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ately after birth and leads to a phase of host infancy during which bifidobacteria are highly prevalent
and abundant to then transit to a reduced, yet stable abundance phase during host adulthood.
However, in order to reach and stably colonize their elective niche, i.e. the large intestine, bifidobacteria
have to cope with a multitude of oxidative, osmotic and bile salt/acid stress challenges that occur along
the gastrointestinal tract (GIT). Concurrently, bifidobacteria not only have to compete with the myriad of
other gut commensals for nutrient acquisition, but they also require protection against bacterial viruses.
In this context, Next-Generation Sequencing (NGS) techniques, allowing large-scale comparative and
functional genome analyses have helped to identify the genetic strategies that bifidobacteria have devel-
oped in order to colonize, survive and adopt to the highly competitive mammalian gastrointestinal envi-
ronment. The current review is aimed at providing a comprehensive overview concerning the molecular

strategies on which bifidobacteria rely to stably and successfully colonize the mammalian gut.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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intestine is inhabited by hundreds of different bacterial species,
disproportional scientific attention has been given to one particu-
lar symbiotic taxon, i.e. the genus Bifidobacterium, due to its widely
claimed ability to exert various health-promoting effects upon its
host [1-4]. For example, convincing evidence has accumulated
showing that the presence of bifidobacteria in the mammalian
intestine supports the development of the host immune system
by improving gut homeostasis and functionality, promoting the
intestinal barrier integrity, limiting the onset of certain gut dis-
eases and providing protection against pathogen proliferation [2-
6]. At the same time, bifidobacteria are able to produce various
metabolites, such as vitamins, polyphenols, conjugated linoleic
acids and short-chain fatty acids (SCFAs) that are believed to elicit
a beneficial impact on both epithelial host cells and gut microor-
ganisms [1,7-8]. Furthermore, bifidobacteria significantly con-
tribute to host metabolism by participating, through
saccharolytic fermentation, in the breakdown of a wide variety of
complex host- and diet-derived glycans. This is a feature that not
only guarantees the successful colonization of the mammalian
gut by bifidobacteria, but also provides accessible nutrients to both
the host and other intestinal microorganisms through cross-
feeding strategies [9-12].

The abundance and biodiversity of bifidobacteria in the mam-
malian gut depends on several environmental factors. In this con-
text, bifidobacterial prevalence and abundance is known to be
influenced by mode of delivery (natural birth or C-section deliv-
ery), type of feeding (formula or breast milk) and antibiotic expo-
sure [3,11,13-14]. Indeed, since bifidobacteria may be maternally
inherited through vertical transmission events and they possess,
in their genetic heritage, specific genes involved in the degradation
of oligosaccharides typical of breast milk, natural delivery and
breast-feeding are generally associated with a higher relative
abundance and prevalence of bifidobacteria in the infant gut when
compared to C-section delivered and/or formula-fed infants
[10,13,15-16]. Bifidobacteria are regarded as keystone microor-
ganisms in the gut microbiota associated with early life. However,
a decline of their relative abundance and biodiversity changes are
recorded when the host advances from infancy to adolescence and
adulthood, at which point the bifidobacterial community stabilizes
over time until old age, thus suggesting its relevant role during the
entire lifespan [3,17]. However, current knowledge pertaining to
the precise molecular strategies on which bifidobacteria rely to
ensure their effective colonization and survival in the competitive
intestinal environment remains incomplete. This review will high-
light genetic and metabolic features that allow bifidobacteria to
successfully colonize the mammalian gut. Specifically, we will dis-
cuss how bifidobacteria are able to reach the lower parts of the
intestine despite the hostile and adverse conditions of the upper
GIT and how they interact with host cells to facilitate gut coloniza-
tion. Furthermore, this review will outline the ability of bifidobac-
teria to utilize various complex glycans as an adaptation to the gut
environment and their genetic strategies to counter phage attack.

General features and ecology of the genus Bifidobacterium.
Taxonomically classified as members of the Bifidobacteriaceae fam-
ily, bifidobacteria are Gram-positive, non-motile, non-spore form-
ing, anaerobic, saccharolytic microorganisms with a Y-shaped or
‘bifid’ morphology, and a high G + C DNA content [18]. Starting
from the description of the first bifidobacterial species, isolated
by Tissier in 1899 from the fecal sample of a breast-fed infant
[19], the number of species belonging to the genus Bifidobacterium
has increased over time with several species being identified only
recently, including Bifidobacterium erythrocebi, Bifidobacterium
moraviense, Bifidobacterium oedipodis, Bifidobacterium olomucense,
Bifidobacterium panos, Bifidobacterium cebidarum, Bifidobacterium
leontopitheci, Bifidobacterium saimiriisciurei and Bifidobacterium
platyrrhinorum, all isolated from the feces of various monkey spe-
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cies [20-22], and Bifidobacterium canis and Bifidobacterium choloepi,
isolated from the feces of a dog and sloth, respectively [23-24]. The
genus Bifidobacterium represents the deepest branching lineage
within the phylum Actinobacteria, and currently comprises 94 rec-
ognized (sub)species [22,25].

Bifidobacteria have been isolated from various diverse ecologi-
cal niches, such as human blood [26], oral cavity [27], sewage [28],
fermented or raw milk [29-30] and hindgut of birds and social
insects [31-32] (Fig. 1). However, the vast majority of currently
characterized bifidobacterial species originate from the gastroin-
testinal tract of humans and other mammals [33-36]. Members
of the genus Bifidobacterium are therefore considered as abundant
symbiotic microorganisms that inhabit the intestinal tract of a
wide range of animals, especially those who provide parental care
to their offspring, including social insects as well as warm-blooded
mammals [36-37]. Despite their broad ecological distribution, at
the beginning of the metagenomic era, it was assumed that the
ability of members of the genus Bifidobacterium to colonize the
ecological ecosystem of a particular host was species-dependent.
Indeed, while several species appeared to enjoy a cosmopolitan
lifestyle, such as Bifidobacterium animalis, Bifidobacterium adoles-
centis, Bifidobacterium catenulatum and Bifidobacterium dentium,
other bifidobacterial taxa seemed to be adapted to inhabit the
gut environment of a particular animal only, for example in the
case of Bifidobacterium angulatum, Bifidobacterium cuniculi and Bifi-
dobacterium gallinarum which seemed to be exclusively associated
with cows, rabbits and chickens, respectively [38-39]. In a similar
manner, based on their peculiar genetic arsenal, a group of six bifi-
dobacterial species, i.e. Bifidobacterium asteroides, Bifidobacterium
actinocoloniiforme, Bifidobacterium bohemicum, Bifidobacterium
bombi, Bifidobacterium coryneforme and Bifidobacterium indicum,
had up until recently been considered to be highly specialized in
colonizing the intestinal tract of social insects, such as honeybees,
bumblebees and wasps [40]. Nonetheless, in recent years, rapid
advances of metagenomic approaches have completely revolution-
ized the primordial metagenomic-based ecological classification
within the genus Bifidobacterium. Specifically, the application of
bifidobacterial ITS (Internally Transcribed Spacer)-based microbial
profiling to a large spectrum of mammalian species has led to a
revision of the “cosmopolitan bifidobacterial species list”, identify-
ing B. adolescentis, Bifidobacterium bifidum, Bifidobacterium longum
and Bifidobacterium pseudolongum as the real ubiquitous and most
abundant bifidobacterial taxa [36]. Furthermore, ITS microbial pro-
filing analyses revealed that bifidobacterial species that had previ-
ously been identified as niche-specialized are instead able to
colonize a wide number of mammalian hosts [36]. Specifically,
those bifidobacterial species that were previously considered as
highly specialized in insect gut colonization, are actually widely
distributed among various mammalian hosts [36]. At the same
time, next-generation sequencing techniques highlighted that sev-
eral bifidobacterial species are able to colonize the intestinal tract
of carnivorous mammals, although the diet of these animals con-
tains only a limited amount of the preferred energy source of bifi-
dobacterial species, i.e. fermentable carbohydrates [23,36,41-43].
This refutes previously proposed niche/host-specific specialization
behaviour, and instead indicates a strain-specific adaptation of bifi-
dobacteria to a given environment. This successful adaptation of
bifidobacteria to different ecological niches has been attributed
to the specific genetic features of this bacterial taxon. In this con-
text, comparative genome analyses revealed that members of the
genus Bifidobacterium are predicted to encode a very large
carbohydrate-active enzyme arsenal, which is among the largest
compared to other gut commensals when taken in proportion to
their genome size [9,44]. These extensive and varied metabolic
abilities allow bifidobacteria to access a plethora of simple as well
as complex diet- and host-derived glycans (see below), suggesting



G. Alessandri, D. van Sinderen and M. Ventura

sa wnpydosan g

@OO689001

10020;

aill 8
B indicum LMG11587
B. asteroides LMG10735000

O B. adolescentis group [ B. asteroides group

O B. boum group O B. longum group

O B. psychraerophylum group O B. tissieri group

i DSM23969
B, scardovii 1

-@OOS8900TINSA tunsouws g
B,

QOO 5. biavati

62 ORFs @®O00 565 ORFs
1.73 Mbp ©0000 3.27 Mbp

O B. bifidum group
O B. pseudolongum group

MG21589 @

MG30940

000
@00,

Computational and Structural Biotechnology Journal 19 (2021) 1472-1487

Samipii |

689

G 91395
i N
jdol

10736
THSMI0Y

B. DSM22766 'O<O)B bohemicum DSM22767
B. xylocopae DSM104955CX O B commune R-52791
B. aquikefiri LMG;’;Z:’)ZO.O 0.03 ' 88%3 ,m"ummu LMG11592
4 123609009 C » -
B. crudilactis ‘&A,‘Cmmﬂo'. e Scardony :";’,” miense JOM 13495
' - . Pinarq oy
. paychracrophi 814 ORFs ®®@00 1889 ORFs Number of accessory ORFs 0 ICM 1253,

Number of unique ORFs
Genome size

O B. bombi group
O B. pullorum group

Fig. 1. Phylogenetic tree of the genus Bifidobacterium based on the concatenation of the 169 amino acid sequences representing the Bifidobacterium core genome. The
phylogenetic tree was generated by the maximum-likelihood method, and COG sequences of Scardovia inopinata JCM 12537 shared with bifidobacterial species were used as
an outgroup. Bootstrap percentages above 50 are shown at node points based on 1000 replicates of the phylogenetic tree. The outer circle represents the number of accessory
and unique genes as well as the genome size of each bifidobacterial type strain, while the ecological origins of bifidobacteria per each phylogenetic group are reported beside

the phylogenetic tree.

that these genetic features of bifidobacteria have evolved over time
to ensure their successful ecological adaptation to, and fitness in
the mammalian GIT [44].

Phylogenomics of the genus Bifidobacterium. Traditionally,
bacterial taxonomic classification relied solely on phenotypic char-
acteristics, such as cell morphology or metabolic features, allowing
the identification of discrete phenotypic clusters [45], though com-
pletely ignoring the genetic makeup of microorganisms. Subse-
quently, with the advent of whole genome sequencing combined
with the availability of powerful bioinformatics tools, phylogeny
entered a new era, the so-called phylogenomic era, leading to a
revised definition of bacterial species, i.e. “a monophyletic and
genomically coherent cluster of individual organisms that show a
high degree of overall similarity with respect to many independent
characteristics, and is diagnosable by a discriminative phenotypic
property” [46-47]. Among the available bioinformatic tools to
quantitatively measure genome relatedness, Average Nucleotide
Identity (ANI) is one of the most reliable and commonly exploited
method to investigate genome similarity and an ANI value of < 95%
between two bacterial taxa is generally considered indicative of
two separate and distinct species [48]. However, despite the
NGS-based revolution in the bacterial phylogeny field, it was
immediately clear that whole genome-based phylogenetic recon-
struction is affected by the presence of genes acquired through
horizontal gene transfer events, which prevents a reliable phyloge-
netic classification [49-50]. However, assuming that the majority
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of genetic markers identified as distinctive of a bacterial taxon
are vertically inherited, solid foundations for bacterial phylogeny
reconstruction have been developed based on these particular
genes [49]. In this context, although 16S rRNA gene-based compar-
ative analysis has been and continues to be exploited as the gold
standard approach for bacterial phylogenetic investigations, it suf-
fers from several limitations that prevent assessment of the real
degree of genetic (dis)similarity between two microbial genomes
[51-53]. Indeed, it does not guarantee accurate discrimination
between very recently diverged species or amongst two bacterial
taxa belonging to distant bacterial groups if they possess highly
similar 16S rRNA gene sequences, thus not capturing phylogenetic
differences [54]. To overcome these limitations, a multi-gene
approach relying on comparative analyses of multiple conserved
molecular markers, such as the clpC, dnaB, dnaG, dnaj1, purF, and
rpoC genes, has been proposed as a more reliable approach for spe-
cies discrimination [53,55]. In this context, such a multi-gene
method has offered a higher level of discriminatory resolution
between closely related bifidobacterial taxa compared to 16S
rRNA-sequencing and therefore represents a reliable tool to assess
phylogenetic relationships among members of the genus Bifidobac-
terium [56-57]. However, the advent of Next-Generation Sequenc-
ing (NGS) techniques coupled with the development of new
bioinformatic tools, has allowed easy access to bacterial genome
sequences, which in turn has led to a revolution in phylogenetic
investigations with major improvements of associated phyloge-



G. Alessandri, D. van Sinderen and M. Ventura

netic tree robustness [40,58]. In this context, in order to shed light
on the phylogenetic relatedness among bifidobacterial species, a
recent comparative genome investigation, involving 69 of the cur-
rently recognized bifidobacterial taxa, allowed the identification of
261 clusters of orthologous genes (COGs) shared among all ana-
lyzed genomes, representing the so-called bifidobacterial core-
genome [59]. Subsequent concatenation of sequences correspond-
ing to the proteins encoded by the core genome allowed the gen-
eration of a bifidobacterial phylogenetic supertree which
highlights the division of the genus Bifidobacterium into 10 distinct
clusters corresponding to the B. adolescentis, B. asteroides, B. bifi-
dum, B. bombi, B. boum, B. longum, B. pseudolongum, Bifidobacterium
pullorum, Bifidobacterium psychraerophilum, and Bifidobacterium tis-
sieri group. Notably, regardless of the method used, the closest
position to the root of the generated tree is occupied by the B.
asteroides group, thus supporting the previously proposed notion
that this phylogenetic cluster represents the closest genetic rela-
tion to the evolutionary ancestor of the genus Bifidobacterium
[60-61] (Fig. 1). However, recent comparative genomic and phy-
logenomic analyses aimed at investigating the genetic relatedness
of bacterial genera included in the Bifidobacteriaceae family, of
which bifidobacteria are an integral part, revealed that members
of the genus Bifidobacterium clustered separately from non-
bifidobacterial members of the Bifidobacteriaceae family, except
for Gardnerella vaginalis strains which, in contrast, are phylogenet-
ically positioned within the genus Bifidobacterium [62-63]. Specif-
ically, Bifidobacterium tsurumiense was identified as the
phylogenetically most closely related bifidobacterial species to G.
vaginalis genotypes, thereby creating a new cluster located along-
side the B. boum group [62]. These findings therefore suggest that
G. vaginalis, the only species currently described in the genus Gard-
nerella, should be reclassified as a member of the genus Bifidobac-
terium, thereby undermining the notion that all bifidobacterial
species represent health-promoting microorganisms [62]. Indeed,
G. vaginalis is currently described as an opportunistic pathogen
whose presence is tightly associated with chronic and/or acute
bacterial vaginosis [62-66]. Furthermore, the recent large-scale
application of 16S rRNA gene-based and bifidobacterial ITS expedi-
ate microbial profiling approaches for microbiota analyses has
revealed the presence of putative novel members of the genus Bifi-
dobacterium [36,41,67]. All together, these observations suggest
the need for a re-evaluation of the currently known taxonomy of
the genus Bifidobacterium and make a further expansion and
refinement of bifidobacterial phylogenetic classification
predictable.

Adaptation of bifidobacteria to the mammalian gastroin-
testinal environment. In order to reach, colonize and survive in
their main ecological niche, i.e. the large intestine, bifidobacteria
have to counter the hostile and adverse conditions that are typical
of the upper compartments of the mammalian GIT. Exposure to
oxygen or oxygen-derived free radicals, organic and bile acids or
osmotic stress are only some of the detrimental factors that may
undermine bifidobacterial cell viability and functionality [8]. To
cope with these stressful conditions, bifidobacteria have evolved
adaptive responses that rely on a strictly controlled expression of
several enzymes and proteins, encompassing molecular chaperons,
bile efflux transporters or bile salt hydrolases coupled with
ATPases and two component systems to promptly counteract the
multitude of challenging gut conditions [68-71]. Induction and
assembly of the stress-induced response factors are controlled by
a universal system whose regulation is driven by an interactive
regulatory network that is highly conserved among bifidobacterial
species [8,72-74]. To limit oxygen or oxygen-derived free radical-
associated insults, many anaerobic bacteria produce specific
enzymes, such as NADH oxidase or peroxidase, catalase and/or
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superoxide dismutase, directly involved in the inactivation of reac-
tive oxygen species (ROS) [75-76]. Despite their anaerobic nature,
bifidobacterial genomes lack genes encoding NADH peroxidase,
catalase or superoxide dismutase activities, except for the
oxygen-tolerant B. asteroides strains [61,77], thus suggesting that
an alternative mechanism is activated by these microorganisms
to protect DNA and proteins against oxidative stress-induced dam-
age. Actually, it has been observed that, when exposed to aerobic
conditions, Bifidobacterium longum NCC2705 produces an alkyl
hydroperoxide reductase, while Bifidobacterium animalis subsp. lac-
tis strains upregulate genes encoding thioredoxin peroxidases and
NADH oxidase, suggesting that these enzymes represent critical
bifidobacterial actions to deal with oxidative stress [78-81]. Simi-
larly, to avoid oxidative stress-associated accumulation of
unfolded and/or misfolded proteins, bifidobacteria respond by pro-
ducing various molecular chaperones and proteases [72-73].

In addition to oxidative stress, bifidobacteria have to cope with
acid stress principally due to the low pH of the stomach and/or pH
reduction that may occur along the intestine due to carbohydrate
fermentation-associated production of organic acid by gut bacteria
[82]. As a consequence, bifidobacteria may experience accumula-
tion of protons (H*) in the intracellular environment leading to
reduced cytoplasmic pH and compromised cellular transport sys-
tems and proton motive force [1]. To tolerate and react to these
threatening conditions, bifidobacterial species have evolved acid
resistance features by activating an FoF{-ATPase that ensures main-
tenance of pH homeostasis through active proton extrusion [83-
84]. At the same time, members of the genus Bifidobacterium
may improve their acid resistance response by modifying cell
membrane fatty acid composition or cell wall peptidoglycan
biosynthesis [85-86].

Beyond oxygen, ROS or acid exposure, the presence of primary
bile salts and/or secondary bile acids in the small intestine repre-
sents another major stress-inducing factor to bacteria because of
their bactericidal properties. These compounds, acting as lipid
emulsifiers, target the (bifido)bacterial membrane phospholipid
bilayer, thus affecting membrane integrity and provoking bile
accumulation in the cytoplasm [87-88]. In this context, to avoid
cell envelope damage, bifidobacteria may react to bile exposure
by modulating membrane lipid composition through changes in
their fatty acid metabolism to ultimately reduce cell membrane
permeability [89-91]. At the same time, they may activate
membrane-associated efflux pumps able to extrude bile salts and
bile acids accumulated in the cytoplasm. Specifically, several mul-
tidrug transporters belonging to the ATP-binding cassette or the
major facilitator superfamily have been identified as mediators of
bile tolerance in B. breve and B. longum strains [70,92-93]. How-
ever, other defence mechanisms may be exploited by bifidobacte-
rial taxa to limit the harmful effects of bile, i.e. production of bile
salt hydrolases and biofilm formation. Specifically, bile salt hydro-
lases confer protection by catalysing the de-conjugation of glycine
and taurine from bile salts generating unconjugated acids that can
be metabolized by other intestinal bacteria [94-95]. In addition,
biofilm formation has been proposed as a crucial adaptive strategy
in response to bile stress relying on a multi-factorial process
involving exopolysaccharide (EPS) production as well as protein
and extracellular DNA release, as observed in the bifidobacterial
prototype B. breve UCC2003 [96].

Furthermore, along the GIT, bifidobacteria can encounter host-
derived proteases, such as eukaryotic-type serine proteases, espe-
cially in case of intestinal inflammation caused by bacterial infec-
tion or intestinal tissue damage related to inflammatory bowel
diseases or ulcerative colitis [97-98]. To protect themselves from
host-derived proteolytic action and survive in a competitive envi-
ronment, certain bifidobacterial species are supplied with a two
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component regulatory system which, when activated, is able to

selectively induce the expression of a serine protease inhibitor
(serpin), thereby inhibiting the activity of particular host proteases
[3,99-100].

Bifidobacteria and their interaction with the host environ-
ment. Once the challenges imposed by upper part of the host
GIT have been successfully overcome, bifidobacteria have to face
yet other challenges. Indeed, despite having reached their pre-
ferred ecological environment, they have to employ several strate-
gies to interact with the host and ensure their fitness and survival
in the ecosystem of the caecum and large intestine. Although the
molecular mechanisms through which bifidobacteria communi-
cate with their host and adhere to the host intestinal epithelium
are still under scrutiny, the combination of in vitro investigations
with the availability of whole genome sequences of currently rec-
ognized bifidobacterial taxa has been instrumental in predicting
and identifying various genes and associated macromolecules that
drive microbe-host interactions [1,101-102]. In this context, cer-
tain extracellular structures, bioactive molecules and/or excreted
enzymes play a crucial role in promoting the successful gut colo-
nization by bifidobacterial species (Fig. 2) (Table 1).

1.1. Pili

Described as long hair-like proteinaceous appendages protrud-
ing from the extracellular cell surface, pili and fimbriae have been

identified as one of the principal extracellular structures directly
involved in host-microbe interactions by promoting adhesion to
the intestinal epithelium surface [103-104]. Pilus proteins are
not constitutively produced by bifidobacterial species, but rather
their assembly is specifically induced under certain growth condi-
tions, such as in vivo colonization, in vitro co-culture with human
cell lines and/or exposure to the extracellular matrix [102,105-
107]. Specifically, two different pilus types have been described
in bifidobacteria, one dependent on the enzymatic activity of a
transpeptidase (sortase) and for this reason defined as sortase-
dependent pili, while the other resembles type IVb pili, and in par-

ticular the so-called Tight Adherence pili (Tad pili) [106-107].
Sortase-dependent pili owe their name to the peculiar mecha-
nism by which they are assembled. Indeed, in addition to two dif-
ferent structural proteins represented by the so-called major pilin
and ancillary pilin, sortase-dependent pilus assembly requires a
pilus-specific sortase, a transpeptidase which, by cross-linking
the pilus building blocks and covalently anchoring the resulting
polymer to the cell surface wall, ensures correct pilus shaft forma-
tion [104,108]. Genes encoding the sortase-dependent pilus struc-
tural and assembly proteins are organized in the same genetic
locus, and include the fimA or fimP genes coding for the major pilin
subunit, fimB and/or fimQ encoding for one or two minor (ancil-
lary) pilin subunits and the sortase-encoding gene strA [106,109].
However, comparative genome analysis revealed that sortase-
dependent encoding loci are not evenly distributed among mem-
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Table 1
List of genes whose product is directly involved in bifidobacteria-host interaction.

Computational and Structural Biotechnology Journal 19 (2021) 1472-1487

Genes Gene product Product function
Sortase-dependent pili fimA/P Major pilin subunit Structural element of sortase-dependent pili.
fimB/Q Minor or ancillary pilin
subunit
StrA Sortase (transpeptidase Sortase-dependent pilus assembly and anchoring to the cell surface.
enzyme)
Tight Adherence pili tadA ATPase
tadB Integral membrane protein Formation of hetero- and homo-polymers involved in the secretion apparatus
tadC integral membrane protein of the pilus subunits.
tadE Pseudopilin Structural pilus components synthetized as prepilins.
tadF Pseudopilin
Flp Prepilin
tadV Peptidase (enzyme) Post-translational processing of prepilins to remove their hydrophobic leader
peptide to obtain structural pilus components.
Quorum sensing luxS S-ribosylhomocysteine lyase It catalyzes the transformation of S-ribosylhomocysteine to homocysteine and

SEPS Conserved gene set
involved in sEPS
production Glycosyl transferases
Flippases and/or ABC
transporters

Subunit polymerase

Priming glycosyl transferase

Chain length determinant

proteins
Carbohydrate precursor

biosynthesis/modification

enzymes

4,5-dihydroxy-2,3-pentadione, the latter known as the precursor of the
autoinducer-2 (AI-2).

It catalyzes the addition of the first saccharidic moiety to a lipophilic carrier
molecule for initiation of sEPS repeating unit assembly.

They are involved in the assembly of SEPS repeating units.

Enzymes involved in the transport of sEPS subunits from the cytoplasm to the
outer membrane environment.

It catalyzes the polymerization of SEPS subunits.

They determine the polymer chain length.

They catalyze the biosynthesis of sEPS precursor and the conversion of the
latter into SEPS subunits.

bers of the genus Bifidobacterium. Indeed, while the genome of cer-
tain B. actinocoloniiforme, B. longum subsp. infantis and B. longum
subsp. longum strains completely lack the genetic repertoire neces-
sary for the production of this pilus type, the genome of B. dentium
Bd1 possesses seven different pilus-encoding loci, the largest num-
ber so far recorded for a bifidobacterial species [106,109]. Beyond
this varying number of loci, also the genetic sequences of the
sortase-dependent pilus-encoding genes are characterized by a
high interspecies or inter-strain variability coupled with G + C con-
tent deviation and different codon usage, which suggests that these
genetic elements have been acquired through horizontal gene
transfer [106]. This notion has been corroborated by the observa-
tion that sortase-dependent pilus-encoding loci are frequently
localized near transposon elements [106].

Despite their important role in mediating bifidobacterial adhe-
sion to host surfaces, sortase-dependent pili have additional func-
tions. They are involved in bifidobacteria-host immune dialogue as
observed for B. bifidum PRL2010 whose sortase-dependent pili can
trigger an increased level of TNF-a cytokines and a parallel reduc-
tion of the proinflammatory cytokine IL-12, thus moderating
immune cells to avoid a detrimental inflammatory response
[102]. At the same time, bifidobacterial sortase-dependent pili
are involved in microbe-microbe interactions. Indeed, B. bifidum
PRL2010 pili have been described as physical bridges able to pro-
mote aggregation between bacterial cells of a heterogeneous pop-
ulation, such as that of the gut microbiota [105].

The second pilus type produced by bifidobacteria, i.e. the Tad
pilus, was originally described in the pathogenic Gram-negative
Actinobacillus actinomycetemcomitans where it is involved in adhe-
sion to the host cell surface, thereby promoting colonization and
pathogenesis through biofilm formation [110-111]. All genes
required for the production and assembly of this pilus type are part
of the same genetic locus, except for the tadV gene which is not
located within the tad locus. Within the tad locus, the tadA gene
encodes an ATPase which is believed to be localized at the periph-
ery of the cytoplasmic membrane, while the TadB and TadC pro-
teins are predicted integral membrane proteins to form homo- or
hetero-oligomeric structures that together with TadA constitute
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the proposed secretion apparatus for the pilus subunits [111-
112]. Furthermore, the tad locus contains genes which encode
structural pilus components, i.e. prepilin (Flp), and two pseu-
dopilins (TadE and TadF), all of which are synthetized as prepilins,
requiring post-translationally processing by a dedicated peptidase
(TadV) to remove their hydrophobic leader peptide [107,111-112].

Unlike the sortase-dependent pilus gene clusters, the tad locus
seems to be highly conserved among bifidobacterial species
[107,111,113-114]. However, this pilus type has to date only been
characterized in B. breve UCC2003 where Tad pili have been shown
to stimulate in vivo colonic epithelial cell proliferation thus con-
tributing to host mucosal homeostasis, while they are also
involved in host cell adhesion to ensure successful intestinal colo-
nization and persistence [107,115].

In addition to sortase-dependent and Tad pili, the gene cluster
encoding the biosynthetic machinery for a third pilus type (type
IVa pilus) was discovered in the B. adolescentis 221 genome. Tran-
scriptomic analysis revealed that this type IVa pilus-specifying
locus is upregulated when the bifidobacterial strain was cultivated
on starch when compared to the control condition in glucose, sug-
gesting that non-digestible, plant-derived glycans, in which the
intestine is particularly enriched, is involved in the regulated pro-
duction of these extracellular structures, in line with the notion
that pili represent extracellular structures required for gut colo-
nization and host-microbe interactions [116]. However, additional
in vitro and/or in vivo studies are required to further confirm this
hypothesis.

2. Extracellular polysaccharides

The cell surface of a wide spectrum of bacteria is known to be
covered by one or more glycan layers, designated here as capsular
polysaccharides (CPSs) to indicate that such polymers are cova-
lently anchored to the cell surface forming a capsule, whereas they
take the name of exopolysaccharides (EPSs) when they create a
slimy coat that is loosely attached to the cell wall and is easily
released into the growth environment [117]. However, due to the
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difficulties in distinguishing between EPS and CPS, since their
chemical structures may be highly similar, in the present review
we will use the term surface-associated exopolysaccharides or
sEPSs to indicate either of these extracellular glycan layer types.

Most common monosaccharides involved in the formation of
sEPSs correspond to glucose, fructose, galactose, rhamnose and
fucose. However, the presence of different isomers, acetylated vari-
ants, various chemical linkage types for the monosaccharide sub-
unit polymerization as well as multiple degrees of
polymerization and branching patterns of the repeating sugar units
contribute to create a large variety of possible combinations for the
formation of sEPSs, thus generating a myriad of different long-
chain exopolysaccharides [118]. Furthermore, according to their
chemical composition and biosynthesis mechanism, sEPS may be
classified either as homopolysaccharides, when composed by the
repetition of a single monosaccharide unit, or heteropolysaccha-
rides, when the sEPS structure contains two or more different
monosaccharide subunits [117,119].

From a genomic perspective, genes involved in SEPS biosynthe-
sis are generally clustered together within a particular genetic
locus (typically referred as the eps cluster) in members of the genus
Bifidobacterium [116,120-122]. Comparative genome analyses
involving different bifidobacterial species revealed the presence
of at least one eps locus in all analysed taxa, except for some B. bifi-
dum strains [121-122]. However, despite the high prevalence of
this genetic locus across bifidobacterial genomes, no conserved
structural organization was observed in the eps biosynthesis clus-
ter. Rather, the latter is characterized by a consistent interspecies
variability in terms of cluster length, predicted functions and num-
ber of genes, ranging from nine genes of the Bifidobacterium mon-
goliense type strain eps locus to the 55 genes identified in the eps
region of B. dentium LMG11405, suggesting the acquisition of the
eps-encoding gene cluster through horizontal gene transfer events
[121-123]. This notion received support from the finding that this
genetic locus is characterized by a different GC content and flanked
by insertion sequence elements or transposase-encoding genes
[122].

Various biosynthetic functions have been attributed to genes
located in the eps locus, with certain associated genes apparently
being conserved among bifidobacterial genomes, allowing in silico
prediction of the presence of complete eps clusters in bifidobacte-
rial taxa. In detail, these conserved genes encode for proteins
specifically involved in the sEPS subunit assembly and attachment
to the cell surface, in particular genes encoding (i) a priming glyco-
syl transferase together with one or more glycosyl transferases
which are involved in the sEPS subunit biosynthesis, (ii) a flippase
or ABC transporter for the transport of the sEPS subunits from the
cytoplasm to the outer membrane environment, (iii) a polymerase
able to extracellularly link transported sEPS subunits, (iv) a
polysaccharide chain length determinant, and (v) monosaccharide
biosynthesis or modification enzymes [121,123]. Despite the high
prevalence of eps gene clusters, there are still many strains that
do not appear to produce sEPS as based on their sedimentation
phenotype when they are cultivated in liquid medium, which is
indicative of a EPS-negative phenotype and shows the high level
of variability in SsEPS production ability among individual strains
that belong to the genus Bifidobacterium [122,124-126].

Recently, the scientific community has shown increased inter-
est in bifidobacterial sEPS producers since these complex extracel-
lular glycans, by being involved in microbe-host interactions, have
been reported to exert various beneficial host effects [101,127-
128]. In vitro and in vivo investigations have shown that sEPS pro-
duction not only favours adhesion of strains to intestinal cell lines,
but also solicits a differential immune response that appears to
depend on the physicochemical features of the sEPS [3,129-130].
Indeed, a positive correlation has been observed between the
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structure, composition and size of a given sEPS and the corre-
sponding elicited immune response, as described for certain strains
of B. animalis subsp. lactis, B. adolescentis and B. longum subsp.
longum [126,129-131]. Furthermore, a murine in vivo trial demon-
strated that the B. breve UCC2003 sEPS acts as an ‘immunological
silencer’ since this extracellular polymer protects the bifidobacte-
rial strain from clearance by the adaptive immune system and
simultaneously reduces the anti-inflammatory response [1,101].
Similarly, the sEPS produced by B. longum subsp. longum 35624
was reported to prevent induction of an inflammatory response
against this bifidobacterial strain, reinforcing the notion that sEPSs
not only possess immunomodulatory activities, but that they are
also involved in colonization and survival abilities of this microor-
ganism in the intestinal environment by eluding the host immune
system [132].

In addition to their ability to modulate immune responses,
many other beneficial functions have been attributed to bifidobac-
terial sEPSs. Indeed, they are able to modulate both composition
and metabolic activity of the intestinal microbial community by
acting as fermentable substrates for members of the gut micro-
biota [133-136]. At the same time, these extracellular polymers
are involved in conferring protection against pathogens. In this
context, a murine in vivo trail based on the administration of the
EPS-producing B. breve UCC2003 (EPS") or EPS-deficient B. breve
UCC2003 (EPS") strains with Citrobacter rodentium revealed
reduced colonization levels of this murine gut pathogen in the
presence of EPS* B. breve [101]. Furthermore, in recent years, sev-
eral studies have demonstrated the role of bifidobacterial sEPS in
reducing apoptotic epithelial cell shedding to safeguard the integ-
rity of the epithelial intestinal barrier or soliciting apparent antitu-
mor activity by regulating cell cycle and cell apoptosis, thus
corroborating the health-promoting effect of these glycan layers
[128,137-138].

2.1. Other bioactive compounds

Bacteria are able to communicate with each other and coordi-
nate appropriate response to variations in their surrounding envi-
ronment by activating an intracellular communication, also known
as quorum sensing, based on a system of gene expression regula-
tion that is driven by bacterial cell density [139]. Specifically, it
depends on the accumulation of signalling molecules which, when
they exceed a certain concentration threshold, trigger a concerted
physiological response in the microbial community regulating
diverse phenomena, such as virulence, bioluminescence or biofilm
formation [140]. Autoinducer-2 (AI-2) is one of the principal signal
molecules regulating quorum sensing and its production relies on
the LuxS enzyme involved in recycling S-adenosylhomocysteine.
LuxS catalyses the cleavage of S-ribosyl-homocysteine into homo-
cysteine and 4,5-dihydroxy-2,3-pentanedione, the precursor of Al-
2 [141]. Although in silico investigations aimed at predicting the
presence of the luxS gene in bifidobacteria has been limited to only
a small number of species, its conservation in all analysed genomes
suggests the possible presence of such a gene in all bifidobacterial
species [8,142-143]. Despite the as yet incomplete characteriza-
tion of this cell density-dependent regulatory mechanism within
the genus Bifidobacterium, bifidobacterial Al-2 production seems
to be involved in biofilm formation, suggesting that Al-2 plays a
crucial role in influencing the colonization of these symbiotic
microorganisms in the gut ecosystem [96,142]. This hypothesis
was further corroborated by the observation that a B. breve
UCC2003 [uxS insertion mutant strain is much more sensitive to
multiple iron chelators, is not able to colonize the murine GIT
and was shown to confer less protection against a pathogen infec-
tion in Caenorhabditis elegans [143]. Therefore, Al-2 appears to
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endow bifidobacteria with a competitive advantage to colonize and
persist in the intestine.

In addition, bifidobacteria are able to synthetize teichoic acids,
negatively charged polymers exposed on the cell surface. Precisely,
depending on their particular attachment to the cell envelope, they
can be classified as wall teichoic acid (WTA) when covalently
linked to the peptidoglycan, or lipoteichoic acids (LTA) when there
are linked to the diacylglycerol moiety of a membrane lipid [144-
145]. Despite the in silico predicted presence of genes encoding the
biosynthetic machinery for WTA and LTA production in many bifi-
dobacterial species, the role and function of bifidobacterial teichoic
acid production remains poorly investigated [146]. Indeed, only in
B. bifidum PRL2010, a study has shown that enhanced teichoic pro-
duction occurs under environmental conditions simulating the
human gut, suggesting a functional role for these polymers in sup-
porting host-microbe interaction and promoting their gut colo-
nization [146].

Another bifidobacterial surface protein, identified in B. bifidum
MIMBb75 and involved in the adaptation and persistence of bifi-
dobacteria in the mammalian gut, is represented by the TgaA pro-
tein, a peptidoglycan-lytic enzyme composed by two different
conserved regions, i.e. lytic murein transglycosylase and
cysteine- and histidine-dependent amidohydrolase/peptidase
[147]. Specifically, in vitro experiments revealed that this TgaA pro-
tein is directly implied in cell-to-cell communication as well as in
cross talk with host cells, suggesting its involvement in supporting
bifidobacteria in gut colonization [147-148]. However, as for tei-
choic acid, further investigations are necessary to shed light on
the conservation of the genetic apparatus required for TgaA pro-
duction and to understand its precise role in driving microbe-
and/or host-bifidobacteria interactions.

Glycan utilization as an adaptative metabolic strategy of bifi-
dobacteria to the gut environment. Simple sugars such as lactose
or sucrose are generally metabolized by the host or by microbial
community that inhabits the upper part of the host GIT, leaving
complex carbohydrates to pass to more distal intestinal compart-
ments [149]. At this site, such non-digestible glycans are repre-
sented by diet-derived carbohydrates, including cellulose,
fructans, pectins, xylans or resistant starch, as well as by host-
derived sugars, encompassing Human Milk Oligosaccharides
(HMO) and mucins, in the latter case represented by O-linked
and/or N-linked glycoproteins secreted by the intestinal goblet
cells with the function of covering and protecting the gut epithe-
lium [150] (Fig. 1). The ability to degrade a wide range of complex
carbohydrates is one of the key genetic strategies that can ensure
successful colonization and survival of bacteria in the intestinal
environment. Since bifidobacteria are considered as symbiotic
microorganisms of the mammalian GIT, it is not surprising that
their genomes contain a large number of genes predicted to encode
enzymes involved in carbohydrate metabolism [40,57]. In this con-
text, a comparative analysis involving 47 bifidobacterial type
strains allowed the identification of the core of bifidobacterial
genomic coding sequences (core BifCOGs) and subsequent func-
tional annotation revealed that, apart from conserved core genes
encoding housekeeping functions, quite a number of genes are
associated with carbohydrate metabolism [40,57]. In addition to
assessing the bifidobacterial core-genome, the same study investi-
gated the bifidobacterial variome (variable genome sequences)
allowing the identification of so-called Truly Unique Genes (TUGs),
i.e. genes present in just one of the examined bifidobacterial gen-
omes. Also in this case, although no functional annotation was
attributed to most of the predicted TUGs, some of these truly
unique open reading frames were identified as genes encoding pro-
teins involved in carbohydrate transport and metabolism, includ-
ing glycosyl hydrolases, thus corroborating the central role that
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bifidobacterial carbohydrate degradation abilities play in driving
their adaptation to the intestinal tract [40].

The bifidobacterial genetic repertoire required for the utiliza-
tion of complex glycans is generally organized in glycan-specific
gene clusters encompassing sequences encoding proteins and
enzymes involved in sugar transport, such as permeases, proton
symporters, phosphoenolpyruvate-phosphotransferase systems
and carbohydrate-specific ATP-binding cassette (ABC) trans-
porters, as well as glycosyl hydrolases (GHs) [150]. Furthermore,
all bifidobacterial genomes contain the genes encoding the so-
called ‘bifid shunt’, encompassing the central metabolic route that
contributes to the ecological success of bifidobacteria, and generat-
ing 2.5 ATP molecules coupled with 1 Mol of lactate and 1.5 Mol of
acetate per mol of glucose metabolized [151]. However, in order to
recover energy from complex carbohydrates through the bifid
shunt route, bifidobacteria needs the primary action of extracellu-
lar and/or intracellular GHs which, by hydrolyzing the glycosidic
bond between two or more carbohydrate subunits, catalyze the
breakdown of complex polysaccharide into mono- or oligo-
saccharides that can then be internalized through dedicated carbo-
hydrate uptake systems [150]. Once inside the cytoplasm, sugars
may be subjected to further modification to ultimately produce
phosphorylated monosaccharides which can then enter the central
fermentation pathway [152].

In silico characterization of the genus Bifidobacterium pan-

genome, based on the Carbohydrate-Active Enzymes (CAZy) data-
base, identified various glycosyl hydrolases belonging to GH13
family as the most abundant and recurring GH family within the
bifidobacterial glycobiome [40,44]. Members of this enzymatic
family are classified as a-glucosidases, thus able to degrade com-
plex glycans containing o-glucopyranose units, such as starch,
glycogen and related derivatives, including amylopectin, amylose,
pullulan, maltodextrin and cyclomaltodextrin, representing com-
mon carbohydrates found in the adult mammalian (omnivorous
and herbivorous) diet [9,44,153]. Together with GH13, bifidobacte-
rial genomes possess a broad set of genes whose products belong
to the GH3, GH43 and GH51 families, representing enzymes
involved in the degradation of plant-derived carbohydrates,
thereby suggesting the adaptation of these microorganisms to
the mammalian gut environment through a generalist ecological
behavior [9,57]. Furthermore, p-galactosidase activity encoded by
genes belonging to the GH2 and GH42 families is another wide-
spread feature across the genus Bifidobacterium allowing the
growth on lactose, galacto-oligosaccharides and galactan as well
as the removal of galactose subunits from mucin- and/or milk-
derived oligosaccharides [150,154-155].

However, bifidobacteria are not simply inhabitants of the gut of
adult mammals, but they are overall described as pioneering and
abundant colonizers of the infant intestine. From a human perspec-
tive, the prevalence and abundance levels of members of the genus
Bifidobacterium in the infant gut depends on mode of delivery (nat-
ural or C-section delivery) and type of feeding (breast- or formula-
feeding). Specifically, the combination of natural delivery and
breast-feeding has been recognized as the condition that best pro-
motes colonization and survival of bifidobacterial species in the
infant intestinal environment. Indeed, while natural delivery pro-
motes infant gut colonization by bifidobacteria through vertical
transmission events, breast-feeding offers bifidobacteria the possi-
bility to persist and proliferate in this ecological niche by providing
complex host-derived glycans, i.e. HMOs, that represent bifido-
genic compounds available at the very early stage of life in the
infant intestine [10-11,13-15]. Produced by the mammary gland,
HMOs are structurally diverse and complex unconjugated glycans,
being highly abundant in and rather unique to human milk, able to
reach the large intestine where they act as selective substrates for
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bifidobacterial growth [156]. The basic structure of these host-
derived carbohydrates includes combinations of at least three of
five distinct monosaccharides, including glucose, galactose, N-
acetylglucosamine, fucose and sialic acid, the latter generally rep-
resented by N-acetyl-neuraminic acid [156-157]. All HMOs con-
tain lactose at their reducing end and are extended in various
ways with these HMO building blocks through various glycolytic
linkages, resulting in an immense combinatorial potential, high-
lighted by the fact that more than 200 structurally different human
milk oligosaccharides have been described [156-158].

Conversely to the ubiquitous ability of bifidobacteria to degrade
plant-derived polysaccharides, their access to HMOs seems to be
an exclusive feature of only specific, infant-associated bifidobacte-
rial species, i.e. B. bifidum, B. longum subsp. infantis as well as cer-
tain B. breve, B. pseudocatenulatum, Bifidobacterium catenulatum
subsp. kashiwanohense, B. longum subsp. suis and B. longum subsp.
longum strains [68,159-167]. Not by chance, in silico investigations
have revealed conserved gene clusters encoding ABC transporters
with high affinity binding proteins, upstream regulatory elements
and one or multiple GHs that, as a whole, represent the genetic
arsenal through which the abovementioned bifidobacterial species
degrade and internalize HMOs [9,11]. Specifically, the B. longum
subsp. infantis genome possesses a contiguous genomic segment
encoding GHs active on the four HMO glycosidic linkages, repre-
sented by o-fucosidase, o-sialidase, B-galactosidase and pB-N-
hexosaminidase activities, and flanked by a cluster specifying an
ABC transporter system composed of extracellular solute binding
proteins and permeases, presumed to be required for HMO inter-
nalization [9,162,168-170]. However, due to the lack of identifi-
able secretion signals in the glycosidases produced by B. longum
subsp. infantis, it has been inferred that HMO utilization by this
bifidobacterial species relies on the initial uptake of intact HMOs
which are then intracellularly metabolized by the central
fructose-6-phosphate phosphoketolase pathway. Because of the
apparent inability to perform extracellular HMO degradation, B.
longum subsp. infantis is restricted to utilize HMOs with a relatively
low degree of polymerization (DP < 8), due to size limitations
imposed by the ABC-type transporter [168,171]. In contrast, the
production of extracellular fucosidases and sialidases, principally
encoded by genes belonging to the GH20, GH29, GH33 and GH95
families, allows B. bifidum strains to activate an initial extracellular
degradation of (larger) HMOs, thereby acquiring access to highly
polymerized host-derived glycans and ensuring the ecological suc-
cess of this bifidobacterial species in the (breast-fed) infant gut
environment [68,158,171-175]. After the initial extracellular pro-
cessing, the generated mono- or di-saccharides (galactose, glucose,
lactose and lacto-N-biose) are subsequently imported to be further
metabolized intracellularly through the central fermentative path-
way [169,172-173].

Apart from B. bifidum and B. longum subsp. infantis in which the
ability to retrieve energy from HMO breakdown is a conserved fea-
ture, also B. longum subsp. longum and the infant gut associated B.
breve can access certain HMOs [161,176]. Indeed, all B. breve
strains appear to possess metabolic abilities that allow them to
grow on at least three different HMOs, i.e. lacto-N-tetraose (LNT)
and lacto-N-neotetraose (LNnT) and lacto-N-biose (LNB) [160-
161,177]. At the same time, certain B. longum subsp. longum strains
encode lacto-N-biosidase activity degrading LNT to LNB and lactose
[176,178]. Furthermore, several B. breve, B. longum subsp. longum,
Bifidobacterium kashiwanohense and Bifidobacterium pseudocatenu-
latum strains utilize some of the most abundant HMOs, such as
2'-fucosyllactose and 3’-fucosyllactose thanks to the presence, in
their genomes, of a gene cluster encoding an a-fucosidase, while
some B. longum subsp. suis strains are able to metabolize L-
fucose [164,167,179-180]. However, both B. breve and B. longum
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subsp. longum species are able to degrade only HMOs with a very
low degree of polymerization. Therefore, to get access to these sim-
plified host-derived glycans, they generally rely on cross-feeding
events, during which other HMO-degrader bifidobacterial species
deconstruct larger HMOs, to guarantee their fitness in the compet-
itive infant gut environment [181-182].

Another abundant class of host-derived glycans typical of the
bifidobacterial elective ecological niche is represented by mucins,
which are glycoproteins covering the GIT epithelium forming a
thick protective layer of mucus [183]. Based on their chemical
structures, mucins are described as an O-glycosylated protein com-
ponent when represented by tandem repeat domains of proline,
threonine and serine modified by the addition of monosaccharides
such as N-acetylglucosamine, N-acetylgalactosamine, fucose and
galactose that can be frequently decorated with sialic acid and sul-
phate, or as N-glycosylated proteins when asparagine residues are
glycosylated by the addition of monosaccharide subunits to a com-
mon glycan core formed by mannose and N-acetylglucosamine
[184-186].

Beyond their primary function of protecting the intestinal
epithelium, mucins also represent important carbon sources for
GI bacteria, especially in the distal colon where the availability
and accessibility of carbohydrates is limited due to the high level
of competition for nutrients among microbial gut colonizers
[187]. Despite different types of glycosidic linkages that connect
the mucin building blocks, the core structure of mucins is similar
to that of HMOs. Not by chance, pathways activated by bifidobac-
teria for the degradation of these two host-derived glycans involve
the same enzymes such as endo-o-N-acetylgalactosaminidases, o-
L-fucosidases, sialidases, N-acetyl-B-hexosaminidases and B-
galactosidases [1,187]. Furthermore, given their structural similar-
ity, and similar to what has been observed for HMOs, the ability to
degrade mucins is restricted to a limited number of bifidobacterial
species. Genome comparative analysis coupled with in vitro inves-
tigations have shown that B. bifidum have evolved the ability to
efficiently metabolize mucins. Genomes of the B. bifidum species
possess a conserved set of genes encoding mucin-specific gly-
colytic enzymes, which is indicative of how this bifidobacterial
species has extensively adapted to exploit the carbon sources
available in the extremely competitive gut environment, ensuring
long-term colonization and survival [11,158,187-189]. Specifically,
this conserved genetic pattern involves, as observed in the proto-
type B. bifidum PRL2010, both extracellular and intracellular glyco-
syl hydrolases, prevalently represented by fucosidases, sialidases,
N-acetyl-pB-hexosaminidases, B-galactosidases and an endo-o-N-a
cetylgalactosaminisase, coupled with carbohydrate transporters
belonging to various categories, such as ATP-binding cassette
(ABC) transport systems, phosphoenolpyruvate phosphotrans-
ferase system and major facilitator superfamily members, and sev-
eral cell membrane-localized solute binding proteins which are
presumed to bind specific oligosaccharides for their subsequent
internalization via B. bifidum-associated membrane permeases
[68,187]. Furthermore, genes encoding for enzymes involved in
the degradation of N-glycans were also identified in certain B.
longum subsp. longum, B. longum subsp. infantis and B. breve
[184]. Although all other bifidobacterial species lack the complete
genetic arsenal dedicated to mucin degradation, certain bifidobac-
terial taxa can take advantage of the extracellular release of mucin
components by the B. bifidum carbohydrate-degradative activity
[181,190]. In this context, despite lacking the complete genetic
arsenal required for mucin metabolism, B. breve UCC2003 genome
contains genes involved in the degradation of mucin components,
such as sialic acid, sulphated amino sugars and fucose [190-191].
In this context, co-culture experiments have shown that, through
cross-feeding, the metabolically versatile B. breve UCC2003 is able
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to take advantage of the release of sialic acid by B. bifidum PRL2010
for its growth and proliferation, thus emphasizing the extensive
adaptation of bifidobacterial species to the gut environment [192].

Genetic mechanisms adopted by bifidobacteria to counter
bacteriophages. To preserve their survival in their preferred eco-
logical niche, bifidobacteria not only have to compete for nutrients
with other bacterial commensals or withstand the hostile and
adverse physiological conditions typical of the mammalian GIT,
but they also have to counter bacteriophage attacks [193]. Bacte-
riophages or phages are described as viruses infecting prokaryotic
cells in order to use host transcription, replication and translation
capabilities for their own proliferation, thus playing a crucial role
in shaping the composition and diversity of bacterial ecosystems,
favoring horizontal gene transfer and nutrient turnover, activating
continuous cycles of predation and co-evolution with their host
cells [194]. Based on their lifestyle, bacteriophages may be classi-
fied as virulent or temperate. The initial mode of infection is com-
mon to the two types of bacteriophages, consisting of phage
genome injection into the cytoplasm of their bacterial host. Subse-
quently, while virulent bacteriophages take over all major bacterial
cell functions to replicate their own genome, produce phage pro-
teins and assemble phage particles that will be released upon
forced lysis of the bacterial cell, temperate bacteriophages do not
lyse the host bacterial cell after infection [195]. Instead, the tem-
perate bacteriophage DNA is integrated into the chromosome of
the infected bacterium creating the so-called prophage, a state in
which phage genes are not expressed until prophage induction
occurs with the subsequent excision of phage DNA from the bacte-
rial chromosome followed by activation of the lytic life cycle [195].

Bacteriophages have been identified as the most abundant bio-
logical entities on the planet, so much that, in certain environ-
ments including the intestine, they far outnumber the
prokaryotic cell count [196-197]. Despite the abundance of phages
in the gut ecosystem, the phageome remained poorly explored for
a long time, ending up representing the “known unknown” compo-
nent of the gut microbiome, due to the lack of a reliable bacterio-
phage isolation protocol [196]. However, the advent of NGS
techniques provided powerful tools to appreciate the complexity
of intestinal gut bacteriophage community, revealing that a large
part of bacterial viruses inhabiting the gut is still unclassified and
strictly host-specific, targeting only a single or few bacterial taxa,
thereby minimizing the impact on intestinal commensal members
[198]. Furthermore, molecular techniques highlighted that most
identified intestinal bacteriophage sequences correspond to tem-
perate phages, a phenomenon that may contribute to bacterial
intra-species diversity through prophage acquisition by lateral
transfer [199]. In addition, while phages have for a long time been
regarded as microorganisms able to influence immunity only indi-
rectly by acting on the mammalian microbiome, recent studies
have demonstrated that phages actually play a direct role in inter-
acting with the mammalian host immune system, modulating both
innate and adaptive immunity [197].

Until relatively recently, bifidobacterial genomes were thought
to be free from phage infections [200]. However, the recent rapid
diffusion of whole bifidobacterial genome sequences have pro-
moted large-scale comparative genome analyses which, in turn,
have generated ample genetic evidence of interspersed
prophage-like elements or so-called bifidoprophages in most bifi-
dobacterial chromosomes [201-203]. In most of cases, the genetic
architecture of bifidoprophages may be subdivided into functional
modules resembling a typical lambdoid phage genome organiza-
tion, including modules encoding DNA replication, DNA packaging,
lysogeny, head and tail morphogenesis and host lysis [202].
Despite the conserved functional modules, bifidoprophages are
characterized by a high sequence variability and high degree of
sequence degeneration, suggesting an alteration of the bifidobacte-
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rial genomes following phage infection and genome integration
[202]. In this context, prophages are a double-edged sword. On
the one hand, (pro)phages may contribute to host fitness through
provision of beneficial properties and activities. In this context, it
has been observed that B. adolescentis prophages encode restric-
tion/modification systems able to cleave specific recognition
sequences on foreign DNA including virulent phages, thus provid-
ing protection to the bacterial host against invading genetic ele-
ments [204]. At the same time, a B. longum subsp. infantis
prophage provides an advantage to the host, encoding a tRNA-
encoding gene able to complement or enhance the host transla-
tional capabilities [193,204]. On the other hand, prophages repre-
sent a real threat for bifidobacteria in case of induction from the
bacterial host chromosome leading to host cell lysis [193]. In this
context, to counteract bacteriophage predation and possible subse-
quent host lysis, bifidobacteria have evolved phage defense sys-
tems represented by restriction modification (RM) systems and
so-called Cluster Regularly Interspaced Short Palindromic Repeats
(CRISPR) [205-206]. However, while the RM is a generalist defense
mechanism that targets any invading foreign DNA sequence,
CRISPR is considered to be a specific anti-phage system [205].
The CRISPR locus is composed of multiple repetitions of pseudo-
palindromic DNA sequences creating harpin secondary structures.
Furthermore, each repetition is interspersed with a DNA spacer
corresponding to an acquired exogenous DNA phage sequence
[207]. In addition, the CRISPR locus is flanked by cas genes encod-
ing proteins essential for the success of the defense machinery
[207]. This protective system against bacteriophages involves three
different stages. In the first phase, adaptation, fragments of viral
DNA are selected and integrated into the CRISPR locus as a spacer
sequence to provide a memory of infection. In the second stage, i.e.
expression, the CRISPR array is transcribed in order to generate the
correspondent mature CRISPR RNA (crRNA). In the third or interfer-
ence phase, the crRNA guides Cas nucleases to selectively recog-
nize complementary invasive nucleic acids promoting their
cleavage [193,208-209]. Despite CRISPR-Cas system being a pow-
erful defense mechanism for (bifido)bacteria to limit bacteriophage
predation, a very recent investigation involving 954 (representing
a total of 79 species) publicly available Bifidobacterium genomes
and based on the utilization of bioinformatics tools developed to
specifically identify CRISPR-Cas system, revealed that just 57% of
the analyzed bifidobacterial genomes possess a CRISPR-Cas
machinery [208]. At the same time, the observation of distinct
types of CRISPR-Cas systems among bifidobacterial strains of the
same (sub)species indicates that the presence of this defense
mechanism is a strain-dependent feature rather than a general
characteristic of the entire (sub)species [208,210-211]. Further-
more, in silico analyses aimed at evaluating the nature/origin of
the acquired foreign DNA segment (spacers) within bifidobacterial
CRISPR arrays revealed that a large part of the spacers showed
homology to prophage sequences, suggesting that they operate a
powerful defense mechanism to counter phage-induced lysis and
improve their fitness in the gut environment [208-209].

3. Summary and outlook

In recent decades, the advent of NGS techniques coupled with
cultivation efforts has shown that bifidobacteria are abundant
symbiotic microorganisms inhabiting the GIT of mammals and
exerting various health-promoting effects for their host. At the
same time, the availability of hundreds of sequenced bifidobacte-
rial genomes has allowed large-scale comparative and functional
genome analyses leading to a significant expansion of our knowl-
edge regarding the genetic features that form the basis for
bifidobacteria-host interactions. Indeed, these analyses have
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helped us to shed light on multiple molecular strategies that bifi-
dobacteria have evolved in order to facilitate their colonization
and long-term persistence in the extremely competitive gastroin-
testinal environment. In this context, it has been demonstrated
that bifidobacterial genomes possess a genetic arsenal encoding
proteins and enzymes directly involved in coping with environ-
mental stresses that they may encounter along the GIT, including
osmotic and oxidative stress. However, once they reach the large
intestine, challenges for bifidobacteria are not over. Indeed, they
have to get established and ensure long-term colonization and sur-
vival in the host gut. To achieve this, bifidobacteria have the possi-
bility to adhere to the host epithelial cells by selectively express
specific genetic clusters encoding molecules able to establish direct
interactions with the host cells, including pili, sEPSs, autoinducer-
2, teichoic acids and serpins. At the same time, bifidobacteria have
to compete for nutrients with hundreds of other commensal bacte-
rial genera/species. In this context, comparative genome analyses
revealed that many members of the genus Bifidobacterium possess,
relative to their genome size, one of the largest genetic repertoire
for glycosyl hydrolases and carbohydrate uptake systems involved
in the degradation and internalization of plant- and host-derived
glycans. This genetic arsenal endows bifidobacteria with powerful
and flexible metabolic strategies to compete with other members
of the gut microbiota to ensure their fitness in the intestinal envi-
ronment. Moreover, bifidobacterial genomes are provided with
genetic systems aimed at limiting and containing possible threats
from other abundant intestinal microbiota members such as bacte-
riophages. Therefore, NGS techniques coupled with in vitro exper-
iments, have very substantially expanded our knowledge on the
genetic mechanisms by which bifidobacteria ensure their coloniza-
tion and survival in the GIT, while it has also given us extensive
insights into the molecular mechanisms by which they interact
and benefit their host [212].
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