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Microbial colonization of the infant gut is unstable and shows a wide range of diversity between individuals. Gut microbiota play an important role
in the development of the immune system, and an imbalance in these organisms can affect health, including an increased risk of allergic diseases.
Microbial colonization of young infants is affected by the delivery mode at birth and the consequent alterations of gut microbiota in early life affect
the development of allergic diseases. We investigated the effects of the delivery mode on the temporal dynamics of gut microbiota in healthy Kore-
an infants. Fecal samples were collected at 1-3 days, 1 month, and 6 months after birth in six healthy infants. Microbiota were characterized by 16S
rBNA shotgun sequencing. At the first and third days of life, infants born by vaginal delivery showed a higher richness and diversity of gut microbio-
ta compared with those born by cesarean section. However, these differences disappeared with age. The Bacteroides genus and Bacteroidetes phy-
lum were abundant in infants born by vaginal delivery, whereas Bacilli and Clostridium g4 were increased in infants born by cesarean section. The
Firmicutes phylum and Bacteroides genus showed convergent dynamics with age. This study demonstrated the effect of delivery mode on the dy-
namics of gut microbiota profiles in healthy Korean infants.
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INTRODUCTION

The prevalence of immune-mediated chronic diseases, such
as allergic diseases, has increased over the last 50 years."
Changes in life-style and environmental factors may have con-
tributed to an imbalance in gut microbiota,** which can affect
the host immune responses, nutritional status and metabolic
status, resulting in systemic chronic inflammation.’ This chron-
ic low-grade inflammation can cause various noncommunica-
ble diseases, including allergic diseases.”

The composition of gut microbiota is influenced by various
factors, such as age, ethnicity, and environmental factors.®” Giv-
en that gut microbiota profiles tend to fluctuate until 3 years of
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age,* and that allergic diseases occur earlier in life compared
with other non-communicable diseases, it is essential to char-
acterize early gut microbiota profiles for identification of the
mechanisms underlying their relationship to immune-mediat-
ed diseases.
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Environmental factors, such as perinatal antibiotic adminis-
tration, mode of delivery, type of infant feeding, gestational age,
and probiotic administration affect the composition of the gut
microbiota.'”"* Among the modifying factors, mode of delivery
has been reported to strongly affect the development of allergic
diseases.”*'® In particular, the risk of allergic diseases, including
asthma and allergic rhinitis, is increased in infants born by ce-
sarean section.”"® This association may be attributable to the
lack of contact with maternal gut microbiota during cesarean
section.” However, studies on the effects of delivery mode on
the gut microbiota have been limited by confounding factors
such as antibiotic usage and a single specimen collection.'"”

The aim of our current study was to identify the effects of de-
livery mode on the composition of gut microbiota in infants af-
ter controlling for confounding factors such as perinatal antibi-
otics, perinatal probiotics, and feeding type.

MATERIALS AND METHODS

Study population

The study population consisted of six healthy infants enrolled
from January 2012 to December 2013. Fecal samples were col-
lected 1-3 days, 1 month, and 6 months after birth. Three of the
six infants were born by caesarean section and the other three
infants were born vaginally (Table 1). To control for external fac-
tors that might influence the composition of gut microbiota, we
selected subjects with no history of antibiotic use, probiotic use,
or infection during the first six months of life and no history of
antibiotics during pregnancy. All subjects were fed with a com-
bination of breastmilk and formula during the study period.

This study protocol was approved by the institutional review
boards (IRBs) of the Asan Medical Center (IRB No. 2012-1137).
Informed consent forms were confirmed by each IRB and ob-
tained from the parents of each infant.

Genomic DNA extraction

Parents collected fecal samples into feces tubes and immedi-
ately placed them at -20°C. The samples were then rapidly de-
livered to Asan Institute for Life Science and stored at -70°C.

Table 1. Characteristics of the study infants
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Metagenomic DNA was isolated from fecal samples using a
DNA extraction kit (MP Biomedicals, Santa Ana, CA, USA) in
accordance with the manufacturer’s instructions. DNA was
eluted in 50 pL of elution buffer and stored at -20°C prior to use.
Genomic DNA concentration and purity was assessed by spec-
trophotometry. After removing humic acid with the Power-
Clean® DNA Clean-Up Kit (MO BIO Laboratories, Carlsbad,
CA, USA), polymerase chain reaction (PCR) was performed on
each fecal specimen.

Sequencing of the 16S rRNA Gene

16S rRNA gene analysis was performed by 454 pyrosequenc-
ing of the V1-V3 regions. Details of this gene analysis are de-
scribed elsewhere."

Statistical analysis

The CLcommunity™ software program was used to analyze
the pyrosequencing sequences of the gut microbiota. Compari-
sons of the richness, diversity, and relative abundance of gut
microbiota between infants born by caesarean section and
those born vaginally were performed using the Mann-Whitney
U test. All statistical analyses were performed with SAS version
9.3 for Windows (SAS Inc., Cary, NC, USA). Pvalues <0.05 were
considered statistically significant.

RESULTS

General characteristics of the study population

The general characteristics of the study population are sum-
marized in Table 1. There were no significant differences in ges-
tational age or birth weight between infants born by vaginal de-
livery and those born by cesarean section.

Pyrosequences of gut microbiota

Operational taxonomic units (OTUs) were significantly in-
creased in infants born by vaginal delivery compared with
those born by caesarean section at 1-3 days of life (P=0.024).
OTUs continuously increased over time in infants delivered by
caesarean section. However, OTUs decreased at 1 month of age

. Use of antibiotics &  Use of antibiotics Maternal Paternal Family
Sample ID Gestational Sex Mo_d e of probiotics during the & probiotics sensitizationon  sensitization on history of
age (week) delivery first6 months of age  during pregnancy  skin pricktests  skin prick tests  allergic diseases
CD1 400 F CD No No No Not done No
CD2 385 F CD No No Yes No No
CD3 403 F CD No No No Yes Yes
VD1 385 M VD No No No Yes No
VD2 382 F VD No No Not done Not done No
VD3 392 M VD No No No No No

CD, cesarean delivery; F, female; M, male; VD, vaginal delivery.
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Table 2. Comparisons of the number of sequences analyzed and operational taxonomic units (OTUs) in the study series

Infants born by vaginal delivery

Infants born by cesarean section

Variables Sampling periods (n=3) (n=3) Pvalug*
Mean SEM Mean SEM
Total bacterial sequence 1-3 days 1,097.0 0.0 4,389.0 3,292.0 0.317
Tmo 53120 00 53120 0.0 1.000
6 mo 15,4950 6,024.2 74977 20794 0.050
0TUs 1-3 days 1293 225 330 15.2 0.024
1mo 797 43 67.7 14.9 0.482
6 mo 169.3 302 104.0 44 0.161
Good's coverage 1-3 days 0.948 0.015 0.997 0.015 0.050
Tmo 0.99 0.000 0.995 0.001 0513
6 mo 0.997 0.001 0.996 0.001 0.050
*Mann-Whitney Utest.
mo, months; OTUs, operational taxonomic units; SEM, standard error of mean.
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Fig. 1. Comparisons of the (A) Chao1 and (B) Shannon diversity index of the gut microbiota according to age between infants born by vaginal delivery and those born

by cesarean delivery.

in infants born by vaginal delivery, although they subsequently
increased (Table 2).

Comparisons of gut microbiota richness and diversity

The Chaol and Shannon indexes, which represent alpha-di-
versity and microbiota richness, decreased from 1-3 days to 1
month of life in infants born by vaginal delivery, with the excep-
tion of one infant that showed an increase in the Shannon index
(Fig. 1). Conversely, infants born by cesarean section showed a
pattern of continuous increases in these indexes with age.

Comparisons of gut microbiota composition

In both study groups, the most dominant bacteria for the first
six months of life were of the Firmicutes phylum (cesarean sec-
tion, 78.96%; vaginal delivery, 48.07%; P=0.005) and the Clos-
tridia class (cesarean section, 48.52%; vaginal delivery, 28.30%;
P=0.627) (Figs. 2 and 3).

At birth, levels of the Bacilli class were significantly higher in
infants born by cesarean section (Table 3). However, the Bacilli
class consistently decreased over time in these infants. The
Bacteroidetes phylum was nearly undetectable at 1-3 days of
life in infants born by cesarean section, but increased with age,
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while it showed fluctuation with age in those born by vaginal
delivery.

The relative proportion of both the uncultured Bifidobacteri-
um and Bifidobacterium longum species was higher in infants
born by vaginal delivery for the first six months of life. The Clos-
tridium difficile species was higher in infants born by cesarean
section compared with those born by vaginal delivery. The Clos-
tridium g4 genus increased with age in infants born by cesarean
section, but remained at low levels in infants born by vaginal de-
livery. The Firmicutes phylum and Bacteroides genus showed a
convergent pattern with age between the 2 groups (Fig. 4).

DISCUSSION

In our present study, we evaluated the temporal pattern of the
diversity and composition of gut microbiota according to deliv-
ery mode in healthy Korean infants during the first six months
of life after controlling for confounding factors. The richness
and diversity of gut microbiota in vaginally delivered infants
were higher at birth, decreased at 1 month, and then subse-
quently increased. In infants born by cesarean section, the rich-
ness and diversity of gut microbiota were low at birth, but con-
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Fig. 2. Relative abundance of bacterial 16S rRNA genes from fecal samples of the three vaginally delivered and 3 cesarean delivered infants at the phylum (A) and
class (B) level by age. Each column represents 1 infant, as described in Table 1. CD, cesarean section delivery; VD, vaginal delivery.

tinuously increased with age. This chronological pattern of gut
microbiota may reflect differences in the maturation course of
gut microbiota according to delivery mode.

Previous studies have shown a lower diversity and lower abun-
dance of gut microbiota during early life, especially in infants
born by cesarean section.'” Under the influence of the mother’s
gut microbiota during delivery, the diversity and richness of gut
microbiota after birth were greater in infants born vaginally but
subsequently decreased by 1 month of age, which was also ob-
served in the previous studies.”” Although the underlying mean-
ing has not been established, the increased diversity immediate-
ly after birth may be attributable to the transmission of maternal
gut microbiota, even including noncolonizable microbiota in
vaginally delivered infants. After 1 month of life, the diversity

474 http//e-aairorg

and richness of the gut microbiota increased by six months of
age. Although there was a wide variety between individuals, the
variability in richness and diversity of gut microbiota during ear-
ly life might reflect the transitional state between the sterile in-
fant gut and the mature adult gut microbiota.

Differences in the composition of gut microbiota immediately
after birth are attributable to mother-related factors such as in-
testinal microflora, especially in infants born vaginally. The rep-
resentative gut microbiota in infants delivered vaginally include
Lactobacillus, Prevotella, and Sneathia species, which are
abundantly present in the mother’s vagina.'” On the other
hand, the Staphylococcus, Corynebacterium, and Propionibac-
terium species, which are present on the skin surface, have
been identified as the main gut microbiota in infants born by
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Fig. 3. Microbiota composition at 1st-3rd day of life, 1 month, and 6 months of age in vaginally delivered infants (A) and those born by caesarean section (B).
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Fig. 4. Temporal patterns of convergent gut microbiota including (A) Firmicutes phylum and (B) Bacteroides genus.

cesarean section.”® In our present study, the relative propor-
tions of the Bacteroides genus and the Bacteroidetes phylum at
1-3 days after birth were higher in infants born vaginally. Con-
sidering that the Bacteroides is thought to be the main compo-
nent of the adult gut microbiota,® the increased proportion of
Bacteroides in infants born vaginally might be partially attribut-
able to the maternal transmission of gut microbiota during de-
livery. Some species of the Bacteroides genus can activate T cell-
dependent immune responses with homeostasis of the host
immune response and thereby contribute to health.”!

The Clostridium difficile species and Clostridium g4 genus in-
creased with age in the infants in our study born by cesarean
section, while consistently lower levels were observed in infants
born vaginally during the first 6 months of life. This result is in
agreement with the previous findings of a Netherlands birth co-
hort study performed on infants at 1 month of age."”” Our pres-
ent study provides new evidence for a common and character-
istic composition pattern of gut microbiota during early life in
infants born by cesarean section, regardless of ethnicity.

Allergy Asthma Immunol Res. 2016 September;8(5):471-477. http://dx.doi.org/10.4168/aair.2016.8.5.471

Clostridium has been reported to be increased in infants born
by cesarean section.? Also, colonization with Clostridium in the
gut was shown to be associated with increased risk of wheeze
and eczema.” Based on these previous findings as well as our
own, we conclude that the delivery mode may affect the devel-
opment of allergic diseases through immune-modulatory effects
resulting from changes in the composition of gut microbiota.

Even at 6 months of age, the Bacteroides genus and Clostridia
class, which are abundant in gut microbiota of mature adults,*
did not dominate either infant group in our current study. The
relative abundance of the Firmicutes phylum and Bacteroides
genus seemed to converge towards a similar level with age in
both groups. As these bacteria are dominant in the adult gut,**
this convergent pattern might reflect a maturation process in
the gut microbiota of healthy infants.

One strength of our study is that we attempted to avoid con-
founding factors that affect the composition of gut microbiota,
such as administration of probiotics and antibiotics in both in-
fants and mothers. We also enrolled infants who were undergo-
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Table 3. Comparisons of fecal microbiota in the infant subjects by the mode of delivery

Vaginal delivery Cesarean section delivery

Sampling period  Class/Genus/Species Microbiota (n=3) (n=3) Pvalue*
Mean SEM Mean SEM
1-3 days
Class Bacilli 5409 4564 99.441 0.529 <0.001
Genus Clostridium 0.547 0.598 0.030 0.053 0.210
Lactobacillus 0.365 0.190 33.300 33.300 0817
Staphylococcus 1.459 0.329 4430 3.717 0.507
Species Bacteroidetes 11.942 19.186 0.003 0.005 0.046
Uncultured Bifidobacterium NA NA NA NA NA
Bifidobacterium longum 0.699 0.699 0.334 0.334 0.796
Clostridium difficile 0.000 0.000 0.030 0.030 0.317
Staphylococcus epidermidis 0.729 0.329 33.090 33.090 0.507
1 month
Class Bacilli 40412 38.307 20.858 19.632 0.475
Genus Clostridium 0.038 0.065 33.082 57.300 0423
Lactobacillus 4.474 2.567 4.154 4126 0.513
Staphylococcus 4430 3717 0.100 0.060 0.275
Species Bacteroidetes 0.408 0.462 1.255 2174 0.507
Uncultured Bifidobacterium 0.038 0.019 0.000 0.000 0.026
Bifidobacterium longum 48.739 18.810 2297 2297 0.046
Clostridium difficile 0.000 0.000 33.020 33.020 0.317
Staphylococcus epidermidis 3.765 3.450 0.044 0.044 0.246
6 months
Class Bacilli 1.583 1.747 0.931 0.788 0.587
Genus Clostridium 0.121 0.139 43236 16.409 0.045
Lactobacillus 0.037 0.033 0.000 0.000 0.121
Staphylococcus 0.011 0.006 0.004 0.004 0.246
Species Bacteroidetes 0.007 0.007 1.885 3.248 0.376
Uncultured Bifidobacterium 0.019 0.032 0.004 0.006 0.510
Bifidobacterium longum 5.203 1.999 0.798 0.278 0.050
Clostridium difficile 0.093 0.093 19.250 10.017 0.246
Staphylococcus epidermidis 0.003 0.003 0.000 0.000 0.317
*Mann-Whitney Utest.

SEM, standard error of mean; NA, not applicable.

ing mixed feeding of breastmilk and formula during the first six
months of life. Differences in the concentration and composi-
tion of gut microbiota might be partially affected by different ra-
tios between breast milk and formula.

Our study was limited by the small number of participants and
short follow-up period. However, it has value in its presentation
of chronological changes in the diversity and composition of gut
microbiota during early life in healthy Korean infants after con-
trolling for several important confounding factors. Also, our cur-
rent findings provide fundamental new information on the dy-
namics of gut microbiota in healthy Korean infants for further
studies.

In conclusion, the increased richness and diversity of gut mi-
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crobiota at birth gradually decrease at 1 month of age in infants
born by vaginal delivery. Thereafter, an increasing pattern of di-
versity is observed with age. The richness and diversity of gut
microbiota steadily increase with age in infants born by cesare-
an section. The convergent temporal pattern of specific gut mi-
crobiota with age in infants according to delivery mode might
suggest effects on human health via several mechanisms, in-
cluding immune-modulation early in life.
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