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In contrast to other human-associated bifidobacteria, Bifidobacterium dentium is 
commonly classified as an opportunistic pathogen as its presence in the oral cavity 
has been associated with the development of dental caries. While B. dentium is 
frequently isolated from the oral cavity of children with caries, recent microbiome 
investigations and preliminary genomic analyses have suggested that this species 
is also adapted to colonize the gastrointestinal tract. Understanding the genetic 
and metabolic adaptations that enable this flexible colonization ability is crucial to 
clarify its role in human health and disease. To assess B. dentium genomic diversity 
and metabolic potential, the current study presents analysis and characterization 
of 10 complete genome sequences from recently isolated B. dentium strains 
obtained from human fecal samples together with 48 publicly available genome 
sequences. We investigated genetic loci predicted to be involved in host interaction 
and carbohydrate utilization in this species by means of comparative genomics, 
pan-genome analysis, and gene-trait matching. These analyses identified gene 
clusters involved in the utilization of plant-derived glycans and, for the first time, 
revealed B. dentium strains capable of utilizing human milk oligosaccharides 
(HMOs) through a fucosyllactose utilization cluster homologous to the one found 
in several infant-derived bifidobacterial species. Moreover, additional investigations 
of strain-specific genetic features highlighted a taxon that is evolved to colonize 
multiple niches and to compete with other colonizers. These findings challenge 
the narrow classification of B. dentium as an opportunist and underscore its 
ecological versatility.
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1 Introduction

Various members of the genus Bifidobacterium are common 
commensals of the human gastrointestinal tract, representing Gram-
positive, anaerobic, non-motile, non-spore forming, high GC-content 
bacteria, being members of the Bifidobacteriaceae family, and 
belonging to the Actinomycetota phylum (Turroni et al., 2011; Lugli 
et al., 2020a; Hidalgo-Cantabrana et al., 2017). Over 100 distinct (sub)
species are currently recognized as taxonomic members of the 
Bifidobacterium genus (https://lpsn.dsmz.de/genus/bifidobacterium), 
with this number still increasing every year (Alessandri et al., 2021). 
Bifidobacterium is the predominant commensal genus found in the 
infant gut microbiota, and this remarkable dominance appears to 
be supported by the infant’s exclusively milk-based diet (Turroni et al., 
2012). Following weaning, the relative abundance of Bifidobacterium 
in the human gut microbiota decreases to and stabilizes at 3–6% in 
adults, with a further drop in the elderly (O’Callaghan and van 
Sinderen, 2016; Lugli et al., 2020a). The presence of bifidobacteria in 
the human gut has been associated with various host health benefits, 
such as immune system development, production of vitamins and 
short-chain fatty acids, alleviation of gut disorders, and inhibition of 
enteropathogens (Wong et al., 2020; O’Callaghan and van Sinderen, 
2016; Engevik et al., 2021a). Bifidobacteria have also been reported to 
elicit a positive impact on the overall human gut physiology, for 
example through the degradation of complex carbohydrates that are 
indigestible to the host (Duranti et al., 2020; Turroni et al., 2018). 
Specific bifidobacterial strains and species possess the ability to 
degrade host-derived glycans such as mucin O-glycans and human 
milk oligosaccharides (HMOs), but also various dietary glycans such 
as plant-derived poly- and oligo-saccharides, thus expanding the 
metabolic abilities of their host (Duranti et  al., 2020; Turroni 
et al., 2018).

Bifidobacterium dentium is listed as an opportunistic pathogen 
due to its association with dental caries (Kaur et al., 2013; Kressirer 
et al., 2018). Correlations have been established between the presence 
of oral bifidobacteria, including B. dentium, and occlusal caries lesions 
in children and adults (Manome et al., 2019; Spatafora et al., 2024). 
Nonetheless, its overall impact on human health is unclear, as some 
B. dentium strains have been reported to exert potential beneficial host 
effects (Engevik et al., 2021a). Investigations have highlighted the 
presence of B. dentium in healthy infant stool, and as having a relative 
abundance of 0.7% in healthy human adults (Duranti et al., 2017; 
Engevik et al., 2021a). Moreover, B. dentium has been reported to 
alleviate endoplasmic reticulum stress, minimize inflammation, 
provide a protective effect on the intestinal barrier and modulate 
visceral pain in the intestine (Pokusaeva et al., 2017; Engevik et al., 
2021b; Zhao et al., 2021).

Investigation of the metabolic capabilities of B. dentium has so far 
revealed a greater metabolic versatility when compared to other 
bifidobacteria. In silico genomic screening of this taxon predicted 
genes belonging to members of 29 glycoside hydrolase (GH) families, 
displaying an extensive digestive ability toward a wide range of 
carbohydrates with a core glycobiome focused on the degradation of 
plant-derived glycans and simple carbohydrates (Lugli et al., 2020a; 
Engevik et al., 2021a). B. dentium genomes harbor genes predicted to 
encode enzymes involved in HMO degradation, such as putative 
β-galactosidases, α-L-fucosidases and sialidases, although it appears 
that members of this species do not directly access such carbohydrates 

since no growth was observed on HMOs (Lugli et al., 2020b; Moya-
Gonzálvez et al., 2021). This GH reservoir coupled with a high GH 
index, which is the normalization of GH count based on genome size, 
would be  consistent with the presumed ability of B. dentium to 
colonize different niches within the host (Milani et al., 2015; Lugli 
et al., 2020a).

All bifidobacteria including B. dentium have been shown to use 
non-specific hydrophobicity and electrostatic forces to adhere to host 
tissues (González-Rodríguez et al., 2013; Westermann et al., 2016). 
Furthermore, most members of the Bifidobacterium genus harbor 
gene clusters encoding biosynthetic abilities for the production of type 
VIa, tight adherence (Tad) and/or sortase-dependent pili, which have 
been implicated in host cell adhesion and gut colonization (Turroni 
et al., 2013; O'Connell Motherway et al., 2011). Of note, bifidobacterial 
genomes can harbor multiple pilus-biosynthesis loci, with B. dentium 
Bd1 predicted to possess up to seven gene clusters (Westermann et al., 
2016; Penno et al., 2022; Foroni et al., 2011). Additionally, as has been 
shown for other bifidobacteria, B. dentium may use extracellular 
polysaccharides to adhere to host tissues (polysaccharides secreted in 
the extracellular matrix or loosely associated to the cell surface; 
Fanning et al., 2012), although their role in adhesion has not been 
explored in this species (Bottacini et  al., 2014; Westermann 
et al., 2016).

Although some aspects regarding B. dentium as a member of the 
intestinal microbiota have been investigated, an extensive and 
in-depth analysis of these features, with an emphasis on host 
interaction and gut colonization, has to the best of our knowledge not 
yet been conducted. To gain a better understanding of B. dentium 
genomic diversity and metabolic potential we present here the analysis 
and characterization of complete genome sequences of 10 recently 
isolated B. dentium strains. Through a combined genotypic and 
phenotypic characterization in terms of their carbohydrate 
metabolism we were able to identify in this species a fucosyllactose 
utilization cluster homologous to a gene cluster identified in several 
infant-derived bifidobacterial species, as well as gene clusters known 
in other bifidobacteria to be involved in carbohydrate utilization (e.g., 
raffinose, sucrose, xylooligosaccharides (XOS), xylose, mannitol). 
Moreover, we investigated, through a comparative genomic analysis, 
the diversity of genetic loci involved in host interaction 
and colonization.

2 Materials and methods

2.1 Bifidobacterium dentium DNA isolation, 
sequencing, and assembly

Bifidobacterial overnight cultures were obtained by cultivating 
strains in modified De Man-Rogosa-Sharpe (mMRS) medium 
prepared from first principles (De Man et al., 1960) supplemented 
with 0.05% cysteine-HCl (Sigma Aldrich, Steinheim, Germany) and 
1% lactose at 37°C under anaerobic conditions in a modular 
atmosphere-controlled system (Don Whiteley Scientific, West 
Yorkshire, UK). Following growth, total bifidobacterial DNA was 
obtained as described previously (Bottacini et al., 2018). Genome 
sequencing of B. dentium strains was performed commercially by the 
Norwegian Sequencing Centre (NSC), located at the University of 
Oslo using a Pacific Biosciences Sequel II system. Following 
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sequencing, raw reads were de novo assembled into complete, i.e., 
circular, chromosomes using Flye assembler v 2.9.1 (https://github.
com/fenderglass/Flye; Freire et  al., 2022) and employing default 
parameters. Following read assembly, the obtained complete 
chromosome sequences underwent Open Reading Frame (ORF) 
prediction and automatic annotation using Prokka (v1.14.6; 
Seemann, 2014) available in the Galaxy online platform (Afgan et al., 
2018) and employing default parameters. Functional assignment of 
identified ORFs was performed employing a reference protein 
database containing all Bifidobacterium RefSeq proteins from publicly 
available complete genomes (Cuccuru et al., 2014; Seemann, 2014). 
For functional assignment, an e-value cut-off of <0.0001 in BLASTP 
alignments (Altschul et al., 1990) was used within Prokka (v1.14.6; 
Seemann, 2014). Following annotation, circular contigs were 
rearranged to start at the dnaA gene using Circlator (v1.5.5; Hunt 
et al., 2015). GenBank editing and manual inspection were performed 
using Artemis v18 (http://www.sanger.ac.uk/resources/soft-ware/
artemis/; Rutherford et al., 2000).

2.2 Comparative and pan-genome analysis 
of Bifidobacterium dentium

Five complete and thirty-three draft B. dentium genome sequences 
were obtained from the National Center for Biotechnology 
Information (NCBI) (Sayers et  al., 2022; Lugli et  al., 2020a) and 
combined with the 10 complete genomes of B. dentium strains 
sequenced here in order to perform a comparative genome analysis. 
Calculation of the B. dentium pangenome was conducted on this total 
of 48 B. dentium genomes using the pangenome pipeline Roary 
v3.13.0 (Galaxy version 4.0.0rc1) using default settings (Page et al., 
2015) and then visualized using R v4.5.0 (https://www.r-project.org; 
R Core Team, 2021).

The presence of mobile elements and genes encoding 
transposases or integrases in the available (i.e., 15) complete 
genomes of B. dentium was performed by screening all deduced 
protein sequences using hmmscan alignments against the PFAM 
database (http://ftp.ebi.ac.uk/pub/databases/Pfam; Mistry et  al., 
2021) employing an e-value cut-off of <0.0001. The ICEfinder v1.0 
online tool (https://bioinfo-mml.sjtu.edu.cn/ICEfinder/index.php; 
Liu et al., 2019) was employed to identify Integrative Conjugative 
Elements (ICE) using default settings and the prediction was 
confirmed by the presence of conjugation-related genes such as 
relaxases, surface proteins and type IV secretion systems. 
Identification of putative prophage sequences was performed using 
VirSorter2 v2.2.4 (Guo et al., 2021) using default settings, while 
Artemis v.16 (Rutherford et al., 2000) was used to manually inspect 
genome sequences. The VIRIDIC v1.1 tool (https://rhea.icbm.
uni-oldenburg.de/viridic/; Moraru et al., 2020) was employed to 
calculate and visualize the intergenomic similarities of the predicted 
prophage sequences employing default settings. The prediction of 
clustered regulatory interspaced short palindromic repeats 
(CRISPR) and associated Cas-encoding genes was performed using 
CRISPRCasFinder v1.1.2 (Couvin et al., 2018) with default settings. 
Each predicted proteome was screened for the presence of 
Restriction-Modification (RM) systems using the BLASTP 
alignment function of the REBASE database (https://rebase.neb.
com/rebase/rebase.html; Roberts et al., 2023) with default settings.

The presence of gene clusters encoding genetic functions involved 
in host interaction (e.g., sortase-dependent pilus biosynthesis clusters 
and exopolysaccharide biosynthesis clusters) was identified by 
screening all predicted protein sequences of the 15 complete 
B. dentium genome sequences using hmmscan alignments against the 
PFAM database (http://ftp.ebi.ac.uk/pub/databases/Pfam; Mistry et al., 
2021) employing an e-value cut-off of <0.0001. In particular, sortase-
dependent pilus biosynthesis clusters were identified by the presence 
of a predicted sortase-encoding gene flanked by two or more genes 
predicted to encode a secreted protein with a sortase cleavage domain.

Similarly, extracellular polysaccharide (EPS) biosynthesis gene 
clusters were predicted based on the presence of clustered genes 
encoding functions involved in EPS biosynthesis, such as 
glycosyltransferases, a flippase or an ABC transporter, a priming 
glycosyltransferase and a chain-length regulator (Bottacini et al., 2018).

The in silico prediction of gene clusters involved in bacteriocin 
biosynthesis, export and immunity was performed using the BAGEL4 
tool (Bacteriocin Genome minimal tool, http://bagel4.molgenrug.nl/; 
van Heel et  al., 2018), which identifies clustered genes related to 
bacteriocin production (van Heel et  al., 2018). ORFs of a given 
identified bacteriocin cluster were analyzed using Artemis v.16 
(Rutherford et al., 2000), and protein functions were predicted by 
searching for homologs using BLASTP (Altschul et al., 1990) against 
the non-redundant (nr) NCBI database using default settings. In 
addition, prediction of the signal peptide and cleavage site of the 
candidate bacteriocin-encoding gene was performed on the coding 
sequence using the SignalP v5.0 server with default settings (Bendtsen 
et al., 2004; https://services.healthtech.dtu.dk/services/SignalP-5.0/). 
Furthermore, putative transmembrane domains were predicted with 
the TMHMM v2.0 server using default settings (Krogh et al., 2001; 
https://services.healthtech.dtu.dk/services/TMHMM-2.0/).

Screening and prediction of glycoside hydrolase (GH)-encoding 
genes in 10 B. dentium genomes sequenced within this study were 
performed using dbCAN2 tool using DIAMOND v3 and HMMER 
v3.4 alignments and default settings (Zhang et al., 2018).

2.3 Comparative analysis of the 2′-fucosyll
actose/3-fucosyllactose utilization locus

Complete genome sequences of Bifidobacterium longum subsp. 
infantis ATCC 15697, Bifidobacterium longum subsp. iuvenis JDM301, 
Bifidobacterium catenulatum subsp. kashiwanohense APCKJ1, and 
Bifidobacterium pseudocatenulatum DSM 20438, obtained from the 
National Center for Biotechnology Information (NCBI), and those of 
Bifidobacterium dentium MB0185 and MB0224, sequenced as part of 
the current study, were used for a linear comparison of the predicted or 
experimentally proven fucosyllactose metabolism cluster using Easyfig 
v2.2.5 with default settings (James et al., 2019; Sullivan et al., 2011). For 
phylogenetic analysis of the predicted FumA1 and FumA2 homologs 
encoded by B. dentium MB0185 and MB0224 (these were specifically 
named FumA1bd185 and FumA2bd185, and FumA1bd224 and FumA2bd224, 
respectively), the protein sequences of seventy-two previously 
characterized/predicted α-fucosidases (James et al., 2019) were aligned 
to these predicted α-fucosidases using CLUSTALW v2.1 using default 
settings (Thompson et  al., 2002). The Maximum Likelihood 
phylogenetic tree was built using MEGAX v12 software tool (https://
www.megasoftware.net; Kumar et al., 2024) and visualized using iTOL 
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v7.1 (Letunic and Bork, 2021) using default settings. The E. coli K-12 
DnaA protein was used as an outgroup for phylogenetic inference.

2.4 Bifidobacterium dentium 
carbohydrate-dependent growth profiles

Growth profiles of the 10 newly sequenced B. dentium strains were 
tested on 34 distinct carbohydrates as individual and sole carbon 
sources (Supplementary Table 1). Briefly, a 10% (w/v) stock solution of 
each carbohydrate was prepared using distilled water, filter-sterilized 
using a 0.2 μm membrane filter, and then stored at 4°C until required. 
Growth medium was prepared using modified de Man Rogosa Sharpe 
(mMRS) medium supplemented with 0.5% (v/v) of an individual 
carbohydrate stock solution and 0.05% of L-cysteine-HCl (Watson 
et al., 2013). mMRS supplemented with 0.05% (v/v) cysteine-HCl but 
without any carbohydrate served as the negative control, while mMRS 
supplemented with 0.05% (v/v) cysteine-HCl and 0.5% (v/v) lactose 
served as a positive control. To obtain growth profiles, B. dentium 
overnight cultures were diluted to optical density at 600 nm (OD600nm) 
of 0.05 with growth medium described above. Cultures were then 
grown anaerobically at 37°C in technical duplicates and the OD600nm 
was measured manually after 24 h, using a UV-1280 UV–VIS 
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The 
reported OD600nm values were expressed as the mean of duplicate 
measurements and a minimum of two independent growth experiments 
were performed for each carbohydrate. Growth of bacterial strains was 
assessed based on OD600nm values, where an OD600nm value equal to or 
larger than 0.4 was designated as the cut-off point for good growth, with 
OD600nm values between 0.2 and 0.4 as intermediate growth and below 
0.2 classified as poor/no growth (Bottacini et al., 2018).

In order to obtain a more detailed analysis of growth profiles/
behavior of selected B. dentium strains when cultivated on particular 
carbohydrates, growth curves were performed in mMRS supplemented 
with a particular carbohydrate as the sole carbon/energy source using 
an absorbance 96 plate reader (Enzo Life Sciences, Inc., United States) 
which measured optical density at 620 nm (fixed wavelength setting) 
every hour for 45 h. To acquire more precise OD measurements 
during the initial hours of growth, any remaining lactose present in 
the overnight medium was removed by two washing steps with 
Phosphate Buffered Saline (PBS). Subsequently, the cell cultures were 
harvested by centrifugation at 3,800 × g for 5 min and resuspended in 
1 mL of carbohydrate-free mMRS. Cells were then diluted to OD600nm 
of 0.05 and inoculated into mMRS containing 0.05% (v/v) L-cysteine 
and 0.5% (v/v) of 2′-fucosyllactose (2’-FL), 3-fucosyllactose (3-FL), 
difucosyllactose (DFL), lacto-N-tetraose (LNT), lacto-N-neotetraose 
(LNnT), 3′-sialyllactose (3’-SL), 6′-sialyllacose (6’-SL) or no 
carbohydrate, the latter acting as a negative control. Cultures were 
incubated anaerobically at 37°C for 45 h. B. breve UCC2003 was used 
as a positive control for growth on LNT and LNnT, and as a negative 
control for growth on 2’-FL, 3-FL, DFL, 6’-SL and 3’-SL.

2.5 Plasmid constructions for protein 
overproduction and purification

The construction of plasmids pET28b-FumA1bd185 and pET28b-
FumA2bd185 (which contain the genes encoding the predicted GH95 

and GH29 family α-fucosidases, respectively, of B. dentium MB0185) 
was performed according to a previously established method (James 
et al., 2019). DNA fragments encompassing the predicted fucosidase-
encoding genes, fumA1bd185 (corresponding to the B. dentium MB0185 
genome locus tag MB0185_2106) or fumA2bd185 (corresponding to the 
B. dentium MB0185 genome locus tag MB0185_2105) were PCR 
generated employing chromosomal DNA of B. dentium MB0185 as a 
template and using Q5 High-Fidelity DNA polymerase and primer 
combinations GH95F and GH95R, or GH29BF and GH29BR, 
respectively (Supplementary Table 2). The two generated amplicons 
were restricted with NotI and NheI, or EcoRI and NheI, respectively, 
and then ligated into the NotI and NheI, or EcoRI and NheI-digested 
plasmid pET28b, which harbors an N-terminal His6-encoding 
sequence to facilitate downstream protein purification (Nilsson et al., 
1997). Ligation mixtures were introduced into E. coli BL21 by 
electrotransformation and transformants were then selected based on 
kanamycin resistance. Transformants were checked for plasmid 
content using colony PCR and the integrity of positively identified 
clones was verified by sequencing, performed at Genewiz (Leipzig, 
Germany).

Protein overproduction was obtained using NZY auto-induction 
LB medium (NZYTech, Lisboa, Portugal). In brief, 100 mL of NZY 
Auto-Induction LB medium supplemented with 100 μg/mL 
kanamycin was inoculated in a baffled flask with a 1% inoculum of a 
pre-culture grown aerobically overnight at 37°C, followed by 
incubation at 24°C in an orbital incubator at 300 rpm. After 24 h cells 
were harvested by centrifugation, washed, and concentrated in lysis 
buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole; pH 7.5) 
(Friess et al., 2024). Cell extracts were prepared using 106 mm glass 
beads and the mini-bead-beater-8 cell disrupter (Biospec Products, 
Bartville, Oklahoma, United States). After homogenization, the glass 
beads and cell debris were removed by centrifugation, while the 
supernatant containing the cytoplasmic fractions was retained. 
Protein purification from the cytoplasmic fraction was performed 
using Ni-NTA matrices in accordance with the manufacturer’s 
instructions (Qiagen). Elution fractions were analyzed by SDS 
polyacrylamide (12.5%) gel electrophoresis. Following electrophoresis, 
gels were fixed and stained with Commassie Brilliant blue to identify 
fractions containing the purified protein. Rainbow prestained low 
molecular weight protein markers (New England Biolabs, 
Herdfordshire, UK) were used to estimate the molecular weight of the 
purified proteins. Elution fractions of interest were then concentrated 
and dialyzed in 20 mM sodium phosphate buffer pH7 using Amicon® 
Ultra Filters Merck Millipore (Merck, Darmstadt, Germany). The 
concentration of the protein was then estimated using the Qubit® 
Fluorometer, assuming an estimated purity exceeding 95% as based 
on visual inspection, and the corresponding protein assay kit (Thermo 
Scientific, Gloucester, UK).

2.6 Hydrolytic enzyme activity assays and 
HPAEC-PAD analysis

Assays to determine the hydrolytic activities specified by the protein 
products of the predicted fucosidase-encoding genes fumA1bd185 
(corresponding to B. dentium MB0185_2106) and fumA2bd185 
(corresponding to B. dentium MB0185_2105) were performed using 
2’-FL, 3-FL, DFL, lacto-N-fucopentaose I (LNFPI), lacto-N-fucopentaose 
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II (LNFPII) or lacto-N-fucopentaose III (LNFPIII) as substrates. Briefly, 
each purified protein was added (at a final concentration of 0.025 mg/
mL) to 20 mM morpholinepropanesulfonic acid (MOPS) (pH 7.0) buffer 
and 1 mg/mL (wt/vol) of one of the above-mentioned sugars in a final 
volume of 1 mL, followed by overnight incubation at 37°C.

HPAEC-PAD analysis was performed using a Dionex (Sunnyvale, 
CA) ICS-3000 system equipped with a CarboPac PA1 analytical-
exchange column (dimensions, 250 mm by 4 mm) with a CarboPac 
PA1 guard column (dimensions, 50 mm by 4 mm) and a pulsed 
electrochemical detector (ED40) in PAD mode (Dionex). Samples 
were eluted at a constant flow rate of 1.0 mL/min at 30°C using 
Milli-Q water. Chromatographic profiles of 1 mg/mL (wt/vol) of 
2’-FL, 3-FL, DFL, LNFPI, LNFPII and LNFPIII dissolved in Milli-Q 
water were used as references. The obtained chromatogram profiles 
were integrated and evaluated using Chromeleon software (version 
6.70; Dionex Corporation).

2.7 Protein structure prediction

For the prediction of the three-dimensional structure of 
FumA1bd185, FumA2bd185 and B. dentium MB0148 propionicin-SM1-
like bacteriocin, sequences in FASTA format were used as inputs for 
AlphaFold2-multimer-v2 (AFm) implemented in ColabFold v1.5.2 
with MMseqs2 (Jumper et al., 2021; Mirdita et al., 2022) using default 
settings. The PAE plot for the best mode was generated using PAE 
Viewer with default settings (Elfmann and Stülke, 2023).

2.8 Data visualization

Data relating to the pan-genome and GHs was processed and 
illustrated graphically using the stats, reshape, gridtext, gridExtra, 
tidyverse, gplots, ggplot2, and pheatmap packages in R v4.5.0 (https://
www.r-project.org; R Core Team, 2021). Linear comparisons between 
the genomic loci predicted to be involved in fucosyllactose utilization, 
exopolysaccharide biosynthesis, or bacteriocin production were 
generated with Easyfig v2.2.5 (Sullivan et al., 2011). Phylogenetic trees 
were visualized using the Interactive Tree of Life (iTOL) tool v7.1 
(Letunic and Bork, 2021). Visualization of intergenomic similarities of 
the predicted prophage sequences was performed using the VIRIDIC 
v1.1 tool with default settings (https://rhea.icbm.uni-oldenburg.de/
viridic/; Moraru et al., 2020). Amino acid sequence alignments were 
generated with ClustalOmega using default settings (https://www.ebi.
ac.uk/Tools/msa/clustalo/; Sievers and Higgins, 2014). Graphical views 
of genomes were generated using Mauve v2.4.0 (Darling et al., 2004) 
and DNAplotter v18.2.0 (Carver et al., 2009) using default settings. The 
three-dimensional structures obtained from the AlphaFold2 default 
algorithm were visually inspected by ChimeraX v1.8 (Pettersen et al., 
2021). Alignments of predicted three-dimensional structures were 
performed using the MatchMaker tool implemented in the Chimera 
software v1.2.5 using default settings (Meng et al., 2006).

2.9 Sequence data deposition

The 10 genomes of B. dentium strains that were sequenced to 
completion in the current study have been deposited in the NCBI 

repository under the BioProject accession number PRJNA1073879. 
The accession numbers corresponding to each of the ten sequenced 
genomes are listed in Table 1.

3 Results

3.1 Genomic overview of the ten newly 
sequenced Bifidobacterium dentium 
genomes

The ten B. dentium strains used in this study had recently been 
isolated from fecal samples obtained from mother-infant dyads 
collected during the MicrobeMom study (Feehily et al., 2023; Moore 
et al., 2023). The obtained isolates underwent full genome sequencing 
employing a Pacbio SMRT SEQUEL platform to supplement the 
previously obtained short-read Illumina sequences, which upon 
assembly resulted in the generation of a complete (i.e., circular) 
chromosome (Table 1). The obtained genomes were compared against 
each other and against five complete and publicly available B. dentium 
genomes. The average genome length of 2,639,883 bp is substantially 
larger than other human-derived bifidobacterial genomes (Table 1; 
Duranti et al., 2015; Duranti et al., 2016; Bottacini et al., 2018). The 
GC% was shown to be consistent across the strains with an average of 
58.5% for this species, which is consistent with what previously has 
been observed for B. dentium and for other members of the genus 
Bifidobacterium (Lugli et al., 2020a; Milani et al., 2014). Overall, the 
number of predicted open reading frames (ORFs) averaged at 2,147 
(Table  1), which is consistent with a previous report (Lugli 
et al., 2020a).

Whole genome sequence alignment performed using Mauve 
v2.4.0 (Darling et al., 2004; Supplementary Figure 1A) revealed that 
the B. dentium MB0185 genome seems to have undergone a large 
chromosomal rearrangement of approximately 1,200 Kb through a 
genome inversion around the origin-terminus axis of the genome, 
causing a shift in the GC skew [the (G-C)/(G + C) value] 
(Supplementary Figure 1B). A large chromosomal rearrangement of 
approximately 2,000 Kb also seems to have occurred in the B. dentium 
MB0224 genome at approximate position 400,000  bp 
(Supplementary Figure 1A) around the replication terminus region, 
though in this case the GC skew is preserved 
(Supplementary Figure 1B).

3.2 Pan-genome of Bifidobacterium 
dentium species

In order to provide a comprehensive genomic overview of the 
species B. dentium, a pan-genome analysis was performed employing 
48 B. dentium genomes: 38 of these represent complete and draft 
genomes retrieved from the National Center for Biotechnology 
Information (NCBI) (Sayers et al., 2022), while the remaining ten are 
B. dentium genomes herein sequenced. Pan-genome analysis was 
conducted using the pipeline Roary (Galaxy version 4.0.0rc1, Page 
et al., 2015), which determined a pan-genome consisting of 6,227 
distinct gene families, of which 906 were shared among all assessed 
B. dentium genomes, thus constituting the core-genome of this species 
(Figure 1A; Table 2). According to the power regression function 
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applied to the discovery of new gene families at each new genome 
addition, the B. dentium pan-genome shows an “open” trend with the 
number of novel gene families added for each additional B. dentium 
genome not reaching saturation (Figure 1B). Indeed, the power trend 
line do not reach a plateau (Figure  1B), which suggest an “open” 
pan-genome within the B. dentium species and indicates that its full 
genetic diversity has yet to be fully appreciated.

Due to the inclusion of draft genomes, our analysis returned a 
relatively low core-genome size when compared to other 
bifidobacterial species (Duranti et  al., 2015; Duranti et  al., 2016; 
Bottacini et  al., 2018). To overcome the limitation of genome 
fragmentation introduced by draft sequences, we also computed a 
soft-core-genome estimated to represent gene families which occur in 
≥94% of all available (i.e., 48) B. dentium representatives (Table 2), 
corresponding to 24.4% of the B. dentium pangenome, which is closer 
to the estimated core-genome of other bifidobacterial species (Duranti 
et al., 2015; Duranti et al., 2016; Bottacini et al., 2018). Notably, our 
comparative analysis also identified a total of 1,555 unique gene 
families (Supplementary Figure  2). Our pan-genome analysis 
furthermore revealed that mobile genetic elements, extracellular 
polysaccharide biosynthetic and carbohydrate utilization gene 
clusters, pili- and CRISPR-encoding genes, and genes encoding R/M 
systems constitute a significant portion of the accessory genome (i.e., 
gene functions not observed in all members of this species). A more 
detailed description of this mobilome and defensome follows in the 
next section.

3.3 Bifidobacterium dentium mobilome 
and defensome

The mobilome refers to the collection of genetic elements that can 
migrate within a genome and across different genomes (Siefert, 2009). 
Similar to other gut microbiota members, bifidobacteria harbor 

mobile genetic elements that may play a role in shaping their genomes 
providing rapid adaptation to environmental changes (Guglielmetti 
et  al., 2013; Lugli et  al., 2016). To examine the mobile element 
repertoire of B. dentium, the available 15 complete genome sequences 
were investigated for the presence of mobile DNA elements. This 
included genes encoding integrases, transposases, prophage 
sequences, integrated conjugative elements, and defense mechanisms 
against invading DNA or microbial competitors. These elements may 
play a role in the species’ adaptation to the oral and gut environment, 
thereby facilitating host colonization.

To identity DNA elements involved in movement of genetic 
material, e.g., transposases and integrases, hmmscan alignments 
against the PFAM database (http://ftp.ebi.ac.uk/pub/databases/
Pfam; Mistry et al., 2021) were employed. Based on the obtained 
results, the number of identified transposase- and integrase-
encoding genes ranged between 12 for B. dentium MB0076 and 30 
for B. dentium MM0074 (Supplementary Table  3), which is a 
relatively low number compared to other bifidobacterial species, 
such as B. breve and B. bifidum (Bottacini et al., 2014; Duranti 
et al., 2015). The fully sequenced B. dentium chromosomes were 
also inspected for the presence of prophages using VirSorter2 (Guo 
et al., 2021) and this analysis identified 22 prophage sequences, 
ranging from zero to four across individual B. dentium 
chromosomes (salient features are listed in Supplementary Table 3). 
Looking at the intergenomic similarities between the identified 
prophage sequences using the VIRIDIC v1.1 tool (https://rhea.
icbm.uni-oldenburg.de/viridic/; Moraru et al., 2020), two of these 
appeared to be unique (MB0148_ph1 and MB0076_ph2), while the 
remaining sequences were shown to cluster into seven similarity 
groups (Supplementary Figure  3). The screening of integrated 
conjugative elements (ICEs) using the ICE finder tool (https://
bioinfo-mml.sjtu.edu.cn/ICEfinder/index.php), revealed the 
presence of 1 to 5 ICEs in the genomes of B. dentium, with an 
average number of 2 ICEs per genome (Supplementary Table 3).

TABLE 1 General genome features of B. dentium strains.

Genomes Isolation 
source

Genome 
length (bp)

Contigs ORFs GHs 
number

GH 
index 

(%)

tRNA GC 
content 

(%)

Accession 
number

B. dentium Bd1 Dental caries 2,636,370 1 2,104 81 3.8 56 58.5 NC_013714

B. dentium JCM1195 Dental caries 2,635,669 1 2,099 81 3.9 56 58.5 AP012326

B. dentium N8 Infant fecal sample 2,535,489 1 2,030 – – 56 58.5 NZ_CP072502

B. dentium E7 Infant fecal sample 2,552,511 1 2,017 – – 55 58.3 NZ_CP072503

B. dentium NCTC11816 Dental caries 2,635,828 1 2,099 81 3.9 56 58.5 NZ_LR134349

B. dentium MM0074 Mother fecal sample 2,658,724 1 2,237 82 3.7 54 58.9 CP162927

B. dentium MB0076 Infant fecal sample 2,758,140 1 2,335 87 3.7 58 58.5 CP162919

B. dentium MB0114 Infant fecal sample 2,634,020 1 2,147 85 4.0 57 58.5 CP162920

B. dentium MB0148 Infant fecal sample 2,671,532 1 2,193 84 3.8 55 58.5 CP162921

B. dentium MM0176 Mother fecal sample 2,616,313 1 2,161 77 3.6 56 58.5 CP162928

B. dentium MB0185 Infant fecal sample 2,729,428 1 2,318 91 3.9 55 58.5 CP162922

B. dentium MB0224 Infant fecal sample 2,749,478 1 2,262 89 3.9 56 58.5 CP162923

B. dentium MB0372 Infant fecal sample 2,550,034 1 2,033 85 4.2 55 58.5 CP162924

B. dentium MB0385 Infant fecal sample 2,654,302 1 2,183 84 3.8 56 58.6 CP162925

B. dentium MB0477 Infant fecal sample 2,580,405 1 2,099 77 3.7 56 58.6 CP162926
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With regards to the B. dentium defensome, CRISPR-Cas and 
Restriction Modification (R/M) systems were identified using 
CRISPRCasFinder (https://crisprcas.i2bc.paris-saclay.fr/CrisprCas 
Finder/Index) and the BLASTP (Altschul et  al., 1990) alignment 
function of the REBASE database (https://rebase.neb.com/rebase/
rebase.html; Roberts et al., 2023), respectively. Our analysis identified 
either one or two CRISPR-Cas systems encoded by each B. dentium 
genome (Supplementary Table 3). Screening of R/M systems among 
the 15 fully sequenced B. dentium strains revealed the presence of one 
to three R/M systems encoded by each genome with variability in 
terms of type (from Type I to IV) and genome location across the 
B. dentium strains (Supplementary Table 3). Exceptions to the latter 
are B. dentium strains MM0074, MB0372 and MB0385, which do not 
appear to encode any R/M systems, though they each specify at least 
one CRISPR-Cas system (Supplementary Table 3). While uncommon, 
the absence of R/M systems has been previously reported in 
bifidobacteria (Bottacini et al., 2018; Lugli et al., 2020a,b).

A further investigation into the B. dentium defensome involved 
searching for genes responsible for bacteriocin biosynthesis in the 15 
fully sequenced B. dentium genomes and performed using BAGEL4 
(http://bagel4.molgenrug.nl/; van Heel et al., 2018; Sanchez-Gallardo 
et  al., 2024a). The in silico analysis predicted the presence of a 

bacteriocin-encoding gene in the genomes of 12 out of the 15 assessed 
strains (Figure 2A). From a BLAST alignment (Camacho et al., 2009) 
the identified gene showed 35.71% identity (for 49% query cover) with 
a propionicin-SM1 gene from Propionibacterium jensenii (Miescher 
et al., 2000). The 12 B. dentium strains harbor the propionicin-SM1-like 
gene in the same locus within an IS-flanking and thus presumed 
mobile element, except for B. dentium strains MB0185 and MB0224 
which contain this mobile element in a different chromosomal location. 
Further in silico analysis, using SignalP-5.0 (Bendtsen et al., 2004) and 
TMHMM-2.0 (Krogh et al., 2001), showed the presence of a signal 
peptide and a transmembrane helix in the propionicin-SM1-like gene 
sequence of the B. dentium strains, suggesting that this bacteriocin is 
secreted into the extracellular environment (Supplementary Figure 4).

In addition, BAGEL4 prediction (http://bagel4.molgenrug.nl/; van 
Heel et al., 2018) identified another bacteriocin biosynthesis-encoding 
gene cluster in B. dentium strains MB0477, MB0185 and MB0148 
(Figure 2A). Functional assignment of the genes encoded in the cluster 
using BLASTP (Altschul et al., 1990) showed this bacteriocin gene 
cluster to represent a type 1 lantibiotic biosynthesis system composed 
of a prepeptide structural gene (encoded by lanA), two genes (lanB and 
lanC) that are predicted to encode enzymes for post-translational 
modifications of the bacteriocin prepeptide and one gene (lanT) 
responsible for transport. In B. dentium strains MB0477 and MB0148 
the type 1 lantibiotic cluster is located within the same predicted 
mobile element as that containing the propionicin-SM1-like gene 
(Figure 2B). The different position of the cluster in B. dentium MB0185 
is probably due to the presence of two transposases that flank the type 
1 lantibiotic gene cluster, enabling its mobilization (Figure 2B). In this 
case, no signal peptide or transmembrane helix was found, indicating 
that this peptide is probably modified, processed and secreted from the 
cell by the ABC transporter. The genes that encode these bacteriocins 
display a lower G + C content (45%) when compared to the average 
G + C content (58.5%), supporting the notion of Horizontal Gene 
Transfer (HGT) acquisition.

FIGURE 1

Comparative genomics of 48 Bifidobacterium dentium representatives, consisting of 38 publicly available genomes as well as 10 strains sequenced as 
part of this study. (A) Binary map representing two-way hierarchical clustering analysis (HCL) conducted on the 48 B. dentium genomes. Presence of 
genes is indicated in yellow, while the absence of genes is shown in black. The relationship between the genomes is represented by the clustering 
above the binary map performed through R. (B) Pan-genome analysis of B. dentium species. The curve represents the variation in pan-genome size as 
additional genomes (n = 48) are sequentially added in the analysis. The number of genes (y-axis) is plotted against the number of genomes analyzed 
(x-axis) on a log–log scale. Represented as variation of their gene pool sizes upon sequential addition of the 48 B. dentium genomes.

TABLE 2 Pan-genome analysis of 48 B. dentium representatives, 
consisting of the 10 strains used in this study as well as 38 additional, 
publicly available genomes.

Genomic classification Number of gene 
families

Pan-genome 6,227

Core-genome 906

Soft-core-genome (≥94% strains) 1,520

Dispensable-genome 5,321
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3.4 Comparative genomics of extracellular 
polysaccharide-biosynthesis related gene 
clusters

In order to further investigate B. dentium-host interaction, 
we  identified the diversity and distribution of exo- or cell wall-
polysaccharide (collectively abbreviated here as EPS) specifying loci 
in B. dentium. Indeed, EPS has been shown to be critical in host–
microbe interactions by contributing to the bacterium’s 
immunomodulatory activity (Hickey et al., 2021; Fanning et al., 2012), 
enhancing adherence to the host intestinal mucosa (Inturri et  al., 
2017) and providing protection under stressful conditions (Kelly 
et al., 2020).

The presence of possible EPS clusters was verified in silico in the 
15 fully sequenced B. dentium strains using hmmscan alignments 
against the PFAM database (http://ftp.ebi.ac.uk/pub/databases/Pfam; 
Mistry et al., 2021). The search for genomic regions encoding genetic 
elements that define an EPS cluster (Bottacini et al., 2018), such as 
several glycosyltransferases, a flippase or an ABC transporter, a 
priming glycosyltransferase, and a chain-length regulator resulted in 
the identification of three different EPS-biosynthesis-related loci 
across the assessed B. dentium genomes, which were named epsA, epsB 
and epsC according to the chromosomal position and cluster size 
(Figure 3). The analysis resulted in the identification of two EPS loci 
in 13 out of 15 B. dentium strains, with epsA being conserved in these 
13 B. dentium genomes. Strains MM0074 and E7 harbor a single EPS 
locus (represented by either epsB or epsC, respectively). The epsC locus 
was also present in the genome of B. dentium strains MB0114, 
MB0176, and MB0385 in conjunction with epsA. The other B. dentium 
genomes were shown to contain epsB along with epsA (Figure 3A).

Gene content comparison of representatives for each of these 
three eps loci revealed high variability for epsA across the B. dentium 
strains in terms of both gene content and locus size, ranging between 
30 to 60 Kb (Figure 3BI), while epsB and epsC (being approximately 
20 and 30 Kb in size, respectively) exhibit less genetic diversity 
(Figures 3BII–III). Notably, the chromosomal position of these three 
loci across the strains is mostly conserved, with epsA always flanked 
by epsB or epsC. Only B. dentium MB0185 and MB0224 show a 
different chromosomal position of the EPS loci due to a chromosomal 
rearrangement in their genome (Supplementary Figure 1A).

3.5 Potential for pilus formation in 
Bifidobacterium dentium

Evaluation of host colonization factors in B. dentium was performed 
by searching for gene clusters responsible for pilus biosynthesis, which 
are surface appendages involved in interaction between gut microbes 
and the intestinal mucosa (Foroni et al., 2011; O'Connell Motherway 
et al., 2011). For this purpose, the complete genomes of 15 B. dentium 
strains were searched for the presence of possible pilus biosynthesis-
encoding clusters using hmmscan alignments against the PFAM 
database (http://ftp.ebi.ac.uk/pub/databases/Pfam; Mistry et al., 2021). 
In accordance with literature, B. dentium harbors multiple sortase-
dependent pilus clusters (Supplementary Table 4) and a type IVb tight 
adherence (Tad) pilus-encoding cluster, similar to the one conserved in 
B. breve (O'Connell Motherway et al., 2011). Expression of sortase-
dependent pilus biosynthesis-encoding genes in the genus 
Bifidobacterium may be  influenced by DNA polymerase-mediated 
slippage, promoted by the presence of a long G-tract sequence upstream 

FIGURE 2

Bacteriocin biosynthetic gene clusters across 15 B. dentium strains. (A) Binary map representing the presence or absence of identified bacteriocin 
encoding clusters across the assessed B. dentium strains. (B) Linear comparison of the bacteriocin biosynthetic gene clusters across B. dentium strains. 
The comparison of gene clusters was created using Easyfig. The arrows represent coding sequences. Arrows pointing in the right direction are 
encoded on the forward strand, while arrows pointing in the left direction are encoded on the complementary strand. The size of the coding sequence 
is proportional to the length of the arrow. The predicted gene function is shown in the color legend. The percentage similarity between genes is 
indicated by the intensity of the gray connecting strand. The locus tag of the sequence is shown on the left-hand side.
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the first gene of the cluster (Penno et al., 2022). In silico analysis of the 
ten B. dentium genomes indeed revealed a number of clusters associated 
with such poly-G stretches (Supplementary Table 4), which generates 
diversity in the expression of pili structures that may constitute a target 
for the host’s immune system (Phillips et al., 2019; Penno et al., 2022).

The greater number of pilus-encoding gene clusters in the assessed 
strains (ranging from five to eight across individual B. dentium 
chromosomes, Supplementary Table  4) when compared to other 
bifidobacterial species (Foroni et  al., 2011; Penno et  al., 2022), 
corroborates previous findings that B. dentium possess a higher 
number of adhesion abilities compared to other bifidobacteria which 
may provide ways to adapt to different ecological environments (i.e., 
oral cavity and intestine) (Foroni et al., 2011).

3.6 Glycoside hydrolase identification and 
carbohydrate utilization in Bifidobacterium 
dentium

3.6.1 Glycoside hydrolase identification
In order to explore carbohydrate fermentation abilities of 

B. dentium, glycosyl hydrolase (GH) identification and growth 
experiments were performed focusing on the ten newly sequenced 
B. dentium strains (as we had only access to these strains for such 
growth analyses). GHs were identified through in silico prediction 
using dbCAN (Zhang et  al., 2018) for these ten strains. This 

prediction revealed that the number of GH-encoding genes across 
the strains ranged from 79  in B. dentium MM0176 to 94  in 
B. dentium MB0185, representing 32 distinct GH families, the 
prevalence and abundance of which is depicted in 
Figure 4A. B. dentium harbors a high number of genes predicted to 
encode GHs belonging to the GH3, GH13 and GH43 families 
(average of 12 genes per genome whose encoded products belong to 
the GH3 and GH43 families, and 10 genes encoding GHs belonging 
to the GH13 family) (Figure 4A), which are generally involved in the 
degradation of plant-derived glycans, such as xylose (Xia et  al., 
2015), xylan (Dotsenko et al., 2012), arabinoxylan-oligosaccharides 
(Saito et al., 2020), starch, amylose or arabinogalactan (Milani et al., 
2015). Of note, multiple members belonging to GH2 family coding 
for β-galactosidases or β-mannosidases were present in the assessed 
strains (corresponding to an average of 6 genes per genome) 
(Figure 4A).

3.6.2 Plant-derived glycan utilization
Following the identification of glycoside hydrolase-encoding 

genes, growth profiles were used to establish associations between 
possible gene(s) or gene cluster(s) responsible for the utilization of 
both simple and complex plant-derived carbohydrates (lactose being 
the exception, which was used as a positive control) in B. dentium. In 
order to assess B. dentium growth abilities, growth assays were 
performed by performing OD600nm measurements following 24 h of 
anaerobic growth at 37°C on 34 different carbohydrates, each being 

FIGURE 3

Predicted exopolysaccharide (EPS)-biosynthesis loci identified in the genomes of 15 B. dentium strains. (A) Binary map representing the presence or 
absence of the EPS loci identified across the assessed B. dentium strains. (B) Linear comparison of EPS loci epsA (panel I), epsB (panel II) and epsC 
(panel III) across Bifidobacterium dentium strains as created using Easyfig. Arrows represent coding sequences. Except in the case of the epsA loci of B. 
dentium MB0185 and B. dentium MB0224, which were reversed to aid visualization, arrows pointing in the right direction are encoded on the forward 
strand, while arrows pointing in the left direction are encoded on the complementary strand. The size of the coding sequence is proportional to the 
length of the arrow. The predicted gene function is shown in the color legend. The percentage similarity between genes is indicated by the intensity of 
the gray connecting strand. The locus tag of the sequence is shown on the left-hand side.
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used as the sole carbon source. The cut-off point for good growth was 
designated to be an OD600nm value equal to or larger than 0.4, while 
OD600nm values between 0.2 and 0.4 as intermediate growth and below 
0.2 classified as poor/no growth (Bottacini et al., 2018).

As shown in Figure 4B, consistent growth was observed for all 10 
strains on lactose, galactose, glucose, sucrose, raffinose, and maltose, 
which is in accordance with what has been observed in other human-
derived bifidobacterial species (Duranti et al., 2015; Duranti et al., 2016; 
Arboleya et al., 2018). None of the tested B. dentium strains was shown 
to grow on the plant-derived polysaccharides arabinoxylan, 
arabinogalactan, arabinan, xylan and galactan (Figure 4B). In contrast, 
most of the analyzed strains displayed growth on starch and pullulan 
(Figure  4B). Variable growth was furthermore observed across the 
examined strains on xylo-oligosaccharide (XOS), xylose, glycogen and 
arabinose (Figure 4B). Moreover, B. dentium was shown to able to grow 
on mannitol only, and failed to elicit growth on sorbitol (Figure 4B).

Subsequently, in order to match the above mentioned 
carbohydrate-based growth phenotypes with genotype, we performed 
comparative genome-based and HPAEC-PAD analyses, which were 
further complemented and validated by literature-derived information.

As expected, gene clusters involved in raffinose and sucrose 
utilization were identified in all assessed strains, in both cases 
exhibiting high sequence similarity and common gene order to 
raffinose and sucrose utilization gene clusters previously described 
in bifidobacteria (Supplementary Figures 5A,B; O'Connell et al., 
2013; O'Connell et al., 2014; Tanno et al., 2019; Ryan et al., 2005). 
Like the B. breve UCC2003 raf cluster, B. dentium encodes an 
ABC-type transport system presumed to be  responsible for 
intracellular transport of raffinose, which is then hydrolysed by a 
GH36 family α-galactosidase into sucrose and galactose. The 
α-galactosidase-encoding gene is probably regulated by a 
ROK-type regulator encoded by an adjacent gene 
(Supplementary Figure  5A; O'Connell et  al., 2014). Sucrose 
utilization in B. dentium seems to be  linked to a gene cluster 

which displays high similarity to a cluster involved in sucrose and 
FOS utilization in B. breve and B. longum (Supplementary Figure 5B; 
Ryan et al., 2005; Tanno et al., 2019), also suggesting a possible 
utilization of FOS by B. dentium. The β-fructofuranosidase 
encoded in the cluster (Supplementary Figure 5B) is predicted to 
be involved in the intracellular hydrolysis of the β(2-1) glycosidic 
linkage of sucrose and FOS, releasing glucose and fructose. A 
flanking permease-encoding gene is presumed to be responsible 
for sucrose (or FOS) internalization. Upstream of the gene 
encoding the sugar transporter, an ORF encoding a probable LacI-
type transcriptional regulator was identified, most likely involved 
in the sugar-mediated transcriptional control of this cluster 
(Supplementary Figure 5B).

In relation to growth on starch and pullulan sugars (Figure 4B), 
a gene encoding a predicted type II pullulanase similar to that 
characterized for B. adolescentis P2P3 (Kim et al., 2021) and B. breve 
UCC2003 (O'Connell Motherway et al., 2008) was present in all 
assessed B. dentium strains. SignalP v5.0 analysis (Bendtsen et al., 
2004; https://services.healthtech.dtu.dk/services/SignalP-5.0/) 
identified a signal peptide sequence in this putative pullulanase, 
suggesting an extracellular activity of this glycosyl hydrolase. As 
described by Kim and colleagues, the pullulanase harbors (i) an 
α-amylase domain at its N-terminus that can act on α-1,4-
glucosidic bonds in polysaccharides such as starch, and (ii) a 
pullulanase type I  domain at its C-terminus involved in the 
hydrolysis of α-1,6-glucosidic bonds as in pullulan, with three 
carbohydrate-binding modules located between these two domains. 
The apparent inability of B. dentium MB0185 to grow on either 
starch or pullulan, and B. dentium MB0148’s failure to grow on 
pullulan (Figure  4B), may be  related to genetic variations that 
influenced the expression or activity of the enzyme or one of 
its domains.

A putative XOS and xylose utilization cluster was found in all 
assessed B. dentium strains, harboring genes encoding enzymes 

FIGURE 4

(A) B. dentium glycosyl hydrolase (GH) profile. Heatmap representing the distribution of glycosyl hydrolases (GHs) among 10 B. dentium strains. 
Hierarchical clustering based on the identified GH families is reported. (B) B. dentium carbohydrate fermentation profiles on 34 glycans, as the sole 
carbon source. The cut-off for good growth was OD600nm ≥ 0.4, while OD600nm values equal to 0.3 was designated as intermediate growth and below 
0.2 classified as no growth. The negative control demonstrates a lack of growth in the absence of carbohydrate addition.
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previously found to be involved in xylo-oligosaccharide utilization in 
B. dentium (Supplementary Figure 5C; Lee et al., 2022). The cluster 
harbors several transporter-encoding genes that are predicted to 
be involved in sugar internalization, as well as other enzymes essential 
for XOS degradation into its monomeric constituent xylose (Lee et al., 
2022). Xylose is converted into xylulose by a xylose isomerase, and 
phosphorylated by xylulose kinase to xylulose 5-phosphate, which then 
enters the bifid shunt pathway (Gilad et  al., 2010). Since dissimilar 
growth was observed in XOS (Figure  4B), an analysis of XOS 
internalization was performed on a faster (B. dentium MB0114) and 
slower (B. dentium MM0074) grower strain using HPAEC-PAD analysis. 
The supernatant composition of B. dentium MB0114 and MM0074 were 
analyzed after 24 h of growth on 1% XOS, and, as Supplementary Figure 6 
reports, there is no apparent difference in XOS concentration between 
the two supernatants, suggesting that the difference in growth between 
the two strains is not related to XOS transport.

All strains harbor a gene cluster similar to a gene cluster previously 
shown to be associated with mannitol utilization by B. dentium Bd1 
(Ventura et al., 2009). This putative B. dentium mannitol cluster harbors 
a transporter belonging to the major facilitator superfamily (MFS), 
possibly involved in mannitol transport, and alcohol dehydrogenase-
encoding genes, involved in mannitol metabolism. Indeed, mannitol is 
converted into fructose by an alcohol dehydrogenase, and then 
phosphorylated by fructokinase to fructose-6-phosphate, which is then 
further processed by the bifid shunt pathway (Caescu et al., 2004; Ortiz 
et al., 2017; Wisselink et al., 2002).

3.6.3 Human milk oligosaccharide utilization
We also assessed the ability of our B. dentium strains to grow on 

human milk oligosaccharides (HMOs) (2’-FL, 3-FL, DFL, LNFPI, 
LNFPII, LNFPIII, LNT, and LnNT) through growth assays performed 
as described in the previous section. Notably, our findings revealed that 
B. dentium strains MB0185 and MB0224 exhibit growth on some of the 
fucosylated HMOs (Figure  4B), while no appreciable growth was 
observed for the other strains or other HMOs (Figure  4B; 
Supplementary Figure 7). In order to provide a more detailed growth 
analysis, growth curves on a particular HMO as the sole energy source, 
were performed (Supplementary Figure 7). Growth curves showed that 
both B. dentium strain MB0185 and MB0224 grow more or less equally 
well on 2′-fucosyllactose (2’-FL) (Supplementary Figure 7B; OD620nm of 
0.6 and 0.5, respectively, after 45 h). However, when B. dentium MB0224 
is grown on 3-fucosyllactose (3-FL), it exhibits a lower growth rate 
compared to B. dentium MB0185, which reached OD620nm of 0.4 after 
19 h of growth, whereas B. dentium MB0224 reached the same OD620nm 
after 28 h of cultivation (Supplementary Figure 7C). When examining 
growth on difucosyllactose (DFL), just B. dentium MB0185 was 
demonstrated to exhibit appreciable growth on this HMO (OD620nm of 
0.4 after 45 h), while B. dentium MB0224 was shown to be unable to 
grow on this HMO (OD620nm of 0.1 after 45 h) (Supplementary Figure 7D).

3.7 Comparison of fucosyllactose 
utilization genes across the 
Bifidobacterium genus

Growth assays revealed that two B. dentium strains (B. dentium 
MB0185 and MB0224) capable of utilizing 2’-FL and/or 3-FL/DFL as 
sole carbon sources. This finding unveils a previously unrecognized 

metabolic trait in B. dentium, expanding our understanding of its 
adaptability and functional potential. Integration of genomic analysis, 
particularly GH prediction, uncovered that these two B. dentium 
strains possess a gene cluster, which is highly homologous to fucose/
fucosyllactose utilization clusters identified in several infant-derived 
bifidobacterial species (Figure 5A; James et al., 2019; Sanchez-Gallardo 
et al., 2024b; Sela et al., 2012; Arboleya et al., 2018). This cluster was 
absent in other assessed B. dentium strains, highlighting its unique 
presence in B. dentium MB0185 and MB0224.

Genome analysis of B. dentium MB0185 and MB0224 revealed 
the presence of several transposase/integrase-encoding genes 
flanking their predicted fucosyllactose-utilization gene clusters, 
which suggests that this region represents a mobile genetic element 
(Supplementary Figure 8), and which could contribute to its transfer 
and B. dentium adaptability in different environments. The 
B. dentium fucosyllactose-utilization cluster appears to encode all 
enzymes required for fucosyllactose (and its constituents lactose 
and fucose) metabolism as outlined below (Figure  5A; 
Supplementary Figure  9), highlighting its potential to process 
HMOs in the gut. The first step of the proposed fucosyllactose 
metabolic pathway involves the internalization of the fucosylated 
HMOs through an ABC-type transporter encoded within the cluster 
and represented by genes specifying two sugar permeases and an 
extracellular solute-binding protein. Two specialized uptake systems 
for the internalization of HMOs, with distinct functionality, were 
previously described in bifidobacterial species, as well as B. dentium 
(Ojima et al., 2022; Sakanaka et al., 2019). The two transporters 
possess identical permease subunits but, due to their divergent 
solute-binding protein domains, their ligands specificity differs, 
with the type 1 being able to transport only 2’-FL and 3-FL, while 
the type two imports a wider variety of HMOs (2’-FL, 3-FL, LNFPI 
and lactodifucotetraose; Sakanaka et  al., 2019). Even though a 
homolog of the type 2 transporter was identified in B. dentium 
strains (Ojima et al., 2022), the B. dentium strains used in our study 
showed a lack of growth on LNFPI and LNFPII (Figure  4B) 
suggesting that B. dentium MB0185 and MB0224 possess a different 
ABC transport system for fucosylated HMOs (possibly a 
representative of the type 1 identified in B. infantis and B. breve 
strains; Ojima et al., 2022).

The fucosylated HMOs are then believed to be hydrolyzed by two 
α-fucosidases (FumA1 and FumA2) releasing fucose and lactose, 
which in turn is further metabolized by a β-galactosidase encoded in 
the cluster and the reaction products (i.e., galactose and glucose) are 
processed by the bifid shunt pathway. Several enzymes encoded by the 
cluster (FumB, FumC, FumD, FumE and FumF) then process the 
released L-fucose into L-lactaldehyde and pyruvate, which are further 
metabolized releasing lactate, acetate, formate and L-1,2-propanediol 
(corresponding genes and activity of the above mentioned enzymes 
are indicated in Supplementary Figure 9; James et al., 2019). This 
metabolic pathway is probably regulated by a LacI-type transcriptional 
regulator also encoded by the B. dentium fucosyllactose-utilization 
cluster (Figure 5A).

A phylogenetic analysis of the B. dentium FumA1 and FumA2 
proteins confirmed that these α-fucosidases belong to two different 
GH families: GH95 and GH29-B (Figure  5B), with distinct 
hydrolytic activity.

The limited ability and inability of B. dentium MB0224 to grow on 
3-FL and DFL, respectively (Supplementary Figures  7C,D) is 
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explained by the presence of several mutations in the fumA2 gene, 
which harbors a frameshift and various nucleotide substitutions across 
the gene, when compared to the B. dentium MB0185 fumA2.

In order to investigate the enzymatic activity of the GH95 
(FumA1) and GH29B (FumA2) α-fucosidases encoded by 
B. dentium MB0185 toward HMOs, the predicted fucosidase-
encoding genes, fumA1bd185 and fumA2bd185, were cloned into E. coli 
BL21 using plasmid pET28b and the proteins were overproduced 
and purified as His-tagged versions. FumA1bd185 and FumA2bd185 
were then incubated with various potential substrates, 2’-FL, 3-FL, 
DFL, LNFPI, LNFPII or LNFPIII, after which reaction products 
were analyzed by HPAEC-PAD (see Methods section).

Purified FumA1bd185 was shown to remove the L-fucose moiety 
of the substrates 2’-FL, 3-FL and DFL (Figures  6A–C), 
demonstrating hydrolytic activity toward α-1,2- and α-1,3-
linkages (see Supplementary Figure  10). However, when 
FumA1bd185 was incubated with DFL, incomplete cleavage of this 
HMO was observed, suggesting a slower hydrolytic activity when 
both the α-1,2- and α-1,3-linkages are present (Figure 6C). When 
incubated with larger substrates, such as LNFPI, LNFPII, or 
LNFPIII, purified FumA1bd185 elicited an apparently slow 
hydrolytic activity toward α-1,2-linkages, as the chromatogram 
profile of LNFPI displays an incomplete cleavage of the HMO into 
L-fucose and LNT (Figure 6D), while no breakdown of LNFPII 
and LNFPIII was observed (Figures 6E,F). The lower or absent 
hydrolytic activity of FumA1bd185 with larger substrates (i.e., 

LNFPI and LNFPIII) may result from the larger substrate size that 
affects the enzyme-substrate interactions. Indeed, AlphaFold 
predicted structures show that FumA1bd185 possesses a binding site 
cavity that may not accommodate larger substrates 
(Supplementary Figure  11A). The predicted local distance 
difference test (pLDDT) scores of the AlphaFold models and the 
predicted aligned error (PAE) maps are shown in 
Supplementary Figure 12.

In contrast, purified FumA2bd185 was shown to elicit selective 
hydrolytic activity toward α-1,3-linkages since no substrate 
degradation was observed when this enzyme was incubated with 
2’-FL (Figure  6A), whereas release of L-fucose was observed 
when incubated with 3-FL (Figure  6B). Moreover, this α-1,3-
selectivity was observed also when incubated alone with DFL, as 
L-fucose and 2’-FL were the reaction products (Figure 6C). The 
expected complementary hydrolytic activity of FumA1bd185 and 
FumA2bd185 was confirmed by the HPAEC chromatogram profile 
of DFL when both α-fucosidases were incubated with this HMO, 
indeed complete removal of the lactose moiety was observed 
(Figure 6C). Following FumA2bd185 incubation with LNFPI no 
degradation of the oligosaccharide structure was observed 
(Figure  6D). However, when FumA2bd185 was incubated with 
LNFPII or LNFPIII complete removal of the L-fucose moiety was 
observed (Figures  6E,F), demonstrating hydrolytic activity 
toward α-1,3- and also α-1,4-linkages (Supplementary  
Figure 10).

FIGURE 5

(A) Linear comparison of fucosyllactose metabolism genes across bifidobacterial strains. The arrows represent coding sequences. Except in the case of 
B. longum subsp. iuvenis JDM301, B. dentium MB0185 and B. dentium MB0224, which were reversed to aid visualization, arrows pointing in the right 
direction are encoded on the forward strand, while arrows pointing in the left direction are encoded on the complementary strand. The size of the 
coding sequence is proportional to the length of the arrow and the predicted gene function is shown in the color legend. The percentage similarity 
between genes is indicated by the intensity of the gray connecting strand. The locus tag of the locus is shown on the right-hand side. (B) Phylogenetic 
relationships of GH95 and GH29 α-fucosidases. The phylogenetic tree was built using the neighbor-joining method using CLUSTAL_W and visualized 
through iTOL. The clade of the GH95 family is highlighted in red, and the clade of the GH29 family is highlighted in blue and subdivided into subclades 
GH29-A (light blue) and GH29-B (dark blue).
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4 Discussion

Several studies have explored the ecological niche that 
B. dentium inhabits, based on the presumption that this 
microorganism naturally inhabits the human oral cavity 
(Manome et  al., 2019; Ventura et  al., 2009; Kaur et  al., 2013). 
However, B. dentium presence in human fecal samples across 
different age groups suggests its natural habitat extends beyond 
the oral cavity, though its impact in the gut remains unclear 
(Duranti et  al., 2017; Kato et  al., 2017). In the present study, 
we explored the newly obtained genetic features of ten B. dentium 
isolates combined with 38 publicly available B. dentium genomes. 
Comparative genome analysis was performed in order to assess 
host-interaction features and carbohydrate metabolic abilities, 
giving the currently most comprehensive genomic analysis of this 
species. Our analysis reveals that members of the B. dentium 
taxon possess a larger chromosome (at an average of 2.6 Mbp) 
compared to other human gut bifidobacterial species, such as 
Bifidobacterium breve, Bifidobacterium bifidum, Bifidobacterium 
adolescentis, and Bifidobacterium longum subsp. longum 
(Bottacini et al., 2014; Duranti et al., 2015; Duranti et al., 2016; 
Arboleya et  al., 2018). This increased genome size appears to 
be  driven by an expanded accessory genome, which may 
be connected to B. dentium’s ability to colonize multiple niches 
(i.e., oral cavity and gut).

The prediction of an “open” pan-genome and the high number of 
unique genes identified in this taxon suggest a high genome variability 
compared to other bifidobacterial species (Bottacini et  al., 2014; 
Duranti et al., 2015; Duranti et al., 2016; Arboleya et al., 2018). Our 
analysis also identified numerous mobile elements, such as genes 
specifying integrases and transposases, integrative and conjugative 
elements, prophages sequences and defense mechanisms against 
mobile DNA acquisition (CRISPR-Cas and R/M systems), highlighting 

HGT as a key feature of B. dentium’s evolution. These findings, along 
with the identification of structural chromosomal rearrangements in 
the genome of B. dentium MB0224 and MB0185, which may be caused 
by recombination between IS elements, indicate that (some) 
B. dentium strains possess a structurally less stable genome compared 
to other bifidobacteria.

The genetic diversity in the B. dentium taxon is also evident 
from the analysis of gene clusters encoding functions related to 
host interaction (e.g., bacteriocin biosynthetic genes, pilus-
encoding gene clusters, and extracellular polysaccharide 
encoding clusters). In silico screening identified three 
EPS-biosynthesis-related loci (epsA, epsB, and epsC), consistent 
with what has previously been observed in various Gram-positive 
bacteria (Bottacini et al., 2018; Fanning et al., 2012; Dan et al., 
2009; Guérin et al., 2022). The genetic diversity and structural 
variations in these EPS clusters suggest a potential role in strain-
specific adaptations to different host environments. Furthermore, 
most of the assessed B. dentium strains have acquired a variety of 
bacteriocins, which may influence microbial competition and 
host colonization. Most strains harbor a propionic-SM1-like 
bacteriocin gene, and some also possess a type 1 lantibiotic 
cluster, which appears to have been acquired by HGT. Moreover, 
B. dentium harbors multiple sortase-dependent pilus clusters, 
some associated with poly-G stretches, suggesting a role in 
adhesion to host tissues and potentially influencing colonization 
dynamics within the oral cavity and gut (Penno et al., 2022).

The pan-genome of B. dentium harbors a large repertoire of 
GH families predicted to be  involved in the metabolism of a 
variety of glycans, which supports the notion that B. dentium is 
able to colonize multiple niches. Growth experiments, in 
combination with a comparative genome analysis, confirm 
B. dentium’s ability to metabolize various mono- and oligo-
saccharides, consistent with previous findings (Lugli et al., 2020a; 

FIGURE 6

Chromatogram profiles using High-Performance Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) of (A) 2’-FL, 
(B) 3-FL, (C) DFL, (D) LNFPI, (E) LNFPII and (F) LNFPIII in (I) Milli-Q water; or in MOPS buffer with (II) FumA1bd185, (III) FumA2bd185, (IV) FumA1bd185 and 
FumA2bd185 together. This technique was used to separate the HMOs based on their charge under alkaline conditions and then detect them measuring 
the electric current produced when the carbohydrates are oxidized at the detector surface, allowing highly sensitive identification. (*) indicates a peak 
which is due to the MOPS buffer used for the enzymatic assays.
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Engevik et al., 2021a). Even though multiple members of the GH3 
and GH43 families are encoded by all strains, suggestive of an 
ability to degrade complex plant glycans no growth was observed 
on any of these polysaccharides. In silico analysis highlighted 
these GH3 and GH43 members lack a secretion signal and are 
thus presumed to represent cytoplasmic enzymes. As observed in 
other bifidobacterial species (Yokoi et  al., 2022; Munoz et  al., 
2022), it is possible that B. dentium indirectly utilizes these 
complex plant-derived glycans through cross-feeding 
interactions, where these glycans are initially degraded to 
oligosaccharides by other members of the intestinal microbial 
community by means of extracellular hydrolytic activities. Such 
released oligosaccharides may then internalized and further 
utilized by B. dentium through cytoplasmatic GHs (i.e., GH3 and 
GH43). The conservation of GH families associated with the 
degradation of complex plant glycans suggests that B. dentium is 
adapted to niches where plant glycan breakdown products are 
abundant, taking advantage of the metabolic output of the 
surrounding microbial community to support its own 
colonization and persistence.

Of note, two B. dentium genomes (B. dentium MB0185 and 
MB0224) encompass a gene cluster which is involved in the 
metabolism of fucosylated human milk oligosaccharides (HMOs), 
and which is similar to those present in genomes of other 
bifidobacterial species/strains (James et  al., 2019; Sanchez-
Gallardo et  al., 2024b). This metabolic capability, previously 
unrecognized in B. dentium, suggests an adaptation mechanism 
that may expand its ecological niche. The absence of this gene 
cluster in other B. dentium strains suggests that HMO utilization 
is not a conserved trait within the species but rather a strain-
specific adaptation. This may explain why B. dentium is not 
prevalent in infants compared to certain other bifidobacterial (sub)
species (Feehily et al., 2023). As shown in Figure 5A, fucosylated 
HMO utilization gene clusters differ among various Bifidobacterium 
species. In B. dentium the fucosyllactose utilization gene cluster is 
similar to that of B. kashiwanohense (James et al., 2019), featuring 
two glycosyl hydrolases (GH29 and GH95) required for 2’-FL, 
3-FL metabolism (Garrido et al., 2016; James et al., 2019; Shani 
et al., 2022), and, as demonstrated in this study, are also required 
for DFL utilization.

These findings open several important avenues for future research. 
Indeed, understanding the genetic mechanisms underlying 
B. dentium’s niche adaptation and its ability to utilize a diverse range 
of carbohydrates, including HMOs, will be crucial to explore its role 
in both the oral and gut microbiomes. Moreover, the high level of 
genetic variability and horizontal gene transfer in B. dentium suggests 
that its metabolic traits and ability to interact with the host may evolve 
rapidly, which could have implications for its ecological and functional 
roles in the microbiota.

5 Conclusion

Through comparative genomic analysis, the genomic diversity of 
B. dentium was elucidated revealing an open pan-genome and a high 
level of genetic diversity linked to HGT events. The identification of 
a large chromosome (2.6 Mbp) compared to other bifidobacterial 

species along with the presence of numerous GH families and a 
complex range of host-colonization factors indicate that this species 
is adapted to colonize multiple niches and to compete with other 
colonizers. GH screening identified a large glycobiome with an 
apparent focus on the degradation of plant polysaccharides, with 
GH3, GH13, and GH43 being the predominant families observed. 
However, B. dentium failed to grow on complex plant 
polysaccharides, which, as already observed in other bifidobacteria 
(Yokoi et al., 2022; Munoz et al., 2022), suggests utilization of (plant-
derived) complex glycans via resource-sharing and cross-feeding 
interactions. Moreover, most of the tested B. dentium strains failed 
to metabolize HMOs except for B. dentium MB0185 and B. dentium 
MB0224. The exploration of a fucosyllactose utilization locus 
encoded within an apparent mobile element in B. dentium MB0185 
and MB0224 identified them as the first B. dentium strains capable 
of this activity.

Data availability statement

All sequences generated in this study have been submitted to the 
NCBI database under BioProject accession number PRJNA1073879.

Author contributions

OCG: Formal analysis, Investigation, Methodology, 
Visualization, Writing  – original draft. SM: Formal analysis, 
Investigation, Visualization, Writing  – original draft. IO’N: 
Methodology, Writing – original draft. PC: Writing – review & 
editing. FM: Writing – review & editing. AC: Writing – review & 
editing. DvS: Conceptualization, Funding acquisition, Project 
administration, Supervision, Validation, Writing – original draft, 
Writing – review & editing. FB: Funding acquisition, Investigation, 
Project administration, Supervision, Writing  – original draft, 
Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. DvS is supported by Science 
Foundation Ireland (SFI) (Grant numbers SFI/12/RC/2273-P1 and 
SFI/12/RC/2273-P2). FB is a recipient of a FEMS Research Grant 
(FEMS-RG-2016-0103) and FEMS/ESCMID. The HMOs used in this 
work were obtained as a generous gift from dsm-firmenich through 
their HMO donation program.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

https://doi.org/10.3389/fmicb.2025.1584694
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Catalano Gonzaga et al. 10.3389/fmicb.2025.1584694

Frontiers in Microbiology 15 frontiersin.org

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the reviewers. 

Any product that may be evaluated in this article, or claim that may 
be  made by its manufacturer, is not guaranteed or endorsed by 
the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1584694/
full#supplementary-material

References
Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M., et al. (2018). 

The galaxy platform for accessible, reproducible and collaborative biomedical analyses: 
2018 update. Nucleic Acids Res. 46, W537–W544. doi: 10.1093/nar/gky379

Alessandri, G., van Sinderen, D., and Ventura, M. (2021). The genus Bifidobacterium: 
from genomics to functionality of an important component of the mammalian gut 
microbiota running title: Bifidobacterial adaptation to and interaction with the host. 
Comput. Struct. Biotechnol. J. 19, 1472–1487. doi: 10.1016/j.csbj.2021.03.006

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local 
alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

Arboleya, S., Bottacini, F., O'Connell-Motherway, M., Ryan, C. A., Ross, R. P., van 
Sinderen, D., et al. (2018). Gene-trait matching across the Bifidobacterium longum pan-
genome reveals considerable diversity in carbohydrate catabolism among human infant 
strains. BMC Genomics 19:33. doi: 10.1186/s12864-017-4388-9

Bendtsen, J. D., Nielsen, H., von Heijne, G., and Brunak, S. (2004). Improved prediction 
of signal peptides: SignalP 3.0. J. Mol. Biol. 340, 783–795. doi: 10.1016/j.jmb.2004.05.028

Bottacini, F., Morrissey, R., Esteban-Torres, M., James, K., van Breen, J., Dikareva, E., 
et al. (2018). Comparative genomics and genotype-phenotype associations in 
Bifidobacterium breve. Sci. Rep. 8:10633. doi: 10.1038/s41598-018-28919-4

Bottacini, F., O’Connell Motherway, M., Kuczynski, J., O’Connell, K. J., Serafini, F., 
Duranti, S., et al. (2014). Comparative genomics of the Bifidobacterium breve taxon. 
BMC Genomics 15:170. doi: 10.1186/1471-2164-15-170

Caescu, C. I., Vidal, O., Krzewinski, F., Artenie, V., and Bouquelet, S. (2004). 
Bifidobacterium longum requires a fructokinase (Frk; ATP:D-fructose 
6-phosphotransferase, EC 2.7.1.4) for fructose catabolism. J. Bacteriol. 186, 6515–6525. 
doi: 10.1128/JB.186.19.6515-6525.2004

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al. 
(2009). BLAST+: architecture and applications. BMC Bioinformatics 10:421. doi: 
10.1186/1471-2105-10-421

Carver, T., Thomson, N., Bleasby, A., Berriman, M., and Parkhill, J. (2009). 
DNAPlotter: circular and linear interactive genome visualization. Bioinformatics 25, 
119–120. doi: 10.1093/bioinformatics/btn578

Couvin, D., Bernheim, A., Toffano-Nioche, C., Touchon, M., Michalik, J., Néron, B., 
et al. (2018). CRISPRCasFinder, an update of CRISRFinder, includes a portable version, 
enhanced performance and integrates search for Cas proteins. Nucleic Acids Res. 46, 
W246–W251. doi: 10.1093/nar/gky425

Cuccuru, G., Orsini, M., Pinna, A., Sbardellati, A., Soranzo, N., Travaglione, A., et al. 
(2014). Orione, a web-based framework for NGS analysis in microbiology. Bioinformatics 
(Oxford, England) 30, 1928–1929. doi: 10.1093/bioinformatics/btu135

Dan, T., Fukuda, K., Sugai-Bannai, M., Takakuwa, N., Motoshima, H., and 
Urashima, T. (2009). Characterization and expression analysis of the exopolysaccharide 
gene cluster in Lactobacillus fermentum TDS030603. Biosci. Biotechnol. Biochem. 73, 
2656–2664. doi: 10.1271/bbb.90502

Darling, A. C., Mau, B., Blattner, F. R., and Perna, N. T. (2004). Mauve: multiple 
alignment of conserved genomic sequence with rearrangements. Genome Res. 14, 
1394–1403. doi: 10.1101/gr.2289704

De Man, J. C., Rogosa, M., and Sharpe, M. E. (1960). A medium for the cultivation of 
688 lactobacilli. J. Appl. Bacteriol. 23, 130–135. doi: 10.1111/j.1365-2672.1960.tb00188.x

Dotsenko, G. S., Sinitsyna, O. A., Hinz, S. W., Wery, J., and Sinitsyn, A. P. (2012). 
Characterization of a GH family 3 β-glycoside hydrolase from Chrysosporium 
lucknowense and its application to the hydrolysis of β-glucan and xylan. Bioresour. 
Technol. 112, 345–349. doi: 10.1016/j.biortech.2012.02.105

Duranti, S., Longhi, G., Ventura, M., van Sinderen, D., and Turroni, F. (2020). 
Exploring the ecology of Bifidobacteria and their genetic adaptation to the mammalian 
gut. Microorganisms 9:8. doi: 10.3390/microorganisms9010008

Duranti, S., Lugli, G. A., Mancabelli, L., Armanini, F., Turroni, F., James, K., et al. 
(2017). Maternal inheritance of bifidobacterial communities and bifidophages in infants 
through vertical transmission. Microbiome 5:66. doi: 10.1186/s40168-017-0282-6

Duranti, S., Milani, C., Lugli, G. A., Mancabelli, L., Turroni, F., Ferrario, C., et al. 
(2016). Evaluation of genetic diversity among strains of the human gut commensal 
Bifidobacterium adolescentis. Sci. Rep. 6:23971. doi: 10.1038/srep23971

Duranti, S., Milani, C., Lugli, G. A., Turroni, F., Mancabelli, L., and Sanchez, B. (2015). 
Insights from genomes of representatives of the human gut commensal Bifidobacterium 
bifidum. Environ. Microbiol. 17, 2515–2531. doi: 10.1111/1462-2920.12743

Elfmann, C., and Stülke, J. (2023). PAE viewer: a webserver for the interactive 
visualization of the predicted aligned error for multimer structure predictions and 
crosslinks. Nucleic Acids Res. 51, W404–W410. doi: 10.1093/nar/gkad350

Engevik, M. A., Danhof, H. A., Hall, A., Engevik, K. A., Horvath, T. D., Haidacher, S. J., 
et al. (2021a). The metabolic profile of Bifidobacterium dentium reflects its status as a 
human gut commensal. BMC Microbiol. 21:154. doi: 10.1186/s12866-021-02166-6

Engevik, M. A., Herrmann, B., Ruan, W., Engevik, A. M., Engevik, K. A., Ihekweazu, F., 
et al. (2021b). Bifidobacterium dentium-derived y-glutamylcysteine suppresses ER-
mediated goblet cell stress and reduces TNBS-driven colonic inflammation. Gut 
Microbes 13, 1–21. doi: 10.1080/19490976.2021.1902717

Fanning, S., Hall, L. J., Cronin, M., Zomer, A., MacSharry, J., Goulding, D., et al. 
(2012). Bifidobacterial surface-exopolysaccharide facilitates commensal-host interaction 
through immune modulation and pathogen protection. Proc. Natl. Acad. Sci. USA 109, 
2108–2113. doi: 10.1073/pnas.1115621109

Feehily, C., O'Neill, I. J., Walsh, C. J., Moore, R. L., Killeen, S. L., Geraghty, A. A., et al. 
(2023). Detailed mapping of Bifidobacterium strain transmission from mother to infant 
via a dual culture-based and metagenomic approach. Nat. Commun. 14:3015. doi: 
10.1038/s41467-023-38694-0

Foroni, E., Serafini, F., Amidani, D., Turroni, F., He, F., Bottacini, F., et al. (2011). Genetic 
analysis and morphological identification of pilus-like structures in members of the genus 
Bifidobacterium. Microb. Cell Factories 10:S16. doi: 10.1186/1475-2859-10-S1-S16

Freire, B., Ladra, S., and Parama, J. R. (2022). Memory-efficient assembly using Flye. 
IEEE/ACM Trans. Comput. Biol. Bioinform. 19, 3564–3577. doi: 10.1109/TCBB. 
2021.3108843

Friess, L., Bottacini, F., McAuliffe, F. M., O'Neill, I. J., Cotter, P. D., and Lee, C. (2024). 
Two extracellular α-arabinofuranosidases are required for cereal-derived arabinoxylan 
metabolism by Bifidobacterium longum subsp. longum. Gut Microbes 16:2353229. doi: 
10.1080/19490976.2024.2353229

Garrido, D., Ruiz-Moyano, S., Kirmiz, N., Davis, J. C., Totten, S. M., Lemay, D. G., et al. 
(2016). A novel gene cluster allows preferential utilization of fucosylated milk 
oligosaccharides in Bifidobacterium longum subsp. longum SC596. Sci. Rep. 6:35045. doi: 
10.1038/srep35045

Gilad, O., Jacobsen, S., Stuer-Lauridsen, B., Pedersen, M. B., Garrigues, C., and 
Svensson, B. (2010). Combined transcriptome and proteome analysis of Bifidobacterium 
animalis subsp. lactis BB-12 grown on xylo-oligosaccharides and a model of their 
utilization. Appl. Environ. Microbiol. 76, 7285–7291. doi: 10.1128/AEM.00738-10

González-Rodríguez, I., Ruiz, L., Gueimonde, M., Margolles, A., and Sánchez, B. 
(2013). Factors involved in the colonization and survival of bifidobacteria in the 
gastrointestinal tract. FEMS Microbiol. Lett. 340, 1–10. doi: 10.1111/1574-6968.12056

Guérin, H., Kulakauskas, S., and Chapot-Chartier, M. P. (2022). Structural variations 
and roles of rhamnose-rich cell wall polysaccharides in gram-positive bacteria. J. Biol. 
Chem. 298:102488. doi: 10.1016/j.jbc.2022.102488

Guglielmetti, S., Mayo, B., and Álvarez-Martín, P. (2013). Mobilome and genetic 
modification of bifidobacteria. Benef Microbes. 4, 143–66. doi: 10.3920/BM2012.0031

Guo, J., Bolduc, B., Zayed, A. A., Varsani, A., Dominguez-Huerta, G., 
Delmont, T. O., et al. (2021). VirSorter2: a multi-classifier, expert-guided approach 
to detect diverse DNA and RNA viruses. Microbiome 9:37. doi: 10.1186/ 
s40168-020-00990-y

Hickey, A., Stamou, P., Udayan, S., Ramón-Vázquez, A., Esteban-Torres, M., 
Bottacini, F., et al. (2021). Bifidobacterium breve exopolysaccharide blocks dendritic cell 
maturation and activation of CD4+ T cells. Front. Microbiol. 12:653587. doi: 
10.3389/fmicb.2021.653587

https://doi.org/10.3389/fmicb.2025.1584694
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1584694/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1584694/full#supplementary-material
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1016/j.csbj.2021.03.006
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1186/s12864-017-4388-9
https://doi.org/10.1016/j.jmb.2004.05.028
https://doi.org/10.1038/s41598-018-28919-4
https://doi.org/10.1186/1471-2164-15-170
https://doi.org/10.1128/JB.186.19.6515-6525.2004
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/bioinformatics/btn578
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1093/bioinformatics/btu135
https://doi.org/10.1271/bbb.90502
https://doi.org/10.1101/gr.2289704
https://doi.org/10.1111/j.1365-2672.1960.tb00188.x
https://doi.org/10.1016/j.biortech.2012.02.105
https://doi.org/10.3390/microorganisms9010008
https://doi.org/10.1186/s40168-017-0282-6
https://doi.org/10.1038/srep23971
https://doi.org/10.1111/1462-2920.12743
https://doi.org/10.1093/nar/gkad350
https://doi.org/10.1186/s12866-021-02166-6
https://doi.org/10.1080/19490976.2021.1902717
https://doi.org/10.1073/pnas.1115621109
https://doi.org/10.1038/s41467-023-38694-0
https://doi.org/10.1186/1475-2859-10-S1-S16
https://doi.org/10.1109/TCBB.2021.3108843
https://doi.org/10.1109/TCBB.2021.3108843
https://doi.org/10.1080/19490976.2024.2353229
https://doi.org/10.1038/srep35045
https://doi.org/10.1128/AEM.00738-10
https://doi.org/10.1111/1574-6968.12056
https://doi.org/10.1016/j.jbc.2022.102488
https://doi.org/10.3920/BM2012.0031
https://doi.org/10.1186/s40168-020-00990-y
https://doi.org/10.1186/s40168-020-00990-y
https://doi.org/10.3389/fmicb.2021.653587


Catalano Gonzaga et al. 10.3389/fmicb.2025.1584694

Frontiers in Microbiology 16 frontiersin.org

Hidalgo-Cantabrana, C., Delgado, S., Ruiz, L., Ruas-Madiedo, P., Sánchez, B., and 
Margolles, A. (2017). Bifidobacteria and their health-promoting effects. Microbiol. 
Spectr. 5:10. doi: 10.1128/microbiolspec.BAD-0010-2016

Hunt, M., Silva, N. D., Otto, T. D., Keane, J. A., and Harris, S. R. (2015). Circlator: 
automated circularization of genome assemblies using long sequencing reads. Genome 
Biol. 16:294. doi: 10.1186/s13059-015-0849-0

Inturri, R., Molinaro, A., Di Lorenzo, F., Blandino, G., Tomasello, B., 
Hidalgo-Cantabrana, C., et al. (2017). Chemical and biological properties of the novel 
exopolysaccharide produced by a probiotic strain of Bifidobacterium longum. Carbohydr. 
Polym. 174, 1172–1180. doi: 10.1016/j.carbpol.2017.07.039

James, K., Bottacini, F., Serrano Contreras, J. I., Vigoureux, M., Egan, M., 
O'Connell-Motherway, M., et al. (2019). Metabolism of the predominant human milk 
oligosaccharide fucosyllactose by an infant gut commensal. Sci. Rep. 9:15427. doi: 
10.1038/s41598-019-51901-7

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). 
Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589. doi: 
10.1038/s41586-021-03819-2

Kato, K., Odamaki, T., Mitsuyama, E., Sugahara, H., Xiao, J.-Z., and Osawa, R. (2017). 
Age-related changes in the composition of gut Bifidobacterium species. Curr. Microbiol. 
74, 987–995. doi: 10.1007/s00284-017-1272-4

Kaur, R., Gilbert, S. C., Sheehy, E. C., and Beighton, D. (2013). Salivary levels of 
Bifidobacteria in caries-free and caries-active children. Int. J. Paediatr. Dent. 23, 32–38. 
doi: 10.1111/j.1365-263X.2011.01220.x

Kelly, S. M., Lanigan, N., O'Neill, I. J., Bottacini, F., Lugli, G. A., Viappiani, A., et al. 
(2020). Bifidobacterial biofilm formation is a multifactorial adaptive phenomenon in 
response to bile exposure. Sci. Rep. 10:11598. doi: 10.1038/s41598-020-68179-9

Kim, S. Y., Kim, H., Kim, Y. J., Jung, D. H., Seo, D. H., Jung, J. H., et al. (2021). 
Enzymatic analysis of truncation mutants of a type II pullulanase from Bifidobacterium 
adolescentis P2P3, a resistant starch-degrading gut bacterium. Int. J. Biol. Macromol. 193, 
1340–1349. doi: 10.1016/j.ijbiomac.2021.10.193

Kressirer, C. A., Chen, T., Lake Harriman, K., Frias-Lopez, J., Dewhirst, F. E., 
Tavares, M. A., et al. (2018). Functional profiles of coronal and dentin caries in children. 
J. Oral Microbiol. 10:1495976. doi: 10.1080/20002297.2018.1495976

Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E. L. (2001). Predicting 
transmembrane protein topology with a hidden Markov model: application to complete 
genomes. J. Mol. Biol. 305, 567–580. doi: 10.1006/jmbi.2000.4315

Kumar, S., Stecher, G., Suleski, M., Sanderford, M., Sharma, S., and Tamura, K. (2024). 
MEGA12: molecular evolutionary genetic analysis version 12 for adaptive and green 
computing. Mol. Biol. Evol. 41:msae263. doi: 10.1093/molbev/msae263

Lee, M. J., Kang, Y., Son, B. S., Kim, M. J., Park, T. H., Park, D., et al. (2022). Hydrolysis 
of Arabinoxylo-oligosaccharides by α-L-Arabinofuranosidases and β-D-Xylosidase from 
Bifidobacterium dentium. J. Microbiol. Biotechnol. 32, 187–194. doi: 10.4014/jmb. 
2112.12021

Letunic, I., and Bork, P. (2021). Interactive tree of life (iTOL) v5: an online tool for 
phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 
10.1093/nar/gkab301

Liu, M., Li, X., Xie, Y., Bi, D., Sun, J., Li, J., et al. (2019). ICEberg 2.0: an updated 
database of bacterial integrative and conjugative elements. Nucleic Acids Res. 47, D660–
D665. doi: 10.1093/nar/gky1123

Lugli, G. A., Duranti, S., Milani, C., Mancabelli, L., Turroni, F., Alessandri, G., 
et al. (2020b). Investigating bifidobacteria and human milk oligosaccharide 
composition of lactating mothers. FEMS Microbiol. Ecol. 96:fiaa049. doi: 
10.1093/femsec/fiaa049

Lugli, G. A., Tarracchini, C., Alessandri, G., Milani, C., Mancabelli, L., Turroni, F., 
et al. (2020a). Decoding the genomic variability among members of the 
Bifidobacterium dentium species. Microorganisms 8:E1720. doi: 10.3390/ 
microorganisms8111720

Lugli, G. A., Milani, C. A., Turroni, F., Tremblay, D., Ferrario, C., Mancabelli, L., et al. 
(2016). Prophages of the genus Bifidobacterium as modulating agents of the infant gut 
microbiota. Environ Microbiol. 18, 2196–213. doi: 10.1111/1462-2920.13154

Manome, A., Abiko, Y., Kawashima, J., Washio, J., Fukumoto, S., and Takahashi, N. 
(2019). Acidogenic potential of Oral Bifidobacterium and its high fluoride tolerance. 
Front. Microbiol. 10:1099. doi: 10.3389/fmicb.2019.01099

Meng, E. C., Pettersen, E. F., Couch, G. S., Huang, C. C., and Ferrin, T. E. (2006). Tools 
for integrated sequence-structure analysis with UCSF chimera. BMC Bioinformatics 
7:339. doi: 10.1186/1471-2105-7-339

Miescher, S., Stierli, M. P., Teuber, M., and Meile, L. (2000). Propionicin SM1, a 
bacteriocin from Propionibacterium jensenii DF1: isolation and characterization of the 
protein and its gene. Syst. Appl. Microbiol. 23, 174–184. doi: 10.1016/S0723- 
2020(00)80002-8

Milani, C., Lugli, G. A., Duranti, S., Turroni, F., Bottacini, F., Mangifesta, M., et al. 
(2014). Genomic encyclopedia of type strains of the genus Bifidobacterium. Appl. 
Environ. Microbiol. 80, 6290–6302. doi: 10.1128/AEM.02308-14

Milani, C., Lugli, G. A., Duranti, S., Turroni, F., Mancabelli, L., Ferrario, C., et al. 
(2015). Bifidobacteria exhibit social behavior through carbohydrate resource sharing in 
the gut. Sci. Rep. 5:15782. doi: 10.1038/srep15782

Mirdita, M., Schütze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S., and Steinegger, M. 
(2022). ColabFold: making protein folding accessible to all. Nat. Methods 19, 679–682. 
doi: 10.1038/s41592-022-01488-1

Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L. 
L., et al. (2021). Pfam: the protein families database in 2021. Nucleic Acids Res. 49, 
D412–D419. doi: 10.1093/nar/gkaa913

Moore, R. L., Feehily, C., Killeen, S. L., Yelverton, C. A., Geraghty, A. A., Walsh, C. J., 
et al. (2023). Ability of Bifidobacterium breve 702258 to transfer from mother to infant: 
the MicrobeMom randomized controlled trial. Am. J. Obstet. Gynecol. MFM 5:100994. 
doi: 10.1016/j.ajogmf.2023.100994

Moraru, C., Varsani, A., and Kropinski, A. M. (2020). VIRIDIC-A novel tool to 
calculate the Intergenomic similarities of prokaryote-infecting viruses. Viruses 12:1268. 
doi: 10.3390/v12111268

Moya-Gonzálvez, E. M., Rubio-Del-Campo, A., Rodríguez-Díaz, J., and Yebra, M. J. 
(2021). Infant-gut associated Bifidobacterium dentium strains utilize the galactose 
moiety and release lacto-N-triose from the human milk oligosaccharides lacto-N-
tetraose and lacto-N-neotetraose. Sci. Rep. 11:23328. doi: 10.1038/s41598-021-02741-x

Munoz, J., James, K., Bottacini, F., and Van Sinderen, D. (2022). Biochemical analysis 
of cross-feeding behaviour between two common gut commensals when cultivated on 
plant-derived arabinogalactan. Microb. Biotechnol. 13, 1733–1747. doi: 
10.1111/1751-7915.13577

Nilsson, J., Ståhl, S., Lundeberg, J., Uhlén, M., and Nygren, P. A. (1997). Affinity fusion 
strategies for detection, purification, and immobilization of recombinant proteins. 
Protein Expr. Purif. 11, 1–16. doi: 10.1006/prep.1997.0767

O’Callaghan, A., and van Sinderen, D. (2016). Bifidobacteria and their role as 
members of the human gut microbiota. Front. Microbiol. 7:925. doi: 
10.3389/fmicb.2016.00925

O'Connell Motherway, M., Fitzgerald, G. F., Neirynck, S., Ryan, S., Steidler, L., and 
van Sinderen, D. (2008). Characterization of ApuB, an extracellular type II 
amylopullulanase from Bifidobacterium breve UCC2003. Appl. Environ. Microbiol. 74, 
6271–6279. doi: 10.1128/AEM.01169-08

O'Connell, K. J., Motherway, M. O., Liedtke, A., Fitzgerald, G. F., Paul Ross, R., 
Stanton, C., et al. (2014). Transcription of two adjacent carbohydrate utilization gene 
clusters in Bifidobacterium breve UCC2003 is controlled by LacI- and repressor open 
reading frame kinase (ROK)-type regulators. Appl. Environ. Microbiol. 80, 3604–3614. 
doi: 10.1128/AEM.00130-14

O'Connell Motherway, M., Zomer, A., Leahy, S. C., Reunanen, J., Bottacini, F., 
Claesson, M. J., et al. (2011). Functional genome analysis of Bifidobacterium breve 
UCC2003 reveals type IVb tight adherence (tad) pili as an essential and conserved host-
colonization factor. Proc. Natl. Acad. Sci. USA 108, 11217–11222. doi: 
10.1073/pnas.1105380108

O'Connell, K. J., O'Connell Motherway, M., O'Callaghan, J., Fitzgerald, G. F., 
Ross, R. P., Ventura, M., et al. (2013). Metabolism of four α-glycosidic linkage-containing 
oligosaccharides by Bifidobacterium breve UCC2003. Appl. Environ. Microbiol. 79, 
6280–6292. doi: 10.1128/AEM.01775-13

Ojima, M. N., Asao, Y., Nakajima, A., Katoh, T., Kitaoka, M., Gotoh, A., et al. (2022). 
Diversification of a Fucosyllactose transporter within the genus Bifidobacterium. Appl. 
Environ. Microbiol. 88:e0143721. doi: 10.1128/AEM.01437-21

Ortiz, M. E., Bleckwedel, J., Fadda, S., Picariello, G., Hebert, E. M., Raya, R. R., et al. 
(2017). Global analysis of mannitol 2-dehydrogenase in Lactobacillus reuteri CRL 1101 
during mannitol production through enzymatic, genetic and proteomic approaches. 
PLoS One 12:e0169441. doi: 10.1371/journal.pone.0169441

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T. G., et al. 
(2015). Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics (Oxford, 
England) 31, 3691–3693. doi: 10.1093/bioinformatics/btv421

Penno, C., O’Connell-Motherway, M., Fu, Y., Sharma, V., Crsipie, F., Cotter, P. D., et al. 
(2022). Maximum depth sequencing reveals an ON/OFF replication slippage switch and 
apparent in vivo selection for bifidobacterial pilus expression. Sci. Rep. 12:9576. doi: 
10.1038/s41598-022-13668-2

Pettersen, E. F., Goddard, T. D., Huang, C. C., Meng, E. C., Couch, G. S., Croll, T. I., 
et al. (2021). UCSF ChimeraX: structure visualization for researchers, educators, and 
developers. Protein Sci. 30, 70–82. doi: 10.1002/pro.3943

Phillips, Z. N., Tram, G., Seib, K. L., and Atack, J. M. (2019). Phase-variable bacterial 
loci: how bacteria gamble to maximise fitness in changing environments. Biochem. Soc. 
Trans. 47, 1131–1141. doi: 10.1042/BST20180633

Pokusaeva, K., Johnson, C., Luk, B., Uribe, G., Fu, Y., Oezugen, N., et al. (2017). 
GABA-producing Bifidobacterium dentium modulates visceral sensitivity in the 
intestine. Neurogastroenterol. Motil. 29. doi: 10.1111/nmo.12904

R Core Team (2021). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna. Available online at: https://www.R-
project.org/.

Roberts, R. J., Vincze, T., Posfai, J., and Macelis, D. (2023). REBASE: a database for 
DNA restriction and modification: enzymes, genes and genomes. Nucleic Acids Res. 51, 
D629–D630. doi: 10.1093/nar/gkac975

Rutherford, K., Parkhill, J., Crook, J., Horsnell, T., Rice, P., Rajandream, M. A., et al. 
(2000). Artemis: sequence visualization and annotation. Bioinformatics 16, 944–945. doi: 
10.1093/bioinformatics/16.10.944

https://doi.org/10.3389/fmicb.2025.1584694
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/microbiolspec.BAD-0010-2016
https://doi.org/10.1186/s13059-015-0849-0
https://doi.org/10.1016/j.carbpol.2017.07.039
https://doi.org/10.1038/s41598-019-51901-7
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1007/s00284-017-1272-4
https://doi.org/10.1111/j.1365-263X.2011.01220.x
https://doi.org/10.1038/s41598-020-68179-9
https://doi.org/10.1016/j.ijbiomac.2021.10.193
https://doi.org/10.1080/20002297.2018.1495976
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.4014/jmb.2112.12021
https://doi.org/10.4014/jmb.2112.12021
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/nar/gky1123
https://doi.org/10.1093/femsec/fiaa049
https://doi.org/10.3390/microorganisms8111720
https://doi.org/10.3390/microorganisms8111720
https://doi.org/10.1111/1462-2920.13154
https://doi.org/10.3389/fmicb.2019.01099
https://doi.org/10.1186/1471-2105-7-339
https://doi.org/10.1016/S0723-2020(00)80002-8
https://doi.org/10.1016/S0723-2020(00)80002-8
https://doi.org/10.1128/AEM.02308-14
https://doi.org/10.1038/srep15782
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1016/j.ajogmf.2023.100994
https://doi.org/10.3390/v12111268
https://doi.org/10.1038/s41598-021-02741-x
https://doi.org/10.1111/1751-7915.13577
https://doi.org/10.1006/prep.1997.0767
https://doi.org/10.3389/fmicb.2016.00925
https://doi.org/10.1128/AEM.01169-08
https://doi.org/10.1128/AEM.00130-14
https://doi.org/10.1073/pnas.1105380108
https://doi.org/10.1128/AEM.01775-13
https://doi.org/10.1128/AEM.01437-21
https://doi.org/10.1371/journal.pone.0169441
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1038/s41598-022-13668-2
https://doi.org/10.1002/pro.3943
https://doi.org/10.1042/BST20180633
https://doi.org/10.1111/nmo.12904
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1093/nar/gkac975
https://doi.org/10.1093/bioinformatics/16.10.944


Catalano Gonzaga et al. 10.3389/fmicb.2025.1584694

Frontiers in Microbiology 17 frontiersin.org

Ryan, S. M., Fitzgerald, G. F., and van Sinderen, D. (2005). Transcriptional regulation and 
characterization of a novel beta-fructofuranosidase-encoding gene from Bifidobacterium 
breve UCC2003. Appl. Environ. Microbiol. 71, 3475–3482. doi: 10.1128/AEM.71.7. 
3475-3482.2005

Saito, Y., Shigehisa, A., Watanabe, Y., Tsukuda, N., Moriyama-Ohara, K., Hara, T., et al. 
(2020). Multiple transporters and glycoside hydrolases are involved in Arabinoxylan-
derived oligosaccharide utilization in Bifidobacterium pseudocatenulatum. Appl. Environ. 
Microbiol. 86, e01782–e01720. doi: 10.1128/AEM.01782-20

Sakanaka, M., Hansen, M. E., Gotoh, A., Katoh, T., Yoshida, K., Odamaki, T., et al. 
(2019). Evolutionary adaptation in fucosyllactose uptake systems supports 
bifidobacteria-infant symbiosis. Sci. Adv. 5:eaaw7696. doi: 10.1126/sciadv.aaw7696

Sanchez-Gallardo, R., Bottacini, F., O'Neill, I. J., Esteban-Torres, M., Moore, R., 
McAuliffe, F. M., et al. (2024b). Selective human milk oligosaccharide utilization by 
members of the Bifidobacterium pseudocatenulatum taxon. Appl. Environ. Microbiol. 
90:e0064824. doi: 10.1128/aem.00648-24

Sanchez-Gallardo, R., O'Connor, P. M., O'Neill, I. J., McDonnell, B., Lee, C., 
Moore, R. L., et al. (2024a). Pseudocin 196, a novel lantibiotic produced by 
Bifidobacterium pseudocatenulatum elicits antimicrobial activity against clinically 
relevant pathogens. Gut Microbes 16:2409028. doi: 10.1080/19490976.2024.2409028

Sayers, E. W., Bolton, E. E., Rodney Brister, J., Canese, K., Chan, J., Comeau, D. C., 
et al. (2022). Database resources of the national center for biotechnology information. 
Nucleic Acids Res. 50, D20–D26. doi: 10.1093/nar/gkab1112

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 
(Oxford, England) 30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Sela, D. A., Garrido, D., Lerno, L., Wu, S., Tan, K., Eom, H. J., et al. (2012). 
Bifidobacterium longum subsp. infantis ATCC 15697 α-fucosidases are active on 
fucosylated human milk oligosaccharides. Appl. Environ. Microbiol. 78, 795–803. doi: 
10.1128/AEM.06762-11

Shani, G., Hoeflinger, J. L., Heiss, B. E., Masarweh, C. F., Larke, J. A., Jensen, N. M., 
et al. (2022). Fucosylated human Milk oligosaccharide foraging within the species 
Bifidobacterium pseudocatenulatum is driven by Glycosyl hydrolase content and 
specificity. Appl. Environ. Microbiol. 88:e0170721. doi: 10.1128/AEM.01707-21

Siefert, J. L. (2009). Defining the mobilome. Methods Mol. Biol. 532, 13–27. doi: 
10.1007/978-1-60327-853-9_2

Sievers, F., and Higgins, D. G. (2014). Clustal omega. Curr. Protoc. Bioinformatics 48, 
3.13.1–3.13.16. doi: 10.1002/0471250953.bi0313s48

Spatafora, G., Li, Y., He, X., Cowan, A., and Tanner, A. C. R. (2024). The evolving 
microbiome of dental caries. Microorganisms 12:121. doi: 10.3390/microorganisms12010121

Sullivan, M. J., Petty, N. K., and Beatson, S. A. (2011). Easyfig: a genome comparison 
visualizer. Bioinformatics (Oxford, England) 27, 1009–1010. doi: 10.1093/bioinformatics/ 
btr039

Tanno, H., Fujii, T., Ose, R., Hirano, K., Tochio, T., and Endo, A. (2019). 
Characterization of fructooligosaccharide-degrading enzymes in human commensal 
Bifidobacterium longum and Anaerostipes caccae. Biochem. Biophys. Res. Commun. 518, 
294–298. doi: 10.1016/j.bbrc.2019.08.049

Thompson, J. D., Gibson, T. J., and Higgins, D. G. (2002). Multiple sequence alignment 
using ClustalW and ClustalX. Curr. Protoc. Bioinformatics Chapter 2:Unit 2.3. doi: 
10.1002/0471250953.bi0203s00

Turroni, F., Milani, C., Duranti, S., Mahony, J., van Sinderen, D., and Ventura, M. 
(2018). Glycan utilization and cross-feeding activities by Bifidobacteria. Trends 
Microbiol. 26, 339–350. doi: 10.1016/j.tim.2017.10.001

Turroni, F., Peano, C., Pass, D. A., Foroni, E., Severgnini, M., Claesson, M. J., et al. 
(2012). Diversity of bifidobacteria within the infant gut microbiota. PLoS One 7:e36957. 
doi: 10.1371/journal.pone.0036957

Turroni, F., Serafini, F., Foroni, E., Duranti, S., O'Connell Motherway, M., Taverniti, V., 
et al. (2013). Role of sortase-dependent pili of Bifidobacterium bifidum PRL2010 in 
modulating bacterium-host interactions. Proc. Natl. Acad. Sci. USA 110, 11151–11156. 
doi: 10.1073/pnas.1303897110

Turroni, F., van Sinderen, D., and Ventura, M. (2011). Genomics and ecological 
overview of the genus Bifidobacterium. Int. J. Food Microbiol. 149, 37–44. doi: 
10.1016/j.ijfoodmicro.2010.12.010

van Heel, A. J., de Jong, A., Song, C., Viel, J. H., Kok, J., and Kuipers, O. P. (2018). 
BAGEL4: a user-friendly web server to thoroughly mine RiPPs and bacteriocins. Nucleic 
Acids Res. 46, W278–W281. doi: 10.1093/nar/gky383

Ventura, M., Canchaya, C., Tauch, A., Chandra, G., Fitzgerald, G. F., Chater, K. F., et al. 
(2007). Genomics of Actinobacteria: tracing the evolutionary history of an ancient 
phylum. Microbiol. Mol. Biol. Rev. 71, 495–548. doi: 10.1128/MMBR.00005-07

Ventura, M., Turroni, F., Zomer, A., Foroni, E., Giubellini, V., Bottacini, F., et al. (2009). 
The Bifidobacterium dentium Bd1 genome sequence reflects its genetic adaptation to the 
human oral cavity. PLoS Genet. 5:e1000785. doi: 10.1371/journal.pgen.1000785

Watson, D., O'Connell Motherway, M., Schoterman, M. H., van Neerven, R. J., 
Nauta, A., and van Sinderen, D. (2013). Selective carbohydrate utilization by lactobacilli 
and bifidobacteria. J. Appl. Microbiol. 114, 1132–1146. doi: 10.1111/jam.12105

Westermann, C., Gleinser, M., Corr, S. C., and Riedel, C. U. (2016). A critical 
evaluation of Bifidobacterial adhesion to the host tissue. Front. Microbiol. 7:1220. doi: 
10.3389/fmicb.2016.01220

Wisselink, H. W., Weusthuis, R. A., Eggink, G., Hugenholtz, J., and Grobben, G. J. 
(2002). Mannitol production by lactic acid bacteria: a review. Int. Dairy J. 12, 151–161. 
doi: 10.1016/S0958-6946(01)00153-4

Wong, C. B., Odamaki, T., and Xiao, J. Z. (2020). Insights into the reason of human-
residential Bifidobacteria (HRB) being the natural inhabitants of the human gut and 
their potential health-promoting benefits. FEMS Microbiol. Rev. 44, 369–385. doi: 
10.1093/femsre/fuaa010

Xia, W., Shi, P., Xu, X., Qian, L., Cui, Y., Xia, M., et al. (2015). High level expression of 
a novel family 3 neutral β-xylosidase from Humicola insolens Y1 with high tolerance to 
D-xylose. PLoS One 10:e0117578. doi: 10.1371/journal.pone.0117578

Yokoi, T., Nishiyama, K., Kushida, Y., Uribayashi, K., Kunihara, T., Fujimoto, R., et al. 
(2022). O-acetylesterase activity of Bifidobacterium bifidum sialidase facilities the liberation 
of sialic acid and encourages the proliferation of sialic acid scavenging Bifidobacterium 
breve. Environ. Microbiol. Rep. 14, 637–645. doi: 10.1111/1758-2229.13083

Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P., Yang, Z., et al. (2018). dbCAN2: 
a meta server for automated carbohydrate-active enzyme annotation. Nucleic Acids Res. 
46, W95–W101. doi: 10.1093/nar/gky418

Zhao, L., Xie, Q., Evivie, S. E., Liu, D., Dong, J., Ping, L., et al. (2021). Bifidobacterium 
dentium N8 with potential probiotic characteristics prevents LPS-induced intestinal 
barrier injury by alleviating the inflammatory response and regulating the tight junction 
in Caco-2 cell monolayers. Food Funct. 12, 7171–7184. doi: 10.1039/d1fo01164b

https://doi.org/10.3389/fmicb.2025.1584694
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/AEM.71.7.3475-3482.2005
https://doi.org/10.1128/AEM.71.7.3475-3482.2005
https://doi.org/10.1128/AEM.01782-20
https://doi.org/10.1126/sciadv.aaw7696
https://doi.org/10.1128/aem.00648-24
https://doi.org/10.1080/19490976.2024.2409028
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1128/AEM.06762-11
https://doi.org/10.1128/AEM.01707-21
https://doi.org/10.1007/978-1-60327-853-9_2
https://doi.org/10.1002/0471250953.bi0313s48
https://doi.org/10.3390/microorganisms12010121
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1016/j.bbrc.2019.08.049
https://doi.org/10.1002/0471250953.bi0203s00
https://doi.org/10.1016/j.tim.2017.10.001
https://doi.org/10.1371/journal.pone.0036957
https://doi.org/10.1073/pnas.1303897110
https://doi.org/10.1016/j.ijfoodmicro.2010.12.010
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1128/MMBR.00005-07
https://doi.org/10.1371/journal.pgen.1000785
https://doi.org/10.1111/jam.12105
https://doi.org/10.3389/fmicb.2016.01220
https://doi.org/10.1016/S0958-6946(01)00153-4
https://doi.org/10.1093/femsre/fuaa010
https://doi.org/10.1371/journal.pone.0117578
https://doi.org/10.1111/1758-2229.13083
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1039/d1fo01164b

	Gene-trait matching among Bifidobacterium dentium strains reveals various glycan metabolism loci including a strain-specific fucosyllactose utilization cluster
	1 Introduction
	2 Materials and methods
	2.1 Bifidobacterium dentium DNA isolation, sequencing, and assembly
	2.2 Comparative and pan-genome analysis of Bifidobacterium dentium
	2.3 Comparative analysis of the 2′-fucosyllactose/3-fucosyllactose utilization locus
	2.4 Bifidobacterium dentium carbohydrate-dependent growth profiles
	2.5 Plasmid constructions for protein overproduction and purification
	2.6 Hydrolytic enzyme activity assays and HPAEC-PAD analysis
	2.7 Protein structure prediction
	2.8 Data visualization
	2.9 Sequence data deposition

	3 Results
	3.1 Genomic overview of the ten newly sequenced Bifidobacterium dentium genomes
	3.2 Pan-genome of Bifidobacterium dentium species
	3.3 Bifidobacterium dentium mobilome and defensome
	3.4 Comparative genomics of extracellular polysaccharide-biosynthesis related gene clusters
	3.5 Potential for pilus formation in Bifidobacterium dentium
	3.6 Glycoside hydrolase identification and carbohydrate utilization in Bifidobacterium dentium
	3.6.1 Glycoside hydrolase identification
	3.6.2 Plant-derived glycan utilization
	3.6.3 Human milk oligosaccharide utilization
	3.7 Comparison of fucosyllactose utilization genes across the Bifidobacterium genus

	4 Discussion
	5 Conclusion

	References

