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SUMMARY
The composition and maturation of the early-life microbiota are modulated by a number of perinatal factors,
whose interplay in relation to microbial vertical transmission remains inadequately elucidated. Using recent
strain-tracking methodologies, we analyzed mother-to-infant microbiota transmission in two different birth
environments: hospital-born (vaginal/cesarean) and home-born (vaginal) infants and their mothers. While de-
livery mode primarily explains initial compositional differences, place of birth impacts transmission timing—
being early in homebirths and delayed in cesarean deliveries. Transmission patterns vary greatly across spe-
cies and birth groups, yet certain species, likeBifidobacterium longum, are consistently vertically transmitted
regardless of delivery setting. Strain-level analysis of B. longum highlights relevant and consistent subspe-
cies replacement patterns mainly explained by breastfeeding practices, which drive changes in human milk
oligosaccharide (HMO) degrading capabilities. Our findings highlight how delivery setting, breastfeeding
duration, and other lifestyle preferences collectively shape vertical transmission, impacting infant gut colo-
nization during early life.
INTRODUCTION

Early-life microbial colonization plays a key role in the establish-

ment of the humanmicrobiota,1–3 which performs several essen-

tial functions.4,5 Initial seeding of the infant gut is set off by

maternal transmission,6–8 and during this process, microbes

establish a complex interaction with the developing systems,

especially the intestinal epithelium9 and the immune system.10,11

Even though this process is not fully understood, some perinatal

factors such as cesarean delivery, formula feeding, or antibiotic

use could cause shifts in children’s microbial colonization12–15;

this impact has been linked to non-communicable diseases

including obesity16,17 and atopy,18–20 highlighting the impor-
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tance and long-term influence of the microbe-host interplay dur-

ing early life.

While a limited number of causality studies showed normaliza-

tion of the microbiota in cesarean-delivered infants, notably by

maternal fecal microbiota transfer,21,22 most of the available

studies have assessed the impact of these factors solely on the in-

fant microbiota composition,8 without considering their effect on

verticalmicrobial transmissionand itspotential relevance for infant

health. Previous analysis using strain-resolved metagenomics re-

vealed that strains from the maternal gut microbiota were ecolog-

ically better adapted to colonizing the neonatal gut than strains

from other sources,6 highlighting the role of the maternal micro-

biota as the main microbial seeding source for the newborn.6,7,23
uthor(s). Published by Elsevier Inc.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Clinical and anthropometric characteristics of the participants

HB (n = 10) VAG (n = 13) CS (n = 11) p value

Maternal characteristics

Maternal age 35 (4) 33 (7) 35 (2) 0.325

Pre-gestational BMI (kg/m2) 22.71 ± 5.13 21.86 ± 2.64 22.95 ± 2.27 0.721

Gestational weight gain (kg) 13.9 ± 4.41 12.02 ± 3.86 14.27 ± 4.19 0.366

ATB during pregnancy (% pos. cases) 0 (0) 2 (15.4) 4 (36.4) 0.099

IAP (% pos. cases) 0 (0)a 0 (0)a 11 (100)b <0.001

Infant data

Gestational age (weeks) 40 (1.75)b 39 (1)a 40 (1.5)b 0.010

Sex (female/male) 7/3 (70/30) 9/4 (69/31) 3/8 (27/73) 0.079

Siblings (% pos. cases) 4 (40) 5 (38.5) 4 (36.4) 0.999

Pets 6 (60) 7 (53.9) 2c (20) 0.108

Breastfeeding duration (months) 12 (0)a 6 (8)b 12 (5.5)a,b 0.021

Exclusive breastfeeding duration (months) 5.75 (0.5) 2 (4.75) 5 (2) 0.020

Breastfeeding type during the first 4 months of lifed

Exclusive breastfed 9 6 9 0.167

Partially breastfed 1 5 1

No breastfed 0 2 1

Infant anthropometric data

Birth weight (g) 3,489 ± 543 3,252 ± 444 3,608 ± 521 0.220

Birth height (cm) 51.2 ± 1.92 49.92 ± 1.53 50.68 ± 2.08 0.258

BMI Z score at birth �0.16 ± 1.24 �0.32 ± 0.97 0.39 ± 1.01 0.261

BMI Z score at 1 month �0.18 ± 0.86 �0.57 ± 0.84 �0.57 ± 0.84 0.464

BMI Z score at 6 months �0.24 ± 0.84 �0.31 ± 0.66 0.22 ± 1.07 0.299

BMI Z score at 12 months �0.32 ± 1.53 0.17 ± 0.95 0.53 ± 1.12 0.288

Continuous variables are presented as mean ± standard deviation and median (IQR, expressed as quartile q3–q1) for the normally and non-normally

distributed variables, respectively. One-way ANOVA test was used to assess differences in normally distributed variables, while Kruskal-Wallis test

was performed for those with non-normal distribution (Dunn’s test was performed as a post hoc test). Categorical variables are shown as the number

of positive cases (percentage within the group). Differences in these variables were assessed by Fisher’s exact test. IAP, intrapartum antibiotics; BMI,

body mass index; ATB, antibiotics; HB, homebirth; VAG, vaginal delivery at the hospital; CS, cesarean delivery at the hospital.
aFor each variable with significant differences between the delivery group, different letters (a-b) represent significant differences in the corresponding

post hoc test.
bFor each variable with significant differences between the delivery group, different letters (a-b) represent significant differences in the corresponding

post hoc test.
cMissing data (n = 1).
dClassification according to breastfeeding practices was performed considering the first 4 months of life when most of the infants change from exclu-

sive to partially breastfeeding.
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Despite the importance of the maternal microbiota on neonatal

seeding, little is known about how maternal lifestyle and associ-

ated factors could shape bacterial transmission to the neonate.

In this study, we analyzed the impact of place andmode of de-

livery along with feeding mode on infant gut colonization and

vertical microbiota transmission during the first year of life. In

previous studies, we24 and others25,26 already reported the ef-

fect of place and mode of delivery on the neonatal microbiota

profile up to 1 month of life. However, these initial analyses

were performed using the 16S rRNA gene amplicon sequencing

approach, which lacks the strain-level resolution required to

assess strain sharing and therefore vertical transmission. In

this study, we show thatmode and place of delivery affect micro-

biota composition and transmission only during the first few

months of life. Most importantly, we show that many species

were consistently transmitted regardless of delivery mode and
place, including key infant gut microbiota species like Bifidobac-

terium spp. For the highly prevalent and transmittedBifidobacte-

rium longum, we moreover highlighted how feeding habits can

strongly impact its strain retention and replacement dynamics,

therefore supporting more in-depth investigations on the role

of breastfeeding in microbiota seeding and establishment.

RESULTS AND DISCUSSION

A cohort to study the influence of perinatal factors on
infant gut microbiota development
To investigate the impact of place (hospital vs. home) and mode

of delivery (vaginal vs. cesarean) on the development of the in-

fant gut microbiota during the first year of life, we included a total

of 34 mother-infant pairs (Table 1) and followed them during this

period, collecting fecal (longitudinal study) and human milk
Cell Host & Microbe 32, 996–1010, June 12, 2024 997
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samples (Table S1). Families were classified according to the

place andmode of delivery into three groups as follows: mothers

who decided in advance to give birth at home (homebirth [HB],

n = 10); mothers who had a vaginal delivery at the hospital

(VAG, n = 13); and mothers who had a cesarean delivery at the

hospital (CS, n = 11). Participants were enrolled in the frame of

the ‘‘maternal microbes’’ (MAMI) cohort,27 which aims to un-

cover the effect of perinatal factors on infant gut colonization

and health outcomes. Fecal microbiota from the infant was as-

sessed through metagenomic sequencing at 1 week (7 days),

1 month, 6 months, and 12 months after birth. Maternal fecal

andmilk samples collected 1month postpartumwere alsometa-

genomically sequenced to explore the contribution of these mi-

crobial sources in vertical mother-infant bacterial transmission.

For all infant and maternal fecal (n = 161) and milk (n = 27, only

6 were kept based on sequencing depth >1 million reads) sam-

ples (Figure S1A), strain-resolved computational tools were

used to track the vertical transmission of microbial strains and

their retention in the infant’s microbiota over time.28,29 DNA

was extracted and sequenced, producing a median of 31 million

reads (IQR = [20–43] million) per fecal sample after quality

filtering (see STAR Methods; Table S1). With human milk, even

though the DNA concentration was enough for sequencing,

most of the samples were removed from the final analysis due

to the low number of microbial reads (in some cases, <1%;

Table S1). Thus, only six samples yielded a number of microbial

reads above the threshold (>1million reads formilk samples) and

were retained for further analysis.

Mothers included in the study had a normal body mass index

(BMI; normal weight in the [18.5–24.9] range according to World

Health Organization) with a total gestational weight gain within

the recommended range.30 All the infants were delivered at

term, and most of them (31/34, 91%) were at least partially

breastfed during the first 6 months of life (Table 1; Figure S1B).

Pairs were selected from theMAMI cohort to have homogeneous

breastfeeding rates at 1 week across the three different groups,

even though children born at home showed longer exclusive

breastfeeding and higher rates of at least partial breastfeeding

at 12months of age (Table 1; Figure S1B; Table S1). Indeed, hos-

pital-delivered infants were less frequently exclusively breastfed

during the first month of life (Fisher’s exact test, odds ratio

[OR] = 0, p adj. = 8.89e�3; Figure S1B; Table S1) and less

frequently at least partially breastfed from 6 to 12 months

(Fisher’s exact test, OR = 0, p adj. = 3.61e�2; Figure S1B;

Table S1). All and only cesarean delivery pairs were exposed to

intrapartum antibiotics (IAPs; Table 1).

Hospital versus at-home delivery impacts microbiota
composition of MAMI infants
To assess the temporal evolution of the early-life gut microbiota

composition, we analyzed the infant fecal samples collected dur-

ing the first year of life. As reported in previous studies,31 the in-

fant gut microbiota steadily acquires new species and progres-

sively resembles an adult-like composition, a pattern already

evident at 12 months (Figure 1A; Table S2). In the first month

and especially during the first week, the neonatal microbiota

was dominated by the presence of Escherichia coli and Bifido-

bacterium sp., such as B. breve and B. longum (highest 90th

percentile of abundance at 1 week: E. coli and B. breve in cesar-
998 Cell Host & Microbe 32, 996–1010, June 12, 2024
ean delivery,B. breve andB. longum in HB, E. coli andB. longum

in vaginal group; Figure 1A; Tables S2 andS5). These species are

considered pioneers of the infant microbiota31 since they are

acquired before the first week but were also among the most

abundant during two time points (highest 90th percentile of

abundance, at 1 month: B. breve and B. longum in all groups,

at 6 months: B. breve and B. longum in cesarean and

B. longum and B. pseudocatenulatum in HB and vaginal groups;

Figure 1A; Tables S2 and S5). At 1 year, the infant gut microbiota

had shifted to a more adult-like profile, closer to the one

observed in the maternal 1-month postpartum gut microbiota

(Figures 1A and 1B; Table S2), with the Jaccard distance be-

tween infant and mother being lower at 12 months compared

with the first month of life (post hoc Dunn test all p adj. < 0.05;

Figure S1B; Table S2). The new species appearing at 6 and

12 months are known for their capacity to ferment different

carbohydrates32–34 including Faecalibacterium prausnitzii and

several species from Blautia, Eubacterium, and Roseburia

genera. These changes in microbiota composition were overall

characterized by an increasing Shannon diversity over infant

age, especially at 12 months (Kruskal-Wallis test c2 = 39.74,

post hoc Dunn tests between 12 months and other time points:

all p adj. < 0.05; Figure 1C; Table S2), which however remains

lower than in mothers (post hoc Dunn test p adj. = 5.89e�3; Fig-

ure 1C; Table S2). We hypothesize that these changes are

probably due to weaning and the introduction of solid food

(exclusively breastfed infants: at 6 months = 11/32 [34%], at

12 months = 0/29 [0%]; Figure S1B; Table S1). We specifically

tested the differences in prevalence of species before and after

introduction of solid food (as the end of exclusive breastfeeding).

We found 21 species having differential prevalence (Fisher’s

exact test p adj. < 0.05; Table S2), but only 2weremore prevalent

during exclusive breastfeeding (OR > 1): Staphylococcus homi-

nis and Staphylococcus epidermidis, likely due to skin contact

between mother and infant during breastfeeding.

The maturation of the overall gut microbiota to resemble the

maternal one is further supported by temporal shifts in the differ-

ence between mother and infant overall microbiota composition

(i.e., beta diversity). Indeed, even if all time points’ microbiota

composition of mothers and infants was different (PERMANOVA

adj. R2 = 14.41%, p = 1e�3; Figure 1B; Table S2; STAR

Methods), this difference was the highest at 1 week and

decreased over the infant’s first year of life (adj. R2 = 22.81%,

19.52%, 17%, and 13.86% and all p adj. = 1e�3 at 1 week,

1 month, 6 months, and 12 months, respectively; Table S2).

While age conveys a significant portion of the infant microbiota

variability among the covariates, the delivery condition also had

a significant impact, with place of delivery (home vs. hospital,

cesarean section excluded) being more important (stepwise

PERMANOVA infant age adj. R2 = 8.03%, delivery group adj.

R2 = 0.93% beyond infant age, p = 2e�3) than mode of delivery

(cesarean vs. vaginal at the hospital; stepwise PERMANOVA

infant age adj. R2 = 9.88%, p = 2e�3 and delivery adj. R2 =

0.25% beyond infant age, p = 4.4e�2). Over the first year of

life, when considering individual time points, the place of deliv-

ery had a more persisting impact on the variability of the infant

microbiota composition (PERMANOVA adj. R2 = 2.21%,

2.28%, and 1.83% and all p adj. = 2e�2 at 1 week, 1 month,

and 12 months, respectively), compared with mode of delivery



Figure 1. Mother and infant microbiota composition according to time point and place and mode of delivery

(A) Microbiota taxonomic profiles at each collection time point (1 week and 1, 6, and 12 months). The microbiota taxonomic composition of maternal samples at

1 month is shown in the last column of the figure. At each delivery-mode time point pair, the species’ relative abundance is summarized by its 90th percentile

across all samples. At each time point, only the 10 most abundant species at that time point, which are not included in the previous time points, are displayed as

‘‘newly abundant.’’ Newly abundant species are not newly acquired at that specific time point and might be present at lower abundances in previous ones. The

prevalence of microbial species in the 27 human milk samples is reported on the left of the main heatmap. Extended heatmap available in Figure S2C. Complete

species relative abundance table available in Tables S2 (Tab1 and Tab4) and Tab5.

(B) Ordination (PCoA) of time effect on the infant gut microbiota composition. Maternal samples are also included in the plot. The symbol shape indicates the

mode/place of delivery. (All PERMANOVA results in Table S2).

(C) Alpha diversity of gut microbiota expressed as Shannon diversity index over time points (Kruskal-Wallis test c2 = 87.24, p = 5.08e�18). Post hoc Dunn test

p adj. is shown. Only mothers have different Shannon diversity between homebirth and cesarean delivery groups (Kruskal-Wallis test c2 = 7.07, p = 2.91e�2; post

hoc Dunn test p adj. = 1.44e�2; Table S2).
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(only significant at 1 week: PERMANOVA R2 = 2.36%, p adj. =

5e�2). The infant sex did not influence the composition at any

time point (all PERMANOVA p adj. > 0.05). In addition, it was

never selected in stepwise models beyond delivery mode (all

p adj. > 0.05).

Accordingly, while in the initial time points (%1 month of life),

we observed differences in species composition of the infant

gut according to the mode of delivery (CS w.r.t. vaginal delivery

groups; Figure 1A; Table S2); in the following time points the

most important differences were found by place of delivery:

HB w.r.t. hospital deliveries. While no species reached statistical

significance (p adj. < 0.05; possibly due to the high number of

tests), several of them were significant before adjustment

(p < 0.05). Then, 1 week after birth, CS neonates showed a lower

relative abundance of Bifidobacterium longum (Wilcoxon rank-
sum test r = 0.379, p = 3.40e�2) and Bacteroides vulgatus

(r = 0.373, p = 3.72e�2) and an enrichment inKlebsiella pneumo-

niae (r = 0.480, p = 7.22e�3) and K. variicola (r = 0.402, p =

2.446e�6), while at 12 months, children born at home harbored

a microbiota richer in Bifidobacterium longum (r = 0.403, p =

3e�2) and Enterococcus faecalis (r = 0.432, p = 2.15e�2) and

diminished in Ruminococcus gnavus (r = 0.551, p = 2.04e�3),

Clostridium innocuum (r = 0.566, p = 2.48e�3), or Streptococcus

thermophilus (r = 0.373, p = 4.70e�2), compared with the other

two groups (all results in Table S2). Related to this, we found

an effect of HB on the infant microbiota that is detectable also af-

ter 6 months of life when the microbial profile of the infant be-

comes more similar to the maternal one. We hypothesized that

the shifts in the microbiota composition of infants delivered at

home could be related to the differences in maternal lifestyle
Cell Host & Microbe 32, 996–1010, June 12, 2024 999
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and environment, which are reflected in divergences in their

microbiota composition with respect to hospital-delivering

mothers (Figure S2). In fact, differences in Shannon diversity

were also observed across delivery groups in mothers exclu-

sively (Kruskal-Wallis test c2 = 7.07, p = 2.91e�2; Table S2),

with mothers from the HB group having increased diversity

with respect to the cesarean group (post hoc Dunn test p

adj. = 1.43e�2; Table S2). Considering that mother samples

were collected 1 month after birth, this could be due to intrapar-

tum antibiotics that were used exclusively in the cesarean births

and could impact mother microbiota diversity, compared with

non-exposed mothers. However, some epidemiologic registers

previously described that mothers who planned a home birth

showed specific population-based differences, some of which

related to their lifestyle.35,36 We explored diet as a potential

factor modulating the maternal microbiota from HB mothers;

however, no differences were observed in the main nutritional

categories according to delivery groups (Table S1). Then, other

maternal-related factors not surveyed in this study, such as life-

style, could also be involved in the observed differences in

maternal microbiota composition.

Human milk as a key modulator of microbiota seeding
dynamics during the first year
Among factors surveyed here, the decision to give birth at home

was previously associated with longer breastfeeding duration,37

as we observed also in our study population (Fisher’s exact test,

OR = 0, p adj. = 3.61e�2; Table S1). While this association is

probably non-causal, the implication of HB-correlated factors

on the reported observations needs to be considered.

In order to survey the role of breastfeeding in shaping micro-

biota assembly in different birth groups, we investigated the

impact of human milk as a potential source of infant microbiota

species by analyzing the microbial composition of the 27

shotgun metagenomics samples from human milk (10/27 sam-

ples from mothers who vaginally delivered at the hospital, 8/27

C-section, 9/27 from HB). Due to the limited number of reads in

some samples (median = 0.24 million reads; min = 53, 133;

max = 31 million; Table S1), we focused on the sole presence

or absence of species and not on their relative abundance.

Interestingly, species present in human milk samples are also

among those most abundant in the infant gut microbiota during

the first 6 months, such as Bifidobacterium longum, Staphylo-

coccus epidermidis, and Enterococcus faecalis (Figures 1A

and S1C; STAR Methods). Besides this, the species found in

milk samples represented a decreasing fraction of the species

richness in infant gut. At 1 week, 43.06% of the species present

in the infant gut were species found in human milk (IQR =

[35.61%–-46.15%]). Over the first year of life, this fraction

steadily diminished, as fewer and fewer species found in hu-

man milk were found in the infant’s gut (median 24.04%,

15.13%, and 8.13%, respectively, at 1 month, 6 months, and

12 months; Kruskal-Wallis c2 = 37.2, p = 4.17e�8; Figures

S1D and S1E; Table S2). Despite the limited sample size and

low read count discarding many samples in the strain analysis,

we observed a number of strain-sharing events between milk

and gut samples of the mother (N = 1) and between milk and

gut samples of the infant (N = 4). These include Enterococcus

faecalis and Escherichia coli (Table S3).
1000 Cell Host & Microbe 32, 996–1010, June 12, 2024
Our results suggest, through metagenomics, that human milk

could represent one of the sources of bacterial species seeding

the infant microbiota during the first months of life, expanding on

previous studies conducted using other sequencing approaches

and culture-dependent methods.38,39 This needs to be further

confirmed in an analysis that specifically addresses the trans-

mission between human milk microbes and infant gut, using

strain-resolution metagenomics techniques and probably bigger

cohorts.

Species transmissibility varies across delivery modes
and places, except for Bifidobacteria
To better understand the effect of mode and place of delivery on

infant gut microbiota acquisition, we applied strain-resolved

mapping-based metagenomic tools28,29 to test what fraction of

the bacterial strains found in the gut of infants were shared

with their respective mothers, thus representing possible vertical

transmission events (see STAR Methods; Table S3). To this aim,

we calculated two estimators that characterize the maternal ver-

tical transmission, named ‘‘strain-sharing rate’’ and ‘‘infant

acquisition rate’’ (see STAR Methods). The strain-sharing rate

is defined as the fraction of the species that are present in

both mother and infant, which are shared at the strain level.

The infant acquisition rate reflects the percentage of all the infant

gut strains that are shared with the mother. These two metrics

give different information about vertical transmission: the former

highlights how likely it is for species found in both mother and in-

fant to be shared at the strain level (i.e., could be transmitted

from the mother), whereas the latter highlights the overall impact

of the mother as a source of seeding strains in the infant’s gut by

showing how much of the infant’s gut microbiota could have a

maternal origin. We finally defined ‘‘species transmissibility’’ as

the fraction of families in which a mother-infant sharing event is

detected for a given species. It highlights species frequently

involved in strain-sharing events.

Overall, the strain-sharing rate was higher at early time points

and later decreased (Kruskal-Wallis c2 = 10.04, p = 1.82e�2;

post hoc Dunn tests between 1 week and 12 months p adj. =

2.5e�2, between 1 and 12 months p adj. = 3e�2; Figure 2A;

Table S3), probably as a consequence of increased diversity of

their microbiotas with the introduction of solid food. During the

first year of life, we observed no significant change in the fraction

of the infant microbiota that was shared with the mother. Infant

acquisition rate (i.e., the percentage of infant gut strains found

also in the mother) was indeed stable over time (Kruskal-Wallis

test c2 = 4.12, p = 0.25; Figure 2A; Table S3) and similar across

the different groups (Kruskal-Wallis test c2 = 2.88, p = 0.24; Fig-

ure 2B; Table S3).

By looking at the species that were most shared at the strain

level between mother and infant, we exposed interesting pat-

terns linked to place and mode of delivery (Figure 2C). Some

species (16.13%, 10/62) were indeed vertically shared across

all delivery groups, as in the case of four Bifidobacterium

species (B. longum, B. pseudocatenulatum, B. bifidum, and

B. adolescentis) whose transmissibility was consistently higher

than 33% (Figure 2C). Interestingly, B. longum was transmitted

in more than 50% of the families where it was present as a

species regardless of place or mode of delivery, and it was

extremely prevalent in vaginally delivered infants soon after birth



Figure 2. Overall strain acquisition and strain-

sharing rates in the mother-infant cohort

(A) Infant-mother strain sharing and baby acquisition

rates by time points.

(B) Infant-mother strain-sharing and baby acquisition

rates by delivery groups (across all infant points). For

(A) and (B), strain-sharing rate is defined as the

number of shared species’ strains divided by the

number of species found in both infant and mother

samples. Baby acquisition rate is the number of

shared species’ strains divided by the number of

species detected in the infant gut microbiota. Only

strain-sharing rate shows significant differences

over time (Kruskal-Wallis c2 = 10.04, p = 1.82e�2),

significant post hoc Dunn tests results are shown

(Table S3).

(C) Mother-infant transmissibility of the most trans-

mitted species according to delivery groups. Trans-

missibility is computed as the number of families

(length of the barplot) in which a species is shared at

the strain level between mother and infant (colored

part of the barplot) divided by the number of times

the species is found in both microbiotas (blank part

of the barplot). Here, results are organized into three

groups to show species transmitted in all delivery

modes/places, only in vaginal delivery, and only in

hospital delivery. Complete plot is available in Fig-

ure S4.
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(prevalence at 1 week: CS 9%, VAG 55%, and HB 67%;

Table S2). An even more striking observation regards Blautia

wexlerae (Figure 2C), which was shared at the strain level in

>75% of the families where it was present as a species, regard-

less of place/mode of delivery, but reached 100% transmissi-

bility in VAG. As for B. longum, B. wexleraewas highly prevalent,

with peaks in 12-month-old infants and inmothers (prevalence at

12 months: CS 60%, VAG 90%, and HB 66.7%; prevalence in

mothers: CS 87.5%, VAG 66.7%, and HB 100%; Table S2).

The potential role of these maternally transmitted species in

the infant intestinal and immune system development is still to

be fully elucidated, despite Bifidobacterium being one of the

most studied genera in the field of early-life microbiota, consis-

tently found among the most vertically transmitted40–43 with

probable implications for infant development.11,44 Fewer studies

instead focused onBlautia wexlerae, whichwas previously found

to be depleted in obese children and those with insulin resis-

tance, while showing an anti-inflammatory effect in peripheral

blood mononuclear cell cultures in vitro, suggesting a potential

interaction with the immune system in early life.45,46 In contrast

to our results on B. wexlerae, Nayfach et al. found that it was

rarely transmitted by the mother and usually acquired from other

sources.47 Thus, the relevance of these species in vertical trans-

mission needs to be further explored.

We moreover observed that some species were transmitted

only in vaginal deliveries, regardless of the place where delivery

occurred. This is the case forAgathobaculum butyriciproducens,

Ruminococcus torques, Slackia isoflavoniconvertens, and Bac-

teroides vulgatus (Figure 2C). Another interesting group of spe-

cies (including F. prausnitzii, E. coli, and Streptococcus salivar-

ius) was present but never shared between mother and infant
in the HB delivery groups, highlighting a possible effect of hospi-

tal environment on their transmission. Interestingly, species

linkedwith vaginal delivery were totally absent or very lowly prev-

alent in cesarean-delivered babies. In agreement with our re-

sults, Mitchell et al. found several Bacteroides spp. enriched in

vaginally delivered infants, compared with those born by cesar-

ean delivery, with Bacteroides vulgatus being the species with

the most identified transmission events in vaginal delivery.12

Similar results were described by Wampach et al. in a different

cohort42 where they also identified several functional pathways

with immune-stimulatory potential enriched in vertically trans-

mitted strains in vaginal deliveries.

On the contrary, species associated with hospital delivery

were similarly prevalent in HB-delivered babies, although not

shared with their mother (Figure 2C). This suggests that these

species are not acquired from the hospital environment but

that in the clinical setting, these species are more often acquired

from the mother, whereas at home, they are acquired from other

sources (median transmissibility 50% vs. 0%) probably because

of the less sanitized environment.

Most of the maternal contribution to infant gut
microbiota occurs earlier in HB neonates
Taking a deeper look at the transmission dynamics, we identified

differences in the first acquisition time across species and deliv-

ery groups. We observed that during the first month of life, vagi-

nally delivered infants acquire a higher number of new species

from their mothers, irrespective of place of delivery (until 1 month

of age, CS vs. vaginal delivery groups, Fisher’s exact test OR =

3.44, p adj. = 2.53e�2; Figure 3A; Table S3). However, in the

following months (6–12 months), the infants delivered at home
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Figure 3. Time course of the transmission

events occurrence and strain retention rates

by species

(A) Overall counts of the first transmission event

across all species in delivery groups until the first

month of life (1 week and 1 month time points) and

after 6 months (6- and 12-month time points). The

cesarean group shows a delayed acquisition, with

more strains being first acquired after 6months than

in the first month of life (Fisher’s exact test OR =

3.44, p adj. = 2.53e�2) while the homebirth group

has anticipated acquisition with less first acquisi-

tions, compared with the hospital delivery groups

after 6 months (Fisher’s exact test OR = 0.34,

p adj. = 2.53e�2; Table S3).

(B) Time of first transmission of the maternal strain in

each family for those species transmitted in all de-

livery groups during the first year of life. Complete

plot available at Figure S5.

(C) Retention rate is defined as the number of strains

persisting over two time points divided by the

number of consecutive strains detected and typed

with StrainPhlAn. Only species with transmission

events detected in every delivery group are shown

in the plot.

(D) Bifidobacterium longum retention rate by de-

livery group and time point.
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share fewer newly transmitted species than the hospital-deliv-

ered ones (at 6months and after, HB vs. hospital delivery groups,

Fisher’s exact testOR=0.34,p adj. = 2.53e�2).When comparing

the first month of life with the 6- to 12-month period, cesarean-

delivered infants received 6.2 more strains for the first time after

6months, vaginal delivered at the hospital 2.47more, and home-

birth infants 1.11 timesmorestrains (TableS3). This suggests that

while CS limits early-life strain sharing, home-born neonates ac-

quire most of the maternal strains earlier than the other groups

and that at later time points, strain transmission from the mother

could be altered by different place-dependent or lifestyle factors.

We hypothesized that one of these factors could be the longer

breastfeeding duration in the HB group, which could hinder the

acquisition of new adult-like species in replacement of those

specialized in human milk sugar metabolism. Indeed, hospital-

delivered infants were less frequently exclusively breastfed dur-

ing the first month of life (Figure S1B; Table S1).

Among others, species like B. longum, Bifidobacterium pseu-

docatenulatum, and Bifidobacterium bifidum were first acquired

earlier in life in vaginally delivered newborns regardless of the

place of delivery (Figures 3B and S4), in agreement with previous

works.48,49 Interestingly, these early-acquired species in vagi-

nally delivered infantswere also among those that showed higher

rates of strain replacement (i.e., the portion of consecutive

time points in the same infant presenting different strains; see

STARMethods) during the first year of life (Figure 3C). Themech-
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anisms that may drive this increased pace

of early-strain replacement and its effect

on infant microbiota development still

need to be elucidated, and they may

include the massive changes in diet typi-

cally happening during the first year.
Conversely, other species like Akkermansia muciniphila, Anae-

rostipes hadrus, and Gemmiger formicilis, which were first ac-

quired later in time,were shared at the strain level with themother

at similar rates regardless of mode and place of delivery. These

species are typical components of the adult microbiota, and

they are known to be acquired later in life,50 probably due to their

specialization to use different carbon sources than those coming

from human milk.51

Taken together, these observations support the species-spe-

cific variability in transmissibility and strain retention, highlighting

that strain transmission dynamics might be driven and sup-

ported by specific events, such as the delivery by cesarean

that causes a delay in strain acquisition,52 the birth at home, or

the change in diet during weaning.

Breastfeeding duration impacts strain retention and
functional diversity of Bifidobacterium longum

To better investigate the hypothesis that strain retention dy-

namics might be related to changes in infants’ diet, we explored

in depth the transmissibility and strain replacement patterns of

B. longum. This species is revealed as one of the earliest colo-

nizers of the MAMI infants’ gut microbiota (Table S2), and it is

also among the ones most vertically transmitted (Figure 2C). It

is moreover enriched in children born at home (Table S2), poten-

tially due to prolonged breastfeeding duration in these children

(Table S4).



Figure 4. Bifidobacterium longum retention and change in functional diversity over time

(A) Each type of dot represents one strain in a given family. The absence of a dot means that the species is not detected by MetaPhlAn at that time point. A black

round dot represents a sample that has been discarded by StrainPhlAn (species present but strain not typeable). A gray dot represents a sample that has been

discarded by PanPhlAn. Other colors indicate subspecies of B. longum predicted with the PanPhlAn analysis of the panel. Shapes indicate strain groups within a

family; similar shapes thus indicate transmission or persistence over time.

(B) Multidimensional scaling (MDS) scaling of the B. longum PanPhlAn profile (binary matrix of each strain presence-absence of each gene in the pangenome),

highlighting 3 distinct clusters including reference genomes of B. longum ssp. longum and ssp. infantis. One cluster lacking reference genomes is labeled as

‘‘other ssp’’.

(C) Prevalence of the CAZy families involved in HMO degradation across the 3 subspecies (Table S4).

(D) Relative prevalence of each subspecies over time, according to breastfeeding status.
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Indeed, B. longum is the species showing the lowest retention

rate overall (52%; Figure 3C), with the strain acquired in the first

week always conserved until the first month (Figure 3D), followed

by a drop in the retention rate between 1 and 6months, withmore

than half of the strains being replaced (average retention rate =

34%). Strikingly, this retention rate rose back between 6 and

12 months but only in the CS and HB delivery groups, in which

more than half of the strains were conserved (Figure 3D). With

strain replacements occurring mainly at 6 months (Figures 3C

and 4A), the recommended weaning age53 when most of the in-

fants of the cohort are no longer exclusively breastfed (exclu-

sively breastfed infants: at 6 months = 11/32, at 12 months =

0/29; Figure S1B), we hypothesized that different strains of

B. longum might have different capacities of adaptations to the
changing diet. Indeed, as the replacement is never observed in

the very first month of life, nor showed a straightforward associ-

ation with the mode of delivery, it suggests that the difference in

strain retention/replacement dynamics could be due to the

different breastfeeding practices and duration across delivery

groups (Figure S1B), as we already observed for the delayed first

acquisition of new species in infants breastfed for longer.

To explore this hypothesis, we profiled the B. longum strain

composition with Pangenome-based Phylogenomic Analysis

(PanPhlAn 3),29 a tool that exploits species-specific pange-

nomic information to expose genes’ presence-absence pat-

terns (Table S4). This pangenome analysis highlighted four

clusters of B. longum strains that we further characterized

based on their closest reference genomes (Figure 4B; see
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STAR Methods). Two clusters were identified as B. longum ssp.

longum and B. longum ssp. infantis, while another one con-

tained only reference genomes closely related to B. longum

spp. suillum/suis, which was not detected in our population.

A fourth cluster contained only gut strains from our cohort

but no available reference genome and was thus labeled as

‘‘other subspecies.’’

We also labeled genes from the PanPhlAn matrix with CAZy

families54 by using the dbCAN2 database (see STAR Methods)

and focused on genes involved in carbohydrate degradation

(glycosyl hydrolases [GHs]; Table S4). PanPhlAn analyses

defined a core and an accessory GH repertoire. Interestingly,

this last variable part contains most of the enzymes needed for

human milk oligosaccharide (HMO) degradation (GH18, GH20,

GH29, GH33, GH85, GH95, GH112, and GH13655), supporting

the hypothesis that the B. longum strain replacement is related

to weaning and changes in carbon sources availability.

To investigate the catabolic capabilities of these subspecies,

we focused on the CAZy families involved in HMO degradation,

including GH18 (endo-b-N-acetylglucosaminidase), GH29 (a-L-

fucosidase), GH136 (lacto-N-biosidase), GH33 (2,3-2,6-a-siali-

dase), and GH95 (a-1,2-L-fucosidase), among others.55 We

found that some specific genes with a-L-fucosidase and siali-

dase activity (GH29, GH95, and GH33, respectively) were more

prevalent in the ssp. Infantis, compared with the ssp. longum

(Fisher’s exact test OR = 11.32, 5.73 and 6.53 and p adj. =

2.22e�4, 2.03e�3, and 2.03e�3, respectively; Figure 4C;

Table S4). In addition, analysis of subspecies dynamics along

with CAZy gene presence indicates that replacement of a ssp.

longum strain by a ssp. infantis strain is significantly associated

with the gain of GH29, GH33, and GH136 genes, compared with

retention of ssp longum strains (Fisher’s exact tests, OR = 0;

p adj. = 1.5e�3, 5.2e�4, and 2.1e�2, respectively; Table S4).

The acquisition of these CAZy plays an essential part in HMO

degradation as fucosidase and sialidase activities (expressed

by GH29 and GH33) remove L-fucose (Fuc) and N-acetylneura-

minic acid (Neu5Ac) decorations from HMOs, allowing them to

be then degraded by lacto-N-biosidase enzymes expressed by

GH20 and GH136 families.56 Consequently, ssp. infantis seems

to outperform ssp. longum in HMO degradation.

Moreover, we observed two clear trends by linking these sub-

species’ presence with the time of collection and breastfeeding

practices (Figure 4D): the first maternal strain characterized was

always ssp. longum, which became less prevalent in the infant’s

gut over time and especially at 6months, whenwe saw the great-

est rate of strain replacement in favor of the ssp. infantis (Fig-

ure 4D). However, this frequent replacement was observed

only in infants that were still at least partially breastfed (Fisher’s

exact tests of ssp. longum vs. others ssp. at 6 months, OR = 0,

p adj. = 2.37e�3 and at 12 months, OR = 0.09, p adj. =

3.52e�2; Figure 4D).

Overall, the B. longum subspecies had a very different CAZy

repertoire, with strains of B. longum ssp longum harboring

more genes coding for GH not involved in HMO degradation

and likely more useful in the case of a mixed diet (Kruskal-

Wallis test c2 = 66.3, p = 4.1e�5; Dunn test p adj. = 4.3e�10

and 6.47e�10 with ssp. infantis and the other ssp., respectively;

Figure 5A). In addition, we used maternal secretor status (n = 20;

STARMethods; Figure 5B) and HMOmetabolomic profiles of the
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corresponding human milk samples. The presence of B. longum

ssp. longum was clearly associated with non-secretor mothers

(Fisher’s exact test of ssp. longum vs. others ssp. OR = 0.12,

p = 1e�3; Figure 5C). It highlights that the presence of enzymes

GH29 and GH95 in the genomes of B. longum subspecies pro-

vides a clear advantage over the other subspecies when fucosy-

lated HMOs are present in the gut environment.

Regarding this, other studies have reported variations in HMO

composition associated with lactation period.57,58 However, a

recent study that assessed the B. longum subspecies dynamics

did not find an association between HMO composition, neither

with specific B. longum subspecies nor strain replacement.59

Further studies with longitudinal sample collection of both infant

fecal and milk samples could explore this interesting issue

to have a complete overview of how human milk and its compo-

nentscould support thestrain replacement in the infantmicrobiota.

These results support the idea that the microbiota of infants

with longer exclusive or partial breastfeeding duration (Fig-

ure S1B) harbors more strains specialized in humanmilk-derived

energy sources, potentially delaying the acquisition of new

maternal species.

Overall, these results suggest that the strain replacement of

B. longum occurring over time in the infant’s gut is highly depen-

dent on the breastfeeding duration and that while the strain is

replaced, it is often switching from B. longum ssp. longum

(maternal strain) to either B. longum ssp. infantis or one of the

other subspecies groups because of their better ability to

degrade HMOs. Vatanen et al. also found the replacement of

Bifidobacterium longum subspecies related to the transition

from exclusive to partial breastfeeding in a population of Bangla-

deshi children.60 Interestingly, they identified a specific group of

B. longum strains that would be specialized to metabolize both

human milk-derived sugars and complex carbohydrates from

their mixed diet. They hypothesized that this subgroup would

be adapted to each mixed diet and could be different between

geographical locations. In fact, we also describe the switch be-

tween Bifidobacterium subspecies triggered by the transitional

feeding period when the introduction of solid food is comple-

mented with human milk. Similar results regarding the appear-

ance of B. longum spp. infantis late in breastfeeding were also

recently reported by Ennis et al.59 in a population of 21 children,

supporting the observation of the present study.

In addition to these findings, our analysis also highlighted

some technical limitations common to most metagenomic

studies. More specifically, PanPhlAn profiling of B. longum

strains often raised a warning of putative multi-strain detection.

In that case, only the gene composition of the dominant strain

is assessed. The same happened with the StrainPhlAn analysis,

where only the dominant strain is characterized. This is a limita-

tion common to most software for strain detection frommetage-

nomic samples.61 However, recent advances paved the way for

multi-strain detection.62–64 We showed that the initial B. longum

strain is replaced over time, but further analysis is however

needed to confirm whether or not the new strain is acquired de

novo or if a change in the diet will disrupt the fitness of the domi-

nant and non-dominant strain, leading to a shift in their relative

abundance that would be detected as strain replacement.

Another limitation of the study is the reduced sample size that

prevents the inclusion of other host-related factors in the



Figure 5. B. longum subspecies, human milk HMO profile, and secretor status

(A) Comparison of GH richness betweenB. longum subspecies. GHs related to HMO degradation (GH18, GH20, GH29, GH33, GH85, GH95, GH112, and GH136)

are not counted. Kruskal-Wallis c2 = 66.3, p = 4.1e�5. Only significant post hoc Dunn tests are shown (p adj. < 0.05).

(B) Humanmilk samples’ HMOcomposition. Only samples for which secretor status is known are used (n = 20). * indicates a significant difference in concentration

of the HMO between secretors and non-secretors. Fuc, total HMO-bound fucose; Sia, total HMO-bound sialic acid.

(C) Prevalence count of B. longum subspecies according to secretor status. B. longum ssp. longum is more frequent in infants from non-secretor mothers

(Fisher’s exact test OR = 0.12, p = 1e�3).
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statistical models, which could be a source of bias in our anal-

ysis. Apart from that, the gap in the sample collection between

1 and 6 months of life prevents us from deciphering strain dy-

namics during this period. Despite these intrinsic limitations,

the use of strain-level resolution metagenomic sequencing

enabled us to reach some interesting observations regarding

the effect of these perinatal factors on the vertical microbiome

transmission. Further analysis, using bigger cohorts, could

confirm the hypothesis raised by the present study and decipher

its implications for infant development.

Conclusions
While delivery mode is recognized as one of the main perinatal

factors affecting early-life microbial colonization and more spe-
cifically maternal microbiota transmission, the effect of other fac-

tors, including place of birth and breastfeeding duration, is less

well characterized. In the present study, we evaluated the impact

of both place and mode of delivery and breastfeeding duration

on the maturation of the infant microbiota during the first year

of life, an impact that is detectable even months after birth not

only in terms of gut microbiota composition but also of strain

transmission dynamics.

By analyzing the early-life microbiota composition and dy-

namics over time in a cohort of 34 mother-infant pairs, we high-

lighted that at-home vs. hospital delivery has a significant impact

that is visible also at 6 months, when differences linked with

mode of delivery have vanished. Additionally, despite some spe-

cies being constitutively transmitted, like Bifidobacterium spp.,
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mode and place of delivery affected not only the transmissibility

of a number of gut species but also the timing of acquisition and

their retention in later months. Indeed, our results also revealed

that home-born neonates acquire most of the maternal strains

earlier than the others and that cesarean-delivered infants get

most of them after 6 months. These findings would suggest

that maternal strain transmission is affected by mode of delivery

earlier in life while place of delivery shapes transmission at later

months, an observation that would be difficult to explain if not

taking into consideration other factors correlated with the

maternal choice of giving birth at home. Indeed, we hypothe-

sized and showed that a longer breastfeeding period that char-

acterizes the home-born infants in the MAMI cohort may be

one of the factors explaining the effect of place of delivery on

the microbiota dynamics of infants older than 6 months. Our hy-

pothesis is further supported by previous results based on ampli-

con sequencing and culture-based approaches proposing

breastfeeding and its duration as a key modulating factor of

maternal microbial transmission after birth.38,39

On a more subtle level, breastfeeding duration was also corre-

lated with the retention and the functional diversity of Bifidobac-

terium longum, one of the most consistently vertically trans-

mitted species in all groups and especially prevalent in infants

born at home. Indeed, in our cohort, the first acquired strain is

often replaced depending on the feeding habits of the infant

and the resulting changes in nutrients availability. As we showed

here,B. longum strain replacement is also reflected in changes in

the functional repertoire linked with HMOs’ degradation and

their prolonged availability in infants that are at least partially

breastfed at 6 or 12 months, as in the case of the home-born in-

fants in our cohort. These findings call for a more comprehensive

analysis of strain-level dynamics in the light of more perinatal

factors, as the widely studied mode of delivery may represent

only one of many facets affecting early-life microbiota assembly.

Although the role of cesarean delivery in the delayed coloniza-

tion of the neonatal microbiota has already been extensively

studied,8,48,65,66 the few available studies that included HB pairs

and reported differences in neonatal microbial colonization due

to hospital birth were performed by amplicon sequencing26,48,67

without assessing species-level differences, vertical transmis-

sion, or strain replacement patterns. Moreover, the same is

true for studies that focused on the role of humanmilk in shaping

the infant gut microbiota, because technical challenges like a

high proportion of human DNA hinder the possibility of getting

good quality metagenomes, as we experienced for many human

milk samples in this and previous studies.6,68 Here, we obtained

high-quality metagenomes for six humanmilk samples, which al-

lowed us to shed light on the role and importance of breastfeed-

ing in the early stages of microbiota assembly, showing that

while most milk species are found in the neonate’s gut early

on, their prevalence tends to diminish over time. Despite the

limited number of samples, strain-sharing analysis showed that

some of these milk strains were indeed present in the infant

gut as well. While the metagenomes from human milk samples

are enriched in oral and skin bacteria, this is not a new observa-

tion,69 and we cannot consider them as contamination. This

study aims at surveying the transmission events between the

mother and the infant and which species, independently on the

maternal source, could be potentially transferred to the neonate.
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Further studies with a larger sample size are needed to elucidate

the stochasticity of these observations and their biological

significance.

Overall, our results highlight the importance of considering not

only themodeandplaceofdeliverybut alsokeycorrelated factors,

such as breastfeeding duration and possibly other lifestyle prefer-

ences,whenassessing infantmicrobiota assembly and seeding to

reach a better understanding of the infant bacterial colonization

and its potential long-term implications for infant development.
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Llorca, Ramón Escuriet, Izaskun Garcı́a-Mantrana, Marta
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Peterlongo, P. (2021). StrainFLAIR: strain-level profiling of metagenomic

samples using variation graphs. PeerJ 9, e11884. https://doi.org/10.

7717/peerj.11884.

63. Podlesny, D., Arze, C., Dörner, E., Verma, S., Dutta, S., Walter, J., and

Fricke, W.F. (2022). Metagenomic strain detection with SameStr: identifi-

cation of a persisting core gut microbiota transferable by fecal transplan-

tation. Microbiome 10, 53. https://doi.org/10.1186/s40168-022-01251-w.
64. Luo, C., Knight, R., Siljander, H., Knip, M., Xavier, R.J., and Gevers, D.

(2015). ConStrains identifies microbial strains in metagenomic datasets.

Nat. Biotechnol. 33, 1045–1052. https://doi.org/10.1038/nbt.3319.

65. Reyman, M., van Houten, M.A., van Baarle, D., Bosch, A.A.T.M., Man,

W.H., Chu, M.L.J.N., Arp, K., Watson, R.L., Sanders, E.A.M., Fuentes,

S., et al. (2019). Impact of delivery mode-associated gut microbiota dy-

namics on health in the first year of life. Nat. Commun. 10, 4997. https://

doi.org/10.1038/s41467-019-13014-7.
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Data and code availability
Raw sequences of shotgun metagenomics samples are available on the European Nucleotide archive (ENA) under the accession

number PRJEB74322.

STUDY PARTICIPANT DETAILS

Mother-infant cohort described in this study
A subset ofmother-infant pairs (n=34) from theMAMI cohortwas selected to be included in the analysis based on the sample availability

and the homogeneity of the clinical/anthropometric characteristics suchas thebreastfeedingpractices.MAMI is a longitudinal prospec-

tivebirth cohort that followedmother-infant pairs fromSpainwith the aimof exploring the impact of perinatal factors on thematernal and

infantmicrobiotaandhow this interaction could affect the intestinal,metabolic and immunesystemdevelopment in the infant.27Mothers
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were enrolled during pregnancy and/or during the first week postpartum between 2015-2016 and inclusion criteria included: mothers

older than 18 years oldwith healthy pregnancieswithout signs of chorioamnionitis or health complications during the gestational period.

Clinical and anthropometric data were collected at delivery and in the following time points. Neonates born at hospital remained in the

hospital for two days. Infant length and weight were registered at birth, 1, 6, and 12 months and the data were used to calculate BMI

Z-scores. These anthropometricmeasures that are standardised by age and sexwere electronically computed usingWHOAnthro soft-

ware (https://www.who.int/childgrowth/software/en/). We selected mother-infant pairs that were not subjected to intrapartum antibi-

otics (IAP), except for mothers that delivered by Caesarean section that were all treated with IAP as a standard procedure.

Dietary data regarding the consumption during pregnancy was collected using a 140-items food-frequency questionnaire as

described in Garcia-Mantrana et al.82 The energy and daily intake of macro- and micronutrients were extracted by using the nutrient

Food Composition Tables developed by the Centro de Enseñanza Superior de Nutrición Humana y Dietética (CESNID)83 that were

completed by the Marlett food composition table84 for specific fibre types.

Among the longitudinal sampling performed in theMAMI cohort, samples from 7 days and 1, 6 and 12months were included in this

analysis. One faecal and one milk sample were collected 1-month postpartum from each mother. As the aim of this study was to

explore the evolution of the infant microbiota during the first year of life, we collected samples before and after weaning to consider

the impact of the introduction of solid food onmicrobiota development. Similarly, we avoided the first-pass faeces sample since pre-

vious studies have shown that it would be mainly composed of environmental and transient species that do not significantly

contribute to the seeding of infant microbiota.7 We selected mother-infant pairs from the three delivery groups enrolled in the

MAMI cohort already explored in a previous work using 16S rRNA gene sequencing,24 including infants born at the hospital by

both vaginal (n=13) and caesarean (n=11) delivery and those born at home by vaginal delivery (n=10).

Ethical approval for the study was obtained from the Ethics Committee for Clinical Research of the healthcare centres involved in

the recruitment including the Hospital La Fe, Hospital Clinico Universitario, Parc de Salut MAR, and CSIC (Consejo Superior de In-

vestigaciones Cientı́ficas) [ClinicalTrial.gov NCT03552939].

METHOD DETAILS

Sample collection, DNA extraction, and sequencing
Infant faecal samples were collected at home by their parents who were previously trained by clinical personnel in the health

care centres where they were enrolled. Briefly, faecal samples were deposited in provided sterile containers and immediately

kept at -20�C, before the final storage at -80�C until further analysis. Similarly, milk samples were collected by the mother following

the provided instructions. Breast skin was cleaned with 0.5% chlorhexidine solution and the first drops were discarded. Then, human

milk was collected with a sterile pumper in sterile bottles to normalise milk collection.

DNAwas isolated from the faecal sample (50-100mg) and from humanmilk sample (2.0 mL) using theMaster-Pure DNA extraction

kit (Epicentre, Madison, WI, USA) following the recommended protocol with some additional steps as described in Selma-Royo

et al.24 Briefly, a pre-treatment with lysozyme andmutanolysin was included aswell as a cell disruption stepwith 3-umdiameter glass

beads in a FastPrep 24-5GHomogenizer (MPBiomedicals). After extraction, DNAPurification Kit (Macherey-Nagel, Duren, Germany)

was used for DNA purification. For the humanmilk samples (2 ml), an additional preliminary step of centrifugation at 4000g for 20 min

was carried out to separate fat and cells from whey before the DNA extraction which was initiated from the pellet fraction.

Sequencing libraries were constructed using the NexteraXT DNA Library Preparation Kit (Illumina) and sequenced on the Illumina

HiSeq2500 platform with a target depth of 5Gb/sample.

Human Milk Oligosaccharide (HMO) Profile and Secretor Status
A subset of the available HMOprofiling data, obtained by quantitative HPLC, from theMAMI cohort described elsewhere85 were used

in this study. In brief, the procedure included 20-50 mL aliquots of each humanmilk samples that were used to determine the absolute

concentrations for each of the annotated HMO and corrected for internal standard. (Oligosaccharide detection limit: z20 pmol,

dynamic range between 20 and 5000 pmol; milk samples were diluted accordingly). The identified HMOs in the samples were: 20-fu-
cosyllactose (20FL), 3-fucosyllactose (3FL), 30-sialyllactose (30SL), 60-sialyllactose (60SL), difucosyllactose (DFLac), difucosyl-lacto-N-
hexaose (DFLNH), difucosyl-lacto-N-tetraose (DFLNT), disialyl-lacto-N-hexaose (DSLNH), disialyl-lacto-N-tetraose (DSLNT),

fucosyl-disialyl-lacto-N-hexaose (FDSLNH), fucosyl-lacto-N-hexaose (FLNH), lacto-N-fucopentaose (LNFP)I, LNFPII, LNFPIII,

lactose-N-hexaose (LNH), lacto-N-neotetraose (LNnT), lacto-N-tetraose (LNT), sialyl-lacto-N-tetraose b (LSTb), and sialyl-lacto-

N-tetraose c (LSTc). The HMO Simpson’s diversity and evenness indexes were also calculated based on relative HMO abundances.

The Secretor status was determined taking into account the abundance of a(1,2)-Fuc containing structures, mainly themost abun-

dant one: 2’-fucosyllactose (2’FL). We have also checked the secretor/non-secretor phenotype assignment by genotyping the FUT2

gene from the human milk total DNA by PCR-random fragment length polymorphisms (RFLPs) as described previously.86

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequences pre-processing
Following the pipeline described in https://github.com/SegataLab/preprocessing, sequences were filtered to remove the low-quality

shotgun metagenomic reads (quality score <Q20), fragmented short reads (<75 bp), and reads with >2 ambiguous nucleotides
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(removed with Trim Galore (v0.6.6)). Next, contaminant and host DNA (phiX 174 Illumina spike-in and human-associated reads (hg19

genome release)) was identified with Bowtie2 (v2.3.4.3)70 using the -sensitive-local parameter. The remaining high-quality readswere

sorted and split to create standard forward, reverse and unpaired reads output files for each metagenome.

MetaPhlAn 3 profiling
Samples taxonomic profiles were estimated using the MetaPhlAn 3.0.7 (database v30_CHOCOPhlAn_201901) software with default

parameters.29 Profiles generated from samples with less than 1 million reads were discarded. Thus, the relative abundance of taxa

was used to assess the abundance and presence (relative abundance >= 0.05%) of species. In order to identify potential targets for

strain-tracking, we retained only species co-detected in at least one mother-infant sample pair.

Microbial Presence in human milk
Using theMetaPhlAn 3 profiles, species were categorised as ‘‘found in humanmilk’’ if their relative abundancewas higher than 0.05%

in at least 3 of the humanmilk samples (n=27). This corresponds to an overall prevalence > 11% and prevents adding toomuch noise

in the set of breast milk associated species.

Phylogenetic trees building with StrainPhlAn 3
Species detected with MetaPhlAn 3 in at least one mother-infant pair irrespective of time point and body site were analysed using

StrainPhlAn 329,87 and phylogenetic trees were built. Here we tried to improve the robustness of the analysis by including as

many samples as possible in the trees. Samples were divided into two groups (–samples and–secondary_samples input parameters)

depending on whether the relative abundance of the targeted species was >= 0.05 or between 0.05 and 0. To keep more marker

genes for the analysis we lowered the –marker_in_n_samples from default 80% to 50% so that markers detected in at least half

of the samples will be kept. On the other hand, we adapted the number of marker genes that should be detected in a sample in order

for it to be kept (parameters –sample_with_n_markers and –secondary_sample_with_n_markers) to 20 (default value) if the species

has at least 50 markers and 10 otherwise.

Strain-sharing events identification
The strain-tracking analysis was done according to the method described in Valles-Colomer et al.28 The set of pairwise distances

between samples was extracted for each StrainPhlAn tree. We then used metadata to divide it into 3 groups: samples coming

from related individuals, unrelated individuals, or the same individual (same person, multiple time points). The aim is to define for

each species a threshold of the genetic distance below which strains will be considered similar. When possible we computed this

threshold as the distance maximising the Youden’s index in the same individual VS unrelated individuals classification (R package

cutpointr v1.1.2 with metric=’’youden’’). When this index was impossible to compute, we used the 3rd percentile of the distribution of

unrelated individuals’ strain phylogenetic distance.

Strain-sharing rate, infant acquisition rate, species transmissibility, and retention rate
From the raw counts of species sharing events (detected in both samples with MetaPhlAn 3) and strain-sharing events (both strains

profiled with StrainPhlAn 3 and distance below the cutoff), we defined the strain-sharing and infant acquisition rates and the species

transmissibility.

The strain-sharing rate is defined as the fraction of the species that are present in both mother and infant that are shared at the

strain level. The infant acquisition rate reflects the percentage of all the infant gut strains that are shared with the mother. These

two rates were only defined for the sample pairs having at least 3 species in common profiled at the strain level (present in the phylo-

genetic tree generated by StrainPhlAn 3).

The species transmissibility was defined as the fraction of families in which a mother-infant sharing event is detected for a given

species at any time point, so multiple strain-sharing events in the same family would count only once.

Finally, retention rate is computed as the number of strains persisting over two consecutive time points in infants divided by the

number of consecutive time points with the species present.

In addition, we define the first acquisition in a given family as the earliest infant time point at which a given species was detected as

shared with the mother.

PanPhlAn strain composition profiling
The gene composition of the dominant bacterial strain was assessed by running PanPhlAn 329,88 on each sample using the default

mapping parameters and the very sensitive profiling parameters from the PanPhlAn wiki of the Github repository (https://github.com/

SegataLab/panphlan, panphlan_profiling.py script with the –min_coverage 1 –left_max 1.70 –right_min 0.30 arguments). The Bifido-

bacterium longum pangenome used for the PanPhlAn analysis was obtained from the database provided through the panphlan_

download_pangenome.py script.

Labelling CAZy analysis
Carbohydrate Active Enzymes (CAZy) in the gene families of Bifidobacterium longum pangenome were labelled using the

dbCAN2 software.89 A CAZy pre-annotated sequence database (CAZyDB_07312020) was downloaded from the dbCAN2 website
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(https://bcb.unl.edu/dbCAN2/download/) and used DIAMOND (v2.0.8, using default parameters).72,90 We classified hits on the

E-value threshold of 1e–102 as recommended in Zhang et al.89 We focused on the GH families that have been reported to be in

HMO metabolism55: GH18, GH20, GH29, GH33, GH85, GH95, GH112 and GH136.

Statistical analysis
The significance of statistical tests used in this paper was defined as Padj<0.05. Correction for multiple testing followed the

Benjamini-Hochberg procedure (p.adjust() function of the R package stats 4.2.1,91 parameter method=BH). All tests are two-sided

unless specified otherwise in the main text. Differences between two groups were assessed with Wilcoxon rank-sum tests. For more

than two groups, the Kruskal–Wallis test with post hoc Dunn tests was used. The PERMANOVA analysis was performed on the Aitch-

ison distance (function vegdist(method = ‘‘aitchison’’, pseudocount = 1e-20) of the vegan R package v2.6-4) by using the capscale()

function for dbRDA followed by anova.cca() andRsquaredAdj() of the same package in order to get a P value and the adjusted R2. The

analysis of multivariate models used with the function ordiR2step(direction = ‘‘forward’’) of the same package. The analysis and the

graphical representations were performed using the R software for Statistical Computing (version 4+) using the packages: vegan

2.6-4,80 rstatix 0.7.2,74 dunn.test 1.6.5,75 ggplot2 3.4.1,81 ggsignif 0.6.4,76 cowplot 1.1.1,77 ComplexHeatmap 2.12.1.78,79
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