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Abstract

Bifidobacterium adolescentis is prevalent in the gastrointestinal tract of healthy humans, and
significantly influences host health. Recent studies have predominantly investigated the
probiotic characteristics of individual strains and their specific metabolic roles, whereas
analyses at the population genome level have been limited to date. This study conducted a
comparative genomics analysis of 543 B. adolescentis genomes to explore genetic background
variations and functional gene differences across geographically diverse populations. The
results revealed significant differences in genome size and GC content among populations
from Asia, Europe, and North America (p < 0.05). The pan-gene exhibited an open structure,
reflecting the substantial genetic diversity within B. adolescentis. Functional annotation
demonstrated that B. adolescentis possesses numerous protein-coding genes and abundant
carbohydrate-active enzymes (CAZys) implicated in carbohydrate degradation and trans-
formation. Population-specific CAZys were identified, suggesting adaptive evolution
driven by distinct regional dietary patterns.

Keywords: Bifidobacterium adolescentis; comparative genomics; functional gene annotation;
adaptive evolution

1. Introduction

Bifidobacterium, a core constituent of the human intestinal microbiota, has consistently
been a central focus of microbiological research since its initial discovery [1,2]. Recognized
as one of the earliest dominant bacteria to colonize the human gastrointestinal tract, Bifi-
dobacterium plays an irreplaceable role in various crucial physiological processes, including
maintaining flora equilibrium, facilitating normal intestinal development, and safeguarding
overall human health [3,4]. Among the genus Bifidobacterium, Bifidobacterium adolescentis
is particularly prominent, and is consistently identified as the predominant species within
the gastrointestinal tract of healthy individuals across various age groups [5]. B. adolescentis
exhibits multiple probiotic characteristics, including anti-inflammatory effects [6], and the
ability to metabolize diverse prebiotics, such as xylooligosaccharides [7], galactooligosac-
charides (GOSs) [8] and arabinoglycans [9]. Furthermore, recent findings suggest that B.
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adolescentis has significant therapeutic potential in individuals with sarcopenia, enhancing
muscle mass and function via niacin (NA) biosynthesis [10].

Comparative genomic analysis has emerged as a powerful tool for elucidating the
genetic diversity, metabolic capabilities, and evolutionary relationships among microbial
populations [11]. Applying comparative genomics to intestinal symbiotic bacteria, such
as Bifidobacterium, facilitates comprehensive insights into strain-specific features and
adaptations [12,13]. For example, the phylogenetic relationships between bacterial strains
and their original environments can be accurately delineated based on genomic data,
providing a deeper understanding of their ecological roles and adaptive strategies [14].
Additionally, comparative genomics combined with functional annotation significantly aids
in elucidating the mechanisms underlying bacterial adaptation to distinct environmental
niches [15]. Although significant progress has been made in understanding B. adolescentis,
notable variations remain in terms of physiological functions, metabolic capacities, and
effects on host health in different strains [16]. However, owing to limited genomic analy-
ses, the underlying genetic determinants responsible for these differences have not been
fully characterized. Consequently, genome sequencing and comprehensive functional ge-
nomic analyses of B. adolescentis are crucial for elucidating its genetic diversity, population
structure, and evolutionary history, thereby enhancing its applicability in therapeutic and
nutritional contexts.

In this study, we conducted genomic resequencing of 28 strains of B. adolescentis
isolated and identified from fecal samples of adults collected in China. These newly gener-
ated genomic data, combined with 515 intestinal-derived B. adolescentis genomes available
in the NCBI database (https://www.ncbi.nlm.nih.gov/), were systematically analyzed
using bioinformatics methods. This comprehensive analysis encompassed genomic char-
acterization, nuclear pan-gene determination, phylogenetic assessment, functional gene
identification, and bacteriocin-encoding loci investigation. Collectively, our findings pro-
vide essential insights into the genetic diversity, adaptive evolutionary processes, and
ecological specialization of B. adolescentis.

2. Materials and Methods
2.1. Strain Activation Culture

Activate 28 strains of B. adolescentis of human intestinal origin that were previously
isolated and identified by our research team. Thaw the bacterial liquid of B. adolescentis
mixed with skimmed milk in a sterile bench (Suzhou Sujie Chemical Equipment Co., LTD.,
Suzhou, China). Dip the bacterial solution and streak on the BHI AGAR medium (Qingdao
High-tech Industrial Park Haibo Biotechnology Co., LTD., Hohhot, China). Incubate
anaerobically at 37 °C for 48 h. (Single colonies were picked and cultured in BHI liquid
medium for two generations, and then expanded for further culture.) Centrifuge the
expanded culture bacterial liquid at a speed of 3800 r/min for 5 min and discard the
supernatant. Wash the bacterial sludge twice with 20 mL of sterile PBS buffer solution, and
then add 1.5 mL of PBS buffer solution. Shake and mix evenly. Aspirate the bacterial liquid
into a 2 mL centrifuge tube. Centrifuge at 12,000 r/min for 2 min to collect the bacterial
sludge. All reagents used in this experiment are analytical grade reagents (Shanghai
Sinopharm Chemical Reagent Co., LTD., Hohhot, China).

2.2. Genome Sequencing and Assembly of Strains

The collected bacterial sludge was sent to Beijing Novozymes Biological Company
for whole-genome sequencing. Sequencing was performed on the Illumina Novaseq 6000
high-throughput sequencing platform (Illumina, Inc., San Diego, CA, USA). Clean Data
was obtained after removing low-quality data and connector sequences. Using the software
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of SOAPdenovo (V2.04), the appropriate Kmer value was selected to perform splicing
assembly and single-base correction on the filtered data [17]. The assembly results were
evaluated using genome size, GC content, Saffold quantity, N50 length and N90 length, as
indicators. Finally, the sequences with better assembly results were selected for subsequent
SOAP (V2.21) verification.

In addition, 515 genomic sequences of human intestinal-derived B. adolescentis were
retrieved from the NCBI RefSeq (https:/ /www.ncbinlm.nih.gov/datasets/genome/, ac-
cessed on 8 April 2025). Genome quality assessment was performed using CheckM
(V1.1.9) [18], and genomes with genomic integrity below 95% and contamination levels
exceeding 5% were excluded from further analyses (Table S1).

2.3. The Average Nucleotide Identity (ANI) Value Analysis

Average nucleotide identity (ANI) values were calculated for all 543 B. adolescentis
strains, according to the methodology outlined by Goris [19].

2.4. Pan-Genome and Core-Genome Analysis and Phylogenetic Analyses

Genomic annotation was performed using the Prokka (V1.14.6) [20]. Pan-genome and
core-genome analyses of the 543 B. adolescentis strains were constructed and visualized
using PanGP (V1.0.1) [21]. A Neighbor-Joining (NJ) phylogenetic tree was constructed
based on core-gene sequences using Treebest (V1.9.2) software with bootstrap analysis set
at 1000 replicates.

2.5. Carbohydrate Activity Enzyme (CAZy) Analysis

Gene sequences from all strains were annotated for carbohydrate-active enzymes
(CAZy). This annotation was integrated with data from the CAZy database (CAZy; http:
//www.cazy.org/, accessed on 30 April 2025) for further analyses.

2.6. Cluster of Orthologous Group (COG) Annotation

Protein sequence files (faa) generated by Prokka software annotation were compared
with the Cluster of Orthologous Groups (COG; https:/ /ecoliwiki.org/colipedia/index.
php/Clusters_of_Orthologous_Groups_(COGs, accessed on 5 May 2025) database for
functional categorization.

2.7. Prediction of Bacteriocin Manipulators

The potential bacteriocin-producing capabilities of the 543 B. adolescentis strains were
predicted using the BAGEL4 website (http://bagel4.molgenrug.nl/) [22].

2.8. AntiSMASH Predictive Analysis

Gene clusters involved in secondary metabolite biosynthesis in B. adolescentis were annotated
and analyzed using the antiSMASH website (https://antismash.secondarymetabolites.org/).

2.9. CRISPR Identification

The CRISPR sites in the genome of B. adolescentis were discovered using CRISPRCasTyper
(V1.6.1) [23]. The type (Type I-VI) and subtypes (such as I-A, II-A, etc.) of the CRISPR-
CAS system were identified. According to the nucleotide sequence of CRISPR repeat
sequence, phylogenetic analysis was performed. The phylogenetic tree was constructed
based on core-gene sequences, using Treebest (V1.9.2) software, with bootstrap analysis set
at 1000 replicates.
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2.10. Data Visualization and Statistics

Heat maps were generated using R (V4.2.2) software. Phylogenetic trees were visu-
alized using the Interactive Tree of Life (iTOL; https:/ /itol.embl.de/, accessed on 8 April
2025). Box plots, bar charts, and Venn diagrams were created using Origin 2024 software
(V10.1.0.178). Statistical comparisons between datasets were performed using the Wilcoxon
test. Statistical significance was set at p < 0.05.

3. Results
3.1. Genomic Features of B. adolescentis Isolates

Genome resequencing and assembly were conducted for 28 previously isolated B.
adolescentis strains (Table S2). The genome size of 543 B. adolescentis strains ranged from 1.94
to 2.48 Mb, with an average size of 2.14 4 0.09 Mb. The GC content varied between 58.58%
and 60.29%, with an average GC content of 59.41 & 0.28%. The predicted number of coding
sequences (CDSs) ranged from 1626 to 2217, with an average size of 1833 % 118. For strains
sequenced by our research team, the average genome size was 2.10 &= 0.10 Mb, average
GC content was 59.33 £ 0.20%, and average CDS count was 1797 £ 131. In contrast, the
genome sequences retrieved from NCBI had an average genome size of 2.14 4= 0.09 Mb,
an average GC content of 59.91 £ 0.29%, and an average CDS count of 1835 & 117. The
comparisons demonstrated that the genomic characteristics of the strains sequenced in this
study closely aligned with those available in the NCBI database.

Excluding the strain B. adolescentis ATCC 15703T, whose initial isolation site was
unspecified, the remaining 542 B. adolescentis strains originated from 11 countries, including
the United States, China, the United Kingdom, Italy, and Japan. These isolates comprised
125 strains from Asia, 52 from Europe, and 365 from North America. Notably, the genomic
size and CDS counts of the Asian isolates were significantly lower than those of the
European (p < 0.05) and North American (p < 0.01) isolates. Furthermore, the GC content
of the Asian isolates was significantly lower than that of the North American isolates
(p < 0.001). Collectively, these results confirmed the regional differences in genome size, GC
content, and CDS counts among B. adolescentis strains isolated from diverse geographical
populations (Figure 1).
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Figure 1. Genome comparison of 543 B. adolescentis strains across different continents. (A) Genome
size; (B) GC content; (C) CDS. There is a statistically significant difference between the three groups
represented by * (Wilcoxon test, significance level: * represents p < 0.05, ** represents p < 0.01,
*** represents p < 0.0001).

3.2. ANI Values of B. adolescentis

AN is a robust indicator for assessing genomic correlations among bacterial species,
with a generally accepted species-delineation threshold between 95 and 96% [24]. In the
present study, the ANI values among all B. adolescentis isolates exceeded 97%, and the ANI
values relative to the type strain B. adolescentis ATCC 15703" averaged 97.87% =+ 0.12%.
Thus, all isolates analyzed in this study belonged to B. adolescentis. A clustering heatmap of
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the isolates revealed evident geographical clustering patterns, indicating regional genomic
variations among isolates from different geographical locations (Figure 2).
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Figure 2. ANI heat map of B. adolescentis, using the color coding of the genome on the x-axis to
distinguish where strains were isolated.

3.3. Pan—Core Genome of B. adolescentis

The pan-genome of 543 B. adolescentis strains comprised 16,696 genes, including 412 core
genes (2.47%), 4662 unique genes (27.92%), and 11,622 ancillary genes (69.61%). The core-
genome curve demonstrated an initial rapid decline, followed by gradual stabilization as
the number of genomes analyzed increased, whereas the pan-genome curve remained open,
indicating ongoing genomic expansion (Figure 3A). Notably, the pan-gene curves varied
among strains originating from different geographical locations, with Asian isolates exhibiting
a significantly higher pan-genome expansion than North American isolates (Figure 3B).
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Figure 3. B. adolescentis pan—core gene. (A) Overall pan—core gene trend map; (B) pan—core gene
trend map of the three continents; (C) pan—core gene comparison of isolates from different regions;
(D) Venn map of core genes of isolates from different regions.
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A comparative analysis of pan—core genomes among geographically distinct B. ado-
lescentis populations revealed that North American isolates exhibited the largest dataset,
characterized by the highest number of pan genes and the fewest core genes. Conversely,
European isolates comprised the smallest dataset, with the fewest pan genes and the high-
est number of core genes (Figure 3C). Venn diagrams depicting the core-gene sets among
geographic isolates identified 282 common genes across all regions (Figure 3D). European
isolates, despite being the smallest in number, had the greatest number of unique core
genes, exhibiting the most pronounced divergence compared with North American isolates.

3.4. The Phylogenetic Tree of B. adolescentis

The phylogenetic relationships among B. adolescentis strains were assessed using
Bifidobacterium ruminantium LMG 218117 [25], which is closely related to B. adolescentis, as
an outgroup (Figure 4A). Branch lengths reflected genetic distances, clearly distinguishing
the 543 B. adolescentis strains from the outgroup and confirming their classification as a
single species. Additionally, a radial phylogenetic tree constructed based on 413 core genes
from 542 B. adolescentis strains (excluding the outgroup) showed distinct clustering patterns
(Figure 4B). Asian and North American isolates predominantly formed distinct clusters,
whereas European isolates appeared more dispersed, but displayed partial clustering
tendencies. At the national scale, the strains generally clustered according to their country
of origin. Within Europe, isolates from Italy, Spain, and the United Kingdom formed a
coherent cluster, consistent with the clustering observed, based on the ANI values.
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Figure 4. Phylogenetic tree: (A) with outgroup phylogenetic tree and (B) without outgroup phyloge-
netic tree.

3.5. Annotation of Carbohydrate Enzyme in B. adolescentis

To elucidate the carbohydrate utilization pathways in B. adolescentis, we annotated
CAZy from 543 genomes based on the CAZy database. The annotation revealed a diverse
array of CAZy present within the B. adolescentis genome (Figure 5). A total of 90 distinct
CAZy families were identified, comprising 59 glycoside hydrolases (GHs), 14 glycosyl-
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transferases (GTs), 13 carbohydrate-binding modules (CBMs), and 4 carbohydrate esterases
(CEs), The results are shown in Table S3. The GH family predominated, constituting 65.56%
of the total CAZymes. Within the GH family, GH3, GH42, and GH2 were the most abun-
dant, significantly exceeding other GH family members. These enzymes predominantly
participate in carbohydrate metabolism and 3-glycosidic bond hydrolysis, thereby aiding
the host in the digestion of dietary fibers and lactose. Among the GTs, GT2_Glycos_transf_2
exhibited significantly higher abundance than other GT family members, playing a critical
role in synthesizing polysaccharides, such as peptidoglycan, glycogen and exopolysac-
charides. Regarding CBMs, the numbers of CBM13, CBM26 and CBM48 are significantly
higher than those of other members. All of them can enhance the affinity of enzymes for
substrates, and improve catalytic efficiency. Within the CE family, CE10 is predominant,
and primarily facilitates the degradation of cellulose and hemicellulose.

Location
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Figure 5. Carbohydrate analysis of 543 strains of B. adolescentis.

Comparative analysis of CAZy gene distribution revealed the greatest diversity in
North American isolates, followed by Asian and European isolates. Furthermore, 15 CAZy
genes were geographically specific: 11 GHs, 3 CBMs, and 1 GT. Specifically, Asian isolates
possessed CBM32, CBM50, GH112, GH125, GH5_18, and GH85; European isolates featured
GH30_9 and GH59; whereas North American isolates harbored CBM34, GH146, GH15,
GH39, GH43_4, GH91, and GT26.

3.6. Annotation of COG in B. adolescentis

Functional annotation of Clusters of Orthologous Group (COG) genes was conducted
for 543 B. adolescentis strains (Figure 6A). Annotation identified four major functional
categories, encompassing 22 functional classifications (Table 54). Genes associated with
metabolic processes constituted the largest proportion, accounting for 43.11% of the an-
notated genes. Among the metabolic genes, family E was the most prevalent (14.15%),
followed by family G (11.41%). Genes related to information storage and processing com-
prised 20.37% of the total, with family ] representing the highest proportion (10.03%).
Additionally, genes involved in cellular growth and signal transduction accounted for
17.33% of the genes, predominantly represented by the family T (5.88%). Genes with
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unclassified or unknown functions comprised 19.20% of the total, with families S and R
contributing 10.28% and 8.92%, respectively. Thus, aside from genes of unknown function,
the predominant functional categories in B. adolescentis included amino acid metabolism
and transport, carbohydrate metabolism and transport, translation, ribosome structure and
biogenesis, and DNA replication, recombination, and repair.

A

: Aminoacidtransport and metabolism (14.15%)

: Car transport and ism (11.41%)
. Function unknown (10.28%)

: Translation, ribosoml structure and biogensis (10.03%)
. General function prediction only (8.92%)

: Replication, recombination and repair(7.29%)

: Signal transduction mechanisms (5.88%)

: Coenzyme transport and metabolism (5.37%)

. Cell wall/membrane/envelope biogenesis(3.82%)
: Nucleotide transport and metabolism (3.65%)

: Transcription(2.90%)

: Posttranslational modification and protein turnover (2.80%)

: Inorganic ion transport and metabolism (2.70%)

: Secondary bolites bi b , transport and boli (2.29%)
: Energyproduction and conversion (2.24%)

. Intracellular trafficking, secretion and vesicular transport (1.57%)
: Cellcycle control, cell division, chromosome partitioning (1.41%)
: Defense mechanisms (1.31%)

: Lipid transport and metabolism (1.30%)

: Cell motility (0.42%)

: Chromatin structure and dynamics (0.15%)

: Cell motility (0.11%)
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Figure 6. COG annotation results of B. adolescentis. (A) COG annotation results of 543 B. adolescentis
strains; (B) COG annotation results for strains from different isolation sites. There is a statistically
significant difference between the three groups represented by * (Wilcoxon test, significance level:
* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001).

Analysis of isolates from different geographical regions indicated significant variations
in the abundance of families E, G, J, L, T, H, R, and S. Families S and R, which lack
clearly defined functions, were excluded from subsequent comparative analyses because of
ambiguity regarding their specific roles (Figure 6B).

Consequently, differences among families E, G, ], L, T, and H were further analyzed
(Figure 7). For family E, European isolates showed a significantly higher abundance than
Asian and North American isolates (p < 0.0001). In family G, the number of Asian isolates
significantly exceeded that of North American isolates (p < 0.05). Family T genes were
significantly more abundant in North American isolates than in Asian and European
isolates (p < 0.0001). For family J, isolates from Asia differed significantly from European
isolates (p < 0.001), and North American isolates differed more significantly from European
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isolates (p < 0.0001). Finally, family H genes were significantly more abundant in North
American than in Asian isolates (p < 0.01).
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Figure 7. COG functional annotation of different isolated strains (A—E): analysis of significant differ-
ences in genes with different functions. Wilcoxon test, significance level: * for p < 0.05, ** for p < 0.01,
*** for p < 0.001, **** for p < 0.0001.

3.7. Annotation of Bacteriocin Operon in B. adolescentis

Among the 543 B. adolescentis strains analyzed, nine bacteriocin-related operons
were annotated. Of these, seven operons encoded Class Ila bacteriocins, including Pro-
pionicin_SM1, whereas two operons encoded Class V bacteriocins, such as pesticin. The
bacteriocin manipulators exhibited geographical variation, annotated in one Asian strain,
two European strains, and six North American strains (Figure 8). Notably, Class V bacte-
riocin manipulators were exclusively identified among North American isolates, further
suggesting regional differences in genomic diversity.
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Figure 8. Types of bacteriocin operon.
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3.8. AntiSMASH Predictive Analysis by B. adolescentis

In addition to bacteriocins, which are antimicrobial peptides secreted by bacteria as
part of their defense mechanisms, microorganisms also employ non-peptide secondary
metabolites, such as terpenoids, polyketides, and nonribosomal peptides (NRPs), for com-
petitive niche occupation [26]. Annotation of gene clusters related to secondary metabolite
synthesis in B. adolescentis strains identified 556 gene clusters. Each strain possessed gene
clusters associated with terpene precursor metabolism. Terpene precursors are crucial inter-
mediates in terpenoid biosynthesis, underpinning various microbial secondary metabolites
and influencing human health through mechanisms such as protein modification, immune
regulation and microbiota interactions.

Additionally, gene clusters associated with NRP-like metabolism, which is integral to
the biosynthesis and modification of small-molecule metabolites [27], were also annotated.
NRP-like pathways are important for synthesizing medically and industrially relevant com-
pounds, including antibiotics, antifungal agents and immunosuppressants. Remarkably,
these NRP-like clusters exhibited distinct geographical clustering: among the 14 identified
clusters, 12 were exclusive to Asian isolates, 2 were present in North American isolates,
and European isolates lacked NRP-like gene clusters entirely (Figure 9).
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Figure 9. Heatmap of the distribution of gene clusters related to the synthesis of other secondary metabolites.

3.9. Identification of CRISPR-Cas Systemn in B. adolescentis

The immune defense characteristics of B. adolescentis were analyzed by CRISPR-Cas.
The research found that, among 543 strains of B. adolescentis, the genomes of 237 strains
encoded the CRISPR-Cas system based on the presence of Cas marker proteins, including
100 Asian isolates, 108 North American isolates and 28 European isolates. There are four
subtypes of CRISPR-Cas, namely I-G (78 strains), I-C (59 strains), I-E (27 strains), and II-A
(73 strains) (Table S5). Type I systems (30.20%) have more categories than Type II systems
(13.44%). Isolates from Asia, Europe and North America all have the above subtypes. The
I-G content was the highest in the isolates from Asia and Europe, and the II-A content was
the highest in North America (Figure 10A). Phylogenetic trees were constructed for strains
identified by the CRISPR-Cas system (Figure 10B). It was found that under the same branch,
most strains were encoded as homologous systems. This indicates that the repetitive
sequences of the same type of CRISPR-Cas system have a high degree of homology on the
phylogenetic tree.
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Figure 10. Identification using CRISPR-Cas system in B. adolescentis. (A) CRISPR-Cas system
identification results; (B) phylogenetic analysis and subtype distribution of B. adolescentis.

4. Discussion

Previous studies on B. adolescentis have predominantly emphasized specific functional
aspects of individual strains, such as intestinal colonization, immune regulation, metabolic
regulation, and probiotic strain development, with limited exploration of population
genomics. In this study, we analyzed 28 strains of B. adolescentis isolated from the human
gut, integrating these findings with data from 515 high-quality genomic sequences of B.
adolescentis sourced from the NCBI database, which were also isolated from the human gut.
The geographic distribution of these isolates included 125 strains from Asia, 52 from Europe,
and 365 from North America. Comparative genomic analysis was employed to elucidate
evolutionary trajectories, providing a basis for subsequent genomic and functional gene
studies related to B. adolescentis.

In comparative genomics, ANI values are commonly used to assess genomic polymor-
phisms and similarities among bacterial species [28]. Our ANI analysis of 543 B. adolescentis
strains confirmed species identity, demonstrating values consistently exceeding 97%, which
is indicative of high genome similarity with a tendency toward regional clustering. No-
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tably, Asian isolates exhibited significantly smaller genome sizes and fewer CDS than
European and North American isolates. Furthermore, the GC content in Asian isolates
was significantly lower than that observed in North American isolates, underscoring the
distinct regional genomic variation within B. adolescentis populations. A similar pattern of
regional genomic divergence was documented by Wu et al. in their comparative genomic
assessment of 247 B. pseudocatenulatu strains [29], wherein Chinese isolates demonstrated
smaller genomes relative to Japanese and Vietnamese isolates (p < 0.05), with Vietnamese
isolates exhibiting the highest CDS numbers. ANI values within populations from the same
country significantly surpassed those observed between countries, mirroring our findings
and reinforcing the notion of geographically driven genomic evolution.

Owing to substantial intraspecific genomic heterogeneity, bacterial pan-genomes
typically remain open, indicating frequent genetic exchange between species [30]. Con-
versely, closed pan-genomes, which are characterized by restricted gene flow, are rarely
observed [31]. Our findings indicate that B. adolescentis possesses an open pan-genome,
highlighting its considerable environmental adaptability. A total of 282 core genes were
identified across various geographical isolates, with European isolates harboring the largest
and North American isolates the smallest core-gene pool. Core genes are critical for fun-
damental biological functions, and determine the essential phenotypic characteristics and
underlying adaptive traits of the microbial communities [32,33]. Collectively, our results
suggest that B. adolescentis has undergone adaptive evolutionary processes in geograph-
ically distinct human gut environments, resulting in significant genetic diversity. This
adaptive genomic evolution, driven by local ecological niches, underpins the genomic
variability observed among regional B. adolescentis populations. Phylogenetic analyses
based on core genes further reinforced these observations, delineating clear correlations
between phylogenetic relationships and geographic segregation.

Carbohydrates are the primary energy source that supports the growth and metabolic
functions of bacterial strains. CAZys are a diverse family of enzymes capable of specifically
recognizing, degrading, and synthesizing carbohydrates, and play pivotal roles in human
health, nutrition, intestinal microbiota dynamics, and plant—pathogen interactions [34].
Among the 543 B. adolescentis strains examined, GHs were the most frequently annotated
enzymes, followed by GTs. This finding aligns closely with the results of Sun et al.,
who annotated CAZymes in 213 lactic-acid bacteria strains and reported that GHs and
GTs were the predominant enzyme classes [35]. The genetic diversity of CAZys was
highest in North American isolates, followed by Asian strains, and lowest in European
ones. Each geographical region harbored a specific CAZy profile. Specifically, Asian
isolates contained distinct enzymes, such as CBM32, CBM50, GH112, GH125, GH5_18, and
GHS85, associated with the degradation of complex substrates, including galactoglycan [36],
glycoprotein, and cellulose [29]. These enzymes facilitate the digestion of soy and dairy
products prevalent in Asian diets. European isolates uniquely annotated GH30_9 and
GH59, which are enzymes beneficial for dietary fiber fermentation and cereal digestion,
reflecting a dietary preference in Europe, where bread is a dietary staple. North American
isolates specifically annotated CBM34, GH146, GH15, GH39, GH43_4, GH91, and GT26,
promoting fiber degradation, enhancing sugar metabolism, and aiding the digestion of
high-sugar foods, which is consistent with the dietary patterns typical in North America.
These findings underscore the adaptive evolution of B. adolescentis, which is similar to the
utilization of oligosaccharides (HMOs) in breast milk, by infants. When breastfeeding an
infant, the host’s diet consists entirely of (HMO-rich) breast milk, which is an indigestible
carbohydrate [37]. The adaptation to metabolic HMOs promotes the dominance of specific
bifidobacterium groups in the intestinal microbiota of newborns. Weaning drives a gradual
succession of bifidobacterial taxa from those tuned for HMO utilization to those more
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adapted to foraging dietary glycans (oligo- and polysaccharides) of plant origin [38]. This
is caused by dietary differences.

To further understand the main functions encoded by the genes in the 543 B. adolescentis
strains, COG functional annotation was performed. B. adolescentis exhibited a rich repertoire
of protein-coding genes, predominantly associated with metabolic processes, followed
by genes implicated in information storage and modification. Among the geographical
variants, notable differences were observed primarily in families E, G, and J. Specifically,
the G family genes linked to carbohydrate metabolism and transport were highly prevalent
in Asian isolates, reflecting their adaptation to the carbohydrate-rich Asian diet. Conversely,
European isolates exhibited significantly elevated E family gene content, primarily involved
in amino acid metabolism and transport, which aligns with a diet rich in protein sources,
such as grains, fish, and cheese. These differences likely stem from the distinct dietary
environments that shaped the nutritional conditions encountered by the strains, further
highlighting the adaptive and evolutionary processes in B. adolescentis.

Bacteriocins are ribosomally synthesized proteinaceous or polypeptide metabolites
that exhibit antibacterial activity, enhancing bacterial competitiveness within the gastroin-
testinal tract by suppressing bacterial growth [39,40]. Among the annotated 543 B. adoles-
centis strains, 7 Class Ila bacteriocins and 2 Class V bacteriocins were identified. As pivotal
intestinal probiotics, Bifidobacterium species primarily maintain gut microbiota equilib-
rium [41] by inhabiting the intestinal niche through long-term symbiotic relationships with
the host and other microorganisms. The survival strategy of Bifidobacterium predominantly
emphasizes adherence and colonization capabilities [42], rather than bacteriocin-mediated
antagonism. Consequently, the relatively limited annotation of only nine bacteriophage
manipulators in 543 B. adolescentis strains supports this hypothesis.

In prokaryotes, the CRISPR gene and its associated Cas protein together form an
adaptive immune system used to defend against the invasion of exogenous genetic material
(such as bacteriophages or plasmids) [43]. Many strains with probiotic potential may
be restricted in terms of colonization ability and other aspects, during the process of
development and application. The gene-editing technology of CRISPR-Cas can break
some genetic limitations, thereby altering certain biological characteristics of strains, and
enhancing their application value [44]. At present, there are few studies on CRISPR of
Bifidobacterium. Among all the CRISPR types studied, Casl and Cas2 are essential for
obtaining spacer sequences [45]. Cas3 and Cas9 are, respectively, the characteristic genes
of type I and type 1I, used to distinguish different subtypes. This study predicted the
CRISPR-Cas system of 543 strains B. adolescentis. It was found that 43.65% (237/543) of
the genome encoded the complete CRISPR-Cas system. A total of four subtypes were
identified, and the above CRISPR-Cas systems were present in isolates from Asia, Europe
and North America. The CRISPR-Cas systems of isolates from different regions have
different quantitative advantages. Among the isolates from North America, type II-A has
the highest content. Among the isolates from Asia and Europe, the I-G type has the highest
content. Therefore, to a certain extent, the CRISPR-Cas system has geographical relevance.
However, it is still necessary to further explore the formation mechanism and evolutionary
driving factors behind it. Future research can combine a broader range of geographical
samples, metagenomic analysis, and evolutionary biology methods, to deeply understand
the geographical distribution patterns and adaptive significance of the CRISPR-Cas system.

5. Conclusions

This study examined the genomic features of 543 B. adolescentis strains from geo-
graphically distinct populations, using comparative genomic analysis and functional gene
annotation. Significant differences were identified in the core-gene compositions, with
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phylogenetic analyses based on these genes revealing clear geographical clustering, in-
dicative of genetic diversity. The annotation of strains with CAZys and COG revealed
distinct regional enzymatic profiles. Specifically, Asian isolates possessed six specific
enzymes, including CBM32 and CBM50, which are associated with glycoproteins and
cellulose degradation, facilitating the digestion of soy and dairy products. Moreover, Asian
isolates exhibited a higher abundance of G-family proteins, predominantly involved in
carbohydrate metabolism and transport, likely reflecting a high-carbohydrate regional
diet. European isolates contain specific enzymes, GH30_9 and GH59, which enhance di-
etary fiber fermentation, are beneficial for cereal digestion, and exhibit elevated E-family
protein levels, potentially correlated with a high-protein diet. North American isolates
were annotated with seven specific enzymes, including GT26, associated with enhanced
glucose metabolism, possibly reflecting the high-sugar diet of this region. The correlation
between annotated functional genes and dietary structures supports the hypothesis that
B. adolescentis has undergone adaptive evolution in response to localized geographical
dietary differences. These findings enhance our genetic understanding of B. adolescen-
tis and provide foundational knowledge for future investigations of its genomic and
functional characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods14152747/s1. Table S1. Basic information of 515 strains of
B. adolescentis in NCBI; Table S2. Basic information of 28 strains of B. adolescentis; Table S3. CAZys
annotation results of 543 strains of B. adolescentis; Table S4. COG annotation results of 543 strains of B.
adolescentis; Table S5. Identification information of CRISPR-Cas Systemn for B. adolescentis.

Author Contributions: Conceptualization, methodology, software, investigation, data curation,
writing—review and editing, visualization, PF; data curation, visualization, writing—review and
editing, H.Q.; conceptualization, funding acquisition, resources, supervision, W.L. All authors have
read and agreed to the published version of the manuscript.

Funding: Joint Funds of the National Natural Science Foundation of China (Project Number:
U23A20260) 2024.1-2027.121. Supported by the earmarked fund for CARS(CARS-36). Youth Science
and Technology Talent Project of Higher Education Institutions in Inner Mongolia Autonomous
Region (Project Number: NYT22042).

Data Availability Statement: Raw sequence data are available in the NCBI sequence read archive
(project PRJNA1281297). The data can be obtained from the NCBI database (https:/ /www.ncbi.nlm.
nih.gov/datasets/genome/?taxon=1680, accessed on 8 April 2025).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CAZys carbohydrate-active enzymes
GOSs  galactooligosaccharides

NA niacin

ANI average nucleotide identity

NJ Neighbor-Joining

COG Cluster of Orthologous Groups

CDS predicted number of coding sequences
GHs glycoside hydrolases

GTs glycosyltransferases

CBMs carbohydrate-binding modules
CEs carbohydrate esterases
NRPs  nonribosomal peptides


https://www.mdpi.com/article/10.3390/foods14152747/s1
https://www.mdpi.com/article/10.3390/foods14152747/s1
https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=1680
https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=1680

Foods 2025, 14, 2747 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

Gutierrez, A.; Pucket, B.; Engevik, M.A. Bifidobacterium and the intestinal mucus layer. Microbiome Res. Rep. 2023, 2, 36.
[CrossRef]

Sivan, A.; Corrales, L.; Hubert, N.; Williams, ].B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, EW.; Lei, Y.M.; Jabri, B.; Alegre,
M.-L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350,
1084-1089. [CrossRef]

Turroni, F.; Milani, C.; Ventura, M.; van Sinderen, D. The human gut microbiota during the initial stages of life: Insights from
bifidobacteria. Curr. Opin. Biotechnol. 2022, 73, 81-87. [CrossRef]

Barzegari, A.; Kheyrolahzadeh, K.; Hosseiniyan Khatibi, S.M.; Sharifi, S.; Memar, M.Y.; Zununi Vahed, S. The Battle of Probiotics
and Their Derivatives Against Biofilms. Infect. Drug Resist. 2020, 13, 659-672. [CrossRef]

Arboleya, S.; Watkins, C.; Stanton, C.; Ross, R.P. Gut Bifidobacteria Populations in Human Health and Aging. Front. Microbiol.
2016, 7, 1204. [CrossRef] [PubMed]

Kawabata, K.; Baba, N.; Sakano, T.; Hamano, Y.; Taira, S.; Tamura, A.; Baba, S.; Natsume, M.; Ishii, T.; Murakami, S.; et al.
Functional properties of anti-inflammatory substances from quercetin-treated Bifidobacterium adolescentis. Biosci. Biotechnol.
Biochem. 2018, 82, 689-697. [CrossRef]

Yang, J.; Tang, Q.; Xu, L.; Li, Z.; Ma, Y.; Yao, D. Combining of transcriptome and metabolome analyses for understanding the
utilization and metabolic pathways of Xylo-oligosaccharide in Bifidobacterium adolescentis ATCC 15703. Food Sci. Nutr. 2019, 7,
3480-3493. [CrossRef] [PubMed]

Krumbeck, J.A.; Maldonado-Gomez, M.X.; Martinez, I.; Frese, S.A.; Burkey, T.E.; Rasineni, K.; Ramer-Tait, A.E.; Harris, E.N;
Hutkins, R.W.; Walter, J.; et al. In Vivo Selection To Identify Bacterial Strains with Enhanced Ecological Performance in Synbiotic
Applications. Appl. Environ. Microbiol. 2015, 81, 2455-2465. [CrossRef]

Rudjito, R.C.; Jiménez-Quero, A.; Munoz, M.D.C.C.; Kuil, T.; Olsson, L.; Stringer, M.A.; Krogh, K.B.R.M.; Ekl6f, ].; Vilaplana, F.
Arabinoxylan source and xylanase specificity influence the production of oligosaccharides with prebiotic potential. Carbohydr.
Polym. 2023, 320, 121233. [CrossRef] [PubMed]

Zhang, Z.; Guo, Q.; Yang, Z.; Sun, Y,; Jiang, S.; He, Y.; Li, ].; Zhang, J. Bifidobacterium adolescentis-derived nicotinic acid improves
host skeletal muscle mitochondrial function to ameliorate sarcopenia. Cell Rep. 2025, 44, 115265. [CrossRef]

He, X,; Yu, Y;; Kemperman, R.; Jimenez, L.; Ahmed Sadiq, F.; Zhang, G. Comparative Genomics Reveals Genetic Diversity and
Variation in Metabolic Traits in Fructilactobacillus sanfranciscensis Strains. Microorganisms 2024, 12, 845. [CrossRef]

Riedel, C.U.; Sun, Z.; Zhang, W.; Guo, C.; Yang, X.; Liu, W.; Wu, Y;; Song, Y.; Kwok, L.Y; Cui, Y; et al. Comparative Genomic
Analysis of 45 Type Strains of the Genus Bifidobacterium: A Snapshot of Its Genetic Diversity and Evolution. PLoS ONE 2015,
10, e0117912. [CrossRef]

Kwak, M.-].; Kwon, S.-K,; Yoon, ].-K,; Song, ].Y.; Seo, J.-G.; Chung, M.].; Kim, J.F. Evolutionary architecture of the infant-adapted
group of Bifidobacterium species associated with the probiotic function. Syst. Appl. Microbiol. 2016, 39, 429-439. [CrossRef]

da Silva, J.G.V,; Vieira, A.T.; Sousa, T.J.; Viana, M.V.C.; Parise, D.; Sampaio, B.; da Silva, A.L.; de Jesus, L.C.L.; de Carvalho,
PK.R.M.L; de Castro Oliveira, L.; et al. Comparative genomics and in silico gene evaluation involved in the probiotic potential of
Bifidobacterium longum 51A. Gene 2021, 795, 145781. [CrossRef]

Vatanen, T.; Plichta, D.R.; Somani, J.; Miinch, P.C.; Arthur, T.D.; Hall, A.B.; Rudolf, S.; Oakeley, E.J.; Ke, X.; Young, R.A; et al.
Genomic variation and strain-specific functional adaptation in the human gut microbiome during early life. Nat. Microbiol. 2018,
4,470-479. [CrossRef]

Wang, B.; Kong, Q.; Cui, S.; Li, X.; Gu, Z.; Zhao, J.; Zhang, H.; Chen, W.; Wang, G. Bifidobacterium adolescentis Isolated from
Different Hosts Modifies the Intestinal Microbiota and Displays Differential Metabolic and Immunomodulatory Properties in
Mice Fed a High-Fat Diet. Nutrients 2021, 13, 1017. [CrossRef] [PubMed]

Luo, R.; Liu, B;; Xie, Y.; Li, Z.; Huang, W.; Yuan, J.; He, G; Chen, Y.; Pan, Q.; Liu, Y.; et al. SOAPdenovo2: An empirically improved
memory-efficient short-read de novo assembler. Gigascience 2012, 1, 18. [CrossRef] [PubMed]

Parks, D.H.; Imelfort, M.; Skennerton, C.T.; Hugenholtz, P.; Tyson, G.W. CheckM: Assessing the quality of microbial genomes
recovered from isolates, single cells, and metagenomes. Genome Res. 2015, 25, 1043-1055. [CrossRef]

Goris, J.; Konstantinidis, K.T.; Klappenbach, J.A.; Coenye, T.; Vandamme, P,; Tiedje, ] M. DNA-DNA hybridization values and
their relationship to whole-genome sequence similarities. Int. J. Syst. Evol. Microbiol. 2007, 57, 81-91. [CrossRef]

Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068-2069. [CrossRef]

Zhao, Y,; Jia, X.; Yang, J.; Ling, Y.; Zhang, Z.; Yu, J.; Wu, ].; Xiao, J. PanGP: A tool for quickly analyzing bacterial pan-genome
profile. Bioinformatics 2014, 30, 1297-1299. [CrossRef]

van Heel, A.]J.; de Jong, A.; Song, C.; Viel, ]. H.; Kok, J.; Kuipers, O.P. BAGEL4: A user-friendly web server to thoroughly mine
RiPPs and bacteriocins. Nucleic Acids Res. 2018, 46, W278-W281. [CrossRef] [PubMed]

Russel, J.; Pinilla-Redondo, R.; Mayo-Mufioz, D.; Shah, S.A.; Serensen, S.J. CRISPRCasTyper: Automated Identification, Annota-
tion, and Classification of CRISPR-Cas Loci. Cris. J. 2020, 3, 462-469. [CrossRef]


https://doi.org/10.20517/mrr.2023.37
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1016/j.copbio.2021.07.012
https://doi.org/10.2147/IDR.S232982
https://doi.org/10.3389/fmicb.2016.01204
https://www.ncbi.nlm.nih.gov/pubmed/27594848
https://doi.org/10.1080/09168451.2017.1401916
https://doi.org/10.1002/fsn3.1194
https://www.ncbi.nlm.nih.gov/pubmed/31762999
https://doi.org/10.1128/AEM.03903-14
https://doi.org/10.1016/j.carbpol.2023.121233
https://www.ncbi.nlm.nih.gov/pubmed/37659797
https://doi.org/10.1016/j.celrep.2025.115265
https://doi.org/10.3390/microorganisms12050845
https://doi.org/10.1371/journal.pone.0117912
https://doi.org/10.1016/j.syapm.2016.07.004
https://doi.org/10.1016/j.gene.2021.145781
https://doi.org/10.1038/s41564-018-0321-5
https://doi.org/10.3390/nu13031017
https://www.ncbi.nlm.nih.gov/pubmed/33801119
https://doi.org/10.1186/2047-217X-1-18
https://www.ncbi.nlm.nih.gov/pubmed/23587118
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1099/ijs.0.64483-0
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu017
https://doi.org/10.1093/nar/gky383
https://www.ncbi.nlm.nih.gov/pubmed/29788290
https://doi.org/10.1089/crispr.2020.0059

Foods 2025, 14, 2747 16 of 16

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

Chan, ].Z.M.; Halachev, M.R.; Loman, N.J.; Constantinidou, C.; Pallen, M.]J. Defining bacterial species in the genomic era: Insights
from the genus Acinetobacter. BMC Microbiol. 2012, 12, 302. [CrossRef]

Li, Y,; Song, Q.; Yang, H.; Wei, Y.; Menghe, B.; Liu, W. Bifidobacterium favimelis sp. nov., isolated from black comb honey. Int. ].
Syst. Evol. Microbiol. 2024, 74, 006573. [CrossRef]

Donia, M.S.; Fischbach, M.A. Small molecules from the human microbiota. Science 2015, 349, 1254766. [CrossRef] [PubMed]
Zhao, S.; Lieberman, T.D.; Poyet, M.; Kauffman, K.M.; Gibbons, S.M.; Groussin, M.; Xavier, R.J.; Alm, E.J. Adaptive Evolution
within Gut Microbiomes of Healthy People. Cell Host Microbe 2019, 25, 656-667.e658. [CrossRef]

Goussarov, G.; Cleenwerck, I.; Mysara, M.; Leys, N.; Monsieurs, P; Tahon, G.; Carlier, A.; Vandamme, P.; Van Houdt, R,;
Valencia, A. PaSiT: A novel approach based on short-oligonucleotide frequencies for efficient bacterial identification and typing.
Bioinformatics 2020, 36, 2337-2344. [CrossRef]

Wu, Q.; Li, W,; Kwok, L.-y.; Lv, H.; Sun, ].; Sun, Z. Regional variation and adaptive evolution in Bifidobacterium pseudocatenula-
tum: Insights into genomic and functional diversity in human gut. Food Res. Int. 2024, 192, 114840. [CrossRef]

Argemi, X.; Matelska, D.; Ginalski, K.; Riegel, P.; Hansmann, Y.; Bloom, J.; Pestel-Caron, M.; Dahyot, S.; Lebeurre, J.; Prévost, G.
Comparative genomic analysis of Staphylococcus lugdunensis shows a closed pan-genome and multiple barriers to horizontal
gene transfer. BMC Genom. 2018, 19, 621. [CrossRef] [PubMed]

Li, M.; Yu, J.; Li, W.; Wu, Q.; Sun, J.; Sun, Z. Comparative genomic analysis revealed that dietary habits affected the adaptation of
Bifidobacterium bifidum to the intestinal tract in different geographic populations. Food Sci. Hum. Wellness 2024, 13, 3006-3017.
[CrossRef]

Gibas, C.; Segata, N.; Huttenhower, C. Toward an Efficient Method of Identifying Core Genes for Evolutionary and Functional
Microbial Phylogenies. PLoS ONE 2011, 6, e24704. [CrossRef]

Kahlke, T.; Goesmann, A.; Hjerde, E.; Willassen, N.P.; Haugen, P. Unique core genomes of the bacterial family vibrionaceae:
Insights into niche adaptation and speciation. BMC Genom. 2012, 13, 179. [CrossRef]

Shanmugam, N.R.S.; Yin, Y. CAZyme3D: A database of 3D structures for carbohydrate-active enzymes. . Mol. Biol. 2025,
15,169001. [CrossRef] [PubMed]

Sun, Z.; Harris, HM.B.; McCann, A.; Guo, C.; Argimén, S.; Zhang, W.; Yang, X_; Jeffery, LB.; Cooney, J.C.; Kagawa, T.F,; et al.
Expanding the biotechnology potential of lactobacilli through comparative genomics of 213 strains and associated genera. Nat.
Commun. 2015, 6, 8322. [CrossRef] [PubMed]

Grondin, J.M.; Chitayat, S.; Ficko-Blean, E.; Houliston, S.; Arrowsmith, C.H.; Boraston, A.B.; Smith, S.P. An Unusual Mode of
Galactose Recognition by a Family 32 Carbohydrate-Binding Module. |. Mol. Biol. 2014, 426, 869-880. [CrossRef]

Thomson, P; Medina, D.A.; Garrido, D. Human milk oligosaccharides and infant gut bifidobacteria: Molecular strategies for their
utilization. Food Microbiol. 2018, 75, 37-46. [CrossRef] [PubMed]

Arzamasov, A.A.; Rodionov, D.A.; Hibberd, M.C.; Guruge, ].L.; Kent, ].E.; Kazanov, M.D.; Leyn, S.A.; Elane, M.L.; Sejane, K.; Furst,
A.; et al. Integrative genomic reconstruction reveals heterogeneity in carbohydrate utilization across human gut bifidobacteria.
Nat. Microbiol. 2025, 10, 2031-2047. [CrossRef]

Wayah, S.B.; Philip, K. Characterization, yield optimization, scale up and biopreservative potential of fermencin SA715, a novel
bacteriocin from Lactobacillus fermentum GA715 of goat milk origin. Microb. Cell Factories 2018, 17, 125. [CrossRef]

Sandiford, S.K. Genome database mining for the discovery of novel lantibiotics. Expert Opin. Drug Discov. 2017, 12, 489-495.
[CrossRef]

O’Callaghan, A.; van Sinderen, D. Bifidobacteria and Their Role as Members of the Human Gut Microbiota. Front. Microbiol. 2016,
7,925. [CrossRef] [PubMed]

Lee, J.-H.; O’Sullivan, D.J. Genomic Insights into Bifidobacteria. Microbiol. Mol. Biol. Rev. 2010, 74, 378-416. [CrossRef] [PubMed]
Li, Y;; Zhao, C.; Cao, Y.; Chen, X,; Tang, Y.; Zhou, X.; Ingmer, H.; Jiao, X.; Li, Q. Oxidative stress elicited by phage infection induces
Staphylococcal type III-A CRISPR—Cas system. Nucleic Acids Res. 2025, 53, gkaf541. [CrossRef]

Hidalgo-Cantabrana, C.; O’Flaherty, S.; Barrangou, R. CRISPR-based engineering of next-generation lactic acid bacteria. Curr.
Opin. Microbiol. 2017, 37, 79-87. [CrossRef]

Amitai, G.; Sorek, R. CRISPR-Cas adaptation: Insights into the mechanism of action. Nat. Rev. Microbiol. 2016, 14, 67-76.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/1471-2180-12-302
https://doi.org/10.1099/ijsem.0.006573
https://doi.org/10.1126/science.1254766
https://www.ncbi.nlm.nih.gov/pubmed/26206939
https://doi.org/10.1016/j.chom.2019.03.007
https://doi.org/10.1093/bioinformatics/btz964
https://doi.org/10.1016/j.foodres.2024.114840
https://doi.org/10.1186/s12864-018-4978-1
https://www.ncbi.nlm.nih.gov/pubmed/30126366
https://doi.org/10.26599/FSHW.2022.9250243
https://doi.org/10.1371/journal.pone.0024704
https://doi.org/10.1186/1471-2164-13-179
https://doi.org/10.1016/j.jmb.2025.169001
https://www.ncbi.nlm.nih.gov/pubmed/39961523
https://doi.org/10.1038/ncomms9322
https://www.ncbi.nlm.nih.gov/pubmed/26415554
https://doi.org/10.1016/j.jmb.2013.11.029
https://doi.org/10.1016/j.fm.2017.09.001
https://www.ncbi.nlm.nih.gov/pubmed/30056961
https://doi.org/10.1038/s41564-025-02056-x
https://doi.org/10.1186/s12934-018-0972-1
https://doi.org/10.1080/17460441.2017.1303475
https://doi.org/10.3389/fmicb.2016.00925
https://www.ncbi.nlm.nih.gov/pubmed/27379055
https://doi.org/10.1128/MMBR.00004-10
https://www.ncbi.nlm.nih.gov/pubmed/20805404
https://doi.org/10.1093/nar/gkaf541
https://doi.org/10.1016/j.mib.2017.05.015
https://doi.org/10.1038/nrmicro.2015.14
https://www.ncbi.nlm.nih.gov/pubmed/26751509

	Introduction 
	Materials and Methods 
	Strain Activation Culture 
	Genome Sequencing and Assembly of Strains 
	The Average Nucleotide Identity (ANI) Value Analysis 
	Pan-Genome and Core-Genome Analysis and Phylogenetic Analyses 
	Carbohydrate Activity Enzyme (CAZy) Analysis 
	Cluster of Orthologous Group (COG) Annotation 
	Prediction of Bacteriocin Manipulators 
	AntiSMASH Predictive Analysis 
	CRISPR Identification 
	Data Visualization and Statistics 

	Results 
	Genomic Features of B. adolescentis Isolates 
	ANI Values of B. adolescentis 
	Pan–Core Genome of B. adolescentis 
	The Phylogenetic Tree of B. adolescentis 
	Annotation of Carbohydrate Enzyme in B. adolescentis 
	Annotation of COG in B. adolescentis 
	Annotation of Bacteriocin Operon in B. adolescentis 
	AntiSMASH Predictive Analysis by B. adolescentis 
	Identification of CRISPR-Cas Systemn in B. adolescentis 

	Discussion 
	Conclusions 
	References

