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Abstract Strong evidence suggests that the early compo-
sition of the oral microbiota of neonates plays an important
role for the postnatal development of the oral health or
immune system. However, the relationship between the
maternal microbiome and the initial neonatal microbiome
remains unclear. In this study, 25 pregnant women and
their neonates were recruited, and the samples were col-
lected from the maternal oral cavity, amniotic fluid, pla-
centa and neonatal oral cavity. High-throughput
sequencing of 16S rRNA was performed using the Illumina
MiSeq platform to analyze the correlation with microbial
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community structure between the maternal and the
neonatal oral cavity. The results indicated that the number
of shared OTUs was up to 635 in four groups. The PCoA
showed that there were certain similarities in the microbial
community structure of the four groups. The dominant
bacterial genera of the shared OTUs were consistent with
human oral microbes, including Streptococcus, Fusobac-
terium and Prevotella. The results showed that there might
be a correlation between the maternal and neonatal oral
microbiome, through the amniotic fluid and placenta.

Keywords Maternal microbiome - Initial microbiome -
Correlation - High-throughput sequencing (HTS)

Introduction

Strong evidence suggested that the early composition of the
microbiota of neonates played an important role for the
postnatal development of the immune system [I]. It is
thought that the initial microbial exposure is important in
defining the successional trajectories leading to more
complex and stable adult ecosystems [2], the composition
of the very first human microbiota could have long-lasting
effects, up to months [3] or even years [4]. Therefore, if the
development of the oral microflora is different due to the
influence of the initial microflora, the development of the
postnatal immune system may also be different. The
composition of oral microbiota in early days of life seems
to be a very important factor for achieving and maintaining
good health in the years to come. It follows that it is fun-
damental to identify more thoroughly the oral ecosystem of
the newborn.

Maternal microbiome is considered to be a key factor in
the initial colonization and development of the neonatal
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microbiome, which plays an important role in children’s
physical and neurocognitive development [1, 5-7]. In
addition, a diverse group of oral microbiome can be
transmitted to the murine placenta by haematogenous
transmission, and most of these species are associated with
adverse pregnancy outcomes in humans [8]. This suggests
that the initial oral neonatal microbiome could be acquired
from the mother before birth [9-11] and that aberrant
microbiome communities in early life could lead to disease
through an altered development of the immune system.
Amniotic fluid makes the environment in which the fetus
lives, and placenta is the organ that exchanges substances
between mother and fetus. New points suggest that amni-
otic fluid and placenta are not sterile [12]. Via traditional
PCR, culture methods etc., non-pathogenic commensal
microorganisms, including Firmicutes, Tenericutes, Pro-
teobacteria, Bacteroidetes, and Fusobacteria phyla were
found in amniotic fluid and placenta, which was similar to
the oral microbiota [12]. These illustrates that the initial
oral microorganisms in children may be derived from
maternal amniotic fluid and placenta. Though some studies
try to compare the similarity of oral microbial community
between the newborn and the mother, even the gut
microbiota, in the term of the initial stage of development
on human oral microbial community is still unclear [1].

In this study, we analyzed the bacterial composition in
the maternal oral cavity, amniotic fluid, placenta and
neonatal oral cavity, and compared the microbiomes
derived from the four sites to explore the correlation of the
microbial communities between the mother and the neo-
nate. The overall microbiome will provide more compre-
hensive information on the microbiome transmission
between the mother and foetus, which can not only provide
guidance for maternal and child health maintenance during
pregnancy, but provide a theoretical basis for preventing
from adverse pregnancy outcomes also.

Materials and Methods
Study Samples

The volunteers were recruited from the Gansu Provincial
Maternity and Child-care Hospital (China), whose mode of
delivery was caesarean section. The inclusion criteria were
as follows: (1) Healthy full-term pregnant women
(> 37 weeks of gestation) who were aged between 22 and
36, (2) without diabetes or other systemic disease related to
the pregnancy, and (3) without antimicrobial therapy in the
previous 6 months. 25 volunteers were finally included. A
total of 100 samples from maternal oral cavity (MO),
amniotic fluid (AF), placenta (PL) and neonatal oral cavity
(NO), were taken.

Protocol of Samples Collection

All sample collections were performed by professionals in
sterile operating rooms, which strictly follow the principles
of surgical asepsis. Sampling method: (1) The volunteers
should gargle before the operation and the oral samples
were collected by using sterile cotton swabs to wipe the
oral cavity of the pregnant women, (2) 2 mL of the
amniotic fluid which should be transparent and clear was
collected during the operation, (3) The oral samples were
collected by using sterile cotton swabs to wipe the oral
cavity of the newborn within 2 min of birth, (4) The pla-
cental tissue sample was obtained by surgical scissors and
all were placed in sterile tubes. The samples were acquired
under aseptic conditions and stored at — 80 °C for subse-
quent experiments.

DNA Extraction

The total sample DNA was extracted using E.Z.N.A.TM
Bacterial DNA Kit (D3350, Omega, Inc., USA) according
to the manufacturer’s instructions. The total DNA was
eluted in 50 pL of elution buffer and stored at — 80 °C
before high-throughput sequencing by LC-Bio Technology
Co., Ltd, Hang Zhou, Zhejiang Province, China.

PCR Amplification and High-Throughput
Sequencing

The V3-V4 region of the bacterial 16S ribosomal DNA
(rDNA) was amplified with the forward primer 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and the reverse pri-
mer 806R (5-GGACTACHVGGGTWTCTAAT-3'). The
5" ends of the primers were tagged with specific barcodes.
PCRs were run with 25 ng of template DNA, 12.5 pL of
PCR Premix (NEB, MO0536L), 2.5 uL of each primer
(1 uM) and deionized water to a final volume of 25 pL.
PCR conditions were 30 s at 98 °C, 35 cycles of (10 s at
98 °C, 30 s at 54 °C/52 °C, 45 s at 72 °C), and 10 min at
72 °C. The PCR products were subjected to agarose gel
electrophoresis, and the target PCR product was purified.
The 16S rDNA of the sample was sequenced on the Illu-
mina MiSeq platform provided by LC-Bio according to the
manufacturer’s recommendations.

Data Analysis

The purified PCR products were sequenced on the [llumina
MiSeq sequencing platform (Illumnia, Inc., San Diego,
CA, USA) at LC-Bio. Paired-end reads were assigned to
samples based on their unique barcode and truncated by
removing the barcode and primer sequence. Paired-end
reads were merged using FLASH [13]. Quality filtering of
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the raw tags was performed under specific filtering condi-
tions to obtain the high-quality clean tags according to
fqtrim (v0.94) [14], and chimeric sequences were filtered
using Vsearch software (v2.3.4). Operational Taxonomic
Units (OTUs) were clustered with a 97% similarity cut-off
using Vsearch (v2.3.4). Representative sequences were
chosen for each OTU, and taxonomic data were then
assigned to each representative sequence using the RDP
(Ribosomal Database Project) classifier. Multiple sequence
alignments were conducted using the Mafft software
(v7.310) to analyse the phylogenetic relationship of dif-
ferent OTUs to determine the differences in the dominant
species of the various groups. OTU abundance was nor-
malized using a standard sequence number corresponding
to the sample with the least sequences. Alpha diversity
(such as Chaol and Shannon) was applied to analyze
species diversity and was calculated with QIIME (Version
1.8.0). Beta diversity analysis was used to evaluate the
species complexity differences of the samples and was
calculated by principal coordinate analysis (PCoA). Cluster
analyses were conducted using QIIME software (Version
1.8.0).

Result
The Overall Situation in OTU Lever

After filtering, the total number of sequences obtained for
NO, MO, AF and PL were 360134, 318,227, 326,554 and
234,966, respectively, the rare fraction curve based on
chaol index was showed in Sup Fig. 1. A total of 1815
OTUs were obtained at the 97% similarity level [15]. The
Venn diagram showed that 635 OTUs were shared among
the four groups and the shared OTUs comprised approxi-
mately 50% of the total OTUs in each group, especially in
MO and NO sharing OTUs more (Fig. 1a). In addition, the
number of unique OTUs in each group was 117 (NO), 80
(MO), 146 (AF), and 142 (PL) (Fig. la). The relative
abundance of the shared OTUs in each group indicated that
there was no significant difference between the NO and
MO groups or between the AF and PL groups (Fig. 1b).
The dominant genera of the shared in 4 groups OTUs were
Streptococcus, Prevotella, Fusobacterium, Neisseria, Sph-
ingobium, Haemophilus and Saccharibacteria (Fig. 1c),
which were mainly attributed to the following phyla:
Actinobacteria, Proteobacteria, Firmicutes, Bacteroidetes,
Fusobacteria and Candidatus.

@ Springer

Alpha and Beta Diversity of the Microbial
Communities of the Four Groups

Chaol index and Shannon index were used to measure the
richness and diversity of the groups. The PL group showed
the most abundant microbial communities than the MO,
NO, and AF groups (Fig. 2a). The diversity of the micro-
bial communities (Shannon) was similar in each group
(Fig. 2b). As shown in Fig. 2c, beta diversity was similar in
all groups except for PL based on the weighted UniFrac
distance matrix in the PCoA plot. A significant difference
was detected in PC1 values between the PL group and the
other groups (P < 0.05).

Cluster Analysis

A multiple sample similarity tree based on the majority of
sequences (93.9-97.4%) was constructed to identify the
similarities and differences of microbial community
structures among the four groups at the phyla level
(Fig. 3a) and genus lever (Fig. 3b). The NO and AF groups
were clustered together, indicating that the microbial
communities between the two groups were more similar
than those between the other groups. The microbial com-
munities of the PL group were more similar to the NO and
AF groups compared to the MO group. These indicated that
there was no significant difference between the dominant
phyla and the dominant genus in the four groups, especially
in the AF and NO. Additionally, the four groups were not
well separated from each other, indicating that there was no
significant difference between the four groups. At the same
time, we conducted principal component analysis (PCA) on
30 dominant genera (Sup Fig. 2). Based on the 30 domi-
nant genera of the four groups, the PCA showed that the
four groups were overlapped together, further indicating
similar microbial composition between the four groups.
The majority of sequences in the phyla level were
Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria,
Fusobacteria, SRI, Candidatus_Saccharibacteria, Spir-
ochaetes and Cyanobacteria. The majority of sequences in
the genus level were affiliated with 22 genera, including
Sediminibacterium, Streptococcus, Haemophilus, Pre-
votella, Sphingomonas, Neisseria, SRI and Fusobacterium,
Alloprevotella, Lautropia, Porphyromonas, Veillonella,
Saccharibacteria, Granulicatella, Actinomyces, Rothia,
Reyranella, Corynebacterium, Staphylococcus, Capnocy-
tophaga, Acinetobacter and unclassified bacteria.

Comparison of Microbial Communities
at the Phylum and Genus Levels

The differences among the 22 dominant genera were ana-
lyzed. Of 22 dominant genera, 13 were same in the four
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Fig. 1 Information on OTUs in a
all groups. a Venn diagram.
b The proportion of common
OTUs in all sequences from
each group. ¢ Pin chart of the
common OTUs

groups. Further analysis showed that 8 phyla presented a
similar relative abundance between the AF and NO groups.
In addition, the microbial community composition was
similar between the AF and NO groups at the genus level.
Streptococcus, Haemophilus, Prevotella, Sphingomonas,
Neisseria, SRI and Fusobacterium were relatively abun-
dant in all groups. The relative abundance of Sedimini-
bacterium in MO group was the lowest, compared to other
groups. Streptococcus (17.78%), Haemophilus (10.64%)
and Veillonella (6.07%) were the most abundant in the MO
group, whereas the relative abundance of Sediminibac-
terium (6.73%) was the lowest. Sphingomonas (7.14%) was
the most abundant in the PL group, compared to other
groups. Prevotella (6.12%) was the most abundant in the
NO group, compared to other groups. In addition, we
selected the core microbial in four groups (Tab 1): The core
microbial community of NO group is Sediminibacterium,
Sphingomonas; the core microbial community of MO
group is Prevotella, Sphingomonas, Neisseria, Actino-
myces; the core microbial community of AF group is
Sphingomonas, Staphylococcus; the core microbial com-
munity of PL group is Sediminibacterium, Sphingomonas.

Venn diagram of NO_vs_MO_vs_AF_vs_PL b

Relative abundance (%)

' ' '
MO AF PL

The core-bacteria common to the four groups are Sphin-
gomonas. And the core bacteria common to NO group and
PL group are Sediminibacterium.

The Major Functional Pathways in All the Four
Types of Samples

Though analysis of picrust2, there were only a few sig-
nificant differences in functions among the four groups, but
no significant differences in top 10 dominant functions
(P > 0.05), indicating that the dominant functions were
similar (Sup Fig. 3).

Discussion

Most of the previous studies on the initial flora of newborn
only focused on relatively just one site, such as the simi-
larity of single flora of maternal and infant oral cavity.
However, in this study, we analyzed the microbial samples
of maternal oral cavity (MO), amniotic fluid (AF), placenta
(PL) and neonatal oral cavity (NO). The results showed
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Table 1 VCore microbial Groups Core microbials
community assessment
Sediminibacterium  Sphingomonas  Prevotella  Neisseria  Actinomyces  Staphylococcus

NO v v - - - -

MO - v v v v -

AF - v - - - v

PL v v - - - -

that there was no significant difference between maternal
oral cavity and neonatal oral cavity. So, we concluded that
there was a close relationship between mother and infant
oral microflora. At the same time, there was no significant
difference in the microbial community richness of mother’s
oral cavity, amniotic fluid and newborn’s oral cavity, and
the microbial community diversity (Shannon) of each
group was similar. Therefore, this result suggests a
microbiota connection between the mother’s oral cavity
and the newborn’s oral cavity. The fetus in womb can
obtain a beneficial initial flora, and this plays a vital role in
the child’s oral health and even overall health.

A large number of experiments have isolated microor-
ganisms from placenta, fetal membranes, amniotic fluid
and cord blood [16, 17]. Therefore, pregnancy is consid-
ered to be the beginning of fetal exposure to bacteria
[11, 18]. In our study, a total of 365 genera, 22 dominant
genera and 8 dominant phyla were identified. It is worth
mentioning that all samples in this study were from cae-
sarean mothers and were conducted by sterile operation in
a sterile operating room. To a great extent, it avoids the
pollution of experimental technology and makes our
experimental results more reliable. At the same time, we
found that NO, MO, AF and PL groups of core bacteria
Sphingomonas existed in the gingival groove of adult
patients with periodontitis, suggesting that genus Sphin-
gomonas may be the medium of mother-to-child trans-
mission [19]. More importantly, studies have found that in
the case of oral diseases (gingivitis or periodontitis), bac-
teria in the oral cavity may reach amniotic fluid through
transient bacteremia [20], indicating that maternal
microbes may be transmitted to the amniotic fluid with
blood. Amniotic fluid is essential for the maturity of the
embryo and the fetus. It is an important medium for fetus
oral microbial transmission and a protective fluid for the
fetus. In early development, amniotic fluid was an exten-
sion of the fetal extracellular matrix [21]. With the pres-
ence of placenta and fetal blood vessels, water and solutes
from maternal plasma diffuse into the amniotic fluid [22].
This suggests that the relationship between the composition
of oral microorganisms and amniotic fluid is closest. It
indicates that the microorganisms in the amniotic fluid may
be swallowed by the fetus and planted in the fetal mouth
before birth. The maternal oral flora can be colonized into

the newborn’s mouth through the amniotic fluid and the
placenta by means of blood-borne dissemination. The
above results all indicate that there is a certain correlation
between maternal-infant oral microbes. The maternal oral
microbes may enter the placenta and amniotic fluid through
blood, and it indirectly affects or determines the early
formation of fetal oral microbes. In the later development,
immunity and postnatal growth, for the same reason, it
plays an important role.

Streptococcus is a key bacterium for early colonization
[23], and their adhesion to the inner surface of the oral
cavity promotes colonization of more bacteria [24],
prompting the establishment of oral biofilms in the early
stages of human life. This study found that Streptococcus
was 9.22% of newborn oral samples and indicated that
Streptococcus as an early oral colonization had an irre-
placeable role in the establishment of the initial flora. In the
present study, Streptococcus, Prevotella and Neisseria
were prevalent in the maternal oral cavity, amniotic fluid,
placenta and neonatal oral cavity. Previous studies based
on animal models have found that maternal bacteria in
saliva can be transmitted to the placenta, including Strep-
tococcus, Neisseria, Veillonella, Prevotella, Porphy-
romonas, and Capnocytophaga gingivalis [25]. Bearfield
et al. observed that oral-derived Streptococcus and Fu-
sobacterium in amniotic fluid [26]. Moreover, Vesty et al.
found that Neisseria, Prevotella, Streptococcus and Veil-
lonella were detected from all salivary samples in a study
of different DNA extraction methods for oral flora structure
[27]. These indicated that some of the maternal oral flora
could be colonized in the neonatal oral cavity through the
placenta and amniotic fluid.

In addition, to better understand the spread of oral
microbes from mother to infant, the large sample size,
metagenomics (which can be accurate to the species level,
and at the same time can specify the gene function) and
other methods are necessary to be applied to subsequent
experimental studies. At the same time, RT-PCR or animal
experiments should be involved in order to verify the exact
genus of bacteria transmitted from mother to infant, such as
Sphingomonas. In order to develop strategies to improve or
optimize the oral health of pregnant women, improve the
long-term oral health of human beings and prevent the
occurrence of oral diseases.
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