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Abstract

Background Infants born via cesarean section (CS) are at an increased risk of immune-related diseases later in life, poten-
tially due to altered gut microbiota. Recent research has focused on the administration of probiotics in the prevention of gut
microbiota dysbiosis in neonates delivered by CS. This study was performed to investigate the effects of probiotic supple-
mentation on the gut microbiota of CS-delivered infants.

Methods Thirty full-term neonates delivered by CS were randomized into the intervention (supplemented orally with a
probiotic containing Bifidobacterium longum, Lactobacillus acidophilus, and Enterococcus faecalis for 2 weeks) and control
groups. Stool samples were collected at birth and 2 weeks and 42 days after birth. The composition of the gut microbiota
was analyzed using 16S rRNA sequencing technology.

Results The applied bacterial strains were abundant in the CS-delivered infants supplemented with probiotics. Probiotics
increased the abundance of some beneficial bacteria, such as Bacteroides, Acinetobacter, Veillonella, and Faecalibacterium.
Low colonization of Klebsiella, a potentially pathogenic bacterium, was observed in the intervention group.

Conclusions Our results showed that probiotics supplemented immediately after CS enriched the gut microbiota composition

and altered the pattern of early gut colonization.
Trial Registration: registration number NCT05086458.

Introduction

Colonization of the infant-gut microbiota begins at birth and
is considered to be a dynamic and finely regulated process
during the first years of life [1]. Infants may receive specific
microbial signals in a critical developmental time window.
It is well known that the gut microbiota critically influences
the development and function of the immune [2], metabolic
[3], gastrointestinal [4], and nervous systems [5].

Infant microbiota is very unstable and can be influenced
by many factors, such as the delivery mode. The natural
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colonization and development of infant-gut microbiota is
stunted when the infant is born by cesarean section (CS) [6].
A longitudinal study of 150 countries showed an increasing
trend in CS rates from 6.7% in 1990 to 19.1% in 2014 [7]. In
addition to the maternal and neonatal risks associated with
CS, it also leads to dysbiosis of the infant gut microbiota,
possibly challenging long-term health, including allergies
[8], immunological diseases [9], and metabolic disorders
[10]. The increasing rate of CS has raised a significant public
health concern due to the disruption of early life microbiota;
however, to date, specific treatment modalities are still lack-
ing. It is increasingly apparent that preventing or decreasing
disruptive effects on the gut microbiota is important for the
healthy development of infants.

As shown in our previous study [11], delayed intestinal
colonization of Bifidobacterium was observed in CS-born
infants, which is consistent with previous clinical studies
[12, 13]. Moreover, the colonization of Lactobacillus is sig-
nificantly damaged in CS-born infants compared with those
delivered vaginally [14]. Al-Balawi et al. [15] showed that
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Enterococcus faecalis was the most dominant, represent-
ing more than 60% of the total lactic acid bacteria in the
initial colonization of healthy newborns in the first week of
their life. Early colonizers play an important role in immune
system development and provide colonization resistance by
preventing the overgrowth of opportunistic pathogens [16].
Therefore, attempts to regulate the gut microbiota in new-
borns delivered by CS with probiotics representing impor-
tant bacterial species in early life after birth have been made.
The aim of the present study was to investigate the effect
of postnatal supplementation with a multispecies probiotic
(Bifidobacterium longum, Lactobacillus acidophilus, and
Enterococcus faecalis) on the global gut microbiota com-
position in CS-delivered infants.

Materials and Methods
Patients and Study Design

This was an exploratory, randomized, open-label, parallel-
controlled study conducted at the Department of Pediatrics,
Shanghai Tenth People’s Hospital, Tongji University School
of Medicine from August 2021 to December 2021. Informed
consent was obtained from all guardians of the enrolled neo-
nates before randomization. This protocol was approved by
the Ethics Committee of Shanghai Tenth People’s Hospital
(approval no. SHSY-IEC-4.1/21-188/01) and adhered to the
tenets of the Declaration of Helsinki. This study was regis-
tered at Clinicaltrials.gov (NCT05086458).

Only neonates born via elective CS and those whose
parents had decided to exclusively feed them with breast
milk half an hour after birth were assessed for eligibility to
participate in the study. A total of 35 consecutive neonates
were enrolled in the study according to the following cri-
teria: (1) primipara mothers aged between 25 and 35 years
without pregnancy complications; (2) all mothers did not
receive other antibiotics apart from a single intravenous-
dose of 3.0 g cefuroxime, given before CS; (3)2500 g <birth
weight <4000 g, 37 weeks < gestational weeks <42 weeks,
without a history of asphyxia at birth; (4) infant only receive
breastfeeding within 42 days after birth;and (5) being 24 h
old or younger at the time of enrollment. The exclusion cri-
teria were: (1) mother took probiotic supplements during
delivery; (2) infant had congenital metabolic or hereditary
disease; (3) infant had been treated with antibiotics and
participated in another study; (4) infant had any significant
prenatal or postnatal disease; and (5) a lack of informed
consent by the parents, or their resignation from the study.
A restricted block randomization sequence was created
with 1:1 allocation using a fixed block size of four. The
block size was unknown to both the investigators and the
participants. A data manager who was not associated with
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the clinical portion of this study prepared the randomiza-
tion sequence using computer-generated random numbers.
Eligible neonates were randomly assigned to receive either
probiotic compounds (probiotic group:within 24-48 h after
birth, 0.5 g per treatment, three times per day, for 2 weeks)
or no other intervention (control group). The probiotic
supplement (BIFICO, Shanghai Sinepharm, China) com-
prised>1.0x 107 CFU of Bifidobacterium longum, Lacto-
bacillus acidophilus, and Enterococcus faecalis per gram.

Fecal samples were collected at three points in time: new-
born (T0) and 2 weeks (T1) and 42 days (T2) after birth.
Each fecal sample was collected in a sterile tube and then
stored at — 80 °C prior to microbial analysis. Clinical infor-
mation to be used in the analysis, including gestational age,
sex, and birth weight, were retrieved from the digital medi-
cal records system.

DNA Extraction, Amplification, and Bioinformatics
Analysis

The procedures used in this study are described in a previous
study [17]. In brief, DNA was extracted from fecal samples
using the E.Z.N.A.® Soil DNA kit (Omega Bio-tek, Nor-
cross, GA, USA) according to the manufacturer’s instruc-
tions and was quantified using a NanoDrop 2000 UV-vis
spectrophotometer (Thermo Fisher Scientific, Wilmington,
MA, USA). The hypervariable V3-4 regions of the 16S
rRNA gene in the gut microbiota were amplified by poly-
merase chain reaction using specific primers and sequenced.
The primers used for PCR amplification in the V3-V4 region
were 338f (5'-ACTCCTACGGGGGGCAGG-3') and 806r
(5'-GACTACHVGGGTWTCTAAT-3"), with an amplifi-
cation length of approximately 460 bp. The amplified 16S
rRNA amplicons were then purified using a DNA gel extrac-
tion kit (Axygen Biosciences, Union City, CA, USA) and
sequenced using the Illumina MiSeq platform (Illumina,
San Diego, CA, USA). The raw FASTQ files were demul-
tiplexed, quality-filtered using Trimmomatic, and merged
with FLASH. Operational taxonomic units (OTUs) were
clustered at a 3% divergence (97% similarity). Chimeric
sequences were identified and removed using UCHIME (ver-
sion 4.2.40; http://drive5.com/usearch/manual/uchime_algo.
html). A taxonomic analysis of the representative sequences
of each OTU was performed. The RDP Classifier algorithm
(http://rdp.cme.msu.edu/) was used to analyze the taxon-
omy of each 16S rRNA gene sequence. Comparisons of the
richness and diversity of the microbial communities were
performed after OTU identification. The taxa that were dif-
ferentially enriched in each group were identified using lin-
ear discriminant analysis coupled with effect size (LEfSe).
Differences in the microbial structure were evaluated using
principal coordinate analysis. The number of permutations
used to compare microbial differences was set to 999. The
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Cytoscape platform (version 3.4.0; http://www.cytoscape.
org/) was used for co-abundance analysis.

Statistical Analyses

All statistical analyses were performed using PASW SPSS
22.0 (IBM, Armonk, NY, USA) and GraphPad Prism 7.00
(GraphPad Software, San Diego, CA, USA). Continuous
variables were expressed as means =+ standard deviations.
We used Student’s ¢ and Pearson’s chi-square tests to ana-
lyze and compare the continuous and categorical variables,
respectively. Mann—Whitney U rank tests were used to com-
pare the differences between two groups. Differences were
considered significant at P <0.05.

Availability of Data and Materials

The datasets generated and/or analysed during the current
study are available in the National Center for Biotechnology
Information repository, Sequence Read Archive(SRA)data-
base (https://www.ncbi.nlm.nih.gov/sra/) and the accession
number is SRP134214.

Results
Baseline Characteristics of Enrolled Neonates

A total of 35 eligible newborns were included in the study.
Sixteen neonates were enrolled in the intervention group,
whereas the others were enrolled in the control group. Two
newborns were excluded from the intervention group after
42 days because the stool sample was not provided; thus,
the sample size for this group was 14. For the same reason,
the final number of newborns in the control group was 16,
as shown in Table 1.

Comparisons between the groups showed that there
were no significant differences with respect to gestational
age, sex, birth weight, feeding mode, or maternal antibiotic

Table 1 Baseline characteristics

Variables® Probiotic group Control group (n=16)
(n=14)
Gestational age 274.5+6.56 272.25+7.86
(days)
Sex (male/female) 8/6 8/8
Birth weight (g) 3283.57+414.11 3353.13+£394.7316
Breastfed at 2 week 14 16
Breastfed at 42 d 14 16
Antibiotics before 14 16

cesarean section

Data are presented as the mean + standard deviation or n

treatment before or during labor. None of the newborns in
the intervention group experienced side effects caused by
probiotics, such as abdominal distension, diarrhea, vomit-
ing, and sepsis.

Community Richness and Diversity

To characterize the gut microbiota in CS-delivered infants
supplemented with probiotics, we compared the alpha diver-
sity between the probiotic and control groups. At birth,
there were no significant differences in bacterial richness
and diversity between the two groups, as shown in Supple-
mentary Fig. 1 (Online Resource 1). We found significantly
higher bacterial richness at week 2 (Fig. 1a and b) and day
42 (Fig. 1e and f) in the probiotic group and no significant
difference in bacterial diversity between the two groups
(Fig. 1c, d, g and h).

Significant Difference in Microbiota Between
the Probiotic and Control Groups

To establish an overall effect of the probiotics, we tested
whether the supplement ameliorated some of the CS-induced
changes in microbiota composition. We further explored the
relative taxon abundance in the microbiota of the probiotic
and control groups. The total distribution of bacterial taxa
showed a significant variation between the two groups at the
class level (Fig. 2a and b), as characterized by a significant
decrease in the relative abundance of Gammaproteobacte-
ria in the probiotic group compared with the control group
(Fig. 3c and d). Clostridia increased significantly in the pro-
biotic group at week 2 (Fig. 2a and c), whereas it did not
differ significantly on day 42 (Figs. 2b and 3d).

We also compared differences at the genus level (Fig. 2¢
and d). Notably, a significant increase in the relative abun-
dance of Enterococcus was observed in the probiotic group
at week 2 (Fig. 3c), whereas Klebsiella decreased signifi-
cantly at day 42 (Fig. 3d).

Unweighted PCoA showed that the microbiota of the
probiotic group was distinct from that of the control group
(Fig. 3a and b). LEfSe analysis was used to identify specific
bacteria that were enriched in different groups. At week 2,
Veillonella, Enterococcus, Clostridium, Lactobacillus, Bifi-
dobacterium, and Acinetobacter (at the genus level) were
dominant in the probiotic group, as indicated by the linear
discriminant analysis (LDA) (LDA score > 3, Fig. 3c). At
day 42, Clostridium, Lactobacillus, Actinomyces, Entero-
coccus, Bacteroides, Faecalibacterium, and Ralstonia (at
the genus level) were enriched in the probiotic group (LDA
score >3, Fig. 3d). LEfSe analysis was used to identify
specific bacteria that were enriched in same group. In the
control group,Staphylococcus, Klebsiella, and Veillonella(at
the genus level) were dominant in the second week, while
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Fig. 1 Comparison of the alpha diversity at 71 and 72 between the
control and probiotic group. Ace index at T1 (a), *P <0.05; Chao
index at T1 (b), **P<0.01; Shannon index at T1 (¢), P=0.12
(>0.05); Simpson index at T1 (d), P=0.33(>0.05). Ace index at T2

Bifidobacterium and Haemophilus (at the genus level) were
dominant at day 42 (LDA score >3, Supplementary Fig. 2a).
In the probiotic group, Staphylococcus and Veillonella(at
the genus level) were predominant in the second week,
while Escherichia,Lactobacillus,Bifidobacterium,Actino
myces, Propionibacterium, Bacteroides, Faecalibacterium,
Rhodococcus,and Roseburia (at the genus level) were domi-
nant at day 42 (LDA score > 3, Supplementary Fig. 2b).

Discussion

Many recent studies have confirmed that the establish-
ment of the gut microbiota can be affected and disturbed by
many environmental factors, including the mode of delivery
[11-13, 18-20]. This early microbial community has been
considered particularly sensitive to potential modulation by
probiotic interventions, especially in infants delivered by
CS [21]. However, the effect of probiotic administration on
CS microbiota colonization is poorly understood. There is
currently no clear consensus recommending the use of pro-
biotics in CS-delivered neonates. To our knowledge, this
is the first exploratory report on gut microbiota changes in
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(e), ¥****P <(0.0001; Chao index at T2 (f), ****P <0.0001; Shannon
index at T1 (g), P=0.17(>0.05); Simpson index at T1 (k), P=0.41
(>0.05)

population and diversity to examine the effect of probiotic
supplementation in Chinese infants delivered by CS. We
found that the gut microbiota of Chinese CS-born infants
supplemented with probiotics showed significant changes,
including increased bacterial richness and different micro-
biota structures.

In our study, we confirmed previous data showing per-
turbations of the early period of intestinal colonization in
infants delivered by CS. The low abundance of Bifidobacte-
rium, Lactobacillus, Acinetobacter, and Bacteroides, which
are ubiquitous in the early microbiota of CS-born infants,
were partly corrected by probiotic supplementation at differ-
ent study ages. At week 2, in addition to the increase in Bifi-
dobacterium, Lactobacillus, and Acinetobacter, there was a
significant increase in Enterococcus. Forty-two days after
birth, Lactobacillus was dominant in the probiotic group,
followed by Actinomyces, Enterococcus, Bacteroides, Fae-
calibacterium, and Ralstonia. But the Bifidobacterium abun-
dance was low. However,from day 1 to day 42, we found that
after 42 days the Bifidobacterium abundance was high in
both the control and intervention groups. Although different
probiotics have been used, a higher abundance of Bifidobac-
terium or Lactobacillus has been consistently detected in
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Fig.2 Dominant phyla at T1 (a) and T2 (b); dominant genera at T1 (c¢) and T2 (d)

similar studies [22, 23]. A recent study confirmed that prebi-
otic supplementation enhanced and sustained the successful
colonization of lactobacilli [24]. Another study reported that
gut colonization with Bifidobacterium and Lactobacillus was
achieved in a few days and lasted for 1 month, with immedi-
ate supplementation of a probiotic containing Bifidobacte-
rium breve PB04 and Lactobacillus rhamnosus KL53A for
a few days in CS-born neonates. However, this study used
standard quantitative cultures for Bifidobacterium and Lac-
tobacillus, which only provided a partial understanding of
the gut microbiota changes. In our study, gut colonization
with Lactobacillus and Enterococcus was observed 2 weeks
after starting supplementation and persisted consistently at

42 days after birth. Nevertheless, the higher abundance of
Bifidobacterium was not sustained up to 42 days after birth.
Three explanations for these discrepancies can be offered:
(1) Compared with lactic acid bacteria, the colonization
capacity of Bifidobacterium is not strong enough; (2) feed-
ing with probiotics was too short or in a small dose; (3) the
abundance of Bifidobacterium increased with time. It should
be noted that there is currently no good method for restoring
the Bacteroides population in CS-born infants [25]. Swab-
bing infants born by CS with the mother’s vaginal secretions
have been shown to fail at Bacteroides restoration [26].How-
ever, a recent study observed maternal FMT does restore
Bacteroides [27]. In the present study, gut colonization
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with Bacteroides was observed in the probiotic intervention
groups. Our findings suggest that early intervention with
probiotics can contribute to the fast recovery of the early
microbiota dysbiosis induced by CS.

The most remarkable finding of our study is that the abun-
dance of Veillonella and Faecalibacterium increased at the
end of the intervention (2 weeks) and at 42 days after birth,
respectively. One study has shown that the relative abun-
dance of Veillonella and Faecalibacterium was significantly
decreased in children at risk of asthma during early life [28].
Delivery by CS has been confirmed to be associated with
childhood asthma [29]. The microbial hypothesis considers
gut microbiota as the link between environmental changes
and the immune system, and several recent studies have con-
firmed gut microbiota as a potential therapeutic target for
preventing asthma and atopic diseases [30-34]. Although the
purpose of the present study was not to measure any clinical
endpoints as the primary outcome, our results suggest that
early probiotic intervention could be expected to reduce the
risk of asthma later in life, which needs to be confirmed by
further studies.

In addition, bacteria considered to be potential pathogens
were present in both the probiotic and control groups. Mem-
bers of the Enterobacteriaceae family, such as Klebsiella,
have been described as predominant in the gut of infants
delivered by CS [12, 13], which was also confirmed in our
previous study [11]. In the present study, the apparent effect
of CS was the relative elevation in Klebsiella, gut coloni-
zation with Klebsiella was observed in the control groups.
Nevertheless, the abundance of Klebsiella was low in the
intervention groups, which was ameliorated by probiotic
supplementation. Colonization of Klebsiella is not an unfa-
miliar phenomenon in early life and is usually controlled
by commensal bacteria in the gut ecosystem. Although the
exact mechanism of decreased Klebsiella infection remains
to be clarified, it is speculated that the inhibition of pathogen
colonization is determined by direct or indirect mechanisms
of colonization resistance [35]. Several previous studies have
demonstrated the antimicrobial activity of Bifidobacterium
strains against groups of coliforms, including the genus
Klebsiella [36, 37]. Our results suggested that the decrease
in Klebsiella was probably due to the presence of the pro-
biotic mixture itself in the fecal samples concomitantly
with the stimulation of commensal bacteria, such as Bifi-
dobacterium. Low et al. [38] observed that a high ratio of
Klebsiella/Bifidobacterium in early life correlates with the
later development of allergies in childhood. Although the
implications of Klebsiella colonization for allergic diseases
are limited, bacteria belonging to Klebsiella are known to
be involved in the induction of pro-inflammatory responses
in the host. For example, K. pneumoniae was shown to be
highly associated with the colitogenic phenotype in a mouse
model of inflammatory bowel disease [39]. A similar link

between Klebsiella and intestinal inflammation has also been
reported in infants with colic [40, 41]. Accordingly, early
probiotic administration may improve certain immune phe-
notypes that are particularly relevant for CS-born infants.

It should be noted, however, that in both the 2-week and
42-day CS-infant samples, the probiotic supplementation
failed to reduce the abundance of the genus Clostridium,
including potential pathogenic species, such as Clostridium
perfringens and Clostridium butyricum. However, intestinal
colonization with Clostridium is very frequent and usually
asymptomatic during the neonatal period [42, 43], Some
Clostridium taxa might have beneficial immunoregulatory
properties [44]. In our study, no infection symptoms were
observed in the enrolled infants, and Clostridium abundance
was higher in the probiotic group. A well-designed clinical
study is warranted to confirm this observation.

There are some limitations to our study. First, the sam-
ple was not of sufficient size to comprehensively clarify the
effects of probiotics on the gut microbiota. Second, in order
to describe the effect of probiotic intervention on the gut
microbiota, this study was limited to observing changes in
the composition of the microbiota and could not exclude
modifications of gene expression in the gut microbiota.
Third, our follow-up did not cover a sufficient period for
the long-term clinical or microbiological effects of probiotic
intervention to be comprehensively observed. These limi-
tations are expected to be overcome by more clinical and
well-designed, longer follow-up studies.

Conclusion

Supplementation with a probiotic mixture containing Bifi-
dobacterium longum, Lactobacillus acidophilus, and Ente-
rococcus faecalis promoted the recovery of the microbiota
dysbiosis of beneficial versus pathogenic bacteria induced
by CS. These findings suggest that, in the absence of a nor-
mal pattern of colonization, early intervention with probiot-
ics can generate substantial beneficial regulation of the gut
microbiota. However, further studies are required to confirm
these results.
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