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SUMMARY

The human microbiota is defined as the set of microorganisms residing on or within human tissues
and biofluids. In last decades, the scientific community showed a huge interest in the study of the
human microbiota, that represents one of the most complex bacterial community known and that have
an important implication on human health. In this context, the genus Bifidobacterium represents one
of the most important players of the human gut microbiota, especially in the early stages of life. In
this Ph. D. thesis, different ecological and genomic aspects of this genus have been investigated. The
first part of this thesis investigates genetic and ecological speciation between two important
Bifidobacterium (sub)species, i.e. Bifidobacterium animalis subsp. lactis and Bifidobacterium
animalis subsp. animalis taxa. Moreover, the Bifidobacterium inheritance from mothers to newborns
is examined, through an in vivo study to evaluate the intriguing possible vertical transmission before
delivery. Since different members of the Bifidobacterium genus are considered health-promoting
bacteria, they should be totally safe to avoid the possible transmission of antibiotic resistance (AR)
genes. Then, the resistome of bifidobacteria is explored in order to investigate the possible insurgence
of AR genes in mobile genetic elements or close to them. Furthermore, a complete screening for the
bifidobacterial Amoxicillin-Clavulanic acid (AMC) specific resistance is evaluated with the aim to
understand the impact of this antibiotic in the human gut microbiota and especially versus this genus.
Finally, the last part of this thesis concerns a detailed study regarding the vaginal microbiota, and
more in specific the role of the Lactobacillus crispatus species in helping to preserve the healthy

status of the host.






Chapter 1

General introduction
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1.1 The human Microbiota.

The term “microbiota” means to the complex community of microorganisms that colonize a specific
ecological niche (1, 2), whereas the word “microbiome” describes the collective genetic content of a
determined microbiota (2-5). In this regard, the human microbiota is defined as the set of
microorganisms residing on or within human tissues and biofluids (2). In last decades, the scientific
community showed a huge interest for the study of the human microbiota, that represents one of the
most complex bacterial community known and that have an important implication on human health
(1). The long-term co-evolution between bacterial communities and the host contributed to the
formation of different trophic interactions. In particular, the mutualistic relationship with the host
ensures feeds and a niche for the growth of microorganisms, and at the same time, the microorganisms
community is crucial for different physiological, metabolic and defensive functions.

In this context, several bacteria are able to colonize different human districts, such as the Gastro-
Intestinal Tract (GIT), the vaginal environment, the skin tissue and the lung cavities (3, 6-10).
Specifically, the environmental characteristics present in each human district play a selection for the
colonization of different bacterial species. In fact, starting from the proximal GIT niches, the oral
microbiota encompasses more than 700 different commonly occurring phylotypes (11). The most
bacterial genus present in the human oral cavity is the Streptococcus genus, in particular at species
level, Streptococcus salivarius, Streptococcus mitis and Streptococcus saguinis resulted to be the
more abundant species in this human district (12). In addition, the nasal microbiota is strictly
correlated to the oral microbiota, even if its composition is influenced by the humidity presents in this
human district. In particular, the most prevalent genera are Streptococcus, Prevotella, Veillonella and
Fusobacterium (9). In recent years, many studies focused their attention on the lower respiratory tract
microbiota, which has been considered sterile until few years ago (13-15). In particular, it was
demonstrated that the lung cavities have been colonized from bacteria that belonged to Bacteroidetes,
Firmicutes, Proteobacteria and Actinobacteria phyla (13-15). In addition, there is increasing evidence

that indicated the role of pulmonary microbiota in lung homeostasis and disease (15). Moreover,
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several studies revealed that the human intestine is colonized principally by anaerobic bacteria with
the prevalence of members of Bacteroidetes, Firmicutes, Proteobacteria and Actinobacteria phyla
(16), furthermore, this composition change in based on the healthy status, the diet and the age of the
host. Another very important niche is represented by human skin. This is a very huge space that covers
our body with an important number of bacteria, which resulted to be principally aerobic bacteria (7).
The latter belong to Firmicutes and Actinobacteria phyla, including members of Staphylococcus,
Corynebacterium and Propionibacterium genera (7). More in specific, Propionibacterium spp.
dominate the sebaceous sites, whereas Corynebacterium spp. and Staphylococcus spp. are
preferentially abundant in moist areas, such as the bends of the elbows and the feet (7). Furthermore,
the female vagina is an important hub of bacterial colonization. Regarding the composition of the
human vagina microbiota, it is important underlined that bacteria that could resist to acidic
environment (17), as well as members of Firmicutes phylum, such as Lactobacillus genus (18),
dominate it. Finally, the investigation of the human niches, such as vagina and intestine, revealed the
impact that their microbiota has on the health of the host. In fact, both vaginal and gut microbiota
were demonstrated to be crucial for the healthy status of humans, including protection from viral,

fungal and bacterial infections (18-21).

1.2 The human vaginal microbiota.

The human vaginal microbiota represents the bacterial community inhabiting the female vaginal tract.
In last years, the study of this microbiota has become increasingly important in order to evaluate the
central role of microorganisms for the correct balance of them to maintain a healthy status. Some of
these studies have been demonstrated a variable composition of vaginal microbiota during the stages
of life, in fact, it is strictly correlated to health and woman hormones (22-25). In particular, after birth,
a high number of bacteria colonize the vaginal tract and it is characterized by an extremely low
abundance of Lactobacillus species (26, 27). Subsequently, following the sexual maturation,

lactobacilli become the dominant bacteria of the vaginal tract, reaching up to 90 % (18, 21, 26-30).
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Recently, Ravel et al., proposed a classification of vaginal microbiota based on their composition in
five Community State Type (CST) (18). Specifically, four CST, known as CTS 1, IL, IIl and V, are
characterized by the predominant presence of a Lactobacillus species. In particular, CST I is
dominated by members of Lactobacillus crispatus species, CST Il is dominated by bacteria belonging
to Lactobacillus gasseri species, in CST III members of Lactobacillus iners species dominate the
microbiota and, finally, CST V is dominated by microorganisms belong to Lactobacillus jensenii
species (18). In this context, it is important to underline that CSTs I, II and III are the most frequent
and typical of healthy women in reproductive age (18), whereas the CST V is frequently present in
menopausal women and in subjects with dysfunctionality or pathologies (6). Lastly, CST IV is not
dominated by a single bacterial species but is composed of different bacteria, such as Gardnerella
vaginalis species and members of Lachnospiraceae, Leptotrichiaceae and Prevotellaceae families
(18, 31, 32). Moreover, the CST 1V is characterized by low Lactobacillus-level and it is associated
with bacterial vaginosis condition and with bacterial, fungal or viral infections (18-21). Furthermore,
this study highlights a correlation between the human vaginal microbiota composition and the
ethnicity of women (18). In this context, the lactobacilli-dominant vaginal bacterial community is
frequently present in vaginal microbiota of Asian and Caucasian women, meanwhile is less frequent
in the vaginal tract of Hispanic and African individuals, which are characterized by CST IV in their
urogenital tract (18).

Furthermore, the L. crispatus species is strictly correlated with a healthy status of the vaginal tract,
protecting this human district from pathogens attachment and from bacterial infections (19-21). In
fact, this species is able to promote the vaginal homeostatic (eubiotic) environment and immune
barrier functions (33, 34). For these reasons, recently this species was considered an interesting new
probiotic candidate for the prevention of urogenital tract infections and to restore a healthy vaginal

environment (35-37).
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1.3 The human intestinal microbiota.

The GIT represents the human organ system that digest food, extract and absorbs energy and
nutrients, and expels the remaining waste as feces. The GIT is composed of all structures between the
mouth and the anus, constituting a continuous way that concerns digestion organs, such as the
stomach, small intestine and large intestine. It is important underlined that the GIT is colonized from
trillions of bacteria and resulting to be the major human district colonized from microorganisms (38-
40). All these microorganisms, which live into the human gut in a complex balanced community,
have an important role in the healthy status of the host (41, 42). A serious variation of the balanced
community could cause several metabolism dysfunction and different pathologies, as well as Irritable
Bowel Syndrome (IBS) (43), Chron’s disease, ulcerative colitis (44) and in the worst cases, could
have a contribution to the development of colon cancer (45). Interestingly, the GIT microbiota
composition changes along this tract, becoming gradually more complex and encompassing a major
number of bacteria up to the most distal area of the gut, that seems colonized from more than 1000
different bacterial species (41). In this context, the gut microbiota plays a significant role in the
regulation of immune responses and host defense against invading pathogens, as well as it is able to
contribute to intestinal cell proliferation and differentiation, regulate the intestinal pH, have an effect
on the absorption of certain nutrients, which are indigestible from human cells (42). Moreover, the
intestinal microbiota composition is also highly variable in the life course and it is influenced by
different factors, i.e., host factors (e.g., pH, digestive enzymes, mucus and transit time),
environmental factors (e.g., diet-compounds and antibiotic treatments) and bacterial factors (e.g.,
metabolic capabilities, bacterial enzymes and adhesion strategies). Recently, several studies have
been highlighted that the human GIT microbiota is specific to each individual and it is influenced by
the physiological state, genetic background and by the host age (41, 42, 46-49). The different bacterial
composition has a very important impact on the host health, influencing the immunity system (50),
metabolisms (51) and the hormonal system (43). For these reasons, the formation of a stable GIT

microbiota is a complex process starting immediately after the delivery (52). In fact, the human
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microbiota is considered sterile before birth and it is colonized from several bacteria next to the
delivery (52). After weaning and with the introduction of solid food in the diet, the microbiota
community changes and becomes more complex and at three years of age the gut microbiota reaches
a composition similar to adult and remains more or less stable over time in adulthood (53, 54). Each
individual possesses specific microbial profiling of several bacterial species and it is different from
the profiling of other people (55). Nowadays, different studies have been demonstrated that four phyla
constituted about 97 % of the adult microbial intestinal population, i.e. Bacteroidetes (20-25 %)),
Firmicutes (60-65 %), Proteobacteria (5-10 %) and Actinobacteria (1-3 %) (16). Interestingly, in the
infant intestine the Actinobacteria phylum, and in particular the Bifidobacterium genus, is

numerically predominant (56).

1.4 The Actinobacteria phylum.

The Actinobacteria phylum represents one of the largest taxonomic unit among the Bacteria domain
(57, 58). This phylum includes Gram-positive bacteria with a high content of guanine and cytosine
(G+C) in the genome. They present several morphologies, as well as, coccoid morphology
(Micrococcus), rod-coccoid form (Arthrobacter), fragmenting hyphal form (Nocardia) or permanent

and highly differentiated branched mycelium (Streptomyces) (Fig. 1).

Figure 1. Morphological diversity of Actinobacteria captured with optical microscopy.

a) Colonies of Micrococcus spp.; b) Arthrobacter spp.; ¢) Nocardia spp.; d) Streptomyces spp.
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The majority of Actinobacteria are widely distributed in aquatic, including marine habitats, and
terrestrial ecosystems (59) and they exhibit different metabolic and physiological proprieties, such as
the formation of different secondary metabolites and the production of extracellular enzymes (58).
Interestingly, antibiotic molecules represent much of the secondary metabolites and the production
of different antibiotics (e.g., neomycin, chloramphenicol and streptomycin) is a species-specific
feature, which is largely exploited by pharmaceutical industries (60). For example, actinomycetes
produce two-third known antibiotics (57), being very important microorganisms for the emerging
multidrug-resistant pathogens (61-63). Furthermore, the Actinobacteria phylum includes very
heterogeneous bacteria that have different impacts on humans. In fact, different members of
Mycobacterium, Nocardia, Tropheryma, Corynebacteria and Propionibacterium genera are
considered pathogens, whereas other bacteria, such as members of Leifsonia genus, are plant
commensals and other species, as well as members of Franchia genus, are nitrogen-fixing symbionts.
Moreover, few species are considered health-promoting bacteria, among these different members of

Bifidobacterium genus are very important human commensals (58).

1.5 The Bifidobacterium genus.

The Bifidobacterium genus belongs to the family of Bifidobacteriaceae, encompassing non-motile,
non-sporulating, non-gas producing, anaerobic or microaerophilic and saccharolytic bacteria. They
were isolated for the first time by Henry Tissier in 1899 from infant stool samples and they were
classified as a new species of Lactic Acid Bacteria (LAB) called Bacillus bifidus (Tissier, 1900).
About 50 years later, they were taxonomically separated from the Lactobacillus genus in a new genus
belonging to the Bifidobacteriaceae family. They present a typical bifid form or a rod-shape
morphology. Nowadays, the Bifidobacterium genus encompasses 84 (sub)species, involving 72

species and 12 subspecies (Table 1).
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Table 1. Bifidobacterium (sub)species recognized as reference strains (type strains).

Bifidobacterium strains Isolation References
Bifidobacterium actinocoloniiforme DSM 22766 Bumblebee digestive tract Killer 2011
Bifidobacterium adolescentis ATCC 15703 Intestine of human adult Reuter 1963
Bifidobacterium aemilianum XV10 Carpenter bee digestive tract ~ Alberoni 2019
Bifidobacterium aerophilum DSM 100689 Feces of cotton-top tamarin Michelini 2016
Bifidobacterium aesuclapii DSM 26737 Feces of baby common Toh 2015

Bifidobacterium angulatum LMG 11039
Bifidobacterium animalis subsp. animalis LMG 10508
Bifidobacterium animalis subsp. lactis DSM 10140
Bifidobacterium anseris LMG 30189
Bifidobacterium apri DSM 100238
Bifidobacterium aquikefiri LMG 28769
Bifidobacterium asteroides LMG 10735
Bifidobacterium avesanii DSM 100685
Bifidobacterium biavatii DSM 23969
Bifidobacterium bifidum LMG 11041
Bifidobacterium bhoemicum DSM22767
Bifidobacterium bombi DSM 19703
Bifidobacterium boum LMG 10736
Bifidobacterium breve LMG 13208
Bifidobacterium callimiconis LMG 30938
Bifidobacterium callitrichidarum DSM 103152
Bifidobacterium callitrichos DSM 23973
Bifidobacterium castoris LMG 30937
Bifidobacterium catenulatum LMG 11043

Bifidobacterium catenulatum subsp. kashiwanohense DSM21854

Bifidobacterium catulorum DSM103154
Bifidobacterium cebidarum LMG31469

Bifidobacterium choerinum LMG 10510
Bifidobacterium commune LMG28292
Bifidobacterium coryneforme LMG 18911
Bifidobacterium criceti LMG 30188

Bifidobacterium crudilactis LMG 23609

Bifidobacterium cuniculi LMG 10738
Bifidobacterium dentium LMG 11045
Bifidobacterium colichotidis LMG 30941
Bifidobacterium eulemuris DSM 100216
Bifidobacterium felsineum DSM103139
Bifidobacterium gallicum LMG 11596
Bifidobacterium pullorum subsp. gallinarum LMG 11586
Bifidobacterium goeldii LMG 30939

Bifidobacterium hapali DSM 100202
Bifidobacterium imperatoris LMG 30297

17

marmoset
Feces of human

Feces of rat
Fermented milk
Feces of domestic goose
Digestive tract of wild pig
Water Kefir
Hindgut of honeybee
Feces of cotton-top tamarin
Feces of tamarin
Feces of Brest-fed infant
Bumblebee digestive tract
Bumblebee digestive tract
Rumen of bovine
Infant stool
Feces of Goeldi's marmoset
Feces of emperor tamarin
Feces of common marmoset
Feces of beaver
Adult intestine
Infant feces

Feces of common marmoset

Feces of golden-headed feces
tamarin

Feces of piglet
Bumble bee gut
Hindgut of honeybee
Feces of European hamster

Raw cow milk

Feces of rabbit
Oral cavity
Feces of Patagonian mara
Feces of black lemur
Feces of cotton-top tamarin
Adult intestine
Caecum of chicken

Feces of Goeldi's marmoset

Feces of baby common
marmoset

Feces of emperor tamarin

Scardovi 1974
Mitsouka 1969
Masco 2004
Lugli 2018
Pechar 2017
Laureys 2016
Scardovi 1969
Michelini 2016
Endo 2012
Tissier 1900
Killer 2011
Killer 2009
Scardovi 1979
Reuter 1963
Duranti 2019
Modesto 2018
Endo 2012
Duranti 2019
Scardovi 1974
Morita 2011
Modesto 2018

Duranti 2020

Scardovi 1979
Praet 2015
Scardovi 1969

Lugli 2018

Delcenserie
2007

Scardovi 1979
Scardovi 1974
Duranti 2019
Michelini 2016
Modesto 2018
Lauer 1900
Watabe 1983
Duranti 2019

Michelini 2016
Lugli 2018



Bifidobacterium indicum LMG 11587
Bifidobacterium italicum LMG 30187

Bifidobacterium jacchi DSM 103362

Bifidobacterium lemurum DSM 28807
Bifidobacterium leontopitechi LMG 31471
Bifidobacterium longum subsp. infantis ATCC 15697
Bifidobacterium longum subsp. longum LMG 13197

Bifidobacterium longum subsp. suis LMG 21814

Bifidobacterium magnum LMG 11591
Bifidobacterium margollesii LMG 30296
Bifidobacterium meryciucm LMG 11341

Bifidobacterium minimum LMG 11592

Bifidobacterium mongoliense DSM 21395

Bifidobacterium moukabalense DSM 27321
Bifidobacterium myosotis DSM 100196
Bifidobacterium parmae LMG 30295
Bifidobacterium primatium DSM 100687
Bifidobacterium pseudocatenulatum LMG 10505

Bifidobacterium pseudolongum subsp. globosum LMG 11596
Bifidobacterium pseudolongum subsp. pseudolongum LMG 11571

Bifidobacterium psychraerophilum LMG 21775
Bifidobacterium pullorum subsp. pullorum LMG 21816
Bifidobacterium ramosum DSM 100688
Bifidobacterium reuteri DSM 23975
Bifidobacterium rousetti BCRC 81136
Bifidobacterium ruminantium LMG 21811
Bifidobacterium pullorum subsp. saeculare LMG 14934
Bifidobacterium saguini LMG 23967
Bifidobacterium saimirii LMG 30940
Bifidobacterium scaligerum DSM 103140
Bifidobacterium scardovii LMG 21589
Bifidobacterium simiarum DSM 103153
Bifidobacterium stellenboschense DSM 23968
Bifidobacterium subtile LMG 11597
Bifidobacterium porcinum LMG 21689
Bifidobacterium thermacidophilum LMG 21395
Bifidobacterium termophilum JCM 7027
Bifidobacterium tibiigranuli LMG 31086

Bifidobacterium tissieri DSM 100201

Bifidobacterium tsurumiense JCM 13495
Bifidobacterium vansinderenii LMG 30126
Bifidobacterium vespertilionis DSM 106025

Bifidobacterium xylocopae DSM104955

Insect

Feces of European rabbit

Feces of baby common
marmoset

Feces of ting-tailed lemur
Feces of Goeldi's monkey
Intestine of infant
Adult intestine

Feces of pig

Feces of rabbit
Feces of pygmy marmoset
Rumen of bovine

Sewage
Fermented mare's milk

Feces of gorilla
Feces of common marmoset
Feces of pygmy marmoset
Feces of cotton-top tamarin
Infant feces
Rumen of bovine
Feces of swine
Caecum of pig
Feces of chicken
Feces of cotton-top tamarin
Feces of common marmoset
Feces of Egyptian fruit bat
Rumen of bovine
Feces of rabbit
Feces of tamarin
Feces of Bolivian saimiri
Feces of cotton-top tamarin
Blood
Feces of emperor tamarin
Feces of tamarin
Sewage
Feces of piglet
Anaerobic digester
Rumen of bovine

Water Kefir

Feces of baby common
marmoset

Hamster dental plaque
Feces of emperor tamarin
Feces of Egyptian fruit bat

Carpenter bee digestive tract

Scardovi 1969
Lugli 2018

Modesto 2019

Modesto 2015
Duranti 2020
Reuter 1963

Reuter 1963

Matteuzzi
1971

Scardovi 1974
Lugli 2018
Biavati 1991

Scardovi 1974

Watanabe
2009

Tsuchida 2014
Michelini 2016
Lugli 2018
Modesto 2018
Scardovi 1979
Scardovi 1969
Mitsouka 1969
Simpson 2004
Trovatelli 1974
Michelini 2016
Endo 2012
Modesto 2019
Biavati 1961
Biavati 1961
Endo 2012
Duranti 2019
Modesto 2018
Hoyles 2002
Modesto 2018
Endo 2012
Scardovi 1974
Zhu 2003
Dong 2000
Mitsuoka 1969
Eckel 2019

Michelini 2016

Okamoto 2008
Duranti 2017
Modesto 2019
Alberoni 2019
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In last years, the phylogeny of the Bifidobacterium genus has been explored using different methods
based on the sequencing of the 16S rRNA gene or through multi-locus approach, as well as the
sequencing of several housekeeping genes, i.e. clpC, dnal, rpoC, xpf, dnaB and purF (64, 65).
Recently, a comparative genomics analysis based on 72 sequenced bifidobacterial type strains
revealed the presence of 261 Bifidobacterium-specific clusters of orthologous genes (COGs) shared
by these genomes, called bifidobacterial core-genome (66). In the same study, a phylogenetic tree
constructed with the amino acid concatenation of the core- genome revealed the existence of 10
different phylogenetic groups, encompassing Bifidobacterium adolescentis, Bifidobacterium boum,
Bifidobacterium pullorum, Bifidobacterium asteroides, Bifidobacterium longum, Bifidobacterium
psychraerophilum, Bifidobacterium bifidum, Bifidobacterium pseudolongum, Bifidobacterium bombi

and Bifidobacterium tissieri groups (66) (Fig. 2).
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Figure 2. Phylogenomic tree of the Bifidobacterium genus based on the concatenation of the
amino acid sequences of 232 core genes. The amino-acid deduced core gene-based tree shows the
division into 10 phylogenetic groups of the Bifidobacterium genus as represented by different
colors. The phylogenetic tree was constructed by the neighbor-joining method, with genome

sequence of Scardovia inopinata JCM 12537 as outgroup (67).

1.6 Ecological origins of the Bifidobacterium genus and their

adaptation to specific ecological niches.

Focusing on the ecological origin of bifidobacteria, it is important to underline that they have been
isolated from many ecological niches such as human GIT (68), the GIT of non-human mammals,
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birds and insect (69-72), but also from fermented milk (66), sewage (73), human blood (74) and the
oral cavity (74) (Fig. 3).

Interestingly, despite this wide ecological distribution, the adaptation to ecological-niches is a
species-specific feature. For example, several Bifidobacterium species, i.e. B. longum, B.
adolescentis, B. pseudolongum and B. bifidum, display a cosmopolitan adaptation, whereas other
species, such as Bifidobacterium angulatum, Bifidobacterium cuniculi and B. pullorum subsp.
gallinarum, show to be adapted to a specific gut ecosystem of specific animals, as cows, rabbits and
chickens (68, 75). Interestingly, within typical human GIT bifidobacterial species, there is also a
specific adaptation due to the age and the diet of the host. In fact, the most frequently Bifidobacterium
species individuates in the infant gut are B. longum subsp. infantis, B. bifidum and Bifidobacterium
breve (56). Whereas, in adulthood, bifidobacteria are numerically less abundant and are limited to
few taxa, including B. longum subsp. longum, B. adolescentis, Bifidobacterium catenulatum and
Bifidobacterium pseudocatenulatum (76). The different ecological adaptation to specific
environments is due to species-specific genetic features of each bifidobacterial species (77-80). An
example of adaptation to the human gut is represented from the ability of B. bifidum species to degrade
mucin and utilize it as sole carbon source (80-84). Mucin is the main component of the mucus gel
layer in the epithelial surface of the GIT (85). Recent studies revealed that this taxon presents a small
number of genes coding for carbohydrates carriers and metabolism compared to other species, as well
as B. breve, B. longum subsp. longum and B. longum subsp. infantis (56, 86). In this context, a
comparative genomic analysis among 15 members of B. bifidum species revealed that most Glycosyl
Hydrolases (GHs) were specifically involved in mucin breakdown, which is an important strategy for
target host-derived glycans (84, 87).

Another example of adaptation is represented by the ability of bifidobacteria to hydrolyze several
oligosaccharides, including plant-derived dietary fibers (88-90). A recent comparative genomics
study on 73 strains belonging to B. longum species revealed the presence within this taxon of 22

different GH families, including GH families assigned to ferment-plant derived carbohydrates. These
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data suggested that members of this species might metabolize “non-digestible” plant polymers or
host-derived glycoproteins and glycoconjugates (88). Moreover, the sequencing of Bifidobacterium
dentium Bdl genome, a strain isolated from human dental caries, revealed the presence of genes
encoding for enzymes involved in the metabolism of sugars, such as fucose, galactose, N-
acetylglucosamine and N-acetylgalactosamine, deriving from the degradative action of amylase and
lipase present in saliva (79). Furthermore, the genome of the strains B. dentium Bdl shows several
genes encoding for proteins associated with acid tolerance, adhesion and defense toward substances,

suggesting a genetic adaptation of this strain to colonize the oral cavity (79).
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Figure 3. Ecological niches of Bifidobacterium genus.
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1.7 The genomic of Bifidobacterium genus.

The first Bifidobacterium genome was sequenced in the early 2000s, corresponding to B. longum
subsp. longum NCC 2705 genome (77). In last years, the number of Bifidobacterium genomes has
increased exponentially for their importance in promoting health and for the decrease of the NGS
techniques cost (66, 91, 92). Nowadays, more than 1000 bifidobacterial genomes were publicly
available, of which more than 150 are completely sequenced (NCBI database). The genome length
ranged from 1.24 Mb of the strain B. pseudocatenulatum 125.1 to 3.28 Mb of the strain
Bifidobacterium myosotis RST17. The tRNA genes ranged from 91 to 44 and the rRNA operon
numbers ranged from two to five, reflecting the adaptation of this genus to different ecological niches
(93, 94). The high phylogenetic relationship among different Bifidobacterium species is due to the
Horizontal Gene Transfer (HGT) events that occurred during the evolution of this genus (92). An
important study, investigating on the genome analysis of 47 Bifidobacterium (sub)species, revealed
that the 81,9 % of identified Open Reading Frames (ORFs) had a specific assigned function,
representing the pan-genome of this genus (92). Conversely, 18.1 % of the identified ORFs seemed
to be at unknown function (92). Interestingly, the authors of this study showed the identification of
18,181 BifCOGs (Bifidobacterium-specific Cluster of Orthologous Genes) among analyzed genomes,
of which the majority codified for carbohydrate metabolism enzymes, for proteins involved in amino
acids and nucleotides transport and biosynthesis and for housekeeping functions (92). Subsequently,
the analysis of 55 members of Bifidobacterium genus reconstructed the pan-genome and the core
genome (67). As expected, the number of BifCOGs identified in this study was higher respect
previous study, i.e. 26,201 BifCOGs (67). Notably, the authors individuated the existence of 262
genes shared from all Bifidobacterium strains analyzed, representing the Bifidobacterium core
genome (67).

Furthermore, the genomic analysis revealed also in this genus the presence of extrachromosomal
elements, as well as plasmids, that are able to replicate independently through bacterial replication

enzymes. Plasmids are not present in all Bifidobacterium strains and their size ranged from 2,1 kb to
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11,1 kb (NCBI database). Nowadays, 36 Bifidobacterium plasmids were identified from different
Bifidobacterium species, including B. asteroids, B. breve, B. bifidum, B. -catenulatum,
Bifidobacterium choerinum, B. pullorum subsp. gallinarum, B. longum, B. pseudocatenulatum and
B. pseudolongum. These plasmids seemed not encode for phenotypic features, except for the plasmid
NCFB 1454 which was identified in the strain B. bifidum NCFB 1454. In fact, this plasmid presents
a bacteriocin-encoding gene, specifically it encodes for the bacteriocin bifidocin B (95).

Moreover, bifidobacteria genomes have been also investigating for the presence of prophage-like
sequences. Among the Gram-positive bacteria, the identification and analysis of Bifidobacterium
prophage, also known as bifidoprophages, revealed that phage infections do play a role in the genetic
make-up of this genus (96-99). The bifidoprophages genetic architecture was shown to be like that of
lambdoid phages, including genes for integration, immunity, as well as DNA replication, DNA
packaging, morphogenesis and lysis (100). A recent study based on an extensive in silico analysis of
48 sub(species) Bifidobacterium genomes catalogued the recognized bifidoprophages (99). In this
study, the comparative genomic analysis of 90 bifidoprophages classified, including complete and
remnant phages, shows the existence of five bifidoprophage homology groups (99). These prophage-
like elements seemed to be acquired through HGT events, allowing bifidobacteria to adapt to different
ecological niches (94, 99, 101).

Focusing on transposable elements, different studies have been demonstrated the presence of
Insertion Sequence (IS) elements and transposase in Bifidobacterium genomes. IS elements are short
DNA sequences able to move within genomes, redesigning the genome sequence, whereas
transposases are enzymes that act by a cut and paste mechanism or by a replicative mechanism. For
example, an IS element was identified in the genome of the strain B. longum subsp. longum F8
upstream in respect to the tetW gene, conferring to this strain resistance toward tetracycline antibiotic
and with the possibility to transfer this resistance to other microorganisms or in other portions of the

genome. Interestingly, the same IS elements was identified in the genome of the strain B. longum
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subsp. longum M21, but it is placed in a different genome position and this strain resulted sensible
toward tetracycline (102, 103).

Finally, additional putative mobile elements identified in Bifidobacterium genus are represented by
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) loci (92). These loci are
associated to Cas (CRISPR associated) proteins, forming a molecular system that provides adaptive
immunity against exogenous genetic elements in bacteria and archaea (104). In this context, DNA
from invasive elements is captured in CRISPR loci and transcribed in small interference RNAs that
guide Cas nucleases for sequence-specific targeting and cleavage of cDNA (105). In bifidobacteria
three main types of CRISPR-Cas system are identified, named type I, type II and type III, with the
high occurrence for the CRISPR-Cas type I (92).

As some whole, mobile elements, i.e. plasmids, bacteriophage, IS elements and CRISPR loci,
constitute the mobilome of the Bifidobacterium genus, which plays an important role in HGT events

and in the evolution of these microorganisms.

1.8 Carbohydrates metabolism of the Bifidobacterium genus.

Bifidobacteria are able to utilize a widespread type of diet-derived carbohydrates, which can be
derived from plants, such as starch, glycogen, cellulose, galactan, xylan, or can be derived from the
host, including mucin and Human Milk Oligosaccharides (HMOs). Different carbohydrate-
modifying/transporting enzymes have been identified in bifidobacteria, such as glycosyl hydrolases
(GH), PEP-phosphoenolpyruvate-PTS-phosphotransferase systems (PEP-PTS systems) and sugar
ABC transporters. Notably, all bifidobacteria metabolize hexose sugars through the fructose-6-
phosphate phosphoketolase (F6PPK) enzyme in a phosphoketolase pathway called “bifid shunt” (86).
Several studies revealed that different Bifidobacterium species could degrade different complex
sugars, which may help these microorganisms to adapt to their ecological niches (86, 106-108).
Comparative analysis of Bifidobacterium genus, as previously described, revealed that approximately

14 % of bifidobacterial genome is involved in carbohydrates metabolism, including GHs,
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glycosyltransferases (GTs) and esterase’s enzymes (92, 107, 108). In particular, GHs are considered
key enzymes that allow bifidobacteria to adapt and colonize the host environment through the
hydrolysis of different complex carbohydrates (86). Specifically, according to the Carbohydrate
Active Enzyme (CAZy) system, GH3, GH13, GH43 and GH51 families resulted to be the highly
abundant GH families recognized in bifidobacteria and they are widely distributed in all
Bifidobacterium species (106, 109). Among these GH families, the family GH13, which is predicted
to be involved in the degradation of starch and starch-derivatives, is most commonly found in
bifidobacterial genomes, especially for those species isolated from the mammalian gut (106).
Furthermore, different studies revealed that bifidobacterial glycobiome encompassed also GH
families involved in host glycan breakdowns, such as those belonging to GH33 and GH34 (exo-
sialidases), GH29 and GH30 (fucosidases) and GH20 (hexosaminidases) (106, 107). Notably,
different in silico analyses revealed that the genetic arsenal involved in the breakdown of host-
indigestible carbohydrates, derived from the host (i.e., mucin and HMOs) or from the diet, had a
significant role on the composition of the gut microbiota (42). Regarding the degradation of mucin,
in silico and in vitro studies showed that different Bifidobacterium species have been shown to
degrade mucin, including B. bifidum, B. longum subsp. infantis, Bifidobacterium biavatii, B.
crudilactis, B. catenulatum subsp. kashiwanohense, Bifidobacterium stellenboschense and
Bifidobacterium mongoliense species (81, 106, 110, 111). Among these species, B. bifidum resulted
to degrade mucin more efficiently than the other species (106). In silico analysis revealed the
existence of genes involved in mucin metabolism presented uniquely in genomes of members of B.
bifidum species, suggesting a strictly co-evolution of this species to the human gut (80, 82, 87). These
genes seemed to codify for N-acetyl-B-hexosaminidases, [-galactosidases and exo-a-sialidases
enzymes, all involved in mucin-metabolism (80, 82). Another important example of genetic
adaptation to the human gut is the HMOs degradation capability of Bifidobacterium species. HMOs
are host-glycans constituted by oligosaccharides present in human milk and that are not utilized by

the infant host. In this context, B. longum subsp. infantis, B. bifidum and B. breve species are shown
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to metabolize HMOs (78, 112). Interestingly, the genome of B. longum subsp. infantis species was
shown to encompass GHs and carbohydrate transporters necessary for the import and the degradation
of HMOs, including fucosidases, sialidases, B-hexosaminidases and p-galactosidases enzymes,
extracellular solute binding proteins and permeases necessary for the transport of HMOs (78, 113-
115). An additional considerable feature of genetic adaptation of members of Bifidobacterium genus
to the human gut is the specific utilization of starch and its derivatives, such as maltodextrin,
maltotriose and maltose. Different in silico analysis revealed that B. adolescentis and B. breve species
presented in their genomes a complete gene set for the degradation of starch (116-118). Interestingly,
the glycobiome prediction of B. adolescentis taxon revealed that the GH13 family is the most present.
This GH family includes amylase, pullulanase and cyclomaltodextrine enzymes that are involved in
plant-derived carbohydrate metabolism (107, 119). Moreover, also the fermentation profiles of
several strains of B. adolescentis species highlighted the preference of this taxon for the utilization of
plant-derived glycans that are typically present in the adult human diet (107, 117). All these different
host-derived glycans metabolism abilities suggest the niche-specific adaptation among different

bifidobacterial species (86).

1.9 Antibiotic resistance (AR) of the Bifidobacterium genus.

Bacterial Antibiotic Resistance (AR) is a widespread relevant phenomenon that is due by the
increasingly extensive use of antibiotics, which facilitate growth and development of resistant
microorganisms, removing sensible bacteria (120). AR could be an intrinsic or an acquire feature,
with the latter that derives from the alteration of the antibiotic function through different mechanisms,
such as the modification of the antimicrobial target, the decreased absorption of the drug, the
activation of efflux mechanisms or the expression of enzymes counteracting antibiotic molecules
(121). Microorganisms could acquire ARs through mutation in genes encoded for proteins involved

in the antibiotic action mechanism, or through HGT events with the acquisition of exogenous DNA
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codifying for AR determinants (121). A clear example of AR was investigated in Bifidobacterium
genus being a typical commensal genus (122-124). In this context, very important is the resistance of

this genus to the mupirocin antibiotic that is produced by Pseudomonas fluorescens (Fig. 4) (125).

Figure 4. Molecular structure of mupirocin antibiotic.

The antibacterial activity of mupirocin is due to the competitive inhibition as substrate of the
isoleucyl-tRNA enzyme with isoleucine amino acid, inhibiting the correct enzyme function (126). In
fact, the mupirocin, that has a molecular structure very similar to that of the isoleucyl adenylate
complex, is able to inhibit the amino acylation process and the synthesis of the isoleucyl adenylate
(123). The mupirocin-resistance mechanism involved also another gene, known as /leS that encodes
for a modified isoleucyl-tRNA synthetase, possessing a RG1 region that is able to reduce the
mupirocin bond stability in the active site (123). This modification prevents the mupirocin
competitive inhibition activity, making bifidobacteria resistant toward this antibiotic (123).

Another example of AR is the resistance of members of Bifidobacterium genus toward tetracycline
antibiotic (124). In this context, different strains of Bifidobacterium animalis subsp. lactis
(sub)species presented in their genomes a tetW gene, encoding for a GTPase that modify the
tetracycline target size, protecting the ribosome (124). Interestingly, the strain B. animalis subsp.
lactis Bl12 resulted sensible toward tetracycline antibiotic, differently than several other strains of
this species (127). The genome sequencing allowed to identify the presence of the fetW gene also in

B. animalis subsp. lactis Bl112 strain, but it resulted more sensitive to tetracycline in respect other
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strains of the same species (127). Notably, this different behavior was due to a single polymorphism
in the miaA gene, which resulted to influence the et/ mechanism. In particular, this polymorphism
regards the substitution of a thymine leading to the formation of a glutamine residue instead of a
lysine. This single polymorphism in the miad sequence led to the coding of a different protein,
decreasing the tetracycline resistance associated with fetl gene (127). Moreover, others genes
resulted overexpressed in B. animalis subsp. lactis genomes when these strains were grown in the
presence of tetracycline, as well as, tetP gene, codifying for an ulterior GTPase and the tet(36) gene,

codifying for a specific tetracycline efflux pump (124).

1.10 Interaction between bifidobacteria and the human GIT.

As mentioned above, the GIT microbiota consists of a complex ecosystem with different metabolic
and physiological activities. Recently, several studies showed various mechanisms by which
bifidobacteria interact with the host, including the presence of genes encoding for extracellular
structures, as well as exopolysaccharides (EPS), serine protease inhibitors and cell surface-encoding
proteins, called pili (128-131).

EPS are carbohydrate polymers present as an extracellular layer on the surface of different
microorganisms, including Gram-positive and Gram-negative bacteria (132). EPS can have two
functions, the first one is to act as virulence factors in several diseases and the second is promoting
health benefits, supporting the colonization of gut commensals (133-137). The EPS synthesized by
members of Bifidobacterium genus are formed by different monosaccharides, i.e. D-glucose, D-
galactose and L-rhamnose, and they are classified as hetero-polysaccharides (138). Several studies
showed that the immune response is conjugate to the production of EPS (138, 139). Moreover, it is
demonstrated that EPS can act as antioxidants to decrease the damage caused by reactive oxygen
species in tissues (140) and they play a role in the modulation, in the composition and in the activities

of the gut microbiota (138). Recently, the molecular characterization of the bifidobacterial EPS-ome
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(e.g. all identified bifidobacterial genes that represent all predicted functions for EPS production),
showing the existence of nine different EPS-coding genes genetic clusters conserved in all
Bifidobacterium species and the presence of 44 species-specific clusters (130). Moreover, it was
demonstrated that members of Bifidobacterium genus modulated the EPS production when they are
cultivated in a simulating-infant gut environment (130).

Additionally, another important feature used by bifidobacteria to interact with the host is represented
by pili-like structures. In particular, there are two types of pili in bifidobacteria genus: the sortase-
dependent (SD) pili (types I and II) and the Tight Adherence Pili (Tad — types IV). These structures
are involved in bacterial adhesion to the surface environments and they stimulate the immune
response of the host (128). A recent study investigating the bifidobacterial SD pili revealed the
existence of 15 different clusters of pili-encoding genes and the presence of species-specific and
strain-specific clusters (131). Moreover, it is demonstrated that these pili-like structures are crucial in
adhesion to glycans and extracellular matrix proteins, suggesting the ecological ability of
bifidobacteria to colonize the human gut (131). Furthermore, the first locus encoded for Tad pili in
bifidobacteria was individuated in the strain B. breve UCC2003 (141). Transcriptome analysis of the
B. breve UCC2003 upon colonization in mice revealed an up-regulation of genes encompassing the
tad locus, which does not result to be expressed when the strain was cultivated in vitro (141).
Additionally, experiments based on mutational analysis revealed the importance of fad locus in the
colonization and persistence of B. breve UCC2003 in the mammalian gut (141). Notably, the tad
locus is highly conserved among all the bifidobacterial species, supporting the role of this locus in
the host colonization (42).

Other bifidobacterial encoded proteins involved in the interaction between bacteria and the host are
represented by the serine protease inhibitors, which are members of serpin superfamily (142, 143).
For example, the strain B. longum NCC 2705 encodes for a serpin-like protease inhibitor that
contributes to the interaction with the host in the GIT (142). This enzyme seemed to play an important

role in the interaction between this strain and the host, inhibiting human neutrophil and pancreatic
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elastases (142). Another study featured a serpin-encoding gene in the genome of the human mucosal-
isolated strain B. breve 210B (129). Different analysis based on microarray and quantitative real-time
PCR (qRT-PCR) approaches showed that the polycistronic mRNA, including the ser operon, is
induced following treatment of this strain with gut proteases, as well as pancreatic elastase, human
neutrophil elastase, thrombin, papain, kallikrein, trypsin, a-antitrypsin, chymotrypsin or plasmin
(129). In this study, Turroni et al. highlighted that there was an anti-inflammatory response due to
the activity of the serine protease inhibitor, lowering the negative effect of this protein in the intestinal

inflammation (129).

1.11 The vertical transmission of bacteria from mother to newborns.

Until few years ago, the human infant intestine is considered sterile before the birth (144), but recent
studies suggested the presence of bacterial colonization before the delivery (43, 145-147). A recent
metagenomics study, based on NGS techniques, investigated the newborns microbiota immediately
after the birth (148). These data highlighted that in newborns intestinal secretions, in the meconium
and in the amniotic fluid, there was the presence of some microorganisms belonging to Streptococcus,
Lactococcus, Shigella, Escherichia, Enterococcus and Leuconostoc genera (148). In this context, the
period immediately after the birth is considered crucial for the correct development of the gut
microbiota (148). It is shown a correlation between the type of the birth, i.e. natural birth or Caesarian
Section (CS), and the gut microbiota composition of newborns (41, 149, 150). In fact, the passage of
newborns through the vaginal tract and subsequent breastfeeding are considered primary factors that
contributed to the microbial colonization of the GIT (148, 151). In this context, the type of the birth
is very important because influence the composition of the newborn gut microbiota. In fact, different
studies have been demonstrated that the microbial composition of children born with natural delivery
is initially colonized from bacteria residing in the mother’s urogenital tract, as well as members of
Lactobacillus and Bifidobacterium genera (148, 151-153). Conversely, children born through CS are

not exposed to maternal bacteria presenting a low number of microorganisms belonged to
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Bifidobacterium genus and to Bacteroidetes phylum, whereas they are colonized from bacteria
presents on the skin or in the environment, as members of Streptococcus, Corynebacterium and
Propionibacterium genera (56, 154). The type of the feeding represents another important feature
influencing the composition of the newborns gut microbiota. The human milk is a complex biological
fluid that is necessary for the nutritional needs and for the immune system development in newborns
(155). These important characteristics are due to the molecular composition of human milk, in fact
this biological fluid includes immunoglobulins, fatty acids, polyamines, oligosaccharides, lysozyme,
lactoferrin, other glycoproteins and antimicrobial peptides (155). Interestingly, the human milk
microbiota reaches a very important complexity in the gestation period and after the delivery,
remaining constantly during the breastfeeding (155). The microbial composition of human milk is
predominated from two phyla: Proteobacteria and Firmicutes (156). In this context, Staphylococcus,
Pseudomonas, Streptococcus and Lactobacillus genera result to be the most abundant genera in
human milk (156). Furthermore, recent studies highlighted the presence of members of
Staphylococcus and Streptococcus genera in the gut microbiota of breastfed newborns in respect the
gut microbiota of newborns artificially feeding (157, 158). Notably, after the first week of life the
number of bacteria belonged to these genera decrease for the low oxygen level, building an
environment that promotes the colonization of anaerobic microorganisms (159).

One of the most important bacterial component of the human milk is represented by the
Bifidobacterium genus, which are able to metabolize HMOs. HMOs are one of the most abundant
molecular classes composing the human milk together with fatty acids and lactose (160, 161).
Bifidobacteria are considered among the first colonizer of human gut and they are able to reach high
abundant level in the first two weeks of life together with members of the Firmicutes phylum (162).
Several recent studies revealed that the taxonomic classification of bifidobacteria in the mother gut
microbiota is strictly correlated with bifidobacteria present in the newborns gut, suggesting the
hypothesis of a Vertical Transmission (VT) of these microorganisms from mother to child (43, 153).

In this context, recent studies based on Internal Transcribed Spacer (ITS)-profiling investigated on
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Bifidobacterium species shared between mothers and newborns (148, 151). In these studies, the high
level of members of Bifidobacterium species shared from mothers and newborns was investigated,
considering different samples-sets made up of mothers and their newborns (148, 151). In particular,
B. adolescentis, B. angulatum, B. breve, B. dentium, B. longum, B. pseudolongum and
Bifidobacterium thermacidophilum species are demonstrated to be shared between mothers and
newborns (148, 151). Combining NGS approaches, i.e., ITS-bifidobacterial profiling and shotgun
metagenomics, with qRT-PCR, these studies confirmed the existence of a VT route of bifidobacterial
communities from mothers to children (148, 151). Furthermore, they highlighted how bifidobacteria
are inherited from the mother, implying human milk as vehicle to facilitate this acquisition, also for
the ability of some Bifidobacterium species to utilize HMOs and HMO-derived glycans as carbon
sources (148). In addition, the authors highlighted the existence of a bifidoprophage VT, facilitating

their spread from mothers to newborns (148).
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Chapter 2
Outline of the thesis
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The aim of this Ph.D. thesis research is to investigate the biology of members of the Bifidobacterium
genus. In particular, comparative genomic studies and Horizontal Gene Transfer (HGT) events among
bifidobacteria have been investigated taking into account fully sequenced genomes. Since
bifidobacteria is one of the first colonizers of the infants’ gut, the vertical transmission (VT) between
mothers to puppies of Bifidobacterium species, has been also examined. Furthermore, since
bifidobacteria are intestinal microorganisms, the impact of antibiotic molecules has been explored
through in silico and in vitro experiments. Finally, the last section of the thesis focuses on the
investigation of the vaginal microbiota composition and the role of one of its main colonizer, such as
Lactobacillus crispatus species.

Chapter 3 describes a comparative genomics analysis of members of the Bifidobacterium animalis
species, including both subspecies, i.e., B. animalis subsp. animalis and B. animalis subsp. lactis. In
this chapter, the evolutionary differentiation between these two taxa was investigated through in silico
analysis and experimentally evaluated by physiological in vitro experiments.

Chapter 4 dissects the VT of different Bifidobacterium strains through an in vivo animal model (Rattus
norvegicus). Moreover, this chapter investigated the hypothesis of the possible colonization of the
puppies’ gut before the natural birth and on the existence of a pre-birth microbiota.

Chapter 5 illustrates an in silico analysis of the resistome and the mobilome of the Bifidobacterium
genus. In addition, the association of mobilome and resistome data has allowed the characterization
of genetic insertion signature that could be involved in HGT events.

Chapter 6 focuses on the effect of the Amoxicillin - Clavulanic acid (AMC) antibiotic on the gut
microbiota. Furthermore, a screening involving different Bifidobacterium strains was performed to
evaluate their resistance toward this antibiotic. Finally, the role of AMC resistance Bifidobacterium
strains was investigated through in vitro batch-experiments.

Chapter 7 discusses the vaginal microbiota composition, underlining the healthy effect of L. crispatus

species on this environment. In this chapter, a genomic analysis of L. crispatus species was
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performed, i.e., pan-genome analys of different L. crispatus strains, and the role of L. crispatus on

human vaginal microbiota was investigated through in-vitro batch experiments.
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ABSTRACT

Bifidobacteria are members of the gut microbiota of animals, including mammals, birds and social
insects. In this study, we analyzed and determined the pan-genome of Bifidobacterium animalis
species, encompassing Bifidobacterium animalis subsp. animalis and the Bifidobacterium animalis
subsp. lactis taxon, which is one of the most intensely exploited probiotic bifidobacterial species. In
order to reveal differences within the B. animalis species, detailed comparative genomics and
phylogenomics analyses were performed, indicating that these two subspecies recently arose through
divergent evolutionary events. A subspecies-specific core genome was identified for both B. animalis
subspecies, revealing the existence of subspecies-defining genes involved in carbohydrate
metabolism. Notably, these in silico analyses coupled with carbohydrate profiling assays suggest
genetic adaptations toward a distinct glycan milieu for each member of the B. animalis subspecies,
resulting in a divergent evolutionary development of the two subspecies.

IMPORTANCE

The majority of characterized B. animalis strains have been isolated from human fecal samples. In
order to explore genome variability within this species, we isolated 15 novel strains from the GIT of
different animals, including mammals and birds. The current study allowed us to reconstruct the pan-
genome of this taxon, including the genome contents of 56 B. animalis strains. Through careful
assessment of subspecies-specific core-genes of the B. animalis subsp. animalis/lactis taxon, we
identified genes encoding enzymes involved in carbohydrate transport and metabolism, while
unveiling specific gene-acquisition and -loss events that caused the evolutionary emergence of these

two subspecies.

For Supplementry Materials see the article published on Applied and Environmental Microbiology.
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MATERIALS AND METHODS

Bifidobacterial selection.

In order to explore genome variability of the B. animalis species, 15 novel strains were isolated from
fecal samples collected from different animals. Samples were composed of 10 g of fresh fecal
material, which is a sufficient quantity to represent the overall biodiversity of the fecal microbiota as
reported in a previously published study (163). One gram of fecal sample from each collected animal
was mixed with nine ml of phosphate-buffered saline (PBS; pH 6.5). Serial dilution and subsequent
plating were performed using de Man—Rogosa—Sharpe (MRS) agar, supplemented with 50 pg/ml
mupirocin (Delchimica, Italy) and 0.05 % (wt/vol) L-cysteine hydrochloride. Agar plates were
incubated for 48 h at 37 °C in a chamber (Concept 400; Ruskin) with an anaerobic atmosphere (2.99
% H», 17.01 % CO- and 80 % N>). Morphologically different colonies that developed on MRS plates
were randomly picked and re-streaked in order to isolate purified bacterial strains. All isolates were
subjected to DNA isolation and characterized as previously described by Turroni et al. (164). The B.
animalis strains isolated in this study are listed in Table 1, together with other strains used for in silico

analyses.

Bifidobacterial ITS profiling.

Partial ITS sequences were amplified from extracted DNA using the primer pair Probio-
bif Uni/Probio-bif Rev (165). Resulting reads were analyzed by means of an updated bifidobacterial
ITS database encompassing all publicly available bifidobacterial genomes and a custom
bioinformatics script as previously described (165). ITS bifidobacterial profiling of mammalian
species and birds were coupled with data of mammalian bifidobacterial communities as previously

determined by Milani et al. (75).
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Genome sequencing and assemblies.

DNA extracted from bifidobacterial isolates was subjected to whole genome sequencing using MiSeq
(Illumina, UK) at GenProbio srl (Parma, Italy) following the supplier’s protocol (Illumina, UK). Fastq
files of the paired-end reads obtained from targeted genome sequencing of isolated strains were
utilized as input for genome assemblies through the MEGAnnotator pipeline (166). SPAdes software
was used for de novo assembly of each bifidobacterial genome sequence (167, 168), while protein-
encoding open reading frames (ORFs) were predicted using Prodigal (169). The coverage depth of
these newly isolated 15 B. animalis chromosomes ranged from 85- to 278-fold, which upon assembly
generated 47 to 12 contigs (Table 1). The number of predicted ORFs ranged from 1556 of B. animalis
subsp. lactis 1808B to 1935 of B. animalis subsp. animalis 2022B (Table 1). In order to ensure data
consistency, B. animalis chromosomes retrieved from public databases were re-annotated using the

same bioinformatics pipeline applied for the 15 B. animalis strains isolated in the current study.

Comparative genomics.

A pan-genome calculation was performed using the pan-genome analysis pipeline PGAP (170),
including each B. animalis genome collected from this study (Table 1). Each predicted proteome of
a given B. animalis strain was screened for orthologues against the proteome of every collected B.
animalis strain by means of BLAST analysis (171) (cutoff: E value of < 1x10 ~* and 50 % identity
over at least 80 % of both protein sequences). The resulting output was then clustered into protein
families by means of MCL (graph theory-based Markov clustering algorithm) (172), using the gene
family (GF) method. A pan-genome profile was built using all possible BLAST combinations for
each genome being sequentially added. Using this approach, unique protein families encoded by the
analyzed B. animalis genomes were also identified. Protein families shared between analyzed
genomes allowed us to identify the core genome of the B. animalis species. Each set of orthologous

proteins, belonging to the core genome, was aligned using Mafft software (173), and phylogenetic
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trees were constructed using ClustalW (174). Based on these comparative analyses, a B. animalis

supertree was constructed and visualized using FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

Carbohydrate growth assays.

Bifidobacterial strains were cultivated on semi-synthetic MRS medium supplemented with 1 %
(wt/vol) of a particular sugar and optical densities (OD measurements at a wave length of 600 nm)
were recorded using a plate reader (BioTek, Winooski, VT, USA). The plate reader was read in
intermittent mode, with absorbance readings performed at 3 minute intervals for 3 times after 48 h of
growth, where each reading was ahead of 30 s shaking at medium speed. Cultures were grown in
biologically independent triplicates and the resulting growth data were expressed as the mean of these
replicates. Carbohydrates were purchased from Sigma and Carbosynth (Berkshire, UK).
Carbohydrate-active enzymes were identified based on similarity to the carbohydrate-active enzyme

(CAZy) database entries.

Single Nucleotide Polymorphism (SNP) identification.

Multiple alignment of conserved genomic sequence with rearrangements (Mauve) software (175) was
employed to perform whole-genome sequence alignments between bifidobacterial genome
sequences. SNPs reported by Mauve were manually evaluated to identify polymorphisms between

subspecies.

Gene gain/loss through evolutionary reconstruction.

Identification of genes that are predicted to be acquired by Horizontal Genes Transfer (HGT) event
was performed using COLOMBO v4.0 (176). Evolution-driven acquisition and loss of GH-encoding
genes among members of the B. pseudolongum phylogenetic group was performed with Count (177)

software using Wagner’s parsimony.
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Statistical analyses.

SPSS software (IBM, Italy) was used to perform statistical analysis between B. animalis subsp.
animalis strains group and B. animalis subsp. lactis group by T-student test. Furthermore, t-test
assumption was verified using the unequal variances Welch t-test analysis to validate samples that

exhibit unequal variance in the sample size (Table S1).

Data Deposition.

Newly isolated B. animalis genomes were sequenced and deposited at DDBJ/ENA/GenBank under

the accession numbers reported in Table 1 (BioProject PRINA506409).
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RESULTS AND DISCUSSION

Isolation and genetic characterization of the B. animalis species.

To investigate the occurrence of B. animalis in the gut of animals, we screened the Internally
Transcribed Spacer (ITS) sequence profiling data derived from fecal samples of four mammalian and
bird species together with the bifidobacterial community data previously determined by Milani et al.
(75) (Fig. 1). In this context, B. animalis was detected in 55 % of such fecal samples, with a higher
occurrence in the fecal samples of dogs (Canis lupus), onagers (Equus hemionus kulan), monkeys
(Chlorocebus pygerytrhus, Macaca fuscata, Macaca Sylvanus and Pan Troglodytes) and mice (Mus
musculus) (Fig. 1). These data revealed a cosmopolitan lifestyle of this taxon, underlining the
potential high genetic adaptation of B. animalis strains to different (host) environments.

In order to investigate the genetic contents of the B. animalis species, including representatives of
both B. animalis subsp. animalis and B. animalis subsp. lactis taxa, we applied a bifidobacterial
isolation protocol on fecal samples of those animal species displaying a high abundance of these taxa.
The above-mentioned analyses (see Materials and Methods) (178, 179) allowed the isolation of 15
novel B. animalis strains from birds (Phasianus colchicus) and various Mammalia, such as canine
breeds, i.e., German shepherd, Pomeranian, Alaskan malamute and Flat coated retriever, and three
different non-human primates, i.e., Pan troglodytes, Chlorocebus pygerythrus and Macaca Sylvanus.
Moreover, B. animalis subsp. lactis/animalis strains were isolated from fecal samples of rabbits
(Oryctolagus cuniculus), beavers (Castor fiber) and pigs (Sus scrofa domesticus) (Table 1 and Fig.
1). Interestingly, we were also able to isolate different B. animalis strains from stool samples of
animals in which the ITS bifidobacterial profiling analysis indicated a low relative abundance of this
species, 1.e. Sus scrofa (0.06 %) and Oryctolagus cuniculis (0.002 %). This may be due to the better
growth performance (e.g., high tolerance to environmental stresses) of members of the B. animalis
species compared to other bifidobacteria (180-182). A comparative genomic analysis between newly
isolated strains was complemented with the inclusion of publicly available genomic repertoire of 41

B. animalis strains, thereby exemplifying a broad ecological representation, including the GIT of
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human and other animals (e.g., rat and chicken) (183), as well as different food matrices (e.g., milk
and yogurt) and human vaginal swab (127, 184) (Table 1). This information further validates the
notion that B. animalis seems to be genetically adapted to a large number of habitats. Notably, the
ORFeome of B. animalis subsp. animalis strains, defined as the complete set of open reading frames
in genomes of the same species, was shown to be substantially larger when compared to that of B.
animalis subsp. lactis strains, suggesting that members of the B. animalis subsp. animalis taxon

exhibit a more extensive level of genetic diversity.
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Figure 1. Bifidobacterium animalis profiling data obtained from faecal samples of different
animals. In this bar-plot, the x-axis represents the animals tested for the presence of B. animalis,
while the y-axis represents the percentage of B. animalis compared to other Bifidobacterium species
present in the samples. Each color represents an animal order, as indicated in the legend.

Pan-genome and core-genome analysis of B. animalis species.
The reconstructed genomic datasets of the B. animalis species, encompassing a total of 56

chromosomal sequences, represents the genetic catalogue for this bifidobacterial species. The genetic
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makeup of the whole taxon was employed to predict the pan-genome of the B. animalis species, i.e.,
the available collection of genes from strains of a given species (185). Moreover, these data were
used to predict also the core-genome, i.e., the collection of gene families shared between organisms
of a given species, i.e. the B. animalis taxon, as based on the clusters of orthologous groups (COGs)
(186). The pan-genome size, consisting of 4,486 COGs, when plotted on a log-log scale as a function
of the number of analyzed genomes, suggests that the power trend line has almost reached a plateau
(Fig. 2). The average number of new genes discovered by sequential addition of genome sequences
decreased from 130 COGs upon the addition of another genome, to 30 COGs in the final addition
(Fig. 2). Thus, these findings indicate that genome sequencing of additional (novel) B. animalis
strains are expected to increase the pan-genome size by less than 0.7 % (Fig. 2). Furthermore, the 56
B. animalis genomes were screened to identify shared orthologous genes as well as unique genes. In
silico analyses reveals that 1,098 ORFs were shared between the assessed strains, representing the
core-genome of this species. The functional examination of the core-genome, based on the eggNOG
database (187), reveals that the 26.1 % of the identified core genes are predicted to encode
housekeeping functions and enzymatic activities related to amino acid and carbohydrate metabolism,
and their corresponding transport.

When we separately analyzed the core-genome of strains belonging to a specific B. animalis
subspecies, subspecies-specific core genes could be identified (Fig. 2). In this context, 142
subspecies-specific genes were retrieved in the genomes of the B. animalis subsp. animalis
subspecies, while just 82 were detected in the chromosome sequences of B. animalis subsp. lactis
members. The existence of specific conserved genes between the two subspecies is suggestive of an
evolutionary separation between these bifidobacterial taxa. Specifically, genes that have driven this
differentiation are expected to be among the subspecies-specific core and include genes that are
predicted to encode transporters and carbohydrate active proteins, i.e. 51 in the B. animalis subsp.
animalis- and 31 in the B. animalis subsp. lactis-specific core genome, respectively (Table S2).

Interestingly, the higher number of the above-mentioned genes in the B. animalis subsp. animalis-
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specific core genome when compared to the corresponding number in the B. animalis subsp. lactis-
specific core genome, suggests that B. animalis subsp. animalis strains are able to metabolize a larger
number of glycan substrates compared to B. animalis subsp. lactis strains (Table S2). Furthermore,
the subspecies-specific core genomes include various DNA binding proteins, with a distinctly higher
abundance in B. animalis subsp. animalis (13 genes) as compared to B. animalis subsp. lactis (three
genes), of which five belong to MarR family of transcriptional regulators (Table S2). Altogether, the
observed differences in the number of subspecies-specific core genes between the B. animalis subsp.
animalis and B. animalis subsp. lactis were shown to be statistically significant (P-value < 0.05).

An in silico approach was employed to calculate the Average Nucleotide Identity (ANI) values,
defined as a measure of nucleotide-level genomic similarity between the coding regions of two
genomes, between B. animalis genomes (188), showing a highly syntenic genome structure among
members of this species, with associated ANI values ranging from 95.81 % to 99.99 %. Moreover,
different ranges of ANI values were identified between strains belonging to B. animalis subsp.
animalis and B. animalis subsp. lactis. Interestingly, the lowest ANI value between B. animalis subsp.
lactis genomes was 98.7 %, while for B. animalis subsp. animalis genomes this number was 96.1 %.
These data reflect the differences between these two subspecies, highlighting a highly syntenic
genome structure among members of the B. animalis subsp. lactis subspecies. This statement was
further validated by the pan-genome analysis mentioned above that allowed us to highlight Truly
Unique Genes (TUGs) of each B. animalis strain (Fig. 2). In this context, a variable number of TUGs,
ranging from zero for 23 B. animalis subsp. lactis strains to 144 genes for B. animalis subsp. animalis
2022B, were detected (Fig. 2). Thus, the absence of TUGs within the majority of B. animalis subsp.
lactis strains supports the previously noted high isogenic nature of members of this taxon (127).
Furthermore, the ANI analysis highlights that genomes of two B. animalis subsp. lactis strains, i.e.
ATCC 27674 and CNCM 1-2494, displayed a genetic identity of 99.9 % when compared with that of
the prototypical probiotic bifidobacterial strain, i.e. B. animalis subsp. lactis BB-12 (189). Thus, we

can speculate that the latter strains exhibit similar probiotic characteristics (190). Nevertheless,
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additional functional genomics analyses coupled with in vivo studies should be performed in order to

confirm this notion.
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Figure 2. Pan-genome and core-genome of the B. animalis species. Panel a shows the pan-
genome of the B. animalis species. Panel b exhibits the average of new genes upon sequential
addition of the B. animalis genomes. Panel ¢ displays two Venn diagrams representing shared
orthologous as well as unique genes among the 56 B. animalis genomes. Numbers in blue circular
segments represent the core genes of the B. animalis taxon, while numbers in red circular segments
symbolize the subspecies-specific core genes. Moreover, numbers of unique genes are highlighted
in small green circles.
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Phylogenetic analyses of the B. animalis species.

Recently, a phylogenomic assessment of members of the genus Bifidobacterium allowed the
identification of nine phylogenetic groups (67). Notably, B. animalis subsp. lactis and B. animalis
subsp. animalis taxa are members of the Bifidobacterium pseudolongum group, which also includes
Bifidobacterium choerinum, Bifidobacterium cuniculi, Bifidobacterium gallicum, Bifidobacterium
magnum, Bifidobacterium pseudolongum subsp. globosum and Bifidobacterium pseudolongum
subsp. pseudolongum (191). Accordingly, we re-evaluated the evolutionary development of the 56 B.
animalis strains analyzed here using a phylogenomic approach, which also included the genome
sequences of the bifidobacterial type-strains belonging to the B. pseudolongum phylogenetic group.
In silico analyses identified 667 orthologous genes, which were shared among sequenced genomes
of the B. pseudolongum group, which were then employed to build a so-called supertree (Fig. 3). This
supertree showed that all 15 B. animalis strains isolated in this study, co-cluster with other publicly
available B. animalis genomes. Furthermore, a clear division was identified between genomes
belonging to the B. animalis subsp. animalis subspecies and those encompassing the B. animalis
subsp. lactis subspecies (Fig. 3). As previously observed through molecular typing approaches, B.
animalis subsp. lactis ATCC27672 clusters together with members of the B. animalis subsp. animalis
group, suggesting a misclassification of this strain (181). Interestingly, B. animalis subsp. lactis
2011B clusters on a separate branch with respect to other B. animalis subsp. lactis strains, suggesting
that this isolate may have followed a different evolutionary pathway compared to the other members
of B. animalis subsp. lactis taxon. In order to assess the level of genetic differences between each B.
animalis subspecies, we analyzed Single Nucleotide Polymorphisms (SNPs) among genomes of this
taxon, using the software Mauve (192). The number of identified SNPs was higher in B. animalis
subsp. animalis genomes (123,338 SNPs) as compared to those detected in the B. animalis subsp.
lactis chromosomes (52,162 SNPs). In this context, 59.5 % of the B. animalis subsp. animalis SNPs
were identified only in two strains, i.e., B. animalis subsp. animalis 2006B and B. animalis subsp.

animalis 2022B, while 54.8 % of the B. animalis subsp. lactis SNPs were detected in only three
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strains, i.e., B. animalis subsp. lactis 2010B, B. animalis subsp. lactis 2011B and B. animalis subsp.
lactis 2007B. It should be noted that some of these differences may be correlated with the quality of
the deposited genome sequences, which may have been affected by a low sequencing fold coverage.
Nonetheless, strains that display the highest number of SNPs in their genomes also reflect their
apparent phylogenetic distinctiveness in the supertree of the B. pseudolongum group (Fig. 3), perhaps
reflecting divergent evolution when compared to other members of their subspecies. Furthermore, the
performed phylogenetic analysis may assist in the selection of novel probiotic strains. In this context,
18 B. animalis subsp. lactis strains cluster in the BB-12 branch (Fig. 3). Their genomic relatedness
was also highlighted in the pan-genome analysis, where half of the B. animalis subsp. lactis strains

does not show any TUGs (Fig. 2).
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Figure 3. Phylogenomic tree of the B. animalis taxa. Proteomic tree based on the concatenation
of 667 B. animalis core genes identified in the B. pseudolongum group phylogenomic analysis. This
tree was constructed by the neighbor-joining method, and the genome sequence of Bifidobacterium
adolescentis ATCC15703 was used as outgroup. Bootstrap percentages above 50 are shown at node

points, based on 1,000 replicates. Colored small circles indicate the ecological origins of each
bacteria.
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The glycobiome of the B. animalis species.

Bifidobacteria are known to metabolize a wide range of carbohydrates, as a carbon and energy source,
ranging from dietary- as well as host-derived glycans (86, 106, 117, 193). In order to assess
carbohydrate fermentation capabilities of the two B. animalis subspecies, we performed growth
experiments involving 19 B. animalis species cultivated on semi-synthetic medium with different
carbohydrates as the sole carbon source. In order to obtain a complete overview of such carbohydrate
metabolic abilities, we included both plant- and host- derived glycans (Fig. 4). As displayed in Figure
4, all B. animalis subsp. lactis strains were able to grow on a common set of sugars, such as lactose,
maltose, raffinose and sucrose. In contrast, B. animalis subsp. animalis strains was shown to
metabolize a broader array of sugars, with a high growth performance in media containing arabinose,
galactose, glucose, maltose, melibiose, sucrose or xylose (194). Furthermore, B. animalis subsp. lactis
646, B. animalis subsp. lactis 1316B and B. animalis subsp. lactis 1395B, in contrast to other
members of this subspecies exhibited appreciable growth on xylose (Fig. 4).

Statistical analyses were performed to corroborate the observed growth differences between B.
animalis subsp. lactis and B. animalis subsp. animalis strains on different sugars. As shown in Figure
4, a significant growth difference (P-value < 0.05) for 14 carbohydrates was observed, with highest
growth performances of B. animalis subsp. animalis strains (when compared to B. animalis subsp.
lactis strains) in media containing arabinose, fructose, galactose, glucose, pullulan, trehalose or
xylose (Table S1). On the other hand, B. animalis subsp. lactis strains were shown to grow
significantly better (when compared to B. animalis subsp. animalis strains) in MRS medium
supplemented with lactose (Fig. 4). Moreover, in five cases, the obtained growth performances were
shown to be highly significantly different, with P-values < 0.001 (Fig. 4). Notably, none of B.
animalis subsp. lactis strains was shown to be able to utilize mucin, N-acetyl-D-galactosamine and
N-acetyl-D-glucosamine, which indicates that the tested strains possess limited metabolic capabilities
concerning host-derived glycans (Fig. 4). In order to validate the observed metabolic differences of

the B. animalis subspecies, we predicted the glycosyl hydrolase (GH) enzymes involved in
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carbohydrate breakdown and belonging to the subspecies-specific core genes, as mentioned above.
The in silico analyses were performed using the Carbohydrate-Active Enzymes (CAZy) database
(109) involving the 56 B. animalis genomes mentioned above. Interestingly, 13 subspecies-specific
core genes of B. animalis subsp. animalis genomes are predicted to be involved in sugar metabolism,
while five genes indicated as carbohydrate-active enzymes are present in the subspecies-specific core
genes of B. animalis subsp. lactis genomes. Among these subspecies-specific carbohydrate-active
enzymes, we retrieved seven GH-encoding genes in B. animalis subsp. animalis genomes and four
within B. animalis subsp. lactis strains. Interestingly, one of the seven B. animalis subsp. animalis-
specific GH belongs to the GH2 family, which typically represent -galactosidase (195) and exo-f3-
glucosaminidase (196) activities, confirming the observed high metabolic capabilities of this taxon
towards galactose- and glucose-containing sugars (Figure 4). Furthermore, two B. animalis subsp.
animalis GH-specific genes belong to the GH3 family, representing -glucosidases and xylosidases
(197) and the GH43 family, representing xylosidases (197) and arabinosidases (198), which are
involved in the metabolism of xylose- and arabinose-containing glycans. Therefore, in silico analyses
showed a larger number of GH-encoding genes among the B. animalis subsp. animalis subspecies-
specific core genes when compared to the B. animalis subsp. lactis subspecies-specific core genes,
confirming the observed broader carbohydrate-dependent growth performances displayed by this

taxon.
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Figure 4. Evaluation of carbohydrate utilization by B. animalis strains. Panel a shows a heat
map representing the growth performances of B. animalis strains on different sugars. Cultures were
grown in biologically independent triplicates. Different shading represents the optical density
reached by the assessed cultures. Panel b displays a whiskers plot based on optical density values of
those sugars that results with a P-value < 0.05 between subspecies (Student's t-test). The x-axis
represents the sole carbon source used for the growth experiments, while the y-axis shows the
optical density values obtained for B. animalis subsp. animalis strains (blue color) and B. animalis
subs. lactis strains (orange color). Points reflect the distribution of a data set, while the boxes
represent 50 % of the data set, distributed between the 1st and 3rd quartiles. The Median divides the
boxes into the interquartile range, while the X represents the Mean. The lines extending vertically
outside of the boxes show the outlier range.

Evolutionary gain-gene and loss-gene analysis.

In order to identify genes that may have been acquired by Horizontal Genes Transfer (HGT), the
genomes of the type strains of B. animalis subsp. animalis/lactis were analyzed with the software
suite COLOMBO v 4.0 (176). Interestingly, 80 genes, representing 5.1 % of the B. animalis subsp.

lactis genes, seem to have alien origins of which 42.5 % encode hypothetical proteins. Moreover, 7.5
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% of the genes that may have been acquired by HGT are predicted to be enzymes involved in
carbohydrate metabolism, while 12.6 % represent genes encoding transcriptional regulators, and
genes involved in CRISPR-Cas systems (Fig. 5). In the case of B. animalis subsp. animalis, 4.6 % of
the genes seem to have been acquired by HGT, of which 45.1 % represent hypothetical proteins.
Moreover, 4.2 % of these genes encode transposase and 8.4 % are predicted to be involved in
CRISPR-Cas and in transcriptional regulation. These data suggest that HGT events represent a minor
force in the evolution of genomes of B. animalis species.

To evaluate the acquisition and loss of the subspecies-specific GH genes through the B.
pseudolongum phylogenetic group, we analyzed the predicted subspecies-specific carbohydrate
active enzymes using Count software (177), This evolutionary development analysis is based on the
core-gene sequences retrieved from the type strains of the B. pseudolongum phylogenetic group. As
indicated in Figure 5, the B. animalis subsp. animalis taxon seems to have acquired five carbohydrate
active enzymes during evolution when compared to the common ancestor of the phylogenetic group.
Furthermore, the B. animalis subsp. lactis taxon was shown to be the subspecies with the higher
prevalence of subspecies-specific GH gene loss, encompassing five specific GHs (Fig. 5). These
findings suggest that the B. animalis subspecies has followed a different evolutionary path,

confirming our observed differences between these two taxa identified in the phylogenomic analyses.
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Figure 5. Evolutionary gene-gain and gene-loss analysis within the B. pseudolongum
phylogenetic group as based on predicted subspecies-specific GHs. Panel a exhibits genes that
are predicted to have been acquired by HGT events in the type strains of the B. animalis species.
Bar-plots represent in different colors the functional annotations of the predicted genes. Panel b
displays a tree based on the core genome of the B. pseudolongum phylogenetic group. The different
sticks represent the predicted subspecies-specific GHs within B. pseudolongum phylogenetic group.
Each node reports the number of predicted GHs identified in the type strains tested. Green and
orange bars on the edge leading to each node indicate gain and losses.
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CONCLUSIONS

Isolation of 15 B. animalis strains from the GIT of different animals, and representing the B. animalis
subsp. animalis and B. animalis subsp. lactis taxa, revealed the cosmopolitan lifestyle of this species.
Genome sequencing of the collected strains allowed us to reconstruct the genomic dataset of the B.
animalis species, including 41 publicly available B. animalis genomes, unveiling that further genome
sequencing of novel B. animalis strains will only slightly contribute to increase the pan-genome size.
Nonetheless, phylogenetic analysis based on core genome sequences, among the 56 bifidobacterial
genomes, showed a clear differentiation between the B. animalis subsp. animalis and B. animalis
subsp. lactis branch. In fact, genome comparison of each strain showed the presence of a subspecies-
specific core genome, representing the genetic differences between these two subspecies.
Furthermore, the performed phylogenetic analysis highlights a cluster composed of 18 B. animalis
subsp. lactis isolates that represent potential novel probiotic strains. Interestingly, a large proportion
of the subspecies-specific genes of either B. animalis subspecies seems to be involved in sugar
transport and metabolism. In this context, a larger number of such subspecies-specific transporter and
GH activities was found in B. animalis subsp. animalis genomes. Growth performances on various
sugars as their sole carbon source confirmed the ability of B. animalis subsp. animalis taxon to
metabolize a broader set of sugars, e.g., arabinose, galactose, glucose, maltose, melibiose, sucrose
and xylose, while B. animalis subsp. lactis strains seems to be more specialized using a smaller
number of sugars, such as lactose, maltose, raffinose and sucrose. Altogether, these results seem to
highlight a better ecological fitness of B. animalis subsp. animalis taxon compared to B. animalis
subsp. lactis taxon. Moreover, a gene acquisition and loss analysis based on subspecies-specific
glycosyl hydrolase genes revealed that B. animalis subsp. animalis taxon seems to have acquired
several GHs through HGT, while B. animalis subsp. lactis species appears to have suffered loss of
GH-encoding genes. Thus, these findings confirm the evolutionary differentiation between these two

subspecies as highlighted in both phylogenetic and genomic analyses.
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Table 1. Bifidobacterium animalis strain used in this study. The references were based on the
decoding genomes project according to NCBI database.

Genome No. of GC content No of rRNA

Species Strains Ecological Origin Coverage  Contigs References
Size (Mb) ORFs (%) tRNA locus
B. animalis subsp.
2022B Castor fiber feces 2.4 1935 61.08 65 2 142x 17 RSDC00000000
animalis
B. animalis subsp. Canis lupus familiaris
2006B 2.16 1747 61.24 56 3 195x 47 RSDB00000000
animalis (German shepherd) feces
B. animalis subsp.
ATCC25527 Human feces 1.93 1622 61.35 52 2 - - (199)
animalis
B. animalis subsp.
ATCC27672 Rat feaces 1.99 1611 60.97 52 1 - - NCBI database
animalis
B. animalis subsp.
M386 Human faeces 1.93 1623 61.35 52 1 - - NCBI database
animalis
B. animalis subsp.
LMG10508 Rat feaces 1.92 1619 60.53 52 2 - - NCBI database
animalis
B. animalis subsp.
MCC0483 Rat feaces 2.18 1922 60.97 53 1 - - NCBI database
animalis
B. animalis subsp.
MCC0499 Rat feaces 2.13 1870 61.05 62 1 - - NCBI database
animalis
B. animalis subsp.
MCC1489 Guinea pig feaces 1.91 1619 61.35 52 2 - - NCBI database
animalis
B. animalis subsp.
YL2 Rat feces 2.02 1705 61.1 52 3 - - (200)
animalis
B. animalis subsp.
646 Human feces 1.92 1673 61.4 52 4 - - NCBI database
lactis
B. animalis subsp. Phasianus colchicus
1316B 1.92 1556 60.47 52 3 195x 14 RSDA00000000
lactis feces
B. animalis subsp. Oryctolagus cuniculus
1395B 1.92 1557 60.47 52 2 99x 12 RSCZ00000000
lactis feces
B. animalis subsp. Sus scrofa domesticus
1528B 1.95 1600 61.47 55 2 97x 12 RSCY00000000
lactis feces
B. animalis subsp.
1802B Macaca sylvanus feces 1.92 1557 61.36 52 2 132x 15 RSCX00000000
lactis
B. animalis subsp. Chlorocebus pygerytrhus
1808B 1.92 1556 61.35 52 2 87x 15 RSCW00000000
lactis feces
B. animalis subsp. Chlorocebus pygerytrhus
1811B 1.68 1560 61.37 52 2 156x 16 RSCV00000000
lactis feces
B. animalis subsp.
1813B Pan troglodytes feces 1.68 1557 61.36 52 2 247x 12 RSCU00000000
lactis
B. animalis subsp.
1821B Pan troglodytes feces 1.75 1636 60.71 53 2 278x 40 RSCT00000000
lactis
B. animalis subsp.
1843B Pan troglodytes feces 1.68 1557 61.36 52 2 85x 14 RSCS00000000
lactis
B. animalis subsp.
1869B Pan troglodytes feces 1.92 1557 61.36 52 2 229x 14 RSCR00000000
lactis
B. animalis subsp. Canis lupus familiaris
2007B 1.97 1599 61.28 52 1 194x 25 RSCQ00000000
lactis (Pomeranian) feces
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animalis subsp.

lactis

animalis subsp.
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animalis subsp.
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animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

. animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

2010B

2011B

A6

ADO11

ATCC27536

ATCC27673

ATCC27674

B420

BB-12

BF052

Bi-07

Bifido_08

Bifido_11

Bl 04

Bl12

BL3

BLC1

BSO01

CECT8145

CNCMI-2494

DSI 2

DS11 2

DS15 2

DS2 2

Canis lupus familiaris
(Alaskan malamute)
feces
Canis lupus familiaris
(Flat coated retriever)

feces

Human feces

Infant feaces

Chicken feaces

Fermented milk sample

Rabbit feaces

Human faeces

Food matrices

Feces of breast-fed infant

Human faeces

Human feces

Human feces

Human feces

Human colonoscopic

sample

Human feces

Human faeces

Human faeces

Infant faeces

Human faeces

Human feces

Human feces

Human feces

Human feces

1.98

2.08

1.96

1.91

1.95

1.91

1.94

1.97

1.94

1.94

1.95

1.94

1.94

1.94

1.94

1.94

1.93

1.96

1.94

1.92

1.92

1.92

1.92

1607

1700

1651

1642

1632

1685

1629

1633

1639

1632

1831

1757

1702

1633

1633

1639

1630

1632

1766

1635

1636

1637

1635

1634

61.21

61.32

61.38

61.38

61.35

61.52

61.35

61.37

61.38

61.38

61.38

61.32

61.32

61.38

61.37

61.38

61.37

61.37

61.38

61.38

61.36

61.36

61.37

61.35

52

54

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

52

121x

181x

29

44

RSCP00000000

RSCO00000000

NCBI database

(201)

NCBI database

(202)

NCBI database

(203)

(204)

NCBI database

(203)

NCBI database

NCBI database

(184)

NCBI database

(205)

(206)

NCBI database

NCBI database

(207)

NCBI database

NCBI database

NCBI database

NCBI database

65



=

=

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis

animalis subsp.

lactis
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lactis

DS24 2

DS27 2

DS28 2

DSM10140

HNO19

KLDS2.0603

LMG P-
17502_1
LMG P-

17502_2

RH

Vo

Human feces

Human feces

Human feces

Human feces

Human faeces

Human feces

Food sample

Food sample

Human feces

Human feces

1.92

1.92

1.92

1.94

1.92

1.95

1.92

1.92

1.93

1.94

1670

1642

1633

1635

1645

1646

1628

1628

1629

1633

61.35

61.35

61.35

61.37

61.35

61.37

61.36

61.36

61.37

61.38

52

52

52

51

52

52

52

52

52

52

NCBI database

NCBI database

NCBI database

(184)

NCBI database

NCBI database

NCBI database

NCBI database

NCBI database
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Chapter 4

Bifidobacterial transfer from
mother to child as examined
by an animal model

Mancino W, Duranti S, Mancabelli L, Longhi G, Anzalone R, Milani C, Lugli GA, Carnevali

L, Statello R, Sgoifo A, van Sinderen D, Ventura M, Turroni F.

The results of this chapter were published on Microorganisms, 2019 Aug 27;7(9):293. doi:
10.3390/microorganisms7090293.

Reprinted with permission from Multidisciplinary Digital Publishing Institute.
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ABSTRACT

Bifidobacteria commonly constitute the most abundant group of microorganisms in the
healthy infant gut. Their intestinal establishment is believed to be maternally driven, and their
acquisition has even been postulated to occur during pregnancy. In the current study, we
evaluated bifidobacterial mother-to infant transmission events in a rat model by means of
quantitative PCR (qPCR), as well as by Internally Transcribed Spacer (ITS) bifidobacterial
profiling. The occurrence of strains supplied by mothers during pregnancy to their
corresponding newborns was observed and identified by analysis immediately following C-
section delivery. These findings provide intriguing support for the existence of an unknown

route to facilitate bifidobacterial transfer during the very early stages of life.

For Supplemental Materials see the article published on Microorganisms.

71



MATERIALS AND METHODS

Experiment design and bifidobacterial treatment of rats.

Experiments were performed in accordance with the European Community Council Directive
2010/63/UE and approved by the Italian legislation on animal experimentation (D.L.
04/04/2014, n. 26, authorization no. 370/2018-PR). All efforts were made to reduce sample
size and minimize animal suffering. For the purposes of the current study we employed adult
(4-6 months) Wistar rats (Rattus norvegicus) which were bred in house under standard
conditions (208). The timeline of animal treatment procedures is schematically depicted in
supplemental Figure S1. The duration of the animal trial was four weeks in total. Mating was
allowed during week 1 and for this purpose, 12 adult female rats (Rattus norvegicus) were
coupled with 12 male rats. Pairs were kept in different cages in rooms with controlled
temperature (22 + 2 °C) and humidity (60 + 10 %) and maintained in a 12/12 light/dark cycle
(light on from 19:00 to 7:00 h), with food and water ad libitum. Following the one week mating
period, all female rats were separated and kept in individual cages and were every day orally
treated with bifidobacterial strains for three weeks, which represented the gestation period. One
group of three female rats (which are here referred to as W1, W2 and W3) was orally inoculated
with a mix of three different strains, i.e., Bifidobacterium bifidum PR1.2010, Bifidobacterium
breve 1895B and Bifidobacterium longum subsp. longum 1886B (Mix Colonization Group —
MCQG). The second group with the remaining nine female rats (W4, W5, W6, W7, W8, W9,
W10, W11 and W12) was orally treated with B. bifidum PRL2010 only (PRL2010 Group —
PG). All the strains used in this study were previously isolated from infant stool samples (80,
148). In order to evaluate bifidobacterial transfer, fecal samples were collected at five different
time points. The first time point was before the oral administration of bifidobacteria (T0). Then,
we collected fecal samples at four time points, i.e. at five, eight, 12 and 17 days (T1, T2, T3

and T4) (Fig. S1). On the 19th day of bifidobacterial treatment (i.e., on the day of birth, but
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prior to labor) female animals were anesthetized with isoflurane (2 % in 100 % oxygen) and
Caesarian delivery was performed under a laminar flow hood and all the surgical instruments
used were previously sterilized in order to prevent any microbial contamination. Placentas were

harvested and caecum and blood samples were collected from dams and pups.

Bifidobacterium strains growth conditions.

All strains used in this study were cultivated in an anaerobic atmosphere (2.99 % H», 17.01 %
CO2 and 80 % N) in an anaerobic chamber (Concept 400, Ruskin) on De Man-Rogosa-Sharp
(MRS) broth (Scharlau Chemie, Barcelona, Spain) supplemented with 0.05 % (w/v) L-cysteine
hydrochloride (Sigma-Aldrich) and incubated at 37° C. Microbial cultures were harvested by
centrifugation (3000 rpm for 8 minutes), washed and resuspended in 500 pL of 2 % (w/v)
sucrose solution. The viable count of each inoculum was determined by retrospective plating

on MRS.

DNA extraction and qPCR.

Bacterial DNA extraction from fecal samples was performed following the manufacturer’s
protocol of the QIAamp Fast DNA stool Mini Kit (Qiagen Ltd, Strasse, Germany).
Furthermore, bifidobacterial DNA presence was evaluated for the mother’s caecum, placentas,
blood samples and from puppies’ caecal samples. Specifically, the bacterial DNA from puppies
and mothers’ caecum and from placentas was extracted following the protocol of Power Viral
Environmental RNA/DNA Isolation Kit (Mo Bio, Germany), whereas the bacterial DNA from
mother’s blood was extracted following the protocol of the DNeasy Blood and Tissue Kit
(Qiagen Ltd, Strasse, Germany).

Quantitative PCR (qPCR) was performed as described previously (209). For B. bifidum

PRL2010 were used primers Bbif 0282Fw (5’-GCGAACAATGATGGCACCTA-3’) and
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Bbif 0282Rv (5’-GTCGAACACCACGACGATGT-3") (128), for B. breve 1895B were used
primers BBR7E 0534 fw (5’-AGCGACGATATGATGCAATG-3") and BBR7E 0534 rev
(5’-CGTGAATACGCTGCACAGTC-3’) and for B. longum subsp. longum 1886B were used
primers B1886 0443 fw (5’-AAGCCAAGGACATGTTCGAC-3") and B1886 0443 rev (5°-
TGGTGTATCTGGCGTTCTTG-3") (148). For species specific gPCR were used following
primer pairs: Bbifl (5’-CCACATGATCGCATGTGATTG-3’) and Bbif2 (5’-
CCGAAGGCTTGCTCCCAAA-3’) for B. bifidum species (193), Bbrel (5°-
CCGGATGCTCCATCACAC-3’) and Bbre2 (5’-ACAAAGTGCCTTGCTCCCT-3") for
B.breve species (210), Blonl (5’-TTCCAGTTGATCGCATGGTC-3’) and Blon2 (5’-

GGGAAGCCGTATCTCTACGA-3’) for B. longum.

Bifidobacterium strain isolation from mothers’ caecum.

The collected caecum of the mothers was homogenized and serial dilutions (1:10) were
performed. All dilutions were cultivated on MRS agar (Scharlau Chemie, Barcelona, Spain)
supplemented with 0.05 % (w/v) L-cysteine hydrochloride (Sigma-Aldrich) and 50 pg/ml
mupirocin (Delchimica, Italy). After 48h of incubation in an anaerobic atmosphere (2.99 % Ha,
17.01 % CO; and 80 % N>) in a chamber (Concept 400, Ruskin), morphologically distinct
colonies were selected and cultivated in MRS broth (Scharlau Chemie, Barcelona, Spain)
supplemented with 0.05 % (w/v) L-cysteine hydrochloride (Sigma-Aldrich). Subsequently,
after overnight growth, bacterial DNA was extracted as described previously (211). The
identification of specific strains was obtained using a PCR approach based on strain-specific

primers (see above).
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Bifidobacterial ITS PCR amplification and sequencing.

Following bacterial DNA extraction from caecal samples of mothers and puppies, partial ITS
sequences were amplified using primer pair Probio-bif Uni/Probio-bif Rev, which targets the
spacer region between the 16S rRNA and 23S rRNA genes within the ribosomal RNA (rRNA)
locus (165). At the same time, we prepared a mock community (Mock Bifidobacterial
Community), consisting of a pool of known concentrations of 11 different Bifidobacterium
strains prepared by combining equal concentration of bacterial DNA. The DNA from the mix
was diluted to produce a final DNA concentration of 2 ng/pL, and 4 puL of these dilutions were
used in each PCR reaction using primer pair Probio-bif Uni/Probio-bif Rev. [llumina adapter
overhang nucleotide sequences were added to the partial ITS amplicons, which were further
processed employing the 16S Metagenomic Sequencing Library Preparation Protocol (Part
#15044223 Rev. B — [llumina). The library preparation was performed as described above for
the 16S rRNA microbial profiling analyses. Following sequencing, the .fastq files were
processed using a custom script based on the QIIME software suite (212). In order to
reconstruct the complete Probio-bif Uni / Probio-bif Rev amplicons, the paired-end read pairs
were assembled. Quality control retained sequences with a length between 100 and 400 bp and
mean sequence quality score of >20, while sequences with homopolymers >7 bp in length and
mismatched primers were removed. ITS Operational Taxonomic Units (OTUs) were defined
at 100 % sequence homology using uclust software (213). All reads were classified to the
lowest possible taxonomic rank using QIIME2 (212, 214) and a reference dataset, consisting

of an updated version of the bifidobacterial ITS database (165).
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RESULTS AND DISCUSSION

Evaluation of vertical transmission of bifidobacteria under in vivo conditions.

As previously shown by metagenomic attempts, identical bifidobacterial strains have been
found in the fecal samples of mother-newborn dyads (151, 215). In order to evaluate possible
microbial transfer by pregnant rats treated with a bifidobacterial strain mix consisting of B.
bifidum PRL2010, B. breve 1895B and B. longum subsp. longum 1886 strains, or rats treated
with B. bifidum strain PRL2010 only, animals were divided in two different groups. The first
group consisted of three female rats, which were treated with the bifidobacterial mix (Mix
Colonization Group — MCQG), whereas the second group encompassed nine female rats, to
which only PRL2010 was administered (PRL2010 Group - PG). Notably, the bifidobacterial
strains used were, previously, isolated from fecal samples from healthy breast-fed infants (75,
80, 148). However, even if these bacterial strains were not belonging to the indigenous
microbiota of rat, when administered to these animals during pregnancy, they are able to
colonize the gut of rat (see below). Jimenez et al. have described a similar result previously,
where a human infant gut commensal, Enterococcus faecium, could be vertically transmitted
in pregnant mice.

At the start of the experiment, rats were checked for the presence of strains PRL2010, 1895B
and/or 1886B in fecal samples by means of PCR using strain-specific primer pairs, revealing
that, as expected, these bifidobacterial strains were absent in the animals enrolled in this study
and prior to them being fed any of the strains. Dams were administered a daily dose of 10°
colony forming units (CFU) of B. bifidum PRL2010 or a mix of B. bifidum PRL2010, B.
longum subsp. longum 1886B and B. breve 1895B for 21 days. Presence and clearance of B.
bifidum PRL2010, B. longum subsp. longum 1886B and B. breve 1895B were monitored during
the gestation period using a qPCR approach based on strain-specific primers (Fig. 1). Following

Caesarian delivery of the pups, rats were sacrificed and their caecum was removed and assayed
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for the presence of PRL2010, 1886B and 1895B by means of qPCR. Interestingly, the microbial
density estimated by qPCR of B. bifidum PRL2010 in the caecal samples of mothers ranged
from 10* to 107 CFU, whereas in caecal samples of pups the abundance ranged from 10° to 10°
CFU (Fig. 1). Similarly, the qPCR estimated abundance of B. breve 1895B in the caecum of
mothers and of newborns ranged from 10% to 107 and 10% to 10°, respectively (Fig. 1). The cell
load determined by qPCR of B. longum subsp. longum 1886B in the mother’s gut and in pup’s

caecum varies from 10° to 107 and 10% to 10%, respectively (Fig. 1).
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Figure 1. Schematic representation of the vertical transmission of the
bifidobacterial mix in rat model treated with B. breve 1895B, B. bifidum
PRL2010 and B. longum subsp. longum 1886B strains (Mix Colonization Group
— MCG). Panel a shows the average of DNA presence of the three strains observed
during the bifidobacterial administration. Each point represents the average of the
log-population size + standard deviation for three rats. Panel b displays the presence
of B. breve 1895B, B. bifidum PRL2010 and B. longum subsp. longum 1886B in the
caecum of female rats. Panel ¢ exhibits bifidobacterial retrieval from puppies’
caecum. Each pillar represents the average presence for each Bifidobacterium strain
+ standard deviation.

In addition, we isolated viable PRL2010/1895B/1897B cells from the caecal samples of the
mothers by means of direct cultivation of caecal contents of animals on mMRS followed by
the precise strain-assignment of the isolated cells using a PCR approach based on strain-

specific primers.

Maternal inheritance of B. bifidum PRL2010 strain.

Since B. bifidum strain PRL2010 has been shown to represent a model infant gut commensal
(80-82, 128, 178, 193, 209, 215-224), and as described above for the Mix Colonization Group
— MCG , this strain displayed the highest level of vertical transmission from mother to
newborns, we decided to further examine the maternal inheritance of strain PRL2010.
Bifidobacterial inheritance of nine pregnant rats receiving a daily dose of 10° CFU of B. bifidum
PRL2010 for three weeks was monitored by qPCR (Fig. 2). These rats delivered their puppies
by Caesarian section and PRL2010 levels were evaluated by qPCR using strain-specific
primers targeting both the caecal sample of the mother and the corresponding pups (Fig. 2).
The estimated abundance of PRL2010 cells by qPCR ranged from 103 to 10* CFU and from
10? to 10* CFU in mother and newborns samples, respectively (Fig. 2). Notably, the PRL2010

colonization was lower in PG mothers respect to MCG mothers (Pvalue <0.001). Concurrently,
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the genome copy number of PRL2010 in the newborns from PG group was lower respect those
observed in MCG newborns group (Pvalue < 0.001). These findings suggest that microbe-
microbe interactions provide an advantage in the vertical transmission efficiency of these
species in the infant gut. In addition, such results corroborate previous data regarding the
existence of syntrophic interactions between bifidobacteria in the infant gut (75, 178, 215).

However, the bacterial load of PRL2010 in the MCG newborns group resulted lower respect
to their mothers. In contrast, the PG newborns group showed a higher abundance of PRL2010
cells when compared to their mothers (Fig. S2). Probably, the load of B. bifidum PRL2010 cells
in the newborns of PG group is higher respect to their mothers because it has been administered
as a mono-strain supplement. Conversely, the simultaneously supplementation of
bifidobacterial mix encompassing different strains in MCG group contributed to the decreased

level of PRL2010 cells in the newborns.
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Figure 2. Schematic representation of vertical inheritance of B. bifidum strain
PRL2010, when administered solely in a rat model (PRL2010 Group - PG).
Panel a shows the population sizes of B. bifidum PRL2010 being present in the
intestine of female rats. Each point represents the average of the log-population size
+ standard deviation for nine rats. Panel b displays the B. bifidum PRL2010 retrieval
+ standard deviation for each female rat used. Panel ¢ exhibits the presence of B.
bifidum PRL2010 in the caecum from puppies. Each pillar represents the average
colonization =+ standard deviation of puppies for each female rats.

Identification of DNA belonging to PRL2010 in different rat body sites.

Bifidobacterial DNA occurrence in other body sites of rats such as placenta and blood samples,
which was collected from mothers immediately after Caesarian delivery, was investigated by
gPCR using PRL2010-specific primers. Remarkably, these experiments revealed the presence
of DNA belonging to PRL2010 in the placental tissue but not in blood (Fig. 3). Similar results
were described previously by Jimenez et al. in a trial examining the vertical transmission of
Enterococcus faecium HA1 in pregnant mice (225). Any attempts directed to cultivate
PRL2010 cells from placenta samples under mMRS did not result in the isolation of viable
cells. These findings suggest that either the rat placenta can only be reached by DNA from
lysed PRL2010 cells or that this body compartment only contains dormant PRL2010 cells.
These data may also open a novel and intriguing scenario of prenatal colonization of rats by B.

bifidum PRL2010.
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Figure 3. Schematic representation of the B. bifidum PRL2010 DNA load
observed in placentas’ samples. This graphic displays the level of DNA belonging
to B. bifidum PRL2010 present in the placenta of rats. Each pillar represents the
average retrieval + standard deviation of B. bifidum PRL2010 from the placenta of
rats.
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ITS bifidobacterial profiling of the caecum of mothers and newborns.

In order to further characterize the bifidobacterial composition of caecal samples from mothers
and puppies, ITS bifidobacterial profiling analyses were performed (165) on these 30 samples,
producing a total of 212,034 reads with an average of 7,068 + 6457 reads per sample (Table
1). These raw data were processed to identify and classify reads into clusters of identical
sequences (OTUs). In detail, we focused our interest on OTUs belonging to the species B.
bifidum, B. breve and B. longum subsp. longum. Interestingly, all puppies of the MCG group
shared these three OTUs with the corresponding mothers’ samples (Fig. 4). Moreover,

comparison between PG mothers with their corresponding puppies showed that in 70 % of
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cases the OTUs belonging to the species B. bifidum, B. breve and B. longum subsp. longum are
shared (Fig. 4). In order to confirm the presence of B. bifidum, B. breve and B. longum subsp.
longum in PG group, we performed a qPCR using species-specific primers using mothers’
caeca (Fig. 4). These data revealed that B. breve and B. longum subsp. longum species were
present in the gut microbiota of pregnant rats, even if they were not supplemented to the

animals (Fig.4).

Table 1. Filtering table of the analyzed caecal samples.

Input reads Final reads

PG W4-mother 3423 3126
PG F4-1 2589 2386
PG F4-2 8551 8012
PG F4-3 4126 3776
PG Wé6-mother 2078 1970
PG Fe6-1 2164 2036
PG F6-2 5050 4852
PG W8-mother 1239 1201
PG F8-1 6365 5797
PG F8-2 4527 4050
PG  Wll-mother 1009 942
PG F11-1 4106 3908
PG F11-2 2133 2036
PG F11-3 1692 1642
MCG  W2-mother 22528 22026
MCG F2-1 12703 11906
MCG F2-2 32065 29485
MCG F2-3 11715 10850
MCG F2-4 17106 15929
MCG F2-5 13992 12724
MCG F2-6 10339 9739
MCG  W3-mother 2686 2640
MCG F3-1 4818 4620

84



MCG
MCG
MCG
MCG
MCG
MCG
MCG

F3-2
F3-3
F3-4
F3-5
F3-6
F3-7
F3-8

8970
5346
5664
2765
12523
6129
8524

8489
4987
5373
2584
11182
5701
8065

85



. longum subsp. longum

. bifidum

. breve

‘W4-mother B. breve H"
B. longum H*
B. bifidum &1

LO0OE+00 L.OOE+02 1.OOE+04

W6-mother B. breve —H
B. longum Hq

B. bifidum []

1.O0E+00 1.00E+02 1.00E+04

‘W8-mother B.breve | —H
Bolomgum [}

B. bifidum

1.OOE+00 L.OOE+02 1L.O0E+04

Wil-mother B. breve H-i
B. longum }

B. bifidum .

1.O0E100 1.OOE 102 1.OOF104

W2-mother

W3-mother

Figure 4. Heat map of bifidobacterial OTUs belonging to B. bifidum, B. breve
and B. longum subsp. longum. Red shading represents presence, and black shading
indicates absence. The pillars next to each heat map display the DNA load of these
bifidobacterial species in mothers’ caeca of PG group. The x axes represent the
genome copy number /gr of cecum samples
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These results further support the notion of transfer of (bifido)bacterial DNA and/or cells
between mother and puppies (75, 163) and reinforced the earlier finding that co-existence of
multiple bifidobacterial species allows a more efficient transmission of (bifido)bacterial

DNA and/or cells from mothers to their newborns (75, 178, 215).

88



CONCLUSIONS

This study was aimed to investigate the DNA bifidobacterial transmission from female rats
to their corresponding pups through a vertical route. Notably, the efficiency/yield of these
DNA transmission events may be influenced by the co-presence of different bifidobacterial
strains. The above results confirm previous genus-level overviews (163) and underpin the
notion that bifidobacterial transmission is characterized by the development of extensive
microbe-microbe co-operation (75, 151, 178). In fact, our data suggest that bifidobacterial
communities have established co-operative behavior between co-colonizers, acting as
evolutionary drivers in the mammalian gut microbiota. This assumption is further reinforced
by previous studies that have described the occurrence of cross-feeding between specific
bifidobacterial species (75, 151). In addition, our findings have provided preliminary insights
about the existence of possible bifidobacterial colonization at preterm level. Nevertheless,
the lack of any data about the viability of PRL2010 cells cannot fully support the existence
of fetal colonization of bifidobacteria and further experiments will be needed in order to

investigate this intriguing route of bacterial colonization.

88



89



90



Chapter 5

Mobilome and resistome
reconstruction from genomes
belonging to members of the

Bifidobacterium genus

Mancino W, Lugli GA, van Sinderen D, Ventura M, Turroni F.

The results of this chapter were published on Microorganisms, 2019 Dec 2;7(12):638. doi:
10.3390/microorganisms7120638.

Reprinted with permission from ultidisciplinary Digital Publishing Institute.
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ABSTRACT

Specific members of the genus Bifidobacterium are among the first colonizers of the
human/animal gut, where they act as important intestinal commensals associated with host
health. As part of the gut microbiota, bifidobacteria may be exposed to antibiotics, used in
particular for intrapartum prophylaxis, especially to prevent Streptococcus infections, or in
the very early stages of life after the birth. In the current study, we reconstructed the in silico
resistome of the Bifidobacterium genus, analyzing a database composed of 625
bifidobacterial genomes, including partial assembled strains with less than 100 genomic
sequences. Furthermore, we screened bifidobacterial genomes for mobile genetic elements
such as transposases and prophage-like elements, in order to investigate the correlation
between the bifido-mobilome and the bifido-resistome, also identifying genetic insertion
hotspots that appear to be prone to Horizontal Gene Transfer (HGT) events. These insertion
hotspots were shown to be widely distributed among analyzed bifidobacterial genomes, and
suggest acquisition of antibiotic resistance genes through HGT events. These data were
further corroborated by growth experiments directed to evaluate bacitracin A resistance in
Bifidobacterium spp., a property that was predicted by in silico analyses to be part of the

HGT-acquired resistome.

For Supplemental Materials see the article published on Microorganisms.
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MATERIALS AND METHODS

Bacterial Strains.

We retrieved the genome sequence of 625 public available Bifidobacterium genomes from
the National Center for Biotechnology Information (NCBI) public database (Table SI).
Collected genomes with more than 100 genomic sequences were discarded to analyze high
quality genome sequences only. As reported in Table S1, strains, which were not classified
at species level, were validated using the average nucleotide identity (ANI) approach. Strains
used for this analysis were compared with the 67 type strains of the Bifidobacterium genus.
Notably, two bifidobacterial strains displaying an ANI value of < 94 % may be considered

to belong to two different species (29222102 25107967 28764658 19855009).

IS elements identification.

Predicted genes of 625 bifidobacterial strains used for this study were screened for the
presence of IS elements. We used a custom database composed by 329,372 RefSeq sequences
belonging to the Actinobacteria phylum, retrieved from the NCBI database. The alignment
was performed through BLASTP analysis with an E-value cutoff of 1e” (171). After the
manual control of the sequences with an amino acid length less than 100 amino acid of the
type strains of the species studied, we decided to discard these sequences because they were
considered non-functional or truncated. Finally the selected IS element sequences were

validated and classified into IS families using the IS finder database (226).
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Bifidoprophages identification.

The 625 bifidobacterial genomes were screened for prophage-like elements using a custom
database based on already identified sequences through BLASTP analysis (171) (E-value
cutoff of 1e”). The custom database was constructed through previously bifidoprophage
validate sequences retrieved from 60 bifidoprophages identified by Lugli et al. (99),
considering genetic islands presenting different genes encoding for phage functions.
Following this, a manual examination of the DNA region surrounding a putative phage-
encoding gene was performed. These manual screening allowed us to identify complete
prophage like-sequences, while discarding incomplete or remnant phage sequences, as

previously performed by Lugli ef al. (99).

Prediction of the antibiotic resistance genes.

The in silico proteome of 625 Bifidobacterium genomes used in this study was screened for
proteins that can act as antibiotic resistance proteins through inactivation and/or removal of
antibiotic molecules. The screening was carried out using the MEGAREs database through
BLASTP analysis (E-value cutoff of 1e'®) (171, 227). The E-value cutoff was chosen based
on a manual editing performed to identify false positive sequences. The core database was
obtained by non-redundant compilation of sequences contained in Resfinder, ARG-ANNOT,
the Comprehensive Antibiotic Resistance Database (CARD) and the NCBI Lahey Clinic
beta-lactamase archive (228-231). Following this, a manual examination of the sequence with
an E-value less than le™'® was performed in order to explore all the biodiversity of the AR
genes of the Bifidobacterium species. We excluded the putative AR genes encoding for

transporters for low accuracy in their prediction (232). The predicted AR genes were
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classified according to the presumed mechanism of action and the antibiotic molecules they
counteract.

Moreover, for the 625 bifidobacterial genomes analyzed, we manually evaluated the genes
flanked by the predicted AR genes, forming the Bifidobacterium resistome, in order to

identify mobile genetic hotspots that may promote HGT events.

Phylogenomic analyses.

The nucleotide similarity of each obtained bifidoprophage sequence was calculated using the
software package LAST (233). Results were employed to build a matrix representing the
genome similarity among different prophage and to generate a clustering tree. The
bifidophage sequences were aligned using Mafft software (173) and the clustering tree was
constructed using ClustalW (174). The constructed clustering tree was visualized using the

FIGTREE software (http://tree.bio.ed.ac.uk/software/figtree/).

Bacitracin A antibiotic susceptibility tests.

The Minimal Inhibitory Concentration (MIC) breakpoints (micrograms per milliliter) of
bacitracin A were determined using the broth microdilution method (MDIL) according to the
ISO standard guidelines (234). Bacitracin A antibiotic was purchased from Merck
(Germany). Microplates were incubated under anaerobic conditions for 48 h at 37°C. Cell
density was monitored by optical density measurements at 600 nm (OD600) using a plate
reader (BioTek, VT, USA). The MIC breakpoint represents the highest concentration of a

given antibiotic to which a particular bacterial strain is resistant.
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Statistical analyses.

SPSS software (IBM, Italy) was used to perform statistical analysis between BacA strains

group and control group by T-student test.
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RESULTS AND DISCUSSION

The putative resistome of the genus Bifidobacterium.

In order to investigate the genetic AR arsenal carried by members of the Bifidobacterium
genus, we investigated the resistome of 625 bifidobacterial genomes. We enlarged the
previously published database on the resistome of the Bifidobacterium genus, which were
based on 91 different genomes (232). Putative AR genes encoding transporters were excluded
from this analysis due to the inaccuracy of their bioinformatic prediction (232). The overall
number of putative antibiotic resistance genes identified among these 625 genomes was
13,870, representing less than 1 % of the total Bifidobacterium genes analyzed (Table S1).
According to the predicted mechanism of action and the antibiotic molecules that could be
counteracted, seven different AR gene classes were identified (Fig. 1). The AR class with the
highest number of representatives was the one conferring glycopeptide resistance, which
corresponds to 5,999 putative enzymes acting against glycopeptide antibiotics, such as
vancomycin, teicoplanin and telavancin (Fig. 1) (235-237). Notably, Bifidobacterium bifidum
791, Bifidobacterium longum subsp. infantis 1888B and B. bifidum AM42-15AC were strains
containing the highest number of genes predicted to belong to this glycopeptide resistance
class, each encoding 29 distinct enzymes predicted to confer such resistance. Moreover, we
identified 2,178 genes putatively belonging to the tetracycline resistance class (Fig. 1) (238-
241). Members of the B. bifidum species, isolated from fecal samples of healthy Chinese
individuals (242), i.e., strains TMO05-15, TF07-22, TMO02-15, TM02-17, TM06-10 and
TMO07-4AC, were shown to contain the highest number of genes encoding proteins predicted
to counteract tetracycline antibiotics, ranging from 29 genes of B. bifidum TMO05-15 to 28
genes for the other B. bifidum strains. Notably, 484 analyzed strains did not appear to contain
genes encoding tetracycline resistance proteins, representing the 77.5 % of the total

Bifidobacterium strains analyzed. Furthermore, 2,437 genes were found to belong to beta-
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lactamase class and Bifidobacterium animalis subsp. animalis ATCC 25527 was shown to
be the strain with the highest number (i.e. 32) of predicted beta-lactamase-encoding genes,
while 469 of the 625 analyzed genomes did not appear to encompass genes belonging to this
AR class (Fig. 1).

Moreover, 2,618 genes were predicted to belong to the methyltransferase AR class, including
23S rRNA methyltransferase which may confer resistance toward erythromycin and
clindamycin, as demonstrated in a previous study (243) (Fig. 1). In addition, we identified
500 genes predicted to belong to the sulfonamide-resistance class, which includes genes
encoding enzymes counteracting sulfonamide antimicrobial agents, also known as su/ genes
(244) (Fig. 1). The sul gene appears to be present as three variants in the investigated
genomes, i.e., sull, sul2 and sul3, all encoding a dihydropteroate synthase (244, 245).
Interestingly, in the assessed genomes of the Bifidobacterium genus the most prevalent gene
variant was su/3, found in 90.4 % of all identified sulfonamide-resistance genes.

Finally, the aminoglycoside class and the metronidazole class were the two least represented
classes of AR genes in bifidobacteria, with just 73 and 64 identified genes predicted to be
members of these two respective classes (Fig. 1). Notably, B. bifidum AF11-25B was
predicted to contain the highest number of genes encoding enzymes that counteract
aminoglycoside antibiotics, such as streptomycin, kanamycin and gentamicin.

Moreover, B. bifidum TF05-1 was the only strain whose chromosome contains a gene
encoding a putative quinolone resistance protein. This gene encodes a pentapeptide repeat
protein, which is predicted to be involved in the fluoroquinolone resistance (246-248).
Interestingly, comparing the identified Bifidobacterium resistome with antibiotic resistance
determinants of other gut commensal, such as members of Lactobacillus genus, we observed
a less complexity of the resistome (249). In fact, the Lactobacillus genus included different

genes that could confer resistance toward a wide range of antibiotic molecules, such as
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vancomycin, erythromycin, penicillin, but also tetracycline, chloramphenicol and
aminoglycoside antibiotics (250-254). Furthermore, different Escherichia coli strains
presented in their genomes AR genes which counteracted carbapenem antibiotics (255, 256),
whereas bifidobacteria seemed to be very sensitive to this antibiotic class, and their genomes
do not encompass any genes that could confer resistance toward this antibiotic. Notably, a
recent study based on metagenomics analyses of the human gut microbiota revealed that
Entrococcus and Enterobacter genera possessed very high antibiotic resistance load (257).
Moreover, different studies have been demonstrated the presence of AR genes in the genomes
of the members of Bacillus genus, used as probiotic bacteria in functional food and for animal
feed (249, 258). In the latter genus have been identified macrolide-resistance genes present
on extra-chromosomal elements, tetracycline resistance genes, but also cfr-like genes (i.e.,
conferring resistance toward several classes of antibiotics including phenicols,
oxalozidinone, lincosamides, pleuromutilinis and streptogramin) that have not been
identified in the genomes of the members of the Bifidobacterium genus (259-261). Our
resistome analyses revealed the lacking of specific Bifidobacterium AR genes, corroborating
the safer behavior of the Bifidobacterium genus compared to other human gut commensals.

Although we do acknowledge the limitations of the in silico analysis in assigning antibiotic
resistance functions to these identified genes, they are nonetheless considered to represent

the potential arsenal to counter antimicrobial molecules.
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Figure 1. Predicted resistome of the Bifidobacterium genus. Abundance of
different predicted antibiotic resistance gene classes identified among the 625
analyzed Bifidobacterium genomes.

The predicted mobilome of the Bifidobacterium genus.

The mobilome is defined as genetic elements that can move within a genome and between
different genomes, including transposable elements, bacteriophages and plasmids (262-264).
Similar to other members of the gut microbiota, it has been demonstrated that bifidobacteria
possess genetic elements whose action is responsible for shaping their genomes (58, 99, 264,
265). In order to explore the mobile element repertoire of the Bifidobacterium genus, we
analyzed the same 625 Bifidobacterium genomes as indicated above (Table S1). Our analyses
updated previously published data based on the reconstruction of 60 different
bifidoprophage-like elements of 48 species of the Bifidobacterium genus.

A screening among analyzed bifidobacterial genomes revealed 16,065 different genes
encoding transposases, excluding genes that were truncated at the start or end codon (Table
S1). The sequence of each IS element has been classified according to the ISFinder database

(266), showing that members of the IS3 family are the most widespread among the
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Bifidobacterium genus (Table S2). Notably, members of the Bifidobacterium breve species
showed the highest number of IS elements, i.e., strains BR-06, BR-H29, BR-21, BR-L29 and
BR-C29, ranging from 174 to 102 (Table S1). Moreover, 16.5 % of the analyzed genomes
were predicted to contain less than 10 genes encoding transposases in their chromosomes,
while Bifidobacterium commune LMG 28292 does not appear to encompass any IS element
at all (Table S1).

Recently, Lugli et. al. recognized and classified all prophage-like elements (referred to as
bifidoprophages) present in 48 genomes of type strains belonging to different bifidobacterial
species (99) and Mavrich et al. characterized three of these identified groups of prophages
integrated in members of B. breve and B. longum species by means of induction experiments
(267). In the current study, the screening for bifidoprophages was further extended to 625
different bifidobacterial genomes, resulting in the identification of 598 putative and
apparently complete prophage sequences (Table SI1). Notably, the genomes of
Bifidobacterium biavatii DSM 23969, Bifidobacterium imperatoris LMG 30297 and
Bifidobacterium cuniculi LMG 10738 were predicted to contain the highest number of
prophages in their genomes, i.e., seven, six and five prophage-like elements, respectively
(Table S1). In order to evaluate the homology among identified prophage-like elements a
genomic based-alignment clustering was performed. We observed the presence of four main
homology clusters, in which the taxonomic origin of the corresponding Bifidobacterium hosts
was highly heterogeneous. Each identified cluster showed several sub-clusters consisting of
different prophage-like elements belonging to bifidobacterial strains of the same species,
highlighting a sub-cluster phage specificity that appears to be host-related (Fig. 2). As
reported in previous studies, prophages contribute to the genetic individuality of bacterial
strains, containing many unique genes that in some instances may confer fitness advantage

to the host such as gene related to antibiotic resistance (268-270). The mobile nature of
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phages may then allow transfer of such advantageous genes to human/animal pathogens or

to other non-resident microorganisms of the gut microbiota.
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Figure 2. Phylogenetic tree of identified bifidoprophages. Genomic alignment-
based clustering of 598 prophages identified within bifidobacterial strain genomes.
Each colored dot represents the Bifidobacterium host species origin of a given
bifidoprophage. The dot size refers to the number of prophage-like sequence
identified within the same branch-tree. The four different clusters are highlighted

with different color.

Identification of the putative mobile resistome of Bifidobacterium genus.

In order to evaluate the insurgence of AR genes located on or close to mobile elements, such

as transposases and bifidoprophages, we investigated the flanking genes of the predicted

resistome of the 625 bifidobacterial genomes. These regions may represent Mobile Genetic

Hotspots (MGHs) that promote HGT events, thereby transferring antibiotic resistance to
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other bacteria. We identified 201 putative MGHs distributed in 120 of the 625
Bifidobacterium strains studied. The number of AR genes involved in MGHs were very small
compared to the total number of resistome genes (i.e. 13,870) representing less than 1.5 % of
the total Bifidobacterium resistome. Interestingly, we could not observe a correlation between
a specific type of IS element and a class of AR genes.

As already noted in previous studies, 37 of the 41 strains of Bifidobacterium animalis subsp.
lactis species contain a tetW gene flanked by a putative conjugative transposon (Fig. 3) (127,
241, 271, 272). The tetW gene encodes a protein belonging to the GTP-binding elongation
factor family that protects ribosomes from translation inhibition activity of tetracycline (273).
Notably, this MGH is also present in 15 other genomes belonging to members of the
Bifidobacterium adolescentis, B. animalis subsp. animalis, B. breve, Bifidobacterium longum
spp., Bifidobacterium pseudolongum subsp. pseudolongum and Bifidobacterium pullorum
species. Remarkably, tetW appears to be well conserved among different species (Fig. 3),
suggesting the involvement of HGT events that could have transferred this tetracycline
resistance gene to different bifidobacterial strains.

Interestingly, 67 MGHs involved prophage-like elements, which harbor a gene encoding for
an UDP pyrophosphate phosphatase within their sequence (Fig. 3), revealing a domain in the
amino acid sequence that resembles a bacitracin resistance protein (BacA) (274, 275). These
67 MGHs were present in members of three different Bifidobacterium species, i.e., B. breve,
B. longum spp. and Bifidobacterium pseudocatenulatum, putatively conferring resistance to
bacitracin through the phosphorylation of undecaprenol (274, 275). Prophages influence the
biodiversity and abundance of bacteria in the human/animals intestinal tract, conferring new
capabilities to their host (269). The acquisition of a prophage-like element may thus confer a
fitness advantage (269, 270), in this particular case by conferring bacitracin resistance to

these Bifidobacterium strains.
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Moreover, a gene encoding a 23S rRNA methyltransferase flanked by a transposase was
identified in 53 putative MGHs (Fig. 3). In a recent study, Martinez et al. demonstrated the
existence of a 23S rRNA methylase that confers erythromycin and clindamycin resistance to
B. breve CECT7263 (243). We found these MGHs in ten different Bifidobacterium species,
including B. adolescentis, B. bifidum, B. breve, Bifidobacterium choerinum, Bifidobacterium
kashiwanohense, B. longum spp., B. pseudocatenulatum, B. pseudolongum subsp.
pseudolongum and B. pullorum. The highest occurrence of this genetic hotspot was in B.
breve strains, where this hotspot was present in 15 out of 88 B. breve genomes analyzed. This
methyltransferase is responsible for the enzymatic modification of the nucleotide sequence
of the 23S rRNA gene, adding a methyl group, preventing the linking of macrolide molecules
(243). Notably, the transposases that encompass these MGHs are predicted to be replicative
transposons that may cause a rearrangement within bifidobacterial genomes, indicating that
these MGHs rarely transfer to other genomes.

Remarkably, B. longum subsp. longum E18, isolated from healthy-adult feces sample (276),
is the only strain whose chromosome contains a prophage-like element including a gene
predicted to encode a protein with a complete beta-lactamase domain (Fig. 3). Furthermore,
the genome of strain Bifidobacterium parmae LMG 30295 contains a vanZ homolog flanked
by a predicted transposase-encoding gene, belonging to the transposon family 1S256. The
vanZ gene is predicted to confer low-level resistance to the glycopeptide antibiotic
teicoplanin (Te), which prevents incorporation of D-alanine into peptidoglycan precursors.
This hotspot did not include a conjugative transposon, decreasing possible transfer events
and bringing to possible genomic rearrangements (277, 278). Therefore, more than 50 % of
putative MGHs identified encompassed transposons that can not be classified as conjugative
transposons, reducing possible HGT events involving AR genes, corroborating previously

published data (232).
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The distribution of putative AR genes among analyzed bifidobacteria could be due to
selective pressure imposed by intensive antibiotic use in their animal/human hosts, similar to
what has been observed for lactic acid bacteria (LAB) (232, 249). These findings underline

the safety of this genus and the very low frequency by which these AR genes may transfer to

other members of the gut microbiota.
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Figure 3. Mobile genetic hotspots identified in Bifidobacterium genus.
Bifidobacterial genomic regions containing putative MGHs. Different species and
gene names are reported next to each genomic region. Panels a to ¢ show genomic
regions conserved among different Bifidobacterium species. Panels d and e display
unique mobile genetic hotspots identified in B. longum subsp. longum E18 and B.
parmae LMG 30295 strains. Each arrow indicates a gene and the different colors

indicate the function of the gene product.
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Assessment of bacitracin A resistance of Bifidobacterium spp.

In order to validate our in silico predictions, we further investigated the antibiotic resistance of
bifidobacterial strains whose genomes were shown to contain a bacA gene located in the sequence of
a prophage-like element. Thus, in vitro measurements of MIC breakpoints for the bacitracin A
antibiotic were monitored including three Bifidobacterium strains, i.e., B. breve 1891B, B. longum
subsp. longum 35B and B. longum subsp. infantis ATCC 15697, whose genomes encompasses a
predicted bacA gene and three additional strains as control, i.e., B. breve LMG 13208, B. longum
subsp. longum LMG 13197 and B. longum subsp. infantis 1888B, whose chromosomes do not include
a predicted bacA gene.

As indicated by this in silico analysis, those strains containing the bacA gene in their genomes exhibit
a higher resistance level to bacitracin A (ranging from 16 fold to 32 fold) when compared to control
strains (Fig. S1). In this context, the bacitracin A breakpoints MIC values of B. breve 1891B, B.
longum subsp. longum 35B and B. longum subsp. infantis ATCC 15697 were, respectively, 16 ng/mL,
32 ug/mL and 64 pg/mL, whereas the MIC values of the members of the control group were 2 pg/mL
for B. breve LMG 13208 and 1 pug/mL for B. longum subsp. longum LMG 13197 and B. longum
subsp. infantis 1888B (Fig. S1). Statistical analyses were performed to corroborate the observed MIC
differences, resulting in a significant growth difference between the two groups analyzed (P-value
<0.001) (Fig. S1). These results confirmed the in silico predicted resistance to bacitracin of those
bifidobacterial strains possessing the MGHs related to the bacA gene. The fact that the in silico
analyses matched with the in vitro data highlighted the validity of an in silico resistome prediction

(279).
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CONCLUSIONS

Bifidobacteria are dominant members of the human/animals GIT, especially during the early stage of
life. It has previously been demonstrated that the presence of this genus in the microbiota is associated
with health-promoting effects (280). In the current study, we reconstructed the resistome and the
mobilome of members of the Bifidobacterium genus, evaluating genetic hotspots that could be
involved in HGT events. The reconstructed putative resistome revealed that only a limited number of
bifidobacterial genes are likely to be involved in putative AR spread. Moreover, the AR genetic
arsenal of the Bifidobacterium genus seems to be less complex compared to the resistome of other
Gram-positive bacteria, such as members of the Lactobacillus genus or other species included in food
supplements and used as probiotics, such as members of the Bacillus genus (249, 251, 260, 281, 282).
Identified MGHs were restricted to less than 20 % of the analyzed strains, of which most isolated
from the human GIT, suggesting the occurrence of AR in members of the human microbiota because
of intense antibiotic therapies. Remarkably, the acquisition of phages encompassing AR genes in their
sequence could confer ecological advantages, increasing the biological fitness of their host (269, 270).
Nevertheless, the vast majority of identified MGHs in the Bifidobacterium genus are unlikely to be
transferred to other microorganisms, due to the transposition mechanisms of the identified IS
elements flanking putative AR genes. Moreover, in vitro bacitracin A antibiotic resistance tests based
on bifidobacterial strains containing bacA located in an MGH confirmed our in silico prediction.
Finally, these findings underpin the safety of the Bifidobacterium genus compared to other taxa such
as Escherichia coli and members of the Gammaproteobacteria class, which were shown to contribute

to a high antibiotic resistance load in the human microbiota (283).
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Chapter 6

Investigating bifidobacterial
resistance against amoxicillin-
clavulanic acid: genetic and
ecological insights

Mancino W, Mancabelli L, Lugli GA, Viappiani A, Anzalone R, Longhi G, van Sinderen D,

Ventura M, Turroni F.

The results of this chapter were submitted to Applied and Environmental Microbiology.
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ABSTRACT

Amoxicillin-Clavulanic acid (AMC) is one of the most frequently prescribed antibiotic formulations
in the Western world. Extensive oral use of this antimicrobial combination influences the gut
microbiota. One of the most abundant early colonizers of the human gut microbiota is represented by
different taxa of the Bifidobacterium genus, which include many members that are considered to
bestow beneficial effects upon their host. In the current study, we investigated the impact of AMC
administration on the gut microbiota composition, comparing the gut microbiota of 23 children that
had undergone AMC antibiotic therapy to that of 19 children that had not been treated with antibiotics
during the preceding six months. Moreover, we evaluated the sensitivity to AMC by Minimal
Inhibitory Concentration (MIC) test of 261 bifidobacterial strains, including reference strains for the
currently recognized 64 bifidobacterial (sub)species, as well as 197 bifidobacterial isolates of human
origin.. These assessments allowed the identification of four bifidobacterial strains, which exhibit a
high level of AMC insensitivity, and which were subjected to genomic and transcriptomic analyses
to identify the genetic determinants responsible for this AMC insensitivity. Furthermore, we
investigated the ecological role of AMC-resistant bifidobacterial strains by in vitro batch-cultures.

IMPORTANCE

Based on our results, we observed a drastic reduction in gut microbiota diversity of children treated
with antibiotics, especially affecting bifidobacterial abundance. Consequently, the MIC experiments
revealed that more than the 98% of the strains tested resulted to be inhibited from AMC antibiotic.
The isolation of four insensitive strains and the sequencing of their genome allowed understanding
the possible genes involved in the resistance mechanisms. Moreover, gut-simulating in-vitro

experiments revealed that one strain, i.e. B. breve 1891B took over other bacteria also in presence of

AMC.
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MATERIALS AND METHODS

Sample collection.

For the purpose of this study a total of 42 human fecal samples were collected, divided in two groups,
the first one was represented by fecal samples obtained from 23 children, who were undergoing AMC
(Amoxicillin:Clavulanic acid ratio of 7:1) treatment from seven to 10 days (Average of 8.9 days +
1.3), while the second group was represented by fecal samples from 19 healthy children (Table S1).
Collected samples, which consisted of approximately 10 g of fresh fecal material, were kept on ice,

shipped under sub-zero conditions to the laboratory and stored at -80 °C until further processing.

Bacterial DNA Extraction, 16S rRNA Gene PCR Amplification and Sequencing.

Stool samples were subjected to DNA extraction using the QIAamp DNA Stool Mini kit following
the manufacturer’s instructions (Qiagen). Partial 16S rRNA gene sequences were amplified from
extracted DNA using primer pair Probio_Uni / Probio_Reyv, targeting the V3 region of the 16S rRNA
gene sequence (284). Illumina adapter overhang nucleotide sequences were added to these partial 16S
rRNA gene-specific amplicons, which were further processed employing the 16S Metagenomic
Sequencing Library Preparation Protocol (Part #15044223 Rev. B — Illumina). Amplifications were
carried out using a Verity Thermocycler (Applied Biosystems). The integrity of the PCR amplicons
was analyzed by electrophoresis on a 2200 TapeStation Instrument (Agilent Technologies, USA).
DNA products obtained following PCR-mediated amplification of the 16S rRNA gene sequences
were purified by a magnetic purification step involving the Agencourt AMPure XP DNA purification
beads (Beckman Coulter Genomics GmbH, Bernried, Germany) in order to remove primer dimers.
DNA concentration of the amplified sequence library was determined by a fluorimetric Qubit
quantification system (Life Technologies, USA). Amplicons were diluted to a concentration of 4 nM,
and 5 pL quantities of each diluted DNA amplicon sample were mixed to prepare the pooled final

library. Sequencing was performed using an Illumina MiSeq sequencer with MiSeq Reagent Kit v3
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chemicals. Following sequencing, the .fastq files were processed using a custom script based on the
QIIME software suite (212). Paired-end read pairs were assembled to reconstruct the complete
Probio_Uni / Probio_Rev amplicons. Quality control retained sequences with a length between 140
and 400 bp and mean sequence quality score > 20, while sequences with homopolymers > 7 bp and
mismatched primers were omitted. In order to calculate downstream diversity measures (alpha and
beta diversity indices, Unifrac analysis), 16S rRNA Operational Taxonomic Units (OTUs) were
defined at 100 % sequence homology using DADA2 (285); OTUs not encompassing at least 2
sequences derived from the same sample were removed. Notably, this approach allows highly
distinctive taxonomic classification at single nucleotide accuracy (285). All reads were classified to
the lowest possible taxonomic rank using QIIME2 (212, 214) and a reference dataset from the SILVA
database. Biodiversity within a given sample (alpha-diversity) was calculated based on the observed
OTU index. Similarities between samples (beta-diversity) were calculated by weighted uniFrac (286).
The range of similarities is calculated between values 0 and 1. PCoA representations of beta-diversity

were performed using QIIME2 (212, 214).

Evaluation of cell density by flow cytometry assay.

For bacterial cell counting, 0.2 g of fecal sample was diluted in physiological solution (Phosphate-
buffered saline, PBS). Subsequently, bacterial cells were stained with one uL SYBR®Green I and
incubated in the dark for at least 15 min before measurement. All count experiments were performed
in triplicate using an Attune NxT Flow flow cytometer (Invitrogen, ThermoFisher Scientific)
equipped with a Blue Laser set at 50 mWatt and tuned to an excitation wavelength of 488 nm.
Multiparametric analyses were performed on both scattering signals (FSC, SSC) and SYBR Green I
fluorescence was detected on FL1 channel. Cell debris and eukaryotic cells were excluded from
acquisition analysis by a sample-specific FL1 threshold. All data sets were statistically analyzed with

Attune NxT Flow Cytometer Software. Utilizing these cell counts to normalize the sequencing data
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into absolute abundance of each profiled taxa, we were capable to perform quantitative microbiome

profiling using a previously described method (287).

Isolation of novel Bifidobacterium strains.

In order to explore the AMC resistance of Bifidobacterium genus, 24 novel strains were isolated from
fecal samples of individuals that had been treated with AMC for a varying number of days (Table 1).
One gram of feces from each collected fecal sample was mixed with nine mL of PBS (pH 6.5). Serial
dilutions and subsequent plating were performed using MRS agar, supplemented with 50 pg/mL
mupirocin (Delchimica, Italy), 0.05 % (wt/vol) L-cysteine hydrochloride and 8 pg/mL of AMC
(Merck, Germany). Morphologically distinct colonies that developed on MRS plates were randomly
picked and re-streaked in order to isolate purified bacterial strains. All novel isolates were subjected
to DNA isolation and characterized as previously described (164). The Bifidobacterium strains

isolated in this study are listed in Table 1.

Amoxicillin-clavulanic acid susceptibility tests.

The MIC breakpoints (micrograms per milliliter) of AMC were determined using the broth
microdilution method (MDIL) (234). Microplates were incubated under anaerobic conditions for 48
h at 37°C. Cell density was monitored by optical density measurements at 600 nm (OD600) using a
plate reader (BioTek, VT, USA). Furthermore, the same MIC analysis was performed for the
antibiotic amoxicillin alone (European Standard, Merck, Germany). The MIC breakpoint represents
the highest concentration of a given antibiotic to which a particular bacterial strain was shown to be

resistant.
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Genome sequencing and assemblies.

DNA samples extracted from AMC-resistant bifidobacterial isolates were subjected to genome
sequencing using MiSeq (Illumina, UK) at GenProbio srl (Parma, Italy) according to the supplier’s
protocol (Illumina, UK). Fastq files of the paired-end reads obtained from targeted genome
sequencing of isolated strains were utilized as input for genome assemblies through the
MEGAnnotator pipeline (166). SPAdes software was used for de novo assembly of each
Bifidobacterium genome sequence (167, 168), while protein-encoding ORFs were predicted using

Prodigal (169).

Comparative Genomics.

In order to identify unique protein families encoded by new isolated AMC resistant Bifidobacterium
strains a PGAP analyses was performed (170). B. breve 1891B and B. breve M1D genomes were
analyzed with six other B. breve genomes, tested for AMC resistance (Table S3). Simultaneously, B.
longum subsp. longum 39B and B. longum subsp. longum 1898B genomes were compared with five
B. longum subsp. longum genomes used in the MICawmc analyses (Table S3). Each predicted proteome
of a given Bifidobacterium genome was screened for orthologues against the proteome of every
Bifidobacterium strain belonging to the same species by means of BLAST analyses (171) (cutoff, E
value of <1 x 10 and 50 % identity across at least 80 % of both protein sequences). Protein families
shared between analyzed genomes allowed us to identify the core genome of the B. breve and B.
longum subsp. longum (sub)species.

Functional annotation of each protein of B. breve 1891B was performed employing the eggNOG

database (187).
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Prediction of antibiotic resistance genes.

The in silico proteome of four Bifidobacterium genomes isolated in this study was screened for
proteins with similarity to antibiotic resistance proteins acting through inactivation and/or removal of
antibiotic molecules. The screening was carried out using the MEGAREs database through BLASTP
analysis (E-value cutoff of 1e”) (171, 227, 288). The core database was obtained by non-redundant
compilation of sequences contained in Resfinder, ARG-ANNOT, the Comprehensive Antibiotic
Resistance Database (CARD) and the NCBI Lahey Clinic beta-lactamase archive (228-231).
Following this, a manual examination of sequences with an E-value below le” was performed in

order to detect distant homologs.

RNA extraction.

Aliquots of B. breve 1891B cells were grown to an optical density at 600 nm ranging from 0.6 to 0.8.
The experiment was conducted in three biological replicates. Total RNA was isolated from
bifidobacterial cultures grown in MRS or MRS with 32 ug/mL of AMC. RNA extraction was
performed as previously described (289). Briefly, cultures were centrifuged at 4000 rpm for 10 min
at 4°C. Cells pellets were treated with TES buffer (Tris - Ethylenediaminetetraacetic acid - Sodium
dodecyl sulfate buffer) and lysozyme followed by resuspension in 1 mL of QIAzol Lysis Reagent
(Qiagen, UK) and placed in a sterile tube containing glass beads (Merck, Germany). The cells were
lysed by shaking the mix on MINI-Bead Beater 24 (BioSpec Products, USA) for 2 min followed by
2 min of static cooling; this step was repeated for three times. The lysate was centrifuged at 12,000 x
g for 15 min, and the upper phase was recovered. RN A samples were washed from proteins by means
of chloroform and finally samples were purified by means of the RNeasy mini kit (Qiagen, UK),
following the manufacturer’s instructions. Quality and integrity of the RNA were checked by the
Tape station 2200 (AgilentTechnologies, USA) analysis. RNA concentration was then determined by

a fluorimetric Qubit quantification system (Life Technologies, USA).
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RNAseq analysis performed by the MiSeq Illumina.

One pg of total RNA was treated by the TruSeq Stranded Total RNA protocol (Illumina, USA),
following manufacturer’s instructions. Ribosomal depletion is included in the protocol. Quality and
quantity of libraries were checked by the Tape station 2200 (AgilentTechnologies, USA) analysis and
fluorimetric Qubit quantification system (Life Technologies, USA), respectively. Samples were
loaded into a Flow Cell V3 600 cycles (Illumina) as reported by the technical support guide. The
reads were depleted of adapters, quality filtered (with overall quality, quality window and length
filters) and aligned to the Bifidobacterium reference genomes through Bowtie2 software (290).

RPKM values were evaluated by means of Artemis software (291).

In vitro simulation of the effect of AMC and Bifidobacterium strains on the human gut

microbiota.

The effect of AMC antibiotic and four selected AMC-insensitive Bifidobacterium strains on the
human gut microbiota was evaluated in vitro through anaerobic, pH- and temperature-controlled
batch cultures. We evaluated four different conditions and the growth medium used was based on the
fecal medium described by Macfarlane et al. (292). For each batch culture experiment, a fresh fecal
sample from the same donor was used. Fecal sample was collected from a child, aged 4 years, who
had not undergone antibiotic treatment for at least three months prior to sample collection, and who
had not consumed probiotic bacteria. The fresh fecal sample was previously analyzed in order to
confirm the absence of B. breve and B. longum species DNA. We tested four different growth
conditions for each strain. Briefly, the first condition consisted of 40 mL of growth media
supplemented with AMC (20 uM) in which an overnight culture of a particular Bifidobacterium strain
and the fresh fecal sample were inoculated, each at 1% (v/v and w/v, respectively). The concentration
of AMC used was based on another study in which different antibiotic and non-antibiotic compounds

were tested for their impact on the gut microbiota (293). The second condition consisted of 40 mL of
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fecal media inoculated with 1 % (v/v) of an overnight culture of a Bifidobacterium strain and 1 %
(w/v) of the fresh fecal sample. The third batch culture was made of a 40 mL of fecal media
supplemented with AMC 20 uM and in which the fecal sample was inoculated at 1 % (w/v). Finally,
the fourth condition was composed of a 40 mL of growth media in which only the fecal sample was
inoculated at 1 % (w/v). For each experiment, an aliquot of culture was taken at four different time
points: 12h, 18h, 24h and 36h after inoculum. Each aliquot was subjected to DNA extraction using
the QIAamp DNA Stool Mini kit following the manufacturer’s instructions (Qiagen, UK) for

sequencing library preparation.

Shallow shotgun metagenomics and evaluation of cell density by flow cytometry assay of co-

culture experiments.

Extracted DNA was prepared for sequencing purposes following the Illumina Nextera XT protocol.
Briefly, DNA samples were enzymatically fragmented, barcoded and purified involving magnetic
beads. Then, samples were quantified using fluorometric Qubit quantification system (Life
Technologies, USA), loaded on a 2200 Tape Station Instrument (Agilent Technologies, USA) and
normalized to 4 nM. Sequencing was performed single-end using an [llumina MiSeq sequencer with
flow cell v3 600 cycles (Illumina Inc., San Diego, USA). For bacterial cell counting, the batch cultures
were diluted in PBS physiological solution. Subsequently, bacterial cells were stained with one pL
SYBR®Green I and incubated in the dark for at least 15 min before measurement. All count
experiments were performed in triplicate as described previously (see above). All data sets were
statistically analyzed with Attune NxT Flow Cytometer Software. Utilizing these cell counts to
normalize the sequencing data into absolute abundance of each profiled taxa, we were able to perform

quantitative microbiome profiling using a previously described method (287).
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Statistical analysis.
SPSS software (IBM, Italy) was used to perform statistical analysis between AMC group and Healthy
group, and for RNAseq data by Student t-test. PCoA statistical analysis were performed by

PERMANOVA test.

Data Deposition.

Raw sequences of the 16S profiling experiments, shallow shotgun metagenomics experiments and
RNAseq experiments are accessible through SRA study accession numbers PRINA663786. Newly
isolated Bifidobacterium genomes were sequenced and deposited at DDBJ/ENA/GenBank under

accession numbers reported in Table 2.
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RESULTS & DISCUSSION

Microbial composition of gut microbiota of children taking AMC. In order to assess the
differences between the gut microbiota composition of 23 children undergoing AMC therapy (AMC
group) compared to that of 19 healthy, age-matched individuals (CTRL group) that had not been
taking any antibiotic during the preceding six months, 16S rRNA gene-based microbial profiling
analyses were carried out on fecal samples, as described previously (284). The analyses resulted in a
total of 2,274,698 reads with an average of 54,159 + 11,080 reads per sample. Statistical Whisker
plot analyses revealed a notable difference between the two groups analyzed (Fig. 1). Specifically,
the 16S rRNA gene-based analysis showed a higher diversity of the CTRL group microbiota when
compared to the AMC group (p-value < 0.05), demonstrating that the microbiota composition is
significantly influenced by the antibiotic therapy to which individuals were subjected (Fig. 1). In
order to explore the absolute bacterial abundance of the analyzed fecal samples, we used a quantitative
microbiome profiling approach based on flow cytometric analyses for the enumeration of microbial
cells present in each fecal sample assayed. This analysis allowed the identification of the microbial
load of the 42 fecal samples, which was then used to normalize the 16S rRNA sequencing data. This
procedure therefore generated absolute abundance data for each profiled taxa as previously described
(287). Notably, the absolute bacterial abundance was shown to be significantly different between the
two groups (average absolute abundance of 2,448,888 + 2,875,900 and 5,438,290 + 3,345,390 in
AMC and CTRL groups, respectively, p-value < 0.001), revealing that the microbial abundance of
the AMC samples was significantly reduced when compared to that of the CTRL group (Fig. 1).
Interestingly, these analyses revealed differences in the composition, at genus level of the AMC group
compared to the CTRL group microbiota, probably due to the intensive selective pressure imposed
by the antibiotic therapy to which the AMC children had been subjected. In particular, comparison of
the gut microbiota composition of AMC and CTRL groups revealed significantly (p-value < 0.05)
higher absolute abundance of the Barnesiella, Bacteroides, Alistipes, Parabacteroides, Blautia,

Faecalibacterium, Dialister and Odoribacter genera in CTRL samples (ranging from 2.1-fold for the
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Bacteroides genus to 13.7-fold in the case of the Dialister genus) (Fig. 1). This finding is consistent
with other studies that had previously assessed the microbiota of individuals treated with antibiotics
(294-297). Interestingly, the comparison of the gut microbiota between the AMC and the CTRL
groups also showed a 1.8-fold decrease in absolute abundance of the genus Bifidobacterium.
Bifidobacteria are widely considered to represent a positive biomarker for a healthy gut status (217,
280, 298, 299). The decrease in members of this genus is consistent with previous data that had also
observed a decrease in bifidobacterial abundance following antibiotic exposure (300, 301). In order
to evaluate the inter-individual differences between AMC and CTRL samples, we analyzed the beta
diversity based on weighted UniFrac distance metric and represented the obtained results through
Principal Coordinate Analysis (PCoA) (Fig. 1). Interestingly, the PCoA analysis showed that most of
the samples were grouped as two different clusters corresponding to AMC or CTRL samples,
respectively, thus underlining the distinct microbiota composition of individuals that had or had not
been treated with AMC (Fig. 1). Moreover, a PERMANOVA statistical analysis on the PCoA data
revealed a significant division between the two analyzed groups (p-value < 0.05). These findings
corroborate the fact that microbiota profiles differ considerably between samples, yet in the case of
children that had been treated with antibiotics generally it was clear that such samples had suffered
from bacterial depletion when compared to control samples, underlining the expected detrimental

effect of AMC on the microbiota composition.
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Figure 1

Figure 1. Evaluation of the microbiota composition of AMC and CTRL samples. Panel a
shows a Whiskers plot based on observed OTUs identified from AMC and CTRL samples. The x
axis represents the different groups, while the y axis indicates the number of observed OTUs - the

boxes represent 50 % of the data set, distributed between the first and the third quartiles. The

median divides the boxes into the interquartile range, while “X” represents the mean. Panel b
displays the microbiota composition of AMC and Control samples based on 16S rRNA profiling

normalized with a quantitative microbiome profiling approach employing flow cytometric
enumeration of microbial cells for each sample. The x axis represents the different analyzed
samples, while the y axis indicates normalized OTUs for each sample. Panel ¢ depicts the beta
diversity in AMC and Control samples. The predicted PCoA encompassing all 43 analyzed samples
are reported and the different clusters are represented by different colors.
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Isolation of novel bifidobacterial strains and assessment of AMC susceptibility.

For the purpose of evaluating AMC sensitivity of different members of the Bifidobacterium genus,
we performed MIC assays involving 237 different strains, including 63 type strains of currently
recognized bifidobacterial (sub)species and 174 different strains belonging to four Bifidobacterium
species, i.e., Bifidobacterium adolescentis, Bifidobacterium bifidum, Bifidobacterium breve and
Bifidobacterium longum spp. (Table S2), representing common colonizers of the human gut (84, 87,
89, 302, 303). Moreover, in order to isolate bifidobacterial strains with enhanced insensitivity to
AMC, we applied a bifidobacterial isolation protocol on fecal samples belonging to individuals
subjected to AMC therapy (Table S1). The above-mentioned analysis (178, 179) (see Material &
Methods) allowed the isolation of 24 novel strains (Table 1), of which 18 were shown to belong to
the B. longum species, three to the B. breve species and three to the B. pseudocatenulatum species.
All tested strains showed a unimodal distribution of MIC amc breakpoint values, ranging from 0.125
pg/mL to 32 pg/mL (Fig. S1 and Table S2). 96.5 % of the strains exhibited a MIC < 1 pg/mL, five
strains displayed a breakpoint value equal to 2 pg/mL and, notably, four bifidobacterial strains
showed a MIC equal to or higher than 4 pg/mL (Fig. S1 and Table S2). Interestingly, the newly
isolated strain B. breve 1891B displayed the highest MICamc value, i.e. 32 pg/mL (Table 1), which
was 11-fold higher than the average bifidobacterial MIC amc. Moreover, B. breve strain M1D showed
a MIC value of 16 pg/mL, which was five-fold higher compared to the Bifidobacterium MIC average
(Table 1). This antibiotic insensitivity is unusual for B. breve species, which in general exhibit a high
sensitivity to various antibiotics, including AMC (232). Furthermore, two isolates belonging to B.
longum species, i.e., B. longum subsp. longum 1898B and B. longum subsp. longum 39B, were shown
to exhibit MIC values of 8 pg/mL and 4 pg/mL (Table 1), being eight- and four-fold higher,
respectively, compared to the average MIC value of other B. longum strains. These findings suggest
that different levels of resistance/insensitivity to AMC reflect strain-specific characteristics rather
than a species-specific feature. Notably, the MICamc breakpoints identified in 98.5 % of the

bifidobacterial strains tested were very low compared to MICamc values previously identified for
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other members of the human gut microbiota such as Escherichia coli, Citrobacter spp., Bacteroides
spp. and Parabacteroides spp., which showed MICamc breakpoint values higher than 8 ng/mL (304,
305). Interestingly, these data indicate that AMC resistance/insensitivity in bifidobacteria does not
appear to follow a vertical route of evolution but may have been acquired through Horizontal Gene
Transfer (HGT), in a similar way to that described for other gut commensal microorganisms (306).
Finally, we evaluated the susceptibility to the antibiotic amoxicillin alone for the four strains of
Bifidobacterium insensitive to AMC. Interestingly, each strain showed higher MIC values, i.e. B.
breve 1891B showed a MIC value of 64 pg/mL, B. breve M1D strain exhibited a MIC breakpoint of
32 ug/mL, B. longum subsp. longum 1898B and B. longum subsp. longum 39B presented MIC values
of 8 ug/mL. These data confirm the resistance of these strains to amoxicillin, both as the sole

antibiotic and in combination with clavulanic acid.

Comparative genomics and identification of putative resistance genes in AMC-insensitive
Bifidobacterium strains.

In order to identify the genetic features that are involved in AMC insensitivity in the four identified
bifidobacterial strains, we sequenced, annotated and in silico analyzed the genomes of B. breve
1891B, B. breve M1D, B. longum subsp. longum 39B and B. longum subsp. longum 1898B, which
were shown to elicit the highest MICamc (Table 1). The coverage depth of these four newly isolated
Bifidobacterium chromosomes ranged from 72- to 388-fold, which upon assembly generated one to
25 contigs (Table 2). The number of predicted ORFs ranged from 1842 of B. longum subsp. longum
39B to 2102 of B. breve 1891B (Table 2). We then evaluated the genetic similarities of B. breve
1891B, B. breve M1D, B. longum subsp. longum 39B and B. longum subsp. longum 1898B with other
chromosome sequences that are publicly available for B. breve and B. longum subsp. longum
(sub)species through a comparative genomics analysis. Specifically, the genome sequences of B.
breve 1891B, B. breve MI1D, B. longum subsp. longum 39B and B. longum subsp. longum 1898B

were compared with the chromosome sequences of six B. breve and five B. longum subsp. longum
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strains, including AMC insensitive strains (Table S3). In silico analysis revealed that 1272 genes are
commonly shared among the analyzed B. breve strains, representing the core genome of this taxon
(Fig. 2), whereas the core genome of the assessed B. longum subsp. longum strains was shown to be
composed of 1106 genes. Moreover, there are variable numbers of truly unique genes (TUGs) in
either of the two investigated species, ranging between 175 for B. breve UCC2003 and 36 for B. breve
12L, and ranging from 585 for B. longum subsp. longum 1897B and 113 for B. longum subsp. longum
39B (Fig. 2 and Table S3). Interestingly, this analysis revealed the presence of 323 accessory genes
shared between B. breve AMC-insensitive strains, i.e. B. breve 1891B and B. breve M 1D, and absent
in AMC-sensitive B. breve strains (Fig. 2). Furthermore, the genomes of the AMC-resistant strains
B. longum subsp. longum 39B and B. longum subsp. longum 1898B were shown to contain 25 genes
that are shared between them while being absent in other analyzed B. longum strains (Fig. 2). In
addition, the proteome of each of the four identified AMC-insensitive Bifidobacterium strains was
screened for putative Antibiotic Resistance (AR) genes, using the MEGARESs database (227). This in
silico analysis showed that the predicted resistome of B. breve 1891B, B. breve M1D, B. longum
subsp. longum 39B and B. longum subsp. longum 1898B ranged from 167 genes in the case of B.
breve M1D to 175 genes for B. longum subsp. longum 1898B (Fig. 2). We included in our analyses
both sequences coding for antibiotic-removing transporters and sequences specifying antibiotic-
inactivating enzymes. The number of predicted antibiotic-removing transporters ranged from 109 for
B. longum subsp. longum 39B to 127 genes for B. breve 1891B and B. breve M1D (Fig. 2).
Interestingly, the analyzed strains were shown to harbor genes putatively encoding beta-lactamases
as part of their resistome; B. longum strains were predicted to encode five distinct beta-lactamases,
whereas the assessed B. breve strains were predicted to specify four beta-lactamases. However, since
these putative beta-lactamases are conserved among different strains of the same species, it appears
that they are not involved in the observed AMC insensitivity phenotype observed for some strains.

Moreover, further analysis of the in silico resistome data and comparison between genes found in the

insensitive strains but absent from the sensitive strains allowed the identification 11 predicted AR
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genes that are present only in the B. breve AMC-insensitive strains. Eight of these identified genes
were predicted to encode transporters, whereas two genes seemed to encode enzymes that provide
protection against glycopeptide antibiotics (307). Finally, one gene was predicted to encode a
glycosyl hydrolase involved in the modification of the lipopolysaccharide (LPS) core and lipid A
region with ethanolamine and add amino-arabinose to the 4’ phosphate of lipid A (308). Furthermore,
carrying out the same analysis for members of the B. longum subsp. longum taxon, we identified just
one gene uniquely shared between AMC-resistant B. longum subsp. longum strains, predicted to
encode a putative AR transporter. These identified genes are indeed credible genetic candidates
responsible for the high MICawmc breakpoint values identified in B. breve 1891B, B. breve M1D, B.

longum subsp. longum 39B and B. longum subsp. longum 1898B.
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Table 1. Bifidobacterium strains isolated from AMC samples and corresponding MICamc

values.

Species Strain  MICamc (ng/mL)
Bifidobacterium breve 1891B 32 ug/mL
Bifidobacterium breve MID 16 pg/mL
Bifidobacterium breve M5B 1 pg/mL

Bifidobacterium longum subsp. longum  1898B 8 ng/mL
Bifidobacterium longum 2195B 1 pg/mL
Bifidobacterium longum 2196B 1 pg/mL
Bifidobacterium longum 2197B 1 pg/mL
Bifidobacterium longum 2198B 0.5 pg/mL
Bifidobacterium longum 2199B 1 ng/mL
Bifidobacterium longum 2202B 0.125 pg/mL

Bifidobacterium longum subsp. longum  39B 4 ng/mL
Bifidobacterium longum ADI2C 1 pg/mL
Bifidobacterium longum E2C 1 pg/mL
Bifidobacterium longum E4F 2 pg/mL
Bifidobacterium longum E6H 1 pg/mL
Bifidobacterium longum F2A 0.25 pg/mL
Bifidobacterium longum G7G 0.25 pg/mL
Bifidobacterium longum G8F 0.5 pg/mL
Bifidobacterium longum L5G 2 ug/mL
Bifidobacterium longum MISS1F 0.25 pg/mL
Bifidobacterium longum T3 2 pg/mL

Bifidobacterium pseudocatenulatum AN3D 2 ug/mL
Bifidobacterium pseudocatenulatum L3G 0.5 pg/mL
Bifidobacterium pseudocatenulatum MSH 2 ug/mL
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Figure 2. Comparative genomic and resistome analyses of AMC-resistant Bifidobacterium
strains. Panel a shows two Venn diagrams. The numbers in the central circle represent the core
genome of the B. breve and B. longum subsp. longum strains analyzed. The number in the insertion
section represents the shared genes between AMC-resistant strains, while the number in the oval
circles depict the TUGs for each strain. Panel b exhibits the predicted resistome of the AMC-
resistant Bifidobacterium strains.
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Table 2. Genetic features of AMC-resistant Bifidobacterium strains.

Strains Genome Lenght (Bp) N° of contigs N°of ORFs N°of tRNA N°of rRNA Loci Accession number

B. breve 1891B 2427222 1 2102 54 3 JACZEMO000000000

B. breve M1D 2421612 7 2053 54 3 JACZEL000000000

B. longum subsp. longum 1898B 2464874 9 2065 56 4 JACZEKO000000000
B. longum subsp. longum 39B 2287000 25 1842 56 1 JACZEJ000000000

Transcriptomic analysis of Bifidobacterium breve 1891B.

In order to investigate if and how the presence of AMC in the growth medium modulates the
transcription of genes putatively involved in the AR described above, we explored the transcriptome
of B. breve 1891B when cultivated in the presence or absence of AMC in MRS medium. This analysis
showed significant modulation of 163 genes (> 2-fold induction, p-value < 0.05), 110 of which were
upregulated in the MRSamc medium, while 53 genes were downregulated when compared to the
reference condition (Fig. 3). Functional assignment of the upregulated and downregulated transcribed
genes based on the eggNOG database (187) revealed that the overexpressed transcripts referred to
genes involved in defensive mechanisms and in the metabolism and transport of inorganic ions (20.2
% and 9.2 %, respectively) (Fig. 3). Conversely, downregulated transcripts concerned genes involved
in the transport and metabolism of carbohydrates and nucleotides (13.7 % and 25.5 %, respectively).
Interestingly, among the upregulated genes, one particular ORF, associated with locus tag
1891B 1181 and encoding a predicted ABC transporter, exhibited a 3.6-fold increased transcription
(p-value < 0.001) (Fig. 3). This gene was previously characterized in this study in the resistome of
strain B. breve 1891B, shared with other B. breve AMC resistant strains and not present in B. breve
AMC sensitive strains (Table 1). These findings suggest that this ABC transporter-encoding gene is
involved in the observed insensitivity of B. breve 1891B to the AMC antibiotic. In addition, two
TUGs observed in the genome of the strain B. breve 1891B, 1.e., ORFs 1891B 1167 and 1891B 1282,
were shown to be transcriptionally induced in the presence of AMC, exhibiting an upregulation of

3.4-fold and 2.7-fold, respectively (p-value < 0.05) (Fig. 3), and in both cases encoding hypothetical
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proteins. These data indicate that these unique genes are involved in the high resistance of B. breve

1891B toward AMC antibiotic.
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Figure 3. Transcriptional modulation of B. breve 1819B genes in presence of AMC. Panel a
shows the statistically significant differential transcription observed for B. breve 1891B when
growth in MRS medium with an addition of 32 pg/mL of AMC when compared to the reference
condition. Panel b displays the subset of significantly upregulated encoding genes. Red boxes
highlight the ORFs 1891B 1181, ORFs 1891B 1167 and 1891B 1282, which are putatively
involved in the AMC resistance mechanism. Color legends at the top of the images indicate
increased transcription levels (green) compared to those of the reference samples. The EggNOG
letter for each significant up-regulated gene is reported. Each letter stands for the following
function: S, Function unknown, L, Replication, recombination and repair, R, General function
prediction only, G, Carbohydrate transport and metabolism, J, Translation, ribosomal structure and
biogenesis, E, Amino acid transport and metabolism, K, Transcription, P, Inorganic ion transport
and metabolism, C, Energy production and conversion, V, Defense mechanisms, T, Signal
transduction mechanisms, H, Coenzyme transport and metabolism, I, Lipid transport and
metabolism.

Effect of resistant Bifidobacterium strains on the human gut microbiota in the presence of AMC.
The GIT microbiota composition is known to be influenced by antibiotic compounds (293, 300). In
particular, antibiotic exposure will alter the microbial composition in the infant gut community (301,
309). In order to evaluate the effects of AMC on the human gut microbiota in the presence of AMC-
insensitive Bifidobacterium strains retrieved in this study, we performed four different co-culture
experiments, in which each AMC-insensitive bifidobacterial strain was cultivated with a fresh fecal
sample and in the presence or absence of the AMC antibiotic (20 uM) in the growth medium (see
Materials & Methods) (293). The co-cultures were monitored at four different time points, i.e. 12h,
18h, 24h and 36h after the inoculum. For each time point and for each cultivation condition tested,
the changes in the microbiota composition were assessed by shallow-shotgun metagenomics analysis.
The analyses resulted in a total of 2,603,786 reads with an average of 63,507 & 23,113 reads per
sample (Table S4). The analysis of the species richness, i.e. the number of species identified in each
sample, revealed a significant decrease in complexity in the AMC-containing sample group (average
of 414 + 58) compared to the untreated control group (average of 474 + 34) (p-value < 0.05) (Fig.
S2). In order to obtain a comprehensive biological interpretation of the analyzed batch-culture

microbiome complexity, we performed a quantitative microbiome profiling experiment based on flow
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cytometric analyses for the enumeration of microbial cells present in each co-culture condition at
each time point (287). Interestingly, comparison between each co-culture experiment with its own
control revealed a decrease of the number of microbial cells in 85% of the samples to which AMC
was added (Fig. 4). Moreover, statistical analysis revealed a significant decrease (p-value < 0.05) of
1.35 fold in the number of cells in the AMC treated group (average of 1.97E+05 + 6.11E+04)
compared to the control sample group (average of 2.65E+05 + 9.41E+04).

Focusing on the absolute abundance of the species corresponding to the identified AMC-resistant
Bifidobacterium strains, the only strain that seemed to increase in abundance in the presence or
absence of AMC was B. breve 1891B (Fig. 4). In fact, the fecal samples co-cultivated with 1891B
revealed a high abundance of B. breve species in both untreated and treated conditions, with an
average abundance of 24.56 % = 8.90 % and 34.08 % =+ 6.32 %, respectively. Moreover, alignment
analysis based on Bowtie2 software revealed that all these reads classified as B. breve align to the
Bifidobacterium breve 1891B reference genome (alignment identity of 99 %). Intriguingly, in both
conditions in which we inoculated the fecal sample with B. breve 1891B, this strain appeared to
outcompete other bacteria present in the co-cultivation set-up, already 12h after the inoculum (Fig.
4). In contrast, the other strains tested displayed low competitive performances even in the absence
of AMC (Fig. 4 and Table S5).

Interestingly, the fecal samples inoculated with B. breve 1891B and treated with AMC showed a
higher abundance of Bifidobacterium species (average abundance of 7.72 % =+ 2.78 % evaluated
excluding B. breve) compared to other AMC co-culture experiments (total average abundance of 0.89
% =+ 0.48 % evaluated excluding the inoculated strain). Therefore, these results support the apparent
ability of B. breve 1891B to grow in the presence of AMC antibiotic, making this strain an interesting

candidate for the development of Bifidobacterium-containing probiotic products.
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Figure 4. Growth experiments in fecal media.

The histogram on the left displays the taxonomic absolute abundance of the co-culture experiments.
The absolute abundance of B. breve 1891B is indicated with the color red in the bar plot. The
histogram on the right shows a comparison between the absolute abundance of the co-culture

experiments in MRSamc and the reference condition.
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CONCLUSIONS

Many pharmaceuticals are well known to influence the human gut microbiota. Since the combination
of amoxicillin and clavulanic acid is one of the most frequently prescribed antibiotics in the Western
world, especially during infancy and adolescence, we decided to explore the impact of this antibiotic
formulation on the gut microbiota of 23 children and compare this to a control group who had not
been treated with AMC. Interestingly, results indicated a drastic reduction of bacteria in AMC-treated
children when compared to the CTRL group, including a reduction in absolute abundance of the
Bifidobacterium genus. We decided to perform MIC experiments of several strains belonging to our
collection and novel strains that had been isolated from children treated with AMC. The determination
of sensitivity/resistance of these intestinal Bifidobacterium strains showed that 98.5 % of them are
sensitive to this antibiotic. Nonetheless, we isolated four strains that showed higher resistance, of
which B. breve 1891B strain displayed the highest MICamc value. Transcriptional analyses of this
strain, growth in MRS added with AMC antibiotic, highlighted one interesting gene that was shown
to be considerably upregulated compared to the reference condition and belonging to the predicted
resistome, suggesting its involvement in the AMC resistance of B. breve. Finally, by simulating gut-
microbiota experiments it emerged that the 1891B strain is able to survive and compete in the
presence of a complex microbiota combined with AMC antibiotic, opening up the possibility of using

this strain in a probiotic product when AMC therapy is prescribed.
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SUPPLEMENTAL MATERIALS
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Figure S1. AMC breakpoints values of Bifidobacterium genus.
Distribution of breakpoint values for AMC in 261 different Bifidobacterium strains tested. The x
axis reports the antibiotic concentrations (microgram per milliliter), while the y axis represents the
number of strains.
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Figure S2. Examination of the species richness of the co-culture experiments.

The species richness is represented by the box and whisker plot calculated through the number of
species identified in each samples. The bottom and top of the box represent the first and third
quartiles, and the band inside the box is the median. Moreover, the ends of the whiskers represent
the minimum and maximum of all the data of the sample.
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Table S1. Samples used in this study.

AMC group Control group
Samples Age Days of AMC treatment | Samples | Age
AMC 1 5 Years 10 days CTRL1 | 8 Years
AMC 2 5 Years 10 days CTRL 2 | 4 Years
AMC3 5 Years 10 days CTRL 3 | 4 Years
AMC 4 7 Years 10 days CTRL4 | 1 Year
AMC 5 6 Years 10 days CTRL 5 |10 Years
AMC 6 5 Years 10 days CTRL 6 | 4 Years
AMC7 | 11 Years 10 days CTRL7 | 1 Year
AMC 8 6 Years 10 days CTRL 8 | 6 Years
AMCO9 4 Years 8 days CTRLO | 1 Year
AMC 10| 12 Years 8 days CTRL 10| 4 Years
AMC 11 9 Years 10 days CTRL 11| 7 Years
AMC 12| 4 Years 10 days CTRL 12| 1 Year
AMC 13| 4 Years 7 days CTRL 13| 3 Years
AMC 14| 3 Years 7 days CTRL 14| 2 Years
AMC 15| 4 Years 7 days CTRL 15| 4 Years
AMC 16| 11 Years 10 days CTRL 16| 4 Years
AMC 17| 6 Years 10 days CTRL 17| 6 Years
AMC 18| 9 Years 8 days CTRL 18| 3 Years
AMC 19| 7 Years 10 days CTRL 19| 8 Years
AMC 20| 4 Years 7 days
AMC 21| 12 Years 8 days
AMC 22| 3 Years 8 days
AMC 23 1 Year 7 days
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Table S2. MIC breackpoint values for members of the Bifidobacterium genus

Species Strains MIC (pg/mL)
B. acticoloniiforme DSM22766 0,5
B. adolescentis 125B 0,5
B. adolescentis 14B 0,125
B. adolescentis 153B 0,25
B. adolescentis 1892B 0,125
B. adolescentis 22L 0,125
B. adolescentis 235B 0,125
B. adolescentis 236B 0,125
B. adolescentis 369B 0,125
B. adolescentis 382B 0,5
B. adolescentis 388B 0,5
B. adolescentis 42B 0,25
B. adolescentis 487B 0,125
B. adolescentis 50B 0,125
B. adolescentis 532B 0,25
B. adolescentis 537B 0,25
B. adolescentis 53B 0,25
B. adolescentis 55B 0,125
B. adolescentis 56B 0,5
B. adolescentis 57B 0,125
B. adolescentis 58B 0,125
B. adolescentis 61B 0,125
B. adolescentis 62B 0,125
B. adolescentis 679B 0,125
B. adolescentis 703B 0,5
B. adolescentis 70B 0,5
B. adolescentis 711B 0,5
B. adolescentis 712B 0,125
B. adolescentis 713B 0,125
B. adolescentis 714B 0,25
B. adolescentis 716B 0,125
B. adolescentis 723B 0,5
B. adolescentis 731B 1
B. adolescentis 734B 1
B. adolescentis 740B 0,125
B. adolescentis 74B 0,125
B. adolescentis 75B 0,125
B. adolescentis 76B 0,25
B. adolescentis 77B 0,125
B. adolescentis 780B 0,125
B. adolescentis 793B 0,125
B. adolescentis 796B 0,25
B. adolescentis 79B 0,25
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B. adolescentis 809B 0,25
B. adolescentis 80B 0,5
B. adolescentis 831B 0,125
B. adolescentis 841B 0,5
B. adolescentis 848B 0,5
B. adolescentis 856B 1
B. adolescentis 859B 0,125
B. adolescentis 898B 0,125
B. adolescentis 924B 0,125
B. adolescentis 951B 1
B. adolescentis 952B 0,25
B. adolescentis 954B 0,25
B. adolescentis 970B 0,25
B. adolescentis 971B 0,125
B. adolescentis 972B 1
B. adolescentis 973B 0,125
B. adolescentis AD2-8 0,125
B. adolescentis AL12-4 0,25
B. adolescentis AL46-2 0,25
B. adolescentis AL46-7 0,25
B. adolescentis ATCC15703 0,25
B. adolescentis LMG10733 0,125
B. adolescentis LMG10734 0,5
B. adolescentis LMG11579 0,5
B. adolescentis LMG18897 0,125
B. aesculapii DSM26737 0,125
B. angulatum LMG11039 1
B. animalis subsp. animalis LMG10508 0,5
B. animalis subsp. lactis DSM10140 0,5
B. anseris LMG30189 0,125
B. aquikefiri LMG28769 0,125
B. asteroides LMG10735 1
B. biavatii DSM23969 0,25
B. bifidum 13200 1
B. bifidum 155B 0,125
B. bifidum 156B 0,5
B. bifidum 184B 0,125
B. bifidum 1887B 0,125
B. bifidum 1A 0,125
B. bifidum 2G 0,125
B. bifidum 313B 0,125
B. bifidum 316B 0,125
B. bifidum 323B 1
B. bifidum 324B 0,25
B. bifidum 352B 1

143




B. bifidum 361B 1
B. bifidum 364B 0,125
B. bifidum 81B 0,125
B. bifidum 85B 0,125
B. bifidum 98B 0,125
B. bifidum A8 0,5
B. bifidum IF10/10 0,25
B. bifidum 1F23/2 0,25
B. bifidum LMG11041 0,5
B. bifidum LMG11582 1
B. bifidum LMG11583 1
B. bifidum LMG13195 1
B. bifidum PRL2010 0,5
B. bohemicum DSM22767 1
B. bombi DSM19703 0,5
B. boum LMG10736 1
B. breve 158B 1
B. breve 1891B 32
B. breve 1900B 0,25
B. breve 2L 1
B. breve 31L 1
B. breve 675B 1
B. breve 689B 0,125
B. breve 691B 1
B. breve 7E 1
B. breve MI1D 16
B. breve M5B 1
B. breve UCC2003 0,5
B. callitrichos DSM23973 1
B. catenulatum LMG11043 0,5
B. choerinum LMG10510 1
B. coryneforme LMG18911 1
B. criceti LMG30188 0,25
B. crudilactis LMG23609 1
B. cuniculi LMG10738 0,5
B. dentium LMG11045 0,5
B. eulemuris DSM100216 0,5
B. gallicum LMG11596 0,5
B. pullorum subsp. gallinarum LMG11586 0,125
B. hapali DSM100202 0,25
B. imperatoris LMG30297 0,125
B. indicum LMG11587 0,5
B. italicum LMG30187 0,5
B. catenulatum subsp. kashiwanohense DSM21854 0,5
B. lemurum DSM28807 0,125
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B. longum 103B 0,5
B. longum 105B 0,5
B. longum 107B 1
B. longum 108B 0,5
B. longum 109B 0,5
B. longum 10B 1
B. longum 111B 1
B. longum 114B 0,5
B. longum 115B 1
B. longum 116B 1
B. longum 120B 0,5
B. longum 123B 0,5
B. longum 127B 0,5
B. longum 12A 0,5
B. longum 130B 0,5
B. longum 134B 0,5
B. longum 139B 0,25
B. longum 142B 0,5
B. longum 159B 0,5
B. longum 168B 0,5
B. longum 169B 0,5
B. longum 178B 0,5
B. longum 1890B 0,5
B. longum 1897B 0,5
B. longum 1898B 8
B. longum 18B 1
B. longum 18L 0,5
B. longum 19L 0,5
B. longum 1B 0,5
B. longum 207B 0,5
B. longum 209B 0,125
B. longum 20B 0,5
B. longum 20L 0,5
B. longum 211B 0,5
B. longum 216B 0,5
B. longum 217B 1
B. longum 2195B 1
B. longum 2196B 1
B. longum 2197B 1
B. longum 2198B 0,5
B. longum 2199B 1
B. longum 21B 1
B. longum 21L 0,5
B. longum 2202B 0,125
B. longum 223B 1
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B. longum 224B 1
B. longum 227B 1
B. longum 234B 1
B. longum 23B 0,5
B. longum 26B 0,25
B. longum 27B 1
B. longum 27L 0,5
B. longum 28B 0,5
B. longum 28L 0,5
B. longum 296B 1
B. longum 7B 0,5
B. longum 314B 0,5
B. longum 32L 0,5
B. longum 339B 0,5
B. longum 33B 0,25
B. longum 33L 0,5
B. longum 349B 1
B. longum 35B 0,25
B. longum 39B 4
B. longum 3B 0,5
B. longum 40B 0,5
B. longum 411B 1
B. longum 439B 0,125
B. longum 446B 0,25
B. longum 453B 0,5
B. longum 458B 0,5
B. longum 45B 0,125
B. longum 460B 0,5
B. longum 46B 0,5
B. longum 47B 0,5
B. longum 49B 0,5
B. longum 531B 1
B. longum 66B 0,5
B. longum 67B 0,5
B. longum 71B 0,5
B. longum 7F 0,5
B. longum 87B 0,25
B. longum 94B 0,5
B. longum 9B 0,5
B. longum AD12C 1
B. longum B129 0,25
B. longum E2C 1
B. longum E4F 2
B. longum E6H 1
B. longum F2A 0,25
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B. longum G7G 0,25
B. longum GS8F 0,5
B. longum L5G 2
B. longum MISS1F 0,25
B. longum T3 2
B. longum subsp. infantis ATCC15697 0,5
B. longum subsp. longum LMG13197 1
B. longum subsp. suis LMG21814 0,5
B. magnum LMG11591 0,125
B. margollesii LMG30296 1
B. meryciucm LMG11341 0,25
B. minimum LMGI11592 0,5
B. mongoliense DSM21395 1
B. moukabalense DSM27321 0,5
B. myositis DSM100196 0,5
B. parmae LMG30295 0,25
B. pseudocatenulatum AN3D 2
B. pseudocatenulatum L3G 0,5
B. pseudocatenulatum LMG10505 0,5
B. pseudocatenulatum MSH 2
B. pseudolongum subsp. globosum LMG11659 0,5
B. pseudolongum subsp. pseudolongum LMG11571 1
B. psychraerophilum LMG21775 0,25
B. pullorum subsp. pullorum DSM20433 0,5
B. reuteri DSM23975 1
B. ruminantium LMG21811 1
B. pullorum subsp. saeculare LMG14934 1
B. saguini DSM23967 1
B. scardovii LMG21589 1
B. stellenboschense DSM23968 0,25
B. stercoris DSM24849 1
B. subtile LMG11597 0,5
B. porcinum LMG21689 1
B. thermacidophilum LMG21395 1
B. thermophilum DSM20212 1
B. tissieri DSM100201 1
B. tsurumiense JCM13495 0,5
B. vansinderenii LMG30126 1
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Table S3. General genome features of Bifidobacterium breve and Bifidobacterium longum
strains used for the comparative genomic analysis.

Strains N° of N° N°rRNA N° AMC MIC
ORFs tRNA loci TUGs (ng/mL)
B. breve 1900B 1929 52 3 85 0,25
B. breve UCC2003 2040 53 2 175 0,5
B. breve 689B 1937 52 2 130 0,125
B. breve TE 1876 52 3 41 1
B. breve 2L 1888 51 2 79 1
B. breve 31L 1921 52 3 157 1
B. breve 1891B 2118 54 3 77 32
B. breve M1D 2053 54 3 48 16
Strains N° of N° N° rRNA N° AMC MIC
ORFs tRNA loci TUGS (ng/mL)
B. longum subsp. longum 35B 2219 57 5 460 0,25
B. longum subsp. longum 1890B 1988 59 2 284 0,5
B. longum subsp. longum 296B 1874 54 4 226 1
B. longum subsp. longum
G 8 1950 73 4 216 1
B. longum subsp. infantis
o ect 5297f 2564 77 4 972 0,5
B. longum subsp. longum 39B 1842 56 1 112 4
B. longum subsp. longum 1898B 2065 56 4 289 8
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Table S4. Filtered reads of co-culture experiments.

Sample Reads classified
Fecal sample 12h 75308
Fecal sample + AMC 12h 76483
Fecal sample + 1891B 12h 82948
Fecal sample + 1891B + AMC 12h 95128
Fecal sample + M1D 12h 55240
Fecal sample + M1D + AMC 12h 61718
Fecal sample + 39B 12h 70871
Fecal sample + 39B + AMC 12h 52053
Fecal sample + 1898B 12h 40994
Fecal sample + 1898B + AMC 12h 49033
Fecal sample 18h 60001
Fecal sample + AMC 18h 72953
Fecal sample + 1891B 18h 92393
Fecal sample + 1891B + AMC 18h 91941
Fecal sample + M1D 18h 40295
Fecal sample + M1D + AMC 18h 49669
Fecal sample + 39B 18h 63771
Fecal sample + 39B + AMC 18h 21970
Fecal sample + 1898B 18h 40994
Fecal sample + 1898B + AMC 18h 10829
Fecal sample 24h 87558
Fecal sample + AMC 24h 92955
Fecal sample + 1891B 24h 92365
Fecal sample + 1891B + AMC 24h 60316
Fecal sample + M1D 24h 66221
Fecal sample + M1D + AMC 24h 47072
Fecal sample + 39B 24h 36264
Fecal sample + 39B + AMC 24h 85101
Fecal sample + 1898B 24h 72085
Fecal sample + 1898B + AMC 24h 16775
Fecal sample 36h 88153
Fecal sample + AMC 36h 87836
Fecal sample + 1891B 36h 71966
Fecal sample + 1891B + AMC 36h 81918
Fecal sample + M1D 36h 42000
Fecal sample + M1D + AMC 36h 52063
Fecal sample + 39B 36h 44863
Fecal sample + 39B + AMC 36h 62806
Fecal sample + 1898B 36h 83624
Fecal sample + 1898B + AMC 36h 21678
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ABSTRACT

The vaginal microbiota is defined as the community of bacteria residing in the human vaginal tract.
Recent studies have demonstrated that the high prevalence of Lactobacillus crispatus species is
commonly associated with a healthy vaginal environment. In the current study, we assessed the
microbial composition of 94 public healthy vaginal samples through shotgun metagenomics analyses.
Results showed that L. crispatus was the most representative species and correlated negatively with
bacteria involved in vaginal infections. Moreover, we isolated and sequenced the genome of new 15
L. crispatus strains from different environments and the comparative genomics analysis revealed a
genetic adaptation of strains to their ecological niche. In addition, in-vitro growth experiments display
the capability of this species to modulate the composition of the vaginal microbial consortia. Overall,
our findings suggest an ecological role exploited by L. crispatus in reducing the complexity of the

vaginal microbiota toward a depletion of pathogenic bacteria.
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MATERIAL AND METHODS

Selection and metagenomics analyses of public datasets.

In this study, we performed a metagenomics analysis based on three publicly available WMS datasets
based on Illumina sequencing technology, corresponding to a total of 94 vaginal samples (Table S1).
Specific metadata regarding age, diet and any therapies was not available. In order to classify the
reads to the lowest possible taxonomic rank, the downloaded fastq files were analyzed with the

MET AnnotatorX bioinformatics platform (310).

Isolation of new L. crispatus strains.

In order to investigate the occurrence of L. crispatus in vaginal microbiota and in poultry fecal
samples, seven human healthy vaginal fluid samples and 10 feral chicken fecal samples were
explored. Vaginal samples were collected through vaginal swabs mixed with 4 mL of phosphate-
buffered saline (PBS - pH 6.5), while fecal samples were composed of 10 g of fresh fecal material,
which is a sufficient quantity to represent the whole biodiversity of fecal microbiota, as reported in a
previous study (163). Serial dilution and subsequent plating were performed using MRS agar
supplemented with 1 % of lactose (wt/vol). Morphologically different colonies that developed on

MRS plates were picked and streaked in order to isolate purified bacterial strains.

Taxonomic identification of new isolated strains.

Identification of each isolate was performed by PCR amplification of a portion of the 16S rRNA gene
through primer pair PO (5’-GAAGAGTTTGATCCTGGCTCAG-3’) and P6 (5’-

CTACGGCTACCTTGTTACGA-3). Each 16S rRNA gene thus generated from individual strains
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was sequenced and was analyzed by BLAST against the GenBank database. Moreover, the genome
of the L. crispatus strains identified were also characterized using L. crispatus species-specific
primers: Lbc_fw: 5’-AGGATATGGAGAGCAGGAAT-3’, Lbc rv: 5’-
CAACTATCTCTTACACACGCC-3* (311-314). Each sample was subjected to the following
thermal cycling conditions: 5 min at 94°C for one cycle, then 20 s at 94°C, 30 sec at 57°C and 40 sec
at 72°C for 30 cycles, followed by a 5-min elongation period at 72°C. The L. crispatus isolated strains

are listed in Table 1.

pH and Sodium Chloride tolerance tests.

The ability of isolated strains to tolerate varying pH levels or NaCl concentrations was evaluated by
monitoring Optical density (OD) values on 96-well plates. In different wells, MRS medium enhanced
with 1 % of lactose was supplemented with 2 %, 6 % or 10 % NaCl (wt/vol). In addition, isolated
strains were also cultivated in MRS medium supplemented with 1 % of lactose set by addition of HCI
at pH 2.0, pH 3.0 or pH 4.0. Microliter plates were incubated under aerobic conditions for 48h at
37°C. Cell density was monitored by OD measurements at OD600 using a plate reader (BioTek, VT,
USA). The resistance level to the imposed sodium chloride or pH stress was calculated in each case
by comparing the maximum OD600 reached in a particular medium with that of the control medium

(MRS + 1 % of lactose). Assays were performed in triplicate as independent experiments.

Glycogen growth assays.

Lactobacillus strains were cultivated on semi-synthetic MRS medium without sugar supplemented
with 1 % (wt/vol) of glycogen (Merck, Germany) as the sole carbon source. OD measurements at a
wave length of 600 nm were detected using a plate reader (BioTek, VT, USA). The plate reader was
read in intermittent mode, with absorbance readings performed at three minutes intervals for three

times after 12h, 15h, 18h, 24h, 36h, 40h and 48h of growth, where each reading was ahead of 30 s
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shaking at medium speed. Cultures were grown in biologically independent triplicates in aerobic
conditions at 37°C. The resulting growth data were expressed as the mean of these replicates. Control
growth experiments were carried out with strains growth in MRS supplemented with 1 % of lactose

(wt/vol).

Detection of hydrogen peroxide production.

Lactobacillus strains were tested for the production of H>O,. Each strain was plated on TMB-plus
agar, as previously described (315). In brief, lactobacilli strains were plated on TMB-plus agar and
incubated for 48 h at 37°C in anaerobic conditions (2.99 % H», 17.01 % CO, and 80 % N3) in a
chamber (Concept 400, Ruskin). After exposure to ambient air, hydrogen peroxide-producing
colonies turning blue. Change of color was assessed after 30 minutes, as previously described (316).
Color intensity was defined based on the transposition of the intensity of the colonies blue color on
Adobe Photoshop software (Adobe Incorporated, California, USA) after a photography of each plate.
The color grade was designated with the combination of the Red, Green and Blue (RGB) color method

lights, maintaining the R and the G grade to 0. Each experiment was performed in triplicate.

Genome sequencing and assemblies.

DNA extracted from lactobacilli isolates was submitted to whole-genome sequencing using MiSeq
(Illumina, UK) at GenProbio srl (Parma, Italy) according to the supplier’s protocol (Illumina, UK).
Furthermore, DNA isolated from L. crispatus PRL2021 was also subjected to whole-genome
sequencing using a MinION (Oxford Nanopore, UK) at GenProbio srl (Parma, Italy) according to the
supplier’s protocol (Oxford Nanopore, UK). Fastq files of the paired-end reads obtained from targeted
genome sequencing of isolated strains were used as input for genome assemblies through the
MEGAnnotator pipeline (166). SPAdes software was used for de novo assembly of each L. crispatus

genome sequence (167, 168), while protein-encoding ORFs were predicted using Prodigal (169). The
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coverage depth of these newly isolated 16 L. crispatus chromosomes ranged from 73- to 259-fold,

which upon assembly generated 36 to 259 contigs (Table 1).

Comparative genomics.

A pan-genome calculation was performed using the pan-genome analysis pipeline PGAP (293),
including each L. crispatus genome collected from this study and 94 L. crispatus genomes public
available (NCBI database) (Table S1). Each predicted proteome of a given L. crispatus strain was
screened for orthologues against the proteome of every collected L. crispatus strain by means of
BLAST analysis (171) (cutoff, E value of < 1 x 107* and 50 % identity over at least 80 % of both
protein sequences). The resulting output was then clustered into protein families by means of MCL
(graph theory-based Markov clustering algorithm), using the gene family method. A pan-genome
profile was built using all possible BLAST combinations for each genome being sequentially added.
Using this approach, unique protein families encoded by the analyzed L. crispatus genomes were also
identified. Protein families shared between analyzed genomes allowed us to identify the core genome
of the L. crispatus species. Each set of orthologous proteins, belonging to the core genome, was
aligned using Mafft software (173) and phylogenetic trees were constructed using ClustalW (174).
Based on these comparative analyses, a L. crispatus supertree was visualized using FigTree
(http://tree.bio.ed.ac.uk/software/figtree/). The average nucleotide identity (ANI) values among L.
crispatus genomes analyzed was calculate with fastANI software (317). Functional annotation of

each protein of L. crispatus strains was performed employing the eggNOG database (187).

Prediction of putative bacteriocin-encoding genes.

The genome sequences of the 16 isolated and of the 94 public available L. crispatus genomes were
screened for bacteriocin-encoding genes. Moreover, 116 genomes publicly available belonged to L.
iners, L. jensenii and L. gasseri species were explored for the bacteriocins prediction. The screening

was carried out using the BAGEL3 database (318) through BLASTP analysis (E-value cutoff of le
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%) (171). Afterwards, a manual examination of the sequences predicted to encode a bacteriocin-like
protein was performed. The predicted bacteriocin genes were classified according to the bacteriocin

classification reported in the BAGEL3 database (23677608).

Growth experiment of the isolated vaginal L. crispatus in Simulated Vaginal Fluid (SVF) and
shallow shotgun metagenomics.

The SVF was prepared as mentioned by Pan et al. (319). For growth experiments, overnight
lactobacilli cultures were diluted since an OD value of 1.0. Each culture was inoculated at 1 %
(vol/vol) into SVF. We performed nine different experiments in which were inoculated L. gasseri
ATCC 9857, L. iners LMG 14328 and L. jensenii V94G (isolated in this study) together with one
new vaginal-isolated L. crispatus strain. Batch cultures were incubated under aerobic conditions for
12h at 37°C. After 12h of growth, the cultures were centrifuged at 3000 rpm for 8 minutes and the
pellets were harvested. The pellets were subjected to DNA extraction using the GeneElute ™ Bacterial
Genomic DNA Kit (Sigma, Germany) following the manufacturer’s instruction. The extracted DNA
was prepared following the Illumina Nextera XT protocol. Briefly, DNA samples were enzymatically
fragmented, barcoded and purified involving magnetic beads. Then, samples were quantified using
fluorometric Qubit quantification system (Life Technologies, USA), loaded on a 2200 Tape Station
Instrument (Agilent Technologies, USA) and normalized to 4 nM. Sequencing was performed paired-
end using an Illumina NextSeq 500 sequencer with NextSeq High Output v2 Kit Chemicals (Illumina
Inc., San Diego, USA). The retained reads were analyzed with the MET AnnotatorX bioinformatics

platform (310).

Growth experiment of the isolated L. crispatus PRL2021 in SVF and Fecal Media with fecal
samples.
An overnight L. crispatus PRL2021 culture was diluted to reach an OD value of 1.0 and was then

inoculated at 1 % (vol/vol) into SVF and Fecal media. The SVF was prepared as mentioned by Pan
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et al. (319), whereas the fecal media was prepared as described by Macfarlane et al. (292). We
performed four different experiments for each growth media in which were inoculated a woman fecal
sample at 1 % (wt/vol) or 5 % (wt/vol) together with isolated L. crispatus PRL2021 strain. Control
growth experiments were carried out without L. crispatus PRL2021. After 12h of growth, the cultures
were centrifuged at 3000 rpm for 8 minutes and the pellets were harvested. The pellets were subjected
to DNA extraction using the QIAamp DNA Stool Mini kit (Qiagen) following the manufacturer’s
instructions. The extracted DNA was prepared following the Illumina Nextera XT protocol as

mentioned previously for co-culture experiments.

Evaluation of cell density by flow cytometry assay.

For bacterial cell counting, 500 pL of batch culture was diluted in physiological solution (Phosphate-
buffered saline, PBS). Subsequently, bacterial cells were stained with one L. SYBR®Green I and
incubated in the dark for at least 15 min before measurement. All count experiments were performed
using an Attune NxT Flow flow cytometer (Invitrogen, ThermoFisher Scientific) equipped with a
Blue Laser set at 50 mWatt and tuned to an excitation wavelength of 488 nm. Multiparametric
analyses were performed on both scattering signals (FSC, SSC) and SYBR Green I fluorescence was
detected on FL1 channel. Cell debris and eukaryotic cells were excluded from acquisition analysis by
a sample-specific FL1 threshold. All data sets were statistically analyzed with Attune NxT Flow
Cytometer Software. Utilizing these cell counts to normalize the sequencing data into absolute
abundance of each profiled taxa, we were capable to perform quantitative microbiome profiling using

a previously described method (287)(320).

Statistical analysis.
The hierarchical clustering (HCL) of samples was obtained using bacterial composition at species
level and was calculated through TMeV 4.8.1 software using Pearson correlation as a distance metric

based on information at genus level. The data obtained was represented by a cladogram. SPSS
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software (IBM, Italy) was used to perform statistical analysis by Student t-test and by Kendall Tau-

rank co-occurrence.

Data Deposition.
Raw sequences of the Shallow-shotgun metagenomics profiling experiments are accessible through
SRA study accession numbers PRINA641015. Newly isolated Lactobacillus genomes were

sequenced and deposited with BioSample number reported in Table 1
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RESULTS & DISCUSSION

Evaluation of VM composition of healthy women. In 2011 Ravel et al. identified and classified
vaginal microbiota in five Community State Types (CSTs) (18). In detail, four CSTs were dominated
by different species of Lactobacillus, i.e. L. crispatus (CST 1), L. gasseri (CST 2), L. iners (CST 3)
and L. jensenii (CST 5), whereas the fourth (CST 4) possesses lower proportions of lactic acid bacteria
and higher proportions of strictly anaerobic organisms. Subsequent studies, mostly based on 16S
rRNA gene-based amplicon sequencing, have confirmed the presence of these CSTs (321-325).
Metagenomic shotgun techniques, i.e., whole metagenome sequencing (WMS), have allowed
overcoming some of the limitations of 16S rRNA gene-based amplicon sequencing, such as DNA
extraction method and primer pair efficiency. In particular, WMS allows the evaluation of the
bacterial communities at species level in a more precise and effective method compared to 16S rRNA
gene-based amplicon sequencing. Consequently, in order to assess the VM composition of healthy
women, we decided to perform a thorough literature search for vaginal shotgun metagenomic datasets
based on Illumina sequencing technology. In detail, we collected a total of 94 publicly available data
sets corresponding to vaginal samples of healthy women (Table S1) that were re-analyzed using a
shallow shotgun metagenomics approach (326), thereby achieving a very accurate taxonomic
cataloguing down to species level resolution of the VM. The metagenomic analysis included a total
0f 2,361,660 reads with an average of 25,124 + 23,730 reads per sample (Table S1). In detail, bacterial
species analysis showed that 60.64 % of the samples presented a vaginal microbiota dominated by
Lactobacillus species, confirming that in the majority of women a healthy vaginal microbiota is
dominated by Lactobacillus species (327). Interestingly, 32.98 % and 28.72 % of the samples showed
L. crispatus and L. iners, respectively, as the most abundant vaginal bacterium. In addition, 29.79 %
and 23.40 % of the samples showed a relative abundance of > 40 % of L. crispatus and L. iners,
respectively. Furthermore, we evaluated the presence of CST in the 94 samples collected through
hierarchical clustering (HCL) analysis (Figure 1). The HCL analysis of these publicly available

datasets showed the presence of all previously identified CSTs, confirming the predominance of
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CST1 and CST3, which represented 30.85 % and 22.34 % of the samples, respectively. Furthermore,
the 19.15 % of the samples displayed a microbial profile corresponding to CST4 characterized by the
presence of reads belonging to the Gardnerella spp. In order to detect the main bacterial taxa
belonging to CST1, CST3 and CST4 identified in this study, taxonomic profiling at species level was
assessed to reconstruct the core microbiota members, i.e. core-microbiota, of the VM of each CST
(22647042). For this purpose, we reconstructed the core-microbiota by selecting bacterial species that
occur with a prevalence greater than 80 % among the collected samples of a particular CST (328,
329). Interestingly, the CST1 and CST3 showed a core-microbiota characterized by bacteria
belonging to the Lactobacillus genus, while CST4 showed a more complex core-microbiota
characterized by Gardnerella genus, potential vaginal pathogens, such as Atopobium vaginae, as well
as L. iners. Furthermore, the identification of the accessory microbiota, i.e. bacterial species different
from core-microbiota and with a prevalence greater than 30 % and an average relative abundance
greater than 0.5 % (330), revealed a lower biodiversity of the CST1 microbiota. In detail, comparison
of the accessory microbiota of CST1 with those of CST3 and CST4 showed a 50 % and 76.9 %
decrease in the number species, respectively. Moreover, the observed concurrence of L. iners and
Gardnerella genus suggested investigating the possible correlations between the characteristic
vaginal bacteria. Consequently, the relative abundance of the fourth CST Lactobacillus species and
the most common vaginal pathogens, composing the 94 samples, were employed in a co-variance
analysis based on Kendall tau-rank (Figure 1). Interestingly, L. crispatus, L. jensenii and L. gasseri
correlated negatively with at least 50 % of the potential vaginal pathogens, highlighting a possible
ability of these microorganisms to outcompete and outnumber bacteria involved in vaginal infections.
Particularly, these results could reinforce the hypothesis that the L. crispatus species reduces the
biodiversity of VM and consequently protects this environment from viral and bacterial infections

(20, 21, 35-37).
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Figure 1. Evaluation of vaginal microbiota composition of healthy women. Panel a illustrates a
circular cladogram of the 94 publicly samples based on hierarchical clustering (HCL) analysis. The
samples were subdivided according to the most representative taxa and CST. Panel b reports the
prevalence and average abundance of the bacteria that correspond to CST1, CST3 and CST4. The
values that represent the core-microbiota are highlighted in green. Panel ¢ reports the results of
Kendall tau-rank co-variance analysis based on the fourth CST Lactobacillus species and the most
common vaginal pathogens. The significant positive correlations are highlighted in green, while
significant negative correlations are evidenced in red.
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Isolation of L. crispatus strains from human and chicken samples.

In order to isolate L. crispatus strains, we collected seven vaginal swab samples of healthy women
and 10 feral chicken fecal samples, following a protocol for the isolation of members of the
Lactobacillus genus (see Materials & Methods section). We decided to screen healthy vaginal swabs
and chicken fecal samples based on the previously described high prevalence of L. crispatus strains
in these environments (316, 331, 332). In total 18 different strains were isolated, all belonging to the
Lactobacillus genus. In this context, 15 strains were determined to represent L. crispatus species, two
were shown to be L. jensenii species and one isolate was demonstrated to belong to the L. gasseri
species. Moreover, strain L. crispatus M247 was isolated from a commercial probiotic product (Table
1). Regarding the novel L. crispatus isolated, seven strains were isolated from poultry fecal samples,
whereas eight strains were isolated from vaginal fluid (Table 1). The relative ease by which such a
high number of L. crispatus was isolated is consistent with the high abundance level of this species
in the human VM and in the GIT of chickens, highlighting its ecological specialization for these

environments (316, 331, 332).

Evaluation of novel L. crispatus strains to vaginal environment challenges.

In order to evaluate the ecological adaptation of the isolated strains to the vaginal environment, all
identified L. crispatus strains were subjected to growth experiments in the presence of environmental
stress conditions, i.e., acidic- and osmotic stress, simulating those naturally occurring in the vaginal
tract (6, 17, 324, 333-335). Interestingly, all isolates showed comparable growth performances at
varying NaCl concentrations (Fig. 2). Specifically, L. crispatus strains showed a survival rate of > 50
% when the concentration of NaCl in growth media was 2 % (wt/vol). Furthermore, three isolated
strains from chicken fecal samples, i.e. LB67, LB69 and LB70, were not able to tolerate this level of

osmotic stress, even at lower NaCl concentration (Fig.2).
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Table 1. Lactobacillus strains used in this study and general genome features.

Strain Size (Bp) ORFs number rRNA loci tRNA Coverage depth Contig number Origin BioSample

L. crispatus PRL2021 2329621 2340 6 64 126- 43 Vaginal Swab SAMN15357510
L. crispatus LB56 2160961 2215 3 55 137- 195 Vaginal Swab SAMN15357362
L. crispatus LB57 2382340 2496 3 65 132- 259 Vaginal Swab SAMN15357363
L. crispatus LB58 2236149 2232 3 65 184- 199 Vaginal Swab SAMNI15357364
L. crispatus LB59 2135374 2172 3 66 182- 189 Vaginal Swab SAMNI15357365
L. crispatus M247 2098939 2083 3 57 256- 156 Probiotic product -
L. crispatus LB61 2081602 2087 3 66 228- 140 Vaginal Swab SAMNI15357366
L. crispatus LB62 2160518 2235 3 63 165- 172 Vaginal Swab SAMN15357367
L. crispatus LB63 2132629 2178 4 60 141- 182 Vaginal Swab SAMN15357368
L. crispatus LB64 2051142 2040 3 57 259- 36 Chicken Fecal Sample SAMN15357369
L. crispatus LB65 2061272 2035 3 61 156- 44 Chicken Fecal Sample SAMN15357370
L. crispatus LB66 2041845 2006 3 56 209- 44 Chicken Fecal Sample SAMNI15357371
L. crispatus LB67 1967651 1912 3 60 193- 60 Chicken Fecal Sample SAMN15357372
L. crispatus LB68 1966006 1921 2 56 73- 111 Chicken Fecal Sample SAMN15357373
L. crispatus LB69 1977839 1959 3 55 79- 95 Chicken Fecal Sample SAMNI15357374
L. crispatus LB70 2021157 1988 3 54 76- 199 Chicken Fecal Sample SAMNI15357375
L. gasseri V105C - - - - - - Vaginal Swab Not Sequenced

L. gasseri ATCC 9857 - - - - - - ATCC collection Not Sequenced

L. jensenii V79H - - - - - - Vaginal Swab Not Sequenced

L. jensenii V94G - - - - - - Vaginal Swab Not Sequenced

L. iners LMG 14328 - - - - - - LMG collection Not Sequenced

Notably, strains isolated from vaginal swabs displayed a survival rate that was significantly higher
than those isolated from chicken fecal samples (p-value = 0.012), suggesting a higher tolerance to
osmotic stress. In this context, it is worth mentioning that the highest survival rate in the presence of
osmotic stress was displayed by L. crispatus PRL2021 (Fig. 2). In addition, all isolates do not tolerate
harsh acidic conditions, displaying survival rates of <20 % when exposed to a pH 2.0 or pH 3.0 for
48h. Conversely, six strains, i.e. PRL2021, LB57, LB61, LB62, LB63 and LB66, reached a survival
rate of > 85 % when the pH of the growth medium was 4.0. Notably, also under this growth condition,
strain PRL2021 reached the highest survival rate compared to other assessed L. crispatus isolates,
with a percentage of 96.81 % (Fig. 2). Interestingly, five of the strains mentioned above, that were

shown to elicit the highest survival rate at pH 4.0, had been isolated from vaginal fluid, suggesting
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an adaptation of these strains to their natural ecological niche due to the acidic conditions of the

vaginal environment (336).

Different studies showed that the presence of luminal glycogen in the vaginal tract of healthy women
is associated with a high prevalence of lactobacilli (337, 338). In order to investigate the utilization
of glycogen by Lactobacillus strains, in vitro cultivation assays were performed in growth medium,
i.e., MRS without sugar, containing glycogen as the unique carbon source. The control assay was
carried out with MRS medium supplemented with lactose and the cultures were monitored for 48h
(see Materials & Methods section). Interestingly, L. crispatus strains isolated from vaginal swab grew
significantly better when compared to strains of poultry origin (p-value < 0.01), confirming the
adaptation of these strains for the utilization of a carbon source naturally present in their ecological
niche (Figure S1). Among strains of vaginal origin, PRL2021 and LB63 showed the highest growth
performance, reaching OD values of > 0.42 after 12h of growth (Figure S1). In contrast, strains of
poultry origin were not able to use glycogen as a carbon source showing low OD values (average OD
0.33 + 0.15) even after 48h of growth (Figure S1). In addition, other tested Lactobacillus strains
belonging to L. gasseri, L. jensenii and L. iners species displayed growth levels 1.5-fold lower when

compared to L. crispatus strains (p-value < 0.05) (Figure S1).

Production of H20:2 by Lactobacillus strains.

Hydrogen peroxide production is generally considered to be a key selective factor allowing
Lactobacillus spp. to dominate the vaginal environment (315, 339, 340). Moreover, it has been
demonstrated that women vaginally colonized by lactobacilli producing hydrogen peroxide were less
exposed to BV compared to women colonized by Lactobacillus strains that did not produce H>O (341,
342). For these reasons, in order to investigate the production of hydrogen peroxide, 21 Lactobacillus
strains involving L. crispatus, L. iners, L. jensenii and L. gasseri species (Table 2), were tested by the

qualitative TMB-plus peroxidase assay (see Material & Methods) (315, 316). Interestingly, all the L.
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crispatus strains tested, except for L. crispatus LB63, produced variable levels of hydrogen peroxide
without any correlation to their ecological origin. The colony-associated blue color intensity of H>O»
producers was different in the examined L. crispatus strains. In particular, four strains, i.e. L. crispatus
PRL2021, L. crispatus LB58, L. crispatus LB65 and L. crispatus LB66, produced colonies with an
intense dark blue colour, suggesting strong H>Osproduction (Table 2). In contrast, other H>O»-
producing strains produced colonies with a less blue intensity (Table 2). Furthermore, 60 % of the
strains of other typical vaginal Lactobacillus species tested did not produce H,O» (Table 2), reflecting
data reported in previous studies, highlighting that L. crispatus species is one of the highest H.O»
generating species among typical vaginal lactobacilli (316, 343). The H>O;-producing feature is a
strain-specific feature, as demonstrated by our results and by previously published studies (316, 343).
Strains producing hydrogen peroxide could display a higher ecological fitness (315) and their

presence could be important in the modulation of the vaginal microbiota.

167



Table 2. H20:2 production by lactobacilli strains isolated in this study.

g 5

= )

g = S

g 5 =

- 2
L. crispatus PRL2021 + 0-0-100
L. crispatus LB56 + 0-0-215
L. crispatus LBS57 + 0-0-160
L. crispatus LB58 + 0-0-115
L. crispatus LB59 + 0-0-175
L. crispatus M247 + 0-0-195
L. crispatus LB61 + 0-0-255
L. crispatus LB62 + 0-0-200

L. crispatus LB63 - -
L. crispatus LB64 + 0-0-230
L. crispatus LB65 + 0-0-130
L. crispatus LB66 + 0-0-150
L. crispatus LB67 + 0-0-190
L. crispatus LB68 + 0-0-190
L. crispatus LB69 + 0-0-245
L. crispatus LB70 + 0-0-240
L. jensenii V79H + 0-0-105
L. jensenii VO4G + 0-0-121

L. gasseri ATCC 9857 -
L. gasseri V105C
L. iners LMG 14328 -
®Red, Green and Blue color mode

General genome features of isolated L. crispatus.

Genome sequences of the 15 L. crispatus isolated strains were decoded through whole-genome
sequencing employing the Illumina MiSeq platform. Additionally, DNA extracted from L. crispatus
PRL2021 was also subjected to whole-genome sequencing using a MinlON (Oxford Nanopore, UK).
The achieved genome sequences were analyzed to evaluate the genetic content of these isolates. In
this context, genome sequences ranged in size from 2,382,340 bp of L. crispatus LB57 to 1,966,006

bp of L. crispatus LB68 (Table 1). Interestingly, the genome sizes of novel isolates from vaginal fluid
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samples were larger than the genome sizes of the isolated strains from poultry fecal samples (average
size 2,190,904 bp + 104,068 bp and 2,012,416 bp + 41,196 bp in vaginal and poultry isolates,
respectively; p-value < 0.001), suggesting increased genomic complexity of the strains from human
origin. Remarkably, a similar difference in size was also identified in those genomes that are publicly
available, confirming that vaginal L. crispatus strains possessed an expanded genetic makeup
compared to those of poultry origin (average size 2,297,590 bp + 163,268 bp and 2,056,164 bp +
7,026 bp in vaginal and poultry origin isolated genomes, respectively; p-value < 0.001) (Table S2).
Moreover, the Open Reading Frame (ORF) prediction revealed that the ORF number ranged from
2,496 of L. crispatus LB57 to 1,912 of L. crispatus LB67 (Table 1). Interestingly, 15 sequenced
genomes encompassed a similar set of rRNA loci and tRNA genes, which consisted of three or four
rRNA operons and between 66 and 54 tRNA genes distributed across the genome (Table 1) except
for L. crispatus PRL2021 harboring six rRNA operons in its genome (Table 1). Notably, functional
classification of L. crispatus ORFeome based on eggNOG database (187) was possible for the 82.1
% of the predicted ORFs. In particular, the 15.2 % of the predicted proteins are involved in cellular
process and signaling (categories D, M, O, T, U and V), the 26.4 % referred to proteins related to
information storage and processing (categories J, K and L) and the 31.6 % described proteins involved
in metabolism processes (categories C, E, F, G, H, I, P and Q) (Fig. 2). These data underlined the
high number of proteins related to carbohydrate and amino acid transport and metabolism, in
according with the wide range of sugars metabolized by members of this species (319, 344) and with
the putative weakness of lactobacilli to synthetize most amino acids (345). Recently, it has been
identified an orthologous of the glgX gene of Escherichia coli, which is involved in glycogen
metabolism, in L. crispatus genomes (338). Different studies demonstrated the correlation between
high abundance of lactobacilli in vaginal environment and the presence of high level of luminal

glycogen in vaginal tract of healthy women (337, 338, 346).
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Figure 2. Functional classification of proteome, physiological features of isolated strains and
pan-genome and core genome of L. crispatus species. Panel a displays the effect of the conditions
that simulate vaginal tract for isolated L. crispatus strains. The two different heat maps represent the

survival rate of each L. crispatus strain to NaCl and acidic conditions. Panel b shows functional
assignment of the isolated L. crispatus proteome based on the eggNOG database. Each letter stands
for the following function: S, Function unknown, L, Replication, recombination and repair, R,
General function prediction only, G, Carbohydrate transport and metabolism, J, Translation,

ribosomal structure and biogenesis, E, Amino acid transport and metabolism, K, Transcription, P,

Inorganic ion transport and metabolism, M, Cell wall/membrane/envelope biogenesis, C, Energy

production and conversion, F, Nucleotide transport and metabolism, V, Defense mechanisms, O,
Posttranslational modification, protein turnover, chaperones, T, Signal transduction mechanisms, H,

Coenzyme transport and metabolism, I, Lipid transport and metabolism, D, Cell cycle control, cell
division, chromosome partitioning, U, Intracellular trafficking, secretion and vesicular transport, Q,

Secondary metabolites biosynthesis, transport and catabolism. Panels ¢ and d exhibit the pan-
genome and the core genome of the L. crispatus species represent as variation of their gene pool
sizes upon sequential addition of the 110 genomes analyzed.

Interestingly, we identified three orthologous of this gene in each L. crispatus genomes of vaginal
origin, whereas genomes of L. crispatus from poultry origin encompassed one or two copies of this
gene (Table S3). The presence of g/gX orthologous in vaginal isolates suggests the genetic adaptation

of these strains for the metabolism of glycogen.
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Prediction of bacteriocin-encoding genes in L. crispatus species.

The production of antimicrobial compounds by lactobacilli, including hydrogen peroxide, organic
acids, low molecular weight antimicrobial substances and bacteriocins, is considered an important
feature of these microorganisms to counteract pathogenic bacteria (316, 347). For this reason, in order
to predict bacteriocin-encoding genes, the genomes of isolated L. crispatus strains were screened for
bacteriocin-encompassing gene clusters by means of the BAGEL3 software and associated data base
(318). Notably, all tested genomes were predicted to contain bacteriocin-encoding loci, ranging from
three genes of L. crispatus LB56 to nine genes of L. crispatus LB57 and L. crispatus LB70 (Table
S4). Interestingly, according to BAGEL-mediated classification, all the predicted bacteriocin-
encoding genes belonged to the classes II and III (318) (Table S4). Specifically, all poultry-derived
strains, except for LB67 and LB70, only encoded class IlI-bacteriocins (Table S4), whereas vaginal
isolated strains were predicted to produce bacteriocins of both class II and class III (Table S4). The
presence of bacteriocin-encoding genes belonged to classes II and III in vaginal-isolated strains
suggests a wider range of antimicrobial activity compared to strains of chicken origin. Intriguingly,
all isolated strains presented at least one gene predicted to encode for a bacteriocin known as
helveticin-J (Table S4). This type of bacteriocin was first identified in Lactobacillus helveticus strain
481 and it exhibited a bactericidal mode of action against sensitive indicators (348). Moreover, M23
family metallopeptidase-encoding genes were identified in all sequenced genomes (Table S4). This
peptidase family includes proteins that act as a bacteriocin that degrades the peptidoglycan of other
bacteria (349). Notably, three strains, i.e. PRL2021, LB57 and LB70, were shown to contain two
adjacent genes in their genome encoding a two-component bacteriocin, known as bacteriocin LS2
(350). Interestingly, the genome of strain L. crispatus PRL2021, that exhibited a robust production
of other antimicrobial compounds, such as H>O» (see above), harbours two distinct loci each encoding
helveticin-J (Table S4), suggesting that this strain produces a high level of antimicrobial activity,
which may allow this strain to occupy and be highly competitive in particular ecological niches, such

as the human vaginal tract. Moreover, two poultry isolated strains, i.e., LB67 and LB70, harbour a
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garvicin-encoding gene. Garvicin is a large spectrum non-lantibiotic bacteriocin, previously
characterized in Lactococcus garvieae species (351-353). Finally, L. crispatus strain LB70 was the
only strain that encodes a lactacin F bacteriocin (Table S4). In order to explore if L. crispatus species
exhibit superior antimicrobial activity compared to other Lactobacillus species that are typically
present in the human vagina, bacteriocin-encoding genes were predicted also in 94 publicly available
L. crispatus genomes and in 116 publicly available genomes belonged to L. gasseri, L. jensenii and
L. iners species (Table S5). This analysis indeed showed that L. crispatus strains are predicted to
harbour the highest number of bacteriocin-encoding genes in their genomes, ranging from four genes
of five different strains to 10 genes of four different strains (Table S3). Notably, no bacteriocin-
encoding genes were detected in 56 % and in 74 % of L. jensenii and L. iners genomes, respectively
(Table S5). Moreover, 67 % of the investigated L. gasseri strains encompass one or two bacteriocin-
encoding genes in their genomes (Table S5). Interestingly, the number of bacteriocin-encoding genes
presented in L. crispatus genomes is significantly higher (p-value < 0.01) when compared to those
identified in other analyzed vaginal Lactobacillus species, i.e. L. iners, L. gasseri and L. jensenii
(Table S5). The in silico prediction of bacteriocin-encoding genes indicates the production of
extensive antimicrobial activity by L. crispatus strains, in particular when compared to other vaginal

Lactobacillus species, perhaps supporting a superior ecological fitness of this species.

Pan-genome and core genome analysis of Lactobacillus crispatus species.

In order to investigate the genomic differences between L. crispatus strains, we performed an
extensive comparative genome analysis, which not only encompassed the genomes of the 16 newly
isolated L. crispatus strains but also the 94 publicly available L. crispatus genomes (Table S2). For
this purpose, we performed a re-annotation of all publicly available L. crispatus chromosomes using
the same bioinformatics pipeline applied for the genomes of the 16 newly isolated strains. The
reconstructed genomic datasets of the L. crispatus species, encompassing a total of 110 genomes

sequences (i.e., 16 isolated in this study and 94 publicly available) represents the largest so far
172



reconstructed genetic database for this Lactobacillus species. These data were used to predict the pan-
genome of L. crispatus species, i.e., the collection of genes of all strains of a species based on the
cluster of orthologous groups (COGs) (185). Furthermore, these data were also used to predict the
core genome, i.e. the collection of gene families shared between organisms of a given species, in this
case the L. crispatus taxon (186). Plotting on a log-log scale as a function of the number of analyzed
genomes, the pan-genome size was determined to consist of 20,247 COGs, suggesting that the power
trend line has not reached a plateau (Fig. 2). The number of new genes discovered by sequential
addition of genome sequences decreased from 594 COGs for the first two genomes, to 123 COGs for
the final addition. These data suggests the existence of an open pan-genome within the L. crispatus
species (Fig. 2), as already noted for other Lactobacillus species, including L. gasseri, Lactobacillus
paragasseri and L. helveticus (354, 355). Moreover, the 110 L. crispatus genomes were examined to
identify shared orthologous genes, as well as unique genes. In silico, analyses revealed 452 ORFs
shared among all L. crispatus genomes analyzed, representing the core genome of this taxon. In
addition, we identified a variable number of Truly Unique Genes (TUGs), which ranged from 233 of
L. crispatus LR31 and L. crispatus LR33 to 29 of L. crispatus MGY G-HGUT-02348 and L. crispatus
EM-LCI1 (Fig. 3 and Table S2). Notably, due to the low quality of some genome sequence data, strains
presenting more than 250 TUGs were not considered for this analysis (Table S2). Furthermore, an in
silico approach was used to calculate the average nucleotide identity (ANI) values, defined as a
measure of nucleotide-level genomic similarity between two genomes, between L. crispatus genomes
(188). This analysis showed a highly syntenic genome structure among members of this species, with
associated ANI values ranging from 95.57 % to 99.87 %. Interestingly, different range of ANI values
were recognized between L. crispatus strains isolated from vaginal fluid and from poultry fecal
samples. In this context, the lowest ANI value between vaginal isolated strains was 95.57 %, while
for poultry isolated strains was 97.64 %. These data suggests that differences exist between L.
crispatus strains isolated from different ecological niches, underlining highly syntenic genome

structures among L. crispatus strains of poultry origin.
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Phylogenetic analyses of the Lactobacillus crispatus species.

Recently, a taxonomic reclassification of the Lactobacillus genus was reflected in a more robust clade
of this bacterial taxon, including microorganisms with shared metabolic and ecological features (344).
Notably, these analyses revealed the presence in the Lactobacillus genus of species adapted to
vertebrates or invertebrates, including L. crispatus species and typical human vaginal lactobacilli,
such as L. iners, L. jensenii and L. gasseri species (344). The availability of genome sequences of
members of L. crispatus species (Table S2), allowed a more robust phylogenetic reconstruction of
this taxon. As already mentioned above, in silico analyses identified 452 ORFs shared among L.
crispatus genomes analyzed, representing the core genome of this species. A concatenated protein
sequence that included the product of each of these core genes was used to build a L. crispatus
supertree (Fig. 3). This supertree showed that all 16 L. crispatus strains isolated in this study co-
clustered with other publicly available L. crispatus genomes. Interestingly, the supertree gave rise to
two clades, the first one composed by L. crispatus strains isolated from chicken as well as turkey GIT
and the human GIT, while the second one included L. crispatus strains isolated from vaginal swabs
and human urine samples (Fig. 3). Interestingly, L. crispatus DISK12 strain, which was isolated from
human oral cavity, and the type strain L. crispatus DSM20584, which was isolated from human eye
(356), co-clustered with strains isolated from the GIT of animals and humans (Fig. 3). Notably, strains
CIP104459, C037 and OAB24-B, which were isolated from vaginal swabs (357, 358), did not cluster
with other vaginal-isolated strains (Fig. 3). Moreover, three strains isolated from human urine
samples, i.e., L. crispatus UMBO0824, L. crispatus UMBO0085 and L. crispatus UMB0040 (359), co-
clustered with strains of animal and human GIT origin (Fig. 3). Despite some exceptions, due to the
very low phylogenetic distance among members of L. crispatus species, these analyses showed
different evolutionary developments amongst the strains analyzed, likely reflecting the ecological

adaptation of such strains to their ecological niches.
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Co-culture experiments in Simulated Vaginal Fluid (SVF).

In order to investigate the behavior of vaginal-isolated L. crispatus strains in a simplified VM
composed by other typical vaginal-Lactobacillus species, we performed growth experiments on SVF
that mimics the nutritional and chemical-physical conditions of the vaginal environment, as
previously performed by Pan et al. (319). We assessed nine different parallel in vitro experiments, in
which a single vaginal isolated L. crispatus strain was inoculated (1 % vol/vol) with a simple VM
composed by L. gasseri ATCC 9857, L. iners LMG 14328 and L. jensenii V94G at 1 % (vol /vol)
each. After 12h of growth, shallow-shotgun metagenomics was independently performed for each
batch culture. Sequencing analyses resulted in a total of 837,443 reads with an average of 93,049 +
8,520 reads per sample (Fig. 4 and Table S6).

Notably, after 12h the average relative abundance of L. iners LMG 14328 corresponded to 0.60 % +
0.26 % (Fig. 4). This low abundance of L. iners LMG 14328 was probably due to the suboptimal
growth conditions for this strain, perhaps as a result of its nutritional needs (360). Interestingly, L.
gasseri ATCC 9857 seemed to take over other strains in seven out of nine experiments (Fig. 4) and
in five cases, the relative abundance of this strain was greater than 65 % (Fig. 4). Moreover, in one
case L. crispatus PRL2021 was shown to have grown better compared to the other lactobacilli, with
a relative abundance of 77.4 % (Fig. 4). Other L. crispatus strains (e.g. LB57, LB58, LB59 and M247)

were shown to be dramatically outnumbered by other lactobacilli after 12h of cultivation (Fig. 4).
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Figure 3. Phylogenomic tree of L. crispatus species. A proteomic tree was built on the
concatenation of 452 L. crispatus core genes identified in the core genome analysis. This tree is
constructed by the neighbor-joining method, and the genome sequence of L. acidophilus DSM
20079 was used as outgroup. Bootstrap percentage > 70 are show at node points, based on 1,000
replicates. Circles surrounding the tree represent the isolation origin of the strains and the number of
TUGs (violet circles).

These findings suggest that L. crispatus PRL2021 possesses superior ecological fitness compared to

the other assessed L. crispatus strains, and its growth performance highlights excellent adaptation to

the vaginal environment.

Co-culture experiments using L. crispatus PRL2021 and human faeces.
The vaginal microbiota composition may be influenced by fecal/rectal bacteria since it is the closest

anatomical site characterized by a complex microbiota. In this context, the fecal/rectal microbiota
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may act as a source or reservoir of microorganisms (361). In fact, transmission of microorganisms
from the rectum to the vagina may change the equilibrium of the vaginal microbiota or stimulate local
inflammatory responses predisposing women to local infections, such as BV (362). Notably, recent
studies have suggested that oral ingestion of Lactobacillus-containing products may play a possible
role in the treatment or prevention of genital infections, acting as a gut-reservoir for vaginal
(re)colonization by lactobacilli (363, 364). In order to evaluate the ecological effects of L. crispatus
PRL2021, which was shown to have properties that were superior amongst the L. crispatus strains
tested here, in shaping the vaginal microbiota, we performed a co-culture experiment of PRL.2021
with human feces. In detail, we cultivated L. crispatus PRL2021 with four different fecal samples
with an inoculum consisting of 1 % (wt/vol) or 5 % (wt/vol). The growth experiments were performed
using both SVF and Fecal media. Control growths were carried out without L. crispatus PRL2021.
The ecological effects of strain PRL2021 on the fecal microbiota in the co-culture experiments were
investigated through a shallow shotgun metagenomics approach followed by an absolute
quantification of the identified bacteria through flow-cytometry assays. Sequencing analyses resulted
in a total of 1,566,052 reads with an average of 43,501 £ 15,086 reads per sample (Table S7). As
expected, the metagenomic analysis highlighted the absence of L. crispatus in all four fecal samples
and in control growths. In detail, samples grown in SFV and Fecal media with 1 % of stool sample
showed an average abundance of L. crispatus of 12.33 % + 8.00 % and 25.08 % + 21.27 %,
respectively. Similarly, the samples cultivated with 5 % of human stool sample indicated an average
abundance of L. crispatus of 4.46 % + 3.83 % and 7.40 % + 9.04 % in SFV and Fecal media,
respectively.

The quantitative microbiome profiling approach, employing flow cytometric enumeration of
microbial cells present in each sample, allowed the identification of the microbial load of co-culture
and control growths (287, 320). The comparison between each co-culture experiments with its own
control showed a decrease of the number of microbial cells in all samples enriched with L. crispatus

PRL2021 (Figure 4). More specifically, flow cytometric results showed a drop of cell number in the
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co-culture samples ranging from a thousand- to hundred thousand-fold (Figure 4), highlighting the
ability of L. crispatus PRL2021 to provoke a simplification of the bacterial community, such as the
fecal or vaginal microbiota. Moreover, these results seem to show the capability of L. crispatus
PRL2021 to grow even in a different and more complex environment than that of the vaginal
ecosystem, such as the intestinal environment, making this strain an interesting candidate for the

development of Lactobacillus-containing probiotic products.
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Figure 4. Growth experiment in Simulated Vaginal Fluid (SVF) and Fecal media. Panel a
shows bacterial composition of batch-cultures based on shallow shotgun metagenomics profiling.
The x-axis represents the different analyzed batch-cultures, indicate with the L. crispatus strain
name tested in each experiment. The y-axis represents the absolute percentage of OTUs for each
sample. Panel b reveals the taxonomic absolute abundances and the comparisons between the co-
culture experiments and its own control.
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CONCLUSIONS

The human VM is represented by bacteria colonizing the human vaginal tract and that are assumed
to exploit an important role for the healthy status of the host. In this study, we analyzed the VM
composition of healthy women and observed that L. crispatus is one of the most representative species
and correlates negatively with bacteria involved in vaginal infections. Moreover, this species seems
to be able to modulate the vaginal microbiota and appears to exploit a role in reducing biodiversity
of VM. However, in this metagenomics analysis, 49 % of the samples are of Chinese origin and this
could represent a limitation of this study because it can introduce a geographical bias. Certainly, a
more in-depth investigation that includes multiple samples of different geographic origins could
expand and refine the knowledge on the composition of CST and the healthy VM. Furthermore, the
isolation of 15 L. crispatus strains from vaginal swabs and chicken fecal samples confirmed that these
two ecological niches are frequently and abundantly colonized by members of this Lactobacillus
species. The genome sequencing of the new isolates allowed reconstructing the largest genomic data
set of the L. crispatus taxa, including 94 publicly available L. crispatus genomes. Phylogenomic
analyses based on the core genome sequences showed the existence of two different clades in which,
with just a few exceptions, L. crispatus strains reflected the ecological niche from which they were
isolated, suggesting a genetic adaptation to different environments. Furthermore, VM simulated in
vitro experiments revealed that L. crispatus, and in particular PRL2021 strain, is able to take over
other typical vaginal Lactobacillus species and that possessed high growth capacity in the fecal
environment, also highlighting the ability of this microbial taxon to decrease the complexity of a
bacterial community. This analysis and in silico prediction of an extensive putative antimicrobial
activity of this species suggested that L. crispatus PRL2021 could be consider as an interesting strain

for preventing vaginosis and vaginal dysbiosis.
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SUPPLEMENTAL MATERIALS
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Figure S1. Growth curves of Lactobacillus strains with glycogen as sole carbon source. Panel a
exhibits the growth curves of tested strains. On the x-axis OD values are reported at a wavelength of
600 nm, whereas the y-axis showed times (h). Each Lactobacillus strain is indicated with a different
color line as reported in the legend. Panel b shows a Whiskers plot based on Lactobacillus growth
with glycogen as sole carbon source. The x-axis represents the OD600, while the y-axis shows the
times (h)- the boxes represent 50% of the data set, distributed between the first and the third
quartiles. The median divides the boxes into the interquartile range, while the “X” represents the
mean. Statistical analysis were performed through Student t-test between vaginal L. crispatus
isolates and chicken L. crispatus isolates and between vaginal origin L. crispatus compare to others
Lactobacillus species tested.
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Table S1. Samples used in this experiment

Sample Name | BioProject |Nationality | Number of final reads
ERR2238774 | PRIEB24147 China 10910
ERR2238775 | PRIEB24147 China 85474
ERR2238777 | PRIEB24147 China 44930
ERR2244420 | PRJEB24147 China 43748
ERR2244423 | PRIEB24147 China 27611
ERR2244501 | PRIEB24147 China 61550
ERR2244503 | PRJEB24147 China 54340
ERR2244505 | PRJEB24147 China 72466
ERR2244507 | PRJEB24147 China 55382
ERR2244509 | PRJEB24147 China 41363
ERR2244511 | PRJEB24147 China 37004
ERR2244513 | PRJEB24147 China 46358
ERR2244516 | PRIEB24147 China 19470
ERR2244518 | PRIEB24147 China 24954
ERR2244520 | PRIEB24147 China 51563
ERR2244522 | PRIJEB24147 China 55004
ERR2244524 | PRJEB24147 China 16445
ERR2244526 | PRJEB24147 China 58603
ERR2244528 | PRJEB24147 China 61207
ERR2244530 | PRJEB24147 China 88352
ERR2244532 | PRJEB24147 China 63261
ERR2244534 | PRJEB24147 China 65063
ERR2244536 | PRIEB24147 China 50669
ERR2244538 | PRIEB24147 China 13506
ERR2244540 | PRJEB24147 China 7445
ERR2244542 | PRIJEB24147 China 8851
ERR2244515 | PRJEB24147 China 93793
SRR5946030 [ PRINA361427 China 33366
SRR5946031 | PRINA361427 China 28645
SRR5946032 | PRINA361427 China 33651
SRR5946033 | PRINA361427 China 39511
SRR5946034 [ PRINA361427 China 33027
SRR5946035 [ PRINA361427 China 40517
SRR5946036 [ PRINA361427 China 38330
SRR5946037 [ PRINA361427 China 34633
SRR5946038 [ PRINA361427 China 37450
SRR5946039 [PRINA361427 China 42444
SRR5946040 [ PRINA361427 China 32400
SRR5946041 | PRINA361427 China 34630
SRR5946042 | PRINA361427 China 83767
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SRR5946043
SRR5946044
SRR5946045
SRR5946046
SRR5946047
SRR5946048
SRR064532
SRR1031541
SRR1031704
SRR1031942
SRR1031948
SRR1175002
SRR1564338
SRR1565338
SRR1565461
SRR1565840
SRR346709
SRR512770
SRR513151
SRR513452
SRR513769
SRR513782
SRR513785
SRR513792
SRR513805
SRR513807
SRR513811
SRR513818
SRR513825
SRR514004
SRR514205
SRR514207
SRR514213
SRR514217
SRR514260
SRR514267
SRR514272
SRR514310
SRR514318
SRR514847
SRR514852
SRR520269
SRR520270
SRR539903
SRR540620

PRINA361427
PRINA361427
PRINA361427
PRINA361427
PRINA361427
PRINA361427
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
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34244
34904
31973
31721
40130
40071
2867
24936
4193
1430
2871
9164
529
4856
8273
346
2150
32231
3769
38455
3466
34528
15869
1415
3508
2362
1842
2525
3247
10722
4157
3357
1151
2505
970
5865
2159
2840
5846
2578
5993
11663
3444
1621
7043




SRR545403
SRR545443
SRR549537
SRR628268
SRR628269
SRR628270
SRR650075
SRR650082
SRR650085

PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479
PRINA48479

14909
1952

32565
8592
7403
2795
2288

21598
8076
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Table S2. Lactobacillus crispatus strains used for the comparative genomic analysis

. . Genome . .
Strains Origin Scaffolds Assembly Size (Mb) TUGs Bacteriocin-encoding genes

L. crispatus 125-2-CHN Vaginal swab 30 GCA_00016225.1 23 189 8

L. crispatus 2029 Vaginal swab 295 GCA_000466885.2 2,19 - 10

L. crispatus 214.1 Vaginal swab 187 GCA_000177575.1 2,07 74 6

L. crispatus LB56 Vaginal swab 195 This study 2,16 39 3

L. crispatus LB64 Chicken fecal 36 This study 2,05 73 5
sample

L. crispatus LB65 Chicken fecal 44 This study 2,06 115 4
sample

L. crispatus AB70 Vaginal swab 2 GCA_003971565.1 2,37 40 5

L. crispatus C037 Vaginal swab 96 GCA_001700475.1 2,15 39 8

L. crispatus C25 Chicken fecal 97 GCA_001704465.1 2,34 159 10
sample

L. crispatus CG-12 Chicken fecal 62 GCA_004334905.1 2,04 112 10
sample

L. crispatus CIP104459 Vaginal swab 124 GCA_008079315.1 1,99 121 7

L. crispatus CO3MRSII1 Vaginal swab 1 GCA_003795065.1 2,35 61 6

L. crispatus CTV-05 Vaginal swab 25 GCA_000165885.1 2,36 169 8

L. crispatus DISK12 Oral cavity 450 GCA_002811165.1 2,51 - 5

L. crispatus DSM20584 Human eye 150 GCA _001434005.1 2,06 51 9

L. crispatus EM-LC1 Human fecal 63 GCA_000497065.1 1,83 29 6
sample

L. crispatus LB66 Chicken fecal 44 This study 2,04 117 4
sample

L. crispatus FB049-03 Vaginal swab 5 GCA_000301115.1 2,46 129 7

L. crispatus FB077-07 Vaginal swab 10 GCA_000301135.1 2,7 172 8

L. crispatus LB67 Chicken fecal 60 This study 1,97 91 6
sample

L. crispatus JCM 5810 Chicken fecal 7 GCA_001567095.1 2,05 100 8
sample

L. crispatus JV-VO1 Vaginal swab 86 GCA_000160515.1 2,22 186 5

L. crispatus 149 Vaginal swab 671 GCA_004103355.1 2,52 - 6

L. crispatus PRL2021 Vaginal swab 43 This study 2,33 38 5

L. crispatus LB57 Vaginal swab 259 This study 2,38 93 9

L. crispatus LB58 Vaginal swab 199 This study 2,24 58 5

L. crispatus LB59 Vaginal swab 189 This study 2,13 44 4

L. crispatus M247 Vaginal swab 156 This study 2,10 49 5

L. crispatus MGYG-HGUT- Human fecal 63 GCA 9023861551 1.83 29 6

02348 sample -

L. crispatus MV-1A-US Vaginal swab 7 GCA_000161915.2 2,25 133 5

L. crispatus MV-3A-US Vaginal swab 76 GCA_000162315.1 2,44 185 7

L. crispatus NCK1350 Human gut 42 GCA_007713895.1 2,05 120 5

L. crispatus OAB24-B Vaginal swab 752 GCA_001700485.1 2,01 - 6

L. crispatus LB68 Chicken fecal 111 This study 1,97 104 4
sample

L. crispatus LB69 Chicken fecal 95 This study 1,98 93 4
sample

L. crispatus LB70 Chicken fecal 199 This study 2,02 97 9
sample

L. crispatus PSS7772C Vaginal swab 215 GCA_001563615.1 2,39 94 6

L. crispatus RLO2 Vaginal swab 291 GCA_004361375.1 2,24 92 6
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L. crispatus RLO3 Vaginal swab 330 GCA_004361385.1 2,55 143

L. crispatus RLOS Vaginal swab 431 GCA_004361345.1 2,58 198

L. crispatus RLOG Vaginal swab 371 GCA_004361635.1 2,19 133

L. crispatus RLO7 Vaginal swab 387 GCA_004361355.1 2,18 125
L. crispatus RLOS Vaginal swab 364 GCA_004361315.1 23 174

L. crispatus RLO9 Vaginal swab 289 GCA_004361575.1 2,28 131

L. crispatus RL10 Vaginal swab 297 GCA_004361565.1 2,32 121

L. crispatus RL11 Vaginal swab 280 GCA_004361295.1 2,19 78
L. crispatus RL13 Vaginal swab 434 GCA_004361265.1 2,25 166

L. crispatus RL14 Vaginal swab 375 GCA_004361555.1 2,61 203

L. crispatus RL15 Vaginal swab 386 GCA_004361245.1 2,33 177

L. crispatus RL16 Vaginal swab 350 GCA_004361545.1 2,6 188

L. crispatus RL17 Vaginal swab 616 GCA_004361215.1 2,46 -

L. crispatus RL19 Vaginal swab 541 GCA_004361205.1 2,31

L. crispatus RL20 Vaginal swab 359 GCA_004361515.1 2,44 182

L. crispatus RL21 Vaginal swab 489 GCA_004361195.1 2,57 233

L. crispatus RL23 Vaginal swab 306 GCA_004361475.1 2,33 107

L. crispatus RL24 Vaginal swab 319 GCA_004361185.1 2,39 121

L. crispatus RL25 Vaginal swab 313 GCA_004361465.1 2,35 102

L. crispatus RL26 Vaginal swab 443 GCA_004361175.1 2,27 223

L. crispatus RL27 Vaginal swab 510 GCA_004361445.1 2,6 228

L. crispatus RL28 Vaginal swab 438 GCA_004361125.1 2,24 185
L. crispatus RL29 Vaginal swab 401 GCA_004361115.1 2,25 169
L. crispatus RL30 Vaginal swab 407 GCA_004361455.1 2,32 147
L. crispatus RL31 Vaginal swab 483 GCA_004361095.1 24 194

L. crispatus RL32 Vaginal swab 417 GCA_004361075.1 2,37 211

L. crispatus RL33 Vaginal swab 436 GCA_004361395.1 24 233
L. crispatus SI-3C-US Vaginal swab 70 GCA_000176975.2 2,16 189
L. crispatus ST1 Chi:;‘;‘; lfjcal 1 GCA_000091765.1 2,04 128

L. crispatus UMB0040 H“f;i‘j‘p‘l‘:“e 99 GCA_002863245.1 2 77
L. crispatus UMB0044 H“f;f:p‘l‘gne 200 GCA_002861775.1 2,27 123
L. crispatus UMB0054 H“‘S’;‘I‘r‘l‘p‘ll:“e 163 GCA_002863485.1 2,14 85
L. crispatus UMB0085 H”g;ffl‘ptl‘;i“e 130 GCA_002861815.1 2,17 67
L. crispatus UMB0803 H“;‘;"I‘:p‘f?“e 156 GCA_002861765.1 2 102
L. crispatus UMB0824 H“f;f;‘p‘ll:“e 94 GCA_002861805.1 2,17 169
L. crispatus UMB1389 H“:;f:l‘p‘ll:“e 223 GCA_002863505.1 2,27 115
L. crispatus UMNLC10 T”?;gpfzcal 54 GCA_002218805.1 2,05 101
L. crispatus UMNLC11 T“gifgpﬁcal 73 GCA_002218815.1 2,04 51
L. crispatus UMNLC12 T“?;fgpical 59 GCA_002218855.1 2,08 40
L. crispatus UMNLC13 T“g‘;fgp‘izcal 110 GCA_002218845.1 2,02 48
L. crispatus UMNLC14 T“?;ifpf?al 81 GCA_002218885.1 1,99 61
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Turkey fecal

L. crispatus UMNLC15 81 GCA_002218895.1 2,03 54 4
sample

L. crispatus UMNLC16 T“?;gp{‘;cal 56 GCA_002218925.1 2,13 74 4

L. crispatus UMNLC18 T“gifgpﬁcal 76 GCA_002218945.1 2,04 70 5

L. crispatus UMNLC19 T“Zifzpfzml 75 GCA_002218965.1 2,05 45 6

L. crispatus UMNLC Turkey fecal 69 GCA_002218615.1 2,19 47 5
sample

L. crispatus UMNLC20 Tugﬁzpf‘:fal 67 GCA_002218975.1 2,04 43 5

L. crispatus UMNLC21 T“gifgpfzcal 68 GCA_002219005.1 2,04 41 5

L. crispatus UMNLC22 T“giifpfzcal 67 GCA_002219045.1 2,05 40 5

L. crispatus UMNLC23 T“g‘;fgp‘izcal 63 GCA_002219085.1 2,04 34 5

L. crispatus UMNLC24 Turkey fecal 68 GCA_002219015.1 2,05 35 4
sample

L. crispatus UMNLC25 T“gifgpfzcal 69 GCA_002219055.1 2,05 37 5

L. crispatus UMNLC2 Turkey fecal 73 GCA_002218565.1 2,01 43 5
sample

L. crispatus UMNLC3 Turkey fecal 64 GCA_002218645.1 2,02 44 5
sample

L. crispatus UMNLC4 Turkey fecal 62 GCA_002218655.1 2,02 41 5
sample

L. crispatus UMNLCS T“?;ifpfzml 50 GCA_002218765.1 2,01 42 5

L. crispatus UMNLC6 Turkey fecal 49 GCA_002218695.1 2,05 54 5

sample -

L. crispatus UMNLC7 Turkey fecal 71 GCA_002218775.1 21 50 5
sample

L. crispatus UMNLCS T“gigpfzcal 74 GCA_002218685.1 2,05 46 5

L. crispatus UMNLCY Turkey fecal 68 GCA_002218735.1 1,95 79 6

sample -

L. crispatus V4 Vaginal swab 252 GCA_004681235.1 2,09 72 7

L. crispatus LB61 Vaginal swab 140 This study 2,08 38 4

L. crispatus LB62 Vaginal swab 172 This study 2,16 38 5

L. crispatus LB63 Vaginal swab 182 This study 2,13 43 6

L. crispatus VMC1 Vaginal swab 267 GCA_001546015.1 2,07 108 7

L. crispatus VMC2 Vaginal swab 258 GCA_001546025.1 2,2 128 10

L. crispatus VMC3 Vaginal swab 91 GCA_001541385.1 22 185 8

L. crispatus VMC4 Vaginal swab 244 GCA_001541405.1 2,31 148 6

L. crispatus VMC5 Vaginal swab 259 GCA _001541515.1 2,24 110 9

L. crispatus VMC6 Vaginal swab 253 GCA_001541505.1 2,34 123 6

L. crispatus VMCT Vaginal swab 247 GCA _001541535.1 21 115 7

L. crispatus VMC8 Vaginal swab 255 GCA_001541585.1 2,33 91 5
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Table S3. BLAST analysis of the glgX gene of E. coli in L. crispatus strains isolated.

Strain Origin Reference gene Identity (%) | E-value ORF
A1Z89569.1_glgX_ Escherichia_coli 21,51 5,00E-08 | PRL2021_0328
L. crispatus PRL2021 Vaginal tract Al1Z89569.1 glgX Escherichia coli 23,53 9,00E-07 | PRL2021 1423
AlZ89569.1_glgX_Escherichia_coli 25,52 2,00E-12 | PRL2021_2146
AIZ89569.1_glgX_Escherichia_coli 21,51 5,00E-08 | LB56_0244
L. crispatus LB56 Vaginal tract A1Z89569.1_glgX_Escherichia_coli 23,53 9,00E-07 LB56 1077
AlZ89569.1_glgX_Escherichia_coli 25,52 2,00E-12 | LB56_1820
L. crispatus LBS7 Vaginal tract A1789569.1 glgX Escherichia coli 23,53 9,00E-07 LB57 1200
AlZ89569.1 glgX Escherichia coli 25,26 5,00E-12 LB57 2119
AIZ89569.1_glgX_Escherichia_coli 22,01 5,00E-08 LB58 0305
L. crispatus LB58 Vaginal tract AlZ89569.1_glgX_Escherichia_coli 2353 9,00E-07 LB58 1117
AIZ89569.1 glgX Escherichia_coli 2526 5,00E-12 LB58 1832
AlZ89569.1 glgX Escherichia coli 22,01 5,00E-08 LB59 0267
L. crispatus LB59 Vaginal tract AIZ89569.1 glgX Escherichia_coli 23,53 9,00E-07 LB59 1082
Al1Z89569.1 glgX Escherichia_coli 2526 5,00E-12 LB59 1932
L. crispatus M247 Probiotic product A1789569.1 glgX Escherichia coli 23,53 9,00E-07 B
AlZ89569.1 glgX Escherichia_coli 25,52 2,00E-12 ]
Al1Z89569.1 glgX Escherichia coli 22,01 5,00E-08 LB61 0248
L. crispatus LB61 Vaginal tract AlZ89569.1 glgX Escherichia coli 23,53 9,00E-07 LB61 1082
Al1Z89569.1 glgX Escherichia_coli 2526 5,00E-12 LB61 1877
AlZ89569.1 glgX Escherichia_coli 22,01 5,00E-08 LB62 0273
L. crispatus LB62 Vaginal tract AlZ89569.1_glgX_Escherichia_coli 23,53 9,00E-07 LB62 1114
AIZ89569.1_glgX_Escherichia_coli 2526 5,00E-12 LB62 2023
AIZ89569.1 glgX Escherichia coli 22,01 5,00E-08 LB63 0271
L. crispatus LB63 Vaginal tract AIZ89569.1 glgX Escherichia coli 23,53 9,00E-07 LB63 1134
AlZ89569.1 glgX Escherichia coli 2526 5,00E-12 LB63 1854
L. crispatus LB64 Chicken faccal sample AIZ89569.1 glgX Escherichia coli 22,01 5,00E-08 LB64 0301
AlZ89569.1 glgX Escherichia_coli 25,52 2,00E-12 LB64 1815
L. crispatus LBG6S Chicken faccal sample A1Z89569.1 glgX Escherichia_coli 22,01 5,00E-08 LB65_0233
AlZ89569.1 glgX Escherichia coli 25,52 2,00E-12 | LB65 1861
L. erispatus LB66 Chicken faccal sample A1Z89569.1 glgX Escherichia coli 22,01 5,00E-08 | LB66 0314
AlZ89569.1 glgX Escherichia_coli 25,52 2,00E-12 | LB66 1834
L. crispatus LB67 Chicken faccal sample AlZ89569.1 glgX Escherichia_coli 22,01 5,00E-08 | LB67_0199
A1789569.1 glgX Escherichia coli 25,52 2,00E-12 LB67 1714
L. crispatus LB68 Chicken faecal sample | AIZ89569.1 glgX Escherichia coli 25,52 2,00E-12 LB68 1694
L. crispatus LB69 Chicken faccal sample AIZ89569.1 glgX Escherichia_coli 23,46 6,00E-11 LB69 1663
A1789569.1 glgX Escherichia coli 25,26 4,00E-12 LB69 1810
L. crispatus LB70 Chicken faecal sample | AIZ89569.1 glgX Escherichia coli 25,26 4,00E-12 LB70_1759
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Table S4. Bacteriocin-encoding genes identified in new isolated L. crispatus strains.

Strain Origin Bacteriocin Bagel Subject Bacteriocin class
Bacteriocin LS2 bacteriocin_LS2chainb Class 1T
Bacteriocin LS2 bacteriocin_LS2chaina Class II
PRL2021 Vaginal M23 family metallopeptidase Enterolysin_ A Class 111
Helveticin Bacteriocin_helveticin_J Class 111
Helveticin Helveticin-J Class 111
Bacteriocin class II with double-glycine bacteriocin_LS2chaina Class 11
LBS6 Vaginal M23 family metallopeptidase Enterolysin_ A Class III
Helveticin Bacteriocin_helveticin_J Class III
Penocin Penocin_A Class 11
Bacteriocin LS2 bacteriocin_LS2chainb Class 11
Bacteriocin LS2 bacteriocin_LS2chaina Class 1T
Penocin Penocin_ A Class II
LB57 Vaginal Helveticin Helveticin-J Class 111
M23 family metallopeptidase Enterolysin_ A Class 111
Helveticin Bacteriocin_helveticin_J Class III
Helveticin Helveticin-J Class III
Helveticin Helveticin-J Class III
Penocin Penocin_A Class 11
Helveticin Helveticin-J Class 111
LB58 Vaginal M23 family metallopeptidase Enterolysin_ A Class III
Helveticin Bacteriocin_helveticin_J Class III
M23 family metallopeptidase Enterolysin_ A Class 111
Penocin Penocin_A Class II
Helveticin Helveticin Class III
LB59 Vaginal
M23 family metallopeptidase Enterolysin_A Class I1I
Helveticin Bacteriocin_helveticin_J Class III
Penocin Penocin_ A Class 11
Bacteriocin class II with double-glycine bacteriocin_LS2chaina Class II
M247 Probiotic product M23 family metallopeptidase Enterolysin_ A Class III
Helveticin Bacteriocin_helveticin_J Class III
Helveticin Helveticin-J Class 111
Penocin Penocin_A Class 11
M23 family metallopeptidase Enterolysin_ A Class I1I
LB61 Vaginal
Helveticin Bacteriocin_helveticin_J Class I1I
Helveticin Helveticin-J Class III
Penocin Penocin_ A Class II
Helveticin Helveticin-J Class III
LB62 Vaginal M23 family metallopeptidase Enterolysin_A Class III
Helveticin Bacteriocin_helveticin_J Class III
Helveticin Helveticin-J Class III
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Penocin Penocin_A Class II
Penocin Penocin_ A Class II
Helveticin Helveticin-J Class III
LB63 Vaginal

M23 family metallopeptidase Enterolysin_ A Class III
Helveticin Bacteriocin_helveticin_J Class 11T
Helveticin Helveticin-J Class III
Helveticin Helveticin-J Class 111
Helveticin Helveticin-J Class 111
LB64 Chicken GIT M23 family metallopeptidase Enterolysin_ A Class I1I
M23 family metallopeptidase Enterolysin A Class III
Helveticin Bacteriocin_helveticin_J Class III
M23 family metallopeptidase Enterolysin_ A Class III
M23 family metallopeptidase Enterolysin_ A Class III

LB65 Chicken GIT
Helveticin Bacteriocin_helveticin_J Class 111
Helveticin Helveticin-J Class III
Helveticin Helveticin-J Class III
M23 family metallopeptidase Enterolysin_ A Class 111

LB66 Chicken GIT
M23 family metallopeptidase Enterolysin A Class III
Helveticin Bacteriocin_helveticin_J Class I1I
Garvicin Putative bacteriocin Class II
M23 family metallopeptidase Enterolysin_ A Class III
M23 family metallopeptidase Enterolysin_ A Class III

LB67 Chicken GIT
Helveticin Bacteriocin_helveticin_J Class III
Helveticin Helveticin-J Class 111
Helveticin Helveticin-J Class III
M23 family metallopeptidase Enterolysin_A Class III
M23 family metallopeptidase Enterolysin_A Class III

LB68 Chicken GIT
Helveticin Bacteriocin_helveticin_J Class 111
Helveticin Helveticin-J Class III
Helveticin Helveticin-J Class 111
M23 family metallopeptidase Enterolysin_ A Class 111

LB69 Chicken GIT
M23 family metallopeptidase Enterolysin_ A Class III
Helveticin Bacteriocin_helveticin_J Class III
Garvicin Putative bacteriocin Class IT
Bacteriocin LS2 bacteriocin_LS2chainb Class IT
Bacteriocin LS2 bacteriocin_LS2chaina Class IT
Microcin Amylovorin Class II
LB70 Chicken GIT Lactacin Lactacin F.subunit lafA Class II
M23 family metallopeptidase Enterolysin_ A Class III
M23 family metallopeptidase Enterolysin_A Class III
Helveticin Bacteriocin_helveticin_J Class III
Helveticin Helveticin-J Class III
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Table SS. Bacteriocin encoding-genes predicted in L. gasseri, L.
jensenii and L. iners species.

Strain

Predicted bacteriocin encoding-genes

L. gasseri ATCC 33323

2

L. gasseri MV-22

L. gasseri 202-4

L. gasseri SJ-9E-US

L. gasseri SV-16A-US

L. gasseri 224-1

L. gasseri CECT 5714

L. gasseri 2016

L. gasseri 240 LCRI

L. gasseri 249 LKEF

L. gasseri 497 LGAS

L. gasseri 459 LHEL

L. gasseri 770 LJOH

L. gasseri 987 LJOH

L. gasseri PSS7772D

L. gasseri 505

L. gasseri ALS

L. gasseri AL3

L. gasseri 4M13

L. gasseri DSM 14869

L. gasseri UMB0045

L. gasseri UMB0670

L. gasseri UMB0099

L. gasseri UMB0056

L. gasseri UMB0045b

L. gasseri JCM 1025

L. gasseri JG141

L. gasseri TF08-1

L. gasseri 1001175st]1 D8

L. gasseri 7171

L. gasseri 7135

L. gasseri UMB1196

L. gasseri UMB2965

L. gasseri UMB0607

L. gasseri UMB4205

L. gasseri UMB3077

L. gasseri JCM 1131

L. gasseri BIO6369

L. gasseri NCTC13722

L. gasseri SV_Bg7063 mod2

L. gasseri MGY G-HGUT-02387

A= ININ|IN|W | |W A=~ IQIN RN [N (N[N (N[N (NN
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L. gasseri MGY G-HGUT-03690

L. jensenii 1153

L. jensenii JVN-V16

L. jensenii 27-2-US

L. jensenii SJ-7A-US

L. jensenii 115-3-CHN

L. jensenii 269-3

L. jensenii MD I1E-70(2)

L. jensenii IM11

L. jensenii IM18-1

L. jensenii IM59

L. jensenii IM18-3

L. jensenii IM1

L. jensenii IM3

L. jensenii DSM 20557

L. jensenii TL2937

L. jensenii SNUV360

L. jensenii UMB0077

L. jensenii UMBO0007

L. jensenii UMB0732

L. jensenii UMB0037

L. jensenii UMB8489

L. jensenii UMBO0055

L. jensenii UMB0034

L. jensenii UMBI1355

L. jensenii UMB1307

L. jensenii UMB1303

L. jensenii UMB1165

L. jensenii UMB8651

L. jensenii UMB8840

L. jensenii UMB4685

L. jensenii UMB3442

L. jensenii UMB572

L. jensenii UMB246

L. jensenii UMB4707

L. jensenii UMB639

L. jensenii FDAARGOS 749

L. jensenii VA04-2AN

L. jensenii M166

L. jensenii M167

L. jensenii UMB00847

L. jensenii UMB0836

L. jensenii UMB7766
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L. jensenii MGY G-HGUT-02313

L. iners 11V1-d

L. iners 09V1-c

L. iners 03V1-c

L. iners 01V1-a

L. iners SPIN 2503V10-D

L. iners DSM 13335

L. iners AB-1

L. iners LEAF 2053A-b

L. iners LEAF 2052A-d

L. iners LEAF 2062A-h1

L. iners LEAF 3008A-a

L. iners ATCC 55195

L. iners UPII 143-D

L. iners UPII 60-B

L. iners SPIN 2503V10-B

L.iners 7 1 4TFAA

L. iners LMG 18914

L. iners UMBO0033

L. iners UMB1051

L. iners UMB0030

L. iners KAOO186

L. iners LI335

L. iners Indical

L. iners KY

. iners C0094A1

. iners C0059G1

. iners C0011D1

. iners C0210Cl1

~ | [

. iners C0322A1

L. iners C0254C1

L. iners MGYG-HGUT-01383
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Table S6. Taxonomic recontruction of microbial population of the co-culture samples

PRL2021 | LB56 | LB57 LBS58 LB59 | M247 LB61 LB62 | LB63

Filtered reads 99781 | 94978 | 99733 | 78857 | 99748 | 82397 | 99438 | 97582 | 84929
Lactobacillus crispatus 77,4% | 38,6% | 0,06% 1,9% 0,03% | 21,0% | 20,36% | 7,1% 8,6%
Lactobacillus jensenii V94G 3,2% 8,2% | 94,96% | 9,8% | 11,28% | 8,6% | 33,24% | 15,9% | 15,6%
Lactobacillus gasseri ATCC 9857 18,2% |52,4% | 4,58% | 87,8% | 88,28% | 69,9% | 45,51% | 76,5% | 75,3%
Lactobacillus iners LMG 14328 1,1% 0,8% | 0,40% | 0,5% | 0,41% | 0,5% | 0,89% | 0,4% | 0,5%
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Table S7. Shallow shotgun metagenomics data

Filtered reads

S1 30573

S1 1% PRL2021 vag 41322
S1 1% vag 51854

S1 1% PRL2021 fec 59203
S1 1% fec 36119

S1 5% PRL2021 vag 69306
S1 5% vag 69329

S1 5% PRL2021 fec 42155
S1 5% fec 26668

S2 69217

S2 1% PRL2021 vag 50707
S2 1% vag 42040

S2 1% PRL2021 fec 40628
S2 1% fec 30976

S2 5% PRL2021 vag 50700
S2 5% vag 57575

S2 5% PRL2021 fec 42459
S2 5% fec 34748

S3 49870

S3 1% PRL2021 vag 35088
S3 1% vag 54149
S3 1% PRL2021 fec 31245
S3 1% fec 27824

S3 5% PRL2021 vag 46585
S3 5% vag 47981

S3 5% PRL2021 fec 32784
S3 5% fec 26958

S4 38531

S4 1% PRL2021 vag 75292
S4 1% vag 51495

S4 1% PRL2021 fec 46333
S4 1% fec 18571

S4 5% PRL2021 vag 67402
S4 5% vag 26390

S4 5% PRL2021 fec 26435
S4 5% fec 17540
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Chapter 8

General Conclusion
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This thesis aimed to investigate various genetic and functional characteristics of few important
members of the human microbiota. In this context, the biology of the genus Bifidobacterium was
analyzed, with particular attention to ecological aspects, which were studied using a combination of
comparative and functional genomic approaches. Particular emphasis was placed on genomic
variability achieved through horizontal and vertical routes, such as HGT events and vertical
transmission between mothers and babies. Furthermore, the impact of antibiotic molecules on
bifidobacteria is investigated through in silico and in vitro experiments. Moreover, the characteristic
of another genus involved in human microbiota, such as Lactobacillus genus, has been considered.
In particular, the composition of the vaginal microbiota and the role of L. crispatus species on the

health status of vaginal environment has been examined.

8.1 The genetic differences between B. animalis subsp. animalis and B.

animalis subsp. lactis taxa.

Among the recognized bifidobacterial species, different studies demonstrated the health-promoting
characteristics of B. animalis species (365-368). Members of this bifidobacterial species are
nowadays used as bacterial ingredients in different functional foods (367, 368). In chapter 3 of this
thesis, a comparative genomic analysis of B. animalis species, including both B. animalis subsp.
animalis and B. animalis subsp lactis taxa, is reported. This analysis revealed the existence of a closed
pan-genome, in fact, 1098 genes are in common between the 56 strains analyzed, representing the B.
animalis core genome. A detailed genetic analysis evidences the existence of subspecies-specific
genes, representing the only real genetic difference between these two taxa. Besides, culture
experiments using various sugars as sole carbon source revealed the ability of B. animalis subsp.
animalis taxon to metabolize a larger set of sugars in respect to B. animalis subsp. lactis strains. These
data were confirmed by the large number of genes involved in carbohydrate transport and metabolism

found in the B. animalis subsp. animalis subspecies specific core genome. In conclusion, the
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phylogenetic and the genomic analysis confirmed the evolutionary differentiation between these two

subspecies, confirmed also by culture-experiments on different carbon sources.

8.2 The DNA bifidobacterial vertical transmission in an animal model.

Different studies have evidenced that the first colonizers of the newborns gut harbor bacteria that are
vertically transmitted from the mother (151, 369-371). In particular, has been hypnotized that
different bifidobacterial species are transmitted from mother to newborns (107, 151, 215). Nowadays,
different studies focused on the vertical transmission route of bacteria between mothers and babies,
but the transfer mechanism is not still entirely clear. In chapter 4, the DNA bifidobacterial
transmission from female rats (Rattus norvegicus) to their puppies was discovered, after that three
bifidobacterial strains, i.e., Bifidobacterium longum, Bifidobacterium bifidum and Bifidobacterium
breve strains were administered to the pregnant rats. Interestingly, these data underlined that the DNA
transmission is influenced by the co-presence of different bifidobacterial strains, suggesting a co-
operative behavior of bifidobacterial strains diffused. Moreover, the presence of bifidobacterial DNA
in the gut of newborns after Caesarian delivery suggested the existence of a pre-term microbiota
inherited from the mother’s gut microbial community. Nevertheless, the non-isolation of viable
bifidobacterial cells from fetal samples cannot support the existence of a pre-term transmission of

lively strains.

8.3 The safety of the Bifidobacterium genus.

In chapter 5, an in silico analysis concerning the resistome and the mobilome of the Bifidobacterium
genus was discussed. Since bifidobacteria are recognized as health promoting bacteria, the safety
aspect is very important. The study demonstrated that only a limited number of bifidobacterial genes
are putatively involved in Antibiotic Resistance (AR) mechanisms. Interestingly, the AR

bifidobacterial genetic arsenal seemed to be less complex in respect to other Gram-positive resistome,
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as well as members of Lactobacillus genus or members of Bacillus genus (249, 251, 260, 261, 281,
282). Furthermore, the combination of the gathered data of Bifidobacterium resistome and mobilome
revealed that only 20 % of the analyzed genes could be transferred to other microorganisms,
representing Mobile Genetic Hotspots (MGHs) that could be involved in the HGT events.
Furthermore, the vast majority of MGHs identified are unlikely to be transferred, due to the
transposition mechanisms of the identified IS elements flanking putative AR genes. In addition, MIC
experiments using bacitracin A antibiotic demonstrated that strains presented a bacA genes located
in an MGH resulted resistant toward this antibiotic in respect bifidobacterial strains without a bacA
genes, confirming the in silico prediction data. These analyses underlined the safety of
Bifidobacterium genus in respect to other taxa, as well as Escherichia coli or members of the
Gammaproteobacteria class, which are demonstrated to contribute to a high AR load in the human

microbiota (283).

8.4 The Amoxicillin-Clavulanic acid antibiotic resistance of

Bifidobacterium breve 1891B.

In Westernized countries, the combination antibiotic Amoxicillin-Clavulanic acid (AMC) is one of
the most prescribed drugs against bacterial infections, in particular during the infancy and
adolescence. In chapter 5, the composition of the gut microbiota of 23 children that have taken this
antibiotic was compared to the gut microbiota of a control group that has not assumed AMC in the
last six months. Interestingly, a drastic reduction of bacteria was discovered in children that have
assumed AMC, especially in the absolute abundance of health-promoting bacteria, such as
bifidobacteria. A complete MIC screening of several bifidobacterial strains was performed, showing
that 98.5 % of them resulted to be sensitive toward this antibiotic. Interestingly, among the 1.5 % of
strains with increased resistance toward AMC, the strain B. breve 1891B displayed the highest

MICawmc value (32 pg/mL). The transcriptomic analysis of this strain, growth in presence of AMC,
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underlined interesting genes which presented a considerably up-regulation. These data suggested the
possible involvement of these genes in the AMC resistance mechanism of B. breve 1891B. Moreover,
simulating gut-microbiota experiments showed that 1891B is able to take over other bacteria in the
presence of AMC, suggesting the possible use of this strain in bifidobacteria-containing probiotic

products when AMC therapy is prescribed.

8.5 The role of Lactobacillus crispatus in the human vaginal microbiota.

The last part of this thesis regards the study of the vaginal microbiota and in particular of the typical
vaginal species Lactobacillus crispatus. A metagenomics analysis revealed that L. crispatus is one of
the most representative species in healthy women. Data interestingly underlined the negative
correlation between this species and bacteria typically involved in vaginal infections. Moreover, 15
newly different strains were isolated from vaginal swabs and chicken fecal samples, confirming the
high abundance of this species in these two ecological niches. A phylogenomic analysis, including
both 15 newly isolated genomes and 94 public available strains, revealed a genetic differentiation
between strains of human origin and strains of animal origin. In addition, batch culture experiments
simulating the vaginal microbiota showed that one vaginal isolated strain, i.e. L. crispatus PRL2021,
seemed to take over other typical vaginal lactobacilli, as well as Lactobacillus jhensenii,
Lactobacillus gasseri and Lactobacillus iners. Finally, all these data combining with the high
capability of PRL2021 to growth in a fecal environment suggested the possible use of this strain as

probiotic bacteria for preventing vaginosis and vaginal dysbiosis.
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