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ABSTRACT The microbial ecology of raw milk cheeses is determined by bacteria
originating from milk and milk-producing animals. Recently, it has been shown that
members of the Bifidobacterium mongoliense species may become transmitted along
the Parmigiano Reggiano cheese production chain and ultimately may colonize the
consumer intestine. However, there is a lack of knowledge regarding the molecular
mechanisms that mediate the interaction between B. mongoliense and the human
gut. Based on 128 raw milk cheeses collected from different Italian regions, we isola-
ted and characterized 10 B. mongoliense strains. Comparative genomics allowed us to
unveil the presence of enzymes required for the degradation of sialylated host-glycans
in B. mongoliense, corroborating the appreciable growth on de Man-Rogosa-Sharpe
(MRS) medium supplemented with 3’-sialyllactose (3-SL) or 6’-sialyllactose (6’-SL). The
B. mongoliense BMONG18 was chosen, due to its superior ability to utilize 3’-SL and
mucin as representative strain, to investigate its behavior when co-inoculated with other
bifidobacterial species. Conversely, members of other bifidobacterial species did not
appear to benefit from the presence of BMONG18, highlighting a competitive scenario
for nutrient acquisition. Transcriptomic data of BMONG18 reveal no significant differen-
ces in gene expression when cultivated in a gut simulating medium (GSM), regardless of
whether cheese was included or not. Furthermore, BMONG18 was shown to exhibit high
adhesion capabilities to HT29-MTX human cells, in line with its colonization ability of a
human host.

IMPORTANCE Fermented foods are nourishments produced through controlled
microbial growth that play an essential role in worldwide human nutrition. Research
interest in fermented foods has increased since the 80s, driven by growing awareness
of their potential health benefits beyond mere nutritional content. Bifidobacterium
mongoliense, previously identified throughout the production process of Parmigiano
Reggiano cheese, was found to be capable of establishing itself in the intestines of its
consumers. Our study underscores molecular mechanisms through which this bifido-
bacterial species, derived from food, interacts with the host and other gut microbiota
members.

KEYWORDS bifidobacteria, microbiota, microbiome, dairy food microorganisms,
microbial genomics, microbe-host interactions

t is universally recognized that foods, besides being considered a source of nutrients
for humans and their associated intestinal microbiota, also represent a potential
transfer vehicle of microbes to the human gut, where they may influence host health
through modulation of the intestinal microbiota composition (1). In this context, a
crucial role is played by the microbiota of fermented foods, whose beneficial effects
are conferred by microorganisms and their metabolites (2). Fermented foods encompass
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a variety of foods and beverages, ranging from, to name but a few, cheese, yogurt,
kefir, and sauerkraut. The fermentative transformation of carbohydrate substrates
through controlled microbial growth and biochemical conversions has been investiga-
ted extensively in order to understand nutritional function and assess organoleptic
properties mediated by microorganisms (3). Dairy products, including yogurt and raw
milk cheeses, are among the most commonly consumed fermented foods in Western
culture (4). Raw milk cheeses are made from milk that is subjected to a temperature
not exceeding 40°C, allowing the preservation of viable milk-derived microorganisms
that possess metabolic potential to process the food matrix (5). Raw milk represents
an optimal environment for the colonization and proliferation of numerous microorgan-
isms. Its chemical-physical features render raw milk-based cheese a highly nutritional
substrate, enriched with compounds made accessible through the metabolic activities
of different microbial populations (6). Hence, its microbial ecology depends on the milk
microbiota itself and on microbes acquired from the environment where the cheese is
manufactured (7). These microbial characteristics, as well as agricultural, processing, and
ripening techniques, influence, modify, and ultimately govern the particular raw milk
microbiota composition (8).

The microbiota of raw milk cheeses is characterized by different microbial taxa
belonging predominantly to Streptococcus, Staphylococcus, Lactobacillus, and Lactococ-
cus genera, responsible for the production of aromatic molecules that endow the
final product with various organoleptic and physical characteristics, in particular its
aroma and texture (9). Among the bacteria that have been identified as part of the
raw milk cheese microbiota, certain members of the genus Bifidobacterium deserve to
be mentioned (10). In particular, members of the taxa Bifidobacterium crudilactis and
Bifidobacterium mongoliense are relevant in the context of raw milk (8, 11, 12). Interest-
ingly, it has been reported that certain bifidobacterial species grow and survive in milk
and dairy products due to genes that are dedicated to the metabolism of substrates (e.g.,
carbohydrates and peptides) typically present in dairy matrices (13). In this context, it
has recently been shown that B. mongoliense occurring in the microbiota of Parmigiano
Reggiano cheese is horizontally transferred along the entire cheese production chain
and, subsequently, into the intestine of individuals who daily consume this food (12).

The main aim of the present study was to isolate and characterize 10 novel B.
mongoliense strains associated with raw milk cheeses, and to investigate their genomic
content and phylogenetic relationships. Comparative genomic analyses were performed
to investigate the glycobiome of the B. mongoliense species, followed by in vitro
validation through growth assays employing different carbon sources. Then, because
in silico analyses of the B. mongoliense taxon revealed a close evolutionary distance
between strains, we selected a representative strain, i.e, BMONG18, to delve deeper
into the specific traits and behaviors of the taxon. Thus, we investigated the potential
functional impact of B. mongoliense BMONG18 strain with multiple in vitro experiments
involving other bifidobacterial species, HT29-MTX human cell lines, and dedicated
growth media mimicking intestinal and cheese microenvironments.

RESULTS AND DISCUSSION
Genetic characterization of novel B. mongoliense strains

A previous investigation of the resident microbiome of 128 Italian raw milk cheeses
revealed that B. mongoliense is the most prevalent bifidobacterial species (8). Neverthe-
less, to date, the genetic information of the B. mongoliense taxon is based on a rather
limited number of genotypes (14, 15). Consequently, to further investigate the genetic
variability of this species, a cultivation-dependent strategy was employed, allowing
the isolation of 10 novel B. mongoliense strains from different raw milk cheeses and
cheesemaking sites (Table 1). Subsequently, genetic characterization of these strains
was carried out by decoding their genome sequences through a next-generation
sequencing (NGS) method, resulting in 19 to 29 contigs with sequence fold coverage
ranging from 164 to 393 (Table 1). Assembled contigs of each B. mongoliense genome
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allowed the prediction of their genome length, which ranged from 1,991 to 2,150 kb, as
well as of the number of open reading frames (ORFs), which ranged from 1,605 to 1,790
ORFs (Table 1). Unlike previously described bifidobacteria, such as Bifidobacterium
dentium and Bifidobacterium adolescentis (16, 17), members of the B. mongoliense species
displayed relatively little variation in their genome length and ORF number, suggesting a
conserved genome structure, whose genetic composition was further investigated

through in silico comparative genomic techniques.

Pangenome analysis of the B. mongoliense species

A comparative genomic analysis was performed employing the predicted proteome
of the 10 isolated strains belonging to the B. mongoliense species, together with the
proteome sequences of the publicly available type strain and strain BMONG18 (Table
1). In this context, a pangenome analysis was performed using a previously described
method based on cluster of orthologous groups (COGs) (18, 19), allowing the identifica-
tion of 3,285 COGs. The graphical representation of the pangenome revealed that the
power trend line had not reached a plateau, indicating that the genetic diversity of the B.
mongoliense taxon had not been fully covered by analyzing these 12 genomes only (Fig.
1a). Thus, a larger number of genomes will have to be incorporated in this comparative
analysis to fully encompass the B. mongoliense pangenome. Our comparative analysis
revealed 1,211 COGs that are shared by all 12 B. mongoliense genotypes, thus represent-
ing 70% of the whole pangenome (Fig. 1b). The 12 B. mongoliense genomes were also
valuable in disclosing the genetic variability of the taxon. In this context, identification of
truly unique genes (TUGS), i.e., genes that are present in just one genome of the analyzed
strains, was performed revealing significant variability among strains, ranging from 23 to
213 TUGs in 2255B and DSM 21395, respectively (Fig. 1c). Strains with the lower number
of TUGs (ranging from 23 to 30) were retrieved from different cheesemakers, highlighting
a genomic relatedness of cheese-related bifidobacteria covering different Italian regions.
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FIG 1 B. mongoliense pangenome, core genome, and phylogenetic tree. Panel (a) illustrates the pangenome size based on

the sequential insertion of the 12 B. mongoliense genomes. Panel (b) shows the core-genome size via the sequential addition

of the genomes, whereas panel (c) reports the number of TUGs per each B. mongoliense genome. Panel (d) represents the

phylogenetic tree of the B. mongoliense species (left) and a color scheme incorporating the ANI values between each analyzed

strain (right).
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In contrast, the higher number of TUGs identified in the genome of B. mongoliense type
strain DSM 21395, which was not sequenced as part of this study, reflected its origin, i.e.,
the traditional Mongolian beverage Airag produced from fermented mare milk (Fig. 1c).

Evaluation of intraspecies genomic variability of the B. mongoliense species

The genomes of the isolated B. mongoliense strains were analyzed through the average
nucleotide identity (ANI) approach to further explore the genomic variability of this
taxon (Fig. 1d; Table S1). This analysis revealed high genome identity levels among
members of the B. mongoliense taxon, with associated ANI values ranging from 98.8% to
99.9% (Fig. 1d; Table S1). Of note, the analyzed B. mongoliense strains exhibit an average
ANI value of 99.2%, indicative of very limited genetic variability of this bifidobacterial
taxon compared to other bifidobacterial species, for which an ANI value exceeding 98.2%
has been considered to represent limited genome variability (17). These findings suggest
that the isolated members of this bifidobacterial species are adapted to the ecological
niche represented by dairy foods. Interestingly, within the taxon, the type strain of
B. mongoliense showed the lowest ANI values compared to other analyzed genomes,
ranging from 98.8% to 99.1%, which, as reported above, is consistent with its diverse
origin.

An investigation into the phylogeny of the B. mongoliense taxon was performed
starting with the proteomes deduced from the genome sequences of the 12 B. mongol-
iense strains (20, 21). The type strain of Bifidobacterium tibiigranuli (22, 23) was also
employed due to its phylogenetic relatedness to the B. mongoliense taxon (24). The
obtained phylogenetic tree, as suggested by ANI analysis and TUG distribution, showed
that the B. mongoliense type strain as well as 2259B was markedly separated through
evolutionary distance from other B. mongoliense strains (Fig. 1d). Thus, our phylogenetic
analysis corroborates that from an evolutionary perspective, strains 2259B and DSM
21395 seemed to have followed a specific evolutionary route associated with the kind of
cheese and geography. Nonetheless, the obtained phylogenetic tree highlights a close
evolutionary distance between B. mongoliense strains, indicating high conservation of
the genetic heritage and reflecting the characteristics of the biological matrix of isolation
(Fig. 1d).

The carbohydrate-active enzyme arsenal among members of the B. mongol-
iense species

To uncover the carbohydrate-active enzyme repertoire of the B. mongoliense species,
the genomes of the 10 newly sequenced B. mongoliense strains coupled with the two
publicly available genomes were screened to predict genes encoding glycosyl hydrolases
(GHs), glycosyltransferases (GTs), and polysaccharide lyases (PLs) using the carbohydrate-
active enzyme (CAZy) database (25). The genomic analyses revealed the presence of 726
genes encoding various glycosyl-related enzymatic functions across the 12 B. mongol-
iense strains (Table S2). Predicted carbohydrate-active enzymes encompassing 14 GH
families were shared by all B. mongoliense strains (Fig. 2) due to the high level of genomic
synteny identified for B. mongoliense. To unveil the unique feature of B. mongoliense, its
glycobiome was then compared with that of various bifidobacterial species isolated from
dairy-based foods that share a similar ecological niche, such as Bifidobacterium aquike-
firi, B. crudilactis, Bifidobacterium psychraerophilum, and B. tibiigranuli (20) (Table S3).
Remarkably, GH33, which is predicted to be involved in the degradation of sialyloligo-
saccharides (Fig. 2), was absent in all other species, representing an apparently unique
feature of the B. mongoliense species. Predicted 3-N-acetylhexosaminidase (GH20) was
identified in the genomes of six B. mongoliense strains, whereas the predicted exo-a-sia-
lidase (GH33) appeared to be only missing in chromosome of strain 2256B (Table S2),
representing enzymes involved in human milk oligosaccharide (HMO) or bovine milk
oligosaccharide (BMO) degradation. The presence of a secretion signal sequence was
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FIG 2 Carbohydrate-active enzymes of B. mongoliense and other bifidobacterial species harboring fermented foods. The
graphical representation shows a map of GHs, GTs, and PL, with the percentage within each genome representing the
enzyme’s corresponding gene frequency in the chromosome sequences of the species analyzed. The final column displays the

cumulative prevalence of GH, GT, and PL in families with all strains.

evaluated for each enzyme, revealing that together with other GHs, members of the
GH33 were predicted to represent extracellular enzymes (Table S2).

To corroborate in silico genome-based analyses, growth experiments encompassing
all 12 B. mongoliense strains on de Man-Rogosa-Sharpe (MRS) medium containing
monosaccharides such as glucose, galactose, ribose, and sialic acid, as well as disacchar-
ides, i.e., lactose, melibiose, and lactulose, as the only carbon source, were performed
(Fig. 3). B. mongoliense strains showed appreciable growth on 3’-sialyllactose (3-SL) as
well as on 6'-sialyllactose (6”-SL), which are sialylated trisaccharides present in human
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FIG 3 Growth abilities of the B. mongoliense strains on different carbon sources. Growth performances of the B. mongoliense
strains were measured by assessing optical density (OD) values after 96 h of incubation. For OD values between 0 and 0.3, the
strain was assumed to be unable to grow in the sugar, whereas for OD values between 0.3 and 1, the strain was determined to
be able to sustain growth on the particular carbohydrate. LNT, lacto-N-tetraose; FOS, fructooligosaccharides.

and bovine milk (26). Interestingly, strains that showed the highest growth yield on
sialylated trisaccharides were also predicted to translocate their GH33 to the extracellular
environment, i.e., strains 2254B, 2255B, 2259B, 2261B, 2099B, and DSM 21395 (Table S2;
Fig. 3). Overall, the ability of B. mongoliense strains to grow on sialylated saccharides is
consistent with their ability to utilize sialic acid as the sole carbon source (Fig. 3) and
with the presence of GH33 in their genome (Fig. 2). A genomic investigation revealed the
presence of a gene cluster encoding the complete pathway for sialic acid degradation
and transport, i.e., the nan operon consisting of nanA, nanB, nanC, nanD, nanH, nanK, and
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FIG 4 B. mongoliense BMONG18 growth observed through co-cultivation with other bifidobacterial species. The four panels
show the cell number quantification of B. mongoliense BMONG18, B. bifidum PRL2010, B. longum PRL2022, and B. adolescentis

PRL2023 strains in mono- and bi-association on the MRS medium supplemented with HMOs, starch, and mucin, indicated
above each panel by gPCR. Results of the gPCR experiments are expressed by bars indicating fold change (FC) of cell number
quantification after 24 h of growth on MRS medium compared with the respective inoculum (T0). The y-axis indicates the FC of
genome copy number per milliliter of bacterial culture, whereas the x-axis displays the name of the strains involved in mono-
and bi-associations. The dotted bars represent the amount of each bifidobacterial strain present at TO.

nanT, as well as the nagA and nagB homologues, which are presumed to be responsible
for the conversion of N-acetylglucosamine-6-phosphate to fructose-6-phosphate. The
absence of the nan operon in strain 2256B and the absence of the gene encoding for the
GH33 in its genome corroborate that this strain is the only B. mongoliense strain shown
to be unable to grow on sialic acid as the sole carbon source. As previously characterized
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in Bifidobacterium breve (27), the ability to metabolize sialylated saccharides can improve
bifidobacterial colonization and persistence in the gut of lactating animals during the
first stages of life as well as in those individuals frequently taking bovine milk as part of
their daily diet.

Co-cultivation assay between B. mongoliense and other bifidobacterial strains

To expand our knowledge on the ability and behavior of B. mongoliense to colonize the
human gut, we assayed if and how this bacterial species engages in trophic interactions
with other key members of the human gut microbiota (28, 29). Due to its superior
(compared to the other tested B. mongoliense strains) ability to utilize 3"-SL and mucin,
B. mongoliense BMONG18 was selected as the representative strain to investigate its
behavior when co-cultivated in MRS medium supplemented with HMOs, starch, or mucin
as sole carbon sources with Bifidobacterium bifidum PRL2010, Bifidobacterium longum
PRL2022, and/or B. adolescentis PRL2023. We then compared these results to the growth
profiles obtained when these strains were co-cultivated in pairs (bi-associations) on
identical substrates. Co-cultivation experiments with HMOs were performed in MRS
supplemented with 3'-sialyllactose (3’-SL) and 2'-fucosyllactose (2’-FL). These carbohy-
drates were selected to represent carbon sources that are expected to be present in the
human gut from infancy to adulthood, as they are derived from human/bovine milk (30,
31). Overall, gPCR evaluation of B. mongoliense BMONG18 revealed that this taxon is able
to utilize 3’-SL and mucin-based medium for growth (Fig. 4). In this context, it has already
been demonstrated that B. mongoliense is able to metabolize most oligosaccharides
present in bovine milk, including 3’-SL, due to an extracellular a-sialidase (14). Among
all possible combinations with bifidobacterial strains, the quantity of BMONG18 cells
was shown to increase up to threefold in those bi-associations that include B. longum
PRL2022 or B. adolescentis PRL2023 cells when cultivated on MRS supplemented with
all different carbohydrates compared to their corresponding mono-associations (Fig. 4).
Hence, these findings suggest that the observed B. mongoliense growth expansion is
linked to its ability to better metabolize the available substrates, competing with the
co-inoculated microbe for resources and benefitting from its presence, thus establish-
ing a competitive scenario for nutritional resources. In contrast, each bacterial partner,
i.e., PRL2010, PRL2022, and PRL2023, did not appear to benefit from the presence of
BMONG18 (Fig. 4). In fact, the bacterial load of PRL2010 decreased almost twofold
when co-cultivated with BMONG18 in MRS medium supplemented with mucin when
compared to its mono-association (Fig. 4). Furthermore, B. mongoliense appears to
influence PRL2010 growth, leading to a competitive interaction for HMOs, i.e., 3-SL
and 2’-FL, when these strains were cultured in bi-association (Fig. 4). Another interesting
finding was the onefold decrease of the cell load of PRL2022 when co-cultivated with B.
mongoliense BMONG18 on MRS supplemented with mucin (Fig. 4). These findings imply
that B. mongoliense actively engages in metabolic competition with other microorgan-
isms that are usually members of the human gut microbiota, potentially influencing the
overall microbial balance. Such trophic interactions may, therefore, play an important
role in shaping the composition and functionality of the gut microbiota.

Functional investigation of B. mongoliense in a gut- or cheese-simulated
environment

Given the distribution of B. mongoliense in fermented and dairy products and its
potential interaction with the human intestinal microbiota, B. mongoliense strain
BMONG18 was used to perform three different growth assays in cheese-based medium,
gut simulating growth medium (GSM), and GSM plus sterilized cheese (see Materials
and Methods), in order to assess associated transcriptomic profiles when present in
cheese or in the intestinal environment. For this purpose, RNA was extracted from
BMONG18 cells cultivated under the aforementioned conditions and subjected to RNA
sequencing, generating a total of 16,517,495 quality-filtered reads with an average of
1,835,277 reads per sample. Only genes exhibiting transcriptional variations with a log
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fold change (log FC) of =1 in combination with a value of P < 0.05 calculated through
correction for multiple comparisons using the false discovery rate (FDR) procedure
were considered as significantly differentially transcribed between the three conditions
assessed. Transcriptomic data did not reveal remarkable differences in the obtained gene
expression patterns of B. mongoliense strain BMONG18 when cultivated in GSM with
or without the inclusion of cheese. Conversely, a change in the transcription profile
occurred when BMONG18 strain was cultivated in cheese broth compared to GSM assays.
Under such cultivation conditions, and among the 179 genes that were upregulated,
genes encoding a predicted argininosuccinate synthase (2016B_1510), acetylglutamate
kinase (2016B_1506), and N-acetyl-gamma-glutamyl-phosphate reductase (2016B_1504)
were detected, which are predicted to be involved in arginine biosynthesis, along with
several other enzymes implicated in the urea cycle such as argininosuccinate lyase
(2016B_1511) and ornithine carbamoyltransferase (2016B_1508) (Fig. 5a) (Table S4 to
S6). Contextually, milk and cheese are valuable sources of arginine, an amino acid
that plays important roles in various physiological processes of the human host (32,
33). These include nitric oxide synthesis to promote circulation, polyamine synthesis
to promote proliferation, protein synthesis, growth hormone production, as well as
supporting immune response and accelerating healing processes (34, 35). Moreover,
we observed an upregulation of different ABC-type transporter-encoding genes, as
well as genes for ABC-type carbohydrate-specific permeases, ATP-binding proteins, and
transporters belonging to the major facilitator superfamily (MFS), possibly involved
in the uptake of sugars or other compounds when strain BMONG18 is cultivated on
a substrate simulating cheese environment. Other transcriptionally enhanced genes
of B. mongoliense BMONG18 cells encompassed those encoding glucose-6-phosphate
isomerase (2016B_0244), galactose-1-phosphate uridyltransferase (2016B_0336), and
glycoside hydrolase family 3 protein (2016B_1436), whose functions are related to
the interconversion of sugars in monosaccharides channeled into the “bifid-shunt”
metabolic pathway for energy generation (Fig. 5b) (Table S4 to S6). RNA sequencing data
were validated by RT-gPCR experiments, which showed a not significant upregulation
of the abovementioned genes in BMONG18 when grown in the cheese-based medium
compared to GSM and GSM supplemented with cheese (Fig. S2). Remarkably, we also
observed an increase in the transcription of genes encoding the diverse subunits of the
ATPase system of the BMONG18 strain, likely triggered by medium acidification due to
enhanced metabolic activity. Furthermore, the upregulation of lipoteichoic acid synthase
family protein (2016B_1474) detected in the BMONG18 strain cultivated in cheese broth,
as opposed to gut environment-simulating medium conditions, supports the concept of
cheese being a favorable niche for B. mongoliense (Table S4 to S6).

Ability of B. mongoliense to interact with the human host as evaluated
through in vitro assays

A recent study demonstrated that B. mongoliense exhibits the ability to be transferred
through the cheese production chain, to persist in the final product, and to potentially
colonize the human intestine (12). In this context, the ability of B. mongoliense to adhere
to human intestinal cells may support the notion that this bacterium is able to colo-
nize the human gut. In addition, such an adhesion ability may support its potential
interaction with other members of the gut microbiota as well as with the human host
(36, 37). We, therefore, investigated the adhesive abilities of B. mongoliense cells to
human intestinal cells represented by HT29-MTX monolayers following a previously
published protocol (37, 38). HT29-MTX monolayers are a widely used mucus-produc-
ing cell model mimicking the mucosal surface of the human gut epithelium (38, 39).
Adhesion experiments were performed on a subset of four representative B. mongoliense
strains, i.e., strains 2256B, BMONG18, 2258B, and the type strain DSM 21395, chosen
through a hierarchical clustering analysis in order to cover the biodiversity of the species
(Fig. S1). The number of microbial cells attached to HT29-MTX monolayers was assessed
to calculate the adhesion index, which represents the number of bacterial cells adhering
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FIG 5 Transcriptional modulation of B. mongoliense BMONG18 genes when grown under three different broth conditions.

Panels (a-b) summarize the number of genes per functional category. The image reports transcriptional modulation of genes,

expressed as the average of the normalized count reads obtained from each independent biological triplicate.

to 100 human intestinal cells (37). The adhesion capabilities of the selected strains were
determined and shown to be higher than those of the reference bacterium, i.e., B. bifidum
strain PRL2010, which clearly displayed an adhesive phenotype to human mucosa
(adhesion index of 714,666 + 49,026) (Fig. 6a and b) (38, 40). Furthermore, B. mongoliense
2256B and BMONG18 strains exhibited significantly higher adhesion abilities compared
to the type strain (adhesion indexes of 1,226,666 + 139,535 and 1,118,666 + 190,447,
compared to 369,333 + 118,793, respectively) (Kruskal-Wallis test P < 0.05) and the
negative control Bifidobacterium animalis subsp. lactis Bb-12 (adhesion index of 18,666 +
7,542) (Kruskal-Wallis test P < 0.01) (Fig. 6a and b) (38, 41). In addition, an adhesion assay
on mucin was performed, which showed that all tested B. mongoliense strains show a
larger adhesion ability to mucin when compared to the negative control Bb-12 (45.74%)
(Fig. 6¢). In particular, 2256B and BMONG18 strains were shown to exhibit the highest
adhesion capabilities with a percentage of 92.44% and 88.47%, respectively. Moreover,
there was a significant difference in the adhesion ability of 2256B and BMONG18 strains
compared to that of the type strain DSM 21395 (82.11%) (Kruskal-Wallis test P < 0.05)
(Fig. 6¢€). These results highlight the strong adhesive properties of B. mongoliense cells to
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FIG 6 Adhesion of B. mongoliense cells to HT29-MTX cell monolayers and mucin. Panel (a) depicts
the quantification of the adhesion performances of different B. mongoliense strains to HT29-MTX cell
monolayers, expressed as the adhesion index. The vertical bars indicate standard deviations, and the
asterisks indicate Kruskal-Wallis test P values. Panel (b) shows light microscopic images of HT29-MTX
monolayer cells as observed with Giemsa staining of B. mongoliense strains. The bifidobacterial strains
shown in each image are (i) B. mongoliense 22568, (ii) B. mongoliense BMONG18, (iii) B. mongoliense 2258B,
(iv) B. mongoliense DSM 21395, (v) B. bifidum PRL2010, and (vi) B. animalis subsp. lactis Bb-12. Panel
(c) represents the percent adhesion values of B. mongoliense strains to mucin. The percentage of relative
adhesion for each strain is determined by calculating the CFU values before and after the adhesion assay.
The error bars represent the standard deviation of all assays, and the asterisks indicate Kruskal-Wallis test
P values < 0.05.

enteric epithelial cells, indicating their potential for long-term colonization in the human
gut. This adhesive capability suggests that B. mongoliense strains can establish a stable
presence within the gut environment, potentially impacting the microbiota composition,
its associated metabolic and, consequently, gut health.
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Conclusions

Given the wide interest in fermented foods as a vehicle of nutrients and metabolites,
as well as a carrier of microbial cells that can influence consumers’ health, detailed
understanding of these aspects has been an obvious scientific pursuit. The microbiota
of cheese, especially of raw milk cheese, has been extensively studied, although further
investigation into the ecology of the bacterial populations inhabiting dairy products
is warranted. This is particularly desirable for bacterial species with specific proper-
ties that can positively influence gut microbiota composition as well as overall host
health. In this study, B. mongoliense strains, isolated from different raw milk cheeses,
were characterized at genomic and phenotypic levels to assess their genetic heritage
and nutritional requirements. Furthermore, microbe-host interactions were explored
to better understand colonization and adhesion capabilities to mucin and intestinal
epithelial cells. Remarkably, the glycobiome of B. mongoliense, when compared with
those of many bifidobacterial species isolated from dairy-based foods, was shown to
be uniquely characterized by the presence of a GH33 family member, which is predic-
ted to be involved in the removal of sialic acid moieties from host-glycans such as
BMOs and HMOs. Similarly to members of GH20, these enzymes may mediate the
interaction between B. mongoliense and mammals, as previously shown for human-rela-
ted bifidobacterial species such as B. bifidum, B. breve, and B. longum. In this context,
it has been demonstrated that host-glycans are driving factors in shaping the gut
microbiota. Because B. mongoliense is able to utilize 3’-SL and mucin-based medium
for growth, this ability may provide a competitive advantage in interacting with the
human gut. Furthermore, co-culture experiments demonstrated that B. mongoliense
utilizes nutritional resources by effectively competing with other species of intestinal
bifidobacteria, a trait that is expected to be advantageous for intestinal colonization.

MATERIALS AND METHODS
Bacterial strain isolation

One gram of cheese sample was mixed with 9 mL of phosphate-buffered saline
(PBS), pH =6.5. Serial dilutions and subsequent plating were performed using MRS
agar medium (Scharlau Chemie, Barcelona, Spain) supplemented with 0.05% (wt/col)
L-cysteine hydrochloride, 50 pg/mL mupirocin (Delchimica, Italy), and 1% lactose (Merck,
Germany). Agar plates were incubated in an anaerobic atmosphere (2.99% Hy, 17.01%
CO,, and 80% N,) in a chamber (Concept 400; Ruskin) at 37°C for 96 h. Colonies, chosen
based on different sizes and morphologies, were otherwise randomly picked, and the
identification of putative newly isolated B. mongoliense strains was achieved through the
Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry (MALDI-
TOF MS) Biotyper Sirius (Bruker) using the manufacturer’s software FlexControl and the
MALDI-Biotyper software (MBT). In detail, a single bacterial colony grown on MRS agar
was transferred onto a spot of the MSP 96 target polished steel BC MALDI target plate
(Bruker). Subsequently, the bacterial sample was overlaid with 1 pL of matrix solution
containing 10 mg/mL a-cyano-4-hydroxycinnamic acid (HCCA, Sigma-Aldrich) resolved
in 50% acetonitrile (Carlo Erba) and 2.5% trifluoro-acetic acid (TFA, Carlo Erba) and air
dried (42, 43). The MALDI target plate was then introduced into the spectrophotometer
for automated measurement and data interpretation. The obtained mass spectra were
processed with the MALDI Biotyper 3.0 software package (Bruker) containing reference
spectra, including different microbial species. According to the criteria recommended
by the manufacturer, a score of >2.000 indicates a significant similarity between the
obtained spectrum and the database entry. Each sample was analyzed in duplicate (two
spots for each sample).

The default parameter settings used were as follows: positive linear mode, laser
frequency 200 Hz, ion source 1 =19.84 kV, ion source 2 = 18.07 kV, Bruker’s MBT_FC and
MBT_AutoX methods, and a mass range between 2,000 and 20,000 Da. Moreover, before
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analysis, calibration was performed with a bacterial test standard (Bruker) containing an
extract of Escherichia coli DH5a.

Growth conditions of bifidobacterial strains and DNA isolation

Bifidobacterial species, i.e., B. mongoliense, B. bifidum PRL2010, B. longum PRL2022, B.
adolescentis PRL2023, and B. animalis subsp. lactis Bb-12, were grown at 37°C under
anaerobic conditions (2.99% H», 17.01% CO,, and 80% N5) in a chamber (Concept 400;
Ruskin) in MRS broth (Scharlau Chemie, Barcelona, Spain) supplemented with 0.05% (wt/
vol) L-cysteine hydrochloride.

To perform chromosomal DNA extraction, the 10 B. mongoliense strains previously
isolated were cultivated in MRS broth supplemented with 0.05% (wt/vol) L-cysteine
hydrochloride in an anaerobic atmosphere at 37°C for 96 h. Subsequently, cells from
10 mL of the culture were harvested by centrifugation at 6,000 rpm for 8 min, and the
obtained cell pellet was used for DNA extraction using the GenElute bacterial genomic
DNA kit (Sigma-Aldrich) following the manufacturer’s guide.

Genome sequencing, assembly, and annotation

The DNA extracted from the 10 B. mongoliense strains was subjected to whole-genome
sequencing using MiSeq (lllumina) at GenProbio srl, Parma, Italy (www.genprobio.com)
according to the supplier’s protocol (lllumina). Individual genome libraries were
generated using the Nextera XT preparation kit and were loaded into a 600-cycle (250-bp
paired ends) flow cell version 3 (lllumina). Raw DNA sequence reads (fastq files) obtained
from genome sequencing were assembled using the MEGAnnotator2 pipeline (44, 45).
Briefly, SPAdes software was used for the de novo assembly of the genome sequences
with the pipeline option “ - - carefull” and a list of “21,33,55,77,99,127" k-mer sizes
(46), whereas protein-encoding genes were predicted for contigs greater than 1,000 bp
using Prodigal (47). Functional annotation of the predicted genes was achieved through
DIAMOND (using the --sensitive option in search of query coverage >50 and e-value <1
x 107%) (48) against the RefSeq database of NBCI resized with a CD-HIT sequence identity
threshold of 70% (49), and further investigated by InterProScan (50). Moreover, tRNA
genes were determined using tRNAscan-SE 2.0 (51), and rRNA loci were identified with
barrnap (https://github.com/tseemann/barrnap).

The MEGAnnotator2 pipeline (44) also assessed genome quality using the checkM
software (52), whereas fastANI (53) was employed for analyzing the ANI between strains
of B. mongoliense. The rigorous quality assessment of reconstructed genome sequen-
ces revealed predicted levels of completeness >98% and levels of contamination <1%
(Table 1). The complete genome sequence of B. mongoliense DSM 21395 was used as a
reference to determine the orientation of each assembled contig.

Pangenome analyses and phylogenomic tree reconstruction

All pangenome calculations were performed using PanGenomes Analysis Pipeline (PGAP
[54]) as described previously (19, 55). In detail, orthologous protein sequences were
identified in genome sequences using BLAST analysis (cutoff E-value = 1x 107> 50%
identity over at least 80% of sequence coverage) and then organized into functional
COGs through the MCL algorithm (graph-based Markov clustering algorithm) using the
gene family (GF) method. Pangenome profiles were produced through an optimized
procedure integrated into the PGAP software based on a presence/absence matrix
including all COGs identified in the given genomes. The concatenated protein sequen-
ces of core genes were aligned using Mafft v7.453 (56) and then employed to build
correspondent phylogenomic trees through the neighbor-joining method in ClustalW
version 2.1 (57). Visual core genome-based phylogenomic trees were developed using
FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).
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Glycobiome profiling

The proteome of B. mongoliense strains was screened for genes predicted to encode
carbohydrate-active enzymes based on sequence similarity to genes classified in the
CAZy database (58). Thus, each gene sequence was screened for orthologues through
the dbCAN3 pipeline (59) using HMMER v3.3.2 (cutoff e-value of 1*107"® and cover-
age >0.35) against the dbCAN and dbCAN-sub databases and DIAMOND (cutoff e-value
<1*107'%) against the CAZy database. Positive results on all three databases were used to
predict the glycobiome of each strain. Furthermore, the presence and location of signal
peptide cleavage sites in amino acid sequences were identified using the SignalP 4.1
software (60).

Carbohydrate growth assay

In vitro growth assays with different carbon sources were performed on all B. mongol-
iense strains isolated, including the type strain DSM 21395 and BMONG18. In detail, the
strains were cultivated overnight on a semisynthetic MRS medium supplemented with
0.05% (wt/vol) L-cysteine hydrochloride at 37°C under anaerobic conditions (61, 62).
Subsequently, cells were diluted in MRS without glucose to obtain an OD600nm = 1, and
15 pL of the diluted cells was inoculated in 135 pL of MRS without glucose supplemented
with 1% (wt/vol) of a particular sugar in a 96-well microtiter plate and incubated in
an anaerobic cabinet. Specifically, each carbohydrate was dissolved in sterilized MRS
without glucose and made sterile using a 0.2-um filter. Cell growth was evaluated by
monitoring the OD at 600 nm using a plate reader (Biotek). After 96 h of growth, each
plate was read in discontinuous mode in triplicate. Each reading was ahead of 30 s
of shaking at medium speed. Cultures were performed in triplicates for each strain,
and the resulting growth data sets were expressed as the average OD600nm of these
independent biological replicates. Carbohydrates tested in this study were purchased
from Merck and Fisher Scientific, ACROS Organics. The MRS medium without any added
carbohydrate was used as the control medium.

Adhesion to HT29-MTX cells

Bifidobacterial adhesion to HT29-MTX cells was assessed following the protocol
described by Guglielmetti et al. and Serafini et al. (37, 38). Briefly, human colorectal
adenocarcinoma HT29-MTX cells (kindly provided by Prof. A. Baldi, University of Milan)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, 100 pg/mL streptomycin, and 100 U/mL
penicillin, and were maintained in standard culture conditions. For the experiments, the
HT29-MTX cells were seeded on microscopy cover glasses previously settled into 10
cm? Petri dishes. Confluent cells were carefully washed twice with PBS before bacterial
cells were added. B. mongoliense strains, B. bifidum PRL2010, and B. animalis subsp. lactis
Bb-12 were grown as previously described, until a concentration of 5 x 10" CFU mL™
was reached. The strains were then centrifuged at 3,000 rpm for 8 min, resuspended
in PBS (pH 7.3), and incubated with monolayers of the HT29-MTX cells. After a 1-h
incubation at 37°C, cultures were washed twice with 2 mL of PBS to remove unbound
bacteria. The cells were then fixed with 1 mL of methanol and were incubated for
8 min at room temperature. The cells were then stained with 1.5 mL of Giemsa stain
solution (1:20) (Sigma-Aldrich, Milan, Italy) and were left in the dark for 30 min at room
temperature. After two washes with 2 mL of PBS, the cover glasses were removed
from the Petri plate, mounted on a glass slide, and examined using a phase-contrast
microscope Zeiss Axiovert 200 (objective, 100x/1.4 oil). Adherent bacteria in 20 randomly
selected microscopic fields were counted and averaged. The proportion of bacterial
cells that remained attached to the HT29-MTX monolayer was determined to reflect the
extent of specific host-microbe interaction. The adhesion index represents the average
number of bacterial cells attached to 100 HT29-MTX cells (37, 40, 41). A nonparametric
Kruskal-Wallis test was applied for the detection of statistically significant differences. All
assays were performed at least in triplicate.
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Mucin adhesion assay

The effect of bifidobacterial adhesion on mucin was assessed by adapting the protocol
described by Valeriano et al. (63). Briefly, 100 uL of a 1 mg mL™" sterile mucin dissolved
in PBS (pH 7.4) was aliquoted into a 96-well microtiter plate (Sarstedt, Germany) and was
incubated overnight at 4°C. Subsequently, each well was washed with 200 pL of PBS,
rinsed, filled with 100 pL of a 20 mg mL™" sterile bovine serum albumin solution, and
incubated at 4°C for 2 h. B. mongoliense strains were grown at 37°C under anaerobic
conditions (2.99% H,, 17.01% CO,, and 80% N5) (Concept 400; Ruskin) in MRS broth
(Scharlau Chemie, Barcelona, Spain) supplemented with 0.05% (wt/vol) L-cysteine HCI.
Bifidobacterial growth was monitored until a concentration of 10° CFU mL™" was reached.
One hundred microliters of a corresponding bacterial suspension, previously washed and
resuspended in PBS, was added in each well and incubated under anaerobic conditions
at 37°C for 1 h. After incubation, each well was washed three times with 200 uL of PBS
to remove unbound bacteria. Then, 200 uL of 0.5% (vol/vol) Triton X-100 was added and
incubated at room temperature for 2 h, with gentle agitation to detach the adherent
bacteria. The viable cell count expressed as CFU mL™' was determined in all cases by
plating on MRS medium. Each assay was performed in triplicate. Percentage adhesion
was calculated as follows:

% relative adhesion = (logCFUy adhered/logCFUy inoculum) X 100

Quantification of bifidobacterial strains in co-cultivation trials

Cells of each of the following strains, B. mongoliense BMONG18, B. bifidum PRL2010,
B. longum PRL2022, B. adolescentis PRL2023, or these strains in bi-association, were
inoculated in 6 mL of MRS (without any carbohydrate; Scharlau Chemie, Barcelona,
Spain) supplemented with 1% of either HMOs, i.e., 3'-sialyllactose (3-SL), 2’-fucosyllac-
tose (2’-FL), starch, or mucin (Sigma-Aldrich) as the sole carbon source in triplicates. Cell
suspensions were mixed and incubated at 37°C for 24 h under anaerobic conditions.
Bacterial cell cultivations were performed in triplicate (biological replicates). Bacterial
strain enumerations during the experiments were determined by quantitative real-time
PCR (gPCR) and were performed at the beginning (Fig. 4) and at the end of the growth
experiments. gPCR experiments were based on a specific primer pair targeting a gene
present in a single copy within the genome of B. mongoliense BMONG18, B. bifidum
PRL2010, B. longum PRL2022, and B. adolescentis PRL2023 (Table S7). These experiments
were performed following the protocol previously described by Turroni et al. (28).

BMONG?18 cultivation in a gut- and cheese-simulated environment

B. mongoliense BMONG18 was inoculated in 30 mL of human gut simulating growth
medium (GSM), which had previously been described (64), and in the same GSM plus
the addition of autoclaved cheese in 2% (wt/vol) proportion. Additional growth assays
were performed in a cheese-simulated medium prepared by mixing shaved Parmesan
cheese with sodium citrate pH 7.5. The suspension was incubated at 42°C for 50 min,
followed by centrifugation at 8,000 rpm for 20 min and filtration through a sterile
dressing to remove fats. Subsequently, the medium was autoclaved at 121°C for 20 min.
These growth experiments were performed in triplicate. Then, all performed growth
assays were incubated under anaerobic conditions at 37°C for 6 h. Finally, cultures
were centrifuged at 7,000 rpm for 5 min, and the obtained pellets were then used for
RNA extraction. Both pellets and supernatants were stored at —80°C until they were
processed.

RNA extraction and sequencing

Total RNA of each considered condition (fecal medium, fecal medium plus autoclaved
cheese and cheese broth, in triplicate) was extracted as follows. Briefly, bacterial cell
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pellets were resuspended in 1 mL of QIAzol lysis reagent (Qiagen, Germany) in a
sterile tube containing glass beads (Merk, Germany). Cells were lysed by alternating
2 min of stirring the mix on a Precellys 24 homogenizer (Bertin Instruments, France)
with 2 min of static cooling on ice. These steps were repeated three times. The lysed
cells were centrifuged at 12,000 rpm for 15 min, and the upper phase was recovered.
The RNA samples were then purified using the RNeasy mini kit (Qiagen, Germany)
following the manufacturer’s instructions. RNA concentration and purity were evaluated
using a spectrophotometer (Eppendorf, Germany). For RNA sequencing, total RNA (from
100 ng to 1 pg) was treated to remove rRNA by using the QlAseq FastSelect follow-
ing the manufacturer’s instructions (Qiagen, Germany). The rRNA depletion yield was
checked using a 2200 TapeStation (Agilent Technologies, USA). Then, a whole transcrip-
tome library was constructed using the TruSeq Stranded mRNA Sample preparation kit
(Ilumina, San Diego, USA). Samples were loaded into a NextSeq high-output v2 kit (150
cycles) (lllumina) as the technical support guide indicated. The obtained RNA-seq reads
were filtered to remove low-quality reads (minimum mean quality 20, minimum length
150 bp) as well as any remaining ribosomal loci using the METAnnotatorX2 pipeline (65).
Then, the filtered RNA-seq data were aligned to the BMONG18 genome sequence with
BWA (66) software. To quantify gene expression, the number of reads mapping each
BMONG18 gene (read count) was computed utilizing HTSeq software (67), operating in
union mode.

Statistical analyses

Differences in bacterial abundance at the species level in qPCR experiments, as well
as variations in adhesion to mucin and HT29 cells, were evaluated by nonparametric
independent-samples Kruskal-Wallis test analysis using IBM SPSS Statistics for Windows.
Comparison of count-based expression data across bacterial growth conditions was
performed through edgeR package (68). Specifically, after using the counts per million
(CPM) function of edgeR to transform raw counts into CPM and log2-counts per million
(log-CPM) values, genes with low counts (CPM < 1) in all conditions were excluded.
Following that, the trimmed mean of M-values (TMM) method was implemented to
normalize the reads count for varying library size (sample-specific effect). In differential
gene expression analysis, the log2 ratio was used to describe the average log fold change
in gene expression between the reference sample and each test sample. FDR procedure
was employed in multiple hypothesis testing to correct for multiple comparisons.
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