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Background: The microbiota-gut-brain axis plays a vital role in health, with growing evidence linking SJL to the gut microbiome. In
this study, the relationship between self-reported SJIL and gut microbiome composition is evaluated in an adolescent population.
Methods: A total of 120 healthy adolescents (69 females, 51 males; mean age 12.69+0.65 years) were included. We investigated the
associations of self-reported SJIL with gut microbial a-diversity, the Firmicutes/Bacteroidetes (F/B) ratio, specific bacterial taxa, and
functional gene diversity.

Results: Participants had an average SIL of 0.87+0.73 h, with 25.0% experiencing SJL >2 h/d. Although continuous SJL was negatively
correlated with a-diversity at the family level (Shannon and Simpson indices, all P<0.05), no significant differences were found between the
SJL <2 and >2 h/d groups. Several taxa across multiple taxonomic levels (e.g. Bacteroidia and Bacteroidales) were associated with SJL
(P<0.05). Differential abundance was observed for multiple families and genera between these two SJL groups. After FDR correction (¢<0.05),
only the glutamate dehydrogenase gene gdh K00262 was significantly enriched in the high SIL group (¢=0.05).

Conclusion: SJL is associated with shifts in functionally relevant gut taxa, rather than a global ecological restructuring, in
adolescents. Future work is needed to decipher the mechanisms of this microbiome-SJL interaction and its health significance.
Keywords: gut microbiome, sleep jetlag, adolescents

Introduction

SJL (SJL)-the persistent discordance between biologically driven circadian timing and externally dictated sleep-wake
patterns-has escalated into a global adolescent health epidemic.'? Recent epidemiological data from China reveal that
61.2% of school-age adolescents endure SJL >1 hour, while a substantial subset (17.8%) grapple with more severe
circadian disruption exceeding 2 hours.' Excessive SIL has multifaceted adverse effects on the health of children and
adolescents, including obesity,” cardiovascular morbidity,* dysregulated dietary patterns,” and psychological and beha-
vioral problems.6’7 It has also been linked to impairments in cognitive function,® memory,9 attention,'® and academic
performance.'' Thus, SJL represents a pervasive and modifiable health risk factor for adolescent well-being.

Growing evidence indicates that circadian rhythms are closely linked to the composition and function of the gut
microbiota.'>'* Even minor disruptions to circadian patterns can influence microbial community structure.'> For instance,
a study conducted within the ZOE PREDICT 1 cohort revealed that a 90-minute difference in sleep midpoint between
workdays and free days was associated with significant variations in the abundance of 17 gut bacterial species.'® It has been
proposed that SJL. may induce a state of systemic circadian disorder, potentially mediated or amplified by dysregulation of the
gut-brain axis.'” ' Therefore, the gut microbiome may act both as a target of SJL-induced disruption and as a key mediator in
translating circadian misalignment into broader physiological and neuropsychiatric consequences. Adolescence is a period of
active maturation of both the circadian system and the gut microbiome, The circadian timing system undergoes significant
changes during pubertal development, contributing to characteristic shifts in sleep-wake patterns.’®>' The gut microbiome
continues to develop toward an adult-like profile throughout adolescence, with its composition and function remaining
dynamic until stability is achieved in early adulthood.?*** Although adult studies have investigated the SJL-gut microbiome
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nexus, this area remains largely unexplored in adolescents- a demographic marked by heightened vulnerability to circadian
disruption. Whether conclusions from adult research extend to this developmental window, where both circadian systems and
gut microbial communities undergo maturation, remains uncertain. Addressing this research gap, the primary objective of this
study was to investigate the relationship between SJL and gut microbiome composition in an adolescent cohort. Secondary
objectives were to examine associations with alpha-diversity, relative abundances of key bacterial taxa, and functional gene
pathways. Emerging evidence suggests that circadian disruption can alter gut microbial nitrogen metabolism,** which in turn
affects host metabolic health and intestinal barrier function. We hypothesized that elevated SJL (SJL) would correspond to
a perturbed microbial profile, reflected in diminished alpha-diversity and altered abundances of specific taxa and functional
pathways using the NCycDB database.

Methods
Study Design and Participants

In December 2024, we recruited a non-random sample of early adolescents (12—14 years) from a single public primary
school located in the central urban area of Cixi, Zhejiang Province, China. All participants were in apparently good
health. Participants were excluded if they (i) declined assent or whose guardians withheld consent, (ii) carried physician-
diagnosed chronic conditions (eg., metabolic, endocrine, genetic, cardiac, or neurodevelopmental disorders, severe
malnutrition, or anatomical deformities), or (iii) had taken any medications known to affect gut microbiota composition,
such as antibiotics, proton pump inhibitors, laxatives, and probiotic supplements. The final analysis study included
120 healthy student participants. Detailed information regarding the purpose and procedures of the population-based
study was provided to all children and their parents or legal guardians, from whom written informed consent was
obtained. The research protocol received ethical approval from the Ethics Committee of the Ningbo Municipal Center for
Disease Control and Prevention (Approval No. 202313). Each participant completed a comprehensive questionnaire
covering demographic characteristics, general health status, sleep behaviors, and prior medical history.

SLJ Assessment

As reported in our previous study, SJL was estimated from self-reported sleep—wake schedules.”® Participants answered two
questions for both weekdays and weekends: (1)”What time do you usually go to bed? (2)”What time do you usually wake up?”
The SJL value, quantified in hours, was computed as the difference between the sleep midpoints on weekdays and weekends.*
Mid-sleep time was calculated as bedtime plus half of the total sleep duration, for weekdays and weekends, respectively.?’
Consistent with previous research, an SJIL > 2 h was used to classify participants into high-SJL and low-SJL groups.”

Gut Microbiome Sample Collection and Sequencing

Participants collected morning stool samples at home using EasySampler kits (ALPCO) and transferred them into tubes pre-filled
with DNA/RNA Shield (Zymo Research). Immediately after collection, samples were stored in liquid nitrogen and transported
within 24 hours to the research center in liquid nitrogen containers. Upon arrival, samples were immediately transferred and stored
at —80°C until DNA extraction. A total of n=120 stool samples were collected and processed for metagenomic sequencing. DNA
extraction was performed following the standard protocols of BMKCloud (Biomarker Technologies Corporation). DNA
concentration was quantified using a Qubit fluorometer (Thermo Fisher Scientific), and purity was assessed by OD260/280
and OD260/230 ratios using a NanoDrop spectrophotometer (Thermo Fisher Scientific). Samples were required to meet the
following criteria: DNA concentration >10 ng/uL, total DNA >0.1 pg, OD260/280 within 1.8-2.0, and OD260/230 >1.8.
Microbial DNA was isolated from 200 mg of faecal material with the PowerSoil® DNA Isolation kit (MO BIO) following the
manufacturer’s high-throughput protocol. DNA concentration and purity were assessed with a Qubit 2.0 fluorometer (Thermo
Fisher). Genomic DNA was randomly fragmented, and libraries were prepared with the TrueLib DNA Library Rapid Prep Kit for
[llumina (ExCell Bio). Paired-end sequencing (2x150 bp, 500 bp inserts) was performed on an Illumina NovaSeq 6000 at
Biomarker Technologies (Beijing). Taxonomic classification, functional annotation (Nitrogen Cycle Database), and assembly
procedures followed previously published pipelines.*®? The detailed workflow was as follows: (i) Quality filtering: Raw reads
were filtered using fastp (v0.23.2) with parameters as implemented in the BMK Cloud platform (date accessed: 15/04/2025). Low-
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quality or ambiguous reads were removed. (ii) Host read removal: Filtered reads were aligned to the human reference genome
(GRCh38) using Bowtie2 (v2.4.4); mapped reads were discarded. (iii) Metagenomic assembly: Clean reads were assembled using
MEGAHIT (v1.2.9) with default parameters. Contigs <300 bp were filtered out. Assembly quality was assessed using QUAST
(v5.0.2). (iv) Gene prediction and non-redundant gene set construction: Coding regions were predicted using MetaGeneMark
(v3.26) with default parameters. Redundancy was removed using MMseqs2 (v12-113e3) with 90% sequence identity and 80%
coverage thresholds. (v) Functional annotation: Predicted genes were annotated using the NR, GO, KEGG, eggNOG,Pfam and
SwissProt databases as implemented in the BMK Cloud platform (date accessed: 15/04/2025). To specifically investigate nitrogen
metabolism, a pathway of interest given the hypothesized link between circadian disruption and microbial nitrogen cycling, we
performed targeted functional annotation using the NCycDB database via the BMKCloud platform. NCycDB is a manually
curated database of nitrogen cycle-related genes, comprising 84,759 (95% identity) and 219,146 (100% identity) representative
sequences across 68 gene subfamilies covering eight nitrogen cycle processes.”**° All raw metagenomic data were deposited in
the National Center for Biotechnology Information Sequence Read Archive (https://www.ncbi.nlm.nih.gov/) under BioProject
accession number PRINA1403232.

Statistical Analysis

Continuous variables are presented as mean and standard deviation, median and interquartile range, and categorical
variables as frequencies (%). Mann—Whitney U-tests (two-tailed) were employed to compare bacterial relative abun-
dances, alpha-diversity indices, and functional gene counts between high and low SJL groups. Partial Spearman
correlations evaluated associations between continuous SJL values and alpha-diversity metrics (Chaol, Shannon,
Simpson, Invsimpson). For partial correlation analyses of individual bacterial taxa, taxa were included if they met the
following criteria: ubiquity >80% (present in at least 96 of 120 participants) and mean relative abundance >2% at their
respective taxonomic levels. To evaluate the adequacy of the sample size for detecting differences in alpha-diversity
between the high and low SJL groups, we conducted a post-hoc power analysis using the observed effect size for the
Shannon diversity index (Cohen’s d = 0.28). The analysis was performed using the pwr package in R (version 4.2.0),
with a set at 0.05 (two-tailed). The achieved power was 0.32, indicating insufficient power to detect a small-to-moderate
effect. Differential taxa at the genus level were identified with LEfSe (JLDA score| > 2) and the Kruskal-Wallis test (P <
0.05). Alpha-, beta-, and functional-diversity analyses were conducted on the BMK Cloud platform.*' We also performed
differential abundance analysis for functional genes with the non-parametric Mann—Whitney U-test, and applied false
discovery rate (FDR) correction to adjust for multiple testing. All of the other analyses were carried out using the
R software (version 4.1.0), and a two-sided P = 0.05 was considered statistically significant.

Results

Participants Characteristics

The general characteristics of the study participants are shown in Table 1. The mean age of the 120 adolescents (69
females/51 males) was 12.6940.65 years. The average SJIL was 0.87+0.73 h, and 30 participants (25.0%) reported SJL>
2hours/day. In addition, the average sleep duration was 8.32+0.83 h.

Relationships Between SJL with Gut Microbiome Variables

Descriptive statistics for bacterial taxa that met the inclusion criteria at each taxonomic level are listed in Table 2. The analysis
revealed significant negative associations between a-diversity (assessed using the Shannon and Simpson) and SJL at the bacterial
family level (Shannon: Mid (P»s-P75)=2.08 (1.72-2.29), r=—0.183, Simpson: Mid (P,5-P-5)=0.80 (0.71-0.85), =—0.198, all P <
0.05). Descriptive statistics for bacterial taxa that met the inclusion criteria at each taxonomic level are listed in Table 3. Two of
the taxa, Bacteroidia (class) and Bacteroidales (order) were associated with SJL (Bacteroidia: Mid (P,5-P75)=40.8 1(24.24—
58.02), = 0.209; Bacteroidales: Mid (P,s-P75)=41.11 (24.29-58.14), r= 0.210, all P< 0.05). Beta diversity was assessed using
weighted UniFrac distance, and the principal coordinate analysis (PCoA) plot showed no significant separation between the high
and low SIL groups (PERMANOVA, R?=0.01, P=0.2, Figure 1). No differences in a-diversity of the fecal microbiota were
observed between subjects who were classified in the SIL <2 h/d and SJL >2 h/d groups (all P>0.05, Figure 1).
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Table | Participant Characteristics and Sleep Measures (n=120)

Characteristic Value
Age (year), mean (SD, range) 12.69 (0.65, 12—-14)
Sex, n, (%)
Female 69 (57.5)
Male 51 (42.5)
Sleep duration (hours/day),mean (SD, range) 8.32 (0.83, 6.65-11.29)
SJL (hours/day),mean (SD, range) 0.87 (0.73, 0.00—4.50)
SJL= 2hours/day, n, (%) 30 (25.0)
SJL< 2hours/day, n, (%) 90 (75.0)
Sleep midpoint, time (hh:mm), mean (SD, range)
On weekdays 02:11 (00:22, 01:00-03:10)
On weekends 02:44 (00:58, 00:30-05:30)

Table 2 Partial Correlations of a-Diversity Indices and Firmicutes/Bacteroidetes Ratio (F/B)

with the SJL

o-Diversity Indices and Mid (P»5-P7s5) r P-value

Firmicutes/Bacteroidetes Ratio (F/B)

a-diversity

Family level
Chaol 162.84 (133.30-209.52) —0.118 0.204
Shannon* 2.08 (1.72-2.29) -0.183 0.048
Simpson* 0.80 (0.71-0.85) -0.198 0.033
Invsimpson 5.12 (3.40-6.52) —0.070 0.455

Genus level
Chaol 537.53 (440.48-651.24) —0.084 0.366
Shannon 2.73 (2.34-2.94) —0.160 0.084
Simpson 0.87 (0.79-0.91) —0.134 0.150
Invsimpson 7.46 (4.68-10.71) -0.174 0.061

Firmicutes/Bacteroidetes ratio (F/B) 0.89(0.40-1.90) 0.014 0.882

Note: *P = 0.05 shows significant statistical difference, partial correlation analysis adjusted for age, sex and sleep
duration; Mid, Median; P,s, 25th percentile; P75, 75th percentile.
Abbreviation: SJL, social jetlag.

Comparison of Bacterial Composition Between the Groups

At the family taxonomic level, Ruminococcaceae showed a tendency toward greater relative abundance (LDA SCORE >3,
P <0.05) in subjects with SIL >2 h/d than in those with SJL <2 h/d. Conversely, the abundances of Atopobiaceae,
Coprobacillaceae, Peptostreptococcaceae, Campylobacteraceae, Treponemataceae, and Clostridiaceae were all observed
to be higher in the SJL <2 h/d group (Figure 2A and B). At the genus level, multiple taxa such as Ligilactobacillus,
Acidovorax, Eisenbergiella, Olsenella, Coprobacillus, Campylobacter, Finegoldia, and Treponema exhibited an upward
trend in relative abundance ([LDA SCORE| >2, P <0.05) within the SJL <2 h/d group (Figure 3A and B).

Differential Abundance Analysis of Functional Genes

To further investigate the microbial nitrogen metabolism pathways influenced by SJL, functional genes were aligned with
the specialized Nitrogen Cycle Database (Ncyc orthology). The abundance of 57 microbial nitrogen metabolism key
genes was compared between the normal and high SJL groups using the non-parametric Mann—Whitney U-test, with
multiple comparisons adjusted by false discovery rate (FDR) correction. After this stringent adjustment (g < 0.05), only
the gdh K00262 gene reached the threshold for significance (q = 0.05). However, this boundary finding should be

interpreted with caution, as it shows a higher abundance in the high SJL group (q = 0.05). However, four other genes-
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Table 3 Partial Correlations of Select Bacterial Taxa with the SJL

Bacterial Taxa Relative Abundance (%), r P-value
Mid (P25-P75)
Phylum
Bacteroidetes 43.38 (25.23-57.70) 0.143 0.124
Firmicutes 36.51 (22.63-51.33) —0.039 0.677
Proteobacteria 5.32 (2.04-11.17) —0.123 0.186
Actinobacteria 3.96 (1.81-8.37) —0.156 0.092
Class
Bacteroidia* 40.8 1(24.24-58.02) 0.209 0.023
Clostridia 28.62 (17.34-41.01) —0.142 0.126
Order
Bacteroidales* 41.11 (24.29-58.14) 0.210 0.023
Eubacteriales 28.54 (17.36—40.99) —0.143 0.124
Family
Bacteroidaceae 20.94 (11.16-34.32) —-0.137 0.139
Oscillospiraceae 12.05 (6.59-20.25) 0.164 0.078
Lachnospiraceae 8.08 (5.15-14.03) 0.044 0.634
Genus
Bacteroides 12.57 (7.37-25.13) 0.142 0.127
Phocaeicola 5.46 (2.97-11.48) 0.063 0.498
Ruminococcus 3.39 (1.55-8.60) -0.112 0.230
Faecalibacterium 3.54 (1.76-5.91) —0.113 0.226
Species
Faecalibacterium_prausnitzii 3.01 (1.49-4.88) —0.103 0.270
Phocaeicola_vulgatus 2.24 (1.03—4.60) 0.133 0.154

Note: *P < 0.05 shows significant statistical difference, partial correlation analysis adjusted for age, sex and
sleep duration; Mid, Median; P,s, 25th percentile; P;5, 75th percentile.
Abbreviation: SJL, social jetlag;

ureA, ureC, gdh k15371, and nosZ-which showed nominally significant differences in raw p - values (all P < 0.05), did
not retain statistical significance after FDR correction (all g > 0.05). All gene-level summary statistics-including median
abundance, interquartile range, uncorrected P-values and FDR-adjusted g-values are provided in Supplementary Table 1.

Discussion
This study revealed that SJL in children was significantly associated with certain gut microbiota. Although it did not affect the
alpha or beta diversity of the gut microbial community between the groups with SJL > 2 h/d and those below this threshold,
notably, a distinct pattern of differential microbial abundance was observed between the SJL groups. To the best of our
knowledge, this study therefore provides the first metagenomic evidence linking SJL to pediatric gut microbiota disruption.
Our findings suggest that the association between SJL and gut microbiota is weak and not holistic. A monophyletic
assemblage comprising the class Bacteroidia and the order Bacteroidales showed concomitant elevation alongside increasing
SJL. This pattern points to a potential shift in the gut microbiota toward a greater abundance of Bacteroides in individuals with

233 geveral

elevated SJL. Although Bacteroides members are renowned for metabolic versatility and resilient gut colonisation,’
strains can ignite mucosal inflammation under host-specific contexts.** Therefore, an increase in these taxa in individuals with
SJL > 2 h/d might indicate a microbiota configuration that is primed to promote or exacerbate inflammatory processes,
potentially linking disrupted sleep patterns to adverse health outcomes. This phenomenon may be mediated through two
primary pathways. Firstly, SJL often correlates with erratic eating patterns and poor diet quality, which are key determinants of
microbial community structure.'® Secondly, direct circadian disruption impairs essential gut functions, including motility,
secretion, and local immune surveillance, all of which have a profound influence on the microbial environment.>>
Consequently, this SJL-associated dysbiosis could be a significant contributor to the metabolic and inflammatory comorbid-

ities observed in individuals with irregular sleep - wake cycles.
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Figure 3 Differential bacterial taxa at the genus level between groups with social jetlag (SJL) 2 2 h/d and < 2 h/d. (A) Linear discriminant analysis effect size (LEfSe) analysis
identified taxa with significant differences in fecal microbiota between the two groups (SJL = 2 h/d: Orange; SJL < 2 h/d: blue). Taxa meeting the criteria of linear discriminant
analysis (JLDA|) score > 2 and a Kruskal-Wallis test p < 0.05 are listed are listed. (B) Cladogram generated by LEfSe illustrates the phylogenetic distribution of fecal
microbiota associated with each group. Abbreviations: p, phylum; c, class; o, order; f, family; g, genus.

We observed a disproportionate expansion of the Ruminococcaceae lineage within the high-SJL microbiome. This
echoes a recent meta-analysis that likewise catalogued a rise in the same family under chronic sleep curtailment
conditions.’® Although these organisms are among the principal colonic producers of short-chain fatty acids (notably
butyrate), which support epithelial turnover and mucosal integrity,*”*® heir role in health is context-dependent. Specific
species such as Ruminococcus gnavus have been linked to inflammatory conditions, and recent evidence suggests that
their enrichment may reflect shifts in bile acid metabolism rather than a uniform health benefit.** Whether the observed
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expansion of Ruminococcaceae in our circadian-misaligned cohort stabilizes barrier function or, conversely, contributes
to low-grade inflammation will require isolate-level metagenomics and gnotobiotic modeling.*’

At genus-level resolution, subjects with low SJL scores carried a taxonomically broader assemblage. Among the
expanded genera, Ligilactobacillus-whose members are routinely used as live biotherapeutics—was markedly enriched,
suggesting a community structure that favors intestinal stability.'* Inaddition, the abundance of Olsenella and
Coprobacillus genera also increased in individuals with low SJL, but their specific functions in gut homeostasis remain
unclear and require further investigation. However, the increased abundance of Campylobacteraceae (genus
Campylobacter), Treponemataceae (genus Treponema), and Peptostreptococcaceae (potentially including Finegoldia) in
the low SJL group presents a paradoxical finding. For individuals with low SJL, which reflects stable metabolic and
circadian rhythms, these microbial taxa often display behavior characterized by conditional pathogenicity or functional
duality.*' The observed pattern indicates that individuals with regular sleep -wake cycles may have a different, and not
universally beneficial, ecological network of gut microbiota. It is possible that in the context of overall metabolic and
circadian stability, these taxa exist as commensals without provoking disease, a state potentially disrupted by the
physiological stress of high SJL.

In our study, the divergent microbial profiles appear to stem from the manifold physiological and behavioral consequences
of SJL. First, SJIL frequently accompanies dietary shifts-lower overall diet quality, erratic eating schedules, and diminished
consumption of microbiota-supportive items such as nuts. Nutrients act as immediate growth substrates for bacteria, while the
temporal structure of meals entrains microbial oscillations in peripheral tissues.'®** Second, disruption of circadian clocks
intrinsically perturbs fundamental host processes governing the intestinal milieu, motility, barrier integrity, and mucosal
immunity.**~* Such alterations modify local nutrient flux, oxygen levels, and antimicrobial-peptide release, thereby opening
niches that selectively promote the bloom of particular taxa.*>*’ In summary, our findings corroborate earlier evidence that
circadian misalignment constitutes a key behavioral driver of microbiota structure.'®

Our present study specifically identified an up-regulation of the microbial glutamate dehydrogenase gene
gdh_K00262, which is a phylogenetically widespread and biochemically characterized genetic marker for a critical
step in microbial nitrogen metabolism,*® in individuals exhibiting high SIL. This observation suggests a targeted
functional change in gut microbiota nitrogen metabolism. Given the established evidence that SJL alters gut microbial
composition and that microbiota functions exhibit circadian rhythms, this shift in gdh K00262 may represent a metabolic
adaptation to host circadian disruption. Although the functional consequences of this alteration remain to be determined,
we hypothesize that it could modulate microbial glutamate synthesis and, potentially, influence the availability of
neuroactive precursors such as GABA via the microbiota-gut-brain axis.*>>* This speculative mechanistic link between
SJL and neurobehavioral outcomes warrants investigation in future studies integrating metabolomic, neuroimaging, and
behavioral assessments. It should be noted that the significant association for gdh K00262 was observed at the
conventional FDR threshold of 0.05. Given the exploratory nature of this analysis and the potential for type I error,
this finding requires replication in larger, independent cohorts.

Furthermore, the microbial signature associated with lower SJL (<2 h/d) is notable It is characterized by an increased
abundance of taxa like the probiotic genus Ligilactobacillus’' and the health-associated families Atopobiaceae52 and
Coprobacillaceae,™ suggesting a more beneficial gut microbiota profile with stable sleep-wake cycles. In contrast, the
high SJL group showed a trend only toward enriching Ruminococcaceae,” a key SCFA producer. Although SCFAs are
advantageous, this selective increase may reflect an adaptive response to circadian disruption. Consequently, the
physiological meaning of this specific microbial shift requires confirmation through future research.

This study is subject to a number of limitations that must be recognised. Firstly, the relatively small sample size within
each SJL subgroup, notably the underrepresentation of the lower SJL cohort. A post-hoc power analysis revealed that the
study was underpowered (power = 0.32) to detect the observed effect size for alpha-diversity. Therefore, the null findings
may reflect insufficient statistical power rather than a true absence of association. Future studies with larger, more balanced
samples are needed to more definitively evaluate the relationship between SJL and gut microbiota diversity. Secondly, the
cross-sectional design precludes causal inference. It remains unclear whether SJL drives the microbial changes or if a pre-
existing gut microbiota composition predisposes individuals to greater circadian misalignment. Future longitudinal and
interventional studies are needed to establish causality. Thirdly, the reliance on child self - report without parental verification

Nature and Science of Sleep 2026:18 heeps: 9



@ Gong et al

may have further contributed to measurement error. Additionally, we did not use objective sleep assessment tools such as
wrist-worn actigraphy, which would have provided more precise estimates of sleep timing and enabled the validation of the
self-reported measures. Future studies that incorporate both subjective and objective sleep assessments, along with parental
verification when appropriate, are warranted to more accurately capture SJL in adolescent populations. Fourth, detailed
dietary intake data were not collected. We cannot rule out the possibility that unmeasured dietary differences may have
confounded the observed SJL-microbiome associations. Future studies should incorporate detailed dietary assessments to
better isolate the independent effects of circadian disruption. Lastly, by sampling exclusively in winter, we may have
introduced uncontrolled confounding related to seasonal factors, including reduced daylight duration, altered dietary patterns,
and decreased outdoor physical activity. These season-specific conditions may limit the applicability of our findings to other
seasons or geographic regions with different climate patterns. Future multi-site studies employing year-round recruitment
across diverse geographic and climatic settings are warranted to validate and extend our observations.

Conclusion

In summary, this study reveals an association between SJL and specific bacterial taxa in the gut microbiota of children.
Our findings suggest that SJL may not induce wholesale restructuring of the overall microbial community, but rather
exerts targeted modulation of select functional taxa. These observations indicate that even in the absence of broad shifts
in community structure, SJL can still perturb gut microecology by influencing key bacterial populations. However,
several limitations should be considered when interpreting these findings. The relatively small sample size, particularly in
the high SJL group, resulted in limited statistical power, which may have contributed to null findings for some
comparisons. The reliance on self-reported sleep timing introduces potential recall and reporting bias, and the absence
of comprehensive dietary data limits our ability to control for important confounders. Additionally, the single site, single
season, and cross-sectional design precludes inferences about causality or temporal dynamics. Future studies with larger,
more balanced samples, objective sleep and dietary assessments, and longitudinal designs are needed to confirm and
extend these findings, and to clarify the mechanistic pathways linking SJL to child health outcomes.
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