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Abstract

methodologies, impeding interpretation.
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Background: Most previous studies attempting to prove the phenomenon of mother-to-infant microbiota transmis-
sion were observational, performed only at genus/species-level resolution, and relied entirely on non-culture-based

Results: This work aimed to use a biomarker strain, Bifidobacterium animalis subsp. lactis Probio-M8 (M8), to directly
evaluate the vertical transmission of maternally ingested bacteria by integrated culture-dependent/-independent
methods. Our culture and metagenomics results showed that small amounts of maternally ingested bacteria could
translocate to the infant gut via oral-/entero-mammary routes through lactation. Interestingly, many mother-infant-
pair-recovered M8 homologous isolates exhibited high-frequency nonsynonymous mutations in a sugar transporter
gene (glcU) and altered carbohydrate utilization preference/capacity compared with non-mutant isolates, suggesting
that M8 underwent adaptive evolution for better survival in simple sugar-deprived lower gut environments.

Conclusions: This study presented direct and strain-level evidence of mother-to-infant bacterial transmission
through lactation and provided insights into the impact of milk microbiota on infant gut colonization.
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Background

The infant gut microbiota plays an important role in
the development of the immune, metabolic, and nerv-
ous systems [1-3]. However, the formation of infant gut
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microbiota and factors causing individual differences are
still not completely understood. In view of the natural
bond between mother and infant, maternal microbiota,
including those from the mother’s gut, skin, vagina, and
saliva [4—6], are considered to be the major source of
infant microbiota [7], even though there are still many
controversies about when and in what way the mother’s
microbiota is transferred to the infant [8]. Recent reports
have revealed that bacteria are present in the mother’s
placenta, umbilical cord, and amniotic fluid, strongly

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40168-022-01398-6&domain=pdf

Zhong et al. Microbiome (2022) 10:197

supporting that a pre-birth infant gut microbiome
might have existed even before delivery [9-11], though
the hypothesis is still under debate [12, 13]. In addition,
many perinatal conditions, e.g., mode of delivery, type
of feeding, and antibiotic usage, could also affect infants’
gut microbiota [4, 14]. However, it is generally believed
that infants’ gut microbiota are drastically reshaped
in the first years of life until the age of three when the
gut microbiota become mature [15]. Thus, it would be
of interest and indeed crucial to grasp the window of
opportunity for programming the gut microbiota, espe-
cially through maternal diet and lactation.

It has been reported that gut microbiota can be verti-
cally transmitted from mother to infant through lacta-
tion, but most studies are observational and have been
done on a relatively low taxonomic resolution limiting to
the genus and/or species levels [16—19]. Moreover, due
to the large amount of overlapping between microbiota
normally present in the gut, vagina, and breast milk,
research outputs produced on the genus and species lev-
els lack specificity [7]. These issues hinder accurate inter-
pretation and further development of strategies for target
modulation of infant gut microbiota. Even though recent
advances in metagenomic technologies have enabled the
design of studies for investigating mother-to-infant bac-
terial transmission by deep sequencing, providing further
observational evidence for such phenomenon [6, 20], it
would still be necessary to fully validate metagenomic
findings via integrative functional analyses like laboratory
cultivation, isolation, and biochemical characterization of
specific strains [7].

The objective of this work was to provide direct evi-
dence for the vertical transmission of bacteria from
mother to infant via maternal bacteria intake during lac-
tation. A biomarker strain, Bifidobacterium (B.) animalis
subsp. lactis Probio-M8 (M8), was selected for tracking
the mother-to-infant transmission through breast milk.
A combination of methods, including laboratory cultiva-
tion and identification, strain-level metagenomics, and
Phenotype MicroAssay analysis, was employed to detect
and recover M8 homologous isolates from the M8 dry
powder given to the mothers, as well as the breast milk
and fecal samples of mother-infant pairs. The diversity,
genetic variations, and carbon utilization preference
and capacity of the isolates were further analyzed. The
long-term goal of this study was to provide guidance for
probiotic intervention in the programming of infant gut
microbiota, so as to improve human health.

Methods

Bacterial strain

The M8 strain was obtained from the Lactic Acid Bac-
teria Collection Centre of Inner Mongolia Agricultural
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University of China. It was a human breast milk-origi-
nated strain [21]. Bacteria were propagated anaerobically
(80% N,, 10% H,, and 10% CO,) in Reinforced Clostridial
Medium (RCM; HopeBio, Qingdao, China) at 37°C.

Study design and sample collection

A total of 11 healthy mother-infant pairs during lactation
were recruited for this study (Supplementary Table 1).
Exclusion criteria were preterm, any formula feeding,
drug administration during the neonatal period (mother
and/or neonate), and any variables known to affect the
balance of the maternal and/or neonatal microbiota, such
as gastrointestinal and immunological disorders. During
the trial, the lactating mothers ingested M8 dry powder
daily in the form of individually packaged sachets (one
sachet per day, containing 6x10' cfu M8). The M8 dry
powder was produced in-house in a small batch produc-
tion complying with the Good Manufacturing Practice
guidelines. Unfortunately, this study could not include a
control group of subjects without M8 ingestion due to
its overlapping time frame with the start of the COVID-
19 pandemic, making it even harder to recruit eligible
mother-infant pairs. All procedures involving human
subjects were approved by the Ethics Committee of the
Affiliated Hospital of Inner Mongolia Medical University
(Project number: KY(2020011)). Written informed con-
sent was obtained from all adult participants.

Breast milk, feces of mothers and infants were collected
continuously once or twice a week for 8-15 weeks after
starting the M8 intervention (Supplementary Table 1).
Fresh feces (10-15 g) were collected into 50-mL sterile
sampling tubes. The breast and nipple area were cleaned
with aseptic soap before expressing milk. Breast milk was
collected using a sterile electrical breast pump after dis-
carding the foremilk. Ten milliliters of breast milk was
collected into 15-mL sterile sampling tubes. Samples
were transported at 4°C and processed within 2 h in an
anerobic chamber with an atmosphere of 80% N,, 10%
H,, and 10% CO,. Aliquots of breast milk (0.5 mL) and
feces (0.5 g) samples were immediately subjected to cul-
ture, and the remaining portions of samples were mixed
with a sample protector for RNA/DNA (TaKaRa, Shiga,
Japan) and stored at —80°C prior to DNA extraction and
metagenomic sequencing.

Culture and isolation of B. animalis subsp. lactis from breast
milk and fecal samples

Breast milk samples (each of 0.5 mL) were diluted to 10!
and 107 in phosphate buffer saline (PBS; 8.0 g of NaCl/L,
0.2 g of KH,PO,/L, and 1.15 g of Na,HPO,/L; pH 7.2).
Fecal samples (each of about 0.5 g) were diluted to 107
and 107 in PBS. Then, 200 pL of each diluted breast milk
and fecal sample was spread on triplicate sets of RCM
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agar plates and incubated anaerobically (80% N,, 10%
H,, and 10% CO,) at 37°C for 72 h to target B. animalis
subsp. lactis. Colonies with morphological characteris-
tics of B. animalis subsp. lactis were isolated by streak-
ing for purity and cultured in liquid media. The purity of
isolates was confirmed microscopically before centrifuga-
tion (8000 g, 10 min) to collect cell pellets to be stored at
—20°C prior to DNA extraction. Meanwhile, viable cells
were cryopreserved at —80°C in 20% (v/v) glycerol.

Isolation of B. animalis subsp. lactis from M8 dry powder
Prior to the trial, two sachets of M8 dry powder were ran-
domly chosen among the M8 products to be distributed
to the participants for consumption. The bacteria pow-
der in these sachets were resuspended and thoroughly
vortexed in PBS. The mixture was then streaked on RCM
agar plates and incubated anerobically (80% N,, 10% H,,
and 10% CO,) at 37°C for 72 h. Twenty-four colonies
were re-streaked to purity and cultured in liquid media.
The purity of isolates was confirmed microscopically
before centrifugation (8000 g, 10 min) to collect cell
pellets to be stored at —20°C prior to DNA extraction.
Meanwhile, viable cells were cryopreserved at —80°C in
20% (v/v) glycerol.

DNA extraction for 16S rDNA sequencing and whole
genome sequencing

Frozen cell pellets of each isolate were thawed, and the
total DNA was extracted using the TIANamp Bacteria
DNA Kit (Tiangen, Beijing, China) according to the man-
ufacturer’s instructions. The concentration and purity of
extracted DNA were checked by a Nanodrop spectro-
photometer (Thermo Fisher, Madison, USA).

Identification of isolates by 16S rDNA sequencing

Purified DNA (50 pL) was diluted to the concentration
of 100 ng/pL for 16S rDNA amplification. The prim-
ers (forward (5-GGGTGGTAATACCGGATG-3') and
reverse (5- GACCATGCACCACCTGTGAA-3')) tar-
geting B. animalis subsp. lactis 16S rDNA were designed
by Primer Premier 5.0. The 16S rDNA sequencing was
performed by Majorbio Bio-Pharm Technology Corp.
(Shanghai, China). A sequence homology alignment
search was performed using BLAST of NCBI (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm the identity
of each isolate.

Whole-genome sequencing of individual isolates

Deep sequencing of the whole genome of all B. anima-
lis subsp. lactis isolates was performed on the Illumina
HiSeq platform (Illumina Inc., San Diego, CA, USA) by
generating 150 bp paired-end libraries. At least 1.0 GB
clean data was obtained for each genome. Paired-end
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reads were first assembled de novo using SOAPdenovo
v1.06 [22]. GapCloser (http://sourceforge.net/projects/
soapdenovo?2/files/GapCloser/) was used to fill local
inner gaps and correct single base errors. Glimmer v3.02
was used to predict putative coding sequences [23].
Kyoto Encyclopedia of Genes and Genomes (KEGG) [24]
and Clusters of Orthologous Genes (COG) [25] data-
bases were used for functional annotation of predicted
open reading frames (ORFs).

Construction of core-genome

All predicted ORFs were classified to their correspond-
ing gene families according to methods described in
a previous study [26], and all identified gene families
were included for core-genome construction. The SiLiX
software [27], which categorizes detected genes into
defined homologous gene families, was used to build the
core-genome.

Construction of phylogenetic trees

Core-gene phylogenetic trees of B. animalis subsp. lactis
were constructed. Core gene nucleotide sequences were
aligned by using an online software, MUSCLE v3.8.31
[28]. Gblocks and Gubbins were applied to remove
regions of ambiguous alignment and intragenic homolo-
gous recombination, respectively [29]. Then, FastTree
2.1.8 [30] was used to construct phylogenetic trees using
the maximum likelihood method (with 1000 bootstrap
iterations) from the concatenated alignments. The phylo-
genetic trees were visualized with Interactive Tree Of Life
(iTOL) [31].

Identification of genomic structural variations

Genomic structural variations of M8 homologous iso-
lates were identified by comparing against the complete
genome sequence of M8 (retrieved from the GenBank
database under the accession number CP047190). Paired-
end reads generated in this study were first mapped to
the genome of M8 by BWA [32], then SAMtools was
used to identify single nucleotide polymorphisms (SNPs)
and insertions and deletions (InDels) [33]. The identified
SNPs and InDels were filtered using the following crite-
ria: (a) > 20-fold coverage of paired-end reads, (b) ratio
of reads supporting an SNP or InDel > 0.7, and (c) not in
repetitive regions.

Verification of mutations

The SNPs identified in the glcU gene were verified by
PCR with the primers: forward (5-TCGACGGCA
AGCCAAGTCAG-3') and reverse (5-ATCGCCATA
AGCACCGCACC-3'). Amplified DNA fragments were
sequenced by Majorbio Bio-Pharm Technology Corp.,
Shanghai, China.
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Metagenomic sequencing, assembly, binning,

and annotation

Representative maternal and infant fecal samples (col-
lected after four and eight weeks of M8 intake) were sub-
jected to deep metagenomic sequencing. The DNA of
maternal and infant feces (around 100 mg per sample)
was extracted using the QIAamp Fast DNA Stool Mini
Kit (Qiagen, Hilden, Germany). Metagenomic sequenc-
ing was processed using the Illumina Hiseq Xten plat-
form (Illumina, Inc., San Diego, CA, USA). The obtained
150 bp paired-end raw reads were first quality-trimmed
using Trim Galore (http://www.bioinformatics.babra
ham.ac.uk/projects/trim_galore/) with default set-
tings. At least 50 GB clean data was obtained for each
sample. Clean reads of individual samples were assem-
bled de novo using MetaSPAdes [34] with the param-
eter “-meta -k 21,33,55,77”. Scaffolds were organized into
genome bins based on tetranucleotide frequency and
sequence coverage using Maxbin v2.2.3 [35]. Complete-
ness and contamination levels of metagenome-assembled
genomes (MAGs) were estimated based on the repre-
sentation of lineage specific tRNAs and marker gene
sets using CheckM v1.0.5 [36]. The taxonomy of recon-
structed MAGs was determined using CAT v5.0.3 [37].
Genes in the reconstructed MAGs were predicted and
translated to proteins using Prodigal v2.6.3 [38] before
being annotated using BLAST against the NCBI-nr
database.

Phenotype MicroArray analysis

The preference and capacity of carbon source utiliza-
tion of the isolates were analyzed using Phenotype
MicroArray (PM) Technology (Biolog, Inc., Harvard,
CA, USA) on AN MicroPlateTM designed for identifi-
cation and analysis of anerobic bacteria. Cryopreserved
isolates were reactivated by two rounds of streaking on
RCM agar plates for single colonies (cultured for 72 h in
each round), and freshly grown colonies were picked for
bacterial phenotype identification following the manu-
facturer’s instructions for anaerobic bacteria (no dye).
Bacteria were added to the inoculating fluid AN, and the
transmittance was measured and adjusted to 65%. Cells
suspended in inoculating fluid AN were dispensed with
an automatic multichannel pipettor into AN 96-well
MicroPlates (100 pL per well). The AN MicroPlates
were packed in plastic bags with oxygen absorber, heat
sealed immediately, incubated at 37 °C for 72 h, and read
using the MicroLog plate reader and associated soft-
ware. Changes in the absorbance during incubation were
resulted from the reduction of tetrazolium dye by respir-
ing cells, which were measured at 15 min intervals by the
OmniLog system. The monoculture growth curve and
the area under the curve (AUC), representing the growth
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and preference of carbon source utilization of individual
isolates, were analyzed and visualized using the Omnilog
OPM package in R 3.6.3 software [39]. Significant differ-
ences in carbon source utilization between isolates were
further confirmed by ANOVA test (P<0.05).

Results

Diversity of M8 isolates recovered from M8 dry powder

To describe the intra-strain diversity in the M8 dry pow-
der, 24 clones of M8 isolated from two sachets of M8 dry
powder were selected for deep sequencing using the Illu-
mina HiSeq platform (Supplementary Table 2). On aver-
age, 1139.00 Mb of high-quality data were generated for
each genome, corresponding to 554.83- to 612.39-fold
sequencing depth. Compared with the reference M8
genome retrieved from the NCBI database, all but one
isolates carried SNPs. The average number of SNPs in
each SNP-possessing isolate was 3.0 SNPs, ranging from
one (six isolates) to eight (one isolate) SNPs, suggesting
that there was pre-existing intra-strain diversity within
the M8 dry powder.

Homologous M8 isolates recovered from breast milk,
maternal, and infant feces

A total of 11 healthy mother-infant pairs during lactation
were recruited for this study (Supplementary Table 1).
During the trial, the lactating mothers ingested M8 dry
powder daily (6x10' cfu/d). Breast milk, feces of moth-
ers and infants were collected continuously once or twice
a week for 8-15 weeks after starting M8 intervention
(Supplementary Table 1). Over 2800 bacterial colony
clones were isolated across all collected samples accord-
ing to their morphological characteristics. After 16S
rDNA identification, a total of 222 isolates of B. anima-
lis subsp. lactis were recovered from 11 healthy mother-
infant pairs, including 28 isolates from breast milk, 148
isolates from maternal feces, and 46 isolates from infant
feces. The genomes of these isolates were sequenced on
the Illumina HiSeq platform for further phylogenetic
and genomic analyses (Supplementary Table 3). On aver-
age, 1235.54 Mb of high-quality data were generated for
each genome, corresponding to 507.19- to 989.73-fold
sequencing depth.

To test our hypothesis of the existence of direct trans-
mission of M8 from mother to infant through lacta-
tion, a phylogenetic tree was built to reconstruct clonal
ancestry based on 1488 core genes of 222 isolates from
mother-infant pairs, 24 isolates recovered from M8 dry
powder, the original M8 strain, two commercial strains
(BB-12 and V9), and the type strain (DSM 10140T)
(Fig. 1). Owing to the high inter-strain genome similarity
of B. animalis subsp. lactis, differentiating between M8
homologous isolates and other B. animalis subsp. lactis
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Fig. 1 Phylogenetic tree constructed based on the core genes of 250 genomes of Bifidobacterium animalis subsp. lactis. The tree was built by the
maximum likelihood tree method using DNA sequences of 1488 core genes of 250 genomes with 1000 bootstrap iterations. The 250 genomes
included 222 isolates of mother-infant pairs (written in black), 24 isolates of M8 dry powder (written in blue), and four reference strains, including
M8, BB-12,V9, and DSM 10140QT (written in green). The phylogenetic tree was separated into a big (red) and a small (black) branches. Isolates in the
big (red) branch were phylogenetically inseparable, which included 195 isolates from mother-infant pairs, all 24 isolates from M8 dry powder, and
M8.The small branch comprised 27 isolates from mother-infant pairs, BB-12,V9, and DSM 10140T

strains intrinsically present in the gut of the participated
mothers was anticipated to be a difficult task. Thus, sev-
eral reference strains were included in this analysis. The
phylogenetic tree exhibited imbalanced topology, with
a major clade comprising 195 isolates of mother-infant
pairs that were phylogenetically inseparable from the M8
dry powder-recovered isolates and M8. The remaining
27 isolates of mother-infant pairs, BB-12, V9, and DSM
10140T did not belong to this clade. Interestingly, the 195

isolates from mother-infant pairs in the major clade were
almost identical with M8 at the genomic level, with only
very small average (5.2 SNPs) and maximum (11 SNPs)
SNP distances. These results indicated that M8 was likely
the most recent common ancestor of these 195 isolates
from mother-infant pairs and the M8 dry powder iso-
lates, though the chance that these 195 isolates were part
of the endogenous gut microbiota of the mothers could
not be completely ruled out due to the lack of a negative
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control group of mothers without taking the probiotic
powder.

These 195 M8 homologous clones were isolated from
all maternal fecal samples (145 isolates; 11/11), the
majority of breast milk samples (21 isolates; 10/11), and
around half of the infant fecal samples (29 isolates; 6/11)
(Table 1). In other words, homologous isolates of M8
were isolated from the maternal feces of all mother-infant
pairs and were notably recovered from all three types of
samples of five mother-infant pairs.

Metagenomics confirmed vertical transmission of M8

from mother to infant

Maternal and infant fecal samples collected after 4 and 8
weeks of M8 intake were subjected to deep sequencing
(generated ~50 GB sequencing data per sample). A total
of 16 high-quality B. animalis subsp. lactis genomes were
assembled by MetaSPAdes (Supplementary Table 4). A
second phylogenetic tree was constructed using the same
method and parameter settings described above. Apart
from the 250 already included genomes, the 16 newly
assembled B. animalis subsp. lactis genomes were also
incorporated into the dataset for tree building (Fig. 2).
The number of core genes decreased from 1488 to 1271
after adding these MAGs into the dataset.

The topology of the second phylogenetic tree was
highly similar to that of the first one (Fig. 1), comprising
a large branch and a small branch. Thirteen MAGs were
distributed to the large branch and were phylogeneti-
cally inseparable from M8 and M8 homologous isolates
recovered from M8 dry powder and mother-infant pairs,
suggesting that their high homology with M8 strain. Five

Table 1 Homologous Bifidobacterium animalis subsp. lactis
Probio-M8 (M8) isolates recovered from mother-infant pairs

Family code  Number of homologous isolates of M8 Total
Maternal feces  Breast milk  Infant feces
B 8y 2 - 10
D 22 1 - 23
F 8 — 8 16
G 22(1) 2 3(1) 27
J 12(2) 2 - 14
L 9 1 — 10
N 19 1 1) 21
Q 10 (1) 1 —() 11
S 2 2 7 11
T 28 (2) 7 9 44
X 5 2 1 8
Total 145 21 29 195

2The number of metagenome-assembled genomes of homologous M8 from the
respective fecal samples is shown in brackets. ®“—"indicates not detected
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and eight of the MAGs were assembled from the metage-
nomes of three infant and five maternal feces samples,
respectively. The results obtained by culture-independent
method, metagenomics analysis in this case, were largely
consistent with those achieved by conventional culture
and isolation, though in most mother-infant pairs the lab-
oratory cultivation method recovered a higher number of
clones than MAGs. One exception was that M8-related
clones were not isolated from the infant feces of family Q,
but the metagenomics analysis returned two MAGs.

Genetic diversity of M8 homologous isolates recovered
from mother-infant pairs

A total of 499 SNPs were identified in 195 homolo-
gous isolates of M8 recovered from mother-infant pairs
(Fig. 3A). Among which, nine SNPs were commonly
detected among isolates recovered from both the M8 dry
powder and mother-infant pairs, including some high-
frequency variants, such as SNPs at positions 53,155,
698,170, and 777,230 of the chromosome of M8. The
remaining 490 SNPs were exclusively identified in homol-
ogous isolates from mother-infant pairs, including 69 in
noncoding regions, 100 synonymous variants, and 321
nonsynonymous variants (Supplementary Table 5).

More than 91% of the SNPs (450 SNPs) were identi-
fied in only one isolate, indicating that they were random
variants. In contrast, the nonsynonymous mutations
appeared to be unevenly distributed predominantly to
metabolism-related functional genes, especially carbohy-
drate and amino acid transport and metabolism (Fig. 3B).
Significantly more SNPs were detected in isolates from
mother-infant pairs than those from the M8 dry powder
(P<0.01), and no significant difference was found among
maternal feces, infant feces, and breast milk, implicating
that mutations mainly occurred in the mothers (Fig. 3C).

Interestingly, a relatively high proportion (20/321;
6.23%) of nonsynonymous variations was notably con-
centrated in the glcU gene, a 960 bp gene that encoded
a sugar transporter (M8PIadj_1109, position on the
chromosome of M8 strain: 1259472 to 1260431). The
detected nonsynonymous variants were verified by PCR
(data not shown). Intriguingly, these variants were found
exclusively in isolates of the mother-infant pairs (96 of
195 isolates from eight mother-infant pairs; 77, 15, and
four isolates from maternal feces, infant feces, and breast
milk, respectively), but not any of the 24 M8 dry pow-
der-associated isolates (Fig. 3D; Supplementary Table 6).
Although the gene exhibited 20 nonsynonymous muta-
tions at various locations, each isolate was found to con-
tain mutation only at one site. The mutations occurred
preferentially at some specific positions. For example, 20
and 29 mutations were detected at the genome positions
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Fig. 2 Phylogenetic tree constructed based on the core genes of 266 genomes of Bifidobacterium animalis subsp. lactis. The tree was built by
the maximum likelihood method using DNA sequences of 1271 core genes of 266 genomes with 1000 bootstrap iterations. The 266 genomes
included 16 metagenome-assembled genomes (MAGs; prefixed with'meta’and written in brown), 222 isolates of mother-infant pairs (written in
black), 24 isolates from M8 dry powder (written in blue), and four reference strains, including M8, BB-12,V9, and DSM 10140T (written in green). The
phylogenetic tree was separated into a big (red) and a small (black) branches. Isolates in the big (red) branch were phylogenetically inseparable,
including 13 MAGs, 195 isolates from mother-infant pairs, all 24 isolates from M8 dry powder, and M8. The small branch comprised three MAGs, 27
isolates from mother-infant pairs, and genomes of BB-12,V9, and DSM 10140T

of 1,260,085 and 1,260,332, respectively, which were sig-
nificantly more frequent than any other loci (Fig. 3D).

In addition to glcU, some high-frequency mutation sites
were also found in the mother-infant isolates (Supple-
mentary Table 5). More than five isolates exhibited point
mutation at each of the top six high-frequency mutation
sites, including four nonsynonymous mutations, one syn-
onymous mutation, and one intergenic region mutation.

The nonsynonymous mutation at the genome position
of 700,045 was identified in 18 isolates from five mother-
infant pairs (11, one, and six isolates from maternal feces,
infant feces, and breast milk, respectively). The mutation
was located on a phosphatidylglycerol lysyltransferase-
encoding gene, and its gene product is responsible for
the biosynthesis of lysyl-phosphatidylglycerol [40]. The
other three nonsynonymous mutations (at the genome
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positions of 203,327, 424,251, and 1,916,533) were identi-
fied in six, eight, and six isolates, respectively. The three
mutations were located on genes encoding a branched-
chain amino acid ABC transporter substrate-binding
protein, a 3-deoxy-7-phosphoheptulonate synthase,
and a lytic transglycosylase, respectively. Whether these
mutations were related to environmental adaptation
needs further study.

Enhanced ability of carbon source utilization in mutants

Since a significant proportion of nonsynonymous muta-
tions occurred at genes related to metabolism-related
genes, especially glcU, changes in the mutants’ ability of
carbon utilization were investigated. Specifically, the effi-
ciency of carbon utilization of 95 conventional sugars
and organic acids of seven glcU-mutant isolates (G4M3,
G9C4, G7R82, TeM7, T12M12, T16C12, and T16C15
from two mother-infant pairs) was compared with sev-
eral isolates of M8 dry powder (M8-1, M8-3, and M8-6)
not exhibiting mutation in glcU using Biolog Phenotype

MicroArray for a period of 72 h (Fig. 4A; Supplemen-
tary Fig. 1). The efficiencies of utilization of most car-
bon sources were highly similar across the three M8 dry
powder-associated isolates, reflected by their highly alike
patterns of respiratory kinetics curves when different car-
bon sources were tested. In contrast, comparing with the
non-mutated isolates, the mutant isolates showed obvi-
ous variations in their growth responses towards differ-
ent carbon sources. An interesting clustering pattern
was observed in the carbon utilization profile (Fig. 4A).
The clustering pattern implicated a higher similarity in
the carbon utilization profile among the three mutant
isolates of family G than those of family T and the M8
dry powder-associated isolates. The four mutant isolates
of family T and the M8 dry powder-associated isolates
formed two subclusters, respectively, suggesting obvious
differences in the carbon utilization capacity between
these two groups of isolates. Our results reflected that
the isolates from the same mother-infant pairs had more
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Fig. 4 Comparison of efficiency of carbon source utilization of mutants harboring glcU gene variations with those without in Phenotype
MicroArray analysis on Biolog AN microplates. A Cluster heatmap of area under curve (AUC) of respiration kinetics curves of each substrate of 10
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The respiration kinetics curves of 12 differential metabolic carbon sources of the 10 isolates. Time in hours and the observed metabolic signals
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similar carbon utilization preference compared with iso-
lates from non-related individuals.

The kinetic bacterial growth curves of 12 specific car-
bon sources, including the basal substrates (a-D-glucose
and a-methyl-D-glucoside) and organic acids (fumaric
acid, a-ketobutyric acid, a-ketovaleric acid, pyruvic acid,
L-alaninamide, L-phenylalanine, L-valine, L-valine plus
L-aspartic acid, salicin, and inosine), showed apparently
better growth of mutant isolates compared with M8 dry
powder-associated isolates (Fig. 4B), and evidenced by a
shorter time required for reaching the stationary phase
(e.g., a-D-glucose) or a larger AUC during/at the end of
the monitoring period (e.g., L-alaninamide, a-ketobutyric
acid, a-ketovaleric acid, and pyruvic acid). Notably, it
was hard to identify a classical bacterial growth pattern
in the growth curves of some substrates (e.g., fumaric
acid, a-ketobutyric acid, a-ketovaleric acid, pyruvic acid,
and L-alaninamide) because of the lack of a distinctive
lag phase and failure in reaching the stationary phase,
suggesting suboptimal growth. However, the observa-
tion that most mutant isolates exhibited stronger sig-
nals when grown in these substrates implicated their

enhanced capacity in catabolizing and utilizing substrates
that were normally less preferentially used by isolates
without mutation in the glcU gene. The overall AUCs of
the mutant isolates were larger than those of the M8 dry
powder-associated isolates when grown in these 12 car-
bon sources (P<0.05, ANOVA; Fig. 4C), indicating that
these substrates enhanced the growth of the mutant iso-
lates relative to the non-mutants. These results together
suggested that the nonsynonymous mutations in glcU
indeed improved the carbon metabolism capacity and
efficiencies in utilizing normally less preferred organic
acid substrates.

Discussion

A large body of literature supports that mothers’ micro-
biota could be transmitted vertically to infants; how-
ever, direct evidence, particularly on a fine taxonomic
level, is still lacking. Thus, this study tested the hypoth-
esis of translocation of maternally ingested bacteria to
infant gut via lactation. Eleven healthy mother-infant
pairs during lactation were recruited, and the lactat-
ing mothers ingested M8 dry powder daily. Samples
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of maternal feces, breast milk, and infant feces were
collected every week for recovery of the biomarker
M8 strain using both traditional culture methods and
high-throughput sequencing. This work provided direct
and strain-level evidence via tracking the biomarker
MBS strain in breast milk and fecal samples of mother-
infant pairs after maternal intake. Intra-strain diversity
and metabolic phenotype analyses further showed that
these bacteria could adapt to new environmental niches
via genomic polymorphism, especially in the sugar
transporter glcU gene.

This study combined both traditional culture method
and high-throughput sequencing to confirm vertical
transmission of M8 after maternal intake. One pre-req-
uisite for successful detection of M8 homologous isolates
for both methods was that adequate amounts of target
bacteria must be present in the samples. Since the pres-
ence of large quantities of target bacteria in the samples
was not anticipated, strain recovery and identification
were challenging and had become probabilistic events
[41]. To maximize the chance of recovering M8 homolo-
gous bacteria, the amount of M8 ingested daily was rather
high (6x10' cfu/d), which was several or even tens of
times higher than the recommended daily oral dose of
other similar probiotic products available on the mar-
ket. The application of a high probiotic dose was crucial
in enhancing the detection of the target strain. Indeed,
in our preliminary study, a standard daily dose (1x10'
cfu/d) was used, which returned a non-statistically sig-
nificant number of recovered M8 homologous strains
(data not shown), even though vertical transmission of
M8 could still have occurred. Apart from increasing the
probiotic dose, extensive effort was also devoted to pick-
ing an enormous number of clones for further testing.
Indeed, over 2800 bacterial colony clones were manually
picked and cultured for further taxonomic identifica-
tion, and only 222 among which were confirmed to be B.
animalis subsp. lactis. Despite the serious and multiple
attempts made to recover M8 homologous clones from
all samples of the 11 mother-infant pairs, five infant fecal
samples and one breast milk did not return any target
bacterial clones. The results of successful recovery of M8
clones from all 11 maternal fecal samples and the major-
ity of breast milk samples, however, suggested that our
procedures were effective and technically correct. Simi-
larly, even though a large amount of metagenomic data
(~50 G per sample, i.e., about ten times of data amount
compared with routine metagenomic studies) was
obtained using deep sequencing, M8 homologous MAGs
were successfully assembled from samples of only a low
number of families (maternal and infant fecal samples of
five and three families, respectively). These results con-
sistently suggested that only a minuscule amount of M8
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homologous bacteria was present in the samples, and
they could be under the detection limits of the applied
methods in some cases.

This work was performed at a time frame partly over-
lapping with the start of the COVID-19 pandemic, mak-
ing it even harder to recruit eligible mother-infant pairs.
Finally, only 11 healthy mother-infant pairs during lac-
tation were recruited and completed the study. Owing
to the low number of recruited participants, a negative
control group of women not taking the probiotic was not
incorporated into the study design. Thus, a baseline com-
positional profile of B. animalis subsp. lactis in the fecal
and breast milk samples of subjects of no probiotic intake
was not available for comparison with data obtained from
subjects consumed the probiotic powder, weakening the
conclusions drawn in this study. Nevertheless, interest-
ing trends were observed. It was not surprising that all
maternal fecal samples were positive for M8 homologous
isolates, as all participated mothers consumed a large of
amount of active M8 daily during the course of this work.
Especially, M8 was previously shown to have a strong tol-
erance to and a high survival rate in the transit through
the human gastrointestinal tract [21]. The high frequency
of M8 homologous isolates recovered from most breast
milk samples (10/11; 90.9%) strongly supported that oral-
and entero-mammary routes of bacterial translocation
exist and are common to most individuals, and the exist-
ence of similar mechanisms of bacterial translocation
has previously proposed [18, 42]. There is no doubt that
milk microbiota is present; however, the impact of milk
microbiota on infant gut colonization is still an unre-
solved question [43], which could be partially answered
by simultaneously tracking M8 homologous bacteria
in the infant fecal sample counterparts. Three different
presence-absence combinations were observed. Firstly,
most (6/11; 54.5%) of the mother-infant pairs contained
M8 homologous isolates (cultured clones and/or MAGs)
in all three types of samples. In this case, it is logical to
postulate that M8 homologous bacteria gained access to
the infant gut via intake of the breast milk. Secondly, four
mother-infant pairs (4/11; 36.4%) contained M8 homolo-
gous isolates in the samples of maternal feces and breast
milk but not the infant feces counterparts. The absence of
positive clones in the infant feces could simply be a result
of the scantiness of target bacteria to be detected or was
really due to biological reasons leading to the inability of
survival and/or colonization of M8 homologous bacteria
in the gut of these individuals. The success in bacterial
colonization has been reported to be a personalized pro-
cess linking to both host factors and microbiome features
[44]. The final combination occurred only in family F, in
which positive clones were detected in both maternal and
infant feces but not in breast milk samples. Such results
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raised the question of whether M8 homologous bacte-
ria gained access to the breast milk at all. The fact that
only a small number of positive clones were detected in
the breast milk samples of almost all mother-infant pairs
suggested that M8 homologous bacteria were present
only in a very low abundance. Thus, it was not impos-
sible that the failure in detecting the biomarker bacteria
in the breast milk samples of family F was simply due to
the low probability of picking the right clones from the
scant amount of target bacteria present, which could be
far below the detection limit. In addition, the “screening”
strategies employed in this study for bacterial detection
was laborious. Unfortunately, the biomarker strain of this
study was B. animalis subsp. lactis, and strains in this
subspecies are highly conserved [45]. The very high inter-
strain genome similarity made it very difficult to differen-
tiate between M8 homologous isolates and alike strains
intrinsically present in the gut of the participated moth-
ers. Furthermore, the applied M8 strain did not carry
any distinctive markers to aid differentiation from other
highly alike strains, and provided the nature of this trial,
it was not possible to introduce an exogenous genetic
biomarker for such purpose. On the other hand, it was
also possible that the vertical transmission in this case
was via alternative and yet to be identified path other
than the proposed oral- and entero-mammary routes.
Another interesting observation is the high number of
isolated M8 homologous clones that adopted genomic
adaptations in response to the change to a human gut
environment, revealed by analyses of their diversity and
carbon utilization preference and capacity. Although the
24 M8 dry powder-associated isolates did exhibit SNPs
and intra-strain diversity, their number of SNPs and
diversity were significantly lower than the mother-infant
isolates. The SNPs adopted by the mother-infant isolates
occurred mostly in genes related to carbohydrate and
amino acid transport and metabolism, which is strongly
suggestive of genomics-based metabolic adaptation in
nutrient/carbon acquisition and utilization for better sur-
vival. Such speculation is supported by the observation
of high frequencies of non-synonymous mutations in the
glcU gene that encoded a sugar transporter responsible
for glucose uptake. The mutation frequency of this gene
was as high as 49.2% across 195 mother-infant isolates.
It was detected in eight mother-infant pairs, implicating
extremely strong directional selection pressure. Consist-
ently, phenotypic analysis of carbon utilization of these
mutants revealed significant enhancement in their meta-
bolic/growth rate compared with those without SNPs in
glcU gene. In addition, the ability of the mutant isolates
to utilize 12 common carbon sources, such as fumaric
acid, inosine, and valine, improved significantly, showing
an extensive metabolic repertoire. Such metabolic shift

Page 11 of 14

is more in line with the characteristics of the human gut
microbiota [46]. In most laboratory cultivation or indus-
trial production process, sufficient glucose is provided as
the major carbon source to optimize bacterial growth.
In contrast, in the human digestive system, the majority
of simple sugars including glucose are absorbed in the
small intestine [47, 48], and the lower gut is deprived of
glucose and other simple sugars. Thus, to enhance the
competitiveness and survival, it is likely that, after gain-
ing access to the mother’s gut, the M8 strain was envi-
ronmentally driven to expand its metabolic repertoire,
so as to increase its efficiency in utilizing intermediate
products generated in fermentation by other bacteria
as carbon source. Especially, it is known that metabolic
cross-feeding often occurs between bifidobacteria and
the gut microbiota [49].

One potential concern of the current study is contami-
nation of samples of mother-infant pairs during sample
handling and collection by the participating mothers. As
subjects took M8 dry powder every day, there might be
elevated risk of contamination of the skin or surround-
ing air by M8. Indeed, such risk was carefully considered
prior to the initiation of this work. Thus, participants
were educated of the proper way of sample collection
and handling before this trial started, and the sampling
operation was standardized to avoid contamination as
much as possible. However, the chance of contamina-
tion could not be completely ruled out [50]. On the other
hand, the different SNV patterns and the high frequency
of mutations in the glcU gene of the mother-infant iso-
lates implicated their divergence from the M8 dry pow-
der-associated isolates, counterarguing the viewpoint of
sample contamination.

The strength of this study is the application of state-of-
the-art technologies, ranging from conventional microbi-
ology to metagenomics, to address an interesting topic,
i.e., the initial colonization of the infant gut by bacteria
transmitted by the mother, from a unique perspective
of genomics and metabolic adaptations of the ingested
strain in host colonic environment. Our hypothesis was
validated in detail, exploiting also golden-standard in
silico and in vitro approaches. The findings of this study
deepen the understanding of mother-infant bacterial
transmission and have a direct impact on infant nutri-
tion, especially on how milk microbiota or maternal
probiotic intake during lactation shapes infant gut colo-
nization, providing insights into both basic science and
industrial probiotic product development.

Bifidobacteria are some of the earliest human gut colo-
nizers, which possess specific carbohydrate metabolism
enzymes that are otherwise not present in the human
body. These enzymes help decompose human milk oligo-
saccharides in breast milk, facilitating nutrient digestion
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and absorption [51]. A previous study showed that the
lower the proportion of bifidobacteria colonized in early
infants, the higher the probability of an unbalanced gut
microbiota then and in later life [8]. In addition, bifi-
dobacteria in newborns could help maintain immune
homeostasis and inhibit excessive immune response [52].
Therefore, appropriately supplementing bifidobacteria to
newborns is beneficial to both short-term and long-term
health, and compared with direct probiotic supplementa-
tion, the intake of bifidobacteria by mothers via breast-
feeding is undoubtedly safer and more effective.

Conclusions

By using M8 as a biomarker strain, this study demon-
strated that small amounts of maternally ingested bac-
teria could translocate to the infant gut via oral- and
entero-mammary routes in more than half of the mother-
infant pairs, suggesting it is feasible to nourish infants
with bifidobacteria and possibly other probiotic bacteria
via lactation. A number of exciting questions regarding
the vertical transmission pathway and its potential appli-
cations remain to be answered, e.g., whether these were
the only routes of mother-to-infant bacterial transmis-
sion and the exact trajectories of bacterial translocation,
why individual difference was observed in the outcome of
bacterial colonization, if there was species/strain prefer-
ence/specificity in the access to this pathway and finally
colonization of the infant gut, if any correlation existed
between the amounts of ingested and detected probi-
otic cells, and how the efficiency of the process could be
enhanced. Nonetheless, our findings provided insights
into the impact of milk microbiota on infant gut coloni-
zation and alternative means of supplementing probiotics
to newborns.
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