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Bifidobacteria are the predominant bacteria in the infant gut and have beneficial effects on host physiology.
Infant cohort studies have demonstrated that a higher abundance of bifidobacteria in the gut is associated with a
reduced risk of disease. Recently, bifidobacteria-derived metabolites, such as organic acid, have been suggested
to play crucial roles in host physiology. This review focuses on an investigation of longitudinal changes in the
gut microbiota and organic acid concentrations over 2 years of life in 12 Japanese infants and aims to identify
bifidobacteria that contribute to the production of organic acid in healthy infants. Acetate, lactate, and formate,
which are rarely observed in adults, are characteristically observed during breast-fed infancy. Bifidobacterium
longum subspecies infantis and the symbiosis of Bifidobacterium bifidum and Bifidobacterium breve efficiently
produce these organic acids through metabolization of human milk oligosaccharide (HMO) with different
strategies. These findings confirmed that HMO-utilizing bifidobacteria play an important role in regulating the

gut organic acid profiles of infants.
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INTRODUCTION

Gut microbiota development begins immediately after
birth, and its dynamics are influenced by various factors,
including dietary patterns [1]. The infant gut microbiota has
a characteristically higher abundance of bifidobacteria than
that of adults [2, 3]. However, the abundance of bifidobacteria
during infancy varies among individuals and is influenced by
factors, such as gestational age, mode of delivery, type of milk
feeding, and host genetic variables [1, 4-6]. Birth cohort studies
conducted in various countries have explored relationships with
the infant gut microbiota, specifically focusing on the abundance
of bifidobacteria and the risk of various diseases, such as pediatric
asthma [7, &], atopic dermatitis [9], and obesity [10]. Recent
findings have highlighted the crucial role of bifidobacteria-derived
metabolites, particularly organic acids and indole lactate, in these
relationships between the infant gut microbiota and human health,
prompting further investigation into their physiological functions
[11-13].

Through their intricate metabolic pathways, bifidobacteria
efficiently utilize complex dietary carbohydrates, such as
human milk oligosaccharides (HMOs) [14, 15], starch [16], and
arabinoxylan [17, 18], resulting in the production of organic
acids. Acetate, one of the predominant organic acids produced
by bifidobacteria, is known for its diverse physiological effects.

Acetate not only serves as a primary energy source for intestinal
epithelial cells but also plays a role in the regulation of metabolic
processes [19], immune modulation [20], and prevention of
infectious diseases [11]. In addition to acetate, bifidobacteria
produce lactate. Lactate is a product of carbohydrate fermentation
and is converted to other organic acids, such as butyrate and
propionate, in the adult gut [21, 22]. Therefore, lactate is rarely
detected in adults, and its physiological effects remain poorly
understood. A few reports indicate that bifidobacteria also
produce formate [23]. However, the substrates and metabolic
pathways involved in formate production are not well understood.

This review focuses on the genetic factors that affect the
gut organic acid profile during infancy and aims to elucidate
the relationship between bifidobacterial colonization and gut
metabolites. Understanding these factors is important to control
the risk of diseases associated with the infant gut microbiota.

EARLY GUT MICROBIOTA DEVELOPMENT AND
CHANGES IN ORGANIC ACID PROFILE

Individual variation in the timing of colonization by
bifidobacteria

The gut microbiota has been shown to change dynamically
during the first 2 years of life [24]. Initially, the microbiota was
dominated by Enterobacteriales, Lactobacillales, and Bacillales
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1A). Enterobacteriales showed the highest abundance
immediately after birth, and their abundance decreased until
approximately 6 months of age, after which it remained relatively
low (Fig. 1B). Subsequently, the microbiota was dominated by
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Infant gut microbiota development and the changes in gut organic acid profiles during the first 2 years of life. (A) Order-level dynamics in

the gut microbiota of three infants. Vertical bars along the x-axis indicate intervals of 2 months; dots along the x-axis indicate intervals of 1 week
for the duration of 1 month. (B) Temporal shift of bacterial abundance in 12 infants at the order level. (C) Fecal organic acid and pH dynamics of
3 infants. (D) Temporal shift of organic acid concentrations and pH in fecal matter. The original publication is available at https://doi.org/10.1038/
$41396-021-00937-7 [24].
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months, after which it decreased (Fig. 1B). Subsequently, the
microbiota transitioned to a Clostridiales-dominated state. In
many of the infants, this transition coincided with the cessation
of breastfeeding. The transition between different dominating
bacterial orders in the infant gut microbiota has been reported
previously [25, 26].

Lactate and formate are specifically observed during
breastfeeding

The composition of organic acids in the infant gut has also
been shown to change dynamically over the first 2 years of life
(Fig. 1C). Initially, the concentrations of organic acids were
low, but they increased from approximately 1-3 months of
age. During this time, an increase in the acetate, lactate, and
formate concentrations was observed (Fig. 1D). Acetate was
the predominant organic acid during the first 2 years. In many
individuals, lactate and formate were no longer detected at
approximately 1 year of age. Lactate and formate are detected at
a significantly low concentrations in adult feces [27]; therefore,
their detection at relatively high concentrations for a certain
period can be considered a characteristic of the organic acid
composition of the gut during breast-fed infancy. An increase in
propionate concentration was observed at around 8—12 months
of age, followed by an increase in the butyrate concentration.
Several studies have suggested that the low expression of organic
acid synthesis genes and low acetate concentrations in the feces
of infants are negatively correlated with their risk of developing
type 1 diabetes [28] and pediatric asthma [7, 8]. This highlights
the potential contribution of organic acids in the gut of infants to
their health.

ASSOCIATION BETWEEN BIFIDOBACTERIA AND
ORGANIC ACID

Correlation analyses have been conducted between organic
acid concentrations and bacterial abundance to identify bacteria
that contribute to organic acid production in infant guts [24].
Strong positive correlations were found between the abundance of
bifidobacteria and concentrations of lactate, formate, and acetate
(Fig. 2A). Therefore, the timings of bifidobacteria colonization
and increases in organic acid concentrations were compared. The
timing of bifidobacteria colonization coincided with an increase
in organic acid concentrations in some infants, unlike the majority
of the infants (Fig. 2B). Therefore, the presence of bifidobacteria
did not always influence the concentrations of organic acids in
the gut. Based on these findings, it was hypothesized that the
utilization of specific carbohydrates, such as HMO, present in the
infant gut may vary among individuals owing to different strains
of bifidobacteria colonizing the gut.

UTILIZATION OF HMOS BY BIFIDOBACTERIA

Fucosyllactose utilization ability differs among bifidobacterial
strains

HMOs include fucosylated lactoses, long-chain fucosylated
oligosaccharides, and acidic oligosaccharides [29]. Multiple
strains of bifidobacteria have been isolated from infants and
cultured in a medium containing HMOs as the sole carbon source,
and certain strains were able to grow well, unlike others (Fig. 3A)
[14]. Examination of the residual oligosaccharide composition in

the medium confirmed that strains capable of growing in HMO-
supplemented medium exhibited lower concentrations of residual
HMOs, with fucosyllactose levels in particular being significantly
reduced (Fig. 3B). Furthermore, a comparative genomic analysis
revealed the presence of an ABC transporter responsible for the
uptake of fucosylated lactose in strains that grew well in HMO-
containing medium (Fig. 3C). The utilization of fucosylated
lactose varied depending on the species or strain of bifidobacteria
in both this study and a study performed by Sakanaka et al. [14,
15]. All strains of Bifidobacterium longum subsp. infantis (B.
infantis) and Bifidobacterium bifidum, but only a few strains of
Bifidobacterium breve and Bifidobacterium pseudocatenulatum,
utilized fucosylated lactose [ 14]. The majority of Bifidobacterium
longum and Bifidobacterium adolescentis strains were unable
to utilize fucosyllactose. The fucosyllactose transporter was
present in all strains capable of utilizing fucosyllactose, with the
exception of B. bifidum.

HMO utilization strategies vary among bifidobacterial species

Long-chain fucosylated oligosaccharides have various
structures, including lacto-N-fucopentaose and lacto-N-
difucohexaose [29]. Previous studies reported that the
representative species capable of utilizing long-chain
oligosaccharides were B. infantis [15, 30], B. bifidum [15], and
Bifidobacterium kashiwanohense [31]. B. infantis possesses
diverse ABC transporters that are involved in HMO utilization
and are responsible for the uptake and utilization of long-chain
fucosylated oligosaccharides [32, 33]. However, B. bifidum
possesses extracellular fucosidases that cleave fucose outside
the bacterial cell, allowing the cellular uptake of lacto-N-tetraose
[33, 34]. This indicates that B. infantis and B. bifidum can
utilize various structures of HMOs through different strategies.
The two species are expected to proliferate well in the infant
gut, leading to increased production of organic acids. As noted
earlier, correlation analyses of the abundance of each species
of bifidobacteria and the concentrations of organic acids in the
gut of each infant have been reported [24]. As expected, positive
correlation was observed between the presence of B. infantis and
B. bifidum and the concentrations of lactate and formate.

ORGANIC ACID PRODUCTION BY B. INFANTIS AND
B. BIFIDUM

Organic acid production by B. infantis

When the colonization of B. infantis was examined in 12
Japanese infants, it was found to have coincided with an increase
in lactate, acetate, and formate concentrations in 4 of the 12
infants [24]. Furthermore, B. infantis produced lactate, acetate,
and formate when utilizing HMO as a substrate (Fig. 4A and 4C).
However, when it was cultured with lactose as a substrate,
only lactate and acetate were produced. RNA-seq analysis was
conducted to compare the gene expression profiles of B. infantis
cultured with fucosyllactose and those cultured with lactose as
substrates. The expression of genes encoding fucosyllactose
and fucose transporters, as well as that of genes involved in the
metabolism of fucose to formate, were found to be upregulated
in B. infantis cultured with fucosyllactose compared with that in
B. infantis cultured with lactose. These results suggested that B.
infantis was responsible for converting fucose into formate in the
infant guts.
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The pathway of fucose to formate metabolism in bifidobacteria
Based on the results of the RNA-seq analysis, the metabolic
pathway responsible for the conversion of fucose to formate was
estimated [24]. Fucose was initially transported to the cell via a
transporter, where it was converted to fuconolactone by fucose
dehydrogenase (Fig. 4D). Following this, L-fuconolactonase
and L-fuconate dehydratase acted sequentially on fuconolactone
to produce 2-dehydro-3-deoxy-L-fuconate. Formate
C-acetyltransferase then converted 2-dehydro-3-deoxy-L-

A

fuconate to formate. Additionally, 2-dehydro-3-deoxy-L-fuconate
was cleaved by aldolase into pyruvate and lactaldehyde. Pyruvate
was converted to formate by formate C-acetyltransferase, while
lactaldehyde was converted to 1,2-propanediol by lactaldehyde
reductase. The fucose-to-formate pathway was associated
with NADH/NAD" redox homeostasis. Upon investigating the
presence of this pathway in bifidobacteria, all strains of B. infantis
and B. breve were found to possess a gene cluster encoding the
enzymes that convert fucose to formate.
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Fig. 2. Association between the abundance of bifidobacteria and levels of organic acid in the guts of the infants. (A) Heatmap of the within-participant
correlation between levels of organic acids and the abundance of Bifidobacteriales in the gut. Numbers represent the r values for each infant
(calculated using Spearman’s correlation). False discovery rate-corrected p values < 0.01 are underlined. (B) Comparison of the timing of the
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available at https://doi.org/10.1038/s41396-021-00937-7 [24].
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Organic acid production by symbiosis of B. bifidum and B. breve

When the colonization of B. bifidum was examined in the 12
Japanese infants, it was found to have coincided with an increase
in lactate, acetate, and formate concentrations in 5 of the 12
infants [24]. In vitro experiments demonstrated that B. bifidum
utilized HMO as a substrate, producing only lactate and acetate
(Fig. 4B and 4C). As previously stated, the HMO-utilization
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mechanism of B. bifidum involves the extracellular breakdown
of HMO by fucosidases [15, 34, 35], after which the resulting
products are taken up into bacterial cells. During this process,
accumulation of the monosaccharide fucose was observed in the
culture medium. The observed increase in formate concentration
upon colonization by B. bifidum led to the hypothesis that other
gut bacteria might convert the fucose cleaved by B. bifidum into
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formate (Fig. 4B). As all the B. breve strains detected in this study
possessed fucose transporters and their corresponding metabolic
genes, the symbiosis between B. breve and B. bifidum was
investigated. When both strains were co-cultured in vitro with
fucosyllactose as a substrate, formate production was observed
in the medium (Fig. 4C). These results strongly suggest that B.
bifidum and B. breve collaborate in the gut to produce organic
acids, including formate, from HMO. The symbiotic relationship
between B. bifidum and B. breve has been demonstrated in several
other studies [34, 36], and the results of the study discussed here
[24] further strongly support a symbiotic relationship between
both species in the infant gut.

97

CONCLUSION

This review discussed the colonization of HMO-utilizing
bifidobacteria in the infant gut and described their associations
with increased concentrations of organic acids, including lactate,
formate, and acetate (Figs. 5 and 6). Through a detailed analysis
of bifidobacteria isolated from infant guts, the gene clusters,
metabolic pathways, and interspecies interactions involved in
organic acid production were partially clarified. High abundances
of bifidobacteria and high concentrations of organic acids in the
gut during infancy were found to be negatively correlated with
the risk of various diseases. The administration of HMO-utilizing
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bifidobacteria as probiotics to infants is expected to increase CONFERENCE PRESENTATION

gut organic acid concentrations. This review provides valuable

information for developing strategies to address diseases related The contents of this article received the 2022 Research
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and were presented at the Annual Meeting of IMS, held on June
27,2023.

A | H T B | T ] T T
A , i A !
. — . 0 'ili;___
E LT E j 1 (]
G| i G 1 1
D i 1] o/ L T RN ; . ,
al 1 J 1 Al i
I m K e
ol LI | ¢ i i
Ll i | L
§ i I I L
F | F I
| | | | | | | | | | | | | | | |
0.5 2 4 6 8 10 12 0.5 1 2 4 6 8 10 12
Months after birth Months after birth
ifi i - i 0 5 150
B Enterobacterales-dominated MIB | (Bl::'g(:‘oaﬁg:fillfzsagg:;'nated MB umol/g

Bifidobacteriales-dominated MB
(low HMO utilization)

Clostridiales-dominated MB

Fig. 5. Comparison between the changes of the dominating order in microbiota and the concentrations of organic acids in the gut. (A) Changes in the
dominating order of bacteria in the microbiota over time. (B) Organic acid concentration (sum of the acetate, lactate, and formate concentrations) in
the gut.

¢, Fucosylated HMOs utilizin
| bifié‘obagteria -

I3
a» ~e» ! :
o I A breve
Sl ce  ,
’%. . B. bifidu ,{o-\‘e‘
T e .o R
: Mo A e

~a»
1]

R
oooﬂiooo hhooo&oc
| - Lo

w Bifli?:gasgtlgﬁgd *05 non-utilizing“ - .
N -~ — e

. oe

5 © B g0 -
.

| a. Enterobacterales-dominated MB |

. .
G0
.

WQWW@W@W i

Fig. 6. Graphic abstract of the development of the infant gut microbiota during the breastfeeding period. Initially, an Enterobacteriales-dominated
microbiota is established, after which the gut is predominantly populated by low-human milk oligosaccharide (HMO)-utilizing bifidobacteria.
Then, HMO-utilizing bifidobacteria with higher HMO-utilization capacity become the most abundant. Among the HMO-utilizing bifidobacteria,
Bifidobacterium infantis utilizes HMOs to produce organic acids, including formate, while B. bifidum produces formate-containing organic acids
through a symbiotic relationship with B. breve.

doi: 10.12938/bmfh.2023-069  ©2024 BMFH Press



INFANT GUT MICROBIOTA AND ITS METABOLITES

CONFLICT OF INTEREST

The author declares no competing interests.

ACKNOWLEDGMENTS

I would like to thank the infants and their families for

participation in this study and Naoki Tsukuda, Hiroshi Mori,
Taeko Hara, Hoshitaka Matsumoto, Ken Kurokawa, and
Takahiro Matsuki for contributing much to the study discussed

in

this review. The study discussed in this review was financially

supported by the Yakult Central Institute, Yakult Honsha Co., Ltd.

10.

12.

13.

14.

15.

16.

REFERENCES

Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H, D Lieber A, Wu F,
Perez-Perez GI, Chen Y, et al. 2016. Antibiotics, birth mode, and diet shape microbiome
maturation during early life. Sci Transl Med 8: 343ra82. [Medline] [CrossRef]

Tsuji H, Matsuda K, Nomoto K. 2018. Counting the countless: bacterial quantification
by targeting rRNA molecules to explore the human gut microbiota in health and
disease. Front Microbiol 9: 1417. [Medline] [CrossRef]

Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, Xiao JZ, Abe F, Osawa R.
2016. Age-related changes in gut microbiota composition from newborn to centenarian:
a cross-sectional study. BMC Microbiol 16: 90. [Medline] [CrossRef]

Lewis ZT, Totten SM, Smilowitz JT, Popovic M, Parker E, Lemay DG, Van Tassell
ML, Miller MJ, Jin YS, German JB, et al. 2015. Maternal fucosyltransferase 2 status
affects the gut bifidobacterial communities of breastfed infants. Microbiome 3: 13.
[Medline] [CrossRef]

Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, Kumar N, Stares MD,
Rodger A, Brocklehurst P, ez al. 2019. Stunted microbiota and opportunistic pathogen
colonization in caesarean-section birth. Nature 574: 117-121. [Medline] [CrossRef]
Tauchi H, Yahagi K, Yamauchi T, Hara T, Yamaoka R, Tsukuda N, Watanabe Y,
Tajima S, Ochi F, Iwata H, et al. 2019. Gut microbiota development of preterm
infants hospitalised in intensive care units. Benef Microbes 10: 641-651. [Medline]
[CrossRef]

Arrieta MC, Stiemsma LT, Dimitriu PA, Thorson L, Russell S, Yurist-Doutsch S,
Kuzeljevic B, Gold MJ, Britton HM, Lefebvre DL, et al. CHILD Study Investigators
2015. Early infancy microbial and metabolic alterations affect risk of childhood
asthma. Sci Transl Med 7: 307ral52. [Medline] [CrossRef]

Stokholm J, Blaser MJ, Thorsen J, Rasmussen MA, Waage J, Vinding RK, Schoos AM,
Kunee A, Fink NR, Chawes BL, ez al. 2018. Maturation of the gut microbiome and risk
of asthma in childhood. Nat Commun 9: 141. [Medline] [CrossRef]

Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, Fadrosh D, Panzer AR, LaMere
B, Rackaityte E, Lukacs NW, et al. 2016. Neonatal gut microbiota associates with
childhood multisensitized atopy and T cell differentiation. Nat Med 22: 1187-1191.
[Medline] [CrossRef]

Korpela K, Zijlmans MA, Kuitunen M, Kukkonen K, Savilahti E, Salonen A, de
Weerth C, de Vos WM. 2017. Childhood BMI in relation to microbiota in infancy and
lifetime antibiotic use. Microbiome 5: 26. [Medline] [CrossRef]

. Fukuda S, Toh H, Taylor TD, Ohno H, Hattori M. 2012. Acetate-producing

bifidobacteria protect the host from enteropathogenic infection via carbohydrate
transporters. Gut Microbes 3: 449-454. [Medline] [CrossRef]

Ehrlich AM, Pacheco AR, Henrick BM, Taft D, Xu G, Huda MN, Mishchuk D,
Goodson ML, Slupsky C, Barile D, et al. 2020. Indole-3-lactic acid associated
with Bifidobacterium-dominated microbiota significantly decreases inflammation in
intestinal epithelial cells. BMC Microbiol 20: 357. [Medline] [CrossRef]

Laursen MF, Sakanaka M, von Burg N, Mérbe U, Andersen D, Moll JM, Pekmez
CT, Rivollier A, Michaelsen KF, Melgaard C, et al. 2021. Bifidobacterium species
associated with breastfeeding produce aromatic lactic acids in the infant gut. Nat
Microbiol 6: 1367-1382. [Medline] [CrossRef]

Matsuki T, Yahagi K, Mori H, Matsumoto H, Hara T, Tajima S, Ogawa E, Kodama H,
Yamamoto K, Yamada T, et al. 2016. A key genetic factor for fucosyllactose utilization
affects infant gut microbiota development. Nat Commun 7: 11939. [Medline]
[CrossRef]

Sakanaka M, Gotoh A, Yoshida K, Odamaki T, Koguchi H, Xiao JZ, Kitaoka M,
Katayama T. 2019. Varied pathways of infant gut-associated Bifidobacterium to
assimilate human milk oligosaccharides: prevalence of the gene set and its correlation
with bifidobacteria-rich microbiota formation. Nutrients 12: 12. [Medline] [CrossRef]
Nagara Y, Fujii D, Takada T, Sato-Yamazaki M, Odani T, Oishi K. 2022. Selective
induction of human gut-associated acetogenic/butyrogenic microbiota based on
specific microbial colonization of indigestible starch granules. ISME J 16: 1502—1511.
[Medline] [CrossRef]

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

99

. SaitoY, Shigehisa A, Watanabe Y, Tsukuda N, Moriyama-Ohara K, Hara T, Matsumoto

S, Tsuji H, Matsuki T. 2020. Multiple transporters and glycoside hydrolases are
involved in arabinoxylan-derived oligosaccharide utilization in Bifidobacterium
pseudocatenulatum. Appl Environ Microbiol 86: 86. [Medline] [CrossRef]

. Watanabe Y, Saito Y, Hara T, Tsukuda N, Aiyama-Suzuki Y, Tanigawa-Yahagi

K, Kurakawa T, Moriyama-Ohara K, Matsumoto S, Matsuki T. 2021. Xylan
utilisation promotes adaptation of Bifidobacterium pseudocatenulatum to the human
gastrointestinal tract. ISME Commun 1: 62. [Medline] [CrossRef]

. Aratijo JR, Tazi A, Burlen-Defranoux O, Vichier-Guerre S, Nigro G, Licandro H,

Demignot S, Sansonetti PJ. 2020. Fermentation products of commensal bacteria alter
enterocyte lipid metabolism. Cell Host Microbe 27: 358-375.¢7. [Medline] [CrossRef]
Takeuchi T, Miyauchi E, Kanaya T, Kato T, Nakanishi Y, Watanabe T, Kitami T, Taida
T, Sasaki T, Negishi H, et al. 2021. Acetate differentially regulates IgA reactivity to
commensal bacteria. Nature 595: 560-564. [Medline] [CrossRef]

Duncan SH, Louis P, Flint HJ. 2004. Lactate-utilizing bacteria, isolated from human
feces, that produce butyrate as a major fermentation product. Appl Environ Microbiol
70: 5810-5817. [Medline] [CrossRef]

Sheridan PO, Louis P, Tsompanidou E, Shaw S, Harmsen HJ, Duncan SH, Flint HJ,
Walker AW. 2022. Distribution, organization and expression of genes concerned
with anaerobic lactate utilization in human intestinal bacteria. Microb Genom 8: 8.
[Medline]

Ozcan E, Sela DA. 2018. Inefficient metabolism of the human milk oligosaccharides
lacto-N-tetraose and lacto-N-neotetraose shifts Bifidobacterium longum subsp. infantis.
Physiology. Front Nutr 5: 46. [Medline] [CrossRef]

Tsukuda N, Yahagi K, Hara T, Watanabe Y, Matsumoto H, Mori H, Higashi K, Tsuji
H, Matsumoto S, Kurokawa K, ez al. 2021. Key bacterial taxa and metabolic pathways
affecting gut short-chain fatty acid profiles in early life. ISME J 15: 2574-2590.
[Medline] [CrossRef]

Bickhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF, Gordon
JI. 2004. The gut microbiota as an environmental factor that regulates fat storage. Proc
Natl Acad Sci USA 101: 15718-15723. [Medline] [CrossRef]

Stewart CJ, Ajami NJ, O’Brien JL, Hutchinson DS, Smith DP, Wong MC, Ross MC,
Lloyd RE, Doddapaneni H, Metcalf GA, et al. 2018. Temporal development of the
gut microbiome in early childhood from the TEDDY study. Nature 562: 583—588.
[Medline] [CrossRef]

Shima T, Kaga C, Shimamoto K, Sugimoto T, Kado Y, Watanabe O, Suwa T, Amamoto
R, Tsuji H, Matsumoto S. 2022. Characteristics of gut microbiome, organic acid
profiles and viral antibody indexes of healthy Japanese with live Lacticaseibacillus
detected in stool. Benef Microbes 13: 33—46. [Medline] [CrossRef]

Vatanen T, Franzosa EA, Schwager R, Tripathi S, Arthur TD, Vehik K, Lernmark
A, Hagopian WA, Rewers MJ, She JX, et al. 2018. The human gut microbiome in
early-onset type 1 diabetes from the TEDDY study. Nature 562: 589-594. [Medline]
[CrossRef]

Bode L, Jantscher-Krenn E. 2012. Structure-function relationships of human milk
oligosaccharides. Adv Nutr 3: 383S-391S. [Medline] [CrossRef]

Garrido D, Ruiz-Moyano S, Lemay DG, Sela DA, German JB, Mills DA. 2015.
Comparative transcriptomics reveals key differences in the response to milk
oligosaccharides of infant gut-associated bifidobacteria. Sci Rep 5: 13517. [Medline]
[CrossRef]

Orihara K, Yahagi K, Saito Y, Watanabe Y, Sasai T, Hara T, Tsukuda N, Oki K,
Fujimoto J, Matsuki T. 2023. Characterization of Bifidobacterium kashiwanohense
that utilizes both milk- and plant-derived oligosaccharides. Gut Microbes 15: 2207455.
[Medline] [CrossRef]

Duar RM, Casaburi G, Mitchell RD, Scofield LNC, Ortega Ramirez CA, Barile D,
Henrick BM, Frese SA. 2020. Comparative genome analysis of Bifidobacterium longum
subsp. infantis strains reveals variation in human milk oligosaccharide utilization genes
among commercial probiotics. Nutrients 12: 12. [Medline] [CrossRef]

Sakanaka M, Hansen ME, Gotoh A, Katoh T, Yoshida K, Odamaki T, Yachi H, Sugiyama
Y, Kurihara S, Hirose J, et al. 2019. Evolutionary adaptation in fucosyllactose uptake
systems supports bifidobacteria-infant symbiosis. Sci Adv 5: eaaw7696. [Medline]
[CrossRef]

Gotoh A, Katoh T, Sakanaka M, Ling Y, Yamada C, Asakuma S, Urashima T,
Tomabechi Y, Katayama-lkegami A, Kurihara S, et al. 2018. Sharing of human milk
oligosaccharides degradants within bifidobacterial communities in faecal cultures
supplemented with Bifidobacterium bifidum. Sci Rep 8: 13958. [Medline] [CrossRef]
Ashida H, Miyake A, Kiyohara M, Wada J, Yoshida E, Kumagai H, Katayama T,
Yamamoto K. 2009. Two distinct alpha-L-fucosidases from Bifidobacterium bifidum are
essential for the utilization of fucosylated milk oligosaccharides and glycoconjugates.
Glycobiology 19: 1010-1017. [Medline] [CrossRef]

Centanni M, Ferguson SA, Sims IM, Biswas A, Tannock GW. 2019. Bifidobacterium
bifidum ATCC 15696 and Bifidobacterium breve 24b metabolic interaction based on
2'-O-Fucosyl-Lactose studied in steady-state cultures in a Freter-style chemostat. Appl
Environ Microbiol 85: 85. [Medline] [CrossRef]

doi: 10.12938/bmth.2023-069

©2024 BMFH Press


http://www.ncbi.nlm.nih.gov/pubmed/27306664?dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.aad7121
http://www.ncbi.nlm.nih.gov/pubmed/30008707?dopt=Abstract
http://dx.doi.org/10.3389/fmicb.2018.01417
http://www.ncbi.nlm.nih.gov/pubmed/27220822?dopt=Abstract
http://dx.doi.org/10.1186/s12866-016-0708-5
http://www.ncbi.nlm.nih.gov/pubmed/25922665?dopt=Abstract
http://dx.doi.org/10.1186/s40168-015-0071-z
http://www.ncbi.nlm.nih.gov/pubmed/31534227?dopt=Abstract
http://dx.doi.org/10.1038/s41586-019-1560-1
http://www.ncbi.nlm.nih.gov/pubmed/31179713?dopt=Abstract
http://dx.doi.org/10.3920/BM2019.0003
http://www.ncbi.nlm.nih.gov/pubmed/26424567?dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.aab2271
http://www.ncbi.nlm.nih.gov/pubmed/29321519?dopt=Abstract
http://dx.doi.org/10.1038/s41467-017-02573-2
http://www.ncbi.nlm.nih.gov/pubmed/27618652?dopt=Abstract
http://dx.doi.org/10.1038/nm.4176
http://www.ncbi.nlm.nih.gov/pubmed/28253911?dopt=Abstract
http://dx.doi.org/10.1186/s40168-017-0245-y
http://www.ncbi.nlm.nih.gov/pubmed/22825494?dopt=Abstract
http://dx.doi.org/10.4161/gmic.21214
http://www.ncbi.nlm.nih.gov/pubmed/33225894?dopt=Abstract
http://dx.doi.org/10.1186/s12866-020-02023-y
http://www.ncbi.nlm.nih.gov/pubmed/34675385?dopt=Abstract
http://dx.doi.org/10.1038/s41564-021-00970-4
http://www.ncbi.nlm.nih.gov/pubmed/27340092?dopt=Abstract
http://dx.doi.org/10.1038/ncomms11939
http://www.ncbi.nlm.nih.gov/pubmed/31888048?dopt=Abstract
http://dx.doi.org/10.3390/nu12010071
http://www.ncbi.nlm.nih.gov/pubmed/35115640?dopt=Abstract
http://dx.doi.org/10.1038/s41396-022-01196-w
http://www.ncbi.nlm.nih.gov/pubmed/33036985?dopt=Abstract
http://dx.doi.org/10.1128/AEM.01782-20
http://www.ncbi.nlm.nih.gov/pubmed/37938239?dopt=Abstract
http://dx.doi.org/10.1038/s43705-021-00066-4
http://www.ncbi.nlm.nih.gov/pubmed/32101704?dopt=Abstract
http://dx.doi.org/10.1016/j.chom.2020.01.028
http://www.ncbi.nlm.nih.gov/pubmed/34262176?dopt=Abstract
http://dx.doi.org/10.1038/s41586-021-03727-5
http://www.ncbi.nlm.nih.gov/pubmed/15466518?dopt=Abstract
http://dx.doi.org/10.1128/AEM.70.10.5810-5817.2004
http://www.ncbi.nlm.nih.gov/pubmed/35077342?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29900174?dopt=Abstract
http://dx.doi.org/10.3389/fnut.2018.00046
http://www.ncbi.nlm.nih.gov/pubmed/33723382?dopt=Abstract
http://dx.doi.org/10.1038/s41396-021-00937-7
http://www.ncbi.nlm.nih.gov/pubmed/15505215?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0407076101
http://www.ncbi.nlm.nih.gov/pubmed/30356187?dopt=Abstract
http://dx.doi.org/10.1038/s41586-018-0617-x
http://www.ncbi.nlm.nih.gov/pubmed/35144523?dopt=Abstract
http://dx.doi.org/10.3920/BM2021.0101
http://www.ncbi.nlm.nih.gov/pubmed/30356183?dopt=Abstract
http://dx.doi.org/10.1038/s41586-018-0620-2
http://www.ncbi.nlm.nih.gov/pubmed/22585916?dopt=Abstract
http://dx.doi.org/10.3945/an.111.001404
http://www.ncbi.nlm.nih.gov/pubmed/26337101?dopt=Abstract
http://dx.doi.org/10.1038/srep13517
http://www.ncbi.nlm.nih.gov/pubmed/37188713?dopt=Abstract
http://dx.doi.org/10.1080/19490976.2023.2207455
http://www.ncbi.nlm.nih.gov/pubmed/33114073?dopt=Abstract
http://dx.doi.org/10.3390/nu12113247
http://www.ncbi.nlm.nih.gov/pubmed/31489370?dopt=Abstract
http://dx.doi.org/10.1126/sciadv.aaw7696
http://www.ncbi.nlm.nih.gov/pubmed/30228375?dopt=Abstract
http://dx.doi.org/10.1038/s41598-018-32080-3
http://www.ncbi.nlm.nih.gov/pubmed/19520709?dopt=Abstract
http://dx.doi.org/10.1093/glycob/cwp082
http://www.ncbi.nlm.nih.gov/pubmed/30683741?dopt=Abstract
http://dx.doi.org/10.1128/AEM.02783-18

