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ABSTRACT

Background: Human breast milk (HBM) contains optimal nutrients for infant growth.
Probiotics are used to prevent disease and, when taken by the mother, they may affect

infant microbiome as well as HBM. However, few studies have specifically investigated the
effect of probiotic intake by the mother on HBM and infant microbiota at genus/species
level. Therefore, we present a comprehensive analysis of paired HBM and infant feces (IF)
microbiome samples before and after probiotic intake by HBM-producing mothers.
Methods: Lactating mothers were administered with Lactobacillus thamnosus (n = 9) or
Saccharomyces boulardii capsules (n = 9), for 2 months; or no probiotic (n = 7). Paired HBM and IF
samples were collected before and after treatment and analyzed by next-generation sequencing.
Results: Forty-three HBM and 49 IF samples were collected and sequenced. Overall, in 43
HBM samples, 1,190 microbial species belonging to 684 genera, 245 families, 117 orders, and
56 classes were detected. In 49 IF samples, 372 microbial species belonging to 195 genera,
79 families, 42 orders, and 18 classes were identified. Eight of 20 most abundant genera in
both HBM and IF samples overlapped: Streptococcus (14.42%), Lactobacillus, Staphylococcus, and
Veillonella, which were highly abundant in the HBM samples; and Bifidobacterium (27.397%),
Bacteroides, and Faecalibacterium, which were highly abundant in the IF samples. Several major
bacterial genera and species were detected in the HBM and IF samples after probiotic
treatment, illustrating complex changes in the microbiomes upon treatment.

Conclusion: This is the first Korean microbiome study in which the effect of different
probiotic intake by the mother on the microbiota in HBM and IF samples was investigated.
This study provides a cornerstone to further the understanding of the effect of probiotics on
the mother and infant microbiomes.
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INTRODUCTION

Human breast milk (HBM) contains optimal nutrients for infant growth. It is nutritionally
and immunologically superior to any other artificial nutrition products. It is also fresh and
readily fed to the infant. Consequently, the American Academy of Pediatrics and the World
Health Organization recommend breastfeeding of all infants for at least 4-6 months.13

The microbiome is associated with various phenomena and diseases in humans. The
understanding of mechanisms underpinning these effects constitutes a hot research topic. In
addition to being linked with gut-related diseases, such as intestinal infection, inflammatory
bowel disease, and colorectal cancer,4¢ the microbiome affects multiple sclerosis,
rheumatoid arthritis, systemic lupus erythematosus,’ atopic dermatitis,310 metabolic
diseases such as diabetes, obesity,1113 asthma,4 and breast cancer.15

Probiotics have been shown to be effective in preventing diseases by compensating for
pathological problems associated with gut dysbiosis and by balancing microbial composition
in the intestinal tract.16 Of note, administration of probiotics during the lactation period
changes the composition of HBM microbiome.1725

The composition of a neonatal intestinal microbiome depends on several factors, such

as the maternal age, gestational age,26 type of delivery,2729 and exposure to the external
environment.30 However, the most important factor is lactation.2%29,31 The HBM microbiome
passes with the milk to the infant, and plays an important role in the primary colonization

of the newborn intestine. However, little is known about the effect of probiotic intake

by the mother on the HBM microbiome and on the intestinal microbiome of a nursed

infant. Further, to the best of our knowledge, no Korean microbiome studies to date have
investigated the HBM and infant feces (IF) microbiomes together.

Here, we present a comprehensive analysis of paired HBM and IF microbiome samples before
and after probiotic intake by HBM-producing mothers in this study.

METHODS

Participants and sample collections

The participants were healthy women (19—-45 year old) who were currently breastfeeding
their children. They agreed to take part in the study between June 2018 and June 2019 at the
HBM Research Institute of Chung-Ang University, Seoul, Korea. Participants who had twin
pregnancy, pregnancy diseases (eclampsia and gestational diabetes that required insulin
administration), other chronic illnesses, who used probiotics or herbal medicines during
the study period, less than 1 week after the start of breastfeeding (colostrum), or who were
planning to start solid food within the study period were excluded.

Except for 1 participant who dropped out of the control group, 25 pairs of breastfeeding
mothers and their infants were enrolled in the study (Supplementary Table 1). The pairs were
randomly assigned to the Lactobacillus caseivariety rhamnosus group (administered Ramnos
capsule [1 capsule = 2 x 10® as living germs 250 mg, Hanwha Pharma Co., Seoul, Korea]),

the Saccharomyces boulardii group (administered Bioflor capsule [1 capsule =5 x 10? as living
germs 282.5 mg, Kuhnil Pharma Co., Seoul, Korea]), and the control group (no treatment).
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The probiotics used in this study are the two most prescribed probiotics in South Korea

and the dosage was based on the product recommendations. The mothers in the probiotic
groups were administered probiotics orally, twice a day, for 2 months (120 capsules in total).
HBM and IF samples were obtained two times per pair: once before the probiotic treatment
(before, 1st) and once after the probiotic treatment (after, 2nd).

Before the HBM sample collection, the nipple and areola were cleaned by wiping with a swab
soaked in sterile water. The first few drops of HBM were discarded to prevent contamination.
Subsequently, 10 mL of HBM were collected directly into a sterile plastic bag, at an outpatient
breast-feeding room, by using a manual breast-pump. The stool samples were collected over

30 g. All samples were immediately frozen at -80°C.

Information on the past medical history, drug administration, fertility history, maternal
age, gestational age, type of delivery, infant sex, birth weight, and dietary habits of the
participants was also collected.

DNA extraction and next-generation sequencing for microbiome analysis
Microbial DNA was extracted using a PowerMax Soil DNA Isolation kit (MO BIO,
Carlsbad, CA, USA), following the manufacturer's instructions. For sequencing, the
samples were prepared according to the Illumina 16S Metagenomic Sequencing Library
protocols (Illumina, San Diego, CA, USA). Briefly, the V3 and V4 region was amplified
using primers 519F and 816R. The DNA quality was determined by PicoGreen and
Nanodrop. Input gDNA (10 ng) was amplified by polymerase chain reaction (PCR) with
the following barcoded fusion primers: 341F, 5'-CCTACGGGNGGCWGCAG-3', and
806R, 5'-GACTACHVGGGTATCTAATCC-3'. The final purified product was quantified by
quantitative PCR (qPCR), according to the qPCR Quantification Protocol Guide (KAPA
Library Quantification kits for [llumina Sequencing platforms) and evaluated by using the
LabChip GX HT DNA High Sensitivity Kit (PerkinElmer, Waltham, MA, USA). Next, paired-
end (2 x 300 bp) sequencing was performed at Macrogen (Seoul, Korea), by using the
MiSeq™ platform (Illumina).

Identification of microbial species

Fastq files were generated from raw MiSeq sequences by Real-Time Analysis and bcl2fastq
2.20.0.422. FLASH 1.2.1132 was used to merge raw sequences from multiple samples. The
merged raw sequences were filtered by using CD-HIT-OUT,33 to remove low-quality bases
and chimeric sequences, and were then clustered at 97% similarity threshold to generate
operational taxonomic units (OTUs). Representative sequences from each OTU were
matched to the reference database, NCBI 16S Microbial, using BLASTN 2.4.0.34 Top matched
sequences were used for taxonomic assignment. When the query coverage and identification
of the best hit were below 85%, it was concluded that the queried sequence was not similar to
any other sequence in the database.

Microbiome data analysis

Sample Shannon index was calculated using the phylogenetic distance and the number of
observed OTUs and analysis of variance (ANOVA) test was conducted with R package 4.0.2.
Rarefaction analyses were conducted based on customized perl scripts which can calculate
average, minimum, and maximum values of OTUs in each group (in total, 12 groups) for each
100 reads. ANOVA test was conducted based on 12 groups of rarefaction analysis results.
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Comparative microbiome analysis

To analyze the microbiome data, QIIME 1.935 and customized perl scripts were utilized for 1)
the analysis of the overall characteristics of microbial communities in HBM and IF samples;
2) comparison of HBM and IF microbiomes in the three treatment groups; 3) comparisons
of HBM and IF microbiomes before probiotic administration and in the control group

with those after probiotic administration; and 4) comparison of the microbial community
structure in the three groups. For detailed analysis, customized perl scripts were developed
to combine microbial species into groups, and calculate the abundance and proportion of
the bacteria on the species, genus, family, and order levels. Results of each script analyses
were exported to Excel format for additional analyses, e.g., identification of the top 20 most
prevalent genera in the groups.

Ethics statement

The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Institutional Review Board (IRB) of Chung-Ang
University Hospital, Seoul, Korea (IRB No. 1820-001-313). Informed consent was submitted
by all subjects when they were enrolled.

RESULTS

The overall characteristics of microbial communities in HBM and IF samples
Overall, 25 pairs were included in the study (Supplementary Table 1). They consist of

three groups: the L. casei variety rhamnosus group (n =9), the S. boulardii group (n =9), and
the control group (n = 7). Further, HBM samples of seven participants were not properly
collected, or processed during preparation and sequencing and one IF sample collection
was missed. Consequently, 43 HBM and 49 IF samples were collected and sequenced
(Supplementary Table 2).

In total, 16,623,119 reads were obtained from the 43 HBM and 49 IF samples displaying
180,686 average reads per sample (Supplementary Table 2). In total, 8,563 types of OTUs
were clustered from these reads. Based on Shannon indexes calculated for each sample,
difference of Shannon indexes between HBM and fecal samples is significant (one-way
ANOVA test, Pvalue = 3.16e-06) as expected; while differences among three groups, L.
thamnosus, S. boulardii, and control groups, and between before- and after-treatments
displayed not significant (One-way ANOVA test, Pvalue = 0.91 and 0.977, respectively). Three-
way ANOVA test with interactions among variables present that differences of HBM-fecal
and treatment timepoint and the three groups and treatment are slightly significant (Pvalue
=0.014 and 0.034, respectively). In addition, rarefaction analysis based on the 12 groups
defined by sample type, probiotics, and treatment, displays (Fig. 1). Based on these trend of
microbiome differences, we investigated the configuration of bacterial species in detail.

Overall, in 43 HBM samples, 1,190 microbial species belonging to 684 genera, 245 families,
117 orders, and 56 classes were detected. The most abundant genera, accounting for a large
proportion of the microbial population in these samples, were Streptococcus, Lactobacillus,
Staphylococcus, Acinetobacter, and Bacteroides (Fig. 2A and Supplementary Table 3). The most
frequent detected genera in these samples were Bacteroides, Streptococcus, Staphylococcus,
Lactobacillus, and Corynebacterium (Supplementary Table 4). Lactobacillus, Staphylococcus, and
Streptococcus genera were both abundant and commonly detected in the HBM samples.
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Fig. 1. Rarefaction analyses based on the 12 groups defined by sample type, probiotics, and treatment. X-axis is number of sequence reads per sample and Y-axis
is observed OTUs (A) displays rarefraction analysis results of the six groups of human BM samples and (B) presents rarefraction analysis results of the six groups
of infant fecal samples. X-axis indicates sequences per samples and Y-axis means observed OTUs.

OTU = operational taxonomic unit, BM = breast milk.
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In 49 IF samples, 372 microbial species belonging to 195 genera, 79 families, 42 orders, and
18 classes were detected. The most abundant genera in these samples were Bifidobacterium,
Bacteroides, Escherichia, Enterococcus, and Lactobacillus (Fig. 2B and Supplementary Table 5). The
most frequent detected genera in these samples were Streptococcus, Escherichia, Bifidobacterium,
Lactobacillus, and Bacteroides (Supplementary Table 6). All of the latter, except for Streptococcus,
were among the top 5 most abundant genera.

Eight of the 20 most abundant genera in HBM and IF samples overlapped: Streptococcus (14.415%),
Lactobacillus, Staphylococcus, and Veillonella, which were highly abundant in HBM samples; and
Bifidobacterium (27.397%), Bacteroides, and Faecalibacterium, which were highly abundant in IF
samples (Fig. 2C). The relative abundance of Blautia was similar in both sample types (Fig. 2C).

The effect of two types of probiotics, L. rhamnosus and S. boulardii, on
mother and infant microbiota

The microbiomes of the control group, L. rhamnosus group, and S. boulardii group were
analyzed. In the control group, the relative abundances of ten genera (Faecalibacterium,
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indicates relative proportion of each genus. Streptococcus (14.415%) max proportion identified from HBM samples, Bifidobacterium (27.397%) max proportion
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HBM = human breast milk, IF = infant fecal.
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Barnesiella, Ruminococcus, Acinetobacter, Gemmiger, Tidjanibacter, Pseudoflavonifractor, Fournierella,
Butyricicoccus, and Erysipelatoclostridium) decreased sharply to almost zero in HBM samples
after 2 months (Fig. 3A). In contrast, the relative abundances of Parabacteroides, Rothia,
Aerosakkonema, Selenomonas, Dialister, Megasphaera, Escherichia, Veillonella, Prevotella, and
Streptococcus increased in that time period. Interestingly, the relative abundance of
Staphylococcus genus decreased after 2 months but remained relatively high, whereas the
genera Bifidobacterium and Lactobacillus exhibited a reverse trend. In the IF samples, the relative
abundances of Bifidobacterium, Enterococcus, and Faecalibacterium decreased by more than half,
and those of Clostridium, Erysipelatoclostridium, Abyssivirga, Veillonella, and Phascolarctobacterium
decreased to zero over 2 months (Fig. 3B). In contrast, Bacteroides, Blautia, Lactobacillus,
Lachnoclostridium, and Gemmiger were detectable only after 2 months, and the relative
abundances of Escherichia, Streptococcus, Enterobacter, and Alistipes genera increased over the
2-month period.

After 2-month administration of L. rhamnosus, in the HBM samples, the relative abundances
of Streptococcus, Staphylococcus, Bacteroides, Prevotella, Muribaculum, and Corynebacterium genera
decreased (Fig. 3C). The Plesiomonas, Lachnoclostridium, Dialister, Blautia, Megasphaera,
Cetobacterium, Akkermansia, and Bifidobacterium genera became detectable only after 2 months
in these HBM samples. In the IF samples, those of Bifidobacterium, Enterococcus, Parabacteroides,
Blautia, and Veillonella genera decreased; and the Enterobacter, Faecalibacterium, Lachnoclostridium,
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and Erysipelatoclostridium genera ceased to be detectable after 2 months (Fig. 3D). Further,
the relative abundances of Escherichia, Staphylococcus, Streptococcus, Lactobacillus, Bacteroides, and
Intestinibacter genera increased after 2 months.

Effects of Probiotics on Human Breast Milk Microbiota

After 2-month administration of S. boulardii, the relative abundances of Streptococcus,
Lactobacillus, Staphylococcus, Prevotella, and Corynebacterium genera decreased in the HBM
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Fig. 3. Bacterial genera detected in the treatment groups, and their relative proportions in the microbiome. Readings before and after probiotic treatment are
shown. (A) Relative genus proportions in HBM samples in the control group. (B) Relative genus proportions in IF samples in the control group. (C) Relative genus
proportions in HBM samples in the L. rhamnosus group. (D) Relative genus proportions in IF samples in the L. rhamnosus group. (E) Relative genus proportions
in HBM samples in the S. boulardii group. (F) Relative genus proportions in IF samples in the S. boulardii group. Y-axis indicates the proportion of genera of
microbial species of which range is from O to 1.

HBM = human breast milk, IF = infant fecal. (continued to the next page)
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Fig. 3. (Continued) Bacterial genera detected in the treatment groups, and their relative proportions in the microbiome. Readings before and after probiotic
treatment are shown. (A) Relative genus proportions in HBM samples in the control group. (B) Relative genus proportions in IF samples in the control group.
(C) Relative genus proportions in HBM samples in the L. rhamnosus group. (D) Relative genus proportions in IF samples in the L. rhamnosus group. (E)
Relative genus proportions in HBM samples in the S. boulardii group. (F) Relative genus proportions in IF samples in the S. boulardii group. Y-axis indicates the
proportion of genera of microbial species of which range is from 0 to 1.

HBM = human breast milk, IF = infant fecal.

samples (Fig. 3E). In addition, the relative abundances of Acinetobacter, Bacteroides,
Faecalibacterium, Blautia, and Bifidobacterium increased after 2 months in the HBM samples.
In the IF samples, the relative abundances of Bacteroides, Escherichia, Enterococcus, and
Blautia genera decreased after 2 months (Fig. 3F). In contrast, the relative abundances

of Bifidobacterium, Lactobacillus, Streptococcus, Enterobacter, Veillonella, Faecalibacterium,
Erysipelatoclostridium, and Phascolarctobacterium genera increased after 2 months IF samples.
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Hierarchical clustering of microbiota changes in six groups (two probiotic treatments

and one control, two sample types each) revealed that all HBM and IF samples, except for
the control samples, clustered together (Fig. 4). Specifically, the relative abundances of
Enterococcus, Blautia, and Lachnoclostridium genera decreased after probiotic treatment in IF
samples, and those of Streptococcus and Phascolactobacterium genera increased. Further, the
relative abundances of Akkermansia, Blautia, and Bifidobacterium genera increased after probiotic
treatment in HBM samples, and those of Prevotella, Streptococcus, Anaerococcus, Corynebacterium,
Sphingomonas, and Staphylococcus genera decreased in these samples. Of note, the abundance
of Streptococcus genus showed opposing trends in HBM and IF samples: it decreased before
and after probiotic administration, respectively (Figs. 2E and 3C). The relative abundance
of Bifidobacterium increased upon probiotic treatment in both sample types, except in the IF
samples in S. boulardii group (Figs. 2E and 3C).

Effects of Probiotics on Human Breast Milk Microbiota
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Fig. 4. Hierarchical clustering heat-map of genera that became more or less abundant under different experimental conditions. Microbial genera detected in the
current study are shown along the y-axis. The experimental conditions are shown along the x-axis. Hierarchical clustering dendrograms are displayed on the left
and top. Blue and red colors indicate a decrease or increase of a population in the microbiome, respectively, upon probiotic treatment.

HBM = human breast milk, IF = infant fecal, Control = the control group, LR = the L. rhamnosus group, SB = the S. boulardii group.
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Species-level comparison of microbiomes in the control, L. rhamnosus, and
S. boulardii groups

To evaluate the changes in microbiomes in the three groups (the control, L. rhamnosus, and S.
boulardii groups) in detail, species compositions under before and after treatment were compared.

Effects of Probiotics on Human Breast Milk Microbiota

In the control group, in HBM samples, 94 microbial species were detected both at time O and
after 2 months; 77 species were detected only at time 0 and 301 species were detected only
after 2 months (Fig. 5A). Similar, 128 species were detected in IF samples at both time points;
47 and 102 microbial species were detected only at time O or after 2 months, respectively

(Fig. 5A). The changes in bacterial species composition during the 2 months in HBM and IF
samples were substantial.

Fifty-one microbial species were specific to HBM samples in the control group
(Supplementary Table 7). The most common species among these were Cutibacterium acnes
(present in 8 out of 9 samples) and Streptococcus oralis, which were also highly abundant among
these species. In addition, 85 bacterial species were specific to IF samples in the control
group (Supplementary Table 8), with Streptococcus lactarius detected in 12 out of 13 samples.
Further, 43 microbial species were detected in both HBM and IF samples (Supplementary
Table 9), and were commonly detected in the control group: Escherichia fergusonii was detected
in 21 out of 22 samples, and Bifidobacterium longum and B. breve were most frequently detected
in 43 samples (in 17 and 13 samples, respectively).
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Fig. 5. Comparison of microbial community structure under three experimental conditions. Blue boxes with transparent effect, analysis of HBM samples; green
boxes, analysis of IF samples. Venn diagrams in each box show detected bacterial species before and after probiotic treatment. (A) Analysis of the control group
samples. (B) Analysis of the L. rhamnosus group samples. (C) Analysis of the S. boulardii group samples.
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In the L. rhamnosus group, in HBM samples, 197 microbial species were detected both before
and after probiotic treatment; 486 species were detected only before the treatment; and

122 species were detected only after the treatment (Fig. 5B). These numbers were much
higher than those in the control group samples, indicating that the species diversity in HBM
samples in the L. rhamnosus group was higher than that in the control group. Prevotella copri and
Corynebacterium tuberculostearicum were detected in 12 out of 17 HBM samples and ranked third
and fourths in terms of frequency (Supplementary Table 10). In the L. rhamnosus group, in IF
samples, 141 species were detected both before and after treatment; 48 and 66 species were
only detected before and after probiotic treatment, respectively (Fig. 5B). Among the common
detected species (141), 59 species were only detected in IF samples (Supplementary Table 11).

The changes in proportions of microbial species under each condition exhibited different
trends. Before L. rhamnosus treatment, HBM samples contained less microbial species with a
read number below 32 (log2 value is 5) than those with a read number above 32 (Fig. 5B). This
was also the case for the common species in HBM samples and microbial species detected

in IF samples only after taking L. rhamnosus (Fig. 5B). Further, 82 out of 256 microbial species
(32.03%) were detected in both HBM and IF samples before and after L. rhamnosus treatment
(Fig. 5B and Supplementary Table 12).

In the S. boulardii group, in HBM samples, 208 microbial species were detected both, at time
0 and after 2 months; 147 species were detected only before treatment; and 280 species
were detected only after treatment (Fig. 5C). In IF samples, 143 species were detected both,
before and after S. boulardii treatment; 49 and 43 species were detected only before or after
treatment, respectively (Fig. 5C). Further, 135 species, among the 208 species commonly
detected before and after treatment in HBM samples, were only detected in HBM samples
(Supplementary Table 13). C. acnes was commonly detected in 15 out of 17 samples, and
ranked 21st with respect to abundance. Further, 70 species, among 143 species commonly
detected in IF samples before and after treatment, were only detected in IF samples
(Supplementary Table 14). Taken together, these observations indicate that in the S. boulardii
group, bacterial species composition changed dynamically in HBM and IF samples.

In addition, 73 out of 278 microbial species (26.26%) were detected in both HBM and IF
samples before and after S. boulardii treatment (Fig. 5C and Supplementary Table 15). E.
fergusonii and Streptococcus salivarius were abundant, detected in 29 out of 35 samples, with a
large proportion in these microbiomes, ranking second and sixth in abundance, respectively
(Supplementary Table 15).

Overall, 105 microbial species were commonly detected under the three conditions. Among
these, 31 species were detected in all three groups, and were common microbial species

in both HBM and IF samples in the 2-month period (Fig. 6). Eight microbial species were
detected only in the control group, indicating that they may be affected by probiotic intake
(Fig. 6). In addition, 21 and 15 species were only detected in the L. rhamnosus and S. boulardii
groups, respectively (Fig. 6), which can be promoted by probiotics in some ways.

DISCUSSION

HBM is an important source of colonizing microflora for the infant. We here investigated the
effect of probiotic intake by the mother on IF microflora. We show that probiotic intake had

https://doi.org/10.3346/jkms.2021.36.e58 12/21
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Fig. 6. Microbial species that were unique or common to the three experimental groups. Venn diagram in the center displays species detected under the three
conditions. Species specific to the three groups and common species are listed.
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profound impact on the composition of HBM and IF microflora, highlighting the importance
of maternal nutrition on infant microflora.

Lactobacillus, Staphylococcus, and Streptococcus genera were abundant and commonly detected

in 43 HBM samples analyzed in the current study. Similar, in another study, Weissella,

Leuconostoc, Staphylococcus, Streptococcus, and Lactococcus genera were predominant in colostrum

samples, and Streptococcus and Staphylococcus were abundant.36 Pseudomonas, Staphylococcus,

and Streptococcus genera were predominant in ten human milk samples analyzed in another

study,3” with two of these genera also commonly detected in the current study. In addition,

Staphylococcus is a common constituent of the milk microbiota, as determined by both,
culture-dependent and independent investigations.36,38-40 This indicates that the overall
trend of predominant bacterial genera in different HBM samples was similar. In addition, the
dataset in the current study was larger than that of previous studies.36,37

https://doi.org/10.3346/jkms.2021.36.e58
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Seven out of twenty most abundant genera in both HBM and IF samples overlapped. These
were: Streptococcus (14.415%), Lactobacillus, Staphylococcus, and Veillonella, which were highly
abundant in the HBM samples; and Bifidobacterium (27.397%), Bacteroides, and Faecalibacterium,
highly abundant in the IF samples. The major bacterial genera detected in both 43 HBM and
49 IF samples were Streptococcus, Lactobacillus, Staphylococcus, and Veillonella, similar to those
reported in previous studies.3840 The analysis of a large number of microbiome samples
indicated the presence of some common bacterial genera, including Bifidobacterium and
Lactobacillus. That is different from the findings of previous studies that emphasize “microbial
diversity” instead of “core microbiome.”39,4143 Despite some dynamic differences in bacterial
composition in individual samples, the data from the current study provide evidence on the
existence of a “core microbiome” in HBM and IF.

Staphylococcus is a common constituent of milk microbiota.3840 In a study of breast-fed
Swedish infants, delivered both vaginally and by caesarean section, 100% of IF were colonized
by Staphylococcus from day 3 of life. It has been suggested that Staphylococcus epidermis in the
breast milk may originate from the maternal skin. Its presence appears to be biologically
relevant, as it is the predominant species in both HBM and IF of breast-fed infants, but is

less common in the stool of formula-fed infants.3844 Microbial genera associated with the
oral cavity, such as Streptococcus and Veillonella, 36,3745 were also detected in the current study:
unlike the former, the latter showed different patterns of changing abundance in HBM and IF
samples under the conditions tested.

The detection of high levels of the typical inhabitants of the skin and oral cavity in the current
study may imply that their origin in samples was a secondary contamination. However,
anaerobic gut-associated microbiota, such as Bacteroides, Blautia, Faecalibacterium, Ruminococcus,
Enterococcus, and Escherichia, were also detected, here and in other studies.36:39 Bifidobacterium
was also consistently detected in IF samples, as in previous studies39:45; however, several
studies did not report the presence of Bifidobacterium,36:46 which should be investigated further.

In the current study, the IF microbiota were less diverse than the HBM microbiota. This was
in agreement with a previous study.3” The Streptococcus, Lactobacillus, Staphylococcus, Bacteroides,
Bifidobacterium, Veillonella, and Faecalibacterium genera were abundant in both, HBM and IF
samples. In previous studies, the Lactobacillus, Staphylococcus, Enterococcus, and Bifidobacterium
genera were frequently detected in both, HBM and IF samples.4447 One of the reasons

why more genera were detected in the current study than in previous studies is the large
number of samples analyzed. Other reasons include environmental differences, also genetic
background, suggesting a research topic for further evaluation. Additional studies are
required to understand the effect of genetic background on the HBM and IF microbiomes.

As shown in Fig. 4, microbiome changes in the HBM samples were more dramatic than
those in IF samples, indicating that the HBM microbiome may be affected by both,
various environmental factors and individual genetic background. For example, the HBM
microbiome may be easily affected by the skin microbiome, which is directly exposed to
the environment. On the other hand, the microbiome in IF first passes the infant digestive
system, resulting in relatively less dynamic changes as in Fig. 7. This trend is an important
point for understanding the differences in HBM and IF sample microbiomes.

Administration of probiotics during the lactation period changed the composition of HBM
and IF microbiomes in various ways. Two possible mechanisms explain these changes:
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Fig. 7. Proposed model for the establishment of infant fecal and human breast milk microbiomes. Blue boxes
indicate factors that promote microbiome expansion and red boxes indicate environmental conditions that are
detrimental to the microbiome. Grey arrow point to next generation sequencing microbiome analysis.

1) dynamic changes in the microbiome could be triggered indirectly, by extra-intestinal
changes in physiological conditions!719; and 2) the changes could be elicited directly, by a
series of events. As an example of the latter, pregnancy triggers an increase of progesterone
levels, leading to increased intestinal permeability, and causing microbiome inflow from the
intestine to the bloodstream, to be finally transferred to the mammary gland.20-25

Twenty-one and 15 species were only detected in the L. rhamnosus and S. boulardii groups,
respectively. Their abundance in the microbiome might hence increase in response to
probiotic intake. In the L. rhamnosus group, three Bacteroides species were detected: Bacteroides
nordii, which was detected in the human feces*8; Bacteroides xylanisolvens, which was isolated
from the human intestine; and Bacteroides caecimuris, which was detected in the mouse
intestine.49 This suggested that these species might have specific mechanisms to L. rhamnosus
enrichment. In S. boulardii group, three Ruminococcus species, which are typically detected
among the human gut microbiota, were detected.

The HBM microbiome plays an important role in the primary colonization of a newborn's gut.
Two hypotheses explain how the colonization could occur: 1) HBM microbes directly colonize
an infant's gut44,50-52; and 2) HBM microbes act as pre-biotics, with HBM oligosaccharides
indirectly affecting the intestine and extra-intestinal environment.44,50,51 In our study, we did
not observe consistent differences or changes in the individual HBM and IF microbiomes,
indicating that the HBM microbiota may directly colonize the infant's gut. However, as
mentioned above, as yet unidentified processes of microbial transfer between the mother and
infant could affect the observed complex changes in the HBM and IF microbiomes.
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Based on the findings of the current and former studies, we propose a model of the interaction
between the mother's and infant's microbiomes. The microbiome of the mother's breast is
transferred to the infant's mouth, intermixed with the mother's skin bacteria and infant's oral
bacteria. Many bacterial species are subsequently eliminated under the generally unpermissive
acidic and alkaline conditions of the infant digestive system (Fig. 7). After removal of these
species, some of the remaining microbes settle in the intestine together with the pre-existing
bacteria (Fig. 7). Consequently, the microbiome remnants are detected in the IF samples (Fig. 7).

Based on the detected bacterial genera or species, a matrix of bacterial characteristics can be
generated to test whether the model explains the existence of each genus or species or not.
For example, Lactobacillus genus is found in both HBM and IF samples, but is proportionally
more abundant in the former. Because Lactobacillus genus is resistant to acidic conditions,52
these bacteria can be transferred from the mother to the infant. A reduced relative abundance
can also be explained by loss through transfer from the mother to the infant. Even though
each species in the same genus may exhibit different characteristics, e.g., resistance to

acidic or alkaline conditions, this model can be used to gain insight into the HBM and IF
microbiomes, and into the mechanism of their initial formation and dynamics.

This study had several limitations; first, we only focused on the microbial species. However,
one of the probiotics tested herein was S. boulardii (Bioflor), a eukaryote. Therefore, changes
in the population of eukaryotic species, especially fungal species, should also be investigated.
Such analysis may provide additional detailed insight into the mechanisms that drive
microbiome changes upon probiotic treatment. Second, the intestinal microbiome may
depends on several factors, such as the delivery type, maternal age, antibiotics treatment in
infants and external environments, but this differences were not reflected.26-30

In conclusion, this is the first Korean microbiome study in which the effect of different
probiotic intake by the mother on the microbiota in HBM and IF samples were investigated.
We showed that oral probiotic supplementation in mothers during the lactation period
increases the HBM Lactobacillus levels, and changes the microbial composition and diversity
in HBM and IF. These changes may have important consequences for infant health. The
maintenance of a healthy and balanced intestinal microbiome during the lactation period,
possibly via administration of validated probiotic products, should be considered as an
important approach positively influencing the HBM microbiome.
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