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In Brief

Mitchell et al. compare early-life infant gut
microbiota by delivery mode, suggesting
early colonization by Bacteroides
regardless of delivery mode, but loss of
Bacteroides by 2 weeks in C-section-
delivered infants, whether or not exposed
to the vagina in labor. Infant strains
matched maternal rectal rather vaginal
strains.
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SUMMARY

Mode of delivery strongly influences the early infant gut microbiome. Children born by cesarean section
(C-section) lack Bacteroides species until 6-18 months of age. One hypothesis is that these differences
stem from lack of exposure to the maternal vaginal microbiome. Here, we re-evaluate this hypothesis by
comparing the microbial profiles of 75 infants born vaginally or by planned versus emergent C-section.
Multiple children born by C-section have a high abundance of Bacteroides in their first few days of life, but
at 2 weeks, both C-section groups lack Bacteroides (primarily according to 16S sequencing), despite their
difference in exposure to the birth canal. Finally, a comparison of microbial strain profiles between infants
and maternal vaginal or rectal samples finds evidence for mother-to-child transmission of rectal rather
than vaginal strains. These results suggest differences in colonization stability as an important factor in infant

gut microbiome composition rather than birth canal exposure.

INTRODUCTION

Infants begin life with a relatively simple gut microbial community
and acquire a more complex, adult-like microbiome over the first
3 years of life."™ While multiple factors influence composition
and dynamics during the first year of life, delivery mode is
one of the most significant.>° Infants born by cesarean section
(C-section, CS) have significantly different early gut microbial
features compared to vaginally delivered infants, including lower
diversity and richness®’ and lower prevalence of colonization
with Bacteroides species.”®'? This CS microbial signature is
detectable to at least 6 months of age, despite subsequent ef-
fects of breastfeeding on the infant microbiome.’*°

Pioneering studies demonstrated the difference in early micro-
biome development between delivery modes, but did not identify
the underlying causes of this difference.’® It is widely believed
that the infant gut is seeded with microbes from the mother dur-
ing labor, particularly from the maternal vaginal microbiome. The
data supporting these hypotheses, however, are limited. Prior
studies have relied on a single infant stool sample collected
around birth,"*%"%'® examined a small number of 20-30
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mother-infant dyads,”®'®""'8 confounded vaginal microbiome

exposure by combining pre- and post-labor CS groups (infants
born by post-labor CS are exposed to the maternal vaginal mi-
crobiome, but eventually extracted by C-section),>*%%'> or
excluded post-labor CS altogether.?*©:8:1517

Infants born by post-labor CS provide a unique opportunity to
study the impact of traveling through the birth canal on bacterial
transmission from mother to infant. Comparing the microbiomes
of infants born by pre- and post-labor CSs will more definitively
address the importance of exposure to vaginal microbes
independent of mode of exit. Furthermore, studying mother-to-
infant microbial transmission requires a comparison of the
microbes found in both mothers and infants at the strain-level us-
ing deep metagenomic sequencing, as we (and others) have
recently reported.'®?’

Here, we examine the sources and timing of delivery mode-
associated microbial signatures. We established a birth cohort
to collect multiple newborn and maternal microbiome samples
from the first 2 weeks of life. Using 16S and metagenomic
sequencing, we compared the gut microbiome of newborns
across delivery modes and found that (1) the vaginal delivery
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microbial signature is not simply the result of exposure to birth
canal microbes, as children born by post-labor CS had a micro-
bial signature resembling those born by pre-labor CS; (2) the lack
of Bacteroides species in the guts of infants delivered by both
pre- and post-labor CSs only appears in the second week of
life, as many children had detectable Bacteroides in their first
week of life that later disappeared; and (3) mother-to-child bac-
terial transmission events occur mostly in vaginally delivered
children, and the maternal source is rectal rather than vaginal.

RESULTS

To study microbiome acquisition immediately following birth, we
collected maternal and newborn samples from 75 families
admitted to the Massachusetts General Hospital Labor and De-
livery unit. We enrolled 40 children born vaginally, 19 children
born by scheduled, pre-labor CS, and 16 children born by non-
elective CS following labor. We collected maternal rectal and
vaginal samples <24 h before delivery to evaluate potential
maternal microbial sources at the time of delivery. In addition,
we collected daily stool samples from the newborns while they
were at the hospital (days 0-4 of life, 2-4 samples per infant)
and 1 stool sample collected at home at 2 weeks of age (median
17 days of life) (see Figure 1A; Tables 1 and S2 for characteristics
of the cohort). Neonatal stool samples often have low bacterial
biomass, a high proportion of human DNA, and varying sample
volumes, which motivated our collection of multiple samples
from the first week of life to obtain a more complete picture of
initial microbial exposure and colonization. We performed 16S
rRNA gene sequencing on infant samples and metagenomic
sequencing on both maternal and infant samples.

To determine how delivery mode affects acquisition and
persistence of bacterial taxa, we stratified samples into week 1
(multiple time points per infant) and week 2 (days 13-29, 1 sam-
ple per infant). Week 1 samples were collected between days 1
and 4 of life, with a median of 3 samples from both vaginally and
CS-delivered infants. Due to gut microbiome variability in the first
few days of life,'® we calculated the maximum abundance for
each taxon across the multiple week 1 samples from each infant
to consider all of the species that were observed in the infant gut
in the first week of life. We focused our analyses on the 16S rRNA
gene sequencing data due to the increased sensitivity of this
method compared to metagenomics in low-microbial biomass
samples.??*®> We compared genus-level gut microbiome profiles
across delivery modes using multivariate linear regression.*
Because breastfeeding rates and exposure to formula differed
by delivery mode (Figure 1A), we adjusted for infant feeding in
regression analyses comparing delivery groups. Principal-
component analysis did not reveal a significant difference using
beta diversity across delivery modes (data not shown).

Surprisingly, the well-established absence of Bacteroides
species in the gut microbiome of most infants born by CS was
not evident in the first week of life (Figures 1B and 1C). We found
that 33/35 (94%) infants born by pre- or post-labor CS had
detectable levels of gut Bacteroides species (>0.1%) during
their first week of life. Consistent with the literature, we found
that at week 2, infants born via CS (both pre- and post-labor)
were much less likely to be colonized by Bacteroides relative
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to infants born vaginally (Figures 1B and 1C). The same analysis
using metagenomic data identified Bacteroides in fewer samples
from CS infants, but demonstrated a similar loss of colonization
in the week 2 samples, although this did not reach statistical
significance (Figure S1A). Notably, we found no significant differ-
ences in taxa between the microbiomes of infants born by
pre- and post-labor CSs, suggesting that vaginal exposure
may not be a driving force in Bacteroides colonization
(Figure 1B).

To facilitate additional analyses, we grouped infants who had
both week 1 and week 2 samples according to the pattern of
Bacteroides colonization in weeks 1 and 2. We defined Bacter-
oides colonization as "persistent" if it was detected in weeks 1
and 2 samples, "early-only" if it was detected in week 1 but
not week 2, and "absent" if it was not detected in either week
1 or 2. A small number of children (3) had the absent colonization
pattern, and no infants in our study were only colonized at week
2. The vast majority of children born by CS (91%) have an early-
only colonization pattern of Bacteroides, whereas most vaginally
delivered children (58%) have the persistent colonization pattern
(Figure 1D). To be clear, persistent by our definition refers only to
week 2 colonization and does not imply that Bacteroides will
persist into early life.

We confirmed this Bacteroides signature (presence in week 1
followed by loss at week 2 in CS-delivered infants) by re-exam-
ining published datasets. We analyzed the raw data from 2 pub-
lished cohorts that used 16S sequencing,'®'* and 3 that used
shotgun metagenomic sequencing.'"'®'® We observed the
same pattern of early Bacteroides colonization and later disap-
pearance in some children delivered by CS (Figure S1B; Table
S3); however this difference between weeks 1 and 2 had not
been identified or highlighted in the original articles. The early
presence of Bacteroides species in CS-delivered infants sug-
gests that their later absence cannot be attributed to lack of
exposure.’®?> We also used data from a study by Ferretti
et al.,'® which included several samples from the first week of
life, as well as our own data to examine the impact of using
maximal abundance from all week 1 samples compared to using
data from a single, randomly selected sample. We found that in
both cohorts, using maximal abundance was more likely to iden-
tify week 1 Bacteroides colonization (Figure S1B), suggesting
that the additional samples allowed for the increased sensitivity.

We next wondered whether maternal factors other than deliv-
ery mode may explain the differential Bacteroides colonization
patterns. However, we saw no difference across delivery modes
in maternal race, body mass index (BMI), or prevalence of med-
ical comorbidities, which suggests that these characteristics
were not significant confounders (Table 1). Of note, the median
maternal BMI in all three delivery mode groups was in the
overweight range. Age was higher in women who underwent
scheduled CS, and meconium-stained amniotic fluid was more
common in women who labored (whether delivering vaginally
or via CS). Finally, all women undergoing CS receive antibiotics
before incision, and we wanted to confirm that the differential
colonization pattern across delivery modes was not due to the
antibiotic treatment. Some of the women who delivered vaginally
were also given antibiotics —for example, if they tested positive
for group B Streptococcus (GBS). To test the hypothesis that
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Figure 1. Cohort Description and Key Differential Taxa across Delivery Modes

(A) Cohort information about delivery mode, feeding practices, and sampling. Women presenting to Labor and Delivery at term (>37 weeks) with singleton
gestation were enrolled and had a rectal and vaginal sample collected before delivery. A stool sample was collected from the infants’ diaper daily while in the
hospital, and parents sent a single stool sample from home at 2 weeks of life. Feeding practices were abstracted from inpatient charts for week 1 and obtained
from parent questionnaires for week 2.

(B) Impact of delivery mode on early life microbial composition. Multivariate linear regression was used to identify taxa that were enriched in vaginally delivered
versus C-section-delivered (CS) infants and pre- versus post-labor CS (using the results of 16S rRNA sequencing). Analyses were adjusted for feeding practices in
the week of interest. A positive coefficient represents a taxon more abundant in vaginally delivered infants. Only associations with absolute coefficients >0.015,
and FDR corrected q value < 0.25 are included here.

(C) Loss of Bacteroides colonization in CS-delivered infants. Maximal abundance of Bacteroides in week 1 (i.e., the sample with the highest relative abundance)
versus week 2 samples by 16S sequencing was compared within delivery mode using the t test.

(D) Differences in patterns of Bacteroides colonization by delivery mode. The Bacteroides colonization phenotype was assigned based on detection at >0.1% in
week 1 samples only (early-only), week 2 only (late-only), both week 1 and week 2 (persistent), or neither (absent). Results are presented for the 67 infants with
samples available from both time points.
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Table 1. Clinical Data Summary for the 75 Dyads in the Cohort

Vaginal Post-labor Pre-labor
n =40 n=16 n=19 p?
Age, y 33+5 315 38+4 <0.001
White race (%) 31 (78) 11 (69) 18 (95) 0.19
BMI 28+7 28+5 28+6 0.98
Gestational 0(0) 1(6) 1(6) 0.3
diabetes (%)
Hypertension (%) 7 (18) 2(13) 1(5) 0.43
Maternal asthma (%) 7 (18) 3(19) 2(11) 0.75
Choriamnionitis (%) 7 (18) 3(19) 0 (0) 0.14
Maternal 18 (46) 16 (100) 19 (100)  <0.001
antibiotics (%)
Meconium-stained 12 (31) 6 (38) 1) 0.06
amniotic fluid (%)
Birth weight, g 3,505 + 3,331 + 3,687+ 0.07
413 421 528
Infant antibiotics (%) 6 (16) 4 (25) 0 (0) 0.09
Any formula in 10 (26) 9 (56) 9 (47) 0.05
hospital (%)
Breastfeeding 27 (69) 7 (44) 10 (53) 0.06
(hospital
discharge) (%)
Exclusive 25 (63) 7 (44) 9 (47) 0.63
breastfeeding,
2 weeks (%)
Duration of 2nd stage 0.7 (0.3,2) 4.2 (3,4.2) - 0.002
(median, IQR)
Duration of ruptured 6 (2, 16) 8 (1, 13) - 0.8
membranes
(median, IQR)

BMI, body mass index.
a2, ANOVA, or Kruskal-Wallis.

antibiotic treatment was associated with the loss of Bacteroides
in week 2, we compared the relative abundance of Bacteroides
in vaginally delivered children at week 2, but found no effect of
maternal antibiotics during labor on the Bacteroides colonization
pattern (Figure S1C). While maternal antibiotic regimens varied
within each delivery group (Table S2), the primary difference be-
tween delivery modes is that most women who had a CS
received cefazolin, while most women with a vaginal delivery
received ampicillin (when treated with antibiotics). These two an-
tibiotics are from related classes (cephalosporins and penicillins)
and target similar microbial classes. Thus, while there may be
subtle differences in the types of antibiotics used between
delivery groups, this is likely not a significant contributor to differ-
ences in infant Bacteroides colonization.

We then explored what may cause the loss of Bacteroides
in week 2. We compared infant characteristics across the
Bacteroides colonization patterns. While delivery mode was
significantly associated with Bacteroides colonization, infant
characteristics such as exposure to formula in the hospital,
breastfeeding at week 2, and infant receipt of antibiotics were
not (Table S1A). Exposure to formula in the first week of life was
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higher after CS delivery (51% versus 26%, p = 0.02; Table 1),
so analyses were controlled for this variable. As previous analyses
have suggested that exposure to the vaginal microbiome is the
source of differences in gut microbiota between vaginal and
C-section-delivered infants, we asked whether longer exposure
increased the chances of persistent Bacteroides colonization.
We compared the duration of vaginal exposure in infants who
experienced labor (vaginal or post-labor CS deliveries) using
two variables: the time between membrane rupture and delivery
and the length of the second stage of labor (time between full dila-
tion and birth). The length of the second stage was in fact shorter
in infants with persistent Bacteroides colonization (Tables S1A
and S1B), suggesting that the persistence of Bacteroides coloni-
zation is not a result of vaginal exposure.

We next wondered whether maternal factors influenced the
infant Bacteroides colonization patterns. We examined the rela-
tionship between maternal microbial communities and the infant
Bacteroides colonization phenotype (using linear regression; see
Method Details). We found no statistically significant difference
in maternal rectal colonization between infant Bacteroides colo-
nization phenotypes. Although vaginal exposure is proposed as
a potential source for infant gut colonization, it cannot account
for the Bacteroides phenotype, as only a single maternal vaginal
sample had detectable (>0.1%) Bacteroides colonization.
Some authors have suggested that the differences seenin the in-
fant gut microbiome due to delivery mode point to underlying dif-
ferences in women who have CSs compared to those who
deliver vaginally.”® When we compared the relative abundance
of individual species in maternal rectal samples across delivery
modes, we found a higher abundance of B. ovatus (q = 0.226),
B. dorei (q = 0.234), and B. uniformis (g = 0.236) in mothers
who had a vaginal delivery versus those who had a CS delivery,
although the numbers were small.

Finally, we hypothesized that the later loss of Bacteroides may
be due to competition within the infant gut. To address this ques-
tion, we compared week 1 samples from all of the CS infants to
those born vaginally to identify additional taxa that may be asso-
ciated with the delivery mode and predict the loss of Bacteroides
in week 2. Interestingly, we found a higher abundance of the
genera Streptococcus and Haemophilus in CS-born children in
week 1 samples, before the disappearance of Bacteroides (Fig-
ures 1B, S2A, and S2B). Across all samples and all time points,
the relative abundances of Bacteroides and either Strepto-
coccus or Haemophilus were inversely correlated (Figures S2C
and S2D). When we compare the week 1 samples of infants
with persistent Bacteroides colonization versus early-only, we
found a higher relative abundance of Bacteroides (coefficient =
0.09, g = 0.006) and a lower relative abundance of Strepto-
coccus (coefficient = —0.03, g = 0.23) in infants who have
persistent Bacteroides colonization. The relative abundance of
Haemophilus was not significantly different between the persis-
tent and early-only groups (coefficient 0.02, g = 0.72). These re-
sults could suggest competition between Streptococcus and
Bacteroides in early life as one factor contributing to the loss of
Bacteroides in the second week of life.

We next asked, for children in whom we observe Bacteroides
in week 1 samples, what is the source of these strains? Specif-
ically, are the infant strains shared with their mothers? It is
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Figure 2. Shared Species and Strain between Maternal Rectal and Infant Stool Samples Using Metagenomic Sequencing
(A) Comparison of Bacteroides species prevalence across delivery modes, among infants with detectable Bacteroides in week 1 samples (>0.1%, n = 67).
(B) Mother-infant dyads with shared species between maternal rectal swabs and infant stool samples in either week 1 or week 2 samples (>0.1%, n = 18 vaginal

delivery, n = 22 CS delivery).
(C) Mother-infant dyads with shared Bacteroides species.

(D) Detailed view of shared species and matched strains in mother-infant dyads by delivery mode and week of sampling. A total of 10 dyads (9 vaginal, 1 CS)
demonstrated evidence of shared strains between maternal rectal and infant stool samples.

possible that the source of the Bacteroides strains plays a role in
its persistence in an infant’s gut. The data above suggest that
Bacteroides colonization is not dependent on whether an infant
was exposed to the birth canal, as we saw no differences be-
tween our pre- and post-labor CS groups. Therefore, for analysis
of the source of infant colonization, we considered all CSs
together as a single group. Because exiting the birth canal brings
the infant in proximity to the maternal rectum, we hypothesized
that during a vaginal delivery, the infant is exposed to bacterial
strains from the maternal gut microbiota. To obtain species-level
resolution and be able to ask strain-level questions, we used
metagenomic sequencing.

We first looked for species-level taxonomic differences be-
tween vaginally and CS-delivered infants. Among infants with

Bacteroides detected in the first week of life, B. fragilis and
B. thetaiotamicron were more common in vaginally delivered in-
fants (Figure 2A). As noted previously, neither of these species
were found more frequently in maternal samples from either de-
livery mode. To compare strains between mothers and infants
using metagenomic data, we used strict criteria for sequencing
depth (see Method Details). Among the dyads in which both
maternal and infant samples met these criteria, 5/18 (28%) vagi-
nally delivered infants shared at least one species of any genus
with their mothers in week 1 samples, compared to 2/19 (11%)
CS-delivered infants (Figure 2B). This difference persisted in
week 2 samples: 7/18 (39%) versus 4/22 (18%). Most of the
shared species were Bacteroides, meaning that vaginally
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delivered infants were more likely to share a Bacteroides species
with their mothers (Figure 2C).

We next turned to identify matched strains between mother
and infant species that may suggest a possible transmission
event, using single-nucleotide variants extracted from the meta-
genomic reads (see Method Details). As the infant gut and the
adult gut harbor different microbial communities, we are limited
in this analysis to species that are shared within at least one dyad
with sufficient coverage (Figure 2D). Among the 7 dyads with
shared species in week 1, the 5 with matching strains were all
vaginally delivered children, while the two CS infants with shared
species did not have the same strain as their mothers (Figure 2D).
In week 2, among the 11 dyads who shared a species with their
mother, 7/7 (100%) vaginally delivered infants had a matched
strain, while only 1 of 4 (25%) CS infants with shared species
also had shared strains (Figure 2D).

Finally, it has been suggested that vaginally delivered infants
acquire Lactobacillus species from their mothers as they pass
through the birth canal.”® Despite 75% of mothers having >80%
relative abundance of Lactobacillus in vaginal samples (Fig-
ure S3A), we did not observe higher abundance of Lactobacillus
species in the gut microbiome of children born vaginally. Using
16S rRNA sequencing, 23 infants had Lactobacillus detected
(=0.1% relative abundance) in week 1 stool samples, of which
16 (70%) were vaginally delivered. However, using shotgun
sequencing (necessary for strain-matching analysis), only 2 in-
fants had Lactobacillus species detected in week 1 samples
(=0.1%), both vaginally delivered. In both cases, maternal sam-
ples had a high proportion (>90%) of the same Lactobacillus
species. If we extend this analysis to additional vaginal microbes,
among 85 species found at >0.1% in any maternal vaginal
samples, there were only 5 dyads (2 vaginal deliveries, 3 CS after
labor) in which an infant had detectable colonization by a maternal
vaginal species (Figure S3B), suggesting that the transmission of
maternal vaginal species to the infant is not exclusive to vaginal
deliveries and is infrequent or in low abundance.

DISCUSSION

To summarize, we sequenced microbiomes from 75 newborns
and their mothers close to the time of delivery to determine the
impact of delivery mode on the origin of the infant gut
microbiome.

Our results confirm the association between CS and lack of
durable Bacteroides colonization, but challenge the dogma
that this difference is due to lack of vaginal exposure. Identifying
the canonical CS microbial signature in infants delivered by post-
labor CS suggests that the major factor driving the association
between birth mode and infant microbiota is not entering the
birth canal, but rather exiting through it. The similarity between
infants delivered by CS before or after labor is consistent with
findings in the Baby Biome Study from the United Kingdom,'"
which sampled infants once in the first week of life. We did not
find evidence of vaginal microbiota transmission from mothers
to their vaginally delivered infants, and very few infants had
detectable levels of Lactobacillus (the most common vaginal
microbiome member) in their gut community, also consistent
with Baby Biome Study findings."" The strongest strain-level ev-
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idence for bacterial transmission at birth is found in vaginally
delivered children but stems from the maternal rectal source.
Our results suggest that the establishment of the initial infant
gut microbial community requires more than topical exposure
to maternal vaginal microbes.

Multiple infant samples collected during the first week of life
enabled us to question the timing of the canonical CS microbial
signature, namely the depletion of Bacteroides species in the
first 6-18 months. To our surprise, we found that a majority of
infants born by pre- or post-labor CS had detectable levels of
gut Bacteroides species during their first week of life, which dis-
appeared in their second week of life. These results raise inter-
esting questions: first, why do these Bacteroides disappear?
Second, from where are they acquired? In 8 infants, we were
able to identify matched strains in the maternal rectal swabs
that appear to be the source of Bacteroides species; more often
than not, however, standard metagenomic sequencing was
insufficient to identify the source strain from mother vaginal or
rectal samples. Likely, more targeted, species-specific methods
would be necessary to bridge this gap.

Our data suggest that the origin of infant microbial differences
may lie in both the source of the microbes and the infant environ-
ment that they are colonizing. The disappearance of Bacteroides
species in the second week of life from infants born via CS sug-
gests either the lack of a supporting factor, the introduction of an
antagonist, or differences in the fitness of colonizing strains. A
well-characterized cohort of vaginally delivered infants sug-
gested that infant “seeding” likely originated from several
maternal sites and that the ability of those microbes to persist
may be related to the relative fithess of a given isolate for the
gut environment.'® In our cohort, infants born by CS were less
likely to have B. fragilis or B. thetaiotaomicron compared to vagi-
nally delivered infants, two species of significant importance to
gut health in adults. This may reflect differences in the source
of colonization or colonization with less fit species after CS deliv-
ery. Alternatively, the experience of being delivered by CS may
alter the infant gut environment in a way that makes it less recep-
tive to colonization, although we could not assess this in our
cohort. Competition with co-occurring taxa may also play a
role in defining the community of microbes that persists beyond
initial exposure. Our data support Streptococcus and Haemo-
philus as potential antagonists to Bacteroides persistence, as
their abundance in week 1 samples was negatively associated
with establishing persistent Bacteroides colonization. The strik-
ing negative correlation between Bacteroides and Strepto-
coccus could be due to Streptococcus species filling a niche
that was vacated or to direct competition between the two
genera. In several body sites, Streptococcus species are known
to compete with other members of the microbial community. For
example, species in the S. mitis group can produce hydrogen
peroxide, which inhibits the growth of other oral microbes,?”*
and S. oralis can inhibit pathogen growth and biofilm forma-
tion.?° Either of these mechanisms could account for the
negative correlation between Streptococcus and Bacteroides.
Haemophilus is more commonly thought of as an oropharyngeal
colonizer, but has been found to be increased in CS-delivered in-
fants' and inversely correlated with Bacteroides abundance in
other cohorts.*°
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Feeding practices may also be a significant influence on com-
munity composition. In the Canadian Healthy Infant Longitudinal
Development (CHILD) cohort, even a single exposure to formula
during the delivery hospitalization was associated with a lower
prevalence of Bifidobacteriaceae and higher prevalence of
Enterobacteriaceae at 3 months.®’ Most infants in our cohort
were primarily breastfed: 97% at hospital discharge, 91%
at 2 weeks. However, upon a review of charts, we found
a much higher rate of formula exposure during the delivery
hospital stay in CS-delivered infants. The formula exposure
was often a single feeding, or a few feedings, until a mother
felt comfortable breastfeeding. Formula feeding may be one
of several factors that contribute to a difference in the gut
microbiota of infants born via CS. Few other studies have evalu-
ated this type of limited, single-instance formula exposure,
which can occur even when mothers plan to exclusively breast-
feed. We adjusted for feeding practices in our analyses, but
larger cohorts are needed to further study these confounding
influences.

As infants grow, feeding practices play an increasing role in
determining the composition of the infant gut microbiota;*"
however, delivery mode has a stronger influence on the compo-
sition of the microbial community in the days immediately after
birth. Understanding the earliest microbial communities and their
determinants is an important component of designing micro-
biome-related interventions to improve infant health. The collec-
tion of multiple stool samples from early life, as well as maternal
vaginal and gut microbiome, breast milk samples, and other
possible sites of exposure such as the skin of family members
may be necessary to provide a complete picture of how early
colonization is established. Part of the challenge in early-life
samples is the low biomass of the stool samples. Fortunately,
constant improvement in the methods for profiling low-biomass
samples®>? will make it increasingly feasible to study the strain-
level infant gut colonization at the very early stages of life.

Our results demonstrate that maternal seeding of the infant gut
microbiome can occur, but is not a straightforward transfer of the
maternal vaginal microbial community. We also show that the
impact of CS delivery on the infant gut community is a delayed
effect; this suggests that the influence of surgical delivery is
not solely a difference in the source bacteria but also in coloniza-
tion efficiency. This would suggest that the strategy of “vaginal
seeding” or transferring maternal vaginal secretions to CS-deliv-
ered infants may not be effective. Our findings demonstrate the
complexity of establishing a microbial community and our lack of
understanding of how obstetric care influences infants.

Limitations of Study

Due to the within- and between-individual variability in composi-
tion of the gut microbiota, our sample size may be too small to
identify the more subtle differences between groups. Both 16S
and shotgun sequencing may lack the sensitivity to detect
very-low-abundance Bacteroides colonization, which could
lead to misclassification bias by assigning infants as “never colo-
nized” when they may have had transient colonization. In addi-
tion, early infant stool samples have low microbial biomass,
which leads to variability in read depth and quality of sequencing.
The inclusion of more participants and the use of newer
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sequencing and analysis pipelines in future research would
reduce these limitations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Infant stool samples This study N/A
Maternal vaginal and rectal swabs This study N/A

Critical Commercial Assays

PowerSoil DNA Isolation Kit QIAGEN Inc Cat. 47014

Chemagic MSM | Perkin Elmer CMG-717

Deposited Data

Raw sequencing data This project NCBI Sequence Read Archive as BioProject PRINA591079.
Software and Algorithms

KneadData v0.5.1 Huttenhower Lab https://github.com/biobakery/KneadData

MetaPhlAn v2.0 Truong et al.* https://github.com/biobakery/MetaPhlAn

decontam v1.6.0 Davis et al.*® R package

MaAsLin2 Mallick et al. https://github.com/biobakery/Maaslin2

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Moran
Yassour (Moranya@mail.huji.ac.il).

Materials Availability
This study did not generate any new reagents.

Data and Code Availability
The accession number for the sequences reported in this paper is BioProject PRUINA657818. Full metadata is available in Table S2.
There is no custom code or unique algorithms that are central to this manuscript.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Women with singleton gestation, presenting for delivery at > 37 weeks of gestation to the Massachusetts General Hospital Labor &
Delivery unit in Boston, MA were enrolled in this prospective cohort study. Participants were excluded if they had known HIV infec-
tion, fetal congenital anomaly, gestational age < 37 weeks, maternal age < 18, planned to give up the infant for adoption, or were a
gestational carrier. If an enrolled dyad had subsequent admission of the infant to the NICU or special care nursery at any time after
delivery, that dyad was excluded.

Human patient research in the OriGiN cohort was reviewed and approved by the Partners Human Research Committee (ref.
2015P000460/PHS). Each mother signed two informed consent forms (one for her and one for her child) prior to participation.

METHOD DETAILS

Sample collection
At enroliment, mothers had vaginal and rectal swabs collected. Vaginal swabs were collected by a provider without a speculum, by
parting the labia and inserting a foam swab 3-4 cm, then rotating 3-4 times. Rectal swabs were collected by a provider, who placed a
swab 1-2cm into the anus and rotated it twice. Swabs were placed at 4C within 30 min after collection and then at —80C within
18 hours and stored until processed.

Infant stool was collected by parents from the diaper once daily during the delivery hospitalization (2-5 days), into tubes containing
pure ethanol as a preservative. Study staff collected infant stool samples from parents each day. A sample collection kit was sent to
parents, who collected another infant stool sample between day 13-29 of life (also into ethanol) and returned it at room temperature
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within 24 hours of collection, via a delivery service. Participants answered a short questionnaire about infant health status and mode
of feeding, which was returned with the 2 week stool sample. All stool (home or hospital collected) was stored at room temperature in
the ethanol preservative until placed in a —80C freezer within 2 days of collection. Participant and infant medical records were
abstracted to obtain information about mode of delivery, receipt of antibiotics, reported infant feeding, duration of labor stages,
obstetric complications, and health history.

DNA Extraction and sequencing

Vaginal and rectal swabs were eluted in 400uL of saline, vortexed for 1 minute and then spun at 10,000 xg for 10 minutes. The cell
pellet underwent DNA extraction using the MoBio Power Soil kit (QIAGEN Inc, Waltham MA). Stool samples underwent DNA
extraction using chemical and mechanical lysis with magnetic bead-based purification via the Chemagic MSM | with the Chemagic
DNA Blood Kit-96 from Perkin Elmer. Prior to extraction on the MSM-I, TE buffer, lysozyme, proteinase K, and RLT buffer with beta-
mercaptoethanol were added to each stool sample. DNA samples were quantified using a fluorescence-based PicoGreen assay.

Sequence processing and analysis

A total of 427 samples (308 infant stool, 63 vaginal, 56 maternal rectal) from 85 families underwent sequencing. Whole-genome
shotgun (WGS) sequencing for all infant and maternal samples was performed on the lllumina NextSeq platform with 100 bp
paired-end reads. Reads pairs with fewer than 60 observed bases on either read were excluded from downstream analysis. Read
were trimmed based on the following criteria: (1) Removing leading low quality or N bases (below quality 3); (2) Removing trailing
low quality or N bases (below quality 3); (3) Scanning the read with a 4-base wide sliding window, cutting when the average quality
per base drops below 15. Samples with fewer than 500,000 raw reads were excluded. Read pairs that were attributed to human
genomic DNA were removed using KneadData Tool, v0.5.1 using the hg19 human reference genome. To taxonomically profile the
bacterial DNA sequences observed in the samples, MetaPhlAn 2.0 was used to align reads to the MetaPhlAn 2.0 unique marker data-
base. Samples that were fully unclassified by metaphlan were excluded. Samples were also excluded if there were 100 or fewer reads
mapping to the species-specific marker genes of a given taxa that was reported at > 50% abundance. For inclusion in downstream
analysis, samples coming from a given dyad had to pass the quality measures above and meet at least one of the following dyad
criteria: a) two or more child samples were available in week 1, b) One or more child samples for week 1 were available and one child
sample at week 2, or ¢) one or more child samples and one or more mother sample available. A subset of 75 families met one or more
of these criteria for inclusion. There were 71 infant stool samples from this subset that had sufficient DNA and underwent 16S rRNA
sequencing of the V3-V4 region. 16S rRNA gene sequencing was performed as previously described.” Taxonomy was assigned us-
ing version 1.8.0 of Qiime®” (with the closed_reference_otu function) and the Greengenes reference database of OTUs.*® Additionally,
the R package decontam®® was used to identify contaminating taxa in week 1 taxonomic profiles. Taxa whose relative abundance
was found to be significantly correlated to the DNA concentration of samples across the cohort were removed and taxonomic profiles
consequently renormalized. The number of reads for both 16S and WGS methods was not different across delivery modes.

Mother-child strain transmission analysis

We tabulated the species that were observed most frequently in both mother and child samples of the same dyad (Figure 2D). To
examine families for possible shared strains within these species, we applied an approach we recently developed to examine
sub-species variation between samples.'® Briefly, coverage overlap events were identified in mother-child pairs where metagenomic
reads mapped to the same segment of species-specific marker genes of various species. In these overlap regions, sites of single
nucleotide variation (SNV) were tabulated across the set of marker genes for a given species. Samples with fewer than 1000 reads
mapping to species-specific marker genes were not considered for this analysis. For analyses of week 1 samples, the sample with the
most reads was used to assess strain matching. We report here a matched strain in a dyad, if the infant had a dominant or secondary
maternal strain.

QUANTIFICATION AND STATISTICAL ANALYSIS

A Bacteroides colonization phenotype of early-only (week 1 only), persistent (both week 1 and 2) or absent was assigned using 16S
rRNA sequencing results, using a detection threshold of 0.1% relative abundance. Associations between maternal and delivery char-
acteristics and this phenotype were examined using chi-square or ANOVA. Linear regression models were run using MaAsLin2, to
identify statistically significant associations between microbial features and delivery mode or Bacteroides phenotype. Analyses were
adjusted for infant feeding,?* and a g-value threshold of 0.25 was considered significant. Additional comparisons of Bacteroides
maximal abundance between week 1 and week 2 within delivery mode were made using a t test.

All figures were generated with the R ggplot2 package (version 3.1.0). Boxplots were generated with geom_boxplot default
parameters, such that the box represents 25-75 percentile, and the whiskers from the box to the largest/smallest value no further
than 1.5 * IQR from the box (where IQR is the inter-quartile range, or distance between the first and third quartiles).
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