta diversity, as well 
as bacterial species composition, according to weight status 
categorized by body mass index (BMI) z-scores. The study also 
aimed to determine enterotype clusters and to conduct a func-
tional analysis of the metagenomic data to identify metabolic 
pathways that are differentially represented across weight 
categories.

2. Methods

2.1. Study design

This analysis was conducted using baseline data of the Child-
hood Obesity Risk Assessment Longitudinal Study (CORALS), 
which followed the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) reporting guideline. This is an 
observational, prospective, multicenter cohort study currently 
ongoing in preschool children, with a planned follow-up period of 
10 years (see supplementary material S1 for timeline of CORALS). 
Participants were children aged 3–6 years recruited in schools 
from seven Spanish cities whose tutors agreed to their participa-
tion: Barcelona, C � ordoba, Pamplona, Reus, Santiago de Compos-
tela, Valencia, and Zaragoza. All schools in the area were invited to 
take part in the study. Participation was voluntary, and the CORALS 
PIs visited the schools that agreed to participate to inform the 
families about the study. Eligibility required parental or caregiver 
consent, attendance at the baseline visit, and completion of 
various standardized questionnaires evaluating sociodemographic 
characteristics, leisure-time physical activity, and dietary intake. 
Exclusion criteria included children from families with anticipated 
difficulties in participating throughout the study, issues with 
language comprehension, or unstable residential situations.
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Participant recruitment for the CORALS began in May 2019 and 
finished in June 2022 with a total sample of 1509 children. The 
study protocol, which followed the Declaration of Helsinki [32] 
and all ethical legislations, was reviewed and approved by the 
ethics committee of each recruitment center (Reference numbers: 
051/2019; 4155/2019; 2019/18; 9/19; 19/162; 19/27; and 2019/ 
131). Written informed consent was obtained from all parents or 
supervisors before any study procedure was carried out. CORALS is 
registered in clinicaltrials.gov (ID: NCT06317883) were all the 
details of the protocol are depicted.

2.2. Participants and outcomes

Children aged 3–6 years participating in the CORALS cohort 
were eligible for this analysis. Only baseline data were used, dur-
ing which clinical, anthropometric, and biological information, 
including stool samples, was obtained following standardized 
protocols. Participants were included if they had available stool 
sample for microbiota analysis and complete anthropometric 
measurements, specifically weight (kg) and height (m), required to 
calculate BMI Z-scores. Children missing either of these data were 
excluded. Eligible participants were identified from the CORALS 
database and included consecutively. As this is a cross-sectional 
analysis of baseline data, no follow-up was conducted. The pri-
mary exposure for this analysis was weight status category, and 
the primary outcome was gut microbiota diversity and 
composition.

2.2.1. Anthropometry measurements
Height and weight were determined using standardized pro-

tocols in all sites [33], while BMI z-score was calculated according 
to the criteria of Cole et al. [34]. These cut-offs define underweight 
(UW), normal weight (NW), overweight (OW), and obesity (OB) 
based on age and sex specific BMI values that correspond to adult
BMI equivalents of 18.5, 25, and 30 kg/m 2 .

2.2.2. Gut microbiota
Stool samples were collected at home using a Sarstedt tube 

with an integrated spoon and held at − 20 ◦ C. Samples were 
transported to the research facility under cold chain conditions 
and immediately stored at − 80 ◦ C. Regarding shotgun sequencing, 
DNA extraction from baseline stool samples was performed using 
the Magpure Stool DNA LQ kit and the NGS library was prepared 
using the MGIEasy Universal DNA Library Prep Set. Shotgun met-
agenomics sequencing was performed in a MGI's DNBSEQ-G50TM 

sequencing platform to generate paired-end short-reads of 
maximum 150 bp and a minimum sequencing depth of 20M reads 
at the MGI Tech Co., Ltd. manufacturing facility in Riga (Latvia). For 
the taxonomic and differential abundance analysis, trimmomatic 
[35] was used to trim paired end reads, using a sliding window of 
20 bp and a quality threshold of 30. Reads shorter than 75 bp were 
discarded. FastQC [36] and MultiQC [37] were used to assess 
sequencing quality before and after trimming. Surviving reads 
were mapped against the GRCh38 human genome assembly using 
bowtie2 [38], and mapped reads were discarded. The unmapped 
reads were then classified at the level of species using Kraken2 
[39], with confidence set to 0.5, and Bracken [40], using an updated 
version of the standard Kraken database (https://genomeidx.s3. 
amazonaws.com/kraken/k2_standard_20220607.tar.gz). For func-
tional annotation of metagenomes, the Humann3 pipeline was 
used [41] with default options, starting from the trimmed and 
human-depleted reads. Then, the humann_regroup_table com-
mand was used to translate MetaCyc terms into MetaCyc reactions.

2.3. Data analysis

Analyses were performed using R (v4.2.3). To minimize po-
tential confounding, all statistical models were adjusted for age, 
sex, and study center, which are known to influence gut microbiota 
composition in early childhood. Potential sources of selection and 
measurement bias were addressed by including only participants 
with complete baseline data and by applying standardized pro-
cedures for anthropometric measurements, stool collection, DNA 
extraction, and sequencing. Additionally, we compared key char-
acteristics (sex and weight categories) between children included 
in the analysis and those without stool samples; no meaningful 
differences were observed (see supplementary material S2). No 
formal sample size calculation was performed for this baseline 
cross-sectional analysis; all available participants with complete 
data were included.

2.3.1. Quality control and data filtering
Taxa were filtered to remove features with low prevalence and 

insufficient absolute read counts. To ensure data quality, metadata 
were screened for missing or incomplete entries; samples with NA 
values or empty fields in key variables were removed, and cate-
gorical variables were harmonized to maintain consistency. In the 
microbial dataset, missing read values were handled using NA-
aware functions during aggregation. Quality control thresholds 
were applied by retaining only taxa detected in at least 5 % of 
samples and with a minimum of 20 reads in at least 5 % of the 
cohort, thereby removing rare or potentially spurious features. 
Ambiguous classifications (e.g., uncultured, unknown, unassigned, 
unidentified) were excluded, and only bacterial taxa with valid 
genus or species level annotations were kept. Finally, metadata 
completeness and dataset integrity were ensured by verifying the 
one-to-one correspondence between sample identifiers in the 
metadata and the microbial abundance matrix and discarding any 
mismatched samples. Metagenomic taxonomic profiles were 
filtered to maintain only bacterial taxa at the genus and species 
levels.

2.3.2. Alpha and beta diversity
Microbial alpha and beta diversity analyses were performed 

using the Phyloseq and Vegan packages [42,43]. All diversity an-
alyses were conducted without rarefaction to avoid data loss and 
preserve statistical power. Alpha diversity was assessed using 
three commonly used indices: Shannon, Simpson, and Observed 
richness. To account for differences in sequencing depth, total read 
count per sample was included as a covariate in all linear models 
for alpha diversity, together with study center, sex, and age, with 
weight categories as the main variable of interest. Principal Co-
ordinates Analysis (PCoA) was performed based on Bray–Curtis 
distance using relative abundances to evaluate beta diversity. 
Prior to multivariate analysis, homogeneity of group dispersion 
was assessed and tested by permutation. Permutational Multi-
variate Analysis of Variance (PERMANOVA) was applied to assess 
the effect of weight status on overall microbial community 
structure, while adjusting for covariates.

2.3.3. Enterotype analysis
For the enterotypes, genus-level taxonomic profiles were 

transformed using centered log-ratio (CLR) normalization via the 
ALDEx2 package [44]. Euclidean distances were computed on CLR-
transformed data (Aitchison distance) to assess inter-sample 
variation, and Partitioning Around Medoids (PAM) clustering was 
applied to identify microbial compositional clusters. The optimal 
number of clusters was determined using the G1 index (clusterSim 

v0.51-5), which showed a clear maximum at k = 4. This indicates
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that four clusters provide the most robust structure according to 
this metric, with minimal improvement obtained by increasing k 
beyond this value (supplementary material S3). Cluster structure 
was visualized using PCoA. To further identify the bacterial genera 
driving the differences between enterotypes, we calculated the 
mean CLR-transformed abundances of each genus per cluster and 
evaluated both their variability and statistical significance across 
groups. Genera were first ranked according to their standard de-
viation of mean abundances across clusters, and significance was 
assessed using one-way ANOVA followed by false discovery rate 
(FDR) correction. The top 15 genera showing the highest variability 
and meeting statistical significance (FDR <0.05) were selected. We 
also performed a multinomial logistic regression model (multi-
nom from the nnet package, v7.3-18) to explore the association 
between weight category at baseline and enterotype assignment. 
The model included weight status, study center, sex, and age as 
predictors. NW was used as the reference category. Model co-
efficients and confidence intervals were extracted and visualized 
to show the effect of each weight category on the probability of 
belonging to each enterotype.

2.3.4. Differential abundance and functional analysis
We also performed a differential abundance analysis using the 

DESeq2 package to seek for differences in bacterial species be-
tween weight status groups [45]. To account for potential con-
founding factors, the analysis included the above-mentioned 
covariates. Differential analysis was performed using the Wald test 
for pairwise contrasts between UW, OW, OB vs NW. Adjusted p-
values were computed using the Benjamini–Hochberg (BH) pro-
cedure applied independently within each analysis. In DESeq2, BH 
correction was performed per contrast. Differentially abundant 
species were considered significant with adjusted p-value <0.05 
and base mean > 800. Functional abundance tables were analyzed 
for associations with weight status using Maaslin2 [46] with CLR 
normalization. Maaslin2 was run with a linear model including the 
covariates as fixed effects. Results were filtered for significance 
using an FDR threshold of q < 0.05. The significant functional 
pathways were then integrated with species-level differential 
abundance significant results from DESeq2, and only significant 
species and pathways in both analyses (functional and taxonomic) 
were retained for combined interpretation.

3. Results

A total of 1151 children were included in the analysis. Initially 
we had 1509 participants; however, 321 did not provide stool 
sample and were excluded. In addition, another 37 were excluded 
because of non-available anthropometric data or poor metadata 
quality control (see supplementary material S4 for the flowchart of 
participants). Table 1 presents the general characteristics of the 
participants.

3.1. Alpha and beta diversity

Alpha diversity assessed through the Observed Richness, 
Shannon and Simpson indices across the different body weight 
status is shown in Fig. 1a. Comparisons between groups were 
performed using linear models adjusting for total sequencing 
reads, center, age, and sex. No significant differences were 
observed for Observed Richness across weight status categories. 
For the Shannon index, a significant decrease was detected in in-
dividuals with OB compared with NW. The Simpson index also 
showed a significant decrease in OB compared with NW, sug-
gesting a reduction in gut microbial alpha diversity associated 
with higher body weight. Other comparisons did not reach sta-
tistical significance (all adj. p-values >0.05) (supplementary ma-
terial S5). PERMANOVA analyses confirmed significant differences 
in gut microbial beta diversity across weight status (p = 0.001, 
R 2 = 0.005) in Fig. 1b. Pairwise comparisons between groups also 
revealed significant compositional differences between NW vs UW 

(p = 0.012, R 2 = 0.00185), NW vs OW (p = 0.019, R 2 = 0.00179), NW 

vs OB (p = 0.001, R 2 = 0.00325), UW vs OW (p = 0.001, 
R 2 = 0.01011) and UW vs OB (p = 0.001, R 2 = 0.01895), showing 
small effect sizes, although statistically significant, implying 
limited biological relevance. No significant differences between 
children with OW and OB were observed (p > 0.05), suggesting 
that microbial community composition does not differ substan-
tially between these two-weight status (see supplementary ma-
terial S6). While the R 2 values indicate that weight status explains 
a small proportion of overall microbiota variability, the observed 
differences are consistent and statistically robust, supporting a 
relationship between body weight and gut microbial composition.

3.2. Enterotype distribution

All the participants were classified into microbial clusters 
based on their gut microbiota composition, and PCoA identified 
four distinct groups (see supplementary material S3 for cluster 
selection). A total of 443, 189, 99, and 420 children were assigned 
to cluster 1, 2, 3, and 4 (Fig. 2a).
Enterotype 1 was predominantly rich in Alistipes, Akkermansia 

and Coprococcus while showing lower relative abundance of 
genera such as Agathobacter, Roseburia, and Faecalibacterium. 
Enterotype 2 was characterized by a consistent enrichment across 
several genera, including Akkermansia, Alistipes, Flavonifator, Bac-
teroides, Parabacteroides and Phoecaicola, alongside a clear under-
representation of Copocroccus and Segatella. Enterotype 3 was 
distinguished by a marked overrepresentation of Segatella and a 
simultaneous depletion of Alistipes and Akkermansia. Enterotype 4 
displayed a microbial profile with abundance values closer to the 
overall mean, indicating less pronounced deviations compared to 
the other clusters. Higher relative abundances were observed for 
Roseburia, Agathobacter, Ruminococcus, Bifidobacterium, Faecali-
bacterium and Blautia among others, whereas Segatella and 
Akkermansia showed moderately lower values (Fig. 2b).
Across the cohort, Enterotype 1 was the most prevalent 

(38.4 %), followed by Enterotype 4 (36.4 %), Enterotype 2 (16.4 %) 
and Enterotype 3 (8.6 %). When stratified by body weight status 
(Fig. 2c), we found different patterns for each enterotype. Thus, in 
Enterotype 1 (n = 443), 311 children (70.2 %) were NW, 46 (10.4 %) 
presented UW, 56 (12.6 %) had OW, and 30 (6.7 %) suffered OB. In 
Enterotype 2 (n = 189), 126 (66.6 %) were NW, 26 (13.7 %) pre-
sented UW, 29 (15.3 %) OW, and 8 (4.2 %) OB. Enterotype 3 (n = 99) 
included 60 children with NW (60.6 %), 6 with UW (6 %), 18 with 
OW (18.1 %), and 15 with OB (15.2 %). In Enterotype 4 (n = 420), 
282 (67.1 %) were classified as NW, 38 (9 %) as UW, 62 (14.8 %) as 
OW, and 38 (13.5 %) as OB.

Table 1
Baseline characteristics of the participants in CORALS cohort.

n (1151) %

Sex
Boys 583 50.6
Girls 568 50.4
Weight status 
Underweight (UW) 116 10.1
Normal weight (NW) 779 67.6
Overweight (OW) 165 14.3
Obesity (OB) 91 7.9

Data on groups were compared using Chi-square tests.
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Multinomial regression models were used to assess the asso-
ciation between weight status and cluster classification, using NW 

as the reference (Fig. 2d). The only significant association observed 
was for children with OB, who had slightly higher odds of 
belonging to cluster 3 (β = 0.80, SE = 0.36, 95 % CI: 0.09–1.51, 
p = 0.026). No other significant associations were found

(supplementary material S7). It should be noted that enterotypes 
in early childhood are likely to represent gradients in microbial 
composition rather than discrete, stable clusters, due to the 
instability of the microbiome still under development at this age. 
Therefore, these associations should be interpreted with caution, 
as they may reflect tendencies rather than fixed patterns.

Fig. 1. Alpha and beta diversity across weight status categories in children from Corals cohort.
1a) Alpha diversity indices (Observed richness, Shannon, and Simpson) across weight status categories. Pairwise comparisons were performed using linear models adjusting for 
total sequencing reads, center, age, and sex. Adjusted p-values <0.05 were considered statistically significant. Points represent individual samples; boxplots show the distribution 
per group. 1b) Beta-diversity differences between participant's obesity categories group. Principal coordinates analysis plot based on Bray–Curtis distance. Abbreviations: UW: 
underweight; NW: normal weight; OW: overweight; OB: obesity.
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3.3. Differences in bacterial species between weight categories

We performed a DESeq2 analysis at the species level to identify 
compositional differences across weight categories. Pairwise com-
parisons were conducted with the NW group as the reference (sup-
plementary material – S8), adjusting for study center, sex, and age. 
Overall, the taxa exhibiting significant intergroup differences 
(p < 0.05) indicate distinct microbiome composition across weight 
categories (Fig. 3). Compared to NW children, 34 species differed in 
the UW group, 36 in the OW group, and 26 in the OB group, with 23, 
24, and 14 species being unique to each category, respectively 
(Fig. 4a). Figure 4b highlights the relative abundance of four species 
associated with OB status. Phocaeicola dorei (adj.P = 0.006) and 
Segatella hominis (adj.P = 0.001) were significantly more abundant in 
the OB group compared to NW, whereas Longicatena caecimuris 
(adj.P = 0.03) and Blautia parvula (adj.P = 0.003) decreased in chil-
dren with OB. The potential associations of the differential abun-
dance of specific species between groups are further discussed. A 
complete Venn Diagram can be seen on supplementary material S9.

3.4. Functional analysis

Functional analysis was conducted using weight status as the 
primary comparison groups. Differential abundance analysis of 
metabolic pathways revealed distinct profiles associated with 
children's weight status (UW, OW, OB) compared to those with 
NW (Fig. 5 and supplementary material S10). In the OB group, 13 
pathways differed significantly, with 11 pathways showing lower 
abundance and 2 pathways higher abundance compared to NW. 
The depleted pathways were mainly related to vitamin meta-
bolism, nucleotide biosynthesis, and carbohydrate degradation. 
Specifically, pyridoxal 5′-phosphate biosynthesis I and the super 
pathway of pyridoxal 5′-phosphate biosynthesis and salvage were 
notably reduced. Several nucleotide-related pathways involved in 
dephosphorylation, pyrimidine biosynthesis (PWY-7282) and the 
anhydromuropeptides recycling pathway were also reduced. In 
addition, reduced abundances were observed in carbohydrate 
metabolism pathways, including chitin derivatives degradation II, 
glucose and xylose degradation, superpathway of fucose and

Fig. 2. Analysis of enterotype distribution and weight status in CORALS cohort.
2a) Principal Coordinates Analysis (PCoA) plot based on Bray–Curtis distance. Ellipses indicate 95 % confidence intervals for each cluster. 2b) Top 15 bacterial genera with the 
highest variability: the lollipop plot shows the standard deviation of each genus, while the heatmap displays their standardized relative abundance (z-score) across clusters. 2c) 
Proportion of samples assigned to each cluster according to weight status (left) and probability of membership to each cluster for each weight status (right). 2d) Log-odds es-
timates and their confidence intervals for the association between weight status and enterotype. Significant associations (p < 0.05) are indicated with an *. Abbreviations: UW: 
underweight; NW: normal weight; OW: overweight; OB: obesity.
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rhamnose degradation, the Entner-Doudoroff (ED) pathway and 
anaerobic sucrose degradation. A lipid metabolism pathway, 
cytidine diphosphate (CDP) diacylglycerol biosynthesis II, also 
showed lower abundance in the OB group. Conversely, 2 pathways 
were significantly increased; the super pathway of polyamine 
biosynthesis II and uridine triphosphate (UTP) and cytidine 
triphosphate (CTP) dephosphorylation I. In children with OW, 9 
pathways were significantly lower compared to the NW group. 
Most differences were observed in pathways involved in nucleo-
tide metabolism, particularly purine and pyrimidine biosynthesis 
(PWY-7197, PWY0-162, PWY-841, PWY-7282). Pathways specif-
ically involved in the biosynthesis of adenosine nucleotides were 
reduced (PWY-7229, PWY-6126). As in the OB group, the pyridoxal 
5′-phosphate biosynthesis pathways (PYRIDOXSYN-PWY, PWY0-
845) were also depleted. Finally, children in the UW group 
showed significant increase in four pathways: menaquinol-8 
biosynthesis III, 1,4-dihydroxy-6-naphthoate biosynthesis II, 
adenosine nucleotides degradation II and pyridoxal 5-phosphate 
biosynthesis I.
We further explored which bacterial species, identified as sig-

nificant in the DESeq2 analysis, were associated with the differ-
entially abundant metabolic pathways. One species showed a 
significant association. In the OB group, Faecalibacterium praus-
nitzii was positively associated with the UTP and CTP dephos-
phorylation I pathway (PWY-7185) (coef = 0.21; q-value = 0.02).

4. Discussion

Based on the current findings, this study indicates that pon-
deral status is associated with differences in gut microbiota 
composition and functionality, resulting in distinct enterotypes or 
microbial clusters, among preschool children included from 

CORALS cohort.

4.1. Alpha and beta diversity

Regarding alpha diversity, the results establish that children 
with OB showed reduced diversity compared to those with NW. 
This finding is consistent with previous studies in children 
reporting obesity-associated alterations in gut microbiota di-
versity [47–49]. Children with OB exhibited lower alpha diversity, a 
pattern that has been previously observed in studies describing 
altered gut microbiota profiles in this population and associations 
with markers of low-grade systemic inflammation and metabolic 
risk [50]. Importantly, this reduction was not driven by changes in 
microbial richness, defined as the number of different taxa pre-
sent, as richness-based metrics (Observed index) were comparable 
across weight categories. Instead, differences in alpha diversity 
were explained by alterations in microbial evenness, which re-
flects how evenly taxa are distributed in terms of relative abun-
dance. Lower Shannon and Simpson indices in children with 
obesity indicate reduced microbial evenness, reflecting increased 
dominance of specific taxa rather than a reduction in the total 
number of microbial taxa [22,23]. Regarding beta diversity, dif-
ferences in gut microbiota composition were observed across 
weight categories, particularly between UW and children with 
excess weight, while differences between OW and OB were less 
pronounced. This pattern of differences in microbiota composition 
in children with different ponderal status has also been reported in 
other studies, with children of similar age from East Asia [51,52].

Fig. 3. Differential abundance of bacterial species by weight status in the CORALS 
cohort.
Heatmap showing the log 2 fold change in the relative abundance of bacterial species 
across weight status groups: UW, OW, and OB, compared to NW. Only species with an 
adjusted p-value <0.05 (Benjamini-Hochberg corrected) are shown. Yellow indicates 
higher expression (log 2 FC > 0), and blue indicates lower expression (log 2 FC < 0). 
Abbreviations: UW: underweight; OW: overweight; OB: obesity.
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These findings consistently indicate that weight status is associ-
ated with differences in gut microbiota composition, particularly 
when comparing UW or NW individuals with those living with OW 

or OB.

4.2. Enterotypes

Our findings highlight an association between gut microbiota 
composition and body weight status in childhood, particularly 
through the identification of distinct enterotypes or microbial 
clusters, with children classified as OB more frequently observed 
in Enterotype 3, dominated by Segatella (formerly Prevotella) and 
reduced in Akkermansia and Alistipes. Akkermansia and Alistipes 
have previously been associated with anti-inflammatory proper-
ties, gut barrier integrity, and better metabolic profiles in other 
studies [53,54]. Enterotype 1 was more prevalent in children with 
UW and NW compared to OW and OB, indicating differences in 
microbial composition across groups. Interestingly, Enterotype 3, 
showed a gradual increase from UW to OB groups. Previous studies 
in children have also reported associations between Prevotella and 
OB [55]. Prevotella has been commonly linked with dietary

patterns high in carbohydrates, mainly from grains and simple 
sugars [56] whereas an inverse correlation between dietary fibre 
intake and Prevotella enterotype has been described [57]. When 
comparing these results with the commonly reported Arumugam 

enterotypes, our Enterotype 3 is similar to their Prevotella enter-
otype [58]. Although literature on enterotypes in children is 
limited, previous studies have typically identified the Bacteroides 
dominated enterotype (as components of cluster 2 in our classi-
fication) as more frequent in children with metabolically favorable 
profiles [59].
However, Enterotype 3 was observed more frequently in chil-

dren with OB in our cohort, adding descriptive insight into mi-
crobial composition across weight categories. The lack of 
significant associations for Enterotype 4 is also noteworthy, given 
its richness in genera traditionally considered beneficial (Rumi-
nococcus, Bifidobacterium, Akkermansia, Blautia). Ruminococcus and 
related genera are well-known producers of SCFAs [60], particu-
larly butyrate, which has been associated with anti-inflammatory 
properties [61] and stimulation of enteroendocrine hormones 
such as GLP-1 [62]. Several studies have shown that individuals 
with OB exhibit elevated levels of SCFAs [63]. SCFAs are also

Fig. 4. Venn Diagram and relative abundance of species in the CORALS cohort.
4a) Venn Diagram displaying the bacterial species that are significantly different across weight status. 4b) Relative abundance of four obesity-associated species. Abbreviations: 
UW: underweight; OW: overweight; OB: obesity.
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involved in higher energy extraction from the diet, suggesting that 
their effects may not always be protective regarding weight status. 
Nonetheless, SCFAs are rapidly utilized by host tissues which could 
partly explain lack of consistency in the correlations between their 
quantities and the metabolic phenotype across different studies. 
Ruminococcus has been associated with a Westernized dietary 
pattern [64]. Given its great efficiency in digesting simple carbo-
hydrates, this enterotype may contribute to weight gain [65], 
consistent with our results, as children with OW and OB had higher 
proportions of cluster 4. These observations indicate that the 
presence of these genera alone does not fully explain differences in 
weight status and that their relative contributions may vary 
depending on the specificities of the microbial community and 
host factors. Although each enterotype is defined by a predomi-
nant genus allowing stratification, the approach also overlooks 
other taxa that may substantially contribute to the observed as-
sociations with body weight, while also highlighting the potential 
influence of environmental and lifestyle related factors. 
Enterotype distribution differed across weight categories, 

indicating compositional differences associated with weight sta-
tus. It is well established that gut microbiota composition varies 
significantly with age, and early childhood represents a key period 
of its maturation. During this stage, the microbiome is highly dy-
namic, less stable than in adults, and continues to change 
throughout the early years [66]. In addition, gut microbiota 
composition in early childhood is influenced by multiple factors

beyond adiposity, including dietary intake and infant feeding, 
antibiotic exposure, infections, lifestyle, or socioeconomic condi-
tions, which may shape microbial trajectories [10,12]. Given this, 
the findings identified in our study should be interpreted as 
descriptive compositional differences across weight categories 
rather than evidence of causal or stable metabolic profiles. As such, 
enterotype classification should be interpreted as an over-
simplification of the gut microbiota's complexity. Previously 
described enterotypes may only become clearly distinguishable 
after 6 years of age, when the gut microbiota begins to stabilize 
[19]. Longitudinal studies in children aged 3–6 years integrating 
dietary, clinical, and lifestyle cofounders are needed to better 
understand enterotype and gut microbiota development and its 
implications for metabolic health [30,31].

4.3. Species distribution in weight categories

The differences in microbial abundances indicate associations 
between certain species and body weight status during infancy 
[67]. Of note is that species-level associations observed in children 
aged 3–6 years may not fully align with findings from studies in 
older children or adults as gut microbiota is still under develop-
ment. In our cohort, the increase in several taxa in UW children, 
including Phocaeicola dorei, Bacteroides caecimuris, and Alistipes 
dispar, all belonging to the phylum Bacteroidota, are consistent 
with previous research suggesting a higher prevalence of

Fig. 5. Functional analysis associated with weight status in CORALS cohort.
Differential abundance of microbial metabolic pathways by weight status. Significantly different pathways (q < 0.05) in children with OB, OW or UW compared to those with NW. 
Bars represent effect sizes (regression coefficients), with positive values indicating increased abundance and negative values indicating depletion. Color intensity reflects sta-
tistical significance (q-value). Abbreviations: UW: underweight; OW: overweight; OB: obesity.
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Bacteroidota associated with undernutrition [68]. Klebsiella gri-
montii, a species that decreased in UW and Klebsiella michiganensis, 
are emerging pathogens recognized for their potential to cause 
infections [69,70]. Phocaeicola dorei appears to colonize the gut 
after delivery and become more abundant after the introduction of 
solid foods, but its positive association with undernourishment 
remains unclear [71]. In addition, Phocaeicola dorei showed a 
decrease from UW to NW, OW and OB groups. This pattern aligns 
with previous studies reporting higher abundance of this species 
in children with lower BMI and associations with lower prevalence 
of OB and atherosclerosis [72], consistent with a possible associ-
ation with favourable metabolic profiles. Longicatena caecimuris 
exhibited a decreasing trend from UW to NW and from NW to OB. 
This finding contrasts with some reports associating members of 
the Erysipelotrichaceae family with excess body weight and 
metabolic disturbances [73]. The observed reduction may reflect 
species specific roles within this family, suggesting that Long-
icatena caecimuris could be linked to a healthier metabolic profile. 
However, further studies are needed to clarify its function in 
humans, especially in children, given that the gut microbiota in 
this age group is still maturing and species level associations may 
differ.
The OW group showed mixed results. The observed increases in 

Enterobacter kobei and Enterobacter asburiae, both members of the 
Enterobacteriaceae family are notable, as these bacteria are clas-
sified as opportunistic pathogens causing a range of infections, 
including urinary tract, respiratory, and bloodstream infections 
[74], which may be relevant in pediatric populations including 
children with OW. Ruminococcus champanellensis was also more 
abundant in OW children. To our knowledge, there is no literature 
linking this species to pediatric metabolic alterations. However, 
other species within the same genus, such as Ruminococcus tor-
ques, have been associated with metabolic dysfunction-associated 
pediatric fatty liver disease in other studies [75]. However, in our 
cohort we only observed an association with OW status. Addi-
tionally, Escherichia coli, previously associated with excess body 
weight in children [76], was not found to be more abundant in 
excess body weight in our cohort. Additionally, the marked 
reduction of Akkermansia muciniphila in the OW group aligns with 
the widely reported association with metabolic health [77,78]. Its 
lower abundance in children with OW could be explained by the 
role attributed to this species in improving some metabolic fea-
tures (excess weight, gut barrier dysfunction or low-grade 
inflammation) in preclinical studies, but causality cannot be 
inferred in our study in children.
Regarding children with OB, characterized by a more distinct 

BMI, several taxa were more abundant in this group, including 
Clostridium difficile, Faecalibacterium spp., and Thomasclavelia 
ramosa, which have been previously reported to be more prevalent 
in children with OB or higher BMI in observational studies [79,80]. 
We observed that Faecalibacterium prausnitzii and Faecalibacterium 

sp. I4-3-84 were increased in OB, consistent with existing litera-
ture [81,82]. The first species has been consistently linked to 
beneficial health outcomes in various studies, such as protection 
against depression and a lower prevalence of OB [83,84]. 
Regarding the Blautia genus, Blautia producta was increased in OB, 
whereas Blautia parvula was reduced. Some studies have found 
that species such as Blautia luti may have beneficial anti-
inflammatory properties [85], which contrast our findings as 
Blautia luti increased in the OW group. Although Faecalibacterium 

prausnitzii and Blautia luti have been associated with metabolic 
health in adults, their increased abundance in children with excess 
weight in our cohort may reflect age specific microbial dynamics 
within the microbiome, highlighting that species level effects may 
not translate directly from adults to young children. However,

when considering the genus level abundance across enterotypes, 
we observed an overall reduction of Blautia in OB. This suggests 
that, despite the increase of certain species, the total abundance of 
the genus is decreased, highlighting that not all Blautia species 
contribute equally and may have different roles. Shared increases 
in Blautia parvula, Catenibacterium mitsuokai, Bacteroides ovatus 
and Faecalibacterium sp. I4-3-84 were observed in both OW and OB 
groups, suggesting an association with higher weight status, 
consistent with findings from two French pediatric cohorts [86]. 
Segatella hominis was found to be stable in UW, NW and OW, but 
increased in OB, in line with the observed enrichment of the 
Segatella genus in the OB-associated enterotype, cluster 3. Previous 
studies have reported associations between Segatella and OB, be-
ing more abundant in children with higher BMI [87]. Citrobacter 
freundii, increased in children with OB, has been reported to be 
more abundant in children with higher fasting insulin levels, 
consistent with observational associations in OB [88]. Finally, the 
marked increase of Catenibacterium mitsukoae is consistent with 
previous literature. It belongs to the phylum Bacillota, which has 
been reported to be more abundant in individuals with obesity 
[89], in line with the overall tendency of this phylum to be 
increased in obesity phenotypes. These findings reveal differences 
in microbial abundances across weight categories, suggesting as-
sociations with body weight, but should be interpreted cautiously 
given the observational design and the ongoing maturation of the 
gut microbiota in early childhood. It is important to note that 
during early childhood, gut microbial composition is strongly 
shaped by factors such as dietary patterns, physical activity, mode 
of delivery, antibiotic exposure, infectious episodes, and socio-
economic conditions [12]. These factors may modulate species-
level associations independently of body weight and should be 
considered in future studies designed to better clarify their relative 
contributions.

4.4. Functional analysis

To date, studies exploring the functional profiles of the gut 
microbiota in children with OW or OB remain scarce, highlighting 
the need for more research in this population. Our findings 
contribute to this understudied field; however, given the cross-
sectional design, all interpretations must be considered associa-
tive rather than mechanistic and further investigations are needed 
to validate these observations. In our cohort, children with OW and 
OB showed lower relative abundance of pyridoxal 5′-phosphate 
biosynthesis pathways, and children with UW an increase in this 
pathway, indicating an association with weight status. Pyridoxal 
5′-phosphate is the biologically active form of vitamin B6 which is 
involved in amino acid, lipid, and carbohydrate metabolism, as 
well as in immune modulation [90–92]. Previous studies have 
linked vitamin B6 deficiency to metabolic dysfunction and 
increased inflammation, which are frequently observed in in-
dividuals with obesity [93]. Regarding nucleotide pathways, both 
OW and OB groups showed a reduction in purine and pyrimidine 
nucleotide biosynthesis microbial pathways. These nucleotides are 
essential for DNA and RNA synthesis in microbes and the host's 
cells, including intestinal epithelium and immune cells, support-
ing tissue renewal and gut homeostasis [94]. These processes are 
described in the literature, but our results do not allow conclusions 
about whether these processes are affected. Our observations are 
consistent with previous studies reporting higher microbial 
nucleotide biosynthesis pathway abundance in lean individuals 
compared to those with obesity [95]. In rapidly renewing tissues 
like muscle, particularly during growth, nucleotide demand in-
creases to support regeneration [96]. In our cohort, adenosine 
microbial biosynthesis pathways were reduced in OW children.

N. V � azquez-Bolea, C. Mora-Martínez, M. Cuervo et al. Clinical Nutrition 57 (2026) 106558

10



These findings represent an association between microbial 
nucleotide metabolism and weight status; however, more studies 
are needed to determine whether these associations have any 
implication for growth or metabolism. The observed depletion of 
microbial carbohydrate metabolism pathways in the OB group 
including chitin derivatives degradation, glucose and xylose 
degradation, anaerobic sucrose degradation, and the ED pathways 
is notable. The decrease in microbial pathways involved in glucose 
and xylose degradation in children with OB may indicate differ-
ences in the relative abundance of routes involved in the degra-
dation of simple sugars. Consequently, more glucose may be 
available for host absorption, potentially increasing systemic en-
ergy availability and contributing to adipogenesis when energy 
intake exceeds expenditure, as shown in other articles [97]. 
Nonetheless, our results reflect variation in pathway abundance 
and do not imply reduced functional capacity. Interestingly, the ED 
pathway, which has been reported to be responsible for catabo-
lizing glucose into pyruvate through a distinct set of enzymes 
different from those used in glycolysis or the pentose phosphate 
pathway [98], is also reduced in children with OB. This pathway is 
particularly active in certain Gram-negative bacteria [98]. As with 
the general glucose degradation pathway, a reduction in conver-
sion of glucose to pyruvate may be associated with a lower mi-
crobial production of key metabolic intermediates such as SCFA. At 
the same time, more glucose may remain available for host ab-
sorption and lipogenesis. Alterations in microbial carbohydrate 
metabolism may be associated with early-life features of an obe-
sogenic metabolic profile. However, SCFA production or glucose 
availability cannot be inferred from cross-sectional pathway 
abundance data and thus, these differences should be interpreted 
strictly as exploratory associations. Moving to lipid metabolism, 
the CDP diacylglycerol biosynthesis pathway III (PWY-5981), was 
decreased in OB. It is involved in phosphatidylglycerol synthesis 
[99]. Given the link between excessive phospholipid biosynthesis 
and OB risk in adults [100], the lower abundance observed in our 
cohort may reflect age-specific differences in microbial lipid 
metabolism rather than a causal effect. Lipids remain essential for 
children's growth and brain development [101], and variations in 
microbial lipid pathways may be associated with differences in 
lipid availability. However, the biological relevance of these 
observed differences remains unclear. Regarding bacterial species, 
Faecalibacterium prausnitzii was associated with the UTP and CTP 
dephosphorylation I pathway, which was also more abundant in 
children with OB. Altogether, these findings suggest that children 
with OB exhibit the most pronounced differences in microbial 
functional pathway abundance, particularly in carbohydrate and 
vitamin pathways, whereas OW children show more subtle shifts 
primarily in nucleotide metabolism. In contrast, UW children 
displayed minimal pathway alterations. All findings should be 
interpreted as associations derived from a cross-sectional analysis. 
Moreover, functional pathways inferred from metagenomic data 
reflect potential microbial metabolic capacity rather than actual 
functional activity and are likely influenced by microbial com-
munity structure or dietary factors; therefore, no causal or 
mechanistic interpretations can be made.
Despite the valuable insights provided by our study, several 

important limitations should be acknowledged. First, the cross-
sectional design prevents causal inference between gut micro-
biota composition and obesity development in early childhood. 
While we observed associations between certain microbial fea-
tures and weight categories, we cannot determine whether these 
patterns contribute to obesity or are a consequence of it. Second, 
although the overall sample size was large, the groups were highly 
heterogeneous in clinical characteristics, which may introduce 
variability and affect the interpretation of microbiota differences.

However, this heterogeneity may enhance the external validity of 
our findings, reflecting the diversity seen in real-world pediatric 
populations. Third, we used BMI as a standardized, age and sex 
adjusted measure of adiposity; however, BMI does not capture fat 
distribution or body composition nuances in young children. 
While it remains the most feasible tool for large scale studies, this 
limitation should be considered when interpreting associations 
with microbial composition. Importantly, our models did not 
include several factors known to influence gut microbiota in early 
childhood, such as diet, antibiotic exposure, recent infections, 
socioeconomic status, mode of delivery, breastfeeding history, and 
probiotic use. Their omission may have contributed to residual 
confounding, potentially influencing the observed associations 
between microbial features and BMI z-score. In spite of that, our 
study provides insightful research into microbiota patterns in an 
understudied age group, highlighting associations that can guide 
future research. We emphasize that these results should be 
interpreted with caution and that longitudinal studies including 
these variables are needed to infer the direction of causality. 
Moreover, uncertainty in enterotype classification due to varia-
tions of gut composition with age and generally low effect sizes 
(PERMANOVA R 2 ), common in microbiota research, should be 
considered avoiding overinterpretation of the results and the po-
tential clinical relevance. Another key consideration is that the gut 
microbiota of children aged 3–6 years is still developing. Ongoing 
maturation and dynamic shifts in composition add variability to 
the observed patterns. This, together with the limited number of 
studies in this age group, restricts generalization and prevents 
highlighting results as fully conclusive. Observed microbial pat-
terns may continue to evolve over time, emphasizing the need for 
longitudinal studies to track microbiota trajectories and their long-
term impact on metabolic health. Finally, despite these limitations, 
our study gives meaningful information on gut microbiota in an 
understudied pediatric population. By identifying associations 
with early-life weight status, our findings lay the groundwork for 
future longitudinal research to clarify causal relationships, explore 
the role of modifiable environmental factors, and investigate po-
tential microbiota-targeted strategies for childhood obesity 
prevention.

5. Conclusions

Our findings indicate that childhood weight status, particularly 
obesity, in children from 3 to 6 years is associated with reduced gut 
microbiota alpha and altered beta diversity, as well as significant 
shifts in taxonomic composition. Enterotype distribution varies 
according to weight status, with a higher prevalence of Segatella 
and a reduction in Akkermansia/Alistipes profiles among children 
with obesity. In addition, alterations in several bacterial species 
highlight their potential role in weight status. Functional analyses 
further reveal that the gut microbiota of children with obesity is 
especially characterized by distinct patterns in nucleotide and 
carbohydrate metabolism. Together, these results underscore the 
gut microbiota's relevance not only as a biomarker of pediatric 
weight status but also as a potential modulator of metabolic 
health. Further research is needed to validate and expand upon 
these findings and to explore the potential of microbiota-targeted 
strategies for obesity prevention and management in children.
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