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Abstract

Bifidobacteria are commensal microorganisms that typically inhabit the mamma-
lian gut, including that of humans. As they may be vertically transmitted, they
commonly colonize the human intestine from the very first day following birth and
may persist until adulthood and old age, although generally at a reduced rela-
tive abundance and prevalence compared to infancy. The ability of bifidobacteria
to persist in the human intestinal environment has been attributed to genes in-
volved in adhesion to epithelial cells and the encoding of complex carbohydrate-
degrading enzymes. Recently, a putative mucin-degrading glycosyl hydrolase
belonging to the GH136 family and encoded by the perB gene has been impli-
cated in gut persistence of certain bifidobacterial strains. In the current study, to
better characterize the function of this gene, a comparative genomic analysis was
performed, revealing the presence of perB homologues in just eight bifidobacte-
rial species known to colonize the human gut, including Bifidobacterium bifidum
and Bifidobacterium longum subsp. longum strains, or in non-human primates.
Mucin-mediated growth and adhesion to human intestinal cells, in addition to a
rodent model colonization assay, were performed using B. bifidum PRL2010 as
a perB prototype and its isogenic perB-insertion mutant. These results demon-
strate that perB inactivation reduces the ability of B. bifidum PRL2010 to grow on
and adhere to mucin, as well as to persist in the rodent gut niche. These results
corroborate the notion that the perB gene is one of the genetic determinants in-
volved in the persistence of B. bifidum PRL2010 in the human gut.
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INTRODUCTION

In recent decades, scientific interest has been fo-
cused on the characterization of members of the
genus Bifidobacterium since they are not only recog-
nized as dominant and symbiotic inhabitants of the
human gut, particularly in the early stages of life, but
also as microorganisms purported to exert various
health-promoting effects upon their host (Alessandri
et al., 2021; Bottacini et al., 2017; Hidalgo-Cantabrana
et al., 2017). In this context, convincing scientific evi-
dence has accumulated, highlighting that the pres-
ence of bifidobacteria in the human intestine supports
host immune system development, promotes intesti-
nal barrier integrity, and contributes to maintain in-
testinal eubiosis, limiting pathogen proliferation,
and preventing the onset of inflammatory bowel dis-
ease, ulcerative colitis, and celiac disease (Duranti
et al., 2016; Fujimura et al., 2016; Longhi et al., 2020;
Luck et al., 2020; Milani, Duranti, et al., 2017; Milani,
Mangifesta, et al., 2017; Shang et al., 2022). At the
same time, bifidobacteria can produce bioactive me-
tabolites, including vitamins, polyphenols, and short-
chain fatty acids, which may elicit beneficial effects
on both intestinal epithelial host cells and may also
affect growth and abundance of other gut commen-
sals (Bottacini et al., 2014; Bunesova et al., 2018;
Khromova et al., 2022).

Being vertically transmitted and, therefore, among
the first colonizers of the human gut, bifidobacte-
ria are believed to elicit their health-promoting ef-
fects soon after birth (Duranti et al., 2017; Henrick
et al.,, 2021; Kumar et al.,, 2020; Milani, Duranti,
et al., 2017; Milani, Mangifesta, et al., 2017). Indeed,
during the first months of life, the highest relative
abundance and prevalence of bifidobacteria have
been recorded in the human intestinal tract (Milani,
Duranti, et al., 2017; Milani, Mangifesta, et al., 2017).
However, despite a decline in their levels when the
gut microbiota evolves from an “infant-" to an “adult-
like” gut microbial ecosystem, bifidobacteria remain
relatively stable and persist over time until old age
(Alessandri et al., 2019; Arboleya et al., 2016; Milani,
Duranti, et al., 2017; Milani, Mangifesta, et al., 2017).

The ability of members of the genus Bifidobacterium
to persist in the host throughout life may be attributed
to specific genomic traits. Indeed, bifidobacterial ge-
nomes contain genes involved in the production of
certain extracellular structures such as exopolysac-
charides, teichoic acids, and pili, which contribute
to bifidobacterial persistence in the human gut by
promoting their interaction with the host and other
commensal microorganisms (Alessandri et al., 2021;
Fanning et al., 2012; Milani, Duranti, et al., 2017;
Milani, Mangifesta, et al., 2017; Turroni et al., 2013).
In parallel, bifidobacteria possess a set of genes,
which encodes a large enzyme arsenal required

for carbohydrate metabolism, providing bifidobac-
teria with a selective advantage to colonize and
persist in the competitive human intestinal environ-
ment, possibly throughout host life (Arzamasov &
Osterman, 2022; Turroni et al., 2018). In this context,
bifidobacteria are not only able to degrade complex,
diet-derived carbohydrates but may also be able to
access host-associated complex glycans, including
Human Milk Oligosaccharides (HMOs) and mucin
(Arzamasov & Osterman, 2022; Egan et al., 2014;
Nishiyama et al., 2020; Sakanaka et al., 2019). In par-
ticular, since the ability to degrade HMOs and mucin
is restricted to a limited number of intestinal microbes,
this feature has been proposed to represent a crucial
advantage in ensuring colonization and persistence
of bifidobacteria in the human intestine (Alessandri
et al.,, 2021; Katoh et al., 2017; Turroni et al., 2010,
2011). Indeed, it has been demonstrated that bifido-
bacterial strains possessing a genetic repertoire for
mucin metabolism, including Bifidobacterium bifi-
dum and Bifidobacterium longum subsp. longum,
show higher resilience and long-term colonization
in the human gut than strains lacking such geneti-
cally predicted ability (Katoh et al., 2023; Tarracchini
et al., 2023). Specifically, the more efficient per-
sistence of strains of B. bifidum and B. longum subsp.
longum was attributed to perB, a gene encoding an
enzyme belonging to the glycosyl hydrolase family
136 (GH136), which is proposed to facilitate mucin
degradation (Tarracchini et al., 2023).

Based on these observations, the aim of this study
was to investigate and validate the involvement of
PerB in mucin breakdown and enhancement of gut
persistence. A comparative genomic survey was per-
formed, revealing that the presence of a perB homo-
logue is a specific genetic trait harboured by just eight
bifidobacterial species, all originating from the intestinal
tract of primates. Furthermore, in vitro and in vivo ex-
periments confirmed the involvement of perB in mucin
degradation and enhancement of bifidobacterial cell
persistence in the gut environment.

RESULTS AND DISCUSSION

Assessing the prevalence of perB
homologues among members of the
genus Bifidobacterium

A previous study had identified perB (for Persistence of
Bifidobacteria), predicted to encode a glycosyl hydro-
lase (GH), i.e., GH136 (Yamada et al., 2017), as a key
genetic determinant involved in bifidobacterial gut per-
sistence across human life (Tarracchini et al., 2023). A
very similar enzyme, designated LnbX, originally iden-
tified in a B. longum subsp. longum strain had been
shown to act as an extracellular lacto-N-biosidase
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(Gotoh et al., 2015; Sakurama et al., 2013; Yamada
et al., 2022). Transcription of InbX is co-regulated by
the global regulator NagR, which controls transcrip-
tion of all genes involved in the utilization of N-acetyl-
glucosamine-containing host glycans (Arzamasov
et al., 2022). However, despite the role of perB/InbX
in host-derived glycan utilization, an analysis of all
complete and well-annotated publicly available ge-
nome sequences of bifidobacterial species commonly
found in the infant gut microbiota, that is, B. bifidum,
Bifidobacterium breve, B. longum subsp. longum, and
Bifidobacterium pseudocatenulatum, highlighted the
non-ubiquitous nature of perB/InbX in bifidobacterial
genomes (Tarracchini et al., 2023). While all examined
B. bifidum and certain B. longum subsp. longum strains
were shown to possess a perB homologue, none of the
B. breve and B. pseudocatenulatum genomes appeared
to contain a homologue of this sequence (Tarracchini
et al., 2023). Based on these results, to further inves-
tigate the presence of perB among all currently recog-
nized species of the genus Bifidobacterium, a BlastP
analysis was performed between a custom database
containing the amino acid sequences deduced from
perB homologues previously identified in B. longum
subsp. longum and B. bifidum (Tarracchini et al., 2023)
and the derived amino acid sequences from genes
identified in publicly available bifidobacterial genomes.
Genomes exhibiting an average nucleotide identity
(ANI) of 299% were excluded from the BlastP analysis
to reduce genetic redundancy, generating a custom-
database containing a total of 877 non-redundant bi-
fidobacterial genomes (Table S1). Interestingly, only
201 of these 877 genomes, covering 27 different bifi-
dobacterial (sub)species, harboured a perB homologue
(Figure 1 and Table S2). However, in-depth insights into
the amino acid length match coupled with a protein do-
main check for all genes with a sequence homology
with perB revealed that the genomes of only eight bifi-
dobacterial species, i.e., Bifidobacterium aerophilum, B.
bifidum, Bifidobacterium colobi, Bifidobacterium imper-
atoris, Bifidobacterium leontopitheci, Bifidobacterium
saguini, and Bifidobacterium samirii, together with
a portion (111 out of the 312 tested genomes) of the
B. longum subsp. longum strains (Tables S1 and S2)
encompassed the GH136 catalytic region correspond-
ing to the FIVAR domain (Tarracchini et al., 2023)
and a full-length perB homologue in their genomes.
Conversely, all other genomes with a perB homologue
did not encode the FIVAR domain or the other do-
main identified in the perB gene, i.e., a secretion sig-
nal peptide, and various beta-helix and Rib domains
(Tarracchini et al., 2023), except for the perB homo-
logue of Bifidobacterium jacchi which encodes multiple
Rib domains (Figure 2 and Figure S1). The perB gene
is predicted to be involved in mucin degradation, a met-
abolic feature exclusive to the species B. bifidum of the
genus Bifidobacterium with certain B. longum subsp.

longum, B. longum subsp. infantis, and B. breve strains
that, despite lacking the complete genetic arsenal dedi-
cated to mucin breakdown, can take advantage of the
extracellular release of mucin components through
cross-feeding events (Alessandri et al., 2021; Egan
et al., 2016; Katoh et al., 2017, 2020). Furthermore, a
small number of other intestinal bacterial members are
also capable of mucin degradation, i.e., Akkermansia
muciniphila, Ruminococcus gnavus, Ruminococcus
torques, Phocaeicola vulgatus, and certain members of
the genus Bacteroides, including Bacteroides caccae,
Bacteroides fragilis, and Bacteroides thetaiotaomicron.
Such bacteria require various genes encoding for the
degradation of mucin-associated glycans, such as neu-
raminidases/sialidases (GH33), fucosidases (GH29 and
GH95), exo- and endo-B-N-acetylglucosaminidases
(GH84 and GH85), p-galactosidases (GH2, GH20, and
GH42), a-N-acetylglucosaminidases (GH89), and «a-
N-acetylgalactosaminidases (GH101 and GH129), sul-
fatase, and GIcNAc phosphate-deacetylase (Hayase
etal., 2022; Kim et al., 2021, 2023; Tailford et al., 2015).
Interestingly, the abovementioned species correspond-
ing to bifidobacterial taxa were exclusively isolated
from the faeces of either humans or non-human pri-
mates (Bottacini et al., 2017; Duranti et al., 2019, 2020;
Endo et al.,, 2012; Lugli et al., 2018, 2021; Michelini
et al., 2016; Modesto et al., 2019). These results sug-
gest that species of bifidobacteria adapted to colonize
the intestinal niche of humans or non-human primates
have specifically acquired or evolved perB to support
their colonization and persistence in the associated
competitive intestinal environment.

In addition, since it has been demonstrated that the
expression of the InbX gene in B. longum subsp. longum
requires the chaperone molecule LnbY (Sakurama
et al., 2013), the presence of conserved /nbY homo-
logues in the other bifidobacterial genomes with a
perB gene was investigated through a BlastP analy-
sis. Interestingly, only B. aerophilum, B. imperatoris,
and B. saguini showed an InbY homologue in their ge-
nomes (Table S3). This suggests that this chaperone-
encoding gene is not conserved in all perB-containing
bifidobacterial genomes, leading to suggest that perB
expression and activation may be subject to a different
control.

Furthermore, to evaluate whether perB is an exclu-
sive genetic feature of some members of the genus
Bifidobacterium, BlastP analysis was performed against
the deduced amino acid sequences corresponding to
all bacterial genomes contained in the National Center
for Biotechnology Information, NCBI by excluding bi-
fidobacteria. Interestingly, this analysis highlighted
the presence of perB homologues in bacterial species
other than bifidobacteria (Table S4). However, evalua-
tion of the protein domains present in the deduced pro-
tein sequences of such perB homologues indicated that
only a small proportion of the Bifidobacteriaceae family,
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M B. longum M B. porcinum B B. leontopitheci B. miconisargentati B. actinocoloniiforme
B. adolescentis M B. scaligerum B. aerophilum B B. simiarum W B. aemilianum
B. pseudocatenulatum B. colobi B B. simiiventris B B. phasiani W B. bohemicum
B. catenulatum M B. ruminantium B. biavatii W B. cuniculi B B. commune

| B. dentium B. pongonis W B. margollesi B. primatium B. bombi

M B. moukalebense B. magnum B. stellenboschense B B. saimiriisciurei B B. aquikefiri

H B. angolatum W B. apri B. vansinderenii B. pluvialisilvae B B. dolichotidis
B. merycicum [ B. pseudolongum M B. callimicomis M B. rousetti B B crudilactis

M B. felsineum B. goeldii W B. catulorum B. lemurum L3 psychraerophilum
B. imperatoris B. saguini B B. subtile B. parmae B. tsurumiense
B. jacchi B. breve B. tibiigranuli B. samirii

M B. boum M B. cebidarum W B. mongoliense B. saguinibicoloris

M B. anseris B. gallicum B. eulemuris W B.indicum
B. animalis M B. minimum B B. pullorum B. coryneforme

B B. canis B. hapali B. myosotis W B. asteroides
B. criceti M B. bifidum B. scardovii W B. polysaccharolyticum

= B. italicum M B. tissieri B B. callitrichidarum B. choladohabitans
B. castoris B. aesculapi B B. vespertilionis B B. mellis

| B. choerinum B. miconis B. avesanii B B. apousia
B. choloepi B. amazonense B. santillanense B. mizhiense
B. thermopilum M B. ramosum W B. platyrrhinorum B. xylocopae

FIGURE 1 Prevalence of perB among the genus Bifidobacterium. The panel reports a circular cladogram generated through a
comparative genomic analysis based on the average nucleotide identity (ANI) of all publicly available genome sequences of the genus
Bifidobacterium. The inner circle provides a division of bifidobacteria into species. The outer circle around the cladogram depicts the
presence, indicated in green, and the absence marked in black, of perB among bifidobacterial strains.
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FIGURE 2 Locus map of the nine species of Bifidobacterium containing a full-length perB gene. The image shows the genomic region
belonging to Bifidobacterium aerophilum, Bifidobacterium bifidum, Bifidobacterium colobi, Bifidobacterium imperatoris, Bifidobacterium
leontopitheci, Bifidobacterium saguini, Bifidobacterium samirii, Bifidobacterium longum subsp. longum, and Bifidobacterium jacchi, in which
a perB homologue has been identified. The amino acid sequence coverage and identity percentage between perB of B. bifidum PRL2010

and the other strains are reported.
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excluding Gardnerella vaginalis, shared all identified
PerB domains, while putative PerB homologues found
in other species lack the functional domain or possess
a fibronectin type Il domain (Table S4). Assuming that
the fibronectin type Il domain is involved in adhesion
to and interaction with human intestinal epithelial cells
(Alessandri et al., 2023), these results suggest that only
certain members of the Bifidobacteriaceae family, rep-
resented by particular bifidobacterial species/strains,
possess the perB gene and that perB provides them
with a selective and competitive advantage to colonize
and persist in the human gut environment.

Impact of perB inactivation on B. bifidum
PRL2010 ability to grow on and adhere
to mucin

Based on the transcriptome results of a recent study
in which B. longum PRL2022 exposed to human in-
testinal cells revealed an up-regulation of the perB
gene compared to the control (Tarracchini et al., 2023),
other mucin-related experiments were carried out. To
validate the involvement of perB in enhancing the gut
persistence of bifidobacterial strains, the ability of a B.
bifidum prototype, that is, B. bifidum PRL2010, to grow
on and adhere to mucin and to persist in a rodent-model
gut environment was compared to that of the isogenic
B. bifidum PRL2010 perB mutant.

Since bifidobacteria, especially B. bifidum, have
been reported to be recalcitrant to transformation due
to the cell wall composition and thickness and the action
of restriction-modification (R/M) systems (Sakaguchi,
et al., 2012, O'Connell Motherway et al., 2009), an op-
timized protocol for high-efficiency transformation was
developed. First, the R/M recognition sites of B. bifi-
dum PRL2010 were identified based on methylome se-
quencing (Pacbio) and methylated site prediction from
REBASE. The methylome analysis was performed to
identify sequence motifs recognized by the strain endo-
nucleases which cut any exogenous DNA that contains
such motifs if they are non-methylated, thereby decreas-
ing the efficiency of transformation. Analysis of PacBio
sequencing data allowed identification of two Type |
(CGAYNNNNNGGT, CAAYNNNNNCTC) and one Type
Il (CTGCAG) R/M recognition motifs, while the bioin-
formatics prediction based on REBASE highlighted the

presence of different Type Il sites (GTCGAC, GGCGCC,
GCSGC, and GAATTC), allowing the delineation of
the B. bifidum PRL2010 methylome. Subsequently,
these recognition motifs, when present, were removed
from the plasmids of interest, pNZ003 and pFREM30,
to increase the transformation efficiency of the strain
(O'Callaghan et al., 2015). The first plasmid, which is a
derivative of pNZ44 (McGrath et al., 2001), was used to
optimize the transformation protocol until an efficiency
of 10E+06 CFU (colony-forming unit)/ug of pNZ003
DNA was reached. Optimization was achieved by as-
sessing various critical transformation parameters,
such as electroporation voltage and growth/washing/
recovery media to be used for growth, transformation,
and plating of the strain, as based on a previous study
(Serafini, et al., 2012). Following optimization, the in-
tegration vector pFREM30, which is a derivative of
plasmid pFREM28 (Hoedt et al., 2021), was employed
to target and successfully disrupt perB in B. bifidum
PRL2010 to generate B. bifidum perB::pFREM30.

B. bifidum perB:pFREM30 was then tested for
its ability to use mucin. For this purpose, two in vitro
growth assays were performed using mucin as the
sole carbon source. Firstly, B. bifidum PRL2010 wild-
type (wt) and B. bifidum perB::;pFREM30 were grown
in mMMRS without lactose and supplemented with 0.5%
mucin to evaluate possible differences in growth per-
formance between the mutant and wt strains (using
mMRS plus lactose as control). Additionally, to assess
if the presence of chloramphenicol influences the abil-
ity of perB:pFREM30 to grow on mucin, the mutant
strain was cultivated both in the presence and absence
of this antibiotic. Subsequently, growth of each strain
was monitored over time (0, 5, 10, 24, 36 and 48h)
by plating on mMRS agar and in parallel by a viability
assay and total bacterial cell count through flow cytom-
etry (Figure 3A,B and Figure S2A).

Interestingly, no statistically significant difference
was observed of the mutant when grown in the pres-
ence or absence of the antibiotic neither in the medium
supplemented with mucin nor in mMRS (Bonferroni
Post Hoc test p-value >0.05), except for the 24-h time
point when grown in mMMRS where the mutant strain in
chloramphenicol showed a significantly higher growth
performance compared to the condition without the an-
tibiotic (Figure 3A,B). Therefore, since the presence of
chloramphenicol did not appear to affect mutant growth

FIGURE 3 Evaluation of Bifidobacterium bifidum PRL2010 and B. bifidum perB::pFREM30 ability to grow on mucin. Panels (A) and
(B) depict growth performances of B. bifidum PRL2010 and B. bifidum perB::pFREM30 (grown with or without chloramphenicol) on mucin
as the sole carbon source at different time points (5, 10, 24, 36 and 48h) and on mMRS, respectively. The x-axis reports the examined
time points, while the y-axis displays the logarithmic total bacterial count obtained by plating an aliquot for each time point and expressed
as CFU/mL. The vertical bars indicate standard deviations. The experiments were carried out in triplicates, and the Bonferroni post-hoc
test was used to statistically analysed data. Panel (C) shows light microscope images of HT29-MTX cells with B. bifidum PRL2010 and B.
bifidum perB::pFREM30 and coloured with the Giemsa staining. Bar, 10pm. Panel (D) displays the quantification of the ability of B. bifidum
perB::pFREM30 and B. bifidum PRL2010 to adhere to HT29-MTX secreting mucin cells. The horizontal bars indicate standard deviations;

the three asterisks indicate a t-test p-value <0.001.
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performance, to maintain the selective pressure of the
integrated plasmid, all subsequent experiments involv-
ing growth and adhesion to mucin were performed by
growing the mutant in the presence of the antibiotic.

Furthermore, in-depth insight into the mucin growth
assay data obtained through the plating method re-
vealed no significant differences between B. bifi-
dum PRL2010 wt and perB::pFREM30 (Bonferroni
Post Hoc test p-value >0.05) for the 5, 10 and 24h
timepoints (Figure 3A). Conversely, at 36 and 48h, a
significantly higher CFU value was observed for B.
bifidum PRL2010 wt growing on mucin as the sole
carbon source (2.08E+08CFU/mL+1.83E+07 and
1.19E+08 £5.74E+07, respectively) when compared
to the mutant (5.69E+06CFU/mL+1.79E+06 and
4.42E+06+3.39E+06, respectively) (Bonferroni Post
Hoc p-value <0.001 and p-value=0.008 for the 36 and
48h, respectively). Therefore, despite an initial equal
ability of the mutant to grow when compared to the wt
strain, probably due to other genetic determinants in-
volved in mucin degradation that are present in both
strains (Egan et al., 2014; Turroni et al., 2010, 2011)
and/or to the presence of contaminating carbohydrates
in the partially purified mucin; these data suggest that
the presence of the perB gene enhances and supports
growth/persistence of B. bifidum PRL2010 wt on mucin
at 36 and 48h.

In addition, the data obtained by plating B. bifidum
PRL2010 wt and perB::pFREM30 strains grown on
mucin as the unique carbon source were further con-
firmed by analysing the normalized number of viable
cells obtained by combining the viability assay and total
bacterial cell count via flow cytometry. Indeed, although
the mutant displayed a slight yet significantly higher
growth performance at 5h when compared to the wt
strain with a total number of viable cells of 1.71E+07 and
1.13E+07, respectively, for all other time points except
for 10h, a significant higher number of viable cells was
recorded for the B. bifidum PRL2010 wt strain when
compared to the mutant (Figure S2). These observa-
tions support the notion that perB plays a role in im-
proving the growth performance of B. bifidum PRL2010
in the presence of mucin.

Therefore, since the ability to access complex car-
bohydrates, such as mucin, is limited to a small number
of intestinal microbial players, especially bifidobacte-
rial species, and is considered to be a crucial feature
for the survival and successful colonization of the in-
testinal environment, where high levels of competition
for nutrients occur (Alessandri et al., 2021; Paone and
Cani, 2020), these results support the hypothesis that
perB plays a role in B. bifidum PRL2010 colonization in
the human gut.

Furthermore, to corroborate the impact of the
perB gene in promoting B. bifidum PRL2010 per-
sistence in the human intestine via mucin anchoring,
the adhesion abilities of B. bifidum PRL2010 wt and

perB::pFREM30 to human mucin-secreting HT29-MTX
cells were assessed. Interestingly, a statistically signif-
icant (Student's t-test p-value of <0.001) reduction in
the adhesion index, calculated as the average num-
ber of bacterial cells/100*HT29-MTX cells, to HT29-
MTX was observed for B. bifidum perB::pFREM30
(adhesion index 62,001+260) when compared to B.
bifidum PRL2010 wt (adhesion index 146,499+577)
(Figure 3C,D). These results demonstrate that perB
gene inactivation not only appears to affect the ability
of perB::pFREM30 to utilize mucin, but that it also di-
minishes its ability to adhere to human intestinal cells.

A rodent model-based
assessment of perB involvement in
intestinal colonization

To assess whether a functional perB gene contributes to
a successful gut colonization and persistence in a com-
petitive environment, the ability of B. bifidum PRL2010
wt and B. bifidum perB::pFREM30 to colonize the intesti-
nal tract was tested in a rodent model. We first assessed
the stability of the integrated pFREM30 plasmid used to
create B. bifidum PRL2010 perB::pFREM30, as it is not
possible to select for chloramphenicol resistance in the
context of a murine model. For this purpose, B. bifidum
PRL2010 perB::pFREM30 was grown in the presence or
absence of 5ug/mL chloramphenicol and sub-cultivated
daily for a total of 2weeks. Furthermore, every 2days of
sub-culturing, cells were spotted on mMMRS plates with or
without antibiotics, and after 48 h of incubation, the pres-
ence of the integrated plasmid was confirmed by colony
PCR. This analysis not only confirmed the stability of the
integrated plasmid over time in the absence of antibiotic
selection but also that the number of colony-forming
units (CFUs) in both tested conditions remained stable
(10E+08 CFU/mL) for the full duration of assessment.
After plasmid stability confirmation, a murine model-
based in vivo trial was performed. The latter consisted
of two groups of animals: one receiving a 1 mL daily in-
oculum of approximately 10E+09 cells/ml of B. bifidum
PRL2010 perB::pFREM30 (Group 1), while the second
group received the same amount of B. bifidum PRL2010
wt (Group 2) (Figure 4A). The abundance of B. bifidum
PRL2010 in the faecal samples of the animals enroled
in this study was evaluated using gPCR (Figure 4B).
Interestingly, analysis of data collected from qPCR re-
vealed no significant differences in the abundance of B.
bifidum PRL2010 between the two groups after the first
week of strain administration (T1) (Mann—Whitney test
p-value =0.694), even if a slight increment in the genome
copy number (GCN) of B. bifidum perB::pFREM30 was
observed when compared to the wild-type. In contrast,
a statistically significant increase in the GCN (Mann—
Whitney test p-value<0.01) of B. bifidum PRL2010 wt
(7.23E+04 GCN/g+1.52E+05) was observed after
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FIGURE 4 Timeline and experimental design of the in vivo study. Panel (A) shows the timeline of the experimental procedures in rats.
Panel (B) reports qPCR data associated with the load of Bifidobacterium bifidum perB::pFREM30 and B. bifidum PRL2010 in the faecal
samples of rats at T1, T2, and T3. The x-axis represents the different time points for each group, while the y-axis indicates the genome copy
numbers of B. bifidum PRL2010 per gram of faeces. The boxes represent the 25th and 75th percentiles, and the whiskers represent the
standard deviations. The lines in the boxes represent the medians, while the squares represent the average. The rhombi indicate outliers.

*=Mann-Whitney test p-value <0.05.
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2weeks of strain administration (T2) compared to B.
bifidum perB::pFREM30 (7.11E+03 GCN/g+8.34E+03)
(Figure 4B). These data suggest that, despite the initial
similar ability of the two strains to colonize the intestinal
environment, over a prolonged intervention period, the
wild-type strain showed a more efficient gut colonization
and a higher persistence performance when compared
to B. bifidum perB::pFREM30, with a 10-fold higher
average load in the rodent faecal samples. This find-
ing was further confirmed by the observation that after
the washout period (T3), the wild-type strain showed
a significantly higher abundance (Mann-Whitney
test p-value<0.05) than B. bifidum perB::pFREM30
(7.56E+03+5.31E+03 GCN/g and 4.41E+03+3.01E+03
GCN/g for wt and perB::pFREM30 strains, respectively)
(Figure 4B). In addition, we previously demonstrated that
perB is involved in favouring bifidobacterial persistence
in the human intestinal tract throughout life, yet also that
this gene appears to contribute to a more efficient colo-
nization of bifidobacteria in females compared to males
(Tarracchini et al., 2023). We therefore also assessed
possible differences in the ability of B. bifidum PRL2010
wt and perB::pFREM3O0 strains to colonize the intestine
of female and male rats. No statistically significant dif-
ferences were observed in B. bifidum GCN between fe-
male and male rats for either of the strains at T1 and T2
(Bonferroni post hoc p-value >0.05) (Figure S2), even if
a slight increase of the average B. bifidum GCN/g was
observed at T2 for the female group administered with
B. bifidum PRL2010 wt (average GCN/g of 5.98E+04)
(Figure S2), thus suggesting that, after2weeks of treat-
ment, perB presence may play a role in favouring B. bifi-
dum PRL2010 colonization performance in female hosts
as previously observed in the human host (Tarracchini
et al., 2023). The limit of detection is 95% (based on the
Ct of the NTC). In contrast, at T3, a significantly higher
average of B. bifidum GCN/g was recorded for the fae-
cal samples of male rats when compared to the female
counterpart for both the wt and perB::pFREM30 strains
(Bonferroni post-hoc p-value >0.05) (Figure S2). These
seemingly conflicting results should be contextualized
knowing that there are differences in intestinal mucous
composition between humans and rodents (Hugenholtz
& de Vos, 2018; Robinson et al., 2019) and that, there-
fore, PerB is specialized to mucin present in human fe-
males as opposed to that of rodents.

Overall, these results suggest that perB support B.
bifidum PRL2010 host colonization, allowing enhanced
persistence of the strain in the intestinal environment.

CONCLUSIONS

To investigate the contribution of the previously iden-
tified mucin-degrading glycosyl hydrolase PerB to bi-
fidobacterial gut persistence, we first investigated
the distribution of perB homologues in all currently

recognized bifidobacterial species, demonstrating that
only eight bifidobacterial taxa possessed in their ge-
nomes a full-length perB homologue, which encodes
the FIVAR domain, corresponding to the GH136 cata-
lytic domain. These eight species correspond to bifi-
dobacterial taxa that typically colonize the human or
non-human primate intestinal environment, suggesting
that only these bifidobacterial species have specifically
acquired or evolved perB to support their colonization
and persistence in the associated competitive intestinal
environment.

This notion was confirmed by in vitro experi-
ments with human mucin-producing cells, involving
a strain with a perB gene in its genome, that is, B.
bifidum PRL2010, and its isogenic perB negative
variant, emphasizing the role of this gene in enhanc-
ing growth on and adherence to mucin. In addition,
our in vivo rodent experiment highlighted how perB
inactivation results in a reduced ability of B. bifidum
PRL2010 cells to persist in the gut environment with
a consequent decrease in its colonization capacity
when compared to the wild-type strain. Our results,
therefore, suggest that, beyond previously charac-
terized bifidobacterial genetic determinants involved
in bifidobacterial colonization of and persistence in
the human gut environment, also perB is implicated
in these specific functions (Alessandri et al., 2019,
2021; Turroni et al., 2022). Nonetheless, biochem-
ical assays and mechanistic studies involving PerB
are required to better characterize and confirm the
involvement of this enzyme in mucin degradation as
well as its multifaceted nature since this enzyme not
only seems to degrade mucin but also HMOs, as pre-
viously reported (Sakurama et al., 2013; Tarracchini
et al.,, 2023). A limitation of the present study is that a
murine model was used to evaluate perB involvement
in B. bifidum PRL2010 gut colonization, although this
gene is exclusively present in bifidobacterial species
that typically colonize the human or non-human pri-
mate gut. However, the murine model has been and
continues to be the gold standard model organism
for human-related studies to avoid in vivo trials that
do not allow the administration of in vitro-obtained
mutants. In addition, the application of the protocols
used in this study on other B. bifidum strains and on
the other bifidobacterial species that possess the
perB gene would be necessary to confirm the role of
the GH136 across bifidobacteria.

EXPERIMENTAL PROCEDURES
Bifidobacterial genome sequences
Publicly available genomes (complete and draft ge-

nome sequences) encompassing all currently char-
acterized bifidobacterial species were retrieved in
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July 2023 from the NCBI public database. Duplicate
bacterial genomes (ANI value >99%) were removed
to avoid genetic redundancy, resulting in a final
dataset consisting of 813 bifidobacterial genome
sequences.

Presence of perB homologues in
bifidobacterial species

The deduced proteome of each publicly available bifi-
dobacterial genome was screened for the presence of
perB homologues, based on sequence similarity to a
custom reference database. The latter was obtained by
considering all PerB protein sequences previously iden-
tified in B. bifidum and B. longum subsp. longum strains.
The latter comprised four non-redundant protein se-
quences (sequence similarity <90%) of the perB gene,
previously identified in B. bifidum and B. longum subsp.
longum strains (Tarracchini et al., 2023). Subsequently,
all redundant sequences (sequence similarity >90%)
were removed, resulting in a custom database of four
(three from B. bifidum strains and one from a B. longum
subsp. longum strain) non-redundant perB protein se-
quences, covering the genetic variability of this gene
in these species. BlastP analysis was performed em-
ploying DIAMOND software (Buchfink et al., 2015). In
addition, Pfam v34.0 (https://pfam.xfam.org/), InterPro
86.0, (https://www.ebi.ac.uk/interpro/), and HMMER
(http://hmmer.org/) were employed to identify protein
domains. The deduced proteome of each publicly avail-
able bifidobacterial genome was also screened for the
presence of InbX and InbY homologues.

Bacterial strains, plasmids, and
cultivation conditions

Plasmid pNZ003, which is a derivative of the pNZ44
plasmid (McGrath et al., 2001), was used as a positive
control, whereas plasmid pFREMS30 is a derivative of
pFREM28 (Hoedt et al., 2021), a suicide vector used
to target perB for mutagenesis by gene disruption.
Construction of these two plasmids and their deriva-
tives are described below. Escherichia coliEC101 (Law
et al., 1995) was used as a host strain for the propaga-
tion of the aforementioned plasmids and was cultivated
at 37°C in LB medium (Luria Bertani, Scharlab, Spain)
supplemented with chloramphenicol at a final concen-
tration of 25ug/mL. B. bifidum PRL2010 was cultivated
in modified de Man-Rogosa-Sharpe (MRS) medium
without glucose supplemented with 0.05% cysteine—
HCI and 2% lactose (mMMRS) in an anaerobic cham-
ber (Davidson and Hardy; Belfast; United Kingdom) at
37°C for 24 h when in broth and 48 h on agar plates. For
the cultivation of bifidobacterial transformants or mu-
tants, the mMMRS medium was supplemented with 5 ug/
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mL chloramphenicol. The B. bifidum PRL2010 strain
used in this study is a bifidobacterial strain isolated
from the faecal sample of a breast-fed infant (Turroni
et al,, 2010).

Prediction of the methylome of
B. bifidum PRL2010

To remove the restriction and modification (R/M) sites
present on certain plasmids and targeted by endog-
enous R/M systems encoded by B. bifidum PRL2010,
the methylome of B. bifidum PRL2010 was predicted
by assessing the B. bifidum PRL2010 genome using
the REBASE database (http://rebase.neb.com/rebase/
rebase.html) and sequencing its genome using the
Pacific Biosciences (PacBio) sequencing platform. For
PacBio sequencing, B. bifidum PRL2010 was grown
in MRS broth supplemented with 0.05% cysteine—HCI
until it reached an optical density at 600 nm (ODy,) of
approximately 0.6. Genomic DNA was extracted from
harvested PRL2010 cells using the GenElute Bacterial
Genomic DNA kit and then subjected to sequencing
using PacBio Sequel | technology and SMRT cells
(Macrogen service). The PacBio sequencing reads
were processed and mapped to the B. bifidum PRL2010
sequence. The interpulse durations were measured as
previously described (Murray et al., 2012). To identify
methylated positions, the PacBio SMRTPortal analysis
platform was adopted, employing an in silico kinetic
reference and a t-test based kinetic score detection of
modified base positions.

Plasmid manipulation and construction

Plasmid pNZ003 was obtained by removing three dif-
ferent R/M sites present in its predecessor, pNZ44
(McGrath et al., 2001), by PCR using the primers listed in
Table 1. Primers pNEW_002, pNEW_003, pNEW_001,
and pNEW_004 were used to amplify the pNZ44 plas-
mid with Q5 polymerase (New England Biolabs). After
purification (GenedJet Gel Extraction Kit—Thermo Fisher
Scientific), the amplicons obtained were digested with
ApalLl and Esp3l (New England Biolabs), ligated (T4
DNA ligase, New England Biolabs), and used to trans-
form E. coli EC101 prepared using a modified protocol
for chemically competent cells (Hanahan et al., 1991).
Transformants were selected on LB supplemented with
25pg/mL chloramphenicol, and individual transformants
were screened for the presence of the expected plas-
mid by colony PCR. Plasmid pFREM30 was obtained by
amplifying the chloramphenicol gene (Cm®) with prim-
ers CLMC_207 and CLMC_208 and the backbone of
pFREM28 (Hoedt et al., 2021) with primers CLMC_009
and CLMC_010. Following DNA fragment purification
(GenedJet Gel Extraction Kit, Thermo Fisher Scientific),
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TABLE 1 Listof all primers used.

Target Primer Primer sequence 5-3’

pNZ003 PNEW_001 AACAATGTGCACGACGCGGATTATGCGACGCGTGCATGCGGTACCACTAGTTC
PNEW_002 CGCGTCGTGCACATTGTTAGATCTGGAGCTGTAATATAAAAACCTTCTTC
PNEW_003 GATCGACGTCTCAGCTGCGTTAGCTATAGAAGAATATGCAAGAAAG
PNEW_004 GATCGACGTCTCACAGCAACCGCAGATTTTGAAAAACC

pFREM30 CLMC_009 GATCGCTCTTCTCCCCACCAAAACCGAAATCCAC
CLMC_010 GATCGCTCTTCTAAGGTGTGCTCCTTTCCCTCAC
CLMC_207 GATCGCTCTTCGGGGATTATAAAAGCCAGTCATTAGGCCTATCTGAC
CLMC_208 GATCGCTCTTCACTTATGAACTTTAATAAAATTGATTTAGACAATTGGAAGAG
PFREM30 MCST ATATATCCATGGTACCCGGGGTGCACGAAGCTTACGCGTAGACGTCATATGG

ATATCGCCGTGCTCGAGT
PFREM30 MCSB ATATATTCTAGACTCGAGCACGGCGATATCCATATGACGTCTACGCGTAAG
CTTCGTGCACCCCGGGTAC

Colony PCR-screening LMV_015 CGCAGCAGCGGTCGCTATG
LMV_016 GAAGTTGAGGTACGCGGTGTAGC
CLMC_022 GCCAACGTTTTCGCCAACG

perB gene LMV_011 TATTGGGTGCACGGCGAACGGCGTCAAGG
LMV_012 GGTATGTCTAGACCGCCGTTGGCCATGTGC

gPCR BBPR_0282_FW GCGAACAATGATGGCACCTA
BBPR_0282_RV GTCGAACACCACGACGATGT

the generated amplicons were used to obtain plasmid
pFREM30 using the Golden Gate Cloning approach
(Engler & Marillonnet, 2014), utilizing the Type IIS en-
zyme Sapl (New England Biolabs). The product of the
reaction was introduced into E. coli EC101, following the
protocol for chemically competent cells. Subsequently,
the colonies grown on LB supplemented with 25pg/
mL chloramphenicol were screened by colony PCR
for the presence of the expected recombinant plasmid
pFREM30, the genetic integrity of which was then vali-
dated by sequencing (Genewiz, Leipzig, Germany).

For the construction of plasmid pFREM30-perB, the
to-be-targeted, internal region of the gene was ampli-
fied by PCR from chromosomal B. bifidum PRL2010
DNA (GenElute Bacterial Genomic DNA kit, Sigma,
Germany) using the Q5 polymerase and the primers
LMV_011 and LMV_012. Plasmid DNA was isolated
from E. coli using the GeneJET Plasmid Maxiprep Kit
(Thermo Fisher Scientific, USA). The amplicon and
plasmid were digested with ApalLl and Xbal, ligated,
and introduced into E. coliEC101 as previously reported
(Hanahan et al., 1991). To select for transformants, the
manipulated cells were plated on LB supplemented
with 25 pg/mL chloramphenicol, and the colonies were
screened for the presence of the expected plasmid
construct by colony PCR.

Preparation of bifidobacterial cells for
DNA electroporation

An overnight culture of PRL2010 was inoculated
into fresh mMRS broth supplemented with 7% (v/w)

sucrose (sMRS) and cultivated at 37°C until the expo-
nential growth phase was reached, i.e., an OD, be-
tween 0.5 and 0.6. Subsequent steps of the protocol
were performed by maintaining the cells refrigerated
on ice. Specifically, cells were harvested by centrifuga-
tion (45009 for 10min at 4°C), washed twice with an
ice-cold citrate-sucrose buffer (0.5M sucrose, pH5.8),
and resuspended in 250 pL of the same buffer before
electroporation.

Electroporation and selection of
PRL2010 mutants

100 pL of concentrated bacterial cells resuspended in
citrate—sucrose buffer (pH5.8) was mixed with 1.5pg
of the plasmid in a precooled disposable electropora-
tion cuvette with an interelectrode distance of 0.2cm
(Cell project, Kent, United Kingdom). A resistance of
200Q, capacity of 25uF, and voltage of 2.5kV were
applied using a Gene Pulser apparatus (BioRad, UK).
After cell electroporation, bacteria were resuspended
in 950 puL of sSMRS and incubated for 3h at 37°C in an
anaerobic cabinet. Following this, cells were plated
on sMRS agar supplemented with 5ug/mL of chlo-
ramphenicol and incubated anaerobically at 37°C for
48 h. Potential mutants were screened by colony PCR
using the primers LMV_015 and LMV_016, which an-
nealed to the chromosomal gene outside of the gene
target region, and CLMC_02, which annealed to the
(integrated) pFREM30 plasmid. The expected am-
plicon sizes are approximately 2000bp and 800 bp,
respectively. The amplicons obtained were sent

85U8017 SUOLILIOD BAEa.D 3|qedl(dde au Aq peusenob are ssjole YO ‘@S JO'senJ 10} Aeiqi8UIIUO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 |ImAleIq 1 Bul|UO//:SANY) SUORIPUOD pUe sws 1 8y} &8s *[1202/T0/92] Uo ARiqiaulluo 48| ‘elelieueIyood Aq 90ty T ST6.-TSLT/TTTT OT/I0PAW0D A8 |IM AIq U1 |UO'S eUINO (- ILue//:Sdy WOy pepeojumoa ‘0 ‘GT6LTSLT



BIFIDOBACTERIAL PERSISTENCE IN THE HUMAN INTESTINE

13 of 18

for sequencing (Sanger) to further confirm the ex-
pected sequence following the expected homologous
recombination-mediated integration event. All primer
sequences are listed in Table 1.

Mutant stability

To assess the stability of the integrated pFREM plas-
mid, a spot assay was performed, and the presence
of the plasmid was checked by colony PCR. For this
assay, B. bifidum perB:pFREM30 was cultivated in
mMRS broth, with or without 5ug/mL chlorampheni-
col. Every day, for a total of 14 days, an aliquot of the
culture was sub-cultured in fresh medium, and every
second day, the overnight inoculum of the two growth
conditions was serially diluted (1.00E-04, 1.00E-05,
1.00E-06) and spotted on mMMRS plates with or without
5ug/mL of chloramphenicol. After the anaerobic incu-
bation of the plates at 37°C for 48 h, a colony PCR was
performed on one colony per replicate with primers
LMV_015 and LMV_016. The experiments were per-
formed in triplicate.

Mucin growth assay

To evaluate possible differences in mucin utilization,
B. bifidum PRL2010 wild-type (wt) and B. bifidum
perB::pFREM30 were grown overnight until the expo-
nential growth phase was reached in mMMRS, with and
without the addition of 5 pg/mL of chloramphenicol to the
mutant. Subsequently, strains were washed twice with
phosphate-buffered saline (PBS) (Sigma, Germany),
and inoculated in a final volume of 20 mL of both mMMRS
and mMRS with 0.5% mucin (from porcine stomach—
Type lll, Sigma, Germany) as the sole carbon source
(with and without 5pg/mL of chloramphenicol for the
mutant for both culture media) to reach a final inoculum
with an OD, of ~0.1. Cells were grown in biologically
independent ftriplicates. Cells were incubated under
anaerobic conditions at 37°C for 48h. Aliquots of the
bacterial cultures were collected at different time points
(0, 5, 10, 24, 36, and 48h) and subjected to a viability
assay and total bacterial cell count using flow cytom-
etry, as described below. Each aliquot was in parallel
plated on mMMRS agar. Plates were incubated under
anaerobic conditions at 37°C for 48 h. Bacterial growth
was assessed by colony-forming unit counting.

Evaluation of bacterial cell density and
viability assay by flow cytometry

For total cell counts, each culture replicate was
100,000-fold diluted in physiological solution (PBS).
Subsequently, 1mL of the obtained bacterial cell

suspension was stained with 1pL of SYBR®Green |
(ThermoFisher Scientific, USA) (1:100 dilution in di-
methylsulfoxide; Sigma, Germany), vortexed, and in-
cubated at 37°C in the dark for at least 15 min before
measurement, as previously described (Alessandri
et al., 2022; Vandeputte et al., 2017). For the bacte-
rial cell viability assay, the fluorescent dyes SYTO9
(3.34mM) and propidium iodide (PI; 20mM) of
the LIVE/DEAD BaclLight Bacterial Viability Kit
(ThermoFisher Scientific, USA) were used, following
the manufacturer's instructions. Specifically, five dif-
ferent tubes of the diluted cells (final volume of 1 mL
each) were obtained per sample. One of the tubes
was subjected to centrifugation at 2515 g for 8 min,
the supernatant was discarded, and the microbial
cell pellet was resuspended in 70% isopropyl alco-
hol for 1h to allow the permeabilization of the micro-
bial cell membrane to induce cell death. The treated
cells were then centrifuged, resuspended in PBS, and
dyed with the addition of 1.5 uL of PIl. Other two tubes
were stained with 1.5 L of one of the two dyes, while
a fourth tube was not stained. Finally, the last tube
was stained with both SYTO9 and PI. Immediately
following staining, samples were vortex-mixed and
incubated in the dark for 15min at room temperature.
For instrument parameter adjustment, single-dyed
samples and the sample exposed to isopropyl alco-
hol were used as controls, while the non-stained cells
were used as a background control.

Both count and viability experiments were
performed with an Attune NxT flow cytometry
(ThermoFisher Scientific, USA) equipped with a blue
laser set at 50 mW and tuned to an excitation wave-
length of 488 nm. Multiparametric analyses were per-
formed on both scattering signals, that is, forward
scatter (FSC) and side scatter (SSC), while fluores-
cence was detected on a BL1 530/30 nm optical de-
tector. Cell debris were excluded from the acquisition
analysis by setting the BL1 threshold. Furthermore,
gated fluorescence events were evaluated on the
forward—sideways density plot to exclude remaining
background events and to obtain an accurate mi-
crobial cell count, as previously described. All data
were analysed with the Attune NXT flow cytometry
software.

Adhesion of B. bifidum PRL2010 to HT29-
MTX cells

Bifidobacterial adhesion to HT29-MTX cells was as-
sessed by slightly modifying a previously described
protocol (Guglielmetti et al., 2008; Rizzo et al., 2023;
Serafini et al., 2013). Briefly, human colon carcinoma-
derived mucin-secreting goblet HT29-MTX cells (kindly
provided by Prof. Antonietta Baldi, University of Milan)
were cultured in Minimum Essential Medium (MEM) with

85U8017 SUOLILIOD BAEa.D 3|qedl(dde au Aq peusenob are ssjole YO ‘@S JO'senJ 10} Aeiqi8UIIUO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 |ImAleIq 1 Bul|UO//:SANY) SUORIPUOD pUe sws 1 8y} &8s *[1202/T0/92] Uo ARiqiaulluo 48| ‘elelieueIyood Aq 90ty T ST6.-TSLT/TTTT OT/I0PAW0D A8 |IM AIq U1 |UO'S eUINO (- ILue//:Sdy WOy pepeojumoa ‘0 ‘GT6LTSLT



RIZZO ET AL.

14 of 18

high glucose (4.5g/L) as previously described (Bianchi
et al., 2019). The medium was supplemented with 10%
fetal bovine serum (FBS), 4mM glutamine, 100pg/mL
streptomycin, 100U/mL penicillin, and 10mM HEPES.
For the experiment, HT29-MTX cells were seeded on mi-
croscope cover glasses previously settled in 10cm? Petri
dishes. The cells were carefully washed twice with PBS
before the addition of bacterial cells. B. bifidum PRL2010
wt and B. bifidum perB::pFREM30 were grown as previ-
ously described until a concentration of 1.00E+08 cells
mL~" was reached. The two strains were then centrifuged
at 5000g for 8 min, resuspended in PBS, and incubated
with HT29-MTX cells. After 1-h incubation at 37°C, cells
were washed twice with 2mL of PBS to remove unbound
bacteria. The cells were then fixed with 1 mL of methanol
and incubated for 8 min at room temperature. Finally, the
cells were stained with 1.5mL of Giemsa stain solution
(1:20 in PBS) (Sigma Aldrich, Milan, Italy) and incubated
in the dark for 30min at room temperature. After two
washes with 2mL of PBS, cover glasses were removed
from the Petri plate, mounted on a glass slide, and exam-
ined using a Leica DM 1000 phase contrast microscope
(objective: 100X/1.4 oil). The adherent bacteria in 20
randomly selected microscopic fields were counted and
averaged, as previously described (Rizzo et al., 2023).
The proportion of bacterial cells that remained attached
to HT29-MTX was determined to reflect the extent of
specific host-microbe interactions. The adhesion index
is calculated as the average number of bacterial cells
counted on 20 random spots/(100 the number of HT29-
MTX cells) (Guglielmetti et al., 2008).

Ethics statement

All experimental procedures and protocols involving
animals were approved by the Italian legislation on ani-
mal experimentation (D.L. 04/04/2014, n. 26, authori-
zation n° 370/2018-PR) and conducted in accordance
with the European Community Council Directives dated
September 22, 2010 (2010/63/UE).

Animal housing and design of the
in vivo experiment

The in vivo rodent experiments involved 10 male
and 10 female 5-week-old Wistar rats bred at the
University of Parma. After weaning, rats were indi-
vidually housed in polymethyl methacrylate cages in
a room under controlled humidity (50% +10%) and
temperature (22+2°C) conditions, maintained on a
12-h light—dark cycle (lights on at 7a.m.), and with
food and water available ad libitum. The first week
of the in vivo trial corresponded to the acclimatiza-
tion period, during which rats were fed a standard
chow diet supplemented with an oral administration

of 500 pL of sucrose solution (2%) through a syringe
to adapt them to this form of administration (Figure 4).
For the following 2weeks (intervention period), rats
were randomly and equally divided into a control (ad-
ministration of B. bifidum PRL2010 wt) and treatment
(administration B. bifidum perB::pFREM30) group,
both orally administered once a day with 1.00E+09
cells/mL of the specific strain (Figure 4). For each day
of the intervention period, bifidobacterial cells were
harvested by centrifugation, washed in PBS, and re-
suspended in 1mL of sucrose solution (2%) for oral
administration to rats (10E+09 cells/mL).

Five females and five males were included in each
group (Kiss et al., 2019). Finally, the last week corre-
sponded to the washout period (Figure 4).

During the in vivo experiment, fresh faecal samples
were collected at three different time points. Faecal
samples were collected after the first week of bifido-
bacterial strain administration (T1), after the second
week of treatment, and at the end of the washout (T2
and T3, respectively) (Figure 4). The cage litter was
changed 1h prior to each faecal collection. Afterward,
fresh faecal samples were collected in the morning and
stored at —20°C until analysis.

DNA extraction and qPCR analysis

0.2g of the collected rat faecal samples was individu-
ally subjected to DNA extraction using the QIAmp DNA
Stool Mini kit, following the manufacturer's instructions
(Qiagen, Germany). Subsequently, quantitative PCR
(QPCR) was performed using B. bifidum PRL2010-
specific primers: BBPR_0282 FW and BBPR_0282
RV (Table 1). These primers had previously been
designed and tested to specifically identify B. bifidum
PRL2010 cells under in vitro and/or in vivo conditions
(Duranti et al., 2016; Turroni et al., 2013, 2015, 2016).
gPCR was performed using PowerUp SYBR Green
Master Mix (Applied Biosystems, USA) on a CFX96
system (BioRad, CA, USA) following previously de-
scribed protocols (Milani et al., 2015). PCR products
were detected using SYBR green fluorescent dye and
amplified according to the following protocol: one cycle
at 95°C for 2min, followed by 40 cycles of 95°C for 15s,
58°C for 155, and 72°C for 1 min. Negative controls (no
DNA) were included for each run. A standard curve was
generated through CFX96 software (BioRad) using B.
bifidum PRL2010 chromosomal DNA extracted with the
GenElute bacterial genomic DNA kit (Sigma-Aldrich)
following the manufacturer's guide.

Statistical analyses

SPSS software (www.ibm.com/software/it/analytics/
spss) was employed to compute statistical analyses,
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including ANOVA with Bonferroni post-hoc multiple
comparison, Student's t-test, and the non-parametric
Mann-Whitney test.

AUTHOR CONTRIBUTIONS

Sonia Mirjam Rizzo: Data curation (equal); formal analy-
sis (equal); investigation (equal); validation (equal); visu-
alization (equal); writing — original draft (equal). Laura
Maria Vergna: Data curation (equal); formal analysis
(equal); investigation (equal); validation (equal); visu-
alization (equal); writing — original draft (equal). Giulia
Alessandri: Data curation (supporting); formal analysis
(supporting); investigation (supporting); validation (equal);
visualization (equal); writing — original draft (supporting).
Ciaran Lee: Conceptualization (equal); funding acqui-
sition (equal); supervision (equal). Federico Fontana:
Data curation (equal); formal analysis (equal). Gabriele
Andrea Lugli: Data curation (equal); formal analysis
(equal). Luca Carnevali: Conceptualization (equal);
supervision (equal); validation (equal); visualization
(equal). Massimiliano G. Bianchi: Conceptualization
(equal); investigation (equal); supervision (equal); valida-
tion (equal); visualization (equal). Margherita Barbetti:
Investigation (equal); validation (equal); visualization
(equal). Giuseppe Taurino: Validation (supporting); visu-
alization (supporting). Andrea Sgoifo: Conceptualization
(equal); resources (equal); supervision (equal); writing —
review and editing (equal). Ovidio Bussolati:
Conceptualization (equal); resources (equal); supervision
(equal); writing — review and editing (equal). Francesca
Turroni: Conceptualization (equal); funding acquisition
(equal); project administration (equal); resources (equal);
supervision (equal); writing — review and editing (equal).
Douwe van Sinderen: Conceptualization (equal); fund-
ing acquisition (equal); project administration (equal);
resources (equal); supervision (equal); writing — review
and editing (equal). Marco Ventura: Conceptualization
(equal); project administration (equal); resources (equal);
supervision (equal); writing — review and editing (equal).

ACKNOWLEDGEMENTS

We thank GenProbio srl for the financial support from the
Laboratory of Probiogenomics. Part of this research was
conducted at the high-performance computing (HPC) fa-
cility of the University of Parma. D.v.S is a member of
the APC Microbiome Institute funded by the Science
Foundation Ireland (SFI) through the Irish Government's
National Development Plan (Grant Numbers SFI/12/
RC/2273-412 P1 and SFI/12/RC/2273-P2). C.L. was
funded by the European Union's Horizon 2020 research
and innovation programe under the Marie Sktodowska-
Curie grant agreement No 883766. F.T. was funded by
the Italian Ministry of Health through Bando 414 Ricerca
Finalizzata (Grant Number GR-2018-12365988). M.V
was funded by the “Fondo per il Programma Nazionale
di Ricerca e Progetti di Rilevante Interesse Nazionale
(PRIN)”, Ministero della Ricerca e dell'Universita

m 15 of 18

(20229LEB99). L.M.V. was funded by the Italian Ministry
of University and Research, under the National Recovery
and Resilience Plan (NRRP), Azione IV.4—Dottorati e
contratti di ricerca su tematiche dell'innovazione, Italian
Ministry of University and Research funded by the
European Union—NextGenerationEU, CUP number:
D91B21004630007, Project title “Microbial biodiversity,
environmental sustainability and impact on the life of the
members of ecosystems.”

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

Raw sequences of PacBio sequencing data are avail-
able in the SRA database with accession number
PRJNA999613.

ORCID
Ciaran Lee © https://orcid.org/0000-0002-0789-9149
Gabriele Andrea Lugli (® https://orcid.

org/0000-0002-3024-0537

Douwe van Sinderen © https://orcid.
org/0000-0003-1823-7957

Marco Ventura (© https://orcid.
org/0000-0002-4875-4560

REFERENCES

Alessandri, G., Fontana, F., Mancabelli, L., Lugli, G.A., Tarracchini,
C., Argentini, C. et al. (2022) Exploring species-level infant gut
bacterial biodiversity by meta-analysis and formulation of an
optimized cultivation medium. npj Biofilms and Microbiomes,
8, 88.

Alessandri, G., Fontana, F., Tarracchini, C., Rizzo, S.M., Bianchi,
M.G., Taurino, G. et al. (2023) Identification of a prototype
human gut Bifidobacterium longum subsp. longum strain based
on comparative and functional genomic approaches. Frontiers
in Microbiology, 14, 1130592.

Alessandri, G., Ossiprandi, M.C., MacSharry, J., van Sinderen, D. &
Ventura, M. (2019) Bifidobacterial dialogue with its human host
and consequent modulation of the immune system. Frontiers in
Immunology, 10, 2348.

Alessandri, G., van Sinderen, D. & Ventura, M. (2021) The genus
Bifidobacterium: from genomics to functionality of an import-
ant component of the mammalian gut microbiota running title:
bifidobacterial adaptation to and interaction with the host.
Computational and Structural Biotechnology Journal, 19,
1472-1487.

Arboleya, S., Watkins, C., Stanton, C. & Ross, R.P. (2016) Gut
Bifidobacteria populations in human health and aging. Frontiers
in Microbiology, 7, 1204.

Arzamasov, A.A., Nakajima, A., Sakanaka, M., Ojima, M.N.,
Katayama, T., Rodionov, D.A. et al. (2022) Human milk oli-
gosaccharide utilization in intestinal Bifidobacteria is gov-
erned by global transcriptional regulator NagR. Msystems,
7,e0034322.

Arzamasov, A.A. & Osterman, A.L. (2022) Milk glycan metabolism
by intestinal bifidobacteria: insights from comparative genom-
ics. Critical Reviews in Biochemistry and Molecular Biology, 57,
562-584.

Bianchi, M.G., Chiu, M., Taurino, G., Brighenti, F., Del Rio, D., Mena,
P. et al. (2019) Catechin and procyanidin B(2) modulate the

85U8017 SUOLILIOD BAEa.D 3|qedl(dde au Aq peusenob are ssjole YO ‘@S JO'senJ 10} Aeiqi8UIIUO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 |ImAleIq 1 Bul|UO//:SANY) SUORIPUOD pUe sws 1 8y} &8s *[1202/T0/92] Uo ARiqiaulluo 48| ‘elelieueIyood Aq 90ty T ST6.-TSLT/TTTT OT/I0PAW0D A8 |IM AIq U1 |UO'S eUINO (- ILue//:Sdy WOy pepeojumoa ‘0 ‘GT6LTSLT


https://orcid.org/0000-0002-0789-9149
https://orcid.org/0000-0002-0789-9149
https://orcid.org/0000-0002-3024-0537
https://orcid.org/0000-0002-3024-0537
https://orcid.org/0000-0002-3024-0537
https://orcid.org/0000-0003-1823-7957
https://orcid.org/0000-0003-1823-7957
https://orcid.org/0000-0003-1823-7957
https://orcid.org/0000-0002-4875-4560
https://orcid.org/0000-0002-4875-4560
https://orcid.org/0000-0002-4875-4560

RIZZO ET AL.

16 of 18

expression of tight junction proteins but do not protect from
inflammation-induced changes in permeability in human intes-
tinal cell monolayers. Nutrients, 11, 2271.

Bottacini, F., van Sinderen, D. & Ventura, M. (2017) Omics of bi-
fidobacteria: research and insights into their health-promoting
activities. The Biochemical Journal, 474, 4137—4152.

Bottacini, F., Ventura, M., van Sinderen, D. & O'Connell Motherway,
M. (2014) Diversity, ecology and intestinal function of bifidobac-
teria. Microbial Cell Factories, 13(Suppl 1), S4.

Buchfink, B., Xie, C. & Huson, D.H. (2015) Fast and sensitive protein
alignment using DIAMOND. Nature Methods, 12, 59-60.
Bunesova, V., Lacroix, C. & Schwab, C. (2018) Mucin cross-feeding
of infant Bifidobacteria and Eubacterium hallii. Microbial

Ecology, 75, 228-238.

Duranti, S., Gaiani, F., Mancabelli, L., Milani, C., Grandi, A., Bolchi,
A. et al. (2016) Elucidating the gut microbiome of ulcerative
colitis: bifidobacteria as novel microbial biomarkers. FEMS
Microbiology Ecology, 92, fiw191.

Duranti, S., Lugli, G.A., Mancabelli, L., Armanini, F., Turroni, F.,
James, K. et al. (2017) Maternal inheritance of bifidobacterial
communities and bifidophages in infants through vertical trans-
mission. Microbiome, 5, 66.

Duranti, S., Lugli, G.A., Napoli, S., Anzalone, R., Milani, C.,
Mancabelli, L. et al. (2019) Characterization of the phy-
logenetic diversity of five novel species belonging to the
genus Bifidobacterium: Bifidobacterium castoris sp. nov.,
Bifidobacterium callimiconis sp. nov., Bifidobacterium goeldii
sp. nov., Bifidobacterium samirii sp. nov. and Bifidobacterium
dolichotidis sp. nov. International Journal of Systematic and
Evolutionary Microbiology, 69, 1288—1298.

Duranti, S., Lugli, G.A., Viappiani, A., Mancabelli, L., Alessandri,
G., Anzalone, R. et al. (2020) Characterization of the phylo-
genetic diversity of two novel species belonging to the genus
Bifidobacterium: Bifidobacterium cebidarum sp. nov. and
Bifidobacterium leontopitheci sp. nov. International Journal of
Systematic and Evolutionary Microbiology, 70, 2288-2297.

Egan, M., Jiang, H., O'Connell Motherway, M., Oscarson, S. & van
Sinderen, D. (2016) Glycosulfatase-encoding gene cluster in
Bifidobacterium breve UCC2003. Applied and Environmental
Microbiology, 82, 6611-6623.

Egan, M., Motherway, M.O., Kilcoyne, M., Kane, M., Joshi, L.,
Ventura, M. et al. (2014) Cross-feeding by Bifidobacterium
breve UCC2003 during co-cultivation with Bifidobacterium bif-
idum PRL2010 in a mucin-based medium. BMC Microbiology,
14, 282.

Endo, A., Futagawa-Endo, Y., Schumann, P., Pukall, R. &
Dicks, L.M. (2012) Bifidobacterium reuteri sp. nov.,
Bifidobacterium callitrichos sp. nov., Bifidobacterium sagu-
ini sp. nov., Bifidobacterium stellenboschense sp. nov. and
Bifidobacterium biavatii sp. nov. isolated from faeces of com-
mon marmoset (Callithrix jacchus) and red-handed tamarin
(Saguinus midas). Systematic and Applied Microbiology, 35,
92-97.

Engler, C. & Marillonnet, S. (2014) Golden Gate cloning. Methods in
Molecular Biology, 1116, 119—-131.

Fanning, S., Hall, L.J. & van Sinderen, D. (2012) Bifidobacterium
breve UCC2003 surface exopolysaccharide production is a
beneficial trait mediating commensal-host interaction through
immune modulation and pathogen protection. Gut Microbes, 3,
420-425.

Fujimura, K.E., Sitarik, A.R., Havstad, S., Lin, D.L., Levan, S.,
Fadrosh, D. et al. (2016) Neonatal gut microbiota associates
with childhood multisensitized atopy and T cell differentiation.
Nature Medicine, 22, 1187-1191.

Gotoh, A., Katoh, T., Sugiyama, Y., Kurihara, S., Honda, Y.,
Sakurama, H. et al. (2015) Novel substrate specificities of
two lacto-N-biosidases towards beta-linked galacto-N-biose-
containing oligosaccharides of globo H, Gb5, and GAT1.
Carbohydrate Research, 408, 18—-24.

Guglielmetti, S., Tamagnini, I., Mora, D., Minuzzo, M., Scarafoni, A.,
Arioli, S. et al. (2008) Implication of an outer surface lipoprotein
in adhesion of Bifidobacterium bifidum to Caco-2 cells. Applied
and Environmental Microbiology, 74, 4695-4702.

Hanahan, D., Jessee, J. & Bloom, F.R. (1991) Plasmid transfor-
mation of Escherichia coli and other bacteria. Methods in
Enzymology, 204, 63-113.

Hayase, E., Hayase, T., Jamal, M.A., Miyama, T., Chang, C.C.,
Ortega, M.R. et al. (2022) Mucus-degrading Bacteroides link
carbapenems to aggravated graft-versus-host disease. Cell,
185, 3705-3719.

Henrick, B.M., Rodriguez, L., Lakshmikanth, T., Pou, C., Henckel,
E., Arzoomand, A. et al. (2021) Bifidobacteria-mediated im-
mune system imprinting early in life. Cell, 184, 3884—3898.

Hidalgo-Cantabrana, C., Delgado, S., Ruiz, L., Ruas-Madiedo, P.,
Sanchez, B. & Margolles, A. (2017) Bifidobacteria and their
health-promoting effects. Microbiology Spectrum, 5.

Hoedt, E.C., Bottacini, F., Cash, N., Bongers, R.S., van Limpt,
K., Ben Amor, K. et al. (2021) Broad purpose vector for site-
directed insertional mutagenesis in Bifidobacterium breve.
Frontiers in Microbiology, 12, 636822.

Hugenholtz, F. & de Vos, W.M. (2018) Mouse models for human in-
testinal microbiota research: a critical evaluation. Cellular and
Molecular Life Sciences, 75, 149-160.

Katoh, T., Maeshibu, T., Kikkawa, K.I., Gotoh, A., Tomabechi, Y.,
Nakamura, M. et al. (2017) Identification and characterization
of a sulfoglycosidase from Bifidobacterium bifidum implicated
in mucin glycan utilization. Bioscience, Biotechnology, and
Biochemistry, 81, 2018—-2027.

Katoh, T., Ojima, M.N., Sakanaka, M., Ashida, H., Gotoh, A. &
Katayama, T. (2020) Enzymatic adaptation of Bifidobacterium
bifidum to host glycans, viewed from glycoside Hydrolyases
and carbohydrate-binding modules. Microorganisms, 8(4),
481.

Katoh, T., Yamada, C., Wallace, M.D., Yoshida, A., Gotoh, A., Arai,
M. et al. (2023) A bacterial sulfoglycosidase highlights mucin
O-glycan breakdown in the gut ecosystem. Nature Chemical
Biology, 19, 778-789.

Khromova, N.Y., Epishkina, J.M., Karetkin, B.A., Khabibulina, N.V.,
Beloded, A.V., Shakir, I.V. et al. (2022) The combination of
in vitro assessment of stress tolerance ability, autoaggregation,
and vitamin B-producing ability for new probiotic strain intro-
duction. Microorganisms, 10, 470.

Kim, K.S., Tiffany, E., Lee, J.Y., Oh, A,, Jin, H.S., Kim, J.S. et al.
(2023) Genome-wide multi-omics analysis reveals the nutrient-
dependent metabolic features of mucin-degrading gut bacteria.
Gut Microbes, 15, 2221811.

Kim, S., Shin, Y.C., Kim, T.Y., Kim, Y., Lee, Y.S,, Lee, S.H. et al.
(2021) Mucin degrader Akkermansia muciniphila accelerates
intestinal stem cell-mediated epithelial development. Gut
Microbes, 13, 1-20.

Kiss, T., Timar, Z., Szabo, A., Lukacs, A., Velky, V., Oszlanczi, G.
et al. (2019) Effect of green tea on the gastrointestinal absorp-
tion of amoxicillin in rats. BMC Pharmacology and Toxicology,
20, 54.

Kumar, H., Collado, M.C., Wopereis, H., Salminen, S., Knol, J. &
Roeselers, G. (2020) The bifidogenic effect revisited-ecology
and health perspectives of bifidobacterial colonization in early
life. Microorganisms, 8, 1855.

Law, J., Buist, G., Haandrikman, A., Kok, J., Venema, G. &
Leenhouts, K. (1995) A system to generate chromosomal mu-
tations in Lactococcus lactis which allows fast analysis of tar-
geted genes. Journal of Bacteriology, 177, 7011-7018.

Longhi, G., van Sinderen, D., Ventura, M. & Turroni, F. (2020)
Microbiota and cancer: the emerging beneficial role of
Bifidobacteria in cancer immunotherapy. Frontiers in
Microbiology, 11, 575072.

Luck, B., Engevik, M.A., Ganesh, B.P., Lackey, E.P,, Lin, T., Balderas,
M. et al. (2020) Bifidobacteria shape host neural circuits during

85U8017 SUOLILIOD BAEa.D 3|qedl(dde au Aq peusenob are ssjole YO ‘@S JO'senJ 10} Aeiqi8UIIUO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 |ImAleIq 1 Bul|UO//:SANY) SUORIPUOD pUe sws 1 8y} &8s *[1202/T0/92] Uo ARiqiaulluo 48| ‘elelieueIyood Aq 90ty T ST6.-TSLT/TTTT OT/I0PAW0D A8 |IM AIq U1 |UO'S eUINO (- ILue//:Sdy WOy pepeojumoa ‘0 ‘GT6LTSLT



BIFIDOBACTERIAL PERSISTENCE IN THE HUMAN INTESTINE

postnatal development by promoting synapse formation and
microglial function. Scientific Reports, 10, 7737.

Lugli, G.A., Calvete-Torre, I., Alessandri, G., Milani, C., Turroni, F.,
Laiolo, P. et al. (2021) Phylogenetic classification of ten novel
species belonging to the genus Bifidobacterium comprising
B. Phasiani sp. nov., B. Pongonis sp. nov., B. Saguinibicoloris
sp. nov., B. Colobi sp. nov., B. Simiiventris sp. nov., B.
Santillanense sp. nov., B. Miconis sp. nov., B. Amazonense sp.
nov., B. Pluvialisilvae sp. nov., and B. Miconisargentati sp. nov.
Systematic and Applied Microbiology, 44, 126273.

Lugli, G.A., Mangifesta, M., Duranti, S., Anzalone, R., Milani, C.,
Mancabelli, L. et al. (2018) Phylogenetic classification of six
novel species belonging to the genus Bifidobacterium compris-
ing Bifidobacterium anseris sp. nov., Bifidobacterium criceti
sp. nov., Bifidobacterium imperatoris sp. nov., Bifidobacterium
italicum sp. nov., Bifidobacterium margollesii sp. nov. and
Bifidobacterium parmae sp. nov. Systematic and Applied
Microbiology, 41, 173—183.

McGrath, S., Fitzgerald, G.F. & van Sinderen, D. (2001) Improvement
and optimization of two engineered phage resistance mech-
anisms in Lactococcus lactis. Applied and Environmental
Microbiology, 67, 608—616.

Michelini, S., Modesto, M., Filippini, G., Spiezio, C., Sandri, C.,
Biavati, B. et al. (2016) Bifidobacterium aerophilum sp. nov.,
Bifidobacterium avesanii sp. nov. and Bifidobacterium ra-
mosum sp. nov.: three novel taxa from the faeces of cotton-
top tamarin (Saguinus oedipus L.). Systematic and Applied
Microbiology, 39, 229-236.

Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony,
J. et al. (2017) The first microbial colonizers of the human gut:
composition, activities, and health implications of the infant gut
microbiota. Microbiology and Molecular Biology Reviews, 81,
10-128.

Milani, C., Lugli, G.A., Duranti, S., Turroni, F., Mancabelli, L.,
Ferrario, C. et al. (2015) Bifidobacteria exhibit social behavior
through carbohydrate resource sharing in the gut. Scientific
Reports, 5, 15782.

Milani, C., Mangifesta, M., Mancabelli, L., Lugli, G.A., Mancino, W.,
Viappiani, A. et al. (2017) The Sortase-dependent Fimbriome
of the genus Bifidobacterium: extracellular structures with
potential to modulate microbe-host dialogue. Applied and
Environmental Microbiology, 83.

Modesto, M., Watanabe, K., Arita, M., Satti, M., Oki, K., Sciavilla,
P. et al. (2019) Bifidobacterium jacchi sp. nov., isolated from
the faeces of a baby common marmoset (Callithrix jac-
chus). International Journal of Systematic and Evolutionary
Microbiology, 69, 2477-2485.

Murray, I.A., Clark, T.A., Morgan, R.D., Boitano, M., Anton, B.P.,
Luong, K. et al. (2012) The methylomes of six bacteria. Nucleic
Acids Research, 40, 11450-11462.

Nishiyama, K., Takaki, T., Sugiyama, M., Fukuda, I., Aiso, M.,
Mukai, T. et al. (2020) Extracellular vesicles produced by
Bifidobacterium longum export mucin-binding proteins. Applied
and Environmental Microbiology, 86.

O'Callaghan, A., Bottacini, F., O'Connell Motherway, M. & van
Sinderen, D. (2015) Pangenome analysis of Bifidobacterium
longum and site-directed mutagenesis through by-pass of
restriction-modification systems. BMC Genomics, 16, 832.

O'Connell Motherway, M., O'Driscoll, J., Fitzgerald, G.F. &
Van Sinderen, D. (2009) Overcoming the restriction bar-
rier to plasmid transformation and targeted mutagenesis in
Bifidobacterium breve UCC2003. Microbial Biotechnology, 2,
321-332.

Paone, P. & Cani, P.D. (2020) Mucus barrier, mucins and gut micro-
biota: the expected slimy partners? Gut, 69(12), 2232-2243.
https://doi.org/10.1136/gutjnl-2020-322260

Rizzo, S.M., Alessandri, G., Lugli, G.A., Fontana, F., Tarracchini,
C., Mancabelli, L. et al. (2023) Exploring molecular interactions

m 17 of 18

between human Milk hormone insulin and Bifidobacteria.
Microbiology Spectrum, 11, e0066523.

Robinson, N.B., Krieger, K., Khan, F.M., Huffman, W., Chang, M.,
Naik, A. et al. (2019) The current state of animal models in re-
search: a review. International Journal of Surgery, 72, 9—13.

Sakanaka, M., Gotoh, A., Yoshida, K., Odamaki, T., Koguchi,
H., Xiao, J.Z. et al. (2019) Varied pathways of infant gut-
associated Bifidobacterium to assimilate human milk oligo-
saccharides: prevalence of the gene set and its correlation
with Bifidobacteria-rich microbiota formation. Nutrients,
12, 71.

Sakaguchi, K., He, J., Tani, S., Kano, Y. & Suzuki, T. (2012) A tar-
geted gene knockout method using a newly constructed tem-
perature-sensitive plasmid mediated homologous recom-
bination in Bifidobacterium longum. Applied Microbiology
and Biotechnology, 95(2), 499-509. https://doi.org/10.1007/
s00253-012-4090-4

Sakurama, H., Kiyohara, M., Wada, J., Honda, Y., Yamaguchi,
M., Fukiya, S. et al. (2013) Lacto-N-biosidase encoded by a
novel gene of Bifidobacterium longum subspecies longum
shows unique substrate specificity and requires a designated
chaperone for its active expression. The Journal of Biological
Chemistry, 288, 25194-25206.

Serafini, F., Turroni, F., Guglielmetti, S., Gioiosa, L., Foroni, E.,
Sanghez, V. et al. (2012) An efficient and reproducible method
for transformation of genetically recalcitrant bifidobacteria.
FEMS Microbiology Letters, 333(2), 146-152. https://doi.
org/10.1111/j.1574-6968.2012.02605.x

Serafini, F., Strati, F., Ruas-Madiedo, P., Turroni, F., Foroni, E.,
Duranti, S. et al. (2013) Evaluation of adhesion proper-
ties and antibacterial activities of the infant gut commensal
Bifidobacterium bifidum PRL2010. Anaerobe, 21, 9-17.

Shang, J., Yang, S., Tang, Z., Chen, Y., Duan, B. & Meng, X.
(2022) Bifidobacterium bifidum H3-R2 and its molecular com-
munication within the context of ulcerative colitis. Journal of
Agricultural and Food Chemistry, 70, 11678—11688.

Tailford, L.E., Crost, E.H., Kavanaugh, D. & Juge, N. (2015) Mucin
glycan foraging in the human gut microbiome. Frontiers in
Genetics, 6, 81.

Tarracchini, C., Alessandri, G., Fontana, F., Rizzo, S.M., Lugli,
G.A., Bianchi, M.G. et al. (2023) Genetic strategies for sex-
biased persistence of gut microbes across human life. Nature
Communications, 14, 4220.

Turroni, F., Bottacini, F., Foroni, E., Mulder, |., Kim, J.H., Zomer,
A. et al. (2010) Genome analysis of Bifidobacterium bifidum
PRL2010 reveals metabolic pathways for host-derived glycan
foraging. Proceedings of the National Academy of Sciences of
the United States of America, 107, 19514-19519.

Turroni, F., Milani, C., Duranti, S., Mahony, J., van Sinderen, D.
& Ventura, M. (2018) Glycan utilization and cross-feeding
activities by Bifidobacteria. Trends in Microbiology, 26,
339-350.

Turroni, F., Milani, C., Duranti, S., Mancabelli, L., Mangifesta, M.,
Viappiani, A. et al. (2016) Deciphering bifidobacterial-mediated
metabolic interactions and their impact on gut microbiota by a
multi-omics approach. The ISME Journal, 10, 1656—1668.

Turroni, F., Milani, C., van Sinderen, D. & Ventura, M. (2011)
Genetic strategies for mucin metabolism in Bifidobacterium
bifidum PRL2010: an example of possible human-microbe co-
evolution. Gut Microbes, 2, 183—-189.

Turroni, F., Milani, C., Ventura, M. & van Sinderen, D. (2022) The
human gut microbiota during the initial stages of life: insights
from bifidobacteria. Current Opinion in Biotechnology, 73,
81-87.

Turroni, F., Ozcan, E., Milani, C., Mancabelli, L., Viappiani, A., van
Sinderen, D. et al. (2015) Glycan cross-feeding activities be-
tween bifidobacteria under in vitro conditions. Frontiers in
Microbiology, 6, 1030.

85U8017 SUOLILIOD BAEa.D 3|qedl(dde au Aq peusenob are ssjole YO ‘@S JO'senJ 10} Aeiqi8UIIUO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 |ImAleIq 1 Bul|UO//:SANY) SUORIPUOD pUe sws 1 8y} &8s *[1202/T0/92] Uo ARiqiaulluo 48| ‘elelieueIyood Aq 90ty T ST6.-TSLT/TTTT OT/I0PAW0D A8 |IM AIq U1 |UO'S eUINO (- ILue//:Sdy WOy pepeojumoa ‘0 ‘GT6LTSLT


https://doi.org/10.1136/gutjnl-2020-322260
https://doi.org/10.1007/s00253-012-4090-4
https://doi.org/10.1007/s00253-012-4090-4
https://doi.org/10.1111/j.1574-6968.2012.02605.x
https://doi.org/10.1111/j.1574-6968.2012.02605.x

RIZZO ET AL.

18 of 18

Turroni, F., Serafini, F., Foroni, E., Duranti, S., O'Connell Motherway,
M., Taverniti, V. et al. (2013) Role of sortase-dependent pili of
Bifidobacterium bifidum PRL2010 in modulating bacterium-
host interactions. Proceedings of the National Academy of
Sciences of the United States of America, 110, 11151-11156.

Vandeputte, D., Kathagen, G., D'Hoe, K., Vieira-Silva, S., Valles-
Colomer, M., Sabino, J. et al. (2017) Quantitative microbiome
profiling links gut community variation to microbial load. Nature,
551, 507-511.

Yamada, C., Gotoh, A., Sakanaka, M., Hattie, M., Stubbs, K.A,,
Katayama-lkegami, A. et al. (2017) Molecular insight into evo-
lution of symbiosis between breast-fed infants and a member
of the human gut microbiome Bifidobacterium longum. Cell
Chemical Biology, 24, 515-524.

Yamada, C., Katayama, T. & Fushinobu, S. (2022) Crystal struc-
tures of glycoside hydrolase family 136 lacto-N-biosidases
from monkey gut- and human adult gut bacteria. Bioscience,
Biotechnology, and Biochemistry, 86, 464—475.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Rizzo, S.M., Vergna,
L.M., Alessandri, G., Lee, C., Fontana, F., Lugli,
G.A. et al. (2024) GH136-encoding gene (perB)
is involved in gut colonization and persistence by
Bifidobacterium bifidum PRL2010. Microbial
Biotechnology, 00, €14406. Available from:
https://doi.org/10.1111/1751-7915.14406

85U8017 SUOLILIOD BAEa.D 3|qedl(dde au Aq peusenob are ssjole YO ‘@S JO'senJ 10} Aeiqi8UIIUO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 |ImAleIq 1 Bul|UO//:SANY) SUORIPUOD pUe sws 1 8y} &8s *[1202/T0/92] Uo ARiqiaulluo 48| ‘elelieueIyood Aq 90ty T ST6.-TSLT/TTTT OT/I0PAW0D A8 |IM AIq U1 |UO'S eUINO (- ILue//:Sdy WOy pepeojumoa ‘0 ‘GT6LTSLT


https://doi.org/10.1111/1751-7915.14406

	GH136-­encoding gene (perB) is involved in gut colonization and persistence by Bifidobacterium bifidum PRL2010
	Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Assessing the prevalence of perB homologues among members of the genus Bifidobacterium
	Impact of perB inactivation on B. bifidum PRL2010 ability to grow on and adhere to mucin
	A rodent model-­based assessment of perB involvement in intestinal colonization

	CONCLUSIONS
	EXPERIMENTAL PROCEDURES
	Bifidobacterial genome sequences
	Presence of perB homologues in bifidobacterial species
	Bacterial strains, plasmids, and cultivation conditions
	Prediction of the methylome of B. bifidum PRL2010
	Plasmid manipulation and construction
	Preparation of bifidobacterial cells for DNA electroporation
	Electroporation and selection of PRL2010 mutants
	Mutant stability
	Mucin growth assay
	Evaluation of bacterial cell density and viability assay by flow cytometry
	Adhesion of B. bifidum PRL2010 to HT29-­MTX cells
	Ethics statement
	Animal housing and design of the in vivo experiment
	DNA extraction and qPCR analysis
	Statistical analyses

	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


