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Abstract

under-resourced Bronx, NY population.

Cesarean delivery microbiomes.

Background Neonatal and early-life gut microbiome changes are associated with altered cardiometabolic and
immune development. In this study, we explored Cesarean delivery effects on the gut microbiome in our high-risk,

Results Fecal samples from the Bronx MomBa Health Study (Bronx MomBa Health Study) were categorized by
delivery mode (vaginal/Cesarean) and analyzed via 16 S rRNA gene sequencing at four timepoints over the first two
years of life. Bacteroidota organisms, which have been linked to decreased risk for obesity and type 2 diabetes, were
relatively reduced by Cesarean delivery, while Firmicutes organisms were increased. Organisms belonging to the
Enterococcus genus, which have been tied to aberrant immune cell development, were relatively increased in the

Conclusion Due to their far-reaching impact on cardiometabolic and immune functions, Cesarean deliveries in high-
risk patient populations should be carefully considered.
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Background

Cesarean delivery, a surgical procedure involving the
extraction of a fetus through the mother’s abdominal and
uterine walls, has become increasingly prevalent world-
wide [1]. While cesarean delivery is a life-saving interven-
tion in certain medical scenarios, its rising rates, often
attributed to non-medical factors, have raised concerns
regarding potential impacts on neonatal health.

In the United States, approximately 32% of babies are
born by Cesarean delivery [2]. Cesarean delivery has
been linked to respiratory disorders, neurologic disorders
(including autism spectrum disorder [3] and schizophre-
nia [4]), asthma [5], juvenile arthritis, celiac disease, type
I diabetes mellitus and obesity [6, 7]. One area of partic-
ular interest is the neonatal gut microbiome, a complex
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ecosystem that plays a crucial role in immune system
development, metabolism, and overall health [1, 8-10].
Gut dysbiosis at birth is associated with increased risk
for metabolic disorders, including insulin resistance and
Type I diabetes mellitus [6, 7]. In addition, abnormal gut
microbiota have been linked to inflammatory disorders,
including asthma, necrotizing enterocolitis and inflam-
matory bowel disease as well as neurodevelopmental dis-
orders [3-5, 11, 12].

While the in utero environment was previously thought
to be sterile, several recent studies have reported evi-
dence of microbial DNA in the placenta [13], amniotic
fluid [14] and meconium [15, 16], suggesting that the
fetus is exposed to microorganisms before delivery. This
line of reasoning implies that the inoculum acquired dur-
ing vaginal delivery is not the neonate’s first exposure to
microorganisms, and therefore may not be the primary
factor in shaping the infant’s first microbiome commu-
nity. If intrapartum inoculation with the mother’s com-
mensural flora is not the most critical part of microbiome
seeding, than mode of delivery, i.e. birth by Cesarean or
vaginal delivery, may have less influence on the neonate’s
microbiome.

In this study, we utilized the MomBa database to test
our hypothesis that mode of delivery impacted the devel-
opment of the gut microbiome at birth in a high-risk,
under-resourced patient population. By focusing on this
specific demographic, we aim to contribute valuable
insights into the intersection of mode of delivery and
the neonatal microbiome. Such knowledge is crucial for
designing targeted interventions and improving maternal
and neonatal healthcare practices, particularly in com-
munities facing socioeconomic and health disparities.

Methods

Study population

The Bronx Mother Baby Health study (Bronx MomBa
Health Study), an ongoing longitudinal study started
in 2018, examines the pathogenesis of obesity in the
first two years of life. The overall objective of the Bronx
MomBa Health Study is to determine if an adverse devel-
opmental milieu associated with intrauterine growth
restriction (IUGR) will alter DNA methylation profiles,
resulting in functional changes in CD3" T-cell subpopu-
lations and subsequent childhood obesity at 24-months
of age. A cohort of 411 mother-infant dyads who received
prenatal care and delivered at a large urban private,
non-profit hospital in the Bronx, New York, USA were
screened for eligibility in the study and 163 were con-
sented and enrolled. Inclusion criteria included healthy
term appropriate for gestational age (AGA) and IUGR
singleton infants born to mothers with no prenatal his-
tory of depression, smoking after the first trimester of
pregnancy, or gestational/type 2 diabetes. Infants who
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were large for gestational age, and those with an Apgar
score<7 at 5 min of age, umbilical artery pH<7.25, chro-
mosomal/congenital abnormalities, congenital infec-
tions, or inborn errors of metabolism were excluded. All
infants enrolled in this study were admitted to the New-
born Nursery per the hospital protocol but roomed in
with their mother unless they were receiving photother-
apy or undergoing a procedure such as a circumcision.
Infant anthropometric measurements, and cord- and
peripheral blood samples were obtained at multiple time-
points during the first two years of life. Enrollment was
paused temporarily between March 2020 through Sep-
tember 2020 during the COVID pandemic. The results
presented here are from a subset of the larger Bronx
MomBa Health Study cohort.

This study was approved by the Montefiore Medical
Center/Albert Einstein College of Medicine Institutional
Review Board (NCT03402139).

Sample collection

The Bronx MomBa Health study included 163 infants,
and stool samples were obtained for one or more of
the timepoints from a subset of subjects (87) who were
included in this study. Stool samples were obtained at
multiple timepoints during the first two years of life (at
birth [within first three days of life], and at 6, 12 and 24
months of age). Stool samples collected at birth, while
the newborn was still admitted in the Newborn Nursery,
were either collected in a 2.0 mL microcentrifuge tubes
(Cat No. NC9327032) from USA Scientific Inc and then
frozen at -80°C (3.8% of samples at birth) or smeared on
Whatman FTA™ Minicards (Cat No. WB120055) (96.2%
of samples at birth) and then stored under vacuum at
room temperature. Subsequent stool samples were col-
lected at 6, 12 and 24 months of age during scheduled
follow-up visits. While 6 frozen samples were collected
initially, after quality control measures were performed
only 1 frozen sample was acceptable and included in the
study. For a small subset of patients, parents brought
the most recent soiled diaper from less than 24 h prior
to the scheduled study visit stored in a Ziploc bag with
Tyvek® silica gel desiccant packets at room temperature;
during the visit, a small amount of the stool from the dia-
per was smeared on Whatman FTA™ Minicards. Some of
the infants stooled during the study visit and the sample
was collected soon thereafter. The samples were placed
under vacuum conditions within 24 h of collection from
the soiled diaper. Mostly, theparents collected the sample
themselves on Whatman FTA™ Minicards soon after the
infant stooled, placed the minicard in a biohazard bag
with Tyvek® silica gel desiccant packets and returned the
sample to research personnel at the study visit or mailed
‘Priority Mail Express’ (USPS) by the parents to Albert
Einstein College of Medicine, Bronx, NY where the
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samples were stored under vacuum at room temperature.
We have determined feasibility of extracting DNA and
16S ribosomal RNA sequencing and amplification from
these samples.

DNA extraction and 16 S rRNA gene sequencing

Stool samples were sent to CD Genomics (Shirley,
NY, USA) for gut microbiome analysis, as previously
described [6]. CD Genomics performed the following
procedures: genomic DNA extraction, polymerase chain
reaction amplification of the V3-V4 region of 16 S rRNA
gene using the primers 341 F=CCTACGGGNGGCW-
GCAG and 805R=GACTACHVGGGTATCTAATCC
[17, 18] and purification and DNA library construction
and sequencing. The overlapping regions between the
paired-end reads were merged using FLASH v1.2.7 [19]
and raw reads were quality filtered under specific filtering

A
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conditions to obtain high-quality clean tags on the basis
of the QIIME2 [20] quality control process.

Sequences that were less than 200 bp in length or
that contained homopolymers longer than 8 bp were
removed. The chimera sequences were detected by com-
paring tags with the reference database (SILVA) [21]
using the UCHIME [22] algorithm and then removed.
The effective sequences were then used in the final
analysis.

Microbiome informatics and statistical analysis

QIIME2 (version: 2022.11.1) was used to cluster the tags
with 97% similarity and acquire the operational taxo-
nomic units (OTUs), then the OTUs were annotated
based on SILVA taxonomic database (Max Planck Insti-
tute for Marine Microbiology and Jacobs University,
Bremen, Germany). At the level of 97% similarity, we
obtained the OTU number for each sample. The OTUs
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Fig. 1 Gut microbiome diversity increases from birth to 2 years of age. 16 S ribosomal RNA sequencing and analysis were performed as described in the
Methods. Chaol (P=2.85E-06, birth vs. 6 months; P=0.032, 6 vs. 12 months; P=0.029, 12 vs. 24 months, Panel A) and Shannon (P=2.60E-07, birth vs. 6
months; P=0.15, 6 vs. 12 months; P=0.07, 12 vs. 24 months, Panel B) plots of alpha diversity of gut microbiome from birth to age 2. Statistical significance
was determined by Kruskall Wallis testing



Reznik et al. BMC Pediatrics (2024) 24:450

annotated as mitochondria, chloroplast, and unknown
were removed. To assess species annotation resolution
ratio of OTUs and species complexity for each sample,
the statistical amounts of sequences of every sample in
each classification level (Kingdom, Phylum, Class, Order,
Family, Genus, and Species) were calculated. The abun-
dance of information in each taxonomic level was gener-
ated with QIIME, and the microbial community structure
graphs of each level were drawn by R language tool [23].
Alpha diversity indices (i.e., ACE, Chaol, Shannon,
and Simpson) were calculated by QIIME2 from rarefied
samples using richness and diversity indices of the bac-
terial community. Beta diversity was calculated using
multiple algorithms including binary Jaccard, Bray-Cur-
tis, and (un)weighted UniFrac (limited to bacteria), after
which Intra-group and Inter-group beta distance boxplot
diagrams were generated. A one-way analysis of similar-
ity (ANOSIM) [24] as performed to determine the dif-
ferences in bacterial communities among groups. Linear
discriminant analysis (LDA) effect size (LefSe) analysis
was performed to reveal the significant ranking of abun-
dant modules in all samples [25]. A size-effect threshold
of 4.0 on the logarithmic LDA score was used for dis-
criminative functional biomarkers. Phylogenetic Investi-
gation of Communities by Reconstruction of Unobserved
States (PICRUSt) [26] was used to predict the functional
gene content in the fecal microbiota based on taxonomy
obtained from the Greengenes reference databasel [27].
PICRUSt and LefSe were performed online in the Galaxy
workflow framework. Through the corresponding green
gene identification of each OTU, we obtained the related

Table 1 Patient demographics
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Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Cluster of Orthologous Group (COG) family informa-
tion, the abundance of these KEGG and COG families
was calculated.

G-test in Statistical Analysis of Metagenomic Profiles
(STAMP) [28] was used for large sample sizes (annotated
functional gene number>20) and Fisher test was used
for small sample sizes (annotated functional gene num-
ber<20) for the species abundance at the genus level to
test for significance. Adjusted P values, sometimes called
Q values, take the number of tests into account, and are
more stringent than non-adjusted P values. Finally, analy-
sis of composition of microbiomes (ANCOM) [29] was
done to test for significant differences between microbial
populations. Chao and Shannon results were analyzed by
Kruskall Wallis testing.

Results

Patient demographics and mode of delivery

Table 1 compares demographic characteristics in patients
with vaginal vs. Cesarean deliveries at all four time-
points. No significant differences in maternal age, pre-
pregnancy BMI, prevalence of antibiotic use, prevalence
of hypertensive disorders of pregnancy, infant sex, gesta-
tional age, neonatal birthweight or neonatal intrauterine
growth restriction status were observed across all groups.
Overall, 41% (15/37) percent of vaginal deliveries were
induced using either misoprostol or cervical foley.

Birth 6 months 12 months 24 months
(N=26) (N=35) (N=30) (N=20)
Vaginal C-section  Vaginal C-section  Vaginal C-section  Vaginal C-section
Delivery (N=7) Delivery (N=23) Delivery (N=18) Delivery (N=15)
(N=19) (N=12) (N=12) (N=5)
Maternal age (years; mean +SD) 2784+62 30.14+508 29.75+456 3243+6.14 2775+588 3428+480 2940+4.51 31.93+395
Race (N; %)
White 7(36.8) 3(429) 10(83.3) 14 (60.9) 8(66.7) 9(50.0) 3(60.0) 7 (46.7)
Black 8(42.1) 1(14.3) 1(8.3) 8(34.8) 3(25.1) 8 (44.4) 2 (40.0) 8(53.3)
Others 4(21.1) 3(429) 1(83) 1(4.3) 1(83) 1(5.6) 0(0.0) 0(0.0)
Ethnicity (N; %)
Hispanic 14 (73.7) 6(85.7) 10(83.3) 14 (60.9) 10 (83.3) 12 (66.7) 4(80.0) 7 (46.7)
Non-Hispanic 5(26.3) 1(14.3) 2(16.7) 9(39.1) 2(16.7) 6(33.3) 1(20.0) 8(53.3)
Pre-pregnancy BMI (mean +SD) 2965+528 30.98+472 2883+351 3026+7.16 2870+508 3213+564 29.04+440 3043+6.32
Received intrapartum antibiotics (N; %) 12 (63.2) 7 (100.0) 6 (50.0) 22 (95.7) 4(33.3) 18 (100.0) 2 (40.0) 14 (93.3)
Hypertensive disorders present during 2 (10.5) 1(14.3) 0(0.0) 6(26.1) 2(16.7) 4(22.2) 0(0.0) 2(13.3)
pregnancy (N; %)
Infant sex (N; %)
Male 8(42.1) 3(429) 5(417) 10 (43.5) 7 (58.3) 11(61.1) 3(60.0) 9(60.0)
Female 11(57.9) 4(57.1) 7(58.3) 13 (56.5) 5(41.7) 7(38.9) 2 (40.0) 6 (40.0)
Gestational age (weeks; mean+SD) 3942+1.09 3879+14 3959+0.99 39.00+£0.87 39.78+1.05 39.20+1.14 3963+0.72 3869+0.79
Birthweight (Kg; mean +SD) 322+055 326+046 3.04+061 324+043 3.10+055 333+042 3.12+057 3314035
IUGR status (N; %) 4(21.1) 1(14.3) 6 (50.0) 3(13.0) 5(41.7) 1(5.6) 2 (40.0) 1(6.7)
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Evolution of the gut microbiome from birth to age two

Over the first two years of life, as expected, there was a
notable increase in gut microbiome diversity among our
study participants, which is reflected by the increase in
alpha diversity as depicted in Chaol and Shannon plots
(Fig. 1A and B, respectively). Differences in alpha diver-
sity between the various timepoints were statistically
significant. By Chao, P=2.85E-06, birth vs. 6 months;
P=0.032, 6 vs. 12 months; P=0.029, 12 vs. 24 months
(Fig. 1A). By Shannon, P=2.60E-07, birth vs. 6 months;
P=0.15, 6 vs. 12 months; P=0.07, 12 vs. 24 months
(Fig. 1B). Abundance histograms of the babies’ fecal
microbiota from birth to age two revealed distinct shifts
in microbial communities. At six months of age, a major
shift occurred at the phylum level, with Firmicutes and
Actinobacteriota increased compared to Proteobacte-
ria (6 Month Group compared to Birth Group, Fig. 2A).
The Firmicutes population continued to expand from 6
months to 2 years, while Actinobacteriota levels peaked
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at 6 months. ANCOM revealed that the changes in Fir-
micutes and Actinobacteriota levels were statistically
significant (W=12 and 13, respectively). In addition
Bacteroidota increased at 1 year of age (W=11). As Fir-
micutes increased relative to Proteobacteria at the phy-
lum level, at the class level, Clostridia, Actinobacteria and
Negativicutes microbiota, which are rare in the neonatal
microbiome, were detected in almost all fecal samples
collected at six months or later (Fig. 2B). These differ-
ences were statistically significant by ANCOM (W =20,
17 and 18, respectively). The decline in organisms in
the Bacilli class after birth was also significant (W=17).
Finally, the changes in Coriobacteriia and Desulfovi-
brionia were significant as well (W=16 and 15, respec-
tively). Further, at the order level, Lachnospiraceae and
Bifidobacteriaceae microbiota, which were rare at birth,
began to appear at six months of age with Lachnospirales
being common at ages 1 and 2 (Fig. 2C). By ANCOM,
these changes in abundance of Lachnospiraeae and
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Fig. 2 Gut microbial communities shift dramatically from birth to 2 years of age. Abundance histograms showing beta diversity between different time-
points from birth to age 2. Each bar represents the total sum of the microorganisms in all the fecal samples collected at one timepoint (birth, 6 months, 1
year or 2 years, as indicated). Each color represents a taxonomy, and the length of each color block represents the proportion of the relative abundance
of the taxonomy. Four different taxonomic classification levels are shown: phylum (A), class (B), order (C) and family (D). Statistically significant differences
in the abundance of specific organisms at different timepoints were found by ANCOM, as described in Results section
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Fig. 3 Mode of delivery affects the composition of gut microbial communities at birth. Abundance histograms showing beta diversity between samples
collected from neonates born by vaginal vs. Cesarean delivery. Each bar represents the total sum of the microorganisms in all the fecal samples collected
from neonates who were born by either mode of delivery at one timepoint as shown: birth (A), 6 months (B), 1 year (C) or 2 years (D). Three different taxo-
nomic classification levels (phylum, order, family) are shown for birth and 6 months; one taxonomic level (family) is shown for 1 year and 2 years. Increases
in organisms in the Burkholderiales order and in the Neisseriacea family in Cesarean deliveries were statistically significant (W =14 and 86, respectively, by
ANCOM, Panel A.) No significant differences were found at 6, 12, or 24 months (Panels B-D)
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Bifidobacteriaceae organisms were significant (W =48
and 43, respectively). At the family level, Escherichia-
Shigella and Enterococcus were prevalent at birth, but
decreased by 6 months, although this change was not
significant by ANCOM. Bifidobacterium appeared with a
relative peak at 6 months (Fig. 2D, W =87 by ANCOM).
Unweighted and weighted principal coordinate analysis
(PCoA) (Supplemental Fig. SIA and S1B, respectively),
which tests for beta diversity, confirms that gut microbial
populations in the babies in our study changed signifi-
cantly over time, with microbiota at birth showing sepa-
ration from microbiota at six months (adjusted P values,
unweighted and weighted PCoA’s, 0.0015 and 0.003,
respectively) and six months showing distinct separa-
tion from microbial populations seen at 1 year (adjusted
P values, unweighted and weighted PCoA’s, 0.03 and 0.09,
respectively).

Effect of cesarean delivery on fecal microbiome
composition from birth to two years
Abundance histograms reveal differences in the gut
microbial communities at birth between babies born via
vaginal delivery vs. Cesarean delivery at all taxonomic
levels. At the phylum level, Bacteroidota organisms make
up a larger portion of the gut microbiome in babies deliv-
ered vaginally, but not in babies delivered by Cesarean
section (Fig. 3). Cesarean section neonates, on the other
hand, have a greater abundance of Firmicutes organisms,
which appear to have replaced the Bacteroidota. At the
order level, Enterobacterales and Bacteroidales make up
increased portions of the gut microbiome in the neonates
delivered vaginally but are absent in the microbiota of
the babies delivered by Cesarean section. Lactobacillales
is increased in the Cesarean section neonates. In addi-
tion, two orders of microorganisms, Burkholderiales and
Pseuomonadales, are not present in vaginally delivered
babies but are abundant in neonates delivered by Cesar-
ean section (Fig. 3). At the family level, Enterobacte-
riaceae are abundant in vaginally delivered neonates but
absent in babies born by Cesarean delivery. Nesseriaceae
and Moraxellaceae, on the other hand, appear only in the
neonates delivered by Cesarean section. The disparity
in the gut microbiomes seen at birth is greatly reduced
by the age of six months and is not seen at one or two
years of age (Fig. 3). The statistical significance of these
differences was determined by ANCOM. At birth, the
increases in organisms in the Burkholderiales order and
in the Neisseriacea family in Cesarean deliveries were sig-
nificant (W =14 and 86, respectively). None of the major
components of the microbiota at 6, 12 or 24 months was
significantly different between the vaginal and Cesarean
delivery groups.

Unweighted and weighted PCoA provides a visual dis-
play of the separation between the microbiomes between
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the two groups (vaginal vs. Cesarean delivery) at birth
(Fig. 4). Although the PCoA did not reveal a statistically
significant separation between the two groups, we tested
for differences in relative abundance of specific microor-
ganisms at the genus level. Four genuses were increased
in relative abundance in Cesarean delivered compared
to vaginally delivered microbiomes at birth: Enterococ-
cus (541.8+522.1 vs. 7.1+£5.4, P=0.049); Sphingomonas
(10.5+7.4 vs. 1.2%+1.2, P=0.043); Neisseria (777.5£721.5
vs. 010, P=0.039) and Haemophilus (64.3149 vs.
0+0, P=0.014) (Fig. 5). Interestingly, no genuses were
increased in relative abundance in Cesarean deliveries at
6, 12, or 24 months, but several were decreased in fecal
samples from babies born by Cesarean section com-
pared to vaginally delivered babies including Collinsella
at 6 months; Akkermansia, Megasphaera, Enterococcus,
Lactobacillus and Olsenella at 12 months; and Subdoli-
granulum, Fusicatanibacter, Lachnospira, Paraprevotella,
Lachnospiraceae, UCG.004, Sutterella and Holdemanella
at 24 months.

Effect of cesarean delivery on fecal microbiome biological
pathways from birth to two years

Using KEGG pathway analysis, we compared the pre-
dicted activity levels of biological pathways in the gut
microbiomes collected from the two groups, vaginal vs.
Cesarean deliveries (Fig. 6). At birth, a total of 34 path-
ways were predicted to be differentially expressed, with
22 pathways up-regulated in Cesarean subjects but only
12 pathways up-regulated in vaginal births (Fig. 6A).
Many of the pathways increased in the Cesarean subjects
were related to metabolism, e.g. pyruvate metabolism,
fatty acid biosynthesis, lysine biosynthesis, tryptophan
biosynthesis and lipoic acid synthesis. We consulted the
KEGG database and compared the metabolism related
pathways that were up-regulated in our Cesarean deliv-
ery samples to metabolic pathways that are relatively
up-regulated in Enterococcus, Sphinogomonas, Neisseria
and Haemophilus organisms (the four types of organisms
increased in our Cesarean delivery fecal samples). All the
pathways mentioned above are up-regulated in all four
genuses. In addition, terpenoid biosynthesis is up-regu-
lated specifically in Enterococcus and Neisseria.

Besides metabolic pathways, DNA synthesis and repair
pathways were up-regulated in Cesarean delivery gut
microbiota at birth, including DNA replication, base
excision repair, mismatch repair and homologous recom-
bination pathways (Fig. 6A). In contrast, the most up-
regulated pathways in vaginal delivery subjects at birth
included bacterial motility pathways, such as bacterial
chemotaxis and flagellar assembly. Many fewer path-
ways were differentially expressed later in infancy. More-
over, at age 1 year, almost all the up-regulated metabolic
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Fig. 5 Significantly increased gut micro-organisms associated with Cesarean delivery. Relative abundance of organisms belonging to the Enterococcus
(A), Sphingomonas (B), Neisseria (C) and Haemophilus genuses. Neisseria and Haemophilus organisms were only detected in fecal samples from Cesarean

deliveries. *P<0.05

pathways were now associated with vaginal delivery, a
reversal of the trend observed at birth.

Discussion

The worldwide rate of Cesarean sections has increased
from approximately 7% in 1990 to 21% today, with 32.1%
of neonates being born by Cesarean section in the United

States in 2022 [2]. The increase in Cesarean section rate is
in part related to patient preferences rather than medical
indications [30]. At our institution, the Cesarean section
rate is approximately 37% which is also indicative of the
greater disease burden in our pregnant mothers; approxi-
mately three-fourths of the pregnant mothers seen within
our delivery system are either overweight/obesity and
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Fig. 6 KEGG analysis of Cesarean vs. vaginally delivered microbiomes. Significantly differentially expressed pathways are shown at birth (A), 6 months

(B), 1 year (C) and 2 years (D)

40% have hypertensive disorders of pregnancy. At the
same time, being born by Cesarean section increases life-
long susceptibility to non-communicable diseases and
immune disorders [30]. Here we report differences in the
gut microbiome between vaginally and Cesarean deliv-
ered neonates at birth.

In general, in our patient population, at birth, the com-
position of the gut microbiome in vaginally delivered
neonates was more closely related to the vaginal com-
mensal flora predicted to be present in their mothers,
while the gut microbiomes of babies delivered by Cesar-
ean section more closely resembled skin flora and hos-
pital microbial communities, similar to what has been
reported in other patient cohorts [33, 34]. Notably, at
the phylum level, Proteobacteria comprised a relatively
higher proportion of the microbiome in vaginal delivery
cases compared to Cesarean delivery cases. Proteobac-
teria consume oxygen and lower redox potential and are
believed to play a role in preparing the gut for the strict
anaerobes that inhabit the intestine following the ini-
tial period around birth [35]. Loss of this critical group
of organisms could therefore compromise the develop-
ment of a normal gut microbiome. Furthermore, Cesar-
ean delivered neonates had relatively lower amounts of
Bacteroides species at birth, which aligns with previous
reports on the effect of mode of delivery on the neona-
tal microbiome [36, 37]. Bacteroides organisms and their
short chain fatty acid metabolites such as butyric acid
and propionic acid, induce peripheral Tregs in vitro and

in vivo [38, 39]. In addition, low levels of Bacteroides
organisms at birth has been linked to the development of
atopic dermatitis [40] and food allergies [41]. At the order
level, Burkholderiales, a soil and water micro-organism
that began to colonize healthcare facilities in the 1970s
(with the advent of newer antibiotics) [31] was only pres-
ent in Cesarean delivery cases. At the genus level, Sphin-
gomonas organisms, which are not part of normal human
flora but have been found in hospital intensive care units
[31] were only present in Cesarean delivery samples.
Some of the changes in the microbiome composition
associated with mode of delivery in our study may be
linked to increased disease susceptibility. For example, in
our data set, infants born by Cesarean delivery had prom-
inent Enterococcus faecalis and associated lipoic acid
metabolism. In adult models of gut dysbiosis, Enterococ-
cus has been associated with a pro-inflammatory state
[42]. Specifically, stool from patients with ulcerative coli-
tis and Crohn’s disease had higher abundance of E.faecalis
compared to healthy controls. When stool samples from
patients with inflammatory bowel disease were trans-
planted into germ free mice, lipoic acid metabolism in
the germ free mice was associated with a probiotic clus-
ter of E.faecalis strains [43]. It is possible that a relative
abundance of Enterococcus in the developing microbiome
may lead to an inflammatory mileu and negatively impact
immune development. This hypothesis is supported by
evidence from studies in germ free mice that the neonatal
gut microbiome affects the development of subsequent
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immune function [38, 44, 45]. Moreover, intestinal bacte-
ria and their short chain fatty acid metabolites have been
linked to the development of regulatory T cell, helper T
cell and B cell function [46]. The combination of reduced
Bacteroides and increased Enterococcus species has been
likened to a “stunted” microbiome allowing for growth of
opportunistic organisms [47].

Importantly for our high-risk patient population, lev-
els of Bacteroides species are positively correlated with
leanness in mice [48] and inversely correlated with risk
for type 2 diabetes mellitus [49]. Hence, the loss of Bac-
teroides species in the Cesarean delivery samples in our
patient cohort, from which we excluded mothers with
gestational or type 2 diabetes, supports the hypothesis
that Cesarean delivery is a risk factor for metabolic dys-
function. Several mechanisms linking neonatal gut dys-
biosis with increased weight gain have been proposed.
These include altered gene expression in the host result-
ing in a shift toward a more calorie conserving transcrip-
tome; direct effects on extraction of nutrients from food
in the intestine, known as increased energy harvest; and
increase in systemic inflammation mediated by release of
lipopolysaccharide [49, 50].

Differences in the gut microbiome related to mode of
delivery have been previously reported to affect develop-
ment of neonatal immune and metabolic biological path-
ways [30, 49]. These effects are apparent in the KEGG
analysis in our study where many metabolic pathways
were up-regulated at birth in babies delivered by C-sec-
tion, including lipoic acid metabolism, fatty acid biosyn-
thesis and terpenoid backbone biosynthesis, suggesting
a dysregulation of metabolic function that may manifest
later in life in the form of cardiometabolic disease. On
the other hand, pathways related to cell motility, i.e., fla-
gellar assembly and bacterial chemotaxis, were up-reg-
ulated in vaginal deliveries. Exposure to these bacterial
pathways may initiate the development of anti-bacterial
immune responses in the neonate. Taken together, the
KEGG results suggest that the gut microbiome in vagi-
nally delivered neonates, as compared to Cesarean deliv-
ered infants, stimulates the development of neonatal
metabolic and immune systems.

Similar to previous reports, we found that the effects
of the mode of delivery which were evident at birth on
abundance histograms rapidly changed by six months.
Hence, effects of the altered microbiome composition
may persist long after the shifts in microbial populations
have disappeared. Moreover, samples collected after six
months will be affected by several exogenous factors that
have not yet come into play at birth, e.g. breastmilk vs.
formula feeding, initiation of solid feeding, antibiotic use,
early childhood infections, etc.

Our maternal population had higher rates of comor-
bidities such as chronic hypertension and overweight/
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obesity which may limit the generalizability of the data
to a general population of well pregnant persons. Despite
this limitation, our findings in our high risk MomBa
patient cohort are consistent with the growing body of
literature on the effects of mode of delivery on the neo-
natal microbiome. Therefore, Cesarean deliveries for
non-medical reasons in high risk patients should be very
carefully considered due to their potential long-term
impact on the neonatal microbiome. In instances where
a Cesarean delivery cannot be avoided, a deeper under-
standing of the biology of the neonatal microbiome may
lead to postpartum interventions, e.g. treatment with
probiotics, to counter some of the unfavorable effects of
the altered gut flora.
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