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Background & aims: The critical window of concurrent developmental paths of the nervous system and
gut microbiota in infancy provides an opportunity for nutritional interventions with potential health
benefits later in life.
Methods: We compared the dynamics of gut microbiota maturation and explored its association with
neurodevelopment at 12 months and 4 years of age in 170 full-term healthy infants fed a standard
formula (SF) or a new formula (EF) based on standard formula supplemented with synbiotics, long chain
polyunsaturated fatty acids (LC-PUFA) and bovine milk fat globule membranes (MFGM), including a
breastfed reference group (BF).
Results: Using Dirichlet Multinomial Modelling, we characterized three microbial enterotypes (Mixed,
anaerobic and aerobic profile; Bact, Bacteroides-dominant; Firm, Firmicutes-enriched) and identified a
new enterotype dominated by an unidentified genus within Lachnospiraceae (U_Lach). Enterotypes were
associated with age (Mixed with baseline, U_Lach with month 6, Bact and Firm with months 12 and 18).
Trajectories or timely enterotype shifts in each infant were not random but strongly associated with type
of feeding. Trajectories in SF shifted from initial Mixed to U_Lach, Bact or Firm at month. Microbiota
maturation in EF split into a fast trajectory as in SF, and a slow trajectory with Mixed to U_Lach, Bact or
Firm transitions at months 12 or 18, as in BF. EF infants with slow trajectories were more often inehome
reared and born by vaginal delivery to mothers with pre-pregnancy lean BMI. At 12 months of age,
language and expressive language scores were significantly higher in EF infants with fast trajectories
than in BF. Neurodevelopmental outcomes were similar between EF infants with slow trajectories and BF
at 12 months and 4 years of age.
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development outcomes to breastfed infants.
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1. Introduction

Microbial colonization of an infant's gastrointestinal tract after
birth is a dynamic and non-stochastic process of crucial importance
for nutrient processing, energy harvest, and maturation of host
immune system [1]. At the same time, the formation and refine-
ment of neural networks responsible for a vast repertoire of be-
haviours and learning processes is being stablished [2].
Physiological connections between both processes have been
shown in animal models, suggesting a bidirectional micro-
biotaegutebrain axis that we are currently beginning to under-
stand [3,4]. In healthy infants, shifts in gut microbial composition
have been associated to fine motor skills at 18 months of life [5], to
childhood temperament at 18e27months of age [6], to cognition at
2 years of age [7], and to communication, motor, personal, and
social skills at 3 years of age [8].

According to the WHO, UNICEF, and the ESPGHAN Committee
on Nutrition recommendations, human milk is the gold standard
for infant nutrition that has been safely replaced by formula in case
of lactation failure or insufficient breast milk supply to meet in-
fant's nutritional needs [9]. In an effort to match the composition of
infant formulas to that of humanmilk, formulas are currently being
supplemented with a variety of bioactive compounds and biotic
components that influence gut microbial composition and neuro-
development [10]. Pre- and post-natal long chain polyunsaturated
fatty acids (LC-PUFA) supply influence gut microbial composition
and improve visual acuity scores, psychomotor development scores
and resting-state brain network functioning [11e14]. Prebiotic oli-
gosaccharides, probiotics or their combination (synbiotics) have
been shown to improve infant growth and influence cognitive and
adaptive behaviour as well as attention deficit hyperactivity
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disorder and neurobehavioral outcomes [15e19]. Recently, com-
mercial formulas are also being supplementedwithmilk fat globule
membranes (MFGM), a tri-layered membrane rich in sphingolipids
and proteins with beneficial effects on the microbial ecosystem and
infant cognition [20e22].

The above studies lead to the hypothesis that an infant formula
combining the beneficial effects of synbiotics, LC-PUFA, and MFGM
may selectively promote gut microbial maturation and neuro-
development similarly to thoseof breastfed infants.Hereinweaimed
1) to compare the succession dynamics of microbial consortia and
individual communitymembers in the developing gut microbiota of
infants fed a standard formula supplemented with synbiotics, LC-
PUFA and bovine MFGM with infants fed the un-supplemented
standard formula, 2) to determine maternal, perinatal, anthropo-
metric, environmental, lifestyle anddietary factors that influence the
maturation of the gut microbial community, and 3) to explore the
association between gut microbiota maturation and neuro-
development testedwith the Bayley Scales of Infant Development III
3rd edition (BSID-III) [23] at 12 months of age, and language devel-
opmentwithOral LanguageTaskofNavarra-Revised (PLON-R) [24] at
4 years of age. Our group previously reported the beneficial effects of
the combined supplementationwith synbiotics, LC-PUFA and bovine
MFGM on infant plasma fatty acid levels, growth, visual potentials,
child behaviour at 2.5 years and language skills at 4 years [11,25e28].
2. Materials & methods

2.1. Subjects and experimental design

The COGNIS study (ANeurocognitive and Immunological Study of
a New Formula for Healthy Infants) was designed as a prospective,
double-blind randomized clinical trialwith a nutritional intervention
based on bioactive nutrients-enriched infant formula and long-term
follow-up of recruited infants, registered at www.ClinicalTrials.gov
identifier NTC02094547. Recruitment of participants was performed
between 2010 and 2014 at the EURISTIKOS Excellence Centre for
Pediatric Research, the School of Medicine, and the Mind, Brain and
Behaviour Research Center (CIMCYC) at the University of Granada
(Spain). Infants were also recruited from outpatient centres in the
Granada province. The inclusion criteria of participants were: healthy
term infants (�37weeks and�41weeks of gestation); adequate birth
weight for gestational age (between 3 and 97 percentile); normal
APGAR score at 10 and 5': 7e10; umbilical pH� 7.10; age of inclusion:
0e2 months (60 days) in the formula fed groups, 0e6 months (180
days) in the breastfeeding group;maximum first 30 days of exclusive
breastfeeding in the formula fed groups; after this 30 days, exclusive
or majority infant formula intake (>70% or >4 doses/day of infant
formula); exclusive breastfeeding minimum 2 months in the breast-
feeding group; availability to continue throughout the study period;
signature of informed consent by parents/guardians. The exclusion
criteria of participants were: infants who were participating in other
study; exclusively breastfed infants who received formula for more
than 25% of milk intake after the initial month 2 till month 6; infants
who suffered nervous system abnormalities (hydrocephalus, peri-
natal hypoxia, intraventricular haemorrhage, neonatal meningitis,
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septic shock, West’ syndrome …); infants who suffered gastrointes-
tinal disorders (cow'smilkproteinallergyand/or lactose intolerance);
pathological background of the mother and/or history of mental
illness during pregnancy (neurological diseases, metabolopathies,
type 1 diabetesmellitus, chronic disease (hypothyroidism), maternal
malnutrition, TORCHcomplex infections);mothers taking anxiolytics
or antidepressants, and other treatments with drugs potentially
affecting neurodevelopment; parents inability to follow the study.
Eligible infants aging 0e2 months (initial visit from now on referred
as to timepoint 1 month) were assigned to receive a standard infant
formula (SF) or an experimental formula (EF) consisting of SF sup-
plemented with bovine MFGM components (10% of total protein
content (wt:wt)), LC-PUFA (arachidonic and docosahexaenoic acids)
and synbiotics (mix of fructooligosaccharides:inulin (ratio 1:1) and
sialic acid, B.infantis IM1 (Bifidobacterium longum subsp. infantis
strain CECT7210) and Lactobacillus rhamnosus LCS-742) (SI Table 1). A
mathematical statistical method was applied to randomize infants
intoSForEFgroups (ratio1:1). Formulaswere storedatstudysites ina
secure and limited access storage area protected from extremes of
light, temperature, and humidity. Both formulas were delivered in
identical containers with different colour labels and codes to parents
in a box with 12 cans of 400 g of the corresponding infant formula,
which covered infant feeding for approximately 1 month. Infants
received initiation formula up to 6 months of age, and follow-on
formula was given between 6 and 18 months of age. All infant for-
mulas were provided by Laboratorios Ordesa, S.L. (Barcelona, Spain).
Both infant formulas followed guidelines of the Committee on
Nutrition of the European Society for Paediatric Gastroenterology,
Hepatology and Nutrition [29] and the international and national
recommendations for the composition of infant formulas. Fifty in-
fants who were exclusively breastfed (BF) for at least 2 months were
enrolled and included as a reference group. Data on anthropometrics,
medication use, clinical symptoms and feeding pattern (type of
feeding prior to the study, frequency of feeding in breastfed infants or
total milk volume intake per day) as well as data on both formula
digestive tolerance (mainly stools, vomiting, regurgitation, and colic.)
were collected by the pediatrician during follow-up visits, and sub-
sequently included in the Pediatrician's Data Collection Question-
naire. In addition, a three-day dietary record was used to collect
quantitative data about food and drinks consumed during three days,
including aweekend day and twoworking days. Double-blind design
for parents, clinicians and researchers was continued throughout the
study. 170 infants were enrolled in formula feeding groups whose
baseline characteristics and study flowchart are shown in SI Table 1
and Fig. 1, respectively.

2.2. Ethics, consent, and permissions

This study was carried out following the updated Declaration of
Helsinki Principles [30], the Good Clinical Practice recommenda-
tions of the EEC (document 111/3976/88 July 1990), as well as the
current Spanish legislation governing clinical research in humans
(Royal Decree 561/1993 on clinical trials). The study protocols were
also approved by the Research Bioethical Committee from the
University of Granada, and the Bioethical Committees for Clinical
Research of the Clinical University Hospital San Cecilio and the
Mother-Infant University Hospital of Granada (Granada, Spain). All
families were informed about procedures, and a signed written
informed consent was obtained from each parent or legal guardian
for their offspring.

2.3. Genomic DNA extraction

Fresh stool samples were collected in sterile bottles at home by
the parents, following provided instructions, and stored at �20 �C
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for a maximum of 24 h until delivery to the laboratory, where they
were stored to �80 �C. Genomic DNA was extracted from faecal
bacteria as previously described [31].

2.4. 16S rRNA gene sequencing and data processing

Genomic DNA from faecal bacteria collected at 1, 6, 12 and 18
months was used as template for 16S rRNA gene amplification
using 27F and 338R universal primers for V1eV2 region as previ-
ously described (n ¼ 412) [31] on an Illumina MiSeq platform
(University of Granada, Spain). Nucleic acid manipulations and re-
actions were performed by the same researcher and sequences
were obtained with two independent arrays. Sequences were
grouped in a single dataset that was quality-filtered. Operational
taxonomic units (OTUs) were taxonomically classified using Ribo-
somal Database Project [32]. OTUs were considered unassigned
when confidence value score was lower than 0.8, and were anno-
tated using upper taxonomic ranks.

2.5. Assessment of infant neurodevelopment

Infant neurodevelopment at 12months of age using BSID-III [23]
and at 4 years of age using PLON-R [24] were performed by trained
psychologists in the presence of the mother of the child. Recorded
scores were within the range for normal healthy infants of their
corresponding age.

2.6. Statistical analysis

To detect a minimum difference of 0.5 standard deviations in
cortical visual evoked potentials (primary outcome)with a statistical
power of 90% and a ¼ 0.05, the sample size was established in 71
infants/formula group. This sample size allowed a statistical powerof
85% to detect a minimum difference of 0.6 SD in microbiota (sec-
ondary outcome). Due to long-term follow-up of CONGNIS study a
potential dropout rate of 20%was consideredand, as a result, thefinal
sample size was estimated in 85 infants/formula group. The effect
size and significance of study variables on gut microbiota composi-
tionwas determined using the envfit function in vegan package [33].
a-diversity was measured with a phylogenetic diversity measure-
ment, Faith's phylogenetic diversity, the Shannon's Diversity Index, a
non-phylogenetic measurement of bacterial abundance (richness)
and Rao's quadratic entropy at the OTU level using phyloseq and
picante packages in R [34,35]. a-diversity differences due to age and
typeof feedingwere analysed using repeated-measuresANOVAwith
Bonferroni adjustment formultiple testing. Enterotypingof the study
cohort was performed following the Dirichlet Multinomial Mixture
(DMM) method on taxa classified at genus level present in 80% of
samples [36]. Ordination of enterotypeswas performed using NMDS
basedonBrayeCurtis dissimilaritymetrics. Differences ina-diversity
between enterotypes were assessed using either ANOVA and post
hoc Tukey test or KruskaleWallis and post hoc Wilcoxon test, with
BenjaminieHochberg adjustment for multiple testing. Grouping of
study variables is shown in SI Table 1. Significant differential phylo-
type abundance at several different taxonomy levelswas constructed
from non-normalized raw count tables with DESeq2 package
adjusted for covariates using a two-sided Wald's test with multiple
comparisons correction by the Benjamini-Hochberg method [37].
Probability distributions were analysed with ShapiroeWilk
normality test, KolmogoroveSmirnov Goodness-of-Fit Test and
Hartigans' Dip Test for Unimodality using stats, dgof and diptest
packages. Logistic regression analyses were used to examine the as-
sociation of study variables with enterotypes and trajectories after
collinearity correction using nnet, car, survey and caret packages. For
neurodevelopment, a multivariate ANCOVA model with covariate



Fig. 1. Participant flow chart from inclusion until 18 months of age per dietary group. D ¼ drop outs and E ¼ exclusions (1 infant to perinatal hypoxia, 1 infant to digestive surgical
intervention, 1 infant to epileptic seizure, 1 infant to hydrocephalus, 3 infants to deficiency of growth, 25 infants to not ingestion of formula, 2 to colic of the infant, 5 infants to
lactose intolerance and 1 infant of BF group to not is breastfeeding). BF: breastfed infants; SF: standard infant formula; EF: experimental infant formula; D: dropouts; E: exclusions.
*SF and EF infants were randomized between 0 and 2 months of age; BF infants were randomized between 0 and 6 months of age.
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correctionandpost hocBenjamini-Hochberg adjustment formultiple
comparisonswas performed. For all determinations, the significance
cut-off was set at p� 0.05 or False Discovery Rate (FDR)� 0.05when
multiple test correctionwas applied.
3. Results

3.1. Baseline characteristics of participants

All children who participated in COGNIS study were born
healthy at term, mostly by spontaneous vaginal delivery (SI
Table 1). The median maternal age at delivery was 31.5 years old
(interquartile range 27e35.5) and they were usually non-smokers
during pregnancy (more than 86%). Median pre-pregnancy
maternal BMI was 24.0 (interquartile range 21.64e26.91), and no
differences in weight gain during pregnancy were observed be-
tween COGNIS study groups. Maternal IQ and parent's educational
level were significantly higher in BF than in formula groups
(p < 0.01). Formulas were well tolerated by all infants and overall
satisfaction of pediatricians and parents was excellent. No differ-
ences between study groups were found in infant anthropometric
data at birth, including weight, length and head circumference.
When considering drop-out subjects, EF infants showed higher
weight and length at birth than SF ones (p ¼ 0.012; p ¼ 0.023,
respectively). Due to the COGNIS study design, days of breastfed
significantly differed between study groups (p < 0.001), but not
between infant formula groups [median duration of 2.5 days
(interquartile range 1e25)]. No differences in terms of diarrhea
episodes (p ¼ 0.283), antibiotic treatment (p ¼ 0.579) and fever
episodes (p ¼ 0.972) were observed between groups. In agreement
with recommendations of Spanish Association of Paediatrics, solid
food was introduced at a median age of 17 weeks (interquartile
range 16e19) in infant formula groups. In BF, 68% of infants
1700
continued breastfeeding at 18 months of life, and solid food
introduction was delayed till month 6 (p < 0.001).
3.2. Taxonomic profiling and factors shaping the gut microbiota

After quality filtering and high-confidence phylogenetic anno-
tation, 18, 175, 653 16S rRNA sequence reads ranging from 8500 to
183,967 per sample (Mean ¼ 43,221; SD ¼ 26,837) rendered a gut
microbial profile consisting of 686 OTUs assigned to 92 distinct
genera belonging to 38 families. The phylogenetic composition and
categorical breakdown of OTUs are shown in SI Table 1. The gut
microbiota composition of each infant at genus level binned by age
is shown in Fig. 2A. The most abundant taxa at genus level were
Streptococcus, Bacteroides, Laschnospiracea_incertae_sedis and two
unassigned genera within the families Enterobacteriaceae
(unclass_Enterobacteriaceae) and Lachnospiraceae (unclass_Lach-
nospiraceae), accounting for 51.4% of total reads.

We next sought to determine the significant factors associated
with infant's gut microbial communities in our dataset as deter-
mined by EnvFit (Figs. 2B and SI Table 1). Twenty-nine microbiota
covariates spanning maternal, nutritional, lifestyle and paediatric
factors were tested after removing colinear variables. When all
samples were analysed together, sampling age explained the
greatest amount of variance (56.5%, p < 0.001) in gut microbiota
composition, followed by type of feeding (3.2%, p < 0.004). Hier-
archical clustering based on BrayeCurtis dissimilarity metrics
illustrated the correlation of age and type of feeding with overall
microbial community variation (SI Fig. 2A). Additionally, breast-
feeding, antibiotic treatment, diarrhoea episodes and starting age
of other dairy products and fish introduction together resulted in a
total significant additive effect size of 10.2%. Breastfeeding was a
better factor than mixed breast and formula-feeding, underscoring
that duration of breastmilk feeding impacted gut microbial as-
semblages in our cohort rather than consumption of any breast



Fig. 2. Microbiome profiles, variance explained by variables and ecological diversity along the chronosequence of the COGNIS study (A) Phylogeny of infants' gut microbiota at the
genus level (top 30 genera) based on 16S rRNA gene sequencing data. (B) Horizontal bars show the amount of variance (r2) explained by each variable in the model calculated by
EnvFit in the dataset and at the specified time points. Significant variables (false discovery rate (FDR) p < 0.05) are coloured based on overall metadata group. Colour bars of non-
significant variables are translucent. (C) Gut microbial diversity was measured with a non-phylogenetic measurement of bacterial abundance (species richness), the Shannon's
Diversity Index sensitive to species richness and evenness, and a phylogenetic diversity measurement, Faith's phylogenetic diversity. Curves show LOESS fit for the data per type of
feeding, and shaded areas show permutation-based 95% confidence intervals for the fit. Samples are coloured by type of feeding: SF, Infants fed a non-supplemented infant formula;
EF, Infants fed SF supplemented with synbiotics, LC-PUFA and milk fat globule membranes; BF, Infants fed with human milk. Repeated-measures ANOVA with Bonferroni
adjustment was used. When statistical differences were observed, different letters indicate significant differences.
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Fig. 3. Probabilistic modelling with Dirichlet Multinomial Mixtures based on lowest Laplace approximation of infant faecal samples revealed four enterotypes. (A) Heatmap
showing the relative abundance of the 30 most important signature genera per enterotype. (B) Principal component analysis on genus-level data with samples coloured according
to DMM cluster. Vertical and horizontal bar charts depict contribution of core genera to axis loadings. (C) Species richness, Shannon's diversity index and Faith's phylogenetic
diversity of enterotypes. Different letters indicate significant differences. by the KruskaleWallis rank-sum test followed by Dunn's test with FDR correction p < 0.05 (D) Importance
to model prediction of enterotypes by microbial signature genera. (E) Contribution of microbial signature genera (mean relative abundances) to enterotype profiles. (F) Three-way
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milk. Mode of delivery, birth weight, smoking during gestation,
gestational age, maternal age, pre-pregnancy BMI and weight gain,
gender, siblings, household pets or day care exposure showed no
association with the overall microbiota phylogenetic makeup. For
the temporal pattern of microbial maturity, covariates were also
analysed by binning samples at each time point separately (Fig. 2B).
At month 1, only father smoking habit influenced gut microbial
assemblies. Breastfeeding and type of feeding had a significant ef-
fect on residual variance at month 6 and, specially, at months 12
and 18, underscoring the impact of the nutritional intervention on
gut microbial patterns. Additionally, at month 6, day care exposure
and age of meat and vegetable introduction explained 22.7% of the
residual variation. The highest influence of complementary food
was observed at month 12 when starting age of solid food con-
sumption and of gluten-free cereals, fruits, other dairy product and
fish intake accounted for a total additive effect size to 25.1%. Finally,
antibiotic treatment had a significant effect (8.9%) on microbiota
composition at 18 months of age.

3.3. Postnatal kinetics of gut microbiota diversity in experimental
groups

The above pattern of many rare compared to few abundant
populations suggested strong inter-sample variation in infant's gut
microbiota. Rao's quadratic entropy showed increased a-diversity
but reduced b-diversity as a function of time, suggesting that the
gut microbial ecosystem accumulated diversity into less hetero-
geneous configurations (SI Fig. 2B). Increasing average values of
microbial richness, Shannon's diversity index and Faith's phyloge-
netic diversity characterized the temporal evolution of gut micro-
bial communities in infants. When samples were stratified by time
point (Fig. 2C), microbial richness was significantly higher in SF and
EF compared to BF infants at months 6 and 18. Interestingly, mi-
crobial richness was significantly higher in SF than in EF and BF at
month 12. At 18 months of age, BF had lower Faith's phylogenetic
diversity than EF and SF. No differences were observed in Shannon's
diversity index between experimental groups.

3.4. Enterotype stratification of infants’ gut microbiota

To investigate the potential association of age and feeding mode
with prevalence of gut microbial community profiles, we identified
community types or enterotypes in infant's samples by using
Dirichlet Multinomial Mixtures (DMM) modelling that assigned
them into clusters (lowest Laplace approximation) based on the
relative abundance of the microbial groups at genus level of classi-
fication. Model fitting was set to k ¼ 8 and rendered an optimum
number of 4 DMM community types, here referred as enterotypes
(Figs. 3A and SI Fig. 3A). The four-gut microbial enterotypes had
weightsP¼0.33, 0.32, 0.20and0.16 (componentofweight forwhich
smaller values correspond to less frequent communities). The
enterotypes also differed in how variable their communities were
with Q ¼ 6.22, 12.76, 36.43 and 26.08 (component of variability for
which smaller values correspond to highly variable communities).
Thus, gutmicrobial profileswereorganized into twohighlyabundant
and variable enterotypes, and two less abundant homogeneous
enterotypes. Non-metric multidimensional scaling of BrayeCurtis
distances illustrated these features of the clusters (Fig. 3B). We
observed that enterotypes were classified by a core of nineteen
genera that accounted for 86.8% of total reads with mean total reads
association and common angle plot on the prevalence of enterotypes and their association t
cell/combination of levels. Blue means more observations and red fewer observations in tha
fed a non-supplemented infant formula; EF, Infants fed SF supplemented with synbiotics, L
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from 0.45% (Escherichia/Shigella) to 16.1% (unclass_Lachnospiraceae)
(SI Fig. 3B). Highly abundant genera (>1% of total reads) like Pre-
votella, Clostridium XVIII, Lactococcus and Erysipelo-
trichaceae_incertae_sedis did not drive enterotype classification. The
diversity of the samples assigned to each enterotype indicated that
microbial richness (Dunn's test FDR<0.001) and Faith's phylogenetic
diversity (Dunn's test FDR <0.001) increased from the first to the
fourth enterotype while Shannon's diversity index was not signifi-
cantly different between the second and third enterotypes (Dunn's
test FDR¼ 1) (Fig. 3C). The first enterotype contained sampleswhose
top microbial signature genera were a mixed population of highly
abundant facultative anaerobic microorganisms belonging to Acti-
nobacteria, Firmicutes and Proteobacteria such as Streptococcus,
Enterococcus, Klebsiella, Lactobacillus and unclass_Enterobacteriaceae,
and the highest abundance of Bifidobacterium among all enterotypes
(Figs. 3D and SI Fig. 3C). The second enterotype showed a high
prevalence of unclass_Lachnospiraceaewhereas the third enterotype
was dominated by Bacteroides, these microbes being efficient de-
gradersofdietaryfibers. Topmicrobialpredictivegeneraof the fourth
enterotype were a group of strict Firmicutes anaerobes within Lach-
nospiracea_incertae_sedis, unclass_Lachnospiraceae, Fusicatenibacter,
Blautia, Roseburia and Faecalibacterium, active producers of short
chain fatty acids. On the basis of their respective genus-level domi-
nance profiles, we referred to enterotypes as mixed aerobic-
anaerobic dominant type (Mixed), unclass_Lachnospiraceae domi-
nant type (U_Lach), Bacteroides dominant type (Bact) and strict Fir-
micutes anaerobes dominant type (Firm). Core signature genera of
enterotype classification accounted for 89.5% (Mixed; SD ¼ 6.2),
86.8% (U_Lach; SD ¼ 6.8), 86.8% (Bact; SD ¼ 1.6) and 77.9% (Firm;
SD ¼ 4.3) of mean total abundances in their corresponding samples
(Fig. 3E). These results showed that signature generawere dominant
in their enterotypes where Bacteroides and unclass_Lachnospiraceae
stoodout as contributors tooverall enterotype classification (Fig. 3D).
At phylum level, the Mixed enterotype was characterized by the
highest Firmicutes/Bacteroidetes ratio and relative abundances of
Actinobacteria and Proteobacteria (SI Fig. 3D and E). The U_Lach and
Firmenterotypes shared thehighest relative abundance of Firmicutes
while Bact enterotype was characterized by the lowest Firmicutes/
Bacteroidetes ratio andhighest relative abundanceofBacteroidetes.To
test for associations between covariates and enterotypes, we fit a
multinomial logistic regressionmodel adjusted for studyvariables (SI
Table 1). Multinomial logistic regression analyses indicated that
belonging to anyenterotypewas stronglyassociatedwith infant's age
and feeding group. These significant associations were visualized
with a three-way association plot and mosaic plot by time point,
feeding group and enterotype (Figs. 3F and SI Fig. 3F). All but one
samples at baseline belonged to Mixed enterotype and, therefore,
represented the initial stage of gut microbial configurations in our
dataset. As infants aged, infants' gut microbiota diversified and
became progressively dominated by U_Lach, Bact and Firm com-
munities. At 6 months of age, most samples in SF and EF groups
belonged to U_Lach enterotype. Bact and Firm enterotypes were the
mostdominant in SFandEFgroups at 12 and18months, respectively.
In contrast, enterotypes in BF infants mostly belonged to Mixed and
U_Lach assemblies at all time points, suggesting that driver genera of
these enterotypes were determinant in BF microbial community
configurations. In addition, regression models indicated that the
Mixed enterotypewasmainly associated tomaternal pre-pregnancy
BMI. The chance that an infant microbiota belonged to U_Lach
enterotype was increased in mothers with pre-pregnancy obesity
o age (months) and type of feeding. Colours represent the level of the residual for that
t association than would be expected under the null model (independence). SF, Infants
C-PUFA and milk fat globule membranes; BF, Infants fed with human milk.
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andgestational age>38weeks.TheBactenterotypewasassociated to
siblingswhile belonging to Firmenterotypewas stronglydetermined
by gestational age and siblings (SI Table 1). No association was
observed with gender, breastfeeding, mode of delivery, household
pets or day care exposure.

3.5. Evolutive trajectories of enterotypes

There were differences in the frequency of subject-independent
enterotype transitions (changes in enterotype) between experi-
mental groups. Transitions were quantified to create a general
multi-state Markov Chain model where nodes were enterotypes
and edges reflect transition rates by their weight, that is, proba-
bilities of changing to another enterotype at any time point
(Fig. 4A). Despite the high variability of transitions, the Markov
chain model revealed preferences for transitions by type of feeding.
Self-enterotype transitions were significantly more frequent in BF
infants (62% of transitions) compared to SF (30%; Fisher's two-
tailed exact test, p ¼ 0.01, OR ¼ 0.27) and EF (38%; Fisher's two-
tailed exact test, p ¼ 0.03, OR ¼ 0.35) infants, suggesting that
breastfeeding was associated with higher microbial community
stability. The markov chain model showed that the most prevalent
transition in SF infants was from Mixed to U_Lach followed by
U_Lach to Bact and self-Bact transition. In EF infants, self-
transitions were more prevalent compared to SF infants, except
for Bact self-transition. Transitions in EF infants also involved
Mixed to U_Lach, U_Lach to Bact and Bact to Firm enterotypes. In BF
infants, the most prevalent transitions were self-Mixed and self-
U_Lach transitions, followed by Mixed to U_Lach enterotype tran-
sition, showing scarce progress to either Bact or Firm enterotypes
during their 18 months of life.

We next modelled enterotype evolutive trajectories in each in-
fant along the chronosequence. From months 1e18, the gut micro-
biota was highly dynamic and twenty-five distinct types of
enterotype trajectories were identified (Fig. 4B) where the twomost
prevalent trajectories evolved from Mixed to U_Lach at month18
and step-by-step fromMixed, U_Lach, Bact to Firm enterotype. In SF
and EF infants, trajectories from initial Mixed enterotype towards
U_Lach, Bact and Firm enterotypes were temporarily unidirectional.
This evolutive pattern was gradual with 77% and 80% of SF and EF
infants, reaching enterotypes Bact or Firm at 18 months. In contrast,
trajectories in BF infants only switched from Mixed to U_Lach
enterotype at 12 but not at 6 months of age, indicating that intro-
duction of complementary food (median ¼ 23.5 weeks, range
17e30) did not impact enterotype transitions in BF infants. Most BF
infants stayed in U_Lach enterotype at month 18. Surprisingly, a few
retrogressions in trajectories, that is, returning to a previous enter-
otype with time, were observed in 20.3% of formula-fed infants but
not in BF infants. Retrogressions fromBact to U_Lach, Firm to U_Lach
and Firm to Bact enterotype were observed between 12 and 18
months of age. Since retrogressions can be considered as a major
disturbance in microbial ecosystem evolution, we wondered
whether extrinsic factors like diarrhoea episodes or antibiotic
treatment were associated to gut microbiota retrogressions. While
the risk of retrogression associated to antibiotic treatment was not
significant (Fisher's two-tailed exact test, p¼ 0.37, OR¼ 0.50), 69% of
infants with retrogressions reported diarrhoea episodes compared
to 50% of infants without retrogression events (Fisher's two-tailed
exact test, p ¼ 0.02, OR ¼ 0.23).

3.6. Maternal and perinatal factors determine enterotype
trajectories in EF infants

When we ranked progressive trajectories by enterotype and
time point in each individual, we observed that distributions of
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enterotype trajectories in intervention groups were not normal for
SF and BF groups (ShapiroeWilk's normality test: SF, p ¼ 0.01; BF,
p ¼ 0.001) and were significantly different between BF and
formula-fed infants (KolmogoroveSmirnov test: BF vs SF D ¼ 0.66,
p ¼ 0.012; BF vs EF D ¼ 0.58, p ¼ 0.04). Indeed, weighted density
plots of trajectories showed two peaks of varying abundance in
enterotype trajectories in SF and BF infants but skewed in opposite
directions while the trajectory distribution in EF infants had two
distinct equally-weighted abundance peaks (Fig. 5A). The bimo-
dality of the distribution of enterotype trajectories in EF infants was
confirmed by the Hartigans' Dip Test for Unimodality (D ¼ 0.11,
MonteeCarlo test p ¼ 0.007) but not for SF and BF distributions
(D ¼ 0.087, MonteeCarlo test p ¼ 0.156 for SF; D ¼ 0.0625,
MonteeCarlo test p ¼ 1 for BF). These results indicated that there
were two different evolutive trajectories in EF infants withMixed to
U_Lach, Bact or Firm transition soon at 6 months (“fast” trajectory)
or late at 12 or even 18 months (“slow” trajectory) (Fisher's two-
tailed exact test, p ¼ 0.017, OR ¼ 0.32). The ecological richness
and diversity during early life of “slow” and BF infants was lower
compared to “fast” infants, and was significantly different at
month6 (richness: “fast” vs “slow” p< 0.0001, “fast” vs BF p< 0.001;
Shannon's diversity index: “fast” vs “slow” p < 0.002, “fast” vs BF
p < 0.01) and month18 (richness: “fast” vs BF p < 0.0001).

We next questioned whether these distinct transition trajec-
tories in EF infants were associated to gestational, anthropometric,
nutritional and clinical factors. Multicollinearity checks between
predictor variables revealed a significant relationship between
siblings and day care exposure, gestational age and maternal pre-
pregnancy BMI, and between gender and residence. Because of
the large number of variables under consideration, the multivari-
able binomial logistic regression model was fit using variables with
a starting p < 0.20 value in univariate logistic regression analyses
and a backwards elimination procedure to keep those with signif-
icance (p < 0.05) was undertaken. The model discarded antibiotic
treatment (p ¼ 0.413), maternal age (p ¼ 0.540) and IQ (p ¼ 0.368),
breastfeeding (p ¼ 0.442), diarrhoea episodes (p ¼ 0.371), vitamin
D intake (p ¼ 0.879), residence (p ¼ 0.519), and age of solid food
introduction (p ¼ 0.572). Thus, the model was fit with mode of
delivery, maternal pre-pregnancy BMI, smoking during gestation,
day care exposure and household pets. The model fit revealed that
“slow” and “fast” trajectories of EF infants were associated to mode
of delivery (p ¼ 0.049), day care exposure (p ¼ 0.048) and strongly
to maternal pre-pregnancy BMI (p ¼ 0.0317) (Fig. 5B, C and E). The
chance that an infant fed EF formula belonged to the “fast” trajec-
tory was strongly increased among those born by C-type delivery
[OR (95% CI) ¼ 12.4 (1.93e127.8)] to mothers with higher BMI (OR
(95% CI) ¼ 0.74 (0.55e0.92)] and spending more time at day care
centres [OR (95% CI)¼ 0.18 (0.03e0.57)]. In return, “slow infants” in
EF cohort were more frequently inehome cared infants born by
vaginal delivery to mothers with pre-pregnancy lean BMI
(AUC ¼ 0.84) (Fig. 5D). The logistic model was tested against the
null hypothesis and was confirmed to be significant (Wald's test
p < 0.003).

3.7. Neurodevelopment outcomes and microbiota maturation at 12
months and 4 years of age

We next explored whether distinct gut microbial maturation
paces in EF infants associated with neurodevelopmental outcomes
at 12 months of age. Bayley-III assessment showed that cognitive,
motor and language scores were lower in BF and infants with
“slow” gut microbial maturation compared with infants with “fast”
gut microbial maturation though none reached statistical signifi-
cance (Table 1). When controlling for covariates that affect infant
development (gender, siblings, maternal and paternal ages,



Fig. 4. Dynamics of enterotype transitions and trajectories in infants fed a standard formula (SF), standard formula supplemented with synbiotics, LC-PUFA and milk fat globule
membranes (EF) and human milk (BF). (A) Markov chain model depicting probabilities of subject-independent enterotype transitions in infant feeding groups. Nodes represent
enterotypes whose size is proportional to their prevalence. Edges represent transition directions whose rates are shown numerically and by edge weight (thickness). Edges of most
prevalent enterotype transitions within each intervention group are shadowed. Red arrows depict trajectory regressions. (B) Complete set of subject-dependent trajectories
organized from Mixed to U_Lach, Bact and Firm enterotypes (bottom-top) and time point (left-right). Each row on the y axis represent a distinct trajectory. Trajectories within black
boxes illustrate regressions. Prevalence of each trajectory is coloured by type of feeding.
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maternal and paternal educational levels, maternal IQ and smoking
during pregnancy), the language and expressive scores were
significantly different in infants with “fast” gut microbial matura-
tion compared with BF. At 4 years of age, PLON-R assessment
showed no significant differences in language performance be-
tween maturation groups and BF, even after adjustment for con-
founders (SI Table 1).

3.8. Bifidogenic and Lactogenic effect of experimental formula

To account for the effect of formula feeding on gut microbial
compositional changes, we used the statistical software DESeq2 to
identify taxa at the genus level with differential abundances be-
tween SF and EF infants at each time point. We identified sixteen
genera overabundant in SF infants and eleven genera in EF infants
along the chronosequence (Fig. 6A). These overabundant genera in
SF and EF infants were phylogenetically different. Discriminating
genera belonged to Firmicutes, Proteobacteria and unclassi-
fied_Bacteria in EF infants, and to Bacteroidetes, Firmicutes and
1705
Fusobacteria in SF infants. Focusing on the effect of formula feeding
on signature genera of enterotype configurations, the abundance of
Blautia, driver of U_Lach, Bact and Firm enterotypes, and Roseburia
and Faecalibacterium, drivers of Bact and Firm enterotypes, was
influenced by SF intake. Conversely, EF formula intake was associ-
ated with significantly higher abundances in Lactobacillus, driver of
Mixed enterotype. At 6 months of age, the gut microbiota of SF
infants showed a high prevalence of Hungatella, Roseburia, Anae-
rotruncus, Clostridium XI, Dorea, Faecalibacterium and Blautiawithin
Clostridia. A higher phylogenetic diversity in differential generawas
observed in EF infants. EF infants were enriched in genera within
Erysipelotrichia (Catenibacterium), Clostridia (Coprococcus, Rumino-
coccus), Bacilli (Lactobacillus and an unassigned genus within
Bacilli) and Betaproteobacteria (Parasuterella). At 12 months of age,
an enrichment in Acidaminococcus, Holdemania, Megamonas, Rose-
buria, Paraprevotella, and an unassigned genus within Clos-
tridiales_Incertae Sedis XIII was observed in SF infants while EF
infants had higher abundance of Coprococcus, Parasutterella, an
unassigned genus within Firmicutes and in three genera within



Fig. 5. Enterotype trajectories in infants fed a standard formula (SF), standard formula supplemented with synbiotics, LC-PUFA and milk fat globule membranes (EF) and human
milk (BF). (A) Density plot comparing the distributions (top) of trajectories (bottom) between infant groups. Density values are squared root-transformed. Distributions are coloured
by feeding group. Enterotypes in trajectories are ordered from month1 (bottom) to 18 (top) and by enterotype from Mixed (left) to Firm (right). Significance of Hartigan's dip test of
unimodality is indicated in the upper right corner. (B) Volcano plot depicting OR from the multivariate binomial logistic regression model on the association of “fast” and “slow”

trajectories with study variables of EF infants. The red dashed line depicts threshold of significance at p < 0.05. Variables significantly associated with “slow” and “fast” trajectories
are coloured in blue. Negative OR (variables to the left) indicate higher values are associated to “fast” trajectory risk, and positive OR (variables to the right) depict association to
“slow” trajectory development. (C) Importance of significant variables in logistic regression model fit. (D) Receiver operating characteristic curves, area under the ROC curve and
statistical significance of the final logistic regression model linking maternal pre-pregnancy BMI, day care exposure and mode of delivery with development of “fast” or “slow”

trajectories in EF infants. AUC values close to 1 denote very good classification power by the model. (E) Maternal pre-pregnancy BMI and day care exposure in EF infants with “fast”
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Bacilli (Enterococcus, Lactobacillus, Leuconostoc). The last stage of
gut microbial configurations was marked by an enrichment of
Acidaminococcus, Fusobacterium, Prevotella and two unassigned
genera within Prevotellaceae and Bacteria in SF infants and of
Holdemanella, Lactobacillus, Catenibacterium, Haemophilus and
Subdolinogranum in EF infants.

The results above supported the finding that EFformula
impacted more Lactobacillus rather than Bifidobacterium growth in
the gut. Since genera comprise multiple phylotypes, we conducted
a more detailed analysis to reveal the impact of formula feeding on
phylotypes belonging to Bifidobacterium (6 OTUs) and Lactobacillus
(16 OTUs) genera (Fig. 6B). Compared to SF infants, EF formula
intake significantly influenced the abundance of 3 OTUs within
Bifidobacterium. EF infants had significantly higher abundance of
BifidobacteriumOTU449 and OTU514 at 6months of age (Log2FC 1.0,
FDR <0.01), and Bifidobacterium OTU407 (Log2FC 1.16, FDR ¼ 0.015)
at 18months of age. Both BLASTN and EzTaxon nucleotide sequence
comparisons showed that OTU449 had 100% sequence identity
with the 16S rDNA of the supplemented probiotic B.infantis IM1.
Concerning Lactobacillus spp, SF infants had higher significant
abundance of a single LactobacillusOTU80 (Log2FC 2.0, FDR<0.001).
Intervention with EF formula showed an effect during the first year
of age and was associated with significantly higher abundances of
Lactobacillus OTU40 (Log2FC 2.2, FDR <0.001), OTU149 (Log2FC 1.7,
FDR <0.001), OTU242 (Log2FC 3.0, FDR <0.001) and OTU388
(Log2FC 3.0, FDR <0.001) at 6 months of age, and Lactobacillus
OTU242 (Log2FC 3.4, FDR <0.001) and OTU344 (Log2FC 1.6, FDR
<0.001) at 12 months of age. EF formula had a major impact on
Lactobacillus OTU213 that was enriched in 6, 12 and 18 months of
age (Log2FC 5.0, 2.6 and 1.8, respectively; FDR <0.001). This phy-
lotype shared 100% sequence identity with the supplemented
probiotic L.rhamnosus LCS-742 in EF formula.

4. Discussion

To our knowledge, the COGNIS trial is the first interventional
study showing that combination of synbiotics, LC-PUFA and bovine
MFGM in an infant formula influences gut microbial maturation
with association to neurodevelopmental outcomes. At the time of
the COGNIS trial, it is worth noting that no formula combining
these bioactive nutrients was available in the European market.
Hereinwe focused on the maturation of infants' gut microbiota and
their neurodevelopment. Higher gut microbial a-diversity associ-
ated with formula compared to breast feeding, a sign of premature
microbial ecosystem maturation [11,31,38e44]. Species richness
was significantly higher in SF and EF groups than in BF group,
except for 12 months samples when no difference between EF and
BF infants was observed. In addition, Shannon's diversity index was
significantly higher in SF than in BF group at month6 whereas no
differences between BF and EFwere observed frommonths6e18. SF
intake mostly enriched genera within Firmicutes and Bacteroidetes
whereas EF infants increased the abundance of genera within
Actinobacteria, Proteobacteria and Firmicutes, suggesting that the
components of infant formulas promoted growth of different taxa.
Concerning probiotics, the abundance of Bifidobacterium genus was
similar between SF and EF infants but time and species-specific
effects were observed. While SF formula only produced a short-
term increase in the relative abundance of B.breve, B.longum and
B. pseudocatenulanum were detected at all time points and suc-
ceeded to thrive in EF infants up to 6 mo. Lactobacillus and eight
Lactobacillus species were enriched from months6e18 in EF
or “slow” enterotype trajectories. Statistical differences of t-test and AUC value are indicated
gestational body mass index; OR, odds ratio; ROC, receiver operating characteristic.
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compared to SF group. These findings suggest that supplemented
components may differentially affect gut microbiota diversity and
probiotic growth.

Human microbiota can be stratified into enterotypes that are
independent of nationality, health status, age, BMI, or gender
[45,46] but associate strongly with age and dietary patterns
[41,47e49]. We explored this association in our cohort revealing
four enterotypes named Mixed, U_Lach, Bact and Firm whose
prevalence was orderly associated with infants' age (1, 6, 12 and
18 mo). For the same sampling period, the phases of progression in
enterotypes were shown to be time dependent. Galazzo et al. re-
ported six phylotype-based enterotypes from months1e8 while
Stewart et al. defined a developmental phase of gut microbiota
from months3e18 with eight genus-based enterotypes [41,48]. In
this study, we identified a novel enterotype dominated by an un-
identified genus from Lachnospiraceae, known to generate acetate,
butyrate, and propionate from complex polysaccharides [50].
Enterotypes were progressively enriched inmembers and diversity,
and reflected differences in highly dominant genera rather than
merely complex configurations of co-occurring genera as previ-
ously reported [45,51,52]. The stages of infant's gut microbiota
development started and ended as communities of more evenly
abundant genera (Mixed and Firm enterotypes) with a transitional
gap of single population dominance (U_Lach and Bact enterotypes).
Microbial enterotypes in the gut were significantly influenced from
four distinct cardinal directions: pregnancy, maternal, nutritional
and lifestyle. Analysis of extrinsic factors showed the influence of
type of feeding at all time points, and maternal pre-pregnancy BMI,
gestational age and living with siblings at middle and late stages.
Our result and those of others define early life enterotypes and
underscore how permeable is the gut microbiota to environmental
factors [53,54].

The longitudinal design allowed us to examine the chronose-
quence of the maturation of infant's gut microbiota during early
life. We pictured the maturation process as the timely ecological
succession of enterotypes in each individual, illustrating twenty-six
distinct enterotype trajectories. Transitions in trajectories were not
random but directional, mostly along a consensus route fromMixed
to U_Lach, Bact and Firm enterotypes though not all infants reached
Firm enterotype by month18, suggesting different tempos in mi-
crobial ecosystem maturity. In contrast to TEDDY, BINGO and
KOALA cohorts, we observed that trajectory course progressionwas
reversed by diarrhoea events, highlighting its role as a strong
disturbance factor of gut ecosystem [55]. The pace of enterotype
progressionwas shown to bemore stable in BF infants [41,48,49]. In
support of this notion, our results showed that the maturation in BF
infants was slightly resilient with Mixed to U_Lach late transitions
dominating their trajectories, these enterotypes characterized by
the lowest a-diversity values and highest abundance of Bifido-
bacterium. In contrast, trajectories in SF and EF infants diversified
into heterogeneous paths of Mixed to U_Lach, Bact and Firm tran-
sitions at month6, suggesting an accelerated maturation in micro-
bial community composition towards an adult-like gut microbial
composition as previously described [43,45,51]. Interestingly, tra-
jectories were not uniformly distributed among formula groups.
Most trajectories in SF infants followed a “fast” pace with transi-
tions fromMixed to U_Lach, Bact or Firm enterotypes at month6. In
contrast, a bimodal distribution clearly split EF group into two
subject-specific courses of enterotype progressions. A group of EF
infants showed similar “fast” trajectories as SF infants. The rest
showed a “slow” progression where Mixed to U_Lach, Bact or Firm
in the lower right corner of plots. AUC, Area under the ROC curve; BMI, maternal pre-



Table 1
Neurodevelopmental outcomemeasures at 12months of age from the Bayley Scales of Infant and Toddler Development 3rd Edition in EFa infants with slow and fast maturation
of the gut microbiota, including BFa as reference

P (adjusted P)b

Slowc Fast BF Slow compared with Fast Slow compared with BF Fast compared with BF

Cognitive 133.0 (10.8)d 135.0 (7.8) 127.8 (12.3) 0.56 (0.56) 0.28 (0.42) 0.09 (0.27)
Motor 109.1 (15.1) 115.1 (12.5) 104.7 (14.6) 0.24 (0.36) 0.48 (0.48) 0.08 (0.23)
Fine motore 12.0 (4.0) 13.7 (3.1) 11.2 (4.2) 0.21 (0.32) 0.65 (0.65) 0.12 (0.32)
Gross motore 11.0 (2.5) 11.3 (3.6) 10.3 (1.9) 0.76 (0.76) 0.48 (0.72) 0.44 (0.72)
Language 122.7 (15.4) 124.5 (9.5) 112.6 (11.6) 0.69 (0.69) 0.10 (0.15) 0.015 (0.046)
Receptivee 14.1 (2.7) 14.7 (2.3) 12.9 (2.9) 0.66 (0.51) 0.32 (0.48) 0.11 (0.33)
Expressivee 13.6 (3.3) 13.7 (2.0) 11.3 (1.9) 0.95 (0.95) 0.08 (0.11) 0.014 (0.042)

a BF, infants fed exclusively with human milk for at least 2 months; EF, infants fed a standard formula supplemented with symbiotics, LC-PUFA and milk fat globule
membranes.

b Adjusted for gender, siblings, maternal and paternal ages, maternal and paternal educational levels, maternal IQ and smoking during pregnancy. Psychological evaluator
was also included as a covariate in the model. P values < 0.05 are highlighted in bold.

c Slow n ¼ 33; Fast n ¼ 34; BF n ¼ 15.
d All values for groups as Mean (SD).
e Scaled scores.
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transitions happened at month12 or even 18, as observed in BF
infants. We wondered whether underlying effects of maternal,
perinatal and lifestyle variables may help explain trajectory diver-
gence. Our analysis uncovered that “slow” and “fast” trajectory
divergencewas strongly associated tomaternal pre-pregnancy BMI,
mode of delivery and contact with other children, not siblings.
These external factors have been previously shown to influence gut
microbiota composition and structure [53]. We interpret this to
suggest that feeding EF supplemented with synbiotics, LC-PUFA
and MFGM could not compensate alone for the influence of these
factors on developmental processes shaping infants' gut microbiota
during early life. The same was shown to be applicable to breast-
feeding where community foundation and evolution were also
influenced by maternal imprinting mechanisms, seeding during
delivery and isolation during rearing [43,46]. This is, to our
knowledge, the first study to show that an infant formula on a
specific infant context steers gut microbiota maturation towards BF
path.

Breastfeeding confers a range of beneficial effects on child
physiology [9]. Still unanswered remains the question whether
exclusive breastfeeding influences child neurodevelopment and
the effect of alternate formula feeding. Multiple studies have
focused on the issue with conflicted results related to study designs
and lack of statistical correction for socioenvironmental variables
[56]. In our study, neurodevelopmental scores of infants with
“slow” gut microbial maturationwere closer to BF than infants with
“fast” gut microbial maturation. Rigorous control for infant,
parental and methodology confounders rendered statistical differ-
ences in language performance between BF and infants with “fast”
gut microbial maturation at 12 months of age. Differences were
related to the narrow distribution of infants with “fast” gut
microbiota maturation, a phenomenon also observed in other
neurodevelopmental studies with healthy infants [22,57,58]. At 4
years of age, our group previously showed that EF infants per-
formed better in use of language and oral spontaneous expression
than did SF ones [25]. Within EF infants, our results showed that
stratification by gut microbiota maturation did not reveal distinct
language performances at 4 years of age, a possible consequence of
additional nutritional, social, genetic or environmental factors
overruling microbiota association with neurodevelopment during
childhood.

In conclusion, our findings support that the combination of
synbiotics, LC-PUFA and MFGM had a bifidogenic and lactogenic
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effect and induced a gut microbiota maturation in inehome reared
infants born by vaginal delivery to mothers with pre-pregnancy
lean BMI whose language outcomes were similar to those of
exclusively breastfed infants, thus implying a step forward scenario
of today's infant nutrition. These findings further support the future
development of evidence-based nutritional interventions with
improved formulas resembling breast milk composition to impact
gut microbial maturation and neurodevelopment.

Our study has some limitations. This is an interventional study,
not intended for proving causal relations. The study design fol-
lowed by a careful standardized protocol with metadata collection
and statistical analyses adjusted for confounders improved the
reliability and relevance of our results, highlighting the importance
of the confluence of pre-conceptional, maternal, birth, nutritional
and lifestyle factors in the neurodevelopment and maturation of
the infant gut. Still, we cannot exclude the possibility of other
confounding factors. Sincere answers to questions were requested,
especially those related with pre-conceptional information, to
reduce artificial biases resulting in errors. We were unable to sta-
tistically examine the impact of exclusive formula feeding on gut
microbiota due to low recruitment. When exclusive breastfeeding
is not achievable, breastfeeding along with formula is always
advised by paediatricians, thereby reducing the number of cases.
We acknowledge lower recruitment of BF infants used as reference
group. BF infants were not randomized for ethical reasons which
may explain their higher parental educational levels. Still, our data
showed that enterotypes defined by DMM accurately measured
community structural and compositional maturation, their transi-
tions and infant-specific evolutive trajectories with statistically
robust differences between experimental groups and associations
to neurodevelopmental outcomes. Species-level differences were
not captured due to limitations of 16S rRNA sequencing with Illu-
mina technology. Nonetheless, this is the first interventional study
to date contrasting formula regimens, microbiota maturation and
infant neurodevelopment until 4 years of age.

Replicating this study in a larger cohort while maintaining
sufficient sample sizes could support the impact of the experi-
mental formula and control for potential confounders. The nature
of the study design combining bioactive compounds preclude
determination of how much of the observed microbiological and
neurodevelopmental effects belonged to each formula supplement.
Future mechanistic studies are needed to determine the precise
role of formula supplements on the maturation of gut microbiota,



Fig. 6. Differential abundance of gut microbiota between infants fed a standard formula (SF) or SF supplemented with synbiotics, LC-PUFA and milk fat globule membranes (EF). (A)
Volcano plot showing shrunken log2 fold changes in mean abundance of genera versus elog10 of FDR during the COGNIS study. Dot colours depict time points and label colours
denote taxonomy of genera at phylum level: Firmicutes, black; Bacteroidetes, dark orange; Fusobacteria, purple; Proteobacteria, dark green; unclassified Bacteria, cyan. Dashed lines
denote thresholds of significance. (B) Impact of SF and EF feeding on mean abundances of Lactobacillus and Bifidobacterium genera and their phylotypes. Bubble size depicts
significance of log2 fold changes in mean abundances and colour indicate time points. Differences between SF and EF were calculated using Deseq2 package with Wald test for
significance (FDR �0.05). Red dashed lines denote fold change of 1.5. FDR, False Discovery Rate.
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on probiotic growth and on the developing infant's brain in a highly
variable perinatal environment.
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