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Introduction: Very Low Birth Weight (VLBW) infants, born weighing less than
1,500 grams, are at risk for both gut dysbiosis and later neuropsychological
developmental deficits. Behavioral effects, while related to neurodevelopment,
are often more subtle and difficult to measure. The extent of later
neurobehavioral consequences associated with such microbial dysbiosis has
yet to be determined. We explored associations between the infants’ gut
microbiome and early childhood behavior at 4 years of age and identified the
bacterial taxa through a multivariate analysis by linear models.

Methods: Parents completed the Child Behavior Checklist (CBCL) focused on
different DSM diagnostic categories: affective, anxiety, pervasive developmental,
attention deficit/hyperactivity, and oppositional defiant. All the CBCL scores
were corrected for gender, delivery method, gestational age, infant birth weight,
occurrence of sepsis, and days on antibiotics prior statistical analyses. Canonical
correlation analysis (CCA) was performed to determine the relationship between
early life gut microbiome and the adjusted CBCL scores. The association of
bacterial Amplicon sequence Variants (ASVs) to the CBCL scores were tested
with multivariate analysis by linear models (MaAsLin).

Results: Nineteen children who were previously born with very low birth weight
and studied while hospitalized in the Neonatal Intensive Care Unit (NICU)
were included in this study. Statistically significant associations were observed
between early life gut bacteria such as Veillonella dispar, Enterococcus,
Escherichia coli, and Rumincococcus to later behavior at 4 years. No significant
association could be observed with early-life gut microbiome alpha diversity and
behavioral measures at 4 years.

Discussion: These preliminary observational data provide insight into the
relationships between VLBW gut microbiome dysbiosis and childhood behavior.
This study contributes to the literature on gut microbiome analysis by examining
various behavioral domains using a standardized tool linked to the Diagnostic
and Statistical Manual of Mental Disorders (DSM).

KEYWORDS

gut microbiome, gut-brain axis, childhood, behavior, gastrointestinal microbiome,
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Very Low Birth Weight (VLBW) infants confront unique
developmental challenges and a heightened risk of experiencing
behavioral issues in their future. Their premature birth means
that their organ systems, including the brain, might not have
fully matured, leading to potential long-term consequences for
neurodevelopment (1, 2). Furthermore, many VLBW infants
undergo extended stays in the neonatal intensive care unit (NICU),
which can result in sensory deprivation and emotional stress during
a critical phase of brain development. Additionally, VLBW infants
are more prone to medical complications, such as respiratory
distress syndrome, intraventricular hemorrhage, and infections,
all of which can have lasting impacts on both their brain,
behavior, and growth (3-5). Therefore, it is crucial to identify
potential biomarkers or other biological patterns to recognize these
challenges early in life.

Numerous studies have illuminated the gut-brain axis,
involving bidirectional communication between the gut and the
brain, which directly and indirectly impacts the host’s growth,
development, and behavioral functions (6-8). Consequently,
comprehending the role of gut microbiota in infants could be
pivotal for averting the future risk of behavioral issues by enabling
the provision of suitable nutrition and early intervention.

Our previous study demonstrated a relationship between
the gut microbiota of Very Low Birth Weight (VLBW) and
neurodevelopment, assessed using the Battelle Development
Inventory-2 Screening Test (BDI-2ST) (2). Behavioral effects, while
related to neurodevelopment, are often more subtle and difficult
to measure. The use of a parent qualitative scale to describe
child behavior is a nuanced approach used in the current study.
The Child Behavior Checklist (CBCL) is a standardized tool with
six scales related to Diagnostic and Statistical Manual of Mental
Disorders (DSM) diagnostic categories. The CBCL has been widely
for many years and has shown a high accuracy of diagnostic
efficiency (9).

The VLBW infants in this study experienced significant
gut microbial dysbiosis during the first 6 weeks of life in the
Neonatal Intensive Care Unit (NICU) which was characterized
). They
are more likely to suffer various brain insults and injuries in

by a dominant abundance of Gammaproteobacteria (

their early life. Immaturity, coupled with the intensive care
that is necessary, predisposes these infants to gut dysbiosis, a
). The
roles of the dysbiotic infant gut microbiome in later childhood

disequilibrium of the gut microbial community (11,

neurodevelopment and behavior are understudied. Pathogens
present during sensitive developmental periods are associated with
later anxiety-like behavior and cognitive impairment (13-16).
This may happen because proinflammatory bacterial metabolites
from the gut can alter the blood brain barrier or cross into the
brain, altering microglia, and contributing to the development
of neurological injury (17) which then translates into later
neurodevelopmental and behavioral problems. Intestinal dysbiosis
often includes reduced microbial alpha diversity and increased
intestinal barrier permeability (18). Lower alpha diversity is often
correlated to poorer health status (19, 20). The stability, diversity,
and developmental succession of the early life gut microbiome may

be associated with long-term health consequences (21).
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This study explored associations between the VLBW infant’s
gut microbiome and scales related to the Diagnostic and Statistical
Manual of Mental Disorders (DSM) from the Child Behavior
Checklist (CBCL) at 4 years old. We also identified the bacterial
Amplicon Sequence Variants (ASVs) related to the DSM-related
scores. This study adds to the gut microbiome analysis literature
by including analysis related to different behavioral DSM-related
scales using a standardized tool.

2.1 Study design and participants

Upon approval by the university Institutional Review Board
(IRB), parents of VLBW infants admitted to the NICU of a large
Florida tertiary care hospital were invited to be in the initial cohort
(IRB#Pro00003468, R21 NR013094). Parents gave written informed
consent to participate in the study and in additional follow up
studies. Eighty-three VLBW infants were measured during the
first 6 weeks of their NICU admission. Parents who consented
were contacted for the follow-up study (IRB#Pro00019955, NIH
grant ROINRO015446) that explored relationships between the gut
microbiome and later health, growth, and development. A total of
25 VLBW infants were followed from birth to 4 years of age. Home
visits were done, and multiple types of data were collected. In the
current paper, we report on data collected in the NICU, including
stool microbiome data, and later behavioral outcomes at 4 years of
age. In 19 cases, there were complete data from the 5 and 6 weeks
of life for the microbiome analysis, adjustments, and behavioral
follow-ups at 4 years of age. shows a flow
diagram describing clearly the longitudinal follow up design.

2.2 Sample processing for measurement
of infant and childhood follow up of
stool microbiome

Infant stool samples were collected weekly from diapers during
the first 6 weeks of life and aliquots were stored at —80 C prior
to sequencing. At the 4 year home visit the investigators collected
stool samples from the children and their mothers. Stool was
collected from the diaper or from the toilet using the ALPCO Easy
Sampler® Stool Collection kit. The stool was delivered to the lab and
immediately frozen at —80 C until processing for DNA extraction.
Microbial genomic DNA was extracted using the PowerSoil DNA
Isolation Kit (MoBio) (
by one contiguous region of 16S rRNA V3-V4 sequencing on
an Illumina MiSeq that generated ~100,000 250 bp paired-end
reads per sample. Sequencing quality was assessed, errors corrected,

). The microbial content was profiled

Amplicon Sequence Variants (ASVs) were generated, and their
taxonomic annotations were obtained against Silva v138 using
the DADA?2 pipeline (23). ASVs were used to calculate the alpha
diversity, which measures the bacterial diversity as a function
of richness and evenness within each sample. For all statistical
analyses, only the most abundant ASVs in the dataset were utilized,
wherein all ASVs with less than 0.01% abundance in all samples,
and ASVs observed in less than 10% of the samples were discarded
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employing the filter_taxa command implemented in OTU table R
package (24).

2.3 Behavioral measures

Parents completed the Child Behavior Checklist (CBCL)
at home visits. The CBCL is a standardized instrument used
to assess behavioral problems in children between 18 and
71 months old (25). It contains 99 items, and each is rated
on a three-point Likert scale. This study focused on the six-
DSM scales consistent with DSM diagnostic categories: affective,
anxiety, pervasive developmental, attention deficit/hyperactivity,
and oppositional defiant. The scale is a first level screening,
reporting symptoms aligned with diagnostic areas such as autism
spectrum disorder (ASD), attention deficit disorder (ADHD),
). Notably,
depression symptoms in this age group are manifested mostly

depression, and oppositional defiant disorder (26,

as emotional irritability and dysregulation, often differing from
manifestations later in development (anhedonia, hopelessness,
persistent sadness) (28). The results are age-normed into T-scores
with a mean of 50 and standard deviation of 10. Consequently,
ranges between 65-69 are considered borderline and scores of 70
or higher are indicative of clinical-range problem (29). A previous
publication provides the CBCL descriptive statistics in this sample

with means and standard deviations (28).
2.4 Statistical analysis
IBM SPSS Statistics version 25 [IBM, (

calculate descriptive and frequency statistics for demographic and
clinical data. Scores from the CBCL were analyzed using Spearman

)] was used to

correlations because of non-normal bivariate distributions.

The microbiome measures were corrected for potential
confounding factors by calculating the residual values for
each CBCL score after correcting for gender, delivery method,
gestational age, infant birth weight, occurrence of sepsis, and
days on antibiotics. For all downstream statistical analyses, the
residual values of the CBCL scores were utilized. The microbiome
data is already available in NCBI database of Genotypes and
Phenotypes (dbGaP) with study accession phs001578.v1.pl
(

). The data generated towards achieving
the aims of the study are shared through tables and supplementary
data described in this study.

2.5 Canonical correlation analysis

Canonical correlation analyses (CCA) were performed
to identify correlations between infant microbiomes and
later behavior. This analysis models correlations between two
multivariate sets of data (31). For this purpose, the alpha diversity
indices at the infant stage were considered to represent the
microbiome, while the residual CBCL values represented the
behavioral measures. The R package CCA (version 1.2.1) was

utilized for this purpose.
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2.6 Association of microbiome to later
behavior

We examined the associations between early-life microbiome
and later behavior (at 4 years) by employing multivariate analysis
by linear models (MaAsLin) (
(33). The abundant ASVs obtained previously were considered as

) implemented in the galaxy server

predictors while the corrected CBCL scores were the outcome.
The bacterial counts were converted to relative abundances which
). Apart
from ASVs, we further conducted association testing employing

were subsequently utilized as input for MaAsLin (34,

MaAsLin for different taxonomic levels including phylum, class,
order, family and genus. Associations were considered to be
significant if p < 0.05.

3.1 Demographics

The 19 children were born early and at very low birth
weight (
stay characteristics). They were followed by home visits at

-sample characteristics and S1-newborn and NICU

50.3 £+ 1.7 months of age. Most were born by Cesarean section
(63%), received courses of antibiotics for 15.8 £ 14.8 days, were
fed varying amounts of mothers own milk and experienced
multiple illnesses associated with prematurity. provides
sample, NICU stay characteristics, and CBCL t-scores at pre-school
age.

3.2 Association between alpha diversity
and residual CBCL values

Our previous publications (3-5) have summarized the
microbiome features obtained in the cohort. For the samples
included in this study, we have obtained 103 unique ASVs
whose classifications are listed in . The
correlations between the alpha diversity and the adjusted CBCL
scores are shown in
were evident among the different CBCL scores but the

. Strong positive correlations

associations between the alpha diversity measures and CBCL
scores were not statistically significant although weak negative
correlations were observed between them. The Spearman
rank correlation between the adjusted CBCL scores and the
alpha diversity measures are listed in R
while the corresponding p-values are listed in

3.3 Canonical correlation analysis

The relationship between the gut microbiome parameters
in early life was compared with the adjusted CBCL scores at
4 years using canonical correlation analysis (CCA). As shown
in the adjusted CBCL measures were highly related
to each other but not with the alpha diversity at early life.
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TABLE 1 Population characteristics, neonatal intensive care unit clinical
data and DSM-related childhood behavior checklist t-scores.

Family Demographics Frequency

Maternal education 46.3% high school or less

Marital status 62.5% married

Income 37.9% under 25,000/year
Ethnicity

Caucasian 43.8%
African American 18.8%
Hispanic White 31.3%
Asian 6.3%
Gender

Male 42%
Female 58%
Delivery method

Vaginal 37%
Caesarean section 63%
NICU events

Apgar at 5 min 7.72 £ 1.07
Gestational age (weeks) 278+ 1.7

Birth weight (Gms) 1068.2 + 215.5
Hemoglobin (Gms/dl) 9.11 £ 1.88
Days on antibiotics 15.8 +14.8
Seizures 1 infant
Necrotizing enterocolitis 1 infant
Bronchopulmonary dysplasia 1 infant

Sepsis 1 infant
Intraventricular hemorrhage 1 infant
Retinopathy 2 infants

Days on oxygen 24 +26.6

Discharge weight (Gms) 2913.12 £ 1069.1
At preschool age (months) 503+ 1.7
Weight (Kg) 183+£79
Height (cm) 100.25 + 4.49
Hemoglobin (Gms/dl) 12.09 + 1.8
Head circumference

CBCL scores

CBCLI (depression t score) 56.24+9.2
CBCL2 (anxiety t score) 552+ 8.8
CBCL3 (autism t score) 55.6 +7.8
CBCL4 (attention deficit hyperactivity t score) | 55.6 8.5
CBCL5 (oppositional/defiant t score) 543 +£8.8

However, upon investigating the CCA between CBCL scores and
prominent ASVs, close relationships were discovered as shown
in Figure 3. For example, ASV_1 (family Enterobacteriaceae),
ASV_5 (Streptococcus), ASV_7 (Staphylococcus) and ASV_13
(Enterococcus) were all highly associated with CBCL_ADHD
adjusted values. Similarly, ASV_10 (Citrobacter) was related
to CBCL_oppositional. ASV_4  (Enterobacteriaceae) was
associated with both CBCL autism and CBCL ADHD adjusted
scores.
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3.4 Association of early-stage
microbiome to behavior at 4 years

Several significant associations were observed between different
ASVs and the CBCL scores. In the domain of depression, there
was a positive association with Veillonella dispar (p = 0.0007)
and Escherichia coli (p = 0.02), whereas Enterococcus (p = 0.03)
and Ruminococcus (p = 0.04) exhibited negative associations.
Conversely, in the domain of anxiety, a positive association
was observed with Enterococcus (p = 0.04), while Veillonella
dispar displayed a negative association (p = 0.01). They are
summarized in Table 2. The Supplementary Table 3 lists all the
associations exported by MaAsLin with the difference CBCL scores.
However, for other taxonomic levels including phylum, class, order,
family and genus, we could not observe significant associations and
the results are listed in Supplementary Table 4.

4 Discussion

The composition of the gut microbiome showed significant
relationships with DSM-based behavioral scales from the CBCL.
In this sample, the alpha diversity was not significantly associated
with the adjusted CBCL scores. However, specific Amplicon
Sequence Variants analyses were significantly associated with
the adjusted CBCL scores, some with positive and some with
negative associations.

Enterococcus and Veillonella dispar showed significant
associations with the CBCL adjusted scales of depression and
anxiety. Additionally, there was a significant association of the
anxiety CBCL scale with the presence of Escherichia Coli and
Ruminococcus.

Aerobic microbes such as Enterococcus and Escherichia are the
first to colonize the newborn under normal conditions, with the
shift occurring to more anaerobic microbes (including Veillonella)
by 4 months of age (36). However, our sample had high abundance
of Veillonella within the first weeks in the NICU. Additionally,
children born via C-section, which was true for most of the infants,
have a higher pathogen abundance of Klebsiella and Enterococcus,
which are associated with a later higher incidence of respiratory
infections within the first year of life (37).

The gut microbiome’s relevance to mood disorders is supported
by the relationship of microbes with mechanisms affecting mood
and behavior. Enterococcus faecalis converts naturally occurring
levodopa into dopamine via a decarboxylation reaction. Because
levodopa is able to cross the blood-brain barrier, but not dopamine,
the conversion may lead to reduced central dopamine availability
in the brain (38). Veillonella abundance has been associated
with negative emotions at school age and to cognitive outcomes
from birth to adolescence (39). Veillonella has also been linked
to increased stress levels, as indicated by negative events and
emotions reported by parents, emotional problems and low
happiness reported by children, and a parasympathetic response
to stress. These findings were independent of age, gender, parental
education, BMI z-score, fiber, protein, sweet and fat food intake,
physical activity, and sleep (40). The links between behavior and
ASVs exists, but the direction may differ. Further research is
necessary to understand better how gut bacteria and moods are

frontiersin.org
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Major Depressive Disorder in adults was associated with lower
abundance of Ruminococcus (41). Contradictory results have
been reported for other taxa, but not for Ruminococcus (41),
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FIGURE 3

Canonical correlation analyses between predominant bacterial ASVs
at early life and childhood behavior at 4 years: The red and blue
color represents the CBCL scores and ASVs, respectively. ASV_1
(family Enterobacteriaceae), ASV_5 (Streptococcus), ASV_7
(Staphylococcus) and ASV_13 (Enterococcus) was all strongly
associated with CBCL_ADHD adjusted values. Similarly, ASV_10
(Citrobacter) was related to CBCL_oppositional. ASV_4
(Enterobacteriaceae) was associated with both CBCL autism and
CBCL ADHD adjusted scores.

Frontiers in Nutrition

05

frontiersin.org


https://doi.org/10.3389/fnut.2023.1294549
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Ozorio Dutra et al.

10.3389/fnut.2023.1294549

TABLE 2 Association between early-life microbiome and later behavior at 4 years.

CBCL1depression ASV_24 Veillonella.dispar 0.024101364 0.000768758
CBCL1depression ASV_2 Escherichia coli 0.086191646 0.024760203
CBCL1depression ASV_179 Enterococcus —0.005181727 0.038295599
CBCL1depression ASV_169 Escherichia coli 0.045086345 0.038546534
CBCL1depression ASV_1227 Ruminococcus —0.010014289 0.042389942
CBCL2anxiety ASV_24 Veillonella.dispar —0.017270338 0.013292532
CBCL2anxiety ASV_179 Enterococcus 0.005296564 0.042749136

Only significant associations are listed.

indicating that this microbe may be a potential biomarker for
depressive disorder.

These children, as infants in the NICU, had dysbiotic gut
microbiomes with an overabundance of Gammaproteobacteria
(10). Dysbiosis could disrupt the normal gut-brain axis in
developing infants. Gut microbial products reach the blood and
then the brain. These chemicals are capable of modulating neuronal
signaling and possibly neurodevelopment. Metabolites of bacterial
origin were found in blood samples of children with autism
spectrum disorder (ASD), which may cause oxidative stress,
mitochondrial dysfunction, and structural changes in the amygdala,
cortex, hippocampus, and cerebellum (42).

In conclusion, it is hypothesized that a connection exists
between the gut microbiome and behavior. However, most previous
studies (43-45) have concentrated on term infants and assessed
behavior at 2 years of age or even earlier, which might not entirely
align with the conditions at 4 years. Our aim was to investigate gut
dysbiosis in VLBW infants and explore the relationships between
the early-life gut microbiome and behavior during the preschool
years at the age of 4. There were significant relationships between
gut microbiome ASVs and DSM-based behavioral scales from
the CBCL. Adjusted CBCL scores were significantly associated
with ASVs representing Veillonella dispar, Enterococcus, E. coli,
and Rumincococcus. It appears that the gut microbiome dysbiosis
of VLBWs may have relationships to later childhood behavior.
This study contributes to the gut microbiome literature by
adding analyses related to different behavioral domains using a
standardized tool linked to the DSM.

These results are preliminary due to the limited sample size.
Other factors aside from gender, delivery method, gestational age,
infant birth weight, occurrence of sepsis, and days on antibiotics
are potentially important in these later childhood relationships.
These include human milk, growth, parenting, and development
characteristics after discharge.

Dysbiosis in the gut microbiome has shown associations
with diverse behavioral disorders, encompassing conditions such
as anxiety, depression, and even neurodevelopmental disorders
like autism. A comprehensive understanding of the mechanisms
through which the infant gut microbiome influences these
disorders is of paramount importance for timely intervention and
proactive prevention strategies.

While this pilot study offers insights into the association
between infancy gut dysbiosis and preschool behavioral functions,
a limitation of this manuscript is the small sample size utilized in
the study. To validate these findings, further investigation with a

Frontiers in Nutrition

larger sample size is necessary. Additionally, there may be other
potentially significant factors in these later childhood relationships,
such as human milk, growth, parenting, and developmental
characteristics after discharge, which were not accounted for in this
study.
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