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Abstract

Introduction: Early life is a critical window for the devel-
opment of many bodily systems, including the gut micro-
biota and the central nervous system, that are inter-
connected through the gut-brain axis. These early life gut-
brain axis connections are often studied through cross-
sectional cohorts, limiting insights into temporal
developmental trajectories. This longitudinal cohort study
assessed whether gut microbial development over the first
year of life is associated with socio-emotional development
into childhood. Methods: The PRIDE (pregnancy and infant
development) BIOME study (n = 81, n = 42 males) is a focus
cohort within the larger prospective PRIDE study. Gut mi-

crobiome was measured 5 times throughout the first year of
life (at 2, 4, 6, 9, and 12 months through V4 16S rRNA se-
quencing) and socio-emotional development 8 times over
4.5 years, between 6 months and 5 years through the Ages
and Stages Questionnaire: Social-Emotional (ASQ-SE). We
related the development of the gut microbiota of infants
throughout their first year of life with their socio-emotional
development into childhood, the latter modeled as a slope
per individual (ASQ slope). We assessed effects of time, ASQ
slope and its interaction with time on microbial community
measures alpha and beta diversity, as well as taxonomy,
using linear mixed-effects models and PERMANOVA,
correcting for sex, birth weight, gestational age, and
sequencing depth. Results: Expected developmental pat-
terns on the gut microbiota over the first year of life were
observed, including increased alpha diversity and clustering
of beta diversity before and after solid food introduction.
Interestingly, ASQ slope was a significant predictor of beta
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diversity (F(1,394) = 25.90, p = 0.001) and Bifidobacterium
abundance across the first year of life (b = —0.745, SE = 0.24,
PFDR = 0.023). Moreover, we observed a temporal associ-
ation between ASQ slope and Eggerthella abundance (ASQ
slope X timepoint interaction, b = 0.709, SE = 0.21, pFDR =
0.009). That is, Eggerthella abundance decreased across the
group, but not in “late concern” infants, with concern about
socio-emotional development at more recent timepoints.
Discussion: This study shows that genera Bifidobacterium
and Eggerthella, known to be altered in mental health
conditions such as autism spectrum disorder and depres-
sion, are already linked to socio-emotional development
during early life. Hence, this work contributes to the
identification of gut microbial candidates relevant for
preventive screening of healthy gut-brain development
and microbiota-targeted interventions.

© 2026 The Author(s).
Published by S. Karger AG, Basel

Introduction

The prenatal and early life period - referred to as the
first 1,000 days - is a critical window for the development
and maturation of the gut microbiota [1]. Drivers of
bacterial colonization of the gut include maternal body
mass index, delivery mode, gestational age, and feeding
mode (breast or bottle) [2]. With the introduction of
solid foods (around the sixth month of life), dietary
variety increases, triggering an increase in bacterial di-
versity. For example, Bifidobacterium, feeding on human
milk oligosaccharides, is dominant before weaning and
decreases after the introduction of solid food, out-
competed by bacteria growing on dietary proteins and
fibers, such as Ruminococcus gnavus [1].

Disturbances around this critical developmental
window, such as preterm birth (pre, peri, and postpar-
tum) malnutrition, and antibiotic use impact gut mi-
crobial colonization and result in higher risks for atopic
diseases, gastrointestinal disorders, and obesity later in
life [3, 4]. A recent study by [5] on the relationship
between the timing of gut colonization and somatic
health demonstrated that, for example, earlier acquisi-
tion of R. gnavus - driven by breastfeeding cessation
before 3 months of age — predicted preschool asthma [5].

Beyond somatic health also neurodevelopment, en-
compassing socio-emotional behaviors such as emotion
regulation and social interactions, coincides with gut
microbial maturation [6, 7] linked through the vagal,
immune, and metabolic routes of the gut-brain axis [8].
Healthy neurodevelopment depends on timely supply of
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gut-derived compounds supporting gut and brain im-
munity and neuronal growth, including peptidoglycans,
short-chain fatty-acids, amino-acids/precursors such as
tryptophan and histidine, but also bacteriophages
[9-13]. Disturbances in early microbial colonization are
linked with neurodevelopmental disorders. For example,
Ahrens et al. [9] 2024 found early life exposure to an-
tibiotics to be associated with an increased risk for a
diagnosis of a neurodevelopmental disorder later in
childhood (of 16,440 children, 1,197 were diagnosed for,
e.g., autism spectrum disorder [ASD] = 1.6, 95% CI:
1.2-2.1), which in turn was associated with lower
abundance of Akkermansia muciniphila and Bifido-
bacterium sp. at 1 year. In prospective studies, higher
levels of genus Prevotella_9 at 6 years of age were as-
sociated with more externalizing behavior at 10 years (in
196 children) [14]. Similarly, lower Prevotella abundance
(coinciding with antibiotic use) at 12 months concurred
with more internalizing behavioral problems at 2 years
(in 200 children) [15].

Tamana et al. [16] (2021) is one of few studies taking a
longitudinal approach, testing whether changes in
cognitive performance between 2 timepoints relate with
the microbiota. In a cohort of 405 children, those with
gut microbial clusters dominant in Bacteroides and
Firmicutes measured at 12 months displayed larger
improvements in cognition and language between 1 and
2 years compared to infants with clusters dominant in
Proteobacteria. The vast majority of these studies per-
formed cross-sectional analyses, leaving the relation
between temporal developmental trajectories of both
microbiota and neurodevelopment uncovered.

The current PRIDE BIOME population cohort, a focus
cohort of the PRIDE (pregnancy and infant development)
study [17] allows to move beyond cross-sectional analyses,
investigating gut microbiota diversity throughout the first year
of life at 2, 4, 6, 9, and 12 months and age-appropriate socio-
emotional development measured 8 times from 6 months to
5 years of age with the Ages and Stages Questionnaire: Socio-
Emotional (ASQ-SE) [18]. We assessed gut microbial de-
velopment over the first year of life and explored whether this
associates with socio-emotional development into childhood,
using early socio-emotional variation as a transdiagnostic
indicator of later neurodevelopmental risk.

Methods
The PRIDE study (https://pridestudy.nl/) is a large

ongoing pregnancy cohort study in the Netherlands,
aiming to identify factors affecting the risk of pregnancy
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complications, maternal and child health outcomes, and
adverse developmental effects in offspring [17]. Multiple
web-based questionnaires are administered during
pregnancy and after delivery to assess sociodemographic
factors, obstetric history, medical history, medication
use, lifestyle factors, occupational exposures, and com-
plications during pregnancy. Moreover, the mothers
reported on the health and development of their child at
11 times and specifically on the ASQ-SE at 8 times
between 2 months and 5 years at 6 months intervals
(except the first questionnaire which is administered at
2 months of age). The PRIDE study is a population
cohort using convenience sampling for which the only
exclusion criteria are (1) mothers of age <18 years and
(2) pregnancy of >16 weeks at enrolment.

The current PRIDE BIOME study was embedded in
the PRIDE study, with stool sample collection running
from December 2016 to September 2018. Stool samples
were provided by 116 mother-infant pairs, for the infants
at months 2, 4, 6, 9, and 12 of the first year of life (for the
mothers, sampling was done between gestational weeks
19-22 and 34 - i.e., second and third trimester — as well
as 2 months postpartum). The stool of the mothers was
not used in the current analysis as our research question
focused on the gut-brain connection in the infants.

Fecal samples were provided of 106 infants, 96 of
which provided samples at all 5 microbiota collection
timepoints, resulting a total of 518 infant samples. For 85
infants, ASQ-SE questionnaire data were available for all
8 timepoints (see Fig. 1).

Feces Collection, Sequencing of Bacterial DNA, and

Quality Control

Fecal samples were collected by the mothers from the
diapers of their infants in OMNIgene-GUT OM-200
collection kits containing a conserving buffer (DNA
Genotek, Ottawa, CA, USA). The kits were shipped at
room temperature within 2 weeks after collection
(maximal deviation 60 days). Upon receipt at the Rad-
boudumc, the samples were aliquoted into 1.5-mL Ep-
pendorf tubes and frozen at —80°C. Samples were
shipped to Wageningen University for sequencing. A
total of 0.013 g of stool was weighed and bead-beaden.
DNA extraction and purification was performed with the
Maxwell kit AS1220. PCR amplification of the V4 region
of the 16S rRNA gene was performed using the 515F
modified [19] and 806R modified primers [20]. On
average, 747.54 uL (SD £ 293.18 uL) of phosphate-
buffered saline was added in 61 out of 400 stool sam-
ples (15%) when low amounts of DNA were present.
Samples were randomized into 16 amplicon libraries that

PRIDE Study: Gut Microbiota and
Socio-Emotional Developmentin Early Life

were sent to Novogene for sequencing on the Illumina
NovaSeq 6000 platform using a 150-bp paired-end read
protocol.

Raw sequences were imported in the Galaxy toolbox
of the NG-Tax 2.0 pipeline [21] for amplicon sequence
variants (ASVs) picking and taxonomic assignment
using the SILVA 132 database [22]. Default settings were
applied, apart from keeping 100 rather than 70 nucle-
otides of the paired-end sequences indicated by good
Phred quality scores for this length. The ASV and tax-
onomy table were combined with the tree file in a BIOM
file and imported into R Studio (version 4.3.1). Analyses
were performed using the mia package [23]. Other
packages are cited when used.

Quality checks were performed on the mock com-
munities and negative controls across all sequencing
batch (for results see online suppl. Figs. 1,2, 3; for all
online suppl. material, see https://doi.org/10.1159/
000552189). We then proceeded with the biological
samples (infant), filtering out nonbacterial ASVs. The
read depth of the infant samples ranged between 918 and
1090904 reads, with a total of 5,970 ASVs. A correlation
matrix was calculated between sequencing depth,
number of ASVs, and relevant early life covariates (see
Covariate selection below) including library and time-
point (see online suppl. Fig. S4). The correlation between
sequencing depth and library was low (rho = 0.08),
indicating no batch effect in sequencing depth. Stronger
correlations were observed between timepoint
(i.e., infant age) and sequencing depth (rho = —-0.29),
with higher sequencing depth in the earlier compared to
the later timepoints (median sequencing depth at 2
months: 255,312; 4 months: 156,068; 6 months:
168,114.5; 9 months: 139,304.5; 12 months: 96,142; see
also online suppl. Fig. S5a; Table S1). The number of
ASVs correlated with sequencing depth (rho = -0.33, see
online suppl. Fig. S5b). As commonly observed, in-
creased number of ASVs is driven by infant age (online
suppl. Fig. S5¢) [1, 24]. To account for variation in se-
quencing depth over time it was added as a covariate in
the analyses.

Questionnaires

Mothers completed extensive web-based question-
naires about their own health and that of their infants,
covering demographics, medical history, lifestyle factors,
pregnancy, and early-life health events such as mode of
delivery, feeding method, illnesses, and age of weaning
(for a full list, see [17]). The current analyses focused on
socio-emotional development using the ASQ-SE (2002
edition, official Dutch translation) [18, 25]. This
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Timeline of the measurements

Questionnaires (ASQ) . L] L) . [ [ ° °

Fecal samples ®®® o @

246 912 18 24 30 36 48 60
Age (months)

Participant and analysis flowchart

Socio-emotional development (ASQ) - Fecal samples (microbiome)

Alpha diversity: Shannon diversity ‘

The slope of the Ages and Stages Questionnaire: socio-
emotional (ASQ:SE) is calculated between month 6 and 60 using
linear model per infant: ASQ:SE ~ Timepoint

Beta diversity: Aitchison distance on CLR transformed values

Taxonomy: 10% prevalence filtering over timepoints - CLR
transformed values aggregated at genus level

Statistical association analyses between microbiome and socio-emotional development (ASQ)

Testing the association between microbiome features as outcome and Timepoint, ASQ slope and its ASQ slope * Timepoint interaction as
regressors, plus covariates Sex + Birth weigth + Gestational age + Sequencing depth.
For Shannon diversity and taxonomy using linear mixed-effects models, for beta using PERMANOVA

Fig. 1. Timeline of the measurements, participant, and analysis flowchart describing the overlap between ASQ-
SE questionnaire and microbiota data, the calculation of the variable in each domain and the association
analyses. ASQ-SE, Ages and Stages Questionnaire: Socio-Emotional; CLR, centered log ratio.

validated questionnaire assesses social and emotional
behaviors across various domains, including self-
regulation, compliance, social communication, adap-
tive functioning, autonomy, affect, and interactions with
others.

The questions are age-specific, tailored to the de-
velopmental levels between 6 and 60 months, and are to
be completed by parents or caregivers. Questions in-
clude: “Does your child make eye contact?” and “Does
your child destroy or damage things on purpose?”
Responses are rated on a three-point Likert scale (0, 5,
or 10 points), with scores recorded where necessary so
that 0 indicates no problematic behavior (never or
rarely seen), while scores of 5 (sometimes) and 10 (most
of the time) indicate some concern. An average score
exceeding the age-dependent cut-off suggests the need

4 Dev Neurosci
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for further testing. This quick, low-cost, paper-based
questionnaire has been effective in identifying children
at high risk for developing ASD through extensive
clinical evaluation [26].

We calculated individual slopes across the 8 time-
points between 6 and 60 months, fitting linear models
regressing timepoint on ASQ-SE mean scores. A nega-
tive ASQ slope (ASQ slope of <0) indicates more de-
velopmental concern during the earlier timepoints and
fewer to no concerns at later timepoints, i.e., “early
concern” socio-emotional development that is caught up
over time. A positive ASQ slope (ASQ slope of >0)
reflects fewer points of concern at the earlier timepoint
but some/more points raising some concern during the
later timepoints, i.e., a “late concern” socio-emotional
development. Arguably a late concern (positive) ASQ

Bloemendaal et al.
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slope is more worrisome, as children with recent and
persistent high ASQ-SE scores may receive a neuro-
developmental diagnosis later in childhood.

For the ASQ slope calculation, we excluded infants
missing scores of either the first or last two timepoints or
who were missing scores for >3 timepoints in total,
resulting in ASQ scores for 85 infants. Finally, the as-
sociation analyses were done on 81 infants with both
fecal samples and ASQ slope availability (see Fig. 1).

Statistical Analyses: Association Analyses between

ASQ Trajectory and Microbiota

Covariate Selection

All analyses on associations between ASQ, time, and
microbiota measures included the covariates sex, birth
weight, gestational age, and sequencing depth. These
covariates were selected to account for their known
impact on the (early life) microbiota (sex), as proxies for
a healthy baby (being born at term, weighing >2,500 g)
and as an additional control for technical variation
(sequencing depth). Moreover, we estimated Spear-
man’s correlation coefficients between these covariates
and ASQ slope, which were all low (rho <0.1) (see
online suppl. Fig. S4). The association between sex and
ASQ slope was assessed with a t-test. Some known
potential covariates were not included in the models
because of the low prevalence (e.g., infants were mostly
breastfed and antibiotic use was rare, see result section
cohort demographics).

Microbiota Community Measures

Community analyses were performed without any
prevalence filtering to prevent introducing a bias
against less prevalent taxa. For alpha diversity, we
assessed Shannon Diversity index, as this is a fre-
quently used index. Moreover, correlation plots in-
dicated that in this dataset, Shannon contained similar
information compared to other alpha indices (see
online suppl. Fig. S6). Using a linear mixed-effects
model we assessed main effects of (1) time (infant age),
(2) ASQ slope, and (3) their interaction on Shannon
diversity, including covariates and a random partici-
pant intercept.

To calculate beta diversity, we transformed counts
into centered log-ratio (CLR) transformed abundance
values, with a pseudo count of 1 (half of the minimum
positive value). Using PERMANOVA (vegan:adonis2,
999 permutations) we tested the main effects of (1)
timepoint (infant age) and (2) ASQ slope including
covariates (added by margin) on Aitchison distances as
the outcome, using a restricted permutation scheme

PRIDE Study: Gut Microbiota and
Socio-Emotional Developmentin Early Life

within the repeated measures. Third, the interaction
between ASQ slope and timepoint (infant age) on
Aitchison distance was tested in a separate PERMA-
NOVA model, as including the interaction term will
ignore the main effects.

To visualize effects, unsupervised ordination was
done using principal coordinate analysis on Aitchison
distance values (pco function from ecodist package [27]),
plotting the first two unconstrained axes, colored by
timepoint. Supervised ordination on ASQ slope was
done using constrained analysis of principal coordinates
(capscale function from vegan package [28]), plotting the
constrained axis and the first unconstrained axis, colored
by ASQ slope.

Taxonomy

For the compositional analyses, counts were agglom-
erated to genus level and genera unclassified at genus level
were removed. We applied 10% prevalence filtering across
all timepoints, as this allowed testing timepoint and ASQ
slope together in one model, resulting in 43 genera. While
we are aware that low prevalent taxa in earlier or later
timepoints may remain untested in this approach, such
taxa are unlikely to result in robust associations — not
driven by zeros - with ASQ slope [29]. Counts were CLR
transformed, with a pseudo count of 1 (using the default
setting: half of the minimum positive value). Using the
MaAsLin2 package [30], we ran linear mixed-effects
models assessing the main (fixed) effects of (1) time-
point (infant age), (2) ASQ slope, and (3) their interaction,
including covariates. To account for repeated measures by
setting participant ID was added as a random effect. False
discovery rate (FDR)-corrected (using Benjamini Hoch-
berg procedure) results over all genera tested were re-
ported. Subsequently, to interpret interactions between
ASQ slope and timepoint, we tested effects of time split by
ASQ slope group (early or late concern, ASQ slope scores
of <0 or >0, respectively) and did post hoc linear re-
gressions of ASQ slope on genus abundance as well as
presence/absence per timepoint. These simple effects are
presented descriptively and no comparison correction
was applied.

Sensitivity Analyses

For significant results on ASQ slope, we performed
sensitivity analyses. To evaluate robustness of these re-
sults to sequencing depth, we performed iterative rar-
efaction from 10k up to 120k reads in steps of 10Kk,
balancing sequencing depth against sample retention.
We capped the iterations at 120,000 reads per sample to
ensure minimally 3 out of 5 timepoints available in at

Dev Neurosci 5
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Table 1. Characteristics of the 81 mother-infant pairs in the PRIDE BIOME cohort

Characteristics

Mothers N missing
Age, years 31.2 (3.6, 22-42) 0
Prepregnancy BMI 22.9 (4.1, 18.0-36.3) 4
Come around with income Yes: 87.7% (71) 1
Educational attainment: low <5 - high >4 Low: 17.2% (14) - high: 81.5% (66) 1
Monthly household income, EUR 15-25k: 3.7% (3); 25-35k: 33% (27); 1

35-50k: 41.9% (34); >50k: 18.5% (15)

Infants
Sex 42 males /39 females 0
Vaginal delivery (n) 86.4% (70) 2
Birth weight 3,554.6 g (422.7, 2,280-4,580) 1
Gestational age, weeks 39.2 (1.1, 36-41) 1
Breastfed - at least up to 2 months 81.5% (66) 3
At least up to 4 months 75.3% (61) 1
At least up to 6 months 54.3% (44) 1
Formula fed - at 2 months 27.2% (22) 3
6 months 64.2% (52) 1
Introduction solid food at 6 months 90.1% (73) 1
Antibiotic use in the first 12 months 17.3% (14) 3
Any medication use in the first 6 months 49.3% (40) 0

Values represent mean (SD, range), or percentages of total (n), calculated relative to the total sample.

least 75% of the participants. Moreover, where applicable
the interaction between ASQ slope and sex on the mi-
crobiome variables was assessed.

Results

Cohort Characteristics

This is a cohort of infants born mostly at term with a
healthy birth weight, see Table 1 for further cohort
characteristics.

ASQ-SE Scores from 6 Months to 5 Years

The computed variable ASQ slope indicates whether
children scored some point of concern in early child-
hood that subsided (“early concern”) or whether their
developmental concern builds up (“late concern”). To
illustrate variation in ASQ slope, we split the group by
ASQ slope score of 0 into an “early concern” group with
negative ASQ slope values (n = 25) and a “late concern”
group with positives ASQ slopes (n = 56) (see Fig. 2). Of
these two groups, we view the late concern group, with
more recent problematic behavior, as more concerning.

In our sample, the majority of infants scored below the
clinical cut-off value. Specifically, only 16 children (14%)
scored above the cut-off values on one or more time-
points, indicating the need for further clinical neuro-

6 Dev Neurosci
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developmental evaluation (see online suppl. Fig. S7;
Table S2 for cut-off values per time point and flagged
participants). Of these 16 children, 12 were in the late
concern group, confirming our interpretation that the
late concern group is most worrisome. Note that ASQ
slope also captured infants with high mean ASQ scores
across timepoints, as for most of them the high mean is
driven by either earlier or later timepoints - resulting in a
positive or negative slope (online suppl. Fig. S8). Lastly,
ASQ slope was not different between boys and girls
(t test: t = 1.51, p = 0.13).

Association between ASQ Trajectory and Microbiota

Microbiota Community Measures

Alpha Diversity. A linear mixed-effects model on
Shannon diversity revealed a main effect of timepoint
(infant age) (b = 0.079, SE = 0.007, p = 2x107'¢), but no
main effect of ASQ slope (b = -4.42, SE =3.70, p = 0.23)
or interaction with timepoint (b = 0.792, SE = 0.424, p =
0.063), see online supplementary Fig. S9 and Table S3.

Beta Diversity. PERMANOVA analyses revealed
main effects of timepoint (infant age) and ASQ slope
(see Table 2) but no ASQ slope x timepoint interaction
(tested in a separate PERMANOVA: F(1,381) = 0.904,
p = 0.24). Unsupervised visualization (using principal
coordinate analysis) colored by timepoint (infant age)
shows the changing community structure of the gut

Bloemendaal et al.
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Mean ASQ Scores

ASQ slope

— Late concern
& 0.04 1

- Early concern

0.02

ASQ slope
o
3

-0.02 1

-0.04 4

Fig. 2. a Mean ASQ scores per timepoint, measured 8 times
between 6 and 60 months (a 5-year timespan), split by ASQ slope
zero point. b ASQ slope, calculated per participant over the
timepoints using linear models. The “early concern” group in
blue has higher mean ASQ scores at earlier timepoints (ASQ
slope of <0). The “late concern” group in red has higher mean

ASQ scores at the later timepoints (ASQ slope of >0). Socio-
emotional development in the early concern group has im-
proved into childhood. In contrast, the late concern group is
speculatively more worrisome as, in case the pattern continues,
it may indicate impaired socio-emotional development into

childhood.

Table 2. Main effect of timepoint and

ASQ slope on Aitchison distance Df Sum of squares R? F Pr (>F)

tested in PERMANOVA Timepoint 4 54,586 0075 7946  0.001
ASQ slope 1 4,466 0.006 2.601 0.001
Sex 1 3,726 0.005 2.170 0.010
Birth weight 1 2,479 0.003 1.444 0.001
Gestational age 1 3,580 0.005 2.085 0.002
Sequencing depth 1 4,867 0.007 2.834 0.003
Residual 385 6,61,173 0.901
Total 394 7,33,742 1.000

microbiota throughout the first year of life. There is a
visual separation between the timepoints before and
after 9 months (after the introduction of solid foods)

PRIDE Study: Gut Microbiota and
Socio-Emotional Developmentin Early Life

(Fig. 3a). Supervised ordination using constrained
analysis of principal coordinates shows the variation
explained by ASQ slope (x-axis) (Fig. 3b).
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Fig. 3. a Unsupervised ordination (on Aitchison distance values) using PCoA, colored by timepoint to illustrate
the maturation of the gut microbiota over the first year of life (PERMANOV A effect of timepoint: R? = 0.075, p =
0.001). b Supervised ordination using CAP, plotting variance explained by ASQ slope on Aitchison beta
diversity (PERMANOVA effect of ASQ slope: R? = 0.006, p = 0.001).

Sensitivity Analyses

The effect of ASQ slope on beta diversity was robust
when iteratively rarefying at sequencing depths between
10,000 and 1,20,000 (see online suppl. materials). As
here, there was a main effect of sex on beta diversity, a
sensitivity analysis assessed an interaction with ASQ
slope and sex on beta diversity. We observed an inter-
action between ASQ slope and sex on beta diversity
(F(1,384) = 1.37, p = 0.001). When subsequently strat-
ifying the sample by sex shows that the effect ASQ slope
on beta was present both in boys (F(1,197) = 2.70, p =
0.001) and girls (F(1,180) = 1.29, p = 0.001).

Taxonomy

In the following, we report the taxonomic results of
interest: (1) main effect of timepoint (infant age), (2)
ASQ slope, and (3) ASQ slope x timepoint interaction.
See online supplementary information for detailed in-
formation: a summary heatmap created by MaAsLin2
(online suppl. Fig. S10), MaAsLin2 results for all models
(genera) for each regressor (online suppl. Table S4), CLR
values and prevalence per timepoint for significant
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genera on the regressors of interest (online suppl. Table
S5; Table S6).
1. Effects of timepoint (infant age) on taxonomy

Repeated measures ANOVA in MaAsLin2 using genera
as the outcome revealed main effects of timepoint (infant
age) on 28 genera, of which 13 show a growth over time
(Fig. 4a), largely after the introduction of solid foods after
6 months in the majority of infants (Table 1). Fifteen genera
decrease in CLR-transformed abundance over time (Fig. 4b).
2. Main effect of socio-emotional development (ASQ)

on Bifidobacterium

Out of all 43 genera tested, genus Bifidobacterium neg-
atively associated with ASQ slope, see Figure 5 (b = —0.684,
SE =0.230, p = 0.004, pFDR = 0.030). Lower Bifidobacterium
abundance throughout the first year of life was associated
with more concern in socio-emotional development during
the later timepoints and higher Bifidobacterium abundance
with more concern during the earlier timepoints.
3. Interaction effect of between socio-emotional de-

velopmental slope (ASQ slope) on Eggerthella

Out of all 43 genera tested, we observed an interaction
between time and ASQ slope on genus Eggerthella (b = 0.709,
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Fig. 4. Genera where FDR significantly changed in abundance over the first year of life, i.e., showing a main
effect of timepoint in linear mixed-effects models in MaAslin2, plotted by (a) genera increasing in abundance

and (b) genera decreasing in abundance.

SE = 0.210, p = 9 x 107, pFDR = 0.009). That is, while
Eggerthella abundance decreased over the first year of life
across the whole group (main effect of timepoint: b = —0.467,
SE = 0.110, pFDR = 0.00035, Fig. 6a), this is driven by the
early concern ASQ slope group (in blue) and not present in
the late concern ASQ slope group (in red), see Figure 6b
(early concern group: n = 25, b timepoint = —0.586, SE =
0172, p = Ix 1073, late concern group: n = 56, b time-
point = —0.205, SE = 0.126, p = 0.106).

Further post hoc testing revealed that the interaction
was not driven by any of the single microbial timepoints;
Eggerthella abundance was not associated with ASQ slope
in any of the five timepoints (post hoc linear regressions
per timepoint on Eggerthella abundance by ASQ slope
including covariates: 2 months F(1,74) = 3.52, p = 0.06;
4 months F(1,73) = 0.56, p = 0.46; 6 months F(1,73) = 0.64,
p = 0.43; 9 months F(1,73) = 3.52, p = 0.06; 12 months
F(1,72) = 2.01, p = 0.16; see online suppl. Fig. S11).

Presence/absence patterns are visible in Eggerthella
abundance over time, especially in the first months (see

PRIDE Study: Gut Microbiota and
Socio-Emotional Developmentin Early Life

online suppl. Fig. 6; S11). When plotting Eggerthella
prevalence per timepoint (by ASQ slope, see online suppl.
Fig. S12), we observed that Eggerthella is present at
2 months in only a few infants (P/A 16/64). In contrast, at
12 months, Eggerthella was present in a larger group of
infants (P/A 34/45). We tested whether ASQ slope varied by
presence/absence pattern per timepoint, which was only the
case at 2 months (t = 2.70, p = 0.01), where ASQ slope was
higher in infants without Eggerthella. ASQ slope did not
differ with P/A patterns in any of the other timepoints (4
months: t = 0.84, p = 0.41; 6 months: t = —0.93, p = 0.36; 9
months: t =-1.29, p=0.21; 12 months: t = -1.83, p = 0.071).

Sensitivity Analyses

All results on ASQ slope at taxonomic level were
robust when iteratively rarefying at sequencing depths
between 10,000 and 1,20,000 (see online suppl. mate-
rials). As no sex differences were observed for the genera
Bifidobacterium and Eggerthella, we did not test sex by
ASQ slope interactions.
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Discussion

The PRIDE-BIOME cohort provided the unique op-
portunity to associate variation in gut microbial changes
throughout the first year of life with socio-emotional de-
velopment up to 5 years of age. Beta diversity in the first year
was linked to socio-emotional development and associated
negatively with the abundance of genus Bifidobacterium. In
addition, socio-emotional development positively associated
with Eggerthella development in the first year of life. That is,
while across all infants Eggerthella abundance decreased
over time, this was not the case in infants with more concern
about socio-emotional development at later timepoints.

Development of the Gut Microbiota over the First

Year of Life

We confirmed commonly observed gut microbial early
life patterns, including an increase in alpha diversity over
time and altered beta diversity after 6 months of age [1,
31]. At the taxonomic level we observed a group of genera
with a steep increase in abundance after 6 months, such as
R. gnavus, concurring with solid food introduction [1].
Other genera showed a gradual decrease in abundance
over the first year of life, also often driven by weaning. For
example, decreased Bifidobacterium and Lactobacillus
abundance over the first year of life is common, due to
increased competition with other nutrients than human

10 Dev Neurosci
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milk oligosaccharides [1, 31]. Also, Eggerthella abundance
decreased over the first year of life. In contrast, previous
early life studies show Eggerthella abundance increases in
the first year of life, for example measured between 1 and
4 months [14] and between 0 and 12 months [1]. A gradual
decline was previously seen after, rather than before
12 months [1]. The difference between these cohorts may
be partly driven by a lower percentage and faster decrease
in breast-fed infants in Roswall et al. as breastfeeding is
known to associate with lower Eggerthella abundance [24].

Association between Gut Microbiota and

Socio-Emotional Development

Healthy neurodevelopment depends on timely supply
of gut-derived compounds, supporting gut and brain
immunity and neuronal growth through the routes of the
gut-brain axis [9-13]. Specifically, Bifidobacterium
abundance in infancy is widely regarded as a hallmark of
normative microbial maturation [32]. As the most
abundant early life colonizers, Bifidobacteria are a piv-
otal player in gut and brain immunity and central
nervous system maturation processes, directly via pas-
sage through the blood-brain-barrier or indirectly via
vagal signaling [32]. Bifidobacteria-derived metabolites
such as short-chain fatty-acids [33] and mono-amine
(precursors) including bile acids [34], indole-3-lactic
acid [35], 4-hydroxyphenylacetate [9], serotonin [36]
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promote neuronal growth and/or mediate immunity and
behavior. Moreover, fecal y-aminobutyric acid, which
can be of Bifidobacterium origin [34], is linked to higher
likelihood of ASD [37]. We hypothesize that
Bifidobacterium-derived metabolites are implicated in
the association between infant Bifidobacterium abun-
dance and childhood socio-emotional development.

So far, associations between Bifidobacterium and
socio-emotional outcomes in infants have been ob-
served, though in different directions and lacking
functional data. For example, in 2.5-month-old infants,
higher Bifidobacterium abundance related with positive
emotionality on the Infant Behavior Questionnaire, and
Bifidobacterium-dominated community composition
was related to better self-regulation at 6 months [38].
This is in line with the current findings, where a re-
gression in socio-emotional development associated
with lower Bifidobacterium abundance. In contrast, in

PRIDE Study: Gut Microbiota and
Socio-Emotional Developmentin Early Life

the first month of life, higher abundance associated with
worse emotion regulation on the same questionnaire
[39] and at 2 years with poorer social behaviors on the
Social Responsiveness Scale [40].

Beyond these conflicting results regarding socio-
emotional development, Bifidobacteria are key species
for early life development. The association we observe
aligns with the most robust and replicated early life
somatic health associations, e.g., higher abundance of
Bifidobacterium - within the first 1,000 days of
life — results in lower odds of overweight, diabetes and
atopic diseases [41]. Hence, our findings underscore that
Bifidobacterium is an important marker for overall infant
development, with more research needed on the timing
and directionality for neurodevelopmental outcomes.

While we studied younger and generally healthy - not
(yet) diagnosed - infants, the pattern we observed in-
dicates that a reduction in Eggerthella abundance into
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childhood 1is associated with healthy socio-emotional
development. This is an interesting, hypothesis-
generating observation, in line with findings of en-
riched Eggerthella (lenta) in the microbiota of children
(~4.5 years old) with (suspected) ASD [42]. Moreover, in
adulthood, Eggerthella is repeatedly reported increased
in psychiatric conditions [43]. At the same time, we
observed higher ASQ slope in infants lacking Eggerthella
at 2 months, potentially indicating delayed acquisition of
Eggerthella in relation to more concern about socio-
emotional development at later timepoints. This find-
ing highlights that longitudinal microbial dynamics
reveal relevant patterns for neurodevelopmental out-
comes not observed in cross-sectional comparisons, that
may occur through sustained modulation of gut-derived
neuroactive compounds. Larger mother-infant cohorts
including meconium samples may study how Eggerthella
is acquired in early life as well as the effects of absence or
altered timing of acquisition, considering maternal-
infant transfer and breastfeeding.

As our data were obtained through 16S sequencing,
we cannot assess which Eggerthella species our cohort
contained. A biologically plausible species would be
Eggerthella lenta, found to be enriched in ASD and
correlating with neurotransmitter (precursors) tyrosine
and glutamate by Wang et al. [32], known for their role
in neuronal signaling supporting cognition and social
interactions [44, 45]. Excessive glutamate levels in gut
and specifically brain are implicated in excitatory-
inhibitory imbalance linked synaptic plasticity and
several neurodevelopmental and psychiatric diagnoses
[46, 47]. Speculatively, the absence of decline in Egger-
thella abundance across the first year of life in the late
concern group may result in prolonged microbial ac-
tivity potentially influencing tyrosine and glutamate
metabolism during a sensitive developmental window.

Future Directions and Clinical Implications

The observed trajectories of gut microbial acquisition
and development over time in relation to socio-emotional
behavior need to be replicated, preferably in larger, lon-
gitudinal cohorts or meta-analyzed over independent co-
horts, including broader gut-omics measures. In terms of
clinical implications, we captured neurodevelopmental
variation in a relatively homogeneous and healthy sample
that may never transition into a clinical neuro-
developmental diagnosis. Hence, the predictive value of
these gut microbial signals for a clinical diagnosis needs to
be further tested. However, specifically deviations in the late
concern group require attention as most deviating ASQ-SE
scores were in this group and such scores are indicative of,

12 Dev Neurosci
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for e.g., ASD diagnosis [26]. So far, increased odds for ASD
have only been indirectly linked to the microbiome through
for example early life antibiotic exposure (Ahrens et al.
2024). For somatic childhood health outcomes in early life
microbial variability has been observed; a recent example
shows an association between early acquisition of R. gnavus
(present before 3 months) and preschool asthma [5]. If
replicated, such microbial patterns may inform future
studies on early-life risk stratification and hypothesis-driven
microbiota-targeted interventions.

Limitations

This is an observational study that does not allow causal
or mechanistic conclusions. Moreover, the limited sample
size of this population cohort prevented stratifying analyses
into meaningful subgroups by events disrupting early life
colonization (as the majority of infants were born vaginally,
at term, with a normal birth weight, and breast-fed). The
association between Eggerthella prevalence and abundance
per timepoint and ASQ slope also suffered from low study
power, meaning the interaction of ASQ slope over time
could not be convincingly attributed to one of the time-
points. Another point of attention is the low variance ex-
plained by ASQ slope on beta diversity over the first year of
life, which was even comparable to the R2 for sequencing
depth. This is not uncommon, see [48] on technical vari-
ation being the largest source of variation in the early life
microbiota. Lastly, time-lags between defecation by the
infants and collection by the caregivers were not logged and
hence quantifying and accounting for this was not possible.
Nevertheless, previous research shows a very limited effect of
short term (2 h) exposure to room temperature on microbial
composition of feces in infant feces [49], a timespan unlikely
surpassed in these infants in their first year of life.

Conclusion

This study observed that variation in socio-emotional
development up to 5 years of age related with altered
trajectories in the gut microbiota already in the first year
of life. The genera involved are known to be altered in
ASD in childhood and mental diagnoses in adulthood,
and may serve, if replicated, as screening candidates for
potential future neurodevelopmental deviations.
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