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Early-life gut microbiome is
associated with behavioral
disorders in the Rio birth cohort

Nathalia Ferrazzo Naspolini%?*“, Ana Paula Natividade?, Carmen lldes Froes Asmus?,
Josino Costa Moreira3, Maria Gloria Dominguez-Bello*> & Armando Meyer?

Emerging evidence has been linking changes in the early-life gut microbiome and neurodevelopmental
outcomes. The founder bacteria that first colonize the infant’s gut determine the microbial succession
that signals host tissues and impact development including the brain. Here we investigated the
association between the meconium microbiome and neurobehavior. To this end, we surveyed the

16S rRNA gene on meconium samples and assessed behavioral outcomes at six-months of age by the
Denver Developmental Screening Test || (DDST-1I). Among the four behavioral domains investigated,
the personal-social domain was associated with significant differences in meconium bacterial

beta diversity (unweighted UniFrac; R? 0.078, p=0.021) and reduced alpha diversity (B =-2.290,

95% Cl = -4.212; Cl=-0.368), after adjustment for gestational antibiotics, preterm delivery, and
delivery mode. Besides, this altered neurobehavior (failing to meet the milestone) was associated
with overrepresented Ruminococcaceae, Christensenellaceae, and Eubacterium, Treponema,
Senegalimassilia, Ruminiclostridium, Roseburia, Romboutsia, Prevotella, and Veillonella seminalis.
Predicted functional genes showed reduced abundance in association with altered neurobehavior (all
q<0.15). Fine and gross motor skills presented no associations with the microbiome. This pilot study
shows associations between the first gut microbiome and behavioral outcomes that deserve further
studies in different neonate populations.

Keywords Early-life microbiome, Founder microbes, Ruminococcaceae, Infant neurodevelopment,
Neurodevelopmental screening

A growing body of epidemiological evidence has linked differences in the early-life gut microbiome structure
with neurodevelopmental changes. Genera Bacteroides and Bifidobacterium have been associated with non-
social fear behavior, duration of orientation, and cognitive and motricity development!. Microbial associations
with neurodevelopment are poorly understood and need to be confirmed in different human populations,
causality demonstrated, and underlying mechanisms clarified.

The neonatal microbiome starts assembling during partum in babies vaginally born or right after birth in
babies born by C-section. Founder bacterial populations, which naturally come from the maternal vagina-
perineum arrive to initiate an ecological succession that matures in a stable adult-like microbiome, which for
the gut takes at least 3 years?. The microbiome maturation occurs in tandem with the development of the host,
including the endocrine, mucosal immune, and central nervous system3. Alterations to the normal microbiome
maturation affect this critical developmental process and increase the risk of metabolic?, immune®, and
behavioral outcomes'. Specifically, C-section birth and antibiotics have been epidemiologically associated with
increased risk of autism spectrum disorder (ADS).

A few studies have explored specifically the associated effects of primordial gut microbiome in the neonate.
We previously reported that maternal exposure to environmental pollutants was associated with changes in
meconium and developmental feces®. The health consequences of gut microbiome alterations are to be elucidated.
Here, we characterize the meconium microbiome structure in neonates with the Denver Developmental
Screening Test IT (DDST-II) score assessed at 6 months of age.
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Results

Characteristics of the study population

In this study, we characterized the meconium microbiome and associated it with four Denver developmental
domains at 6 months of age. The domains investigated included the personal-social, language, gross and fine
motor and, only the first was associated with changes in meconium microbiome. Thus, our analyses included 36
infants, 14 female (38.9%), 19 (55.6%) were born by C-section, three (8.3%) were exposed to antibiotics during
gestation, the mean (sd) birth weight was 3309.73 g (512.92 g) and, two (5.6%) were pre-term, 26 were born to
non-white mothers (72.2%). The mean (sd) family income was U$ 578.04 (300.45), mothers had a mean (sd) of
12.53 (2.55) years of education and a mean (sd) of 29.81 (7.10) years old. Infants within the failure group of the
personal-social domain had higher exposure to antibiotics during pregnancy (n=2; 40.0%; p=0.006). No other
difference in sociodemographic and clinical characteristics was found between infants’ groups (Table 1).

Associations between meconium microbiome and behavioral outcomes

We observed significant differences between infants’ groups for beta diversity, based on both weighted and
unweighted UniFrac metrics (R% 0.078, p=0.021, PERMANOVA) (Fig. 1A). Infants who meet milestones in
the personal-social domain (p=0.001, Wilcoxon test; n=31) showed higher meconium alpha diversity (Fig. 1B)
compared to infants who did not meet milestones in the personal-social domain (n=5). Differential taxa within
the Ruminococcaceae family (UCG010, UCG005, UCG002, UCGO14) (all q<0.15) was associated with infants’
groups after adjustment for gestational antibiotics, preterm delivery, and delivery mode (Fig. 1C).

Infants who did not meet milestones in the test showed significantly enriched OTUs in the Ruminococcaceae
family (UCG010, UCG005, UCGO002, UCGO14), and genera Eubacterium, Veillonella seminalis,
Treponema, Senegalimassilia, Ruminiclostridium, Roseburia, Romboutsia sp., Prevotella, Micrococcales, and
Christensenellaceae (all <0.15) while those were depleted in infants who meet milestones in the test, after
adjusting for gestational antibiotics, delivery mode and preterm delivery (Table 2). Furthermore, multivariable
linear modeling reveals that meconium alpha diversity was inversely associated with failing in the personal-
social domain at 6 months of age (p: — 2.290; 95% CI — 4.212; — 0.368) after adjustment for gestational antibiotics,
preterm delivery, and delivery mode (Table 3).

Meconium microbiome functional prediction

To investigate the differences in functional composition between the meconium microbiome associated with the
personal-social domain groups, we applied the PICRUSt software package to predict metagenome functional
content from 16S rRNA survived on the meconium samples. Figure 2 shows the potential gene content changes
by infants’ groups. In infants who did not meet milestones in the personal-social domain, a total of 34 pathways
were depleted. These included pathways for the biosynthesis of heme, cysteine, preQ0, vitamins K and B12,
amino acids, thiamine, and pyrimidine. Additionally, pathways involved in building block components (such
as colanic acid, O-antigen, and peptidoglycan), fatty acids and lipids, sugar nucleotides, and polyamines were
affected. Pathways related to sulfate reduction, energy metabolism, and glycine betaine degradation were also
depleted. In the same infant group, a total of 13 pathways were enriched. These included five pathways associated
with energy metabolism (such as sucrose and starch degradation, glycogen biosynthesis and degradation, and
the pentose phosphate pathway), four pathways involved in nucleoside and nucleotide biosynthesis (including
adenosine, guanosine, and ribonucleotides), as well as pathways for fermentation, amino acid biosynthesis, and
aminoacyl-tRNA biosynthesis.

Discussion

The relationship between the gut microbiome and neurodevelopment has gained increasing acceptance largely
as a result of epidemiological evidence! and mechanistic studies in animal models’. In this work we found
increase in the abundance of Ruminococcaceae (UCG002, UCG005, UCG010, UCGO014), Christensenellaceae,

Personal-social domain groups

Passed (N=31) | Failed (N=5) Total p-value
Female, N. (%) 13 (41.9%) 1(20.0%) 14 (38.9%) 0.350
Male, N. (%) 18 (58.1%) 4(80.0%) 22 (61.1%)
C-section delivery, N. (%) 18 (58.1%) 2 (40.0%) 20 (55.6%) 0.451
Gestational antibiotics, N. (%) 1(3.2%) 2 (40.0%) 3(8.3%) 0.006
Birth weight (g), mean (sd) 3389.39 (521.17) | 3393.00 (373.72) | 3389.89 (498.78) | 0.988
Preterm delivery 2 (6.5%) 0(0.0%) 2 (5.6%) 0.559
Maternal ethnicity (non-white), N. (%) | 22 (71.0%) 4 (80.0%) 26 (72.2%) 0.676
Family income (US dollar), mean (sd) | 591.81 (386.95) | 485.10 (242.91) | 578.04 (300.45) | 0.517
Maternal education (years), mean (sd) | 12.64 (2.66) 11.80 (1.64) 12.53 (2.55) 0.499
Maternal age, mean (sd) 30.55(6.91) 25.20 (7.19) 29.81 (7.10) 0.119
Shannon Index 1.99 (0.85) 0.62 (0.54) 1.80 (0.94) 0.002

Table 1. Characteristics of the participants stratified by neurodevelopmental outcome at 6-month of age.

Significant values are in [bold].
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Fig. 1. Associations between meconium microbiome and the Denver personal-social domain at 6 months

of age. (A) Principal Coordinate Analysis (PCoA) using the weighted UniFrac distance metric, the ellipses

and colors indicate Denver’ test milestones (passed/failed). (B) Alpha diversity differences between the two
groups (passed [N =31]/failed [N =5]) from Wilcoxon test. All meconium models were adjusted for gestational
antibiotics, delivery mode, and preterm delivery. (C) Differential taxa within the Ruminococcaceae tree

by Denver groups (passed/failed) in the personal-social domain obtained from linear regression models.

*p-value <0.001 & g-value<0.15.
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Taxon Coefficient | SE p-value | q-value
Christensenellaceae.R.7.group.s_.otu_985 0.264 0.082 | 0.003 0.146
Eubacterium.coprostanoligenes.group.otu_353 | 0.264 0.082 | 0.003 0.146
Eubacterium.hallii.group.s_.otu_1735 0.274 0.080 | 0.002 0.102
Firmicutes.c_.otu_2081 0.264 0.082 | 0.003 0.146
Micrococcales.f_.otu_895 0.264 0.082 | 0.003 0.146
Prevotella.2.otu_1144 0.274 0.080 | 0.002 0.102
Romboutsia.sp.otu_205 0.264 0.082 | 0.003 0.146
Roseburia.s_.otu_1798 0.264 0.082 | 0.003 0.146
Ruminiclostridium.6.otu_361 0.274 0.080 | 0.002 0.102
Ruminiclostridium.otu_427 0.274 0.080 | 0.002 0.102
Ruminococcaceae.UCG.002.0tu_439 0.264 0.082 | 0.003 0.146
Ruminococcaceae.UCG.002.0tu_440 0.264 0.082 | 0.003 0.146
Ruminococcaceae.UCG.005.0tu_403 0.264 0.082 | 0.003 0.146
Ruminococcaceae.UCG.005.s_.otu_399 0.274 0.080 | 0.002 0.102
Ruminococcaceae.UCG.010.0tu_289 0.264 0.082 | 0.003 0.146
Ruminococcaceae. UCG.014.0tu_1025 0.264 0.082 | 0.003 0.146
Senegalimassilia.otu_800 0.274 0.080 | 0.002 0.102
Treponema.2.otu_832 0.274 0.080 | 0.002 0.102
Veillonella.seminalis.otu_947 0.264 0.082 | 0.003 0.146

Table 2. Gut microbiome taxa significantly associated with failing in the personal-social domain at 6 months
of age.

Personal-social domain

Crude model Adjusted model*

B 95% CI B 95% CI
Shannon | —2.297 | — 4.140; — 0.453 | — 2.290 | — 4.212; — 0.368

Table 3. The association between the meconium alpha diversity at birth and failing in the personal-social
domain at 6 months of age. *Adjusted for gestational antibiotics, preterm delivery, and delivery mode.
Significant values are in [bold].

Eubacterium, Treponema, Senegalimassilia, Ruminiclostridium, Roseburia, Romboutsia, Prevotella, Veillonella
seminalis and Eubacterium coprostanoligenes. and reduced meconium alpha diversity and functional capacity
associated with failing in the personal-social skills test at 6 months of age.

Theresults from previousstudies point to Bacteroides and Bifidobacteriumasbenefic generaimpacting behavior,
cognition and motricity development at 1-12 months of age. Conversely, the effects related to Lachnospiraceae,
Streptococcus and Faecalibacterium have a variable influence on behavior and brain development!. Additionally,
the Ruminococcaceae family was associated with surgency in 2.5 months-old infants!'?, smaller volume of
superior occipital gyrus at 1 year of age!!, and consistently with depressive symptoms in adults'2 Notably, a large
study involving 2593 adults associated Ruminococcaceae (UCG002, UCG003, UCG005) and Lachnospiraceae
families (Sellimonas, Lachnoclostridium, Hungatella, Eubacterium ventriosum, LachnospiraceaeUCG001, and
Ruminococcus Gauvreau Group) with depressive symptoms!?, which aligns with the findings of our study.

In our study, increased abundance of Roseburia, Eubacterium hallii, and the family Ruminococcaceae was
associated with failing in the personal-social domain. These genera belong to the Lachnospiraceae family,
in which the influence on human health is related to the production of short chain fatty acids (SCFAs). In
particular, Roseburia and the Ruminococcaceae family are among the primary bacteria responsible for butyrate
production!®15. Previous studies have reported associations between Roseburia abundance and brain functional
connectivity, with this relationship mediated by the pro-inflammatory cytokine interleukin-6 and tumor necrosis
factor alpha. This suggests that immune signaling pathways, potentially influenced by Roseburia's production
of butyrate, play a role in microbiota-brain communication'®. In murine model, a low dose of penicillin led
to an increase in Lachnospiracea, which in turn increased cytokine expression in the frontal cortex, modified
blood-brain barrier integrity and altered behavior. The antibiotic-treated mice exhibit impaired anxiety-like and
aggressive behavior!”.

Together with Roseburia, Eubacterium hallii was also associated with personal-social skills. This genus
contributes to the production of propionate. While butyrate is involved in neurotransmitter release mechanisms's,
as a facilitator of synaptic plasticity and processes related to cognition, learning and memory'®, propionate can

influence gap junction gating in the blood brain barrier?.
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Fig. 2. Altered meconium microbiome gene content prediction in infants who did not meet milestones in
the personal-social domain at 6 months of age. The point indicates the  estimate of the associations between
infants’ group on microbiome functional profile adjusted for gestational antibiotics, delivery mode, and
preterm delivery. The horizontal band represents the standard error. All g-value <0.15. Colors indicate either
superclass2 or pathways’ importance.

In addition to the interaction with the immune system, a lower abundance of Lachnospiraceae has been
associated with greater hypothalamic-pituitary—adrenal (HPA) reactivity, as assessed by measuring salivary
cortisol levels in one-month-old infants. Changes in the HPA axis have been related to psychiatric disorders
in adults®'. Findings regarding the Lachnospiraceae family and the impact on brain development are very
divergent across the studies, probably due to the different genera described by them. And possibly owing to the
methodologies for taxonomy alignment that do not always identify at the genus level within this family.

Increases in Treponema and Ruminiclostridium after early-life stress have been associated with elevated
levels of corticosterone, adrenocorticotrophic hormone, and glucocorticoid receptors in the hippocampus?.
These microbiome changes, along with altered glutamate receptor expression, show a positive correlation with
depressive phenotypes in mice, suggesting a link between early-life stress, gut microbiome shifts, and mood
disorders®2.

A clinical trial in patients with ASD found a reduction in Eubacterium coprostanoligenes abundance after
fecal microbiota transplantation and this was positively correlated with decreased gastrointestinal and autism-
like symptoms. Eubacterium coprostanoligenes was negatively correlated with serum GABA levels, suggesting it
may influence neurotransmitters involved in mood and behavior. Additionally, children in ASD group showed a
relative higher abundance of Christensenellaceae R-7 group?. In our study, both Eubacterium coprostanoligenes
and Christensenellaceae R-7 group were found elevated in infant’s group who did not meet milestones in
the personal-social domain, suggesting a possible link between these genera and social-emotional aspect of
development.

Beyond shifts in the taxonomic profile, functional gene prediction revealed several microbial pathways to be
underrepresented in infants who did not meet milestones in the personal-social domain. The lower microbiome
diversity observed in these infants’ meconium samples may be linked to a reduced metabolic capacity. Typically,
a diverse microbiome supports a wider array of metabolic functions, which are critical for producing essential
metabolites that may influence host development, including neurological and social-behavioral outcomes*%.
Additionally, this group of infants showed an increased relative abundance of OTUs within the same family,
which may explain the reduced functional capacity observed compared to infants who meet milestones in the
personal-social domain.

Notably, we observed a significant reduction in the glycine betaine degradation pathway, which may
influence the methionine cycle. Predicted genes related to vitamin B12 biosynthesis were also reduced, along
with pathways for glutaryl-CoA and creatinine degradation. These findings suggest potential disruptions in key
metabolic pathways: methionine, a precursor to homocysteine, relies on B12 for its reconversion, and glutaryl-
CoA is a product of lysine and tryptophan catabolism. Altered homocysteine metabolism and reduced levels of
glutathione and amino acids like tryptophan and tyrosine have been associated with mood disorders, including
depression?®.
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We recently showed in 106 infants and their mothers that gestational exposure to environmental pollutants is
associated with alterations in the infant’s microbiome with a compounded effect of stressors such as antibiotics,
C-section, and preterm birth, which aggravate the pollutants’ effect®. Here we show that changes in meconium
microbiome are associated with personal-social skills at 6 months of age.

The personal-social domain of the Denver test encompasses the social-emotional aspect of development
which, up to one year of age, includes smiling spontaneously, discriminating between familiar people and
strangers, responding to own name, imitating simple actions of others, among others?’. Later, stronger elements
of a child’s socialization are screened by this domain®®. It is interesting that similar taxa found in infants who did
not meet milestones in the personal-social domain were previously found in adults with depression symptoms>.
Suggesting that differences or interventions in early life can have outsized and longer-term consequences.

Potential limitations of our study should be considered. The small and imbalanced sample size may lead to
variability in effect size estimates, potentially introducing bias and affecting the power to detect true associations.
Besides, the findings should be interpreted and generalized with caution, and further research with larger
and more balanced groups will be valuable in confirming these results and enhancing the robustness of our
conclusions. Finally, while our study design could demonstrate temporality, it was not intended to establish
causality. However, although preliminarily, this study deserves appreciation for being innovative in assessing the
primordial gut microbiome and behavioral outcomes in infants. Once the abundance of Lachnospiraceae and
Ruminococcaceae have been previously linked to depression in adults and, in this study, with social-emotional
skills in infants, we highlight that interventions in early life can have significant and lasting consequences due
to the dynamic and plastic nature of both the gut microbiome and the brain. Further studies in larger cohorts,
and in different neonate populations, surveying microbial functional pathways and metabolites are needed to
provide mechanistic insights.

In conclusion, this study found associations between meconium alpha and beta diversity with personal-
social skills at 6 months of age. Several taxa were associated with these changes including enrichment in
the Ruminococcaceae family, and genera Eubacterium, Veillonella seminalis, Treponema, Senegalimassilia,
Ruminiclostridium, Roseburia, Romboutsia sp., Prevotella, Micrococcales and, Christensenellaceae. Predicted
functional genes showed reduced abundance in association with altered neurobehavior. Further studies, with a
larger population size and assessing microbial function and metabolites are needed to confirm the role of these
bacteria in neurobehavior.

Methods

Study population

A longitudinal analysis was caried out on the PIPA study, a birth cohort study conducted in a public-School
Maternity located in Rio de Janeiro, Brazil, between October 2017 and August 2018. Briefly, a cohort of infants
(n=131) delivered at the School Maternity was enrolled to investigate the effects of environmental pollutants on
maternal-child health. Details on the study design and cohort profile can be found elsewhere?. Individuals with
microbiome sequencing and Denver assessment (n=36) were included in the analysis.

Sample collection
Meconium samples were collected at birth by nurses, and the 16S rRNA gene was surveyed as previously
described®. In short, DNA from the meconium samples was extracted using the DNeasy PowerSoil HTP Kit
according to the manufacturer’s instructions. The V4 region of the 16S rRNA gene of the DNA extracted was
amplified with a set of primers and molecular markers. PCR products with the expected fragment size were
cleaned using the UltraClean-htp 96-well PCR Cleanup kit (QIAGEN), and the 16S amplicons were sequenced
on an Illumina HiSeq platform.

Trained interviewers collected data on demographic characteristics (per-capita family income, ethnicity [self-
reported], age, and educational attainment) at enrollment and clinical information concerning the newborn was
filled up by copying birth health records from the hospital charts at the time of delivery.

Microbiome analysis and statistics

Sequences were demultiplexed and denoised and the operational taxonomic units (OTUs) were assigned using
SILVA database. Alpha and beta diversity were calculated using QIIME pipeline®®. We applied the PICRUSt
software package’! to predict metagenome functional content based on the abundance data at the OTU level. The
statistical significance of beta diversity differences was tested with Permutational Multivariate Analysis of Variance
(PERMANOVA) using the R package vegan®?, which tests significance with 999 permutations. We performed
visualizations with principal coordinates analysis (PCoA). Differences in alpha diversity between the Denver
groups were tested using Multiple linear regression models. Discordant bacterial taxa and predicted functional
composition between the Denver groups were determined using Maaslin2 R package (Microbiome Multivariable
Association with Linear Models)*, at a significance threshold of g-value<0.15. The adjusted models included
delivery mode (C-section/Vaginal), preterm delivery (<37 weeks gestation), and antibiotics exposure during
pregnancy (yes/no) as covariates. Data on antibiotic types was unavailable, so it was not included in the analysis.

The Denver development screening test Il (DDST-11) assessment

Infant neurodevelopment was assessed using the Denver Developmental Screening Test II (DDST-II)** by a
trained pediatrician who was unaware of the child’s developmental history. The purpose of this tool is to screen
neurodevelopmental assessment, from birth to 6 years of age, regarding their ability to perform tasks organized in
four domains: “Personal-Social’, “Fine Adaptive Motor”, “Gross Motor”, and “Language”. Each task is represented
by a bar that indicates the age at which task compliance is performed by 25%, 50%, 75%, and 90% of children. A
score is given to each task evaluated, as follows: “pass, fail, refuse, no opportunity”. For the analyses, the infants
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were divided into “fail group” and “not fail group”. Following the guidance of the DDST II manual, “fail” and
“refuse” scores were considered as “fail”, and “pass” scores were considered as “not fail”.

Data availability
The datasets generated and/or analysed during the current study are available in the NCBI sequence read archive
(SRA) repository, PRINA1128585.

Received: 26 June 2024; Accepted: 28 November 2024
Published online: 13 March 2025

References

1.

10.

11.
12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Naspolini, N. E et al. The gut microbiome in the first one thousand days of neurodevelopment: A systematic review from the
microbiome perspective. Microorganisms 12, 424 (2024).

. Yatsunenko, T. et al. Human gut microbiome viewed across age and geography. Nature 486, 222-227 (2012).
. Robertson, R. C., Manges, A. R, Finlay, B. B. & Prendergast, A. J. The human microbiome and child growth—first 1000 days and

beyond. Trends Microbiol. 27, 131-147 (2019).

. Jian, C. et al. Early-life gut microbiota and its connection to metabolic health in children: Perspective on ecological drivers and

need for quantitative approach. EBioMedicine 69, 103475 (2021).

. Peroni, D. G., Nuzzi, G., Trambusti, I, Di Cicco, M. E. & Comberiati, P. Microbiome composition and its impact on the

development of allergic diseases. Front. Immunol. 11, 700. https://doi.org/10.3389/fimmu.2020.00700 (2020). PMID: 32391012;
PMCID: PMC7191078.

. Naspolini, N. E. et al. Environmental pollutant exposure associated with altered early-life gut microbiome: Results from a birth

cohort study. Environ. Res. 205, 112545 (2022).

. Engevik, M. A. et al. Human-derived bifidobacterium dentium modulates the mammalian serotonergic system and gut-brain axis.

Cell Mol. Gastroenterol. Hepatol. 11, 221-248 (2021).

. Erny, D. et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 18, 965-977

(2015).

. Bravo, J. A. et al. Ingestion of Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse

via the vagus nerve. Proc. Nat. Acad. Sci. 108, 16050-16055 (2011).

Aatsinki, A.-K. et al. Gut microbiota composition is associated with temperament traits in infants. Brain Behav. Immun. 80, 849—
858 (2019).

Carlson, A. L. et al. Infant gut microbiome associated with cognitive development. Biol. Psychiatry 83, 148-159 (2018).
Valles-Colomer, M. et al. The neuroactive potential of the human gut microbiota in quality of life and depression. Nat. Microbiol.
4, 623-632 (2019).

Radjabzadeh, D. et al. Gut microbiome-wide association study of depressive symptoms. Nat. Commun. 13, 7128 (2022).

. Vacca, M. et al. The controversial role of human gut lachnospiraceae. Microorganisms 8, 573 (2020).

Kim, S. et al. Imbalance of gut microbiome and intestinal epithelial barrier dysfunction in patients with high blood pressure. Clin.
Sci. 132, 701-718 (2018).

Mulder, D., Aarts, E., Arias Vasquez, A. & Bloemendaal, M. A systematic review exploring the association between the human gut
microbiota and brain connectivity in health and disease. Mol. Psychiatry. 28(12), 5037-5061 (2023).

Leclercq, S. et al. Low-dose penicillin in early life induces long-term changes in murine gut microbiota, brain cytokines and
behavior. Nat. Commun. 8, 15062 (2017).

DeCastro, M. et al. Short chain fatty acids regulate tyrosine hydroxylase gene expression through a cAMP-dependent signaling
pathway. Mol. Brain Res. 142, 28-38 (2005).

Yu, L., Zhong, X., He, Y. & Shi, Y. Butyrate, but not propionate, reverses maternal diet-induced neurocognitive deficits in offspring.
Pharmacol. Res. 160, 105082 (2020).

Hoyles, L. et al. Microbiome-host systems interactions: Protective effects of propionate upon the blood-brain barrier. Microbiome
6, 55 (2018).

Rosin, S. etal. A preliminary study of gut microbiome variation and HPA axis reactivity in healthy infants. Psychoneuroendocrinology
124, 105046 (2021).

Karen, C., Shyu, D. J. H. & Rajan, K. E. Lactobacillus paracasei supplementation prevents early life stress-induced anxiety and
depressive-like behavior in maternal separation model-possible involvement of microbiota-gut-brain axis in differential regulation
of MicroRNA124a/132 and glutamate receptors. Front. Neurosci. 15, 719933. https://doi.org/10.3389/fnins.2021.719933 (2021).
PMID: 34531716; PMCID: PMC8438336.

Li, N. et al. Fecal microbiota transplantation relieves gastrointestinal and autism symptoms by improving the gut microbiota in
an open-label study. Front. Cell Infect. Microbiol. 11, 759435. https://doi.org/10.3389/fcimb.2021.759435 (2021). Erratum in: Front
Cell Infect Microbiol. 11, 801376. https://doi.org/10.3389/fcimb.2021.801376. PMID: 34737978; PMCID: PMC8560686.

Miri, S., Yeo, J., Abubaker, S. & Hammami, R. Neuromicrobiology, an emerging neurometabolic facet of the gut microbiome?
Front. Microbiol. 14, 1098412. https://doi.org/10.3389/fmicb.2023.1098412 (2023). PMID: 36733917; PMCID: PMC9886687.
Ahmed, H. et al. Microbiota-derived metabolites as drivers of gut-brain communication. Gut. Microbes 14(1), 2102878. https://d
0i.0rg/10.1080/19490976.2022.2102878 (2022). PMID: 35903003; PMCID: PMC9341364.

Sonali, S. et al. Mechanistic insights into the link between gut dysbiosis and major depression: An extensive review. Cells 11, 1362
(2022).

Denver Developmental Screening Test.chrome-extension://efaidnbmnnnibpcajpcglclefindmbkaj/ https://www.ccmedical.org/forms/1
428352937_171971.pdf (2007).

Montedori, K. T. & Lima, M. C. M. P. Early childhood development monitoring during the first thousand days: Investigating the
relationship between the developmental surveillance instrument and standardized scales. Early Hum. Dev. 190, 105965 (2024).
Asmus, C. I. R. E et al. Rio birth cohort study on environmental exposure and childhood development—PIPA project. Ann. Glob.
Health 86(1), 59. https://doi.org/10.5334/a0gh.2709 (2020). PMID: 32566487; PMCID: PMC7292139.

. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335-336 (2010).
. Langille, M. G. L. et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat.

Biotechnol. 31, 814-821 (2013).

. Jari Oksanen & et al. Community Ecology Package https://github.com/vegandevs/vegan (2024).
. Mallick, H. et al. Multivariable association discovery in population-scale meta-omics studies. PLoS Comput. Biol. 17, 1009442

(2021).

. Frankenburg, W. K., Dodds, J., Archer, P,, Shapiro, H. & Bresnick, B. The Denver II: A major revision and restandardization of the

Denver Developmental Screening Test. Pediatrics 89, 91-97 (1992).

Scientific Reports |

(2025) 15:8674

| https://doi.org/10.1038/541598-024-81774-4 nature portfolio


https://doi.org/10.3389/fimmu.2020.00700
https://doi.org/10.3389/fnins.2021.719933
https://doi.org/10.3389/fcimb.2021.759435
https://doi.org/10.3389/fcimb.2021.801376
https://doi.org/10.3389/fmicb.2023.1098412
https://doi.org/10.1080/19490976.2022.2102878
https://doi.org/10.1080/19490976.2022.2102878
https://www.ccmedical.org/forms/1428352937_171971.pdf
https://www.ccmedical.org/forms/1428352937_171971.pdf
https://doi.org/10.5334/aogh.2709
https://github.com/vegandevs/vegan
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Acknowledgements

The authors are grateful to the pregnant women who participated in this study, to the School Maternity of the
Federal University of Rio the Janeiro for their technical and logistical assistance, and the Oswaldo Cruz Founda-
tion and Federal University of Rio de Janeiro for their research support.

Author contributions

Conceptualization: NEN, AM, MGDB, JCM, Data analysis and interpretation: NFN, AM, MGDB, Data collec-
tion: APN, Literature search: NFN, Project coordination and funding acquisition: CIFA, Supervision: AM, JCM,
MGDB, Writing—original draft: NFN, Writing—review & editing: NFN, AM, MGDB. All authors reviewed the
manuscript.

Fundin

Data analgysis: National Institute of Environmental Health Sciences (NIEHS, P30-ES005022). NEN received
a doctoral scholarship from Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES, CGC
88882.442923/2019-01). NFN received a research scholarship abroad (CAPES, 88887.363948/2019-00). AM was
funded by the National Council for Scientific and Technological Development (CNPgq, grant 309,152/2018-6).

Declarations

Competing interests
All authors declare no conflict of interest.

Ethics approval and consent to participate

Ethics approvals were obtained from the Ethics Committee of the School Maternity Hospital (ref. number
2.092.440) and the Oswaldo Cruz Foundation Ethics Committee (ref. number 2.121.397). Following the
Declaration of Helsinki, all caregivers provide written informed consent before completing any study measure.
Cases of developmental, health, and mental health issues are being referred to specialized health services.

Additional information
Correspondence and requests for materials should be addressed to N.EN.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:8674 | https://doi.org/10.1038/s41598-024-81774-4 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Early-life gut microbiome is associated with behavioral disorders in the Rio birth cohort
	﻿Results
	﻿Characteristics of the study population
	﻿Associations between meconium microbiome and behavioral outcomes
	﻿Meconium microbiome functional prediction

	﻿Discussion
	﻿Methods
	﻿Study population
	﻿Sample collection
	﻿Microbiome analysis and statistics
	﻿The Denver development screening test II (DDST-II) assessment

	﻿References


