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1.  Introduction

Bifi dobacterium is a Gram-positive microorganism with high GC 
characteristics, which is widely distributed in different niches such 
as the gastrointestinal tract, waste water, and oral cavity of humans 
and non-human mammals, birds, and social insects[1-2]. The ecological 
distribution may be due to the direct transmission of Bifi dobacterium 
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cells from the mother or caregiver to the offspring. Recent studies 
have shown that, B. animalis, B. adolescentis, B. dentium, and 
B. catenulatum have a broader lifestyle, known as the “world 
bifidobacteria group”[3]. However, B. bifi dum, B. breve, and B. longum 
are less distributed, especially in the human intestine, and have been 
proven to be part of the predominant bacteria in the intestinal flora 
of breastfeeding infants[4]. Numerous studies have been reported 
that B. bifi dum has beneficial effects, such as antibacterial effects on 
pathogens like Helicobacter pylori[5-6], regulation of the host immune 
system[7-8], and alleviation of inflammatory activities associated with 
certain chronic intestinal dysfunction[9-10].

Genomic analysis of many bifidobacteria provided molecular 
evidence of environmental adaptation, including molecules 
responsible for intestinal colonization and survival in the human 
intestines. The presence of a large glycobiome in B. bifi dum, which 



	 M. Li et al. / Food Science and Human Wellness 13 (2024) 3006-3017	 3007

represents all genes responsible for carbohydrate metabolism, 
including glycoside hydrolases (GHs), glycosyl transferases 
(GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), 
and carbohydrate-binding modules (CBMs), with the GH family 
being especially abundant[11], was obvious evidence for genome 
adaptation. Carbohydrates in the human diet (but are not those that 
are present in human milk), which usually represent polysaccharides 
found in vegetables, grains and whole grains, are called dietary 
carbohydrates. While most bifidobacteria can metabolize mono-, 
di-, and oligosaccharides, there is more variability in the metabolism 
of polysaccharidic dietary carbohydrates between species such as 
resistant starch, (arabino) xylans, (arabino) galactans, and arabinans, 
which are major components of the human diet[12]. The genomes of 
B. longum, B. adolescentis, and B. pseudocatenulatum encode a wide 
range of glycan-active enzymes which are predicted to target plant-
based carbohydrates[13-16]. Current research on the Bifidobacterium 
genomics was revealed a conserved gene set in B. bifidum, which 
encoded various GH families, and these GH families decomposed 
and utilized the host-derived polysaccharides involved in mucin[17]. 
Another study on the genome of B. bifidum PRL2010[18] revealed a 
nutrient-acquisition strategy that targets host-derived glycans, such as 
those present in mucin.

Comparative genomics[19] has become a commonly used 
analytical method to identify the genetic diversity of strains and 
analyze the evolutionary structure of specific populations, so as to 
deeply understand the diversity, metabolic capacity and phylogeny 
of intestinal symbiotic bacteria (e.g. Bifidobacterium)[20-21], which 
is very important for the strains’ characteristics. For example, 
according to phylogeny, the relationship between strains and their 
sources can be determined using the background of known strains’ 
sources[22]. Through genome comparison and functional annotation, 
the adaptation mechanism among strains in specific environment was 
revealed[23]. It also provides a new method for effectively evaluating 
the diversity of strains. Lu et al.[24] also sequenced and compared the 
genomes of 140 B. bifidum strains from different niches to explore 
their genome diversity.

Previous studies have focused on isolated sources (e.g., intestinal 
niche) of the B. bifidum genome. However, the study of isolated sites 
is limited. Therefore, in this study, 4 strains of B. bifidum isolated 
from the China population and 106 strains of B. bifidum from other 
regions published by NCBI were analyzed by comparative and 
functional genomics, and the genetic diversity and potential host 
adaptability of this species were discussed.

2.  Materials and methods

2.1  Bacterial strains culturing, genome sequencing and 
assembly

Four strains of B. bifidum were isolated from adult intestinal tracts 
from different regions of China (Table S1). These four 4 were cultured 
at 37 °C for 24 h with reinforced medium for Clostridia (RCM) under 
anaerobic conditions. The species of all strains were preliminarily 
determined using 16S rRNA gene-based identification (GENEWIZ 
Co., Ltd., Suzhou, China). All reagents used in this experiment were 
from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China) and 
were of analytical grade. 

The draft genomes of these 4 strains were sequenced by Illumina 
HiSeq 4000 high-throughput sequencing platforms and the clean data 
(the linker and positive control sequence were removed) was filtered. 
Then, selecting appropriate k-mer value and using SOAPdenovo 
v2.04 software[25], the filtered data are spliced, assembled, and single 
base corrected. The genome size, scaffold number, N50 and N90, and 
GC content were used as criteria to evaluate the assembly results. 
Assembly results with a small number of scaffolds, high N50 and N90 
and near GC content to the reference genome were selected. Finally, 
the sequence with better assembly results was selected for subsequent 
soap verification. Additionally, another 108 publicly available 
genomes of B. bifidum from NCBI (https://www.ncbi.nlm.nih.gov/) 
were used for comparison (accessed on April 25, 2021) (Table S1).

2.2  General features prediction

The coding sequence (CDS) in the genome was predicted using 
Glimmer v3.02[26] (http://ccb.jhu.edu/software/glimmer/index.
shtml). The transfer RNA (tRNA) in the genome was predicted using 
tRNAscan-SE v2.0 software[27] (http://trna.ucsc.edu/software/), and 
the amino acid sequences were annotated using the COG[28] database 
by BLASTP[29], and the specific parameters are (-a 20 -m 8 -b 1 -v 3 
-e 1e-10).

2.3  The average nucleotide identity (ANI) values and 
phylogenetic analyses

Pairwise ANI values among 110 B. bifidum genomes were 
calculated using an in-house script. Based on the core gene sequence, 
a Neighbor-Joining tree (NJ) was constructed by TreeBeST (V1.9.2) 
software[30]. The bootstrap parameter was set to 1 000. Interactive 
Tree of Life (iTOL) v5.0[31] was performed to construct a phylogenetic 
tree. The ANI values of one strain (GCF_900445665.1_55147_
E01 isolated by 108 people from different regions downloaded from 
NCBI) and the model strain were less than 96%, and the CDS number 
of another strain (GCF_001311705.1_ASM131170v1) was 0. ANI 
represents a mean of identity/similarity values between homologous 
genomic regions shared by 2 genomes. It is now generally accepted 
that ANI values of 95%–96% can be used as a boundary for species 
delineation[32]. Therefore, these 2 strains were excluded from the 
follow-up analysis.

2.4  Pan-genomes and core-genome analysis

Functional genes of each strain were predicted and annotated 
using Prokka v1.11 software[33] and then, Roary v3.6.1 software[34] 
was used to divide the gene families based on the amino acid identity 
of more than 95%. Both the core and pan-genomes of 110 strains of  
B. bifidum were constructed and visualized by PanGP v1.0.1 software[35].

2.5  Carbohydrate activity enzymes (CAZy) analysis

HMMER software[36] (http://csbl.bmb.uga.edu/dbCAN/) was 
used to perform annotation of the genome sequence of carbohydrate-
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active enzymes. According to the results, detailed information on 
carbohydrate-active enzyme family was searched on: http://www.
cazy.org/.

2.6  CRISPR identification

CRISPRCasTyper[37] was used to discover CRISPR loci in  
B. bifidum genomes and predict CRISPR repeats and spacers, and 
the CRISPR subtypes designation was based on the signature of 
Cas proteins[38]. Furthermore, the structural composition diagrams 
of different subtypes of CRISPR were drawn. According to the 
nucleotide sequence of CRISPR repeat sequence, phylogenetic 
analysis was performed. The phylogenetic tree was constructed with 
1 000 repetitions using the Neighbor-Joining method in TreeBeST 
v1.9.2 software[30].

2.7  Prophage identification

Prophage Hunter[39] (https://pro-hunter.bgi.com/) webserver was 
used to identify and annotate the prophages within all the strains.

2.8  Data visualization and statistics

Box plot, Venn diagram, bar plot, heatmap and principle component 
analysis (PCA) were all visualized by R v.4.0.4 software[40], using 
packages “ggplot2”, “ggpubr”, “plotrix”, “pheatmap”, “FactoMineR”. 
Statistical significance (P < 0.05) among the 3 groups was determined 
by Adonis, PERMANVOA and Wilcoxon tests.

3.  Results

3.1  Genomic features of B. bifidum isolates from different 
geographical populations

Four strains of B. bifidum were isolated from different samples 
in China and sequenced by the Illumina HiSeq 4000 high-throughput 
sequencing platform. A total of 110 B. bifidum genomes were compared, 
among which 106 were obtained from the NCBI RefSeq database 
(Table S1). The genome size of all strains ranged 2.14-2.55 Mb,  
with an average size of (2.22 ± 0.07) Mb; the average GC content 
was (62.68 ± 0.15)%, and the highest and lowest GC contents were 
63.00% and 62.01%, respectively. The range of CDS was 1 430 
to 1 969, with an average of 1 718 ± 78. Each genome contained 
51 ± 4 tRNAs on an average. According to different geographical 
populations, the strains were divided into 26 Chinese isolates, 39 
American isolates, 7 Russian isolates, and 38 isolates of unknown 
origin. By comparing the genomes of isolates, it was found that 
the GC content of the Russian isolates was significantly lower 
than that of China and USA (P < 0.05), while that of China and 
USA was no difference. The genomic size of the American strain 
was significantly lower than that of the Russian strain (P < 0.05), 
suggesting that there might be regional differences in the genomic 
size and GC content of B. bifidum (Fig. 1). The imbalance of 
the number of strains might affect the reliability of the results, 
which urged evaluating the possibility of genome differences of  
B. bifidum in different regions based on the same number of strains. 
The results showed that the difference in genomic size between 

American and Russian isolates disappeared, while the GC content of 
American isolates was significantly higher than that of Chinese and 
Russian (P < 0.05; Fig. S1). Furthermore, the strains with the lowest 
GC content were isolated from China, while the strains with the largest 
genome were isolated from Americans. These data indicated that there 
were significant differences in the genomes of B. bifidum in different 
regions of the population, which was reflected in the GC content.
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Fig. 1 Genome comparison of B. bifidum isolates from different geographical 
populations. (A) Genome size; (B) GC content; (C) CDS; (D) tRNA. 

Statistically significant differences among the 3 groups are denoted by * 
(Wilcox test, P < 0.05).

3.2  ANI values of B. bifidum

The paired ANI values of all strains ranged 98.02%–99.99%, 
which confirmed that all 110 strains of B. bifidum were the same 
species and there were no potential subspecies. In addition, the higher 
ANI values indicated that the genomes of B. bifidum was highly 
similar. According to the ANI cluster relationship, more than half of  
B. bifidum strains had regional correlation, among which 61.54% 
(16/26) Chinese strains, 71.43% (5/7) Russian strains, and 61.54% 
(24/39) American strains showed geographical clustering (Fig. 2).
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3.3  Pan-core genome and phylogenetic analysis of B. bifidum

The pan-genomes and core genes were analyzed to study the 
genetic diversity of B. bifidum. The results showed that the pan-
genomic asymptotic curve did not reach the plateau, which meant 
that when more genomes were included, the pan-genomes continued 
to increase, indicating that the pan-genomes of B. bifidum were 
considered to be in an open state. The curve of the core genes tended 
to smooth gradually (Fig. 3A). Specifically, there were 6 923 pan-
genomes and 919 core genes in the 110 B. bifidum genomes. The 
Venn diagram showed the core genes and accessory genes of 110  
B. bifidum strains, with a total of 919 genes and the number of 
accessory genes ranged from 1 712 to 2 060. These findings indicated 
that B. bifidum had a high genetic diversity (Fig. 3B).

By comparing the differences of pan-core genome of B. bifidum 
isolates from different geographical populations, it was found that the 
pan-genome of American isolates were larger and there were fewer 
core genes (Fig. 3C). The proportion of accessory genes in China and 
the USA was higher than in Russia (Fig. 3D). Similarly, the effect 
of the number of isolates on results was also ruled out. Based on 
the statistics of the same number of isolates from different regions, 
it was found that Chinese isolates had the largest pan-genomes and 
the highest proportion of accessory genes (Fig. S2). In addition, 
by comparing the unique genes of all isolates, we found that the 
genomes of B. bifidum isolates from 3 geographical populations were 
hypothetical proteins with unknown functions, although there were 
overlap (Fig. S3). This reflected that B. bifidum has high diversity, 
and has specific adaptive mechanisms in different regions.

The phylogenetic analysis was performed to further explore this 
geographical difference, and the phylogenetic tree was constructed 
based on 919 core genes (Fig. 3E). The results showed that 39 
American isolates were distributed among each branch, while almost 
all Chinese isolates (25/26) clustered in one branch. Except for 
GCF_002469385.1_ASM246938v1, all the Russian isolates were 
grouped together. In addition to the American strains, the strains from 
China and Russia showed prominent geographical aggregation trends. 
In addition, a recombination event usually affects the DNA sequence, 
leading to the introduction of multiple mutation sites, thus affecting 
the phylogenetic structure of the strains. Therefore, Guttman et al.[41] 
proposed the r/m value to measure the degree of recombination. r was 
the number of mutation sites introduced by recombination, and m was 
the number of mutation sites introduced by spontaneous mutation. 
The average r/m of 110 isolates of B. bifidum was 0.07, indicating a 
low recombination rate of the B. bifidum genome, which excluded 
the effect of recombination events on the phylogenetic structure of  
B. bifidum (Table S2).

3.4  Function annotation analysis of B. bifidum

To explore the functional characteristics of B. bifidum, the 
COG annotation was performed, and the analysis revealed that 
its function was comprehensive, covering most vital activities, 
including metabolism (such as amino acid transport metabolism 
and carbohydrate transport metabolism), information storage and 
processing, cellular processes and signals, and unknown functions 
(Fig. S4A). Among them, the core function was metabolism, which 
accounts for 39.3% of all functions, and carbohydrate metabolism 
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Fig. 3  Pan-core gene, accessory gene and phylogenetic analysis of B. bifidum. (A) Pan-genomes (blue) was open, while core genome (green) was conservative.  
(B) Core gene number and characteristic gene number of 110 B. bifidum isolates, and different colors represented the isolates from different geographical populations. 
(C) Comparison of pan-genomes and core genes of isolates from different geographical populations. (D) The proportion of accessory genes of isolates from different 

geographical populations in the total number of genes. (E) Phylogenetic tree was constructed based on 919 core genes, and bootstrap was set as 1 000.
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ranks second, next to amino acids. The carbohydrate and amino 
acid metabolism genes in B. bifidum accounted for 10% and 12% 
of all genes, respectively. 21.52% of the functions were currently 
unclear, while 23.29% were for information storage and processing, 
with cellular processes and signals (Fig. S4B) at the bottom. These 
results indicated that B. bifidum requires an adequate genome to 
accommodate host-or diet-derived carbohydrate metabolism.

3.5  Prediction of carbohydrate in B. bifidum

To clarify the detailed utilization of the carbohydrate in  
B. bifidum, 110 genomes of B. bifidum were annotated based on the 
CAZy database. The results showed that there were many kinds 
of CAZys in the genome of B. bifidum. A total of 77 CAZys were 
identified, including 45 GHs, 14 CBMs, 11 GTs, and 7 CEs. GH 
family was particularly rich, accounting for 58.44% of the total 
CAZys, occupying a dominant position. Among them, the number 
of GH84, GH33, GH20, GH2, GH13_11, GH112 and GH109 was 
significantly higher than of other GH family, and they were mainly 
involved in cellulose metabolism and degradation of host-derived 
polysaccharides. The CBM32 was the highest member of the CBM 
family and the most abundant in CAZys of all B. bifidum strains, 
facilitating binding to carbohydrates encountered in the mucin 
core structure. GT2 and GT51 numbers were the higher members 
of the GT family, which were mainly involved in the metabolism 
of starch or sucrose. CE12, CE10, and CE1 were significantly 
higher than those of other CE family members, which were mainly 
involved in the degradation process of cellulose and hemicellulose 
(Fig. 4A). To further characterize the carbohydrate utilization of  
B. bifidum in the genus Bifidobacterium, we integrated these genomes 

with 569 publicly available genomes of the human gut microbiota 
bifidobacteria and compared repertoires of CAZyme genes (Table S3). 
We calculated the gene copy number for each species, and identified 
6 CAZyme genes with abundant characteristics in B. bifidum (Fig. S5  
and Table S4). Four of them contained enzymes involved in 
degradation of polysaccharides from plant and host, and one enzyme 
degraded milk oligosaccharides. Therefore, the availability of 
plant-derived polysaccharides might be characteristic phenotype of  
B. bifidum. By comparing the CAZys genes from different regions, 
it was found that there were 18 regional differences in CAZys genes 
(Fig. S6), including 9 GHs, 4 GTs, 3 CEs, and 2 CBMs, specifically 
GH13, GH42, GH43, GH1, GH112, GH16, GH25, GH43_34, GH5_35, 
GT2, GT39, GT8, GT81, CE1, CE10, CE3, CBM13, and CBM50. 
Among them, B. bifidum isolates from Russia mainly used plant-
derived CAZys, while the isolates from the USA mainly participated 
in cellulose decomposition. These results showed that the ability of  
B. bifidum to catabolize carbohydrates was linked to fiber-rich diets.

The clustering results with the presence or absence of carbohydrate 
utilization enzymes showed that the CAZys of B. bifidum isolates 
from the same geographical population were significantly aggregated, 
but there was no obvious separation trend of B. bifidum isolates from 
different geographic populations, but there were obvious differences 
in the genetic diversity of the CAZys (Fig. 4B). Furthermore, China 
population had the highest CAZys gene diversity, followed by the 
American population and the Russian population had the lowest 
diversity. No specific CAZys were found in B. bifidum isolates from 
China and Russian, but the specificity of CAZys in B. bifidum isolates 
from the USA primarily encoded a plant-derived degradable dietary 
fiber protein. These results indicated that B. bifidum had adapted to 
the human intestinal environment, especially those with a diet rich in 
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dietary fiber, and dietary habits were one of the main reasons for the 
difference in B. bifidum in different geographical populations.

3.6  Identification of CRISPR-Cas Systems and Prophages in 
B. bifidum

The CRISPR-Cas analysis was performed to investigate the 
acquired immunity of B. bifidum. 39% (43/110) of the genomes 
encoded the CRISPR-Cas system based on the presence of Cas 
marker proteins. There were 3 subtypes of CRISPR-Cas, Type IC (10 
strains), Type IIC (10 strains) and Type IIA (23 strains), and the Type 
II systems (30%) were more common than the Type I systems (9%).  
Based on the phylogenetic analysis of repeated sequences, the  
CRISPR-Cas system of B. bifidum was classified in more detail (Fig. 5A).  
Six branches of phylogenetic tree were found. Subtypes IIC, IIA, 
and IC all had 2 different branches. Two subtypes of IIC and one 
subtype of IIA were located in one large branch, while 2 branches of 
IC and 1 subtype of IIA were located in the other large branch, which 
indicated that the repetitive sequences of the same type of CRISPR/

Cas systems had high homology in the phylogenetic tree, and the 
repetitive sequences of different types of systems were variable. 
Six strains were selected as representatives of each CRISPR-Cas  
subtype (Fig. 5B). Cas3 and Cas9 proteins were characteristic genes 
of type I and type II, respectively, and were used to distinguish 
different subtypes. They were key proteins for targeted interference 
with the CRISPR-Cas system. In addition, every CRISPR-Cas 
system contained Cas1 and Cas2 proteins, which were responsible 
for inserting new spacer sequences as important adaptive proteins. 
The CRISPR-Cas systems were not geographically related, and 
the CRISPR-Cas systems of the three Chinese isolates were all of  
type IC. There was only one Russian isolate, which CRISPR-Cas 
system was type IC. Interestingly, 90% of the 30 American isolates 
were type II (Table S5).

The prophage of B. bifidum was predicted. In general, 464 
prophage regions were identified in 89.09% (89/110) of 110 strains 
of B. bifidum (Table S6). Only 12 strains of B. bifidum did not carry 
any prophage fragments, which indicated that prophage existed 
widely in B. bifidum. The number of prophages in B. bifidum 
strains from different geographical populations ranged from 0 to 15  
(Fig. 5C). Among them, 51 isolates were from China, 6 from Russian 

and 71 from the USA. Among the 464 predicted prophage regions, 
most of them were labeled with uncertain prophage fragments, and 
183 were active prophage fragments, of which 38.8% were distributed 
in the American isolates, 27.87% in China isolates and the rest were 
distributed in Russian and other countries. No matter all the prophages 
or active phages, the number of prophages in American isolates was 
higher than that of China and Russia, while that China isolates was 
lower than that of Russian isolates, which was contrary to the result of 
active prophages. However, there was no statistical significance in the 
number of prophages of B. bifidum isolates in different geographical 
populations (P > 0.05; Fig. S7).

4.  Discussion

Previous studies on B. bifidum mainly focused on its isolation 
sources, but the reports on its isolation places were limited, which 
needed to be more to fully understand the genetic diversity and 
functional characteristics of B. bifidum. This study showed that  
B. bifidum was a geographically specific species that had adapted to 
the human intestinal environment. The availability of host-derived or 
dietary-derived polysaccharides contributes to their niche expansion, 
and their adaptive mechanisms in the human intestinal environment 
may vary among dietary habit. This discovery will provide new ideas 
for the study of adaptation strategies of B. bifidum. In addition, the 
new knowledge of the phylogeny and geographical characteristics of 
B. bifidum, the CRISPR-Cas system, and the prophages gained in this 
study expanded our knowledge of this species.

The previously reported genome size of B. bifidum was between 
2.14 and 2.28 Mb, and the GC content was about 62%[1,42]. In this 
study, the genome size of 110 strains of B. bifidum was 2.14-2.55 Mb,  
which was not only consistent with the previous research results 
but also consistent with the characteristics of Bifidobacterium. By 
comparing the genomic characteristics of the isolates from different 
geographical populations, it was found that the GC content of 
American isolates was significantly higher than that of Chinese and 
Russian isolates (P < 0.05), which indicated that the genomes of  
B. bifidum from different geographical populations had differences. 
Previous studies have shown that B. bifidum has a closed pan-genomic 
structure[43] and revealed its specific genetic strategy, which enabled 
its members to successfully establish and persist in the colonization of 
the human intestinal tract. Our research found that the pan-genomes 
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GCF 009160825.1 ASM916082v1 TypeIIA
GCF 009160885.1 ASM916088v1 TypeIIA
GCF 009160865.1 ASM916086v1 TypeIIA

GCF 015551545.1 ASM1555154v1 TypeIIA
GCF 009160945.1 ASM916094v1 TypeIIA
GCF 009160905.1 ASM916090v1 TypeIIA

GCF 902386775.1 UHGG MGYG-JGIT-02396 TypeIIA

GCF 003094715.1 ASM309471v1 TypeIC

ES04 2 TypeIC
GCF 002076105.1 Bbif1887B TypeIC

GCF 901212485.1 NZ Bifidobacterium bifidum MC1 TypeIC

SQ3 3 TypeIC

GCF 001020405.1 Bbif06v4 TypeIIA
GCF 001020325.1 Bbif10v4 TypeIIA
GCF 001020265.1 Bbif05v4 TypeIIA

China
Russia
USA
Others

A

Tree scale: 0.1

Fig. 5 Identification of CRISPR-Cas Systems and Prophages in B. bifidum. (A) The CRISPR-Cas system in B. bifidum was classified in more detail based on 
phylogenetic analysis of repeat sequences. Bootstrap value was set to 1 000. (B) Composition of different CRISPR-Cas subtypes. (C) The number of prophages 

was predicted in all strains.

were in an open state, which was different from previous results. If 
more genomes were included, more gene families would be found, 
and the number of pan-genomes would increase. Open pan-genomes 
mean more frequent exchanges within species than closed pan-
genomes. These results supported the hypothesis that the relative size 
and content of the pan-genome were potential indicators of genetic 
plasticity and the environmental adaptability of species. Core genes 
exist in most bacterial strains and determine the basic functions and 
phenotypic characteristics of almost all individuals in this bacterial 
species[44]. Accessory genes existed only in the genomes of a few 
strains or genes specific to a particular strain. These genes were 
usually closely related to the specific living environment, for example, 
determining the adaptability of bacteria[45]. On the premise that the 
number of isolates was the same, the core genes of isolates from 3 
regions were the same, and the pan-genomes of Chinese isolates was 
the largest, while those of American isolates were the smallest. This 
result indicated that Chinese isolates had the largest accessory genes, 
which showed strong adaptability of B. bifidum in the intestines of the 
Chinese population.

We found that the ANI value of B. bifidum is 98.02%–99.99%, and 
its span is short, indicating high genome similarity. By constructing 

the phylogenetic tree of 110 strains of B. bifidum, it was found that 
the phylogenetic relationships of these strains had some correlation 
with the isolation places, but it was far lower than expected. A 
possible reason was the limited number of strains. Lu et al.[24]  
studied B. bifidum isolates and found a significant geographical 
correlation consistent with the current results. This may explain the 
geographical aggregation of B. bifidum.

COG functional annotation showed that the genome of B. bifidum 
was rich in protein-encoding genes, which mainly involved the 
transport and metabolism of carbohydrates, amino acid transport and 
metabolism, as well as transcription and ribosomal structure. This 
finding was closely related to the hypothesis that B. bifidum needed 
enough of a genomic library to adapt to the carbohydrate metabolism 
of the host or dietary sources. Previous studies have further confirmed 
this explanation, indicating that approximately 14% of genes in the 
pan-genome of Bifidobacterium encode carbohydrates to utilize the 
required enzymes [14,46]. 

Among dietary factors, dietary carbohydrates were the most 
frequently reported dietary components positively correlated 
with Bifidobacterium species[47-48]. We found that the genomes of  
B. bifidum from different geographical populations contained a variety 
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Fig. 5 (Continued)

of CAZys, of which the GHs family was dominant. Compared with 
other common bifidobacteria in human intestinal tract, we identified 
6 CAZys that were characteristically abundant in B. bifidum. Four 
CAZys, CE12, GH84, GH13_11 and GH33 were involved in the 
degradation of host-derived polysaccharides and dietary fibers[49]. 
There were 18 CAZys with geographical differences. The content 
of GH43 and GH13 in Russian isolates was high, and GH43 was 
related to the degradation of long-chain carbohydrates[50-51]. GH13[46] 
is a common substance in bacteria. It can decompose a variety of 
polysaccharides, including plant-derived complex carbohydrates, such 
as starch and related substrates (such as amylose and amylopectin and 
(cyclo) maltodextrin), trehalose, stachyose, raffinose, and maltose. 
GH5_35 and GT2 accounted for a higher proportion in the American 

isolates and were related to cellulose degradation. GT2 represented 
the highest proportion of isolates in America and was the key 
glycosyltransferase involved in starch or sucrose metabolism. The 
specific CAZys in American isolates also mainly encoded for proteins, 
which can degrade the dietary fiber from plant sources. These data 
indicated that dietary habits affect host adaptation of B. bifidum. We 
hypothesized that dietary habits would affect the host adaptability 
of B. bifidum. One study[52] has pointed out that “food shapes genes, 
especially carbohydrates.” Take amylase as an example. During the 
evolution of mammals, mammals with starch-containing diets had 
more copies of amylase genes carrying the instructions to construct 
amylase than those without starch (at least in the species studied). 
Both existing and emerging evidence supports the capacity of certain 
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Bifidobacterium species/strains to act as primary degradants of plant-
based carbohydrates in complex diets, thereby facilitating metabolic 
cross-feeding with secondary degradants and resulting in higher 
yields of specific host health-related metabolites such as short-chain 
fatty acids[53-54]. Chinese diet has always had a variety of flavors, with 
plant-based food as the main food, grain as the staple food, vegetables 
as the supplementary food, and a small amount of meat[55]. Russian 
food is greasy and full of flavor, and bread is the staple food[56]. 
Different from China and Russian diet, western diet is characterized 
by high animal meat, fat, sugar, highly processed food and low 
fiber[57]. In addition, it was found that the diversity of CAZys isolated 
from China was the highest, which was consistent with the results of 
previous studies on accessory genes. Unfortunately, due to the small 
proportion of Russian and China isolates in this study and the lack of 
specific CAZys, the verification of carbohydrate metabolism needs to 
be further confirmed from future experimental evidence.

CRISPR loci exist in the genomes of a large number of 
prokaryotic organisms and provide acquired immunity against 
exogenous genetic elements[58]. However, there was little research 
on CRISPR in B. bifidum. In this study, the CRISPR-Cas system of 
110 strains of B. bifidum was analyzed, and it was found that 39% 
(43/110) of the genomes encoded the complete CRISPR-Cas system. 
This indicated that B. bifidum has advantages in constructing a mobile 
gene editing tool and screening strains with specific genotypes[59]. 
Incomplete CRISPR-Cas loci in the remaining strains may be due to 
genome recombination, loss of ability to obtain other CRISPR loci or 
incomplete genome assembly in these strains. It was found that type 
IC, type IIA, and type IIC systems were widespread in B. bifidum 
strains, and type II was more common than type I. This was consistent 
with previous studies[58]. Notably, the CRISPR-Cas system was not 
geographically relevant, with 90% of US isolates classified as Type II. 
The reasons remained to be further explored.

5.  Conclusion

Our study confirmed that dietary habits lead to the differences of  
B. bifidum in different geographical populations, and then the availability 
of complex polysaccharides from host or dietary sources is specific. To be 
sure, the validation of carbohydrate metabolism needs further exploration 
through future experimental evidence. In addition, the genetic diversity 
of B. bifidum is mainly embodied in GHs family, CRISPR-Cas system 
and prophages. These results broaden the understanding of this 
species and provide a theoretical basis for further study on the genetic 
characteristics and functions of the strain.
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