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Abstract

Several studies have shown that an increased risk of metabolic and immune disorders associated with cesarean section mode of delivery
may exist. However, such studies have not been conducted in the Chinese population. Stool sample sequencing of the gene encoding the
16S rRNA of 82 prospectively enrolled 3- and 30-42-day-old vaginal and cesarean section delivered newborns was performed to study
the composition and predicted function of the intestinal microbiota. In the samples from the 3-day-old neonates, the levels of Escherichia-
Shigella in the two groups were similar. The genera Bifidobacterium, Lactobacillus, and Bacteroides were more prominent in the vaginal
delivery than in the cesarean section group, which showed a predominance of Staphylococcus, Streptococcus, and Corynebacterium. The
differences between the two groups were statistically significant (p <0.05). In the samples from 30- to 42-day-old infants, Bifidobacterium,
Lactobacillus, Escherichia-Shigella, and Bacteroides were the main genera present in the vaginal delivery group, while in the cesarean section
delivery group; the predominant genera were Escherichia-Shigella, Bifidobacterium, Bacteroides, and Staphylococcus. Predicted functions of
the vaginal delivery group revealed higher metabolic and biodegradation rates of carbohydrates, vitamins, and xenobiotics than those in
the cesarean section group, which contributed to the stability of the microbiota in the former. The abundance of probiotic bacteria such as
Bifidobacterium and Lactobacillus, and the negative correlation between obesity and Bacteroides presence were higher in vaginally delivered
infants than in cesarean-delivered infants at both studied time points.
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Introduction In recent years, owing to an increase in cesarean
deliveries worldwide, several studies on the effects of
delivery modes on the structure and predicted function

of the intestinal microbiota in infants had been con-

Previous studies have found that the intestinal
microbiota composed of colonizing bacteria plays an

important regulatory role in human metabolism, cell
differentiation, and immune function (Blaser and
Falkow 2009). The interaction between the intestinal
microbiota and their host is mechanistically involved
in health and disease pathogenesis (Hegazy et al. 2017;
Smith and Ravel 2017; Meisel et al. 2018). The colo-
nization and maturity of the intestinal microbiota are
affected by various factors, such as the modes of deliv-
ery, gestational age, feeding methods, and the use of
antibiotics, especially in infants and young children
(Madan et al. 2016; Chu et al. 2017; Uberos 2020).

ducted. These studies have shown that an increased risk
of metabolic disorders, such as respiratory illness, and
immune disorders, such as allergies and autoimmune
diseases, may be associated with the cesarean section
mode of delivery (Baumfeld et al. 2018; Reyman et al.
2019). However, to the best of our knowledge, such stud-
ies have not been conducted in the Chinese population.

We sought to determine the effects of the delivery
modes and their potential confounders or modifiers
on the structure and predicted function of intestinal
microbiota in early infants in China.
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Experimental
Materials and Methods

Volunteers and samples. We enrolled 82 healthy new-
borns (39 boys and 43 girls), of which 51 were delivered
vaginally and 31 by cesarean section. The 82 recruited
infants were born between the 15" of January and the
30" of November of 2019. All infants belonged to the
Han Chinese ethnicity, were born between the gesta-
tional ages of 37 and 42 weeks, presented a weight at
birth of 2.5-4 kg, and did not receive perinatal antibiot-
ics. In all cases, the time between premature rupture of
membranes and delivery was less than 18 hours. There
were no significant differences between the two groups
in gender, gestational age, birth weight, time of prema-
ture rupture of membranes, and Hb. Cesarean section
was indicated according to the expert consensus on the
procedure by the National Health Commission. The
detailed information is presented in Table I.

Sequencing analysis of the gene encoding the 16S
rRNA was performed in stool samples on days 3 and
30-42 after delivery. The structure and predicted func-
tions of the stool microbiota were analyzed. The rate of
cesarean delivery was similar to the Chinese incidence
(38.1% versus 36.7%, respectively). The Ethics Board of
The First People’s Hospital of Xiaoshan (2019-XS-04)
approved this project, and written informed consents
were obtained from all participants.

Sequencing experiment flow. Herein, 200 mg of
fresh fecal samples collected by the parents were trans-

ferred to 2 ml centrifuge tubes. Next, 1 ml RNA was
added to each centrifuge tube, and the samples were
mixed thoroughly and incubated at 4°C for 8-12 hours
before freezing at —80°C. The samples were then
transported over dry ice to Bio-science (Hangzhou,
Zhejiang) for 16S rRNA sequencing. The DNA extrac-
ted from the stool samples was pooled and sequenced
using 1% agarose gel electrophoresis, PCR amplifi-
cation, fluorescence quantification, construction, and
MiSeq library sequencing.

Biological information analysis process. We
sequenced the hypervariable regions of the 16S ribo-
somal gene from the extracted DNA. Then, an inter-
active cloud analysis of the diversity in the microbial
community was conducted. The diversity within sam-
ples (a-diversity) and between samples (p-diversity)
was evaluated using the operational taxonomic unit
(OTU) table. For a-diversity measurements, the indi-
ces were calculated using the sobs index, and the sig-
nificance was determined using Student’s ¢-test. Phylo-
)genetic (UniFrac) distance matrices were determined
for B-diversity measurements. Community heatmaps
were generated using the R package vegan. Cumula-
tive distribution plots of B-diversity distances were
generated using Qiime 1.9.1. Heatmap-based KEGG
pathways were generated using PICRUSt 1.0.0 for the
predicted function.

Statistical analysis. SPSS 22.0 software was used
for statistical analysis. The Student’s ¢-test was used for
normal distribution data, and the Wilcoxon signed-
rank test was used for non-normal distribution data

Table I

Description of 82 participants of this study.

Group Vagl?;iiil;very Cesar(;ail 3dle)hvery p-value
Sex (%) 0.907
Boys 24 (47.1%) 15 (48.4%)
Girls 27 (52.9%) 16 (51.6%)
Gestational age (w) 39.0+£0.9 39.2+1.0 0.532
Birth weight (g) 3,091.0£299.7 3,117.4+260.4 0.685
Hb (g/1) 163.9+12.0 161.2+10.2 0.296
Premature rupture of membranes (h) 32+2.1 3.3+£25 0.836
Feeding (%) 3-day-old 0.687
Breast-fed 24 (47.1%) 12 (38.7%)
Mixed-fed 16 (31.4%) 10 (32.3%)
Fomula-fed 11 (21.6%) 9 (29.0%)
Feeding (%) 30-42-day-old 0.853
Breast-fed 21 (41.2%) 11 (35.5%)
Mixed-fed 16 (31.3%) 10 (32.3%)
Fomula-fed 14 (27.5%) 10 (32.3%)

% for categorical variables:

Mean + SD for continuous variables: p-value was calculated by linear regression model.
p-value was calculated by chi-square test.
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to compare the two groups. P-values <0.05 were con-
sidered statistically significant.

Results
Effects of the delivery mode on the structure of

intestinal microbiota. The intestinal microbiota struc-
ture of the two groups (vaginal delivery and cesarean

section) in 3-day-old neonates and 30-42-day-old
infants is shown in Fig. 1 and 2, respectively. As shown
in Fig. 1, in the 3-day-old neonates, there were no sig-
nificant differences in the levels of Escherichia-Shigella
in the two groups (p>0.05). The genera Bifidobacte-
rium, Lactobacillus, and Bacteroides were more promi-
nent in the vaginal delivery group than the cesarean
section group, which had higher levels of Staphylococ-
cus, Streptococcus, and Corynebacterium. The difference

(a) Community heatmap analysis on Genus level
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Fig. 1. Intestinal microbiota community structure of 2 groups (vaginal delivery and cesarean section) in 3 days neonates.

(A) Intestinal microbiota community heatmap analysis on the genus level of the two groups.
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(b) Wilcoxon rank-sum test bar plot on Genus level
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Fig. 1. Intestinal microbiota community structure of 2 groups (vaginal delivery and cesarean section) in 3 days neonates.

(B) Wilcoxon rank-sum test bar plot on the genus level between the two groups.

(C) Principal coordinate analysis (PCoA) on unweighted UniFrac distances between the neonatal microbiota is shown along the first
two principal coordinates (PC) axes. Each point represents a single sample and is colored by a delivery mode: vaginal delivery, blue;
cesarean section, red. The closer the two sample points are, the more similar the species composition is.

(D) PCoA box diagram. Represents the discrete distribution of different groups of samples on the PC1 axis: vaginal delivery, blue;
cesarean section, red.
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(a) Community heatmap analysis on Genus level
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Fig. 2. Intestinal microbiota community structures of two groups (vaginal delivery and cesarean section) in 30-42 days infants.
(A) Intestinal microbiota community heatmap analysis on the genus level of the two groups.

between the two groups was statistically significant cesarean section group. The difference between the two
(p<0.05). Furthermore, as shown in Fig.2, in the groups was statistically significant (p <0.05).

30-42-day-old early infants, Bifidobacterium, Lacto- Sobs index analysis for a-diversity measurement.
bacillus, Escherichia-Shigella, and Bacteroides were the  The Student’s t-test was used to calculate the signifi-
prominent genera in the vaginal delivery group, whereas  cance of the intestinal microbiotas sobs index in the
Escherichia-Shigella, Bifidobacterium, Bacteroides, and  vaginal delivery and cesarean section groups in 3- and
Staphylococcus were the main observed genera in the  30-42-day-old infants shown in Fig. 3. The microbiota
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(b) Wilcoxon rank-sum test bar plot on Genus level
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Fig. 2. Intestinal microbiota community structures of two groups (vaginal delivery and cesarean section) in 30-42 days infants.

(B) Wilcoxon rank-sum test bar plot on the genus level between the two groups.

(C) Principal coordinate analysis (PCoA) on unweighted UniFrac distances between the infants” intestinal microbiota is shown along the
first two principal coordinates (PC) axes. Each point represents a single sample and is colored by delivery mode: vaginal delivery, blue;
cesarean section, red. The closer the two sample points are, the more similar the species composition is.

(D) PCoA box diagram. Represents the discrete distribution of different groups of samples on the PC1 axis: vaginal delivery, red;
cesarean section, blue.
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Fig. 3. Student’s t-test for sobs index of vaginal delivery and cesarean section groups’ intestinal microbiota at two points
(in 3 days and 30-42 days old).
(A) Sobs index at the two points of vaginal delivery infants. (B) Sobs index at the two points of cesarean section infants.

was detected in all the stool samples from the 3-day-
old neonates, but their sobs index (a-diversity) was at
significantly lower levels than that of the 30-42-day-old
group, irrespective of vaginal or cesarean section modes
of delivery (p<0.001).

Predicted function of the intestinal microbiota.
The predicted function of the intestinal microbiota of
the vaginal delivery and cesarean section groups of both
3- and 30-42-day-old infants is shown in Fig. 4. Heat-
map of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway level 2 at the two points belonged to
the categories that showed statistical differences between
vaginal delivery and cesarean section groups. Compared
to the cesarean delivery group, the vaginal delivery
group presented a higher carbohydrate and vitamin
metabolism level. A higher rate of biodegradation and
metabolism of xenobiotics in both neonates and infants
favors their microbiota community’s stability.

Discussion

In this study, we found that Escherichia-Shigella lev-
els were significantly high in all stool samples of the
3-day-old infants. These data confirmed previous obser-
vations on the typical microbial constituents of early
infant stools at this age (Backhed etal. 2015; Nagpal
etal. 2017). Previously reported OTUs were consid-
ered to be derived from the maternal stool (Chu etal.
2017). Additionally, the levels of Escherichia-Shigella
did not vary significantly between the modes of deliv-
ery. Furthermore, we found that the delivery mode has
a much more significant influence on the presence and
abundance of several other notable taxa in early infants’
intestinal microbiota. Accordingly, the vaginally deliv-
ered infants’ intestinal microbiota has high levels of
Bifidobacterium, Lactobacillus, and Bacteroides, whereas
the cesarean section-delivered infants harbor Staphylo-
coccus, Streptococcus, and Corynebacterium. In infants
delivered by cesarean section, the amniotic membrane

does not rupture at birth; this prevents the mother’s
birth-tract flora from entering the baby. Thus, vaginally
delivered infants are enriched in bacterial communi-
ties resembling those found in the maternal vagina,
whereas the cesarean-section delivered infants harbor
skin microbiota. In the stool samples of the vaginally
delivered 30-42-day-old early infants, Bifidobacterium,
Lactobacillus, Escherichia-Shigella, and Bacteroides were
the prominent genera, whereas those in the cesarean
section group showed a predominance of Escherichia-
Shigella, Bifidobacterium, Bacteroides, and Staphylo-
coccus. The differences in each genus’s levels between
the two groups were statistically significant (p <0.05).
Although microbiota was detected in all the first-pass
stool samples, their a-diversity was relatively lower in
the 3-day-old neonates than in the 30-42-day-old early
infants, irrespective of the mode of delivery (p <0.001).
It has been previously shown that the abundance and
growth of the intestinal microbiota progress with
age (Chu etal. 2017). An endpoint of approximately
30-42 days postpartum was chosen because the infants
at this age have limited person-to-person contact and
are not yet exposed to the wide variety of environmental
microbes. At 30-42 days of age, significant levels of Bifi-
dobacterium and Lactobacillus continued to be present
in the vaginally delivered infants. However, the infants
delivered by cesarean section showed delayed coloniza-
tion of bifidobacteria and a gradual rise in lactobacilli
levels compared to those delivered vaginally (Wampach
etal. 2017; Reyman etal. 2019). Bifidobacterium is
a probiotic bacterium that promotes gut health and
provides defense against pathogens (Tamburini etal.
2016). Acetate and lactate are the primary end products
of bifidobacterial fermentation and important energy
sources for colonocytes (Fukuda etal. 2011). Moreo-
ver, intestinal bifidobacteria produce essential nutri-
ents, including riboflavin and folate (Sugahara etal.
2015). Lactobacillus is also a probiotic bacterium that
regulates the gastrointestinal tract’s normal microbiota
and maintains the micro-ecological balance to reduce
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Fig. 4. Predicted function: Heatmap of KEGG pathway level 2.

(A) Heatmap showing distinct microbial gene (KEGG pathway

level 2) profiles of the two groups’ stool in 3 days after delivery:

vaginal delivery, r)ed; cesarean section, green.

serum cholesterol, improve gastrointestinal function,
inhibit the growth of intestinal putrefactive bacteria,
and increase immune functions. The abundance of lac-
tobacilli was lower than that of bifidobacteria in the gut
of infants delivered vaginally at both time points stud-
ied; our findings are similar to those reported previ-

ously (Yang etal. 2019). Furthermore, there is evidence
that Bifidobacterium and Lactobacillus supplementation
has positive effects in protecting the human gut from
different intestinal infections (Tamburini etal. 2016)
and has also been associated with the production of
beneficial metabolites (Arboleya etal. 2015).
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(B) Heatmap showing distinct microbial gene (KEGG pathway level 2) profiles of 2 groups in 30-42 days old:
vaginal delivery, green; cesarean section, red.

Bacteroides counts were low in both groups of 3-day-
old neonates. This early reduction in diversity could be
due to a decrease in the Bacteroides genus’s diversity
within the Bacteroidetes phylum (Fallani et al. 2010). As
opposed to a previous study by Wopereis etal. (2014),

the stool samples of 30- to 42-day-old early infants
showed significantly greater clustering of Bacteroides
in the vaginally delivered infants than in the cesarean-
delivered infants, irrespective of their ethnic factors.
Bacteroides are efficient fermenters of human milk
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oligosaccharides, which may have been underestimated
in early life due to a molecular bias. Furthermore, they
may protect against the development of milk allergy
(Hoyles and McCartney 2009). Previous studies have
also shown that Bacteroides in the gut are negatively
correlated to obesity. Here, we showed that the Bacte-
roides levels were significantly higher in the vaginally-
delivered group than in the cesarean-delivered group
in the 30-42-day-old infants. These data are consistent
with previous findings on the correlation with obesity
(Mueller etal. 2019). The abundances of Staphylococ-
cus, Streptococcus, and Corynebacterium were higher in
cesarean section delivered infants than in those deliv-
ered the vaginally, and these differences between the
two groups are consistent with the data on human skin
microbiota (Akagawa etal. 2019). Furthermore, these
genera are neutral in the intestines of infants in their
early life as human symbiotic bacteria or conditional
pathogens. Thus, they were not analyzed in this study.

Predicted function revealed that the vaginal deliv-
ery group presented higher levels of carbohydrate and
vitamin metabolism, biodegradation and metabolism of
xenobiotics, and a more stable microbiota when com-
pared to the cesarean delivery group.

In this study, we explored the effects of different
delivery modes on the structure and predicted function
of intestinal microbiota in neonates and early infants in
the Chinese population. Furthermore, we provided sci-
entific data for the construction of an early infant intes-
tinal microbiota bank in China. However, there are cer-
tainly worth noting limitations. First, the feeding habits
of the infants were variable at the end of the study. The
potential impact of feeding habits cannot be overruled
as a factor explaining the differences observed between
vaginal delivery and cesarean section groups. Second,
a study by Savage etal. (2018) reported that maternal
diets with a high intake of vegetables and a low intake
of processed meats and deep-fried foods present a posi-
tive correlation with the Lactobacillus abundance in the
intestinal microbiota of infants. Thus, the lack of a food
frequency questionnaire about maternal diet constitutes
a limitation of our study.

16S rRNA sequencing technology was chosen to
study the stool samples. 16S rRNA gene is located on
the small subunit of prokaryotic ribosomes, including
nine hypervariable regions and ten conserved regions.
The conserved regions have few differences among
bacteria, and the hypervariable regions have a speci-
ficity that varies with the kinship of genus or species.
Therefore, 16S rRNA can be used as a characteristic
nucleic acid sequence suggesting biological species
and is considered to be the most suitable indicator
for bacterial phylogeny and taxonomic identification
(Caporaso etal. 2011). 16S rRNA amplicon sequencing
usually selects one or several mutated regions and uni-

versal primers for amplification to obtain PCR prod-
ucts and then performs sequencing, analysis, and strain
identification. It is an important means for studying
environmental samples for microbial composition and
structure (Youssef etal. 2009). At present, 16S rRNA
sequencing technology is widely used worldwide and
is also being gradually developed in China.

Overall, we have found that the abundance of probi-
otic bacteria, such as Bifidobacterium and Lactobacillus
in vaginally delivered infants was higher than in the
infants delivered by cesarean section at both studied
time points. The level of Bacteroides in the cesarean
section group was lower than that in the vaginal deliv-
ery group; hence, the former is associated with the risk
of obesity. Further follow-up is needed to monitor the
growth of Bacteroides with age dynamically. Screening
of infants, especially those delivered by cesarean sec-
tion, for excess weight gain, may help guide the pri-
mordial prevention of obesity. It is suggested that long-
term follow-up of growth and development should be
undertaken for children delivered by cesarean section
to protect against the risk of obesity. Furthermore, this
study also concludes that 16S rRNA sequencing tech-
nology is effective and reliable in detecting intestinal
microbiota in early infants.
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