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ABSTRACT

Exclusive breastfeeding (EBF) plays a crucial role in infant gut microbiome assembly and develop-
ment. However, few studies have investigated the effects of EBF in restoring a perturbed micro-
biome. In this study, we applied whole metagenomic sequencing to assess the gut microbiome
assembly in 525 Brazilian infants from 3 to 9 months of age of the Germina Cohort, demonstrating
the early determinants of microbial taxonomy and function modulation. Our analysis shows that
EBF alters the relative abundance of genes related to the microbiome taxonomy and function, with
effects varying by delivery mode. EBF alters the pattern of carbohydrates, lipid metabolism, and cell
structure pathways depending on the delivery mode. The microbiome age is closer to chronolo-
gical infant age in EBF than in non-EBF infants, meaning a lower microbiome maturation index
(MMI). Using a complementary machine learning approach, we show that Escherichia coli,
Ruminococcus gnavus, and Clostridium neonatale, as well as vitamin K and o-antigen pathways
contribute strongly to EBF prediction. Moreover, EBF influences the microbiome maturation in
early life, toward a microbiome age more similar to the chronological infant’s age.
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Back d
ackgroun The microbial community and function of EBF

Early assembly and development of the gut micro-
biome is a complex process and is influenced by
maternal factors," preterm delivery,” delivery mode,’
breastfeeding, complementary feeding,* and antibio-
tic use,” among others. Previous studies focused on
the effect of breastfeeding in driving infant microbial
composition,  the  so-called  milk-oriented
microbiota,”” however, the mechanisms behind
exclusive breastfeeding (EBF) in shaping a perturbed
microbiome, for example, as a result of Cesarean
delivery (C-section), have received less attention.

infants differ from those in mixed-fed infants,
regardless of delivery mode and infant age.®’
Breastfeeding and delivery mode are essential dri-
vers of gut microbiota composition.'® Furthermore,
breastfeeding has the potential to minimize the
effect of C-section delivery on the infant’s gut
microbiome.*'" Nevertheless, the current knowl-
edge about this theme is limited to the characteriza-
tion of microbial taxa and lacks information
regarding  microbial gene function and
trajectories.*'> One of the protective effects of
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breastfeeding on the microbiome of C-section-
delivered infants is mediated by al-2 fucosylated
human milk oligosaccharides, and mothers that
produce more of these sugars in their breast milk
are designated “secretors”.' C-section-delivered
infants born to secretor mothers exhibit higher
abundances of Bifidobacterium breve and
B. bifidum and lower abundances of Enterococcus
lactis and E. faecalis. While maternal secretor sta-
tus did not affect the microbiota composition in
vaginally delivered infants, it was hypothesized
that maternal secretory capacity might be an
essential factor, especially among infants born by
C-section." A similar study in Brazil supported
those findings and showed an increased abun-
dance of Akkermansia only in C-section-
delivered infants of maternal secretors."

Considerable efforts have focused on studying
infants’ gut microbiomes and their early determi-
nants, such as delivery mode or breastfeeding.'*
A study by Bickhed et al. demonstrated that the
cessation of breastfeeding leads to a shift toward
a more adult-like microbiota composition.'
Recently, Shenhav et al. identified microbiome
colonization patterns which, in conjunction with
milk components, were associated with breastfeed-
ing and predictive of asthma.” Selma-Royo et al.
reported infant gut microbiome differences
according to birth settings (hospital- or home-
born), microbiome vertical transmission and the
influence of breastfeeding on B. longum coloniza-
tion and microbial functional diversity.'® Other
available studies are restricted to small sample
sizes and/or limited methodologies to investigate
microbial mechanisms, such as 16S rRNA ampli-
con sequencing.*'>'” The role of exclusive breast-
feeding in shaping microbial assembly remains to
be fully elucidated, requiring confirmation across
diverse human populations and further investiga-
tion into the underlying mechanisms.

Evidence of the effects of exclusive breastfeeding
on the assembly of the infant gut microbiome may
provide insights into how exclusive breastfeeding
influences microbiome changes in perturbed micro-
biome colonization, as observed in C-section-
delivered infants,™'® toward a microbiome more
similar to that of vaginally delivered infants. In this
article, we evaluate the early determinants of the
succession and establishment of the fecal

microbiome from 3 to 9 months of age in a large
cohort of 525 infants enrolled in the German Cohort
(https://www.projetogermina.com.br/)."”
Employing metagenomic sequencing and machine
learning approach, we suggest that EBF is associated
with microbial composition, function, and trajectory
during the first year of life according to delivery
mode.

Methods
Study design and population

The Germina Project19 is an ongoing prospective
cohort designed to assess mother-infant dyads
across the first 1,000 days of life, from 3 months
to 36 months of age. Families with 3-month-old
infants in the metropolitan area of Sao Paulo (a
city in the Southeast of Brazil) were recruited with
the following eligibility criteria: maternal age (20-
—45 years old); infant age (3-4 months old); gesta-
tional age at birth (>37 weeks); infant birth weight
>2,000 g; no substance abuse during pregnancy; no
history of psychosis or bipolar disorder; no child-
birth complications (e.g. perinatal asphyxia,
shoulder dystocia, excessive bleeding); infant not
previously diagnosed with genetic syndromes or
auditory/visual deficiencies; and availability for in-
person appointments/assessments.

Sample collection and processing

Fecal samples were collected at 3 and 5-9 months
of age from a diaper during follow-up visits by
trained personnel using sterile collector tubes
(Sarstedt, Germany) and stored at —20°C for a few
hours until —80°C storage. When the above proce-
dures were not possible, mothers were instructed to
collect the stool samples at home and store them at
—-20°C for a few hours until the Germina specia-
lized service could pick them up for subsequent
storage at —80°C freezers. Samples were collected
between December 2021 and May 2023. Genomic
DNA was extracted from stool samples using the
ZymoBIOMICS™ DNA Miniprep Kit (Zymo
Research, USA), according to the manufacturer’s
instructions. The ZymoBIOMICS® Microbial
Community Standard (ZMCS, Catalog D6300,
Zymo Research) was used as an extraction and
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sequencing positive control and was included in
each sequencing run. Negative controls were not
included in this study because fecal samples have
a very high microbial load, which overwhelms
minor contaminants.

Metagenome library preparation and sequencing

Libraries were prepared using the genomic DNA
(100 ng) and the Illumina DNA Prep kit (Illumina)
quantified by qPCR using the KAPA Library
Quantification Kit (Roche). Paired-end reads (2 x
150 bp) were sequenced in a P3 flow cell on the
[lumina NextSeq 2000, under the technological
services and expertise of the NGS Solugoes
GenoOmicas (Piracicaba, Sdo Paulo-Brazil).

Bioinformatics

Bioinformatic tools from bioBakery workflows
were used for meta-omics data analyses. The pipe-
lines include: i) KneadData (v.0.10.0) was used for
quality control of metagenomic sequencing data
using default parameters. Human reads were fil-
tered by aligning to the Homo sapiens Bowtie
2 hg37 database; ii) MetaPhlAn (v3.1.0, database
“mpa_v31_CHOCOPhIAn_201901”) was
employed for bacterial taxonomic composition;
and iii) HUMAnN (v3.6) was applied to generate
pathway and gene abundance annotation using the
MetaCyc and UniRef90 databases, respectively,
with a subsequent normalization to relative abun-
dance at community level. We also used the
HUMAnNN (v3.6) outputs at species level to assess
the contribution of each species to pathway abun-
dance, measured in reads per kilobase (RPKs).
Then, we normalized the species contribution, con-
sidering the sum of the total community for each
pathway to be 100% and the species stratification
was made against that total.

Statistical analysis

Alpha diversity was measured using the Shannon
index and Chaol. The Bray-Curtis dissimilarity
was calculated to obtain pairwise beta diversity.
Both diversity measures were calculated using the
Phyloseq R package.”' Differences in the Bray-
Curtis matrix were detected using Permutational
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Multivariate Analysis of Variance (PERMANOVA)
with the vegan R package,” tested with 999 permu-
tations, and visualized with principal coordinates
analysis (PCoA). This analysis was used to test
significant differences in several variables, includ-
ing maternal age, maternal BMI pregestational,
infant antibiotic use, and birth weight. Analysis of
variance (ANOVA) was used to compare alpha
diversity and the relative abundance of species
and pathways between groups at each time point,
with Tukey’s ‘Honest Significant Difference’ (HSD)
post-hoc correction, a significance threshold of
p-value <0.05.

For the subsequent analysis, a threshold preva-
lence filtering of 5% for species and functional
pathways and an abundance filter of 0.1% for spe-
cies and 3 x 10~’% for pathways were applied based
on previous publication.”> The Maaslin2
R package®® was employed to detect overrepre-
sented/depleted bacterial features related to EBF
and delivery mode within each time point. All
p-values were corrected for false discovery rate
(FDR) at a significance threshold of q-value
<0.10. Further, we described the unique and shared
altered features in those infant groups. Finally, the
top ten species contributing to each of the signifi-
cantly altered carbohydrate pathways from
Maaslin2 results were described for each delivery
mode. In the analysis of the 5-7 and 8-9 month
time points, the early introduction of solid foods
(before 6 months of age), formula feeding and
infant age (in days) were included as covariates.
All analyses were conducted in R version 4.3.0.

Machine learning model

We aimed to model taxonomic and functional
microbiome features as predictors of EBF using
a Random Forest classifier with a hundred trees.
The rationale for selecting Random Forest is its
robustness against overfitting and its ability to
handle high-dimensional data,”>*® making it parti-
cularly well-suited for the complex and heteroge-
neous nature of microbiome data. The model
targeted two labels, EBF = 0 and EBF = 1, enabling
us to capture the binary outcome of interest effec-
tively. We stratified infants by time points and
delivery modes and further categorized them into
functional pathways and species, resulting in 12
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distinct models. This stratification was crucial for
capturing potential variations in microbiome fea-
tures influenced by these factors,”” enabling a more
detailed understanding of their predictive
capabilities.

The number of trees in the Random Forest was
set to the maximum feasible value within our
computational resources and time constraints,
ensuring an adequate number of trees were gen-
erated for robust model performance. Preliminary
tests revealed that inducing fewer than 100 trees
already achieved stability in classical error mea-
sures, with no further reduction in error as addi-
tional trees were added. This decision was crucial,
as both the permutation significance test*® and
the calculation of SHAP values® are computa-
tionally demanding processes. The permutation
test, which involved 10,000 evaluations on
shuffled target values, was used to compute an
empirical p-value against the null hypothesis (HO)
that the model cannot find any dependency
between the microbiome features and the target.
This provided a rigorous method to assess the
statistical significance of our model’s findings.
SHAP values were employed to determine the
marginal contribution of each microbiome fea-
ture to predict EBF =1 for each infant.”®

The Leave-One-Out Cross-Validation
(LOOCYV) scheme’" was selected for model valida-
tion to maximize the use of available data, ensuring
that each training set - comprising all infants’ data
except the one used for prediction - was as com-
prehensive as possible. This approach was particu-
larly important given the small sample sizes, which
ranged from 57 to 361 depending on breastfeeding
type and delivery mode.

We kept the default “number of random paths”
setting (25) in the SHAP library to balance compu-
tational efficiency with the reliability of variable
attributions.’® Results from models with a p-value
<0.05 for balanced accuracy were considered sig-
nificant, ensuring that only robust predictors were
reported. To enhance interpretability, we intro-
duced a target-oriented SHAP value (SHAP*),
defined as the SHAP value multiplied by -1 if it
contributed against the target (i.e., EBF = 0 or EBF
=1). Predictors with a SHAP* p-value >0.01 were
excluded from the resulting figure to streamline the
visual presentation.

For trajectory modeling, we wused the
Microbiome Toolbox software, a web-based collec-
tion of tools and methods for microbiome data
analysis, to study longitudinal microbiome pro-
gression in infant cohorts.”> The MMI
(Microbiome Maturation Index) was defined
using the approach of Subramanian et al.””> This
method employed a machine learning approach to
analyze 16S rRNA sequencing data, using fecal
samples from infants with consistent healthy
growth to define a benchmark for healthy gut
microbiome maturation. Briefly, the predictive
accuracy of the trajectory model was evaluated
using a range of machine learning techniques,
including Random Forest, Gradient Boosting, and
a custom-developed deep learning model tailored
to the dataset. This multi-model approach facili-
tated the selection of the most suitable algorithm
for each dataset, ensuring reliable predictions and
highlighting the key factors influencing micro-
biome maturation within infant cohorts. All infant
samples and feature columns for taxonomy or
functional pathways were used to train the
Random Forest regression model to generate the
reference trajectory. The infants were categorized
into four groups based on their mode of delivery
(vaginal or cesarean) and feeding practices (exclu-
sive breastfeeding or non-exclusive breastfeeding),
and the trajectories of gut microbiome maturation
were analyzed across these groups.

Results
Study population characteristics

The Germina cohort enrolled 560 infants at the
first time point (T1 = 3 months), and 532 attended
the second appointment (T2 = 5-9 months).
A total of 552 fecal samples were collected at the
first and 495 at the second appointment, of which
525 (93%) and 441 (89%) underwent WGS, respec-
tively (Supplementary Figure S1). Infants with
WGS data available were then categorized as exclu-
sive breastfeed (EBF, n=362) and non-exclusive
breastfeed (non-EBF, n=161) if whether they
were EBF for at least 3 months or not (the time of
first sample collection), and according to delivery
mode within each EBF category (vaginally deliv-
ered-EBF, n=188; C-section delivered-EBF, n=



174;  vaginally delivered-non-EBF, n=58;
C-section delivered-non-EBF, n =103). Since our
goal was to estimate the effect of exclusive breast-
teeding, any infant not included in this group was
classified as non-EBF, as nearly all infants (95%)
received breast milk at some point. Additionally,
71.2% of infants exclusively breastfed at 3 months
continued to be exclusively breastfed until 6
months. Therefore, EBF status at 3 months was
used to analyze subsequent microbiome time-
points. Maternal and infant characteristics are
described in Table 1. C-section delivered-EBF
infants had higher birth weights compared to vag-
inally delivered-EBF (p=0.017). EBF infants had
lower formula feeding and lower early introduction
of solid food compared to non-EBF infants, despite
delivery mode (p <0.05). Vaginally delivered-EBF
infants had slightly younger mothers compared to
C-section delivered-non-EBF infants (p =0.04).
Pre-pregnancy body mass index (BMI) was lower
in vaginal birth within the EBF category (p = 0.021)
and lower comparing vaginally delivered-EBF with
the C-section delivered-non-EBF category (p <
0.001). However, birth weight, maternal age, and
pregestational BMI did not have a significant effect
on microbiome composition at 3 months of age
(Supplementary Figure S2). Antibiotic use within
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3-months prior to the sample collection (n=2;
0.4%) did not significantly impact the gut bacterial
composition (PERMANOVA; R*=0.00149; p =
0.826). No significant differences were observed
for the other variables between the infant groups,
such as gestational age, infant sex, maternal ethni-
city, maternal education, and total family income.
Also, we did not observe significant differences
between the number of quality-filtered read pairs
present for the breastfeeding and delivery mode
subgroups across the time points analyzed (All p
> 0.05; Supplementary Figure S3).

EBF changes the microbial composition and
function according to the delivery mode and
infant’s age

Due to the variability in infant ages during
the second time point, the microbiome composi-
tion was stratified in two primary clusters: 5-7
months, and 8-9 months (PERMANOVA; R*=
0.022; p<0.001; Supplementary Figure S$4).
Subsequent analyses were conducted based on
these age groups. Delivery mode had a lower
impact on taxonomic (PERMANOVA; R?,.. =
0.028, 0.013; all p=0.001) and functional B-
diversity (R®function = 0.069, 0.020; all p <0.01) in

Table 1. Maternal and infants’ characteristics. Germina study — Sao Paulo, Brazil, 2021-2022.

non-EBF
Vaginal C-section Vaginal C-section
(N =188) (N =174) (N =58) (N =103) p-value
Gestational age, weeks (sd) 39.18 (1.21) 39.07 (1.33) 39.13 (0.99) 38.81 (0.99) 0.095
Infant sex 0.317
female 111 (59.0%) 94 (54.0%) 38 (65.5%) 54 (52.4%)
male 77 (41.0%) 80 (46.0%) 20 (34.5%) 49 (47.6%)
Birth weight, kg (sd)® 3.21 (0.34) 3.33(0.37) 3.26 (0.44) 3.32(0.39) 0.042
Formula feeding at 6 months of age <0.001
yes 34 (8.7%) 50 (12.8%) 44 (11.3%) 71 (18.2%)
no 106 (27.2%) 75 (19.2%) 2 (0.5%) 8 (2.1%)
Introduction of solid foods before 6 months of age <0.001
yes 3(0.7%) 11 (2.7%) 23 (5.7%) 36 (8.9%)
no 143 (35.2%) 122 (30.0%) 25 (6.2%) 43 (10.6%)
Maternal ethnicity 0.687
white 121 (64.4%) 57 (32.8%) 23 (40.4%) 33 (32.0%)
non-white 67 (35.6%) 117 (67.2%) 34 (59.6%) 70 (68.0%)
Maternal age, years (sd)® 32.96 (5.20) 34.27 (5.31) 32.42 (5.56) 34.59 (5.12) 0.006
Maternal BMI pregestation® 24.44 (4.88) 25.98 (5.05) 25.10 (4.76) 26.98 (5.84) < 0.001
Maternal educational attainment 0.079
> college degree 145 (76.7%) 146 (83.9%) 40 (69.0%) 78 (75.7%)
< college degree 44 (23.3%) 28 (16.1%) 18 (31.0%) 25 (24.3%)
Total family income 2722.63 (7724.13) 2410.68 (2600.78) 1656.34 (1461.72) 2166.49 (2959.78) 0.528

(US dollar)

Comparisons between groups were conducted using analysis of variance (for numerical variables) or chi-square tests (for categorical variables).

“Difference related to C-section delivered-EBF compared to vaginally delivered-EBF infant group (p=0.017).

bDifference related to Vaginally delivered-EBF compared to C-section delivered-non-EBF infant group (p=0.04).

“Difference related to vaginal birth within the EBF category (p=0.021) and vaginally delivered-EBF compared to C-section delivered-non-EBF infant group

(p<0.001).



6 N. F. NASPOLINI ET AL.

EBF compared to non-EBF infants (R%a = 0.032,
0.032 and R%uncion = 0.073, 0.028; all p <0.03) at
3-4 and 5-7 months of age, respectively. At 8-9
months of age, delivery mode did not affect the
taxonomic and functional (B-diversity of EBF
infants (R%., = 0.013 and R ,ction = 0.013; all
p>0.05). In contrast, taxonomic -diversity
remained different in non-EBF infants (R%y, =
0.037, p <0.05), although functional B-diversity
showed no significant differences (R*unction =
0.039, p > 0.05), after adjusting for introduction of
solid foods before 6 months of age and formula
teeding (Figure 1a,b).

At 3-4months of age, EBF infants had lower
taxonomic a-diversity (Chaol index), compared
to non-EBF infants, despite delivery mode (p <
0.001). By 5-7 months, a-diversity was increased
in vaginally delivered non-EBF infants compared
to vaginally delivered EBF infants (p=0.01).
However, at 8-9 months, a-diversity did not differ
by infant groups (Figure 2a ; Supplementary Figure
§5). By 5-7 months, a-diversity was significantly
higher in vaginally delivered non-EBF infants com-
pared to vaginally delivered EBF infants (p = 0.01).
At 8-9 months, a-diversity did not differ signifi-
cantly among the infant groups (Figure 2a;
Supplementary Figure S5).

E. coli and Bifidobacterium longum were the
dominant species up to 7 months of age, regardless
of the breastfeeding practices and delivery mode.
At earlier time points, Bacteroides vulgatus,
Bacteroides  fragilis,  Bifidobacterium  breve,
Bifidobacterium bifidum, and Ruminococcus gna-
vus were consistently among the most abundant
species alongside C. neonatale at 3 months and
Veillonella parvula from 5 to 7 months. By 8-9
months, B. longum and B. fragilis remained the
most abundant species, followed by B. vulgatus,
B. breve, R. gnavus, E. coli, and Prevotella copri
(Figure 2b).

At 3-4 months of age, E. coli was significantly
increased in EBF infants, regardless of delivery
mode. Bacteroides spp. (B. fragilis, B. vulgatus,
B. dorei, B. thetaiotaomicron, and B. uniformis)
were significantly increased in vaginally delivered
infants, with some species enriched in EBF and
others in non-EBF infants. R. gnavus and
Klebsiella pneumoniae were increased in
C-section-delivered infants during the same per-
iod. In addition, C. neonatale was significantly
increased in C-section-delivered EBF infants. By
5-7 months of age, these patterns persisted but
were less pronounced (Figure 2b). At 8-9 months,
a distinct profile of species relative abundances
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Figure 1. Compositional and functional profiles of the gut microbiome in 966 samples from infants aged 3-9 months. PCoA of Bray-
Curtis distances illustrating a) microbial species; b) functional pathways. The analysis is colored by delivery mode and further stratified
by breastfeeding status (EBF = exclusive breastfeeding; non-EBF = non-exclusive breastfeeding) and time points. Statistical

significance was assessed using PERMANOVA (two-sided).
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Figure 2. Alpha diversity and taxonomic composition of the gut microbiome in 966 samples from infants aged 3-9 months. a) Chao1
index (alpha diversity) and b) Heatmap of the relative abundance of the top 20 bacterial species, stratified by time points and colored
according to infant groups. Statistical comparisons between groups were performed using ANOVA, followed by Tukey’s honest
significant difference post-hoc test for pairwise comparisons. Significance levels are denoted as ***p < 0.001; **p < 0.01; *p < 0.05.
Infant groups: Vag_EBF = vaginally delivered-EBF; CS_EBF = C-section delivered-EBF; Vag_nonEBF = vaginally delivered-non-EBF;

CS_nonEBF = C-section delivered-non-EBF.

was observed, with R. gnavus remaining signifi-
cantly increased only in C-section-delivered non-
EBF infants. Full statistical details, including The
Tukey’s HSD post-hoc corrections, are available
in Supplementary File 1.

EBF is associated with a lower relative abundance of
several species linked to delivery mode, and this is
reflected in microbial functional profile

We used Maaslin2 to perform multivariable linear
modeling to assess the relationship between micro-
bial species or functions and delivery mode at each
time point. At 3-4 months of age, EBF was asso-
ciated with alterations in 29 species (all q-value
<0.10) in both vaginally and C-section-delivered
infants. Of those, 14 species were shared between
the delivery mode groups (Figure 3a). While the
direction of the associations was consistent across
both groups, the effect of EBF was greater in vag-
inally delivered infants for species such as
Parabacteroides distasonis (Byag=—2.54; Pc_sec =
—0.84), Collinsella aerofaciens (Byag=—1.41; Bc_gec
=-0.62), Clostridioides difficile (Byag = —1.69; Bc_sec

=-0.93), and B. vulgatus (Byag=—1.67; Pc.sec =
—0.79). Conversely, Clostridium innocuum (Byag =
—0.85; Pc-sec = —1.80) and Veillonella atypica (Pyag
=—-1.94; Bcsec = —2.39) exhibited stronger deple-
tion in C-section delivered-EBF infants.

At 3-4 months, EBF was associated with distinct
alterations in species depending on delivery mode.
In C-section delivered-EBF infants, decreased rela-
tive abundances were observed for R. gnavus (f =

-2.63), Kilebsiella michiganensis (B =-1.25),
Erysipelatoclostridium — ramosum  (p =-1.37),
Bifidobacterium  dentium  (f=-1.55), and

Streptococcus species (S. parasanguinis, B =-2.11;
S. mitis, P= -1.72; S. salivarius, p=-1.53;
S. vestibularis, p=-0.83) (all g-value <0.10),
among others. In vaginally delivered infants, EBF
was associated with lower relative abundance of

Akkermansia muciniphila (p=-2.17),
Parabacteroides  merdae  (p=-1.30), and
Bacteroides species (B. uniformis, =-2.58;

B. caccae, Pp=-1.95 B. stercoris, P=-0.93;
B. xylanisolvens, p = —0.58), among others. In con-
trast, Staphylococcus aureus (p=0.99) and E. coli
(B =1.95) were increased in this group (Figure 3a).
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Figure 3. Effect of exclusive breastfeeding on the taxonomic and functional profiles of the gut microbiome in vaginally and C-section

delivered infants. a) differentially abundant species at 3—-4 months

and; b) differentially abundant functional pathways at 3-4 months.

The plots depict unique and shared species or pathways for each delivery mode, with colors representing the coefficient value of the
significant associations with EBF (q < 0.10). Unique features are specific to either vaginal or C-section delivery, while shared features

are common to both delivery modes.

At later timepoints, EBF did not alter the microbial
composition regardless of delivery mode.

At 3-4 months, EBF was associated with signifi-
cant changes in 147 functional pathways (q < 0.10).
Among these, 55 pathways were significantly
altered in vaginally delivered infants, and 52 path-
ways in C-section-delivered infants, with 107
unique pathways visualized in Figure 3b. In

vaginally delivered infants, EBF mostly affected
degradation pathways, increasing the breakdown
of carbohydrates (D-galactose, D-arabinose, anhy-
drofructose, and glucose), amine, and polyamine
(such as carnitine and allantoin), carboxyl/carbox-
ylate compounds, including intermediates of the
tricarboxylic acid (TCA) cycle. Furthermore, EBF
was associated with an increase in the biosynthesis



of various molecules, including keto sugar, colanic
acid, phospholipid, cofactors, carriers, and vita-
mins such as nicotinamide adenine dinucleotide-
NAD salvage, ubiquinol, and tetrahydrofolate, as
well as TCA cycle intermediates. In contrast, the
biosynthesis of amino acids and biotin, along with
the degradation of carbohydrates (xylose, xyloglu-
can, chitin, chondroitin) and inositol, was
decreased. In infants delivered via C-section, EBF
led to an increase in the biosynthesis of fatty acids
and lipids, cofactors and carriers, cell structure
components such as lipopolysaccharides, glycoly-
sis, and fermentation pathways. EBF also affected
the biosynthesis and degradation of amino acids
and carbohydrates, with some pathways showing
increases while others showed decreases. By 5-7
months and 8-9 months of age, EBF no longer
significantly impacted microbial function.

At 3-4 months of age, the effect of EBF on
carbohydrate-related microbial function was
attributed to distinct microbial species. In
C-section-delivered infants, species such as
B. dentium, B. longum, E. coli, B. fragilis,
C. neonatale, K. pneumoniae, Streptococcus salivar-
ius, and Lactobacillus gasseri predominantly con-
tributed to pathways that exhibited reduced
activity. These pathways include the superpathway
of UDP-glucose-derived O-antigen building blocks
biosynthesis, fructan biosynthesis, dTDP-
N-acetylviosamine biosynthesis, E. coli O-antigen
building blocks biosynthesis, the Bifidobacterium
shunt, and the Entner-Doudoroff pathway III.
Conversely, pathways that showed increased activ-
ity in C-section-delivered infants — such as ADP-
L-glycero-B-D-manno-heptose biosynthesis,
superpathway of anaerobic sucrose degradation,
glycolysis II, glycolysis I, and glycolysis IV - were
predominantly attributed to E. coli, B. fragilis,
K. pneumoniae, K. variicola, C. neonatale, and
V. parvula. Notably, the enzymes encoded by the
genes within the OANTIGEN-PWY pathway,
attributed to B. dentium and B. longum, were lim-
ited to the synthesis of sugars such as dTDP-§-
L-rhamnose and UDP-N-acetyl-D-glucosamine
(Figure 4a).

In vaginally delivered infants at 3-4 months of age,
B. thetaiotaomicron and K. pneumoniae were the pri-
mary species contributing to the decreased abundance
of the chondroitin sulfate degradation I and D-xylose
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degradation IV pathways. However, it was not possi-
ble to assign specific species to other pathways with
decreased activity in EBF infants, such as chitin deri-
vatives degradation and xyloglucan degradation II. In
contrast, several pathways were increased in vaginally
delivered infants, including colanic acid building
blocks biosynthesis, CMP-legionaminate biosynthesis
I, dTDP-a-D-ravidosamine, and dTDP-4-acetyl-a-
D-ravidosamine biosynthesis, Entner-Doudoroft
pathway I, glucose and glucose-1-phosphate degrada-
tion, D-arabinose degradation I, 1,5-anhydrofructose
degradation, and D-galactose degradation I. The
major contributors to these pathways were E. coli,
K. pneumoniae, K. oxytoca, B. longum, C. freundii,
K. variicola, B. fragilis, and P. distasonis (Figure 4b).

The machine learning approach reveals a distinct
microbial composition and function predictive of
EBF across time

The top-ranked features in the machine learning
model predicting EBF were selected based on the
significance criteria explained in Methods
(Supplementary Figure S$6). Additionally, we
selected significant features according to the target-
oriented SHAP (SHapley Additive exPlanation)
values (Supplementary Figure S7). Features relative
abundance and SHAP values of each infant are
shown in Figure 5. Overall, models using species
for EBF prediction had balanced accuracy ranging
from 0.74 to 0.57, with the lower end corresponding
to the vaginal group at later time points. At 3-4
months, a higher relative abundance of E. coli and
C. perfringens strongly contributed to EBF predic-
tion, while a higher relative abundance of Veillonella
spp. and Parabacteroides distancionis led to a lower
contribution to EBF prediction regardless of delivery
mode. In the C-section group, a higher relative
abundance of R. gnavus led to a lower contribution
to EBF prediction. Among vaginally delivered
infants, higher relative abundance of B. adolecentis,
and Bacteorides spp. led to a lower contribution to
EBF prediction. A higher relative abundance of
C. neonatale had a high positive contribution in
C-sections, but the opposite was observed in vagin-
ally delivered infants. Those effects were less pro-
nounced at 5-7 months and persisted longer in the
C-section group (Figure 5a).
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Figure 4. Top ten species attributed to carbohydrate pathways significantly associated with EBF at 3-4 months of age. a) C-section
delivered infants and b) vaginally delivered infants. The plots display the top ten species attributed to carbohydrate metabolism
pathways that show a significant association with exclusive breastfeeding. Blue and red triangles indicate pathways that increase and

decrease in abundance at 3-4 months of age, respectively.

Models using microbial pathways had balanced
accuracy ranging from 0.61 to 0.64. At the 3-4
time point, a higher relative abundance of mena-
quinol biosynthesis and a lower relative abun-
dance of ketogluconate metabolism had
a positive contribution to EBF prediction in the
vaginal group. In contrast, the opposite was
observed in C-section-delivered infants. Other
pathways, including gluconeogenesis III, anaero-
bic energy metabolism, and L-histidine degrada-
tion III, when in high relative abundance, lead to
lower prediction of EBF regardless of infants’
delivery mode (Figure 5b).

EBF determines the taxonomic microbiome
trajectory, while the functional trajectory is
influenced by both EBF and delivery mode

Using the Microbiome Toolbox software, infants
with the same breastfeeding status but differing
delivery modes exhibited taxonomic microbiome

trajectories with non-significant slopes (k) and
intersections (n). This finding indicates that EBF
significantly influenced both the starting point (n)
and the overall trajectory (k) of microbiome devel-
opment, regardless of delivery mode (all p < 0.05;
Figure 6a). Furthermore, non-EBF infants consis-
tently displayed higher microbial taxonomic
Microbiome Maturation Index (MMI) compared
to EBF infants, who showed the strongest correla-
tion between MMI and chronological age. Notably,
EBF also influenced the speed of maturation in
C-section infants, who began with lower MMI but
achieved the highest MMI levels by the end of the
trajectory (Figure 6a).

Regarding the microbial functional trajectory, all
infant groups begin with distinct trajectories, as
evidenced by significant differences in intercepts
(all p <0.05; Figure 6b). This indicates that both
EBF and delivery mode play a role in shaping the
microbial functional trajectory. Among EBF
infants, those born via C-section had the lowest
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Figure 5. Contribution of each EBF predictors in a random forest classifier. a) top-ranked species predicting EBF at each time point and
delivery mode. b) top-ranked functional pathways predicting EBF at each time point and delivery mode. The X-axis represents SHAP
values, and the Y-axis lists species/functional pathways. Each dot represents an infant, with colors indicating the relative abundance of
the species/pathways. Only statistically significant models (p < 0.05) and features (p < 0.01) are included for clarity and conciseness.
Thus, functional pathways at time points 5-9 months are excluded from the figure.

functional MMI, while vaginally delivered non-
EBF infants exhibited the highest index. Notably,
differences in the rate of maturation were observed:
C-section-delivered EBF infants had an accelerated
maturation speed at 5 months of age, aligning with
the trajectories of other groups. At 9 months, func-
tional MMI were comparable across infant groups,
though C-section-delivered non-EBF infants had
a slightly higher functional MMI (Figure 6b).

Discussion

In this study, we explored the early determinants of
the taxonomic and functional microbiome trajec-
tory in a large cohort of healthy infants. Our find-
ings reveal that EBF supports a non-accelerated
maturation of the gut microbiome up to 5 months,
irrespective of the delivery mode. EBF is associated
with a reduced relative abundance of species com-
monly linked to delivery mode. Specifically, in
infants delivered via C-section, EBF is associated
with lower abundance of Streptococcus spp.,
Klebsiella and R. gnavus, while in vaginally deliv-
ered infants, it is associated with reduced levels of

Bacteroides  spp.,  Veillonella  spp., and
Parabacteroides merdae. Additionally, EBF contri-
butes to a functional adaptation of the gut micro-
biome according to delivery mode.

Delivery mode significantly impacts the micro-
bial community structure in infants at 3-4 months
of age. However, this effect is less pronounced in
exclusively breastfed infants, highlighting the
potential of EBF to mitigate the impact of delivery
mode on the initial colonization and establishment
of the intestinal microbiome. A comparable effect
was observed on microbial structure at 5-7 months
but not at 8-9 months. This effect at 5-7 months is
likely due to the continuation of exclusive breast-
feeding among most infants who were exclusively
breastfed at 3 months, persisting until 6 months of
age. In contrast, in infants who were not exclusively
breastfed, the effect of delivery mode on the micro-
bial structure remained stronger and persisted until
8-9 months. These findings underscore the critical
role of EBF in shaping gut microbial development.

Although the initial composition of gut micro-
biome is influenced by delivery mode, breastfeed-
ing, in combination with environmental factors,
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Figure 6. Compositional and functional microbiome trajectories by infant groups. Microbiome trajectory mean and 95% confidence interval
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plays a crucial role in shaping the infant micro-
biome during the first year.'® In our study, EBF
appears to support a more gradual maturation of
the infant microbiome, maintaining lower taxo-
nomic diversity compared to non-EBF infants.
Shenhav et al. reported that a paced microbiome
colonization could facilitate a healthy respiratory
development.” Non-breastfeeding at 3 months con-
tributes to the premature acquisition of species,
such as Ruminococcus gnavus, which has been cor-
related with an increased risk of asthma and aller-
gic diseases, when not acquired at the ideal
timing.”** Our data shows that at 3 months,
R. gnavus has a higher abundance in C-section
non-EBF infants compared to all other infant
groups, while it showed a decrease in C-section
delivered EBF infants, although this was not statis-
tically significant. This finding suggests that EBF
may attenuate the early acquisition of R. gnavus.
Conversely, a later colonization of this species,
along with other mucin-degrading species such as
Akkermansia muciniphila, is associated with
a decreased risk of allergic diseases.”>> These species
ferment non-digestible galacto-oligosaccharides,
from non-human-milk dietary sources, and host
mucin, into short-chain fatty acids (SCFAs),
enabling them to colonize the infant gut micro-
biome once non-human milk food sources are
introduced.’**’

B. longum and E. coli were the dominant bacter-
ial species across all infants and time points,
regardless of breastfeeding practices or delivery
mode. This observation is consistent with previous
studies that demonstrated maternal-to-infant
transmission, with these species detected in mater-
nal and infant stool as well as human milk
samples.'®*® In our cohort, other Bifidobacterium
species, such as B. breve, B. bifidum, and
B. dentium, were also highly abundant across all
infants, appearing to be supported by both partial
or EBF. Feehily et al. reported B. breve exhibiting
the highest proportion of isolates from human
milk, while B. dentium was less frequent and pre-
dominantly detected in infant stool.*®

E. coli has been described as an important mem-
ber of the microbiome in Brazilian infants'>>*~*!
and other developing countries.*> While E. coli is
recognized for its role in vitamin K production,*
a high relative abundance has been associated with
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dysbiotic conditions in developed countries.***
However, in developing countries, E. coli has been
proposed as a crucial factor for the establishment of
the infant microbiome, as previously hypothesized
in Brazilian cohorts.*’ Our study reinforces these
findings using WGS approach in a large cohort of
healthy infants. Notably, E. coli exhibited
a significant increase in vaginally delivered EBF
infants, along with an increase in the vitamin
K biosynthesis pathway and high importance in
predicting EBF (superpathway of demethylmena-
quinol-9 biosynthesis). These results suggest that
the role E. coli extends beyond geographical varia-
tion, highlighting its contribution to vitamin
K biosynthesis and its association with exclusive
breastfeeding practices.

Our data also point to a reduction in Bacteroides
spp. colonization in vaginally delivered infants at
3-4 and 5-7 months of age, suggesting a sustained
influence of exclusive breastfeeding, whether prac-
ticed during the first 3 months or continued up to 6
months. Colonization by Bacteroides is widely
recognized as being associated with vaginal
delivery,”'® with persistence from the first week
postpartum.’ For example, Mitchell et al. reported
that B.  thetaiotaomicron, B.  uniformis,
B. xylanisolvens, and B. caccae were more abundant
in vaginally delivered neonates,” the same species
we observed to be decreased in EBF infants. This
discrepancy may stem from differences in feeding
practices, possibly because their study included
a high proportion of formula-fed infants, limiting
their ability to assess the impact of breastfeeding on
Bacteroides persistence. We suggest that the
reduced relative abundance of Bacteroides in EBF
infants could be linked to the cleavage of HMO by
B. longum. Bacteroides species are also important
consumers of HMO. However, their feeding
mechanism involves external degradation of the
oligosaccharides structure, whereas
Bifidobacterium internalizes HMO for cleavage.*®
This internalization strategy provides a competitive
advantage by sequestering sugar monomers,
thereby limiting the growth of competing micro-
bial strains in the colon.’

Our study highlights distinct patterns of carbo-
hydrate metabolism dependent on the mode of
delivery. In vaginally delivered infants, EBF was
linked to alterations in carbohydrate metabolism



14 N. F. NASPOLINI ET AL.

pathways, including increased degradation of
human milk sugars such as D-galactose,
D-arabinose, anhydrofructose, and glucose.’
Additionally, pathways related to the biosynthesis
of building block sugars (e.g., keto sugar and cola-
nic acid) were elevated, while the degradation of
xylose, xyloglucan, chitin, and chondroitin were
decreased. Conversely, C-section delivered infants
who were exclusively breastfed showed carbohy-
drate metabolism pathways associated with micro-
bial energy production and maintenance.”” These
differences in functional profiles suggest that the
gut microbiome of C-section-delivered infants may
adopt alternative nutrient utilization strategies.
This aligns with the concept of nutritional energy
harvesting or wasting microbiome, previously pro-
posed to discuss the microbiome adaptation sup-
porting infant growth under conditions such as
malnutrition.*®

Several factors may account for the observed
differences in carbohydrate metabolism: i)
Variations in microbiome composition, and con-
sequently its metabolic machinery influencing
energy acquisition strategies; ii) EBF may modulate
microbiome function by promoting more efficient
nutrient utilization from the diet, prompting
infants growth; iii) HMOs in breast milk may
reduce the adhesion of pathobionts*” as supported
by our findings that O-antigen biosynthesis was
inversely associated with EBF; iv) A reduction in
the relative abundance of Bacteroides spp., asso-
ciated with EBF, may also contribute to these dif-
ferences. Many species within this genus employs
a strategy of externally degrading HMOs to release
sugar monomers, which can cross-feed pathogenic
bacteria or pathobionts.

EBF is also associated with differences in lipid
metabolism between C-section and vaginally deliv-
ered infants, indicating nuanced impacts on fatty
acid biosynthesis. For instance, C-section-delivered
infants exhibited increased biosynthesis of several
saturated and mono-unsaturated fatty acids,
whereas vaginally delivered infants were less
impacted, presenting increased pathways of petro-
selinate and other unsaturated fatty acids. Wilson
et al. report a similar profile of altered functional
pathways in pediatric populations with asthma,
mirroring our finding in C-section-delivered
infants. In addition, EBF was linked to alterations

in amino acids and polyamine metabolism. Among
C-section-delivered infants, several pathways of the
homocysteine-methionine cycle, seleno-amino
acid metabolism, and methyl group production
were altered, which is notable given the role of
methyl-donating vitamins in gut inflammation.”’
In contrast, vaginally delivered infants exhibited
reduced norspermidine biosynthesis, a compound
implicated in the formation and dissolution of bio-
films of exopolysaccharides.’® This finding suggests
that EBF may influence bacterial quorum-sensing
specifically in vaginally delivered infants.

EBF emerges as a critical determinant of the
microbiome trajectory, shaping both species diver-
sity and maturation rate. The lower taxonomic
diversity observed in EBF infants aligns with the
findings from a meta-analysis conducted across
different populations.”® Additionally, the speed of
gut maturation in EBF infants was consistently
slower compared to non-EBF infants, whose accel-
erated gut maturation led to an earlier increase in
taxonomic diversity. The extended duration of EBF
in our cohort further supports this finding.
A review study by Iozzo and Sanguinetti described
that breastfeeding duration delays microbiota’s
maturation toward an adult-type microbiome.>
After 5 months of age, this effect gradually
decreases, probably due to the introduction of
solid foods, which alters the dietary composition
by increasing the intake of carbohydrates, fat, fiber,
and protein®; thereby, increasing the microbiome
diversity. Our findings are consistent with this
transition, as the effect of EBF on species and path-
ways abundances diminishes at later time points
when formula feeding and solid food introduction
are accounted for the multivariate model. The diet-
ary shift associated with solid food introduction
alters the metabolic activity of gut bacteria, redu-
cing the abundance of genes involved in breast
milk sugars degradation. Thus, the gut microbiota
undergoes functional maturation, adapting to the
newly available energy sources and acquiring the
capacity to degrade complex sugars and other
nutrients from solid foods."

Opverall, our cohort demonstrated homogeneity
in terms of breastfeeding practices and delivery
mode. However, pre-gestational maternal BMI
and maternal age were statistically different
between the exclusive and non-EBF groups.



Several factors, including maternal characteristics,
can influence the composition of the milk micro-
biome, as highlighted by Notarbartolo et al.,”®
thereby indirectly affecting the infants gut micro-
biome. While maternal BMI is recognized as
a critical factor influencing milk microbiome com-
position, recent evidence from Cortés-Macias et al.
suggests that breastfeeding practices play a more
significant role in shaping the composition and
diversity of the breast milk microbiota.”” Indeed,
exclusively breastfeeding stimulates direct contact
between infants’ mouths and the mother’s breasts,
which serves as a vital route for microbial
exchange.”® Notably, our results were not con-
founded by factors such as pregestational BMI,
birth weight, and mother’s age. Therefore, we attri-
bute the observed impact on the infant gut micro-
biome primarily to breastfeeding practices and
their influence on the mothers’ milk microbiome,
underscoring the pivotal role of EBF in shaping the
infants’ gut microbiome.

To the extent of our knowledge, this study adopts
a sounder approach to establishing feature impor-
tance through machine learning when compared to
the available literature. For instance, we avoided set-
ting an arbitrary number of relevant features accord-
ing to a model internal overall measure of
importance.” Specifically, we focused on evaluating
feature importance only in models that demonstrated
the ability to make statistically significant predictions,
ensuring the reliability and relevance of the identified
features. Additionally, we set a p-value-based criteria
to streamline the visual presentation of features. This
approach relied on a target-oriented SHAP value spe-
cifically designed for our analysis, focusing on each
infant individually rather than the entire sample. This
approach utilized a target-oriented SHAP value spe-
cifically tailored for our analysis, positive values were
assigned to features that contributed to correct pre-
dictions. Such a scheme enabled us to objectively
remove features with questionable relevance due to
low statistical support — provided the selected subset
was not interpreted as a statistically significant result
on its on; otherwise, a post hoc analysis would be
needed. Lastly, our study strengthens the value of
machine learning-assisted microbiome analysis, as
the findings from traditional statistical modeling
were in accordance with those derived from machine
learning approaches.
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Our results, however, have several limitations:
(i) the age range of the second appointment was
not precisely defined, leading to non-linear trajec-
tory time points; (ii) the microbiome trajectory was
modeled using only two time points, which may
miss subtle variances and dynamic changes in
microbiome composition and function over time;
(iii) fewer than 5% of the cohort were never
breastfed, which limits our ability to use a no-
breastfeeding group as a comparison.
Consequently, our non-EBF group comprises
infants with mixed feeding (formula and breast
milk) and, in some cases, those who were ever
breastfed. As a result, we were unable to directly
compare the effects of breastfeeding versus never
breastfeeding, although the impact of formula feed-
ing was accounted for in our analysis; (iv) informa-
tion on antibiotic use was collected through
a general question about medication use, which
may have led to an underestimation of this vari-
able; (v) while genes encoding enzymes, metabo-
lites, and other elements involved in microbial
pathways were sequenced, microbial metabolites
were not measured to confirm the activity of meta-
bolic processes. The strengths of this study include
the use of a large sample size analyzed through
shotgun metagenomics, enabling the identification
of differential effects of exclusive breastfeeding on
microbiome signatures based on delivery mode, as
well as revealing alterations in microbial species
and functional pathways. A notable strength is the
characterization of microbiome trajectories using
spline and linear regression statistical analysis,
which allowed us to test universality across differ-
ent infant groups. Furthermore, the integration of
a robust machine learning approach enhanced the
reliability and depth of our findings. Lastly, the
inclusion of a novel Brazilian cohort contributes
valuable data from a population underrepresented
in microbiome research, thereby enhancing the
study’s relevance and potential generalizability.

Conclusions

Our findings provide valuable insights into the
functional pathways influenced by EBF in the
infants’ gut microbiome and demonstrate how
EBF may mitigate the impact of delivery mode on
microbiome establishment during the first year of
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life. This study has the potential to guide preventive
intervention strategies and inform policy changes
and educational practices aimed at promoting
exclusive breastfeeding, particularly in C-section
delivered infants. Our results reinforce existing
knowledge of bacterial succession in the early-life
gut microbiome, highlighting the role of EBF in
fostering a gradual bacterial colonization. By show-
ing that the reduced diversity in the gut micro-
biome is associated with EBF, regardless of
delivery mode, our study suggests that this slower
microbiome maturation may play a role in immune
system training during the first 1000 days of life.”®

Exclusive breastfeeding is associated with
changes in the microbiome composition and func-
tion based on the mode of delivery, influencing
microbiome development in distinct ways for
C-section and vaginally delivered infants.
Moreover, EBF plays a critical role in driving
microbiome maturation in early life, attenuating
the negative impacts of C-section delivery.
Additionally, our findings highlight the impor-
tance of exclusive breastfeeding in shaping path-
ways related to carbohydrate and lipid metabolism,
as well as cell structure. The microbiome trajectory
in EBF infants closely aligns microbiome age with
the infant’s chronological age. Given the demon-
strated benefits of EBF in early life, our results
suggest that its influence on microbiome matura-
tion supports a non-accelerated development of
microbiome composition and function, as reflected
in the data presented.
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