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While ample research on independent associations between infant cognition
and gut microbiota composition and human milk (HM) oligosaccharides (HMOs)
has been reported, studies on how the interactions between gut microbiota and
HMOs may yield associations with cognitive development in infancy are lacking.
We aimed to determine how HMOs and species of Bacteroides and Bifidobacterium
genera interact with each other and their associations with cognitive development
in typically developing infants. A total of 105 mother-infant dyads were included
in this study. The enrolled infants [2.9-12months old (8.09+2.48)] were at least
predominantly breastfed at 4months old. A total of 170 HM samples from the
mothers and fecal samples of the children were collected longitudinally. Using
the Mullen Scales of Early Learning to assess cognition and the scores as the
outcomes, linear mixed effects models including both the levels of eight HMOs
and relative abundance of Bacteroides and Bifidobacterium species as main
associations and their interactions were employed with adjusting covariates;
infant sex, delivery mode, maternal education, site, and batch effects of HMOs.
Additionally, regression models stratifying infants based on the A-tetrasaccharide
(A-tetra) status of the HM they received were also employed to determine if the
associations depend on the A-tetra status. With Bacteroides species, we observed
significant associations with motor functions, while Bif. catenulatum showed a
negative association with visual reception in the detectable A-tetra group both as
main effect (value of p=0.012) and in interaction with LNFP-I (value of p=0.007).
Additionally, 3-FL showed a positive association with gross motor (p=0.027) and
visual reception (p=0.041). Furthermore, significant associations were observed
with the interaction terms mainly in the undetectable A-tetra group. Specifically,
we observed negative associations for Bifidobacterium species and LNT [breve
(p=0.011) and longum (p=0.022)], and positive associations for expressive
language with 3’-SL and Bif. bifidum (p=0.01), 6’-SL and B. fragilis (p=0.019), and
LNFP-I and Bif. kashiwanohense (p=0.048), respectively. Our findings suggest that
gut microbiota and HMOs are both independently and interactively associated
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with early cognitive development. In particular, the diverse interactions between
HMOs and Bacteroides and Bifidobacterium species reveal different candidate
pathways through which HMOs, Bifidobacterium and Bacteroides species
potentially interact to impact cognitive development in infancy.

human milk, infant gut microbiota, early cognitive development, Mullen Scales of Early
Learning, human milk oligosaccharides, random linear mixed effects model, group LASSO

1. Introduction

Over the last few decades, there has been an increase in studies
examining the effects of the gut microbiome on the health of the host
(1-23). Numerous studies in both animals and humans have identified
connections between the gut microbiome and various health aspects
(10). These include cognition (23), obesity, cardiovascular diseases,
intestinal conditions, immunity (1, 4, 5, 15), as well as mental health
such as depression, anxiety (3, 7, 8, 12, 14, 16, 18, 19), and emotional
behaviors (9). A lack of exposure to diverse microorganisms could
lead to an increased risk of allergic diseases (15). Rogers et al.
investigated the bidirectional relationship between gut microbes and
the central nervous system. They found that treating mother-deprived
rats with Bifidobacterium infantis normalized their immune response,
and that exposing mice with gastrointestinal inflammation and
infection to Bifidobacterium longum normalized their anxious
behavior (6). Carlson et al. (22) reported that the Bacteroides-
abundant cluster had improved early learning composite score and
language related scales. Finally, on the species level, Savignac et al. (3)
showed that the mice fed with Bifidobacterium longum or
Bifidobacterium breve exhibited improved cognition when compared
to the controls.

Although the aforementioned results have demonstrated the
interplay between the gut microbiome and the host’s health, Zafar and
Saier pointed out the potential beneficial effects of Bacteroides when
metabolizing polysaccharides and oligosaccharides. Bacteroides serves
as an immunomodulator, and provides nutrients and vitamin K to
both the host and other intestinal microbial residents (1). In addition,
among the species in the Bacteroides genus, the B. fragilis and
B. vulgatus species are also known to metabolize human milk
oligosaccharides (HMOs) (24-26). Many studies have also examined
the associations between HMOs and Bifidobacterium species, which
are well-known consumers of HMOs as prebiotics. For example,
Matsuki et al. (27) showed that some Bifidobacterium breve strains use
fucosyllactose in breast-fed infants, leading to higher Bifidobacterium
abundance and metabolic signatures characteristic of higher

Abbreviations: 2’-FL, 2’-Fucosyllactose; 3-FL, 3-Fucosyllactose; 3’-SL,
3’-Sialyllactose; 6’-SL, 6’-Sialyllactose; A-tetra, A-Tetrasaccharide; A-tetra+,
Detectable A-tetrasaccharide; A-tetra—, Undetectable A-tetrasaccharide; ES, Effect
size; HM, Human milk; HMO, Human milk oligosaccharide; LASSO, Least absolute
shrinkage and selection operator; LMEM, Linear mixed effects model; LNT, Lacto-
N-tetraose; LNNT, Lacto-N-neotetraose; LNFP-I, Lacto-N-fucopentaose-I.; MoA,
Mechanisms of Action; MSEL, Mullen Scales of Early Learning; SCFA, Short-chain
fatty acids
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Bifidobacterium metabolic activity. Collectively, these findings strongly
support the potential interactions between specific gut microbes and
HMOs, providing insight into how different HMOs may alter infant
gut microbiota composition and function (2, 28-32).

Human milk oligosaccharides, on the other hand, have also been
independently studied regarding their potential health benefits,
including cognition during infancy. Specifically, 3’-(3’-SL) and
6'-sialyllactose (6"-SL), and 2’-fucosyllactose (2’-FL), were shown to
improve and/or be associated with general cognitive ability (33-37),
motor skills (36), learning (36, 38-42), language (21), spatial cognition
ability (43), and anxiety reduction (44). Jorgensen et al. reported that
infants receiving human milk (HM) high in either sialylated or
fucosylated HMOs exhibited increase in language abilities at
18 months (45). Cho et al. further extended their findings and showed
that 3’-SL had positive associations with language abilities in
breast-fed infants who received HM containing detectable
A-tetrasaccharide (A-tetra) during infancy (21).

Given these findings, it is highly plausible that a triad relation
exists among gut microbiota, HMOs, and cognition during early
infancy. That is, both gut microbiota and HMOs could independently
and/or through the interactions of the two yield associations with
cognitive development in infants. To this end, we aimed to discern if
the potential interactions between HMOs and specific gut microbiota
species in the Bifidobacterium and Bacteroides genera, are associated
with cognition assessed using Mullen Scales of Early Learning (MSEL)
(46) during infancy. Specifically, we hypothesized that while HMOs
and species of Bifidobacterium and Bacteroides may be independently
associated with cognition, the interactions between them could also
be associated with different aspects of cognitive development during
the first year of life. Additionally, recent reports suggested that the
presence/absence of A-tetra in HM depends on the secretor status and
blood group (A or AB) (47-49), which could potentially influence the
results of this triad association. In a study by Cho et al., it was found
that the association between HMOs and cognition depended on the
presence or absence of A-tetra in HM (21). Therefore, we further
hypothesized that the associations with cognition with the identified
interactions between HMOs and gut microbiota may also depend on
the presence or absence of A-tetra in the HM that infants received.

2. Materials and methods

2.1. Study subjects

Parents enrolled in this study provided written informed consent
for the participation of both themselves and their infants. The
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University of North Carolina at Chapel Hill and University of
Minnesota Institutional Review Boards approved all study activities.
Using site-based research registries, subjects were enrolled from both
universities. Local newborn nurseries, institutional centers with
research interest on early brain development, local flyers, and
university listservs were additionally used for recruitment. The
inclusion criteria were: (1) birth at 37-42 weeks of gestational age; (2)
appropriate birth weight for gestational age; and (3) no major
pregnancy and delivery complications. The exclusion criteria included:
(1) adopted child; (2) presence of autism, intellectual disability,
schizophrenia, or bipolar disorder related first degree; (3) less than
2kg of birth weight; (4) neonatal hypoxia (10 min APGAR <5); (5)
having illness requiring more than 2 days of newborn intensive care
unit stay; (6) chromosomal or major congenital abnormality; (7)
abnormal magnetic resonance in previous MRI; (8) significant
developmental delay or medical illness, or significant genetic or
medical conditions impacting growth, development, or cognition
(including visual/hearing impairment); (9) contraindication in MRI;
and (10) maternal pre-eclampsia, HIV status, placental abruption, and
alcohol or illicit drug use during pregnancy. Finally, additional
inclusion criteria for subjects included in this study were infants
younger than 12 months old and exclusively/predominantly breastfed
during the first 4months of life, defined as the infants who were fed
less than 20g or four teaspoons per day of complementary foods/
liquids (water, apple juice, etc.), and non-formula.

2.2. Human milk collection and analyses

Human milk samples were obtained from the right breast using a
hospital-grade, electric Medela Symphony breast pump at each visit.
To ensure that the collected HM samples represented HM composition
at each feeding, the samples were gathered until no more HM was
expressed. Additionally, whenever possible, HM samples were
standardized to the second feed of the day so that the diurnal variation
of HM compositions could be minimized. The weight and volume of
the samples were recorded and then vortexed at the highest speed for
2min. A graduated cylinder was used for volume measurement with
extra care to avoid bubbles. The total fat content was then measured
using mid-infrared spectroscopic analyses (MIRIS Human Milk
Analyzer) to ensure that the total fat content, which indicates the
quality of milk sampling, was within the expected range of
2.5mL. Lastly, from the collection bottle, an aliquot of the minimum
30mL of volume was transferred to a 50 mL polypropylene Falcon
tube. Repeat pipette and appropriate tips were used to make 11
aliquots of 1 mL in 1 mL Eppendorf tubes, and nine aliquots of 2mL
in 2mL Eppendorf tubes for storage in a—80°C freezer after the
collection was done.

For HMO quantifications, a representative 1 mL aliquot of HM
was shipped to Neotron Spa (Italy) on dry ice. HMO analyses were
done following Austin and Benet (50). Analyses were done using
liquid chromatography with fluorescence detection after labeling with
2-aminobenzamide. HMOs were quantified using a standard ultra-
high liquid chromatography (UHPLC) system. The system was
equipped with a fluorescence detector, which is a two-way 10 port
high pressure switching valve and two columns, a VanGuard BEH
amide (1.7 pm, 2.1 mm x 50 mm; Waters Corp., Milford, United States)
and an Acquity BEH Glycan (1.7 pm, 2.1 mm x 150 mm; Waters Corp.,
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Milford, United States). Neotron used the method developed by the
Nestlé Research team, which is ISO17025 certified and a reference
human milk sample was included in their analyses to ensure the
correct performance of the method. Using standard curves with
authentic high purity HMO standards, the following eight HMOs
were quantified: 2’-FL, 3-FL, 3’-SL, 6’-SL, Lacto-N-tetraose (LNT),
Lacto-N-neotetraose (LNnT), Lacto-N-fucopentaose-I (LNFP-I), and
A-tetra (Elicityl SA., Crolles, France). Each analyzed batch of samples
were quality controlled. After every 20 samples, quality control
samples were included to verify the method performance by allowing
only the deviations within +15% from the expected amounts.

2.3. Infant gut microbiota composition and
analyses

Stool samples were collected from children’s diapers using the
Omnigene Gut sample collection kit (DNA GenoTek, Ontario,
Canada) 24 h before, during, or after in-person visits. The collected
samples should be stable for up to 60days in a collection tube and
were processed within a week using the following steps. Fecal samples
were loosened by placing them in a dry bead bath. A sterile transfer
pipette was used to transfer a fecal sample into Eppendorf tubes. The
fecal sample was then evenly split between two 1.5mL Eppendorf
tubes, frozen immediately, and stored in a—80°C freezer. Finally, all
collected fecal samples were shipped to CosmosID Inc. (Germantown,
MD, United States) for further analyses as detailed below.

2.4. DNA extraction, library preparation,
and sequencing

Following the manufacturer’s protocol, using the QIAGEN
DNeasy PowerSoil Pro Kit (Qiagen, Germantown, MD, United States),
DNA from samples was isolated. Quantification of the extracted DNA
samples was done using Qubit 4 fluorometer and Qubit™ dsDNA HS
Assay Kit (Thermofisher Scientific, MA, United States).

Preparation of DNA libraries was done using the Nextera XT
DNA Library Preparation Kit (Illumina, San Diego, CA, United States)
and IDT Unique Dual Indexes with total DNA input of 1ng. Using a
proportional amount of Illumina Nextera XT fragmentation enzyme,
genomic DNA was fragmented. To each sample, unique dual indexes
were added and then libraries were constructed after 12cycles of
PCR. With AMpure magnetic Beads (Beckman Coulter, Brea, CA,
United States), DNA libraries were purified and eluted in QITAGEN EB
buffer. Libraries were then sequenced on an Illumina NovaSeq 6000
System with S4 Flow Cell.

2.5. Bioinformatics analysis

Unassembled sequencing reads were directly analyzed using
CosmosID-HUB  Microbiome Platform  (CosmosID
Germantown, MD, United States). In short, the platform employed

Inc.,

curated genome databases together with a high-performance data-
mining algorithm allowing rapid disambiguation of hundreds of
millions of metagenomic sequence reads into the discrete
microorganisms engendering the particular sequences.
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Raw data were backed up to Amazon AWS and run through fastqc
for quality checks upon data generation. A multiqc report was
generated to ensure the conformation of read depth thresholds, and
to check that there was no abnormality with read quality, duplication
rates, or adapter content. Taxonomic results were checked on the
http://app.cosmosid.com platform to ensure no contamination nor
barcoding issues. For statistical significance of the results, the filtering
threshold was based on statistical scores determined by analyzation of
a large number of diverse metagenomes.

Relative abundance of species of Bifidobacterium and Bacteroides
was employed for our analyses. To avoid biases from outliers, the
double median absolute deviation approach (51) was employed to
remove outliers. Subsequently, relative abundance of each species was
summed over all the samples from all the subjects and only the species
with a summation greater than one were used in our analyses since
including species with infinitesimal abundance does not convey much
information and could hamper the efficiency of the analysis with an
unnecessarily larger number of variables.

2.6. Mullen Scales of Early Learning

The MSEL, a validated and widely used infant cognitive
development assessment tool, comprises of five subdomains: fine
motor, gross motor, visual reception, receptive language, and
expressive language (46). An early learning composite score which is
consistent with the Developmental Quotient score for infants was
derived using all subdomain scores excluding gross motor. Trained
staff administered the MSEL assessment at every visit.

2.7. Statistical modeling and analyses

The R version 4.0.3 (The R Foundation for Statistical
Computing, Vienna, Austria) was used for all statistical analyses.
Relative abundances of the selected species were used based on the
aforementioned criteria. Interaction terms were included to capture
the dependence between infant gut microbiota and HMOs. The
relative abundances and the HMO concentrations were first
standardized to ensure fair comparisons among all gut microbiota
species and HMOs prior to subsequent analyses. We fitted the
following models to examine the relationship between cognition,
HMOs and gut microbiota: an unstratified model and two stratified
models based on A-tetra status in HM. The unstratified model used
the eight HMO concentrations from all study subjects. Thus, the
estimated effects were associations between HMOs and infant
cognition. In contrast, the stratified models only used the HMO
concentrations from a subgroup of the subjects. Thus, the estimated
effects captured the associations between infant cognition and
HMOs from homogeneous subjects depending on the A-tetra
status. For example, in the A-tetra+ stratified model, the HMO
concentrations were used for association analyses for infants whose
mothers produced HM with detectable A-tetra, but not for infants
whose mothers did not. Microbiota relative abundances were used
for all infants, but interaction terms between HMO and microbiota
species were only included for those fed with HM with detectable
A-tetra. Similarly, the A-tetra-stratified model included HMOs
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from only the infants with mothers with undetectable A-tetra
HM. Collectively, if consistent significant associations were
observed for all three models, it implied that the associations were
independent of the A-tetra status or otherwise the associations
depended on the A-tetra status.

All models were adjusted for infant sex, delivery mode, maternal
education, site, and batch of HMO analyses.

Unstratified

Mullen = By + Pradjusting covariates
+ BoHMO + B3MB + y1HMO x MB +¢€

Stratified based on A-tetra+

Mullen = By + Piadjusting covariates
+ BoHMO( Atetra +) + B3 MB
+y1HMO( Atetra +)x MB
+ ﬂ4l(Atetra —) +e.

Stratified based on A-tetra-

Mullen = By + Piadjusting covariates
+ BoHMO( Atetra —) + B3 MB
+ ylHMO(Atetra —) x MB
+ ﬂ4](Atetra +) +e€

Here, HMO and MB correspond to the eight HMO quantifications
and the relative abundances of the species from Bifidobacterium and
Bacteroides genera, respectively. In the stratified models,
HMO(Atetra+) and HMO(Atetra—) indicate HMO as a function of
A-tetra status, where HMO(Atetra+) represents the HMO
quantifications from the HM with detectable A-tetra (> the limit of
detection of 4.4 mg/L), and vice versa. Furthermore, a binary indicator
representing if the HM samples contained detectable [I(Atetra+)] or
undetectable [I(Atetra—)] A-tetra was included for the stratified
models and I(Atetra+)=1 when the HM samples were used for
A-tetra+ subjects, and 0 for the A-tetra-subjects and vice versa for
I(Atetra—).

2.8. Variable selection via group LASSO

Finally, to determine how HMOs and gut microbiota and their
interactions may be associated with cognition, a two-step approach
was employed, which included variable selection and regression
analyses. Specifically, the group least absolute shrinkage and
selection operator (LASSO) (52) was first used for variable selection
of HMOs, microbiota species and their interactions for subsequent
regression analyses. The widely used LASSO uses a penalty
parameter for each variable to select variables and attains model
parsimony (53). While the group LASSO also utilizes the same
concept, one fundamental difference is that the penalties are given
to a group of variables instead of each variable (52). That is,
variables are either selected as a group or not. By applying group
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LASSO to the interaction models, the corresponding main
associations were always chosen when an interaction term was
selected so that the model could be interpreted. This step was
needed to reduce dimensionality of the included variables and
minimize overfitting. The penalty parameter, which influences the
selection of the variables, was chosen using 10-fold cross-validation
so that it has the best prediction error (54). Since randomness was
introduced from the cross-validation, 200 repetitions were done in
our study to ensure that the observed results were stable. If the final
selected model did not include any interaction terms, the main
associations with all eight HMOs and gut microbiota relative
abundances were used for subsequent regression analyses. The
adjusting covariates were always included in the linear mixed effects
model so that these factors could be controlled in the analyses.
Finally, linear mixed effects models were fitted with the chosen
variables to account for the longitudinal data (55, 56). The
dependence within a subject was captured with a random intercept
for each infant.

TABLE 1 Demographic information of the participants.*

Total A-tetra+ A-tetra— P
value?
Subjects 105 36 subjects 69 subjects
subjects (61 samples) (109
(170 samples)
samples)
Sex (male) 40 (38%) 15 (42%) 25 (36%) 0.59
Age (months) 8.08 8.13(267) | 8.06(2.38) 0.86°
(2.48)
Birth weights (kg) 3.57 3.61 (0.46) 3.55 (0.44) 0.54
(0.45)
Birth lengths (cm) 51.97 52.15(2.62) 51.87 (2.51) 0.62
(2.54)
Gestation age 9.30 9.30 (0.23) 9.30 (0.30) 0.98
(months) (0.26)
Vaginal birth 83 (79%) 27 (75%) 56 (81%) 0.48
Household <50k 5 2 3 0.24
Income (m) | 50_ 21 6 15
75k
75— 18 3 15
100k
100- 32 13 19
150k
150- 16 6 10
200k
200k 11 4 7
<
Mother education (at 64 (61%) 21 (58%) 43 (62%) 0.70
least some graduate
level)

'Means or counts and standard deviations in parentheses.

?p values from the t-test or Chi-square test of independence (household income) for
comparing between detectable (A-tetra+) and undetectable (A-tetra—) A-tetrasaccharide
groups.

’p value calculated as treating each sample to be independent.
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3. Results

3.1. Subject demographics and descriptive
data

A total of 105 mother-infant dyads were included in this study.
The infants aged between 2.9 and 12 months old (mean and standard
deviation of age: 8.09+2.48 months). Of the 105 mother-infant dyads,
60 visited once while the remaining subjects had at most four visits,
leading to a total of 170 MSEL assessments and fecal samples from the
infants and 170 HM samples from the mothers. The demographic
information of the study subjects and the MSEL are provided in
Tables 1, 2, respectively. Except for the expressive language score
(p=0.03, A-tetra+: 51.82, A-tetra-: 54.83 mean scores), the MSEL
scores were statistically similar between the A-tetra+ and
A-tetra-groups.

Since Bifidobacterium and Bacteroides are the two most
abundant genera in the infant gut microbiota and their potential
interaction with HMOs has been widely reported (1, 2, 24-32, 57—
62), our analyses focused on these two genera. A total of 37 and 59
species including unspecified species were obtained from the
Bifidobacterium and Bacteroides genera, respectively. As indicated
in the Methods section, only the species with a summation of
relative abundance over all samples greater than one were used in
our analyses, yielding a total of 12 species, including five Bacteroides
and seven Bifidobacterium species. We used B. and Bif. to represent
Bacteroides and Bifidobacterium when species were indicated
hereafter, respectively. Figure 1 shows the temporal characteristics
of the pseudo-log-scaled relative abundance of the 12 species and
results of the remaining species are provided in
Supplementary Figure 1. The black and light blue circles represent
A-tetra+ and A-tetra-HM samples, respectively. Evidently, Bif.
longum, Bif. bifidum, and Bif. breve exhibited a markedly higher
relative abundance than other species in genus Bifidobacterium
whereas B. vulgatus, B. dorei, and B. fragilis were higher than the
remaining two species in genus Bacteroides (Figure 2; Table 3). The
strip chart for all the 96 species in Bifidobacterium and Bacteroides
genera is provided in Supplementary Figure 2. The relative
abundances of Bif. longum and Bif. breve were negatively associated
with age [effect size (ES)=-0.91 and—0.41 with p=0.004 and
0.012, respectively] while Bif. catenulatum and B. vulgatus were
positively associated with age (ES=0.01 and 0.26 with p=0.023 and
0.035, respectively). We further evaluated if a nonlinear relationship
between relative abundance and age was present by including an
additional quadratic age term in the analyses and none exhibited
such relationship. Finally, no difference was observed for the
standardized relative abundance among the 12 included species
between A-tetra+ and A-tetra-HM samples (Table 3).

Figure 3 shows the HMO concentrations for all HM samples and
grouped by post-partum ages: 2.9-4, 4-8, and 8-12 months, both with
and without stratification based on the A-tetra status, respectively. The
temporal variations of HMO concentrations in relation to post-
partum ages are evident. In general, 3-FL, 3’-SL, and A-tetra have an
increasing trend and 2’-FL, 6’-SL, LNFP-I, LNnT, and LNT have a
decreasing trend by post-partum age. There were no statistically
significant differences observed for each HMO between the A-tetra+
and A-tetra— groups across all post-partum age bins. More detailed
information of the measured HMO concentrations shown in Figure 3
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TABLE 2 The Mullen Scales of Early Learning scores of the participants.t

Mullen Scales of Early Total (n=170)

Learning

A-tetra+ (n=61)

10.3389/fnut.2023.1216327

A-tetra— (n=109)

p value®3

Composite score 106.18 (12.48) 104.87 (11.62) 106.91 (12.93) 0.29
Gross motor 50.61 (8.77) 50.75 (8.95) 50.53 (8.70) 0.88
Visual reception 54.24 (9.87) 53.38 (9.21) 54.72 (10.23) 0.38
Fine motor 53.40 (11.43) 52.98 (10.81) 53.63 (11.80) 0.72
Receptive language 50.82 (9.48) 51.39 (8.99) 50.50 (9.78) 0.55
Expressive language 53.75 (8.67) 51.82(8.03) 54.83 (8.86) 0.03"

"Means and standard deviations in parentheses.

2p values from the t-test comparing between detectable (A-tetra+) and undetectable (A-tetra—) A-tetrasaccharide groups.

*Value of p calculated as treating each score to be independent for each visit.
“‘Expressive language score shows significant difference between A-tetra+ and A-tetra— subjects.

was provided in the Supplementary Table 1. With the exception of
3-FL (p=0.01, A-tetra+: 1243.26, A-tetra—: 1550.97 mean
concentrations), the remaining seven HMOs did not show significant
difference between the A-tetra+ and A-tetra— groups.

3.2. Specific HMOs, microbial taxa and their
interactions associate with cognition

Figure 4 shows a summary of the main associations between
HMOs, Bifidobacterium species, Bacteroides species, and their
respective interactions in association with cognition. To clearly
summarize our results, we first provided the associations between
HMOs and cognition, as well as microbiota and cognition separately,
followed by the results of their interactions in association with
cognition below.

3.2.1. Associations between HMOs and cognition

Expressive language had significantly negative association with
A-tetra (p=0.026; ES=—2.15) using the unstratified model, suggesting
that infants fed with HM containing a high concentration of A-tetra
exhibited a lower expressive language score. Additionally, significantly
positive associations were observed between 3-FL with visual
reception (p=0.041, ES=6.34) and gross motor (p=0.027, ES=7.67)
in the subjects who received HM with detectable A-tetra (A-tetra+
stratification), indicating that these associations depended on the
A-tetra status.

3.2.2. Associations between gut microbiota and
cognition

Regardless of the A-tetra status, a higher relative abundance of
B. fragilis and B. vulgatus was significantly associated with a higher
gross motor score (B. fragilis: unstratified, A-tetra+, and A-tetra—;
p=0.017, 0.031, and 0.023; ES=1.89, 1.75, and 1.69 and B. vulgatus:
unstratified, A-tetra+, and A-tetra—; p=0.03, 0.039, and 0.027;
ES=1.70, 1.58, and 1.73, respectively). In contrast, fine motor showed
significant positive association with B. ovatus in both unstratified and
A-tetra+ stratified models (p=0.032 and 0.033; ES=1.94 and 2.15,
respectively), indicating that a higher relative abundance of B. ovatus
was associated with a higher fine motor score. Although both
unstratified and A-tetra+ stratified models showed significant
associations, the association using the unstratified model was most
likely driven by the A-tetra+ group and suggested that the observed
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association was distinct among infants who were fed with HM with
detectable A-tetra.

Finally, a higher visual reception score was significantly associated
with a lower Bif. catenulatum relative abundance in the subjects who
received HM with detectable A-tetra (p=0.012; ES=—2.13), indicating
that a higher visual reception score was associated with a lower Bif.
catenulatum relative abundance in the subjects who received HM with
detectable A-tetra.

3.2.3. Associations with cognition through
interactions between HMOs and gut microbiota

While the above findings are independent associations between
HMOs and species of Bifidobacterium and Bacteroides with cognition,
additional associations through the interactions of the two systems
were also observed. Fine motor showed a significantly negative
association with the interaction between LNT and Bif. longum
(ES=-2.12; p=0.037) using the unstratified model. Although not
statistically significant, the effect sizes of the main associations of LNT
and Bif. longum were both negative (—1.07 and — 0.12, respectively).
That is, an increase of either LNT concentration, Bif. longum relative
abundance, or both was associated with lower fine motor scores as
seen in the significant interaction effect between LNT and Bif. longum.

Visual reception showed a significant negative association with
the interaction between Bif. catenulatum and LNFP-I1 (ES=-8.37;
p=0.007) in the A-tetra+ stratified model. Again, we examined the
effect sizes of the main associations of Bif. catenulatum and LNFP-I,
which were—2.13 and 3.41, respectively. That is, a higher relative
abundance of Bif. catenulatum was associated with lower visual
reception scores but the effects would be weakened with an increase
of LNFP-I and vice versa.

Finally, expressive language showed significant positive
associations with the interaction between 3’-SL and Bif. bifidum, 6’-SL
and B. fragilis, and LNFP-I and Bif. kashiwanohense (p=0.01, 0.019,
and 0.048; ES=4.06, 6.95, and 6.31, respectively) and significant
negative associations with the interaction between LNT and Bif. breve
and LNT and Bif. longum (p=0.011 and 0.022; ES=—4.19 and —2.17,
respectively) in the A-tetra-stratified model. The main associations of
3’-SL, Bif. bifidum, LNFP-1, Bif. kashiwanohense, and LNT had
negative effect sizes (—0.08, —0.56, —0.91, —2.91, and—1.68,
respectively) while 6’-SL, B. fragilis, Bif. breve, and Bif. longum had
positive effect sizes (0.23, 0.61, 0.34, and 0.38, respectively). Thus,
associations with expressive language and 3’-SL, Bif. bifidum, LNFP-1,
Bif. kashiwanohense, Bif. breve, and Bif. longum were diminished due
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to the significant interactions, while the associations enhanced with
6’-SL and B. fragilis in positive direction and with LNT in
negative direction.

3.3. Adjusting covariates

Significant covariates are summarized in Table 4. For the batch
effects, the year 2018 was used as the reference year for the
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comparisons with years 2019 and 2020. Regardless of the stratification,
significant MSEL batch effects were observed for the early learning
composite, visual reception, expressive language, and gross motor
scores. Fine motor showed a significant batch effect between the years
2018 and 2020 in the unstratified models. Compared to year 2018,
with HMOs collected in 2019 or 2020, the above four scores were
lower. In general, as the HMOs were collected at later years, the scores
decreased. For expressive language, sex of the infants and maternal
education also had significant effects in the A-tetra-stratified model.
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TABLE 3 The relative abundance of the species from Bifidobacterium and Bacteroides genera of the participants.!

Generum Species Total (n=170) A-tetra+ (n=61) A-tetra— (n=109) p value®?
Bif. longum 0.38 (0.32) 0.38 (0.35) 0.38 (0.30) 0.97
Bif. bifidum 0.09 (0.18) 0.12 (0.22) 0.07 (0.15) 0.17
Bif. breve 0.09 (0.17) 0.10 (0.19) 0.08 (0.15) 0.50

Bifidobacterium Bif. pseudocatenulatum 0.01 (0.05) 0.01 (0.03) 0.01 (0.06) 0.49
Bif. kashiwanohense 0.01 (0.05) 0.002 (0.01) 0.02 (0.06) 0.03*
Bif. catenulatum 0.001 (0.004) 0.001 (0.004) 0.002 (0.005) 0.77
Unspecified 0.01 (0.04) 0.01 (0.03) 0.01 (0.04) 0.95
B. vulgatus 0.04 (0.12) 0.02 (0.09) 0.05 (0.14) 0.08
B. dorei 0.02 (0.07) 0.02 (0.06) 0.02 (0.07) 0.63

Bacteroides B. fragilis 0.03 (0.10) 0.04 (0.15) 0.02 (0.06) 0.48
B. uniformis 0.003 (0.01) 0.004 (0.01) 0.002 (0.01) 0.24
B. ovatus 0.01 (0.02) 0.004 (0.02) 0.01 (0.03) 0.29

'Means and standard deviations in parentheses.

?p values from the t-test comparing between detectable (A-tetra+) and undetectable (A-tetra—) A-tetrasaccharide groups.

*p value calculated as treating each infant gut microbiota species to be independent for each visit.

*Bif. kashiwanohense species shows significant difference between A-tetra+and A-tetra— subjects, but when the relative abundance is standardized, the significance in the difference disappears.

That is, girls compared to boys and infants with college graduated
mothers compared to mothers with graduate school level education
had higher expressive language scores.

4. Discussion

Although the conceptual frameworks suggesting a potential
association between HMOs, gut microbiota composition, and
cognition have been proposed (63), studies thus far have largely
focused on the associations between infant cognition and gut
microbiota or HMOs, separately. While our findings are consistent
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with that reported in the literature demonstrating that specific HMOs
and Bifidobacterium and Bacteroides species are independently
associated with certain cognitive domains, this study took one step
further to provide evidence on the associations between interactions
of HMOs and specific microbial taxa and cognitions during the first
year of life. Interestingly, most of the HMOs that showed a significant
main association with cognition did not show a significant interaction
effect except for the interaction between Bif. catenulatum and LNFP-I
with visual reception. In addition, most of the significant interactions
were with expressive language in the A-tetra-stratified model. In
general, except for the significant association between B. fragilis and
6’-SL with expressive language, the species showing significant
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interaction with HMOs were Bifidobacterium species, while
Bacteroides species showed significant main associations with motor
functions. To the best of our knowledge, our study is the first to
evaluate associations between the three biological systems—relative
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abundance of Bifidobacterium and Bacteroides species, HMO
concentrations, and cognition in typically developing infants during
the first year of life. More detailed discussions on the observed
associations with specific cognitive abilities are provided below.
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TABLE 4 Statistical results for adjusting covariates using random linear mixed effects model with one random intercept for study subjects.?

Unstratified® A-tetra+3
FM4 GM* VR* GM#* VR*
Batch 2019 | Estimate -689 | -334  —561 -699 | 084 = -7.38 —5.82 -680 | —136 = —6.79 -5.35 -8.27 -1.82
(reference: | g 2.87 241 2.01 1.88 2.00 2.76 1.96 1.85 1.83 2.89 2.00 2.12 1.82
2018) t —240 | -139  —2.79 —372 | —042 = -267 —-2.96 —367 | —074 @ -235 —-2.68 —-3.91 -1.00
p value! 0.018° 0167 | 0.006 @ <0.001  0.674 0.009 0.004 = <0.001 | 0.459 0.021 0.008  <0.001 0.320
Batch 2020 | Estimate -829 | -585 = —5.84 —445 | 546 = —9.86 —6.56 -562 | —531 -8.39 -6.12 —4.98 -8.10
(reference: | g 3.39 2.84 2.39 2.31 2.37 3.34 2.38 2.29 2.16 3.42 2.37 2.52 2.19
2018 t —244 | =206 = —2.44 -1.93 | -230 = -2.96 -2.76 —245 | 246 @ -246 -2.58 —-1.98 -3.70
p value' 0.016 = 0.041  0.016 0.056 0.023 0.004 0.007 0.015 0.015 0.016 0.011 0.05 <0.001
Sex (Male) | Estimate —2.51 —-0.83 2.36 —0.61 -307  -177 2.28 0.29 —2.01 -3.17 222 0.03 -3.11
S.E. 2.34 1.83 1.69 1.51 1.65 2.27 1.67 1.49 1.53 2.36 1.67 1.68 1.47
t -1.08 | —0.46 1.39 -040 | -187 | —0.78 1.37 0.19 -1.31 -1.35 1.33 0.02 -2.13
p value' 0.286 0.650 0.17 0.688 0.066 0.437 0.176 0.848 0.193 0.183 0.188 0.985 0.037
Maternal Estimate -225 | -178 =033 1.03 —141 | =210 -0.16 0.62 -1.19 | —2.22 —0.40 1.16 -2.70
education S.E. 1.69 1.31 1.22 1.09 1.19 1.63 1.20 1.07 1.10 1.70 1.20 1.22 1.10
t -133 | -136 = —027 0.95 -1.19 | -129 -0.13 0.58 -1.08 | -131 -0.33 0.95 -2.46
p value! 0.187 0.177 0.785 0.343 0.240 0.202 0.898 0.565 0.281 0.195 0.743 0.343 0.016
Delivery Estimate 0.48 2.76 0.04 -3.10 | —0.51 0.36 0.28 -334 | —-054 —0.78 —0.11 -3.08 -2.22
mode S.E. 2.86 2.29 2.06 1.78 2.01 2.73 2,01 1.78 1.82 2.93 2.06 2.12 1.85
(Vaginal)
t 0.17 121 0.02 -174 | —025 0.13 0.14 -1.87 | -030 = -027 -0.06 —1.46 -1.20
p value! 0.868 0.229 0.986 0.084 0.800 0.896 0.176 0.063 0.768 0.792 0.957 0.147 0.233
Site (UNC) | Estimate 2.77 2.65 3.55 1.42 —0.55 3.34 4.08 1.00 0.30 2.56 3.31 1.88 0.37
S.E. 3.13 2.59 2.25 2.08 2.20 3.21 2.33 2.15 2.08 3.29 2.32 2.36 2.04
t 0.89 1.02 1.58 0.68 —-0.25 1.04 1.76 0.47 0.14 0.78 143 0.80 0.18
p value! 0.379 0.309 0.118 0.496 0.804 0.304 0.083 0.643 0.887 0.44 0.158 0.428 0.855

'Significant results with 0.05 significance level provided.

“Results shown from all three models, unstratified, stratified by detectable (A-tetra+), and undetectable (A-tetra—) A-tetrasaccharide models.

*Unstratified model: the human milk samples used from all the subjects; stratified models: the human milk samples used from only the corresponding subjects, i.e., subjects from the A-tetra+
group for the A-tetra+ stratified model and from the A-tetra— group for the A-tetra— stratified model.

*Abbreviations for the Mullen Scales of Early Learning scores: ELC for early learning composite score, FM for fine motor, GM for gross motor, VR for visual reception, and EL for expressive

language scores.
°Bold values indicate statistical significance.

4.1. Motor skills

Although the potential relations between HMOs and gut
microbiota and motor functions during early infancy remain elusive,
few reports are available in the literature and results are somewhat
inconsistent among these studies. Using gut microbiota coabundance
at infancy, Sordillo et al. (64) reported that poor fine motor scores at
3-year old were associated with Bacteroides-dominated coabundance
group. However, Tamana et al. (65) reported a positive association
between motor development at 2 years old and Bacteroides-dominant
cluster at birth. Finally, by stratifying healthy infants at 18 months old
into two groups, above and below median fine motor scores, Acuna
etal. (66) reported that probiotic Bifidobacterium was more abundant
in the above median group. While discrepancies in approaches and
ages among study cohorts may have contributed to these inconsistent
results, our findings may offer additional insights into the complex
associations between HMOs, gut microbiota, and motor functions
during infancy. Specifically, our results elucidated that the observed
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associations differed between gross and fine motor abilities. Gross
motor was independently associated with the HMO 3-FL and the
microbes B. fragilis and B. vulgatus. In contrast, no association
between HMOs and fine motor was observed. Instead, fine motor was
associated with B. ovatus, which differs from those with gross motor
and through interaction between LNT and Bif. longum. To this end,
our findings signify the importance to consider potential interactions
between HMOs and gut microbiota to more comprehensively analyze
the potential relations among HMOs, gut microbiota and
motor functions.

It should be noted that although both gross and fine motor assess
infants’ motor ability, a potential association between fine motor and
language abilities has been reported; fine motor skills at 6-24 months
positively predicted the expressive language skill at 30-36 months in
autistic children (67, 68). Our results may also support the associations
between language and motor ability, as we identified that both
expressive language and fine motor skills showed a negative
association with the interaction between LNT and Bif. longum.

frontiersin.org


https://doi.org/10.3389/fnut.2023.1216327
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Choetal.

4.2. Language skills

Expressive language is the ability to communicate and express
thoughts and feelings, while receptive language concerns
understanding of information (69). We previously reported that
both receptive and expressive language abilities were significantly
and positively associated with 3’-SL in infants who received HM
containing detectable A-tetra but not in the A-tetra— group (21). In
particular, a stronger association between 3’-SL and receptive
language was observed in children older than those younger than
1 year-old while no age interaction was observed for expressive
language. These previous findings, however, differ from the current
study. With the exception of A-tetra, which exhibited a negative
association using the unstratified model, all identified associations
with language ability in this study were through interactions
between microbiota and HMOs, including 3’-SL with expressive
language in the A-tetra— group. In addition, no association with
receptive language was observed. Although several potential factors
may account for the observed discrepancies between our previous
and current studies, one of the most plausible reasons is the age
differences between the two studies. The age range was 2-25 months
old in our previous study while the current study focused on the
first 12months of life. As indicated above, children older than
12 months old exhibited a stronger association between 3’-SL and
receptive language than those younger than 12months old.
We further re-analyzed our data using the previous approach but
only included subjects in the first year of life, identical to this study,
and no significant association was observed
(Supplementary material, entitled “Association analyses between
infant cognition and HMOs”). Therefore, the difference in age
ranges between the two studies might explain why no association
with receptive language was observed in the current study.
Furthermore, the potential interaction between HMOs and gut
microbiota was not accounted for in our previous study. Contrasting
to our previous findings, which were specific to A-tetra+ group,
inclusion of the interactions between HMOs and microbiota yielded
previously unseen associations beyond language ability. These
findings underscore the importance of considering the potential
interactions between HMOs and gut microbiota in the identification
of potential associations between HMOs and cognition. While the
underlying mechanisms explaining our findings remain elusive and
beyond the scope of the current study, Bif. breve, Bif. longum, and
Bif. bifidum showed the highest relative abundances suggesting they
have a competitive advantage in the presence of HMOs during
breastfeeding. James et al. (70) demonstrated that species from
Bifidobacterium genus, including Bif. breve and Bif. longum, but
especially, Bif. breve are able to metabolize LNT. Notably, LNT is the
highest in HM of mothers who cannot express LNFP-I and A-tetra
(non-secretor) (47, 48), and Guo et al. (71) showed that B. fragilis
has an important transglycosylation activity for synthesizing
sialylated HMO. The present study findings support these previously
published interactions.

Finally, significant associations between the expressive language
skills and infant sex and maternal education level in A-tetra— group
were observed where girls exhibited a better expressive language
ability than boys. This is consistent with the widely accepted intuition
that girls are commonly known to have better expressive language
skills (72).
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4.3. Visual reception skill

Mullen Scales of Early Learning visual reception assesses an
infants ability to understand what different shapes, words, and
symbols represent as well as the recognition of objects spatially. In this
study, associations were observed between visual reception and HMOs
(3-FL), gut microbiota (Bif. catenulatum), and their interactions (Bif.
catenulatum and LNFP-I). Interestingly, Bif. catenulatum is not a
dominant Bifidobacterium species during infancy, hence not much is
studied about this species among infants (73). Liu et al. (74) studied
the different genetic make-up of Bif. catenulatum in infants and adults
and found that Bif. catenulatum subspecies kashiwanohense is
generally more dominant among the infants and is equipped with an
alpha-L-fucosidase needed to metabolize HMOs. Also, Ojima et al.
(75) suggested that Bif. catenulatum utilizes fucosyllactose through its
fucosyllactose-binding proteins. Our data support this relationship
between Bif. catenulatum and LNFP-I and showed that visual
reception was associated with the interaction between these two.
Furthermore, a previous study by Cabrera-Rubio et al. (76) reported
that Bif. catenulatum was more prevalent among secretor milk samples
compared to non-secretors. In our study, we used the level of A-tetra,
equally dependent on the secretor positive status, for stratification, as
initially used by Cho et al. (21), and observed that the association
between Bif. catenulatum and LNFP-I for visual reception was specific
for the population that received A-tetra+ HM.

While a few studies exist on Bif. catenulatum, to the best of our
knowledge, no study has previously reported a potential association
between visual reception and HMOs although Carlson et al. reported
that visual reception was negatively associated with the alpha diversity
of gut microbiome at 2 years of life (22). Our study focused on infants
during the first year of age and similarly observed a negative
association between the visual reception score and the relative
abundance of Bif. catenulatum.

4.4. A-tetra status

Although secretor status has been commonly used to group HM
samples in the literatures (77-81), we instead employed A-tetra status
in our study for the following two reasons. First, the reported criteria
(80, 81) used to determine secretor status led to relatively uneven
sample sizes between secretors vs. non-secretors in our cohort,
making it difficult to derive statistically meaningful results. Second,
this study further expanded our previous findings (21) by considering
how the potential interactions between microbiota and HMOs could
lead to previously unseen associations with cognition during early
infancy (Please see Supplementary material, entitled “Secretor vs.
A-tetra statuses” for more detailed discussion). A-tetra status of HM
depends both on the secretor positive status and the blood type of A
or AB leading to a subgrouping of secretor positive HM (47-49). In
our study, we found significant associations differed according to the
stratification based on the A-tetra detectability. In particular, most of
the interactions were shown in the stratified models. Yet, independent
associations of Bacteroides species with cognitive scores were less
dependent on the A-tetra status. On the other hand, when the
associations of the microbiota were dependent on HMOs through
interactions, the associations were more signiﬁcant when HMOs were
stratified by A-tetra detectability. This is intuitive in the sense that

frontiersin.org


https://doi.org/10.3389/fnut.2023.1216327
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Choetal.

when stratified, the HMO components would be more homogenous,
and thus would have less deviation, allowing more detection of
significant terms.

4.5. Temporal variations of HMO
concentrations with postpartum age

Human milk (HM) oligosaccharide concentrations in HM are
known to vary with postpartum age of lactation (82, 83) with some
decreases (e.g., 2’-FL and 6’-SL), while others increase (3-FL;
Figure 3). These temporal variations underscore the importance of
considering when the HM samples were collected in relation to the
post-partum age should one be interested in comparing the HMO
concentrations with those reported in the literature. Specifically, there
is a common misconception that 2’-FL and 6’-SL are always higher
than 3-FL and 3’-SL, respectively, because most studies have analyzed
samples collected during early infancy, e.g., first 1-2months of
lactation. However, since 2’-FL and 3-FL exhibited an opposite
temporal pattern, 2’-FL was higher than 3-FL in 2.9-4 months but
became lower in 8-12 months (Figure 3). Likewise, similar findings
were observed for 3’-SL and 6’-SL.

Comparing the HMO concentrations in our study to those
reported in the literature, Thurl et al. (79) showed that 2’-FL, 3-FL,
3’-SL, and 6’-SL were 3.13, 0.42, 0.27, and 1.22 g/L for secretors and
not detected, 1.79, 0.24, and 1.14g/L for non-secretors for HM
samples collected from German women between days 3-90
postpartum, respectively. Since the secretor status was used by Thurl
et al., we employed two approaches to determine the secretor status in
our cohort and only included HM samples collected between 2.9 and
4months post-partum for a fair comparison. Specifically, using
2’-FL/3-FL abundance ratio>6.5827 as the secretor-positive (80),
none of our cohort with HM samples collected in 2.9-4 months post-
partum met this criterion as secretor positive. In contrast, using
2’-FL<15mg/L (81) as non-secretors, nine subjects were secretors and
one was non-secretor among the HM samples collected within
2.9-4months post-partum. The median values of 2’-FL, 3-FL, 3’-SL,
and 6’-SL were 1.86, 0.97, 0.12, and 0.076g/L for secretors and
not-detected, 2.43, 0.13, and 0.11 g/L for the non-secretor. It appears
that our results are different from that reported by Thurl et al. (79).
Several factors may account for the observed discrepancies between
ours and those reported by Thurl et al. (79). Specifically, as discussed
above, HMO concentrations are anticipated to vary with post-partum
age. Since our samples were largely collected beyond the first 3 post-
partum months (two samples <90 days post-partum), it is highly likely
that our results would be different from that reported by Thurl et al.
(79). In fact, our results of 6"-SL were highly consistent with those
reported by Austin et al. (49) (76.6mg/L at 2.9-4months and
56.8 mg/L at 4-8 months in our study vs. 78 and 39 mg/L for 2-4 and
4-8 months, additional
publications have reported a wide range of HMO concentrations

respectively). Furthermore, several
among different studies, races, geographic locations, and post-partum
ages (84-86). Our results are well within the ranges of the reported
results. Finally, the age effects were regressed out prior to conducting
the association analyses in our study, further minimizing the potential
impacts of the temporal variations of HMO concentrations to our

conclusions. In summary, although discrepancies of HMO
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concentrations were observed between ours and those reported by
Thurl et al. (79), our results are within the ranges reported by many
other studies (49).

4.6. Hypothesis on mechanisms of action
mediating the HMO and microbiota effects
and their interactions

Our findings confirm the hypothesized interaction between
HMOs, microbiota, and cognitive functions in infants. Although
some of our findings align with existing literature and offer
additional insights into the complex triad relation between HMOs,
infant gut microbiota, and cognition, this area of research remains
largely underexplored. To this end, we offered potential mechanistic
hypotheses underlying our findings. In this exercise, we will
be obliged to leverage the existing evidence collected in animal
models that mainly investigated the HMOs, 2’-FL, 3’-SL, and 6’-SL
thanks to their availability for research and/or presence in rodent
milk. While potential extrapolation of similar hypothetical
mechanisms of action (MoA) to other HMOs beyond these is not
excluded, the hypothesis generated will be stronger for these three
HMOs. The most obvious MoA via which HMOs can influence
subjects is the modulation of microbiota composition and function,
which is a subject of intense research in infants (59) as well as in
models to study more species-specific growth and activity on specific
HMOs (87). HMO boosted microbial metabolites are of particular
interest as many of those can go systemic and affect distant sites like
the developing brain (42). In this direction, several studies have
reported that short-chain fatty acids (SCFA) could be essential.
Extensive investigation of the growth of bacteria and their
production of SCFA has been reported by Yu et al. (57). In summary,
while most Bifidobacterium and Bacteroides were reported to grow
on fucosylated HMOs (2’-FL, 3-FL, and lactodifucotetraose) and
generate abundant SCFA, supplementation with sialylated HMOs
(3’-SL and 6’-SL) only promoted moderate growth of specific
Bifidobacterium and Bacteroides, which however also generated
significant SCFA. Interestingly, SCFA have been associated with
neurogenesis (88) as well as potential impact on microglia (89).
Beyond SCFA, other metabolites could be mediating the potential
impact of HMOs on cognition. Among the candidates are
neurotransmitter, such as gamma-aminobutyric acid (GABA) (90)
and serotonin (91, 92) or their precursors, such as tryptophan for
serotonin (93, 94). Change in gut synthesis of these metabolites can
have impacts on brain via various routes, including directly reaching
the brain, providing the precursor for brain synthesis of the
neurotransmitters, and direct impact on the enteric nervous system
or on the vagus nerve (95). Interestingly several probiotics, including
Bifidobacterium, have been reported to synthesize GABA (90, 96),
which would act mostly at the enteric nervous system or via the
vagus nerve. Further evidence comes from studies where
intervention with probiotics led to changes in behavior or gene
expression in the brain. For example, treatment with a lactobacillus
strain was shown to impact both central GABA receptor expression
as well as emotional behavior via the vagus nerve (97).

Another MoA reported in multiple preclinical studies is the
modulation of brain gene expression, which has been studied across
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different species (42, 98). Fleming et al. used 2’-FL as nutritional
intervention, while Hauser et al. used an absence vs. presence of
6’-SL in the early life diet, suggesting that the potential impact on
brain gene expression might be different for different HMOs. In
these studies, the authors reported alteration of glutamatergic,
cholinergic, gamma amino butyric acid-ergic and histone
in pigs (98)
neurodevelopment and more specifically myelination pathways in

deacetylation pathways and alteration of
mice (42), respectively. Finally, while some of our findings were
consistent with results reported in the literature, such as the
modulation of microbiota growth, we also observed unexpected
results. Specifically, we observed interactions between 3’-SL and
6’-SL, but not with 2-FL with infant gut microbiota were associated
with cognition. Moreover, we also observed interactions with
previously unreported HMOs (LNT and LNFP-I) and gut microbiota
revealed additional associations with cognition which require future
studies to confirm these findings. Going beyond the healthy
population, it has been reported that some neurological pathologies,
such as autism spectrum disorder (ASD), were associated with
gastrointestinal symptoms as well as alteration of the microbiota
(99). In preclinical models of autism, administration of bifidobacteria
resulted in improved social function (100), possibly via
normalization of the immune system. While comprehensive clinical
studies in this direction remain lacking, a recent case study utilizing
combined oral and enema fecal microbiome transplant for treating
late-onset ASD children reported improvement of ASD symptoms
in six of nine subjects who were 8 years old or younger (101). These
studies suggest that intervention targeting microbiota could be an
appealing approach for neurological pathologies, such as ASD. To
this end, our results would benefit to be explored further for its
potential clinical applications beyond the healthy population.

4.7. Limitations

While our results are informative, our study has several
limitations. First, the maternal education of our cohort was higher
compared to the general population. Second, while the batch
effects of the HMOs were included as one of the adjusting
covariates, the significant difference between the batches indicated
potential limitations on the consistency of the HMOs analyzed.
Third,
complementary food interacting with gut microbiome, our study

to minimize potential confounding factors from

only focused on the first year of life since it is a time period when
most infants still consumed HM. Fourth, while most of the
reported results regarding the potential interactions between gut
microbiota and HMOs have largely focused on Bacteroides and
Bifidobacterium genera, including additional gut microbiome
genera could have given a more comprehensive understanding of
the associations between gut microbiota and HMOs, but would
have required a larger sample size. Fifth, it has been suggested that
the relative abundances of Bifidobacterium and Bacteroides in the
breastfed infant colon are different depending on the secretor
status (102, 103). Future studies could also consider this potential
factor. Finally, while it is highly plausible that interactions between
HMOs and gut microbiota may also be associated with other
developmental outcome, e.g., infant temperament, our study only
focused on infant cognition.
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5. Conclusion

The associations of the relative abundance of the species of
Bacteroides and Bifidobacterium genera, HMO concentrations, and their
interactions with infant cognition scores using MSEL were examined.
Most of the significant interactions between the gut microbiota relative
abundance and HMOs were associated with expressive language ability
in A-tetra-HM fed group. Motor scores showed significant positive
associations with Bacteroides species. Visual reception showed significant
associations with Bif. catenulatum and HMOs. Our results not only
support independent associations of HMOs or gut microbiota with
infant cognition, but also showed the importance of considering the
interactions between the two systems by unveiling additional associations
with cognition during the first year of life. Overall, our study sheds light
on the complexity of the interaction between HMOs, infant gut
microbiota, and cognition, and the need for further research in this area.
Understanding these interactions could have important implications for
infant nutrition and development, as well as potential therapeutic
interventions for cognitive and neurological disorders later in life.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://www.ebi.ac.uk/ena/
browser/view/PRJEB63183.

Ethics statement

The studies involving human participants were reviewed and
approved by University of North Carolina at Chapel Hill and University
of Minnesota. Written informed consent to participate in this study was
provided by the participants for both themselves and their infants.

Author contributions

BH, JE, and WL designed the research. KB, BH, HH, JE, and WL
conducted the research. TL, TS, SC, HZ, and WL analyzed the data or
performed the statistical analysis. SC, TL, TS, JH, NS, and WL wrote
the manuscript. All authors contributed to the article and approved
the submitted version.

Funding

The sources of support include grants, fellowships, and gifts of
materials. This study was supported in part by NIH grants
[UOIMH110274 (WL and JE); ROIMH116527 (TL); RO1MH086633
(HZ); and MH104324-03S1 (JE)], and MHO015755 (BH), and a grant
(WL) from Nestlé Product Technology Center-Nutrition, Société des
Produits Nestlé S.A., Switzerland. BH was an iTHRIV Scholar. The
iTHRIV Scholars Program was supported in part by the National
Center for Advancing Translational Sciences of the National Institutes
of Health under Award Numbers UL1TR003015 and KL2TR003016.
The funder (Nestlé Product Technology Center-Nutrition, Société des
Produits Nestlé S.A., Switzerland) was involved in the study design for

frontiersin.org


https://doi.org/10.3389/fnut.2023.1216327
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.ebi.ac.uk/ena/browser/view/PRJEB63183
https://www.ebi.ac.uk/ena/browser/view/PRJEB63183

Choetal.

collecting HM and stool samples, interpretation of data, writing of this
article and the decision for submission.

Conflict of interest

TS, JH, and NS are employees of Société des Produits Nestlé, SA,
Switzerland. This study was supported in part by a grant from Nestlé
Product Technology Center-Nutrition, Société des Produits Nestlé
S.A., Switzerland. WL was a consultant of and received travel support
from Nestlé SA, Switzerland.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Zafar H, Saier MH Jr. Gut Bacteroides species in health and disease. Gut Microbes.
(2021) 13:1-20. doi: 10.1080/19490976.2020.1848158

2. Sela DA. Bifidobacterial utilization of human milk oligosaccharides. Int J Food
Microbiol. (2011) 149:58-64. doi: 10.1016/j.ijfoodmicro.2011.01.025

3. Savignac HM, Tramullas M, Kiely B, Dinan TG, Cryan JF. Bifidobacteria modulate
cognitive processes in an anxious mouse strain. Behav Brain Res. (2015) 287:59-72. doi:
10.1016/j.bbr.2015.02.044

4. Round JL, O'Connell RM, Mazmanian SK. Coordination of tolerogenic immune
responses by the commensal microbiota. ] Autoimmun. (2010) 34:]220-5. doi: 10.1016/j.
jaut.2009.11.007

5. Rook GAW, Martinelli R, Brunet LR. Innate immune responses to mycobacteria
and the downregulation of atopic responses. Curr Opin Allergy Clin Immunol. (2003)
3:337-42. doi: 10.1097/00130832-200310000-00003

6. Rogers GB, Keating DJ, Young RL, Wong ML, Licinio J, Wesselingh S. From gut
dysbiosis to altered brain function and mental illness: mechanisms and pathways. Mol
Psychiatry. (2016) 21:738-48. doi: 10.1038/mp.2016.50

7. Neufeld KM, Kang N, Bienenstock J, Foster JA. Reduced anxiety-like behavior and
central neurochemical change in germ-free mice. Neurogastroenterol Motil. (2011)
23:255. doi: 10.1111/§.1365-2982.2010.01620.x

8. Neufeld K-AM, Kang N, Bienenstock J, Foster JA. Effects of intestinal microbiota
on anxiety-like behavior. Commun Integrat Biol. (2011) 4:492-4. doi: 10.4161/cib.15702

9. Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J Clin Invest.
(2015) 125:926-38. doi: 10.1172/JC176304

10. Kinross JM, Darzi AW, Nicholson JK. Gut microbiome-host interactions in health
and disease. Genome Med. (2011) 3:14. doi: 10.1186/gm228

11. Kelsey CM, Prescott S, McCulloch JA, Trinchieri G, Valladares TL, Dreisbach C,
et al. Gut microbiota composition is associated with newborn functional brain
connectivity and behavioral temperament. Brain Behav Immun. (2021) 91:472-86. doi:
10.1016/j.bbi.2020.11.003

12. Heijtz RD, Wang S, Anuar E, Qian Y, Bjérkholm B, Samuelsson A, et al. Normal
gut microbiota modulates brain development and behavior. Proc Natl Acad Sci. (2011)
108:3047-52. doi: 10.1073/pnas.1010529108

13. Gao W, Salzwedel AP, Carlson AL, Xia K, Azcarate-Peril MA, Styner MA, et al.
Gut microbiome and brain functional connectivity in infants-a preliminary study
focusing on the amygdala. Psychopharmacology. (2019) 236:1641-51. doi: 10.1007/
500213-018-5161-8

14. Foster JA, McVey Neufeld K-A. Gut-brain axis: how the microbiome influences
anxiety and depression. Trends Neurosci. (2013) 36:305-12. doi: 10.1016/j.
tins.2013.01.005

15. Evrensel A, Ceylan ME. The gut-brain Axis: the missing link in depression. Clin
Psychopharmacol Neurosci. (2015) 13:239-44. doi: 10.9758/cpn.2015.13.3.239

16. Desbonnet L, Garrett L, Clarke G, Bienenstock J, Dinan TG. The probiotic
Bifidobacteria infantis: an assessment of potential antidepressant properties in the rat. J
Psychiatr Res. (2008) 43:164-74. doi: 10.1016/j.jpsychires.2008.03.009

17. Cryan JE, O'Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M,
et al. The microbiota-gut-brain Axis. Physiol Rev. (2019) 99:1877-2013. doi: 10.1152/
physrev.00018.2018

18. Cryan JE, Dinan TG. Mind-altering microorganisms: the impact of the gut
microbiota on brain and behaviour. Nat Rev Neurosci. (2012) 13:701-12. doi: 10.1038/
nrn3346

Frontiers in Nutrition

14

10.3389/fnut.2023.1216327

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1216327/
full#supplementary-material

19. Clapp M, Aurora N, Herrera L, Bhatia M, Wilen E, Wakefield S. Gut Microbiota’s effect
on mental health: the gut-brain Axis. Clin Pract. (2017) 7:987. doi: 10.4081/cp.2017.987

20. Christian LM, Galley JD, Hade EM, Schoppe-Sullivan S, Kamp Dush C, Bailey MT.
Gut microbiome composition is associated with temperament during early childhood.
Brain Behav Immun. (2015) 45:118-27. doi: 10.1016/j.bbi.2014.10.018

21.Cho S, Zhu Z, Li T, Baluyot K, Howell BR, Hazlett HC, et al. Human milk
3’-Sialyllactose is positively associated with language development during infancy. Am
J Clin Nutr. (2021) 114:588-97. doi: 10.1093/ajcn/nqab103

22. Carlson AL, Xia K, Azcarate-Peril MA, Goldman BD, Ahn M, Styner MA, et al.
Infant gut microbiome associated with cognitive development. Early Life Environ Later
Vulnerab. (2018) 83:148-59. doi: 10.1016/j.biopsych.2017.06.021

23. Angoorani P, Ejtahed HS, Siadat SD, Sharifi E, Larijani B. Is there any link between
cognitive impairment and gut microbiota? A systematic review. Gerontology. (2022)
68:1201-13. doi: 10.1159/000522381

24. Salli K, Hirvonen J, Siitonen J, Ahonen I, Anglenius H, Maukonen J. Selective
utilization of the human Milk oligosaccharides 2’-Fucosyllactose, 3-Fucosyllactose, and
Difucosyllactose by various probiotic and pathogenic Bacteria. ] Agric Food Chem.
(2021) 69:170-82. doi: 10.1021/acs.jafc.0c06041

25. Marcobal A, Sonnenburg JL. Human milk oligosaccharide consumption by
intestinal ~ microbiota.  Clin ~ Microbiol — Infect. ~ (2012)  18:12-5.  doi:
10.1111/j.1469-0691.2012.03863.x

26. Marcobal A, Barboza M, Froehlich JW, Block DE, German ]B, Lebrilla CB, et al.
Consumption of human Milk oligosaccharides by gut-related microbes. J Agric Food
Chem. (2010) 58:5334-40. doi: 10.1021/jf9044205

27. Matsuki T, Yahagi K, Mori H, Matsumoto H, Hara T, Tajima S, et al. A key genetic
factor for fucosyllactose utilization affects infant gut microbiota development. Nat
Commun. (2016) 7:11939. doi: 10.1038/ncomms11939

28. Ward RE, Niflonuevo M, Mills DA, Lebrilla CB, German JB. In vitro fermentation
of breast milk oligosaccharides by Bifidobacterium infantis and Lactobacillus gasseri.
Appl Environ Microbiol. (2006) 72:4497-9. doi: 10.1128/ AEM.02515-05

29.Sela DA, Mills DA. Nursing our microbiota: molecular linkages between
bifidobacteria and milk oligosaccharides. Trends Microbiol. (2010) 18:298-307. doi:
10.1016/j.tim.2010.03.008

30. Sakanaka M, Gotoh A, Yoshida K, Odamaki T, Koguchi H, Xiao JZ, et al. Varied
pathways of infant gut-associated Bifidobacterium to assimilate human Milk
oligosaccharides: prevalence of the gene set and its correlation with Bifidobacteria-rich
microbiota formation. Nutrients. (2020) 12:71. doi: 10.3390/nu12010071

31. LoCascio RG, Nifilonuevo MR, Kronewitter SR, Freeman SL, German ]B, Lebrilla
CB, et al. A versatile and scalable strategy for glycoprofiling bifidobacterial consumption
of human milk oligosaccharides. Microb Biotechnol. (2009) 2:333-42. doi:
10.1111/j.1751-7915.2008.00072.x

32. LoCascio RG, Ninonuevo MR, Freeman SL, Sela DA, Grimm R, Lebrilla CB, et al.
Glycoprofiling of Bifidobacterial consumption of human Milk oligosaccharides
demonstrates strain specific, preferential consumption of small chain Glycans secreted
in early human lactation. J Agric Food Chem. (2007) 55:8914-9. doi: 10.1021/jf0710480

33. Berger PK, Plows JE, Jones RB, Alderete TL, Yonemitsu C, Poulsen M, et al. Human
milk oligosaccharide 2’-fucosyllactose links feedings at 1 month to cognitive
development at 24 months in infants of normal and overweight mothers. PLoS One.
(2020) 15:€0228323. doi: 10.1371/journal.pone.0228323

34. Clouard C, Reimert I, Fleming SA, Koopmans SJ, Schuurman T, Hauser J. Dietary
sialylated oligosaccharides in early-life may promote cognitive flexibility during

frontiersin.org


https://doi.org/10.3389/fnut.2023.1216327
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2023.1216327/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1216327/full#supplementary-material
https://doi.org/10.1080/19490976.2020.1848158
https://doi.org/10.1016/j.ijfoodmicro.2011.01.025
https://doi.org/10.1016/j.bbr.2015.02.044
https://doi.org/10.1016/j.jaut.2009.11.007
https://doi.org/10.1016/j.jaut.2009.11.007
https://doi.org/10.1097/00130832-200310000-00003
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.4161/cib.15702
https://doi.org/10.1172/JCI76304
https://doi.org/10.1186/gm228
https://doi.org/10.1016/j.bbi.2020.11.003
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1007/s00213-018-5161-8
https://doi.org/10.1007/s00213-018-5161-8
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.9758/cpn.2015.13.3.239
https://doi.org/10.1016/j.jpsychires.2008.03.009
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/nrn3346
https://doi.org/10.4081/cp.2017.987
https://doi.org/10.1016/j.bbi.2014.10.018
https://doi.org/10.1093/ajcn/nqab103
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1159/000522381
https://doi.org/10.1021/acs.jafc.0c06041
https://doi.org/10.1111/j.1469-0691.2012.03863.x
https://doi.org/10.1021/jf9044205
https://doi.org/10.1038/ncomms11939
https://doi.org/10.1128/AEM.02515-05
https://doi.org/10.1016/j.tim.2010.03.008
https://doi.org/10.3390/nu12010071
https://doi.org/10.1111/j.1751-7915.2008.00072.x
https://doi.org/10.1021/jf0710480
https://doi.org/10.1371/journal.pone.0228323

Choetal.

development in context of obesogenic dietary intake. Nutr Neurosci. (2022) 25:2461-78.
doi: 10.1080/1028415X.2021.1975877

35. Obelitz-Ryom K, Bering SB, Overgaard SH, Eskildsen SE, Ringgaard S, Olesen JL,
et al. Bovine Milk oligosaccharides with Sialyllactose improves cognition in preterm
pigs. Nutrients. (2019) 11:1335. doi: 10.3390/nul11061335

36. Oliveros E, et al. Human Milk levels of 2-Fucosyllactose and 6-Sialyllactose are
positively associated with infant neurodevelopment and are not impacted by maternal
BMI or diabetic status. ] Nutr Food Sci. (2021) 4:100024.

37. Willemsen Y, Beijers R, Gu E, Vasquez AA, Schols HA, de Weerth C. Fucosylated
human Milk oligosaccharides during the first 12 postnatal weeks are associated with
better executive functions in toddlers. Nutrients. (2023) 15:1463. doi: 10.3390/
nul5061463

38. Vizquez E, Barranco A, Ramirez M, Gruart A, Delgado-Garcia JM, Martinez-Lara
E, et al. Effects of a human milk oligosaccharide, 2’-fucosyllactose, on hippocampal
long-term potentiation and learning capabilities in rodents. ] Nutr Biochem. (2015)
26:455-65. doi: 10.1016/j.jnutbio.2014.11.016

39. Vazquez E, Barranco A, Ramirez M, Gruart A, Delgado-Garcia JM, Jimenez ML,
et al. Dietary 2’-Fucosyllactose enhances operant conditioning and Long-term
potentiation via gut-brain communication through the Vagus nerve in rodents. PLoS
One. (2016) 11:e0166070. doi: 10.1371/journal.pone.0166070

40. Pisa E, Martire A, Chiodi V, Traversa A, Caputo V, Hauser J, et al. Exposure to
3'Sialyllactose-poor Milk during lactation impairs cognitive capabilities in adulthood.
Nutrients. (2021) 13:4191. doi: 10.3390/nu13124191

41. Oliveros E, Ramirez M, Vazquez E, Barranco A, Gruart A, Delgado—GarCia M,
et al. Oral supplementation of 2’-fucosyllactose during lactation improves memory and
learning in rats. J Nutr Biochem. (2016) 31:20-7. doi: 10.1016/j.jnutbio.2015.12.014

42. Hauser J, Pisa E, Arias Vdsquez A, Tomasi F, Traversa A, Chiodi V, et al. Sialylated
human milk oligosaccharides program cognitive development through a non-genomic
transmission mode. Mol Psychiatry. (2021) 26:2854-71. doi: 10.1038/
s41380-021-01054-9

43. Sakai F, Ikeuchi Y, Urashima T, Fujihara M, Ohtsuki K, Yanahira S. Effects of
feeding Sialyllactose and Galactosylated N-Acetylneuraminic acid on swimming
learning ability and brain lipid composition in adult rats. J Appl Glycosci. (2006)
53:249-54. doi: 10.5458/jag.53.249

44. Tarr AJ, Galley JD, Fisher SE, Chichlowski M, Berg BM, Bailey MT. The prebiotics
3’Sialyllactose and 6'Sialyllactose diminish stressor-induced anxiety-like behavior and
colonic microbiota alterations: evidence for effects on the gut-brain axis. Brain Behav
Immun. (2015) 50:166-77. doi: 10.1016/j.bbi.2015.06.025

45. Jorgensen JM, Young R, Ashorn P, Ashorn U, Chaima D, Davis JCC, et al.
Associations of human milk oligosaccharides and bioactive proteins with infant growth
and development among Malawian mother-infant dyads. Am J Clin Nutr. (2021)
113:209-20. doi: 10.1093/ajcn/nqaa272

46. Mullen EM. Mullen Scales of Early Learning. MN: AGS Circle Pines (1995).

47. Sabharwal H, Sjoblad S, Lundblad A. Affinity chromatographic identification and
quantitation of blood group A-active oligosaccharides in human Milk and feces of
breast-fed infants. ] Pediatr Gastroenterol Nutr. (1991) 12:474-9. doi:
10.1097/00005176-199105000-00011

48. Lefebvre G, Shevlyakova M, Charpagne A, Marquis ], Vogel M, Kirsten T, et al.
Time of lactation and maternal Fucosyltransferase genetic polymorphisms determine
the variability in human Milk oligosaccharides. Front Nutr. (2020) 7:7. doi: 10.3389/
fnut.2020.574459

49. Austin S, de Castro C, Bénet T, Hou Y, Sun H, Thakkar S, et al. Temporal change
of the content of 10 oligosaccharides in the Milk of Chinese urban mothers. Nutrients.
(2016) 8:346. doi: 10.3390/nu8060346

50. Austin S, Bénet T. Quantitative determination of non-lactose milk oligosaccharides.
Anal Chim Acta. (2018) 1010:86-96. doi: 10.1016/j.aca.2017.12.036

51. Leys C, Ley C, Klein O, Bernard P, Licata L. Detecting outliers: do not use standard
deviation around the mean, use absolute deviation around the median. J Exp Soc Psychol.
(2013) 49:764-6. doi: 10.1016/j.jesp.2013.03.013

52. Lim M, Hastie T. Learning interactions via hierarchical group-Lasso regularization.
J Comput Graph Stat. (2015) 24:627-54. doi: 10.1080/10618600.2014.938812

53. Tibshirani R. Regression shrinkage and selection via the Lasso. ] R Stat Soc Ser B
Methodol. (1996) 58:267-88. doi: 10.1111/j.2517-6161.1996.tb02080.x

54. Mosteller F, Tukey JW. Data analysis, including statistics. Handbook Soc Psychol.
(1968) 2:80-203.

55. Verbeke G., Molenberghs G., Rizopoulos D., Random effects models for
longitudinal data. in Longitudinal Research With Latent Variables. (eds.) MontfortK. van,
J.H.L. Oud and A. Satorra (2010). (Berlin Heidelberg: Springer), 37-96.

56. Laird NM, Ware JH. Random-effects models for longitudinal data. Biometrics.
(1982) 38:963-74. doi: 10.2307/2529876

57.Yu Z-T, Chen C, Kling DE, Liu B, McCoy JM, Merighi M, et al. The principal
fucosylated oligosaccharides of human milk exhibit prebiotic properties on cultured
infant microbiota. Glycobiology. (2013) 23:169-77. doi: 10.1093/glycob/cws138

58. Wang M, Monaco MH, Hauser ], Yan J, Dilger RN, Donovan SM. Bovine Milk
oligosaccharides and human Milk oligosaccharides modulate the gut microbiota

Frontiers in Nutrition

10.3389/fnut.2023.1216327

composition and volatile fatty acid concentrations in a preclinical neonatal model.
Microorganisms. (2021) 9:884. doi: 10.3390/microorganisms9050884

59. Walsh C, Lane JA, van Sinderen D, Hickey RM. Human milk oligosaccharides:
shaping the infant gut microbiota and supporting health. J Funct Foods. (2020)
72:104074. doi: 10.1016/;.jff.2020.104074

60. Sanchez C, Fente C, Regal P, Lamas A, Lorenzo MP. Human Milk oligosaccharides
(HMOs) and infant microbiota: a scoping review. Foods. (2021) 10:1429. doi: 10.3390/
foods10061429

61. Salli K, Anglenius H, Hirvonen J, Hibberd AA, Ahonen I, Saarinen MT, et al. The
effect of 2’-fucosyllactose on simulated infant gut microbiome and metabolites; a pilot
study in comparison to GOS and lactose. Sci Rep. (2019) 9:13232. doi: 10.1038/
541598-019-49497-z

62. Davis JCC, Lewis ZT, Krishnan S, Bernstein RM, Moore SE, Prentice AM, et al.
Growth and morbidity of Gambian infants are influenced by maternal Milk
oligosaccharides and infant gut microbiota. Sci Rep. (2017) 7:40466. doi: 10.1038/
srep40466

63.al-Khafaji AH, Jepsen SD, Christensen KR, Vigsnas LK. The potential of
human milk oligosaccharides to impact the microbiota-gut-brain axis through
modulation of the gut microbiota. J Funct Foods. (2020) 74:104176. doi: 10.1016/j.
j££.2020.104176

64. Sordillo JE, Korrick S, Laranjo N, Carey V, Weinstock GM, Gold DR, et al.
Association of the Infant gut Microbiome with Early Childhood Neurodevelopmental
Outcomes: an ancillary study to the VDAART randomized clinical trial. JAMA Netw
Open. (2019) 2:€190905. doi: 10.1001/jamanetworkopen.2019.0905

65. Tamana SK, Tun HM, Konya T, Chari RS, Field CJ, Guttman DS, et al. Bacteroides-
dominant gut microbiome of late infancy is associated with enhanced neurodevelopment.
Gut Microbes. (2021) 13:1-17. doi: 10.1080/19490976.2021.1930875

66. Acuiia I, Cerdd T, Ruiz A, Torres-Espinola FJ, Lopez-Moreno A, Aguilera M, et al.
Infant gut microbiota associated with fine motor skills. Nutrients. (2021) 13:1673. doi:
10.3390/nu13051673

67. LeBarton ES, Landa RJ. Infant motor skill predicts later expressive language and
autism spectrum disorder diagnosis. Infant Behav Dev. (2019) 54:37-47. doi: 10.1016/j.
infbeh.2018.11.003

68. Choi B, Leech KA, Tager-Flusberg H, Nelson CA. Development of fine motor skills
is associated with expressive language outcomes in infants at high and low risk for
autism spectrum disorder. | Neurodev Disord. (2018) 10:14. doi: 10.1186/
s11689-018-9231-3

69. Bloom L. Talking, Understanding, and Thinking: Developmental Relationship
Between Receptive And Expressive Language In Language perspectives: Acquisition,
retardation, and intervention. Eds. R. Schiefelbusch and L. Lloyd, (1974) (Baltimore MD:
University Park Press), 285-311.

70. James K, Motherway MO’C, Bottacini E, van Sinderen D. Bifidobacterium breve
UCC2003 metabolises the human milk oligosaccharides lacto-N-tetraose and lacto-N-
neo-tetraose through overlapping, yet distinct pathways. Sci Rep. (2016) 6:38560. doi:
10.1038/srep38560

71. Guo L, Chen X, Xu L, Xiao M, Lu L. Enzymatic synthesis of 6’-Sialyllactose, a
dominant Sialylated human Milk oligosaccharide, by a novel exo-a-Sialidase from
Bacteroides fragilis NCTC 9343. Appl Environ Microbiol. (2018) 84:¢00071-88. doi:
10.1128/AEM.00071-18

72. Zevenbergen AA, Ryan MM. Gender differences in the relationship between
attention problems and expressive language and emerging academic skills in preschool-
aged children. Early Child Dev Care. (2010) 180:1337-48. doi: 10.1080/03004430903059292

73.Bai X, Shen L, Gao X, Yu Z, Sakandar HA, Kwok LY, et al. Differential structures
and enterotype-like clusters of Bifidobacterium responses to probiotic fermented milk
consumption across subjects using a Bifidobacterium-target procedure. Food Res Int.
(2021) 140:109839. doi: 10.1016/j.foodres.2020.109839

74.Liu ], Li W, Yao C, Yu J, Zhang H. Comparative genomic analysis revealed
genetic divergence between Bifidobacterium catenulatum subspecies present in
infant versus adult guts. BMC Microbiol. (2022) 22:158. doi: 10.1186/
512866-022-02573-3

75.0jima MN, Asao Y, Nakajima A, Katoh T, Kitaoka M, Gotoh A, et al.
Diversification of a Fucosyllactose transporter within the genus Bifidobacterium. Appl
Environ Microbiol. (2022) 88:e01437-21. doi: 10.1128/ AEM.01437-21

76. Cabrera-Rubio R, Kunz C, Rudloff S, Garcia-Mantrana I, Crehud-Gaudiza E,
Martinez-Costa C, et al. Association of Maternal Secretor Status and Human Milk
Oligosaccharides with Milk Microbiota: an observational pilot study. J Pediatr
Gastroenterol Nutr. (2019) 68:256-63. doi: 10.1097/MPG.0000000000002216

77. Plows JE Berger PK, Jones RB, Yonemitsu C, Ryoo JH, Alderete TL, et al. Associations
between human milk oligosaccharides (HMOs) and eating behaviour in Hispanic infants at
1 and 6 months of age. Pediatr Obes. (2020) 15:12686. doi: 10.1111/ijpo.12686

78. Thurl S, Munzert M, Boehm G, Matthews C, Stahl B. Systematic review of the
concentrations of oligosaccharides in human milk. Nutr Rev. (2017) 75:920-33. doi:
10.1093/nutrit/nux044

79. Thurl S, Munzert M, Henker ], Boehm G, Miiller-Werner B, Jelinek J, et al.
Variation of human milk oligosaccharides in relation to milk groups and lactational
periods. Br ] Nutr. (2010) 104:1261-71. doi: 10.1017/S0007114510002072

frontiersin.org


https://doi.org/10.3389/fnut.2023.1216327
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1080/1028415X.2021.1975877
https://doi.org/10.3390/nu11061335
https://doi.org/10.3390/nu15061463
https://doi.org/10.3390/nu15061463
https://doi.org/10.1016/j.jnutbio.2014.11.016
https://doi.org/10.1371/journal.pone.0166070
https://doi.org/10.3390/nu13124191
https://doi.org/10.1016/j.jnutbio.2015.12.014
https://doi.org/10.1038/s41380-021-01054-9
https://doi.org/10.1038/s41380-021-01054-9
https://doi.org/10.5458/jag.53.249
https://doi.org/10.1016/j.bbi.2015.06.025
https://doi.org/10.1093/ajcn/nqaa272
https://doi.org/10.1097/00005176-199105000-00011
https://doi.org/10.3389/fnut.2020.574459
https://doi.org/10.3389/fnut.2020.574459
https://doi.org/10.3390/nu8060346
https://doi.org/10.1016/j.aca.2017.12.036
https://doi.org/10.1016/j.jesp.2013.03.013
https://doi.org/10.1080/10618600.2014.938812
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.2307/2529876
https://doi.org/10.1093/glycob/cws138
https://doi.org/10.3390/microorganisms9050884
https://doi.org/10.1016/j.jff.2020.104074
https://doi.org/10.3390/foods10061429
https://doi.org/10.3390/foods10061429
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/s41598-019-49497-z
https://doi.org/10.1038/srep40466
https://doi.org/10.1038/srep40466
https://doi.org/10.1016/j.jff.2020.104176
https://doi.org/10.1016/j.jff.2020.104176
https://doi.org/10.1001/jamanetworkopen.2019.0905
https://doi.org/10.1080/19490976.2021.1930875
https://doi.org/10.3390/nu13051673
https://doi.org/10.1016/j.infbeh.2018.11.003
https://doi.org/10.1016/j.infbeh.2018.11.003
https://doi.org/10.1186/s11689-018-9231-3
https://doi.org/10.1186/s11689-018-9231-3
https://doi.org/10.1038/srep38560
https://doi.org/10.1128/AEM.00071-18
https://doi.org/10.1080/03004430903059292
https://doi.org/10.1016/j.foodres.2020.109839
https://doi.org/10.1186/s12866-022-02573-3
https://doi.org/10.1186/s12866-022-02573-3
https://doi.org/10.1128/AEM.01437-21
https://doi.org/10.1097/MPG.0000000000002216
https://doi.org/10.1111/ijpo.12686
https://doi.org/10.1093/nutrit/nux044
https://doi.org/10.1017/S0007114510002072

Choetal.

80. Totten SM, Zivkovic AM, Wu S, Ngyuen UT, Freeman SL, Ruhaak LR, et al.
Comprehensive profiles of human milk oligosaccharides yield highly sensitive and
specific markers for determining secretor status in lactating mothers. J Proteome Res.
(2012) 11:6124-33. doi: 10.1021/pr300769g

81. Wang M, Zhao Z, Zhao A, Zhang J, Wu W, Ren Z, et al. Neutral human Milk
oligosaccharides are associated with multiple fixed and modifiable maternal and infant
characteristics. Nutrients. (2020) 12:826. doi: 10.3390/nul12030826

82. Sprenger N, Lee LY, de Castro CA, Steenhout P, Thakkar SK. Longitudinal change
of selected human milk oligosaccharides and association to infants’ growth, an
observatory, single center, longitudinal cohort study. PLoS One. (2017) 12:e0171814. doi:
10.1371/journal.pone.0171814

83. Plows JF, Berger PK, Jones RB, Alderete TL, Yonemitsu C, Najera JA, et al.
Longitudinal changes in human Milk oligosaccharides (HMOs) over the course of 24
months of lactation. J Nutr. (2021) 151:876-82. doi: 10.1093/jn/nxaa427

84. Thum C, Wall CR, Weiss GA, Wang W, Szeto IMY, Day L. Changes in HMO
concentrations throughout lactation: influencing factors, health effects and
opportunities. Nutrients. (2021) 13:2272. doi: 10.3390/nu13072272

85. Soyyilmaz B, Mik§ MH, Rohrig CH, Matwiejuk M, Meszaros-Matwiejuk A,
Vigsnaes LK. The mean of Milk: a review of human Milk oligosaccharide concentrations
throughout lactation. Nutrients. (2021) 13:2737. doi: 10.3390/nu13082737

86. Samuel TM, Binia A, de Castro CA, Thakkar SK, Billeaud C, Agosti M, et al.
Impact of maternal characteristics on human milk oligosaccharide composition over the
first 4 months of lactation in a cohort of healthy European mothers. Sci Rep. (2019)
9:11767. doi: 10.1038/s41598-019-48337-4

87. Asakuma S, Hatakeyama E, Urashima T, Yoshida E, Katayama T, Yamamoto K,
et al. Physiology of consumption of human milk oligosaccharides by infant gut-
associated bifidobacteria. J Biol Chem. (2011) 286:34583-92. doi: 10.1074/jbc.
M111.248138

88. Yang LL, Millischer V, Rodin S, MacFabe D, Villaescusa JC, Lavebratt C. Enteric
short-chain fatty acids promote proliferation of human neural progenitor cells. J
Neurochem. (2020) 154:635-46. doi: 10.1111/jnc.14928

89. Erny D, Hrabé de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E, et al.
Host microbiota constantly control maturation and function of microglia in the CNS.
Nat Neurosci. (2015) 18:965-77. doi: 10.1038/nn.4030

90. Barrett E, Ross RP, O'Toole PW, Fitzgerald GF, Stanton C. y-Aminobutyric acid
production by culturable bacteria from the human intestine. ] Appl Microbiol. (2012)
113:411-7. doi: 10.1111/j.1365-2672.2012.05344.x

91. Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, et al. Indigenous bacteria
from the gut microbiota regulate host serotonin biosynthesis. Cells. (2015) 161:264-76.
doi: 10.1016/j.cell.2015.02.047

Frontiers in Nutrition

16

10.3389/fnut.2023.1216327

92.Hata T, Asano Y, Yoshihara K, Kimura-Todani T, Miyata N, Zhang XT, et al.
Regulation of gut luminal serotonin by commensal microbiota in mice. PLoS One.
(2017) 12:¢0180745. doi: 10.1371/journal.pone.0180745

93. Rudzki L, Ostrowska L, Pawlak D, Matus A, Pawlak K, Waszkiewicz N, et al.
Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration and
improves cognitive functions in patients with major depression: a double-blind,
randomized, placebo controlled study. Psychoneuroendocrinology. (2019) 100:213-22.
doi: 10.1016/j.psyneuen.2018.10.010

94. Gao J, Nie L, Li Y, Li M. Serotonin 5-HT(2A) and 5-HT(2C) receptors regulate rat
maternal behavior through distinct behavioral and neural mechanisms.
Neuropharmacology. (2020) 162:107848. doi: 10.1016/j.neuropharm.2019.107848

95. Strandwitz P. Neurotransmitter modulation by the gut microbiota. Brain Res.
(2018) 1693:128-33. doi: 10.1016/j.brainres.2018.03.015

96. Pokusaeva K, Johnson C, Luk B, Uribe G, Fu Y, Oezguen N, et al. GABA-producing
Bifidobacterium  dentium modulates visceral sensitivity in the intestine.
Neurogastroenterol Motil. (2017) 29:e12904. doi: 10.1111/nmo.12904

97. Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al.
Ingestion of Lactobacillus strain regulates emotional behavior and central GABA
receptor expression in a mouse via the vagus nerve. Proc Natl Acad Sci U S A. (2011)
108:16050-5. doi: 10.1073/pnas.1102999108

98. Fleming SA, Mudd AT, Hauser ], Yan J, Metairon S, Steiner P, et al. Human and
bovine Milk oligosaccharides elicit improved recognition memory concurrent with
alterations in regional brain volumes and hippocampal mRNA expression. Front
Neurosci. (2020) 14:770. doi: 10.3389/fnins.2020.00770

99. Braun J. Tightening the case for gut microbiota in autism-spectrum disorder. Cell
Mol Gastroenterol Hepatol. (2017) 3:131-2. doi: 10.1016/j.jcmgh.2017.01.010

100. Abuaish S, al-Otaibi NM, Aabed K, Abujamel TS, Alzahrani SA, Alotaibi SM, et al.
The efficacy of fecal transplantation and bifidobacterium supplementation in ameliorating
propionic acid-induced behavioral and biochemical autistic features in juvenile male rats.
J Mol Neurosci. (2022) 72:372-81. doi: 10.1007/s12031-021-01959-8

101. Ward L, O'Grady HM, Wu K, Cannon K, Workentine M, Louie T. Combined Oral
fecal capsules plus fecal Enema as treatment of late-onset autism Spectrum disorder in
children: report of a small case series. Open forum. Infect Dis Ther. (2016)
3(suppl_1):2219. doi: 10.1093/ofid/ofw172.1767

102. Lewis ZT, Totten SM, Smilowitz JT, Popovic M, Parker E, Lemay DG, et al.
Maternal fucosyltransferase 2 status affects the gut bifidobacterial communities of
breastfed infants. Microbiome. (2015) 3:13. doi: 10.1186/s40168-015-0071-z

103. Smith-Brown P, Morrison M, Krause L, Davies PSW. Mothers secretor status
affects development of Childrens microbiota composition and function: a pilot study.
PLoS One. (2016) 11:€0161211. doi: 10.1371/journal.pone.0161211

frontiersin.org


https://doi.org/10.3389/fnut.2023.1216327
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1021/pr300769g
https://doi.org/10.3390/nu12030826
https://doi.org/10.1371/journal.pone.0171814
https://doi.org/10.1093/jn/nxaa427
https://doi.org/10.3390/nu13072272
https://doi.org/10.3390/nu13082737
https://doi.org/10.1038/s41598-019-48337-4
https://doi.org/10.1074/jbc.M111.248138
https://doi.org/10.1074/jbc.M111.248138
https://doi.org/10.1111/jnc.14928
https://doi.org/10.1038/nn.4030
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1371/journal.pone.0180745
https://doi.org/10.1016/j.psyneuen.2018.10.010
https://doi.org/10.1016/j.neuropharm.2019.107848
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1111/nmo.12904
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.3389/fnins.2020.00770
https://doi.org/10.1016/j.jcmgh.2017.01.010
https://doi.org/10.1007/s12031-021-01959-8
https://doi.org/10.1093/ofid/ofw172.1767
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1371/journal.pone.0161211

	Interactions between Bifidobacterium and Bacteroides and human milk oligosaccharides and their associations with infant cognition
	1. Introduction
	2. Materials and methods
	2.1. Study subjects
	2.2. Human milk collection and analyses
	2.3. Infant gut microbiota composition and analyses
	2.4. DNA extraction, library preparation, and sequencing
	2.5. Bioinformatics analysis
	2.6. Mullen Scales of Early Learning
	2.7. Statistical modeling and analyses
	2.8. Variable selection via group LASSO

	3. Results
	3.1. Subject demographics and descriptive data
	3.2. Specific HMOs, microbial taxa and their interactions associate with cognition
	3.2.1. Associations between HMOs and cognition
	3.2.2. Associations between gut microbiota and cognition
	3.2.3. Associations with cognition through interactions between HMOs and gut microbiota
	3.3. Adjusting covariates

	4. Discussion
	4.1. Motor skills
	4.2. Language skills
	4.3. Visual reception skill
	4.4. A-tetra status
	4.5. Temporal variations of HMO concentrations with postpartum age
	4.6. Hypothesis on mechanisms of action mediating the HMO and microbiota effects and their interactions
	4.7. Limitations

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

