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The colonization and persistence of probiotics introduced into the adult human gut
appears to be limited. It is uncertain, however, whether probiotics can successfully
colonize the intestinal tracts of full-term and premature infants. In this study, we
investigated the colonization and the effect of oral supplementation with Bifidobacterium
breve M-16V on the gut microbiota of low birth weight (LBW) infants. A total of 22
LBW infants (12 infants in the M-16V group and 10 infants in the control group) were
enrolled. B. breve M-16V was administrated to LBW infants in the M-16V group from
birth until hospital discharge. Fecal samples were collected from each subject at weeks
(8.7-9.3 weeks in the M-16V group and 2.1-6.1 weeks in the control group) after
discharge. gPCR analysis showed that the administrated strain was detected in 83.3%
of fecal samples in the M-16V group (at log1g 8.33 & 0.99 cell numbers per gram of wet
feces), suggesting that this strain colonized most of the infants beyond several weeks
post-administration. Fecal microbiota analysis by 16S rRNA gene sequencing showed
that the abundance of Actinobacteria was significantly higher (P < 0.01), whereas that
of Proteobacteria was significantly lower (P < 0.001) in the M-16V group as compared
with the control group. Notably, the levels of the administrated strain and indigenous
Bifidobacterium bacteria were both significantly higher in the M-16V group than in the
control group. Our findings suggest that oral administration of B. breve M-16V led to
engraftment for at least several weeks post-administration and we observed a potential
overall improvement in microbiota formation in the LBW infants’ guts.

Keywords: low birth weight infants, gut microbiota, Bifidobacterium breve M-16V, probiotics, colonization

INTRODUCTION

The gut microbiota in infancy plays many important roles underpinning healthy development and
thereby impacts future health. Recent studies have indicated that there is a link between infant gut
dysbiosis and an increased risk of developing acute and long-term inflammatory diseases in later
life such as asthma (Arrieta et al., 2015, 2018; Zimmermann et al., 2019), type 1 diabetes (Kostic
etal., 2015) and obesity (Cox et al., 2014). Low birth weight (LBW) preterm infants have important
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differences in the composition of their intestinal microbiota
when compared with full-term infants (Henderickx et al., 2019).
These differences are related to immaturely-developed guts and
receiving antibiotic treatments, as well as the neonatal intensive
care hospital environment itself, which limits a preterm infant’s
contact with commensal bacteria (Henderickx et al., 2019). The
typical gut microbiota of preterm infants is characterized by
the presence of potentially pathogenic bacteria commonly found
in the hospital environment, such as Klebsiella, Escherichia,
Staphylococcus, and Enterococcus (Patel et al., 2016; Stewart
et al,, 2016). Another characteristic is the low abundance of
Bifidobacterium (Dalby and Hall, 2020), which is the most
common genus in the normal infant gut and is thought to play
pivotal roles in maintaining infant health (Leahy et al., 2005;
Di Gioia et al., 2014). Combined with the underdeveloped gut
and immune system in premature infants, gut dysbiosis increases
their susceptibility to conditions such as sepsis and necrotizing
enterocolitis (NEC) (Neu and Pammi, 2017), the latter of which
is the most common and lethal gastrointestinal emergency for
them. Therefore, early intervention to improve gut dysbiosis is
essential for infants, especially premature ones.

Administration of probiotic Bifidobacterium strains is one
potential approach for establishing normal gut microbiota
in premature infants. Previous research studies have shown
that supplementation with Bifidobacterium strains results in
higher numbers of Bifidobacterium and the lower counts
of Enterobacteriaceae in premature infants (Mohan et al,
2006; Ishizeki et al., 2013). Bifidobacterium breve M-16V
is a probiotic strain originating from a healthy infant and
has been incorporated into several products including infant
formula (Wong et al., 2019). It has received GRAS status for
foods including infant formula from the US Food and Drug
Administration (GRAS No. 453-455). This strain has been
shown to have gut microbiota modulating potential in infants
and can protect against preterm- and infant-related diseases
(Wong et al.,, 2019), although adequately powered, preferably
cluster randomized controlled trials are needed to confirm these
findings (Athalye-Jape et al., 2018). For example, a randomized,
double-blind, placebo-controlled trial showed that B. breve M-
16V supplementation for three weeks resulted in a significantly
higher abundance of B. breve in the feces of preterm infants,
unlike the placebo control group that had B. breve counts below
the detection level (Patole et al.,, 2014). It was also reported
that daily supplementation with B. breve M-16V decreased the
incidence of NEC in very low birth weight neonates with a birth
gestational age less than 34 weeks (Patole et al., 2016). The study
was a retrospective cohort study involving 835 preterm neonates
as historical controls and 920 preterm neonates receiving this
strain. An experimental rat NEC model supported the preventive
effect of B. breve M-16V administration on NEC and revealed
that the mechanism involved modulation of Toll-like receptor
expression and inflammatory response suppression (Satoh et al.,
2016). To date, B. breve M-16V has been used to reduce the risk
of preterm birth complications with LBW infants in more than
120 neonatal intensive care units (NICUs) in affiliated hospitals
in Japan, Australia, New Zealand and Singapore (Umezaki et al.,
2010; Patole et al.,, 2014, 2016; Athalye-Jape et al., 2018). As

mentioned above, although live cells of B. breve M-16V have been
confirmed to have effects on gut microbiota and infant health,
little information exists about colonization of this strain in the gut
and whether colonization following probiotic supplementation
has a prolonged effect on gut microbiota.

Therefore, in the present study, we administered B. breve M-
16V to LBW infants (gestation < 37 weeks) admitted to NICU
from birth to hospital discharge and followed up these patients
for several weeks after discharge. We observed that B. breve
M-16V colonized in the gut and contributed to a potential
improvement of the gut microbiota composition in the LBW
infants at least for several weeks post-administration.

MATERIALS AND METHODS

Subjects and Sample Collection

This study was reviewed and approved by the Ethics Committee
of Juntendo University Hospital, Japan, and written informed
parental consent was obtained. The outline of study schedule for
each subject is shown in Figure 1. A total of 22 infants with
gestational ages <37 weeks and birth weights <2,000 gram who
were admitted to the NICU of the Juntendo University Urayasu
Hospital (control group, n = 10) or the Juntendo University
Hospital (M-16V group, n = 12) from March 2012 to February
2017 were enrolled. After birth, infants in the M-16V group were
daily administrated a freeze-dried preparation of B. breve M-
16V (dose, 1 x 10° CFU dissolved in 4 mL of sterile water)
just before feeding. The probiotic administration was continued
until hospital discharge. Infants in the control group were not
administrated any probiotic supplement. At 2-9 weeks after
hospital discharge, fresh fecal samples were collected from each
subject’s diaper to a tube. The fecal samples collected were stored
below —18°C until delivery to the laboratory. Immediately upon
receipt, the fecal samples were stored at —80°C until further
analysis. Details of the study schedule for each subject is shown
in Supplementary Table 1.

Fecal DNA Preparation and Microbiota

Analysis

DNA was extracted from the fecal samples as previously
described (Sugahara et al., 2015). Purified DNA was suspended
in 2,000 ! of Tris-EDTA bufter (pH 8.0).

PCR amplification and DNA sequencing of the V3-V4 region
of the bacterial 16S rRNA gene was performed on the Illumina
MiSeq instrument (Illumina, San Diego, CA, United States) as
previously described (Odamaki et al., 2016). After removing the
sequences consistent with the data from the Genome Reference
Consortium human build 38 (GRCh38) and the phiX reads from
the raw Illumina paired-end reads, the sequences were analyzed
using the QIIME2 software package (version 2017.10)". Potential
chimeric sequences were removed using DADA?2 (Callahan et al.,
2016), and 30 and 90 bases were trimmed from the 3’ region
of the forward and the reverse reads, respectively. Taxonomical
classification was performed using the Naive Bayes classifier

'https://qiime2.org/

Frontiers in Microbiology | www.frontiersin.org

April 2021 | Volume 12 | Article 610080


https://qiime2.org/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Horigome et al.

Colonization of Bifidobacterium breve M-16V

B 1 _ *
2 — *
3 |l_> *
4 k—b *
g| 5 k *
5 o t *
3| 7 } *
2| s I *
9 I *
| k *
2 1 I *
:&’% |12 |k *
3 13 | *
14 | *
15 | *
‘g 16 | *
2| I
E| 18 | *
Ol 19 | *
20 | *
21 | *
2 | | *
- 25 30 35 40 45 50 55 60
Postmenstrual age (weeks)
Hospitalization period I Birth
4=y B. breve M-16V administration period % Fecal sampling
(1x10° CFU / day)
FIGURE 1 | Outline of study schedule for each subject across postmenstrual age.

trained on the Greengenesl3.8 dataset with a 99% sequence
similarity threshold for full-length Operational Taxonomic Units.

Quantitative PCR (qPCR)

The fecal DNAs as described above were applied for qPCR
which was performed on the ABI PRISM 7500 Fast Real-
Time PCR system (Thermo Fisher Scientific K.K., Uppsala,
Sweden) with SYBR Premix Ex Taq (TaKaRa Bio, Shiga, Japan)
to quantitate the Bifidobacterium species and strains. The
primer sets used are shown in Supplementary Table 2. The
primers specific for Bifidobacterium longum, Bifidobacterium
catenulatum, and Bifidobacterium adolescentis groups have been
described previously (Matsuki et al., 1998, 2004). The B. breve
M-16V-specific primer set was designed using Primer 3 software
(v.0.4.0) (Untergasser et al., 2012) after identifying unique regions
in this strain by multiple sequences alignments of the complete
genome sequences of B. breve M-16V and publically available
genomes of B. breve strains. We confirmed the specificity of this
specific primer set using other 37 B. breve strains in Morinaga
Culture Collection.

PCR amplification was performed using the program
previously described (Kato et al.,, 2017) with the exception of
B. breve M-16V, whose detection consisted of an amplification
program of one cycle at 95°C for 20 s, 40 cycles at 95°C for
3 s and 60°C for 30 s, and one final cycle at 95°C for 15 s. The
following Bifidobacterium strains were used as the standards
for species/strain-specific quantification: B. breve JCM11927,
B. longum subsp. longum JCM12177, Bifidobacterium bifidum

JCM12557,  Bifidobacterium pseudocatenulatum JCM12007,
B. adolescentis JCM12757, and B. breve M-16V.

Statistical Analysis

Statistical analyses were performed using EZR software ver. 1.50
(Kanda, 2013) or R software ver. 3.6.0. Intergroup differences
were analyzed using the unpaired Student’s t-test or Welch’s
t-test, and the Mann-Whitney U-test, for parametric and non-
parametric data, respectively. Fisher’s exact test or %2 test was
conducted for categorical data. The cell number calculations for
Bifidobacterium species or strains were substituted by logio 6
per gram of wet feces for samples that fell below the detection
limits. Differences in the gut microbiota profiles between the
control and M-16V groups were analyzed by principal coordinate
analysis (PCoA). A permutational multivariate analysis of
variance (PERMANQOVA) test for UniFrac distances was used
for multivariate analysis to test the variation in microbiota
composition explained by each factor. Associations between
relative abundance of Actinobacteria or Proteobacteria and
subject’s characteristics were assessed by Spearman’s rank
correlation test. For all statements, P < 0.05 were considered to
be statistically significant.

Data Availability

DNA sequences corresponding to the 16S rRNA gene data have
been deposited in the DNA Data Bank of Japan (DDBJ) under
accession number DRA010463.
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RESULTS

General Characteristics of the Subjects
Altogether, 22 infants (10 in the control group and 12 in
the M-16V group) were enrolled in this study. Table 1
shows the characteristics of the subjects. There was no
significant difference in the maternal features between the
groups. As neonatal features, infants were matched for gender,
gestational age and breast-feeding rate, and the hospitalization
period/supplementation duration, postnatal age, and corrected
age at the fecal sampling were comparable between the
two groups. However, birth weight and discharge weight
were significantly higher in the M-16V group than in the
control group. The period from hospital discharge to fecal
sampling was significantly longer in the M-16V group than in
the control group.

TABLE 1 | Characteristics of the subjects.

M-16V group Control group P-value
(n=12) (n=10)

Maternal features
Age (years) 34.0+4.0 31.3+33 0.100
C-section (n, %) 8 (66.7) 9 (90) 0.323
Antibiotics during labor 10 (83.3) 9 (90) 1.000
(n, %)
GBS test (n, %)

Positive 1(8.3 1(10) 1.000

Negative 8 (66.7) 7 (70)

Not done 3(25) (20)
Neonatal features
Gestational age (weeks) 31.0+ 34 30.3+24 0.613
Birth weight (g) 1350.5 + 250.1 1096.3 + 254.7 0.029*
Discharged weight (g) 3430.3 +926.1 2630.0 + 451.1 0.017*
Male (n, %) 7 (68.3) 3 (30) 0.369
Chronic lung disease 1(8.3) 1(10) 1.000
Antibiotics exposure 5(41.7) 3 (30) 0.675
(n, %)
Treatment for PDA

Clipping (n, %) 1(8.3 1(10) 0.814

Indomethacin (n, %) 3(25) 4 (40)
Supplementation 106 £ 4.6 109 £ 6.6 0.887
duration/hospitalization
period (weeks)
Breast-feeding (%)" 54.2 £ 39.6 45.0 £23.0 0.526
Fecal sampling (weeks 6.4+19 43+1.3 0.009**
after discharge)
Postnatal age at the 17.0£5.0 15.3+6.8 0.509
fecal sampling (weeks)
Corrected age at the 79+28 55+£562 0.184

fecal sampling (weeks)

Measured variable data are expressed as the mean + SD. Intergroup differences
were analyzed using the y2-test or Fisher’s exact test for categorical data and
the unpaired Student’s t-test or Welch'’s t-test for measured variables.*P < 0.05;
P < 0.01.

tPercentage of breast milk among the total nutrition (breast milk + infant formula),
as surveyed by questionnaire. GBS, Group B Streptococcus; PDA, patent ductus
arteriosus.

Effect of B. breve M-16V Administration

on the Gut Microbiota of the Infants

To evaluate the effect of administering probiotics during early
life on the composition of fecal microbiota, we collected fecal
samples 3-9 weeks after their administration. No significant
difference in the alpha diversity of the microbiota was observed
between the groups (Supplementary Table 3). PCoA of the fecal
microbiota based on the weighted UniFrac distance indicated
that B. breve M-16V administration had an impact on the
composition of the fecal microbiota (Figure 2). PERMANOVA
testing revealed a significant difference in the gut microbiota
profiles of the M-16V and control groups. As shown in
Table 2 and Figure 3, the dominant phylum identified in
the M-16V group was Actinobacteria (74%), followed by
Firmicutes (19.9%). In contrast, the gut microbiota from the
control group showed a higher abundance of Proteobacteria
(22.7%) than that of the M-16V group (3%). The relative
abundance of Actinobacteria was significantly higher, whereas
that of Proteobacteria was significantly lower in the M-16V
group than in the control group. At the genus level, the
relative abundances of Bifidobacterium and Enterococcus were
significantly higher, whereas those of Rothia, Lactococcus, and
Klebsiella were significantly lower in the M-16V group than in
the control group.

TABLE 2 | Fecal microbiota composition.

Median (IQRs) % P-value
M-16V group Control group
(n=12) (n=10)

Phylum
Actinobacteria 74.0 (61.9-79.8) 33.3 (3.0-64.9) 0.009**
Bacteroidetes 0.0 (0.0-0.3) 0.2 (0.1-0.3) 0.132
Firmicutes 19.9 (17.5-30.7) 31.9 (15.7-48.6) 0.628
Proteobacteria 3.0 (0.6-5.4) 22.7 (14-46.7) 0.000**
Genus
Bifidobacterium 73.44 (60.96-78.87)  32.19 (2.56-64.28) 0.011*
Clostridiaceae |g_ 0.08 (0.00-0.37) 0.30 (0.16-0.34) 0.366
Clostridiales |__|__ 0.29 (0.04-0.89) 0.15 (0.05-0.25) 0.531
Clostridium 0.13 (0.00-0.64) 0.29 (0.00-0.75) 0.707
Enterococcus 11.60 (8.91-18.74) 1.90 (1.26-5.90) 0.011*
Escherichia 0.44 (0.00-2.99) 5.97 (0.63-9.91) 0.115
Klebsiella 0.22 (0.00-1.99) 7.22 (1.69-22.38) 0.015*
Lactobacillus 0.29 (0.08-1.03) 0.68 (0.35-0.91) 0.373
Lactococcus 0.00 (0.00-0.16) 0.19 (0.08-0.56) 0.044*
Parabacteroides 0.00 (0.00-0.13) 0.12 (0.07-0.20) 0.120
Rothia 0.02 (0.00-0.07) 0.24 (0.11-0.28) 0.017*
Staphylococcus 0.31 (0.08-0.59) 0.40 (0.04-1.36) 0.765
Streptococcus 2.57 (1.34-6.41) 7.61 (3.60-35.26) 0.050
Turicibacter 0.18 (0.05-0.43) 0.30 (0.15-0.40) 0.597
Veillonella 0.03 (0.00-0.18) 0.36 (0.00-0.84) 0.283

Data are expressed as the medians (IQRs) of the taxa with a median relative
abundance of >0.1% in at least one group. Intergroup differences were analyzed
using the Mann-Whitney U-test. *P < 0.05; *P < 0.01. IQRs, interquartile range.
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FIGURE 2 | Gut microbiota profiles by PCoA. (A) Unweighted and (B) weighted UniFrac PCoA of the fecal microbiota obtained from subjects in the control group
(n = 10) and the M-16V group (n = 12). Intergroup differences were analyzed using PERMANOVA.

We investigated the influence of factors such as gestational
age and birth/discharge weight on the intestinal microbiota.
There were significant correlations between the relative
abundance of Actinobacteria/Proteobacteria, which were
the major differences between the two groups, and some
factors including birth weight and others (Supplementary
Figures 1, 2). In addition, we found that factors such as
gestational age and birth/discharge weight contributed a
small proportion of variance, and oral administration of
B. breve M-16V was the only significant variable explaining
variance in the infant microbiota composition, by the
PERMANOVA multivariate analysis using a weighted UniFrac
matrix (Table 3).

Quantitative PCR Detection of
Bifidobacterium Species

Because the abundance difference in Bifidobacterium between
the groups was the most remarkable, we investigated the
bifidobacteria composition at the species level in addition to
analyzing the B. breve M-16V abundance by qPCR. Notably,
B. breve M-16V was detected in the fecal samples from all
subjects in the M-16V group except for two infants (Subject Nos.
9 and 10 in Figure 3), suggesting that this strain colonized a
subset of infants for at least several weeks after discontinuing the
probiotics. The cell numbers for Bifidobacterium spp., B. breve,
the B. longum group, and the B. catenulatum group were
significantly higher in the M-16V group than in the control
group (Figure 4).

DISCUSSION

Probiotics supplementation is a promising approach to improve
dysbiosis and prevent gut microbiota-associated diseases in LBW
infants. However, it is unclear whether the microbial components
in probiotic treatments can persist in the gut during early life,
although some studies indicated the potential for some probiotics

(Frese et al., 2017; Alcon-Giner et al., 2020; Yousuf et al., 2020) as
described below. This study found the colonization of B. breve M-
16V in the intestinal tract of most LBW infants for at least several
weeks following cessation of its administration as a probiotic. It
has been reported that the persistence of introduced probiotics
in the adult gut is limited. Most probiotic strains were only
detectable for less than two weeks after the administration period
despite their high detection rates in the gastrointestinal tract
during probiotic treatment (Alander et al., 2001; Frese et al.,
2012; Charbonneau et al., 2013). One notable study suggested
a possible probiotic colonization in 30% of the adult subjects
for up to 6 months after administration (Maldonado-Gomez
et al, 2016). In contrast with adults, whose gut microbiota
remains relatively stable (Faith et al., 2013), the composition
of the gut microbiota in infants reportedly shows great shifts
up to 2-4 years old when it reaches a more stable and mature
composition (Voreades et al., 2014; Odamaki et al., 2016; Stewart
et al., 2018). Furthermore, the microbiota composition is more
immature and less stable in premature infants than full-term
infants (Gritz and Bhandari, 2015; Henderickx et al., 2019). This
instability of the gut microbiota in addition to the low abundance
of Bifidobacterium potentially provided a niche opportunity for
oral administration of bifidobacteria probiotic strains such as
B. breve M-16V in LBW infants.

Another reason for the high colonization of B. breve M-16V
might arise from the species-specific property. Bifidobacteria
display a difference in their ecological adaptation among
species and show genotypic and physiological differences related
to their different residential origin. Bifidobacterial species of
human origin are grouped as human-residential bifidobacteria
(HRB) (Odamaki et al, 2015; Wong et al., 2018). Among
HRB, B. breve, B. longum subsp. infantis, B. longum subsp.
longum, and B. bifidum, which are prevalently isolated from
the infants intestine, are referred to as infant-type HRB.
Unlike non-HRB such as Bifidobacterium animalis subsp. lactis
and Bifidobacterium thermophilum, infant-type HRB have been
reported to possess high ability to assimilate human milk
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oligosaccharides (HMOs) and undergo specific adaptation to
the infant host (Wong et al., 2018). Indeed, Underwood et al.
(2013) showed that B. longum subsp. infantis colonization was
better than B. animalis subsp. lactis colonization in both formula-
fed and human milk-fed premature infants. In human milk-fed

TABLE 3 | Multivariate analysis using PERMANOVA to test the variation in
microbiota composition explained by each factor.

Variable R? P-value
Treatment (M-16V or Control) 0.238 0.009**
Gestational age (<30 or > 30 weeks) 0.035 0.459
Birth weight (<1,200 or >1,200 g) 0.076 0.183
Discharge weight (<3,000 or >3,000 g) 0.036 0.444
Hospitalization period (<10 or >10 weeks) 0.029 0.527
Postnatal age at the fecal sampling (<16 or > 16 weeks) 0.026 0.565
Corrected age at the fecal sampling (<7 or >7 weeks) 0.016 0.746
Fecal sampling (<5 or >5 weeks after discharge) 0.019 0.692
Residuals 0.524

Total 1.000

The PERMANOVA multivariate analysis was performed using a weighted UniFrac
matrix.
P < 0.01.

infants, greater increases in fecal Bifidobacterium and decreases
in y-Proteobacteria followed the administration of B. longum
subsp. infantis than that of B. animalis subsp. lactis (Underwood
etal., 2013). Another study confirmed that B. breve or B. longum
subsp. infantis were early colonizers apparently independent of
early life-events, such as mode of delivery and type of feeding,
while the colonization of B. animalis subsp. lactis was dependent
solely on the type of feeding (Martin et al., 2016). The authors
suggested that the frequent colonization by B. animalis subsp.
lactis in infants exposed to formula feeding may result from the
use of formula supplemented with probiotic strains belonging
to this subspecies. These findings suggest that infant-type HRB
are more effective colonizers of the infant gut. Consistent with
this finding, it was shown the persistent colonization of probiotic
strains of B. longum, B. bifidum, and B. breve up to 5 months
after supplementation of commercially probiotics containing
these Bifidobacterium strains and Lactobacillus rhamnosus strain
in preterm infants (Yousuf et al, 2020). Another study also
indicated that the administration of B. longum subsp. infants
resulted in a colonization period of at least a month in the
breast-fed infant gut (Frese et al., 2017). The authors postulated
that the colonization of this strain was attributed to the ancient
adaptations of B. longum subsp. infantis to HMOs; that is,
the capacity to transport these substances into this bacterium’s
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cytoplasm and consume the full range of HMOs (Underwood
et al., 2015). Through their study on probiotic supplementation
of preterm infants (Alcon-Giner et al., 2020), suggested the ability
of the probiotic B. bifidum strain to colonize the preterm infants’
gut by showing its presence in two fecal samples collected at
41 and 50 days after supplementation. Noteworthy, genomic
analysis of this strain showed the presence of genes involved
in HMO utilization and mucin degradation which may aid the
gut persistence (Alcon-Giner et al., 2020). In the present study,
B. breve M-16V was detected in 83.3% of fecal samples from
LBW infants in M-16V group at 3.7-9.3 weeks following its
cessation of administration. Unfortunately, there were too few
subjects to evaluate the influence of the infant feeding methods
on the colonization of B. breve M-16V in this study; however,
we noted that the two samples from the infants where B. breve
M-16V was not detected were mixed-fed with breast milk and
infant formula (data not shown). Further studies are needed
to investigate the environmental factors that could affect the
colonization of probiotics (e.g., whether or not the maternal
genetic background related to HMO secretion or the feeding
method affects colonization).

Recent studies have shown that the introduction of live
microbes does not result in significant alterations of the fecal
microbiota in healthy adults (Kim et al., 2013; Kristensen et al,,
2016). Studies on infants are controversial with respect to this
finding. Ishizeki et al. (2013) reported that the supplementation
of single (B. breve M-16V) or multiple (B. breve M-16V,
B. longum subsp. infantis M-63, and B. longum subsp. longum

BB536) infant-type HRB strains to LBW infants resulted in the
increase of the detection rate and number of Bifidobacterium
in feces. Also, a study by Plummer et al. (2018) indicated that
probiotic supplementation with B. longum subsp. infantis BB-
02, Streptococcus thermophilus TH-4 and B. animalis subsp.
lactis BB-12 from soon after birth increased the abundance of
Bifidobacterium in the gut microbiota of very preterm infants
during supplementation period. Furthermore, potential long-
term contribution of probiotic strains on development of gut
microbiota in preterm infants have been indicated by some
researches (Alcon-Giner et al., 2020; Yousuf et al., 2020). On
the other hand, a double-blind, randomized placebo-controlled
intervention showed that intake of Lactobacillus acidophilus
NCEM or B. animalis subsp. lactis Bi-07 to young children
with atopic dermatitis for eight weeks did not affect the
composition and diversity of the main bacterial populations
in feces (Larsen et al, 2011). Similarly, no effect on the
overall microbiota composition was observed when Lactobacillus
reuteri DSM 17938 was administrated to breast-fed colicky
infants for 21 days (Roos et al, 2013). We found that
B. breve M-16V administration significantly impacted the overall
microbiota composition beyond the non-administration period
of 3.7-9.3 weeks. In the M-16V group, the relative abundance of
Proteobacteria was significantly lower than in the control group.
A sustained increase in Proteobacteria abundance is considered
a signature of dysbiosis (Shin et al.,, 2015). Some reports have
indicated an association between intestinal Proteobacteria and
NEC in premature infants (Wang et al, 2009; Pammi et al.,
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2017; Lindberg et al., 2020). Mirpuri et al. (2014) found that
the IgA-dependent suppression of Proteobacteria in the infant
gut was important for establishing a beneficial commensal
population and reducing susceptibility to colonic injury and
inflammation. At the genus level, the relative abundance of
Klebsiella, which have been associated with neonatal bacterial
infections (Podschun and Ullmann, 1998; Hornik et al., 2012)
and NEC (Sim et al., 2015; Olm et al., 2019), were lower in
the M-16V group than in the control group. Contrastingly, the
relative abundance of Bifidobacterium was significantly higher in
the M-16V group than in the control group. It has been reported
that a higher abundance of Bifidobacterium in early infancy is
associated with better immune system responses to vaccination,
potentially enhancing immunological memory (Huda et al,
2019). Conversely, a lower abundance of Bifidobacteriaceae,
which primarily includes the Bifidobacterium genus, is suggested
to trigger the development of allergic sensitization, eczema, or
asthma (Zimmermann et al., 2019).

Factors such as gestational age and birth weight have
been reported to affect the developing gut microbiota in
preterm neonates (Korpela et al., 2018; Henderickx et al,
2019; Alcon-Giner et al., 2020). Some factors including birth
weight had significant correlations with the relative abundance
of Actinobacteria/Proteobacteria. A part of these correlations
might be due to the significant difference of the birth body
weight between groups, and the close association among the
birth weight, the gestational age, and the hospitalization period
(Supplementary Figure 3). Our PERMANOVA multivariate
analysis confirmed that the effect of the supplementation of
B. breve M-16V on the gut microbiota was greater than that of
other factors such as gestational age and birth weight.

Our qPCR analysis revealed that the cell numbers of the
administrated strain and some of the indigenous bifidobacteria
species were significantly higher in the M-16V group. It remains
unclear as to why administering B. breve M-16V promoted the
colonization of other bifidobacteria, but one possibility is that
because acetic acid is the main metabolite it might suppress the
growth of acid-sensitive bacteria such as Proteobacteria, thereby
providing an appropriate environment for bifidobacteria growth.
Overall, our findings suggest that B. breve M-16V administration
can contribute to the establishment of a healthy gut microbiota
composition in LBW infants.

There are several limitations in this study. First, this study is
not a randomized controlled trial and included a small number
of infants. Second, the birth weight and hospital discharge
weight were significantly higher in the M-16V group than
in the control group. Body weight is an important indicator
of infant maturity and a key factor influencing the intestinal
microbiota in neonates, that cannot be ignored especially in
LBW infants. Third, the period from the discharge, that is, the
cessation of probiotic administration in the M-16V group to
the fecal sampling was significantly longer in the M-16V group
than the control group, though the postnatal and the corrected
age at sampling were not significantly different between the
groups. Since the composition of the gut microbiota dramatically
changes in the early life stage, the difference of the period from
the hospital discharge to the fecal sampling could lead to the

difference in the gut microbiota composition. However, it is
assumed that the longer non-administration period in the M-16V
group would not bring the overestimation of the colonization
of B. breve M-16V in the infant’s gut. Fourth, subjects in the
two groups were from different hospitals, and the inclusion
period lasted over 5 years. Such a long period might lead
to change the hospital environment. The establishment of gut
microbiota in very preterm infants is unstable and susceptible
to the environment factors (Brooks et al., 2014) and the NICU
practices (Rozé et al., 2020). Hence, a large-scale, double-blind,
placebo-controlled study in the matched infants in the same
facility with sequential fecal sampling from birth will be necessary
to confirm the beneficial effects of B. breve M-16V that have been
suggested in this study.

In conclusion, our results show that oral administration of
B. breve M-16V leads to its colonization in the infant gut
for at least several weeks after administration and potentially
contributes to improved gut microbiota establishment. Further
follow-up investigations will help to elucidate the durability of
these effects through later childhood, and whether these effects
carry implications for overall health later in life.
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Supplementary Figure 1 | Relationship between Actinobacteria and subject’s
characteristics. Relationships between the relative abundance of Actinobacteria
and the gestational age (A), the birth weight (B), the discharge weight (C), the
hospitalization/probiotic administration period (D), the postnatal age at the fecal
sampling (E), the corrected age at the fecal sampling (F), or the fecal sampling
timing (G) in all subjects (black dashed line), the M-16V group (red circles and
line), or the control group (blue circles and line). Associations were assessed by
Spearman’s rank correlation test. “P < 0.05.

Supplementary Figure 2 | Relationship between Proteobacteria and subject’s
characteristics. Relationships between the relative abundance of Proteobacteria
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